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" About 40 to 50% of the [ Hthymidine 1ncorporated in<a brief pulse was

_found " in viral strand molecules shorter than unit length

ABSTRACT o o
. . N - S

The nascent 1ntermed1ates present during the fwna] stage of ¢X174 -

DNA replication were studied us1ng a2 new method of stopp1ng DNA synthes1s.

r
'The proport1on
of pulse Tabel f0und in the short 1ntermed1ates var1ed w1th pu]se 1ength,
stopping procedure, aeration Tevel of fhé infected cu]ture, and host

strain. The short molecules were not genera;gﬁ"by the excisjon qf
misincorporated uracil since they were equally abundant in ung and'uné+
strains. Approximately 20% of the short molecuies had at 1éa§£ one
ribonucleotide at the §' terminus'as determined by the spleen exonuclease
assay. The “short nascent moTébu]es hybridized to all region§ 6f the ¢X
genome, but preferentially:to the regions around the origin and terminus
of replication. After phosphatase treatment, the short molecules werg
res1stant in variable proportions to degradat1on from the 5' end by
ﬂgeen ex&%uc1ease. Some proteins remained very t1ght1y associated with
the nascent molecules when the DNA was isolated without the use of

! .
protqo1ytic'enzymes. On the basis\of these studies of the short nascent

intermediates, we conclude ihat ¢X'vi§a1 strand, synthesis is a discontinuous
\
process, not continuous as originally proposed by the rolling circle

mode] . ' ' ‘

‘
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Les produits intermédiaires naissants identifiés durant le derniek,
- A - \\ - .
" ’ Wt

stade de la réplication de 1*ADN du bactériophage ¢X174 furent gtudis - \

\
Y

en utilisant une nouvellé méthode permettant 1'arrét ‘de la synthése de

hote. Les courtes m01équ1es de 1'ADN ne proviennent pas de 1'éh‘minat50n

-

de 1'uracile incorporé par erreur puisqu'elles se retrouvaient en quantités '

égales parmis les soucheswy et ung™ . mEn’viro‘n 20% des molé&cules courtes
avaient au moins une mo]édyle de m’bonuc]éotide 3 la terminaison 5° tel
que déterming par titrage avec 1'exonucléase de.la rate. Les courtes
molécules n/ajpssantes furent hybridées a toutes les ré&gions du génGme de
X, ma:is préférentielTement aux régionrs situées ;;rés de 1'0r1‘giné et de

la terminaison de la réplication. Suite au traitement par 1a\phosphata'se,

Tes mol&cules courtes de 1"ADqufur,ent résistantes en proportion variable

a la dégradation de 1a terminaison 5" par 1'exonucléase de la rate.

Une certaine quantité de Eyotéi;wes &tait fermement associée aux courtes

/

molécules naissantes guand l'ADf\l ftait iso]é\ sans 1'uti]isation":d'enzymes
protéolytiqués. A partir de ces 8tudes sur les courts intermgdiaires

naissants, nous pouvons conclure que la synthese de la chaTne virale du
w7 f } ' .
oX est un processus‘ﬂiscontinu, contrairement au mod&le continu du

i

o

"rolling circle" originellement proposé.
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\ 1'ADN. Enviror 40 & 50% de la thymidine[x3H]l1'r_loqr‘ponéé par le mar;quage, \\ R
par impulsion a &t& ‘trouvé dans les Brins viréux*mus courts que 1'units,

* La pr'opowr'ti;m de marquage retrouvé dans )1es produits intermé‘diar'es courts
a varié avec la durée du marquage par impulsiqn‘i le procédé d'arrét, le ~
niveau d'aération de la culture de cellules inféctées, et de la souche ;_,ﬁ_;*____
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Elucidation of the anti-parallel base-paired double héT{;/structure
of DNA by Watson & Crick (1953) suggested a mechanism for replication of
DNA whereby each strand served as a template for the synthesis of a
complementary strand. This hypothesis was supported b§ the classic
density-1labelling exﬁériments of Meselson é Stahl (1958), wﬁigh showed
that each progeny duplex consisted of one paténtal strand and one newly
synthesized strand. Radioautographic studies revealed that DNA synthesis
proceeds sequentially from an origin (Cairns, 1963):‘ Since the two
strands in the duplex are oriented opposite to each‘other, one 'of the two
strands in every rep]ica%%on fork must be synthesized in the 5' to 3'
direction, while the other is synthesized in the 3' to 5' direction.

This poses a problem because all of the knownfDNA polymerases are able -

to synthesize DNA only in the 5' to 3' direction. Okazaki (1968) suggested
that the joining of short chains synthesized in the 5' to 3' direction
cou]d.resu]t in an overall 3' to 5' direction.of strand growth. Thus,

the strand that grows in the 3' to 5' direction, often called the Tagging
strand, ‘could be synthesized as short pieces by a discontjnuous mechanism.
The strand that grows in the 5' to 3' direction, called the leading étraqq,
could be synthesized continuously as one long mo1ecu1ei However, in my
oﬁinion, most of the evidence appears to fav;i the hypothesis thét the '

1eadihg strand is discontinuously synthesized, but in longer molecules

. that are more rapidly joinéd together. Since it is particularly relevant

to my work, I will review this evidence in the prokaryotic systems in

which it has been studied,



O

In addition to polymerizina only in one direction, DNA polymerases
are mstricted in being unable to 1:m't1'ate de'rgovo synthgsis of DNA
chains. A1l known DNA polymerases can only add nucleotides té the 3' OH
énds of primers base paired to"the template'stdand. Because s}nthesis
pf a DNA chain'is necessarily coupled to a~priﬂing event, elucidation of
the nature of the primer that exists at the 3' end is the ultimate proof
that the DNA chain was initiated de nowo. The'demonstrationsof primers
on the 3' ends of short molecules arising from the leading strand is the
strongest evidence tﬁat the strand was synthesized discontinuously.

So I will review also what is known of the mechanisms by which DNA synthesis

initiates in those prokaryotic systems where the process has been analyzed.

s
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1. DISCONTINUOUS DNA SYNTHESIS IN PROKARYOTES

(a) Okazaki pieces:; intermediates in discontinuous synthesis

The ea}Tiest evidence that DNA synthesis of both strands was

’ discontinuous was presented by Okazaki (1968). A1l of the label

' incorporated in a brief pulse of [3H]thymidine was found as short molecules
with a sedimentation coefficient of about 10S on alkaline sucrose gradients.
Theie }OS mo]ecu1e§, or Okazaki fragments,gwere obsérved in several
strains of E. coli, including B, 15T , and W3110, in Baeillus subtilis,

and in bacteriophage T4-infected E. colz, Other investigators had
difficulty reproducing thgse results. Iyer & Lark (1970) reported that
even with the briefe;t pulse of [3H]thymid1ne, more than 50% of the label
incorporated was found in high molecular weight DNA." The 3H-]abe]]ed DNA
in these 1ong molecules was present at the 3' end, since it was degraded

by the 3' to §' exonuclease activity of E. eoli exonuclease I at a more
rapid rate than the ]4C—pre—1abe11ed DNA. Since the newly synthesized

DNA was covalently attached to pre-existing DNA,it appeared that strands in
the rep1icap%ng fork could be continuously elongated. These in viw
results were also found in vttro by 0]1vera & Bonhoeffer (1972). The”[3H]
TMP incorporated by a crude 1ysate of poZA' cells (def1c1ent in DNA po]ymarase
I activity) on a cellophane disc, to which NMN had been added to inhibit

E. coli DNA iigase, was found to be equally distributed between the 105
Okazaki fragments and Tonger DNA ﬁo]ecu1es with an average sedimentation
coefficient of 38S. The 10§)and 38S intermediates did not se1fe£nnea1 to an

’w‘ appreciable extent, but cross~annea1ed to about 80% (Herrmann et al., 1972)

and so appeared to be derlved from d1fferent strands at the replicating
fork. Presumably the 1onger intermediates are derived from the.leading

s

3
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strand. In an attempt to refoncile their results with Okazaki's, OTivera &
Bonhoeffer hypothesized that the length of the intermediates formed
reflected a competition between initiation and elonéatioh. If elongation
‘dﬁlkhe leading sfrand were very rapid, fewer initiations would be able

to occur on this strand. Various conditions might favor e]onéation or

initiation. N X

(b) Nascent intermediates reflect the stopping procedure

One of factors which determines the nascent intermediates obserygd
after a brief puﬁsé of [3H]tﬂymid1ne is the method used to stop the pulse.
Both Okazaki (1968) and Iyer and Lark (1970) stopped the pulses by pouring
the cultures onto frozen solutions containing KCN. But ¢X DNA synthesis
occurs in the presence of KCN (Cairns & Denhardt, 1968) and E. coli DNA
Tigase is active at 0°C in the' presence of azide or KCN (Schekman et al.,
1971). Jacobson & Lark (1973) %ound that .adding 10% pyridine to the frozen
KCN solution reduced the incorporation of [3H]thymidine; the label found
in the 10S molecules remained relatively constant, but much less label '
was found in high molecular weigbt DNA. Stérng]anz et al. (1976) compared
the intermedigtes which were observed Qhen pulses were 'stopped with
pyridineAand KCN or with cold acetone (Cairns & Denhardt, 1968). Again
the amount of Tabel in the 10S molecules remained relatively constant
but substantially less label was found in longer molecules with the cold
acetone stop. More thaﬁ’QO% of thez[BHJthymidfhe incorporated by
Baaz2b43 subtilie was found in Okazaki fragments "Approximately 70 to' ,
80% of the [ H]thymidine incorporated by various strains of . coli, and
most of the Tabel incorporated by T7-infgctgd E. coli B was found in
10S Okazaki féagments. Sternglanz et al. (1976) concluded that DNA
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synthesis on both strands was discontinuous, but that some methods of
stopping the—pu+se—a%}ewed~preferentiai joining of Teading strand 6kazaki
pieces. Fragments . on the‘gt%and growing in the 5' ‘to 3' direction have

a greater grqbabi]ity of being innkdiately;hjacént to each other with no
;ﬁcleot{des missing between them. = On-this strand, the 5' end of the
newly initiated molecule can be Tigated to the 3' end of the preéeding
molecule before the newly initiated‘one is completely synthesized.

Ig contrast, on the strand growing in the 3' to 5' direction, ‘the newly
initiated molecule must be completely synthesjzed before its 3' end can
be joined to the 5' end of the preéeding molecule.

Kurosawa & Okazaki (1975) found that when a brief pulse of [3H]
shymidine aqministered to P2-infected £. coli was stopped with an ethanol
phenol mixture at room temperature instead of with a frozen solution
containing KCN, the total incorporation of [3]thymidine was not changed,
but the size distribution was'altgred,,wifh more label in 10S than 1p
32S molecules, A larger proportion of the 10S molecules (from 20 to 33% 4
as compared to 8 to 10%) were derived from the strand growing in the §5'
to 3' direction. Kurosawa & Okazaki (1975) conc]udéd that both strands
of P2 were discontinuously synthesized, but that the rate of Jjoining of
the leading strand %ragments WFS much more rapid than the joiq;ng of ,

lagging strand fragments. Joining of the leading étrand molecules could

r"//

qccﬁr at 0°C th the presence of KCN. 1
If the Teading strand fragments are prematurely joined, that is,

Joined before they are completely synthesized, one would expect the

average size of the leading strand fragments to be shorter than that of

the lagging strand fragments. However both for eriophage P2 (Kurosawa

& Okazaki, 1975) and ¢X (Machida et al., 1977), the leading strand
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fragments were found to be longer on average than the lagging strand
fragments. Thus a combination of factors - fewer initiations and lgnger
molecules, plus more rapid jo%ning of the molecules -~ may prevent the

short intermediates on the Teading strand from being readily observed. -

(c) Mutant studies support discontinuous synthesis

When E. colZ infected with T4 containing a temperatﬁre sensitive
(ts) 1jgase were pulse-labelled with [3H]£hym1dine at the non-permissive
temperature, there was gﬂiaccumulation of 10S molecules (Sugiméto et al.,
1968). In an E. coli mutant wi;h a ts ligase, lig te 7, at the non-
permissive temperature, all the [3H]thym1dine appeﬁred in 10S intermediates
under conditions where most of the label in-the wild type strain was
present in Tonger molecules. Even at the pérmiSSiYe tempé%ifﬁ?é, there
was an enrichment for 10S molecules in Iig ts 7 (Konrad et aZ., 1973).
Ligase is respon;jplg for joining the 5' P end of one DNA chain to the
3' OH end of another. That all the [BH]thymidine was found in 10S
molecuies in the absence of ligase activity suggested that 1igasg was
required to join the shdrt molecules on both strands.
U In a poZA1 mutant, morq&%han 90% of the newly synthesized DNA was _h
found as 10S molecules (Kuemge]] & Véomett, 1970). - This implicated DNA
po]ymerase;I in the gﬁihing of the 10S molecules, and led to the suggestion .
that it was required to fi11 in gaps between the 3' and 5' ends of adjacent
molecuies. Schekman et aZ. (1971) also concluded that DNA polymerase I
was required to fill in gaps éuring ¢X’RF replication because they
observed an accumulation of RF molecules with gaps.in a polA strain at
the nonTpermissive temperature. The double poZAl Zig4 mwutant was not” -

yiableratthe non-permissive temperature because of a greater than 50 fold

»
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reduction in the Join1ng of Okazaki p1eces (Cottesman et az.; 1973).
Although these exper1ments demonstrated that both DNA ponmerase I and
11gase'were required to jovn short molecules on the two strands at the
replicating fork, there was the possiyility that the enzymes were
functioning in post-repIicational repair rather than in replication
per se. So the results are suggestive, not conclusive. (

In a dnaG mutant at the non-permissivé tgmperature, incorpo?atibn
of’IabeI into DNA‘stbpped soon after initiation of Okazaki pieces was
inhibited (Lark, 1972). That polymerfzation cannét continue for very long
without initiation implied either that all DNA synt;esis, including *
synthesis of the 5' to 3' strand, occurred via short intermediates, or
that synthesis of the two strands at the repIicatiop fork was cIoéer

S

coupled, so that inhibition of discontinuous synthesis on the lagging strand -

prevented continuous synthesis on the leading strand.

-

(d) Excision of misincorporated uracil as a potential source of Okazaki

pieces
The presence of most of the label in short molecules after a pulse of

radioactive precursor is generally taken as\eviaenceyfor the discontinuous
synthesiS*of both strands. However, short fragments can also be produced
by post—reincative degradation of DNA. In'1977, Tye et al. reported

the accumulation of 4S mo]ecuIes when dUTPase deficient (dut™) strains of

E. eoli were briefly pu15e-1abe11ed with [ H]thym1d1ne dUTP can arise

intracellularly by the phosphory]at1on of dUDP, or by the deamination of dCTP.

Since DNA polymerase III holoenzyme has tife same Km for dUTP and dTTP
(Schlomai & Kdrnﬁerg, 1978); dUTP can be incorporated into DNA as efficiently

“

.as dTTP. The misincorporated uracil residues can be recognized and

\

-

‘AY \
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removed by uracil-DNA glycosylase, and the épyrimidin%c siteg generated
will be cTeayed by the apprbpriate endonuclease (Tye et al., 1972):
Support for this hypothesis’ has been prov1ded by the finding that {
uracil can be stably incorporated into DNA in urac11 DNA glycosylase v
deficient (wng) strains (Tye et az.,;197 'Warner & Duncan, 1978; Warner \\
et al., 1579). The uracil-containing DN‘ can be fragmented in v?tro / )
by sufcessive treatment with uracjﬂngA §1yco£y]ase and alkali (Tye et aol.,
1978; Warner & Duncan, 1978). .+~ ’

That excision repair 6% misincorporated uracil residues does not
contribute significantly_to the popu1at{on of Okazaki fragments except
in dUTPase-deficient hosts is squested by seve al observat1ons First,

the amount of Okazak1 p1eces is not‘%f@ﬁﬁf1ca t]y d"1n1shed in wng

T 3
strains, where the excision. of uracil is b1ocked (Tye gt al., 1978;

Tamanoi & Okazaki; 1978). when the uracjl-containing DNA is fragmented

in vitro, differences in the sedimentation coeff1c1ent have Ted to

réstimates of the frequency of urac1T”mls1ncorporat1on which ranged from -

1 per 2000 to 3000 nucleotides (Lehman et aZ., 1979) to 1 per 5000

) nucleotides‘(Tamanoi et al., 11979). Also in vitro, very high levels of -~ K
dUTékﬂE,required to reduce thé size of the Okazaki fragments to the 4§~

range (200 puM dUTP for gut+ extracts as compared to 18 uM dUTP for dut

extracts) [0livera, 1978). This implies that dUTPase is a'wvery efficient
enzymé and rapidly removes dUTP from the intraceIlulip,pooi, so that very

Tittle is available to be incorporated into DNA.

oy

, (e) Distribution of label in Okazaki pieces

7
To determine if the 10S pieces were generated by post-replicational
n1ck1ng of DNA, Okazaki et al. (1968) 1so1ated doubly 1abe11ed molecules
fromE. eoli 15T cells pre-labelled withf[ ]thym1d1ne, then pulse-labelled
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. not taken into account by these investigators.
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with [3H]thymidine. When these mb]ecu]es were\degradéd with E. coli
N

exonuclease I, which hydrolyzes single-stranded ﬁNA from the 3' end,

the [ H]pu1se-labe1 was released before the\[ C]pre\Qabe1 Conversely,

with the B. subtilis nuclease that degrades 51n01e stréeded BNQ\from the '

5' end, the [ H] pulse-label was re]eased after the [14C] pre-label.

N \
The lpcation-of the pulse label at the 3' ends of the 10S molecules

; \ N y

indicated that they were synthesized in the 5' to 3' direction. An uneven
dlstr1but1on of Tabel would not be\expected if the 10S pieces were .cause
by post-replicational n1ck1ng S1m11ar results were reported for the

10S molecules isolated from T4-1nfected E. eoli (Sug1no & Okazaki, 1972)

Because the rate of polymerization is so rapid inE. colZ , in order to

\ obtain doubly labelled 10S molecules, the cells were pufse-}abelled at

very low temperatures (0°C to 8°C), and so these experiments can be
criticized on the grounds they they were performed with DNA synthesized

under non-physiological conditions.

Also the presence of uniformly
14 ’

|
C-labelled non-nascent DNA molecules of this size (see Section g) was

(f) Labelling cond1t10ns determ1ne nascent intermediates

Werner%(197]) jnability to label Okazaki fragments with pulses of
[3H]tﬁymine led him to suggest that the [3H]thym1dine-1abe11ed Okazaki -
pieces were intermediates in repair synthesas However, the inabi]ity to
label with [ HJthymine was probably due to the slowness with wh1ch thymine
equi]jbrates with e 1ntrace11uler peo] of dTFP relative to thymidine
(Cairns & Denhardt, 1968). In oreer to maximize the rate.of uptake of

Dwaz et al. (1975) dep1eted the intracellular nuc1e0t1de pools by 1ncubat1n%

e : {
> .

tae e bt s g 7w
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[ H]thymine and to have it lncorporated into DNA at full specific activity, H

!

\
~
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thymine-requiring strains in thymineless medium before labelling briefly

ith [H]thymine. The [3H]thymine was ‘incorporated into very large

of very small DNA chains. If thymine-requiring stra1ns are
deprived of\thymine, the 1ntrace11u1ar dUTP/dTTP rat1o would rise, and
one might expect\to observe an excess of short molecules which arose from

an increased frequency of misincorporation of dUTP followed by .excision

repair. . T

Brewin (1977) hypothesized tBSt\if the short molecules truly represent
the beginnings of a large number of mo1éEu]es at the rep]ication fork, then
the label incorporated‘during a brief pu]se\;ﬁnu1d be dispérsed over a
large stretch of the genome, and 1nterspersed Y1t\\DNA that was synthesized
after the pulse. When thym1ne-starved cells were pu1se~]abe1led with
trace quantities of [ H]thym1d1ne and then chaseh with 5- ermourac11, and
the extracted DNA sonicated to an average size of 2000 nuc1e0t1aés most
of the [ H]thym1d1ne was found assOc1ated with the densdty—]abe11e&\Q§A
So, Brewin (1977) concluded that the short molecules are not the resu]t\\\\ ]
of post-replicational rephir, but rather, represent the beginnings of large
numbers of nascent molecules. Furthermore, these molecules appeared \\\\\\
tolbe synthesized in two steps: an initial slowstep whirh was stimulated
by the addition of thymidine, followed by a rapid stage which was not
affected by the addition of thymiéine (Brewin & Cairns, 1977). The pattern ;
of DNA synthesis in cells deprived of thymine is comp]ex, not easily '
understood, hnd‘perhaps not representatiVe‘of DNA éynthesis in wild type .

\ . o

cells.

o
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(a) Nascent and non;nascent short molecules

.PUTsé—1abe111ng with_[3H]thymidine can give a rough indication
of the size of the short chain intermediates, but it is not possible to
be certain of the size distrjbutioo because not all the short molecules
may be uniform]y labelled throughout their length. Furthermore, since

the spec1f1c act1v1ty of the DNA precursor pool is s ad11y changing
during a pulse, the quant1ty of DNA and the number

‘pieces that are

made cannot be estimated from the incorporated radidaciivity. In order

to overcome these difficulties; Anderson (1978) isolated short molecules
from cells that had been uniformly labelled with [H]thymine. She
found that a large number of the short molecules didqnot disappear
in a chase period in unlabelled medium. In a polAl strain, the.number
of [3H]thymine¥]abe11ed molecules in the 700 to 9000 nucleotide range
dropped,from 80 to about 50 per cell after the ooase. In a polAt strain,
theré was a drop from 20 to 17 ﬁo]ecu]es per cel[. Molecules shorter
than 700 nucleotides were not analyzed because not enough radioactive
label was incorporated Thus only a small proportlon of molecules the
size of 0kazak1 fragments in the cell appear to be nascent intermedjates.
Jacobson & Lark (1973) had also reported that a large fraction
of the short md]ecu]es;_which they isolated fromE. ooZi 15T cells and
Tabelled withy[y-BzP]ATP and kinase, did not behave as nascent inter-
mediates, since they did not accumulate- in ligase-defective gtrains at
the non-permissive temperature, nor disappear 15 a dnaG mutant under
restrictivo conditions.
Denhardt et qZ. (1979) quantitated the nomoers of shoro molecules
in various otrains of E. coli which did not behave as nascent

intermediates. Depending on the strain and growth conditions, there

O

]
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could be as man; as 400¥yo1ecu1es‘the size of Okazaki fragments per-
cell, and as many as 2000 very short molecules approximately 30
nuc]eotides Tong per cell.

Anderson (1978) suggested that the short non-nascent molecules )
represent the extreme tail end of a random distribution of breaks -
sco3¢ered throughout the entire bacterial chromosome Denhardt et ql. (1979)
hypothesized that the short non- nascent molecules 1nserted between
the two strands of the. genome play an active role in transposition,

recombination or repair. Whatever the cause or purpose of these

. molecules in the cell, their existence complicates the study-of nascent

intermediates, since the shortest DNA molecules in the cell-are not

necessarily the most recent]y synthesized ones.

{h) Hybridization of Okazaki fragments to separated strands

'

The 10S molecules isolated from T4-or A-infected E. coli were
shown to anneal equally tb the séparated complementary strands’ of these
phages (Sugimoto et‘az., 1969; Ginsberg & Hurwitz, 1970). These results
were first taken as evidence of the discontinuous Eynthesis of both
strands. Howevér, when it was discovered that the replication of these
two bacteriophage was bidirectional, the interpretation became more N
complicated. In bidirectional replication, short molecules can be
synthesized on only one of the strands at each replication fork, but may

\

sti11 hybridize to both strands, if the short molecules come from
- \
opposite strands in the two replication forks.

In order to avoid these complications, Kurosawa & Okazaki (1975)

studied the replication of bacteriophage P2 because the replication of

[ A\
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this phage proceeds unidirectiona]ly‘from‘a fixed point on the genome.
A brief pulse of\[3H]thymidine was ihconporated into two sizes of inter-
mediates: 10S and 325. Both the amount of-label in the intermediates
and the stradd distribution were de lined by the méthod used to stop
the pulse (;ee section b). Approx{i:::1y one third of the 10S molecules
were derived from the Teading strand when the pulse was stopped with an
ethanol phenol mixture. In a P2-infected po?A strain, all the [3H]
thymidine was “incorporated into 10S molecu]esNwhich‘hybridized equally
well to both strands. Again DNA polymerase I appeared to bé invp]ved in
joining the Okazaki pieces.
¢X RF is replicated unidirectionally from~a fixed origin Tike P».
The orientation of the strands in the RF molecule is such that the viral
strand is synthesized in the 5 to 3' direction'(see Denhardt, 1977.for
review). The nascent mlecule§ isolated durine ¢X RF repli’cation-cont;\ined
- a single gap in the viral stréwd and mﬁ]tip]e gaps pon- random1y iocated

around the genome in the comp]ementary strand (Eisenberg et aZ 1975).

This asymmethy in the d1stribut1dn of gaps was 1nterpreted to indicate

that the viral strand was cont1nuo sly synthesized while the complementary
‘strand was .discontinuously synthesi ed. Furthermore, in a ¢X-infected

ts ligaser host at the non- perm1ss1ve temperature a brief pulse of [ H]
thymidine pre]]ed both short and unit\ length mo]ecu]es during RF
rep1ication. Hybridization studies revealed that 90% of the short molecules
were of complementary strand origin, and\only 10% of viral strand or1g1n, '
while almost all of the un1t Tength moltecyles were v1ra1 strands

(MgFadden & Dephgr?t, 1975). Agaln this s ggested that dnly the

complementary strand was discontinuously synthesized. 'However, Machida

\

LY3
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et al, (1977) foundﬂ%hat during RF rep11cat1on in ¢X—1nfected E. colt

Qura708, the [ H]thymfd1ne incorporated during a brief pulse into the

complementary strand was present mostly as short molecules, but about
one th1rd of the label incorporated into the viral strand was also
present as short molecules. This indicated that both strands were
d1scont1nuously synthesized. . Since both Machida et aZ. (1977) and
McFadden & Denhardt (1975) used an ethanol phenol mixture to stop the -
pulse, the differences reported byjthese investigators probably ref1ect
differences in the host strains. The ts jig strain used by McFaddeﬁ &
Denharidt (1975) was not thymine requiriﬁb, whereas the strain used by
Machida et aZ. (1977) was. Machida et aZ. (1977} mentioned that
discontinuities during RF replication were more bronounced in the HF4704
strain than tn\the wild type strain. fhis is consistent with our

observations during ¢X viral strand synthesis (see Chapter II).

) Py
- The closed circular duplex genome of the E. /eol< plasmid ColEl
-~ also rep]icates uniditectiona11§ from a fixed origin. Sakakibaf&ﬁ

(1978) found that in a cell .extract prepared from a temperature-sensitive

-

ligase-defective strain of E. coli , at both the permissive and non-

oo

" permissive temperature, dTMP is Tncorporated‘into ColET DNA wﬁ?ch”(anges
- o’ -4 .

from 7S to 17S. The 17S DNA hybridized equally to both strands of ColE}
DNA, the intermediate-sized DNA hybridized preferentially to the 1a§5¥ng

strand, while the 7S DNA hytridized preferentially to the leading strand.

The accumulation of short mo]ecu]es was believed to be due to the
defective E. coli 11gase activity. However, the jo1n1ng of the short
chains was not prevented by adding NMN to the system, although NMN will

inhibit ligase in the Final sealing of two strands and 1n closing nicks

)

]
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( generated by repair, Sakakibara (1978) suggested that ligase may be
NMN resistant because of an association. with other replication factors

in'a complex. 4

g -
McFadden and Denhardz (1975) alse postulated the existence of a

. free NMN-accessible 1ligase and an NMN-inaccessible ligase in an atfempt
to reconcile their resu],ts with those of -Hess 2t «l. (1973). Hess et al.

had foufid that the joining of very short ¢X complementary strand molecules

' - was not inhibited by NMN in an in v»itro system, and concluded that
there itight be a second ligase activity in £. coZ7i. McFadden & Denhardt
(1975) found that the complementary strand fragments were ‘not Joined
in vivo in a ligase defective host, which suggested that the known
E. colt ligase was responsible. NMN may be capable of selectively
: inhibiting certain ligase activities.  A1so, the mechanism used to
| join molecules on the two strands at the replicating fork may ;iiffer,
f - _ With the lagging strand fragmenlts Joined by the NMN-sensitive activity
whivle the leadingjstr‘and fragments are joined by the NMN-resistant activity.

If this is the case, Olivera and Bonheffer (1972) may have been selectively

inhibiting the joining of lagging strand fragment by adding NMN to their

\ " in vitro system. -

.

Sternglanz et-aZ. (1976) showed that the pulse labelled 10S molecules \}

- fo[md Fn B. subtilis h:ybm'dize equally we.H with the separated stran(dsuof
B. swtilig DNA. They also showed that the [3H]thymid1'ne-1abeﬂed 10S
molecules from T7-infected E. coli B hybridize equa'l]iy wel 1,'}30 the
sebagated strands of T7 DNA. Since T7 replication is b'id:i}r'ect'ional

- [from an origin 17% from the left end .of the molecule,.and knowing

’ the po]arity‘ of the strands relative to the 1eft‘end,_bne would

; ¢ y - predict that if only one strand was synthesized . "discontinuously,
¢ - N

:% i - -
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there would be an asymmetry with the short molecules hybridizing
preferentially to one of the strands. That no such asymmetry was
observed suggested that both strands were discontinuously copied.

Although the hybridization experiments ofr:Hermann‘etaz, (1972)
indicated that 10S and 385 molecules inE&. coli were derived from -
separate strands (see Section a), they did not demonstrate that the
10S pieces were derived from the laggingstrand. That was done by
Louarn & Bird (1974) who pulse-labelled a A lysogen of E. coli and
hybridized the Tabelled DINA to the separated A strands, ;\~ is integrated
»into the E. coli chromosome at a specific site and .with a known polarity.
Integrated A is passively replicated in a specific direction by the
E. coli replication fork at the same time as the E. col? genome replicates.
Therefore, it is an excellent probe to study the replicatidn of
E. coli. When Louarn & Bird (1974) pulse-labelled aXpoZA+ lysogen,
they found the label equally distributed between 10S and'50S DNA
molecules. The Short and long molecules hybridized preferentially to
the X 1 and r s‘trands respectively; this indicated that the long molecules
were from the leading strand while the short molecules were from the
lagging strand. Louarn & Bird (1974) ‘concluded that only the lagging
§t‘rand was syn’thesizgd disc@:inuous]y. However, these results may be
bjased, since the method they used to stop the pulse, a frozen solution
containing KCN and pyridine, may a]]bw preferential joining\ of leading
strand molecules (see Section b). Also, in a ApolA-. lysogen, Louarn &
Bird (1974) found the; pulse label predominantly in 10S and intermediate
sized molecules which hybridized equaﬂ:y well to both strands of A DNA.

The reason ~g'ive‘n for this was that jnitiations occurred more frequently
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on the leading strand in the polA~ strain, so both strands appeared to
be discontinuously synthesized. However, it 1is more likely, in my

opinion, thatinitiations occur equally frequently on the leading strands

in both polAt and po?A= strains, but that in the poZA- strain,the short

leading strand mof}Fcules are more readily observed, because their joining
is retarded by a delay in gap-filling mediated by DNA polymerase I, as
originally suggested by Kuempell & Veomett (1970) and Schekman et aZ. (1971).

e
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~2. INITIATION OF DNA SYNTHESIS IN PROKARYOTES

" There are two levels of initia®ion of DNA synthes1s the initiation
ofarnundofrep11cat1on at the origin, and the 1n1t1at1oh of synthesis of
individual DNA molecules. The same mechanism may be responsible for both
initiation events, although there is evidené; in some systems that this
is not necessarily so.

Initiation at the origin invoives recognition of a specific site
by the replication complex. Priming of syntHesis of the DNA chains can
occur in several ways. The 3' OH end of a nicked parental strand could
function-as a prfher. A short o1igonu5;eotide synthesized'dé novo on /
the exposed témpiate strand could prime DNA synthesis. Finally, a
propein could position a deoxynucleoside triphosphate residue on the
template strand in such a way Fhat the /3' OH end would: be aVai]ab]e to
DNA polymerase as a primer. What follows is a detailed description, of
the events involved in the initiation of DNA synthesis in a number of
prokaryotic systems, which include the sjngle-s;randed DNA phages, fd,

G4, -and ¢X, E. coli, the C61En plasmid, and bacteriophageé T4, T7, P2,
and ¢29.

"(a) Initiation of complementary strand synthesis on the single-stranded

DNA phages . v

. The genomes of the sing1eigtranded’DNA phages c¢ensist of cirgular

molecules approximately 5000 nucleotides long of simitar genetic

comp?exify. The replicative cycle of these phages cén be divided into

»

3 stages. The first ftage, the synthesjs of a complementary strand on

the infecting viral strand, depends entirely on host proteins. ‘Yet ‘these

]
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(( S phages can be divided into 3 groups, each of whith uses a different set

»

of Z..coli enzymes to primé*synthesis of the complementary strand.
\ Earlfiest evidence of a difference came from studies which. showed
that synthesis of tH,e complementary stra@nd was rifampicin-sensitive for
. B . Fd (Brutlag et al., 1971; Wickner et al., 1972) but not for ¢X -
: (Sitverstein & Billen, 1971). Rifampicin sensitivity suggested the
: involvement of the £. coli RNA polymerase. The reaction was divided into

\
two stages: a rifampicin-sensitive stage which required all 4 rNTPs

. and a rifampicin-resistant stage whére dNTPs‘" were required (Wickner et al.,

A972). vitro,.“a‘ comple’i'nentary strand could be synthésized\ on the fd

. template using only four purified proteins: E. coli RNA polymerase,

DNA polymerase III holoenzyme, E. coli DNA binding protein-(DBP), and all

4 rNTPs and 4 dNTPs (Geider & Kornberg, 197‘4; Hurwitz & Wickner, 1974).

Geider & Kornberg suggested j:hat DBP r.:overed the single-stranded DNA ‘

in a pre-initiation step which left a Spec.ffic duplex,reg;on exposed.

RNA polymerase synthesized a transcript which coAu]d be extended by \DNA

polymerase II1 holoenzyme. This hypothesisﬂ;i\a‘s supported by the localization

N ‘ of a gap in a specific region of the genome on the fd (fd fs closely

| related to j1’1 or ;ﬂ3) complementary strand. (Tabak et al., 1974). Further-

more, 1n ‘a fd"DNA-RNA polymerase-DBP complex, a fragment about 120 )

nucleotides long was protected from nuclease digesﬁ.on.~ This fragment

mapped at the origin and possessed double strand characteristics which

;1'nc1uded resistance to the S1 sing‘le-strand‘ specific nuclease (Schaller

et al., 1976). It was later found to contain 2 hairpin structures (Gray

et.al., 1978). Isolation of the transcript revealed that it was 30 ‘

\ . .
- 1 nucleotides long and precise localization on the genome showed that it

4
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initiate& with ATP at a dIMP residue that was not base paired near thé
stem of the hair(*pin structure closest to the.origin. One side of the
hairpin structure was transcrfibed, thus di ;rupting the base-paired
duplex andallowiing DBP to bind to the exposed strand. Presumably
tra,nsc&*iption stopped when the RNA polymerase encountéred the DBP-template
complex, and DNA 'synthesis initiated at any one of several nucleotides .
(Geider et ai‘.\, 1978). o

Since the, combination of bBB, RNA poiymerase and DNA polymerase 111
holoenzyme can \also synthesize a complementary streind on the ¢X viral
strand <n vitro, there must be factors in vivo which prevent this from

happening (Geider & Kovrnberg, 1974). Vicuna et al. {1977 a, b) found
that RNase H, which hydrolyzes the RNA of an RNA-DNA duplex, prevented

DNA synthes1s by the purified components on both ¢X and fd templates.

"

Two d1scr1m1natory factors, o and 8, formed a complex with DBP and with

fd«ﬂDNA, but not with ¢X DNA. A complementary strand could be synthesized

on tlhe complex composed of the two discriminatory factors, DBP, and fd
DNA, by RNA polymerase and DNA polymerase III holoenzyme in :the presence

of RNase H. So there exist factors in #w which allow certain reactmns,

" but prevent others from happening. Loss of these factors alloys

reactions to occur in witro which would not normally oceur Z»n vivo.
Initiation of complementary strand synthesis on the® viral .stranc/i
differed from that on fd in one_ important aspect. The primer was
synthes1zed not by RNA polymerase, but by the E. coli dnaG protein in
a r'eact'lon wh1ch required only ATP and GTP of the 4 rNTPs, although the

.possib1hty that trace amounts of UTP and CTP were present as

" contaminants was not ruled out (Zechel et al., 1975). Synthesis of the

complementary strand on the G4~'temp1ate required only the duaG protein,

DBP,. and DNA polymerase III holoenzyme. The transcript was synthesized
. T . 8 R .
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at a unique site,\\s‘gggested by the associatioﬁ -of [oc-32.PJATP and [oc-32P] ‘
GTP label with only b(le small ZcoRI fragment (Boﬁche‘ et al., "1975).
Sequence complexity owg“gfwe \RNase T f%ngerprint .digest of the primer
sugges\ted a 1en§th of 20 \‘tp 25 nucleotides (Boucheétaz., 1975). This

was confirmed by sequencing‘the isolated primer. It was found to start
with an ATP residue, to cdnta\i\‘n\ a hairpin region of TA-U and 7 G-C base *
pairs (the fd primer also 'im'ti;ted with ATP, but only ?ne side of the
hairpin was copied), and to termin}te at any one of four nucleotides,
which resulted in primers from 26 to\\2\9 residues long (Bouche et ql.,

1978 ). | )

A novel property of the dnaG protein\yias the discovery that it could
use dNTPs in place of rNTPs to synthesize p;i*jmers (Wickner, 1977). The
dnaG protein is the first known polymerase ca\fJabl\e of the de novo‘ synthesis
of a nucleotide chain starting with a dNTP residue, although it can only
synthesize vépr:y short DNA chains.. The reported precursor requirements of
the dnaG protein vary; efficient primer synthesis has been said to .
occur with only dTTP (or UTP) and dGTP (or GTP) -in a r\ea‘ction stimulated
by ADP [Wickner, 1977); or only ATP and GTP (Zechel et al., 1975; Rowen &
Kornberg, 1978); or ATP (or ADP) and GTP (or dGTP)’(Sumida‘-Ya§umoto et b
at., 197'9). The general concensus is that only two or three c;\f\thg rNTPs
and dNTPs were required. Since a minimum of two nucleoside tr‘i\\p\hosphates
appeared to be necessary, it has been suggested that a dinuc'leoti‘de\ may
function as an efficient priimer (Rowen & Kornberg, 1978). Primers ' ‘.
composed of \‘dNTPs tend to be much shorter than pr;mer’*s composed of FNTPs
(Rofuen_& Kornberg, 1978;McMacken & Kornberg,—\1978; Sumida~Yasumoto et al.,
1979). There is  some controversyover what occurs in the présence of both
rNTPs and dNTPs. Sumid_a-Yasumoto et al. (19%9) rgported thafc when both
‘rNTPs and dNTPs were present, even if there was a %e\n—fo]d excess of
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Kornberg, 1978) who found that with relativeiyiﬁgh rNTP coﬁcentrations,

- 25 -

rNTPs, the, primer was composed preferentially of dNTPs. This was

contradicted by Kornberg's group (ﬁowen & Kornberg, 1978; McMacken &

rNTPs were much moréﬁef?icient1y incorporated than dNTPs, and since the
primers formed with rNTPs were Tonger, they primed DNA synthesis more
efficiently. : , N

The differencé between fd and G4 in the initiation of complementary
strand synfhesis lies entirely in %he enzyme which synthesizes the RNA

primer: RNA polymerase with an fd template and the dnaG prétein with the

G4 viral strand. It was postulated that a "pilot proieip", a minor phage
capsid protein that remained associated with the DNA, played a role in i
recognizing and appropriating a particular replicative system (Jazwinski ;
et al., 1974). However, it later appeared that}the nucleotide sequence |
at thé originywhich differs in these twg phages, was sufficient fo
account for t%e difference. When the G4 origin was cloned info M13,
DNA synthesis initiated at the cloned G4 origin, in the presence and
absence of rifampicin, in vivo and in vitro (Kaguni & Ray, 1979).
Initiation of gomplementary strand synthesis on the ¢X teﬁplate

was found to be a much more complicated process than those described for y

fd and G4. It was shown in vitro (Schekiman et al., 1972) that
rifampicin-resistant RNA synthesis required all four rNTPs, and that
32P was transferred from o~labelled dNTPé to ribonucleotides after alkaline

32

hydrolysis. This ““P transfer demonstrated a covalent attachment

between RNA and DNA chains. These results were\contfadicted by a report '
that synthesis of a complementary stréﬁd required only ATP of the four
WTPs (Wickner et af., 1972). This discrepancy can be accounted for by

\
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- the discovery that short oligoribonucleotides- which can prime DNA *
' synthesis on single-stranded ¢X and fd templates were present as . i
contaminants in commercially availably NTP preparations (Masamune &

Richardson, 1977). Also, priming of DNA synthesis by the dwaG protein

can occur with only dNTPs (Wickner, 1977; Rowen & Kornberg, 1978;
McMacken & Kornberg, 1978): '
Using reconstituti;)n and complementation assays, the proteins that
. were required for ¢X 'comp1eme\n1~:ary strand synthesis were-isolated.

Some of them remain geneticaﬂ‘y and functionally uncharacterized. The

essential proteins included thé E. coli DBP, dnaB, duaC, and deaG
proteins, and factors %, y, and z, DNA polymerase TII plus e]ongation
factors 1 and 2 (Wickner & Hurwitz, 1974) or factors i and n and the DNA .
po]ymerasé IIT holoenzyme (Schekman et aZ., 1975). Factor n was later
resolved into n and n' (Meyer et aZ., 1979), and it is very likely that
factors x, y, and 2 described by the Hurwitz group are identical to

+ factors i, n, and n' described by Kornberg's co-workers. Y,

The reaction was divided into two steps: a pre-initiation step .
which required only ATP, the dnaB and dnaC proteins, DBP, and the three
rephcatwn factors x, y, z, foHowed by a synthesw step wh1ch required
the dnaG protein, DNA po]ymerase III plus the necessary factors, and dNTPs \»
ptus ATP (Wickner& Hurwitz, 1975; Weineret a;.,1976). It was suggested %
that the dnuaB and'vdnaC proteins, which formed a complex “isolatable
by gel filtration <n #tro, participated in a reaction wh1ch transferred

the dnaB protein to ¢X DNA, s1mu1taneous1_y releasing the dnaC protein

(Wickner & Hurwitz, 1975). Although the role of factor X was uncertain,

it was found that the binding of factors y and z to the DBP-coated -
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¢X template preceded binding of the dnaB prote\m (Wickner, 1978a). Once
the dnaB protein was bound the dnaG protein wa§ able to synthes1ze
primers on thel ¢X template (McMacken et al., 1977). Primer synthesis
could occur 1‘ni the absence of DNA synthesis at multiple, probably random,
sites (McMacken et aZi, 1977). The dnaG protein synthesized RNA primers
which ranged from 14 to 50 nucldstides in Tength, and ONA priners from

4 to 20 nucleotides long (McMacken & liornberg, 1978). From 5 to 8 primers
were synthesized on egch circle at regular intervals along the template
strand (McMacken 8¢ aZ., 1978). It was suggested that the dnaB protein ]
moved processively along the template, functioning as a “mobile promoter"
for primer synthesis. The dnaG protein recognized a secondary structur:e
éenerated by the dnaB protein-template complex, and synthesized a

pr:imer at th.is site (McMacken et al.‘, 1978). ) - -

’ To summarize, the synthesis of a complementary strand on the <'1>X

viral strand is believed to be initiated by the following series of

events (Wickner, 1979: Meyer et al., 1979): (1) replication factorsy

‘and z bind to the DBP-covered ¢X DNA; (2) the dnaB and dnaC proteins form

a complex in an ATP-dependent reaction; (3) the dnaB protein is trans-
ferred to the factor y—Z—DﬁP«-M ONA complex 1in a reaction which reqt}i‘res
factor x and releases the dnaC ';,lmte'in; (4) dnaB protein migrates
processively along the template,” hydrolyzing ATP; (5) dnaG protein, or
primase, recognize%'a strupture generated by the dnaB protein-femp]_ate
complex, and synthgsizes primers at regularly spaced intervals along the
genone.

In spite of the capacity of this multienzyme system to transcribe .

“multiple primers on ¢X DNA, it cannot gin/itiate prifner synthesié on any

other template, presumably because one or more of" the'protein'\s which

/
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transfer the dngB protein to the ¢X templﬁte recognize a specific site
in the ¢X genome (McMacken & Kornberg, 1978). It has recently been
found that in the ab§encelof DBP, {he dnaB and dnaG proteins alope are

sufficient to s.ynthesize~ multiple primers on ¢X, 64, and M13 single-

stranded DNAs (Arai & Kornberg, 1979). The unique primer is synthesized ) i

on the M13 and G4 templates only in the presence of DBP. And several
additional prote;'ns are required to bind the dnB protein to the ¢X
template in the presence of DBP. The non-random s1'~ze distribution and
unique electrophoretic pattern of the primers made on the ¢X, G4, and
M13\templates by thchZnaB - dnaG proteins suggests ft@at certain regions
-may be preferentially transcribed (Arai & Kornberg, 1979).

(b) Initiation of ¢X viral strand DNA synthesis

Events involved in the synthesis of a complementary strand on the

X tempfate in vitro are fairly well characterized,‘and since the same. ¢

prdteins are required to synthesize complementary strands during RF ’
replication (Dumas, 1978), it is possible that the same series of events
may occur on the displaced viral strand, S:ynthesis of the viral strand,
however, was believed to occur byla fundamentally different mechanism.
"The discovery that brief pulses of [3H]thym1’diﬁe Tabelled vir;l strands
Tonger than genome\le‘ngth (Dress]}er & Denhardt, 1968; Dress'lé‘r,j 1970;
S'chr’adér et al., 1973) subported the hypothesis that ¢X viral strands
were _§ynthesize'd by a rolling circle model (Gnﬂbert & Dressler, 1968), -
where\_the 3' OH end of a nicked parental ‘s‘ti"ahd functioned \as, a‘\primer\ N
for DNA polymerase 11T, J pitro studies which showed that ¢X viral
strands could be synthesized with only four proteins (the ¢X gene A

protein, rep, DBP, and DNA polymerase III holoenzyme) provided additional




|
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o support for this model (Eisenberg et ai., 1976, 1977; see Chapter IV
' for details). L ( p

B ~

: . However, other investigators f?und;that $X viral strand.synthesis

in pitro required in addition to these four proteins, the products of

genes dnaB, dnal , dnaff, and unidentified proteins (Sumida- -
- ‘/ .

Yasumoto & Hurwitz, 1977; Suﬁida-Yasumoto et aZf,§1978). It}has'been
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reported that the dnaG protein is required continuou§1y for ¢X viral

strand synghgsis in vivo (McFadden & Denhardt, 1975). Also, there have

e e TR

been reports of short viral Strand intermediates both in vivo (Machida

2

b et al., 1977; Hours et al., 1978) and in vdtro (Sumida Yésumoto et als,
197&; 1979). Finally, Machida et al. (1977) have demonstrated the

- .. presence of ribonuc]eotidgs on about half of the short molecules of
both viral and complementary strand orjgin which they isolated auring
®X RF replication, using the spleen exonuclease assay (see next éection

for detailed description of this assay). These experiments are extreme]yf

important because the demonstration of ribonucleotide primers at the 5'
ends’ of short molecules derived from the potentially continuous strand
is cpnngting evidence that the molecules were ihitiated de novo.

Although gene A proteinﬂcataiyzed nicking at the orig{g/signals the . .
initiation of a round of ¢X rep11cat1on (see Denhardﬁy,?977 for réﬁfew),

synthes1s of the short v1ra1 strand molecules on the exposed temp1ate

" may be initiated. in a nmnnerﬂ33m11ar to the complementany strand moTecu]es. /

%‘f“~ . The.¢X gene A prote1n°has been dé§~;1bed as a multifunctional enzyme in N

DNA‘\EtHJnglfn (E1senberg et al., 1977) which (1) nicks the viral

I : strand at the BYngg\f;@;nit1ate a~round of replication; (2) part1c1pates
%@* Ty ' in a complex with the rotein which unwinds the two strands at _
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a,fu]]-leng%h viral strand; (4) 1ligates the excised DNA to form‘a

circular viral strand. . i

-
1
.

(c)j Evidence for RNA primers inE. ecolt
xThé\ear1iest observation that DNA synthesis in E. coli was independent

of rifamp}cin (Silverstein g Billén, 1971) was contradicted by the finding
that, fn cells synchronized by amino acid depletion, a yound of replication
was Eomp]eted, but ﬁo newW rounds were initiated in the presence of
rifampicin (Lark, 1972a). Initiation of DNA synthesis at the origin in

E. eoli required the rifamp{;fn-sensitive synthesis of a transcript b

‘RNA polymerase at a time when choramphenicol-sensitive protein synthesis
was no 1ongqr requifed. Further initiation of short DNA chains was

\
independent of rifampicin.

DNA replication in E. coZZ is incredibly complicated; studies with
mutants have revealed that a large number"of proteins are re&ﬁired (see
Wicknef, 19?8b; for review). The proteins coded by genes &naA, dnatl, °
anaC, dﬁql, dnaP, and RNA polymerase are involved in initiation of a
round of rep1iéation.” DNA elongation requires the products of genes

dnaB, dnaC, dnab, dnal, dnafE (DNA polymerase III1), 1ig, polAex (the 5'

_to 3! exonuciease activity), zou and nalA (two componerts of gyrase),

and DBP.  The products. of genes dnal, dnak, dhéL, and dnaM remain to be
characterized. §ince DNA replication occurs on the separated ;tkands
‘at th; repfiéation fogk, and since &. coli requires §11~0f°the proteins
required to synthesize a complementary strand on the ¢X femplgte, as
well as a few additfonaToones,:it is quite possible that the mechani sms
iﬁ?o]ved'in the in vivo repiication of the E, coZi“éhromosome will share

some simi]arities‘witg the in vitro réactjons characterized for oX.
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~, of 5' hydroxyl termini, they were able to demonstrate that a polAexl"

[ TSN

The first physical eyidence of an RNA primer associated with
E, coli DNA (Hirose et al., 1973) was a buoyant density shift of the
nascent fragments in C52504 grédients. The size of the shift led to
jestimates of 50 to 100 nucleotide-1ong RNA molecules attached to the

i

' Okazaki fragments. Labelling the nascent molecules with [32P]ATP énd
kinase, before and after alkali treatment, indicated that one RNA
molecule &as associated with every DNA molecule (Hirose et aZ., 1973).
Later it was shown that even after denaturation, non-covalent interactiohs
between RNA and‘DNA molecules could produce shifts in bdbyant deﬁsity
gradients (Probst et aZ.; 1974). And the end-labelling results were
suspect when it was found that po]ynuc]eotidé éinase catalyzed an
exchange reaction between the y~phosph§te of ATP and the 5' phosphate
of a polynucleotide chain (van de Sande et al., 1973).
Also other investigators failed to reproQuce Okazaki's results.

Jacobson and Lark (1973) could find no evidence that the 32

P-label on
the 5' ends of short molecules fromE. ecoli 15T was either alkali or
RNase labile. This is probably due to the fact\that no attempts were
made to minimiz; or correct fdér the exchange }eaction catalyzed by kinase.

Also only a:small fraction of the'32

P-1abelled molecules iso]ateq by
Jacobson and Lark (1973)“behéyed as nascent intermediates. Since end-
Tabelling is not specific for nascent molécu]es, the presénce of large
numbers of fon-nascent molecules could eési]y obscure the existence o%
a fgﬁ nascent deecu]eg with alkali-labile &' ends.

When Okazaki etﬂaz. (1975) found conditions which minimized the

exchange reaction éata1yzed by kinase and allowed selective 1abe]l{ng

\
\
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strain(deficient in the 5' to 3' exonuclease of DNA po]ymergse I)
contained about 5 times as many RNA-Tinked DNA molecules which could
be labelled after alkali treatment as the wild type strain. Furthermore,
the number of molecules with alkali labile 32P-labe'l]ed ends corresponded
we]]_to the number of molecules with aydroxyl termini which c6u1d be end- -
tabelled after alkali treatment (Ogawa et aZ., 1977).

These experiments have been‘criticized on the grounds that the
productionofa 5' hydroxyl terminus éfter alkali treatment does not
prove the existence of an RNA chain at the 5' end of an Okazaki piece,
since the alkali-labile apyrimidinic sites aféer uracil excision might
also give rise to a 5' hydroxyl terminated chains (Alberts & Sternglanz,
1977). One argument against thjs was that both alkali and RNase produced
similar numbers of 5' hydroxyl termini in nascent mo]ecy]es (Kurosawa
et al., 1975). Also it has recently been demonstrated with chemically
synthesized sybstrates that when molecules containing apyrimidinic.
sites were hydrolyzed iq alkali, 5' phosphate,mt 5' hydroxyl,
ferminated chains were produced' (Okazaki et aZ., 1979). -

One limitation of the polynucleotide kinase assay is that it is

not specifié for nascent DNA. An alternate method was developed which

~ used spleen exonuclease to defrade mo]ecu]és with 5' hydroxyl fermini

generated by alkati or RNase-cata]&zed removal of‘ribonuc1eoti&es-
(Kurosawa et al., 1975). This mefhod was‘sﬁecific for [3H]thymidine
pulse-labelled nastent molecules and allowed estimates to beima#e of

fhe numbe}s of both RNA-]iﬁked and RNAjfnee DNA pieces. Using this‘agfay,

Kurosawa et aZ.\SlQ?S) showed that RNA-Tinked DNA molecules were more '

frequent among shbrter molecules, and less frequent among molecules
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recovered after longer pg]ses. Again the poZfex1 and poZAl12 (deficient
in the polymerase aqtivity of DNA polymerase I) strains were found to
contain about 5 times as many RNA-Tinked piéces éslthe wild-type strains.
Ogawa et al. (1977) isolated the ribonucleotide primers by
degrading the 5' terminally labelled nascent molecules with a combination
of pancreatic DNase and the 3' to 5: exonuclease of T4 DNA polymerase.
Most of the deoxyribonucleotide moiety of the nascent mo]ecu]es‘was
degraded, and the mixture of}di - to tetranucleotides which remained .
were analyzed for the presence of ribonucleotides. Ribonucleotides at
the 5' end were measured by the release of 32P—]abe]]ed pNps after
alkaline hydrolysis; 88% of the DNase-res%stant molecules contained
a ribonﬁc]eotide at the 5' terminus by this criterion. The 3' ends
were ana]yzeq by periodate and aniline treatment. These chemicals will’
hydrolyze mo1écu1es with a 3' ribonucleotide. Only 40% of the\di, and
]0% of the trinuc]ebtides were sensftive to periodate. Therefore, the
majority of the di- té tetranucleotides are co-oligomers of ribo- and
deoxyrfbonuq]eotides, containing from 1‘to 3 ribonuc]eotides at the 5'
end. So Ehe RNA primers in E. eoii“are very short. Labelling the 5'
OH groups afteroélkali with [BZP]ATP and kinase, and analyzing the 32P-
iabe]]éd dNMPs produced after nuclease digestion, revealed that all four -
dNMPs were present with about equal frequency at the RNA-DNA junctions.
Using the spleen exonuclease assay, Miyamoto & Denhardt (5977)
also found evidence for RNA-linked DNA moTecules which seemed to be mdre
frequeht among the shortgr molecules in a polAex2 strain. End-labelling
with [agﬁ;ATP and kinase,afger correcting for exchange, revealed that

the number of Zp-Tabelled pNps correlated wéll with the numbér of
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hydroxyl groups which could be Tabelled after alka]}he F&dfo]ysis.
Although Ogawa et al. (1977) were unable to detect any unique ribo-
nucleotides at the 5' terminus, Miyamoto & Denhardt (1977) found that
ﬁost]y pAp and/ﬁGp were released. This is noﬁ too surprising, since
the dnaG protein which is required in vivo to initiate\sydthesis of
Okazaki pie;es (La;k, 1972b) has been shown to be able to syntﬁesize
primers in #tro using only ATP and GTP (Zechel et al., 1975; Roweg;§ B
Rorﬁberg, 1978). .

Miyamotb & Denhardt (1977) did not find a significant number of
ribonucleotide linkages in wild type strains, using either the spleen
exonuclease 6r polynucleotide kina;e assays. Also, they found that fewer
pNps were released-from the shorter fhan from the longer molecules.

But since there are very many (as many as 2000) of these short molecules
in the cell, only a small proportion of which may be nascent, it is

not surprising that ribonucleotide termipi could: be dgtected on very

few of them. The evideﬁée is reasonably éonvjncing that at least in the

poliex strain of E. coli, RNA primers are covalently attached to DNA'

molecules.

It is generally assumed that the ribonucleotide-terminated molecules
are nascent or newly synthesized. This may nof be the case, because '
some of the short non-nascent molecules, recovered .under conditions where

no DNA synthesis was occurring, were found to have ribonucleotides at the

_ 5' terminus, as measured by the release of 32P-labeﬂed pNps after

alkaline ﬁydro]xsis (Denbardt et al., 1979). The ribonucleotide primers

may not.always be very rapidly removed.
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. at the origin in the presence of 'RNA polymerase, RNase H, DNA po]ymerise 1
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{d) Initiation of Col E1 DNA synthesis

Replication of £. coli plasmid ColE1l does not require any
piasmid-toded proteins, but uses only host cell proteins (Tomizawa

et al, 1975). As with E. coli, the initiation of a round of ColEl

replication is rifampicin-sensitive and'requires all four rNTPs;
continued replication is rifampicin-resistant (Sakakibara & Tomizawa,
1974). This suggested tﬁe involvement of Z. coli RNA polymerase in fhe
synt%esis of the early replicative intermediate, the 65 L fragment.

Bird & Tomizawa (1978) demonstrated the presence of RNA at the 5' ends
32p_

of the 6S L fragments by in vitro labelling with [a—32P]dNTPs and
transfer after alkaline hydrolysis. It was estimated that 20% of the

65 L fragments céntained RNA-DNA junctions. The spleen exonuc]eage !

assay revealed that as many as 40% of the molecules could have ribo-
nuglggtides at the 5' end. y
A 580 nucleotide-long stretch encompassing the origin was found to
bg essential for ColEl rep1icatidﬁ (Backman et dl.,,1979). It has been
suggested that a 100 nucleotide-long transcript synthesized in this

region was processed and then annealed to the origin where it served as

il
primer, but supporting data are not yet available (Backman et al., 1979).
Ttoh & Tomizawa (1979) have studied the first stage of the replication

1

of the ColEl p]ésmid in vitro. T vitro, ColE1 replication initiated

_-anq gyrase. Gyrase was believed to facilitate unwinding of the parental

strands. RNA polymerase synthesized the primer which was processed by

RNase H. RNase H did not just remove RNA annealed to regions of the

genome other than the origin, and so increase the proportion of fragments
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which initiated at the origin, it also increased the oyerall efficieﬁcy
of DNA synthesis several fold, and so was believed to process the primer
RNA,“péihaps by nicking at a specific site or creating a specific 3

OH end. Since both the 5' to 3' exonuclease.and polymerase activities
of DNA polymerase I were required to extend the primer, it could occur
by nick translation from a specific site in the primer. The abe}fant
initiations which occured in the presence 6f these proteins could be

inhibited by another factor which has been partially purified.

The initiation of a round of ColEl replication, which occurs in

“this first staQe witﬁjthe synthesis of the 6S L fragment, differs from

the stage which follods it. Synthesi; of the rest of the molecule
requires other proteins used‘by E. coli in its replication, including
the dnaB, dnaC, dnaG, and dnal proteins, and DNA polymerase III (Itoh &

Tomizawa, 1979).

(e) Initiation of bacteriophage T4 and T7 DNA syﬁthesis

The bacteriophage T7 genome consists of a 40,000 nucleotide linear
duplex. Replication is bidifectiona1 from an origin 17% from the left
end, and requires 6 phage = coded gene prqduc%s in vivo (Richardson
et al., 1979). Uﬁing the spleen exonuclease assay, Okazaki et aZ. {1979)
found that approximately half of the 10S fragments 1aqglﬂed in vivo with
a brief pulse of [ H]thym1d1ne with a ts gene 6 T7 mutant at the
restrictive temperature (gene 6 codes for a 5’ to 13! exonuc]ease similar
to the 5' to 3! exonuclease of DNA polymerase I) were, term1nated with
ribonucleotides. With wild type T7, much Tower levels of RNA-linked

DNA molecules were found,_eyen in polAex1 strains. Alkaline hydrolysis

following end-Tabelling w;}h kinase and [y-azP]ATP released predominantly

, \
/
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Ap and pCp (44% each). Since the T7 primers synthesized in vitro
é?e terminated exclusively with ATP (Richardson et gl.,\1979; Scherzinger
et al., 1977),’the primers on the molecules isolated <n vivo are probably
partially degradedi The ribonucleotide portion of these molecules was
recovered "after deérading the deoxyriboﬁuc1éotides with‘the 3' to 5!
exonuclease of T4 DNA polymerase. The tri: to hexanuc]eot@des'recqvered
were analyzed ;epar;tely by periodate and aniline treatment. The in@@ct
primers were found to be‘predominantly fod;-nucleotides~long, terminated
at the 5' ena with'pppApC. This is consisgent with in bitro results
(Richardson et\&z., 1979; Scherzinger et al., 1977). Okazaki et al.
(1979) state that if primers are synthesized at every complementary
sequence in the T7 template, primers'cou1d be synthgsized at 20 to .
60 nucleotide intervals. The size of Oka;:ki fragments indicates that
‘ primers are e1ongafed only at 1000 nucleotide intervals. Therefore,
ﬂihere must exist other factors which allow the selection of one site
f;bm\many potential intiation sites in ;ivo.

\jh,vitro, in a reaction not coupled to DNA synthesis, the T7 gene 4
protein synthesized the tetranucleotide pppApCpCpA (Scherzinger et al.,
1977) or pppApCpCpC (Richardson et al., 1979) on single-stranded DNA
témp]ates. The precursor requirements of the T7 gene 4 protein, like
those of the Z. coli dnaG protein, were satisfied by onfly two (ATP and
CfP) of the four rNTPs. I; DNA synthesis with [a—32deNTPs was coupled
to T7 gene 4 protein primer synthesis, 3?P-transfer after alkaline
hydrolysis revealed that all foqr dNTPs were present at the 3' terminus
(Richardson et al., 1979). The T7 gene 4 protein has also beem called

primase, but it differs from the E. coli dnaG protein in several important

A
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ways (Hillenbrand et aZ., 1979): (1) it cannot use dNTPs; (2) it .
synthesizes primers equally well on several denature& DNA templates;

(3) %t doesn't require additional replication factors. It has been
suggested that the T7 géne 4 protein stimulates DNA synthesis primed
by short synthetic o1igor1bonucleofides by stabilizing the RNA-DNA
hybrid until DNA polymerase can extgnd the primer (Hil1énbrand et aZ.;
1979). - The T7 primase in conjunction with the T7 DNA polymerase can
catalyze strand separatiohwith the concomittant hydrolysis of dNTPs,
similar to the rep protein of £. coli; the two proteins can also
initiate DNA synthesis in vit}o on nicked duplex templates (Hi%]enbrand
et al., 1979; Richardson et aZ.i 1979). So the T7 gene 4 pr&tein can
also be called a multifunctional DNA replication enzyme,.a]though the
functions it performs differ from those of the ¢X gene A protein.

" The bacteriophage T4 genome is a linear duplex of about 200,000
nucleotides. Replication is 5idirectiona1 from several specific origins,
There are a number of similarities between the T4 and the T7 systems, *
which suggest that inigiation pf DNA synthesi; by these two phages may
occur in essentially the same way. Okazaki et at. (1979) determined
that primers on thelT4 pﬂ]se—labelled molecules were predominantl}
pentanucleotides, terminated at the 5' end w%th pApC. Since there was
no way to enrich for RNA-1inked DNA mo]ecu]eé as in the T7 system (by
using an exonuclease-deficient mutant) primers were found on Tess than
10% of the nascent molecules. F vitro, the T4 gene 41 and gene 61
praoteins togeiher synthesized short oligoribonucleotides on single~-
stranded DNA templates (Liu et al., 1979). Only ATP and CTP of the

four rNTPs were absolutely required, and the primers were 6 to 8
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| nucleotides long, and terminated at the 5' end with the sequences pppApCpC
and pppApCpA (Lil ed aZ., 1979).

(f) Eyidence for RNA primers in bacteriophage P2

Using thespleen exonuclease assay, Okazaki et aZ. (1979) showed
that 25 to 50% of the|short nascent P2 moiecu]es derived from either
the L or H strands haye at least one ribonucleotide at the 5' terminus.
In prokaryotic systems|, only for bacteriophage: ¢X (Machida et ai., 1977) °

and P2 (Okazaki et aZl.] 1979) have ribonucleotides been associated with

£

Okazaki fragments derived from both strands. These experiments are
jmportant, as already mentioned, because the demonstration of ribo-
nucleotide -primers on molecules derived from the potentially éontinuous
strand is the most convi‘cing proof that the stra?d was discontinuous1y .

synthesized.

(q) Novel priming mechanism for bacteriophage $29
¢29 genome is a linear non-permuted DNA duplex 18,000 base pairs .
Tong. A protein has been found covalently associated with the 5' ends

of the duplex (Harding & Itb, 1976; Salas et al., 1978). The terminal

| protein has been tentatively identified as the phage gene 3 protein; °
tﬁis protein is required continuously for ¢29 DNA replication (Ito et al.,
1979). Replicatin§J¢29 DNA molecules visualized in the electron
icroscope consist of linear|duplexes with single and gyub1e str;and
tails and branches (Ito et all., 1979). Since circular replicating forms

L)

have not been observed, the méchanism of initiation cannot be by RNA
primers, since the remoyal of the primer would leave a gap at 5! end

" which dould not be filled in/by any known polymerase activity,

S,
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ATthough the Association of the protein with nascent molecules has not
yet been demoggtrated, it is possible that the protein covalently
attached to the first dﬁTﬁ }esidue is positioned on the témp1ate S0

that the 3' hydroxyl end of the dNTP can func;iun as & primer fbr DNA .
polymerase. Denhardt (1972) suggested that a protein which positions

a dNTP residue "in this fashion might function as a primer and called

these hypotfietical proteins " ¥ proteins", ~
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,(Rowgn & Kornberg, 1978; Wickner, 1977‘). The r'oﬂking,circle model is

1. INTRODUCTION

_The replication of bacteriophage ¢X174 has.been extensively
characterized both in vivo and in vitro (see Denhardt, 1“977 for review).
The process can be divided into three distinct stages: (i) conversion of
the sing]e-st\randed viral DNA to the duplex 'replicative form (RF), ‘\[
(iiy) RE replicatiom, during which multiple copies of RF are synthesized
semiconservatively, (ii1) synthesis of viral strand DNA using the
compiementary strand of RF as the template (Dressler and Denhardt, 1968;
Sinsheimer et al., 1969). It is gener'aﬂy‘_ accepted thai: synthesis of
the/comp]ementz{ry' strand is a discontinuous process, initiated at ma‘n_y:
different locations on the viral strand template (E1’§enberg et al.,

1975; McFadden and Denhardt, 1975). Synthesis of the viral strand,
however, is -believed to be a co;ntinuous process. Accord'ﬁ;g to the rolling
circle mode1 (Gilbert and Dressler, 1969), the viral strand is elongated
from the 3' OH generated by geﬁe A protein nicking at a defined site on
the genome, now mapped on the complete ¢X sequénée (Langeveld et al.,
1978; Sanger’ et aZ., 1977). The rolling circle model is supported by\

in vitro evidence that net synthes1s of the viral st/and requires only

4 protems ~the ¢X-coded gene-A- pf‘ote;namﬂ./cou proteins rep, DBP,
and DNA pp]ymeraw,hoiﬁzyme (Eisenberg et al., 19767). These
observations are difficult to reconcile with the in vivo finding that the

dnaG protein is required for both viral and complementary strand synthesis

-(McFadden & Denhardt, 1975). The dnaG protein, or primase, has been

show9 to incorporate deoxyribo- and ribo-nucleotides into short-otige~"-

nucleotides which then serve as primers for the synthesis of DNA chains

9 «

-
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also inconsistent with reports of viral strand intermediates shorter/than
unit Tength (Machida et aZ., 1977; Hours et al., 1978; Sumida-Yasumoto
et al., 1978). ’

Using a new method of stopping DNA synthesis we have studied the
nascent intermedi%tes'present during the final stage of ¢X174 DNA
replication. MWe find that 40-50% of the [3H]thym1'd1'ne incorporated in a
brief pulse stopped by bringing the infected culture rapidly to 100°C
is present in DNA molecules short\er thzin unit 1ength. Approximately
90% of these molecules are incompletedX viral strands. The pulse-labelled
molecules, which range from very short to unit Tength, are not generated

32p_1abelled infecting-

by the stopping and isolating procedure since
“parental viral strands remain r'e'laitive]y jntact. The proportion of pulse
label found in short intermediates varies/’ with pulse length, stopping
procedure, aeration level of the infected culture, and host strain.

There is no significant differ‘en;:e in the abundance of short nascent
intermediates in wig and wng* strains, suggesting that the short
molecules do not result from the excision of uracil by uracil-DNA
g]ycosyTase'. The 3H-1abe11ed short m(\ﬂecu1es h)(bridize to all regions_ 01"r
ﬁhe q;X genome, but preferentially to thse region around the origin-
terminus of rep]icat'fon. The preferentia1 hybridization of pulse-
labelled short molecules to the terminus may result from an oversynthesis
of the terminal seqt;encés due to t!le utilization of an initiation site

in the central region of the genome. The relative amount of 3H in the '
unit;1ength moJecu]es which hybridizes to restriction enzyme fragments
increases from the origin to the términus, indicating that 1;hese molecules

4

were completed during the pulse interval. Senjsit‘ivity to s;\ﬂeen exonuclease

-
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" after dlkali - or RNase treatment suggests that some of the 3H—1abeHed

short molecules isolated botl:h during viral strand synthesis and during
RF replication have at least one ribonucleotide at the 5' end, We
conciude that themajor mode of ¢X viral strand DNA replication is
a discontinuous process, not continucus as proposed by the rolling

circle model \

Aot
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2. MATERIALS AND METHODS

A

(a) Bacteria and bacteriophage

; (
lysis-defective gene E mutant. E. eoli C, GR, and

$am3 s g
HF 4704 v;ere described by Denhardt (1969). BW 264 (. coli C,ts thya,.
wg-1, Tn 10 [55 min], nadB) and BW 265 (8, coliC,ts thyd, Tn 10
[55 min], nadB) generously supplied by Bernard Weiss, are P1 transductants

i

of HF4704..

(b) Media, chemiéa]s, buffers, and radiocactive compounts

TKCaB medium contained 1% Tryptone, 0.5% KC1, and 1 mM CaC]z. TPG
and mT3xD media are described by Denhardt et ai. (1968). |
Salmon sperm-DNA was obtained from Signa. Nitrocellulose (a gift of
Hercules Chemical Co.) was prepared for column chromatography as described
by Boezi & Armstrong (1967).\
TE buffer is 50 mM Tris-HC1 (pH 8) 10 mM  Na,EDTA, T2E
buffer is 50 mM Tris-HC1 (pH 8) 20 mM Na,EDTA. - TEK buffer is TE buffer
containing 0.5 M KC1. Borate is 0.05 M sodium tet‘raborate decahydrate.
SSC is 0.15 M NaCl, 0.015 M sodium citrate adjusted to pH 7 with a few
drops of 6 M HC1. E buffer is 0.05 M Tris, 0.02 M sodium acetate,
1 mM Na,EDTA adjusted to pH 7.2 with glacial acetic acid. \
[methy1-3H]thymid1'ne (50 Ci/mmol), [methy1-3H]thym1’ne (50Ci/mmo1),
[32P] phosphate, Aquasol, Aquassure, and Omnifluor were purchgsed from
New England Nuclear. [y—BZP]ATP at a specific activity of 106 cpm/pmol,

prepared as described by Schendl and Wells (1973), was generously donated

by C. Miyamoto. \
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{c) Infection, pulse-labelling, purification of nascent DNA

E. coliC was grown in 200 m1 TKCaB medium at 33°C with shaking at
170 rpm in a New Brunswick Scientific Gyratory Ho0 bath unless otherwise
indicgted. Cultures at a cell density of 3 - 4 x 108/m1 wére infected with
oXam3 at a mu]tib]icity of infection 5 - 10. Thirty minutes later, the
infected culture was transferred to a 28°C bath and allowed five minutes
to -equilibrate at the lower temperature} Thivty-five minutes after
/

infection, 2 mCi [3H]thym1‘d1‘né\ was injected into the culture, whith was

immediately and rapidly poured into a half volumeofa vigourously boiling

-

soTution containing 2% sodium dodecyl sulfate (SDS), 3% phenol (distilled
and stored under argon) and 10 mVI Na,EDTA pH 7.2 (Miyamoto & Denhardt,
1977). The mixture was swirled and brought to an intipient boil over
high heat on abunsen burner in less than a minute. After cooling on ice
for 45 minues, the cell ghosts and SDS precipitate were reﬁoved by
centrifugation at 5,000 rpm for 30 minutes in the HG4 rotor of the Sorvall
RCé. The supernatant was combined with 30 ml of 3M Na acetate pH 5.5
and 600 ml isopropanol and stored at -20°C overnight. The isopropanol
precipitate was pelleted by centrifugation at 5,000 rpm for 30 minutes in
the HG4 rotor of the Sorvall RC3, air dried for an hour, resuspended in
10 ml T2E buffer, and combined with 100 ul each of 10% SDS\ and 10 mg/ml
Pronase (self-digested at 37°C for 2 hours). The turbid solution cleared
after 2 hours at 37°C, and was then extracted at\room temperature with

2 volumes of phenol: chloroform (1:1) equilibrated with borate. The
nucleic acids were precipitated in-30 m1 corex tubes with sodium acetate
and iszOpanol as described above and collected by centrifugation at

10,000 rpm for one hour in the HB4 rotor of the Sorvall RC2B. The pellet

-
5\
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- fractions were preci\pitated with two volumes of 10% TCA after adding
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was /resuspended in 2 ml TEK buffer, heated at 100°C for 69 seconds, then
appHed‘ to a 1.8 cm by 4 ¢cm nitrocellulose column at room temperature b
which had been equﬂibratgd with TEK buffer. The column was washed with
100 m1 TEK buffer and the DNA was eluted with 50 ml_TE buffer; appropriate
fractions were precipitated with sodium acetate and isopropanol. The
precipitate was resuspended in 0.5 to 1 ml T2E buffer ancf centrifuged in
alkaline or neutral sucrose gradients. Neutral sucrose gradients (36 ml,
5-20% sucrose) containing 1 M NaCT, 1 mM Na,EDTA, 50 mM Tris-HC} (pH 8),
were centrifuged at 22,000 rpm for 17.5 hours at 10°C in the SW27 rotor of
the Beckman L2-65B ultracentrifuge. A]kah’pe sucrose gradients (11 ml,
5-20% sucrose), containing 0.2 M NaOH, 0.8 M NaCl, 2 mM Na2EDTA, 0.05%
sarkosyl, on a 1 ml pad of 1.25 g CsC1/ml 0.2 M NaOH, were centrifuged

at 36,000 rpm for 16.5 hours in the» SW30 rotor.

Fractions were coﬂected from the top using a Buchler 'auto-densiﬂo:ﬂ
and polystaltic pump.- Aliquots of neutral sucrose gradients were spotted
on 1 inch squares of Whatman No. 3 filter paper. Ajkah'ne\ sucrose‘gradient
200 ug salmon sperm DNA as carrier. The precipitate wa:s collected on

Whatman GF filters. The filters were dried and the ra&ioactivity determined

by scintillation counting with toluene-Omnifiuor.

' (d) Preparation of ¢X viral strand DNA

E. coii C was grown in 500 m1 of mT3xD at 37.~°C with aeration to a
concentration of 3 x 108 cells/ml, and infected with ¢Xam3 at a multiplicity
of infection of 10. The phage were pre-incubated in 1 ml of medium at
37°C for 10 minutes before infection. If SZP-labelled 6X DNA was desired,
E, colz C was grown in TPG and 5 mCi [32P]phosphate was added at the time
of infection. If H-Tabelled ¢X DNA was desired, Z. cozi HF4704 was grown
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in_ mT3xb agd from 1 to 5 mCi [3H]thym1'd1'ne was added in equal aliquots

at ten-minute intervals from 5 to 65 minutes after \infeétion.

Two hours after infection, the cells were collected by centrifugation
at 10,000 rpm for 20 minutes in the GSA rotor of .the Sorvall RC2B. The
cells were washed with 100 m1 TE and resuspended in 40 ml TE. Lysozyme
was added to a fi\na1 concentration of 100 ug/ml, and the mixture was.

incubated for 30 minutes at 37°C. After the addition of TE buffer <o

\‘150 ml, the solution was adjusted to 1 M NaCl, and stirred at 4°C ove&night.

The precipitate was removed by centrifugation at 8,000 rpm for 10 minutes
;'n the GSA rofor of the Sorvall RC2B. A total of 15 g PEG 6000 was _\added
\to the supernatant which was then stirred at 4°C for 10 to 20 hours'. The
precipitate was collected by centrifugation at 12,000 rpm for 20 minutes in
the HB4 rotor of the Sorvall RC2B, and resuspended in 6 ml borate buffer. |
After an overnight incubation at 4°C with stirring, the undissolved material
was removed by centrifugation at 10,000 rpm for 10 minutes in the 5.534
rotor of the Sorvall RC2B. (sC1 was added to the s;upernatant to a final
concentration of 0.625 g per g sample. The Csé] gra?ﬁents were centrifuged
at 10°C and 40,00Q rpm in thc; Type 40 or Type 50Ti rotors in the Eeckman
L2-65Bultracentrifuge. Fractions were collected from the bottom, and the
lTower phgge-containing band was pooled and dialyzed for 24‘hours at 4°C
against 2 % borate buffer. The dialyzed phage suspension was 1ayeredi on
two 36 ml sucrose gradieng (5% to 20% sucrose (w/w) , 1 M NaCl in borate
l;uffer). The gradients were centrifuged for 3.5 hours at 25,000 rpm and
5°C 1in the “SW27 rotor, Fractions were collected from the top. The more
rapidly sedimenting band was pooled and dialyzed against horate buffer as

describéd above. The phage suspens ionwas extracted withan equdl volome of borate-
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saturated pheno] or 10 minutes at:55°C. THe DNA in the agueous phase was
precipitated with spdium acetate and isopropanol. When the phage Qere'
radioactively labelled, gradient fractions were assayed by spotting aliquots
6n 1 inch squares of Whatman No. 3 filter paper. The papers were dried
and the radﬁoactivity determined by scintillation counting in toluene/
Omnifluor. When the phage were not radioactively 1abelled, gradientc

fractions were assayed by titre, and the sedimentation velocity centrifugatibn

was omitted. Centrifugatign in the Sovall RC2B was always performed at 0°C.

]

(e) Preparation of $X RF DNA .

/E. coli CR was grown in 500 m1 mT3xD at 37°C with aeration toa
concentration of 3 x 108 cells/ml, and infected with ¢Xam3 at a miltiplicity
of infection of 10. The phage were pre-incubated in 1 ml of medium at
37°C for 10 minutes before infection. Chloramphenicol was addedvtg a final
concentration of 30 ug/ml 10 minutes affer infection. For 3H-1abe€$@d
RF DNA, from,1 to 5 mCi [SHIthymidine was added in equal aliguots at ten-

(minute intervals from 5 to 65 minutes after infection. For 32P-1abe11ed
RF DNA, E. coli C was grown in TPG; 5 mCi [%?P]phosphate was added at the
timé of infection. -~ “
Two hodﬁs after infection, the cells were collected by centrifugation
for 20 minutes at 10,000 rpm in the GSA rotor of the Sorvall RC2B. The
cells were washed with 100 m]JTE buffer, then resuspended in 36 ml TE’Buffer,

and inhubated with lysozyme at a final concentration of 200°ug/ml on ice

‘ for an hour. After the addition of SDS and Pronase to final concentrations -

of 1% and 500 ug/ml respectively, the lysate was incubated at 37°C for
4 hours, NaCl was added to 1 M, and the solution was mixed and left at

4°C overnight. The heavy white precipitate was pelleted at 0°C at 35,000

Bl
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rpm in the Type 42 rotor and the
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supernatant was exbracted with an equal volume of phenol (equilibrated

with borate buffer) for 15 minutes at 55°C.

were separated by centrifuging at room temperature fer 10 minutes at 2000

rpm in a Sorvall GLC table-top centrifuge. The nucleic acids in the

aqueous phase were precipitated with 0.1 volume 3 M sodium acetate (pH

5.5) and 2 volumes jisopropanol.

)
After 16 hours at -20°C, the precipitate

was collected by centrifugation at 0°C for 1 hour at 12,000 rpm,in the

GSA rotor of the Sorvall RC2B. The pellet was resuspendeﬁ in 6 ml, T2E

et}

buffer, two ml aliquots of which

were ]ayered on three 36 ml sucrose

(5% to 20% (w/v) sucrose) gradients, containing 1M NaCl, 1 mM Na,EDTA,

50 mM Tris-HC1 (pH 8). The gradients were centrifuged for 16 hours at

25,000 rpm and 10°C in the SW27 rotor. Fractions containing the RF were

precipitated with sodium acetate
\

collected by centrifugation for 1 hour-at 10,000 rpm in the HB4 rotor of

and isopropanol. The precipitate was

q

the Sorvall RC2B, and resuspended in 9 ml1 TE buffer. Ethidium bromide

and CsCl were added to final concentrations of 500 ug/ml and 0.928 g/g

solution respectively. The gradients were centrifuged/ at 40,000 rpm at

10°C in the Type 40 or Type 50Ti

F

rotors of the ultracentrifuge. The

RFI and RFII bands were separately poo]ed and precipitated twice with

sodium acetate and isopropanol to remove ethidium bromide. The DNA was

stored at ~20°C in a small volume of TE buffer.

’(fj Preparation of . coZZ DNA

“~

E. colt CR was grown in 200 m1 mT3xD at 37°C with aeration to a

concentration of 3 x 108 cells/ml.

o

N
1f 3H-1abelled B. coli DNA was desired.

Beckman L2-65B ul tracentrifuge.The\ -

After cooling on ice, the phases
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(k,,} ’ ) 3H-*l:hyr‘n‘ne was added to a final concentration of 2 uci/ml. The cells were
grown 90 minutes Tonger, then coTlected ‘by centrifugation for 10 minutes
T _ at 8,000 rpm in the GSA rotor of the Sorvall RC2B. The cells were
\\reu&pe\ndfd in 10 m1 TE buffer, and ihcubated on ice for an hour with
20 ug/ml 1ys\oz)qng. Pronase and SDS were added “to final concentrations of
- ' « 100 ug/ml a;:d 1% respectively, and the sample was incubated at 37°C for
16" hours, then extracted three times with 2 volumes of borate-saturated
phenol:chloroform (1:1, v: v) at 37°C for 30 miputes. The nucleic acids
in the agueous phase were prec1p1 tated with sodium acetate and 1sopropano1
: then banded in CsC1 gradients (1.25 g CsC1 per g so}utwn) to remove RNA.
The DNA was stored at -20°C in a ’smaH volume of? buffer. '

7 l -
(g) Enzymes and enzyme reactions

. v
Haelll restriction endonuclease was purified essentially as described
/

10 ug DNA, 6 mM MgCl,, 6 mM mercaptoethanol, 6 mM Tris-HC1 pH 7.4, and
enough enzy;ne to prodﬁce a limit digest in 24 hours. NaZEDTA at a final
concentration of 20 mM was added to stop the reaction.

) -HindII restriction endonuclease was purchased from Boeh}inger-

Mannheim. ¢X RFI at a concentration.of 100 ug/ml, was 1ncubated with 1
unit Hindll per ug DNA in 10 mM Tr1s HC1 pH 7.6, 50 mM-NaCl, 10 mM MgClz,

AN

15 mM dithiothreitol, for 24 hoursh at 36°C. The reaction was.stopped
as descrihed for HaelIll. ‘

Polynucieotide k1nase was purified as described by Richardson (1971)
from T4-—1nfectedE coZ'L B cells generously prov1ded by Dr. P.D. Sadowski

of the University qf Toronto. DNA at a concentration of* 100 ug/m1 in

by Roberts et al. (1975). ¢X RFI was incubated at 36°C in 100 u1 containing

(0 %= 2w KPOg pH 7.4, 10 mM MiC1,, 20 mM mercaptoethanol, 25 1M ATP and ~
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4 units/ml po]ynudeotide. kinase were incubdted for 2 hours at 37°C.
The reaction was stopped by adding 20 mM Na,EDTA. For quantitative
end-1abelling, 10 uM [Y-32PJATP_at a specific éctfvity of 105 gpm/pmo'l
was substituted for the un]abeﬁed ATP, The upinccrporatéd [7-32P]ATP
was removed by three sodium acetate and isopropanol prec‘ipiiati ons, and
nitrocellulose “column chromatography.

" RNase A_and T, purchased from Worthington,were pre-incubated as a
20 mg/m1 soTution in 0.1 M sodium acetate pH 5.5 at 80°C for 5 minutes.
DNA at a concentration of 100 ug/ml in 0.05 M Tris-HC1 pH 7,1 0.02 M
NazEDTA was incubated with 60 units/m} RNase A and 120 units/ml RNase Ty
for 3 hours at 37°C.  The reaction was‘stopped by precipitating the DNA
with Na acetate and isopropanol. | R

Bacterial alkaline phosphatase, purified according to the method
aescgibed by Weiss et al. (1968), wgf generously donated by Neil Miyamoto.
DNA at a concent\"'ation of 100 pg/ml in 0.05 M Tris-HCl pH 9 was incubated
with phosphatase (2 units/m1) at 65°C for 1 hour. The reaction was stopped
by adding EGTA to 6.5 mM andnincubating at 65°C an additioﬁa] 30 minutes.

Spleen exonuclease, purified according to the. prdcedure of Bernardi

‘anid Bernardi (1968), wasprovided by NeiT Miyamoto. DV at a concentration

of 100 ug/ml was h'éated.brieﬂy at 100°Cy then adjt;sted to 0.05 M- Na2504 .

'0.01 M NaZEDTA, 0.15 M Na acetate pH 5.5. After the additien of 66 ng/ml
spleen exonuclease, the reaction was allowed to proceed aé\ﬁgc for 1 hour.

The extent of the reaction was determined by rgmovi ng 20 to 60 ul
aliﬁuots into a 200 ug excess of salmon sperm DM~ icg, and inmediately
adding an equal volume of either cold 10% TCA or HoO. After 15 minutes

on ice, the precipitate was sedimented in the HB4 rotor of the sorvall
- 1

-

@
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RC2B at 5,000 ~rpm for 5 m'inutes The acid-seluble and total rad1oact1v1ty
in the two supernatants was determifed in 10 ml. Aquasol, to wh1ch either
TCA -or Ho0 containing salmon DNA had been added, to ensure equivalent

codnting efficiencies in the two samples.
» ; . k.
.. The Neurospora crassa -<single-strand specific exonuclease, purified

" according to the method described by Rabin et al. (1971), was a gift

from Dr. K. Bartok. DNA at a concentration of 40 ug/ml in 0.1 M N§C1,
10-mM MgCl,, 0.1 M Tris-HCV (pH 8) was incubated at 37:’(: for 3 hours
with 2 units/ml nuclease. 1 unit is dei‘;'ined as that amgunt of enzyme
witich will release 1 Ayen  unit from 600 ug heat denatured calf thymus
DNA/m1 in 30 minutes at 37°C. Acid-soluble and total radioactivity

was deter‘m'i" d 3s described for spleen exonuclease, except thétﬁ]iquots

were added to a 400 ug excess of salmon sperm DNA. -

(h) Hybridizationin solution tc determme strand polarity

H-]abeﬂed nascent DNA (4 5 ug at a s%eciﬁc actwity of 1400

cpm/ug) and 32p_

labelled ¢ X viral strand DNA (0.7 ug at a spec1f1c
activity of 10,000 cpm/ug) were combined with 25 ug df unlabelled ¢X RF
DNA, X viral strand DNA,or E. col< DNA, in a final volume of 150 ul

of 0.1 M NaCl, 0.1 M Tris-HC1 (pH 8), 0.1 mM NazEDTA and son‘ica;:‘ed for’
60 seconds at gutput 60 with an Artek son1c d1smembrator fhe solutions
were transferred to 100 ul capillary pipetteswhich were sealed by carefuﬂy
heating both ends in a bunsen purner flame. The capillary pipettes

containing the hybridization mixture were submerged in a 100°C bath fbr

‘5 minutes, then incubated at 62°C for 42 hours (sufficient to giyea -

Cot of ]‘00) The hybridization mixtures were adjusted to final volumes

of 750 1l and treated with the Newrospora crassa s1ng1e-strand specific
nuclease.

-

- "ﬂg}) . . ' °
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. 36 to 48 hours. The nitrocefWulose papers were washed for 5 miﬁutes at
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(i) Preparat1on of filters and hybridization to filters

Haelll and HindII_ digests of 10 pg of unlabeled ¢X RF I were adjusted
to 0.02% bromogheno] blue and 7.5% glycerol.' The samples were electro-
phoresed on a 3 mm thick ].5% agarose slab gel in E buffer contaiping
0.5 pg/ml ethidium bromide in a Hoefer Scientific Instruments gel apparatué
cooled by a continuous flow of cold H20. Electrophoresis was at j50
Yg]?s for 6 hours or until the dye had migrated 20 ¢m into thé gel.

The DNA was denafured, neutéa]ized, and transferred to nitrocellulose
Filter papers as described by Southern (1975). The pavers, 1.5 cm wide
and 15 cm long, were E1aced in Kapak heat-sealable polyester film pouches
-with 2 ml pre-incubation medium and submérged in a New Brunsw?%k Scientific

shaking H20 bath at 62°C for 4 hours to minimize non-specific DNA binding

“to nitrocellulose (Denhardt, 1965). Between 100 and 200 ug of 3H;1abe11ed

nascent ¢X DNA at a specific act%vity of 2 - 3 x 103 cpm/ug plus 2 - 6 X 105

cpm of uniformly S2P-Tabelled ¢Xan3 DNA, or from 20 to°100 ug of S2P-end

»

“~ - N .
Iabelﬂed DNA at a specific activity of 1 - 10 x 104 cpm/ug plus 1 - 2-x

105 cpm of uniformly 3H-1abeﬂed X DNA, in 400 ul 3 x SSC pH 7, was

sonicated for 60 seconds at output 60 w1th an Artek sonic d1smembrator,
then heated at 100°C for 5 minutes to ensure complete denaturation.

Fresh pre-incubation medium was added to a final vo]ume of 2 ml, and the

-

solution substituted for the solution in the pouch w1th the nitrocellulose

paper. Incubation at 62°C with agitation was continued for an additional
J/

room temperature in 3-x $SC pH 7, then cut~into 2 mm wide,slicé;. The 6

n

Slices were dried at 110°C for 30 minutes and the radioactivity deté‘l’"m'.inggl (

il

in toluene-Omnifluor,

x
-
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(1) Ahg]ytica] sedimentation velocity centrifugation and alkaline gel

electrophoresis

32p_1abelled DNA

Samples of 100 to 200 ul containing the 3H- and
were 1ayered on 5 ml gradients ang centrifuged at 45,000 rpm in the SW50\1
rotor of the Beckman L2-65Bultracentrifuge. Neutral sucrose gradients
(5% to 20 % (w/v) sucrose,1 M NaCl, 1 mM Na2EDTA, 50 mM Tris-HC1(pH 8)),
were centrifuged for 2.5 hours at 10°C. Alkaline sucrose gradients
(5% to 20% (w/v) sucrose, 0.2 M’NaOH, 0.8 M NaCl, 2 mM NazEQTA, 0.05%
Sarkosy1) were centr{fuged for 4.5 hours at 10°C. Formamide sucrose

gradients (5% to 20% (w/v) sucrose in 90% formamidé)were\centfﬁfuged,for

24 hours at 20°C. Fractions were collected onto T inch-squares of Whatman

no. 3 filter paper from the bottom using a B-D Cornwall syringe. The

papers were dried and the-radioactivity determined in toluene/Omnifluor.
) Alkaline gels containing 1% agarose were prepared with sample wells
as described by Anderson (1978). The dimensions of the cylindrical gels
were 0.6 cm wide and 18 cm long. Samples of 50 to 100 pl

containing less thaﬁ ]0 ug QNA in 0.2 M NaOH,.0.1% -bromophenol b1ue,
25% é]ycero] wé?g appfied. The ge1s were éﬁecfrophoresed at room
temperature at 3 to 5 mémp/ge] until the dye had migrated almost to the

bottom of the gel.. The gels were cut into 5 mm slices thch were .

" autoclaved for 10 minutes with 1 ml. dH20 in Linear Polyethylene nr 1: ¢

scintillation vials purchased from NEN. The radioactivity in the dissolved
geT slices was de;erﬁineﬁ in 10 ﬁl‘Aqhqssdre.

3
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3. RESULTS

(a) Short DNA molecules are not produced by degradation 9uring the

stopping and isolating procedure

In our procedure, a brief pulse of [3H]thymidine is stopped by pouring
the infec@ed pulse-labelled culture into a boiling solution of SDS-phenol.
The mixture is theﬁ’rabidlj brought to a boil over high heat on a bunsen

* burner. Because fhis is a fairly hgrsh treatment, it was necessary to
ascertain that the molecules shorter than unit length were not being
generated by the stopping procedure. A 200 ml culture of E. colZ C

8 32P-1abe11ed

at a cell density of 4 x 10 ce]lé/nﬂ wa§ infected with
¢Xam3 at a multiplicity of infection of 10 and specific activity of
5 x 10"7 cpm/pfu. Immediately before pulse-labelling, a 40 ml aliquot of .
cuﬁture was removed. The infected jells were collected by low speed
centrifugation, resuspenged, 1ysed/&ith lysozyme-EDTA and digested with SDS-
Pronase as described by Dresslier (1970). The crude lysate was sedimented
on a alkaline sucrose gradient. o

The sedimentation profi]e'of the'32P-1abe11ed infecting viral
strand is depicted in Figureé 1. Superimposed is the sedimentation
profile of the lysate of the remaining 160 ml of [°2P] ¢Xan3-infected
\culturé which was pulse-Tabelled with 1.6 mCi [3H]thymidine. The pulse
was stopped with boiling SDS-phenol and the DNA isolated as described
in Materials and Methods. It is obvious that the 32P-1abe11ed infecting
viral strand had not been significantly degraded dur%ng the stopping”
and isolating procedure, Approximately the same amount of 32P-1abe11ed
parental strand was present as nm]ecéTes shorter than unit length

regardless of whether or not the culture had been subjected to our stopping

\
¢

Gy
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and isolating procedure. A considerabfy greater proportion of thé
:[3HJthymidine incorporated in a very brief pulse was~a1ways present in
:mo]ecu1es shorter than unit length. In this particular experiment,
it was 45% of the total. Hybridization experimgnts indicated that by
35 minutés after i;}ection, approximately 90% of the radioactivity in
the 3H-1abe]1ed short molecules was ¢X specific and of viral strand
' pé]arity (Section 3g).  Thus, the 3H—1abe11ed short nascent molecules
cannot be the regp]t of either host cell DNA synthesis or ¢X comp]ementahy‘
strand synthesis. Furthermore, molecules longer than unif length were
noi observed in appreciabfe amounts; they could account for a maximum
of 20% of the tbta} pulse-Tlabelled DNAM(Section 3j). Since more than '
90% of the'radioactivity appiied was recovered from the alkaline
sucrose gradients, no significant fraction of the nascent DNA was not

N
accounted for.

(b) Proportion of pulse label in short molecules deggnds on pulse length -

As the Tength of the pulse was increased, there was a net accumulation
of unit—}ength molecules in\¢x-infected E. colzC. While the‘amount of
radipacfivity present as shorter than unit length molecules increased
as well, proportionately it represented a smaller fraction of the total.

In Figure 2, three gradient profiles of increasing pulse lengths are
superimposed to facilitate comparison. As the pu1§§ length increased

from 10 to 20 to 50 seconds, the proportion of pulse label in short

molecules decreased from 40% to 30% to 15%., Note that in the 50

B
second pulse, the DNA shorter than unit Tength represented only a trailing
edge, rather than a_definite shoulder, of the peak of unit-length

molecules. In longer pulses, the presence of the short molecules may be
masked by tke accumulation of unit-length molécules.

.
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When a 10 second pulse was chased for SOAiggohds by the addition of
10" ug/ml unlabelled thymidine to the medium, the gradient profile of the
3H-1abe11ed DNA resembled that observed for the 50 second pulse in
Figure 2 (data not shown). The total incorporation of [BH]fhymidine in

5 cpm)

the one minute interval encompassing the pulse and chase (15 x 10
was approximately fen times the amount incorporated in the 10 second
pulse (1.2 x 10° cpm)‘and half the amount incorporated in the 50" second
pulse (29 x 105 cpm). More label was 1ncd?ﬁb?3ted dur%ng the chase than
was incorporated during the pulse itself. The addition of [3H]thymidine
to a final concentration of 0.2 nmoles/ml in the pulse was apparently
sufficient to saturate the intracellular precursor pools (Cairns &
Denhardt, 1968; Neuhard & Thomassen, 1971). The subsequent addition of

a vast excess of unlabelled thymidine did not immediately dilute the
intracellular pool and reduce the incdrporat&jlof [3H]thymidine. This
leads to ambiguity in the interpretation of the results of a typical
pulse-chase experiment such as that described by Hours et al. (1978),
since only a small fraction of the labelled intermediates observed after
the chase wereactually labelled during the pulse.

Tﬁe data described_here—do“not allow a precise kinetic analysis,
first because the‘experiymnts are not performed under steady-state ,
conditions (in the first few seconds of pulse-labellimg, the intracellular
pool of radioactiva precursor is expanding), and second, because of the
difficulties inherent in quantitation, since'the short and Qnit—1ength
molecu1es‘are not completely résolved on sucrose gradients. Nevertheless,
the accumulation of radioactivitx in unit-length molecules at a rate which

'exceeds that in short molecules suggests a precursor-product relationship.
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(c) Proportion of pulse label in short molecules depends on stopping
procedure |

Figure 3 shaws that when a very brief pulse of [3H]thymidine was
stopped by rapid cooling instead of rapid heating, a smaller proportion /
of the pulse label was present in sh;}t molecules. When the pulse |
was stopped by pouring the infected culture on crushed ice containing
KCN and NaN3 in a dry ice-ethanol bath as described by Baas et al.
(1978), 15% of the pulse-labelled DNA was shorter than unit length
(Figure 3a). When the pulse was s%opped by pouring the infected culture
into an equal volume of acetone at -70°C as described by Dressler &
Denhardt (1968), 30% of the pulse-labelled DNA was shorte# than unit
length (Figure 3b). 'The total incorporation of [3H]thymidine into nascent
DNA was s%mi]ar with all three stopping procedures, but the proportion
that'ﬁps present in shorter than unit length molecules was reduced
when the pulse was stopped by rapid cooling. The implication of this
observation is that 1igation of the short molecules occurs extremely
rapidly, and may occur even when net polymerization has ceased. Note
that with the cold stopping procedures, there is a further delay before

the cells are actually lysed with lysozyme and EDTA.

(d) Abundance of short DNA molecules depends on aeration level
Variability }n the proportion of [3H]thymidine incorporated into
shorf molecules in early experiments was eventually traced to the level
of aeration of the infected ;u1ture. This is ilbustrgted in Figure 4.
When the ¢X-infected E. coli C culture was aérated stowly by shaking
at 70 rpm in a* gyratory water bath, 70% of the pulse\label was incorporated

into short molecules-(Figure 4a); when aeration was by bubbling air




through the culture, 50% of the [BHJthymidine label was shorter thaﬁi

\unit length (Figure 4b); when the cﬂ]ture was aerated rapidly by agitation

at 170 rpm, 4Q% was present as short molecules (Figure’4c). The last
condition was employed in all other experiments described in this thesis.

N |
(e) Host strain affects abundance of short molecules

Figure 5 shows that a higher proportion of the [3H]thym%dine pulse
Tabel was incorporated into short molecules in thymine~requiring host ‘
strains. E. coli HFA704 is a ts thymife-requiring strain, and when
grown at the permissive temperature, 60% of the pulse label was found
in short molecules (Figure 5a). E. coli CR is a strigent thymine-requiring
strain that will not grow in the absence of thymine, and 75% of the
pulse label incorporated during ¢X viral strand synthesis was present
in short molecules (Figure 5b). These thymine-requiring strains will
grow in TKCaB without additional thymine. However, to verify that
thymine was not a limiting factor, the medium was supplemented with

10 ug/ml thymine; the same distribution of pulse label was observed

(data not shown). The proportion of 3H—‘]abe]]ed short molecules in

- X~infected £. coli CR decreased sGbstantially during a 50 second chase

interval (Figure 5c), or during a 50 second pulse (data not shown)

with a concommitant accumulation of 3H-]abeHed unit-length molecules.

(f) . Comparison of pu]se—]aBe]]ed molecules in wng and znq+ strains

If the short molecules were generated by the combined action of >
uracil-DNA glycosylase and an apyrimidinic endonuélease at sites where
dUMP rather than dTMP had been incorporated into nascent DNA, one would

expect to see relatively fewer short molecules in a host strain deficient

o
I e
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in- uracil-DNA glycosylasel Figure 6 shows that this was not the case.
In both the ung and .ung+ strains, approximately 60% of the\[3H]thymidine
incroporated in a brief pulse was present in molecules shorter than

unit length. The sedimentation profile of the nascent pulse-labelled
X DNA in these strains was comparable to that observed with F. col<
HF4704 (Figure 6a, b and Figure 5a). This is not surprising since these
strains have similar genetic backgrounds.

Wé do not attach any significance to the fact thét more [3H]
thymidine was incorporated into nascent .DNA by the ¢X-infected wng cells
than by the img* cells. The total incorporation of [3H]thymidine varied
from experiment to experiment because it was difficult to be pfecise
with pulses of less than 5 seconds Tong, and also becayse during the‘first
few seconds of pu]se-]abe]]ing, the intracellular pool of LBH]thymidine
is expanding. It ranged from 5 x 103 to 30 x 103 cpm per 200 m1 culture

s

of ¢X-infected wng or ung+ cells.

e

(g). Strand polarity of the short pulse-labelled molecules

"

The hybridization ggperiments which revealed that by 35 minutes
after infection 90% of the radioactivity in the 3H-1abeﬂed short molecules
was ¢X épecific and 95% of the ¢X~specific radioacfivity was in the
viral strand (Hours et al., 1978) were done with DNA isolated from slowly
aerated cultures of ¢X-infected E. coli C. Since the level of aeration
affects the proportion of pulse-label found in short ﬁo]écu]es, and could
conceivably also affect the proportion of 3H-1abe]1ed short molecules
which are of ¢X viral strand origin, the hybridization experiments were
repeated with nascent DNA jsolated from vigorously aerated cultures of

& infected E. coli C. 3H-]abeHed nascent short molecules and uniformly

1]
)
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32P-labeﬂed $X viral strands were hybridized to an excess of unlabelled
¢X RF DNA, ¢X viral strand DNA, or E. coli DNA. The DNA which did not
anneal was degraded by the Nacrospora crassa single-strand specific
exonuc]ease. Table 1 sﬁows that as much as 90%, of the 3H-1abé]1ed short
nascent molecules was protected from Qegradation by hybridization to ‘

an excess of ¢X RF DNA, implying that the sequencesare ¢X specific.

l Furthermore, 90% of the 3H-]abe]]ed short nascent molecules did not

>

3

anneal to an excess of ¢X viral strand DNA,suggesting that fhe sequences
are of viral strand origin. Finally, as much as 20% of the 3H-]abeHed
nascent DNA and 10% of the 32P-1abe11ed #X viral strand DNA hybridjied

in the presence of an excess of Z. coli DNA. To rule out the possibility
that the enzyme digéstion had beep incomﬁ1ete, the experiment was
repeated with twice the amount of enzyme. Essentially the same result
was .observed. The most Tikely explanation is the the 3H-'Iabe]ied nascent

32P-]abeﬂed viral strand sequences hybrfdized to 3H-]abeﬂed and

and
unlabelled comﬁ]ementary strand sequences. The method of isolation does
not discriminate between pulse-labelled and pre-existing unlabelled
short molecules; also the size fractionation by vel%city sedimentation
is not absolute. A Tow level of homology between ¢X and E. coli DNA -
could account for less than 1% the hybridization which occurs with an
excess of £. coli DNA (Denhardt, 1968). Although the 3H-labe]]ed short
molecules isolated from rapidly aerated cultures of ¢X infected £. coli C
represent a smaller proportion of the total pulse label than is found

in less well aerated cﬁ]tures, they still consist predominantly

<, (approximately 90%) of ¢X viral strand sequences,

Q
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(h) Localization of the short molecules on the ¢X174 genome

3

Preliminary experiments revealed fhat the\sﬁort nascent molecules
hybridized to all regions of the ¢X genome as efficiently as the unit
Tength (but sonicated)nascent molecules. (Hours et al., 1978). ' The
hybridization experiments were repeated with uniformly 32P-1ag%11ed‘
¢X DNA as an internal marker to determine whether a gradient o% [3H]
thymidine pulse label around the genome could be detected. To quantitate
the re]ative‘amounts of nascent [3H] DNA annealing to different positions
of the genome, it was necessary to correct fér the thymine content of
the various restriction enzyme fragments in the viral strand. The
uniformly labelled [32P] DNA served as a internal control for both the
efficiency of hybridization and the size of the DNA; the SH/S2P ratio
corrected for thymine content is a measure of ?he specific activity
of the newly sypthesiged DNA. The data are presented in #igure 7.

Assuming that the pulse time is less than the time it takes to .

synthesize one viral strand, there will be a gradient of label from

- the origin to the terminus in those molecules that have completed a

round of replication in the pulse interval. Labelling will be more”
extensive at the terminus thaﬁ at the origin. Theréfore: the 3H/32P.
ratio, or specific activity, for a restriction enzyme fragment close to
the terminus should be greater than the ratio for a fragment close to
the origin. This was observed for the unit-length DNA molecules
(Fractions 19 to 25 ¢f the neutral sucrose gradient in Figure 8a). When
the sﬁecific activity was plotted versus position around the genome,

it increased with distance from the known origin of DNA replication in

an approximately Tinear fashion (Figure 7a).

\
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The épecific activity of‘khe short molecules (Fractions 5 to 18 of
the néutra1 sucrose gradient in Figure 8a) was highgr in ;he»origin‘region
than in the central portion of the genome, and increased again as the
terminus was approached (Figure 7b), This was not expected. In an .
unsyﬁéhronized culture, the specific activity of the total DNA shgbld be
constant across the genome since to our. knowledge there is no amplification
of any pﬁrticulaf ¢X sequence. Thus, any gradient of label in the completed,
or unit-Tength, molecules should be compensated for by ‘a complemengary
gradient in uncompleted molecules. One ‘would expect the specific
activity of the short molecules to decrease from the or;gin to the terminus.
That it increased as the terminus was approached suggests thaé the
terminal sequences of the ¢X genome are synthesized in excess.

In mitochondrial DNA replication, there is an overproduction of
7S origin sequences, 75% of which are displaced from the genome, and o%]y
252 of which are incorporated into newly synthesized molecules (Robberson
& Clayton, 1973). If a similar situation occurredin the terminal region
of the ¢X genome, one mibht expect to find an excess of abortive replication

intermediates derived from the terminus, if one examined the total

/population (nascent plus non-nascent) of shorter-than-unit-length ¢

molecules in the cell. Short DNA molecules were isolated from ¢X-

infected cultures that had not been pulse-Tlabelled with [SHjthymidine and

3

were end-labelled with fy~32P]ATP and polynucleotide kinase. The sedimentation

32p,_

profile of the end-1abelled DNA on a neutral sucrose gradient is

shown in Figureﬁg. Because of the existence of a very large number of —

.short molecules, the "C" molecules first described by Miyamoto and

Denhardt (1977), most of -the 32P-1hbe] is found near the top of the gradient.

\
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The top four fractions of the gradient containing the "C" molecules, and
the region encompassed by fractions 5 to 18 of the gradient, where the
[ H] pulse-Tabelled mo]ecuIes shorter than un]t Tength are found (see
Figure 8a), were sepgrate]y combined with uniformly 3H-]abe]]ed o]
viral strands and hybridized to Southern blots coﬁtaining Haelll
restriction enzyme fragments of»¢X RF.

The P/ H rat1os corrected for thymine content of the DNA
hybr1d1zed to any particular restriction enzyme fragment are an index
of the number of ¢X molecules in the cell with 5' termini located in
that region of the genome. When the 32P/3H ratios of the short and
"C" molecules are plotted versus position on the ggnpme in Figure 10,
thé ratios are highest in the center of the genome, lower near the origin,
and Towest at the terminus. The high 32P/Bﬂ ratios in the center of the
genome suggest that there are a :large number of short ¢X DNA mo]ecu1e§
in the cell whose 5' termini are 1oc§ted in this region.
" The first attempts to hybridize the 32p-end-labelled short molecules
from ¢X-infected cells to the ¢X &F fragments on the Southern blots were
&nsuccessfu] because the ?ZP-end—[abelled ONA annealed much Tess

3

efficiently than he uniformly “H-labelled ¢X viral strands. This is

.shown in the data in Table II. Although low, the hybridization éfficiency

of the 322—endr1abé11ed molecules from ¢X infected cells is'@ignificantly

greater than that of 32P-end—labe]‘led molecules from uninfected cells,
[ ]

so the hybrid%ztion cannot be attributed to a low level of homology

between ¢X and E. coli sequences. ff the 3H- and 3EP-]abeHed DNAs

were'cohposeq entirely\of $X sequences, ihey would hyBridize to the ¢X

RF DNA on the Southern blots with equal efficiency, although the overall

124
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/ efﬁcwency would vary from expemment to exper1ment, depending-on the
g spec1f1c actw1ty of the DNA being hybridlzed{n\l on the amount of DNA
ot on the fﬂter avaﬂab1e for hybridization. That the 3H-'label]ed viral
strand DNA hybmdues to the- fﬂters more than ten t1mes as efficiently

2P-— nd-]abeﬂed short mo]ecu]es ‘'suggests that at most 10% of the

as the
32P—end—1abe11ed short molecules are ¢X specific. S]mﬂaﬂy,. the fifty-
fold greagtér- hybridization efficiency of the 3H-1abe11ed‘vira1 strand
DA relative to the SZP-end-Tabelled "C" molecules indicates that as
Tittle as ‘2% of the 32P-end—‘]abeﬂed ner mo]’:cu'les may be ¢X speciﬁci
assuming that the smaller size of the "C" molecules does not significantly
.alter their hybridization efficierfcy. The data in Table II show that
only a small portion of the total DNA isolated by our' procedure
.compri;es ¢ sequences, but do not a]\]ow any estimates to be made of

- what fraction of the population of; ¢X molecules Jsoiated are nascent.
The recovery of, 15arge numbérs of short non-nascent E. colz molecules has
been reported by An_dﬁer'son \(1978) and Denhardt et aZ. (1979). We find
that t;e same, short non-nascent molecules are present in éX-infected

a

E. cpli cells. S

(i) Analysis of\,therﬁ'n ends of the short molecules —

The spleen exonuclease method was used to test for the p&b’sence of
ribonuc]eotides at the 5' ends of the molecules shorter than unit tength
during v1ra1 strand synthesis, The final-step in the purification of the
DNA was neutral sucrose gradi‘ent §ed1mentatwn immediately after heat_

T denaturat{on; typical profiles are depicted in Figure 8. Unifon;-mly
32P—'Iabel]ed ¢X DNA of the same size as the nascent pNA was obtained by

_briefly sonicating viral strand circles.’ [3H]thym1djine pulse-labelled -

R
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< - second experiment gave essentially the same
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. : X | )
nascent $X DNA and uniformly labelled non-nascent [32PJDNA were combined
and treated with poljmuc1eotide kinase and ATP to ensure phosphoryTation
of all 5' ends. The samp&e was divided into fpur parts. NaOH to a f1na1

concentration of O. 49N was added to one, then all four were 1ncubated

at 37°C for 8 hours. A second sample was then treated with RNase A and -
, . .

RNase T1. ‘ Ribonucleotide linkages would be‘ h_ydroiyzed by the alkali or

RNases generating 5' OH ends. One of the remaining non-alkali -treated

‘ samp]es was d1gested with bacterial alkaline phosphatase to remove 5'

P term1m A1l four samples were then subjected to spleen exonuclease.
2] . x‘ 7

1

Spleen exonuc1ease will degrade mo'lecu]es with 5' OH termin'l but
not molecules with. 5' phosphoryl termini. In the alkali and RNAse-

treated samples, only those molecules which had been Tinked to ri bonucleotides

~ would be degraded by spleen exonuc]ease Acid solubil{fty was measured

as described in Materials and Methodf. : The data are umnamed in Table
II1. After kinase treatmeht, both na cent and nonfnascent molecules were
similarly insensitive to spleen exonuclease digestion. After alkali

. ! 0 *
and RNase treatment, nascent [3IﬂDNA became significantly more susceptible

to spleen exonuclease. Note that both alkali and RNase\ne§u1ted in similar

increases in sensitivity to spleen axonuclease. There was an increase
LS

in acid-solubility of almost 5% for the .3H-1ahe11ed nascent viral strand

ﬁlOTecules,’ofabout 10% for the 3H—1abe11ed nascent RF molecules, and

32

app’roximate]_y 1% for the ““P-labelled non-nascent DNA in all cases except -

-for the RNBse-treat?d RF samp1e whlch had a shght]y h1gher background

After phosphatase treatment, the P-]abeﬂed non-nascent DNA became °
“25% ac1d-so1 uble on exposure to spleen exonuc]ease Lorfger incubations:

mth sp1een exonuclease resulted in higher 'Ieveis of -acid solubiﬁty. A

ts as presented in Table II11.

|
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v ‘ ATthough spleen exonuclease may not degrade 5' OH-terminated:chains
to completion, degradation from the 5% OH end proceeiis at similar rates -
q]oné DNA molecules of different chain lengths, and therefore, the data
provide an estimate of the numberof molecules with alkali-labile sites
(Kurosawa et al., 1975). Assuming uniform la.bell:ing”a1ong the DNA, we

Ithe short molecules during viral strand

infer that approximately 20% of
E synthe51s and approx1mate]y 40% of the short molecules during RF
rephcatmn have at least 1 ribonucleotide at the 5' end. ’
The short molecules isolated during viral strand synthesis were
divided into two pools. When the shortest mo]ecu]gs (fractions 5 to
N of thg neutral suc;'(;se:gradient depicted in Figure 8a) and the
intermediate-sized, molecules (fractions 12 to 18) were treated separately
’as described above, it became evident that the ribonuc;eotides were - -
lTocated predominantly on the shortest molecules (Table JIV). If the
ribonucleotide(s) function as primers, which are very quickly removed
_ once synthesis of a DNA chain is initiated; then one woulg expect to’

Vs )
find them most frequently on the shortest molecules.

One curious observation was that after phosphatase treatment, 3H-
labelled nascent DNA was not as susceptible to spleen exonuclease as

v the 32P-1abe11ed non-nascent DNA. When both 3H and 32P-]abe]'led DNAS

‘ were not nascent, they were degraded by spleen exonuclease to the same

. )
extent’ (Table III). ~Several explanations can account for the lower

R

_release of 34 from the nascent molecules by a°5! end-specific nuc]ease.
S ) ~ There cou]d be an increase in secondary structure in these nascent
moddcules. Their average size may, be greater than the average size of

the 32P-1abelTed DNA. There could be an -uneven distribution of [°H]

, (f} N . thymidine in the nascent molecules, with more label located at the 3'

ends. Finally, thq 5' ends could be blocked with an unidentified

structure which renders them resistar’nt\to'spleen exonuclease.
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(i) Molecules Tonger than unit length

When the 3H-—1abe11ed nascent DNA was sedimented on alkaline sucrose
gradients, only a small fraction of the fota] pulse label appeared to be
in molecules IOhger than unit length (Figure 1). On neutral sucrose
gradients, however, up to 20% of the total pulse label could be observed
sedimenting more rapidly than unit-length ¢X molecules. To rule out the
possibility that the rapidly sedimenting 3H-TabeHed nascent DNA on
neutra]\ sucrose was an aggregate, it was ‘combined with 32P-]abe]]ed X
viral strands, heated briefly at 100°C, then resedimented on neutral
sucrose. Figure 11(a) shows that 1;he 3H—]gbe‘l]ed DNA sedimented as a
broad peak ahead of the 32‘P-]abeﬂed ¢X viral strand marker. On an
alkaline sucrose gradient, however, the same 3H-1abe11ed DNA cosedimented

2P—1abe11ed ¢X viral strand marker (Figure 11b). This discrepancy

with 3
could be explained by the existence of an alkali-labile site in the *

long molecules which was hydrolyzed to yiald unit-length and shorter
molecules. But when thie 3H-1a5e11ed DNA longer than unit lengfh was
sedimented on denaturing fbrmamide gradients, it again sedimen:ted with the
32P-]abeﬂed viral strand marker (Figure 11c), so them/a ‘was no alkali-
igduced cleavage of the molecules longer than ulm't 1e|;gth. Becau§e of
the relatively weak de;endance of sedimentation coefficient on molecular
weight of single-stranded DNA under these conditions, it is Bossibha a
that the Tonger molecules were simple mgre meédﬂy observed on neutra)
than on denaturing gradients, If this were the case, then a more

sensitive method would be required to demonstrate a difference in size

between the longer and unit-length molecules under denaturing conditions.
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This was?:hieyed on an alkaline agarose gel where the 3H~1a\be11ed" DNA

migrated as a broad peak behind the 32P-1abe11ed ¢X viral strand marker.

% _
The gel shown in Figure 11(d) shows very convincingly that a substantial

portion of the approximately 20% of the initial pulse-labelled DNA that

sediments rapidly is in longer-tHan-genome-iength intermediates which

are not well resolved from unit length ¢X viral strands on denaturing

sucrose gradients.

i
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( 4.’ DISCUSSION

There are several explanations for the existence of the short
molecules that we observe during ¢X viral strand synthesis: (i) They
1
could be an artefact of our stopping and/or isolating procedure. (ii)

They could be caused by the incorporation of uracil (from dUTP) followed

; by excigion-repair or by other repair events. (iii) They could be due

to a second nicking dévent by the gene A protein at the origin on inter-
mediates Tonger than unit Tength. (iv) They could be the result of the
"nicking-closing"‘ activities of topoisomerases: (v) They could be true
’ p‘ intermediates in tﬁe-synthesis of the viral strand, indicatiné that ‘the

* viral strand is synthesized discontinu\Ously. P

Provided that there is nothing special about nascent DNA (e.qg. .
B N w&‘% AR S a P i o0
e enhanced sensitivity to a heat-activated endonuclease), we have eliminatéd

e
et ™

the possibility that the short viral strand molecules are geherated

by our stopping procedures. The arguments for ‘this are that the infecting

32P-1abe11qd viral strands were not significantly affected (Fig. 1),

3

s e N WA

3

\ «and 1§hat in longer pulse intervals, or ché;es, 80@90% of the “H pulse

| ‘ label was recovered in uni\t-]ength viral strands (Figure 2). However,

. , the stopping procedure is critical sinc/e/ it determines the néséent

\ intermediates that are observef:i. With the two "cold" stopping procedures

. described in Results (used by Baas et aﬂl., 1978; and Dressier é,Denhar‘dt,
| ]968), actual 1lysis of the cells was not achieved until some time after

the pulse was ostensi%ﬁy- s’éopped. - It is possible that the short mo'lgcules

| wefg Tigated during Fhis {nteryal with the conséquence that fewer short

molecules were observed. Our data {Figures 2 and 3) indicate

adiie
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that the combination of Tong pulse lengths and less efficient stopping
procedures may have prevented other investigators from observing these
short mo1ecu1es.~,£f synthesis of both §trapds of RF were stopped with
equal gf%iciéacy during RF replication, 56% qf the [3H]thymidine in a
short pulse should be incorporated into the viral strand and 44% into
the complementary strand because of the difference in thymine content
of the two strands (Sanger et al., 1977). (We assume synthesis of both
strands draws on the same precursor pool.) Baas et al. (1978) found that
with their "cold" stopping procedures, which used frozen‘KCN-NaNB, up
to 80% of a brief pulse label during RF replication was viral strand
specific. With our "hot" stopping procedure,‘1ess than 70% was viral .
st#end specific (Hours et‘az., 1978). Thus while neither method seéms
to stop synthesis of both strands equally, it is apparent that the "hot"
sgopping procedure is more effective in shutting off viral strand
synthesis than the "cold" sfopping procedures. The short molecules are
observed in abundance only when the briefest of pulses is stopped with
thefmost effi&ient procedure. A

| The hést strain also affects the abundance of short molecules. In
‘comparison with strains like E. coZZ C, which does not require tﬁ?g%ne,
the thymine auxotrophs, E. coli CR, E. coli HF4704, wig®, and ung, yield

a larger proportion of the pulse label in short 6X DNA molecules.

1,\’,,
‘Machida et al. (1977) also found a more pronounced degregﬁgf discontinuous

¢X DNA synthesis for both strands during RF replication in a thymine-
requiring host. It has been reported that if thymine-requiringE. colz
strains are briefly deprived of thymine and pulse-Tabelled with either

[3HJthymidine (Brewin, ]977) or [3H]thymine (Diaz et al., 1975), the label
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is incorporated almost entirely into small chains. However, we have not
been growing or infexking these thymine-requiring stn:ﬂ‘ns under conditions
of thymine deprivation (see Results). Nevertheless, as 'reiterated
recently by O'Donovan (1978), the dTTP pool in thymine-requiring strains
is usually substantially ]e§s than in normal strains, and it is possible
that in ¢X-infected, thyminé-requiring hosts, initiation of the short
nig]ecu]es is not impaired, but elongation is slowed because of a lower )
precursor (dTTP) concentration. As the éonsequence of an increased

half-1ife, more short molecules are observed.

A similar explanation may account for the fact that more short

molecules were observed in the ¢-infected wild-type strain when the aeration

’ff‘
was reduced. When the cellular oxygen supply 1is decreased, cellular

metabolism is slowed, and energy in the form of ATP may become rate-
1imiting for many intracellular processes. It is possible that elongation
of the short molecules is slowed because of a reduction in the size of
the precursor ‘pools. A]ternative]y,\ it is possible that the mechanism
responsible for joining the short mo]eéu]es is dependent on high ATP
lTevels.

A Tow level of uracil incorporation into nascent DNA, followed by
post-replication excision ;*epair by uracil-DNA glycosylase and an
apyrimidinic endonuclease, could explain the existence of-short molecules.

It could also account %or the accumulation of short molecules in thymine-

requiring strains, since more dUMP would be incorporated into nascent

" DNA in these strains than in the wild-type host (Tamanoi & Okazaki, 1978;

Duncan et al., 1978), However, no significant difference in the size

distribution of pu]s\e-r\]abeﬂed ¢X viral strand DNA was observed between

N -
m/ s
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the uracil-DNA g]ycosy]ase-defTET'ént mg strain and its isogenic ung*
strain {Figure 6). This suggests that the short molecules were not
generated by uracil-induced repair of nas’cent ¢X DNA. If'the short
molecules were caused 5y uracil excision, one would expect to set;_
substantially fewer in the ung strain, since uracil incorporated into
DNA would persist as é result of the defective uracil-DNA glycosylase
(Tye et al., 19783 Warner & Duncan, 1978). Note that the recovery of high
molecular weight 'l'4 and £. coli DNA containing uracil from wig. dut s:rains
implies that neither residual uracil-DNA glycosylase actiyity nor alternate
uracil-removal pathways are sufficient to generate these‘small nascent
molecules in vivo- Our results are consistent with findings that short
nascent molecules in E. coli cannot be attributed to the action of uracii-
DNA glycosylase (Tye et aZ., 1978; Tamanoi & Okazaki, 1978) except in
dUTPaseEdeficient (dut) hosts (Tye et al., 1977).

If the short molecules were caused by secondary nicking by the g'epe
A protein one would expect them to hybriaize exclusively to the origin ¥
region. This was not observed. The short nascent molecules hybridized
to all reygions of the ¢X genome,:-but preferentially to both the origin

and the terminus region (F)'gure 7b).

The preferential h

?/1‘ dization of the pulse-labelTed short molecules
g

to the terminus region/siggests that the terminal sequences of the ¢X genor}le

are synthesized in exgess. This interpretat‘{: is supported by the >

observation that the e;‘are a Iarge\ nunber of Short  molecules” in the

[

cell whose 5' termpihi rha‘ve been“located in the center of the genome

9

by end~1abelling and /hybridizatiom There is a sequence in the central

] )
region of the genome, in the HgeIII fragment Z8, which resembles the

o e £ b DA S s s o




sequence at the origin in the gene A-region where a round of replication is

initiated (Weisbeek, P., - personal communi'cation). It appears that tile
simi]a;rity is sufficien)t to allow ;chis site to be recognized by the gene A
protein, and other ;;)roteins involved in initiating a round of‘¢X replication,
with the resulting \ synthesis .of- half genome 1ength ¢X viral strands.
The,accidental en‘capsidation of these incomplete viral strands could

result in the production of some ;)f the defective phage particies which

are observed :in variable amounts in every phage preparation’(unpublished
observation).

Shortmolecules could be generated by the action of topoisomerases.
However, it seems more likely to us that these enzymes would cleave the
parental DNA ahead of the replicating fork to facilitate separation of
the pre-existing strands, rather than the newly synthesizeci DNA behind .the
replicating fork. Furthermore, molecules which arose from nicks introduced

by topoisomerases would not be expected to possess a ribonucleotide at the

g \

5' end.

Since none of the exp]anatior;s considered seem able to account for
the existence of all the short molecules, and sinc;a we know of no other
explanations, we are left with the coﬁc]usion that at .1east some of the .
short molecules are nascent intermediates which arise from the discontinuous
synthesi’stof the viral strand from a defined origin (region of the gene A

protein nick) unidirectionally around. the genome.
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" Legend to Table I: , A ) ’ . - . 1’,
37H~-1abe11ed nascent molecules 'shorter than unit length and uniformly .
32P—I‘abeHed ¢X viral strand DNA were combined and hybridized to an,
excess of unlabelled DNA in solution. The-DNA which 'did not anneal was

0 n

degrad;d by the Newospora crassa exonuclease. \ Total and acid-soluble

radioactivities were determined as described in Materials and Methods , " N 4

- -

.
’ N
' -

Section 2(g). ‘ 1 o, o A
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Legend to Table II: ‘)

‘The DNA shortér than unit length, recovered from cultures which
had not been pulse-Tabelled with [3H]thym1'd1‘ne, was e_*nd-]abeﬂed with
[32PIATP and kinase. The 2P-end-labelled DNA was divided into two
fractions:/ the short molecules are fraction 5 to 15 of the'sucrose
gradient /depicted in Figure 9; the "C" molethYas are fractions 1to 4
o{ the same gradient. The 32P—enfi-1abe11ed DNA_was combined with |
5n1'form1y 3H#labeﬂed ¢X viral strand DNA, and hybridizeq to Southern
blots “;:ontaining Haelll restriction enzyme fragments of ¢X RF, as
described in Materials and Methods, Section 2(i). Two .filters were
ingubated in each bag with the DNA obtained from cultures of ¢%- ]
infec&sd E. coli C, and only 1 filter in each bag with the DNA‘_from
cultures of uninfectedr. c‘ol'i C. "Bac'lfground was subtracted from.the
sum of the radioactivity hybridized to all.of the vestriction enzyme
fragments on the Filters. The hybridization efficiency is the % of
3H-labeHed DNA which hyll)ridi zed to the ¢$X DNA on
the filter.  »
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A TABLE II ) A

Comparison of the Hybridization Efficiency of 32P-end-labelled ‘DNA Shovter Ty/ '

f}nﬁit Length and Uniformly 3H-1abelled ¢X Wiral Strand DNA to $X RF DNA
. _ /

. Short Mo]ecu]e§

¢X-infected E. coli C Uninfected E. coli C

3H . 32p . ! 3H 32P
total, cpm - 190,000 ° 1,500,000 © . 270,000 1,400,000
cpm hybridized/filter 14,000 13,000 9,100 9,300 18,000 750 . -
% cpm hybridized filter . 7.5 7 .62 ’&% 6.8 -05

"C" Molecules ~

EbX—infected E. coli C Uninfected E, coli C

3!-! 32P . BH ; . 32P
total- cpm ~ 105,000 1,800,000 110,000 3,100,000
- cpm hybridized/filter : 19,000 23,000 4,600 5,900 . 15,000 . 2,400
% cpm hybridized/filter 18 22 .26 .33 14 - .08
‘ LY
— l

L

-28_
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Legend to Table III:

$XDNA shorter than unit length and either pulse-labelled with [3H]

thymidine or uniformly-labelled with [3H]thym1'd1'ne was combined with [32;3]
, s

$X viral strand DNA, unifof'mly labelled and sonicaied to -the same size.

The DNA was treated with polynuclebti de kinase and ATP to phosphorylate

N,

5' ends, then divided into 4 parts. One received no further trea_tment:
Of the remaining samples, one was digested with RNase A and RNase T]
and another was treated with NaOH. These tr'eatments(‘wﬂl generate 5'
OH termini where ribonucleotides are removed. The final s:;mpie was
digested with bacterial alkaline phosphatase (BAP) to expose 5' OHs on
. all termini. A1l samples were then incubated with spleen exonuclease.

Total and acid-soluble radioactivity was determined as described in

3 32

* Materials and ‘Methods, Section 2(g). Total cts/min of either “H- or

labelled DNA ranged from 5,000 to 10,000 per sample. Acid soluble

\

«

cts/min ranged from 100 to 2,500. : ‘ .
§

!
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~
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TABLE III

SpTeen Exonuclease Sensitivity of Sh\ort'er-Than-Unit—r;ength DNA

’ i ' % Agid:So1ub1e Radioacti'vity '

¢X DNA A Treatneht 3 - 32p
pulse-labelled with none - 1.8 . 1.8
[ 3H]thymi dine dqr;ing +RNase 6.5 ) 3 .
viral strand +NaOH 6.1 2.8
synthesis | +BAP 1 % &
pulse-Tabelled vg"ith none ! 2 1.8
[3H]thymidine during .  +RNase B 5.2
RF replication +Na0h 13 2.8

o +BAP | , 19 25
“uni form1y-labelled and ~ none 2.3 1.9 )

+BAP 20 20

sonicated vira] .strands

so i “
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Legend to Table IV:

. X DNA pulse-Tabelled with [3H]thym1‘dine was divided into two size

classes: the very short molecules (fractions 5 to 11 of the neutral
sucrose grdadient in Figure 8(a)), and the short molecules (fractions

12 to 18 of the same gradient). _These were separately combined with

L

) uniformly labelled [32P] ¢X viral strand DNA of the same size
‘obtained by sonication. The DNA was treated with polynucleotide kinase
and ATP to phosphorylate 5' ‘ends, then divided into 3 parts. Ofle

received no further treatment. One was treated with 0.4 M NaOH at 37°C

\
for 8 hours. The final sample was digested bacterial alkaline phos-

phatase (BAP). A1l three samples were then incubated with spleen

exonuclease. Total and acid-soluble radiocactivity was determined as

described in Materials and W[eth‘ods, Section 2(g). Total cts/min of

3

either “H- or 32P-1abe11éd DNA ranged from 5,000 to 10,000 per sample.

* Acid-soluble cts/min ranged from 100 to 2,500. °
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’ TABLE IV . . "+
\
Sp]een Exonuclease Sensitwity of Very Short and-Short ¢X DNA Pu]se-
Labelled w1tha{3H]thym1dme Dumng V1ra'l Strand Synthes1s -
3 g - % Acid-Soluble Radioactivity
| $X DNA ~ Treatment 3y ‘ 32P g 2
Lo ol none . 4 ' 3.2
Very Short ' 4NaOH oom 8
+BAP ’ 24, 34
‘ < 4 none . 2.4 2.5 -
. | Cos
Short _ +NaOH ‘ 3:8 . 2.9 -
+BAP 6~ ' 15°
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Legend to Figure 1: ‘ o . '

4 ! - - ‘e

Fate c;f the 32P-]abeHed, infecting qu"vira] strand in E. coli 1C_
during the stopping and isolation procedure. Sedimentation was 'f_r-om
left to right on alkaline sucrose §radiepts; composition of fhe,gradients
and sedimentation conditions are described in Materials and Methods
Section 2(c). Two separate gradient profiles were Jsupem‘mposed to ’
facilitate comparison. One gradient represents the 32P Tabelled 1nfectTng
v1ra1 strand in a portion removed before pulse-labelling (e -.@ ~ o -
input cpm: 3,500) and lysed using conventional procedures (Bress?er,
1970). The second gradient contained the 32P-1aib9'l'led infectipg viral
sf:and in thé' remaining /cuitdre which was pulsed, stopped' and purified ]
by our procedure (- 0 -0 - 3 -total cpm: 12,600); and the 3 H]thymdme
Jabelled nascent ¢X DNA in the same expemment "( -o-p-4 input cpm:

23,500). b
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Legend to Figure 2: _ _ __ _

Effect -of the pulse on [3H]thymidine pulse-TabelTled nascent’¢x DNA
in E. eolt C. Sedi}nentation was from left to right ori alkaline sucrose
gradienfs. Composition of fh? gradients and sedimentation coﬁditions
are described in Materials and Methods Section 2(c). Three gradient
-profiles were superimposed to facilitate compafison of the effect of
increasing pulse Tength: ‘
(0-0-0) 10 se\cxon s; input cp;n: 1.2 x 10°

: \
(D- D-D) 20 seconds; input cpm:, 3.2 x 10°
{a-a-4) 50 seconds; input cpm: 29 x 10° »
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Legend to Figure 3: i' : )

Effect of the stopping procedure od [3HJthym¥dine pulse-labelled
nascent_¢X DNA in E. coli C. . Sedimentaﬁion was from left to fight on
a]ké]ine sucrose gradfents; composition of the gradients and sedimentation
conditions are described in Materials and Methods, Section 2(c).

(a) 10-second pulse stopped by/pouring infected cu]turé§ onto crushed
frozen NaN3-KCN solution as described by Baas et aZ. (1978).

(b) 10-second pulse stopped by pouring infected culture into acetone at

-70°C as described by Dressler (1970). ) ’ ’

»




{ | : n
| . ,
N \gm ”“ — - N
@ L e v
| , -
I D - Y38WNN NOILOVHd - -
L . 0f 62 02 G O G o0 0O¢ 6 02 S O & o
W\ .w 1 Li T T T T O T T L Pad v L4 o
. m N - e b.-btlu!oh
,w ’ ,m‘,m.” . - I.Q.O.. ’ ) . O\.n...‘\.‘" K |
w ) | r.mdso »e ~ i) M
, M \.l. ) o.\.‘u..-.h _ m \ ‘/ " d N [H ) ‘M
| ! ,
N N N \, / e ® .G\
© : - ? 2.
i S 4 /o _ . _ / , B
M ’ | ° - ’ *
L 3 -~ “ (o] .
! 2oL : | 1° : "3 !
H w i
iﬂx . ~ ) .a. P . 1 ' > +
- ,, / \ |5
. i o o la & w_
oo, - 16 .<. . 9 M”
- '/‘ - ® . . - * M
(9) (P) w
mﬁ




B i bt st st S ami oA T T 3t Y

-

s

— e [ R Bre

Facing page 89 o,

e

& .
Legend to Figure-4: : -
- \

Effect of the aeration Tevel on 'IfSH]thym'i dine pulseriabelled nascent -

¢X DNA in E. colz C. Sedimentation was from left to right on, @lkaline

sucrose gradients; the composition of the gradients and sgdimentation

conditions are described in Materials and Methods, Section 2(c). Arrows
indicate the xpo_sitjonsnf\l;'near (L) and circular '(c) 32P'—labeﬂ'ed fﬁx DNA.
(a) Slow aeration ‘at 70 rpm in a New Brjunswick Scientific shaking water
bath.v' _ . . ]

(b) Aerated by buﬂang air vigorously through infected culture.

(c) Rapid_aeratian at 170 rpm in shakinq water bath. \
! S ' ,
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Legend to Figure 5: -

<]

- N )""' !

Effect of host strain on [3H]thymidine pulse-labelled néscent
oX. Sedimentation'was from left to right on §1ka1ine sucrose
gradients; composition of the gradients and sedimentation conditions are
described in Materials and Methods, Section 2(c). Arrows indicate yhe
< positions of Tinear (L) and circular (C) S?P-labelled ¢X DNA. | -
(a) oX infected E. coli HFA704, grown at 28°C in TKCaB medium,
pulsed 50 minutes -after infection.
(b) o¢X~infected Z. coli CR, grown at 33°C.in TKCaB meéium, pu]sed ?t
,26°C 35 minutes after infection. | N

(c) 5 second pulse described in (b) followed by a 50 second chase with

/ -10 ug/ml thymidine in ¢X-infected E. eoli CR.
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Legend to Figure 6:

Comparison of [3H]thymidine pulse-labelled nascent ¢X DNA in ung
and wngt host strains. Sedimentation was from left to right on alkaline

A \
‘sucrose gradients; composition of the gradiients and sedimentation

conditions are described in Materials/and Nethods, Section 2(c).
qﬂw,fArrows indicate the positions of 1inear (L)/and circu1ar_(C) 32?-
N labelled ¢X DNA. Cultures were grown at 28°C in TKCaB medium and
pulse-labelled 50 minutes after infection.
(a) BW 265: g

. (b) BW 264: g

(9
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- Legend to Figure 7:

P19t‘of the specific'aetivity of the DNA hybridized'to/the larger
Haelll and AindIl fréénents of ¢X RF &gainst their positions on the
genetic map. Background was subtracted from the total [ H]nascent
and [ P]non-nascent DNA hybridized to each restriction enzyme fragment
on the n1troce11u1ose filter and the 3H/32P ratio determined. 0n1y the
four 1argest fragments were well enough reso]ved to permit such quant1t-
atton The specific activity [ H/32P ratio] of each fragment was

corrected for thymine content (assuming uniform labeling\within the

/i

fragment) and plotted against the midpoint of the fragment position

‘around the physica] map'determined by Lee & Sinsheimer (1974). The

origin of a round of rep]1cat1on, indicated by 0, is at the far left;
\

the terminus, indicated by T, is at the far r1ght on the Tinear map.

The circular map; reproduced from Denhardt (1977), shows the: approximate-

size andllocation of the various aaeIII (71, 72, 73, 74) and HindII _

(R1, R2, R3, R4) fragments around the ¢$X genome. The arrow indicates
the direction of replication from‘the origin to the terminus. Each
point (A,0, O, X: 0, 0) represénts a separate experiment.

(a) * unit-length nascent ¢X DﬁA

(b) shorter than unit-Tength nascent ¢X DNA

,/

D)
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Legend to Figure 8: " \ . .
Neutral sucrose gradientvsedimentation,of ¢X DNA for 5' end analysis'
with spleen exonuclease. DNA was isolated.and sedimented on-neutral

sucrose gradients; composition of the gradients .and sedimentation

conditions are described in Materials and Methods, Section 2(c).
Direction of sedimentation is from left té rights
(a) [3H]thym{d1ne pulse-labelled nascent ¢X DNA in é. coli C during
viral strand synthesis 35 minutes after infection. ’
(b) [3H]thymidine/pu]se—fabe]1ed nascent ¢X DNA in E. eoli C during

RF replication. Chloramphenicol at a final concentration of 30 ﬁg/m]

was added 5 minyges after infection, and thé culture was pulse labelled
15 minutes later. ‘

(c) Uniformly 32P-1abe11ed ¢X viral strand DNA, sonicated for 30 seconds “

at output 60 with an Artek sonic dismembrator.

7
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lL.egend to Figure 9:

Neutral'sucrqse gradient sedimentation of 32P-—end--]abel]ed DNA.

The DNA shorter than unit length, recovered from ¢X-infectéd cultures
of E. eoli C which had noﬁ been pulse-labelled with [3H]thym§dine, Qas
end-]abe]ied with [y~32P]ATP and polynucleotide kinase. After three
sodium acetate and isopropano}~ﬁ}écipitaiions and nitrocellulose

. chromatography to remove the J;incorporatéd [1532P]ATP, the 32P-end-
Tabelled DNA was sedimented on a neutral sucrose gradient in the SW 27 =

rodor. Composition of the gradient and ceﬁtrifugation conditions are

* described in Materials and Methods, Section 2(c). Direction of
) sedimentétion was from left.to right. Fractions 1 to 4, containing },
- the "C" molecules, and fractions 5 to 18, containing the short molecules,’
: were separately poo]éhxand precipitated with sodium acetate and
isopropéno]. "
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Legend to Figure 10:

Plotof the hybridization of 32p-end-1abelled shorter than unit
Tength ¢X DNA against position on the genetic map.
The 32Pﬂend-labe1ied DNA shorter than unit length recovered from:
the sucrose gradient depicted in Figure 9, ‘and uniformly 3H-labé11ed
$X viral strand DNA, were hybridized to Soutﬁern blots containing
Haelll restriction enzyme fragments of ¢X RF, as described in Materials
and Methods, Section 2(i). Baékgtound was substracted from the

3?P-end-1abé1]ed and uniformly 3H-TabeHed DNA which hybridized

total
to each of the four largest fragments. The 32P/3H ratios were s

dete(mined, and corrected for the thymine content ofathe

individual fragments. Then the 32P/3H ratios were plotted versus

the midpoint of the fragment position on the genetic mép determined
by Lee and Sipsﬁeimer (1974). 0 and T denote the origin. and
terminus of a round of ¢X replication on the finear map. The
approximate size and location on the genome of the four Haelll
fragments are shown on the inner circle of the insert in Figure 7a.
( o.B ) 32p.end-1abelled short molecules ,
( A‘, Y) 32p_end-1abelled. "C" molecules - .

~
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Legend to Figure 11:
: Analysis of molecules longer than. unit length. The 3H—]abe11ed

-

nascent ¢X DNA which sedimented ahead of the position expected for unit

length ¢X biral strand DNA on the preparative neutral sucrose gradient
shown in Figure 8{a) (-0 - 0 - 0 -) and 32p_1abelTed unit length
X viré] strand DNA (e - ® - @) were anaT&zed by sedimentation and
e]ec;rophoresis. The composjtiop of the gradients and gels, plus
the sedimentatien and electrophoresis’conditions, are 1{sted in

Materials and Methods, Section 2(j). Direction of sédimentation and

-~

eleéirophoresis was always from left to right.

Ry

(a) neutral sucrose gradient
(b) alkaline sucrose gradient

(¢) formamide sucrose gradient .

(d) alkaline agarose gel; the heavy 1ine indicates the position of

the bromophenol blue marker dye.

b

v

\

¥




i - . R
- |‘ 1 » - = ~: -
S A— - w ‘ ».L
i . .nl
G /,.‘ .
. ﬁl.m > ' N g . Q : . ”.» .
N (o o) 2.0l x wdd) 42& ___”n_mm“_o »nou T Ty ﬁ&mnﬂ_ m _
i - 8 M/U. E= ; 5 w - | _
. : T ¥ L L4 T T ! _ | _ g |
“ ) | ) ,M.
~ ' o o :
t o..“d : % y M
: ; I } ..M, M & H .f
). w M : 2 “_ -
. . ..o. .o
. Q...o. ..0 |
13 . Qb’ ut : 1 m
...... gt o o ,_
low Qe . .
M . «..o..::....:...n m m
. . ® B T~
" | . J , nv
- | n \
B ! ’ ; .O wm H
— _ 1, 3 ﬂ _
w0 | : “
g 1
5 [ &%
!M., 1 ¥ ] .‘
H m m\ '
F A, m-w w
m L4
_. ]
o — *
- .
‘ ~ , \
: A, |
«— ” | | .\ - m \V
o i’
o i
\ / ‘ , f g,
c -~ m w ,
1 _ ﬁ V A
i ‘ | m u M 3 M
\ - = _ | vur M: ‘\ .\ ,
' i 4+ — .vru v: ..,
1 ( ) l— ! \ \ l _ l
> . " .\ l. ‘ NU
iy - —\ \
Eesdnseliatel . e r|. l




oo

e

!
3

~ B . « PN
— 7 hd Lo l
o —t - s -
4 W i Sy e T
. 3 —
LN
N i}
- . 2,
f
. . .
. - . ! |
N B / [ N
‘ / . >
o y -
—
" - t
0o .

il

CHAPTER III - L

f
.

Characterization of 34-1abelled Short Nascent

$X Molecules \
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1. INTRODUCTION -

The replication of bacteriophage ¢X174 can be divided into three
distinct stages: (l)ﬁconversion of the single-stranded viral DNA to the
‘dup'lex replicative form (RF);(2)RF replication, during‘ which multiple copies-
of RF are synthesized semi-conservatively; (3) synthesis of viral strand
DNA using the complementary ‘dtrand of RF DNA as the template (Dressler
& Denhardt, 1568; Sinshgimer et al., 1969). We have established that
synthesis of the viral strand is at least in part a discontinuous process
(Matthes & ‘Denhardt, 1980), not continuous as orginally proposed by the
rolling circle model (Gﬂbe’rt & Dressler, 1969)f A substantial portion of
the [3H]thym1’d1'ne incorporated during the final stage“of ¢X replication
when exclusively viral s’trands are made is found in molecules shorter
than unit length. These short molecules are observed in similar amounts
in uracil-DNA glycosylase deficient (uug) and wild type .strains, indicating
that they do not result from the excision of misincorporated uracil. Using
the spleen exonuc]eas%&ssay‘(Kurosa'xwa et al., 1975),we estimated.that
approximately 20% of themgrlriébeﬂed short molecules have at Teast 1
ribonucleotide at the 5' terminus.

Spleen exonuclease is a 5' end-specific nuclease. It was found that
A.H,fter phosbhatase treatment, the 3H-]abeHed nascent molecules were ot as
exte;nsively degraded by spleen exopuc]ease as 3:2P—1gbe1led non-nascent
mo]ecule\s of apprbximate1y the same size. Data are presented here which
indicate that the resistance of the 3H-]abe'l]ed DNA molecules “to degradation
by sf:'léen exonuclease is due neither to an enrichment for secondary structure
i\n the nascent molecules, nor to an une;/en distribution of [3H]thymid1‘ne

N -
label 1in.the nascent molecules. We are Teft with the conclusion that an
P '
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. unidentified structure is blocking the action of spleen expnuclease on

the ,’néscent molecules. Only prolonged incubation in strong alkali removed
the ‘block. SN

There are a number of reports of, proteins covalently attached to the
5' ends of DNA molecules. These inciude the ¢X gene A protein (Eisenberg
et al., 1977; lkeda et aZ., 1979; Dubeau & Denhardt, submitted for qu]ication),
fhé Col E 1 protein (Guiney & HeTnski, 1975), ‘the ¢29 protein (Ito, 1978;
Salas et al., 1978), the Z. coli DNA gyrase (Morrison & Cozzarelli, 1979),
and the adenovirus terminal protein (Carusi, 1977; Rekosh et al., 1977).
In some of these cases, the proteins rendé\rxthe DNA molecules resistant to
the action of 5' end-specific nuc_]eases. To determine if a protein could
be .causing the 3H-labe]]ed nascent DNA to be resistant to degradation by
spleen exonuclease, the 3H-]abe]'led DNA was isolated without the use of
proteoh}tic enzymes. - Protein(s) was found tightly asspciated with the
3H-1abe11ed nascent DNA as evidenced by a Pronase-sensitive shift t6 a
lighter density in neutral CsCl gradients. The proteinu(s) could be r\'emoved
by alkali, a\nd varied in amounts. proportional to the length of the DNA

_ N
molecule. \
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2. MATERIALS AND METHODS

™) Bacteria and bacteriophage \

$Xar3 s a lysis-defective gene E mutant. E. coli C was described

by Denhardt (1969). |

(b) Media, chemicals, buffers, and radicactivé compounds

Cultures were grown in TKCaB medium (1% Tryptoné, 0.5% KC1, 1mM

&

Isoamyl nitrite was from Matheson, Co'leman & Bell Chenmical Co., and re-
agent gnadehydroxy]gm ne hydroc,h]o‘m de, purchased from Fisher Sc1ent1f1c,
was prepared\as described by Gumport & Lehman (}971). Salmon sperm DNA
was purchased from $igma.

TE buffer is 50 mM Tris-HC1 (pH 8), 10 mM Na,EOTA.  TEK buffer is
TE buffer cc;ntaining 0.5 M KC1; TEN buffer is TE buffer containing
0.5M NaCl. Borate is 0.05 M sodium tetraborate decahydrate. SSC. is 0.15
NaCl, 0.015 sodium citrate, adjusted to'pH 7 with a few drops of 6 M HC1.

\[methyl—aH]thymidine (50 Ci/mmole), [32P]phosphate, Aquassure and
Omnifluor were purchased from New England Nucl;‘aar. [y’-32P]ATP, prepared

as described by Schendel & WEHs (1973) was generously provided by t

) C.~ Miyamoto. The specific act1v1ty of the [Y-?’zP]ATP was 106 cpm/pmol.

»
-

(c) Preparation of DNA

The 3H-]abe]]ed nascent DNA was isolated as described “in Chapter II
Secotion 2(c) unless specified otherwise. The preparation of 3H-1abe1\1éd
and 32P Tabelled ¢X viral strand DNA was descmbed in Chapter II Section
2(d). Un]abe'l]ed ¢X RF DNA was prepared as described in Chapter II
Sectwn 2(e).




* HB4 rotor as described above, resuspended in 2 ml 4 M Guanidine-HC1,
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The 3H—]abe11ed nascent DNA was purified wi,thout the use of proteolytic
enzymes by the following procedure:  Infection, pulse labelling, and

stoﬁping were carrisd out as described in Chapter II Section 2(c). The
\
first isopropanol precipitate from a 200 m1 culture was resuspended in *

10 m1 TEN buffer. The turbid solutior was extracted at room temperature
with 2 volumes: of phenol/chloroform (1:1, v:v) saturated with borate buffer.

After centrifgugation for 10 minutes at room temperature on.a Sorvall i
tab1e—to;; centrifuge at 70 volts, the lower phenol phase plus the material
at the interphasé were precipitated with 2 volumes 601‘ 95% ethanol. After

16 hours at -20°C, the preci?itate was collected by centrifugation at

0‘3C for 1 hour at 10,000 rpm in the HB4 rotor of the Sorval RC2B. The pellet

was resuspended in 7 ml 4 M Guanidine-HC1; heating at 100°C for 3 minutes

.and vortexing vigorously were required to dissolve the pellet. CsCl was

added to a final concentration of 0.525 g per g of so]uﬁon, and the

nucleic acids and proteins were centrifuged for 20 to 60 hours at 40,000

rpm and 10°C in the Type 65 or Type 50 Ti rotors in a Beckman L2-65B

‘ultracentrifuge. Fractions of 300 ul were collected from the bottom with

a B-D Cornwall syringe, and aliquots were counted on filter paper in toluehe/
Omnifluor. The peak of 3H-]abeHed material was pooled, diluted three

L/
fold with TE buffer, and precipitated with 0.1 volume of 3M sodium acetate

(pH 5.5) and 2 volumes of isopropanol. The pellet was collected in the

heated for 2 mi.nutes at 100°C, then layered on a 36 ml sucrose (5% to
20%, w/v) gradient containing 4 M Guanidine*HCT, 10 mM Tris-HC1 (pH 8),

T mM NaZEDTA. The gradient was centr‘ifugedqin the L2-65B ultracentrifuge
and SW27 rotor at 22,000 'rpm and 10°C for 24 hours. Fractions were

\

.
Wt i 1 Bom e g vy
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collected from the top using a Buchler Auto densiflow. and polystaltic

pump. Aliquots were spotted on 1 inch squares of Whatman no. 3 filter

‘paper and dried. The radiocactivity was determined by scintillation counting
\ .

in 10 ml toluene/Omnifluor. The appropriate fractions were pooled and

diluted about three fold with TE buffer; the DNA was precipitated with
‘if‘
sodium acetate and isopropanol, and finally resuspended in TE buffer.

(d) Enzymes and enzyme reactions
A3
Pancreatic DNase was purchased from Worthington. A 1 mg/ml.stock
solution of the enzyme in 1 mg/ml BSA was stored for several months at

4°C, When required it was diluted 1:1000 in 50 mM Tris-HC1 (pH 8),

50 mM\MgC'lz, and 0.1 volume of this ] ug/m] DNAse solution was incubated

with 100 pg/ml ¢X DNA in 50 wM Tris-HCT (pH 8), 4 mM MgC]2 for 15 minutes
at room temperature. The reaction was stoppeq by adding NazEDTA and
SDS tp final concentrations of 50 mM and 0.1% respecti‘vely.

Spleen exonuclease, purified according to the procedure of Bernardj
& Bernardi (1968), was provided by Neil Miyamoto. DNA" at a concentration
of 100 ug/m1 was heated briefly at 100°C then adjusted to 0.05 M Na2504? _

'0.01 M NapEDTA  0.15 M sodium acetate (pH.5.5). After the addition of

66 -ug/m! of spleen exonuclease, the reaction was allowed to proceed at
i »

’4~§'°C for intervals which ranged from 20 minutes to 72 hours. For long

incubations, additional enzyme was added gt 12 -hour periods after the
initial 12 hours. ’

Snake venom phosphodiesterase was generously donated by Dr. J.H.
Spencér. DNA at a concentration of 100 ug/ml in 50 mM Tris~HC1 (pH 9),
20 mM MgC]z, was incubated with enough enzyme to completely degrade -{.he'

DNA in 2 hours-at 37°C.
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Newrosporg crassa n;zclease, pugified }accordi ng to the proceidure of
Rabin et al,_  (1971), was the generous gift of /Dr. K. Bartok. DNA at
a concentration of 40 ug/ml in 0.1 M Tris-HCl/ (pH 8), 0.1 M NaCl, 10 mM
MgC]2 was incubated at 37°C with 3 units/ml /nuclease. This was sufficient
to completely degrade the DNA ih 2 ho'urs .~ One unit is defiped as that

amount which will cause the release of 1.0 Ayeqpy unit of acid-soluble

material from 600 ug heat-denatured calf thymus DNA/m1 in 30 minutes at 37°C.

The spleen \exonhclease, snake venom phosphodiesterase and Newospora
crass‘a nuclease reactions were stopped by removing aliquots at appropriate
intervals into a 200 ug excess of salmon sperm DNA on ice, and immediately
adding an equal volume of either cold 10% .tm'ch.mracetic acid or water.
After 15 minutes on ice, the samples were centrifuged for 10 miqutels in
an Eppendorf microfuge at 4°C. The acid-soluble or total radioactivity
in the supernatants was determined in 10 ml Aquassure to which either
water or trichloroacetic acid containing salmon sperm DNA had been added
to ensure equivalent cpunting efficiencies —inﬁtt{e two samples.

The spleen exonuclease and snake venom phosphodiesterase reactions
were preceded by bacterig] alkaline phosphatase treatment, unless specified
otherwise. Pﬁosﬁhatqsg was purified by Neil Miyamoto accordiné to the
method described by Weiss et aZ. (1968). DNA at a concentratibn of 100
ug/ml in 50 mM ﬂTris-HCl {(pH 9) was incubated with phosphatase (2 units/m1)
at 65°C for 1 hour. The reaction was terminated by adding EGTA to a .
final concentration of 50 mM.

Po1ynuc1;otide kinase was purchased from PL Biochemicals. DNA at a
concentration of 100 ug/ml in 2 mM KPO, (pH 7.4), 10 mM MgCl,, 20 mM

2-mercaptoethanol, 25 uM\ATP, and 4 units/m1 polynuclectide kinase were
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1ncuba;ced for 2 hqurs a;t 37°‘C. The ‘teaction was stopped by adding Na2
EDTA td a final coﬁceﬁtration of 20 mM. For quantitative labelling of
5' termini, [y-?’ZP]ATP was added to a final concentration of 10 uM.
The [‘y~32P] ATP labelled DNA was purified by three isopropanol.
precipita;ions and nitrocellulose column chromai:ography. '
Pyrophosphatase, purchased from'Sigma, was gener‘ously donated by
Dr. D. Skup and Dr. S. Millward. DNA at a final concentratmn of 160
ug/ml 1‘n 50 mM sodium acetate (pH 5.5), 10 mM 2-mercaptoethanol, 1 mM
Na EDTA was 1ncubate with 0.68 umts/m] pyrophosphatase for 4 hours

")';
at 37°C. Ore unit of pyrophosphatase releases 1 pmol of 32p from [YSZP]ATP

. \m 30 minutes at 37°C.

Pronase was purchased from Calbiochem-Behring Corp. A 10 mg/ml
stock solution in 50 mM Tris-HC1 (pH 8) was autodigested for 1 hour at
\ . @ .
37°C. DNA at a concentration of 10 to 100 ug/ml was incubated with

.1 mg/m1 pronase, a'ndmoﬂ% SDS for 3 hours at 37°C. The mixture was extracted

. with an equal volume of borate-saturated phenol at room temperature fo;‘

7

10 minutes. The DNA recovered in the aqueous phase was precipitated

with isopropanol. \ .
The DNA was routinely precipitated with 0.1 volume of 3 M sodium
acetate (pH 5.5) and 2 volumes of is‘opropanol, incubated overnight at |
-/20°C, then co_ﬁected by centrifugation at 0°C in the HB4 rotor and the
Sorvall RC2B cent\;rifuge at 10,000 rev/min for 1 hour, air-dried, and

resuspended in the appropriate buffer.

(e) Treatmept'vgith iéoamy‘! nitrite and hydroxyTamine hydrochlofide
Two spmb]es, containing from ]g 1\:0 20 ug of DNA in 800 ui Off

. buffer composed of equal volumes of pyridine and acetic acid, were prepared;
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i

100 u1 of isoamyl nitrite was added to one. Both were thoroughly mixed

and left at room‘temperature for 4 hours. The volatile solvents were
4 3

’ evaporated on a Rotary Evapo-Mix, and the resjdual nucleic acids were

resuspended in 900 ul TE buffer. After 13?”9 precipitations with sodilim
acetate and isopropanol, the DNA was purified by nitrocellulose chroma-
tography. It was found that if nitroceﬂulose’chromatography w'as
omnﬁtted, trace amounts of chemicals interfered with subsequent pho§phatase
and spleen exonuclease reactions. Recovery was greater than 70%.

From 10 to 20 pg DNA in 200 ul 3.86 M hydroxylamine hydrochloride
(PH 4.75) or 4 M sodium acetate (pH 4.75) was incubated at 37°C for
30 mint:tes. Then the samples were d‘ﬂuted to 900 ul with dH,0, precipitated
twice with sodium acetate and isopropanol, and purified by nitrocellulose
chromatography b’efore phosphatase and spleen exonuclease reactions.

{
Recovery was greater than 90%.

SRy

(f)‘" Nitrocellulose column chromatoéraphy

Nitrocellulose, a gift of Hercules Chemical Co., was prepared for
column chromatography as described by Boezi & Armstrong (1967). Columns
3 cm high were prepared in st;erﬂe pasteur pipeties and pre-equilibrated |
with 15 m1 TEK buffer. It was found that recoveries g}reafer than 90%
could be obtained from nitrocellulose columns, if nonreversible DNA
binding sites in the column wer;a saturated by running an excess (300 ug‘)

01; denatured saimon sperm DNA through the column before use. From 10
.to 20 ug of DNA in 200 to 400 ul TEK buffer was applied, thex column was
washed with 15 m1 TEK buffer, and Fhe DNA was eluted with 4 m1 TE buffer
and precipitated with sodium acetate and isopropanol. If necessary.,

A

10 to 20 ug heat-denatured salmon sperm DNA was added as carrier. “
\




N i

iy L L P S

PR

e e e

-*105 -

{g) Préphration of filters and hybridization to filters

Schleicher & Schuell BA85 nitrocellulose filters, 25 mm in diameter,
containing 6 ug denatured ¢X RF DNA, were prepared as described by Lane
% Denhardt (1974). The DNA to be hybridized was resuspended in 400 yl
4 x SSC, sonicated for 1 minute at“output 60on an Artek sonic dismembrator,
then heated at 100 °C for 5 minutes to ensure complete denaturation.
An equal volume bf formamide pﬁrif%’ed by passage through a column caontaining
Norite and Dowex 1-X8 Jas added', and the solution was placed on a
:11’troce11ulose filter -i\n a sterile scintillation vial. After incubation
at_: 42°C for 48 hours, the filters wére washed in 2 x SSC 50% formamide,
then in 3 x SSC, and dried. The radioacti\vity was ‘determined in toJue‘ne/

Omni fluor,

s

. {h) Analytical equilibrium cémrifugation and agarose gel electrophoresis

The DNA to be analyzed was added to 3 ml1 TE buffer contammg 100 ug

" BSA and 60 ug heat- denatured sa]mon sperm DNA in a 10 ml Oakridge poly-

propylene centrifuge tube. CsC1 (1.25 g per g solution) was- added and the
solutions centrifuged for 40 to 60 hours (40,000 rpm, 1‘0°C, Type 50 Ti

or Type 40 rotor, Beckman L2-65B.) Fractions of 100 ul were collected

" from the bottom onto 1 inch squares of Whatman no. 3 filter paper.

After drying the papers, the radioactivity was determined in toluene/ -
Omnifluor. ‘

Alkaline gels, containing 1% agarose, were prepared with sample

“wells as described by Anderson (1978)." The gel dimensions were 0.6 cm

wide and 18 cm long. Samp1es of 50 to 100 u1, containing about 10 ug

DNA in 0.2 M NaOH, 0.1% broﬁophenol blue, 25% glycerol, were applied.. -
o ¢

- ' oo
T S TR




- 106 -

' 5
The gels were electrophoresed at room temperature at.5 mamp/gel until
the dye, had migrated close to the bottom of the gel. The gels were

cut into 5 mm slices which were autoclaved for 10 minutes in 1 ml dH,0

in  scintillation vials. The radioactivity in the dissolved gel slices

L

was determined in 10 ml Aquassure. .
)
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3. RESULTS

(a) _Properties of the spleen exonuclease reaction

Spleen exonuclease cleaves DNA sequentia]]‘)'(‘jsfarti.ng at the 5' end !
of the molecule. It is absolutely specific for a hydroxyl group at the
5' end of a'DNA chain. Bacterial alkaline phosphatase removes 5' terminal )
) phosphai:e groups. Figure 1(a) shows that whén a m1 xture of 3H labelled
nascent and S2P-Tabelled non-nascent DNA moTecules of the same size
were exposed to spleen exonuélease without pr%ér; 5hosphatase treatment,
.neither was degraded to a‘iignificant exten:c. After treatment with
phosphatase; both the 3. and 32P-h’:\beﬂed DNAs were rendered-partially
acid-soluble on exposure to _spsleen exonuclease. If the phosphatase
reaction was followed by phosphorylation ofJ the 5' ends with polynucleotide
kinase and ATP, both the %~ and the “p-Tabelled DNAs again became
resistant to degradatmn by spleen exonuclease.

F1gure 1 dep1cts the release of acid-soluble material by spleen
exonuclease as a function of time. After the initial three hours, the
rate of the reaction decreased considerably. Figure 1(_a) shows that
Jbetween eight and twenty-four hours after'the start of the reaction, both | .
5' OH and 5' P terminated cha1:ns were degrade& at a similar; slow,
relatively constant rate. ThTS suggests that there may be a Tow level
of endonuclease contam1nat1ng the spleen exonuclease preparation. In long
1ncubat1ons, the endonuclease would generate molecules with 5' OH ends
which are consequently sensitive to the exonuclease.

Sp]gen exonuclease does not easﬂy degrade DNA chairls to completion

(Kurosawa et al., 1975). Other things being equal, the extent of degradation
is proportional to the length of the DNA chain; the’ longer the chain,

-
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the smaller the fraction of it which can be degrat‘cf‘"erd. Figure 1{c)
shows that after 2 hours, the 32P-iabeﬂed very short mo"lecu]es* became
60% acid s'oluble, while the 32P—1qbe11ed short mlecules, which are
approximately Fwice as long, beéame 30% acid soluble. Since 60% of a
molecule 500 nucleotides long isuequivalent to 30% of a molecule ‘1000
nucleotides Tong in terms of total nucieotides hydro]yzgd, it appears
that spleen exonuclease cleaves a relatively constant number of nucleatides
from the 5' end of a DNA chain and then stops. |
Spleen exonuclease is highly specific for sing]e-s'bcr'anded' DNA:
Longer molecules may not be completely degraded\ by’/spleen exjonuc'!ease
because‘ of internal regions of secondary structure. If the partially
degraded molecules were eqt-denatured and exposed to fresh enzyme, there
was no increase 1in the t‘:;e of digestion, as illustrated in Figure 1(b).
It is possible that spTleén exonuclease lost activity after degrading a
certain fixed length of a\' DNA mqo1;ecu1e. That the addition of m;)re énzyme
did not enhance the rate or extent of the reaction as shown in Figure 1(b)
could be explained if the inactive enzyme remained associated with the
_ partially degraded .DNA molecule. ’ =
It is apparent in Figure 1(c), that ther/t;xfent of degradation by
‘spleen exonuclease is dependent on the size of the molecule. ~However,
~when the same size molecules were compared, the %ZP-labeHed non=nascent
molecules were degraded to a greater extent than the 3H-1abeﬂeq nascent
molecules. There was some vari‘abﬂity from expgrfment "to experiment in the -
degradation of t\he 3H:L‘;\bene;j nascent DNA re]ativ/é to the 3?P-labeﬂedpDNA."
The resistance o'ﬁ the 3H—1abe11ed nascent DNA to spleen exonuclease was not

always as pronounced as 1in the experiments presented in Figures 1 and 2.

* Very short molecules are found in fractions 5 to 11 of the neutral sucrose
grad1ent,dep1cted in_Chapter II, Figure 8 a,¢; short molecules are found
n fractions 12 to 18 of the same gradients. . '
- f - ) -
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The uniformly 32P-1abe11§d DNA molecules were obtained by briefly

--sonicating ¢X viral strands. Sonication fragﬁents DNA molecules, and may

. cause other damages which are not readily apparent, but which enhance the

activity of spleen exonuclease on a sonicated substrate. To rule out

the possibility that this artefactual could account for the
. by )

difference in\sensitivity to spleen ex nuc]eéSe betwggn the 3H-1a§b11ed
nascent and 32P-1abe]1ed non-nascent DNAs observed in Figures 1 and 2,
the susceptibility to sp1eqﬂ.exonuclease of short molecules obtained by

sonication and by digestion with pancreatic DNase was compared; the
!

results are given in Table I. The 3H11abe11ed molecules were degraded

32

to the same extent as the “"P-labelled molecules, regardless of whether ‘

the 3H—1abe]1gd molecules had been obtaingd by sonication or by DNase

3 32 ‘

digestion. Furthermore, wﬁen both “H- and ““P-labelled DNAs were non-

nascent, there was_no significant difference in the extent of degradation

by spleen exonuclease.

-

(b) Comparison of deg(adation of nascent DNA by various nucleases
N Spleen exonuc1d;sgi§s a 5' end-specific nuclease. Figure 2 shows a
comparison of the degrada@jon of 3H-'Iabeﬂed nascent and 32b-1abe11ed noni)/

nascent DNA by spleen exonuclease. - The release of 2P-Tabel excegds

thenrelease of'3H-1abe1 for both the very short and the short molecules.
Theﬁﬁgieen exonuclease regbtion does not readily go io completion, but
can‘§§ﬁcoaxeq to do so by pro]oqged incubations 4yp“%o 72'ﬁ0yrsf with more
enzyme added &t 12-hour intervals. The curves in Figure 2 are biphas%c
because most ofithelre1ease of acid-soluble material in th; second half

' .

of the reaction seems to be medjated by the Tow Tevel of contaminating

1 . ‘
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endonuctease whiéh exposes tertiini that can be attacked by spleen
exonuclease. ﬂhen the 32P-1abe11ed non-nascent DNA had bgen comp]etL]y )
degraded, more tha; 10% of the very short and more than 20% of the short
3H-1ab4¢f d nascenf,DNA had notbeen degraded. These values are probaB]y
underesyimates of the p;/portioh:of the 3H-‘]abe]fed molecules that\are
reSistaht to spleen exonuc]ease, because the endonuclease that allows

the reaction to go to completion would not d1scr1m1nate between molecules
with'5' ends which resist the action of spleen exonuclease and those
which are sensitive. If the initial parts of the curves are extrapo]atéd

to 1004, it becomes’eyédent that as much as 40 to 60% of the 3H-1abe1led

nascent DNA may be resistant to degradation from the 5" end by sg]een

exonuclease, _ .
The sTightly higher initial release of 34-1abel relative to 32p-
‘label from the 3' end bysnmke venom phosphod1esterase, followed by the -

32

s11ght1y Tower re]ease of H-Tabe] relative to ““P-label as the reactlon

approaches comp]et1on,111ustrated in Figure 3, indicates that there may
be a s?igpt bias in the distribution of [3H]thymid1ne in some of the
nascent molecules. This bias is not large enough to account for the
much lower re]ease of 3H-]abe] from the 5' end by.spleen exonuc]ease
shown in F1gure 2.

Extensive regions of secondary structure in the nascent m61ecu1g§
would block the action of sp]e%n exonuc1easé However; the nascent

LA
)

/ mo]ecu]es do not contain a detectaple. enrichment for duplex regions since
\

brief heating, fo]]owed by rapid cooling, and the addition of fresh -

enzyme, did not result in an increase in the rgte or extent of release of

L3

acid-soluble H-label relative to S2P-Tabel as- shown in Figure 1(b).
’ . v \ ‘
Q \
N
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Furthermore,'the Neurospora crassa single-strand specific nuclease, which

& e .
discriminates strongly against duplex DNA structures*, degrades the 3H-
3 '

~

labelled nascent and ““P-labelled non-nascent DNAs at the same rate and

to the same extent. The data are plotted in Figure 4.

A

{c) Attempts to remove the resistance of the nascent DNA to spleen

exonuclease

‘Sinée néither an uneven distributipn of label nor an enrichment for
secondary structure seem able to account for the resistance of/ the
nascent mo]ecu}es to spleen exonuclease, we nexf consider the aTternative
that an unidentified structure is'blocking the 5' ends of the nascent
molecules. A ;umber.oﬁ methods to‘remove the hypothetical 5' block were ;

tried in the hope that what removed the biock would reveal some insight

‘into its nature. : ‘
Figure 5 presents the effects of alkali. When the 3H-1abe11ed i
nascent and ZP-labelled non-nascent DNAs were exposed to 0.25 M NaOH H

for 6 hours at 37°C, there was no increase in the extent of degradation
of the 3H-]abe1 relative to -the 32Pilabel, even after a second phosphatase
treatment, compared to control samples which had not been treated with~
alkali. .However, @hen the DNAs were incubated in 1M NaOH for 24 hours

at 37°C, there was a significant increase in the ‘release of acid-soluble

32

3H-1abe11éd DNA relative to ““P-labelled DNA, compared to the contral

4

samples. When a second phosphatase treatment followed the exposure to

3 A

alkali, the “H~ and 32P-1abe11ed DNAs were degraded at the same rate and © , -~

te

to the same extent by spleen exonuclease. The most obvious interpretation *

of these results is that T M NaOH for 24 hours at 37°C hydrolyzed

* Seven times the amount of enzyme reguired to completely degrade a
/ certain amount of sing]e—stranded DNA will not result in the release
of any detectable acid-soluble material from an equivalent amount of

double-stranded DNA in the same length of time at 37°C.

- ”
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" aven more if the alkali was followed by a second phosphatase treatment,
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the structure blacking the 5' ends of some of the nascent molecules,
) .

Teaving molecules with a mixture of 5'-P and-5' OH termini. When the

5' P were removed by a second phosphatase reaction, the 3H—]abeﬂed

32p,_ o

nascent DNA was degrade& as readily by spleen exonuclease as the
labelled non-nascent DNA.

If alkali removed the block, it should be possible to guantitate the
number of molecules which were blocked, by end;ﬁabe111ng with ["r32P]ATP
and polynucleotide kinase after alkali and a second phosphatase treatment.
The [?PJend-Tabelled [*ilpulse-Tabelled DNA was hybridized to unlabelled

¢X RF on nitrocellulose filters to ayoid the ambiguity due to the large

éicess of unlabelled E. coli molecules which would also be labelled with

‘ [ysBzP]ATP and kinase (see Chapter II, Section 3(h)).

e 32P/3H ratio is an index of the number of ends which are labellable

Th
with [+32P]ATP and kinase. The data summarized in Table II reyeal that

the 32P/3H ratios increased after exposure to alkali, and increased

for both the very short and the short nascent molecules. However, the

32P/3l_1 ratios increased in’; similar way when the [3H]DNA was obtained by
sonicating Gniform1y—1abe11ed $X viral strandg. That alkali exposes . i
approximately thelgame‘number of ends in both nascent and non-nascent
3H-labeHed DNA that can be 1abe13ed ;1th 32P suggests that alkali is
not specifically removing a block, but is nonspecifically hydrolyzing -
the DNA. \ '

That alkali degrades the DNA is éonfirmed by the data presented in’
Figure 6. Here we examined fhe electrophoretic mobility' in agarose gels

32

of 3H-Tabelled nascent and ““P-labelled non-nascent DNA relative to a

v e
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32P-]abe]]ed ¢X viral strand marker before and after exposure to alkali.
There was a significant increase in the electrophoretic mobility of both

- and ¥2p-1abelted DNAs after exposure to alkali. The cumulative

plots in Figure 6(c) reveal that both 3H-]abe11ed nascent and 32P-
labelled non-nascent DNAs were fragmen%ed by alkali to the same eiteﬁf.
There was ho evidence of an enrichment for interna] alkali-Tabile sites
in the nascent DNA. This confirms the results presented in.Chapter II,
Section 3(f). Apurinic and apyrimidinic sites which occur as the
result of the excision of misincorporated bases are a1kq]i‘1abi]e

(Shapiro & Chargaff, 1964). That internal alkali-labile sites are not

more frequent in nascent than in non-nascent DNA implies that potential

. intermediates in an excision repair process do not accumulate to a

significant extent in nascent DNA, and are unlikely to be responsible

for generating the molecules shorter than unit length that are observed

’ during ¢X viral strand synthesis.

Siegman and Werner (1976) reported that short [3H]thymine pulse-

labelled E. coZi molecules were resistant to degradation by spleen

exonuclease.- Later, Werner et al. (1979)\suggested that a short

oligonucleotide joined by a pyrophosphate bond was responsible for

"blocking the 5' ‘termini of the nascent molecules. More recently they

have concluded that contaminating RNA was responsible for the blpck
(Siegman & Werner, 1980). Never@he]ess, to determine if a pyrophosphate
bond could .be Tinking an unusual structure to the 5' ends of our 3H-
labelled nascent ¢X molecules, a combination of H labelled nascent and
P-labe]1ed non- nascent ¢X DNA was treated with pyrophosphatase The <

data in Table III show that there was no difference in the release of




Hydrolysis of phosphoamide 1inkages can be catalyzed by isoamyl-mwitrite or — — — §—-

3

3Hl1abe1 relative to 32P-]abel by spleen exonuc]éase between the sample
whicq was treated with pyrophosphathJ; and the untreated control.

If the 5' terminal blocking structure were a protein covalently
attached to the DNA, the few amino acids 1e<t after Pronase treatment
should still be sufficient to inhibit the action of spleen exonuclease.
Tﬁo types of covalent attachTents between DNA and protein have been

characterized: phosphoamide and phosphoester 1inkages (Shabarova, 1970).

hydroxylamine hydrochloride at pH #.75 (Shabarova, 1970). The data in Table IV
indicate that neither of these compounds removed the block, since there
was no increase in the release of 3H-1abe1 relative to 32P-]abe] in the

samples treated with the chemica]s\compared to the untreated controls.

P
———

(d) Evidence that protein is very tightly associated with the nascent DNA

In spite of the fact that a phosphoamide 1inkage could not be
demonstrated, there was still, the possibility that a phosphoester or some
other bond could be Tinking a few amino acids to the 5' ends of the

nascent molecules. Proteins blocking the 5' ends of the nhascent molecules

\wou1d be easier to identify if they could be isolated intact. To do

o

this, a method %;sldeveloped to purify the 3H-]abeHed nascent molecules

without the use of proteolytic enzymes. When the nucleic acids were

phenol extracted* without Pronase digestion, from 30 to 70% of' the SH-

Tabelled DNA was recovered in the phenol phase*. Difficulty in

, quantitating the amount of material at this stage is probably due to

!

+

-

|
variable corftamination by acid-soluble [BH]thymidine. |

* For simplicity, the phenol/chloroform extraction, and the phenol/
chloroform phase and interphase, described in Materials and Methods, are

referred to as phenol extraction apd the phenol phase respectively.
\

1
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Because of the possibility that a DNA - protein aggregate could be
artefactually produced‘during the first sodium aéetate-isopropano]
precipita%ion, the supernatant in one experiment was pﬁeno] extracted

.before a;ecipitAtion. The nucleic acids and proteins in the phenol phase y
wereyprecipitated with ethanol and resuspended in 4 M Guanidine-HC1,
and as before, more than 50% of the 3H-1abeHed material was recovered

in the phenol phase. -In another control, deproteinizeﬁ 32

P-labelled
X DNA wasfhdded to the infected -culture -before stopping the pulse;
after extraction, 85% of the 32P-1abeHed $X DNA was recovered in the
aqueous phase when the nucleic acids were phenal extracted without Pronase
digestion. Therefore, loss of 3Q-Iabe11ed DNA to the phenol phase is
apparently the result of an associatidn with protein that is not
artefactually produced during phenol extraction or-the first isopropanol
precipitation. | .
The 3P—1abe11ed nucleic acids from the phenol phase were recovered
by equilibrium density gradient centrifugation in 4 M Guandine-HC1-
CsC1 gradients. The material in the band in Figure 7(a) was sedimented
on 4 M Guanidine*HC1 sucrose gradients. A typical profile, depicted
in Fiéuré 7(b), reveals that the 3H-]abeHed molecules recovered from
the phenol phase are Heterogenous in size and range from very short to
Tonger than unit length. .
The 3H—]abeHed molecules shorter than unit length (fractions 10 to \
20 of the gradient in Figure 7(b)) were centrifuged to equilibrium in
neutral CsC1 gradients with 32p_1abelted ¢X DNA of the same size obtained }

f - /
by sonicating ¢X viral strands. In the gradient~in Figure 8(a), there is . . .- —

a shift of the 3H—1abe1]ed nascent DNA to a lighter density re]afgve to
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the 3p-1abé1led non-nascent DNA. The density shift of the 34-1abelled

nascent DNA is caused by an association with protein, since it is no

longer observed after the DNA has been digested with Pronase (Figure 8(b)).

3

The “H=labelled nascent DNA recovered from the aquecug phase when Pronase

treatment is eliminated does not show any density shiff relative to
32P-1$be11ed non-nascent DNA of the same size (data not shown).

Very 1ittle. protein is associated with the~3H—1abe11ed short DNA
molecules recovered from the phenol phase. There is not enough protein
to be detected by optical density; the 0D 260/280nm is 2, as expected for
deproteinized DNA. Also neither the sedimentation coefficient of the
3H-1abe11ed DNA in neutral sucrose nor the electrophoretic mobility of
the 3H-]abeHed DNA in agarose gels are altered by thg.Pronase'treatment
that abolishes the density shift in neutral CsCl (data.not shown).

Figure 9 shows the effect of a]kalf/on the association of the 3H-
Tabelled DNA with protein. The density shift of the 3H—1abe11ed DNA
relative to 32P-1abe11ed DNA 1is much smaller after 6 hours in 0.25 M
NaOH at 37°C, and disappears completely after 24 hours in 1 M NaOH at
37°C. -

If the density shift were due to the association of one specific
protein molécule with the DNA, then as the Tength of the DNA md]ecu]e
decreased, the proportion by mass of protein to DNA 'should increase, and
;onsequent]y, the density shift should become more pronounced. The 3H—
labelled DNA in the gradient depicted in Figure 7(b) was divided into
4 pools: very short (fractions 10 to 15); short (fractions 16 to 20);
unit Tength (fractions 21 to 25); and/longer tH;n unit length (fractions

26 to 30). These were separately banded in neutral CsCl gradients with

i
1

p -
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32P—]abe'l]ed short or unit length molecules. In'Figure 10, one can

see that the density shift is smallest for the very short molecules,
isdgreater for the short molecules, and is largest for the unit length
and tonger than unit length molecules. The density shift varies directly
with the size of the 3H-1abe]led‘DNA molecule. The longer the molecule,
#he more protéin is associated with the molecule.

. %
The nascent molecules analyzed earlier with spleen exonuclease

were treated with pronase and showed no density shift in CsCl1 gradients.
Sa this effect may not explain the resistance of the nascent molecules

to spleen exonuclease.-
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That the apparent resistance to degradation by spleen exonuclease
of 3H—labe11ea\nascent DNA relative to gzP-1abe11ed non-nascent DNA is
not due to an uneven distribution of 1abe1<in)the nascent molecules,
with the [BH]thymidine located predominantly(af the 3' ends,is suggested
by two 1lines of evidence. When the uniformly 32?-1abe1led DNA has been
completely degradeq by the 5' end specific exonuclease, a significant

- fraction of thE‘§H=1abe11ed nascent DNA is undegraded. And second, the

rg]ease of [3H] Tabel by the 3' end specific snake venom phosphodiesterase
initially exceeds the release of [32P] label by only a very small amounts
not ‘enough ‘to accoun;Lfor the. much Tower release of [SH] label from the
5' end by spleen exonuclease.

The 3H-1abe11ed’hascent DNA does not contain dgtectab]e regions of
secondary structure which would impede ;he progress of spleen exonuclease.
The e wospora™»rassa nuclease, which is highly specific for single-

3H-Iabe11ed nascent and

stranded DNA, does not discriminate between tﬁe
the 32p-1abeiled non-nascent DNAs, but degradesboth to completion at

the same rate. And second, denaturing the partially degraded DNA and
adding fresh enzyme does not result in an increase in the rate'of.%he
digestion as would be expec}ed if internal regions of duplex stghbture
\obstructed the course of the enzyme.

These~data do not allow us to conc1usivé1y eliminate the possibility '
that se;ondary structuré is responsible for the resistante of the
3H-1abe11ed nascent DNA to spleen exonuclease. - A very small duplex

region which fo]ds"ﬁag%,dh itself 1ike a hairpin would renature

instantaneously and so would not be destroyed by a second heating.

v -
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Also, if-the duplex region were very small, perhaps only 10 to~20Q
nucleotides long, and comprised only i to 2% of the total length of the
average DNA molecule,, it might not readily be observed as material
resistant to the Newrospora crassa nuclease. .

Anderson (1978) reported that old preparations qf [3H]thymine can
label non-DNA components in E. coli.  That both the Newrospora crassa ‘
nuclease and snakq venom phosphodiesterase degrade the 3H-]abeHed material

i ¢ \ . .
which is resistant to spleen exonuclease completely to acid-soluble nucleo-

tides indicates that the [3H]thym1'd1'ne in our experiment 3abelled nucleic acids.

Pyrophospha%ase was apparenf1y unable to remove the block; therefore,
a pyrophosphate 1inkage is most probably not joining an unusual structure
to the 5' ends of the nascent molecules. Neither isoamyl nitrite nor
hydroxylamine hydrochloride were able to eliminate the block, suggesting
that a phosphoémide bond 1in§jng a few amino acid residues to the 5'
termini was not responsible for the resistance to spleen exonuc]ease.‘
The data are suggestive, not‘ponclusive, because the difficulty in
obtaining suitable substrates made it imposéjb]e'to perform the necessary
positive controls. -

Phosphoester linkages between DNA and protein are alkali labile
(Shabarova, 1979). It was jbund that\mild alkali could not remove th{

block, but strong alkali followed by a second phosphatase treatment

32P-]abe11ed non-=nascent DNAs to be

allowed the 3H-Tabe]‘led nascent and
degraded by spleen exoﬁuc]ease to the same extent. Quantitative end-
labelling with [yasZP]ATP and kinase, and electrophoresis on agarose gels,
revealed that strong alkali resulted in considerable fragmentation of

both nascent and non-nascent DNAs. This leads to some ambiguity in the
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. W
interpretation of the results of alkali treatment. On the one hand, it
could be argued that if alkali simply reduced the size’ of the molecules -

; ‘

without removing the block, one would still expect to find a portion of

the 3H—1abeHed nascent DNA resistant to spleen exonuclease, although

. the difference bé&ween the 3H- and 3%p-1abelled DNAs would be Tess

pronounced. That this was not observed suggestskihat the block has

3 32P—]abeHed DNAs are

been removed. On the other hénd, if the “H- and
first cleaved to g§ fragments by pancreatic DNAse, spleen exonuclease 5
degrades both the 3H-]abeﬂed nascent and 32P—]abeﬂed non-nascent DNAs

at the same rate ?nd‘to the same extent (data not shown). So it cannot

be unambiguously concluded that strong alkali has removed the p1ock.‘

There is protein associated with the 3H—labeﬂed nascent DNA isolated
from the phenol phase when Pronase treatment is omitted from the purification
procedure. The assocjated protein shifts thg‘3H—]abe11ed DNA to a Tower
buoyant density in neutral CsCl equilibrium density éradients; the shift
can be abolished by treating fhe DNA with Pronase. Thé bound pyotein
resists dissdciat{on:dheating at 100°Q for 3 minutés in 4 M Guanidine-

HC1 and equilibrium centrifugation in 4 Munanidine-H01-CsC1 gradients;
heating at 100°C for 2 minutes in 4 M Guanindine-HCl and ;edimqptatioﬁ
velocity in 4 M Guanidine-HCl-sucrose gradients; heating for 2 minutes at
100°C in TE buffer containing 0.1% SDS and-equilibrium centrifugation

in neutral CsCl. This indicates a very tight, possibly cov;]eht,
association between the DNA and protein. If the cru;; suspension was
heated at ]00°p for 3 minutes before phenol extraction, the DNA-protein

complex was isolated from the phenoi phase. However, if the phenol

extraction was performed at 65°C, the DNA ‘which was %ecovered from the
-~
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phenol phase was no longer associated with protein. The ColEN protein
can be detached from the DNA by heatiqg the cells at,ZO°C‘for 15 minutes:
before 1ysis (Clewell & Helinski, 1970). The ¢29 DNA—pro{ein complex

can be.dissociated by heating at 70°C in 2% SDS (Harding & Itd, 1976).
The 3H—1abe11ed nascent ¢X DNA - protein complex we have isolated is
labile intpher] at 65°C. It is also alkali Tabile. Incubation in

0.25 M NaQH for 6 hours at 37°C partially rpmoved the protein; incubatsion
in 1M NaOH'for 24 hours at 37°C completely removéd it._ﬁ

Is the protein associated with the 3H-1abe11ed nascent DNA responsible

for the resistance of the DNA to spleen exonucTeage? Although it has

been repérted that the adenovirus ptptein (Carusi, 1977), the ¢29 protéin
(Ito, 1978), and the ¢X gene A protein (Ikeda et al., 1979) attached to
ﬁge 5' ends of the DNA molecules render the molecules resistant to
degradation by 5' end specific nucjgases, we have no evidence to support
the hypothesis that ;he prétein in the comp]e; we have isolated is located
at the 5' ends of the nascent molecules.

That the protein which is associated with the SH-labelled nascent

DRA is not responsib1leo$ the resistance of the DNA to degradation by

" spleen exonuclease is suggested by several observations. First, when
~the 3H-]abeﬂgd nascent DNA was recovered from a neutral CsCl gradient,

- and divided into less dense and more dénse fractions, both were found

to be equally resistant to spleen exonuclease (Data not shown). One
would preaict that if tﬁe associéted protein\were responsibYe\fqr the
resistance to spleen exonuclease, the less dense material should be
enrigped for DNA-protein complex and should show a greater resistance to

spleen exonuclease. One reason why this could be true yet not observed
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is because the two fractions were not well enough resolved. \Second, the
}esults with mild alkali suggest that the protein is -net/responsible for
the blocked 5' ends because after 6 hours in 0.25 M NaOH at 37°C, the
protein was partially removed, but fhe sensitivity of the 3&-1abé&1ed
nascent DNA to spleen exonuclease was not altered. Third and finally,
if the'protein were located oﬁ]y at the end of the DNA mo]ecu]e,‘one
“would expect that the shorfer the molecule, the more pronounced the density
shift because the greater the mass ratio of protein to DNA. However,
the reverse ef%ect was observed, with more protein associated with ihe unit
lquth molecules than with the shortest mo]ecules.‘ Increased b%nging of
\a protein to a Tonger single-stranded DNA molecule would be expected of
ﬁawﬁ“prétein‘such as the E. col< DNA binding protein. If the proteins are
\not attached to the 5' ends of the DNA molecules, but are very tightly
bound‘a]ong the(jength of tﬁe DNA molecule, it is difficult to understand
why 'such residual proteins would interfere only with the spleen exonuclease
and not with the Newrospora crassa or snake venomfbhosphydiesterase
reactions. |
That this occurs, that the protein(s) are in fact responsitle for
the resistance of the 3H—1abe11ed DNA to spleen exonucleade is suggested,
firsf, by the fact Ehat the short mo]ecu1esﬁare more resistant to spﬁeen
exonuclease and are also associated with more protein than the very short
molecule®. And, second, resistance to spleen exonucleasé ahd the size of
.the density shift vary from experiment to experiment and appear to
correlate: the more pronounced the density‘shift and the greater the
association with protein, thé‘more,résistant the 3H-1abelled DNA to

“degradationby spleen exorruclease (data not shown). But we have not been

~
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able to unequivocably demonstrate that the proteﬁa{&)ﬁéép&ib]e for
the density shift are causing the resistance of the 3H--1abeHed nascent

° molecules to spleen exonuclease. There may be two types of protein(s)

l involved: one, constituting most of the total mass of the 5ssociated ‘

b proteinf?&md along the length of ‘the DNA molecules, and!i responsible for
o the-density shift; and the other, representing only a small fraction

of the total, and  not sufficient to cause a density shift, located

é ‘\Ngcifically at the 5' end of the DNA molecules and blocking the actidn ™,
- ‘spleen exonuclease. ;

It is known that the synthesis of the ¢X viral strand 15 closely

- 9 s q

coupled to assembly of the pﬁage capsid, both in vivo (Fujisawa & Hayashi,

N 1976) ‘and in vitro (Sumida-Yasumoto et al., 1979). It is reasonable

Y T
\ \ -that the -proteins associated with the unit Tength viral strands are
. N

B4 W

1 capsid proteins, but~i1§ is not certain whether the proteins associated
‘ with the shorter than unit length nascent molecules are capsid proteins
ot " or other proteins involved in the synt’lbesis of the molecules. Ligase is
" known to gt; through an intermediate stage where it becomes covalently
P bound to a;l AMP residue (Gumport & Lehman, 1971).  The mechanism v

Mr'esponsime for joining the short molecules observed during ¢X viral

strand synthesis has not yet been identified. That it'is not the NMN-
B '

-

e;\' dependent E. colZ DNA ligase is suggested by the finding that fu'l'l.1ength
viral strands are synthesized in ligase defectjve hosts (McFadden &
Denhardt, 1975). It -1'5 possible that whatever enzyme mediatgs the joining
of the short molecules- becomgs bound to the DNA. Another possibility is
binding of the enzyme which removes the pri'mey And finally, the protein
Ttself may function as a pri;ner by positioning a deoxynuc]eos:jde\ triphosphate

. /

v
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residue on the femp1ate DNA as was first suggested by Denhardt ~(1972).
It has been proposed that the adenovirus 5' terminal protein plays an
analogous role in priming adenoyirus DNA synthesis (Rekosh et aZ., 1977).

3H-

Cdnfirmation of the role of the protein(s) associated with the
Tabelled nascent &ax molecules awaits identification of the protein(s)
a\nd 1oc;ah‘zat1'on\ of thé protein(s) on the DNA n:olecules. Experiments to
Tabel the profc;/in(s) with ]251 are in progress and hopefully will reveal
whether the protein{s) are specific. Localization of the protein(s) on

the DNA molecules could possibly be achieved by electron microscopy.
¢ ﬁ '
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Legend to Table I:

Compar{s}on of the degradation by spleen exonuclease of DNA
molecules obtained by sonication or digestion with pancreatic DNase. \

2P— or 3H—]abe]”‘led $X viral strand DNA was isolated as

Uniformly 3
described in Chapter II, Section 2(d). The H-labelled DNA was

fragmented either by sonicating for 30 seconds at output 60 on an

Artek sonic dismembrator, or by treatment with pancreatic DNase as

described above. The 3y and 32P-]abe11ed DNAs wére fractionated into

two size classes by sedimentation on neutral sucrose gradients in

the SW27 rotor. The very short molecules afe found in fractions

5 to 11 of the neutral sucrose gradient shown in Chapter II, Figure

8(c); the short molecules are found in fractions llé to 18 of the same

gradient. 3H—]abeﬂed DNA obtained by sonication or DNase digestion |

32P-]abe]]ed DNA of the same size obtained by

was combined with
sonication. 'The sampies were treated with bacterial alkaline
phosphatase, then exposed to spleen exonuclease. After 2 hours the
spleen exonuclease reaction was terminated, and ah‘quonts were assayed
for total and acid-soluble radiocactivity as described in Materials <

and Methods, Section 2(d). Acid soluble cts/min ranged from 1000 to

6000; total cts/min ranged from 5000 to 10,000.
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TABLE I

Sensi%ivity of Spleen Exonuclease of Non-nascent DNA

-

\ % acid-soluble DNA

Sonicated Sonicated DNase-treated Sonicated
3y 32p o 32p . size of DNA
58 56 _ .60 59 - very short
28 27 “ 25 23 short
\
3
N
P
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Legend *to Table I11I:

‘\;rglascent ¢X DNA shorter than unit-Tength and pulse-Tabelled
with [3Hjthymid1'ne, and non-nascent ¢X DNA, uniformly 1abe]1e§i with
\‘fgﬂthymj)dine and sonicated to the same size as the nascent DNA,

we regeba

/

samples whith were incubated at 37°C for 24 hours. Two of the three

ely treated with phosphatase. Fach was divided into three

contained 1T MWaOH. After neutralization, one of the NaOH-treated

treated\ with phosphatase (BAP). Then all three

\

samples was agai
samples were end-labelled with [y~32P]ATP and kinase. The unin-
32P‘

corporated [y-""PJATP was removed by three isopropanol pr‘ecipitati?)ns

and nitrocellulose chromatography. The 32p/3H-labelled DNA was

hybridized to ¢X RF on mitrocellulose filters as described in

Materials and Methods, Section 2(g). The numbers shown are the ratios

¥

of the radioactivity annealed to the filters; it ranged from 2500

to 20,000 cts/min.
\\

a
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TABLE II'
‘Quant"itatjon of Ends Exposed by Alkali and Phosphatase
32p/3H ratios
3H-1abelled nascent & DNA  3H-Tlabelled nm:%(-nascent oX DNA
very short short | ilery short short
control 1.6 1.9 1.1 \1.3
+NaOH 2.1 2.9 2.8 1.5
+NaQH + BAP . 4.3 3.7 4.3 2.9
< \
o~
- 14
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Legend to Table III:

Nascent ¢X DNA, shorter than unit length and pulse-labelled with
[3H]thym1’d1'ne, was combined with non-nascent uniformly-labelied [BZP]
¢X viral strand DNA of the same size obtained by sonication. The very
short and short molecules were analyzed separately. One half of the ‘
sample was treated with pyrophosphatase; the other half was untr'*eated.
Both samples were digested with bacterial alkaline phosb,hatase before

being degraded with spleen exonuclease. Aliquots, removed 1 and 2

hours after the start of the spleen exonuclease reaction, were

assayed for total and acid-soluble radioactivity as described in

Materials and Methods, Section 2(d). Acid soluble cts/min ranged -

-

from 500 to 2000; total cts/min ranged from 3000 to 6000.

\ L \

()
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TABLE IT1

Sensitjvi ty to Spleen Exonuclease after Exposure to Pyrophosbhatase

»

% acid-soluble DNA .

! + Pyrophosphatase Control
size of DNA 3H nascent 32P non-nascent 3H nascent 32P non-nascent
very short 29 37 26 .35
" 4?2 53 38 45
" short 17 VAT 16 23
‘ 24 32 23 32
o \
;e
- L
ot
/A
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Legend to Table IV:

Nascent ¢X DNA, shorter fhgp unit Tength and pulse-labelled with
[3Hﬂthymidine, was comb%ned with non-nascent uniformly -labelled
[33{} ¢X DNA of the same size, obtained by sonicating viral strands.

' The very short and short molecules were combined énd analyzed together.
The isoamyl nitrite-treated, hydroxylamine hydrochloride-treated, and
appropriate control samples were prepared as described in Materials
and Methods, Section 2(e). A1l samples were digested with chterfa]
alkaline phosphatase before being incubated with spleen exonuclease.

- Aliquots removed 1 and 3 hours after the start of the spleen \
exonuclease reaction weré assayed for total and acid-soluble radio-
activity as described in Materials and Methods, Section Z(H).,'Aéﬁd-
soluble cts/min ranged from 100 to 5003 total cts/min ranged from

500 to 1000.

()
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TABLE IV

Sensitivity to. Spleen Exonuclease After Exposure to
~ Isoamy1 Nitrjte and- Hydroxylamine Hydrochloride

% acid-soluble DNA

+‘Isoan1y1 Nitrite Control
- 34 nasE:ent 3?‘P non-nascent 3H nascent 32P non-nascent
17 28 16 . .27
T 52 R 54
+ Hydroxylamine hydroch]oride ~ Control
3H nascent 32P non-nascent 3H nascent 32P non-nagcent
23 \ . 31 .20 .2
39 48 . .85

v B
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@3H-1abeﬂed nascent DNA. The closed symbols (0, M , 4) "denote

* same gradients.

1
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Legend to Figure 1:

Degradation of DNA by Spleen exonucl ease.3H—1abeHed nascent DNA
'a;nd 32/P-1abeﬁed non-nascent ¢X DNA of the same size, obtained by
briefly sonicating viral strands, were combined and incubated with
spleen exonuclease for the -indicated times. Aliquots were assayed

for pota] and acid-—so]ubie radioactivity as described in Materials and

R Methods, Section 2(d). Acid-soluble cts/min ranged from 0 to 5000;

total cts/min averaged about”SOpO. The open symbols (0, O, A) denote
32P_
Tabelled non-nascent DNA. Short molecules are found in fraction§ 12

to 18 of the neutral sucrose gradients shown in Chapter II, Figure

8 (a,c). Very short molecules are found in fractions 5 to 11 of the
(a) Short DNA molecules were digested with spleen Zaxonuclease directly
(0, @); after phosphatase treatment ([, M ); after phosphatase and
kinase treatment (A, 4). ' . A )
(b) Short DNA molecules were digested with spleen exonuc]qase after
\phosphatase treatment. The arrow indicates the point at which the
sample Qas heat-denatured before fresh enzyme was‘added.

{c) Compam’soﬁ of the\ degradation of short (0, @) and very short

(O,M ) DNA molecules by spleen exonuclease.

i
—

)
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Legend to Figure 2: N |

Comparison of the degradation of nascent and ‘non-nascent DNA by

32

~sp'le n exonuclease. 3H-]abeﬂed nascent DNA and ““P-labelled non-

nasce\t DNA of the same size, obtaining by briéfly sénicatin§ viral
[}

strancis, were combiped, treated Wi, h phosphatase, and then with spleen

exonuc]‘ease. Aliquots were remov at appropriate intervals, and
assayeci for acid-soluble and total ~rna‘dﬁ'oactivi'cy as described in
Materials and Methods, Section 2(d). Acid soluble cts/min ranged

. from 100 to 5,000; tofa] cts/min averagedﬁ about 5000. p\le\ry short
and shoil't DNA molecules were analyzed ssparately.

%

(o - 0 - o) short DNA molecules -

.
. '
o 'f b
. . .
N L]
\ ®
.

-»

(-O0-0-0-) very short DNA molecules N

Q
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Legend toFigure 3:

— \
Comparison of the degradation of nascent andbnon—nascentuDNA by

snake venom phosphodiesterase.
3H—1abe]]ed nascent and 32P-"|abe'l1ed non-nascent DNA of the same size,

obtained by briéfly sonicating viral strands, were cgmbined, and
incubated wi}h snake venom phosph;diesterase after phosphatase treatment.
Aliquots were removed at appropriate intervals and assayed for total
and acid-soluble radjoactivity as described in Materials and Methods,
Section 2(d). ﬁcid soluble cts/min ranged from 100 £o|5000; total
ncts/ﬁin averaged about 5000. Very short and short DNA molecules were
analyzed sepgrateiy.

(0-0 -O) very short DNA molecules

(o'- o =»0) short DNA molecu]g; , -

@,
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Legend to Figure 4:

- Comparison of the degradation of nascent and ndn—nascent DNA by
Newospora crassa nuclease. A mixture of very short and sHortw3H-.
labelled nascent and 32P—1abe1]ed non-nascenF DNA molecules of the
same size were combined and incubated with Ne wospora crassa nuclease.

At intervals from the start of the reaction until 2 hours Tlater,

aliquots were removed and assayed for total and acid—solub]e radjo-

activity as described in Materials and Methods, Section 2(d). Acid-

soluble cts/min ranged from 100 to 5000; total cts/min averaged \ ’

about 5000. . \ o

%
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Legend to Figure 5:

,
o e

v

Effeét of alkali on the resistance of the nascent DNA to degrad-

at 5n by spleen exonuclease. 3H—1abe11ed nascent and 32P—1abe1ied
nonynascent DNA of the same size were combined, treated with phosphatase
and \incubated at 37°C with or without alkali, then after neutralization,
degraded with spleen exonuclease directly or after a second phosphatase
treatment. . ATiquots were removed at appropriate intervals and assayed
for total and acid-so]gble radioactivity as described in Materials

and Methods, Section 2(d). Acid-soluble cts/min ranged from éOO to
2000; total cts/min averagedédOOO.

(0 - 0 - 0) incubated at 37°C for 24 hours without alkali

(0 - o

o) above DNA after second phosphatase treatment
(A - A - A) incubated at 37°C for 6 hourSJin 0.25 M NaOH
(A - A - &) above DNA after second phosphatase treatment
(O0-0 -0O) incubated at 37°C for 24 hours in 1'h NaOH
(

W- ® -m) above DNA after second phosphatase treatment. .

PV N [ O T e s
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Legend to Figure 6:

Alkaline agarose gel electrophoresis of H labelled nascent X DNA

(open symbols) and 32

P-labelled non- nastent ¢X DNA of the same size

obtained by sonicag1on (closed symbols). The arrows in panels (a) X
and (b) indicate the position of circular ¢X viral strand DNA whi]e.
the heavy horizontal line denotes the position of the bromophenol blue
marker dye. £Electrophoresis is from left to right; composition of
the gel and conditions of electrophoresis are described in Materials
and Methods, Section 2(h). Very short and short molecules’ were
combined and analyzed together. 3H-1abe11ed nascent DNA (o ,0);
32p_1abel1ed non-nascent DNA (o ,m).

a) gel profile of DNA incubated at 37°C for 24 hours without alkali \ ’
b) gel profile of DNA incubated at 37°C for 24 hours in 1 M NaOH

0, ®). Q

(c) data shown in»panels (a) and (b) plotted as cumulative % of total;

(
(o, =)
(
(

* the sum of the radioactivity in all fractions 'ypto and including

fraction n, divided by the sum of the radioactivity in all thé fract%ons

of the gel, ZXpressed as a %, is the cumulative % of the total for fraction n.
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_Legend to Figure 7: . .

5

Preparative centrifugation of 3H-1abe11ed na;cenf X DNA recoveted”
from the phenol phase if pronase treatment is omitted. Composition
of the gradients and centrifugation conditions are described iﬁ
Materials and Methods,, Section 2(c).
(a) 4 M Guanidine-HC1-CsCl g;adient; the density of the gradient
decreases from left to right (o0 - o —Jo) 3H-1abe1'|ed nascent DNA.
(b) 4 M Guanidine-HCl-sucrose gradient; direction of sedimentation
is from left to right. (0 - 0o - o) 34-1abe1ed nascent DNA;
(0 -0 ~-09) 32P-1alge11ed ¢X viral strand DNA sedimented on a separate ~

gradient. Two gradient profiles were superimposed to facilitate

comparison.

~¢
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Legend to Figure 8: .

Analytical CsCl centrifugation of nascent ¢X DNA shorter than

1

omitted. The density of the gradients decreases from 1eft to right.

described in Materials and Methods, Section 2(h).
(o-0-0) 3H-1abe]¥ed nascent ¢X DNA
o) 32

(o - - P-labelled non-nascent\¢x DNK.of the same size

" obtained by sonicating viral strands

(a) without pronase treatment

(b) after pronase treatment .

unit length recovered from the phenol phase when pronase treatment was

. \
The composition of the gradients and centrifugation &onditions are

P
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Legend to Figure 9:

Effect of alkali on the nasce(Rt DNA-protein complex reco\r;red from

- the pheno] 'phase when pronase treatment was omitted. 3H-'Iabe’Hed

nasceLt ¢X DNA shorter than umt length and 32P 1abelled non-nascent

¢X DP’A of the same size obtg'med by briefly sondcating viral strands
were! combined and mcubated at 37°C with or without, alkah before
centhfugatwn 'in CsC1 gradients. * The, densny decr'ease,s from Ieft |
to right The corposition of the gradlents and centmfugation ) .
con71t1ons are described in Materials and Methods Section 2(h).
The<data are éxpressed as cumulative % of total to facilitate
comparison. The cumulative % of total 1;or a fraction n is the sum
of the rad‘ioﬂactivity in the fractions uptc; /and including"n, divided .

by“ he sum of the radioactivity in all the fractions of the grédient,

expressed as a %. (0 - 0 -* 0) 3H-]abeﬂed nascent ¢X DNA; (¢ - @ - @)

32 . : L N e ’
“*P-labelled Qon-nascent ¢X DNA. ;

7

\

(a)l incubated at 37°C for" 24 hours without alkali

I

.y

(b)| incubated at 37°C for 6 hours in 0.25 M NaOH
(c)| incubated at 37°C for 24%hdurs in 1 M. NaOH
\ N . vi ’ ~ .
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. Legend to Figure 10:

The 3H-labeﬂed nascent ¢X DNA recovered from the phenol phase
when pronase treatment was omitted was divided into four size classes
after sed1mentat1on on the 4 M Guam dine: HC] -sucrose gradient.. These
were separate]y combined with short or unit-length 32P 1abeHed
non-nascent ¢X DNA and eentrifuged to equilibrium in CsCl ‘gradients.
The composoition of the gradients and centrifugation gondi‘tions are
described in Materials and Methods, Section 2(h). The density of y
the gradients 'decreases from 1eft to right. The ‘data are expressed
as cumulative % of total to facilitate comparison. The cumu1at1’ve %
of total for a fraction m is the sum of the rad1oact1v1ty in the
fractions upto and including n, d1v1ded by the ’tota] radioactivity
in the gradient, expresSed as a % (o -0~ 0) 3"H-labe.ﬂed nascent
DNA; (e ~ @ - @) 32P-1abe11ed non-nascent ¢X D‘l;lA. t
(a) very short SH- and 32P-1abeue& SX DNA 4
(b) short M- and 32p-labelled ¢X DNA®
(c) un1t Tength 3y and 2p-1abelled oX DNA .
(d) longer-than-genome- 1ength 3- Jabelled ¢X DNA and un1t Tength

32p_1abelled ¢X DNA. |
‘1
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CHAPTER 1V
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A Model for the Synthesis of the ¢X174 Viral Strand
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¢X174/ has proyided an excellent system for the study of DNA
replication. The 5000 nucleotide-long genome has been extensively
characterized, and the entire p§se sequence has been determined (Sanger
et al., 1977). The small sﬁze 0\1; the geno;ne allows it to be readily .
isolated intact and in 1arg(e quantities, Fdrthermore, with the exception
of the gene A protein, all of the enzymes ¢X174 uses for its replication
are host enzymes, so ¢X174 provides a useful tool for the analysis of the
function of the proteins used by E. coli for its own replication. f\nd
finally, since only one strand is replicated during the final stage of
the §X cyc]}e, the mechanism of synthésis of this strand can be st;udied
wi?hout the need‘ to 'separate intermediates derived from two strands,
which would result if both strands’ \;vere being simultaneously copied.

* The discovery that a brief pulse of [3H]thym1'd1'ne 1abelled ‘1onger
than ger{ome length intermediates during the final stage of the ¢X
replicative cycle (Dressler & Denhardt, 1968)",]‘ed to the proposal that the
¢X viral strand wa; replicated by a rolling ¢irc1e model (Gilbert &
Dressler, 1969). This model suggested that the first step in replication
is the introduction :f a nick with 5' P and 3' OH termini at the origin
in one of the two strands of the covalently closed circular duplex RF. |
The 5' P terminated parental stra;m is displaced, with the concommi ttant
elongation c;f the 3' OH end by DNA polymerase. This results in an
1'n“terméd153te ]onggr than genome length in a structure whiqh has been
called a rolling circle. . =

The rolling circle model is shpported by the observation that in
vitro only 4 proteins are required to synthesize the ¢X viral strand:

the gene A protein, the rep protein, theZ. coli DNA binding protein (DBP),
. ‘ . a
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and DNA polymerase III ho1oeﬁzy'rne (Eisenberg et al., 1976; 1977). It was

’

suggested that the gene Aprotein nicked at the origin, creating a 3' OH .
A W T

end and binding to the 5' P end; the rep protein formed a complex with the

bound gene A protein, and moved around th\e dup]e%, hydrolyzing ATP, and
disp]aciqg the parental strand; DBP bound‘l to the displaced parental strand;
and DNA polymerase III holoenzyme elongated the parental strand using the
3' OH at_the origin as a primer. This gives rise to a "looped" roltling
sircle intermediate.

That this model is an oversimplification of the way in which the
X vir:?ﬂ strand is répbh'cated is suggested by several observations which
it does not take into account. First, the dnaG protein, sometimes called

primase, is required continuously in wivo for ¢X viral strand DNA synthegis

. (McFadden & Denhardt, 1975). The dnaG protein is a polymerase which is

capable of the d¢ novo synthesis of short oh’gon\uc]eotides, ribo-,
deoxyribo-, or mixed ribo- and deoxyribonucleotides, which serve as
prime;‘s for QNA polymerase (Wickner, 1977; Rowen and Kornberg, 1978)‘.
Second, Sumida-Yasumoto et aqZ. (1978) have not t{een able to replicate the
¢X viral stiﬂand in vitro using only these 4 proteins, and have found
that ather proteins, including the dnaé, dnaC, dnaG, and some not yet
identified, are required as well. A rece'nt réport indicates that the -
DNA polymerase III holoenzyme used by Eisenberg et aZ. (1975, 1977)

is a complex assembly of at least eight separate po]ypep;cides whiéh can
be resolved on SDS po]yptry]amide gels (Meyer et aZ., 1979). Until” the
role and identity of each of fhe proteins in the complex is deternﬁ'ned,

it cannot be assumed that the only function of the DNA polymerase IIl

Vho]oenzyme in replication is the synthesis of a DNA chain from a 3' OH

)

4
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end. Finally, the rolling circle model predicts and requires that

most if not all intermediates be longer than unit length. This is |
inconsistent witt:\ reports of viral strand intermediates shorter than unit
length, observed during ¢X viral strand synthesis in viw (Hﬁﬁrs et al.,
1978; Matthes & Denhardt, 1980), during RF replication in vivo (Machida
et al., 1977), and in both stages in vitro (Sumida-Yasumoto et al.,
.1978; 1979).

In Figure 1, we present a more complex model of ¢X viral strand
synthesis, \;vhich takes ’into account all these observations, and leaves Q
room for the elucidation of aspects of the process which are not yet
completely understood. _As suggested by Eisenberg ¢t al. (1977), the
gene A protein nicks at the origin and becomes attached to fthe 5' end
of the parental strand. Tgle rep protein recognizes the bound gene A
proteifn,'aﬁdlforms a complex whicr; moves around the dup]ex~ w1:th the
replicating fork, displacing the parental viral strand. and hydro]y;ind
ATP in the process. The displaced parental strand becomesﬂassociatea
witl} phage capsid proteins which prevent the synthesis of a cbmp]ementary
strand (Fujisawa & Hayashi, 1977). The dnaG protein or primase, aided by-
the dnaé protein (Arai & Kornberg, 1979) and perhaps other proteins as
well, synthesizes short oligonucleotides on the exposed template strand .-
(Wickner, 1977; Rowen & Kornberg, 1978). These can bee elongated by
\DNA pofymerase III’ho1oenzyme, resuglting in viral strand intermediates
shorter than unit length. Failure to detect RNA primers on the maJor1ty
(80%) of the short nascent molecules may be a consequence of r'ap1d
removal of the r1bonuc1eo\t1de primers, or initiation with deoxyribonucleotide’

primers synthesized by the dnaG protein, or utilization of another method

D
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to prime DNA .synthesis. Resistance of the nascent molecule to degradation
from the 5' end with spleen exonucleageyéoup]ed with the observation

that protein is very tightly associated with thé nascent DNA, ieaves

opeﬁ the possibility that a protein may be fl'mction'in‘g as a primer by
positioning a deoxynucleoside triphosphate residue on the template as °
om‘gifnaﬂy éuggested by Denhard% (1972). The primérs are remf)ved and the
| short molecules are "joined by mechanisms which hav.e not yet been characterized.
The combined po]ymer'ased and 5' to 3' exonuclease activity of DNA po]ym;rase
I could remove the ribonhc]eotide pr%mers and simultaneously fill in

the resulting gaps. That the NMN-sensitive 1‘1'gase which has been identified
in B. colt 1is not involved in joining the short molecules is sugdested

by the obser\;ation that defects in this'enzyme do not block the formation

of unit length ¢X viral strands (McFadden & Denhardt, 1?75). A second
NMN-resistant 1igase activity, first descril;ed by Hess et al.: (1973),

and recently observed also by Sakakibara (1978), maybe responsible for
5oim‘ng the short ¢X viral strand <intermedlates. There is nothing to
prevent the short molecules closest to fhe origin from beiqg’joined to

the 3' OH end of the nicked pdrental viral strand at th;a origin. This

would give rise to pulse-Tabelled longer than unit Tength intermediates

which did not reﬂecfc the utilization of a rolling circle model, but

- rather. the 1igdtion of short molecules to unit length molecules. Nicking

by the gene A proEein at the regenerated origin when a round of replication -
is complete would result in the release of "the parental viral strand.

Qur studies have revealed that the ¢X viral strand is synthesized ‘

_discontinuously, ds short molecules, even though the potentia] for

continuous synthesis exists. Differences in the size of the intermediates
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Sect\ion,,'h) reflect differences in the rate of synthesis or the mechanism
by which the short nascent intermediates«of the two st%rands are Jjoined,
This may also be true of other replication systems which have not been
as extensively characterized as ¢X} 74.

AWha{t would be the advantages to the cell of synthesizing as short
mo]lecul‘es a stretch of DNA which could be made as one long piece? Not
with ¢X, but with larger chromosomes, one obvious advantage is speed.

- Several polymerases could simultaneously syhth‘esize short molecules

which are rabid]y joined, as opposed to one polymerase slowly elongating

a long molecule. Another advantage is the synthesis of multiple primers.
An error in the synthesis of one of many primers could easily be obviated

by the presence of an adjacent primer. By contrast, the failure to

, / .
synthesize a primer responsible for the replication of a long stretch of

the chrbmoscme could be severely detrimental to the cell. :

, B
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/“J

Legend to Figure 1: . v . ¢

A model for the discontinuous synthesis of ¢X vi.ral strand DNA.
The thin h‘\nes represent parental DNA; the heavy lines denote newly o - ) 3

synthesized DNA while the Héa‘\ix\zig-zag Tines denote primers synthesized-

by the dnaG protein or primase.\ T/0 indicates the terminus/origin of

a round of replication, and \t?\e arrows show the direction of rep]icatio/n.
f The gene A protein nicks at the origin, then binds to the 5' end

of tbe parental strand.? The rep protein forms a complex with the gene .
A protein, which moveé arou~ndothe genome éeparating the two strands.
Viral proteins bind to the displaced strand. The dna 6 protein
synthesizes short oligonucleotides on the exposed template strand.

‘ These primers are extended by the DNA polymerase I1I holoenzyme.
_Removal of the ph'mers and joining of the short molecules occurs
rapidly by mechanisms which gre not yet characterized. The short

molecules closest to the origin may be joined to “the 3' OH end of the

parental.strand, resulting in intermediates Tonger than genome length. ] .

L) *
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In the course 01; my stﬁdi-es on the final stagen of replication of
bacteriophage ¢$X174, when pred&minanﬂy viral strands are syntﬁesized,
the following observations were made for the first time:

(1) The molecules shorter than unit length, observed when a brief
pulse of [3H]th_ym1'diné ts stopped by pouring the infected pulse-labelled
culture into a boiling SDS-phenol so]utibn, are nascent intermediates.
The short molecules are not generat;ad by the excision of misincorporated

»

uracil. Approximately 20% of the short molecules have at least one ribo-

nucteotide at the:5' terminus as determined by the spleen exonuclease

’

assay.
(2) The relative abundance of shortjpu];e—hbeﬂed nascent inter:-
mediates “depends on the method used to step the pulse, on the aeration level
of the infected culture, and on the host strain. The short molecules
account for a significant ~f@t1’on of the total pulse-labelled DNA in
the wild-type host only when the pulse is stopped by our rapid heating
procedure, but not by the rapid cooling procec:.lures used by other investigators.
The short molecules account for a larger fraction of the total pu1se:
“Jabelled DNA in slowly aerated cultures, and in thymine-requiring strains.
(3) The short pulse-labelled molecules hybridize to all regions of
1';he ¢X genome, but preferentially to the origindand terminus region:
\ The enrichment for puise-labelled DNA in the terminus region may result
\fro'm_ initiation of DNA s,ynthes*ié at a site which resembles the origin in
the center of t\he genome. An excess of short ¢X molecules whose 5' termini
map in this region was fietected by end-Tabel1ing and hybridization.

(4) A variable proportion of thé short pulse-labelled molecules are

resistant to degradation from the 5' end by spleen exonuclease. This

.

\
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4

resistance, which is only removed by prolonged incubation of the DNA in .

strong alkali, camot be accounted for by an uneven distribution of label
in the nascent molecules, or by a detectable enrichment for secondary

s

structure. .

(5) When proteolytic d'igestion 1‘§ omitted bfr-om the purification
procedure, some of the, short pulsé—lébeﬂed ¢X'molecules -\are recovered
from the phenol phase in DNA-protein complexes which nesjét ciissociat'ion,

but are alkali-labile.

On the basis of my studies of the shor‘t‘ nascent intermediates
found during the final stage of ¢X174 rep]iéation, I conclude that the
$X viral strand is syr{thesized discontinuously, not continuously, as

originally proposed by the rolling circle model.
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" ABBREVIATIONS \

1

adenine »

adeﬁbsing 5' di- and triphosphate
amber mutation ‘
bacterial alkaline phosphatase - :
bovine serum albumin

Baceillus subtilis

millicurie, microcurie

" cytosine

deoxyuridine 5' mono-, di-, and triphosphate '

cytidine 5' triphosphate

counts per minute

deoxycytidine 5' triphosphate
déoxygumxﬁﬁne 5! t;iphosphuie
deoxynucleotide 5' mono- and triphosphates

deoxythymidine 5' mono- and triphosphate

DNA binding protein .

deoxyribonucleic acid

deoxyribonuclease

dUTPase mutant

deoxyuridine triphosphate diphosphohydrolase
Escherichia coli

ethylene diamine tetra-acetjate

»
ethylene-bis-(g-amino-ethyl ether)-N,N-;
tetracetic acid '

* guanine

guandsine 5' triphosphate
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KCN
lig
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pol
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RNA
RNase
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Haemeophilus aegyptiue
Haemophilis influenaae
potassium cyanide

ligase mutant

nicotinamide mononucleotide
hydroxy1 |

phosphate

p]aque-formigng unit

2'(3'),5' ribonucleoside diphosphate .
polymerase mutant

replicative .form

covalently closed supercoiled RF

RF possessing at least one nick

ribonucieic acid

" ribonuclease

ribonucleoside 5' mono- and triphosphates

revolutions per minute

sodium dodecyl sulfate

thymine _—
trichloracetic acid ‘
thymidine 5' monophosphate

Tris (hydroxymethyl) aminomethane
temperature-sensitive mutant

uracil-DNA glycosylase mutant
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