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The nascent interroedia.tes pres"ent du~in.9 the final" <stage' of $X17~ • -. 
1 9 • ,-~ " • , l; 

DNÀ replication were studied using a neW" method of. stopping DNA synthes;s', , ' , 

, ' ' 3 - , • ' ',' ,- r 
About 40 to 50% of the [ H]thymidine incorporated in~a brief pulse was . 

\ 

- '-

found' in viral strand molecules shorter than unit length .• .' The proportion 

of pul se 1 abel fou~d in the short ; ntermedia.tes . varied wÙh, pul se lengtti, 
• "r-" Î" ,. '" 

~ .. t"".ft"/.· t· ~ .. 

stoppi ng procedure, aerat ion 1 eve 1 of t'fie l.nfected culture, and' host 

strain. The short molecules were not generaf:.ê'a"l)Y the excis~on ~f 

misincorporated uracil since they were equally abundant in url{J and 'ung+ ,. 

strains. Approximatelr 20% of the short molecules had at least one 

ribonucleotide at the S' terminus'as determined by the spleen exonuèleàse 

as?ay. The "short nascent mol~è:ules hybridized to all regions' ~f the <pX . 

genome, but .preferentially' to the regions around the origin and tèrminus 

of replication. After phosphatase treatment, the short molecules were 

resistant in variable proportions to degradati,on from the 5' end I:>y • , 

~een exoluclease. Sorne proteins remâlned very tightly associ ated with 

the nascent molecules when the DNA was isolated without the use of , 

prot~o~ytic·enzYmes. pn the'basis,of the se studies of the short nascent 

intermediates, we conclude that <pX' viral strand .. ,synthesis is a discontinuous' ,1 

\ 

process, not continuous as originally pr~posed by the rolling circle 

) 
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RESUME . ," 
~,/ \\..,--' 

Les p:odui~s interm~diaires naissantside'ntifiés durant 'le d~nre~l,: 
"~ \ 

stade de la réplication dè l'ADN du bactériophage <pX174 furent étudi~s' \ 
, . \ 

en utilisant une nouvellè méthôde permettant l'arrêt de la sYJ1thèse de 
.' 

l'ADN. Envirort 40 a 50% de la thymidine[~HJ inC<?r'po~par le ma~quage.,.. 
, 

par impulsion a été "trouvé dans les brins viraux.plus courts que l 'unit~L 

La proporti on de marquage retrouvé dans 1 es produi ts intermédiares courts 
, ' 

a varié avec la durée du marquage par impulsion", le procédé d'arrêt, le ,~ 
" ; . ~ 

niveau d'aération de la culture de cellules infectées, et de la souche , 
• 

hôte. Les courtes mùlScules de ,l'ADN nè proviennent pas de l'élimination 

de l' uraci 1 e incorporé p'ar erreur pu; squ !.e 11 es se retrouva i en't en quantités 
, , 

égales parmis les souchesung ët un{j+ • . Environ 20% des molécules courtes 

avaient au moins une mQléd~le de rioonucléot,ide à la terminaison 5' tel 

ql:le déterminé par titrage avec l'exonucléase de, la rate. [es courtes 

molééules ~Jssantes furent hybridées ~ toutes les régions du génôme de 

(jJX, mais préférentiellement aux.. régions situéesprès de l'origine et de 
1 

la terminaison de la réplication. Suite au traitement par la phosphatase, , \. 

les molécules courtes de ll'ADN fur,ent résistantes en proportion variable 

à la dégradation de 'la terminaison 5 r par l'exonuclêase de,'la rate. ' . 
~ne certaine quantitê de ~JOtêipes ~ta'it ferm,e~ent assoc; ée aux courtes 

mol~cules naissantes quand l'ADN ~tait isol~ sans l'utilisation:",d'enzy,mes , ,\ . " 

, protêolyt,iquès. . A parti r de ces études" sur les' courts i nter.mêdi ai res 

naissants, nous pouvol"lS con,clure que la synthèse de la chaîne virale du 
,=-. l '. 

<pX est un processus'~iscontinu, contrairement au mod~le continu du 
1 

"r Q\lling circle" ori inellement proposé. 
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PREfACE 

El ucidati on of the ant1-parall el base-pai red double he'te'structure 

of DNA by Watson & Crick (19531 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 by the classic 

density-label1ing experiments of Meselson & Stah1 (1958), whiçh 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, ene'of the two 

strands in every replication fork must be synthesized in the 5' te 31 

direction, while the other is synthesized in the 31 to 5' direction. 

This poses a problem because al1 of the known DNA polymerases are able 

to synthesize DNA only in the 5' te 3' direction. Okazaki (1968) suggested 

that the joining of short chains synthesJzed in the 5' to 3' direction 

could result in an overall 3' to 5' dire'ction ,.of strand growth. Thus, 

the strand that grows in the 3' to 51 direction, often called the lagging 

strand, 'ceuld be synthesized as short pieces by a discontinuous mechanism. 

The strand that grows in the 5' te 3' direction, cal1ed the leading stra~d, 

could be synthesized continuously as one long molecule. However, in mY 
II-

opinion, mO$t of the evidence appears to faver the hypothesis that the 

leading strand is discontinuously synthesized, but in longer molecules 
" 

that are more rapidl~ joined together. Since it is particularly relevant 

to my work, 1 will review this evidence in the prokaryotic systems in 

which it has been studled. 

! 

-------- --
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In addition to polymerizin~ only in one direction, DNA poiymèrases 

are ~stricted in- being unable to 1nitiate de' novo synthes;s of DNA , ~ 

chains. Al' known DNA polymerases can only add nucleotides to the'3' OH 

ènds of primers base paired to"the template·st~and. l '" Because synthesis 
, 

pf a DNA chain'is necés5arily coup1ed to a ,P!i~ing event, elucidati~n of 

the nature of the primer that exists at the 3' end i~ the ultjmate proof 
-

that the DNA chain was initiated de novo. The' demonstration of primers 

on the 3' ends of short molecules arising from the leading strand is the ' 

strongest evidence that the strand was synthesized discontinuously. 

50 1 will review a150 what is kn9wn of the mechanism5 by which DNA synthesis 

initiates in those prokaryotic systems ~here the process has been analyzed . 
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1. DISCONTINUOUS DNA SYNTHESIS IN PROKARYOTES 

la}' Okazakt pieces; intermediates in discont!nuous synthesis 
1 

The earliest evidence that DNA synthesis of both strands was 

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

incorporated in a brief pulse of [3H]thymidine was found as short molecules , 

with a sedimentation coefficient of about lOS on alkaline sucrose gradients. 

These lOS molecules, or Okazaki fragments,eWere observed in several 
p • 

strains of E. coU, including B, 15T-, and W31l0, in Ba(Ji1-Zw subf;ili$~ , 

and in bacteriophage T4-infected E. coli. Ot~er investigators had 

difficulty reproducing these resu1ts. lyer & Lark (1970) reported that 
l ' 

even with the briefest pulse oT [3HJthymidine, more than 50% of the label 

~ incorporated was found in high molecular weight DNA.' The 3H-labelled DNA 

in these long mo1ecu1es was present at the 3' end, since it was degraded 

by the 3l to 5' exonuclease activity of E. aoZi exonuclease 1 at a more 

rapid rate th an the 14C-pre-labelled DNA. Since the new1y synthesfzed 

DNA wa; covalent1y attached to pre-existing DNA,it ap~red that strands in 

the replicating fork could be continuous1y elongated. These ~n vitO 

resu1ts were a1so found in vitro by Olivera & Bonhoeffer(1972). TheT3H] 

TMP in~orporated by a crude lysate of polA- cells (deficient in DNA po1yrnerase 

l activity) on a cellophane disc, ta which NMN had been added ta inhibit 

E. coli DNA ligase~ was found ta be equa11y distributed between the lOS 

Oka,zaki fragJl!fnts and longer DNA molecules with an average sediméntation 
~ . 

coefficient of 36S: The lOS and 38S intermediates did not self~anneal ta an 

appreciable extent, but crosr-~nrealed to about 80% (Herrman~ et at' J 1972) 
\ .. 

and 50 appea~ed te be derived fram different strands at the rep1icating 
, 

fork. Presumably the longer intermediates are derived from the,leading 

\ 

, , 

l 
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strand. In an attempt to retoncile their results with Okazakils, Olivera & 

Bonhoeffer hypothesized that the length of the intermediates formed 

reflected a competition between initiation and e1ongation. If e1ongation 
'-'" 

'ml the leadi.ng strand were very rapid, fewer initiations would be able 

to occur on this strand. Various conditions might favor elongation or . 
i nitiati on. 

(b) Nascent intermediates reflect the stopping procedure 

One of factors which determines the nascent intermediates observed 

after a brief pJlsé of [3H]thymidine is the method used to stop the pulse. 

Bath Okazaki (1968) and Iye~ and lark (1970) stopped the pulses by pouring 

the cultures onto frozen solutions containing KeN. But ~x DNA synthesis 

occurs in the presence ,of KCN (Cai rns & 'Denhardt, 1968) and E. coU DNA 

1igase is active at O°C in the' presence of azide or KeN (Schekman et at., 

1971). Jacobson & lark (1973) found that,adding 10% pyridine to the frozen 

KeN solution reduced the incorporation of [3H]thymidine; the label found 

in the lOS molecules remained relatively constant, but much 1,ess label 

was found in high mo1ecu1ar weig~t DNA. Sternglanz et al. (1976) compared 

the intermedigtes which were o~served when pulses were 'stopped,with 

pyridine and KeN or with cold acetone (Cairns & Denhardt, 1968). Again 

the amount of label in the lOS molecules remained relatively constant 

but substantially less label was found in longer molecules with the cold 

aceton,e stop. More tha'~ -90% of the: t3H-]thymi di ~e i n.corporated by 
, , . 

BaaiZlu8 subtilis was found in Okazaki fragments •. Approximately 70 to 1 4 
\ 1 

80% of the r3H]thymidine incorporated by various strai,~s of E. coU, and 

~st of the label incorporated by T7-inf~cted E. coti B was found in 

lOS Okazaki fragments. Sternglanz et aZ. (1976) concluded that DNA 

\ 

. ' 
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synthesis on both strands was discontinuous, but that some methods of 

stopping the pulse allowed preferential joini,ng of leadi,ng strand Okazaki 

pieces, Fragments on the 'strand growing in the 5' ,to 3' direction have 

a greater p'robabil ity of bel ng ill1TiÉ!di a tely adj ac'Êmt to each other wi th no 
, , 

nucleotfdes missing between them., On ,this strand, thé 5' end of the 

newly initiated molec~le can be ligated to the 3' end of the preceding' 

molecule be~ore the newly initiated one is completely synthesized. 
{' 

In contrast, on the strand growing in the 3' to 5' direction, (the newly 

initiated molecu1e must be completely synt~es~zed before its 3' end can 

be joined to the 5' end 'of the preceding molecu1e. 

Kurosawa & Okazaki (1975) found that when a brief pulse of [3HJ 
tbYmi di ne admini stered :00 P2-infected E. (JoU was stopped with an ethanol 

phenol mixture at room 'temperature instead of with a frozen solution 

contpining KeN, $he total incorporation of [3]thymidine was not changed, 

Dut the size' distribution was altered, ,with more label in lOS th an in 
, - , 

32$ molecu1es. A 1arger proportion of the lOS molecules (from.20 to 33% ~ 

as compared to 8 to 10%) were derived from the strand growing in the 5' 

to 3' direction. Kurosawa & Okazaki (1975) concluded that both strands 

of P2 were discontinuously synthesized, but that the rate of joining of 

the leading strand fragments was much more rapid than the joining of / 
- ~ 

lagging strand fragments. JOining of the leading strand mo1ecules cou1d 

occur at O°C 1h the presence of/KCN. 
1 

If the 1eading strand fragments are prematurely joined, that 1s, 
• 

joined before they are comp1etely synthes_ized, one would expect the 

aver~ge size of the leading strand fragments to be shorter than that of 

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

& Okazaki, 1975)~ànd ~X (Machida et aZ.~ 1977), the leading str~nd 

/ 

--------------- -

i, 

1 ~ 
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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 l~nger 
" . 

molecule~, P~U$ moré rapid Joining of the molecules - may prevent the 

short iry.termediates on theleading strand from being readily observed,.-

(c) Mutant studies support discontinuous synthesis 

When E. ooli inf~cted with T4 containing a temperature sensjtive 
1 

(te) ligase were_puls~-labelled with [3H]thymidine at tne non-permissive , 

temperature, there was an accumulation of lOS molecules (Sugimoto et al., 
./,' , 

1968). In an E. aoli mutant with a te ligase, Zig te 7, at the non-

permissive temperature, all the [3HJthymidine appeared in lOS intermediates 

under conditions where most of the label in "the wild type strain was 

present in longer molecules. Even at the permissive temperat;~e, there 
\ 

was an enrichment for lOS molecules in Zig ts 7 (Konrad et aZ.~ 1973). 

Ligase is responsible for jOining the 5' P end of one DNA chain ta the ," ,,,,'oF 

3' OH end of another. That all the [3H]thymidine was found in lOS 

molecules ip the absence of ligase activity suggested that ligase was 

required to join the short moleèules on both strànds. 
<, 

In a poZAl mutant, mor~,than 90% of the newly synthesized DNA was 

found as lOS 'molecules (Kue~eJ1 & Veomett, 1970). ' This implicated ONA 

polymerase~I in the to1ning of the lOS molecules, and led to the suggestion, 

that it was requi red to fill in gaps between the -3' and 5' ends of adj acent 

molecuies. Schekman et al. (1971) also concl~ded that DNA poly~erase 1 
" 

was required to fill in gaps during ~X RF replication because they 

observed an accumulation of RF molecules with gaps,;n a poZA strain'at 

the non-permissive temperature. Th~ double po-LA1 Lig4' mutant was not,r,: 
1 

viab1e"attœ.non-permissive temperature because of a greater than 50 fold 

'J 

1 

1 .. 

, 
1 
1 -
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( / reduction\ in the joining of Okazaki pieces (Gottesman et al., 1973). 

J 

-
" 

'. 

, Al though' th'ese expe~;ments dJmonstrated that -both ONA pOlym~rase land 
\ 

#' 

ligase were required to join short molecules on the two strands at the 

replicati,ng fork, there w,as the possibility that the enzymes were ' 
, 

functioning in post-replicational repair rather than in replication 

per se. SA the resuJts are suggestive, not conclusive. 

In a dnaG mutant at the non-permissive temperature, incorporation 

of label into ONA stopped soon after initiation of Okaz,aki pieces was 

inhibited (Lark. 1972). That polymerization cannot continue for very long 
, \ 

without initiation implied either 'that all DNA synthesis, including ,) 

synthesis of the.5 1 to 31 strand, occurred via short intermediates, or 

that synthesis 9f the two strands at the replication fork was closely , 
coup1ed, so that inhibition of discontinuous synthesis on the lagging strand, 

prevented continuous synth~sis on the leading strand. 

d Excision of misincor orated uracil source of Okazaki 

pieces 

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

radioactive precur~or is generally taken as .evîdence for the discontinuous 

synthesis'of bath strands. However, short fragments can also be produced 

by post-replicative degradation of ONA. In\1977~ Tye et al. reported 

the accumulation ~f 4S molecules when dUTPase deficient \dut-) strains of 

E. coti were bri'efly p~lse-l~belled with [3H]thymi dîne. dUTP can arise 

intracellularly by the phosphorylation of 'dUOP, or by the deamination of dCTP. 

$ince DNA polymerase III holoenzyme has tije same Km for dUTP and dTTP 

(Sch1oma; & Kornberg, 1978);' dtJTP can be incorporated into ONA as efficiently 

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

\ 

v 

l' 

1 
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o' 

. 
removed by uracll-DNA g1ycosyl ase, and the apyrtmi dinic si. tes generated 

wi 11 be cl eë\yed by' the appropri ate endo'n'uclease (Tye et aZ • .J 197]): . -

Support for this hypotnesis'has been provided by the findihg tbat ~ 
t. 1 ~J. '\ 

\ 

uracil can be stably incorporated in~o DNA in urac;1-0N~ glycosy1ase '\ '\ 

deficient (vng) strains (Tye et al . .J:197t;· Warner & O~ncan, 1978; Warner, 
, 1 

et az,.,~ 1979). The uracil-containing ON , can be fragmented in vitro / 

by successive treatment .~ith urac1fl ... DNPl 'glycosylase and alkali (Tye et ail." . ' ". 

1978; Warn'er & Duncan, 1978). "" .. ,. 
.' 

That excision repair of misincorporated uracil residues does not 

contribute significantly.to the population of Okazaki fragments except 

in dUTPase-deficient hosts is suggëst~d ,by seve al observat1pns. First, 
• u \ • ~.~~. .-.... ' 

the amount of Ok~zaki piecè'S 1s ~ot~rifrfif;ca tly d" inished\in ung 
, . . ~ 

strains, where t~e excision. of uracil is blocked (Tye t aZ . .J 1978; 

Tamanoi & Okazaki;'1978). When the uracjl-cantaining DN i5 fragmented 

in vitpo, differences in the sedimentation coefficient have léd to 

: estimates of the frequency of uracir misincorporation whi ch ranged fram . 

l per 2900 ta 3000 nucleotides (Lehman 'et aZ • .J 1979) to l per 5000 

nucleotides (Tamanoi et at.~ 11979). Also in vitpot very high levels of 

dUTP are. requi red to reduce the si ze of the Okazaki fragmegt5 ta the 4S / 

range (200 ~M dUTP for dut+ extracts as\compared ta 18 pM dUTP for dut 
" , 

extracts) tPlivera, 1978). This impl ies that dUTPase i5 a "very, efficient 

enzymè and rapidly removes dUTP from the intracel1ul~P001, sa that very 

little i5 avâilable ta be incorporated into DN~. 

Ce} Distribution of-label in Okazaki pieces 
- - / . 

'. To determine if the lOS pieces were generated by pO$t-repl~cational 
, , -

\ ' 

~ 

, , \ 
\ 

\, 

nickfn'g of DNA, Okazaki et ,at. (l9'68} isolated doubly labelled;(molecules 

fromE. aoU 15T- cells pre-label1ed with":['lAc]thymidine, then 'PUlse-labelled 

' . . ' 
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<: \ \ 
3 " \ with [H]thymidine. When these molecules were ~egradèd with E. aoti 

, \ \ 
• j' 

exonuclease !, which hydrolyzes s,ng1e-str~nded DN~ from the 3' end, 
3 \ 14 \ \ the [ H]pulse-label was released before the\ [ CJpre~aDel. Conversely, 

with the B. suotiZis nuclease that degrades Sing~e-st~à~ded dNA fr~m the '\ 
3 \' 1 \ \ 

5' end, the [ H] pulse-label was released after the [4Cl,pre-l~1. -, 
\ \ 

The lpcation-of the pulse label at the 3' ends of the lOS moJecules 
\ , \ , 

indicated that they were synthesized in the 5' to 3' direction'. An un ven 

distribution of label would not b~.expected if the lOS pieces were ,cause 

by post-replicational nicking. Similar results were reported for the 
\ .. 

lOS molecules isolated from T4-infected E. coti (Sugino & Okazaki, 1972). 

Because the rate of polymerization is 50 rapid in E. coti, in ord~r to 

obtain doubly labelled lOS molecules, the cells were pulse-l-abelled at 

very low temperatures (DOC to BOC), and so these experlments 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 DN~ molecules of this size ~see Section g) w~s 

, not ta ken into account by these investigators. 

(f) Labelling conditions determine nascent ;ntermediates 
~ 

Werner~(1971) inability to label Okazaki fragments with pulses of 

[3H]tnymine led him ta sugge~t that the r3H]thymidine-labelled Okazaki 

pieces were intermediates in repair synthesis. However, the inability to 
, \ 

label with [3H]thymine'was probably due to the slowness with which thymine 

equilibrates ~ith tHeintracellular pool of dTT.P relative ta thymidine . ~" 

(Cairns lA Denhardt, 1968}. ln order to maximize the rate_of uptake of 
1 

[3H]thym;ne antl ta 'have it incorporated into DNA at f~ll specifie aetivity, "1 

il ( ) Diaz et al.. (1975) depleted ,the intracellular nucleotide pools by incubating, 
1 1 
l ,1 

1 j - , 1 
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(; ~~~ thymine-requiring strains in thymine1ess medium before 1abelling bdéf1y 

\ 
~ 

\ 

\ 

(\ - " 

-,,' ,-

'" ·th [3H]thymine. The [3HJthymine was 'incorporated into very 1 arge 

numbe of very sma11 DNA chains. If thyminè-requiring strains are , 

deprived 0 thymine~ the intrace11u1ar dUTP/dTTP ratio wou1d rise, and , . 

one mig~t expec~to observe an e~cess of short mo1eculès which arose from 
~ . 

an increased frequency of misincorporation of dUTP fo11owed byexcision 

repai r. 
...........~'" 

Brewin (1977) hypothesized thàt~if the short molecules truly represent 
'--" .. . 

the beginnings of a large number of moleèules at the replication fork, then .. 
r , 

the label incorporated Guring a brief pulse shD~ld be dispersed_over a 

large stretch of the genome, and int~rspersed \i~~NA that was synthesized 

after the pulse. When thymine-starved ce1ls we~e pulse~labe11ed with 
\ "-

trace quantities of r3H]thymidine and then chase~ with 5~b~àmQuracil, an~ 
the extracted DNA sonicated !IÔ an average size of 2000 nucleotides, most . \ 

of the r3H]thymidine w~s found asso~~ated with the den~itY-lab;lle~\~A. 
50", Brewin (1977) conc1uded that the short mo1ecu1es are no~ t'he result~ 

. of post-replicational rePhir, but rathe~ represent the beginning~ of larg~~ 

nu~bers of nascent molecu1es. Furthermore~ these molecu1es appeared ~. 

to be synthesized in two steps: an initial slowstep which was stimulated 

by t~e addition of\th~idine, fo11owed by a rapid stage which was not . 
affected by the addition of thymidine (Brewin & Cairns, 1977). The pattern 

of'DNA synthesis ln ce1ls deprived of thymine is complex, not easi1y 
. 

understood, and perhaps not representative of DNA synthesis in wild type \ 

cell s. 
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(g) Nascent and non-na~cent short moleéules 

'PuTsë-labell ing with [3H]thymidine can give a rough indication 

of the size ot the ,short cha1n 1ntermediates, but it i·s not poss'ible to 

be certain of the size distrjbution because not a11 the s~ort molecules 

may be uniformly labelled throughout their length. Furthermore, since 
, 

the specifie act;vit~. of the DNA precursor pool is s1iadi1Y changing 

during a pulse, the q~antity of DNA and the number ot~ieces that are 

made cannot be estimated from the incorP9rated radiôactivity. In order 

to overcome these diffitu1ties; Anderson (1978) iso1ated short mo1ecules 

from cells that nad been uniformlY 1abe11ed with r3H]thymine. 'She 

found that a large number of the short molecules did not disappear 

in a cha$e period in un1abe11ed medium. In a potA1 strain, the·number 

of [3HJthymine~labe11ed molecu1es in the 700 to 9000 nucleotide range 

dropped from 80 ta about 50 per cel1 after the chase. In a poZA+ strain, 

there was a drop from 20 to 17 molecules per cell. 
.. 

Molecules shorter 

than 700 nucleotides were not analyzed beca~se not enough radioactive' 

label was incorporated. Thus only a small proportion of mo1ecules the 
"-

size of Okazaki fragments in the ce11 appear to be nascent intermedtates. 

Jacobson & lark (1973) had a1so reported that a large fraction . 
of ~he short môlecules, .which they isolated fromE. coli 15T- ce11s' and 

labelled with [y_32p]ATP and kinase, did not'behave as nascent inter

mediates, since they did not accumu1âte-in 1igase-defective strains at 

~he non-permissive temperature, nor disappear in a dnaG mutant under 

restrictive conditions. 
, . 

Denhardt et al. (1979) quantitated the numbers of short molecuJ;.es 

in various strains ofE. coli which did not behave as naseent 

inte,rmediates. Depending on the strain and growtb conditions, there 

m' 
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A 

could be as many as 400 molecules the size of Okazaki fragments per
Il 

cell, and as many as 2000 very short molecules approximately 30 

nuc1eotides long per ce1l. 

Anderson (1978} suggested that the short non~nascent mo1ecu1es 

represent the extreme taï1 end of a random distribution of breaks . 

scat,tered throughout the entire bacteria 1 chromosome. l:enhardt Bt aZ. (l979) 
) . . 

hypothesized that the short non-nascent mo1ecu1es inse~ted between 

the two strands of the. genome play an active ro1e in transposition, 

recombination or repair. Whatever the cause or purpose of these 

. mô1ecu1es in the ce11, their existence complicates the study'of nascent 

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

necessarily the most recentJy synthésized ones. 

(h) Hybridization of Okazaki fragments to separated strands 

The lOS molecules iso1ated from T4-or À-infected E. coZi were 
. ' 

shown to anneal ~qually tb the separated complementary strands'of these 

phages (Sugimoto et aZ.~ 1969; Ginsberg & Hurwitz, 1970). These results 
, , 

• were first taken as evidence of the discontinuous synthesls of both 

strands. However, when it was discovered that the replication of these 

two bacteriophage was bidirectional, the interpretation became more 

complicated. In bidirectional replication; short mole'cules can be 

synthesized on on1y one pf the strands at each replication fork, but may 

still hybridize to bath strands, if the short mo1ecules come from 
\ 

opposite strands in the two rep1ication forks. 

\ 

In arder to avoid thesecomplications, Kurosawa & Okazaki {1975) 

studied the replication of bacteriophage P2 because the replication-of 

1 

, 

r 
1 : 
1 

, 

1 



Ci 

, . ) (-' 

- 13 -

this phage prçceeds unidirectianal1y. from a fixed point on the genome. 

A brief pulse of [3H]thymidine was ihcorporated into two sizes of inter-, ~ 

mediates: lOS and 325. 80th the amount of-label in the intermediates 

and the str~~d distribution were de~ined by the method used to stop 

the pulse {see section b}. Appro~(matelY one third of the lOS molecules 

were derived from the 1eading strand wh en the' pulse was stopped with an 

ethanol phenol mixture. In a P2-infected poZA strain, all the [3H] 
'" .. thymidine \'1as'incorporated into lOS molecules which hybridized equally 

.~-

well to bath strands. Again DNA polymerase 1 appeared fo be involved in 

jÔining the Okazaki pieces. 

~X RF is replicated uniditectionally from a fixed origin like P2' 

The orientation of the strands in the RF. molecule is such that the vira-l 

strand is synthesized in the st to 3' direction (see Denhardt, 1977 for . " 

review). The nascentJlDlecule~ iso'atedclJri.n~$X RF repli'cation'contained 

a single gap in the viral stré1~d, ,and multiple gaps ron-randoml~ located 
... 

around the genome in the complementary stran~ (Eisenberg et aZ.~ 1975). 
\ ~ 

This asymmetry in the distrib~~ior of gaps was interpreted to indicate 
, ,-

that thé viral strand was continuo sly synthesized while the complementary . 
'strand was :discontinuously synthes; ed. F=uY'"thermore, in a cj>X-infected 

ts liga~tP host at the non-permissive temperature, à brief pulse of [3HJ 

tffymidine labelled both short a~d uni length molecules,during ~F 
. . .. 

repliçation. Hybridization studies rev aled that 90% of the short molecules 

were of complementary str~nd origin, and only 10% of viral strand origin, 

while almost all of t~~ unit length mo1ec le? were viral strands 

(M~Fadden & D~nhardt, 1975). AgaiR this s ggested that 6nly the 
" " 

complementary ~trand was discontinuously s thesized. ~However, Machida 
\ 

;; 

\ 
\ 
\ 
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, " 

lJt aZ~ (1977) found"hat during RF replication in c/>X-fnf~cted E. eoli . 
~F4704, the [3Hjthymfdine incorporated'during a brief pulse iota the \ 

o 

complementary strand was present mostly as short molecules, but about 
: 

one third of the label incorporated into the viral strand was also 

present as short molec~les. This indièated that ~strands were 

discontinuously synthesized. Since both Machida et aZ. (1977) and - -\ 

McFadden & Denhardt (1975) used an ethanol phenol mixture to stop the', 
'! 

pulse, the differences reported by these .investigators probab1y ref1ect 

differences in the host strains. The t; :Zig strain used by McFadde~ & ' 

Denhardt (1975) was not thymine requiring, whereas the strain used by 

Machida et al. (1977) was. Machida et aZ. (1977) mentioned that 

discontinuities during RF rep1ication ~e:e morè pronounced in the HF4704 

strain than 1n\the wild,type strain. This is consistent with ~ur 
observations during ~X viral strand synthesis (see Chapter II). 

, 

The closed circular duplex genome of the E.~oZ{ plasmid ColE~ 
also replicates unidirectionallY from a fixed origin. Sakakibara~ . ~ () . 
_ c ' 

{1978} found that in a ëell ,extract prepared from a temperature ... se'nstUve, 
l ' .. \ '., " 

]igase.defe~tive strain of E. e;Zi , at bath the permissive and ~on-
, ' ./ 

. permlss;ve temperature, dTMP is ;j-ncorporated "into ColEl DNA wlÏiçh -'ranges 
, G • ',,/, \ ~ 

fram 7S ta 17S. The 17S DNA hybridiz~d equal1y to b~th strands of Co1E1 
• .._ .......... f 

DNA, the intermediate-sized DNA hybrfdized preferential1y to the lagging 
, 

strand, while the 7~ DNA hybridized preferentially to the leading strand. 

The accumulation of short molecules was believ.ed to be due ta the 

-defectiveE. coti ligase activitY. 'Howeve~, the joining of the short 
"<> 

chains was not pr~vented by adding' NMN to thé system, although NMN will 
GO ~ \ " , 

inhibit ligase in the'l1nal sea11ng of two strands and in closing nicks 
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,. 
genera\ed by repai r, Sakaki bara {l978i s,uggested that 1; gase may be ' 

NMN resistant because of an association.with other replication factors . " 

in 'a complex. 

McFadde~ and Dènh~-rd{ (1975) a1se postulated the existence of a 

free'NMN-accessible ligase and an Nt~N-inaccessible ligase.in an at!èmpt 

to reconcile their resu'ts with those of -Hess et al-. (1973). Hess et al. ., 
had foufd that the joining of very short cpX complementary strand molecules 

was not inhibite~ by NMN in an in vit~o system, and concl~ded that 

there J1fight be a second 1igase activity in E. (Joli. McFàdden & Denhardt 

(1975) found that the comp1ementary strand fragments were not joined 

in vivo in a ligase defective host, which suggested that the known 

E.'(Joli ligase was responsible. NMN may be capable of se1ectively 

inhibiting certain ligase activities. ~Also, the mechanism used to 

join molecules on the two strands at the rep1icating fork may differ, 

,...with the 1a9ging strand fragments joined by the Nr1N-sensitive actwity 

while the leading strand fragments are joined by the NMN-resistant activity. , 

If this is the case, Olivera and Bonheffer (1972) may have been selective 1y 

~nhibit;ng the jo;ning of 1agging strand fragment by.adding-NMN to thei r 

in vitro system. ... 
Sternglanz et~at. (1976 ) showed that the pul se labelled lOS molecul es 

found"in B. subtiZis hybridize equally well with the separated stran~s of 

B. Bwtiti~ DNA. They a150 showed that the [3H]thymidine-lqbelled lOS 

molecules from T7-infectedE. (JoU B hybridize equal1y ,wel~tO the 

separated strands of T7 DNA. Since T7 replicati,on ;5 bid*ect1onal 
1 

from an orlgln 17% from the left end ,of the molecule,.and knowing 

the polarity of the strQnds relative to the left end~_:one would 

predict that if only one strand was synthesized ' 'discontinuously, 

\ 
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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. 

A1though the hybridization experiments of:l1errmann etat. (1972) 

indicated that lOS and 38S molecu1es in E. aoU were derived from ' 

separate strands (see Section a), they did not dernonstra;te that the 

lOS pieces were derived from the 1aggingstrand. That was done by 

Louarn & Bird (1974) who
J
Pulse-1abelled a À 1ysogen of E. coU and 

'-
hybri di zed the 1 abe 11 ed bNA to the separated À strands. À i 5 integrated 

into the E. coti chromosome at a specifie site and -with a known polarity. 

Integrated À is passively rep1icated in a specifie direction by the 

E. coU repl i cation fork at the same time as the E. coU genome replicates. 

Therefore, it i s an excellent probe to study the repl i cati on of . . 

E. coU. When Louarn & Bird (1974) pulse-1abelled a ÀpoZA+ lysogen, 

they found the label equal1y distributed between lOS and' 50S DNA 

molecu1es. The short and long molecules hybridized preferentially to 

the À 1 and r strands respectively; this indicated that the long molecules 

were from the leading strand while the short molecules were from the 
-

1agging strand. Louarn & Bird (1974) \conc1uded that on1y the 1agging 

strand was syn'thesized discontinuously. However, these results may be . , -biased, s;nce the method they.used to stop the pulse, a frozen solution 
\ 

containing KeN and pyridine, may allow pr~ferent;al joining of leading 

strand molecules (see Section b). Also, in a'ÀpoZA-, lysogen, Louarn & 

Bird (1974) found the pulse label predominantly in lOS and intermediate 

sized molecules which hybridized equally well ta both strands'of À DNA. 
, \ , 

" The reason givên for this was that initiations occurred more frequently 

\ 
~~- ~ -------

, 
/ 

/ 



i 
1 
1 

1 1 

1 
t 

1 

1 i 
1 

1 
t 

1 

! , 

l 1 

1 

1 
1 ~ 
1 t 
1 ) 

f 
-

t 

! 
t 

1 

1 

1 
1 

1 

L 

i 

I-
I 1 1 

-! 

l -, 

(j 

• 

/ --------------------~.--

/ - 17 -

\, 

on the leading strMd in the po~A- strain, SQ both strands appeared to 

be discontinuously synth~sized. However, it is more li-kely, in my 

opinion, thatinitiations occur equal1y frequently on the leadfng strands 

in both poZA+ and ~oiA~ strains, but that in the pO,ZA- strain,the short 
,-----

leading strand mo,}pculeS are more readily observ~d, because their joining 

is retarded by a delay in gap-fillfng mediated by DNA polymerase {, as 

onginally suggested by Kuempell & Veomett (1970) and Schekman et aZ. (1971). 
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2. rNITIATIQN OF DNA SYNTHESIS IN PROKÀRYOTES 

There are t~ levels of ini,tia~on of DNA synthesis: the initiation 
1 

of a round of repl i cation, at the ori gin, and the ;nitiati on of synthesis of 

individual DNA moleeules. The same mechanism may be responsible for both 

initiation events, although there is eviden(e in sorne systems that this 

is not necessarily 50. 

Initiation at the ori~ln involves recognitiJ)n of a specifie site 

by the replieation complex. Priming of syntftesis of the DNA chains can 

occur in several ways. The 3' OH end of a nicked parental s~rand could 

function·as a pri~er. A short oligonuéleotide synthesized de novo on j 
\ 

the exposed template strand eould prime DNA synthes;s. Finally, a 

protein could position a deqxynucleosi de triphosphate residue on the 

template strand in sueh a ~ay that the~' OH end would' be available ta 
, t 

\ 

DNA pol\Ylry.erase 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 i'nclude the s-Ïngle-s~randed DNA phages, fd, 

G4, ,and <pX, E. qoli, the ColEiI plasmid, and bacteriophages T4, T7, P2, 

and <1>29. 

~ (a) Initi ation of compl ementary strand synthesi s on the si ngle-stranded 

DNA phages 

\ The ge~ames of the singlelstranded DNA phages qe-nsht gf circular 

molecules approximately 5000 nu~leotides 10n9 of simil_ar ge.netic 
1 

complexity. The replicat'ive cycle of these phages can be djvided into 

3 stages. The first stage, the synthesis of a complementar.~ strand on 
'\ \ .. 

the infecting viral strand, depends entJrely on host proteios., 'Yet these 

, / 
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phages can be divided intp 3 groups, each of whièh uses a differe~t set 

of E •. coU enzymes to primé"synthesis of the comph~mentary strand. 

Earliest evidence of a difference came from studfes which. showed , 

that synthesis of the comp1ementary strànd was rifampicin-sensitive for 

···,.'id (Brutl~g et aZ ... 1971; Wickner et aZ ... 1972) but nct for cjiX 

lSilverstein & Billen, 1971). Rifampicin sensitivitj\suggested the 

involyement of the E. coti RNA polymerase. The reaction was divided int? 
\ 

two stages: a rifampicin-sensitive stage which required al1 4 rNTPs 

and a rifampicin-resistant stage where dNTPs were required (Wickner et aZ.~ 

.. 1972). ln vitro, a comp1ementary strand' cou1d be synthesized on the fd ...... . 
templ ate usi ng only four purified proteins: E. (Joli RNA polymera.se, 

DNA polymerase III holoenzyme,E. (JoU DNA binding prote,in-(OBP), and all 

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

Geider &"Kornberg suggested that UBP covered the sing1e-stranded DNA 

in a pre-initiation step which left a specifie duplex.region exposed. 
\ 

RNA polymerase synthesized a transcript which could be extended by DNA 
-

polymerase III holoenzyme. This hypothesis was suppo'rted by the localization 
li: 

of a gap in il spedfic region of thè genome on the fd (fd is closely . 
related to 'fl or M13) complementary strand. (Tabak et aZ." 1974). Further-

more., ln ~à fd' DNA-RNA po lymerase-DBP comp 1 ex, a fragment about 120 

'm.lc1eotid~s long was protected from nuclease digestion .. This fragment 

mapped at the origin and possessed double str~nd characteristics which 

included res1stance to the Sl single-strand specifie nuclease (Scha11er 

et aZ., .1976). It was later found to contain 2 hairpin structures (Gra.y 

et,aZ ... 1978). Isolation of the transcript revealed that it was 30 
\ ., 

nucleo~ides' long and precise localizatian on the genome showed that it 
'" 
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initi,ated with ATP at ,q dTMP residue that was not base paired near the 

stem of the hairpin structure closest to the.origin. One side of the 
, -

hairpfn structure was transc~ hed, th us di srupti n9 the base-pai red' 

duplex and allow!mg DBP to bi nd to the exposed strand. Presumably 

transc~Ption stopped when the RNA polymerase encount~red the DBP-template 

complex~ and DNA synthesis initiated at~any one of several nucleotides 
, 

(G~ider etat'.~ 1978). 
\ 

Since th~\ combinat; on of DBPo, RNA polymerase and DNA polymerase III 

holoenzyme can \also synthesize a complementary strand on the ~X viral 

st~and in vitT'o~ there must be factors in vivo which prevent this from 

happening (Geider & Kornberg, 1974). Vicuna et al.. (1977 a, b) found 
\ 

that RNase H, which hydro1yzes the ,RNA of an RNA-DNA duplex, prevented . 
DNA synthesi $ by the purified components on both <pX and fd templ ates. 

t 
Two discriminatory factors, ct and ft, formed a complex with DBP and with 

A complementary strand could be synthesized 

on the complex composed of the two discriminatory factors, OBP, and fd 

ONA, by RNA polymerase and DNA polymerase III holoenzyme in jthe presence 
Jo r"',":.' 

of RNaseH. So there exist factors in 1iw which allow certain reactions,"-

but prevent others from happen ing. L.oss of these factors a 11o'tJs -

\ reactions to occur in vit!'o which would not normally oceur in viv~. 
Initiation of complementary strand synthes,is on theGll viral .strand 

/ 

~; ffered from that on fd in one ... important aspect. The primer was 
, , 

synthesi zed, not b,y RNA polymerase, but by the E. coU dnaG prote; n in 

a reaction which required on1,y' ATP and GTP of the 4 !,NTPs, althougn the 

. possibil ity that trace amounts of UTP and CTP were present as 

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

c01pplementary strand on the G4 -template requ;red only the dnaG protein, 

OBP ': a.nd DNA polymerase III holoenzyme. 
e, 

The transcr; pt was synthes; zed 

\ 

\ 
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Sequence comp,l~xity o(~he RNase Tl fingerprint digest of the primer 
, \ 

suggested a 1ength of 20 "to 25 nucleoti des (Bouche~t aZ • .J 1975). This 
\ '. 

was confirmed by sequencing'the isolated primer. It was found ta start 

with an ATP residue, ta contai'n a hairpin region of1 A-U and 7 G-C base 
\ 

fi 

\ , 
pairs (the fd primer a1so initiated with ATP, but an1y one side of the 

• 
hairpin was copied), and to terminàte at any one of four nuc1eotides, 

\ 

wh; ch resul ted in primers from 26 to \29 residues long (Bouche et al.. ~ 

" 1978 ). 
/ , 

A novel prapertyof the dnaG protein\~as th~ discovery that it could 

use dNTPs in place of rNTPs ta synthesize ptimers (Wickner, 1977). The 
, 

dnaG protein ;s the first known polymerase capable of the de novo synthesis . \ 

of a nucleotide chainstarting with a dNTP residue, although it can only 
~ p.~ , 

synthesize very short DNA chains.· The reported prècursor requi rements of 

the dnaG protein vary; eff~ c;ent primer synthesj s has, been sai d to 

occur with on1y dTTP (or UTP) and dGTP (or GTP) "in a reaction stimulated 

by ADP {Wickner, 1977}; or only ATP and GTP (Zechel et ai~" 1975; Rowen & 

Karnberg, 1978); or ATP (or ADP) a~d GTP (or dGTP)'{Sumida'-Ya~umoto et 
\ 

a'l'J 1979). The genera1 concensus is that only two or three of the rNTPs 
- \ ' 

and dNTPs were requi red. Since a minimum of two nucleoside tri p~osphates 

appeared ta be necessary, it has been suggested that a dinuc1eotide may , 
function as an efficient primer (Rowen & ,Kor~berg, 1978). Primers \ 

fi 

composed o.f IdNTPs tend to be much sharter than primers composed of rNTPs 

(Rowen & Kornberg, 1978~McMacken & Kornberg~ 1978; Sumida-Yasumoto -et aZ." 
- , 

1979). Ther.e is' sorne controversyover what occurs in the presence of both 
, 

rNTPs and dNTPs. Sumi da- Yasumoto et al.. (1979) r~ported that whe,n both 
\ ' 

rNTPs and dNTPs were present, even if there was a t~n-fo1d excess of 

.. 
• ~ 1 : 1 .4 n 

. '. . ~. ~ , 

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

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

" Kornberg, 1978) who found that with relative1y hT9h rNTP concentrations, 

rNTPs were much more efficient1y incorporated than dNTPs, and since the 

primers formed with rNTPs were longer, they primed DNA synthesis more 

efficient1y. \ 

The difference between fd and G4 in the initiation of complementary 

strand synthesis lies entirely in tfte enzyme which synthesizes the RNA 

primer: RNA polymerase with ë\1l fd template and, the dnaG prôtein with the 

G4 vi ral strand. It was postu1ated that a Hpi lot protein", a minor phage 

capsid protein th~t rema;ned associated with the DNA, played a ro1e in 

recognizing and appropriati'ng a particular rep1icative syStem (Jazwinski 

et aZ., 1974). However, it later appeared that the nuc1eotide sequence 

at the origirhwhich differs in these two phages, was sufficient to 
\ ~ 

account for the difference. When the G4 origin was cloned into M13, 

DNA synthesis initiated at the c10ned G4 o~igin, in the presence and 

absence of rifampicin, in vivo and in vitro (Kaguni & Ray, 1979). 
\ 

Initiation of ~mentary strand synthesis on the <pX te~plate 
wa~ found to be a much more comp1icate~ process thah those described for 

fd and G4. It ~as shown in vitro (SchekInan et aL ... 1972)' that 

rifampicin-resistant RNA synthesis required a11 four rNTPs, and that 

32p was transferred from a-label1ed dNTP~ to ribonucleotides after alkaline 

hydrolysis. This 32p transfer de~ônstra~ed a ~ovalent attachment 

between RNA and DNA chains. These results were,contradicted by a report 
-

that synthesis of a complemen~ary strand required on1y ATP of the four 

rM"Ps (Wickner et a:t., .1972f. This discrepancy can be accounted for by 
1 
1 
1 

- i 
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~ 

the discovery that short oligoribonucleotides, wh1ch can prime DNA • 

synthesis on single-stranded $X and fd templates were pres~nt as 

contamina.nj:s in éonmerc;ally availably -NTP preparations (Masamune & 

Richardson,"·1977). Al~o, priming of DNA synthesis by the dnaG protein 

can occur witt, only dNTPs (Wickner, 1977; Rowen & Kornberg, 1978; 

McMacken & Kornberg, 1978): 

USing reconstitution an'ô complementation assays, the proteins that 

were requi red for <pX complementary strand synthesîs were~ iso1 ated. 

Sorne of' them r;-émain geneticaÜy and functional1y uncharact:erized. The 

essential proteins included the E. coli DBP, dnaB .. dnaC, and d7.?aG 

proteins, and factors ~, y, and z, DNA polymerase"III plus elongation 

factors land 2 (Wickner & Hurwitz, 1974) or factors i and n and the DNA 

p01ymerase III hOloenzyme (Schekman et al ... 1975). Factor n was 1ater 

resolved into n and nI (Meyer et al ... 1979), and it is very likely that 

factors x, y, an~ ~ described by the Hurwitz group are identical to 

\ factors i, n, and n' descri bed by Kornberg' 5 co-workers. / 

The reaction was divided into two steps: a pre-initiation step. 

which required only ATP,. the dnaB and dnaC proteins, DBP, and the three 

'replication factors x, y, z, followed by a synthesis step ~hich requïred'/ 
/ 

, the dnaG protein, DNA p01yitJerase III plus the necessary factors, and dNTPs 
p'.... ::. 

plus AlP (Wickner'& Hurwitz, 1975; Wilinér. et a?., 1976). It was sugg~sted 4-

that the dnaB and',dnaC proteins, which formed a comp1ex ïso1atable 
-

by gel filtration in 'titro, participated in a reaction which transferred 

the dnaB protein ta <pX DNA, simultaneous1y releasing the dnaC protein 

O.Jickner & Hurwitz, 1975). Although ,the role of .factor X was uncertain, 

it was found that the binding of factors y and z ta the DBP-coated 
\ 0 

• • 
\ 

1 
i. 
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\ 

\ 
cpX temp1ate preceded binding of the dnaB prot~in (Wickner, 1978a). On.ce 

,} - \ 
the dnaB protein was bound, t~e dnaG protein wa~ able to synthe~)ze 

- 1 

primers on the ~X temp late (McMacken et al. 3 1977). Pri mer synthesi s 
1 
1 

cou1d occur in the absence of ONA synthesis at multiple, probab1y random, 

si~es (McMacken et at ... 3 '1977). The dnaG protein synthesi zed RNA primers . - \ 

whi ch ranged from 1,,4 to 50 nue l eCit,i des in 1 ength, and DNA primers from 

4 to 20 nucleotides long (Md~acken &. Kornberg, 1978). From 5 to 8 primers 

were synthes;zed on eaeh circle at regu1ar intervals a10ng the temp1ate 

strand (McMacken ~t al. • .J 1978). It was suggested that the dnaB protein 

,moved processively a10n9 the temp1ate, functioning as a "mobile promoter" 

for primer synthesis. The dnaG protein recognized a. seconâary structure 
\ 
generated by the dnaB protei n-temp1ate comp1 ex, and synthesi zed a 

primer at this site (-McMacken et aL • ., 1978). 

To sunmarize, the 'synthesis of a complementary strand on the cpX 

viral strand is be1ieved te be initi~ted by the following series of 

events (WicR'ner, 1979: Meyer et aL., 1979): (1) replication factors y 

'and z bi nd to the DBP-covered cpX DNA; (2) the dnaB and dnaC prote; ns form 

a eomplex in an ATP-dependent reaction; (3) the dnaB protein is trans

ferred to the factor Y-Z-Di3~-~X DNA complex in a reactien whiGh req~ires 
factor x and re l eases the dnaC pJ:.Q.tei n; (4) dnaB protei n mi grates 

processive1y along the temp1ate,' hydrolyzing ATP; (5) dna(l protein, or 

primase, recogni zes' a str~cture generated by the dnaB protein-templ ate 

complex, and synthesizes primers at regularly spaced interval s a10n9 the 

genome. 

In spite of the capàcity of thts multienzyme system to transcribe ' 

. multiple primers on <pX DNA, it cannat \înitiate primer synthesis on any 
/ 

other template, presumably because· one or more of the prote; ns wh; ch 
, 
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transfer the dnaB protein to the ~X templ,ate recogn;ze a specifi c site 

i.n the cpX genome (McMacken & Kornberg, 19781. lt has recently been 

found that in the absence' of DBP, \he dnaB and dnaG proteins alone are . . 
suffici ent to synthesize mul tiple primers on ~X, 64, a~d M13 single-

~ 

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

on the M13 and G4 templates only in the presence of DBP. And several 

additional proteins are required ta bind thè dnaB protein to the </lX 

tempJate in the pr.esence. of OBP. The non-random size distribution and 

unique electrophoretic pattern of the primers made on the <pX, G4, and 

Ml) \templates by the
o 

dnaB - dnaG proteins suggests '''''fat certain regions 

,may be preferentially transcribed (Ara; & Kornberg, 1979). 

Cb) Initiation of pX viral strand DNA sYnthesis 
') 

Events involYed in the synthesi s of a complementary strand on the 

<pX templ ate in vitro are fairly well characterized, and since the s~me, ~ 

proteins are requi red ta synthesize complementary strands during RF 

rep1ication (Dumas, 1978), it is possible that the sarne series of events 

may occur on the,displaced viral strand. Synthesis of the viral strand, 

'however, was bel ieved ta occur by a fundamefftally different mechanisrn. 

"The discovery that brief pulses Of' [~H]thymidirie label1ed vir~l strands 

longer than geno",lepgth (Dressl,er & Oenhardt, 1968; Dresslé,r" 1970; 
, , 

Schroder e.t al.. ~ , 1973) supported the hypothesis that ~X vi ral strands 

were ,~ynthesize'd by a rolling circle- model (Gilbert & Dressler, 1968), " . , 

where\ the 3' OH end of a nicked parental s'trand functioned 'as, a' primer \.. 
, \ 

\ " -

for DN~ po1ymerase II r. :Dt vit:ro studies which showed that ~X vi ral 

strands ,could be synthesized with on.ly four protelns (the <pX gene A 

protein, :rep, DBP, and ONA polymerase III holoenzyme) provide~ additional 

" 

.1 
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support for this mo~el lEisenberg dt aZ., 1976, 1977; see Chapter IV 

for d~tai l s). 

However, other.investightors f,und .!hat ~X viral strand,synthesis 

:n:,t:~q::d. ; ::c=d~; :::n to t~:: d::~;f~::t:::::i ::e (::::::5 ~f 
.., '-' 

Yasumoto & Hurwitz, 19 7; Su~ida-Yasumoto et aZ:, '978). It has'been 

reported that the dnaG protein is required continuou~ly for <pX viral 

~trand syntl~sis in vivo CMcFadden & Denhardt, 1975). Also, there have 

been reports of short vi ra 1 strand inferl11êdi ates both ,in vivo (Mach; ~ 
• J 

et a~., 1977; Hours e::t aZ'.~ 1978) é!J'ld in vitroo (Sumida-Yasumoto et aZ"." 

1978; 1979). Finally, Machida et al. (1977) have demonstra~ed the 

presence of ribonucleotides on about half of the short molecules of .. 
• 

both viral and complementary strand orîgin which they iso1ated ouring 

<pX RF replication. using the spleen exonuclease assay (see nex~ section 

for detailed description of this assay). These experiments are extremely~ 

important because the d~~~nstration of ribonucleotide primers'at the 51 

ends'of~hort molecules derived from,the potential1y continu~us strand 

is cpnvi~cin~ evidence ,that thé mo1ecules were ini~iated de nova. 

Although gene f!. protein"'"catalcyzed nicking at the ori~ signals the < 

. ' ..... 
in1tia-tfon' ot'.a round of <pX repli cation (see Denhar~~7 for revfew), 

.. _ , ' f ~ 

synthesis of the-short viral strand mQlecules on t~e exposed temp1ate 

1 may be initi~ted, in a 'manner4~jmilar to the comp~ementary strand molecules. 

The.</IX gene A protein"has befm d~ibed as a mul~ifunctional enzyme it:J 

r 

l " " _ ~_ ,"Il ~ 1 

, I5NArnPlt:_!~ri ~Eisenberg et_~'Z." 1977} which, (1) nicks the Vi_ral, 
1,;,1

1

, ',,,J; 1 

Il ~ ,1 ' 

'1,1 

" , ',Itf ' 

,.'J /" 

" " 

. stra'nd at the 0 • in to,initiate a...round of replication; (2) participates' 

in a comple~ with the 

the replicating fork; 

1 

ro~~in which unwinds the two strands at 
/'" ~' 

in at the regenerated o~Tgin to release 

.:. \ 1 
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a,full-length viral s!rand; (4) 1igates the excised DNA to form a 

circular viral strand. 

(cl tvidence for RNA primers in E. aoU 
, \ 

,The earliest observation that DNA synthesis in E. coli was independent 
, 

of rifampicin (Silverstein & Billen, 1971) was contradicted by the finding 

that in êells synchronized by amino acid depletion, a ,round of replication 

was completed, but ~o new rounds were initiated in the presence of 

rffampicin (lark, 1972a). Initiation of DNA synthesis at the origin in 

E. coLi required the rifampi~in-sensitive synthesis of a transc~ 
RNA polymerase at a time when choramphenicol-sensitive protein synthesis 

was no longer required. Further initiation of short DNA chains was 

independent of rifampicin. 

DNA replication in E. aoZi is incredibly complicated; studies with 

mutants have revealed that a large number of proteins are req~ired (see 

Wickner, 1978b; for review). The proteins coded.by genes dnaA, dnaH, 

dnaC, dnaI, ànaP, and RNA polymerase are involved in initiation of a 
, 

round of replication. DNA elongation requires the products of genes 

dnaB, dnaC" dnaG" dn~Z" dnaE (DNA polymerase III), Zig" polAex (the 5' 

to 3' exonuclease activity), oou and nalA (two componertts of gyrase), 

and DBP. The products. of genes dnaJ~ dnaK .. dnal" and dnaM remain to be 
- ' 

characterized. Since DNA replication occurs on the separated strands 
, -

• 

~ It _ JL 

'at the replication fork, and' since E., aot~ requires ~11 'OLthe proteins 

required to synthesize a complementary strand on the ~X template, as 

wel1 as a few additional onest~it is quite possible that thé mechanisms 
o . 

involved'in the'in vivo replicati~n of theE. aoti chromosome will share 

sorne similarities~with the in vi~ro réactjons characterized for ~X. 
\ ,~ - ... . 
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\ 

The first physic9.1 eyi,dence of a,n RNA primer associated with 
1 • \ -

È, coti DNA (Hirose et aZ.~ 1973) was a buoyant density shift of the 

nascen~ fragments in Cs2SÙ4 gradients. The stze of the shift led ta 

jestimates of 50 to 100 nucleotide-long RNA~olecu'es attached ta -the 

Okazaki fragments. Labelling the nascent molecules with [32pJATP ~nd 
kinase, before and after alkali treatment, indicated that one RNA 

\ " , 
• 

molecule was associated with eve~y DNA molécule (Hi rose et aZ.~ 1973). 

Later it was shown that even af~er denaturat;on, non-covalent interactions 

between RNA and'DNA molecules_co~ld produee shifts in bu'oyant de~sity 
gradients (Probst e't aZ., 1974). A~d the end-labelling results were" 

suspect when it was found that polynucleotide kinase catalyzed an 

exchange reaction between the y-phosphate of ATP and the 5' phosphate 

of a pOlynuc1eot1de chain (van de Sande et al., 1973). 

Also other investigators fai1ed to repro~uce Okazaki's results. . \ 

Jacobson and Lark (1973) coul d'fi nd no evi dence that the 32p_l abe l on 

the 5' ends of short mo1ecu1es fromE. coU 15T- was either alkali -or 

RNase labile. This is probably due ta the fact that no attempts were 
\ . 

made to minimize or correct f6r the exchange reactiory catalyzed by kinase. 

Also. only a'sma11 fracti'on of the' 32P-labelled molecules isolated by 
\ -. 

Jacobson and Lark (1973) "beha"ved as nascent intermediates. S'lnce end-, , 

1abelling is not specifie fpr nascent molecules, the presence of large 
-, 

numbers of non-naseent molecules could easily obscure the existence of 

a ~ew nascent molecules with alkali-làbile 5' ends. 

When Ok'azaki et at. (1975-1 found conditions whiëh min:im'fzed the 
. , 

exchange reaction catalyzed by'kinase and allowed selective labeJli,ng 

of 5' hydrol:/(yl termin~, they were able to ,demonstrate ,that a potAex'-' 
\ 

\ 
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strain(defici.ent in the 51 to 3' exonuclease of DNA po1ymerase I) , 

contained about 5 times as many RNA-linKed DNA molecules which cou1d 

. be 1abelleo after a1kali treatment as the wild type strain. Fyrthermore, 

the number of molecu1es with alka1i 1~6i1e 32P~labelled ends corresponded 
.: . \ 

we11 to the number of molecu1es with hydroxy1 termini which could bè end- -

labe11ed after a1ka1i treatment (Ogawa et aZ.~ 19J7). 

These experiments have been criticized on the grounds that the 

production ofa 5' hydroxy1 terminus àfter a1kali treatment does not 

prove the existence of an RNA thaïn at the 51 end of an Okazaki) piece, 

since the a1kali-labile apyrimidinic sites after uracil excision might 

qlso give rise to a 51 hydroxy1 terminated chains (Alberts & Ster~glanz, 

1977). One argument against this was that both a1ka1i and RNase produced 

simi1ar numbers of 51 hydroxyl termini in nascent m01eCr1es (Kurosawa 

et aZ. s 1975). Also it has recent1y been demonstrated with chemically 

synthesized s~bstrates that when Molecules containi,ng apyrimidinic 

sites were hydrolyzed in a1ka1i, 51 phosphate,not 51 hydro~l, 

terminated chains were produced' (Okazaki et al.~ 1979). ' 

One limitation of the polynucleotide kinase assay is that it is 

not specifie for nascent DNA. An a1ternate metho~ was developed which 
" .. 

used spleen exonuc1ease to dégrade mo1ecu1es with 5' hydroxy1 termini 

generated byalkali or RNase-catalyzed removal of ribonucleotides· 

(Kurosawa et al., 1975). This method was s~ecific for [3HJthymidine 

pu1se~label1ed naSèent molecules and al10wed estimates to be',ma1e of 

the numb~rs of both RNA-li~ked and RNA-f~ee DNA pieces. Using this assay, . ,\ .,, 
Kurosawa et at. (19751 showed that RNA-linked DNA Molecules were more 1 

~ J 

frequent'among sh'orter Molecules, and less frequent among moleculès 

-"t"----
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recovered after longer pulses. Again the poZAexl and poZA12 (defici~nt 

in the polymerase activity of DNA polymerase I) st~ains were found to 
, ~ 

contain about 5 times as many RNA-linked pieces a~,the wild-type strains. 

Ogawa et aZ. (1977) isolated the ribonucleotide prtmers'by 

degrading the 5' terminally label1ed nascent molecules with a combination 

of pancreattc DNase and the 3' ta 5' exonuclease of T4 DNA polymerase. 

Most of the deoxyribonucleotide moiety of the nascent molecules 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-labelled pNps after 

a"lkaline hydrolysis; 88% of the DNase-resistant mOlecules contained 

a ribonucleotide at the 51 terminus by this criterion. The 3' ends 

were analyze~ by perîodate and, aniline treatment. These chemicals will' 
1 

~ydrolyze molecules. with a 3' ribonucleotide. Only 40X of the di, and 
, ' 

~O% of tne trinucleotides wére sensitive to periodate. Therefore, the 

majority of the di- to tetranuclèotidas are co-oligomers of ribo- and 

deoxyrfbonucleotides, containing ~rom 1 to 3 ribonucleotides at the 5' 
, , ' 

\ 

end. So ~he RNA primers in E. ooti,are very short. Labelling the 5' 

OH groups after alkali with [32p]ATP and kinase, and analyzing the 32p_ . 
labelled dNMPs produced after nuclease digestion, revealed that all four-

\ 

dNMPs were present with about equal freQ4ency at the RNA-DNA junctions. 

Using the spleen exonuclease assay, Miyamoto & Denhardt (1977) 

also found evidence for RNA-linked DNA mafecules which seemed ta be more 

frequent among the shorter molecules in a poZAex2 strai~. End-label1ing .. 
with [32p}ATP and kinas~af~er correcting for exchangë, revealed that 

, 32 • ' 
the number of P-label1ed pNps ~orrelated wèl1 with the numbér of \ 

, 1 

,1 
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hydroxyl groups. which could be la~elled after alkal'fne hyctr'Olys;s. 

Although Ogawa et a~. (19771 were unab1e to detect any unique ribo

nucleotides at the 5' terminus, M;yamoto & Denhardt (1977) found that 
. 
mostly pAp and15Gp were released. This is not too surprising, since 

the dnaG protein which is required in '!Jivo to initiate\ syn'thesis of 
\ 

Okazaki pieces (Lark, 1972b) has been shown té be able to synthesize 

primers in titro us;ng only ATP and GTP (Zechel et aZ ... 1975; Rowen· & 

Kornberg, 1978). 

Miyamoto & Denhardt (1977) did not find a significant number of 

, ribonucleotide linkages in,wild type strains, using either the spleen 

exonuclease or polynucleotide kinase assays. Also, they found ~at fèwer 

pNps were~r~m the shorter than from the longer molecules. 

But since there are very many (as many as 2000)'of these short molecules 

in the cell, onlya small proportion of which may'be nascent, it ;s 

not surprising that ribonucleotide termini could'be d~tected on very 
/. , 

few of them. The evidence is reasonably çonvJncing that at least in the 

potÂex strain of E. coLi, RNA primers are covalently attached ta DNA 1 

mo) ecu 1 es • 

It is generally assumed that the ribonucleotide-terminated molecules 

are nascent or newly synthesized. This may not be the case, because 

sorne of the short non-nascent'molecules, recovered.under conditipns where 

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

" 5' terminus, as measured by the release of 32P-label1ed pNps after 

alkaline hydro1~sis (~enbardt et aZ.~ 1979). 

may not,always De very rapidly removed. 

\ 

The ribonucleotidè primers 
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ldl Initigtion of Col El DNA syn~esis 

Replication of E. coU plasmid Co1E1 does not reqltire any 

plasmid-coded proteins, but uses on1y host cell proteins (Tom;zawa 

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

rep1ication is rifampicin-sensit!ve and requires al1 four rNTPs; 

continued rep1ication is rifampicin-resistant (Sakakibara & Tomizawa, 
1 

197~). This suggested the involvement of E. coti RNA po1ymerase in the 
1 

\ 

synthesis of the early replicative intermediate, the 6$ L fragment. 

Bird & Tomizawa (1978) demonstrated the presence of RNA a~ the 51 ends 

of the 65 L fragments by in vitro labe 11 ing wi th [a- 32p]dNTPS an~ 32p_ 

transfer after alkaline hydrolysis. It was estimated that 20% of the 
,. , 

65 l fragments contained RNA-DNA junctions. The spleen exonuc1ease 

assay revealed that as many as 40% of the molecules could have ribo

nucleotides at the 5' end. 
/ 

A 580 nucleotide-long stretch encompassing the origin was found to 

be essentia1 for Co1E1 replication (Backman et aZ"/1979). It has been 

suggested that a 100 nucleotide-long transcr;pt synthesized in this 

" region was processed and then annea1ed to the origin where it served as 
.\ 

primer, but supporting data are not yet available (Backman' et aZ., 1979). 

Itoh & Tomizawa (1979) have studied the first stage of the replication 
u, 

"""' ... ..--

l " 

of the ColE1 plasmid in vitpo. ln vitro, ColEl replication initiated 

" at the origin in the presence of 'RNA polymerase, RNase H, DNA polymerase 1 
/, \ \ 

_ 'an~ gyrase. Gyrase was believed to faci1itate unwinding of the parental 

strands. RNA polymerase synthesi zed the pdmer 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 increas'e the proportion of fragments 
• 

/ 

1 

,1 

1 
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.. 
which initiated at the'origin, it a1so iner~ased the oyerall efficiency 

of DNA synthesis several fold, and 50 was belieyed to process the primer 
\ ' 

RNA, 'perhaps by ni'cking at a specifie site or creating a specifie 3' 

OH end. Since both the 5' to 3' exonueleaS~d polymerase activities 

. of DNA polymerase l were required to extend the primer~ it eould oeeur 

by nick translation from a specifie site in the primer. The aberrant 
, 

initiations which oecured in the presence of these proteins could be 

inhibited by another. factor whic,h has been partially purified. 

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

this first stage witjthe synthesis ~f the 65 L fragment, differs from 

the stage which fol10 s it. Synthesis of the rest of the molecule 

requires other proteins used by E. aoLi in its rep1ication, inc1uding 

the dna8, dnaC3 dnaG3 and dnaZ proteins, and DNA polymerase III (Itoh & 

Tomizawa, 1979}. 

(e) Initiation of bacteriophage T4 and T7 DNA synthesis 
, 

The bacteriophage T7 ge~ome consi~ts of a 40,000 nucleotide linear 

duplex. Replication is bidirectional from an origin 17% from the 1eft 

end, and requires 6 phage ~ coded gene prQducts in vivo (Richardson 

et aZ.~ 1979). Using the spleen exonuclease assay, Okazaki et aZ. (1979) 

found that approximately half of the lOS fragments la~ed in vivo with 

a brief pulse of [3HJthYmidine with a ts gene 6 T7 mutant at the 

restrictive temperature (gene 6 code~ for a 5' to\3' exonuclease similar 

to the 5' to 3' exonuclease of DNA polymerase 1) were.terminated with 

ribonucleotides. With wild type T7, much lower leyels of RNA-linked 

DNA molecules were found,-even in poZAexl strains. Alkaline hydrolysis 

,Jollowing end-labelling wi;th kinase and [ry_32p]ATP released predominantly 

l '-: 

. r 

/ 
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Ap and pep (44% each). Since the T7 ~rimer~ synthesized in vit~o 
\ , 

are terminated exclusiv'ely with ATP (Richardson et a~." 1979; Scherzinger . 
êt al." 1977), the primers on 'the molecules isolated in vivo are probably 

partial1y degraded. The ribonucleotide portion of these molecules was 

recovered-after degrading the deoxyribonuclèotides with the 31 to 51 

exonuclease of T4 DNA polymerase. The tri- to hexanucleoMdes recÇlvered 
\ 

were analyzed separately by periodate and aniline treatment. The intact 

primers were found to be predominantly four nucleotides' long, terminated 

at the 51 end with pppApC. This;s consistent with in Vit~o results 

(Richardson et\aZ., 1979; Scherzinger et al., 1977). Okazaki et al. 

(1979) state that if primers are synthesized at every complementary 

sequence in the T7 template, primers could be synthesized at 20 to 

" 60 nucleotide intervals. The size of Okazaki fragments indicates that 

primers are elongated only at 10QO nuc1eotide interva1s.' Therefore, 

\there must exist other factors ,which allow the selection of one site 
\\ 

fr~ many potentia1 intiation sites in vivo. 
" 

ln. vitro} in a reaction not coupled t9 DNA synthesis, the T7 gene 4 

protein synthesized the tetranuc1eotide .pppApCpCpA (Scherzinger et aZ., 

1977) or pppApCpCpC (Richardson et aZ.~ 1979) on single-stranded DNA 
\ . 

templates. The precursor requirements of the T7 gene 4 protein, 1ike 

those of the E. aoli dnaG protein, were satisfied by on~y two (ATP and , 
CTP) of the four rNTPs.. If DNA synthesis with [a- 32PJ"dNTPs was cQup1ed 

ta T7 gene 4 protein primer synth~sis, 3~p-transfer after alkaline 

hydrolysis revealed that all four dNTPs were present at the 31 terminus 
1 • 

,(Rkhardson et a~., 19791. The Tl gene 4 protein has also beeo called 

'primase, but i t di ffers frpm the E. aoZi dnaG protein in severa 1 important 

\ 

.' 1 
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ways (Hillenbrand et al.~ 1979): (1) it cannot use dNTPs; (2) it . 

synthesiZes primers equa11.y well on severa1 denatured DNA templates; 

(3} it doesnlt require additional replication factor? It has been 

suggested that the T7 gêne 4 protein stimu1ates DNA synthesis primed 

by short syntnetic ol;goribonucleotides by stabilizing the RNA-DNA 
, -

hybrid unti1 DNA po1ymerase can extend the primer (Hi11enbrand et aZ.~ 
. ." 

1979}.- -the-T7 primase in- conjunction .with the T7 DNA polymerase can 

cata1yze strand separationwith the concomittant hydrolysis of dNTPs, 

similar to the rep protein of E. aoZi; the two proteins can a1so 

initiate DNA synthesis in vitro on nicked duplex templates (Hil1enbrand 

et aZ.~ 1979; Richardson et aZ.~ 1979). 50 the T7 gene 4 protein can 

a1so be called a multifunctional DNA, rep1ication enzyme, although the 

functions it performs differ from those of the $X gene A protein. 

The bacter;ophage T4 genome is a 1inear duplex of about 290,000 

nucleotides. Replication is bidirectiona1 fram severa1 specifie origins. 

Ther~ are a number of similarities between the T4 and the T7 systems, • 

which suggest tbat initiation of DNA synthesis by these two phagës may 
, . 

occur in essential1y the ~ame way. Okazaki et al. (1979) det~rm;ned 
. -

that primers on the T4 pu1se-1abe11ed mo1ecu1es were predominant1y 

pentanuc1eotides, te~minated at the 51 end wlth pApe. Since ther.e was 

no way to enrich for RNA-1inked DNA mo1ecules as in the T7 system (by 

using an exonuc1ease-deficient mutant) primers were found on less th an 

10% of the nascent mo1ecu1es. Jh vitro, the T4 gene 41 and gene 61 

proteins together synthesited short oligoribonuc1eotides on single

stranded DNA templates (Li~ et al.~ 1979l. On1y ATP and eTP of the 

four rNTPs were abso1utely required, and the primers wère 6 to 8 

\ 
i 
1 

! 
1 • \ 1 ' . ' . " ,'~',~ r' '. 
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nucleotides long, nd terminated at the S'end with the sequences pppApCpC , 

and pppApCpA (Ltû e aZ.~ 1979). 

f Evidence fôr RN rimers in bacterio ha e P2 

Usin9 tflesp1een xonuclease assay, Okazaki et a'l, (]979) showed 

short nascent P2 molecules derived from either 

e at least one ribonucleotide at the 51 terminus. 

In prol<aryotic systems~ only for bacteriophage ~ <pX (Machida e,t al.~ 19n) 

and P2 (Okazaki et aZ. 1979) have ribonucleotid~s been associated with 
f' 

Okazaki fragments deri These experiments are 

important, as already ntioned, because the demonstration of ribo

nucleotide~primers on m lecùles derived from the potentially continuous 

strand is the most convi cing proof that the strand was discontinuously 
a 

synthesized. 

mec han 

$29 genome is a linea no~-pe!ffluted DNA duplex 18,000 base pairs 

long. A protein has been ound covalently associated with the 5' ends 

of the duplex (Harding & It , 1976; Salas et aZ' J 1978). The terminal 

pro~ein has ~een tentativel identified as the phage gene 3 protein; , 

this protein is required con inuously for <p29 DNA replication (Ito ef aZ.~ 
1 

1979) . .> Replicating $29 DNA lecu1es visualized in the electY'on 

icroscope consist of linear duplexes w1th single and double stran~ed 
.f- ' 

t ils and branches (rto et a.) 1979). Since circular replicating forms 
, ' 

hav n"ot been observed, the" \.chanism of initiation cannot be by ~NA 

prime s, since the remoyal 0 the primer would leave a gap at 5\ end 

which ould not he filled in by any known polyrnerase actlvity. 
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ATth~ugh the ~SSàciation of the protein with nascent molecules has not 

yet been demo~ed, it is possible that the protein cova1ent1y \ 
1 

attached to the first dNTP residue is posit10ned on th~ template so 

that the 3' hydroxyl end of the dNTP can func~iDn as a primer for DNA 
/ 

po1ymerase. Denhardt (1972) suggested that a protein which positions 

a dNTP tesidue-in this fashion might functHm as'a 'primer and cal1ed 

these hypothetical proteins ..- -iTproteins ll
• ./ 
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CHAPTER II 

Evidence that the 4>X174 Viral Strand is Synthesized Discontinuously 

.... 
1 \ 
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-: .......... --- \ 
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. * Most of this cha'Pter ,has been published 
[Matthes, M., and Dehhardt, D. T. (1980,). J. Mol. Biol. 136, 45-63] . 
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1. INTRODUCTION 

, The replication,of bacteriophage </>X174 has.'been extensively 
" 

characterized both in vivo '9!f1d in 1itpo (see Denhardt, 1977 for review). 

The process can be' divided into three distinct stages: (i) conversion of 

tHe single-stranded viral DNA to the duplex Ireplicative fonn (RF), 
i , 

(.il) RF repl ication. during wh; ch multiple copies o,f RF are synthesized 

semiconservativelys. (ii;) synthesis of viral strand DNA using the 

comp1ementary strand of RF as the temp1ate (Dress1er and Denhardt, 1968; 
, ' 

Sinsheimer et al.!> 1969). It is generallyaccepted that synthesis of 

the comp1ementary strand is a discontinuous process, in,itiated àt many, 

different locations on the viral strand temp1ate (Eisenberg et al." 

1975; McFadden and Denhardt, 1975). Synt~esis of tne viral strand, 

however, is 'be1ieved to be a co~tinuous process.' Accordit'g to the rolling 

circ1e model (Gilbert and Dress1er, ],969), the viral strand is elongated 

from the 3' OH gene,rated by gene A protein nicking at a defined site on 

the genome" now mapped on the complete </>X sequence (Langevel d et al." 

1978; Sanger"etaZ." 1977). The ro11ing circle model is supported by 

in vitpo evidence that net synt~esis of the viral stra~d requires on1y 

4 p'roteins:~the ~X-coded gene--A--prottin--arrcr~pro~eins pep, OBP, 
, --------

and DNA P91ymera~.-J:IotoêrîiYme (Eisenberg et al." 1976 '). These 

observations are difficu1t to reconci1e with the in vivo finding that the 

dnaG protein is required for both Viral and c,Omplementary strand synthesis . 
-(Mc.Fadden & Denhardt, 1975). The dnaG protein, or primase, has been 

shown to incorporate deoxyribo- and ribo-nucleotides into short~6-J< , 
/' .' " , 

nuc1eotides which then serve as primers for the synthes;s of DNA chains 

~ {Rowen & Kornberg, 1978; Wickner, 1977}. The ,ro11\ing, circle model 1s 
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. -
; 

a1so ineonsistent wi th reports of viral strand intertnediates shorter than 

unit 1 ength {Machi da et a~ . ., 1977; ~ours et aZ • ., 1978; Sum; da- Yasumoto 

eta~.~ 1978). 

USing a new method of stopping DNA synthesis we have studied the 

naseent intermediates 'present during the final stage of cpX174 DNA 
" 

replication. We find that 40-5Ô% of the r3H]thymidine incorporated in a 

brief pulse stopped by bringing the infected culture rapidly to lOOoe 
\ 

is present in DNA molecules shorter than unit length. Approximately . 
90% of these molecul~s are incomplete <pX vira.l strands. The pul se-labelled 

molecules, whieh range from very short, to unit length, are not generated 

by the stopping and isolating procedure since 32P-labelled infecting' 

'parental viral strands remain relative1y intact. The proportion of pulse 
/' 

label found in short intermediates varies' with pulse length, stopping 

procedure, aeration level Qf the infected culture, and host strain. 

There i s no si gnifi cant di fference in the abundance of short nascent 

intennediates in ung and ung+ strains, suggesting that the short 

molecliles do not result from the excision of uracil by uracil-DNA 
, 

1 glycosylase. The 3H-labelled short molecules h~bridize to all regions of 

the cpX genome, but preferentialÎy to the reg;on around the origin-
1 

tenni!1us of replication. The prefe!,ential hybridization of pulse

labelled shbrt molecules to the termi.nus may result from an oversynthesis 

of -~he terminal sequences due to the utilization of an ini.tiation site 

in the central region of the genome. The relative amount of 3H in the 

unit-le~gth mo)ecules wh'ich hybridizes to restri ction enzyme fragments 

increases_ from the origin to the terminus, indicattng that these molecules 
\ 

were completed duril1@ the pulse interval. Sensitivity to spleen exonuclease 
J \ 
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,'. 
after a:1kali' or RNase treatment suggests that sorne of the 3H_l abell ed 

, 
short molecules isola~ed bath during viral strand synthesis and ~uring 

RF replication have at least one ribonucleotid~ at the 5' end. We 

conclude that the(major mode of <f>X viral strand DNA repl ication is 

a discontinuous process, not conUnuous as proposed by the rolling 

circle model.' 
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2. MATERIALS AND METHODS 

(a) Bacteria and bacter10phage 
\ 

l/j! 
~Xam3 is à lysis-defect1ve gene E mutant., E. aoZi C, GR, and 

~ ~ ---
HF4704 were described by Denhardt (1969). BW 264 (E. coti C,ts-thyA" 

mg-l, Tn 1Q [55 min], nadB) and BW 265 fi:. aoU C, 1;s thyA .. Tn lQ. 

[55 min], nadB) generously supp1ied by Bernard Weiss, are Pl transductants 

of HF4704 .. 

} 

(b) Media, chemicals, buffers, and radtoactive compounts 

TKCaB medium contained 1% Tryptone, 0.5% KC1, and 1 nt4 GaC1 2• TPG 

and mT3xD medi a ar.e descri bed by Denhardt et aZ. (1968). 
1"-

Salmon sperm.DNA was obtained from Sigma.. Nitrocellulose (a gift of 

Hercules Ghemical Co.) was prepare~ for column chromatography as described 

by Boe~i & Armstrong (1967). 

TE buffer is 50 mM Tris-HGl (pH 8) 10 mM Na2EDTA. T2E 

buffer is 50 ntv1 Tris-HG1 (pH B) 20 lW1 Na2EDTA .. TEK buffer is TE bu-t:fer 

containing 0.5 M KCl. Borate is 0.05 M sodium tet~aborate decahydrate. 

SSC is 0.15 M NaCl, 0.015 M sodium citrate adjusted to pH 7 wHh a few 

drops of 6 M HCl . E buffer is 0.05 M Tris, 0.02 M sodium acetate, 

1 JJt.1 Na2EDTA adjusted to pH 7.2 with glacial acetic acid. 

[methy1-3H]thymi di ne (50 Ci /rrmo 1 ), [methyl-3H]thymi ne (50 Ci /mmo 1 ), 

[32 p] phosphate, Aquaso1, Aquassure, and Omn; fl uor were purchased from 

New England Nuèlear. [y_32p]ATP at a specifie activity of 106 cpm/pmol, 

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

by C. Miyamoto. \ 

/ 

1.', 
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(cl Infection, pulse-labelling, purification of nascent DNA 

E. coZiC was grown in 200 ml TKCaB medium at 33°C witli shaking é\,.t 

170 rpm in a New Brunswick Scientific Gyratory H20 bath unless otherwise 

indicated. Cultures at a cell density of 3 - 4 x lOB/ml w~re infected with 

</>Xcun3 at a multipl icity of infection 5 - 10. Thi'r.ty minutes later, the 

infected culture was transferred to a 28°C bath and allowed five minutes 

to .equi1ibrate at the lower temperature1 ThittY-fi~e minutes after 

infection, 2 mei [3H]thymi dinè was injected into the culture, whh::h was 
1 

\ illlTlediately and\rapidly poured into a half volumeofà vigourously boiling 

solution containing 2% sodium dodecyl sulfate (SDS), 3% phenol (distilled 

and stored ,under argon) and 10 mM Na2EDTA pH 7.2 (Miyamoto & Denhardt, 

1977). The mixture was swirled and brought to an inèipient boil over 

hi gh heat on â bunsen burner in 1 ess than a minute. After cool i ng on i ce 
1 

for 45 m;nues, the cell ghosts and SDS pree; pi tate were removed by 

centrifugation at 5,000 rpm for 30 minutes in the HG4 rotor of the Sorvall 
" 

RC3. The supernatant was combined with 30 ml of 3M Na acetate pH 5.5 

and 600 ml i sopropanol an~ stored at -20°C overnight. The i sopropano1 

precipitate was pelleted by centrifugation. at 5,000 rpm for 30 minutes in 

the HG4 rotor of the Sorvall Re3, air dri-ed :for an hour, resuspended in 

10 ml T2E buffer, and combined with 100 111 each of 10% SDS and 10 mg/ml 
, \ 

Pronase (sel f-digested at 37°C for 2 hours). The turbi d sol ùti on '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 ir:l~O ml carex tubes with 'sodium acetate 

and iS0'fopano1 as 

10,000 r~m for one 
<" 

descr,ibed above and co llected' by centrifugation at 

hour in the HB4 rotor of the Sorvall RC2B. The pellet 
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was resuspended ln 2 ml TEK buffer, heated at lOO°C for 60 seconds? then 
,/ . \ 

applied to a 1.8 cm by 4 cm nitrocellulose column at room temperature 

which had been equil ibrated with TEK buffer. The' column was washed with , , . 
100 ml TEK buffer and the DNA was eluted with 50 mL TE buffer; appropriate 

fractions were precipitated with sodium acetate and isopropanol. The 

preci pitate was resuspended in 0.5 to l ml T2E buffer and centri fuged in 

alkal ine or neutral ~uc'rose gradients. Neutral sucrose gradients (36 ml, 

5-20% sucrose) containing 1 M Na~l, 1 rrt>1 Na2EDTA, 50 rrf.1 Tris-HC~ (pH 8), 

were centrifuged at 22,000 rpm for 17.5 hours at 100'c in the SW27 rotor of 

the Beckman L2-65B ultracentrifuge. A1ka1ine sucrose gradients (11 ml, 

5-20% sucrose), containing 0.2 M NaOH, 0.8 r1 NaCl, 2 nt-1 Na2EDTA, 0.05% 

sarkosyl, on a l ml pad of 1.25 9 CsCl/ml 0.2 M NaOH, were centrifuged 

at 36,000 rpm for 16.5 hoùrs in the sw40 rotor. 

Fractiohswere collected from the top using a Buchler 'auto-densif1ow 
.' 

and polystaltic pump.- A1iquots of neutral sucrose gradients were spotted 

on l inch squares of Whaltman No. 3 filter paper. Alka1inè sucrose gradient 

. fractions wère precipitated with two volumes of 10% TCA after adding 
1 

200 ~g salmon sperm DNA as carrier. T~e precipitate was collected on 

Whatman GF fi lters. The fil ters were dried and the radioactivity deterrnined 

by scintillation counting with toluene':Omnifluor. 

Cd) Preparation of pX viral strand DNA 

E. cou. C was grown in 500 ml of mT3xD at 37°C wi th aerati on to a 
~ 

concentration of 3 x lOB cells/ml, and infected with ~Xam3 at a mu1tlplicity 

Of infection of 10. The phage were pre-incubated in 1 ml of medi um at 

37°C for 10 minutes before infection. If 32P~labelled ~X DNA was desired, 

E. coZ.i C was grown in TPG and 5 mCi [32p]phosPhate was added at the time 

of infection. If 3H- 1 abelled </lX DNA was desired, E. coU HF4704 was grown 

\ 



\ 

/ 

\ 

in mT3xD ard from 1 to 5' mCi [3HJthymidine was added in .~qual aliquots' 

at ten-minut' intervals from 5 to 65 minutes after infec·ti~n. 
Two hours after infection, the ce1ls were collected by centrifugation 

at 10,000 rpm for 20 minutes in the GSA rotor of ,the Sorva 11 RC2B. The 

cells were washed with 100 ml TE and resuspended in 40 ml TE. Lysozyme 

was added to a final concentrati.on of 100 ug/ml, and the mi xture was. 
\ 

jncubated for 30 minutes at 37°C. After t~e _addition of TE buffer.to , 
'" . 150 ml, the- solution was adjusted to 1 M NaC1, and stirred at 4°C over:night. 

The precipitate was removed by centrifugation at 8,000 rpm for 10 minutes . \ 
in the GSA rotor of thé Sorva 11 RC2B. A tota 1 of 15 g PEG 6000 was. added 

\ to the supernatant whi ch was then sti rred at 4°C for lOto 20 hours. The 

precipitate was collected by centrifugation at 12,000 rpm for 20 minutes in 

the tm,4 rotor of the Sorvall RC2B, and resuspended in 6 ml bor.ate buffer. 

After an overnight incubation at 4°C with stirring, the undisso1ved material 

was removed by centrifugation at 10,000 rpm for 10 minutes in the 5534 

rotor of the Sorvall RC2B. CsCl was' added to the supernatant to a final 
, ~~~ 

concentration of 0.625 9 per 9 samp1e. The CsC1 gradients were centrifuged 

a t 10°C and 40,000 rpm in the Type 40 or Type SOli rotors in the Becl<man 

L2-65B ul tracentr; fuge. Fractions were collected from the bottom, and the 

lower phage-containing band was poo1ed and dialyzed for 24 hours at 4°C 

against 2 R- borate buffer. The dia1yzed phage suspension was layered on .. 
two 36 ml sucrose gradi ents (5% to 20% sucrose (w/w) , 1 M NaC1 in borate 

\ 

,buffer). The. gradients were centrifuged for 3.5 ho urs at 25,0.00 rpm and 

5°C in the 'SW27 rotor. Fractions were collected from the top. The more 

rapidly sedimenting band was poo1ed and dialy~ed against borate bu(fer as 

descri bed above. The phage suspens ion \ilS extracted with.an equal \Où:Iœ of borate-

\ 

\ 
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saturated phenol 0 10 minutes at,55°C. THe DNA in the aqueous phase was 
\ . 

precipitated with.s dium acetate and isopropanol. When the ph,age were' 

radioactivelY labelled, gradient fractions were assayed by spotting aliquots . 
on 1 inch squares of Whatman No. 3 fil ter paper. The papers were dried 

, 

and the radioactivity determined by scintillation counting in to1uene/ '""'\ 

Omnifluor. When the phage were not radioactive1y labelled, gradient' 

fractions were assayed by titre, and the sedimentation velocity centrifugation 

was omitted. Centrifugati~n in the Sovall RC2B was always performed at O°C. 

(e) Preparation of pX RF DNA 

E. aoli CR was grown in 500 ml mT3xD at 37°C with aeration to a 

concentration of 3 x 10
8 

cells/ml, and infected with $Xam3 at a mültiplicity 

of infection of 10. The phage were pre-incubated in l ml of medium at 

37°C for 10 minutes before infection. Chloramphenico1 was added·to a final 
;. 

concentrat,ion Of 30 }ig/m1 10 minutes after infection. For 3H-labe4'~d 

RF DNA, from\ 1 to 5 mCi [3H]thymidine was added in equal aliquots at "ten

minute intervals' from 5 to 65 minutes after infection. For 32P-labelled 

RF DNA, E. coU C was grown in TPG; 5 niei [~2p]PhosPhate was added at the 

time of infection. / 

Two hours after infection, the cells were collected by centrifugation 

for 20 minutes at 10,000 rpm in the GSA rotor of the Sorvall 'RC2B. The 

cel) s were washed with 100 ml TE buffer, trell resuspended in 36 ml TE buffer, 

and incubated with lysozyme at a final concentration of 200/~g/ml on ice . 
for an hour. After the' addition of SOS and Pronase ta final concentrations 

of 1 % and 500 ~g/ml respectively, the lysate was incubated at 37°C for 

4 hours. NaCl was added to l M, and the solution was mixed and left at 

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

." . 
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• 1 

rpm in the Type 42 rotor and the Beckm~n L2-65B ,ultracentrifuge. 

supernatant was exwacted with' an équal volume of phenol (equilibrated 

w1th borate bufferl for 15 minutes at 55°C. After cooling on ice, the phases 

were separated by 'èentri fuging at room temperature fer 10 minutes at 2000 

rp~ in a Soryall GLC table-top centrifuge. The nucleic acids in the 

aqueous phase were preci pitated with O. 1 vo l ume 3 M sodi um acetate (pH 
\ 

5.5) and 2 volumes isopropanol. After 16 hours' at -20°C, the precipitate 

was collected by cent,rifugation at O°C for 1 hour at 12,000 rpm, in the 

GSA rotor of the Sorvall RC2B. The pellet was resuspended in 6 ml~ T2E 
~) 

buffer, two ml aliquots of which were 1ayered on three 36 ml sucrose 

(5% to 20% (w/v) sucrose) gradients, containing l M NaCl-, l mM Na
2

EDTA, 

50 n!'1 Tris:"HCl (pH 8). The gradients were centrifuged for 16 hours at 

25,000 rpm and looè in the SW27 rotor. , - ". 

Fractions containing the ~F were 

precipitated with sodium acetate and isopropanol. The precipitate was 
\ 

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

tbe Sorvall RC2B, and resuspended ir 9 ml TE buffer. 6thidium bromide 

and Cs Cl were added to fi na 1 concentrations of 500 l1g/ml and o. 92? g/ 9 
/ 

solution respectively. The ~radients were centrifuged at 40,000 rpm at 

10°C in the Type 40 Or Ty~e 50Ti rotors of the ultracentrifuge. The 
\ 

RFI and RFII bands were separatê~ly pool ed and precipitated twi ce with 

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

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

~(f) PreRaration of E. (JoU DNA .. 
E. (JoU CR was grown in 200 ml :mT3xD at 37°C with ~eration to a 

éoncentratio'n of 3 x 108 cells/ml. If 3H-lallelled E. aoli DNA was desi~d. 

\ 

1 

1 ,,. 

1 

1 
1 



--~-~.:.-.-----~"- .---

- 54 -, ---

3H-thyMine was added to a final concentration of 2 J.Jci/ml. The cell s were 

grown 90 minutes longer, then collected by centrifugation for 10 minutes 

~ at 8,000 rpm in the GSA rotor of the Sorval1 RC2B. The cells were 

~ended in 10 ml T~ buffer, and incubated on ice for an hour with 
~---

l' 20 119/ml 1~. Pronase and ,SOS were added /to final concentrations of 

./ 

-$. 

100 119/ml and 1% respecti vely, and the sample was incubated at 37°C for 

l6'hours, then extracted three times with 2 volumes of borate-saturated 

phenol:chloroform 0:1, v:v) at 37°C for 30 minutes. The nucJeic acids 
" 

in the aqueous phase were precipi tated wi th sodi urn acetate and i sopropanol, 
, \ 

then banded in CsCl gradients (1.25 9 CsCl per 9 soluti on) to remove RNA. 

The DNA .as stored at -20:C in a ~mal1 V01~'" Of! buffer. 

(9) Enzymes and enzyme reactions 
/ 

HaeIII restriction endonuclease was pu~i'fied essenti~11y as described 
/ 

by Roberts et aZ. (1975). <t>X RFI was inçubated at 36°C in 100 111 containing' 
,-

la l1g DNA, 6 rW1 MgC1 2, 61Jff1 mercaptoethanol, 6 rrt1 Tris-HCl pH 7.4, and 

enough enzyme to produce a limit digest in 24 hours. Na2EDTA at a final 

concentration of 20 f1t.1 was added to stop the reaction. 
, 

HindI! restriction endonuc1ea'se was purchased from Boehringer-
l' • 

Mannheim. cpX RF!, at a concentration,of 100 l-\9/m1, was incubated with 1 
\ ./ ,( 

unit HindI! per ].19 DNA in 10 nf.1 Tri s-HCl pH 7.6, 50 rrM~NaCl, 10 rrf.I MgC1
2

, 

15 lJtt1 dithiothreitol, for 24 hours at 36°C. The reaction was .stopped 

as described for HaeIII. 

Polynucleotide kinase was "puri fied as described by Richardson (971) 
/ - , 

from T4-infect~d E. (JoU B cel1s generous1y provided ~y Dr. P.O. Sadowsk.i 

of the -Univers ity of Toronto. 
, 

DNA at a concentration of' 100 lIg/m1 fn 
l' 

() .~ \ 2 rW1 KP~4 pH 7.4, 10 nf.1 MgC1 2 , 20 Jlt.1 mercaptoethano 1, 25 llM ATP and 

1 

1 , 
" 

l' 
! 

1 ! 
j 1 
, 1 
: 1 , 

1 

1 
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4 units/ml polynucleotide' kinase were incub(ed for 2 hoùrs Qat 37°C. 

The reaction was stopped by adding 20 trM Na2EDTA. For quantitative 

end-labé111ng, 10]JM [.., • ..32PJATP, at a speci fi~ ~ctivity of 106 ~pm/pmol 
was subst;tuted for the unlabelled ATP. The unincorporated [y-32p]ATP 

.:!'. was removed by three sodium acetate and' isopropanol precipitati ons, and 

nitrocellulose 'column chromatography. 

fi' 

. RNase A~ and Tl.' purchased from Worthi ngton, were pre- incubated as a 

20 mg/ml solution in 0.1 M sodium acetate pH 5.5 at 80°C for 5 minutes. 

DNA at a concentration.{)f 100 llgjml in 0.05 M Tris-HCl pH 7. 0.02 M 

Na2EDTA was incubated with 60 unitsjrnl RNase A and 120 units/ml RNase Tl 
-

for 3 hours at 37°C. The reaction was stopped by precipita~ing the DNA 

with Na acetate and i sopropanol. 
'j 

Bacterial alkaline phosphatase, purified accor?ing to the method 

described by Weiss et; aZ. (1968). was generously donated by Neil Miyamoto. , ~~, 

DNA at a concentration of 100 119/ml in 0.05 M Tri~_-HCl pH 9 was i ncuba'ted 

with phosphatas~ (2 unHs/ml) at 65 D C for 1 hour. The reaction was stopped 

by adding EGTA ta 6.5 JdI1 and incubating at 65°C an additional 30 minutes. 

Spleen exonuclease, purified according to the. prôcedure of Bernard; 

'and Bernardi (J968),~~-provtded-by Nel1 MlYamoto. DNA at a concentration 

of 100 llg/ml was liea~ed.brieflY at 1 Ooo.C~" then adj~sted to 0.05 M- Na2S04 ; 

O.Ol,M Na2EDTA, 0.15 M Na a,cetate pH 5.5. After the additi~n OT 66 ]Jg/ml 

spleen exonuclease. the reaction was allowed to proceed a~oC -for l hour. 

The extent of the reaction was determined by r,moving 20 ~o'60 \.11 

al itÏuots into a 200 J.l9 e.xcess of salmon spenn DNA on ice" and inme_diately-
, ~-....:.../'. 

a~ding an equal volume of either cold 10% TCA or H20. After 15 minutes 
, 

on ice, the precipitate was sedimented in the HB4 rotor of the Sorvall 

/ 
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RC2B at 5,000-rpm for 5 minutes. The acid-soluble and total radioactivity . \ 

in the two supernatants was determi~ed in 10 ml· Aquasol, to which either 

TCA,or H20 containing salmon DNA had been addèd, to ensure equivalent 
• 

, ' 

counting efficfencies in tQe two samples. , , 

\ The Neupospo::roa C!l'assc: _-single-strand spec,ific exon~clease, p,urified 
, , 

, according to the ~thod described by Rabin et"aZ. (1971), was a g1ft 

from Or. K. Bartok. DNA at a concentration of 40,,1I9/m1 in o~ 1 M NaCl, 
, 

10.-flt.1 MgC1 2, 0.1 M'Tris-Hel' (pH 8) was i,ncubated at 37°C for 3 hours 

with 2 units/ml nuclease. 1 unit 1s defined as that amount of enzyme ..... 
wHich will release 1 A260nm unit from 600 lIg he~t denatured calf ;thymus 

DNA/ml in 30 minutes at 37°C. Acid-soluble and total radioactivity 

w.s determ~d ~s d:scrlbed for spleen ~xonUCle.se, except th~~liqUots 
were added to a 400 lJQ excess of salmon sperm DNA .. 

, , 

(h) Hybridi zation in solution to det'ermine strand polarity 
, lit· 

3H-labelled nascent ONA (4.5 liS ~t a 'specifie activity of 1400 

Cpm;lJ9) and -32P-labelled cpX vi.ral st~and DNA "(0.7 }.tg at a s~eCific 
activity of 10,000 cpmlllg) were combined with 2,5 119 M unlabe11ed $X RF .,', 

DNA, cpX viral st'rand DNA,orE. (JoU DNA,"in a final volume of'150 III 
" . 

o 

of 0.1 M NaC1, 0.1 M Tris-HCl (pH 8), 0.1 JJt.1 ,Na2EDTA, and. sonicated for- ; 

60 seconds aE,utput 60 with an Artek sonie ~ismembrator. The solutions 
1 b 

were transfe red to 100 ~1 capillary pipetteswn;ch were sealed by caref31ly , 

heating both ends in a b~nsen bu~ner flame. The capi llary pipettes _ 
. ,j 

containing the nybridizati~n mixture were submerged in a 100°C bath· for 

5 minutes, then incubated at 62°C fpr 42 hours {suff1cient to giye a 
. 

Cot of lOO}. The hYbr1dization mixtures were adjusted to final volumes 
o ", 

of 750 ~1 and treated w1th the Neurospora C!l'a88a single-strand specifie 

nuclease. 

/ 
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(i) Preparatio~ of filters and hybridization1to filters 

HaeIII and IlindIIo digests of 10 ].Ig of unlabeled ~X RF l were adjusted 

to 0.02% bromophenol blue and 7.5% glycerol.\ The samples were electro-. 
phoresed on a 3 mm thick 1.5% agarose slab gel in E buffer containing 

0~5 ].Ig/ml ethidium.bromide in a Hoefer Scie~t1fic Instruments gel apparatus 

cooled by a continuous flow of cold H20. Electrophoresis was at ~50 

volt~ for 6 hours or until the dye had mi9rated 20 tm into the gel. ... . . 
The DNA was denatured, neutralized, and transferred to Jlitrocellulose 

filter papers as described by Southern (1975). The papers, 1.5 cm wide 

and 15 cm long, were placed in Kapak heat-sealable' polyester fnm pquches 
". 

~ith 2 ml pre-incubation medium and submerged in a New Brunswick Scientific 
" 

, , 1 

shaking H20 bath at 62°C for 4 hours to mïnimize non-specifie DNA binding 

"to nitrocellulose (Denhardt, 1965). Between 100 and 200 ~g of 3H:'abelled 

nascent ~X DNA at a specifie activity of 2 - 3 x 103 cpm/~g plus 2 - 6 x 105 

cpm of unifo~ly 32P-labelled ~Xam3 DNA,or from 20 to'100 ~g of 32P_end 
~ , 4 

labelHed DNA at a specifie activity of 1 - la x 10 cpm!llg plus 1 - 2· x 
./ 

5 d 3 a 

la cpm of uni form1y . H-labelled cpX DNA, in .400 j..11 3 x S~~, pH 7, was 
, . " 

sonicated for 60 seconds at output 60 wi'th an Artek sonic dismembrato;, 
, , 

then heated at 1000e for ~ minut~s to ensure complete denaturation. 

Fresh pre-incubation medium was âdded to a final volume of 2 ml,. and the 
t#" -, f, 

solution substituted for the solution in the pouch with the: nitrocellulose 
" 

paper. -Incubation ,At 62°C wi th agitation was continued for a1l additional 

_ 36 to 48 hours. The nitrocell ulose papers were washed for' 5 mi~utes at ./ 
• 

room temperature in 3-x SSC pH 7, then eut into 2 mm wide.slice~. The , 

sUces were dried at 11 O°C for 30 minutes and the radioactivity det~hnjned .,. 

in toluene-Omnifluor. 
\ 

" , 
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(j) Analytical sedjmentation ve10city centrifugation and alkaline gel 
• 

el ectrophoresjs 

Samples of 100 to 200 ~1 containing the 3H~ and 32P-labelled DNA 

were laye,red on 5 ml gradients an,d centrifuged at 45,000 rpm in the SW50\1 

rotor of the Beckman L2-65B ul tracentrifuge. Neutra 1 suctose gradients 

{5% to 20 % Cw/v} sucrose, l M NaCl, 1 rJt.1 Na2EDTA, 50 111>1 Tris-HC1 (pH 8»), 

were centrifuged for 2.5 hours at 10°C. A1ka1ine sucrose gradients 

(5% to 20% (w/v) sucrose,0.2 M NaOH, 0.8 M NaC1, ~ mM Na2EqTA, 0.05% 

Sarkosy1) wer~ centrifuged for 4.5 hours at 100 e. Formamida sucrose 

gradients (5% to 20% (w/v) sucrose in 90% formamide)were centr~fuged_for 
, '. 

24 hours at 20 0t. Fractions were collected onto i 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 tol uene/Omnifl uor. 

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 ~l 
o • 

containing 1ess than 10 llg DNA in 0.2 M NaOH,\O.l%·bromophenol Mue, 
u 

25% g·Jycerol we're applied. The gels were e1ectrophoresed at room 
/"" . 

temperature at 3 to 5 m~mp/gel untii the dye had migrated almost to the 
. 

bottom of the gel .. The gels, were eut into 5 rrnn slices which were ' 

autoclaved for 10 minutes with 1 1111 dH20 in Linear Polyethylene 

scintillation vià1s p'urchased from NEN. The radioactivity in the disso1ved 
'." ~ 

geT slices was de~ermi~ed in 10 ~l ·Aqu~Ss~re. 
\ 
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3. RESULTS 

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

,stopping and isolating procedure 

In our procedure, a brief pulse of [3HJthymidine is stopped by pouring 

,the infected pulse-labelled culture into a boiling solution of SOS:phenol. 
, -

The mi xture i 5 then'· rapi dl y brought to a bai lover hi g~ hea t on a' bunsen 

J burner. Because this is a fairly harsh treatment, it was necessary to 

\ ascertain that tbe molecules$horter th an unit length were not being 

generated by the stopping procedure. A 200 ml culture of E. aoZi C 

at a cell density of 4 x 108 cell~/mJ wa's infected with' 32P-labelled 

<l>Xam3 at a multip1icity of infection of 10, and specific1 activity of 

5 x 10-7 cpmjpfu. Immediately before pulse-labelling, a 40 ml aliquot of 
\ 

cu1ture was removed. T~e infected fel1s were callected by low speed 

centrifugation, resuspen,ded, lysel~ith 1ysozyme-EDTA and digested with SDS

Pronase as described by Dress1er (1970). The crude lysate was sedimented 

on a alkaline sucrase gradient. 

The sedimentation profile' of the- 32P-label1ed infecting viral 

strand' is depicted in Figuré 1. Superimposed is the sedimentation 

profile of the 1ysate of the remaining 160 ml of [32p] <l>Xam3-infécted 

'culture which was pulse-labelled with 1.6 mCi [3H]thymidine. The pulse 
, , 

was stopped with boiling SOS-phenol and the DNA isalated as described 

in Materials and Methods. It is obvious that the 32P-labelled infecting 

viral strand had not been significantly degraded during the stopping" 

and isolating procedure. Approximately the same amount of 32P-labelled 

parental strand was present as molecules shorter th an unit length , 

r~gardless of whether or not the culture had been subjected ta our stopping 
\ 

c 
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and isolating procedure~ A considerab1y greater proportion of thè 

'[3HJthymidine incorporated in a very brief pulse was'always present in 

'molecules shorter than unit length. In this par~;cular experiment, , 

it was 45% of the total. Hybridization experi~n~ indicated that by, 

35 minutés after infection, approximately 90% of the radioactivity in 

the 3H-label1ed short molecules was ~X specifie and of viral strand 

pOlarity (Section 3g). Thus, the 3H-labelled short nascent molecules 

cannot be the re~~lt of either host cell DNA synthesis or ~X complementary 

strand synthesis. Furthermore, molecules longer than untt len,gth were 

not observed in appreciable amounts; they could account for 'a maximum 
\ -

of 20% of the total pulse-labelled DNA (Section 3j). Since more than 

90% of the radioactivity applied was rècovered from the alkaline 

sucrose gradients, no significant fraction of the nascent DNA was not 

accounted for. 

\ 

Cb) Proportion of pulse label in short molecules depends on pulse length 
• 

As t~e length of the pulse was increased, there was a net accumulation 

of unit-length molecules in $X-infected E. ooLiC. While the amount of 
. \ ' 

1 

radioactivity present as shorter than unit length molecules increased 

as well, proportionately it represented a s~ller fraction of the total. 

In Figure 2, three gradient profiles of increasing pulse lengths are 

supe~imposed to facilitate comparison. As'the pulse length increased 
\ 

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

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

second pulse, the DNA shorter than unit length represented only a traili,ng 

edge, rather than a,definite shoulder, of the peak of unit-length 

molecules. In longer pulses, the presence of the shor~ molecules may b~ 

~asked by the accumulation of unit-length molècules. 
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When a 10 second pulse was' chMed for 50 seèonds by the addition of 
- ----------./ 

la' ~g/ml unlabelled thymidine to the medium, the gradient profile of the 

3H-labelled DNA resembled ,that observed for the 50 second pulse in 

Figure 2 (data not shawn). The total incorporation of [3H]thymidine in 

the one minute interval encompassing the pulse and chase (15 x 105 cpm) 

was approximately ten times the amount incorporated in the la second 

pulse (1.2 x 105 cpm)' and half the amount incorporated in the 50'second 

pulse (29 x 105 cpm). More label was incorpo~ted during the chase th an 

was incorporated during the pulse itself. The addition of [3HJthymidine 

to a final concentration of 0.2 nmoles/ml in the pulse\was apparently 

sufficient to saturate the intrace11ular precursor pools (Cairns & 

Denhardt, 1968; Neuhard & Thomassen, 1971). The subsequent addition of 

a vast excess of un1abelled thymidine did not immediatelYdi1ute the 

intrace11ular pool and reduce the incorporatlohof r3H]thymidine. This 

leads to ambiguity in the interpretation of the results of a typical 

pulse-chase experiment sucb as that described by Hours et aZ. (]978). 

since only a sma1l fraction of the labelled intermediates observed after 

the chase wereactua11y labelled during the pulse. 

The data described-~ere-OO"not allow a precise kinetic analysis, 

first because the'experiments are not performed under steady-state 

conditions (in the first few seconds of pulse-label1ing. the intracellular 

pool of radioactive"- precursor is expanding), and second, because of the 

diffi,culties inherent in quantitation, since the short and unit-length 

molecules are not complete1y resolved on s,ucrose gradients. ,Nevertheless, 

the accumulation of radioactivitx in unit-1ength molecules at a rate which 
1 • exceeds that ln short molecules suggests a precursor-product relationship. 

• 

o 
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(c) Proportion of pulse'label in short molecules depends on stopping 

procedure 

Figure 3 shows t~at when a very brief pulse of [3H]thymidine was 

stopped by rapid cooling instead of rapid heating, a smaller proportion 1 
\ -

of the pulse label was present in short molecules. When the pulse 

was stopped by pouring the infected culture on crushed ice containing 

KeN and NaN3 in a dry ice-ethanol bath as described by Baas et a~. 

(1978), 15% of the pu1se-labe11ed DNA was shorter than unit length 

(Figure 3a). When the pulse was stopped by pouring the infected culture 

into an equal volume of aceton~ at -70oe as described by Dressler & 
\ 

Denhardt (1968), 30% of the pulse-label1ed DNA was shortei than unit 

length (Figure 3b). 'The total incorporation of [3H]thymidine into nascent 

DNA was similar with al1 three stopping procedures, but the proportion 
~ 

that"Wps present in shorter than unit length mo1ecules was reduced 

when the pulse was stopped by rapid coo1ing. The implication of this 

observation is that ligation of the short molecules occurs extremely 

rap,idly, and may occur even when net polymerization has ceased. Note 

that with the cold stopping procedures, there ~s a further delay before 

the cells are actual1y lysed with lysozyme" and EDTA. 

(d) Abundance of short DNA mo1ecules depends on aeration level 

Variability in the proportion of [3H]thymidine incorporated into 

s~ort molecules in ea,rly experiments was eventually traced to the level 

of aeration of the infected culture. This is iltustrated in Figure 4. 

When the <fJX-infected E. (JoU C culture was aerated slowly 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 

f· ! 

/' 
, , 
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through the culture t 50% of the [3HJthymidine lqbel was shorter than . ~ 

unit length (Figure 4b);' when the culture was aerated rapidly by agit-ati~! 
at 170 rpm, 4Q% was present as short molecules (Figure/4c}. The last 

condition wa~ employed in all other experiments described in this thesis. 

(el Host strain affects abundance of short molecules 

Figure 5 shows that a higher proportion of the r3H]thymidine pulse 

label was incorporated into short molecules in thymine-requiring host 

strains. E. coZi HF4704 is a ta thymine-requiring strain, and when 

grown at the permissive temperature. 60% of the pulse label was found 

in short molecules (Figure Sa). E. coZi CR is a strigent thymine-requiring 
\ 

strain that will not grow in the absence of thymine, and 75% of the 

1 

/1 , 
! 
1 
1 

1 , 
1 

pulse label incorporated during ~X viral strand synthe~is was present 

in short ~olecules (Figure 5b). These thY,mine-r~quiring strains will 

grow in TKCaB without additional thymine. However, to verify that 

thymine was not a limiting 'factor, the medium was supplemented with 
, 1 

10 ~g/ml thymine; the same distribution of'pulse label was observed 

(data not shawn). The proportion of 3H~label1ed short moJecules in 

~-infected E. coli CR decreased sÛbstantially during a 50 second chase 

interval (Figure Sc), or during a 5,0 second pulse (data not shown) 

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

(f), Comparison of pulse-labelled molecules in ung and mg+ strains 

If the short molecules were generated by the combined action of ~ 

uracil-DNA glycosylase and an apyrimidinic endonuclease at sites where 

dUMP rather than dTMP had been incorporated into nascent DNA,\ qne would 

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

./ 

/ / 
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1 
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in· uracil-DNA glycosylase~ Figure 6 shows that this was not the case. 
/' \ 

In both the ung and ~t strains, approximately 60% of the.r 3H]thymidine 

incroporated in a brief pulse was present in molecu1es shorter than 

unit length. The sedimentation profile of the nascent pulse-labelled 

~X DNA in these strains was comparable to that observed with E. aoZi 

HF4704 (Figure 6a, b and Figure Sa). This;5 not surprising since these 

strains have similar genetic backgrounds. 

We do not attach any significance to the fact that more [3HJ 

thymidine was incorporated into nascent.DNA by the' ~-infected ung cel1s 

than by the'~+ cells. The total incorporation of [3HJthymidine varied 

from experiment t~ experiment because it was difficult to be precise 

with pulses of less than 5 seconds long,and also because during the first 
-' 

few seconds of pulse-label1ing, the intracellular pool of [/3H]thymidine 

is expanding. It ranged from 5 x 103 to 30 x 103 cpm per 200 ml culture 

of cpX-infected W1{J or unç/ cells. 

(9), Strand polarity of toe short pulse-labelled molecules 

The hybr1dization ~~periments which rêvealed that by 35 minutes 

after infection 90% of the radioactivity in the 3H-labelled short moleeules 

was <PX specifie and ,95% of the ~~spedfic radioactivity was in the 

viral strand (Hours et a~.~ 1978) were done with DNA isolated from slowly 

aerated cultures of ~-infected E. coti C. Since the level of aeration 

affects the proportion of pulse-label found in short molecules, and could 

conceivably also affect the proportion of 3H-1abelled short molecules 

which are of cpX viral strand origin, the hybridization experiments were 

repeated wlth nascent DNA isolated from vigorously aerated cultures of 

~ infected E. coZi C. 3H-label1ed nascent short molecu1es and uniformly 
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32P-labelled ~X viral strands were hybridized to "an excess of unlabelled 

~X RF ONA, ~X viral strand ONA, orE. coli DNA. The DNA which did not 

anneal wàs degraged by the N~~ospopa cpassa single-strand specific 

exonuciease~ Table l s~ows that as much as 90~of the 3H-lab~11ed short 

nascent mol ecul es was protected from degradati'on by hybri di zati on to 

an excess of cpX RF DNA, implying that the sequences are ~ specifie. 

Furthermore, 90% qf the 3H-labelled short nascent molecules did not 

anneal to an eXcess of cpX viral strand ONA,suggesting that the sequences 

are of viral strand orlgln. Finally, as much as 20% of the 3H-labelled 

nascent DNA and 10% of the 32P-labelled ~x viral strand ONA hybrid)zed 

in the presence of an excess of E. coli ONA. To rule out the possibility 

,4 that the enzyme digestion had been incomp~ete, the experiment was 

repeated with twice the amount of enzyme. Essentially the same result 
, 3 . 

was.observed. The most likely explanation is the the H-labelled nascent 

and 32P-labelled viral strand sequences hybr{dized to 3H-labelled and 

unlabelled complementary strand sequences. The ~thod of isolation does 

nct discriminate between pulse-labelled and pre-existing unlabelled 

short molecules; also the size fractionation by velbcity sedimentation 

is not absolute. A low level of\homology between cpX and E. coli DNA 

could account for less than 1% the hybridization'which occurs with an 

excess of E. coli DNA (Denhardt, 1968)·. Although the 3H-labelled short 

molecules isol\ated from rapidly aerated cultures of cpX infe,cted E. coU C 

represent a smaller p~oportion of the total pulse label than is found 

in less well aerated c~ltures, they still cortsist predominantly 

~(approximately 90;1 of cpX viral strand sequences. 
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, 
(h) Localization of the short molecules on the ~Xl74 genome 

, , , 

~reliminary experiments revealed that the short nascent molecules 

hybridized to all regions of the ~X genome as efficiently as the unit 

1 ength (but son; cated) nascen't mol ecul es, (Hours et al." 1978). \ The 
l, 

hybridization experiments were repeated with uniformly 32P-lab~lled 
• ' 1 

~X DNA as an internal marker ta determine whether a gradient of [3HJ 

thymidine pulse label a.round the genome could be detected. To quantitate 

the relative'amounts of nascent [3HJ DNA annealing to different positions 

of the genome', it was necessary to correct for the thymine content of 

the various restriction enzyme fragments in the viral strand. Th~ 

uniformly labelled [32p] DNA served as a internal control for both the 

efficiency of hyb~idization and the size of the DNA; the 3H/~2p ratio 

corrected for thymine content is a measure of the specifie activity 
'-

of the newly synthesized DNA. The data are presented in Figure 7. 
'\ 
J, 

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 moleeules that have completed a 

round of replication in the pulse interval. Labelling ~ill be more

extensive at the terminus th an at the origin. Ther~fore: the 3H/32p 

ratio, or specifie activity, for a restriction enzyme fragment close to 

the terminus should ~e greater than the ratio for, a fragment close to 

the origin. This was observed for the unit-length DNA molecules 

'(Fractions 19 to 25 of the neutral sucrase gradient in Figure Ba). When 

the specifie activity was plottèd versus position around the genome, , 

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

an approximately linear fashion '(Figure 7a}. . 
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_The specifie activity of the short moleèules (Fractions 5 to'lB of 

the neutral sucro'se gradient in Figure Ba) was higher in ,the-'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 
.... ( \ 

unsynchronized culture, the specifie activity of the total DNA shoulp be 

constant across the genome since to our.knowledge there is no amplification 

of any particular ~X sequence, Thus. any gradient of label in the completed, 
l 

or unit-length, molecules should be compensated for by"a complementary 

gradient in uncompleted molecules, One'would expect the specifie 

activity of the short molecules to decrease from the origin to the terminus. 

That it increased as' the terminus was approached suggests that the 

terminal sequences of the ~X genome'are'synthesized in excess. 

In mitochondrial DNA replication, there is an overproauction of 
~ 

7S origin sequence~, 75% of which are displaced from the genome, and only 

25% of whieh are incorporated into newly synthesized molecules (Robberson 

& Clay ton, 1973). If a similar situation .occurreùin the terminal region 

of the ~X genome, one mi~ht expect'to find an excess of abortive rep1ication 

,

)'ntermediates derived from the terminus, if one examined the total 

,poPulatio~ (nascent plus' non-naseent) of shorter-than-unit-length ~ 

molecules in the cell. Short DNA molecylas were isolated from ~X-
" ' 

infected cultures that had not been pulse-labelled with [3H']thymidine and 

\1ere end-labelled with t ')'- 32p]ATP and polynucl eoti de kinase. The sedimentation 

profile of the 32p_ end-labelled DNA on a neutral sucrose gradient is 
. . 
shown in Figure 9. Because of the existence of a very large number of . , 

• short molecules, the .,C'· molecules first described by Miyamoto and 

Oenhardt (1977), most of ..<the 32p_ fabel is found near the top of the gradient. 
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The top four fractions of the gradient containi,ng the IIC" molecules, and 

the region encompassed by fractions 5 to 18 of the gradient, where the 
3 . ' 

[ HJ pulse-label1ed molecules shorter than unit length are found tsee 

Fi gure 8a), were separately combined with uniformly 3H-labelled <P< 

viral strands' and hybridized to Southern blots containiryg HaeIII 

restri cti on enzyme fragments of cfJX RF. . 

The 32p;3H ratios corrected for thymine content of the DNA - , ~ 

hybridized to any particular restriction enz~e fragment are an index' 

of the number of ~ molecules in thè. cel L'with 5' te'rmini lacated in 

that reg;on of the genome. When the :2p/3H ratios of the short and 

"e" mol~cules are plotted versus position on the gen6me in Figure 10, 

the ratios are highest in the center of the genome, lower near the arigin, 

and lowest at the terminus. The high 32pj3H ratios in the center of the 

gename suggest that there are a ~arge number of short cfJX DNA molecules 

in the ce-ll whose 5'1 termini are located in this region. 

The first attempts ta hybridize the 32p.-end-l~belled short mQlecule~ 

from ~-infected cells to the <pX RF fragments on the Southern blots were 

~nsuccessful becaus~ the 32p-end-l.abelled DNA anneale~ much less 

efficient1y ~han jhe uniformly 3H-labe1le~ <p< viral strands. This is , 

,shown in the data in Table II. Although low, the hYbridization ~fficiency 

of the J2~-end~ labélled molecules from <!K infected cell s is .l'significantly 

greater th an that of 32P-end-labelled ~olecules from uninfecte~ cells, 
, . 

sa the hybridiztion cannat be at~ributed to a low level of homology 

between cfJX and E. ao li ~equences. if the 3H_ and 3~P_l abe 11 ed DMs 
. , 

were 'composed entirely\of ~X ,sequences, they wou\d hybridize to the cfJX 

~F DNA on'the S~uthern blots with equal efficiency, although the overall 
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, 1 
,1 

/ 
1 

/ ~ffictency would vary from expe~iment tô experiment. d~pending-on the 
j )/ ~ " 

/ specifie activity of the DNA being hybrldlze~ on the amount of DNA 
. ../' on the filte~ a~ai1able for hybridization. That the 3H-la'be1led viral 

strand DNA hybridizes to the-fi1ters more than ten times as efficiently 
1 

as the 32p-~~-d-labe11ed sh~rt mo1ec~les 'suggests that at most 10% of the 

32P-end-labelled short mo;ecules are ~X specifie. similarly,.the fifty

fold gre~t~r-hYbridization efficiency of the 3H-labe1led,viral strand 

DNA relative to th~ 32P-end-labelled "c" molecules indicate~ that as . -
litt1e as 2% of the 32P--end.'labelled "C" m01~cu1es may be ~i specifie, , 
assuming that the smaller si ze of the "C" mo1ecules does not sigolficant1y 

,alter th~ir hybridization efficie~cy. The data in Table II show that 

on1y a sma11 portion of the total DNA isolated by our procedure 

.compri ses ctJ< sequences, but do not a 11 ow any esti mates to be made of 
. \ 

'. what fraction of the Popu1~tion. oft qx molecu1es ..,lsolated are nascent. 

The recovery of large numbers of short non-nascentE. aoZi molecu1es has 
, " '" ~ 

~een reported by' Anderson (1978) and Denhardt et al,. (1979). We find 
- j 1 .. 

that the same. short non-nascent mo1ecules are present in <l>X~infected 

E. ap U ce 11 s . 

. ~ .' " 

(1) Analys;s of.,the 51, ends of ~he sbort n;'Olecules '\.,,_~~ __ ~ 

The spleen exo~uclease method was ~sed ta test for the prl!sence of 
-:. ~ ~ l 

ribonu~leotides at the S' ends of the molecules shorter than ,unit length 

during viral strand sJfnthesis. The final·step in the purification of the 
, . , 

DNA was neutral sucrase gradient sedimentation immed1ately after heat 
.. l .. • ... 

--:~-- denaturatio~; typical 'profiles are depicted in Figurê 8. Un1fonnly 

32P-label1ed $X DNA of tne same site as the ~ascent DNA was obtained by 

. briefly son1cati.ng ,viral strand circles.· r3H]thymidine pulse-labelled 
, 
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.. 
.. . .. 

nascent «pX ONA and un;fonnly labelled nOn-nascent [32pJDNA were combined 
.... 

and treated with polynucleotide kinase 'and ATP to ènsure phosphorylation 

of aU 5' ~nds. The sa~e wa'~ divided' irit~ f9U~ parts. NaOH to a final 

'\ 
," 

concentration'of O.4 QN was added to one, then all four were incubated 
• 0; 

at 37°C for 8 hours. A second sample was then treatej:! with .RNa se A and 
, ~ 

RNase Tl' . Ribonucleotide linkages would be' hydroiyzed by the alkali or 

RN~ses generating coS' OH ends. One of the remaining non-al kali- treated 

samples was digested with bacterial alkaline phosphatase to remove 5' , , , ' 
P termini. 

e 
All four samples were t~en sUbjected ito 'spleen exonuclease, 

_ . tr~atment~k 

, , 
\ 
1 

j 

f 

Spleen exonuclease w"1 degradeomolecules with S'OH tennin; put 

not molecules with. 5' phosphoryl tennini. In the alkali and RNAse

tr.eated ~amples, onlythosel1'Dlecules Wlich hadtan li~lœd1D ribonucleo'tides 

would be degraded by ~pleen exonuclease. Acid solubil y was measured 

as described 'n Materials and Method . ::., The data are unmaried" in Table 

iIl. After kinase treatment, both na cent and no nascent JTl()-lecules were , . 
" similarly insensiti~e to spleen exonuclease 19~stion. After alkali 

and RNase' tre~tment, nascent t3HjONA beca~ 'significantly ~re susceptible 
'\ . , , 

to spleen exonucleas~, Noie that both alkali and RNase \e~~lted in similar 

,increases in sénsitivity :to spleen exonucleé\se. There was an increase 
"-

in acid·sol ub.i 1 ity of almost 5%, for the. 3H-1a,belled n~scent vi'ral strand 
J' .. • 

molec~'es,'of'about 10% for the 3H-labelled nascent RF molecules, and 
" 

ap~oximatelY 1% fQ" the 32P .. labelled non .. nascent ONA in all cases except 
- • 1 

. . il L f ~ 

".for the RNttse-tr~atld RF sample which had a sl i ghtly higher background . 
,. 32 ,. . 

After phosphatase treatment, the P-labelled non-naseent DNA became . 

"25% acid-soluble on exposure to' splee~ exonuclease. Longer incubations' 
c .. .' , 

, ',' with spleen exonucle~se res~hed in h1ghé'r levelg of 'acid solubinty. A"' .• 

". • s;corid e~p~~iment gavè essentially t~e saiue .ts as presented in Table II I. ~ , 
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Al~hough spleen e..xonuc1ease may not degrade 51 OH-terminated~ch~i ns 

to completion, degradation from the 510 OH end proceeds at siml1ar rates 0 

~long DNA mol ecules of different chain 1 engths, and therefore, the data 

provide an estimate of the numberofmolecu1es with alkali-labi1e sites 

(Kurosawa e"t al., 1975). Assumlng unifonn labelling ,along the DNA, we 

iJlfer that approxiJ11ate1y 20% of 'the short molecules during viral st'rand 

synthesis and approximately 40% of the short mol ecules during RF 

replicqtion have at least 1 rjbo'1.ucleotide at the 51 end. 

The short mo1ecules isolated during viral strand synthesis were 

divided inta two pools. When the shortest molecules (fractions 5 to 
1· " 

11 of th~ neutral sucrose" ~radient depicted in F1gure 8a) and the 

intennediate-sized, mo1ecules (fractions 12 to 18) were treated separate1y 
o 

as described above, it beeame evident that ,the ribonuc1eotides were ,.. 

loeated predominant1y on the shortest molecules (Table IV). If the 
J 

ribonucleotide(s) function as primers, which are very quick1y removed 

once synthesis of a DNA châ~n is initiated, then one wou1d expect to ' 
/ 

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 
32 . ' 3 32 

the P-1abelled non-nascent DNA. When both H and P-labelled DNAs 

were not nascent, they were degraded by'sp1een exonuclease to the same' 
) 

extent' (Table III). / Severa1 explanqtions can account for the lower 

,release of ~H from the nascent.mo1ecules by a~5' end-specifie nuclease. 

There c~uld b.e an increase in secondary s.tructure in these ..nascent 

moilècules. T.hej·r average size may/be greater than the average siz'e of

the 32P-1abell'ed DNA. There could be an ·un~v~n distribution of [3HJ 

thymidine tn the nascent molecul-es, with more label loca--ted, at the 3' 

ends. Fina11y, the 5' ends could bé blocked with an unièlentified r . , . , 

structure 'whi ch renders, them resistant to' spleen exom~clease. 
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\ 

(il Mô1éèules longer than unit length 

When the 3H_l abelled nascent DNA was sedimented on al kal ine sucrase 

gradients, only a small fracUon of the total pulse label appeared ta be 

in molecules longer th-an 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 <pX malecules. Ta rule .out the 

possibility that the rapidly sedimenting 3H-labelled nascent DNA on 

neutral sucrose was an aggregate, it was combined with 32P-labelled ~X 
\ \ , 

viral strands, he~ted briefly at lOOoe, then resedimented on neutral 

sucrase. Fi gure 11 (a) shows that îhe 3H-l~be lled DNA sedimented as a. 

broad peak ahead of the 32'P-labelled <pX viral strand marker. On an 

alkaline sucrose gradient, however, the same 3H-labelled DNA cosedimented 

with 32P-labelled <pX viral strand marker (Figure llb). This discrepancy 

could be explained by the existence of an alkali-labile site in the' 

long molecules which was hydrolyzed to yièld unit-length and shorter 
~ 3 . .. 

mOlecu,les. But ,."hen the H-lallelled DNA longer than unit len~th w~s 

sedimented on denatùring formamide gradients, it aga;n sedimented with the 

32P-labelled viral strand marker (Figure lle), so there'was no alkal;-
/ 

i~duced eleavage of the molecules longer than unit length. Because of 
o 1 

the relatively weak dependance of sedimentation coefficient on mo1ecular 

weight of, single-stranded DNA under these conditions, it is possible 
~ ~ 

that the longer molecules Were simple more ,readi1y observed on neutraJ 
u , 

than on denaturing gradients. If this were the case, then a more 

sensitive method would be required to demonstrate a difference in size, 

between th~ longer and unit-length molecules under denaturing ~onditions. 
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TM. was )h1 eyed on an a 1 ka 1 i ne aga :0.. g.l where th. 3H_ 1 ab. 11.0 ONA, 

migrated as a broad peak behind the 32P-label1ed ~X viral strand, marker. 
~ -

T~e gel shown in f,1gure 11 Cd)' shows very conv;ncingly that a substantial 

portion 'of the approximately 20% of the initial pulse .. labelled ~NA 'tfiat 

sediments rapidly is in longer-th'an:-gename .. length lntermediates which 

are not well resolved fram unit le,ngth <pX viral strands on denaturing 
a 

sucrose gradients. 
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4. 'DISCUSSION 

There are several explartations for the existence of the short 

molecules that we observe during ~X viral strand synthesis: (i) They 

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 excision-repair or ~y other repai.r events. (ii1) They could be due 

to a second nicking évent by the gene A protein at the origin on inter

mediates longer than unit length. (iv) They could be the result of tfle 

"nicking-closing ll activities of topoisomerases: (v) They could be true 

intermediates in the·synthesis of the viral strand, indicating that the 

viral strand ;s synthesized d;scontinubusly .. , 

Provided that there is nothing special about nascent DNA (e.g. , . __ "" 
~~ ~~''''_f11Jf:''"""-",,"~,,,,,,,,, 

'Emhanced sensHivity to a heat-'activated endonuclease), we have eliminatéà 

the possibility that the short viral strand molecules are generated 
" 

by our stopping procedures. The arguments for ·this are that the infecting 
32 ' 

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

"'and that in longer pu1-5e intervals, or cha~es) 80\90% of the 3H pulse 
\ 

label was recovered in unit-length viral strands (Figure 2). However, 
/' 

the stopping procedure is critical since it determines the nascent 

intermediates that are observed. With the two "co1d ll stopping procedures 

described in Results (used by Baas ~t d ... 1978; and Dressler &.Denhardt, 

1968), actual 1ysis of the cells was not achieved until sorne time after 

the pulse was ostensif:ny stopped. " It is possible that the short mo1ecules 
1 , , 

wete ligated during ~his tnterval with ,the conseq.uence that fewer short 

molecules were observed. Our data (Fjgures 2 and 3) indicate 
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( ) 

that the combinati.on of long pulse lengths and less efficient stopping 

procedures may have preventèd other investigators from observing these 

short mol ecul es._ If synthes i s of both strands of RF were stopped with '" ' 

equal efficif'CY during RF replication, 56% of the r3H]thymidine in a 
• 1 

short pulse should be incorporated into the viral strand and 44% into 

the complementary strand beeause of the difference in thymine content 

of the two strands (Sanger et al.~ 1977). (We assume synthesis of both 

stra~ds draws on the same precursor pool.) Baas et al. (1978) found that 

with their II co ld" stopping procedures, which used frozen' KCN-NaN 3 , up 

\ to 80% of a brief pulse label during RF replication was viral strand 

specifie. With our "hot" stopping procedure, less than 70% was viral 
,1 

strand specifie (Hours et aZ.~ 1978). Thus while neither method seems 
• 

" to stop synthesis of both strands equally, it is apparent that the "hot" 

st.opping procedure is more effective in shutting off Viral strand 

synthesi s than the "co 1 dIt stopplhg procedures. The short mol ~cul es are , . 

observed in abundance only when the 'briefest of pul ses i s stopped with 
. 

the:most efficient procedure. \ 

The h~t strain also affects the abundance of short molecules. In 

comparison with strains 1ike E. {JoU C, which does not require tnfnilne, 

th~ thymine auxotrophs, E. eoU CR, E. eoU HF4704, unç/~ and ung~ yield 

a larger proportion of the pulse label in ~hort ~X DNA moleeules. 
~ 

, Machida et aZ. (1977) also found a more pronounced degree of diseontinuous 
t? 

cf>X DNA synthesis for both. strands during RF replication in a thymine-

requiring hosto It has been reported that if thymi ne-requi ring E. coli 

strains are briefly deprived of thymine and pulse-labelled with either 

[3HJthymidine (Brewin, J977) or [3H]thymine (Diaz et al.~ 1975), the label 
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is incorporated almost entire1y into smal1 chains. However; we have not 

been growing or inf~~ing these thymine-requiring strains under conditions 

of thymine deprivation (see Res,ults). Nevertheless, as 'reiterated 

recent1y by O'Donovan (1978), the dTTP pool in thymine-requiring strains 

is usual1y substantially less th an in normal strains, and it is possible 

that in cpX-infected, thymine-requiring hosts, initi ation of the short 

mçlecu1es is not impaired, but elongation is slowed because of a lower 
1 

precursor (dTTP} concentration. As the consequence of an increased 

ha1f-life, more short molecules are observed. 

A similar explanation may account for the tact that more short 

mo1ecules were observed in the cjX-infected wild-type strain when the aeration 
".-

was reduced. When the cellular oxygen supp1y is decreased, cellular 

metabolism is sl0.wed, and energy in the form of ATP may become ra~e-

1 imiting for many intracellular processes. It is possible that elongation 
. 

of the short molecules is slowed because of a reduction in the size of 
1 

the precursor 'pools. Alternatively, it is possible that the mechanism 
'. 

responsible for j,oining the short mo1ecu1es is dependent on high ATP 

1eve1s. 

A low level of uracil incorporation into nascent DNA. followed by 

post-rep1ication excision repair by uracil-DNA glycosylase and an 

al?yrimidinic endonuclease, cou1d exp1ain the existence of-short molecules .. 
, 

It cou1d also account for the accumulation of short molecu)es in thymine-

requiring strains, since more dUMP would be incorporated into nascent 

DNA in the se strains than in the wild-type host (Tamano; & Okazaki, 1978; 

Duncan et a~'J 1978), However, no significant difference in the size 

distribution of puls'e~abelled <pX viral strand DNA was 
,,) , 1 ._ ' • 

--- ( ~ _-=J Il 

observed betweén 
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, 

the uracil-DNA glycosylase-defiCTént ung straîn and îts isogenic wzg+ 

strain (Fi gure 6). This suggests that the short molecules were not 

generated by urac; l-induced repai r of nascent cpX DNA. If'the short 

mo1ecules were caused by uracil excision, one would ~xpect to see 

sub'stantially fewer in the ung strain, since uraci1 incorporated into 

DNA would persi,st as a result of the defective uracil-DNA glycosy1ase 

{Tye et at.,3 1978; Warner & Duncan, 1978}. Note that the recovery of high 

mo1ecular weight T 4 and E. coU DNA containing uracil from UJ1ÇJ. dut strains 
'l 

impl i es that neit her resi dual uracil-DNA glycosy1 ase actiylty nor alternate 

uraci1-removal pathways are sufficient to generate these"small nascent 

mo1ecu1es in vivo· Our results are consistent with findings that s~ort 

nascent molecules in E. coU cannot be attributed to the action of uracil-

DNA glycosy1 ase (TY'e et al.., 1978; Tamanoi & Okazaki, 1978) except in . 
dUTPase:defi cient (dut) hasts (Tye et al. ~ 1977). 

" If the short mo1ecules were caused by secondary nicking by the ge~e . ~ 

A protein one woul d expect them ta hybri di ze exc 1 usive l y to the ori gî n 
, ' 

r~gi on. Thi 5 was not observed. The short nascent mol ecules hybridi zed 

to all regîons of the ~X genome,:but preferentially to both the origin 

and the termi nus regi on CF! gure 7b). 

The preferential h b/idization of the pulse-labelled short molecules 

to the termi nus regi on s6ggests that 'the termi na l sequen·ces or' the <IX genome 

are synthesized in ex _1so This lnt_rpret'~Dn is support_dO by the ,\ 

observation that the ejare a large number of'\Qort <IX molecules'" in the 

cell whose 51 terll(Hti Ih~ve been'·located in the center of the genome 

by end-labelling and ~ybridization. There is a sequence in the central 
1 
1 

regioo of the gen~1 in the RaeIII fragment ZB, which resemb!es the 
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sequence at the origin ;n the gene A· region where a round of repl iéation is 

initiated (Weisbeek, P., - persônal corrunun;cation). It appears that the 

similarity is sufficient to allow this site ta be recognized by the gene A 

protein, and other proteins involved in initiating a round of cpX replication, 

with the resulting \synthesi s,of· hal f genome length cpX vi ral strands. 

The\accid~ntal encapsidation of these 'inèomplete viral strands could 

result in the production of sorne of the defective phage particles 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 repl icating fork to faci l itate separati on of 

the pre-existing strands, rather than the newly synthesized DNA behind the 

rep 1 i ca ting fork. Furthermore, molecules which arase from nicks introduced 

Dy t9poisomerases wo~ld not,be expected to possess a ribonucleotide at the 

51 end. 

Since none of the explanations considered sêem able to account for 

the existence of all the short molecules, and since we know of no other 
, ' , 

explanation~, we are left with the conclusion that at least sorne of the 
, 

short molecules are nascent intermediates which arise from the discontinl\?us 

synthesis of the viral strand from a defined origin (region of the gene A 
, -

protein nick) unidirectionally around. the genome. 
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Leg~nd to Table 1: \. 

3H ... labelled nascent malecules 'shorter than unit length and unifonnly 
32P-labelled CPX vi ral strand DNA were combined and hybridized ta an 

~ 

excess of unlàbelled DNA tn solution. The-DNA whichdid not anne41 was . 
degraded by the Ne wospora OMssa exonuc 1 ease. Total and acid-soluble 
radioactivltles were determined as described ln Materials ,and Methads, 

"Sect; on 2(g) • 
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Strand ~rarity of 3H-1abelled "Molecules Shorter than Unit l~ngth 

Total DNA 
(total cpm) 

3H 227Q 
32p 22f'0 

,3H 22~ 
. 32p 2540 

3Ji 2310 
32p 2770 

3HB260 
32p lp20 
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Legend to Table' II: 
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l' r 

'The D'NA shortër ttTan uni t 1 ength, recovered from cul tures whi ch 

had not been pulse-label1ed with [3H]thymidine, was end-labelled with 

[32 p]ATP and kinase. The 32P-end-labe l1ed DNA was' di vided into two 

fractions: the short molecules are fraction 5 to 18~ of the' sucrose 
! 

gradient depicted in Figure 9; the ,~cn mo~ are fractions l to 4 

of the same gradient. The 32P-end-labelled DNA. Was combined with 
) . . , 

Cniformly 3H':'labelled ~X viral strand DNA, and hybridized to ~outhern 

blots containing HaeIH restriction enzyme fragments of <pX RF, as 
~ . 

described in Materials and Methods, Section 2(i). Two ... filters wère 

incubated in each b~g with" the DNA obtained from cultures, of cJ>X-

infec"ted E. (JoU C, and only 1 filter 'in each bag with the DNA from ""'" ; • , . 
cul tures of uninfected E. (JoU C •. Background was subtracted from, the 

sum of the radioactivity hybridized te al10f the restriction enzyme 

fragments on the filters. The hybridization efflciency is the % of 

the t-otal-' 32p_ or 3H-labelled DNA which hybridized to the </lX DNA on 
l, 

the fi lter. ~ 
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Comparison of thè Hybridization Efficiency of 32P-end-label1ed'~NA Shorter 'rha~ , 
~t ~ength and Uniformly·3H- 1?belled ~X Viral Strand DNA to ~X RF DNA~' . 

. ,J - '4' 
total,cpm 
cpm hybridized/filter 
% cpm hybridized filte~ 

total'cpm 
cpm hybridized/filter 
% cpm hybridized/filter 

JI'. 

--

, 

Short Molecules . 

, <f!X-infected E. coti C , ,Un,nfected E. 

3H 32p • 3H 

coU c' 
32p 

190,000 ' 1,500,000. 270,000 1,400,000 
750 

.05 
'14,000 13,000 9,100 9,300 18,000 

7.5 7 .62 .&4 6.8 
~ 

"C" Molecilles 

ct>X-infected E. 

3H 

105,000 
19,000 23,000 
'18 22 

coU C 
32p 

1,800,000 
4,600 5,,900 

.26 .33 

-

'è- , 

Uninfect~d E. coli C 
3H - . - 32p 

110,000 3,100,000 
15,000 - 2,40() 
14 .08 
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Legend to Table III: 

<j>'XDNA shorter than un; t l ength and ei ther pulse-l abelled wi th [3HJ 

thymidine or uniformly-label1ed with [3H]thymidin~ was ,combi~et:l with [32p] 
\ ' 

, , 

cpX viral strand DNA, uniformly labelled and sonicat~d to ,the sa,me size~ 

The DNA was treated with p01Yf\ucleoti de kinase and _~!P to phosphorylate 
\ -

5' ends, then divided into 4 parts. One received no further trea:t;ment. 

Of the remainin'g samp~es; one was digested with RNase A and RNa.se Tl 

and another was treate~ with NaOH. These treatments wi 11 generate 5' 

OH termin; where ribonucleotldes are removed. The final samp~e was 

digested with bacterial alkaline phosphatase (SAP) to expose [51 OHs on 

. a,l1 tennini. All samples were then, incubated with spleen exonuclease. \ 

Total and acid-soluble radioactivity was determined as described in 

Materials and -Methods, Section 2(g). Total cts/min of either 3H_ or 32p_ 

label1ed DNA ranged from 5,000 to 10,000 ~er sample. Acid soluble 

cts/min ranged fram 100 to 2,5QO. 
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Spfe~n Exoriuc1ease 

~ DNA 

pulse-1abelled with 

r3H]thymidine dU~ing 
vi ral strand 

synthesi s 

pul se-' abe 11 ed ~'i th 

[3H]thym; dîne during 

Rf rep1 i catton 
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: sonicated vira') \strands 
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TABLE III 

'" , 

Sensitivity of Shorter-Than .. Unit .. l:.ength DNA 
\ \' 

, 

% Acid-So1ub1e Radioactivity 

Treatmeh't 3H 32p 

none f.e \ 1.'8 

+RNase 6.5 3 

+NaOH 6. 1 .2.8 

+BAP 11 26 . 
• 

none 2 J.8 

+RNase 15 5.2 

+NaOh 13 2.8 

+"BAP 19 25 

none 2.3 1.9 

+BAP 20 20 
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Legend to' Tabi'e IV: 

\ ' 'cpX DNA ,pulse-labelled with [3~]thymidine was divided into two, size ~ 

classes: the very sh,ort molecules (fractions 5 to 11 ~f the neutral 

sucrose gradient in Figure B{a», and the short molecules (fractions 

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

'- uniformly labelled [32p] cpX viral strand DNA of the same size 

'obtained by sonication. The DNA was treated with pOlynucleotide kinase 

and ATP ~o phosphorylate 5' 'e~ds, then divided into 3 parts. dne 

received nofurttrer treatment. One was treated with 0.4 M NaOH at 37°C 
• \ l ( ... 

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

phatase (BAP). All three samp1es were then incubated with spleen 

exonuclease. Total and acid-soluble radioactivity was determined as 

described in Materials and ~eth.ods) S'ection 2 (g). Total cts/min .of 

either 3H: or 32P-label1~d DNA ranged Jrom 5,000 to 10,000 per sample. 

Acid-soluble ctslmin ranged from 100 to 2,500. 
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TABLE IV 

, 
, . 

, , 
" 

, ~.... ,\ 

J'" ~ " 
, ___________ ;0.- .~_'_ ...... ~ -.-~..,. __ 

, " 

\ , 

Spleen Exonuclease Sensitivlty of Very Short ànd 'Short cpX ONA Pulse

labelled with..[3H]thymidine During Viral Strand Syn~hes;-s 
• 

% Acid-Soluble Radioactivity 

-Treatment 3H 32p / 

\4( , 
, l, 

I~ '1 ~.'t none 4 ' 3.,2 
" 
''< 

Very Short +NaOH 11 3.7 . 
,,' 

+BAP 24\ 34 

none 2.4 2.5 

Short +NaOH 3;8 2.9 - \ 

+BAP 6 15 
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. Legend to Fi gure 1: 

Fate ~f the 32P-labelled. 1nfecting rpx' viral strand 'in E. colfi C .. ' 
during the stopping and isolation procedure. Sedimentation .was- 'from 

, J 

. , 

left to righyon alkC!line sucrose gradients; composition of the.gradients 
, 1 

and seaimentation conditions are described in Materials and Met~ods 

Section 2(c). Two separate gradient profiles were superimposed to 
n 32 Ir , 

facilitate comparispn. One gradient represents the P,-label1ed infect~ng 

viral strand in a portion removed before pulse-labelling (e -,e - • -; 
• 1 

input cpm: 3.,500) and lysed using conventiona1 procedures' (rlressler, 

1970). The second gradient contained the 32P-1~belled infecting viral 
1 , 

stand in the' remaining ~uitûre which was pulsed, stopped', and purified 

by our procedure (- 0 - 0 '- ; :totifl cpm: 12,600); and the [3H]thymidine 
/ ' 

labelled nascent <pX DNA in the sarne experi ment '( -9-0 -; input cpm: 

23,500) . 
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legend tQ_ Fi gure 2: 
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Eff~ct /of the pulse on [3H]thymidine pulse-label 1 ed nascent, <j>X DNA 

in E. (JoU C. Sedi~entation was from left to right on alkaline sucrose 

gradients. Composition of the gradients and sedimentation conditions 

• re deseri be~ in Ma te ri a 1. 5 .n~ Methods Section 2 (e). Th ... e gradi ont 

-profi 1 es were superimposeçL ta faci 1 i.tate compari son of the effect of 

increasing pulse lrn9th: -

(0 - 0-0) la se.corfs; inpu.;~ cpm: 1.2 ~x 105 

(CJ- 0- 0) 20, seconds'; input cpm:. 3.2 x T05 

C~l. - ~ ., t1) 50 seconds; input cpm: 29 x 105 
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Legend tri Figur~ ~ 

Effect of the stopping procedure o~ [3HJthym~d;ne pulse-labelled 
1 
1 

nascent,tI>X DNA in E. coU C .. Sedimenta~;on was from left to ~ight on 

alkaline sucrose gradients; composition'of the gradients and sedimentation 

conditions 'are described in Maferials and Methods, Section 2(c). 
, 

(a) 10-second pulse stopped by pouring infected cultures onto crtished 

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 ~s described by Dress1er (1970). 
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Legend to Fi gur-e- ,4: 
~ \ 

Effect' of the aerati'On level on t 3H]thymidine pu1seilabelled na~cent .. 
, . 

~x DNA in E. coli C. Sedimentation ,was from 1eft to right on. alkaline 

sucrose gradients; the compositi on of the gradients and S~dimentation 
" . 
conditions are described iF:' Materials an~ Methods, Section 2(c). Arrows 

indicate the po.sit,ionsuf linear Cp and circular '(C) 32P~labelied ,~X ONA. 

(a) Slow aeration at 70 "J'pm in a New Bruoswick Scientific shaking water 

bath., 

{~} 

(c) 

" Aerated by bubbling air' v;gorously through infected culture. 
. " ' 

Rapid aeration at 170 rpm in shaking water bath. \ .. , 
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Legend to Figure 5: 
~ -

3 . \ 
Effect of host strain on [ HJthymi~ine pulse-labelled nascent 

$X. Sedimentation' was from 1eft to right on alkaline sucrose 
,,~ .. 

gradients; composition o~ the gradients and sedimen~ation ~ond;tions are 

described in Materials and Methods, Section 2{c). Arrows indicate the 
~ .. ~ "-

~ positions of 1inear (L) and circular (e) 32P-labelle~ $X DNA. 
. ' ~v 

(a) $X i'nfected E. (JoU' HF.4704. grown at 28°C in TKCaB medium, 

pulsed 50 minutes -after infection. 

(b) <pX ... inf~cted E. (JoU CR. grown at 33°C, in TKCaB medium, pulsed at . ' 

28°C 35 minutes after infection. 

(c) 5 second pulse described in (b) followed by a 50 s,econd chase with 
-, 

·10 tlg/ml thymidine in cj>X-infected E. coU CR; 

\ 

, 1 

/ 
/ 

) 

.. 
l , 

'---/ 
() 

l' 

1 

'i·~~/. 
\ ... ·t,r 



\ 
; 
1 -

'. ' 

, J" 

, 1 
1 

. -- _ .. ~---_ ... _~--... -- -~ -

~ ~ ; , , 

- 90 - . 

\ 

(a) [ e, 

l'fl\ ! + 
,. . 1\·. 

1 "'\ i \ 
- l 

,.;. 
2~ \" 

.\ N 

JI \ ~. . '" \ , .. 
e, 

'0 
M 

3" 0 t--&-...'-I'-_...I...-I_.L-'.;...' ....11,-----,1---4 -
~ 

(b) 

015 

5 

O~_~·--....il'--~' __ ...I...-'--L-I--....il~ 

- (c) 

)( f\ 
• • 
1 \ 

- '" ~. -----/ 1 \ 
<{, 

.Z ' o 4 
/ 

1 r .. 
1 ... ,-

, e« .... ~ 1 • 

90 5 10 15 
FRACTION 

• \ • , 
., III-
./ \ 'e 

• 
• 1 

20 25 30 
NUMBER 

,~~" - "\ , ......... --:-...... ~ ............ -..- ...... .., ............ \-- ~~' ,,~~"""""" ~~ ~,-' ........ ~-..-~.~._- ~~ 

/ 

\ 

.. 

~ \ 
'. ' 

, r 

, , 
\ ' 

, .' 
~ <1" ' 
,\ 

:\ '-

,If; .\,., 
!~ '!'. 
,' .... :p, 

~~~:s~: 
" -'1.\ ~ 

;1> , 
" ~ 'ç ~ , ' 

-... " ~ ~;>!,~ I~: 



, 

! 
, i 

t ' 
l 

i , 
. [ 

1 , 
1 

i , 

,j 

\ 

f" ~ 

.! 

• Faci ng page 91 

Legend to Figure 6: 

Comparison of [3H]thymidine pùlsé-labelled nascent $X DNA in ung 

and ung+ host strains. Sedimentation was from left to right on alkaline 
\ 

'sutrose gradients; composition of the ad"ents and sedimentation 

conditions are described in Materials and ethods~ Section 2{c}. 
- 32 

~rrows indicate the positions affine and circular (C) p-

\ 

labelled $X DNA. Cultures were grown at Boe in TKCaB medium and 

pulse-labelled 50 ,minutes 

(a) , BW 265: mg 

(b) BW 264: mg+ 
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Legend to Figure 7: 

Plot 'of the speci fi c acti vi ty of the DNA hybri di zed to the l a'rger 
, ' / 

HaeIII and ,HindII fragments ,of <pX RF against their positions on the 

genetic map. Background was subtracted from the total [3H]nascent . ' 

and [32P]non-naseent DNA hy~ridized to each restriction enzyme fragment 

on the nit!9cellulose filter and the 3H/32p ra~o determin~d. Only the 

four largèst fragments'were well enough resolved to permit sueh quantit-

- ation. The specifie activity [3H/32 p ratio] of each fragment was 
. . 

corrected for thymine content (assuming uniform labelingwithin the 
/ 

fragment) and plotted against the miapoint of the fragment positicnl 
1 ~ ~. 

:around the physieal map 'determined by lee& Sinsheimer(1974). The 

ori g1"n of a round of repl i cation, indicated by 0, is at the far left; 
\ \ 

the terminus, indicated by T, is àt the far right on the linear map. 

The ci rcul ar màp), reproduced from Oenhardt ('1977), shows the: approximate -

size and location of the various HaetII (Zl, Z2, Z3, Z4) and HindII ~ 

(Rl, R2, R3, R4) frag~nts ar~und the <pX genome. The arrow indicates 
• 

the direct'ion of replication from the origin to the terminus. Each 

point (~,D , 0, i, l, ~) repr~s~nts a separate experiment. 
\ 

(a)' unit-length'naseent <pX DNA 

(b) shorter than ùnit-length naseent <pX DNA 
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Legend to Figure 8: 

. 
Neutra1 sucrose gradient sedimentation, of ~X DNA for 5' end an~lysis\ 

with sple~n exonuclease. DNA was isolated-and sedimented on-neutral 

sucrose gradients; composition of the ~radients -and sedimentation 

conditions are described in Materials and ~t~ods ;'Section 2(c). 

Direction of sedimentation is' from left to right~ 

(a) [3H]thym1dine pulse-labelled nascent ~X DNA in~. coti C during 
\ ' 

viral strand synthesis 35 minutes after infection. 

(b) [3H]thymi dine' pul Sé-l'abelled ~'àscent ~X DNA in E. (Joli C' during 

RF replication. Ch1oramphenicol at a final, c:.oncentration of 30119/ml 

was added 5 minutes after infection, and the culture was pulse labelled 
, . -

15 minutes' later. . \ 

(c) Uniformly 32P-labelled ~X viral strand DNA, sonic~ted for 30 seconds 
- -

at output 60 with an Artek sonic dismembrator. 
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\ 

Legend to Figure 9: 

Neutral 'sucrose gradient sedimentation of 32P-end .. labell~d DNA. -. 
The DNA shorter than uni t length; recovered from 4lX-infect~d cultures 

of E. aoli C which had not been puT~e-l'abelled with [3H]thynf1dine, ~as 
end-labelled with [y-32p]ATP and pOlynuèleotide kinase. After three 

sodi um acetate and i sopropaool- preci pitati ons an.d nitroce111l10se 

chromatography to'remov~ the ;nincorporated [y-32PJATP, the 32p_end_ 

c' 
f: 

labelled DNA was sedimented on a neutral sucrase gradient in the SW 27 .; 

rolbr. Composition of the gradient and centrifugation conditions are 

described in Materi~ls and Methods, Section 2{c). Direction of 

sedimentation was from left.to right. Fractions l to 4, cont~ining 1 
1 J 

the "C" molecules, and fractions 5 ta 18, contai'ning the short'molecules t \ 

\ 
were separately pooled"and precipitated with sodium acetate a~d 

isopropanol. 
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Legend to Figure 10: 

Plot'of the hybridization of,32P-end-labelled shorter than unit 

length ~X DNA against position on the genetic map. 
32' " The P-,end-labelled DNA shorter than unit length recovered from' 

the sucrose gradient depicted in Figure 9, 'and uniformly 3H-labelled 

~X viral strand DNA, were hybridized to Southern .lllots "Containing -

HaeIII restriction enzyme fragments of $X RF, as described in Materials 

and Methods, Section 2(1). Background was substracted from the 
.,-

total 32P-end-labelled and uniformly 3H-labelled DNA which hybridized , , 

to each of the four largèst fragments. The 32p/3H ratios were 

dete~ined, an~ corrected for the thymine content,o/the 

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

the midpoint of the fragment position on the genetic map determi~ed 
, , 

by Lee and Sinsheimer (1974). 0 and T den ote the origin. and 

terminus of a round of ~X replication on the linear map. The 

approximate size and location on the genome of the four HaeIII 

fragments are shown on the inner circle of the insert in Figure 7a. 

( • ,. ) 32P .. end-labelled short molecules 

(A,") 32P-end-label1ed.IIC" molecules 
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Legend to Figure 11: 

Analysis of 'mo1ecules longer than, unit 1ength. The 3H-l~bel'led .' 

rascent ~ DNA which sedimented ahead of the position expected for unit 

length cpX viral strand DNA 'on the preparative neutra1 sucrose gradient 

shown in Figure S(a) (- 0 - 0 - 0 -) and 32P-labeH~d unit length 

<pX viral strand DNA (. - • - e) were analyzed by sedimentation and , " 

electrophoresis. The composition of the,gradients and gels, plus . . , 

the sedimentatien and e1ectrophoresis conditions, are listed in 
~ 

Materia~s and Metnods, Section 2{j). Direction of sèdimentation and 
. 

electrophoresis was always. from 1eft to right. 
"':\,_ l 

(a) neutral sucrase gradient 

(b) alkaline sucrose gradient . 
Cc) formamide sucrose gradient 

\ 

(d) alkaline agarose gel; 'tAe heavy Hne indicates the position of 

the bromophenol blue market dye. 
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<pX Molecules 
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1. INTRODUCTION 

The replication of bacteriophage <l>X174 can be divided into three 
o 

distinct stages: (1) conversion of the single-stranded viral DNA to the 

duplex replicative' form (RF);(2)RFreplication, during which m\lltiple copies

of RF are synthesized semi-conservatively; (3) synthesis of viral strand 

DNA using the eomplementary,Ytrand of RF DNA as the template (Dressler 

& Denhardt, 1968; Sinsheimer et aZ' J 1969). We ha've established that 

synthesis of the viral strand is at least in part a discontinuous process 

(Ma tthes & Denha rdt, 1980), not conti nuous as org; na 11 y proposed by the 
! 

• 
rolling circle model (Gilbert & Dress1er, 1969). A substantial portion of 

the [3H]thymidine ineorporated during the final stage"of ~X replication 

when exclusively viral strands are made is found in molecules shorter 

than unit length. These short mo1ecules are observed in sim; l ar amounts 

in ura.cil-DNA glycosylase defic; ent (tmg) and wi ld type strai ns, indi cating 

thàt th~y do not result from the excision of misincorporated uracil. Using 

thè spleen exonuCleaS~~Say'(Kuros~wa et al.~ 1975),we est]lnatecf.that 

approximately 20% of the'~H::iàbelled short molecules h,ave at least 1 

ribonueleotide at the 5' terminus •. 

Splèen exonuelease is a 5' end-s'pecifie nuclease. It was found that 

;~:Fter phosphatase treatment~ the 3H-labelled nascent moleeu1es were ~not as 

exte~sivelY degraded by spleen exonucJease as ~2p-labelled non-nascent 

molecules of approximately the same size. Data are presented here which 
\ ' 

indicate that the resistance of the 3H-labelled DNA molecules #to degradation 

by spleen exonuelease is due neither to an enrichment for secondary structure 

-

, 
1 . , 

\ 

in the nascent molecules, nor to an une~en distributio~ of [3H]thymidine .-
" \ 

label in·the nascent molecules. We are l~ft with the ,~onclusion that an 
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1 
unidentified str.ucture is bl,ocking the action of spleen exonuclease on 

\the taseent molecules. Only prolonged incubation in strong alkà1i remo.ved 

the 'bloek. \. 

There are a number of reports of, proteins cova,lently attached to the 

51 ends of DNA mo1ecules. These inelude the $X gene A prote;n (Eisenberg . 

et aZ' J 1977; Ikeda et at." 1979; Dubeau & Denhardt, submitted for publication), 
• Ii<' 

thé' Col E 1 protein (Guiney& He1inski, 1975), 'the ~29 protein (Ito, '1978; 

Salas et aZ., 1978), the E. eaU DNA gyrase (Morrison & Cozzarelli, 1979), 

and the adenovirus terminal protein (Carusi, 1977; Rekosh et al." 1977) • 
. \ 

In sorne of these cases, the prote; ns render, the DNA mol ecu1es resistant to . -

the action of 51 end-specifie nucleases. To determine if a protein could 

be causing the 3H-labelled naseent DNA to b.e resistant to degradation by 

spleen exonuc1ease, the 3H-label1ed DNA ~as isolated without the use of 

proteo1ytic enzymes.' Protein (~f was found tightly asspciated with the 

3H_l abelled naseent DNA as evidenced by ~ Pronase-sensitive shift to a 
\. 

lighter density in neutra1 CsCl gradients. The protein(s) could be removed 

by a 1 ka 1 ~i, ind va ri ed ; n amounts, proport ~ ana 1 ta the ~ ~ngth of the DNA 

molecule. 
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2. MATERIALS AND METHODS 

'!fl Bacteri a and bacteriophage 

CPXœrI? ts a lysis-defecti ve gene E mutant. E. coU C was described 

by Denhardt (1969). 

(b) Media, chemicals, buffers, and radiaactivé compaunds 

Cultures were grown in TKCaB medium (l % Tryptonè. 0.5% -KC1, 1 ~ 

CaC1 Z) • 

IsoalTtYl nitrite was from Matheson, Coleman, & Bell CheqJ1cal Co., ëIld re

agent'gr.adehydroxy·lamine hydroc.hlo,ride, purchased fram Fisher 'Scientific, 

was prepared as described by Gumport & lehman (1971). Salmon spenn DNA 
\ 

was purchased from Si.gma. 

TE buffer is 50 IrM Tris-Hel (pH 8), 10 nt-1 Na2E1JTA. TEK buffer is 
, 

TE buffè containing O.{) M KC1; TEN buffer is TE buffer containing 

0.5~1 NaCl. Borate is 0.05 M sodium te~raborate decahydrate. SSc.. is Q.15 

NaCl, 0.015 sodium citrate, adjusted to'pH 7 with a few dropes of 6 M HCL 

,[methyl- 3H]thymidine (50 Ci/rrrnole), [32pJphosphate, Aquassure and 

Omnifl uor were purchased from New England Nuclear. [')~..32p]ATP, prepared . ,( 

as desc-ribed by Schendel & Wells (1973), was generously provided by ~ 
\ - ' ' 

C; Miyamoto. The specifie activityof the [)'- 32PJATP wâs 106 cpm/pmo1-

(c) Prel?aration of DNA 

The 3H-labelled naseent DNA was isolated as ..described ln Chapter II 

Section 2(c) unless specified otherwise. The preparation of 3H_1 abe\l~d 
and 32P-labelled <pX viral strand DNA was described in Chapter II Section . 
2(d). Unlabelled <pX RF DNA was 'prepared as described in Ch~pter 11-

Section 2(e). 
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3 , 
The H-labelled nascent DNA was purified without the use of proteolytic 

enzymes by the following procedure: Infection, pulse labelling, and 

stopping were carried out as described in Chapter II Section 21c)'. The 
\ / 

first i sopropanol precipitate from a 200 ml culture was resuspended in .-

la ml TEN buffer. The turbid solution was extracted at room temperature 

with 2 volumes' of phenol/chloroform (1: 1. v: VI) saturated with boratedjuffer . 
. 

After centrifugation for 10 minutes at room temperature on, a Sorvall 

table-top centrifuge at 70 volts, the lower phenol phase plus the material 

at the interphase were precipitated with 2 volumes of 95% ethanol. After 

16 hours at -20 oe, the precipitate was co1lected by centrifugation at 

O°C for 1 hour at 10,000 rprn in the HB4 rotor of the Sorva1 Re2B. The pellet 

was resuspended in 7 ml 4 M Guanidine'HC1; heating at lOOoe for 3 minutes 

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

added ta a final concentration ofQ.525 9 per 9 of solution, and the . -

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

rpm and 1 Qoe in the Type 65 or Type 50 Ti rotors ; n a Beckman l2-65B 

"'" ultracentrifuge. Fractions of 300 III were collected fram the bot tom with 

a B-D Cornwall syringe, and aliquots were counted on filter paper in toluene/ 

Omniflu~r. The peak of 3H-labelled material was pooled, diluted three 
/ 

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

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

"'. HB4 rotor as described above, resuspended in 2 ml 4 M Guanidine'~Cl, 

heated for 2 minutes at 100°C. th en layered on a 36 ml sucrose (5% ta 

20%, w/V) gradient containing 4 M Guanidine-HC1, 10 mM Tris-HCl (pH 8), 

1 JTt.1 Na2EDTA. The gradient was centr~;.ugedi in the l2-65B ultracentrifuge 
, 

and SW27 rotor at 22,000 rprn and 10°C for 24 hours. Fractions.were 
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collected from the top using a Buchler Auto densiflow .. and polystaltic 

pump. Al iquots were spotted on l inch squares of Whatman no. 3 filter 

J 

'paper and dried. The radioacti,vity was determined by scintillation counting 
\ 

in 10 ml toluene/Omni--fluor. The appropriate fractions were pooled and 

di1uted about thr,ee folC! with TE buffer; the DNA was' precipitated with 
f' 

sodium acetate and isopropano1 t and finally resuspended in TE buffer. 

(d) Enzymes and enzyme reactions' 1 , 
Pancreatic DNase was purchased from Worthington. A 1 mg/m1.stock 

solution of the enzyme in l mg/ml BSA was stored for several months at 

4°C. When required it was diluted 1:1000 in !?O nt-t Tris-Hel (pH 8), 

'50 ntv1 ,MgC1 2 , and 0.1 volume of this 1 llg/m~ DNAse solution was incubated 

with 100 llg/rnl </lX DNA in 50 fit.1 Tris-Hel (pH 8), 4 rrM MgC1 2 for 15 minutes 

at roorn temperature. The reacti on was stopped by addi n9 Na 2EDTA and 

SOS to final cOfkcentrations of 50 nfl and 0.1% respecti-Vely. 

Spleen exonuclease, purified according ta the procedure of Bernardi 

& Bernardi (1968), was provided by Neil Miyamoto. DNA' at a concentration 

of 100 ~g/m1 was heated brief1y at 100°C then adjusted to 0.05 M Na2S04 ~ _ 
" . 

'0.01 M Na2EDTA 0.15 M sodium acetate (pH.5.5). After the addition of· 

66 )Jg/ml of spleen exonuclease, the reaction was allowed to proceed at 

WC for intervals which ranged from 20 minutes te 72 hours. For long 

inc.ubations, additiona1 enzyme was added at 12·hour periods"'after the 

initial 12 hours. 

Snake venom phosphodiesterase was generously danated by Dr. J.H. 
1 

Spencer. DNA at a concentràtion of 100 }Jg/ml in 50 rJt.1 Tris-HCl (pH 9), 

20 rrM MgC1 2 t was i ncubated wi th enough enzyme ta camp 1 ete ly degrade ~he 

DNA in 2 hours·,at 37°C. 
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NeÛ!'osporoC{ a~a~?a nuclease, putifified according to the procedure ,of 
./ 

Rabin et a~. _ (1971}, was the generous, gi ft of Dr. K. Bartok. DNA at 

a concentrati on of 40 ).I9/m1 in O. 1 M Tri s-HCl (pH 8), O. l M NaCl, 10 nt-1 

MgC1 2 was incubated at 37°C with 3 unitsjml nuclease. This was sufficient 

tD completely degrade the DNA in 2 hDurs.-'" One unit is defiAed as that 

amount which will cause the_release of 1.0 A260nm unit of acid-soluble 

material from 600 l1g heat-denatured calf thymus DNA/ml in 30 minutes at 37°C. 

The spleen \exonucle.ase, snake venom phosphodiesterase and NeVl'08poroa 

croassa nuclease reactions were stopped by rernoving a1iquots at appropriate 

intervals into a 200 l1g excess of salmon sperm DNA on ice, and irmJediately 

adding an equal volume of either c~ld 10~ .trichloracetic acid or water. . , 

After 15 minutes on ice, the samples were centrifuged for 10 minutes 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 counting efficiencies- -;n"'the two samples. 

The spleen exonuclease and snake venom phosphodiesterase reactions 

were preceded by bacterial alkaline phosphatase treatment~ unless specified 

otherwi se. Phosphat~se was pt/ri fi ed by Nei l Miyamoto according to the 

method described by Weiss et al. (1968). DNA at a concentration of 100 

llgjml in 50 nt4 Tris-HCl (pH 9) was incubated with phosphatase (2 'units/ml) 

at 65°C for 1 hour. The reaction was terminated by adding EGTA to a 

final concentration of 50 mM. 

Polynucleotide kinase ~as purchased from PL Biochemicals. DNA at a 

concentration of 100 j19/ml in 2 rrM KP04 (pH 7.4}, 10 mM ,MgC1 2, 20 mM 

2-mercaptoeth'anol, 25 l1M ATP, and 4 units/ml polynucleoti de kinase were 
\ 
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/' 

incubated for ,2 hours at 3]OC. The Vreacti on was stopped by adding Na2 
EDTA ta a final, concentration of 20 J1t.1. For quantitative labelling of 

5' termini, [y- 32p]ATP was added t~ ,a fi nal concentration of 10 JlM. 

The [y-32p] ATP labelled DNA was purified by three isopropanol, 

precipita;tions and nitrocellulose column chromatography. 
'" 

Pyrophosphatase, purchased froID" Si 9ma, was gen'erous ly donated by .... 
\ 

Dr. D. Skup and Dr. l' Mi 11 ward. ONA at a final concentration of 160 

1l9/ml ~n 50 nt-1 ~OdiU acetate, (pH 5.5),10 nt4 2-me.rcaptoethanol, l m'1 

Na2EDTA was incubate wit~ 0.68 uni~s/m1 pyrophosphatase for 4 hours 
/<"7' 

at 37°C. One unit of pyrophosphatase ~leases l pmol of 32p from [i2p]ATP 

in' 30 minutes at 37°C. 
\ 

Pronase was purchased from Calb.iochem-Behring Corp. A 10 mg/ml 

stock solution in 50 mM Tri s-HC1 (pH 8) was autodi gested fo~ l hout' at 
, \il 

37°C. DNA at a concentration of la to 100 ll9/ml was incubated with 

.1 mg/ml "pronas'9. and 0: i % SOS for 3 hours a t 37°C. The mi xture was extracted 
. \ 

with an equal volume of borate-saturated, phenol at t'oom .temperature for 

la minutes. The DNA recovered in the aqueous phase was precipftated 

with i sopropano1. 
\ 

The DNA was routinely precipitated with 0.1 volume of 3M sodiùm 

acetate (pH 5.5) and 2 volumes of isopropanol, incubated oyernight at'o 

-20°C, then collected by centrifugation at O°C in the HB4 rptor and the 
/ / . \ 

Sorvall RC2B centrifuge at 10,000 rev/min for 1 hour, air-dried~ and 

resuspended in the appropri ate buffer. 

(e) Treatme~t· ~ith isoamyl nitrite and hydroxtlamine hydrochlor'ide 
, . 

Two spmpl-es, containing from 10 to 20 119 of ONA in 800)11 of a 
'. <0 \. [ 

• buffer composed of equal vol urnes of pyridine and acetic acid~ were prepared; 

\ 
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100 111 of isoamyl nitrite was added to one. Bath were thoroughly mixed 

and left at room'- temperature for 4 hour~. The volati le solvents were 
\ 1 

.;", ; 

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

( 

resuspended in 900 ].11 TE buffer. After two precipitations with sodium 
0, ' 

acetate and isopropanol, the DNA was purified by nitrocellulose chroma-
, 

tography. It was found that if nitrocellulose chromatography was 

onrnitted, trace amounts of chemicals interfered with subsequent phosphatase 
1 

and spleen exonuclease reactions. Recovery was greater than 70%. 

From 10 to 20 119 DNA in 200]11 3.86 M hydrox,ylamine hydrochloride 

(pH 4.75) or 4 M sodium acetate-(pH 4.75) was incubated at 37"C for 
\ I}.." / J,~ 

30 minutes. Then the samples were diluted ta 900 1-11 with dH20, prec;pitated 

twice with sodium acetate and isopropanol, and purified by nitrocellulose 

chromatography before phosphatase and spleen exonuclease reactions. 

Recovery was greater than 90%. 

(ff Nitrocellulose column chromatography 

Nitrocellulose, a gift of Hercules Chemj cal Co. ~ was prepared for 

co1umn chromatography as described by Boez; & Armstrong (1967). Columns 

3 cm high were prepared in sterile pasteur pipettes and pre-eq.uilibrated 
, . 

with 15 ml TEK buffer. It was found that recoveries greater than 90% 

could be obtained from nitrocellulose colulJ1ns, if nonreversible ONA 

binding sites in the column were saturated by running an ex~~ss (300 119) 

of denatured salmon sperm DNA through the column before use. From 10 

,ta 20 119- of DNA in 200 to 400 III TEK buffer was applied, the eoJumn was 

washed with 15 ml TEK buffer, and the DN-A was eluted with 4 ml TE buffer 

and precipitated w~th sodium acetate and isopr9panol. If neéessary~ 

'la to 20 1-19 heat-denatured salmon sperm DNA was added as carrier. 
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(9) Preparation of filt~rs and hybridization to filters 

Schleicher & Schuell BAaS nitrocellulose filters, 25 lTIT1 in diametEtr, 

containing 6 j.lg denatured <pX RF DNA, were prepared as described by lane 

& Denhardt (1974). The DNA to be hybri dized was resuspended in 400 111 

4 x SSC, sonicated for 1 minute at output 6a on an Artek sonic dismem~rator, 

then heated at 100 oC for 5 minutes to 'ensure complete denaturation. 

An equa l volume Of formami de purifi ed by passage through a col umn. c$tai1ning 
, .Jo-

Norite and Dowex l-X8 was added, and the solution was placed on a 
\ 

nitrocellulose filter in a sterile scintillation vial. After incUbation 
• r' , 

at 42°C for 48 hours, the fil ters were washed in 2 x SSC 50% formami'de, 

then in 3 x SSC, and dried. The radioactivity was ·determined in toJ ue'ne/ 

9mnjfluor. 

(h) Ana1ytical eguilibrium c~ifugation and agarose ge1- electrophoresis , 

The DNA to be anal yzed was added to 3 ml TE buffer contai ni ng 100 ]19 

, BSA ana 60 l1g heat-denatured salmon sperm DNA in a 10 ml Oakri,dge po1y-
rI ' 

propy1 ene centri fuge tube. Cs Cl Cl. 25 9 pér 9 sol ut; on) was· added and the 

solution,s centrifuged for 40 to 60 hours (40,000 rpm, 1'O°C, Type 50 Ti ' 

o~ Type 40 rotor, Beckman L2-65B.) Fractions _of 100 111 were collected 

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

After drying ~he papers, the radioactivity was determined in toluene/ . 

Omni fl uor. 

Alka1ine .ge1~ 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 ]11, containing about 10 l1g 
" DNA in 0.2 M NaOH, 0.1% bromopheno1 b1/Je, 25% glycerol, were applied •. -
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The gels were, el~ctrophoresed at room temperature at,5 mamp/gel unt;'l 

the dye. had mi grated close to the bottom of the gel. The gels were 

éut into 5 mmslices wh~ch were autoclaved for 10 minutes in l ml dH20 

in scintillation vials. The radioactivity in the dissolved gel slices 

was determined in 10 ml Aquassure • 
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( 3. RESULTS 

\ 

(a) Properties of the spleen exonuclease reaction 
. 

Sp~~~n exonuc1ease cleaves DNA sequential1Y,,:starting at the 5' end 

of the mo1ecul e. It i s absol ute1y specifi c for a hydroxyl group at the 

S'end of a "DNA chain. Bacterial alkaHne ~hosphatase removes 5' terminal 
" ~.~~ \ 3 

. phosphate groups. Figure Ha) shows that wh'éri a mixture of H-labelled 

nascent and 32p_ label 1 ed non-nascent DNA mo~ecules of the s'ame si ze 
, , 

t, werè exposéd to spleen exonuclease without prior f1hosphatase treatment~ 
1 

*' ,neither was degraded to a significant extent. After treatment with .. 
phosphatase: bàth the 3H_ and 32p_l abelled DNAs were renderedpartia1]y 

acid-sol uble on 'exposure to ~p,}een exonuclease. If the phosphatase 

reaction was followed by phosphorylation of the 5' ends with polynucleotide 

ki nase and ATP, both the 3H_ and the 32p_l abe 11 ed DNAs aga i ~ became 

resistant to d~gradation_ by spleen exonuc1ease. 

Figure 1 depicts 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 considerab1y. Figure Ha) shows that , , 

between eight and twenty-fouroours after'fhe start of the reaction, both 

5' OH and 5' p' terminated chains were degraded at a similar,- slow, 

relatively constant rate •. This suggests that there may be a'low level 

of ertdonuclease cgntam,inating the spleen exonuclease preparation. In long 

incuba'tions, the endonuclease wou1d generate molecules with 5' OH ends 

which are consequently sensitive to the exonuclease. 

Spleen exonuclease does not easily degrade DNA chains to completion 

(Kurosawa et al. . .) 1975). Other things being equal, the extent of degradation 
, . 

is proportional to the length of the DNA chain; the' Jonger the chain, 

, r 
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the smaller the fraction of it which can be degradèd. Figure 1 (c) 
32 ' -

soows that after 2 hours, the P-l abelled very short molecules* b'ecame 

60% aci<l s'olub1e, while the 32P-labelled short molecules .. which are 

approximately twice as long, became 30% acid soluble. Since §O% of a 

moleeu1e 500 nucleotides long is Uequivalent to 30% of a molecu1e '1000 

nuc1eotides long in terrns of total nucleotides hydrolyzed, it appears 

that spleen exonuelease cleaves a relative1y constant number of nucleotide's 

from the 5' end of a DNA chain and then stops. 
-~ , - -

Spleen exonuclease ;5 high1y specifie for single-stranded DNA: 

Longer molecu1es may not be completely degraded by spleen exonuclease 

because of internal regions of secondary structure. If the parti,al1y 

degraded molecul es were eat-denatured and exposed ta, fre,sh enzyme. there 
• 

was no increase in the t~ of digestion, as ill"ustrated in Figure l (b). 

It 1s possible that sple n ,exonuclease lost activity after degrading a 
\ , 

certain fixed length of a DNA molecu1e. That the addition of more ènz~ 

did not enharice the rate or extent of the reaction as sh\)wn in Fi gure 1 (b) 

could be explained if the inactive enzyme remained associated with the 

partially degraded DNA molecul e. 

It i s apparent '1n Figure 1 (c), thqt the-~xtent of !i~gradation by 

-spl~en exonucleas'e is dependent on the size of the molecule. 'However, 

when the same si ze molec~les were compared, the 32p_l abel1 ed non.:nascent 
\ " 

. 3 
mo l ecul ~s were degraded to a greater extent th an the H-l abe 11 ed nascent 

molecules. There was sorne variability from exp~ri~ent to experimen~ in th~ 

degradation of ~he 3H:labelled nascent DNA relativ} to the- 3~P-labe11ed"DNA. 
The resistance' o~, the 3H-labelled nascent DNA ta spleen exonucl~ase was not 

a1ways as pronounced as in the experiments presented in Figures land 2. 

* Very short molecules are' found in fractions 5 to 11 of the neutral sucrose 
gradient.depicted in Chapter II, Figure 8 a,~; short mo1ecules are found 
Jn fractlons 12 to 18 of the same gradients. ' 

1 
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The uniformlY 32P-labelled DNA molecules were obtained by bri'efly 

-'sonlcating q,X viral strands. Sonieation fragments DNA molecules, and may 

'. cause other damages which are not ~eadily apparent, but whic~ enhance th~ 

activity of splee~ exonuclease on a sonicat~d substrate. To rule out 

coul d account for the - ~ . 
difference in'sensitivity to spleen ex nucle~se bet~,en the 3H- 1afrelled 

nascent and 32P-labelled non-nascent DNAs observed in Figures 1 and 2, 

~he' suseeptibility to sple1t exonuclease of short rnolecules obtained b~ 

sonication and by digestion with pancreatic DNase was compared; the 
" 1 

results are given in Table I. The ~H~label1ed molecules we!e degraged 

to the ~ame extent as the 32P-label1ed moleeules, regardless of whether 

the 3H-labell,~d nicrleeules had been obtain~d by sonication or by DNase 

digestion. Furthermore, when both 3H_ and 32P-label1ed DNAs were non-

nascent, ther~ ~ no si gnJ fi cant di fference ; n the extent of degradati on 

by spleen exonuclease. 

(b) Comparison of degradation of nascent DNA by various nucleases 

·f - ~ Spleen exonuclla;e~1~a 5' end-specifie nuclease. Figure 2 shows a \/ '1- î . 
comparison ~f the degrada~on of 3H-labelled nascent and 32P-labelled non~ 

nascent DNA bY sple~n exonuclease. The rèlease" of 32P-label eXGeeds 
_ l~~' 

the release of ~3H-label for both the very short an"d the short molecules. 
"', 1., 

The',spleen exonuclease reaction aoe's not readily go to completion, but 
, \ 

" , ' 

,\ \ ca~ b~oaxed to do so by prolo~ged incubations ~p·,to 72 <hO,urs) with more 

l ' 

,II 'l,l, l '1 
, , \' '" , 1 

. '1,1 1 
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, . 

enzyme added, at 12-hour interva1i~ The cur~es in Figure 2 are biphasic 
l " , 

because most of the ,release of acid-soluble material in the second half 
...... ' , 

of the reaction seerns to be me~jated by the low level of contaminating 
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-endonuclease whi éh exposes tenl'lini that can be attacked by spl een 
Il ;r , , • 

32 ' 
exonucleas,e. When the P-labelled non-nascent DNA had been comp1etely 

\ 

deg'ra'de~ more tha~ 10% of the very short and more th~n 20% of the sh~rt 

3H-lab~E{ifJd nascent ,DNA had notl:ieen degraded. These values are probably 

u"~eres ; ma te~ of the p;';port f ori> of the 3H;, 1 abe 11 ~d mol ecu 1 es tha t' ~ re 

resista 't to spleen exonuclease, becaüse the endonuclease that allows 

tbe reaction to go to completion wou1d not discriminate between molecules , 

with'5' ends which resist the acti,on of spleen exonuclease and, those 
. 

which are sen~itive. If the initial parts of the curves are extrapolated 
.) 3 

to 100%, it becomes ~Jident that as much as, 40 to 60% of the H-labelled 

nascent DNA may be resistant to degradation from the 5'"end by spleen 
d 

exonuc1ease. , , 

T~e slightly higher initial releas~ of 3H-label relative to 32p_ 

1 1 abe 1 from the 3' end by snake venom phosphodi es terase, fo 11 owed by the 
" . . / 

slightly 10wer release of 3H-Tabel relative to 32P-label as the reaction 

approaches completion, i 11 ustrated in Figure 3, indi cates that there may 

be a s1yt bias in 'the distribution of [3H]thymidine in sorne of the 

nascent molecules. This bias is not large enough to account for the 

much lower release_ of 3H-label from the 5' end by,spleen exonuc1ease 

shoWD in Figure 2. 

Extensive ,regions of sec~ndary ,structure in the nascen-t molecul~s 

would block the action Ot splekn exonuclease. 
1 

However, the nascent 

/ molecules do not contain a detectaple"enrichment for duplex regions since . 
brief heating, followed by rapid co01ing, and the addition of fresh . 

f t 1 U 

enzyme, did not resurt in' an inCTease in the rgte or extent of releas~. of 

acid-soluble 3H-labe1 relative to~32P_1abe1 a'~,shown in Figure 1(b). 
~ 
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Furthermore, the Neurospora crassa single-strand specifie nuclease, which 

discriminates S~OnglY ag~inst duplex DNA structures*, degrades the 3~_ 
labelled na~cent and 32p,,::, labeHed non-nascent' DNAs at the same rate and 

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

(c) Attempts to remove'the resistance of the nascent DNA to spleen 

exonuclease 
• 

Since neither an une ven distribution of label nor an enrichment for 

secondary structure seem able to account for the resistance of the 

n~cent molecules to spleen exonuclease, we next consider the alternative 

that an unidentified structure is'.blocki.ng the 5' ends of the nascent 

molecules. A number. o~ methods to remove the hypothetical 51 block were 
" . 

tried in th~ hope that what removed the block would reveal some insight 

into its ~ature. 

Figure 5 presents the effects of alkali. When the 3H-labelled 

nascent and 32P-labelled non~~ascent 6NAs were exposed to 0.25 M NaOH 

for 6 hours at 37°C, there was no increase in the extent of degradation 

of the 3H-label relative to ~he 32P~label, even after a second p~osphatase 

treatment, compared to control samples which had net been treated with 

alkali. ,However, when the' DNAs were incubated in 1 M NaOH for 24 hours 

at 37°C, there was a significant increase in the'releàse of acid-soluble 

3H-labeB'e'd DNA relative ta 32P-labelled DNA, compared te the c'entral . . , 
samples. When a second phosphatase treatment foll ewed the exposure to , 

alkali, the 3H_ and 32P-labelled DNAs were degraded at the same rate and 

ta the same extent by spleen exanuclease. The most abvious interpret~tion •. 

of these results is that 1 M NaOH fpr 24 hours at 37°C hYdrolyzed 

* Seven times the amount of enzyme reguired to completely degrade a 
,1 certain amount of single-stranâed 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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the structure blocking the 5' ends of sorne of the nascent molecules, 
\ 

leaving molecules with a mixture of 5'·P and.5 1 OH termini. When the 

5' P were removed by a ~econd phosphatase reaction, the 3H-label1ed 

nascent DNA was degraded as readily by spleen exonuclease as the 32p_ "'-Iv 

, . 
labelled non-nascent DNA. 

If alkali removed the block, it should be possible to quantitate the 

number of molecules which were blocked, by end:label1ing with ry-32p]ATP 

and polynucleotide kinase aft~r alkali and a second phospha~ase treatment. 

The [32P]end-labelled [3H]pulse-labelled DNA was hybridized ta u~labelled 

cpX RF on nitraceJlulase filters ta a~oid the ambiguity due ta the large 
'è 

excess of unlabel1ed E. ooti molecules which would alsa be labelled with 

[y_32p]ATP and kinase (see Chapter II, Section 3(h». 

The 32p/3H ratio is an index of the number of ends which are labellable 

with ry-32p]ATP and kin~se. The data sUlI1TIarized in .Table II reyeal that 

the 32p/3H ratios intreased after exp~sure to alkali, and increased 

even more if the alkali was fol1owed by a second phosphatase treatment, 

for both the very short and the short nascent molecules. However, the 

32p/3~ ratios increased in -a simiiar way when the r3H]DNA was obtained by 
. \ 

sonicating uniformly-labelled cpX viral strands. That alkali exposes , 

approximately the.~ame number of ends in both nascent and non-nascent 
3 '. Il 3 
H-label1ed DNA that can be labelled with 2p suggests that alkali is 

not specifical1y removing a block, but is nonspecifically hydrolyzing-

the DNA. \ 

That alkali degrades the DNA is confirmed by the data presented in ' 

Figure 6. Here we' exam;ned the electrophoretic mobility' in agarose gels 
'3' 32 -of H-labelled nascent and P-labelled non-nascent DNA relative to a 
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32P-1abe11ed $X viral strand marker before and after exposure to a1kali. 

There was a significant increase in the electrophoretic mobility of both 

the 3H_ and 32P-1abelled DNAs after exposure to alkali. The cumulative 
\ ", . . 

plots in Figure 6(c) reveal that both 3H-Jabelled nascent and 32p_ 

1abe1led non-nascent DNAs were fragmented by a1kali to the same extent. 

There was no evidence of an enrichment for internal a1ka1i-1abi1e sites 

in the nascent DNA. Thi~ confirms the results presented in,Chapter II, 

Section 3(f): Apurinic and apyrimidinic sites which occur as the 

result of the excisio~ of misincorporated bases are alk~,li-1abi1e 

(Shapiro & Chargaf{, 1964). Thatinternal alka1i-labi1e sites are not 

more frequent in nascent than in non-nascent DNA implies that potentia1 

intermediates in an excision repair process do not accumu1ate to a 

significant extent in nascent DNA, and are un1ike1y to be responsib1e 

for generating the mo1ecu1es shorter than unit length that are observed 
\ 

during ~X viral strand synt~esis. 

Siegman and Wernêr (1976) reported that short [3H]thymine pulse-

1abe1ledE: coli mo1ecules were resistant-to degradation by spleen 
\ 

exonuc1ease.' Later, Werner et aZ. (1979) ;suggested that a short 

oligonucleotide joined by a pyrophosphate bond was responsib1e for 

"b1ocking the 5' 'termini of the nascent molecules. More recently they 

have conc1uded that contaminating RNA'was responsible for the block 

(Siegman & Werner, 1980). Nevertheless, to determine if a pyrophosphate 

bond cou1d,bè 1inking an unusual structure to the 5' ends of our 3H_ 

1abelled n~scent ~X molecules, a combination of 3H-labe11ed nascent and 
32 ' • , ' 

P-l~bel1ed non-nascent ~X DNA was treated with pyrophosphatase. The ~ 

data in Table III show that there was no difference in the re1ease of 

\ 
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3H-label relative to 32P-label by spleen exonuclease between the samp.le 

which was treated with pyrOPhosPhataJe and the untreated control . 
• 
If the 5' terminal blocking structure were a prote;n covalently 

attached to the DNA, the few amino,acids le~ after Pronase treatment 

should still be sufficient ta inhibit the action of spleen exonuc1ease. 

Two types of covalent attachments between oNA and protein have been 
>. 

characterized: phosp~oamide and phosphoester linkages (Shabarova, 1970). 

HygroTysis of phosphoamide linkages can be catalyzed by isoamyl-lTitrfte or 

hydroxylamine hydrochloride at pH ZJ.~5 (Shabarova,1970). The data in Table IV 

indicate that n~ither of these compounds removed the block, since there 

was no increase in the release'of 3H-label relative to 32P-label in the 

samples treated with the chemicals \compared to the untreated controls . 
. _~ __ J 

(d) Evidence that protein ;s very tightly associâted with the nascent DNA 

In spite of the fact that a phosphoamide linkage cou1d not be 

demonstrated, there was. still! the possibility that a phosphoester or sorne 

other bond could be linking a few amino acids to the 5' ertds of the 
. 

nascent molecules. Proteins blocking the 5' ends of the nascent molecules 

l would be easier to jdentify if they could be isolated intact. To do 

this, a method ~s, developed to purify the JH-labelled nascent molecules G 

without the use of proteolytic enzymes. When the nucleic~acids were 

phenol extracted* without Pronase digestion, from 30 to 70% of'the ~H

labelled ONA was recovered in the phenol phase*. Difficulty in 

, quantitating the amount of material ~t this stage is probably due to 
1 

variable contamination by' acid-solub e [..3H]thymidine. 

* For simplicity, the phenol/chloro orm extraction, and the phenol/ 
ch1oroform phase and interphase, escribed in Materials and Methods, are 
r~ferred to as phenol extraction a d the phenol phase respect;vely. 

~ 
1 
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Because of the possibility that a DNA-protein aggrega~e could be 

artefactually produced'dUring the first sodium a~etate-isopropanOl 
- ~ 

precipitation, the supernatant in one experiment was phenol extracted 
/ 

before precipitation, The nucleic acids and proteins in the phenol phase 

were,precipitated with ethanol and resuspended in 4 M Guanidine'HCl , 

and as before. more than 50% of the 3H-labelled material was recovered 

in the phenol phase. -In another control. deproteinize-d 32P-labelled 

~X DNA wa~added to the infected "culture"befo~e stopping the pulse; 

after extraction~ 85% of the 32P-labelled ~X DNA was recovered in the 

aqueous phase when the nucleic acids were phenol extracted without Pronase 

digestion, Therefore, 10ss of 3~-labelled ONA to the phen91 phase is 

apparently the result of an association with protein that ;5 not 

artefactually produced during phenol extraction or'the first isopropanol 

preci pi taj: i on. 

The 3p-label1ed nucl~ic acids from the phenol phase wererecovered 

by equilibr;um density gradient centrifugation in 4 M Guandine'HC1-

CsCl gradients. The material in the band in Figure 7{a) was sedimented 

on 4 M Guanidine'HCl sucrase gradients. A typical profile, depicted 
1 ( 1 3 

in Figure 7(b), reveals that the H-labelled malecules recovered fram 
l 

the phenol phase are heteragenous in size and range fram very short to 

longer than unit length. 

The 3H-labelled molecules shorter than"unit length (fractions 10 to 

20 of the gradient'in Figure 7(b)) were centrifuged to equilibrium in 
\ 

neutral CsCl gradients with 32P-labelled ~X DNA of the same size obtained 1 
l' 

\ 

, " ;,1 
by sonicating ~X viral strands. In the gradient"'in Figure 8(a), th~re;s . -- ---I:\~' 

a shift of the 3H-labelled nascent DNA ta a lig~ter density relative to 

, 
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the 32p- labélled non-nascent DNA. The density shift of the 3H-labelled 

nascent DNA is caused by a~ association with protein, since it is no 

longer observed after the DNA has been d;gested with Pronase (Figure 8(b)). 

The 3H-labelled nascent DNA recovered from the aqUeOU~Phase when Pronase 

treatment;s eliminated does not show any density Shi~ relative to , 

32P-labelled non-nascent DNA of the same size (data not shown). 

Very little,protein is associated with the 3H-labelled short DNA 

molecules recovered from the phenol phase. There is not enough protein 

to be detected by optical density; 'the 00 260/280nm is 2, as expected for 

deproteinized DNA. Also neither the sedimentation coefficient of th~ 

3H-labelled DNA in neutral sucrose nor the electrophoretic mobility of 

the 3H-labelled DNA in agarose gels are altered by t~e Pronase'treatment 

that abolishes the density shift in neutral es Cl (data.not shawn). 

Figure 9 shows the effect of alkal( on the association of the 3H_ 

labelled DNA with protein. The density shift of the 3H-labelled DNA 

relative to 32P-labelled DNA is much smaller afte~ 6 hours in 0.25 M\ 

NaOH at 37°C~ and disappeàrs completely after 24 hours in l M NaOH at 

37°C. 

If the density shiftwere due to the as~ociation of one specifie 

protein molécule with the DNA, then as the length of the DNA molecule 

decreased, the proportion by mass of protein to DNA'shou1d increase, and 

consequently, the density shift should become more pronounced. The 3H_ 

label1ed,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)1 
/ 

unit length (fractions 21 io 25); ana longer than unit length (fractions 

26 to 30). These were s!Barately banded in neutral CsCl gradients with 
" . 
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32P-1abel1ed short or unit length molecules. In Figure 10, one can , 

see that the density shift is smal1est for the very short molecules, 

is greater for'the short mOlecules, and is largest for the unit length 
ô 

and longer than unit length molecules. Thedensity shift varies directly 

with the size of the 3H-labelled' DNA molecule. The longer the mOlecule, 

the 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 CsCl gradients. 

S~ this effect may not explain the resistance of the nascent molecules 

ta spleen exonuclease.' 
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4. DISCUSSION 

That the apparent resistance to degrada~ion by spleen exonuclease 

of 3H-labelledl1~Seent DNA relative to ~2P-label1ed non-naseent DNA i's 

not due to an uneven distribution of label <i'1 the nascent molecules_, 

with the [3H]thymidine located predominantly{a-t' the 3' e':lds, is suggested 

by two lines of evidence. When the uniformly 32P-1abelled DNA has 6een 

completely degraded by the 5' end specifie exonuclease, a significant 

- -tracti on -of the- 311-1 abe-ll ed nascent DNA i s undegraded. And second, the 

release of [3HJ label by the 3' end specifie snake venom phosphodiesterase 

initially exceeds the release of [32p] label by only a very small amount, 

not/enough to account. for the.much lower release of [3HJ label from the 
."-". 

5' end by spleen exonuclease. 

The 3H-labellednascent DNA does not contain detectable regions of 

secondary structure which would impede the progres~_ of spleen exonuclease. 

The Netr08pora~àpaB8a nuclease, which is highlY,specific for ~ingle

stranded DNA, does not discriminate between the 3H-labelled nascent and 

the 32p_l abetled non-nascent DNAs, but degrades both 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 the 

digestion as would be expec\ed if internal regions of duplex str~ure 
obstructed the course "of the enzyme. 

These data do not allow us to conclusively eliminat'e the possibility 
... 

that secondary structure is responsible for the resistante of the 
3 
H-~abelled nascent DNA tp spleen exonuclease .. A very small duplex 

region- whi'ch folds':I5aç-}S .. o'n itself l ike a haî~rin 'would renature 
-f' 

instantaneously and so would not be destroyed by a second heating. 

ç T 1 lE 1 .111 1 
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Also,' if~the duplex region were very smal1, pe,rhaps only 10 to---2Q 

nucleotides long, and comprised only 1 to 2% of the total length of the 

average DNA molecule,> it might not readily be observed as materia1 

resistant to the NeUl'ospo1'a apassa nuclease .. 

Anderson (1978) reported that old preparations ~f [3HJthymine can 

label non-DNA components in E. aoZi. That both the NeU1'ospo~ apassa 

nuc1ease and snake venom phosphodiesterase degrade the 3H-label1ed material 
) 

, ' \ - . 
which is resistant to spleen exonuc1ease comp1ete1Y to acid~soluble nucleo-

3 \ ·t.ides indicates that the [ H]thymidine in.0ur experinsl'blabelled nuclefcacids. 

Pyrophosphatase was apparentl~ unab1e to remove the block; therefore, 

a pyrophosphate linkage ;s. most probably not joining an unusua1 structure 

to the 5' ends of the nascent mo1ecu1es. Neither isoamy1 nitrite nor 

hydroxylamine hydrochloride were able to e1iminate the block, suggesting . 
that a phosphoami de bond li l1.kj ng a few ami no aei d res i dues to the 5' 

-.' 

termini was not responsible for the resistance to spleen exonuclease. 

The data are suggestive, not conclusive, because the di'fficulty in ., 
--

obtaining suitable substrates made it imposs)ble,to perform the necessary 

positive controls. 

Phosphoester linkages between DNA and protein are alkali labile 

(Shabarova, 1979). It was found that mild alkali coulQ not remove the 
(\ \ 

block, but strong alkali followed by a second phosphatase treatment 

allowed the 3H-labelled nascent and 32P-labelled non~nascent DNAs to be 

degraded by spleen exonuclease to the same extent. Quantitative end

label1ing with [y-32pJATP 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 s9me ambiguity in the 

\ 
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, ~-
1nterpretation of. the results of alkal i treatment. On the one hand, it 

could be argued that if alkali simply reducéd the sile' of the molecules . 
f 

without removing the block, one would still expect to find a portion of 

the 3H-labelled nascent DNA resistant to spleen exonuclease, although 
• 3 . 32 

the difference b~ween the H- and P-labelled DNAs would be less 

pronounced. That this was not observed suggests.that the block has 
, - 3 32 

been removed. Qn the other hand, if the H- and P-labelled DNAs are 

first cleaved t6~ ~S fragments by_ pancrea~ic DNAse, spleen exonûc1ease 

degrades both the 3H-labelled nascent and 32P-labelled non-nascent DNAs 

at the same rate and ta the same extent (data not shawn). So it cannot 

be unambigùously concluded that strong alkali has removed the black. 

There is protein associated with the 3H-labelled nascent DNA ;~olated 

from the phenol phase when Pronase treatment is omitted from the purification 

procedure. The assocJated protein shifts th, 3H-lab~11ed DNA to a lower 

buoyant density in neutral CsCl equilibrium.density gradients; the shift 

can be abolished by treating the pNA with Pronase. The bound protein 

resists dissDciat~on:" heating at 100°C for 3 minutes in 4 M Guanidine' 

~Cl and equi1ibrium centrifugation in 4 M G4anidine·HC1-CsCl gradients; 
, . 

heating at lOQoC for 2 minutes in ~ M Guanindine·HCl and sedimentation 
\ 

velocity in 4 M Guanidine-HC1-sucrose gradients; ~eating for 2 minutes at 

10QoC in TE buffer containing 0.1% SDS ~nd'equilibrium centrifugation 
\. 

in neutral CsCl. This indicat!=!s a very tight, possibly covalent, . \ 

association between the DNA and protein. If the crude suspension was 

heated at 100°C for 3 minutes before phenol extraction, the DNÂ~protein 

complex was isolated fram the pheno~ phase. However, if the phenol 

extraction was pe~formed at 65°C, the DNA'which was ~ecovered from the 
,4 
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phenol phase was no longer associated with protein. Thé ColEU protein 
. 

can be detached fram the DNA by heating the cells at,70°C for 15 minutes. 
, , , 

before lysîs (Clewel1 & Helinski, 1970). The 4>29 DNA-pl"otein complex 

can be.dissociated by heating at lO°C in 2% SOS (Harding & Ito, 1976). 

The 3H-labelled nascent ~X ONA - protein complex we have isolated is 

labile in phenol at 65°C. It is a1so alkali labile. Incubation in 
} 

0.25 M NaOH for 6 hours at 37°C partially removed the protein; incubat/)ion , 

in lM NaOH 'for 24' hours at 3rC completely removed it. " 

1s the protein associated with the 3H-1abe1led nascent DNA responsible 

for the resistance of the DNA to spleen exonuclease? A1tnough it has 

been reported that the adenovirus protein (Carusi, 1977), the ~29 protein 

(Ito, 1978), and the ~X gene A protein (Ikeda et aZ.~ 1979) attached to 
,1 

the 5' ends of the DNA molecules render the mo1ecu1es resistant t~ 
'\ 

degradation by 51 end specifie nucleases, we have no evidence to support 
. " 

the hypothesis that the prOtein in the complex we have isolated is located 

at the 51 ends of the nascent tnolecu1es. 

That the protein which is associated with the 3H-label1ed nascent 

ONA is not responsible, fof the resistance of the DNA to' degradation by 

, spleen exonuc1ease is suggested by several observations. First, when 

-~ the 3H-labelled nascent DNA was recovered from a neutr!i1 CsCl gradient, 

- and divided into less dense and more dense fractions, both were found 

to be equally resistant to spleen exonuclease (Data nct shOl'ln). One 
- . \ ~ 

wou1d predict that if the associated prote;n were responsible fqr the 

resistance to spleen exonuclease, the less dense materia1 should be 

enriched for DNA-protein complex and should show a greater resistance to 
\ 

spleen exonuc1ease. One reason why this could be true yet nct obseryed 
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is because the two fractions were not well enough resolved. Second, the 

resu1ts with mild alkali suggest that the protein is~;,responsible for 

the blocked S' ends because after 6 hours in 0.25 M NaOH at 37°C, the 

protein was partially removed, but the sensitivity of the 3~-lab:lled 
nascent DNA to spleen exonuclease was not altered. Third and finally, , , 

if the protein were located only at the end of the DNA molecule, one 
, 

. would expect that the shorter the molecule, the more \pronounced the density 

shift because the greater'the mass ratio of protein to DNA. Howe~er, 

the reverse effect was observed, with more protein' associated ~ith the unit 

length molecules than with the shortest molecules. Increased binding of 

\ a, protein to a longer single-stranded DNA molecule would be expected of 

,#'!""à:"'prateirt-such as the E. coli DNA binding proteine If the proteins are 

not attac~ed to the 5' ends of the DNA molecules, but are very tightly 
. 

bound along the length of the DNA molecule, it is difficult ta understan~ 
c 

why'such residual proteins would interfer~ on1y with the spleen exon~clease 
! 

and not with the Ne~o8pora ara88a or snake venom:phosphodiesterase 

reactions. 

That .this oocurs, that the proteines) are in fact responsitile for, 

the resistance of the 3H-labelled DNA to spleen exo~uclea4e 1S suggested, 

first, by the fact that the short molecules trre more resistant to spleen 

exonuclease and are also associated with more protein than the very shOrt 

molecule~. And~ second~ resistance to sp~een exonuclea~e and the size of 

"the density shift vary from experiment to experiment and appear to 
1 

correlate: the more pronounced the density shift and the greater the 

association with ~rotein, the' more, r~sistant the 3H-labelled DNA to 

-degradation by spleen exomJcl ease (data not shown). But we have not been 
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able to unequivocallly demonstrate that the protei-fl{-s-rresP~ible for 

the density shift are causing the resistance of the 3H-labe11ed nascent 

mo1ecules to spleen exonuclease. There may be two types of protein(s) 

involved: one, constttuting most of the total niass of the ~sso.ci ated 

prote;n~d a10ng the 1ength of 'the DNA mo1ecules, and' respon~ib1e for 

the .. .dens ity shift; and' the other, representing on 1 y a sma 11 fractj(jn 

~ the total, and not sufficient to ~ause a density shift, located 

'~\ s~cifical1y at the 5' end of !!he ONA molecules- and blocking the action 

1 ~ spleen exonuc1ease. 
"<~ 

It is known that the synthesis of the tj>X viral strand is c1ose1y 
'1 ' 

coupled to assemb1y of the phage capsid, both in vivo (Fujisawa & Hayashi, 

1976) 'and in vitro (Sumida-Yasumoto et al . ., 197'9). It is reasonable 

,that the .proteins associated with the unit length viral strands are 

capsid proteins, but oit is not certain whether the protein's associated 

with the shorter than unit 1ength nascent mo1ecu1es are capsid proteins 

, or otber proteins invo1oJed in the synfhesis of the molecules. Ligase is ,-

known to go through an intermedia"te st,i!g~ where ft becom,es covalently 

bound to an AMP residue (Gumport & Lehman, 1971). The mechanism ' 

responsible for joining the short molecules observed during rpX viral 

strand synthesis has not yet been identified. That it'is not the NMN-
, , t 

dependent E. eoU DNA li.gase is suggested by the finding that full length 

vir:a1 strands are synthesized in ligase defective hosts (McFadden & 

Denhardt, 1975).' It is possible that whatever enzyme mediates the joining . '. ... 
of the short molecules' becomes bound to the DNA. Another pos'sibility is 

binding of the enzyme which. removes the prfmer. AJ'!d fin~lly, the protein 

(-') .1- - -- ftself may function as Et primer bYtpositioning a deoxynucleoside triphosr*!ate 
~ , - -' , 
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f" 

~ 
residue on the template DNA as was first suggested by Denhardt (1972). 

·It has been prop~sed that the adenovirus 5' terminal prqte;n plays an \ 

analogous role in priming aderTovirus DNA synthes;s (Rekosh et aZ." 1977). 

Cdnfirmation of the role of the protein Cs} associated with the 3H_ 

labelled'nascent ~X molecules awaits identification of the proteines) 

~nd local izati on\ of th~ proteines} on the ONA ~olecules. Experiments to 

"abel ~he pr~n(s) with 1251 are in progress "and hopefully will reveal 

whether the protein{S) are sp'ecific. Local ization of the protein (s) on 

the DNA lfIOlecules C041d possibly be achieved by electron microscopy. 
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Legend to Table 1: 

"-- . ./ 

Comparison of the degradation py spleen exonuclease of DNA 

molecules obtained by sonication or digestion with pancreatic DNase. 

Uniformly 32p_ or 3H-labelled ~X viral strand DNA was isolated as 

des~ribed in Chapter II. Section 2(d}. Th~ 3H-1abelled DNA was 

fragmented either by sonicating for 30 seconds at output 60 on an 

Artek sonic dismembra~or. or bX treatment wi~h pancreatic DNase as 

descri bed above. The 3H and 32p_l abe 11 ed DNAs w~re fracti onated i nto 

two size classes by sedimentation on neutral sucrase gradients in 

the SW27 rotor. The very short mo1ecules are found in fractions 

5 to 11 of the neutra 1 sucrose gradi ent shown in Chapter II, Fi gure 

8(c); the short mo1ecules are found in fractions 12 to 18 of the same 

gradient l 3H-labelled DNA obtained by sonication or DNase digestion 

was combined wi th 32p_1 abelled DNA of the same size obtained by 

sonication. The samples were treated with bacterial alkaline 

phosphatase, then exposed te sp1 een exonucl ease. After 2 hours the 

spleerl exonuc1ease reaction was terminated, and aliquots were a'ssayed 

for total and acid-so1uble radioactivity as described in Materials 
J 

and Methods, Section 2(d). Acid soluble cts/min ranged from 1000 to 

6000; total cts/min ranged fralT) 5000 to 10,000 . 
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TABLE 1 
, 

Sensitivity of Spleen Exonuclease o~ Non-nascent DNA 

% acid-soluble DNA \ 

Sènicated $onicated DNàse- trea ted Sonicated 
\ 3H. 32p 3H 

32' size of DNA 

( 
P 

l 
58 56 60 59 short 

1 

very 

28 27 25 23 short 

\ 
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.1 

1. 

legend lI'to Table II: 

\t~,ascent ~X DNA shorter than unit-length and pulse-labelled 

with [3HJthymidine, and non-nasc~nt cjlX DNA, unifor~lY labelle~ with 

'......~thyrnidi·ne and son; cated to the same site as the nascent DNA, 

werels~~a ely treated with Pho~Phatase. Each was divided into three 
f'.." 

samples wh; h were incubated at 37°C for 24 hours. Two of the three 

contained 1 M aOH. After neutralization) one of the NaOH-treated 

samples was agal treated with phosphata se (BAP). Then a11 three 
\ ' \ 

samples were end-:labelled with [y_32PJATP and kinase. The unin-

corporated [y-32~JATP was removed by three i sopropano l pree; pitatiOns 

and nitrocellU1osje ehromatography. The 32pPH-labelled DNA was 
1 

1 

hybridizeq, to <pX IRF on nitrocellulose filters as gescribed in / 

Materials and MeJhods, Section 2(9). The numbers shown are the ratios 

of the radi oacti i ty an.nea 1 ed to the fil ters;, i t rang~d frpm 2500 

to 20,000 cts/min: 
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TABLE II' 

, Quanti tatJ on of Ends Exposed by Al ka li and Phosphatase 

32p/3H ratios 

3H-label1ed nascent <IX DNA 3H-l abe 11 ed no+nascent <pX DNA 
. 

very short short very short short 
\ 

1.3 

+NaOH + BA'P 

1.6 

2.1 

4.3 

1.9 

2.9 

3.7 

1.1 

2.8 

4.3 

1. 5' 

2.9 
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Legend to Table III: 

Nascent <pX ONA, shorter than unit length and pulse-labelled with 

[3H]thyrnidine, was combined with non-nascent unifonnly-l abelled [32p] 

<pX viral strand DNA of the same sïze obtained by sonication. The ,very 

short and short molecules were analyzed separateTy. One half of the 

sample was treated wi th pyrophosphatase; the other half was untreated. 

Both samples were digested with bacterial alkaline phosphatase before 

being degraded with spleen exonuclease. Aliquots, removed land 2 

hours afte.r the start of the spleen exonucl ease reaction, were 

assayed for total and acid-sol uble radioactivity as described in 

Materials and Methods, Section 2(d). Acid soluble cts/min ranged 

from 'soo ta 2000; tota l cts/mi n ranged from 3000 to 6000. 
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TABLE III 

'$ a J • A W r 

Sensitivity to Spleen Exonuclease after Exposure to Pyrophosphatase 

size of DNA 

very short 

short 

% acid-soluble DNA \ 

+ Pyrophosphatase 

3H nas~ent 32p non-nascent 

29 37 
42 53 

17 
24 

/' 24 
32 

./ 

./ 

,;::'" ). .. 
..("~\ . , <, 

/ 

Control 

3H nascent 32p non-nascent 

26 ,35 
38 45 

16 
23 

\ 

23 
32 

\ \ 

\ 



1 

~ , 

~ 
1 
1 

[ '. 

Facing page 130 

\ 

Legend to Table IV: 

Naseent cpX DNA, shorter th an unit Tength and pulse-labelled with 
r> 

[3H~thymidine, was eombined with non-naseent unifonnly -labelled 

[3~] cpX ONA of the same sile, pbtained by sonica:ing viral strands. 

The very short and short rnolecules were eombined and analyzed together. 

The ;soall1Yl nitrite-treated, hydroxylamine hydrochloride-treated, and 

appropriate control samples were prepared as deseribed in Materials 

and Methods, Section 2(e). All samples were d'igested with bacterial . . . 
alkaline phosphatase before being incubated with spleen exonuclease. 

Al iquobs removed land 3 hours after the start of the splee~ 

exonuclease reaction were assayed for total and acid-soluble radio

activity as deserrbed in .Materials an~ Methods, Section 2(d)., Aéid-

sol ub le ctsjmi n ranged from 100 to 500; total cts/mi n ranged from 
t 

500 to 1000. 
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TABLE IV 

Sensitivity to. Spleen Exonucle~ase After Exposure to 
, 'lsoamyl Nitrite and- Hydroxylamine Hydrochloride 

'1 ' 

% acid-so1ub1e DNA 

+ IsoalTlY1 Nitrite Control 

, , 
( 

. 3H nas~ent 32p non-nascent 3H nascent 32p non-nascent 

17 28 16 27 

42 52 42- 54, 

+ Hydroxylamine Hydrochloride Control 

3H nascent 32p non-nascent 3H nascent 32p non-nascent 

23 \ 31 
\ 

39 , 
\ 48 
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Legend to Fi gure 1: 

Degradation of DNA by Spleen exonuclease. 3H-labelled nascènt DNA 

~nd 32P.labelled non-nascent ~X DNA of the same size, obtained by 
/ -

briefly soni cating \Ii ral strands, were combined and incubated with 

spleen exonuclease for the -indicated times. Aliquots were assayed 

for ~otal and acid-soluble radioactivity as described in Materials and 

Methods, Section 2(d). Acid-soluble cts/min ranged from, 0 to 5000; 

tota l cts/mi n averaged about ""50pO. The open symbo l s (0, 0 , ll) denote 
, 3 ~, 32 cf> H-labe11ed nascent DNA. The closed symbols (e, • , Â) denote p-

laben ed, non-nascent DNA. Short molecules are found in fract; ons 12 

to 18 of the neutra1 sucrose gradients shown in Chapter II, Figure 

8 (a,c'). Very short molecules are found in fractions 5 to 11 of the 

same gradients. 
, 

(a) Short DNA /IIOlecules were digested with spleen exonuc:lease directly 

(0, '); after phosphatase treatmerit (d~. ); after phosphatase and 
, 

kinase tr'eatment (ll~' A) •. 

(b) Short DNA molecules were ~igested with spleen exonuclease after 

phosphatase treatment. 'The arrow indicates the point at which the 

sampl e was heat-denatured before fresh enzyme was added. 

Cc} Compari son of the degradation of short (O,,') and very short 

(0,1) DNA molecules by spleen ,exonuclease. 
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le end to Fi-gure 2: \ 

Comparison of the degradation of nascent and'non-nascent DNA by 

n exonuclease. 3H-lab~11ed nascent DNA and 32P-labelled non

nasce t DNA of the same size, obtaining by briéfly sonicating viral 

" 

\ e 

strands, were combioed, treated W~i 'h phospbatase, and the~ with spleen 

exonuclease. Aliquots were remov at appropriate intervals, and 
" 

assayed for acid-soluble and total 'radioactivity as described in 

Materia~s and Methods, Section 2(d). Acid soluble cts/~in ranged 
. p \ 

• from ,J Op to 5,000'; tota 1 ctsjmi n averaged about 5000. Very short 
1 

and short DNA molecules were anillyzed separately. 
1 \ 

.~ (-0-0-0-) very short DNA molecules 

(0 - 0 - 0) short DNA molecu1es 
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Legend t~Figure 3: 
~~~ . 

Comparison ~f the degradation of nascent and non-nascent DNA by , . 
snake venom phosphodiesterase. .' 

, . 
3H-1abel1ed nascent and 32p-1abe11ed non-nascent DNA of the same size, 

obtained by briéfly sonicating viral strands, werè c9mbined, and, 

incubated with snake venom phosphodiesterase after phosphatase treatment. 

Aliquots were removed at appropriate intervals and assayed for total 

and acid-soluble radioactivity as described in Materials and Methods, 

Section 2(d). ~cid soluble cts/min ranged from 100 to, 5000; total 
\ 

ctsjmin averaged about 5000. Very short and short DNA mdlecules were 

analyzed ~ep?rately. 

(0 - [J - 0) very short DNA molecule~ 

(0 - 0 ~,o) short DNA molecul~ 

, . 
. , 

\ 

C) 

o 

/ 



____ • __ •• _ .. " .. ___ .' ,....." .. _ ..... .-............ ".,-. •• __ , ___ .......... -.é ---'-----------\r 

( j 

., 

. , . 
~ ,"'. 

iJ 

\ 
\ 

<l 
~-------Z 80 

0/° \ a 4 \ 

~ 
/0 

, (10 :z: 0)/ 11). 60 
1....-..1 

0/ / 
/ cv -

1 D . ;::, 40 - o ,. 
0 0 
th 
1 

"0 .-
U 
0 

~ .. 0 

0 
0 20 40 60 80 

010 acid - soluble [32p] DNA 
, , 

t 



1 
1 
1-

f 
} 
f 
~ 

t 

j 

t 
t 
1 
t 
l 
1 

f 
j 

\ 
1 
1 

! 

\ 
<.. 

..... ~~----~--------

Fac; ng page 134 

\ 

\ 

#J 

/' , 

Legend to Figure 4: 
, 

- Compari son of the degradation of nascent and non-nascent DNA b.y 
- 3 

Ne W08pOZ'a crassa nuc l ease. A mi xture of very sh~rt and short, H-. 

label1ed nascent and 32P-labelled non-nascent DNA molecules of the 

same size were combined and incubated with ~eurospopa crassa nuclease. 

At intervals from the start of the reaction until 2 hours later,' 

aliquots were removed and assayed for total and acid-soluble r~dio

activity as described in Materials and Methods, I$ection 2(d). Acid

soluble cts/min ranged from 100 to 5000; total cts/min averaged 

about 5000. 
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to Figure 5: 

Effect of alkali on the resistance of the nascent DNA to degrad

exonl,lclease. 3H-labelled nascent and 32p-labeÙed 

nascent DNA of the same size were combined, treated with phosphatase 

~ncubated at 37°C with or without alkali, then after neutralization, 

degra ed with spleen exonuclease directly or after a second phosphatase 

treatment .. Aliquots were removed at appropri~te intervals and assayed 

for total and acid-soluble radioactivity as described in Materials 
\ 

and Methods, Section 2(d) .. Acid-soluble cts/min ranged from 200 to 

2000; total cts/min average~4000. 

(0 o - 0) 

(. - . - .) 

(b b - b) 

(.& - .& - .&) 

incubated at 37°C for 24 hours without alkali 

above DNA afte~ second phosphata se treatment 

incubated at 37°C for 6 hours)in 0.25 M NaOH 

above DNA after second phosphatase treatment 
.. 

(0 - 0 - 0) incubated at 37°C for 24 hours in 1 M NaOH 

(. - • -.) above DNA after seçond phosphatase treatment 
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/' 

Legend to F,i gure 6: , 

A1kaline agarose gel electrophoresis of 3H-labèlled nascent ~X DNA 

( ) ' 32 ' 
open symbols and P-labelled non-nastent ~X DNA of the same size 

, ./ 

obtained by sonication (closed symbols). The arrows in panels (a) 
• 

and (b) indicate the position of circular ~X viral strand DNA while 

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 mo1ecules'were 

combined and analyzed together. 3H-labelled nascent DNA (0 .0); 

32P-labelled non-nascènt DNA ( • •• ). 

(a) gel profile of DNA incubated at 37°C for 24 hours without alkali 

(0,. ) 

(b) gel profile of DNA incubated at 37°C for 24 hours in 

(0, .). 
,. 

M NaOH 

(c) data shown in panels Ca) and (b) plotted as cumulative % of total; 

• the sum of the radioactivity in all fractions '~pto and including 
, " 

fraçtion n, divided ,by the sum of the radioactivity in all the fractions 

of the gel, ~xpressed as a %. is the cumulative % of the total fOrfracti'onn. 
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Legend ta Figure 7: 

Preparative centrifugation of 3H-labelled nascent ~X DNA recovered'

from the phenol phase if pronase'treatment is omitted. Composition 

, of the gradients and centrifugation conditions are described in 

Materials and Methods,.Section 2(c). 

(a) 4 M Guanidine·HC1-CsCl gradient; the density of the gradient 
-~ 3 

decreases {rom left ta right (0 - 0 - o) H-labelled nascent DNA. 

(b) 4 M Guanidine'HC1-sucrose gradient; direction of sedimentation 

is from left to right. (0 - 0 - 0) 3H-'~belled nascent DNA; 

(. - • - .) 32P-labelled ~X viral strand DNA sedimented on a separate . ' , 

. gradient. Two gradient profiles were superimposed to facilitat~ 

comparison. 
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Legend ta Fi gu~e 8: 

Analytic~l CsC1 centrifugation of nascent ~X DNA shorter than 
... ~. ~ ~ 

unit length recovered frôm the phenol phase when pronase treatment was 

omitted. The density of the gradients decreases fram 1eft to right. 

The' composition of the gradi~nts and centr,ifugation \onditiOnS are 

descrîbed in Materia1s and Methads, Section 2(h). 

(0 - 0 - 0) 3H-1abel~d nascent ~X' DNA 

• (~ ~ • - .) 32P-1abelled non-nascen\ 4>X DNA of the same s!ze " 

f'- obtained by sonicâting vir~l strands 

(a) wi t~aut pronase treatment 

(b) after pronase treatment 
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legentl to~Figure 9: 
• r 

Effect of aJkali 'on the n~sce~t DNA-protein complex recov:red from 

the prenol -phase when pronase treatment was omitte,d. 3H-1abelled 

nasceht </lX DNA shorter than unit length and 32P-labelled non-nascent 
, , 

<PX D~A of the same size obtiine~ by briefly son'icating viral strands 

were! combined and incubat\d at 37°C with or without, 'alkali befnre 
1 ~ 

centrifugation in CsCl grai:1ients. The, density deereas~s from' left 
l, . , 
i \ 

to r~ght. The co~positiQn of the gradients' and centrifugation 
, 1 .. ..1 P 

con{ition~, are described in Materials and _Methods, Section 2(h). 

The 1 data are f!'xpressed as cumulative % of total to fad"l itate . 

corn arison. The cumulative % of total for a fraction n i,s the sum 
- . ' / 

of he radioactivity in the fractions upto and including' n, divided 
1 • 

by~ he 'sum of tHe radi.oactivity in a11 the 'fractions of 'the grâdient, 

exp essed as a '%. (0 - 0 .' 0) 3H-labelled ~ascent <p~ QNA; (t - • - 1) 

,32 -01 abe 11 éd non-nas~ent </IX DNA. \ (:. / 
1 • Q , 

(a) incubated at 37°C for D 24 hours without alkal.i 
" , 

(b) incubated at 37°C for 6 hours in 0.25 M NaOH 

(cJ incubated at 37°C tor 24 ehdurg 'in l M, NaOH 
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/ 

; Legend t:0 Fi gure ,10: 

The 3H-labelled nascent <pX DNA recovered frQm the phenol phase 

when pronase treatment was omi tted was div; ded into four si ze classes 

after sedimentation on the 4 M Guanidine·HC1-sucrose gradient., These 
, \ 32 

were separately combined with short or unit-length P-labelled 

non-nascent <pX DNA and Gentrifuged to equilîbrium in CsCl gradients. 
o 

The composition of the gradients and centrifugation fondi'tions are 

described in Materials and Methods, Section 2(h). The density of 

the gradi ents decreases from 1 eft ta right. The "data are expressed 

as cumulative % of total to facilitate comparison. The cumulative % ' 

of total for a fraction 11 is the sum of the radioactivity in the 

fractions upto and including n, divided by the/total radioact'ivity 

in'the gradient, expressed as a %. (0 - 0 - o) J,H-labelled nascent 

DNA; (t - • - .) 32p_1 abe lle~ non-nascent <pX DNA. 

(a) very short 3H_ and 32P-1abelled cpX DNA j 
\-) . 

(b) short 3H_ and 32P-label1ed q,X DNA o 

(c) unit length 3H_ and 32P-labelled <pX' DNA 

(d) longer-than-genome-length 3H-labelled </>X DNA and unit-length '. 

32P-labell ed ~X DNA. 
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CHAPTER IV 

A Model for the Synthesis of the ~X174 Viral Strand 
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q,X174 has proyided an excellent system for the study of DNA 

rep1ication. The !))DO nucleotide"\Jong gen?me has been extensively 

charac ter; zed) and the enti re .!'ase sequence has been
l 

determi ned (Sanger 
" , 

et al.., 1977). The sma 11 s,1 ze of the genome a 11 ows it to be readi ly 
1 

isolated intact and in large quantities. Furthermore, with the exception 

of the gene A protein, a11 of the enzymes q,X17.4 uses for its repl ication 

Il are' host enzymes~ so q,X174 provides a useful tool for the analysis of the 

function of the proteins used by E. coU for its own repli cation. And 

f;nally, since only one strand ;s replicated during the final stage of 

the $X cyc.1e, the mechanism of synthêsis of this strand can be studied 

without the need to 'Separate interf!lediates derived from two strands, 

wh; ch wou1 d result if both strands' were bei ng simultaneous ly copi ed. 

• The discovery that a brief pulse of [3H]thymidine label1ed:longer 
, 

th an genome length intermediates during the final stage of the q,X 

replicativè cycle (Dressler & Denhardt, 19é8} J,ed to the proposal that the 
, 

cpX viral strand was replicated by a rolling èirele model (Gilbert & 
1 

Dressler, 1969). This model suggested that the first step in replication 
~ 

is the introduction of a nick with 5' P and 3' 'OH termini at the origin 

r in one of the two strands of the cova 1 ert1y closed ci reul ar duplex RF. 
o 0 

The 5' P terminated parental strand is displaced, witH the concorrmittant 

.;r elongation of the 3' OH end by DNA polymeras,e. This results in an 

\ '" 

IILt. al L '"1 1 Il MT 

i ntermed~te longer than genome length in a structure which has been 
" Q 

cal1ed a rol1ing circle. , 

The rolling circle model is supported by the observatidn that in 

vit'l'o only 4 proteins are required to synthesize the ~X viral strand: 

the gehe A protein, the 1'ep protefn, th~:E. aoZi DNA binding prote;n (OBP), 
\ Q 

•• 'F 

1 

, . 
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i 
(, , 

and DNA polymerase III holoenzyhJe (Eisenberg et a"l., 1976; 1977). It was 
f f'.. 

suggested that th1e geneA protein nicked at the origin, creating a 3' OH 
/r" • 

.. '-~ J 

end and binding to the 5' P end; the rep protein formed a complex with the 

bound gene A protein, and moved'~rpund the duplex, hydrolyzing ATP, and 
\ ' 

displacing the parental strand; DBP bound'to the displaced parental strand; 

Çlnd DNA polymerase III ho]oenzyme e10ngated the parental strand using the 

3' OH at. the origin as a primer. This gives rise to a "1ooped" rolling 

-s.ircle intermediate. 

That this, model is an oversimplification of the way in which the 
\ " . 

<pX viral strand is replicated is suggested by severa1 observations which 

it does not take into account. First, the dnaG protein) sometime~ called 

primase, is required continuously in vivo for <pX viral strand DNA synthe~ 

, (McFadden & Denhardt, 1975). The dnaG protein is a polymerase which is 

capable of the dé novo synthesis of short oligonucleotides, ribo-, 
\ 

deoxyri bo-, or mi xed ri bo- and deoxyri bonuc 1 eot; des ,whi ch serve as 

primers for DNA polymerase (Wickner, 1977; Rowen and Kornberg, 1978). 

Second, Sumida-Yasumoto et aZ. (1978) have not been able to rep1icate the 

<pX viral strand in vitro using onlY the se 4 proteins, and have found 

that other proteins, including the dna8, dnaC, dnaG, and sorne not yet 

identified, are required as welle A recent réport indicates that the 

DNA po1ymerase III holoenzyme used by Eisenberg et al. (1976, 1977) 
w 

i,s a çomplex assembly of at least eigl:lt separate polypeptides which can 

be resolved on SOS polyatrylamide gels (Mèyer et aZ., 1979). Untir the 
, . 

role and identity of each of the proteins in the complex is determined, 

it cannot be assumed that the only function of the DNA polymerase 1 II 

holoenzyme in replication is ,the synthesis of a DNA ~hain from a 3' OH 

)' 
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end. Finally, the rolling circ1e mode1 predicts and requires that 

most if not all intermediates be longer than unit 1ength. This is 

inconsistent with reports of viral strand intermediate~ shorter than unJt 

1ength, observed during cj>X viral strand synthesis in mw (HÜlIrs 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; 19-79). 

In Figure l, we present a more comp1ex model of cj>X viral strand 

synthesis, which takes into account all these observations, and leaves 

room for tfJe elucidation of aspects of the process whi",ch are not yet 

complete1y understood. As suggested by Eisenberg et al. (1977), the 

gene A protein nicks at the origin and becomes attached to the 51 end 

of the parental strand. The rep protein recognizes the bound gene A 
o . 

prote~,--aOO- forms a compl ex wh; ch moves around the duplex wi th the 

replicating fork, displacing the parental viral strand. and hydroly~ing 
o 

ATP in the proces·s. The displaced parental strand becomes associatea 

with phage capsid proteins which prevent the synthesis of a complementary 
<1 

strand (Fujisawa & Hayashi, 1977). The dnaG protein or primase, aided by 
J 

the dnaB protein (Ara; & Kornberg, 1979) and perhaps other proteins as 

well, synthesizes short 01 i gonuc1 eQtides on the exposed templ ate' strand 

(Wickner, 1977; Rowen & Kornberg. 1978). These can be-elongated by 
\' 

DNA polymerase III ho1 oenzyme, resulting in viral' strand intermediates 
\ ' 

shorter than unit length. Failure to detect RNA primers on the majority 

(80%) of the short nascent mo,..1e,cules may be a consequence of rapi-d 

removal of the ribonucleo\;de p.rimers, or initiation wi·th deoxyribonucleotide Q 

primers synthesized by the dnaG prote;n, or utd ization of another method 
'll 

, , 
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to prime DNA synthesis. Resistance of the nascent molecule to degradation 

from the 5' end with spleen exonuclease"èoupled with the observation 
, . 

that prote;n is very tightly associated with the nascent DNA, l~aves 

open the possibil ity that a protein may be functioning as a primer by 

~ positioning a deoxynucleoside triphosphate residue on the template as 

ori gi'nally ~uggested by Denhardt (1972). The prim~rs are removed and the 
, 

short molecules are jOined by m~chan;sms which have not yet been characterized. 

Th.e combined pOlymerase and 5' ta 3' exonuclease activity of DNA polymerase 
" , 

1 coul d remove the ribonucleoti de primers and sirhultaneously fill in 

the resulting gaps. That the NMN-sensitive ligase which has been identifiad 

in E. coU is not invo1v,ed in joining the short molecules is sugges,ted 
, . 

by the observation that defects in this enzyme do nct block the formation 

of unit length cj>X viral st~ands (r~cFadden & Denhardt, 1975). A second 

NMN-resistant 1 igase activity, first described by Hess et al.' (1973), 

and recentlY,observed al~o by Sakakibara (1978), maybe responsible for 

joifling the short cpX vira-l strand -intermed"Pates. There is nothi~g to 

prevent the short molecules closest ta the origin from bei~g~joined to 

the 3' OH end of the nicked pàrenta1 viral strand at the origin. This 

woul~ give rise to pulse-labelled longer than unit length intermediates 

which did not reflect the utilization of a rolling circle model) but 

- rather. the li gation of short molécules to uni,t l ength molecules. Nicking 

by the gene A protein at the regenerated origin wh en a round of replication 

is complete would resultr ,in the r~lease of '~he parental viral strand. , 

Our studies have revealed that the cpX viral .straQd is synthesized 

discontinuously, as short mol'ecules, even though the potential for 
.~ 

continuous synthesis ex\~sts. Diff~ren~es in the size of the intermediates 
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) 
\ 

from the two strands whtch were ini tially observed (see Chapter I? 

Section.,h) reflect differences in the rate of synthesis or the mechantsm 

by which the short nascent intermediatesof the two s~rands are joined. 

This may alSo be true of other replication systems which have not been 

as extensively characterized as ~X174. 

,Wha,t I:/ou]d be the advantages ta the cell of synthesizing as short 
1 

molecul es a stretch of DNA whi ch coul d be made as one long piece? Not 

with <PX, but with larger chromosomes, one obvious advantage i5 speed. 

Several polymerases could simultaneously synthesize short molecule5 

which are rapi dly joined', as opposed to one polymerase 510v/ly 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 contras t, the fai l ure ta 

synthesize'a primer resPo~sible f'r the replication of a long stretch of 
1 

the chromosome could be seyerely detrimental ta the cell. 
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Legend ta Fi gure 1: 

A model for the discontinuous synthesi,s of <pX viral strand DNA. 

The th; n li nes represent parental DNA;' the heavy li nes denote newly 

" synthes i zed DNA whi l e the hÈ!av~, zi g-zag 1 i nes denote pri mers synthesi zed, 

by the dnaG protein or primase.\TIO indicates the t~rminus/origin of 

-a round of replication, and the arrows show the direction of replication. 
\ / 

1 The gene A prptein nicks at the origin, then binds te the 5' end 

of t~_e parental strand. L The l"ep protein forms a complex with the ge~e 

A protein, which moves aroundothe genome separating the two strands. 

Viral proteins bind to the d"i splaced strand. The ana G protein 

sYQthesizes short oligonuc1eotides on the exposed template strand. 

These primers are extended by the DNA polymerase III holoenzyme. 
. , 

. _Removar of the primers and joining of the short melecules occurs 

• rapidly by mechanisms which are not yet characterized. the short 

molecules c10sest ta the origin may be joined to "the 3' OH end of the 

parental. strand, resul ting in intermediates longer than genome length. 
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In the course of my studies on the final stage of-replication of 

bacter;ophagè ~X174, w~en predominantly viral strands are synthesized, 

the fol1owing observations were made for the f;rst t;me: 

(1) The molecules shorter than unit length, observed when a brief 

pul se of [3HJthymi dine is stopped by pouring the infected pulse-labelled 

culture into a boiling SOS-phenol solution, are nascent intermediates. 

The short molecul es are not generated by the exc;s; on of mi sincorporated 
iJ • 

uracil. Approximatèly 20% of the short mo1ecu'les have at least one ribo-
-

nucleotide at the:5' terminus as determined by the spleen exonuclease 

assay. 
, . 

(2) The relative abundance of short.pulse-lebelled nascent inter-

mediates·depends on the method useg to st~ the pulse, on the aeration 1evel 

of the infected culture, and on the host strain. The short mo1ecu1es 

account for' a si gnifi cant ,~ti on of the total pul se-1 abe 11 ed ONA in 

the wil d-type host only when the pu1 se i s stopped by our rapi d heati ng 

procedure, but not by the rapi'd coo1ing procedures used by other inyestigators. 
, ~ 

The short mo1ecules account for a larg~ fraction of the total pulse-, 

''-Jabelled DNA in slowly aerated cultures, and in thymine-requiring strains. 

(3) The short pUlse-labelled molecules hybridize to all regions of 

the <pX genome, but preferentially to the origino!and terminus region . .. 
/' '\Th~ enriclime,nt for pu1se-1abell~d ONA in the terminus region may result 

\ from initiation of DNA synthesis at a site which resemb1es the origin in 
\ 

the center of the genome. An excess of short ~X molecules whose 5' termini 
" 

map in this region was detected by end-labelling and hybridization. 

'(4) A 'variable proportion of thè short pulse-labelled molecules are 

resistant to degradation/ from the 5~ end by spleen exonuclease. This 

o 
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,~ 



, . . 
-J~1 -f"'- "l' .• ,~ ';~"'~~""~1i~"'~/'<" ~.~_'ar't'~~"""'t't~ ... 'tIi'f~-iftI:Prt«"'Ç!-l~""'''''''''',!I .. ",.--i.''''_'''I_"""",..r_-''''''''''''''r-''''''~ __ '' ____ ~'''"a;;:4I 1 l'li ~I[;iMf'!' lflll C ;4i(11t.:!l *i'ltl#tl\aii41U IW!:rm!ol~!I!P.~<E"S"\"~" 

" 

... 

150 -

resistance, which is only:removed by pralonged incubation of the DNA in 

strong al kali , cannat be ~ccounted for by an uneven distribution of label 

in the nascent molecul es t or by a detectable enrichment for secondary , 

structure. 
. 

(5) When' proteolytic digestion is omitted from the purification . " . \ 
procedure, sorne of the o short pulse-labelled cf>X 'molecules -are recovered 

. 
from the phenol phase in DNA- protein compl exes whi ch r.esj st di ssoci ati on, 

. 
but are alkali-lablle. 

On the basis of my, studies of the short nascent intermediates 

found during the final stage of <j>X174 replication, 1 conclude that the 
, 

cf>X viral strand is synthesized discontinuously, not èontinuously, as 

origi.nally proposed by the rolling circ1e model. 

. . 

\ \ 

" 

; 
j 
i 

1 . ! ,-
1 
j 



( 

( 

------------ ---- ----'---------_.-,-----~-~ .. 
v<' "", '" ' .. ~,j,~"<lI"",,,,,,,,,,,,'" 1' • ..,.,-.:" .. "" .... ~ ... ~~I('I."'Jjt. ... ''l'''~ ,'1'-"'I!'<''''-~~~ r-'~'<I '!"" ~"'II' ........ - ..... "_'""C' ... ~~ .. ~ ... ~,~ __ '-~ ... , "', ..... ~M»~"'W~~~~~~l~~ ....... ~~-.-..F~~ 

. '" 

1 

/ 

. \ ' . 

A 

ADP ~_ ATP 
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BAP 

BSA 

B. suhtUis 

mCi, )JCi 

C 

CTP 

cts/min; cpm 

dCTP 

dGTP 

dNMPs, dNTPs 

dTMP, dTTP 

dUMP, dUDP. dUTP 

DBP 

DNA 

DNase 

dut 

dUTPase 

E. aoU 

EDTA 

EGTA 

G 

GTP 

D 

ABBRI:VIATIONS 

~denine \ 

adenosine 5' di; and triphosphate 

amber mutation 

bacterial alkaline phoephatas~ . 

bovine serum albumin 

BaciZZus suhtiZis 

mil1i~urie, microcurie 

. cytosine 

cytidine 51 triphosphate 

counts per minute 

deoxycytidine 5' triphosphate 

deoxyguanoslne 5' triphosph~e 

deoxynucleotide 5' mono- and triphosphates 

deoxythymi di ne 5' mono- and 'tri phosphate 

deoxyuridine 5' mono-, di-, and triphosphate 

DNA binding protein ~ 

deoxyribonucleic acid 

deoxydbonucl ease 

, dUTPase mutant 

deoxyuridine triphosphate diphosphohydrolase 

E sahenahia co U 

ethylene di~mine tetra-ace~ate 
~ 

ethylene-bi s- (~-amino-ethyl ether )-N ,N-; 
tetracetic acid 

",guanine 

guandsine 5' 'triphosphate 
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(; 
Hae Haemophi Z. us aegypti '/,B' 

1 Hind Haémophi'l-w influenzae, 
~. 

1 

1 KeN potassium cyanide 1 

1 
Ug li gase mutant 

1 
NMN nicotinamide mononucleotide 1 

OH hydroxyl 
1 

\ P phosphate 1 
1 

, pfu pl aque-formi ~g unit i pNp 21 (3' ),5' ribonucleoside di phosphate 
1 

poz. polyrnerase mutant 
1 . 1 

Rf replicative form 1 , 
RFI covalently closed supercoiled RF ' 1 

RFI I RF possessing at least one nick 

RNA ribonuclei c acid 

RNase ribonuclease 

rN~'Ps , rNTPs ri bonucl eos i de 5' mono- and triphosphates • .. 
rpm revolutions per minute 

", 
SDS sodi um dodecyl sul fate , \ 

thymine 
. \ ,1 T 

r TCA tri ch l oraceti c aci"d 

thymidine 5' monophosphate . TMP 1 

Tris Tris (hydroxymethyl) aminomethane 

ta temperature-sensitive mutant 

mg uraci l-DNA glycosylase mutant 

0, 
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