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PREFACE 
Biosynthesis of cellular and viral DNA and RNA has been a major 
topic in molecular biology and biochemistry. The studies by Arthur 
Kornberg and his colleagues on the in-vitro synthesis of DNA have 
opened new avenues to understanding the processes controlling 
the duplication of the genetic information encoded in the DNA and 
RNA of bacterial and mammalian cells. Viral nucleic acids are 
replicated in infected cells (bacterial, plant, and animal) by virus
coded enzymes with or without the involvement of proteins and 
enzymes coded by the host cells. The ability of the virus to replicate 
its genome within a relatively short period in the infected cell 
makes it an excellent biological tool for studying the molecular 
events in nucleic acid replication. Indeed, the identification of a 
number of virus-coded proteins that participate in the biosynthesis 
of <l>X174 and SV40 DNA has led to the construction of in-vitro 
systems for the study of nucleic acid biosynthesis. Similarly, 
studies on the replication of other phage, animal and plant viruses 
have provided an insight into the nucleic acid sequences from 
which DNA synthesis is initiated, as well as the proteins and 
enzymes that regulate the catalyse biosynthetic processes. Investi
gation of the molecular processes involved in the replication of 
cellular and mitochondrial genomes has gained momentum from 
the rapid developments in the analyses of viral nucleic acid 
biosynthesis. 

This book is an authoritative summary of the original studies 
reported from key laboratories on the biosynthesis of viral DNA and 
RNA genomes under in-vitro and in-vivo conditions. Molecular 
events in the nucleic acid biosynthesis of bacteriophages, animal 
and plant viruses are described, as well as the synthesis of E. coli 
DNA, and cellular and mitochondrial DNA in mammalian cells and 
Drosophila. Analysis of the molecular events in the synthesis of 
bacterial and mammalian chromosomal DNA provides an insight 
into complicated enzymatic processes that are required for the 
duplication of the genetic information. 

I wish to thank all the contributing authors for their fine 
contributions. I hope that this book will be of use to virologists, 
molecular biologists, biochemists and geneticists interested in DNA 
and RNA replication. My thanks to Dr. Julia Hadar for editing and 
indexing the manuscripts and to Mrs. Esther Herskovics for her 
excellent secretarial help. 

Yechiel Becker 
Jerusalem, February, 1983 
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REPLICATION OF ¢X174 DNA RECONSTITUTED WITH PURIFIED ENZYMES 

JOSEPH SHLOMAI*, KEN-ICHI ARAI, ROBERT LOW, JOAN KOBORI, NAOKO ARAI, SEICHI 
YASUDA, ULRICH HUBSCHER, LEROY BERTSCH, and ARTHUR KORNBERG 

SlJ.1MARY 

Conversion of ¢X174 DNA to its duplex repl icative form (SS~RF) is 

initiated by assembly of a multiprotein unit, the primosome, at a unique 

site on the chromosome, recognized by prepriming protein n'. At or near 

this site, the unique origin of ¢X complementary strand replication is 

located. The pri mosome and the prepri mi ng i ntermed i ate that precedes it 

contain one molecule each of tightly bound dnaB protein, protein n', pro

tein n, protein i and undetermined stoichiometric quantities of dnaC 

protein, primase and protein n". The role of dnaB protein as a "replica

tion promotor" is to "engineer" the DNA structure to generate a signal for 

primase action. Processive translocation of the primosome from its assem

bly site, at or near the unique origin of replication, is in the 5'~3' 

direction of the DNA template, and is catalyzed by protein n' utilizing the 

energy of ATP (dATP) hydrolysis. Priming of synthesis of complementary 

strands on the nascent viral strand in the multiplication of RF (RF~RF) 

utilizes the same primosome which is almost completely conserved. The 

primosome associated with parental viral DNA in the initial SS~RF stage of 

¢X174 DNA repl ication may function repeatedly in the initiation of comple

mentary strands at the subsequent stage of RF~RF multiplication. A nucleo

protein complex functioning in RF replication has been isolated, which 

combines the priming, helicase, and chain elongation functions in a "repli-

*To whom reprints requests should be addressed. Present address: 
Department of Protozoology, The Hebrew University-Hadassah Medical School, 
Jerusalem, Israel. 

Abbreviations are as follows: ¢X, bacteriophage ¢X174; SS DNA, 
single-stranded DNA; RF DNA, duplex replicative fonn of ¢X174 DNA; SSB, 
single-stranded DNA binding protein. 
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some"-like structure at the replication fork. Its possible role in coupl

i ng cont i nuous DNA synthes i s of the 1 ead i ng DNA strand and d i scont i nuou s 

synthesis on the lagging strand is discussed. 

INTRODUCTION 

Replication of bacteriophage ¢X174 in E. coli proceeds by three 

stages (1,2,3). In the first stage (SS~RF), the single-stranded viral (+) 

circle (SS) is converted into a duplex replicative form (RFI), by the 

action of the DNA replication enzymes of the host cell. In the second 

stage (RF~RF), multiple copies of RFI are generated, using the newly syn

thesized RFI as a template. In this and the subsequent stage two addition

al proteins are employed, the phage-encoded gene A protein and the host rep 

gene product (4,5). In the last stage (RF~SS), selective synthesis of 

viral (+) circles is carried out, after further production of RFI has 

ceased. Using the complementary (-) DNA strand of the RFI as a template, 

and in the presence of the phage gene products ~,Q,£.,,§, and !!, viral (+) 

circles are formed and encapsidated into ¢X174 virions (6,7). Relying 

almost entirely on the cellular machinery for its replication enzymes, the 

mechanisms employed by ¢X174 are pertinent to the process of the host cell 

chromosome rep 1 icat i on. Therefore, the enzymology of E. coli rep 1 icat ion 

proteins employed in ¢X DNA replication is a guide to their action in 

replication of the E. coli chromosome. In this contribution we describe 

the act ions of E. co 1 i rep 1 i cat i on enzymes in the d i scont i nuous and cont i

nuous synthetic pathways in ¢X chromosome replication. The association of 

these enzymes into the physical and functional prepriming intermediate, 

priming complex (primosome), and the coordination of leading and lagging 

strand synthesis in a replisome-like complex is discussed. 

Actions of repl ication proteins dnaB, dnaC, i, n, n' and n" precede the 

priming event on SSB-eoated ¢X DNA. 

Conversion of the single-stranded chromosomes of the three small bacterio

phages M13, G4 and ¢X174 to their duplex replicative forms differ primarily 

in the mode of initiation of DNA replication. In all three systems elonga

tion of DNA is catalyzed by DNA polymerase III holoenzyme (8,9). However, 

in each phage system different mechanisms are employed for providing the 

RNA primer prior to elongation by this enzyme (10-12). Coated with single

stranded DNA binding protein, M13 DNA can be primed directly by the syn-
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thesis of a unique RNA transcript by RNA polymerase (13,14); G4 DNA is 
primed by DNA primase (15,16). However, the SSB-coated ¢X174 chromosome, 

although primed by the same DNA primase, requires a prepriming stage before 

the priming event can take place. Six host proteins, n, n', nil, i, dnaC 

and dnaB act upon the SSB-coated ¢X174 DNA and activate it to form a pre

priming intermediate complex (17). This activated form of the template 

promotes synthesis of multiple primers by primase when uncoupled from DNA 

replication (18,14). Formation of the intermediate complex was recognized 

by its bei ng the rate 1 imiti ng step of the SS~RF react i on, and due to its 

remarkab 1 e stabil ity in the presence of ATP, its i so l.at i on cou 1 d be carri ed 

out (17). However, it was not until an extensive purification of each of 

the priming and prepriming proteins was accomplished, that the exact compo

s it i on of the prepri mi ng i ntermed i ate and the pri mi ng comp 1 ex (pri mosome) 

derived from it could be accurately determined. Four out of the six pre

priming proteins, proteins n, n', nil and i, have not yet been associated 

with defined genetic loci. However, the other two proteins, the E. col i 

dnaB and dnaC gene products, could be overproduced by cloning the corres

ponding E. coli genes into high copy number plasmids (19). Amplification 

of dnaB (20) and dnaC (21) proteins, and the preparations of proteins i 

(22), n (23), and n' (24) on a large scale provided suitable amounts of 

Table 1. Protein requirements for in vitro conversion of phage single
stranded DNA to duplex RFII:- --
[Reprinted with permission from: Arai K. et al., Prog. Nuc. Acid 
Res. Mol. Biol. ~, 9-32 (1981).J 

Stage 

Preprimi ng 

Priming 

Elongation 

M13 

SSB 

RNA polymerase 

DNA polymerase 
II I ho 1 oen zyme 

G4 

SSB 

Primase 

DNA polymerase 
II I holoenzyme 

¢X174 

SSB 
protein i 
protein n 
protein n' 
protein nil 
dnaB protei n 
dnaC protein 

Primase 

DNA polymerase 
I II ho 1 oen zyme 
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homogenous prepriming proteins for isotopic labeling, and for tracing their 

fate during the reaction (see Table 1 and Fig. 1). 

The priming system has an intrinsic capacity to synthesize multiple primers 

on a single-stranded DNA template. 

Synthesis of primer RNA by primase occurs on SSB-coated ¢X DNA only 

in the activated intermediate form, in which one molecule of dnaB protein 

is bound to the DNA template (l7,18). This transcription, when uncoupled 

from DNA synthesis, is extensive, and multiple primers are made on each DNA 

circle. The single dnaB protein molecule bound to the DNA template parti

cipates in the de novo initiation of these oligonucleotide primers (18,14). 

The presumption was (14) that dnaB protein acts in the nucleoprotein com

plex as a "mobile promoter" which actively migrates along the DNA template 

providing signals for primase to produce many primer transcripts. 

Upon extensive purification of each of the repl ication proteins and 

their use in the ¢X enzyme reconstitution repl ication reaction, an impor

tant feature of the priming reaction became apparent (25). In the absence 

of SSB, conversion of ¢X174 single-stranded DNA to its duplex form can be 

initiated simply by the joint action of only dnaB protein and primase. 

This simple priming system, uncoupled from DNA replication, catalyzes the 

synthesis of multiple, short primers (10 to 60 residues long) on any 

uncoated single-stranded phage DNA, and also on poly(dT). Thi s priming 

activity is inhibited by coating the template with SSB. Thus, on uncoated 

single-stranded DNA, dnaB protein and primase act as a nonspecific general 

priming system, while specific initiations on the different single-stranded 

ph age DNAs become evi dent on 1 y when the temp 1 ate is coated with sing 1 e 

strand DNA binding protein. 

The genera 1 pri mi ng system provi des import ant clues to the mech an ism 

of initiation of complementary strand replication. It demonstrates that 

the capacity to synthesize multiple short primers expresses an intrinsic 

property of the joint action of dnaB protein and primase. The multiple 

short pri mers are produced throughout the DNA temp 1 ate 1 ength, apparent 1y 

at a number of preferred initiation points, as judged from the characteris

tic pattern of priming for each of the different DNA templates. Although 

the priming system is incapable of directing specific priming at the unique 
orlglns of replication when uncoated templates are used, particular regions 

of DNA are preferentially recognized by dnaB protein and primase (25). 
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Furthermore, a similar size distribution of short RNA primers (10 to 60 
residues) was produced on uncoated t/JX DNA by the specific priming system 

(26). Inasmuch as the only components common to the general and specific 

priming systems are dnaB and primase, it may be inferred that these two 

components are responsible for site selection in priming along the DNA 

template (26). SSB and the prepriming proteins do not appear to partici

pate significantly in this process. The coupled dnaB protein and primase, 

act i ng on sing 1 e-stranded DNA templates and bei ng i nact i vated by SSB, i ni

tiate primer synthesis primarily on single-stranded regions in the chromo

some (27). Thi sis in contrast to the act i on of RNA po 1 ymerase (28) and 

primase (29,30) which act primarily at base-paired regions which are desta

bilized by SSB (27). 

dnaB 
PROTEIN 

NONSPECIFIC AND SPECIFIC PRIMING MECHANISMS 

PRIMASE 
PRIMER 

/ dnaB 
PROTEIN 

+ 
PRIMASE 

<==::::J 

RNA 
POI. YMERASE PRIMER 

<:) RNA G~ POLYMERASE 
M13 I >M13 

/ PRIMASE PRIMER 

A PRIMASE -'A 
cm::>~ > \:J 
~ PROTEINS: ~i;:I:;~ ~ e n,n',n",i,dnaB,dnaC, -

PRIMASE 

<PX174 I ><PX174 

FIGURE 1. Illustration of nonspecific pnmlng by dnaB protein and primase 
on uncoated DNA and the specific priming systems for M13, G4 and 
t/JX174 DNAs coated with SSB. 
[Reprinted with permission from: Arai and Kornberg (1979) 
( ref erence 25) ] 
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A nosteri c effect of ATP fac il itates the a lterat i on of DNA structure by 
dnaB protein to generate the replication promoter. 

The E. coli dnaB gene product, a hexameric protein of 290,000 dal

tons, was found to function in the replication of the bacterial chromosome 

(31-33), ~X SS~RF (34,35,9,11) and RF~RF (36-38) replication and in plasmid 

replication in vitro (39-41). The enzyme, a DNA·-dependent triphosphatase 

(42-46,20) was purified to homogeneity (45-47) and also recently crystal

lized (20). Its role as a replication promoter has been suggested using 

the specific priming system of 0X DNA coated with SSB (43,14,18), and using 

the general priming system of uncoated DNA templates (25). From observa

tions of the general priming system, a model was suggested (47) in which 

ATP functions as an allosteric effector in a binary complex with dnaB, to 

alter the structure of the DNA template in priming of replication (Fig. 2). 

According to this model, binding of one molecule of ATP or another ribonu

cleoside triphosphate at a single binding site on a protomer of the dnaB 

AOP AlP /8 
e· ADP 

'- /. .1 "naB I·AlP 
~ 'l"flaBI'AlP~ 

Pi ~ 
pnmase 

FIGURE 2. Reaction scheme for ATP-induced conformational changes of DNA 
and dnaB protein as a "replication promoter". 
[Reprinted with permission from: Arai and Kornberg (1981) 
(reference 47)J 
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protein hexamer (20,44), is the initial event in the formation of a promo

ter site for priming. A dissociation constant (KD) for the ATP'dnaB 

protein binary complex is about lxlO-5M, and other ribo- and deoxynucleo

side triphosphates and ADP compete for the same site with similar affini

ties (47). The binary dnaB protein'ATP complex has a strong affinity to 

single-stranded DNA, leading to a ternary complex of DNA'dnaB protein' 

ATP. This ternary complex is stabilized when ATP is substituted with a 

nonhydrolyzable analog such as the adenylyl S,y, imidodiphosphate [App 

(NH)pJ. dnaC stabilizes the ¢X DNA'dnaB protein complex, which can also 

be stabil i zed by primase in the presence of ATP. In accord with recent 

genetic evidence (48), is the formation of a DNA'dnaB protein'primase 

complex which suggests direct interaction between dnaB protein and primase 

on the DNA template. 

It was suggested (47) that a unique secondary structure is created in 

the single-stranded DNA by the action of dnaB protein, which is recognized 

by primase, and therefore dnaB protein can be regarded as a repl ication 

promoter for primase (20). What is the nature of the uni que structure 

generated by dnaB protei n in the DNA temp 1 ate? The effects of i nterca 1 at

ing agents on the general priming system suggest that a secondary structure 

is created on single-stranded DNA by the dnaB protein'ATP complex. Ethi

dium bromide strongly inhibited RNA synthesis by dnaB protein and primase 

on both ¢X and poly(dT) DNA templates. Furthermore, poly(dT), which does 

not support an increase in fluorescence of ethidium, does so in the pres

ence of dnaB protein and ATP. 

Inasmuch as ethidium intercalating effects depend on secondary struc

ture, these results suggest the generation or stabilization of a secondary 

structure in the single-stranded template. Thus, inhibition of general 

priming on poly(dT) by ethidium bromide, can be explained by the interac

t i on of the i nterca 1 ator wi th uni que secondary structures created by the 

action of dnaB protein upon the single-stranded template. Based on the 

pattern of protection from nuclease digestion, the DNA template may be 

wound about the dnaB protein molecule (47) and the intrinsic property of 

the system to synthesize short primers may result from priming by primase 

only in the dnaB protein' DNA domain. 

Hydrolysis of ATP is not required for the synthesis of multiple prim

ers by the general priming system. Thus, in this system ATP serves as an 

allosteric effector of dnaB protein, which raises its affinity for the 
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template and facilitates the interactions described above. ATP hydrolysis 

results in the conversion of the dnaB protein'ATP complex into a dnaB 

protein'ADP complex with a low affinity for single-stranded DNA. This 

facilitates dissociation from DNA, and enables the initiation of another 

cycle of binding in a distributive model as described in Figure 2. 

Stability of dnaB protein in the prepriming intermediate: binding of dnaB 

protein in a processive model. 

Approximately one molecule of 3H_l abeled dnaB protein is bound to 

SSB-coated rfiX DNA when incubated with prepriming proteins n, n°, nil, i and 

dnaC (15,17,18,49). ATP was required for the binding of'dnaB protein to 

SSB-coated rfiX DNA, and could not be substituted by ADP. Binding of dnaB 

protein to DNA in the specific priming system differs from its binding to 

DNA in the general priming system in its stability (Fig. 3) and template 

specificity (14,49). 

The dnaB protein' DNA complex formed with primase and ATP in the 

general priming system is unstable and is rapidly exchanged with uncom

plexed dnaB protein. (3 H)-dnaB protein'rfiX DNA complex formed in the 

presence of the prepriming proteins but without SSB was also unstable. In 

contrast, the 3H-labeled dnaB protein'DNA complex formed with App(NH)p 

is very stable and is not displaced. Similarly, dnaB protein bound in the 

prepriming intermediate with SSB-coated DNA is remarkably stable kinetical

ly. Only 20 percent of the bound (3 H)-dnaB protein was displaced by 

1 arge excess of unbound dnaB protei n in the reacti on mi xture withi n 30 mi n 

(49). Even the addition of primase and the four rNTPs does not result in 

the dissociation of dnaB protein. These observations indicate that dnaB 

protein in the replication intermediate is kinetically stable and does not 

exchange significantly during the synthesis of multiple primers. This is 

consistent with the interpretation that dnaB protein in the prepriming 

replication intermediate catalyzes the synthesis of these multiple primers 

processively. This processivity is thought to be the result of dnaB pro

tein interaction with the other prepriming proteins in the presence of SSB, 

and is in contrast with its distributive mode of action in the general 

priming system. 

In addition to its processivity, binding of dnaB protein in the 

specific priming system differs from its binding in the general system by 

its remarkable DNA templ ate specificity. Complexing of 3H- l abeled dnaB 
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protein with SSB-coated DNA was specific for ¢X. No complex was formed 
with M13 DNA or G4 DNA; on SSB-coated ¢X DNA, the binding was absolutely 

dependent upon the other prepriming proteins n, nO, nil, i and dnaC. This 

specificity conferred by the prepriming system upon dnaB protein binding to 

the DNA template had been puzzling. That is, unlike phages G4 and M13, 

which were known to possess unique origins for complementary strand starts, 

both in vivo and in vitro studies had indicated multiple starts on ¢X DNA 
(18,50,51). This strict specificity of the prepriming system can now be 

explained by the specific recognition of a unique locus on the ¢X chromo

some by prepriming protein n°. 

+ App(NH)p 

100 -==11--. • I • 
... -·~SSB.n.n .. n ... 

~ 1.~,aC 

~ M • 
z « :. 
w 
a: 
~ 60 
w 
f
o 
a: 
<>. 

'" ~ 40 

X 
'?.. 

20 -SSB, + n, n', n" 

I i,rlnaC 
_ + pnmase, 

~===~~-=====::,~~~?====;..-... /" clnaC 

ooL-------~1~0------~2~0------~3~0------~ 

TIME (min) 

FIGURE 3. Exchangeability of [3HJ-dnaB protein associated with cpX174 
DNA. 
The reaction mixture contained ¢X174 DNA, ATP, and other com
ponents as indicated. After incubation at 30·C for 20 min, 10 
~g of unlabeled dnaB protein was added and the incubation con-
tinued. At indicated times, reaction mixtures were filtered 
through Bio-Gel A-5m columns and the 3H-radioactivity asso-
ciated with the DNA determined. 
[Reprinted with permission from: Arai et al. (1981) (reference 
49) ] 
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Protein n' recognizes a specific sequence on ¢X DNA. 

Purification of the proteins required for the in vitro conversion of 

SS~RF has resolved one of the fractions, called protein n (N-ethylmaleimide

sensitive) (52), into three distinct components designated proteins n, n', 

and n". All three proteins are required in prepriming of ¢X DNA replita

tion (24). Protein n', a si ngle polypeptide of 76,000 daltons has been 

recognized in three functional ways (53): (i) participation in the formation 

T-T 2330 
/ , 

T A 
'r-f 

I I 
A-T 

2325 l-+ 
l-+ 2336 

A-+ 
l-+ 
+ & 
I I 

2320 G - C 
I I 

G - C 2340 
I I 
C-G 
I I 

G-C 
I I 
A-r 

/ \ 
2315 A G 

I I 
G A 2345 

\ / 
C-G 
t-~ 

r;{ 'G 

2310 'C - rf 
2301 2305 A -+ 2350 2365 
5'-A-G-G-T-T-A-T-A - +-G-A-C-C-3' 

FIGURE 4. Possible secondary structure in recognition locus of protein n'. 
The proposed structure of base-paired region separated by two 
internal loops and a hairpin loop is based on a calculation of 
free energy contributions of base-paired regions and loops of 
the sequence within the 55-nucleotide fragment possessing the 
protein n' recognition site. 
[Reprinted with permission from: Shlomai and Kornberg (1980) 
(ref erence 54)] 
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of a 0X174 viral strand preprlmlng complex of replication; (ii) a sequence

specific, DNA-dependent ATPase activity; and (iii) an ATP-stimulated desta

bilization of SSB bound to 0X DNA (53). 

When 1 imit i ng amounts of 3H_l abe 1 ed n' protei n were used and pre

priming intermediate fonnation was monitored by gel filtration, one mole

cule of n' was found associated with each 0X DNA circle replicated. As 

will be discussed, this single n' protein molecule plays an important role 

in "fueling" the mobility of the priming complex and displacing the SSB 

during its translocation. Its strict requirement at the prepriming stage 

however, stems from its specific recognition of a unique locus in the 0X 

chromosome. Unlike most other DNA-dependent ATPases, protein n' is strict

ly specific in its requirements for a DNA effector (24,53,54). Among many 

single-stranded and duplex DNAs tested, only 0X DNA was active, and its 

effector activity was not abolished by coating with SSB (53). The specific 

DNA sequence recognized by n' was detennined after fragmentation of 0X DNA 

by restriction endonuclease HaeIII, followed by digestion with exonuclease 

VII (54). A 55-nucleotide fragment isolated from a 0X viral DNA strand 

specifically supported ATPase activity of protein n'. Within this fragment 

there is a 44-nucleotide sequence with a potential for fonning a stable 

hairpin structure (Fig. 4). This sequence is contained within an untrans-

1 ated regi on of the 0X chromosome between structural genes F and G. As 

described in the following section, assembly of the priming complex is 

carried out at or near this n' recognition site. 

Priming of 0X DNA replication starts at a unique site. 

Unlike phages M13 (56,28) and G4 (29,55,50), which possess unique 

ori gins for priming of complementary strand repl ication, priming on 0X DNA 

occurs at multiple sites, as indicated by both in vivo (50) and in vitro 

studies (14,18). However, the strict specificity of the prepriminq system 

for ~X DNA (14,25) and the specific recognition by protein n' of a 55-

nucleotide sequence in ¢X DNA, located at an analogous intergenic region 

with the G4 origin (54), suggested a unique origin for ¢X complementary 

strand repl ication. If SSB-coated 0X DNA has a unique ori gin, then the 

dnaB protein, serving as the replication promoter for primase should mi

grate from this origin along the DNA template. Since primers arise at many 
sites during the continuous and rapid movement of the replication promoter, 

the true origin of replication may be obscured. Thus, to detect and locate 
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n' recognition 

FIGURE 5. Physical map of ¢X174 DNA. The n' recognition site is located 
at nucleotides 2301-2354 (54). The open arrow indicates the DNA 
elongation direction. 
[Reprinted with permission from: Arai and Kornberg (1981) 
(ref erence 58) 

such a unique start the mobility of the prlmlng system had to be restricted. 

¢X DNA was digested by restriction endonucleases HaeIII or HhaI (which 

cleave single-stranded ¢X DNA at specific sites, identical to the cleavage 

sites on the duplex RF form (57)), and the resulting fragments were used as 

templ ates for complementary DNA strand synthes is in the presence of SSB 

(58). That a unique primed start of DNA repl ication can be substituted by 

a fragment of a phage circle, was first determined with G4 DNA. It was 

found that a restriction fragment (HhaI, 6) which contains the unique ori

gin of G4 complementary DNA repl ication (59), specifically directed DNA 
synthesis dependent on primase (58). With SSB-coated ¢X DNA only the 1353-

nucleotide HaeIII Z1 fragment and the 300-nucleotide HhaI fragment 6 (Fig-
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ure 5) could specifically direct DNA synthesis (58). These two ¢X DNA 
fragments were activated as templates for DNA replication by the prepriming 

proteins and primase. Each of these latter two fragments contains the 55-
nucleotide locus recognized by protein n'. Thus, when movement of the 
priming system is restrained, only fragments containing the protein n' 
recognition site were effective in sustaining prepriming, priming and elon

gation reactions. Analysis of the DNA products synthesized on these frag
ment s, suggests that primers are made at or near the hai rpi n withi n the 

55-nucleotide protein n' recognition locus, where presumably assembly of 
the priming complex takes place (58). Thus it seems t~at the strict speci

ficity of the prepriming system for ¢X DNA coated with SSB, is derived from 
the capacity of protein n' to recognize and bind a specific site in ¢X DNA. 
The series of reactions that culminates in the priming of ¢X complementary 
strand synthesis must therefore be initiated by protein n' at that specific 
locus, which serves as the origin of DNA repl ication. The remarkable fea
ture of the unique origin for ¢X complementary strand synthesis is that 

this site is not necessarily defined as the site in which the first primer 
is transcribed. This origin may be defined as the site for assembly of the 
pri mi ng system (pri mosome) from whi ch mi grat i on along the DNA temp 1 ate is 
started (58). 

Mobility of priming system is in a direction opposite chain synthesis. 
Since SSB-coated ¢X DNA has a single origin for complementary strand 

repl ication, at or near the protein n' recognition site, the priming system 
must migrate processively along the DNA template to accomplish primer syn
thesis at multiple sites. Two models for the polarity of this migration 
could be considered: migration in a direction opposite to the direction of 
primer synthesis and DNA elongation (antielongation), or migration of the 

priming system in the same direction as that of primer transcription and 

DNA chain elongation. The following observations have revealed (58) that 

polarity of the priming system migration is uniquely in the antielongation 

direction (5'~3' direction of the template): 
(A) If mobility of the priming system were in the 3'~5' polarity of 

the template then DNA products shorter than 600 nucleotides must be expec

ted when Haell I fragment Z1 was used or shorter than 250 nuc 1 eot i des when 
HhaI fragment 6 was used as a template in an SS~RF reaction (58) (Figure 
5). Instead, the most abundant size of products were 1200-1300 nucleotides 
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when Zl fragment was used, and longer than 250 nucleotides with HhaI frag
ment 6, suggesting chain initiations at the 3' side of the protein n' rec

ognition site (Figure 5). 

(B) DNA products synthesized on the HaeIII fragment Z1 were found, 

upon their digestion with HhaI, to contain not only the fragments 6, 8a, 

and ga, but also fragment 3 which is located at the 3' side of the protein 

n' recognition site (namely, in an antielongation direction relative to 

this site). 

(C) In accord with the latter finding is the observation that the DNA 

products synthesized on the Z1 fragment hybridized not only to the HhaI 

fragment 6, but also to fragment 3 at the 3' side of the n' protein recog

nition site. 

(D) Substitution of App(NH)p for ATP during prepriming intermediate 

formation minimizes movement of the replication promoter thereby synchroni

zing the priming process (58). Abundancy of primers on the intact 'X cir

cle could be monitored after the addition of ATP and the components for 

priming and elongation. When analyzed by restriction endonuclease diges

tion it was found that the abundancy of primers on each fragment decreased 

in the order: Zl>Z2>Z3>Z4, consistent with the prediction of migration of 

the priming system in the direction ZhZ2~Z3~Z4, (5'~3' direction of the 

template) (58). 

These data, indicating polarity of the prlmlng system migration 

uniquely in the antielongation direction, are consistent with the role 
presumed for a mobile replication promoter, entailing synchronous and 

linked movement at the replication fork. 

Association of the prepriming proteins in the primosome of DNA replication. 
Like the prepriming replication intermediate which precedes its ass

embly, the primosome contains one molecule each of tightly bound dnaB pro

tei nand n'. It is suggested that assembly of the preprimi ng protei ns and 

primase into a primosome take place at or near protein n' recognition site 

(54). At or near this locus transcription of the first primer is also 

carried out (58). As illustrated schematically in Figure 6, initial reac

tion in the assembly of the primosome is the recognition of the unique ori

gin by protein n'. It seems that protein n and maybe also nil are involved 
in this initial stage of the assembly of the primosome. Protein n (23) a 

dimer of 12,000 dalton subunits, is essential for the formation of the 
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preprimi ng i ntermedi ate, and is bound to ¢X DNA only when coated with SSB. 
Its binding at a level of one monomer per circle, required for primosome 

formation, is stimulated by the presence of bound n' and is retained and 

conserved in the primosome complex (23). Protein n', bound to its recogni

tion site, may guide catalytic levels of protein n to the n' recognition 

site. Protein n is thought to promote DNA-protein or protein-protein 

interactions subsequent to protein n' binding, and thus would function in 

the placement of proteins i, nil, dnaC and dnaB at the assembly site. In 

this initial stage, designated the recognition stage, at which proteins n', 

n and nil act, ATP is not required, and a complex of ¢X DNA· protein inter

mediate could be isolated in its absence (22,26). At the subsequent stage, 

termed the assembly, ATP but not its hydrolysis is required; binding of 

dnaB protein at this stage (which is dependent on proteins i and dnaC), can 

be supported by the nonhydrolyzable analog App(NH)p. dnaC protein, a sin

gle polypeptide of 23,000 daltons (21), forms a tight complex with the dnaB 

protein in the presence of ATP (60). A functional dnaB-dnaC protein com

plex was recently isolated by DEAE-cellulose chromatography, and was found 

to contain six dnaC protein monomers per dnaB protein hexamer (21). It was 

suggested that dnaB protein is delivered in this complex form to the SSB

coated ¢X DNA. dnaC protein is not firmly held by the prepriming interme

diate (preprimosome), but upon addition of primase and DNA polymerase III 

holoenzyme, in the subsequent stages, it becomes more stably bound in the 

primosome (21). Either protein i or dnaC protein or both, recognize the 

structure of the nucleoprotein complex formed in the first stage, interact 

with it, and trigger the sequence of reactions which result in the binding 

of dnaB protein in the complex (22). Protein i, a trimeric protein of 

61,000 daltons is bound at -1.7 molecules per replication intermediate. 

However it is not yet clear whether it constitutes an integral part of the 

primosome since it has not yet been found in the i so 1 ated primosome after 

DNA rep 1 i cat i on has been termi nated. It is presumed that at thi s stage of 

the assembly at the origin, all the prepriming proteins are included in the 

complex, which is ready in this form and in the presence of ATP for the 

subsequent mi grati on stage. In thi s stage the primosome mi grates proces

sively in a direction opposite to DNA elongation. Since n' is the only 

primosomal enzyme capable of catalyzing the hydrolysis of ribo- as well as 

deoxy ATP (53), and since dATP hydrolysis can support the mobil ity of the 
primosome (26) it is deduced that protein n' catalyzes the translocation of 
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FIGURE 6. Scheme for assembly and migration of the primosome and the 
stepwise displacement of SSB in the ~X174 SS~RF replication. 
[Reprinted with permission from: Kobori and Kornberg (reference 
21)J 

the primosome along the template. It is not yet clear how n' ATPase activ

ity is carried out during primosome migration away from n' recognition 

site. During the assembly and migration stages, a quantitative destabili

zation of bound SSB takes place. Protein n' is the only primosomal protein 

capable of destabilizing SSB bound to ~X DNA. The reaction is ATP (dATP)

stimulated and about one third of the SSB molecules bound to a 0X circle 

were released by a level of n' needed for the formation of the prepnmlng 

intermediate (53). With the assembly of the complex, about half of the SSB 

molecules bound to DNA are released, whether coupled to RNA priming or not 

(58,54). It is presumed that it is the n' action of displacing SSB that 

removes the inhibitory effect of SSB on the replication promoter activity 

of dnaB protein (26,49). At this priming stage, dnaB protein in the primo

some functions as the "replication promoter" to provide recognition signals 

for primase to synthesize multiple short primers (Fig. 7). The observation 
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FIGURE 7. Nonspecific pnmlng by dnaB protein and primase and specific 
priming by the primosome. 
[Reprinted with permission from: Arai et al. (1981) (reference 
26)J 
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that 3H-labeled dnaB protein in the primosome was not released during 
this stage is in support of the processive model for primosome mobility as 

was discussed in the preceding sections. The 3'-OH terminus of the primer 

formed is available fqr elongation by DNA polymerase III holoenzyme, provi

ded that ATP is present. If ATP is substituted with a nonhydrolyzable 

analog and dATP is present, priming by the primosome is carried out (52). 

However, under these conditions the primer termini formed will not be elon

gated. Thus the role of ATP hydrolysis by dnaB protein in the primosome is 

to di sp 1 ace dnaB protei nand pri mase from the newly synthes i zed primer 

terminus in order to make it accessible to the active site of DNA polymer

ase III haloenzyme (47,49). Hydrolysis of ATP by dnaB protein in the pri

mosome, unlike in the general priming system, does not result in its 

release from the DNA template. Action of dnaB protein in the primosome 

remains processive due to its linkage to the other primosomal proteins. 

DNA polymerase III holyenzyme extends but does not excise the RNA primers 

(13,18,49). Excision and. gap-filling activities are carried out by DNA 

polymerase I to produce RFII duplexes, followed by ligation by DNA ligase, 

to produce covalently sealed RFI. 

Multiplication of ¢X duplex replicative form is carried out by coupling of 

continuous and discontinuous synthetic pathways. 

Crude, cell-free preparations for repl ication of RFI (61,62) have 

been fractionated into two separate systems (63,64): the RhSS, and the 

RF~RF. The RF~SS requires the partiCipation of ¢X-encoded gene A protein, 

host ~ protein, SSB, and DNA polymerase III holoenzyme to produce multi

ple copies of covalently closed, single-stranded circles from RFI. Repl i

cation is initiated by ~ protein, which creates a nick in the viral 

strand at the origin of RF replication (65-67). Gene A protein binds cova

lently to the 5'phosphoryl end of the nick (69). ~ protein recognizes 

~ protein at the origin, binds to it, and catalyzes an ATP-dependent 

separati on of the DNA strands to generate a fork for rep 1 i cati on. When 

coupled to replication, a "looped" intermediate is formed (64,67,69). It 

was suggested (65,81) that ATP binding induces a conformational change of 

~ protein in the complex prior to the melting of a nucleotide base pair 

by the tightly bound gene A protein'~ protein'ADP complex. ATP hydro
lysis by ~ protein (of two ATP molecules for every base pair melted) (72, 

73,70), promotes the displacement of the ~ protein'~ protein'ADP 
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complex from the single-stranded region. As suggested (70,71), the ~ 

protein·~ protein·ATP complex is regenerated and is then translocated 

to a base-paired region. Repetition of this sequence enables a single ~ 

protein molecule to migrate processively and to separate the strands in 

advance of the replication fork. Binding of SSB to the separated strands 

prevents their reannealing and enables use of the exposed circular template 

by DNA polymerase III holoenzyme, while the 3'-OH terminus at the origin is 

cova 1 ent ly extended. When the ori gi n sequence is regenerated ~ pro

tein nicks it again and then ligates to produce a unit-length viral circle. 

The synthesis of viral strand circles from RF in the cell-free system 

reconstituted with the gene A protein-rep protein system (63), and the cap

acity of the synthetic circles isolated from this reaction to serve as tem

plates for RF synthesis by purified proteins (74), suggested that coupling 

of the RF~SS system with the SS~RF system could account for multiplication 

of RF in vivo. However, although replication of RF had been observed with 

crude enzyme fractions (61,62), net quantities of RF had not been synthe

sized with such impure preparat ion, nor cou 1 d much be 1 earned about the 

molecular details of the reaction. It was not until an extensive purifica

tion of the enzyme preparations, that a system synthesizing net RF could be 

reconstituted (38). Multipl ication of RF has been reconstituted by coupl

ing the RF~SS system (~ protein, rep protein, SSB, and holoenzyme) 

with SS~RF system (protein n', n, n", i, dnaC, dnaB, primase, SSB and holo

enzyme). The principal product of the reaction are RFII molecules (at 

about 10 duplex circles per input duplex, in 40 min). Omission of anyone 

of the proteins required for priming the SS~RF reaction reduces DNA synthe

sis in RF multipl ication to a level of 13-35 percent, and results in the 

syntheSis of only single-stranded viral circles. RNA polymerase could not 

substitute for the prepriming and priming proteins, and the omission of 

gene A protein, rep protein, or SSB completely abolished DNA synthesis in 

the coupled system. When DNA polymerase I and DNA ligase were included 

together with the other replication proteins, gaps were filled, RNA primer 

excised and the strands were sealed to form closed duplex RFI DNA (71). In 

addition to the RF, more complex forms, including ¢X-unit length duplex 

circles with multigenome-length tails accumulated during RF multiplication 

(38,71). The synthesis of these multigenome forms is especially pronounced 

at late stages of the reaction and at low levels of SSB. 

Analysis of the location of RNA primers in the various products and 
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intermediates showed that RNA primers were associated with RFII and multi
genome RF when DNA polymerase I and DNA 1 i gase were absent. Locat i on of 

32P-labeled primers as determined by annealing to viral DNA on paper, 

annealing to poly(UG) in isopycnic banding, and by competitive annealing tc 

viral DNA in solution, was found to be exclusively on the complementarj 

strands (71). The lack of primers associated with viral strands made it 

clear that their synthesis is continuous in this rolling circle system. 

The wide distribution of primers around the genome and average frequency of 

primed starts of complementary strands of one per genome are in accord wit~ 

in vivo observation (75,76) and are similar to priming of the complementarj 

strand in the SS~RF reaction. Thus, the evidence from the purified ir. 

vitro system suggest s, in contrast to earl i er propos a 1 s (82-84), that on 1 j 

the complementary strand is synthesized discontinuously, and that synthesis 

of the viral strand is largely or completely continuous (71). 

A functional primosome is conserved at the repl ication fork of duplex ¢) 

DNA. 

A nearly intact primosome is retained with synthetic RF produced ir 

the in vitro reconstituted SS~RF reaction, when isolated by procedures that 

preserve protein components bound to DNA (80). As judged by physical anc 

functional studies, the primosome associated with synthetic RF, after it~ 

covalent closure by DNA ligase, contains the prepriming proteins except for 

proteins i (22) and n (23). Protein n is not required for continuous RF 

multipl ication after the primosome has been assembled. Protein i however, 

is needed for continuous function of the primosome and has to be suppl iec 

(80). Thus synthetic RFI, unlike the phenol-extracted supercoiled RFI fronl 

infected cells that requ ires the primosoma 1 protei ns, undergoes repeatec 

rounds of RF dupl ication with the addition of only protein i. It was alsc 

found, that unlike protein-free RFI which can be used as a template for 

RF~SS replication only after supercoiling, the synthetic RFI can be usee 

without further supercoil i ng. In fact, it can promote a rate of RF~SS pro-· 

duction 28-fold faster than that obtained using cell-extracted, protein

free RFI. Retention of the primosome may lead to a DNA topology that pro

motes efficient cleavage by ~ protein and thereby abol ishes the need 

for gyrase (80). The findings (81) that during r/JX infection it is the 

parental RF, rather than the progeny RF, that undergoes dupl ication can 

also be explained by conservation of the primosome on the infecting viral 
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DNA strand of the parental RF. 

Replication intennediates in RF replication have provided important 

clues to the mechanism of RF replication and to the employment of the con

served pri mosome in thi s process (82). The mult i genome forms accumul ated 

during RF replication have revealed that synthesis of complementary strands 

can be initiated on a viral strand template before it is completed. This 

was also supported by the remarkable efficiency of RF multiplication (38). 

The primosome, beginning at the protein n° site may migrate processivelv 

along the viral strand, coupled to the movement of the replication fork 

(26) generated by the action of ~ and ~ protein (68,71). Coupl ing 

of the priming system movement with unwinding of the duplex appears to take 

place in other replication systems in E. coli. The T7-encoded gene 4 

protein was shown to be a helicase (83) as well as primase (84), and the 

T4-encoded gene 41 and g protei ns appear to be analogous to dnaB and 

primase (85). In ¢X RF multiplication, a gene A·RF·primosome complex 

could be used catalytically as an intennediate, avoiding the rate-l imiting 

prepriming stage for primosome assembly. The isolation of such an RF 

replication intennediate strongly supports such a model (82). The func

tional DNA·protein complex isolated by gel filtration during RF replica

tion was found to contain the tightly bound proteins n°, dnaB, primase, rep 

protein, DNA polymerase III holoenzyme, SSB and most probably n and nil. 

This complex is capable of continuing DNA synthesis upon addition of pro

teins i and dnaC. These studies also showed the existence of an interme

diate complex that contains only n° ,~, SSB and DNA polymerase III holo

enzyme, which sustains the fonnation of SS DNA and which can convert SS DNA 

to RFII upon addition of proteins n, nil, i, dnaC, dnaB and primase (82). 

These studi es have 1 ed to the i nterpretat i on of the pathways of RF 

replication as described in the scheme in Fig. 8. The rolling circle 

intennediate containing proteins ~ and rep, DNA polymerase III holo

enzyme and SSB, identical to the replication intennediate for the RhSS 

system (71) is first fonned (complex 1). This complex associates with 

protein nO to fonn the intennediate of RF multiplication (complex II). A 

viral circle containing protein nO is produced by complex II and is conver

ted to RFII by the association of the other primosomal proteins, to gener

ate complex III. This latter complex containing an assembled primosome is 
predominant in the late stages of the RF multiplication reaction, and can 

catalyze the initiation of complementary strand synthesis before the viral 
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circle has been completed. In such a complex, the numerous components nee
ded for both continuous and discontinuous DNA synthesis may be organized 

into a major "replisome"-like complex (86). 

Coupling of continuous and discontinuous synthetic pathways in ¢X DNA 

repl ication as a model for semidiscontinuous repl ication of the E. coli 

chromosome. 

A possible structure for the replication fork of the E. coli chromo

some emerges from these studies of ¢X DNA replication (Fig. 9). The lead

ing strand is synthesized by a relatively continuous mechanism and the 

lagging strand discontinuously. The primosome, assembled at or near the 

origin of repl ication, migrates processively, coupled to the movement of 

the replication fork. Multiple short primers, synthesized by primase at 
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numerous preferred regions, are elongated into Okazaki fragments by DNA 

po 1ymerase II I holoenzyme. Exci s i on of primers and gap fi 11 i ng by DNA 

polymerase I and ligation of the nascent DNA fragments result in the form

ation of a continuous lagging DNA strand. It seems plausible that the 

primosome facilitates the unwinding of the duplex at the replication fork 

for efficient coupling of the lagging and leading strands replication. The 

associ ation of a he1 icase (~ protein), the primosome, and DNA polymerase 

III holoenzyme in a functional and physical complex, observed in ¢X RF 

multip1 ication, suggests that these components interact with each other to 

form a rep1isome-1ike complex (86) at the replication fork. Such a complex 

functioning at the E. coli replication fork may link the processive migra

tion of the primosome on the lagging strand to the movement of the replica

tion fork and to the elongation by DNA polymerase III holoenzyme on the 

leading strand in the semidiscontinuous mode of replication of the E. coli 

chromosome. 
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DNA REPLICATION OF PAPOVAVIRUSES: IN VIVO STUDIES 

Michael Seidman, Ph.D. and Norman P. Salzman, Ph.D. 

INTRODUCTION 
The replication of papovaviruses has been the subject of recent review 

articles (1, 2, 3). In this discussion, we will consider initiation, chain 
elongation, termination and replication in permissive cells and nonpermissive 
cells, with an emphasis on studies concerned with events ~ vivo. The reviews 
by DePamphilis and his colleagues (3, 4, 5) are recommended for a more detailed 

report of data from the ~ vitro replication systems, an area which receives 
little attention here. We have not discussed the replication of papovaviruses 
as nucleoproteins, as that will be considered elsewhere in this volume. 

INITIATION 
The mechanisms for initiation of replication of SV40 and polyoma DNA have 

been areas of active investigation since molecular studies on viral replication 
began. In early work, it was found that replication began at a fixed origin 
and was bi-directional (6,7,8,9, 10). It has also been known for some time 
that T antigen, the product of the A gene, is required for the initiation of 
replication (11, 12, 13). This protein has been shown to bind to DNA sequences 
at the origin of replication (14, 15, 16, 17). Recent work has been directed 
towards the delineation of the precise nucleotides in the origin region 
required for replication, the nucleotides necessary for T antigen binding, and 
the relationship between T antigen binding and replication. 

The experiments of Danna and Nathans (7) and Fareed et ~., (18) 
demonstrated that the replication of SV40 DNA starts at about 0.67 units. 
Similar experiments established the origin of polyoma DNA to be at map 
position 71 (10, 8). Although these regions of the respective genomes clearly 
function as origins in the majority of replicating molecules, about one percent 
of the replicating molecules in SV40-infected cells initiate bidirectional 
synthesis at an origin about 2,400 bp from the normal origin (19). Because the 
initiation process regulates the viral replication cycle, special attention 
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T I T I I 

15 17 15 27 

5' GCTTTTTGCAAAAGCCTAGGCCTCCAAAAAAGCCTCCTCACTACTTCTGGAATAGCTCAGAGGCCGAGGCGGC 
5180 5190 5200 5210 5220 5230 ""5240"""i" 

Early 
ori 

TIll 

17 AT "21" 21 

CTCGGCCTCTGCATAAATAAAAAAAATTAGTCAGCCATGGGGCGGAGAATGGGCGGAACTGGGCGGAGTTAGGGG 
10 20 30 40 50 60 70 

21 72 

CGGGATGGGCGGAGTTAGGGGCGGGACTATGGTTGCTGACTAATTGAGATGCATGCTTTGCATACTTCTGCCTGCT 
80 90 100 110 120 130 140 150 

72 

GGGGAGCCTGGGGACTTTCCACACCTGGTTGCTGACTAATTGAGATGCATGCTTTGCATACTTCTGCCTGCTGGGG 
160 170 180 190 200 210 220 

AGCCTGGGGACTTTCCACACC 3' 
230 240 250 

Late 

FIGURE 1. Sequence of SV40 origin of replication. The DNA sequence shown 
is the E (minus) strand. The sequence also corresponds in both 
composition and direction to late mRNA transcripts. The following 
elements in the sequences are marked: a) 15 bp symmetrical sequence; b) 
17 bp true palindrome; c) 15 bp palindrome; d) 27 bp perfect palindrome 
containing the ~I site ( ....... ); e) 17 bp AT stretch; f) 21 bp repeats; 
g) 72 bp repeats; h) minimum sequence for origin function (ori). The T 
antigen binding sites described by Tjian (47) are also indicated. It 
should be noted that studies of T antigen binding to sequence at the 
origin are in progress in many labs and there is some disagreement in the 
published literature. In particular, Tegtmeyer et al. (17) do not find 
evidence for a third binding site. --

was given to the description and interpretation of the origin sequences of 
these viruses (20, 21, 22, 23, 24) and subsequently, the total sequence of 

SV40, polyoma, and BKV virus was determined (25, 26, 27, 28). In SV40, the 
origin region sequence contains two convenient landmark restriction enzyme 
sites, HindIII (bp 5171) and ~I. In the numbering scheme employed here, the 
central nucleotide in the ~I recognition site is assigned nucleotide 
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number 1 {2}. There are a number of interesting features in the sequence of 
the region {see figure}. Starting near the HindIII site on the early gene side 
of the origin and moving from the early to the late side, there is a 15 bp 
sequence with a two-fold rotational axis of symmetry {#5173-5187} followed by a 
17 bp true palindrome with only one "incorrect" base {#5193-5209}. Then there 
is a 15 bp palindrome {#5213-5227} and a 27 nucleotide sequence which contains 
the ~I site and is a perfect palindrome {#5230-13}. A 17 bp stretch of AT 
appears {15-30} flanked on either side by GC-rich sequences. A series of 
repeat units are then found beginning with three 21 bp repeats {starting with 
#39-58}, the first of which contains a two base "insert." Adjacent to these 
repeats are the two tandem repeats of 72 bp {107-250}. Another feature of 

interest within the region are six copies of the sequence GGGCGGPuPu {29, 28}. 
The presence of the palindromes allows the origin region to be drawn in the 
form of hairpin loop structures and this has prompted discussion about the 
interaction of regulatory proteins with structures such as these, as much as 
with specific sequences {20}. The origin sequences of polyoma and BK virus 
display similar configurational possibilities {21, 22}. 

Although the appearance of symmetrical sequences with attendant alternate 
structures is provocative, it is not clear at this time what the significance 
of all these sequences might be. However, not all of them are necessary for a 
functional origin of replication. This conclusion was derived initially from 
two types of experiments which established the boundaries of the origin 
sequence and laid the foundation for more precise mapping of the region. One 
approach was the study of variant viral genomes which appear after serial 
passage and which have lost large amounts of the viral DNA but necessarily 
retain a functional origin of replication {30, 31, 32}. The other approach, 
particularly with SV40, was the generation of viable mutants with deletions 
near the origin taking advantage of convenient restriction enzyme sites in the 
region {33, 34, 35}. These studies set the origin between nucleotide numbers 
5202 and 34. Recently, further deletion mutant construction and analysis has 
brought the boundary on the early side in to #5208 while the late side boundary 

is now at #29 {36}. Thus, of the several unusual sequence elements described 
above, only the second 15 nucleotide and the 27 nucleotide palindromes, and the 
AT rich region are required for replication. The contribution of the repeating 
sequences which lie outside the late side boundary has been analyzed by Bergsma 
et~., {37}. They measured the replication of plasmids, carrying the origin 
region and appropriate deletions, in the Cos 1 cells of Gluzman {38} which 
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supply a functional T antigen. The 72 bp repeats were nonessential for 

replication although they are clearly involved in the regulation of early gene 
transcription (39). The 21 bp repeat elements, although not absolutely 
required for replication, appeared to enhance replication in a dose dependent 
fashion. Plasmids with two or three of the 21 bp elements replicated more 
efficiently than those with one unit, which in turn was better than the 
construct with none. 

These advances in our understanding of the limits of the origin have been 

paralleled by an increasing sophistication in the description of the sequences 

involved in binding T antigen. The possibility that T antigen might interact 

directly with the origin has been tested by direct binding studies ~ vitro 

with T antigen and T antigen-related proteins (14,40, 15,41,42, 17,43). 
Initial experiments with partially purified preparations gave mixed results. 

Specific binding to the origin region of SV40 DNA was observed by electron 
microscopy (44). However, in filter binding assays, both origin and non-origin 
containing restriction fragments were bound, including a fragment with a site 
corresponding to the minor replication origin identified by Martin and Setlow 

(19, 45). A major advance was made when a T antigen-related protein, the D2 

protein, became available (46, 14). This protein is produced by an Adeno-SV40 
hybrid virus (Ad2+D2) grown in He La cells and, while somewhat larger than 

authentic T antigen, it carries out many of the same functions as authentic 
T antigen (47). Relatively large amounts of the protein facilitated its 
purification and allowed precise binding experiments to be done. In DNAse I 
protection experiments, three origin region binding sites were demonstrated 
(14). The locations of these sites were confirmed by methylation protection 
experiments which identified the purines which make contact with the protein 
(47). Of the three sites, site I (5184-5209) is bound with the greatest 
affinity, followed by site II (5231-13) which is bound at higher protein 

concentrations while site III is protected at still higher protein 

concentrations (14) (36-61). Three binding sites were also shown with the 

T antigen from SV40 cells (15) and wild type T antigen produced in He La cells 

(41). Recently, a fourth minor site for the D2 protein has been located 
immmediately to the left of site I (48). 

The interaction of T antigen and related proteins to these sites has 

been further characterized by binding studies with a series of deletion mutants 
constructed in several laboratories. The observation that T antigen binding to 
site II is 10-20 fold less efficient in mutants with deletions in site I than 
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to that site in wild type DNA suggested that the binding to the three sites is 

cooperative (49, 48). It is known that the protein will form oligomeric 
structures (42) and one possible explanation for site II and site III binding 

would be polymerization of the protein with nonspecific binding to sequences 
adjacent to site I. This possibility has been discounted in a thoughtful 
experiment by Tenen et ~ (48) who showed that specific sequences were required 

for binding to site II. These experiments, which demonstrate cooperative 

binding of T antigen and the location of the binding sites, were performed with 
T antigen (49) or the related D2 protein, obtained from nonpermissive cells. 

Experiments with T antigen obtained from lytically infected permissive cells 
give a somewhat different picture of the origin binding activity of the 

protein. DNA footprinting studies from Nathans laboratory (36) and fragment 

binding assays described by Tegtmeyer and his colleagues (17) do not support 
the conclusion that T antigen binding to the sites is cooperative. 
Furthermore, in DNAse protection experiments, evidence for site III binding was 
not found (17). In addition, there is some disagreement as to the precise 
position of the binding sites. These discrepancies may be due to differences 

between T antigens in permissive and nonpermissive cells or variability in 
experimental procedure (protein concentration, etc.) 

Regardless of the final outcome of the origin binding experiments, the 

available results coupled with the origin boundary data permit some conclusions 
to be drawn regarding the relationship between T antigen binding and 
replication. The most obvious conclusion is that binding to site I and III are 
not required for replication. It has been suggested that site I in particular 
is involved in the regulation of early gene transcription (50, 51, 41, 52). 
Even though most of site I is not required for replication, deletions which 
eliminate binding of T antigen to the site tend to reduce the efficiency of 
replication of those mutants. The influence of point mutations in site lIon 

replication efficiency has been studied by the laboratory of Nathans using the 

elegant site directed mutagenesis procedure developed by Shortle and Nathans 
(52a). They generated a collection of viable point mutants in site II and 

found that most of the mutants replicated more poorly than wild type, although 

one class of mutants showed a greater replication rate (53). Although T 

antigen binding studies with these mutants have not been described, two lines 

of evidence suggest that there is a direct relationship between the effects of 
the mutations on replication and interaction with T antigen. Many of the base 
changes in site II which reduce replication are replacements of guanines 



34 

identified as making contact with T antigen in the methylation protection 
experiments (47,54). Direct evidence of replication-related interaction 
~ vivo has come from the isolation of pseudorevertants of the site II point 
mutants. These mutants have second site alterations in the sequence of the 
T antigen gene itself, produce an altered T antigen and restore the replication 
activity of the original site II mutant (53). The studies of T antigen binding 
and replication suggest that although necessary, T antigen binding is probably 
not sufficient for replication. Mutants with deletions which eliminate all of 
site I and the sequence between sites I and II, but leave site II intact, do 

not replicate (49). At the time of this writing, the only known enzymatic 
function assigned to T antigen is an ATPase activity (5.0). It seems likely 
that this protein will interact with other cell proteins and enzymes at the 
origin, but such interactions remain to be described. 

Several groups have described monomer, dimer and tetramer forms of 
T antigen (55, 56, 42, 57). There is some disagreement as to which form binds 
the origin of repl ication. Bradley et~. (55) and ~lyers et~. (42) suggest 
that it is the tetramer while Gidoni et al. (57) favor the monomer. When bound 
to the origin, the protein appears to be a tetramer (42). The protein is 
phosphorylated (58) although the functional consequences of this modification 
are unclear . A fraction of the T antigen population binds host coded 
"nonviral" tumor antigen of 48,.0.0.0 and 55,5.0.0 daltons (59, 6.0, 61, 62). The 
role of the complex in replication is not understood at this time. Scheller 
et al. (63) found that T antigen, when complexed to the 53K host protein, would 
bind the origin fragment. .on the other hand, the complex forms in 
non-permissive cells in which there is no viral DNA replication. 

Heterogeneity in the T antigen population has also been shown through the 
use of monoclonal antibodies directed against T antigen (64, 65). Gurney and 
her colleagues isolated three monoclonal antibodies and found that one of them 
immunoprecipitated less than 1.0% of the T antigen. The other antibodies 
precipitated the majority of the T antigen molecules. Recently, Scheller 
et~. (63) found that the monoclonal antibody of Gurney, which precipitated a 
minor class of T antigen, precipitated the majority of the origin fragment 
binding activity. They suggested that a post-translational modification of 
T antigen might convert an inactive molecule into one which could bind 
specifically to the origin. If this is true, then such a modification may be 
necessary for a replication-competent T antigen. 
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In the case of polyoma virus, the origin region has not been as well 
defined. There is a 43 nucleotide sequence in the polyoma origin which shows a 
strong homology to the corresponding sequence in SV40 (27,66). This conserved 
region includes the AT-rich region and the sequences homologous to the second T 
antigen binding site. On the early gene side of this conserved sequence, the 
limits of the origin have been partially defined by deletion mapping (67,68, 
69, 70, 71). Deletions which begin about 40 bases from the conserved sequence 
have a negative effect on replication while those about 60 bases away do not 
effect replication in a cis-acting fashion. Thus it appears that sequences 

outside the conserved sequence are necessary for efficient replication (70). 
The binding of the polyoma T antigen has also been studied by deletion mapping. 
A sequence of 16 nucleotides, 19 nucleotides from the early side of the 
conserved region, appears to be a high affinity binding site for T antigen 
(72). These studies are substantially more difficult than those with SV40 T 
antigen because much smaller amounts of the polyoma antigen are available. 

One of the best known characteristics of papovavirus replication is its 
bidirectionality. The perfect twofold rotational symmetry of the 27 bp 
palindrome, virtually all of which lies in site II, prompted the analysis of 

the direction of replication in mutants which had lost the symmetry of the 
sequence (54). Replication was still bidirectional indicating that symmetry 
of the site is not necessary for bidirectional replication. Further 
information on this question and on the nature of the first daughter strands, 
which start at the origin, has been provided by the recent work of Hay and 
DePamphilis (73). They found that synthesis of the first daughter molecules in 
the early gene direction began at a number of sites in the second and third 
T antigen binding sites, with two predominant starts in site II. Start sites 
for the leading strand going into the late gene region were found within and to 
the early side of the first T antigen binding site. In other words, the 

initial replication bubble appears to be a small D loop (74). These authors 

propose that replication begins in the early gene direction followed by the 
start of the opposite strand as the template for the synthesis is exposed. 
Since the late side direction starts are in a region which can be deleted, it 

seems likely that the bidirectional character of papovavirus replication is 
not related to a specific sequence. Furthermore, there must be some additional 
feature of the origin region which assigns the early side direction of the 
daughter strands which start within the 27 bp palindrome. This information may 
be contributed by the sequences on either side of the T antigen binding site. 
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Another important conclusion comes from this study. There are many start sites 

for synthesis in both directions. It seems likely that the papovaviruses, and 
perhaps eukaryotic replicons, display a certain flexibility in this regard. 

The advantage of such a strategy for survival of the replicon is obvious. 

CHAIN ELONGATION - OKAZAKI FRAG~1ENT FORt·1ATION 
The DNA polymerase a of mammalian cells has been shown to be responsible 

for the replication of SV40 DNA (75, 76, 77) and polyoma DNA (78). This enzyme 
has been purified and studied extensively by several groups (79, 80, 81, 82). 
In recent years, it has been shown, using a variety of templates and primers 

that the enzyme functions in a quasi-process1ve fashion. Polymerization of 
small chains is followed by dissociation of enzyme from the template and 

growing chain (83, 81, 84, 85). In a study with a homopolymer template and a 

ribo-oligonucleotide primer, it was found that the enzyme had an increasing 

probability of termination once six nucleotides had been added (86). Most of 

the new chains were 8-12 nucleotides long. Interestingly, when helix 
destabilizing protein HD.1 (from mouse) was added, the number of product 
molecules with less than 12 nucleotides was decreased and the peak of the modal 

distribution of molecules was shifted to 21 residues. These experiments were 
done under conditions in which reinitiation did not occur. Results from 

studies with a native DNA template (~X174) are consistent with the homopolymer 
experiments (87) and suggest that the tendency fot chain termination is an 
inherent property of the enzyme, rather than being dictated by specific 
sequences. Additional factors apparently reduce the probability of termination 
(86) but do not eliminate it. For example, in experiments with the a DNA 
polymerase from Drosophila, the addition of single strand binding protein 
increased the average size chain from 14 to 284 nucleotides (88). Unless the 
enzyme's tendency for termination is completely suppressed by the entire 
replication complex, there will always be a probability of termination of a 
growing chain. If the template is on the leading side of the replication fork, 

then synthesis will proceed either by reinitiation with the nascent chain as 
the primer, or by de novo synthesis of a new ribonucleotide primer and the 

start of a new chain. 
Depending on replication factors and the efficiency of reinitiation 

events, replication on the leading side of the replication fork could be 
continuous in the sense that only one growing chain would be detected at any 
one time and this chain would extend from the fork back to the origin. On the 
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retrograde side of the fork, however, synthesis must necessarily be 

discontinuous. The notion of discontinuous DNA replication was advanced by 

Okazaki and has been demonstrated in both prokaryotic and eukaryotic systems 
(for review, see Ogawa and Okazaki, 89). Okazaki fragments have been 

traditionally identified as small daughter chains which incorporate label in 

brief pulses of radioactive nucleotide precursors ~ vivo. They are initiated 

by the formation of short RNA primers which are synthesized by enzymes called 

primases, and the characterization of the RNA primers has been the subject of 

many reports (89). 

Okazaki fragments were first observed on replicating SV40 DNA in the 

studies of Fareed and Salzman (6). They characterized small molecules of 

100-200 nucleotide length that were associated with replicating molecules at 

all stages of replication. The production of these fragments during polyoma 

DNA replication has been extensively studied by Reichard and his colleages (90, 

91, 92, 93) while DePamphlis and his colleagues (3) have compiled a complete 

description of the fragments in the replication of SV40. The structure and 

metabolism of these molecules have been reviewed by DePamphilis and Wassarman 

(3) and will not be discussed here. From the studies of many labs, it is clear 

that the viral Okazaki fragments are initiated with short RNA primer sequences 

about ten bases long. The primer sequences are random, indicating that there 

is no highly specific initiation site for the fragment synthesis. Recently, a 
large number of "preferred initiation sites" have been identified suggesting 
that initiation of Okazaki fragments may not be completely random with respect 

to sequence. Nonetheless, the requirement for specific sequences is not 

stringent (94). 
Okazaki fragment synthesis, as noted above, was proposed as a solution to 

the problem of retrograde strand synthesis. One of the most persistent 

questions about these molecules over the years has been that of the proportion 

of fragments copied from one side of the fork or the other. This problem has 

been addressed in stages as technical advances have permitted more precise 

definition of Okazaki fragments. From the discussion of the properties of DNA 

polymerase a, it is clear that if the enzyme, or enzyme complex, terminates 

while copying the leading side template strand, then further synthesis will 

proceed either by reinitiation with the nascent chain as a primer, or by 

de novo initiation by a primase of a new chain, unlinked to the nascent chain. 
If the new chain terminates after 100-200 nucleotides, and has not been ligated 
to the adjacent long nascent chain, an Okazaki fragment will have been formed 
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and will be recognized as such. Thus, the formation of an Okazaki fragment on 
the leading side of the fork is one of the products of a competition between 
several possible reactions (termination vs. continued elongation, reinitiation 
vs. de ~ initiation). The other product is simply a longer nascent chain. 
The persistence of a newly formed fragment will depend on the efficiency of the 
primer excision, gap filling and ligation operation. A change in the balance 
of factors involved could easily shift the apparent concentration of fragments 
on the leading side. 

In the early experiments, replicating 5V40 molecules were isolated and the 
45 fragments purified from them. These fragments were then tested for self
complementary ~equences (95). A high proportion (70-90%) of the fragments 
self-annealed and the authors suggested that Okazaki fragments were synthesized 

on both sides of the replication fork. Other groups working with ~ vitro 
replication systems found both low (±20%) (96, 97) and high (±60%) (92, 91) 
proportions able to self-anneal. The self-annealing experiments were 
criticized because of the unavoidable inclusion of small cellular DNA fragments 
and because the Okazaki fragments were identified simply as small pulse-labeled 
chains. In the next series of experiments, the selection of small chains was 
continued, but they were hybridized against separated strands of 5V40 DNA 
restriction fragments located on one side or the other of the origin. In 
experiments of this type, several groups have found with fragments labeled 
~ vivo (98) and ~ vitro (99, 100) that the hybridization is asymmetric, with 
a 4-5 fold greater hybridization to the templates from the retrograde side of 
the fork. The realization that the misincorporation of dUMP into DNA was 
followed by repair-related excision and the generation of transient, short DNA 
fragments (101, 102, 103) provided another mechanism for the production of 
small DNA fragments. Although these repair-related fragments probably had not 
been a significant factor in the previous experiments, they did provoke a 
general dissatisfaction with the definition of Okazaki fragments as short, 
pulse-labeled chains. In recent work, the molecules chosen for analysis have 
been required to show signs of covalent linkage to RNA primers, at the expense, 
of course, of those molecules whose primers have been excised. t1ethods for 
demonstrating the linkage of RNA to Okazaki size fragments have been reviewed 
by Ogawa and Okazaki (89). Na rkhammer-~1euth and co 11 eagues have recently 
studied the hybridization of tritiated fragments pulse labeled ~ vivo to 
separated strands (104). The~ found a 2.5 fold enhancement of hybridization to 
the retrograde strand template. However, when the fragments were end labeled 
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32 
with P, the hybridization of the end label to the two separated strands was 

3 
virtually identical. In the H-label experiment, the hybridization of the mass 

32 
average of the fragments is measured, while with the P-end label, it is the 
number average that is monitored. These authors suggested that the number of 
molecules synthesized from either side of the fork was approximately equal, but 
that the chains from the lagging side were longer. In a companion paper, 
Narkhammer-l1euth et~., (105), performed a similar experiment with fragments 
synthesized ~ vitro and obtained similar results. It should be noted that the 
fragment size problem had been discussed previously by Hunter et~. (99), who 
concluded that size disparity could not explain their measure~ent of 4-5 fold 
enhancement of Okazaki fragments synthesized from retrograde templates. 
Furthermore, the DePamphilis group, using the unmasking procedure of Okazaki 
et al. (106) in which only chains with RNA primers are labeled, again found 

strong template asymmetry in the Okazaki fragment population (73). 
Undoubtedly, the last word on this subject has yet to be heard. Given the 

view of DNA synthesis on the leading side of the fork presented above, it seems 
likely that the results of any given study may indeed be true and the 
variability of results may reflect the plasticity of the replication machinery 
which may have several alternative mechanisms available. The survival 
advantage of such versatility is readily apparent. The more fundamental 
questions of how Okazaki fragments are synthesized, where they are synthesized, 
and why they form only on initiated DNA remain to be answered. The isolation 
and characterization by several groups of enzymes with the properties of an 
initiator RNA primase would appear to be a promising approach to these problems 
(107, 108, 109, 110). 

TERMINATION 
Replication of DNA by the Cairns mode is complete when the progeny DNA 

exists as complete double-stranded molecules with no topological relationship 
between the original template strands. Termination of replication requires the 
polymerization of the last nucleotides of the daughter strands, ligation of the 
5' and 3' ends of the new strand to one another to form a covalently closed 
molecule, and segregation of the interlocked progeny circles. Although these 
are necessary events, the order in which they take place is by no means fixed 
and the specific sequence of events may vary in different systems. 

Termination has been analyzed in several systems, including bacterial 
plasmids, phage, mammalian mitochondrial DNA, eukaryotic chromosomal DNA and, 
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of course, papovaviruses. In most studies, molecules whose structures suggest 
a role in the late stages of replication have been isolated. Generally, pulse

chase data supply the strongest argument for identifying the various molecules 

as genuine replicative intermediates. 

During the replication of penicillinase plasmids in Staphylococcus aureus, 

there is a termination intermediate with the structure of a catenated mixed 

dimer with one open circular molecule interlocked with one covalently closed 

superhelical molecule. The conversion of this to mature covalently closed 

circular monomers is a rate-limiting step that requires 3-4 minutes. (Based on 
the rate of replication of the bacterial chromosome, the plasmid would be 

expected to replicate in about 30 seconds). Pulse-chase data support the 

identification of these molecules as replicative intermediates (Ill, 112). 

Similar results were obtained by other workers with the R6K plasmid in I. coli 

(113). In the initial phase of the growth cycle of phage lambda (A), circular 

parental molecules are replicated bidirectionally in the Cairns mode from a 

fixed origin (114). As in the plasmid systems, a mixed catenated dimer 

accumulates as a late replicative intermediate (115). Label in these 

structures could be chased into monomer circles. Furthermore, the mixed 

catenanes appeared when both recombination-deficient host and phage were used 
making it unlikely that they were the product of recombinational events. It 

seems likely that in these three different systems that the mixed catenane is a 
genuine late replicative intermediate, the result of complete synthesis and 
ligation of one daughter strand and incomplete synthesis or ligation of the 
other, all without separation of the two daughter duplex circles. At the time 

of the description, it was not clear how they might dissociate to monomers, and 

some thought was given to mechanisms of dissociation (116, 115). The discovery 
and characterization of topoisomerases offers an apparent solution to virtually 

any topological problem the daughter molecules might encounter (117) although 

the direct involvement of these enzymes in the resolution process has yet to be 

demonstrated. 

~1itochondrial DNA replication, in contrast to the above, is unidirectional 

and daughter strand synthesis is asynchronous. Nonetheless, daughter molecule 

segregation must occur and does so to yield one molecule whose daughter strand 

synthesis is essentially complete. The other molecule has a large gap about one 

third the genome in size in the daughter strand (118, 119). The gapped 

molecule is filled in and converted to a covalently closed monomer circle. 

Catenated molecules have been observed and characterized by several groups 
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(120, 121). Using BrdUr density labeling, Flory and Vinograd (121) convincingly 

showed that the quarter heavy molecules found in cesium chloride gradients were 

catenated dimers composed of one half heavy and one completely light molecule. 

There were no heavy:light catenanes. These results eliminated the possibility 

that the catenanes played a role in the replication cycle of mitochondrial DNA. 

The results of other studies also argue against a replicative derivation for 

catenanes (122, 123, 119). At the time, these several authors suggested that 
recombination events between monomers might be the path of catenane formation. 

Now, of course, the action of topoisomerase could explain the generation of 

these structures. 

The data discussed here indicate that the necessary steps of termination 

may occur in different order in different replication systems. Catenated 
dimers may form as late and rate limiting structures in some systems, but are 

clearly unrelated to replication in others. These conclusions are directly 

relevant to the problem of termination of SV40 and polyoma DNA replication. In 

the system cited above, one or another termination pathway is predominant. In 

the case of SV40, both strategies may be employed, perhaps depending on culture 

conditions. 

Termination of SV40 DNA replication does not appear to involve or require 

specific DNA sequences. This conclusion comes from the study of deletion 

mutants and evolutionary variants which have lost the sequences normally found 
in the termination region in the wild type genome but which terminate in a 
normal fashion (124, 34). These mutants offer a convincing argument for the 
sequence indifference of termination functions in permissive monkey cells. 
However, the defective genomes that arise after SV40 infection of human 

glioblastoma cells always retain the sequences in the wild type termination 
region (125). Given the strength of the data from the experiments with deletion 

mutants in permissive cells, it seems reasonable to suggest that these 

sequences are retained, after passage in the human cells, for reasons other 
than an obligate role in termination. Furthermore, the human cells have yet to 

be infected with the appropriate deletion mutants to directly test a putative 

involvement in termination. The simplest description of the termination signal 

is that it occurs when the opposing replicating forks meet, generally 180 0 away 

from the origin of replication. 
As in the case of the staphylococcal plasmid (111), the actual replication 

time of the viral DNA, 10-15 min, is significantly longer than that calculated 

from the known rate of mammalian cellular DNA replication of 2 ~/min. Thus, 
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the viral DNA would be expected to replicate in less than one minute. The 
early workers who measu'red the replication time (126, 127, 128, 7) suggested 

that there might be a rate-limiting step and several groups have shown that 

there is an enrichment of late replicative intermediates in the population of 
replicating molecules (129, 130, 131). Although there is some variability in 

the precise ratio of late (60-90% replicated) vs. early (0-60%) structures, 

there is a 2-4 fold accumulation of the late replicating molecules relative to 
the early forms (127, 129, 131, 130, 132). The predominant late replicating 

molecule is about 90% completed (130, 131, 94, 132). These molecules have been 
further characterized by isolating long nascent chains and localizing the 
3' end of these chains. There were a number of arrest sites, with a major stop 
position on either side of the termination region. The two sites were 
separated by about 470 base pairs with nucleotide number 2671 (from the ~I 

site at the origin) at the center of the gap (94). 

The resolution of the late, 90%, replicating molecule appears to be the 
rate-limiting step in the production of monomer DNA according to the data of 

most of the groups that have considered this problem. As illustrated in the 

discussion of plasmid, phage A and mitochondrial DNA replication, there are at 

least two pathways by which covalently closed monomers might be produced. In a 

scenario similar to that of the mitochondrial model, separation of the daughter 

molecules of the 90% structure without further replication would yield two 
gapped circular molecules with a single strand region of nearly 
500 nucleotides. Such molecules are not observed. Instead, circular monomer 
molecules with gaps of about 50 nucleotides in the termination region have been 
characterized (133, 134). Pulse-chase studies indicated that the gapped 
molecule is a legitimate intermediate in the replication pathway and is the 
precursor of the mature covalently closed molecule (95). An explanation to 
account for the absence of the 500 nucleotide gapped molecule and the presence 

of the 50 nucleotide gapped intermediate has been proposed by DePamphilis and 

his colleages (94, 132). They suggest that the former molecule might be 

rapidly filled in by DNA polymerase a which is responsible for SV40 DNA 
synthesis (75, 77). This enzyme is inefficient at filling gaps of 20-30 

nucleotides and is arrested at specific DNA sequences (135, 87). However, it 
has not been shown that the enzyme will actually stop 20-30 nucleotides short 

of completing synthesis of a much longer chain. This question should be 
resolved by ~ vitro experiments with purified replication components. 
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An alternative pathway for segregation is provided by the example set by 
the plasmid and phage A studies. If the replication forks continue and 
complete the synthesis of one or both daughter strands without segregation, a 

catenated dimer would be generated. Depending on the completion of one or both 
nascent chains, the interlocked circles would be both relaxed, one relaxed, one 
supercoiled or both supercoiled. Catenated dimers in SV40 infections were 
described several years ago and extensively characterized (136). Pulse chase 
data supported the conclusion that these molecules arose from the replication 
process (136). These structures decay to monomers, and possibly circular 
dimers, which are found in infected cells as well, and have been shown to form 
by replication (137). Circular dimers may also arise from rolling circle 
replicative structures found late in SV40 and polyoma infections (137, 138,8). 
An important observation was made by Jaenisch and Levine (136) who found that 
cycloheximide treatment of infected cells resulted in a several fold increase 
in the amount of catenated dimers, suggesting that the path of the late 
replicating molecules is sensitive to perturbations of the cells which affect 
protein synthesis. It should be noted that while catenated dimers do appear 
during SV40 and polyoma replication, they differ from those reported in the 
plasmid and phage systems in that they do not appear to represent a rate 
limiting step in the production of monomer DNA. 

Recently, catenated dimers have been described in greater detail by using 
agarose gel electrophoresis to resolve several types of catenated structures 
(139, 140). These authors found catenated dimers in preparations of SV40 
mini chromosomes isolated from nuclei after prolonged incubation in a triton 
extraction buffer. Pulse label could be chased out of the molecules and the 
authors have suggested that they are genuine replicative intermediates. Three 
classes of molecules were observed: Form A which consists of interlocked 
relaxed circles (nicked or gapped); form B with one covalently closed 
supercoiled circle and one relaxed circle; and form C which has two interlocked 
supercoiled circles. From their data, these structures do not seem to be 
indicative of rate~imiting steps, that is, they do not accumulate under 
standard conditions of culture. However, the relative amount of form C 
molecules is substantially increased by hypertonic shock of the cells, a 

treatment which inhibits the initiation of protein synthesis (141) and an 
observation which recalls that made previously by Jaenisch and Levine (136). 
The hypertonic shock form C molecules may be interwound as many as 20 times. 
The catenanes decay to monomers when the cells are restored to normal medium. 
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The decay of the catenanes to monomers shows the versatility of the cell and 
suggests that segregation failures during replication are not as dangerous as 
once thought (130, 131). The conclusion that the catenated dimers, 
particularly the form C structures, arise from replication is plausible. While 
it is reasonable to propose that an appropriate topoisomerase will segregate 

the interlocked structures which might arise during replication, it is useful 
to recall that these enzymes can also generate these same structures (117). 
The relative proportion of the reaction products could easily depend on 

conditions in the cell or in the cell lysate during the extraction process. 
The exclusive use of pulse-chase experiments in experiments with the wild type 
virus overlooks the fact that an efficient encapsidation process will sequester 

monomer molecules (142) from the purview of nonreplicative catenation 
activities. Consequently, the monomer molecules most available for 
nonreplicative catenation are those which have just finished replication, and 
these would be labeled in short pulse-labeling protocols. The experiments with 
density label, which eliminated a replicative etiology for catenanes in the 

mitochrondrial system (121) have not been performed in the viral system. 

REPLICATION IN NONPERMISSIVE CELLS 

The work of the last ten years has shown that T antigen is a necessary 

element in the initiation of viral replication and in this capacity must 
interact directly with sequences at the origin of replication. However, the 
presence of T antigen and viral DNA in the same cell apparently is insufficient 
for measurable replication. Such a situation is found during the infection of 
mouse, or other rodent cells, by SV40 virus. After infection, T antigen is 
produced and a variety of cellular functions, such as cellular DNA replication, 
are stimulated (143). However, viral DNA replication is not detected despite 
the apparent presence of all the necessary components. Nonpermissive cells 

survive the infection and a few cells become permanently transformed, a process 

which requires stable chromosomal integration of viral DNA. Two features of 
this sequence of events are relevant to a discussion of viral DNA replication; 

the first is the stable integration of viral DNA, frequently in tandem 
duplications, in transformed cells; the second is the lack of measurable viral 

DNA synthesis. 
The integration of viral DNA in transformed cells and the structure of the 

integrated viral genomes has been described by many groups (144, 145, 146, 147, 
2). Recently, this subject has been studied by Chia and Rigby (148). They 
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found that polymeric forms of linear SV40 DNA appeared after infection of mouse 
cells. The polymers were formed by replication but recombination between the 

molecules does occur. Synthesis of the polymers of a mutant viral DNA, 

temperature sensitive for T antigen, was observed after infection of cells at 
the restrictive temperature. It seems likely that this replication does not 

require T antigen, at least not in the same fashion as in a permissive cell, 
and thus replication may be a function of cell factors exclusively. The 
authors suggested that the polymeric DNA would be the precursor to stably 

integrated tandem arrays of viral DNA in transferred cells. 
The lack of a "lytic" type of replication in nonpermissive cells has been 

known for a long time. The block to replication is not absolute, for it is 

possible to treat already transformed rodent cells in such a way so as to 

induce viral DNA replication and, often, infectious virus formation. This can 

be done by fusion of the transformed cells with permissive cells (149). The 

replication of the integrated viral DNA and the appearance of monomeric, 
replicating viral DNA have been described by Sambrook, and Botchan and their 

colleagues (150, 151, 152). After cell fusion, there was an increase in the 
amount of SV40 DNA in the high molecular weight fraction of cellular DNA, 
followed by the appearance of increasing amounts of free monomeric viral DNA in 

the low molecular weight fraction (153). Substantially more monomeric DNA 

appeared if the original transformed cell carried tandem duplications of intact 
copies of the viral genome. 

functional T antigen (150). 

The amplification of the viral DNA required a 
To explain these results, Botchan et~. (150) 

formulated the well known "onion skin" model in which multiple rounds of 
replication of the viral sequences, driven by T antigen from a viral origin, 
occurs first in the integrated DNA. This leads to a local proliferation of the 
viral and flanking host DNA sequences. Recombination, obviously facilitated by 
the presence of tandem viral genomes, would produce the monomeric DNA which 

could be encapsidated if the genes for the late proteins were intact. The 
results of these experiments have prompted the conclusion that a factor or 

factors necessary for viral replication are supplied to the transformed rodent 

cell by the permissive (monkey) cell. 
In an effort to identify the factors and the chromosomes carrying the 

necessary genes for permissivity, hybrids of permissive and nonpermissive cells 

have been constructed and then infected with SV40 or polyoma virus (154, 155). 
In the study of Huebner et al. (155), hybrids between a permissive human tumor 
cell line and nonpermissive mouse primary cells were made. These hybrids tend 
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polyoma, even when all the mouse chromosomes were present. In hybrids which 
segregated human chromosomes, only polyoma replicated. Thus, in this system, 
it was not possible to identify chromosomes necessary for replication of either 
virus. In contrast to these results, Garver et al. {154}, who studied SV40 
replication in monkey and Chinese hamster cell hybrids, concluded that there 
was a strong correlation between an elevated level of viral DNA synthesis and 
the retention of particular monkey chromosomes in the hybrids. The reasons for 
the differences in the results between the two groups are not clear, although 
different cells were used in each study. It is important to recall that these 
experiments differ from the cell fusion experience cited above {150} in that 
the process of cell fusion was long past at the time of viral infection. 

There is a striking qualitative simila~ity between the description of 
viral DNA replication in transformed rodent cells fused to permissive cells and 
viral DNA replication in transformed rodent cells treated with DNA damaging 
agents such as radiation and a variety of chemical carcinogens and mutagens. 
It has been known for some time that exposure of SV40 or polyoma transformed 
cells to such agents often leads to the production of infectious virus {156, 
157, 158, 159}. Although virions are not formed in all cell lines after 
treatment, it now seems likely that those lines which failed to yield virus 
probably did not have complete copies of the viral genome {160, 161}. This is 
a possibility which could not have been properly considered with the technolo9Y 
available at the time of these experiments. More recently, Lavi {162, 163} has 
repeated many of these experiments using an SV40-transformed Chinese hamster 
line and a variety of DNA damaging agents. Viral DNA synthesis was monitored 
by hybridization rather than virion production. As before, many DNA reactive 
chemicals or radiation induced viral DNA synthesis in the majority of cells. A 
functional T antigen is required for the several hundred-fold amplication of 
viral DNA which follows treatment. Cellular sequences linked to SV40 DNA are 
also amplified. These workers suggested that the onion skin model of Botchan 
and Sambrook would describe the events in the induced cells. The results of 
these experiments and the cell fusion experiments indicate that the 
nonpermissive rodent cell can be converted, at least transiently, to a 
permissive cell. The cell fusion data have generally been explained by 
suggestions that some factors, necessary for replication, are supplied by the 
permissive cell. On the other hand, induction of virus, or replication of 
viral sequences by DNA-damaging agents has been ascribed to exision of viral 
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DNA following chromosomal breakage (161) or perturbation of cellular DNA 
replication by these agents (163). The recent observations of Prives and her 
colleagues (63) may offer an explanation for viral DNA replication in both 
situations. They found that a small fraction of the T antigen from lytically 
infected cells contained the majority of the replication origin binding 
activity (63). Since origin binding is certainly a requirement for initiation 
of replication by T antigen, they suggested that only a minority of the 
T antigen molecules are actually competent to support replication. 

A post-translational modification might convert some portion of the 
T antigen population to initiation competence. If this is correct, then a 
simple explanation for the failure of T antigen in mouse cell to drive SV40 

replication would be that post-translational modification either does not occur 

or the concentration of appropriately modified T antigen molecules is too low 
to yield measurable replication. The permissive cell, when fused to the 
transformed rodent cell, would either provide the compatible modification 
activity or stimulate the rodent activity to such levels that sufficient 
T antigen would be modified. In the case of chemical or radiation induced 
viral replication, such treatments would also induce or stimulate the necessary 
modification activity. In either situation, activation of T antigen by post
translational modification would be the key event. In this light, it is 

interesting to note that Scheller et~. (63) called attention to the 
modification of a minor amount of T antigen by poly ADP ribose, described by 
Goldman et~. (164). This is particularly intriguing because it has been well 
established that the enzyme poly ADP ribose polymerase is stimulated in cells 
treated with DNA damaging agents (165, 166). The enzyme requires free DNA ends 
as a cofactor and the activity of the enzyme is proportional to the number of 
strand breaks in DNA present in reaction mixtures. If the rodent poly (ADP 
ribose) polymerase had a weak affinity for SV40 T antigen, then sufficient 
T antigen might be modified only in cells in which the activity had been 
enhanced. It should be pOinted out that we have emphasized the possible role 
of poly ADP ribosylation of T antigen because of the activation of the enzyme 
by DNA damage and because it is the only "minor" modification of T antigen 
described at this time. Obviously, there could be other modification 

reactions, as yet undetected, which are necessary for activation of T antigen 

(see, for example, 167). Another consideration from this discussion is that 
the putative minor modified fraction of T antigen may be present in 
insufficient concentration, or be unstable, in the ~ vitro replication 
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systems, established by several investigators, all of which fail to support the 
initiation of replication. 
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SV40 CHROMATIN REPLICATION IN VITRO 

A. RICHTER AND B. OTTO 

SUMMARY 

Two soluble 2.!!. vi "tro systems for SV40 chromatin 

replication are presented. The first subnuclear system 

consists of nuclear extracts, containing replicating and 

nonreplicating SV40 chromosomes as well as soluble nuclear 

proteins, and of cytoplasmic protein extracts from mammalian 

cells. The second more advanced system is composed of 

replicating SV40 chromosomes which were purified from nuclear 

extracts and of protein extracts from unfertilized eggs of 

Xenopus laevis. In both systems elongation and completion of 

SV40 chromatin replication are carried out as these processes 
are in vivo. Both systems are useful for dissecting protein 
extracts and identifying replication proteins necessary for 

elongation and completion of SV40 chromatin replication. By 
analogy they also serve as a model for most of the same 
processes of mammalian chromatin replication. 

As an example to identify replication factors with these 

systems we used DNA polymerases and we show by several 

criteria that DNA polymerase a activity is necessary for SV40 

and mammalian chromatin replication. 

INTRODUCTION 

Identification and characterization of proteins necessary 

for prokaryotic DNA replication have greatly substantiated 

our understanding of the biochemistry of DNA replication 

(1 ) . In the case of eukaryotic organisms, however, fi ve years 

ago not one protein required for DNA replication had been 

identified. When we started to study the biochemistry of 
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mammalian chromatin replication we asked which are the 

proteins involved in this process. To identify some of those 

proteins in our mind an l.!:!. vitro system for DNA replication 

with the following features was necessary: 

1. The system should consist of a small, well defined DNA, 

organized as chromatin for which DNA synthesis had to 

reflect DNA replication. 

2. It should be poss i ble to ami t and add protei ns to the 

system. These manipulations should affect DNA 

replication and allow a characterization of the proteins 

necessary for the replication process. 

Which small DNA would be appropriate ? 

The papovaviruses, simian virus 40(SV40) and polyoma 

vi rus have small, well defined genomes, which are organized 

as chromatin. Their nucleosomal structure and histone 

composi tion appear to be very similar to that of the host 

cellular chromatin. The small circular viral chromatin (also 

called "circular minichromosomes") replicate in the nuclei of 

certain mammalian cells (2). Except for the viral gene A 

product, T-antigen, which is required for initiation, viral 

replication depends totally on the replication machinery of 

the mammalian host cell (3). Thus viral mini chromosomes are 

the ideal primer templates for an l.!:!. vitro system to 

characterize mammalian replication proteins. 

Which in vitro system best allows the omission and 

addi tion of replication proteins? Initiated by the work of 

M. L. De Pamphi lis (4) and J. Huberman (5) we worked wi th a 

subnuclear, soluble, l.!:!. vitro system for SV 40 chromatin 

replication that permits the manipulations described above. 

This system consists of SV40 mini chromosomes which have been 

extracted from the nuclei of SV40 infected monkey cells and 

thereby completely separated from cellular chromatin. Both 

replicating as well as nonreplicating chromosomes are present 

in these extracts (6). Highly concentrated protein extracts 

of mammalian replication factors elongate and terminate the 

replication of SV40 DNA thereby converting replicating into 
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nonreplicating chromosomes (4,5,7). We developed a second, 
more advanced in vitro system which consists of purified 
replicating SV40 chromosomes and of protein extracts from 

unfertilized eggs of Xenopus laevis, and in which again 
elongation and termination of SV40 DNA replication occurs 
(S) • 

In addition the separation of replicating and 

nonreplicating SV40 chromosomes allows the identification of 
mammalian proteins associated with replicating chromos6~e8. 

This chapter summarizes our studies as well as those of 
our coworkers over the last five years at the University of 
Konstanz. It characterizes the two in vitro systems and its 
usefulness in identifying mammalian replication factors. As 

our example we use DNA polymerase a which was shown by these 
studies to be necessary for mammalian chromatin replication 
(6,7,9). 

MATERIALSAND METHODS 
The source of cell lines and virus 

preparation of SV40 chromosomes and the 
synthesis have been described earlier (6,7). 

as well as the 
assay for DNA 
Purification of 

and assays for DNA binding protein and DNA polymerases were 
done as previously described (9, 10) as well as the 
preparation of protein extracts from ;e1l0pus eggs and all the 
techniques used to characterize diffef@tlt forms of SV40 DNA 
(7 ,S). 

PROLOGUE. SV40 DNA REPLICATION IN VIVO 

Semiconservative DNA replication is initiated at a unique 
origin ift covalently closed superhelical SV40 DNA (form 1-

DNA) pr8aUcing a pool of replicating intermediates (RI
DNA). In these DNA molecules two forks migrate 
bidirectionally until they reach the termination region 

approximately lS0·C from the origin. After the separation of 

these molecules, DNA appears which contains a gap in the 
nascent DNA chain of about 50 nuc:leotidee (form II* DNA). 
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When this gap is filled (creating form II DNA) the nascent 

DNA chain 

summarizes 

can be sealed to give form I 

the various forms of SV40 

DNA. Figure 

DNA during the 

replication cycle. 

~"-'b,~P' elongation 
1 RI RI 

ori I initiation separation~ 

~\ Qterminati9n(]x Q)x 
+- ]I +-- fer 

I ter ter 

Figure 1. SV40 DNA replication cycle 

DNA elongation occurs discontinously on the DNA template 
whose 5'-3' polarity lies in the same direction as the 
movement of the replication fork and continuously on the 

complementary strand. The discontinous synthesis leads to a 

transient appearance of short DNA pieces (4S, Okazaki pieces) 
for which synthesis is initiated at even shorter RNA primers 
wi th about 10 oligoribonucleotides in length. Once the RNA 
primers are excised, the resulting gaps are filled in by DNA 
synthesis and the elongated Okazaki pieces become joined to 
the growing daughter strands (11). 

RESULTS 

Preparation and characterization of SV40 chromosomes 

SV40 chromosomes can be extracted from nuclei of SV40 

infected cells prepared and kept in hypotonic conditions (4, 
5, 6). Due to their small size the viral chromosomes as well 
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as proteins leak out of the 

process whereas the 104 times 

remain inside the nuclei. 

nuclei during the extraction 

larger host cell chromosomes 

Can both replicating and 

nonreplicating viral chromosomes be extracted by this 

procedure ? Since one replication cycle of SV40 DNA takes 

less than 15 minutes, a pulse label with DNA precursors of 5 

minutes is mainly recovered in replicating intermediates (RI

DNA) and should appear in replicating chromosomes. A long 

labeling time labels nonreplicating SV40 (form I DNA) and 

should be recovered in nonreplicating chromosomes. Using 

these two labeling protocol s with SV 40 infected cells, both 

labels were found in nuclear extracts (6, 9). Moreover both 

labels can be separated by zone velocity sedimentation as 

shown in Figure 2. 
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Figure 2. Separation of replicating, SV40 chromosomes pulse 
labeled for 5 min in vivo with ~)H-thymidine (0) from 
nonreplicating SV40 chromosomes prelabeled in vivo for 12 hr 
with 14C-thymidine (t) in 5-30~ neutral---sucrose density 
gradients (6). 

Replicating viral chromosomes as indicated by the pulse 

label can be easily distinguished from slower sedimenting 

long labeled nonreplicating chromosomes. The chromosomes 
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sediment at approximately 95S and 75S respectively. In 

contrast pulse labeled RI-DNA as well as long labeled form I 
DNA, stripped of their histone and nonhistone proteins by 

extraction, sediment under the same conditions at 21-25S and 
21S respectively. 

Studies using micrococcal nuclease digestion show that 
SV40 chromosomes are, like host cell chromatin, organized in 

repeated units called nucleosomes. Replicating chromosomes 
containing nascent DNA are more accessible to nuclease attack 
than nonreplicating chromosomes indicating a change of the 
structural state of the chromosomes during the replication 

process: pulse -chase experiments .!.!!. vivo, followed by 

extraction of viral chromosomes and nuclease digestion 

demonstrate two features of the viral DNA. Newly replicated 

viral chromosomes show an increased sensi ti vi ty to nuclease 

activi ty as well as a faster than usual rate of cleavage to 

DNA fragments of monomeric nucleosome size when compared to 
nonreplicating chromosomes. These alterations in replicating 
chromosomes are lost at characteristic times after 
replication and before these chromosomes are converted into 
nonreplicating chromosomes (12). 

DNA synthesis in viral chromosomes of nuclear extracts 

Does the DNA synthes is observed in vi ral chromosomes of 
this in vitro system reflect SV40 DNA replication .!.!!. vivo? 

Hypotonic extracts from nuclei of SV40 infected cells 
containing replicating and nonreplicating SV40 chromosomes as 
well as proteins in vitro incorporate labeled precursors for 
DNA synthesis into viral DNA under suitable incubation 

conditions. However all the in vitro labeled DNA is 

recovered in replicating chromosomes and characterization of 

the DNA shows all the label to be in short Okazaki pieces 

even after prolonged incubation times. Thus proteins 

coextracted with the chromosomes whether being soluble or 

associated with the chromosomes cannot join small DNA pieces 
into larger DNA. Addition of concentrated cytoplasmic 
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proteins from the same source of cells which have been used 

to prepare the viral chromosomal extracts enhances the in 

vitro DNA synthesis about two to three fold. In the presence 

of cytosol, small DNA pieces only appear transiently, after 

short incubation times, and become completely ligated during 

further incubat ions. In more than 50% of DNA molecules the 

nascent daughter strands are elongated to unit length of SV40 

DNA, giving to the same extent form II DNA. In agreement 

with these results about 50% of replicating viral chromosomes 

are matured into nonreplicating chromosomes (7). Thus in 

vitro DNA synthesis occurs discontinuously; RI-DNA for which 

synthesis has been initiated in vivo is elongated and 

terminated in this in vitro system: these processes reflect 

SV40 DNA replication in vivo. 

Ini tiation of SV40 DNA replication is not observed in 

this system. We cannot exclude completely that initiation 

occurs; but if it does it then must be so slight when 

compared to elongation that we cannot detect this process. 

Salt dependence of DNA synthesis in vitro 

In this i!!.. vitro system, consisting of viral chromosomes 

and sufficient cytosol to elongate and terminate SV40 

replication, the optimal ionic strength for DNA synthesis is 

low. Salt concentrations close to physiological conditions 

(150 mM; 13) cause a decrease in DNA synthesis. This 

sensitivity to salt however depends on the anions used. 

Figure 3 shows that more than 100 roM chloride anions reduce 

whereas acetate anions at 50-200 mM slightly stimulate DNA 

synthesis. Analysis of i!!.. vitro labeled DNA indicates that 

in the presence of high chloride anions the joining of small 

DNA pieces to larger ones and the overall elongation process 

of RI-DNA is reduced to the same extent as the incorporation 

of in vitro label into viral DNA (7). This observation has 

been also made by others (14). We later in this chapter will 

demonstrate that the salt behaviour of one replication 

protein can explain this salt sensitivity of the replication 

system. 
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Figure 3. 
Dependence of SV40 
chromatin DNA 
synthesis on salt 
conditions. DNA 
synthesis, observed 
under increasing 
concentrations of 
either potassium 
chloride or acetate, 
is expressed as per 
cent of that DNA 
synthesis made in 
the absence of salts 
(7) • 

mM KCI (e) or potassium acetate (0) 

DNA synthesis in purified replicating chromosomes 

DNA replication in replicating chromosomes of nuclear 

extracts can be elongated and completed by cytoplasmic 

protein extracts from mammalian cells. However after 
purification 

proteins of 

of replicating chromosomes, by which soluble 

nuclear extracts become separated from the 

chromosomes, DNA synthesis of these chromosomes can be only 

slightly stimulated by cytoplasmic protein extracts: 
synthesis of Okazaki pieces is only poorly enhanced and 

replication can not be completed (15, 16, 17). Why does 

purification of the chromosomes eliminate the ability of 

these highly concentrated protein extracts to complete DNA 
synthesis? One reason might be physical alteration of 
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chromosomes during their purification. Another reason could 
be that these cytoplasmic extracts although highly 

concentrated are not by themselves but only in combination 
with those proteins present in nuclear extracts sufficient to 
complete DNA synthesis. Our data support this second 
explanation. 

Unfertilized eggs of Xenopus laevis are programmed for 
rapid replication. Extracts prepared from those eggs should 
therefore have a higher concentration of replication factors 
than those from mammalian cells. This is indeed true for a 

DNA polymerase a -like activity (17, 18). Egg extracts 
stimulate elongation of SV40 DNA in replicating 
chromosomes. If nuclear extracts of chromosomes are used, to 
the same extent as mammalian cell extracts. When incubated 
with purified chromosomes, egg extracts enhance DNA synthesis 
four to six fold (Figure 4) while mammalian extracts do not 
(17) • 
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Figure 4. DNA 
synthesis in 
purified replicating 
SV40 chromosomes. 
DNA synthesis is 
measured as a 
function of 
increasing concen
trations of protein 
extracts from eggs 
of Xenopus laevis 
after either 10 min 
(I) or 30 min (0) 
incubation (8). 
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The residual DNA synthesis of chromosomes seen without 

extracts does not increase between the 10 and 30 min 

incubation. This synthesis is due to the presence of 

replication proteins associated with replicating chromosomes. 

DNA synthesis in the presence of egg extracts shows all 

the characteristics of SV40 DNA replication. It is inhibited 

by aphidicolin suggesting the participation of a DNA 

polymerase a -like activity (19). Consistent with this 

observation, addition of dideoxithymidine triphosphate 

(ddTTP) does not affect DNA synthesis. The ddTTP has been 

shown to inhibit DNA polymerases E and y but not a (20). DNA 

synthesis requires ATP and the other ribonucleoside 

triphosphates; this requirement is more pronounced when low 

molecular weight molecules have been purified away from 

proteins. 

Analysis of ~ vitro labeled DNA shows in all aspects 

tested that DNA synthesis in this system reflects elongation 

and completion of SV40 DNA replication ~ vitro. 

DNA is synthesized by a discontinuous mechanism: after 

short incubation times Okazaki pieces appear which become 

joined during prolonged incubation times (8). 

A restriction enzyme analysis of ~ vitro replicated DNA 

as can be seen in Figure 5, indicates that DNA fragments 

containing the terminus of replication or being close to the 

terminus are more in vitro labeled than those fragments close 

to the origin. These results show that replication moves 

towards the terminus as one would expect for elongation and 

completion of replication rounds. 
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Figure 5. Restriction enzyme analysis of SV40 DNA 
synthesized in vitro. Purified replicating SV40 chromosomes 
of which DNA had been 3H-thymidine labeled in vivo were 
incubated with egg extracts for 10 (I) and 30 rnr minutes in 
the presence of -"~P-dNTPs (8). DNA was purified and cut by 
Hind II nuclease as described (8). The relative label 
(32p/3H) is shown for the five different DNA fragments. 

Again in all. aspects tested DNA synthesis in purified 

replicating SV40 chromosomes in the presence of optimal 

concentrations of protein extracts of unfertilized eggs from 

Xenopus laevis reflects the elongation and termination 

processes of SV40 DNA replication lE. vivo. For unknown 

reasons the only process which does not work as efficiently 

in this system as in an infected cell is the gap filling 

process of form n* DNA. About 30% of lE. vitro label 

accumulates in this type of DNA which contains single-
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stranded DNA, 30% are recovered in form II DNA and 40% in 
sealed supercoiled form I DNA. This amount of form I DNA 

however is higher than was ever observed in studies using 

chromosomes in crude extracts and in similar systems 

described by others (4, 5, 14). Nevertheless this is to date 

the most useful lE. vitro system for dissecting protein 

extracts and identifying replication proteins necessary for 
elongation and completion of SV40 chromatin replication. By 
analogy it also serves as a model for most of the same 

processes of mammalian chromatin replication. 

This system is also a prerequisite for studying 

ini tiation of replication lE. vitro. Initiation can be only 

studied if this process is followed to some extent by 

elongation. We have used nonreplicating SV40 chromosomes, 

completely free of those replicating, as a template in egg 
extracts to investigate the initiation process. So far these 

experiments are without success, but as pointed out in the 

introduction a viral coded protein, the T-antigen, is 

necessary for this process lE. vivo and must be included in 

these experiments. In addition structural alterations in 

nonreplicating chromosomes might be a further prerequisite. 

DNA polymerases associated with viral chromosomes 

Unfractionated nuclear extracts with SV40 chromosomes 
also contain all three DNA polymerases, a, Band y. These 
extracts can be fractionated on sucrose gradients to separate 

replicating and nonreplicating chromosomes from each other 

and from soluble proteins as well. Each fraction can then be 

selectively assayed for the three DNA polymerases. As Figure 

6 shows, 10 to 20% of the total DNA polymerase a is detected 

in the replicating chromosomes (95S) and 80-90% at the top of 

the gradient. 

the slower 

No DNA polymerase a acti vi ty is observed in 

sedimenting nonreplicating chromosomes (75S) 

suggesting a specific association of this polymerase with 

replicating chromosomes. 
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Figure 6. Association of DNA polymerase a acti vi ty with 
replicating viral chromosomes. Nuclear extracts were 
fractionated on 5-30% neutral sucrose gradients. In vivo 
labeled DNA for 25 min. (.) and DNA polymerase a activity~ 
were determined in each fraction as described (6). 

We also found DNA polymerase y associated with 

chromosomes which sediment between the 95S and 75S viral 

chromosomes. In contrast DNA polymerase B is only recovered 

in an unassociated form at the top of the gradient (6). 

Similar observations have been made by other groups (20, 21, 

22) . 

About 80% of both types of viral chromosomes can be 

precipi tated in nuclear extracts by the presence of 5-20 mM 

Mg++ (6) . DNA polymerase a and y acti vi ties coprecipi tate 

with the chromosomes to the same extent as they are found to 

be associated with these chromosomes after fractionation of 

nuclear extracts on sucrose density gradients. Again DNA 

polymerase Bact i vi ty does not coprecipi tate. The specific 

association of DNA polymerase a with replicating chromosomes 

is conserved and free polymerase acti vi ty is removed by the 

Mg++ precipitation procedure as shown in Figure 7. 
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Figure 7. Specific 
association of DNA 
polymerase a with 
replicating 
chromosomes after 
Mg++ precipitation 
and fractionation on 
5-30% neutral 
sucrose gradients 
(6) • 

After concentration by Mg++ precipitation, the DNA 
polymerase activities were dissociated from the complexes and 
further characterized. By their chromatographic behavior, 

sedimentation and biochemical properties the chromosome 

associated DNA pofymerases were classified as DNA polymerases 
a and y, but not as B (6, 9). 

Though the presence of DNA polymerase a in replicating 
chromosomes suggests that this acti vi ty may carry out sv 40 

DNA replication further evidence was necessary to show that 
this enzyme is in fact required for replication. As 
described before SV40 chromatin replication in the subnuclear 
extract is inhibited by more than 100 mM chloride, but 

stimulated by 100-200 mM acetate anions. We therefore 

investigated the dependence of DNA polymerase a activity and 

its association with replicating chromosomes on these 
concentrations of anions: we found that DNA polymerase a 

activity on activated DNA as a primer template depends to the 

same extent as SV40 chromatin replication does on chloride 

and acetate anions. We also found that the association of 
this enzyme with replicating chromosomes is conserved up to 
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200 mM acetate whereas more than 100 mM KCE strongly reduces 
the association. The same dependence on anion concentrations 
was found if we replaced the chromosomes by single stranded 
DNA immobilised to cellulose. DNA polymerase a is eluted from 
single.-stranded DNA cellulose columns by more than 100 mM KCl 

but we have to use more than 200 mN acetate to elute the 
activity (7). 

Thus the salt behaviour of DNA polymerase a can explain 
the salt sensitivity of the replication system and confirms 
our suggestion that this enzyme is required for DNA 
replication. 
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ORGANIZATION AND REPLICATION OF CHROMOSOME-ASSOCIATED POLYOMA VIRUS DNA 
AND FLANKING CELLULAR SEQUENCES IN POLYOMA-TRANSFORMED RAT CELLS 

HAIM MANOR, AHARON TOMER, NAVA BARAN, ADA NEER AND ELLA MENDELSOHN 

SUMMARY 

In this chapter we review studies on the organization and replication 

of polyoma virus CPy) DNA sequences which have integrated into chromosomal 

DNA, and of cellular DNA flanking the Py integration site, in an 

inducible line of polyoma-transformed rat cells designated the LPT line. 

We also discuss the relationship between replication of the chromosome

associated viral DNA and excision of free viral DNA molecules in LPT cells 

treated with virus-inducing agents. These studies have shown that LPT 

cells contain multiple copies of Py DNA integrated into a single 

chromosomal site. These copies are not evenly distributed among the 

ce11s. Instead, various Py insertions include 1, 2, 3, ... whole viral 

genomes arranged in a direct tandem repeat. A 3.0 kilobase pairs Ckb) 

deletion of cellular DNA was discovered next to the Py integration site. 

LPT cells were found to be heterozygous with respect to the viral 

insertions and the cellular deletion. In LPT cultures treated with 

mitomycin c, the most effective inducing agent in this system, replication 

of Py DNA is enhanced after lag periods which vary in individual cells 

between 9 and 20 hours. DNA synthesis is repeatedly initiated within the 

viral insertions and the replication forks proceed in opposite directions. 

The leftward moving forks were analyzed in detail and found to cross the 

left viral DNA-cell DNA boundary and to proceed into the flanking cellular 

DNA sequences. Fork movement is halted within a 0.30 kb segment which 

maps about 2.0 kb away from the boundary. This segment may include a 

termination site of a normal cellular replicon. Similar results were 

obtained in LPT cells exposed to bromodeoxyuridine and ultraviolet light. 

Extrachromosomal circular Py DNA monomers are excised and replicated in 

induced LPT cells after the lag phase. The viral DNA monomers are 

encapsidated and converted into infectious virions. Excision of free 
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viral DNA molecules and virus synthesis do not occur in an LPT subclone 

which contains chromosome-associated tandemly repeated viral DNA, but in 

which replication of the viral DNA cannot be induced. Models of papo

vavirus integration and induction based on studies of the LPT line and of 

other Py and SV40 transformants are discussed. 

INTRODUCTION 

The LPT line of polyoma-transformed rat cells was isolated by 

Fogel and Sachs (1) after infection of rat embryo muscle cells with a 

large plaque strain of the polyoma virus (Py). LPT cells possess the 

morphological characteristics of the transformed state and synthesize 

Py tumor antigens. A small percentage of the cells in each LPT culture 

«0.20%) synthesize virus coat proteins and infectious virus. This 

property, designated as "spontaneous induction", is hereditarily 

transmitted, as indicated by the observation that cultures of 92 out of 

100 clones and subclones derived from the LPT line include virus-

synthesizing cells (1). The percentage of virus-producing cells can be 

artificially increased up to 60% by treating LPT cultures with various 

physical and chemical virus-inducing agents that. cause DNA damage 

(1,2,3,4), or inhibit protein synthesis (5), and by fusing the cells with 

mouse cells that. are permissive for polyoma virus synthesis (1). 

In this review article we describe experiments which showed that in 

uninduced LPT cells the Py DNA is integrated into chromosomal DNA and 

that in induced cells extrachromosomal Py DNA monomers are generated 

from the integrated viral DNA. We present an analysis of the organi

zation and replication of the chromosomally associated Py DNA and 

flanking cellular DNA sequences in normally growing LPT cultures and in 

LPT cultures treated with inducing agents. Finally, we discuss our 

findings in relation to current ideas on integration and replication of 

Py and SV40 DNA in cell lines transformed by these viruses and on the 

mechanism of virus induction in these transformants. 

RESULTS 

Quantity and state of the Py DNA in normally growing LPT cells 

We have initially used RNA-DNA hybridization assays to determine 

the concentration of Py DNA in LPT cells. Synthetic Py-specific RNA 

(cRNA) labeled with 3H at a high specific radioactivity (>109 dpm/~g) 
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was hybridized with whole cell DNA, or with high molecular weight 

chromosomal DNA purified from the cells by alkaline glycerol gradient 

centrifugation (Fig. 1). The RNA-DNA hybrids were collected on 
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FIGURE 1.Alkaline 
glycerol gradient 
centrifugation of 
LPT cell DNA mixed 
with Py virions 

LPT cultures were 
labeled with 14C_ 
thymidine. The cells 
were removed with 
trypsin and mixed 
with Py virions whose 
DNA had been labeled 
with 3H-thymidine. 
The mixture was 
layered on an alkaline 
glycerol gradient 
which was then centri
fuged in a 
preparative ultra
centrifuge. Fractions 

were collected and counted in a scintillation counter. This figure was 
reproduced from a paper published in Virology (6) by permission. The 
paper presents further experimental details. It can be seen that the 
fast sedimenting chromosomal DNA peak does not contain any detectable 
traces of the 3H-labeled viral DNA. A similar resolution was obtained 
in other control experiments in which purified viral DNA, rather than 
virions, had been mixed with the cells before centrifugation. Chromo
somal DNA isolated by this method was used for the hybridization assays 
described in the text. 

nitrocellulose filters and counted in a scintillation counter. Appropriate 

calibration curves were constructed by hybridizing the cRNA with 

mixtures of normal rat DNA and known amounts of purified Py DNA. The 

curves were used to estimate the amounts of viral DNA in the LPT cell 

DNA preparations. These studies revealed that normally growing LPT 

cultures contain 30-40 Py genome-equivalents (g.e.) per cell, of which 

6-9 g.e. were found in the high molecular weight chromosomal DNA 

fraction (6). 

It is to be noted that cosedimentation of viral DNA sequences with 

the high molecular weight chromosomal DNA could not be considered as a 

rigorous demonstration of covalent linkage between the viral sequences 

and chromosomal DNA. It was possible, for example, that LPT cells 
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synthesize oligomers consisting of viral DNA molecules linked in a head 

to tail configuration and that these molecules cosediment with the 

chromosomal DNA. Indeed, such oligomers of viral DNA were observed in 

SV40-infected cells (7). However, in a subsequent section, we shall 

provide a more rigorous proof for the presence of Py DNA linked to LPT 

chromosomal DNA. 

The assays described above have indicated that most of the viral 

DNA in LPT cells is extrachromosomal and subsequent experiments have 

shown that the extrachromosomal viral DNA consists mainly of open and 

closed circular monomers (Baran, N. and Manor, H., unpublished results). 

We have used in situ hybridization analysis to find out whether these 

monomers are derived from the chromosomally associated viral DNA, or are 

propagated autonomously as plasmids. The cells were fixed on microscope 

slides, the intracellular DNA was denatured in situ and hybridized with 

Py-specific 3H-cRNA. The slides were coated with a photographic 

emulsion and exposed for autoradiography. Fig. 2a shows a typical 

autoradiogram in which only cell nuclei are visible because the cyto-

plasms were not stained. One nucleus in the field contains about 100 

grains, whereas the number of grains in the rest of the nuclei and in all 

the cytoplasms is equal to the background level. A quantitative 

analysis has indicated that each grain in this particular assay 

corresponds to about 200 g.e. of Py DNA and thus the single labeled 

nucleus contains about 20,000 molecules of Py DNA (8). A survey of 

many similar fields revealed that less than 0.10% of the cells contained 

a significant number of grains. These results have indicated that most 

or all of the extrachromosomal viral DNA molecules are derived from 

the small population of spontaneously induced cells and that, therefore, 

the rest of the cells contain primarily or exclusive chromosomally 

associated viral DNA in amounts that are below the level of detection 

of our in situ hybridization assays. 

Induction of Py DNA replication in LPT cells treated with 

mitomycin c 

Fig. 3 shows the time course of Py DNA replication in LPT cells 

treated with mitomycin C (MMC) which is the most effective inducing 

agent in this system. It can be seen that during the initial 9 hr 

which follow MMC treatment the ratio Py DNA/total cell DNA in these cells 

remains equal to the ratio found in uninduced LPT cells. At the end 
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FIGURE 2. In situ hybridization analysis of untreated and MMC-
treated LPT cultures. a) An LPT culture maintained under normal growth 
conditions was hybridized in situ with Py 3H-cRNA and then exposed for 
autoradiography. This photograph was reproduced from a paper published 
in Cell (8) by permission. The paper presents further details of the 
experimental procedures. b) An LPT culture was treated with MMC, 
harvested after 33 hr and hybridized in situ with Py 3H-cRNA. This 
photograph has also been published in cell (8) and reproduced by 
permission. 
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FIGURE 3.Time course of Py DNA 
replication in LPT cells treated 
with mitomycin c. 
LPT cultures were exposed to I ~g/ml 
of MMC for 1 hr, as described in 
reference No.5, and harvested 
after various time periods. Whole 
cell DNA prepared from each culture 
was hybridized with synthetic 
Py 3H-cRNA to determine the amount 
of Py DNA (6). The ordinate 
denotes the ratio Py DNA/total 
cell DNA relative to the maximal 
value which is given the value 1.0. 

of this period the intracellular concentration of Py DNA increases 

exponentially for about 10 hr, after which time it continues to increase 

at a reduced rate for at least 30 hr. 

The data presented in Fig. 3 have not provided information on 

whether the viral DNA replicates synchronously in all MMC-induced cells 
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or whether instead individual cells are recruited to replicate the viral 

DNA at different times after the initial 9 hr lag period. This question 

was examined by in situ hybridization analysis of the time course of Py 

DNA replication in MMC-treated LPT cultures. One autoradiogram of a 

culture harvested 33 hr: after MMC treatment is shown in Fig. 2b. In 

this and in other autoradiograms the induced cells, which contained 30-

120 grains, were easily discernible from uninduced cells which contained 

no grains. Table 1 represents a summary of the results obtained in this 

Table 1. In situ hybridization analysis of the kinetics of Py DNA 
replication in LPT cultures treated with mitomycin c. a 

Time after 
MMC 
Treatment 
(hr) 

o 
9 

12 

15 

18 

33 

Percentage of 
Induced Cells 

0.04 

0.06 

2.4 

10 

13 

30 

Average 
Number of 
Grains per 
Cell 

40 

57 

60 

96 

96 

100 

Relative 
Increase in 
Virus DNAb 

1.0 

2.1 

90 

600 

780 

1875 

aLPT cultures were treated with MMC, harvested at the indicated times 
and analysed by in situ hybridization. This table has been reproduced 
from an article published in Cell (8) by permission. The paper 
presents experimental details. 

bEach number represents a product of the percentage of induced cells and 
the average number of grains per cell normalized with respect to the 
product found at time 0, which is given the value 1.0. 

study. It can be seen that the overall kinetics of viral DNA 

replication deduced from these data is similar to the kinetics presented 

in Fig. 3. It is also evident that the accumulation of viral DNA after 

the lag period is mainly a consequence of an increase in the fraction of 

cells synthesizing viral DNA and not in the amount of virus DNA 

synthesized within individual cells. We conclude that different cells 

in each culture initiate Py DNA replication at different times after the 

initial lag period and synthesize most of the viral DNA which they 

eventually accumulate within a period of less than 6 hr. 



Table 2. 

Time after 
MMC 
Treatment 
(hr) 

o 
6 

7 

24 

75 

Amplification of chromosomally associated Py DNA in LPT cells 
treated with MMCa . 

Py genome equivalents/cell 

Chromosomal DNA 
(1) 

7 

7 

12 

124 

Whole Cell 
(2) 

31 

29 

66 

1380 

(1) x 100 
DNA m 

22 

24 

18 

9 

6 (superinfected)b 8 3023 0.26 

aLPT cells were treated with MMC as described in the legend to Fig. 3 and 
harvested at the indicated times. Chromosomal DNA was purified by 
alkaline glycerol gradient centrifugation as shown in Fig. 1. The 
number of Py genome-equivalents in chromosomal DNA and In whole cell DNA 
prepared from each sample was determined by hybridization with Py 3H_ 
cRNA (6). 

bIn this control experiment LPT cells were treated with MMC, then 
superinfected with polyoma virions and harvested after 6 hrs. The 
result of this experiment confirms that chromosomal DNA purified by 
alkaline glycerol gradient centrifugation contains virtually no residual 
free Py DNA monomers (see Fi~ 1). 

Amplification of Py DNA cosedimenting with chromosomal DNA in MMC 

treated LPT cells 

We have also carried out cRNA hybridization assays of high 

molecular weight chromosomal DNA preparations isolated by alkaline 

glycerol gradient centrifugation from LPT cells treated with MMC and 

harvested after various time periods. In parallel we determined the 

amounts of Py-specific sequences in whole cell DNA preparations obtained 

from the same cultures. Table 2 shows the results of these assays. 

It can be seen that the amount of chromosomally associated and total Py 

DNA in cells harvested 6 hr after MMC treatment remained equal to the 

corresponding amounts found in normally growing cells, in agreement with 

the data presented in Fig. 3 and in Table 1. Both quantities increased 

slightly after 7 h~. Twenty-four hrs after MMC treatment, not only 

the total amount of Py DNA increased 45-fold, but also the amount of 

chromosomally associated Py DNA sequences increased 17-fold. In a sub

sequent section we shall describe experiments in which, by using a more 
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direct approach, we proved that covalently linked viral and cellular DNA 

sequences are amplified in MMC-treated LPT cells. It should be noted 

that the rate of induction of Py DNA replication was found to be 

variable in different experiments, even though the same LPT clonal 

isolate was used for these experiments (Compare the data presented in 

Tables I and 2 and in Fig. 3). We do not know the reason for this 

variabi Ii ty. 

Mapping the integration site of Py DNA in LPT cells 

The development of the Southern blotting technique paved the way 

for detailed mapping of integrated viral genomes in transformed cells 

(9,10). We used this method to map the Py DNA in the LPT line (11). 

Three types of restriction enzymes were used for this project. 

(a) Enzymes that cleave the Py DNA once (one cut enzymes), (b) enzymes 

that do not have a cleavage site within the Py genome (no cut enzymes) 

and (c) enzymes which cut the Py DNA at two or more sites (multiple cut 

enzymes). Digestion of LPT chromosomal DNA with each of four one cut 

enzymes was found to generate whole linear viral DNA molecules and two 

additional fragments containing both viral and cell DNA sequences. 

Digestion of LPT chromosomal DNA with no cut enzymes was found to 

generate a series of fragments whose lengths differ by increments of a 

whole Py genome. The pattern of integration deduced from these data 

was as follows: Py insertions of various lengths are located at the 

same chromosomal site in all LPT cells. The length heterogeneity is due 

to the presence of 1, 2, 3, ... whole Py genomes inserted in tandem 

within invariable sequences of viral DNA and flanking cellular DNA. 

Fig. 4 shows the first three insertions in the postulated series. The 

arrangement of the Py DNA sequences within the insertions has been 

determined by double digestion of LPT chromosomal DNA with the three 

types of enzymes mentioned above. These data also allowed physical 

mapping of the flanking cellular DNA. Fig. 5 shows a comprehensive 

physical map of the Py integration site containing the smallest viral 

insertion. This map includes additional information to be discussed 

below. 

Cloning of cell DNA sequences flanking the Py insertions 

In order to carry out a more detailed analysis of the cell DNA 

sequences flanking the Py integration site in LPT cells, we have used 

the "shotgun" approach to clone the flanking sequences in the bacteriophage 
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FIGURE 4.Illustration 
of three Py DNA 
insertions of varying 
lengths integrated 
into identical 
chromosomal sites in 
LPT cells 

The regions marked as 
"polyoma virus DNA" 
are colinear 
with the standard Py 
physical map (12) and 
are divided into Py 
map units (1.0 Py 
map unit = 53 base 
pairs). The boundary 
regions represent the 
uncertainty limits of 
the positions of the 
cell DNA-virus DNA 

junctions. Fragments generated upon cleavage of each of these structures 
with the no cut enzyme BglII are drawn above the corresponding maps and 
their sizes are indicated. This figure was reproduced from a paper 
published in the Journal of Virology (11) by permission. 

vector AgtWES (13). We prepared in this phage vector a library of LPT 

chromosomal DNA fragments obtained by partial digestion of the LPT DNA 

w~th the enzyme EcoRI. The library was screened by the technique of 

Benton and Davis (14) for recombinant phage clones containing Py DNA. 

Three such clones were identified and isolated out of about 1.5 x 10 6 

recombinant phages that have been screened. One of these phage isolates 

contained two whole Py DNA monomers arranged in a head to tail 

configuration. The presence of this structure in the recombinant phage 

confirmed the integration scheme illustrated in Fig. 4. The second of 

these recombinant phages contained Py DNA and flanking cell DNA. A 0.90 

kb segment of cellular DNA was later prepared from this phage and sub

cloned into the plasmid pBR322. This segment was found to map next to 

the Py insertions on their left side, as shown in Fig. 5. The third 

recombinant phage has not been characterized as yet. 

LPT cells are heterozygous with respect to the Py insertions 

We have used the cloned 0.90 kb flanking cell DNA segment as a 

hybridization probe for a Southern blot analysis of LPT and normal rat 

DNA digested with various restriction enzymes. This study revealed that 

LPT cells are heterozygous with respect to the Py insertions. Fig. 6 



78 

" ~ ~ ~ 19 20 U2r , , , , , , , -, -on V , . • 
1 
i i i i i i 'l; If:::=-I 

_ f\l)lyoma DNA 

==- Chromosomal DNA 

V Bol,/ndary reqion 

'" ., !OO " '" .. 
) i i ~ 

;r; ~ : ! ~ ~ 

FIGURE 5. A comprehensive physical map of the Py integration site in 
LPT cells. This map presents the smallest py insertion shown in Fig. 
4A. It also shows the positions of the cloned cell DNA segment, the 
cellular deletion and the cellular termination site for replication. 
These elements are found next to all types of insertions and are 
described in the text. The map is based on data presented in references 
Nos. 11, 15 and 16. Ori designates the origin of replication of the 
viral DNA. 

illustrates the evidence which led to this conclusion. It shows two 

homologous LPT chromosomes of which only one contains a Py insertion but 

both contain the cloned flanking cell DNA segment. The chromosome 

which does not carry viral DNA is identical to the corresponding two 

chromosomes in normal rat cells which are also illustrated in Fig. 6. 

A restriction enzyme which has a cleavage site within the viral DNA,but 

has no cleavage site within the cloned flanking cell DNA segment, would 

therefore generate from LPT chromosomal DNA two fragments which would 

hybridize with the cloned cell DNA segment. One of these fragments 

would be identical to the single fragment generated from the normal rat 

DNA. Fig. 6 also shows a blot of KpnI digests of LPT and normal rat 

DNA hybridized with the cloned cell DNA segment. This blot displays the 

patterns of cleavage shown in the diagram, and described above. 

carried out a similar analysis of LPT and normal rat DNA digests 

rated by treating the DNAs with many other restriction enzymes. 

We 

gene

These 

data were used to construct physical maps of the unoccupied integration 

site in LPT cells and the corresponding site in normal rat cells. The 

maps were found to be exactly identical (IS). 

Identification of a cellular deletion which maps next to the Py 

insertions 

A comparison between the maps of the cellular sequences flanking 
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LPT 
chromosomes 

_ Py DNA 

~ cloned cell DNA segment 

rot 

chromosomeS 

12 

FIGURE 6. 

Schematic illus
trations of 
chromosomes con
taining the Py 
integration site 

The arrows point 
at sites of 
cleavage by a 
restriction enzyme. 
The photograph 
at the bottom 
shows blots of 
KpnI digests of 
LPT chromosomal DNA 
(slot 1) and normal 
rat DNA (slot 2) 
hybridized with 
the 0.90 kb 
cloned cellular 
DNA segment. 
Further explana
tions are presented 
in the text. 

the Py insertions in LPT cells and of the corresponding sequences in 

normal rat cells have indicated that a 3.0 kb segment of cellular DNA 

has been deleted from the LPT chromosome which carries Py DNA (15).The 

deletion was found to map next to the viral insertions, as indicated in 

Fig. 5. The homologous LPT chromosome which does not carry Py DNA does 

not have a deletion. 

Amplification of integrated Py DNA and flanking cell DNA sequences 

and identification of a cellular termination site for replication 

We have used the techniques developed for mapping the Py integration 

site and the information gained in these studies to reexamine the 

observation that the chromosomally associated viral DNA is amplified in 

LPT cells treated with MMC. For this purpose chromosomal DNA was 

selectively extracted from normally growing and MMC-treated LPT cells. 

Samples of these DNAs were cleaved with restriction enzymes and the 

cleavage products were analysed by the Southern technique. Fig. 7 shows 

the results of one experiment in which the DNAs were digested 

successively with the two enzymes HpaII and HindIII. The blot prepared 
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12 
FIGURE 7. Amplification of specific 
fragments containing Py DNA and/or 
flanking cellular sequences in MMC treated 
LPT cells 

Ten ~g of chromosomal DNA from normally 
growing LPT cells (slot 1), and from LPT 
cells treated with MMC and harvested after 
24 hr (slot 2), were digested with the 
two enzymes HpaII and HindIII. The digests 
were analysed by gel electrophoresis and 
Southern blotting. The blots were 
hybridized with the cloned cell DNA 
fragment whose map position is shown in 
Fig. 5, and exposed for autoradiography. 
Details of the experimental procedures are 
presented in reference No. 11 and further 
explanations are included in the text. 

from these digests was hybridized with the 0.90 kb cloned cell DNA 

segment. It can be seen that the same three fragments are generated 

from both samples of DNA, but that their concentration is much higher 

in the DNA from the /.r1C treated cells. The fragment designated as ~ 

extends from the HindIII site which maps at position 45 on the left side 

of the viral insertion shown in Fig. 5 to the HpaII site within the 

cloned segment. This fragment therefore includes both Py and cell DNA 

sequences. Fragment ~ extends from the HpaII site to the HindIII site 

in the cloned segment and fragment ~ extends from this HindIII site to 

the next HpaII site beyond the left side of the cloned segment. Thus, 

fragments band c contain just cell DNA sequences. 

Fragments generated with many other enzymes were similarly shown to 

be amplified in chromosomal DNA isolated from MMC treated cells (16). 

Amplification of the viral sequences in fragments containing both Py and 

cell DNA sequences was also directly demonstrated by hybridization with 

Py DNA. These studies have shown that MMC treatment of LPT cells causes 

several rounds of replication of the chromosomally associated Py DNA and 

that the replication proceeds beyond the left viral DNA-cell DNA junction 

into the flanking cell DNA sequences. 

One question raised by these findings was whether the replication 

ends at a specific site within the flanking cell DNA, or whether, instead, 
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it ends at many different sites. To examine this question we have 

analysed the amplification of fragments ending at more distant positions 

within the cell DNA. Our results have indicated that fragments whose 

ends map more than 3 kb away from the left viral DNA-cell DNA joint are 

not amplified. Therefore, we concluded that the replication ends at a 

site (or sites) located less than 3 kb away from the junction. A more 

refined analysis revealed that the replication ends within a 0.30 kb 

segment designated in Fig. 5 as a termination region. A similar analysis 

of DNA extracted from LPT cells exposed first to bromodeoxyuridine and 

then to ultraviolet light generated the same results, namely that 

replication induced within the Py insertion extends into the cell DNA 

sequences and ends within the segment designated in Fig. 5 as termination 

region. A detailed account of these studies is presented elsewhere (16). 

DISCUSSION 

Integration 

Our studies of the patterns of integration of Py DNA in LPT cells 

have shown that the viral DNA is integrated into the same chromosomal 

site in all the cells. However, the Py insertions were found to have 

variable lengths due to the presence of 1, 2, 3, .. whole viral genomes 

arranged in a direct tandem repeat (Fig. 4). Attempts to isolate LPT 

subclones containing just one type of insertion have failed. Of 30 

subclones that we have isolated and analysed, most contained multiple 

insertions of the type described above and in a few subclones we 

observed additional rearrangements of the viral sequences (17). 

One possible interpretation of these data is that each LPT cell 

contains the entire set of insertions described above, and that a few 

cells contain additional types of insertions which are not visible in 

the blots prepared from digests of DNA of the original LPT clone. This 

interpretation implies that the entire chromosomal segment including the 

Py insertions and the flanking cellular sequences, extending from the 

BamHI site on the left side of the map shown in Fig. 5 to the XhoI site 

on the right side of the map, i.e. a Py insertion plus 19 kb of cellular 

DNA, has been duplicated at least 5 times. However, a quantitative 

analysis has indicated that the flanking cellular DNA is unique in the 

rat genome (Baran, N. and Manor, H., unpublished results). Thus, it 

appears that each LPT cell contains just one insertion, but the lengths 
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of the insertions vary among the cells. Presumably, the single cells 

from which the subclones arose contained one type of insertion, but 

during the 10-lS cell generations needed to grow enough cells for DNA 

preparation the other insertions were generated in each of the subclones 

by deletion or duplication of whole Py genomes. This interpretation 

is supported by a recent report that duplication and deletion events 

involving homologous segments of chromosomally associated viral DNA are 

very frequent in Py transformed rat cells (18,19). Both the loss and 

amplification of Py sequences depend on the presence of an active big 

T (tumor) antigen, which is a Py encoded protein needed for initiation 

of replication of the viral DNA (ibid.). 

Attempts to deduce the mechanism of integration of Py and SV40 into 

the cell DNA from data on the organization of the viral insertions in 

transformed cells are subject to the criticism that the insertions do 

not necessarily represent the structures created by the initial 

integration event; for, as described above, integrated viral DNA 

sequences may undergo rearrangements. Nevertheless, there are some 

common features in Py and SV40 insertions which appear to exclude certain 

mechanisms and to favor a recently proposed model which is discussed 

below. One common feature is the prevalence of partial and complete 

duplications in the viral insertions which are often arranged in a 

direct tandem repeat, like the Py insertions in LPT cells. This feature 

has led to the suggestion that the immediate precursor to papovavirus 

integration is a molecule containing tandemly joined viral monomers (20). 

One molecular species which could serve in this role is a rolling circle 

intermediate in viral DNA replication. Rolling circle intermediates 

were observed in both SV40- and Py-infected cells (21,22), even though 

the major pathway for replication of these viruses is the Cairns e 

mechanism (22,23,24). Another possible candidate for the role of 

integration precursor is an oligomer generated by recombination of 

viral monomers. Both linear and circular oligomers have been observed 

in SV40-infected cells (7). 

None of the various papovavirus insertions analysed so far has a 

structure which could .have·been generated by a single crossover between 

a circular viral precursor, either monomeric or oligomeric, and the 

cell DNA. On the other hand, many of the insertions, including those 

observed in LPT cells, could arise by double crossover between the cell 
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FIGURE 8. A model for papovavirus integration. The short vertical 
lines indicate boundaries between tandemly joined viral monomers. The 
viral DNA precursor, of which only a portion is shown in this figure, 
could be either one of two species described in the text. The length 
of the deletion in LPT cells is 3.0 kb and the length of the smallest 
Py insertion is 5.9 kb. Therefore the deletion shown here is smaller 
than the insertion. Other transformed lines should be examined to find 
out whether the presence of a deletion is a general characteristic of 
papovavirus transformed cells and to examine the relationship between 
sizes of deletions and insertions. The essential features of this 
model have been proposed by Botchan (see ref. 20) and by Chia and 
Rigby (7). 

DNA and one of the two viral precursors mentioned above. Such a 

mechanism would necessarily generate a deletion of cellular DNA at the 

integration site, as shown in Fig. 8. Our discovery of the cellular 

deletion in LPT cells is therefore in line with this model. Cellular 

deletions have also been recently discovered at the SV40 sites of 

integration in three SV40-transformed rat cell lines (25,26). 

Many studies have indicated that there are no specific sites for 

integration of papovavirus DNA on either the viral or the cellular 

genomes (20). Recently, it was demonstrated that in one SV40-trans-

formed rat cell line, the SV40 and the rat genomes share a 5 base pair 

DNA sequence homology at the point of integration of the two genomes 

(25). Thus,the first interaction between the viral and the cell DNA, 

which leads to integration, may involve the matching of short stretches 

of homologous sequences. 

Presumably, a double crossover event of the type shown in Fig. 8 
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happened only once in the history of the LPT line; for only one cellular 

integration site exists in LPT cells and only one of the two sites on 

homologous chromosomes harbors Py DNA. This initial insertion could 

have been one of the structures shown in Fig. 4. The whole series of 

insertions may have been generated from the initial insertion by unequal 

crossover between chromatids, as depicted in Fig. 9, or by excision and 

reintegration of whole Py genomes. 

..... "" "' ...... ,;:-•• -: Xrr---JIIW' -

Induction 

~,~~--~--~~ 

''''"' .......... ---_.NV' 

FIGURE 9. Unequal 
crossover between 
homologous Py segments 
on two chromatids 

This process generates 
a deletion of a whole 
viral genome in one 
chromosome and an 
addition of a whole 
viral genome in the 
other chromosome. 

Polyoma virus synthesis can be induced in LPT cells by various 

physical and chemical agents which cause damage to DNA and possess 

carcinogenic and mutagenic activity. These agents include ultraviolet 

light and X-irradiation (1,2), nitrogen mustard, N-nitrosomethy1urea, 

mitomycin C, bromodeoxyuridine (BUdr), iododeoxyuridine and f1uoro

deoxyuridine (2,3). Pretreatment of LPT cells with BUdr followed by 

u1travio1et- or X-irradiation was more effective than either of these 

agents used alone (3). This result supports the notion that the activity 

of these agents as virus inducers is related to their ability to cause 

damage to DNA. Carcinogenic polycyclic hydrocarbons such as benzo(a)

pyrene, 20-methylcho1anthrene and 7,12-dimethy1benz(a)anthracene were 

active as inducing agents only after being metabolized to reactive 

intermediates (4). This result suggested that virus induction depends 

on metabolic conversions of these hydrocarbons into the same reactive 

compounds that are responsible for malignant transformation and 

mutagenesis. Non-carcinogenic polycyclic hydrocarbons such as pyrene, 

chrysene and benz(a)anthracene were not active as virus inducers in 

LPT cells (4). 

In addition to agents which cause damage to DNA, fusion of LPT cells 

with mouse cells which are permissive for Py infection, and exposure to 
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compounds which inhibit various steps in protein synthesis were also 

found to increase the rate of Py induction in LPT cells above the 

spontaneous level (1,5). The protein synthesis inhibitors may cause 

virus induction indirectly by inhibiting cell DNA replication. The rate 

of induction observed after treating LPT cells with different agents was 

found to vary over a wide range. Inhibitors of protein synthesis are 

the least efficient and cause just an 8-fold increase in the fraction 

of virus-synthesizing cells above the spontaneous level. The most 

efficient inducing agent for LPT cells is mitomycin C which causes up to 

a 1000-fold increase in the fraction of virus-synthesizing cells. A 

correlation was found between the rates of induction of viral DNA 

replication and of virus coat protein synthesis, determined by nucleic 

acid hybridization and immunofluorescence assays, respectively (Manor,H. 

and Fogel, M., unpublished results). 

In the Results we described a detailed study of the kinetics of Py 

DNA replication in LPT cultures treated with MMC. We observed that 

there is a minimal lag period of 9 hours before the onset of virus DNA 

replication in these cultures. For individual cells the lag varies 

between 9 and 20 hours (Table 1). Exposure of MMC treated cells to 

cycloheximide during the lag phase inhibits viral DNA replication. The 

inhibition is reversible - removal of the cycloheximide from the growth 

medium allows resumption of viral DNA replication after an additional 

time period (5). It appears, therefore, that a protein (or proteins) 

synthesized during the lag is required for viral DNA replication. It is 

presently not known whether this protein is encoded in the viral genome, 

or by a cellular gene. 

The only Py-encoded protein which is known to be required for 

replication of the viral DNA is the big T antigen. This protein might be 

synthesized in uninduced LPT cells, because it has been demonstrated that 

uninduced cells contain big T mRNA as well as the other "early" mRNAs (27; 

Neer and Manor, unpublished results), and show intense nuclear staining 

in immunofluorescence assays of the Py T antigens (1). However, no 

biochemical assays of the T antigens have been carried out in LPT cells 

as yet, and thus the presence of big T in uninduced cells has not been 

directly demonstrated. Even the presence of biochemically identifiable 

big T antigen would not necessarily imply that it is functional in 

uninduced cells. It is to be noted in this connection that newly 
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synthesized SV40 big T antigen molecules bind to the SV40 origin of 

replication more efficiently than "older" molecules and therefore only 

newly synthesized big T may be active in viral DNA replication (28). In 

the case of the LPT line functional Py big T antigen may be synthesized 

only after transition of an LPT cell from th~ uninduced to the induced 

state. It is interesting in this regard that during the lag period 

which follows MMC treatment of LPT cells no qualitative or quantitative 

changes occur in the population of "early" mRNAs, including the big T 

mRNA. Only after the onset of Py DNA replication,synthesis of the 

"early" mRNAs is enhanced in these cells and synthesis of "late" mRNAs 

is initiated (27). Apparently, the onset of Py DNA replication is 

not dependent on synthesis of new big T mRNA molecules after MMC 

treatment. 

In regard to the possibility that synthesis of a cellular protein 

during the lag phase is required for the onset of Py DNA replication, it 

is to be recalled that most of the agents which induce Py DNA replication 

in LPT cells also induce bacteriophage A synthesis and SOS functions in 

E. coli cells (29). In E. coli one of the primary effects of these 

agents is induction of synthesis of proteases which inactivate repressors, 

such as the A repressor, by proteolytic cleavage (29,30). It would be 

interesting to find out whether the same agents induce synthesis of 

proteases in LPT cells, and whether such proteases may be involved in 

Py induction. 

Our studies of Py induction in LPT cells treated with MMC have 

indicated that at the end of the lag period the chromosomally associated 

viral DNA replicates and is amplified at least 20-fold. In addition, 

extrachromosomal viral DNA molecules are generated and replicated. 

About 20,000 viral DNA molecules are synthesized in each cell. Botchan 

et al (31), who analysed SV40 DNA replication in SV40-transformed rat 

cells fused with monkey cells, found that chromosomallY associated viral 

DNA sequences are amplified before the appearance of extrachromosomal 

viral DNA molecules. These authors suggested that in these heterokaryons 

DNA synthesis is first initiated at the origin of the integrated SV40 

DNA, and proceeds bidirectionally into the flanking cell sequences. 

Repeated activation of the origin thus generates a so-called "onion-skin" 

structure (Fig. 10). Botchan et al also proposed that the high local 

concentration of duplicated SV40 DNA in this structure, and the exposure 
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FIGURE 10 "Onion 
skin" model of 
replication 

This model assumes 
that bidirectional 
replication is 
initiated from the 
origin (Or) of the 
integrated viral DNA 
and extends beyond 
the viral DNA-cell 
DNA junctions into 
the flanking cellular 
DNA sequences. In 
this diagram the 
leading leftward 
moving fork has 
reached a termination 
site(T). 

of single-stranded regions at the replication forks, promote excision of 

circular viral DNA molecules by homologous recombination events. It is 

to be noted that replication of chromosomally associated SV40 DNA can 

also be induced by carcinogens and mutagens in SV40-transformed Chinese 

hamster cells (32). 

Our data on amplification of specific restriction enzyme fragments 

containing viral and cellular sequences, or flanking cellular sequences 

alone (Fig. 7), support the "onion skin" model of replication. Kinetic 

analysis has indicated that in LPT cells replication of the integrated 

viral DNA may also precede the synthesis of extrachromosomal viral DNA. 

The fact that no excision of free Py DNA molecules was detected in LPT 

cells before the onset of viral DNA replication is consistent with the 

suggestion that replication of the integrated viral DNA promotes excision. 

The maps shown in Fig. 4 indicate that all the Py insertions found in LPT 

cells can readily give rise to non-defective circular Py DNA molecules by 

a Single homologous recombination event; for even the shortest insertion 

contains a partially duplicated copy of the Py genome. The presence of 

more than one origin of replication in the longer insertions can give 

rise to several "onion skin" structures ·within one insertion, and 

consequently to more frequent recombination events. It is to be noted 

that excision of viral DNA monomers from "onion skin" structures by 

homologous recombination is not expected to remove all the viral DNA from 

the chromosomal integration site. 
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The data discussed above indicate that, unlike bacteriophage A 

induction in E. coli, in which the primary effect of the various inducing 

agents on the phage metabolism is to allow transcription from the 

integrated phage genome by inactivation of the A repressor (30), the 

primary effect of the same agents on Py metabolism in LPT cells might be 

to cause initiation of replication of the chromosomally associated Py DNA. 

The inducing agents, or effectors generated by these agents, might cause 

initiation of replication by interacting directly with the integrated Py 

DNA, or with proteins that are permanently associated with the Py DNA,e.g. 

histones, or with proteins which are required for initiation of Py DNA 

replication but are not permanently associated with the viral DNA. We 

hope to obtain some information on these interactions by analysing non

inducible subclones of the LPT line. About 10% of subclones isolated from 

LPT cells were found to be non-inducible either spontaneously or 

artificially. This is a rather high frequency and therefore, these sub

clones are probably not generated by point mutations; instead, the non

inducible subclones may arise from rearrangements of Py DNA sequences at 

the integration site, which occur at rather high rates, as discussed 

above. 
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FIGURE 11 Physical map of a non-inducible subclone of the LPT line. 
For explanations see the text and the legends to figures 4 and 5. 

21 33 kb 
, '/----L-

/1=== 

~ 

We have mapped the Py insertion and flanking cellular sequences in 

one non-inducible LPT subclone (Fig. 11). This subclone contains a single 

Py insertion resembling in its structure the insertion shown in Fig. 4b, 

except that it includes an additional segment of Py DNA on its left side. 
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The flanking cellular sequenceshave.not been altered. Neither 

replication of the integrated Py DNA, nor synthesis of free viral 

monomers can be induced in cells of this subclone. This observation 

implies that the presence of homologous DNA segments in the viral 

insertion is not by itself sufficient for production of free viral 

monomers. It is also interesting that this subclone contains only one 

type of insertion. Apparently, the generation of multiple insertions 

of the type shown in Fig. 4 is also dependent on replication of the 

chromosomally associated Py DNA. An attractive hypothesis is that the 

additional Py DNA sequences in this subclone have led to a change in the 

chromatin structure of the Py insertion and that this change blocks 

induction of replication of the insertion. This hypothesis can be 

indirectly examined by superinfecting cells of this and other non

inducible subclones with polyoma virus and by studying the replication 

of the superinfecting virus after treating the cells with various inducing 

agents. A more direct examination of the hypothesis would be an analysis 

of the chromatin structure of the segment including the Py origin of 

replication in uninduced and induced LPT cells and in cells of non

inducible LPT subclones. 

Termination site for chromatin replication 

We have used the LPT system to examine the question whether there 

are preferred termination sites for replication in mammalian chromatin. 

It is generally agreed that replication of mammalian chromatin occurs at 

many regions along the genome defined as replicons. Individual replicons 

are organized in clusters both spatially and with regard to timing of 

replication during the S-phase (33). Bidirectional replication appears 

to be initiated simultaneously at origins of adjacent replicons. The 

replication forks proceed until they meet. Eventually, the newly 

replicated DNA merges. It has been reported by several authors that 

the completion and merging of replicons represents a rate-limiting step 

in chromatin replication (34,35,36). Recent studies of SV40 mini

chromosome replication have suggested that the two SV40 replication forks 

which proceed from a common origin towards a common termination region 

stop at preferred DNA sequences located at this region (33,37). The 

retardation of replicon merging can be accounted for by the presence of 

similar sequences in mammalian chromatin at the junctions between 

adjacent replicons. The presence of DNA sequences that retard progress 



of replication forks has been demonstrated in the E. coli chromosome 

(38,39). A terminator sequence identified in the E. coli plasmid R6K has 

been cloned into other plasmids and shown to arrest the progression of 

replication forks in these plasmids in vivo and in vitro (40,41). 

The. chromosomal segment including the Py insertions and flanking 

cellular sequences in LPT cells can be regarded as an artificially 

constructed replicon whose replication can be induced independently of 

other replicons. We have demonstrated that replication initiated within 

the Py insertions proceeds beyond the left cell DNA-viral DNA junction 

into the cellular sequences. Presumably, the replication fork proceeding 

to the left does not, in this case, meet another fork proceeding to the 

right, because the cellular replicons adjacent to the Py insertion are 

not activated. Nevertheless, the replication ends within a 0.30 kb 

segment whose position is shown in Fig. 5. This site in the chromatin 

could be a termination site for the cellular replicon into which the Py 

DNA happened to be inserted. We are now attempting to clone this 

chromosomal segment in a bacteriophage A vector and hope to be able to 

determine its sequence soon. We also plan to carry out similar studies 

of replication forks which move into the cellular DNA sequences flanking 

the viral insertions on the right. 
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REPLICATION OF ESCHERICHIA COLI CHROMOSOME 

TUNEKO OKAZAKI 

:;mll·IARY 

Elongation of chromosomal DNA of Escherichia coli proceeds by a 

discontinuous mechanism whereby short DNA chains (nascent fragments) are 

synthesized and subsequently joined into long DNA. Studies on the metabolic 

and structural properties of the nascent fragments have elucidated the major 

steps of the discontinuous chain elongation: Synthesis of the nascent 

fragments is primed by oligoribonucleotides which are excised later with RNase 

H and by the nick-translation activity of DNA polymerase I. Resulting 

primer-free nascent fragments are joined into long DNA chains with DNA ligase. 

The biochemical basis for the discontinuous replication is provided by an 

elaborate replication system reconstituted in vitro for ¢X174 phage DNA. 

A round of chromosome replication is controlled at the genomic origin 

where bidirectional replication forks are established. Thanks to the isolation 

of the genomic DNA segment responsible for an origin function (oriC) in the 

form of small plasmids, considerable progress has been made in dissectin5 the 

reactions at the origin in molecular level. RNA primed initiation sites of DNA 

synthesis have been shown to exist on only one of the component strands of 

oriC, which suggests that DNA synthesis starts unidirectionally at the oriC and 

then is converted to the bidirectional chain elongation. 

INTRODUCTION 

Chromosomal DNA of E. coli is a duplex circular molecule composed of 4 x 

106 nucleotide pairs. Its replication initiates at a unique origin (ori~; 83.5 

min on!. coli genetic map), proceeds bidirectionally with formation of a 

6-type replication intermediate and terminates in a region diametrically 

opposed to the site oriC on the genetic map (1-5). The replication cycle of 

the chromosome is regulated by the initiation at the origin of the genome where 

two replication forks are established. Two daughter strands with antiparallel 

polynucleotide polarities are synthesized simultaneously and sequentially at 
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each replication fork. Discontinuous synthesis is the basic feature of the 

chain elongation mechanism for ~. coli genome, as it is true also for many 

other organisms (6, 7). We proposed the discontinuous model of DNA synthesis 

based on the discovery of nascent DNA fragments in~. coli and other 

prokaryotic organisms (8-10). In recent years, we have been studying the 

metabolic and structural properties of nascent fragments of various organisms 

with special emphasis on the elucidation of the priming mechanism for the 

fragments (11-13). In the early part of this chapter, I will describe our work 

related to discontinuous replication in~. coli cells. Much success has been 

attained in reconstituting the process of discontinuous replication in vitro 

with purified protein (14-16): Many gene products categorized to function in a 

chain elongation step in vivo are now proved to be the essential components of 

the replication machinery which carries out discontinuous synthesis of DNA in 

vitro. 

Complex biochemical events that occur at the replication origin of the E. 

coli are mostly unclear but major advance has been made last few years thanks 

to the recombinant DNA technology. The genomic region required for the start 

of replication has been isolated as an autonomously replicating plasmid (oriC 

plasmid) and the precise map position and nucleotide sequence of the origin 

area have been determined (17-20). The minimal essential region for 

ori-function has been further delimited to the 245 nucleotide region (oriC) and 

the effects of deletion or substitution of nucleotides within oriC have been 

analyzed in vivo (21-23). Recently, Fuller et al. have established a soluble 

enzyme system of ~. coli which recognizes and replicates oriC plasmids or phage 

chimeras (24). Thus, the initiation events now can be dissected by biochemical 

procedures. Specifically what we are studying is the basic feature of the 

initiating DNA chain at the origin in vivo: Is the first DNA chain primed by 

RNA? If so, what is the feature of the priming site and the primer RNA? From 

where do the leading and the lagging strands for the clockwise and 

counterclockwise replication forks start? In the later part of the chapter, I 

will describe analyses related to the subject (12, 13, 25). 

DISCONTINUOUS CHAIN ELONGATION OF ~. COLI CHROMOSOME 

Dual origin of nascent DNA fragments 

Two daughter strands at each replication fork of E. coli genome are 

synthesized simultaneously as replication fork advances. Thus, overall 

polarities of chain elongation are 5' to 3' in one strand and 3' to 5' in the 
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other, while DNA polymerases synthesize DNA exclusively in 5' to 3' direction. 

To reconcile the paradox on the polarities of chain growth, the discontinuous 

model of DNA replication was put forward (9, 10). It proposed that either one 

or both strands of DNA at a replication fork be synthesized as short chains, 

which would be detectable as nascent fragments when the replicating portion of 

the chromosome is pulse-labeled with 3H-thymidine. By the model, the daughter 

strand whose overall growth direction is 3' to 5' (the lagging strand) can be 

made by the repeated syntheses of short chains in the retrograde direction (5' 

to 3' direction) and successive joining of these short chains. Consistent with 

their postulated role as intermediates in DNA synthesis, the nascent fragments 

in the wild type strain of E. coli are incorporated into long DNA chains 

shortly after their synthesis (Fig. 1). Nascent fragments are known to be 

accumulated or overproduced on three occasions; under non-permissive conditions 

in the mutant cells defective in the DNA ligase (lla), and in DNA polymerase I 

(poIA) or dUTPase (dut) activities (Fig. 1) (6). The majority of the nascent 

fragments which are accumulated in the lla or polA mutant cells indeed 

represent the intermediates of discontinuous DNA replication as will be 

described in the following sections, whereas the nascent fragments which are 

found in dut strain of E. coli are produced by a post-replication cleavage of 

uracil-eontaining nascent DNA and may bemuch shorter than the nascent fragments 

seen in wild, polA or lla strains of !. coli (compare Fig. A and B). Thus, at 

least two origins of nascent fragments are now evident, one produced by the 

discontinuous synthesis (so called Okazaki fragments) and the other by the 

repair process (pseudo-Okazaki fragments). 

Function of a primer RNA and the major steps of discontinuous replication. 

The discontinuous mechanism requires repeated chain initiation but DNA 

polymerase cannot start a new chain and requires primers (15). To solve the 

problem of the initiation, an RNA primer model was built up which supposed a 

function of primer RNA ·made de novo for the synthesis of nascent fragments 

(26-28). According to the model, the process of chain elongation can be 

subdivided into the following steps, some of which may proceed simultaneously 

(Fig. 2): (i) unwinding of the parental strands; (ii) synthesis of an RNA 

primer utilizing a single-stranded template strand; (iii) extension of a DNA 

chain in the 5' to 3' direction from the primer terminus; (iv) removal of the 

primer; (v) filling in of the gaps between the DNA pieces; (vi) joining of the 

DNA pieces. 
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(A) (B) 

Wild PolA12 PolAexl Lig Is7 
329 wild dvt 

80 

J() 

5~dim~nl~tion (5) 

Sedimentation (S) 

Fig. 1. Alkaline sucrose gradient sedimentation of pulse-labeled DNA from 
various strains of E. coli. 

(A) ~. coli W3110 (wild type), MM383 (poIA12), RS5064 (poIAex1) and KS268 
(ligts7) were grown up to 6 x 108 cells/ml at 30°C and pulse-labeled with 
3H-thymidine for indicated time at 43°C, beginning at 2 min after the 
temperature shift. The pulse was terminated by the addition of ethanol-phenol 
mixture, DNA was extracted in the denatured state and sedimented through 5-20% 
sucrose gradients containing 0.1 M NaOH, 0.9 M NaCI and 1 mM EDTA. The 
vertical broken lines indicate the boundary of the 82% sucrose cushion. 

(B) E. coli KS474 (wild type) and RS5087 (dut) were grown up at 30°C and 
pulse lab;led with 3H-thymidine for indicated time at 30°C. The labeled DNA 
was analyzed as A. 

--------5' 
-,,"-~~3' 

primer synthesiS 

Fig. 2. Scheme for discontinuous replication:closed circles in the parental 
strand represent the potential initiation sites for primer synthesis. 
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Early findings indicated that poIC(dnaE)-coded DNA polymerase III rather 

than DNA polymerase I functions in step iii, since nascent fragments were not 

made under its inhibition (29). It is now established by extensive analyses in 

vitro that the holoenzyme form of DNA polymerase III, which contains polC(n 

subunit), dnaZ(Y subunit), dnaX0 subunit), dnaN(a subunit) proteins and at 

least three more protein factors (E, e and T subunits), carries out the step 

(15, 30). 

The function of DNA polymerase I in the steps iv and v was suspected by 

the earlier result that nascent fragments accumulated in the polAl strain of E. 

coli (an amber mutant defective in polymerase activity of DNA polymerase I) 

(31, 32). This possibility was also supported by the following properties of 

DNA polymerase I: that the 5' to 3' exonuclease activity of DNA polymerase I 

exhibits RNase R activity and the concerted action of the exonuclease and the 

polymerase activities (the nick-translation activity) makes possible the 

simultaneous removal of the putative primer RNA and the filling in of the 

resulting gaps by DNA (15). We have examined the above possibility using 

temperature-sensitive strains of ~. coli in. the nick-translation activity 

(poIA12), in the 5' to 3' exonuclease activity (polAexl or 480) and in both the 

polymerase and exonuclease activities of DNA polymerase I (poIA4113) (the 

latter two mutants are also temperature sensitive in cell growth). If DNA 

polymerase I functions in step iv, the accumulated nascent fragments shown in 

Fig. lA should be enriched with RNA-linked nascent fragments to which primer 

RNA are covalently linked at 5' ends. To detect the RNA-linked nascent DNA 

fragments, we have developed an assay which measures the proportion of 

pulse-labeled nascent DNA hydrolyzable by spleen exonuclease after an alkaline 

hydrolysis (the spleen exonuclease assay of RNA-linked nascent DNA) (6, 11, 

33). The assay is based on the facts that RNA-linked DNA exposes a 5' hydroxyl 

(5'-OR) DNA end after an alkali digestion of RNA moiety and spleen exonuclease 

only degrades 5'-OR terminated polynucleotides. As shown in Fig. 3, in polAexl 

or polA12 cells at 43°C, 5.2 or 4 times as many RNA-linked nascent DNA 

fragments as in wild type cells are found, respectively. In the absence of DNA 

ligase activity (ligts7 at 43°C), the amount of the RNA-linked DNA pieces is 

similar to that in the wild type cells though RNA-free DNA fragments are 

accumulated. This result is expected if DNA ligase functions at step vi. The 

proportion of RNA-linked nascent fragments in dut strain of ~. coli (Fig. 1B) 

was only a small percentage as was expected by the production of many excision 

repair nascent fragments in this strain (6, 11, 34). Essentially the same 
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Wild -==:J 

Po/Aexl 

Po/AI2 

Fig. 3. Relative amount of 
RNA-linked and RNA-free nascent 
fragments in various strains of 
E. coli. 

Alkaline treatment of a 
nascent DNA chain containing an 

Ligts7 • RNA primer exposes a 5 I -hydroxyl 
(5 ' -OR) end at the RNA-DNA 
junction of DNA chain. 

Spleen exonuclease degrades 5 ' -OR terminated DNA but not 5 ' -phosphoryl (5 ' _P) 
terminated DNA. Utilizing these two properties, proportion of RNA-linked 
nascent DNA has been determined by spleen exonuclease (33). E. coli W3110 
(wild type), RS5064 (polAexl), MM383 (polA12), KS268 (ligts7)-were grown up at 
30°C and pulse labeled with 3R-thymidine 40s at 43°C. Nascent fragments were 
purified, 5' ends were phosphorylated with polynucleotide kinase and ATP, then 
hydrolyzed in alkali and susceptibility of radioactivity to spleen exonuclease 
is determined directly and after alkaline phosphatase treatment or after 
phosphorylation. The relative amount of the RNA-linked (II) and RNA-free 
(CJ) nascent DNA was calculated from the ratio of 5 ' -OR and 5 ' _P DNA assuming 
uniform labeling of the nascent pieces. 

Table 1. Number of RNA-linked DNA pieces in various E. coli strains 

Strain 

W3110 (wild type) 
C-N27 (polA4113) 
RS5064 (polAexl) 
MM383 (polA12) 
KS268 (ligts 7) 

5 ' -OR ends in alkali-treated pieces 
(molecules/cell) 

30°C 43°C 

11 
12 
31 
15 
13 

10 
93 
44 
25 
14 

Alkali-treated nascent pieces were prepared from cultures of E. coli 
pulse-labeled at 30°C or 43°C. They were phosphorylated with [y_37P1ATP and T4 
polynucreotide kinase at O°C, the condition to minimize the exchange of 
phosphate between ATP and the 5 ' _P terminated DNA (the selective-labeling 
condition) (35). The amount of 5 ' -OR DNA per cell was calculated from the 
amount of 32p transferred per 3R count and the 3R radioactivity incorporated 
into the nascent pieces per cell. 
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result was obtained by specific determination with polynucleotide kinase of the 

number of the 5'-OH ends of DNA which were produced after alkaline treatment of 

short DNA fragments (RNA-DNA junction) (6, 11, 35). As shown in Table I, 

RNA-linked DNA fragments accumulate in the polA ts strains at a restrictive 

temperature (7). That the most prominent accumulation of RNA-linked DNA pieces 

is seen in polA4113 cells at the restrictive condition supports the view that 

primer RNA is removed by the nick-translation mechanism. 

In vivo and in vitro studies showed a major role of dnaG (primase) and 

dnaB proteins in the step ii (14, 15, 36). Kornberg's group has established a 

priming system in vitro for ~X174 viral ssDNA to RF and to successive stages 

(14-16). In the system, primosome, composed of seven proteins (n, n', nil, i, 

dnaC, dnaB, dnaG) and assembled at the unique protein n' recognition sites on 

~X174 viral strand, moves processively around the viral chromosome coated with 

single-stranded DNA binding protein (SSB) to generate multiple primers (14). 

The group has proposed the function of a conserved primosome in the progress of 

the replication fork of the ~. coli chromosome and in initiating the synthesis 

of nascent fragments. The ~X174 primosome travels processively in an 

anti-elongation direction (5' ~ 3' direction on a template strand), thus 

synthesizing multiple primers only for a lagging daughter strand (one strand 

discontinuous replication in vitro). Single_stranded template DNA is required 

for the priming reaction in vitro, showing the requirement of the unwinding 

step (step i) before the primer formation. The exact mechanism by which the 

duplex parental strands at replication fork are opened in advance of 

replication has yet to be clarified. Unwinding and fork progression may be 

carried out by the combined actions of enzymes such as topoisomerases, 

helicases (rep proteins, helicases), primosome and SSB (14-16, 37). Many of 

these enzymes may be components of a replication fork at the replication origin 

of chromosome. 

Structure of the primer RNA 

We have analyzed the structure of primer RNA attached to the DNA fragments 

purified from wild type or polA strains of ~. coli by the following 

post-labeling procedures (6, 7). 5' ends of extensively purified nascent 

fragments are dephosphorylated and then phosphorylated with [y_32plATP and T4 

polynucleotide kinase. Primer RNAs are liberated (leaving one residue of 

deoxyribonucleotide covalently linked at their 3' ends) from the end-labeled 

RNA-DNA fragments by extensive digestion with pancreatic DNase and the 3' to 5' 



100 

exonuclease associated with T4 DNA polymerase (38). Primer RNA molecules thus 

isolated from polA mutant strains as well as from a wild type strain are 

surprisingly short; 80 to 90% were found to be mono- and dinucleotides, less 

than 10% were trinucleotide and only a small percentage are longer than 

trinucleotide (7). Four kinds of bases are found at the 5' ends of all 

chain-length primers. These results contrast with the results obtained with 

bacteriophage T4 or T7, in which mono- to pentaribonucleotide primers were 

linked to the 5' ends of DNA fragments and 5' terminal nucleotides of each 

chain length primer RNA showed characteristic base compositions indicative of 

the structure of the intact primer RNA, pppApCpN1pN2(pN3) (38, 39, 40). (In 

the case of T7-primer RNA, N1 is mainly C and some A, N2 is rich in A and C and 

a switch to DNA synthesis occurs mainly at N3 (thus the intact primer is mainly 

tetraribonucleotide), whereas in the case of T4-primer RNA, N1 to N3 are 

occupied by unspecified ribonucleotides and the intact primer is mainly 

pentaribonucleotide). The question is, do the very short RNA stretches linked 

to the E. coli DNA fragments represent partially degraded primers or do they 

contain a significant portion of intact-size primers? As mentioned previously, 

DNA polymerase I is implicated for the removal of primer RNA. Why then is the 

chain length of primer RNA in polA mutant cells the same as that found in a 

wild type strain? One explanation for this might be that DNA polymerase I 

degrades only the short primer RNA in the size range of mono- to 

trinucleotides, and the longer primers are removed by other enzyme(s) such as 

RNase H. It is known that RNase H hardly liberates the ribonucleotide at the 

RNA-DNA junction (41). We have recently isolated an E. coli mutant which has 

undetectable RNase H activity in vitro (less than 0.01% activity of the wild 

type strain) either at 30°C or at 43°C (T. Ogawa and T. Okazaki, in 

preparation). The mutant cell grows normally at 30°C but forms a very small 

colony at 43°C. DNA synthesis in the mutant cell proceeds at 43°C for at least 

a few hours and no accumulation of nascent fragments is seen. These results 

suggest either that RNase H plays auxiliary role in the removal of primer RNA 

in discontinuous replication or that the in vivo level of RNase H activity in 

the mutant cell is high enough to accomplish the excision of the primer RNA. 

We have examined whether a longer primer RNA exists in the RNase H-deficient E. 

coli cells using post-labeling procedures. In addition to the mono- to 

trinucleotide primers, a small amount of primer RNA of chain length around 

decanucleotides has been detected in the rnh mutant as well as in an rnh polA 

double mutant, at 43°C, whereas only the short chain-length primers have been 
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+ detected in a polA rnh or wild type strains of ~. coli (T. Ogawa and T. 

Okazaki, unpublished observation). The results show that RNase H is indeed 

responsible for the degradation of the long primer RNA. It seems likely that 

the chain length of E. coli primer RNA is heterogeneous, ranging from a few 

nucleotide residues to up to around a decanucleotide. The longer primers might 

be made so rarely that they could be excised with or without a very low level 

of RNase H activity. Similar to ~. coli primer RNA made in vivo, size of the 

primer RNA made by the ~X174 SS to RF conversion system in vitro is mono- to up 

to around a decanucleotide and size distribution is variable (T. Ogawa, T. 

Okazaki and K. Arai, in preparation). Unique chain length is a common feature 

of primer RNA in mammalian c~lls and viruses thus far reported (42). We have 

found that intact primers for 'Drosophila and sea urchin discontinuous 

replication are octaribonucleotides (13). E. coli primer RNA may represent an 

exception by its heterogeneous chain length. It would be interesting to know 

whether bacterial primers all share this property. The priming sites of ~X174 

phage DNA replication in vivo and in vitro are distributed quite frequently on 

the ~X174 genome and no obvious recognition sequence is found around these 

sites (T. Ogawa, T. Okazaki and K. Arai, in preparation). The frequent priming 

sites and flexibility in priming reaction are general feature in discontinuous 

* replication (43). In the case of bacteriophage T7, however, 3' -C-T -G- 5' is 

the recognition sequence for the primer synthesis on a template strand (primer 

* synthesis starts at opposite T ) (43; Richardson, this volume). In contrast to 

the case of bacteriophage T7, it has been proposed that E. coli primase, dnaG 

protein, recognizes the secondary structure of DNA created by dnaB protein 

rather than a specific sequence (44). 

Is DNA replication discontinuous on both strands or on one strand? 

Discovery of repair fragments in dut mutant strain of ~. coli (45) raised 

a question of what portion of the nascent fragments are replicative 
+ intermediates in dut strains of !. coli (Fig. 1B). In the dut strain, nascent 

fragments due to uracil excision-repair are produced by the following 

mechanism: Because of the increased cellular level of dUTP relative to that of 

dTTP by the defect in dUTPase activity, dUMP is frequently incorporated into 

the DNA in place of dTMP. Uracil- DNA glycosylase removes the uracil bases 

from the DNA and the resulting apyrimidinic sites are recognized by a specific 

endonuclease, and incision produces DNA fragments having an apyrimidinic site. 

Trimming of the 5' terminus back to an intact nucleotide, gap filling and 
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ligation will complete the excision repair sequence. Since dUTP is a normal 

product of pyrimidine nucleotide metabolism, it is suspected that low levels of 
+ 

dUMP might be incorporated into DNA despite the presence of dUTPase (dut). As 

already mentioned, in mutants defective in either DNA ligase or DNA polymerase 

I, nascent fragments accumulate and little if any label is found in long DNA 

chain (Fig. lA). The result was originally interpreted to suggest that both 

daughter strands are replicated discontinuously. The interpretation of the 

experiments has become clouded by the discovery of excision-repair nascent 

fragments in dut strain, since both enzymes function also for the dut-repair 

process. If DNA synthesis at the replication fork is discontinuous only on one 

strand and uracil repair is the only post-replication repair mechanism that 

contributes to the nascent fragments pool, it is expected that in a mutant 

strain defective in uracil-DNA glycosylase (~) half of the label appears in 

high-molecular-weight DNA and the other half in short chains. In a double 

mutant constructed by introduction of the ~ allele into dut mutant strain, 

the accumulation of pseudo-Okazaki fragments is no longer observed, indicating 

that the dut-repair process is the main cause for the production of nascent 

fragments in the mutant strain (46). An ~ mutation in a wild-type background 

does not reduce the amount or increase the size of the nascent fragments (47). 

In a polA ~ double mutant, however, nascent fragments accumulate as they do 

in polA single mutant strain (48). The results suggest that DNA replication is 

discontinuous on both daughter strands or it is discontinuous only on one 

daughter strand but other postreplication cleavage gives rise to DNA pieces. 

We have analyzed this problem using bacteriophage P2-infected polA ~ 

strains of !. coli (11). Replication of bacteriophage P2 DNA proceeds 

unidirectionally from a fixed origin, therefore overall direction of the 

H-daughter strand is 3' to 5' and that of the L-daughter strand is 5' to 3' 

(49). Chain elongation of P2 DNA is catalyzed by!. coli replication enzymes. 

Therefore, the P2 system is a good model to examine whether one or two daughter 

strands are replicated discontinuously. When P2-infected, wild-type E. coli 

cells were labeled by a very brief [3Hlthymidine pulse, the label was 

incorporated mainly into two classes of DNA chains: short chains of about lOS 

and long chains of one-genome length (Fig. 4). The short chains were composed 

mainly of an H-strand component but also contained a small portion of L strand 

and the genome length chains were composed mainly of L-strand component (49). 

The same results were obtained when P2-infected !. coli ~ cells were 

analyzed. When P2-infected!. coli polAts cells were pulse-labeled at a 
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po/A~xl ung, pofAl!'xl 

S.diml!'nt.tion (5) 

Fig. 4. Alkaline sucrose gradient 
sedimentation of pulse-labeled DNA from 
bacteriophage PZ-infected E. coli cells. 

Cultures of E. coli C1ZOO (wild), CN3 
(poIAex1), SNZ81 (~) and SNZ9Z (poIAex1, 
~) were infected with bacteriophage 
PZ. When the rate of phage DNA synthesis 

was nearly at its maximum, cultures were 
shifted to 43°C and pulse-labeled with 
3H-thymidine for lOs (-e-) and 30s (-0-), 
beginning at Z min after the temperature 
shift. DNA was extracted in a denatured 
state and sedimented through the alkaline 
sucrose gradients as described in Fig. 1. 
Host strains were indicated. 

Fig. 5. Size distribution of the H- and 
L-strand components of radioactive DNA from 
bacteriophage PZ-infected!. coli polAex1 
or polAex1, ~ cells. 

Bacteriophage P2-infected E. coli CN3 
(polAex1) and SNZ92 (poltex1, ~) cells 
were pulse labeled with H-thymidine for 
30s at 43°C as described in Fig. 4. The 
DNA samples were sedimented through the 
alkaline sucrose gradient. The acid
insoluble radioactive label in each 
fraction was determined (-e-). The amounts 
of the radioactivity incorporated into H
and L-strand components were determined in 
each fraction by DNA-DNA hybridization 
(49). Host strains were indicated. 
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restrictive temperature, virtually all the label incorporated was found in 

short chains (Fig. 4) which were composed of equal amounts of H- and L-strand 

components, but their size distributions were different (Fig. 5) (11). The 

average sedimentation coefficient of H-strand nascent chain is lOS, whereas 

that of L-strand nascent chain is 17S. The possibility that the L-strand short 

chains are produced by a dut-repair mechanism rather than by a discontinuous 

mechanism is less likely because of the following results. A polA ~ double 

mutant accumulated nascent short chains at a restrictive temperature, and 

similar asymmetry in the size distributions of H- and L-strand nascent chains 

was observed in the accumulated short chains (Figs. 4 and 5). The spleen 

exonuclease assay of nascent short chains revealed that 25-50% portions of both 

H- and L-strand nascent chains were composed of RNA-linked DNA fragments (Table 

2) (11). These results are compatible with the concepts that both Hand L 

strands of P2 DNA are replicated discontinuously using an RNA primer but the 

priming reaction occurs several times less frequently on L strand (the leading 

strand). Whether or not RNA-linked nascent fragments derive from both daughter 

strands of a replication fork of E. coli chromosome is yet to be determined. 

Table 2. Proportion of RNA-linked nascent DNA fragments of 
H- or L-strand components of bacteriophage P2 DNA 

C1200 
CN3 
CN27 
SN292 
SN262 

Unfractionated 
Host 

(Wild type) 
(polAex1) 
(polA4113) 
(poIAex1, ~) 
(polA4113, ~) 

(%) 

37 
46 
48 
41 
50 

H strand 
(%) 

43 
56 
50 
53 
51 

L strand 
(%) 

23 
38 
46 
41 
55 

Proportion of RNA-linked nascent DNA was determined by the spleen 
exonuclease assay (33). P2 phage-infected E. coli cells were pulse-labeled 
with 3H-thymidine for 30s at 43°C as described~Fig. 5. Nascent DNA 
fragments of less than 1800 nucleotides were purified as described (7, 33). 
After the phosphorylation of pre-existing 5'-OH ends of DNA with polynucleotide 
kinase and ATP, the nascent fragments were incubated at 37°C for 20 hr in 0.15 
M NaOH. Each sample was then divided into three portions (A, B and C). 
Portion A was phosphorylated with polynucleotide kinase, portion B was treated 
with phosphatase, and portion C was incubated under the same conditions without 
enzymes. The samples A, Band C were then digested with spleen exonuclease 
before and after strand separation. The proportion of the 5'-OH terminated DNA 
(RNA-linked DNA) was calculated as described (33). 
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INITIATION OF DNA REPLICATION AT THE ORIGIN OF THE E. COLI CHROMOSOME 

Genetic information 

Many temperature-sensitive mutants in DNA replication are classified as 

initiation-defective mutants because they stop DNA synthesis after completion 

of the ongoing replication at the time of the temperature shift (50). 

Belonging to this class are dnaA, dnaC, one dnaB (dnaB 252) and several other 

dna mutants (dnaI, K and P, etc.). Rifampicin and chloramphenicol which 

inhibit RNA and/or protein synthesis, respectively, also stop a new round of 

the chromosome replication of ~. coli. Some mutations in dnaA gene are 

suppressed by mutation in rpoB gene, the cistron for the RNA polymerase' 

~-subunit, the target polypeptide of rifampicin (51). This suggests that RNA 

polymerase may interact with dnaA protein in an initiation reaction. The 

suppression of dnaAts mutants by a number of plasmids or phage DNA integration 

in the bacterial chromosome (the integrative suppression) indicates the 

function of dnaA protein in the initiation stage of chromosome replication. 

Results of the in vivo studies suggest the following order of the actions of 

these proteins: the chloramphenicol-sensitive protein, dnaA and RNA polymerase 

in concert or in this order, and then dnaC protein. Data in vivo suggest that 

the dnaB gene product is required before or during the action of RNA 

polymerase, whereas the in vitro replication system of ~X174 DNA show its 

function with dnaC protein in the prepriming step. The nature of the mutants 

and the function of required gene products has been extensively reviewed 

previously (52). 

Replication origin of E. coli chromosome (oriC) 

Earlier genetic studies have located the origin of bidirectional 

replication of ~. coli chromosome near the ilv gene (2, 3). Marsh and Worcel 

physically mapped the region of the E. coli K12 chromosome initially replicated 

upon downshift of a dnaA and a dnaC ts mutants to the permissive temperature 

(53). They showed that replication starts within or very near a 1.3 kilobase 

pair (kb) HindIII fragment which itself is located in a 8.6 kb EcoRI fragment. 

This EcoRI fragment was found in an autonomously replicating plasmid (oriC 

plasmid) which was constructed by the ligation of EcoRI digests of total ~. 

coli DNA to non-replicating DNA fragments containing ~-lactamase gene and 

isolated from the cells transformed by the DNA to ampicillin resistance (17). 

The same EcoRI segment was contained in the F' factors (F' ~+), which carried 

the genomic region left to ilv, and in the specialized transducing phage A 

(A-~); Both of them were thought to carry the replication origin of ~. coli 
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genome, since they could be maintained as plasmids in Hfr bacteria or in 

A-lysogen, respectively (54, 55). Using the oriC plasmids, the replication 

origin was mapped precisely, the nucleotide sequence surrounding the origin was 

determined and the physical and genetic maps were correlated (17-20). By the 

mapping of Ori-function using ColE1-oriC chimera plasmids, the minimal region 

for initiation of DNA replication was delimited to 245 base pairs stretch, oriC 

(Fig. 6) (21). The oriC is located at a non-coding area between the markers 

unc and asn (at 83.5 min on genetic map (1» about 2 kb away in an asn 

Hae m lIinr I 

unc+- c1 ock~i se -strand 

countercl ockwi se -5 trand 

5' GGiCGTG~ TTCTACTCAACTTTllTCGGCTTGAGAAAGACCTG 

3' CCJ;GCACC~ATGAGTTGAAACAGCCGAACTCTTTCTGGAC 
Bam I 18g1 n B91 II 50 _._._- Bam I 100 

~ATCCTGGGTA TTAAAAAGAA\;ATCTATTTATTT AG~ TCTGTTCT A TTGTGATCTCTrA TTAGGA TCGCACTGCCCTGTGGA TAACAA~ATCCGGC 
C~ACCCATAATTTTTCTT~ITA TAM TAM TCTCT ~CAAGA T AACACTAGAGAA TAATCC TAGCGTGACGGGACACCTA TTGTTC~CCG 

site 2" A ... .. .. ...... . ..... . 
150 200 

TTTT AAGA TCAACAAC C TGGAMGGA TCA TT AAC TG TGAATGA TCGG T GA T C C TGGACCG TA T M GC T GGGA TCAGAA TGAGGGG TT AT AC TCAAC TCAA 

AAAA TTCT AG TTGTT GGACC TT T CC T A GT AA TT GACACTT ACT AGCCAC T AGGACC TGGCA TA TTCGACC C TAG TCTT AC TCCCCAA T A TGAG TTGAG TT 
site 1 ..... 

••• IHnd ID 550 300 

AAACTGAACAACAGTTG TTC TT TGGA TAACTACCGGTTGATCC GCTTC C TGAC TGAGTT A TCCAC AG T AGA T C GCACGA TCT G TA TACT T A TTTGAG T 

TTTGACTTGTTGTCAACAAGAAACC TA TTGATGGCCAACT AGGTTCG GGAC T GAC T CM TAGG TG CA T C T AGCG TGC T AGACA T A TGAA T AAAC TCA 

150 400 

AAA TT AACCCACGATCC CAGCCA TT CT TCTGCCGGATC TTCCGGAA T G T C G T GA TCAAGAATG TTGA T C T T C AG TGTTT C GCC TG TCTG TTTTGCAC CGG 

TTT AA TTGGGTGCTAGGG T CGG T AAGAAGACGGCC TAGAAGGCC TT ACAGCA C T AG T TCTT ACMC T A r,MG TC AC MAG C GGACAGACAMAC G TGGC C 
Ava I 

(Xho J) 450 Hha I Pst 

AA TTTTTGAi;TTCTGC:5;GAG T TT A TCGATAGCCCCCACAAAAGG TGTCA T A TTCACGACT GCCAA T ACC GA T TG~CAMGCGGA~TGC 3' -asn 
TTAAAAACTCAAGACGGAGC AAATAGCTATCGGGGGTGTTTTCCACAG TA T AAGTGCTGACGGTT ATGGCT MC CGGTTTCGCCT CGTC S' 

Fig. 6. RNA-DNA junction sites and the 5'-ends of RNA-linked DNA molecules 
mapped in the nucleotide sequence of oriC region. Nucleotide sequence of oriC 
area and the numbering system are by Oka et al. (21). The region essential to 
Ori-function (oriC) is enclosed. The clockwise-strand and the 
counterclockwi~trand represent the strands whose 5' to 3' polynucleotide 
polarity lie clockwise (rightward) and counterclockwise (leftward) on the !. 
coli genetic map, respectively (1). Priming sites have been located by the 
procedures depicted in Fig. 7. 
!, The sites where deoxyribonucleotides at the RNA-DNA junction of the 
RNA-linked DNA molecules have been located. Only the most frequently used 
junction sites in vivo (sites 1 and 2) are shown. 
e, The sites where-s'=terminal ribonucleotides of RNA-linked DNA molecules have 
been located. 
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direction from the 1.3 kb Hind III fragment. It is flanked by two genes of 

unknown functions, genes for a 16-kdal protein (protein X) to the right and a 

70-kdal protein (~) to the left (56). Neither of these two genes are 

essential for growth or initiation of chromosome replication at oriC. 

Initiation of replication on oriC plasmid depends upon host functions known to 

be required for initiation of chromosome replication, such as functions of dnaA 

and dnaC gene products and RNA polymerase (18). Thus the oriC plasmids are 

ideal model substrates for the analyses of the molecular mechanism of the 

initiation of chromosome replication in vivo and in vitro. The oriC lack clear 

symmetrical sequences for a bidirectional start of DNA synthesis. Several 

potential secondary structures exist in the oriC sequence (57). The GATC 

sequence that appears eleven times in the 245-bp oriC and also many times in 

the sequence surrounding the oriC might play a important part in the stem 

formation of such potential secondary structure. Using in vitro methods 

generating deletions, insertions and substitutions of base pairs in the oriC 

region which had previously been cloned in colicin E1 plasmid vectors, effects 

of such change to the Ori-function were analyzed in vivo (21-23). Basing on 

the results, Oka et al. predicted that the oriC region is composed of two 

categories of sequences, one functions as recognition sites (recognition 

sequence) and the other as spacers (spacer sequences), and the accurate 

arrangements of the recognition sequences in oriC is essential for expression 

of Ori-function. Zyskind et al. compared the oriC sequence of five 

enterobacteria and demonstrated that several discrete regions with homologous 

sequences (consensus sequences) are separated by non-conserved sequence (58). 

The consensus and non-conserved sequences may correspond to the recognition and 

spacer sequences, respectively. 

Priming sites for DNA synthesis in oriC region in vivo 

One of the key reactions at the replication origin is a priming for DNA 

replication. Syntheses of the leading and the lagging strands for both 

clockwise and counterclockwise replication forks start presumably at oriC 

and/or its close vicinity and they will probably be primed by RNA (52). To 

obtain information on the nature of the priming reaction at the origin in vivo, 

we have located the RNA-DNA junction site and the 5' end of the primer RNA on 

the nucleotide sequence of both strands of oriC (12, 13, 25). We have used DNA 

chains purified from the dnaC ts cells which were synchronously initiating DNA 

replication by a temperature shift from a non-permissive to a permissive 

condition in the presence of arabinosyl cytosine (25, 53). A small amount of 
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DNA synthesized under the condition was enriched with short chains which had 

homology to the sequence around the origin (25). The strategy for the mapping 

of the priming sites is shown in Fig. 7 (13). The priming sites on the 
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Fig. 7. Mapping procedures in oriC region for RNA-DNA junction points and 5' 
terminal ribonucleotide locus of the RNA-linked DNA molecules. 
1. The procedure for the RNA-DNA junction points. Short DNA and RNA-linked 
DNA molecules are purified from dnaC cells which are synchronously initiating 
DNA replication. The 5'-OH DNA ends are uncovered from the RNA-linked DNA 
molecules by alkali treatment and the ends are selectively labeled with 
[y_32P1ATP and polynucleotide kinase at O°C (35). The end-labeled molecules 
are then digested in single-stranded state with Hae III and Hha I, which cleave 
the left and right ends of the origin sequence, respectively-cFig. 6). The 
cleaved molecules are then annealed to the single-stranded oriC-probe DNA, 
composed of one each of the component strands of oriC region shown in Fig. 6 
and pBR322 or f1 vector DNA. The annealed molecules are digested with the 
second restriction endonucleases: the endo-labeled clockwise strand with Xho I 
or Hind III and the counterclockwise strand with ~ II or Bam HI. The digests 
are~natured and electrophoresed in sequence gels. 
2. The procedure for the 5'-terminal ribonucleotide locus of the RNA-linked 
DNA molecules. The purified DNA and RNA-linked DNA molecules are treated with 
alkaline phosphatase and 5'-termini of both DNA and RNA-linked DNA are 32p 
labeled with polynucleotide kinase and [y_ 32 P1ATP at 37°C. The end-labeled 
molecules are treated as described in procedure 1. After the electrophoresis 
in the sequence gels, the radioactive ladders, composed of 5'_32P-labeled DNA 
and RNA-DNA, are transferred from the gels to DEAE-cellulose TL plates. After 
in situ RNase digestion, 32P-labeled pNps derived from RNA-DNA molecules are 
separated by electrophoresis (13). 
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purified DNA chains have been labeled with highly radioactive [32p)phosphate. 

32P-Iabeled DNA chains which have the homology to the oriC sequence have been 

isolated in hybrid form with single-stranded origin-probe DNAs carrying one 

each of two component strands of the oriC stretch shown in Fig. 6, and the 

position of the 32P-Iabeled nucleotides in the known sequence of oriC has been 

determined after digestion with appropriate restriction endonucleases. We have 

found RNA-primed initiation sites only in one of the component strands of the 

oriC segment: in the strand whose 5' to 3' polynucleotide polarity lies 

counterclockwise on the ~. coli genetic map (the counterclockwise strand, see 

Fig. 6). In addition to the two strong RNA-DNA junction sites shown in the 

figure (sites 1 and 2), many weak junction sites (not shown) have been found 

also in the counterclockwise strand. The mapping of the 5' ends of primer RNA 

has shown that the primer ends could be detected also exclusively on the 

counterclockwise strand and the sites were overlapped with the strong and the 

weak RNA-DNA junction sites (Fig. 6). A conspicuous feature of these priming 

sites is that they all are located at or near the GATC sequence previously 

mentioned. The results show that RNA primed DNA synthesis starts at one of 

many preferred sites in the oriC region but asymmetrically with respect to the 

component strands. The primer RNA molecules we have detected are all very 

short but there is no information about their intact size. It is not 

definitive at present whether these sites represent the priming sites for the 

leading strand of the counterclockwise replication fork or those for the 

lagging strand of the clockwise replication fork. Our current hypothesis for 

the starting mechanism of DNA chains at the replication origin of ~. coli is 

shown in Fig. 8: After or coupled with a specific recognition and unwinding 

(activation) of the origin (i, ii), DNA replication first starts 

unidirectionally within the oriC by a counterclockwise strand initiation (iii). 

The strand is established as the leading strand at the counterclockwise 

replication fork by the aid of helix-opening enzymes. The lagging strand for 

the counterclockwise replication fork may be synthesized subsequently on a 

newly exposed template strand somewhere left to the oriC using the initiation 

mechanism for discontinuous replication. The first lagging strand may be 

established as the leading strand for the clockwise replication fork within or 

outside the oriC by the aid of helix-opening enzymes (iv). Finally, initiation 

of the lagging strand for the clockwise replication fork takes place on the 

newly exposed template strand to the right of the oriC by the discontinuous 

mechanism (v). Chloramphenicol-sensitive protein, dnaA protein and RNA 
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Fig. 8. A proposed mechanism for 
chain initiation in the E. coli 
replication origin. Asymmetric 
initiation model in which the 
counterclockwise-strand initiation 
occurs first at the oriC region 
(thick line) is depicted. See 
details in the text. 

polymerase may take part in steps i and ii. The function of an RNA polymerase 

transcript as the primer in step iii is strongly suspected but there is no 

clear evidence at present. A possibility also exists that dnaG proteins might 

playa part in this step by some mechanism (59). Helix-opening enzymes which 

may be essential for the fork establishment are topoisomerases, helicases (rep 

protein and helicase II), primosome proteins and SSB (14-16). An oriC type 

primosome constituted with dnaB, dnaC and dnaG and other proteins might be 

assembled at the oriC and migrate to the 5' to 3' direction on the template 

strand to the places where primers for the lagging strands are made in steps iv 

and v (14). Alternatively, it might be assembled outside of oriC with only 

broad dependency on the nucleotide sequence. 

Priming sites for DNA synthesis used by oriC enzyme system 

OriC plasmids provided an ideal template for analysis of the initiation 

reaction at the chromosome origin in vitro. Fuller et al. discovered a soluble 

enzyme system which specifically replicates oriC plasmid or phage chimeras 

(24). The system recognizes the 245 bp intact oriC stretch, initiates 

replication within or near the oriC sequence and proceeds bidirectionally (60). 

The oriC specific replication depends on the function of dnaA protein, dnaC 
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protein, RNA polymerase, DNA gyrase and numerous replication proteins including 

dnaB and single-stranded DNA binding protein. Using the mapping method 

described in Fig. 7, we have located the RNA-DNA junction sites of the reaction 

products of the oriC enzyme system on the sequence of the two component strands 

of oriC. Many junction sites have been detected exclusively on the 

counterclockwise strand and many sites agree with the in vivo priming sites 

shown in Fig. 6 (unpublished results by Y. Kohara, T. Ogawa and T. Okazaki). 

Thus, the oriC enzyme system reaction mimics the in vivo initiation reaction. 

Progress in characterization of replication proteins and their function in this 

oriC enzyme system promises an advanced understanding of the reaction at the 

replication origin. 

Transcription at the oriC 

Some function of RNA polymerase is required for the initiation of DNA 

synthesis at the replication origin. It may activate the origin sequence, 

synthesize a primer RNA or do both. To elucidate the role of RNA polymerase, 

the nature of the required transcription should be clarified. Several groups 

have reported studies which have analyzed promoters functioning in vivo or in 

vitro in and close to oriC. Hansen et al. and Morita et al. have mapped in 

vivo functioning promoters on the cloned chromosomal DNA by using promoter

cloning vectors (56, 61). These results show that there is no high level 

transcription originating inside oriC and passing leftward through the boundary 

of the minimal essential origin. One strong leftward transcription promoted in 

the promoter region of protein X (15.5 kD protein) gene enters oriC across the 

Hind III site (at position 244 in Fig. 6) and then is efficiently terminated 

within oriC. This is the only transcript entering oriC. Deletion studies, 

however, show that this transcription is not required for efficient oriC 

functioning. Another transcription promoted from.the outside region left to 

oriC, probably the promoter region of the ~ gene, also proceeds in a leftward 

direction (therefore it does not enter oriC). Morita et al. have found that 

one rightward transcription is promoted from the vicinity of the right boundary 

of oriC with an Ori+ base-substitution mutant in the Hind III site. They 

pointed out the possibility that, unless a promotion site is created by the 

base-substitution, a promoter is located in the vicinity of the Hind III site. 

On the other hand, Lother and Messer have found by in vitro transcription 

experiments and RNA sequencing that oriC contains two promoters, one for the 

leftward and one for the rightward transcription, arranged back-to-back at the 

left and the right region of the Hind III site, respectively (62). The 
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relation between these leftward transcriptions and the RNA-DNA junction sites 

we have found on the counterclockwise strand of the oriC segment should be 

clarified by further analyses. The oriC enzyme system (24) will provide a most 

powerful tool to solve the problem. 

CONCLUSION 

Studies of structural and metabolic properties of the nascent DNA 

fragments of E. coli have elucidated the major steps of the discontinuous 

chain-elongation of ~. coli chromosome. Repeated chain initiation is primed by 

oligoribonucleotides in heterogeneous size, ranging from a few to up to around 

ten nucleotide residues. A model in vitro system for the discontinuous 

replication of ~. coli chromosomal DNA has been provided by the reconstitution 

studies of the conversion system of single-stranded DNA of phage ¢X174 to 

duplex replicative form. The priming of the DNA synthesis by this system 

mimics the reaction we have detected in vivo. The one discrepancy is found, 

however, between the in vivo and in ~ reactions: in vivo, leading daughter 

strands are synthesized discontinuously, although with much infrequent 

initiation than the lagging strand, whereas in vitro, leading strands are 

synthesized continuously. This difference might be caused by some structural 

difference between the in vivo and in vitro replication forks. At present, the 

least clear process of the discontinuous replication is the unwinding mechanism 

of the parental duplex DNA. Studies of the reaction at the replication origin 

of the chromosome will reveal what and how the unwinding machinery is 

introduced to a replication fork. They may also help to solve the problem of 

the leading strand synthesis. Enzymatic and molecular events at the 

replication origin are just about unveiled and good prospects are in sight. 
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6 
DNA REPLICATION IN MAMMALIAN CELLS 

J. HERBERT TAYLOR 

CONCEPTS OF REPLICONS AND ORIGINS 
The pattern of replication in chromosomal DNA is still 

incompletely understood, but it is clear that there are many 
initiation sites per chromosome. The concept has developed 
that these may represent oriHins for replicons, i.e., units 
with some degree of autonomy in regulation (1,2,3). Replicons 
in prokaryotes may be whole genomes or chromosomes and the same 
terminology and concepts apply to plasmids and viral genomes. 
However, when there are so many sites where replication can be 
initiated as in the chromosomes of higher organisms, the isola
tion or observation of one replicon has been so difficult that 
the concept of defined entities with specific limits within a 
chromosome is still unproven. Indeed some recent work casts 
doubt on the idea that specific nucleotide sequences are required 
for initiation (4). Laskey and Harland injected SV40 and polyoma 
viral DNAs into unfertilized frog eggs (Xenopus laevis) and pro
duced measurable amounts of replication through two rounds as 
demonstrated with a buoyant density label. They also obtained 
replication of prokaryotic DNAs, for example, the closed circular 
replicative forms of bacteriophage G4, M13 and the bacterial 
plasmid ColE!. Since they could not determine directly by 
electron microscopy whether the viral origin of replication in 
SV40 was utilized, they cut the viral genome into segments with 
a restriction enzyme and ligated the ends to reform circles. 
When these were injected some of the circles, without the known 
origin, replicated through two rounds in trace amounts. From 
these experiments they concluded that specific sequences may not 
be required for the initiation of DNA replication. Others have 
reported that closed circular DNAs replicate when injected into 
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Xenopus eggs (5,6,7), but the amount of replication of heterolo
gous DNAs compared to a plasmid with a Xenopus origin is small (8). 
For example, when a bacterial plasmid with a 500 bp segment of 

Xenopus DNA, which had been selected as an efficient replicator, 
was injected into Xenopus eggs it replicated up to 40-fold more 
efficiently than a bacterial plasmid with only its prokaryotic 
origin. Two other recent studies, in which the origins were 
identified by the "eye structures" seen with the electron micro
scope, indicated much more efficient initiation in the eukaryotic 
DNA when cloned segments of Xenopus DNA were injected into the 
Xenopus egg. Both studies indicated that when prokaryotic DNAs 
were occasionally utilized for initiation in the eukaryotic 
system, the prokaryotic origin was very likely to be used rather 
than random sites. One study was based on injection experiments 
(7), but the other was based on initiation ~ vitro with a crude 
enzyme preparation from Xenopus eggs (9). Therefore, it is possi
ble that origins have some common property throughout all living 
systems. In addition, replication may be initiated in the egg 
or early embryo more readily than in other cells since many more 
initiation sites are ordinarily utilized in these stages when 
divisions and DNA replication are rapid (10). 

A HYPOTHESIS THAT ORIGINS ARE SPECIFIC SEQUENCES, THE MODERATELY 
REPEATED SEQUENCES. 

I wish to develop the thesis that origins with regulatory 
functions do, indeed, exist not only in prokaryotic DNAs and 
certain eukaryotic viral DNAs, but in eukaryotic chromosomes. 
Initiation of DNA replication may occasionally occur without a 
specific origin, and origins may be as important in reducing or 
regulating replication as they are in initiating it. It is 
fairly clear in the studies with Xenopus eggs that the first 
initiation of heterologous DNAs occurs more readily than the one 
for a second round of replication, but homologous DNAs will 
frequently initiate a second time (6). Why should that be unless 

the first replication is in some respect def~ctive in heterologous 
DNA compared with that initiated at a homologous origin? 

The origins which function best in the Xenopus system are 
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the moderately repetitive sequences (8,9). We found that several 
plasmids with one of the Alu family of repeated sequences from 

the human genome functioned as well as the plasmid with the 500 bp 
of Xenopus DNA in our injection studies. The plasmid (pSW14) 
with the 500 bp of Xenopus DNA was originally selected for its 

efficiency in replication when injected into the Xenopus egg. 
It was then tested by hybridization to see if it contained a 
repetitive sequence. This hybridization test, in which random 
segments of genomic DNA were compared with pSW14 for their 
efficiency in binding a nick-translated probe prepared from the 

500 bp segment, showed that a sequence in the 500 bp segme~t 

was present about every 8-12 kb on the average throughout the 
Xenopus genome. The Alu family of sequences in human cells is 

present in about 300,000 copies per genome i.e. one is spaced 

on the average about every 10 kb (11). Some of these copies 
from mammalian cells are transcribable by RNA polymerase III 
while others are not (12). In the human genome many of the 
copies have a single site for the. restriction enzyme Alu I, 
hence the name Alu family. This sequence is not present in 
the similar repeated sequences isolated from other mammals, 

but Haynes et al. (12) call all of the sequences Alu-equivalent 
sequences. I wish to use the remainder of this review to bring 
together the admittedly incomplete evidence that these repetitive 
sequences, which are transcribable by RNA polymerase III, function 
as origins of replication in cells of vertebrates and similar 
sequences probably function in other eukaryotic cells to initiate 
and regulate replication. Indeed they may playa more signifi
cant role in regulating the activity of genes, i.e. the inactiva
tion and release of genes from the inactive state during differ
entiation. This concept with some changes based on new information 

has been a long standing thesis of mine that goes back more than 

20 years to my early studies of the changes in time of replication 

and the inactivation of X-chromosomes in mammals (13). 

THE SIZE OF THE REPLICON IN CELLS OF VERTEBRATES 
The replicon in vertebrate cells is generally assumed to 

be much larger than the spacings between Alu-equivalent sequences 
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along the DNA. The first attempts to estimate the size of 
replicons was based on measurements of rates of chain growth in 
replicating DNA (14,15). The problem was that one could not 
determine directly how long the replicating fork operated from 
one point of initiation, but a rough estimate was made which 
indicated that interruptions might occur every 7-9 kb 
(5-6 x 106 daltons of duplex DNA). This estimate was based on 
buoyant density of sheared DNA, partially substituted with 
bromodeoxyuridine (14). 

About the same time a much more acceptable estimate was 
made by Huberman and Riggs (2) based on a technique of auto
radiography of single fibers (single double helixes of DNA) 
originally devised by Cairns (16). Cells were pulse labeled 
with r3H]-thymidine of high specific activity, lysed and the 
long chains of DNA attached to a membrane filter. A photographic 
emulsion was applied and after an exposure of several months 
autoradiographs were prepared and examined with the light micro
scope (later the DNA fibers were oriented by flow directly on a 
glass slide by Lark et al., 17). The DNA fibers were invisible, 
of course, but the tracks or rows of silver grains indicated the 
location of the labeled chains. If the pulse labeling was for 
20-30 min the labeled segments were about 10-15 ~m long, but if 
labeling was for long times the fibers could be so long that 
measuring them was difficult if not impossible. Huberman and 
Riggs (2) discovered evidence in these studies that fork move
ment was bidirectional from a point or origin. Fibers much 
longer than a unit of replication were seen with origins in 
tandem indicated. Measurements from center to center of the 
tandemly labeled segments were assumed to indicate the length 
of the replicon. This first estimate indicated units 10 to over 
100 ~m in length with a mean of about 30 ~m for Chinese hamster 
cells in culture. However, these measurements were based on 
cells which had been blocked with fluorodeoxyuridine (FdU) for 
12 hr to partially synchronize the cells at the beginning of 

S phase. This treatment which depletes thymidylate and stops, 
or severely retards, DNA replication decreases the distance 
between the origins which are utilized (18,19,20). Measurements 
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made on unsynchronized cells by pulse labeling without pretreat
ments yielded a center to center len9th of about 75 ~m which may 
be a more accurate measure. However, if cells are synchronized 
and blocked at early S phase for 12-14 hr, the distance between 
origins can be reduced to as little as 4 ~m with additional 
modal frequencies at intervals of 8, 12, 16 and intermediates 
up to 40-50 ~m (19,20). The pulse labeling period must be 
reduced accordingly to as little as 4 min to resolve these sites. 
These experiments led to the proposal that origins might be 

rather evenly spaced at about 4 ~m (12 kb) in mammalian cells. 
That would indicate that there are about 250,000 per genome 
which is close to the estimate of the number of Alu sequences 
per genome in human cells (11) and the number of repeats of the 
cloned origin from Xenopus (8 and unpublished results). The 
Alu-equivalent repeats in vertebrate cells are bracketed by 
short repeats suggesting transposable elements (12,21,26) and 
are frequently in single copies at each site. Some of these 
are transcribed in the same direction as the adjacent genes so 
that a whole clus~ter of the transcribable Alu sequences may be 
oriented in the same direction, for example, as in the 8-like 
cluster of the human hemoglobins (22). The repeats may also 
rarely Occur in closely adjacent pairs, and if two such copies 
were transcribable and had opposite orientation these might 
represent a bidirectional origin for a replicon (Figure 1). 

unidirectional 
origins 

bidirectional 
origin 

unidirectional 
origins 

FIGURE 1. Diagram showing the hypothetical arrangement of Alu 
sequences which are transcribable by RNA polymerase III. The 
paired sequences in the center of the cluster would be the bi
directional origin of a replicon. In each direction the other 
sequences would be origins which are usually "fired" in sequence 
as the replication fork approaches them, but under some condi
tions as in a block of replication by depletion of thymidylate, 
the other sequences may "fire" more or less at random when 
thymidylate is restored but produce unidirectional "eyes". 

The other potential origins if used would initiate unidirection
ally. There is evidence that many origins do initiate 
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unidirectionally (17) especially if the cells are blocked with 
FdU for some time before a pulse label is given. 

A MODEL FOR REPLICON ORGANIZATION AND CONTROL 
The model which I propose then is one in which there may be 

complex replicons composed of many subunits, each with its own 
potential origin. At the center may be one with two transcribable 
repeats which are transcribed as the primer for initiating the 
leading chains for a bidirectional replicon. Replication from 
these origins proceeds bidirectionally, but stops at each tran
scribable Alu-equivalent segment where initiation normally occurs 
very quickly again by formation of another primer segment. Under 
some conditions independent initiation can occur at any of these 
repeats, but at all except the center pair in the replicon, fork 
movement will be unidirectional. The primer segments are probably 
ligated into the new DNA chains. If the primer segments remain in 
the chromosomal DNA for more than a few minutes the nucleotides 
must be modified to make them resistant to alkali and most ribo
nucleases, a well known property of DNA chains. The hypothetical 
modification which I propose is 2'-0-methylation of the ribose. 
The modified primer segments could then serve as a block to repli
cation and thereby prevent two replications in one S phase. 
Removal might occur during S phase, but probably at the end of 
S phase and certainly before the next replication cycle. The 
priming of replication referred to here is quite different from 
that which occurs on the lagging chain which grows from the fork 
back toward the origin. The lagging chain presumably is repli
cated in short segments with primers of about 7-10 nucleotides 
according to the model proposed for the eukaryotic viruses, SV40 
and polyoma (23,24). The section below presents evidence from 
our laboratory going back more than 15 yr which supports this 
model. 

EVIDENCE FOR PRIMERS AT REPLICATION ORIGINS 
The first relevant observation was a peculiar partially sub

stituted component produced when roots of Vicia faba were grown 
in a solution containing bromodeoxyuridine (BrdU). The DNA was 
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first labeled with [3 H]-thymidine for 8 hr. After a 3.5 hr chase 
with unlabeled thymidine the roots were grown in [14 C]_BrdU for 
10 hr. Although only a fraction of the DNA in the root was con
verted to a buoyant density hybrid because of the asynchrony and 
slow division of part of the cells, some of the [3 H]-labeled DNA 
was converted to hybrid by full substitution (25). As shown in 
Figure 2, a significant fraction containing 14C was shifted only 
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FIGURE 2. Density gradient profile of DNA banded in CsCl after 
extraction from roots of Vicia faba which were grown for 8 hr in 
a solution with [3H]-thymidine ~abel a random sample of the DNA. 
The label was chased for 3.5 hr with unlabeled thymidine and then 
a random sample of the DNA was labeled by growing the roots in a 
solution of [14C]-BrdU (10- 4 M) along with aminopterin (10- 6 M) 
and adenosine, glycine and hypoxanthine (5 x 10- 6 M). Notice that 
besides the expected density hybrid a significant fraction of the 
[14C]-BrdU is a partially substituted fraction that is banded 
below and overlapping the unsubstituted DNA. Density of the 
gradient increases to the left in the figure (redrawn from Haut 
and Taylor, 1967). 
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a small amount in density. In Vicia there were two density species 
of this partially substituted DNA, but when Chinese hamster cells 
were studied by the use of the same density label a sin~le peak 
was regularly found which was partially substituted (Fi~ure 3). 
Shearing to produce smaller segments increased the buoyant density 
of the partially substituted fraction when it was isolated and 
rebanded (14). In addition the fraction maintained a relatively 
higher density compared to unsubstituted DNA when denatured and 

further fragmented (25). We assumed at the time that some type 
of repair might be occurring in which relatively short segments 
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FIGURE 3. Density gradient profile of DNA banded in CsCl after 
extraction of DNA from Chinese hamster cells in culture which had 
been treated for 15 min with FdU (5 x 10- 6 M) and then grown for 
1 hr in [3Hl-BrdU (10- 5 M) with FdU (2 x 10- 6 M). DNA was extracted, 
sheared and banded by spinning in a Spinco SW39 rotor for 48 hr. 
Note that most of the BrdU is in the expected density hybrid band 
to the left in the figure but a distinct peak indicates a band only 
slightly to the heavy side of the main band of unsubstituted DNA. 
The cells were an asynchronous culture and therefore the minor peak 
could be in cells at a different stage in the cycle from those that 
form the hybrid bands (redrawn from the dissertation by Philip 
Miner submitted to the Faculty of Pure Science, Columbia University, 
New York in 1967). 
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of BrdU-substituted DNA was inserted in the newly replicated 
chains. The tritium~abeled chains from the previous replication 
cycle did nut band with either the partially labeled fragments or 
the new chains of fully substituted DNA after denaturation (data 
shown by Haut and Taylor, in reference 25). This peculiar type 
of "repair" did not seem to make sense since no damage was known 
to have occurred to the DNA. 

One other series of experiments yielded a large fraction of 
this partially substituted DNA. When unsynchronized cells were 
pulse labeled with [3Hl-BrdU at 31°C instead of 37°, a 5 min pulse 
produced most of the newly replicated and labeled DNA with only a 
partial substitution. After a 10 or 20 min pulse there were two 
rather narrow bands, one with the buoyant density of fully substi
tuted DNA and another only slightly heavier than the unsubstituted 
DNA, with some material of intermediate density (14). 

In all of the above experiments the DNA was sheared before 
banding in the CsCl gradients. The partially substituted material 
was not revealed unless the DNA was sheared. On the other hand 
when cells were synchronized and released into S phase with BrdU 
for 3 hr, two symmetrical bands were typically produced, a BrdU 
hydrid and the normal unsubstituted DNA. No satellite bands or 
p~rtially substituted DNAs were produced with DNA from the synchro
nized Chinese hamster cells in the first half of S phase. In some 
pulse labeled cells which had been synchronized at early S phase a 
small satellite was evident after only a 5 min pulse, but this 
disappeared after longer labelin~ periods. The replication of a 
high density satellite in early S phase has been assumed to explain 
this change (27), but the satellite has not been demonstrated by 

any other means. 
The interpretation of the buoyant density changes mentioned 

above are possibly subject to different explanations and without 

supplementary evidence the presence of large primer segments at 
origins would not be proposed. However, soon after these experi
ments were performed evidence of quite a different nature was 
obtained. Newly replicated segments (Okazaki fragments) were 
collected by pulse labeling Chinese hamster cells. At this time 
we typically blocked cells with FdU for a few minutes before or 
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simultaneously with pulse labeling by the use of 10- 5 M [3H]
thymidine for 30 seconds to one minute before rapid lysis. Iso
lation of the single-stranded, newly replicated DNA on hydroxy
apatite was carried out after phenol extraction. The newly 

replicated Okazaki fragments appeared to be longer than some other 

reports indicated (34) when we measured them by sedimentation. 
A significant fraction of the radioactivity seemed to be associated 

A 
100-

e 80 
...J 
c( 
L&I 
Z 
Z 
~ 60 
a: 
I-

ffi 40~ 
(.) 

ffi 
Q. 

20 

B c 

Xa 15.0 '" X a12.5 '" 

r-rl 
NO TREATMENT RIBONUCLEASE KOH 

FIGURE 4. Reannealing of nascent, single-chain DNA to the inter
mediate repetitive DNA sequences from Chinese hamster cells. 
Single chains were isolated from hydroxyapatite columns in 0.12 M 
phosphate (pH 6.8) at 60°C after loading the pulse-labeled DNA in 
0.05 M phosphate. The eluents were concentrated by evaporation in 
dialysis tubing and dialyzed against 0.12 M phosphate for reanneal
ing. Intermediate repetitive DNA sequences were prepared from cells 
in which DNA was labeled for 2 cell cycles with [14C]-thymidine 
(0.05 ~Ci/ml; 2 x 10- 6 M). Cells were lysed with 0.15 M NaCl, 
0.05 M Tris, 0.015 M EDTA, 0.3% SDS, pH 9.5. Lysates were digested 
for 12 hr with 1 mg/ml of pronase (Cal Biochem) and extracted into 
the buffer after adding phenol and chloroform. Ten ~g/ml of pan
creatic ribonuclease was added, and after incubation at 37°C for 
1 hr, the DNA was extracted again with phenol and chloroform and 
dialyzed to remove traces of phenol. The DNA concentration was 
determined from its absorbance at 260 nm and the radioactivity per 
~g assayed from TCA-precipitated samples. The DNA was then soni
cated until the denatured DNAwas about the same size as the nascent, 
single-chain DNA obtained after pulse labeling. The DNA was dena
tured by holding in a boiling water bath for 20 min, reannealed at 
65°C, and the fractions with Cot values between 0.1 and 10.0 were 
separated off hydroxyapatite columns (redrawn from Taylor et al., 
1972). 
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with fragments 500-1000 nucleotides in length. Later EM measure
ments indicated that the Okazaki fragments varied from 200 to about 
1200 nucleotides in length (28). However, the most puzzling 
property of the fragments was theil' annealing to the middle repeti
tive DNA (Figure 4). Much of the newly replicated DNA (about 45%) 

annealed to DNA with Cot values between 0.1 and 10.0. This 
property of the fragments was largely eliminated by digesting 

them with pancreatic ribonuclease or by treatment with alkali 
under conditions that would hydrolyze RNA (29). 

From one minute pulse-labeled cells prepared as above we could 
also detect two bands of single-stranded DNA segments in C~Cl 

equilibrium gradients (Figure 5). When these fragments were iso
lated from the gradients, dialyzed and examined with the electron 
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FIGURE 5. Profile showing the CsCl banding pattern of DNA from CHO 
pulse labeled for 1 min with [3H]-thymidine following 2 min in 
Ham's medi um wi th 10- 6 M FdU. The centri fuge tube conta i ned 7.35 9 
of CsCl per 6.0 g of lysate. It was spun for 48 hr at 35,000 rpm 
ina Spi nco 65 rotor. Si xty fracti ons of 8 drops each were coll ected. 
The even numbered ones were refrigerated for use in electron micro
scopy while the alternate ones were precipitated and counted to 
produce this profile (from Taylor et al., 1975). 
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microscope, the length varied from about 200 to 1200 nucleotides. 
The bands were broad and the separation of the two classes of 
fragments was incomplete in the gradients, but a distinct difference 
between those of higher buoyant density and those with a density 
typical of single chains of DNA was noted (28). When the two types 
of fragments were examined in spreads for the electron microscope 
in which the hypophase contained 10% formamide, the fragments of 
higher buoyant density could be distinguished from those of the 
same density as regular single-stranded DNA. More than half of 
those of higher buoyant density retained a terminal bush which 
indicated that a considerable length of RNA was attached (Figure 6). 
From the buoyant density shift a rough estimate of 140-180 nucleo
tides for the length of the RNA was made. This may be compared to 
the length of the Alu-equivalent repeats in Chinese hamster cells 
which is in the same size range (12). 
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FIGURE 6. Frequency diagrams showing the sizes of Okazaki frag
ments as well as the occurrence of terminal bushes (presumably RNA) 
seen with the electron microscope from fractions 1 and 2 shown in 
Figure 5 (from Taylor et al., 1975). 
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RECENT EVIDENCE FOR A 10 kb INTERMEDIATE IN DNA REPLICATION. 
One other recent bit of evidence for special sites about 

every 10 kb in the human complement comes from a report by 
Lonn (30). He detected a 10 kb replication intermediate in cul
tured human melanoma cells in the following way. When the DNA 
in cells was labeled with [3Hl-thymidine and then prepared for 
electrophoresis in a rather unusual way, a segment of 10 kb was 
found. The cells were lysed in 0.03 M NaOH at O°C in the dark. 
After 30 min, the solution was neutralized by adding 0.067 M HC1, 
0.02 M NaH 2P0 4 and 0.5% SDS. After 30 min at 25° the labeled DNA 
was separated by electrophoresis in 6% acrylamide gels in the 
cold. Soluble counts were rinsed from the gels with 5% trichloro
acetic acid and the insoluble radioactivity was determined by 
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FIGURE 7. Separation of newly replicated DNA in a 0.75% agarose 
gel by electrophoresis. Human melanoma cells were pulse labeled 
for45,secwith [3Hl-thymidine and the DNA prepared for electro
phoresis as described in the text (redrawn from unpublished data 
supplied by Ulf Lonn, Karolinska Institutet and Radiumhemmet, 
Stockholm; further details are being published in Chromosomal. 
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slicing the gel and counting by liquid scintillation. Figure 7 
shows the distribution of counts after a 45 sec pulse label. Much 
of the labeled DNA was very long, but an 8-10 kb component and the 
much shorter Okazaki fragments were also detected. These segments 
of intermediate size could represent the newly replicated DNA 
separated by RNA primers, gaps or nicks at 10 kb intervals. The 
NaOH should break the RNA, even if it were ligated into a contin
uous piece with DNA, and release the 10 kb single chains. However, 
as soon as the primer is removed or modified by 2-0-methylation as 
proposed in the model given here the intermediate segments would 
no longer be produced. During the removal of the primer by the 
special repair process proposed, some gaps or nicks would appear. 

Consistent with this was Lonn's (30) report that a very small 
fraction of the DNA could be isolated as 10 kb intermediates many 
hours after the end of the pulse labeling of the DNA. 

SUMMARY AND RESERVATIONS 
The evidence for the large bidirectional replicons with many 

smaller subunits each with a unidirectionally transcribed primer is 
fragmentary, but I think it is consistent with most of the observa
tions and data we have available. However, the existence of the 
larger regulatory unit, the replicon implied by this model of the 
eukaryotic chromosome, is probably supported by less evidence than 
some other aspects. That bidirectional replication occurs is not 
in question, but that functional or regulatory replicons of 
200,000-300,000 bp are a regular feature of cells is going to be 
difficult to establish. To clone pieces of this size is not yet 
feasible; therefore such large domains of DNA must be studied by 
segments. More extensive mapping and sequencing of the Alu
equivalent sequences is necessary and highly desirable. 

The most interesting and yet the least supported aspect of 

the model is its possible regulatory role in differentiation. 
Since evidence is rapidly accumulating to support the hypothesis 
that methylation of cytosine in DNA is an important control 
mechanism in gene expression as proposed by Holliday and Pugh (31), 
Riggs (32) and Taylor (33), the establishment and maintenance of 
methylation patterns becomes of great interest. Since there is 
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evidence that changes in patterns of replication over the cell 

cycle is sometimes associated with activation or inactivation of 

genes, the link between control of replicons or their sub-units 

be come s m 0 rei n t rig u i n g (3 5 ) . 
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REPLICATION OF DROSOPHILA MITOCHONDRIAL DNA 
DAVID R. WOLSTENHOLME, JUDY M. GODDARD, AND CHRISTIANE M.-R. FAURON 

Mitochondrial DNA (mtDNA) molecules of Drosophila include a region of 
exceptionally high adenine + thymine (A+T) content which, though homologously 
located, varies in size from 1.0 kb to 5.1 kb in different species. In all 
species examined, replication begins at a unique site within the A+T-rich 
region and proceeds in the same direction towards the molecule's ribosomal RNA 
genes. Most molecules are replicated by a highly asymmetrical mode in which 
synthesis of one strand can be up to 100% complete before synthesis of the 
second strand is initiated. In a minority of molecules, a more symmetrical 
mode of synthesis is employed. Evidence has been obtained that within A+T-rich 
regions extensive sequence divergences have taken place both between species 
and within species. The A+T-rich region shares many features with the repli
cation origin-containing region of vertebrate mtDNA molecules, supporting the 
view that the two regions are derived from a common ancestral sequence. 

INTRODUCTION 
Metazoan mitochondrial DNA (mtDNA) shows a remarkable evolutionary 

conservation of size and shape. In all organisms the molecules are circular 
duplexes, which usually comprise approximately 16.5 kb. Recently, sequencing 
of the entire mitochondrial genome of human, beef, and mouse has been completed 
(1, 2) and much of the gene content of these mtDNAs has been determined. Each 
mtDNA molecule is identical and encodes the two rRNAs and 22 tRNAs of the mito
chondria's distinct protein synthesizing system, and five known polypeptides (3 
subunits of cytochrome c oxidase, ATPase subunit 6, and cytochrome b). In 
addition there are 8 presently unidentified open reading frames which are 
presumed to also code polypeptides. The replication origin lies within a 
sequence which varies somewhat in length between species. 

Much less is known concerning other metazoan mtDNAs. In mtDNA of the 
amphibian Xenopus laevis the relative locations of the rRNA genes, tRNA genes, 
replication origin, and the templates for a number of polyadenylated RNA 
transcripts are similar to those found in mammalian mtDNAs (3, 4). Among 
invertebrates, Drosophila mtDNA has been the most studied. Again, it is known 
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that the rRNA genes and the origin of replication occupy similar relative posi
tions to those found in vertebrate mtDNAs (5-8) and some transcripts have been 
mapped on the~. melanogaster mtDNA molecule (9, 10). 

Replication of metazoan mtDNA has been studied extensively. Using 
electron microscopy, replicative forms were first identified in rat liver mtDNA 
(II). Since then studies have been carried out on replication of mtDNAs from 
tissues of a number of mammals (12-15), but most thoroughly on the mtDNA from 
mouse L-cells in culture (see 2 for references). All metazoan mtDNAs studied 
so far employ a unique highly asymmetrical mode of replication in which synthe
sis of one strand is two thirds or more complete before synthesis of the second 
strand is initiated. However, equally interesting is the finding that in dif
ferent molecules from tissues of some animals, a variety of more nearly sym
metrical modes are employed. 

In this article we review studies on the replication of Drosophila mtDNAs, 
which differs in a number of details from replication of vertebrate mtDNAs. In 
Drosophila mtDNAs the region containing the replication origin is unique among 

metazoa, in that it has a very high (about 95%) A+T content, and shows exten
sive sequence divergence both within species and between species. 

MATERIALS AND METHODS 
The origins and derivations of all Drosophila species and different lines 

of a single species used in the experiments referred to in this article are 
given in references 16-18. All methodological details can be found in refer
ences 6, 7, 17, 19-21. 

RESULTS AND DISCUSSION 
The A+T-rich region of Drosophila mtDNA molecules 

It was shown independently by three groups (22-24) that approximately 25% 
of the DNA isolated from mitochondria of ~. melanogaster denatured at a temper
ature indicative of a higher adenine + thymine (A+T) content. A clear demon
stration that most of this A+T-rich DNA occurs as a single region of constant 
size (5.1 kb) in each mtDNA molecule was provided from electron microscope 
observations of molecules which had been partially denatured by either heat 
(Fig. 1, 16, 19) or alkali (5). Confirmation that this segment of lower 

thermal stability is in fact a region with an A+T content of approximately 95% 
was obtained from buoyant density analyses of restriction fragments containing 
the entire A+T-rich region (20). 
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FIGURE 1. ~. melanogaster circular mtDNA molecules from a preparation heated 
at 40°C for 10 min in 0.05 M sodium phosphate (pH 7.8) and 10% formaldehyde. 
A. An electron micrograph. The limits of the denatured (A+T-rich) region are 
shown by arrows. The bar indicates 0.5 ~m. B. Denaturation maps derived from 
molecules such as those shown in A. 

The G+C content of Drosophila mtDNA molecules outside the A+T-rich region, 
derived from both buoyant density and thermal melting studies, is about 25% 
(16, 19) which is much lower than that of other well-studied mtDNAs such as 
human (44.3% G+C; 1), mouse (36.7% G+C; 2), and Xenopus laevis (42.9% G+C; 
25). The two complementary stands of vertebrate mtDNAs have a base bias which 

permits easy separation into H (heavy) and L (light) strands. In contrast, the 
complementary strands of Drosophila mtDNAs have little or no base bias (16, 
·20). This prevents comparisons of the Drosophila complementary strands and the 

Hand L strands of vertebrate mtDNAs. 

We determined that the mtDNA molecules of different species (20 examined 
from 9 subgroups) of the melanogaster group of the subgenus Sophophora differed 
in size from 15.7 to 19.5 kb. Using denaturation mapping (Fig. 1) we showed 

for 8 species that these differences could be accounted for by differences in 

size (1.0 to 5.1 kb) of an A+T-rich region. Among 20 other species represent

ing 13 groups of the 5 subgenera of Drosophila, the size of mtDNA molecules was 

within the narrower range of 15.7 to 16.8 kb, and the mtDNA molecules of one 
species, ~. virilis was shown to contain an A+T-rich region of 1.0 kb (16). 

Six species of Drosophila, chosen because of their different degrees of 
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FIGURE 2. Maps of the mitochondrial genomes of the six Drosophila species 
indicated, showing the relative positions of the A+T-rich regions (hatched 
areas) and the positions at which EcoRI and HindIII cleave. The genomes have 
been oriented so as to maximize thecoincidence of enzyme sensitive sites, and 
then aligned by the common EcoRI site nearest the A+T-rich region. This site 
defines the right end of the A+T-rich region in the figure and all molecules 
are linearized at what is then the left end of the A+T-rich region. The origin 
(0) and direction of replication (R) are shown for each genome. The position 
and polarity of the two rRNA molecules transcribed from' the D. melanogaster 
mtDNA molecules are from Klukas and Dawid (5). 

taxonomic relatedness, were used in further studies • .Q.. melanogaster, .Q.. 

simulans, .Q.. mauritiana, .Q.. yakuba, and D. takahashii are all members of the 
melanogaster group of the subgenus Sophophora. The first four species are 
members of the melanogaster subgroup. Of these .. .Q. __ melanogaster, .Q.. simulans, 
and.Q.. mauritiana are the most closely related and will interbreed, though the 
products are largely sterile • .Q.. takahashii is in a separate subgroup • .Q.. 

virilis was chosen as a taxonomically more distant species belonging to the 
separate subgenus Drosophila (8, 18 for references, discussion and details). 

In order to gain information on the relationship of A+T-rich regions of 
mtDNA molecules of the six different Drosophila species, we determined in each 

the relative locations of sites cleaved by the restriction enzymes EcoRI and 
HindIII and of the A+T-rich regions. When the restriction maps were aligned, 
as shown in Fig. 2, and oriented so as to maximize the coincidence of 
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FIGURE 3. Electron micrographs of replicative intermediates of D. melano~aster 
mtDNA molecules (bar = 0.5 m). The molecules shown in A, B, C,--and F (rlght 
side) are double-forked (arrows) circular molecules in which one daughter seg
ment (dl) is totally double-stranded, and the second daughter segment is either 
totally double-stranded (d2 in F), totally single-stranded (s in A and B), or 
totally double-stranded at one fork and single-stranded (s) at the other fork 
(C). The replicated regions in A, B, C, and Fare 77%, 99-100%, 34% and 90% of 
the genome length, respectively. The molecules shown in D, E, and F (left 
side) are simple (nonforked) circular molecules. F is completely double-
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restriction sites, it appeared that all molecules have 3 EcoRI sites and 2 
HindIII sites in common. Other common restriction sites between various groups 
of species were also found. Assuming that these inferences of common 
restriction sites and the corresponding homologies are correct, then it is 
clear that the A+T-rich region occupies an homologous position in the mtDNA 

molecules in all of the species studied. 

Relicative forms 

Approximately 1% of circular DNA molecules obtained from mitochondria of 

embryonated eggs of ~. melanogaster (Fig. 3) had the characteristics of size 

and structure which had been interpreted by us (13, 14) and others (12, 15) to 
be replicative forms of mtDNA molecules from various other metazoa. All of 
these molecules (n=59) contained two forks and had a totally double-stranded 
daughter segment (defined as the first daughter segment) in the replicated 

region. The molecules differed in the structure of the other daughter segment 

(second daughter, Table 1). In the majority (n=49) of them, the second daugh
ter segment was totally single-stranded (Fig. 3A and B). The length of the 

replicated region ranged in these molecules from 2 to 99% of the genome 

length. A distinct class of molecules containing D-loops [a tristrand struc

ture formed by synthesis of the first few hundred nucleotides of the H strand 
in vertebrate mtDNAs (26)J was not apparent. In 6 of the replicative inter
mediates observed, the second daughter segment was also totally double
stranded, and the replicative region was 90 to 96% of the genome length. In 4 
of the replicative intermediates, the second daughter segment (10 to 98% genome 
length) was single-stranded at both forks but double-stranded in a central 
region. In other preparations molecules were found in which the second daugh

ter segment was single-stranded at only one fork. 
We next examined mtDNAs obtained from lysed ovaries of each of the species 

~. simulans,~. mauritiana,~. yakuba, Q. takahashii, and~. virilis. All of 

the structural kinds of circular replicative intermediates found in D. 

melanogaster mtDNA were found in mtDNAs of each of these species (Table 1). 

We obtained further data on replicative intermediates of ~. melanogaster 
mtDNA from observations on another sample of embryo mtDNA, and prepared for 

electron microscopy by the aqueous monolayer technique which results in 

stranded, E is completely single-stranded, and 0 contains a single-stranded 
region (s) accounting for 40% of the genome length (in part, modified from Fig. 
5 of reference 20). 
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Table 1. Data concerning the second daughter segment of partially replicated 
molecules of mtDNA from six species of Drosophila, observed in the electron 
microscope in foramamide protein monolayer preparations. The number of mole
cules observed is given by n. (Data from references 6 and 7.) 

Secondary structure of second daughter segment. 
Totally single- Totally double- Single-stranded only 

stranded stranded at one or both forks 
Range of Range of Range of 

Speci es n 1 engths n 1 engths n lengths 
(% genome) (% genome) (% genome) 

D. melanogaster 49 2-99 6 90-96 4 10-98 
D. simulans 15 5-72 2 38-91 8 17-98 
D. mauritiana 17 5-71 4 50-97 3 16-96 
D. takahashi i 16 5-97 1 97 4 31-65 
~. yakuba 22 5-83 3 24-72 1 98 
D. virilis 25 2-59 96 1 84 

collapse of single-stranded DNA into a "bush". This preparation was scored 
only for replicative intermediates in which the second daughter segment was 

either totally or partially double-stranded. Of 156 such molecules observed, 
120 were totally double-stranded. Daughter segment lengths of molecules of 
this group ranged from 5 to 97% of the genome length. However, in 83% (n=99) 
of these, the daughter segment lengths fell within the narrow range of 87 to 
97% of the genome length (Fig. 3F). In 34 of the remaining molecules of this 
sample, the second daughter segment was single-stranded at one fork only, and 

in two others it was single-stranded at both forks. 
In formamide preparations of mtDNAs of all six species of Drosophila 

studied, and in the aqueous preparation of ~. melanogaster mtDNA, unforked, 
simple circular molecules were observed in which a single region measuring from 

2 to 77% of the genome length appeared to be single-stranded (Fig. 3D). In 

formamide preparations of Drosophila mtDNAs we have also observed circular 

molecules which appear to be entirely single-stranded (Fig. 3E). 

Origin and Direction of Replication 

We have used the relative locations of the A+T-rich regions and EcoRI 
sites in the mtDNA molecules of the six Drosophila species of interest to us, 
to locate in each molecule the site at which replication originates and the 



138 

B 

FIGURE 4. A and A', electron micro-
graphs of partially replicated circu
lar mtDNA molecules of ~. melanogaster 
(A) and D. mauritiana (A') in which 
the A+T-rich region has been denatured 
by heating at 40°C for 10 min in 0.05 M 
sodium phosphate (pH 7.8) and 10% form
aldehyde (bar = 0.05 vm). Three forks 
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are indicated by arrows. B, a diagrammatic interpretation of the molecule 
shown in A. Corresponding segments of double-stranded DNA (d) and single
stranded DNA (s) in A and B are indicated by numbers. C, a cOOlparison of 10 
such molecules. For this purpose, each molecule is shown as a linear rod pro
duced by cutting the circular molecule at the fork marked f in B and placing 
this fork to the left. Double-stranded and single-stranded segments are indi
cated by thick and thin lines, respectively (mOdified frOOl Figs. 1 and 2 of 
references 6 and 7, respectively). 

direction in which replication proceeds (6, 7). First, we examined in the 

electron microscope molecules of each species which had been subjected to 
partial heat denaturation. The large majority of ci rcular molecules observed 

in each preparation were predominantly double-stranded with a major region of 

denaturation of a size characteristic of the respective species (Fig. I). In 
addition, more complex circular molecules were observed. In each case, frOOl a 
consideration of the lengths and relative arrangements of the various single

stranded and double-stranded segments, these molecules could be interpreted as 
replicative intermediates. Examples are shown in Fig. 4A and A'. Data for D. 
melanogaster mtDNA is shown in Fig. 4C. As illustrated in the diagram given in 
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Fig. 4B, these structures can be generated by partial denaturation of a 
circular molecule in which replication has originated at a single site in the 
A+T-rich region and proceeded unidirectionally for various distances around the 
molecule. These data clearly rule out any model of replication which requires 
either bidirectional synthesis from a unique origin, or a replicaton origin 
lying outside the A+T-rich region. 

Next, mtDNA from each of the six species was digested with EcoRI and the 
products were examined in the electron microscope. For each species three 
classes of double-forked structures were observed. Examples of these from D. 
melanogaster mtDNA are shown in Fig. 5a-c, and a diagrammatic interpretation of 
each is slJpwn in Fig 5a'-c'. The data obtained are summarized in Fig 5a l -c". 
All of the structures observed can be interpreted as the products of EcoRI 
digestion of replicative intermediates of circular molecules in which 
replication is unidirectional around the molecule and originates at a unique 
site within the A+T-rich region. In structures of the first class (Fig 5a") 
replication has proceeded to different positions still within the EcoRI A 
fragment. Structures of the second class (Fig 5b") are derived from molecules 
in which replication has proceeded to different positions within the EcoRI B 
fragment. Structures of the third class (Fig 5c") are derived from molecules 
in which replication has proceeded through the EcoRI D, B, and C fragments back 
to the A fragment. These data are therefore consistent with the results of the 
partial denaturation experiments, and further indicate that in each molecule 
the direction of replication is the same, towards the EcoRI site which delimits 
the EcoRI A and D fragments. 

~. melanogaster mtDNA was also digested with EcoRI and the products sub
jected to partial denaturation. Examination of this mtDNA in the electron 
microscope revealed a number of complex forms which could again, in each case, 
be interpreted as having arisen from replicative intermediates in which repli

cation had proceeded unidirectionally around the molecule from an origin in the 
center of the A+T-rich region, towards the same EcoRI site. 

Data obtained from analysis of the structural forms observed in electron 
microscope preparations of EcoRI digested mtDNA from the other five Drosophila 

species (7) confirmed that in each of these mtDNAs, as in~. melanogaster 
mtDNA, replication originates at a unique site in the A+T-rich region and pro

ceeds unidirectionally around the molecule towards the nearest common EcoRI 
site (Fig. 2). Our data (Fig. 6) further show that the origin of replication 
is located near the center of the three larger A+T-rich regions of the D. 
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FIGURE 5. Fork-containing EcoRI fragments of 
~. melanogaster mtDNA molecules. An example 
of each of the three structural classes observ
ed is shown in the electron micrographs a, b, 
and c (bar = 0.5 ~m). A diagrammatic inter
pretation of each of the three fragments as 
originating from a partially replicated mole
cule is shown in ai, b l , and c l • The inter
pretations are based on the known positions of 
EcoRI cleavage sites (E in a l ; A, B, C, and 0 

refer to the four EcoRI fragments-{l9)) and the relative lengths of the various 
segments of each of the three structural classes of fragments shown in a", b", 
and c". In a" and b", each fragment is al igned (arrow) by the fork associ ated 
with the larger double-stranded segment, and this double-stranded segment is 
placed to the left. In b", the second fork of each fragment is placed to the 
right as shown. In c", each fragment is aligned (arrow) by the fork associated 
with the double-stranded segment (approximately 20% of the genome length) and 
this double-stranded segment is placed to the right (modified from Fig. 2 of 
reference 6). 
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FIGURE 6. Histogram showing the position 
of the fork interpreted as the replication 
origin, within the A+T-rich region, relative 
to the nearest common EcoRI site. The EcoRI 
fragment is shown for each speci es by tlie 
horizontal line. The data represent the 
distance of the replication fork from the 
nearest EcoRI site. For~. melanogaster, 
however, the data also include the lengths 
of free-ended single-stranded segments of 
partially denatured molecules (Fig. 4A) 
plotted from the right boundary of the A+T
rich region. The data for ~. melanogaster 
are plotted in 200 bp intervals compared to 
100 bp intervals for each of the other 
species (data from Figs. 4 and 6 of refer
ences 6 and 7, respectively). 

melanogaster, ~. simulans, and~. mauritiana mtDNA molecules, while in mtDNA 
molecules of ~. takahashii,~. yakuba, and~. virilis the origin is located 
close to the left end of the A+T-rich region (Fig. 2). 

Replication Modes 
Our conclusions concerning the possible modes of replication of Drosophila 

mtDNA are shown in Fig. 7. As in all other metazoan mtDNAs studied (27-30) 
replication of Drosophila mtDNA begins at a unique site and proceeds 
unidirectionally around the molecule (Fig. 7a). It appears that there is 
considerable variation in both the site of initiation of synthesis of the 
second strand, and the time of initiation of synthesis of the second strand 
relative to initiation of synthesis of the first stand. Since, in the majority 
of replicative intermediates, one daughter segment is completely single

stranded, and the length of this segment ranges from 2 to 99% of the genome 
length, it seems that most of the molecules are replicated by a highly 
asymmetrical mode in which considerable synthesis of one strand can take place 

before synthesis of the second strand is initiated (Fig. 7a-n-o+p). Evidence 
for such an asymmetrical mode of replication has been presented for mtDNA from 

a number of animal tissues (12-15). However, only in Drosophila mtDNA have 
molecules such as those shown in Fig. 3B and E been found, suggesting that in 
this case DNA synthesis of one strand can be virtually complete before 
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FIGURE 7. Different modes of replication of Drosophila mtDNA which account 
for all of the molecular forms observed in electron microscope preparations. 
Thin and thick continuous li nes represent the complementary parental strands, 
and the thin and thick broken lines represent the corresponding complementary 
daughter strands. The arrows on daughter strands show the direction of syn
thesis (assuming antiparallel. 5'+3' synthesis of the two complementary 
strands). In a, the origin (0) and direction of replication (R) around the 
molecule are indicated (shown for D.melanogaster, hatched area = A+T-rich 
region; E = EcoRI sites). See text" for discussion. (Modified from Fig. 8 of 
reference 8)--. --

synthesis of the complementary strand is initiated (Fig. 7a-c), and that in 
some molecules daughter strand separation may occur before synthesis of the 
second strand commences (Fig. 7a-d-e+f). 

The finding of molecules in which the replicated region measures 10% to 
98% of the genome length and in which the second daughter segment is either 
partially or totally double-stranded (Fig. 3C and F), indicates that in some 
molecules synthesis of the second strand may be initiated at various positions 
on the molecule, even when synthesis of the first strand is as little as 10% 

complete (Fig. 7a-b-g(g')-h-j). The finding that, of molecules in which syn
thesis of the second strand had occurred, those in which replication was 87 to 
98% complete predominated suggests that there is a temporal pause in replica

tion when synthesis of both daughter segments is completed to an extent greater 
than 87% (Fig. 7K). 

The presence of gapped (12), simple circular molecules (Fig. 3D), in which 
the single-stranded region measures from 2 to 77% of the genome length is con-
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sistent with the view (31) that daughter molecules can separate when synthesis 
is incomplete over a wide range of the genome length (Fig. 7d-e+f; n-o+p). 

It has been clearly demonstrated that in mouse, human and hamster tissue 
culture cells, synthesis of the second (L) strand is initiated only when syn
thesis of the first (H) strand is about 66% complete (12, 32, 33). Further, it 
has been shown that the site of initiation of the second (L) strand in mouse 

and human mtDNA is within a specific segment of 31 or 32 nucleotides which can 
fold into a hairpin loop (32, 34). Interestingly, however, among mtDNA mole
cules from tissues of a number of animals as well as Drosophila, including rat 

and mouse liver, and sea urchin oocytes, replicative forms occur which indicate 
that in some molecules initiation of synthesis on the second (L) strand occurs 
at many different locations within the 66% of the genome measured from the (H 
strand) origin of replication (13-15, 35). In fact, it appears that in mtDNA 
molecules of mouse liver and rat liver, this is the case in 36% and 53%, 
respectively, of the molecules (36). 

Whether or not failure to find a distinct class of D loop-containing mole
cules among Drosophila mtDNAs by ourselves (6, 7, 19) and others (5, 37) indi
cates a real difference between the mechanism of replication operative in mtDNA 
of this organism and that of mtDNAs of other metazoa is not clear. It has not 
been ruled out that D loops are preferentially lost by branch migration due to 
the lower resistance to denaturation of the A+T-rich region at some time during 
the isolation procedure of the DNA. 

Klukas and Dawid (5) have shown as illustrated in Fig. 2, that the small 
and large mitochondrial rRNA (mt-rRNA) genes are located respectively in tandem 
adjacent to the A+T-rich region. A similar location for the mt-rRNA genes of 
the other Drosophila species was indicated from the results of our heteroduplex 
studies (17). By comparing the restriction mapping data of Klukas and Dawid 
(5) with that of ourselves (17, 19) we determined that replication of 
Drosophila mtDNA molecules is always towards the mt-rRNA genes (8, Fig. 2). As 
mentioned above, it has been shown that the two mt-rRNA genes of rat, mouse, 
human. and Xenopus have a similar arrangement relative to the origin of repli
cation to that found in Drosophila mtDNA. However. in each vertebrate mtDNA 
studied. the direction of replication is away from the mt-rRNA genes (3, 38-
40). Up to this time, determinations of the direction of replication in other 

invertebrate mtDNAs have not been made. 
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Sequence divergence in A+T-rich regions 
We have carried out denaturation-renaturation experiments to further 

elucidate the structure and homologies of the A+T-rich regions of the mtDNA 
molecules of different species. First, to gain information on the degrees of 
homology both outside and within A+T-rich regions, among the mtDNA molecules of 
the six different species, we constructed a series of heteroduplexes (17). 
This was done under conditions highly permissive for base pairing (35% 
formamide), using EcoRI fragments and whole circular molecules of the different 
speCies, in a variety of combinations. The results were quite 
straightforward. Complete pairing of molecules outside the A+T-rich regions 
was found in all heteroduplexes examined. However, in contrast, A+T-rich 
regions of the different species completely failed to pair in the following 
combinations: Q.. melanogaster:Q.. yakuba; Q.. melanogaster:Q.. takahashi i; Q.. 
melanogaster:D. virilis; Q.. takahashii :D. yakuba; Q.. virilis:Q.. yakuba. In 
heterodulexes between Q.. melanogaster and Q.. simulans, and between Q.. 
melanogaster and Q.. mauritiana mtDNAs, up to 35% of the A+T-rich region 
appeared double-stranded. These data clearly indicate that between species, 
extensive divergence of sequences has occurred in A+T-rich regions. It is also 
worth noting that examination of these heteroduplexes (and various control and 
experimental homoduplexes) failed to reveal evidence for either heterogeneity 
of sequences among mtDNA molecules from flies of the individual species used in 
these experiments, or for tandemly repeated sequences within A+T-rich regions. 

In other experiments we have obtained evidence for sequence differences 
between A+T-rich regions of flies derived from different strains of the same 
species (18). MtDNA molecules obtained from flies of two different female 
lines (mtDNA of Drosophila is maternally inherited (18)) originating from a 
single stock bottle of Q.. mauritiana were found to contain A+T-rich regions 
which differed in length by about 0.7 kb. In heteroduplexes constructed 
between these two kinds of mtDNA molecules, regions of strand separation were 
observed near the center of the A+T-rich regions. The sizes of these regions 
suggested that, in fact, extensive sequence differences may occur between at 
least 2 kb of this region. It is worth noting in this regard that the results 

of breeding experiments completely failed to indicate that any degree of 
infertility exists between flies of the two D. mauritiana lines used in these 

experiments. 
We have also obtained evidence for sequence differences between A+T-rich 

regions of mtDNA molecules of three geographically separated strains of D. 
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FIGURE 8. Nucleotide sequence of the left end of the A+T-rich 
.Q.. yakuba mtDNA molecules. The actual sequence determined was 
strand shown. The direction of transcription is shown by T+. 
codons in each of the three possible reading frames of the two 
strands are indicated by *** (Fig. 2 of reference 40). 
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me1anogaster, and between mtDNA molecules of two geographically separated 
strains of D. simu1ans. 

Sequence studies of the A+T-rich region of D. yakuba 

We have begun sequence studies of Drosophila mtDNAs to determine the 
structure of the A+T-rich region and to gain information on the extent of se
quence divergence in the A+T-rich regions of Drosophila species and on sequenc
es associated with the origin of replication. We cloned into bacteriophage M13 
the A+T-rich region-containing EcoRI fragment (the EcoRI C fragment, 2.5 kb) of 
.Q.. yakuba (Fig. 2) and sequenced the ends of this fragment (41) using the 
Sanger procedure (42). The EcoRI site which defines one end of this fragment 
is located close to the left end of the A+T-rich region (1.1 kb) which in turn 
lies approximately 250 base pairs from the replication origin (Fig. 2). 

The sequence of the 300 nuc1eotides at the left end of the A+T-rich region 
is shown in Fig.8. The first 150 nuc1eotides have a G+C content of 5%, but the 
G+C content of the remaining 160 nuc1eotides of this region is 14%. Inverted 

repeat sequences were found throughout the sequence. However, sequences homol
ogous to sequences found close to, or associated with the origin of replication 
of mammalian mtDNA (2, 43, 44) were not apparent. Using the genetic code 
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determined for human mtDNA (45) it appears that at least 6 termination codons 
are present in each of the 6 possible reading frames of the complementary 
strands of this~. yakuba sequence, and their spacing would permit uninterrupt
ed read-through of a maximum of 84 nucleotides. 

The function of the A+T-rich region, other than the initiation of replica
tion, is unknown at this time. Its low G+C content and notable lack of conser
vation of sequences make it unlikely that it contains sequences coding for pro
teins. This argument is supported both by two reported failures to detect RNA 
transcripts which hybridize to the A+T-rich region (9, 10) and our finding of 
frequent termination codons in the segment we have sequenced. 

Potter et ale (46) found that there are five small segments in the A+T
rich region of ~. melanogaster mtDNA molecules, all lying on that side of the 
replication origin which is the last to be replicated, which are protected J1! 
vivo from cross-linking by trioxsalen and UV light. They argued that the pro
tected segments result from the binding of proteins which, owing to their posi
tion in the molecule, may be involved in membrane attachment or replication. 

The region of mammalian mtDNA molecules which contains the replication 
origin and lies between tRNApro and tRNAphe (1, 2), though of higher G+C 
content, shares a number of the features we have described for the A+T-rich 
region of the Drosophila mtDNA molecules. In mammals this region is about 1.1 
kb in length, shows the greatest sequence variation, including length differ
ences of up to several hundred base pairs between species (2, 4, 47, 48), 
appears not to be transcribed (except for a 230 nucleotide transcript RNA from 
a region near the tRNA phe gene of human mtDNA (49)), and lacks extensive open 
reading frames. It seems reasonable to argue, therefore, that this region of 
mammalian mtDNA and the A+T-rich region of Drosop~ila mtDNA have evolved from a 
common ancestral sequence. Inversion of a segment containing the origin of 
replication within this sequence may have resulted in the opposite overall 
direction of replication in vertebrate and Drosophila mtDNA molecules. 

It seems likely from a conSideration of the size of the mtDNA molecules 
from different Drosophila species and the results of our heteroduplex experi
ments, that the A+T-rich regions of most Drosophila mtDNA molecules are about 
1.1 kb. The larger A+T-rich regions of the mtDNA molecules of melanogaster 

group species could have arisen by duplication of various segments of the 

smaller A+T-rich regions. However, if duplication occurred, then it must have 
been followed by further extensive sequence divergences as there is no evidence 
from our heterduplex data that any of the A+T-rich regions studied contain 
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duplicated sequences (17, 18, 20). A further pOint of interest in this regard 
is that the distribution of sizes of A+T-rich regions of mtDNA molecules of the 
different me1anogaster group species was found not to follow a simple taxonomic 
pattern (16). Our data indicated either that increase in size of the A+T-rich 
region has occurred independently in separate evolutionary paths, or that 
decrease in size of the A+T-rich region has accompanied evolution along at 
1 east one path. 

This work was supported by N.S.F. Grant No. BMS-74-21955 and N.I.H. Grant 
Nos. GM 18375 and K4-GM 70104. 
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REPLICATION OF MAMMALIAN MITOCHONDRIAL DNA 

DAVID A. CLAYTON 

SUMMARY 

The mammalian mitochondrial DNA system has proven amenable to biochemical 

studies of the mode of replication of this closed circular DNA. This genome 

contains two separate and distinct origins of replication. One origin is contained 

within the displacement-loop region and initiates synthesis of the heavy strand of 

the helix. The second origin is located 67% of the genomic length away from the 

heavy-strand origin and initiates light-strand synthesis in the opposite direction. 

Synthesis from each origin is unidirectional and initiation at the origin of light-strand 

synthesis is delayed until heavy-strand synthesis is greater than 67% completed. 

The precise start points of synthesis at each origin are known and an ordered family 

of replicative intermediates have been characterized. In addition to replicative 

functions, the displacement-loop region has been implicated as a major site of 

transcriptional control in mammalian mitochondrial DNA. Nucleotide sequence 

comparisons indicate that this region is highly species-specific. In contrast, the 

origin of light-strand synthesis appears to be a well-conserved functional element. 

INTRODUCTION 

Mammalian cells in culture typically contain several thousand copies of mito

chondrial DNA (mtDNA) per cell (1). Replication of the genome is under relaxed 

control and mtDNA synthesis proceeds independently of nuclear DNA s~thesis (2,3). 

Although not all molecules replicate once per doubling of tissue-culture ceIT 

populations, the net amount of mtDNA synthesiS is consistent with the maintenance 

of a constant number of genomes (4). 

The existence of oligomeric forms of closed circular DNA was first identified 

in mammalian mtDNA populations. Oligomers are of two types: catenanes, in 

which two or more monomeric units are joined as links in a chain; and unicircular 

dimers, in which two monomeric units exist in a head-to-tail configuration (5). The 

available data suggest that catenanes are formed from pre-existing monomers (6,7) 

while the mechanism of formation of unicircular dimers remains an enigma. However, 
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FIGURE 1. Mode of replication of monomeric mouse mtDNA. Parental H and 
L-strands are denoted by thick and thin lines, respectively. Daughter strands are 
shown as dashed lines and the order of replication is clockwise starting with 
D-mtDNA (D-loop mtDNA). Expanded D-loop replicative intermediates are termed 
Exp-D prior to initiation of L-strand synthesis and Exp-D(5/.) after initiation of 
L-strand synthesis. Segregation produces two daughter molecules, cr and i3 Gpc, 
and the caret indicates an interruption of at least one phosphodiester bond in the 
H-strand of the cr daughter molecule. The gapped circle (Gpc) must complete 
synthesis prior to closure (E-mtDNA). The double arrows denote the metabolic 
instability of D-loop strands and the consequent interconversion between C-mtDNA 
and D-mtDNA. This figure is from (13), with permission. 
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the availability of a mouse L-cell line that contains exclusively unicircular dimer 

mtDNA (8,9) has permitted a characterization of the mode of replication of this 

oligomeric form (10). 

MATER~ AND METHODS 

DNA sequencing was performed as described by Maxam and Gilbert (11). 

Electron microsopy was performed as described by Robberson and Clayton (8). 

5'-end labeling and mapping of daughter light-strands (L-strands) is described by 

Tapper and Clayton (12). 

RESULTS AND DISCUSSION 

Mode of replication of monomeric mtDNA 

The major form of mtDNA in mouse cells is a covalently closed circle with 

a displacement-loop (D-loop) at the origin of H-strand replication (Figure 1). This 

D-loop structure is formed by the synthesis of a short H-strand which remains 

associated with the parental closed circle. The entire molecule has been termed 

D-mtDNA. Replicative intermediates are defined as those molecules in which 

H-strand synthesis has extended past the D-loop region (Exp-D). Synthesis of the 

daughter H-strand continues in a unidirectional manner until completion of synthesis. 

After H-strand synthesis is 67% complete, the origin of L-strand synthesis is exposed 

as a single-stranded template and initiation of L-strand synthesis occurs (Exp-D(l), 

Figure 1). The delay in initiation of L-strand synthesis results in the segregation 

of two types of daughter molecules (Cl' and (3), with one consisting of the parental 

H-strand and a partially synthesized daughter L-strand «(3) (Figure 1). Both Cl' and (3 

daughter molecules are converted to closed circles (E-mtDNA) with few, if any, 

superhelical turns. Approximately 100 negative superhelical turns are then introduced 

into these E-mtDNA daughter molecules, resulting in the formation of C-mtDNA. 

This superhelical DNA (C-mtDNA) serves as the template for the formation of 

D-loop mtDNA which completes the replication cycle. The synthesis of full-length 

daughter strands requires approximately one hour and the entire cycle is completed 

in approximately two hours. 

Replication of unicircular dimer mtDNA 

Unicircular dimers contain two monomeric genomes and therefore four rep

lication origins (Figure 2). Most unicircular dimers possesses one or two D-loops 

and molecules in which one of the D-loops has elongated have been used to infer 

the unique map position of the stationary D-loop (Figures 3,4). Productive H-strand 

synthesis begins by expansion of a D-loop strand beyond the D-loop region (Figure 
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o 

FIGURE 2. Mode of replication of unicircular dimeric mouse mtDNA. The order 
of replication is A through G. ° denotes the two D-Ioop origins of H-strand 
synthesis and Or, denotes the two ori~ns of L-strand synthesis. The major difference 
in the replicati<5n of unicircular dimeric mtDNA as compared to monomeric mtDNA 
is the synthesis of a new D-Ioop (F ,G) in daughter molecules prior to closure. For 
a complete description of unicircular dimer replication, see reference (10) from 
which this figure is taken, with permission. 
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FIGURE 3. Electron micrograph of an early replicative intermediate of unicircular 
dimeric mtDNA. The molecule is 32.6 kb in size. One of the two D-Ioops (upper 
right) has begun to expand. 
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2A,B). It is not known whether pre-existing D-loop strands serve as replication 

primers. Elongation proceeds unidirectionally (Figure 4) past the first origin of 

L-strand synthesis and H-strand synthesis continues until reaching the second D-loop 

region (Figure 2D). Daughter H-strands 16 kb in size have been isolated from 

replicative intermediates which suggests that synthesis is halted for a substantial 

period of time (10). Whether elongation eventually progresses through this sequence 

or whether a second initiation event is required is unknown. H-strand synthesis in 

the remainder of the molecule is unimpeded until segregation of two daughter 

molecules (Figure 2E,F,G). In contrast, daughter L-strand synthesis begins at the 

first exposed origin of L-strand synthesis and proceeds unidirectionally until the 

first D-loop region is reached (Figure 2C). The second initiation of L-strand 

synthesis occurs upon displacement of the second origin of L-strand synthesis (Figure 

2E). A consequence of the utilization of two origins of L-strand synthesis is that 

three sizes of daughter L-strands can be identified (10). The first initiation produces 

a 10.5 kb daughter L-strand and the second a 16 kb daughter L-strand. Subsequent 

joining of these two nascent L-strands results in a 27 kb strand which is maintained 

until after segregation (Figure 2G). The final event in L-strand synthesis is the 

closure of the remaining 5.4 kb gap to produce a mature closed circular species. 

The topology of newly-replicated unicircular dimeric mtDNA is different from 

that of newly-replicated monomeric mtDNA, which lacks both superhelical turns 

and D-loops. Most newly-replicated dimeric mtDNA molecules contain D-loops, 

which may result from the presence of D-loops in late replicative molecules (Figure 

2F ,G). Therefore, following completion of daughter-strand synthesis and ligation, 

the newly-replicated molecules would be expected to contain one D-loop each. 

Because dimeric mtDNA molecules exist for nearly three hours as replicative 

intermediates, it is feasible that aD-loop H-strand may be synthesized after 

replication has been completed at one of the H-strand origin regions. In principle, 

only one L-strand and one H-strand origin could be required for unicircular dimer 

mtDNA synthesis. Although both origins of L-strand synthesis are functional in a 

single dimeric molecule, only one origin of H-strand synthesis may be utilized for 

replication (10). It is therefore possible that unicircular dimers contain only one 

D-loop region capable of initiating H-strand synthesis, although the overall frequency 

of replicative intermediates is such that one would not expect a significant number 

of doubly-initiated molecules purely on a statistical basis. 
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FIGURE 4. Electron micrograph of an expanded replicative intermediate of 
unicircular dimeric mtDNA. The double arrows denote the expanded D-loop; the 
single arrow denotes the stationary D-loop. 
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Displacement-loop region of mtDNA 

In the initial studies of D-loop mtDNA it was assumed that the hydrogen-bonded 

H-strand within the D-loop was of unique length. That this is not the case was 

shown by Brown et al. (14) and Gillum and Clayton (15) who demonstrated multiple 

forms of D-loop strands. In the case of mouse mtDNA there are at least four 

species ranging from -520-690 nucleotides in length (14-17) and the basis for the 

overall length difference is largely due to differences in length at the 3 '-ends. In 

contrast, human D-loop strands are composed of three major species -.570-655 

nucleotides in length, with the major contribution to length difference being at the 

5'-ends of the strands (12,14,15,17). 

One'tlf the most novel features of D-loop formation is the fact that discrete 

stop points in synthesis are recognized. Human D-loop strands map at a single 

3'-end position, while there are five discrete 3'-end map positions for mouse D-loop 

strands (18). There are five obvious possibilities for the cessation of synthesis of 

these strands. The first is that the thermodynamics of available superhelix free 

energy do not permit expansion beyhond a defined point (19). There are four facts 

which render this hypothesis unlikely: Ul If termination of D-loop H-strand synthesis 

were thermodynamically determined, the resultant H-strands should be of unique 

length or consist of a population of molecules distributed about one modal length. 

These fragments exist as a population of multiple, discrete lengths. [2] The 

termination of D-loop H-strand synthesis should be directly related to the original 

superhelix density of the closed circular template. It is not, because the superhelix 

densities of mouse and human simple closed circular mtDNAs are similar yet the 

lengths of D-loop H-strands differ. [3] It would be expected that elongation of 

the 3'-end of a D-loop strand would continue until most, if not all, superhelical 

turns were removed. In fact, !!! vivo synthesis proceeds until approximately 

two-thirds of the superhelical turns of simple closed circular mtDNA are removed. 

This is in contrast to the observation that D-loop strands can be extended !!! vitro 

until most, if not all, of the original superhelical turns of the parental strands are 

relieved (20). [4] In the case of unicircular dimer mtDNA, a significant fraction 

of the population contains only one D-loop. If the size of the single D-loop region 

were determined by the available free energy of superhelix formation, this D-loop 

should be twice the size of monomeric mtDNA D-loops because the superhelix 

density of unicircular dimer mtDNA is the same as that of monomer mtDNA (10). 

The sizes of unicircular dimeric D-loop strands are the same as those from monomer 

mtDNA (21). It should be cautioned that all assessments of superhelix densities of 
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mtDNA forms are from !!! vitro solution conditions and therefore do not necessarily 

reflect the spectrum of topological complexity which may exist in the organelle. 

A second possibility, that each of these early terminated strands does not 

contain a proper 3'-OH end for further addition of triphosphates, is unlikely for 

two reasons. First, the strands can be 3'-end labeled by orthodox terminal labeling 

methods, such as by terminal transferase. Second, the 3'-ends of each of the human 

and mouse D-loop strands can be elongated !!! vitro by human KB cell DNA 

polymerase (3 (20,22). 

In the case of mouse mtDNA, a third possibility is that the five discrete 

3'-ends of mouse D-loop strands are generated by a rapid exonucleolytic process 

operating at the 3'-end, resulting in precise degradation to five distinct 3'-ends. 

This possibility has not been completely ruled out, but !!! vivo pulse-labeling studies 

have failed to reveal any obvious precursor-product relationship among mouse L-cell 

D-loop strands (21). 

A fourth possibility is that size heterogeneity of these strands could result 

from actual size heterogeneity within the D-loop region in the parental duplex DNA 

population with each of the individual D-loop strands emanating from a unique 

subpopulation of parental closed circles with a single stop position. A restriction 

enzyme approach has shown that this region of the genome is of a single size (23). 

Finally, a fifth possibility is that cessation of strand elongation is directed 

by a DNA sequence-specific event. A comparison of the map positions of D-loop 

strands and nucleotide sequences in the D-loop region of mouse and human mtDNA 

suggests that this intriguing concept may be correct (18). Precise localization at 

the nucleotide level indicates that the 3'-ends of D-loop strands of human and 

mouse mtDNA are discrete and map within three to five nucleotides on the 

complementary template strand. In the case of human mtDNA, there is a single 

trinucleotide stop point 51 to 53 nucleotides downstream from a 15-nucleotide 

template sequence (3'-TAACCCAAAAATACA-5') which is very similar to a sequence 

repeated four times in the mouse mtDNA D-loop region (3'-TAAPyPyAAATTACA-5'). 

The stop points of the five major mouse D-loop strands are from 24 to 63 nucleotides 

downstream from the four repeated template sequences. A productive replication 

event could involve initiation and synthesis past these putative stop signals (Figure 

5). One would then argue that all D-loop strands represent abortive events with 

respect to replication and do not serve as primers. Because the four major mouse 

D-loop strands have a short half-life of approximately one hour (21), greater than 
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9596 of these D-loop strands are lost by turnover and cannot serve as primers for 

mtDNA replication. 

The nucleotide sequences of the D-loop regions of human and mouse mtDNA 

have been compared (17). There are limited regions of potential secondary structure 

in these sequences, and although the 5'-ends of D-loop strands map within or near 

such structures, none have as yet been directly implicated in the initiation of DNA 

synthesis. In addition, there are regions of extended homology between the three 

D-loop regions which are located in the midportion of the D-loop (Figure 5). 

These data permit the delineation of a prototypic D-loop region of mammalian 

mtDNA (Figure 5). The short conserved sequences have been implicated as control 

regions for the initiation and cessation of D-loop strand synthesis (16':'18) and the 

larger conserved sequence may be involved in anchoring the genome !!! situ. Given 

the fact that the D-loop region is the only significant amount of DNA sequence 

that does not code for an RNA or protein species (24), it is likely to contain the 

major promoters for transcription of each strand of the helix (24,25). 

H-strand 

H- strand Promoter 

~ 5' 

O-Ioop strands ~ ~ 
------------------------~ 

L - strand RNA 
pramote~ Priming 

Membrane 
Binding? 

3' 

L-strand 3'----1 v .. r" .. 'OL.~~. ---..,.._--r--5' 
TAS 

PROTOTYPIC 0 - LOOP REGION 

Pro 

FIGURE 5. Consensus D-loop region of mammalian mtDNA. The D-loop region 
is defined as that portion of the genome bounded by tRNA genes Phe and Pro (24). 
Major promoters for transcription of each strand are thought to be located in the 
areas shown. The number and map position of D-loop strands are species-specific. 
RNA-priming of mouse D-loop strand synthesis occurs within a region of three 
conserved sequence blocks (CSBs) (16,17) and a large CSB in the midportion of this 
region could be involved in membrane binding. The termination associated sequences 
(TAS) map near the 3'-ends of D-loop strands (17,18). 
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TEMPLATE SEQUENCE AT MOUSE LIGHT-STRAND ORIGIN 

FIGURE 6. Potential secondary structure of the template strand at the orlgm 
of L-strand synthesis. The numbering is that of Bibb et al. (24). Priming of 
replication can begin in the T-rich loop (27) and proceeds in the direction shown. 
The major site of ribosubstitution in this region is boxed (26) and the major 5'-end, 
rG, of nascent daughter L-strands maps at the position marked by the boldface 
arrow. This point represents the major transition from ribo- to deoxyribonucleotide 
synthesis (27). 

Origin of light-strand synthesis 

The map positions of the human (12) and mouse (13) origins of L-strand synthesis 

have been precisely located. These origins have the potential to form a stem and 

loop structure that may be biologically significant because the template strand does 

not function until it is displaced as a single-stranded entity (Figure 6). For the 

most part, the 5'-ends of daughter L-strands are located in the stem portions of 

potential dyads. In particular, the larger dyad has a G+C-rich stem and T-rich 

loop in both systems and is predicted to be one of the most stable secondary 

structures assigned to a replication origin (24-26). The retention of ribonucleotides 

in the L-strand of closed circular mouse mtDNA at a trinucleotide site in this stem 

(26) may reflect incomplete excision of primer ribonucleotides (Figure 6). Tapper 
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and Clayton (27) have determined that the majority of 51-ribonucleotide ends of 

daughter L-strands from replicative intermediates map within this same trinucleotide 

position in the mtDNA sequence. The flanking sequences contain tRNA genes which 

are more highly conserved in primary sequence (24). The origin of L-strand synthesis 

exhibits sequence homologies with several known prokaryotic and eukaryotic origin 

regions (13), and one of these is a 30-nucleotide region which is 60% homologous 

to the viral gene A protein cleavage site in 0Xl74 and G4 viral DNA. It is not 

recognized by gene A protein as a productive cleavage site in closed circular mtDNA 

(28). 

Based upon the identification of a family of nascent L-strand 51-ends (27), it 

is clear that RNA priming of replication can occur within the T-rich loop on the 

mouse template H-strand as shown in Figure 6. Because the switch to deoxy

ribonucleotide synthesiS is most pronounced at the end of the G+C-rich portion of 

the stem, it is likely that the T-rich loop is recognized by the priming activity 

and the G+C-rich sequence effects a transition to DNA polymerase function. This 

view is strengthened by the fact that these primary and secondary sequence 

characteristics are highly conserved in human and mouse mtDNA (24). 

Conclusions 

The novel mode of mammalian mtDNA replication has facilitated biochemical 

stUdies of the initiation and elongation of daughter strands as well as the 

identification and ordering of replicative intermediates. The overall rate and 

sequential details of the process !!! vivo are known and documented. In contrast, 

our understanding of the enzymological processes involved in replicating this genome 

is relatively primitive. Current data suggest that DNA polymerase '( is functional 

in mtDNA replication and it has recently been purified to near homogeneity (29). 

Future stUdies of mammalian mtDNA replication should be directed towards 

identifying the factors necessary for replication by utilizing currently available, 

defined mtDNA primer-template systems (30). 
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REPLICATION OF BACTERIOPHAGE T7 DNA 

CHARLES C. RICHARDson 

SUMMARY 

Bacteriophage T7 provides a model for understanding the 

mechanisms involved in the replication of a linear, duplex DNA 

molecule. Studies with purified proteins encoded by phage T7 and 

its host have elucidated the mechanisms by which both leading and 

lagging strands are synthesized, thus accounting for the movement 

of the replication fork along the duplex DNA molecule. 

Identification of the primary origin for the initiation of DNA 

replication on the T7 chromosome has led to an understanding of 

at least some of the structural and enzymatic requirements for 

site - specific 

those obtained 

initiation. These studies, in conjunction with 

with other phage and bacteria, provide 

considerable insight into the multiple reactions that constitute 

the overall process of DNA replication. 

INTRODUCTION 

In recent years we have been studying the replication of 

bacteriophage T7 DNA in order to understand the molecular and 

enzymatic mechanisms responsible for the replication of a linear, 

duplex DNA molecule (1-3). In vitro studies on the replication 

of the single-stranded, circular DNAs of phages G4, M13, and 

¢X174 have defined the mechanisms by which these DNAs are 

converted to circular duplexes or replicative forms (4). Studies 

On the replication of duplex DNA molecules have made use of both 

circular and linear DNA molecules. There are two major classes of 

duplex, circular molecules: the replicative forms of the 
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single-stranded phage DNAs and a variety of plasmid DNA 

molecules. Among the duplex, linear DNA molecules whose 

replication has been studied are those isolated from phages T7, 

lambda, and T4 (4). Studies with duplex molecules have provided 

information that could not be obtained with the single-stranded 

DNA phages alone, such as the mechanism by which replication is 

initiated at a site-specific origin and the events that occur at 

the replication fork as both the leading and lagging strands are 

replicated. 

Certain steps in the replication of the larger DNA molecules 

such as those of T7, lambda, and T4, resemble events known to 

occur during 

chromosomes. 

the replication of bacterial and eukaryotic 

Phage T7, like the more complex T4 phage, relies 

heavily upon its own encoded proteins for DNA replication, 

providing one approach to studying specific steps in 

replication. Of the two phages, the replication of T7 DNA 

appears simpler to dissect in that it has evolved an efficient 

and economical mechanism for the replication of its DNA. Studies 

with T7 have revealed the minimal requirements for the rapid and 

accurate replication of a duplex DNA molecule." In analogy to the 

replication of chromosomes of more complex organisms, T7 has 

multiple origins at which initiation can occur, and replication 

is both bidirectional and discontinuous. In addition, studies 

with T7 provide the opportunity to determine at least one 

mechanism by which a linear molecule is fully replicated without 

proceeding through a circular replicative intermediate. 

IN VIVO DNA REPLICATION 

Considerable information is available concerning the 

genetics and life cycle of phage T7. Kruger and Schroeder (5) 

have written an excellent and thorough review of phage T7. Only 

those topics relevant to T7 DNA replication are summarized here. 

The chromosome of phage T7 

The T7 virion is a polyhedral nucleocapsid 50 nmin diameter 

with a 20 nm long noncontractile tail. Each phage particle 

contains a double-stranded, linear DNA molecule, each strand 

consisting of an uninterrupted sequence of 40,000 nucleotides 

(Fig la). DNA molecules isolated from phage T7 particles all 
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FIGURE 1. In vivo 
intermediates in T7 DNA 
replication. 
(a) Bacteriophage T7 DNA; 
(b) bidirectional 
replication initiated at the 
origin results in a 
replication bubble 
(eye-form) ; 
(c) Y-shaped replicating 
molecule showing 
discontinuous synthesis and 
RNA primers; (d) linear 
concatemers. From 
Richardson et al. (1). 

have the 

redundancy 

same unique nucleotide 

of 160 nucleotides (6,7). 

sequence and a terminal 

The nucleotide sequence of 

the entire molecule has been determined (7, J. J. Dunn, personal 

communication). 

Intermediates in T7 DNA replication 

T7 DNA replication can be divided into three major stages: 

(1) initiation, (2) movement of the replication fork, and (3) 

formation and processing of concatemers (Fig. 1). T7 DNA 

replicates as a linear monomer, at least in the early stages of 

infection (8,9). DNA synthesis is initiated at a specific site 

on the viral chromosome giving rise to eye forms (Fig. Ib) in 

which the replication bubbles, as visualized by electron 

microscopy, are centered approximately 17% of the distance from 

the genetic left end of the DNA molecule (position 17). 

Bidirectional replication from this origin generates Y forms 

(Fig. lc). A major portion of the newly synthesized DNA can be 

isolated as short fragments 1000 to 6000 nucleotides in length 

(lO,l1). The 5 ' -termini of these fragments bear 

oligoribonucleotides (12,13), suggesting a role of RNA priming in 
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the synthesis of these Okazaki fragments. In subsequent rounds 

of replication, at least 50% of the newly synthesized DNA is 

found in the form of linear concatemers many phage genomes in 

length (Fig. Id) (14-19). Finally, maturation of replicated T7 

DNA requires the cleavage and processing of these concatemers to 

yield the unit-size T7 DNA molecules found in the mature virion. 

In addition to the structures described above, replicating 

T7 DNA can be isolated in more complex forms. Both parental and 

newly synthesized T7 DNA are found in stable association with 

host cell membranes (20,21). Furthermore, the newly synthesized 

DNA can be isolated in a form, free of membrane material, 

consisting of several hundred phage equivalents of DNA (19). The 

properties of this form of intracellular DNA suggest that it is 

similar to the "folded chromosome" of E. coli (22,23). 

Genetic analysis of T7 DNA replication 

Upon injection of T7 DNA into the host, E. coli RNA 

polymerase initiates transcription from three promoters located 

at the left end of the T7 genome, and thus accounts for the early 

transcription through gene 1.3 (Class I genes) (24). The product 

of gene 1 is an RNA polymerase (25) and it accounts for the 

transcription of the remainder of the genes, Class II and Class 

III genes. The majority of the phage replication proteins are 

products of the Class 

commences approximately 

infection. 

II 

4 

genes and, as such, their synthesis 
o 0 

min (37 C) or 6 min (30 C) after 

Phage mutants. Genetic analysis of phage T7 (24,26) has 

shown that the products of genes 1, 2, 3, 4, 5, and 6 are 

essential for viral DNA synthesis in vivo (Fig 2). The product 

of gene 1 is the T7 RNA polymerase; it is required for expression 

of most of the T7 genome, including genes 2 through 6. T7 RNA 

polymerase also plays a direct role in DNA replication, since T7 

DNA synthesis ceases after inactivation of a 

temperature-sensitive T7 RNA polymerase (27). As discussed 

later, T7 IDJA polymerase is essential for the initiation of DNA 

replication at the primary origin. 

During 

development 

(29,30). 

infection 

(28) is 

by 

at 

gene 

the 

2 mutants the block in T7 phage 

stage of concatemer formation 

Studies with purified gene 2 protein have shown 
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FIGURE 2. Genetic map of phage T7. Gene sizes reflect molecular 
weights of protein products (adapted from 7,24). 

it to be an inhibitor of E. coli RNA polymerase (31-33), and E. 

coli mutants that have an altered RNA polymerase to which the T7 

gene 2 protein cannot bind show a similar block in phage 

maturation when infected with wild type T7 (30). 

Genes 3 and 6 code for an endonuclease and an exonuclease, 

respectively, and at least one of their roles is to provide 

nucleotide precursors for phage DNA synthesis by catalyzing the 

breakdown of host DNA (34-36). T7 relies almost exclusively on 

the breakdown of host DNA for its nucleotides. In addition, both 

nucleases are involved in the metabolism of concatemers (37) and 

the gene 6 exonuclease has been implicated in the removal of RNA 

primers that arise during T7 DNA replication (38). 

T7 induces the synthesis of a DNA polymerase (39,40) 

comprised of two subunits (41). One subunit is the product of 

gene 5. Phage mutants defective in gene 5 synthesize an altered 

enzyme (39) and no phage DNA (24). The other subunit, 

thioredoxin, is provided by the host (see below). 

E. coli infected with T7 carrying amber mutations in gene 4 

synthesize only small amounts of T7 DNA (24). Studies on gene 4 

mutants suggest that the gene 4 protein functions throughout 

replication (42-44). As will be shown, the gene 4 protein has a 

dual role of helicase and primase at the replication fork. 
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Phage T7 DNA also codes for several additional proteins that 

are involved in DNA replication but which can be replaced by 

functionally similar proteins in E. coli. They and their 

functionally similar host proteins are discussed in a later 

section. 

E. coli mutants. Two host proteins are known to be 

essential for T7 DNA replication: E. coli RNA polymerase and 

thioredoxin. Chamberlin (45) has isolated three classes of E. 

coli mutants designated tsnA, tsnB and tsnC (T-seven negative). 

These mutants grow normally but are unable to support the growth 

of wild type T7. ~~ereas tsnA mutants are impaired in phage 

adsorption, infection of either tsnB or tsnC mutants is 

characterized by normal cell killing as well as normal patterns 

of phage transcription and protein synthesis. In both strains the 

block in phage development is in DNA replication. In tsnB hosts 

the onset of viral DNA replication is delayed, and replication 

terminates prematurely, while in tsnC hosts no T7 DNA synthesis 

occurs. De Hyngaert and Hinkle (46) have shown that the tsnB 

mutation alters the E. coli RNA polymerase so that it is 

resistant to inhibition by the T7 gene 2 protein. The product of 

the tsnC gene (trxA) is thioredoxin, the host subunit of T7 DNA 

polymerase (see below). As described in a later section, E. coli 

also provides several replication proteins that can replace 

functionally similar phage proteins. 

AN IN VITRO REPLICATION SYSTEM ----
A major advance in studying DNA replication has been the 

development of cell-free extracts that replicate exogenous DNA 

(4). In addition to providing information on the proteins and 

intermediates of DNA replication, these systems provide 

complementation assays to purify replication proteins for which 

no conventional assay is available. Such an in vitro system has 

been developed for T7 DNA replication (47,48). 

Characterization of DNA replication in vitro 

Extracts of gently lysed E. coli cells infected with 

wild-type T7 carry out extensive DNA synthesis, whereas extracts 

prepared from uninfected cells are inactive (Fig. 3a). DNA 
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FIGURE 3. In vitro replication of phage T7 DNA. Extracts for 
replication or- phage T7 DNA were prepared by gentle lysis of 
cells. Kinetics of DNA synthesis were measured by following the 
incorporation of dTTP into acid-insoluble DNA (48). 
(A) Comparison of uninfected and T7-infected E. coli. 
(B) Complementation of extracts of T7 3,4~6-infected E. coli 
(lacking gene 4 protein) with extracts of T7 3,4,6-infecte~ 
coli (containing gene 4 protein). 

synthesis in vitro requires the four deoxyribonucleoside 

triphosphates (dNTPs) and an exogenous T7 DNA template; the rate 

of synthesis is increased several fold by the addition of the 

four ribonucleoside triphosphates (rNTPs). 

The initial rate of DNA synthesis is 3000 nucleotides per 

cell equivalent per second, and synthesis continues for at least 

60 min. Under optimal conditions the amount of DNA synthesized 

is several fold the amount of template DNA present. 

Approximately 50% of the newly synthesized DNA is the same length 

as intact T7 DNA and is not covalently attached to the template 

(49) • Provided the gene 6 exonuclease is present, a portion of 

the newly synthesized DNA is considerably larger than unit size 

T7 DNA, presumably reflecting the synthesis of concatemers (50). 

The full length product DNA molecules are fully infective and 

produce T7 phage when added to spheroplasts of ~. ~oli (51). 

Furthermore, the newly synthesized DNA can be packaged in vitro 

to produce infective phage particles, the larger than phage size 
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T7 DNA molecules being packaged more efficiently (50). Thus the 

fidelity of the in vitro replication system is sufficient to 

produce biologically active DNA. 

Requirement for replication proteins; In vitro complementation 

DNA replication in vitro is dependent on several gene 

products necessary for DNA synthesis in vivo, but is independent 

of others. Incorporation of deoxynucleotides into DNA requires 

the products of phage genes 4 and 5 and the product of the host 

gene, trx. The latter two gene products, the phage gene 5 

protein and E. coli thioredoxin, constitute T7 DNA polymerase. 

The products of phage genes 2, 3, and 6 are not required for 

synthesis in vitro, presumably because they affect processing of 

Okazaki fragments and concatemer metabolism, and hence their 

absence would not be detected by measuring DNA synthesis. 

Certainly, in vitro, the gene 3 and 6 nucleases are not required 

for the breakdown of host DNA to yield nucleotide precursors as 

in vivo, 

absence 

since exogenous dNTPs a~e present. In several cases the 

of a replication protein can be detected by examination 

of the product synthesized. For example, concatemer formation is 

greatly reduced if gene 2 protein (33) or gene 6 exonuclease (50) 

are absent and, in the absence of E. coli DNA polymerase I, 

fragments of T7 DNA accumulate (49). 

A major use of the in vitro methodology is that extracts 

lacking a specific protein can be complemented by extracts or 

fractions containing the missing protein, thus providing a 

complementation assay to monitor its purification. As shown in 

Fig. 3b, extracts of ~. coli infected with T7 gene 4 mutants do 

not support DNA synthesis. However, the addition of an extract 

containing gene 4 protein restores DNA synthesis. Thus, the 

requirement for the gene 4 protein in vitro has formed the basis 

of assays for its purification (42,43,52-54). Complementation 

assays have also been used to purify the gene 2 protein (33), the 

gene 5 protein (55), and E. coli thioredoxin (56). 

THE ESSENTIAL PROTEINS OF T7 DNA REPLICATION 

By either assays or complementation 

assays, most 

replication 

of 

conventional enzyme 

the proteins known to be involved in T7 DNA 

have been purified to homogeneity. Our knowledge of 
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Table 1. Essential proteins of phage T7 DNA replication. 

Protein Gene Molecular weight Reference 

A. Phage proteins 

RNA polymerase 1 98,000 25,57-59 

Inhibitor of E. coli 
RNA polymerase 2 7000 7,31-33,46 

Endonuclease 3 17,000 35,83 

Helicase, primase 4 58,000, 66,000 7,42,43,52-54 

DNA polymerase subunit 
3' to 5' exonuclease 5 84,000 39,41,55,67 

5' to 3' exonuclease 6 31,000 36,85 

B. Host proteins 

Thioredoxin trxA 12,000 41,56 

the overall process of DNA replication is to a large part derived 

from studies on the reactions carried out by these individual 

proteins. This section presents our current understanding of 

each of these proteins and the reactions they catalyze. The es

sential proteins of T7 DNA replication are summarized in Table 1. 

T7 RNA polymerase 

Phage T7 codes for its own RNA polymerase, the product of 

gene 1 (25). Several purification procedures have been described 

that lead to the preparation of a homogeneous enzyme (25,57,58). 

The amino acid sequence of the protein, determined from the 

nucleotide sequence of gene 1, reveals it to be a relatively 

basic protein with a molecular weight of 98,100 (59), in 

acceptable agreement with the molecular weight of 107,000 

estimated for the purified protein (25,57,58). 
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T7 RNA polymerase recognizes promoters consisting of a 

highly conserved 23-base pair DNA sequence (60-63) occurring at 17 

sites throughout the T7 DNA molecule (64). Transcription from 

these promoters proceeds from left to right relative to the 

genetic map of T7 (65,66). 

T7 DNA polymerase 

Properties of T7 DNA polymerasE. As shown in Fig. 4, T7 DNA 

polymerase, purified to near homogeneity (39,41,53,67), is 

composed of two subunits (41,56,68). One subunit is the 84,000 

dalton polypeptide specified by gene 5 of the phage, while the 

other is the 12,000 dalton thioredoxin specified by the trxA gene 

of E. coli (69). Two lines of evidence indicate that thioredoxin 

functions by forming a highly stable complex with the 

phage-specified gene 5 protein to yield a functional DNA 

polymerase (41): First, thioredoxin is present in homogeneous 

preparations of the polymerase in a one-to-one stoichiometry with 

gene 5 protein (41,67). Second, reconstitution of T7 DNA 

polymerase from gene 5 protein and thioredoxin results in the 

formation of a one-to-one complex between the two proteins 

(41,55,67). The presence of thioredoxin in the T7 DNA polymerase 

has made possible the purification of the enzyme by 

antithioredoxin immunoadsorbent chromatography (70). 

T7 Gene 5 Protein (84.000) 

T7 Gene 4 Protein 

(58,000) 

(66,000) 

A 
£ Coli Thioredo,in )V (12,000) 

.A .,..,-J A-. 
o 0.5 1.0 o 0.5 1.0 

R, 

FIGURE 4. Sodium dodecyl sulfate polyacryamide gel 
electrophoresis of T7 DNA polymerase and T7 gene 4 protein. T7 
DNA polymerase and T7 gene 4 protein were denatured and reduced, 
and subjected to electrophoretic analysis in the presence of 
sodium dodecylsulfate on a 5% polyacrylamide gel. After staining 
with Coomasie blue, the gels were scanned with a recording 
microdensitometer. 
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In addition to catalyzing the polymerization of nucleotides, 

T7 DNA polymerase has two associated exonuclease activities 

(67,71). Homogeneous preparations of T7 DNA polymerase possess 

both single-stranded and 

activities, both of which 

direction. 

double-stranded DNA exonuclease 

hydrolyze DNA strands in a 3' to 5' 

Characterization of the subunits. One approach to 

understanding the contribution of thioredoxin and gene 5 protein 

to T7 DNA polymerase has been to isolate the two subunits and to 

determine the properties of each. Extracts of T7-infected E. 

coli trxA mutants, lacking thioredoxin, contain gene 5 protein 

but no T7 DNA polymerase activity. Such extracts provide the 

basis of assays for the purification of either thioredoxin or 

gene 5 protein. Thioredoxin has been purified to homogeneity 

from extracts of E. coli by monitoring the ability of thioredoxin 

to restore polymerase activity (56). The phage gene 5 protein 

has also been purified to homogeneity from extracts of 

T7-infected E. coli trxA mutants using a similar complementation 

assay in which gene 5 protein is measured by its ability to 

interact with thioredoxin to restore polymerase activity (55). A 

second approach to obtaining the purified subunits has been to 

dissociate homogeneous T7 DNA polymerase into biologically active 

subunits using guanidine HCl (67). 

Neither the gene 5 protein nor thioredoxin itself has 

detectable DNA polymerase activity (55,67). However, thioredoxin 

and gene 5 protein together form a molecular complex 

indistinguishable from T7 DNA polymerase synthesized in vivo: the 

reconstituted polymerase interacts with T7 gene 4 protein to 

catalyze DNA synthesis on duplex DNA templates (55). Gene 5 

protein alone has the 3' to 5' single-stranded DNA exonuclease 

activity found in T7 DNA polymerase, but not the double-stranded 

DNA exonuclease activity (67,71). Thioredoxin restores the 

double-stranded DNA exonuclease activity as well as the 

polymerase activity. 

Using purified gene 5 protein and thioredoxin, the most 

efficient reconstitution occurs at a molar ratio of thioredoxin 

to gene 5 protein in the range of 10 to 200, depending on the 
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concentration of the gene 5 protein (55,67,71). Approximately 

150 

cell, 

molecules 

and E. 

of gene 5 protein are present in a phage-infected 

coli cells contain 3000-5000 molecules of 

thioredoxin (56). Since the apparent Km for thioredoxin in the 

reconstitution reaction is 2.8 to 4.8 x 10-8 M (55,71) the in 

vivo assembly of T7 DNA polymerase should readily occur. 

The mechanism by which thioredoxin interacts with gene 5 

protein to form an active DNA polymerase is not known. However, 

studies with chemically and genetically altered thioredoxins 

should provide information on this important replication enzyme. 

S. Adler and P. Modrich (personal communication) have shown that 

reduced, but not oxidized, thioredoxin is required for both DNA 

polymerase and double-stranded exonuclease activity. Holmgren et 

al (72,73) have examined thioredoxins isolated from trxA mutants. 

One mutant, tsnC 7004, has no thioredoxin as measured by 

immunoprecipitation, suggesting a nonsense or deletion mutation 

in the trx gene, while another, tsnC 7007, has normal amounts of 

thioredoxin. Thioredoxin purified from tsnC 7007 has a single 

amino acid substitution indicative of a missense mutation (73). 

Although the altered thioredoxin can bind to gene 5 protein, it 

cannot restore polymerase activity. 

Two forms of T7 DNA polymerase. T7 DNA polymerase can exist 

in two forms (2,74). Form I, obtained when purification is 

carried out in the absence of EDTA, has low levels of both the 

single- and double-stranded DNA exonuclease activities. Form I 

can initiate limited synthesis (several hundred nucleotides) at 

nicks in duplex DNA molecules, an event that results in strand 

displacement and eventually synthesis on the displaced strand via 

branch migration to yield a duplex branch. Form I is stimulated 

by the helicase activity of gene 4 protein on duplex templates. 

Form II, purified in the presence of 0.1 roM EDTA, cannot initiate 

synthesis at nicks even in the presence of gene 4 protein and has 

greatly increased levels of the associated exonuclease 

activities. The failure of Form II of T7 DNA polymerase to be 

stimulated by gene 4 protein is a consequence of its inability to 

initiate limited synthesis at a nick, a topic that will be 

discussed with regard to the helicase activity of the gene 4 

protein. At present the physical difference between Forms I and 
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II is not known. It is possible that a proteolytic cleavage of 

Form II in the absence of EDTA yields Form I. 

Gene 4 protein 

The gene 4 protein has been purified by monitoring its 

activity using complementation assays (42,43,52-54). As shown in 

Fig. 4, the gene 4 protein, a single polypeptide, is found in two 

forms with molecular weights of 58,000 and 66,000 (24,43,52); 

both forms appear to have identical enzymatic activities (74). 

Examination of the nucleotide sequence of T7 DNA (7) reveals an 

AUG initiation site with a strong ribosome binding site for 

protein synthesis within gene 4. The separation between 

initiation codons (63 amino acid residues) is precisely what 

would be expected to give rise to the two observed polypeptides. 

The gene 4 protein has multiple activities; Lt is a 

single-stranded DNA dependent nucleoside 5 '-triphosphatase, a 

helicase, and a primase. The nucleoside triphosphatase activity 

appears to be coupled to unidirectional translocation which is 

required for both primase and helicase activities. 

Unidirectional 5' to 3' translocation requires the 

hydrolysis of NTPs. The gene 4 protein binds to single-stranded 

DNA, a reaction that requires a NTP. When S,y-methylene-dTTP is 

substituted for the hydrolyzable NTP, a more efficient binding is 

observed, suggesting that the interaction of a NTP and gene 4 

protein induce a conformational change that contributes to the 

stability of the enzyme-DNA complex. Gene 4 protein catalyzes 

the hydrolysis of NTPs to NDP and P in the presence of 
i 

single-stranded DNA (75). The preferred NTP is dTTP with an 
-4 

of 4 x 10 M. apparent K 
m 

by S, y -methylene-dTTP 

The hydrolysis reaction is inhibited 

as are both helicase and primase 

activities, suggesting that the hydrolysis of NTPs is an 

essential component of these reactions. Studies on primer 

synthesis, described below, have shown that the gene 4 protein, 

once bound to single-stranded DNA, trans locates unidirectionally 

5' to 3' along the DNA strand (76). We conclude that the energy 

of hydrolysis of NTPs is required for the unidirectional movement 

of the gene 4 protein. Studies on the DNA concentration 

dependence of the hydrolytic activity suggest that the movement 
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of the gene 4 protein is highly processive. For example, the 

amount of single-stranded circular M13 DNA required for one-half 

maximal hydrolysis activity is at least 10-fold less than the 

amount of linear M13 DNA required, indicating that the 

rate-limiting step is its binding to DNA (8.~1. Matson and C.C. 

Richardson, unpublished results). 

Helicase Activity. The helicase activity of the gene 4 

protein was initially inferred from its ability to stimulate T7 

DNA polymerase using duplex DNA as a template (75). However, 

with the appropriate substrate, helicase activity can be measured 

directly (8.\1. Matson and C.C.Richardson, unpublished results). 

A radioactively labeled 110 nucleotide DNA fragment is annealed 

to the single-stranded circular M13 DNA via a complementary 40 

nucleotide sequence at the S'-end of the fragment (Fig. 5). The 

remaining 70 bases on the 3'-end of the fragment are not 

complementary to the M13 DNA and thus provide a single-stranded 

tail. In the presence of gene 4 protein the radioactive fragment 

is displaced from the M13 DNA molecule, a reaction that is 

detected by analysis of the products by polyacrylamide gel 

electrophoresis. Presumably, the gene 4 protein binds randomly 

to the single-stranded M13 DNA and translocates in the 5' to 3' 

direction until it reaches the duplex region. Its continued 

movement results in displacement of the annealed fragment. 

32p_ Labelled fragment ..... 

"M13 mp2 DNA 

FIGURE 5. DNA substrate for 
assay of helicase activity of 
T7 gene 4 protein. A 175 
nucleotide long fragment was 
annealed to the 7,200 
nucleotide circular M13 mp2 
DNA via a 40 nucleotide long 
sequence at the S'-terminus of 
the fragment7 the 3 '-terminus 
of the fragment remains 
single-stranded. The gene 4 
protein binds to the single
stranded circular DNA and, 
using the energy of hydrolysis 
of dTTP, trans locates in a 5' 
to 3' direction. Helicase 
activity displaces the 
annealed fragment. 
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Helicase activity is dependent on the hydrolysis of a NTP. Again 

the preferred NTP is dTTP while S,y-methylene dTTP inhibits the 

reaction. If no single-stranded 3' tail is present, the gene 4 

protein cannot invade the duplex region. Using a mixture of 

annealed fragments with 3' tails of varying lengths, we find that 

6 or 7 nucleotides are sufficient. 

Helicase activity is also evidenced by the ability of the 

gene 4 protein to stimulate synthesis by T7 DNA polymerase on 

duplex DNA (75). Studies with Forms I and II of T7 DNA 

polymerase have shed additional light on the mechanism of action 

of gene 4 protein (Table 2). Form I of T7 DNA polymerase, in the 

absence of gene 4 protein, can initiate limited synthesis of 

several hundred nucleotides at a nick, resulting in the formation 

of a 5 '-single-stranded tail (2). At some point, however, branch 

migration results in the displacement of the 3'-end of the newly 

synthesized DNA which in turn anneals to a short complementary 

sequence on the 5'-displaced single strand previously formed as a 

result of DNA synthesis. Continued synthesis produces short 

duplex branches (M. Engler, R. Lechner, and C.C. Richardson, 

unpublished results). However, when gene 4 protein is present, 

Table 2. Effect of T7 gene 4 protein on the two forms 
of T7 DNA polymerase. 

T7 DNA 
POLYMERASE Q) ~. 

-gene 4 I +gene4 -gene4 I +gene4 
protein protein protein protein 

(pmol dNMP Incorporated) 

Form I 10 144 14 221 

FormE 0 33 6 594 

Each reaction mixture (0.05 ml) contained 40 mM Tris (pH 7.5), 10 
mM MgC12, 10 nM dithiothreitol, 0.3 mM each dNTP, one of which 
was radioactively labeled, 400 pmoles of either nicked circular 
pBR322 DNA or duplex circular M13 DNA bearing a 
5'-single-stranded tail. T7 gene 4 protein (0.74 ug) was 
present as indicated. After incubation at 370 for 10 min the 
acid insoluble radioactivity was determined. 
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it can bind to the displaced single strand and trans locate in the 

5' to 3' direction until it reaches the replication fork where it 

then serves as a helicase. As synthesis occurs, it is 

accompanied by the hydrolysis of NTPs to NDPs and p. Hydrolysis 
i 

is coupled to synthesis since S,y-methylene dTTP inhibits DNA 

synthesis as well as NTP hydrolysis (75). 

A displaced single strand to which the gene 4 protein can 

bind is required with Form II of T7 DNA polymerase. Form II of 

T7 DNA polymerase cannot initiate synthesis at a nick and gene 4 

protein does not stimulate synthesis under these conditions. In 

order to demonstrate a direct requirement for a single-stranded 

tail, we have synthesized a duplex, circular DNA molecule in 

which one strand bears a 5 '-single-stranded tail located at a 

unique site in the molecule (R. Lechner and C.C. Richardson, 

unpublished results). As seen in Table III, gene 4 protein 

provides a striking stimulation of DNA synthesis with Form II of 

T7 DNA polymerase on such a template. 

Primase Activity. Gene 4 protein is also a primase. In the 

presence of rNTPs it catalyzes the synthesis of 

oligoribonucleotides on single-stranded DNAs such as ¢X174 or on 

the displaced strand that arises during synthesis on duplex DNA 

molecules (43,76-80). Primer synthesis is increased several fold 

by the presence of DNA-binding protein. ATP and CTP fully 

satisfy the requirement for rNTP. 

When T7 DNA polymerase is present, it uses the 

oligoribonucleotides as primers to initiate DNA synthesis. ~fuen 

such newly synthesized chains are isolated, each chain is 

terminated at 

tetraribonucleotide 

its 5'-end by a covalently attached 

whose sequence is predominantly pppACCC and 

pppACCA: each of the four deoxyribonucleotides is present at the 

RNA-DNA junction (43,80). Since all of the RNA primers bear 

adenosine 5 '-triphosphate residues at their 5 '-termini, 
32 

[y- P]ATP is incorporated specifically into the product 

molecule, thus providing a sensitive and specific label for the 

RNA primers (79). 

A possible mechanism by which the gene 4 protein catalyzes 

the synthesis of RNA primers is through a template mediated 

reaction in which the gene 4 protein first recognizes a sequence 
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complementary to the primer in the DNA template. We have 

determined the nature of the recognition signal by examining the 

sites of primer synthesis on the single-stranded circular DNA of 

~174 (76) whose nucleotide sequence is known (81). With such a 

template DNA synthesis by T7 DNA polymerase is dependent on RNA 

primer synthesis catalyzed by the gene 4 protein. Thus all of 

the newly synthesized DNA will have a primer at its 5 ' -end. 

Analysis of the products revealed that DNA synthesis originates 

from 13 specific sites on the ¢X174 DNA molecule. In order to 

identify the precise locations on the template where each 

initiation event occurred, the nucleotide sequence of the 

5 ' -terminus of DNA of each of the 13 species was determined. The 

template sequences complementary to the 5 ' -ends of all 13 

predominant initiation fragments observed on ¢X174 are presented 

in Fig. 6. At every initiation site there is a sequence 

complementary to the primer sequences ACCC and ACCA. 

Position 
3' 

886 
952 

1069 

1078 
1585 

1789 
2047 
2736 
2836 
3650 
4664 
4688 
4829 

Recognition Sequence 
RNA Primer 

Sequence 

CTG pGGT CCCG 

CAA ~TGGT GGAT 

AGA ~TGGT CGTT 

CTG C.TGGT TAGA 

CGT pGGG TATT 

GTG ~TGGT CTTT 

TGA PGGG AGTC 

CCG C.TGGT AAGT 

AAT CTGGT TTGG 

TGJl ~TGGT CGGC 

ATG CTGGT TATA 

ACG CTGGG AGCC 

CTG CTGGT TTTA 

T 
3'-CTGGG -5' 

IIII 
pppACCC -dN

A 

5' 

FIGURE 6. Recognition sites 
for RNA primer synthesis by 
gene 4 protein on ¢X174 DNA 
(76). The nucleotide 
sequences of the template 
¢X174 DNA in the region of 
each of the thirteen gene 4 
proteins initiation site is 
shown along with the position 
of the site on the template 
DNA where the terminal ATP of 
the RNA primer is base paired. 
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In addition, in every case there is a deoxycytidine residue 

adjacent to the 3'-end of the sequence complementary to the 

primer. Of the 65 sequences on ¢X174 DNA complementary to gene 4 

protein primers, only these 13 sites are used, and they alone 

have a deoxycytidine residue at this position. 

~le conclude that the gene 4 protein recognizes the sequence, 

3'-CTGGG-5' and 3'-CTGGT-5' on a single-stranded DNA template at 

which sites it catalyzes the synthesis of complementary pppACCC 

and pppACCA 

recognition 

primers. Other sites, of the more general 

sequence 3'-CTGGC!A-5' and 3'-CTGTN-5', can also be 

used for priming by the gene 4 protein, but less than 5% as 

efficiently as the predominant sites. Recently five in vivo 

initiation sites for Okazaki fragments isolated from newly 

replicated T7 DNA have been mapped (82). The same general 

recognition sequences (3 '-CTGGN-5 , or 3'-CTGTN-5') for RNA primer 

formation occur in vivo. 

A comparison of the ra~e of utilization of primer sites 

suggests that the gene 4 protein binds randomly to 

single-stranded DNA and then trans locates in a 5' to 3' direction 

with regard to the DNA strand until a recognition sequence is 

encountered. Non-hydrolyzable nucleoside triphosphate inhibit 

the priming activity of the gene 4 protein as well as the 

single-stranded DNA-dependent nucleoside triphosphatase activity. 

This result suggests an essential role of NTP hydrolysis and 

unidirectional movement of the gene 4 protein to rapidly form 

primers at specific recognition sites. 

Gene 3 endonuclease and gene 6 exonuclease 

Following infection T7 induces the synthesis of two 

nucleases, an endonuclease, the product of gene 3 (34), and an 

exonuclease, the product of gene 6 (36). 

Gene 3 endonuclease. The gene 3 endonuclease, purified 

2000-fold, has a molecular weight of 18,000 (35,83). The enzyme 

hydrolyzes 

150-fold 

(35,83). 

phosphodiester bonds in single-stranded DNA at a rate 

greater than that observed with double-stranded DNA 

Furthermore, the extent of hydrolysis of bonds in 

single-stranded DNA is much greater than that with 

double-stranded DNA. The limit products with heat denatured ~7 

DNA are oligonucleotides of molecular weight of 3 to 6 x 10 , 
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while wit~ native T7 DNA the products, after denaturation, are 2 

to 3 x 10 (35,84). Initial hydrolysis of duplex DNA results in 

the formation of single-strand breaks while more extensive 

hydrolysis leads to fragmentation of the molecule. In all cases 

phosphodiester cleavage results in the formation of 5 ' -phosphoryl 

and 3 I-hydroxyl end groups. ~lith duplex DNA the 5 ' -terminal 

nucleotides formed are predominantly deoxycytidylate (39%) and 

deoxythymidylate (32%). 

Gene 6 exonuclease. The gene 6 exonuclease (36) has now 

been purified to 

weight of 31,000 

homogeneity and shown to have a molecular 

(M.J. Engler and C.C. Richardson, unpublished 

results). 

DNA (less 

The purified enzyme has a strong preference for duplex 

than 0.5% activity on single-stranded DNA). It 

initiates hydrolysis at the 5 ' -terminus of a polynucleotide 

strand, hydrolyzing in a 5' to 3 ' direction, releasing nucleoside 

5 ' -monophosphates (36,85). The enzyme ceases hydrolysis after 

approximately 50% of the dupl~x DNA is rendered acid soluble; the 

residual DNA is predominantly single stranded. Gene 6 

exonuclease can initiate hydrolysis at either 5 ' -hydroxyl or 

5 ' -phosphoryl termini. However, the initial product formed from 

a 5 ' -hydroxyl terminated substrate is a dinucleoside 

monophosphate. The enzyme acts distributively in its 

exonucleolytic attack rather than processively. 

T7 gene 6 exonuclease also has an RNase H activity. The 

enzyme catalyzes the hydrolysis of poly(A) in a poly(A) poly(dT) 

hybrid duplex as well as effecting the removal of an RNA strand 

of a ~174 RNA-DNA hybrid molecule (86). Since the gene 6 

exonuclease has been implicated in the removal of RNA primers 

during replication (38), we have examined the products of the 

RNase H activity resulting from the action of the enzyme on gene 

4 protein primed DNA synthesis. The gene 6 exonuclease 

hydrolyzes the RNA primers from Okazaki fragments synthesized in 

vitro. The products arising from the hydrolysis of pppACCC and 

pppACCA primers are ATP, AMP, and CMP (1). 

Although these two phage nucleases can account for the 

degradation of the entire E. coli chromosome, a number of 

questions remain unanswered. The gene 3 endonuclease exhibits a 

high degree of specificity for single-stranded DNA, yet repli-
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T7 DNA would be more likely to contain such regions than 

the E. coli chromosome. One possibility is that 

single-stranded regions in the supercoiled "folded chromosome" of 

E. coli provide the initial sites for attack. Once gene 6 

exonuclease has rendered a portion of the E. coli chromosome 

single-stranded, the 

further degradation 

gene 3 endonuclease is ideally sui ted for 

to yield oligonucleotides that can be 

attacked by host exonucleases. 

Gene 2 Protein 

The gene 2 protein was originally purified from an~. coli 

RNA polymerase - gene 2 protein complex isolated from T7 infected 

cells (31,87) and subsequently shown to be the product of gene 2 

(32). On the assumption that the gene 2 protein is required for 

maturation of T7 DNA via processing of concatemeric DNA, we have 

purified the gene 2 protein to homogeneity using an in vitro 

complementation assay to measure T'i DNA packaging (33). The gene 

2 protein has also been purified by direct assay of its inhibitor 

activity against~. coli ru~A polymerase (46). 

The purified gene 2 protein has a molecular weight of 

7000-9000 (31,33,46), in agreement with that of 7000 deduced from 

the nucleotide sequence of gene 2 (7). Gene 2 protein inhibits 

E. coli RNA polymerase but not T7 RNA polymerase (31,33,46). The 

gene 2 protein binds tightly to both~. coli RNA polymerase 

holoenzyme and to core polymerase. Gene 2 protein inhibits 

template binding and RNA synthesis by the RNA polymerase 

holoenzyme, but has no effect on core RNA polymerase. RNA 

polymerase which has initiated an RNA chain or which is bound at 

a promoter site is resistant to gene 2 protein (31,46). A mutant 

RNA polymerase, purified from E. coli tsnB (45), is also 

resistant to inhibition by the gene 2 protein (46). 

THE DISPENSABLE PROTEINS OF T7 DNA REPLICATION 

In addition to the essential phage proteins, other phage 

specified proteins are involved in T7 DNA replication but can be 

replaced by host proteins having functionally similar activities 

(Table 3). The activities of the T7 DNA ligase, the T7 DNA 

binding protein, and the T7 gene 1.2 protein can be replaced by 

the E. coli DNA ligase, DNA binding protein, and optA protein. 
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Table 3. Dispensable proteins of phage T7 DNA replication 

Protein Gene Molecular weight Reference 

T7 gene 1.2 protein 1.2 12,000 97,116 
E. coli optA protein optA unknown 97 

T7 DNA ligase 1.3 41,000 10,88,91 
E. coli DNA ligase lig 77,000 88 

T7 DNA binding protein 2.5 26,000 7,93,94,96 
E. coli DNA binding 
protein ssb 18,500 4,95 

DNA ligase 

The T7 and E. coli DNA ligases, both of which have been 

purified to homogeneity, have molecular weights of 41,000 and 

77,000, respectively (see ref. 88). The catalytic properties of 

the two enzymes are similar with the exception that the T7 enzyme 

uses ATP or dATP as cofactor while the~. coli ligase uses NAD. 

Whereas the T7 enzyme can catalyze the joining of 

oligo(dT).poly(A) and oligo(A).poly(dT) (89), the~. coli enzyme 

can only catalyze the joining of a 5'-phosphoryl terminus of a 

DNA chain to the 3'-hydroxyl terminus of RNA (90). 

T7 DNA ligase is the product of gene 1.3 (10,91). T7 ligase 

mutants grow normally in wild type~. coli but fail to produce 

progeny phage when grown on ligase-deficient~. coli (10,91,92); 

wild type T7 grows normally in such strains. No defect in T7 DNA 

replication is observed in wild type~. coli infected with T7 

ligase deficient mutants. However, during infection of ligase 

deficient E. coli strains with ligase mutants, there is an 

accumulation of fragments of newly synthesized DNA (10). T7 DNA 

ligase can replace the ~. coli DNA ligase in un infected E. coli 

(M.J. Engler and C.C. Richardson, unpublished results), thus 

showing that the two enzymes are interchangable in spite of their 

differences in cofactor requirements. 
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DNA binding protein 

T7 induces the synthesis of a single-stranded DNA binding 

protein (93,94), the product of gene 2.5 (7). The purified 

protein has a molecular weight of 25,000 to 31,000 (93,94), in 

agreement with that of 25,000 deduced from the nucleotide 

sequence of gene 2.5 (7). The protein binds strongly and 

preferentially to single-stranded DNA. It stimulates DNA 

synthesis on single-stranded DNA catalyzed by T7 DNA polymerase 

but not by the three E. coli DNA polymerases or T4 DNA polymerase 

(93) • 

T7 can grow on ~. coli strains lacking the host DNA binding 

protein (95,96). However, T7 gene 2.5 mutants cannot grow on an 

E. coli strain having a defective~. coli DNA binding protein 

(96). DNA synthesis in the mutant infected strain is severely 

inhibited even in the first round of DNA replication. 

Gene 1.2 protein; optA protein 

In a recent search for additional proteins of T7 DNA 

replication we assumed that T7 duplicated some host activities in 

addition to the ligase and DNA binding protein. Since it was 

reasonable to assume that the genes for additional proteins of T7 

replication would lie among the genes transcribed early in 

infection, we looked for E. coli mutants that would fail to 

support the growth 

proximity of this 

of a T7 mutant lacking gene 1.2. The 

small gene to the primary origin provided an 

additional incentive for its study. We have isolated a mutant of 

E. coli, optA, that is unable to support the growth of T7 phage 

having mutations in gene 1.2 (97). In the absence of both the 

phage gene 1.2 protein and the host optA protein, DNA synthesis 

ceases prematurely and the newly synthesized DNA is rapidly 

degraded (97). The optA gene is located at 3.6 min on the E. 

coli linkage map. 

The function of the gene 1.2 and optA proteins is not yet 

known. Interestingly, the expression of gene 1.2 is regulated by 

the processing of mRNA by ribonuclease III (98). Recent insight 

into the function of the optA protein has come from the 

observation that certain mutations (antimutator phenotype) in the 

gene for T4 DNA polymerase or in the dda gene (helicase) of T4 

lead to an inability of T4 to grow on optA strains (P. Gauss and 
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M. Gold, personal communication). One possibility therefore is 

that gene 1.2 and optA proteins are helicases. 

Several other proteins have been implicated in T7 DNA 

replication. A 33,000 dalton protein has been purified to near 

homogeneity from uninfected E. coli using an assay for the 

stimulation of DNA synthesis by T7 DNA polymerase and gene 4 

protein on duplex DNA lacking nicks (1). The purified protein 

has no detectable activity alone, but in the presence of T7 DNA 

polymerase and gene 4 protein DNA synthesis is initiated at 

specific sites on T7 DNA. Since the newly synthesized DNA is 

covalently linked to the template, synthesis must be initiated at 

nicks, presumably introduced by the 33,000 dalton protein. Since 

no E. coli mutants are known which are defective in the protein, 

its role in T7 DNA replication is not known. 

The product of gene 0.3 is a protein that binds to the EcoB 

and EcoK restriction-modification 

inhibit their activities (99,100)~ 

enzymes and thus directly 

As a result T7 is not subject 

to the restriction-modification systems of these E. coli strains 

(101,102). T7 amidase, the product of gene 3.5, may also be 

important for DNA synthesis, perhaps to release the host DNA from 

membrane complex (24,103,104). A T7-induced inhibitor of E. coli 

exonuclease V, whose existence was initially postulated on the 

basis of its activity after T7 infection (105), has been 

partially purified (106). T7 also induces an endonuclease 

activity distinct from the gene 3 endonuclease (107,108) but no 

mutant phage lacking this enzyme has yet been identified. 

Finally, in vivo and in vitro studies indicate that E. coli DNA 

polymerase I may be important in the processing of Okazaki 

fragments of T7 (38,49,51). 

THE REPLICATION FORK 

The fundamental reactions occurring at the replication fork 

can be partially reconstituted using purified proteins. Based on 

our knowledge of the reactions catalyzed by the individual 

proteins and 

synthesized in 

occurring at 

events it is 

the replication intermediates and products 

vitro it is 

the replication 

first necessary 

possible 

fork. 

to deduce the reactions 

In order to study these 

to initiate DNA synthesis on a 
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duplex DNA molecule in order to simulate a replication fork. 

Inasmuch as the mechanism of initiation of DNA replication at the 

primary origin is not yet fully understood, we have initiated DNA 

synthesis by two different means, neither of which is dependent 

on site-specific initiation in contrast to DNA synthesis at the 

chromosomal origin. 

In the first case we have made use of the ability of Form I 

of T7 DNA polymerase to initiate limited DNA synthesis at a nick 

and in the process generate a displaced 5'-single strand such as 

that depicted in Fig. 7. However, in the absence of other 

proteins DNA synthesis ceases after the polymerization of a few 

hundred nucleotides. Alternatively, in studies using Form II of 

T7 DNA polymerase we have first constructed such a replication 

intermediate using physico-chemical techniques. 

Leading strand synthesis 

The necessity for a replication intermediate such as that 

shown in Fig. 7 derives from the requirement of a single strand 

to which the gene 4 protein can bind. The gene 4 protein binds 

to the displaced single strand and then trans locates in a 5' to 

3' direction until it reaches the duplex region at which time its 

continued movement leads to disruption of the helix. The 

unidirectional translocation of the gene 4 protein requires the 

hydrolysis of NTPs to NDPs and P • 
i 

Hhile the gene 4 protein serves as a helicase, T7 DNA 

polymerase catalyzes the polymerization of nucleotides and 

together the two proteins account for leading strand synthesis. 

Although the two proteins have been observed to purify together, 

it is not known if they physically interact at the replication 

5' 5'~ 
~

' gene 4 protein 
5' " , I T70NA ~ - 3 , T7 DNA polymerase poIymerase\ " . 

5'~~3' 5'TTTTT13' '",' 3' 4 dNTPs 5' I I I I I I .', 3' 
~ II! " I " " II II 5'-----.~ 3 I I I I I I I I I I I I I I 15' .' 31 I I I I I I I I I I I ! I I I 5' 
~ gene 4 protein gene 4 protein 

NTP~+Pi NTP~+Pi 

FIGURE 7. Schematic representation of leading strand synthesis 
catalyzed by T7 DNA polymerase and the helicase activity of the 
T7 gene 4 protein. 
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fork. As discussed earlier, the gene 4 protein alone requires a 

small single-stranded region on both strands in order to act as a 

helicase. Also unknown is whether the gene 4 protein alone can 

continue to invade the helix or whether DNA synthesis is required 

for the orderly movement of the gene 4 protein through the helix. 

Stoichiometric amounts of DNA-binding protein can partially 

replace the gene 4 protein, but the rate of synthesis is slower. 

All of the DNA synthesized by T7 DNA polymerase and gene 4 

protein on duplex DNAs in the absence of rNTPs is covalently 

attached to the template (109). Since synthesis is not specific 

for T7 DNA templates, we have also used duplex, circular DNA 

templates. Inasmuch as DNA synthesis can never proceed to the 

end of a circular molecule, extensive synthesis occurs by a 

rolling circle mechanism (110), resulting in product molecules 

with tails up to 20 times the length of the template molecule 

( 109) • Using duplex, circular DNA molecules in which one strand 

bears a 5'-single-stranded tail (see section on helicase activity 

of the gene 4 protein) we have measured the rate of fork movement 

as the T7 DNA polymerase and gene 4 protein circumnavigate the 

molecule. The rate of fork movement is approximately 300 
o 

nucleotides per second at 30 c. 
Lagging strand synthesis 

T7 DNA polymerase and gene 4 protein can also account for 

the initiation of lagging strand synthesis provided rNTPs are 

present (Fig. 8). As the replication fork proceeds, the gene 4 

-"--./'TTT1n3' 
5' 

LEADING STRAND SYNTHESIS LAGGING STRAND SYNTHESIS 

FIGURE 8. Schematic representation of lagging strand synthesis 
catalyzed by T7 DNA polymerase and the primase activity of the T7 
gene 4 protein. 
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protein translocates along the displaced single strand until a 

gene 4 protein recognition sequence 3 '-CTGGT-5 , or 3 '-CTGGG-5 , is 

exposed (76). The gene 4 protein then catalyzes the synthesis of 

the tetraribonucleotides pppACCA and pppACCC which in turn serve 

as primers for T7 DNA polymerase (43,77-80). The synthesis of 

RNA primers is stimulated several fold by the presence of T7 or 

E. coli DNA binding protein (43,79). T7 DNA polymerase is unique 

among DNA polymerases with regard to its ability to use such 

short primers effectively (Ill). 

In contrast to leading strand synthesis, none of the DNA 

synthesized on the lagging strand is covalently attached to the 

template 

both in 

(80). The length of the Okazaki fragments synthesized 

vivo (112) and in vitro (80) range from 1000 to 6000 

bases. However, on a random DNA sequence, the predominant gene 4 

recognition sites occur with an average frequencyof once per 500 

bases. This may indicate that the gene 4 protein synthesizes RNA 

primers infrequently at a replication fork, skipping over 

potential sites in most instances. This is clearly the case for 

the minor class of gene 4 protein recognition sites on 1OC174 

(76) • Also unanswered is the question of whether or not primer 

synthesis, and hence Okazaki fragment synthesis, occurs on the 

leading strand. 

In the absence of other proteins to process the Okazaki 

fragments, one of two events occur depending on which form of T7 

DNA polymerase is used. With Form I of T7 DNA polymerase DNA 

synthesis initiated at one primer site does not stop when it 

reaches the 5 '-terminus of the next RNA-terminated DNA fragment 

(80) • Instead, in the presence of the gene 4 protein, synthesis 

continues with the resulting displacement of a single-stranded 

RNA-terminated fragment that in turn can provide sites for primer 

synthesis, an event that is repeated many times. In contrast, 

with Form II of T7 DNA polymerase, synthesis stops once the gap 

between adjacent Okazaki fragments is filled. 

Processing of Okazaki fragments in vitro requires the 

removal of the RNA primers, filling of the resulting gap, and 

covalent joining of adjacent fragments. Using single-stranded 

¢X174 DNA as a template, we have shown that either gene 6 

exonuclease or the 5' to 3' exonucleas~ activity of~. coli DNA 
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polymerase I can remove the RNA primers (1). If Form II of T7 

DNA polymerase and DNA ligase are present, the Okazaki fragments 

are joined to make a continuous strand. Form I of T7 DNA 

polymerase, however, is so effective in promoting synthesis at a 

nick that even in the presence of DNA ligase, it continues the 

polymerization of nucleotides once the gap is filled. The 

resulting synthesis leads to limited strand displacement, with 

the consequence that adjacent fragments fail to be ligated. 

INITIATION OF DNA REPLICATION AT THE T7 REPLICATION ORIGINS 

Dressler et al. (9), using electron microscopy, showed that 

DNA replication in vivo is initiated at or near position 17, as 

measured by the formation of replication bubbles (eye forms, see 

Fig. 1). However, an exact assignment of position for the T7 

origin was complicated by the existence of mutants of T7 carrying 

deletions within the region of positions 14.55 to 21.85 

(113,114). The most likely explanation to account for the 

viability of these mutants was the existence of secondary origins 

elsewhere on the chromosome. 

Primary and secondary origins 

We have examined, by electron microscopy, 

molecules isolated from cells infected with both 

T7 phage carrying deletions around position 

experimental design was that used by Dressler 

replicating 

wild type T7 

17 (115). 

et al. (9 ) . 

DNA 

and 

The 

E. 

coli cells growing in heavy medium are infected with light T7 

phage. The replicating molecules can then be isolated on the 

basis of their hybrid density. 

With wild-type T7, eye- forms are the predominant species 

with the center of the bubbles located at position 17 (Fig. 9). 

In contrast, replicating LG37 DNA molecules carrying a deletion 

between positions 14.55 and 19.35 can be distinguished from the 

replicating T7 wild type DNA molecules. Most of the LG37 DNA 

molecules are Y-forms; no replication bubbles are observed at 

position 17 (115). Thus deletion of the region between positions 

14.55 and 19.35 eliminates the primary origin normally used by 

wild type T7. The majority of the molecules lacking the primary 

origin initiate replication around position 4 although secondary 

origins are also present at positions 50 and 80 (Fig. 9). 
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FIGURE 9. Line diagrams of 
partially replicated DNA 
molecules isolated from wild 
type T7 and T7 LG37 infected 
cells (115). E. coli 011' 
growing in heavy medium was 
infected with light T7 phage. 
The infected cells were 
harvested, lysed, and the DNA 
was centrifuged to 
equilibrium in CsCl. The 
replicating DNA molecules 
were analyzed by electron 
microscopy. The molecules 
were oriented on the basis of 
denaturation mapping. 

Physical mapping of the primary origin 

The observation that elimination of the primary origin leads 

to the use of secondary origins, together with the availability 

of T7 mutants carrying deletions of varying sizes in this region, 

provides a way to map the primary origin. Using a set of six 

deletion mutants we found that at least a necessary portion of 

the primary origin is located within a 126 base pair region 

between positions 14.75 and 15.0 on the viral DNA molecule (115). 

When this region is deleted, T7 DNA replication is initiated at 

secondary origins of which the predominant one is located at 

position 4. 

Nucleotide sequence and genetic organization of the primary 

origin 

On the basis of the functional mapping of the primary 

origin, the sequence analysis of the region, and in vitro studies 

described here, we define the primary origin as the region 

extending from position 14.51 to position 14.95 (Fig. 10). By 

this definiion the primary origin lies between gene 1 (T7 RNA 

polymerase) on the left and gene 1.1 on the right. 

The precise structure of the primary origin and its 

relationship to adjacent genes and regulatory elements have been 

obtained by determining the nucleotide sequence of this region of 

the T7 DNA molecule (116). A conspicuous feature of the primary 
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~.6 .7 1 1.11.3 1.7 2 2.53.5 4 5 6 7 8 9 10 II 12 14 15 16 17 18 19 ..... _ .. _ - 1_ 
13 

5' ~GCCAAAT AATACGACTCACTATAGAGGG AAACTCAAGGTCATTCGCAAGAGTGGCC 

3' ATTGCGGTTT TTATGCTGAGTGATATCTCCCT TTTGAGTTCCAGTAAGCGTTCTCACCGG 

IfN •• ", CuI SIf. 'IItIlNN 17 Promottr , 18 

TTTAIGATTGACCTTCTTCCGGT AATACGACTCACTATAGGAGA CTTAAGGTTTAACTTTAA 

AAATACTAACTGGAAGAAGGCC TTATGCTGAGTGATATCCTCTT GAATTCCAAATTGAAATT 

tIM $1111 Otnt I I 

GACCCTTAAGTGTTAATTAGAGATTTAAATTAAAGAATTACTAAGAGAGGACTTTAAG~ 3' 

~ATTCACAATTAATCTCTAAATTTAATTTCTTAATGATTCTCTCCTGAAATTCATAC 5' 
GIrnIo" $1'. 

FIGURE 10. Nucleotide sequence of primary origin of T7 DNA 
replication. At the top is the genetic map of T7. Inserts show 
detailed genetic organization of the primary origin and its 
nucleotide sequence (116). 

origin region is the presence of two tandem T7 RNA polymerase 

promoters, ¢l.lA and ¢l.lB. A single RNase III recognition site 

lies between the two promoters. Like all seventeen T7 RNA 

polymerase promoters (64), these two consist of a highly 

conserved 23 base-pair sequence (60-63). However, these two 

promoters are unique in their close proximity to each other and 

without interposition of any gene. Since this region of T7 is 

also transcribed by the~. coli RNA polymerase in vivo, there is 

no apparent requirement for these two promoters for the synthesis 

of messenger RNA. These considerations led us to postulate a 
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role of T7 RNA polymerase and transcription in the initiation of 

T7 DNA replication (116). 

A second striking feature of the primary origin is a 61 

base-pair region devoid of any genetic elements that lies between 

the second promoter, ¢l.lB, and the ribosome binding site for 

gene 1.1. This region is extremely AT-rich (78% A+T); a major 

contribution to this high AT-content is the presence of seven 

copies of the palindrome, TTAA. At its center is a single gene 4 

protein recognition site, 3 '-CTGGG-5'. Primer synthesis at this 

site would direct DNA synthesis to the right. 

~lhat is the nature of the secondary origins, particularly 

the predominant one located near the left end? Although no 

precise mapping of this secondary origin has been carried out, a 

hitherto unknown T7 RNA polymerase promoter, ¢OL, at position 

1.0, has recently been identified from sequence analysis (7). It 

is also followed by an AT-rich region. 

In vitro mutagenesis of primary origin 

In order to determine the role of each genetic element at 

the primary origin in the process of initiation, we are altering 

each of them by in vitro mutagenesis (S.Tabor and C.C. 

Richardson, unpublished results). Initially we have focused our 

attention on the two T7 RNA polymerase promoters, ¢l.lA and 

~.lB. In the mutagenesis of these promoters we have used the 

plasmid, pBR322, into whose BamHI site the T7 fragment from 

positions 14.1 to 18.2 has been inserted. This plasmid thus 

contains the promoters ¢l.lA, ¢l.lB and ¢1.3, along with the 

other sequences of the primary origins. Using this plasmid we 

have inserted, in vitro, a synthetic octamer into the center of 

¢l.lA and ¢l.lB; the eight bases create a new restriction site. 

As expected from the highly conserved nature of the T7 RNA 

polymerase 

that the 

rescue the 

promoters, we find, using purified T7 RNA polymerase, 

insertion inactivates both promoters. Using marker 

T7 fragment containing the two inactivated promoters 

has been introduced into wild type T7 by recombination in vivo. 

He have determined, using electron microscopy, the ability 

of T7 phage lacking the ¢l.lA and ¢l.lB promoters to initiate 

replication at the primary origin. ~fuen the two promoters are 

rendered inactive, DNA replication is initiated at secondary 
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origins, the predominant one being that located at position 4: no 

bubbles are observed at the primary origin. Thus, the ¢l.lA and 

~.lB promoters constitute essential elements of the primary 

origin. Whether a single promoter at the primary origin is 

sufficient for initiation, as well as the role of the AT-rich 

region, remains to be determined. 

Initiation at the primary origin by purified proteins: 

a requirement for T7 RNA polymerase 

In view of the requirement for a functional T7 RNA 

polymerase promoter at the primary origin, we have examined the 

role of T7 RNA polymerase in initiation in vitro using purified 

proteins (117). Again we have used the formation of replication 

bubbles to score initiation events. When T7 DNA polymerase, T7 

gene 4 protein, and DNA-binding protein are incubated with wild 

type T7 DNA for short periods, no eye forms are observed. 

However, the addition of T7 RNA polymerase results in the 

conversion of 17% of the DNA molecules to eye forms. Analysis of 

the eye forms reveals that all of the replication bubbles are 

located between 16 and 24% of the distance from the left end of 

the DNA molecule (Fig. 11). Although initiation is site specific 
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FIGUREll. Line diagrams of 
partially replicated T7 DNA 
molecules isolated from a 
reaction containing T7 RNA 
polymerase, T7 DNA polymerase, 
and gene 4 protein (117). The 
molecules are oriented on the 
basis of denaturation mapping. 
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and the bubbles are centered near the primary origin, they do lie 

further to the right with their centers having a wide spread 

around position 19. Examination of the line diagrams of the 

partially replicated molecules shown in Fig. 11 reveals an 

interesting pattern. With only one exception the left fork of 

each replication bubble does not extend beyond position 15; at 

least a third of the left forks of the bubbles are located 

precisely at position 15. Thus replication in vitro appears to 

initiate at position 15 but to proceed unidirectionally to the 

right, an interpretation that has been confirmed in studies using 

the cloned T7 primary origin. 

Initiation in vitro has an absolute requirement for T7 RNA 

polymerase and T7 DNA polymerase. The presence of gene 4 protein 

increases the number of initiation events 2-fold. RNA synthesis 

is required for 

absence of rNTPs. 

by the DNA of 

initiation; no eye forms are observed in the 

Furthermore, when wild type T7 DNA is replaced 

the deletion mutant, LG37, lacking the primary 

origin, no replication bubbles are observed. 

The cloned origin of T7 DNA replication; unidirectional 

replication in vitro. 

Assay for initiation of DNA replication by direct 

measurement of DNA synthesis is not feasible using the entire T7 

DNA molecule. DNA synthesis catalyzed by T7 DNA polymerase and 

gene 4 protein can originate at nicks in the DNA, thus making it 

difficult to detect synthesis originating at the primary origin. 

In order to circumvent this problem and to have a template that 

can be more easily manipulated we have used plasmids containing 

the primary origin of T7 (117). One plasmid, pARlll, consists of 

pBR322 into which the T7 fragment from position 14.1 to 18.2, and 

thus containing the primary origin, has been inserted. 

In the absence of T7 RNA polymerase, no DNA synthesis is 

catalyzed by T7 DNA polymerase and gene 4 protein on the linear 

plasmid pARlll (Fig. 12). However, T7 RNA polymerase markedly 

stimulates DNA synthesis on this plasmid containing the primary 

origin. In a control experiment DNA synthesis on linear pDRIOO 

was not significantly stimulated by the addition of T7 RNA 

polymerase (Fig. 12); pDRIOO contains a fragment of T7 DNA with a 
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FIGURE 12. DNA synthesis on 
the cloned T7 primary origin 
(117). The plasmid DNAs were 
converted to linear forms with 
PvuII prior to use as 
templates. pARlll contains the 
primary origin and the control 
plasmid pDRIOO contains the T7 
RNA polymerase promoter ¢13. 

T1 RNA POlYMERASE (Units) 

RNA polymerase promoter. No synthesis is observed on 

pBR322. The initiation specificity shown in Fig. 12 

requires that the plasmid templates be first converted to linear 

molecules. 

stimulates 

containing 

but not 

\fhen supercoiled templates are used T7 RNA polymerase 

DNA synthesis to the same extent on both the plasmid 

the origin (pARlll) and the control plasmid (pDRIOO), 

on the vector pBR322 (117). The elimination of 

specificity for initiation by supercoiling is most likely due to 

the known effect of supercoiling on transcription from certain 

promoters (118). 

Electron microscopic analysis shows that 15% of the pARlll 

molecules in the reaction mixture are converted to replicating 

forms. DNA synthesis initiates specifically within the cloned T7 

DNA fragment in close proximity to the two promoters and the 

AT-rich region (C.vi. Fuller and C.C. Richardson, unpublished 

results). A typical replicating pARlll molecule is shown in Fig. 

13A. More extensive synthesis results in the formation of Y forms 

such as the molecule shown in Fig. 13B. Restriction analysis of 

the Y forms observed in the electron microscope reveals that 

synthesis initiates near the primary origin but proceeds 

unidirectionally to the right in the direction of transcriptio~ 

from the ¢l.lA and ¢l.lB promoters. Thus, the predominant product 

molecules are Y forms with the fork of the Y located at position 

15. 



196 

A B 

FIGURE 13. Electron micrographs of replicating linear plasmid 
pARIII molecules incubated in the presence of T7 DNA polymerase, 
T7 RNA polymerase, and gene 4 protein. (A) Intermediate eye· form 
with replication bubble and (B) product Y form resulting from 
unidirectional replication, 

We suggest that leading strand synthesis proceeds rightward 

from the primary origin at position 15 until a gene 4 recognition 

site is exposed on the lagging strand (see Fig. 14) . Lagging 

strand synthesis then proceeds leftward in a normal manner until 

the primary origin is reached. At this point, what was initially 

lagging strand synthesis now represents leading strand synthesis 

leftward. 

left fork, 

However, there is no displaced lagging strand at the 

and hence the gene 4 protein cannot bind and 

translocate in a 5' to 3' direction to facilitate unwinding of 

the duplex. Thus leftward synthesis cannot proceed past position 

15. In vivo this would probably represent a delay rather than a 

barrier since other proteins are most likely required to initiate 

leftward fork movement from the origin. Such a delay in movement 

of the fork leftward, combined with a delay in the initiation of 

lagging strand synthesis, may explain the observation that the 

replication bubbles found in vivo appear at position 17 (9, 115) 

whereas the primary origin is located at position 15 (115,116). 

Mechanisms involved in initiation at the primary origin 

Earlier studies had shown that in the first round of 

replication, DNA synthesis is initiated at a specific site within 



197 

the left half of the T7 DNA molecule (9); a replication bubble 

appeared at approximately position 17. Our more recent deletion 

mapping of the primary origin revealed that the deletion of 126 

base-pairs at position 15 led to inactivation of the primary 

origin (115). It seems likely, in view of our finding that DNA 

synthesis in vitro requires additional components to proceed 

leftward from the origin, that the location of the midpoint of 

the replication bubble at position 17 in vivo merely reflects 

more rapid movement of the right fork. DNA synthesis probably 

initiates near position 15 in vivo as it does in vitro. 

Knowledge of the nucleotide sequence of the region around 

position 15 has been particularly helpful in the analysis of 

precisely what constitutes an active origin (116). The 

conspicuous features of this region include an AT-rich region 

preceeded by two tandem T7 RNA polymerase promoters: a gene 4 

protein recognition sequence for primer synthesis lies in the 

middle of the AT-rich region. The 126 base-pair region shown by 

deletion mapping to be an essential part of the primary origin 

eliminates little more than the AT-rich region and the gene 4 

protein recognition sequence. The deletion that defined this 

region arose by a fusion of the 1.lB promoter with the 1.5 

promoter further downstream. The fusion of the two promoters 

should, from examination of its sequence, create an active T7 RNA 

polymerase promoter. If this is the case, then the AT-rich 

region constitutes an essential part of the primary origin. 

Furthermore, we have now shown that inactivation of the 1.lA and 

1.lB promoters also inactivates this region as a primary origin 

in vivo, a result that is supported by our in vitro finding that 

T7 RNA polymerase is required for initiation. Earlier studies 

had indicated that T7 RNA polymerase is required for T7 DNA 

replication in vivo (27). 

Whereas these studies have elucidated the structure of the 

primary origin and shown a requirement for transcription, we do 

not yet know the precise mechanism by which transcription 

initiates DNA replication. Among the several possibilities two 

likely models are shown in Fig. 14. In Mechanism A, T7 RNA 

polymerase initiates transcription at one of the two T7 RNA 

polymerase promoters upstream from the AT-rich re~ion. 
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MECHANISM A: EXPOSURE OF GENE 4 PRIMASE SITE 

J ~~Iy~e~ase ~ 
\ I pppG Gene4 T7 DNA ...... Tronscript II 

\,:::::=-_=,-_~' P.y"","" , r 
4MA ~_CmJG 

MECHANISM B: EXTENSION OF RNA POLYMERASE 
TRANSCRIPT 

,----, ,----, AT-Rich Region 

J ;T7RNA ~ 
11 : ~~~i~: T7 DNA POlymerase I I 
\"pG!:.-.;I~_' --------. r 

L-...J L-J- CTGGG------' 
.p1.1A .p1.1B 

FIGURE 14. Two models for initiation of T7 DNA replication at 
the primary origin. 

Transcription 

exposing the 

through the AT-rich region melts the DNA strands, 

gene 4 protein recognition site, 3'-CTGGG-5'. The 

gene 4 protein 

tetraribonucleotide 

binds to this site and synthesizes the 

primer pppACCC, which is then extended by T7 

DNA polymerase, initiating DNA synthesis rightward. At a later 

time a 

displaced 

leftward. 

gene 4 protein recognition site is exposed on the 

strand, and lagging strand synthesis is initiated 

In this model, T7 RNA polymerase is serving only as an 

activator; its movement through the AT-rich region, and not the 

transcript itself, is essential. This mechanism is similar to 

that of transcriptional activation proposed for the initiation of 

phage lambda DNA replication (for review, see ref. 119). 

In Mechanism B, T7 RNA polymerase initiates transcription 

from one of the two promoters. However, after T7 RNA polymerase 

terminates to make a unique RNA transcript, or the transcript is 

processed, T7 DNA polymerase uses the transcript itself as the 

primer for initiation of DNA synthesis in a rightward direction. 

In this mechanism the gene 4 protein is not directly involved in 

the initiation process, but obviously does play a role in 

facilitating movement of the fork and synthesizing RNA primers 

for lagging strand synthesis. 

polymerase transcript itself 

Such a mechanism, in which an RNA 

is used as the primer, is 

responsible for the initiation of replication of the 

single-stranded DNA of phage Ml3 (for review, see ref. 119) and 

of the double-stranded plasmid ColEl (120). 
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At least in vitro, initiation of DNA synthesis appears to 

occur in a manner similar to that depicted by Mechanism B. 

Replication bubbles 

absence of gene 4 

are observed at the primary origin in the 

protein (116) and either in the presence or 

absence of gene 4 protein newly synthesized DNA molecules bear 

RNA at their 5 ' -termini (C.W. Fuller and C.C. Richardson, 

unpublished results). These primer RNAs consist of two species, 

each having unique 5 ' -termini as a result of transcription from 

the ¢l.lA and ¢l.lB promoters. They are heterogeneous in length, 

however, their 3 ' -termini being determined by the transition to 

DNA synthesis. However, it is possible that, in vivo, both 

mechanisms depicted in Fig. 14 operate, at least under some 

conditions. Hopefully, current studies with T7 phage carrying 

mutations in each of the elements in the primary origin will 

provide a definitive answer to this question. Clearly, however, 

considerably more studies will be necessary before the complete 

details of this complex process are known. In fact, a 

requirement for additional proteins necessary to promote leftward 

fork movement, to process the RNA transcript, and to regulate 

initiation events can be easily imagined. 

CONCLUSIONS 

Studies on T7 DNA replication have provided a rather clear 

picture of the enzymatic events occuring at a replication fork. 

The requirement for so few proteins for this process in T7 

infected-cell has simplified a determination of the requirements 

for both leading and lagging strand synthesis. At present the 

mechanism of RNA primer formation and discontinuous DNA synthesis 

are well characterized for the T7 system both in vivo and in 

vitro. Precisely what elements constitute a replication origin 

for the initiation of T7 DNA synthesis is now fairly well known 

and the prospects of identifying the enzymatic and molecular 

events that make for proper initiation at such an origin are 

good. On the other hand, little is known about the control of T7 

DNA replication and the reactions that occur during the later 

stages of T7 DNA replication. For example, the process of 

concatemer formation, the control of presumably multiple 



200 

initiation events on such a large molecule, and the processing of 

these molecules pose intriguing questions that bear on the 

replication of large DNA molecules such as those found in both 

prokaryotic and eukaryotic cells. 
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POXVIRUS DNA REPLICA nON 

JOHN A. HOLOWCZAK 

SUMMARY 

Vaccinia virus DNA replication occurs primarily in the 

cytoplasm of infected cells. Following adsorption, 

penetration and uncoating, at least two "nicks" are 

introduced into cell-associated, cross-linked, parental DNA 

molecules, which can be recovered from the cytoplasm of 

infected cells in the form of membrane-DNA complexes (p 

1.175 g/cm3 ). Semiconservative, discontinuous viral DNA 

replication, requiring continuous protein synthesis, occurs 

initially in association with these membrane-parental DNA 

complexes and involves a partially circular or 

"rolling-circle" intermediate. The first product of DNA 

synthesis appears to be a concaterner in which unit-length 

genomes are held together, in head-to-head and tail-to-tail 

arrays. As the replication of these concatemers is 

completed, or nears completion, they associate together into 

larger, complex structures termed virosomes (p = 1.285 

g/cm3 ). It is not clear if new rounds of DNA synthesis 

can be initiated in the virosomes or if partially replicated 

molecules are simply completed in these complexes. Unit 

length, but not yet cross-linked viral DNA molecules are 

excised from the virosomes and sealed, by a multi-enzyme 

system containing exonuclease, DNA polymerase and DNA ligase 

activities, present in the cytoplasm of infected cells. The 

mature, terminally cross-linked, 180 kilobp, progeny genomes, 

are then encapsulated into developing vaccinia virions. 

INTRODUCTION 

Viruses of the Poxviridae family (1) share a similarity 
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in size, morphology, certain antigenic properties, linear 

ds DNAgenomes and replication in the cytoplasm of infected 

cells. The family has been subclassified into six genera; 

the orthopoxviruses, avipoxviruses, leporipoxviruses, 

capripoxviruses, parapoxviruses and entomopoxviruses (2). 

More than 40 species distributed among these genera have now 

been described. Electron photomicrographs of some Poxviridae 

are presented in Figure 1. The most striking external 

morphological differences are seen when negatively stained 

members of the parapoxvirus genus and the viruses of the 

other five genera are examined in the electron microscope. 

Figure 1. Electron photomicrographs of negatively stained 
poxviruses. Panel A. Vaccinia virus (an orthopoxvirus), 
Panel B. Swine pox virus. While morphologically similar to 
orthopoxviruses, a separate genus, the Suipoxviruses, has 
been proposed for this virus (3). Panel C. Milker's nodule 
virus (a parapoxvirus). 

DNA comprises 3-5% of purified pox virions and in those 

cases where the nucleic acid has been analyzed, the base 

composition and physical properties are consistent with a 

dsDNA structure (4,5). Avipoxviruses (Fowlpox, canary pox 

virus) have a DNA genome with a molecular weight of 160-180 

million (6,7), orthopoxvirus genomes vary in size from 118 

million [rabbitpox virus (8)J to 145 million [cowpox (9)J. 

The parapoxviruses (Orf virus, stomatitis papulosa virus) 

contain a genome with a molecular weight estimated to be 
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80-90 million (10,11). This is the smallest parental 

poxvirus genome described thus far. The genomes of 

orthopoxviruses are characterized by a G+C content of 36-37 

mole % (4,5,12,13) while parapoxvirus genomes have a G+C 

content of approximately 65% (11,14). 

The majority of experimental studies in the laboratory 

are performed with one of the available strains of vaccinia 

virus. The vaccinia viruses (15,16) were among the first 

viruses to be successfully grown in tissue culture and the 

ease with which they could be propagated, purified and 

titrated, facilitated their use in experimental studies 

(17). The physical compartmentalization of host and viral 

genomes in the infected cell provided investigators with a 

major technical advantage as compared to workers who studied 

DNA viruses which replicated in the host-cell nucleus. To a 

degree this "advantage" was counterbalanced by the sheer 

complexity of the virus and its genome. Nevertheless, the 

poxviruses have and continue to provide an ideal model system 

for studying the organization and expression of viral genomes 

in a eukaryotic environment (17,18,19,20). 

Recently, the use of restriction endonucleases to probe 

the structure of poxvirus genomes, the preparation of 

"libraries" of cloned restriction endonuclease fragments of 

vaccinia DNA and the isolation of formidable collections of 

temperature sensitive (ts) and host-range orthopoxvirus 

mutants, have opened a variety of new and exciting avenues 

for exploring the manner in which poxviral genomes are 

transcribed and replicated in the infected cell. The 

molecular biology of poxvirus DNA replication as exemplified 

by studies employing the various vaccine strains will be 

emphasized here. Our knowledge in this area can be best 

described as being incomplete but the availability of new 

experimental tools and systems makes it certain that this 

will rapidly change. This is a particularly propitious time 

to review the status of the problem and the directions that 

may be taken in the future. 
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STRUCTURE OF THE VACCINIA GENOME 

Implications for Replication 

Vaccinia virions contain a linear, ds DNA genome of 

approximately 180,000 base pairs (bp) which is terminally 

cross-linked (21,22). In addition, the genome has inverted 

terminal repetitions of approximately 10 kilobp (23,24) which 

contain direct tandem repeats of a 70 bp sequence arranged in 

two blocks of 13 and 17 copies, respectively (25,26). 

Details of the structure near the ends of vaccinia DNA have 

now been determined by direct nucleotide sequencing (26). 

Terminal hairpins were found demonstrating that the genome 

consisted of a single, continuous, polynucleotide chain. The 

104 nucleotide apex of the hairpin contained predominantly A 

and T residues (92%) and was incompletely base paired. The 

lack of complete base pairing in this region would provide a 

site where the polynucleotide chain could be "nicked" by the 

s s DNase present in purified virions (22,24). As defined by 

the electrophoretic behavior, under nondenaturing conditions, 

of restriction endonuclease fragments which encompassed the 

termini, the terminal loops appeared to exist in two forms 

[F (fast) and S (slow) migrating] which when inverted with 

respect to each other were complementary in sequence. When 

analyzed under denaturing conditions, the mobilities of the 

two species was identical. It was concluded that the 

observed differences in electrophoretic behavior of the 

"terminal" restriction endonuclease fragments, under native 

conditions, reflected differences in nucleotide sequence and 

structure rather than an absolute difference in the size of 

the fragments (26). When Hind III digests of monkeypox and 

ectromelia DNA were analyzed, the terminal fragments cleaved 

from each end of the viral genomes were found to co-migrate 

upon electrophoresis in non-denaturing gels (9). Therefore, 

the conclusions reached in studies with DNA prepared from 

vaccinia virus, strain WR, cannot be generalized and applied 

to all the orthopoxviruses. 

Nucleotide sequencing showed that a set of 13 tandem, 70 

bp repeats begin 87 bp from the proximal segment of the 
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terminal loop of the vaccinia genome followed by a unique 

sequence of 325 bp and then a second set of 18 tandem, 70 bp 

repeats (26). The sequence of the 70 bp repeats revealed a 

13 bp redundancy (26). Just beyond the second set of 70 bp 

repeats, approximately 600 bp of, as yet, unsequenced DNA is 

present, before the first transcriptionally active region of 

the vaccinia genome is encountered (27). 

The 10 kilobp terminal repeats "bracket" a central 

region of the vaccinia genome. The nucleotide sequence in 

this central region of the genome appears to be highly 

conserved (as probed by a variety of restriction 

endonucleases) among the orthopoxviruses and appears to 

encode the majority of the viral specific proteins. Rapid 

progress is now being made in mapping this region of the 

genome (27,28,29,30). 

Cross-linked termini have been demonstrated to be 

present in the genome of molluscum contagiosum virus (31) as 

well as the orthopoxviruses (9), avipoxviruses (7) and 

parapoxviruses (10), which have been examined in this 

regard. Preliminary evidence suggests that African swine 

fever virus, a member of the iridovirus family, may also 

contain a genome with cross-linked termini (32). This 

structural feature may be common to the DNA genomes of 

viruses which replicate in the cytoplasm of cells they 

infect. The biological significance of the terminal 

cross-links remains to be elucidated. It is clear, however, 

that in order to be replicated in a semi-conservative 

fashion, at least one cross-link must be removed or one 

"nick" introduced into cell-associated, parental genomes 

following uncoating and a mechanism for "sealing" progeny 

genomes or introducing terminal cross-links, must be provided 

for in any proposed replication scheme. 

Molecular hybridization experiments have indicated that 

inverted terminal repeats containing sets of repetitive 

sequences, like those described above for vaccinia virus, are 

absent in variola DNA (9) and truncated (as compared to 

vaccinia DNA) inverted terminal repeats are present in 
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parapoxvirus DNA (10). Vaccinia virus isolates containing 

DNA with different numbers of tandem repeats and unstable 

isolates, in which an entire set of repeats and intervening 

region were amplified, have been reported (33,34). It was 

proposed that unequal cross-over events were responsible for 

multiplying and then correcting the numbers of tandem 

sequences which were present (34). Vaccinia virus variants 

and mutants (35,36,37) and rabbit poxvirus mutants (38,39) 

have been characterized which contain DNA with significant 

deletions of DNA sequences. In some cases these deletions 

have been mapped and shown to be within or immediately 

adjacent to, the inverted terminal repeat region of the 

genome. Variants or mutants of rabbit, monkey and cowpox 

viruses have. also been described in which sequences have been 

deleted within or proximate to the inverted terminal regions 

of the genome but the deletion compensated for by sequences 

copied from the opposing terminus (40,41,42). In some cases 

this "transposition event" resulied in a net increase in the 

size of the viral DNA. These studies suggest, that in 

contrast to the "central portion" of the genome the sequence 

organization within or adjacent to the inverted terminal 

repeat regions of orthopoxvirus genomes can be hypervariable 

and subject to extensive deletions as well as complex 

symmetrical and asymmetrical rearrangements. Variants or 

mutants bearing such alterations are viable. The picture 

which is emerging is that such alterations appear to affect 

the ability of the variants or mutant viruses to replicate in 

certain hosts (37,39). 

It is difficult to believe that a region of the genome 

susceptible to such drastic changes in sequence organization 

can playa required function during viral DNA replication. 

Nevertheless, the presence of the large inverted terminal 

repeats and repetitive sequences within this region has led 

some investigators to propose that these structural elements 

can promote annealing of opposing termini of displaced single 

strands at some stage during DNA replication (25,35,42). Two 

pieces of evidence have been put forward against such an 
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obligatory circular intermediate during poxvirus DNA 

replication. First, variola DNA does not appear to contain 

inverted terminal repeats (9) and rabbit poxvirus mutants 

have been characterized which contain DNA where a portion of 

the left but not the right inverted terminal repeat has been 

deleted (39). Since both variola virus and the mutant rabbit 

poxviruses can replicate their DNA in an appropriate host, it 

can be argued that circularization of the genome is not 

obligatory. Further, vaccinia virus variants containing DNA 

in which an entire set of tandem repeats and intervening 

region have been duplicated or amplified do not appear to 

replicate their DNA more efficiently than virus isolates 

containing "normal" numbers of tandem sequences (34). One 

might expect that duplication of these structures would 

promote nucleation and circularization of the genomes and 

their replication. The matter is complex and remains to be 

adequately explored. In addition to their role in promoting 

the circularization of the genome, the tandem repetitive 

sequences within the larger inverted terminal repeats have 

been proposed as sites where recombination between genomes 

could be facilitated (34,40). 

EXPERIMENTAL SYSTEMS 

Virus 

Generally, investigators employ purified suspensions of 

vaccinia virus for infecting cells. This permits uniform 

infection of cells at a given mUltiplicity of infection so 

that the kinetics of viral DNA synthesis is highly 

reproducible. The rapid sedimentation rate of virions 

(~5000S) facilitates the isolation of virus from the 

cytoplasmic fraction of infected cells (43,44). By a series 

of differential centrifugation steps (44,45,46), followed by 

zonal centrifugation in preformed sucrose gradients 

(45,46,72), equilibrium centrifugation in cesium chloride 

(47) or potassium tartrate (4), highly purified virus 

particles can be prepared. A useful compilation of methods 

and physical-chemical characteristics of purified poxvirus 
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preparations has appeared (48). A spectrophotometric method 

for estimating the number of elementary bodies (EB) or virus 

particles in purified virus preparations has been described 

(45,49) and this measurement can be related to the nucleic 

acid and protein content of the preparation. When such 

measurements are coupled to an estimation of the infectivity 

of the virus, most often by determination of the number of 

plaque forming units present (pfu/ml) by titration on 

appropriate host cells [for other methods see (16)J, it is 

possible to define both the "quantity" and the "quality" of 

the virus present in the preparation. 

As reviewed above, there is evidence that the vaccinia 

genome is subject to a variety of sequence rearrangements. 

How and why this occurs is not clear. It is possible that 

this may be the first step in the development of defective 

interfering virus particles. What is clear, is that in order 

to appropriately interpret the structure of replicating viral 

DNA, one must first clearly define the structure of the 

parental DNA molecules. It is therefore useful to monitor 

for the development of virus particles containing DNA with 

alterations by analysis of the products obtained following 

restriction endonuclease digestion of DNA prepared from the 

virus to be used to infect cells. Virus to be employed for 

preparation of large stocks for use in experiments should be 

plaque purified at regular intervals. Finally, when 

preparing virus stocks, cells should be infected at low 

multiplicities, with inoculum which has been previously 

passaged a limited number of times. In this manner, the 

development of defective-interfering virus in stocks may be 

limited or avoided. 

INFECTION OF CELLS 

The growth cycle of poxviruses may be conveniently 

studied in a variety of tissue-culture systems and a one-step 

growth curve, with a well defined eclipse phase can be 

measured (50,5l). L-mouse fibroblasts, HeLa cells and 

KB cells, adapted for growth in spinner culture, provide 
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particularly favorable cells for the study of vaccinia virus 

DNA replication (51,52,53). Uniformly infected, mass 

cultures can be prepared from which the appropriate number of 

cells can be withdrawn, at various times post-infection, to 

be processed for analysis. 

Adsorption of vaccinia virus particles to the cell 

membrane is a rapid process and more than half of the 

inoculum may be attached within 15 min. (54). To achieve a 

uniform, synchronous infection, spinner-cultured cells are 

first concentrated to 1-2x107 cells/ml in appropriate 

"adsorption medium" (54) and high mUltiplicities of 

infection, on the order of 500-1000 EB/cell, are employed. 

Adsorption or association of virus particles to cells can 

occur at 4o C; penetration and uncoating of virus occurs 

most efficiently at 37o C. Further synchronization of the 

infection can therefore be obtained by allowing adsorption to 

proceed at 40 C and then transferring the culture to 

37oC. This is a particularly useful maneuver when 

infecting cells in monolayer cultures where adsorption may 

not proceed as efficiently or uniformly as in suspension 

cultures. After an appropriate adsorption period, 

concentrated, infected cells in suspension are rapidly 

diluted into medium (pre-warmed to 37o C) to a 

concentration of 0.5-1x106 cells/mI. This dilution is 

usually sufficient to prevent the subsequent adsorption of 

any free virus and, under these conditions, a single-step 

growth curve is observed. 

INHIBITORS 

A number of inhibitors of transcription, translation and 

DNA replication have been employed in experiments designed to 

dissect the events in viral DNA replication (17,18,19,20). 

There are two which appear to be particularly useful. 

Following the adsorption period, vaccinia virus-infected 

cells can be diluted into medium containing hydroxyurea 

(HU). At a concentration of 5x10- 3 M, HU will inhibit 

both viral and host DNA replication (55,56,57). In 
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HU-treated cells, the uncoating of virus particles proceeds 

normally and early virus functions, including the viral 

enzymes involved in DNA synthesis and the viral products 

responsible for the inhibition of host-macromolecular 

synthesis, are expressed (55,56,57). After an appropriate 

period, the HU-block can be reversed by washing the drug out 

of the infected cells (56,57). Viral DNA replication is 

initiated almost immediately and can be studied against a 

significantly reduced background of host-macromolecular 

synthesis. 

Rifampins are broad-spectrum antibiotics which inhibit 

the replication of bacteria by binding to DNA-dependent-RNA 

polymerase and blocking transcription (58). In the presence 

of rifampin, poxvirus replication is also inhibited (59). 

However, rather than blocking transcription, the primary 

effect of rifampin has been related to the assembly or 

morphogenesis of poxvirus particles (60,61,62,63,64,65). 

Viral DNA and protein synthesis are not significantly 

affected by the drug but assembly of mature progeny is 

blocked. When the drug is removed, the assembly of virions 

is rapidly initiated (66). The use of this drug therefore 

provides a means of separating the events concerned with 

viral DNA replication from those concerned with integrating 

the DNA into developing virions (63,67). 

As with all drugs, one must be cognizant of the general 

toxic effects such inhibitors may have on the host cells 

being employed and the evolution of viral mutants which are 

resistant to the effects of the inhibitor (61). It is hoped, 

that the collections of ts and host-range mutants of 

orthopoxviruses, presently being characterized in a number of 

laboratories, will contain isolates blocked at various stages 

of DNA replication making the use of inhibitors with their 

potential and real limitations, unnecessary. 

CELL FRACTIONATION 

Vaccinia virus DNA replication occurs primarily in the 

cytoplasm of the infected cell. By appropriate 
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manipulations, the cell's plasma membrane can be ruptured or 

solubilized and by differential centrifugation a nuclear and 

cytoplasmic fraction can be prepared. This separates the 

host's genetic material from that of the virus. A variety of 

techniques can then be applied to the analysis and 

characterization of the viral DNA molecules present in the 

cytoplasmic fraction. 

Mechanical homogenization in a Dounce-type ball 

homogenizer (68) and lysis of cells with a non-ionic 

detergent such as Nonidet P-40 [octylphenol ethylene oxide] 

(69) are the two methods commonly employed to "break-open" 

infected cells. The review of cell-fractionation techniques 

by Penman (70) provides useful insights into the two methods 

and their limitations. Both methods have certain 

disadvantages. Dounce homogenization may subject the large 

vaccinia DNA molecules and DNA replication complexes to 

shearing forces which, potentially, may cause significant 

fragmentation of DNA molecules. While detergent lysis is a 

more gentle technique, detergents compromise the association 

of viral DNA with membranes and may solubilze subviral 

particles. Intermediates which may be present during 

uncoating, DNA replication or assembly of virus particles are 

lost or structurally altered when detergents are employed to 

lyse cells. To obtain a complete understanding of the nature 

and distribution of replicating viral DNA molecules, 

cytoplasmic samples prepared by mechanical and detergent 

methods should be analyzed. 

The cytoplasmic fraction prepared from virus infected 

cells contains viral DNA associated with protein. It is 

doubtful if viral DNA completely free of protein is ever 

present in the infected cell. The methods which 

investigators selected to separate the viral DNA present in 

the cytoplasm of infected cells from its associated proteins 

was influenced by the difficulties which had been experienced 

in the laboratory in obtaining intact DNA from purified virus 

(5,17). Even after it was recognized that reducing agents, 

such as 2-mercaptoethanol, were required in addition to ionic 
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detergents to solubilize virions (71) phenol extraction 

procedures frequently yielded fragments of viral DNA rather 

than intact genomes (5,73). It was perceived that similar 

problems would be encountered in attempting to purify viral 

DNA from the cytoplasm of infected cells. When Sarov and 

Becker (49) showed that it was possible to obtain intact 

vaccinia DNA molecules by solubilizing virus particles on the 

surface of sucrose gradients and then sedimenting the 

released DNA into the gradients~ modifications of this 

procedure were quickly applied to the analysis of viral DNA 

in cytoplasmic fractions (74,75). Ultimately, the 

manipulations required for preparation of the cytoplasmic 

fractions were circumvented by lysing whole, infected cells 

on the surface of gradients (76,77). By carefully selecting 

ionic conditions, host and virosome DNA remained condensed 

and pelleted during sedimentation analysis~ viral DNA 

molecules released from the virosomes, as their replication 

was completed, were resolved and displayed in the gradients 

(67). Pogo and her associates (78,79) approached the problem 

more directly and showed that following solubilization of the 

cytoplasmic fraction prepared from infected cells with ionic 

detergents, reducing agents and protease digestion, 

full-length viral DNA molecules could be extracted and 

purified using conventional phenol extraction techniques. 

Organic extraction procedures for the purification of viral 

DNA from cytoplasmic extracts are now widely applied and have 

provided suitable substrates for use in experiments where 

restriction endonucleases are employed to probe the structure 

of newly replicated progeny genomes (80,81,82). 

It is remarkable, that while a variety of experimental 

techniques have now been applied to fractionating infected 

cells, releasing and purifying viral DNA molecules and 

analyzing the replicating viral DNA species, the same general 

conclusions have been reached concerning the manner in which 

vaccinia virus DNA is replicated (see below). 
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ANALYSIS OF VACCINIA DNA REPLICATION 

Outline of the steps in viral DNA synthesis 

When infected at a multiplicity of 500 EB/cell, viral 

DNA replication begins in the cytoplasm of infected BeLa or L 

cells at about 1.5 hr post-infection (p.i.), reaches a 

maximum 2.5-3.5 hr p.i. and is 90% or more complete by 4-5 hr 

p.i. (84,85,86,87,88,89). The abrupt cessation of poxvirus 

DNA synthesis at a time when the assembly of progeny begins 

may be related to the "switch-off" of early viral protein 

synthesis (20). 

The solubility in alkali of the cytoplasmic complexes 

containing replicating viral genomes permits the analysis of 

denatured DNA molecules labeled during short-pulses or 

pulse-chase experiments by sedimentation in alkaline sucrose 

gradients. This type of experiment coupled with molecular 

hybridization techniques has allowed workers to conclude 

that replication proceeds in a discontinuous manner 

(74,75,76,79,80) and that initiation and termination sites 

for DNA replication may be located at or near both ends of 

the viral chromosome (80). 

The average sedimentation coefficient of material 

labeled during short pulses, which probably consists of 

growing and completed short DNA chains, was determined to be 

about 8-12S indicating that the "unit" of discontinuous 

synthesis was about 1000-2000 nucleotides. The synthesis of 

these "Okazaki-like" fragments has been shown to be primed by 

RNA (79). Pulse-chase experiments demonstrate that the 8-12S 

fragments are chased first into full-length but not yet 

cross-linked viral DNA and finally into cross-linked genomes 

which sediment at about 102-108S in alkaline sucrose 

gradients. Molecules sedimenting at ~. 92S are also 

observed. The sedimentation behavior of these molecules is 

appropriate for denatured progeny genomes with one intact 

cross-link (or bearing a single "nick"). It remains to be 

determined if these molecules are intermediates in the 

formation of mature genomes. 

The synthesis of full-length, but not yet cross-linked, 
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viral DNA molecules takes about 30 min, which would require 

the incorporation of 500 nucleotides/min, a rate about twice 

that reported for DNA synthesis in uninfected mammalian cells 

(91). After an initial round of viral DNA replication is 

completed, synthesis of a protein or proteins which function 

in a non-catalytic manner (18) is required in order to 

initiate each additional new round of DNA replication (67). 

Density labeling of replicating viral DNA molecules with 

bromodeoxyuridine and analysis by equilibrium density 

centrifugation in CsCl shows that hybrid molecules (hI, 

p=l.77 g/m!) and "heavy viral DNA" (hh, P=1.825 g/ml) can be 

detected, demonstrating that vaccinia DNA replication is 

semi-conservative (67,75). Analysis of replicating viral DNA 

molecules in ethidium bromide-CsCl gradients at equilibrium 

failed to show the presence of circular or superhelical 

duplexes (75). This result and the fact that no denatured 

viral DNA molecules of greater than unit length were detected 

during long or short pulses suggested that viral DNA 

replication proceeded in a symmetrical fashion. 

The conversion of newly replicated, full-length viral 

DNA strands into mature, cross-linked DNA molecules occurs 

late in the DNA replication cycle. The introduction of 

cross-links appears to be a post-replicative process 

(74,75,79). It has been suggested that both ends of vaccinia 

DNA may be regarded as a form of terminal palindrome (92). 

If so, introduction of internucleotide linkages at both ends 

of the molecules by the joint action of DNA polymerase and 

polynucleotide ligase would generate the covalently 

continuous vaccinia virus genome (93). Pogo (81) has 

described a mUltiple enzyme system, present in the 

cytoplasmic fraction prepared from vaccinia virus infected 

cells, which catalyzed the introduction of cross-links into 

full-length but not yet terminally cross-linked progeny 

genomes. 

Viral DNA molecules whose replication is completed or is 

near completion are released from the cytoplasmic complexes 

or factories. Continuous protein synthesis is required for 
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this orderly dissociation of DNA molecules but release can be 

demonstrated to occur independently of virion assembly 

(67,77). 

The experimental results described above provided a 

general scheme for vaccinia virus DNA replication. We will 

now examine in detail the fate of parental viral DNA 

molecules after they are uncoated in the infected cell, the 

manner in which DNA replication may be initiated and the 

nature of the initial product of viral DNA replication. 

Detailed Consideration of the Fate of Parental Genomes and 

Viral DNA Replication. 

Intracellular vaccinia virus DNA has been shown to be 

associated with characteristic cytoplasmic inclusion 

complexes which have been termed "factories" or virosomes 

("viral body" in analogy to the term chromosomes). Studies 

employing autoradiographic techniques (9) staining with 

fluorescent antibody specific for viral proteins (95,96) and 

electron microscopy (97) have shown that viral DNA 

replication occurs in conjunction with the virosomes. Joklik 

and Becker (86) were the first to study the nature of 

intracellular viral DNA at various times after infection. 

They observed that newly replicated viral DNA molecules could 

be recovered as large aggregates which were heterogeneous in 

size. Their experimental findings suggested that both 

magnesium ions and proteins were responsible for maintaining 

the newly replicated DNA in the form of large aggregated 

complexes. Dahl and Kates (98) developed a sucrose density 

gradient technique which proved useful for the partial 

purification and analysis of poxvirus DNA complexes from 

infected cells (57,82,99). Using these experimental 

conditions, virosomes were isolated from vaccinia virus

infected HeLa cells in the form of rapidly sedimenting 

complexes with a density of 1.285 g/cm3 (98). Two major 

proteins with molecular weights of 30,000 and 35,000 are 

associated with such virosomes (100,101,102) and in vitro 

experiments have demonstrated that the complexes contain 
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enzymes capable of transcribing both "early" and "late" viral 

mRNA (103). 

A significant aspect of the work of Dahl and Kates (98) 

was the observation that parental and progeny genomes 

underwent dramatic alterations in density as a function of 

time after infection. It was suggested that some viral DNA 

components become membrane associated during their 

replication and assembly into virions. 

The seminal studies of Joklik (54,104) first examined 

the uncoating of cell-associated poxviral genomes. uncoating 

is now defined as a two step process. Virions are first 

converted to a subviral form termed a "core." At this stage, 

active synthesis of mRNA under the direction of the 

DNA-dependent RNA polymerase encapsulated within the virions 

is initiated (105,106). It has been speculated that the 

proteins required for the second step of uncoating may be 

made under the direction of these "pre-early" mRNAs. The 

second stage of uncoating involves the release of the 

parental DNA from the core structure. Pogo (78,107) has 

demonstrated that during the uncoating process, the 

cross-links are removed or, alternatively, at least two 

"nicks" are introduced into the parental DNA molecules. This 

"nicking" or removal of cross-links may be mediated by 

nucleases which are found enclosed within the viral cores 

prepared from mature virions (83). 

When the techniques of Dahl and Kates (98) are applied 

to fractionating cell cytoplasm prepared from infected cells, 

virus and(or) viral cores are recovered in association with 

membranes (P=1.157 g/cm3 in sucrose) [Figure 2, Pool B; 

Figure 3, Panel A]. Coincidentally uncoated and "coated" 

parental genomes are found associated with a membrane-rich, 

subcellular fraction banding at a density of 1.175 g/cm3 

[Figure 2, Pool A; Figure 3, Panels B,C,D]. When replicating 

progeny genomes are pulse-labeled with [14C]-thymidine, 

in cells which have been infected with virus containing DNA 

labeled with [3H]-thymidine, labeled progeny are first 

detected in association with the parental genomes at a 
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Figure 2. Analysis of the 
parental and pulse-labeled 
progeny genomes present in 
the cytoplasm of infected 
HeLa cells. HeLa cells 
were infected with vaccinia 
virus strain WR co~taining 
DNA labeled with [ HJ
thymidine (1000 EB/cell). 
At 1745 hr post-infection 
6x10 infected cellsl~ere 
pulse-labeled with [ Cg-
thymidine (0.5 ~Ci/lx10 
cells) and 15 min later, 
the cells were harvested, 
the cytoplasmic fraction 
prepared and analyzed as 
described by Dahl and Kates 
(98). No 80% sucrose 
cushion was employed so 
that virosomes were recovered 
in the pellet fraction. 

I 
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density of 1.175 g/cm3 and are subsequently converted to 

a form which sediments with the virosomes (p=1.285 

30 

g/cm3 ). Reproducibly, the pulse-labeled replicating DNA 

can be shown to be slightly denser than the parental species 

(1.180 g/cm3 vs. 1.175 g/cm3 , respectively) 

[Figure 2J (98). As noted by Dahl and Kates (98) and 

confirmed in this laboratory, the dual peaks containing 

parental DNA, which can be resolved after density 

centrifugation analysis of cell cytoplasm prepared at various 

times after infection, persist late into the infection 

cycle. While progeny DNA molecules rapidly become part of 

the virosome fraction, the uncoated parental DNA molecules 

remain largely associated with the subcellular species 

banding at a density of 1.175 g/cm3 . Between 3-5 hr 

after infection of HeLa cells with vaccinia virus, 90% or 

more of the progeny DNA molecules are recovered as part of 

the virosomes (98); 20% or less of the parental genomes were 

found in the virosome fraction at this time (unpublished 

observations) . 
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Figure 3. Electron photomicrographs of subviral particles 
and viral DNA molecules present in the cytoplasm of vaccinia 
virus infected cells. The cytoplasmic fraction from vaccinia 
virus infected HeLa cells was prepared and fractionated as 
described by Dahl and Kates (98) [Figure 2J. Appropriate 
fractions were combined as indicated [Figure 2, Pools A and 
BJ, dialyzed (108) and the samples processed and prepared for 
electron microscopy after spreading on polylysine coated 
grids as described by Williams (117). Panel A. Material 
recovered from Pool B. Virus and viral cores in association 
with membranes were observed. Panels Band C. Material 
recovered from Pool A. Viral genomes in the process of being 
released from subviral particles and DNA-protein complexes 
released from cores were observed. Panel D. M~4erial 
recovered from Pool A. Fractions containing [ CJ-thymidine 
labeled, replicating viral DNA [Figure 2J were enriched with 
these partially circular DNA species. This kind of intermediate 
would be expected if viral DNA was replicated by a rolling
circle mechanism (108). The marker in each panel equals 0.5 ~. 

While proteins and magnesium ions contribute to 

maintaining viral DNA in a condensed form in virosomes, there 

is evidence that the DNA molecules may also be linked 

together in concatemeric forms. Viral DNA can be released 

from virosomes by treatment with alkali or by digestion with 

8-1 nuclease but not RNase or pronase (67). This suggests 

that ss DNA regions per se or proteins having affinity for 

ss DNA may bind the progeny genomes together in virosomes. 
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Moyer and Graves (82) prepared virosomes from rabbitpox virus

infected cells and digested the virosomal DNA with 

restriction endonucleases. Analysis of the products provided 

evidence that the virosomal DNA consisted primarily of 

concatemers containing unit length molecules joined by fusion 

of two left (LL) or two right (RR) ends. These concatemeric, 

head-to-head and tail-to-tail mirror image arrays may be the 

substrate from which appropriate size mature genomes are 

excised and packaged. It was estimated that on the average, 

the basic concatemeric structure in the virosomes was four 

genomes in length (82). The fact that cytoplasmic viral DNA 

can be completely solubilized in alkali suggests that the 

molecules in the virosomal concatemers may not be bound 

together covalently. Alternatively, it can be postulated 

that nucleases present in the virosome fraction "nick" the 

DNA, so that upon denaturation of the complexes, fragments of 

DNA or unit length viral DNA molecules are released. A 

fundamental question which remains to be answered is whether 

any parental genomes associate as concatemers to provide a 

template for DNA replication. 

The experimental findings summarized above provide 

evidence that within the cytoplasm of poxvirus infected 

cells, viral DNA replication may be compartmentalized; early 

after infection (1-2 hr p.i.) replication appears to occur in 

conjunction with membrane-associated parental genomes. 

Progeny are then rapidly converted to a form which sediments 

as part of the virosomes. Later in the infection cycle (2-3 

hr p.i.) pulse-labeling experiments show that newly 

replicated viral DNA is associated with both the upper-band 

containing membrane associated parental genomes and the 

virosomes (98). These experimental results suggest that 

there are two possible pathways for viral DNA replication. 

Viral DNA replication may occur only in conjunction with the 

membrane·-associated parental genomes. Subsequently, the 

progeny are rapidly and continuously transferred into the 

virosome fraction. Electron microscopic evidence has been 

presented that partially circular molecules are present in 
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Figure 4. Analysis of parental and replicating viral DNA 
molecules by sedimentation in neutral and alkaline sucrose 
gradients. The cytoplasmic fraction prepared from vaccinia 
virus-infected Hela cells was 3prepared and analyzed as 
described in Figure 2. 14The [ HJ-thymidine labeled 
parental genomes and [ CJ-thymidine, pulse-labeled 
replicating viral DNA molecules, recovered from Pool A 
[Figure 2J, were analyzed by sedimentation in 15-30% neutral 
(Panel A) or alkaline (Panel B) sucrose gradients. 
Conditions for centrifugation, fractionation of gradients and 
determination of acid-insoluble radioactivity present in the 
rjcovered fractions was as described previously (75). 0--0 
[l~J-thymidine labeled parental DNA; 0--0 
[ CJ-thymidine, pulse-labeled progeny DNA. 

the fraction containing membrane associated parental genomes 

(p=1.175 g/cm3 ) (108) [Figure 3, Panel DJ. When the 

parental genomes labeled with [3HJ-thymidine and 

pulse-labeled progeny labeled with [14cJ-thymidine 

recovered from the appropriate gradient fractions (Figure 2, 

Pool A) were analyzed in neutral and alkaline sucrose 

gradients, the results shown in Figure 4 were obtained. 

Under both conditions, newly replicated genomes sedimenting 

more rapidly than full-length, cross-linked genomes are 

detected. Under denaturing conditions (Figure 4, Panel B), 

molecules sedimenting at >102-1068 (appropriate for mature, 

cross-linked parental genomes) were detected suggesting that 



225 

covalently-linked complexes, larger than mature viral genomes 

are synthesized. Molecules sedimenting at 12-20S were also 

resolved indicating that discontinuous DNA synthesis was 

occurring [Figure 4, Panel BJ. Taken together, these results 

provide support for the idea that viral DNA molecules may 

replicate via a "rolling circle" mechanism (108). The 

product may be the concatemeric DNA molecules described by 

Moyer and Graves (82). It can be argued that the labeled 

material which is localized in virosomes after very short 

pulses with radiolabeled thymidine (98) does not reflect 

viral DNA replication but is the result of repair, 

recombination or the formation of cross-links as progeny 

genomes are excised from concatomers and mature. 

Alternatively, viral DNA may be replicated in two stages. In 

the initial stages (1-1.75 hr p.i.) replication could occur 

in association with the membrane associated parental genomes 

as described above. The initial product of DNA replication 

would then enter the virosomes and there serve as the 

template for the second phase of viral DNA replication (2-5 

hr p.i.). Replication may continue at both sites but with 

time progeny would accumulate in the virosomes and this would 

then appear to be the dominant site of DNA replication. Such 

a two-stage scheme is supported, in part, by the 

pulse-labeling experiments carried out by Dahl and Kates 

(98). It can be postulated that during the first phase of 

viral DNA replication, a circular intermediate may be 

involved while during the second phase only linear forms 

participate. Examination of the data presented by Joklik 

(54,104) concerning the uncoating of viral DNA, reveals that 

50% or less of the cell-associated genomes are uncoated at 

the time that DNA replication is initiated. This suggests 

that there is a continuous uncoating of genomes during the 

period of DNA replication. As the parental genomes are 

uncoated they may associate with membranes and initiate a new 

round of DNA replication. Uncoating of viral genomes may 

therefore be closely linked to the initiation of viral DNA 

synthesis. 
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A number of experimental approaches could be applied to 

obtain experimental data to answer some of the questions 

posed above. Pulse-chase experiments would be particularly 

valuable in this regard. However, in our hands, we find that 

the fractionation procedures described by Dahl and Kates (98) 

are imperfect, and can produce variable results. While a 

"virosome fraction" can be readily isolated, the resolution 

of membrane-associated viral DNA species varies and there is 

considerable cross-contamination between the various 

subcellular fractions resolved by this method. Dahl and 

Kates (98) were cognizant of these problems and cautioned 

investigators that their techniques were applicable only to 

vaccinia virus-infected He La cells and that their conditions 

must be carefully followed in order to reproduce their 

results. Clearly, there is a need to explore new methods for 

fractionating cytoplasmic extracts prepared from infected 

cells and to more fully define the association of parental 

and replicating viral DNA molecules with membranes. 

Poxviruses are unique in that they direct the synthesis of 

new membranes in the cytoplasm of infected cells (109). 

Whether the putative DNA-membrane associations described 

above occur between cellular or viral-specified membranes is 

unknown. 

The host-cell nucleus and vaccinia DNA replication. 

Although the cytoplasm appears to be the major site 

of vaccinia virus replication and assembly, there is now 

evidence that a functional host-cell nucleus is required for 

production of infectious progeny. Viral DNA, RNA and protein 

are transported from the cytoplasm into the nucleus 

(110,111,112,113,114,115). The relationship between the 

viral DNA which enters the nucleus, and the viral DNA which 

remains localized in the cytoplasm remains to be defined. It 

is not clearly established whether the viral DNA present in 

the nuclear fraction replicates and, if such replication 

occurs, whether viral and (or) host enzymes are involved. 

Recent experimental results have shown that active 
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participation of a portion of the host-cell nuclear 

transcriptive system is obligatory in the vaccinia virus 

replicative cycle. It has been proposed that the host-cell 

DNA-dependent RNA polymerase II, or a subunit of this enzyme 

may be necessary for transcription of late virus functions 

(116). Normal vaccinia DNA replication kinetics and yield of 

DNA could be measured in enucleated cells or infected cells 

in which the host-nuclear transcriptive machinery (and 

possibly other functions) had been rendered non-functional. 

However, the packaging of this progeny viral DNA into a 

DNase-insensitive form, as occurs in cells with a functional 

nucleus, did not occur (112). It remains to be determined 

whether the viral DNA synthesized when host-cell nuclear 

functions are interrupted has some aberrant characteristics 

that preclude its incorporation into developing particles. 

CONCLUSIONS 

Directions for the Future 

As our knowledge has increased, similarities between the 

structure and replication of vaccinia virus DNA and the 

genetic material from eukaryotic cells have become apparent. 

It is now reasonable to predict that an understanding of 

vaccinia virus DNA replication will provide important 

insights into the manner in which eukaryotes replicate their 

chromosomal DNA and how this process is controlled. 

While substantial progress has been made in 

understanding poxvirus DNA replication, it is obvious from 

the experimental results reviewed above, that much remains to 

be done. For example, the exact origin of vaccinia virus DNA 

replication remains to be critically defined. Hybridization 

experiments (80) as well as structural considerations argue 

for a site at one or both ehds of the genome, within or 

immediately adjacent to the large, inverted terminal 

repeats. The sequence organization within the inverted 

terminal repeats has now been defined (26) and restriction 

enzyme fragments which encompass this structure have been 

cloned (24). If DNA synthesis is initiated in this region of 
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the genome both the information and molecular reagents 

required to define the origin of DNA replication are now 

available and experiments to obtain an answer to this problem 

should soon be undertaken. 

An aim of a number of investigators is to reproduce the 

replication of vaccinia virus DNA in vitro (118,119). These 

experiments have been only partially successful; while DNA 

chains were completed in vitro, the initiation of new rounds 

of DNA replication could not be measured. Investigators have 

thus far concentrated on employing a virosomal-like fraction 

prepared from infected cells for in vitro DNA synthesis. 

While DNA chains may be completed in association with the 

virosomal fraction, a membrane-DNA complex may be required if 

initiation events are to be studied in vitro. Recognizing 

that the topological arrangement of viral DNA genomes within 

the cytoplasm of infected cells may be critical in their 

functioning during DNA replication we have begun to develop 

an in vitro system where the integrity of the structure of 

infected cells is partially preserved and yet the 

incorporation of labeled, deoxytriphosphates into replicating 

viral DNA can be studied. Vaccinia virus-infected HeLa 

cells, permeabilized with lysolecithin and placed in an 

appropriate in vitro reaction mixture (120) actively 

incorporate labeled deoxytriphosphates into DNA being 

synthesized in their cytoplasmic fraction [Figure 5, 

Panel A]. The synchrony of the infection is maintained by 

including HU (5x10- 3M) in the culture medium and the 

buffers employed during cell processing. Synthesis of DNA 

begins as soon as the permeabilized cells are resuspended in 

the in vitro reaction mixture (120) and the kinetics of 

synthesis are not affected by inhibitors of protein synthesis 

[Figure 5, Panel A]. In Figure 5, Panel B are shown the 

results obtained when viral DNA synthesis was measured in 

vivo in the presence of an inhibitor of protein synthesis. 

Only one round of DNA replication occurred (77), 

demonstrating the need for continuous protein synthesis, if 

additional rounds of DNA replication are to be initiated. 
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Figure 5. Vaccinia virus DNA synthesis in permeabilized 
cells in vitro compared to viral DNA synthesis in vivo in the 
presence and absence of actidione. Panel A. HeLa cells were 
infected with vaccinia virus (500 EB/cell). At the end of 
the adsorption period, the cells were diluted into medium 
containing 5 mM HU. Four hr later, the gells were processed, 
permeabilized with lysolecithin and 2x10 permeable cells 
added to an in vitro DNA synthesis reaction mixture as 
d 3scribed previously (120). The incorporation of 
( HJ-TTP into acid-insoluble product with time after in 
vitro synthesis was initiated, is indicated. 0 --0, no 
cells added to reaction mixture; x--x unfractionated, 
infected cells, in the presence of actidione (100 ~g/ml) .--. 
unfractionated, infected cells, no actidione; ~--~ 
cytoplasmic fraction of infected cells, with or without 
actidione; 0--0 unfractionated, mock-infected cells ~---~, 
cytoplasmic fraction of mock-infected cells. Panel B. 
Vaccinia virus infected HeLa cells were diluted into medium 
containing 5 mM HU. Four hr later the cells were collected 
by centrifugation, washed to remove the ~U and then 
resuspended in fresh medium containing [ HJ-thymidine 
(2 ~Ci/ml), with or w~thout actidione (100 ~g/ml). At the 
times indicated, 2~10 cells were removed and the 
incorporation of [ HJ-thymidine into acid-insoluble 
product assayed. .--. infected cells, no actidione; ~--~ 
infected cells in the presence of actidione. 0--0 
mock-infected cells, no actidione; ~--~ mock-infected cells 
in the presence of actidione. 
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The kinetics and time period of viral DNA synthesis measured 

in the permeabilized cells in vitro, were similar to these 

events measured in vivo, in the presence of inhibitors of 

protein synthesis. This suggests that only one round of 

viral DNA replication occurs in the permeabilized cells under 

the in vitro conditions described (unpublished 

observations). We are presently attempting to supplement our 

system with the precursors and reagents required for in vitro 

protein synthesis (120) as well as those required for DNA 

synthesis to determine if the period of active viral DNA 

synthesis can be extended in the permeabilized cell system. 

Even with the limitation of being able to analyze only a 

single-round of viral DNA replication, the ability to 

incorporate [32 p ]-labeled deoxy-and ribotriphosphates 

into replicating viral DNA molecules should permit a detailed 

analysis of the replication intermediates involved in this 

process. This is an important first step in developing a 

cell-free system with which to study viral DNA replication. 

With the world-wide eradication of smallpox (121) has 

come the call to destroy, or severely limit the availability, 

of stocks of variola virus. It was possible that important 

questions concerning the origins of variola virus and its 

relationship to other orthopoxviruses, the pathogenesis of 

the disease caused by this virus and factors which determine 

host-range, would never be addressed. Fortunately, Dr. J. 

Esposito (Communicable Disease Center, Atlanta, Georgia) has 

undertaken the task of cloning restriction endonuclease 

fragments of variola virus. This will preserve the genetic 

material for study. In particular it would be useful to 

sequence the terminal endonuclease fragments obtained from 

variola virus DNA and compare the sequence arrangement with 

that reported for vaccinia virus (26). While some members of 

the orthopoxvirus genus may replicate their genome in a 

unique fashion, it is hoped that studies with vaccinia virus 

will provide information which will be applicable to all 

members of this genus and perhaps all the Poxviridae. 

Variola virus DNA does not appear to contain large inverted 
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terminal repeats (9) and the requirement for circularization 

of orthopoxvirus genomes during replication has been 

challenged, in part, because of this exception. Sequence 

analysis of "terminal fragments" from variola DNA would 

resolve this issue and could provide information which would 

contribute to our understanding the unique host range of this 

virus. 

Finally, as noted above, there is a need to develop new 

methods for fractionating infected cell cytoplasm in a manner 

which will preserve the association of viral DNA with 

membranes. Experiments should be undertaken to further 

purify virosomes and to define the enzymatic components of 

this complex. Methods which have proven useful for the 

isolation and analysis of nuclear matrices (122,123) could 

prove productive for this purpose. Similarly, the membrane 

viral DNA complexes present in infected cell cytoplasm should 

be purified and their structural as well as enzymatic 

components carefully analyzed. Understanding the nature of 

these membrane DNA complexes and how they participate in 

viral DNA replication appears to be essential if we are to 

define how viral DNA synthesis is initiated and controlled. 
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REPLICATION OF ADENOVIRUS DNA 

J.S. SUSSENBACH AND P.C. VAN DER VLIET 

1. SUMMARY 

The replication of linear double-stranded adenovirus DNA starts at the 
molecular termini and employs a unique priming mechanism. During the elon
gation of the newly initiated daughter strands displacement of the parental 
strands takes place. We have investigated the stages of initiation and 
elongation in an in vitro DNA replication system and have analyzed the 
functions of two viral-coded proteins (terminal protein and DNA-binding 
protein) and a host factor (DNA polymerase). Evidence is presented that 
in the initiation step the first nucleotide of the new DNA strand is co
valently linked to a precursor of the terminal protein. This step does not 

require the presence of DNA-binding protein. However, DNA-binding protein 
as well as DNA polymerase are required for the elongation step. Analysis 
of the gene coding for the DNA-binding protein of some mutants and 
revertants indicates that in particular the C-terminal part of the DNA
binding protein molecule is involved in DNA replication. These results are 
discussed in relation to a model for adenovirus DNA replication. 

2. INTRODUCTION 
The group of human adenoviruses consists of 33 different serotypes, 

some of which can induce tumors in newborn rodents. In their natural host 
these viruses cause respiratory diseases (1). Most research on the molecular 
biology of adenoviruses has been performed with the serotypes 2 and 5 (Ad2 

and Ad5). 
The adenovirion has an icosahedral structure and contains a linear 

double-stranded DNA molecule with a molecular weight of 23 million daltons 
(2, 3). The 5' -termini of the two complementary strands are covalently 
linked to a protein with a molecular weight of 55 kD (terminal protein, 
TP) (4, 5). Ad2 and Ad5 DNA contain an inverted terminal repetition 
102-103 nucleotides long (6, 7). 
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FIGURE 1. Schematic reoresentation of adenovirus DNA reolication. Parenta1 
strands are indicated by drawn lines and newly synthesized strands by wavy 
lines. The black dots represent the terminal protein. The inverted termir.al 
repetition is symbolically indicated by the first nucleotides of the 
terminal repetition CAT. Replication might start at either molecular end. 
Only the complete replication cycle for initiation at the left-hand end 
has been drawn. Replication which starts at the right-hand end proceeds 
similarly. The branched intermediates are called Type 1 molecules, while 
unbranched intermediates are designated as Type 2 molecules. 

The adenovirus genome may code for 30-50 different proteins. A major 
part of the orqanization of the viral genome has already been elucidated 
( 1). 

A few hours after infection of cells by adenovirus, five to six specific 

reqions of the viral genome are expressed before the onset of viral DNA 
replication. These regions code for a number of proteins, at least two of 
which are involved in viral DNA replication (DNA-binding protein (DBP) and 
TP) (8, 9, 10). About 6 hr pi replication of viral DNA starts and proceeds 
for at least 20 hr. At the end of the infection cycle the infected cell 
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contains about 10 5 -10 6 copies of the viral genome. 
Biochemical and electron-microscopic investigations of replicating adeno

virus DNA have revealed that adenovirus DNA replicates via a displacement 

mechanism (1, 11-14). Replication may start at each of the two molecular 

termini and proceeds by displacement of the parental strands. It has been 
shown that replication starts within the inverted terminal repetition at 
the very ends of the DNA molecule (10, 15). After completion of the dis
placement synthesis, the displaced parental strands are converted into 

duplex molecules via complementary strand synthesis (Fig. 1). 
One of the most intriguing stages of the DNA replication cycle is the 

initiation step. All known DNA polymerases require a free 3'-OH group to 
start DNA synthesis. In many systems these 3'-OH groups are provided by 
short RNA molecules, which are used as primers of DNA replication. Due to 
the circular structure of many DNA molecules the replication fork passes 
the origin of DNA replication after completion of each round of replication 

and the RNA primers can be replaced by DNA during this event. 
However, since adenovirus DNA replication proceeds via linear replicative 

intermediates, an RNA priming mechanism cannot be operational in this case. 

Several models for the initiation of adenovirus DNA replication have been 
proposed, including a self-priming mechanism, but none of these appeared 

to be correct (16, 17). In 1977 Rekosh et al. (15) proposed that adenovirus 
DNA replication might start with the terminal protein as primer molecule. 
At that time no examples of protein priming were known. However, the explo
ration of an in vitro DNA replication system has provided evidence that 
this hypothetical priming mechanism might be correct. 

In this report further evidence for a protein-priming mechanism will 
be presented. In addition, new information on the functions of a number 
of proteins involved in adenovirus DNA replication will be provided, 

especially on the DNA-binding protein. 

3. ADENOVIRUS DNA SYNTHESIS IN VITRO 

Three systems have been developed for in vitro DNA replication. These 
are, in decreasing order of complexity (3.1.) isolated nuclei, (3.2.) 

replication complexes and (3.3.) nuclear extracts. 

3.1. Isolated nuclei 
Isolated nuclei of Ad5 infected human cells can elongate endogenous 
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replicative intermediates that have initiated viral DNA replication in 

intact cells (18). This type of synthesis seems to reflect in vivo DNA 
replication in many respects but isolated nuclei are defective in initiation. 

Biochemical and electron-microscopical characterization of replicative 
intermediates from isolated nuclei have been of great use in unravelling 
the mechanism of elongation (11). Moreover, since isolated nuclei are 
permeable to immunoglobulins it is possible to investigate the effect of 
antibodies to replication proteins on viral DNA synthesis. Using this 
approach we have observed an inhibiting effect of anti-DNA binding protein. 
This result provided the first evidence for a role of DBP in elongation (9). 

Recently, we have studied the effect of ATP on Ad5 DNA synthesis in 
isolated nuclei. In contrast to cellular DNA synthesis, Ad5 DNA synthesis 
appeared only weakly sensitive to low ATP concentrations. In the presence 
of endogenous (10- 7 M) ATP levels normal chain elongation was observed and 

only a two-fold stimulation was observed at 2 mM ATP or dATP. GTP, which 
can replace ATP in initiation, was not effective in elongation. This may 
indicate that extensive ATP hydrolysis as performed by DNA-dependent 
ATPases (19) is not required for adenovirus DNA chain elongation. 

3.2. Replication complexes 
Replication complexes have been extracted from infected cell nuclei by 

extraction with 150-200 mM ammonium sulfate (20, 21) or with sodium heparin 
(22). These complexes are composed in part of replicative intermediates 
complexed with various proteins and can perform an elongation reaction. 

3.3. Nuclear extracts 
In 1979 Challberg and Kelly (10) prepared a nuclear extract in which 

initiation and elongation on exogenous templates could occur. True replica

tion starts were only observed when DNA complexed with terminal protein 
(DNA-TP) was used. About 6% of the input template could complete one round 

of displacement synthesis. 
In subsequent studies it was demonstrated that newly replicated DNA con

tains a 80 kD precursor of TP (pTP) which is covalently bound to the new 
DNA by a serine-dCMP phosphodiester bond(23, 24). The pTP is processed to 
mature TP only late in infection (25). The presence of protein on replica-
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FIGURE 2. Formation of a covalent complex between dCMP and preterminal 
protein is required for initiation of DNA synthesis. 
Nuclear extracts were prepared from Ad5-infected HeLa cells as described 
(10). A reaction mixture of 0.1 ml, containing 40 mM Hepes-KOH pH 7.5 -
4 mM MgC1 2 - 2 mM ATP - 0.8 mM dithiothreitol - 4 mM creatine phosphate -
4 ~g/ml creatine kinase - 40 ~M ddATP - 1 ~M a- 32 P-dCTP (100 Ci/mmole) -
0.1 mM aphidicolin, 0.2 ~g Ad5 DNA-TP and 23 ~l nuclear extract was 
incubated for 30 min at 37° C. In some cases ddATP was substituted by 
40 ~M dATP, 40 ~M dTTP and 40 ~M ddGTP to permit a limited elongation 
reaction (elongation conditions). The reaction was stopped by addition of 
25 ~l 0.25 M sodium pyrophosphate and 5 ~l 0.2 M EDTA. TCA-insoluble 
material was electrophoresed on 10% polyacrylamide - 0.8% SDS gels in the 
presence of appropriate markers, stained, dried and autoradiographed. 
Lanes 1-5, initiation conditions. Lane 1, standard incubation, lane 2, 
40 ~M ddCTP added; lane 3, 0.2 ~g Ad5 DNA replacing Ad5 DNA-TP; lane 4, 
minus ATP, minus energy--regenerating system; lane 5, as lane 4, + 2 mM GTP; 
lane 6, standard elongation conditions; lane 7, initiation, 15 min pulse; 
lane 8, pulse chase: After a 15 min pulse dATP, dTTP, dCTP (100 ~M) and 
ddGTP were added and the incubation was continued for 60 min. 

tive intermediates was previously observed in vivo (26-29). 

We have used this system to study the requirements for initiation and 

elongation separately. The formation of the pTP-dCMP initiation complex 

can be demonstrated directly by incubation with a- 32 P-dCTP in the presence 
of DNA-TP as a cofactor (24, 30, 31). Fig. 2, lane 1 shows an electro
pheroqram of the products formed. One prominent labeled band at 82 kD, 



242 

representing pTP-dCMP, can be observed. A weaker band at 25 kD is also 
present but is not dependent on the presence of DNA-TP. This product has 

not been further characterized. The formation of the pTP-dCMP complex is 

dependent on the presence of ATP (lane 4) and is not inhibited by ddCTP, 

all inhibitor of chain elongation (lane 2). ATP can be substituted by dATP, 

GTP (lane 5) or dGTP and to a less extent by pyrimidine triphosphates. 

Is the formation of a pTP-dCMP complex an essential step in the DNA 

synthesis? To determine this we have performed the following pulse-chase 
experiment. A nuclear extract was incubated with DNA-TP and a- 32 P-dCTP for 
15 min. Then an excess of dCTP (100 ~M), dATP, dTTP and ddGTP was added 

and the mixture incubated another 30 min. Under these conditions (Fig. 2, 

lane 6) limited DNA replication can occur until nucleotide 26, the first 

G in the 5' -terminated strand (6). This leads to the formation of a 90 kD 

product consisting of the pTP and a 26 nucleotide long oligonucleotide 

(24, Van der Vliet,unpublished). As can be seen from Fig. 2 (lanes 7 and 
8) the 82 kD initiation complex can be chased in part to the 90 kD parti~l 

elongation complex. This result provides strong evidence for a role of the 

pTP-dCMP complex as primer for adenovirus DNA synthesis. 

4. ADENOVIRUS DNA-BINDING PROTEIN 

4.1. Role of the adenovirus DNA-binding protein in replication 
At early times after infection large amounts of the 72 kD DBP are syn

thesized. This protein has an anisometric structure and is rapidly phos

phorylated after synthesis (32-34). It binds co-operatively to single

stranded DNA and less efficiently to the ends of double-stranded DNA (33, 
35). Detailed analysis of the phenotype of a number of DBP mutants has 
revealed that the DBP is multifunctional. Analysis of H5ts107, H5ts125 and 

H2ND 1 ts23 has shown that these temperature-sensitive mutants are defective 

in initiation of DNA replication at the non-permissive temperature (8, 63). 

In addition a role of the DBP in chain elongation has been assumed based 
upon inhibition of DNA synthesis by anti-DBP IgG (9) and temperature

sensitive elongation in replication complexes (36). 
At which step in replication is DBP essential? To determine 

this we analyzed the formation of an initiation complex and a partial 

elongation complex in extracts from H5ts125 infected cells. The extracts 
were obtained from cells infected at 32° C and were preincubated at 32° C 
or 37° C. As shown in Fig. 3, lanes 1-4, the synthesis of the 82 kD pTP-
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12345678 9 10 11 12 13 14 

90 kD 
-82 kD 

FIGURE 3. DBP is not required for the formation of a covalent pTP-dCMP 
complex in vitro . 
HeLa cells were infected with wild type (wt) or H5ts125 at a moi of 10,000 
particles per cell. The cells were grown for 40 hr at 32° C in the preserce 
of 5 mM hydroxyurea present from 4-40 hr pi. Nuclei were isolated and the 
nuclear extract was preincubated for 15 min at 32° C or 37° C after which 
the reaction was initiated by addition of DNA-TP. Lanes 1-4, initiation 
conditions, lanes 5-14, elongation conditions. Lanes 1-8 and 9-14 represent 
two different experiments. 
1,5 wt, 32° 9 wt, 37° 
2, 6 wt, 37° 10 H5ts125, 32 ° 
3,7 H5ts125, 32° 11 H5ts125, 3]0 
4,8 H5ts125, 37° 12-14 H5ts125, 37 ° to which had been added 1.2 ~g, 
2.4 ~g and 3.6 ~g purified DBP during preincubation and incubation, 
respectively. 

dCMP complex was not temperature-sensitive. However, the formation of the 

90 kD product was strongly inhibited at 37° C in H5ts125 extracts (lanes 

4-8). This inhibition could be suppressed by incubation of the extracts 

at 37° C in the presence of purified wt-DBP (lanes 9-14). Similar results 

were recently reported by Challberg et al . (30). This indicates that the 

DBP is not required, or only required at a very low concentration, for tre 

covalent attachment of dCMP to the preterminal protein but is essential 

already in the early stages of elongation. 



4.2. The relatior between the structure and function of the DNA-binding 
proteln 

In a first step to unravel the relation between the structure and the 

multiple functions of the DBP molecule we have determined the complete 

nucleotide sequence of the Ad5 DBP gene and have examined the structure 
of DBP mRNA species (37). From the nucleotide sequence of the mRNA mol

ecules the complete amino acid sequence of DBP could be derived (Fig. 4). 

DBP appears to be 529 amino acid residues long and has a molecular weight 

of 59 kD. The overall amino acid composition of DBP indicates that the 
molecule has a neutral character. This is in agreement with its isoelec

tric point of 7.5, after removal of the phosphate groups (38). 
Recently we have also determined the complete nucleotide sequence of 

the Ad2 DBP gene and have derived the amino acid sequence of Ad2 DBP from 

the nucleotide sequence. In comparison with the amino acid sequence of AdS 

DBP the Ad2 sequence displays nine amino acid differences (Fig. 4). All 

these differences are located in the N-termina1 region of the DBP molecule. 

Since no differences are found in the C-termina1 part of the molecule, tr.is 

suggests that relatively less alterations are allowed in this region of 

the molecule without loss of functions of DBP. 

In order to obtain further information on the functional aspects of the 
different regions of the DBP molecule, we have mapped at the nucleotide 
level the positions of the mutations in a number of DBP mutants and 
revertants (Fig. 4). 

The only mutant located in the N-terminal part of DBP is H5hr404 (amino 
acid residue 130). This mutant has normal DNA replication, but displays 

aberrant late gene expression resulting in the ability to grow in monkey 
cells (39). The position of the H5hr404 mutation and the phenotype of this 
mutant suggests that the N-terminal part of the DBP molecule is not 
directly involved in DNA replication, but rather in late gene expression. 

Three mutants with temperature-sensitive DNA replication (H5ts107, 

H5ts125 and H2ND 1 ts23) (personal communication: H.S. Ginsberg and J.F. 

Williams; 40, 63) are all located in the C-terminal part of the DBP mol

ecule. H5ts107 and H5ts125 appear to carry the same mutation at amino acid 

position 413. In two revertants [r(ts125)2 and r(ts107)127] the amino acid 

residue at position 413 has been reverted to the original wild type amino 

acid at that position. Since no other changes in the amino acid sequence 

have been detected, this proves that the amino acid alteration at position 
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413 in HSts107 and H5ts125 is indeed responsible for the temperature

sensitive viral DNA replication of these mutants. Mapping of the revertarts 
r(tsl?5;13 and r(tsl07)202 shows that these revertants still contain the 
original H5ts125 and H5tsl07 mutations, but have, in addition, second-site 

mutations at positions 508 and 352, respectively. 

It has been shown before that DBP of H5ts125 is thermolabile in its 

binding to single-stranded DNA (41). The positions of the mutants and 

revertants indicate that in particular the C-terminal part of DBP is 

involved in DNA replication, probably by binding to single-stranded DNA. 

Since replicating adenovirus DNA contains extended regions of single

stranded DNA,a role of DBP in adenovirus DNA replication is not unexpected 
(11). DBP might protect these single-stranded regions against nucleolytic 

degradation or stabilize the single-stranded regions in replicating DNA, 
thus facilitating migration of the replication fork. Since DBP molecules 
bind to single-stranded DNA in a co-operative way and therefore have to 
interact simultaneously with DNA and other DBP molecules, it can be expected 

that a relatively large part of the DBP molecule is essential for DNA 

replication. The fact, that the different mutations are scattered over a 

broad region of the amino acid sequence is in agreement with this notion. 

A distinct role of the C-terminal part of DBP in DNA replication is also 

suggested by the observation that the chymotryptic C-terminal 45 kD frag
ment of wild type DBP is able to complement the defective in vitro DNA 
replication system of H5ts125 (42). 

Characterization of the phenotypes of some of the revertants has 
revealed in addition, that the second-site mutations cause unexpected new 
properties in these virus strains. R(tsl07)202 which grows normally in HeLa 

cells at the non-permissive temperature does not grow in the adenovirus
transformed 293 cells under these conditions (43). Furthermore, r(tsI25)13 
exhibits an aberrantly high overproduction of DBP (J.C. Nicolas, personal 

communication). This illustrates very clearly that, although we have dis

tinguished two different domains in the DBP molecule, the C-terminal part 
involved in viral DNA replication and the N-terminal part involved in late 
gene expression, this view is probably oversimplified. 

5. OTHER POSSIBLE VIRUS-CODED REPLICATION PROTEINS 

In addition to pTP and DBP other viral proteins may be required. One 
of these proteins could be the product of H5ts36. The H5ts36 mutation, like 
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pTP, is located in the early region E2B and is involved in viral DNA 

replication (8,61). The corresponding protein has not been characterized. 

Recently a new class of mutants affected in viral DNA replication was 

discovered, sug~esting that beside DBP and pTP another virus-coded protein 

might be involved in viral DNA replication. The first representative of 

this class of mutants is H2ts111, which was originally characterized by 

d'Halluin et al. (44). They concluded that this mutant is affected in the 

inititation and elonqation of viral DNA replication and that viral DNA is 

deoraded at the non-permissive temperature. 

In order to investigate this mutant further, we have measured the rate 

of viral DNA replication of wild type and H2ts111 in shift-up experiments 

(Fig. 5). If infected cells are grown at the permissive temperature and 

the temperature is shifted to 40° C a rapid decrease in the rate of DNA 
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FIGURE 5. Time course of viral DNA synthesis in KB cells infected with 
H2ts111 or wt virus (moi 2000 particles per cell). 
After 40 hr of incubation at 32° C the temperature was shifted to 40° C. 
DNA synthesis was measured by the incorporation of 3H-thymidine during 
15 min pulses ranging from 15 min to 45 min after shift-up. Viral DNA was 
isolated as described elsewhere (18). The left-hand panel represents the 
ratio of incorporation of 3H-thymidine in H2ts111- and wt-infected cells. 
The isolated viral DNA, labeled from 0-15 and 45-60 min, respectively, 
after the shift to 40° C, was subjected to sucrose gradient centrifugation 
(riqht-hand panel). Sedimentation is from right to left. The 31 S position 
is indicated by the arrow. 
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synthesis is observed. Sucrose gradient centrifugation of the labeled DNA 

indicates that the sedimentation profile of replicating H2ts111 DNA labeled 

4S-~0 min after the shift-up is similar to the wild type profile, indicat

ing that no accumulation of replicating intermediates with higher sedimen

tation co-efficients takes place (Fig. 5). Pulse-chase experiments also 
indicate that in the first 20 min after shift-up the maturation of 

replicative intermediates in H2ts111-infected cells is normal (Fig. 6). 

However, 120 min after shift-up an extensive degradation of labeled DNA 

can be detected. 

Since de~radation of viral DNA is not detected before 60 min after 

shift-up, while the rate of DNA synthesis is already affected after 15 min, 
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FIGURE 6. Neutral sucrose gradient centrifugation of viral DNA isolated 
from wt- and H2ts111-infected cells, which were incubated for 40 hr at 
32° C and subsequently pulse-labeled for 5 min with 3H-thymidine. The 
radioactivity incorporated was chased for 0, 20 and 120 min, respectively 
at the non-permissive temperature. Viral DNA was isolated as described 
elsewhere (18). Centrifugation is from right to left. The arrows indicate 
the position of 31 S marker DNA. Note that in H2ts111-infected cells a 
considerable amount of labeled DNA (region II) is degraded after a 
120 rr.i:-! chase. 
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it is likely that degradation of DNA is a secondary effect. The observation 
that 30 min after shift-up the rate of viral DNA synthesis is considerably 
reduced, while the sedimentation profile of replicating DNA is comparable 

to that of wild type, suqgests that in H2ts111-infected cells at the non

permissive temperature elongation of growing strands is normal. Probably 

only initiation of DNA replication is affected. 
However, it should be emphasized that this type of analysis miqht not 

be adequate to distinguish between elongation and initiation. Other experi

ments are required to pin-point precisely the defect in H2ts111. Never
theless, the rapid decrease of the rate of DNA replication in H2ts111-
infected cells after shift-up suggests that probably another virus-coded 
protein exists, which plays a role in adenovirus DNA replication. 

6. ELONGATION AND THE ROLE OF DNA POLYMERASE Y 

Adenovirus does not code for its own DNA polymerase and major changes 

in DNA polymerases have not been observed during infection (45). This 

suqqests that a cellular DN.A polymerase is required for adenovirus DNA 

replication. In endogenous replication complexes both DNA polymerases u 

and y, but not DNA polymerase B have been detected (20, 46-49). 
To determine which DNA polymerase is involved specific inhibitors have 

been employed. We found that Ad5 DNA synthesis in isolated nuclei is very 
sensitive to low concentrations of ddNTP's in contrast to cellular or SV4G 
DNA replication (50-52, see Fig. 7). A similar sensitivity was observed 
in replication complexes (47-49) and in nuclear extracts (53, Van der Vliet, 
unpublished observations). 

These results have been taken as evidence for the participation of DNA 

polymerase Y. This enzyme is more sensitive to ddNTP's than the other DNA 
polymerases. Moreover, DNA polymerase Y can recognize ddTTP as substrate 
in contrast to DNA polymerase u (52). 

To study a possible additional role of DNA polymerase a another series 

of experiments were performed employing aphidicolin, a specific 

inhibitor of this enzyme (54, 55). In vivo, aphidicolin at low concentra

tions inhibits cellular DNA synthesis or SV40 DNA synthesis which agrees 

well with a functional role of DNA polymerase a in these processes. Adeno

virus DNA replication is also inhibited but a 300 to 500-fold higher dru~ 

concentration is required to obtain a similar effect as in uninfected 
cells (56, 57). This difference is not easily explained by different intr~-
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FIGURE 7. Specific inhibition of adenovirus DNA synthesis by 2'-3'-dideoxy
nucleoside 5'-triphosphates. 
Nuclei from uninfected (---) or Ad5 infected (_) HeLa cells were incubC'.t
ed in a reaction mixture containing 50 pM dNTP's, 5 iJM 3H-dTTP and various 
concentrations of ddATP (0), ddTTP (.), ddGTP (0) or ddCTP (~). When ddT1P 
was added 50 vM dTTP and 5 vM 3H-dGTP were present. The nuclei were incubat
ed for 30 min and DNA synthesis was assayed as described (9). 

cellular nools or metabolic conversion of aphidicolin since single cells, 

doubly infected with both Ad5 and SV40, displayed also a differential sen
sitivity (57). This suggests that the intracellular targets for the drug 
would be partly different in uninfected or adenovirus-infected cells. 

Moreover, inhibition of DNA polymerase a is competitive with dCTP and this 

is not observed for Ad5 DNA synthesis in isolated nuclei. 

We have interpreted these data as evidence that DNA polymerase a as 
such is not involved in Ad5 DNA replication. The precise mechanism of 
inhibition of Ad5 DNA chain elongation by aphidicolin remains unknown. 

Possibly, a modified DNA polymerase is required, or other replication 

factors are also sensitive to the druG. Also, a cellular DNA polymerase 

could acquire a modified sensitivity towards aphidicolin due to a strong 

association with other proteins. 

Recently, a DNA polymerase activity was isolated which co-purified with 

pTP (58). This enzyme displayed sensitivity to ddNTP's and N-ethyl 

maleimide and resistance to aphidicolin just like DNA polymerase y, but 

could not use poly(rA)·oligo(dT) as template. 
At high concentrations an effect of aphidicolin on chain growth could 
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Flr.URE 8. Replication of adenovirus DNA in vit ro and the effect of aphidi
col in. 
Ad5 DNA or DNA-TP were digested with XbaI and the reaction products were 
incubated with nuclear extracts of Ad5-infected HeLa cells in the presence 
of increasina concentrations of aphidicolin. The reaction conditions were, 
in 30 ~l, 50 mM Hepes-KOH pH 7.5 - 5 mM MgC1 2 - 0.5 mM DTT - 2 mM ATP -
20 ~M each of dATP, dTTP and dGTP, 10 ~M a-32 P-dCTP (5 Ci/mmol) - 5 mM 
creatine phosphate - 5 ~g/ml creatine kinase, 0.04 ~g digested complex ard 
7 ~l nuclear extract. After 60 min at 37 ° C the reaction was stopped by 
addition of 3 ~l 0.1 % SDS - 0.1 M EDTA - 0.1 % bromophenol blue and the 
complete mixture was electrophoresed in 1% agarose gels containing 40 mM 
Tris-HCl pH 7.8 - 1 mM EDTA - 5 mM sodium acetate - 0.1 % SDS. After electro
phoresis the aels were dried and autoradiographed. The terminal fragments 
C and E are indicated with arrows. C and E from DNA-TP have a reduced 
mobility due to the presence of protein. ssC = single-stranded C, result
ing from multiple rounds of initiation and displacement synthesis (59). 

also be observed in vit ro (31). At low concentrations aphidicolin can be 
used to inhibit repair-like processes. When XbaI-digested DNA-TP or DNA 

was incubated with nuclear extracts under DNA synthesis conditions label

ing of internal fragments, or terminal fragments without TP, was severely 

suppressed by aphidicolin (Fig. 8). However, replication of terminal fra~

ments containing TP was rather resistant, in agreement with adenovirus D~A 

replication in vi vo . 
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7. GENERAL ~ISCUSSION 
7.1. The role of DBP 

Adenovirus DNA replication is a very efficient nuclear process in which 

at least two viral proteins, pTP and DBP, are involved. The DBP, in 

particular the carboxy-terminal domain, is required already early during 

elongation but not for the formation of a pTP-dCMP complex (Fig. 9). These 

results, obtained in vitro, differ from studies on the phenotype of H5ts125 

in vivo. In intact H5ts125-infected cells elongation continues unabated 
after a shift to the non-permissive temperature but new replication rounds 

are blocked (8). This result indicated a role of DBP in initiation. An 
explanation for this discrepancy could be that DBP is essential for the 

formation of a functional elongation complex after initiation. Once 

present in such a complex, the H5ts125 DBP might be protected against 

thermal inactivation. During the subsequent elongation process the main 

function of free DBP could be the protection of single-stranded displaced 
DNA. This role mioht be taken over in part by cellular DNA-binding proteins. 

This hypothesis would explain that H5ts125 behaves as an initiation mutant 

in vivo, while the DBP is required in the early steps of elongation. 

pTP - c~ 
----

(a) 

pol -DSP 

ibl 

FIGURE 9. Requirements for initiation and elongation of Ad5 DNA. 
a. Initiation proceeds by formation of a covalent pTP-dCMP complex. This 
reaction requires, besides pTP, dCMP, DNA-TP, and possible other cellular 
factors and ATP. ATP can be substituted by GTP, dATP or dGTP. The reaction 
is resistant to aphidicolin and ddCTP. b. Elongation requires DBP, dNTP's 
and a DNA polymerase of the y-type. The reaction is sensitive to ddNTP's 
and to high concentrations of aphidicolin. @, 55kD TP; ~ , 82 kD TP; o ' DBP; pol, DNA polymerase. 

7.2. The primino mechanism 
The use of a protein priming mechanism, which is now strongly indicated 

by a vast amount of experimental evidence, has not been described before 
in eukaryotic cells. A similar mechanism may occur in B. subtilis phage 

¢29 (60). The precise role of the parental TP is not yet clear. Protein
protein interactions between pTP and TP may be sufficient to position the 
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pTP correctly with respect to the 3'-terminus of the template strand. 
Alternatively, the TP may function to facilitate the exposure of a single·· 
stranded nucleotide sequence in the origin. Possibly this sequence recog-· 
nizes and binds pTP and thus keeps the priming protein in the correct 

initiation position. The conserved sequence 9-22 may be involved in this 
process (6). 

7.3. Complementary strand synthesis 
The detailed mechanism of complementary strand synthesis remains 

obscure. Formation of a panhandle structure in displaced single-stranded 
DNA is a very attractive hypothesis and provides a function for the invert
ed terminal repetition which is essential for viral replication. However, 
no such panhandles have been observed directly. In vitro, type 2 replica
tive intermediates have been observed only at low frequencies (9). This 
shows that complementary strand synthesis does not occur easily in nuclear 
extracts. Such a failure may be caused by the absence of a suitable single
stranded template, rather than by an intrinsic incapability of the 

extracts to perform the reaction. Studies with single-stranded templates 
containing TP will be required to resolve this point. 

7.4. DNA polymerase 
The sensitivity of adenovirus DNA chain elongation to ddNTP's has 

suggested that a y-type DNA polymerase is required. Our results employing 
aphidicolin indicate that DNA polymerase a, if functional in Ad5 DNA 
replication, does not behave similarly as during cellular or SV40 DNA 
replication. A DNA polymerase with the properties of DNA polymerase y but 
the template specificity of DNA polymerase a is found in strong associ
ation with pTP (58). It will be interesting to know whether this enzyme, 
when uncoupled from pTP, is identical to any of the cellular DNA polymer

ases. The similarities between adenovirus DNA replication and mitochondrial 
DNA replication are striking as has been pointed out previously (57). DNA 
polymerase y is found in mitochondria and mitochondrial DNA synthesis is 
sensitive to ddNTP's and resistant to aphidicolin (62). Also, both 

replicons duplicate by a displacement mechanism. Whether these similar
ities are purely accidental remains to be seen. 
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REPLICATION OF PARVOVIRUS DNA 

LOIS A. SALZMAN, RITA MITRA, and DALE BROWN 

In 1959, Kilham and Oliver characterized a virus that they isolated 
from several strains of metastasizing rat liver sarcomas and a transplant
able leukemia. The virus named Kilham rat virus (KRV) caused a cytopathic 
effect (CPE) in rat embryo tissue, agglutinated guinea pig red blood cells 
(HA), was heat stable and ether resistant (1). Acridine orange and Feulgen 
stains of intranuclear inclusions in infected cells established that the 
virus contained DNA (2). KRV was the first characterized member of what 
is now a large group of viruses called parvoviruses. Parvoviruses are among 
the smallest eukaryotic viruses. They are ubiquitous and have been isolated 
from a wide variety of hosts. The parvoviruses that have been studied most 
include the H-1 virus from a human transplantable tumor (3), bovine hemad
sorbing enteric virus (Haden; 4), bovine parvovirus (BPV; 5), feline pan
leukopenia virus (FPV; 6), minute virus of mice (MVM; 7), KRV (1), and human 
adeno-associated viruses (AAV; 8, 9). 

The family Parvoviridae is divided into two genera based on the ability 
of the virions to replicate autonomously in cell culture. Genus A, the larger 
group, consists of those autonomous or non-defective parvoviruses capable of 
replicating independently in cells although this replication may be cell spe
cific. Parvoviruses in Genus A include KRV, BPV, H-1, MVM, and FPV. Parvo
viruses like AAV, in genus B, are defective. They depend for complete or par
tial replication on coinfection of the host cell with an additional "helper 
virus" such as adenovirus or herpes virus (10). A third genera C has been 
proposed for inclusion in the parvovirus family. This group would contain 
the autonomous viruses of arthropods which may replicate their DNA in a man

ner analogous to the AAV. However, there is some debate about their inclu
sion in the Parvoviridae and we will not include them in this discussion (11). 
All of the parvoviruses seem to share an affinity for the dividing cell. Be
cause of their small size and limited coding capacity, the virus is dependent 
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on the cell for most of the enzymes and substrates for virion multiplication. 
Diseases associated with the viral infection often seem to involve tissues 

which at the time of infection are undergoing changes involving cell prolif
eration (10). Parvoviruses such as FPV, mink encephalitis (MEV) and canine 
parvovirus (CPV) cause naturally occurring diseases, sometimes rapidly fatal. 
The rest of the parvoviruses elicit a spectrum of pathological conditions, 
particularly in fetal or neonatal animals (10). Because parvoviruses repli
cate in the nucleus of infected cells, viral DNA replication presents an at
tractive model system for studying molecular mechanisms of eukaryotic DNA 

replication. 
In this chapter, we will discuss the results of experiments involved in 

trying to understand DNA replication of the parvoviruses. We will present 

mainly the results found in our laboratory with the autonomous parvovirus, 

KRV. We will supplement this work with some of the fine research carried out 
in other laboratories studying DNA replication of both the autonomous and 
defective parvoviruses. 

AUTONOMOUS PARVOVIRUS DNA 
The characterization of parvovirus DNA has presented technical problems 

due to the compact structure of the nucleocapsid. The virus is resistant to 

treatments for DNA extraction. It is also difficult to grow large quantities 
of virions. We have found alkaline extraction of DNA from the virion and sep
aration of the DNA and protein by cesium chloride or alkaline sucrose centri
fugation most satisfactory (12, 13). The extracted DNA has been shown to be 
single-stranded by staining techniques, reaction with formaldehyde, digestion 
with single-stranded specific nucleases, nearest neighbor analysis, and the 
noncomplementary ratios of adenine-thymine and guanine-cytosine (10, 14. 15). 
Electron microscope examination of KRV revealed that the single-stranded (ss) 
genome was also linear. Circular forms were not seen (16). However, diges

tion of the ss DNA by single-stranded nucleases resulted in only 70 to 80% 

digestion of the genome. The remaining DNA pieces resistant to hydrolysis 

eluted from benzoyl-naphthoyl-DEAE (BND)-cellulose as double-stranded (ds) DNA 
(17, 18, 19). The double-stranded regions are the 3' and 5' termini of autono

mous virus DNA. Since the extracted virion DNA did not form duplex molecules, 

selective packaging must occur predominantly if not exclusively on one strand 
of viral DNA and not on its complement. This strand is the thymine-rich or 
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minus strand. The properties of linearity, single-strandedness and selective 
packaging of one DNA strand are common for all the autonomous parvoviruses (10) 
with the possible exception of Lulll which was isolated from the human cell 
line Lul06 (20). This autonomous parvovirus may package both (+) and (-) 

strands. 

Since probably the orlgln and terminus of DNA replication occurs in the 
small ds terminal regions (21,22,23), we decided to further investigate 
their structure. We determined the nucleotide sequence of the 3' terminus 
of KRV and proposed a configuration for its most highly base paired config
uration (Fig.l). The nucleotides can be folded over in a V-shaped hairpin 
configuration. Nucleotides 1 to 44 are base paired with nucleotides 71 to 
114 with the exception of nucleotides 25, 26, 41, 88 and 89. Nucleotides 45 
to 50 are base paired with nucleotides 54 to 59 and nucleotides 60 to 63 are 
hydrogen bonded with nucleotides 67 to 70. Only nine of the 114 nucleotides 
could not be base paired in this arrangement. Other reports confirmed this 
sequence for KRV and other rodent parvoviruses [MVM, H-l and H-3 (24)J. All 
four have the same V-shaped terminus. Although there are some minor differ
ences, the sequences are very homologous, indicating conservation or close 
evolutionary relationship of the 3' terminal sequences. The autonomous par
voviruses (BPV) and human (Lulll) also possess similar 3' terminal hairpin 
structures, although each nucleotide sequence is unique (24). 

A 
CG 

~'O 
~ 

AGG~CAb'fcGTCACTTG~hTGAACATG~\ TGGTCAGT1.fCTAAAAAT~ 3' 
A ..................... . .................. ,..... • 

GCCro' AGTGTGCA~CTGA ACGCAA;;- GlACe AAC ~G TCA AGAr I~~ T , AeAl TC,~~CAAGrCTCT3~5 

Fig. 1. Monolayer rat nephroma cells were infected with KRV (multiplicity 5:1) 
and incubated for 48 hr at 37°C. Virus was freed from contamination by 2 or 
3 isopycnic centrifugations in cesium chloride (density 1.41 g/cm 3 ). DNA was 
extracted from KRV by sedimentation at pH 13.5 in a 5 to 20% sucrose gradient, 
0.4M NaCl, 0.6M NaOH, 1 mM EDTA at 20°C in a Beckman SW41 rotor at 27,000 rpm 
for 16 hr. The 16S fractions were pooled, neutralized and precipitated in 
ethanol at -20°C. The 3' terminus of the DNA was labeled using T4 DNA poly
merase and a 32p deoxynucleotide triphosphate. After passage through a Seph
adex G-50 column, the DNA was centrifuged again in a pH 13.5, 5-20% sucrose 
gradient, neutralized and precipitated in ethanol as above (19). The molecule 
was sequenced by the procedure of Maxam and Gilbert (25). 
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Sequencing studies of the 5' terminus of the KRV genome have been more 
difficult than with the 3' terminus. We have experienced great difficulty in 

labeling this 5' end of the KRV DNA with 32p using polynucleotide kinase and 

other enzymes. This is probably because the 5' terminus has some interfering 

secondary structure or a terminal blocking group such as an amino acid. How

ever, information of the 5' nucleotide sequence derived from the cloned ter
minal segments of the parvovirus H-l have been published (26). Because of the 
similarity in the 3' terminus between these two viruses, it is likely that 
their 5' termini are also similar. The authors have found that there are two 
orientations of the 5' terminal palindrome. One form is inverted with respect 

to the other (flip-flop relationship). The palindrome may exist in the se
quenced (5') 1+242 or (5')242+1. This dual orientation is not found in the 
3' end. Adjacent to the 5' terminal palindrome is an A-T rich region that 

is non-coding and contains a 55 base pair tandem repeat (26). 
Many of the advances in studying the fine structure of the parvovirus 

DNA has resulted from the use of restriction enzyme fragments. Because 
of their 3' hairpins, parvoviral DNAs are excellent template primers for 
prokaryotic DNA polymerases (18, 27). Double-stranded viral DNAs can 
be synthesized ~ vitro using the 3' OH hairpin terminus as a primer; 
fragments could be observed synthesized in sequential order. 

Comparison of the DS DNA synthesized ~ vitro (given in the legend 
of figure 2) and from ~ vivo synthesized DS KRV DNA shows identical 
patterns except for the size of the terminal 3' fragments (hairpin) which 
is shorter by about 100 nucleotides in the ~ vitro synthesized DNA. 
Other restriction fragments have been mapped using a variety of methods (28). 

DEFECTIVE (AAV) PARVOVIRUS DNA 
Some intriguing differences have emerged between the virion DNAs of 

the autonomous and defective parvov;ruses. These differences may require 
some changes in the steps in replication of the two groups of virions. 
Finding out more about their differences may help in our understanding 
of AAV defectiveness and the scheme of DNA replication. The first apparent 

difference between the two groups involves the state of the DNA. A contro
versy existed for several years over the strandedness of the genome of the 

defective virus AAV. When extracted, the DNA was double stranded with a 
molecular weight of 3 X 106 (10). However, a virion of the reported size 
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Fig. 2. Physical map of KRV DNA strain 308 with the sites of hydrolysis 
of restriction endonucleases ~I, EcoRI, HaeII, TaqI, ~II, HaeIII, £2!1, 
HindIII and ~I. KRV ss DNA was isolated from virions by alkaline hydro
lysis and sedimentation in sucrose (pH 13.5) as described in Fig. 1. 
After ethanol precipitation, the ss DNA was incubated at 37°C with DNA 
polymerase "large fragment", two units per mg of DNA in 0.2 ml of 20 mM 
Tris (pH 7.4), 2 mM MgCl , 0.3 ml~ s-mercaptoethanol, dCTP, dGTP, dTTP, 
and dATP, 20 mM each (27~. Incubation times varied and enzyme activity 
was halted by addition of 20 mM EDTA and 0.5M NaCl, or heating to 70°C for 
3 min. The DNA was precipitated in 2.5 volumes of ethanol at -20°C for 16 hr. 
After centrifugation for 30 min at 30,000 rpm and _5°C in a Beckman SW60 
Ti rotor, the precipitate was resuspended in the appropriate restriction 
enzyme digestion mixture (100 ~l) and digested with 10 to 20 units of en
zyme at 37°C for 4 hr. Glycerol (20%) and the tracking dye bromophenol 
blue were added to each sample and they were electrophoresed in a 1.4% 
agarose gel in 0.04M Tris pH 8.0, 0.02M sodium acetate buffer for 2 hr 
at 150 volts. The HindIII digest of lambda DNA was added as a marker for 
molecular weight determination. The gels were stained with ethidium 
bromide (1.5 X 10-~/ml) and the DNA fragment bands visualized under UV 
light. Further fine structure analysis can be accomplished by sequential 
digestion with two endonucleases. The fragments can also be isolated 
from gels (as above) and digested with other restriction endonucleases. 
Restriction enzymes AvaI, SalI, SstI, SstII, XhoI, KpnI, BamHI and SmaI 
do not appear to cleave KRVDNA.- - - - - -

could not hold that much DNA (15). The controversy was resolved when 
AAV grown in the presence of bromodeoxyuridine (BUdR) was mixed with AAV 
grown in the absence of BUdR and the DNA extracted from the virions. 

Double-stranded DNA of hybrid density was found after CsCl isopycnic 
centrifugation. One strand of the hybrid contained BUdR and the other did 
not (29). The result suggested that although each virion contains a single
stranded DNA molecule, it can anneal with another molecule after extraction 

to form a double-stranded molecule. The AAV virions, unlike most of the 

autonomous parvoviruses, contain either (+) or (-) DNA strands in approx

imately equal amounts (22). 
Another difference between defective and autonomous parvoviruses was 

realized when the DNA molecules were observed under the electron micro
scope and later when the nucleotides were sequenced. Koczot et al. (13) 
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found that both ends of the purified (+) and (-) DNA strands of AAV-2 con
tain terminal self-complementary sequences (inverted terminal repetitions). 

A strand can form a single-stranded circle closed by short hydrogen-bonded 
duplex segments or panhandles in an anti-parallel configuration. The 

exact structure of the AAV DNA termini was resolved by nucleotide sequencing 

(30). As in the case of the 3' terminus of the autonomous parvovirus, 

AAV has a terminal V-shaped palindrome of 145 bases. The terminal 145 
nucleotides at the 3' end of the DNA are perfectly complementary to the 
145 nucleotides at the 5' end of the genome. However, the palindrome at 
the 3' and 5' ends can exist in two orientations which are identical 
inverted sequences (flip-flop) of each other. This enables them to form 

the double-stranded panhandle circle (30). The nucleotide sequence of the 
AAV termini has very little similarity to the sequences found in either 
the 3' or the nonidentical 5' termini (20) of the autonomous parvoviruses. 

PARVOVIRUS REPLICATION 
The small parvovirus genome described above is capable of directing 

the synthesis of few, probably less than three, proteins. Its capability 
may be greater if a parvovirus DNA sequence can code for more than one 
protein by means of RNA splicing or if they are coded for in different 
reading frames. This limited ability to specify protein synthesis sug
gests that the replication of the viral DNA will be carried out largely 
by cellular enzymes and co-factors. The parvoviruses thus provide a 
small and more easy to characterize replicon for the analysis of the 
mechanisms of eukaryotic DNA replication. 

Aside from the species specificity of the autonomous parvoviruses, 
replication of the virus does not occur unless the cell itself is in 
the proper stage of growth. MVM can bind to and enter a cell early in 

G phase. However, the viral DNA strand remains single stranded until 
the cell enters S phase. Only then does viral DNA synthesis start (31). 
The S phase requirement could be a cellular enzyme, a modified cellular 
enzyme, a viral or cellular gene product. A DNA polymerase associated 
with KRV which may be a modified cellular polymerase has been reported 

(32). It varies in some properties from the uninfected cellular DNA poly
merases (33). Synthesis of replicative forms (Rf) and viral DNA from Rf 
may require the synthesis of viral proteins. Both temperature sensitive 
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mutants of H-l and defective interfering viruses are defective in DNA syn

thesis at nonpermissive temperatures or without wild type helper. The 

defective viruses contain all the information and signals needed for 

replication but cannot synthesize a required viral protein (34, 35). 

The steps in the infection process by which a parvovirus takes over 

a eukaryotic cell, turns it into a virus production factory and disinte

grates its host has turned out to be rapid and interesting. KRV is ab

sorbed and penetrates a rat nephroma cell within one hour after infection 

(36). If KRV whose DNA is radiolabeled with 3H thymidine is used for 

infection, the fate of the viral DNA can be followed. Withi~ one hour after 
infection of a permissive cell, the parental viral DNA can be converted 

into a new form. On the basis of sedimentation properties in sucrose 

gradients, elution from hydroxylapatite, buoyant density in equilibrium 

CsCl density gradients, and appearance in the electron microscope, this 

form was double-stranded and linear (37). This replicative form is called 

the Rf. 
Structural analysis of intermediates in the replication and production 

of virion DNA have yielded some information to help in understanding the 

sequence of events in virus replication. On the basis of retention on 

hydroxylapatite, a portion of ~ vivo labeled MVM DNA was also determined 
to be in a duplex monomer. About 35% of this duplex MVM DNA underwent 
spontaneous unimolecular renaturation, suggesting that some of the duplex 

molecules existed as covalently linked viral (v) and complementary (c) 

strands (38). The double-stranded replicative form (Rf) self-annealed 

(snapped back) on the viral 3' end suggesting a covalent hairpin-like 
turn between v and c strands. This hairpin structure may result from the 

first step in DNA replication, the covalent synthesis of a complementary 

strand from the self-priming viral strand 3' end hairpin. 

Rf synthesis can be completely inhibited by the inhibitors of RNA 

synthesis, actinomycin D and a-amanitin and the inhibitor of protein syn

thesis cycloheximide if the inhibitors are added before the initiation 

of viral DNA synthesis (39). However, after viral DNA and protein syn

thesis are started, addition of a-amanitin no longer inhibits Rf synthesis. 

This indicates that Rf replication is not primed by polyribonucleotide 

sequences produced by the a-amanit in sens it i ve RNA polymerase II (39). 
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Electron microscope evidence has been reported that after the syn
thesis of the double-stranded Rf DNA, further viral DNA synthesis occurs 
from the 3' end of the complementary strand (5' end of the viral strand). 
Replication of the autonomous parvovirus H-1 occurs via a double-stranded 
linear V-shaped replicative intermediate (23). The origin of Rf replica
tion H-1 was localized within approximately 300 base pairs of the right 
end (3' complementary, 5' viral) of the Rf DNA as determined by partial 
denaturation mapping, restriction endonuclease digestion and electron 
microscopy (23). The right 3' end of the complementary viral genome as 
shown before is capable of folding back in a hairpin and self-priming 
DNA synthesis. 

Other structural forms of KRV DNA have been isolated from the infected 
cell. If DNA from KRV infected cells is extracted, purified by isopycnic 
centrifugation in CsCl and then analyzed by velocity sedimentation in a 
5 to 30% sucrose gradient (pH 7.4), oligomers of KRV Rf DNA can be de

tected (37). The most prominent oligomer is a dimer (up to 20% of the 
KRV DNA). Higher molecular weight oligomers are seen in smaller amounts 
(37,40,41). The oligomers may also playa role in parvovirus replication. 

The only report of significant numbers of circular forms of autonomous 
parvoviruses comes from electron microscopic analysis of MVM-infected 
cells (42). The authors reported the presence of DNA in the form of duplex 
lariates (circles with tail). The total contour lengths of the lariates are 
equal to that of monomer duplex Rf. The significance of the forms and their 
part in DNA replication, if any, is unknown. 

Intracellular DNA intermediates of KRV (43) and H-1 (44) are usually 
found associated with proteins with a capsid-like structure forming nu
cleocapsids. Since mutations in virion structural proteins have a pro
found effect on H-1 DNA synthesis (34, 45), the replication of virion 
DNA is thought to be closely associated with virion assembly. Revie 
et~. (44) have reported a covalent association of H-1 DNA with one or 
more proteins in the nucleocapsid complex. Hirt extracts of cells in
fected with H-1 contained viral DNA which banded in CsCl remained stable 
in strong alkali and electrophoresed in agarose as though the DNA was 
covalently linked to a protein. Treatment of the complex with protease 
released DNA with the properties of virion DNA. We have found similar 
results with a protein linked to KRV DNA. 
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Fig. 3. Alkaline CsCl centrifugation of KRV DNA protein complex. Rat 
nephroma cells were grown in monolayers and infected with KRV (five in
fectious units per cell). At 16 hr after infection, when Rf DNA synthesis 
is most rapid, the intracellular DNA was labeled with (3H)-deoxythymidine 
at 10 ~C/ml or (14C)-deoxythymidine at 0.5 vC/ml for two hr at 37°C. 
The plates were scraped and the cells sedimented by centrifugation at 
3,000 rpm for 10 min. Intracellular DNA intermediates were separated from 
host DNA by incubating the cell pellet in 0.6% SDS, 0.02 M Tris-HCl pH 8.0, 
0.001 M EDTA at room temperature for 90 min followed by incubation in 1 M 
NaCl overnight at 4°C. The small molecular weight DNA remains in the super
natant after centrifugation at 10,000 rpm in a Sorvall centrifuge for 30 min 
at 4°C. The supernatant from the cells to which (14C)-deoxythymidine was 
added was treated with proteinase K at a concentration of 1 mg/ml for 1 hr 
at 60°C. Two additions of proteinase K at 1 mg/ml were made at 1 hr in
tervals. Proteinase K was then added at a concentration of 2 mg/ml and 
the solution incubated at 37°C for 5 hr. The DNA was precipitated in 
ethanol, 0.2 M NaCl overnight at -20°C and then centrifuged at 12,500 rpm 
for 10 min in an Eppendorf microcentrifuge. The precipitate was combined 
with the supernatant containing (3H)-thymidine and held at 37°C for 30 min 
in 1M NaOH. It was then centrifuged to equilibrium in a 6 ml alkaline 
CsCl gradient (density 1.71 g/ml) in 50 mM Na3P04 pH 12.0, 25 mM EDTA at 
4°C in a Beckman 65 rotor at 40,000 rpm for 4z hr. 

As can be seen in this figure, the majority of the radioactive DNA 

containing (3H) has a lower density in CsCl (density 1.69 g/ml) when com
pared with the proteinase K treated sample (14C) with a density the same 

as KRV DNA (density 1.71 g/ml). If the peak fractions from both isotope 
peaks were hybridized with double-stranded KRV DNA immobilized in 10 fold 
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excess to a nitrocellulose filter (46) in 4 X SSC, 0.1% SDS at 67° for 
16 hr, over 90% of the sample DNA hybridized to the filter. The symmetry 
of the (3H) peak sU9gests that both strands, viral and complementary, of the 
Rf are complexed with protein. The resistance of the DNA-protein linkage to 
alkali suggests that the linkage is covalent. The linkage of the DNA and 
protein on the 5' ends of the Rf can be demonstrated by decreased mobility 
during electrophoresis of the terminal fragments after digestion with re
striction enzymes. 

As shown by Revie et al. (44), the difference in neutral CsCl density 
between the proteinase K-treated and non-proteinase K-treated parvovirus 
DNA can be used to determine the molecular weight of the terminal protein. 
Using this method, the KRV terminal protein has a molecular weight of 
60,000 to 65,000, close to the molecular weight of the major KRV capsid 
protein. Preliminary results indicate the KRV DNA is linked to the protein 
by a phosphodiester linkage involving serine and thymine or deoxycytosine 
(data unpublished). Adenovirus also contains a 5' DNA protein linkage 
between the 8-0H of a serine residue in the protein and the 5' OH of the 
terminal deoxycytidine residue of adenovirus DNA (47). The adenovirus 
terminal protein is proposed to serve as a primer for daughter strand syn
thesis (47). The source (cellular or viral) and function of the autono
mous parvovirus terminal proteins is not known. Because of the terminal 
hairpins at the 3' and 5' termini, hairpin priming in DNA replication has 
been favored by most authors. The protein coded by gene 5 of M13 phage is 
essential for production of viral single strands from the duplex repli
cative intermediate (48). Other functions that the protein could have 
include protection of the viral strand against nucleases, helping the DNA 
assume the configuration required for packaging, prevention of other DNA 
binding proteins or a role in RNA transcription. 

In order to study the exact requirements of virus DNA replication, 
some studies have been conducted ~ vitro in cell-free systems. Synthe
sis of viral DNA in intact nuclei have been studied by Kollek et al (49), 
using H-l virus, and in nuclear lysates by Pritchard et~. (50), using 
KRV and BPV. Both groups studied the influence of inhibitors of mammalian 
DNA polymerases on viral DNA synthesis. The inhibitors used were aphidi
colin specific for DNA polymerase a and 2' 3' dideoxythymidine 5' triphos
phate (ddTTP) which inhibits cellular polymerases in the order y>8>a. 
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Kollek et al. (49) found that there was an initial period of rapid DNA 
synthesis (20 min) involving polymerase a followed by a period of sus
tained synthesis ( 120 min) carried out by a ddTTP sensitive enzyme, prob
ably y. They suggest that polymerase a is involved in strand-dependent 
synthesis on H-1 Rf and the ddTTP sensitive synthesis may correspond to 
conversion of displaced single strands to Rf. Pritchard et~. (50) found 
that only inhibitors of DNA polymerase a stopped viral DNA synthesis. They 
found that polyamines were required to protect the template and the newly 
synthesized viral strands from degradative DNA synthesis in the nuclear 
lysate involved only elongation of strands initiated ~ vivo. 

DEFECTIVE PARVOVIRUS (AAV) REPLICATION 
AAV infection of cells follows a course similar to the autonomous par

vovirus infection but its defectiveness makes additional requirements on 
the cell and helper virus. Unlike the species specific autonomous parvo
viruses, human AAV will replicate in any cell so far tested if the adeno
virus helper can replicate in this cell (51). Thus, if host gene products 
are required directly for AAV replication, they are common components of 
many species of animal cells. Possible candidates are DNA binding proteins, 
DNA polymerases or nucleases. The contribution that a helper virus such 
as adenovirus must make to AAV replication has received much attention. 
Understanding this contribution may lead to a better understanding of adeno
virus replication and perhaps broader cellular application. We will mention 
some of the experimental results on the relationship between adenovirus 
and AAV. 

The temporal sequence of events in AAV infection is dependent on 
whether AAV and adenovirus are simultaneously coinfected or if there is 
a delay between first adenovirus infection and then AAV infection. In the 
first instance, AAV DNA synthesis is delayed several hours as compared to 
separate infections, suggesting a need for an early adenovirus protein. 
Early adeno function may be all that is required since it has been shown 
that microinfection of Ad2 early mRNA into Vero cells was sufficient to 
support complete AAV replication (52). However, extensive use of adeno
virus early temperature sensitive mutants deficient in their own DNA syn
thesis permits the synthesis, albeit inefficient, of AAV DNA on coinfection 
(53). Thus, the expression of multiple adenovirus genes may be a prere-



268 

quisite for AAV production. In a series of experiments involving cloned 
segments of AAV and adenovirus, Janik et~. (54, and personal communication) 
have concluded that the adenovirus DNA binding protein augments the level of 
AAV cytoplasmic transcripts while translation of these transcripts requires 
adenovirus genes. This is an area for further investigation. 

The early events of AAV infection such as penetration, migration to 
the nucleus, uncoating of the DNA, and perhaps conversion to replicative 
intermediates, are believed to be independent of helper virus (55) and 
similar to the autonomous parvoviruses. The AAV DNA can at this point, 
in the presence of helper virus, proceed to the production of intact vir
ions, produce defective particles, or become integrated into the host 
chromosome (56, 57, 58). AAV DNA replication studies in the production 
of intact virions favor the 3' hairpin initiation of DNA synthesis and the 
hairpin transfer to replicate 5' complementary strand termini (Fig. 4). 
Studies on the production of the mature AAV genome strand that can be 
packaged into virions or recycled as an Rf molecule have also been re
ported. 

Hauswirth and Berns (22, 59) analyzed the specific activities of 
restriction enzyme fragments of pulse~abeled intracellular duplex Rf of 
AAV DNA. Most of the radioisotope label resided in the portion of the 
genome that replicated last. The radioisotope profiles for the comple
mentary strands showed the most label at the 3' end. They concluded that 
synthesis is a unidirectional mechanism which terminates at each progeny 3' 
end and involves a single-stranded displacement mechanism. We will leave 
the wealth of information available on integration and defective particles 
to other reviewers. 

PARVOVIRUS REPLICATION MODEL 
The parvovirus genome is linear. All described DNA polymerases re

quire a primer with a free 3' OH group. The presence of a primer presents 
a problem in the complete replication of the progeny 5' terminus. The 
primer may be a small polyribonucleotide as found in most prokaryotes but 
this must be replaced by deoxynucleotides or the genome will lose some of 
its terminal sequences every time replication occurs. As discussed above, 
the parvoviruses have a 5' terminal protein which may be involved in DNA 
replication but they also have both 3' and 5' palindromes capable of forming 
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hairpin primers. Experimental evidence indicates that the virion 3' 
terminus both in vivo and ~ vitro is probably self-priming to form the 
replicative intermediate (Rf). 

A mechanism involving hairpin structures in DNA replication was first 
proposed by Cavalier-Smith for the replication of linear eukaryotic chro

mosomal DNA (60). He proposed that the 5' terminus of the progeny DNA 
contained an RNA primer which could be removed by RNAse H··like activity. 
The 5' terminus would then have a cap and the 3' end a single strand over
hang. If the 3' overhang contained a palindrome (self-complementary end), 
it could fold back on itself in a hairpin configuration and any gap between 
the 3' hairpin and the 5' end of the strand would be filled in by DNA poly
merase and sealed with DNA ligase. If the parental strand was specifically 
nicked at the point opposite the original 3' end of the hairpin, a 5' pro
geny strand overhang would be created. The 3' OH on the shortened parental 
strand would serve as a primer for DNA polymerase to fill in the end by re
pair~ike synthesis. The result of this transfer would be an inverted 3' 
terminus. 

An inverted 3' terminus (flip-flop) is found in the Rf of the defec
tive parvovirus AAV but not in the autonomous parvoviruses. Since the 3' 
terminus of the progeny AAV strand is identical to the 5' terminus, the 
progeny 3' terminus could also form a hairpin and initiate DNA synthesis 
and cause a flip-flop to occur at that end also. As a result, AAV mole
cules would be expected in four configurations, two classes of 3' (flip or 
flop) and two classes of 5' terminal sequences (flip or flop) (Fig. 4). 
All four molecules have been found experimentally (K. Berns, personal 
communication). 

The replication of viral DNA from the autonomous parvoviruses 
some additional problems to the Cavalier-Smith replication model. 

presents 
In the 

autonomous parvovirus genome, as in the case of AAV, the 5' terminal se
quence exists in two forms called "flip" and "flop". However, at the 3' 
terminus of autonomous parvoviruses, unlike AAV, only a single unique se
quence has been found. It is possible that there is some selective pro
cess for the unique 3' sequence which occurs during encapsidation but it 
is also possible that there is an asymmetric step which occurs during DNA 
replication. This is an area for future study. Several replication models 
have been proposed for the replication of autonomous parvovirus DNA. 
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Fig. 4. Model for the synthesis of AAV DNA. Step 1. Spontaneous forma
tion of 3' and 5' hairpin structures to serve as primers for DNA polymerase 
activity. If flip is the terminal palindrome sequence 1 to 145, then flop 
would be the sequence 145 to_oJ, as sequenced in the 3' to 5' direction. The 
four possible configurations present in equal amounts are 3' (1) flip----flip, 
(2) flop----flop, (3) flip----flop and -(4) flop----flip. We have arbitrarily 
chosen flip (F) ----flop (P) to use as an illustration. Step 2. Elongation 
of primer to synthesize the complementary (e) strand and the duplex replica
tion form (Rf). Endonuclease nicking (arrow) would then occur opposite the 
3' terminus of the parental strand resulting in hairpin transfer to the com
plementary strand. The enzyme has not been isolated. If the molecule is 
not nicked, it is possible to open up the molecule and form a double length 
concatamer which could self-prime at the 3' terminus. Replicating pools con
taining dimer length concatameric single-stranded DNA have been reported as 
replicative intermediates (62, 63, 64). Step 3. DNA polymerase fills in 
the gap at 3' terminus of parental molecule probably using normal repair 
synthesis. A terminal protein could initiate DNA synthesis at this point 
or at step 6. Step 4. The 3' terminal hairpin is reformed and displacement 
synthesis occurs, resulting in the synthesis of a new duplex molecule as in 
Step 2. The formation of the hairpin loop at this step requires the melting 
out of base paired nucleotides and may involve a protein. The configuration 
of the termini will depend on which of the terminal configurations initiated 
synthesis. No attempt has been made to draw the DNA molecule to scale. The 
middle portion of the molecule is about 4500 nucleotides in length. 

Rhodes has proposed a model for H-l replication (26). This is a unidirec
tional "semi-discontinuous" model. It utilizes his electron microscope data, 

the observed dimer concatamers and his radioisotope labeling experiments. 

It does, however, require RNA primers for which, at present, there is no 

evidence. The rolling hairpin model has also been proposed (61). It util
izes a 3' hairpin loop to make a double-stranded Rf molecule. By unfolding 
and refolding the terminal palindromic sequences, a concatamer is produced 
that continuously doubles in length. Thus, dimers and longer concatamers 
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are required. Nuclease cleavage at any palindromic site would release a 
genome.~ength molecule for encapsidation. As discussed above, dimer and 
longer conca tamers have been reported both during autonomous and AAV in
fections. In AAV infections, there is some evidence that dimeric concata
mers can be chased into unit length strands (62, 63, 64). However, the 
involvement of dimer molecules as obligatory intermediates has not been 
established. The large pre-existing pool of monomeric molecules and the 
possibility of interconversion between monomers and dimers in radioisotope 
labeled experiments has clouded the confirmation of the dimer intermediate. 

There are many questions left unanswered and many experiments to be conducted. 
More details on the replication of these viruses, so dependent on the cell 
machinery for replication, may aid in understanding both viral and cellular 
replication. 
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ORGANIZATION AND STRUCTURE OF RETROVIRUS GENOMES 

Inder M. Verma 

INTRODUCTION 
Retroviruses are a group of viruses with single-stranded 

RNA genomes which require the obligatory conversion to 
double-stranded DNA intermediates in order to propagate. 
This common feature is characteristic of a very large and 
diverse group of agents present across the evolutionary 
species from the Northern pike to humans. The pathological 
mainifestations of infection by retroviruses include a wide 
variety of tumors and other diseases. Retroviruses can be 
transmitted both horizontaLly and vertically. Occasionally, 
these viruses can also transduce portions of host cellular 
sequences (1). The structure of retroviral genomes, their 
mode of replication and pathogenesis have been the subject 
of numerous reviews (2-9). It is not my intent to review 
the structure and organization of various viral genomes. 
Instead, I plan to utilize Moloney murine leukemia virus 
(Mo-MLV) and Moloney murine sarcoma virus (Mo-MSV) as model 
systems to illustrate the salient features of retroviruses. 

For a more extensive and well documented study of retro
viruses, the interested reader should consult the recently 
published monograph on RNA tumor viruses (1) • 

GENERAL STRUCTURE 

The history of retroviruses stretches over seven decades 
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even though much of the knowledge about their structure, 
replication and genome organization has been gathered only 
in the last decade. The first retrovirus was isolated in 
1910 by Dr. Peyton Rous as a filterable infectious agent 

from a connective tissue tumor (sarcoma) in a domestic 
chicken (10). Among the other early isolates first noted as 
oncogenic agents were classes of viruses capable of inducing 
mammary carcinomas in laboratory mice (11) and leukemias in 
newborn mice (12). 

All retroviruses are approximately 80-100 nm in dia
meter, containing nucleoprotein cores of ca. 40-70 nm in 
diameter and are enveloped by plasma membrane containing 
virally coded glycoprotein derived from the host cell (13). 
They have a buoyant density of about 1.16-1.18 in CsCl and 

are sensitive to heat, lipid solvents and detergents. How
ever, they are relatively resistant to UV- and X-irradiation 
compared to other animal viruses containing RNA genomes. A 
common classification of the retroviruses is based upon 
their electron microscopic appearance (13,14). By far the 

most common form of retroviruses are referred to as C-type 

particles which assemble their nucleocapsids just beneath 
the plasma membrane at the site of budding. Thus the mature 
form of the virus has a dense, centrally located nucleoid 
and poorly visible spikes. In contrast, the B-type 
particles [represented primarily by the mouse mammary tumor 
virus (M-MTV) 1 have an eccentrically located core with 
conspicuous spikes. Noninfectious, nonenveloped forms of 
retroviruses present either in the cytoplasm or intra
cisternal spaces have been identified and are referred to as 
A-type particles, which may be precursors of B- or C-type 
particles. Primate retroviruses have been classified as 
D-type particles. They exhibit properties of both B- and 

C-type particles (16). All retroviruses isolated to date 
contain a complex of two subunits of single-stranded RNA and 
low molecular weight RNAs including tRNAs (17,18) 
Replication of retroviruses requires the participationn of 

three viral gene products and the genomic RNA. Below, I 



277 

shall briefly review the properties of the viral proteins 
and the structure of a typical replication competent 
retrovirus. 

1) ~ proteins; The three viral genes referred to as 

ssg, ~ and ~ encode three viral structural proteins (191 

Fig. 1): 

Reverse tronsrlptose 

gag 

Viral RNA 

gog polyprotein (Pr60 Vov ) Reverse tronscnptose 

pl5 pl2 p30 plO Pr IS0 9Qr;-POf NH, 

~ 
I COOH NH, , eOOH 

P/150 

Pr·l40 
pl5 NH, pl2 p30 piC 

~COOH 1" ... 
pol (SDK) DNA Endonuclease 

core 

env polyprotein (Pr 80'''''') 

NH, __ ~QP---,70,--_----,------,P:c.:15:.::.E_COOH 

J 
NH, __ -"QP::.;.70=--_-<COOH pl5E 

NH'-l COOH 

FIGURE 1. Retrovirus structural proteins. Diagrammatic 
sketch of a retrovirus indicating location of viral genome 
and structural proteins. The schematic pathway of murine 
leukemia virus ssg-polyprotein, sag-~ polyprotein and ~ 
polyprotein is shown. The broken lines with arrows indicate 
the proposed pathway. 

a) ~ specific antigen lsasl: The gag polyprotein of 
approximately 60,000 daltons is encoded by a genome length 
385 mRNA species (20, 21). The precursor polyprotein is 
later (during viral maturation) cleaved to form four viral 
proteins which make up most of the core of the virus 
particle. The biochemical events involved in the processing 
of the polyprotein are not well understood, but in the case 
of Mo-MLV ggg Pr60, the cleavage occurs without loss of any 
amino acid (22). However, in the case of avian sarcoma 
virus, the cleavage of gag Pr76 to mature polypeptides 
involves loss of amino acids (23.24). The role of the gag 
proteins in the life cycle of retroviruses has yet to be 
fully appreciated. 

b) Reyerse transcriptase iPQll: Much of the interest in 
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retroviruses centers around the product of the W gene 

region, the reverse transcriptase. It was the discovery of 

reverse transcriptase by Baltimore (25) and Temin and 
Mizutani (26) that supplied the major missing link in the 

life cycle of retroviruses. The transcription of viral 
genomic RNA into double-stranded DNA is carried out by 
reverse transcriptase. Temperature- sensitive mutants of 

avian sarcoma viruses or murine leukemia viruses with 

lesions in the W gene fail to establish infection (27-30). 
Purified reverse transcriptase manifests two synthetic and 
two degradative activities (3). The synthetic activities 

are represented by RNA-dependent DNA polymerase, which 

transcribes ribopolymers into deoxyribopolymers and DNA
dependent DNA polymerase which converts single-stranded DNA 

polymers to double-stranded DNA polymers. Evidence to date 
indicates that the two enzymatic activities share a common 
active site. The degradative activities associated with 
reverse transcriptase are characterized by ribonuclease H 
(RNase H) and DNA endonucleases (3,31). RNase H 

specifically degrades the RNA moiety of an RNA-DNA polymer 

whereas DNA endonuclease activity introduces nicks in 
supercoiled DNA. In the case of avian reverse transcrip
tase, both the synthetic and the RNase H activities reside 
on the same polypeptide ( polypeptide, 70,000 daltons), 

whereas the DNA endonuclease activity is associated with a 
32,000 dalton polypeptide which is cleaved from the larger 
polypeptide ( , mol. wt. 100,000 daltons) (32,33). The 
and polypeptides are structurally related, as shown by 
peptide analysis (34). By limited proteolytic digestion 

of avian reverse transcriptase a 24K polypeptide exhibiting 
only RNase H activity can be identified (35). Efforts to 

generate a DNA polymerase activity free of RNase H activity 

have not been successful. The murine reverse transcriptase 

consists of a single polypeptide of an average size of 
80,000 daltons, which manifests the RNA-dependent DNA 
polymerase, DNA-dependent DNA polymerase and RNase H 

activities (36,37). A 40,000 dalton polypeptide with DNA 
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endonuclease activity has been identified in the virions of 
murine leukemia viruses (33). 

The mature reverse transcriptase is synthesized from a 
ggg-~ polyprotein precursor (20,38,39). Since the reading 
frames for ggg and ~ genes are different in the, it is 
likely that splicing events produce the mRNA required for 
synthesis of ggg-~ polyproteins. The precise mechanism of 
cleavage or synthesis of polymerase from ggg-l?Q.J. protein 

precursor is not known, but it appears that in the infected 
cell the amount of ggg polyprotein is nearly ten times that 
of the reverse transcriptase. Furthermore, no l?Q.J. mRNA has 
yet been identified. In the RSV genome, the termination 
codon for ggg gene product is followed by in-frame termi
nators, and start of the coding sequence for mature reverse 
transcriptase is 20 nucleotides downstream in the -1 reading 
frame (40). By contrast, in the Mo-MLV genome, the open 
reading frame for l?Q.J. directly follows the single .9lIlbll 
termination codon for ggg (41). The C-terminal end of the 
~ gene product in both Rous sarcoma virus (RSV) and Mo-MLV 
overlaps the amino terminal of ~ gene product, but in a 
different reading frame. 

c) Enyelope protein JJillyl: The envelope protein 
determines the host range of retroviruses. It is 
synthesized as a polyprotein of an approximate molecular 

weight of 60-70,000. A signal peptide is cleaved from the 
primary translation product (20,22). In the mature Mo-MLV 
virions, the ~ polyprotein appears to be further cleaved 
to generate a peptide of 12,000 daltons (p15E), which 
remains covalently linked to the remainder of the envelope 
protein by disulfide bridges. The Mo-MLV ~ protein is 
glycosylated and appears to have seven carbo- hydrate chains 
(42). The ~ protein of retroviruses is also the target 

for neutralizing antibodies. The ~ polyprotein is encoded 
by a subgenomic mRNA which has viral 5- ' sequences spliced on 
its 5 ' -end (43-45). The locations of the splice acceptor 
sites for ~ mRNAs of avian sarcoma viruses and Mo-MLV have 

been determined (46). 



280 

2) YiIAl genome: A single-stranded piece of RNA, ranging 
in length from approximately 3.5-9.5 kb among various virus 
strains, contains all the genetic information carried in a 
retrovirus particle (18). It contains a 5 1-cap and a 3 1-

poly (A) tail typical of a eukaryotic mRNA. The viral genome 

in virions normally exists as a 60-70S dimer complex which, 
upon heating, results into two monomers of 30-35S and a 
number of low molecular weight RNAs of host origin (18). 

Thus, the genome of retroviruses is diploid (47 ,48) • 
Although the organization of the two subunits in the viral 
genome complex is not well understood, electron microscopy 
studies indicate a dimer linkage by hydrogen bonds, in

volving sequences located near the 5 1-end of each subunit 
(49-5l). The retroviral genomic RNA appears to have an 

extensive secondary structure. With the exception of the 
primer tRNA. the role and nature of the host low molecular 
weight RNA is not known. Some species of tRNAs are tightly 
bound to the genomic RNA near its 5 1-end (5,18). There is 
an exquisite selection for the host tRNA depending on the 
type of retrovirus. For instance, in the case of avian 

sarcoma viruses, only tRNAtrp is hydrogen bonded to the 
viral genomic RNA (5), whereas in the case of Mo-MLV it is 
tRNApro (52). The tRNA serves as primer to initiate the 
synthesis of the first strand of viral DNA (see section on 

Viral DNA Replication). The tRNA also has tight binding 
affinity to reverse transcriptase (53). 

The organization of a typical retroviral subunit RNA and 
its salient features are shown in Fig. 2. Briefly, starting 
from the 5 1-terminus of Mo-MLV genomic RNA, one encounters 

the following landmarks: 
a) 51-cap: Like most eukaryotic mRNAs, the retrovirus 

genome is endowed with a 7-methyl guanyl nucleotide. In the 

case of Mo-MLV, the exact 5 1-cap structure is 
m7G51ppp51GmpCp (54). 

b) Terminal redundancy llU.: The genome of RNA tumor 
viruses is terminally redundant (55-57). The exact size of 

the terminal redundancy varies from about 10-80 nucleotides 
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Figure 2. Salient features of retroviral genomes. Schematic 
diagram of the viral genome indicating important structural 
features. Starting from the 5 1 -end: a) 5 1 -cap; b) R 
(genomic terminal redundancy); c) U5 (unique 51 sequence); 
d) PBS (primer-binding site); e) L (the leader region), DLS 
(dimer linkage site), PS (packaging signal), SA (splice 
acceptor site); f) ggg (group-specific antigen) gene; g) ~ 
(reverse transcriptase) gene; h) ~ (envelope) gene; i) +P 
[(+) strand primer region); j) U3 (unique 3 1 -end); k) R 
(genomic terminal redundancy); 1) poly(A) tail. 

among various retroviruses. In the case of Mo-MLV the exact 
size of the terminal redundancy has not yet been established 

but appears to be between 44-66 nucleotides (57). The 
functional significance of genomic terminal redundancy will 

be discussed dur ing the descr iption of the mechanism of 
reverse transcription. 

c) ~ seguence: Following the terminal redundancy (R) at 
the 5 I-end of the genome, there is a sequence of about 
80-100 nucleotides which is referred to as U5 (unique 51) 

since it occurs only once in the genomic RNA. The junction 
of R and the U5 sequence contains the presumptive poly(A) 
addition signal sequence. 

d) Primer binding ~ ~: The primer binding site 
lies adjacent to the U5 sequence (5). In the case of Mo-MLV 
18 base pairs at the 3 I-end of proline tRNA are hydrogen 

bonded to the genomic RNA, but the terminal 3 IA-OH is free 

and serves to form the first phosphodiester bond during the 
initiation of cDNA synthesis. 

e) ~ leader region iLl: Between the PBS and the first 
ATG of the .ggg polyprotein, there are, in the case of 

Mo-MSV, 596 nucleotides (58). Dr. John Coff in has 
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designated this region as the leader region (18). though the 
leader sequence actually contains the R, U5 and PBS 
sequences. The length of the L region varies in different 
viruses. This region most likely contains the following 

four signals: 

i) ~ linkage ~ lDLSl: the sequence by which two 
subunits of retroviruses are linked. 

ii) packaging signal J..f.Sl: The region encompassing 
sequences which allow the packaging of viral genomic RNA in 
the virions~ for Mo-MLV this region appears to be present 

between restriction sites ~ I [position 419~ (41)) and ~ 
I [position 563~ (41) ~ R.Mulligan and D. Baltimore,~ S. Goff~ 

and C. Van Beveren, personal communication)). A mutant of 

RSV, SE21Qlb, lacking viral genomic RNA has a small deletion 

in the L region (59,60). The deleted region may be 
analogous to the packaging signal. 

iii) splice ~ ~ ~ 
.ill splice acceptor .§.ill l.SAL.. 

Finally in the case of Mo-MLV, the initiation codon for the 
glycosylated surface membrane gP859a9 may also lie in the L 
domain (H. Fan, personal communication). 

f) ggg: In Mo-MLV, the coding region for g.sg gene 
product begins at position 621 and terminates at an amber 
codon at position 2235. This region could encode a poly
protein of 538 amino acids. 

g) RQl: The RQl gene product initiates at position 2238 
and terminates at 5831, which overlaps with the N- terminal 
region of the ~ gene. The ~ gene is capable of encoding 
a protein of 1199 amino acids but so far only a 80,000 
dalton polypeptide (i. e., approximately 700 amino acids) 
manifesting reverse transcriptase activity has been 
identified. 

h) ~: The last coding domain of Mo-MLV and other 
replication competent retroviruses encodes the ~ protein. 
The amino terminal of ~ gene product actually overlaps 
with C-terminal of ~ gene, but it is translated in a 

different reading frame. The ~ gene product of Mo-MLV 
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begins at position 5777 and terminates at position 7774, 

just before the region purported to be involved in priming 
the synthesis of second strand (+) of DNA. There are seven 
canonical glycosylation sites (asn-x-ser or thr) present in 

the gp70 moiety of the ~ polyprotein of Mo-MLV and three 

in RSV. 
A novel protein R has been reported to be present 

between ~ polyprotein and the (+) strand primer region 
(61). It now appears that this R region represents only the 

16 amino acid C-terminus of the ~ polypeptide. 
i) ± strand primer region ~): The specific sequence in 

the region distal to the 3 I end of the ~ gene varies 
considerably among various retroviruses. In general it has 
no coding capacity and has also been called 3 I noncoding 
region (3 ' -NT). For the purposes of this review, I have 
designated this region as (+P) which is confined between 
position 7775 (end of ~ gene) and position 7815 (begining 
of U3 region) in the case of Mo-MLV. What is conserved in 
this region is a purine-rich tract (58,62,63), which is 
often well conserved among retroviruses. This region has 

been implicated in the initiation of the synthesis of the 
(+) strands of DNA. There is no proof, however, since the 
primer for the (+) strand remains elusive. 

j) .ll3. seguence JJ.!ll: This is an unique sequence near the 
3 I-end of viral RNA which contains important regulatory 
elements for transcription. In the case of Mo-MLV,the first 
eleven nucleotides are repeated inversely at the 3 ' -end of 
the U5 sequence, thus forming inverted repeats within each 
long terminal repeat (LTR) (58,62-65). An extensive varia
tion of size (ranging from 5 to 28 nucleotides) and sequence 
among various retroviruses occurs in this region (66-68). 

The size of the U3 region of Mo-MLV is about 370-450 

nucleotides, whereas in the case of avian sarcoma or 
leukemia viruses it is only 150-170 nucleotides. The U3 
region of M-MTV appears to be well over 1,200 nucleotides 
(67). There is an extensive variation in the U3 sequences 

of retroviruses within the same species. For instance, the 
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U3 regions of Mo-MLV and AKR-MLV show considerable 
differences, but the sequences in the control elements are 
essentially identical (68). The U3 region contains the 
transcriptional control signals (discussed in more detail in 

the LTR section). In most retroviruses, the U3 region does 

not appear to encode a polypeptide but in M-MTV, a large 

open reading frame capable of encoding a 36,000 dalton 
polypeptide can be identified (67,69,70). However, to date 
no polypeptide encoded by the U3 region has been identified 
in infected cells. 

k) Terminal redundancy .lliL: Since the genome of 
retroviruses is terminally redundant, the last segment of 
the viral genomic RNA at the 3 '-end contains the same R 

sequences present at the 5'-end. 

1) Poly(Al: Like most eukaryotic mRNAs, the retro- viral 
genomic RNA as well as subgenomic mRNAs, has a poly(A) tail 
at the 3'-end (71). The poly(A) addition is not template 
directed and its size varies in different viruses. 
STRATEGIES OF VIRAL GENOMES 

The genomes of retroviruses are highly promiscuous. 
They recombine with other viral or cellular sequences with 
high frequency (17). Although RNA tumor viruses require the 
function of their three structural genes for replication, 
these functions can also be supplied in~. Furthermore, 

the viral genomes can be rescued in the envelope of a helper 
retrovirus or other envelope virus (e.g., vesicular 
stomatitis virus), a phenomenon referred to as pseudotyping 
(72). Thus defective viral genomes can be propagated in the 
presence of competent helper viruses. The most common form 
of replication-deficient retroviruses studied in detail are 
the ones which have acquired normal cellular sequences. 
Often acquisition of cellular sequences imparts to these 
viruses the ability to induce neoplasia and transform cells 
in vitro (8,73). Acqusition of cellular sequences, however, 
usually occurs at the expense of viral structural genes 
(18,73,74). Not surprisingly, therefore, most acutely 

oncogenic viruses are deficient for replication. 
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What is the minimal amount of retroviral information 
that is indispensable for its propagation? It appears that 

U3RU5 [collectively referred to as long terminal repeat)], 
the pr imer binding site, the presumptive leader sequence, 

and (+) strand priming site are essential. Genomes bearing 
lesions in these regions are nonconditionally defective. 
There are, however, reports that some LTR functions can be 
supplied in ~ (75). 

During the last few years, largely due to the advent 

of recombinant DNA technology, extensive information on the 
structure of retroviral genomes has been obtained. 
Basically there are three major viral genomic organizations: 

a) Replication competent viruses containing intact ggg, 

~ and ~ genes. 
b) Replication-defective viruses containing cellular 

sequences and portions of viral structural genes. This 
class also includes viruses which have undergone recombina
tion with endogenous viral sequences as well as deletion of 
portions of structural genes. 

c) Replication-competent viruses containing recombinant 

viral genomes. 
Some examples of each class of viral genome are shown in 

Fig. 3. The structure and properties of replication
competent typical murine leukemia viral genomes have already 
been described above. A major oddity in this class is RSV, 
which is replication competent and is capable of 
transforming chick embryo fibroblasts in vitro and induce 
neoplasia in vivo. The transforming gene of RSV referred to 
as ~ has been acquired from the host cellular genome 
(18,73) • A spliced subgenomic 21S mRNA encodes the 
transforming protein, pp60 src (46). In RSV the cellular 
sequences are located between the end of the ~ gene and 

the (+) strand priming site, without affecting the function 
of any structural or control element. 

The enormous diversity in the genome organization of 
retroviruses is manifested by acutely transforming oncogenic 

viruses (18,73). The oncogenic sequences (~) are acquired 
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FIGURE 3. Strategies of viral genomes. Schematic diagram 
depicting the organization of various viral genomes. A) 
Replication competent viruses: Mo-MLV r PR-C RSV (Prague-C 
Rous sarcoma virus): the symbols on the genome are as 
described in Fig. 2: ATG indicates the initiation codon for 
the ggg polyprotein: ~, transforming gene of PR-C RSV. B) 
Replication defective oncogenic viruses: The salient 
features of the viral genome shown in Fig. 3A are indicated 
by lines. ggg, .l2Q.l and ~ indicate truncated viral 
genes. ( ) indicates deletions, ( ) ~ (oncogene of avian 
myelocytomatosis virus, MC-29): ( ) S1Ill [oncogene of 
Abelson leukemia virus (AbLV)]: ( ) mos [oncogene of 
Moloney mouse sarcoma virus (Mo-MSV)]: ( ) ~ [oncogene of 
avian myeloblastosis virus (AMV)]: ( ) iQ§ [oncogene of FBJ 
murine osteosarcoma virus (FBJ-MSV): ( ) 30S sequence in 
the Harvey sarcoma virus (HaSV): ( ) La§ (oncogene of HaSV): 
( ) ~ A and ( ) ~ B [oncogenes of erythroblastosis 
virus (AEV)]: ( xenotropic sequences. C) Replication 
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competent viruses containing recombinant viral genomes: 
Mo-MCF (Moloney mink cell focus-forming virus) ( ) xeno
tropic sequences. Note that recombination actually takes 
place in 3'-terminus of the ~ gene and extends into the 
~ gene. 

from the host cellular genome by some unknown mechanism. 

Several oncogenic sequences with counterparts in the normal 
cellular genome have been isolated and described in detail 
(73). The host cellular sequences can recombine in every 

structural gene. The most frequent recombination occurs in 

the ggg gene, often making a gAg-onc hybrid-transforming 
protein. Examples in this class include Abelson murine 
leukemia virus (AbLV) (76), MC-29 (77), Y-73 (78), URI (79), 
PRCII (80), Fujinami sarcoma virus (81), and several feline 
sarcoma viruses (82). The hybrid sgg-.Qlli< protein is 
presumably synthesized from an mRNA structurally equivalent 
to genomic RNA. It is not apparent what role the SA9 
portion of the hybrid protein plays in the induction of 
neoplasia. Preliminary indications from work done with AbLV 
suggest that oncogenic properties of the transforming 
protein are maintained in the absence of large portions of 
sgg-related sequences (J. Wang and D. Baltimore, personal 
communication) • In other cases, perhaps the sgg-portion of 
the hybrid protein is required for its proper anchorage in 
the cell or proper initiation of the protein. 

In the case of avian myeloblastosis virus (AMV) and 
Mo-MSV, the viral genome displays a versatility of 
accommodating cellular sequences at the expense of ~ 

genes. In the case of AMV, the .swg and ~ genes are 

essentially intact (83), while in Mo-MSV the entire SA9 but 
only portions of the RQl gene are retained (58). In another 

oncogenic virus, E26, containing the same ~ oncogene (the 

transforming gene of AMV or E26) present in AMV, a gAg-.Qlli< 
fusion protein has been reported (84). The biogenesis of 
the transforming gene of Mo-MSV has been extensively 
analyzed. Fig. 4 shows the nucleotide sequences at the 
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Mo-MLV 
mar 5 t t-//// ////...l..------

5'--GACATGGCGCGTTCAACGCTCTCAAAACC---------------ATATCTACCATTATGGGACCCC--3' 

, ~ahstl~ v-mos ~I 
5 --GACATGGCGCATTCAACGCCATGCTCCCA---------------TGTTTATTTTTTATGGGACCCC--3' 

~' c-mos I~ 
5'--GAAGGCAGCAATCTTCAGCCATGCTCCCA-------~-----TGTTTATTTTTTTAAAGAAGTA--3' 

///////J 1////_ 

Mo-MSV 

c-mos (mouse) 

FIGURE 4. The 5' and 3' recombination junctions between 
Mo-MLV, Mo-MSV and C-1!lQ§. The 5' and 3' recombination 
junctions between Mo-MLV and C-mQ§ leading to the formation 
of the V-mQg gene sequence are shown. The open boxies ([l) 
denote homology whereas the hatched bars ( ) indicate 
nonhomology. The ATG (below the arrow) designates the 
position of the predicted first amino acid (methionine) of 
the V-!nQ.§ and ~ gene product of amino acid. Code: m, 
methionine; a, alanine; r, arginine; s, serine; t, 
threonine, and h, histidine. 

junction of viral and acquired cellular sequences. The 
Mo-MSV transforming gene (mQ§) is 1125 nucleotides long and 

encodes a protein of 374 amino acids. Four out of five NH2-

terminal residues are contributed by the helper viral ~ 
gene. Thus the Mo-MSV transforming gene product is a hybrid 

between env and cellular mos sequences (74). It is 
interesting to note that neither the expression nor any 
product of C-!nQ.§ (cellular homologue of mQ§) sequences has 
been observed in a variety of different tissues and cell 
lines. The mur ine C-!nQ.§ sequence can, however, be 

transcribed if a viral promoter is attached to its 5'-end 
(85). Perhaps the c-mos is a pseudogene and requires viral 
control elements for expression. The substitution of the 
viral ~ gene with C-!nQ.§ sequences apparently allows the 

synthesis of subgenomic mRNA species using the splice 

Signals of the ~ gene. 

The genome organization of FBJ mur ine osteosarcoma 

(FBJ-MSV) virus presents yet another novel recombination 

event (86). In this case the QD& sequences (referred to as 
1Q§) are acquired at the expense of the entire sgg and ~ 
genes and the gp70 portion of the ~ gene. Only the LTRs 

and a portion of the jillY gene, that code for p15E poly-
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peptide of the parental virus, are retained (C. Van Beveren, 
personal communication). A single species of RNA of an 

average size of 3.4 kb, presumably encoding the !Q§ protein 
has been identified (86). 

Another set of complex recombinant events involving at 
least three different genes led to the formation of Harvey 

and Kirsten strains of murine sarcoma viruses. The helper 

virus strains of HaLV and KiLV recombined with both c-~Ha 

and c-.IA§Ki gene and rat endogenous virus-like 30S RNA 
(VL-30S RNA) sequences to generate the Harvey or Kirsten 

oncogenic viruses (87,88). The oncogenic ~ sequences are 

apparently located on the 5 ' -side of any residual viral 
coding domain and are expressed as nonfused protein (89). 

In the genome of avian erythroblastosis virus reside two 
onc genes, one of which, ~ A, is expressed as a fused 
ggg-~ protein while the other domain, ~ B, which is 
downstream from ~ A, is translated independently from a 
spliced subgenomic mRNA (90). The two oncogenes are not 
related and manifest different biological activities. 

The spleen focus-forming virus (SFFV) is defective for 

replication and causes erythroleukemia in adult mice. The 
genome of SFFV has been extensively analyzed by heteroduplex 
analysis and more recently by restriction endonucleases (91, 
92). A portion of the ~ gene (ca 0.8-0.9 kb) of SFFV is 

substituted with ~ gene sequences of an endogenous MuLV. 
These sequences are generally referred to as mink cell 
focus-forming (MCF) specific sequences. The SFFV genome 
has, in addition, undergone a deletion of 600 nucleotides in 

the region of the ~ gene coding for p15E, two small 

deletions in the ~ gene and a small deletion in the ssg 

gene. The ~ gene product of SFFV is a 55 kd glycoprotein 

(gp55) as compared to the 70 kd glycoprotein of the helper 

MuLV (93,94). The gp55 is most likely encoded by a 
subgenomic spliced mRNA analogous to normal ~ mRNA and is 
implicated in transformation by SFFV. 

A novel type of genome organization is observed in dual

tropic MCF MuLV ' s (95). These viruses are replication 



290 

competent but have an expanded host range due to substitu

tion of portions of the ~ gene sequences (96-98). In the 
case of Moloney MCF (Mo-MCF) the substitution encompases at 
most 1159 bp, beginning in the carboxy terminus of the ~ 

gene and extending to the middle of the MY gene. The 

Mo-MCF ~ gene product is 29 amino acids shorter than the 

parental Mo-MuLV MY gene product (99). The precise source 
of the sUbstituted sequence is not known, but is believed to 

have originated from the ~ gene of axe no tropic MuLV (97). 

The various examples of the strategies of viral genomes 
bespeak of the plasticity of the retoviral genome. These 

viruses do not appear to be fastidious about the size or the 

location of foreign sequences present amidst them. This 

remarkable adaptability perhaps allows the retroviruses to 

entrap such a wide variety of oncogenic sequences. 

VIRAL DNA REPLICATION 
The conversion of viral genomic RNA into single- and 

double-stranded viral DNA is carried out by the reverse 
transcriptase. Within hours after infection of recipient 

host cells, viral DNA complementary [(-) strand] to the 
genomic RNA can be detected. Small amounts of integrated 
viral DNA (proviral DNA) have been reported 8-12 hours after 
infection. The amount of unintegrated, and perhaps inte
grated viral DNA, increases for at least 24 to 48 hrs after 

infection (4,100). A single provirus encoding one subunit 
of a replication-competent genome is sufficient to direct 
the production of high titers of infectious virus in 
appropriate host cells. Several forms of viral DNA have 

been identified in the cytoplasm of the infected cells. 

They include covalently closed supercoiled DNA, double

stranded circular DNA, double-stranded linear DNA with two 

genome length strands, double-stranded DNA where the (-) 

strand is full-length and the (+) strand is in small pieces, 
and single-strand (-) DNA. Furthermore, restriction 
endonuclease data obtained with molecularly cloned uninte

grated viral DNAs indicate the presence of circular DNA with 
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one or two long terminal repeats (101). Other forms of 
viral DNA with rearrangements have also been found. For a 
detailed and thorough description of the nature, structure 
and kinetics of synthesis of viral DNA, I refer the reader 

to the RNA tumor virus monograph (101). I do, however, wish 
to describe briefly the fascinating and extremely complex 
strategy the retroviruses employ to synthesize viral DNA 
from the RNA template. The precise details of the mechanism 
of reverse transcription, in particular the structure of the 
intermediate molecules, remain largely unknown. However, 
over the last few years enough experimental evidence has 
emerged to give broad outlines of this obligatory step in 
the life cycle of retroviruses. The starting template and 
the end product of reverse transcription are shown in Fig. 5 

tRNAPro J gog pol env .p 

5' ~f""1IL..-1-1 _~/,I'-< ----1---,l7~r<--+-----,l/,~< -L4') r-, U-3--r,-'RI 3' 

~ 
~ 

~ 5' ~ 3' 5' gog pol env .p 

U3 HU51-1 ---L..-~/,~< --+-~/,~< --+----/~ U3 HU51 
i 

5 ' LTR 
, 

3' LTR 

FIGURE 5. Structure of the end product of reverse 
transcription. The symbols have been described in Fig. 2. 

while the various steps involved in this process are shown 

in Fig. 6. In any model of reverse transcription, the 
following two cardinal requirements need to be taken into 

account: 
1) The integrated and some unintegrated forms of viral 

DNA are 500-600 nucleotides larger than the genomic RNA 

(102-106) ~ 

2) The termini of the double-stranded viral DNAs are 
redundant (102). The seven steps shown in Fig. 6 fulfill the 
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FIGURE 6. Proposed model for the mechanism of reverse tran
scriptase. 

requirement of being able to generate these crucial 
features. Reverse transcription of Mo-MLV genomic RNA is 

used in this model, but the general outline should also 
apply to other retroviral genomes. This model is very 

similar to that proposed by Gilboa et ale (107). 

~ 1: Viral DNA synthesis initiates at the 3'-OH end 

of the tRNA primer (P') located near the 5 '-end of the 
genomic RNA (5). In the case of Mo-MLV, 18 nucleotides at 

the 3 '-end of primer tRNAPro are hydrogen bonded to the 

genomic RNA (region Pl. The 3'-A-OH of the primer tRNA is 
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not hydrogen-bonded and is located 146 nucleotides from the 

5 ' -cap nucleotide of the genomic RNA (64). It forms a phos

phodiester bond with the first deoxynucleotide triphosphate 
(dATP in the case of Mo-MLV) and the synthesis of the 

complementary DNA [cDNA or (-) strand DNA] proceeds until it 
reaches the 5' nucleotide of the genomic RNA. 
~ 2: The 145 nucleotide long cDNA [also referred to 

as "strong stop" DNA (108), R+U5 in Fig. 5] covalently 

linked to the primer tRNAPro dissociates and hybridizes to 

terminally redundant sequences (R) at the 3 ' -end of the 
genomic RNA. The synthesis of (-) strand then ensues from 

the 3 ' -end of the RNA toward its 5 ' -end. 

~ 1 and i: A 600 bp DNA fragment (300 nucleotides 
in the case of avian retrovirus and ,1200 nucleotides in the 

case of Mo-MTV) of opposite polarity (+) strand can be ob
served following the synthesis of 0.5-1.0 kb of the (-) 
strand (100,109,110). The (+) strand DNA transcript spans 

the U3 and R regions of the viral genome. In addition, it 

includes the U5 region and the primer (PI) sequence of the 

tRNAPro. Several laboratories have observed the synthesis 

of the (+) strand transcript dUring reverse transcription 
carried out in vivo or in vitro. Gilboa et a1. (107) and 
Taylor and Hsu (Ill) have shown that the 18 nucleotide long 
tRNA primer region (PI) is reverse transcribed. The (-) 

strand cDNA transcripts continue to elongate and transcribe 
the primer binding site (P) located on the genomic RNA. 
~~: The region P [located on the (+) strand] 

transcribed from tRNA primer can base pair with the pI 
sequences [present on (-) strand] as shown in step 5 of the 

model (fig. 6). the (-) strand then continues to be copied 

from the (+) strand and the (+) strand is elongated by using 

the (-) strand as the template leading to the formation of 

double-stranded viral dna molecules shown in step 7. the 

double-stranded viral dna in the case of mo-mlv is about 535 
nucleotides longer than the viral genomic RNA (68). 
Furthermore, the final viral DNA transcript shown in the 

step 7 has a terminal redundancy of 589 nucleotides. 
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Despite the elegance and substantial experimental 
support of the proposed model of reverse transcription, 

several lingering uncertainties persist. For instance a) 
How does the strong stop DNA (U5 + R) dissociate from the 

viral genome to allow the synthesis of cDNA to continue at 

the 3 1 -end of the genomic RNA? b) What is the signal or 
primer for the synthesis of the (+) strand DNA? c) What is 
the role of the diploid structure of the viral genome during 

reverse transcription? Does each subunit get transcribed 
independently? d) How are the pr imer tRNA and poly (A) 

residues removed? 
ANATOMY OF A LONG TERMINAL REPEAT (LTR): 

An unique and fundamentally very important feature of 
the structure of unintegrated viral DNA and proviral DNA was 

unraveled by Dr. J. Taylor, Dr. H. Varmus, and their 
colleagues (102-105), when they observed terminal re
dundancy. Soon the acronym long terminal repeat (LTR) was 

coined, largely to distinguish it from genomic terminal 

redundancy (R) (112). As descr ibed in Figure 5, the end 
product of reverse transcr iption of Mo-MLV genomic RNA is 
double-stranded DNA with a terminal redundancy of 589 
nucleotide~. Over the last couple of years the complete 
nucleotide sequence of several LTRs from different 
retroviruses has been deduced (see Appendix, ref. 1). 
Despite the size variation, the overall salient features of 

all LTRs are largely identical. The structure of a typical 
Mo-MLV LTR displaying the important landmarks is shown in 
Fig. 7. They are: 

a) An LTR consists of U5, Rand U3 regions of the 

genome. 
b) The 5 1 -capped nucleotide (nucleotide No.1 in ,Fig. 

2) is located 145 nucleotides from the 3 1 -boundary of the 

LTR. 
c) The proposed RNA polymerase II initiation site 

("Hogness-Goldberg box" or "TATA box H ) is located at 
positions -25 to -31. 

d) A sequence CCAAT ("CAT box") found to be associated 
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FIGURE 7. Salient features of long terminal repeat. The 
numbers refer to Mo-MLV LTR (68). 

with the RNA polymerase II initiation site is located at 

around position -80, in analogy to other eukaryotic genes 

(113) • 

e) The purported eukaryotic poly (A) addition signal 
(AATAAA) is located at positions +45 to +52 from the 5 ' -cap 

nucleotide. 
f) The Mo-MLV LTR contains an 85 bp duplication with a 

10 bp overlap starting at positions -183 to -267 and -257 to 

-342 (Fig. 7). The size of the duplication varies from 
50-110 bp and some Mo-MLV LTRs have only one copy of the 
repeat sequence (68). The precise role of this internal 

duplication is not understood, but these sequences are akin 
to the "enhancer· sequences observed in other systems. 

g) The LTR of unintegrat.ed Mo-MLV DNA has a 13 bp 
inverted repeat at its termini. In the proviral DNA the 

inverted repeat is only 11 nucleotides since the ultimate 
and penultimate 2A and 2T residues are presumably lost 

during integration. 

h) No viral proteins encoded in the LTR have yet been 

observed, though cRNA to M-MTV LTR has been shown to direct 

the synthesis of a 36K protein, in vitro (69). 

i) The 5 ' -end of the 5'-LTR and the 3 '-end of the 3'-LTR 
of proviral DNA (integrated viral DNA) are bounded by a 

direct repeat of host cellular sequences. The number of 
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nucleotides in the direct cellular repeat differs with 
different viruses, but generally the number for each class 
of retroviruses is constant. 

j) The 3' boundary of the 5' LTR is flanked by the 

primer binding site (PBS) while the 5' end of the 3' LTR is 

adjoined by the polypurine rich purported site of origin of 
(+) strand DNA synthesis (62). 

Though the precise role of the LTRs in the life cycle of 

retroviruses remains unknown, clearly their structure 
suggests important biological functions. The LTR contains 

the control elements for both initiation and termination of 
transcription. Its termini are almost certainly involved in 

the process of integration into host chromosomes. Studies 
with site-directed mutations in the LTR should delineate the 

precise role of the LTRs in the viral life cycle. 
INTEGRATION 

Retroviruses integrate into the host chromosomal DNA via 

a DNA intermediate. Unlike other RNA- or DNA-containing 

animal viruses, chronically infected cells produce 
retroviruses without cell death. Once the viral DNA is 

integrated in the host genome, it behaves like a cellular 
gene. Despite an extensive knowledge of the structure of 
the viral DNA, little insight has been gained regarding the 
mechanism of integration into the host chromosome. There 

are, however, a few tenets by which the integration of 

retroviral DNA is governed. They are: 
1) The integrated viral DNA (provirus) is colinear with 

the viral genome. 

2) The proviral DNA is terminally redundant and the 

structure is U3RU5 •••• U3RU5. 
3) Two A residues at the 5'-end and two T residues at 

the 3'-end of the unintegrated viral DNA are missing from 

th e pr ov i r al DNA ( 9 , 63 , 6 8 , 1 01) • 
4) The proviral DNA is flanked by a direct repeat of 4-6 

nucleotides of cellular DNA. The duplicated cellular 
sequences are however present only ~ in the pre

integration site (68,114-116). 
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5) The integration of retroviral DNAs appears to be 
random. There are, however, exceptions where the viral DNA 
has a selected site of integration in the host chromosome, 
as in the activation of the cellular oncogene, c-myc 

(117-119), and c-~ (H. J. Kung, personal communication). 
What are the nature and structure of the viral DNA 

molecule prior to integration? The three most likely candi
dates are: a) linear double-stranded DNA~ b) circular DNA 
with two LTRs blunt end ligated at the termini ~ and c) 
circular DNA with only ~ LTR. All three forms of DNA can 
be identified in virus-infected cells. In addition, other 
kinds of molecules with frequent rearragements can also be 
found (9). A mechanistically interesting set of viral DNAs 
found in the infected cells contain inverted LTRs. 
Shoemaker et al. (120) first reported variants of 
molecularly cloned Mo-MLV DNA in which one of the LTRs 
integrated into viral DNA, thus creating a molecule in which 
the two LTRs are not adjacent to each other. Van Beveren et 
al. (68) have reported encountering a similar situation in 
molecularly cloned Mo-MSV DNA. Fig. 8 describes the 

structure and nucleotide sequence analysis of one such 
molecule. The two LTRs are separated by a stretch of 321 
nucleotides (Fig. 8, structure II). Several points can be 
noted from the structure of inverted LTR in the molecularly 
cloned Mo-MSV DNA: 

i) The 5'-LTR and 321 nucleotides downstream from it are 
inverted (structure II) with respect to their expected 
orientation (structure I)~ 

ii) The 321 nucleotides between the two LTRs correspond 
to sequences representing the tRNA binding site and 
downstream viral sequences. The inversion presumably 
occurred during viral DNA synthesis and is not an artefact 

of cloning ~ 
iii) Two terminal A residues from the U3 region of 

5 '-LTR and two terminal T residues from the us region of 
3'-LTR are lost~ 

iv) A 4 bp inverted repeat (CTCG ••• CGAG, Fig. 8) is 
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FIGURE 8. structure of recombinant clones of Mo-MSV clone 
124. The genomic RNA gives rise to double-stranded DNA 
hav ing one (not shown) or two LTRs in either linear or 
recombinant clones of supercoils, isolated from productively 
infected cells and cloned at the unique Hifig III site, is 
generally that shown in structure I. In one recombinant 
clone, pMSV-12, the region indicated by the arrow, 
encompassing the 5' LTR and the 321 nucleotides downstream 
from it [including the tRNA primer binding site (PBS)], has 
been inverted to give the arrangement shown in structure II. 
The target tetranucleotide CGAG, found once in structure I, 
is found repeated at the end of the inversion in structure 
II. 

observed at the U3 terminus of the inverted 5'-LTR and at 

the junction of the additional 321 bp sequences and U5 
terminus of the 3'-LTR. Thus in contrast to the proviral 
DNA, where the flanking cellular sequences at the site of 
integration are present as a direct repeat, in this case the 

flanking viral sequences are inverted because the molecule 
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has integrated into itself; and 
v) Finally, the 4 bp inverted repeat is present ~ in 

the parental DNA at the site of inversion. 
Taking into account var ious salient features of the 

viral DNA integration into the host chromosome, Shoemaker et 
al. (120) and Varmus (9) have proposed models for 
integration analogous to the one suggested by Shapiro for 
transposition and replication of bacteriophage Mu and other 
transposable elements (121). These models suggest staggered 
cuts in the viral DNA and chromosomal DNA at the integration 
site. Fig. 9 illustrates how the three major forms of 
unintegrated AKR viral DNA may integrate into the host 
chromosome. 

'VVVTTCT AGAT GAAA'VVV 
Cell DNA 

'VVV TTCTAGAT~----o--------GIEAGATGAAA'V\.fV Proviral DNA 

FIGURE 9. Possible mode of integration of retroviral DNA 
into host chromosomes. The example of AKR-MuLV into host 
chromosome is illustrated (68). The 4 bp direct cellular 
repeat in the case of AKR-MuLV clone 623 is not perfect 
since one base pair has undergone a change in the 5 I LTR 
(ACAA instead of ACAT); for the sake of clarity I have not 
shown this change. 

Though the unique structure of the unintegrated DNA is 
perhaps the most crucial aspect of integration, it is ap
parently not sufficient for creating colinearity of the 

genome in the proviral DNA. Linear or circular forms of 
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proviral DNA transfected into eukaryotic cells do not 
integrate in the typical U3RU5 ••• U3RU5 comformation (122, 
123) Instead, the viral DNA appears to integrate in a 
permuted form. Only in the retrovirus-infected cell does 

the proviral DNA appear to have its typical diagnostic 
structure (123). It is likely that some viral protein 
participates in the process of integration. The most likely 

candidate is the DNA endonuclease associated with the 
reverse transcriptase which may be required to introduce the 
staggered cuts in the viral DNA and perhaps in the cellular 
target DNA. Maturation of viral proteins may also be 
required, since proviral DNA transfection of producer cells 
does not guarantee integration in a proper orientation. It 
would be interesting to perform experiments where viral DNA 
containing one or two LTRS is introduced into the cells 
together with virus. 
ANALOGY TO TRANSPOSONS 

The organization of retroviral DNAs immediately suggests 

a parallel with the structure of some transposable genetic 
elements. A simple inspection of the structural features of 
various transposable elements suggests that retroviruses 
belong to a family of mobile genetic elements which includes 
Tn9 in bacteria (124), Ty-l in yeast (125), and copia ele-
ments in prosophila (126-128). All of these share the 
following general features shown in Fig. lOA: 

i) An internal coding domain of one to several kbp, 
ii) A large, terminal direct repeat usually of a couple 

of hundred bp, 
iii) Small inverted repeats at the two ends of the large 

terminal repeats, 

iv) A short direct repeat of host DNA sequences sur
rounding the element, and; 

v) Only one copy of the duplicated host cellular 
sequences at the integration site prior to integration. 

There are other groups of mobile elements such as 
classes that include Tn3 of L £Qjj" P factors of 

Drosophila. the variable surface glycoprotein genes of 
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DIrect host repeat I Internol or Coding Domain I jDlrect host repeat 
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Inverted repeotY- -Llnverted repeat 

Mobile Genetic Element Internal Domain (kb) Invert('d Repeat Long Terminal ReEeat Host Duplic.1tlon 

Retroviruses 

Murine leukemia virus 7.6 13/13 
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AKR leukemia virus 7.6 13/13 626 4 ''l 
Murine sarcoma Vl-rus 4.6 13/13 589 

FBJ murine osteosarcoma virus 2.8 13/13 617 
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Avian sarcoma virus 8.5 10/13 270-350 

Avian leukosis virus 7.8 12/15 270-350 

Reticuloendotheliosis virus 7.5 5/ 5 569 

Drosophila 

Copia 4.5 13/17 276 

297 5.7 3/ 3 412 

412 6.5 5/ 6 481 

Md, 1 6.3 8/ 6 444 

Yeast 

Ty-l 5.1 2/ 2 338 

E. coli 

1.1 18/23 768 

FIGURE 10. General features of a retrovirus-like trans
posable element; table indicating the characteristics of 
various retrovirus-like transposable genetic elements. 

trypanosomes, mating type cassettes of yeast, immunoglobulin 
genes, the Mu-l phage, elements of maize, etc. which have 
features distinguishable from the retroviral type of 
transposable elements. 

The characteristics of transposable genetic elements re
lated to retroviruses are tabulated in Fig. lOB. The size 
of the direct terminal repeat is variable, ranging from 
approximately 270 bp in the case of copia and avian sarcoma 
virus to 1330 bp in Mo-MTV. The LTRs of murine retroviruses 
are generally 500-600 bp nucleotides in length. It almost 
seems that two avian LTRs combined to make ~ murine C-type 

retrovirus LTR and two mur ine LTRs combined to make ~ 
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mammary tumor virus LTR. The size of the inverted repeats 

at the end of the direct repeats varies from as much as 2/2 
nucleotides in the case of yeast Ty-l element to 13/13 
nucleotides of murine LTR and 18/23 nucleotides in Tn9. 

As pointed out by several investigators, the 5' and 3' 
termini of all LTRs and related mobile genetic elements 
share a minimum of TG ••• CA (115,124). In the case of 
unintegrated viral DNAs, however, the 5' terminus is AATG 
and the 3' terminus is CATT. Since no analogous stage exists 
in other elements, it is not possible to show if they also 
contained additional AA or TT sequences prior to inte
gration. The number of bases in the duplicated sequences 
that flank the different elements also vary. It ranges from 
4 in the case of murine LTRs to 9 nucleotides in Tn9. It 

appears that the number of direct repeats is dictated by the 
viral DNA since the virus grown in heterologous cells has 
the same number of duplicated cellular sequences. There is, 
however, one exception where the same virus can generate 
either a 4 or 5 bp direct cellular repeat (68). The size of 
the internal coding domain is extremely variable, spanning 

from 1.1 kb in Tn9 to nearly 8.0 kb in the case of ASV. The 
remarkable diversity of the size of retroviral genomes is 
consistent with the idea of a variable internal coding 
region. 

Despite the obvious structural homology with transpos
able genetic elements, there is no clear-cut case of 
transposition of retroviruses from one site in the 
chromosome to another site. Perhaps the best example is the 
integration of LTR in the viral DNA shown in Fig. 8. It is 
possible that the large number of endogenous proviruses in 
mice were generated either by transposition or infection of 
the germ line. The retroviruses should be very useful to 

study the mechanism of transposition, since they offer an 
intermediary step pr ior to integration. In contrast the 

bacterial transposon Tn9 is found only as an integrated 
moiety. 
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LIFE CYCLE OF RETROVIRUSES 
Prior to the discovery of the reverse transcriptase, it 

was generally acknowledged that retroviruses did not behave 
like other animal viruses with RNA genomes since their 

propagation was hindered by agents affecting DNA synthesis. 

In 1964, Howard Temin had proposed the "provirus hypothesis" 

which postulated that the RNA genome was converted to a DNA 
provirus, which then served as a template for synthesis of 
viral RNA (129). The biological experiments in which a form 
of viral genome appeared to be labeled with BudR combined 
with the more decisive finding of reverse transcriptase have 
borne out the major tenets of the "provirus hypothesis" 
(130). The preoccupation with reverse transcriptase and DNA 
replication have obscured the role of other viral proteins 

in the life cycle of the retroviruses. 
Fig. 11 displays a diagrammatic sketch of the major 

events involved in the establishment of infection and 
propagation of retroviruses. They can be divided into six 
categories: 

a) Adsorption ~ penetration: Retroviruses are 
believed to be introduced into cells via plasma membrane 
receptors which specifically interact with the glycoproteins 
in the viral envelope. Neither the biochemical nature of 
the receptors nor the precise mode of entry (plasma membrane 

fusion or endocytosis) of the virus particles is known. 
Data on the early events involved in the infection of retro
viruses are woefully lacking. 

b) Reyerse transcription; Early after infection (one to 
two hours) viral genomic RNA is transcr ibed into DNA by 
reverse transcriptase. The mechanism of reverse transcrip
tion and the forms of viral DNA synthesized in the infected 
cell have been discussed in detail in the section on viral 

DNA replication. 
c) Integration: Little is known about the transport of 

the viral DNA into the nucleus or the precise form of viral 
DNA involved in integration. Integrated viral DNA (pro

virus) can be found in the cells 10-12 hours following 
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infection. Details of the structure of the viral DNA or 
possible mechanisms of integration have also been described 
in other sections. 

d) Transcription; The proviral DNA behaves like a 
eukaryotic transcriptional unit. The host DNA-dependent RNA 
polymerase II appears to be involved in catalyzing the 
transcription, presumably recognizing the canonical sequence 
TATAAA present 25 to 31 nucleotides upstream from the 5 ' -cap 

nucleotide (131,132). In vitro transcription of molecularly 
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cloned retroviral DNA, in soluble systems has identified the 
correct initiation sites (133-135). The proviral DNA is 
transcribed in its entirety and only 38S RNA molecules can 
be detected in the nucleus. The processing of the viral RNA 

to generate spliced subgenomic mRNAs presumably occurs prior 

to transport in the cytoplasm. Transcriptionally active 
proviruses are usually hypomethylated and appear to be 
present in the DNase I-sensitive region of the chromosome 
(136) • Hypermethylated proviruses can be made tran-
scriptionally active by addition of 5-azacytidine which 
prevents methylaton of CpG dinucleotides (137). The 
propagation or spread of retroviruses must depend on the 
strength of its transcriptional promoter located in the LTR. 
This step in the life cycle of retroviruses is likely to be 

responsible for the amplification of viral genomes in the 
infected cell. 

e) Translation: Polyadenylated transcripts of genomic 
and subgenomic length have been identified in the infected 
cell (138). It is not clear if the 35-38S viral gg,g-~ 
mRNA is spliced. Generally the gag-pol mRNA species is the 
most abundant form of viral mRNA, fOllowed by subgenomic ~ 
or ~ mRNA species. No ~ mRNA has yet been identified. 
The viral mRNAs encode polyproteins which are subsequently 
processed. Details of viral protein processing have been 

described in the section on General Structure. 
f) Virion assembly AnQ maturation; Like other enveloped 

viruses, the retroviruses assemble at the plasma membrane 
and are released from the cell by budding (139). The 35S 
viral RNA is encapsulated presumably by the gg,g proteins and 
the nucleoprotein core migrates to the cell surface. The 
immature virions are believed to contain the viral RNA 
subunits, gg,g polyprotein, gAg-~ polyprotein, gAg 

proteins, reverse transcriptase and tRNA primer. Small 
amounts of viral mRNAs may also be packaged in the virion. 

Recent experiments by several investigators suggest that the 
viral RNA contains a packaging signal which is presumably 

removed from the mRNAs by splicing events. The exact 
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details of the assembly of the various viral components 
remains largely a mystery. 

The released virions undergo intracellular maturation. 
The gag-pol protein is processed to form mature viral 
structural proteins. The viral RNA subunits, presumably 
after budding, dimerize and anneal to the tRNA primer. 
Again, little is known about the sequence of events involved 
in the maturation of infectious virion particles. The 
release of infectious virus completes the retrovirus life 
cycle. 
FUTURE RESEARCH TRENDS 

The multifaceted studies of retroviruses remind me of 
the old Indian tale of the four blind men and the elephant. 
Each man touches a different part of the elephant and de
scribes it as a wall, or a big rope or perhaps giant 
columns. Cancer biologists view a retrovirus as a tool to 
induce and study oncogenesis. Molecular biologists use it 
as a model to study the expression and regulation of 
eukaryotic genes. Recombinant DNA researchers consider it 
as an indispensable tool to synthesize cDNA transcripts. It 
is fast becoming the choice vector to deliver foreign genes 
into eukaryotic cells. I perceive progress on all fronts in 
the next few years, but certain questions will most likely 
receive greater attention, for instance: i) the precise 
mechanism of reverse transcription with particular emphasis 
on determining the nature of the primer for (+) strand DNA; 
ii) what form of viral DNA is integrated; iii) the bio
chemistry and enzymology of integration; iv) Is integration 
random- random or is some site specificity (maybe a short 
sequence of 4-10 nucleotides) involved? In this context, we 
will perhaps witness more c-~ genes activated by 
"promoter-insertion"; v) the role of host cellular sequences 

on regulation of viral gene expression; vi) the search for 
novel oncogenes. Here I would like, however, to interject 
my personal bias that the number of ~ oncogenes will be 

limited. We are already witnessing the isolation of the 

same oncogene in a number of different independent isolates; 
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vii) intensive investigation of both the product and the 
function of QD£Qgenes~ viii) expression of c-~ genes in a 
variety of tissues and cell types~ ix) role of c-~ genes 
in human malignancy, and x) utility as vectors to carry 

genetic information into somatic and perhaps germ-line 

cells. With such marvelous prospects, retroviruses should 
continue to dominate and generate excitement in modern 
biology. 
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HOST CONTROL OF THE REPLICATION OF GROUP I RNA PHAGES 

HANNA ENGELBERG-KULKA AND RACHEL SCHOULAKER-SCHWARZ 

SUMMARY 
In this article we summarize our studies showing the involvement of 

Escherichia coli proteins in the in vivo replication of the group I RNA 
phages (MS2,-rz-and R17). We use~two methods of investigation: in the 
first method, we followed the replication of RNA phages in the presence 
of rifampin, a drug which completely inhibits host protein synthesis; in 
the second method, we followed the effect of a specific bacterial mutation 
(traD) on the replication of these phages. According to both methods, 
t~replication of only group I RNA phages was inhibited while that of the 
RNA phage QB (group III) was unaffected. This indicates that QB and group 
I RNA phages use different host proteins for their replication. In addition, 
we showed that the traD mutation also affects the bacterial host's membranes. 
We discuss the possibility that bacterial membranes are involved in group 
I phage RNA replication. 

INTRODUCTI ON 

The RNA containing phages are variously classified into three to five 

serological groups (1,2,3). Group I includes phages such as MS2, f2 and 

R17 which are quite similar to one another primarily in their particle 

properties (4) and which differ considerably from phage QB, a member of 

group III (5). Though all four phages have been studied intensively, most 

of the information available on RNA replication comes from studies on QB 

alone (6,7). RNA phage replication has been comprehensively reviewed by 

Stavis and August (6) and Weissman et ~ (7). In general, phage RNA 

replication proceeds in two steps both catalyzed by phage RNA replicase: 

a) synthesis of minus strands on the parental plus strand template and 

b) synthesis of progeny plus strands complementary to the minus strands. 

More detailed information on the stages of phage RNA replication and on 

the structure of the RNA replicase comes mainly from studies of QS RNA 

replication. The core of QB RNA replicase is made up of four subunits 

(8,9) of which only subunit II is a phage-specified protein, while the 

other three subunits (1,111 and IV) are host specified. Subunits III and 

IV are the protein synthesis elongation factors Tu and Ts (10) and subunit 
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I is the 30S ribosomal protein Sl (11). In addition, another bacterial 

protein, host factor F (HF) is required by the purified "core" of Q6 RNA 

replicase to copy the parental strand in vitro (12,13). 

In contrast to QB RNA replicase, very little is ~nown about the RNA 

replicases of group I RNA phages since they are unstable and difficult to 

purify away from the endogenous template RNA. Only the f2 poly G polymerase 

has been extensively purified (14). Structurally appearing similar to 

the core of Q6 replicase, the f2 poly G polymerase also contains three 

bacterial specified proteins which co sediment with the bacterial proteins 

found in the QB replicase (14); however, the purified f2 polymerase requires 

the presence of an additional unidentified factor for activity with either 

f2 or f2 complementary strands as template. This f2 factor is presumably 

a host protein(s) like the host factor (HF) required for QB RNA replication. 

That the QB host factor cannot substitute for the f2 factor (15) indicates 

that the in vitro synthesis of QB and f~ RNAs require different bacterial 

proteins. 

Here we summarize our studies showing the involvement of host proteins 

in the in vivo replication of group I RNA phages. We relied on two 

approaches: in the first approach, we followed group I RNA phage replication 

in the presence of rifampin, a drug which completely inhibits host protein 

synthesis; in the second approach, we followed the effect of a specific 

bacterial mutation on the replication of these phages. 

RESULTS 

I. Effect of rifampin on the replication of RNA phages. 

In Escherichia coli, the antibiotic rifampin inhibits the initiation 

of RNA synthesis (16,17) and consequently protein synthesis (18), by 

acting directly on the B-subunit of the enzyme RNA polymerase (19). 

Rifampin also interferes with the intracellular growth of RNA phages 

(20-26) and, in addition, inhibits the release of mature phage particles 

from the host (21,27). Phage RNA synthesis and release are not affected 

by the antibiotic when the host possesses a rifampin-resistant RNA poly

merase (23,25,27), implying that host specified components participate 

in phage development. 

We examined whether the drug affects phage RNA replication. We studied 

phage RNA replication by examining (3H)-labeled phage RNA phenol extracted 

at various times from cells grown with or without rifampin. As previously 
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reported (28,29), when phage-infected cells are phenol deproteinized for 

RNA isolation, the first step of RNA replication, the synthesis of minus 

strands, appears as the conversion of parental RNA into a double-stranded 

form; the second step, the synthesis of progeny strands, appears as the 

displacement of the parental RNA from the duplex. 

As shown in Fig. 1, in phage-infected bacterial cultures not treated 

with rifampin, the amount of parental RNA converted into double-stranded 

form increased until about 15 minutes after infection, when 16 to 32% of 

injected parental phage RNA was in duplex form. At this time the parental 

RNA became progressively displaced from the duplex form, and by 40 minutes 

after infection only 5% of the parental RNA remained in the double-stranded 

structure. 

Adding rifampin (lOOpg/m~ to host cultures 30 minutes before infection 

with (3H)-labeled phage had a remarkably different effect on each of the 

phages studied. In the case of MS2, injected parental RNA was converted 

to duplex form almost as much as in the untreated control culture, and by 

15 minutes after infection, the amount of parental RNA in duplex form was 

80% of the maximum found in the control. Displacement of the parental 

RNA from the duplex form, however,was completely arrested by the drug. 

In fact, complete inhibition of the displacement of the parental RNA from 

duplex form was already achieved when rifampin was added at the time of 

infection (Fig. Ib) rather than 30 minutes before infection. Thus, in the 

case of MS2, rifampin barely affects the synthesis of RNA minus strands, 

but arrests the synthesis of progeny plus strands, causing the parental 

RNA to remain quantitatively undisplaced from the double-stranded form. 

As shown in Fig. Ic, addition of rifampin 30 minutes before infection 

by phage f2 inhibited the conversion of injected parental RNA into duplex 

form by 75%. When rifampin was added at the time of infection (Fig. Id) 

however, f2 RNA was converted into the double-stranded form and then dis

placed from the duplex as in the control cultures. Thus, contrary to the 

effect of rifampin on MS2 RNA replication, the drug mainly inhibited the 

conversion of f2 RNA into the double-stranded structure, whereas the dis

placement of f2 RNA from the duplex was almost unaffected. Therefore, 

the antibiotic seemed to inhibit the synthesis of f2 minus strands and 

barely affected the synthesis of f2 progeny RNA. 

In the case of phage R17, the addition of rifampin 30 minutes before 

infection inhibited the conversion of parental RNA to the duplex form by 
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Fig. 1. Effect of rifampin on the amount of phage parental RNA in 
double-stranded fonn at different times after infection. E. coli cells 
were grown to a density of 2x108 cells/ml in a shaking bath at 370 C and 
infected at the same temperature with phage containing (3H)-labeled RNA 
at a multiplicity of 5. Rifampin (100'llg/m1) was added either 30 min. 
before infection (a,c,e,g) or at the time of infection (b,d,f,h). At 
different times after infection the cells were harvested, washed four 
times with phosphate buffered saline and converted to spheroplasts (54). 
The RNA was extracted and analyzed for the presence of parental RNA in 
the double-stranded fonn by chromatography on cellulose columns according 
to Franklin (55). The samples of RNA applied to the column contained 
4000 to 5000 counts/min. Symbols: (t) treated with rifampin; (0) control, 
not treated with rifampin; cells infected with MS2 (a,b), f2 (c,d), R17 
(e,f), QS (g,h). 



319 

a maximum value of 50% (Fig. Ie). The drug also inhibited the displacement 

of the parental RNA from the duplex form by 50% (Fig. If). Increasing the 

concentration of rifampin from 100 ~g/ml to 200 ~g/ml did not cause an 

increased inhibitory effect (data not shown). 

As seen in Fig. 19 and 1h, rifampin had no effect on the replication 

of group III phage Q8 RNA. 

In summary, the present data clearly show that rifampin inhibits the 

in vivo replication of phages belonging to group I (MS2, f2, R17), but 

does not affect the group III phage Q8 RNA replication. Furthermore, the 

drug has a discriminative effect on the replication of MS2, f2, and R17 

RNAs. With the method employed, we showed that rifampin interferes with 

the synthesis of phage f2 RNA minus strands, but has almost no effect on 

the synthesis of progeny plus strands. On the other hand, in the case of 

MS2, rifampin differentially arrests the synthesis of progeny plus strands 

and barely affects the synthesis of minus strands. In the case of R17, 

both steps of its RNA replication were affected by the drug, although 

each step was only partially (approximately 50%) inhibited. 

II. Effect of an Escherichia coli traD (Ts) mutation on the replication 

of group I RNA phages. 

Most of the tra cistrons of sex factor F are involved in the synthesis 

of F pili (30,31,32) which are implicated in the transport of nucleic 

acids during bacterial conjugation (33) and during male-specific phage 

infection (34,35,36). Thus, many of the tra mutants are defective in 

bacterial conjugation and resistant to male-specific phages (RNA phages 

and filamentous DNA phages). The traD mutants represent a special class 

of tra mutants. Although they make F pili, they are defective in DNA 

transport during bacterial conjugation (30,31,37). Furthermore, the traD 

mutants are resistant to group I RNA phage £2, but not to the group III 

RNA phage Q8 nor the filamentous DNA phage f1 (30,38). 

We previously reported (39) that the traD (Ts) mutant JCFL39, temper

ature-sensitive in conjugational transfer (37), is also temperature

sensitive for the group I RNA phages (MS2, f2, R17) but not to phage Q8. 

In addition, we have shown by temperature shift-up experiments that an 

intracellular step in the growth of the group I RNA phage MS2 is affected 

at the high temperature. Therefore, we assumed that the traD mutation, 

like rifampin, probably also affects the replication of group I RNA phages 
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Fig. 2. Phage RNA-polymerase activity in extracts from mutant and 
parental cells grown and infected with RNA phages at various temperatures. 
Cells were grown in nutrient broth at different temperatures to a density 
of 2xl08 cells/ml and infected with the phages at a multiplicity of 10. 
At various intervals after infection, an aliquot containing approximately 
5xl09 cells was centrifuged, lysed in a 0.1 M Tris-HCI, 10% (wt/vol) suc
rose buffer, pH 8.5, by addition of 50 ~g/ml lysozyme and a final concen
tration of 5 mM EDTA. After incubation for 30 min. at 40C, final concen
trations of 0.1% (wt/vol) Brij 58, 10 mM MgC12 and 25% glycerol were 
added. The lysate was assayed for phage RNA polymerase activity in a 
reaction mixture containing 50 mM Tris-HCl, pH 7.6, 10 mM Mg'C12, 4 mM 
2-mercaptoethanol, lmMeach of ATP, UTP, CTP and 10 ~M (3H)-GTP (1.5x105 
CPM / nmole), 10 mM phosphoenolpyruvate, 2.5 ~g pyruvate kinase, 4 ~g 
actinomycin D, 1 ~g rifampin and 0.1 ml of the Brij-lysate (0.1-0.4 mg 
protein). The reaction mixture was incubated for 20 min at 250C. The 
assay measured the incorporation of (3H)-GMP from GTP into acid insoluble 
materials. Symbols: phage RNA polymerase activity in mutant extracts (x), 
in parental extracts (e). Controls: (3H)_GMP incorporated by extracts of 
uninfected mutant (6) or parental (0) cells. QB-infected cells grown and 
infected at 370C (a) or 420C (b). MS2-infected cells grown and infected 
at 330 C (c) or 42 0 C (d). 
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but not that of QS. We studied phage RNA replication by testing the 

activity of phage RNA polymerase produced in mutant and parental strains. 

Lysates prepared from cells grown and infected at various temperatures 

were examined for the incorporation of (3H)_GMP into acid-insoluble 

material at Z50C in the presence of rifampin and actinomycin D. It can 

be seen that these drugs inhibit RNA polymerase activity in uninfected 

cells (Fig. Z). The incorporation of GMP, therefore, represents the 

activity of phage-specified RNA polymerases. A similar specific activity 

of QS RNA polymerase was observed in extracts of mutant and parental 

strains infected at low (37°C) or high (4ZoC) temperature (Figs. Za and 

Zb). With respect to group I RNA phages (MSZ, fZ, R17) RNA polymerase 

activity was only observed when growth and infection were at 33°C (Fig. 

Zc). At 42°C, however, very little enzymatic activity was found in mutant 

extracts, while the elevated temperature stimulated activity in parental 

extracts (Fig. Zd). Since we found similar results with all three phages, 

we chose phage MS2 as a representative of group I. At the non-permissive 

temperature (42°C) the parental RNAs of group I RNA phages penetrate into 

the mutant host and are even translated (data not shown). This shows 

that at 42°C, the activity of phage RNA polymerase is the first step in 

group RNA phage development which is affected by the mutation. 

The lack of MS2 RNA polymerase activity in mutant cells grown at 

42°C seemed to indicate that the first step of MS2 RNA replication was 

affected in the mutant. This was, in fact, the case: as shown in Fig. 3, 

in mutant cells grown at 4ZoC and infected at the same temperature with 

MS2 containing (3H)-labeled RNA, the conversion of the parental RNA into 

double-stranded form is inhibited. 

MS2 replicative intermediates are tightly membrane bound (40). We 

suspected that at 42°C, the membranes of mutant JCFL39 are changed and as 

a result, MS2 as well as other members of group I RNA phages are inhibited 

in the replication of their RNAs. This assumption was supported by the 

fact that at 42°C, the mutant is more sensitive than the parent to drugs 

such as acriflavin, rifampin, and deoxycholate whose action is affected 

by membrane permeability (41-45). We compared membranal proteins of 

mutant and parental cells grown at low (330C) and high (4ZoC) temperature, 

by SDS gel electrophoresis. There were several differences in the electro

phoretic patterns of inner and outer membrane proteins of mutant and 

parental cells grown at 4ZoC (Fig. 4). Most remarkable is the absence of 
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Fig. 3. Percentage of parental MS2 and Q~ RNAs in the double
stranded form at various times after infection of mutant cells grown at 
33vC or 42°C. Cells were grown in tryptone broth at 33vC or 420 C to a 
density of 2xl08 cells/ml and infected a~ the respective growth tempera
tures with either MS2 or Q~ containing ( H)dabeled RNA at a multiplicity 
of 5. At different times after infection the cells were harvested and 
washed with phosphate buffered saline. For other experimental conditions 
see Fig. 1. Symbols: growth at 33°C (e); at 42°C (x). 

four inner membrane proteins (molecular weight range 11,000-18,000) from 

the preparation of the mutant grown at 42°C (Fig. 4a slot 1 arrows a to d). 

In the electrophoretic pattern of the outer membrane protein of the mutant 

grown at 42°C, we noticed three main alterations (Fig. 4b slot 1 versus 3) 

in the presence of three additional bands (e to g) which are absent from 

the corresponding membranal preparation of parental cells grown at 42°C. 

In summary, we showed that in the traD (Ts) mutant JCFL39, group I 

RNA phage replication is inhibited at high temperature (42°C). Further

more, the elevated temperature affects the membrane of the host mutant. 
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Fig. 4. SDS-polyacrylamide gels of membranal troteins from mutant 
JCFL39 and parental strainM176 grown at 33°C and 42°. Cells were grown 
at 33°C or 42°C in tryptone broth to a density of 109 cells/mI. The 
membranes were isolated according to the procedure of Schnaitman (56) and 
the inner and outer membrane fractions were separated by centrifugation 
in sucrose gradients as described by Osborn et al (57). Inner and outer 
membrane fractions were recovered from the gradient by precipitation with 
TCA followed by washing with acetone and then dissolved in the sample 
buffer for electrophoresis. The samples were resolved by gel electro
phoresis in the discontinuous buffer system of Laemmli (58) through a 5.4% 
acrylamide stacking gel and a 12.5% acrylamide resolving gel. After 
electrophoresis, gels were fixed and stained as described by Fegrest and 
Jackson (59). (a) Inner membrane proteins, (b) outer membrane proteins. 
Mutant JCFL39 grown at 420 C (slot 1) or 330 C (slot 2), parental strain 
M176 grown at 420 C (slot 3) or 330 C (slot 4). The numbers to the right 
of the figures are the molecular weights (xlO-3) of standard proteins 
with the indicated mobility. The arrows indicate changes in the proteins 
of the mutant versus those of the parent at 42oC. Equal volumes of 
membranal proteins were layered on each slot. 
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DISCUSSION 

In the present study we attempted to clarify the role of bacterial 

proteins in the RNA replication of group I RNA phages in vivo. For this 

purpose we used two methods of investigation. The first approach was 

based on the fact that rifampin totally inhibits host protein synthesis 

but does not affect phage protein synthesis (23,25,27), permitting the 

examination of phage replication without the distraction of bacterial 

protein synthesis. The second approach was based on the use of an E. coli 

traD mutant which inhibits the development of group I RNA phages (39). 

According to both methods of investigation, the RNA replication of 

only group I RNA phages was inhibited while that of QB was unaffected. 

This indicates that in vivo, group I RNA phages and QS require different 

host protein(s) for their replication. Although we could not point to 

any specific bacterial protein involved in group I RNA phage replication, 

several conclusions can be deduced from our studies. 

1) In contrast to QS, the group I RNA phages, MS2, f2 and R17, seem 

to be dependent on a membranal organization for their RNA replication. 

As shown here, at 42oC, the traD (Ts) mutation of ~. coli strain JCFL39 

inhibits group I RNA phage replication and causes several alterations in 

the membrane proteins. We suggest that these changes may be responsible 

for the inhibition of group I RNA phage replication at high temperature. 

This is supported by previous studies showing that MS2 replicative inter

mediates are tightly bound to the membrane fraction (40). In addition, 

we assume that the involvement of a membranal structure in the replication 

of group I RNA phages might account for the lability of group I RNA 

replicases and the difficulties in their purification. 

2) Each member of the group I RNA phages seems to require different 

host proteins for RNA replication. This was shown here by the use of 

rifampin which differentially inhibits the replication of MS2, f2 and 

R17. Thus far, no physiological differences among the group I phages 

MS2, f2, and R17 have been described. Nevertheless, the present study 

reveals, for the first time, differences in their replication processes 

which seem in extreme contrast to the very close similarity in their 

particle properties (4). These phages are not identical, however, as 

revealed by the partial data on their proteins and RNAs sequences (7,46, 

47,48). The variation among the RNA sequences was deduced from partial 

sequence analysis and was estimated to be 2.8% for f2 versus MS2, and 
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R17 versus MS2, and 3.4% for f2 versus R17 (47,48). We suggest that 

although these variations are small, they may be considerably amplified 

by the spatial arrangement of the RNA, that is, the formation of hairpins 

and loops, and as a result, template recognition would be affected. In 

the case of phage QB, the host subunits of the QB replicase appear to , 
play an essential role in the recognition of QB RNA as a template (7). 

We suggest that in the case of group I RNA phages, the host proteins play 

a similar role. Therefore, the differences which we suspect to exist in 

the RNA conformation of various group I RNA phages may be responsible for 

the use of different bacterial proteins for the recognition of their RNA 

as template. Host proteins showing an affinity for nucleic acids are 

good candidates for template recognition in the process of RNA phage 

replication. Such host proteins may be ribosomal proteins, membrane 

proteins involved in DNA replication (49,50) and DNA transfer during 

conjugation (51,52,53) or other cellular DNA or RNA binding proteins. 

Phages Q8, f2, and presumably other members of group I RNA phages use 

ribosomal and ribosomal-bound proteins for their replication (10,11,14). 

We suggest that for this purpose group I RNA phages also use membranal 

proteins which have an affinity for nucleic acids. This assumption is 

based on the study of the ~. coli traD (Ts) mutant JCFL39 which is affected 

(at high temperature) in its membranal proteins, inhibits group I RNA 

phage replication (see section II) and inhibits DNA transfer during 

bacterial conjugation (30,31,37). 
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THE TOBACCO MOSAIC VIRUS GENOME: ORGANIZATION AND GENE FUNCTION 

MILTON ZAITLIN AND PETER PALUKAITIS 

SUMMARY 
Tobacco mosaic virus (TMV) RNA codes for at least 4 polypeptides, 

only one of which, the coat protein, has a known function. Evidence is 
presented that one of these proteins (30 K protein) may be involved in 
potentiating the cell-to-cell movement of the virus in the plant. 
Virions of TMV also contain an average of one molecule of another 
protein (H protein) in addition to the 2130 molecules of coat protein. 
H protein is postulated to be an unusual branched molecule, containing 
the coat protein plus an additional peptide moiety of either host or 
viral origin. Analyses of single-stranded and double-stranded RNAs 
found in TMV-infected tissue by gel electrophoresis, blotting and 
hybridization revealed the presence of the genomic TMV and its 
double-stranded replicative form, and 9 subgenomic mRNAs, at least 
three of which also had double-stranded forms. Low molecular weight 
TMV-related RNAs representing different regions of the genome were also 
observed to arise during virus replication. Sequences derived from a 
number of TMV strains have confirmed strain relationships previously 
established, and the arrangement of the four TMV genes and have 
suggested the presence of other genes. Moreover, the sequence data 
indicate that several of the genes overlap, both in the same reading 
frame and in different reading frames. 

INTRODUCTION 
Tobacco mosaic virus is the type member of the tobamovirus plant 

virus group. TMV virions are rod-shaped particles (300 x 18 nm) with a 
sedimentation co-efficient of 200S, a single-stranded RNA genome of Mr 
2.1 x 106 (6.4 kb), comprising 5% of the virus weight, and 2130 copies 
of the coat protein monomer (Mr 17,500) (1,2). 
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The genomic RNA contains a 5'-7-MeGpppGp cap (3, 4), and a 
t-RNA-like 3'-end (5). The 3'-end "cloverleaf structure" and -CCA 

terminus permits the common strain of TMV to be aminoacylated ~ vitro 
by histidyl aminoacyl-ligase (6); the cowpea strain of TMV may be 
aminoacylated with valine (7). 

110K 

5' 
• 165K 

• 3' 

Genomic RNA 

30K 
• 

17.5K -LMC(CPmRNA) -

FIGURE 1. Major RNA species involved in TMV replication (heavy lines) 
with their known translational products (arrows). 

There are at least four genes in the TMV genome (5, 7;Figure 1); 
however, only the two genes on the 5~end of the genomic RNA are 
expressed during ~ vitro translation of the genomic RNA (7, 8, 9). 
These two genes, coding for the 110K (formerly called 130K to 145K) and 
the 165K proteins, overlap; they initiate together but terminate at 
different points (10). The other two genes, coding for the 30K and the 
17.5K proteins, are expressed only on the sub-genomic RNAs that contain 
these genes at their 5'-ends; the 12-mRNA and the LMC (coat protein 
mRNA), respectively (7, 9). The organization of these genes, their 
expression and their functions will be discussed below. Most of the 
data presented will be with reference to the common strain (U1) of TMV. 
Where applicable, reference will be made to results obtained with other 
tobamoviruses (relationships described in 11 and 12). 



331 

TMV RNA GENOME ORGANIZATION 

Sub-genomic RNAs. 
Until recently, only two sub-genomic RNAs of TMV had been isolated 

and characterized: the 12 mRNA (M 6.8 x 105; 2.0 kb) and the LMC (M r r 
2.3 x 105; 0.69 kb) (7,8,9). Both of these RNAs contain the 3'-end 
of the genomic RNA (Figure I), but extend toward the 5'-end to 
different lengths (7). Since the I2-mRNA contains the viral "origin of 
encapsidation" (OREN) region - 900 nucleotides from the 3'-end - it was 
found to be encapsidated by viral coat protein and could be isolated 
from virion preparations. The LMC did not contain the OREN and was not 
encapsidated (5); however, the LMC could be extracted from TMV-infected 

leaves (8). 
Using the more sensitive techniques of transferring RNA from gels 

to nitrocellulose and hybridization with TMV-specific probes ("Northern 
Blotting"; 13, 14), a number of other sub-genomic RNAs have recently 
been observed, both in virions and in extracts from infected leaves 
(Figure 2; Reference 15). Using probes specific for different regions 
of the TMV genome, we were able to detect nine subgenomic RNAs (all 
seen in Figure 2, lane D; Table 1). With the exception of the LMC, all 
of these sub-genomic RNAs contain the OREN region; presumably, they all 
contain the 3'-terminus of TMV RNA, since they all contained the coat 
protein gene, although this has yet to be established. 

It is not certain that any of the new sub-genomic RNAs are 
actually functional ~ vivo, or what viral functions they may code for. 
Some of them may represent extraction or electrophoretic artefacts or 
molecules cleaved prior to encapsidation at particularly 
RNase-sensitive sites; either ~ vivo, or during the isolation process. 
For example, Table 1 lists the sub-genomic RNAs detected in three 
separate analyses (9, 15, 16) and 
the sizes of RNAs prepared from various partially stripped virus 
particles [under conditions of high pH (17) or in the presence of SDS 
(18), TMV virions of the U1 strain de-encapsidate from the 5'-end of 
the RNA towards the 3'-end, producing a number of discrete-sized 
isolatable intermediates known as partially stripped virions - PSVs]. 
This suggests that some of the so-called sub-genomic RNAs may play no 
relevant role in replication. 
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lMC -

48 

Figure 2 Figure 3 

FIGURE 2. Northern Blots of various RNAs {on nitrocellulose} from a 
1.5% agarose gel containing 20 mM MOPS, 5 mM Na acetate, 1 mM EDTA, pH 
7.0, 2 M formaldehyde. A = TMV encapsidated RNA; B = healthy tobacco 
RNA; C - E = TMV-infected tobacco, LiCl insoluble RNA; F = PSV RNA; G 
= cucumber mosaic virus {CMV} RNAs {markers}. Probes were A,~. C = 
OREN-specific probe made with a specific-primer prepared such that it 
represents sequences 965-1011 nucleotides from the 3'-end; D, F = PSV 
cDNA {3'-terminal 1050 nucleotides}; E = random primed cDNA to genomi~ 
RNA; G = CMV cDNA. Leftward {of A} pointers indicate positions of {in 
decending order} genomic TMV RNA, I? RNA and LMC. Right~ard {of G} 6 
pointers ~ndicate pos~tion of CMV RNA markers: 1.35 x 10 , 1.15 x 10 , 
0.85 x 10 , 0.35 x 10 . 

FIGURE 3. Fluorogram of a gel {6% acrylamide:7 M urea} analysis of 
low molecular weight RNAs from TMV-infected and uninfected tobacco. A 
and B samples represent the "single-stranded" CF 11 cellulose fraction 
3rom a 2 M LiCl-soluble nucleic acid extract {24}. A}. 
H-uridine-labeled §NAs from uninfected leaves. Labeling without 

actinomycin D. B} H-uridine-labeled RNAs from TMV-infected leaves 
{labeled for 24 hr in the presence of 50 ~g/ml actinomycin D, starting 
3 days after inoculajion}. The LMC and 4S RNA bands are identified. 
C} Size markers of H-labeled HpaII-restricted fragments of plasmid 
pBR322. Denatured fragments range in size from 624 nucleotides 
(migrating slightly below the LMC of Track B) to 69 nucleotides at the 
bottom of the gel' 3 Restricted fragments were labeled using reverse 
transcriptase and H-dCTP. Samples in all 3 lanes were heated for 1 
min at 100 0 in 30% formamide before application to the gel. 
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Table 1. Molecular weights of genomic TMV RNA and 1 ess-than-full 
length TMV RNAs. 

Partially strippedl Viron encapsidated RNAs2 
virion (PSV) RNAs 

RNA Mr (x 106) Nucleotide RNA Mr (x 106) Nucleotide 
length length 

Genomic 2.1 6400 Genomic 2.1 6400 
PSV-l 

PSV-2 1.4 4200 IIA 1.55 - 1.6 4700-4850 

lIB 0.9 - 1.3 2750-3950 
PSV-3 0.79 2400 
PSV-4 0.65 1900 12A 0.68 - 0.69 2050-2100 
PSV-5 0.50 1500 12B 0.51 1550 

PSV-6 0.35 1050 

Intracellular RNAs 

Goe 1 et and Ka rn ( 15 ) Palukaitis, et~. (16) 

RNA Mr (x 106) Nucleotide RNA 
length 

Genomic 2.1 6400 Genomic 

SG-1 3 1.15 3500 SG-1 3 
SG-2 1.0 3000 SG-2 

SG-3 
SG-3 0.60 1800 SG-4 
SG-4 0.50 1500 SG-5 
SG-5 0.43 l300 SG-6 
SG-6 0.36 1100 SG-7 

SG-7 4 0.23 700 
SG-8 4 
SG-9 

~ See text. M supplied by Dr. A. Asselin. 
3 From Beachy ~nd Zaitlin (9). 
4 SG = Sub-genomic RNAs 

LMC 

M (x 106) Nucleotide r length 

2.1 6400 

1. 05 - 1.1 3200-3350 
0.95 - 1.0 2900-3050 
0.8 - 0.85 2400-2600 
0.6 - 0.65 1800-1950 
0.48 - 0.52 1450-1550 
0.4 - 0.44 1200-1350 
0.34 - 0.35 1050 
0.29 - 0.3 900 
0.21 - 0.22 650 
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Other TMV RNA fragments are generated during the process of 
infection. Zelcer et~. (19) observed the synthesis of at least three 
low molecular weight, apparently single-stranded RNAs, during TMV 
replication in tobacco in the presence of actinomycin D (an inhibitor 
of host RNA synthesis). We have observed a larger number of these low 
mol. wt. RNAs, both by labelling RNA in TMV-infected tissues (Figure 3) 
and by blotting the RNAs (separated in polyacrylamide gels) from gels 
to nitrocellulose membranes and hybridizing various TMV-specific probes 
to the RNAs on the nitrocellulose blots (16). Our results suggest that 
these low molecular weight RNAs, although single-stranded, contain 
sequences from both (+) TMV RNA and (-) TMV RNA strands (see following 
section), encompassing much of the viral genome. These fragments may 
represent "viral RNA trash", which is formed during the generation of 
genome RNA or of some of the sub-genomic RNAs described above. The 

formation of sub-genomic RNAs will be dealt with in the following 
section. 
Double-stranded RNAs 

The central dogma of RNA virus replication is based on studies on 
the analogous RNA bacteriophage Qs system (20); i.e., a 
negative-stranded (-) RNA is generated, complementary to the 
positive-stranded genomic (+) RNA. This double-stranded (ds) RNA 
complex is termed the replicative form (RF). [When ds RNA is isolated 
by phenol extraction, it is believed that proteins separating the two 
partially H-bonded strands are removed, resulting in the formation of 
the tightly bonded ds RNA (21)]. From the RF, numerous 
positive-strands of TMV RNA [(+) TMV RNA] are generated. These 
complexes of multiple (+) strands at various stages of synthesis on a 
(-) strand are termed replicative intermediates (RI). Both RFs and Rls 
have been observed (22, 23); however, the enzymes involved in the 
formation of either RFs or Rls have neither been purified nor 
characterized. 

The formation of sub-genomic RNAs also occurs by an unknown 
mechanism. Zelcer et~. (24) observed four ds TMV RNAs in infected 
tissues. The estimated molecular weights, using ds RNAs as size 

6 markers on gels were: 4.0, 2.25, 1.1 and 0.23 x 10 ; these were termed 
RF, ds-l, ds-2 and ds-3, respectively. They determined that all of 
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these RNAs contained the 5'-end of the (-) strand of TMV, but 
concluded, based on the calculated molecular weights, that only the RF 
and ds-1 could be considered the ds counterparts of the single-stranded 
RNAs found in infected tissues. They concluded further that there was 
no ds RNA related to the LMC. We (16) and others (15) now find by 
blotting and hybridizing denatured ds RNAs that ds-3 is of a size 
expected for a ds LMC. In fact, the four ds RNAs observed are 
double-stranded forms of the genomic RNA and three subgenomic RNAs of 

666 Mr 1.05 x 10 , 0.65 x 10 (1 2) and 0.23 x 10 (LMC); we do not observe 
ds RNAs for any of the other sub-genomic RNAs (Figure 2). Goelet and 
Karn (15), on the other hand, claim (+) and (-) forms of the TMV 
genomic RNA and seven other sub-genomic RNAs. 

It is still not known whether these ds RNAs are replicative forms 
of the corresponding (+) strand sub-genomic RNAs, or whether they 
fortuitously act as "one-way templates" for the viral replicase, since 
they all contain a common 3'-end; however, as they do not share the 
same 5'-end the concomitant (-) strands will not share the same 3'-end. 
If we assume that both (+) and (-) strand 3'-ends contain recognition 
sequences for the viral replicase, then by this mechanism, only one (-) 
strand copy and no (+) strand copies would be synthesized on 

sub-genomic RNAs. However, it is conceivable that the newly-generated 
(-) strand could contain secondary recognition sequences for the 
replicase (see below). 

Alternatively, sub-genomic RNAs might be generated by cleavage of 
(+) stand genomic RNA. This cleavage event would also generate 
sub-genomic RNAs containing the 5'-end of the RNA genome. Using 
5'-end-specific TMV RNA and cONA probes, we have been unable to detect 
such fragments in blots of RNA from agarose gels; however, small RNA 
fragments representing different regions of the TMV genome were 
detected in blots from polyacrylamide gels (16). As these fragments 
also contain sequences of the (-) strand TMV RNA, their existence is 
compatible with a model in which the genomic RF (in a partly ds RNA 
form) is cleaved to produce sub-genomic RFs. 

Another model for sub-genomic RNA synthesis is one in which the 
viral replicase binds to regions other than the 3'-end of the (-) 
strand genomic TMV RNA and catalyzes the synthesis of sub-genomic RNAs. 
In this system, the single-stranded 3'-end of the (-) strand is 
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degraded to small fragments and produces ds RNAs equivalent in length 
to the sub-genomic RNAs. 

TMV SEQUENCES: OVERLAPPING GENES. 
Prior to the recent advent of rapid sequencing techniques (25, 

26), the elucidation of the TMV RNA sequence was limited to a few short 
stretches. The first sequences determined were those of the 
approximately 70 nucleotides at the 3'-end of two strains of TMV RNA 
(27,28). These strains shared only a limited amount of sequence 
homology, but both RNAs could be folded into cloverleaf-like 
structures. The sequence of 236 nucleotides at the 5'-end of the 
common strain of TMV (29, 30), revealed a long RNase T1-resistant 
fragment (Residues 1-71) that terminated at its 3'-end in an AUG. This 
RNase T1 fragment (n; 31) was shown to be capable of binding ribosomes 
(32), suggesting that the 3'-terminal AUG represents the initiation 

codon for the first gene. A comparison of three tobamoviruses (33) 
revealed the presence of an n-fragment. Although these n-fragments 
showed extensive sequence homology with the n-fragment from the common 
strain of TMV and with each other, they were of different lengths and 
showed significant sequence differences; two other tobamoviruses 
examined in the same study did not contain any large T1 -RNase 
resistant fragments, and hence, no n. 

The sequence of the 3'-terminal 1000 nucleotides of the common 
strain of TMV (5) as well as the sequence of the LMC revealed the 
following: (a) the LMC was identical to the 3'-terminal 693 
nucleotides of the genomic RNA; (b) a 3'-terminal 204 nucleotide-long 
untranslated region; (c) the coat protein gene (480 nucleotides) with 
no intervening sequences; (d) a 5'-terminal 9 nucleotide long 
untranslated region on the LMC; and (e) the C-terminal one-third of the 
30K gene with a two-nucleotide gap between the termination codon of the 
30K gene and the initiation codon of the coat protein gene; i.e., the 
5'-untranslated region of the LMC overlaps with the 30K gene, but the 
two genes are in ditterent reading frames. 

The cloning and sequencing of 2000 nucleotides at the 3'-end of 
the Japanese common (0~1) strain of TMV (34), which shows very few 
sequence differences from the U1-strain of TMV (North American and 
European common strain), revealed the same gene arrangements and the 
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complete sequence of all of the 30K gene (now 29,791 in mol. wt.). On 
the other hand, the cloning and sequencing of 1060 nucleotides at the 
3'-end of the cowpea strain of TMV (35), which has almost no sequence 
homology with the common strain of TMV (12, 35), showed one major 
difference in the arrangement of the 30K and the coat protein genes: 
they overlap by 29 nucleotides (initiation and termination sequences 
included, but not 5'-end leader sequences). As with the common strain, 
the 30K and coat protein genes of the cowpea strain are in different 
reading frames. In the case of the cowpea strain, the OREN region is 
approximately 400 nucleotides from the 3'-end (35); i.e., well within 

the coat protein gene. Therefore, in this strain, the LMC is found 
encapsidated. The LMC of the cowpea strain (711 nucleotides long) has 
a 7 nucleotide 5'-end untranslated region, the coat protein gene (495 
nucleotides) and a 209 nucleotide 3'-end untranslated region. The 
3'-end of the cowpea strain can also be folded into a tRNA-like 
structure. 

Recently, using cloning into M13 bacteriophage and rapid DNA 
sequencing techniques (36),·Butler et~. (37) have confirmed the 
3'-end sequences of the common strain of TMV and have extended the 
sequence information well into the 110K gene (Figure 1). Their 
observations also confirmed earlier in vitro translation data that 
showed the lI0K and I65K proteins overlapping (10); i.e., these two 
proteins begin at the same initiation site and translate in the same 
reading frame, with the 165K protein being a read-through of the 110K 
protein. Since both of these proteins have been observed ~ vivo (38, 
39), it suggests they have functional roles. The sequence data of 
Butler et al. (37) also suggest that the 165K gene overlaps with the 
30K gene, but in a different reading frame. 

Although these are the only four proteins coded for by the TMV 
genome that have been characterized, the multitude of sub-genomic RNAs 
generated during infection suggests there may be more than just four 
proteins. For example, of the four ds RNAs detected Lpresumably ds 
RNAs of the genomic RNA (RF), I2 RNA, LMC and the 1.05 x 106 RNA] three 
are related to well-characterized RNAs, while the fourth is not 
well-characterized. The 1.05 x 106 species of RNA was first detected 
as an actinomycin D-resistant (and presumably TMV-related) RNA 
synthesized in TMV-infected tobaccos (40). It was also detected as a 
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sub-genomic encapsidated TMV RNA (lIB RNA; 9). Upon translation, a 
mixture of polypeptides were synthesized ranging in size from 30K up to 
110K, with a dominant protein of approximately 50K (9). Cell-free 
translation studies of sucrose-gradient fractionated TMV-infected 
tobacco RNAs resulted in the synthesis of a protein of 45K, from RNAs 
of up to 1.1 x 106 (3.5 kb) in molecular weight (15). 

The data in Figure 2 suggest the 1.05 x 106 RNA species has the 
3'-end common to all the other sub-genomic RNAs, but is missing the 
5'-end of the molecule. This coupled with its molecular weight, would 
imply that the 5'-end of the 1.05 x 106 RNA is located approximately 
3000 nucleotides from the 3'-end of TMV RNA. The sequence of the RNA 
of the common strain of TMV contains an AUG at 2780 nucleotides from 
the 3'-end (37); 3'- to the 110K gene, but within and in the same 
reading frame as the 165K gene. Initiation of translation from this 
region could proceed to the end of the 165K gene, generating a protein 

of Mr 47K. Therefore, it may be possible that the sub-genomic RNA of 
Mr 1.05 x 106 codes for yet another TMV-specific protein from a region 
of the viral genome already contributing a viral-specific product (the 
165K gene). 

It is clear that further studies are required on proteins 
synthesized in vivo during TMV-infection. Such analyses can become 
more well-defined when proteins sought are delimited by sequence 
information; i.e., size and charge. 

FUNCTIONS OF TMV RNA-CODED TRANSLATIONAL PRODUCTS 
As shown in Figure 1, there are at least 4 proteins which are 

generated with TMV RNA as a messenger in ~ vitro translational 
systems; it is probable that there are several others (15). Of these 
proteins, the only one with a known function is the coat protein; 

moreover, only the coat, 110K and the 165K proteins have been detected 
in infected tissues; the 30K has only been seen by ~ vitro translation 
of viral sub-genomic RNAs (7,9, 39). 

Nothing is known regarding possible functions for the 165K, 110K 
translational products. They are found in infected tissues (39) and 
are synthesized in the presence of actinomycin D. They are thus bona 
finde viral translational products. In studies with protoplasts, they 
have been shown to be synthesized early in the replication cycle (41), 
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thus leading to the supposition that they are somehow involved in viral 

RNA replication (41). The 110K is also found in those fractions of the 
tobacco leaf homogenates which have TMV-related replicase activity 
lending support to that supposition (39). 
The 30K protein 

Recent research in our laboratory has focused on seeking a 

function for the 30K TMV-coded protein. We have correlative evidence 

that this protein functions by promoting cell-to-cell movement of the 

virus (42). As discussed below, there are also recent studies from 
other laboratories which indicate that the movement of plant viruses 

from cell-to-cell in their hosts is an active process in which the 
virus participates. In our studies, we utilized two tomato strains of 
TMV which had been isolated by Nishiguchi and his colleagues in Japan 
(43). One of the strains, LS-1, isolated from a culture of strain L, 
was shown to be temperature sensitive; this defect results in its 
inability to move from cell-to-cell in inoculated leaves when the 

plants are held at a restrictive temperature (32°). The virus can 
replicate well at that temperature however, because it is synthesized 

to normal levels in ~ vitro inoculated protoplasts held at 32°. Our 
studies were directed towards determining if one of the viral-coded 
proteins was altered in strain LS-1, when compared with strain L. The 
only viral-coded protein which we could obtain directly was the coat 
protein; the others had to be analyzed as products of ~ vitro 
translation. In our first experiments, we found that the 
two-dimensional peptide maps of the coat proteins of these two viruses 
were identical. This was a very important consideration in this study 
because it is well-known that many TMV "strains" are very different 
from one another when their nucleic acid homologies are analyzed (12, 
44); thus, if we are to find the temperature-sensitive lesion between 

the RNAs of Land LS-1 they should differ by only one, or at most a few 
nucleotides. When we analyzed the 30K, the 165K and the 110K proteins 
by two-dimensional tryptic analysis, the only change we could find was 

a one-peptide difference between the 30K proteins. With such an 
analysis we were able to analyze about 95% of the TMV genome; i.e., the 
estimate of what is translated. The only defect found was in the 30K 
protein product. To be sure, without being able to test directly the 
function of this protein, this correlation is only just that, but the 
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evidence certainly points to this protein - or at least the region of 

the RNA which codes for it - as being associated with cell-to-cell 
viral (or RNA) transport. 

Supporting evidence for virus-mediated transport comes from 
studies with TMV and possibly with cowpea mosaic virus. Atabekov and 
his colleagues (45, 46) have shown that viruses which are competent for 
movement in a given host can potentiate the movement of viruses which 
normally don't move in that host. Viruses unrelated to one another 
taxonomically can be employed; further, they observed that TMV strain L 
can potentiate the movement of LS-l at a restrictive temperature. 

Further support for the concept may be inferred from some recent 
work of van Kammen and colleagues with cowpea mosaic virus (47). 
Cowpea mosaic virus is a two component virus (with components termed B 
and M) in which the genome is divided between two distinct RNA 
molecules, one in each component. To get an infection which results in 
the synthesis of virions, infection with both components or their RNAs 
is necessary. Interestingly, B-component RNA can replicate 
independently of M-component RNA as B-RNA must code for the viral 
moiety of the RNA replicating enzyme, and when inoculated separately it 
can initiate cytopathic structures characteristic of the disease. 
However, in that case the infectious principle (B-RNA) does not move 
from the site of inoculation. It may be that encapsidation is 
necessary (~1-RNA codes for synthesis of the viral coat proteins), but 
it is also possible that M-RNA codes for a factor involved in 
cell-to-cell movement, as viral RNAs do not have to be encapsidated to 
move in plants (48). 

There is another phenomenon which might be attributed to the fact 
that plant viruses probably generate a factor which enables them to 
move in plants. Most plants are resistant to most viruses; in fact, 
resistance is the rule while susceptibility is the exception. But upon 
closer examination, the individual cells of "resistant" plants may be 
susceptible to the viruses to which the plant is resistant. It has 

been observed for instance that mesophyll protoplasts prepared from 
leaves of plants resistant to certain viruses are susceptible to those 
viruses, and furthermore those protoplasts are capable of producing 
"normal" amounts of virus (49, 50). 
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We have found that in the leaves of two non-hosts of TMV (cotton 
and cowpea), upon mechanical inoculation about one out of every 50,000 
to 150,000 cells becomes infected (50). No disease develops, but these 
few cells support substantial virus replication. In these 
circumstances, the virus is confined to those initially inoculated 
cells and can't move; the plant must playa role here, possibly by 

inactivating the viral-induced movement factor. The movement of cowpea 
chlorotic mottle virus in some varieties of cowpea is known to be 
genetically controlled by the plant (51). 

A SECOND PROTEIN IN TMV VIRIONS (H-PROTEIN) 
In 1978 (52) our laboratory reported that virions of several 

strains of TMV contained an average of one copy of a protein per 
virion, in addition to the well-known 2150 coat protein molecules. 
This protein of Mr 26,500 was considered to be of host origin. No 
function was ascribed to it then - or since - but it was found to have 
a close association with the virions in that it is protected from 
attack by proteolytic enzymes when virions are treated ~ vitro. 
H-protein was thought to be distributed randomly along the length of 
the virion; i.e., it was not confined to any given position. Based on 
recent work (53) we now find that the H-protein contains the viral coat 
protein; in addition, there is a polypeptide moiety to H-protein which 
is not related to the coat protein. It could be of either viral or 
host origin. Evidence presented (53) suggests that this additional 
polypeptide is fused with the coat protein, possibly through an 
isopeptide linkage, generating an unusual branched molecule. 

H-protein has a strong affinity for TMV coat protein, a property 
which has made its isolation difficult. One has to use denaturing 
conditions on gels, or more recently we have isolated it by preparative 
isoelectric focusing to separate it from the coat protein. H-protein 
prepared by this latter method has been utilized in reconstitution 
experiments to assess its affinity for virions. Proteinase K-treated 
TMV RNA and H protein-free TMV coat protein were reconstituted with or 
without added H protein and the resulting virions were tested for 
infectivity, reconstitution efficiency and structural integrity. The H 
protein was found to reassociate with the virions during reconstitution 
but its presence had no effect on any of the parameters tested (54). 
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Thus, it is unlikely that H-protein functions in the early stages of 
viral infection, and if it does takes part in the viral replication or 
disease syndrome, that role remains to be determined. 
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NOTE ADDED IN PROOF 
The complete sequence of TMV RNA has recently been determined 

(Goelet, P. et ~., Proc. Natl. Acad. Sci. USA Zl, 5818-5822, 1982). 
As deduced from the RNA sequence, the molecular weights of the 110K and 
165K proteins are 125,941 and 183,253, respectively. 
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BIOSYNTHESIS OF INFLUENZA VIRUS RNA 

Brian W. LT. HAHY and Thomas BARRETT 

SUW1A~Y 

Using fowl plague virus as a model highly virulent influenza 

A virus, we have studied the transcrintion and replication of 

the eight segments of the negative-stranded RNlI_ genome. Ini-· 

tiation of transcrintion reauires a 5' can-containing RNA 

primer molecule which is recognised by PB2, the virion poly

peptide product of RNA seqment 1. During transcription, the 

5' can plus 10-15 nucleotides are transferred to influenza virus 

mRNAs, resultino in seauence heterooeneity at their 5' termini. 

Transcription is ter~inated by polyadenylation at a tract of 

uridine residues 17-22 nucleotides from the 5' terminus of each 

segment of the genome RNA template. 

The site of RNA transcription appears to be the cell nucleus. 

Addition of toyocamycin to infected cells results in accumula

tion of virus-specific transcripts in the nucleus, and blocks 

the production of spliced mRNAs normally processed from trans

cripts of segments 7 and 8. Transcription is strictly regulated 

during normal replication, resulting in temporal control of 

polypeptide synthesis. This regulation can be abolished by 

cycloheximide, indicating that newly synthesised polypeptides 

(so far undefined) control transcription. 

Little is known concerning the synthesis of progeny virion 

RNAs. Production of template cRNAs involves read-through of 

the polyadenylated site by an unknown mechanism. Since these 

cRNAs can be svnthesised in the absence of new virion RNA 

synthesis, it is likely that only the input vRNAs are required 

to act as templates in their production. 
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INTRODUCTION 

The influenza viruses are res~onsible for widespread epidemic 

disease in the human as well as avian, swine and equine species. 

In the two most recent pandemic years, 1957 and 1968, hundreds 

of millions of human cases occurred throughout the world with 

a high rate of excess mortality, and in the pandemic of 1918, 

more than twenty million persons died of acute influenzal pneu

monia (1). The most virulent influenza virus so far isolated 

is the avian strain known as fowl plague virus (FPV) , infection 

with which causes one hundred percent mortaiity in susceptible 

birds such as chickens (2). Our molecular studies of influenza 

virus replication have concentrated on FPV infection of chick 

embryo fibroblast (CEF) cells; this fully productive virus-cell 

system provides a model for the most virulent influenza infec

tions in man. 

Using FPV, we established that the influenza virus genome 

consists of eight distinct single-stranded RNA molecules (3) 

which are comulementary to ~olysomal mRNA (4). Similar findings 

were made with other influenza virus strains (reviewed in 5). 

Subsequently, the sizes and coding assignments of the segments 

were determined (Table 1). The expression of influenza virus 

RNA segments involves transcription into capped, polyadenylated 

mRNAs (A(+) cRNA) by a virion-bound RNA transcriptase. Produc

tion of genome RNAs, on the other hand, requires newly-synthe

sised virus-specific proteins and full-length non-polyadenylated 

template molecules (A(-) cRNA). Although these reactions are 

extremely complex, many of the steps involved in influenza RNA 

biosynthesis are now understood at least in outline, and will 

be described here with reference to our studies using the fowl 

plague virus model. 

EXPERU1ENTAL 

Initiation of mRNA synthesis studied in vitro 

Initiation of transcription by fowl plague virion RNA trans

criptase requires a primer molecule. This was originally sugges

ted by the greatly enhanced rate of transcription observed when 

the dinucleotides GpG or GpC were added to an in vitro reaction 



w
 ... "'
l 

T
a
b

le
 

1
. 

T
h

e 
In

fl
u

e
n

z
a
 

A
 

(F
o

w
l 

P
la

g
u

e
) 

V
ir

u
s
 

G
en

o
m

e 

V
ir

io
n

 
R

N
A

 
S

e
g

m
e
n

t 

1 2 3 4 5 6 7 8 

C
h

a
in

 
L

e
n

g
th

a 
(N

u
c
le

o
ti

d
e
s
) 

2
3

4
1

 

2
3

4
1

 

2
2

3
3

 

1
7

4
2

 

1
5

6
5

 

1
4

1
3

 

1
0

2
7

 

8
9

0
 

E
n

c
o

d
e
d

b 
P

o
ly

p
e
'?

ti
d

e
 

P
B

2 

P
B

l 

PA
 

H
a
e
m

a
g

g
lu

ti
n

in
 

N
u

c
le

o
p

ro
te

in
 

N
e
u

ra
m

in
id

a
se

 

M
a
tr

ix
 

H
2 

H
3

c 

N
S

l 
N

S2
 

P
o

ly
p

e
p

ti
d

e
d 

L
e
n

g
th

 
(a

m
in

o
 

a
c
id

s
) 

7
5

9
 

7
5

7
 

7
1

6
 

5
6

6
 

4
9

8
 

4
5

4
 

2
5

2
 

97
 9 

2
3

0
 

1
2

1
 

F
u

n
c
ti

o
n

 

C
o

m
p

o
n

en
t 

o
f 

RN
A

 
tr

a
n

s
c
ri

p
ta

s
e
: 

b
in

d
s
 

c
a
p

p
e
d

 
R

N
A

 
m

o
le

c
u

le
s
 •

 

C
o

m
p

o
n

en
t 

o
f 

R
N

A
 
tr

a
n

s
c
r
ip

ta
s
e
: 

e
lo

n
g

a
ti

o
n

 
o

f 
c
a
p

p
e
d

 
p

ri
m

e
r 

R
N

A
 

m
o

le
c
u

le
s
. 

P
re

s
e
n

t 
in

 
R

N
A

 
tr

a
n

s
c
ri

p
ta

s
e
 

c
o

m
p

le
x

. 
F

u
n

c
ti

o
n

 
u

n
k

n
o

w
n

. 

A
d

s
o

rp
ti

o
n

 
a
n

d
 

fu
s
io

n
 

to
 
c
e
ll

 
m

e
m

b
ra

n
e
s.

 

A
s
s
o

c
ia

ti
o

n
 
w

it
h

 
RN

A
 

se
g

m
e
n

ts
 
to

 
fo

rm
 

ri
b

o
n

u
c
le

o
p

ro
te

in
. 

M
ay

 
b

e
 

in
v

o
lv

e
d

 
in

 
a
d

s
o

rp
ti

o
n

 
a
n

d
/o

r 
re

le
a
s
e
. 

S
tr

u
c
tu

ra
l 

c
o

m
p

o
n

e
n

t 
u

n
d

e
rl

y
in

g
 

th
e
 

li
p

id
 
b

il
a
y

e
r 

U
n

k
n

o
w

n
. 

U
n

k
n

o
w

n
. 

M
ay

 
b

e
 

in
v

o
lv

e
d

 
in

 
re

,?
li

c
a
ti

o
n

. 

aF
ro

m
 

se
q

u
e
n

c
e
 
a
n

a
ly

s
is

 
o

f 
th

e
 

fo
w

l 
p

la
g

u
e
 

v
ir

u
s
 

g
e
n

o
m

e
, 

e
x

c
e
'?

t 
se

g
m

e
n

ts
 

2
, 

5 
a
n

d
 

6
, 

w
h

ic
h

 
a
re

 
a
s 

d
e
te

rm
in

e
d

 
fo

r 
th

e
 

P
R

8 
s
tr

a
in

 
(r

e
v

ie
w

e
d

 
in

 
3

2
) 

. 
b

F
ro

m
 A

lm
o

n
d

 
e
t 

a
l.

 
(4

0
,4

1
) 

a
n

d
 
I
n

a
li

s
 
e
t 

a
l.

 
(2

7
,2

8
,4

2
).

 
cT

h
e 

e
x

is
te

n
c
e
 
o

f 
p

e
p

ti
d

e
 

M
3 

h
a
s 

n
o

t 
b

e
e
n

 
e
s
ta

b
li

s
h

e
d

, 
th

o
u

g
h

 
th

e
 

m
R

N
A

 
is

 
p

re
s
e
n

t 
in

 
in

fe
c
te

d
 

c
e
ll

s
 

(2
8

).
 

d
p

re
d

ic
te

d
 

fr
o

m
 
th

e
 

m
R

N
A

 
n

u
c
le

o
ti

d
e
 

se
q

u
e
n

c
e
. 



348 
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1 2 

FIGURE 1. FPV mRNAs transcribed in vitro 
using ApG and globin mRNA as primer-mole
cules. 

The numbers on the right of the figure 
indicate the genome segment from which 
the RNA was transcribed. Each reaction 
mixture (150 wl) contained 100 Wg purified 
virus, 0.3% NP40, 150 roM KC1, 50 roM Tris
HCl (pH 8.2), 5 roM MgC12, 2 mM ATP, 0.4 
mH CTP, 0.2 mM GTP, 0.4 mH UTP, 5 mH OTT 
and 10 wCi a 32 P-UTP. Incubation was for 
1 hr at 3loC and the reaction mixtures 
were pronase treated before extraction 
of the product RNAs with phenol-SOS. The 
product-RNAs were deadenylated with RNAse 
H before electrophoresis on a 30 cm poly
acrylamide gel (4%) containing 7 M urea, 
0.01 H Tris-boric acid (pH 7.3) and 3 ~1 
EOTA. Electrophoresis was uerformed at 
300V for 16 hr- (43). Track-l shows the 
product RNAs from a reaction with ApG 
(0.4 mM) as primer. Track 2 shows the 
product RNAs from a reaction with rabbit 
globin mRNA (100 Wg/ml) as primer. It 
can be seen that the FPV RNAs synthesised 
in the presence of the globin mRNA primer 
migrate more slowly due to the addition 
of the cap structure and extra globin
derived nucleotides to the 5' ends. 

mixture containing detergent-disrupted virions (6,7). Later 

it was found that ApG, which is exactly complementary to the 

3' termini of the genome RNA segments (8) was the most efficient 

dinucleotide primer, and that its presence, together with the 

use of Mg++ as the divalent cation, resulted in the in vitro 

synthesis of full-length A(+) cRNA molecules by detergent

disrupted fowl plague virions (Figure 1). The product RNAs 

rrade in vitro in the presence of an ApG primer molecule lack 

a 5' cap structure, and the influenza virion has no detectable 

capping and methylating enzymes such as those present in other 

negative strand viruses such as vesicular stomatitis virus 

(VSV) (9). When a capped mRNA molecule is added to the virion 

transcriptase reaction, the resulting A(+) cRNA product is 

found to contain, at the 5' terminus, the cap structure plus 

10-14 nucleotides of the RNA molecule, resulting in a lengthen

ing of the RNA transcripts (Figure 1). A variety of capped 
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Table 2. Effect of various RNA molecules on in vitro ~NA trans
cription by fowl plague virus 

Added RNA Relative 
(l1g per 25 111 reaction) Transcriptase 

Activity 

No primer l.0 

ApG 4.5 I1g 8.5 

Rabbit globin mRNA 2.5 I1g 8.8 

1. 25 I1g 8.1 

0.63 I1g 6.6 

0.13 I1g 3.4 

Reovirus mRNA 6.0 I1g 6.5 

Tobacco rattle 12.5 I1g 6.2 
virus small RNA 5.0 3.9 I1g 

3.5 119 2.7 

Chick cell ribo- 10 I1g 1.0 
somal RNA 

The standard reaction mixture (25 111) contained 50 ~1 Tris 
HCl (pH 8.2), 150 mM KC1, 8 mM HgC12' 0.2 mM MnC12, 5 mM 
dithiothreitol, 0.5% Nonidet P40, 2 mM ATP, 0.4 ~M CTP, 
0.4 mM UTP, 0.2 ~1 GTP, and 25 I1g purified virus. Data from 
Nichol (39). 

mRNAs have been found to act as donors in this priming reac

tion (10), and the stimulation of fowl plague virus transcrip

tion observed with various RNA molecules is shown in Table 2. 

Apart from specific dinucleotides, only cap-containing RNA 

molecules were found to stimulate the in vitro reaction. 

5' Seauence of mRNA molecules synthesised in vivo 

That 5'-terminal capped extensions were also present on 

virus mRNAs synthesised in infected cells in vivo was suggested 

by size analysis (10). This phenomenon was investigated by a 

detailed analysis of the nucleotide sequence present at the 
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5' ends of fowl plague virus mRNAs extracted from infected 

cells. Poly(A)-containing RNA (mRNA) was isolated from chick 

embryo fibroblast cells infected with fowl plague virus and 

reverse transcribed into 'negative strand' DNA usino an oligo 

dT primer. 'Positive strand' DNA was similarly synthesised, 

using the same primer with in vitro polyadenylated influenz.a 

virion RNA segments. The DNAs were separated by polyacrylamide 

gel electrophoresis and the negative and positive strand DNAs 

corresponding to RNA segment 7 (matrix protein gene) were iso

lated and hybridised to each other as described (11). The 

resulting DNA duplex was then cloned after tailing with poly (dA) , 

by insertion into plasmid pBR322 in E. coli K12 strain HBIOI 

using standard procedures (13). Repair of these molecules in 

E. coli should retain the complete terminal sequences including 

any additional host-derived primer sequences originally present 

at the 5' ends of the mRNA molecules. From one E. coli clone, 

which contained a full-length insert of DNA derived from segment 

7 (clone pFPV.7.1) terminally-labelled restriction fragments 

were obtained and sequenced by the method of Maxam and Gilbert 

(13). The terminal virus-specific sequence of this clone is 

shown in Figure 2, together with the predicted sequence for 

the 5' end of mRNA and the known sequence at the 3' end of 

genome RNA. 

primer sequence 

I I 5' 
· •.. GGACGAAAACGUCCCUACUACUUGIU)cap 

· ... CCTGCTTTTGCtGGGATGATGAACA20 ..•. 

• •.. CCUGCUUUUGCUOH 
3' 

mRNA 

pFPV.7.1 

vRNA 

FIGURE 2. 3' Terminal sequence of clone pFPV.7.1 compared with 
the 3' terminus of RNA segment 7 (8). From Caton and Robertson 
(14) • 
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It is clear that clone pFPV.7.1 contains an additional 13 

non-virus-coded nucleotides at the end of the plasmid insert, 

supporting the predictions from priming of in vitro transcrip

tion by eukaryotic cell mRNA molecules. The cap structure is 

not transcribed during the initial synthesis of cDNA and so is 

not present in the cloned DNA. Another feature of fowl plague 

virus RNA transcription revealed by this sequence analysis is 

the absence of the complement of the 3' terminal U residue of 

the genome RNA in mRNA as reoresented in clone pFPV.7.1 (14). 

Further experimental evidence for this phenomenon was obtained 

by direct sequence analysis of a population of infected cell 

segment 7 mRNAs by the dideoxy-chain termination method (15), 

using an 87 nucleotide restriction fragment of pFPV.7.1 DNA as 

a primer molecule (14). These studies clearly showed that the 

5' ends of a population of matrix gene mRNAs were heterogeneous 

in length, over a range of 5-6 nucleotides. The last virus

specific nucleotide transcribed was the penultimate virion RNA 

nucleotide (C), and the next 9-15 nucleotides were clearly 

heterogeneous in sequence and non-virus-coded (14). Thus trans

cription of influenza virus RNA in vivo begins at the penulti

mate nucleotide of the genome RNA and is primed by heterogeneous 

RNA species (presumably capped host cellular mRNAs) which do 

not have any obvious cornmon seauence. 

Polyadenylation of influenza virus mRNA 

Polyadenylation of each of the mRNA species synthesised by 

VSV occurs at a specific virion RNA sequence AUAC followed by 

a tract of six or seven uridine residues (16-18). Terminal 

sequence analysis of fowl plague virus RNA revealed a similar 

tract of 5-7 uridine residues approximately 17-22 nucleotides 

from the 5' end of each segment, although no cornmon nucleotide 

sequence which might act as a Signal for polyadenylation was 

found prior to the U tract (8). Assuming that the U tract was 

nevertheless involved in polyadenylation, an approach similar 

to that employed by Schubert et al. (18) was used to test the 

assumption experimentally. The 5' terminal nucleotide sequences 

of the eight segments of fowl plague virus (8) indicate that 
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in segments 4, 5, 7 and 8 the U tracts are situated at or close 

to the 5' end of larae Tl oligonucleotides (27, 16, 13 and 19 

residues long respectively). 

After Tl RNase digestion of fowl plague virion RNA, these 

large oligonucleotides specifically hybridised with the 3'

terminal region of virus-specified mRNA, including the first 

5-7 adenine residues of the 3' poly (A) tail (19). 

Selection of the predicted oliqonucleotides confirms that 

the 5' terminal U tracts in at least four of the fowl plague 

virion RNA segments are sites of polyadenylation of mRNA during 

transcription, and it seems reasonable to assume that this is 

true for all eight segments. Thus, with the exception that no 

common sequence which might si?TIal polyadenylation can be found 

3' proximal to the U tract, mRNA synthesis by influenza virus 

appears to terminate in the same way as by other negative strand 

viruses. A possible mechanism for generatina long poly (A) tails 

from a short stretch of uridine residues would be a 'stuttering' 

by the RNA transcriptase at this sequence, resulting in repeti

tive copyina of the uridine tract (19). 

Polyadenylation occurs normally both in vitro, and in the 

presence of cycloheximide in vivo, and so does not require any 

host cell factor or virus-specified protein synthesis. Since 

cycloheximide blocks synthesis of A(-) cRNA (20) it is likely 

that new virus protein synthesis is required to prevent poly

adenylation and allow normal transcription to the 5' ends of 

the genome RNA segments. Possible candidates for modification 

of the virus ~olymerase or the aenome template so as to allow 

read-through are the non-structural proteins (NS1, NS2 and M2 ) , 

encoded by qenome RNA segments 7 and 8, which are not oresent 

in the virion. Phenotypic analysis of two temperature-sensitive 

mutants with lesions in segment 8 has not, however, revealed 

any defect in A(-) cRNA production at the restrictive tempera

ture although vRNA synthesis was blocked (21). 

Kinetics of mRNA synthesis in vivo 

Fowl plague virus mRNAs were measured in infected cells 

following selection of the polyadenylated fraction using 
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oligo-dT columns (4). The concentration of virus-specific 

sequences in this fraction was measured at various times post

infection by hybridisation to 32P-Iabelled fowl plague virus 

genome RNA (20,22). The RNA could be fractionated by poly

acrylamide gel electrophoresis to enable individual mRNA species 

to be detected. The procedure used was to determine the amount 

of polyadenylated cRNA needed to saturate a constant small 

amount of the labelled vRNA probe. A ranging hybridisation 

was first carried out to determine the amount of cRNA needed to 

give about 30% hybridisation with the selected amount of vRNA. 

This amount of cRNA was then hybridised to saturation with 

increasing amounts of vRNAs. Double reciprocal olots of the 

data were used to estimate the amount of cRNA present: extra

polation of the straight line reciprocal plots to an infinite 

number of input counts was used to obtain the maximum number 

of labelled vRNA counts bound to the cRNA at saturation, and 

expressed as counts per minute vRNA bound per ~g cPRA. From 

these results, and taking into account the specific activity 

of the virion RNA probe and the recovery of total nucleic acid 

from the infected cells, it is possible to calculate genome 

copy numbers present in the samples. Analysis of the total 

genome copies in the nuclear and cytoplasmic fractions of fowl 

plague virus-infected cells showed that at early times there 

was a high proportion of transcriots in the nuclear fraction, 

but from 2 hours post-infection there was a dramatic rise in 

total polyadenylated transcripts in the cytoplasm (Table 3). 

Site of viral RNA synthesis 

Influenza virus, unlike other negative strand viruses, 

requires a functional host cell nucleus for replication (23). 

It is now clear that the functions which the host nucleus pro

vides relate to the capping and priming of virus mRNA transcripts 

as outlined in the previous section. Proteins which are known 

to be involved in mRNA transcription migrate to the nucleus 

shortly after synthesis (24). It is, therefore, probable 

that the nucleus is the site of virus mRNA transcription. 

Further evidence for this has come from our recent studies 
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with toyocamycin. This drug is an analogue of adenosine which 

is phosphorylated in the cell and incorporated into RNA in 

place of adenosine. 

Toyocamycin inhibits replication of fowl plague virus by 

99% at a concentration of 10 Wg/ml in MDCK cells but even at 

concentrations four times as great virus RNA transcription is 

not abolished. Under these conditions 90% of the virus-specific 

RNA transcripts produced remain in the nucleus (25). The fowl 

plague virus RNA transcripts produced in toyocamycin-treated 

cells are polyadenylated and function normally as templates for 

protein synthesis in cell-free translation (Figure 3) although 

short pulses with 35S methionine in vivo fail to show virus

specific proteins above the host cell background. These results 

provide further evidence for the nucleus as the site of influenza 

virus mRNA synthesis. 

Treatment of adenovirus-infected HeLa cells with toyocamycin 

also resulted in an accumulation of virus-specific HnRNA in 

the nucleus (26). 

Synthesis of spliced mRNA molecules 

The primary mRNA transcripts of fowl plague virus consist 

of eight RNA species which are almost full-length transcripts 

of their corresponding genes. In the presence of cycloheximide 

these are the only transcripts that can be detected. On secon

dary transcription three subgenomic or spliced mRNA species 

appear, one from gene 8 and two from gene 7 (27,28). In the 

presence of toyocamycin these spliced mRNAs fail to appear 

and no proteins corresponding to these mRNAs can be detected 

by cell-free translation (Figure 3). Unlike cycloheximide, 

toyocamycin does not inhibit splicing by preventin~ the syn

thesis of essential proteins. If cycloheximide is added at 

2~ hr post-infection, when the proteins required for splicing 

have accumulated, the spliced RNAs can be produced from newly 

synthesised RNA. However, if toyocamycin is added at this 

time, synthesis of the spliced mRNAs cannot be detected (Figu:-e 

4). This is analogous to the situation described in adenovirlls

infected cells treated with toyocamycin, where HnRNA accumula-tes 

in the nucleus. One effect of toyocamycin is to L-educe the 
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PBl _ 
PB2 , PA-

HAO 
NP -

M -
NSl-

M2 -

NS2-

123456'7 

- - PBl 
PB2 , PA 

HAo 
NP 

M 
51 

M2 

- - N52 

FIGURE 3. Virus-specific proteins produced in a cell-free 
translation system using polyadenylated RNA extracted from FPV
infected MOCK cells treated with toyocamycin and cycloheximide. 

Polyadenylated RNA was extracted from the cytoplasm of FPV in
fected MOCK cells as described in the legend to Table 3. RNA 
from 5 10 cm confluent dishes of ~mCK cells was pooled and dis
solved in 50 ~ l water. Each reaction mixture (10 ~l) contained 
5 ~ l pre incubated wheat germ extract, 10 mH HEPES buffer (pH 
7.6), 2 mM OTT, 50 ~g/ml creatine phos~hokinase, 10 roM creatine 
phosphate (disodium salt), 1 m~ ATP, 0.8 ~1 spermidine hydro
chloride, 100 ~M GTP, 100 roM KC1, 50 ~M each of unlabelled 
amino acids, except methionine, 10 ~Ci [ 35 5]methionine, 1.5 mM 
MgC12, and 2 ~l of the test RNA (42). Reactions were carried 
out for 1 hr at 30o C. An equal volume of SOS gel loading buffer 
was added and the protein mixture analysed by the Laemmli dis
continuous gel system (44) using a 17.5% gel. The gels were 
fluorographed, dried and exposed to X-ray film. The lettering 
on the side of the figure indicates the positions of the virus
specific proteins. Track 1, untreated cells; 2, cells treated 
with OMSO (0.5%); 3, cells treated with toyocamycin (40 ~ g/ml) 
dissolved in OMSO (final concentration 0.5%); 4, no RNA added; 
5, cells treated with cycloheximide (100 ~g/ml); 6, cells treated 
with cycloheximide (100 ~g/ml) and OMSO (0.5%); 7, cells treated 
with cycloheximide (100 ~g/ml) and toyocamycin (40 ~g/ml) dis
solved in OM SO (final concentration 0.5%) . 
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methylation of RNA. In the case of fowl plaque virus-infected 

MDCK cells, we found that methylation of all RNA species was 

reduced by greater than 70%. It has been suggested that for 

adenovirus, internal methylation is involved in the formation 

of mature mRNA by splicing (29) and such a mechanism is possibly 

also involved in the synthesis of spliced mRNAs in fowl plague 

virus infections. 

Control of mRNA synthesis 

The synthesis of fowl plague virus-specific polypeptides 

is regulated in the infected cell. Early after infection of 

chick embryo fibroblast cells, the nucleocapsid and non-struc

tural polypeptides are svnthesised in increased amountsrela

tive to other virus-specific proteins, whereas later in infection 

the synthesis of the matrix polypeptide predominates. Our early 

results showed that translation of cytoplasmic poly(A)-contain

in~ RNA from infected cells, using a wheat germ cell-free 

system, resulted in a similar pattern of virus-specific poly

peptides in vitro to that observed at the corresponding times 

by pulse-labelling in vivo (30). Thus the amounts of virus

specific proteins formed in fowl plague virus-infected cells 

are a direct reflection of the levels of mRNA in the cells. 

Direct measurement of the amounts of individual mRNAs was 

carried out by hybridisation of A(+) cRNA, extracted from 

cells at various times post-infection, to individual 1251_ 

labelled virus RNA segments (20). The amount of each A(+) cRNA 

oroduced in infected cells did not simply reflect the size of 

the gene from which it was transcribed. At 1 hr post-infection, 

the transcripts were present in approximately inverse propor

tion to the size of the corresponding RNA segment from which 

they were derived (Table 4). However by 2 hr, there was a 

relatively greater concentration of RNA transcribed from seg

ments 5 and 8, and at 4 hr the RNA transcribed from segment 7 

predominated. 

The transcriptional controls observed in these experiments 

were abolished during infections in the presence of cyclohexi

mide (Table 4) indicating that newly synthesised, probably 

virus-specific, proteins are essential for the observed 
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FIGURE 4. Effect of toyocamycin and cycloheximide on the syn
thesis of spliced FPV mRNA species. 

MOCK cells were infected with FPV and phosphate-free mainten
ance medium added. Cycloheximide and toyocamycin were added 
either immediately after infection or at 2 ~ hr after infection 
as indicated. At 3~ hr post-infection 2 mCi 32p orthophosphate 
was added to the cells. - cells were harvested at 6~ hr - pos~ 
infection and total RNA extracted from the cytoplasm as des
cribed in Table 3. 32P-labelled RNAs complementary to genome 
segments 7 and 8 were selected using specific cloned DNAs bound 
to nitrocellulose discs (27,28). RNA which bound specifically 
was deadenylated using RNase H and the spliced ~NAs analysed 
by electrophoresis on a 7% acrylamide gel containing 7M urea, 
O.OlM Tris-boric acid (pH 8.3) and 3 mM EDTA. Electrophoresis 
was performed at 300V for 3 hr. Gels were fixed in 10 % metha
nol, 10% acetic acid (4 x 250 ml) for 1 hr, dried onto Whatman 
3 mm filter paper and exposed to X-ray film. Panel A, RNAs 
selected using a clone containing a DNA copy of gene 7. Panel 
B, RNAs selected using a clone containing a DNA copy of gene 8 
DNA. The positions of the mRNAs for protein NS2 (mRNA 9), 
protein M2 (mRNA 10) and the mRNA for a putative peptide H3 
(mRNA 11), are indicated. Track 1, RNA from cells treated with 
cycloheximide (100 ~ g/ml) from time 0; 2, RNA from cells treated 
with cycloheximide from 2~ hr; 3, RNA from cells treated with 
toyocamycin (40 ~ g/ml) from time 0; 4, RNA from cells treated 
with toyocamycin (40 ~ g/ml) from 2~ hr; 5, RNA from control cells. 
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Table 4. Amount of virus-specific polyadenylated cRNA in chick 
embryo fibroblasts infected with fowl plague virus in the pre-

sence and absence of cycloheximide 

Virion RNA Control Cycloheximide-treated 
segments Ih 2h 4h Ih 2h 4h 

1-3 43 163 2918 22 47 102 

4 86 467 10852 17 70 116 

5 138 2183 13216 32 99 174 

6 172 1023 13816 29 159 222 

7 176 1259 16887 28 159 244 

8 186 3261 14470 42 159 228 

The concentration of individual virus-specific A(+) cRNAs was 
measured by hybridisation to separated-125I-labelled vRNA seg
ments. Segments 1-3 were not well separated and were combined 
in these experiments. Hybridisation was carried out as des
cribed in the text and elsewhere (20). The results are expres
sed as pg virus-specific RNA/~g of total cytoplasm RNA (20). 
Annealing was carried out in 2 x SSC at 680 C for 18 hr. The 
extent of hybridisation was determined by treatment of the 
hybrids with a mixture of RNase A and Tl (50 Wg/ml and 50 U/ml, 
respectively). Where indicated, cycloheximide was present at 
a concentration of 100 ~g/ml from 1 hr prior to, and throughout 
the period of, infection. 

regulation (20,31). 

Synthesis of virion RNA 

The RNA templates for synthesis of new negative-stranded 

virion RNA molecules are complete, non-polyadenylated trans

cripts of the genome RNA segments. Although these A(-) cRNAs 

are not found in association with cell polysomes, and are 

presumed not to act as mRNAs in the infected cell, they will 

direct the synthesis of virus-specific polyoeptides in vitro 

(31) . 

To measure the kinetics of synthesis of A(-) cRNAs, we 

analysed the non-polyadenylated fraction of RNA extracted from 

the cytoplasm and nucleus of infected cells at various times 

using 125I-labelled virion RNA as a probe. At the same time, 

we measured the amount of vRNA present in the samples by hybri

disation to a 3H-cDNA copy of virion RNA, prepared by reverse 

transcription in vitro with oligo(dG) as the primer molecule (20). 
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Table 5. Estimation of the number of genome equivalents of 
non-polyadenylated cRNA and vRNA in the nucleus and cytoplasm 

of fowl plague virus-infected chick embryo fibroblasts 

cRNA Ih 1.5h 2h 3h 4h 6h 

cytoplasm 100 337 1125 1425 1437 1687 
nucleus 50 112 156 312 475 737 

vRNA 
cytoplasm 112 237 262 662 1050 1400 
nucleus 50 62 75 262 512 1150 

Cells were infected, and RNA was extracted, as described in 
Table 3. The concentration of virus-soecific temolate cRNA 
(non-polyadenylated cRNA) and vRNA in the RNA fraction which 
did not bind to oligo(dT) cellulose was determined by annealing 
the RNA to both a 3H-labelled cDNA copy of virion RNA, prepared 
by reverse transcription of vRNA in vitro with oligo(dG) as 
the primer molecule, and to 125I-labelled vRNA (20). 

From 1.5 to 2 hr there was a dramatic rise in A(-) cRNA accumu

lation, after which there was little further increase in the 

cytoplasm (Table 5). A(-) cRNA accumulated steadily in the 

nuclear fraction throughout infection, but at a much lower 

concentration. The kinetics of new vRNA synthesis were diffe

rent. After remaining at input level during the first hour 

after infection, there was a slow increase up to two hours then 

a faster accumulation from 2.5 hours, when the bulk of template 

A(-) cRNA had been formed (Table 5). 

DISCUSSION 

The segmented nature of the influenza virus genome has 

greatly facilitated its analysis at the nucleotide sequence 

level. The conservation of 3' and 5' terminal sequences for 

12 or 13 nucleotides respectively (8) has enabled specific 

primers to be used for reverse transcription into DNA which can 

then be sequenced by a variety of methods. To date, the se

quences of more than 40 influenza RNA segments have been oub

lished, including the complete sequence of the A/PR/8/34 strain 

(reviewed in 32) . 

The high degree of conservation between the terminal RNA 

sequences of a wide range of influenza virus strains suggests 

that these sequences are crucial to the biosynthetic mechanism. 
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Although they presumably contain binding sites for transcrip

tion and replication, their exact significance is unknown. 

However, it seems almost certain that each segment is trans

cribed and replicated as a separate unit. 

The influenza virion transcriptase is capable of faithful 

transcription of all RNA segments both in vitro and in vivo. 

The transcripts are polyadenylated at their 3' termini, the 

signal for polyadenylation being the tract of U residues pre

sent 17-22 nucleotides from the 5' terminus of the virion RNA 

template (19). The polyadenylated transcripts therefore lack 

the sequence complementary to approximately 16 nucleotides at 

the 5' terminus of virion RNA, and so cannot act as templates 

for the synthesis of new genome RNA segments. Since all the 

in vitro transcripts are polyadenylated, it is likely that a 

virus-specific protein is necessary to prevent polyadenylation 

and so to allow read-through to the 5' terminus of the virion 

RNA template. There are several candidates for this protein, 

as at least three non-structural proteins (NSl, NS2 and M2) 

are synthesised in influenza virus-infected cells. However, 

analysis of two fowl plague virus mutants with a temperature

sensitive lesion in RNA segment 8 did not reveal a defect in 

template cRNA synthesis, althoush vRNA synthesis was inhibited 

(21). Only one temperature-sensitive mutant with a defect in 

RNA segment 7, encoding the M2 protein, has been reported, but 

this displayed no RNA synthetic defect at the non-permissive 

temperature (33). 

The RNA transcriptase of fowl plague virus, as with other 

influenza viruses (10), requires a primer molecule for optimum 

activity in vitr£. The most efficient primer molecules are 

capped mRNAs, and these appear to be the primer molecules for 

RNA transcription in infected cells. One of the components 

of the virion RNA transcriptase, the PB2 polypeptide, binds 

specifically to cap-containing RNA molecules (34), and this 

appears to be the first transcriptional event during normal 

virus reolication. Viruses with a temperature-sensitive muta

tion in RNA segment I, which encodes PB2, all show defects in 

RNA transcription, and many such mutants have been found to be 
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defective in the recognition of capped primer RNA molecules (25). 

Although capped RNA molecules stimulate the rate of trans

cription by influenza virions in vitro, we have obtained evi

dence that priming and stimulation of transcription are not 

necessarily linked. Priming involves base-?airing to the 3' 

terminus of the template vRNA, resulting in stimulation of virus

specific RNA synthesis in a manner similar to that of dinucleo

tides such as ApG. However, some cap analogues such as 

m7GpppN6mAm apparently stimulate the virus transcriptase by 

direct interaction with the cap-binding site, possibly invol

ving a conformational change in the PB2 polypeptide (35). Se

quence analysis of mRNAs synthesised in fowl plague virus

infected cells showed considerable heterogeneity in the primer 

regions (14) and it would appear that virtually any cell mRNA 

species can donate its 5' terminal 10-15 nucleotides in the cap

transfer reaction. However, since inhibition of mRNA synthesis 

by drugs such as a-amanitin or actinomycin D results in such 

a rapid cessation of influenza virus RNA transcription (5) it 

seems that only newly synthesised capped mRNA molecules can 

participate as cap donors. We have presented evidence here 

and elsewhere (23) that the nucleus is the site of influenza 

mRNA synthesis, and the caD transfer reaction may therefore 

require nascent host cell mRNA molecules, those which have 

left the nucleus being no longer available to participate in 

influenza RNA transcription. 

Another function provided by the host cell nucleus is that 

of splicing, since transcripts of RNA segments 7 and 8 are 

each spliced to form additional mRNAs in the infected cell 

(reviewed in 32). We found that the production of spliced mRNAs 

was inhibited by toyocamycin, an adenosine analogue which also 

prevents the formation of spliced RNAs in adenovirus-infected 

cells (26). Toyocamycin is effective in mammalian cells such 

as MDCK cells, but in chick embryo fibroblast cells it has 

less inhibitory effect on influenza virus replication, per-

haps because it is not efficiently incorporated into such cells. 

RNA methylation is reduced in HDCK cells treated with toyoca

mycin, and it is possible that this reduction in methylation 
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is responsible for the failure in RNA splicing. It is not 

clear whether virus-specific proteins play a role in the spli

cing of transcripts from segments 7 and 8. Although splicing 

is blocked by addition of cycloheximide early in infection, 

the spliced RNA encoding M3 has been detected from cloned DNA 

copies of segment 7 introduced into Cos-l cells using an SV40 

vector (36). The splicing signals can therefore be recognised 

by host cell enzymes. 

Transcription of the fowl plague virus genome is regulated 

in infected cells, and this results in strict temporal control 

of polypeptide synthesis. By translatin~ cytoplasmic RNA from 

fowl plague virus-infected cells in a wheat germ cell-free 

system, it is possible to analyse the relative amounts of 

functional mRNAs at various times post-infection (31). These 

experiments show that there are three phases in RNA biosynthesis. 

The first, primary transcription phase results in close to 

equimolar amounts of each RNA transcript, but as soon as virus

specific proteins have been synthesised (probably within 30 

minutes post-infection), early secondary transcription begins. 

During this second phase the mRNAs for segments 5 and 8 become 

amplified relative to the other segments. The final phase, 

late secondary transcription, is characterised by amplifica

tion of the mRNAs for segments 4, 6 and 7, together with a 

reduction in segment 8 mRNA. A recent analysis by Smith and 

Hay (37) has shown a similar pattern in the regulation of 

vRNA synthesis to that described above for mRNA, and it is 

possible that amplification and selective transcription occurs 

at the level of vRNA synthesis. Template cRNA is synthesised 

early in infection, probably from input virion RNA molecules, 

since normal amounts of cRNA are synthesised in cells infected 

with temperature-sensitive mutants which fail to make vRNA 

at the non-permissive temperature (21,38). 

Which virus-specific proteins are responsible for the regu

lation of vRNA and mRNA synthesis is presently an unsolved 

question. Even less well understood is the process of assembly, 

whereby the progeny influenza virions acquire their correct 

complement of RNA segments. The identical 3' and 5' termini 
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present on each RNA segment would seem to preclude a role for 

these regions in regulated assembly. However the RNAs appear 

to be assembled in the form of ribonucleoproteins, and it is 

also possible that correct packaging involves a protein-protein 

interaction. Desoite the wealth of information on the structure 

and biosynthesis of the influenza virus, these and many other 

unsolved questions remain open to future research. 
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initiation-defective mutants and, 105 
initiation of. at origin, 105-112 
mapping procedures in oriC region in, 

108 
model for semidiscontinuous replication 

in, 23-24 
origin in, 93, 94 
primer RNA in, 95-99,101,107,109,111 
priming sites in, 107-111 
replication forks in, 90 
replication promoter with, 6 
rifampin and, 316 

Escherichia coli traD (Ts) mutation, and 
group I RNA phage replication, 319-
323,324 

FBJ murine osteosarcoma virus IFBJ-MSV), 
288 

Feline panleukopenia virus I FPV), 257, 258 
Feline sarcoma viruses, 287 
Fluorodeoxyuridine IFdU) 

polyoma virus synthesis and, 84 
primers at replication origins and, 

123-124 
replicon size estimates with, 118 

Fowl plague virus IFPV), 345, 346, 360, 361 
5' sequence of mRNA molecules in, 350, 

351 
kinetics of mRNA synthesis in, 352-353 
polyadenylation of. 351 
regulation of, 363 
site of. 355 

Fowlpox virus, 206 

Gene A protein, 160 
Gene 1.2 protein, in bacteriophage T7 rep

Iication, 182, 184-185 
Gene 2 protein, in bacteriophage T7 repli

cation, 166-167, 182 
Gene 3 endonuclease, in bacteriophage T7 

replication, 180-181, 185 



370 

Gene 4 protein, in bacteriophage T7 repli-
cation, 167, 170, 175-180, 185 

helicase activity in, 174, 175, 176-178 
lagging strand synthesis with, 188 
leading strand synthesis with, 186-187 
primase activity with, 178-180 
RNA polymerase with, 192 

Gene 5 protein, in bacteriophage T7 repli
cation, 172, 173, 174 

Gene 6 exonuclease, in bacteriophage T7 
replication, 167, 169, 170, 181-182, 188 

Glioblastoma cells, SV40 infection of, 41 
Group I RNA phage replication, 315-325 

Escherichia coli traD ITs) mutation and, 
319-323,324 

host control of, 315-325 
primary origin with, 196, 197, 198 
rifampin and, 316-319 

Gyrase, with duplex 0X DNA, 20 

Helicase 
gene 4 protein in bacteriophage T7 repli

cation with, 174, 175, 176-178 
leading strand synthesis with, 186-187 
optA protein and bacteriophage T4 with, 

184-185 
replication forks and, 99, 110 

H-protein, in tobacco mosaic virus ITMV) 
replication, 341-342 

Hydroxyurea IHUI, in poxvirus DNA replica
tion, 213-214, 228 

Influenza virus RNA biosynthesis, 345-364 
control of, 357-359 
description of virus in, 346 
5' sequence of mRNA synthesis in, 

349-351 
in vitro studies of, 346-349 
kinetics of mRNA synthesis in, 352-353 
polyadenylation of, 351-352 
site of, 353-355 
spliced mRNA molecules in, 355-357, 

362-363 
virion RNA synthesis in, 359-360 

Inhibitors, in viral DNA replication, 
213-214 

Initiation-defective mutants, 105 
Initiation sites, 115 

adenovirus DNA replication with, 239, 
241,247,249 

bacteriophage T7 DNA replication, 179, 
180 

in egg or early embryo, 116 
retrovirus DNA replication, 294-295 
tobacco mosaic virus ITMV) replication, 

337 

vaccinia DNA replication, 217 
see also Origin of replication 

Intermediates, see Replication 
intermediates 

lododeoxyuridine, in polyoma virus synthe
sis, 84 

Kilham rat virus IKRVI, 257, 258, 259, 260, 
263,264 

A repressor, 86, 88 

Mammalian mitochondrial DNA ImtDNAI 
replication, 115-129, 149-160 

bidirectional origins of replicon in, 119-
120, 128 

displacement-loop !D-Ioopl in, 149, 151, 
154,156-159 

light-strand IL-strand) synthesis in, 149, 
151, 159-160 

materials and methods in study of, 151 
moderately repeated sequences in ori-

gins of, 116-117 
primers in, 120-126, 157-158 
replication mode in, 151 
size of replicon in, 117-119 
stop points of D-Ioop strands in, 157 
10 kb replication intermediate in, 

127-128 
unicircular dimer mitochondrial DNA 

ImtDNAI in, 151-155, 156 
Methylation of cytosine, 128-129 
20-methylcholanthrene, in polyoma virus 

synthesis, 84 
Mink cell focus-forming IMCFI specific se-

quences, 289 
Mink encephalitis virus IMEVI, 258 
Minichromosomes, viral, as primers, 54 
Minute virus of mice IMVMI, 257, 259, 262 
Missense mutation, in bacteriophage T7 

replication, 174 
Mitochondrial DNA replication 

adenovirus DNA replication similar to, 
253 

catenanes in, 41 
daughter strand analysis in, 40 

Mitomycin C IMCCI, in polyoma IPyI virus 
replication, 72-75, 79, 80, 84, 85 

Molluscum contagiosum virus, 209 
Moloney murine leukemia virus IMo-MLVI, 

275,277,279,280,283,292,294,295, 
297 

Moloney murine sarcoma virus IMo-MSVI, 
275,287,297 

Monkeypox,208,210 
Monomers 

catenane formation with, 41, 43-44 
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extrachromosomal viral DNA with, 72 
papovavirus integration with, 82 
parvovirus DNA replication with, 271 
polyoma (Pyl DNA replication insertion 

sites and, 77 
replication pathways with, 42, 45 

Mouse mammary tumor virus (M-M1VI, 
276, 283, 293 

Murine leukemia viruses, 278-279 
Mutagens, and DNA replication, 46 
Mutants 

bacteriophage T7 replication with, 
166-168 

see also Deletion mutants 

Nitrogen mustard, in polyoma virus syn
thesis, 84 

N-nitrosomethylurea, in polyoma virus 
synthesis, 82 

NucIeosomes, in SV40 chromosomes, 58 

Okazaki fragments 
bacteriophage T7 DNA replication and, 

166, 170, 180, 181, 189 
DNA polymerase a and, 38-39 
DNA synthesis incubation time and, 62 
E. coli DNA polymerase I and, 185 
E. coli replication with, 24 
initiation sites in, 37 
initiator RNA primase in, 39 
nascent DNA fragments in E. coli replica

tion and, 95 
papovavirus replication with formation 

of. 36-39 
primers at replication origins and, 

123-125 
replication fork and synthesis of. 38-39 
RNA primers in initiation of. 37-39, 56 
SV40 DNA replication with, 58, 60 
10 kb replication intermediate in, 128 
terminal bush in, 126 

Oligomers of viral DNA, 72, 82, 149 
Onion skin model of replication, 45, 46, 87 
OptA protein, in bacteriophage T7 rep-

Iication, 184 
Orf virus, 206 
Origin of replication 

bacteriophage T7 replication, 189-194 
Drosophila mitrochondrial DNA replica

tion, 132, 137-141, 143, 146 
Drosophila .vakuba mitochondrial DNA, 

145 
E. coli replication, 93, 94, 105-112 
light-strand (L-strandl synthesis in mam

malian mitochondrial DNA (mtDNAI 
replication, 149, 151, 159-160 

moderately repeated sequences in, 
116-117 

papovavirus replication, 29-32 
parvovirus DNA replication, 259 
polyoma (Pyl virus DNA replication, 35, 

89 
primers at, 120-126 
SV40 DNA replication, 55 
T antigen binding at, 32, 34, 35 
termination signal and replicating forks 

and,41 
unicircular dimer mitochondrial DNA 

(mtDNAI replication, 151 
Xenopus laevis replication, 143 
see also Initiation sites 

Orthopoxvirus, 207 

Papovavirus replication, 29-48 
bidirectionality of. 35-36 
circular minichromosomes in, 54 
initiation of. 29-36 
integration sites in, 82, 83 
Okazaki fragment formation in, 36-39 
replication time in, 41-42 
T antigen and deletion mutants in, 32-

34,35 
termination intermediate in, 40 
termination of. 39-44 

Parapoxvirus,207,210 
Parvovirus DNA replication, 257-271 

autonomy of parvovirus DNA and, 
258-260 

defective replication in, 260-262, 
267-268 

DNA polymerases in, 266-267 
model for,268-271 
origin of replication in, 259 
rolling hairpin model for, 270 
tandem repeat in, 260 

Phages, see Bacteriophage headings 
0X174 DNA replication, 1-24 

dnaC protein and, 105 
DNA polymerase a in, 36 
duplex replicative form in, 2, 4, 18-20 
initiation of complementary strand repli-

cation in, 4-5 
mobility of priming system in, 13-14 
model for semi discontinuous replication 

of E. coli chromosome from, 23-24 
multiple primers on single-stranded DNA 

template in, 4-5 
prepriming intermediate complex in, 3 
priming at unique site in, 11-13, 99 
primosome at replication fork in, 20-23 
protein n' recognition of specific se-

quence in, 10-11 
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0X174 DNA replication (continued) 
replication promoter in, 6-8 
replication proteins preceding priming 

event in, 2-3 
RNA primer location in, 19-20, 101 
stability of prepriming intermediate in, 

8-9 
Plasmid chimeras, in E. coli mapping, 106, 

110 
Plasmid replication, 41, 43 
Poly ADP ribose polymerase, 47 
Polymerase, see DNA polymerase; RNA 

polymerase 
Polynucleotide kinase, with primer RNA in 

E. coli replication, 99 
Polynucleotide ligase, in poxvirus DNA rep

lication, 218 
Polyoma virus (Py) DNA replication, 69-90 

amplification of DNA cosedimentation 
with chromosomal DNA in, 75-76 

cellular deletion next to polyoma inser
tions in, 78-79 

cloning of cell DNA sequences flanking 
polyoma insertions in, 76-77 

covalent linkage between viral sequences 
and DNA in, 71-72 

DNA polymerase a in, 36 
induction of polyoma virus synthesis in, 

84-89 
initiation of, 29-36 
integration site mapping in, 76, 81-84, 

88-89 
LPT cells and polyoma insertions in, 

77-78 
mitomycin C (MCC) induction of. 72-

75,85 
nonpermissive cell replication studies 

with,45-46 
organization of sequences in, 69-90 
origin region in, 35 
origin sequences in, 30, 31, 35, 89 
polyoma (Py) DNA in LPT cells in, 70-72 
replicon organization and control model 

for, 120 
rolling circle intermediates in, 82 
Southern blotting technique used \vith, 

76,77,79 
tandem repeat of insertions in, 81, 82 
T antigen and, 86 
termination of. 41, 79-81, 89-90 

Poxvirus DNA replication, 205-231 
cell fractionation in, 214-216 
core in, 220 
cross-linked termini in, 209 
description of viruses in, 205-207 
directions for future research in, 

227-231 

elementary bodies (ER) in, 212 
experimental systems with virus in, 

211-212 
host-cell nucleus in, 226-227 
infection of cells in, 212-213 
inhibitors of replication and, 213-214 
nicks in, 220, 223 
parental genomes and, 219-226 
rolling circle mechanism in, 225 
steps in viral DNA synthesis in, 217-219 
structure of vaccinia genome in, 208-211 
tandem repetitive sequences in, 208, 210 
terminal repetitions in, 208, 210-211, 

227,230-231 
Prepriming intermediate complex 

association of. in primosome of DNA 
replication, 14-18 

0X174 DNA replication with, 3, 4, 5, 8-9 
priming at unique site and, 13 
protein n' associated with, 11 
stability of. 8-9 

Primase 
assembly of prepriming proteins with, 

14,15 
gene 4 protein in bacteriophage T7 repli

cation with, 178-180 
phage 4 complementary DNA replication 

with,12 
0X174 replication with, 3, 4, 5, 21, 23, 99 
replication promoter for, 7, 11, 13, 17 

Primers 
adenovirus DNA replication with, 239 
bacteriophage T7 replication with, 178 
DNA polymerase a in replication with, 

36,66 
influenza virus RNA biosynthesis with, 

345,346,348,359,361,362 
mammalian mitochondrial DNA (mtDNA) 

replication with, 157-158 
parvovirus DNA replication with, 266, 268 
0X174 DNA replication with, 4-5, 99 
replication origins and, 120-126 
10 kb replication intermediates with, 128 
unique site of. 11-13 
viral minichromosomes as, 54 
see also RNA primer 

Primosome 
association of prepriming proteins in, 

14-18 
0X174 DNA replication with, 2, 3, 13,23, 

24,99 
replication fork of duplex 0X DNA and, 

20-23 
termination forks and, 110 

Promoters 
bacteriophage T7 DNA replication with, 

166, 191-193, 195, 197, 199 
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E. coli replication with, 111 
0X174 DNA replication with, 6-8, 14 
primase and, 17 

Proteinase K 
parvovirus DNA replication with, 

265-266 
tobacco mosaic virus (TMV) replication 

with,341 
Protein n', in 0X174 DNA replication, lO-

11,13,15-17,19,21,99 
Protein R, in retroviruses, 283 
Proteins 

adenovirus DNA replication with, 
246-249 

bacteriophage T7 replication with, 
170-182 

DNA-binding, see DNA-binding protein 
(UBP) 

0X174 replication priming event with, 
2-3,4,5 

retrovirus replication with, 277 
stability of, 8, 9 
SV40 DNA replication with, 62, 64 

Pseudotyping, in retrovirus DNA replica
tion, 284 

Rabbitpox virus, 206, 210, 211, 223 
Radiation, and DNA replication, 46 
Replicase, in tobacco mosaic virus (TMV) 

replication, 335, 339 
Replication complexes, in adenovirus DNA 

replication, 240, 242 
Replication forks, 89-90 

adenovirus DNA replication with, 239, 
246 

bacteriophage T7 DNA replication with, 
164, 165, 167, 185-189, 195 

DNA polymerase Ol in replication with, 
36 

Drosophila mitochondrial DNA (mtDNA) 
replication with, 136 

E. coli replication with, 94, 95, 102, 104, 
107,109-110 

Okazaki fragment synthesis and, 38-39 
phage A, 42, 43 
0X174 DNA replication with, 14, 18, 19, 

20-23,24,99 
polyoma virus (Py) DNA replication with, 

87 
size of, 118 
SV40 DNA replication with, 55 
termination signal with, 41 

Replication forms (RF) 
bacteriophage replications with, 163 
Drosophila mitochondrial DNA (mtDNA), 

136-137 
parvovirus DNA, 262 

replication intermediates and, 20-21 
tobacco mosaic virus (TMV), 329, 334, 

335 
Replication intermediates 

adenovirus DNA replication with, 239, 
240-241,248,253 

bacteriophage T7 DNA replication with, 
164, 165-166, 185, 186 

direction of priming system and, 14 
Drosophila mitochondria DNA (mtDNA) 

replication with, 136-137, 138, 139, 141 
duplex replicative form multiplication 

and formation of, 18 
E. coli replication with, 93 
group I RNA phage replication with, 324 
mammalian mitochondrial DNA (mtDNA) 

replication with, 151, 160 
papovavirus replication termination 

with,40 
parvovirus DNA replication with, 264, 

266,268,269 
0X174 DNA replication with, 2 
poxvirus DNA replication with, 215, 217, 

225,230 
primosomes and RF replication and, 

20-21 
RNA primers and, 20 
rolling circle, in viral DNA replication, 82 
SV 40 minichromosomes as, 43, 55, 57 
10 kb, 127-128 
termination time in papovavirus replica

tion with, 42 
tobacco mosaic virus (TMV) replication 

with, 331, 334 
Replication proteins, see Proteins 
Replicons,89 

bidirectional origins of, 36, 119-120, 128 
initiation sites for replication and, 115 
model for organization and control in, 

120 
size of, 117-119 

Replisome, in 0X174 DNA replication, 23, 
24 

Retrovirus DNA replication, 275-307 
analogy to transposons in, 300-302 
events in life cycle of retrovirus and, 

303-306 
future research trends in, 306-307 
general structure of viruses in, 275-284 
integration in, 296-300 
landmarks of viruses in, 280-284 
long terminal repeat (LTR) in, 294-296 
strategies of viral genomes in, 284-290 

RFII duplexes, in 0X174 DNA replication, 
18, 19 

Ribonuclease H, in retrovirus DNA replica
tion, 278 
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Rifampins 
bacteria replication and, 214 
E. coli replication and, 105 
group I RNA phage replication with, 

316-319,321 
RNA polymerase 

bacteriophage T7replication with, 166, 
171-172,190, 191-194, 195-197 

E. coli and, 167, 168, 191 
group I RNA phage replication and, 316 
(2)X174 DNA replication with, 3, 5 
poxvirus DNA replication with, 220 

RNA polymerase II 
parvovirus DNA replication with, 263 
retrovirus DNA replication with, 294-

295,304 
RNA primase, in Okazaki fragment initia

tion, 39 
RNA primers 

advenovirus DNA replication with, 239 
bacteriophage T7 replication with, 178-

179,181,189,198 
closed duplex RFI DNA with, 19 
E. coli replication with, 94, 95-101, 107, 

109,111 
location of, 19-20 
Okazaki fragments and, 37-39, 56 
parVovirus DNA replication with, 269, 

270 
structure of, 99-101 

RNA replicase, in group I RNA phage repli
cation, 315 

RNA transcriptase, in influenza virus RNA 
biosynthesis, 346, 352 

RNase H, and E. coli replication, 100, 101 
Rolling circle mechanism 

bacteriophage T7 replication with, 187 
poxvirus DNA replication with, 225 
viral DNA replication with, 82 

Rous sarcoma virus (RSV), 279, 282, 283 

Salt concentrations, in SV40 DNA replica
tion, 59 

Sea urchin replication, 101, 143 
Southern blotting technique, in polyoma 

(Py) DNA replication studies, 76, 77, 79 
Spleen focus-forming virus (SFFV), 289 
SSB, and replication forks, 110 
Stomatitis papulosa virus, 206 
SV40 chromosomes 

nucleosomes in, 58 
preparation and characterization of, 

56-58 
SV40 DNA replication, 53-67 

aphidicolin as inhibitor in, 249 
catenated dimers in, 43 

development of system for, 54-55 
DNA polymerase 0. in, 36, 42, 55, 66-67 
initiation of, 29-36, 44 
integration into cell DNA in, 82 
in vitro systems for, 53-67 
nonpermissive cell replication studies 

with,45-46 
origin sequences in, 30-31, 55 
preparation and characterization of SV40 

chromosomes in,56-58 
purification of replicating chromosomes 

in, 60-64 
replicon organization and control model 

for, 120 
rolling circle intermediates in, 82 
salt concentrations in, 59 
T antigen binding in, 32, 44, 47, 64, 86 
termination of, 41, 55 
Xenopus laevis protein and, 55, 61, 63 

T antigen 
deletion mutants and, 32-34, 35 
initiation of viral replication with, 44, 54 
monoclonal antibodies directed against, 

34 
onion skin model of replication with, 45, 

46 
origin of papovavirus replication with, 

32,34,35 
replication and binding of, 29, 33-34 
SV40 replication and, 47 
viral DNA replication with, 85-86 

Terminal protein 
adenoVirus DNA replication with, 237, 

239 
parvovirus DNA replication with, 268 

Termination codons, in Drosophila 
mitochondrial DNA (mtDNA) replica
tion, 146 

Termination intermediate, in papovavirus 
replication, 40-41 

Termination sites 
chromatin replication and, 89-90 
polyoma (Py) virus DNA replication with, 

79-81 
tobacco mosaic virus (TMV) replication 

with,337 
vaccinia DNA replication with, 217 

Thioredoxin, and bacteriophage T7 replica
tion, 168, 170, 172, 173, 174 

Thymine, in Drosophila mitochondrial 
DNA, 132-136 

Tobacco mosaic virus (TMV) replication, 
329-342 

coat protein in, 329, 330, 331, 337, 339, 
340,341 
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description of virus in. 329-330 
double-stranded RNAs in. 334-336 
H-protein in. 341-342 
overlapping genes in sequences in. 

336-338 
replicative form IRF) in. 329. 334. 335 
replicative intermediates IRI) in. 331. 334 
RNA-coded translational products in. 

338-341 
RNA genome organization in. 331-336 
sub-genomic RNAs in. 331-334 
30K protein in. 339-341 

Topoisomerase 
catenane formation with. 40. 41. 44 
termination forks in replication and. 99. 

110 
Toyocamycin. with influenza virus RNA 

biosynthesis. 345. 355. 362 

Vaccinia virus. 207. 213 
Vaccinia virus DNA replication 

cell fractionation in. 214-216 
host-cell nucleus in. 226-227 
in vitro synthesis in. 228 
parental genomes and. 219-226 
rolling circle mechanism in. 225 

steps in viral DNA synthesis in. 217-219 
structure of genome in. 208-209. 210 
terminal repeats in. 227. 230-231 

Variola virus DNA. 209. 211. 230 
Vesicular stomatitis virus (VSV). 284. 348. 

351 
Vicia faba. and replication origins. 

120-122 
Viral chromosomes. and DNA polymerase. 

64-67 
Viral DNA replication 

inhibitors in. 213-214 
parental genomes and. 219-226 
T antigen in. 85. 86 

Viral proteins. in retroviruses. 277 

Xenopus laevis mitochondrial DNA 
(mtDNA). 131. 133 

closed circular DNA replication with. 
115-116 

moderately repetitive sequences in ori
gins of, 116-117 

origin of, 143 
SV40 DNA replication and protein from. 

55.61. 63 
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