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PREFACE 

The nucleotide sequence of the gene from which messenger RNA mole­
cules are transcribed is in a form that can be translated by cellular 
ribosomes into the amino acid sequence of a particular polypeptide, the 
product of the gene. The discovery of messenger RNA more than twenty years 
ago led to a series of studies on its organization and function in cells 
in the presence of infecting viruses. 

This volume is devoted to current studies in the field of cellular 
and viral messenger RNA. The studies presented provide an insight into 
molecular and genetic aspects of messenger RNA. Special attention was 
paid by the authors to the molecular organization of mRNA species, to the 
processing of mRNA molecules, and to the different strategies employed by 
DNA and RNA viruses in the synthesis of their mRNA. The ability of a virus 
to take over the protein-synthesizing mechanisms of an infected cell depends 
on its ability to produce mRNA molecules which can affect the host mRNA 
or utilize cellular components more efficiently. The differences between, 
and similarities of, the strategies of mRNA synthesis devised by various 
DNA and RNA viruses are described herein. 

This book should be of interest to all students of cellular and 
viral genes and scientists in the field. It is suitable as a textbook for 

workshops and courses on mRNA. 
I wish to thank the authors for their fine contributions and for their 

interest. 

Yechiel Becker 

Jerusalem 
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BIOGENESIS OF HESSENGER RNA 

JOSEPH R. NEVINS 

The expression of genes in a eukaryotic cell, either cellular or viral, 

involves a number of biochemical events that culminate with the appearance 

in the cytoplasm of a functional mRNA engaging ribosomes. The definition 

of this pathway of mRNA formation has been largely performed through the 

study of viral systems, adenovirus, SV40 and polyoma. In this chapter I 

will discuss our experiments that have contributed to an understanding of 

the complexity of eukaryotic mRNA biogenesis. 

1. INTRODUCTION 

The adenoviruses are double-stranded DNA-containing viruses that rep­

licate in the nucleus of infected cells (1). Because of these character­

istics as well as the fact that they bring no enzymes into the cell, this 

group of viruses provide an excellent model system for the study of the 

formation of a eUkaryotic mRNA. That is, those aspects that characterize 

the formation of adenovirus RNA likely are a reflection of the events pro­

ducing a eukaryotic messenger RNA. Due to the difficulties in measuring 

early events of mRNA biosynthesis, the viral system offers clear advantages 

over the study of single copy cellular genes. Hany of the primary dis­

coveries, such as definition of transcription units encoding mRNA, the pre­

cise localization of transcription initiation sites, temporal order of RNA 

processing events, mechanism of formation of poly(A) addition sites and RNA 

splicing were first documented with adenovirus. The purpose of this chapter 

is to present an overview of the process of mRNA biogenesis - that is, a 

detailing of the steps involved in producing a functional cytoplasmic mRNA. 

Other chapters will deal with certain specific aspects of this process, 

and thus in greater detail. Host of what will be discussed here stems from 

our work employing adenovirus as a system of study. What should be empha­

sized, however, is the fact that in every case thus far examined, the 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Mar/inllS NUho// Publishing, Boston. All rights 1'I!SI!TVf!d. 
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details orginating from adenovirus experiments have been the rule for 

cellular genes as well. 

2. MATERIALS AND METHODS 

All procedures have been described in previous publications (2-5). 

3. RESULTS AND DISCUSSION 

The general pathway for the generation of a eukaryotic mRNA is depicted 

in Figure 1. Over the past few years experiments performed in our laboratory 

have been focused on many of these events resulting in the elucidation of 

several details of mRNA biogenesis. Thus the following discussion presents 

our experiments which have contributed to the knowledge of the details of 

this pathway. 

Transcription 
Unit 

Primary 
Transcript 

me 

! Transcription 

/copping, methylation, j 
L splicing, polyadenylotion l"RNA Processing II 

Processed 
RNA 

7meGppp,-____ ~J~----------____ ~A200 

\

ronsport 

~~us 

Functional 
mRNA 

Cytoplasm 

7meGPpp~A200 

/ ~ 
Decay Translation 

FIGURE 1. Schematic diagram of the pathway of formation of a eukaryotic mRNA. 

3.1. Transcription 

The primary level at which expression of a given gene may be controlled 

is at the transcriptional event; thus the study of the mechanisms of 
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transcription initiation and the possible controlling factors is of utmost 

importance. The details of transcription, including initiation, termination, 

and the definition of individual transcription units have been elucidated in 

some considerable detail now (see 6-10 for reviews). 

Control 
Region 
f------l 

Initiotion 

Coding Sequence (Exons) 

~ \ AAUAAA 
Poly A 
Site Termination 

f------l 

FIGURE 2. Schematic diagram of the components of a typical transcription 
unit. 

Transcription initiates at the sequence encoding the mRNA 5' terminus, the 

so-called "cap site", as first shown for the adenovirus major late transcrip­

tion unit (11). There is no evidence for initiation upstream from this site 

and therefore there appears to be no RNA processing to generate the mature 

5' end of the mRNA. This is also entirely consistent with the results of 

in vitro transcription that yield initiations only at the cap site (12-14). 

Sequences that are necessary for transcription have now been mapped for a 

variety of genes through the in vivo and in vitro assay of genes that have 

been altered by deletion and site-directed mutagenesis procedures. In 

addition to the highly conserved TATA sequence that appears to be essential 

for accurate transcription initiation, there is a sequence, referred to in 

Figure 2 as the upstream control region, that is essential for the full 

transcriptional activity of the gene (see 7,8 for reviews). Our recent 

experiments have focused on the sequences that are essential for transcrip­

tion in one of the early viral transcription units, the E2A gene. E2A pro­

moter deletion mutants were constructed using plasmids containing the intact 

transcription unit and 288 nucleotides of sequence 5' to the transcription 

initiation site. Assay of these plasmids by transient transfection in 

human 293 cells, adenovirus-transformed human embryonic kidney cells that 

constitutively express the EIA function, gave the result that 79 nucleotides 

of upstream sequence are sufficient for full E2 expression (Imperiale & 

Nevins, submitted). Furthermore, full activity could be restored to a -28 

mutant (a non-functional plasmid retaining 28 nucleotides of upstream 

sequence) by the insertion of sequences from -21 to -262 of the wild type 
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proQoter. These results would suggest that the essential E2 promoter element 

maps between -21 and -79 relative to the transcriptional initiation site. 

In addition, it was found that this upstream control region could function 

in a reverse orientation as well as at a large distance from its normal 

position, characteristics that define the transcriptional enhancer elements 

(15) • 

3.1.1. Temporal control of early adenovirus transcription. The 

activity from the six early viral transcriptional units was determined 

during the course of an infection (16). The results indicated that there 

was differential activation such that EIA and E4 were activated prior to E2 

and that there was negative control of the activity of the E4 and E2 tran­

scriptional units. Subsequent experiments indicated that the negative con­

trol of the E4 transcription unit was mediated by the product of the E2 

gene, the 72kd DNA--binding protein (17). Recent experiments using a cell­

free transcription system have demonstrated that the purified 72kd protein 

can specifically inhibit transcription from the E4 promoter (18). Yet to 

be determined, is the mechanism of inhibition by this protein. Certainly 

the simplest model would be one in which the protein recognized a specific 

sequence at the E4 promoter and by binding to this sequence prevented the 

entry of RNA polymerase in a manner analogous to the inhibition of early 

SV40 transcription by T antigen (19). However, in view of the lack of 

evidence for binding of the protein to double-stranded DNA (20), it is also 

possible that the protein inhibits the action of the RNA polymerase di­

rectly, possibly through a transcriptional factor that is used specifically 

for E4 transcription. 

3.1.2. Control of initiation. The specific activation of certain 

genes at a given time is of fundamental importance to cell differentiation, 

hormonal responses, as well as cancer. The study of the activation of the 

early adenovirus genes has provided some insight into the process of posi­

tive control of transcription initiation. Through the use of viral mutants, 

it was previously demonstrated that the early transcription units were 

activated as a result of the action of the product of the EIA gene (21,22). 

It was subsequently shown that the E1A action was at the level of transcrip­

tion (3) although there also appears to be a post-transcriptional role for 

EIA as well (23). 

The mechanism for E1A action appears to be indirect, involving a regu­

latory component of the host cell. Such a cellular component appears to 
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be a negative-acting factor as it was found that the requirement for ElA 

function could be overcome by inhibiting cellular protein synthesis (3,23) 

leading to the suggestion that the function of the ElA protein was to negate 

the action of a negatively-acting cellular regulatory factor. Further in­

sight has been provided by the finding that the EIA gene product also induces 

at least one cellular gene, the gene encoding the major 70kd heat shock pro­

tein (4,24). These results suggest a common mechanism of control of the 

heat shock gene and the early adenovirus genes, a conclusion that has been 

supported by our recent experiments that suggest the presence of an EIA-like 

activity in certain cell lines (Imperiale et al., submitted). That is, 

various human cell lines, in particular those derived from human tumors, 

have the capacity to support early viral transcription in the absence of EIA, 

albeit at a level well below that which is found in the presence of ElA. 

Of prirr,ary interest is the fact that in those cell lines that support early 

viral transcription there is also a measureable level of transcription of 

the heat shock gene. Thus, there does in fact appear to be common control 

of these genes on a cellular basis. 

Further evidence suggesting an indirect role for the EIA protein in 

gene activation has been provided by the finding that the herpesvirus 

immediate-early gene product can effectively activate early adenovirus 

transcription, acting in place of the EIA gene (5,25). Host importantly, 

the immediate.-€arly mediated activation appears to be more efficient than 

EIA-mediated activation. This finding argues very strongly against a 

mechanism involving sequence-specific recognition by the protein given the 

fact that a heterologous factor is as efficient or more so than the homolo­

gous factor. 

3.1.3. Termination control. The output of a transcription unit can 

also be affected by a variation in the termination of transcription. The 

expression of distal genes in a complex transcription unit can be prevented 

by transcriptional termination. Such is the case for the late adenovirus 

transcription unit. During the late stage of viral infection, transcription 

initiating at the late promoter proceeds to the end of the genome (26). 

However, during early infection transcription terminates in the middle of 

the genome (27-29); as a result, the L4 and L5 regions are not transcribed 

and thus not expressed (see Figure 3). 
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FIGURE 3. Transcriptional termination from the late adenovirus promoter 
during early and late infection. 

100 

The mechanism for such a change in termination is not clear at the 

moment. One possibility could involve an influence from transcription 

deriving from the E2 promoter which generates transcripts from the opposite 

strand in the vicinity of the region where termination occurs from the late 

transcription unit. Perhaps this opposing transcriptional activity prevents 

polymerase movement; this would then be relieved late in infection when 

E2 transcription is greatly reduced. Alternatively, there could be a 

strong termination site that is utilized early but is subject to some form 

of anti-termination late in infection. 

Such a phenomenon has clear implications for the control of complex 

cellular transcriptional units, including that encoding the immunoglobulin 

heavy chain genes (30-32). That is, any transcription unit that contains 

multiple coding segments [i.e. multiple poly(A) sites] can potentially 

be regulated by transcriptional termination. Of course, an equally possible 

mechanism for control would be an alteration in poly(A) site selection as 

will be discussed in more detail in a later section (sect. 3.2.1). 

In actuality, such control need not be confined to complex transcription-

al units. Termination prior to reaching a poly(A) addition site in a simple 

transcription unit can certainly prevent the expression of the gene. In 

this case, the control would be an "on-off" regulation producing an effect 

equivalent to control of transcription initiation. This phenomenon does 

indeed occur during expression of the late adenovirus transcription unit 

(33,34). Late in infection, as many as 80% of the initiated transcripts 

terminate prematurely, generating transcripts of lengths of about 500 
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nucleotides. Whether this is a regulatory event, possibly mediated by a 

viral gene product, or just the inefficiency of the system, is not yet 

clear. 

3.2. RNA Processing 

Much of the complexity of formation of a eukaryotic mRNA resides in 

the fact that the primary transcript is not the mRNA but instead must first 

undergo a variety of "processing" steps before emerging from the nucleus 

as a functional RNA. Many of the details of these steps were first 

established with adenovirus. Most notably, the discovery of spliced mRNAs(35,36) 

was made with the late RNAs of adenovirus as was the finding that the 

generation of a poly(A) addition site involved an RNA chain cleavage (37). 

3.2.1. Poly (A) addition. With the exception of the histone mRNAs, 

probably all eukaryotic mRNAs possess, at least initially, a poly(A) 

segment at the 3' terminus that is added as a post-transcriptional event. 

The details of the structure of poly (A) , its mode of formation and its 

presence on a variety of mRNAs have been well documented in other reviews 

(38-40) and will not be dealt with here. Our experiments have focused 

on the function of the poly(A) segment and the mechanism of addition of 

poly(A) to nuclear RNA precursors. Experiments initially performed using 

adenovirus established that the formation of the RNA 3' terminus that serves 

as the poly (A) substrate occurred by an endonucleolytic cleavage; RNA 

polymerase does not terminate at the sequence encoding the mRNA 3' terminus 

but rather at some point downstream (37). This result has now been extended 

to several other transcriptional units (41,42) including at least one 

cellular gene, that encoding the mouse beta-globin mRNA (43). 

The formation of a poly (A) site in the nuclear RNA precursor and sub­

sequent polyadenylation is a very early event in mRNA biogenesis. A 

kinetic analysis of pulse-labeled nuclear RNA as shown in Figure 4 yielded 

the result that poly(A) addition preceded splicing, such that the initial 

polyadenylated nuclear RNA was an unspliced molecule (37,44). It should 

be pointed out, however, that such an analysis would not reveal if small 

splices were made. This in fact does appear to be the case as the splicing 

of the first leader segment to the second segment likely occurs while the 

transcript is still nascent (44a). Nevertheless, splicing largely takes 

place on polyadenylated molecules and poly (A) addition has been found 

to occur very early (44b). In fact, poly(A) addition at one of the five 

possible sites in the late adenovirus transcription unit occurs during 
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transcription prior to the termination by RNA polymerase (37). 

~ , 
Q 

c 

~ 
~ 
~ 

~ 
u 
g 
-g 
a: 

(0) 

(b) 

(c) 
10 

5 

0 

455325285 185 
.j. H .j. 

H 

Slice no. 

FIGURE 4. Kinetics of processing of poly(A)+ nuclear RNA that is the 
precursor to the fiber mRNA. Nuclear poly(A)+ RNA labeled for 5 min (a), 
25 min (b) or 80 min (c) was prepared from late adenovirus infected cells, 
fractionated by gel electrophoresis and assayed for L5 sequences (fiber 
mRNA) by hybridization. Reproduced from (44) with permission. 

Given this fact, it would appear that the selection of a given poly(A) 

site amongst several possibilities is an active process and not random. 

Otherwise, one might expect a polar effect in which the first site was 

favored and such is not the case. Obviously such a system provides the 

opportunity for regulation to exist whereby different poly(A) sites could 

be used in response to different circumstances. This actually does seem 

to be the case depending on when the late adenovirus transcription unit is 

expressed, either early or late in infection. Late in infection the Ll 

poly (A) site is utilized about half as frequently as the L2 site and at 

about 30% of the frequency of the L3 site (37). Early in infection, 

however, the Ll site is used at least twice as frequently as the L2 or 

L3 sites (27). Such a mechanism would also have profound implications 

for the expression of the immunoglobulin heavy chain genes. For instance, 
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the mu heavy chain transcription unit could be constant with respect to 

transcriptional termination, regardless of the state of differentiation of 

the lymphocyte. The production of an mRNA encoding the secreted form of 

the protein or the membrane-bound form could then be dictated by the choice 

of the appropriate poly(A) site. 

3.2.2. Function of poly(A). Given the early time of addition of 

poly (A) to nuclear RNA, one might imagine that poly(A) was involved in 

some aspect of RNA processing. Alternatively, poly (A) could be involved 

in the transport of sequences from the nucleus to the cytoplasm; indeed, 

this possibility was suggested from the data of early experiments employing 

the drug cordycepin (45-47). However, it would appear that possibly the 

only function for the poly(A) segment may be in the cytoplasmic stabilization 

of mRNA. First, prevention of poly(A) addition to adenovirus nuclear RNA 

(using cordycepin) had no effect on the subsequent splicing of the RNA (48). 

Second, when measured with very short labeling times, there appears to be 

almost normal transport of this RNA to the cytoplasm (49). Once in the cyto-

plasm, this poly(A) RNA does not accumulate but instead turns over rapidly. 

This result is consistent with other findings that measured the stability 

of mRNAs with and without their poly(A) (50-54). The conclusion from these 

experiments was that an RNA that was normally very stable upon injection 

into frog oocytes or mammalian cells was unstable if the poly(A) was first 

removed. Stability could be restored by the in vitro addition of poly(A). 

3.2.3. Splicing. As indicated above, the existence of spliced 

eukaryotic mRNAs was first discovered through an electron microscopic (35,36) 

and biochemical (55) analysis of the structure of the late adenovirus mRNAs 

as well as the early viral mRNA (56). In fact, all of the adenovirus RNAs, 

with the exception of the mRNA encoding the virion protein IX (57) are 

spliced. Although the mechanism of accurate splicing as well as the 

definition of the factors involved is still not clear, recent advances in 

in vitro splicing systems should provide the means for such analysis 

(58-61) . 

Of course the initial discovery of splicing of the adenovirus RNAs 

together with RNA mapping experiments that demonstrated families of mRNAs 

with co-terminal 3' ends yielded the additional important aspect that most 

of the splicing pathways were alternate (62-66); that is, more than one 

mRNA could derive from a particular precursor RNA. This finding suggested 

that splicing could be regulatory in the sense of altering the products of 
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splicing in a controlled fashion. That such was indeed the case was demon­

strated through an analysis of mRNAs produced from the late transcription 

unit during early or late infection. The Ll region is productively 

expressed both early and late in the lytic cycle. During late infection, 

three mRNAs are produced from a single 7.7 kb precursor RNA (27,28,62). 

However, early in infection a single mRNA, distinct in structure from 

the three late RNAs, is the product of the very same precursor (27,28,67). 

16.4 
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FIGURE 5. Splicing products of the adenovirus Ll region early and late in 
infection. Depicted is a Northern blot of poly(A)+ cytoplasmic RNA pre­
pared from early (E) or late (L) adenovirus infected cells and hybridized 
with an Ll-specific probe. The schematic depicts the structure of the 
unspliced common nuclear precursor RNA and the spliced mRNA products gener­
ated early or late in infection. Reproduced from (27) with permission. 

Thus, alternative RNA splicing pathways can in fact be varied so as to 

achieve regulation of the final output of the gene. Presumably there 

must be viral specific factors produced early or late, or both, that 

direct the proper splicing pathway. 
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3.2.4. Other processing events. In addition to the events of polyadeny­

lation dnd splicing of non-contiguous sequences, nuclear mRNA precursors 

are also modified by posttranscriptional methylation and 5' cap formation. 

The details of these events have been thoroughly reviewed elsewhere (68,69). 

Our experiments have dealt with two aspects of these modification events: 

the timing of cap formation and the relative conservation of internal methy­

lation during RNA processing. 

The kinetics of addition of 5' cap structure to RNA from the late adeno­

virus transcription unit was measured (70). Nuclear RNA labeled for only 

20 minutes were found to be capped with no evidence for uncapped molecules. 

Furthermore, size fractionation of the labeled RNA revealed that even nascent 

RNA chains were quantitatively capped. It would thus appear that capping 

is a very early event, tightly coupled to transcription initiation. 

Adenovirus late mRNAs, like many other eukaryotic mRNAs, possess post­

transcriptional methylations at the N6 position of adenylate residues 

(71,72). That these internal methylations may be important in RNA process­

ing was suggested by experiments that demonstrated that the methyl groups 

were conserved during RNA processing and transport to the cytoplasm (73). 

Furthermore, it was found that methylation occurred as an early event in 

RNA processing since unspliced precursor RNAs were methylated. Thus, 

methylation is selective in the sense that only those residues that are 

destined to become mRNA receive methylations. Of course, this result pre­

sents the intriguing possibility that the methyl groups themselves are 

directing the final splicing events. Such a conclusion will require mutants 

deficient in methylation or drugs that are selective; neither of these con­

ditions are presently available. 

3.3. Nuclear-Cytoplasmic Transport 

That there is in fact a transport process that selectively delivers 

RNA from the nucleus to the cytoplasm is demonstrated by the observation 

that intron sequences do not leave the nucleus (26). However, the mech­

anism for selective transport, the factors involved in transport, as well 

as the question of whether transport plays a role in controlling gene ex­

pression remain unanswered. A suggestion that transport may be an event 

subject to control comes from experiments measuring cellular mRNA metabolism 

during adenovirus infection. During late viral infection, the only newly 

synthesized mRNA that reaches the cytoplasm is viral (74,75). The tran­

scription of several specific HeLa genes was measured using cloned cDNAs 
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and found to be the same in uninfected and viral-infected cells (76) con­

sistent with previous results that measured total, non-ribosomal, nuclear 

RNA synthesis (74). It would therefore appear that some event prior to 

cytoplasmic appearance but after transcription is affected by the virus. 

Whether this really is a direct and specific block in transport or possibly 

an indirect result due to the generation of improperly processed cellular 

transcripts, is yet to be determined. 

3.4 Cytoplasmic mRNA Stability 

Once a functional mRNA is generated in the nucleus and sent to the 

cytoplasm, it has two potential fates. The mRNA could either engage ribo­

somes and participate in directing protein synthesis or the mRNA could be 

degraded. Thus, any mechanism that affects mRNA turnover has a direct 

effect on the concentration of functional mRNA and therefore is a control­

ling factor in gene expression. Adenovirus mRNAs are subject to specific 

degradative processes in the cytoplasm that appear to operate to regulate 

mRNA levels. First of all, the early adenovirus mRNAs possess very short 

cytoplasmic half-lives, in the range of 20 minutes (77,78). Of importance 

is the fact that these half-lives are subject to change depending on cer­

tain circumstances in the cell. The most definitive case concerns the sta­

bility of these RNAs when produced in cells infected with an adenovirus 

temperature sensitive mutant, ts 125, possessing a lesion in the gene en­

coding the 72kd DNA binding protein. At the permissive temperature, the 

early RNAs decay with the normal 20 minute half-life but at the non­

permissive temperature the half-lives of the RNAs increase five to tenfold 

(78) . In addition, when early E1A and E1B mRNAs are synthesized in 

adenovirus-transformed cells, thus in the absence of the 72kd protein, 

they are stable. Introduction of the protein into these cells results in 

rapid degradation of the RNAs (Babich & Nevins, unpublished). It would 

therefore appear that the stability of a specific set of mRNAs is con­

trolled by a specific viral protein. 

That the protein is in fact directly involved in affecting mRNA 

stability is strongly supported by recent experiments that demonstrate 

an interaction between the protein and mRNA within the cell. 
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FIGURE 6. Stability of the EIA and EIB adenovirus mRNAs in wild type and 
ts125 infected cells. Depicted in the left panels are the kinetics of 
cytoplasmic accumulation of EIA and EIB mRNA in cells infected with wild 
type Ad5 (0) or tsl25 (e) at 41°. In the right panels are decay curves 
generated from the accumulation data. For details, see ref. 68. Reproduced 
with permission. 

By stabilizing ribonucleoprotein complexes with UV irradiation, it has been 

possible to identify the 72kd protein in poly(A)+ RNA - protein complexes 

(Babich & Nevins, unpublished). Furthermore, it would appear that the pro­

tein is indeed associated primarily with viral mRNA, as predicted by the 

previous in vivo metabolic experiments. This system has great promise as 

it represents the only instance of the identification of a specific protein 

that is involved in affecting the stability of messenger RNA. 

4. SUHHARY 

One of the primary aims of present-day molecular biology is to achieve 

an understanding of the mechanisms by which eukaryotic genes are regulated. 

Certainly, a final understanding of cellular growth control and cellular 

differentiation to name just two examples, demands such an understanding. 

Furthermore, to begin to probe the questions of alterations of gene ex­

pression such as are likely taking place in malignant growth requires a 

complete knowledge of the normal course of expression of a gene. Through 

the analysis of gene expression from the nuclear DNA viruses, as discussed 

here, much of the framework of the pathway of mRNA biogenesis has been 

elucidated. What is left to be uncovered are the components of the system, 

the macromolecules involved in the various biochemical reactions. 
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THE INTERACTION BETWEEN VIRAL MESSENGER RNA AND EUKARYOTIC INITIATION 
FACTOR 2, A PROTEIN INVOLVED IN TRANSLATIONAL CONTROL 

RAYMOND KAEMPFER 

ABSTRACT 
The messenger RNA species from Mengovirus or satellite tobacco necrosis 

virus (STNV) rank among the most efficient templates for translation known. 

The rnolecular basis for their outstanding ability to initiate translation, 

at the expense of weaker mRNA species, is shown to reside to a large extent 

in a very high affinity for a eUkaryotic initiation factor, eIF-2. This 

protein is not only responsible for binding of Met-tRNAf at initiation of 

translation but, in addition, it interacts with mRNA. The binding of eIF-2 

to Mengovirus or STNV RNA occurs at highly specific sequences. Nucleotide 

mapping analysis is used to show that eIF-2 recognizes, by itself, the 

sequences that constitute the ribosome binding sites in these viral mRNA 

molecules. Upon binding, eIF-2 induces a conformational change in the STNV 

RNA structure that may increase its accessibility to Met-tRNAf and the 40S 

ribosomal subunit. Studies of translational competition between mRNA 

species, and of translational inhibition by double-stranded RNA or mono­

valent anions support the concept that this interaction between mRNA and 

eIF-2 indeed occurs during protein synthesis and is critical to translational 

control. They reveal a direct correlation between the affinity of an mRNA 

for eIF-2 and its ability to compete in translation. Apparently, eIF-2 

recognizes in different mRNA species a common conformation existing around 

the initiation codon, but differing in subtle ways that determine individual 

binding affinities. 

I NTRODUCTI ON 
Viral messenger RNA is often characterized by its ability to act as 

a highly efficient template for translation. Indeed, the lytic replication 
of DNA or RNA viruses is usually associated with preferential translation 

of vi ra 1 mRNA, at the expense of host mRNA. Thu s, the genomi c RNA of some 
picornaviruses, such as Mengovi~us or satellite tobacco necrosis virus 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Martinus Nijhoff Publishing. Baston. All rights reserved. 
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(STNV), rank among the most efficient mRNA species known (1). 
The molecular basis for this efficiency must be sought in the exquisite 

ability of such viral mRNA species to initiate polypeptide chain synthesis. 

The initiation step is usually the rate-limiting one in translation (1). 
Ihthin the initiation process, a crucial staqe for control is the attach­
ment of an mRNA molecule to a 40 S ribosomal subunit. Indeed, most cases 
of translational control concern this step (1). Once mRNA has entered a 
40 S initiation complex, formation of the complete encoded polypeptide 
chain is generally assured. The functional properties of mRNA and the 

translation components involved in the events leading up to this complex 

are reviewed more fully elsewhere (1). Here, we examine molecular proper­
ties of STNV and Mengovirus RNA, in particular their very high affinity 

for a central component of the cell's protein-synthesizina machinery, 

eukaryotic initiation factor 2 (eIF-2), that may underlie their outstanding 

translation efficiency. 
Evidence will be reviewed in support of the concept that eIF-2 re­

cognizes in viral mRNA molecules the sequence and conformation that con­
stitute the ribosome binding site. The ability of a given mRNA species 

to compete in translation is shown to correlate directly with its affinity 
for eIF-2. These properties impart on the interaction between mRNA and 

eIF-2 a critical role in differential gene expression at the level of 

translation. The implications of these findings for translational control 
(1) and for viral pathogenesis (2) have been reviewed elsewhere; the 
protein-nucleic acid interactions are analyzed here. 

THE MESSENGER RNA-BINDING ACTIVITY OF EUKARYOTIC INITIATION FACTOR 2 

Binding of mRNA to the 40 S ribosomal subunit cannot take place 

unless methionyl-tRNAf (Met-tRNAf) is first bound (3, 4). This means 
that the recognition and binding of Met-tRNAf are an integral part of the 

mRNA binding process. Met-tRNAf is bound with absolute specificity by 

the initiation factor eIF-2 (5). This binding requires GTP and leads to 

formation of a ternary complex, eIF-2/Met-tRNAf/GTP, that subsequently 

binds to the 40 S ribosomal subunit (e.g., ref. 6). The unigue property 

of providing Met-tRNAf already imparts on eIF-2 a crucial role in the 
binding of mRNA. While additional factors participate in stable binding 

of mRNA (e.g., refs. 7 and 8; see ref. 1 for review), none can act in 

the absence of eIF-2. 
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Fig. 1. First-order binding of mRNA to eIF-2. 125I-labeled purified 
globin mRNA (0.031 pmol; 2300 cpro), 32P-labeled VSV mRNA (3.6 prool; 
800 cpm), 3H-labeled RNA extracted from VSV virions (0.21 pmol; 2800 cpm) , 
125I-labeled Mengovirus RNA (0.0023 pmol; 2630 cpm), and 32P-labeled R17 
RNA (2.25 pmol; 1660 cpm) were incubated with increasing amounts of eIF-2, 
and RNA binding was assayed. Background without protein was subtracted; 
for all RNA species, this background was less than 3%. Note scale change 
in curve of VSV negative-strand RNA. Reproduced with permission (12). 

In addition to binding Met-tRNAf' eIF-2 itself can bind to mRNA (9-14). 
This binding is specific in that all mRNA species tested possess an 

effective binding site for eIF-2, including mRNA species lacking the 5'­
terminal cap or 3'-terminal poly (A) moieties (12), while RNA species not 
serving as mRNA, such as tRNA (10-13, 15), ribosomal RNA (10, 16), or 
negative-strand viral RNA (12) bind far more weakly. 

Figure 1 illustrates the extent of complex formation between highly 
purified eIF-2 and various labeled mRNA species, plotted as a function of 

the ratio of protein to mRNA molecules. Complex formation is assayed 
conveniently by the eIF-2-dependent retention of mRNA on nitrocellulose 
membrane filters (17). The saturation binding curves of globin mRNA, 
vesicular stomatitis virus (VSV) mRNA, Mengovirus RNA and R17 phage RNA 
all exhibit apparent first-order binding characteristics. As in the case 
of the lac repressor and its operator DNA (18), this property indicates 
that binding of one eIF-2 molecule to a molecule of mRNA is sufficient to 
cause retention of this mRNA molecule on the filter. These mRNA species, 
therefore, all possess an effective binding site for eIF-2. Neither the 
7-methylguanosine 5'-phosphate moiety at the 5' end of mRNA, nor the 
poly (A) sequence at the 3' end seem to be required for binding, because 



24 

Mengovirus RNA (which lacks the cap) and R17 RNA or, as will be seen 
below, STNV RNA (which lack both cap and poly (A)) are bound efficiently. 

If the interaction between eIF-2 and mRNA involves recognition of a 
site essential for translation, then RNA species lacking such a site 
should exhibit different binding properties. To test this point, the 
interaction between eIF-2 and negative-strand RNA extracted from VSV virions 
was studied. This RNA cannot serve as messenger template but is transcribed 
into complementary mRNA sequences during infection (19). As seen in 
Figure 1, the saturation binding curve for VSV negative-strand RNA has a 
pronounced sigmoid shape, typical of a multi-order interaction. At 
saturation, however, nearly all these RNA molecules are able to form com­
plexes. It is unlikely that the higher molecular weight of VSV negative­
strand RNA (3.5 x 106 Mr) (20) is responsible for the sigmoid shape, 
because binding of Mengovirus RNA (molecular weight 2.6 x 106) follows 
the shape observed for the far smaller globin mRNA or VSV mRNA species, 
and at plateau the extent of binding of Mengovirus RNA is particularly 
high. Hence, the sigmoid binding curve indicates th~t VSV negative-
strand RNA possesses multiple, weak binding sites for eIF-2, but lacks 
the high-affinity binding site present in VSV mRNA and other mRNA species. 

The fact that eIF-2 binds to RNA molecules in general, even though 
it clearly prefers mRNA, initially raised some question as to the 
specificity of its interaction with mRNA. However, a common property of 
proteins that recognize specific sites in nucleic acids, such as the lac 
repressor, is their tendency to bind with low affinity to non-specific 
sequences (21, 22). As will be seen below, in the case of eIF-2, speci­
ficity in its interaction with mRNA is now supported by both structural 
and functional evidence. 

eIF-2 is thought to be composed of one copy each (23) of three non­

identical subunits: a (32,000 Mr ), B (35,000 Mr) and y (55,000 Mr). The 
a-subunit is the substrate for various specific eIF-2 kinases that play 
a pivotal role in translational control (1); this subunit apparently 
binds GTP (10). The mRNA-binding property is a function of eIF-2 itself. 
Thus, eIF-2 is preferentially retained on mRNA-cellulose columns and upon 
elution is active in translation and in GTP-dependent binding of Met-tRNAf 
(12, 26). Binding of Met-tRNAf is inhibited competitively by mRNA (24, 
11, 25, 14). Most convincingly, binding of mRNA to purified eIF-2 pre­
parations can be inhibited completely by competing amounts of Met-tRNAf' 
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Fig. 2. Fingerprint of the genomic RNA of Mengovirus. 32P-labeled Mengo­
virus RNA was digested to completion with RNase Tl' and the resulting 
oligonucleotides were resolved by two-dimensional polyacrylamide gel 
electrophoresis. The horizontal and vertical arrows indicate the direction 
of migration in the first and second dimensions, respectively. Numbers 
denote individual Tl oligonucleotides. Reproduced with permission (30). 
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Fig. 3. Physical map of Mengovirus RNA. The major Tl oligonucleotides 
shown in Fig. 2 were ordered relative to the poly (A) stretch at the 3'­
terminus of the molecule. The order of individual nucleotides within a 
given region (A-E) has not been established. Boxed oligonucleotides 1, 
2, 4 and 67 (see text) have been placed at arbitrary positions within 
their respective regions. Reproduced with permission (30). 

provided GTP is present (15). Thus, mRNA and Met-tRNAf are mutually ex­
clusive in their binding to eIF-2, suggesting that during initiation of 
translation, the interaction of a molecule of mRNA with eIF-2 located on 
the 40 S ribosomal subunit may cause displacement of the previously bound 
Met-tRNAf from this factor. We have proposed (15) that during initiation, 
three processes may actually occur in one step: binding of mRNA to eIF-2, 
displacement of Met-tRNAf from eIF-2, and base-pairing between mRNA and 

Met-tRNAf· 

SPECIFIC SEQUENCES IN VIRAL MESSENGER RNA ARE RECOGNIZED BY eIF-2 

Globin mRNA molecules lacking the 3'-terminal poly (A) tailor an 
additional 90 nucleotides from the 3'-untranslated region bind to eIF-2 as 
tightly as native globin mRNA, with an apparent dissociation constant of 
5 x 10-9 M at 150 mM KCl (13). On the other hand, cap analogs inhibit 

binding of both mRNA and Met-tRNAf to eIF-2 (24). Although this could 
suggest that the cap in mRNA interacts with eIF-2, the genomic RNA species 
from Mengovirus or STNV bind extremely well to eIF-2, in fact even better 
than globin mRNA, yet they do not carry a cap structure (24, 16, 27). 
This, and the observation that eIF-2 prefers native globin mRNA by five 
orders of magnitude over cap analogs led to the suggestion that binding of 
eIF-2 to mRNA occurs primarily at an internal sequence (24). 
A relationship between binding site sequences for eIF-2 and ribosomes 
in Mengovirus RNA 

Mengovirus RNA has a length of about 7,500 nucleotides and contains 
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Fig. 4. Analysis of pancreatic ribonuclease digests of total (~),eIF-2 

selected (b), and purified, intact (c)5'-end-labeled STNV RNA by electro­
phoresis at pH 3.5 in the first dime~sion and homochromatography on a 
DEAE-thin-layer plate in the second dimension (see arrows), followed by 
autoradiography. (a) Total 5'-end-labeled STNV RNA. Arrow, position of 
pApGpCp. (~) eIF-2~selected RNA. Total 5'-end-labeled STNV RNA was in­
cubated under conditions for RNA binding with increasing amounts of 
purified eIF-2; bound RNA was isolated by retention on 0.45-~m nitro­
cellulose filters and eluted with 0.1% NaDodS04, followed by ethanol 
precipitation. At saturating amounts of eIF-2, 70% of the labeled RNA 
could be bound; in the sample analyzed, 7.2% of the input label was bound 
by a limiting amount (0.3 ~g) of eIF-2. Arrow, position of pApGpCp. 
(c) Intact 5'-end-labeled STNV RNA purified from the total kinase-treated 

RNA mixture by electrophoresis in a 4% polyacrylamide gel containing 7 M 
urea (arrow points to intact RNA). Marker dyes were methyl orange (Y) 
and xylene cyanol FF (B). Reproduced with permission (16). 

a poly (e) tract located several hundred nucleotides from the 5' end (28). 
In the closely related foot-and-mouth disease virus RNA, the major initia­
tion site for translation lies downstream from the poly (e) tract (29). 
When Mengovirus RNA was digested to completion with ribonuclease Tl and 
the resulting oligonucleotides were separated by two-dimensional poly­
acrylamide gel electrophoresis, Dr. R. Perez-Bercoff (30) obtained the 
fingerprint shown in Fig. 2. The poly (e) tract migrates too slowly in 
the first dimension to be seen in the fingerprint, due to its length (81 
nucleotides) and strong positive charge at pH 3.3 (31). Fig. 3 depicts 

a physical map of Mengovirus RNA, constructed by Dr. Perez-Bercoff (30). 
It shows the major Tl oligonucleotides, ordered with respect to their 

distance from the 3'-terminus of the molecule. The order of oligonucleo­
tides within a given region (demarcated by vertical lines) was not 
established. No major Tl oligonucleotide could be assigned to the 5'­
proximal region preceding the poly (el tract. 
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Fig. 5. Analysis of Tl ribonuclease digests of total (~) and eIF-2 selected 
(~) 5 '-end-labeled STNV RNA by electrophoresis at pH 3.5 in the first di­
mension and by homochromatography on a polyethyleneimine thin-layer plate 
in the second dimension (arrows). The intact RNA gave one spot comigrating 
with the major one in b (not shown). Y, methyl orange. Reproduced with 
permission (16). 

Ribosomes were bound to Mengovirus RNA in extracts of L 929 or Krebs 
ascites cells, to generate 40 S or 80 S initiation complexes that were iso­
lated by sucrose gradient centrifugation. The RNA sequences protected in 
these complexes were isolated after ribonuclease Tl digestion. In either 
complex, four unique Tl oligonucleotides were protected: these were oligo­
nucleotides 1, 2,4 and 67 (boxed in Fig. 3). Although the precise location 
of these oligonucleotides, each 15 to 28 nucleotides in length, within 
Mengovirus RNA is not yet known, it is seen from Fig. 3 that they fall into 
at least two widely separated domains (30). It is not yet clear if these 
domains form a single site held together by secondary or tertiary inter­

actions in the RNA molecule, or two separate sites for initiation of trans­
lation. The recovery of two distinct N-terminal tryptic peptides upon in 

vitro translation of Mengovirus RNA (32) tends to support the latter inter­
pretation. 

Labeled, intact Mengovirus RNA was offered to eIF-2 and the sequences 
protected by the initiation factor against ribonuclease Tl digestion were 
isolated by their retention on nitrocellulose membrane filters, in complex 
with eIF-2 (30). When the protected RNA fragments were digested to com­
pletion with ribonuclease Tl and fingerprinted, three specific oligonucleo­
tides were recovered, and these were oligonucleotides 1, 2 and 4. Most 
likely, oligonucleotide 67 also interacts with eIF-2, but too weakly to 
survive the isolation procedure (30). This finding demonstrates high 
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Fig. 6. Identification of the major products of pancreatic and Tl ribo­
nuclease digestion. The major spots in Figs. 4b and c and 5b, as well as 
in the ribonuclease Tl digest of intact RNA, were eluted with triethylam­
monium bicarbonate (pH 9.0), digested as described below, and analyzed by 
chromatography on a polyethylene imine thin-layer plate in 4 M urea/l M 
HCOOH made to pH 4.3 with pyridine, followed by autoradiography. References 
were: optical density markers 5'-AMP (lane 1; overloading resulted in de­
creased mobility) and 5'-ADP (lane 16) and [y_32 p JATP (lane 17). Other 
lanes: major pancreatic ribonuclease spot of eIF-2-selected total RNA 
(Fig. 4b) (lanes 2-5) or of intact RNA (Fig. 4c) (lanes 9-12) after no 
additional digestion (lanes 2 and 9) or digestion with Tl ribonuclease 
(lanes 3 and 10), T2 ribonuclease (lanes 4 and II), or PI ribonuclease 
(lanes 5 and 12); major Tl ribonuclease spot of eIF-2-selected total RNA 
(Fig. 5~) (lanes 6-8) or intact RNA (lanes 13-15), after no additional 
digestion (lanes 6 and 13) or digestion with T2 ribonuclease (lanes 7 and 
14) or PI ribonuclease (lanes 8 and 15). The spots in lanes 1-15 are 
identified on the left; the spots in lanes 16 and 17 are identified on 
the right. Reproduced with permission (16). 

sequence specificity in the interaction between eIF-2 and Mengovirus RNA 
and shows that out of a very large sequence, eIF-2 binds, by itself, pre­
cisely to those nucleotides in Mengovirus RNA that are protected by ribo­
somes. The virtual identity of the binding sites in Mengovirus RNA for 
ribosomes on one hand, and for eIF-2 on the other, suggests strongly that 
the binding of ribosomes to Mengovirus RNA is guided directly by eIF-2. 
Sequence and conformation analysis of the binding site for eIF-2 in STNV RNA 

A more detailed study was made of the interaction between STNV RNA 
and eIF-2. STNV RNA is particularly suitable for analyzing the binding site 
for eIF-2, because it is an efficient mRNA for translation (33, 34), has a 
known sequence of 1,239 nucleotides encoding only a single protein (35), 
lacks poly (A) and possesses an unmodified 5' end (36, 37) that can be 
labeled in vitro with polynucleotide kinase. As seen in the gel of Fig. 4c 
(inset), RNA isolated from STNV virions migrates, after 5'-end labeling, as 
a heterogeneous collection of fragments with only a minor amount of label 
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Fig. 7. e IF-2 saturation binding curves of intact STNV RNA and individual 
5'-terminal fragments. In tact STNV RNA (e; 1,018 cpm) and fragments -
32-nucleotide (curve 1; 293 cpm) , 44-nucleotide (curve 2; 283 cpm) , 73-
nucleotide (curve 3; 483 cpm) and 11 5-nucleotide (curve 4; 201 cpm) -
isolated from a Tl partial digest of intact, 5'-labeled STNV RNA (lane 1 
on left ; numbers denote nucleotide l ength) were incubated in the presence 
of the indicated amounts of eIF-2 (0.15 ~g/~l), and the percentage of 
rad ioactivity retained o n nitrocellulose filt e rs was determined. Repro­
duced with permission (16 ). 

in fully intact viral RNA (arrow). When intact RNA is excised from the 
gel and digested with pancreatic ribonuclease, a single spot is observed 
in the two-dimensional fingerprint (Fig. 4~). By contrast, the complete 
STNV RNA preparation is quite heterogeneous and contains at least 30 
different 5' ends (Fig. 4~), attesting to the presence of many fragments 
originating from internal regions of the viral RNA molecule. When this RNA 
was offered to eIF-2 and RNA bound to the initiation factor was isolated 
and fingerprinted, one major spot was observed, migrating precisely as the 
5' end of intact viral RNA (Fig. 4~). Likewise, the ribonuclease Tl 
fingerprint of the 5' end-labeled, complete STNV RNA preparation displayed 
a complex collection of spots (Fig . 5~), while eIF-2-selected STNV RNA 
yielded primarily one spot (Fig. 5~), again miqratinq as the single spot 

generated from intact STNV RNA (not shown). The sequences of the material 
in the spots obtained from eIF-2-selected RNA were analyzed in Fig. 6 by 
additional digestion with Tl, T2 and Pl ribonucleases. The major spot 
generated upon pancreatic ribonuclease digestion (Fig. 4~) was identified 
as pApGpUp (Fig. 6, lanes 2-5) (the only other possibility, pApGpCp, is not 
compatible with Fig. l~); the major spot in the Tl ribonuclease pattern 
(Fig. 5~) was identified as pApGp (Fig. 6, lanes 6-8). The 5' end of 
isolated, intact STNV RNA yielded identical patterns (lanes 9-12 and 13-15, 
respectively). Indeed, STNV RNA is known to start with the sequence 
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Fig. 8. Secondary structure model for the 5' end of STNV RNA. The model 
(35) depicts stable secondary interactions. Heavy line, nucleotides pro­
tected by 40 S ribosomal subunits against nucleases (39); arrows, pro­
minent sites of ribonuclease Tl cleavage (Fig. 7, lane 1). For eIF-2 
binding site, see text. Reproduced with permission (16). 

5'(p)ppApGpUp .. (37). These results show that eIF-2 recognizes and binds 
selectively to those STNV RNA fragments starting with the 5' end of the 
intact RNA (16). 

To map the eIF-2 binding site more exactly, intact 5' end-labeled 
STNV RNA was isolated and digested partially with ribonuclease Tl, to 
generate a nested set of labeled RNA fragments, all containing the 5' end 
of intact RNA and extending to various pOints within the molecule. Pro­
minent in the cleavage pattern were fragments 11,12,23,32,33,44,73 
and 115 nucleotides long (Fig. 7, lane 1). Cleavage products of these 

lengths can be predicted from a model of the secondary structure of STNV 
RNA (35), as shown in Fig. 8. Arrows denote G residues sensitive to 
nuclease attack. Note that the 32-nucleotide long fragment terminates with 

the AUG initiation codon for coat protein synthesis (38). Fragments of 
discrete size were excised from the gel, and their ability to bind eIF-2 
was studied. As seen in Fig. 7, eIF-2 does not bind to the 32-nucleotide 
long fragment (curve 1), but it does bind distinctly to the 44-nucleotide 
fragment (curve 2) or larger ones (curves 3 and 4). This places the 3'­
proximal boundary of the eIF-2 binding site at or near nucleotide 44. 

Fig. 7 also shows that the affinity of eIF-2 for short 5' -terminal 
STNV RNA fragments increases with their length and is greatest for fully 
intact viral RNA (upper curve). This finding suggests that the structural 
features leading to recognition by eIF-2 are not only localized in the 
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Fig. 9. Competition binding behavior of intact (a) STNV RNA and the 73-
nucleotide (b) and l15-nucleotide (c) 5 '-terminal-fragments. Purified, 
intact STNV RNA (1,290 cpm) and l15~nucleotide (250 cpm) and 73-nucleotide 
(303 cpm) fragments isolated from a digest such as that of Fig. 7 (lane 1) 
were incubated with a limiting amount of eIF-2, and the indicated amounts 
of >90% intact, unlabeled STNV RNA (e) or E. coli rRNA (0). The amount 
of radioactivity retained on nitrocellulos; filters was determined. 
Reproduced with permission (16). 

5'-termina1 region but are also determined, or strengthened, by the overall 
conformation of the viral RNA molecule. Nevertheless, binding of eIF-2 to 
short 5'-termina1 STNV RNA fragments occurs with the same specificity as 
to intact RNA. This can be seen from Fig. g, a competition experiment in 
which binding of intact 5' end-labeled STNV RNA, or 5'-termina1 fragments, 
to a limiting amount of eIF-2 was studied in the presence of increasing 
amounts of unlabeled, intact STNV RNA, or Escherichia coli ribosomal RNA. 
eIF-2 binds with at least 20-fo1d greater affinity to STNV RNA than to 

ribosomal RNA (~), and it is clear that this differential competition is 
preserved for the 73- and 115-nuc1eotide fragments (~and ~). Even binding 
of the 44-nuc1eotide fragment was still specific: 58% of the binding was 
inhibited by 5 ng of intact STNV RNA, but only 11% was inhibited by 5 ng 
of I. coli ribosomal RNA (16). 

In the experiments shown in Fig. 10, purified, intact 5' end-labeled 
STNV RNA was partially digested with various nuc1eases. eIF-2 was then 
added and binding was allowed to occur in the presence of these nuc1eases. 
Lane 1 depicts the gel migration pattern of all fragments present after 
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Fig. 10. Effect of eIF-2 on nuclease sensitivity of STNV RNA. Purified, 
intact STNV RNA was digested with Tl (lanes 1-4) or PI ribonuclease 
(lanes 5 and 6) for 42 min at oDe. For control (lanes 1 and 5), an aliquot 
of each digest was analyzed on a 12% polyacrylamide gel in 7 M urea. To 
other aliquots, increasing amounts of eIF-2 were added after 30 min of 
digestion, and after a further 12 min at oDe the material retained on 
nitrocellulose filters was isolated; the filters were treated immediately 
with buffer containing 0.1% NaDodS04 and 0.5% diethylpyrocarbonate before 
extraction and analysis of RNA. Reproduced with permission (16). 

digestion with ribonuclease Tl for 42 min. When eIF-2 in increasing amounts 
was present during the last 12 min of digestion and the RNA bound to eIF-2 
was isolated, it yielded the patterns shown in lanes 2-4. The major species 
recovered was 44 nucleotides long, while intact RNA was absent, in spite of 
the fact that it was the predominant species in the digest without eIF-2 
(lane 1). This result was surprising because, as we have seen in Fig. 7, 
eIF-2 binds far more readily to intact STNV RNA than to the 44-nucleotide 
5'-terminal fragment. eIF-2 itself is devoid of detectable nuclease 
activity (16). Hence, one would have predicted that intact RNA should 
predominate in lanes 2-4, rather than the 44-nucleotide fragment that is 
actually observed. The most plausible explanation of this discrepancy is 
that binding of eIF-2 to intact STNV RNA induces a conformational change 
in this RNA that greatly facilitates cleavage by ribonuclease Tl at 
position 44. 

Binding of eIF-2 to intact STNV RNA likewise increases the sensitivity 

of the RNA to cleavage by ribonuclease Pl near position 60 (Fig. 10, lanes 
5 and 6), attesting to a conformational change induced also at that point 
by the binding of the initiation factor molecule. 

These results show that the binding site for eIF-2 extends in the 
3'-terminal direction to a point between nucleotides 32 and 44 (see Fig. 8). 
On the 5'-terminal side, the binding of eIF-2 protects positions 11, 12, 



34 

23 and 32 against digestion (Fig. 10). placing the boundary at or before 
position 10. Since the G residues at positions 2 and 7 are hydrogen-bonded 
and thus resistant to nuclease attack (38). it is not certain if the eIF-2 
binding site extends to the physical 5' end. The striking aspect of the 
eIF-2 binding site is. however. that it overlaps virtually completely with 
the binding site for 40 S ribosomal subunits (nucleotides 10-47) established 
in wheat germ extract (39) and depicted by the line in Fig. 8. Thus. eIF-2 
by itself recognizes and binds virtually the same nucleotide sequence that 
is bound by 40 S ribosomal subunits carrying eIF-2. Met-tRNAf and all other 
components needed for initiation of translation. This finding extends and 
strongly reinforces the results with Mengovirus RNA and points to a critical 
role for eIF-2 in the recognition of mRNA by ribosomes. 

VIRAL AND CELLULAR mRNA COMPETE FOR eIF-2 IN DIRECT BINDING AS THEY DO 
IN TRANSLATION 

To study the functional implications of the interaction between mRNA 
and eIF-2. we analyzed translational competition between different species 
of mRNA. choosing to work with the mRNA-dependent reticulocyte lysate 
because it allows the precise quantitation of each mRNA species present 
during translation and is capable of repeated initiation with an efficiency 
approaching that of the intact cell (40.41). The addition of increasing 
amounts of rabbit globin mRNA to this system generates conditions of in­
creasing mRNA competition pressure that considerably magnifies even small 
differences in competing ability between individual mRNA species. Such 
conditions lead to selective synthesis of S-globin. at the expense of 
translation of a-globin mRNA (42. 43). Addition of an excess of eIF-2 
restored the a/S globin synthetic ratio to the molar ratio of their 
respective mRNAs in the reaction. yet did not change the overall number of 
initiations of translation (42). Hence. eIF-2 relieves the competition 
between a- and S-globin mRNA during translation. Moreover. addition of 

eIF-2 relieved the selective inhibition of translation of a-globin mRNA 
by monovalent anions (e.g .• Cl-) (42). Such ions inhibit initiation 
principally by affecting the binding of mRNA to 40 S subunits carrying 

Met-tRNAf (44). The relieving activity of eIF-2 thus suggested that the 
anions may inhibit the interaction between eIF-2 and mRNA during transla­
tion. Indeed. Cl- or OAc- ions inhibit the direct binding of globin mRNA 

to eIF-2 in a manner that closely parallels their inhibition of globin 
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Fig. 11. Cellulose acetate electrophoresis analysis of products synthesized 
during simultaneous translation of globin mRNA and Mengovirus RNA. Trans­
lation mixtures contained 1.1 ~g of globin mRNA and the indicated ~g amounts 
of Mengovirus RNA. Densitometer scans of the autoradiogram of 35S-labeled 
products are shown. a, a-globin; B, B-globin; M, Mengovirus RNA-directed 
products of translation. Reproduced with permission (27). 
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Fig. 12. Translational competition between globin mRNA and Mengovirus RNA. 
Areas under the curves of densitometer scans (Fig. 11) are plotted in 
arbitrary units as total amounts of globin (e) and of Mengovirus RNA­
directed products (0). Values obtained with 1.5 ~g of Mengovirus RNA are 
from the same experiment. Total 35S- me thionine incorporation into protein 
(X). Reproduced with permission (27). 

mRNA translation (42). Furthermore, binding of isolated a-globin mRNA to 
eIF-2 displays greater sensitivity to anionic inhibition than does binding 
of B-globin mRNA (42). These results support the concept that a direct 
interaction between mRNA and eIF-2 occurs at initiation of translation 
and suggest a relationship between the affinity of an mRNA for eIF-2 on one 
hand, and its ability to compete in translation on the other (42, 45). 
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Fig. 13. Co-purification of the activity that relieves translational com­
petition with eIF~2. For purification of eIF-2, see ref. 27. The gradient 
portion of the phosphocellulose column is shown. Aliquots were assayed for 
GTP-dependent binding of 35S-labe l e d Met-tRNAf (0) or binding of 1251_ 
labeled Mengo RNA (e). Aliquots were added to translation mixtures con­
taining 1 ~g of globin mRNA and 0.5 ~g of Mengovirus RNA. Incorporation 
of 35S-methionine into total protein (X) and total amount of globin formed 
(i) are shown. Triangles on right indicate amount of globin synthesized 
in reaction mixtures lacking Mengovirus RNA, incubated with (i) and without 
(6) material from tube 11. Reproduced with permission (27). 

More quantitative evidence for this concept came from a study of the 
competition between globin mRNA and Mengovirus RNA (27). In conditions 
where the total number of initiations remains constant, the addition of in­
creasing amounts of Mengovirus RNA leads to a progressive decrease in globin 
mRNA translation, accompanied by increasing synthesis of viral protein (Fig. 
11). From a plot of the integrated translation yields (Fig. 12), it can 
be calculated that half-maximal inhibition of globin mRNA translation occurs 
when 35 molecules of globin mRNA are present for every molecule of Mengo­
virus RNA. Assuming that equal proportions of these RNA molecules are 
trans1ationa11y active, this means that a molecule of Mengovirus RNA competes 

35-fo1d more strongly in translation than does (on average) a molecule of 
globin mRNA. 

Does this competition involve eIF-2? Indeed, in conditions where 
globin synthesis is greatly depressed by the presence of Mengovirus RNA, 
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Fig. 14. Competition between globin mRNA and Mengovirus RNA in direct 
binding to eIF-2. See text. Reproduced with permission (27). 

the addition of eIF-2 does not stimulate overall translation, yet restores 
globin synthesis to the level seen in the absence of competing Mengovirus 
RNA (Fig. 13). Globin synthesis in controls lacking Mengovirus RNA is not 
stimulated by the addition of eIF-2 (Fig. 13, triangles on right). Hence, 
addition of eIF-2 allows the more weakly competing, but more numerous, 
globin mRNA molecules to initiate translation at the expense of the more 
strongly competing, but less numerous, viral RNA molecules. Initiation 
factor eIF-2, therefore, relieves the mRNA competition. 

The fact that eIF-2 acts to shift translation in favor of globin syn­
thesis shows clearly that globin mRNA and Mengovirus RNA compete for eIF-2, 
but does not eliminate the possibility that eIF-2 could act in a non-specific 
manner, as by increasing the pool of 40 S/Met-tRNAf complexes. The results 
of RNA binding experiments, however, show that Mengovirus RNA and globin 
mRNA compete directly for eIF-2 with an affinity ratio that matches 

exactly with that observed in translation competition experiments. 
In the experiment of Fig. 14, the only macromolecules present are 

eIF-2 and mRNA. Binding of labeled Mengovirus RNA to a limiting amount of 
eIF-2 is studied in the presence of increasing amounts of unlabeled, com­
peting RNA. Unlabeled Mengovirus RNA competes as expected, with the same 
affinity for eIF-2 as the labeled viral RNA. By contrast, 30 times more 
molecules of globin mRNA must be present before binding of labeled Mengo­
virus RNA is reduced by one-half. The reciprocal experiment, in which the 
label was in globin mRNA, yielded the same result (27). Thus, a molecule 
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Fig. 15. Differential sensitivity of initiation of translation of Mengo­
virus RNA and globin mRNA to inhibition by dsRNA. Translation mixtures 
containing 1.5 ~g of globin mRNA (6, &) or Mengovirus RNA (0, .) were in­
cubated for 45 min in the presence of N-formyl-[35S]Met-tRNAf (&, .) or 
3SS-me thionine (6, 0) in the presence of the indicated concentrations of 
~. chrysogenum dsRNA. Radioactivity in total protein was determined. 
Reproduced with permission (25). 

of Mengovirus RNA binds to eIF-2 3D-fold more strongly than (on average) 
a molecule of globin mRNA. Additional and independent evidence for the 
high affinity of Mengovirus RNA for eIF-2 is furnished by the observation 
(27) that binding of this RNA to eIF-2 is resistant to inhibition by mono­
valent anions at concentrations that completely inhibit the binding of 
globin mRNA. The high affinity of Mengovirus RNA for eIF-2 is not related 
simply to nucleotide length, for as we have seen in Fig. 1, VSV negative­
strand RNA, which is even longer, binds only weakly and non-specifically 
to eIF-2. 

VIRAL mRNA AND DOUBLE-STRANDED RNA BIND DISTINCTLY YET COMPETITIVELY TO eIF-2 
Further evidence for a preferential interaction between Mengovirus RNA 

and eIF-2 during translation came, unexpectedlY,from a study of the inhibi­
tion of translation by double-stranded RNA (dsRNA) (25). DsRNA blocks 
initiation of translation in reticulocyte lysates by causing the inactiva­
tion of eIF-2 (9, 46). In the presence of dsRNA, the a-subunit of eIF-2 
becomes phosphorylated (46, 47). The consequent failure of Met-tRNAf to 
bind to the 40 S ribosomal subunit -- a necessary prerequisite for the 
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binding of mRNA -- should then be sufficient to explain why initiation of 
protein synthesis becomes blocked. This view would predict that dsRNA 
should equally inhibit the translation of all mRNA species, as each depends 
on prior binding of Met-tRNAf. 

We were surprised to discover that this is not the case (25). As seen 
in Fig. 15 (open triangles), the translation of globin mRNA in an mRNA­
dependent reticulocyte lysate is already inhibited by as little as 1 ng/ml 
of dsRNA, and maximal inhibition is observed at 20 ng/ml. The residual 
synthesis of protein at that concentration is due to the fact that inhibition 
by dsRNA is manifested only after a 5-10 min lag period of synthesis at 
control rates (25). By contrast, the translation of Mengovirus RNA continues 
virtually unabated under these conditions (Fig. 15, open circles). This 
continued translation of Mengovirus RNA, we could show, is totally dependent 
on continued initiation of translation (25). In the experiment of Fig. 15, 
the number of initiation events was measured directly by the use of 
N-formyl-[35S]Met-tRNAf as donor of labeled methionine (filled symbols). 

It is seen that the number of initiation events directed by Mengovirus RNA 
is not significantly affected at dsRNA concentrations that severely inhibit 
incorporation directed by globin mRNA, and that transfer of label from 

N-formyl-Met-tRNAf into protein closely reflects the incorporation of 
labeled methionine. Total cellular mRNA behaves as globin mRNA in terms 
of its sensitivity to dsRNA (25). Thus, in contrast to cellular mRNA, 
initiation of translation of Mengovirus RNA is resistant to inhibition by 

dsRNA. 
What is the mechanism of this unexpected resistance? We could show 

that translation of Mengovirus RNA was not maintained by putative traces 
of eIF-2 left over after the bulk of this factor had been inactivated by 
dsRNA, for as soon as globin mRNA translation had become inhibited, the 
late addition of Mengovirus RNA completely failed to elicit translation 
(25). This meant that Mengovirus RNA was somehow able to prevent the 
establishment of translational inhibition, yet in principle was just as 

sensitive as globin mRNA to inhibition once established. We then discovered 
that Mengovirus RNA is able to inhibit competitively the dsRNA-dependent 
phosphorylation of eIF-2, while globin mRNA does not exhibit this property 
(25). Since we had already found in 1974 that eIF-2 binds to dsRNA (9), 

these results suggested that mRNA and dsRNA may directly compete for 
eIF-2. 
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Fig. 16. Inhibitory effect of dsRNA, globin mRNA, and Mengovirus RNA on 
binding of Met-tRNAf to eIF-2. The assay contained constant amounts of 
35S-Met-tRNAf and purified eIF-2, and the indicated amounts of dsRNA, 
globin mRNA, or Mengovirus RNA. Control without eIF-2 [100 cpm in (al 
and 80 cpm in (£.l] was subtracted. Reproduced with permission (25).-
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Fig. 17. Direct binding competition of dsRNA, globin mRNA, and Mengovirus 
RNA for eIF-2. RNA-binding assays in (a) contained 125I -labeled globin 
mRNA (0.025 pmol;9,500 cpm) and 10.6 ng-of eIF-2. In (b), they contained 
125I-labeled Mengovirus RNA (0.002 pmol; 4,470 cpm) and-0.28 ng of eIF-2. 
Unlabeled dsRNA, globin mRNA, or Mengovirus RNA was present in the indicated 
amounts. Control without eIF-2 [110 cpm in (~), 70 cpm in (bl] was subtracted. 
Reproduced with permission (25). -

Figures 16 and 17 show that this is indeed the case. In Fig. 16, the 

ability of mRNA to inhibit competitively the binding of Met-tRNAf to eIF-2, 
already mentioned, is used to analyze the eIF-2/mRNA interaction. It is 
seen that dsRNA also exhibits this activity. On a molar basis, dsRNA is a 
more powerful inhibitor of eIF-2/Met-tRNAf binding than is globin mRNA (~), 
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but a weaker inhibitor than Mengovirus RNA (~). The experiment shows that 
eIF-2 binds dsRNA more strongly than globin mRNA, but more weakly than Mengo­

virus RNA. That mRNA and dsRNA compete directly for eIF-2 is shown in Fig. 
17. Here, a limiting amount of eIF-2 was incubated with labeled globin 
mRNA (~) or Mengovirus RNA (~) and increasing amounts of unlabeled, competing 
RNA. When dsRNA is used as competing RNA, it is seen to bind to eIF-2 with 
about 6-fold higher affinity than globin mRNA (~). By contrast, a molecule 
of dsRNA binds to eIF-Z about 7 times more weakly than Mengovirus RNA (~). 

This and other experiments (Z5) led to a model in which binding of eIF-2 to 
dsRNA leads to the eventual inactivation of this factor and inhibition of 
translation, while binding of eIF-2 to Mengovirus RNA leads to initiation 
and a new round of protein synthesis. 

Even though dsRNA and mRNA compete in their binding to eIF-Z, the 
structural features recognized by eIF-Z in these RNA species are distinct. 
The nature of the interaction between dsRNA and eIF-Z was studied by 
analyzing the binding of eIF-2 to Penicillium chrysogenum dsRNA molecules 
labeled with 3Zp at their 5' ends, and the ability of eIF-2 to protect 

such label against pancreatic ribonuclease digestion (48). The results 
revealed binding sites for eIF-Z at the 5' ends as well as throughout 
internal regions of the dsRNA molecule. Binding of eIF-2 is not restricted 

to specific sequences in dsRNA (12, 48). Our data support the interpreta­
tion that eIF-Z recognizes the A conformation in dsRNA, rather than sequence. 
Apparently, binding of eIF-2 at sites spaced ZOO bp apart prevents 
relaxation of the intervening length of double helix, thereby stabilizing 
the dsRNA molecule against ribonuclease attack (48). 

THE HIGH AFFINITY OF VIRAL MESSENGER RNA FOR eIF-Z 
An outstanding feature of translational control that remains to be 

clarified is the very wide range in initiation efficiency encountered 
among eukaryotic mRNA species. That this range is at least one hundred­
fold follows from the observations that Mengovirus RNA competes some 35-
fold more effectively at initiation of translation than globin mRNA (Figs. 
11 and 12), while albumin mRNA from liver, a weaker template than globin 
mRNA, competes about 4-fold better than haemopexin mRNA (49). Thus, the 
one hundredfold range may well be a conservative estimate. 

A strong clue to this question is provided by our finding, reported 
here, that the ability of an mRNA species to compete in translation can 
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be correlated directly with its binding affinity for eIF-2. This is demon­
strated most strikingly by the 30-fold higher affinity of Mengovirus RNA 
for eIF-2, as compared to globin mRNA (Fig. l~, and the 35-fold greater 
ability of a molecule of Mengovirus RNA to compete in translation (Fig. 12). 
Although similarly quantitative data are not available for a- and B-globin 
mRNA, we observed that the markedly greater ability of B-globin mRNA to 
compete in translation is coupled with a significantly higher affinity for 
eIF-2 (42; see above). Indeed, globin mRNA possesses a 10- to l5-fold 
greater affinity for eIF-2 than does phage R17 RNA (13), a ratio that fits 
remarkably well with the observation that this RNA is about 6% as efficient 
as globin mRNA as template in a reticulocyte cell-free system for trans­
lation (50). Studies with dsRNA (Figs. 15-17) provide independent evidence 
for a direct and preferential interaction between eIF-2 and Mengovirus RNA 
during translation. Finally, different monovalent anions inhibit the 
direct binding of globin mRNA to eIF-2 with characteristics that match 
virtually perfectly with those of their inhibition of globin mRNA trans­
lation in a whole lysate (42). Together, these results strongly support 
the concept that a direct interaction of mRNA with eIF-2 occurs during 
translation and is of key importance to translational control. 

Although other initiation factors, notably eIF-4A and eIF-4F (51) 
have been shown to interact with mRNA, especially at the cap structure (51), 
and to influence translation rates (52, 53), their ability to act as targets 
of translational competition remains to be demonstrated conclusively (1). 
r~oreover, sequence analysis of the type reported here for the binding site 
for eIF-2 in mRNA has not yet been reported for any other eukaryotic 
initiation factor, nor has specific interaction with an mRNA sequence, 
other than the cap, so far been demonstrated. As we have suggested else­
where (1, 45), eIF-4A (8, 52) and/or cap-binding proteins (54, 55) may 
unwind secondary structure at the 5' end of mRNA and anchor it at the cap, 
while eIF-2 then acts to recognize and bind the mRNA sequence and conforma­

tion existing at the ribosome binding site. The conformational change 
induced around this site by binding of eIF-2 (see Fig. 10), moreover, may 

cause unfolding of the mRNA molecule, creating thereby space to accommodate 
the attached Met-tRNAf/40 S ribosomal subunit. 

The role of the 5' -leader sequence in determining initiation efficiency 

is difficult to determine on the basis of presently available data. This 
point is well illustrated by the five mRNA species of VSV. In vivo, these 



43 

mRNAs are apparently translated with identical efficiencies of initiation 
(56), yet they possess 51 leaders that are unrelated in sequence and vary in 
length from 10 to 41 nucleotides (57). 

This variation in 51 ends in the face of identical initiation efficiency 
suggests that it may not be the leader sequence per se that determines 
initiation strength, but the interaction of this sequence with other, in­
ternal parts of the mRNA molecule. Since the coding sequence in an mRNA 
molecule is dictated by the individual protein encoded, and since the 31-
untranslated sequence is also highly variable (1), any stable interaction 
between 51 leader and internal sequences is only possible if the leader 
sequence is especially tailored to allow such a fit. If this view is 
correct, then an important determinant for the efficiency of initiation is 
the structure generated by this interaction around the initiation codon. 

The fact that denaturation of eukaryotic mRNA does not lead to binding 
of ribosomes at internal sites in mRNA (58-60) is not in conflict with 
this concept. It merely indicates that structure in mRNA is not important 
for determining where initiation occurs. This pOint should be separated 
clearly from the question, how often initiation takes place. Two mRNA 
species can vary widely in initiation efficiency, even if, as is generally 
the case, initiation occurs at the first AUG codon in both. It is here 
that the contribution of structure may be of essence. 

The absence of 5' -proximal sequences in both eIF-2 and ribosome­
protected segments of Mengovirus RNA (Fig. 3) supports the concept that 

the RNA of this virus has evolved a highly efficient mechanism of initia­
tion that bypasses the need for either a 51 end or a 51-terminal cap 

structure. Apparently, this is because a structured site, highly favorable 
for initiation and possessing a very high affinity for eIF-2, is generated 
within this RNA molecule (Figs. 2, 3, 11-14). Indeed, the related 
encephalomyocarditis virus RNA possesses an unusual primary and secondary 
structure at the start of the coding region, and this highly structured 
site is resistant to nuclease treatment (61, 62). The existence of a 

structure possessing very high affinity for eIF-2 (and possibly for other 
components of initiation) would obviate the need for the additional stabi­
lization imparted by binding at the cap. Clearly, the high affinity of 
Mengovirus RNA for eIF-2 could not be due to double-stranded RNA features, 
as Mengovirus RNA binds more strongly than authentic dsRNA to eIF-2 
(Figs. 16, 17). 
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Yet, in STNV RNA, which is also an efficiently competing mRNA species 

lacking a 5 1 -terminal cap (33, 34, 36, 37), the site that binds eIF-2 and 
ribosomes lies close to the 51 end (Fig. 8). High efficiency of initiation 
may in this case result from a suitable structure at the initiation site, 
coupled with proximity to the 51 end. As the affinity properties of the 
structure generated around the initiation codon become less favorable, 
proximity to the 51 end may start to provide a contribution. For even less 

favorable initiation sites, the additional contribution of the 5 1 -terminal 
cap becomes increasingly important, as evidenced for all cellular and many 
viral mRNA species. Apparently, eIF-2 recognizes in different mRNA species 
a common conformation existing around the initiation codon, but differing 
in subtle ways that are important for determining individual binding 
affinity. 

The accessibility of the AUG initiation codon to factors and ribosomes 
may well be influenced by secondary structure. Diminished accessibility 
has been suggested for a-globin mRNA, as compared to S-globin mRNA (63), 
but the generality of this concept as a determinant of initiation efficiency 
remains to be documented. Since eIF-2 is able to unfold the 5 1 -terminal 
conformation of the STNV RNA molecule around the ribosome binding site 
(Figs. 8, 10), it may in fact act to make the AUG initiation codon more 
accessible to the Met-tRNAf molecule lodged on the attached 40 S ribo-
somal subunit. 
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BACTERIOPHAGE T7 mRNAs 

F. WILLIAM STUDIER 

During infection, T7 DNA is transcribed first by the host RNA 
polymerase and then by newly made T7 RNA polymerase. T7 RNA polymerase 
has a stringent specificity for its own promoters, which are not found 
in host DNA. Therefore, production of the new T7 RNA polymerase, 
together with inactivation of the host RNA polymerase, switches all 
transcription from host DNA to T7 DNA. An initial wave of transcription 
proceeds down T7 DNA from left to right, taking about 40% of the latent 
period to reach the right end of the DNA. This wave may be coupled to 
entry of the DNA into the cell, and the mode of entry may be an 
important factor in controlling gene expression. Primary transcripts 
are cut at specific sites by a host enzyme, RNase III, to generate the 
mRNAs observed in the cell. The RNase III cleavages leave relatively 
stable base-paired structures at the 3' end of most T7 mRNAs, which may 
be at least partly responsible for the unusual stability of T7 mRNAs 
relative to typical host mRNAs. Differences in translational efficiency 
among the different T7 mRNAs are also important in regulating gene 
expression during infection. 

I NTRODUCTI ON 

T7 is a virulent bacteriophage that infects Escherichia coli. It 
rapidly takes over the metabolism of the host cell and produces as many 
as 250 new phage particles in as little as 13 min at 37 °C. In order to 
generate high levels of T7 gene products in such a short time, the T7 
mRNAs must be efficiently synthesized and translated. This review 
summarizes our current understanding of the strategies T7 employs to 
accomplish this. 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Marlinus Nijhojj Pubii<hing, lJ&Ion. All rights reserved. 
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GENETIC ORGANIZATION OF T7 DNA 
T7 contains a single molecule of linear, double-stranded DNA that 

is almost 40,000 base pairs long. The nucleotide sequence of T7 DNA has 
been completely determined, and the coding sequences for all of the 
known and potential T7 proteins have been located in the nucleotide 
sequence (1-3). Fifty genes are closely packed but essentially 
nonover1apping in the DNA, and more than 90% of the nucleotide sequence 
is used to code for proteins. The arrangement of these 50 genes in T7 
DNA is shown in Figure 1. In addition, there may be as many as five 
genes having a coding sequence that overlaps one of the 50 closely 
packed genes in a different reading frame. T7 genes are numbered 
according to their relative positions in the DNA, the numbers increasing 
from left to right; for historical reasons, the integers 1 to ~ are 
used, as well as various decimal numbers from 0.3 to 19.5. 
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FIGURE 1. Genetic and physical map of T7 DNA (1,3). The positions of 
the terminal repetition (filled boxes), the T7 genes (open boxes), the 
promoters for T7 RNA polymerase (~), and the terminator for T7 RNA 
polymerase (T~) are drawn to scale according to their locations in the 
nucleotide sequence. The gene number and function are indicated for 
some of the genes. 
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T7 genes with related functions tend to cluster in the DNA, and 
three groups of genes that are expressed co-ordinately during infection 

have been recognized (4). The class I, or early genes are at the left 

end of the DNA and occupy almost one-fifth of the DNA. The class II, or 
DNA metabolizing genes come next, and occupy about one-fourth of the 

DNA. The class III genes, those which specify structural or assembly 
proteins of the phage particle, occupy the right half of the DNA. Among 
the 50 closely packed genes, there are nine class I genes, numbered ~ 

to 1.3; 21 class II genes, numbered 1.4 to 6.3; and 20 class III genes, 
numbered 6.5 to 19.5. 

EXPRESSION OF T7 GENES 

The T7 genes are expressed in order of their position in T7 DNA, as 
illustrated by the pattern of protein synthesis during infection (Figure 

2). The early genes are the first to be expressed, and their synthesis 
shuts off along with the host proteins, or in some cases along with 

class II proteins. The class II, or DNA metabolizing genes, are the 

next to be expressed, and their synthesis shuts off near the middle of 
the latent period. The class III, or structural and assembly genes, are 

the last to be expressed, and their synthesis continues throughout the 

latent period. 

TRANSCRIPTION OF T7 DNA 

The primary control of gene expression during T7 infection is at 
the level of transcription. All transcription of T7 DNA is from left to 

right, the same direction as the order of expression of the T7 genes 

(4,6). T7 DNA is transcribed first by the RNA polymerase of the host 
cell, and then by T7 RNA polymerase, which is made in the early stages 

of infection (7). The overall transcription of T7 DNA is summarized in 
Figure 3. 

Transcription by the host RNA polymerase 

T7 DNA contains three strong promoters for E. coli RNA polymerase, 
located about 125 base pairs apart near the left end of the DNA (8,9). 

These promoters, designated AI, A2 and A3, appear to be strong relative 

to most promoters in host DNA, presumably so that the entering T7 DNA 
will be recognized and transcribed actively by the host RNA polymerase. 
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FIGURE 2. Time course of protein synthesis during T7 infection (1,3,4). 
A culture of E. coli growing in minimal medium at 30·C was infected with 
about 15 infective T7 particles per cell, and samples were pulsed for 2 
min with [35S]methionine immediately before and at 2-min intervals after 
infection. The cells were collected by centrifugation, lysed in buffer 
containing sodium dodecyl sulfate, and subjected to electrophoresis on a 
10-20% polyacrylamide gradient gel having a 5% stacking gel, followed by 
autoradiography, essentially as described (5). The origin of 
electrophoresis is at the top of the patterns. The time at the 
beginning of each 2-min pulse is given above each lane; lysis of the 
culture would normally begin about 25 min after infection under these 
conditions. The gene numbers of prominent T7 proteins are indicated to 
the sides of the patterns, early proteins to the left, late proteins to 
the right (4). 
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Most transcripts initiated at AI, A2 and A3 appear to terminate at a 

relatively strong but not completely efficient transcription termination 

site, designated TE, at the end of the early region (4,10). A number of 
additional, weaker promoters for E. coli RNA polymerase have been 

identified, as have additional termination sites beyond TE (9), but no 
significant role for these additional promoters and terminators has yet 

been identified. 

Transcription by T7 RNA polymerase 

Gene l, which lies in the middle of the early region, specifies the 
T7 RNA polymerase. A single-chain enzyme of molecular weight about 
100,000, T7 RNA polymerase transcribes T7 DNA very actively but is 
essentially inert on host DNA (7). The basis for this great specificity 

of T7 RNA polymerase for its own DNA is the interaction between T7 RNA 
polymerase and its promoters. Seventeen such promoters are distributed 
across the T7 DNA molecule (Figures 1 and 3). Six of these promoters 
have identical nucleotide sequences for 23 continuous base pairs, 

positions -17 to +6 relative to the first nucleotide of the RNA made 
from the promoter (1, and references therein). The remaining 11 

promoters have sequences that are identical to these sequences in 16 to 
21 of the 23 base pairs. T7 RNA polymerase apparently interacts with a 

promoter sequence large enough that it is unlikely to be found by chance 
in any foreign DNA. 

The 00L promoter, near the left end of T7 DNA, is not known to 
transcribe any mRNAs during infection, but is thought to be associated 

with an origin of replication (11). The 01.1A and B promoters, just to 

the right of gene l, and the 00R promoter, near the right end of the 

DNA, are also associated with origins of replication, but they direct 
the transcription of mRNAs as well (1,12). The 16 promoters that direct 

the transcription of mRNAs are divided into class II and class III 

promoters. Transcription initiated at class II promoters crosses class 

II genes and continues on into the class III region, but class III 
promoters direct the transcription of class III genes only. The six 

class III promoters are the strongest promoters (13,14), and are also 

the ones that are completely identical over 23 continuous base pairs. 
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T7 RNA polymerase recognizes only one transcription termination 
signal in T7 DNA, designated T0, which is located just past gene lQ, the 
gene for the major capsid protein of T7 (Figure 3). T7 RNA polymerase 
does not stop at TE, the transcription signal for E. coli RNA polymerase 
at the end of the early region, but proceeds through it into the late 
region (10). Termination at T0 is approximately 90% efficient (15). 

Completely efficient termination at T0 would be lethal to T7, since 
genes 11 and~, which specify structural proteins of the T7 tail, are 
transcribed only by readthrough of T0 (see Figure 3). The arrangement 

of promoters relative to T0 may be part of a transcriptional strategy 
that ensures production of large amounts of mRNA for genes ~ and lQ, 
whose proteins are needed in large amounts during infection: the 10 
class II promoters and three of the class III promoters all direct 
transcripts toward T0. 
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Class II 

Class ill 

Readthrough 

AI,2,3 TE cplS 16 Tcp 
.r' .,. 

cpI.IA,B,I.3 cp2.S,3.8,4c,4.3,4.7 cp6.S cp9,10 cpl3 cpl7 
cpr II II I III I II I I 
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RO .3,O.S I 1.1,1.3 (R3.8) R4.7 R6.S (RI3) RI8.S 
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FIGURE 3. Transcription pattern of T7 DNA (1,3). The T7 genes are 
represented by open boxes; the positions of promoters and terminators 
for E. coli and T7 RNA polymerase are given above the genes, the 
positions of RNase III cleavage sites below. The primary transcript 
from each promoter is represented by a horizontal line, and sites of 
RNase III cleavage by short vertical lines. Not all RNAs are cut at the 
R3.8 and R13 RNase III cleavage sites, which is indicated by the 
parenthese~ RNAs produced by readthrough of T0 are also represented. 
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Switch of transcription from host to T7 DNA 
T7 DNA must be transcribed by the host RNA polymerase in order to 

produce T7 RNA polymerase, but once T7 RNA polymerase is made, the host 
RNA polymerase is completely dispensable. In fact, inactivation of the 
host RNA polymerase is a distinct advantage to T7 because it eliminates 
competition from continuing production of host mRNAs. The great 
selectivity of T7 RNA polymerase for its own promoters then directs all 
transcription in the cell to T7 DNA. 

T7 specifies at least two proteins that can inactivate E. coli RNA 
polymerase. The first is a protein kinase, the product of gene 0.7 
(5,16-18). This enzyme phosphorylates perhaps 20-40 host proteins, 
among them the two largest subunits of E. coli RNA polymerase (19). The 
action of the T7 protein kinase during infection appears by itself to be 
sufficient to shut off virtually all transcription due to E. coli RNA 
polymerase. The second protein that inactivates host RNA polymerase is 
the product of gene~. A small protein of 63 amino acids, the gene ~ 
protein binds to E. coli RNA polymerase holoenzyme and prevents it from 
binding to DNA and initiating RNA chains (20). The gene 0.7 protein 
appears to be dispensable on the usual laboratory hosts, perhaps because 
the gene ~ protein can replace it. The gene ~ protein, on the other 
hand, appears to be needed at some later stage of infection, perhaps 
during the packaging process (21); it is dispensable in some hosts but 
not others. 

The specificity of T7 RNA polymerase for its own DNA is the central 
controlling feature in T7 infection. It allows a simple switch of all 
transcription in the cell from host DNA to T7 DNA. Because it is also 
required for initiation of replication by the T7 replication complex, 
T7 RNA polymerase probably plays a similar role in switching all 
replication in the cell to T7 DNA (1). 

TRANSCRIPTION MAY BE COUPLED TO ENTRY OF DNA INTO THE CELL 

Close analysis of the kinetics of transcription of T7 DNA during 
infection shows that the initial transcription of both early and late 
regions proceeds from left to right, requiring about 40% of the latent 
period to reach the right end of the DNA (14,22). It is not surprising 

that the early region should have such a polarity, because all three 
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strong promoters for E. coli RNA polymerase are located near the left 
end of T7 DNA. However, promoters for T7 RNA polymerase are distributed 
across the entire molecule, and the strongest promoters are near the 
right end. If the entire DNA molecule were accessible at the time T7 
RNA polymerase first appeared, one would not expect to see the left to 
right polarity that is actually observed. 

One set of experiments suggests that a large part of the T7 DNA 
molecule may not be accessible at the time T1 RNA polymerase first 
appears (22). Individual promoters from T1 DNA were cloned in the 
plasmid pBR322, and the time during infection at which transcription 
begins from the cloned promoter was compared to the time at which 
transcription begins at the same promoter in T1 DNA itself. Promoters 
cloned in plasmids were found to become active as soon as T1 RNA 
polymerase was made, regardless of where the promoter originated in T1 
DNA, whereas the same promoter in T1 DNA itself was not utilized until a 
time characteristic of its position in the DNA, as much as 4 min later. 
Apparently a promoter in a plasmid is immediately accessible to T1 RNA 
polymerase whereas the promoters in T1 DNA become accessible 

sequentially from left to right over a period of about 4 min. A simple 
interpretation is that what controls accessibility of the promoters in 
T1 DNA is a gradual entry of the DNA into the cell. 

The mode of entry of the DNA thus may be an important factor in 
controlling transcription during infection. As mentioned above, the 
class II promoters for T1 RNA polymerase appear to be weaker promoters, 
but they are utilized before the stronger class III promoters during 
infection. If accessibility of the promoters is controlled by entry of 
the DNA, this order of utilization follows naturally. Later in 
infection, as the rate of transcription falls off, the remaining 
transcription shifts from the class II to the stronger class III 
promoters. This shift may in part be responsible for the shut off of 
class II protein synthesis midway through the latent period (Figure 2). 
The factors responsible for the decrease in transcription and the shift 
to class III promoters are not fully understood, but the T1 lysozyme, 

which cuts a bond in the cell wall, appears to be involved (14). 

If T1 DNA enters the cell gradually, what controls the rate of 
entry? One possibility is that the process of transcription itself 
draws the DNA into the cell. An observation supporting this idea is 
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that T7 DNA apparently does not enter the cell when infection occurs in 
the presence of rifampicin, an inhibitor of E. coli RNA polymerase (23). 
Perhaps in a normal infection transcription by E. coli RNA polymerase 
draws in the early region, and transcription by the newly made T7 RNA 
polymerase (starting at the three promoters to the right of gene 1 
within the early region) draws in the late region. Although this idea 
seems attractive, the possibility remains that something else controls 
the rate of entry of the DNA, which in turn controls the rate of 
movement of the initial wave of transcription down the molecule. 

RNase III CLEAVAGE OF T7 mRNAs 
The primary transcripts produced from T7 DNA by both the E. coli 

and T7 RNA polymerases are cut at specific sites by a host enzyme, 
RNase III, to produce the mRNAs observed in the cell (8). In the 
uninfected host cell, RNase III has a major role in processing ribosomal 
RNAs and is presumably involved in processing other RNAs as well (24). 

Ten RNase III cleavage sites have been identified in T7 RNAs, five in 
the early region and five in the late (Figure 3). Cleavage is very 
efficient at eight of these sites but less efficient at the remaining 
two. The nucleotide sequence around the eight efficient cleavage sites 
can be arranged in a characteristic, base-paired structure (1), 
illustrated in Figure 4 for the first three cleavage sites. The point 
of cleavage is located asymmetrically in these structures so that the 
upstream RNA that results from the cleavage contains a well paired stem 
and loop structure at its 3' end. 

RNase III cleavages are a prominent feature of T7 mRNA synthesis, 
but it has not been clear why these cleavages are made. Most T7 
proteins seem to be made with about the same efficiency whether or not 
the RNAs have been cut by RNase III, although there are a few exceptions 
(25). A possible role for the RNase III cleavages is that they might be 
at least partly responsible for the unusual stability of T7 mRNAs 
relative to typical host mRNAs (26,27): perhaps the stable stem and 
loop structures at the 3' end of the T7 mRNAs serve as barriers to 
exonucleolytic degradation of the RNAs. Relatively stable stem and loop 
structures also remain at the 3' end of the RNAs that terminate at TE or 
Te. Preliminary experiments (Dunn and Studier, unpublished) suggest 
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that these structures may indeed provide stability to mRNAs both in vivo 

and in a cell-free protein synthesizing system from E. coli. 
Accumulation of stable mRNAs is apparently part of the strategy by which 
T7 directs ribosomes to its own mRNAs. 

, A 
G A 
c-G 
U G 
A-U 
U G 

G-' 
G~C 

G-C 
,-u ,-u 

, u 
U A 
C ~- RNAase III 

, A 

'-U 
U-' 
A-U 
G U 
G=C , , 
G" 
'-U 
U-' 

GUGCAUGAC "uAACUGCACGAGGUAACACAAG~ 
gene 0.3 

, 
U G , , 

CoG 
U-A 

'"' G U 
C=G 
U G 
G-' 
G=C 
'-U 
'-U 

, U 

U ' 
C ~- RNAase III , , 

GU 

'-U 
U-' 
A-U 

end of ~:~ 
gene OA-G_C 

'-U 
G U 

CUUUAGAAUClJGCU UACUUAUGAGGGAGUA~ 
gene 0.4 gene 0.5 

GC 
U G 
C:G 
U G 
A-U 
(=G 

U G 
G=C 
G" 
A-U 
C=G 

A A 
U A 
U~A.!L---RNAase III 

(=G 
U G 
A-U 
U-A 

U , 
(=G 
U-A 
G U 
A-U 

UGGGC~U UACUAACUGGAAGAGGCACUAA~ 
gene ~ gene.!. 

'1 

FIGURE 4. The first three RNase III cleavage sites in T7 early RNAs 
(1). Potential base-paired structures are indicated, as are the 
locations of the termination codons for the genes immediately preceding, 
and the ribosQme-binding sequences and intitiation codons for the genes 
immediately following the cleavage sites. The point of RNase III 
cleavage is indicated at each site. Similar representations of all ten 
RNase III cleavage sites in T7 RNAs are given in reference 1. 

TRANSLATION OF T7 mRNAs 
The combination of multiple promoters, terminators and RNase III 

cleavage sites produces a rather large but well defined set of T7 mRNAs 
(Figure 3). Most of these mRNAs contain the coding sequences for more 
than one protein. Each coding sequence is headed by an obvious ribosome­
binding and initiation site, even though in many cases part of this site 
is contained within the coding sequence of the preceding protein (1). 
Most chain-terminating mutations have no polar effects on the synthesis 
of T7 proteins (4), suggesting that synthesis of most T7 proteins is 
initiated independently. However, two cases have been identified where 
chain-terminating mutations do reduce the synthesis of the adjacent 

downstream protein (28, and unpublished), suggesting that translational 
activation may be needed for synthesis of some T7 proteins. 
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There is some indication that differences in efficiency of 
translation of the different classes of T7 mRNAs may have a role in the 
co-ordinate synthesis of the three classes of T7 proteins and the rapid 
shut off of synthesis of host proteins (Figure 2). It appears that the 
late mRNAs are able to outcompete the early mRNAs and any remaining host 
mRNAs for translation by ribosomes (29). The molecular interactions 

responsible for the differences in translational efficiency are not yet 
understood. 
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ANALYSIS OF VIRAL TRANSCRIPTION-TERMINATION SIGNALS 

ALIK HONIGMAN, HANA C. HYMAN and AMOS B. OPPENHEIM 

ABSTRACT 

A number of plasmids were designed for the isolation and study of 

transcription-termination signals. In this work we demonstrate the use 

of two plasmid vector systems for the study of various types of termina­

tors derived from the major left operon of the bacteriophage ~. 

I NTRODU CT I ON 

The chain of events leading from the primary genetic information 

located on the DNA, to the final product is regulated at many steps. 

Expression of the genetic information begins with the transcription of 

the gene or operon. This complicated process is regulated by a variety 

of genetic elements among which transcription terminators play an impor­

tant role. 

Transcription termination is viewed as a complex process. Following 

pausing of the RNA polymerase, the transcription complex is dissociated 

to yield mRNA, RNA polymerase, and the template DNA. This process is in­

fluenced by the nature of the sequence and in many cases by the function 

of auxiliary factors such as Rho and NusA proteins (1-16). 

Many terminators have been shown to function efficiently ~ vitro in 

the absence of additional protein factors. The Rho-independent termina­

tors show structural similarity: a G-C-rich region of dyad symmetry 

followed by a sequence of uridine residues. The stem and loop RNA struc­

ture is considered to be I"esponsible for the pausing of the RNA polymerase 

which can lead to termination. The role of the uridine residues is thought 

to be involved in the release of the nascent RNA chain (1-8). 

Y. Becker led), VIRAL MESSENGER RNA Copyright © /985. Martinus Ntjhofj Publishing, Boston. All rights reserved. 
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Other terminators require host protein factors for efficient termina­

tion. Two such factors are the Rho and NusA proteins of I. col i (9-16). 

Rho-dependent terminators do not share an obvious structural similarity 

among themselves or when compared to Rho-independent terminators. In 

some, an A-U rich dyad symmetry is present which may be preceded or 

followed by a specific "consensus" sequence (12,13). In addition, an 

untranslated region of RNA may be required before the stem and loop. 

Transcription-termination signals are known to be involved in regu­

lation of gene expression. Regulation at termination sites is achieved 

by controlling the levels of transcriptional read-through. Some antiter­

mination mechanisms involve coupling between transcription and transla­

tion, while others involve specific antitermination proteins. 

One system, in which translation directly affects transcription termi­

nation is known as the attenuation control system. This control mechanism 

has been discovered in numerous biosynthetic amino-acid operons (17-19). 

Transcription of such an operon is controlled by the level of charged 

tRNAs, which regulates the termination at the beginning of the operon. 

Another mechanism coupling translation to transcription termination 

was proposed to explain the polar effect of nonsense mutations. It has 

been suggested (2) that Rho interacts with termination signals only when 

they are exposed on naked RNA. Nonsense mutations lead to a block in the 

progression of the ribosomes, permitting the action of Rho. 

The Nand Q proteins (11,20-23) are responsible for the antitermina­

tion of a series of terminators in each of the major operons of the bac­

teriophage ~. The N protein-regulated antitermination event requires the 

presence of a cis-acting site, called ~ and a set of participating host 

factors (24-25). 

A number of specialized plasmids have been constructed for the study 

of transcription control. These plasmids have been designed to facilitate 

the isolation and analysis of elements involved in control processes such 

as repression, promotion, termination and antitermination (26-33). In 

plasmids constructed for the study of termination signals, the terminator 

is placed between the promoter and the structural gene. 
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This chapter describes a study of various prokaryotic transcription 

terminators using several E. coli plasmids designed for the study of 

transcription termination. 

RESULTS AND DISCUSSION 

The effect of translation on the use of olasmid vectors in the study 

of transcription termination 

One problem in any study involving genetic control is to distinguish 

between transcriptional and translational effects of gene expression. 

Plasmid construction must take into account the possibil ity that a new 

DNA insert could contain a genetic signal which may initiate the synthe­

sis of a polypeptide. Translation starting within that suquence may inter­

fere with the initiation of translation of the structural gene that is 

used to monitor transcriptional terminators. 

When constructing the pKG plasmid vectors, McKenney ~ ~ (26) were 

aware of this problem and took precautions to overcome it by constructin~ 

translation-termination codons in all three possible reading frames 

after the insertion site and before the ribosome binding site where ~K 

translation is initiated. The introduction of a DNA fragment upstream 

fro~l the ~K initiation region may alter the position at which upstream 

translation terminates relative to the ~K translation-initiation signal 

and thus may change the expression of the ~K gene (34). This phenomenon 

of inhibition of translation of ~K could be misinterpreted when select­

ing for a relatively weak transcription terminator. The plasmids pKG1800, 

pKG1900 (26), and pKPG (this work) uti 1 ize the ~ promoter and carry the 

ribosome binding site for the translation of the ~E gene. Translation 

initiating within that region terminates at different distances from the 

~K initiation codon. The translation stop codons in pKG1800, pKG1900, 

and pKPG are 13, 198, and 118 base pai rs (bp}. respectively, upstream 

from the ~K start. The data presented in Table 1 demonstrate that the 

position of translation-termination codons relative to the point of 

initiation may vary the expression of the ~K gene. These results are 

in agreement with the findings of SchUmperli ~ ~ (34). Supporting 
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evidence for the influence of upstream translation on ~K was also 

demonstrated by studies on the effect of nonsense mutation suppressor 

hosts on ~K expression (H. Hyman and A. Honigman, in preparation). 

Table 1. Quantitative analysis of ELI termination activity 

E. coli strains SA1615 (Rho+) AD1600 (Rho-) 

Plasmids Galactokinase Relative ~K Galactokinase Re 1 at i ve ~K 
units expression units expression 

pKG1900 95 100 603 100 
pKG1800 11+9 157 698 116 
pKPG 102 107 841 139 
pT 1 22 23 857 142 

TL 33 35 555 92 p L 11 

The plasmids pKG1900 and PKG1800 were described by McKenney ~ ~ 

(26). Plasmid pKPG (this work) is similar to pKG1800 except for a 

BamHI DNA 1 inker inserted into the Smal cleavage site. The bacterial 

strains SA1615 and AD1600, a Rho mutant, were described by Das et al 

(35). The enzymatic assay for galactokinase was carried out according 

to the procedure described by Wilson and Hogness (36). An enzyme unit 

of galactokinase determines the nanomoles of galactose phosphorylated 

during one minute in one ml of cells at OD 650 = 1.0. These values were 

not corrected for plasmid copy number. The relative values of galactoki-

nase activity were similar in several independent experiments. 

Characterization of a Rho-dependent terminator, Ell' of the major 

leftward operon of the bacteriophage A 

We have used the pKG plasmid system to study a Rho-dependent termina­

tor of the bacteriophage A. The terminator termed Ell (37), was shown to 

be sensi tive to the AN anti termination factor (9, 11, 22). I t has been 

suggested that transcription stops within a region containing an inver-

ted repeat sequence located between the Alul and ~l restriction sites 

(34707-34437 on the A coordinate, 38). We cloned this 272 bp long DNA 

fragment into pKG1900 between the ~ promoter and the ~K gene and 
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FIGURE 1. Construction of hybrid plasmid. The schematic map of bacterio­
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harboring the \1 and E' I terminator are enlarged 5: 1 relative to the 
~ map. The numbers on the schematic ~ map and the DNA fragment relate 
to the position of the bases in the ~ DNA sequence of Sanger et ~ (38). 
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tested its transcription-termination function. In the resulting plasmid 

(pTLl ; Fig. 1) the expression of ~K was dramatically reduced. Table 1 

shows that the level of ~K was 2~1o of that expressed by the parental 

plasmid. 

In order to test the effect of the I.coli Rho factor on this termina­

tor, the pTLl plasmid was introduced into strain AD1600 carrying a rho 

temperature-sensitive mutation. Our results (Table 1) show that in the 

rho host the block in expression of the ~K gene was overcome. In addi­

tion, we noted that the level of ~K expression, in all plasmids tested, 

was higher in the rho + background that in the isogenic rho host. The 

reason for this effect is not clear to us. 

In order to determine if there are specific sequence requirements down-

stream from the stem and loop structure for the Rho-mediated termination, 

127 bp starting at the fourth base after the stem and loop were deleted 

(pTLll ). The expression of ~K in the plasmid pTLll , was similar to that 
. + of pT 1 In both, rho and rho hosts (Table 1). It has been suggested that 

L -

a DNA sequence (ACGATCAT) forms part of several rho-dependent terminators 

including the ELl terminator (8, 37; Fig. 2). The deletion described 

above removed the last two bases (AT) of the consensus sequence replacing 

them with C and T. This replacement creates however, a different consensus 

sequence (ACGATCCT) without changing its position with respect to the 

secondary structure of t 1. This minor change in base composition and 
-L 

the deletion of downstream sequences do not modify termination efficiency 

(Table 1). 

Characterization of the N-sensitive At' and N-resistant At terminator 
- I -J 

The pLOCK vector system (39) utilizes a hybrid operon carrying the 

2L ~L operator promoter region of phage A, the chloramphenicol-acetyl 

transferase gene (cat) and the galactokinase gene (~K). Transcription is 

negatively regulated by the thermolabile A~1857 repressor (Fig. 1) 

and is efficiently induced upon heating. This plasmid facilitates 

kinetic studies and eliminates artifacts that may be caused by measur-

ing steady-state enzyme levels. Introduction of a transcription ter-
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minator between the two genes sho~ld affect only the distal gene (~K). 

This feature provides an independent measurement for the rate of initia­

tion of transcription during the induction period (Cat enzyme levels) and 

for the efficiency of the termination signal (GaIK enzyme levels). In 

addition the presence of the nut site near P permits us to study the 
-L -L 

effect of the antitermination protein, N, on a given terminator. 

G A 
A C 

A G 
G A 

U'A 
C A 
C A 
A'U 
A'U 
C-GC 

C'G 
C'G 
A·U 
G'C 
A-U 
U'A 
A~U 

VfLr37 ~: ~ 34707 
-----//-----UACUAG] ACCGGU-----//-----

FIGURE 2. The stem and loop structure of the ELI terminator. The numbers 
indicate the position of the sequence on the A map. The underlined nuc­
leotides correspond to the "consensus sequence". 

We have used the pLOCK plasmid system for the isolation and analysis 

of two terminators Ell (40, 41, 42) and Ej (43, 44) from the major left­

ward operon of bacteriophage A. 

Immediately preceding the -35 region of the Ae l , the promoter for the 

CI I-activated ~ gene transcription, lies a sequence containing a GC­

rich stem and loop structure followed by a sequence of thymidine residues. 

Recently, it was demonstrated that this sequence, termed Ell' functions 

as a terminator (40, 41). 

A 100 bp DNA fragment (~CII-FnuDII, 28940-29342) (38) carrying the 

putative Ell terminator was purified and inserted (using the BamHI 1 in-
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ke rs) into the BamH lsi te of pOLCKR9, ups t ream to both ~ and .9..@lK genes. 

Analysis of ~ and ~K expression following induction showed that t' 
- I 

can act as an efficient terminator (pTXI, Fig.3). Termination also takes 

P lace in cells carrying the rho _ temperature-sensitive mutation (data 
--ts i:> 

not shown). The results presented in Figure 3 show that the lambda anti-

termination function N can overcome the !' I transcription-termination 

barrier. This terminator was impl icated to prevent unregulated trans-

cription from reaching the ~ and ~ gene and thus prevent excision 

of the ~ prophage under repressed conditions (42). 

The location of an N-resistant terminator, t., was predicted to be 
-J 

at the junction between the leftward transcri bed "early" operon, and the 

"late" region of bacteriophage~, in the vicinity of the gene ~ (43, 44). 

The large BamHI DNA fragment (10.3 kbp) was purified and recleaved 

with ~I I generating 7 DNA fragments with blunt ends. These fragments 

were introduced into pOLCKR9 at the Smal site between the cat and ~K 

genes (see Fig. I). The plasmids were introduced into E. col i strain - --
C600.9..@lK and transformed cells were selected on MacConkey galactose 

plates containing ampici II in. Recombinant plasmids which fai I to express 
+ 

the.9..@lK gene were purified from the "white" colonies (.9..@lK clones form 

red colonies on MacConkey galactose plates) and introduced into f. coli 
+ 

N ~HI/\BamHI). This f. coli strain carries a cryptic ~ 

prophage which is able to supply the!! gene product upon thermal induc­

tion. Only one 3916 bp long Pvull fragment (12164-16080) abol ished the 

expression of .9..@lK gene when introduced into either of the two f. coli 

strains. This plasmid, pTJ9, conferred chloramphenicol resistance to 

its host at 38 0 , indicating that the initiation of transcription at the 

~L promoter at high temperature was not affected. Analysis of galactoki­

nase and Cat activity showed that while the levels of the Cat enzyme were 

not changed relative to pOLCKR9 only very low levels of galactokinase 

are produced upon induction (Table 2). Similar results were obtained 

when a smaller Pvull-~CII DNA fragment (13785-16080) was subcloned 

into pOLCKR9. 
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FIGURE 3. Analysis of t' termination activity. The enzyme activity of 
either galactokinase (~oAtinuous line) or chloramphenicol acetyl trans­
ferase (broken line) was assayed either in N-producing cells W3102 
(A..£18576..HI/\BamHI) or in W3102 (A..£1857~HI.6 BamHIN7NS7) in which the N 
function is inactivated by two amber mutations. For enzyme activity 
assays see legend to Table 2. The enzyme activity in the host cells 
(less than 10 units) was substracted. 
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Table 2. Termination efficiency of the N-unresponsive t. 
- J 

transcription 
terminator 

Enzyme ac t i v i ty following induction of 
the P promoter 

Bacterial -L 
clones Galactokinase units Cat un its 

0 30 min a 0 30 min a 

A12004/pTJ9 3 3.6 21 806 
A2026/pTJ9 2 8.4 16 872 
A2004/pO LCKR9 7 231 2 685 
A2062/pO LCKR9 9 265 12 901 

a Time after induct i on. 

The ~. coli strain A2062 is a derivative of SA500 (35) carrying the 
+ cryptic prophage ~c1857N LiHl/\BamHI. The strain A2004 is isogenic 

derivative in which the ~ gene is inactivated by two amber mutations, 

N7N53 . The enzymatic activities of galactokinase and chloramphenicol acetyl 

transferase were monitored following heat induction at 420. The enzyme 

activity in the host cells was substracted from the values obtained for 

the plasmid-carrying clones. The assay and enzyme unit determination of 

galactokinase and chloramphenicol acetyl transferase are described in 

the legend to Table 1, and by Oppenheim ~ ~ (39). 

CONCLUSIONS 

Plasmid vectors specifically constructed for the isolation and study 

of transcription terminators were used to study three terminators of 

the major leftward operon of the bacteriophage~: the ~Ll' ~' I and !j 

Two locations for the ~Ll terminator have been described so far. Das 

et al (45) localized a Rho-dependent terminator downstream from the 

BamHI cleavage site (34499 bp on the ~ sequence; ref. 38) and could not 

detect any terminator between the p promoter and the nearest BamHI 
-L 

cleavage site. On the other hand Drahos and Szybalski (46) localized the 

t 1 terminator upstream to this BamHI cleavage site. We analysed the 
-L 
properties of the terminator described by Drahos and Szybalski and found 

that an 8~1o efficient Rho-dependent terminator is located upstream to 
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the BamHI cleavage site (between 3Lf707-34310 on the I. coordinates, ref. 

38). Moreover the sequences within the 127 bp located downstream from 

position 34310 had no effect on the Rho -dependent termination function 

of this terminator. In addition this deletion led to a change of one 

nucleotide, an A to C at position 7 in the consensus sequences, that did 

not affect the dependency of this terminator on Rho factor. 

The two terminators, !' I and !j differ in their sensitivity to the 

antitermination function of the I. ~ gene product. While the transcription 

barrier emposed by the !' I terminator is released by the N function, the 

t. terminator is resistant to it. This distinction was made possible by 
-J 
using the pLOCK p1asmids. Resistance to the A ~ gene product can serve 

in classifying terminators into two functionally different groups. 

We demonstrated that the position of the translation-termination signal 

with respect to the structural gene in pKG p1asmids may have a strong 

influence on the expression of this gene. Thus changes in the relative 

position of such signals due to insertion of foreign DNA may be misinter­

preted when looking for transcription terminators. The release of a block 

in the expression of the ~K gene in the pLOCK system by the N protein 

can help to determine whether the lack of expression of ~K is due 

to a translation effect or a transcriptional barrier. 

We located a transcription barrier 26 bp upstream to the ~ gene. 

This t' terminator can be efficiently overcome when the A N-antitermina-
- I 

tion function is present in the cell. The biological importance of this 

terminator is not clear. The possibility that a DNA sequence at this 

position may function as a transcription terminator was previously poin-

ted out. It has been postulated that it may help in inhibiting transcrip­

tion of the ~ int region in the repressed A prophage. Such induction 

would a1 low excision of the prophage without expression of the lytic 

functions of the bacteriophage (42). 

The pLOCK vector system allowed us to clone and define t., a unique 
-J 

terminator that is resistant to the N-antitermination function. We loca1-

ized the terminator in a DNA fragment of 3916 bp starting in the ~ gene 

and comprising the genes, I, K, Land M. Using the same system {results 
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not shown) we localized the t. terminator in a DNA fragment spanning 
-J 

the junction region of genes l and I. These clones will allow us to look 

into the specific sequences composing the t. terminator as well as pro-
-J 

viding a convenient system for isolation of mutations in the terminator. 

The mutations will assist in defining the components of this N unrespon­

sive terminator. The analysis of N unresponsive terminators will add to 

our understanding of the function of the ~ gene product. 
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SUMMARY 

In the following pages, we have outlined our general methods 

for the precise characterization of herpes simplex virus 

(HSV) transcripts and the information they encode. We have 

shown that, despite the appearance of a complex 

transcription map, generally each viral transcript encodes a 

specific polypeptide. Thus, high resolution transcr iption 

mapping leads to a high resolution genetic map of the 

virus. Further, the very large number of individually 

acting promoters on the HSV genome provides an excellent 

source of data for comparative sequence analysis of one type 

of eucaryotic promoter. These promoters may also provide 

conveniently "engineerable" units for gene modification 

studies and for an experimental examination of the precise 

factors involved with the temporal control of HSV 

transcription. 

INTRODUCTION 

The replication cycle of HSV demonstrates that expression of 

specific classes of viral genes are temporally controlled 

(reviewed 1-3). Gene expression, as examined by the 

appearance of either specific proteins or the transcripts 

encoding them, can be divided into three general phases. 

The first group of genes (immediate-early or alpha) are 

expressed in the absence of ~ ~ protein synthesis in the 

host. At least one immediate-early gene (that encoding 

Y. Becker red.), VIRAL MESSENGER RNA. Copyright © 1985. Martinus NijhoJJ Publishing, Boston. AU rights reserved. 
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ICP4) appears to be a major controlling factor in subsequent 
viral gene expression. Following the appearance of the 
immediate-early genes, genes encoding enzymes involved in 
viral DNA replication and certain alterations in the cell 
surface are expressed as early (beta) genes. Genes of both 
these groups are expressed as abundant transcr ipts in the 
absence or blockage of viral DNA synthesis. Early 
transcription continues at high rates following the onset of 
viral DNA replication. structural proteins of the virion 
and many other proteins, most of which have as yet unknown 
function, are expressed as late (gamma) genes. Late 
transcripts can be divided into two general classes, 
depending on whether they can be detected at all in the 
absence of viral DNA synthesis. However, all require viral 
DNA synthesis to attain their maximum rate of transcription, 
or at least, maximum abundance on polyribosomes. 

In this present review, we have briefly described 
results of our studies on the transcription of individual 
HSV genes. We briefly reviewed some of our procedures for 
such a study in the first volume of this series (4). HSV 
transcripts share many features with both cellular mRNA and 
the mRNAs expressed by other nuclear-replicating DNA 
viruses: they are capped, polyadenylated, and have 
(generally) a ca. 150 - base leader between the cap and 
translation- initiation codon. Further, certain sequence 
features around individual transcription units are shared: 
HSV promoters contain "TATA" and often "CATC" boxes, and the 
sequence signal indicating a polyadenylation site 
("AATAAAA") appears standard. 

In spite of these similarities, there is one very 
distinct difference between the structure of HSV 
transcr iption units and those of other nuclear-replicating 
DNA viruses. Each HSV transcr ipt appears to be controlled 
by its own promoter and encodes a specific polypeptide. 
Further, the high degree of splicing seen with most 
eucaryotic and viral mRNAs is not seen in HSV. Certain 
spliced transcripts do exist in HSV and other herpesviruses 
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(5-8), but these are in the minority (with HSV, at least). 

Thus, with HSV, a whole hierarchy of potential control 

points utilized in eucaryotic gene expression may be missing 

or rarely utilized. Despite this, the high density of gene 

packaging and relatively complex arrangement of partially 

overlapping transcripts is seen in HSV transcription as it 

is in other, smaller DNA viruses. 

METHODOLOGY 

We have described our procedures for handling specific 

regions of the HSV-I genome as recombinant DNA fragments in 

pBR322 grown in LE392 (9, 10). Recently, we have begun to 

use single-stranded DNA clones grown in bacteriophage M13. 

Procedures for isolation and characterization of 

specific HSV-I transcripts have been outlined previously (1, 

2, 4). Many variations of these methods are used by other 

laboratories with similar results. 

Isolated mRNA can be translated .in. Y.i.t...t.Q. using 

commercial rabbit reticulocyte lysate systems. We have used 

specific antibodies (polyclonal and monoclonal) to identify 

in vitro translation products with particular viral 

proteins. 

We have used RNA (Northern) blots to determine the 

specific number and sizes of HSV 

any given region of the genome. 

use of a method for doing RNA 

transcr ipts homologous to 

We recently descr ibed the 

blots in. situ by using 

vacuum-dried agarose strips as the supporting medium (11); 

such a procedure has the advantage of speed and excellent 

size resolution. 

Radioactive DNA probes are prepared by nick-translation 

of cloned DNA fragments. Sizes of probes as small as 

200-300 bases have been described (12, 13) for the precise 

localization of the 5 I ends of over lapping mRNA species. 

Recently, the use of single-stranded DNA probes has allowed 

us to determine the direction of transcr iption and high 

resolution map location (ca. 100 bases) of mRNAs prior to Sl 
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nuclease and exonuclease VII digestion of hybrids for 

precise location of transcripts (ca. 2S base resolution). 

Northern blots using RNA from infected cells in which viral 

DNA replication has been blocked allow the assignment of 

temporal class of a given transcript (4). 

Procedures for Sl nuclease mapping of HSV-l transcripts, 

the use of specific end-labeled DNA probes, and the use of 

exonuclease VII digestion of RNA:DNA hybrids to specifically 

locate given transcripts have been described in a number of 

papers from this group. Our most recent methodology is also 

described (12-14). 

Nucleotide sequence analysis has been done by the method 

of Maxam and Gilbert (IS). Procedures for the precise 

location of the S' and 3' ends of specific mRNAs (ca. S base 

resolution) have been outlined by Frink et al. (12, 13, 

16) • 

RESULTS 

HSY transcription as a IDQgel for the group 

Judg ing by the number of members, if nothing else, the 

herpesviruses must be considered a very successful group of 

nuclear replicating DNA viruses in vertebrates. Members 

infecting humans include HSV (types 1 and 2), herpes 

(varicella) zoster (VZV) , cytomegalovirus (HCMV) , and 

Epstein-Barr virus (EBV). Members of the herpesvirus group 

share general morphological similarities, large genome size, 

and certain complex features of the physical arrangement of 

their genomes. Many of these features have been reviewed in 

detail elsewhere (3). Some comparative structural features 

of herpesvirus genomes have been briefly reviewed by Becker 

(17) in the first volume of this series. 

It is notable that all members of the herpesvirus group 

have complex biological interactions with their hosts. They 

have the ability to establish latent infections where the 

virus is refractory to host defense and yet per iodically 
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re-erupt (1S). Natural infection by certain herpesviruses 

appears to lead to formation of specific neoplasias. 

Certainly, specific genetic elements of all herpesviruses 

rigorously tested to date can be shown to induce 

morphological transformation in indicator cells (briefly 

reviewed for HSV by Galloway and McDougall, 19). 

Features of gene expression control during the 

replication cycle of herpesviruses appear to be common among 

many members of the group. HSV (especially HSV-l) is the 

most extensively characterized of the herpesviruses and it 

is expected that the model it provides will be generally 

applicable to many other members of the group. In the case 

of the closely related HSV-2, we have cOllaborated with 

Galloway and colleagues to carry out a detailed examination 

of the homology between these virus types between 0.59-0.65 

map units (Draper, Frink, Swain, Galloway, and Wagner, in 

preparation). We have used Northern and Southern blot 

cross-hybridization, as well as comparative sequence 

analysis. Generally, regions encoding proteins are 

homologous between the types, but DNA segments which are not 

contained in a translational frame are quite divergent. 

Further, several regions of encoding rnRNA which are highly 

homologous still show great sequence divergence. These 

data, which are shown in Figure 1, suggest that significant 

changes in the pattern of expression of a given gene are 

quite possible, even between closely related herpesvirus 

subtypes, and generalizations should reflect this. 

The HSV-l transcript map 

To date, we have carried out high resolution 

transcription mapping in the 23 kb region between 0.15 and 

0.3, and in the 52 kb region between 0.4 and 0.75 on the 

HSV-l genome. These data, along with data taken from 

several other laboratories, yield the map shown in Fig. 2. 

Although many overlapping rnRNA "families" are seen, most 

show no evidence of splices. There are, however, 

exceptions. These include the two 1.S kb alpha rnRNAs {0.S6 
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FIGURE 1 

FIGURE 1. Summary of sequence homology between HSV-l and 
HSV-2 in the region between 0.58-0.72. ~ranscripts mapped in 
the region for the two subtypes are indicated. Time of 
appearance and in vitro transTation products are shown for 
type-I. Open boxes below transcr ipts indicate identified 
translational reading frames. Regions of homology based on 
comparati ve sequences and Southern blot hyor idization 
analysis are shown: dark bars - high homologY1 stipeled bars 
- detectable homologY1 open areas - no detectable nomology. 

FIGURE 2 (opposite). High resolution map of specific HSV-l 
mRNAs. The times of appearance of mRNAs are shown at the 
top along with the S1ze of polypeptide products they 
translate in vitro (where knownJ. The direction 01 
transcription is indicated. Position of the transcripts 
encoded in brackets is based on high resolution Northern 
blot analysis (ca. 100 base resolution) and only partial Sl 
nuclease data. Therefore, the exact locations should be 
regarded as tentative. In addition to data from our 
laooratory, we have interpreted data from other laboratories 
(5, 20-23") for the mRNAs indicated with an asterik (*). 
Transcripts between 0.31-0.4 have been mapped by L. Holland, 
R. Sandri-Goldin, A. Goldin, J. Glorioso, and M. Levine 
(submitted) • 

and 0.96) character ized by Watson et ale (5) • The 

transcription unit encoding gC (0.63-0.65) has several low 

abundance spliced members (6, 12). Several other mRNAs 
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appear to have short discontinuities near their 5' ends. 

These are indicated by brackets at those 5' ends in Fig. 2. 

To date, however, only one mRNA, a 2.8 kb one mapping 

between 0.185 and 0.225 map units, has a large intron. 

Here, we have determined it to be on the order of 4 kb 

(Costa, Draper, and Wagner, unpublished). We expect other 

exceptions to occur; but as yet, we have not found a region 

of the genome where transcripts are as extensively spliced 

as has been seen in some other viral systems. 

Most HSV-l mRNAs mapped do not show significant 

complementary overlaps with others, but there are 

exceptions. We (6) reported one minor 2.7 kb mRNA mapping 

in HindIII fragment L (0.592-0.647) which had a 

complementary overlap with a major beta mRNA, as well as 

with the mRNA encoding gC. We carefully analyzed one group 

of mRNAs in E£Q.RI fragment I (0.633-0.721) whose 5' ends 

showed complementary overlap and here we found that 

potential protein-coding frames did not overlap (11). Other 

individual cases will no doubt occur. 

Nuclear forms of HSV mRNA 

The relatively low frequency of spliced HSV mRNA species 

and the fact that transcriptional control sequences map 

contiguously to structural genes (see below) both lead to 

the prediction that HSV nuclear mRNA precursors will 

generally be close to the size of the mature product. We 

carr ied out some experiments to examine the properties of 

high molecular weight HSV nuclear RNA in general (Frink and 

Wagner, unpublished). We used guanidine-urea extraction of 

nuclear RNA (24) to examine the size distribution of nuclear 

RNA via Northern blot and Sl nuclease analysis. The mRNAs 

encoded by HindIII fragment K (0.527-0.592) were used as a 

standard. At both early and late times after infection, RNA 

transfer (Northern blots) showed that the poly (A+) nuclear 

RNA contained mRNA species identical to polyribosomal 

poly (A) mRNA (see Fig. 3, tracks 1-4). The picture with 

total nuclear RNA was complicated by the fact that late (but 
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not early) after infection, there was considerable 

heterodispersely migrating RNA of large size (not shown). 

Sl analysis of hybrids between 32p-labeled HindIII fragment 

K DNA and poly(A) and total nuclear RNA, however, showed 

only the four major DNA fragments identified with 

polyribosomal (A+) mRNA extending 6.0, 4.3, 3.7, and 1.7 kb 

into this restriction fragment (Fig. 3, tracks 6 and 7). 

Similar conclusions were obtained with mRNA from ~HI 

fragment I (0.60-0.64). Thus, we concluded that no specific 

RNA species other than those seen on polyribosomes are 

generally present in readily detectable amounts in the 

nucleus. 

5.2 kb-

2.0kb-

+ 
<l 

0 --E + 
0 <l 
VI 
0 ... 
.Q 0 
.;:: .. 
>. U 
"0 :> 
D.. Z 

(J) (2), 

Ea'rly 
RNA 

FIGURE 3. Nuclear forms 
fragment K (0.527-0.592) 
seen on polyr ibosomes. 
(Northern blots) and Sl 
the Methodology section. 
included as sfandards. 
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of HSV RNA encoded br HindIII 
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General methods for RNA transfer 
nuclease mapping are discussed in 
Track 5 (s.s.) shows size markers 
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In a second set of experiments, we asked if any members 

of the overlapping mRNAs of HindIII fragment K were kinetic 

precursors to others. Very short duration 32P-pulses were 

used, and nuclear poly(A) mRNA was isolated using 
preparative hybridization. This material was then subjected 

to size-fractionation. At the shortest pulses (ca. 5 min), 

we found that the proportion of 7 kb, 5.2 kb, and 1.9 kb 

mRNAs isolable using a specific HSV-l DNA fragment were the 

same as for longer pulses. We concluded that no readily 

detectable precursor-product relationship exists between 

these mRNAs. 

HSV transcripts encode identifiable viral proteins 

The transcription map of Fig. 2 serves as a high 

resolution genetic map for HSV only if individual 

transcripts can be shown to encode specific viral proteins 

of known function. Such has been done for a number of such 

proteins by workers in this and other laboratories <1, 2, 

4). As an example, consider the identification of the 6 kb 

late mRNA mapping between 0.25-0.29 as the transcript 

encoding the major HSV-l capsid protein (VP5). We were able 

to tentatively make this assignment on the basis of a number 

of indirect criteria, including size of the in vitro 

translation product and correlation with intertypic 

recombinant mapping data (10). Such an identification should 

be considered tentative. We have recently made an absolute 

assignment by using a specific antiserum againt VP5 to 

precipitate the .in. vitro translation product of the 6 kb 

mRNA (14). A typical result is shown in Fig. 4. A final 

confirmation was done by comparing tryptic peptides of 

authentic and in ~ translated VP5. 

The mRNA species characterized by workers in this lab 

that have been identified with viral proteins of known 

function are listed in Table 1. Although all assignments are 

considered to be reliable, those based solely on size of 

translation product and map position should be considered as 

tentative. 
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FIGURE 4. Immune precipitation of the major HSV-l capsid 
protein (VP5) by sQecific antisera. The l5'S,OOa d 
translation froduct 01: the 6 kb mRNA was reacted with 
antiserum NC as described (l4). Precipitation of total in 
vitro translation product of HSV poly(A) mRNA with immune 
rabbit serum (72-1) is shown for comparison. 

The relative ease of making such assignments leads us to 

some confidence that the information encoded in the majority 

of transcr ipts seen in HSV-l infection will have readily 

definable function. This will be of great use in studies on 

gene-controlling factors involved in HSV pathogenesis. For 

example, recently we collaborated with another group to 

determine that one or several HSV-l genes involved in 

neurovirulence in mice can be mapped to a specific region of 

the genome (25). The patterns of HSV transcription we have 

characterized suggests that such functions will be 
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assignable to specific proteins and the transcripts encoding 

them will be identifiable. This leads to obvious approaches 

toward the study of the molecular mechanisms of HSV 

pathogenesis. 

SeQuence analysis of HSV transcription units 

The complete nucleotide sequence of the transcr iption 

units around the gene encoding HSV-l gC has been published 

by Frink et a1. (12). A schematic representation of some 

important features of these data is shown in Fig. 5 and 

serves as a useful model for other HSV transcription units. 

We have briefly outlined some of the features of such units 

in the following sections. 

Table 1. HSV-l Transcripts Encoding Identified Proteins 

Sl.ze 
(kb) Map Position Protein 

Temporal 
Class Reference 

(Tentatively identified 
translation product.) 

by correlation with map position and size 

4.2 0.82-0.86 
0.96-1.00 

4.2 0.41-0.43 

5.2 0.57-0.60 

1.5 0.59-0.60 

ICP4 
Regulatory 

DNA 
Polymerase 

Ribonucleotide 

Reductase 

(Identified by immune precipitation.) 

2.5 0.16-0.175 Alkaline 
Exonuclease 

I.E. 

Early 

Early 

Early 

Early 

3.9 0.16-0.19 Capsid (vertex) (?) Late 
(WeaR immune reaction) 

(Identified by immune precipitation and tryptic peptide 
compar ison.) 

6 0.25-0.29 

2.7 0.63-0.65 

Capsid (major) 

glycoprotein C(gC) 

Late 

Late 

( 26) 

(4) 

(2, 27) 

(2, 27) 

(13) 

(13 ) 

(14) 

(12) 
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FIGURE 5. Transcription around the HSV-l gC gene. Data are 
summarized elsewhere (12). Individual features of the DNA 
sequence encoding the gC transcript family are discussed in 
the text. 

Promoters. The data available concerning the properties 

of different HSV promoters have been extensively reviewed 

(2). The best model for the promoters in general comes from 

the work of McKnight (28) with the HSV-l thymidine kinase 

promoter. HSV promoters must be responsive to both cellular 

factors (RNA polymerase II, etc.) and viral control factors 

that regulate both the time of expression of given temporal 

classes of viral genes and, presumably, the amount of 

transcr iption taking place. On the basis of partial data 

from a number of other laborator ies, it is reasonable to 

suggest that many, if not all, of the control sequences 

involved in early and late HSV promoter function will be 

found in the 250 or so bases directly upstream of the mRNA 

cap site. Actually, the size of many such promoters may be 

only 120 bases or so based on the modification studies of 

McKnight referred to above. 

Early HSV genes are generally expressible at low levels 

in uninfected cells. We showed that, generally, early 

(beta) HSV-l promoters are properly recognized by RNA 

polymerase complexes from un infected cells (Manley systems, 

16, 29). In contrast, we have found that the promoter for 
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the late 6 kb rnRNA encoding VPS is not efficiently 

recognized. Recently, we have prepared Manley--type extracts 

from HSV-l infected cells taken 8 h after infection. Such a 

system shows increased activity as judged by total 

incorporation of label into product. Further, our data are 

consistent with initiation of transcr iption near the cap 

site for the 6 kb rnRNA (Draper and Wagner, unpublished). 

Unfortunately, the system from infected cells initiates at a 

number of sites which do not correspond to recognizable late 

rnRNA cap sites; therefore, specificity is suspect. 

R. Costa, in my laboratory, has generated a 

transcr iption-expression marker by modification of pBR322. 

This marker contains a restriction site into which the VP-S 

promoter has been placed. We have found that transfection 

of this marker into HeLa cells, followed by super infection 

with HSV, leads to specific induction of transcription. 

Such a marker will hopefully be of value in assessing which 

viral factors are responsible for efficient transcription 

from late promoters. 

We have carried out preliminary experiments with protein 

transfer blots to examine the specificity of ds-DNA binding 

to infected cell nuclear extracts (Steinhart and Wagner, 

unpublished). High salt <1.7 M) extracts of infected cell 

nuclei contain several protein species not seen in 

un infected cell extracts that bind to DNA probes made by 

nick-translating BamHI fragment F' (0.268-0.272), the 

fragment containing the promoter region for the 6 kb late 

rnRNA. Competition experiments with pBR322 DNA or HSV 

fragment SAl.I fragment N' (0.617-0.621) DNA (a region in 

Ilin.dIII fragment L which does not contain any recognizable 

promoter) suggest that this binding is sequence-specific 

(see Fig. 6). Such preliminary data give hope that protein 

factors involved in the regulation of specific HSV promoter 

function may be available for detailed experimental 

investigation. 

Comparative sequence analysis of a number of early and 

late HSV oromoters has demonstrated some common features and 
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some class-spec if ic ones. 

generally (but not always) 

specific rnRNA cap sites. 

string of ca. 15 bases 

A " TATA " box or its variant 

seen around 30 bases upstream 

In early (beta) promoters, 

which is very "AC-rich" in 

is 

of 

a 

no 

particular order is seen around 100 bases upstream of the 

cap site. Late promoters do not show this feature, but 

often have an "AT-rich" region this far upstream. These 

features are shown in Table 2. 

Translation frames. The rnRNAs that we have cur rently 

identified have leaders of around 150 bases between the cap 

and the probable initiation codon. Specific sequences in 

such leaders can be seen to diverge quite widely in 

comparative sequence studies between HSV-l and HSV-2 DNA­

encoding transcr ipts for highly homologous proteins. This 

conclusion is based on compar ison of the sequence for the 

1.2 kb early rnRNA encoding the 38,000 protein mapping 

between 0.59-0.60 and the corresponding HSV-2 sequence (29; 

Galloway and Swain, personal communication). 

Translation -initiation codons are often the canonical 

"Pu-ATGG" identified by Kozak (30). The high "G+C" content 

of HSV DNA is reflected in codon-use frequency, out such 

frequency is notably assymetric (2). High proline contents 

are common in the predicted amino acid contents of HSV 

proteins, but they can vary widely. 

content predicted for HSV-l gC 

The very high proline 

may account for the 

discrepency between its calculated residue molecular weight 

and that actually observed (12). 

Termination signals are generally repeated several times 

in phase downstream of the first signal seen in a given 

reading frame. Trailer sequences can vary from a length of 

ca. 10 bases to many thousands of bases between termination 

and polyadenylation signal. 

Splices. As noted above, splicing is rare in HSV-l. In 

the case of the gC transcription unit, several splice 

signals appear to function at low frequency. We have not 

fully characterized the splice donor sequence, but it is 

very short (ca. 25-50 bases). Canonical splice acceptor 
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(Bam F') 
1.5. DNA BINDING 

PROTEINS 

INF UNINF 

SPECIFIC COMPETITION 
OF D.S. DNA BI NDING 

pBR Sal N' BAMF' 

FIGURE 6. specific competition of double-strand HSV-I BamHI 
fragment F (0.268-0.272) binding to protein transfer 
(Western) blots of high salt extracts of HSV-infected HeLa 
cell nuclei. Cells were isolated at 8 h after infection and 
nuclear proteins extracted with 1.7 M salt. These were 
fractiona~ed on SDS-acrylamide gels by electrophoresis and 
transferred to nitroceIlulose. Blots were incubated with 
32P-Iabeled (nick-translated) double-stranded BamHI fragment 
F I DNA. This labeled DNA was mixed with a large excess of 
unlabeled competing DNA as indicated. 

signals are seen at positions corresponding to the located 

acceptors determined by high-- resolution Sl mapping. These 

data are reviewed (12). We have not determined any 

biological function for the spliced mRNA species we have 

seen. Several alternate reading frames for translation 

could be utilized by them, and one species could give rise 

to a protein shar ing th.e C terminal sequence of the gC 

protein. None of these proteins has been rigorously 

identified either by in ~ translation or in the infected 

cell. 
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Partially overlapping rnRNAS. Several rnRNAs sharing the 

same polyadenylation site is a common feature of the HSV 

transcription map. These overlapping rnRNAs have independent 

5' ends and appear to be under their owo promoter control. 

Such promoter regions can lie within a translational reading 

frame of an upstream rnRNA. 

It is not at all clear whether the partial overlapping 

of rnRNAs encoding distinct proteins is a reflection of 

closely related function. In a number of cases, we have 

found that there is no obvious immunological 

cross-reactivity between such proteins (14), yet the 

situation with the two identified ribonucleotide reductase 

proteins (26) suggests that the 140,000 d and 38,000 d 

proteins encoded by distinct translational reading frames do 

share an epitope. Further, we have found that the 1. 9 kb 

rnRNA under lying the 3' end of the 2.3 kb alkaline 

exonuclease rnRNA may well share that rnRNA' s translational 

reading frame (13). Thus, further data are needed to make 

generalizations. 

Polyadenylation sites. 

HSV rnRNAs appears to be 

The polyadenylation signal for 

the canonical nAATAAA(A) n (31). 

Often, transcript groups or nfamilies n encoded by both 

strands of the viral DNA have their polyadenylation signals 

close together. We have determined the nucleotide sequence 

between such juxtaposed polyadenylation signals in the 

region around 0.60 for both HSV-l and HSV-2 (Draper, Frink, 

Galloway, Swain, and Wagner, in preparation). It was seen 

that the region in both virus types is characterized by a 

high nA+T" composition. However, there is no evidence of 

any sequence conservation between the two types. In fact, 

HSV-2 has an extra 70 or so bases in this region compared to 

HSV-l. However, as soon as the analogous translational 

reading frames are encountered, a good deal of homology is 

noted. 
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Table 2. Some Featur'es of HSV Promoters. 

Position of the feature in the sequence upstream of the cap site: 

Early mRNAs 

"AC" string 

Alkaline exonuclease 
(5' end at 0.175) <l3) 

(-120)AGACCAACACCCACGGCC{-103) 

Thymidine kinase 
(5' end at 0.315) (20) 

(-112) ACACAAACCCCGCCCA (-97) 

Ribonucleotide reductase (?) 
(5.2 kb 5' end at 0.565) <l6) 

(-114)AAGGAACACACCCCC{-99) 

Ribonucleotide reductase (?) 
(1.2 kb 5' end at 0.590) (29) 
(-117) ACCATTAGCCAATCCATGACCC (-97) 

Unknown function 38,000 protein 
(1.5 kb 5' end at 0.699J (II) 
(-119) ACCCCTCACCCCACACA (-103) 

{5 ' 

"AT" string 

VP5 mRNA 

Late mRNAs 

end at 0.265L revised position) (14) 
(-107)AATTTC~TCCTGCACGCTTTT{-87) 

Glycoprotein C 
(5' end 0.630) <l2) 

(-114)TATTTTTCAATAAAAGGCATTA{-93) 

Unknown function 18(000 d protein 
(5' end 0.640) (12) 

(-92) TTACCTTTTTAATATCTATATAGTTT (-67) 

DISCUSSION 

"TATA" box 

(-26)TATAAATTA)-18) 

(-27)ATATTAA{-21) 

(-27) ATAAAAA (-21) 

(-29) ATATAA (-24) 

(-42) ATAATA (-37) 

"TATA" box 

(-28) TATATAA (-22) 

(-28)TATAAATT{-21) 

(-32)TATAAA{-27) 

The data briefly described in this review of work 

carried out in my laboratory over the past few years 

indicate that we have a good understanding of the physical 

properties of individual HSV transcription units. 

Hopefully, such knowledge will be of great value in qaining 

a full description of the molecular biology of the 

herpesviruses in general. Deciphering the molecular 
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processes responsible for the complex biology of these 

viruses will not be a trivial task; however, gene packaging 

of the viruses appears to be readily interpretable. 

Further, data presented allows the inference that 

temporal regulation of the expression of specific viral 

functions requires tllrui action of viral regulatory 

functions upon defined regions of the viral genome. The 

large numh~r of such regulatory sequences and the fact that 

they can be readily located suggest potentially fruitful 

approaches for investigation of the actual molecular 

processes involved in this control. 
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ORGANIZATION AND CONTROL OF THE mRNA OF THE HSV TK GENE 

JAMES R. SMILEY 

1. SUMMARY 

The sequences necessary for the activation of HSV TK gene 

transcription by HSV immediate-early proteins are largely coincident with 

the upstream region of the TK promoter. The implications of this 

arrangement are discussed. 

2. INTRODUCTION 

Herpes simplex virus (HSV) encodes its own distinctive thymidine 

kinase (TK) activity (1-3). Because TK is a convenient selective marker, 

the HSV TK gene has been extensively used in gene transfer studies in 

mammalian cells, and in genetic studies of HSV. In most of these 

applications the primary emphasis has been on the function of other genes 

or sequences. However in this review, I will focus on the properties of 

the TK gene itself, limiting discussion to the sequences and factors 

which regulate its expression both in natural viral infections and in 

various more or less artifical expression systems. 

3. MAP LOCATION AND STRUCTURE 

TK is unique among HSV genes in that its map location was established 

using gene transfer techniques rather than the more classical approaches 

of genetic analysis and/or hybrid-selection translation. Following the 

ini tial demonstration by Wigler et al. (3) that the 3.5 kb BamHI. Q 

fragment of HSV-l DNA was sufficient to transform TK-deficient mouse 

cells to TK+, several groups contributed to narrowing the boundaries of 

the minimal transforming sequence to a 1.7 kb region (4-6). McKnight 

(7), and Wagner et al, (8) then established the nucleotide sequence 

across this segment, identifying an open reading frame capable of 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © /985. Martinus Mjhoff Publishing, Baston. All rights reserved. 
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FIGURE 1. Location and structure of the RSV TK gene. The map location 
of the TK gene is indicated on the prototype RSV genome. The positions 
of the regions encoding the 42K, 39K and 38K polypeptides are diagrammed 
in the lower portion of the figure. 

INDUCTION 

EXPRESSION 

-100 -90 -80 -70 -60 -50 -40 -30 -20 

ACAifCCCGCCCAGCGTc!trGTCATTGGCGAATTCGAACACGcViGATGCAGTCGGG(tGGCGCGGTCCGAGGTCCACTTCGCATATTAAGGT TK 

CAAT2 CAATl HOB~~sS 

i:CCCGACT GCATCTtCGTGTTCGAA TTCGCCCAA TGACAAGACGCGGGCGGG$TTGTGTCATCATAGAACTAAAGACATGAAATATA mc Os ~~~~~ G 

FIGURE 2. Sequence and structure of the TK regulatory region. The 
nucleotide sequence from -109 to -18 is given. The 15 base imperfect 
inverted repeats are boxed, while CAAT and Rogness sequences are under­
scored. The stipled boxes above the sequence indicate the areas needed 
for induction by ICP4, and for constitutive expression in Xenopus oocytes. 
The lower sequence is that of the opposing strand, beginning at residue 
-53 of the TK sequence. 
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encoding a protein of the appropriate size. The polarity of this coding 

region confirmed the 5' to 3' polarity of TK previously inferred from 

genetic analysis (9). Transcript mapping showed that the major TK mRNA 

is approximately 1.3 kb in length, and colinear with the DNA template (7, 

8). The transcript initiates 109 nucleotides upstream from the first 

potential initiator codon, and ends about 70 nucleotides downstream from 

the UAG terminator codon. As detailed further below, the TK-promoter 

region contains signals common to many polymerase II promoter sites. The 

3' end of the transcript is preceeded by two tandem AAUAAA sequences, 

known to form part of the polyadenylation signal for eukaryotic mRNAs 

(10, 11). These features are summarized in Figure 1. 

The predicted size of the major TK polypeptide (39K, 376 amino acids) 

inferred from the DNA sequence agrees well with the value of 42K measured 

by gel electrophoresis. During lytic infections, small amounts of 39 and 

38K TK polypeptides are also found in addition to the major 42K species 

(12). Marsden et al. (13) proposed that these smaller proteins result 

from internal translational initiations at the second and third AUG codon 

in the TK mRNA (see figure 1). This proposal has recently been confirmed 

using a mutant virus which is deleted for the first methionyl codon, and 

initiates transcription at residue +198 of the wild-type mRNA (Halpern 

and Smiley, unpublished). The mutant fails to synthesize any 42K 

protein, and produces dramatically elevated amounts of both the 39 and 

38K species (Haar, Smiley, Marsden & Preston, unpublished). As the 

mutant induces 40% of the wild-type levels of enzyme activity, it follows 

that either or both of the 39 and 38K polypeptides retain appreciable 

catalyic activity. This result strongly suggests that the first AUG 

codon of the wild-type mRNA is in fact the preferred translational 

initiation site, and further demonstrates that the first 45 amino acid 

residues of the wild-type TK polypeptide are dispensable for catalytic 

activity. The function, if any, of the 39 and 38K polypeptides produced 

during wild-type infections remains unknown. 

4. EXPRESSION OF HERPES SIMPLEX VIRAL GENES 

Before concentrating on the control of TK expression, it is useful to 

very briefly review what is known about the control and structure of HSV 

genes in general. HSV genes are transcribed in the nucleus of infected 

c ells by the host cell RNA polymerase II (14). Perhaps the most 
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interesting aspect of HSV gene expression is that not all viral genes are 

expressed simultaneously after infection; rather, different sets of genes 

are expressed in a well-ordered sequence with at least three (and likely 

more) discernable phases (15). The transition from one phase to the next 

depends on viral-coded products (15), and seems to be accomplished 

largely at the level of transcription. In contrast to most other viral 

and cellular transcripts, HSV transcripts are usually not spliced; 

perhaps as a consequence, HSV genes generally are each transcribed from 

their own promoter sites. Making the situation more complex, genes 

belonging to the same kinetic class are not always grouped together along 

the viral chromosome; instead genes of different classes are interspersed 

with one another. The problem then is to account for the existence of a 

limited number of kinetic classes of viral genes given this organization. 

A priori, the most obvious strategy to accomplish this would be to 

arrange that the promoter site of each gene respond to activators and 

inhibitors in a fashion defining its kinetic class. The major 

predictions of this type of model are first that the promoter region of 

each HSV gene defines its kinetic class, and second, that the regulatory 

responses of each promoter will be largely indifferent to the context in 

which it finds itself. As detailed below, considerable evidence supports 

this point of view. 

Immediately following infection, the five immediate-early or o:-viral 

genes are transcribed, each from a separate promoter site (16-18). These 

five 0: genes are the only ones transcribed in the absence of viral 

protein synthesis, suggesting that the protein product of one or more of 

them is necessary for the transcription of the remaining non-o: viral 

genes. Consistent with this view, temperature·-sensitive mutations in the 

0: gene encoding the protein ICP4 block the appearance of all buto: 

transcripts at the non-permissive temperature (19-21). More strikingly, 

temperature-shift experiments have shown that the ICP4 function is 

required continuously throughout infection to maintain ongoing 

transcription of non·-o: genes (21). Thus it seems that ICP4 somehow 

contributes to the activation of the non- a HSV genes. It is not yet 

known whether or not any of the other four gene products also 

contribute to this activation, although in at least one case it appears 

that ICP4 alone is capable of at least partial activation of non-o: 

promoters (see below). The mechanism of action of ICP4 remains entirely 
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unclear, and will be discussed at length later in this review. 

The ex promoters themselves appear to be posi ti vely regulated, most 

likely by a viral protein present as part of the virus particle: this 

conclusion emerged from studies in which a promoters were fused to the TK 

structural gene. In the first of these experiments, the upstream region 

of the gene for ICP4 was studied (22). When an ICP4-TK hybrid gene was 

recombined into the intact HSV chromosome, TK was converted to an a gene, 

demonstrating that a control resides within the a upstream region. 

Surprisingly, when this same ICP4-TK hybrid gene was introduced into 

uninfected TK-cells, only comparatively low constitutive levels of 

expression were obtained. However this level was boosted dramatically 

following superinfection with HSV, with a kinetics. Studies with 

inhibitors and mutants have shown that this transactivation of the ICP4 

promoter by infection does not depend on viral protein synthesis, or even 

on corr;plete uncoating of the superinfecting virus particle (23, 24). 

These observations have lead to the suggestion that a virion component 

serves as the a inducer. The elements within the ICP4 upstream region 

that are sufficient for the a induction phenomenon have been mapped to 

upstream of -100 (23). Interestingly, these regulatory sequences are not 

needed for the constitutive level expression in uninfected cells: rather 

they are specifically required for induction by superinfecting virus. 

Analogous results have been obtained with another a upstream region (25, 

26) • Taken together, these data imply that the HSV virion contains one 

or more factors which activate a promoters, thus ensuring efficient 

transcription early in infection. This activator factor requires for its 

action upstream cis-acting sequences distinct from the constitutive 

promoter elements. In turn, at least one of the resulting a proteins, 

ICP4, is required for expression of the non-a HSV genes. However as will 

be outlined in greater detail below, a-mediated activation of non-a genes 

appears to require cis-acting sequences which are largely 

indistinguishable from the constitutive promoter of the target genes. 

The non-a genes of HSV have classically been divided into two broad 

ca tegories, Sand y (or early and late) (15). Transcription of both of 

these classes requ~res continuous ICP4 function (19-21). The defining 

differences between these classes are first that the maximal rate of 

expression of S genes is obtained earlier than the maximal rate of 

expression of y genes, and second that the expression of y genes is not 
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red uced by blocking viral DNA replication, while the expression of B 

genes is. The fact that the rate of B gene expression does not increase 

concomitantly with DNA replication implies either that B expression is 

actively turned off late in infection, or that replicating viral DNA is 

not a template for B transcription. It is not yet possible to 

distinguish between these possibilities. It seems likely that the 

classification of non-a genes into two categories is oversimplified, as 

originally emphasized by its formulators (15). At present, the clearest 

additional complication is that at least two classes of y genes exist: 

those that are detectably expressed in the absence of DNA replication 

(eg. the gene encoding the major capsid protein, VP5) (27), and those that 

are not (eg. the gene encoding glycoprotein C) (28,29). One 

interpretation of this situation is that genes belonging to the former 

class of y genes (the so-called B-y class) are activated with B kinetics, 

by a proteins, and are not shut-off as DNA replication begins. By 

con trast, the latter class (true y genes) may either directly require 

factors in addition to immediate-early gene products for their 

expression, or be expressable only from a replicating template. 

5. EXPRESSION OF TK 

5.1. General Considerations 

TK is a B, or early, viral gene (30). As such, during lytic 

infection its transcription appears to require only a viral proteins in 

addition to the host transcription machinery. This was most convincingly 

demonstrated by Preston (20), using the ICP4 temperature-sensitive mutant 

tsK. At the non-permissive temperature during tsK infections, no 

detectable TK mRNA was made, demonstrating that ICP4 is required for TK 

mRNA synthesis. Following a shift down to the permissive temperature, TK 

mRNA accumulated rapidly, even when the temperature shift was carried out 

in the presence of cycloheximide. Since only a proteins were made at the 

nonpermissive temperature, and since no further protein synthesis was 

allowed after the shift down, the conclusion is that only a proteins are 

required for TK mRNA synthesis. This conclusion agrees with those of 

several other studies, which used inhibitors of protein synthesis (3D, 

31). This requirement for a function is remarkably tight: when 

infections are carried out in the presence of cycloheximide, no TK mRNA 

is detectable by RNA-driven hybridization to a TK DNA probe, setting an 
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upper limit for the leak-through level to about 0.1 RNA molecules per 

cell (32). It seems clear then that TK transcription in lytic infections 

is entirely dependent on a function. However this is not the case in 

various other expression systems where TK DNA is presented to cells out 

of context (discussed further below). Similar to the si tua tion with 

other S genes, TK gene expression appears to be shut off as viral DNA 

replication begins. The evidence for this assertion is first that the 

rate of increase of TK enzymatic activity peaks before the peak of DNA 

synthesis, and second, that inhibiting viral DNA replication results in 

an overproduction of TK activity(30). Correlated with these observations 

made at the level of enzymatic activity, the steady state levels of TK 

mRNA peak relatively early during infections (33). Whether this apparent 

shut off is the result of a specific repression of TK transcription, or 

instead reflects a change in the conformation of DNA template as 

infection proceeds, remains unclear. 

5.2. TK Expression in Uninfected Cells 

5.2.1.General. Munyon and coworkers (2) were the first to 

demonstrate HSV TK expression in uninfected cells. Following infection 

of TK-deficient mouse cells with ultraviolet-inactivated HSV virions, 

cell lines that expressed the viral enzyme were recovered at a low 

frequency. Somewhat later it was shown by other workers that this 

biochemical "transformation" could also be achieved using either purified 

HSV DNA (34), or isolated HSV DNA fragments (3). In the initial 

experiments using virus as the transforming agent it remained possible 

that the expression of TK in the resulting transformants was dependent 

on a gene function; however the more recent experiments using purified 

restriction fragments have shown that fragments containing TK as the only 

complete HSV gene efficiently transform cells to TK+ (4). In addition, 

the purified TK gene is also expressed in Xenopus oocytes. One 

interpretation of these findings is that the low levels of TK expressiion 

observed in transformed cells reflect a certain amount of "leaky" 

ICP4-independent expression, which also occurs during lytic infection. 

However, this view does not seem to be tenable, as TK mRNA cannot be 

detected in the absence of ICP4 function during lytic infections (20, 

32) : expression of TK is not "leaky". It therefore seems more likely 

that expression in uninfected cells results from a partial removal of the 
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necessity for a function, and so differs from expression during viral 

infection. For this reason it is interesting to review what little is 

known of the general requirements for TK expression in uninfected cells. 

The first point to be made is that transcription in uninfected cells 

initiates at the same major site as in lytiC viral infections (7, 8), 

implying that the TK promoter site is, at least under some conditions, 

recognized by the uninfected cells transcription machinery. Further, 

efficient expression requires the integrity of the TK promoter sequence. 

The second very general point is that TK genes resident in uninfected 

cells remain responsive to whatever changes a proteins induce. There are 

three distinct systems in which the purified TK gene is expressed in 

un infected cells: in microinjected Xenopus oocytes, in acutely 

transfected mammalian cells, and in more or less stably transformed 

mammalian cell lines established by transfection or microinjection of 

DNA. In the former two situations, TK is apparently expressed from 

extrachromosomal copies of the gene, while in the latter case expression 

is from chromosomally integrated copies. In a provocative paper, 

Harland, Weintraub and McKnight (35) demonstrated that in order to be 

expressed extrachromosomally in Xenopus oocytes, the TK gene must be part 

of a circular DNA molecule. Although linear molecules were stable in the 

microinjected oocytes, they were not detectably transcribed. Apparently 

then, the conformation of the TK gene profoundly influences its 

expression in oocytes, suggesting that the activity of the TK promoter is 

sensitive to such alterations. Perhaps a circular conformation allows 

the molecule to become torsionally stressed, for example by 

supertwistingj conceivably this conformational alteration partially 

mimics the effects of ICP4. It is not yet known whether or not TK gene 

must also be circular in order to be expressed extrachromosomally in 

transfected mammalian cells, however in the absence of any evidence to 

the contrary, it seems reasonable to assume that this is so. 

In contrast to the above situations where TK is expressed 

extrachromosomally, the TK gene is associated with host cell chromosomes 

in biochemically transformed cells (36, 37). This si tua tion raises the 

possibility that expression of TK is influenced by the flanking cellular 

DNA sequences. There are strong reasons for believing that this is the 

case. Perhaps the most compelling evidence comes from studies on the 

effects of viral enhancer sequences on TK transformation. When cells are 



109 

exposed to pure TK DNA lacking exogenous enhancer sequences, 

transformants are isolated at a characteristic frequency. In some cases 

these transformed cells contain a single copy of the TK gene (37). This 

result indicates that, at some integration sites, a single TK gene can be 

expressed at a high enough level to result in a TK+ colony. However, 

this transformation frequency is boosted 20 to 40 fold by placing an SV40 

or retroviral enhancer sequence in close proximity to the TK gene (38). 

As the presence of the enhancer sequence does not appear to alter the 

integration frequency of TK DNA, the clear implication is that the viral 

enhancer sequence increases the fraction of TK insertions that result in 

a TK+ phenotype. This in turn implies that most insertions of 

enhancer-less TK genes do not result in a TK+ colony. One explanation is 

that expression of the TK gene from chromosomal sites in uninfected cells 

depends on its proximity to an active enhancer element. When the 

transforming DNA segment itself lacks an enhancer, only the subset of 

insertions that place the TK gene close to an active cellular enhancer 

result in TK+ colonies. By contrast, when an enhancer element forms part 

of the transforming segment, expression becomes relatively independent of 

the insertion site, so that a much higher fraction of the insertion 

events yield a TK+ colony. Although this scheme has yet to be proven, it 

seems plausible, and provides a possible explanation for the 

ICP4-independent expression of chromosomally integrated TK genes. That 

is, one can imagine that the TK promoter is activated by linkage to an 

adjacent enhancer, instead of by the action of viral regulators. 

In summary, there are good reasons to suspect that the a-independent 

expression of TK observed in uninfected cells depends on factors which 

remove the a requirement. In the case of extrachromosomal genes, 

circularity seems to be essential; in the case of integrated genes, 

flanking enhancer sequences may be required. 

5.2.2. The TK Promoter Sequence. Although very little is known 

about the external factors that contribute to TK expression in un infected 

cells, a great deal is known about the cis-acting TK DNA sequences that 

are required for this expression. In fact, the constitutive TK promoter 

is probably the best characterized of all eukaryotic polymerase II 

promoters,due mainly to the intensive and elegant studies of McKnight and 

coworkers. Before reviewing the results of these studies, it is 

worthwhile to point out some of the more obvious features of the TK 
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promoter sequence. These features are summarized in Figure 2. Like most 

polymerase II promoters, the TK promoter contains a recognizable Rogness 

sequence "CATATTAA" beginning at -28 with respect to the transcription 

initiation site. Studies of other promoters have suggested that this 

sequence functions mainly to direct the initiation event to one or a few 

si tes approximately 30 residues downstream (39, 40). In some systems 

this sequence does not appear to have a major influence on the overall 

levels of transcription initiation. The results obtained with the TK 

promoter support these views. Further upstream, between -90 and -72, the 

TK promoter contains two partially overlapping sequences similar to the 

"CAAT" homology which is found at similar positions in many but not all 

polII promoters (41). For some reason, only one of these two CAAT 

sequences is recognized as such in the literature (that which extends 

from -83 to -72). In the case of the B-globin gene, the "CAAT" sequence 

seems to play a major role in governing the overall level of 

transcription..in. ~ however its role in TK promoter function remains 

controversial. 

In order to delineate functional regions, McKnight and colleagues 

have systematically mutagenized the TK promoter, using two complementary 

strategies. In the first of these studies (42) two series of deletion 

mutations were constructed; one of which progressively removed 5'­

flanking sequences, the other which removed 3'-flanking sequences. Each 

deletion endpoint was marked by a 10 base ~1 linker. The 

transcriptional competence of each mutant gene was then assayed following 

microinjection of Xenopus oocytes, and in some cases by testing for its 

ability to transform mouse LtK- cells to TK+. The results demonstrated 

the following points: 

1. Using the 5 '-deletion mutants it was found that a mutant 

retaining only 109 5 ' - flanking residues supported wild-type levels of 

accurate initiation. By contrast, a deletion extending up to -95 

resulted in a markedly reduced level of transcription; however the 

residual transcripts synthesized by the mutant still initiated at +1. 

This suggests that the 5 I boundary of a region required for efficient 

initiation is located between -109 and -95. Further deletions extending 

through to -46 displayed the same general pattern. 

2. 5' deletions extending to the Rogness sequence resulted in a 

further drop in the level of initiation, and had the additional effect of 
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eliminating the tight clustering of initiation events at +1. 

mutants initiated at a multiplicity of sites. 

These 

3. 3 '- deletion mutants extending upstream beyond +1, but not 

covering the Hogness sequence had little effect on initiation: 

transcripts still initiated 25-30 residues downstream of the Hogness 

sequence, at novel sites. 

4. 3' deletions covering the Hogness sequence reduced the total 

level of transcription somewhat, but had the more striking effect of 

eliminating the tight clustering of initiation events. 

5. 3' deletions extending further to -52 had relatively minor 

addi tion effects j however, deletions extending upstream of -52 

dramatically reduced the total level of transcription. 

Taken together, these results lead the authors to conclude that 

expression in uninfected cells depends on a minimum of two upstream 

regions. One, extending from about -32 to -16, including the Hogness 

sequence, acts to fix the transcription initiation site 25-30 nucleotides 

downstream, and plays only a minor role in governing the overall level of 

initiation. The other, extending from about -109 to -52, including both 

"CAAT" homologies, governs the overall level of transcription. These 

conclusions received further support from the analysis of a novel class 

of clustered point mutations, termed linker-scanning mutations, which 

were constructed by McKnight and Kingsbury (43). These mutations 

systematically replaced 10 base pair segments of the TK upstream region 

with synthetic BamH1 linkers, leaving the spacing of all other sequences 

unal tered. The main additional feature revealed by this analysis was 

that the previously identified upstream region extending from -109 to -52 

was composed of at least two essential subregions separated by at least 

18 bases of dispensable DNA. The two essential elements, termed the 

first and second distal regions, extend from about -62 to -48 and -105 to 

-81, respectively. The dispensable region separating them includes one 

of two "CAAT" homologies, (CAAT1) while the other (CAAT2) sequence 

apparently forms part of the second distal element (see Figure 2). 

Because the dispensable CAAT1 sequence was the only one recognized as 

such by McKnight and Kingsbury, these authors concluded that the CAAT 

sequence does not playa major role in TK expression. In my view, this 

conclusion is premature, as it remains possible that expression requires 

the integrity of one or the other of the two homologies. So far, 
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mutations that destroy CAAT2 without affecting CAATI have not been 

analyzed. Interestingly, linker-scanning mutation -84/-74, which 

destroys both CAAT homologies, is a strong down mutation. It therefore 

seems possible that there are three, rather than two, important sequences 

in the -105 to -48 region; the second distal element (-105 to -91), the 

CAAT cluster (-90 to -72) and the first distal element (-62 to -48). One 

reason for favouring this arrangement is the complex pattern of overlap 

between the TK promoter and the promoter for a diverging transcript 

(described below). Presumably, these residual uncertainties will be 

resolved by the analysis of point mutations in the TK promoter region now 

in progress (S. McKnight, personal communication). 

An interesting pOint raised by McKnight and Kingsbury is that 

portions of the two distal upstream elements could potentially hydrogen 

bond: residues -103 to -98 in the second distal element (CCGCCC) are 

complementary to residues -55 to -49 in the first distal element 

(GGGCGG). In fact, close inspection of the sequences reveals that the 

homology between the second distal element and the complement of the 

first distal element is even more extensive than noted by McKnight and 

Kingsbury (see figure 2): allowing for a single base deletion in the 

first distal element, the sequences match at 11 out of 15 sites. That 

is, the homology between these sequences covers a sUbstantial fraction of 

their functionally important residues. This fraction increases further 

if one chooses to separate the CAAT2 sequence from the second distal 

element. It is therefore conceivable that expression depends on pairing 

between two distal elements (43); alternatively, expression may involve 

the recognition of these two related, inverted, elements by a common 

factor. It is my prejudice that the latter explanation is more likely to 

prove correct. 

Having identified three separate functional areas in the TK upstream 

region, McKnight (44) investigated the interactions between these 

signals, in two ways. The first approach was to determine the effects of 

combined mutations that separately inactivate two of the three functional 

elements. The results demonstrated that mutations in the first and 

second distal elements do not interact: the phenotypes of double mutants 

were similar to those of single mutants in which only one element was 

inactivated. By contrast, mutations in the second distal element 

interacted strongly with mutations in the proximal element, yielding a 
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marked decrease in expression by comparison to either of the single 

mutants. These results suggested that the first and second distal 

signals are involved in a common step of promoter recognition and perhaps 

comprise a single functional unit. The proximal element was suggested to 

be required for a different step of transcription initiation, and to 

comprise a separate functional unit. These ideas were tested further by 

examining the effects of altering the spacing between the three signals. 

The spacing between the proximal element and the two distal signals could 

be increased by up to thirty bases without effect, while increasing the 

separation by more than fifty bases abolished transcription. The spacing 

between the first and second distal signals was only somewhat less 

flexible: it could be contracted or expanded by ten residues without 

effect, while expansion by sixteen residues reduced, and expansion by 

thirty-six residues eliminated, the function of the upstream region. 

These results tend to support the idea that the proximal signal is 

functionally distinct from the distal signals, but also suggest that if 

the first and second distal signals actually do comprise a single 

functional region, then the size of its dispensable central area is not 

rigidly constrained. Based on all of the available evidence, McKnight 

(44) suggested that the distal signals together form a preferred RNA 

polymerase loading site, while the proximal signal (ie. the Hogness 

sequence) triggers polymerase to initiate 30 nucleotides downstream. 

In summary, the results of mutational analysis of the TK promoter are 

consistent with the following picture: The promoter contains two 

functionally distinct domains. The first, corresponding to the Hogness 

sequence, serves to fix the site of the transcription initiation event, 

but does not play a major role in setting the level of transcription 

initiation. The second domain, extending from -105 to -48, appears to 

determine the overall level of transcription. The outer boundaries of 

this second region are occupied by imperfect inverted repeats of 15 

bases; these inverted repeats are largely coincident with the two 

functionally important elements of the region as established by 

mutational analysis. Between these inverted sequences are two 

overlapping CAAT homologies, as well as other sequences. It is not yet 

known whether or not at least one intact CAAT sequence is required for 

promoter function, although mutations which destroy one but leave the 

other intact have no measurable effect, and a mutation which destroys 
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both impairs transcription. Sequences to the proximal side of the CAAT 

sequences appear to be dispensable, and the spacing between the 

functionally important portions of the region is not rigidly constrained. 

However, mutations in the functionally important ends of the region do 

not interact, suggesting that the region forms a single functional unit. 

One attractive possibility is that the region is an RNA polymerase II 

loading site. 

One very striking feature of the organization of the TK promoter is 

the presence of inverted repeats which define the boundaries of, and also 

largely correspond to the functionally important elements wi thin, tne 

upstream region of the promoter. This feature leads one to wonaer 

whether or not the TK upstream region also forms part of a diverging 

promoter. The evidence on this point is suggestive, but inconclusive at 

present. Read and Summers (45) have examined the..ln. ~ transcription 

of the TK region, and found a total of 5 promoter sites recognized. One 

of these transcripts initiated approximately 1 &0 nucleotides upstream of 

the TK initiation site, on the opposite DNA strand. More recent data 

from the same laboratory indicate that this same transcript is also found 

during lytic viral infections (W.C. Surr~ers, personal communication). An 

interesting consequence of this arrangement is that the presumed upstream 

elements of this diverging promoter overlap with the upstream regions of 

the TK promoter in a striking fashion. Specifically, two CAAT homologies 

located at -86 to -70 with respect to the diverging transcript are coded 

by the complement of some of the residues specifying the TK CAAT 

homologies. As a consequence, the CAAT homologies of the diverging 

transcript are flanked by the same inverted sequences that define the 

ends of the TK upstream element. This suggests the possibility that the 

upstream regions of TK and the diverging transcript are coincident 

(diagrammed in Fig. 2). Although this suggestion remains to be proven, 

it at least raises the possibility that the presence of inverted repeats 

in the TK upstream region reflects the overlap of two diverging 

promoters, rather than indioating an inherent requirement for HSV 

promoter function. 

5.2.3. Transformation by Promoter Mutants, Al though an in tact TK 

promoter sequence is required for efficient transformation of TK- cells 
+ to TK , transformants do arise after exposing cells to TK genes bearing 

promoter mutations, albeit at a much reduced frequency. For example, 5' 
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deletion mutants lacking the portions of the upstream region beginning at 

aoout -105 transform cells at about 5% of the wild-type frequency, while 

mutants deleted to +56 transform about 0.1% as well as wild-type (42). 

In all of these cases, the resulting transformants contain approximately 

the same levels of viral TK activity as those isolated using the 

wild-type gene. Two related questions arise from these findings: how 

does TK come to be expressed in these cell lines, and what accounts for 

the reduced transforcing ability of the mutant genes? Unfortunately, the 

data relating to these questions are incomplete, and scattered in the 

literature. Nevertheless, there are indications that at least part of 

tne explanation involves the expression of TK fro~ alternative promoter 

sites. As these alternative promoters are capable of providing only low 

levels of TK enzymatic activity, many copies of the mutant gene are 

required to produce the TK+ phenotype. 

The first indication that alternative promoters might contribute to 

Ti< expression in transformed cells came from studies of TK-related RNA 

present in cells transformed by wild-type TK gene. Both Roberts and Axel 

(46) and Ostrander, Vogel and Silverstein (47) found that some of these 

cell lines contained a novel 0.9 kb transcript, in addition to the bona 

fide 1.3 kb TK mRNA. As the 0.9 kb transcript accumulated to about the 

same level as the 1.3 kb RNA, Roberts and Axel proposed that TK DNA 

contains another relatively strong promoter site which is used in 

transformed cells, but not in lytic infection. 

Roberts and Axel (46) introduced a single copy of a TK DNA fragment 

lacKing the sequences upstream from -59 into TK-, APRT- cells, by 

selecting for an unlinked APRT marker. These cells, which remained 

pheno typically TK , expressed normal amounts of the 0.9 ,kb RNA, and much 

smaller amounts of a 1.1 kb RNA. These data suggested that the synthesis 

of the G.9 kb RNA does not depend on the TK promoter sequence, and that 

the 0.9 kb RNA does not code for fully active TK. The presence of lower 

levels of the 1.1 kb RNA in these cells further suggested the existence 

of an additional weak promoter site. Although the cells expressing these 

two RNAs were phenotypically TK, TK+ variants could De selected at a low 

frequency. These variants were found to have amplified the transforming 

DNA segment, resul ting in a considerably increased TK DNA copy number. 

Two classes of such amplified TK+ variants were found: those that 

synthesized dramatically increased amounts of the 0.9 kb RNA, and those 
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that synthesized the 1.1 kb RNA in quantities comparable to the levels of 

the 1.3 kb RNA found in wild-type transformed cells. Based on these 

da ta, the authors proposed the following model: TK DNA contains three 

potential promoter sites which are used in transformed cells. The first 

corresponds to that identified by McKnight, which drives synthesis of the 

1.3 kb transcript. This is the only promoter that functions at a 

detectable level during viral infections. The second promoter, 

comparable in strength to the bona fide TK promoter, drives the 0.9 kb 

RNA. Although the structure of the 0.9 kb mRNA remains to be directly 

determined, Roberts and Axel proposed that it is 3' coterminal with the 

normal 1.3 kb TK mRNA, and initiates at about +400 with respect to the 5' 

end of the 1.3 kb RNA. As this site lies within the TK coding sequence, 

the 0.9 kb RNA could encode only a truncated TK polypeptide lacking the 

first 120 amino terminal residues. This proposal is thus consistent with 

the observation that very high levels of this transcript appear to be 

required to convert cells to the TK+ phenotype: the implication is that 

the resulting truncated protein retains only marginal activity. Although 

plausi ble, these ideas about the 0.9 kb RNA have yet to be directly 

tested. The third proposed promoter is the very weak one that drives the 

1.1 kb RNA. This transcript was postulated to initiate at about +200 

with respect to the 5' end of the 1.3 kb RNA, encoding a truncated 

polypeptide lacking the first 45 residues of the polypeptide. Thus the 

putative product of the 1.1 kb RNA would correspond to the 39K TK 

polypeptide made in small amounts during lytic viral infections (12). As 

only relatively low levels of the 1.1 kb RNA suffice to confer the TK+ 

phenotype, Roberts and Axel proposed that its protein product retains 

close to full catalytic activity. This proposal is fully consistent with 

the finding that a mutant virus that initiates transcription at +198 

induces 40% of the wild-type levels of TK activity during lytic 

infections (Haar, Smiley, Marsden and Preston, unpublished). Although 

Roberts and Axel did not directly establish the structure of the 1.1 kb 

RNA, recent work in my laboratory has shown that, in one cell line 

transformed by a functionally promoter-less TK fragment, a presumably 

analogous transcript initiates at +200 (Dennis and Smiley, submitted). 

This result therefore supports the scheme outlined above. 

In summary, the data of Roberts and Axel suggest that in addition to 

the bona fide TK promoter, at least two other promoter sites are 
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potentially able to drive TK expression in transformed cells. One of 

these is a relatively strong promoter, which however results in an only 

marginally active, truncated TK polypeptide; the other is a much weaker 

promoter, which generates an active although truncated enzyme. When TK 

DNA is present at a low copy number, neither of these two sites provide a 

sufficiently high level of enzymatic activity to convert cells to TK+. 

However, if the template is present in high numbers, then either promoter 

site is able to drive sufficient levels of activity. This model is 

capable of accounting for much of the available data on transformation of 

cells by TK genes bearing promoter mutations. It predicts that cells 

transformed by promoter mutants will contain many copies of the mutant 

gene, and will express TK from one of these two alternative promoters. 

Further, since the acquisition of many copies should be a rarer event 

than the acquisition of only a few, the model also accounts for the 

reduced transforming activity of mutant genes. Consistent wi th these 

predictions, both Zipser et al. (48) and EI Kareh and Silverstein 

(personal communication) have found an inverse correlation to exist 

between the transforming activity of TK genes bearing promoter mutations 

and the transforming DNA copy number found in the resulting cell lines. 

EI Kareh and Silverstein also demonstrated that cell lines established 

with a variety of mutant genes lacking the -105 to +56 region synthesized 

a 1.1 kb transcript. In addition, Dennis and Smiley (submitted) found a 

comparable transcript initiating at +200 in a high copy number cell line 

established by a mutant gene lacking sequences upstream of +56. These 

data all support the scheme outlined above. However, Smiley et al. (49) 

found that some cell lines transformed by impaired genes do not contain a 

large number of mutant gene copies. It therefore seems likely that at 

least some impaired templates can be expressed by alternative mechanisms, 

which do not involve a high template number. Perhaps some promoter 

defects are partially alleviated by insertion at specific chromosomal 

sites. It seems likely that a systematic study of cell lines transformed 

by a variety of TK promoter mutants would help to test this suggestion. 

5.3. Transactiyation of TK Expression by Proteins 

Following the first demonstration by Munyon and colleagues (2) that 

the HSV TK gene could biochemically transform TK - cells to TK +, this same 

group of investigators asked whether or not the viral TK gene resident in 
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the transformed cells remained competent to respond to the viral-coded 

factors which activate its expression during lytic infection. They found 

that the TK activity in transformed cells was increased substantially by 

superinfection with a TK-deficient mutant HSV-1 (50). The results of 

these and other studies (51, 52, 22) established that this induction 

resembles the activation of TK expression from the viral chromosome in 

several ways. Induction occurs with B kinetics, and requires a protein 

synthesis; furthermore it is blocked by ts mutations in the ICP4 gene of 

the superinfecting virus. Interestingly, in some cases even silent 

resident TK genes are activated by superinfection (51, 52). Recently, it 

has been shown directly that induction occurs at' the level of TK mRNA: 

the increase in TK enzymatic activity observed following infection is 

paralleled by a comparable increase in the amount of TK mRNA derived from 

the resident TK gene, and the induced transcript initiates at the same 

si te used during normal viral infections (El Kareh and Silverstein, 

personal communication; Halpern and Smiley, unpublished). These data are 

all consistent with the idea that induction reflects a-mediated 

transcriptional activation of the resident TK gene, implying that the 

transfected TK DNA sequences retain cis-acting DNA sequences which are 

necessary for the respose to the trans-acting proteins. These views 

have received considerable support from the results of recent studies. 

A number of groups have contibuted to the identification of the TK 

DNA sequences needed for the response to the inducing signal supplied by 

a proteins. Most of these studies have employed a similar experimental 

design: various mutant TK genes prepared in ill!:2... were introduced into 

TK cells by transformation, and the resulting transformants were then 

scored for inducibility by superinfecting HSV. The results are largely 

consistent with one another, and when taken in combination suggest that 

induction requires the integrity of at least two sets of upstream 

sequences, extending from -109 to about -47. These regions are largely 

coincident with the two distal elements of the constitutive TK promoter 

(diagrammed in Figure 2). The data supporting these assignments are as 

follows: 

1. Genes retaining only 109 5' - flanking bases remain fully 

inducible, while those deleted up to -95 respond poorly (El Kareh and 

Silverstein, personal communication; McKnight, personal communication). 

This finding is consistent with earlier published data showing that genes 
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retaining 200 or 180 5'-flanking bases are inducible, while those 

truncated to -00 and -6 are not (6, 48, 49). 

2. Sequences extending from -80 to -70 are dispensable for induction 

while sequences located somewhere between -70 and -12 are required (49). 

Since an XhoI linker insertion at -47 abolished induction (48), some of 

the relevant sequences in the -70 to 12 region are close to or span -47. 

3. Recently McKnight (personal communication) has shown that the 

-109 to -47 region, when placed upstream of the Hogness sequence of 

another gene, confers a inducibility on that gene. Thus the -109 to -47 

region appears to be sufficient, as well as necessary, for induction. On 

the surface, this result seems inconsistent with those of Zipser et al. 

(48), who showed that an Xho I linker at -47 eliminated induction. One 

possible way to reconcile these two findings is to propose that residue 

-47 lies within, but close to the 3' boundary of, the important 

sequences. The construction of McKnight is bounded by a BamHI linker, 

starting at -47. Perhaps the BamHI linker is able to partially 

substi tute for the natural residues downstream of -47, while an XhoI 

linker is not. 

4. In addition to contributing to the mapping of the induction 

sequences, the data of Zipser et al. (48) also demonstrated that 

inducibility can be dissociated from constitutive promoter function. A 

linker insertion at -6 drastically reduced constitutive expression, but 

did not affect inducibility. Conversely, a linker insertion at -47 

eliminated inducibility without markedly affecting constitutive 

expression. 

The most striking feature of these findings is that the induction 

sequences seem to be largely coincident with the two distal elements of 

the TK promoter site. This is in contrast to the situation wi th HSV 

promoters, where the regulatory site is located upstream of all of the 

constitutive promoter elements. The data therefore provide very strong 

evidence that induction of TK occurs at the level of transcription 

initiation, rather than, for example, at the level of RNA processing or 

transport. Because the distal regions of the constitutive TK promoter 

seem to be involved in setting the overall level of transcription 

initiation, an attractive possibility is that a proteins activate TK by 

boosting the activity of this region. How might a proteins accomplish 

this? I can think of at least four distinct possibilities which are 
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consistent with the available data. In considering these possibilities I 

will assume that ICP4 alone among a proteins is sufficient for promoter 

activation. Although this seems to be the case for the HSV VP5 promoter 

(Smiley, Persson and Bacchetti, unpublished) it remains to be directly 

established for TK. 

1. ICP4 might recognize and bind to specific sequences in the -109 

to -47 region of the TK promoter. The bound protein might then 

facilitate polymerase loading, either by protein-protein interactions, or 

by inducing a favourable conformational change in the DNA. Although 

partially purified ICP4 does not appear to bind DNA, the protein present 

in crude extracts does (53), raising the possibility ICP4 binds to DNA in 

cooperation with other proteins. If ICP4 does act by binding to specific 

sites then one might expect to find conserved ICP4 recognition sequences 

in the promoter regions of all non-a HSV genes. Further, since ICP4, 

and its Pseudorabies virus counterpart, appears to also activate some 

adenovirus early genes, (54, S. Bachenheimer, personal communication) one 

would also expect to find similar sequences in some adenovirus promoters 

as well. It is not possible to test these predictions by comparative 

sequence analysis alone, for several reasons. Most importantly, it is 

not yet clear which of the sequences in the -109 to -47 region of the TK 

promoter are specifically involved with recognizing the signal. It is 

possible that induction requires the integrity of two classes of sequence 

in this region: those that are required for the proper functioning of 

the upstream region, and those that are specifically involved in the 

response of the region to the signal. The results of Zipser et al. 

support this view (48). Complicating matters further, these two classes 

of signal might overlap in a complex way. Second, because the spacing 

between the three elements of the constitutive TK promoter is relatively 

flexible, one might expect a similar flexibility to exist in the position 

of the putative ICP4 recognition sequence. Third, even if ICP4 binds to 

specific sites, it is not obvious that this would necessarily involve 

recognition of all, or even a majority of the bases in the binding site. 

Consequently, binding sites might show only patchy homology with one 

another. Nevertheless, inspection of several HSV and adenovirus 

promoters has revealed some interesting homologies with one or the other 

of the two distal elements of the TK promoter region. For example, 

residues -104 to -91 of the second distal region match residues -68 to 
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-55 in the promoter of the S HSV gene encoding a 38K polypeptide (55), at 

11 of 14 positions. Residues -56 to -47 of the first distal region of TK 

match two overlapping sites in the promoter for the S-y VP5 gene (27) 

(-47 to -35 and -41 to -28) at 10 of 12 positions. The first distal 

element (-56 to -46) is also homologous to positions -47 to -37 in the 

adenovirus type 2 E1 B promoter at 9 of 11 sites. I conclude that it is 

possible that ICP4 acts in a sequence-specific fashion. 

2. ICP4 might interact with components of the cellular transcription 

machinery, altering its promoter preferences. The main differences 

between this possibility and the first are that ICP4 is not postulated to 

recognize specific DNA sequences, nor to bind directly to DNA. However, 

one might still expect the altered transcription machinery to show some 

sequence specificity in its altered promoter recognition spectrum. 

3. ICP4 might act very indirectly, for example by altering the 

template conformation in a sequence independent fashion. This altered 

conformation might be required for the efficient use of HSV promoters by 

an unaltered host transcription machinery. This view is consistent with 

the effects of template conformation on TK expression in Xenopus oocytes 

(35) • According to this model, the induction sequences identified by 

mutation would correspond to those promoter elements whose function is 

sensitive to changes in the template conformation. 

4. ICP4 might act to overcome cellular negative control of HSV 

transcription. For example, a cellular repressor might block HSV 

transcription; perhaps ICP4 inactivates the repressor, allowing 

transcription to proceed. A similar model has been proposed to account 

for the activation of adenovirus early transcription by the 

immediate-early E1A gene products (56). In my view, this model is 

unlikely to be correct because of some of the effects of mutation on 

induction. For example, the JUlQl linker insertion at -47 isolated by 

Zipser et al. abolishes induction without affecting constitutive 

expression. I can see no straightforward way of accomodating this result 

with the repressor model. 

In summary, although the activation of TK expression by ICP4 

requires the integrity of sequences largely overlapping the distal TK 

promoter elements, the precise mechanism by which ICP4 exerts its efects 

remains unknown. The solution to this problem is of general interest, 

and will likely hinge on studies of the biochemical properties of the 
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ICP4 protein, and its effects (if any) on ~ ~ transcription systems. 
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USE OF CLONED EPSTEIN-BARR VIRUS DNA TO IDENTIFY GENES THAT 
DETERMINE THE FATE OF VIRAL INFECTION 

JEFF SAMPLE, GERALD LANCZ, AND MEIHAN NONOYAHA 

SUMMARY 

Transcription of the Epstein-Barr virus (EBV) genome during 

different cell-virus interactions was analyzed to identify the 

loci containing genes which may be responsible for determining 

the fate of an EBV infection. Transcriptionally active regions 

of the genome were detected by hybridization of 32p-labeled 

cDNA (reverse-transcribed from infected-cell RNA) to the 

different cloned Barn Hl restriction endonuclease fragments of 

EBV DNA. Analysis of the transcription in restringently 

infected cells indicated that, in the absence of complete virus 

replication, transcription of the viral genome is limited to 

the vJ-Y-H region of the Barn Hl restriction map. During 

permissive or productive infection, transcription of approxi­

mately 90% of the viral DNA was detected. Analysis of the 

immediate-early transcription and transcription kinetics during 

permissive infection indicated that the Barn Hl H region is 

transcribed first following the onset of productive replication. 

Transcription of this region was not detected in restringently 

infected cells or during primary infection of adult human B 

lymphocytes. 'I'his suggests that expression of a gene (s) within 

the Barn Hl M region is required to initiate the productive 

cycle of virus replication. Suppression of this gene may 

therefore be a prerequisite to i~mortalization of B lymphocytes 

by EBV. 

INTRODUCTION 

Human or nonhuman-primate B lymphocytes which have been 

infected in vitro with Epstein-Barr virus (EBV) acquire the 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. MOItinus Nuho// Publishing, Boston. All rights relII!TVed. 
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ability to proliferate indefinitely in cell culture, a process 

referred to as growth transformation or immortalization (1-3). 

Most lymphoblastoid-cell lines which have been established follow­

ing EBV infection are restrictive to virus replication. Cell 

lines have been established, however, in which 1 to 5% of the 

cells spontaneously produce EBV particles. These cell lines have 

been designated as permissively infected, although the majority 

of the cells remain nonpermissive to virus replication. Cell 

lines which are completely nonpermissive to EBV replication are 

referred to as latently or restringently infected. 

During the immortalization process, the EBV genome becomes 

established within the host cell so that a relatively specific 

number of genomes is maintained within the cells of a given cell 

line (4-10). The DNA genome within the virion itself is a linear 

double-stranded molecule approximately 170 x 10 3 base pairs (bp) 

in length, with a molecular weight of about 110 megadaltons (tid) 

(11-13). However, within the immortalized lymphocyte the genome 

exists as circular plasmid DNA (14,15). Several reports have 

suggested that in some instances the EBV genome has integrated 

into host cell chromosomes (16-18). 

Because the complete EBV genome is maintained and propagated 

within established lymphoblastoid cells, utilization of these 

cells as a source of virus and virus DNA has greatly benefited 

studies of genome structure and expression. Two such cell lines 

which have been extensively employed in these studies are B95-8 

and P3HR-l cells. A small percentage of these immortalized 

lymphocytes spontaneously produce either the B95-8 or the P3HR-l 

strain of EBV, respectively. In addition, the B95-8 strain of 

EBV has the ability to immortalize human and nonhuman-primate 

B lymphocytes following infection in vitro, and is therefore 

considered a prototype strain of EBV. P3HR-l virus, however I 

has lost its ability to immortalize lymphocytes. Structural 

analysis of the genomes of these two strains of EBV has revealed 

that a deletion of approximately 6.5 x 10 3 bp has occurred in 

the P3HR-1 genome (19,20). A hypothesis has been put forth that 

the DNA which has been deleted from the P3HR-1 genome encodes a 

gene product(s) that enables prototype strains of EBV to 
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immortalize B lymphocytes. Another consequence of the P3HR-l 

DNA deletion is that it apparently confers an ability to super­

infect and induce permissive infection in cells that are 

restringently infected, i.e., the Raji cell line (21,22). Proto­

type strains of EBV, such as B95-8, are unable to induce 

permissive infection in Raji cells. 

The regulatory events that determine whether a cell is per­

missive or nonpermissive to EBV replication, or the control 

mechanisms associated with the EBV establishment of lympho­

blastoid-cell lines, are questions as yet unresolved. This is 

in part due to the biology of EBV which poses various technical 

barriers to these studies. The study of the permissive state of 

EBV replication employs cell lines such as B95-8 and P3HR-l. 

Even though 1 to 5% of these cells are undergoing a permissive 

cycle of infection, 95 to 99% remain nonpermissive to EBV 

replication. Therefore, large numbers of cells must be processed 

to obtain sufficient quantities of virus or virus-producing 

cells for experimentation. The replication efficiency of these 

cells can be augmented to a limited extent by the addition of 

12-0-tetradecanoylphorbol-13-acetate (TPA) to the cell cultures. 

In the presence of TPA, 20 to 40% of the cells undergo 

permissive infection (23). The problem imposed by the biological 

properties of EBV infections has been overcome, to a great 

extent, by the elucidation of restriction endonuclease maps of 

the EBV genome and the cloning of the viral DNA in bacterial 

plasmids (24,25). 

In this chapter, we report on the work underway in our 

laboratories which intends to examine the expression of the EBV 

genome at the transcriptional level. We have used cloned re­

striction endonuclease fragments of the EBV genome in hybridi­

zation experiments and have been able to identify regions of the 

genome that are transcribed in cells that represent different 

types of infection, e.g., permissive vs. restringent infection, 

and during the different phases of virus replication. Our data 

show that transcription of specific regions of the EBV genome is 

consistently associated with the nature or type of EBV infection, 

i.e., a restringent or permissive infection. 
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CELLS AND VIRUSES 

Culture conditions for the maintenance of B95-8, P3HR-l, 

and Raji cells have been described elsewhere (26). Fresh human 

B lymphocytes were isolated from peripheral blood leukocytes on 

a Ficoll hypaque density gradient. Adherent cells were removed 

by incubation for 1 hour in a plastic tissue culture flask, and 

cells forming rosettes with sheep erythrocytes were removed by a 

second centrifugation through a Ficoll hypaque gradient. Fresh 

B lymphocytes (nonadherent, nonrosetting cells) were cultured 

in RPMI 1640 medium containing glutamine and 10% fetal 

bovine serum. Production of B95-8 and P3HR-l EBV strains was 

accomplished by culturing each cell line with medium containing 
* TPA (20 ng/ml) for 3 days. Typically, 10 1 of culture 

supernatant was filtered through a 0.45 ~m filter 

and centrifuged at 18,000 x g for 2 hours at 40 C to pellet the 

virus particles. The virus pellets were resuspended to 1/300 

the original culture volume of RPMI 1640 medium containing 15% 

newborn calf serum and were stored at -80o C. Stock prepar­

ations of B95-8 and P3HR-l virus normally had titers of 5 x 10 7 

transforming units (T.U.) or early antigen-inducing units 

(E.A.U.) per ml, respectively. 

EXPERIMENTAL APPROACH 

The operational regulatory mechanisms which control 

expression of the EBV genome can be exemplified by the manner 

in which the genome is transcribed during various cell-virus 

interactions, i.e., restringent vs. permissive infection. 

Therefore, by monitoring transcription of the EBV genomes in 

permissively and restringently infected cells, transcriptional 

events which reflect the regulation of genome expression can 

be compared and evaluated. This is the approach we have 

employed to determine the genomic loci which are transcribed 

during different types of EBV infection and identify those which 

may contain genes responsible for regulating different cell­

virus interactions. In addition, analysis of the transcriptional 

events in fresh human B lymphocytes infected in vitro with the 

B95-8 strain of EBV was done to determine the transcriptional 

* l2-0-tetradecanoylphorbol-13-acetate 
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pattern of the genome during immortalization. 

The principal method used to detect EBV-specific trans­

cripts in EBV-established cell lines and in EBV-infected cells 

is a modification of the dot-blot hybridization procedure 

(see legend, Fig. 2), described by Kafatos, et al. (27). The 

Bam HI restriction endonuclease fragments of B95-8 EBV DNA 

were cloned in pBR322 by Dr. James Skare (25), and were sub­

sequently obtained from him. Cloned EBV DNA fragments were 

propagated in ~. coli strain HBIOI. The Bam HI restriction 

endonuclease map of the B95-8 genome is illustrated in Figure 1. 
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FIGURE 1. Bam HI restriction endonuclease map of the B95-8 
EBV genome as determined by Skare and Strominger (25). Scale 
is in megadaltons. 

EXPERIMENTAL RESULTS 

Transcription of the EBV genome during different states of 

virus replication 

Transcription in restringently infected cells. Some cells, 

e.g., Raji cells, which were established from a biopsy of a 

Burkitt lymphoma patient, remain completely restrictive to 

complete replication of endogenous EBV. Expression of EBV­

specific early antigen (EA) and viral capsid antigen (VCA), 

viral DNA synthesis, and production of EBV particles do 

not occur in these cells. These cells do express the Epstein­

Barr virus-associated nuclear antigen (EBNA) and, therefore, 

are considered to represent a latent state of infection. How­

ever, previous studies which used DNA-RNA hybridization kinetic 

techniques indicated that 25% of the EBV DNA is transcribed 
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in Raji cells (26). This also proved true for the somatic 

cell hybrids, D98/Raji and D98/HR-l. This finding suggests 

that even in the absence of complete virus replication, limited 

expression of the EBV genome does occur. The term "re­

stringent infection" is therefore a more acceptable 

description of this particular cell-virus interaction. 

Specific regions of the EBV genome transcribed in re­

stringently infected cells were identified in experiments 

using dot-blot hybridization. For these studies, cytoplasmic 

poly(A)+ and total nuclear RNA were isolated from Raji cells. 

32p-labeled cDNA hybridization probes were synthesized by 

reverse transcription in vitro of RNA and were hybridized to dot­

blot filters (see legend, Fig. 2). Data from these experiments 

(not shown) indicate that the Bam Hl W, Y, and H regions (see 

Fig. 1) of the genome are most actively transcribed during 

restringent infection. These data suggest that gene products 

encoded within the Barn Hl W, Y, and H regions may, by one or 

more mechanism, be responsible for maintaining the immortalized 

state of the virus in the host cell. It is interesting to note 

that transcripts which map in the Barn HI W region (the large 

internal repeat region) have not been detected in the 

cytoplasmic poly(A)+ RNA (mRNA) fraction, suggesting that 

these transcripts do not function as mRNA. 

Transcription in permissively infected cells. Several EBV­

producing lymphoblastoid-cell lines have been employed for the 

in vitro production of virus and for the study of viral gene 

expression during permissive infection. The two most commonly 

studied have been the B95-8 and P3HR-l cell lines. At a given 

time, 1 to 5% of these cells express EBV-specific EA and VCA 

indicating that virus replication is occurring in this fraction 

of the cell population. The fraction of cells undergoing a per­

missive infection was substantially increased by culturing the 

cells in the presence of TPA for 3 days prior to extracting the 

cells for RNA. The dot·-blot hybridization study which reflects 

the transcriptional activity in TPA-induced B95-8 cells, is pre­

sented in Figure 2. These data indicate that most of the Barn Hl 

EBV DNA fragments are transcriptionally active during this 
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FIGURE 2, Transcription of the EBV genome in permissively 
infected B9S-8 cells as indicated by dot-blot hybridization. 
32p-labeled cDNA was reverse-transcribed in vitro from S wg 
of total nuclear RNA or cytoplasmic poly(A)+ RNA which had 
been extracted from TPA-treated B9S-8 cells. The cDNA probes 
(l-S x 10 7 total CPM) were hybridized to cloned Bam Hl 
restriction endonuclease fragments of B9S-8 DNA (A-d) fixed to 
nitrocellulose filters. Each filter contained the equivalent 
of 10 Wg of EBV DNA, proportionally distributed accordinq to 
the molecular weight of each fragment. pBR322 DNA (1 Wq) and 
HeLa cell DNA (O.S Wg) served as negative (-) and positive 
(+) controls, respectively. Following hybridization, filters 
were processed by autoradiography. cDNA probes were transcribed 
from a) total nuclear RNA and b) cytoplasmic poly (A) + RNA. 
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permissive infection. Transcripts mapping in the Barn Hl P, 0, 

W, and Y regions of the genome were detected in the nuclear 

(Fig. 2a), but not in the cytoplasmic poly(A)+ (Fig. 2b), 

fraction. Transcripts that mapped in the Barn Hl C region of 

the genome were not detected in either the nuclear or the cyto­

plasmic poly(A)+ fraction, although previous studies did detect 

low levels of Barn Hl C-specific transcripts in these cells (28). 

Transcripts that mapped in the Barn Hl I, R, and Z regions were 

clearly detectable when B95-8 cells were cultured in the presence 

of TPA, relative to noninduced cells (28), suggesting that these 

transcripts were newly synthesized following TPA treatment. 

Transcription of the EBV genome during the early and late phases 

of permissive infection 

The complete (lytic) replication cycle of many viruses is 

mediated by a successive expression of viral genes. This 

succession of gene expression is stringently coordinated in such 

a manner that there is a specific order in which the viral genes 

must be expressed. For example, the genes of herpes simplex 

virus (HSV) have been divided into a, S, and y genes, which are 

expressed in a cascade fashion, respectively, during the lytic 

replication of HSV (29). Genes of the a class are transcribed 

soon after infection and do not require virus-specific protein 

synthesis prior to expression. Transcription of the a genes, 

termed the immediate early genes, is therefore resistant to 

the action of chemicals which inhibit protein synthesis, e.g., 

cycloheximide. Transcription and expression of S, or early 

genes, is dependent upon prior expression of the a genes and 

virus-directed protein synthesis. Once expressed, products of 

the S genes act to turn off expression of the a genes and to 

turn on transcription of the y, or late genes. In addition to 

virus-specific protein synthesis, y gene expression is also 

dependent on viral DNA synthesis and is therefore sensitive to 

inhibitors of viral DNA synthesis, such as phosphonoacetic 

acid (PAA). Once the y genes are expressed, transcription and 

expression of the S genes are turned off, assembly of the virion 

occurs, thus completing the replication cycle. 

In the following section, we discuss studies which identify 



135 

the regions of the EBV genome which are transcribed during 

the early 'phases of permissive infection. In addition to TPA­

treated B95-8 cells as a model for permissive infection, we 

have employed Raji cells which have been superinfected with 

the P3HR-l strain of EBV. Although the Raji cells are in a 

restringent state of infection relative to the endogenous 

constituent EBV genomes they carry, these cells are permissive 

to superinfection by P3HR-l EBV. This is indicated by the 

expression of EA and VCA, an inhibition of cellular DNA 

synthesis and an onset of viral DNA synthesis, and production 

of mature virus particles. The superinfection system 

has the distinct advantage in that a synchronized productive 

cycle of virus replication can be studied. In contrast, 

productive virus replication in B95-8 cells is an asynchronous 

process. Thus, employing the superinfection cell-virus 

system eliminates the inevitable mixture of early and late 

transcripts present in cell populations that are not synchro­

nized with regard to the cycle of infection. 

Previous studies examined persistent early and late trans­

cripts in B95-8 cells that were cultured in the presence or 

absence of 100 pg of PAA per ml for 10 cell generations, and 

then treated with TPA for three days prior to cell harvest 

(30) . Transcription which is sensitive to the action of PAA 

requires prior viral DNA synthesis and is classified as late 

transcription. The PAA-treated cells expressed EA but not the 

late viral antigen VCA. Transcription which occurs before the 

onset of viral DNA synthesis is resistant to PAA treatment 

and therefore includes the immediate early and early trans­

scripts. PAA-resistant cytoplasmic poly(A)+ transcripts (Fig. 1, 

ref. 30) mapped in the Bam Hl A, B, F, G, H, L, and M regions 

of the EBV genome. Very weak hybridization was detected to 

the Bam Hl C, D, K, R, V, W, and ~ DNA fragments, indicating 

that a low level of transcription occurred from these regions 

as well. Hybridization of 32p-labeled cloned EBV DNA to 

Southern blots of poly(A)+ RNA that had been extracted from 

TPA-induced B95-8 cells, indicated that at least 65 different 

EBV mRNAs are present in permissively infected cells. In 
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FIGURE 3. Summary of persistent early and late cytoplasmic 
poly(A)+ RNA in TPA-treated B95-8 cells (30). (Reprinted with 
permission) • 

the presence of PAA, the number of mRNA species was reduced 

to 25 (Fig. 3). The pattern of EBv-specific transcription in 

superinfected Raji cells, in the presence and absence of PAA, 

was essentially the same as in B95-8 cells (data not shown). 

Immediate early transcripts were obtained from Raji cells 

superinfected with P3HR-l EBV, which had been cultured in the 

presence of 5 fl g of cycloheximide per ml from the time of 
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superinfection until cell harvest at 15 hr p.i. Under these 

conditions, protein synthesis was inhibited by at least 85%, 

as indicated by 35S-methionine incorporation into acid insoluble 

protein. Cycloheximide concentrations greater than 5 ~g/ml 

reduced cell viability significantly (less than 80%), resulting 

in poor recovery of RNA. Fluorescent antibody staining 

indicated that cycloheximide-treated cells were negative for 

EA and VCA. Dot--blot hybridization, used to analysize RNA 

isolated from superinfected Raji cells not treated with 

cycloheximide (Fig. 4a and 4b), revealed a pattern of trans­

cription in the superinfected cells that is similar to that 

observed in TPA-induced B95-8 cells. In the presence of 

cycloheximide, transcription of the genome was only from the 

Bam HI A, F, H, M, R, and W regions (Fig. 4c and 4d). Bam 

HI W-specific transcripts were detected in the total nuclear 

RNA fraction but not in the cytoplasmic poly(A)+ fraction. 

This was also observed in permissively infected cells (Fig. 2) 

Longer autoradiographic exposure of dot--blot filters revealed 

that hybridization of the cDNA probe to other Bam HI re­

striction endonuclease fragments did occur. This may be a 

reflection of the inability to inhibit protein synthesis 

greater than 85% with 5 ~g of cycloheximide per mI. Thus, a 

degree of "leakiness" may be evident when protein synthesis is 

not reduced to a greater extent. 

These results suggest that the immediate-early genes, 

expressed during productive replication of EBV, are located in 

the Bam HI A, F, H, M, R, and W regions of the viral genome. 

To substantiate this and to determine which immediate-early 

region(s) of the genome is initially transcribed following 

initiation of productive replication, the kinetics of trans­

cription in Raji cells superinfected with P3HR-l EBV was 

determined. Transcription of the resident EBV genomes in Raji 

cells alone is limited to the Bam HI W, Y, and H regions (see 

section on restringent infection). When RNA isolated from Raji 

cells at 4, 8, and 12 hours following superinfection was 

analyzed by dot-blot hybridization, transcripts which mapped 

in the Bam HI M region were the first predominant transcripts 
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FIGURE 4. Analysis of immediate-early transcription in super­
infected Raji cells. Raji cells were superinfected with P3HR-l 
EBV at a M.O.I. of approximately 1.5 E.A.U. per cell, cultured 
in the presence or absence of 5 ~g of cycloheximide per ml, and 
harvested 15 hr. p.i. for extraction of RNA. (a) and (b), dot­
blot hybridizations in which cDNA probes were transcribed from 
total nuclear RNA and cytoplasmic poly(A)+ RNA, respectively, 
isolated from cells not treated with cycloheximide. (c) and 
(d), cDNA probes were transcribed from total nuclear RNA and 
poly(A)+ RNA, respectively, isolated from cells treated with 
cycloheximide. 
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detected (Fig. 5). Very low levels of or no transcription of 

the regions normally transcribed in restringently infected 

Raji cells was detected. When the kinetics of EA expression 

and genome transcription were compared, a positive correlation 

was found between the time course of EA expression and the 

transcription of the Bam Hl M region of the viral genome. 

Collectively, these data suggest that the Barn Hl M region of 

the EBV genome is the genomic locus that is initially trans­

cribed during productive replication of EBV. 

Transcription of the EBV genome during primary infection of 

B lymphocytes 

Immortalization or growth transformation of human or 

nonhuman-primate B lymphocytes following infection in vitro 

with a prototype strain of EBV, e.g., B95-8, is the hallmark 

biological property of EBV. However, the P3HR-l strain 

of EBV no longer has this capability. Detailed structural 

analysis of the P3HR-l virus genome has revealed a deletion 

in the Barn Hl Y-H region of the genome (20,31). Therefore, it 

has been hypothesized that a gene product(s) encoded by the 

DNA in this region is responsible for lymphocyte immortalization. 

Consistent with this view is the finding that the Barn Hl W-Y-H 

region is the most actively transcribed region of the EBV 

genome during restringent infection. This hypothesis was 

tested by examining EBV-specific transcriptional events in 

fresh adult human B lymphocytes after they had been infected 

in vitro with the B95-8 strain of EBV. 

Fresh B lymphocytes were infected with B95-8 EBV at a 

M.O.I. of approximately 1.5 T.V. per cell. Infected cells 

were harvested at 3 to 4 days p.i., RNA was extracted and 

analyzed by dot blot hybridization. The success of each 

infection was monitored by staining an aliquot of cells at 

4, 7, and 14 days p.i. for EBNA. 

Analysis of the dot-blot hybridization indicates that the 

Barn Hl F, P, and W regions of the EBV genome are transcribed 

following the infection in vitro of fresh B lymphocytes (Fig. 6). 

In some experiments, low levels of transcripts mapping in the 

Barn Hl A, H, and Y regions were also detected. It is apparent, 
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FIGURE 5. Kinetics of transcription of the EBV genome in Raji 
cells following initiation of productive infection by super­
infection. Raji cells superinfected with P3HR-l EBV were 
harvested at 8 and 12 hr. p.i. for analysis of RNA by dot-blot 
hybridization. (a) and (c), cDNA probes were transcribed from 
total nuclear RNA isolated from cells at 8 and 12 hr. p.i., 
respectively. (b) and (d), cDNA probes were transcribed from 
cytoplasmic poly (A)+ RNA isolated from cells at 8 and 12 hr. 
p.i., respectively. Arrows indicate regions of the filter in 
which a low level of hybridization was detected. 
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FIGURE 6. Transcription of the EBV genome during primary 
infection in vitro of adult human B lymphocytes. 32P-labeled 
cDNA was transcribed from cytoplasmic poly(A)+ RNA and hybridized 
to cloned EBV DNA equivalent to 30 ~ g of total EBV DNA .. 

therefore, that regions of the genome apart from the Bam HI Y-H 

region are also transcribed during primary infection and are 

likely to be involved in cellular immortalization. 

DISCUSSION 

It is evident from the data we have presented that the EBV 

genome is transcribed differently in cells representing 

different types of virus infection. Analysis of dot-blot hybrid­

ization studies on RNA extracted during permissive infection of 

B95-8 cells, indicates approximately 90% of the EBV genome is 

transcribed during the productive cycle of virus replication. 

These data are similar to those reported by Kieff and co-workers 

(32-35). TPA treatment appeared to have induced transcription 

of the Bam Hl I, R, and Z regions of the genome, which was not 

detected in B95-8 cells untreated with TPA (28). Perhaps the 

expression of these regions is not required during productive 

replication of the virus. 

EBV-specific transcription in restringently infected Raji 

cells occurred from approximately 25% of the total viral DNA 
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(12). Similar findings have also been reported for the 

restringently infected Namalwa and IB-4 cells, as well as Raji 

cells (32,33,35-38). The majority of the RNA transcripts from Raji 

cells map in the Bam HI W, Y, and H regions of the EBV genome. 

This indicates that transcription of the EBV genome during 

restringent infection, relative to permissive infection, is 

highly restricted. The limited expression of the genome 

during restringent infection, as also reflected by the lack 

of EA and VCA expression, is probably required to maintain 

the cell in its transformed state. 

Superinfection of Raji cells with the P3HR-l strain of EBV 

results in a productive cycle of virus replication in these 

restringently infected cells. This is indicated by the 

induction of EA and VCA expression, initiation of viral DNA 

synthesis, and production of virus particles. When Raji 

cells are infected with the B95-8 prototype strain, permissive 

infection does not occur. In addition, analysis of RNA 

obtained from Raji cells superinfected with B95-8 EBV indicated 

no change in the transcription pattern following superinfection 

(data not shown). 

Another characteristic of the P3HR-l strain which differ­

entiates it from prototype strains of EBV, is its inability to 

immortalize B lymphocytes following infection in vitro. 

Analysis of the structure of the P3HR-l genome and genomes 

of prototype strains of EBV have shown that a 6.5 x 10 3 bp 

deletion in the Bam HI Y-H region of the P3HR-l genome has 

occurred (20). Although there is a 12 x 10 3 bp deletion in the 

Bam Hl I region of the B95-8 genome, the biological properties 

of this strain of EBV apparently are unaffected (39). Analysis 

of the genome of the virus produced by the Jijoye cell line, 

the parental cell line from which the P3HR-l cell line was 

cloned, indicated no deletion in the Bam HI Y-H region of 

the genome (40). Unlike the P3HR-l strain of EBV, virus 

produced by Jijoye cells are capable of immortalizing B lympho­

cytes. Collectively, these findings suggest that a 

loss of DNA from the Bam HI Y-H region of the genome is 

sufficient to compromise the immortalizing capability of EBV. 



143 

A gene product(s) encoded by the Bam Hl Y-H region of the 

EBV genome, therefore, may be responsible for cellular 

immortalization. This notion is supported by the data which 

show that the Bam Hl Y-H region is transcribed in B lympho­

cytes during primary infection in vitro and in restringently 

infected cells. If such a gene product is encoded by the Bam 

Hl Y-H region of the genome, it would explain why the P3HR-l 

EBV cannot immortalize B lymphocytes. It is possible that 

a function of this gene product may be to repress transcription 

of a gene(s) responsible for initiating the productive cycle 

of EBV replication. Therefore, a productive cycle of virus 

replication ensues following superinfection of Raji cells 

with P3HR-l EBV, because the gene(s) responsible for initiating 

productive replication is not repressed. The drawback to 

this conclusion, however, is that the Bam Hl Y-H encoded 

product expressed by the endogenous EBV genomes should repress 

productive virus replication following superinfection with 

P3HR-l EBV. 

Because superinfection of Raji cells with P3HR-l EBV 

induces a synchronized productive cycle of virus replication, 

it has been possible to accurately analyze transcription of 

the EBV genome during the different phases of the replication 

cycle. The superinfection system has been especially useful 

in enabling us to identify regions of the genome which encode 

immediate--early transcripts during permissive infection. One 

or more of these regions most likely encodes a gene product(s) 

responsible for initiating the productive cycle of virus 

replication. Analysis of the RNA extracted from superinfected 

cells that had been cultured in the presence of cycloheximide 

to enhance for the presence of immediate-early transcripts, 

indicated that the Bam Hl A, F, H, M, Rand W regions of the 

EBV genome encode immediate-early RNA. RNA which mapped in 

the Bam Hl W region of the genome was detected in the total 

nuclear RNA fraction but not in the cytoplasmic poly(A)+ RNA 

fraction. This was also true for Bam Hl W-specific trans­

cripts detected in TPA-treated B95-8 cells. This suggests 

that RNA encoded by the Bam Hl W region does not function as 
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mRNA during permissive infection. 

Data obtained by the analysis of the transcription 

kinetics during superinfection, suggest that the Bam Hl M 

region of the genome is the first region that is actively 

transcribed during productive replication. In addition, a 

positive correlation was observed when EA expression, which 

signals the onset of a productive cycle of replication, was 

compared with the transcription of the Bam Hl M region. 

When the transcription patterns of the EBV genome in 

restringently infected Raji cells and B95-8 EBV-infected 

fresh adult human B lymphocytes are compared to the immediate·­

early transcription pattern of P3HR-l superinfected Raji 

cells, all of the immediate-€arly regions except Mare trans­

scribed during immortalization and/or in established trans­

formed cells. This suggests that expression of a genets) 

within the Bam Hl M region is required to initiate the 

productive cycle of virus replication and the suppression of 

M region expression may be a prerequisite to immortalization. 

It is also interesting to note that most of the immediate-early 

regions are expressed during immortalization. The mechanisms 

by which expression of the M region, and presumably productive 

replication, is restricted during restringent infection, may 

be either cellular or viral in nature. It is possible that a 

function of a gene product encoded by the Bam Hl Y-H region 

is to suppress expression of a gene or genes within the M 

region. 

The actual mechanisms which control expression of the 

EBV genome during different types of virus infection are as 

yet unknown. The data obtained in our laboratories and those 

of others suggest that transcription of different regions of 

the genome is associated with the state of EBV infection in 

established lymphoblastoid cells. This apparently occurs in 

such a manner that either a latent or restringent infection is 

established, or alternatively, a productive cycle of virus 

replication predominates. Since the immediate-early 

transcripts are the first produced, they are believed to be 

important in the overall regulation of the cell-virus 
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interaction (29) In this regard, Pearson et al. (41) have 

mapped the EBV-EA complex to the Barn Hl H region of the genome. 

This finding supports our data which suggests that the Barn Hl 

M region contains immediate early genes that are expressed 

during the productive cycle of EBV infection. 

In order to fully understand the biology of this virus, 

it will be necessary to characterize the functions of the EBV 

gene products that regulate the virus infection. The data 

presented here and that of others imply that the gene products 

encoded by the Bam Hl M and Y-H regions may have important 

roles in determining the outcome of an EBV infection of B 

lymphocytes. 
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ADENOVIRAL hnRNA IS ASSOCIATED IIITH THE HOST NUCLEAR MATRIX DURING PROCESSING 

W.J. VAN VENROOIJ, R. VERHEIJEN AND E.C. MARIMAN 

SUM~1ARY 

When nuclei are treated with detergents and the chromatin is degraded 
and removed by subsequent deoxyribonuclease and high salt treatments, a 
predominantly proteinaceous nuclear substructure, known as the nuclear 
matrix, remains. Newly synthesized RNA molecules are found to be tightly 
associated with this nuclear framework. When steady-state hnRNA in adeno­
virus-infected cells is analyzed with the Sl mapping procedure, one finds 
precursors, processing intermediates and products of mRNA processing to be 
associated with the nuclear matrix. This binding is probably mediated by 
proteins. In vivo crosslinking experiments and ribonuclease digestions 
suggest that the hnRNP group 'C' proteins might be involved in this 
association. Analysis of the RNA fragments complexed with the group 'C' 
proteins show that probably more than one of these polypeptides are 
associated with each molecule of RNA. 

Detailed analysis of the splicing of the tripartite leader sequence 

indicates that several rapid cleavages in the intron regions take place 
before exon-exon ligation occurs. The unligated pieces of RNA are bound to 
the nuclear matrix and it is therefore possible that the nuclear matrix 
provides the structural framework that keeps the pieces of RNA in the 

correct spatial orientation for ligation. 

INTRODUCTION 

When nuclei are treated with detergents and the chromatin is degraded 
and removed by subsequent deoxyribonuclease (DNase) and high salt treat­

ments, a predominantly proteinaceous nuclear substructure remains that is 
referred to as the nuclear matrix (for review see ref. 1). The isolated 

nuclear matrix consists of three morphologically distinguishable structural 
elements: 

~. a peripheral layer, which represents the remainder of the nuclear 
Y. Becla!r (ed.), VIRAL MESSENGER RNA. Copyright © /985. Mar/inus Nlihoff Publishing, Baston. AU rights rt!SI!rVed. 
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envelope and contains pore complexes in association with a lamina; 

b. residual nucleoli, and 
c. internal grano-fibrillar structures. 
The peripheral pore-complex-lamina has been isolated separately and its 
polypeptide composition has been determined (2, 3). In higher eukaryotes 
three distinct polypeptides, the lamins A, Band C (Mr 60,000 - 70,000) 
can be discerned. The chromatin-depleted nucleolar residue has recently 
been isolated from amphibian oocytes and shown to consist of mainly one 

polypeptide with a molecular weight of 145,000 (4). 
About the structural polypeptides forming the intranuclear fibro-

granular network little is known yet. The limited number of studies performed 
indicates that a complex set of proteins may be present. Experimental 
evidence as to which of these polypeptides form the structural backbone 

is, however, lacking although a recent report of Capco et al. (5) showed 
that actin, in a non-microfilamental form, is a main component of the 
matrix. The lack of firm data for the presence of specific intranuclear 
proteins has increased the discussion about the reality of the internal 
matrix structure. However, evidence is accumulating that the internal 
nuclear matrix represents a predominantly proteinaceous structure in the 
intact cell and recent studies, in which the three-dimensional structural 
organization of isolated matrices is viewed using electron microscopy on 

whole mount preparations instead of thin sections (5, 6) corroborate this 
idea. 

Additional indications for the existence of an intranuclear structural 
framework can be deduced from its functional aspects (for review see ref. 1). 
One of these possible functions is the attachment of replicating DNA to 
fixed sites inside the nucleus (for reviews see 1, 7-9) . The concept of 
the anchorage of DNA loops to a fixed matrix seems also valid for metaphase 
DNA (10, 11). The association of specific receptor proteins for hormones 
that modulate gene expression to the matrix (12) seems to support the idea 
that transcriptional activity is localized at fixed sites inside the 
nucleus as well. Indeed, most of the nuclear heterogeneous RNA (hnRNA) is 
found associated with the nuclear matrix and when this RNA is analyzed one 
finds pre-mRNA, splicing intermediates and products of RNA processing as 
well as snRNAs and pre-ribosomal RNAs among its sequences (1, 13-26). This 
has led to the hypothesis that the nuclear matrix is intimately involved 
in the processing and transport of nuclear RNAs. 
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In this review we want to focus on gene transcription and mRNA processing 
as nuclear matrix-associated events. We will first discuss the isolation 
procedure of nuclear matrices, then the association of RNAs with this 
nuclear ultrastructure and finally the possible function of the nuclear 
matrix in RNA processing. 

RESULTS AND DISCUSSION 

The isolation of the nuclear matrix 

Particular problems in the isolation of the nuclear matrix are its 
extreme sensitivity to proteolytic degradation (14, 16) and the occurrence of 

disulphide bridge formation between nuclear proteins during cell fractio­
nation (27). To inhibit endogenous proteolytic activities the presence of 
the esterase inhibitor PMSF or PMSC (phenylmethylsulfonyl-fluoride or 
chloride, respectively) in all buffers seems to be adequate (14). To avoid 
disulphide bridge formation between nuclear proteins during cell fractio­
nation one can add iodo-acetamide (IAA) or 2-mercaptoethanol (ME) to all 
buffers. Recent reports, however, indicate that N-ethylmaleimide (NEM) is 
more effective in blocking free SH-groups (3). However, the effects of 
divalent cations, the extent of protein rearrangements during preparation 
of the matrices, the order of the various preparation steps, the use of 

(NH4)2S04 rather than NaCl for the extraction itself, the presence of 
endolytic enzymes other than proteases inhibited by PMSF or PMSC and many 
other factors which might be important to obtain a functional structure 
are not studied sufficiently yet. 

We have recently prepared nuclear matrices with different detergents 
and nucleases using PMSC and NEM in all buffers and found that the protein 
composition of the resulting matrices was strikingly similar (Fig. 1). The 
morphology of nuclear matrices prepared by these methods was essentially 
similar as those shown in Figure 2. 

The association of hnRNA with the nuclear matrix 

It has been found by several groups now that rapidly labeled nuclear 
RNA is tightly and quantitatively associated with the isolated nuclear 
matrix (13-26). Similarly, particular mRNA sequences can be found in 
matrix-associated RNA, for example globin RNA sequences (18, 21), ovalbumin 
sequences (22) and virus-specific sequences (17, 20, 23-25). Various types 
of experiments have been performed to exclude the possibility that the 
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Fig. 1: Electropherogram of proteins 
in nuclear matrix from HeLa 
ce 11 s. 

All buffers and solutions contained 
0.5 mM PMSC; NEM (5 mM) was present 
in all buffers as well, except 
during the nuclease digestion. HeLa 
cells were suspended in RSB (10 mM 
Tris pH: 7.4, 10 mM NaCl, 1.5 mM 
MgC12) and homogenized by 5-10 strokes 
of a motor-driven Teflon pestle in 
a Potter-Elvehjem tissue homogenizer 
after addition of a DOC-Tween 40 
mixture (0.5% and 1%, respectively), 
lane 2, or Triton X-100 (1 %), lane 3, 
or Triton X-100 followed bv an extra 
wash with the DOC-Tween 40-mixture 
(lane 4). 
The nuclei (2x10S per ml) were washed 
with RSB and then treated with a 
mixture of Micrococcal nuclease (2000 
U per ml) and ribonuclease A (5 mg 
per ml) in RSB to which 1 mM Ca2+ 
was added. Incubation for 20 min at 
100 C was sufficient to degrade most 
of the nucleic acids. The DNA-depleted 
nuclei were then pelleted (5 min, 
SOO g) and resuspended in 0.4 M 
(NH4)2S04 in 10 mM Tris. HCl QH: S.O 
containing 1.5 m~1 MgC12 (5x107 nuclei 
per ml). 

After centrifugation, the nuclear matrices were washed with RSB buffer and 
finally dissolved in sample buffer for gel electrophoretic analysis. 
Lane 1: marker proteins 
Lane 2-4: nuclear matrices prepared using various detergents (see above). 
A: indicates the position of actin. 

association of hnRNA with the nuclear matrix is the result of a non-specific 
association or caused by entrapment of the RNA or RNP complexes in the 
nuclear tangle remaining after the detergent and high salt treatments. Most 
of these control experiments have been reviewed in (2S). One of the more 
convincing arguments is the fact that some RNA species are indeed not, 
or not as tightly, bound to the nuclear matrix. For example, precursors 
of mRNA and rRNA are more tightly bound to the nuclear matrix than the 
corresponding matured RNAs (22, 43). 

Another indication for the specificity of the RNA-matrix interaction 
is the fact that the binding is very tight and resistant to various 
treatments unfavourable for maintaining non-specific associations (13-16). 
Heparin (1 mg/ml), EDTA (5-10 mM), Na-deoxycholate (5%), formamide (10 M) 
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A 

B 

Fig. 2: Electron micrographs of HeLa nuclear matrices. 
Nuclear matrices were prepared using 5 mM NEM and 0.5 mM PMSC in all 
solutions and buffers. In A the cells were lysed with 0.5% Triton X-IOO 
followed by a DOC-Tween 40 (0.5% and 1%, respectively) treatment (see 
legend of Fig. 1). In B the cells were lysed by DOC-Tween 40 treatment. 
Nucleic acids were removed by Micrococcal nuclease-ribonuclease A 
treatment (20 min at 100C) as described in the legend of Figure 1, followed 
by a wash with 0.4 M (NH4)2S04. 

or urea (8 M) were shown to have little effect on the RNA attachment. We 

have tested the stability of the hnRNA attachment before the high salt 
treatment and in the continuous presence of disulphide bridge formation 
inhibitors (Table 1). After labeling HeLa cells for 15 min with 3H precur­

sors, nuclei were isolated in the presence of 5 mM NEM using no detergents 
or detergents like Triton X-100 or aNa-DOC/Tween 40 mixture (0.5% and 
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Table 1: EFFECT OF VARIOUS TREATMENTS ON THE RELEASE OF hnRNA FROM DNase 

TREATED NUCLEI 

Treatment: 5 min at % of rapidly labeled nuclear RNA 

0-4oC with 10 mM extracted by chemical 
Tris.HCl pH: 7.4 treatment and subse-

containing: quent (NH4)2S04 wash 1 eft in matrices 

A B C A B C 

10 mM NaCl , 1. 5 mt1 MgC12 3 10 8 97 90 92 

EDTA 10 mM 2 10 9 98 90 91 

EGTA 2 mM 2 10 8 98 90 92 
2-Mercapto-ethanol 100 m~1 1 12 9 99 88 91 

NaCl 2 M 2 16 15 98 84 85 
KCl 2 M N.D. 15 13 N.D. 85 87 
L i Cl 2 M N.D. 16 13 N. D. 84 87 

(NH 4)2 S04 0.4M 2 15 13 98 85 87 

HeLa cells (107 cells per ml) were incubated for 15 min with (5,6- 3H)­
uridine (45 Ci/mmol) and (2,8,5,_3H)adenosine (50 Ci/mmol), 1 ~Ci per ml 
each. All buffers and solutions in subsequent procedures contained 0.5 mM 
PMSC. Cells were harvested and nuclei prepared (see legend of Figure 1) by: 
A: addition of a DOC-Tween 40 mixture (0.5% and 1%, respectively). In this 

series of experiments no NEM was added to the buffers. 
B: addition of a DOC-Tween 40 mixture, but now with 5 mM NEM in all buffers 

and solutions. 
C: addition of 0.5% Triton X-100, with NEM in all buffers and solutions. 
The nuclei were incubated with DNase I (500 ~g per ml, 15 min at 200 C) in 
RSB-PMSC, pelleted by centrifugation and resuspended in RSB, divided in an 
appropriate number of portions and repelleted by centrifugation (5 min, 
800 g). The DNA-depleted nuclei were then resuspended in 10 mM Tris 
containing the designated chemicals. After 5 min at OoC the suspensions 
were centrifuged at 800 g and the supernatants saved for counting. The 
pelleted nuclear residues were suspended in 0.4 M (NH4)2S04-RSB buffer and 
again pelleted. The supernatants were again saved for counting. The pellets 
(matrices) were viewed under the light microscope for the presence of 
internal structures (nucleoli) and for determining overall morphology. The 
matrices in all preparations looked normal, that is, they contained nucleoli 
and there were no visible signs of partial lysis or serious deformation. 
The matrices were then dissolved in 1% SDS (2 min, 1000 C) and the soluble 
fraction saved for counting. Radioactivities were expressed as the percen­
tage of combined radioactivities in the fractions. Overall yields as 
compared with the control ranged from 87-105%. 
N.D.: Not determined. 
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1%, respectively). The chromatin was degraded by DNase I treatment. The 
nuclei were then gently suspended in various solutions (Table 1) again in 
the presence of NEM. After this incubation the nuclei were pelleted, 
resuspended in 0.4M (NH4)2S04 and again pelleted. The morphology of the 
nuclear structures (presence of nucleoli and intactness of nuclear lamina) 
wa s exami ned by phase contra st mi croscopy and the released radi oact i v ity 
(rapidly labeled RNA) in each fraction was measured. The results (Table 1) 
show that the treatments involved did not release much hnRNA as long as 
the nuclear matrix structure remained intact. 

Similar experiments, with minor modifications in the procedure and 
using 2-ME or IAA instead of NEM and using even various mixtures for the 
attempted hnRNA release also indicated that the hnRNA is very tightly 
bound to the nuclear matrix structure or, alternatively, is an essential 
element of the structure itself. This latter possibility has been tested 
experimentally. 

When detergent-treated nuclei are exhaustively treated with a mixture of 
micrococcal nuclease and RNase A, about 5-15% of the steady-state RNA and 
less than 5% of the rapidly labeled RNA remain in these nuclease and 
thereafter high salt treated mactrices (13, Table 2). Light microscopic 
examination reveals an unaltered morphological appearance, that is the 
nuclease-treated matrices are not empty lamina structures but residual 
nucleoli are still present. This type of experiment suggests that most of 
the nuclear RNA is not essential for maintenance of the three-dimensional 
ultrastructure in the nuclear interior. The nature of the RNA that remains 
in the nuclease and high salt-treated matrices has not been analysed 
thoroughly but we assume that most of it has protein-protected sequences. 

Core proteins involved in the RNA-matrix association 

In earlier experiments we have attempted to elucidate the nature of the 
proteins involved in the tight binding of hnRNA with the nuclear matrix 
(16). The idea was that such proteins should not be released by RNase 
treatment of matrices and, of course, should be bound tightly to the hnRNA. 
Newly synthesized hnRNA is present in the nucleus in the form of a ribo­
nucleoprotein (RNP) network. The protein composition of these hnRNP 
particles is very complex (extensively reviewed by Holoubek (29)) but most 
workers agree on the presence of some predominant proteins, namely the 
A group (32,000 - 34,000 daltons), the B group (36,000 - 37,000 daltons) 
and the C group (42,000 - 44,000 daltons) core proteins. When nuclear 
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Table 2: EFFECT OF NUCLEASE TREATMENT ON THE RNA CONTENT OF NUCLEAR MATRICES 

Nuclei % rapidly labeled hnRNA % steady state RNA 
prepared 
with : released by left in released by left in 

high high 
nuclease salt matrices nuclease salt matrices 

Triton X-100 78 17 5 28 57 15 
Triton X-IOO 
followed by 
DOC-Tween 40 82 16 2 36 59 5 

HeLa cells were labeled as described in the legend of Table 1 for 15 min 
(rapidly labeled RNA) or for 16.5 h (steady state RNA). 
Nuclei were prepared as described in the legend of Figure 1 using Triton 
X-100 (0.5%) or Triton X-100 followed by DOC-Tween 40 (0.5% and 1%, respec­
tively) treatment. PMSC and NEM were included in all buffers and solutions 
(see legend of Figure 1). 
The detergent treated nuclei were incubated with Micrococcal nuclease and 
ribonuclease A (see legend of Figure 1) for 15 min at 100 C. After the 
incubation the nuclei were pelleted and resuspended in 0.4 M (NH4)2S04. The 
matrices were recovered by centrifugation and examined by phase contrast 
microscopy. The presence of one or more nucleoli in the matrices of all 
four preparations indicated that an intranuclear structure was still present 
after the removal of most of the RNA. 
The matrices were then dissolved in 1% SDS (2 min, 1000 C) and the soluble 
fraction saved for counting. Radioactivities in all the soluble fractions 
isolated were expressed as the percentage of the radioactivity present in 
the detergent treated nuclei. 

matrices are treated with high concentrations of RNase A, the A and B core 
proteins are preferentially released from the matrices, but the C proteins, 

although present, are not (16). 
To study which proteins are tightly associated with hnRNA, the UV-induced 

in vivo RNA-protein crosslinking was used (30). Irradiation of intact cells 
with ultraviolet light induces crosslinks between RNA and proteins only when 
the interacting molecules are close and when their reactive groups are 
within one bond length apart (see references in (30)). The crosslinking 
results showed that some hnRNA associated proteins (41,500 and 43,000 mol. 
wt.) are very efficiently crosslinked to hnRNA and thus are in tight contact 
with hnRNA in vivo. This result was also found when isolated high salt­
washed matrices were irradiated. The electrophoretic mobility of these 
crosslinked proteins and some other indications suggested that these 
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proteins could be identical to the group C proteins (16, 29, 32). Although 
a more precise comparison of these proteins certainly is required, for 
example by peptide mapping, for matter of convenience we will in this 
review refer to these crosslinked proteins as C proteins. In fact, the 
tight association of the crosslinked proteins with hnRNA has also been 
found for the C proteins by the group of LeStourgeon who, on the basis 
of salt dissociation studies on hnRNP particles, described the C proteins 
as "interacting directly with the hnRNA" (32). The other core proteins can 
also be crosslinked to hnRNA although much less efficiently (17, 31, 33). 
These results thus strongly point to the conclusion that the A and B core 
proteins are associated with hnRNA but not with the matrix. In contrast, 
the C proteins are directly associated with both the matrix, because they 
are not released by the RNase treatment, and the hnRNA, because they are 
crosslinked so efficiently. They fulfil the requirement for proteins 

being involved in the association of hnRNA with the matrix. 
Electron microscopic observations have shown that chromatin actively 

transcribed by RNA polymerase II contains fiorillar hnRNP structures 
resembling "beads on a string" that extend away from the DNA-protein axis. 
The RNP configuration for products from the same transcription unit is 
similar and not random with respect to the RNA sequence and clearly show 
that more than one RNP particle is normally found per transcript (34-37). 
Since the C proteins are present in isolated RNP particles it is probable 
that also the C proteins are bound to the RNA at multiple sites. 
Biochemical evidence to support this idea has been presented by Ohlsson 
et al. (38) and van Eekelen et al. (39) using HeLa cells infected with 
adenovirus. They UV irradiated intact cells to crosslink the C proteins 
to the RNA (16). Covalently linked hnRNA-protein complexes were treated 
with micrococcal nuclease and the protein-linked RNA fragments isolated. 
The protein moiety of these complexes was removed by proteinase K 
treatment and the residual pieces of RNA (about 20 nucleotides long) were 
5' end labeled and then hybridized to Southern blots of adenovirus DNA 

restriction fragments. The results (Fig. 3) show that the crosslinked RNA 

annealed to all DNA fragments known to be expressed at this time after 
infection (39). This means that the C proteins, being the only proteins 
that are crosslinked under the conditions of UV irradiation used, are 
associated with the late transcripts at several locations from the 5' to 
the 3' ends of the RNA. Subsequent fine mapping of the protein-linked RNA 
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fragments within the Hind III B fragment of the adenoviral genome revealed 
regions that were more frequently crosslinked as well as regions that were less 
frequently crosslinked to the C proteins. The more frequently (or more 
efficiently) crosslinked regions are localized around the 3' end of the i­
leader and around leader3, while the less frequently crosslinked regions are 

found in the part of the genome encoding VA-l and VA-2 RNA and the body of the 
late region 1 RNAs. Finally, intron and exon sequences ~/ere equally represented 
in crosslinked RNA as compared with unlinked RNA (39). The efficiency of cross­
linking of the C proteins to hnRNA and the fact that they are crosslinked to 
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various parts of the viral transcripts indicates that probably more than one 
of these polypeptides are associated with each RNA molecule. These data thus 
support the idea of Jackson et al. (19) that RNA is bound to the matrix at 
multiple sites and corroborate electron microscopic data in which more than 
one RNP particle is usually found per transcript (34-37). 

The possible meaning of such a multiple anchoring of the nascent transcript 
to the nuclear matrix structure is unknown yet. However, since RNA molecules 
"to be processed" are particularly firmly bound (21-23, 43) it may have some­
thing to do with the processing of these molecules. This will be discussed 
below. 

The nuclear matrix and mRNA processing 

After its synthesis pre-mRNA molecules are capped, methylated, poly­
adenylated and spliced. A function of the nuclear matrix in RNA processing 
seems probable since precursors of RNA are most tightly bound to this 
structure (22, 43). We have attempted to answer this question using adeno­
virus-infected cells. Adenovirus-specific hnRNA is bound to the nuclear 
matrix in much the same way as is host hnRNA (17). The poly (A)-containing 
matrix-associated RNA from infected cells was analyzed using an Sl mapping 
procedure described in detail elsewhere (23). When the [coR1 B fragment 
of adenovirus DNA was used for the hybridization, seven major DNA:RNA 
hybrid bands could be distinguished (Fig. 4). Four of them, bands 4c , 5, 
6 and 7 contained processed mRNA molecules (23). Bands 1 and 2 correspond 
to precursors of the region L4 and L5 mRNAs and to the precursor of the 
DNA-binding protein (DBP)mRNA, respectively. Bands 3 and 4n were tenta­
tively identified as processing intermediates generated from the DBP and 
L4-L5 region. The implication of these results is that pre-mRNA is 
associated with the nuclear matrix during splicing (23). 

With this finding the possibility arose that only mRNA sequences which 

have to be spliced are bound to the nucle.ar matrix. The mRNA which codes for 
adenovirus polypeptide IX, a structural component of the virion, is trans­
cribed from the viral r-strand between co-ordinates 9.8 and 11.2. It has 
been shown that the nucleotide sequence of this mRNA is co-linear with 
the DNA (40) and until now this mRNA is the only known adenoviral mRNA 
which is unspliced. To test whether this unspliced mRNA is bound to the 
nuclear matrix, nuclear- and nuclear matrix-associated RNA were isolated 
and fractionated into polyadenylated (6% of the labeled RNA) and non-poly­

adenylated RNA (94% of the labeled RNA). The amount of RNA containing 
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nucleotide sequences specific for L3, E1B and pIX was then quantitated by 
filter hybridization. 
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Fig. 4: Pattern of poly (A)-containing sequences present in nuclear 
matrices of adenovirus-infected HeLa cells. 

(3H)Uridine-labeled matrix RNA from virus-infected He La cells was prepared 
by phenol extraction and selected ClVer 01 igo (dT)-cellulose. The poly (A)­
containing RNA was hybridized to the EcoR1 B fragment of adenovirus DNA 
(58.5 - 70.7 map units) and analyzed via Sl mapping (23). The gel l~ne at 
the left shows an autoradiograph of the Sl-resistant hybrids. 
The numbers refer to the right part of the figure which summarizes the 
identities of these hybrid bands. 
Reprinted with permission from (23). 

The results (Table 3) lead to several conclusions: 

a. More than 70% of the nuclear RNA containing L3, E1B and pIX-specific 
sequences is associated with the nuclear matrix. "To be spliced" is 
obviously not a requirement for association of the RNA with the matrix. 
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Table 3: DETERt1INATION OF THE PERCENTAGES OF L3, ElB- and pIX-SPECIFIC 
NUCLEAR RNA SEQUENCES WHICH ARE BOUND TO THE NUCLEAR MATRIX 

Hybridization Hybridization Nuclear RNA Poly A(+)/ 
of nuclear RNA of matrix RNA bound to the Poly A( - ) 

(%) (%) matrix (%) 

pA+ 7.1 6.1 86 
L3-specific 0.8 -pA 9.8 7.6 78 

pA+ 7.4 5.3 72 
ElB-specific 0.9 -pA 6.7 5.7 85 

pA+ 1.0 0.7 70 
pIX-specific 0.2 

pA 3.8 3.2 84 

Ad2-infected HeLa cells 18 h after infection were labeled with 3H-nucleosides 
for 30 min. After labeling nuclear and nuclear matrix RNA were prepared and frac­
tionated into poly A(+) and poly A(-) RNA by oligo (dT)-cellulose chroma­
tography. In each fraction of RNA the amounts of L3-, E1B- and pIX-specific 
sequences were determined by filter hybridization as described (24). The 
percentages of hybridization were corrected for non-specific adsorption by 
incubation of RNA with a blank filter under the same conditions. The third 
column shows the percentages of specific RNA sequences which are bound to the 
nuclear matrix. These data were calculated from the amounts of certain 
specific RNA sequences in nuclear and nuclear matrix RNA as shown in the 
first and second column. The fourth column shows the ratio between the amounts 
of certain specific RNA sequences in poly A(+) and poly A(-) nuclear matrix 
RNA. Each percentage is the mean value of the results obtained in 5 separate 
hybridizations. The deviation of the values in the first and second column is 
within 1/10 of the indicated values. 
Reprinted with permission from (24). 

b. Poly (A)-containing as well as non-polyaden~llated hnRNA is bound to the 
nuclear matrix, indicating that also polyadenylation is a matrix-associated 

process. It is also unlikely that the poly (A)-tail is an essential element 
in the binding of RNA to the matrix as has been suggested by Herman et 
al. (13). 

c. In the case of the unspliced pIX mRNA the ratio poly A(+)/poly A(-) RNA 
is very low. This suggests that very soon after polyadenylation, that is 
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after completion of processing of this particular RNA, the RNA is 
released from the matrix structure. In the case of L3 and E1B RNAs the 
ratio poly A(+)/poly A(-) RNA is much higher indicating that after 
polyadenylation of these RNAs some additional processing steps still 
have to be carried out. 

Possible function of the nuclear matrix in the splicing of pre-mRNA 

Using the Sl mapping procedure we have studied the cleavage reactions 
that occur during splicing of the tripartite leader sequences in RNAs that 
are derived from the major late transcription unit of adenovirus. When 
pulse labeled nuclear RNA was analyzed it was found that the primary trans­
cript was cleaved at several locations. Certain cleavages are rapidly 
introduced in the primary transcript while other cleavage sites are used 
only after a significant lag time. In the latter case the cleavages occur 
in a processing intermediate rather than in the primary transcript. The 
rapid cleavages seem to occur at preferred sites in the nascent trans­
scripts (see Fig. 5), that is, these first acts of splicing can occur 
before polyadenylation or termination of transcription (41). 

Hind III 

bs 

• 
• 
•• ---------- 4 

5 
26.6 

Fig. 5: Cleavage sites in newly synthesized adenovirus-specific transcripts. 
The figure gives a summary of the S1 mapping data that were obtained via 
Sl analysis of rapidly labeled nuclear RNA using the XhoI F and HindIII B 
fragments as DNA probes. For details see (41). 
Le =: leader. 
Reprinted with permission from (41). 
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Examples of such preferred cleavage sites are co-ordinates 16.8 and 19.1 

in intron 1 and 20.7 , 21.1 and 25.5 in intron 2. Cleavage of the primary 

transcripts at these sites occurs very soon after the passing of the RNA 

polymerase (within 3 min after the start of labeling). Although intron 2 

in the nascent transcript can be cleaved very rapidly, Keohavong et al. 

(42) have shown that ligation of leader 2 to leader 3 occurs only after a 

time lag of 12 min. In agreement with these results we have found that 

cleavage at the acceptor site of intron 2 (at 26.2 map units) indeed occurs 

only at about 15 min after the start of transcription (41). Similar results 

were found when the cleavage reactions in the intron 1 region were analysed. 

Intron 1 is rapidly cleaved at 16.8 or at 19.1 map units. The latter preferred 

cleavage site is located at about 30-35 nucleotides from the acceptor site 

(19.2 map units) of intron 1. The last cleavage in intron 1 occurs at the 

acceptor site and is followed by rapid ligation of leader 1 to leader 2 

(E.C.M. Mariman, unpublished observations). 

The fact that cleavage and ligation are possibly independent processes 

implies that the unligated pieces of pre-mRNA have to be kept in place to 

ensure correct ligation. We know that these unligated RNA fragments are 

bound to the nuclear matrix and that they can be crosslinked in vivo to 

the C-proteins (E.C.M. Mariman, unpublished observation). So it seems a 

likely possibility that the nuclear matrix is involved in the spatial 

orientation of the 5' and 3' cleavage products to ensure correct ligation. 

Concluding remarks 

Based on the information discussed in the preceding paragraph we would 

like to draw the following conclusions: 

1. RNA precursors, in particular rRNA and mRNA precursors are bound to the 

nuclear matrix structure soon after initiation of their synthesis. 

Several RNA processing steps (e.g. polyadenylation and splicing) occur 

when the RNA is bound to the nuclear matrix. 

2. This RNA-matrix association is probably mediated by proteins. The 

involvement of two well-known hnRNA-associated proteins, generally 

referred to as C-proteins, has been suggested. Electron microscopic 

and biochemical evidence suggest that an RNA molecule may be bound to 

the matrix at multiple sites without measurable preference for intron 

sequences or exon sequences. 

3. Recent experiments indicate that the nascent transcript is cleaved at 

several sites without concomittant ligation. The unligated pieces of 
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RNA are bound to the nuclear matrix and it is therefore possible that 
the nuclear matrix provides the structural framework that keeps the 
pieces of RNA in the correct spatial orientation for ligation. 
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REOVIRUS mRNA 

w. K. JOKLIK 

SUMI1ARY 

There are three mammalian reovirus serotypes, each with a set of ten 

genes that have evolved independently. Reovirus messenger RNAs form an 

attractive and readily manipulated system for examining the nature of 

RNA-protein and RNA-RNA interactions, including the nature of the mechanisms 

that cause mRNAs to become incorporated into progeny virus particles, and the 

factors that regulate the efficiency with which they are translated. 

INTRODUCTION 

Each infectious reovirus particle contains 10 discrete and distinct 

molecules of double-stranded (ds) RNA. Upon infection, these molecules are 

transcribed into plus-stranded single-stranded (ss) RNA by an RNA polymerase, 

the transcriptase, that is present within reovirus particles and was actually 

the second virus-associa ted transcrip tase (af ter tha t in vaccinia virus) to be 

discovered. The transcripts fulfill two functions: They can be translated 

in to the reovirus proteins, and they can be transcribed in to minus strands 

with which they remain associated, thereby forming progeny dsRNA molecules. 

Thus they ac t as the reovirus messenger RNAs, and they also represent the 

physical as well as the genetic link between parental and progeny reovirus 

genomes. 

Definitions 

Table 1 lists the major reovirus-specified proteins. Each genome segment 

is transcribed in to only one transcrip t, a transcript tha t is identical to its 

plus strand (1), and each of these transcrip ts is transla ted in to only one 

protein (some of which are cleaved more or less extensively to provide smaller 

cleavage products). The dsRNA segments thus correspond to genes, and they 

will be referred to as such in the discussion that follows. It should be 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Martinus Nyhoff Publishing, Boston. All rights reserved. 
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Table 1. Reovirus Proteins 

Species 

Structural 

AI 

\2 

A3 

]Jl 

]JIC 

]J2 

01 

02 

03 

Molecular 
weight 

proteins 

155,000 

140,000 

135,000 

80,000 

72,000 

70,000 

40,000 

38,000 

35,000 

Nons truc tural proteins 

]JNS 78,000 

]JNSC 73,000 

oNS 42,000 

Percent 
in virus 
particle 

15 

11 

,,2 

2 

35 

(2 

1 

7 

28 

Approximate number 
of molecules 

per virus particle 

105 

90 

d2 

20 

550 

,;12 

24 

200 

900 

Loca tion 

Core 

Core 

Core 

Core 

Outer shell 

Core 

Outer shell 

Core 

Outer shell 

noted, however, that recent sequencing studies have revealed the existence of 

rela tively short open reading frames in three genes in addition to the long 

open reading frames that encode the known reovirus specified proteins (see 

below). The proteins encoded by these shorter open reading frames have not 

yet been identified. 

In several cases the relative electrophoretic migration rates of genes 

and cognate proteins do not coincide. For the Dearing strain of reovirus 

serotype 3, the prototype reovirus strain that has been investigated most 

extensively, the situation is as shown in Fig. 1 (2). Whether the lack of 

correlation has as its basis actual size differences (which would be possible 

because reovirus genes appear to possess variously sized untranslated regions 

a t their 3' -termini), or whether its basis is trivial and buffer-dependent, is 

not yet known. 
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FIGURE 1. Summary of RNA coding assignments for reovirus serotype 3, 
strain Dearing. The positions of the RNA and protein species are those 
assumed in the Loening's buffer E (0.036 M Tris, 0.03 M phosphate, pH 7.8) and 
Tris. g1ycine systems, respectively (2). Reproduced with permission. 
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FIGURE 2. Reovirus double-stranded RNA. Lanes A, B, and C show, 
respectively, the genes of serotypes 3, 2, and 1 electrophoresed in 7.5% 
po1yacry1amide-Tris.phosphate gels and stained with EtBr (4). The arrows 
identify cognate genes. Reproduced with permission. 
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It has already been pointed out that most definitive work on reovirus has 

so far been carried out on the Dearing strain of reovirus serotype 3. 

Recently strains of serotypes 1 and 2 are also being used in attempts to use 

the comparative virology approach for elucidating the functions of the various 

reovirus genes and of the proteins that they encode. The migration profiles 

of the genes of the three reovirus serotypes in a Tris glycine buffer system 

(3,4) are shown in Fig. 2. 

The Reovirus Multiplication Cycle 

The principal fea tures of the reovirus mul tiplica tion cycle are 

summarized in Fig. 3. Briefly, reovirus adsorbs to cells via receptors 

specific for the outer capsid protein 01 (5); remarkably, all three reovirus 

serotypes adsorb to the same receptor, although the 01 proteins exhibit no 

more than 10% amino acid sequence homology (see below). The virus enters 

cells via phagocytic vesicles which soon fuse with lysosomes within which the 

outer capsid is partially disrupted/digested (6): proteins a3 and 01 are 

removed sequentially, and protein ~lC loses its N-terminal 8,000 dalton 

region, but remains associated with the virus particles, which are now 

subviral particles (SVPs) (7,8). Disruption and partial removal of the outer 

capsid shell activates transcription of all ten genes into complete plus 

strands (which does not occur in intact virus particles). The plus strands, 

which are capped at their 5'-ends but not polyadenylated at their 3'-ends (9), 

serve first as messenger RNAs that are translated into all ten primary 

Early 
Mu,enQer 

RNA 
-+ 
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... ss ..... 
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FIGURE 3. Schematic representation of the reovirus multiplication cycle. 
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reovirus proteins. Then, after a certain interval of time, presumably when 

sufficient concentrations of transcripts and of several viral proteins have 

been achieved, morphogenesis commences. The first stage of this process is 

the formation of complexes that consist of one each of all ten plus strand 

species and certain viral proteins within which the plus strands are 

transcribed once and once only into minus strands with which they remain 

associated, thereby forming the ten progeny reovirus genes (10,11,12). The 

protein composition of the particles then changes progressively which results 

in the forma tion of particles tha t appear to be similar to cores. These 

intermediate stage progeny particles transcribe the genes that they contain 

into plus-stranded transcripts just like the parental SVPs (13,14). Since 

there are many more of these immature progeny virus particles in infected cells 

than parental SVPs, most reovirus mRNA that is formed during the multiplication 

cycle is made by these incomple te progeny virus particles ra ther than by the 

parental SVPs. In fact, studies with mutants that are temperature-sensitive 

with respect to ability to form the earliest form of progeny virus particles 

have shown tha t abou t 95% of the reovirus mRNA tha t is made during the 

multiplication cycle is transcribed by immature progeny virus particles (15). 

Morphogenesis is then completed with the addition of the outer capsid shell, a 

process the final stage of which is the addition of protein 03. Addition of 

this protein blocks the transcription of reovirus genes into complete mRNA 

molecules (7,16). 

The reovirus mul tiplica tion cycle can thus be divided in to two periods, 

one during which only parental genomes are transcribed and another during 

which the great excess of progeny genomes are transcribed. This second period 

provides the actual basis for reovirus multiplication. 

More detailed information concerning molecular, genetic and biologic 

aspec ts of reovirus and its mlll tiplica tion cycle may be found in reference (17). 

TRANSCRIPTION IN VITRO 

Discovery 

The need for a reovirus-associated RNA-dependend RNA polymerase was 

foreshadowed by the demonstration that transcription of the reovirus genome 

proceeds in infected cells even if protein synthesis is inhibited (18). The 

actual discovery of such an enzyme then followed soon after the demonstration 

of the first virus particle-associated RNA polymerase, that of vaccinia virus 
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(19). Transcription in vitro by reovirus particles was demonstrated 

simultaneously by two groups, one in the laboratory of Graham who activated 

mRNA transcription (which is not catalyzed by intact virus particles) by 

heating virus particles at 70° for 20 s (20), and the other in the laboratory 

of Sha tkin, who ac tiva ted RNA transcrip tion by diges ting the ou ter capsid 

shell of reovirus particles with chymotrypsin, thereby generating cores (21). 

In practice, the latter method, yielding as it does a defined product that can 

be readily isolated in density gradients (cores sediment at a density of 

1.43g/ml in CsCl density gradients, whereas intact virus particles sediment at 

1.36g/ml) and that possesses a unique and distinctive protein complement 

(lacking completely proteins 01, 03 and U1C) (22), has been employed 

exclusively for generating in vitro particles capable of transcribing the 

reovirus genome into complete mRNA molecules. 

Activa tion 

The reovirus transcriptase is not inactive in virus particles; but it 

does not transcribe full length mRNA molecules. Instead, transcription is 

initiated with the same efficiency as when full length transcripts are formed, 

but aborts when transcripts are on the average only 3 to 4 residues long (23). 

Thus "activa tion" of the transcription of mRNA does not involve al tering the 

frequency or efficiency of transcription initiation, but rather the removal or 

abolition of constraints that prevent the relative movement of transcriptase 

and template (see below). How this is achieved is not known. "Activation" is 

a complex process that involves the successive removal by proteolytic enzymes 

of proteins 01 and 03 and either the complete removal of protein U1C (in 

vitro) or its partial removal (in vivo, see above and below)(24). Borsa and 

his collaborators have shown that the ionic composition of the medium is of 

importance, Cs+ and NH4 + being "facili ta ting" ions and Na+ being a 

"nonfacilitating" ion (25). Cooperative effects also operate, since the 

concentration of virus particles influences the nature and extent of 

"activation" that can be achieved (24, 26). The products of proteolytic 

activation in vitro are cores that lack the entire outer capsid shell and that 

are capable of transcribing plus-stranded transcripts, the reovirus mRNAs, in 

fully capped form for many hours, each gene being transcribed repeatedly (27). 

Kinetics and relative frequency of transcription 

The relative number of each transcript species formed is inversely 
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proportional to its size; that is, about four times as many of each s size 

class transcript species are formed as of each 1 size class transcript 

species, and so on (28). This implies that each gene is transcribed at the 

same rate, irrespective of its size. Measurement of the initial 

transcriptional rates agrees with this concept: transcription proceeds 

rapidly, the first~, ~ and! size class mRNA molecules being discernible 

after 2, 4 and 8 min, respectively, which indicates a chain growth rate of 

about 600 residues/min. However, the amount of transcripts formed in 60 min 

is far less than what would be expected on the basis of this rate of 

synthesis. This result poses a dilemma; for given the evidence that the rate 

of transcription is independent of gene size, it implies that the intervals 

between the generation of intact transcripts are proportional to gene size. 

The reason why this should be so is not known. 

Capping 

In 1974 Miura !!!!. (29) discovered that the S'-termini of the plus 

strands of reovirus genes, just like those of cytoplasmic polyhedrosis virus 

(30), were blocked with a novel alkali-resistant group. Shortly thereafter 

Furuichi !!!!. (31) showed that this structure was m7C(S')ppp(S')CmpCp-

and that it is also present at the S'-termini of all reovirus mRNA species 

(32). Cap possession, which increases significantly the efficiency with which 

mRNAs are translated (33, 34), is not an exclusive feature of reovirus mRNAs, 

but is a property of almost all mRNAs (35-38). Its role in increasing 

translation efficiency will be discussed below. 

Capping is effected by four successive reactions: 

pppGpC-

pppG + ppGpC-

GpppGpC- + AdoMet 

m7GpppGpC- + AdoMet 

Nucleotide phosphohydrolas~ 

guanylyltrasferas~ 
< 

methyltransferase $ 

methyl transferase ~ 

ppGpC- + Pi 

GpppGpC- + PP i 

7 m GpppGpC- + AdoRcy 

m7GpppGffipc- + AdoHcy 

(AdoMet, S-adenosylmethionine; AdoRcy, S-adenosylhomocysteine) 
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The structure m7G(5')ppp(5')GmpCp-is known as cap 1. During the later 

part of the reovirus multiplication cycle some reovirus mRNA molecules acquire 

cap 2 structures, namely m7G(5')ppp(5')Gmp Cmp -. The second 

2'-0-methylation appears to be catalyzed by a cellular methyl transferase 

(39). 

By using inhibitors of selected steps of cap synthesis such as 

GMP-P(NH)P, the nonhydrolyzable analog of GTP which renders the 8, -bond 

resistant to cleavage by the viral nucleotide phosphohydrolase (35), and 

AdoHcy, an analog of AdoMet (40), it can be demonstrated that capping, 

methylation and transcription are not obligatorily coupled. 

Reovirus mRNA molecules are not polyadenylated (9). Since several of 

them are translated very efficiently, possession of poly(A) sequences at the 

3'-terminus is not essential for mRNA function. 

The fact that transcription frequency is not the same for all genes but 

is inversely proportional to gene size indicates that the ten reovirus genes 

are not linked within virus particles. This was an issue of some interest in 

the reovirus field, even though the evidence for it is minimal 

(electron micrographs showing linkage of genes at very low frequency), and the 

evidence against it is strong [20 gene termini within each virus particle 

(41), inability of reovirus genes to hybridize with each other, absence of 

terminal proteins, and the like). The only manner in which linked genes could 

give rise to the experimentally observed transcription frequencies would be if 

the genes were arranged in increasing size order, transcription starting with 

the smallest, and the polymerase dissociated from the template as a function 

of distance from the initiating terminus. Such an arrangement is highly 

unlikely. On the contrary, the unequal transcription frequencies support the 

other evidence that reovirus genes are unlinked inside reovirus particles. 

Abortive Transcription 

Until recently, it was thought that the reovirus transcriptase is active 

only in cores and in the SVPs formed in cells following infection (see above), 

but not in virus particles. Yamakawa ~~. (23) have recently shown that 

this is not so. When intact reovirus particles are incubated with Mn 2+(or 

Mg2+) and the four nucleoside triphosphates, they synthesize G-terminated 

oligonucleotides. About two-thirds of these oliogonucleotides are (p)ppGpC, 

one fifth are (p)ppGpCpU, and most of the remainder are (p)ppGpCpUpA. As will 

be shown below, GCUA is the tetranucleotide sequence that is shared by all 10 
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reovirus genes. The oligonucleotides are therefore incomplete transcripts; 

transcription can obviously be initiated in virus particles, but aborts before 

more than 3 or 4 residues are polymerized. Intact virus particles synthesize 

~ complete transcripts. The most likely explanation of these findings is 

that in virus particles the transcriptase is active, but that movement of 

enzyme rela tive to template is not possible. Abortive transcription is no t 

limited to reovirus particles. In cores and SVPs also, most transcription 

events are abortive and result in the formation of oligonucleotides (42, 43). 

But in these particles removal or disruption of the outer capsid shell has 

apparently removed, at least partially, whatever block prevents the movement 

of enzyme rela ti ve to templa te, and some transcrip tion events (probably 

10-20%) proceed to yield intact transcripts. It seems that if transcription 

proceeds beyond residue 4, a complete transcript is likely to result. 

The nature of the enzymes involved in transcription and capping 

Li t tle is known concerning the na ture of the transcrip tase or of the four 

capping-function enzymes, since all enzyme activities are lost when cores or 

reovirus particles are disrupted; nor do monoclonal antibodies directed 

against any of the proteins located on the outer surface of reovirus particles 

or cores inhibit mRNA transcription (Gaillard, Antczak and Joklik, unpublished 

results). It is therefore thought that the transcriptase and capping enzyme 

catalaytic sites are fixed on the interior surface of the core shell. Indeed, 

when cores transcribe dsRNA in the presence of labeled pyridoxal phosphate, 

which is hypothesized to react with the reactive site of the transcriptase, 

both protein Al and protein A2 become labeled (44); and when cores transcribe 

mRNA in the presence of [32p] GTP, protein A2 becomes labeled, which 

suggests that the guanylyl transferase catalytic site is located on it (45). 

Further, all four capping enzymes are inhibited by pyridoxal phosphate, 

although this compound does not bind to any of their active sites (46). This 

suggests that reovirus mRNA transcription and capping are accomplished by a 

topographically related group of enzyme molecules. It should also be pointed 

out no functions have yet been assigned to the three minor proteins A3, )11 and 

)12, which are also associated with cores, and these proteins, either free in 

the interior of the virus particle or attached to the inner core shell, may 

themselves possess transcriptase or capping activity or both. In fact, Drayna 

and Fields (47) have found tha t the pH op timum of the transcrip tase is 

specified by gene Ll, the gene that encodes protein A3. 
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TRANSCRIPTION IN VIVO ---
Under optimal conditions of infection, the pattern and kinetics of 

transcription of reovirus mRNA in infected cells is very similar to that 

described above for the si tua tion in vi tro, tha t is, abou t 4 times as many..:! 

size class transcripts are formed as l size class transcripts, and so on (48). 

The amounts of mRNA species within size classes that are formed are not 

strictly equimolar; for example, in the 1 size class more 13 transcripts than 

11 and 12 transcripts are usually formed, and in the m and..:! size classes, ~3, 

s3 and s4 transcripts are usually formed in larger amounts than the others. 

However, the transcription ratios within size classes do not differ by more 

than 2-fold, and it is not entirely clear that this difference is not due to 

differences in the ra tes of recovery, ra ther than to differences in the ra tes 

of transcription. 

All available evidence indica tes tha t the rela ti ve ra tes of transcrip tion 

are the same during the late period of the multiplication cycle (from about 

4hr onwards at 37°), when transcripts are formed within immature progeny virus 

particles, as during the early period when they are formed within parental 

SVPs (48). 

Graham and his collabora tors reported tha t during the early stages of the 

infection cycle genes ll, ~3, ..:!3 and ..:!4 are transcribed predominantly, and 

that in cells in which protein synthesis is inhibited, the same genes again 

are transcribed to a much greater extent than the remainder (49). Further, 

Shatkin and LaFiandra (50) found that SVPs isolated from cycloheximide-treated 

cells transcribed all 10 genes in vitro, but only genes Ll, M3, S3 and S4 if 

re-introduced into cycloheximide-treated cells. It has therefore been 

suggested that some cellular protein(s) regulates reovirus transcription; but 

the mechanism that might be involved is not known. Further, under conditions 

optimal for RNA extraction from infected cells, the standard transcription 

pattern described above is observed even during the earliest stages of the 

reovirus multiplication cycle. The phenomenon described by Graham may thus 

have as its basis differences in the efficiences with which various mRNA 

species can be recovered or measured, rather than differences in transcription 

frequencies. 

TRANSLATION IN VIVO 

Reovirus does not switch off host protein synthesis rapidly. In cells 

infected with a multiplicity of about 10 pfu per cell at 37°, the rate of host 
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protein synthesis at 10hr after infection - which is quite late in the 

multiplication cycle, when about one third of the total virus yield has already 

been formed - is reduced by about 50 percent, and at that time about as much 

reovirus-coded protein is formed as host cell protein (48). However, if such 

cells are infected in the presence of 0.5Wg/ml actinomycin D, more than 75 

percent of the total protein synthesized at that time is virus-encoded, and 

even at about 6hr after infection roughly equal amounts of host and reovirus 

protein is synthesized. It is difficult therefore to detect and measure 

reovirus protein synthesis before 4hr after infection, the time when the first 

immature reovirus particles are formed under these conditions. It is, 

however, possible to measure reovirus protein synthesis well before this time 

by using a radioimmunoprecipitation technique in which extracts of infected 

cells, pre-absorbed with pre-immune serum, are mixed with reovirus antiserum 

pre-absorbed 'vith extracts of uninfected cells, and the resulting 

antigen-antibody complexes are collected on cells of Staphyloccus aureus, from 

which they are then solubilized and subjected to SDS-polyacrylamide gel 

electrophoresis, followed by quantitative autoradiography. Under those 

condi tions one obtains extremely "clean" protein profiles (51). Even greater 

resolution and precision can be obtained using not antisera, but monoclonal 

antibodies directed against specific reovirus proteins, such as are shown in 

Fig. 4 (52). Under these conditions the following reovirus-encoded proteins 

• 

. ~ . ~ . ~ .~. ~ . ~ . ~ . ~ . ~ . 

I 2 60 47 12 62 56 102 39 96 

FIGURE 4. Autoradiogram of an SDS-urea-7.5% polyacrylamide gel in which 
labeled reovirus proteins that were precipitated by various hybridoma-secreted 
IgGs had been electrophoresed. The number of each clone is indicated, as is 
each reovirus-coded protein. Lane A, [35 S1methionine-Iabeled reovirus 
capsid proteins; lane E, cell lysate reacted with the culture supernatant of 
45.6.TG1.7 cells (the parental myeloma cell line); lane V, [35S1 
methionine-labeled infected cell lysate. The direction of electrophoresis was 
from top to bottom (52). Reproduced with permission. 
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have been demonstrated in infected cells: 

Protein Al and A1C. No monoclonal antibody against Al is available, but 

highly specific antiserum against Al can be made by immunizing rabbits with 

material excised from a SDS-polyacrylamide gel. Protein A1C is slightly 

smaller than protein A2. About 15 percent of Al is cleaved to A1C (Antczak 

and Joklik, unpublished results). 

Protein A2 is formed in amounts that are roughly equal to those of 

protein AI. Here also some protein A2 (about 10 percent) is cleaved to 

protein A2C (51). Wherereas it is not known whether protein A1C is a 

component of virus particles - since its size is very similar to that of 

protein A2 which is present in virus particles to much greater extent - it is 

quite clear that protein A2C is a component of virus particles: It is usually 

visible in SDS-polyacrylamide gels of highly purified reovirus particle 

preparations. 

No monoclonal antibody is available for protein A3; therefore it has not 

yet been possible to detect its synthesis in infected cells. 

Protein ~1 is synthesized in large amounts from messenger RNA species ~2. 

Protein ~1 exists in infected cells in two forms, ~1 and ~lC, a cleavage 

product that lacks the 8,000 dalton N-terminal region (48). About 90% of the 

free forms of these proteins is in the form of ~1 (52). Protein ~lC exists 

either in the form of a complex with protein 03, the other major outer capsid 

shell component, or in the form of immature virus particles. Overall, more 

than 95% of intracellular protein ~1 is cleaved to protein ~lC. Since most of 

the free form of proteins ~l/~lC is uncleaved ~1, and since most of the 

protein complexed with 03 is protein ~lC, it is likely that the conversion of 

~1 to ~lC occurs very soon after protein ~1 complexes with protein 03 (52). 

Messenger RNA species ~3 is translated into large amounts of protein ~NS, 

one of the two nonstructural proteins. About one-half of this protein exists 

in uncleaved form, the other half in the form of protein ~NSC, which is 

3,000-5,000 daltons smaller (52). The function of neither protein is known. 

There are indications that protein ~NS may function in morphogenesis (Antczak 

and Joklik, unpublished results). 

Messenger RNA species ~1 is translated into protein ~2, a minor core 

component. This RNA species is translated poorly; its translation has only 
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been detected in vitro, not in vivo (both because only very little protein \12 

is formed, and because its size is almost identical with that of the major 

outer capsid shell component ~lC). 

As for the four s size class mRNA species, they are transla ted into 

capsid proteins ~, ~ and~, and into the nonstructural protein oNS (2). 

No cleavage products of any of these proteins have been detected. Although 

all s size class mRNAs are formed in roughly equimolar amounts, large amounts 

of:13 and oNS are formed, somewha t smaller amoun ts of 02, and only very small 

amounts of 01 (48,52). The ratio of the amounts of 03 and 01 that are formed 

appears to be about 50. 

Zweerink and Joklik (48) measured the relative rates of transcription 

and translation of individual mRNA species throughout the multiplication 

cycle and found that they did not vary significantly. Table 2 presents 

estimates of the frequencies with which the individual reovirus mRNA species 

are translated (rate of translation/rate of transcription). They fall into 

three classes. Three (species ll, ~l and sl are translated very 

infrequently; six (l2 and l3, m2 and ~3, and s3 and ~4) are translated 

frequently; and species s2 is translated with intermediate frequency. 

Table 2. Rela tive rates of transcription and transla tion, and translation 
frequencies, of the ten species of reovirus serotype 3 mRNA. 

Relative Rate Relative Rate Rate of Transla tion 
mRNA Species of Transcrip tion of Transla tion Rate of Transcription 

11 0.05 < 0.01 < 0.2 
12 0.05 0.15 3 
13 0.05 0.1 2 

m1 0.15 < 0.01 < 0.67 
m2 0.3 1.0 3.3 
m3 0.5 2.0 4.0 

s1 0.5 0.025 0.05 
82 0.5 0.2 0.4 
83 1.0 1.0 1.0 
84 1.0 1.5 1.5 
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THE SIGNIFICANCE OF THE m7G CAP IN REOVIRUS mRNA TRANSLATION 

Cap possession increases the efficiency of mRNA translation (35). It 

appears that at least two mechanisms are involved. First, cap possession 

increases the efficiency with which mRNAs form initiation complexes with 40 S 

ribosomal subunits (33,34); second, several cap binding proteins (CBPs) exist 

(53,54), the best characterized of which is one with a subunit molecular weight 

of 24,000 (55), the function of which seems to be unwinding the 5 ' -terminal 

regions of capped mRNAs, thereby promoting the binding of ribosomal subunits 

(56) • This is indica ted by the fac t tha t trea tmen t of reovirus mRNA wi th 

formaldehyde (57) or replacement of G in mRNA by H (58,59), both of which cause 

secondary structure destabilization, lessen the requirement for both cap and CBP 

(56) • 

The structural requirements for cap function have been studied. Structures 

such as m7G(5 ' )p, m7G(5 ' )pp and m7G(5 ' )ppp inhibit translation of capped, 

but not of uncapped mRNAs (60), as do the corresponding ethyl and benzyl 

derivatives (61). The nature of the 7-substituent is therefore not important. 

Cap possession increases the efficiency of translation, but is not 

a bsolu tely essen tial for transla tion. Indeed, some mRNAs, like those of 

picornaviruses and certain plant viruses, are not capped at all. Furthermore, 

normally capped mRNAs can be translated in either uncapped form, or if they 

contain unmethylated caps. A good example of this is provided by reovirus mRNAs 

synthesized by cores in the absence of AdoMet which are translated in cell-free 

protein-synthesizing systems (62) - even in the presence of AdoHcy (to inhibit 

methylases that may be present in such systems) - with about 15 percent of the 

efficiency with which fully capped mRNAs are translated (63). It has also been 

found that the stringency of the cap requirement varies with the source of the 

cell-free extract, translation in reticulocyte (64) and ascites cell systems 

(65) being less dependent on cap possession than that in wheat germ extracts. 

The reason for this may be that CPB only reduces rather than than abolishes 

secondary structure near the 5' terminus of mRNAs, and that the amounts and 

characteristics of CBPs may differ in different systems. It should be noted 

that CBPs have no effect on the nature of the proteins that are synthesized, 

which indicates that they play no role in identifying correct initiation codons 

(57) • 
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Finally, it has also been found that cap possession increases mRNA 

stability (66). Uncapped and capped reovirus mRNA molecules were injected 

into Xenopus oocytes or incubated in cell-free protein synthesizing systems 

derived from wheat germ or mouse L cells, and the half lives of the former 

were found to be one-half to one-third those of the latter. 

Millward and his collaborators have recently suggested that late reovirus 

mRNA, that is, mRNA transcribed by immature virus particles, may not be 

capped. They showed that extracts of uninfected cells translated capped 

reovirus mRNA with high efficiency, and uncapped mRNA at a much lower 

efficiency; for extracts of L cells infected with reovirus the reverse was 

true (67); and that monoclonal antibodies directed against rabbit reticulocyte 

CBPs, which inhibit capped but not uncapped mRNA translation, failed to 

inhibit translation of reovirus mRNA in extracts of infected cells (70). They 

also found that the capping system in immature reovirus particles was masked 

(68), and that the 5'-termini of mRNA molecules synthesized by such particles 

were uncapped (69). 

These results are consistent with the idea that reovirus modifies the cap 

dependence of the host translational apparatus and in that way takes over the 

host translational apparatus. Attractive though this notion is, it remains to 

be confirmed. Thach and his collaborators found no transition from 

cap-dependent to cap-independent translation as a result of reovirus infection 

(71); they found that extracts of cells infected with reovirus did not display 

an increased capacity to translate decapped globin mRNA, and that translation 

of both cellular and viral mRNAs in such extracts was sensitive to 

m7G(5')ppp. This controversy is yet to be resolved. 

TRANSLATION IN VITRO 

The availability of large amounts of pure reovirus mRNA species has 

facilitated studies of the mechanisms involved in the initiation of 

translation, studies that have yielded results that are most likely also 

applicable to translation initiation of eukaryotic mRNAs in general. 

~~ systems for translating reovirus mRNAs were developed by 

McDowell ~~. (62) who showed that reovirus mRNA could be translated in 

Krebs II mouse ascites cell, mouse L cell, Chinese hamster ovary cell, HeLa 

cell and rabbit reticulocyte extracts, and by Both ~~. (33,34) who used a 

wheat germ extract to demonstrate the translation of the 10 species of 

reovirus mRNA into 10 protein species (72). The fact that translation 
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frequency is an intrinsic property of mRNAs received support from the 

demonstration by Levin and Samuel (73) that the relative translation 

frequencies of ~ size class reovirus mRNAs in vi tro are similar to those in 

vivo. Accordingly in vitro protein synthesizing systems began to be used to 

discover the structural features of reovirus mRNAs that control frequency of 

transla tion. 

Several years ago Kozak and Shatkin adapted the ribosome-protection assay 

devised by Steitz (74) to study coliphage MS2 RNA translation to the reovirus 

system in order to determine where ribosomes and ribosomal subunits bind to 

mRNA molecules when protein synthesis is initated. They incubated reovirus 

mRNA species labeled with [32p ] with wheat germ ribosomes or 40S ribosomal 

subunits in the presence of sparsomycin (in order to inhibit elongation), 

digested the resulting complexes with ribonuclease and sequenced the mRNA 

portions that were protected (75-80). Nine such protected sequences are shown 

in Fig. 5. In all cases a sequence is protected that includes the 5 ' -terminus 

including the cap, as well as the initiation codon and a sequence of 15-20 

residues downstream from the initiation codon. The regions protected by 80S 

ribosomes are shorter, about 30 residues long, and are centered around the 

protectiO'd l>!i 
BOS citosoae. 

In 7 GpppG ""CUAUUUUUGC C UCUUCCCAGACGUUGUCGCAAUGGAGGUGUGC UUGCCCAACG i4 

,.1 Gppp GmC UAAAGUCACGCCUGUCGUCGUCAcuAUGGCUUC CUeAC U CAG s 3 

In 7 Gp P pGmCUAUUCGCUG.GUCAGUUAUG GCUCGC GCUGCGlIUCCUAUU > 2 

117 Gpp pG~C UAAUCUGCUGAC CGUUACUCUGCAAAGAUG GGGAACG,(CU ,CUUQ eUAlieG In? 

11\7 GpppGIIlCUAAAGUGACCGUGGUCAUGGC UU CAUUCAAGGGAUUC lie m3 

II 7 G ppp(i!!!CUAUUCGCGGUCAUGGCUUACAUC GCAGU 

m 7 GPppGmCUAAUCGUC AGGAUGAAGCGGAUUC (",AGG .L 

'" 7 G p ppGmCUACA (GUliC CACGACAAUGIJCAUCCAI,IGAUACUG L 

.. 7 Gpp pGmCUAUUGGUC GGAUGGAU C ell CGCC UACGliGAAGAAGUAGlIACGG( lJGAUAAUCG CAliUAACGAGUGAUAAUGGAGUAUCAC UGUC "AMGG s 1 

FIGURE 5. The ribosome-binding sites in 9 mRNAs of reovirus serotype 3. 
The presumptive AUG initiator codon in each message is shown in boldface (81). 
For mRNA species sl the second AUG codon is aligned with the 5 ' -proximal AUG 
codons of the other species; but it is, in fact, the 5 ' -proximal AUG codon 
that is the initiating codon for the translation of protein crl (Cashdollar, 
Chmelo and Joklik, unpublished results). The sequences presented here agree 
almost completely with those of the 5 ' -terminal regions of the corresponding 
mRNA species presented by Antczak et al. (86). The upper I mRNA sequence 
shown here is that of species l3, the-rower that of species II (86). 
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ini tia tion codons. The ini tia tion codon is in each case tha t closes t to the 

5 ' -terminus, except in the case of sl mRNA in which the ribosome-binding assay 

detects a second functional initiation codon, in a different reading frame, 

starting at residue 71 (80). Although the latter appears to be a strong 

initiation signal as judged by the strength of ribosome binding, the former is 

in fact used to ini tia te transla tion of the primary ~l gene produc t, protein 

aI, since it is succeeded by an open reading frame of 345 codons, whereas the 

latter is succeeded by an open reading frame of only 120 codons, the protein 

corresponding to which is not known (Cashdollar, Chmelo and Joklik, 

unpublished results; see below). 

Kozak and Shatkin postulate that 40S ribosomal subunits bind to the 

5 ' -end of mRNA, either to the cap, to the CBP or to the region that is unwound 

by the CBP (see above), and then proceeds do~mstream until they encounter the 

first AUG triplet, where they pause, combine with 60S subunits, and then 

ini tia te transla tion (82). The pausing occurs only if the secondary structure 

around the initiation codon is intact, since pausing does not occur if 

fragments of mRNA are used; if some of the G residues in mRNA are replaced by 

H residues which causes a weakening of the secondary structure (83); or in the 

presence of formaldehyde, bisulfite or other reagents that destroy or weaken 

secondary structure (84). Ability to recognize AUG initiation codons is also 

abolished in the presence of inhibitors of protein synthesis such as edeine 

(82) • 

All evidence points to proximity to the 5 ' -terminus being the 

overridingly important characteristic of AUG codons that are used for 

initiation. This thesis was recently confirmed by Kozak (85) in an elegant 

experiment in which she constructed plasmids containing multiple reiterated 

copies of sequences containing the natural preproinsulin initiation codon, and 

showed that translation is initiated in each case at the 5 ' -proximal 

ini tia tion codon. The only excep tions to this rule appeared to be reovirus sl 

mRNA which contains two functional ribosome binding sites (80) - but the first 

is used to code for protein a1; and mRNA species 12 in which the first AUG 

starts at position 6 but is followed 9 codons later by a termination codon 

(86) (see also above). It should of course be pointed out that it is 

impossible to know whether a particular AUG is an initiator codon unless one 

knows either the N-terminal sequence of the corresponding protein or the 

complete mRNA sequence so as to be able to ascertain the availability of open 

reading frames. Genes S2 (87), Sl (Cashdollar, Chmelo and Joklik, unpublished 
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results) and S3 (88) of reovirus serotype 3 strain Dearing, as well as the Sl 

genes of reovirus serotypes 1 and 2 (Cashdollar, Chmelo and Joklik, 

unpublished results) have now been sequenced, and in each case it is the 

5 1 -proximal AUG that is followed by a long open reading frame of exactly the 

size required to encode the cognate protein. 

Kozak examined many other eukaryotic mRNAs for features close to the 

initiation codon that correlated with translation frequency and found that 

strong initiation codons, that is, initiation codons from which translation 

was initiated frequently, almost always had a purine in position -3 (the A of 

the AUG being position +1) and a G in position +4 (89). This rule holds well 

for the mRNAs of reovirus serotype 3. The !2, !3, ~2, ~3, ~3 and s4 mRNA 

species are translated frequently, and all have a purine both in position -3 

and in position +4, as does the moderately frequently translated s2 mRNA. By 

contrast, the very infrequently translated!l mRNA has U in position +4, and 

the very infrequently translated ~l mRNA has C in position -3; however the 

very infrequently translated ~1 mRNA does possess purines in both positions -3 

and +4 (86). The rule also holds for the !3, ~3 and ~2 mRNA species of 

serotypes 1 and 2, all of which possess strong initiation codons, and for the 

~l mRNA species of serotypes 1 and 2, both of which possess weak initiation 

codons (that is, a pyrimidine in either or both positions -3 and +4). 

Another approach to the problem of what controls translation frequency 

was adopted by Thach and his collaborators, who studied the relative 

translation frequencies of reovirus and host mRNAs in reovirus infected cells, 

and their ability to compete with each other for limiting factors (90-93). 

They interpreted their results as indicating that all mRNAs, both viral and 

cellular, must compete for a limiting message-discriminatory component before 

binding to 40S ribosomal subunits, and that translation frequency is 

determined by their relative affinity for this component. In general, host 

cell messenger RNAs have a higher affinity for this factor than reovirus 

mRNAs, but during the later stages of the multiplication cycle so much 

reovirus mRNA is synthesized that it is translated predominantly simply 

because it is present in larger amounts. They developed a quantitative in 

vitro assay system for measuring the ability of mRNA to compete for this 

factor and, in partial agreement with the results presented in Table 2, found 

that mRNA species ~2 and ~3 were translated very efficiently. Strangely 

enough, however, they did not find that any of the ~ size class mRNA species 

are translated efficiently, though they obviously are in vivo as well as in 
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vitro. The nature of the ribosome-independent discriminatory factor for which 

mRNAs are postulated to compete and which selects against mRNAs for which its 

affinity is lowest - though it permits all mRNAs to be translated with maximum 

efficiency if it is present in excess - remains to be discovered. 

THE SEQUENCES OF THE mRNAs OF THE THREE REOVIRUS SEROTYPES 

Characteristics of the three reovirus serotypes 

The numerous strains of reovirus that circulate in nature in mammalian 

hosts can be divided into three groups or types on the basis of their 

immunological properties. Type-specificity is the property of one of the ten 

reovirus proteins, namely protein 01, which is encoded by gene SI (94, 52). 

In other words, three quite distinct SI genes exist in nature that have 

evolved from a common ancestor and that encode three 01 protein whose 

antigenic determinants are by now quite different, although they retain other 

common functions such as fitting into the reovirus outer capsid shell, ability 

to hemagglutinate (95), ability to act as the cell attachment protein (5), and 

ability to react with cells of the immune mechanism (96). 

The other nine genes of the three reovirus serotypes are related much 

more closely than the SI genes. As judged by the ability of their genomes to 

hybridize, reovirus serotypes 1 and 3 are related to the extent of about 70 

percent to each other, and about 10 percent to serotype 2 (4). In order to 

estimate the relatedness of the individual genes of the three reovirus 

serotypes, Gaillard and Joklik (4) constructed hybrid genes whose plus and 

minus strands derived from cognate genes of different serotypes and measured 

their resistance to ribonuclease digestion under standard conditions. The 

results of this analysis are presented in Table 3. The gene that has diverged 

most markedly during evolution is the SI gene; the genes that have diverged 

least are the three L genes. In all cases the serotype 2 and serotype 1 or 3 

genes exhibit no more than 20 percent, and often less than 10 percent 

homology. This indicates that the gene sets of reovirus serotypes 1, 2 and 3 

evolved independently of each other. 

Sequences at the Termini of the Ten Species of mRNA of Reovirus Serotype 3 

The sequences at the 5 ' -termini of the ten species of reovirus serotype 3 

mRNA are shown in Fig. 6 (86). All mRNAs share a common 5 ' -terminal 

tetranucleotide GCUA-, and all possess an initiation codon within 13-33 

residues of the 5 ' -terminus. Several mRNAs possess additional initiation 
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Table 3. Percent homology among the genes of reovirus serotypes 1, 2 and 3 

(see ref. 4). 

+(1)a +(1) +(3) +(3) +(2) +(2) 

Gene -(2) -(3) -( 1) -(2) -(1) -(3) 

Ll 15 86 84 18 21 11 
L2 23 85 94 13 12 7 
L3 12 88 79 13 15 14 

Ml 9 66 69 5 8 3 
M2 5 31 42 9 11 8 
M3 10 63 67 5 6 8 

81 4 12 6 1 1 4 
82 14 56 44 9 6 13 
83 12 69 81 14 8 12 
84 11 57 51 11 11 15 

a Percent ribonuclease-resistant material in the hybrid gene consisting of 
a serotype 1 plus strand and a serotype 2 minus strand. 

Gene 

5' 

Ll ceo ACGUUCCACGACAAUGUCAUCCAUGAUACUGACUCAGUUUGGACCGUUCAUUGAGAGCAUUCAG 
MssMITrQFcTpTEsIQ 

L2 Geu UGGCGCGAUGGCGAACGUUUGGGGGGUGAGACUUGCAGACUCGIJUAUCUUCACCCACUAUUGAGACACGA 
MANVWGVRTAnSLSSPTTTrR 

L3 cell llCGUCAGGAUGAAGCGGAUUCCAAGGAAGACAAAGGGCAAAUCCAGCGGAAAGGGCAAIJGACUCAACAGAGAGA 
MKRIPRKTKGKSSGKGNDsrET 

HI cell JUCGCGGUCAUGGCUUACAUCGCAGUUCCUGCGGUGGUGGAUUCACGUUCGAGUGAGGCUAuGGACUGCAGAAUCGtlU . 
MAYIAVPAVVDSRSSEAHDCRIV 

H2 Gell UCUGCUGACCGUIJACIJCUGCAAAGAUGGGGAACGCUUCCUCUAUCGUUCAGACGAUCAACGUCAC . 
MGNASSIVQTINVT 

M3 cell CIJGACCGUGCUCAUGGCUUCAUUCAAGGGAVUCUCCGCUAACACUGAU. 
MASFKGFSANTO 

51 cell UC,GIJCXGAUGGAUCCUCGCCUACGUGAAGAAGIJAGlJACGGCUGAUAAUCGCAUUAACGAGUGAUAAiiGGAG 
MDPRLREEvVRLIIALTSDNG-

52 GCU UCGCUC..GUCAGUUAUGGCUCGCGCOGCGUUCCUAUUCAAGACUGUUGGGUUUGGUGGUCUGCAAAAUcIlGCAU • 
MARAAFLFKTVGFGGLQNVH 

53 GCU GUCACGCCUGUCGUCGUCACUAUGGCUUCCUCACUCAGAGCUGCGAlJClJCCAAGAUCAAGAGGGAUGACGOCGG 
MAssLRAAIsTIKRDDVr, 

54 GCI) UUUUGCCUCUUCCCAGACGUIJGUCGCAAUGGAGGUGUGCUUGCCCAACGGUCAUCAGGUCGUCGACUUAAUUAACGClltlU 
MEVCLPNGHQvvoTINA-

FIGURE 6. The sequences of the 5 ' -terminal regions of the ten mRNAs of 
reovirus serotype 3 (strain Dearing) (86). Reproduced with permission. 
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codons, either in phase or out of phase, further downstream. It is impossible 

to known which of these initiation codons are used in the absence of further 

sequencing information, but since the recognition signal for ribosome 

attachment appears to be the 5 ' -terminal capped region, it is very likely that 

it is indeed the first initiation codon that is used (see above). mRNA 

species ~1, ~2 and ~3 have been sequenced (see below), and in them it is 

indeed the 5 ' -proximal initiation codon that is used, because it is the only 

one that is followed by an appropriate length open reading frame. 

The amino acid sequences of proteins starting at the first initiation 

codon (or the second, in gene L2) are shown beneath each sequence (86). For 

most genes, the number of hydrophobic and charged amino acid residues is about 

equal, and in most cases the net charge of the first 15-20 amino acid residues 

is either 0 or 1. The only exceptions are the proteins encoded by genes M2 

and S2, which encode proteins ~l/WlC and 02, respectively, in which the net 

charge is +3 and +4, respectively, and the protein encoded by gene L3, protein 

AI, a major core constituent. The nature of the first 22 amino acids of this 

protein is striking; there is only one hydrophobic amino acid residue and no 

fewer than nine basic amino acid residues and two acidic ones, which gives the 

N-terminal 22 amino acid residues a net charge of + 7. The amino terminus of 

protein Al is thus very hydrophilic and basic. 

At the 3 ' -termini the only sequence shared by all ten genes is the 

3 ' -terminal pentanucleotide UCAUC-3'. Multiple termination codons are present 

in all ten sequences (86). 

The availability of sequence data concerning all ten reovirus mRNAs 

presents the opportunity for asking questions such as 

(a) Can any evolutionary relationships be discerned among the ten genes 

(that is, do some genes appear to be derived from others?) 

(b) Do the genes possess features that may function in gene assortment 

during morphogenesis? 

(c) Do they possess features that may regulate translation frequency? 

(d) Can binding recognition sites for RNA polymerases and capsid 

proteins be discerned? 

The sequences were therefore examined for the following by means of 

computer programs: (1) Homologies (that is, the presence of identical or very 

similar same-sense sequences); (2) Symmetries (that is, the presence of 

identical or very similar opposite-sense sequences); (3) Dyad symmetries (that 

is, the presence of complementary sequences); (4) Dinucleotide frequences; and 
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(5) Complementary sequences between the 5 ' -terminal sequences of the mRNAs and 

the 3 ' -terminal consensus sequence of eukaryotic l8S ribosomal RNA. To assess 

whether any features found were significant, identical searches were carried 

out on 20 random sequences constructed using a random number table (86). 

Possible Evolutionary Relationships. The 5 ' -and 3 ' -terminal regions of 

reovirus genes possess 22 sequences 20-30 residues long that are very similar 

to other sequences, either in the same sense or in the opposite sense. No 

such regions were present in the 20 random sequences. These sequences are 

widely distributed among reovirus mRNAs. Only ~l mRNA does not possess at 

least one; mRNA 11 possesses no fewer than 6, and 11, 6 and 5 of these 

sequences are present in 1, ~, and ~ size class mRNAs, respectively. A 

remarkable feature of these sequences is that no fewer than 7 exhibit either 

homology or symmetry not only to one but also to two or even three other 

sequences; that four sequences exhibit homology with one sequence and symmetry 

with another; and that two sequences exhibit homology with two sequences and 

symme try wi th a third. This resul ts in an extraordinarily complex network of 

closely related sequences the origin of which is not readily apparent, but 

which may represent vestiges of gene-duplication events or of aberrant 

transcription of both plus and minus strands (86). 

Features That May Function in mRNA Assortment. The 20 mRNA sequences were 

examined for signals that might explain how sets of 10 reovirus plus strands 

are assembled during the initial phase of reovirus morphogenesis. Numerous 

regions exhibiting complementarity and potentially capable of forming 

reasonably strong associations by means of hydrogen-bonding can be found; in 

fact, some interactions have free energies as low as -25 Kcal and even lower 

that are highly significant energetically and thermodynamically stable. The 

problem is that random sequences exhibit an equal frequency of such 

interactions. Thus, the terminal regions of reovirus mRNAs are undoubtedly 

capable of interacting by base-pairing, but such interactions may not possess 

the specificity necessary for such interactions to form the basis of a highly 

selective association process. In fact, no mechanism could be detected 

capable of directing the unique incorporation of one copy of each of the 10 

plus strands into an immature virus complex. In particular, the sequences 

were examined for ability to interact in unique arrangements such as one plus 

strand species ac ting as a "collec tor" strand for the other nine, or for 
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head-to-head, tail-to-tail, or head-to-tail and tail-to-head associations that 

would result in the formation of circles upon insertion of the tenth element. 

No evidence supporting such models could be detected (86). One must conclude 

either that recognition signals of this nature are not present in the terminal 

regions, or that the associations occur via mechanisms that do not depend on 

base-pairing, or that the assembly mechanism involves not only nucleic 

aicd-nucleic acid but also nucleic acid-protein interactions. 

Features That May Control Frequency of Translation. Attempts were made to 

discern signals that might function to control the frequency of translation of 

the ten reovirus mRNAs. Several factors could be eliminated readily (86). 

For example, almost none of the reovirus plus strands exhibit significant 

ability to form hairpin loops in the 5 ' -terminal regions; and although most of 

them can form rather stable, and even very stable, interactions between 

sequences in their 5 ' -terminal and 3 ' -terminal regions, thereby forming rings, 

they do so neither more, nor significantly less frequently than random 

sequences, and the relative stability of such interactions does not correlate, 

positively or negatively, with relative translation frequency. Secondary 

structure considerations based on hairpin loop and ring formation therefore do 

not seem to enter into controlling frequency of translation. Nor does ability 

to base-pair with the consensus 3 ' -terminal region of mammalian ribosomal 18 S 

RNA appear to be a factor; such interactions are rather weak, do not occur 

more frequently with the 5 ' -terminal regions of reovirus mRNAs than with their 

3 ' -terminal regions, and do not occur more or less frequently than with random 

sequences. Nor could frequency of translation be correlated with distance of 

the first initiation codon from the 5 ' -terminus or with the presence of 

additional initiation codons. Two factors, however, do correlate with 

relative frequency of translation. First, for 9 of the 10 reovirus rnRNAs 

translation frequency correlates with possession of purines in positions -3 

and +4 with respect to the initiation codon (89) (see above); second, reovirus 

mRNA species that are translated frequently possess AG-rich regions upstream 

and surrounding the first initiation codon, whereas mRNA species that are 

translated infrequently do not possess such AG-rich regions (86). 

Protein-Binding Recognition Sites. Apart from the 5 ' - and 3 ' - terminal tetra­

and pentanucleotides, the ends of the ten mRNA species possess no sequences 

sufficiently similar for them to be interpreted as representing common 
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protein-binding sites. If such sites exist, they must share features other 

than similari ty of base sequence (86). 

Sequences at the Termini of the 13, m3, sl and 52 mRNAs of reovirus serotypes 

1, 2 and 3. 

Li et al. (97) and Gaillard ~~. (98) sequenced the terminal regions of 

the 13, m3, sl and s2 mRNAs of reovirus serotypes 1, 2, and 3. This selection 

of mRNAs provides information concerning representatives of all three size 

classes, comparison between two mRNAs of the s size class, and information 

concerning mRNAs that encode both structural and nonstructural proteins. The 

5 1 -terminal regions of these mRNAs are presented in Fig. 7. 

TIlE 5' -TERMINAL SEQUENCES OF THE PLUS STRANDS OF 
SEveRAL GENES Of REOVIRUS SEROTYPES I, 2 AND 3 

Gene L3 (major core protein AI) 

Serotype) 5' GCUAAUCCUCAGGAUGAAGCGGAUUCCMGcAAGACAMGcGcAAAUCCAGCGGAMGGGCAAUGACUCMCAGAGAGA _ OR 
-TRIPRKTKGKSSGKGNDSTER 

GCUAAUCGUCAGGAUGAAGCGGAUUCCAAGcAAGACAAAGcccAAAUCCAGCGGAAAGGGcMUGACUCMCAGA - OH 
-TTIPRKTKCKSSGKGNDST 

GCUAAUCGUCAGGAUGAAGCGGAUUCCAAGc.vl.AC~~GG~AA~UCCAG~GG~AJ1cGcAAUGA~UCA - OH 
-KRITRXTRCKSSCXCNDS 

C ... ne H3 (nonstructural protein lINS) 

Serotype 3 
5' . . • . •• 

GCUAAAGUGACCGUGGUCAUGGCUUCAUUCAAGGGAUUCUCCGCUAACACUGAU - OR 
-AS-FlaFsARTD 

GCUAAAGUGACCGUGGUCAUGGCUU.E1!!!..~~~~~CA...9!~~~Uu~~ ~~~~ - OH 
-I: 5 , K G F S V N T V P V SKit. K R 0 

Gene $1 (minor outer shell protein 0"1_ type-apecific pC'otein) 

Serotype 3 

Gene S2 (major core protein "2) 

Serotype 3 

Figure 7. The sequences of the 5 1 -terminal regions of the 13, ~3, s1 and 
~2 species of reovirus serotype 3, 1 and 2 mRNA (97,98). -

Reproduced with permission. 
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The 5 ' - and 3 ' -terminal regions of the !3, ~3 and ~2 mRNAs of the three 

serotypes are extraordinarily similar. Where there are substitutions in the 

5 ' -terminal regions, they are mostly in third codon positions, so that the 

amino acid sequences remain the same. There is no sequence divergence in the 

first 18 codons of the three 13 mRNAs, but the sequences of the serotype 1 and 

2 m3 mRNAs do diverge after the 15th codon. In the case of the s2 mRNAs, the 

serotype 1 and 3 mRNAs are almost identical, but in the serotype 2 mRNA there 

are 7 changes in the first 59 residues, including deletions that change the 

reading frame, so that the amino acid sequence of the serotype 2 cr2 protein 

differs from that of the serotype 1 and 3 cr2 proteins in five of the first 12 

amino acids. As for the three sl mRNAs, they are almost totally dissimilar, 

both in the regions upstream from the initiation codon and in their coding 

regions, so that the amino acid sequences of the three crl proteins are quite 

different (note thtat the shared 5 ' -proximal nonapeptides are read in 

different reading frames). 

At their 3 ' ends, the four sets of cognate mRNAs display similar 

patterns: the sets of !3, m3 and s2 genes are very similar, the three sl 

mRNAs much less so (97,98). 

The most unexpected feature of this analysis is the extent of similarity 

between the serotype 2 mRNAs on the one hand and the serotype 1 and 3 mRNAs on 

the other. Since the relatedness of serotype 2 genes to serotype 1 and 3 

genes is no more than about 15 percent (50; see also above), sequence 

divergence among these genes must be concentrated in their internal regions. 

This is curious because the reason for terminal homology is clearly not a 

requirement for polymerase and encapsidation recognition signals that possess 

the same sequence; note that the three ~1 mRNAs show only very limited 

homology in their terminal regions (95). 

No doubt it will be possible to answer these and other questions better 

when the complete sequences of all ten reovirus mRNAs are known. 

CLONING THE REOVIRUS GENES 

Cashdollar, Chmelo and Joklik (unpublished results) have cloned all 10 

genes of all three reovirus serotypes into pBR322 by tailing both strands of 

each gene with poly(A), transcribing them with reverse transcriptase, tailing 

the cDNA strands with oligo dC, isolating molecules of the correct size by 

electrophoresis in alkaline agarose gels, reannealing the plus and minus 

strands, and cloning the tailed ds cDNA molecules by standard procedures (85). 
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All cloned genes were shown to be complete gene copies by sequencing their 

termini and showing that these termini were identical with those of the 

reovirus genes themselves as determined by Antczak !!~.(84). 

At least five reovirus genes have been sequenced. Cashdollar !!~. (85) 

sequenced the S2 gene of reovirus serotype 3 which is 1329 nucleotides long 

and possesses a single long open reading frame that extends for 331 codons, 

exactly the length required to encode a protein the same size as the known S2 

gene product, the major core component a2 (Mr , 38,000). Interestingly, the 

S2 gene possesses a second 85 codon long open reading frame in a different 

phase that starts a short distance beyond the end of the long open reading 

frame. However, there is no evidence that this reading frame is operative, as 

no 10,000-dalton protein such as it would encode, has yet been detected in 

cells infected with reovirus. 

Richardson and Furuichi (88) sequenced the S3 gene of reovirus serotype 

3. It is 1198 nucleotides long and possesses a long open reading frame that 

extends for 366 codons. The untranslated region at its 3'-terminus is only 

about 70 residues long. 

Cashdollar, Chmelo and Joklik (unpublished results) have sequenced the Sl 

genes of all three reovirus serotypes. The serotype 3 gene is 1416 

nucleotides long and possesses a long open reading frame that starts at the 

5'-proximal AUG codon and extends for 345 codons, which is the size required 

for encoding a protein with the molecular weight of about 40,000, the 

molecular weight of protein al. Interestingly, this gene possesses another 

for encoding a protein with the molecular weight of about 40,000, the 

molecular weight of protein al. Interestingly, this gene possesses another 

open reading frame that commences at the second AUG codon, at residue 71, and 

that is 120 codons long. It could encode, in a different reading frame from 

that for al, a basic protein with a molecular weight of about 13,000. Such a 

protein has not yet been found in infected cells. Interestingly, this reading 

frame is also open in the other two only very distantly related Sl genes 

(Cashdollar, Chmelo and Joklik, unpublished results). 

The availability of intact cloned reovirus genes should permit work in 

several areas that have so far not been accessible to experimentation. For 

example, it will be possible to clone reovirus genes into expression vectors 

which will provide large amounts of individual species of native reovirus 

proteins which can then be examined for enzymic activity and other functions, 

as well as make possible in vitro studies of reovirus morphogenesis and of the 
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protein-protein and protein-nucleic acid interactions that this involves. 

Further, it will be possible to alter the cloned genes by introducing point 

mutations, deletions, and substitutions, and in that way provide mRNAs encoding 

altered proteins, which should be invaluable in defining reovirus protein 

functions. The ability to alter mRNAs should also permit identification of 

their structural features that control translation frequency. 
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TRANSCRIPTION OF VESICULAR STOMATITIS VIRUS GENOME RNA 

AMIYA K. BANERJEE, BISHNU P. DE, and ANGELES SANCHEZ 

Vesicular stomatitis virus (VSV) a prototype of negative-strand 

rhabdoviruses, serves as one of the model systems to study transcription and 

replication of viral genome RNA in vitro. The linear single-strand genome RNA 

of VSV is tightly associated with approximately 2000 molecules of a 

nucleocapsid protein designated N (molecular weight, 47,000) (1,2). The N 

protein renders the genome RNA resistant to ribonuclease and imparts a high 

degree of stability to the ribonucleoprotein (RNP) complex (3,4). Also 

associated with the RNP within the matured virions are two minor proteins which 

are essential for the negative-strand genome RNA to be transcribed into five 

distinct mRNA species in vitro (5); these include approximately 40 molecules 

of a large protein designated L (molecular weight, 240,000) and 300 molecules 

of a phosphoprotein designated NS (molecular weight, 25,000). The transcribing 

RNP is packaged within the characteristic bullet-shaped lipid-containing shell 

that contains two other virus-specific proteins: a surface antigen 

glycoprotein designated G (molecular weight, 69,000) and a membrane-associated 

protein designated M (molecular weight, 26,000) located underneath the lipid 

bilayer. 

By far, the most interesting feature of VSV is that the purified virion 

contains a RNA-dependent RNA polymerase which, when activated, synthesizes mRNA 

in vitro (6,7). Activation is carried out by treating the virus with a 

nonionic detergent, rendering the RNP accessible to ribonucleoside 

triphosphates for mRNA synthesis. Moreover, the RNP-associated minor proteins, 

Land NS, can be removed from the N-RNA complex rendering both fractions 

transcriptionally inactive (5). Efficient reconstitution of RNA synthesis 

occurs when Land NS proteins are mixed with the template N-RNA complex 

(5,8,9). Thus, the VSV system provides a unique opportunity to study the 

mechanism of viral gene expression and its control in vitro without host 

involvement. Because only three proteins (L, NS, and N) are involved in 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Marrinus Nyho// Publishing, Boston. All rights ~. 
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transcription, the precise roles of each protein in this process can be 

studied. Moreover, since NS is a phosphoprotein, the system is convenient for 

studying the possible role of protein phosphorylation in gene control. 

~_\'itro transcriptj,~_process 

Over the last ten years, a great deal of work has been carried out to 

characterize the RNA products transcribed by the RNP in vitro and also to 

understand the mechanism underlying the transcription process. It has now been 

unequivocally established that the transcribing RNP synthesizes sequentially 

from the 3'-end of the genome RNA a small leader RNA (47 bases) (10) followed 

by sequential synthesis of five 5' capped and 3' polyadenylated mRNA species 

coding for, in order, the N, NS, M, G, and L proteins (11,12). 

A PHYSICAL MAP OF VSV GENOME (INDIANA) 

POLY (AI 

60 I 
AAGUUUUUUUCAU 

CAP 

I 48 

5'r.lf<::------:5':OK""b-----r--"..::,,,---i,....:::,...,,,.:.:;::,..tt....,,;:,.,,.-T--.· 

pppACGAAGAC .. GGGUCUUAAGGAUCA 
43 4B ~"l~"~ 47 

AUAAUAAU 
25 18 

FIGURE 1. L, G, M, NS, and N correspond to viral structural proteins. '" 
represents the region of the genome coding for the leader RNA. The boxed 
nucleotide sequences (below the genome) are the AU-rich sequences present in 
the genome RNA, as indicated (16). The boxed nucleotide sequences (above the 
genome) are the intragenic sequences, as indicated. The G is replaced by C in 
the corresponding sequence between the M and NS genes. 

The leader RNA is uncapped and contains polyphosphate at the 5'-terminus 

(Fig. 1) (13). Its synthesis terminates at the 47th base from the 3'end of the 

genome RNA and is present in highest molar amount in the reaction products. 

There are only three A residues that separate the leader template and the next 

gene coding for the N-mRNA (14,15). These three A residues are not transcribed 

in vitro. The start site for the N-mRNA is located next to the A triplet and 

the termination of the N-mRNA occurs at a sequence,S' UUUUUUUGCA 3' (16). The 

polyadenylation at the 3' end of the mRNA probably occurs by repeated slippage 
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of the polymerase on the U7 residues. The initiation, termination, and 

polyadenylation of the subsequent mRNAs occur when the polymerase encounters 

similar sequences located at identical sites resulting in the synthesis of the 

matured mRNAs. It should be noted that (a) the terminal 60 nucleotides at the 

5' end of the genome RNA are not transcribed in vitr~ (17), and (b) five 

dinucleotide sequences located between the cap site and the U7 residues (16) 

are also not transcribed. Whether 5' capping of the mRNAs occurs concomitantly 

wi th the initiation of RNA synthesis or post-transcriptionally (after 

elongation of a few nucleotides) has not been firmly established. 

1 234 

· G 
· N 

, 1.1 
, NS 

567 8 

- 0 

- LEADER RNA 

FIGURE 2. Sequential synthesis of mRNA in vitro in a reconstituted 
transcription reaction. Template containing N Protein RNA complex (680 l1g!ml) 
and transcriptase containing the Land NS proteins (360 l1g!ml) were isolated 
from purified RNP as detailed elsewhere (28). Equal aliquots of purified 
template (3.6 l1g) were mixed with transcriptase (1.8 l1g) in several tubes and 
RNA syntheses were carried out at 30°C. At different intervals equal aliquots 
of the reaction products were analyzed for VSV mRNAs in 5% PAGE after removing 
the poly(A) tails (62) (lanes 1 to 4) and for leader RNA in 20% PAGE (lanes 5 
to 8). Reaction times: 5 min, lanes 1 and 4; 10 min, lanes 2 and 5; 20 min, 
lanes 3 and 6; 40 min, lanes 4 and 8. G, N, M, and NS represent migration 
positions of corresponding poly(A)-mRNAs. 

The unique polar effect on transcription was demonstrated first by using 

ultraviolet transcription mapping (11,12). However, sequential appearance of 

individual mRNA species can also be demonstrated directly using transcribing 

RNP (18) or using a completely reconstituted system. In the latter case, the 
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RNP-associated Land NS proteins were removed with 0.8 M NaCl (28) Addition of 

optimum amount of a mixture of Land NS proteins to the N-RNA complex resulted 

in a sequential appearance with time of the leader RNA and the five mRNAs 

species. As shown in Fig. 2, the only RNA that was synthesized following 5 min 

of reconstituted transcription was the leader RNA and no full-length 

poly(A)-containing mRNAs was detected. However, after 10 min and 20 min of 

transcription, poly(A)-containing Nand NS mRNAs, respectively, appeared 

sequentially. The M and G mRNAs appeared after 20 min of transcription. 

Thus,it seems from the above results that the movement of the virion-associated 

RNA polymerase is somehow attenuated at the junction points between the genes 

(20). It is, as yet, unclear whether this restriction in the polymerase 

movement is manifested by the secondary structure of the transcribing RNP 

(21,22) or by the po1yadenylation step at each junction point causing the 

polymerase to attenuate (20). In the latter case it would be difficult to 

explain the attenuation observed at the leader RNA-N gene junction where no 

polyadenylation of the leader RNA is involved. Thus, the precise mechanism by 

which the virion-associated RNA polymerase maintains the observed sequential 

appearance and the relative amounts of the mRNAs during transcription in vitro 

remain poorly understood. 

Models for RNA synthesis in vitro 

The unique polar effect on transcription in vitro described above 

suggested that the virion-associated polymerase would most likely initiate at a 

single site at the 3'-end of the viral genome RNA. Initially, it was proposed 

that the mRNAs were formed in vitro by cleavage of the growing nascent chains 

initiated at the 3'-end of the genome RNA (23; Fig. 3, model 1). The capping 

at the S'-ends and polyadenylation at the 3'-ends of the cleaved RNAs are 

carried out by specific virion-associated enzymes. This model was essentially 

based on two important findings: (a) the ultraviolet transcription mapping 

experiments indicated a polar effect on transcription (11,12), and (b) the 

unique S'-terminal cap structure of VSV mRNAs contained the a and B phosphates 

of the blocking GTP and the a-phosphate of the S'-penultimate adenosine, 

G( 5' )~~_~ApA ••.... (24). This structure suggested that the cap was 

formed by the interaction of GTP with the 5 ' -end of the mRNAs carrying a 

single S'-phosphate residue, i.e. possibly on a cleaved RNA molecule. This 

model lacked support mainly due to insufficient data to demonstrate cleavage 

reactions in vitro or isolate large uncleaved precursor RNA in vitro. Moreover, 
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the decreased order of synthesis of mRNAs in vitro, leader RNA)N)NS)M)G)L (11), 

clearly indicated that some additional steps were involved in the biosynthesis 

of individual mRNAs besides processing. The second model termed as start-stop 

Fig. 3 

MODELS FOR VSV RNA SYNTHESIS 

1. CLEAVAGE MODEL 

2. STOP-START MODEL 

• ENZYME 
eCAP 
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model (Fig. 3, model 2) proposed that the virion-associated RNA polymerase 

initiates RNA synthesis at the 3'-end of the genome RNA and synthesizes first 

the leader RNA. The same enzyme then reinitiates RNA chains on the N gene and 

continues its synthesis till it terminates chains at the 3'-end and adds 

poly(A) by slippage on the U7 residues (see Fig. 1). The same enzyme continues 

synthesis of NS-mRNA by initiation. The process continues until the enzyme 

reaches the end of the L gene. The enzyme may falloff the template at any 

point during transcription but may bind only at the 3'-end of the genome RNA to 

initiate RNA synthesis. This process will generate a concentration gradient of 

the RNA species in the order leader RNA)N)NS)M)G)L. The crux of the model is 

that there is an obligatory requirement for the virion-associated RNA 

polymerase to enter at a single site at the 3'-end of the genome RNA throughout 

the transcription process. The evidence for this model has been provided by 

Emerson (25) who demonstrated that in an incomplete reaction condition 

containing ATP and CTP, the reconstituted complex synthesized only a 

dinucleotide pppAC representing the S'-dinucleotide of the leader RNA. The 
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oligonucleotide pppAACA representing the S'-terminal sequence of the mRNAs (26) 

was synthesized in a similar partial reaction only when RNA synthesis was 

allowed to proceed (thus allowing the enzyme to move on the template) by the 

reconstituted complex. Although the model seems highly plausible, it is 

inconsistent with some findings. For example, the model predicts that no 

initiation at the N gene would occur unless the complete leader RNA is 

synthesized. However, it has been shown that under certain experimental 

condi t ions both capped (27) and uncapped (18,28,29) 01 igonuc leot ides 

representing the S'-terminal N-mRNAs are synthesized in the absence of leader 

RNA synthesis. 

An alternate model has been proposed (18) in which the polymerase is 

located at multiple internal sites in addition to the leader template (Fig. 3, 

bottom). RNA synthesis occurs by multiple initiations at the putative promoter 

sites beginning with synthesis of leader RNA. The extension of the initiated 

mRNA chains occurs sequentially with the synthesis of N-mRNA and so on. The 

secondary structure of the transcribing RNP is proposed to playa role in this 

cascade mode of transcription. The bulk of the evidence for this model came 

from the fact that, in addition to the leader RNA, distinct 

S'-polyphosphorylated transcripts representing the 5'-terminal N-mRNA and 

NS-mRNA were found in the transcription products (18). These transcripts were 

synthesized very early during transcription and continued to be synthesized 

with time, whereas the mature mRNAs appeared later and sequentially. Multiple 

internal bindings of the polymerase were also demonstrated in reconstitution 

experiments (28). The N-RNA complex was first irradiated for different periods 

of time and subsequently reconstituted with active soluble transcriptase. The 

extent of RNA synthesis was decreased by 78% and 88% after 2 min and 3 min of 

ultraviolet irradiation, respectively. In contrast, the synthesis of the 

leader RNA and several initiated transcripts representing Nand NS mRNA 

remained virtually constant. These results suggested that each of the RNA 

species was initiated through independent binding of transcriptase at its 

putative promoter sites. Also, during reconstitution, at low ionic strength 

when the matrix protein (M) was present, synthesis of the leader RNA was 

abolished while the synthesis of small, initiated N-mRNA transcripts remained 

unaffected (28). The involvement of the secondary structure of the 

transcribing RNP was demonstrated by using the photoreactive compound, 

4-substituted psoralen (21,22). Photoreaction modifies the genome RNA in the 

N-RNA complex such that at a concentration of 10-4 M psoralen the transcription 
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PURIFICATION OF LAND NS PROTEINS 

OF VSV 

WASH 

NS 

LOW SALT tHIGH SALT 
SUPERNATANT 

+1 

(L AND NS) 

PHOSPHOCELLULOSE 
COLUMN 

1 M NACL ELUATE 

NS 

+2 

FIGURE 4. Separation of Land NS proteins of VSV. RNP was purified from 
Triton X-lOO disrupted virions. The Land NS proteins were removed from RNP 
with high concentration of NaCI. The low salt/high salt supernatant was 
further fractionated by phosphocellulose column chromatography. Concentrations 
of purified NS prote i n (HI) and L protein (H2) were 120 ~g/ml and 75 ~g/ml, 
respectively (19). 

of genome RNA in vitro was inhibited by more than 90%. By using r3Hl-labeled 

psoralen, it was shown that photoreaction occurs at a cytosine residue within 

the N gene near the 3'-end of the viral genome RNA (22). Binding of psoralen to 

a specific site on the N gene eliminated not only the formation of the N- mRNA 

but also the transcription of the other viral genes. The synthesis of the 

small initiated transcripts, however, continued. These results suggested that 

the secondary structure of the N-gene may have a role in the overall 

transcription of the genome. Again, as with the other models, several findings 

are also inconsistent with this model. Failure to chase the initiated 

transcripts into matured mRNAs (30,31) suggests that these molecules may be 

abortive products of transcription, although their synthesis may ref l ect 

interaction of transcriptase with the template. Thus, understanding of the 

precise mode of VSV mRNA synthesis in vitro still remains unclear. A detailed 

study on the roles played by the purified L, NS, and N-RNA complex in the 
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transcription process would certainly shed light on the me chanism of the unique 

mode of transcription by VSV. In the studies described below we have purified 

individual components of the transcription complex and studied in detail their 

requirements, functions, and specificity in the transcription process in vitro. 

G ­
N -

M. 
NS' 

123 456 

-0 

- LEADER RNA 

FIGURE S. Analyses of RNA products synthesized in vitro in reconstitution 
reactions. RNA syntheses were carried out using saturating concentrations of 
(0.2 Ilg) L protein and NS protein (1. 4 Ilg) with N-RNA template (2.2 Ilg) in the 
presence of [m- 32 pjCTP as the labeled precursor. The incubation was at 30 D C 
for 2 hr. Equal aliquots of the reaction products were analyzed for both 
poly(A)-mRNAs (S% polyacrylamide gel, lanes 1 to 3) and leader RNAs (20% 
polyacrylamide gel, lanes 4 to 6). Lanes 1 and 4, L+NS+temp1ate; lanes 2 
and S, L+template; lanes 3 and 6, NS+template. Migration positions of mRNAs 
for G, N, M, and NS and leader RNA are indicated. 0 represents the origin of 
the gel. 

Requirements and possible roles of Land NS proteins in the transcription 

process in vitro 

By using reconstitution experiments, it has been well established that 

both Land NS proteins are required for mRNA synthesis in vitro (S,9). The L 

and NS protein appeared to function as a dimeric enzyme since a molar ratio of 

1:1 was found to be optimal for transcriptase activity. Although these findings 

were made some time ago, the precise roles of the individual proteins in the 

transcriptive process have not been clearly understood. The s tudies may have 
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heen complicated by the extreme lability of purified L protein (5). Recently, 

in our laboratory an attempt has been made to purify L, NS, and N-RNA complex 

to reinvestigate the requirements and possible functions of the individual 

components in the transcriptive process in vitr~. 

The Land NS proteins were purified by high salt (0.8 M NaCI) treatment of 

RNP which initially had been purified by disruption of purified virions with 

Triton X-IOO in the presence of 0.4 M NaCI followed by centrifugation. By this 

procedure a mixture of Land NS proteins was obtained which was virtually free 

from G and M proteins (19). The L protein was bound to phosphocellulose column 

and eluted at 1 M NaCI (Fig. 4). Upon rechromatography on phosphocellulose at 

least two times traces of NS protein were removed. The purified NS protein, on 

the other hand, contained a small amount (approximately 5 to 10%) of N protein 

(Fig. 4). The N-RNA template was purified by treatment of high salt-washed RNP 

with renografin followed by CsCl banding (19). The RNA products synthesized in 

a typical reconstitution reaction with Land NS proteins is shown in Fig. 5. 

Synthesis of mRNAs (lane 1) was monitored by electrophoresing the RNA products 

rhrough 5% polyacrylamide after removal of poly(A) tails (using oligo(dT) and 

RNase tI), a procedure that enabled better separation of the individual mRNA 

speries. The synthesis of the leader RNA was monitored by electrophoresis of 
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FIGURE 6. Rate of RNA synthesis with saturating NS protein and increasing 
concentrations of L protein. RNA synthesis was carried out using template 
(2.2 Vg), saturating concentration of NS protein (1.4 Vg), and increasing 
amounts of L protein. The RNA synthesized at each point was determined by 
measuring cold trichloroacetic acid insoluble radioactivity retained on 
nitrocellulose filters. 
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FIGURE 7. Rate of RNA synthesis with saturating L protein and increasing 
concentrations of NS protein. RNA synthesis was carried out using template 
(2.2 Vg), saturating concentration of L protein (0.2 Vg), and increasing 
amounts of NS protein, as indicated. The RNA synthesized at each point was 
determined by measuring cold trichloroacetic acid insoluble radioactivity 
retained on nitrocellulose filters. 

the RNA products on a 20% polyacrylamide gel (lane 4). It can be seen that 

addition of L protein alone to the template produced virtually no complete mRNA 

species (lane 2), whereas ·trace amounts of leader RNA and some incomplete RNAs 

were synthesized (lane 5). The stimulation of RNA synthesis (upon addition of 

NS protein) ranged between 20- to 30-fold. The residual RNA synthesis obtained 

using L alone with the N-RNA template (lanes 2 and 5) presumably was due to 

contaminating NS protein in the L preparation. This conclusion was supported 

by the fact that repeated chromatography of L protein on phosphocellulose 

increased the extent of stimulation of transcription (upon addition of NS 

protein plus N-RNA template) concomitant with the removal of the NS protein 

from the L protein. The NS protein alone, on the other hand, failed to 

synthesize any completed mRNA (lane 3), leader RNA or smaller RNAs (lane 6) 

when added to the N-RNA template. These results confirm the original 

observations of Emerson and Yu (5) that both Land NS proteins are required for 

RNA synthesis in vitro. The L protein isolated from this virus strain (Indiana 

serotype, Mudd-Summers strain) was quite stable. Full enzymatic activity was 

retained after storage in liquid N2 for more than two weeks. Purified NS 

protein was highly stable and remained active for many months of storage in 
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liquid N2. The N-RNA complex was the most stable of the transcription complex 

components, retaining its template function for months even when stored at 4"C, 

although it was routinely stored in liquid NZ. 

1 2 3 4 5 
0 -

- OLIGO I 
-OLIGO II 

BPB -

FIGURE 8. Synthesis of oligonucleotides in reconstituted reactions. 
Oligonucleotide AC (oligoI) and AAC and AACA (oligoII) were synthesized in 
reconstitution reactions (ZOO ~l) using ATP (1 roM) and 100 ~Ci of [a- 32P}CTP 
(30 ~M) in the standard reaction conditions (30). After incubation for 2 hr at 
30·C, the oligonucleotides were isolated and treated with calf intestinal 
alkaline phosphatase (30), analyzed by electrophoresis in a 20% polyacrylamide 
gel and autoradiographed. The migration position of bromophenol blue (BPB) is 
shown. The amounts of the template, L, and NS proteins used in reactions were 
2.2 ~g, 0.2 ~g, and 1.4 ~g, respectively. Lane 1, template alone; lane 2, 
NS+template; lane 3, L+template; lane 4, L+NS+template; lane 5, template+L 
protein heated at 60°C for 2 min. 

At a fixed concentration of template and a saturating concentration of NS 

protein, RNA synthesis was significantly stimulated by the addition of 

increasing concentrations of L protein (Fig. 6). However, optimal RNA 

synthesis occurred at a concentration of O.Z ~g/ZOO ~l reaction (viz. 2.5 ~l). 

In contrast, the requirement of NS protein for optimal RNA synthesis was 

significantly higher than that for the L protein. As shown in Fig. 7, at a 

saturating concentration of L, RNA synthesis was optimal at an NS concentration 

of 1.4 ~g/200 ~l reaction (viz. 12 VI). These results indicated that the 

requirement for NS protein is at least seven-fold higher (on a weight basis) 
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than the L protein requirement for optimal RNA synthesis. Using the molecular 

weights for L, NS, and N proteins of 240,000 (32), 25,000 (33), and 47,000 

(33), respectively, and assuming 2,500 molecules of N protein/RNA (2), the 

molar ratio of RNA:L:NS determined here is 1:40:2800 (thus N:NS = 1:1). This 

value is similar to the molar ratio of the protein components found in purified 

virions (1:40:80, ref. 2), except that the NS protein is present in suboptimal 

levels. 

G­
N· 

M. 
NS ' 

1 2 34 567 8 

- 0 

- LEADER RNA 

FIGURE 9. Analysis of the RNA products synthesized at saturating L protein 
concentration and increasing amounts of NS protein. The mRNAs (lanes 1 to 4) 
and leader RNA (lanes 5 to 8) synthesized in vitro in reconstituted reactions 
containing template (2.2 )lg). L protein (O.T-;g) and various amounts of NS 
protein were analyzed as in Fig. 5. Amount.s of NS protein in lanes 1 and 5 
were 0.24 Ilg; lanes 2 and 6 were 0.48 Ilg; lanes 3 and 7 were 0.96 Ilg; and 
lanes 4 and 8 were 1.4 )lg. The migration positions of the mRNAs for G, N, M, 
NS, and leader RNA are shown. 0 represents the origin of the gel. 

In previous studies (18,25,30) initiation of RNA synthesis by purified or 

reconstituted RNP was monitored by the synthesis in vitro of pppAC 

(representing leader RNA initiation) and of pppAAC and pppAACA (representing 

mRNA initiation) using an incomplete reaction containing ATP and [a-32 pjCTP. 

Similar studies were carried out using purified L, NS and N-RNA template 

preparations. As shown in Fig. 8, purified template synthesized trace 
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quantities of AC (oligo I) and AAC+AACA (ol i go II) (lane 1). Similarly , very 

little oligonucleotide was synthesized when purified NS protein was added to 

the template (lane 2). In contrast, addit i on of purified L protein to the 

template significantly increased (20-fold) oligo I and (4-fold) oligo II 

synthesis (lane 3). Addition of a saturating amount of NS protein to the L 

fraction did not stimulate the oligonucleotide synthesis (lane 4). Heatin g the 

L fraction at 60~C for 2 min abolished the oligonucleotide synthesis (lane 5). 

These results suggest that the L protein is involved in the initiation of RNA 

synthesis, and that the function of NS is at some post-initiation step, such as 

chain elongation. 

G ­
N -

M ­
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FIGURE 10. Analysis of RNA products synthesized at saturating concentration of 
NS protein and increasing amounts of L protein. The mRNA products (lanes 1 
to 4) and leader RNA (lanes 5 to 8) synthesized at saturating concentration of 
NS protein (1.4 j.Ig), and increasing L prote i n amounts were analyzed by 
electrophoresis in 5% and 20% polyacrylamide gels electrophoresed, as in Fig. 9. 
Amounts of L protein in lanes 1 and 5 were 0 . 02 j.Ig; in lanes 2 and 6 were 
0.04 j.Ig; in lanes 3 and 7 were 0.08 j.Ig; lanes 4 and 8 were 0.2 j.Ig, 
respectively. The migration positions of the mRNAs for G, N, M, NS, and leader 
RNA are shown. 0 represents the origin of the gel. 

In order to understand better the role of NS protein in the transcription 

process, a series of reconstitution experiments was performed using limiting to 

saturating amounts of NS or L proteins. Each reaction produc t was analyzed for 
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synthesis of individual mRNA species by electrophoresis in 5% polyacrylamide 

gels and for leader RNA synthesis by analysis on 20% polyacrylamide gels. 

Figures 9 and 10, and Table 1 show the results of these experiments using 

various concentrations of NS protein (Fig. 9) and L protein (Fig. 10). When L 

protein was kept at a constant saturating concentration and the NS protein 

concentration was increased from limiting (0.24 pgJ200 pi) to saturating 

(1.4 1"gJ200 pI) (Fig. 9), the ratio of N mRNA to leader RNA increased steadily 

with the increase of NS protein concentration (Table 1). In contrast, at a 

constant, saturating concentration of NS protein, the increase of L protein 

concentration from limiting (0.02 pgJ200 pI) to saturating (0.2 pgJ200 pI) 

(Fig. 10) resulted in a constant ratio in the N mRNA to leader RNA over this 

concentration range (Table J). These results indicated that at saturating 

concentrations of L protein, all RNA chains are rapidly initiated, whereas 

chain elongation was rate limiting due to limiting concentration of NS protein. 

On the other hand, when NS protein was in e~cess, the rate limiting step was 

the initiation of RNA synthesis by L protein. Thus, any RNA chain initiated 

was quickly extended and completed due to the presence of an excess of NS 

protein. 

Radioactivity 
Additions incorporated Ratio 

(cpm) N-mRNA 
Expt. N-RNA L NS 
No. ~g ~g ~g Leader N-mRNA Leader 

A 1.5 0.12 0.16 791 652 0.8 

1.5 0.12 0.32 III I ll937 1.7 

1.5 0.12 0.64 1398 6139 4.4 

B 1.5 0.015 0.80 176 642 3.6 

1.5 0.030 0.80 269 1044 3.9 

1.5 0.06 0.80 373 1253 3.4 

Table 1. Reconstitution reactions were carried out using indicated amounts of 
N-mRNA complex, L, and NS proteins. The mRNAs and leader RNA synthesized in 
experiments A and B were analyzed by polyacryl~mide gel electrophoresis as 
described in Figs. 9 and 10, respectively. The labeled bands representing the 
N mRNA and the leader RNA under each reaction condition were excised from the 
gel and radioactivity quantitated by Cerenkov counting. 

In order to investigate further the role of NS protein in RNA chain 

elongation, a heat inactivation experiment was performed. Purified L or NS 

proteins were heated at 40", 60°, and 80°C for 2 min and used at saturating 
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concentrations for RNA synthesis in reconstitution experiments. Heating 

purified L protein at various temperatures virtually abolished synthesis of 

both completed mRNA (Fig. II, lanes 4, 5, and 6), and leader RNA synthesis 

(lanes 11, 12, and 13). In contrast, heated NS preparations were able to 

synthesize leader RNA as well as a series of small, preterminated RNA species 

migrating between the origin and the leader RNA (lanes 8, 9, and 10), but 

syn the sis of completed mRNA decreased sharply wi th t~he increase of temperature 

of heating. These results are consistent with the interpretation that heat 

treatment of NS protein effectively eliminated its capability to elongate and 

complete the large mRNA chains but had little effect on its capacity to 

complete small RNA chains. In contrast L, being thermolabile, failed to 

initiate RNA chains after being heated; consequently, no RNA was synthesized 

even though excess NS protein was present. 
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FIGURE 11. Effect of temperature on the Land NS proteins on mRNA and leader 
RNA synthesis in in vitro reconstitution reactions. The mRNAs (lanes 1 to 7) 
and leader RNA (lane~o 14) were synthesized using heated L (0.2 pg) or NS 
proteins (1. 4 llg) and template (2.2 llg) and analyzed as described in Fig. 9. NS 
protein was heated at 40°C for 2 min (lanes 1 and 8); 60°C for 2 min (lanes 2 
and 9); 80°C for 2 min (lanes 3 and 10). L protein was heated at 40°C for 
2 min (lanes 4 and 11); 60°C for 2 min (lanes 5 and 12); 80°C for 2 min 
(lanes 6 and 13). Lanes 7 and 14 represent control reactions at 30°C for 2 hr. 
The migration positions of mRNAs for G, N, M, NS, and leader RNA are shown. 0 
represents the origin of the gel. 
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It appears from the above results that L protein by itself lacks the 

ability to synthesize full-length mRNA but possesses the ability to initiate 

RNA chains. The NS protein, on the other hand, is not able to initiate RNA 

chains but is involved in promoting chain elongation by L by virtue of its 

interaction with the L and the N protein. Moreover, it appears that the 

requirement of NS protein for an optimal rate of transcription is approximately 

7-fold higher on a weight basis (or approximately 70-fold higher on a molar 

basis) than the L protein. This conclusion is different from that reported 

earlier (5,29) where a 1:1 molar ratio of Land NS proteins was found to be 

required for optimal RNA synthesis in vitro. One of the reasons for this 

discrepancy may be due to the extreme lability of the L protein used in the 

previous reports. 

The above results, taken together, strongly suggest that the L protein is 

the polymerase which interacts with the template and initiates RNA chains while 

the NS protein is required for chain elongation to produce full-length mRNAs. 

The NS protein possibly interacts with the L protein as well as with the N 

protein and alters the template so that the L protein can move along it. 

Perhaps NS protein is an RNA unwinding protein which displaces the N protein 

from the genome RNA for L protein to obtain access to the genome. This 

possibly explains the high molar requirement of NS relative to L. For each 1 

protein molecule, on the order of 70 NS molecules might be required to interact 

with the region of N-RNA, preceding the moving site of new RNA synthesis. It 

will be of interest to study whether any other agent, for example, cellular 

protein or synthetic proteins, can replace the unwinding function of the NS 

protein in vitro. Stimulation of RNA synthesis in vitro by host cell components 

has been reported (34). It remains to be seen whether the putative host 

factors facilitate NS function or can replace it in vitro. 

Specificity of interaction of the Land NS proteins with heterologous N-RNA 

complex 

The role of the N protein in the transcription process appears to be to 

impart stability to the genome RNA by maintaining the structural integrity of 

the RNP. In addition, direct interaction of Land NS proteins with the I 

protein is needed for transcription of the genome RNA. In order to probe the 

specificity of these interactions in vitro, two serologically distinct VSV werE 

used: VSV(Indiana) and VSV(New Jersey). The complete nucleotide sequences of 

the N-mRNAs of both serotypes revealed an identity of more than 80% of the 

amino acid sequences between the N proteins when conservative replacements 01 
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FIGURE 12. Heterologous reconstitut.ion reactions using N-RNA(IND) template. 
Reconstitution reactions using N-RNA(IND) template in vitro were carried out as 
detailed elsewhere (19). The RNA products were analyzed by electrophoresis on 
20% polyacrylamide gel followed by autoradiography. Reconstitution with 
N-RNA( IND) template and L(NJ) + NS(NJ) (B); NS(IND) (C); L(NJ) + NS(NJ) + 
NS( IND) (D); reconstitution with N-RNA(NJ) + L(NJ) + NS(NJ) (A). 
(Reprinted with permission from ref. 19). 
amino acids were considered (35). Moreover, previous biochemical studies had 

revealed that the sequences of leader RNA t.empIated by the 3'-end of the genome 

RNA of t.hese serotypes are very similar (36); t.here is one base change in t.he 

first 24 bases and 9 base changes in the last 23 bases. In addition, the 

S'-t.erminal capped AACAG sequence is conserved in all five mRNAs (37), and 

extensive homology is observed in t.he polyadenylic acid adjacent. sequences of 

t.he N-mRNA of the two serotypes (38). Thus, the N-RNA complex of both 

serotypes offers an excellent template to probe the specificit.y of interact.ion 

of Land NS proteins with heterologous templates. 

When the Land NS fractions of VSV(NJ) were added t.o purified N-RNA(IND), 

as shown in Fig. 12 (lane B), no mRNA or leader RNA were synt.hesized (19). A 

small amount. of oligonucleotides was synthesized, the majorit.y of which 

migrat.ed with the bromophenol blue dye. However, when purified NS(IND) was 

included in the t.ranscript.ion mixture, RNA synt.hesis ensued (lane D). As 
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expected, purified NS(IND) alone was inactive when added to the N-RNA(IND) 

(lane e). In a separate series of experiments using purified Land NS proteins 

of New Jersey, it was shown that a mixture of L(NJ) and NS(IND) was unable to 

support transcription unless NS(NJ) was present. Thus, it seems that for 

transcription of N-RNA(IND) complex, the L(IND) protein function can be 

replaced by L(NJ) whereas homologous NS(IND) was essential to form a stable RNA 

polymerase complex. The obligatory requirement of NS(NJ) was probably for 

stabilizing the L(NJ)--N-RNA(IND) complex. If, indeed, the L protein is the 

RNA polymerase that initiates RNA chains and the NS protein is involved in the 

RNA chain elongation process (see above), the heterologous resonstitution 

experiments indicate that N-RNA(IND) template recognized the L(NJ) for 

initiation of RNA synthesis whereas the chain elongation function was serotype­

specific. Thus, there is specific interaction of NS(IND) with its homologous 

template where L(NJ) and L(IND) share common binding sites that interact with 
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FIGURE 13. Heterologous reconstitution using N-RNA(NJ) template. 
Reconstitution reactions in vitro were carried out using N-RNA(NJ) + L(NJ) + 
NS(NJ) (A); N-RNA(IND) + L(IND) + NS(IND) (B); and N-RNA(NJ) + L(IND) + 
NS(IND) + NS(NJ) (e), as described elsewhere (19). The RNA products were 
analyzed by electrophoresis on 20% polyacrylamide gel followed by 
autoradiography. (Reprinted with permission from ref. 19). 
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the N-RNA(IND) template. In this respect the NS(IND) resembles the sigma f ac tor 

of bacterial DNA-dependent RNA polymerase (39) which imparts to the core enzyme 

specificity for binding and initiating RNA chains on the DNA template without 

having RNA synthesizing capacity by itself. 
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FIGURE 14. Requirement for transcription of N-RNA(NJ) template in heterologous 
reconstitution reactions. In vitro reconstitution reactions were carried out ----
as in Fig. 13 and RNA products analyzed by polyacrylamide gel electrophoresis. 
RNA products synthesized by N-RNA(NJ) template with L(NJ) alone (A); L(NJ) + 
NS(NJ) (B); and L(NJ) + NS(IND) (e), are shown. (Ref. 19. with permission). 

The requirements for transcription of N-RNA(NJ) were quite different from 

those of heterologous N-RNA( IND) (19). As shown in Fig. 13, a mixture of 

L(IND), NS(IND), and NS(NJ) failed to synthesize any RNA from N-RNA(NJ) 

template (lane e). These unexpected results suggested that L(IND) and NS(IND) 

may not form a stable complex with the heterologous N-RNA(NJ) template. 

Alternatively, NS(NJ) may not interact with L(IND) to perform the chain 

elongation function. It was further demonstrated that the N-RNA(NJ) template 

required forRNAsynthesisis homologous L(NJ), whereas NS protein could be 

interchanged. As shown in Fig. 14, when NS(NJ) was added to L(NJ) there was a 

6-fold stimulation of RNA synthesis (lane B). Identical stimulation was 



216 

obtained with NS(IND) when added to L(NJ) (lane C) indicating that L(NJ) coul 

interact with the NS protein of both serotypes. The small amount of RN 

synthesis by L(NJ) alone (lane A) was due to trace contamination with the N 

protein. The simplest explanation for this specificity is that I.(NJ) possesse 

domains at which both NS(NJ) and NS(IND) interact, whereas LlIND) lacked 

domain recognized by NS(NJ). Such putative sites or domains in the L protei 

may be inherently located in the amino acid sequence or be generated b 

specific interactions with the N proteins and RNA template. Although th 

precise reasons for these specific requirements for transcription 0 

heterologous templates are not presently understood, the above results clearl 

indicate that specific interactions between the Land NS proteins and also wit 

the N-protein RNA complex determine the capability of the complex to transcrib 

the genome template. It is interesting to note that despite considerabl 

sequence homology between the N genes of both serotypes, a monoclonal antibod 

raised against N(IND) failed to cross-react with N(NJ) (40), indicating tha 

there is an exposed epitope in the N-RNA(IND) complex which is highly specifi 

to the Indiana serotype. 

l'~horylation of NS protein~n<! tJ_ilJ1s,,:rj~1:ion ofV:-;V_g~n5'~eRNA in vitro 

It is well established that the NS protein is the major phosphoprotein 0 

VSV in infected cells; phosphorylation occurs predominantly in the serine an 

threonine residues of the polypeptide (41-43). In addition, M protein is als 

found to be phosphorylated at similar sites in ~ivo (44). However, in contras 

to NS protein, M protein contains a small portion of tyrosine residue 

phosphorylated in vivo (45). Since NS protein, in association with the 

protein, constitutes the RNA polymerase complex, regulation of phosphorylatio 

of this protein may playa role in the replicative process of the virus. 

number of in ~itro and in vivo studies have strongly suggested that the degre 

of phosphorylation of NS protein plays a regulatory role in the in vitr 

transcription processes (41,46,47,48,49,50). 

Phosphorylation of NS protein in vivo is generally considered to b 

mediated by a cellular protein kinase since purified virions exhibit a protei 

kinase act.ivity which phosphorylates virus structural proteins in vitro whe 

detergent-disrupted virions are incubated with [y_32p]ATP (42-44,48,51). I 

vitro phosphorylation occurs predominantly at the serine residues of th 

proteins and interestingly enough, significant phosphorylation at tyrosin 

residues is also seen in each of the structural proteins (45). These result 

indicated that possibly a cellular tyrosine-specific protein kinase may hav 
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been packaged within the virion during the final stages of maturation. Although 

the virion-associated protein kinases in VSV appear from several studies to be 

of cellular origin, some results lend credence to the idea that part of the 

protein kinase activity may be of viral origin (52). Since phosphorylation of 

NS protein appears from several studies to be important for the transcription 

process ,~ vitro, it was of interest to study the presence, if any, of protein 

kinase activity specific for NS protein in purified virions. 
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FIGURE 15. Protein kinase activity of purified Land NS proteins. L (lane B) 
and NS (lane A) proteins were purified by phosphocellulose chromatography and 
analyzed by polyacrylamide gel electrophoresis follqwed by silver staining. 
Aliquots of NS (20 VI, lane C), L (20 VI, lane D), and L+NS (10 VI each, 
lane E) were assayed for protein kinase activity using [y_32pJATP as substrate 
and labeled protein bands were visualized by autoradiography after 
polyacrylamide gel electrophoresis (53). Migration positions of L, NS, and N 
are shown. Concentration of Land NS proteins were 150 Vg/ml and 120 Vg/ml, 
respectively. 

Purified virions were disrupted with detergent in the presence of 0.4 M 

NaCI and purified RNP was prepared free from the G and M proteins by 

centrifugation (53). The Land NS proteins associated with the RNP were 

subsequently removed by treatment with 0.8 M NaCl. The Land NS proteins were 

further purified by chromatography on a phosphocellulose column; NS protein 

was recovered in the flow-through and the bound L protein was recovered by 

elution with 1 M NaCI. The protein kinase activity in each of these fractions 

was determined separately and in various combinations. As shown in Fig. IS, 

lane C, the purified NS fraction contained no demonstrable autophosphorylating 
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activity. The L protein fraction incorporated a small amount of radioactivity 

into the "bound" NS protein (lane D). However, when equal aliquots of NS and L 

fractions were mixed and protein kinase activity assayed, a 30-fold increase of 

[32P]-incorporation into the NS protein was observed (lane E). These results 

suggested that the L protein may possess a protein kinase activity, that 

phosphorylated NS. The L protein (1 Vg) incorporated approximately 1 pmol of 

[32 p J per Vg of NS protein in 30 min. Subsequent analyses indicated that 

phosphorylation occurred predominantly at serine residues (95%) with a small 

amount (5%) in threonine residues in the NS protein. 

phosphorylation was observed. 
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FIGURE 16. Labeling of L protein with [y_32P]-8-azido ATP. Land NS proteins 
were obtained as in Fig. 15, except that the L protein was further purified by 
double chromatography on a phosphocellulose column. Binding of L or NS protein 
with [y_32P ]-8-azido ATP (10 VM) was carried out in 50 VI of water and exposed 
to ultraviolet light with a peak wavelength of 364 nm for 30 min. The proteins 
were precipitated with ice-cold CCl3COOH and analyzed by electrophoresis on 10% 
polyacrylamide gels and autoradiographed. Lane A, L protein (15 VI) 
UV-cross-linked with (y_32P]-8-azido ATP; lane B, L protein (15 vI) 
UV-cross-linked with [y_32P]-8-azido ATP in the presence of unlabeled ATP 
(70 VM). Lane C, protein kinase activity of L + NS fractions (15 VI each) 
using [y_32P ]-8-azido ATP as phosphate donor. Autoradiogram exposure time for 
lanes A and B was 24 hr, whereas in lane C it was 1 hr. 

To confirm that the L protein and not some cellular contaminant is 

involved in mediating phosphate transfer from ATP to the NS protein, we used 

8-azido-adenosine-5'-triphosphate as a photoaffinity probe (54,55) to locate 

the binding site of ATP. Purified L fraction was reacted with 

8-azido[y_32 p ]ATP in the presence of ultraviolet light and the proteins were 
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subsequently analyzed by electrophoresis in a polyacrylamide gel. The 

concentration of labeled azido ATP was kept at 10 11M (Km for protein kinase 

reaction) which was considerably lower than the Km for ATP (500 11M) in the 

transcription reaction (56). As shown in Fig. 16, lane A, a distinct labeled 

band was associated only with the L protein. The label in the band was 

vi rtually removed (>90'% ) when the reaction was carried out in the presence of 

an excess of unlabeled ATP. In contrast, purified NS protein failed to react 

with 8-a z ido-[y_32p]ATP. The 8-azido-[y_32p]ATP was effectively used as a 

phosphate donor, as shown by the labeling of NS protein in the presence of L 

protein (Fig. 16, lane C). Since no other labeled protein band appeared in the 

gel, the above results strongly suggest that the L protein possesses a protein 

kinase activity and, following photoreaction, 8-azido-ATP was bound to its 

active site. 

A B c o E 
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FIGURE 17. Phosphorylation of exogenous phosphate acceptor proteins. Land NS 
proteins were obtained as in Fig. 15, and the kinase reaction was carried out 
using [y_32 p ]ATP. Lane A, L protein (15 Ill); lane B, L+NS proteins (15 )11 
each); lane C, L protein (15 Ill) + phosvitin (20 Ilg); lane D, L protein 
(15 )11) + NS protein (15 Ill) + phosvitin (20 Ilg); lane E, NS protein (15 Ill) + 
phosvitin (20 Ilg). The labeled proteins were analyzed by polyacrylamide gel 
electrophoresis followed by autoradiography. 

To test whether the L-associated protein kinase activity was specific for 

the NS protein, we used phosvitin as a phosphate acceptor protein. As shown in 

Fig. 17, purified L protein lacked autophosphorylating activity (lane A), but 

effectively phosphorylated the exogenously added phosvitin (lane C). It should 
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be noted that the purified L protein used in these experiments lacked 

contaminating NS protein. This was due to removal of traces of NS protein by 

repeated phosphocellulose chromatography of the L protein. The phosphorylation 

of NS protein (lane B), however, remained virtually unchanged even in the 

presence of an excess of phosvitin (lane D). Purified NS protein failed to 

phosphorylate exogenous phosvitin (lane E). Moreover, addition of increasing 

amounts of phosvitin failed to inhibit phosphorylation of NS by L protein. In 

contrast, when casein (1 Vg) was used as a phosphate acceptor, phosvitin could 

effectively compete with its phosphorylation. These results suggest that the L 

protein possesses a protein kinase activity which is specific for 

phosphorylation nf NS protein. 
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FIGURE 18. Effect of photoreaction of L protein with 8-azido ATP on protein 
kinase activity and transcription in vitro. Aliquots of purified L (15 Vi) and 
NS proteins (15 VI) (Fig. 15) wer;-photoreacted with unlabeled 8-azido ATP, as 
described in Fig. 16. Protein kinase activity of the mixture of Land NS 
proteins was assayed and labeled proteins analyzed by polyacrylamide gel 
electrophoresis. Lane A, UV-irradiated L fractions + NS protein; lane B, L 
protein UV-cross-linked with 8-azido ATP + NS protein; lane C, L fraction + 
UV-irradiated NS protein; lane D, L fraction + NS protein UV-cross-linked with 
8-azido ATP. 

In vitro RNA synthesis using N-RNA complex reconstituted with Land NS 
proteins~ carried out as described (19). RNA products were labeled with 
[et_ 32 pjCTP (30 VCi) purified and analyzed by electrophoresis on a 20% 
polyacrylamide slab gel containing 8 M urea. Lane E, UV-irradiated L fraction 
+ NS protein; lane F, L protein UV-cross-linked with 8-azido ATP + NS protein; 
lane G, L protein fraction + UV-irradiated NS protein; lane H, L fraction + NS 
protein UV-cross-linked with 8-azido ATP. Leader represents leader RNA, and 
migration positions of NS protein and xylene cyanol are shown. 
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In order to study whether the differential phosphorylated state of NS 

protein has any contribution to the transcription process in vitro, the L 

protein was photoreacted with unlabeled 8-azido ATP and its effect on 

phosphorylation of NS protein was studied. As shown in Fig. 18, lane B, 

phosphorylation of NS protein was inhibited by more than 90% when L protein was 

photoreacted, compared to the control reaction (lane A) where L protein was 

irradiated in the absence of the ATP analog. In contrast, photoreaction of 

NS protein had no effect on the L-associated protein kinase activity (Fig. 18, 

lanes C and D). In the same manner, RNA synthesis virtually ceased when 

photoreacted L was reconstituted with NS and N-RNA complex (lane F), compared 

to the control experiment (lane E). In contrast, photoreaction of NS protein 

had no effect on RNA synthesis (Fig. 18, lanes G and H) when reconstituted with 

Land N-RNA complex. Since phosphorylation of NS and overall transcription were 

strongly inhibited by photoreaction of L with 8-azido ATP, these results 

suggest that the degree of phosphorylation of NS protein may have a role in the 

transcription process in vitro. It is important to note that, in the absence 

of uv-irradiation, 8-azido ATP (1 mM) cannot substitute for ATP in RNA 

transcription in vitro and also will not inhibit RNA transcription in the 

presence of 1 mM ATP. 

From the above studies it appears that the L-associated protein kinase 

activity is probably virally coded. The major part of the activity found 

associated with the mature virion may be cellular in origin. Several recent 

reports (41,46,47,48,50,51) are consistent with this contention, in particular 

the incorporation of src protein into mature VSV grown in baby hamster kidney 

cells transformed with avian sarcoma virus (44). Although the majority of 

cellular protein kinases could be removed by extensive purification of RNP, the 

L-associated protein kinase activity remains strongly bound to the RNP. The 

precise roles of L protein-associated protein kinase and phosphorylation of NS 

protein in VSV transcription remain to be explored. 

CONCLUSION 

The apparently simple structure of VSV N-RNA complex, the ease of 

dis sociability of the Land NS proteins from the RNP, and the restoration of 

the transcription process by reconstitution make VSV one of the important model 

systems to study transcription in vitro. It became progressively clear that 

the interactions of three proteins with t.he genome template leading to mRNA 

synthesis is more complex than previously thought. The precise mechanism by 
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which the polar effect on transcription is maintained is still unclear. 

Specifically, the mechanism of termination of the leader RNA at the 47th base 

from the 3' -end remains an enigma. The catalytic and stoichiometric 

requirements for RNA synthesis of Land NS proteins, respectively, suggest that 

the secondary structure of RNA undergoes a dynamic change during the 

transcription process. The NS protein may be involved in maintaining a correct 

structure of the N-RNA complex which is compatible for transcription by the L 

protein. It is intriguing to note that during the transcription process, the 

RNA within the N-RNA complex remains inaccessible to the action of exogenous 

ribonuclease. Thus, if L or NS proteins are involved in "lifting" the N protein 

from the template to allow access to a region being transcribed, the site must 

be immediately protected following transcription. Whether L protein-associated 

protein kinase activity and differentially phosphorylated NS protein are 

involved in this process of interaction with the N protein remains to be 

explored. It is also important to study the domains of Land NS polypeptides 

that are directly involved in the interaction with N-RNA template. The results 

presented above clearly indicate that there are specific interactions between 

the L, NS, and N proteins which lead to mRNA synthesis in a heterologous VSV 

system. 

Although the capping, methylation, and polyadenylation of mRNAs have been 

demonstrated convincingly in the VSV system, the proteins mediating these 

processes have not been unequivocally established. A protein-GMP complex, 

similar to that shown for vaccinia and eucaryotic cell capping enzymes (57-60), 

has not been obtained in the VSV system. However, NS protein has been shown to 

tightly bind with GDP (61). Similarly, the mechanism by which the unique cap 

structure in VSV, G(5')BB-B(5')A, is formed has not been established. 

Thus, the VSV transcription system still remains an interesting system where 

challenging questions remain unresolved and where important new findings are 

bound to emerge in the future. 
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roBERT M. KRU;, ANN BFA'IDN, JANET BRAAM AND MIClJAEL KATZE 

SlMmRY 

Influenza viral nessenger RNA (mRNA) synthesis is initiated by 

cap 1 (m7~)-containing primers generated fran heterologous 

RNAs. We have elucidated the functions and movenents of the three 

viral P (PB1, PB2 and PA) proteins during viral mRNA synthesis 

catalyzed by plrified virion nucleocapsids in vitro. Viral mRNA 

synthesis occurs in the nucleus of infected cells, leading to: (i) 

disruption of the netabolism of host cell RNA polynerase II 

transcripts: and (ii) the modification (nethylating of internal A 

residues and splicing) of viral mRNAs by host nuclear enzynes. In 

the infected cell, another type of viral transcript, full-length 

transcripts, are synthesized, which, unlike the viral mRNAs, are 

initiated without a primer and contain a copy of the last 17-22 

nucleotides at the 5' ends of the virion RNAs. We describe the 

developnent of an in vitro system that catalyzes the synthesis of 

these transcripts, the presuned tenplates for virion RNA synthesis. 

Finally, we will show that influenza virus establishes a 

translational system that selectively translates viral and not host 

mRNAs. 

Dl.ll.UXX!'lOI(»J 

Influenza virus, which has a segnented RNA genane of negative 

polarity, employs a unique nedlanism for the synthesis of its viral 

nessenger RNAs (mRNAs). '!his synthesis requires priners generated 

fran heterologous cap 1 (m7~)-containing RNAs (1-6). 'Ihese RNAs 

are cleaved by a viral endonuclease at a plrine residue 10 to 13 

nucleotides fran the cap, and the reSUlting capped fragments serve as 

priners. Transcription is initiated by the addition of a G residue 

onto the 3' end of the capped primer fra<}llents, directed by the 

y. Beda1r (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Martinw; Nlihoff PubliYhing, Boston. AU rights Tf!.!II!TIIed. 
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penultimate C residue of the virion RNA (vRNA) tenplates (4). '!he 

viral mRNA chains are then elongated until a site of termination and 

polyadenylate (poly A) addition is reached 17-22 nucleotides from the 

5' ends of the vRNA templates (7-9). 

This process is catalyzed in vitro by viral nucleocapsids (or 

cores) (4), which contain four virus-specific proteins (10,11). '!he 

nucleocapsid (NF) protein, which is the predominant species 

(representing over 90% of the total protein), presumably serves 

largely a structural role. 'lhe other three viral proteins, the P 

proteins, distribute during two-dimensional gel electrophoresis into 

two basic species, PBl and PB2, and one acidic species, PA (11,12). 

Several experirrental approaches have established that one of the P 

proteins, the PB2 protein, is the cap l-recogniz ing protein. 

Ultraviolet (W) light-induced crosslinking studies enploying a 

capped RNA labeled with 32p only in its cap structure showed that the 

PB2 protein is closely associated with. the cap during the 

endonuclease reaction (11). In addition, it was shown that PB2 

specifically binds to a photoreactive derivative of m7GTP (13). 

Subsequent experiments using temperature-sensitive virus mutants 

established that the physical association of the PB2 protein with the 

cap 1 structure seen in crosslinking studies reflects a functional 

association. Temperature-sensitive mutants with a defect in the PB2 

protein were shown to exhibit temperature-sensitivity in cap 

recognition during viral ~ synthesis in vitro (14). 

'!he ability of UV-crosslinking experiments to discern the 

function of the PB2 protein in viral mRNA synthesis pronpted us to 

use this methodology to delineate the functions and movements of the 

three viral P proteins during viral mRNA synthesis (15). 'lhese 

studies, which will be s\llltnarized here, allowed us to formulate a 

coherent model for the functions and movements of the viral P 

proteins as they transcribe the influenza vRNA segments into viral 

mRNAs (15). 

Viral mRNA synthesis occurs in the nucleus of infected cells 

(16,17), utilizing capped RNA primers cleaved from newly synthesized 

polyrrerase II transcripts (16). As a result of the cleavage of their 

5' ends, the subsequent processing and transport of polymerase II 

transcripts might be affected. If a significant proportion of 
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various polymerase II transcripts were cleaved, then the production 

of new host cell mRNAs might be inhibited. Initial experiments 

indicate that this is in fact the case for at least two polymerase II 

transcripts. 

The interaction with host cell nuclear functions continues after 

the viral mRNAs are synthesized. 

that two of the viral mRNAs, 

Strong evidence has been obtained 

those coding for the Ml and NSl 

proteins, are themselves spliced to form smaller mRNAs (18). Several 

lines of evidence indicate that cellular enzymes catalyze this 

splicing: (i) the splice junctions in the viral mRNAs are closely 

similar to those found in RNA polymerase II-catalyzed transcripts 

(19-21); and (ii) the RNA transcripts copied off cloned viral DNAs 

(coding for Ml and NS1) that had been inserted into simian virus 40 

vectors are also spliced, utiliz ing the same splice junctions (22). 

This work has been carried out by Lamb and coworkers and has been 

sunmarized elsewhere (18,23,24). Cellular enzymes in the nucleus 

have also been implicated in the other major modification of 

influenza viral mRNAs, the methylation of their internal A residues 

to form N6 methyl adenosine (m6A) . In the total viral mRNA 

polulation, there are approximately two m6A residues per chain in the 

virus-coded region 

have been removed) 

(i.e., after the host-donated primer sequences 

(25,26) . Our results indicate that the two m6A 

residues in the virus-coded region are found in the same sequences 

(GAC and AAC) as in DN1\-directed RNA polymerase II transcripts. The 

role of internal m6A residues is not known, but it has been 

}X)stulated that these residues, whim have been shCMl1 to occur at a 

specific subset of the available GAC and MC sequences in several 

DN1\-directed transcripts, are involved in RNA processing and/or 

transport from the nucleus (27-30). If m6A residues serve a role in 

the splicing of influenza viral mRNAs, the simplest situation would 

be that only those viral mRNAs that undergo splicing (the Ml and NSl 

mRNAs) would contain m6As in the virus-coded regions. we will show 

here that all eight of the major viral mRNAs contain internal m6As. 

Because they contain host-derived 5' sequences and are not 

complete copies of the vRNA segments, the viral mRNAs are not 

suitable templates for vRNA replication. '!he presumed template RNAs, 

or full-length transcripts, have been identified in infected cells 
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(7,16,31). '!hese RNAs, unlike the viral mRNAs, are initiated without 

a primer and contain a copy of the last 17-22 nucleotides at the 5' 

ends of the vRNAs (7,31). '!he terrplate RNAs are not polyadenylated 

and require ongoing protein synthesis, presLmlably virus-coded, for 

the ir synthesis (31,32). In order to understand the nechanisrn of the 

switch fran viral mRNA. to template RNA synthesis - the first step in 

vRNA replication, it is essential to develop an in vitro system in 

which the synthesis of both template RNA and viral mRNA. occurs. we 
will describe here the developrent of such an in vitro system (33). 

In addition to its actions in the nucleus, influenza virus might 

be expected to affect the expression of host cell mRNAs in the 

cytoplasm, as host cell protein synthesis is shut off during 

infection (34,35). '!his \\Quld presumably involve sane nechanisrn for 

blocking the translation of host mRNAs synthesized both before and 

after infection. we will show that this is accomplished by the 

establishnent of an influenza virus-specific translational system 

that selectively translates viral and not host mRNAs (36). 

RESJLTS AM> DISClJSSI<E 

Functions and ~venents of the Viral P Proteins During capted 

RNA-Prined Viral mRNA Synthesis. '!he initiation of viral mRNA 

synthesis occurs via the incorporation of a G residue onto the 3' 

ends of the heterologous capped fragnents generated by the viral 

endonuclease (4). '!he viral protein catalyzing this initiation 

should be closely associated with this residue. Similarly, the viral 

protein responsible for the subsequent addition of ribonucleotides 

during chain elongation would be expected to be at the very 3' end of 

the growing transcript, coincident with the addition of the 3' 

terminal residue. To identify the protein catalyzing initiation, we 

incubated p.lrified viral nucleocapsids with a capted priner in the 

presence of (a _32p)GTP as the only ribonucleoside triphosphate. 

Under these conditions, one or a few G residues are added to the 

capped primer fragnent (Figure lA, lane 1) (4,11,15). To identify 

the elongation protein, we performed transcription reactions that 

result in the synthesis of incanplete mRNA chains containing 

32p-label only in the 3' terminal nucleotide (15). '!his was possible 

to accanplish because the initial part of the viral-coded region of 
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A 1 2 3 B 

Bos lc AcidIC 

PBI 

NP 

FIGJRE 1. Identification of the P Protein that Catalyzes the 
Addition of the 3' Terminal Nucleotide onto Growing Viral mRNA 
Chains. Viral cores };Urified as described previously (4,11) were 
incubated for 20 min at 31C in a 100 III reaction mixture containing 
AlMV RNA 4 and unlabeled GTP, CTP and ATP, each at 1001lM. '!hese 
cores with the nascent chains were freed of triJ;hosJ;ilates by spin 
chrorretography through Sephacryl S-200, and were then incubated for 
20 min at 31C in the presence of (a.-32p) UTP (lOIlM, 300 Ci/IIIllOle) as 
the only ribonucleoside triphosphate. (A) '!he labeled mA products 
of this reaction were electroJ;horesed on a 20% acrylamide 1M urea gel 
(lane 3). '!he RNAs synthesized in two other 100111 reaction mixtures 

were analyzed on the same gel: viral cores incubated for 20 min at 
31C with AlMV RNA 4 and either (a,..32p) GTP alone (lOIlM, 15 Ci/nmole) 
(lane 1) or three ribonucleoside triI;hosJ;ilates, (a-32p) GTP, CTP and 

ATP (lane 2). (B). After reIOOval of labeled (a-32p) UTP from the 
first reaction described above using spin cilranatography, the sample 
was irradiated at 254nrn at DC (dose: 6xl04 ergs/nun2); digested for 2 
hr at 37C with pmcreatic, Tl and T2 RNases; and then analyzed by 
two-d:irrensional gel electrophoresis (11,15). From (15) with pennission. 

each mRNA chain lacks uridine (U) residues (Figure 2). Qrr strategy 

then was to incubate viral cores with a capped RNA primer (alfalfa 

mosaic virus RNA 4 [AlMV RNA 41) and unlabeled GTP, CTP and ATP and 

then to isolate the viral cores containing the nascent partial rnRNAs 
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MRNA PRIMER V I RAL·-CODED 
SEGMENT REGION REGION 

L 3 M7 GpPpGM. A G C G A A A G C A G G (U) 
M7 GpPpGM. A G C A A A A G C A G G (U) 

5, 8 M7 GpPpGM. A G C A A A A G C A G G G (U) 
4 M7 GpPpGM. A G C A A A A G C A G G G G (U U) 
6 M7 GpPpGM. A G C A A A A G C A G GAG (U U) 
2 M7 GpPpGM. A G C G A A A G C A G G C A A A C C A (U U U) 

FIGlRE 2. '!he 5' Terminal Sequences of the Eight Viral rnRNA Chains. 
'!he viral mRNA chains or segments are numbered 1 to 8 in order of 
decreasing oolecular weight. '!he sequence of the 5' viral-coded 
region of the mRNAs is from Robertson (37). F=m (15) with r::ermission. 

free fran unincorporated 

resumed by the addition of 

triJ=hosfilate. As predicted, 

is 1-3 nucleotides longer 

triphosfilates. Transcription was then 

( ex _32p) UI'P as the only ribonucleoside 

the size of the RNA. (Figure lA, lane 3) 

than the p3.rtial transcripts terminated 

prior to the first U residue (lane 2) (15). 

To identify the protein(s} closely associated with either the 

initial labeled G residue or with the labeled U residue at the end of 

the p3.rtially elongated chains, the t\\Q reaction mixtures described 

above were exposed to UV light irradiation to covalently crosslink 

the labeled nucleotide to the protein(s} closely associated with this 

nucleotide (11,15). After nuclease digestion, the labeled protein(s} 

was identified by t\\Q-dimensional polyacrylamide gel 

electrophoresis. In both reactions, PBl, the larger of the two basic 

P proteins, is essentially the only P protein labeled (Figure 2B 

shows the results for the p3.rtial elongation reaction) . '!he 

crosslinking of NP occurs to varying degrees in different experiIlEnts 

and is almost certainly nonspecific. ve have shown that NP, because 

it constitutes greater than 90% of the protein in viral 

nucleocapsids, crosslinks nonspecifically to labeled primer fragments 

and product RNAs (ll). '!hus, PBl is the protein which is closely 

associated with the initial G residue added to the primer fragment 

and also with the 3' terminal residue added to growing mRNA chains. 
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Pulse-chase experirrents directly derronstrated that the PBl protein 

initially associated with the initiating G residue moves away from 

this residue as soon as elongation begins (15). Our results indicate 

that PBl is moving down the growing viral mRNA chain and is found 

associated with the last residue added to the chain. Consequently, 

PBl most likely catalyzes each nucleotide addition to the growing 

mRNA chain, specifically including the first G residue. 'Ihis 

conclusion has subsequently been confirmed by others, using pyridoxal 

phosphate to label the nucleotide binding site of PBl (38). 

'Ib determine whether either of the other two P proteins are also 

associated with the growing mRNA chains, ~ synthesized uniformly 

labeled partial transcripts terminated before the first viral-encoded 

u residue and exposed this reaction mixture to TN light (15). All 

three P proteins were associated with the uniformly labeled partial 

transcripts (Figure 3), strongly suggesting that the P proteins are 

present as a complex. If this were the case, the three P proteins 

should roove together from this initial region of the viral mRNA 

chains to downstream regions as the mRNA chains are further 

elongated. 'Ihese initial partial chains can be extended to various 

lengths by a second incubation with unlabeled UTP and two other 

unlabeled triphosphates. After this second incubation, the close 

association of the three P proteins with the initial partial chains 

was greatly reduced (80-90%) (15), indicating that these proteins 

move away from the initial labeled portion of the partial chains 

after a subsequent elongation. By labeling the extended region, and 

not the initial region, of the partial chains, we showed directly 

that the three P proteins move to the extended region (15). 

Consequently, the three P proteins move down the mRNA chains together 

during elongation. 

Since the PB2 protein is part of this complex, ~ determined 

whether the PB2 protein remains with, or dissociates from, the cap 

during chain elongation. We used capped AlMV RNA 4 labeled with 32p 

only in its cap and carried out transcription reactions which yielded 

mRNA chains extended to various lengths. As before, TN-crosslinking 

was anployed to monitor the association of the PB2 protein with the 

labeled cap. It was found that PB2 dissociates from the cap soon 

after 11 to 13 nucleotides have been added to the capped primer 
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PBI 

PB2 PA 

Basic Acidic 

FIGJRE 3. Identification of the P Proteins Associated with the 
Growing Viral mRNA O1ains. Viral cores were incubated for 20 min at 
31C wi th AlMV RNA 4 and three (a _32p) -labeled ribonucleoside 
trifhos];i1ates, GTP, CTP and ATP, earn at 2(),JM and 100 Cijmnole, in a 
final volume of 100\11. 'Ihe labeled triphosphates ~re reIlOved I:¥ 
spin dlranatography, and after W irradiation and nuclease digestion, 
the proteins ~re analyzed I:¥ two-dimensional electrophoresis. From 
(15) with permission. 

fragments (15). 

Because of our results, ~ can formulate a coherent IlOdel for 

the functions and movenents of the three influenza virus P proteins 

during capped RNA-prillEd transcription (15). 'Ihis IlOdel is shown in 

Figure 4. 'Ihe top diagram shows the IlOSt likely arrangenent of the P 

proteins during the generation of capped prillEr fragllEnts. 'Ihe P 

proteins are in the form of a canplex which must be located at the 3' 

end of the vRNA terrplates where transcription initiates. PreslUlBbly, 

irrlividually or cooperatively, the P proteins recognize and bind to 

the comoon 3' terminal sequence of the vRNA terrplates. 'Ihe PB2 

protein in this canplex recognizes and binds to the cap 1 structure 

of the prillEr RNA, allowing cleavage of the primer at a t:llrine 

residue 10-13 nucleotides fran the cap. \'e do not yet know which 

protein catalyzes this cleavage. 'Ihe sinplest idea is that PB2, the 

cap-recognizing protein, sIBIls the 5' terminal 10-13 nucleotides of 

the prillEr RNA arrl is cap:lble I:¥ itself of catalyz ing the cleavage 

reaction. Alternatively, the PB2 protein might catalyze this 
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vRNA 

PS2 UCGUUUUCGUCCCA .•• 

cap~l ... PSI) 
/~ 

:O-t~Np ...... . 

vRNA 

PS2 YG.GUUUUCGUCCCA '" • 

'~ cap~A __ G PSI 
pP 

FIGJRE 4. Model of the Functions, Interactions, and Movenents of the 
'Ihree P proteins during capped RNA-Prined Viral mRNA Synthesis. '!he 
sequence shown is that of vRNA and mRNA chain nuni>er 5 coding for the 
nucleocap:;id protein. From (15) with permission. 

cleavage only when in association with one or both of the other two 

proteins: or one of the other P proteins might cataly-Le cleavage. 

'!he PBl protein is a possible candidate, as it is located at the 

appropriate position at the 3' end of the priner fragnent poised to 

add the first G residue (second diagram). '!he third diagram shows 
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that after PBl adds the initial G residue, it moves down the 

elongating viral mRNA chains in a canplex with PA and PB2. '!he PBl 

protein leads the way, p:>sitioned at the growing end of the rnRNA 

chain, where it most likely catalyzes the addition of each nucleotide 

to the chain. Although the PA protein is p3.rt of the corrplex, ~ 

have not identified a specific catalytic function for this protein in 

viral rnRNA synthesis. For the first 11 to 15 nucleotides of chain 

growth, PB2 is bound to both the growing chain and the cap, p:>ssibly 

causing the formation of a loop at the 5' end of the growing chain. 

Subsequently, PB2 dissociates fran the cap, and the p:>lymerase 

complex continues to move down the chain (last diagram). '!his 

canplex has an aggregate molecular weight of about 255,000 and must 

thread its way down the vRNA templates through the multiple sites at 

which the NP protein (56,000 molecular weight) is associated with the 

vRNAs. '!he corrplex continues down the chain until it reaches a tract 

of 5 to 7 U residues about 17-22 nucleotides fran the 5' ends of the 

vRNAs (9) . At this site, p:>lyadenylation occurs, presumably 

resulting fran stuttering or repetitive copying of the U tract. 

Transcription then terminates and the viral rnRNA chains are released 

fran the viral nucleocap,;ids (15). It is not known what happens to 

the P protein corrplex at this p:>int. Does it fall off the 

nucleocapsids and/or recycle to initiate viral mRNA chains on the 

sane or a different vRNA nucleocapsid template? '!his remains an 

important unanswered question about viral mRNA synthesis. 

Interactions of Viral rnRNA Synthesis with Host Cell Nuclear 

Functions. Because influenza viral mRNA synthesis occurs in the 

nucleus utiliz ing priners derived from newly synthesized p:>lynerase 

II transcripts (16), the metabolism of various, or all, p:>lymerase II 

transcripts might be affected as a result of virus infection. 'Ib 

examine this, we have been focusing on several specific transcripts 

synthesized in chicken embryo fibroblasts (CEFs) and Hera cells. In 

CEFs, we have been examining the effects of virus infection on the 

metabolism of the transcripts coding for S -actin and for avian 

leukosis virus (ALV) proteins. Proviral DNA was integrated into host 

cell DNA as a result of prior infection by ALV. In initial 

experinents the kinetics of labeling (with 3H uridine) of these two 

transcripts synthesized in infected cells ~re neasured. '!he results 
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indicate that within one to t1fX) hours after infection these newly 

synthesized transcripts are degraded in the nucleus and that little 

or no new S -actin and ALV mRNAs appear in the cytoplasm. Experirrents 

are in progress to detennine whether other polymerase II transcripts 

in CEFs and HeLa cells are similarly affected. If IOOst of these 

other transcripts are also degraded in the nucleus, this would 

indicate that influenza virus effectively shuts down the production 

of new host cell mRNAs. 

Influenza viral mRNAs synthesized in vivo contain on the average 

three m6A residues per viral mRNA chain, with two being in the 

virus-coded region (25,26). Because of the postulated role of m6A in 

splicing, one possibility was that only those viral mRNAs that are 

subsequently spliced, namely the NSl and Ml viral mRNAs, contain m6A 

residues in the virus-coded region. The previous estimate of two m6A 

residues per viral mRNA chain was based on an analysis of total 

(unfractionated) viral ~ (25,26). 

To examine the virus-coded region only, ~ annealed poly(A)+ 

3H-methyl labeled in vivo mRNA to an excess of vRNA. (39). These 

hybrids ~re then digested with T2 RNase to relOOve the host-coded 

primer sequences found at the 5' end of the in vivo mRNA and to 

digest any host cell RNAs that might be present. 'Ib ensure that the 

integrity of the 5' end of the viral-coded region was maintained, ~ 

car ried out a titration of T2 RNase using double-stranded viral RNA. 

preparations in which the 3' end of the vRNA was labeled by ligation 

to [5' _32Pl]:Cp. We chose a level of T2 RNase which preserved the 3' 

end of the vRNA and hence the 5' end of the mRNA in the viral hybrids 

resolved by gel electroP1oresis. When hybrids of vRNA. and 

3H-methyl-labeled in vivo viral mRNA were hydrolyzed with T2 RNase 

under these conditions, 3H-radioactivity vas found in each of the 

vRNA.-mRNA hybrids (Figure 5A) (39), strongly suggesting that all of 

the viral mRNAs, both those that are and those that are not spliced 

to form smaller mRNAs, contain internal m6A residues. 'Ib verify that 

the 3H-radioactivity was indeed in m6A, hybrids containing the NP 

mRNA (which is not subsequently spliced) and NSl mRNA (which is 

subsequently spliced) were eluted from the gel, heat-denatured and 

digested with Pl nuclease and calf intestine P1osIilatase. The 

digests were analyzed by thin-layer chromatography. As shown in 
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FICIJRE 5. Determination of Which Viral mRNAs Contain m6A. (A) 
Infected cells were labeled wi th 3H-methyl methionine as previously 
described (25,26), and the poly(A)+ RNA was annealed to an excess of 
vRNA. '!he hybrids were digested wi th T2 RNase and electroFfloresed on 
a 5% nondenaturing acrylamide gel. After treatment with Autofluor, 
the gel was exposed to X-ray film. With longer exposure of the X-ray 
film, the 3H-label in the P bands are IOOre apIBrent. (B). 3H-methyl 
labeled poly (A) + RNA fran infected cells was mixed wi th 32p-labeled 
viral mRNA synthesized in vitro, and the mixture was processed as 
described in (A). '!he positions of the double-strands in the 5% gel 
were localized by virtue of their 32p content by exposure to X-ray 
film. '!he bands were eluted, digested with nuclease Pi and calf 
intestine alkaline phosJ;hatase and analyzed by thin layer 
chroI1Btography on CEL 300 CM plates in isoproIBnol: H20:NH40H -
7:2:1. Individual strips were cut out of the cilranatogram, eluted in 
H20 and counted in aqueous scintillation liquid. Cfle representative 
sample fran an unspliced mRN1\ (NP) and fran a mRNA that is 
subsequently spliced (NS equivalent to NS1) is sho\<\O. From (39) with 
pennission " 
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Figure 5 (39), essentially all the 3H-radioactivity in both viral 

mRNAs in the viral-coded regions was in m6A (39). In fact, all of 

the viral mRNAs ~re analyzed this way and all ~re found to contain 

m6A. 'lb determine the sequences in whidl these m6A residues were 

found, the vRNA-mRNA hybrids ~re eluted from the gel, and after 

heat-denaturation were hydrolyzed with p:mcreatic RNase or a mixture 

of p:mcreatic and Tl RNases (39). Analysis by p;lper electrophoresis 

showed that p;lncreatic RNase yielded 3H-label in APe and the mixture 

of p;lncreatic and Tl RNases yielded AC and APe. Based on the known 

specificities of these two RNases, these results indicated that the 

m6A residues are in APe and GAC (39), the sarre sequences that m6As 

are found in mRNAs (both cellular and viral) synthesized by 

polyrrerase II (40-42). Consequently, the sane nuclear enzyrre that 

methylates internal A residues of cellular mRNAs most likely also 

methylates the A residues in the virus-coded region of the influenza 

viral mRNAs. 

'!hese results certainly indicate that any role that m6A residues 

may play in splicing must be in conjunction with other sequences, 

e.g., appropriate splice junctions. Recent experiments in other 

systems using inhibitors of methylation (cycloleucine and 

S-tubercidinyhomocystein) have indicated that polyrrerase II 

transcripts with diminished amounts of m6A are inefficiently 

transported to the nucleus (29,30). '!hese results ~re interpreted 

as suggesting a role for internal methylation in processing and/or 

transport. Because \..e have found internal m6A residues in influenza 

viral mRNAs that do not undergo any processing steps, it is more 

likely that m6As are involved in transport rather than in 

processing. Finally, it should be pointed out that the role of the 

m6A residue app;lrently present in the host-donated region of 

influenza viral ~ is also not known (25). 

Synthesis of the TeIlJ?lates for Virion RNA Replication In Vitro. 

Because the synthesis of both the viral mRNAs and the templates for 

virion RNA replication occurs in the nucleus of infected cells (16), 

we determined whether infected cell nuclei are active in the 

synthesis of these two types of transcripts in vitro. Prep;lrations 

of infected cell nuclei whidl exhibited the highest activity for 

viral RNA transcription in vitro \..ere obtained by avoiding the use of 
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detergents (33). The nuclear pellet obtained after Dounce 

hanogenization of the cells in hypotonic buffer was washed with a 

large volume of this buffer to remove trapped cytoplasmic 

canponents. Phase contrast microscopy indicated that the nuclei were 

free of essentially all debris, presumably cytoplasmic in origin, but 

that sane of the nuclei contained small fragments of cytoplasmic 

material attached to the nuclear membrane. This low level of 

cyto~smic contamination was tolerated to preserve optimal 

transcription activity. 

Because of the requirerrent for ongoing protein synthesis for the 

synthesis of tem~te RNAs in vivo (31,32), the in vitro assays were 

carried out under conditions in which concanitant viral protein 

synthesis occurred (33) • under these conditions, our nuclear 

prep:lrations synthesized a small amount of viral proteins, presumably 

becuase of the presence of residual cytoplasm. To assay for the 

synthesis of template RNAs, the labeled RNA products were sep:lrated 

into poly(A)+ and poly(A)- fractions on oligo (dT) cellulose. To 

distinguish between viral mRNAs lacking poly (A) and template RNAs, 

the poly (A) - RNA was annealed to an Ml3 single-stranded DNA specific 

for transcripts copied off the NS vRNA. After digestion with RNase 

T2 (which will remove the poly A and the 5' primer-donated region 

fran the mRNA), the specific hybrids were bound to nitrocellulose 

filters. The NS in vitro transcripts were eluted by 

heat-denaturation and analyzed by gel electroIi1oresis. As shown in 

Figure 6, this procedure allows the analysis of NSI mRNA and NS 

template RNA free from a background of incanplete transcripts of 

larger vRNA segments (33). The poly(A)+ RNA synthesized by nuclei 

isolated at 3 hours after infection contains a predaninant band 

corresponding to the NSI mRNA (lane 1), and the poly(A)- RNA 

synthesized by these nuclei contains an additional predaninant band, 

larger in size, corresponding to the NS template RNA (lane 2). A 

small amount of template RNA-synthesiz ing activity was detected in 

the nuclei as early as at 1 hour after infection. This nuclear 

activity reached its maxiIrum at 3-4 hours, and then declined. cnly 

very low activity was detected in the cytoplasmic fraction (lane 7). 

To determine whether concanitant protein synthesis was actually 

required for the synthesis of tem~te RNAs in vitro, we tested the 
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FImRE 6. In Vitro Synthesis of Terrplate RNAs by Infected Cell 
Nuclei and the Ability of Infected Cell Cytoplasmic Extracts and its 
High Speed Supernatant to Confer Template RNA-Synthesizing Activity 
on Nuclei from Anisomycin-Treated Cells. BHK-21 cells at 3 hr after 
infection were fractionated into nuclei and cytoplasm (14,23). The 
nuclei (10)1 1, corresponding to approximately 106 nuclei) were 
incubated for 60 min at 31C in a final volune of 100)11 containing the 
four ribonucleoside triFhosFhates (UI'P labeled with 32p) , 5rrM 
Mg(~c)2' creatine FhosFhate and creatine Fhosphokinase, 
dithiothreitol, and the 20 amino acids. The RNA products were 
separated into poly (A) + (lane 1) and poly (A) - (lane 2) fractions by 
oligo (dT) cellulose chronatography. Both fractions were annealed to 
a vRN/I.-sense Ml3 DNA clcne of the NS segment (prepared by Geoffrey 
Shapiro of this laboratory) and were processed as described in the 
text. Infected cells treated with 100)1M anisanycin at 2.5 hr post 
infection were collected at 3 hr, and the isolated nuclei were 
incubated in the absence (lanes 3 and 4: poly (A) + and poly (A) - , 
respectively) or the presence of 35)11 of infected cell cytoplasmic 
extract (lane 5, poly (A) - only) or 35)Jl of its high speed supernatant 
(1.5 hr at 65,000 rpm) (lane 6, poly(A)- only) obtained from cells at 
3 hr after infection. lanes 7 and 8 show the poly (A) - NS RNAs 
synthesized in reactions containing the infected cell cytoplasmic 
extract and its high supernatant, respectively, in the absence of 
nuclei. lanes Sa, 6a, 7a and Sa are longer exposures of lanes 5-8. 
t designates NS template RNA; and m designates NSl mRNA. From (33) 
with permission. 
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effect of inhibitors of protein synthesis on terrplate RNA synthesis. 

Neither cycloheximide nor anisanycin inhibited either viral rnRNA or 

terrplate RNA synthesis catalyzed by the nuclear prep3.rations (33). 

This lack of dependence on ongoing protein synthesis was also 

observed using unfractionated infected cells (permeabilized with 

lysolecithin) to catalyze tenplate RNA synthesis. 

'!bese results suggest that influenza virus-infected cells 

contain a pool of protein (s) that is cap3.ble of supporting the 

synthesis of terrplate RNAs in vitro and that a sufficient anount of 

these proteins renains associated with the nuclear prep3.rations. To 

renove these proteins, we treated the infected cells with anisanycin 

at 2.5 hours prior to the isolation of the nuclei at 3 hours (33). 

Nuclei isolated fram these cells do not catalyze template RNA 

synthesis in vitro (Figure 6, lane 4), whereas they retain their 

activity in viral mRNA synthesis (lane 3). '!bus, the protein(s) 

needed for template RNA synthesis can be depleted fram the nuclei by 

inhibiting protein synthesis in the infected cells prior to isolation 

of the nucle i. 

We determined whether we could restore the activity for terrplate 

RNA synthesis to the nuclei fram anisanycin-treated cells (33). We 

added to these nuclei either the cytoplasmic extract from infected 

cells (3 hours after infection) or the fraction prep3.red by 

high-speed centrifugation of this extract. '!be cytoplasmic extract 

effectively restored the activity for tenplate RNA synthesis (Figure 

6, canp:l.re lanes 4 and 5). The anount of terrplate RNA-synthesizing 

activity in this reconstituted system was much higher than that seen 

in the cytoplasmic extract alone (coopare lanes 5 and Sa to lanes 7 

and 7a). In addition, the high-speed supernatant fraction fram the 

cytoplasmic extract, which contains no detectable 

template-synthesizing activity by itself (lanes 8 and 8a), restores 

terrplate RNA-synthesizing activity to the nuclei (lanes 6 and Ga). 

Anisanycin had no effect on template RNA synthesis in this 

reconstituted system, and cytoplasmic extracts from uninfected cells 

did not restore activity. 

Consequently, we have shown that infected cell nuclei exhibit a 

relatively high activity for template RNA synthesis in vitro (33). 

In fact, same nuclear prep3.rations synthesized more tenplate RNA than 
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viral mRNA. In contrast, template RNA synthesis in the infected cell 

is only about 5% of viral mRNA synthesis (7,16). In vitro and in 

vivo template RNA synthesis also differ in their need for concanitant 

protein synthesis. Protein synthesis inhibitors block template RNA 

synthesis in vivo (31,32), but not in vitro catalyzed either by 

nuclei or lysolecithin-permeabilized whole cells (33), as sumnarized 

here. Thus, the infected cells contain a pool of protein(s) 

sufficient for template RNA synthesis in vitro, whereas these 

protein (s) are app3.rently rate-limiting for this synthesis in vivo. 

This probably explains why template RNA synthesis (relative to viral 

mRNA synthesis) is higher in vitro than in vivo. 

The existence of a pool of soluble protein(s) needed for 

template RNA synthesis in infected cell extracts enabled us to 

establish a reconstituted system that catalyzes template RNA 

synthesis in vitro (33). This protein pool can be depleted by 

treating infected cells with a protein synthesis inhibitor prior to 

the isolation of the nuclei, and as a consequence the viral 

transcriptase complexes in the nuclei are rendered inactive in 

template RNA synthesis in vitro. However, they regain this synthetic 

capacity \\hen supplerrented with the cytoplasmic extract from infected 

cells or its high-speed supernatant fraction (33). These results 

indicate that the protein (s) and/or other components in the 

cytoplasnic extract of infected cells enable the viral transcriptase 

complex in the nucleus to antiterminate Le., to continue copying the 

vRNA template past the site at which termination occurs during viral 

mRNA synthesis (17 to 22 nucleotides from the 5' ends of the vRNAs). 

As discussed previously, the available evidence suggests that during 

viral mRNA synthesis "stuttering" or reiterative copying of the 

uridine tracts at this position on the vRNAs occurs, resulting in 

poly A synthesis and the termination of transcription of the ensuing 

5' terminal vRNA sequences (9). Factors present in the cytoplasmic 

extract of infected cells clearly inhibit this "stuttering" and 

termination step. A similar type of antitermination may also occur 

during the switch from mRNA to template RNA synthesis with other 

negative-strand RNA viruses, for example, with vesicular stanatitis 

virus (VSV), where an antitermination medlanism may account for the 

5Witch fran the synthesis of multiple mRNAs to a single full-length 
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template RNA (43). In fact, a reconstituted system capable of 

anti termination in vitro has recently been described for VSV 

(44-46). Template RNA synthesis with influenza virus, but not with 

VSV, has an added complication in that it requires a change from the 

primer RNA-dependent initiation occurring during viral mRNA synthesis 

to a primer-independent initiation. The cytoplasmic factors from 

influenza virus-infected cells also probably confer the capability 

for primer-independent initiation on the viral transcriptase 

complexes in the nuclei. As verification, however, it will be 

necessary to establish that the template RNAs synthesized in vitro 

contain labeled di - or tri -phosphorylated 5' termini. These 

experiments will be feasible when the efficiency of template RNA 

synthesis in the reconstituted system is increased lO-fold or more. 

As described previously in this report, during capped RNA-primed 

viral mRNA synthesis the three P proteins as a complex move down from 

the 3' ends of the vRNA templates until the site of poly(A) addition 

and chain termination is reached (15). The inhibition of this 

"stuttering" and termination step by the cytoplasmic factors from 

infected ce11s most likely results from modification of one or more 

of the three P proteins and/or by the addition of one or more 

virus-coded proteins to the P protein complex. Similarly, it is 

likely that the P protein complex would have to be altered to a110w 

initiation of chains without a primer. Another important question to 

be addressed is whether the P protein complexes associated with the 

nucleocapsids in the nuclei of infected cells are identical with the 

P protein complexes associated with the virion nucleocapsids. We 

have found that the addition of infected cell cytoplasmic fractions 

to virion nucleocapsids results in template RNA-synthesizing activity 

in some, but not all, experiments, suggesting that with virion 

nucleocapsids additional factors are required for the switch to 

template RNA synthesis. It should be possible to resolve this issue 

and to determine the mechanism of the switch from viral mRNA 

synthesis to template RNA synthesis the first step in vRNA 

replication by the identification and purification of the 

cytoplasmic factors that confer template RNA-synthesizing acti vi ty to 

nuclear and virion nucleocapsids. 

Translational Controls in Influenza Virus-Infected Ce11s. The 
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nuclear degradation of newly synthesized rolyrrerase II transcripts in 

infected cells does not explain the shutoff of host cell protein 

synthesis. Initial analysis of the steady-state levels of 

cytoplasmic ALV and S -actin mRNAs in CEFs indicate that these two 

mRNAs do not decrease in amount until after three hours rost 

infection. Our results indicate that the shutoff of host (and ALV) 

protein synthesis occurs prior to three hours. These results suggest 

that the shutoff is mediated by a viral translational system that 

selectively translates influenza viral and not host mRNAs. 

'Ihe existence of this control system was established by 

experiments in which adenovirus-infected cells at late times rost 

infection were superinfected with influenza virus. At late times of 

infection adenovirus effectively blocks the expression of host cell 

mRNAs. 'Ihe transport of newly synthesized host cell mRNAs fran the 

nucleus to the cytoplasm is greatly reduced, or essentially 

ellininated (47,49), and the translation of preexisting host cell 

mRNAs is drastically inhibited (47,48,50,51). It has been found that 

VAl RNA, an adenovirus-encoded rolymerase III product (52) , is 

required for the translation of adenovirus major late mRNAs, and that 

in the absence of VAl RNA (using an adenovirus mutant, dl331, which 

does not synthesize VA! RNA) neither host nor adenovirus late mRNAs 

are translated (53) . 'Ihese results indicate that adenovirus 

infection alters the translational machinery so that neither host nor 

adenovirus mRNAs can be translated and the VAl RNA then linparts to 

the translational machinery the capability for selectively 

translating late adenovirus mRNAs. To determine whether influenza 

viral mRNA overcomes these blocks, we super infected HeLa cells with 

influenza virus at early (4 hours) and late (16 hours) times after 

adenovirus 2 infection (36). Four hours later the cells were labeled 

wi th 35S-methionine for 1 hour, and the labeled proteins were 

analyzed by gel electrophoresis (Figure 7). As compared to HeLa 

cells infected with only influenza virus (lane 1), the levels of 

synthesis of the most readily detectable influenza virus-specific 

proteins, NP (nucleocafEid protein), Ml (membrane protein) and NSI 

(nonstructural protein 1), were not significantly reduced at early 

(lane 3) and at late (lane 5) times of adenovirus infection. At late 

times of adenovirus infection, little or no host cell proteins are 
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FlamE 7. Influenza Virus-Specific Protein Synthesis in 
Adenovirus-Infected Cells. Suspension HeLa cells were infected with 
adenovirus 2 (50 PFU/cell) for 4 hr (lanes 2 and 3) or for 16 hr 
(lanes 4 and 5), and superinfected with influenza virus (100 
PFU/cell) (lanes 3 and 5) or mock-super infected (lanes 2 and 4). The 
cells were incubated an additional 4 hr and then labeled with 
35S-rnethionine for 1 hr. As a control, cells were infected with 
influenza virus alone for 4 hr, and then labeled for 1 hr (lane 1). 
The labeled proteins were analyzed by electrophoresis on a 14% 
acrylamide gel. Equivalent amounts of each sample were applied to 
the gel. The positions of representative influenza virus- and 
adenovirus-specific proteins are shown on the left and right, 
respectively. From (36) with pennission. 

synthesized (canpare lanes 2 and 4). Thus, even at this late time 

after adenovirus infection, influenza viral rnRNAs synthesized in the 

nucleus are efficiently transported to the cytoplasm and translated 

(36) • Inrnunofluoresceoce studies performed with anti-hexon antiserum 
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denPnstra ted that all the BeLa cells examined ~re infected wi th 

adenovirus, indicating that influenza virus-specific protein 

synthesis is occurring in adenovirus-infected cells. In addition, 

though influenza virus inhibits host cell protein synthesis (e.g., 

carp:lre lanes 1 and 3 to lane 2), the synthesis of late adenovirus 

proteins, such as the hexon (polypeptide II), the nonstructural lOOK, 

penton base (III) and fiber (IV), renained at high levels after 

superinfection with influenza virus (compare lanes 4 and 5). '!he 

SaIre pattern of synthesis of influenza virus and adenovirus proteins 

was seen at 5 and 6 hours after influenza virus superinfection. 

As a consequence of capped RNA-primed initiation of 

transcription, the influenza virus mRNAs synthesized in late 

adenovirus 2-infected cells might be expected to contain the 5' ends 

of the najor late adenovirus transcripts. 'l11e presence of these 

adenovirus 5' ends might explain the ability of influenza viral mRNAs 

to be transported from the nucleus and to be translated. 

Consequently, ~ sequenced the 5' ends of a representative influenza 

viral mRNA - the NSl mRNA - synthesized in adenovirus-infected cells 

(36). An 18 base-pair restriction fragment obtained from cloned NSl 

DNA (labeled at the 5' end of the strand complementary to viral mRNA) 

(5) was hybridized to the cytoplasmic poly (A) + RNA from 

doubly-infected HeLa cells or from HeLa cells infected with influenza 

virus alone (36). '!he 5' end (s) of the NSl mRNAs ~re copied using 

reverse transcriptase, and the extension products were sep3.rated from 

the primer by gel electrophoresis (Figure 8A). '!he extension 

products from the cells infected with influenza virus alone formed a 

broad band in the range of 60 to 63 nucleotides in length (lane 2). 

In contrast, the extension products from the doubly-infected cells 

contained two discrete bands, 63 and 60 nucleotides in length, 

against a background (lane 1). 

Sequence analysis of the extended pcoducts from the cells 

infected with influenza virus alone confirmed that the NSl mRNAs in 

these cells contained heterogeneous 5' ends (Figure 8D) (36). '!his 

reflects the usage of a heterogeneous population of capped RNA 

primers, with a preference for CA-terminated fragments (GT in the DNA 

copy), as shCMn previously (5,54). In contrast, sequence analysis of 

the two discrete baOOs in the exterrled products from the 
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FIGJRE 8. Sequence Analysis of the 5' Terminal Sequences of 
Influenza Viral NSI mRNA in the Cytoplasm. Panel A: Poly (A)+ 
cytoplasmic RNA (50 II g) obtained from HeLa cells infected with 
influenza virus alone for 4 hr (lane 2) and from HeLa cells infected 
with adenovirus 2 for 16 hr followed by superinfection with influenza 
virus for 4 hr (lane 1) were each hybridized to as' end - labeled 
Hind II-Bam HI 18 base-t:air fragnent obtained from the NS-IO DNA 
clone (5) • Primer extension was carried out using reverse 
transcriptase, and the extended products (60-63 nucleotides in 
length) were set:arated fran the primer on a 20% denaturing 
polyacrylamide gel containing 8M urea. The labeled band of 22 
nucleotides represents primer which was filled in by the reverse 
transcriptase to form blunt ends (as established by sequence 
analysis) . The position of marker DNA bands 20, 33 and 54 
nucleotides in length are also shown on the left. Panel B: DNA 
sequencing gel of the 63 nucleotide-long extension product copied off 
the NSI mRNA synthesized in doubly-infected cells (lane 1 of Panel 
A). Panel C: DNA sequencing gel of the 60 nucleotide-long extension 
product copied off the NSI mRNA synthesized in doubly-infected cells 
(lane 1 of Panel A). Panel D: DNA sequencing gel of the extension 
products copied off the NSI mRNA synthesized in cells infected by 
influenza virus alone (lane 2 of Panel A). The horizontal line on 
the left of t:anels B-D marks the boundary between adenovirus or 
cell-derived sequences and influenza virus-encoded sequences. Fran 
(36) with permission. 
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doubly-infected cells indicated that sorre of the NSl mRNA molecules 

in these cells contained adenovirus 5' ends (Figures SB and 8C) (36). 

On the basis of the sequence of the discrete band of 63 nucleotides, 

it is evident that the first 13 nucleotides fran the 5' end of the 

major late adenovirus transcript, (m7Gppp)ACUCUCUUCCOCA (55,56), are 

joined to the NSl mRNA, with G as the first influenza virus-encoded 

nucleotide (36). From the sequence of the band of 60 nucleotides, it 

can be concluded that the first 10 or 11 nucleotides fran the 5' end 

of the major late adenovirus transcript are linked to the NSl mRNA. 

sane of the NSl mRNA molecules fran the doubly-infected cells do not 

contain 5' ends from the major late adenovirus transcript. 'Ibis is 

apparent fran the sequence analysis of the 60 nucleotide-long 

extension product (Figure SC), where the tenth 5' terminal nucleotide 

is evidently a mixture of A and C (T and G in the DNA copy). 'Ibis 

indicates the presence on sorre NSl viral rnRNAs of CA-terminated 

primer fragments, 10 nucleotides in length, which are not derived 

from the adenovirus 

non-adenovirus ends 

major 

can 

late 

be 

tr anscr i pt. 

identified 

In addition, these 

in the reverse 

transcriptase-catalyzed extension products which migrate between the 

63 and 60 nucleotide-long discrete bands (Figure SA, lane 1). 'Ibe 

sequence in these DNAs corresponding to the 5' ends of the NSl rnRNAs 

is heterogeneous. Fran these results, however, it is not possible to 

obtain a precise estimate of the percentage of the NSl ~ in the 

cytoplasm that contain adenovirus 5' ends. 

Consequently, we can postulate t~ ways for the influenza viral 

rnRNAs to overcane the adenovirus- imposed blocks against mRNA 

expression. In one, the influenza viral mRNAs, because they contain 

adenovirus sequences at their 5' ends, would mimic adenovirus mRNAs 

and ~uld utilize the adenovirus-specified systems for nuclear 

transport and translation. Alternatively, influenza virus would 

establish its own systems for transport and translation that are 

independent of adenovirus. '!he first postulate would predict that 

the NSl mRNAs containing adenovirus 5' ends are selectively 

transported fran the nucleus to the cytoplasm. '!b determine whether 

such selective transport occurred, we compared the 5' ends of nuclear 

and cytoplasmic NSl mRNAs, using primer extension and sequence 

analysis (36). We found that the amount of the extension products 
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and hence the anount of NSl mRNA in the nucleus was about 10-20% of 

that in the cytoplasm. A similar fraction of the nuclear and 

cytoplasmic NSl mRNAs were shown to contain adenovirus 5' ends, 

indicating that the transport of NSl mRNAs from the nucleus is 

independent of the presence of adenovirus 5' ends. 'Ihese results 

indicate that: (i) the systan for the transport of influenza viral 

mRNAs from the nucleus is distinct from that for the nuclear 

transport of cellular rnRNA sequences~ and (ii) adenovirus infection 

does not affect the influenza virus-specific transport system. 

If the presence of adenovirus 5' ends explains the ability of 

influenza viral mRNAs to be translated in late adenovirus-infected 

cells, then the influenza viral mRNAs associated with polyribosanes 

would be expected to contain almost exclusively adenovirus 5' ends, 

or at least, to be enriched in these ends in comparison to the total 

cytoplasmic influenza viral mRNAs. Tb examine this possibility, 

polyribosanes were isolated fran late adenovirus-infected cells at 4 

hours after superinfection with influenza virus (36). Figure 9A 

shows the sedimentation profile of the polyribosanes. 'Ihe 

polyribosornes were found in the pellet (designated sanple number 1) 

and in the gradient region (sample 2) whim sedimented faster than 

the rnonosornes (80S region~ sample 3). When the cells were labeled 

with 3H-uridine for 90 minutes prior to collection of the cells, the 

resulting radioactivity profile was essentially coincident with the 

A260 profile ShONrl in Figure 9A, except that an extra peak was 

observed in the 30 to 60S region (sample 4), presumably representing 

messenger ribonucleoproteins and/or influenza viral nucleocapsids. 

Northern blot analysis was carried out on cell-equivalent anounts of 

poly (A) + RNA fran samples 1 through 5 using as probe either 

32p-labeled adenovirus DNA or a mixture of 32p-labeled influenza 

virus PB2, NP and NS cloned DNAS. '!he results showed that the 

majority of the adenovirus late mRNAs and of the influenza viral NP 

and NSl rnRNAs were associated with polyribosanes (Figures 9B and 9C) 

(36) • Sorne of these t\\1O influenza viral rnRNAs, as well as the 

majority of the PB2 rnRNAs, were associated with the rnonosane region 

(Figure 9C, sample 3). A portion of all three influenza viral mRNAs 

were found in the 30 to 60S region (sample 4), where rnessenger 

ribonucleoproteins and/or viral nucleocapsids would be expected to be 
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FIGlRE 9. Identification of Polyribosorres Containing Adenovirus and 
Influenza Virus mRNlIs fran Doubly-Infected Cells. Panel A: 
Sedi.mantation profile of polyribosomes from doubly-infected cells. A 
cytoplasmic extract fran 3xl08 HeLa cells infected with both 
adenovirus and influenza virus was layered on a 10-50% sucrose 
gradient in 50rrM Kel, 5nM Mg{OAC)2' 20rrM Tris-Iel, J::H 7.5, and 
centrifuged in a SW28 rotor for 4 hr at 27,000 q:m. After dilution 
with an equal volune of TE buffer (10rrM Tris-Iel, J::H 7.5; lnM EIJ'I2I.), 
the absorbancy at 260 nm (A260) of the fractions from the gradient 
was determined. 'nle maximum A260 that could be measured without 
further dilution of the fractions was 5.0, so that the A260 of 
fractions 1-8 and 25-27 is actually 5.0 or greater. 'nle monosane 
peak sedi.mants at 80S. 'nle pellet was taken up in TE buffer and 
designated sample number 1. 'nle gradient fractions were pooled as 
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found. Little or no viral mRNAs were detected at the top of the 

gradient (sample 5). 'Ib examine the 5' ends of the NSl mRNAs 

associated with the different samples fran the polyribosane gradient, 

prirrer extension and sequence analysis was carried out (36). '!he 

results indicated that the NSl mRNAs with adenovirus 5' ends are not 

preferentially associated with the polyribosomes. 

Fran the analysis of the polyribosane-associated NSl mRNA, it 

was likely that influenza viral mRNA translation is independent of 

the positive regulation apparently exerted on the translation of late 

adenovirus mRNAs by VA! RNA. 'Ib obtain direct evidence for this 

conclusion, we employed d1331 virus, an adenovirus 5 deletion mutant 

defective in the synthesis of VA! RNA (55). Adenovirus 5-transformed 

293 cells were infected with either wild-type adenovirus 2 or the 

mutant d1331 virus for 16 hours and then superinfected with influenza 

virus for 4 hours (36). As controls, cells were infected with either 

influenza virus or adenovirus alone. '!he cells were labeled for 30 

minutes with 35S-me thionine, and the labeled proteins were analyzed 

by gel electrophoresis (Figure 10). In the absence of influenza 

virus superinfection (lanes 2-4), approximately 8-10-fold less 

adenovirus late proteins were synthesized at 20 hours after d1331 

infection (lane 3) than after wild-type adenovirus 2 (lane 2) or 

wild-type adenovirus 5 (lane 4) infection, as observed previously by 

others (48,53). en the other hand, the d1331 virus was at least as 

efficient as the wild-type adenoviruses in suppressing host cell 

protein synthesis (36). In fact, the inhibition of host cell protein 

synthesis is IIDre apparent in d1331-infected cells (lane 3) than in 

wild-type adenovirus-infected cells (lanes 2 and 4) because of the 

paucity of comigrating adenovirus-specific proteins. As shown in 

lanes 5 and 6, influenza virus superinfection of d1331-infected cells 

shown, yielding samples 2 through 5. '!he RNA from these 5 samples 
was extracted, and poly (A) + RNA was selected by oligo (dT) -cellulose 
chromatography. Panel B: Northern blot analysis of the poly(A)+ RNAs 
in samples 1-5 of the polyribosane gradient shown in panel A, using 
32p-labeleld adenovirus virus 2 DNA as probe. Panel C: Northern blot 
analysis of the poly(A)+ RNAs in samples 1-5 of the polyribosane 
gradient in panel A, using 32P-labeled influenza virus PB2, NP and NS 
DNA clones as probes. Cell-equivalent amounts of the poly(A)+ RNA in 
samples 1-5 were used for the analyses shown in panels B and C. From 
(36) with pennission. 
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FIGJRE 10. '!he Synthesis of Influenza Virus-Specific proteins in 
cells Infected by Adenovirus dl331, Which Ibes Not Synthesize VAl 
RNA. Monolayers of 293 cells 'Mere IOOck-infected (lane 1); or 'Mere 
infected with 10 PFUjrnl of adenovirus 2 (lane 2), dl331 (lane 3), or 
adenovirus 5 (lane 4) for 20 hr; or 'Mere infected with 50 PFUjml of 
influenza virus for 4 hr (lane 7). Another set of 293 IOOnolayers 
'Mere infected with adenovirus 2 (lane 5) or dl331 (lane 6) for 16 hr, 
and were then superinfected with influenza virus for an additional 4 
hr. Each set of cells was subsequently labeled with 35S rrethionine 
for 30 min, and cell-equivalent amounts of the labeled proteins were 
analyzed by electrophoresis on a 14% acrylamide gel. '!he p:>sitions 
of representative adenovirus- and influenza virus-specific proteins 
are shown on the left and right, respectively. From (36) with permission. 
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resulted in the synthesis of the same amount of the influenza 

virus-specific Ml and N81 proteins as after superinfection of 

wild-type adenovirus 2-infected cells (36). '!he relative amounts of 

the NP protein synthesized in the two sets of cells is difficult to 

ascertain because the wild-type adenovirus 2-infected cells contain 

one or more adenovirus-specific proteins that migrate close to the 

influenza viral NP protein. Also, the amount of the influenza virus 

NP, Ml and N81 proteins synthesized in d1331-infected cells (lane 6) 

is essentially the same as that synthesized in cells not infected 

wi th adenovirus (lane 7). '!hus, we can conclude that the translation 

of influenza viral mRNAs is VAl RNA-independent in late 

adenovirus-infected cells. 

One of the defects in translation in d1331-infected cells has 

recently been identified: the initiation of translation is reduced 

app3.rently because the 438 preinitiation cooplex (the 408 ribosome 

containing a ternary canplex consisting of met-tRNl>., GTP and 

initiation factor e1F-2) is unable to interact with mRNA to form a 

488 preinitiation canplex (57). '!his block in the initiation of 

translation must result from some roodification of the translational 

machinery occur ring during adenovirus infection. VAl RNA can 

overcome this block, but only for adenovirus mRNAs (53). '!he 

mechanism by which VAl RNA accanplishes this has not be established, 

but it has been postulated that VAl RNA somehow interacts with both 

the ribosane and the tripartite leader of late adenovirus mRNAs 

(58) . Clearly, because the translation of the NP, Ml and N81 

influenza viral mRNAs occurs at essentially normal levels in 

d1331-infected cells (36), influenza virus can overcome the block in 

translation initiation without VAl RNA. This suggests that an 

influenza virus-specified product, possibly a small RNA analogous to 

VAl RNA, enables the 438 preinitiation canplex to interact with 

influenza viral mRNAs, but not with adenovirus or cellular mRNAs, to 

form a 488 preinitiation canplex. It will be of great interest to 

identify this postulated influenza virus-specified product and to 

determine the sequences and/or other features coomon to the various 

influenza viral mRNAs that is recognized by, and interacts with, this 

postulated viral-specified product. 

In cells infected by wild-type adenovirus, the expression of 
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both adenovirus and influenza viral rnRNAs proceeds efficiently, with 

app;trently rnininal effects on each other. Our results suggest that 

this is accanplished at the level of translation by the establislInent 

of two kinds of polyribosares: one kind, presunably containing VAl 

RNA, that specifically translates late adenovirus rnRNA; and another 

kind, presumably containing an influenza virus-specified product, 

that specifically translates influenza viral rnRNAs. In contrast, 

cellular rnRNAs are displaced fram large polyribosares in cells 

infected by adenovirus alone (48), and this displacerrent would be 

expected to be increased in cells which are also infected with 

influenza virus. Because both the adenovirus rnRNAs and the influenza 

viral rnRNAs (p:l.rticularly the major NP and NSl rnRNAs) are 

predominantly associated with polyribosO/res (as shown by the Northern 

analyses of Figure 9) (36), a sufficient number of functional 

ribosO/res exist to accornodate the majority of both viral rnRNAs. 

VE can conclude that an influenza virus-specific translational 

system also rrediates the shutoff of host cell translation observed in 

the absence of adenovirus infection. It is not known whether the 

establishment of an influenza virus-specific translational system is 

preceeded by a modification of this system that blocks all 

translation, analagous to the events occurring in adenovirus-infected 

cells. Translational control via the selective binding of specific 

rnRNAs to ribosO/res occurs in several other virus systens (59-62) and 

also in cellular rnRNA translation (e.g. , after heat shock) (63-65) , 

but the rrechanism of this selectivity has not been definitively 

established in any of these systems. Consequently, it is 

considerable general interest to elucidate the rrechanisrn of 

translational controls operating in influenza virus-infected cells. 
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TRANSCRIPTION BY LA CROSSE VIRUS 

Jean L. PATTERSON and Daniel KOLAKOFSKY 

INTRODUCTION 

The genome of La Crosse (LAC) virus, a member of the California 

encephalitis serogroup of the insect-transmitted Bunayviridae (I), 

consists of 3 segments of single-stranded RNA of negative polarity (-) 

each contained within a separate nucleocapsid labelled small (S), medium 

(M), and large (L). Genetic and molecular studies have led to the 

following gene assignments: the S segment codes for the N protein, the M 

segment codes for the two surface g lycoproteins, and the L segment, by 

e 1 iminat ion, codes for the L protein which is located interna lly and 

thought to be part of the viral polymerase (2,3,4). In addition to the 

structural proteins, bunyavirus-infected cells also contain at least two 

nonstructural (NS) proteins, NS s and NSm, coded for by the Sand M genome 

segments respectively (5). The complete nucleotide sequences of the S 

genome of LAC and snowshoe hare (SSH) viruses have recently been 

determined (6,7). In both viruses, the S segment has been shown to 

contain two overlapping open reading frames (ORF). 

Recent ly, the use of synthet ic 0 ligonuc leot ide primers, end-labe lIed 

Y. Becke (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Martinw; N'yhoff Publishing, Boston. AU rights 1'f8I!1'1N!ti. 
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DNA and genome RNA probes have revealed that transcription at the 

beginning of the 3' end of the LAC S (-) genome segment is more 

complicated than expected (8). Both primer extension and Sl nuclease 

mapping studies have detected the 5' end of the major message-sized 

transcript near the precise 3' end of the (-) genome template, and at 

least 7 other minor transcripts, also putative mRNAs, which start 

internally within a 75 nucleotide-long stretch near this end. Further, 

using 3' end-labelled, S- genome RNA as a probe, three leader RNAs 

complementary to the exact 3' end and extending for 75, 95, 115 

nucleotides were also demonstrated. The presence of these leader RNAs 

suggested that the putative mRNAs which start internally might be the 

result of reinitiation of the viral polymerase after termination of 

leader RNA synthesis. 

We describe here the mapping of the 3' end of the major S mRNA. We 

also demonstrate that the major LAC S genome mRNA starts on a host­

derived primer. Due to this unexpected finding that LAC transcription 

resembles that of influenza virus, we further characterized the in vitro 

transcription mechanism of LAC and found stimulation of transcription 

with oligonucleotides such as (A)nG, cap analogues, and natural mRNAs 

such as a lfa lfa mosaic virus (ALMV) 4 RNA. In the case of (A)nG and ALMV 

4 RNAs, stimulation occurs by acting as primers for viral transcription 

while the cap analogues appear to stimulate via an alternate mechanism. 

We also report that LAC virions contain a cap- dependent endonuclease 

activity similar to that reported for influenza virus. 

MATERIALS AND METHODS 

Preparation of intracellular RNA: BHK cells were infected and harvested 

(4) as modified by Lindsey-Regnary (9). Cytop lasmic extracts of 

uninfected and LAC- infected BHK-2l cells were prepared and fractionated 

into esCI pellet and banded material as previously described (8). The 

CsCI pellet RNA was adjusted to a concentration of 200 OD/ml. 
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g ana lysis of LAC ~ c lone DNA and LAC CsC 1 pe llet mRNA: 

The 520 bp Ava II restriction fragment corresponding to nucleotide 600-

982 of the LAC S genome fused to a poly C tract and to nucleotide 3616-

3505 of pBR322 (see Fig. 3) was isolated from 10 ILg of LAC S plasmid 4C-

26 (6). This fragment labelled with a-32P-CTP and the Klenow fragment of 

DNA polymerase 1 was either left double-stranded or strand separated as 

described in the figure legends. The labelled (-) strand or the double­

stranded fragments were eluted from the preparative gel, recovered by 

ethanol precipitation, and mixed with varying concentrations of 

uninfected or LAC- infected CsCl pellet RNA (as described in the figure 

legends) and ethano 1 precipitated. For the sing Ie-stranded probe, the 

recovered nucleic acids were raised to a volume of 20 ILl of 40 mM PIPES, 

pH 6.4, 2 mM EDTA, 0.4 M NaC 1 and hybridized at 55 0 C overnight as 

described in text. The double-stranded fragments were raised to a volume 

of 20 IL 1 of 40 mM PIPES, pH 6.4, 1 mM EDTA, 0.4 M NaC 1, 80% formamide and 

hybridized at 50 0 C. After hybridization, 0.2 ml of ice- cold Sl nuclease 

buffer (0.28 M NaCl, 0.05 M sodium acetate pH 4.6,4.5 mM ZnCl, 2 mM EDTA 

and 10 ILg/ml tRNA) containing 500 units/ml of Sl nuclease was added and 

the reactions were incubated for 45 min at 37 0 • The reactions were then 

phenol extracted and the remaining nucleic acids were recovered by 

ethanol precipitation and electrophoresed on 7 M urea, 8% polyacrylamide 

ge 1 (10). 

Oligodeoxynucleotide primer extension (ODPE) analysis 

Oligodeoxynucleotide primers which correspond to nucleotides 38 to 50 and 

136 to 147 from the 3' end of the S (-) genome were gifts of J. Obijeski 

(Cenetech, Inc.). The 5' end of the primers were labe lIed with gamma 

32p_ATP and T4 polynucleotide kinase. The RNAs to be tested were mixed 

with 25 ng of labelled primer and ethanol precipitated. The reaction was 

then resuspended in 7 ILl of H20 and heat denatured at 90 0 for two 

minutes. The reactions were then placed at 43 0 and the reaction 

conditions were changed to 50 mM Tris (pH 8.3), 8 mM MgCl, 0.08 M NaCl 

and 16 units of avian myoblastosis virus (AMV) reverse transcriptase in a 

total volume of 20 ILl and incubated for 90 min. The reactions were then 
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phenol extracted and ethanol precipitated and analyzed on an 8 or lZ% 

polyacrylamide gel (10). 

Preparation of purified LAC virions 

BHK cells were infected with LAC virus at a multiplicity of 0.01 pfu/cell 

and the infection was carried out for 48 hours at 37 0 • The cellular 

supernatant was then harvested, cleared by low speed centrifugation 

(10,000 x g for ZO min) and the virus was then precipitated by the 

addition of Z.3 gm of NaCl and 7 gm of polyethylene glycol 6000/ml, 

st irred for 4 hours at 0 0 and co llected by centrifuging for ZO min at 

10,000 x g. The pellet was then resuspended in 10 mM Tris-Hel, pH 7.4, 

100 mM NaCl, 1 mM EDTA (TNE) and the virus banded in a glycerol-tartrate 

gradient (4) by centifugation for 4 hours at 35,000 rpm in SW 41 rotor. 

The visible virus band was then removed, diluted with TNE, pelleted 

through a 30% g lycero 1 cushion and resuspended in 10 mM Tris-Hel, pH 7.4, 

1 mM EDTA at a concentration of 0.5 to 1 mg/ml. The virus was stored at 

-ZOo and appeared stable to freezing and thawing. 

LAC V1r10n in vitro polvmerase and endonuc lease reactions 

The in vitro reaction conditions were essentially those of Plotch and 

Krug (ll) and contained 50 mM HEPES, pH 8.1, 100 mM KCl, 6 mM MgCl Z' 1 mM 

DTT, O.Z% NP40, 1mM ATP, GTP and CTP, 50 11M UTP containing 5 IIC of 3Zp _ 

a-UTP, 40 IIg/ml of rat liver ribonculease inhibitor and purified LAC 

virions at 100 to ZOO IIg /ml. The reaction was incubated at 30 0 and 

incorporation was measured by TCA precipitation onto Whatman G/FC filters 

which were washed with 5% TCA containing 50 mM Na ZPZ0 7 • For non­

radioactive reactions the UTP was raised to 1 mM and the reaction 

products of 100 111 reactions were recovered by centrifugation through a 

ZO to 40% CsCl gradient after disruption of the virions with four volumes 

of 0.5M NaCl, 1% NP40 and 10 mM EDTA. The pelleted RNA was redissolved, 

recovered by ethanol precipitation and dissolved in 50 111 of 1 mM EDTA, 

10 mM Tris-Hel, pH 7.4 (ET). For the endonuc lease reactions LAC virions 
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Fig. 1. Organization.Q!. the major LAC §.genome transcript. 
The left side of the top line shows the position of the synthetic 

oligonucleotide used for primer extension, and the right shows the 
position of the restriction fragments used to map the 3' end of the S 
mRNA with S1. The middle line shows the S(-) genome with its 3' end at 
position 0: the bar above the line denotes the N protein-coding 
sequence. The bottom line shows the structure of the major LAC S 
transcript deduced from these studies. The box at the left denotes the 
presumed host primer at the 5' end of the mRNA. 
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were incubated with 32P-cap-labelled ALMV 4 RNA in the same reaction 

conditions as the polymerase reaction but without triphosphates and 

analyzed on 12.S% polyacrylamide gels. 

RESULTS 

Location of the r end of the LAC ~ mRNA 

Annealing studies using radiolabelled virion (-) genome RNA and 

total intracellular viral RNA have demonstrated both full-length and 

almost full-length transcripts of the S genome (9,12). The full-length 

transcript was found entirely in the nucleocapsid structures which band 

in CsCl density gradients, whereas the almost full-length transcript was 

found in the pellet of the gradient (9). The LAC S genome segment is 982 

nuc leot ides long. To map the 3' end of the S mRNA, 3'- end labe lIed DNA 

restriction fragments which began at position 600 and 736 in the viral 

DNA sequences and extended past the end of the S genome into the pBR322 

vector sequences were used to examine the mRNA (CsC 1 pe llet) from both 

uninfected and virus- infected cells (see Fig. 1). The results of these 

experiments using both ds and ss DNA starting at position 600 as probes 

show that a single 286 bp band is obtained only when infected cell, CsCl 

pellet RNA was used (Fig. 2 lanes 4,S,and 9). The probe starting at 

position 736 confirmed this result, placing the end of the S mRNA ISO 

nuc leotides away from the start of this probe ( data not shown). These 

results therefore place the 3' end of the S mRNA at approximately 

position 886 on the S genome segment. 

A noteworthy feature of the sequence at position 886 is the poly­

uridine tract 3'(-) GUUUUU (886-892) which is similar to other (-) RNA 

virus termination-polyadenylation signals which also contain a U run 5 to 

7 nuc leotides long (13,14,lS). It is therefore curious that LAC S mRNA 

is apparently not polyadenlylated (16,17). It should be noted however, 

that the absence of a poly(A) tail on the S mRNA has not yet been 

examined directly, therefore the inability of bunyavirus mRNA to bind to 

oligo dT columns may be due to the shortness of the poly(A) tail rather 

than its complete absence. On overexposure of similar experiments there 
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Fig. 2. II nuc lease mapping of the r end of the LAC ~ mRNA. 
The 520 bp Ava II restriction fragment ( see Fig. 1) was annealed to 2 

or 1 optical density units of LAC-infected, CsCl-pellet RNA (lanes 4 and 
5, respectively) and 2 optical density units of uninfected CsCl pellet 
RNA (lane 2) overnight in 80% formamide at 50 0 C and digested with 81 
nuc lease as described in the text. Lane 3 shows the undigested 
restriction fragment. The same Ava II restriction fragment was also 
strand separated, and the (-) strand was annealed to 2 optical density 
units of LAC-infected, CsCl-pellet RNA (lane 9) or 2 optical density 
units of uninfected CsCl-pellet (lane 7) at 55 0 C overnight without 
formamide. Lane 8 shows the undigested single-stranded DNA fragment. 
Lane 12 shows Hinf 1 digestion of pBR322, and lanes 6 and 10 are Msp 1 
digestion of pBR322. The arrow on the right refers to the region where a 
full-length transcript would be expected. 
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appears to be a back up stop at position 925 marking a GUUUUUU sequence 

on the (-) genome. Little if any full-length anti-genome RNA appears in 

the pe llet of the CsC 1 gradient as shown by the lack of 81- detectab Ie 

RNA at position 982 (arrow on right hand margin of Fig. 2). 

Examination of the precise 5' end .Qf the major ~ mRNA 

The curious and unexpected finding that on-going protein synthesis in 

bunyavirus-infected cells is apparently required for transcription 

(16,17) as well as genome replication led us to reexamine the 5' ends of 

the LAC mRNA more precisely. As mentioned above we have examined the 

5' ends of the 8 genome mRNAs by both 81 mapping and primer extension. 

Both techniques detected the major transcript at or near the precise 3' 

end of the 8 genome template. The primer extension experiment was also 

carried out in the presence of ddNTPs so that the nuc leotide sequence 

cou ld be read direct 1y from the ge 1. These experiments ( cf. Fig. 4b, 

ref. 8) precisely mapped the 5' ends of the minor transcripts at position 

74 to 123 with reference to the cloned 8 genome, but the precise 5' end 

of the major transcript could not be determined because the sequence 

within the first 30 to 40 nuc leotides of the major transcript was too 

weak to read. Furthermore, relative to restriction fragment markers, the 

major transcript appeared to be slightly longer (156-160 bp) than 

predicted from the 8 genome clone (147 bp). 

We have therefore repeated this experiment using the same 5' end 

labelled primer (position 147 to 136) except that more radioactivity was 

used and the sequence gel was electrophoresed longer to better display 

this region (Fig.3). Note that the extended primer does not stop at 

position 1 (the precise 3' end of the (-) genome template) but continues 

beyond the end of the (-) template and stops heterogeneously at position 

-10 to -14 (just above 154 bp, Hinf 1 marker). The sequence between 

position +1 and -10 is uninterpretable; the A and G lanes contain a band 

at every position, wherease the C and T lanes are too weak to read. 8uch 

a result is consistent with a heterogeneous sequence at position +1 to 

-10. These results suggest that the first 10 to 14 nucleotides at the 5' 

end of this mRNA cannot be coded for by the virus genome, and that they 
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Fig. 3. Dideoxy sequence 2i. the L.end 2i. the major 2. mRNA. 
The 5' end-labelled duodecamer (see text) was primer extended on 

uninfected (right hand T lane) or LAC-infected, CsC I-pellet RNA (four 
left hand lanes) as described in the presence of individual 
dideoxynucleotide triphosphate. Lanes surrounding the sequence are Hinf 1 
digestion of pBR322. The numbers on the right-hand margin refer to the 
lengths of the restriction fragment markers. The sequence lanes are 
marked with their appropriate dideoxynuc leot ide added, and the dots to 
the right of the ladder bands show the sequence expected at the 5' end of 
the major S mRNA. The numbers on the left-hand margin refer to the 
nucleotide position from the 3' end of the S (-) genome. 
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are heterogeneous both in sequence and length similar to the 5' ends of 

influenza virus mRNAs (18-20). It therefore appears that the major LAC S 

mRNA initiates on a 10 to 14 nucleotide-long primer, presumably of host 

origin, and continues to position 886 on the (-) genome (Fig. 1). 

Effect Qf oligonucleotides and £1!.E. analogues on LAC virion polymerase 

activity 

Because of the obvious similarities between the structures at the 5' 

ends of bunyavirus and influenza virus mRNAs mentioned above, and the 

large body of information aready availible for how influenza virus 

initiates its mRNA synthesis, we have chosen influenza virus as a model 

in examining LAC virions for polymerase activity. McGeoch and Kitron 

(21) and Plotch and Krug (11) have demonstrated that guanosine 

nucleosides, nucleotides and oligonucleotides stimulate the influenza 

virion polymerase reaction. The dinucleotide ApG can stimulate the 

influenza polymerase reaction as much as 100-fold and has been shown to 

act as a primer presumab ly by base pairing with the 3' end termina 1 OH­

UpC of the influenza (-) genome segments (11,21). Since the LAC genome 

segments contain a simi lar 3' termina 1 sequence, purified LAC virions 

were incubated as described in Materials and Methods, plus and minus the 

oligonucleotides shown in Table 1 and TCA precipitable incorporation was 

determined. LAC virions alone did incorporate a low level of 32p_UTP into 

acid-precipitable material. The dinuc leotide ApG (but not GpA or ApA, 

not shown) and the trinucleotide ApApG stimulated the polymerase activity 

1.4 to 4.1-fold and 1.2 to l3.2-fold respectively (Table O. The extent 

of stimulation varied from one experiment to another for unknown reasons, 

but the stimulation by these short oligonucleotides appeared greatest 

when the endogenous polymerase activity of the virions was the lowest. 

Penn and Mahy (22) have demonstrated that cap analogues such as mGpppAm 

or mGpppAm also stimulate the influenza virion polymerase reaction. 

However, unlike dinucleotides such as ApG, the cap analogues are not 

incorporated into the transcripts but presumab ly act through an 

a llosteric mechanism since the cap ana logue and ApG st imu lat ions are 

additive. Table 1 also demonstrates that these cap analogues similarly 
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TABLE I Stimulation of LaC Virion Polymerase 

Additions 
cpm x 10- 3 Fold 
5 }Jl stimulation 

Experiment 1 none 3.0 

AG 4.2 1.4 

AAG 7.1 2.4 
m m 

13.6 4.5 GpppA 
m 

m m 
AG + GpppA 19.6 6.5 (5.9) 

m 
m m 

22.2 7.4 (6.9) AAG + GpppA 
m 

Experiment 2 none 6.5 

AAG 8.0 1.2 
m m 

GpppA 16.7 2.6 
m 

m m 
AAG + GpppA 22.1 3.4 (3.8) 

m 

ALMV4 46.6 7.2 
m m 

ALMV4 + GpppA 
m 

31. 2 4.8 (9.8) 

Experiment 3 none 5.0 
m 

18.8 3.8 + GpppA 
m 

m m 
21. 5 + GpppA 4.3 

m 

+ ALMV4 64.5 12.9 

Experiment 4 none 2.1 

+ AAG 9.2 4.5 

none 1.3 

+ AAG 5.2 4.0 

Experiment 5 none .97 

AG 3.98 4.1 

AAG 12.78 13.2 
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stimulate the LAC virion polymerase reaction from 2.6 to 4.5 fold, and 

when added together with ApG or ApApG, the stimulations are similarly 

additive. 

By far the strongest stimulators of the influenza polymerase in 

vitro are natural mRNAs which contain at their 5' end the cap 1 

structure, since these RNAs stimulate at molarities hundreds of times 

lower than oligonucleotides such as ApG (23,24). Krug and co-workers 

have shown that this stimulation is due to a virus-coded endonuclease 

contained within the the influenza polymerase complex which generates an 

oligonucleotide primer containing the 5' capped end of the mRNA and the 

first 12 to 14 nucleotides, which is then incorporated into the influenza 

transcripts (25,26). LAC virions were therefore incubated with ALMV 4 

RNA which contains the partially methylated cap structure mGpppG at its 

5' end (27). In two experiments 1.4 11M ALMV 4 RNA stimulated the LAC 

polymerase 7.2 and 12.9 times. Interestingly, when ALMV 4 RNA was added 

together with a cap analogue, these stimulations were antagonistic rather 

than additive (Table 1). 

Purified LAC virions thus contain an endogenous RNA polymerase which 

1.S st imu lated by the same oligo and po lynuc leot ides as the inf luenza 

polymerase in vitro. To examine the products of the LAC virion 

polymerase, samples of the unstimulated and ApG-stimulated (2.5-fold) 

reaction products were isolated after phenol extraction together with the 

virion (-) genome RNAs. After self-annealing, ssRNAs were digested with 

RNAse A in high salt and the remaining dsRNAs were examined by PAGE (Fig. 

4). A smear rather than discrete bands, from 100 to 1000 bp in length 

were seen in both the unstimulated and ApG-stimulated reactions. The 

proportion of transcript from each of the three LAC genome segments was 

not determined. 

~ stimulated ~ genome polymerase products begin at the precise 1: end 

of the ~ 1::2. genome temp late 

To determine where the ApG-stimulated reaction products had 

initiated RNA synthesis, the position of the 5' end of the in vitro 

transcripts relative to the 3' end of the S(-) genome template was 
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Fig. 4. Examination of the chain length of the LAC in vitro transcripts. 
The total RNAs from both an unstimulated (lane 2) and ApG-stimulated 

(lane 3) 4 hr polymerase reactions were isolated by phenol extraction 
fo I lowing incubation of the reactions with 500 I1g/ml of proteinase K in 
0.2% SDS and 10 mM EDTA for 5 min at 60 0 C. The ethanol precipitated RNAs 
were then digested with 10 I1g/ml RNase A in 2.5 x buffer A (375 mM NaCI, 
25 mM Tris, pH 7.4, 2.5 mM EDTA) for 15 min at 25 0 C followed by 
proteinase K digestion as above for a further 15 min. The remaining 
dsRNAs were recovered by ethanol precipitation and electrophoresed on an 
( 40:1 acrylamide:bis-acrylamide) non-denaturing gel along with an end­
labelled Hinf 1 digestion of pBR322 as markers. 
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measured. The LAC po lymerase products were first iso lated free of the 

virion (-) genomes by CsCI density gradient centrifugation under 

conditions where the (-) genome RNAs which are contained in helical 

nuc leocapsids band at a buoyant density of 1.3 (8,9) but the 

unencapsidated reaction products pellet through the gradient. To 

determine the position of the 5' end of the transcript made in vitro, a 

synthetic oligodeoxynucleotide corresponding to nucleotides 38 to 50 of 

the (-) S genome RNA was used as a primer and extended on the in vitro 

(+) polymerase products using reverse transcriptase (see Fig. 5). To 

avoid subsequent ambiguities, this reaction wi 11 be referred to as ODPE 

(0 ligodeoxynuc leotide primer extens ion). An examp Ie of such an 

experiment is shown in Fig. 6. Lanes 2 and 3 of Fig. 6a show the results 

of the ODPE analysis on CsCl pellet RNA from uninfected and LAC infected 

BHK cells respectively as a control. Note that whereas no primer 

extension occurred on uninfected RNA, on LAC-infected CsCl pellet RNA the 

primer was extended both to a sing Ie band approximate ly 50 bases long 

relative to the restriction fragment markers, as well as a group of 4 

bands 12-15 bases longer. The band approximately 50 bases long was 

determined to represent extension to the precise 3' end of (-) genome 

(position 1) since in a parallel experiment the primer was also extended 

on (+) ant igenome RNA iso lated from intrace llu lar nuc leocapsids. This 

extension yielded a single band which co-migrated with the 50 base band 

(Fig. 3b, lanes 1 and 2). Since CsCl gradients appear to cleanly separate 

genome and antigenome nucleocapsids from other virus-specific RNAs, the 

band at position 1 in lane 3, Fig.6a probably represents leader RNAs or 

other (+) transcripts rather than antigenome RNA. The bands at -12 to -

15 represent mRNAs with non-templated 5' extensions previously described. 

The deoxyoligonucleotide primer was also extended on the reaction 

products of both a mock virion polymerase reaction, i.e., a reaction to 

which no rNTPs were added (lane 1) and an ApG-stimulated polymerase 

reaction (lane 4, Fig. Sa). Interestingly, ODPE analysis of the mock 

polymerase products yielded a pattern identical to that of LAC-infected 

CsCl pellet RNA, whereas primer extension on the ApG-stimuulated products 

yielded a greatly enhanced band at position 1 and bands around position 1 

without any stimulation of the bands at -12 to -15. The finding of 

identical primer extensions on both mock polymerase products and bona 
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UCAUCACAUGA ••••••••••• TAACAACAACTGACAAAA 
AG, __________________________________ _ 

AAG, ________________________________ __ 

AAAG, ________________________________ __ 

AAAAG, ______________________________ __ 

mGpppGUUUUUAUUUUUUAA, ---------------------------------------. ., -
-14 -5 -1 

5' (-) 

3' (+) 

3' (+) 

3' (+) 

3' (+) 

3' (+) 

Fig. 5. ~ schematic representation of the LAC in vitro transcripts. 
The top line shows the sequence at the 3' end of the S (-) genome 

with the precise 3' end at the left and numbered at position 1. The 
synthetic deoxyoligonucleotide used for ODPE analysis (position 38 to 50) 
is underlined. The middle four lanes show the 5' ends of the the (A)nG­
stimulated reaction products (on the left) as deduced from this work. 
The bottom line shows the 5' end of the ALMV RNA 4 stimulated transcript 
assuming that the 5' end of the ALMV RNA 4 was transferred to the in 
vitro product. The minus numbers denote extension beyond the 3' end of 
the S (-) genome. 
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fide intracellular mRNAs (LAC-infected, CsCl-pellet RNA) is not as 

surprising as might appear at first glance. LAC virus does not produce 

high yields in tissue culture and the virus used in the mock polymerase 

reaction represent the harvest from 12 plates of cells, wherease the LAC­

infected, CsCl-pellet RNA used was the yield from 4/10 of a single plate. 

Since the method used to determine the 5' end of the transcripts is 

indirect and cannot differentiate between de novo transcripts and pre­

existing ones, it seems like ley that the transcripts present in the mock 

poylmerase reaction are due to contaminating intracellular RNAs, as other 

pleomorphic (-) RNA viruses such as Sendai virus also contain 

cons iderab Ie amounts of ce llu lar contaminant s (28). By subt rac t ing the 

pattern in lane 1 from that of lane 4, we conclude that the major de novo 

transcripts of the ApG-stimulated reaction began at position 1 or the 

precise 3' end of the S genome, with minor transcripts on either side of 

position 1. This can be seen more clearly in Fig 6b, lane 2, which is a 

lesser exposure of the ODPE analysis of the ApG-stimu1ated in vitro 

reaction. 

(A)nG and ALMV i RNA .1!f.!. as primers for LAC transcription in vitro 

The question of whether in the (A)nG-stimu1ated reactions the oligo­

nucleotides were acting as primers, was also examined by ODPE analysis. 

If indeed the ApG stimulated reactions began transcription at the precise 

3' end of the S genome temp late with the 5' ApG base pairing with the 3' 

terminal HO-UpC and acting as a primer, then analysis of the AAG­

stimulated reaction products as described above should lead to 

transcripts whose 5' ends started at position -1, the AAAG-stimulated 

reactions at position -2 etc (see Fig. 5), LAC polymerase reactions were 

therefore carried out as described in Fig. 7a with either an additional 

20 mM EDTA to inhibit de novo RNA synthesis (lane 1), no additions (lane 

2), ApG (lane 3), (A)2G (lane 4), (A)3-5( lane 5), (A)3-9G (lane 6) and 

the reaction products were isolated as above and analyzed by ODPE. The 

pattern of primer extensions on intracellular CsCl pellet RNA in a 

parallel reaction is shown in lane 7. Note that in lane 7 the same 

pattern of bands at -12 to -15 was seen as before but a group of doublet 



273 

A B 

-61 -61 

-

-34 
-34 

1 2 3 4 1 2 3 

Fig. 6. ODPE analysis of the unstimulated and ApG- stimulated polymerase 
products. 
Panel ~ The products of non-radioactive 100 ~l reactions were pelleted 
through CsCI density gradients and used for primer extension of end­
labe lIed deoxyo I igonuc leotides as described in Materials and Methods. 
Lanes 2 and 3 show the result of ODPE analysis of 1 OD U of uninfected 
and LAC-infected, intrace llu lar CsC l-pe llet RNA respective ly. Lanes 1 
and 4; ODPE analysis of 40% of the unstimulated and ApG-stimulated 
reaction products respectively. The numbers at the right refer to the 
position of the MSP 1 digestion of pBR322 as markers. 

Panel ~ ODPE analysis of RNA extracted from intracellular nucleocapsids 
banded in CsCl density gradients (lane 1), 20% of ApG-stimulated reaction 
products (lane 2) and 1 OD U of LAC-infected CsC l-pe llet RNA (lane 3). 
The tetramer band at position -12 to -15 is just visible below the 67 b 
marker in lane 3. 



274 

bands around position +1 was detected rather than one prominant band as 

in lane 3 of Fig. Sa. The reasons for this variation are not clear, but 

the band representing the precise 3' end of the S genome was again 

determined by ODPE analysis on antigenome RNA and found to be the lower 

band of the middle doublet (arrow Fig. 7a). When the primer was extended 

on the reaction products of the unstimulated and (A)nG reactions, the 

unstimulated and the ApG-stimulated reaction yielded mostly a single band 

at position +1 (lanes 2 and 3), the AAG-stimulated reaction yielded an 

additional strong band at position -1 (lane 4), and the (A)3_5G and (A)3_ 

9G-stimulated reaction yielded bands at -2 to -3 and -2 to -6 respect­

ively (lanes 5 and 6). Also note that at this exposure, no bands in this 

region were observed when excess EDTA was added to the reaction before 

the virus (lane 1). It therefore appears that the unstimulated LAC 

virion polymerase reaction initiates RNA synthesis at the precise 3' end 

of the (-) genome template, presumably with ATP, and the (A)nG-stimulated 

reaction initiates RNA synthesis by the ApG portion of each oligo­

nucleotide base pairing with the 3' end of the (-) genome and acting as 

primers. 

We next examined the position of the 5' ends of the RNAs made in 

ALMV 4 RNA-stimulated reaction. Krug and co-workers (25,29) have shown 

that natural mRNAs such as ALMV 4 RNA stimulate influenza virion 

transcription by first being cut by a virion endonuc lease activity to 

generate a primer containing the capped 5' end of the RNA and the first 

12 to 14 nucleotides, which is then incorporated into the in vitro 

transcripts. When the 5' end of the ALMV 4 RNA-stimulated LAC polymerase 

products were similarly examined by ODPE (lane 1, Fig. 7b), the majority 

of transcripts were found to begin at -12 to -14 similar to intracellular 

mRNAs (cf lanes 5 and 6, Fig. 7b) but with somewhat less heterogeneity in 

this region. The LAC virion polymerase thus appears to be stimulated by 

natural mRNAs in a manner analogous to the influenza virion polymerase. 

In the same experiment we examined the effect of adding the cap analogue 

mGpppAm to the (A)2G and the (A)3_5-stimulated reactions. The results of 

this experiment are shown in lanes 3 and 2 of Fig. 7b respectively. Note 

that the presence of the cap analogue does not alter the pattern of the 

5' end of the in vitro transcripts relative to the transcripts made in 

their absence (cf lanes 4 and 5 of pane 1 a with lanes 3 and 2 of pane 1 
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Fig. 7. ODPE analysis of the (MnG and ALMV RNA ± stimulated reactions 

Panel ~ The products of 100 ~l reaction containing an additional 20 mM 
EDTA (lane 1) , no addition (lane 2), 0.4mM (A)lG,(A)2G, (A)3_SG and 
(A)3_9G (lanes 3 to 6 respectively) were recovered through CsCI gradients 
and 40% of each reaction analyzed by ODPE. Lane 7 shows ODPE analysis of 
1 OD U of intracellular LAC CsCI-pellet RNA. The arrow shows position 1 
as determined in Fig. 6b (see text). 

Panel ~ ODPE analysis of 40% of the ALMV RNA stimulated reaction 
products (lane 1),40% of the (A)3_SG and (A)2G plus mGpppAm stimulated 
reaction products (lane 1 and 3, respectively) and 1 OD U of 
intracellular uninfected and LAC infected, CsCI pellet RNA (lanes 4 and 5 
respectively). Lane 6 is a longer exposure of lane 1. 
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b). Since we have shown in Table 1 that the cap analogue and (A)nG 

stimulations are additive, it seems likely that the cap analogues 

stimulate the LAC polymerase reaction differently than (A)nG, possibly 

through an allosteric mechanism as suggested for influenza virions. 

LAC virions contain ~ cap-dependent endonuclease 

In order to test whether like influenza virus, LAC contains a cap­

dependent endonuclease we examined the endonuclease activity of LAC 

virions by analyzing the cleavage of 32P-cap-Iabelled ALMV 4 RNA. The 

original cap group of ALMV 4 RNA was removed by ~-elimination and 

replaced with a-32P-GTP and SAM to give a 32P-labelled cap 1 structure 

RNA (mGpppGm) or without SAM generating a 32P-labelled unmethylated cap 

(GpppG, cap 0). Reactions were carried out as described in Materials and 

Methods. Fig. 8b shows the results of the in vitro endonuclease activity 

with either cap 0 or cap 1 RNA. The cap 0 RNA has no apparent change 

after incubation with LAC virions as compared to the minus virus control 

(lanes 1 and 2) ), while the cap 1 RNA shows the generation of 2 major 

bands approximate ly 13 and 14 bases long (marked with arrows, lane 3) 

and severa 1 minor bands surrounding the major bands. The react ion is 

relatively fast and is complete after 10 min (Fig. 8b). LAC virus thus 

contains a methylated cap-dependent endonuclease which cleaves ALMV 4 RNA 

at spec ific posit ions near the 5' end, exact ly as inf luenza v irus. In 

addition, the cleavage products of the endonuclease reaction can be 

extended by the virion polymerase. Lanes 5 and 6 of Fig. 7b show the 

result of adding cold ALMV 4 RNA to a LAC polymerase reaction which 

contains small amounts of highly radioactive GTP as the only triphosphate 

present. Under these conditions, one to nine nucleotides appear to have 

been added to ALMV RNA 4 primer. 
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Fig. 8. Characterization of the LAC V1r1on endonuc lease activity 
Panel A Samples of the methylated cap-labelled ALMV RNA 4 containing 
20,000 cpm (approximately 0.5 pMoles) were incubated at 300 C in 20 ~l of 
50 mM HEPES pH 8.1, 100 mM KCl, 6 mM MgC1 2, 1 mM DTT, 0.2% NP40, 40 ~g/ml 
of rat liver ribonuclease inhibitor and 3 ~g of purified LAC virions for 
0.5, 1, 2, and 5 min (lanes 2 to 5 respectively). As controls, identical 
reacLions were incubated for 20 min with either an additional 40 mM EDTA 
(lane 6) or without LAC virions (lane 7). The reactions were then phenol 
extracted, recovered by ethanol precipitation in the presence of 20 ~g of 
carrier tRNA, and electrophoresed on a 7 M urea 12.5% polyacrylamide 
sequencing gel. Lanes 1 and 8 show Hinf 1 and Msp 1 digest of pBR322 as 
markers. The numbers on the right refer to the lengths of the sma ller 
restriction fragments markers. 
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Fig. 8. Characterization of the LAC Vlrlon endonuclease activity 
Pane 1 l!. Samp les containing 20,000 cpm of either unmethy lated Oanes 1 
and 2) or methylated cap-labelled ALMV RNA 4 (lanes 3 and 4) were 
incubated for 20 min as described above either in the presence (lanes 1 
and 3) or absence of purified LAC virions (lanes 2 and 4). In a separate 
experiment, LAC virion~ were incubated in 25 ~l reactions as above with 
the addition of 10 ~M j2P-a-GTP (400 C/mM) either in the presence (lane 
6) or absence (lane 5) or 10 ~g of unmodified ALMV RNA 4. The reactions 
were then treated as described above. 
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DISCUSSION 

The major transcript of the LAC S genome segment in vivo starts on a 

10 to 15 nucleotide long primer, presumably of host origin, and continues 

to approximately position 886, 100 nucleotides short of the 5' end of the 

(-) genome template. In vitro, purified LAC virions contain a polymerase 

which begins the RNA chains at position +1 (the precise 3' end) and this 

polymerase activity is stimulated by oligonucleotides such as (A)nG which 

act as primers and cap analogues by an alternate mechanism. When a 

natural mRNA such as ALMV 4 RNA is added to purified LAC virions, this 

RNA is cleaved at approximately 13 and 14 nucleotides from the cap group, 

the polymerase activity is greatly stimulated, and the 5' ends of the in 

vitro transcripts now extend 12 to 14 nucleotides beyond the 3' end of 

the (-) genome template. The LAC virion endonuclease activity only 

cleaves ALMV 4 RNA which contains a methylated capping group. The above 

evidence suggests that LAC uses a mechanism similar to that of 

influenza virus to synthesize mRNA, namely, the capture of host cell mRNA 

which is then used as a source of capped oligonucleotide to prime 

transcription on the (-) genome template. Thus in contrast to non­

segmented (-) RNA viruses such as VSV and Sendai, both families of 

segmented (-) RNA viruses for which we have information to date appear to 

use host cell mRNAs as a source of the cap group required for efficient 

trans lat ion of mRNAs in eucaryot ic ce lIs, rather than containing their 

own virus-coded guanyly1 and methyl transferases. It is however 

interesting to note that non-segmented (-) RNA viruses also do not cap 

transcripts which are initiated at the 3' end of their polycistronic 

genome templates but only the mRNAs which are initiated internally, eg 

Sendai (unpublished observations) and vesicular stomatitis virus (VSV) 

(30) leader RNAs contain a (p)ppA at their 5' ends. The absence of 

virus-coded capping activities among segmented (-) RNA viruses thus 

appears to reflect the monocistronic nature of their genome segments. 

Although influenza and bunyaviruses appear to initiate their mRNA 

synthesis in a similar manner mechanistically, clear differences between 

influenza and bunyaviruses transcription remain. For example, bunyavirus 

transcription is thought to take place in the cytoplasm rather than the 

nucleus (31), and unlike influenza transcription, it is not sensitive to 
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drugs such as actinomycin D which inhibit host mRNA synthesis. In 

contrast, LAC transcription appears to be sensitive to drugs such as 

cyc loheximide and puromycin which inhibit protein synthesis (16,17), a 

situation without precedent among other (-) RNA viruses. The reasons why 

LAC transcription requires on-going protein synthesis in vivo is indeed 

intriguing since transcription can take place in purified virions as 

demonstrated above. Further studies on the nature of the LAC in vitro 

transcripts will be required to hopefully deal with this dilemma. 
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mRNAs OF UUKUNIEMI VIRUS, A BUNYAVIRUS 

RALF F. PETTERSSON, ESA KUISMANEN, RAGNA RONNHOLM AND 
ISMO ULMANEN 

1. SUMMARY 

Bunyaviruses are enveloped arthropod-borne viruses containing 
a tripartite single-stranded RNA genome of negative polarity. 
We have studied the strategy of gene expression of one member 
of this large family, namely Uukuniemi virus, the prototype of 
the genus Uukuvirus. Three mRNA species, which do not bind to 
oligo(dT)-cellulose, are found associated with polysomes of 
infected cells. Sucrose gradient and gel analyses, in vitro 
translation and molecular cloning have shown that: (IT ~ 
M virion RNA (vRNA) segment is transcribed into an mRNA of 
roughly the same size (Mr 1.1x10 6 ) and encodes a precursor (p110) 
to the two glycoproteins G1 and G2. (ii) Sequence analysis of 
the 3' end of the M vRNA, which is complementary to the 5' end 
of the M mRNA, indicates an open reading frame starting from 
an AUG codon 18 nucleotid6s from the end of the mRNA. (iii) The 
S vRNA segment (Mr 0.5x10 ) is transcribed into a full-length 
plus-strand RNA ~antigenome) and two small mRNA species 
(Mr about 0.3x10 ) that encode a nonstructural (NS s ) protein 
(Mr 30,000) and the nucleocapsid (N) protein (Mr 25,000). 
Whether the two mRNA species contain overlapping nucleotide 
sequences is not known. By elimination, the L mRNA, transcribed 
from the L vRNA segment (Mr 2.4x10 6 ), codes for the L protein 
(Mr 200,000) the putative RNA polymerase. The results obtained 
with Uukuniemi virus and other bunyaviruses indicate that the 
strategy of gene expression of these viruses in some aspects 
is different from that of other known RNA viruses. 

2. INTRODUCTION 

The Bunyaviridae family of arboviruses comprises more than 

200 different viruses grouped into four genera, called Bunyavirus, 

Nairovirus, Phlebovirus and Uukuvirus (1). In addition, a large 

number of possible members are still unclassified. The bunya­

viruses have been grouped together because of similar structural 

properties and mode of maturation (1, 2, 3). All characterized 

members have a lipoprotein envelope containing two glycoproteins, 

G1 and G2, and an internal, probably helical nucleoprotein 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Mar/inus Nijhoff Publishing, Boston. All rights reserved. 
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consisting of three single-stranded RNA segments, designated L, 

M and S, of negative polarity to which multiple copies of the N 

protein and a few copies of the L protein are associated. The 

size of the structural proteins and the RNA segments varies 

between viruses of different genera (2, 3). Both the nucleo­

proteins (4, 5, 6) and the protein-free RNA segments (7, 8)have 

a circular structure due to base-pairing of short inverted 

complementary sequences at the 3' and 5' ends of the RNA segments 

(7, 9, 10, 11). In viruses of the same genus, about 10-13 

nucleotides at the ends of each RNA segment are conserved (12), 

suggesting some important role of the ends in replication. 

As a model, we have studied one bunyavirus, Uukuniemi virus, 

the prototype of the Uukuvirus genus (1). This virus has two 

envelope glycoproteins, G1 (Mr 70,000) and G2 (Mr 65,000) (13, 14). 

The oligosaccharide sequences of the glycans attached to the 

proteins have been determined (14). The N protein (Mr 25,000) 

(13, 15) is associated with the RNA segments forming the 

nucleoproteins (4). The RNA-associated L protein (Mr about 

200,000) may represent the RNA-dependent RNA polymerase detected 

in virions (16, 17). The three circular RNA segments (7) have 

Mr's of about 2.4x10 6 (L), 1.1x10 6 (M) and 0.5x10 6 (S) (ref. 18) 

and have a negative polarity (16, 18). In addition to the above 

mentioned structural proteins, a nonstructural protein (NS) 

(Mr 30,000) is found in infected cells (17). 

A unique feature of the bunyavirus morphogenesis is that the 

virus particles are formed intracellularly by a budding process 

at smooth-surface vesicles in the Golgi area (2, 19, 20). Using 

Uukuniemi virus as a model we have shown by immunofluorescence 

and immunoelectron microscopy techniques that the site of 

maturation in fact is the Golgi complex (20). Virus particles 

are thought to be expelled from the cells in large vesicles, 

which fuse with the plasma membrane. 

Here we summarize our results on the characterization of 

the mRNAs found in Uukuniemi virus-specific cells and present 

a model for the general strategy of gene expression of this virus. 

A part of these results has been published previously (17). 
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3. RESULTS 

3.1. RNA species in Uukuniemi virus-infected cells 

3.1.1. Total virus-specific cytoplasmic RNA. The logarithmic 

growth phase of Uukuniemi virus starts about 5-6 hrs and ends 

about 16-18 hrs postinfection (pi) (ref. 21). To isolate total 

cytoplasmic viral RNA enriched for viral mRNAs, infected chick 

embryo fibroblasts were labeled between 4 and 8 hrs pi in the 

presence of actinomycin D and the RNAs fractionated on a sucrose 

gradient (Fig. lA). In addition to the radioactivity remaining 
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FIGURE 1. Sucrose gradient analysis of Uukuniemi virus-specific 
total cytoplasmic and polysomal RNA. (A) Infected cells were 
labeled at 4-8 hrs pi with 3H-uridine in the presence of actino­
mycin D (2 ~g/ml) and the SDS-treated cytoplasmic RNA was 
fractionated on a 15-30% (wt/wt) sucrose gradient (17 hr, 
25,000 rpm, 23 0 C, SW27 rotor). RNA from mock-infected cells was 
analyzed on a separate gradient. L, M and Sl indicate the 
positions of the virion RNA segments. S2 is the 12S mRNA trans­
cribed from the S RNA segment. (B) Analysis of Uukuniemi virus­
soecific polysomal RNAs. A cytoolasmic extract from cells 
infected and labeled as above was prepared and the polysomes 
collected onto a 60% sucrose cushion by sedimentation through 
a 15-40% gradient. After concentration and treatment with SDS, 
the RNA was fractionated on a 15-30% sucrose gradient as above. 
Pools I, II and III correspond to the L, M and S2 mRNA species. 
The positions of the 28S and 18S rRNAs are indicated. RNA from 
infected cells (e e), and mock-infected cells (0----0). 
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at the top of the gradient, four RNA peaks sedimenting at 29S, 

23S, 17S and 12S were observed. We have designated these RNA 

species L, M, S1 and S2, respectively (17). No radioactivity 

corresponding to these peaks were recovered from mock-infected 

cells. The four RNA species were single-stranded since more 

than 95% of the radioactivity in each peak could be rendered 
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FIGURE 2. Cosedimentation of Uukuniemi virion RNAs with individual 
~olysomal RNA species. 32P-labeled virion RNAs and individual 
H-uridine labeled polysomal RNAs, and the cytoplasmic S1 RNA 

(Fig. 1A) were mixed and fractionated on a 15-30% (wt/wt) 
sucrose gradient as described in the legend to Fig. 1. Virion 
RNAs together with RNA from pool I in Fig. 1B (A)~ pool II (B), 
pool III (0) and from the S1 peak fraction (C). J2p-labeled 
virion RNA (0----0), and 3H-labeled polysomal and S1 RNA (e__--e). 
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acid-soluble by ribonuclease A treatment. Early in infection 

(3-5 hrs), the 125 RNA is the most abundant species, whereas 

later (10-20 hrs) it constitutes only a minor species (data not 

shown). The L, M and 5 virion RNAs (vRNAs) cosedimented with the 

three largest cytoplasmic RNAs, whereas no RNA corresponding to 

the cytoplasmic 125 RNA was found in virions. 

3.1.2. Virus-specific polysomal RNA. To study which of the 

above RNA fractions contained RNA species actively engaged in 

translation, polysomes were isolated from infected and mock­

infected cells labeled at 4-8 hrs pi with 3H-uridine in the 

presence of actinomycin D. Polysomes, collected onto a sucrose 

cushion, yielded upon solubilization with 5D5 three RNA species 

sedimenting at 295, 235 and 125 (Fig. 1B) (ref. 17). Resediment­

ation of each RNA species (pools I, II and III) together with 

total 32P-Iabeled vRNAs indicated that the 295 and 235 RNA 

species sedimented slightly slower than the Land M vRNA segments, 

respectively (Fig. 2A and B). The 175 RNA (51) recovered from 

the total cytoplasmic RNA cosedimented with the virion 5 RNA 

(Fig. 2C). As mentioned above, no virion RNA segment cosedimented 

with the polysomal 125 RNA (Fig. 2D), which we have designated 52. 

3.1.3. The 5 vRNA segment specifies two 125 mRNA species. 

As reported below and previously (17), the 125 mRNA (52) fraction 

directs the in vitro synthesis of both the nucleoprotein (N) and 

a nonstructural protein (N5). We therefore wanted to study whether 

this RNA species could be resolved into two RNA species that 

would code for the two proteins. Total 32p-Iabeled cytoplasmic 

RNA was prepared from infected cells as described above, 

denatured with glyoxal and dimethyl sulfoxide (22) and analyzed 

by polyacrylamide gel electrophoresis (Fig. 3, lane 2). 32p_ 

labeled virion RNA was used as a control (lane 1). In the latter, 

the L RNA, because of its large size, did not enter the gel 

and is therefore not seen in the autoradiogram. 

Two RNA species (designated 52a and 52~ with Mr of about 

0.3x10 6 that were not present in virions were resolved (Fig. 3, 

lane 2). The cytoplasmic M and 51 RNA species roughly comigrated 

with the virion M and 5 segments. 
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FIGURE 3. Polyacrylamide gel electro­
phoresis of Uukuniemi virus-specific 
cytoplasmic RNA. Virus-sp~cific RNA was 
labeled at 4-6 hr pi with 32p in the 
presence of actinomycin D and the RNA 
isolated from a cytoplasmic extract 
by phenol extraction. The ethanol­
precipitated RNA was denatured with 
1 M glyoxal and 50% dimethyl sulfoxide 
at 500 for 1 hr (22) and run on a 
2.5-5% gra~~ent polyacrylamide gel (23) 
(lane 2). P-labeled vRNA was run as 
a control (lane 1). The L RNA did not 
enter the gel but remained in the 
stacking gel and is not shown in the 
figure. The positions of the M and 5 
(51) RNA species are as indicated. 
S2a and 2b represent the two small mRNA 
species transcribed from the virion 
S RNA segmen t. 

When the cytoplasmic RNA from infected cells was fractionated 

on a 1% agarose gel, transferred to nitrocellulose paper and 

hybridized to 32p-labeled purified virion 5 RNA (24) (Northern 

blot analysis), a diffuse band with an Mr of about O.3x10 6 was 

found to hybridize (Fig. 4, lane 3). This band, which corresponds 

in size to the 52a and S2b RNA species, thus contained RNA 

complementary to the virion 5 RNA segment. In addition, a band 

1 2 3 

L 

M 

51 

52 

FIGURE 4. Northern blot analysis of Uuku­
niemi virus-specific complementary RNA. 
Total RNA was extracted from infected cells 
at 8 hr pi, denatured with glyoxal and 
dimethyl sulfoxide (see legend to Fig. 3) 
and fractionated on a 1% agarose gel. 
The RNA was transferred to nitrocellulose 
paper (24) and hybridized to 32P-labeled 
total virion RNA (lane 2) or isolated S 
virion RNA (lane 3). 32P-labeled vRNA 
was run as a control (lane 1). 
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comigrating with the S vRNA hybridized weakly to the probe. 

This band probably represents the full-length plus strand RNA 

species (antigenome) complementary to the virion S RNA. 

When total 32p-labeled vRNA was used as probe, RNA species 

comigrating with virion L, M and S RNA segments were detected, 

in addition to S2a/2b (Fig. 4, lanes 1 and 2). 

We thus conclude that the virion S RNA is transcribed into 

two small mRNA species, which we call S2a and S2b. In addition, 

all three segments are copied into apparently full-length 

complementary RNAs. 

3.2. Lack of binding of Uukuniemi virus mRNAs to oligo(dT)­

cellulose 

We have previously noted that none of the virus-specific RNA 

species obtained from total cytoplasmic RNA could be bound at high 

salt to oligo(dT)-cellulose (17). Thus, this method could not 

be used for enrichment of mRNAs. To study whether the polysomal 

RNAs could be recovered by oligo(dT)-cellulose chromatography, 

the individual RNAs (Fig.l, pools I, II and III) were passed 

several times over an oligo(dT)-cellulose column at 0.3 M NaCl 

and the bound material eluted with low salt. As shown in Table 1, 

less than 1% of each mRNA species was retained by the column 

Table 1. Binding of Uukuniemi virus polysomal mRNAs to oligo(dT)­
cellulose. 

RNA Radioactivity (cpm) 
Not bound Bound ( % ) 

Uukuniemi mRNA 
L 1,208 10 (0.8) 
M 8,694 61 (0.7) 
S2 7,094 14 (0.2) 

Uukuniemi vRNA 7,700 29 (0.4) 

SFV 18S DI RNA 850 17,550 (95.4) 

3H-uridine-labeled RNAs were bound to oligo(dT)-cellulose 
(PL-Biochemicals) at 0.3 M NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDT~ 
0.1% SDS and the columns were washed extensively with the same 
buffer. RNAs were eluted with 10 mM Tris-Hel, pH 7.4, 1 mM EDTA, 
0.1% SDS. Radioactivity was determined from eluted fractions by 
counting in a xylene-Triton Xl00 scintillation fluid .. SFV DI 
RNA = Semliki Forest virus defective interfering RNA (25). 
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under conditions where more than 95% of a poly(A)-containing 

Semliki Forest virus 18S defective interfering RNA (25) was bound. 

No virion RNA was bound either. These results have been obtained 

reproducibly also using poly(U)-Sepharose (unpublished results). 

Thus, it appears that Uukuniemi virus mRNAs either lack a poly(A)­

tract, or that it is too short (less than 10-15 residues) to 

allow binding to these homopolymers. 

3.3. In vitro translation of Uukuniemi virus-specific mRNAs 

To find out which polypeptides are encoded by each RNA 

segment the peak fractions from a sucrose gradient similar to 

the one shown in Fig. lA were pooled separately and the RNAs 

translated in a micrococcal nuclease-treated rabbit reticulocyte 

lysate (17). Corresponding fractions obtained from mock-infected 

cells were used as controls (referred to as mock-infected RNA) . 

The 29S mRNA, transcribed from the L RNA segment, did not 

give rise to any clearly detectable virus-specific polypeptide 

(Fig. SA, lane 3) as compared to lysates programmed with the 

corresponding mock-infected RNA (lane 2). 

The 23S mRNA, transcribed from the virion M RNA segment, 

gave rise to a 110,000-dalton protein (designated pll0) 

(lane 5, arrow) that was not present in translates from mock­

infected RNA (lane 4). This polypeptide could be immuno­

precipitated with antiserum directed against purified virion 

polypeptides (Fig. 5B, lane 1). When translation was carried 

out in the presence of dog pancreas microsomes, which allow 

posttranslational modifications such as glycosylation and 

proteolytic cleavages, no p110 was observed. Instead, an 

immunoprecipitable polypeptide, migrating at the position of 

the virion glycoproteins G1/G2 (Mr 65,000-70,000) was observed 

(Fig. 5B, lane 2). Based on these and previous (17) results, 

we therefore conclude that pl10 represents the precursor of 

G1 and G2, which is cleaved roughly in the middle when translation 

is carried out in the presence of microsomal membranes. 

The 17S cytoplasmic RNA, which was not present on polysomes 

(Fig. lA and B), did not give rise to any virus-specific poly­

peptides (Fig SA, lane 7), apart from some pl10, Nand NS proteins 



291 

A 1 2 3 4 5 6 7 8 9 B 1 2 

p110-

G1 - p110 
G2-

GHG2 

--
NS - --

N - _ - --

rIGURE 5. In vitro translation of Uukuniemi virus-specific 
cytoplasmic~N~The RNA species from the peak fractions of 
a sucrose gradient similar to the one in Fig. 1A (pools L, M, 51 
and 52) were ethanol precipitated and translated in a micrococcal 
nuclease-treated rabbit reticulocyte lysate in the presence of 
355-methionine (17). Corresponding RNA fractions from mock­
infected cells were analyzed as controls. (A) Virion proteins 
(lane 1); Translation of the L RNA fraction of infected (lane 3) 
and uninfected (lane 2) cells; M RNA fraction of infected (lane 5) 
and un infected (lane 4) cells; 51 fraction of infected (lane 7) 
and uninfected (lane 6) cells; 52 fraction of infected (lane 9) 
and uninfected (lane 8) cells. Arrows indicate the positions of 
the 110,000-dalton glycoprotein precursor (p110) (lane 5), and 
the N5 (upper arrow) and N (lower arrow) proteins (lane 9). 
(B) Translation of the M RNA fraction from infected cells in the 
absence (lane 1) and presence (lane 2) of dog pancreas microsomes 
(a generous gift from Dr. B. Dobberstein, EMBL, Heidelberg, FRG). 
The products were immunoprecipitated with antiserum against whole 
virion proteins. The translation products were analyzed on a 
12% (A) and 10% (B) polyacrylamide gel (17) and an autoradio­

gram prepared. 

synthesized as a result of contamination of the 175 RNA fraction 

with the 235 and 125 RNA species (see above and below). 

The 125 mRNA, containing the S2a and 52b mRNA species, 

derived from the virion S RNA segment, gave rise to two poly­

peptides: the nucleoprotein N (Mr 25,000) and a 30,000-dalton 

protein not found in virions (Fig. 5A, lane 9, arrows). These 

proteins were not translated from mock-infected RNA (lane 8). 

We have previously shown by immunoprecipitation (17) that the 25K 
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protein represents the N protein, whereas the 30K protein is a 

nonstructural protein (hence it is designated NS), since it is 

not precipitable with antiserum against virion proteins. 

Results similar to those presented above have also been 

obtained by in vitro translation of the individual polysomal 

mRNA species shown in Fig. 1B (unpublished results). 

3.4. Molecular cloning and sequencing of the virion M RNA 

With the intention to study the primary structure of the 

virion M RNA segment and to eventually be able to express a 

full-length cDNA copy in animal cells, we have initiated the 

cloning and sequencing of this RNA species. The cloning 

procedure was carried out as described in the legend to Fig. 6. 

So far only the sequence of the 3' end of the virion M RNA 

has been obtained. This sequence should correspond to the 5' end 

of the mRNA encoding the signal peptide and the N-terminus of the 

G1 glycoprotein. We have recently established that the gene 

coding for G1 is N-terminal to that of G2 (E. Kuismanen, un­

published results). It has previously been shown that the nucleo­

tide sequence of the extreme 3' end of each Uukuniemi virus RNA 

segment is 3' UGUGUUUC 5' (ref. 26). One of our cDNA clones, 

which is 750 bp long, and hybridizes only to the virion M RNA 

starts with this sequence. Thus, this cDNA clone extends to the 

last nucleotide at the 3' end of the M segment. The complementary 

sequence (5' end of mRNA) is shown in Fig. 6 and reveals an 

open reading frame starting from an AUG initiation codon at 

nucleotide 18-20. There are two other AUG codons in the same 

reading frame (residues 84-86 and 180-182) that also could serve 

as initiator codons. The only other AUG codon within this short 

cDNA stretch is located at nucleotides 88-90 and is immediately 

followed by a UGA termination codon. The N-terminal amino acid 

sequence deduced from the open reading frame starting at nucleo­

tide 18 displays a stretch of nonpolar, mostly hydrophobic 

residues between amino acids 4 and 19 Uncluding six consecutive 

leucine residues) typical of signal peptide sequences. Since 

the other two in frame AUG codons do not give such a nonpolar 

N-terminus (Fig. 6 and unpublished sequence data), we believe 
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5' Met Val Arg Thr Tyr Leu Leu Leu Leu Leu Leu 
~CACAAAGA~GGCTAAC AT~ GTA AGG ACA TAT CTC TTG CTT TTG CTC CTG 

10 20 30 40 50 

Cys Gly Pro Ala Thr Pro Phe Phe Asn His Leu Met Asp Val Thr 
TGC GGG CCA ~CA ACG CCT TTC TTC AAT CA~ CTG ATG GAT GTG ACC 

60 70 80 90 

Arg Arg Leu Leu Asp Ser Ser Asn Ala Thr Trp Gln ~rg Asp Gln 
CGT C~C TTA CTA GA~ TCC AGC AAC ~CA ACC TGG C~G AGA GAC CAG 

100 110 120 130 190 

Pro Asp Thr His Arg Leu Ser Arq Leu Asp Ala His Val Met Ser 
CCT GAC ACG ~AC CGA TTG T~A AGG CTG GAT GCT CAT GTC ~TG TCA ... 3 ' 

1 5 a 160 1 70 180 

FIGURE 6. Nucleotide sequence of the 5' end of the complementary 
M RNA as deduced from the 3' end sequence of the virion M RNA 
segment. Purified M vRNA was tailed at its 3' end with A-residues 
using E. coli poly(A) polymerase (Bethesda Research Lab.) (ref. 27) 
and cDNA synthesized using AMV reverse transcriptase (Life 
Sciences Inc., Florida), and oligo(dT) 12-18 (PL-Biochemicals) as 
primer (28). The second strand was also made with reverse trans­
criptase. Following Sl nuclease (Calbiochem) treatment and 
tailing with dCTP and terminal transferase (BRL) , the cDNA was 
cloned into the dG-tailed PstI site of pBR322 and the hybrid 
plasmids transformed into E. coli (28). Transformants containing 
M vRNA-specific inserts were identified by hybridization using 
32p-labeled virion M RNA as a probe. One cDNA clone containing 
a 750 base pair insert was characterized and partially sequenced 
by the Maxam-Gilbert method (29). The sequence complementary to 
the extreme 3' end of the virion M RNA is shown. This sequence 
should represent the 5' end of the M mRNA. The deduced amino 
acid sequence of an open reading frame starting with an ATG 
at nucleotide 18 is also shown. 

the AUG at nucleotide 18 to be the initiatior codon for the 

signal peptide of G1. Since the amino acid sequence at the 

N-terminus of the virion G1 is not known, the possible cleavaae 

site between the sianal DeDtide and the mature G1 is at present 

unknown. 
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4. DISCUSSION 

Based on the results presented here and previously, we have 

schematically summarized our current view on the strategy of 

Uukuniemi virus gene expression in Fig. 7. Virions contain 

three single-stranded RNA segments, L, M and S, of negative 

polarity. Due to hydrogen bonding between inverted complementary 

sequences at their 3' and 5' ends, they have a circular structure 

(7). The circularization of the segments is likely to playa 

central, but as yet undefined role in replication and/or 

encapsidation of the vRNA (30). 

S 
(0.5 x 106) 3' ____________ 5' 3'. _____ 5' 3'_5' e 

5'---------------3' 5'--------3' 

N~C 
L 

(200 K) 

p110 
N;-\C 

------ --G1 G2 
(70 K) (65 K) 

5' /3,13' 

j I 
N""'-/ ,,-C 

N NSs 
(25 K)(30 K) 

FIGURE 7. General strategy of gene expression of Uukuniemi 
virus. For details, see Discussion. 

The Land M vRNA segments are each transcribed into mRNAs 

of roughly the same size as the templates. Whether the mRNAs 

are identical in size or slightly shorter than the corresponding 

vRNA segments remains to be determined. In the light of the 

results obtained for viruses of the Bunyavirus genus, such as 

Germiston (31), La Crosse (Patterson and Kolakofsky, pers.comm.) 

and Akabane (32) viruses, which indicate that the S mRNA lacks 

about 100-150 nucleotides at its 3' end (corresponding to the 

5' end of the S vRNA), we have tentatively drawn a broken line 

at the 3' ends of the Land M mRNAs (Fig. 7) to indicate that the 

transcripts may be truncated at this end. Although there is no 
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direct evidence as yet for such a hypothesis, we find it 

plausible, since such molecules would not be able to form circular 

structures, which may be crucial for replication and/or en­

capsidation. Such molecules would therefore serve only as mRNAs 

and not participate in the replication cycle. We found here that 

the polysomal Land M RNAs sedimented slightly slower than the 

corresponding vRNA segment, whereas their mobilities in gels were 

roughly the same. This may suggest that their size is similar, but 

their conformation different, i.e. the vRNA Land M segments would 

be circular structures (7), whereas the corresponding mRNAs could 

be linear molecules. The 5' end of the S mRNA of La Crosse (33) 

and Germiston (31) viruses is apparently complementary to the 

very 3' end of the virion S RNA. That the 5' end of the Uukuniemi 

virus M mRNA indeed may extend to the very end of the M vRNA is 

supported by preliminary sequence data for the 3' end of the M 

vRNA. The sequence complementary to the very 3' end of the M vRNA 

which should correspond to the 5' end of the M mRNA, contains a 

potential AUG initiation codon 18 nucleotides from the end that 

results in an open reading frame for at least 190 amino acid 

residues (Fig. 6 and unpublished data) . 

In contrast to the mRNAs, full-length transcripts of virion 

L, M and S RNA segments (antigenomes) would have inverted 

complementary ends and would thus be able to form circles. 

These molecules would therefore serve as templates for new 

genomic segments. 

The Uukuniemi virus M RNA segment encodes a precursor (p110) 

to the two glycoproteins G1 and G2, as shown by in vitro 

translation of M mRNA. In the presence of dog pancreas microsomes, 

p110 was quantitatively processed to G1/G2 by proteolytic 

cleavage roughly in the middle. We have recently shown that the 

unglycosylated forms of G1 and G2 both have Mr's of about 55,000 

in good agreement with the Mr of the unglycosylated precursor 

(110,000). The gene coding for G1 is located N-terminal to that 

of G2 (E. Kuismanen, unpublished results). So far we have not 

identified an M vRNA-encoded nonstructural protein (NS) either 

in vivo (17) or in vitro (Fig. SA, lanes 6 and 7) similar to 

the one reported for La Crosse and snowshoe hare viruses (34). 
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That the L vRNA segment of Uukuniemi virus and other bunyaviruses 

encodes the L protein (Mr about 180,000-200,000), the putative 

RNA polymerase (16, 35), is based on elimination and on the fact 

that this RNA species, at least in the case of Uukuniemi virus 

(Fig. 7), is the only one sufficiently large to encode that 

protein. 

The Uukuniemi virus 8 vRNA is transcribed into a full-length 

plus strand RNA (antigenome) (81) and two small mRNA species, 
* which we have designated 82a and 82b. These RNA species, 

after denaturation, clearly separated on a gradient polyacryl­

amide gel, but comigrated on agarose gels and cosedimented on 

sucrose gradients. The 82 fraction from the sucrose gradient 

directed the in vitro synthesis of the nucleoprotein N (Mr 25,000) 

and the nonstructural protein N8 (Mr 30,000). Using the 

nomenclature adopted for the 8 vRNA encoded non structural protein 

of the Bunyavirus genus (34, 36), we designate this protein N8 s . 

Both jn vivo (17) and in vitro, the Uukuniemi virus N protein is 

the predominant one relative to N8 s . 8ince the 82b RNA was the 

predominant mRNA species (Fig. 3), it is likely that this mRNA 

codes for the N protein, a conclusion that also fits the size 

determinations of the mRNAs and the proteins. We do not yet 

know the order of the Nand N8 s genes on the 8 vRNA segment. 

Thus, the order in Fig. 7 is arbitrary. Neither do we know 

whether 82a and 82b mRNAs contain any overlapping nucleotide 

sequences. In the case of the members of the Bunyavirus genus, 

the Nand N8 s proteins are coded for by completely overlapping 

nucleotide sequences translated in two different reading frames 

(36, 37, see below). To answer this question for Uukuniemi virus, 

hybridization experiments and direct sequencing of the cloned mRNAs 

have to be carried out. 

We have repeatedly been unable to bind Uukuniemi virus mRNAs 

to oligo(dT)-cellulose of poly(U)-8epharose. This suggests that 

the mRNAs either lack a poly(A)-tract, or that the poly(A) is 

too short to allow binding. These results are in agreement with 

* In our nomenclature, 1 (one) (e.g. 81) stands for full-length 
complementary RNA (antigenome) and 2 (e.g. 82a and 82b) for 
complementary mRNA. 
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those obtained by others for different bunyaviruses (31, 38). 

However, that the bunyavirus mRNAs indeed lack poly(A) has in 

no case been yet confirmed by chemical analysis or sequencing. 

A sequence, GUUUUU, about 100 nucleotides from the 5' end of 

virion S RNA has been identified in La Crosse and snowshoe hare 

viruses (37, 38) and suggested to be a transcription termination 

and polyadenylation signal (Patterson and Kolakofsky, pers.comm.) 

similar to the one present in influenza virus RNA segments (40). 

If this sequence indeed is a termination signal, it would suggest, 

analogously to e.g. influenza and vesicular stomatitits virus 

(40, 41, 42) that at least the S mRNA could terminate in a poly­

(A) tract, although perhaps a short one. 

Uukuniemi virus is a member of the genus Uukuvirus. Thus, 

the details of the strategy of gene expression may not be 

identical to those of viruses belonging to the other Bunyaviridae 

genera. Based on data available at present, there does not, 

however, seem to be major differences. So far the presence of 

two small mRNAs derived from the S vRNA of Uukuniemi virus, and 

only one from the S vRNA of several members of the Bunyavirus 

genus indicate that some differences exist. In the case of 

viruses of the Bunyavirus genus, the S vRNA appears to be 

transcribed into only one (or a nested set of) near full-length 

mRNA (31, 38, Patterson and Kolakofsky, pers.comm.), which is 

translated into both the Nand NS s proteins by employing two 

different overlapping reading frames (36, 37, 38, 43). 

At present, only the S vRNA of the Bunyavirus members has 

been studied in detail. The S segment of La Crosse and snowshoe 

hare viruses have been cloned and fully sequenced (36, 37, 39). 

It appears that the transcription of the S vRNA into the mRNA(s) 

terminates at about 100-150 bases from the 5' end of the vRNA. 

The 5' end of the mRNA contains a heterogeneous segment of 10-14 

nucleotides, apparently derived from host cell mRNAs (33, 

Patterson and Kolakofsky, pers.comm.), a situation resembling 

that of influenza virus mRNAs (44, 45). Since the replication 

of bunyaviruses is insensitive to a-amanitin and actinomycin D 

(46), and the bunyaviruses appear to be able to grow in enucleated 

cells (47), this suggests that the addition of the host-derived 
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5' ends to bunyavirus mRNAs takes place in the cytoplasm. 

Interestingly, it has been shown recently that both primary and 

secondary transcription, as well as replication, require continuous 

protein synthesis (32, 38, Patterson and Kolakofsky, pers.comm.). 

Whether this means that the continuous synthesis of a labile 

host cell protein is required, or that only host mRNAs actively 

engaged in protein synthesis can deliver their 5' ends to the 

mRNAs, remains to be elucidated. Although the role of the 5' 

terminal extension is unknown, it is likely to serve a primer 

function in initiation of transcription similarly to the 

influenza virus system (44, 45). It appears that a long awaited 

explanation for the very poor in vitro activity of the bunyavirus 

virion-associated RNA polymerase (16, 35) has at last been 

offered. 

Kolakofsky and coworkers have recently shown that a set of 

short leader RNA sequences are transcribed from the 3' end of 

the S vRNA and probably also from the Land M vRNAs(48). They 

interpreted their results to mean that a nested set of mRNAs 

with common 3' ends and different 5' ends are synthesized in 

La Crosse virus-infected cells from the S segment. According 

to their hypothesis, one set of mRNAs, using the most 5' located 

initiator AUG codon, would give rise to the N protein, while 

another set of mRNAs, slightly shorter and lacking that AUG codon, 

would give rise to the NS s protein by using a downstream located 

AUG codon and a different reading frame. Another interpretation 

would be that the leader RNAs of the bunyaviruses serve a 

function similar to that of the leader RNAs in vesicular 

stomatitis virus and Sendai virus -infected cells (49). These 

leader RNAs, together with the availability of the nucleocapsid 

protein, have been shown to regulate the replication-transcription 

pathways. 

As is evident from the data summarized above, the mechanism 

of transcription of bunyaviruses is not yet fully understood. 

It is, however, clear that these viruses have developed a very 

interesting and unique strategy for gene expression, which has 

ingredients from e.g. the orthomyxo-, paramyxo- and rhabdo­

viruses. 
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FOOT-AND-MOlITH DISEASE VIRUS RNA 

JOSE L. LA TORRE AND EDUARDO A. SCODELLER 

SUMMARY 

In this work we report results obtained in our laboratory concerning 

the existence in foot-and-mouth disease virus (FMDV) of a virion-associated 

endoribonuclease, the conditions used for its activation and the steps 

taken toward the development of an experimental vaccine based on these 

observations. 

In addition, we present data related to the blochemical characterization 

of the FMDV genome and its biological and epidemiological relevance. 

INTRODUCTION 

Foot-and-Mouth Disease is considered the most important disease affecting 

all domestic and wild cloven-hoofed animals. The disease is highly 

contagious and usually produces lesions on feet, mouth, snouts and teats 

that result in a 1055 of about 25% in productivity of farm animals (1). 

Indirect economical losses are also very high due to the fact that 

lnternational markets are restricted or closed to animal products from 

infected countries (1, 2). 

The causative agent of the disease is an acid-sensitive virus belonging 

to the aphthovirus genus of the animal picornaviruses (3). The virions 

are naked icosahedral particles of about 25 nm in diameter (Fig. 1 A) 

(4, 5) having a buoyant density of about 1.425 g/cm3 and a sedimentation 

coefficient of 145S (1, 4, 6). 

The viral capsid is composed of 60 copies each of four coat proteins 

VP1, VP2, VP3 and VP4. One or twu copies of other polypeptides designated 

as VPo (the precursor of the capsid proteins VP2 and VP4) and P56 (the 

viral RNA polymerase) are also present in the mature virions (7). The 

viral structural polypeptides VP1, VP2 and VP3 are arranged in 12 pentameric 

subunits each of which forms one of the 12 vertices of the icosahedron 

(Fig. 1 B) (5). VP1 is the only structural polypeptide capable of inducing 
Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Mar/intIS Nuho// Publishing, Boston. All rights reserved. 
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viral neutralizing antibodies (8, 9, 10) and is presumably clustered at 

the apices of the virions (11). Viral polypeptide VP4 appears to be 

internally located (12). 

FIC;URE 1. H'IDV virus type C3 strain Resende was replicated in BHK cells, 

purified by means of a sucrose gradient and observed directly (A) or after 

spreading onto a subphase of 0.1 M ammonium acetate (pH 6.2) (B). Arrow 

in B shows a core particle. Magnification x 360,000. The bar represents 

0.1 urn. For details see ref.18. Reprinted with permission of Academic Press. 

The viral genome is an infectious single-stranded RNA of about 8,000 

nucleotides long (6) and ofpositive polarity. This RNA has a poly (A) 

tract very variable in length (13) and located at the 3' end of the molecule. 

Another characteristic of the FMDV RNA is the presence of a poly (C) tract 

80 to 200 nucleotides long internally located at about 400 nucleotides from 

the 5' end (14). As in the rest of the picornaviruses, a protein of about 

3,000 daltons (VPg) is covalently linked to the 5' end of the genome (15, 

16, 17). The genomic RNA is buried within the capsid probably folded in 

a compact spherical configuration, forming the viral core (18) (Fig. 1 B). 

This RNA is easily degraded into subgenomic fragments when H>IDV virions 

are incubated at 37° leading to a progessive loss of the virus infectivity 

(19). The origin of this fragmentation is the presence within intact 

virions of a ribonuclease which, under appropiate physicochemical conditions, 

is capable of promoting a complete degradation of the virion RNA without 

affecting the integrity of the particles (see below). 

Another relevant property of H>IDV is its antigenic variation probably 
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promoted, as in the rest of the RNA viruses, by a high mutational rate 

(20). Recombination between the genomes of similar viruses has also been 

postulated as a mechanism for virus variability (21). 

We have chosen as the subject of this chapter these two properties of 

FMDV. The work was separated into two parts. One describes all the studies 

we have perfoYIlled to ascertain the origin of the degradation of FMDV genomic 

Rl'il\ and how we have used this observation to develop an experimental vaccine 

for }')vlDV. The other part is dedicated to describe the use of biochemical 

techniques to study virus variability and other biological and biochemical 

properties of the FlvIDV genome. The perspectives of future work in both 

areas are also discussed. 

lYIATERIALS AND METHODS 

Cell cultures and virus preparations. Different FMDV types were used through 

this work. The origin and conditions of replication in BHK21 clone 13 

cells are given in each particular experiment. 

Virus purification. In all cases, infections were carried out at high 

multiplicity (higher than 10 plaque fOYIlling units per cell (pfu/cell)). 

/\dsorvtion period was 45 min at 37°. Virus was then purified by two different 

procedures. 

Method 1\. At the end of the infection (6 to 10 hr), mediUJll was centrifuged 

at 10, (l00 g for 30 min, and the virus was then concentrated from the 

result ing supernatant with 6% polyethylene glycol (PEG 6000) or by 

centrifugation at 105,000 g for 1 hr. The precipitated virions were 

resuspended in ET buffer (0.001 M EDTA, 0.030 M Tris-HCI, pH 7.4) with 

gentle magnetic agitation, for at least 8 hr at 4°, and were purified by 

means of a CsCI density gradient (18). The virus-containing fractions 

were pooled and dialyzed overnight in the cold (4°) against ET buffer. 

SodiUJll deoxycholate was added to the dialyzate to 0.5% final concentration 

and the sample was layered on top of a 15 to 45% (wt/vol) linear sucrose 

gradient made in ET buffer. Gradients were centrifuged at 27,000 rpm for 

4 hr at 2-3 0 in an SW 27 rotor of a Beckman ultracentrifuge. At the end 

of the run, fractions of 0.5 ml each were collected by puncturing the 

bottom of the tubes. The OD260nm was measured and the radioactivity of 

each fraction was assayed; finally those fractions containing virus were 

pooled. 

Method B. In order to obtain freshly produced virus, mediUJll was never 
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harvested at periods later than 4 hr post-labeling. If at that time 

cultures were not completely degenerated their medium was replaced at 

4-hr intervals; collected fluids were kept cold (0°) tnltil processed. 

Usually two harvests were pooled and centrifuged at 10,000 g for 10 min 

and the supernatant was centrifuged for 80 min at 123,000 g in order to 

pellet the virus. Virion-containing pellets wele resuspended in 2 ml of 

NET buffer (0.100 M NaCI; 0.001 M EDTA; 0.050 M Tris-HCI, pH 7.4) and 

after adding sodium deoxycholate (0.5% final concentration) the mixture 

was vigorously stirred for 5 min in the cold. Finally the sample was 

layered at top of a 15-45% (wt/vol) linear sucrose gradient made in NET 

buffer and analysed as in Method A. 
To obtain virus devoid of external nucleases the pooled peaks were 

brought to 0.5% Sarkosyl and repurified in an additional sucrose gradient. 

Preparation of viral and cytoplasmic RNAs. It was performed as described 

in ref. 32. Briefly: samples of purified virions, suspended in NET 

buffer (pH 7.4) were made 1% (final concentration) with Sarkosyl NL 97 

and were treated twice with an equal volume of chloroform-phenol. RNA 

was recovered from the aqueous phase by precipitation with 2.5 vol of 

ethanol at -20° overnight, centrifuged at 10,000 g for 15 min, and 

dissolved in the appropiate buffer. Alternatively, RNA was obtained fro~ 

virions by release at low pH: 0.1 ml of the viral suspension was mixed 

with 1.9 ml of citrate buffer (0.005 M sodium citrate; 0.100 M NaCI, pH 

5.4), 0.5% (final concentration) Sarkosyl was added, and the mixture was 

incubated at 37° for 10 min. 

Virus purification and RNA analysis of viral suspensions incubated in in­

activation medium. At 5 hr pi 32P-Iabeled cells and the medium were frozen 

and then thawed in order to disrupt the cells. Nuclei and cellular debris 

were removed by centrifugation (3,000 g, 5 min) and the supernatant used 

as 32P-Iabeled viral suspension. These suspensions were then incubated 

at different pHs and ionic conditions, as described in Results. After 

incubation, 2 ml of the viral suspension were brought to 0.2% Sarkosyl 

20 mM EDTA and layered on top of a 35 ml 10-30% (wt/vol) sucrose gradient 

made in NET buffer and centrifuged 27,000 rpm, for 3.5 hr in an SW27 rotor 

(Beckman), at 4°. One ml aliquots were collected from the bottom using a 

peristaltic pump. Fractions containing the 140S viral peak were pooled, 

made 0.5% SDS and their RNAs extracted twice with phenol-chloroform, ethanol 

precipitated and analysed as described in Results. 
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Acrylamide gel electrophoresis. fu~ samples were analysed on 2.7% acrylamide 

gels as described in ref.28. 

Labeling of the RNA with (32~orthophosphoric acid and RNase T1 

fingerprinting. Conditions used were as described in ref.38. 

Characterization of the poly (C) tract by affinity chromatography. In order 

to isolate the poly (C) tract(s), a fraction of the RNase T1 digest was 

diluted with 500 mM NaCl, 10 ruM Tris-HCI (pH 7.5) and 0.2% SDS (binding 

buffer) and chromatographed twice at room temperature on oligo- (dG)- cellulose 

microcolumns which were previously equilibrated with binding buffer. 

Fractions containing unbound material, poly (C) were discarded. The poly 

(C)+ fractions were eluted with elution buffer (10 mM Tris HCI plus 

0.2% SDS, pH 7.5) and also precipitated with ethanol at -20° overnight 

and analysed on one-dimensional gels (38). 

RESULTS 

PART A 

Degradation of the FMDV RNA by a virion-associated ribonuclease. 

As it was stated above, one of the surprising biochemical characteristics 

of FMDV is the fragIlity of the genomic RNA when the virions are incubated 

at 37°. Analysis of the viral RNA by means of several conventional 

procedures indicates that, besides the 35S peak belonging to full-length 

molecules, variable amounts of subgenoIllic fragments were always detected 

(22, 23, 24). Several mechanisms have been proposed to explaln the 

heterogeneous nature of the viral RNA, such as the presence of weak 

linkages within the molecule (25), cationic attack (19), effect of heat 

(26) and degradation by nucleases (27). In this regard, it was important 

to determine whether this heterogeneity was an inherent property of FMDV 

(i.e. fragmented genome) or if it was the result of RNA degradation 

during purification of the virus particles. 

Supecting that the heterogeneity of the RNA was introduced by prolonged 

handling of the sample during virus purification, we devised two different 

purification protocols (28). Method A. It was a conventional procedure 

which required a prolonged maintenance of virus at 4°(i.e. 8-10 hr 

stirring of a polyethylene glycol precipitated viral pellet, overnight 

dialysis and CsCI gradients. Method B. It was a shortened purification 

procedure where virus was never harvested later than 5 hr pi. The 

harvests were quickly clarified at low speed centrifugation, the virus 

was pelleted,vigorously resuspended in NET buffer containing detergents, 
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and layered on top of an appropiate sucrose gradient. Prolonged stirring 

of virus pellets, CsCl gradients and overnight dialysis were thus avoided. 

With this method, purified virus can be obtained in a few hours. As can 

be seen in Fig. 2 A and 2 B, the RNA obtained from virus purified by 

Method A was composed of a main 35S component with a high proportion of low 

molecular weight (m.w.) RNI\ species. However, viral RNA isolated by Method 

B migrated as a single homogeneous peak when analysed on sucrose gradients 

or acrylamide gels (Fig. 2 C and 2 D). 
From these data we concluded that when ~IDV was purified by Method A 

we were not able to obtaIn homogeneous RNA. Nevertheless, we have 

shown that FMDV RNA can be isolated as a single homogeneous molecule using 

Method B for viral purification. Moreover, RNA obtained by this procedure 

was very stable when submitted to different denaturation procedures (28). 

By using calibrated acrylamide gels, we have estimated that the m.w. of 

the viral RNA is 2.7 x 106 (28). The sedimentation coefficient of this 

RNA was estimated to be 35S (28), a value in agreement with those previously 

reported. Finally, since other causes of RNA heterogeneity were ruled out, 

we thought that a nuclease could be the cause of FMDV RNA breakdown. This 

was further supported by the results described above which show that the 

viral RNA can be obtained unbroken when incubation of virions at 37° was 

avoided during virus production, harvesting and purification. On the other 

hand, it has been shown that incubation of FMDV at 37° for different lengths 

of time led to an inactivation of the virus with conservation of its physical 

and immunological properties. This inactivation was correlated with a 

simultaneous degradation of the 35S genomic RNA into fragments of smaller 

size (19). Similar results were obtained with rhinovirus type 14 (RV14) 

(29) and it was suggested that inactivation of picornaviruses at low 

temperature also involved a mechanism directed against the viral RNA (30). 

Since degradation of RV14-RNA during incubation occurred "in situ" within 

the viral particle, Gauntt (29) postulated the presence of a nuclease located 

inside the virions. 

For this reason, it was decided to study the degradation of the FMDV 

RNA in highly purified virions to find out whether or not they contained 

a nucleolytic actIvity responsible for the degradation of the viral genome. 

Virus purified by Method B was resuspended in 1% Sarkosyl in NET buffer 

and further purifIed in a sucrose gradient to eliminate any residual 

contamination with external nucleases (31). An aliquot of the treated 
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FIC;URE Z. Characterization of 3H-Iabeled FMDV-RNA. (A and B) FMDV-RNA 

extracted with phenol-chlorofonn from virions purified by Method A and 

mixed with unlabeled chick embryo cytoplasmic RNA. The RNA samples were 

layered over 36 ml 10-30% (wt/vol) linear sucrose gradients made In NET 

buffer plus 0.5% Sarkosyl and were centrifuged (Beckman SW27 rotor, 

27,000 rpm, 15 hr, 2° (A); or were analysed on a 2.4% acrylamide gel 

(4 hr, 5 mAl gel) (B). (C and D) FMDV - RNA extracted from virions purified 

by Method B and mixed with unlabeled ribosomal RNA; in (C) viral RNA was 

obtained by disruption of virions at low pH. Conditions for analysis were 

the same as those described in Fig. 2 A and 2 B, respectively. 
( .----) O~6Onm of cytoplasmic or ribosomal RNA. ((}-----{)) 3H-Iabeled 

~IDV-RNA (for gradients TCA-insoluble counts per minute were plotted). 

Insert of Fig. 1 D: relationship between electrophoretic mobilities and 

the log of the molecular weights; a straight line could be drawn between 

the 28, 18, and 4S marker RNA ( .) ; FMDV RNA (0) was inserted according 

to its electrophoretic mobility. Reprinted with permission of Academic Press 
(reference 28). 

virus was mixed with ribosomal RNA and held at 0° for 15 hr in NET buffer; 

another aliquot was incubated at 37° under the same conditions. As can be 
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seen in Fig. 3 A, the RNA extracted from virions incubated at OO(control) 

and the ribosomal RNAs sedimented as homogeneous peaks. Fig. 3 B shows 

the profile of the viral RNA extracted from Sarkosyl-treated virIons that 

were Incubated at 37° for 15 hr. As can be appreciated, the viral RNA 

was degraded during the incubation and very few molecules were found 

sedimenting at the 35S position. On the contrary, ribosomal RNA coincubated 

with the detergent-treated virions showed no degradation, indicating the 

absence of nucleolytic activity outside virions. However, this activity 

was not specific for the viral RNA since ribosomal RNA coincubated with 

pH-disrupted virions was also degraded (data not shown). The same result 

can be obtained using CsCI repurified virions. 
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FIGURE 3. Sedimentation analysis of 3H- FMDV RNA extracted from Sarkosyl 

treated virions that were incubated at OOand 37°, respectively, together 

with rat liver ribosomal RNA. RNA samples were layered on 11 ml, 15-30% 

(wt/vol) linear sucrose gradients made in NET buffer containing 0.5% SDS 

and centrifuged (Beckman SW41 rotor, 40,000 rpm, 4.5 hr, 20°. (------) 

3H-FMDV RNA; (0----0) unlabeled 28S and 18S RNAs; RNA from virions 

incubated 15 hr at 0° and pH 7.4 (a) or at 37° (b). Reprinted with permission 
of Springer-Verlag (reference 31). 

Based on this result, we concluded that there is a nucleolytic actIvity 

tightly associated with highly purified virions, probably located inside 

the viral particles and we think that it could be the enzyme responsible 

for the genomic FMDV RNA breakdown. Since we have demonstrated that the 

viral capsid is not permeable to a commercial RNase (32), it is probable 

that this enzyme is incorporated into virions during the intracellular 
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virus assembly process and could be considered a constitutive component 

of the virions. Under the precedent conditions, the enzymatic activity 

was very low and long incubation periods were required to detect an 

appreciable degradation of the genomic RNA (32); hence we decided to test 

whether or not these conditions could be improved. As can be seen in 

Fig. 4, by addition of 5 mM of Mg2+ to the incubation medium and by 

increasing the pH only one unit (Fig. 4 B) the enzymatic activity is 

dramatically enhanced since the pattern of RNA degradation after 1 hr 

incubation under these conditions was similar to that obtained after 20 hr 

incubation in NET buffer (Fig 4A). c:a2+ can also be used as divalent cation with 

the same result (not shown). The optimal concentration of both ions is 

around 5 mM. Apparently pHs higher than 8.5 enhance even more the 

enzymatic activity; however, these conditions promote also SOIlle alkaline 

degradation of the RNA (not shown). 

The RNA degradation apparently correlates with a loss of the infectivity 

since, as shown by Brown et al (19), purified virions lose one log of the 

infectivity each 8 hr incubation at 37° in phosphate buffer (immunogenic 

properties remained intact upon this treatment). Hence we decided to try 

the inactivation of FMOV by activation of the enzyme. However, conditions 

showed in Fig. 4 appeared not to be so efficient when applied to whole 

particles. Therefore, we decided to look for conditions capable of activating 

the enzyme inside non-disrupted virions. 

Ward had reported (33) that poliovirus inactivation can be promoted by 

incubating the virus in 0.5 M NH4Cl (pH 9.5); this inactivation was correlated 

with the breakdown of viral RNA. However, the author did not provide a 

definite explanation for this observation and several hypotheses were given. 

Thinking that the poliovirus inactivation could be mediated by a polio­

associated enzyme similar to the H.IDV one, we decided to test the effect of 

these conditions on FMDVenzyme. Tentative experiments in this direction 

(not shown ) demonstrated that these conditions strongly activate the enzymatic 

activity of Ff'.IDV. Encouraged by these results, we began to test 

systematically the effect of pH and higher concentrations of NH4+(and 

related ions) on the enzymatic activity. Fig. 5 shows the effect of pH 

on the enzyme activity; an important increase of activity was obtained by 

increasing the pH only one unit. Viral naked RNA was not affected upon 

incubation at the highest pH used (8.5); pH values lower than 7.5 were not 

tested because of the known lability of Ff'.IDV to pHs under 7.0 (1, 3). On 
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FICURE 4. Three /.1g of W11abeled purified virions (free of external nucleases) 

were heated for 3 min at 60° in 20 /.11 of NET buffer-l0% glycerol and incubated 

with 50 /-lg of W1labeled BHK cell cytoplasmic Rt'JA plus 3H-uridine-labeled 

viral 35S RNA. Samples were diluted to 1 ml with NET buffer and incubated 
for 20 hr at 37° (A) or diluted to 1 ml with 100 mM Tris-HCl; 100 rrM KCl; 

5 mM MgCl2' pH 8.S, and incubated for 1 hr at 37°(B). 3H-uridine viral 

kNA plus BHK cell cytoplasmic RNA were also incubated for 20 hr at 37° 

(control) (C). After incubation, samples were brought to 1% SDS - 20 mM 

EDTA, heated for 3 mill at 60° and ethanol precipitated. The pellets were 

resuspended in elenrophoresis buffer (28) and analysed on 2.7% acrylamide 

cylindncal gels. (---) A260nm of W1labeled BHK cells RNA. (e .) 

~5H- FMDV RNA. 

the other hand, pH values higher than 8.5 promoted some alkalme degradation 

on naked RNA controls. Ylhen Tris-HCl (100 rrM final concentration) was used 

instead of NaOH, a similar activation of the enzyme was obtained. However, 

in this case, the RNA degradation was more extensive that that obtained 

when NaOli was used, indicating a possible potentlating effect of the Tris­

buffer on the enzymatic activity. 
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The effect of different types of cations and ionic concentrations on the 

enzymatic activity was also studied. Fig. 6 shows the effect of increasing 

the NaH4Cl concentration on viral RNA degradation, indicating that RNA 

degradation increases proportionally to the ammonium concentration, reaching 

a maximum between 0.50 and 0.75 M NH4Cl (Fig. 6 C and 6 D). 
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FIGURE 5. Effect of pH on "in situ" viral RNA degradation. 32P-labeled 

viral suspensions in Eagle's medium were brought to the desired pH by 

addition of 0.1 M NaOH and incubated for 4 hr at: A) pH 7.5, 00 ; B) pH 7.5, 

37 0 ; C) pH 8.0, 37°and D) pH 8.5, 370 • After incubation the virions were 

purified, the RNA extracted twice with phenol-chloroform and analysed in 

17 ml 10-30% (wt/vol) sucrose gradient made in 1% NET-SDS buffer, pH 7.4 

(Beckman SW 27.1, 17 hr, 22,000 rpm at 20 0 ). Arrows indicate the positions 
of ribosomal RNAs. 

A similar effect was observed at pHs 7.5 and 8.0. By using K+ or Cs+ 

ions instead of NH4+ , identical results were obtained; NaCl did not promote 



A 

c 

.. 
I 

Q 

.. 
~ 
0-
0 

Q. 

I.'! 

E 

!5 

312 

0 

N". CI SOOmM F 
4hl 

NH. CI 2!50 mM 
Ih 

NH. CI 7S0mM 
Ih 

N". CI SOOmM 
I4he 

10 

FRACTION NUMBER 

FIGURE 6. Effect of ionic concentration on 

"in situ" viral RNA degradation kinetics. 

32P-labeled viral suspensions in Eagle's 

medium were incubated for 1 hr at 37°in 0.1 

M Tris-HCl, pH 8.5 plus NH4 Cl: A) 0.10 M; 

B) 0.25 M; C) 0.50 M; D) 0.75 M or at 37°in 

0.10 M Tris-HCl, pH 8.5 for E) 4 hr; F) 14 

hr. After incubation the virions were puri­

fied and the RNA analysed as in Fig.l Arrows 

activation of the enzyme. 
It was argued that selective 

penetration of unionised 

ammonia into the virions 

could increase their internal 

pH promoting alkaline degra­

dation of the RNA (33). 

However, this is unlikely 

since the same effect is caused 

by monovalent cations such as 

Cs+ and K+ (not shown) which 

are not capable of increasing 

the pH inside the virions . 

Similar results were 

obtained incubating highly 

purified virions (free of 

any external nuclease 

contamination, thus ruling 

out the possibility of RNA 

degradation by external 

nucleases). The combined 

effect of higher pH and 

higher ionic strength on 

the nuclease activity 

produced a marked enhancement 

of the RNA degradation when 

compared with that obtained 

with our previous conditions 

of incubation (see Fig. 3 B). 

Under the present conditions 

the viral RNA is extensively 

degraded after incubation (4 hl~ 

(Fig. 6 E) and the extent of 

degradation is greater than 

that obtained after 50 hr 

incubation in NET buffer 

indicates position of 28 and 18S ribosamlRNAs. (32). The degradation 
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profile observed in Fig. 6 E, seems to be maximal, since no further 

degradation is observed after longer incubation periods (Fig. 6 F). 

The sedimentation coefficient and the amount of 140S particles of the 

incubated samples are the same as in non-incubated controls. Moreover, 

electrophoretic patterns of their viral capsid proteins are identical to 

those derived from non-inacTivaTed preparations (not shown). 

To see whether the breakdown of the genomic RNA correlates with a loss 

of the viral infectivity we determined infectivity (as pfu/ml) in viral 

samples at different times of incubation with NH4Cl. 
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FIGURE 7. Rate of FMDV inactivation under different conditions. ~IDV 

grown in suspensions of BHK cells (1.5x 105 cells/ml) at 37° for 24 hr 

was harvested after clarification by centrifugation (1500 g for 3 min). 

The infective virus suspensions were divided into aliquots which were 

treaTed as follows: 1) Incubated at 4G for 48 hr. 2) pH adjusted to 8.5 

with Na2C03 and incubated for 48 hr at 37°. 3) As 2) above and a solution 

of bromoethyleneamine added to form BEl. 'The virus suspension was then 

incubated at 37? A second addition of the activating agent was made after 

24 hr and the sample kept at 37°f or a further 24 hr. 4) pH adjusted to 

8.5 by addition of 0.1 vol of 1.1 M Trizma base,S. 5 M NH4Cl and incubated 

at 37° for 48 hr. Samples were taken at suitable intervals (0, 1, 2, 3, 

4, S, 6, 16, 22, 24, 48 hr) for infectivity assays. 
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Fig. 7 shows the kinetics of FMDV inactivation perfonned by incubatIOn with 

M14Cl or binary ethyleneamine (BEl) which is extensively used as an 

inactivating agent in FMD vaccine production (34). NH4Cl inactivation 

follows flrst order kinetics and the rate of inactivation is faster thml 

that achieved with BEl. The inactivation rate is slower when the incubation 

is at 37°, pH 8.5 (NaZCO:;). 

Similar results were obtained with a large number of representative H1DV 

vaccine strains (not shown). Innocuity test in suckling mice and plaque 

assays showed that there was not residual infectivity left after ZO hr of 

inactivation. We are at present studying the feasibility of this inactivation 

process for industrial use in the production of ~MD vaccines. 

PART B 

Antigenic variation of FMDV is one of the most important causes contributing 

to the spread of the disease. Failures in the vaccination programs often 

originate in the fact that new strains are continuously produced while the 

virus is circulating in the field. These new viruses are the result of two 

well defined events: 1) the low fidelity of the viral RNA replication (ZO), 

and 2) the selective pressure existing by suboptimal levels of neutralizing 

antibodies in the vaccinated populations. Genetic recombination, which 

recently has been shown to occur during FMDV replication (2') should also 

contribute to the virus variability. 

There are 7 serotypes of ~MDV, the European types 0, A and C also present 

in South America; the South African Territories types SAT" SAT2 and SAT3, 

and the Asiatic type ASIA,. Sixty-seven subtypes and hundreds of strains 

are also recognized. However, subtypificatlon of the virus has been 

discontinued and at present is only used for diagnostic purposes during 

outbreaks of the disease. 

Identification of viruses is basically perfonned by complement fixation 

and recently also by RIA and ELISA tests. '[he use of monoclonal antibodies 

for the precise strain identification is also under rapid development. On 

the other hand, the availability of biochemical procedures for diagnostic 

purposes opened new and interesting possibilities in this field. Several 

techniques for the analysis of viral nucleic acids and proteins are being 

increasingly used for the rapid identification of virus isolates. The 

combination of these techniques with the serological procedures provides 

the epidemiologists with an arsenal of new methods to study very precisely 
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the behaviour, evolution and fate of viruses ln the field, after different 

lnwlipulations in the laboratory and during vaccine production. Among the 

different procedures, oligonucleotide fingerprinting has been the method 

of choice for precise identification of a large number of varieties of 

I~ viruses (35, 36). In the case of FMDV, this method also proved to be 

very valuable for the identification of virus strains causing outbreaks of 

the disease in Europe (37) and in South America (38). For that reason, in 

the second part of this chapter we will present results obtained in our 

laboratory using RNase Tl fingerprinting. The data will be specially 

focused on the pracLical value of this procedure for the identification 

of ~IDV strains with epidemiological relevance, and in the changes in size 

of the poly (C) tract of the viral genome by passages in different hosts. 

a) Development of a rapid procedure for RNase Tl fingerprinting. The usual 

procedure used to make a fingerprint of a viral RNA is to label the genome 

with 32p orthophosphoric acid during replication, purify the virus and 

extract its RJ\JA. The purified RNA is then digested with RNase Tl and the 

resulting oligonucleotides resolved in ThO -dimensional polyacrylamide gels 

(35). This procedure is time consuming and dangerous if routinely used 

since itinvolves the isolation of highly labeled viral particles on sucrose 

or CsCI gradients. In addition, many strains of FMDV are difficult if not 

impossible to pUlify due to the intrinsic lability of the virions and their 

high sensitivity to detergent. On the other hand, another peculiarity of 

~IDV is that no more than 20% of the 35S induced RNA is incorporated into 

the mature particles (39) and there are strains of FMDV in which the 

assembly of virions is also very inneficient resulting in very poor yields 

of labeled 140S particles. For these reasons it was decided to investigate 

the possibility of using induced instead of virion RNA for RNase Tl finger­

printing. This part of the work was performed together with F. Brown and 

co-workers at the Biochemical Department of The Animal Virus Research 

Institute (AVRI), Pirbright, England (40). The experiments were performed 

wi th the FMDV serotype A subtype 10 strain 61 (A 61). Four mono layers of 

BHK cells (app. 108 cell per bottle) were infected with the virus A 61 at 

a multiplicity between 10-100. Three of them were harvested at 2-3 and 

4 hr postinfection (pi) whereas the 4th one was harvested when a complete 

cytopathic effect was achieved (app. between 5 and 6 hr pi). The induced 

35S RNA was prepared from the cytoplasm of the BHK cells of the first 

three cultures (40) and analysed on sucrose gradients. It was found that 
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the amount of 35S was maximum between 3 and 4 hr pi. Radio-labeled 

virion RNA was extracted from purified virions recovered from the 4th 

culture and analysed in parallel with the three samples of induced RNA. 

It was found that at 3 or 4 hr pi., there was 40 times more 35S induced 

RNA than 35S virions RNA recovered from virus particles. The 
fingerprints obtained from the induced 35S RNA and the virion RNA were 

indistinguishable even after performing the electrophoresis of their Tl 
hydrolysates (40). 

Additional experiments demonstrated that it was not necessary to gradient 

purify the induced RNA. Total cytoplasmic RNA extracted from infected cells 

which was labeled in the presence of high doses of actinomycin D gave 

identical fingerprints to the RNA purified (on gradients or extracted 

from purified virus) (40). Free phosphorus and small nucleotides which 

are extracted with the 35S RNA can be easily eliminated by one or two 

precipitations of the induced RNA with 2.2 M LiCl. Using this procedure, 

it is possible to obtain a Tl hydrolysate of RNA of any given FMDV strain 

within a few hours. It should be noted that the titer of the virus seed 

was such that a complete cytopathic effect was produced in about 10-12 hr. 

In addition we used 0.3 mm thick one-dimensional polyacrylamide gels to 

separate theRNaseTloligonucleotides (40). This type of gel was found to 

be suitable for comparative analysis of different series of viruses. 

This procedure requires the use of very low levels of counts (between 

60,000 to 100,000) to obtain a result within a few hours. An additional 

advantage of one-dimensional gels is the fact that the poly (C) tract of 

the viral RNA can be directly analysed whereas this is very difficult on 

the regular two-dimensional gels. The combined use of the induced RNA with 

the separation of their RNase Tl oligonucleotides on one-dimensional gels 

allows the rapid screening of several different FMDV strains in about 

36-40 hr. However, viruses which elicited identical one-dimensional maps, 

were shown to sometimes have only a few spots of difference when analysed 

on two-dimensional gels. For this reason, one -dimensional gels can be used 

for the rapid screening of FMDV strains but the precise identity between 

two similar isolates can be only established on two-dimensional gels. 

b) Analysis of serologically related FMDV strains by RNase Tl maps. At 

the end of 1975 and during 1976, in the south of Brasil (State of Rio 

Grande do SuI) there was an epidemic of FMDV caused by a virus belonging 

to the serotype A and designated A Bage Brasil/76. This virus was also 
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active in the field during 1977 and caused outbreaks of the disease in 

Uruguay illid Argentina. In 1979, new viruses appeared in that region and 

they were designated A Brasil/79 and A Argentina/79. These viruses, as 

judging by the complement fixation tests, were closely related to the 

virus A Bage and to the virus A Venceslau which were active in 1976-77 

in the states of Santa Catalina and Sao Paulo distant at about 600 and 

1000 Km northern from Rio Grande do SuI. In a comparative study with the 

Pan American Foot-and-Mouth Disease Center at Rio de Janeiro, Brasil, we 

have analysed these viruses by Tl maps on one- and two-dimensional gels. 

Fig. 8 shows the pattern of bands elicited by the RNase Tl hydrolysates of 

the viruses A Venceslau, A Bage, A Arg/79 and A Brasil/79 analysed on 

one-dimensional gels. As can be seen, viruses A!Venceslau and A/Bage 

(tracts 1 and 3) can be easily distinguished. However, several bands are 

shared by both viruses indicating that there is an important degree of 

homology between their genomes. Homologies and differences between them 

are more easily determined by analysis of the co-electrophoresis of mixtures 

of their RNase Tl hydrolysates (tract 2) (40). We have also determined 

the presence of homologies of the genomes of viruses A/Bage and A/Venceslau 

with respect to both A/79 viruses (tracts 3-4-5 and 7-8-9) respectively. 

In this analysis it was also observed that the pattern of bands of viruses 

A Arg/79 and A Brasil/79 as well as their mixtures were indistinguishable 

from each other (tracts 5-7 and 6 respectively), suggesting that both 

viruses are isolates belonging to the same virus strain. The high degree 

of homology between both viruses was further confirmed by analysis of their 

RNase Tl oligonucleotides on two-dimensional gels (fingerprints) where only 

one spot difference was found between these viruses (see below). 

Analysis of the poly (C) tracts of these viruses and their mixtures 

indicated that viruses A/Bage and A!Venceslau shared poly (C) tracts of 

identical length (Fig.8, tracts 1-2 and 3). As shown in tracts 5-6 and 7, 

the length of the poly (C) tract of viruses A Arg/79 and A Brasil/79 are 

identical but they are clearly shorter than the homopolymers of viruses 

A/Bage and A!Venceslau. 

Analysis of the viruses by two-dimensional gels (fingerprints) also 

shows that each virus elicited a particular pattern of spots by which they 

can be clearly identified (Fig. 9). However, the co-electrophoresis (not 

shown) of their hydrolysates confirmed the presence of an important 

homology among them. 
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FIGURE 8; Rl\Jase T1one-dimensional 

maps of different FMDV strains. 

1. A/Venceslau, 3. A/Bage, 

5. A Arg/79, 7. A Brasil/79, 

9. A/Venceslau, 10. A Arg/79 

2. A/Venceslau + A/Bage, 

4. A Arg/79 + A/Bage, 

6. A Arg/79 + A Brasil/79 

8. A/Venceslau + A Brasil/79. 

c 

A Arg/79 

FIGURE 9. RNase Tl two-dimensional fingerprints of a) A/Bage 

b) A/Venceslau; c) A Arg/79. 

in this regard it should be pointed out that virus A Arg/79 and A 

Brasil/79 shared all spots except one (23 nucleotides compared); viruses 

A/Bage and A/Venceslau shared 11 spots (18 nucleotides compared); viruses 

A/Bage and A Arg/79 had 12 common spots (21 nucleotides compared) and 



319 

viruses ANenceslau and A Arg/79 shared 9 spots (20 nucleotides compared). 

These results, taken together with the epidemiological and serological 

data available, suggest that viruses A/79 were originated from virus A/Bage 

(Brasil/76). Analysis of some intermediate strains epidemiologically related 

to this group of viruses (E. Meo Guzman et aI, in prep.) are in agreement 

with this hypothesis. Such evolution of the viruses in the field provides 

an excellent model to study the molecular basis of antigenic drift and 

shift of FMDV and which are the protein domains more frequently involved 

in these antigenic changes. 

c) Host- dependent modification of the poly (C) tract of }""MJ)V RNA. It is 

very well known that FMDV RNA has a polyribocytidilic acid (poly (C)) tract 

internally located at about 400 nucleotides from its 5' end (14). The 

length of this homopolymer is very variable (between 80 to 200 residues 

long) among different virus isolates. The origin of this length variation 

is at present unknown. However, Harris and Brown (22) reported that the 

poly (C) tract of an attenuated SAT-l FMDV strain was considerably shorter 

than the original virus from which it was derived. We have also found 

that the poly (C) tracts of 4 different attenuated strains of FMDV were 

shortened with respect to their original parents (Costa Giomi et aI, in 

prep.). However, in two of those strains, the poly (C) tract was only 

slightly shortened. Since the attenuation process involves a large number 

of passages in differeTlt nonsusceptible hosts, we thought that the 

shortening of the poly (C) could be dependent on the host in which the 

virus was attenuated rather than on its intrinsic degree of attenuation. 

In order to study the behaviour of the poly (C) tract of HillV-RNA in 

different samples of the HillV type C3 strain Resende, one virus was 

attenuated by 42 passages in 14 days-old chick embryos. The other sample 

was the original virus from which the attenuated strain was derived (the 

virus was obtained from the Pan American Foot-and-Mouth Disease Center). 

Inoculums of both viruses were divided into two equal aliquots and used 

to infect two different cell lines: BHK 21 clone 13 cells and a swine 

derived cell line: IB-RS 2 cells. The induced FMDV-RNA was extracted 

from the four cultures, diggested with RNase Tl and the resulting 

oligonucleotides analysed on one-dimensional gels (40). As can be seen 

in Fig. 10, the poly (C) tract of the attenuated strain was considerably 

shorter than that of the original virus, both in BHK cells (tracts 2 and 

4) and in IB-RS cells (tracts 1 and 3). 
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FIGURE 10. one-dimensional RNase 

Tl maps of virus replicating in 

different host cells. 

1. C3 wild type in IB-RS cells 

2. C3 wild type in BHK cells 

3. C3 attenuated (chick embryos) 

in IB-RS cells. 4. C3 attenuated 

(chick embryos) in BHK cells. 

However, the poly (C) tract of the 

original virus and that of the 

attenuated strains, were enlarged 

when the viruses were replicated in 

IB-RS-2 cells. Compare tracts 1 and 

2 and 3 and 4 respectively. Pre­

liminary results indicate that the 

changes in size of the poly (C) tract 

are due to ml increase in the number 

of the C residues and not to changes 

affecting the flanking sequences of 

the homopolymer (Costa Giomi et aI, 

in prep.). It could be also pointed 

out that when the viruses recovered 

from IB-RS-2 cells were again passaged 

through BHK cells, the poly (C) tract 

recovers its original size that is to 

say that replication in Br~ promotes 

the shortening of the homopolymer. 

Similar results were obtained in 

in primary bovine kidney cells 

(Costa Giomi et aI, in prep.). 

These observations are really 

surprising since these changes in 

the size of the poly (C) tract are 

produced in only one passage of the 

virus in the new host and it needs 

apparently just one single replication 

cycle to occur. We do not know at 

present which is the mechanism by which the poly (C) tract changes its 

size in different hosts. Nevertheless, these changes are likely to be 

produced sometime during trmlscription of the RNA in the different hosts. 

Hence it is possible that host-dependent factor(s) could be involved in 

the replication of FMDV RNA as it was postulated for poliovirus-infected 

Hela cells l41). This idea is further supported by the observation that 

I-MDV strains which are attenuated for cattle or cattle cells growing "in 

vitro", replicate with similar efficiency as the corresponding wild 
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type strains in other hosts, such as: swine, swine-derived cells, or BHK 

cells (P. Auge de Mello, personal communication). 

On the other hand, we do not know at present what effect(s) the changes 

in size of the poly (C) tract of FMDV RNA could have on the biological 

properties of the virus. 

It is very well known that FMDV has a wide host range; however, the 

physicochemical basis for this behavioris at present unknown. For this 

reason, the reported changes in size of the poly (C) tract of the 

FMDV RNA in different hosts, together with the differential suceptibility 

of cell lines of different hos~to attenuated FMDV strains, could provide 

an excellent model to ascertain the molecular baSIS of the virus-cell 

interactions. 
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THE EXPRESSION AND ORGANIZATION OF THE ALPHAVIRUS GENOME 

H. Soderlund, K. Takkinen, A. Jalanko and N. Kalkkinen 

1. SUMMARY 

The alphaviruses have a positive strand RNA genome about 

12,000 nucleotides in length. About 7,500 nucleotides from 

the 5' end codes for the synthesis of the four viral nonstructural 

proteins. These are synthesized principally as a polyprotein 

with an apparent molecular weight of 290,000 from which the 

final products are formed by proteolytic processing. The 

cleavage sites can be identified by direct N-terminal sequence 

analysis of the radiolabeled polypeptides. The 3' third of the 

genome is transcribed into a subgenomic message, the 26S RNA. 

This codes for another polyprotein which is proteolytically 

processed to yield the four structural proteins of the virion. 

The structure of the RNA from defective interfering particles 

reveal the regions of the genome which are necessary for RNA­

replication and encapsidation. 

2. INTRODUCTION 

The two best studied members of the alphavirus group are 

Semliki Forest virus (SFV) and Sindbis virus, but additional 

information is available also on the Eastern, Western and 

Venezuelan equine encephalitis, Chikungunya and Middelburg 

viruses. In some aspects these viruses are clearly different 

but they are still similar enough to allow generalizations 

concerning major biological properties (1, 2). Some other 

togaviruses, like rubella virus, seem to have a general 

replication scheme resembling that of alphaviruses (3), but 

the flaviviruses may differ in major aspects of their 

replication strategy (4). 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. Mar/inllS Mjho// Publishing, Boston. All rights reserved. 
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The particle of an alphavirus consists of an icosahedral 

nucleocapsid, which contains the capsid protein (MW 30,000) 

and the RNA genome. The genome has the features of a eukaryotic 

message with a 5' cap and a 3' poly(A) region. It is also 

translatable in vitro. The nucleocapsid is surrounded by an 

envelope, composed of a lipid bilayer with two major glyco­

proteins E1 and E2 (MW 52,000 and 53,000, respectively). A 

third glycoprotein E3 (MW 10,000) is associated with the 

envelope of SFV. The corresponding protein is not found in 

Sindbis virions but is secreted from the infected cells (1,2). 

The genome of the alphavirus is infectious. Consequently, 

the four non-structural proteins must be the first virus-specific 

products early in infection. Two to three hours after infection 

viral RNA and protein synthesis can be detected. Five hours 

post-infection a massive synthesis of both viral genomes and 

the subgenomic 26S RNA message takes place. The protein 

synthesis machinery is primarily devoted to the synthesis of 

viral structural proteins while host cell protein synthesis 

becomes inhibited (1, 2). The newly formed capsid protein 

binds to 60S ribosomes being possibly associated with the 28S 

RNA and is then transferred to the genome RNA in the process 

of nucleocapsid assembly (5, 6). The envelope proteins become 

glycosylated and are transported to the plasma membrane by the 

cellular machinery (2, 7). The virus matures by budding of 

nucleocapsids through the plasma membrane, a process in which 

the virions acquire their envelope (1, 2). 

During high multiplicity passaging of the virus defective 

interfering (DI) particles may arise. Structurally the particles 

appear similar to standard virions, but the full-sized genome 

is replaced by truncated RNA molecules of varying size. The 

presence of DI-RNA in the cell causes a severe inhibition of 

RNA synthesis of standard virus and affects also to some extent 

the encapsidation (8, 9). The DI RNA has lost the coding 

capacity of the viral genome, but has by necessity retained 

signals for replication and encapsidation. DI particles can 

consequently help us to gain insight into the functions of 

different genomic regions. 
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3. RESULTS 

3.1.Protein synthesis in infected cells 

Alpha-virus infection leads to a strong inhibition of host 

cell protein synthesis (10). Thus the viral structural proteins 

can easily be detected from infected cells by gel electrophoresis 

after labeling with radioactive amino acids. 

A salt concentration of 300-350 mM in the cell growth 

medium inhibits protein synthesis initiation, but allows 

elongation to proceed (11). Release from this hypertonic block 

leads to synchronization of the protein synthesis. By this 

simple method the polyprotein nature and the gene order of the 

SFV structural proteins could be shown (Fig. 1) (12, 13). 

Interestingly, the same experiments performed with a flavivirus, 

suggest that the protein synthesis of these viruses is strikingly 

different. In this case the structural proteins seemed to 

initiate separately (4). 

The nonstructural (ns) proteins of alphaviruses have 

been more difficult to analyze. These proteins are mainly 

produced early in infection, when host-cell inhibition is only 

partial and the total amount of ns proteins synthesized is much 

smaller than that of the structural proteins (10). Fortunately, 

a temperature-sensitive mutant of SFV, ts-l, overproduces the 

nonstructural proteins and facilitates their analysis, but 

still radioactive labeling is a necessity for their detection 

(14, 15). Hypertonic media can also be used to suppress host­

cell protein synthesis. The additional use of salt-synchronized 

proteins synthesis allowed Keranen and Ruohonen (16) to detect 

the four nonstructural proteins of SFV and to determine their 

gene order. We call them here ns Pl, ns P2, ns P3 and ns P4, 

the numbering referring to the translation order (c.f. 17). 

The synthesis scheme of the nonstructural proteins shows 

that the ns proteins are synthesized principally as a poly­

protein (MW 290,000). This is proteolytically processed to 

yield two intermediate precursors, ns p155 and ns p135, which 

in turn are cleaved to the final products ns Pl - ns P2 and 

ns P3 - ns P4, respectively (Fig. 1). The large precursor 

ns p290 is apparently processed as nascent to yield the 
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FIGURE 1. Processing scheme of the alphavirus nonstructural 
and structural precursor polyproteins. The nonstructural 
precursor proteins ns p290 and ns p220, of which ns p220 may 
be the predominant precursor (see 3.3) are usually not found 
in infected cells due to their nascent cleavage to the inter­
mediate proteins. The intermediates ns p155 and ns p135 can 
in contrast easily be detected. The intact structural 
precursor protein (the translation product of the subgenomic 
26S RNA) is not either found in cells due to cleavage of the 
nascent polypeptide to C, p62 and 6K-E1. p62 is then cleaved 
late during virus maturation to form E3 and E2. The 6K protein, 
which contains the signal for membrane penetration of E1 is 
cleaved from E1 possibly due to the host cell signal peptidase 
activity. 

• translation termination site * cleavage of the nascent polypeptide chain 
~ proteolytic processing site 

l suggested cleavage by host cell signal peptidase. 
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intermediates ns p155 and ns p135. 

A second primary precursor, ns p220, has also been observed 

(18, Fig. 1). It may be that this is the predominant precursor 

which gives rise to ns P1, ns P2 and ns P3 (see 3.3). 

Ns P4, the last nonstructural protein, can be generated 

only from ns p290. Thus, the amount of this protein in infected 

cells must be lower than the amount of the other ns-proteins. 

The pulse-chase experiments by Keranen and Ruohonen (16) actually 

show that ns P4 really is present in lower amounts than the 

other ones and also have a shorter half life. 

3.2.Cloning of the SFV-genome 

The cDNA corresponding to the virion RNA of Sindbis and 

SFV has been synthesized by reverse transcription and sub­

sequently cloned (17, 19, 20). We have used cDNA clones from 

the SFV 26S RNA region as primers to clone the cDNA corresponding 

to the nonstructural part of the SFV genome. A first set of 

cDNA was cloned into the E. coli plasmid pBR322 by G:C tailing. 

With restriction maps known for these first clones we could 

then cleave a second set of cDNA with appropriate restriction 

enzymes to obtain clones which specifically spanned known gaps. 

No individual clone was longer than 3 kb at this stage, but 

together they cover the whole region. 

we 

To ensure that the clones were true copies of the RNA, 

performed a colinearity experiment by hybridizing 32p_ 

labeled viral RNA to the individual clones in conditions which 

favour DNA:RNA hybridization, whereafter unprotected RNA and 

DNA was digested with nuclease S1. A clone was considered 

colinear when the size of the protected RNA was identical to 

the size of the insert in the clone (21). This test turned out 

to be crucial, since in several clones a specific deletion in 

the cDNA was observed. The 5' end of the RNA also gave aberrant 

cDNA. An interesting fact was that the 3' end of the SFV-RNA 

is so U-rich that the poly(A) tail apparently loops back and 

functions as an efficient "self-primer". Thus a significant 

proportion of the clones mached the 3' end of the genomic-RNA 

even when primers complementary to its central parts were used. 
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3.3.Nucleotide sequence of alphavirus genomes 

The RNA of Sindbis, SFV and parts of other alpha-viruses 

have been sequenced either directly from cONA (22, 23) or after 

cloning (17, 19, 20). The Sindbis genome is sequenced 

completely (17), while about 5% of the nucleotide sequence 

from the SFV genome is unknown at present (19, 20, our data). 

The overall picture corresponds well to that postulated on the 

basis of protein data. Flanked by short noncoding regions the 

genome is divided into two blocks with long open reading frames 

(Fig. 1). Strikingly it was observed that in Sindbis and 

Middelburg virus RNA there is a UGA stop codon in frame 

between the genes for ns P3 and ns P4 (23). This opal stop 

codon is apparently read through to form the full-sized 

precursor yielding ns P4 upon cleavage. 

Sequence comparison between SFV and Sindbis (and Middelburg) 

coding sequences reveal regions with significant homology and 

others devoid of strong similarities (Fig. 2). 

3.4.Amino acid sequence of alphavirus proteins 

From the nucleotide sequence the primary structure of the 

proteins can be deduced. However, the proteolytic cleavage 

sites can be found only by direct protein sequencing. 

Technically this offered no problems in the case of the 

structural proteins, which could be isolated in pure form from 

the virion. Their N-terminal amino acid sequences could then 

be determined after Edman-degradation and their C-terminal 

structure after digestion with carboxypeptidases (24, 25, 26). 

The determination of the amino acid sequences of the ns 

proteins turned out to be more difficult, since there is little 

hope to isolate these proteins in a chemically pure form. 

To solve this problem we have adopted another strategy. 

The ns proteins are labeled with one or several radioactive 

amino acids using high salt treatment to direct most of the 

label towards the protein in question (see 3.1). The proteins 

are then isolated by preparative SOS-gel electrophoresis and 

subjected to automated Edman degradation. The amino acid 

derivatives from each cycle are then analyzed for radioactivity. 
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If a single label is used, radioactivity as such gives the 

positions of that amino acid. With multilabel additional 

separation of the amino acid phenylthiohydantoin by HPLC is 

necessary before radioactivity measurement (27). In this way 

we obtained a partial amino acid sequence, which even with a 

few positive assignments was enough to unambiquously align the 

nucleotide sequence with the amino acid sequence (Fig. 3) . 
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FIGURE 2. Comparison of a part of the nucleotide sequence of 
SFV and Sindbis. The data shown is the comparison of a SFV 
cDNA clone pKTH310 with the corresponding region of the Sindbis 
genome (17). The region extends from the 26S RNA junction 
(pos. 7600 in Sindbis) towards the 5' end of the genomes. 
The comparison is a simple matrix where a dot is marked for 
every position in which a 7-nucleotide-stretch of SFV is found 
on the Sindbis genome within the relevant region. Homology 
is indicated by a diagonal against the scattered pattern of 
random matches. 
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Unfortunately, we failed to obtain the N-terminal sequence 

of ns P1 as well· as of its precursor ns p155. This may indicate 

that their N-termini are blocked in one way or another. Thus, 

we cannot localize the nucleotide sequences coding for their 

N-termini. However, the AUG codon at nucleotides 86-88 of the 

SFV genome, which is followed by an alanine codon, is the 

probable initiator, since it is followed by a long open reading 

frame, and the initiation dipeptide has been shown to be 

met-ala (28, 29). 
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FIGURE 3. Amino-terminal radio-sequence analysis of ns P3 
and ns p135. The proteins were labeled in vivo by incorporation 
of either 3H- a l an ine or 3H-valine and then purified by 
preparative 50S-polyacrylamide gel electrophoresis. The results 
show recovery of 3H-alanine (left panel) and 3H-valine (right 
panel) from radiochemically pure ns P3 and ns p135 in Edman 
degradation cycles in a liquid phase sequencer. The obtained 
results show that ns P3 and ns p135 have identical amino termini. 
The nucleotide sequence corresponding to these amino termini 
could unambiquously be localized on the genome at a position 
4.2 kb from its 5' terminus. 
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The N-termini of ns p135 and ns P3 are open for Edman 

degradations. Using radiochemically pure proteins labeled 

with 3H-alanine, 3H-valine and 3H-leucine we could show that 

these proteins have identical N-termini (Fig. 3). Thus there 

is no additional N-terminal processing of ns P3 after the 

primary cleavage of ns p290 to ns p155 and ns p135. 

The C-terminus of ns P3 is formed in two ways, either by 

termination at the UGA-codon or by proteolytic cleavage of 

the precursor ns p135 (Fig. 1). Our preliminary amino acid 

sequence data suggest that the proteolytic cleavage site does 

not correspond to the stop codon. Ns P3 formed by cleavage 

is some amino acids longer than that formed upon termination. 

3.5. Specific signals within the SFV genome 

In addition to the coding sequences the alphavirus genome 

should by necessity contain also three other signals. The 

viral RNA replicases use exclusively viral genome and antigenome 

RNA as template in vivo. Thus the genome contains signals for 

replicase binding. Secondly, under in vivo conditions only 

genome RNA is assembled into nucleocapsids. Consequently, 

an encapsidation signal is present. Thirdly, distinct 

subgenomic 26S RNA is synthesized from genome-sized minus-strand 

templates indicating the presence of an internal initiation 

signal for RNA synthesis (1). 

One way to identify the replicase binding and encapsidation 

signals is to study the structure of 01 RNAs. These RNAs can 

be considered as deletion mutants, which have lost essential 

coding functions, but have retained the capacity for replication 

and encapsidation in the presence of standard virus as a 

helper. We have cloned and sequenced two DI RNAs. Nucleotide 

sequence regions, which are present in both RNA species, should 

contain the essential signals. 

Both the 5' and 3' regions of the genome are conserved in 

the two OI-RNAs (01301 and 01309; 29, 30). The 5' end may 

in some cases have an additional extension (31, 32). A 

striking feature is that the OI-RNA has a central part which 

is composed of sequence "blocks", which are amplified. 
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FIGURE 4. Construction of SV40 recombinant (svDI301) expressing 
the repeated region of a SFV DI-RNA. The cDNA clone (in pBR322) 
contained the entire DI-molecule except for a few nucleotides 
at its 5' end (A). For insertion into the late region of SV40 
(between the HpaII and BamHI sites) the DI-insert was removed 
by cleavage within the unique 3' end with HindIII and slightly 
upstream from the 5' end in the pBR322 region with AvaIl. 
The sites were then altered to BamHI. and ClaI, respectively, 
and introduced into the SV40. A SV40 recombinant virus stock 
was propagated using a tsA mutant as a helper. Upon infection 
of monkey kidney cells this mixture expressed the repeated part 
of the DI-RNA together with flanking parts of the vector 
(arrow) (B). The origin of the DNA regions are indicated by 
the shadowing. The stipled area indicates the amplified unit, 
repeated linearly three times (separated by vertical lines). 
The third unit contains a small insert (vertical stripes). 
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The amplification level seems to be increased during passaging 

of the 01 particles (9). Comparison of the two sequenced 

DI-RNAs of SFV with each other shows that only 518 bases in 

addition to the termini are in common. Within this region 

there is a stretch of 45 bases found also in Sindbis virus 

DI-RNA (33). 

The 3' and 5' termini of the genome RNA are the initiation 

points for the replication of minus and plus-strand RNAs, 

respectively. It is thus not surprising that these regions 

are conserved in 01 RNA. The amplified internal regions can, 

however, be either polymerase or capsid protein binding loci. 

We made an effort to discriminate between these possibilities 

by studying RNA containing the central part only. To this aim 

we constructed a SV40 virus DNA with the late region replaced 

by the central part of 01301 (Fig. 4). By cotransfection of 

this DNA into CV-1 cells together with the DNA of a 

temperature-sensitive mutant of SV40, defective in its early 

region (tsA58) we then obtained by complementation a SV40 

recombinant and tsA mixture, which is able to replicate (34) 

This virus expressed the 01 RNA in B-Vero cells as shown by 

Northern blot analysis (not shown). After superinfection with 

SFV we then followed the RNA synthesis and virus assembly of 

SFV. Despite the fact that the number of 01 RNA recombinant 

molecules per cell is rather low, it should be comparable to 

early passages of natural 01 RNA (9) and thus give clear 

effects. Especially RNA synthesis is strongly inhibited by 

01 RNA. Our data indicated that recombinant DI RNA did not 

affect SFV RNA synthesis to any significant extent, but 

packaging of 42S RNA into virions was inhibited (Fig. 5). We 

could not find recombinant 01 molecules in mature virions, but 

at present it is not clear whether this RNA cannot be encapsidated 

or whether our detection system was not sensitive enough. In 

any case the results show that the amplified nucleotide sequence 

of the DI RNA interferes with the encapsidation process, 

suggesting that these sequences are involved in nucleocapsid 

assembly. 
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FIGURE 5. Quantitation of virus released from SFV infected 
B-Vero cells. The cells (8 x 10 5 ) were infected with svDI301 
(.--.) or with wild-type SV40 as a control (A--A). 24 h later 
the cells were superinfected with SFV (moi. = 5), and 3H- uridine 
label given 2-6 h after the SFV infection. The culture medium 
was harvested and released virus pelleted through a 30% sucrose 
cushion. Viral RNA was released by SDS treatment and analyzed 
on 15- 30% sucrose gradients. 

4. DISCUSSION 

The overall replication strategy of the alphaviruses is 

well established. The message-sense genome codes for the 

nonstructural proteins while a subgenomic message codes for 

the structural proteins. Both sets of proteins are synthesized 

as polyproteins and the final products are released by proteo­

lytic processing. This processing event is not yet clarified. 

It is obvious that the proteases involved must have an 

extraordinarily high substrate specificity. The processing 
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requires at least 7 proteolytic steps of which possibly one 

is performed by host cell signalase (2). Whether a single or 

several, host or virus, protease(s) is/are required for the 

other cleavages is an open question. There is, however, some 

evidence suggesting that the capsid protein has autoproteolytic 

activity, releasing itself from its precursor (35, A. Jalanko, 

unpublished) . 

The capsid protein may also play a role in the control of 

protein synthesis in the infected cells. Van Steeg et al. 

(36, 37) have shown that ribosomal washes containing capsid 

protein to some extent discriminates between 26S RNA and other 

messages in an in vitro translation assay. 

Another interesting feature of the viral translation process 

is the stop codon between ns P3 and ns P4 (23). The read-through 

necessary for synthesis of ns P4 may well be a control element 

in the replication process. The major effect would be to 

create less ns P4 than the 3 other nonstructural proteins. 

The two suggested forms of ns P3 may of course also have 

different properties. The mechanism of read-through is at 

present unknown, but it should be kept in mind that the alpha­

viruses have an extremely wide host range (1, 2). A specific 

non-universal, host function appears therefore improbable, 

assuming that the function of ns P4 is necessary for virus 

replication in all cell types. 

The binding sequences for the RNA polymerase and the 

encapsidation signal for packaging are unidentified even if 

the possibilities are narrowed down to a few hundred nucleo­

tides. It will be interesting to see whether foreign RNA 

can be replicated and packaged if correct elements from the 

alphavirus genome are joined to them. 
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A SHORT SEGMENT OF VIRAL DNA IS REQUIRED FOR THE STIMULATION OF 
TRANSCRIPTION OF MOUSE MAMMARY TUMOR VIRUS GENES BY GLUCOCORTICOID 
HORMONES 

H. Diggelmann, E. Buetti, D. Owen, N. Fasel, J. Firzlaff, A.L. Vessaz 

SUMMARY 
Transcription of mouse mammary tumor virus (MMTV) DNA is stimulated 

by gl ucocorticoid hormones in vivo and in mammary tumor cells in cul­
ture. We have shown that cloned exogenous and endogenous proviral DNA is 
expressed in transfected mouse and mink cells. This expression is hormo­
nally controlled and the regulation takes place on the level of initia­
tion of transcription. The element responsible for the glucocorticoid 
stimulation was first localized in the long terminal repeat (LTR) region 
of the viral DNA. To more closely locate the important sequences we 
constructed a plasmid containing the LTR in front of the coding region 
of the herpes simplex thymidine kinase gene from which the promoter had 

been eliminated. Specific portions of the LTR were removed and the 
deleted molecules were tested for their abi 1 ity to respond to gl uco­
corticoid hormones after transfection into Ltk- aprt- cells. These 
experiments demonstrated that the DNA sequences between -105 and -204 

base pairs upstream from the initiation site of viral transcription are 

required for glucocorticoid stimulation. The postulated protein coded 
for by the viral L TR is not involved in the hormone regul ation of 
transcription. 

I NTRODUCTI ON 
The observation that the expression of mouse mammary tumor virus 

genes is regulated in cells in culture by glucocorticoids (for review 
see 1) has made this system particularly attractive to study the mecha­
nism of hormonal control of gene expression. According to the generally 
proposed model of steroid hormone action the hormone diffuses passively 

into the cell, binds to the cytoplasmic hormone receptor and the hormone 
receptor complex is then translocated to the nucleus, where it is 

Y. Becker (ed.;' VIRAL MESSENGER RNA. Copyright © 1985. Martinus Nijhoff Publishing, Baston. All rights rr!St!TVed. 
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supposed to interact with specific regions of the chromatin to el icit 

the specific regulation of a set of genes. Pulse-labeling experiments 

suggested that the increase in the amount of viral products was due to a 

rapid increase in the rate of viral RNA synthesis (2, 3,4,5) and this 

effect was shown to be independent of ongoing protein synthesis (6, 7). 
More recently the number of nascent viral RNA chains in nuclei of 

L-cells transfected with cloned endogenous MMTV DNA was directly 

measured in presence and absence of glucocorticoids (8). These data 

demonstrate that the hormone increases the number of RNA polymerase 

molecules that are engaged in transcription of the viral genome. 

The experiments performed using MMTV infected cells did not allow to 

determine conclusively if an element within the viral genome was 

required for an interaction with the glucocorticoid-receptor complex, or 

if the hormone response could be due solely to cellular sequences in the 

vicinity of the integrated viral genome. We therefore decided to clone a 

complete unintegrated circular MMTV provirus of the GR strain (9) and to 

study its expression after transfection into mouse Ltk- aprt- cells (9) 

and into mi nk 1 ung epi the 1 i a 1 ce 11 s (10) in presence or absence of 

glucocorticoids. We were able to show that the proviral DNA itself 

contained the sequences required for the hormonal stimulation of 

transcription and we proceeded to identify these sequences more precise­

ly. At the same time we also sequenced regions of the MMTV DNA which 

contain important signals for initiation and processing of viral RNA 

(11,12). 

RESULTS 

The cloning of circular unintegrated MMTV DNA of the GR strain in 

bacteriophage A has been described (9). The biological activity of the 

cloned viral DNA was tested in cotransfection experiments after transfer 

into mouse cells (9) and into mink lung epithelial cells which are 

devoid of endogenous MMTV related sequences (10). In both cell types the 

foreign DNA was stably integrated. Viral RNA synthesis was monitored 

first by dot-blot hybridization; the result for a representative number 

of individual Ltk+ transfected cell clones is shown in Figure 1. Ltk­

cells do not synthesize MMTV specific RNA. This shows that the L-cell 

endogenous MMTV proviruses are transcriptionally inactive. Individual 
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Fig. 1: Dot-blot analysis of total transfected cell RNA. Ten micro­
grams of total RNA extracted from individual cell clones grown in the 
presence or absence of 10-6 M dexamethasone was applied to a nitrocellu­

lose filter and hybridized to cloned 32p-MMTV DNA. Ltk : RNA from 
untransfected Ltk- cells. 

Ltk+ cell clones transfected with the purified 9 kb MMTV insert (clones 
A) or with the complete" phage containing the MMTV insert (clone B2) 
make vari able but small amounts of viral RNA in absence of dexametha­
sone, a synthetic glucocorticoid (Fig. 1 A). In most cell clones the 
amount of vi ra 1 RNA increases after overn i ght treatment of the cells 
with 10-6 M dexamethasone. Only one cell clone (AI), out of at least 20 
that were tested, did not respond to glucocorticoids, for reasons that 

were not further investigated; the lack of response might be due to a 

defect in the provirus or in the cells. The levels of viral RNA synthe­
sis in individual cell clones were generally correlated to the copy 
number of transfected DNA (see e.g. 13). The thymidine kinase gene (tk) 
which was also introduced into the Ltk- cells as a selective marker was 
not transcribed in a hormone-dependent fashion (13), suggesting that it 
was expressed independently. Dot-blot analysis of RNA is useful as a 
rapid screening method of a large number of cell clones. However aber­
rant transcripts from abnormal initi ation sites or from the opposite 
strand will also contribute to the hybridization signal. To avoid this 
problem we examined the same RNA samples for the presence of transcripts 
starting at the MMTV promoter by the 51 nuclease mapping procedure (14) 
using an end-labeled DNA probe (15, 16). The result of such an 
experiment is shown in Figure 2. A unique start site for viral 
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Fig. 2 : S-l nuclease mapping of the MMTV-initiated transcripts in 
transfected cells. Total cellular RNA (50 ~g) was hybridized to a 5 '-end 
1 abe 1 ed Pv u II fragment (for detail s see ref. 16) coveri ng the area of 
initiation of viral transcription. After treatment of hybrids with 1,000 
units/ml of Sl nuclease the protected DNA fragments were separated on a 
6% polyacrylamide-urea sequencing gel. M : pBR-322 DNA fragments of 226 
and 100 basepairs as marker. RNA was isolated from individual Ltk+ cell 
clones transfected with cloned exogenous MMTV DNA (lanes 1-10,13-18), 

grown in the presence of 10-6 M dexamethasone for ~/16 hrs (lanes 1-10, 
14,16,18) or in the absence of the hormone (13, 15, 17). Lane 12: RNA 
extracted from GR tumor cell sin presence of dexamethasone. Lane 11 : 
RNA extracted from Ltk- cells. 

transcription in GR tumor cells (lane 12) is located 134 nucleotides 
upstream from the end of the viral LTR (see Fig. 5). In individual 
transfected cell clones the identical start site for transcription was 

observed (lanes 1-10, 13-18). The amount of properly initiated RNA 
vari ed from ce 11 clone to ce 11 clone as observed in the dot - blot 
analysis (Fig. 1), and in some cell clones the level of MMTV 
transcription was below detection. In three cell clones the transcripts 
synthesized in presence or absence of dexamethasone were compared 
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(lanes 13-18). Transcription was below the level of detection in absence 

of the hormone in two (lanes 13 + 15) and barely detectable in one of 

the clones (lane 17), while the band was very strong in the RNA samples 
from glucocorticoid treated cells. Based on this experiment we estimate 

the stimulation of transcription by the hormone to be at least 20-fold 

(16, 17). 
To accurately map the unique start site of MMTV transcripts the 51 

n uc 1 ease - protected fragment was electrophoresed on a sequenc i ng gel 

together with the products obtained by subjecting the end-labeled probe 

to the chemical degradation procedure of Maxam and Gi lbert (18). As is 
shown in Figure 3 the 51-protected fragment runs about 1.5 nucleotides 
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Fig. 3 : 
Determination of the 5' end of MMTV-GR 

tumor cell RNA by 5-1 nuclease map­
ping. The 32p probe is a mixture of 5' 

end labeled Alu I fragments of the LTR 

region (16). The protected cap fragment 

is indicated with an arrow (lane 3). 
Lanes 1 and 2 show sequence 1 adders 

(18) of the T + C reaction performed on 
the purified Alu I fragment containing 

the cap site. The sequence of the non­

coding strand of the DNA is given (11). 
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slower th an the fragment of 134 nuc 1 eat ides, in agreement with the 

theoretical prediction (19). We therefore concl ude that the initi ation 

site for viral transcription is located ~134 nucleotides upstream from 

the end of the LTR (see Fig. 4 and 5). Viral RNA's synthesized in 

transfected cells were also analyzed for their size by gel electrophore­

sis and subsequent blot analysis. These data have been published (9, 10, 

13, 17). A summary of these data is given in Figure 4. Two major RNA 

species are readily found in transfected cells (20, 9, 10). Full length 

9 kb viral RNA, which is indistinguishable from the 9 kb viral mRNA, 

codes for the viral core proteins gag and pol (21, 22). The 4.4 kb mRNA 

codes for the enve lope precursor pol ypept i de (22 a). These RNA spec i es 

are identical with the RNA species previously found in MMTV infected 

cells (23, 24, 25). 

DNA 

9 kbRNA 
44 kb " 
1.7 kb " 

I 1.5 j 1.1 j 4 2 j 
c===.~~~---------r~----r---. 

3' 5' GAG POL ENV r-rfiiT'"'"" 

5' 3' 

•........................ -.~ 
t· . - .. ... ....... ... . . . . ............. 1c::::::J 

Fig. 4 : Schematic representation of MMTV mRNA's. The arrows indicate 

the Pst I cleavage sites in GR MMTV DNA. The individual fragments were 

subcloned in pBR 322. 

The existence of a third RNA species has been postulated on the basis 

of the DNA sequence determined for the LTR' s of different strains of 

MMTV. Starting with the A of an initiation codon outside the LTR, an 

open read i ng frame of 960 nuc 1 eot i des was detected, potent i ally cod i ng 

for a protein of 36 K (11, 26, 27). Such a protein had previously been 
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found in in vitro trans1 ation studies using 3'-end fragments of viral 

RNA (28). When over-exposed films of RNA blots of transfected cells are 

carefu 11 y examined for the presence of a low mo 1 ecu1 ar wei ght RNA, a 

discrete band of 1.7 kb can be seen in cells which contain a large copy 

number of transfected DNA (9, 17). Very recently a corresponding spliced 

mRNA of 1.7 kb has been found in preneoplastic and neoplastic mouse 

mammary tissue of Balb/c mice (29) and in mammary glands of several 

mouse strains (30). Using nick-translated probes corresponding to the 

different regions of the MMTV provirus (e.g. the Pst I restriction 

enzyme fragments of 1.45, 1.1, 4 and 2 kb shown in Fig. 4, subc10ned in 

the plasmid pBR 322) a rough map of the subgenomic RNA's was established 

(17). Using the 51 nuclease mapping technique,a unique 5'-sp1icing site 

for these mRNA's, located I\} 288 nuc1eotides downstream from the 5' end 

of the viral RNA, was determined recently (12). The same 5'- splicing 

site was observed for the 1.7 kb mRNA by Van Doyen et a 1. (30). The 3' 

splicing sites for the 4.4. kb env mRNA (31, 32) and the 1.7 kb mRNA 

(29, 30) have been recently mapped. 

After havi ng shown that MMTV DNA contai ned the sequences necessary 

for the stimulation of viral RNA synthesis we proceeded to localize 

these sequences more precisely. Using the 1.45 kb Pst I restriction 

enzyme fragment containing most of the LTR and a short segment of unique 

5' DNA in transfection experiments we were able to attribute hormone 

responsiveness to this fragment (12). Using recombinant DNA's between 

MMTV fragments and a marker gene, other 1 aboratori es came to the same 

conclusion (33, 34, 35). However in many of these constructions 

additional viral or cellular sequences were also present (33, 35) and 

their contribution to the observed effect could not be excluded. We 

further wanted to determine what part of the 1328 bp long LTR is 

involved in the hormonal control. We therefore removed increasing 

portions upstream of the transcriptional start site in a chimaeric 

plasmid where the MMTV LTR had been linked to the coding region of the 

thymidine kinase (tk) gene of herpes simplex virus (HSV). Plasmids with 

deletions were then intrOduced into Ltk- cell s and stably transfected 

cell clones were isolated (16). The initiation of transcription at the 

t+1TV promoter and its regulation by glucocorticoids were then studied. 

A summary of these recently published results (16) is shown in Figure 

5. RNA was extracted from ce 11 clones tranfected with the del et i on 



346 

mutants and transcripts from the MMTV promoter were mapped by the Sl 

nuclease technique. Amounts of virus-specific RNA's made in absence or 

presence of gl ucocorticoids were estimated by scanning the signal s of 

the 134-nucleotide protected cap fragment. Due to the difference in DNA 

copy number in individual cell lines the absolute amounts of viral RNA 

vary from cell clone to cell clone. However the specific stimulation 

observed by the addition of the hormone to an individual cell clone was 

independent of the absolute level of transcription. As is indicated in 

Figure 5 removal of sequences up to rV200 nucleotides upstream from the 

cap AUG TK UGA 

~RNA 

R Ba 8g S S Pv 
.. l. .... iL:-:7:":'""""--4=i, =======,=' .... __ 1 ____ - ___ I. ... 

ENV I LTR 
BAL-31 .------. 

-* 134 bp SPECIFIC TRANSCRIPTS 

-OEX +OEX 

-600 I • 1 10-100 

-204 ~ 1 10- 20 

-149 c=- 1 2- 3 

-105 C. 1 0.3-0.7 

Fig. 5 : Hormone dependence of transcri pt i on in cells transfected wi th 

LTR deletion mutants (for details see text). 

cap site does not lead to a significant reduction of the hormone res­

ponse. When the deletion extended to -149 bp, the results were less 

clear, but mainly pointed to a greatly reduced, if not completely 

abolished, response to the glucocorticoid. Removal of all LTR sequences 

upstream of -105 bp from the cap resulted in a complete loss of the 

hormone response, whi le a base level of transcription starting at the 

correct site was mai ntai ned. From these data we conc 1 ude that gl uco­

corticoid regulation of the MMTV promoter requires an upstream DNA 

region between -105 and -204 base pairs. 
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Dr SCUSSION 

Our cloning and transfection experiments demonstrate that MMTV pro­

viral DNA contains the necessary element for gl ucocorticoid regul ation 

of viral transcription. A contribution of endogenous MMTV sequences to 

the phenomenon was exc 1 uded by transfect i ng the same cloned DNA into 

mink lung epithelial cells which do not contain such sequences (10). 

Simi 1 ar experiments performed with cloned integrated endogenous pro­

viruses and their flanking cellular sequences gave basically the same 

result (36, 10, 13). These proviruses are not expressed and do not 

respond to glucocorticoids in vivo. This suggests that the cloned 

endogenous and exogenous MMTV proviruses contain the necessary sequences 

for hormonal response; however this response can only be functional when 

viral transcription is already turned on. In this respect the hormone 

responsive element can be considered equivalent to an enhancer sequence 

(37) which allows the modulation of the promoter efficiency, but which 

is not sufficient to turn on a silent promoter. Several laboratories 

localized the sequences necessary for the hormone response in the viral 

LTR (33, 34, II, 35). Our experiments summarized above (16) demonstrate 

that a fragment of MMTV DNA from f\) -100 to rv -200 bp upstream from the 

initiation site of transcription is required for hormone stimulation. 

The sequence of the relevant area is shown in Figure 6. 

Similar deletion experiments have been reported (35, 38) with a 

chimaeric DNA construction containing MMTV env and LTR sequences in 

addition to some cellular sequences linked to the complete tk gene of 

HSV including its own promoter of transcription. Using this construction 

the authors did not detect any transcripts initiated at the normal MMTV 

cap site in absence of glucocorticoids. This result differs from our 

observation of a low level of constitutive specific transcription in 

absence of the hormone. The reason for this difference might be that in 

our experiments the selection of tk+ cells in absence of the hormone 

depended on sufficiently high basal level of MMTV promoter activity in 

order for the cells to become resistant to the selective HAT medium. We 

might have therefore selected for cells containing a high copy number of 

chimaeric molecules (probably obtained by amplification (16)) and there­

fore high enough levels of stable mRNA to give a positive signal in the 

Sl nuclease assay. It is also possible that the close vicinity of the tk 
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promoter in the construction of Hynes et al. (38) somehow competes or 
interferes with the MMTV promoter for the binding of polymerase mole­
cules in absence of the hormone. 

In presence of the hormone the authors observed good transcriptional 
activity when 202 bp of upstream sequences were present. This 5' bound­
ary for the sequences required for the hormonal response is compatible 
with our findings. However when the deletion of Hynes et al. extends to 
-50 nucleotides from the cap site transcription is still observed in 
presence of the hormone, suggest i ng the presence of DNA sequences in 

this plasmid which confer hormone sensitivity to the MMTV promoter. This 
is in contrast to our data which show that sequences up to -105 bp 
upstream from the transcriptional start site are not sufficient to 
establish hormone regulation. 

It has been suggested by Groner et a 1. (35) that the vi ra 1 promoter 
region overlaps with the sequences required for hormonal regulation of 
transcription. We think that this is not the case. The basal level of 
correctly initiated transcripts found with the -105 bp deletion mutants 
is comparable with the level observed with the entire proviral DNA in 
absence of glucocorticoids, suggesting that sequences required for 

hormone response and sequences necessary for correct initiation of 
transcription do not overlap significantly. Our finding was recently 

confirmed by Majors and Varmus (39) who observed the persistance of a 
constitutive level of RNA synthesis in cells transfected with a deletion 

mutant to position -80. 
Using different techniques, recently several groups have reported 

that part i ally puri fi ed hormone-receptor complexes preferent i ally bi nd 
in vitro to certain cloned MMTV DNA fragments (40, 41, 42, 43,44). 
Although binding sites have been observed in different regions of MMTV 

DNA and of flanking mouse DNA, all authors agree on the presence of at 
least one binding site in the LTR. Finer mapping place it in the 400 bp 
at the 3' end of the LTR. Nuclease protection experiments (45) identi­
fied two partially homologous receptor binding sequences upstream from 
the MMTV promoter. The protected areas on the codi ng DNA strand are 
marked with bars in Figure 6. The first one is found between nucleotides 
-189 and -164. A second one is not contiguous, but seems to be composed 
of three smaller DNA stretches extending from nucleotides -123 to -70. 
When these binding sites are compared to our functional studies a good 
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-204 -149 
.. -- -- ... ... ----- + 
GGGTTTA MTAAGTTTA TGGTTACAAA CTGTTCTTAA AACGAGGATG TGAGACAAGT GGTTTCCTGA 
CCCMAT TTATTCAAAT ACCAATGTTT GACAAGMTT TTGCT((TA( ACTCTGTTCA CCAAAGGACT 

--------~~;;~-1~~~~b~~~ 
GTTGGTTTGG TATCAAATGT TCTGAT GA ~TG TTCTATTTTC CTATGTTCTT TTGGAATCTA 
CAACCAAACC ATAGTTTACA AGACTA I CT CGA6M . AC MGATAAAAG GATACAAGM AACCTIAGIIT 

+1 

lCCAAGTCTT ATGTAAATGC TIATGTAAAC AGTGCTG ATTTTTTGAG TAAACTTGCA 
AGGTTCAGAA TACATTTACG MTACATTTG _",--,-,===-",-,,_TCACGAC TMMMCTC ATTIGAACGT 

ACAGTCCTAA CATTCTTCTC TCGTGTGTTT GTGTCTGTTC 
TGTCAGGATT GTAAGAAGAG AGCACACAAA CACAGACMG 

Fig. 6 : Sequence of the region of the GR LTR with deletion break­
points. Both DNA strands are shown. +1 indicates the cap nucleotide. 

Arrows indicate repeats. The lightly shaded box indicates the TATA box, 
the heavily shaded box the consensus sequence among glucocorticoid 
regulated genes (see Discussion). The dark bars correspond to the 
binding regions of the hormone receptor complex in the coding DNA strand 

(45). 

coincidence of the relevant areas is evident. The deletions which are 
fully functional (-204 deletions) contain the two binding sites identi­
fied by Scheidereit et al .• The deletion which extends to -149, that has 
lost most of the glucocorticoid response, does not contain the contigu­
ous first hormone-receptor binding site. The deletion extending to -105 
is biologically completely inactive and contains only about half of the 
second, interrupted binding site. It is possible that both of these 
binding sites are needed to render the gene fully responsive to gluco­
corticoids. However our transcription data do not exclude the possibi­
lity that the region between -204 and -149 and therefore one single 

binding site, is sufficient for the increased rate of transcription. 
Nuclear transcription data performed in this laboratory with the cells 
transfected with the deleted molecules also demonstrate (8) that the 
deletion extending to -204 has full polymerase loading in presence of 

the hormone wh il e the number of nascent RNA chai ns in presence and 
absence of the hormone is indistinguishable in the deletions -149 and 

-105.It has been observed recently that sequences located upstream from 
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-105 bp in the MMTV LTR can confer hormone sensitivity to the thymidine 

kinase gene of HSV (46). The hormonal stimulation of tk activity 
measured in cell clones transfected with different MMTV fragments varied 

considerably (from 1.9 to 16 fold). No stimulatory activity was observed 

when the left half of the MMTV LTR was used, while a fragment contain-

ing the upstream sequences between ~)-450 and -105 bp of MMTV was still 

capable of conferring a moderate hormone sensitivity to the tk gene (3-

fold stimulation of enzyme activity). A similar conclusion is also drawn 

by Hynes et al. (38) from their results with the chimaeric molecules 

containing the MMTV and the tk promoter. A slight hormonal stimulation 

of the expression was observed when LTR sequences upstream from -137 bp 

were present. We are currently testing whether the fragment of -100 bp 

to -200 bp identified in our experiments is sufficient by itself to 

confer hormone responsiveness to another gene. 

Inspection of the DNA sequence between -1 and -204 (11, Fig 6) 
reveals a number of specific features. A 10 bp direct repeat separated 

by 2 bp is found just before the TATA box. Direct repeats of 5 bp (-108 

to -117) and 6 bp (-143 -148 and -130 to -135) as well as an incomplete 

form of the latter (-182 to -187) are present in the important area for 

the gl ucocort i coi d response. It has been noted (47) that one of the 

direct repeats found at position -148 to -143 and -130 to -135 resembles 

a "core" sequence 5 I GTGG AM G3 I whi ch is present i n several vi ra 1 m 
enhancers (48). 

I n add it i on we compared upstream sequences of different gl ucocort i­

coid regulated genes. Schmid et al. (49) found by computer analysis a 

7/10 consensus sequence (TXAGXTCTXA) at position -101 to -111 between 

the rat tryptophane oxygenase (TO) gene and MMTV LTR I s of three diffe­

rent strains. We found (50) 1 bp variants of this sequence at 2 addi­

tional locations in MMTV DNA (-252 in the LTR and -1230 at the end of 

the env gene, just upstream from the right LTR) and in two other gluco­

corticoid-regulated genes, the rat growth hormone gene (49) and the 

human proopiomelanocortin gene (52). Although direct and inverted 

repeats have been shown to be present in essential regions of other 

regulated genes, as e.g. the heat shock gene (53), their significance is 

as yet unknown. The most simple hypothesis, based on analogies to 
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prokaryotic systems (54) would predict that the region between -105 ana 
-204 (Fig. 6) contains DNA sequences or DNA structures which are recog­
nized by the hormone-receptor complex, which through binding to this 
region of the DNA would increase the efficiency of RNA polymerase bind­

ing to the MMTV promoter. 
A 11 of the data presented and rev i ewed here clear 1 y exc 1 ude the 

possibility that the postulated protein coded for by the left 2/3 of the 

MMTV LTR is involved in the glucocorticoid stimulation of viral tran­
scription. The fully active deletion mutants extending to position -204 

contain no DNA sequences of the open reading frame, which terminates 30 
nucleotides upstream from the deletion breakpoint. 
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THE INTERACTIONS OF VIRAL PROTEINS WITH ROUS SARCOMA VIRUS RNA AND 
POSSIBLE CONTROL OF REVERSE TRANSCRIPTION, TRANSLATION AND VIRION 
ASSEMBLY 

JEAN-LUC DARLIX, CLAUDE MERIC and PIERRE-FRANCOIS SPAHR 

SUMMARY 

The interactions between Rous Sarcoma virus RNA and the viral 

proteins have been analysed in the virus and in vitro. We show 

that it is protein P12 and not P19 that binds tightly to RSV RNA 

both in the virus and in vitro. Specific RNA sequences are 

recognized by protein P12 in the virus and such sequences are 

close to or involve the splice sites, and the dimer linkage site 

likely to be required for viral packaging. In vitro P12 does not 

impair proviral DNA synthesis whereas it can completely inhibit 

RNA translation. Such data suggest that P12 may control negatively 

viral RNA splicing and translation and positively the packaging 

process. 

1. INTRODUCTION 

There is little doubt that genetic expression of nucleic 

acids is mediated, either directly or indirectly, by 

protein-nucleic acid interactions. The interplay of RNA with 

proteins has been and still is extensively studied and the 

RNA-protein interactions involving the RNA genome of Rous Sarcoma 
* virus (RSV) has emerged as a model system for such analysis due 

to the following reasons: 

(i) RSV RNA is multifunctional in that it can direct reverse 

transcription, translation, splicing and virion assembly. (ii) The 

system is well defined since the sequence of RSV RNA, that of the 

* Abbreviations used: RSV, Rous sarcoma virus; PAGE, polyacryl-
amide gel electrophoresis; UV ultraviolet light; nt, nucleotides; 
RNP, ribonucleoprotein. 

Y. Becker (ed.), VIRAL MESSENGER RNA. Copyright © 1985. MOTtinus Nliho// Publishing, Boston. All rights rest!f"Ved. 
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structured domains, its encoded proteins and much of its mode of 

expression are all known. (iii) Several RNA clones as well as 

antibodies to the viral proteins have been isolated and (iv) a 

large number of mutants are now available (reviewed in refs. 1,2; 

3-5) . 

The structural organization of the viral RNA is well known 

and the genome can be briefly described as consisting of : the 

leader sequence (initiation sites for reverse transcription and 

translation), the Gag gene encoding the internal structural 

proteins of the virion, the Pol gene encoding the viral DNA 

polymerase, the Env gene encoding the proteins found on the 

surface of the virion envelope, the Src gene encoding the 

transforming protein, and the U3-R region. 

When cells are infected by RSV, the RNA is reverse trans­

cribed by the viral DNA polymerase and the synthesized proviral 

DNA is integrated into the cellular DNA. The integrated proviral 

DNA is then continuously transcribed without disturbing cellular 

proliferation. The primary viral transcript is full genomic and 

this may be transported into the cytoplasm, without change, where 

it can serve both as a message for the translation of the Gag and 

Pol genes as well as a genome for the progeny. Alternatively the 

viral transcript may be spliced to yield the viral Env and Src 

mRNAs which are formed by the removal of "intron coding sequences" 

that are the Gag and Pol genes (Env mRNA) or the Env gene as well 

(SrcmRNA) (2). 

Thus, RSV RNA can direct four essential biological 

functions: reverse transcription, RNA splicing, translation and 

virion assembly. What features of this RNA molecule could account 

for these multiple functions including their control and 

modulation? What are the roles, if any, of the viral proteins in 

controlling the functions of RSV RNA in the viral life cycle ? A 

partial answer to these questions might come from the fact that 

the purified viral RNA has an unusually high ordered folding (6). 

Based on experimental data we have recently proposed a cruciform 

structure for the leader, present in all three viral RNAs, and 

which contains the initiation sites for both reverse transcription 

and translation (7). This structure would readily explain the 
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apparent paradox of transcription and translation initiated on the 

same sequence of 100 nt (2,7) : although the initiation sites are 

very close to each other they are structurally independent (7). In 

addition the viral RNA was shown to interact with its own encoded 

proteins within the virus, with strong RNA-protein interactions 

occurring at 12-14 sites, all located in structured regions of the 

RNA (8-11). 

Here we present a summary of our results on the interactions 

of the viral proteins P12, P19 and ONA polymerase with RSV RNA 

both within the virus and in vitro. The effects of these 

interactions on the functions of the viral RNA have been analysed 

and will be discussed. 

2.1. Identification of the viral proteins interacting with the RNA 

within the virus 

RSV (Pr-B LA23), a temperature-sensitive mutant for cellular 

transformation, was grown in cultures of chicken embryo fibro­

blasts and purified by sucrose gradient centrifugation. The virus 

was then irradiated with UV light which produces covalent linkages 

between the tightly interacting protein molecules and the RNA. 

This photo-induced cross-linking is so specific that it only 

occurs when the interacting molecules are both very close and 

their reactive groups are separated by not more than one bond 

length. The virus was subsequently lysed with SOS and the viral 

RNA purified by SOS-sucrose gradient centrifugation (see Fig. 1a) . 

The 60-80S and> 80S control and UV-treated RNAs were recovered, 

heat denatured and further purified by cs 2S0 4 density 

gradient centrifugation (Fig. 1b); control viral RNA banded at a 

density of 1,63-1,65 g/cm3 in a cs 2S0 4 density gradient 

whereas both UV-RNAs were at 1.57-1.60 g/cm3 . After extensive 

dialysis and RNA digestion with pancreatic and T1 RNases, the 

proteins present in the control RNA and in both UV RNAs were 

analysed by SOS-polyacrylamide gel electrophoresis (Figure 2). 

Minute amounts of proteins remain associated with RSV RNA even in 

the absence of UV irradiation of the virus. Two major proteins of 

apparent molecular weights of 14 and 25 Kd are present in the 70S 

UV RNA, whereas most, if not all, the viral proteins are present 
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in the) 80S UV RNA with, however, a majority of proteins which 

have been identified as P12 and viral DNA polymerase. 

We have shown that the rabbit antisera anti P12, anti P19, 

anti P27 and anti DNA polymerase were specific (10) as they 

recognize only the respective viral proteins. Irnrnunoprecipitation 

of the in vivo S35-labelled or in vitro p32-labelled proteins 

UV linked to the viral RNA in the virus were carried out using the 
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FIGURE 1. Purification of the viral UV RNAs 
32 RSV (LA23-B) was grown (250 ,~ medium), labelled with 

P -orthophosphate (10 mCi) and S -methionine (1 mCi), and 
purified as previously described (12). Virus was irradiated with 
UV light (252 nm) at 4°C for 5 min (9) and viral RNA from control 
and UV irradiated viruses was purified by 5-23% sucrose gradient 
centrifugation in conditions previously described (9). 60-80S 
control and UV RNAs corresponded to fractions 8 to 14 and 5 to 12, 
respectively; )80S control and UV RNAs to fractions 1 to 6 and 1 
to 4, respectively. The fractions were pooled, diluted with 3 
volumes of sterile water, heated 3 min at 95°C and adjusted to a 
density of 1,49 with Cs 2S0 4 at 20°C. Conditions for 
centrifugation were as aescribed by Sen and Todaro (8). Control 
70S and> 80S RNAs had the same density and fractions 2 "30 5 were 
pooled; UV 70S and )80S had a density of 1,57-1,60 g/cm and 
fractions 4 to 7 were pooled. After extensive dialysis the RNAs 
were ethanol precipitated (2 vol) and redissolved in 7 M urea, 
20 rnM citrate pH 5.0 if proteins present were to be analysed by 
SDS-PAGE. 
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FIGURE 2. Analysis and characterization of the proteins UV linked 
to the viral RNA in the virus 

The RNAs were prepared as reported in the legend of Figure 1 
and digested with 10 Mg of panc. RNase and 1 Mg of Tl RNase per 
assay (56°C for 1 h). pr~~eins were analysed on a 7.5%-15% 
SDS-polyacrylamide gel. S-proteins were detected by fluo­
rography (1-2 days of exposure). 

Right panel : ct 70S and ct)80S correspond to the proteins 
present in the control 70S and> 80S RNA, 70S UV to the proteins 
UV cross-linked to the 70S RNA purified by sucrose gradient 
centrifugation (a) and further by banding in a Cs 2 S0 4 density 
gradient (b and c) . > 80S UV corresponds to the prote1ns present in 
the> 80S UV RNA purified by sucrose gradient and cS 2 S04 
density gradient centrifugation. 

Middle panel : 70S UV RNA was purified as above and digested 
w~Zh TJ and panc RNases as desc3~bed (9). The proteins were 
P -laoelled in vitro using P -ATP and T polynucleotide 
kinase (9). Reaction was stopped by adding !DTA to 10 mM. Antisera 
against each of the viral proteins were first adsorbed to protein 
A sepharose and subsequently washed to remove traces of nucleases, 
phosphatases and proteases. Immunoprecipitations were carried out 
for 1 h at 4°C ~~th antisera against P27, P19 and P12. Controls 
correspond to P -labelled proteins incubated with the 
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antisera and protein A-sepharose. The results (Fig. 2) demonstrate 

that P12 is the major protein constituent of the 70S UV RNA and 

its apparent m.w. of 14 Kd instead of 12 Kd is very probably due 

to short oligoribonucleotides covalently linked to the protein. 

The dimeric (25 Kd protein) and trimeric forms of P12 probably 

correspond to protein molecules linked together by RNA sequences 

that are protected by P12 against RNase degradation. Small amounts 

of P19 and P22 have been detected by Western analysis (10) and 

radioactive quantitations indicate that the sum of P19 plus P22 

(a precursor of P19; 13) is 10-15 times less abundant than P12. No 

viral DNA polymerase is detected in the 70S UV RNA whereas the 

enzyme does appear in the 20-30 times less abundant> 80S UV RNA (14) . 

In conclusion, protein P12 and not P19 as previously reported by 

Sen and Todaro (8) is, by far, the major protein cross-linked to 

the viral RNA upon UV irradiation of the virus. Small amounts of 

P19, P22 and viral DNA polymerase are also present. The number of 

P12, P19 plus P22 and viral DNA polymerase molecules UV linked to 

the viral RNA was estimated using S35-labelled virus. Between 

0.7 to 1% of all P12 molecules were found to be crosslinked to the 

RNA and since there are 1200 P12 molecules present per 35S RNA 

within the virion (16), it can be concluded that 8 to 12 molecules 

of P12 are UV linked to one 35S RNA. Similarly the number of 

molecules of P19 plus P22 and viral DNA polymerase is estimated to 

be 0,5-1 each per 35S RNA. 

2.2. The binding sites of viral protein P12 onto RSV RNA 

90% of the protein UV linked to the viral RNA within the 

virus is P12 and its binding sites along RSV RNA have been located 

by T1 fingerprint analysis (9). Control RNA and the UV RNA were 

purified as described above, further digested with T1 RNase and 

material above 30 Kd was purified by Sephadex G75 filtration. The 

respective antisera, the last control is without incubation. 
Numbers on the right of the figure refer to protein markers in Kd 
for the gels of the right and middle panels. 

Left panel: s35_proteins cross-linked to the 70S RNA were 
imrnunoprecipitated as above using the antisera against viral DNA 
polymerase, P19 and 12. Numbers on the left of the panel refer to 
the protein markers in Kd. Viral proteins used to prepare the 
viral antisera were purified as described in ref. 15. 
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RSV RNA content of this material was analysed by two-dimensional 

gel electrophoresis and by the T1 fingerprint technique (9). The 

RSV RNA fragments were also 5'-P 2 labelled and sequenced using 

the rapid enzymatic sequencing method (17,18). The RNA sequences, 

reported in Table 1, are in the order of decreasing yield of 

recovery, and their relative locations on the genome were assigned by 

comparison with Pre RNA sequences (3,9). The 12 to 13 P12 binding 

sites appear to contain direct or inverted repeats and as 8-12 

molecules of P12 are UV linked to a 358 RNA, it can be assumed 

that one P12 is present per binding site. 

The P12 binding sites, and not the P19 sites as previously 

reported (8,9), are located within the P19 coding sequence, the 3' 

end of the Gag and Pol genes and within the Env-Src gene junction. 

The P12 site located in the P19 coding sequence at position 

510-523 is of special interest for several reasons : (i) this site 

is recovered with the highest efficiency (see Table 1 and ref. 9), 

(ii) it is within the dimer linkage structure (DLS) thought to 

hold together the two 35S subunits of the genomic RNA (19) and 

(iii) the DLS appears to be a sequence required for avian retro­

viral packaging (20). 

5' Position- Se-quence 

510 GU~~~~!.1!.1CAd"b~CU-U-AU-~-U-UC-C-£-£G--'1 

891 I C~U~UAUGI 

2393 

5723 

6197 

6425 

872 

4963 

4750 

~CU~I 

I !.AAAAAUCG I 

~~~ACUAUACGI 

~~ACAGI 

~').ACAG ~CAUCACG I 

G~CCACACCUA~I 

I !.AAAACUG I 

~'~ ~AUCCCCACCAG:CAAA~ 

2955 I UUCUCCCACUAUCUG I 

430 GUAAAACCUAUUGCGG~CUCCUUCUAAG I 

Table 1. Sequences at and 
around P12 binding sites on RSV 
RNA 

Purification of P12 
protected viral RNA fragments, 
and subs3~uent sequencing of 
the 5'-P RNA have been 
reported. Underlined sequences 
are either direct or inverted 
repeats. Numbers -22 and -14 
refer to positions of residues 
relative to positions 4750 and 
6425, respectively. 
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The binding site of viral DNA polymerase on RSV RNA is very 

probably the tRNAtrp primer since the enzyme recognizes 

specifically the tRNAtrp amongst cellular tRNAs (11) and binds 

very tightly to 70S RNA and not to viral RNA lacking tRNAtrp 

(14). The enzyme initiates reverse transcription by elongation of 

the tRNAtrp primer either in a reconstructed reaction or within 

the disrupted viral particle (2). These observations strongly 

suggest that viral DNA polymerase is tightly bound to the 

tRNAtrp primer when the latter is hybridized to the viral RNA. 

We have, as yet, not been able to determine where the 0,5-1 

molecule of P19 binds to the RSV RNA but this is under progress. 

2.3. Characteristics of the interactions between the viral 

proteins and nucleic acids in vitro 

Results of the interactions between the viral proteins and 

RNA in the virus have been extended by in vitro studies. Pure RSV 

P12, P19 and AMV DNA polymerase were tested for their binding 

affinities to viral and cellular RNAs as well as to DNAs. 

Increasing amounts of these proteins were adsorbed onto nitrocel­

lulose filters and binding was conducted by incubating these 

filters in varying concentrations of p 32 -labelled RNA or DNA. 

The results are reported in Figure 3, and the quantitation of the 

binding of P12 to the nucleic acids is shown in Figure 4. The 

relative binding affinities of P12 for the various tested nucleic 

acids follows the order : 70S RNA> 35S RNA, rRNA) ssDNA tRNA» 

dsDNA. Similarly, with viral DNA polymerase the order of 

affinities is : 70S RNA» 35S RNA, rRNA, ssDNA) tRNA, dsDNA. Using 

this procedure binding of P19 to various nucleic acids appears to 

be very weak in agreement with the report of Bowen et al. (22) 

which is in marked contrast with reports of Sen and Todaro (8) and 

Leis et al. (24,25). In conclusion, the tight binding of P12 to 

genomic RNA in vitro agrees with the UV crosslinking of P12 to RSV 

RNA. Similarly the strong binding of viral DNA polymerase to 70S 

RNA, but weak binding to other nucleic acids lacking the tRNAtrp 

primer, agrees with the very probable binding of the enzyme to the 

tRNAtrp hybridized to the genomic RNA. 
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FIGURE 3. Binding of nucleic a3~ds to viral proteins in vitro 
RSV 70S RNA and 35S RNA P labelled in vitro were prepared 

as described previously (12). Ribosomal 28S-RNA and tRNAs were 
prepar32 from cultures of chicken embryo fibroblasts and labelled 
with P or5hophosphate in vivo. Specific radioactivity of the 
RNAs was 10 cpm/~g. The DNA probe was Pr-C cloned in PBR322 32 
(a gift of Dr. Guntaka) and it was labelled in vitro using uP 
dC,P and DNA polymerase to a specific radioactivity of 
10 cpm/~g. RSV P12 and P19 were purified from viruses according 
to the procedure of Johnson et al. (21). AMV DNA polymerase was of 
commercial source. Proteins were-diluted to 50 ~g/ml in 10 mM Na 
phosphate pH 7,5, 1 mM MgC1 2 , 1 mM DTT and 10% glycerol and 0.1, 
0.2, 0.4 and 0.8 ~g were sposted on32itrocellulose. Nucleic acid 
binding was at 0,5 to 1 x 10 cpm P Iml and carried out as 
described by Bowen et al. (22) in the presence of 75 mM NaCl and 
at 37°C for 10 min. 'The-filters were washed in the same buffer 
except that 0.1 M NaCl was added. Autoradiography was for 3-10 
hrs. Increasing the concentration of NaCl to 0.25 M did not 
abolish binding of the nucleic acids to P12 and DNA polymerase, 
but it is decreased by a factor 2-3 and specificity for RSV 70S 
RNA is more pronounced. 
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2.4. Effects of P12 on the functions of the viral RNA. 

We have shown previously that the P12 UV linked to the viral 

RNA caused the complete or partial inhibition of in vitro RNA 

translation and reverse transcription (9), respectively. P12 binds 

tightly to the genomic RNA in vitro (10), and at a ratio of one 

P12 molecule per 20-25 nt a fast sedimenting P12-RNA complex is 

generated (to be reported in detail elsewhere). This RNP complex 

is reminiscent of the viral RNP which can be isolated from 

detergent-treated virions and shown to consist of P12 and RNA at a 

ratio of one protein molecule per 10 nt (16). The effects of P12 

on reverse transcription and translation were estimated by 

measuring the amounts of cDNA and polyprotein pr76 Kd (the Gag 

gene product, precursor to the viral proteins P19, PlO, P27, P12 

and PIS), synthesized in conditions where more and more P12 were 

bound to the viral RNA until the fast sedimenting RNP complex was 

4 

..... 3 0 
"'0 -M 

..A tRNA 0 
... ... X 2 ... 

E 
a. ssDNA u 

a... 
N 1 M 

O-=~====~~~~ ______ ~~d~s~D~N~A~~ 
.2 .3 jJg Pl2/dot 

FIGURE 4. Relative binding affinities of nucleic acids for protein 
P12 in vitro 

Binding experiments were conducted as described in the legend 
of Figure 3. Radioactive spots were then cut out and their radio­
activity determined in a liquid scintillation counter. 
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FIGURE 5. Effect of protein P12 on in vitro reverse transcription 
of RSV RNA 

RSV RNA, P12 and AMV DNA polymerase were obtained as 
described in the legends of the previous figures. Reverse trans­
criptio~2was performed exactly as described before (23) except 
that aP -dCTP (Amersham) was at 50 ~M and 30 ~Ci/ml. The P12 to 
RSV RNA ratio is indicated in the figure. The P12 was added to the 
incubation mixture prior to AMV DNA polymerase : after 
10 min at 37°C, cDNA synthesis was carried out at 44°C for 6 min 
in order to detect solely strong stop DNA (12) and for 60 min to 
look at very large cDNA transcripts (23). 
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formed. Reverse transcription is not disturbed at one P12 per 

30-100 nt, is slightly inhibited at one P12 per 10 nt and the 

length of the cONA transcripts is not modified (Figure 5). In 

vitro translation of RSV RNA in the rabbit reticulocyte system 

leads to the synthesis of the polyprotein Pr76 Kd (9,26), and 

addition of P12 to the system progressively inhibits translation 

which is totally abolished at one P12 per 10 nt (Figure 6). 

2.5. unfolding of viral 70S RNA by protein P12 

The viral RNA is extensively structured as indicated by its 

strong resistance to Tl and pancreatic RNases (6), its 

susceptibility to RNases III and IV (27), and by electron 

microscopic observations (19,28). In addition we have been able to 

sequence the structured domains of RSV RNA (5). 

Pr76 Kd-
69-

46 -

30-

FIGURE 6. Effect of protein P12 
on in vitro translation of RSV 
RNA 

Translation of RSV RNA in 
the rabbit reticulocyte lysate 
was performed as described 
before (12) with a RNA 
concentration of 
20 ~g/ml. The P12-RNA complexes 
were formed at 33°C for 10 min 
prior to translation. After 60 
min translation at 33°C 
reactions were stopped and 
Pr76Kd made was analysed on a 
10% SOS-PAGE. The amount of 
P3~6Kd labelled with 
S -methionine was as follows 
: 5500 cpm (control), 6300 cpm 
(50 nt/P12), 700 cpm (20 
nt/P12), 700 cpm (10 nt/P12). 
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The extent of RNA structure was estimated by analysing the 

T1 RNase-resistant fragments on a polyacrylamide gel run under 

denaturing conditions (6). The P12 protein was bound to RSV RNA, 

N N 
Q Q 

--- ---0 ~ 

~ c c 
~ 

c 0 0 
0 0 0 
U M 

50 -

25 -

N N 
Q Q 
~ ---c c 
0 
M 

0 

FIGURE 7. Unfolding of viral 70S RNA 
by protein P12 

P12-RNA complexes were formed 
as described in legend of figure 3 
except that 0.1 M NaCl was replaced 
by 0.1 M Tris-HCl pH7,5. After 10 
min at 37°C, the reactions were put 
on ice and T1 RNase was added at 
an enzyme to RNA weight ratio of 
1/100 (6). The nuclease digestion 
was carried out for 30 min at 4°C 
and was stopped by the addition of 
1% SOS. After two phenol-SOS-EOTA 
extractions and three ethanol 
precipitations, the RSV RNA 
fragments recovere12were heat 
d3~atured and 5'-P labelled with 
P -ATP and TA kinas32 
(Amersham). Tne 5'-P RNA 
fragments were analysed on a 12% 
PAGE in Tris-borate-EOTA pH 8,3 and 
7 M urea. 
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the complex subsequently treated with Tl RNase and following the 

removal of P12 and T1 RNase, the structured RNA's were 

5,-p32-labelled and analysed. At ratios of one P12 per 50-300 nt 

the protein has little effect on the structure of RSV RNA, but as 

soon as the complex is formed (one P12 per 10-30 nt), the overall 

folding of the viral RNA is drastically modified and the RNA 

appears to be poorly structured at one P12 per 10 nt (Figure 7, 

and to be reported in more detail elsewhere). 

3. DISCUSSION 

We have studied the interactions of RSV RNA with the viral 

proteins both in the virus and in vitro. Upon UV light irradiation 

of virions we have shown that it is P12 and not P19 (8-10) which 

is the major protein (90%) to be UV-linked to the RNA. Between 8 

to 12 P12 molecules per 35S RNA are thus associated sufficiently 

closely in the virus to be UV-linked to the RNA. The P12 proteins 

are located near (1) P12 binding sites at position 430, at the 3' 

end of the Pol gene and in the Env-Src junction which are in the 

close vicinity of the 5' and 3' splice sites, and (2) the P12 site 

at position 510 which is within a sequence called the dimer 

linkage structure very probably necessary for the efficient 

packaging of the viral RNA (19,20). 

Viral DNA polymerase at a ratio of 0,5 to 1 molecule per 35S 

RNA is also UV-linked to the RNA and several lines of evidence 

indicate that it is bound to the tRNAtrp primer (11,14). The 

location of the 0,5-1 molecule of P19 remains to be determined. 

The P12 molecules UV-linked to RSV RNA are also known to be very 

close to each other and in addition, the binding sites are located 

in structured RNA sequences probably brought together by RNA 

interactions (6,9). These data have led us to propose a model for 

the structure of RSV 35S RNA in which the nucleoprotein core takes 

into account three types of interactions : 1) RNA-RNA, 

2) RNA-protein and 3) protein-protein interactions (Fig. 8). 

Other features of the model are that most of the RNA is on the 

outside as large loops and that both 5' and 3' ends of RSV RNA are 

free allowing binding of the viral DNA polymerase at the 5' end 

which will then synthesize strong-stop DNA and perform the 5' to 
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3' jump to resume reverse transcription (12,29). In the RNP most 

of the P12 molecules should interact with the large RNA loops (see 

Fig. 8) and, in fact, preliminary data indicate that the UV-linked 

P12 molecules are in close contact with non UV-linked Pl2 and also 

P27, but not with either PIS or P19. 

What could be the functions of the viral protein P12 in the 

life cycle of RSV ? In the virus the RNP consists of 70S RNA 

complexed to approximately 2000-2500 molecules of P12 (16). We 

have tried to reconstruct the RNP in vitro using 70S RNA and pure 

Pl2 and the results obtained (to be reported in detail elsewhere) 

indicate that at a ratio of 2000 molecules of Pl2 per 70S RNA, 

most of the Pl2 are associated with the viral RNA and form a 

rapidly sedimenting complex. RSV RNA is efficiently reverse trans­

cribed either within the Pl2-complex or in virions treated with a 

small concentration of detergent and thus it can be concluded that 

Pl2 does not impair the synthesis of the proviral DNA in the cell 

after viral infection. Possible functions of P12 in the synthesis 

of the double-stranded proviral DNA and in its integration into 

the host genome are currently under investigation. 

The primary transcript of the integrated proviral DNA is the 

genomic 35S RNA which can be transported to the cytoplasm or 

spliced to give the viral Env and Src mRNAs. The binding of 

protein Pl2 to sites very close to the donor and acceptor splice 

sites (3) favors the idea that Pl2 can control the splicing of the 

35S RNA and thus can regulate the relative amounts of RSV full­

genomic, Env and Src RNAs. Large amounts of Pl2 inhibit completely 

the translation of the 35S RNA in vitro and this is probably due 

to the unfolding of the leader resulting in the disruption of the 

secondary structure of the ribosome binding site which would 

prevent initiation of translation according to our model (7). If 

Pl2 molecules accumulate locally on RSV 35S RNA in the cell, 

translation would cease and the genomic RNA would then be packaged 

into particles. Consequently Pl2 (should) exert a negative 

control on RSV RNA translation and regulates positively virion 

formation in the cell. Formation of the RNP should be initiated by 
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FIGURE 8. A model structure for R8V 358 RNA and its interactions 
with viral proteins 

A model structure for R8V 358 RNA is presented showing the 
interactions between the UV linked protein molecules of P12 and 
DNA polymerase, and the structure core of 358 RNA as suggested by 
data presented here and elsewhere (9). According to this model the 
non-UV linked P12 should interact with the large RNA loops in the 
ribonucleoprotein particle. 
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the binding of P12 to the dimer linkage structure and then to 

other sites on RSV RNA as strongly suggested by the work of 

Pugatsch and Stacey (20). With one P12 every 10 nt the viral RNA 

is extensively unfolded and in the budding virions the RNA is 

complexed with P12 molecules in a helical conformation as seen by 

electron microscopy (30). 

In conclusion, viral protein P12 very probably plays a 

critical role in the formation of competent viral particles by 

first inhibiting translation and then by packaging the viral RNA. 

Obviously further work is needed in order to know how the inter­

actions P12-RNA take place in the cell, and to evaluate the role 

of P12, if any, on the synthesis of the proviral DNA and on the 

formation of the viral subgenomic RNAs. 

Finally the viral DNA polymerase, proteins P19 and P12 can be 

phosphorylated in vivo (31,32). The ~ subunit of DNA polymerase is 

phosphorylated at its carboxyl terminus; a large fraction of P19 

is phosphorylated whereas only a small portion of P12 is phospho­

rylated, and in both cases the phosphate is predominantly on 

serine residues (31). Although it has been reported that 

phosphorylation of reverse transcriptase can enhance its enzymatic 

activity (32), and that the phosphorylation of proteins may 

regulate their binding to nucleic acids, the roles of the diffe­

rential phosphorylations of the viral proteins are unclear and are 

being studied in our laboratory. 
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41-44 

influenza viral RNA transcription and, 252 
globin messenger RNA and Mengovirus 

RNA competition in translation for, 
36-38 

molecular basis for translation efficiency 
of,21-22 

messenger RNA-binding activity of, 22-26 
methionyl-tRNAf (Met-tRNAf) binding 

with, 21, 24-26, 34, 38-39, 40-41 
ribonuclease T1 fingerprint in, 27-28, 

30,31,33 
ribosome binding site and, 42, 44 
ribosomes in Mengovirus RNA and binding 

site sequence for, 26-29 
sa teHite tobacco necrosis viru s (STNV) 

and site sequence for, 26-29,44 
specific sequences in viral messenger RNA 

recognized by, 26-34 
su bunits of, 24-26 
vesicular stoma titis virus (VSV) messenger 

RNA interaction with, 42-43 
viral messenger RNA interaction with, 

21-44 
Eukaryotic initiation factor (eIF-4A), 42 
Eukaryotic initiation factor (eIF-4F), 42 
Eukaryotic messenger RNA (mRNA) 

advantages, as model, 3 
applicability of, 3-4 
biogenesis of, 3-15 
cytoplasmic stability of, 14-15 
general pathway for generation of, 4 
nuclear-cytoplasmic transport for, 13-14 
poly(A) addition to, 9-11 
processing steps for, 9-13 
splicing of, 11-13 
transcription of, 4-9 

Fiber protein, in influenza viral RNA tran­
scription, 245 

Flaviviruses, 323,325 
Foot-and-mouth disease virus (FMDV) 

RNA, 301-321 
antigenic variation of, 302-303, 314-321 
cell cultures and virus preparation for, 

303-305 
enzyme activity of, 311-313 
host-dependent modification of poly (C) 

tract of, 319-321 
ribosome binding sites in, 27 
RNase Tl fingerprinting of, 315-316 
serologically-related strains of, 314, 

316-319 
vaccine production and, 314 
viral capsid of, 301-302 
viral infectivity measurement of, 313-314 
virion-associated ribonuclease degradation 

of,305-314 
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Formaldehyde, in reovirus mRNA transla­
tion, 180, 183 

Gag gene, Rous sarcoma virus (RSV) RNA, 
356,361 

Galactokinase gene (gaIK) 
transcription-termination signals and 

initiation of, 66-68, 70, 72 
Gal promoter 

transcription-termination signals and 
initiation of, 66-68 

Germiston mRNA transcription, 294, 295 
Globin messenger RNA 

eukaryotic initiation factor (eIF-2) 
interaction with, 23,24,26,34-35, 
40-41,42,44 

initiation efficiency of, 42, 44 
Mengovirus RNA competition with, in 

translation, 36-38,41,42 
nuclearmatrix-adenovirus hnRNA associ­

ation in, 149 
Glucocorticoid hormone stimulation of 

mouse mammary tumor virus (MMTV), 
339-351 

cloning of virus in, 340-341 
deletion mu tan ts and transcripts of virus 

in, 345-346,349,350-351 
hormonal control mechanisms and, 

339-340, 348-350 
initiation codon with, 344-345 
SI nuclease mapping of, 341-343 
start site for transcription in, 343-344 

Glycoproteins, in uukunieme virus cloning, 
283,292,295 

Heat shock gene, inverted repeats in, 350 
Heat shock protein, in adenovirus messenger 

RNA (mRNA) transcription, 7 
HeLa genes 

influenza viral RNA transcription and, 
234,235,245 

nuclear matrix-adenovirus hnRNA 
association in, 155 

transcription measurement for, 13-14 
Herpes simplex virus (HSV) thymidine 

kinase (TK) mRNA, 101-122 
'" proteins in, 118, 119-120 
deletion mu tations in, 110-112 
expression of, 106-122 
Hogness sequence in, 11 0, 111, 113, 119 
host cell RNA polymerase II in, 103-104 
ICP4 gene mutations in, 104, 118-120, 

121-122 
immediate-early or ,),-viral genes in, 104, 

105,107-108 
integration sites with, 109 

inverted repeats in, 113-114 
map location and structure for, 101-103 
mouse mammary tumor virus (MMTV) 

glucocorticoid stimulation and, 
341,345 

non""')' genes in, 104, 105-106 
promoter sequence in, 109-114 
promoter sites in, 105, 108, 115-116, 119 
regulatory response of promoter in, 104 
transactivation by proteins of, 117-122 
transcription with, 91 
transformation by promoter mutants 

with,114-117 
translation initiation site with, 103 
in uninfected cells, 107-117 
wild-type mRNA in, 103, 115, 116 

Herpes simplex virus (HSV) type 1 
transcription 

gene expression control in, 83, 103-106 
infection pathogenesis and, 89-90 
intertypic recombinant mapping with, 88 
as model for Herpesvirus group, 82-83 
polyadenylation site for, 95 
sequence analysis of transcription units 

in, 90-96 
splices in, 83-84, 93-94 
thymidine kinase (TK) mRNA and, 91, 

101 
transcription unit in, 84-86 
transcript map of, 79, 83-86, 88 
translation frames in, 93 
viral proteins encoded by, 88 

Herpes simplex virus (HSV) type 2 
transcription 

gene expression control in, 83 
as model for Herpesvirus group, 82-83 
polyadenylation site for, 95 
translation frames in, 93 

Herpesvirus mRNA, 79-97 
early adenovirus transcription and 

immediate-early gene product of, 7 
early (beta) genes with, 80, 91-92, 93 
gene expression of, 79-80, 83 
herpes simplex virus (HSV) transcription 

as model for, 82-83 
high-resolution mapping in, 79, 81-82 
ICP4 gene mutations in transcription 

of, 121 
immediate-early or alpha genes with, 70-80 
infection pathogenesis and transcription 

of, 89-90 
intertypic recombinant mapping with, 88 
late (gamma) genes with, 80, 92 
latent infections with, 82-83 
methodology in study of, 81-82 
nuclear forms of, 86-88 
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partially overlapping, 95 
polyadenylation site for, 80, 95 
promoters in, 91-93, 95 
sequence analysis of transcription units 

in, 90-96 
spliced transcripts with, 80, 93-94 
termina tion signals in, 93 
trailer sequences in, 93 
transcription units of, 80-81, 96 
translation frames in, 93 
translation initiation codons in, 93 
viral proteins encoded by, 88-90 

Hexon protein, in influenza viral RNA 
transcription, 245 

Hogness sequence, in herpes simplex virus 
(HSV) thymidine kinase (TK) mRNA, 
110,111,113,119 

Hormonal responses 
adenovirus transcription and, 6 
mouse mammary tumor virus (MMTV) 

stimulation and, 339-340, 348-350 
nuclear matrix-adenovirus hnRNA associ­

ation in, 148 
Human proopiomelanocortin gene, 350 

ICP4 gene mutations, in herpes simplex 
virus (HSV) thymidine kinase (TK) 
mRNA, 104, 118-120, 121-122 

Immunoglobulin heavy chain genes 
adenovirus transcription termination and, 

8,10-11 
Infection 

Epstein-Barr virus (EBV), determining 
fate of, 127-145 

foot-and-mouth disease virus (FMDV) 
RNA and, 313-314 

herpesviruses transcription in latent, 
82-83, 89-90 

nuclear-cytoplasmic transport and 
metabolism during, 13 

T7 bacteriophage gene products and, 51, 
57-58 

Influenza viral RNA transcription, 225-253 
bunyavirus mRNA transcription com­

pared with, 266, 268, 279-280 
host cell nuclear functions in teractions 

with, 228, 234-237 
messenger RNA synthesis and, 225-226 
P proteins during, 228-234 
synthesis of templates for virion RNA 

replication in vitro in, 237-242 
translation controls in, 242-253 

Initia tion codon 
alphaviruses and, 330, 333 
eukaryotic initiation factor (eIF-2) inter­

action with, 21, 31, 43, 44 

herpes simplex virus (HSV) thymidine 
kinase (TK) mRNA and, 103 

mouse mammary tumor virus (MMTV) 
glucocorticoid stimulation and, 344-345 

reovirus mRNA translation and, 180, 
182-187,189,191,192 

uukunieme virus mRNAs with, 292-293, 
295,298 

Initiation complexes, and eukaryotic initia­
tion factor (elF -2) RNA binding site 
sequence, 28, 30 

Intron sequences 
adenovirus transcription with, 13-14 
herpes simplex virus (HSV) transcription 

with, 86 
nuclear matrix-adenovirus hnRNA associ­

ation with, 156 
Inverted repea ts 

glucocorticoid-regulated genes with, 350 
herpes simplex virus (HSV) thymidine 

kinase (TK) mRNA and, 110-112 
lodo-acetamide (fAA), in nuclear matrix­

adenovirus hnRNA association, 149 

Lac repressor 
eukaryotic initiation factor (eIF-2) 

interaction with, 23, 24 
Ac 1857 repressor, in transcription­

termination signals, 64, 68-69 
LaCrosse (LAC) virus transcription, 257-

280,294,295,297 
ApG-stimula ted reaction products in, 

268-272 
cap-dependent endonuclease in, 276 
LAC in vitro polymerase and endo­

nuclease reactions in, 260-262 
location of 3' end of LAC S mRNA in, 

262-264 
nonstructural protein (NS) in, 257,295, 

298 
oligodeoxynucleotide and cap analogues 

effect on polymerase activity in, 
266-268 

oligodeoxynucleotide primer extension 
(ODPE) analysis in, 259-260 

preparation of intracellular RNA in, 258 
primers in, 272-276 
purified LAC virions preparation in, 260 
Sl analysis of clone DNA in, 259 

L protein, in uukunieme virus mRNAs, 
284, 296 

L protein, in vesicular stomatitis virus 
(VSV) transcription, 197 

phosphorylation of N protein and, 216-221 
requirements and possible roles of, 

204-212 
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specificity of interaction of NS protein 
with,212-216 

Lymphoblastoid-celilines, and Epstein­
Barr virus (EBV), 128 

Ml protein, in influenza viral RNA tran­
scription, 227,243 

Matrix (M) protein, in vesicular stomatitis 
virus (VSV) transcription, 202 

Mengovirus messenger RNA 
binding site sequence and ribosomes in, 

26-29 
eukaryotic initiation factor (elF -2) inter­

action with, 21, 23, 24, 26-29,41 
globin messenger RNA competition with, 

in translation, 36-38,41,42 
translation efficiency of, 21-22 

2-mercaptoethanol (ME), in nuclear matrix­
adenovirus hnRNA association, 149 

Messenger RNA (mRNA) 
applicability of model of, 3-4 
biogenesis of, 3-15 
cytoplasmic stability of, 14-15 
eukaryotic initiation factor (eIF-2) 

interaction with, 21--44 
general pathway for generation of, 4 
methionyl-tRNAf (Met-tRNAf) binding 

and competition from, 38-39,40--41 
nuclear-cytoplasmic transport for, 13-14 
processing steps for, 9-13 
transcription of, 4-9 

Methionyl-tRNAf (Met-tRNAf), and 
eukaryotic initiation factor (eIF-2) 
interaction, 21,22, 24-26, 34 

Methylation of adenovirus late mRNAs, 
13 

Middleburg virus, 323 
nucleotide sequence of, 328 

MMTV, see Mouse mammary tumor virus 
(MMTV) 

Monoclonal antibodies, and reovirus 
translation, 177-178 

Mouse beta-globin mRNA, and tran­
scription units, 9 

Mouse mammary tumor virus (MMTV) 
cloning of, 340-341 
deletion mu tants and transcripts of, 

345-346,349,350-351 
glucocorticoid hormone stimulation of, 

339-351 
hormonal control mechanisms and, 

339-340,348-350 
initiation codon with, 344-345 
SI nuclease mapping of, 341-343 
start site for transcription of, 343-344 

mRNA, see Messenger RNA (mRNA) 

Neoplasia, see Cancer 
Nonstructural protein (NS) 

alphaviruses genome with, 324, 325 
influenza viral RNA transcription and, 

227,243,245,247,248-253 
LaCrosse (LAC) virus transcription and, 

257,295,298 
uukunieme virus mRNAs with, 284, 287, 

290-292, 295 
NP protein, in influenza viral RNA tran­

scription, 243, 248-252, 253 
N protein 

Bunyaviridae family with, 283 
uukunieme virus mRNAs with 284, 

287,290-292,296,298 
NS protein, in vesicular stomatitis virus 

(VSV) transcription, 197 
phosphorylation of, 216-221 
requirements and possible roles of, 

204-212 
specificity of in teraction of L protein 

with,212-216 
NSI protein, in influenza viral RNA tran­

scription, 227,243, 245,247,248-253 
Nuclear matrix-adenovirus hnRNA associa­

tion, 147-162 
core proteins in, 153-157 
crosslinked proteins (C proteins) in, 

155-157 
disulphide bridge formation inhibitors in, 

151-153 
isolation of nuclear matrix in, 149 
possible function of nuclear matrix in 

splicing in, 160-161 
processing intermediates in, 157 

Nucleocapsid protein (NP) 
influenza viral RNA transcription with, 

243,248-252,253 
replication-transcription pathway and, 

298 
Nucleocapsids 

alphaviruses and, 331,333 
influenza viral RNA transcription with, 

226,230,234,248 
LaCrosse (LAC) virus transcription and, 

257,262 
Nucleoprotein (N) protein 

Bunyaviridae family with, 283 
uukunieme virus mRNAs with, 284, 287, 

290-292,296,298 
Nu t site, and transcription-termination 

signals, 64 

Oligo(dT)-cellulose chromatography, with 
uukunieme virus mRNAs, 289-290, 
296-297 
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Oligodeoxynucleotide primer extension 
(ODPE) analysis, in LaCrosse (LAC) 
virus transcription, 259-260, 270, 
272,274 

Operons, and transcription-termination 
signals, 64 

Orthomyxoviruses, 298 
Ovalbumin, in nuclear matrix-adenovirus 

hnRNA association, 149 

P3HR-l cell lines, and Epstein-Barr virus 
(EBV), 128-129, 130, 139 

Paramyxoviruses, 298 
pBR322 plasmid 

herpesvirus mRNA transcription and, 81 
LaCrosse (LAC) virus transcription and, 

262 
reovirus mRNA cloning and, 191 

PBl proteins, in influenza viral RNA tran­
scription, 233-234 

PB2 proteins, in influenza viral RNA tran­
scription, 226, 232-233 

Pencillium chrysogenum dsRNA, and 
eukaryotic.initiation factor (eIF-2), 40 

Phenylmethylsulfonyl-chloride (PMSC), in 
nuclear matrix-adenovirus hnRNA 
association, 149 

Phenylmethylsulfonyl-fluoride (PMSF), in 
nuclear matrix-adenovirus hnRNA 
association, 149 

Phosphonoacetic acid (PAA) resistance, and 
Epstein-Barr virus (EBV) transcription, 
134,136-137 

Piconaviruses mRNA translation, 180 
Plasmids in transcription-termination 

signals study 
construction of, 64-65 
effects of translation on, 65-66 

Point mutations, and reovirus mRNA 
cloning, 193 

Pol gene, Rous sarcoma virus (RSV) RNA, 
361,368 

Poliovirus 
transcription of, 320 
viral RNA breakdown and inactivation 

of,309 
Poly(A) 

adenovirus transcription and, 9-11, 15 
alphaviruses genome with, 324, 327 
Epstein-Barr virus (EBV) transcription 

and,132 
eukaryotic initiation factor (eIF-2) inter­

action with, 26, 29 
foot-and-mouth disease virus (FMDV) 

RNA and, 302 
function of, 11 

herpes simplex virus (HSV) transcription 
with,86-88 

influenza viral RNA transcription with, 
226,235,238,241,242,245 

nuclear matrix-adenovirus hnRNA 
association with, 157 

reovirus mRNA cloning and, 191 
uukunieme virus mRNAs with, 296-297 
vesicular stomatitis virus (VSV) in vitro 

transcription with, 200, 201 
Polyadenylation site, and herpesvirus mRNA 

transcription, 80, 95 
Poly(C) 

eukaryotic initiation factor (elF -2) inter­
action with, 27 

foot-and-mouth disease virus (FMDV) 
RNA and, 302, 315, 316, 317,319-321 

Polyoma messenger RNA (mRNA), bio­
genesis of, 3 

P proteins in influenza viral RNA tran-
scription, 225, 242 

function and movements of, 228-234 
identification of, 228-229 
PBl proteins in, 233-234 
PB2 proteins in, 226, 232-233 

Promoters 
adenovirus transcription, and wild-type, 

5-6 
herpes simplex virus (HSV) thymidine 

kinase (TK) mRNA and, 105, 108, 
109-114,115-116,119 

herpesvirus mRNA transcription and, 79, 
80,91-93,95 

mouse mammary tumor virus (MMTV) 
glucocorticoid stimulation and, 345-
346,347-348 

T7 DNA transcription with, 51, 53-55, 58 
transcription-termination signals and, 

64,69 
Proopiomelanocortin gene, 350 
Pseudorabies virus, and adenovirus early 

genes, 120 
Psoralen, in vesicular stomatitis virus (VSV) 

transcription, 202-203 
Puromycin, and LaCrosse (LAC) virus tran­

scription, 280 

Rl7 phage RNA, in eukaryotic initiation 
factor (eIF-2) interaction, 23 

Rat growth hormone gene, 350 
Reovirus mRNA, 167-193 

abortive transcription of, 174-175 
activation of, 172 
cap-binding proteins (CBPs) and, 180-181 
capping of, 173-174 
characteristics of serotypes of, 185 
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cloning of, 191-193 
Dearing strain of serotype 3, 168-170, 184 
enzymes involved in transcrip tion and 

capping of, 175 
kinetics and relative frequency of tran-

scription of, 172-173, 189 
list of major proteins in, 167-168 
monoclonal antibodies and, 177-178 
multiplication cycle of, 170-171 
possible evolutionary relationships of 

serotypes of, 188 
protein-binding recognition sites and, 

189-190 
reading frames in, 168, 183, 187 
sequences of termini of species of sero-

type 3 of, 185-188, 190-191 
transcription in vitro of, 171-175 
transcription in vivo of, 176 
translation in vivo of, 176-179 
translation in vitro of, 181-185 

Reticulocyte lysates, in eukaryotic initia­
tion factor (eIF-2) interaction, 38, 39 

Re troviral enhancer sequence, in herpes 
simplex virus (HSV) thymidine kinase 
(TK) mRNA, 109 

Reverse transcription, and Rous sarcoma 
virus (RSV) RNA, 355-356,368-369 

Rhabdoviruses,298 
Rhinovirus type 14,306 
Rho-independent terminators, and 

transcription-termination signals, 63, 
64,66-68 

Ribonuclease Tl 
foot-and-mouth disease virus (FMDV) 

RNA and, 305-314 
mengovirus RNA binding site sequence 

and,27-28,30,31,33 
Ribonucleoprotein (RNP) network, in 

nuclear matrix-adenovirus hnRNA 
association, 153 

Ribosomal RNA, T7 RNA mRNAs and 
cleavage of, 59-60 

Ribosome binding site in translation 
eukaryotic initiation factor (eIF-2) inter­

action in, 22,42,44 
T7 mRNAs in, 60-61 
transcription-termination signals and 

initiation of, 65 
Rifampicin, and T7 DNA in infection, 59 
RNA polymerase 

herpes simplex virus (HSV) thymidine 
kinase (TK) mRNA expression and, 
103-104 

herpes simplex virus (HSV) type 1 tran­
scription with, 91 

influenza viral RNA transcription with, 
225 

mouse mammary tumor virus (MMTV) 
glucocorticoid stimulation and, 340 

vaccinia virus associated with, 171-172 
Rous sarcoma virus (RSV) RNA 

binding affinities of viral proteins in, 
362-363 

binding site of viral protein P12 with, 
360-362 

identification of viral proteins with, 
357-360 

reverse transcription with, 355-356, 369 
viral protein interaction with, 355-371 
viral protein P12 and unfolding of viral 

70S RNA in, 366-368 
viral protein P12 effects on functions of, 

364-366,371 
RSV, see Rous sarcoma virus (RSV) RNA 
Rubella virus, 323 

Satellite tobacco necrosis virus (STNV) 
messenger RNA 

binding site sequence and ribosomes in, 
29-34 

eukaryotic initiation factor (eIF-2) inter­
action with, 21, 24, 26, 29-34,44 

translation efficiency of, 21-22 
Semliki Forest virus (SFV), 290,323 

cloning of, 327 
nucleotide sequence of, 328 
protein synthesis in, 325-327 
specific signals within, 331-333 

Send~virus,272, 279,298 
SFV, see Semliki Forest virus (SFV) 
Simian virus 40, see SV40 messenger RNA 

(mRNA) 
Sindbis virus, 323 

cloning of, 327 
nucleotide sequence of, 328 

Snowshoe hare (SSH) virus, 257, 295, 297 
Sparsomycin, and reovirus translation, 182 
Splicing of mRNA 

herpes simplex virus (HSV) type 1 tran­
scription with, 83-84, 93-94 

influenza viral RNA transcription and, 
227,237 

late adenovirus transcription units in, 9, 
11-13 

nuclear matrix-adenovirus hnRNA associ­
ation in, 147, 148, 157 

Rous sarcoma virus (RSV) RNA and, 356, 
368 

Staphylococcus aureus, and reovirus 
antiserum, 177 

STNV, see Satellite tobacco necrosis virus 
(STNV) messenger RNA 

Subviral particles (SVPs), in reovirus multi­
plication cycle, 170, 171 
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SV40 messenger RNA (mRNA) 
biogenesis of, 3 
herpes simplex virus (HSV) thymidine 

kinase (TK) mRNA and, 109 
influenza viral RNA transcription and, 227 
T antigen inhibition of transcription of, 6 
temperature-sensitive mutant of, 333 

T7 genes 
class I (early genes) of, 53 
class II (metabolizing genes) of, 53 
class III, 53 
expression of, 53 
organiza tion of, 52-53 

T7 mRNAs, 51-61 
entry of DNA into cell coupled with 

transcription in, 57-59 
gene product production by, 51 
host RNA polymerase in transcription of, 

51,53-55 
infection and transcription promoters of, 

51,57-58 
numbering or genes in, 52 
RNase III cleavage of, 59-60 
switch of transcription from host to T7 

DNA in, 57 
T7 RNA polymerase in transcription of, 

51,53,55-56 
transcription termination signal in, 56 
translation of, 60-61 

T7 proteins 
cleavage and, 59, 60 
genetic expression and, 53 
genetic organization and, 52 
T7 DNA transcription with, 56, 57 
T7 mRNAs translation in, 60-61 

T antigen, and SV40 transcription inhibi­
tion, 6 

Termination codon 
alphaviruses and, 331 
herpes simplex virus (HSV) thymidine 

kinase (TK) mRNA and, 103 
reovirus mRNA translation and, 187 
uukunieme virus mRNAs with, 292 

Termination sites transcription-termination 
signals and, 64 

12-0-tetradecanoylphorbol-13-acetate (TPA), 
and Epstein-Barr virus (EBV), 129, 130 

Thymidine kinase, see Herpes simplex virus 
(HSV) thymidine kinase (TK) mRNA 

Togaviruses,323 
Transcription of Akabane mRNA, 294 
Transcription of Epstein-Barr virus (EBV), 

131-134 
cycloheximide resistance of, 134, 136-137 
during early and late phases of permissive 

infection, 134-139 

experimental approach to, 130-131 
in permissively infected cells, 132-134 
phosphonoacetic acid (PAA) resistance of, 

134-136 
in restringently infected cells, 131-13 2 

Transcription of Germiston mRNA, 294, 
295 

Transcription of herpes simplex virus 
herpes simplex virus (HSV) type 1 tran-

scription with, 83-84, 93-94 
ICP4 gene mutations in, 121 
infection pathogenesis and, 89-90 
intertypic recombinant mapping with, 88 
as model for Herpesvirus group, 82-83 
polyadenylation site for, 95 
sequence analysis of transcription units 

in, 90-96 
splices in, 83-84, 93-94 
transcription unit in, 84-86 
transcript map of, 79, 83-86,88 
viral proteins encoded by, 88 

Transcription of herpes simplex virus 
(HSV) type 2 

as model for Herpesvirus group, 82-83 
polyadenylation site for, 95 

Transcription of influenza viral RNA, 
225-253 

host cell nuclear functions in teractions 
with, 234-237 

messenger RNA synthesis and, 225-226 
P proteins during, 228-234 
synthesis of templates for virion RNA 

replication in vitro in, 237-242 
translation controls in, 242-253 

Transcription of LaCrosse (LAC) virus, 
257-280,294,295 

ApG-stimulated reaction products in, 
268-272 

cap-dependent endonuclease in, 276 
LAC in vitro polymerase and endo­

nuclease reactions in, 260-262 
location of 3' end of LAC S mRNA in, 

262-264 
oligodeoxynucleotide and cap analogues 

effect on polymerase activity in, 
266-268 

oligodeoxynucleotide primer extension 
(ODPE) analysis in, 259-260 

preparation of intracellular RNA in, 258 
primers in, 272-276 
purified LAC virions preparation in, 260 
SI analysis of clone DNA in, 259 

Transcription of messenger RNA (mRNA), 
4-9 

adenovirus major late transcription unit 
in,5 

cap site in, 5, 13 
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control of initiation of, 6-7 
control of termination of, 7-9 
herpesvirus immediate-early gene product 

and, 7 
host cell regulatory component with, 6-7 
immunoglobulin heavy chain genes and, 

8,10-11 
initiation of, 4 
posttranscriptional methylation in, 13 
schematic diagram of components of unit 

of,5 
termporal control of, 6 
termination of, 4 
upstream control region in, 5,6 
wild type promoter in, 5-6 

Transcription of reovirus 
abortive, 174-175 
activation in, 172 
capping in, 173-174 
enzymes in, 175 
nuclear matrix-adenovirus hnRNA associ­

ation in, 147, 148, 157 
in vivo, 176 
kinetics and relative frequency of, 172-

173,174 
Transcription of T7 DNA, 51, 53-57 

entry of DNA into cell coupled with, 
57-59 

host RNA polymerase in, 51, 53-55 
infection and, 57-58 
switch from host to T7 DNA in, 57 
T7 RNA polymerase in, 51, 53, 55-56 
transcription termination signal in, 56 

Transcription of vesicular stomatitis virus 
(VSV) genome RNA, 197-222 

antitermination of, 241 
in vitro transcription process for, 198-200 
Land NS proteins in transcription of, 

204-212 
models for RNA synthesis in vitro of, 

200-204 
phosphorylation of NS protein and tran­

scription of, 216-221 
polyadenylation of, 198-199 
specificity of interaction of Land NS 

proteins with heterologous N-RNA in, 
212-216 

Transcription-termination signals, 63-74 
antitermination proteins in, 64, 69, 70 
host protein factors needed in, 64 
influences on, 63 
plasmid construction for study of, 64-65 
plasmid vectors and effects of translation 

in, 65-66 
Rho-independent terminators in, 63, 64, 

66-68 

thermolabile Acl857 repressor in, 68-69 
termination site regulation by, 64 

Translation 
competition of viral and cellular messenger 

RNA for direct binding in, 34-38 
eukaryotic initiation factor (eIF-2) inter­

action in, 21 
herpes simplex virus (HSV) thymidine 

kinase (TK) mRNA and, 103 
reovirus, 176-179 
Rous sarcoma virus (RSV) RNA, 364, 369 
T7 mRNAs in, 60-61 
transcription-termination signals and 

initiation of, 65 
uukunieme virus mRNAs and, 290-292 
viral messenger RNA efficiency in, 21-22 

S-tu bercidinyhomocystein, in influenza viral 
RNA transcription, 225 

Upstream control region, in adenovirus 
transcription, 5, 6 

Uukunieme virus mRNAs, 283-298 
characteristics of, 284 
molecular cloning and sequencing of 

virion M RNA of, 292-293 
oligo(dT)-cellulose chroma tography of, 

289-290, 296-297 
RNA species in cells infected with, 285-

290 
translation in vitro of, 290-292 

Vaccinia virus, 167, 171-172 
Varicella zoster virus (VZV), 82 
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