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ABSTRACT

ANALYSIS OF MUTATION RATES OF RNA VIRUSES

by

Jeffrey D. Parvin

Advisor: Dr. Peter Palese

Epidemiologic and genetic evidence suggests  that influenza A viruses 

evolve more rapidly than other viruses in man. In this thesis the evolution of 

the influenza A virus nonstructural (NS) gene  w as studied by two approaches. 

First, the evolution of the gene  derived from viruses isolated over a  50 year 

period w as delineated by sequence  analysis. We found that the NS gene evolved 

at a  very high rate of 2 X 10 '3 substitutions/nucleotide/year and tha t this 

evolution w as along a  primary lineage. The lack of significant branching in the 

evolutionary tree suggested  that selective pressures are involved in shaping the 

evolution. Second, we determined the mutation rate of this gene  in tissue 

culture. Although high mutation rates are often implicated in generating rapid 

evolution, direct m easurem ent of this param eter h as  not been  previously 

determ ined for any animal virus. In this study, the rates of mutation of the NS 

gene of the influenza A virus and for the VP1 gene in poliovirus type 1 were 

m easured by direct sequence  analysis. Each gene w as repeatedly sequenced  in 

over one hundred viral clones which were descended  from a  single virion in one 

plaque generation. 108 NS g en es  of influenza virus were sequenced , and in the 

91,708 nucleotides analyzed seven  point changes were observed. 105 VP1 genes 

of poliovirus were sequenced  and in the 95,688 nucleotides analyzed zero



mutations were observed. We then calculated mutation rates of 1.5 X 10 '5 and 

less than 2.1 X 10'6 mutations/nucleotide/infectious cycle for influenza virus 

and poliovirus, respectively. We suggest that the higher mutation rate of 

influenza A virus may promote the rapid evolution of this virus in nature.

Also described is the development of technologies which should facilitate 

future mutation rate analyses. Single point mutations in the NS gene of 

influenza virus were detected by electrophoresis of double stranded RNA 

heteroduplexes in denaturing gradient gels. The heteroduplex RNAs were made 

by hybridization. of virion RNA with SP6-derived RNA probes of varying length. 

Mutations located at different positions along the NS gene (890 nucleotides 

long) were all detected in a  predictable fashion. The method of heteroduplex 

analysis w as also successfully used in detecting single point mismatches in 

DNA-RNA hybrids.

Further, a  method is described for directly sequencing an RNA probe using 

SP6 RNA polymerase in the presence of 3’ deoxynucleotide triphosphates.

Finally, the genom e of the viral RNA was found to be held in a  circular 

conformation by a  terminal panhandle which is present in the ribonucleoprotein 

complex in virions and in influenza A virus infected cell. We suggest a  

regulatory function in this panhandle conformation in promoting synthesis of 

virus specific m essage RNA. We also suggest that the structure may be 

involved in packaging the genome in progeny virus.



FORMAT OF THESIS

This thesis is p repared according to the new  guidelines of the City

University of New York which permit the direct incorporation of published 

research  articles a s  chapters. The thesis h as  a  general introduction, and

chap ters may have specific introductory statem ents. Materials and  m ethods and  

results sections are  in each  individual chapter. Also, each  chap ter h as  a

specific discussion section, and there is a  general discussion a s  the  final 

chap ter of the thesis. The references for all chapters a re  pooled, in order to 

avoid redundancy.

Copyright permission for each  chapter h as  been  obtained from the 

publishers.

It should be noted that publications 4 through 8 (listed on p age  8) form

the basis  of this thesis. Publications 1 and  3 w ere from studies com pleted

during apprenticeships in the laboratories of Dr. P. P alese  and  of Dr. L.-H. 

W ang. Publication 2 is derived from research performed while I w as an

undergraduate student.
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I. INTRODUCTION

A. The influenza A virus causes respiratory infections in man and in

animals. It is most noted for periodic pandem ics and epidemics which affect 

large segm ents of the population. These pandemics and epidemics arise due to 

the unusual evolutionary characteristics of the virus. Its very rapid evolution, 

with cumulative substitutions, has confounded vaccination programs (for reviews: 

Palese  and Kingsbury, 1983; W ebster, et. al., 1982). Immunization against virus 

from only a  few years ago is not protective against virus which may infect 

today or in the future. Thus in a  day of widespread vaccination, influenza A 

virus remains a  significant viral pathogen. A major thrust of this thesis is to 

understand whether there is a  fundamental property of the influenza A virus 

which permits it to have this unusually rapid evolution. The significance of 

this question is highlighted by the em ergence of an epidemic caused  by human 

immunodeficiency virus. Although the evolutionary pattern of this virus is less 

well characterized, it appears that this virus also varies dramatically in nature 

(Hahn, et. al., 1986).

Another em phasis in the thesis is the developm ent of methodology which 

may facilitate experimental findings regarding mutation rates of viruses. The 

first of th ese  findings is the development of a  technique for detecting point 

mutations without sequencing. The second is the developm ent of a  method 

which allows one to sequence directly the probes used  for point mutation 

detection.

A final them e is the secondary structure of the viral genom e. We 

observed that the termini of the single-stranded RNAs of the influenza viruses 

are base-paired, and we propose that these panhandle structures provide a  

mechanism to regulate primary transcription and to package genomic RNAs into
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virus.

B. STRUCTURE OF INFLUENZA A VIRION

The influenza virion is observed in the  electron m icroscope a s  a  roughly 

spherical particle about 80 to 120 nm in d iam eter containing a  lipid envelope 

(Horne, et. al., 1960; Wrigley, 1979), seven  structural proteins and the RNA 

genom e (reviewed in Lamb, 1983). The viral RNA consists of eight single 

stranded  segm en ts  of negative polarity (Ritchey, et. al., 1976; P a lese  and 

Schulm an, 1977; P alese , 1977).

There are  ten known protein products encoded by the viral RNA; a  

sum m ary of the physical properties and  functions of each  can be  seen  in Table 

1. The three polym erase proteins function in a  complex (Rochovansky, 1976; 

Krystal, et. al., 1986; Detjen, et. al., 1987) in association with the nucleocapsid 

protein (NP) on the RNA tem plate. The major surface proteins, and thus the 

major antigens, are the hemagglutinin (HA) and neuram inidase (NA) proteins. 

The matrix protein (M1), the predom inant protein of the virion, underlies the 

lipid m em brane. The three nonstructural proteins, M2, NS1 and NS2 have 

undeterm ined functions. The last four proteins are encoded  by two genom e 

RNAs. Two of the translation products result from the unspliced form of their 

respective mRNAs, the M1 and NS1 proteins, and the M2 and  NS2 each  are 

translated from spliced mRNAs (see  Fig. 1). (S ee Table 1 and Fig. 1 for 

references.)
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Table 1.

INFLUENZA A/PR/8/34 VIRUS GENOME AND CODING ASSIGNMENTS

Segm ent vRNA length encoded function
(nucleotides) polypeptide (references)

1 2,341 PB2 cap endonuclease, polymerase complex 
(Plotch, et. al., 1981, Ulmanen, et al., 
1981)

2 2,341 PB1 initiation and elongation of transcription, 
polymerase complex (Ulmanen, et. al., 1981; 
Palese, et. al., 1977)

3 2,233 PA polymerase complex (Braam, et. al., 1983)

4 1,778 HA major surface antigen, receptor binding, 
fusion (Wilson, et. al., 1981)

5 1,565 NP nucleocapsid protein, structural component 
of polymerase complex (Compans, et. al., 
1972)

6 1,413 NA minor surface antigen, receptor destroying 
enzyme (Colman, et. al., 1983)

7 1,027 M1

M2

major structural protein, underlies lipid 
envelope (Compans, et. al., 1970)

spliced mRNA, nonstructural glycoprotein, 
membrane bound (Lamb and Choppin, 1981)

8 890 NS1

NS2

nonstructural protein (Skehel, 1972)

spliced mRNA, nonstructural protein (Lamb 
and Lai, 1980)

Modified from Lamb (1983).
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Figure 1. SPLICED AND UNSPLICED MESSAGE RNAS OF SEGMENT 8.

The mRNAs encoded by viral RNA segm ent 8 are depicted with the associated 

polypeptide indicated at the right of each. The NS1 protein is translated from 

unspliced mRNA with a  single open reading frame. The spliced mRNA interrupts 

the reading frame and at the splice junction forms a  new reading frame. The 

NS1 and NS2 reading frames overlap for the first 10 codons, and the NS2 

polypeptide is translated in a  +1 reading frame (relative to NS1) downstream of 

the splice junction (Lamb and Lai, 1980). The size of the second overlap region 

is variable among strains due to nonsense mutations which occur in the NS1 

coding region (Parvin, et. al., 1983; Krystal, et. al., 1983). A similar coding 

strategy is observed with segm ent 7 (Lamb, et. al., 1981).



C. TRANSCRIPTION AND REPLICATION

The virus penetra tes  the host cell via the endosom e pathw ay and  by fusing 

its envelope with the host m em brane is able to deposit its RNP core into the 

cytosol (White, et. al., 1982). The core complex is transported to the nucleus 

w here the viral transcription occurs. The input viral RNA is of negative 

polarity with regard to its coding strand (Pons, 1971; Baltimore, 1971). 

Encapsidating the RNA in the core a re  the nucleocapsid protein (NP) and the 

viral polym erase complex consisting of the PB2, PB1 and PA proteins (Kato, et. 

al., 1985). The viral polym erase transcribes from the negative strand two 

c lasses  of RNA: m essag e  and tem plate (Hay, et. al., 1977; Beaton and Krug, 

1986). The primary transcription (mRNA synthesis) is initiated by an unusual 

process. It has been  shown that the PB2 protein binds to host-derived capped 

mRNA and  that the protein cleaves the RNA ten to twelve nucleotides 

dow nstream  of the guanosine cap. The viral polym erase then initiates mRNA 

synthesis using this capped  RNA oligomer a s  a  primer (Plotch, et. al., 1979). 

Synthesis continues until about 15 to 20 nucleotides from the 5 ’ end of the 

vRNA tem plate w here termination apparently occurs and the  n ascen t RNA is 

polyadenylated (Robertson, et. al., 1981; Beaton and Krug, 1986). This mRNA 

product may or may not be  spliced and then is transported to the cytoplasm 

w here translation occurs. The second  kind of synthesis produces complementary 

tem plate RNA. This cRNA is an exact copy of the input vRNA, and it thus 

serves a s  tem plate for synthesizing viral RNA. In in vitro studies cRNA 

synthesis has been  initiated with a  dinucleotide primer (McGeogh and Kitron, 

1975; Beaton and Krug 1986), but it is not known how it is primed in vivo. In 

chapter VI of the thesis, evidence supporting the role of secondary  structure of 

the vRNA (which serves a s  tem plate for both kinds of positive strand RNA) in



regulating the switch from m essage RNA synthesis to template RNA synthesis 

will be  described.

D. EPIDEMIOLOGY

The epidemiology of influenza A viruses is unique am ong viruses because 

of the very high rate of evolution and because  of the singular shape  of the 

evolutionary tree. Pandem ics of influenza occur when the genes encoding the 

surface antigens, the HA and NA molecules, becom e exchanged (through 

reassortm ent) with the genes derived from a  nonhuman influenza virus resulting 

in a  virus which is completely novel to the human population with respect to 

its antigens. This process is called antigenic shift. In addition, during the 

periods between pandemics, the genes encoding the major antigen mutate, thus 

generating subtly different antigens against which the host has reduced immune 

protection. This latter process is called antigenic drift. These mutations have 

been  shown to accumulate in subsequent strains, and thus a  very rapid evolution 

along a  single lineage is observed with th ese  genes (reviewed in: W ebster, et. 

al., 1982).

These two properties of shift and drift have greatly ham pered vaccination 

programs against influenza (Bull. WHO, 65, 479-484, 1985). It is impossible to 

predict when antigenic shift will occur or what new antigen it will present, 

thus making vaccination impossible. Antigenic drift also limits the 

efficaciousness of vaccination in periods between pandem ics. The changes 

accumulate in the HA with sufficient rapidity to limit the protection conferred 

by vaccination against virus only several years old. Not only do the vaccine 

strains have to be frequently updated, but frequent revaccination is also 

required.



Evolutionary studies of the HA gene indicate that the changes in the 

protein structure are reflected by substitutions in the coding sequence. The 

two key observations are that the substitutions are sequential in time and that 

many mutations correlate with regions that have been determined to encode the 

antibody binding sites (Wiley, et. al., 1981; W ebster, et. al., 1982; Raymond, et. 

al., 1986). These findings strongly suggest that there is immunological selection 

acting on the viral population. The immune surveillance of the host population 

may limit the growth of viruses which do not have mutated antibody binding 

sites. Thus, a  very potent selection appears to be driving the evolution of 

these  viruses by forcing the virus to change in order to survive.

E. EVOLUTION OF THE NS GENE OF INFLUENZA A VIRUSES

In our laboratory, we have been studying the evolution of the 

nonstructural gene. It has been found that this gene tolerates a  great deal of 

point mutations, particularly in the NS1 reading frame. For example, in analysis 

performed before commencement of the thesis project we dem onstrated that the 

NS1 is a  highly plastic protein in which the carboxy terminus can vary greatly 

in length (Parvin, et. al., 1983). We found point mutations which generate 

nonsense codons in the NS1 reading frame while maintaining the NS2 reading 

frame. These changes generated NS1 proteins w hose migrations by 

polyacrylamide gel electrophoresis were highly variable but were relatively 

consistent with regard to size. Subsequent studies further dem onstrated the 

highly variable nature of the NS gene sequence (Krystal, et. al.,1983; 

Buonagurio, et. al., 1984). The second chapter of this thesis is adapted from a 

publication in which the principle investigator w as D.A. Buonagurio in which the 

evolutionary tree of the NS gene from viruses isolated over 50 years is



described (Buonagurio, et. al., 1986b). We found that mutations accum ulated in 

the NS gene in a  sequential m anner, a s  w as found for the HA gene, and that 

the rate of evolution w as high, 2 X 10"^ substitutions/ nucleotide/year, but not 

a s  high a s  with the HA gene (about 7 X 10"® substitutions/nucleotide/year; D.A. 

Buonagurio PhD. Thesis). Since the NS gene has not reassorted in human 

strains, a s  has the HA, we were able to study genes isolated over much greater 

times. We found a  single lineage for the NS gene, even across pandem ics with 

the exception of the post-1977 H1N1 isolates. In this latter case  a  virus 

apparently derived from 1950 re-emerged in 1977, and continued a s  a  single 

separa te  lineage (Nakajima, et. al., 1978; Kendal, et. al., 1978). The shape of 

the evolutionary tree of the NS, with a  single lineage, is indicative of a  

selective pressure acting on the virus. We develop in chapter II the concept 

that mutant NS genes "hitchhike" with an immune selected HA variant. Thus, 

selection seem s to act indirectly on the NS gene, via the HA gene, in driving 

and shaping its evolution.

F. MUTATION RATE ANALYSIS

1. POSSIBLE ROLE OF MUTATION RATE IN EVOLUTION

Why is the influenza A virus apparently uniquely suited to escape  the 

immune surveillance of the host population? There are many vaccination 

program s against viral pathogens which are enormously successful. For example, 

every child in the United S tates receives a  series of immunizations against 

poliovirus using a  vaccine strain derived from a  virus isolated 50 years ago. 

Except for rare cases  of vaccine-related poliomyelitis, the vaccine has virtually 

eliminated the d isease. The selective pressures acting on the poliovirus may be 

som ew hat different than is the case  with influenza A virus since it is an



enteric virus, but both c lasses  of virus elicit IgA antibody-mediated immune 

response. In each  c a se  this immune response is protective against future 

infections by the virus. In chapter III a  study is described in which the 

mutation rates of influenza A virus and of poliovirus type 1 are m easured. A 

comparison of this fundam ental property of each  virus might indicate w hether 

highrmutation rate is responsible for the rapid evolution in influenza A viruses.

2. STRUCTURE AND EPIDEMIOLOGY OF POLIOVIRUS

Poliovirus belongs to the class of picornaviruses. There is no viral 

envelope, but rather there is a  tightly packed shell consisting of four structural 

proteins encapsidating the genom e RNA. The three-dimensional structure of the 

M ahoney strain of poliovirus type 1 h as  been  solved (Hogle, et. al., 1985) and 

dem onstrates that three of the proteins, VP1, VP2 and VP3 form the external 

shell of the virus, and VP4 is on the inside of the shell. Antibodies against 

VP1, VP2 and  VP3 are protective with VP1 being a  major target of the immune 

response (Emini, et. al., 1983).

In the experimental settings, the poliovirus h as  dem onstrated an extensive 

capability for change. Point m utants can be selected  using monoclonal 

antibodies, and th ese  antigenic variants arise with frequencies similar to most 

other viruses (Emini, et. al., 1983; Holland, et. al., 1982). However, antigenic 

variants do not seem  to appear in nature. The Sabin type 1 vaccine strain has 

been  sequenced  in its entirety (Nomoto, et. al., 1982) a s  h as  its parent strain, 

the Mahoney virus (Racaniello and Baltimore, 1981; Kitamura, et. al., 1981). 

S equence  comparison betw een these  two viruses reveals that the VP1 gene 

contains the m ost point changes and the highest num ber of coding changes in 

comparison to all the  other genes. Variation in wildtype and vaccine-related 

polioviruses h as  been  observed in nature (Nottay, et. al., 1981), and  a  portion of
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the VP1 gene sequence has been shown to vary to som e extent (Rico-Hesse, et. 

al., 1986). There is no indication, however, that extensive antigenic variation 

of polioviruses is common in nature.

3. The question we address in chapter three is whether there is a  

fundamental property of the influenza A virus which permits it to escape  the 

immune surveillance and thus grow despite the presence of antibodies specific 

for influenza viruses. We m easured a  higher mutation rate (mutations per 

nucleotide per infectious cycle) for influenza A virus than for poliovirus. We 

believe that this high mutation provides a  mechanism for influenza A virus to 

escape the immune surveillance of the host. Therefore, the ability to mutate 

rapidly coupled with an immune selective pressure results in a  high evolution 

rate.

G. NEW METHODOLOGY -  POINT MUTATION DETECTION

1. The extensive sequence analysis described in chapter III w as found to be 

a  cumbersome procedure. Using the point mutants detected by sequencing we 

sought to develop procedures which would simplify and speed  up the analysis to 

detect single point mutations. Methods developed by other laboratories utilize 

heteroduplexes in which a  point mutation becom es a  mismatch. The mismatch 

can then be detected by disruption of the double helix with subsequent cleavage 

by ribonuclease A (Winter, et. al., 1986; Myers, et. al., 1986) or by binding the 

mismatch with carbodiimide (Novack, et. al., 1986) or by destabilization of the 

double strand in denaturing gels(Lerman, et. al., 1984; Myers, et. al., 1985).

The destablizing effect of a  mismatch in a DNA heteroduplex has been 

successfully used by Lerman and colleagues to detect point mutations in DNA 

molecules. These workers developed methods for determining sequence-specific



melting domains in DNA. A mismatch in a  domain lowers the melting

temperature (Tm) for that domain. Therefore a  mismatch in the heteroduplex

causes the domain to melt a t a  lower temperature, or under milder conditions, 

than in the perfectly complementary hybrid. If the point mutation is in a 

domain which melts at a  lower temperature than the adjacent domain, then 

denaturation of the lower domain results in a  molecule which is partially single 

stranded (the low melting domain) and partially double stranded (the higher 

melting domain). This partially denatured duplex migrates very slowly in 

polyacrylamide gels a s  compared to the non-melted duplex. These

characteristics have been used to develop a  detection system by which the

hybrids are electrophoresed under conditions close to, but just below, the Tm 

for the domain. The gel contains a  gradient of denaturant (formamide and 

urea), and as  the sample migrates, the denaturant increases to a  point where 

the mismatched duplex melts and has greatly slowed gel migration while the 

non-mismatched duplex continues to migrate. Following electrophoresis, the gel 

is autoradiographed, and the mismatched hybrid is observed a s  a  band which has 

not migrated as  far as  the sample without mismatches (Lerman, et. al., 1984; 

Myers, et. al., 1985).

2. In chapter IV we describe an extension of this form of analysis. In 

experiments, in which the primary investigator w as F.l. Smith, we determined 

that this method of denaturant-gradient gel electrophoresis could be extended 

for use with RNA-RNA and RNA-DNA heteroduplexes. Also, this finding 

permits usage of SP6 derived probes which can be obtained easily and in high 

quantity. In addition, RNA genom es can be investigated.

H. NEW METHODOLOGY -  SP6 SEQUENCING



Current sequencing system s of general application use  one of two 

strategies. The first strategy is that of specifically cleaving end-labelled DNAs 

with chemical reagents (Maxam and Gilbert, 1977). The other strategy is that 

of specific termination of synthesis during polymerization (Sanger, et. al., 1977). 

By this latter method, a  single stranded DNA is the template for reactions 

which use the Klenow fragment of DNA polymerase I and dideoxynucleotide 

triphosphate analogs a s  chain terminators (Sanger, et. al., 1977; Messing, et. al., 

1981). This latter strategy has been extended to using a  template which is a  

double stranded, supercoiled plasmid (Chen and Seeburg, 1985). Additionally, 

RNAs could be sequenced  by this strategy using reverse transcriptase (Zimmern 

and Kaesberg, 1978; chapter III of this thesis). In chapter V we describe the 

first generally applicable sequencing method which u ses  the Sanger strategy, but 

u ses  an RNA polymerase and ribonucleotide triphosphate analogs a s  chain 

terminators. The sequencing reactions do not require a  primer binding step, 

but, rather, utilize the promoter present in the plasmid to initiate RNA 

synthesis. In chapter V we discuss the advantages and disadvantages of this 

method.

I. GENOME STRUCTURE -  THE PANHANDLE

1. Detergent disrupted virus re leases a  ribonucleoprotein (RNP) core which 

contains the genom e RNA ensheathed  by a  large number of nucleoprotein (NP) 

molecules and the three polymerase proteins in approximately stoichiometric 

am ounts (Kato, et. al., 1985). The RNP complexes are in different size classes, 

and it w as shown that the size depends on the individual RNA segm ent present 

(Duesberg, 1969). In the electron microscope a  higher order structure was 

observed a s  a  large double helix at one end and a  loop at the other end
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(C om pans, et. al., 1972). The function of th e se  structures is unknown. 

S eq u en ce  information of the genom e seg m en ts  revealed that the e n d s  of each  

RNA are  constan t with 12 b a se s  conserved  a t the  3 ’ end  and  13 b a se s  

conserved  a t the 5 ’ end  (Skehel and  Hay, 1978; R obertson, 1979; D esselberger, 

et. al., 1980). In addition, it w as observed  that th e se  regions a re  partially 

com plem entary, and  tha t they w ere predicted to b a se  pair and  form a  panhandle  

(Robertson, 1979; D esselberger, et. al. 1980). Adjacent to the common 12 to 13 

nucleotide termini there  are  in each  RNA three  additional nucleotides which may 

contribute to the stability of the  panhandle  since they  are  com plem entary. 

T hese  three nucleotides are  specific for an RNA segm ent.

Jux taposed  to the hypothetical panhandle  on the 5 ’ term inus of the viral 

RNA are  five to six uridine residues which are  thought to function a s  the  signal 

for termination and  polyadenylation of m essag e  RNAs. This Ug or U6 seq u en ce
v  •

occurs m any tim es in the genom e but will term inate and  polyadenylate only in 

this location. It w as therefore su g g ested  that its proximity to the panhandle  

structure m ay be critical to its recognition a s  a  signal (R obertson, et. al., 1981). 

It should be added , however, that the panhandle  structure h a s  never previously 

been  shown to exist, and tha t such  a  dem onstration m ay be difficult since the 

stability of the secondary  structure m ay be  very low due to the  low level of 

b a se  pairing.

2. In chap ter VI, in a  project in which the primary investigator w as M.-T. 

Hsu, we dem onstrate  tha t the  panhandle  structure d o es  in fact exist. Using a  

psoralen  derivative which can crosslink double s tranded  RNA, we observed  the 

panhandle w as p resen t in intact virus and  in infected cells a t both early and  

late time points. At earlier tim es of infection, a  g rea ter percen t of the  viral 

RNA w as in the panhandle  conformation than a t later time points. The time
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course of panhandle formation approximately coincided with the regulation of 

m essag e  RNA versus replicative RNA synthesis. T hese  d a ta  led to the conclusion 

tha t the panhandle conformation d o es  in fact have a  regulatory function in the 

transcription of mRNA, and  since it w as observed  in virus, we believe that it 

also  may be necessary  for packaging of the RNA into virus.



SPECIFIC AIMS

A. The antigenic variation of influenza A viruses is a  well recognized 

phenom enon (e.g. W ebster, et. al., 1982) and is a  characteristic which has 

curtailed vaccination program s (Bull. WHO, 63, 479-484, 1985). The antigenic 

drift within a  subtype has been  extensively studied for the hemagglutinin

protein (e.g. Both, et. al., 1983). We sought to first identify the evolutionary 

pattern of the nonstructural gene, a  gene  which might not be subject to 

immune selection. Second, w e sought to develop a  model which would explain 

the evolution of the influenza A virus.

B. We sought to m easure the mutation rate of the influenza A virus in tissue 

culture and also m easure the sam e param eter in the evolutionarily more stable 

poliovirus type 1. The determination of this fundamental param eter of each 

virus should help in elucidating the role of the mutation rate in the evolution 

of viruses.

C. We sought to develop new technologies which would facilitate future

mutation rate studies. These included a  method for detecting point mutations in 

the RNA genom es of viruses and a  method for sequencing the RNA probes used 

in the analyses.

D. Finally, we wished to determ ine the structure of the  influenza virus genom e

with regard to secondary structure. A panhandle structure of the RNAs had

been predicted based  on sequence  analysis. We indeed provided proof for the 

existence of such panhandle structures in virus and in virus infected cells, and 

we suggested  possible functions for these  structures.
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A. INTRODUCTION

Variation of influenza A viruses w as examined by comparison of nucleotide 

sequences of the NS gene (890 bases) of fifteen human viruses isolated over 

fifty-three years (1933-1985). C hanges in the genes accum ulate with time and 

an evolutionary tree based  on the maximum parsimony method can be 

constructed. The evolutionary rate is approximately 2 x 10‘® substitutions per 

site per year in the NS genes, which is about 106 times faster than the 

evolutionary rate of germ-line genes in mammals. This uniform and rapid rate 

of evolution in the NS gene thus m akes it a  good molecular clock and is 

compatible with the hypothesis that positive selection is operating on the 

hemagglutinin (or perhaps som e other viral genes) to preserve random mutations 

in the NS gene.

B. MATERIALS AND METHODS

1. VIRUSES

Influenza viruses A/Puerto Rico/8/34, A/Bellamy/42, A/Fort Monmouth/1/47, 

A/Fort Warren/1 /50,. A/Denver/1/57,. A/Ann Arbor/6/60, A/Berkeley/1/68, 

A/Alaska/6/77, A /H ouston/24269/85, A/Maryland/2/80, A/USSR/90/77, 

A/Houston/18515/84 and A/Houston/23284/85, are abbreviated PR34, BEL42, 

FM47, FW50, DEN57, AA60, BERK68, ALA77, (H3)HT85, MD80, USSR77, (H1)HT84 

and (H1)HT85), respectively. Virus stocks were grown and RNA w as prepared 

using standard procedures (Ritchey and Palese, 1976).

2. SEQUENCE ANALYSIS

The NS sequences of the A/WSN/33, A/Bellamy/42, A/Maryland/2/80, 

A/Houston/18515/84, A/Houston/23284/85, A/Denver/1/57, A/Ann Arbor/6/60, 

A/Berkeley/1/68, and A/Houston/24269/85 viruses were determined by direct 

RNA sequencing of purified vRNA by the dideoxy chain terminator method
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(Sanger, e t  a t ,  1977; s e e  chapter III for a  thorough description). .Sequencing 

primers w ere oligonucleotides 15-20 b a se s  in length synthesized using either the 

phosphoram idite or phosphotriester chemistry on the Biosearch SAM One 

autom ated DNA synthesizer (Biosearch, Inc., CA) (Buonagurio, et. al., 1984). 

The primers correspond to the following positions of the NS gene: 10-29;

133-147; 240-255; 293-312; 344-359; 518-536; 593-612; 616-632; and  739-755. 

Nucleotide seq u en ces  were stored, edited and com pared in an IBM 370 com puter 

a t the City University of New York using published program s (S taden, 1978).

C. RESULTS

Fig. 2 show s the nucleotide seq u en ces  of the NS g e n es  of 15 human 

influenza A virus strains. The viruses w ere isolated over a  53 year period and 

represen t all three human hemagglutinin sero types (H1, H2 and H3). Except for 

the three Houston isolates, the strains were obtained from diverse geographical 

locations. The 15 seq u en ces  are easily aligned for analysis b ecau se  of the size 

conservation of the  NS gene  segm ent of 890 b a se s . Nucleotide substitutions 

occur a t 149 positions scattered  throughout the g en e  and  usually, once a  base  

change is observed in a  virus isolate, it is found in sub seq u en t strains. The 

seq u en ce  information a s  p resented  in Fig. 2 w as analyzed by maximum parsimony 

(Fitch, 1971) to determ ine the phylogenetic tree of minimum length. The best 

tree  found contains a  total of 186 substitutions and  is illustrated in Fig. 3. 

The parsimony method also yielded four alternative trees  containing 187 

substitutions. T hese alternative trees contain only minor branch perturbations 

of the b est tree.

Figure 4  show s the num ber of nucleotide substitutions betw een the origin 

of the b est tree and  the tip of each  branch (Fig. 3) plotted against the date of 

isolation of the viruses w hose NS g en e  is represented  by that tip. The major
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Figure 2. NUCLEOTIDE SEQUENCES OF 15 NS GENES O F . HUMAN 
INFLUENZA A VIRUSES.

The NS sequences of the A/WSN/33, A/Bellamy/42, A/Maryland/2/80, 

A/Houston/18515/84, A/Houston/23284/85, A/Denver/1 /57, A/Ann Arbor/6/60, 

A/Berkeley/1/68, and A/Houston/24269/85 viruses were determined in this 

study. The sequences of the remaining NS genes have been published (Krystal, 

et. al., 1983; Buonagurio, et. al., 1984; Baez, et. al., 1980; Lamb and Lai, 1980). 

The NS sequence of the oldest isolate, A/WSN/33, is shown in its entirety and 

serves a s  the reference sequence. Only nucleotide positions of the other strains 

that differ from the reference sequence are listed. The NS sequences of the 

A/Houston/18515/84 and A/Houston/23284/85 viruses are identical. Asterisks 

represent nucleotide positions that could not be determined because  the first 

primer used for sequencing corresponds to positions 10-29 of the NS gene. The 

5’ terminal nucleotides of the A/WSN/33 NS gene were determined by dideoxy 

sequencing with an M13 cDNA clone and the universal primer.
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Fig. 3. MOST PARSIMONIOUS EVOLUTIONARY TREE FOR 15 INFLUENZA A 
VIRUS NS GENES.

The nucleotide seq u en ces  shown in Fig. 2 were analyzed by the method of 

Fitch (1971). The length of the trunk and the side b ranches of the 

evolutionary tree are proportional to the minimal num ber of substitutions 

required to account for the differences in sequence. Non-integral num bers arise
>r *

from averaging over all possible minimal solutions. The broken line represents 

the predicted num ber of additional substitutions betw een the NS g en es  of FW/50 

and USSR/77 b ased  on the calculated evolutionary rate (see text for discussion).

Figure 4. LINEARITY WITH TIME OF NUMBER OF SUBSTITUTIONS IN THE 
NS GENES OF INFLUENZA A VIRUSES.

The ab sc issa  represents the year of isolation of the influenza A viruses

used in the analysis. The ordinate indicates the number of substitutions

observed in their NS g en es  betw een the first branching point formed by the

WSN/33 and  PR/34 seq u en ces  in Fig. 3 and the tips of all b ranches of the

evolutionary tree. A line, generated  by linear regression analysis, is drawn

through the points. The slope of the line is 1.73 + 0.08 substitutions per year.

In addition to the sequences found on the trunk of the evolutionary tree (solid

circles), the NS gen es  of the four new H1N1 viruses are also represented in this

graph (solid squares). The line through the squares is arbitrarily drawn parallel

to the other line.
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line, derived by linear regression analysis, shows that these  sequences are 

evolving at the steady rate of 1.73 + 0.08 nucleotide substitutions per year or 

1.94 + 0.09 x 10 '3 substitutions per nucleotide site per year. The WSN/33 and 

PR/34 strains appear to have more substitutions per year than expected and 

therefore, were excluded from the evolutionary rate calculation. Since these 

strains were isolated before refrigeration becam e available in the laboratory, we 

believe that continuous passaging in animal hosts and in embryonated eggs 

(particularly in the first 10-15 years following isolation of the strains) may 

have introduced additional mutations not present in the original isolates. Fig.4 

also shows that the group of H1N1 subtype strains, which reem erged in the 

human population in 1977 after a  27-year absence (Kendal, et. al., 1978; 

Nakajima, et. al., 1978), is evolving at the sam e rate. These "new" H1N1 viruses 

have been cocirculating with the H3N2 viruses since 1977 and form a  separate 

evolutionary branch (Fig. 3). In reality, the H1N1 branch should be directly 

connected to the FW/50 branch of the main tree, since there are only five 

nucleotide differences between the FW/50 and USSR/77 virus NS genes. 

However, the viruses were isolated 27 years apart and based  on the calculated 

evolutionary rate of 1.73 substitutions per year, we would predict approximately 

46 additional substitutions in the NS gene of USSR/77 (represented by the 

broken line in Fig. 3). The observed data, thus suggest a  unique epidemiology 

of the new H1N1 isolates.

D. DISCUSSION

1. Several points can be made following the analysis of the data. First, 

calibration of the molecular clock is not affected by inaccurate paleontological 

dates since the time of fossilization (isolation) of these strains is recorded. This 

may partly explain why the NS gene of influenza A viruses behaves as  an
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accurate molecular clock (for review, Wilson, et. al., 1977). Thus, given only 

the NS g ene  seq uence  of a  main line isolate, one can closely estim ate the year 

of its isolation (Fig. 4). Although fewer points are  available for m easuring the 

rate in the new H1N1 strains (1977-1985), the d a ta  (Fig. 4, solid squares) are 

compatible with a  molecular clock ticking a t the sam e evolutionary rate for 

th e se  NS gen es . The mutations seen  in the NS g en es  of the new H1N1 strains 

(1977-1985) are different from those  seen  in the 1950-1957 H1N1 strains. 

Second, the evolutionary rate of 1.94 + 0.09 x 10‘3 substitutions per site per 

year ap p ears  to be approximately 10®-fold higher than the rate for mammalian 

germ-line g en es  (Li and Gojobori, 1983). (The difference calculated on a  per 

generation basis would be much less.) Third, w e have concentrated on an 

analysis of the NS gen es  becau se  there w as evidence that the NS g en e  w as not 

exchanged (Scholtissek, et. al., 1978) during the reassortm ent of influenza 

viruses leading to new A virus subtypes (W ebster, et. al., 1982). Furthermore, 

preliminary d a ta  from several different laboratories had su g g ested  that 

substitutions in influenza virus NS g en es  (as well a s  other genes) are generally 

retained w hen strains obtained a t later times are com pared with earlier isolates 

(Air, 1981; Both, et. al., 1983; Hayashida, et. al., 1983; Nei, 1983; Raymond, et. 

al., 1983; Skehel, et. al., 1983; Martinez, et. al., 1983; Ortin, et. al., 1983; 

Krystal, et. al., 1983; Buonagurio, et. al., 1984). We have com pared NS gene 

seq u en ces  of nine new strains with six previously published seq u en ces  (Krystal, 

et. al., 1983; Buonagurio, et. al.,1984). Thus, we can rely upon a  much larger 

da ta  b a se  and on isolates obtained over a  longer period of time than w as 

previously possible.

2. Another point concerns the long, slender nature of the evolutionary tree 

of the NS genes. This appears  to be a  consequence  of the short life span  of



any lineage other than the one that gives rise to the future generations (the 

average ag e  of the side branches is only three years). This is very reminiscent 

of periodic selection in chem ostats (Atwood, et. al., 1951) where the number of 

accum ulated mutants in E. coli suddenly drops to zero when a  new favorable 

mutant replaces the older strains, so  that at any point in time all coexisting 

strains are recently diverged from the main lineage. Animal g en es  and genes 

from viruses, except possibly those of enterovirus 70 (Tanimura, et. al., 1985), 

do not follow this pattern. Rather, they appear to have multiple surviving 

lineages undergoing slower change, for example, the influenza C viruses in man 

(Buonagurio, et. al., 1985). In addition, the length of time a  vaccine is 

effective against a  viral pathogen may correlate with the evolutionary rate of 

the virus. Vaccines for all three poliovirus types are m ade with isolates 

obtained approximately five decades ago. Similarly, the yellow fever virus 

vaccine w as developed more than 50 years ago and current isolates have not 

sufficiently changed to warrant a  new vaccine formula. Also, the currently used 

rabies vaccine strain goes back to Pasteur’s  time, w hereas the influenza A 

viruses used  for vaccine manufacture are changed every 2-3 years (even in the 

absence  of a  subtype shift) to accom odate changes in the prevalent strains.

3. W hat model, then, could explain the rapid evolutionary change in 

influenza virus gen es?  One speculation suggests that the unusually high 

variation of influenza A viruses in nature is the result of a  high mutation rate 

of the virus (Epidemiology of Influenza-Summary of Influenza Workshop IV., J. 

Infect. Pis. 128. 361, 1973). However, many other viruses, including vesicular 

stomatitis virus (Holland, et. al., 1982; Spindler, et. al., 1982; O ’Hara, et. al., 

1984), parainfluenza virus (Portner, et. al., 1980), foot and mouth d isease  virus 

(Sobrino, et. al., 1983), RNA tumor viruses (Zarling and Temin, 1976; Gojobori
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and Yokoyama, 1985) and  herpesviruses (Holland, et. al., 1983), have also been 

shown to p o sse ss  the potential to undergo rapid genetic change. (Precise 

comparative d a ta  on the mutation ra tes of influenza A and other hum an viruses 

are not available a t this time.) Moreover, a  high rate of change d oes not 

explain the slender nature of the geneology.

An .explanation for the unusual pattern of NS gene evolution may be found 

in positive selection of influenza A virus variants. There is no evidence for 

immune surveillance of the NS g ene  products nor have other selectional forces 

on the NS gene  been  identified. It may be that only one influenza virus gene 

(most likely the hemagglutinin) needs to be subject to selection. In the brief 

time before immunity develops to a  new (antigenic) variant, that strain may 

sw eep through the population, carrying with it w hatever variant of the NS gene 

happens by chance to be present. In this way, the NS g en e ’s  phylogeny may be 

linked to that of another gene undergoing extensive positive selection. The 

fixation of substitutions in the NS g en es  is not, therefore, simply the result of

random genetic drift and one probably cannot calculate a  "neutral mutation

rate" (Kimura, 1983) for the A virus NS g ene  from these  data. We suggest that

positive selection represents a  significant factor in the unusual pattern and high

rate of influenza A virus evolution in man.

4
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A. INTRODUCTION

The variability of anim al viruses is a  well recognized phenom enon (reviewed 

in Holland, et. al., 1982). The b e st studied exam ple is the  influenza A virus in 

which the  antigenic nature is continually changing by reassortm ent (antigenic 

shift) and  by mutation (antigenic drift). The property of antigenic drift allows 

virus from a  single subtype to persist in the hum an population in spite of 

immunity to strains from previous years (W ebster, e t. al., 1982). It h a s  b een  

observed  from seq u en ce  an a ly ses  that the g e n e s  coding for surface a s  well a s  

non-surface proteins of the influenza A virus evolve a t a  ra te  which is 

approximately a  million-fold g rea ter than tha t of eukaryotic g e n e s  in nature 

(Buonagurio, et. al., 1986b; P a lese , 1985; Saitou and  Nei, 1986). Although a  high 

mutation rate of influenza A viruses is m ost often implicated a s  the  cau se  of 

the extensive variation (H ayashida, et. al., 1985; Saitou and  Nei, 1986), a  direct 

m easurem ent of this param eter has never been  obtained in vivo.

Mutation ra tes have b een  estim ated for several bacteriophages. B ased  on the 

growth kinetics of sp o n tan eo u s revertants from a  deleterious point mutation a  

mutation rate w as indirectly calculated for the bacteriophage QB (Batschelet, et. 

al., 1976) and  mutation frequencies determ ined by growth under selective 

conditions have been  estim ated for bacteriophage lam bda and  bacteriophage T4 

(Drake, 1969). A ttem pts have also  b een  m ade to a s s e s s  the  mutability of animal 

viruses. For exam ple, the  substitution frequency of a  specific 5 ’ terminal 

nucleotide in the vesicular stomatitis virus (VSV) genom e w as determ ined 

(S teinhauer and  Holland, 1986). Similarly, the frequency of variants which have 

lost the  recognition site for a  neutralizing monoclonal antibody h as  been  used  

a s  a  m easure  of mutation frequency. This m ethod h as  been  u sed  to analyze 

mutability of RNA and DNA containing viruses including influenza viruses,
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poliovirus, VSV, and herpes viruses (Emini, et. al., 1983; Holland, et. al., 1983; 

Lubeck, et. al., 1980; Portner, et. al., 1980). Alternatively, reversion frequencies 

of viral m utants have been used to a sse ss  mutation frequencies. For example, 

the accumulation of thymidine kinase deficient m utants of herpes simplex virus 

w as employed to .analyze the role of mutator and anti-mutator phenotypes of 

this virus (Hall, et. al., 1984).

In this study we attempt to m easure directly the mutation rate of two 

animal viruses by sequencing genes in randomly selected viral clones. These 

viral clones are all descended from a  single virion after only one plaque 

generation, confining the time over which mutations can occur to about five 

infectious cycles. The mutation rate we m easure is a  neutral mutation rate, 

since all lethal and deleterious mutations are not observed. We find that the 

mutation rate of influenza A virus is higher than that of the poliovirus, and we 

speculate this difference correlates with the speed  of evolution and the lack of 

success of vaccination against influenza viruses.

Accurate in vivo m easurem ents of mutation rates should allow a  greater 

understanding of the evolution of viruses in nature and may also provide a  new 

way to test different evolutionary theories with respect to animal viruses. 

Knowledge of the inherent mutability of a  virus may also clarify the mechanism 

by which variants em erge that are resistant to the immunity conferred by 

vaccination. The probability of successful vaccination against a  particular virus 

may be determined by the mutation rate of that virus, and thus knowledge of 

this param eter may influence the strategy of vaccine design. Finally, an 

understanding of the mutability of a  virus may help in studying the development 

of drug resistance a s  well a s  the changes in virulence observed with different 

RNA and DNA containing viruses.
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B. MATERIALS AND METHODS

1. VIRUSES AND CELLS

The influenza virus A/WSN/33 w as derived from an uncloned viral stock 

preparation grown in Madin-Darby Canine Kidney (MDCK) cells in the presence 

of Eagle’s  minimal essential medium containing 1 ug/ml trypsin (Brand and 

Palese, 1980). Virus w as then plaque passaged  twice in MDCK cells, and virus 

from the second plaque p assage  w as directly employed for the experiment 

described. The agar overlay for plaquing contained 0.6% agar (Oxoid Ltd.), 

minimal essential medium, 0.2% bovine albumin, 0.01% DEAE dextran, and 1 

ug/ml trypsin.

The Mahoney strain of poliovirus type 1 and the HeLa cell line used for 

its passage  were kindly provided by V. Racaniello. Again, the virus w as plaque 

p assaged  twice before being used in the experiment. Viral passag e  w as done as 

described in (Bernstein, et. al., 1985).

2. PREPARATION OF INFLUENZA A VIRUS CLONES AND PURIFICATION OF 
VIRAL RNA

Confluent MDCK cells were infected with serial ten-fold dilutions of the 

plaque-purified virus preparation. One hour post infection (pi), the innoculum 

w as removed by aspiration and the standard agar overlay w as added. Forty-eight 

hours pi a  well isolated plaque w as identified and the overlay above the plaque 

w as gently aspirated with a  Pasteur pipette. Virus w as eluted from the agar 

plug into 0.5 ml phosphate buffered saline containing 0.2% bovine albumin 

(PBS+BA). The cell monolayer from which the plaque w as picked w as stained 

with 0.1% crystal violet in 20% methanol to dem onstrate that the plaque w as 

indeed discrete.



In order to clone the individual virions in the plaque, a  second  plaque 

p a ssa g e  w as done using the  virus yield from the  first plaque. This time many 

d ishes w ere prepared to allow the isolation of several hundred discrete p laques. 

The total PFU in each  plaque w as about 1 X 106 . O ne fifth of the yield from 

each  plaque w as u sed  to infect 2 X 1 0 ®  MDCK cells with a  liquid overlay which 

contained the sam e com ponents a s  the ag ar overlay except the ag ar and  the 

dextran. The supernatan t from the completely lysed m onolayer w as harvested 24 

to 30 hours pi. The supernatant w as then diluted in PBS+BA to infect a t an 

MOI of about 0.2 seven  or eight d ishes of MDCK cells, each  containing 2 X 107 

cells. The medium (65 ml) w as harvested  approximately 30 hours pi after 

complete lysis of the cell monolayer.

The medium containing virus harvested from lysed cells w as pre-cleared by 

centrifugation a t 8000 g for 30 min. The supernatan t w as then layered over a  

3 ml 20%  sucrose  cushion, and virus w as pelleted by centrifuging a t 25,000 RPM 

for 2  h in a  SW 27 rotor. The virus pellet w as resuspended  in 4 ml of 100 mM 

NaCI, 10 mM tris-HCI pH 7.4, and 1 mM Na2 EDTA (NTE buffer). The RNA from 

the resuspended  virus w as extracted (approximately 100 ug) (P alese  and 

Schulm an, 1976).

3. PREPARATION OF POLIOVIRUS TYPE 1 CLONES AND OF VIRAL RNA

Confluent HeLa cell m onolayers w ere infected with serial dilutions of the 

plaque-purified poliovirus preparation. One hour pi the virus innoculum w as 

removed by aspiration and the standard  ag ar overlay containing 1% agar, 

Dulbecco’s  modified Eagle medium, 5%  horse serum  and 0.01%  DEAE dextran w as 

added . Thirty-six hours pi a  well isolated plaque w as identified and  the agar 

above it w as aspirated a s  before. The monolayer w as stained  with the crystal 

violet solution to confirm that the plaque w as indeed discrete. Virus w as eluted
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from the  ag ar plug into PBS containing 0.2%  horse serum . The total yield from 

the p laque w as 5.2 X 106 PFU.

In order to clone individual virions from the  virus yield of the  plaque, a  

seco n d  round of p laque p a ssa g e  w as done a s  before except that the  time

allowed for plaque formation w as 48  hours. O ne fifth of the  virus yield from 

each  p laque w as u sed  to infect 2 X 106 HeLa cells with a  liquid overlay which 

contained the sam e  com ponents a s  the ag ar overlay excep t the ag ar and  the 

dextran. Twenty-four hours pi the medium above the  lysed cells w as harvested . 

This su p ernatan t w as then diluted for the infection (at an  MOI of 0.5) of five 

large d ish es  containing 2 X 107 HeLa cells each . Twenty-four hours pi the 

yield from the lysed cells w as harvested .

The medium containing virus (40 ml) w as pre-cleared by centrifugation at 

9000 g for 30 min. The supernatan t w as centrifuged a t 130,000 g for 90 min. 

The pelleted virus w as resu sp en d ed  in 4  ml NTE buffer, and  the RNA 

(approximately 100 ug) w as extracted a s  w as done for the influenza virus.

4. SEQUENCING OF VIRAL RNA

The viral RNA w as seq u en ced  directly using the  stra tegy  of Sanger, et. al. 

(1977). T he hybridization mixture contained 10 ug of viral RNA and  200 ng of 

a  specific oligonucleotide a s  primer. Three primers w ere u sed  to seq u en ce  each  

g en e . The prim ers u sed  for the  NS g ene  w ere com plem entary to the  viral RNA 

at positions 10 to 29, 293 to 312 and  593 to 612 (Buonagurio, et. al., 1986b). 

The VP1 g en e  prim ers w ere com plem entary to positions 3422 to 3403, 3136 to 

3117, and  2812 to 2793 on the  viral RNA (Kitamura, et. al., 1981). The 

hybridization mix w as heated  in boiling w ater for five min., cooled to room 

tem perature, and  aliquoted to four reaction tubes. The A reaction contained 

250 uM dGTP and dTTP, 100 uM dATP, 12.5 uM dideoxy ATP and  10 uM dCTP.



The G reaction contained 250 uM dATP and dTTP, 100 uM dGTP, 12.5 uM 

dideoxy GTP, and 10 uM dCTP. Both the A and G reactions had 15 uCi of 

alpha-32P-dCTP (3000 Ci/mmole) or alpha-35S-dCTP (600 Ci/mmole) added to 

each reaction. The C reaction contained 250 uM dGTP and dTTP, 100 uM 

dCTP, 12.5 uM dideoxy CTP, and 10 uM dATP. The T reaction contained 250 

uM dCTP and dGTP, 100 uM dTTP, 12.5 uM dideoxy TTP, and 10 uM dATP. 

Both the C and T reactions contained 15 uCi of alpha-32P-dATP (3000 

Ci/mmole) or alpha-35S-dATP (600 Ci/mmole) added to each reaction. The 

reactions were started by the addition of 5 U of AMV reverse transcriptase 

(Molecular Genetics Resources, Inc.) and incubated a t 42°C  for 30 min. The 

total reaction volume w as 10 microliters. A cold-chase solution containing 2mM 

concentrations of each nucleotide w as added (1.5 ul). Following a  second 30 min 

incubation a t 42°C, the reactions were terminated by the addition of 11 ul of a  

formamide dye mix. Prior to gel electrophoresis, the reactions were heated in 

boiling w ater for 5 min and then rapidly cooled in an ice/water bath.

As a  standard procedure two different gel system s were used to analyze the 

sequencing results. The first gel w as a  6% polyacrylamide buffer-gradient gel 

(Biggin, et. al., 1983) or a  6% polyacrylamide w edge-shaped gel (CBS Scientific 

Company, Inc.) which generally permitted the resolution of sequence ten 

nucleotides from the primer to a t least 180 nucleotides from the primer. A 

second gel, which w as the standard 6% polyacrylamide gel, w as used for a  long 

electrophoresis of the reaction products. This second gel generally permitted 

the resolution of nucleotides from 160 to 320 or more b ases  away from the 

primer. Gels were fixed in a  10% acetic acid, 10% methanol solution, dried, and 

exposed to Cronex 4 film for three to ten days.

Using this method, bands occasionally appeared  in more than one lane at a
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given position. T hese  secondary  ban d s proved not to be  troublesom e since their 

pattern w as uniform for a  position am ong the  different RNAs.

For the influenza virus NS gene, 91,708 nucleotides w ere sequ en ced . Of 

th ese , 50 nucleotides could not be positively identified b ecau se  the bands in the 

expected  lane w ere too faint. However, since no other band appeared  in any of 

the  other three lanes a t the sam e level, it w as assum ed  that no changes had 

occurred a t th e se  positions. Of the 95,688 seq u en ced  nucleotides for the VP1 

gene, 323 could not be  positively identified for the sam e  technical reason. 

Again, none of th ese  positions w as scored for m utations b ecau se  bands in any 

of the other three lanes w ere not observed.

5. COMPARISON OF GROWTH KINETICS OF NS GENE MUTANTS

In order to determ ine the  relative growth kinetics of each  influenza virus 

NS g en e  variant, a  multicycle infection w as done for each  mutant, the parental 

virus, and two randomly picked controls w hose NS g e n es  had the wild-type 

seq u en ce . Aliquots of each  virus w ere titered in advance, and  then each  w as 

u sed  to infect a  dish of MDCK cells at a  multiplicity of 1000 PFU p er 3 X 106 

cells. O ne hour pi the innocula were removed from the dish, each  m onolayer 

w as w ashed  with PBS, and the standard  liquid overlay w as added. At each  time 

point, 10, 19, 24, 28, 32, 37, 42, and  48 hours pi, 0.3 ml of medium w as removed 

from each dish and w as used  for plaque titrations. Cytopathic effect w as first 

observed at the 37 hour time point.

6. CONVERSION OF THE NS GENE MUTATION RATE FOR COMPARISON

The mutation rate of the NS g en e  a s  defined in this pap er w as calculated 

a s  the am ount of change which would occur with each  cell burst. Drake 

(1969) and Koch and Drake (1973) calculated mutation ra tes from mutation 

frequencies. By this definition of mutation rate, the num ber of replications
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reflected the num ber of tim es the genom e w as copied. Replication num ber w as 

approximately equal to the population size. The formula w as:

mutation rate=.4343 X mutation frequency /log(population size).

Using this formula, the NS gene mutation frequency in a  plaque w as seven  

changes per 91,708 nucleotides, and the population size w as equal to the total 

nucleotide pool (1.2 x 10® PFU X 850 nucleotides analyzed per NS gene), which 

resulted in the converted mutation rate of 3 .7  X 10‘® mutations/nucleotide/ 

replication. Alternatively, a  correction factor substituting population size by 

population size X mutation rate could be m ade since no m utants would be 

expected until the population size equaled  the reciprocal of the mutation rate 

(J.W. Drake, personal communication). The corrected mutation rate w as then 8.4 

x 10‘® mutations/ nucleotide/replication. If the  mutation rate ceiling for the 

poliovirus w ere similarly converted, it would be 4.7 X 10 '7 

mutations/nucleotide/replication or, including the correction factor, 1.2 X 10'® 

mutations/nucleotide/ replication. Using this procedure the values for the 

mutation ra tes of bacteriophage lambda, bacteriophage T4, Salmonella 

typhimurium, Escherichia coli and  N eurospora c ra ssa  w ere 2 .4 X 10"8 , 1.7 X 

1 0 '8 , 2.0 X 1 0 '10, 2.0 X 1 0 '10 and 0.7 X 1 0 '11, respectively (Drake, 1969).

C. RESULTS

1. DETERMINATION OF THE NS GENE MUTATION RATE

The influenza virus clones used  to determ ine the mutation rate in the NS 

g ene  w ere derived from a  single plaquing experim ent (Fig. 5). P laque formation 

occurred under standard  tissue culture conditions in the ab sen ce  of any new



selective pressure. Cell monolayers were infected at high dilution with 

plaque-purified A/WSN/33 virus, and 48 hours post infection (pi) a  single, well 

isolated plaque w as picked. This plaque, descended  from a  single virion, 

contained 1.2 X 10® infectious virus particles (PFU). In order to determine the 

number of mutant NS genes among these  viral particles, individual clones were 

obtained and viral RNA w as prepared following only two amplification steps. 

The multiplicity of infection (MOI) during the amplification steps w as 

maintained at 0.1 for the first s tep  and 0.2 for the second to minimize the 

enrichment of new mutants. Since RNA obtained from amplified viral 

preparations w as sequenced  using the primer extension protocol, the sequence 

represents a  "consensus" sequence which should be identical to that of the 

individual clone. Any mutants which may arise in the amplification protocol 

would not be detected.

The NS genes of 108 different clones were sequenced  producing 91,708 

nucleotides of information. Comparison of the NS gene sequences revealed 

seven mutants. Figure 6 shows the relevant sequencing gels of two of these 

mutants. In the top half of the figure, the sequences for five different clones 

are presented for positions 151 to 181. As indicated by the arrow, a  G to T 

transversion in clone 014 w as observed a t position 169. In the bottom half of 

the figure, the sequences for five other clones are shown for positions 751 to 

788. On this gel the G reactions of the five clones were loaded side-by-side as 

were the A, T, and C reactions. This latter arrangem ent facilitated the rapid 

detection of mutants. The A to G transition at position 772 in clone 024 can 

easily be observed in this gel (arrows). All seven point mutants are listed in 

table 1 along with the predicted amino acid coding changes. As can be seen , 

the mutations were evenly distributed along the gene, and there w as only one
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Figure 5. EXPERIMENTAL DESIGN FOR MEASURING MUTATION RATES IN 
VIRAL GENES.

A single virion (the parental virus) formed a  plaque after sufficient time for 

about five infectious cycles. The m any progeny virions contained within the 

plaque carried g en es  with the parental seq u en ce  (represented by filled circles), 

and a  fraction of the virions p resen t carried g e n es  with a  point mutation 

(represented by square  and diamond). The individual virions w ere cloned by 

plaquing and amplified under conditions that minimize the  effect of new 

mutations on the consensus seq u en ce  of the g ene  in the clone. RNA obtained 

from purified virus w as directly sequenced . The mutation rate w as determ ined 

by dividing the num ber of observed point mutations by the num ber of 

nucleotides analyzed and  by the num ber of infectious cycles.
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mutation per variant gene. Two mutants, 050 and 069, which were derived from 

clones on separate  dishes were found to have the sam e point change. This 

finding w as not unexpected since point mutations which occur early in the 

developm ent of the plaque would represent a  higher fraction of the variants 

than ones which occur late. Six of the seven variants were found to encode 

amino acid changes in the NS gene protein products. This observed frequency 

of coding changes is in agreem ent with the predicted frequency of coding 

changes in a  randomly mutated coding for overlapping NS1 and NS2 proteins.

It is assum ed that back-mutations are negligible and that the mutants have 

similar growth fitness to wild-type (see below). Based on these  assumptions, 

dividing the number of variants by the number of infectious cycles then 

accounts for the effect of mutations occurring over several replications and of 

mutations being sam pled twice.

The mutation rate w as calculated using the formula:

mutation rate=7 mutations/91,708 nucleotides/5 infectious cycles 

=1.5 X 10"® mutations/nucleotide/infectious cycle.

Although plaque growth dynamics are complex, and although synchrony in 

burst cycles may be lost, the number of growth cycles w as most probably five. 

If all of the sam pled virus clones were derived from only four infectious cycles, 

then the mutation rate would be underestim ated by 26%. Similarly, if all 

sam pled clones resulted from six bursts, the mutation rate would be 

overestim ated by 17% in our calculations. Thus, the error contributed by clones 

that had different numbers of growth cycles w as small.
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Figure 6. DETECTION OF POINT MUTATIONS IN NS GENES OF INFLUENZA 
VIRUS CLONES 014 AND 024.

In the top half of the figure, the sequencing  reactions of the NS g e n es  of 

c lones 011, 012, 013, 014 and 015, w ere elctrophoresed in a  6%  polyacrylamide 

buffer-gradient gel. Positions 151 through 181 are shown and the  G to T 

ch an g e  a t position 169 in clone 014 is indicated by the arrows. In the  bottom 

half of the figure, the sequencing  reactions for the  NS g e n es  of clones 039, 

040, 041, 042 and  024 w ere e lectrophoresed in a  buffer-gradient gel. The G 

reactions for five clones, 039, 040, 041, 042 and  024 (left to right) w ere loaded 

side-by-side a s  w ere the A, T and C reactions. Positions 751 to 788 a re  shown, 

and  the A to G transition at position 772 in clone 024 is indicated by arrows.



Figure 6
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Table 2. POINT MUTATIONS DETECTED AMONG NS GENES OF 108 
INFLUENZA A/WSN/33 VIRUS CLONES

Mutant Mutation Amino acid change Position

014 Q 1 I V C S er --> lie in NS1 169

024

CDAtI

<

Asn --> Asp in NS2 772

031 C 1 1 V O Trp --> Arg in NS1 72

049 c 1 1 V O Silent 68

050 Q 1 1 V > Arg --> Lys in NS1 379

069

<A Arg --> Lys in NS1 379

082 0 1 i V d Leu --> Phe in NS2 856

*

Mutations detected by RNA sequencing are presented in the m essage  
orientation. The parent NS gene sequence  is according to Buonagurio, et. al., 
1986b.

2. CHARACTERIZATION OF THE NS GENE VARIANTS

It w as assum ed in the calculation of the mutation rate that the mutants 

had no significant selective advantage or d isadvantage during plaque formation. 

If th ese  mutations were phenotypically neutral, then the percentage of a  given 

mutant would remain constant a s  the total virus population expanded in the 

plaque.

In order to test whether the NS gene mutations were neutral, the rate of 

virus production w as assayed  in a  multicycle infection. The time course of 

virus production in multicycle infections is very sensitive to small changes in 

virus fitness. The results are diagrammed in figure 7. Included in the study
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were the parent clone and two randomly selected virus clones w hose NS genes 

did not contain mutations. Sam ples from the liquid overlay taken at the 

indicated times were titered for the concentration of PFU. In the diagram, 

lines connect the time points in the controls. As can be seen  in the figure, 

there w as no significant difference between the wild-type and variant clones. 

One virus appeared to lag behind the others at som e intermediate time points, 

but it w as the variant carrying the silent mutation, and it would be very 

unlikely that this NS gene mutation would be responsible for the small lag. 

All seven variants were therefore indistinguishable from the wild-type and 

thus the mutations appeared to be neutral.

3. DETERMINATION OF THE VP1 GENE MUTATION RATE

The plaque passage  of the Mahoney strain of poliovirus type 1 w as done 

according to the sam e schem e as  followed for the influenza virus experiment. 

Virus which had been twice plaque purified w as infected onto cell monolayers, 

and 36 hours pi a  well isolated plaque containing 5.2 X 10® infectious particles 

w as picked. Since the generation time of poliovirus is about 7 hours, this time 

of plaque formation allowed for about five infectious cycles. Again, individual 

clones from among the 5.2 X 10® PFU were obtained from this plaque and viral 

RNA w as prepared following a  two step amplification process.

The sequence of the Mahoney strain VP1 gene was the sam e a s  presented 

in Racaniello and Baltimore (1981) except for three point changes at positions: 

2837 (A to G), 3139 (C to T), and 3151 (A to T). (Numbering is according to 

Kitamura, et al., 1981). These three positions also differ from the sequence of 

Kitamura, et. al., and probably represented the changes which randomly occur 

after repeated passage  and were only seen  after cloning. Interestingly, two of 

the three changes were associated with amino acid changes in the VP1 protein
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Figure 7. COMPARISON OF GROWTH KINETICS OF INFLUENZA VIRUS NS 
GENE VARIANTS IN MDCK CELLS.

The time course of production of virus following infection a t an MOI of 3 

X 10‘4 was determined for the parental virus and two clones which had the 

parental NS gene sequence and for the seven variants. The PFU per ml of the 

parental virus (•) and clones: 007 (▼), 014 (■), 024 O ,  031 (o), 049 ($,  050

(A), 069 (x), 082 (+) and 086 (v). The data points for the viruses containing the 

parental NS gene sequence (the parental virus and clones 007 and 086) were 

connected by lines for clarity. The infectious virus per ml of supernatant 

medium w as determined for different time points by plaque titration on MDCK 

cells.

4
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in comparison to the sequence reported by Racaniello and Baltimore (1981). 

When the sequences of the 105 VP1 genes were com pared, zero point 

mutations were observed. Since no mutations occurred in the VP1 genes of 

the clones analyzed, the upper limit of the mutation rate can be calculated as  

follows:

mutation rate <1 mutation/95,688 nucleotides/5 infectious cycles 

<2.1 X 10'® mutations/nucleotide/infectious cycle.

Analysis of the statistical significance of the difference in mutation rate 

between the two experiments w as performed by a  chi-square test using a  

two-by-two contingency table of the data. It w as found that the mutation rate 

of the VP1 gene w as significantly lower than that of the NS gene (p < 0.025). 

In addition, the difference w as statistically significant using a  t-test applied to 

the binomial standard error of the influenza virus mutation rate (p < 0.01). 

However, since each mutation rate w as only m easured once, we cannot predict 

the variation in mutation rates had more than one mutation experiment been 

performed for each virus.

D. DISCUSSION

1. COMPARISON OF INFLUENZA A VIRUS AND POLIOVIRUS TYPE 1 
MUTATION RATES

The present study w as undertaken to determine the precise mutation rate 

of two different RNA viruses. The specific strains

w ere chosen because of technical ease  of plaque passaging at 37°C , and 

because  of excellent growth characteristics which facilitated sequencing
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tem plate preparations. The g en es  were selected b ased  on prior dem onstrations 

that they were capable of variation in nature or in the laboratory. The NS 

gene of influenza A virus has been  shown to evolve very rapidly in nature 

(Buonagurio, et. al., 1986b, Krystal, et. al., 1983) and the VP1 gene of

poliovirus type 1 w as shown to tolerate mutations (Emini, et. al., 1983; Nomoto,

et. al., 1982). The influenza A virus mutation rate w as found to be significantly

higher than that of poliovirus type 1. This result w as surprising in the light of 

earlier da ta  involving the selection of antigenic variants with neutralizing 

monoclonal antibody preparations. The frequency of variants, a s  m easured by 

the plaque-reduction assay , w as a s  high for poliovirus type 1 a s  for influenza A 

virus in many c a se s  (Emini, et. al., 1983; Lubeck, et. al., 1980). However, this 

a ssay  may not reflect the true mutation frequency of the viral genom es, since 

the result may be affected by various other param eters. For example, the 

avidity and/or discriminating capabilities of the monoclonal antibody

preparations may differ. Also, the genomic target size for the antibody 

combining sites is unknown. Further, it h as  been  shown with poliovirus that 

even mutations outside of the antibody binding site can inhibit neutralization by 

the antibody (Blondel, et. al., 1986). It is thus difficult to predict a  precise 

mutation rate from da ta  on the frequency of antigenic variants.

Is the lower mutation rate in the poliovirus VP1 gene the result of high 

replicase fidelity or due to very high constraints against lethal or deleterious 

mutations? The da ta  on the selection of antigenic variants (Emini, et. al., 

1983) dem onstrates that there must be  regions along the gene  which have 

relaxed constraint, and comparison of the VP1 seq u en ces  of the Mahoney and 

the Sabin 1 strains reveals that many coding and m any silent changes are 

allowed in the VP1 gene. The VP1 gene, which represents 12% of the genom e,
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contains nine of the 57  total point ch an g es  and sev en  of the  19 coding 

differences betw een the M ahoney and Sabin strains (Nomoto, et. at., 1982). It 

is thus su g g es ted  that the  ab sen ce  of poliovirus VP1 m utants am ong the 105 

clones seq u en ced  may not be due to constraints alone, but m ay also  be the 

result of increased  fidelity of the viral replicase.

B ased  on the  calculated mutation rates, the following prediction can be 

m ade regarding the  frequencies of m utants p resen t in influenza and polio virus 

populations. If all of the influenza A virus g e n es  are  under the  sam e 

constraints a s  the NS g ene  and  thus have the sam e  mutation rate, then every 

virus in a  plaque would average  one  point change  p er genom e (mutation rate X 

13.6 Kb genom e X five cycles). An influenza viral population therefore 

rep resen ts a  quasispecies  (Eigen, 1971; Eigen an d  Schuster, 1977) in which there 

is a  co n sen su s  seq u en ce , but each  individual is unique. A similar calculation 

su g g es ts  that a  poliovirus plaque would contain less than  8%  m utant infectious 

particles. Therefore, the diversity in the  poliovirus population is not a s  great a s  

that predicted in the influenza virus population.

2. COMPARISONS OF MUTATION RATE ESTIMATES IN OTHER SYSTEMS

Mutation ra tes  and mutation frequencies have been  estim ated in a  variety 

of o ther system s. Recently, a  study of the VSV substitution frequency 

revealed a  surprisingly high in vitro rate of misincorporation of an 

extracistronic nucleotide (S teinhauer and Holland, 1986). The frequency of 

misincorporation w as abou t 10 '4  substitutions p er b a se  incorporated a t the  site. 

The sam e  site w as analyzed in vivo, and  the substitution frequency w as again 

found to be about 10‘4 . Caution m ust be exercised in comparing this 

substitution frequency to the mutation rate determ ined for influenza and polio 

viruses since this specific site may not be  characteristic for the genom e. In
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this respect, it should be noted that mutation frequencies of specific single 

b ases  are often idiosyncratic. In the phage T4rll locus, 104-fold differences in 

mutation frequency have been observed for single nucleotides a t different sites 

in the gene (Salts and Rosen, 1971). The indication that VSV might have a  

high mutation rate would suggest that a  direct comparison to the mutation rates 

m easured in this study using the sam e methodology would be very interesting. 

The direct analysis of clones derived from a  single plaque passage, a s  is done in 

the present study, examines the mutation rate of an entire gene and thus 

appears to give more reliable data.

Mutation frequencies have also been estimated for virus populations after 

serial uncloned tissue culture passage using T1 oligonucleotide mapping 

analysis. After 28 p assages FMDV w as shown to accumulate virus that consists 

of particles with two to eight mutations per genom e (Sobrino, et. al., 1983), 

and bacteriophage QB was similarly shown to have one to two changes per 

genom e after 30 or more passages (Domingo, et. al., 1978). These estimates, 

based  on multiple passages with an unknown number of replication cycles, do 

not allow us to calculate mutation rates (mutation frequency per infectious 

cycle) for these  viruses and thus these values cannot be directly compared with 

the da ta  obtained for influenza and polio viruses during a  single plaque 

generation.

Other estimates of mutation rates for bacteriophages, bacteria, and a  

fungus were derived from experiments in which the yield of test organisms 

grown under selective conditions was compared to the yield grown under 

permissive conditions. Although the molecular basis of the mutation allowing 

growth under selective conditions was unknown, it w as assum ed to be a  point 

mutation, and the gene was assum ed to have a  standard length if the length
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w as unknown (Drake, 1969). To com pare our d a ta  to th ese  results, the NS gene 

mutation rate m ust be converted to fit the definitions of Drake (1969). The 

mutation rate of the NS gene after this conversion is approximately 102 times 

higher than those of bacteriophages lam bda and  T4, approximately 104 times 

higher than those of the bacteria Salmonella typhimurium and Escherichia coli, 

and approximately 10® times higher than that of the fungus N eurospo/a crassa. 

(For detailed calculations s e e  Materials and Methods.)

3. THE ROLE OF MUTATION RATE IN VIRAL EVOLUTION

There is epidemiologic and genetic evidence that influenza A viruses 

evolve more rapidly than other viruses in man (W ebster, et. al., 1982; Bull. 

WHO, 1985, 63, 479-484). Specifically, vaccine strains u sed  against influenza A 

virus have to be changed frequently (at least every two to three years) in order 

to protect against an evolving virus population. In contrast, vaccines against 

poliovirus (and m ost other human viruses) are b ased  on strains which have been 

used  for the last several decades, ostensibly without loss in efficacy. One 

might therefore speculate that the higher mutation rate found for influenza A 

viruses could provide a  molecular basis for this difference. High mutation rates 

would be necessary  to generate  the great am ount of diversity required for the 

extraordinarily rare event of producing a  beneficial mutant which would be 

selected  in the host environment. It should be noted, however, that extensive 

variation has been  observed in poliovirus populations circulating in nature 

(Nottay, et. al., 1981) and thus the above model for the role of mutation rate 

must remain but one of the possible hypotheses to explain the phenom enon of 

rapid evolution of influenza A virus.

Furthermore, one would like to know w hether other viruses, for example, 

the AIDS virus or herpes viruses show comparably high mutation rates which
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may then affect the successful use of vaccines. The precise m easurem ents of 

mutation rates of other viruses may thus help to dissect the factors which 

determine the complex genetic interactions of viruses with the natural

environment.
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A. INTRODUCTION

Electrophoretic m ethods have often been used to separa te  RNA molecules 

on the basis of sequence  differences. For example, the origin of the eight 

different genomic ssRNA molecules of influenza A virus reassortants can often 

be assigned to one of the parental viruses by analysis of their electrophoretic 

migration in polyacrylamide gels (Palese and Ritchey, 1977). However, there 

are many instances in which ssRNA influenza g en es  known to contain 

differences migrate identically. Using reovirus, which has a  segm ented dsRNA 

genom e, Ito and Joklik (1972) showed that sequence differences not detectable 

by the migration of homologous dsRNA molecules som etim es could be detected 

in the migration of heterologous RNA-RNA hybrid molecules (e.g., hybrids m ade 

using the plus strand of the mutant and the minus strand of the wildtype 

virus). The presence of urea w as noted to enhance the migrational differences 

(Schuerch and Joklik, 1973), indicating that these  differences are caused  by a  

change in the secondary structure of these  hybrids. Ito and Joklik (1972) 

suggested  that under these  conditions of electrophoresis (6-7 M urea, low 

voltage, room temperature), the homologous ds RNA hybrids were present a s  a  

linear duplex, w hereas the mismatched base  in the heterologous hybrids caused  a  

structural change, possibly a  looping out or formation of a  flower 

configuration. W hatever the reason, these  authors noted that the heteroduplex 

w as not rendered sensitive to ribonuclease A degradation. Hay et. al. (1979) 

extended Ito and Joklik’s  system  to look a t mutations in the influenza A virus 

hemagglutinin (HA) gene. By hybridizing cRNA (plus sen se  ssRNA obtained from 

influenza virus-infected cells) with virion RNA (minus sen se  ssRNA), they 

showed that mutations which resulted in a  single amino acid change could be
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detected by this method. However, the basis of mutant detection w as not clear, 

and no prediction could be m ade of w hether a  certain mutation would be 

detectable by this method.

In recent years, considerable work has been  done by Lerman and 

colleagues (Lerman e t al., 1984; Myers e t al., 1985) on the conditions required 

to detect single b ase  substitutions in DNA molecules. By using a  gradient pf

denaturing solvent in a  polyacrylamide gel maintained a t the tem perature of

incipient DNA melting, they determined that single b a se  m ism atches may alter 

the melting behaviour of the heteroduplex. Partially melted molecules consisting 

of both double helix and disordered single-stranded sections move much more 

slowly than complete double helices, and thus the destabilized heteroduplexes 

are selectively retarded. DNA melting proceeds under equilibrium conditions a s  

a  series of relatively abrupt transitions of regions (domains) of the molecule 

from helix to random chain. By analysis of the sequence  of a  DNA molecule, 

it can be predicted under which conditions the different dom ains will melt. 

This knowledge enab les a  prediction of w hether a  certain mutation will be 

detectable using this method.

In the present paper, we have investigated w hether the m ethods 

developed by Lerman et al. (1984) for DNA hybrids may be used to predict the

behaviour of RNA hybrids. As a  model system , we have utilized a  series of

mutants of the influenza A/WSN/33 virus that contain a  single b ase  substitution 

in the NS gene. The results presented here show that this method is indeed 

capable of detecting single b ase  substitutions in RNA molecules in a  predictable 

fashion.

B. MATERIALS AND METHODS
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1. PREPARATION OF VIRAL RNA (MINUS SENSE)

Influenza viruses A/PR/8/34 (PR8) and A/USSR/90/77 (USSR) w ere grown 

in em bryonated chicken eggs. Virus purification through sucrose  gradient 

centrifugation and  RNA extraction were done a s  described  previously (Ritchey 

and P alese , 1976). Influenza virus A/WSN/33 (WSN) and  m utants derived from 

this strain w ere grown in MDCK cells. Thirty-six hours after infection, 

culture supernatan t w as clarified by centrifugation a t 10 K for 15 minutes, and 

the virus w as pelleted through a  20%  sucrose cushion. S u b seq u en t RNA 

extractions w ere done a s  described previously (Ritchey an d  P alese , 1977). NS 

m utants of WSN virus w ere obtained in an experim ent unrelated to the o nes 

described here and w ere detected  by directed RNA sequencing  of the NS g en es  

(chapter III). Mutants are nam ed according to the position of the single b ase  

substitution. For exam ple, the NS g en e  of m utant M068 differs from the 

wildtype g en e  only a t position 68.

2. CLONING INTO S P 6  AND M13 PLASMIDS

S P 6 (Prom ega Biotec) plasm ids were used  a s  cloning vectors for viral 

cDNA. cDNA w as m ade from WSN viral RNA by oligonucleotide priming of 

reverse transcriptase. Xhol linkers w ere added  to the blunt-ended DNA, which 

w as then ligated into the Sail site of SP64. After transfection of E. coli 

MM293 with this DNA, colonies which hybridized with a  radiolabelled nick- 

translated cDNA copy of the NS gene of PR8 (Baez e t al., 1980) w ere recloned, 

expanded, and the plasmid DNA purified by the alkaline lysis m ethod (Maniatis 

e t al., 1982). C lones having a  full-length copy of the NS g en e  in the m -sense 

(plus sen se ) orientation (pSP64-WSN-NSM) w ere selec ted  by analysis of 

restriction enzym e digestion patterns. The plasmid pSP64-W SN-NSM w as then 

doubly digested  with Pstl and Xbal restriction enzym es, and the fragm ent
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containing the cDNA insert w as ligated into the Pstl/Xbal site of the d s DNA 

replicative form of the phage M13mp18 (New England Biolabs). After 

transfection of E. coli JM109 with this DNA, phage producing colourless 

p laques on indicator medium were recloned, amplified, and the d s  DNA 

replicative form w as purified by the alkaline lysis m ethod (Maniatis e t al., 

1982). C lones having a  full-length copy of the NS gene  in the v-sense (minus 

sense) orientation (M18-WSN-NSV) were selected  by analysis of restriction 

enzym e digestion patterns.

A cDNA copy of the PR8 NS gene cloned into plasmid pBR322 (Baez et 

al., 1980) w as recloned into the EcoRI site of plasmid SP65 by P. Gottlieb 

(pSP65-PR8-NSM).

3. PREPARATION OF PLUS-SENSE RNA

For production of 22P-RNA probes carrying a  full-length copy of the NS 

gene, plasmid DNA w as doubly digested using either Sm al and Sail 

(pSP65-PR8-NSM) or Smal and EcoRI (pSP64-WSN-NSM) restriction enzymes. 

(Plasmid DNA w as doubly digested to insure against incomplete digestion.) For 

production of probes carrying truncated copies of the WSN NS gene, 

pSP64-WSN-NSM w as singly digested with the enzym es Ddel, Rsal, BstNI, Hpall 

or Fokl. Restriction enzym es which yielded DNA tem plates with blunt or 5 ’- 

protruding ends were chosen because  the use of such tem plates has been 

reported to reduce the production of RNA which is specific for the non-coding 

strand of the template (Schenborn and Mierendorf, 1985). Linear DNA 

tem plates (100 ug/ml) were transcribed by S P 6  RNA polym erase (7.5 units/ug 

tem plate DNA; Prom ega Biotec) in the p resence of 40 uCi alpha-22P-CTP in a  

reaction volume of 20 ul at 40°C  for 1 hour, a s  described previously by Melton 

et. al., (1984). The DNA template w as then removed by DNase 1 digestion,
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followed by phenol:chloroform (1:1) extraction, and the ssRNA w as ethanol 

precipitated (Melton et. al., 1984). Typically, 3 to 5 ug of ssRNA were 

produced per ug of input plasmid DNA.

4. PREPARATION OF PLUS-SENSE DNA

M18-WSN-NSV phage were grown to high titer in cultures of E. coli 

JM109, the phage w as precipitated from the supernatant by polyethylene glycol 

and the ssDNA w as purified by phenol extraction and isopropanol precipitation 

(Schreier and C ortese, 1979). The s s  template DNA w as incubated with the 

Klenow fragm ent of DNA polymerase I and an oligonucleotide primer specific 

for phage seq u en ces  adjacent to the site of cDNA insertion under conditions 

allowing chain elongation (New England Biolabs Laboratory Manual). The 

resulting dsDNA w as separa ted  from unincorporated alpha-3 2 P-dCTP by column 

chrom atography using Sephadex  G75 and digested with restriction enzym es Pstl 

and Xbal to liberate the cDNA insert from the phage seq u en ces . Following 

phenolxhloroform (1:1) extraction, the d s  DNA w as ethanol precipitated.

5. PREPARATION OF DOUBLE STRANDED HYBRIDS

3 2 P-labelled plus-sense RNA or DNA w as resuspended  in 30 ul of 

hybridization buffer (80% deionized formamide, 40 mM Pipes, pH 6.7, 0.4 M 

NaCI, 1 mM EDTA), mixed with 1-2 ug virion RNA (m inus-sense), denatured for 

10 minutes a t 85°C  and incubated for 14-16 hours a t 45°C . To remove 

unhybridized species, 300 ul of either RNase digestion buffer (0.3 M NaCI, 

10mM Tris-HCI, pH 7.5, 5 mM EDTA, containing 2  ug/ml of RN ase T1, Sigma) 

or S1 digestion buffer (30 mM sodium acetate, pH 4.4, 280 mM NaCI, 5 mM 

Z nC ^, containing 1000 unit/ml of nuclease S1, Sigma) w as then added, and the 

reaction w as incubated a t 37°C  for 1 hour. This s tep  w as followed by a  

phenolxhloroform (1:1) extraction, and the 3 2 P-RNA w as ethanol precipitated
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with 12 ug carrier tRNA. The precipitate w as washed with 70% ethanol, 

dissolved in 20-50 ul of sterile water, and stored at -20°C.

6. ELECTROPHORESIS

The subm erged gel apparatus used is that described by Fischer and 

Lerman (1979). Gels are 6.5% polyacrylamide (acrylamide/bisacrylamide = 

30/0.8), containing a  denaturant gradient either perpendicular or parallel to the 

direction of electrophoresis (100% denaturant = 7 M urea and 40% formamide, 

as  defined by Lerman et al., 1984). Parallel gradient gels had a  short stacking 

gel (3.8% acrylamide, no denaturant). The gels are run a t 200V subm erged in 

an aquarium containing TAE buffer (40 mM Tris-acetate, pH7.4, 20 mM sodium 

acetate, and 1 mM EDTA) that w as maintained at a  constant temperature of 

60°C  by a  Thermomix (B. Braun Melsungen, AG) heater and stirrer. After 

electrophoresis, the gel w as dried and autoradiographed at -70°C.

7. MEASUREMENT OF INTERNAL GEL TEMPERATURE

Temperature m easurem ents were made using a  Luxtron Fluoroptic 

Thermometer (Model 1000B, Luxtron, Mountain View, CA). The optical fibre 

probe w as inserted into the center of the gel, and the temperature of the gel 

w as monitored during electrophoresis using a  BBC Goerz Metrawatt (Model SE 

120) chart recorder.

8. NOTATION OF HYBRIDS

The constitution of ds hybrid molecules is designated a s  plus strand/minus 

strand. Thus, PR8/WSN denotes a  hybrid possessing the plus strand of PR8 

and the minus strand of WSN. Ds hybrids m ade between plus strand of 

wildtype WSN virus and minus strand of mutant WSN viruses were designated 

as  follows:
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H1=wildtype/M169; H2=wildtype/M772; H3=wildtype/M072; H4=wildtype/M068; 

H5=wildtype/M379; H6=wildtype/M856; C=wildtype/wildtype.

C. RESULTS

1. DETECTION OF MULTIPLE SUBSTITUTIONS IN RNA MOLECULES

Ds RNA hybrids w ere m ade by hybridizing PR8, USSR, and  WSN virion RNA 

with an S P 6  probe containing a  p lus-sense  copy of the PR8 NS g en e . The PR8 

NS g e n e  is known to differ from the USSR NS g en e  a t 45 positions, and  from 

the WSN NS gene a t 31 positions (Krystal et. al., 1983; Buonagurio et. al., 

1986b). After hybridization, hybrids w ere treated  with R N ase T1 to remove 

non- paired single-stranded RNA. On electrophoresis in 6.5%  acrylamide gels 

in the  ab se n c e  of denatu ran t a t room tem perature, PR8/PR8 hybrids (Fig. 8A, 

lane 2) w ere easily distinguishable from PR8/USSR (lane 1) and PR8/WSN (lane 

3) hybrids. The p resen ce  of u rea  and formamide altered the relative migration 

ra tes of th e se  three hybrids, resulting in different patterns of migration at 

different dep ths in a  denaturing gradient gel (Figs. 8B, C, D). Therefore, 

electrophoresis in both the p resen ce  and  ab sen ce  of denatu ran t enabled  the 

detection of hybrid d s RNA m olecules containing multiple m ism atches.

2. DETECTION OF SINGLE BASE SUBSTITUTIONS IN RNA MOLECULES

a. Low tem perature gels.

Ds RNA hybrids w ere m ade by hybridizing a  full-length plus s e n se  copy 

of the  WSN NS g en e  with viral RNA purified from wildtype virus or from 

WSN m utants which are  known to differ from wildtype by only a  single b ase  

change. Five of th e se  hybrids (C, H1, H2, H3 and H5) w ere analyzed on low 

tem perature gels. No difference in electrophoretic migration of th e se  hybrids 

w as observed  in the ab sen ce  of u rea  and  formamide (data not shown), and
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only one of the four hybrids containing a  mismatch (H5) migrated anomalously 

in gels containing a  0-100%  denaturing gradient (figure 8E). Tem perature 

m easurem ents show ed that a  6.5% acrylamide gel containing 50%  denaturant run 

a t 200 V a t room tem perature reached a  maximum tem perature of approximately 

37°C .

b. High tem perature gels.

(a) Full length S P 6  probes.

To analyze the electrophoretic behaviour of d s  RNA hybrids under 

conditions of incipient melting, gels were m ade containing a  0-100% or a  

20-60%  denaturant gradient perpendicular to the direction of electrophoresis. 

All hybrids tested  gave biphasic curves w hen the gels w ere run a t 60°C  (Fig. 

9). There are two obvious transitions, with midpoints a t approximately 27%  

and 50%  of denaturant (see  arrows in Fig. 9). At denaturant concentrations 

above 55% , the hybrids a re  practically stationary in the gel matrix. We 

therefore chose to exam ine the behaviour of the  hybrids in parallel gradients of 

0-60% denaturant, run a t 60°C . Fig. 10 show s that three of the six 

heterologous hybrids w ere distinguishable from wildtype hybrids using these  

conditions. The migration of hybrid H6 w as significantly retarded at 

concentrations of denaturant a s  low a s  20%  (Fig. 10A, lane 7), and rem ained 

retarded throughout the gel (Fig. 10C, lane 7). Hybrid H5 show ed significant 

retardation only betw een 30-40%  denaturant (Fig. 10B, lane 6). However, 

longer electrophoresis times resulting in migration of the bands into higher 

concentrations of denaturant eliminated this difference (Fig. 10C, lane 6). 

Hybrid H2 migrated more slowly than the wildtype control a t denaturant 

concentrations above 47%  (Fig. 10C, lane 3). The single b ase  mismatch presen t 

in hybrids H2 and H6 is located at positions 772 and  856, respectively. This
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Figure 8. IDENTIFICATION OF MISMATCHES IN DS RNA HYBRIDS BY 
ELECTROPHORESIS ON 6.5% ACRYLAMIDE GELS AT ROOM TEMPERATURE.

A. Gel contains no denaturant. B-E. Gels contain a  0-100% gradient of 

denaturant parallel to the electric field and the patterns of migration shown 

were obtained when the wildtype/wildtype hybrids reached the following 

concentrations of denaturant: 40% (B), 75% (C), 95% (D) and 90% (E).

PR8/PR8, PR8/USSR and PR8/WSN represent hybrids derived from radioactively 

labeled (plus sense) PR8 RNA and virion RNA of PR8, USSR and WSN, 

respectively. For explanation of hybrid notation (C, H1, H2, H4 and H5) se e  

Materials and Methods. Results show that ds RNA hybrids containing multiple 

mismatches can be separa ted  under these  conditions, w hereas only one out of 

four of the hybrids containing a  single base  mismatch is distinguishable.
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region h as  the lowest G-C content of the NS gene  (Buonagurio, et. al., 1986b) 

and thus may be expected to be the domain which melts a t the lowest 

tem perature (or denaturant concentration). Hybrids H1, H3 and  H4 with 

mutations in regions of higher G-C content (see below) were not 

distinguishable from the control hybrid C a t any concentrations of denaturant 

tested.

(b). Truncated SP6 probes.

Analysis of the results above suggested  that melting of one region of the 

RNA-RNA heteroduplex (including positions 772 and 856) caused  a  drastic 

reduction of mobility. Therefore, we predicted that if we removed this 

domain, the shorter hybrid would continue to migrate into the denaturing 

gradient, until the next lowest melting domain becam e disordered. Mutations

within this domain should then becom e detectable. Therefore, we m ade a
\  •

series of shorter SP 6 probes by digesting the plasmid SP64-W SN- NSM with 

restriction enzym es that cut a t various sites within the NS gene. 

Hybridization of these  short probes with m inus-sense RNA, followed by S1 

nuclease digestion of the unpaired bases , resulted in d s  RNA hybrids of length 

153 bp ("153-hybrids"), 277 bp ("277-hybrids), 387 bp ("387-hybrids"), 443 bp 

("443-hybrids") and 560 bp ("560-hybrids"). Obviously, hybrids m ade with these  

short probes cannot be used to detect mutations which occur in the 

m inus-sense RNA a t positions beyond the length of the probe. For example, 

hybrids H2, H5 and H6 in the 277-hybrid series should not differ from wildtype 

hybrids.

Hybrids w ere electrophoresed on parallel gradients of 0-100% denaturant 

run at 60°C. All hybrids ran quickly through the low concentrations of 

denaturant without showing any migrational differences. However, at
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Figure 9. EXPERIMENTAL MELTING PATTERN OF WILDTYPE/WILDTYPE DS 
RNA HYBRID.

The mobility of a  ds RNA hybrid containing a  radioactively labelled 

plus-sense strand w as exam ined on a  denaturing 20-60%  gradient perpendicular 

to the electric field. The sam ple (hybrid C) w as applied uniformly across the 

top of the gel. The arrows indicate the midpoint of two transitions observed.



concentrations of denaturant betw een 70% and 80%, hybrid H5 (which h as  a  

mismatch a t position 379) becam e retarded in 560-, 443-, and  387-hybrids, and 

hybrids H3 and H4 (which have m ism atches a t positions 68 and  72, 

respectively) becam e retarded in all series  of short hybrids (Fig. 11). 

However, hybrid H1, which h a s  a  mismatch a t position 169, migrated 

indistinguishabiy from the wildtype hybrid C under th ese  conditions. T hese 

results su g g ested  that position 169 is located in a  domain which melts at even 

higher concentrations of denaturant. To exam ine the behaviour of hybrids at 

very high tem perature equivalents, a  gradient gel w as m ade containing higher 

denaturant concentrations and the tem perature of the buffer-filled aquarium  

used  for electrophoresis w as increased. 277- and 387-hybrids w ere run under 

th ese  conditions. As sam ples migrated into high concentrations of denaturant, 

bands becam e diffuse and  it w as noted in both series of hybrids tha t the band 

derived from hybrid H1, containing a  mismatch at position 169, ran faster than 

the bands see n  in the other lanes (Fig. 12A and 12B, iane 2; d a ta  for 

277-hybrids not shown). T hese  results indicate that we are observing melting 

of the highest tem perature melting domain under th ese  conditions, and  that a  

mismatch in this domain cau se s  an  earlier com plete strand separation . Analysis 

of s s  RNA and ds RNA on denaturant gradients perpendicular to the direction 

of electrophoresis confirms that s s  RNA m igrates faster than the d s  hybrids at 

high denaturan t concentrations (data not shown).

(c). Full-length S P 6  probe m ade with ITP.

The stability and thus the melting behaviour of RNA-RNA m olecules is 

dependen t on the G-C content of the duplexes. We investigated w hether 

replacing GMP with IMP in the plus strand of the hybrids changed  their 

migrational behaviour. Analysis by electrophoresis a t 60°C  on a  gel containing
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Figure 10. IDENTIFICATION OF SINGLE BASE MISMATCHES IN DS RNA 
HYBRIDS BY ELECTROPHORESIS ON 6.5% ACRYLAMIDE GELS CONTAINING A 
DENATURING GRADIENT.

The gradient (0-60%) w as parallel to the electric field. The patterns of 

migration shown were obtained when hybrid C reached the following 

approximate concentrations of denaturant: 20% (A), 35% (B), 50% (C). Hybrid 

notations are a s  described in Materials and Methods. Results show that 3 out 

of 6 of the hybrids containing a  single base  mismatch are distinguishable. 

(Note: hybrid H6 is not analyzed in panel B).
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a  0-60% denaturant gradient perpendicular to the direction of electrophoresis 

showed that the hybrids made with ITP melt at low concentrations (0-5%) of 

denaturant (data not shown). Therefore, these  hybrids were electrophoresed at 

a  lower temperature, to enable examination of their behaviour over a  wide 

range of denaturing conditions. Parallel denaturing gradient gels run at 40°C 

showed that hybrid H5 is selectively retarded at concentrations of denaturant 

between 20% and 40% (Fig. 13, A and B, lane 6), w hereas hybrids H2 and H6 

lag behind at concentrations of denaturant greater than 50% (Fig. 13C, lanes 3 

and 7). Therefore, the sam e mismatches were detected using an IMP-containing 

or a  GMP-containing probe.

(d). Full length M13-DNA probe
op
0<1P-DNA plus-sense probes were hybridized with minus-sense RNA and 

unpaired single stranded DNA w as digested with S1 nuclease. Analysis of 

DNA-RNA hybrids on a  gel run at 60°C and containing a  0-50% denaturing 

gradient perpendicular to the direction of electrophoresis showed that the 

DNA-RNA hybrid undergoes a  sharp decrease in migration at a  concentration 

of approximately 15-18% denaturant (data not shown). DNA-RNA hybrids were 

therefore analysed on gels containing a  0-20% denaturant gradient, parallel to 

the direction of electrophoresis. Fig. 14 shows that hybrids H2 and H5 were 

selectively retarded as  was seen  using RNA-RNA heteroduplexes made with GTP 

or ITP-containing probes.

3. MELTING MAP OF THE DS DNA COPY OF THE WSN VIRUS NS GENE

The expected melting progression along the ds DNA copy of the NS gene 

of WSN virus was calculated a s  described by Lerman et. al. (1984; Fig. 15). The 

ordinate in figure 15 shows the temperature at which each base  pair has an 

equal probability of helix or random chain configuration.
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Figure 11. IDENTIFICATION OF SINGLE BASE MISMATCHES IN DS RNA 
HYBRIDS PREPARED WITH TRUNCATED RADIOACTIVELY LABELED 
PLUS-SENSE RNA PROBES.

Electrophoresis w as on 6.5%  acrylamide gels containing a  denaturant (0-100%) 

gradient parallel to the electric field and  the run w as stopped w hen the control 

hybrid C reached a  denaturant concentration of approximately 75-80%. A. 560 

bp length hybrids, B. 443 bp length hybrids, C. 387  bp length hybrids. Results 

show  that hybrids H3, H4 and H5 are  distinguishable using truncated RNA 

probes.
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Fig. 12. IDENTIFICATION OF A SINGLE BASE MISMATCH LOCATED IN A 
HIGH MELTING DOMAIN OF DS RNA HYBRIDS.

387 bp length hybrids w ere electrophoresed at 64°C  on 6.5%  acrylamide gels 

containing a  denaturant (63-100%) gradient parallel to the electric field. In 

order to establish denaturing conditions which allow complete strand separation 

of the ds RNA hybrids, a  gradient w as formed using solutions containing 4.4 M 

urea and 38%  formamide and  7 M urea and 7 M urea and  60%  formamide, 

respectively. Patterns of migration shown w ere observed w hen hybrid C 

reached  a  denaturan t concentration of approximately 90%  (A) or 100% (B).
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Figure 13. ELECTROPHORESIS OF DS RNA HYBRIDS CONTAINING IMP IN 
THE RADIOACTIVELY LABELLED PLUS-SENSE STRAND.

Hybrids were electrophoresed at 40°C  on 6.5% acrylamide gels containing a  

denaturing (0-100%) gradient parallel to the electric field. Patterns of 

migration shown were obtained when hybrid C reached a  denaturant 

concentration of 22% (A), 40% (B) or 50% (C).



The calculation shows that melting is expected to proceed stepwise a s  the 

temperature is raised. The effect of cooperativity is strong enough that fairly 

long blocks of contiguous helix melt within narrow temperature intervals. At 

least five different melting domains can be seen .

D. DISCUSSION

Ito and Joklik (1972) showed that differences in electrophoretic migration 

of ds RNA heteroduplexes can be used to detect sequence differences in RNA 

molecules. Also, Lerman and colleagues (Lerman et al., 1984; Myers e t al., 

1985) reported that single point mutations in ds DNA molecules can be 

detected predictably by analysis of their electrophoretic behavior under 

conditions of incipient melting. We have used these observations a s  a  basis to 

establish conditions whereby single point mutations in RNA molecules can be 

detected easily, reliably and predictably.

The results presented in this paper show that six point mutations, located 

at different positions along the NS gene (890 nucleotides in length) of 

influenza WSN virus, were all distinguishable by electrophoresis of ds RNA 

duplexes on denaturing gradient gels. By using the plasmid SP6 as a  cloning 

vector, we were able to produce large amounts of plus-sense ss  RNA labelled 

to high specific activity. This removes the need for working with cRNA

obtained from infected cells (Ito and Joklik, 1972; Hay et al., 1979) and allows 

for the separate  analysis of individual genes.

Although ds RNA duplexes are more stable than their ds DNA 

counterparts, we assum e that the relative stability of the various domains will 

be the sam e. Analysis of the thermodynamics of several stacking interactions 

of ds DNA (Gotoh and Tagashira, 1981) and ds RNA (Borer et. al., 1974) show 

similarities in the hierarchy of stabilities of nearest neighbour doublets.
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Figure 14. IDENTIFICATION OF SINGLE BASE MISMATCHES IN DS DNA-RNA 
HYBRIDS PREPARED WITH RADIOACTIVELY LABELLED PLUS-SENSE DNA.

Hybrids were electrophoresed a t 60°C  on 6.5%polyacrylamide gels containing 

a  denaturant gradient (0-20%) parallel to the electric field. Patterns of

migration shown were obtained when hybrid C reached a  denaturant 

concentration of 12% (A) and 17% (B).
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Figure 15. MELTING MAP OF THE DS DNA COPY OF THE WSN VIRUS NS 
GENE.

The ab sc issa  rep resen ts  positions along the seq u en ce  of the NS g en e . The 

ordinate show s the tem perature at which each  b a se  h a s  an  equal probability of 

helix or random  chain configuration.



Therefore, we have compared experimental results obtained with ds RNA 

duplexes (Figs. 9, 10, 11 and 12) with those predicted by the theoretical 

melting map (Fig. 15) for the ds DNA duplexes. The first domain expected to 

melt is relatively short, and consists of b ases  between 875 and 890. The 

melting of this domain may correspond to the first transition seen  at 27% 

denaturant in the perpendicular gradient gel run at 60°C  (Fig. 9). The next 

domain to melt is much longer (between nucleotides 705 and 875) and may 

correspond to the very sharp mobility transition seen  a t 50%  denaturant (Fig. 

9). These domains are likely to melt earlier in heteroduplexes H2 and H6 with 

mismatches in positions 772 and 856, respectively, than in the control 

homoduplex. This partial melting of H2 and H6 RNA hybrids should result in a  

selective retardation on denaturing gradient gels because the melted arms of 

the molecules decrease  gel mobility. Results shown in Fig. 10C bear out this 

prediction. It is interesting to note that hybrid H6 is detectable at lower 

denaturant concentrations than is H2. Because the mismatch in H6 is located 

close to the border between the first two melting domains, it apparently 

influences the melting of the first domain, w hereas the mismatch in H2 only 

affects melting of the second domain.

Melting map analysis predicts that mutations located in domains between 

positions 15 to 80 and between 375 and 705 would be detected a t higher 

denaturant concentrations. The use of probes eliminating the lowest melting 

domains allows the hybrids to migrate deeper into the gradient gel to attain 

these conditions. Results obtained using truncated probes (Fig. 11) show that 

mutations at positions 68, 72 and 379 caused selective retardation of hybrid 

migration at high denaturant concentrations, thus confirming this prediction. It 

is interesting that hybrid H5 (mutation at position 379) can be detected in a
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387 bp length heteroduplex, where the mismatch is only 8 b a se s  from the end. 

It should be noted that the mutation a t position 379 also caused  a  transient 

change in mobility of d s  RNA hybrids m ade with full length probes when 

hybrids w ere electrophoresed a t low concentrations of denaturant (Fig. 10). 

This effect is probably not due to an alteration in melting behaviour but rather 

the result of a  conformational change.

Melting of the highest melting domain of a  duplex molecule leads to 

complete strand separation. Any strand liberated by dissociation from a  

partially melted molecule will migrate more rapidly. At high denaturant 

concentrations in gels run at high tem perature, we observed that the hybrid 

containing a  mismatch a t position 169 ran faster than the other hybrids (Fig. 

12). Therefore, we are able to detect mutations in the highest melting domain 

by subjecting the d s  RNA hybrids to conditions promoting strand separation.

Replacem ent of GMP with IMP in the radioactively labelled full length 

p lus-sense probe also enabled the detection of single b a se  m ism atches. This 

modification may be useful if it is more convenient to work at lower 

tem perature, or when the replacem ent alters the melting m ap in such a  way as 

to increase the num ber of mutations detectable with a  full-length probe. 

Although in this study the sam e mutations were detectable using IMP probes as 

were see n  using probes containing GMP, a  different distribution of G residues 

in another gene may make this a  method with broader applications.

Results obtained using an M13-derived probe show ed that denaturing 

gradient gel electrophoresis can also be used  effectively to distinguish single 

point m ism atches in DNA-RNA hybrids. Therefore, the detection of point 

mutations in DNA viruses is also feasible by denaturing gel electrophoresis, in 

which the highly efficient production of s s  RNA probes by S P 6  polym erase may
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be exploited for the  production of DNA-RNA hybrids.

Another important potential application of this m ethod would be in the

diagnosis of genetic d iseases . Mutations in g e n es  do not always cau se  an

alteration in a  restriction enzym e cleavage site. In such ca se s , diagnosis of 

the p resence  of the m utant g en e  (in either affected individuals or sym ptom less 

carriers) is dependen t on finding linkage to a  restriction fragm ent length

polymorphism (RFLP). Tightly-linked RFLP’s  have not yet been  found for

every g en e , and  when found a re  not informative in every family. The ability 

to de tec t directly any single point mutation, in either genom ic DNA or in 

mRNA, by denaturing gel electrophoresis of DNA-RNA or RNA-RNA hybrids 

would overcom e th e se  problems.
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A. INTRODUCTION

Many m ethods now exist for sequencing  RNA and DNA. In addition to 

the  Maxam and  Gilbert technique of sequencing  (Maxam and  Gilbert, 1977), the 

S an g er m ethod of specific termination of nascen t polynucleotide chains by 

incorporation of 2 ’,3’-dideoxy nucleotides (Sanger, et. al., 1977) h a s  b een  

widely utilized. B ased  on this strategy, single-stranded RNA can be seq u en ced  

using reverse  transcriptase (Zimmern and  K aesberg, 1978), and  effective 

sequencing  system s using single-stranded bacteriophage M13 DNA (M essing, et. 

al., 1981) or denatured  plasm id DNA (Chen and S eeburg , 1985) have also been  

developed. Another application of the S an g e r strategy  w as the  sequencing  of 

RNA by QB replicase using 3 ’-deoxy nucleotides (Kramer and  Mills, 1978). 

However, this latter technique h a s  limited application due to the tem plate 

specificity of the polym erase (Blumenthal, 1980) and due  to problem s in 

resolving a  sequencing  ladder cau sed  by the secondary  structure p resen t in the 

RNA m olecules (Kramer and Mills, 1978).

The recen t availability of bacteriophage S P 6  polym erase h as  provided a  

relatively simple and efficient m ethod for preparing RNA transcripts from 

plasmid DNA (Butler and  Chamberlin, 1982; K assavetis et. al., 1982; Melton et. 

al., 1984). This transcription system  can  also be  utilized to provide a  m eans 

of sequencing  by chain termination.

B. MATERIALS AND METHODS

1. PREPARATION OF TEMPLATE DNA

Two tem plates w ere u sed  in this study. O ne tem plate (pSP64- WSN-NS) 

is derived from RNA segm en t 8 (NS gene) of influenza virus A/WSN/33 

inserted into the Sail site of the polylinker region of pS P 64  using Xhol linkers
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ligated to the full length ds cDNA copy. The second template (pSPR1-801-d6) 

is a  genetically engineered deletion mutant of a  cDNA encoding RNA segm ent 8 

of influenza virus A/PR/8/34 inserted into the EcoR1 site of a  modified pSP64 

plasmid (Baez, et. al., 1980; G reenspan, et. al., unpublished). Both inserts are in 

m essage orientation relative to the SP6 polymerase promoter. The plasmids 

were prepared using standard procedures and were either p assed  over an 

AG-150 sizing column or banded on a  CsCI gradient.

2. NUCLEOTIDES AND ENZYME

The SP6 polymerase w as obtained from Prom ega Biotec. ATP, CTP and 

UTP were purchased from Pharmacia, Inc. and ITP from Sigma Chemical Co. 

The 3 ’-deoxy ATP (cordycepin triphosphate) w as obtained from Sigma, the 

3 ’-deoxy GTP, 3 ’-deoxy CTP and 3 ’-deoxy UTP from Pharm acia and the 

radioactive label, alpha-32P-CTP from New England Nuclear.

3. SEQUENCING REACTIONS

The final composition of the A,G,C and U reactions are outlined in Table

1. Each of the four reactions w as carried out in 10 ul volumes containing 

pre-mixed nucleotide solutions, 2 ug template DNA, 20-30 uCi alpha-3 2 P-CTP 

and 4 U of SP 6 polymerase. RNasin, as  frequently used in SP 6 transcription 

(Melton et. al., 1984), can be omitted. The reactions were incubated a t 42°C  

for one hour. One microliter of a  cold chase mix containing 3.5 mM ATP, 3.5 

mM UTP, 3.5 mM ITP, 5.5 mM CTP and 1X transcription buffer w as added and 

incubation at 42°C  was continued for 30 minutes. The reactions were 

terminated by the addition of 11 ul running mix containing 78% deionized 

formamide, 10 mM EDTA pH 8, 0.1% xylene cyanol and 0.05% bromophenol blue.

No further treatm ent of the reactions w as necessary before electrophoresis.
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TABLE 3. S P 6  SEQUENCING REACTION MIXTURES. 

Transcription
buffer* G A U C

CTP 12.5 uM 12.5 uM 12.5 uM 25.0 uM

UTP 500 uM 500 uM 100 uM 500 uM

ATP 500 uM 100 uM 500 uM 500 uM

ITP 400 uM 1000 uM 1000 uM 1000 uM

3 ’-dNTP 20 uM 33 uM 600 uM 50 uM

alpha-32P-CTP** 20 uCi 20 uCi 20 uCi 30 uCi

‘Transcription buffer contains 40 mM tris-HCI pH 7.5, 6 mM MgCI2 , 2mM 
spermidine, 100 mM NaCI, and 10 mM DTT.

**The specific activity of alpha-32P-CTP w as 800 Ci/mmole.

4. GEL ELECTROPHORESIS OF SEQUENCING REACTION PRODUCTS

Immediately before loading gels, sam ples were heated  in boiling w ater for 

five minutes and rapidly cooled in an ice w ater bath. Sam ples w ere stable 

after repeated boilings. One to three microliters of each  reaction sam ple was 

applied to gels containing 6% or 8% polyacrylamide, 50 mM tris-borate pH 8.3, 

2.5 mM Na2 EDTA and 7.7 M urea. Gels were run a t approximately 50°C  on a  

Hoefer Scientific Instruments or an International Biotechnologies, Inc. 

sequencing apparatus. The gel tem perature w as determ ined using a  Pacific 

Transducer Corp. surface thermometer. After electrophoresis gels were fixed in 

a  10% (v/v) acetic acid, 10% (v/v) methanol solution, dried and then exposed 

to Cronex 4 film without an intensifying screen for one to seven  days.

C. RESULTS



1. SEQUENCING RESULTS

The gel depicted in figure 16 shows the partial sequence of the 

genetically engineered deletion mutant pSPR1-801-d6. The first 24 b ases  are 

transcribed from the polylinker region of pSP64 followed by six b ases  of linker 

DNA and 72 b ases of viral sequence. The viral sequence can be read in the 

expanded region of the figure. Figure 17 shows sequencing results of plasmid 

pSP64-WSN-NS. The corresponding viral RNA is represented next to the gel 

and the expanded region is from nucleotides 226 to 261.

Accurate reading of sequencing ladders begins about 20 nucleotides from 

the transcription initiation site and, as can be seen  in Figure 17, continues 

beyond 280 nucleotides. It is our experience that these  reaction conditions 

often enable well over 500 nucleotides to be read, but the resolution of RNAs 

of this length is poorer (data not shown). The ratios of NTP:3’-dNTP in our
s

reaction mixes are as  follows: ITP:3’-dGTP = 20:1, ATP:3’- dATP = 3:1,

UTP:3’-dUTP = 1:6 and CTP:3’-dCTP = 1:2. When the 3 ’-dNTP concentration is 

decreased (raising the ratios), the appearance of non-specific bands increased, 

and when the chain-terminating nucleotide concentration is increased, the 

length of the sequencing ladder is decreased  without any concomitant 

improvement of specificity. However, increasing the 3’-dNTP concentrations 

allowed sequences a s  close as  12 nucleotides from the transcription initiation 

to be read when the sample was electrophoresed on 20% polyacrylamide gels 

(data not shown).

2. SPECIFICITY OF SEQUENCING REACTIONS

The NS genes from A/WSN/33 and A/PR/8/34 have been sequenced in our 

laboratory by Maxam and Gilbert sequencing of a  cDNA clone (A/PR/8/34) 

(Baez, et. al., 1980) and by reverse transcription of viral RNA in the presence
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Figure 16. SEQUENCE DETERMINATION OF pSPR1 -801 -d6.

The autoradiographs of two loadings of an 8% polyacrylamide gel are shown 

with the accompanying sequence. The first 24 b a se s  are derived from the 

pSP64 polylinker, the next six nucleotides are derived from an EcoR1/BamH1 

linker and the first virus-specific nucleotide is indicated a s  position 48. The 

expanded region, representing a  longer time of electrophoresis, more clearly 

resolves the higher molecular weight molecules from viral positions 51 to 119.

Figure 17. SEQUENCE DETERMINATION OF pSP64-WSN-NS.

The autoradiographs of an 8% polyacrylamide sequencing gel and of a  6% 

gel electrophoresed about four times longer are shown. The sequences 

correlating to viral positions 50 to 119 and 226 to 261 are depicted. Since the 

transcription initiation is a t position -28, molecules of 289 nucleotides are 

shown to be resolved from their nearest neighbor.
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of 2’,3’-dideoxy nucleotides (A/WSN/33, Buonagurio, et. al., 1986b). The 

sequence of the A/WSN/33 cDNA clone determined using SP 6 polymerase agreed 

with the previously determined sequence of the viral RNA with the exception 

that an A to G change w as observed at position 97. We assum e that this 

nucleotide change represents a  true mutant, possibly the result of the cloning 

procedure involving reverse transcription. The sequence of the A/PR/8/34 clone 

obtained using SP6 polymerase is identical with that of the sam e cDNA insert 

previously established by Maxam and Gilbert analysis with the exception that

the first 47 nucleotides have been deleted. This deletion seen  in the

pSPR1-801-d6 plasmid w as predicted on the basis of its m anner of preparation 

(Greenspan, et. al., unpublished).

The sequencing gels show that the reactions are specific, generally free

of extra bands and low in background. There are several sites where the most

intense band must be read, and instances where a  G is represented by a  band 

in all four lanes. It is possible that the SP6 polymerase has decreased  affinity 

for ITP and thus occasionally halts synthesis in all four reactions. The most 

difficult specificity problem is the variable intensity of bands in the U track. 

There is som etim es very heavy labelling of the first U in a  run of three or 

more uridines. Conversely, in several instances the expected band in the U 

lane is very faint and perhaps even absent. The variable band intensity 

observed in the U lane may be related to the observation m ade by Melton, et. 

al. (1984) who reported that chain elongation by SP6 polymerase is apparently 

more sensitive to changes in UTP concentration than to changes in the other 

three nucleotides when working at low nucleotide concentrations.

THE EFFECT OF TEMPERATURE. It w as hoped that by altering the reaction 

conditions the specificity of the U reaction would improve. In addition to
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altering the nucleotide concentrations a s  described earlier, we tested  several 

reaction tem peratures: 37°C , 42°C , 45°C  and 50°C . The intensity of bands in 

all four lanes w as markedly decreased  at 50°C , and reactions a t 45°C  had 

decreased  band intensity in the A and U lanes. The appearance of consecutive 

uridines w as improved on comparing reactions a t 42°C  with those at 37°C, 

while the band intensity w as comparable.

3. GEL ELECTROPHORESIS

Secondary structures in RNA molecules are more stable than those in 

analogous single-stranded DNA molecules (Kallenbach, 1968) and therefore 

resolution of a  sequencing ladder of transcribed RNAs is more difficult. The 

replacem ent of guanosine by inosine d ecreases the stability of secondary 

structures (Mills and Kramer, 1979), and combined with electrophoresis 

tem peratures of about 50°C , almost all com pressions are eliminated.

D. DISCUSSION

APPLICATIONS AND ADVANTAGES OF THE SEQUENCING METHOD

SP6 polymerase is widely used for the synthesis of single-stranded RNA, 

which may be used for a  variety of biochemical techniques including studies on 

RNA splicing (Green, et. al., 1983; Krainer, et. al., 1984). In such studies, it is 

often useful to generate new constructs and/or mutants in order to ascertain 

their effect in a  given system. The structure of the novel plasmid and/or the 

presence of expected mutations could most easily be verified by using the 

sequencing system  outlined in this paper. For example, we are currently using 

this system  for analysis of the deletions in insert influenza viral DNAs 

generated by exonuclease Bal 31 digestion. It may then be possible in the 

future to directly sequence minipreparations of plasmid DNAs using a  modified



87

alkaline lysis method (Maniatis, et. al., 1982) which improves the purity of the 

plasmid DNA.

We believe that this sequencing method presents several advantages, both 

in e a se  of technical manipulations and in scope of applications. The template 

is untreated plasmid prepared by standard procedures. Since the plasmid 

already contains a  specific SP6 promoter, tedious preparation and hybridization 

of a  primer is obviated. To se t up the four reactions, we have premixed 

solutions containing buffer, nucleotides and terminators; we simply add DNA, 

alpha-labeled nucleotide and polymerase to these  solutions. After termination of 

the reaction using the formamide-dye mix, caution regarding RNase 

contamination need not be exercised. The gel electrophoresis conditions are 

not difficult since many commercially available sequencing apparatuses are 

designed to run gels at high temperatures. We can expect about 300 

nucleotides to be determined from a  reaction set. Although this number is not 

a s  high as  is often achieved by sequencing DNA from an M13 template, the 

fact that the template is plasmid DNA paves the way for new and simplified 

applications of sequence analysis.

The possibility that T7 RNA polymerase (Davanloo, et. al., 1984) may 

similarly be used to sequence insert DNA may increase the versatility of this 

technique. Special plasmids are commercially available which have the SP6 and 

T7 promoters present in opposite orientations on either end of the polylinker 

region. With such a  plasmid it may be possible to sequence insert DNA from 

both ends, therefore improving the speed  with which sequences may be 

determined. A single plasmid preparation may thus allow the determination of 

the complete sequence of short inserts. In addition, a  shotgun strategy, as  is 

used in the M13 system (Messing, et. al., 1981), may be applied in order to



determine the complete sequence of large genes.
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A. INTRODUCTION

Influenza A virus contains eight negatively stranded  RNA segm en ts  which 

code for a t least 10 distinct proteins (for review: P a lese  and  Kingsbury, 1983). 

The core of the virus consists of eight individual nucleocapsids which are  m ade 

up of the RNA segm ents, the th ree  polym erase (P) proteins and  nucleoprotein 

m olecules (NP). Early analyses revealed that th ese  nucleocapsids have different 

molecular weights (Duesberg, 1969) and that they ap p ea r a s  s trands (Com pans, 

et. al., 1972) which show  loops at one end. The tertiary structure is formed by 

folding back  on itself and  coiling, which results in a  large double helix 

(Com pans, et. al., 1972; Jennings, et. al., 1983). The lengths of the nucleocapsid 

s trands can be correlated with the molecular weights of the viral RNA 

segm ents. Also, the p resence  of multiple nucleocapsid segm ents correlates with

the finding that the mRNAs are transcribed independently (Pons and
\

Rochavansky, 1979; Hay and Skehel, 1979). Each of the nucleocapsids directs 

the synthesis of com plem entary RNA starting from the 3 ’ ends of the virion 

RNAs (Braam, et. al., 1983). Although sequencing studies of the 3 ’ and 5 ’ 

termini of influenza A, B and C virus RNAs revealed the p resence  of inverted 

com plem entary seq u en ces  (Skehel and Hay, 1978; Robertson, 1979; D esselberger, 

et. al., 1980), little w as known about the tertiary structure of the termini of 

influenza virion RNAs.

In the p resen t study we show that UV crosslinking of virion RNAs in the 

p resence  of 4 ’-substituted psoralen leads to circular RNA structures. This 

finding supports the proposition that stable hairpin structures involving the RNA 

termini a re  p resen t in infectious influenza virus particles. In addition, we find 

that the viral RNA in infected cells is predominantly circular during the ph ase  

when m essag e  RNA synthesis occurs. We therefore su g g es t that th ese
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structures serve as  cis regulatory elem ents for the transcription of influenza 

virus RNAs and possibly also for the packaging of these RNAs into virions.

B. MATERIALS AND METHODS

1. CROSSLINKING OF INFLUENZA VIRUS RNA IN PURIFIED VIRIONS AND IN 
INFLUENZA VIRUS INFECTED CELLS

For crosslinking of virion RNA, sucrose gradient-purified influenza virus

A/PR/8/34 w as incubated with 12 ug/ml of AMT (4’-aminomethyltrioxsalen,

Calbiochem) for one minute and then irradiated with a  366 nm ultraviolet light

(Ultraviolet Light Products, Inc.) for one hour at a  dosage  of approximately

1000 J/m2/sec. The drug was replenished twice a t 20 minute intervals. At the

end of the crosslinking reaction, the solution w as m ade 1% in SDS (sodium

dodecyl sulfate) and digested with 200 ug/ml of proteinase K (Boehringer

Mannheim Biochemicals) at 37°C  for 3 hours. Viral RNA was' purified by

extraction with phenol and chloroform a s  described previously (chapter III of

thesis).

Intracellular RNA from infected cells w as crosslinked directly in the 

tissue culture dish a s  described above. At the end of the crosslinking reaction, 

the cells (approximately 4 X 10^ per sample) were lysed using a  solution 

containing 1% SDS, 100 mM NaCI, 10 mM Tris-HCI, 1mM EDTA, pH 7.4, 200 

ug/ml of tRNA, and 200 ug/ml proteinase K. After incubation a t 37°C  for 2 

hours, the lysates were filtered through a  thick layer of sterile glass wool 

packed in a  10 ml disposable syringe. Viscous cell DNA w as trapped in the 

g lass wool and the RNA molecules were recovered in the filtrates (details of the 

latter method are to be published elsewhere). RNA w as then purified by 

phenol and chloroform extractions.

2. ELECTRON MICROSCOPY OF CROSSLINKED VIRAL RNA
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The procedures for denaturation of crosslinked nucleic acid and for 

spreading were described previously (Hsu, 1985). Sam ples were examined in a  

Zeiss 10 CA electron microscope.

3. NORTHERN TRANSFER OF CROSSLINKED RNAS

Virions of the A/PR/8/34 strain were treated with psoralen and the RNA 

w as extracted a s  described. Psoralen-treated and control RNAs (500 ng) were 

denatured by treatment at 50°C for 30 minutes with 1 M glyoxal, 50% dimethyl 

sulfoxide, 10 mM sodium phosphate buffer pH 7.0 and 0.1 mM EDTA. Samples 

were electrophoresed at 80 V for 64 hours on a  4% polyacrylamide gel 

containing 7.7M urea, 90 mM tris-borate pH 8.3 and 2.5 mM EDTA. The gel 

w as then treated in 3 mM NaOH for 15 minutes at room temperature and then 

15 minutes in chilled 10 mM tris, 5 mM sodium acetate, 0.5 mM EDTA, pH 7.8 

(TAE) buffer. The RNA was then electrophoretically transferred to a  

Zeta-Bind (AMF Cuno Laboratories) nylon membrane using a  Trans-Blot Cell 

apparatus (Bio-Rad Laboratories) filled with TAE buffer. The membrane was 

dried in an 80°C vacuum oven and then treated with pre-hybridization buffer 

as  described in the Bio-Rad protocol.

Gene-specific probes were prepared by nick translation of gel-purified 

insert DNAs of the cloned A/WSN/33 strain NS, HA or NA genes following 

standard protocols. The plasmid containing influenza-specific DNA were 

prepared by reverse transcription of A/WSN/33 viral RNA and insertion of the 

cDNAs into pSP65 or pGEM-3 plasmids by standard procedures (chapter IV of 

thesis). The membrane was probed first using an NS gene and then leaving the 

first probe still hybridized, an HA probe w as employed for hybridization. 

Finally, without stripping off the old probes, an NA specific probe w as used 

for analysis of the membranes.
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4. DETERMINING THE SIZE OF THE RNA PANHANDLE BY NUCLEASE S1 
PROTECTION OF TERMINAL PROBES.

A probe specific for the 5 ’ term inus of the NS vRNA w as prepared by 

reverse transcription of A/PR/8/34 vRNA using a  specific oligonucleotide primer 

complementary to the NS gene a t b a se  820 to 834 generating a  run-off product 

of 71 nucleotides in length (bases 820 to 890). Specifically, 100 ng primer plus 

2 to 5 ug vRNA in 9 ul total volume were denatured by heating in boiling 

w ater and slowly cooled to room tem perature. The remaining com ponents were 

added to final concentrations: 50 mM tris-HCI pH 8.3, 60 mM NaCI, 20 mM 

DTT, 12 mM MgCI2 , 0.5 mM of each  dCTP, dGTP and  dTTP and 10 uM dATP. 

40 uCi a lpha-^P -dA T P  (New England Nuclear) w as added, and the reaction was 

begun by addition of 25 U of reverse transcriptase (Molecular Genetics 

R esources, Inc.). The mixture w as incubated a t 25°C  for 30 minutes and 

chased  for another 30 minutes following addition of dATP to 0.4 mM" The 

reaction product w as gel purified on a  4% polyacrylamide gel containg 7 M 

urea.

A probe for the 3’ end of the NS vRNA w as generated  by SP6 RNA 

polym erase (Prom ega Biotec Corp.) using a  plasmid containing a  cDNA insert of 

the NS gene of A/PR/8/34 virus dow nstream  from the SP6 promoter (chapter IV 

of thesis). The tem plate plasmid w as digested with Hindlll which cleaved after 

base  52 of the NS gene. The run-off transcription product of the polymerase 

reaction (Melton, et. al., 1984) thus contained 19 nucleotides derived from the 

vector and 52 nucleotides complementary to the 3' end of the viral RNA. The 

transcription product unexpectedly yielded two major species of RNA, a  71 and 

a  63 nucleotide molecule, which is most likely the result of differential 

termination.

The 5’ and 3 ’ specific probes w ere each hybridized to 1 ug of RNA
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obtained either from psoralen-treated virions or control virions. Specifically, 

the probe and 1 ug vRNA in 25 ul containing 50% formamide, 40 mM Pipes pH 

6.7, 0.4 M NaCI and 1 mM EDTA were denatured a t 85°C  for 5 minutes and 

incubated overnight at 42°C  following the protocol of Melton, et. al. (1984). 

The hybridization mix w as aliquoted to several tubes and 300 ul of buffer w as 

added  containing 300 mM NaCI, 30 mM sodium acetate pH 5.0, 5 mM Z nS 04 

and nuclease S1 (Sigma Chemical Company) a t concentrations varying from 20 

U/ml to 1000 U/ml. The digestion mix was incubated a t 37°C  for 60 minutes. 

Ten micrograms of tRNA were added to each tube and the sam ple w as ethanol 

precipitated. The pellet w as resuspended in a  dye-mix containing 80% 

formamide and denatured by heating in boiling water. The sam ple w as then 

electrophoresed on an 8% polyacrylamide sequencing gel containing 7.7 M urea. 

A se t of sequencing reactions w as also loaded adjacent to the lane so that the 

molecular weights of the resultant bands could be determined.

5. STRAND SPECIFIC PROBES FOR NORTHERN ANALYSIS

A probe complementary to the viral sen se  RNA of the NS gene was 

prepared by synthesis of a  radioactive RNA derived from a plasmid insert of the 

A/WSN/33 cDNA cloned between the SP6 and T7 promoters of pGEM-3 (Promega 

Biotec). Hybridizations were performed using the standard procedures.

C. RESULTS

1. OBSERVATION IN THE ELECTRON MICROSCOPE OF CIRCULAR 
INFLUENZA VIRION RNA CROSSLINKED WITH AMT

The secondary structure of influenza virus RNAs in viral particles w as

investigated by crosslinking the RNA with AMT (4’-aminomethyltrioxsalen).

Viral RNA extracted from AMT crosslinked virus particles w as denatured using

glyoxal and examined in the electron microscope. As shown in Fig. 18 about



30-50% of the viral RNA w as found to have circular conformation. No circular 

RNA w as observed in the control uncrosslinked viral RNA. Under the 

crosslinking conditions used, influenza virus morphology rem ained intact as 

judged by negative staining (data not shown). The histogram of the length 

distribution of the 325 circular RNA molecules exam ined is shown in Fig.19. 

Single strand fd phage DNA presen t in the sam e spreading solution w as used  as  

internal length standard. Major peaks were found around 1, 1.5, 1.7 and 2 kb 

respectively. Less abundant RNA species of 2.1, 2.3, 2.5 and  2.7 kb length were 

also observed. B ecause of the limitation in resolution of m easuring the lengths 

of small RNA molecules in the electron microscope (standard deviation 

approximately 10-15%) the two sm allest RNA subunits with lengths of 890 and 

1027 nucleotides can not be well differentiated by electron microscopic analysis. 

The peak  at 1 kb is broad and probably contains the two sm allest RNA subunits, 

NS and M, of influenza virus. Similarly the peak  a t 1.5 kb probably consists of 

two RNAs which represent the NP and NA segm ents. The length distribution of 

the circles with peaks at these  lower molecular weights and at 1.7 kb, at 2.1 kb 

and around 2.5 kb therefore suggests that all RNA subunits in the virus 

particles can exist in circular form. The lower abundance of the larger RNA 

subunits in Fig. 19 most likely reflects the lower distribution of th ese  subunits 

in influenza virus particles (Palese and Schulman, 1977).

2. ELECTROPHORETIC EVIDENCE OF CIRCULAR INFLUENZA VIRION RNA

In order to corroborate the observation of circular forms of influenza 

virus RNAs found in the electron microscope we analyzed the crosslinked RNA 

preparation by denaturation gel electrophoresis. As seen  in Fig. 20 the 

crosslinked RNA shows two bands when probed with nick-translated DNA
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Figure 18. ELECTRON MICROGRAPH OF AMT CROSSLINKED INFLUENZA 
VIRION RNA.

Purified influenza virus was treated with the crosslinking reagent AMT as 

described in Materials and Methods. After isolation, the virion RNA was 

denatured in glyoxal and mounted on electron microscope grids as  described 

previously (Hsu, 1985). Circular RNA molecules ranging from 900 to 2300 

nucleotides are present in this micrograph. The bar represents 0.5 urn.

Figure 19. HISTOGRAM OF THE LENGTH DISTRIBUTION OF CIRCULAR 
INFLUENZA VIRION RNA AS OBSERVED IN THE ELECTRON MICROSCOPE.

Following experiments described in Fig. 18, a  total of 325 molecules were 

measured. Circular single stranded fd phage DNA w as used a s  internal length 

standard. Lengths of molecules were m easured using the Sigmascan (Jandel 

Scientific, California) computer program, and the result w as plotted using the 

Sigmaplot (Jandel Scientific) program.
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specific for either the NS, NP or HA gene. In each  case  one of the bands 

co-migrates with the RNA of the control preparation while the other band has a  

much slower gel mobility. Since circular RNA is known to have a  slower gel 

mobility in denaturing gels than the linear form of the sam e molecular weight 

(Kos, et. al., 1986), th ese  d a ta  are consistent with the electron microscopic 

observation that there are circular forms of influenza virus RNAs following the 

crosslinking with AMT. In addition, the migration of the upper bands (the 

circular RNAs) are consistent with the sizes of the circles. However, in 

comparison to the electron microscopic data, most of the RNA, 60 to 75%, is in 

circular conformation.

3. NUCLEASE S1 MAPPING OF PANHANDLE SEQUENCE IN THE CIRCULAR 
INFLUENZA VIRUS RNA

The observation of circular RNA molecules in the electron microscope

suggests  that inside the virus particles viral RNA segm ents exist in circular

conformation a s  the result of the complementarity of the terminal RNA 

sequences. If this is indeed the case , then the terminal seq u en ces  in the 

crosslinked circular RNA should not be  available for hybridization with 

exogenous DNA or RNA probes specific for either of the ends of the viral RNA 

(Fig. 21a). A probe of 71 nuleotides complementary to the 5 ’ end of the NS 

RNA segm ent w as synthesized by reverse transcription of NS viral RNA, purified 

by gel electrophoresis and hybridized to the crosslinked viral RNA. Digestion

of the hybrid betw een the probe and the circular RNA using single strand

specific S1 nuclease generated a  shortened probe about 56 nucleotides long (Fig. 

21b). This result thus provides strong evidence that the circular conformation of 

RNA in the virus particles is the consequence of a  15 b a se  pair long panhandle
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FIGURE 20

RETARDED GEL MIGRATION OF CROSS-LINKED VIRAL RNAS.

RNA extracted from virions treated with the psoralen derivative (P) or RNA 

from control virions (C) was glyoxalated and then electrophoresed on a  4% 

polyacrylamide gel containing 7.7 M urea. Following electro-transfer to a  nylon 

membrane, the membrane was sequentially probed with nick-translated DNA 

inserts of the NS (left), HA (center) and NA (right) genes without stripping 

off the previous probe.
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FIGURE 21

DETERMINATION OF THE SIZE OF THE PANHANDLES BY NUCLEASE S1 
PROTECTION OF 5 ’ AND 3 ’ SPECIFIC PROBES.

a. The strategy for determining the num ber of b ase  pairs in the panhandle is 

depicted. The psoralen-treated vRNA contains a  covalently closed panhandle 

and will not be opened by the branch migration of a  probe for the vRNA 

terminus, but the control vRNA will. Nuclease S1 digestion will remove probe 

which is not base-paired, and thus electrophoresis will resolve the difference in 

lengths.

b. A probe complementary to the 5’ terminal 71 nucleotides of the NS gene 

viral RNA w as prepared by reverse transcription using a  specific primer. 

Following hybridization to RNA from psoralen-treated (P) or control (C) virions 

the sam ple w as digested with nuclease S1 and electrophoresed on a  8% 

polyacrylamide gel containing 7.7 M urea. S izes of the resultant DNAs were 

determ ined by an adjacent sequencing ladder (not shown).

c. A 71 b a se  RNA w as derived from a  plasmid with the NS gene  located 

downstream  of an S P 6  RNA polym erase promoter. This 71 b RNA product had 

52 nucleotides complementary to the 3 ’ terminus of the NS gene viral RNA. 

The first lane show s the probe prior to hybridization to psoralen-treated or 

control vRNAs. The probe w as hybridized to psoralen-treated (lane 2) or control 

(lane 3) vRNAs and treated  a s  in (b).



Figure 21
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structure. The intact 71 nucleotide band is also p resen t in the crosslinked 

sam ple after nuclease S1 digestion. This could be  due in part to undigested 

probe. Also, the linear RNA would form a  more stable hybrid with the probe 

than would the circular RNA. Therefore, even though the linear RNA w as 

shown to be p resen t in lower abundance in the crosslinked sam ple (see  Fig. 20), 

it may outcom pete the circular RNA for the radioactive probe and thus produce 

a  71 nucleotide band.

In the  S1 digestion experim ents we found that the short RNA- DNA 

duplex is am enable to S1 nicking. Therefore the optimum concentration of S1 

nuclease w as determ ined by titration using a  fixed am ount of RNA-DNA duplex. 

At the optimum concentration of S1 nuclease m any of the ex cess  probe 

m olecules rem ained undigested. Therefore, the ratio of the 71 nucleotide band 

to the 56 nucleotide band a s  seen  in Fig. 21b d o es  not reflect the relative 

am ount of linear and circular conformation in the crosslinked RNA population.

The results presen ted  above confirm the p resen ce  of a  15 b a se  region at 

the 5’ terminus of the NS RNA which is protected from hybridization with 

labelled probe. To confirm the p resence  of the crosslinked panhandle structure 

a t the 3 ’ terminus a  probe of 71 nucleotide length (with 52 nucleotides 

com plem entary to the 3 ’ end of the NS virion RNA) w as synthesized from the 

NS g en e  cloned in an SP 6 vector. To synthesize the probe the plasmid 

containing NS g en e  w as cut with Hindlll endonuclease  and  the  linearized DNA 

transcribed with S P 6  polym erase. In repeated  experim ents synthesized probe w as 

found to contain not only full length, 71 nucleotides long RNA, but also an 

RNA species 7-8 nucleotides shorter than the full length probe (Fig. 21c, lane 

1). This is m ost likely due to the fact that DNA cut by Hindlll has a  5’ 

overhang of four b a se s  and S P 6  polym erase som etim es term inates before



reaching the end of the DNA (Schenbom and Mierendorf, 1985). When the 

probe w as hybridized with the control uncrosslinked viral RNA and digested 

with S1 nuclease two prominent size c lasses of S1 resistant probe were 

observed. The 52 nucleotides band and the bands around 45 nucleotides were 

derived from heteroduplexes between the linear viral RNA and full length probe 

and shortened probe, respectively. In contrast, in the S1 nuclease experiments 

using crosslinked viral RNA four promiment classes of S1 resistant RNA species 

were observed. Two of the four S1 resistant RNA species comigrate with those 

in the control sam ples. They represent the probes that hybridized with linear 

viral RNA present in the sample. In addition to these  two classes, S1 resistant 

RNA molecules 36-37 and 26-27 nucleotides long were observed in the

crosslinked sam ples. These correspond to the full length and shortened probes 

that hybridized to the circular influenza viral RNA with crosslinks in the 

panhandle. This result is consistent with the data obtained using the 5 ’ specific 

probe and suggests that RNA panhandle structures exist inside influenza virus 

particles. There is a  faint band in the control lane corresponding to 37

nucleotides, but since it is present in much lower abundance than in the

crosslinked sample, we believe this results from a  low amount of panhandle 

forms present in the control.

We also examined the panhandle structure in the HA segm ent using the S1 

nuclease digestion technique. A DNA probe of 75 nucleotides complementary to 

the 5’ end of the HA viral RNA w as prepared and used in hybridization 

experiments with crosslinked virion RNA. Nuclease S1 resistant bands with

length ranging from 53 to 59 nucleotides were observed confirming the 

existence of a  panhandle structure with the hemagglutinin specific RNA segm ent 

(data not shown).
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4. THE OCCURRENCE OF CIRCULAR GENOME RNAS IN INFECTED CELLS

Influenza virus infected MDCK cells were treated with saturating amounts 

of AMT, total RNA w as extracted and subjected to northern gel analysis a s  w as 

done for purified virion RNA. Strand specific probes were generated using SP6 

polymerase so  that only genomic RNA would be detected. We found that the 

viral-sense RNA was predominantly in the circular conformation early in

infection (2 and 4 hours post infection) and fewer than 50% circular structures 

were observed late in infection (8.5 hpi) (Fig. 22).

D. DISCUSSION

Using psoralen crosslinking techniques we have shown that the negative 

strands of influenza viral RNA are organized a s  circular structures inside the 

virus particles and in the infected cells during lytic infection. The S1 nuclease 

analysis of the psoralen crosslinked viral RNA strongly suggests that the

circular conformation of influenza viral RNA is the result of a  terminal 

panhandle resulting from sequence complementarity between the two ends of 

each of the viral RNA segm ents. Inspection of the sequences of the influenza

virus RNA show that the sequences at the termini of each of the eight

influenza viral RNAs are complementary and are highly conserved (Fig. 23). 

Twelve of the fifteen nucleotides at the 3 ’ ends are common among all the 

eight segm ents of PR8 virus. At the 5’ ends thirteen out of sixteen are 

conserved (Skehel and Hay, 1978; Robertson, 1979; Desselberger, et. al., 1980). 

The other three nucleotides at each end of an RNA are segm ent specific and 

since they are complementary, they may also contribute to the stability of the 

panhandle. Sequence analysis of different influenza viral RNAs suggests that 

conservation of the panhandle sequence is necessary for viability. For example,
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FIGURE 22

DETECTION OF CIRCULAR VIRAL RNAS IN INFECTED CELLS.

MDCK cells were infected with influenza A/WSN/33 virus and at 2, 4, and 8.5 

hours post infection cells were treated with the psoralen cross-linking reagent. 

The RNA w as extracted and subjected to electrophoresis on a  4% polyacrylamide 

gel containing 7.7 M urea. Following electro-transfer to a  nylon membrane, the 

membrane was probed using an SP6-derived RNA complementary to the virion 

sen se  RNA of the NS gene. RNA sam ples from purified virus (V) or from cells 

2 ,4  or 8.5 h.p.i. which were untreated (-) psoralen treated (+) were examined.

The 8.5 h.p.i. sam ples were run on a  separate gel.
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in the defective interfering particles of influenza virus the sequences a t the 

two termini of the viral RNA are preserved (Jennings, et. al., 1983; Nayak, et. 

al., 1982) in contrast to the VSV Dl particles which conserve only the 5 ’ end 

sequence of the viral RNA (Keene, et. ai., 1979). Additionally, evolutionary 

studies of influenza virus variants showed that the sequences a t the termini of 

viral RNA are invariant despite frequent mutations in viral RNA (Buonagurio, et. 

al., 1986b). These facts argue for an important role of the panhandle sequences 

in the replication cycle of influenza viruses.

Inverted terminal repeat sequences have been found in the genom e of 

other negative strand RNA viruses including arenaviruses (Auperin, et. al., 1984) 

and bunyaviruses (Obijeski, et. al., 1980; Cabradilla, et. al., 1983). The termini 

of the S RNA of the Pichinde strain of arenavirus is predicted to form a  23

base  pair panhandle with 13 of these being very stable G-C base  pairs (Auperin,
\  ■

et. al.,1984) and the S  segm ents of two bunyaviruses, La Crosse and Snow Shoe 

Hare viruses, have 25 of the terminal 26 to 28 nucleotides base-pairing with 

eight G-C pairs (Obijeski, et. al., 1980; Cabradilla, et. al., 1983). The 

panhandle of arenavirus vRNAs is stable enough that circular viral RNAs were 

observed in the electron microscope (Vezza, et. al., 1978). For both arenaviruses 

(Palmer, et. al., 1977) and bunyaviruses (Petterson and von Bonsdorff, 1975) 

circular nucleocapsids were observed by electron microscopy. In contrast to 

these viruses, the influenza A virus NS gene contains only 14 base-pairs 

(counting G-U mismatches as base-pairs) in the terminal 15 to 16 nucleotides, 

with six G-C pairs (Desselberger, et. al., 1980). Furthermore, we only observe 

the terminal panhandle in the ribonucleoprotein (RNP) complex of influenza 

viruses and not with purified RNA as  in the case of the arenavirus RNAs. We
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FIGURE 23

MODEL FOR THE STRUCTURE OF THE PANHANDLE AND ITS ROLE IN 
TRANSCRIPTION

The predicted panhandle seq u en ce  for the NS g en e  is diagram m ed with the 

predicted base-pairing indicated with lines. G-U pairs, which are less stable 

than conventional b a se  pairs, are  indicated with dots. The boxed region is 

common to all eight segm en ts  with the exception of the asterisked U at 

position 4 which is a  C in RNA segm ents 1, 2, 3 and 6. The additional three 

nucleotide pairs are  specific to the NS g en e , however, such pairing can  be 

found in the other seven  RNA segm ents. The U5 to U6 

termination/polyadenylation signal is underlined, and is shown to be immediately 

ad jacent to the panhandle  structure.
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thus suggest that protein-RNA interactions are required to stabilize the 

panhandle conformation of influenza virus RNAs. The possible requirement of a . 

protein could indicate a  m eans of regulating whether the panhandle is open or 

closed.

The present data  complement the observations of Compans, et. al. (1972) 

who observed the influenza virus nucleocapsid a s  a  large RNP double helix with 

a  loop on one end. We would predict that the other end is held closed by the 

terminal panhandle. In addition, we find that the panhandle is present in the 

intracellular pool at times when transcription is occurring, and, ostensibly, no 

viral assembly is occurring. We interpret this observation a s  indicating that the 

panhandle of influenza virus RNAs may serve as  a  regulatory signal in the 

control of mRNA synthesis.

The control of switch between mRNA and positive strand template 

synthesis during influenza virus infection is an intriguing question which 

remains unresolved. The panhandle structure observed in the present study 

could serve as  a  regulatory signal for the switch. Because we observed a  high 

level of circular viral RNA during early phase of infection when the majority of 

viral RNA synthesized is mRNA, the template for the synthesis of viral mRNA is 

likely to be in the circular conformation. The panhandle structure could 

function as  the initiation signal for mRNA transcription. Alternatively, or in 

addition, it could serve a s  the signal for transcription termination (Robertson, 

et. al., 1981). It is interesting that the U rich transcription termination 

sequence occurs 36 times in the A/PR/8/34 genom e (Lamb, 1983), but only when 

this sequence directly abuts the panhandle sequence does polyadenylation and 

termination occur. The presence of the panhandle structure directly behind the 

termination site of viral mRNA suggests that the termination of transcription
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could be the result of the sequestration of the last 15 nucleotides by the 

panhandle structure.

If the panhandle structure is indeed a  signal for the switch between 

mRNA and genomic RNA synthesis then one would predict that the RNA 

templates for the genomic RNA synthesis would lack the panhandle structure. 

In our preliminary crosslinking analysis, a  circular form of the positive strand 

genomic RNA w as not observed in the infected cells. However because of the 

low concentration of positive strand genomic RNA in the infected cells we could 

not completely rule out the existence of panhandle structures in the positive 

strand genomic RNAs (data not shown). Further analysis would be required to 

resolve this issue.

Another possible function of the panhandle structure in influenza virus 

RNAs is to serve a s  a  signal for packaging of viral RNA in the virus particles. 

We observed a  higher percent of circular vRNA in virus than we did in infected 

cells late in infection when packaging is beginning to occur, suggesting that 

circular vRNAs are selectively packaged. Plus sense  RNA is not packaged into 

virus and we were unable to observe any panhandle structures of plus sense  

RNA in infected cells. This interpretation is also consistent with the 

conservation of the panhandle sequences in all the defective interfering viruses 

(Nayak, et. al., 1982) which do not code for any polypeptides but are packaged 

in mature virus particles. In conclusion it is possible that the panhandle must 

be present to package the RNP complex, and then upon infection the complex is 

in the correct conformation for primary transcription to occur.
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A. EVOLUTION OF INFLUENZA A VIRUSES

The data presented in chapter II indicate that the influenza A virus

evolves a t a  very high rate and along a  single lineage. Other studies (Webster, 

et. al., 1982; Raymond, et. al.; 1986; Saitou and Nei, 1986) have also

dem onstrated these  points. In comparing the epidemiology of influenza A and C 

viruses, Buonagurio, et. al. (1985) have proposed a  model which is diagrammed 

in figure 24. The influenza A virus tree in this diagram is a  tall, slender tree 

with long internodal distances, and there are no side branches of any 

significance. In contrast, the influenza C virus was found to be more like

other viruses with respect to its evolution (Buonagurio, et. al., 1985; Buonagurio, 

et. al., 1986a). It shows much shorter internodal distances and many more 

branchings which persist. It appears that once a  successful variant appears in 

the influenza A virus population, it outcom petes all other viruses and becom es 

the progenitor of all future isolates. This model then explains the observation 

of sequential mutants and is thus suggestive that selection is shaping the

evolutionary tree. It is most likely that this is immunological selection since 

point changes accumulate most in antibody binding sites of the hemagglutinin 

protein (Both, et. al., 1983; Wiley, et. al., 1981; W ebster, et. al., 1982). The 

cumulative point changes in the NS gene then probably are not directly selected 

but occur due to "hitchhiking" with the selected marker. When a  variant HA 

gene is selected it will carry with it an NS gene which may, or may not, 

contain mutations. The NS gene mutations then becom e fixed in the population 

via this indirect selection acting on the HA.
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V
INFLUENZA A V IRU SES OTHER V IR U SE S

Figure 24. MODEL FOR THE EVOLUTIONARY PATTERN OF INFLUENZA A 
VIRUS

The influenza A viruses have been shown to evolve along a  single primary 

lineage with only minor side-branching. In comparison, most other viruses have 

evolutionary patterns which is depicted on the right. This latter model w as 

derived for influenza C viruses (Buonagurio, et. al., 1985). There are many 

side-branches which persist in the population and thus generate  many co- 

circulating lineages. In addition, the distances betw een nodes in the tree for 

influenza A viruses is greater than in the tree on the right. The difference in 

internodal d istances is indicative of the rapid rate of evolution of influenza A 

viruses. (Modified from Buonagurio, et. al., 1985.)
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B. MUTATION RATE ANALYSIS

In chapter III w e m easure the mutation ra tes of the influenza A virus NS 

g en e  and  of the VP1 gene  of poliovirus type 1. As is d iscussed  in chap ter III, 

mutation ra tes have been  estim ated in a  num ber of system s, but the a ssay  

usually involves a  phenotype for which the associated  nucleotide change is not 

known, or for which the num ber of replications over which mutations could 

occur and accum ulate is unknown. T hese estim ates of mutation frequencies for 

viruses w ere generally around 1CP* to 10“* mutations/nucleotide for many 

markers in many viruses (Holland, et. al., 1982). The mutation ra tes we

m easure, 1.5 X 10‘5 and  less than 2.1 X 10‘6 mutations per nucleotide per 

infectious cycle for influenza virus and  poliovirus, respectively, a re  much lower 

than th e se  previously determ ined estim ates. Since the study w as published, two 

other studies have yielded estim ates of mutation rates. In th e se  case s , a  

phenotype w as m easured, but w hat w as new w as that an attem pt w as m ade to 

know the num ber of replications. Dougherty and Temin (1986) estim ated the 

mutation rate of a  spleen necrosis virus-based retrovirus vector, which u ses  

viral proteins for replication, to be about 0.5%  mutations per cycle. This 

num ber can be com pared to those m easured for influenza and  polioviruses by 

considering that the possible target size for mutation in this vector w as a t most 

1850 nucleotides. Therefore the mutation rate is a t least 0.5% /1850 nucleotides,

or about 2 .6  X 10'® mutations per nucleotide per cycle. S ince not all 1850

nucleotides are  likely to be involved in the phenotype being m easured, the 

mutation rate is probably higher for this retroviral vector. Durbin and  Stollar 

(1986) attem pted to m easure the mutation rate of sindbis virus using a
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phenotype for which they had isolated all possible revertant mutations. They 

failed to detec t any m utants in a  single plaque p a ssag e , and  estim ated then that 

the mutation rate could not be  higher than 5 X 10"7 m utations per nucleotide 

per infectious cycle. Therefore, d a ta  has been  accumulating tha t the original 

estim ates of mutation ra tes may have been  several orders of m agnitude too high 

and  that mutation ra tes for most viruses may be around 10 '6 or lower. The 

mutation rate of influenza A virus is still the  highest am ong th e se  more recent 

mutation rate determ inations (with the possible exception of the retrovirus), 

thus supporting the role of mutation rate in driving the rapid evolution.

C. EVOLUTIONARY CONCEPTS

There are  three major evolutionary concepts which may be useful for 

considering the data. The first is exemplified by Darwinian selection. By this 

theory, variants can be positively selected  by virtue of superior growth 

characteristics. The strength of the selective p ressu res is the critical 

param eter in driving the evolution. In the case  of viruses growing in animals, 

the principal selective p ressure  would be exerted by the host’s  immune system . 

The immune system  can actually promote the evolution, b ecau se  only those 

viruses which change and are no longer recognized can grow. The second  

concept is that of neutral mutation and random drift (Kimura, 1968; Kimura, 

1983). Kimura em phasizes mutations which are neutral with respect to 

phenotype. T hese  are  m utations which randomly ap p ea r and which randomly 

becom e fixed in the population. The mutation rate is the critical param eter 

along with generation time in driving the evolution rate. It is possible that the 

polym erases which replicate the viral genom e are error-prone and thus generate  

a  high rate of random mutations. T hese  mutations may becom e fixed by an
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entirely random process. A third theory, the quasispecies concept, in effect 

m erges the other two theories into a  single framework (Eigen, 1971; Eigen and 

Schuster, 1977). A species is thought to actually consist of extensive genetic 

diversity generated  by random mutation. Mutations becom e fixed in the 

population by stochastic mechanism s (as according to the neutral theory) or by 

positive selection of variants in the population of the quasispecies.

The quasispecies principle provides a  useful framework for interpreting our 

da ta  of the evolution rate and mutation rate.

It w as suggested  in chapter III that the higher mutation rate of influenza A 

virus generates greater diversity in the viral quasispecies. This additional 

diversity allows very rare beneficial mutants arise. Thus a  virus with a  high 

mutation rate may escape  the highly selective immunological pressures by having 

present in its quasispecies the exceedingly rare mutant which is not recognized 

by the immune system of the host (Fig. 25a). The authors of the quasispecies 

theory predict that a  high mutation rate in combination with a  potent selection 

would generate  the highest evolutionary rate. This prediction appears to be 

borne out by the data  of the influenza A virus. In addition, a  prediction based  

on the theory is that if only a  single variant in a  population can replicate 

efficiently, the diversity of the species will be temporarily eliminated. All 

further variation will then be generated from that single variant (Eigen, 1971) 

(Fig. 25b). This prediction is in strong agreem ent with the finding of a  single 

lineage of virus observed in chapter II.

D. SEQUENCE ANALYSIS METHODOLOGY

In chapters IV and V new techniques of sequence analysis are described. 

The first, detection of single mismatches in RNA heteroduplexes, provides a
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Figure 25. MODEL FOR THE GENERATION OF THE QUASISPECIES AND 
SELECTION OF THE RARE VARIANT

A . '  The influenza A virus replicates with a  mutation rate which is 

approximately seven-fold higher than the upper limit of the mutation rate 

observed with poliovirus type 1. This finding is indicated by the slopes of the 

lines for each virus. The dashed  line indicates a  level of sequence  diversity in 

which it becom es probable that a  very rare-selectable phenotype is present in 

the quasispecies population. In the case of viruses replicating in an immune 

environment, this level may reflect the failure of the host’s antibodies to 

recognize the virus. Since this may require several mutations in the sam e gene, 

such a  m utant may be  exceedingly rare. B ecause of its higher mutation rate, 

the influenza A virus would be predicted to achieve this level more rapidly than 

would the poliovirus.
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B. The model in this diagram  su g g ests  that a  high mutation rate of the virus 

may result in the formation of variants with sequential mutations. Depicted is 

the introduction of two new viruses into an immunologically naive population. 

The viruses initially grow unrestricted by the hosts’ antibodies. With time, the 

host population obtains immunity to th ese  viruses, and thus the growth of the 

viruses is limited. As growth slows, so  d o es  the rate of change of the seq u en ce  

diversity in the viral quasispecies. Since the mutation rate of the influenza A 

virus is higher than in poliovirus, it may still achieve the level of diversity at 

which the very rare selectable variant is p resen t in the population (dashed  line). 

This variant may then grow unrestricted and  outcom pete all o ther m em bers of 

the quasispecies. Since this variant would becom e the progenitor of future 

isolates, during the time of transition the seq u en ce  diversity would drop to 

zero. A prediction based  on this model is that influenza A virus isolates would 

accum ulate point mutations a t a  high rate along a  single lineage, while 

poliovirus (and other viruses) may have significant variation in nature, but not 

enough to generate  the antigenic drift observed in influenza A viruses.
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Figure 25b.
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very convenient m ethod for detecting point mutations in a  viral genom e. The 

am ount of viral RNA n eeded  will be  less than would be needed  for sequencing, 

and  the techniques involved are  much simpler and require less difficultanalysis. 

The major draw back is that not all seq u en ces  can be analyzed, but only those 

which are  in low melting dom ains. This limitation, however, is not a t all 

crippling since a  high percent of m ost genom es is low melting domain.

In chap ter V a  companion project is described in which the S P 6  probe used  

for detecting point mutations can be directly sequenced . The chief advantage 

of the m ethod is its simplicity. There is no need  for primer hybridization prior 

to sequencing, and the tem plate can be prepared using routine techniques. A 

similar protocol using the T7 polym erase h a s  now been  established (Axelrod and 

Kramer, 1985). The major application of this m ethod may not be the original 

sequencing of a  newly isolated sequence . There are other m ethods which are 

superior in accuracy, and require special single stranded DNA tem plates (Sanger, 

et. al., 1977; Messing, et. al., 1981). The S P 6  sequencing is far more 

appropriate when confirming that a  special construct which u ses  the SP 6 

prom oter has the desired sequence . Another com parable procedure for such 

plasm ids is primer directed sequencing using a  denatured DNA tem plate (Chen 

and Seeburg, 1985). This procedure has the advantage that the synthetic 

product is DNA which is more stable and  the mixes u sed  for sequencing  are 

essentially the sam e a s  are used  for the M13 sequencing system  (Messing, et. 

al., 1981). The major disadvantage of the double stranded DNA sequencing 

m ethod is that preparation of a  primer is required. The S P 6  sequencing system  

is thus a  fine com plem ent to analysis of plasmid constructs designed  to 

synthesize RNA.
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E. PANHANDLE CONFORMATION OF INFLUENZA VIRAL RNA

In chapter VI we describe observations which indicate that the genomic 

RNA in influenza virions is held in a  circular conformation with a  terminal 

panhandle. In addition, we find that the viral sen se  RNA in influenza A virus 

infected cells is predominantly circular a t early time points. At later times, the 

circular form is present, but at less than 50% of the total viral RNA. Early in 

the infection, mRNA is the primary transcript, and later replicative synthesis 

occurs. We suggest that the conformation of the viral RNA template regulates 

the RNA synthesis which occurs on that template. A circular template will 

make m essage RNA, while a  linear template makes replicative RNA. Inspection 

of the sequence of the RNA termini reveals several points (see Lamb, 1983, for 

the sequence of the entire genome of A/PR/8/34 virus). First, the predicted 

panhandle structure is 15 to 16 base  pairs long, which is in strong agreem ent 

with our nuclease S1 data. Second, the panhandle sequence is present in all 

eight RNA segm ents with 12 or 13 of these being common to all segm ents and 3 

being specific to a  segment. Third, we found that the circular form is the 

predominant vRNA species in infected cells at times when mRNA is the 

predominant transcription product. Fourth, the Ug termination signal occurs 36 

times in the genom e of A/PR/8/34, but only when it is abutting the panhandle 

sequence does termination and polyadenylation occur. For these  reasons, we 

believe that our data indicate that the transcript from the circular viral RNA 

template is m essage RNA and that linear viral RNA is the template for 

replicative RNA synthesis. Further, since we find the RNA in the virion is 

circular, we predict that the panhandle acts a s  a  packaging signal as  well. 

Therefore, upon infection of a  cell, the viral genome is in the appropriate 

conformation for synthesizing its primary transcript.
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SIGNIFICANCE

Vaccination against influenza A virus fails to confer lasting immunity to 

the virus due to its antigenic variation. In developing vaccination program s 

against influenza A virus or any other new viral pathogen one m ust consider 

how the variation occurs and what properties of the virus promote the antigenic

drift. S equence  analysis reveals that this variation is occurring by a  rapid

evolution along a  single lineage. We have determ ined the evolution rate of a  

nonstructural gene  of the virus to be about 2 X 10"3

substitutions/nucleotide/year. This rate is le ss  than a  third of that of the

hemagglutinin gene, the major antigenic protein. We have determ ined the 

mutation rate of the NS gene  to be 1.5 X 10"® mutations/nucleotide/infectious 

cycle and  the rate of mutation of the VP1 g en e  of poliovirus to b e  less than 

2.1 X 10"® mutations/ nucleotide/infectious cycle. The difference in the 

mutation rates of the  two viruses is significant and  thus may indicate a  

fundam ental property of the influenza A virus which permits the high degree  of 

variation observed in nature. The high mutation rate of influenza virus creates 

increased diversity in the viral quasispecies allowing the selection of the very 

rare variant. Thus, it is a  combination of a  high mutation rate and potent 

selective p ressu res  which drive the antigenic drift of influenza A virus.

We have developed two new m ethods of seq uence  analysis which should 

facilitate future mutation rate analyses. First, a  m ethod for detecting single 

point mutations in RNA molecules is described which u ses  denaturing gradient 

gel electrophoresis of RNA heteroduplexes. Second , a  simple method for 

sequencing the RNA probes is described, improving the e a se  with which one 

u ses  th ese  SP 6 probes.

Finally, w e have dem onstrated that the genom e RNA in viruses and  in

4



ribonucleoprotein com plexes in infected cells is circular in conformation. The 

termini of each  segm ent base-pair in a  panhandle. We show  that the time 

points a t which the circular RNA is the predominant form are  during p h ase s  in 

which the major transcription product is m essage  RNA. We thus propose a  

novel regulatory mechanism in which the secondary structure of the RNA 

tem plate determ ines the kind of transcript synthesized.
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