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Summary. RNA genomes have been shown to 
mutate much more frequently than DNA genomes. 
It is generally assumed that this results in rapid 
evolution of  RNA viral proteins. Here, an alterna- 
tive hypothesis is proposed that close cooperation 
between positive-strand RNA viral proteins and 
those of  the host cells required their coevolution, 
resulting in similar amino acid substitution rates. 
Constraints on compatibility with cellular proteins 
should determine, at any time, the covarion sets in 
RNA viral proteins. These ideas may be helpful in 
rationalizing the accumulating data on significant 
sequence similarities between proteins of  positive- 
strand RNA viruses infecting evolutionarily distant 
hosts as well as between viral and cellular proteins. 

K e y  w o r d s :  C o v a r i o n s  - -  Evolutionary rates - -  

P r o t e i n  coevolution -- RNA genomes 

RNA viruses are unusual among autoreproducing 
biological entities in many respects, beginning with 
the chemical nature of  their genomes. Also char- 
acteristic of  these agents are the small genome size 
and extremely high replication error frequency due 
primarily to the lack of  correction mechanisms in 
viral RNA-dependent RNA polymerases (Holland 
et al. 1982; Domingo et al. 1985; Smith and Inglis 
1987; Steinhauer and Holland 1987). 

Specifically, the misincorporation rate of  bacte- 
riophage Qa RNA-dependent RNA polymerase is 
10-3-10 -4 per nucleotide per replication round, i.e., 
104-107 times higher than in DNA replication (Hol- 
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land et al. 1982; Steinhauer and Holland 1987). Very 
similar error rates have been demonstrated also for 
vesicular stomatitis virus and poliovirus polymer- 
ases (Steinhauer and Holland 1987; Ward et al. 
1988). 

The relationship between the misincorporation 
frequency and actual mutation rate is not fully 
understood; nevertheless, it seems obvious that the 
higher the replication error frequency, the higher the 
mutation rate should be. This is generally confirmed 
by numerous studies on the variability of  RNA viral 
genomes in tissue culture or in nature, in spite of  
somewhat contradictory specific values; anyhow, a 
general consensus exists that RNA genomes mutate 
much more frequently than DNA genomes (Holland 
et al. 1982; Domingo et al. 1985; Smith and Inglis 
1987; Steinhauer and Holland 1987). Based on these 
observations, it is often assumed that the evolution 
of RNA virus proteins also proceeds very rapidly. 
Thus, there was speculation that the relationships 
between RNA viruses inferred from protein se- 
quence similarities reflect processes of  divergent 
evolution that proceeded rather recently, in the geo- 
logical sense of  the word at least (Ahlquist et al. 
1985; Goldbach 1986, 1987). In the framework of  
this hypothesis, the similarities between plant and 
animal viruses are explained by horizontal trans- 
mission of  ancestral viruses, presumably by insect 
vectors. 

However, this is not the only possible view. Many 
RNA viral proteins, especially those constituting the 
replication machinery of  positive-strand R NA vi- 
ruses, are believed to function in close contact with 
cellular proteins. The most striking example of  such 
cooperation is the bacteriophage Qa replicase that 
consists of  three cellular subunits, along with the 



phage-encoded subunit (Blumenthal 1979). Two of  
these cellular subunits, translation elongation factor 
Tu and ribosomal protein S1, are slowly evolving 
proteins (Linz et al. 1986; Regnier et al. 1987). Cel- 
lular protein factors have been implicated in picor- 
navirus RNA replication (Koonin and Agol 1983; 
Andrews et al. 1985), and one of  the poliovirus- 
encoded proteases has been shown to be involved 
in proteolysis of  a specific cellular protein (Kxauss- 
lich et al. 1987). For other virus--cell systems only 
indirect evidence is available, such as demonstra- 
tion of  tight association of  viral replication com- 
plexes with intracellular membranes (cf. Ranki and 
Kaariainen 1979; Watanabe and Okada 1986). De- 
tailed studies of interactions between viral and cel- 
lular proteins is highly desirable, and evidence of  
their cooperation seems obvious. It is reasonable to 
hypothesize that this cooperation should impose 
some degree of functional constraint on the structure 
of viral proteins, thus slowing down their evolution. 
In itself, this idea is not new. It has been suggested 
more than once that viral proteins interacting with 
cellular components should evolve more slowly than 
those not involved in such interactions (Ahlquist et 
al. 1985; Emini et al. 1985). It is tempting, however, 
to make a stronger proposal, i.e., that clue to the 
intimacy of cooperation, the absolute rates of  amino 
acid substitution in interacting viral and cellular 
proteins should be within the same order of mag- 
nitude. 

One may wonder how can this view be reconciled 
with the high mutation rate characteristic of  RNA 
genomes. The dynamics of  protein evolution is 
probably best described by the so-called covarion 
model of Fitch (Fitch 1971; Ratner et al. 1985). The 
key definition of this model is a covarion, i.e., a 
position in a polypeptide chain where substitutions 
can be introduced without impairing the function 
of the protein. The actual evolutionary rate for a 
protein is determined by the total number of  unique 
covarions available during a given time interval. 
This value is connected with the amino acid sub- 
stitution rate by the following equation: 

Q, = Qo + c .m (1) 

where QT is the total number of unique covarions 
during the time interval r, i.e., the total number of  
positions in the polypeptide chain where substitu- 
tions could be fixed during the interval r; Q0 is the 
true covarion number, i.e., the number of  positions 
in which substitutions can be fixed at any given 
moment; c is the covarion turnover rate expressed 
as the fraction of  covarions renewed with each sub- 
stitution fixed; and m is the total number of  sub- 
stitutions fixed during the interval r. 

As shown by Fitch (1971), Q0 is typically a small 
number (for example, for hemoglobins and cyto- 
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chromes c Q0 = 4-10). The value of  Qo depends on 
the degree of structural integrity necessary for the 
function of  the given protein (and/or of  a macro- 
molecular complex, the components of  which are 
proteins); the more ordered the structure that is nec- 
essary for this function, the smaller is the number 
of positions where substitutions are permitted. The 
c parameter values are in the range of  0.7-0.8. This 
means that, with each substitution fixed, 70-80% of 
former covarions become nonvariable, whereas an 
equal number of  new covarions arises (see Ratner 
et al. 1985). The m value is directly proportional to 
the mutation rate (Kimura 1983). 

Compare now the evolution of RNA-encoded and 
of DNA-encoded proteins. In terms of the covarion 
model, our statement that the evolutionary rates for 
both kinds of  proteins may be roughly equal is ex- 
pressed as 

Q RNA ~ QrDNA (2 )  

X-ray studies of spatial structure of  positive-strand 
RNA virions showed that the general folding prin- 
ciples of  RNA-encoded proteins may be similar to 
those of DNA-encoded proteins (Liljas 1986). Thus, 
it is natural to assume 

Q o  RNA ~ Qo DNA (3) 

From the high mutation rate characteristic of RNA 
genomes it follows that 

m RNA ~>> m DNA (4) 

Substituting (1) into (2) gives 

Q o  RNA + c R N A . m  RNA ~ Q 0  DNA + c D N A ' m D N A ( 5 )  

or, taking into account the equality (3), then 

C R N A ' m  T M  ~ C DNA" m DNA (6) 

As the inequality (4) holds for the m values, we 
obtain 

C RNA << e DNA (7 )  

Thus, according to our hypothesis, in the evo- 
lution of RNA viral proteins the high mutation rate 
is counter-balanced by a very low covarion turnover 
rate; in other words, with each substitution fixed, 
only a very small (if any) fraction of  the covarion 
set is renewed. This means that a characteristic of  
the evolution of  such proteins should be multiple 
(including reverse) substitutions in the same posi- 
tions of  the polypeptide chain. One may speak of  
"'covarion persistence" resulting in relatively slow 
apparent evolutionary rates determined by the evo- 
lutionary rates of  the cellular proteins interacting 
with the given RNA viral protein. Gibbs suggested 
(1980) that the evolutionary rates of  RNA viral pro- 
teins should not differ significantly from those of  
proteins of DNA organisms as functional con- 
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straints are p robab ly  s imilar  for bo th  kinds  o f  pro-  
teins. F r o m  the above  discussion it is explicit, how-  
ever,  that  this condi t ion alone (i.e., Q0 RNA ~- Q0 DNA, 
in te rms  o f  the covar ion  model)  is insufficient to 
account  for  the a p p r o x i m a t e  equality.  

Recent ly  some data  have  accumula ted  on se- 
quence s imilar i ty  between cellular and  posi t ive-  
s t rand R N A  viral  proteins  ( Z i m m e r n  1983; Gor -  
ba lenya  et al. 1986a, 1988a,b,c; H o d g m a n  1988). 
Part icularly impress ive  are similari t ies be tween pro-  
teases and  puta t ive  helicases o f  eukaryot ic  viruses 
and  respect ive eubacterial  enzymes  (Gorba lenya  et 
al. 1986a, 1988a,b,c; H o d g m a n  1988). Though  it is 
possible that  these similari t ies are due to recent  di- 
vergence o f  viral  proteins  f rom highly conserved  
eukaryot ic  homologs  o f  the bacterial  enzymes,  we 
feel that  they are best  ra t ional ized in t e rms  o f  the 
present  hypothesis .  

The  present  concept  relies on the p re sumed  co- 
opera t ion  and coevolu t ion  o f  viral  and  cellular pro-  
teins. It  is well known that  the rates o f  evolu t ion  o f  
the latter vary  by as m u c h  as three orders  o f  mag-  
ni tude (K imura  1983). Clearly, according to our  hy- 
pothesis,  the evolu t ionary  rates o f  pos i t ive-s t rand 
R N A  viral  proteins  interacting with the cellular ones 
should fall within the same  range. I t  is also i mpor -  
tant  to realize that  the ideas deve loped  here are 
directly appl icable only to selectively neutral  but  not  
to adap t ive  a m i n o  acid substi tutions.  The  rate o f  
the latter depends  not  only on the mu ta t i on  rate, 
but  also on the effective popula t ion  size (K i mura  
1983; Ra tner  et al. 1985). The  value o f  the latter 
p a r a m e t e r  is very uncer ta in  in the case o f  R N A  
viruses.  Wel l -substant ia ted evidence demons t ra tes  
that,  under  posi t ive selection, evolu t ion  o f  viral  pro-  
teins m a y  be ext remely  rapid  (Hol land et al. 1982; 
D o m i n g o  et al. 198 5; Ste inhauer  and  Hol land  198 7; 
Smi th  and  Inglis 1987). Thus,  the present  concept  
in no way contradicts  the generally accepted  not ion  
o f  high adaptabi l i ty  o f  R N A  viruses o f  which high 
muta t ion  rate is a prerequisi te.  These  rapid  alter- 
a t ions occur, however ,  upon  shifting v i rus /mi l ieu  
equi l ibr ium (i.e., when a virus is t ransferred to a 
new env i ronment )  and  involve  ma in ly  v i r ion  pro-  
teins, or  even  external doma ins  thereof,  interact ing 
with cellular receptors,  ant ibodies,  etc. In  general, 
however ,  the vast  major i ty  o f  a m i n o  acid substi-  
tut ions in prote ins  are p robab ly  neutral,  const i tut ing 
the basis for the s imilar i ty  and  divers i ty  that  is re- 
vealed upon  prote in  sequence compar i son  (K i mura  
1983). 

The  ideas deve loped  here suggest that  sequence 
compar i sons  between prote ins  o f  pos i t ive-s t rand  
R N A  viruses belonging to different famil ies  m a y  be 
helpful in elucidating not  only relat ively recent  but  
also early events  in the evolu t ion  o f  this virus  class. 
Moreover ,  as pos i t ive-s t rand R N A  viruses possess 

m a n y  features reminiscent  o f  mos t  p r imi t ive  genetic 
systems (Eigen et al. 1981; Gi lber t  1986; Gorba len-  
ya  et al. 1986b), one m a y  even hope  that  such com-  
par isons  should shed some light on what  the hy- 
pothet ical  p r imord ia l  " R N A  wor ld"  was like. 
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