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Abstract. Modern rRNAs are the historic consequence of an ongoing evolutionary exploration of a 
sequence space. These extant sequences belong to a special subset of the sequence space that is comprised 
only of those primary sequences that can validly perform the biological function(s) required of the 
particular RNA. If it were possible to readily identify all such valid sequences, stochastic predictions 
could be made about the relative likelihood of various evolutionary pathways available to an RNA. 
Herein an experimental system which can assess whether a particular sequence is likely to have validity 
as a eubacterial 5S rRNA is described. A total of ten naturally occurring, and hence known to be 
valid, sequences and two point mutants of unknown validity were used to test the usefulness of the 
approach. Nine of the ten valid sequences tested positive whereas both mutants tested as clearly defective. 
The tenth valid sequence gave results that would be interpreted as reflecting a borderline status were 
the answer not known. These results demonstrate that it is possible to experimentally determine which 
sequences in local regions of the sequence space are potentially valid 5S rRNAs. This approach will 
allow direct study of the constraints governing RNA evolution and allow inquiry into how the last 
common ancestor of extant life apparently came to have very complex ribosomal RNAs that subse- 
quently were very conserved. 

Introduction 

Ribosomal  RNAs  have been extensively used to determine evolu t ionary  relat ionships 

between extant  organisms and  have succeeded in ident i fying three major  lines of 

descent that  developed f rom the c o m m o n  ancestor  of all life (Woese, 1985). The 

history of the R N A  itself and  the closely tied origin of t rans la t ion  is far less clear. 

By compar ing  rRNAs  f rom all three lines of descent one can deduce that  even 

at the dawn of t rue life, the rRNAs were already likely to be quite large. It is 

nevertheless,  no t  un reasonab le  to consider  that  in an earlier R N A  world these rRNAs  

were represented as collections of independen t  smaller R N A  fragments  cor responding  

to func t iona l  regions, for example-  the peptidyl  transferase domain ,  that  subsequent ly  

coalesced into larger rRNAs.  In  order  to unde r s t and  how this could have occurred, 

one needs to have a better  unde r s t and ing  of the constra ints  that  govern the evolu- 

t ion of small  RNAs.  It is the focus of the current  effort to develop a combina t ion  

theoretical and  exper imental  f ramework  to ob ta in  the needed insights. 

It  is intui t ively attractive to consider  sequence changes that  occur in any macro-  

molecule over evolu t ionary  time as being reflective of an explora t ion of a sequence 

space (Smith, 1970; Ninio,  1983; Eigen et al., 1988; and  others). Those sequences 

which are actual ly found  in extant  organisms belong to a special subset of  that  
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sequence space which includes only those sequences that permit the macromolecule 
to function adequately. Typically such sequences have survived to the exclusion 
of others because they provide a three dimensional folding that allows proper 

positioning of important functional groups and, as required, interactions with other 
macromolecules. Such sets of allowed sequences can be considered to comprise 
the 'structure space' for a particular molecule. A fundamental relation is thereby 
established between three dimensional folding and evolution. It is then in principle 
possible to infer whether or not a particular primary sequence would be evolutionarily 
allowable by determining the extent to which it can satisfy known structural con- 
straints such as secondary structure, etc. 

The ability to reliably predict or determine which RNA sequences are allowable 
for a particular purpose would provide considerable insight to the evolutionary 
potential of  the RNA. For  example, by comparing the valid sequences with those 
actually found in nature, one could determine the extent to which the sequence 

space has been explored. Likewise, by examining the distribution (in terms of 
evolutionary events) of sequences one could determine how dependent the rates 

at which mutations can be accepted is, on a particular initial sequence. If all valid 
sequences for two historically related molecules with different functions were 
identifiable, it would be possible to recognize particular sequences that allow 
'discovery' of the other function with the least possible number of evolutionary 
events. RNA structures are likely to be far less complex than those of proteins. 
Therefore, it might be possible to predict sets of valid sequences from structural 
constraints and even to explore them experimentally using in vitro methodology 
(Beaudry and Joyce, 1992; Burke and Berzal-Herranz, 1993) if proper selection 
criteria can be designed. 

It is not necessarily obvious however, to what extent a given set of constraints 
must be satisfied. For  example, within the confines of our current knowledge, 
converting a normal Watson-Crick base pair in a helical region to a G-U wobble 
pair may or may not result in a sequence that is valid. Indeed, we would expect 
that in some cases it would be allowable, whereas in others it would not. It thus 
would be exceedingly helpful to have an experimental system based on mutagenesis 
with which practical experience could be gained about the relationship between 
structural constraints and validity of sequences that satisfy them. Herein an 
experimental system which will allow us to explore the validity of sequences in 
a portion of the sequence space associated with 5S rRNA is described. 

Mutagenesis is of course not new and a number of important studies with RNA 
molecules have already been made. For  example, Yarus et al. (1986) made numerous 
mutations in the anticodon region of a tRNA and were able to determine their 
effect on aminoacylation, and translational efficiency, in vivo. Lumelsky and Altman 
(1988) have constructed mutants of the RNA component of RNAse P and examined 
their effect on catalytic activity in vitro. Studies on the large rRNAs have been 
numerous but have primarily focused on small numbers of mutants at positions 
that have been implicated with function in some way, e.g. protein binding sites, 
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sites of antibiotic interaction, etc. Although the available RNA data provide im- 

portant insights to RNA evolution, they have not been collected with the goal 
of understanding the structure of the sequence space itself and therefore do not 

comprehensively address evolutionary issues. These earlier studies will however, 
be especially useful in determining how similar different RNA sequence spaces are. 

5S rRNA was selected because it is large enough to serve as a very realistic 
model for rRNA evolution. It is an essential component of the translation machi- 
nery and interacts with several ribosomal proteins (Dohme and Nierhaus, 1976; 
Douthwaite et al., 1982; Egebjerg et al., 1989). A wide variety of functional roles 
have been proposed for 5S rRNA, including involvement with the ribosomal pepti- 
dyl transferase or GTPase activity, subunit association, translocation and tRNA 
binding to the ribosome via a highly conserved sequence segment. Convincing 
evidence has not been forthcoming for any of these hypothetical roles and one, 
tRNA binding, has been convincingly ruled out (Zagorska et al., 1984). What is 
clear at present, is that 5S rRNA is essential for proper assembly of functional 
large subunits (Van Ryk et al., 1992). Herein we establish the groundwork for 
an experimental exploration of the structure space of this RNA by establishing 
a means to explicitly determine the validity of individual sequences as 5S rRNAs. 

Outline of Approach 

The experimental system is focused on the examination of the sequence space in 
the vicinity of the 5S rRNA carried by the marine bacterium, Vibrio proteolyticus. 
An important advantage of choosing this 5S rRNA is that sequences from a large 
number of the other closely related species of the genus Vibrio are also known 
(MacDonetl and Colwell, 1985; MacDonell et al., 1986). This provides the oppor- 
tunity to explore the validity of apparently equally parsimonious evolutionary 
pathways between known 5S rRNAs as well as to evaluate what portion of the 
sequences in the immediate vicinity of the V. proteolyticus sequence are valid 5S 
rRNAs. In order to experimentally determine the validity of any putative member 
of the 5S rRNA sequence set, one must first have assays that provide a criterion 
for making that decision. In order to establish the criterion, one needs to deter- 
mine how a number of sequences that are known to belong to the valid sequence 
set behave in these assays. The best choice for these sequences are of course se- 
quences that are known to exist in nature! Hence, as a first step we herein report 
the construction and functional evaluation of a number of sequences that occur 
in various extant Vibrio species. 

The experimental system employed consists of a synthetic 5S rRNA embedded 
in a mini rRNA operon consisting of the two ribosomal RNA promoters, P1 and 
P2, a small fragment of 16S rRNA sequence and the two terminators, T1 ad T2, 
normally found in the E. coli rrnB operon. This mini-operon contains appropriate 
information for rRNA processing and when introduced into E. coli on a plasmid 
(Bronsius, 1984), the synthetic 5S rRNA is produced in large amounts. We wish 
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to be able to rapidly determine if any particular synthetic RNA is a valid 5S rRNA 
in vivo and hence a member of the 5S rRNA structure space. To this end two 
assays were developed. The first is a competitive fitness assay in which the rate 
of growth of the strain containing the test RNA is compared to a strain containing 
a standard RNA. The second is an in vivo ribosome analysis. Here the proportion 
of the test RNA in the pool of total 5S rRNA is determined, as well as the extent 
to which the RNA is incorporated into 50S subunits, 70S ribosomes and poly- 
somes. A valid 5S rRNA would presumably be properly processed and accumulate 
to high levels in 50S subunits, 70S ribosomes and polysomes without obvious effect 
on organism fitness. If a 5S rRNA behaving in this manner were not functioning 
properly, then the numerous ribosomes carrying it would be detrimental to the 
organism with a resultant decline in fitness. 

Materials and Methods 

Materials and methods have been described in detail elsewhere (Hedenstierna et 
aL, 1993). In brief a V. proteolyticus 5S rRNA gene (MacDonell and Colwell, 1985) 
was constructed from 15 chemically synthesized deoxyoligonucleotides using a poly- 
merase chain reaction approach described by Jayaraman et al., (1989). The syn- 
thesized segment contained appropriate restriction sites such that it could be cloned 
into M13mpl8 as a BamHI-SalI fragment. The construct was verified by sequencing 
and an expression vector, was made by replacing the 508 bp HindIII-HindIII fragment 
in pKK5-1 (Brosius,1984; Szeberenyi and Apirion, 1984) with our construct. Finally 
the normal rrnB terminator, T2 was added back to the construct. Additional wild 
type sequences and mutants, Table I, were made by successive rounds of site directed 
mutagenesis (Zoller and Smith, 1984; Vandeyar et al., 1988) using commercially 
available kits (i.e., T7-Gen; USB). 

Various 5S rRNA fractions were purified according to the following procedures. 
Total cellular RNA was prepared by low pH phenol extraction as described by 
Wallace (1987). Ribosomes, polysomes and 50S subunits were separated by sucrose 
gradient centrifugation following the protocol of Godson and Sinsheimer (1967). 
Gradient fractions containing ribosomes, polysomes or 50S subunits were then 
precipitated with ethanol, and phenol/chloroform extracted. RNA was purified by 
electrophoresis on a pH 3.5, 10% polyacrylamide gel by a modified version of 
the Jordan and Raymond (1969) procedure. 

The proportion of V. proteolyticus 5S rRNA relative to total 5S rRNA in either 
whole cells, ribosomes, or 50S subunits was measured by hybridizing filterbound 
RNA to a probe complementary to V. proteolyticus 5S rRNA, stripping the filter, 
and hybridizing a second time with a probe complementary to E. coli 5S rRNA (Sam- 
book et aL, 1989). Oligonucleotides HV2 (5'-GTCCAAATCGCTATGGTCGC-3') 
and HE2 (5'-GACCACCGCGCTACTGCCGC-3'), complementary to bases 7 to 
26 in V. proteolyticus and E. coli 5S rRNA respectively, were endlabelled with 32p 
and used as probes. Known mixtures of V. proteolyticus 5S rRNA and E. coli 5S 
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rRNA were used to construct standard curves and blackening of autoradiogram 
bands was determined with a densitometer (Technology Resources Inc.). 

The fitness of the strains carrying each of the various constructs was measured 

relative to a control strain carrying the V. proteolyticus construct by monitoring 
the ratio of cell numbers in actively growing mixed cultures (Hedenstierna et al., 
1993). The ratio of the two cell types was determined by spreading samples on 
indicator plates (McConkey agar), which discriminate between lac- and lac + strains 
by colony color (Chao and McBroom, 1985; Dykhuizen and Hartl  1983; Hartl 
et al., 1983; Lenski, 1988a, b). The two test strains alone exhibit no significant 

difference in fitness. Two experiments were done in each case such that the construct 
was in one strain and the control in the other. The fitness difference, S, attributed 
to the construct as defined by Chao and McBroom (1985) was determined as the 
slope of a line fitted to data points plotted as t against ln[Np(t)/Nr(t)]. 

Results 

In the current studies an additional 9 wild type Vibrio 5S rRNAs were constructed 

TABLE I 

Properties of  various 5S rRNAs in the E. coli host  environment  

5S rRNA ~ Fitness % Incorporation 
Difference 2 
(h ~) ERNA 3 70S 50S EPOLY 4 

V. proteolyticus -0.028 26 36 29 34 
A10C variant 0.047 5 tr 5 tr tr 
A39C variant -0.028 >50 tr tr tr 

U.. charcariae 7 0.010 >50 >50 >50 >50 
V. diazotrophicus 8 -0.006 >50 >50 >50 >50 
V. nereis 9 N.E. 6 43 35 26 27 
V. alginolyticus ~° 0.020 >50 47 45 >50 
V. gazogenes 11 0.030 31 10 11 15 
V. parahemolyticus 12 N.E. >50 >50 >50 >50 
V. natriegenes 13 0.012 >50 >50 >50 >50 
V. patrii TM 0.028 >50 >50 >50 >50 
V. strain LT-1 ~5 0.044 >50 >50 >50 >50 

I. Footnotes 7-15 indicate the sequence differences of  the various 5S rRNAs relative 
proteolyticus. 

2. E proteolyticus is compared to an E. coli strain carrying plasmid pKK5-1.  All others are 
to an E. coli strain carrying the plasmid with the E proteolyticus gene. 

3. £RNA:  total cellular R N A  (= cytosolic RNA + ribosomal RNA). 
4. EPOLY: polysomal pool (ie 2x, 3x, 4x). 
5. tr: trace (<  5%). 
6. N.E.: no effect. 
7. U41A52; 8. A52C88; 9. C19::U34.1A52G64U107; 10. U19::U34.1A52A64 

t l .  U19A64C65C88; 12. U17U19U41A52A64; 13. U19::C34.1A52A64 
14. U19::C34.1U41A52A64; 15. U19::C34.1C35U41A52A64Ul14. 

to Vibrio 

compared 
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and characterized. The results pertaining to these alternative wild types as well 

as V. proteolyticus and two mutants are presented in Table I. It  is found that in 

all cases the effect of the plasmid carrying the construct on growth rate is extremely 

small and in many  cases slightly favorable. The wild type strains are all expressed 
to high levels and with the exception of Vibrio gazogenes, incorporated into 50S 

subunits, 70S ribosomes, and polysomes at similar levels. 

Two mutants of  V. proteolyticus of unknown validity were examined, Table I. 

In both cases the effect on fitness was minimal. The mutat ion of A10 to C10 results 

in the expression of an RNA that accumulates to only very low levels, apparently 

because it is unstable. The amount  of A10C mutant  is found in even lower levels in 

the ribosomes. An A39C mutant,  Table I, results in an RNA which accumulates 

to very high levels but simply does not enter ribosomes to any significant extent. 

Hence one can conclude that despite their overall similarity to 5S rRNA, neither of 
these mutants  is in fact a valid 5S rRNA in the internal environment ofE. coli. 

Discussion 

The key result here is that ten 5S rRNA sequences of  known evolutionary validity 

have been examined and all are found to be incorporated into E. coli ribosomes 

at high levels in vivo without significant effect on organism fitness. In contrast 

5 two point mutat ions of  the V. proteolyticus sequence behaved distinctly different. 
In one case the mutant  RNA did not accumulate. In the other case the mutant  

5S rRNA accumulated in the RNA pool, but did not reach the ribosome in signi- 
ficant amounts.  These results are of critical significance to the long term effort 

because they imply that it will be possible in most  cases to reach a definitive con- 
clusion about  whether or not a particular sequence variant does or does not belong 

to the 5S rRNA structure set. 
A major  concern was the possibility that valid sequences would exhibit a range 

of behavior such that it would be very difficult to decide if an unknown sequence 
were or were not valid. In fact, of  the ten valid sequences examined to date with 

one exception, all have three key properties, high accumulation levels, levels of 

incorporation comparable  to the level of  accumulation and no major  effect on 

fitness. When incorporation into polysomes is high, the lack of obvious effect on 

fitness as measured by competitive growth studies provides substantial evidence 
that the sequences being tested are functional. 

Of  the ten wild type sequences examined, two, V. proteolyticus and V. gazogenes 
accumulate to a lesser extent than the others. This suggests that minor differences 
in either stability or ease of processing may exist. Only in the case of  V. gazogenes 
however, is there sufficient deviation in behavior to cast into doubt  the validity 

of  the sequence as a 5S rRNA. In this case, there is a clear decrease in the level 
of  r ibosome incorporat ion relative to total RNA accumulation and hence if we did 
not know its true status, this sequence would be classified as a borderline case since 
it does enter ribosomes to a considerable extent and is apparently not deleterious. 
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In principle it might have turned out that the co-evolution phenomenon would 
make an experimental study of the 5S rRNA structure space in isolation untenable. 
The presence of approximately 20 sequence changes between a typical Vibrio 5S 
rRNA and E. coli 5S rRNA taken in conjunction with evidence that even a single 
change can substantially change protein/5S rRNA binding constants (Goringer and 
Wagner, 1986) would appear to make it unlikely that any Vibrio 5S rRNA, let 
alone 10 out of 10, could function effectively in the internal environment of E. 
coli. In fact, earlier in vitro reconstitution studies had already shown that 5S rRNAs 
could be interchanged over greater phylogenetic distances (Wrede and Erdmann, 
1973; Bellemare et al., 1973; Hartmann et al., 1988). Successful chimeras involved 
all prokaryotic 5S rRNAs tested including that of one archaebacterium. None of 
the chimeras involving eukaryotic 5S rRNAs were successful however. We speculate 
that it is the overall ability of the 5S rRNA/protein complex to enter 50S particles 
which is the paramount characteristic of a valid sequence rather than the strength 
of interaction with the individual proteins. Thus we suspect that eventual in- 
corporation is largely responsive to changes in protein binding constants in an 
on/off  way. Therefore even though individual sequence changes may significantly 
affect the binding constants of one or more of the proteins (Christianson et al., 

1985; Goringer and Wagner, 1986), the effect on final incorporation levels may 
be unimportant over a large range of affinities. 

This is not to say that co-evolution of protein and RNA does not exist, as even 
here the V. gazogenes results imply that it does. What it does mean however, is 
that it will be manageable. Indeed, it may be possible to directly study such co- 
evolution by examining the effect of identical changes on different underlying 
sequences or by examining the behavior of an entire set of variants of one underlying 
sequence in an alternative host organism. In summary, the way to an experimental 
characterization of a portion of the 5S rRNA structure space is now clear. It will 
therefore be possible to determine the extent to which readily determinable constraints 
such as secondary structure, protein binding sites, etc. allow one to predict an 
RNA structure space. 
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