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[IN VITRO EVOLUTION 

Ri bozymes in Wonderland 
Andrew D. Ellington, Michael P. Robertson, Jim Bull 

W h e n  Alice followed the White Rabbit 
down into Lewis Carroll's world of changing 
~ers~ectives.  she was confronted with . . 
edibles that made her bigger or smaller. At 
first, she could not generally predict whether 
a cake would make her shrink or a mushroom 
would make her as big as a house, but once 
she got the hang of things, she was able to 
change her size at will. A similar adventure 
comes to a happy conclusion on page 614 of 
this issue: Several years ago Breaker and 
lovce tried to feed ribozvmes and make them ., , 
larger, but the diet did not take, and they 
grew smaller (1). Now Wright and Joyce 
have cleverly developed a different menu of 
substrates for different ribozvme diners . and 
this time the ribozymes grew larger (2). 

The diverse possible courses of ribozyme 
evolution were not initially anticipated. 
Breaker and Joyce (1 ) attempted to develop a 
scheme for continuous evolution in which a 
group I1 ribozyme would ligate a primer se- 
auence to itself and thus become fodder for a 
retroviral-like amplification reaction (see fig- 
ure). Amplification required two steps: cDNA 
and second-strand synthesis from the RNA 
ribozyme template, then transcription from 
this double-stranded molecule to create new, 
descendant ribozymes (3). The primer se- 
quence to be ligated was chosen to carry the T7 
promoter sequence, and T7 RNA polymerase 
was provided in the reaction mix; hence, only 
ligated ribozymes could be amplified. The end 
~roduct of the am~lification cascade should 
have been the origkal ribozyme without the 
primer sequence, and any variants that arose 
during amplification would have competed for 

primer sequences in subsequent rounds of liga- 
tion and amplification. These reactions thus 
wtentiallv enabled the continuous evolution 
of progressively better ligases. 

Much to their surprise, this scheme did not 
evolve ligases. Within hours of starting the 
reaction, a short, self-replicating entity ap- 
peared that self-primed its own cDNA synthe- 
sis; a hairpin in the single-stranded DNA con- 

stituted the T7 promoter site, and the RNA 
polymerase generated an RNA complement 
to the cDNA, completing the cycle. This 
small molecule (dubbed RNA Z) had by- 
passed any need for ligation to a primer se- 
quence, and from Breaker and Joyce's perspec- 
tive, was a parasite of the reaction. Alice had 
gotten smaller. The rapid ascendance of RNA 
Z in the reaction mixture thwarted the more 
deliberate evolution of a better ligase. 

In today's report, Wright and Joyce finally 
got Alice to grow larger-by ligation. Because 
the group I1 ribozyme appeared unsuited to 
continuous evolution, Wright and Joyce 
chose a faster ribozyme, a ligase selected from 
a completely random sequence pool by Bartel 
and Szostak (4) and optimized for function by 

An evolutionary decision. The left-hand cycle depicts the ligation-dependent replication of a 
A' D' Ellington and M' P' Robertson are in lhe Depart- ribozyme, as described in this issue (2). The right-hand cycle depicts the ligation-independent rep- men1 of Chemistry, Indiana University, Bloomington, IN 
47405, USA, E-mail: adelling@indiana.edu; J, Bull is in lication of a parasite, RNA Z (1). The group I I  intron on the right "devolved" into RNA Z in part 
the ~ ~ ~ ~ r t ~ ~ ~ t  of zoology and the Institute for cell and because its initial rate of ligation was slower than the formation of RNA Z-like intermediates; the 
Molecular Biology, University of Texas, Austin, TX Bartel ligase on the left evolved faster and faster variants in part because its initial rate of ligation 
78712-1064, USA. E-mail: bull@bull.zo.utexas.edu was faster than the formation of RNA Z-like intermediates. 
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Ekland et d. (5). The ligation junction of the 
Bartel ligase was altered to provide the appro- 
priate start site for T7 RNA polymerase. Un- 
fortunately, this modification reduced the ac- 
tivity of the ligase by 10,000-fold, once again 
rendering it too slow for continuous evolu- 
tion. Thus, a partially randomized population 
was generated, and Wright and Joyce carried 
the population through 15 cycles of conven- 
tional selection (ligation products purified 
before amplification) and 100 cycles of a sim- 
plified selection protocol in which ribozymes 
were allowed to react and then were directly 
transferred to the amplification mixture. At 
the end, the ribozyme was finally fast enough 
to successfully grow (ligate) rather than 
shrink (internally prime). 

Roughly loLL copies of the pre-evolved li- 
gase were used to seed a continuous-evolution 
reaction (see fieure). The ribozvme mass in- " .  
creased at the expense of primers and nucle- 
otides, and each individual produced roughly 
1OOO copies of itself. After 60 minutes, the 
carrying capacity of the tube was nearly 
reached and the now-starving population was 
serially transferred to a new source of f d .  The 
ribozyme mass regrew, was transferred, regrew, 
was transferred, and so forth over 100 serial 
transfers. Overall, the evolutionary potential of 
the continuous-evolution system was enor- 
mous: In a little more than 2 davs. the net 
amplification was nearly 1033 doubljngs. The 
catalytic efficiency of an evolved ribozyme 
variant was 14,000 times that of the parent. 

Wright and Joyce's success required in- 
telligent use of evolutionary principles. The 
initial reaction conditions enforced discrete 
amplification, whereas the final reaction con- 
ditions allowed continuous amplification. Dis- 
crete protocols proceed step by step, with the 
reaction being halted at specific points, and 
thereby allow tight control over what is se- 
lected at each step. [The polymerase chain 
reaction (PCR) uses discrete amplification, 
for example, because each replication step 
must await the proper temperature.] The 
downside of discrete amplification is that it 
provides for sluggish evolution; molecules have 
to await the researcher's permission to repro- 
duce each time, and those with a fitness ad- 
vantage can only realize that advantage once 
per cycle (6). In contrast, continuous ampli- 
fication intimately couples variation in am- 
plification to reproductive success: Each mol- 
ecule reproduces at its own pace, so faster 
ones continually outpace all slower ones, and 
their numerical advantage grows dispropor- 
tionately over time. Paradoxically, although 
continuous evolution is faster, it is a double- 
edged sword because it denies much inves- 
tigator control over the outcome: amplifica- 
tion parasites (for example, RNA 2)  can accu- 
mulate at the expense of slow catalysts. In con- 
trast, during discrete evolution any variants 
that are catalytically competent can be effi- 

- NOTA BENE: NEUROSCIENCE 
I 

Seeing the Synapse 
A neuron is studded with thousands of 
synapses, membranous gateways through 
which the cell sends messages to other 
neurons in the form of tiny pulses of neu- 
rotransmitter molecules. To monitor the 
action at these synapses, investigators 
have had to be content with electrical 
recording methods, which usually yield 
an aggregate measure of synapse behav- 
ior. An article in a recent issue of the 
Proceedings of the National Academy of 
Sciences reports a method by which this 
invisible cell-to-cell communication can 
be dramatically visualized at all of the 
synapses on a single cell. 

The authors have constructed fusion 
proteins, called synaptolucins, from the 
enzyme luciferase-which makes a 
chemiluminescent product-and the 
synaptic proteins synaptotagmin or 
synaptobrevin. When cultured neurons 
from rat hippocampus were infected with 
recombinant viruses containing these ar- 
tificial proteins, the synaptolucins trav- 

eled to the synapse and took up residence. 
Upon electrical stimulation, the cells 
communicated with their neighbors, re- 
leasing packets of neurotransmitter from 
the synapse by exocytosis and exposing 
the synaptolucins to the extracellular 
fluid. The luciferase part of the artificial 
molecule reacted with its substrate lu- 
ciferin in the fluid at each active synapse, 
emitting light that was easily recorded. 

The Dresent sensitivitv of the method 
is about five quanta (or packets) of neu- 
rotransmitter. But with ex~ected im- 
provements, it should be possible to see 
single exocytotic events. The resulting 
ability to know precisely the behavior of 
a cells' synapses could greatly increase 
our understanding of the cell's computa- 
tion rules. 

-Katrina L. Kelner 
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ciently amplified. Moreover, because the rela- 
tively faithful PCR is frequently used for ampli- 
fication, rather than the more evolutionarily 
prone isothermal protocol, amplification para- 
sites cannot as easily arise and overrun the se- 
lected population. Thus, discrete evolution 
may for the time being be better suited to pro- 
duce novel nucleic acid catalysts. 

Perhaps ironically, in vitro biochemical sys- 
tems such as these may provide a new dimen- 
sion to studies of classic problems in organismal 
ecology and evolution. For example, the con- 
trast of today's study by Wright and Joyce yith 
the earlier one by Breaker and Joyce mirrors a 
fundamental issue in classical evolutionarv bi- 
ology. Like Alice early in her adventure, evolu- 
tionary biologists have yet to achieve much 
power to predict the course of evolution (as 
opposed to explaining it once it happens). One 
group argues that an understanding of natural 
selection is sufficient to predict the course of 
evolution; a much smaller group (championed 
by Richard Lewontin) argues that the course of 
evolution is buried in the "details" and often 
depends on nuances of the biology rather than 
~redominantlv on natural selection. The con- 
trast between these two ribozyme studies 
strengthens both views and suggests that they 
are not necessarily exclusive: The evolutionary 
trajectory was sensitive to the starting condi- 
tions, profoundly so, yet both outcomes were 
consequences of intense natural selection. 

Ribozyme studies like these should enable 
further comparative studies of evolution- 

an approach previously reserved for the most 
ancient of evolutionary processes. Compara- 
tive studies of in vitro evolution even offer 
the possibility of experimental tests. The ben- 
efit to organismal biology of in vitro bio- 
chemical reactions may not even be limited 
to molecular evolution. A recently proposed 
coupled amplification mimics predator-prey 
dynamics (7). Nor should it be assumed that 
the relation between organismal biology and 
in vitro evolution is purely one-sided. Just as 
the intelligent mix of discrete and continu- 
ous am~lification ~rotocols contributed to 
Wright and Joyce's success, other principles 
of evolutionary biology may increase the 
versatility of these systems. Recombination 
can be used to funnel evolutionarv ~ a t h -  , . 
ways toward a desired outcome, or functions 
can be indirectly evolved through interme- 
diates rather than by selecting outright for 
the final goal. 
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