Life today is based on the “central dogma” of molecular biology, which describes how genetic
information is expressed as protein sequences. DNA information is copied into RNA, and RNA
information then directs the synthesis of a protein sequence. However, these processes, as well as
DNA replication, all require protein enzymes, posing a chicken-and-egg problem. If protein
expression requires proteins, how did this system come about before there were proteins? Based
on the dual ability of RNA to fold into catalytic structures and carry genetic information (1-5),
the RNA World theory suggests that life based on the central dogma is derived from a simple
living system having a single process: RNA replication, catalyzed by RNA. Much attention in
this field has centered around developing an RNA polymerase ribozyme that can replicate an
RNA template (6). In this issue, Papastavrou et al. demonstrate a complete ribozyme life cycle
for the first time (7), discovering an RNA polymerase ribozyme that catalyzes replication, and
therefore evolution, of another ribozyme.

The RNA polymerase ribozyme itself has a significant and ongoing evolutionary history in the
laboratory (6). In brief, its ancestor, the class I ligase, was selected from a pool of random RNAs
for its ability to ligate two RNAs together (8). Evolution of an appended domain converted the
ligase into a polymerase that could add a short stretch of nucleotides across from a template RNA
(9). Subsequent mutation and selection, including evolution of a domain increasing processivity,
led to a version that could copy RNA templates to make catalytic RNA (10-12). However, until
now, even the most advanced RNA polymerase ribozyme, dubbed 52-2 (13), could only
complete half of an RNA replication cycle, such as copying a template (-) strand to produce a
self-cleaving “hammerhead” ribozyme (+) strand. Due to the complementary nature of nucleic
acid base-pairing, a full replication cycle would also require copying the (+) strand to reproduce
the original template (-) strand (Figure 1A). Although 52-2 was technically capable of
polymerizing long lengths of RNA, it suffered from a critical problem: insufficient fidelity.

The acute importance of fidelity was formalized several decades ago by Manfred Eigen (14). A
simple model of replication with an error rate (z) showed that information of the fittest sequence
(having fitness fo and informative length L) could only be maintained if # < (In f0)/L. Thus, this
model, and more sophisticated ones (15-17), tell us that if the error rate is higher than a critical
threshold value, the information of the fittest sequence disappears in an ‘error catastrophe’. The
transition is sharp; with an error rate below the threshold, sequence information can be
maintained and propagated (Figure 1B), but above the threshold, future replicator generations
devolve catastrophically into random sequences (Figure 1C). In the case of the RNA polymerase
ribozyme, while 52-2 was accurate enough to synthesize reasonably functional copies of the
hammerhead ribozyme (+) from the (-) strand, it lacked sufficient fidelity to beat the error
threshold for an ongoing replicative cycle of copying the (+) strand into the (-) strand and the (-)
strand into the (+) strand, and so on.

Maintaining a low error rate is costly. In modern biology, the fidelity of DNA replication is
ensured by multiple energetically expensive mechanisms, including kinetic proofreading and
mismatch repair. In RNA viruses, which have very high error rates, increased fidelity comes at a
fitness cost of decreased replication (18). Consistent with Orgel’s Second Rule of evolution
(approximately, “you get what you select for”) (19), replicative systems tend to evolve just
enough fidelity to survive the selection pressure. To push the RNA polymerase ribozyme toward
higher fidelity, Papastravrou et al. realized that mutations introduced while synthesizing a



ribozyme generally decrease the mutant ribozyme’s activity. Indeed, replication errors by 52-2
when synthesizing the class I ligase cause a >1000-fold drop in ligase activity. This correlation
creates an opportunity to select for higher fidelity by selecting for higher activity of the ribozyme
products. In addition, fidelity of the RNA polymerase ribozyme is higher in lower Mg?*
concentrations, but at the cost of lower catalytic activity. Papastavrou et al. took advantage of
both correlations to push for higher fidelity, by evolving the RNA polymerase ribozyme under
decreasing Mg®" concentrations and selecting for it to produce functional, and therefore accurate,
copies of the class I ligase ribozyme.

The choice of the class I ligase as the product was based on its high information content. This
ribozyme contains 33 highly conserved sites and 41 partially conserved sites. By assigning bits
based on conservation (e.g., 2 bits to specify one out of four possible nucleotides (A, C, G, U), 1
bit to specify 1 out of 2 nucleotides, etc.), the information content of the class I ligase has been
estimated to be 95 bits (20). On the other hand, the self-cleaving hammerhead ribozyme is a
smaller motif, consisting of 12 invariant sites, or 24 bits (21). A complete replication cycle of the
hammerhead ribozyme would require accurate copying of 24 bits per strand, or 48 bits. Thus,
Papastavrou et al. reasoned that if an RNA polymerase ribozyme were evolved to accurately
copy the 95 bits of the class I ligase, it would be able to complete the 48-bit replication cycle,
avoiding an error catastrophe for the hammerhead ribozyme.

Using ingenious biochemical techniques to attach each molecule of RNA polymerase ribozyme
to the class I ligase it produced and then to the product of the ligase, RNA polymerase fitness
was linked to ligase activity, and therefore synthesis fidelity. After 18 rounds of selection,
winning RNA polymerase ribozyme 71-89 was isolated and compared with 52-2. Ribozyme 71-
89 contained 10 mutations compared to 52-2 and needed much less Mg*", allowing low Mg**
conditions promoting higher fidelity. During a complete cycle of hammerhead ribozyme
replication, 52-2 exhibited an error rate of 18.6% per nucleotide incorporation (fidelity of
81.4%), and 71-89 had an error rate of only 10.9% (fidelity of 89.1%). Thus 71-89 showed a
notable quantitative decrease in the error rate. However, because of the sharp threshold behavior
of the error catastrophe, the qualitative question is much more important: is a 10.9% error rate
low enough to propagate a ribozyme for many replication cycles, or not?

Papastavrou et al. tested experimentally whether 71-89 could replicate and evolve the
hammerhead ribozyme for multiple rounds of in vitro evolution. The RNA polymerase ribozyme
was used to copy the hammerhead ribozyme sequence back and forth into the (+) and (-) strands,
for 8 complete replication cycles. At each cycle, the hammerhead ribozymes also underwent
selection for self-cleaving activity. The evolutionary trajectory was followed by high-throughput
sequencing.

When 52-2 was used as the RNA polymerase ribozyme in this regimen, the sequence of the
hammerhead ribozyme disappeared as its information was dissipated in a few rounds,
demonstrating a clear error catastrophe. In striking contrast, when 71-89 was used as the RNA
polymerase ribozyme, the hammerhead ribozyme sequence survived throughout the rounds and
indeed underwent noticeable evolution toward increased fitness, primarily through improved
templating.



After observing the success of 71-89, one might reflect on whether 52-2 might have been able to
overcome the error catastrophe. Since error threshold is proportional to In fo, in theory, strong
selection conditions could amplify fitness differences to the point that replication would tolerate
the high error rate of 52-2. In practice, however, various realities may thwart this approach, as
stringent conditions would also lower absolute activity, possibly to the point that degradation
might outpace synthesis (22), such that solving one problem might cause new ones. Thus
ribozyme 71-89 represents a form in which the ‘rubber’ of replication theory successfully met
the ‘road’ of biochemical reality.

The origin of life is marked by transitions, often small quantitative changes that cause large
qualitative jumps when understood in evolutionary terms. Here, a <2-fold change in the error rate
of the RNA polymerase ribozyme led to the first RNA-catalyzed ribozyme replication and
evolution cycle. This new functionality is heading toward something profound: RNA self-
replication. If the RNA polymerase ribozyme could complete a full replication cycle of not only
the hammerhead ribozyme, but of its own sequence, the system will meet a widely accepted
definition of life as a “self-sustaining chemical system capable of Darwinian evolution” (23).
Looking forward, perhaps small improvements in the quantitative traits of 71-89 — a bit more
fidelity, a bit more activity — could bridge the existing gap. To paraphrase legendary coach John
Wooden (24), little changes to an RNA polymerase ribozyme could make big things happen in an
RNA world.
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Figure 1. Ribozyme replication and the error threshold. (A) A complete replication cycle for
the hammerhead ribozyme consists of copying the template (-) strand to produce the catalytic (+)
strand (top arrow), and copying the (+) to produce the (-) strand (bottom arrow). While earlier
RNA polymerase ribozymes could perform the top reaction to some extent, ribozyme 71-89
performs the full replication cycle with high fidelity. (B and C) Starting from the hammerhead
ribozyme sequence, cycles of full replication (“R”) and selection for catalytic activity of the (+)
strand (“S”) cause evolution. In this depiction, colored dots represent different sequences, with
blue representing the wild-type hammerhead sequence and other colors representing mutants
(with lower activity) generated during replication. If the mutation rate u is lower than the critical
error threshold value, selection can corral the population in sequence space, maintaining the
wild-type information despite replication errors (B). However, if u is too high, selection cannot
beat the mutational overload and information is lost to an error catastrophe, and sequences
diverge (C).
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