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Insights & Perspectives
The RNA dreamtime
Modern cells feature proteins that might have supported a prebiotic polypeptide world but
nothing indicates that RNA world ever was
Charles G. Kurland
Modern cells present no signs of a putative prebiotic RNA world. However,
RNA coding is not a sine qua non for the accumulation of catalytic polypeptides. Thus, cellular proteins spontaneously fold into active structures that
are resistant to proteolysis. The law of mass action suggests that binding
domains are stabilized by specific interactions with their substrates. Random
polypeptide synthesis in a prebiotic world has the potential to initially produce only a very small fraction of polypeptides that can fold spontaneously
into catalytic domains. However, that fraction can be enriched by proteolytic
activities that destroy the unfolded polypeptides and regenerate amino acids
that can be recycled into polypeptides. In this open system scenario the
stable domains that accumulate and the chemical environment in which they
are accumulated are linked through self coding of polypeptide structure.
Such open polypeptide systems may have been the precursors to the cellular ribonucleoprotein (RNP) world that evolved subsequently.

.

Keywords:
domain selection; non-ribosomal peptidyl transferase; polypeptides;
proteolysis; ribozymes

Introduction
The standard model for the origin of life
imagines that the first replication, translation, and transcription systems were
supported by RNA without the intervention of proteins [1]. The impulses for this
conjecture were first, the discoveries of
introns and exons in eukaryote mRNAs
and second, the self splicing of some
intron sequences in ribosomal RNA [2].

Here, a core assertion is that primordial
mini-RNAs corresponding to the original
exons encoded the first polypeptides [1].
In this scenario ‘‘RNA molecules began
to synthesize proteins, first by developing RNA adapter molecules that can bind
activated amino acids and then by
arranging them according to an RNA
template using other molecules such as
the RNA core of the ribosome’’. Twentyfour years later this dazzling speculation
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has been reduced by ritual abuse to
something like a creationist mantra.
Hence, the title, borrowed from Collins
et al. [3], alludes to an oral tradition of
origins passed on by the first Australians.
Finally, the support for a prebiotic RNA
world consists solely of ingenious piecemeal chemical simulations in vitro that
were obtained by chemists at great cost
and effort over a 20-year period [4]. Such
chemical simulations are accepted as
hard evidence by RNA worlders, but in
truth, they do not constitute proper evolutionary evidence.
It might have been useful earlier on
to address questions such as: Does the
routine identification of ribonucleoproteins (RNPs) as remnants of a prebiotic
RNA world [4] support Gilbert’s conjecture [1] or do they beg the question? Is
partial simulation in vitro by a ribozyme
running at one-millionth the rate normally catalyzed by a protein [5, 6] to be
taken as evidence for the prebiotic precedence of the ribozyme activity?
Though there are impressive synthetic
ribozymes with convincing performance
characteristics [7], why are there
no examples of naturally occurring,
protein-free ribozymes to link the postulated protein-free RNA world to the
modern cellular world [8, 3]?

Abbreviations:
FSF, fold superfamily; NPTase, non-ribosomal
peptidyl transferase; PTC, peptidyl transferase
center; RNP, ribonucleoprotein.

RNase P is an RNP that mediates the
maturation of transfer RNAs [9].
Normally, RNase P has both RNA as well
as protein components. But recently, an
RNA-free variant was discovered in
human mitochondria and shown to
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selected ribozymes is ‘fundamentally’
similar to that carried out by the ribosome’’. Fundamentally similar?
The first crystallographic reports of
the structure of archaeal 50S ribosomal
subunits described a roughly 20 Ådiameter protein-free RNA domain that
was identified as the PTC [15, 16]. These
observations contrasted decades of biochemistry that had identified protein
contributions to the bacterial PTC [17].
So, a fatwa was issued to clarify the
X-ray revelations: ‘‘From this structure
they deduced . . . that RNA components
of the large subunit accomplish the key
peptidyl transferase reaction . . . Thus,
ribosomal RNA (rRNA) does not exist as
a framework to organize catalytic
proteins. Instead, the proteins are the
structural units and they help to
organize key ribozyme (catalytic RNA)
. . . elements, an idea long championed
by Harry Noller, Carl Woese . . ., and
others’’ [18].
In unambiguous contrast to this
claim, Zimmerman and collaborators
[17] showed that deletion of E. coli ribosomal protein L27, long thought to be
part of the bacterial PTC, severely
depresses bacterial growth rates, which
are restored when the protein is
expressed from a plasmid. Likewise,
deletion of one to three N-terminal amino
acids of L27 had a similar debilitating
effect on growth rates as well as on peptidyl transferase reaction rates in vitro.
Most informative was their finding that
deletion of the three N-terminal amino
acids strongly inhibits the labeling of L27
by photo-activated tRNA at the P site.
The experiments of Maguire et al. [17]
rather clearly confirm a substantial chain
of biochemical experiments initiated in
1973 that consistently implicated L27 as a
close neighbor and probable participant
in the peptidyl transferase reaction of
bacterial ribosomes.
The identification by Maguire et al.
[17] of L27 as an essential part of the PTC
in E. coli ribosomes was confirmed by a
high-resolution structure of 70S active
ribosomes with tRNA-filled A site and P
site that revealed two proteins interacting directly with tRNA at the putative
PTC [19]. One of these is L27 and the
other is L16, which was also previously
implicated in peptidyl transferase
activity [17]. Thus, the universal
protein-free ribozyme at the heart of
the ribosome is history.
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Does RNA replace protein?
Comparisons with the findings from
archaeal subunits [15, 16] are suggestively complicated by the apparent
absence of an L27 homolog from the
archaeal 50S ribosomal subunit.
According to Voorhees et al. [19] the
projected orientation of L16 in the archaeal 50S subunits suggests that, like its
homolog in the E. coli ribosome, it may
be interacting with the elbow of the
tRNA in the archaeal A site. In fact it
would be highly instructive if, after
more stringent structural determinations are made, archaeal ribosomes
were indeed found to exploit a
protein-free RNA peptidyl transferase
in a high-resolution structure for active
70S particles. In that case, the PTC
would be just another example of an
RNP featuring an interchangeability of
RNA and protein functions as in the
RNA-free RNase P [10]. Indeed a cryptic
evolutionary trade-off between RNA and
protein may account for the observed
differences between some archaeal
and bacterial PTCs.
The growth efficiency of a cellular
process such as translation or transcription can be measured by its rate normalized to the molecular mass that is
required to carry out that process [20].
No biosynthetic cycle is as expensive to a
prokaryote cell as translation because
nothing else involves as large an investment in macromolecular equipment.
This means that the biosynthetic cost
of RNA in terms of growth efficiency is
roughly one tenth that for a polypeptide
chain. In this context of growth efficiency, the observed differences between
some bacterial and archaeal 50S subunits are consistent with the notion that
the evolution of the archaeal translation
apparatus involved a trade-off between
the costs of making that equipment and
the efficiency with which it works.
For cells such as the bacterium
E. coli, the growth optimization favors
high rates of function in relatively rich
media. That is to say, a fast, protein-rich
PTC is an acceptable ribosomal design
for optimal growth under relatively generous conditions [20, 21]. However, for
cells such as some archaea the options
may be different because they are
adapted to growth under conditions of
energy stress [22]. Here, ‘‘cheap’’ structural solutions for ribosomes are at a
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mature tRNA precursors normally [10].
If RNase P function can be supported by
protein alone, it is conceivable that such
protein functions have participated in
prebiotic systems as well. So, which
came first, a protein or an RNP version
of the enzyme? In fact, a recent phylogenetic survey suggests that an ancestral protein version may have preceded
the RNP version of RNase P [11].
Another instructive RNP is the bacterial ribosome. Studies of these RNPs
reveal the tension between routine biochemical observations and the expectations of RNA worlders, who refuse to
accept the simplest interpretations of
their experiments. For example, gentle
disruption of 50S subunits yields a compacted 23S RNA associated with a very
small core of ribosomal protein and this
RNP supports peptidyl transferase
activity with model substrates [12, 13].
Though these are straightforward
results, the authors are reluctant to concede the potential involvement of ribosomal protein in the peptidyl transferase
activity. Instead, they speculate that the
core of proteins in their active 23S RNA
preparations is trapped in an imaginary
RNA cage; that is to say, the proteins are
passive prisoners and not active participants [12, 13]. Noller [13] further comments that ‘‘true ‘ribocentrics’ will
simply view the latest aspect of the ribosomal puzzle as a worthy challenge,
whose solution promises to reveal one
of nature’s most ancient biological
secrets’’.
An attempt to simulate the peptidyl
transferase center (PTC) with the aid of a
synthetic ribozyme was equally obtuse.
Variants of tailored polynucleotides that
could simulate peptidyl transferase
activity were synthesized and selected
in vitro [6]. The fastest variant of the
tailored ribozymes had a kcat corresponding to 0.05 minute 1 per peptide,
which was compared with an elongation
rate of 15–20 seconds 1 for Escherichia
coli ribosomes [6]. In this comparison
the kcat was at least four orders of magnitude smaller for the ribozyme than for
the ribosome. However, the kcat of E. coli
ribosomes in the peptidyl transferase
reaction is closer to 100 seconds 1
[14], which indicates that the ribozyme
is five orders of magnitude slower than
the bacterial ribosome. Nevertheless,
Zhang and Cech [6] suggest that the
‘‘peptidyl transferase reaction of the
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premium even if they might come at the
cost of a somewhat slower rate of function, as expected for ribozymes. The
point is that archaea growing under
conditions of energy stress are constrained to produce amino acids relatively slowly with the consequence
that optimal translation rates might be
correspondingly slow. Here, substitution of costly protein by less costly
RNA would be a favored design strategy.
Indeed, comparative data suggest that
the evolution of the archaea involves a
selective loss of proteins from ribosomes, a loss that is most striking at
the crown of the archaeal ribosome
tree [23].
Valentine’s [22] insight into the
adaptive specializations of the archaea
may account for the putative proteinfree PTC of some archaeal ribosomes,
and more generally, it may explain
why there are two prokaryote domains
that are descendents of the eukaryote
ancestor: one for rich environments
and one for more metabolically challenging circumstances. Since the eukaryotes are the ancestral lineage from
which the divergence of archaea and
bacteria are thought to have been driven
by reductive pressure [24–27], relaxed
reductive pressure would allow eukaryote ribosomes to remain more proteinaceous than prokaryote ribosomes.
Accordingly, one prediction of this
scenario is that the PTC of eukaryote
ribosomes will turn out to be more
protein-rich than those of prokaryotes.
Another is that the rates of proteindepleted archaeal ribosomes under
comparable conditions may prove to
be slower than those of bacterial ribosomes. Astonishingly, it is currently
impossible to locate in the literature
ribosomal rates of translation along
with growth rates with which to make
meaningful comparisons.

Ribosomes are
ribonucleoprotein
particles, period!
An evolutionary trade-off between RNA
and protein for the adaptations of ribosomes to the realities of growth constraints is consistent with an earlier
view of ribosome structure. Voorhees
et al. [19] note that even in E. coli ribosomes the PTC seems to be rich in RNA.
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This was not too surprising since ‘‘everywhere’’ in the bacterial ribosome is rich in
RNA. Prior to the revelation of RNA
world, an emergent idea was that ribosomal RNA and proteins are not segregated
but are intermixed with cooperative clusters of proteins organized around specific
RNA domains [28]. This was a data-driven
interpretation based on biochemical
studies of ribosomes modified by
mutations, antibiotics, cross-linking
agents, site-specific chemical agents,
and partial assembly in vitro. The
E. coli ribosome along with all other ribosomes was seen as a RNP particle, not as
an RNA particle in protein drag.
Here, the self assembly of ribosomes
generates mixed neighborhoods of RNA
and proteins that provide the working
surfaces for the translating ribosome
[28]. The fact that a protein and an
RNA domain cooperate in the assembly
process would not preclude either one
as a potential ligand for intermediates in
translation. In effect, the strict division
of labor for ribosomal RNA and
protein proclaimed by Cech [18] is not
necessarily respected by ribosomes.
Amino acyl-tRNAs, protein factors,
and mRNAs are all relatively huge substrates. Accordingly, the binding of
these substrates to ribosomal sites and
their movements during translation
span correspondingly large RNP
domains [28]. This data-driven, lowresolution model has been well substantiated by high-resolution structural data
for the components of bacterial ribosomes. For example, all proteins with
the exception of the oligomeric protein
L7/L12 are directly bound to ribosomal
RNA [29]. Likewise, participation of RNA
and protein at functional sites is confirmed by high-resolution structures for
70S ribosomes complexed with A-site
and P-site tRNAs [19].

Polypeptide world
Gilbert’s ‘‘big bang’’ scenario [1] can be
replaced by a data-driven, gradualist
scheme in which a prebiotic polypeptide
world evolved into a modern RNP world.
Intelligent discussions of a putative polypeptide world are found in CairnsSmith [30], Kaufman [31], and Egel
[32]. Here, the principle novelty is a
chemical scheme in which randomly
generated, catalytic polypeptides may

.....

have been selected through a proteolytic
mechanism that enriches the population of polypeptides with biologically
relevant activities without the intervention of coding by RNA.
Highly relevant to this enrichment
scheme are the workings of a ubiquitous
cellular catabolic pathway that preserves the stability of high-density cellular proteomes by destroying proteins
that present aberrant sequences [33–35].
Modern proteins are made up of one to
several compact or folded domains (e.g.
fold superfamilies or FSFs) along with
terminal as well as interspersed linker
sequences. The provision of robust folding pathways for polypeptides synthesized on ribosomes is part of normal
sequence selection in evolution [36].
The result is that linkers are bound at
surfaces of domains or to other macromolecules so that they, together with
the self-organizing domains, are protected from the depredations of ubiquitous proteolytic ‘‘machines’’ such
as proteasomes [33–35]. In general,
degrading enzymes require a sequence
that is less than 10 Å in diameter to be
accommodated within the proteolytic
site [37]. Clearly, an amino acid
sequence that is organized into a compact domain or one that is stably bound
to ligands such as other domains, lipid
membranes, or chemical substrates is
not likely to pass through the 10 Å gateway leading to proteolysis.
The presentation of proteolytically
accessible amino acid sequences either
as unbound linkers or as unfolded
domains can result from mutation, translation errors, and chemical modification,
induced conformational rearrangements, or failure to bind a ligand [33–
36]. Systematic destruction of aberrant
proteins by proteasomes and their homologs rids cellular proteomes of potential
seeds for aggregation and precipitation,
which otherwise would be lethal to cells.
Indeed, the maintenance of the high
protein densities characteristic of all cellular proteomes has had a profound
influence on the evolution of cells
[38, 26]. Human degenerative diseases
that arise from mutations affecting
protein folding or from defective proteasome function underscore the impact of
proteolytic surveillance systems [39–42].
The metabolic consequence of such
proteolytic surveillance is that protein
degradation is a significant catabolic

Bioessays 32: 866–871,ß 2010 WILEY Periodicals, Inc.

.....

Insights & Perspectives

sequences, some small fraction would
be expected to fold spontaneously into
stable active domains with functions
such as the NPTases and proteolytic
enzymes as well as any number of
‘‘metabolic’’ activities. This expectation
is supported by the observations of
Keefe and Szostak [50], who recovered
biological activities from relatively
small populations of random amino acid
sequences polymerized in vitro. Thus,
stochastic populations of polypeptides
containing NPTases and proteolytic
activities etc. could generate a dynamic
situation in which random polypeptides
are continuously synthesized, but most
of these would be recycled by proteases
that regenerate the amino acids. The
small core of polypeptides that is resistant to proteolysis would be, by hypothesis, that which could spontaneously
fold into stable compacted domains,
which are resistant to enzymatic attack.
These diverse domains, stable to
proteolysis, would be enriched for a
corresponding diversity of catalytic
activities. This proposal can be tested
in systems such as those described by
Keefe and Szostak [50] to determine
whether exposure of randomly synthesized polypeptides to proteolysis
increases the specific activities of the
polypeptides for assayable functions.
Finally, it is reasonable to expect that
folding into active, proteolysis-resistant
domains is facilitated by the binding of
cofactors and/or substrates specific
to individual catalytic polypeptides.
Here, the specific binding of small molecules from the geochemical system to
their cognate polypeptides would tend
through the law of mass action to trap
the polypeptides in a folded state that is
resistant to proteolysis. In this way, prebiotic geochemistry may have selected
polypeptides that mediate cycles of
metabolic intermediates. The predicted
effect of substrates on the proteolytic
stabilities of random polypeptides can
also be studied in vitro as above.

Three steps to cells
In fact, a prebiotic polypeptide scenario
might account for the origins of the
ribonucleotides that accumulated prior
to the debut of RNA. There has been a
tortured history of attempts to generate
ribonucleotides in the laboratory as
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precursors required for the RNAs of
a putative prebiotic world [51, 52].
Recently, an ingenious approach has
succeeded to synthesize pyrimidine
ribonucleotides in a reaction that might
conceivably have been supported by
volcanic outgassing [52]. However, there
are still questions about the feasibility of
this reaction scheme in a prebiotic
environment and it still remains to
account for the purine ribonucleotides
[51, 52]. Finally, the scheme of Powner
et al. [52] is not the textbook pathway for
cellular biosynthesis of ribonucleotides
from three amino acids. For these
reasons it is still worth considering the
alternative in which the ribonucleotides
were accumulated prebiotically according to the textbook schemes that modern polypeptides follow.
Several innovations are required to
enable a transition from the prebiotic
world of polypeptides to biological systems. One is the introduction of an
mRNA analog to encode proteins, and
associated with that an analog of the
aminoacyl-tRNA adapter to translate
mRNAs, as in Gilbert’s proposal [1].
However, the adapter initially need
not have been a tRNA because the ability to recognize and to bind nucleotide
triplets in mRNA is not unique to RNA.
Proteins in the form of release factors
can bind and recognize triplet codons
with a discriminatory capacity much
greater than that of aminoacyl-tRNAs
[53]. Likewise, proteins in the form of
aminoacyl-tRNA synthases recognize
subtle side chain differences of amino
acids and match these with cognate
tRNA structures. Without this polypeptide function the adapter hypothesis
would be just another RNA world
fantasy.
So, whatever the disadvantages may
be, a primitive translation machine may
have exploited proteins for all functions
except that of mRNA. That is to say, the
evolution and tuning of the translation
machinery may have been driven by the
introduction and progressive expansion
of RNA functions at the expense of
protein. Such a tendency is consistent
with the notion that the large proteinrich eukaryote ribosome is ancestral to
the more economic archaeal ribosomes
that have evolved with reduced protein
complements under stringent reductive
pressures ([24–27], Wang et al., in
preparation).
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flow in healthy cells. As much as thirty
percent of newly synthesized proteins
are destroyed by proteolysis [43], while
a steady-state background of protein
turnover of about two percent per hour
is observed in growing cells [44].
This ubiquitous catabolic flow was
introduced to illustrate a particularly
informative dimension of protein evolution: this is that mutant variants
presenting unfolded domains or unprotected strings would tend to be culled
from populations as lethal alleles [45].
For example, even an allele that is
expressed with a fully active catalytic
site in an unstable fold might be a lethal
allele if its substrate does not protect the
domain from destruction. Accordingly,
protein sequence evolution is not a random walk through amino acid sequence
space. It is canalized through modular
sequences that are expressed as selforganized compacted domains and protected linker sequences, which are the
sole survivors of selection by proteolytic
machines [45]. Indeed, such modular
domains may correspond to the products of exons though it must be said that
protein chemists insist that the boundaries of exons and domains are not identical [46]. Perhaps a measure of
sequence drift over time may account
for these boundary discrepancies.
Numerous enzymes that synthesize
oligopeptides without the assistance of
an mRNA or the rest of the modern
translation apparatus have been
described in all three superkingdoms
[47–49]. Their products are short peptides with activities as diverse as antibiotics as well as neural transmitters
and that ubiquity itself speaks for their
ancient origins. Though these non-ribosomal peptidyl transferases (NPTases)
produce oligopeptides with defined
amino acid sequences, more primitive
ancestral enzymatic activities lacking
such amino acid specificity can be
expected to have arisen in stochastic
populations of polypeptides assembled
by geochemical mechanisms [30–32].
So, the second tier of prebiotic polypeptides may have been composed of random sequences produced by NPTases.
In this second phase, NPTases would be
able to autocatalytically increase the
rates with which random polypeptide
sequences could accumulate.
Among sufficiently large populations of random amino acid
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A second elementary innovation would
entail the ability to copy mRNA from
complementary polynucleotides. A
conservative guess is that this innovation arose when polypeptide-dependent random synthesis of polyribonucleotides was transformed into an
enzymatic copy mechanism. Initially,
it is simplest to imagine that making
mRNA copies as transcripts and replicating them as genomes were one and
the same function. At some point these
two functions were separated as in
modern cells.
The third innovation, which is
essential for the evolution of genetically
determined sequences, is the creation of
a link between individual genetic determinants and their products to enable
selection of competitive characters.
Evolution has chosen cellular boundaries to provide this link. As a result,
the composite features of a cell’s proteome can be selected by their integrated influence on, for example, a
cell’s growth phenotype. Without such
a link, selection is impossible.
Obviously, selection was for this very
reason impossible in the original formulation of RNA world [1].
There are at least two ways to think
about the origins of cellular boundaries. One is to imagine that short polypeptides with amphiphilic character
that could mimic lipid molecules
formed the first membranous boundaries as for example in nanotubules
made in laboratories [32, 54, 55]. The
other is to employ lipids synthesized by
polypeptides to spontaneously form
vesicles. In appropriate solutions lipids associate and behave astonishingly
like cellular membranes in model
experiments [56–58]. Of course some
combination of both lipids and amphiphilic peptides may be more relevant.
Since the lipids as well as lipid-like
peptides are potentially products of
polypeptide enzymes, their emergence
in the prebiotic world would not be
exceptional.
Since each of these three innovations
is in the present view a spontaneous
expression of protein chemistry, it is
assumed that the order of their appearances was random. However, all three
innovations would have to come
together to enable the transition from
prebiotic to biological systems.
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Conclusions
In the 1970s I attended an EMBO
Workshop at which a French philosopher of science asserted that
Molecular Biology was merely ‘‘romantic idealism’’. I of course indignantly
rejected that comment out of hand.
But 30 years later while trying to understand the explanatory power of Gilbert’s
‘‘big bang’’ theory [1] for the origin of life
I drifted back to that comment about
romantic idealism. And, I began to
understand why RNA world did not
need to explain anything in order to
be attractive to nearly all molecular
biologists.
RNA world is an expression of the
infatuation of molecular biologists with
base pairing in nucleic acids played out
in a one-dimensional space with no
reference to time or energy: ‘‘DNA
makes RNA makes protein’’ [59]. This
is not chemistry. It is genetics. And,
when true believers apply their genetic
dogma to studies of chemical mechanism, the result is ‘‘the secret of the cage’’
and a five order of magnitude kinetic
discrepancy described as a ‘‘fundamental’’ similarity [12, 13, 6].
The positive side of this infatuation
has been the development of robust
genomics, especially bioinformatics.
But RNA worlders are not likely to find
much comfort in genome sequences. A
very recent phylogenomic study by
Caetano-Anolles et al. [60] based on
hundreds of fully sequenced genomes
has revealed a time line for cellular evolution in which protein domains (FSFs)
that support conventional metabolic
pathways precede the debut of the
nucleic acids as well as the protein
domains associated with nucleic acids
in gene expression. This cellular time
line for the gradual elaboration of
RNA functions [60] is not inconsistent
with the thesis that the prebiotic world
was a polypeptide world.
Protein folding into compact
domains is a kind of self coding.
However, the protein code is not a
simple iterative code that lends itself
to a copy mechanism. That is to say, it
would be difficult to build genetics
around polypeptide interactions alone.
On the other hand, self folding and
proteolytic editing might be just good
enough to create a prebiotic chemical

.....

platform from which a cellular genetic
system might take off.
If my own initial reactions are anything to go by, RNA world or ‘‘RNA
makes RNA makes protein’’ has immediacy for molecular geneticists that is
lacking in the present scheme for a prebiotic polypeptide world. Thus, the
appeal of a polypeptide fold editing
scheme rests on some familiarity with
the contours of protein structure as well
as with translational editing in modern
cells. Regardless of its spontaneous
appeal, I suggest that RNA world should
now take its place on the shelf of ‘‘nice
ideas’’ along with Aristotle’s identifications of whales as fish and the worker
bee as a male.
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