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Abstract. An RNA world is widely accepted as a copy, double-stranded linear RNA genome capable of
probable stage in the early evolution of life. Two impli- recombination and splicing. The genome was most likely
cations are that proteins have gradually replaced RNA afragmented, allowing each “chromosome” to be repli-
the main biological catalysts and that RNA has not takercated with minimum error, that is, within the Eigen limit.

on any major de novo catalytic function after the evolu- The model as developed serves as an outgroup to root the
tion of protein synthesis, that is, there is an essentiallytree of life and is an alternative to using sequence data for
irreversible series of steps RNA RNP — protein. This inferring properties of the earliest cells.

transition, as expected from a consideration of catalytic

perfection, is essentially complete for reactions when thé&Key words:  Molecular evolution — Molecular fossils
substrates are small molecules. Based on these principles Ribozyme — RNA world — Spliceosome — Theo-
we derive criteria for identifying RNAs in modern or- retical biology — Ribo-organism — Small nucleolar
ganisms that are relics from the RNA world and thenRNA — Riborgis eigensis

examine the function and phylogenetic distribution of
RNA for such remnants of the RNA world. This allows
an estimate of the minimum complexity of the last ribo-
organism—the stage just preceding the advent of genet
cally encoded protein synthesis. Despite the constraints

placed on its size by a low fidelity of replication (the Suggestions that, in early life forms, RNA was both ge-
Eigen ||m|t)’ we conclude that the genome of this Organ-netic material and Catalyst began with the first investi-
ism reached a considerable level of complexity that in-gations of the ribosome (Crick 1968; Orgel 1968), long
cluded several RNA-processing steps. It would include d€fore the idea gained support from the discovery of
large protoribosome with many smaller RNAs involved RNA with catalytic activity (Cech 1986; Guerrier-

in its assemb|y' pre-tRNAs and tRNA processing, anTakada et al. 1983). This concept of an RNA world
ability for recombination of RNA, some RNA editing, an (Gilbert 1986) has been widely discussed (for example:
ability to copy to the end of each RNA strand, and someWhite 1982; Reanney 1987; Watson et al. 1987; Benner
transport functions. It is harder to recognize specificet al. 1989; Gibson and Lamond 1990; Gesteland and
metabolic reactions that must have existed but synthetiétkins 1993) and at present there are no serious alterna-
and bio-energetic functions would be necessary. Overallives to an RNA world being one essential intermediate

this requires that such an organism maintained a multipl&étage in the origin of life. The primary evidence for an
RNA world comes from the roles of RNA in modern

cells; these are considered relics or molecular fossils

. . 4 _ from an earlier living system. Recent advances in the
*Present addresPepartment of Biophysics and Biochemistry, Gradu-

ate School of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo StUdy_ of RNA, partICUIarly of RNP (rlbonu_clelc aCI_d p|US
113, Japan protein), have allowed much closer scrutiny of this stage
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energy sources available in the RNA world are discussedecombination-competent, fragmented genome is the
here; recent considerations of these problems can beost probable ancestral state (Fig. 4). Finally, we set
found in Wahtershaser (1990, 1992), Joyce and Orgel tentative upper and lower size limits for the genome that
(1993), Bdnler et al. (1995), and Lazcano and Miller are based on the inferred complexity of metabolism in
(1996), along with supportive experimental data (Ertemthis model ribo-organism.
and Ferris 1996). To be useful, a scientific model should lead to pre-
Many aspects of the RNA world remain uncertain, asdictions and in the present case we test our model to see
does the transition to a protein-encoded system. One cofvhether it could lead to later stages in the evolution of
cern is just how rapidly a protein translation system dedife. The origin of life involves a continuous series of
\/e|0ped_ In some schemes a Comp|ex DNA/RNA world ancestors, all of which need to be fU”y viable. The stage
is envisaged before translation (Benner et al. 1989)after the last ribo-organism is the evolution of protein
whilst in others some protein translation is seen as debiosynthesis. By examining those RNAs that have sur-
veloping quite early in a relatively simple RNA world vived until the present day we (_jemonstrate (Poole et al.
(Gibson and Lamond 1990), and more recently that pro,’L997) that an encoded translation system .could de\_/elop
tein is seen being as involved from very early stagesb}’ numerous smaI_I steps from our model rlbo-orgamsm.
(Gordon 1995). A related problem is the root of the treeFinally we use this model to root the tree of life by
of life. Determining the root would define many features €xamining RNA metabolism as an alternative to using
of the Last Universal Common Ancestor (LUCA) of all S€quence data. A conclusion is that the prokaryote ge-

living systems (Penny 1988) and allow us to distinguish™©Me iS derived in structure, having undergoreelec-

between ancestral and derived biochemical featurelo" and/or a thermophilic stage, becoming smaller, more
(Rivera and Lake 1992; Gupta and Singh 1994) compact, and efficiently organized. An interesting cor-

Our approach is to review the functions that RNA ollary of the analysis is that the genome structure of

performs within modern cells and to consider the phylo_eukaryotes most closely approximates the architecture

genetic distribution of these RNAs. Based on the as_expected for the genome of the last ribo-organism (Jef-

sumption thatibiquitousclasses of RNAs are molecular fares et al. 1995; Poole et al. 1997).
fossils of the RNA world, we describe a modBiorgis

eigensi3 for the structure of ribo-organisms at the point

where genetically encoded protein translation evolvedBasic Assumptions

the breakthrough organism. This model will necessarily

be a conservative estimate of the final complexity of theyye geveloped our model for the final complexity of the
RNA world because many original ribozymes will have g\ world based upon several assumptions and evolu-
been replaced by proteins during the long time perioQijonary principles. The key ones are given below and

since the evolution of translation. _ additional information is given later.
Several discussions (Diener 1993; Maizels and

Weiner 1993, 1994; Gibson and Lamond 1990; Reanney  an RNA world existed and ribo-organisms were the

1987) consider the possible genome structure of ribo- jmmediate predecessors of translation-competent or-
organisms pre-dating the three primary lineages (eukary- ganisms.The unique ability of RNA to act as infor-
otes, archaea, and eubacteria) recognized today. “Ge- mation carrier and catalyst provides strong support for
nome organization” in this discussion includes only  the existence of the RNA world. Many functions of
information such as the size of genome, whether it is the ribosome are RNA-mediated (Noller 1993a) and
linear or circular, fragmented or continuous, the copy the peptidyl transferase function can be performed by
number, and the presence of single or multiple centers of protein-depleted ribosomes (Noller et al. 1992), indi-
origin of replication. It does not include cytological in-  cating that protein synthesis arose in ribo-organisms.
formation such as cellular or acellular, membranes pre2. After the evolution of translation, proteins have aug-
sent or absent, or the degree, if any, of cellular compart- mented, then largely replaced RNA as catalyStsa-
mentation (such as a nuclear structure). lytic RNA took on no major de novo functions after
We consider genome architecture fundamental, and the evolution of genetically encoded protein transla-
because archaea and eubacteria are fundamentally simi- tion. We envisage a double transition, first to an RNP
lar in genome organization (Baumann et al. 1995), we (ribonucleic acid plus protein) world, and later to a
distinguish between them only as necessary, though this DNA-protein world with protein carrying out nearly
does not prejudge the question of the monophyly of the all catalytic functions. New RNAs or RNPs could
prokaryote genome organization (Forterre 1996). Anim- possibly arise by gene duplications and divergence to
portant question is whether a circular or linear genome a modified function, but this seems to be very rare.
architecture is more plausible for the ancestral condition3. Frozen accidents are a consequence of evolution as
In agreement with others we show, based on genome tinkering.The concept of a “frozen accident” (Crick
dynamics and the molecular fossil record, that a linear, 1968; see also Eck and Dayhoff 1966), describes an
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evolutionary event that is retained not because it is thdable 1. Turnover numbers for ribozymes and protéins
optimal state but because many other systems rely on

i1 -1 i1
it. The concept is important in accounting for RNAs Catalyst K (i) KeafKim (M min™)
being retained over the 3 billion or more years sinCeretrahymena L-21(Sacl) 01 9.0x10
the evolution of translation. Maizels and Weiner Polynucleotide kinase 0.3 6.0x16
(1994) call this concept “coevolutionary depen- 19-base virusoid 0.5 8-3"%0
dence.” We find that many of the RNAs in modern 719 intron L7 43x1
i ) RNase P RNA 1 20x10
organisms are central to metabolism, and under asgnase p RNA and protein 2 4.0 X80
sumption 2 they are not expected to arise in a moderngNase T# 5,700 1.1x18
protein-synthesizing organism. Moreover, ribozymesStaphylococcal nucleage 5,700 6.0 x 10
not central to metabolism are more likely to be re- T4 Polynucleotide kinase 25000 6.0x1B
laced by proteins Triose-P isomera8e 258,000 1.4 x 18
placed by p o . _ _ Cyclophilin? 780,000  9.0x 19
. Relic RNA can be defined according to simple crite-carbonic anhydrage 600,000,000 7.2x 10

ria. Not all RNAs need be molecular fossils dating to
the RNA world. Here we use three criteria to evaluate” 1urnover number is k, Values from Herschlag and Cech (1990);
the antiquiy of RNAS. Ma of the RNAS Saisy all (e e bes et st et o oy
three criteria, which are detailed below: b Protein catalysts

A. Catalytic. Catalytic RNAs are more likely to be °Artificial ribozyme evolved in vitro

relics than are information-carrying RNAs. The ad-
vantage of proteins over RNA lies in their superiority
as catalysts. Hence we may assume such RNAs are
not recent additions to metabolism. Where RNA acts
solely as an information carrier, and could have arisen
de novo or by duplication and divergence from earlier
RNAs, the case for antiquity is not strong. RNA could

even have advantages that would be selected ov%r f the RNA Id model is that
protein—for example, antisense RNA could easily consequence of the world mode! 1S that, over

arise from double-stranded DNA and could have in.lime, proteins have gradually replaced RNAs in catalysis

trinsic advantages as a gene requlation mechanism by virtue of their superior catalytic properties (Orgel
L 9 9 9 - "1968; Crick 1968; Watson et al. 1987); protein catalysts
B. Ubiquitous.RNAs that occur in all living organ-

isms are more likely to be ancient molecular fOssilsgenerally have much faster turnover numbers and shorter

. . ) .. reaction times (Table 1). The expectation is a two-stage
because it is unlikely that novel RNAs will arise in- ( ) P 9

q dently i i H the d transition of RNA ribozymes to proteins via ribonucleo-
ependently in several lineages. However, the ec'brotein ribozymes (RNP), that is:

sion as to whether an RNA is ubiquitous will change
with different rootings of the tree of life. RNA — RNP - protein
C. Central to metabolismPossibly the most impor-

tant consideration is the position of an RNA molecule and consequently no novel catalytic RNAs are formed de
in metabolism. Under the frozen accident concept (asnovo after the advent of efficient genetically encoded
sumption 3) any RNA molecule central to the work- protein synthesis. We consider each step in turn: RNA
ings of the cell is very difficult to replace and thus ribozymes to RNP ribozymes and RNPs to protein en-
more likely to date from the RNA world. zymes, though for this latter phase we distinguish small

nome size. We assume that replication accuracy was
a strong limiting feature in the RNA world.

The Replacement of RNA by Protein

. Continuity of function—evolution by tinkeringnder  molecule substrates from RNA substrates.

a Darwinian mechanism any complex structure can- The selection pressures that led to the almost exclu-
not arise by chance de novo; there must be manyive usage of protein enzymes in modern metabolism are
functional intermediates. Evolution “tinkers” (Jacob only partially understood, especially as many cofactors
1977) with what is already present. It is possible someappear to date from the RNA world (White 1982), and at
RNAs, in particular those which are not central to least uracil could have had amino acids covalently linked
metabolism, have been altered so that their functiongRobertson and Miller 1995b). The number of functional
now differ from those in the RNA world. groups (20 amino acids) used by proteins, and the ability

. Eigen limit. The quasi-species concept of Eigen andto maintain precise tertiary structure, is an advantage

Schuster (1977; Eigen and Winkler-Oswatitsch 1981,which RNA catalysts lack. Proteins are able to perform
Eigen 1993; see Maynard Smith and Szathyri®95, many of the functions that RNAs still catalyze in na-
p44) demonstrated that the accuracy of replicationture—RNase E (a protein) can cleave RNA in much the
placed limits on the size of genome that can be mainsame way as the ribonucleoprotein RNase P (Apirion and
tained by selection. The higher the error rate duringMiczak 1993) or hammerhead ribozymes, and catalytic
replication, the smaller the maximum permissible ge-antibodies can form peptide bonds (Jacobsen and Schultz
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Fig. 1. Comparison of reaction rates for small
and large substrates. Each enzymatic reaction is
idealized as a “diffusion” time when the
substrate(s) and catalyst megt @& “reaction”

time (i), and a “release/readjustment” time

@ (i) (i) small substrates - before the catalyst is free to begin the next
AN > =4 shorter diffusion  reaction {ii). Given Graham’s Law of Diffusion
time

(rate inversely proportion tdMW), the diffusion
time for a large substrate will be much longer than
the reaction time for the catalyst. Shortening the
reaction time would not necessarily give much
. advantage with a large (macromolecular) substrate.
() @) (i) 0] @) (i) Iar?j;;gf;?ﬂgs " An RNP may suffice in cases where diffusion
————f\)’\ AN diffusion time limits the multiple turnover of products. In such a
) situation the only solution would be to remove the
B need for the entire process. The differences in the
selection pressures of prokaryotes (relatively

RNP protein

“u

. . selected) and eukaryotes (relatively K selected)
() (i) (i) L .
could account for the large variations in the
’ U | S— numbers of RNPs used.

1994), a reaction that appears to be RNA catalyzed in th&Nase P holoenzyme (RNA plus protein) cleaves tRNA-
ribosome (Noller et al. 1992; Noller 1993b). Nor is there like substrates more efficiently than the RNA subunit
any need for RNA to recognize any specific RNA se-alone and requires lower M§ concentrations (Liu and
guence, because a variety of proteins bind RNA in aAltman 1994). Although it could be argued that the RNA
sequence-specific manner (Draper 1995). Thus recognhas atrophied in the presence of its protein moiety, this in
tion of specific RNA sequences by RNA in the spliceo- itself is indicative of the direction of evolution. A limi-
some (Madhani and Guthrie 1994b), and in the tRNA-tation on catalysis by ribozymes appears to be in RNA
ribosome interaction (von Ahsen and Noller 1995; forming and maintaining an optimal tertiary structure, as
Samaha et al. 1995) could, in theory, be replaced byvidenced by requirement for high concentrations of
proteins. This observation, given our assumption thaMg?*—the RNase P RNA, for example (Guerrier-
RNA does not take on any new function after the evo-Takada et al. 1983). Chaperone-like activities of nonspe-
lution of protein synthesis, implies such RNA-RNA rec- cific proteins may help maintain the active site and help
ognition systems would date from the RNA world. neutralize negative charges on the RNA (see later). Non-
specific RNA-binding proteins can enhance the activity
of ribozymes that are not associated with such proteins in
nature (Herschlag et al. 1994; Coetzee et al. 1994). It
thus appears that ribozyme stabilization and enhance-
ment by peptides does not require highly specific amino
acid interactions, making the transition to RNP easier
and, given the increased activity referred to above, ad-
vantageous.

RNA - RNP

In vitro evolution experiments have shown that RNA by
itself can form remarkably efficient catalysts. Herschlag
and Cech (1990) describe a ribozyme frdmthermo-
phila derived by artificial selection with ak/K, = 9 x
10’, a value of an order comparable to that for protein
catalysts (see Radzicka and Wolfenden 1995). Ribo-
zymes can also be highly selective about their substrateRNP _. Protein
hammerhead ribozymes and self-splicing introns display
high specificity from using internal guide sequencesThis transition is considered separately for small and
(Cech and Uhlenbeck 1994; Pyle et al. 1992). In extantarge substrates because differences are expected de-
life ribozymes catalyze transesterification reactions butpending on whether or not diffusion of the substrate onto
in vitro evolution experiments show that RNA is able to the catalyst is rate-limiting (Fig. 1). For small substrates
catalyze many other reactions (e.g., Doudna et al. 1991there are now apparently no RNP ribozymes, though in a
Bartel and Szostak 1993; Lorsch and Szostak 1994; Wilfew cases an amino acid bound to a tRNA is involved in
son and Szostak 1995; Illangasekare et al. 1995). Howintermediary metabolism. These include: glutamate to
ever very few catalysts are formed entirely of RNA in glutamate-1-semialdehyde conversion in the early stages
extant organisms—self-splicing introns, viral hammer-of heme synthesis in chlorophyll (Sahet al. 1986), the
head ribozymes, and related self-splicing RNAs such asise of tRNAY in Staphylococcupeptidoglycan synthe-
the Varkud retroplasmid (Maizels and Weiner 1993) aresis (Roberts et al. 1968); the “mischarging” of tRI{A&
exceptions. with glutamate and the subsequent conversion of the
Despite the catalytic prowess of ribozymes, evidencébound glutamate to glutamine (Rogers andl $895);
to support the first step from RNA to RNP abounds. Theand the similar mischarging of tRNA" with aspartate
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(Curnow et al. 1996). Because these reactions are neitherganisms for relics and thus develop a model for com-
ubiquitous nor use a catalytic RNA moiety they do notplexity in the RNA world (Benner et al. 1989; White
meet our criteria for being relics of the RNA world. We 1976, 1982; Yarus 1993; Gibson and Lamond 1990; Die-
suggest (Poole and Penny in preparation) that amino acider 1993). Candidates are RNAs which fit at least one of
mischarging of tRNA may be a biochemical adaptationthe criteria: catalytic, ubiquitous (or at least conserved
to extreme conditions when, for example at high tem-within the eukaryotic lineage, see later), or central to
peratures, free glutamine is unstable and its low concensome aspect of metabolism. These are summarized in
tration would limit protein biosynthesis. In the present Figs. 2 and 3 and show the distribution and sizes of the
context, the examples above serve to emphasize that cRNA moieties, thus allowing estimates of the minimum
talysis involving small molecules is essentially carriedgenome size of the final ribo-organism. We will review
out by proteins, albeit often with a ribonucleotide cofac-each major class in turn.
tor (NAD, NADP, FAD, etc.).
When the substrate is a large macromolecule, the re-
placement of RNP by protein is not as complete as folRibosomes
small substrates; this may be explained by the relative
rates of catalysis and substrate diffusion. An enzyme iAlthough peptide synthesis was likely before the evolu-
deemed to have reached catalytic perfection when diffution of translation—even in prebiotic environments (La-
sion of substrate onto the active site is slower than thdav et al. 1978; White and Erickson 1980)—protein
rate of chemical catalysis, and the diffusion step isstructure must be inherited before it can evolve. Many of
thereby rate-limiting (Albery and Knowles 1976). Under the ribosome functions required for protein synthesis are,
such circumstances, refining the chemical step will notat least in part, RNA-mediated, including peptidyl trans-
enhance the overall rate of catalysis; thus the enzyme cdierase (Noller et al. 1992) and decoding functions (Pu-
be considered to have reached evolutionary perfection. Inohit and Stern 1994; von Ahsen and Noller 1995), and
the case of small molecules, diffusion rate is relativelythe tRNA acceptor site interaction with 23S rRNA
fast, and in many instances the rate of the chemical re(Moazed and Noller 1991). In addition, prokaryotic ri-
action, not diffusion, is rate-limiting. In such cases re-bosomes depleted of protein will catalyze the fragment
finement of the active site will improve the overall cata- reaction, and thus even modern ribosomes appear to be
lytic rate because the efficiency of the enzyme isprotein-stabilized ribozymes (Noller et al. 1992; Noller
dependent on the chemistry of the reaction. As the chem1993b). This result does not, however, rule out the pos-
istry afforded by protein catalytic sites is superior to thatsibility that proteins play an essential role in the catalytic
of RNA catalytic sites (Table 1), we expect that there isfunction of the modern ribosome, and to this effect it is
a tendency for protein enzymes to replace RNP ribonot surprising to find that the ribosomal protein L2 is
zymes when the chemical step, and not diffusion, is rateessential for peptidyl transferase activity (Cooperman et
limiting (Fig. 1A). al. 1995) in some organisms. This finding provides evi-
However, in the case of large substrates such as RNAlence for the reality of the RNA-to-protein catalytic tran-
the rate of diffusion is the slowest step and so refinemensition over time in that the ribosome has taken on the
of the chemical step will not speed the reaction overallsuperior catalytic efficiency of protein chemistry.
(Fig. 1B). Thus catalytic perfection and the efficiency of Decoding, the interaction of tRNA anticodons with
the chemical step cannot be equated—catalytic perfedhe ribosome, can be mimicked by a small RNA analog
tion is reached when the overall rate of catalysis is lim-of the rRNA region thought to be involved in decoding in
ited only by the diffusion of the substrate onto the activeintact ribosomes (Purohit and Stern 1994). Smaller
site. This explains the observation that extant RNP ribo-RNAs could thus have acted fransto form a function-
zymes appear to carry out enzymatic catalysis excluing ribosome, in much the same way as the larger 5S,
sively on large macromolecule RNAs. In this case cata6S, and 23S function today. Additional evidence for a
lytic perfection can be reached without a protein-composite protoribosome may be the finding that the
catalyzed step because it is the diffusion of substrate onta-sarcin loop appears to be a modular RNA (Szewczak
the catalyst that is limiting the overall rate of the reactionand Moore 1995). Still further evidence which makes the
(diffusion being inversely proportional to M  concept of an RNA-only ribosome feasible is the dem-
—Graham’s Law of Diffusion). Consequently, there is onstration that an in vitro-evolved RNA is capable of
little selection to replace the RNA enzyme, irrespectivetRNA aminoacylation (lllangasekare et al. 1995). These
of the fact that protein chemistry is superior. points, taken together, demonstrate that although pro-
teins are now essential for high turnover in amino acid
synthesis, an all-RNA ribosome is how, more than ever
Phylogenetic Distribution of RNAs before, a plausible part of the RNA world model.
How is it that the protoribosome evolved to such com-
Given the strong trend RNA. RNP - protein, we can  plexity with RNA, and so many of its functions are still
examine the phylogenetic distribution of RNA in modern carried out by RNA? A possible answer to both questions



23

pre-mRNA

translation | SRP RNA

=

|| ———[pretRNA |

x’ KEY
Ubiquitous RNAs | T |

Only present in eukaryotes | __1
Predicted genome/transcription ——

Fig. 2. RNAs involved in the processing of RNA in modern cells. snoRNA (Potter et al. 1995). It is also interesting that all the universally

Processing of pre-rRNA, pre-mRNA, and pre-tRNAs shows a similarconserved RNAs (ubiquitous) contribute in some way toward the pro-

order of RNP-mediated steps in transcript maturation, though thoseein translation apparatus. Note that the picture includes a nucleus. This
shown inwhite have been lost (on our interpretation) in prokaryotes— we find useful to include only because it demarcates the boundary
although at least one archaed®u(folobus acidocaldariyscontains a  between the processes of transcription and translation.

may come from studying problems in a cyclic systemSnorposome—Processing and Assembly of Ribosomes
with low fidelity. Hasegawa et al. (1984) showed that the

components of the translation apparatus are subject tdhe eukaryotic rRNA maturation apparatus includes
error amplification if they synthesize their own constitu- many ribonucleoproteins from the ever-broadening fam-
ent proteins. The basic concept of amplification of errorsily of small nucleolar RNA (snoRNA) (Table 2; Morris-

in a cyclic system was introduced by Orgel (1963) in thesey and Tollervey 1995; Maxwell and Fournier 1995).
context of aging. Any errors present in such a system thaThese RNAs differ from small nuclear RNA (snRNA)
decrease fidelity are amplified and the whole system deand appear to constitute a larger functional unit, known
grades in an “error cascade” (Eigen and Schuster 1979as the snorposome or processosome, which is involved
or “mutational meltdown.” An early, low-fidelity pro- in ribosome maturation. Many snoRNAs are encoded
tein catalyst would initially increase error amplification; within introns of proteins such as HSC70 (Liu and Max-
the first proteins are likely to have been selected for theimwell 1990; Leverette et al. 1992), RCCI (Kiss and Fili-
ability to increase the accuracy of the existing protori-powicz 1993), and a number of ribosomal proteins (re-
bosome. This argument is independent of the origin ofviewed in Maxwell and Fournier 1995; Table 2). The
the protoribosome because whether it was involved irmost striking example of this is eight different small
replication or ribogene transcription, it was susceptible tosnoRNAs encoded in eight different introns of a sin-
an error cascade (Hasegawa et al. 1984). We prefer thgle gene (Tycowski et al. 1996). The total number of
model in which the protoribosome initially had a differ- snoRNAs is not yet known but at least 30 appear to occur
ent function (possibly originating in replication, Gordon in mammals (Kiss-Lszlo et al. 1996; Nicoloso et al.
1995) and it was only later recruited into the role of 1996). These snoRNAs may turn out to be some of the
protein synthesis. A detailed model is possible (Poole etmost striking remnants from the RNA world.

al. 1997). The estimate we use for the size of the original The first indication of their function was revealed as
ribosome is approximately 7,500 nucleotides (Table 2)a result of finding that parts of their sequences were
which includes both major subunits, 5.8S rRNA, andcomplementary to parts of the RNA of ribosomes, in-
intervening sequences. cluding the BETS, 18S rRNA, ITS, 5.8S rRNA, and 28S
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Fig. 3. Phylogenetic distribution of molecular fossil RNAs that may particular eubacteria, lack several RNPs that our model predicts orig-
date back to the RNA world. In this Venn diagram, RNA includes inated before protein translation. We suggest that prokaryotes have lost
pyridine cofactors possessed by all living groups (eubacteria, archaeanore RNAs than eukaryotes and that this loss may be due to the
and eukaryotes) as these are central to metabolism. Eukaryotes contaielative influence of selection and/or thermophily.

all the RNAs shown and hence represent the superset. Prokaryotes, in

rRNA (Maxwell and Fournier 1995), in some cases toation occurs five nucleotides from the paired region be-
conserved single-stranded regions. Crosslinking studiesveen the snoRNA and the rRNA. Direct experimental
indicated that both U3 and snR30 (Table 2) are in contacsupport for this role in determining sites of methylation
with the 35S pre-rRNA in vivo (Morrissey and Tollervey is now available from genetic studies (Cavaille et al.
1993) and the base pairing between U3 and the pre1996). The role of ribose methylation is not yet clear but
rRNA can be widely conserved (Beltrame and Tollerveyis suggested to increase hydrophobicity, allowing closer
1992). For example, Peculis and Steitz (1994) found thapacking of the eukaryotic ribosome. The absence of
many bases in the' $egion of XenopudJ8 are essential snoRNAs from prokaryotes (apart from some archaea,
for rRNA processing and that this region is highly con- see later) is an enigma (see Poole et al. 1997, for a
served betweeXenopusand mammals (90% identity). possible solution) and the virtual absence of methylated
The intron-exon structure of the region encodingrRNA in prokaryotes (Nicoloso et al. 1996, and refer-
snoRNA (Sollner-Webb 1993) may also be conservedences therein) indicates that extensive methylation is not
There are also potential base-pairing interactions withessential for ribosome action, at least once protein syn-
core regions of rRNAs (Bachellerie et al. 1995) and somehesis is established. It can only be assumed at present
intron-encoded snoRNAS appear to require spliceosom#hat in prokaryotes, proteins fulfill the role that methyl
processing before final maturation (Kiss and Filipowicz groups perform in eukaryotes. Assuming RNA RNP
1995). All these support the antiquity of the ribosome, - protein, this use of snoRNA would be the ancestral
spliceosome, and snorposome system. Some snoRNA®ndition (see Table 3 in Poole et al. 1997).
(U32, U36) have conserved regions complementary to A functional homologue of the eukaryotic U3
both the 18S and 28S rRNAs (Nicoloso et al. 1996) andsnoRNA has been found in the archa&uifolobus aci-
so a single snoRNA molecule may form base pairs withdocaldarius(Potter et al. 1995). In contrast, the process-
both rRNAs. As well as a potential role in assembly of ing of pre-rRNA in eubacteria appears to involve only
the rRNA complex, this may be indicative of an ancientproteins. Thus it is important to examine rRNA process-
RNA scaffold that maintained rRNA conformation both ing in other archaea. Nevertheless, finding U3 snoRNA
intra- and intermolecularly where there is now a proteinin eukaryotes and an archaeon supports a gradual re-
scaffold. It is significant that this offers a solution to the placement of snoRNPs by protein enzymes in prokary-
problem of assembling large RNA complexes before theotes (Jeffares et al. 1995), and we discuss the selective
advent of proteins. advantages of this loss of RNPs later (Poole et al. 1997).
An important function of snoRNAs is to identify The total length of the 26 snoRNAs of yeast is 5,426
nucleotides where the 2-hydroxy position of ribose be-nucleotides (Maxwell and Fournier 1995) and we will
comes methylated during the maturation of the ribosomause this as our estimate of the size of the ancestral snor-
(Kiss-Laszlo et al. 1996; Nicoloso et al. 1996). Methyl- posome and related functions.
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Reference/Genbank
Function RNA molecule Size (bp) Distribution In RNA world? accession no.
Translation: structural 16S/18S rRNA (small E. coli 1542 Ubiquitous Yes J01695; X59734
and catalysis subunit)—eukaryote Xenopusl826
18S is equivalent to ITS1 557
prokaryote 16S
23S/5.8 & 28S rRNA E. coli 2904 Prokaryotes Yes J01695
(large subunit)— Xenopus
eukaryote 28S + 5.85  5.8S 162 Eukaryotes X59734
is equivalent to ITS2 262
prokaryote 23S 28S 4115 Eukaryotes X59734
ETS 712
5S rRNA E. coli 120 Ubiquitous Yes J01695; M10850
Xenopusl93
rRNA gene cluster XenopusRNA X59734
genes 7634
E. coli rrnB J01695
operon 7508
Translation, information mRNA Various Ubiquitous At beginning of RNP
carrier world
Translation: adaptor tRNA E. coli mature Ubiquitous Yes J01713
tRNA 76
(supB-E tRNA
cluster with 7
tRNAs 1100)
Amino acid metabolism  tRNA Ubiquitous Yes
Replication primer tRNA Retrotransposons,Possibly
Retroviruses,
Plant
pararetroviruses
tRNA maturation RNase P E. coli 377 Ubiquitous Yes M17569
rRNA processing snoRNAs 26 tot8l. 5426 total Eukaryotes Yes Maxwell and
cerevisiae. Fournier (1995)
U3 snoRNA Sulfolobus Potter et al. (1995)
acidocaldarius
(an Archaeon)
rRNA processing RNase MRP Xenopus277 Eukaryotes Related to RNase P D30745
mRNA splicing in Spliceosomal RNAs Xenopus Eukaryotes Yes
eukaryotes
Ul 122 K02697
U2 189 K02457
U5 116 X06020
Yeast
U4 129 X15491
U6 112 X12565; X54302
Human
U4datac 131
Ubatac 125
mRNA splicing Group | self-splicing Tetrahymena Possibly
introns
mRNA splicing Group |l self-splicing Possibly
introns
Mistranslated protein 10Sa RNA E. coli 363 Eubacteria Possibly, though D12501; Tu et al.
degradation RNA world (1995); Keiler et
function unknown al. (1996)
Modulation of 10Sa RNA Nonspecific D12501; Retallack

DNA-binding protein
activity

and Friedman
(1995)

chaperone-binding
modulator in RNP
world?
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Table 2. Continued.

Reference/Genbank
Function RNA molecule Size (bp) Distribution In RNA world? accession no.
Protein translocation SrpRNA Xenopus297 Eukaryotes, Yes (probably a K01754; Kaine
Solfolobus Archaea (7S GTPase) (1990)
solfataricus RNA)
309
E. coli 114 Eubacteria (4.5S X01074
RNA)
Maintenance of G8 RNA Tetrahymena Eukaryotes Probably—weak X57037; Fung et al.
translation apparatus at thermophila homology to 7S (1995)
elevated temperatures 306 and 4.5S RNAs
Not known Vault RNAs Rana catesbeiana Eukaryotes Possibly (informationZ11765; 211771
89-94,Rattus still lacking)
norvegicusl41
Phosphorylation RNA nuclear extract Eukaryotes Possibly— Fung et al. (1997)
essential for protein speculatively an
phosphorylation. RNA-containing
enzyme
Gene regulation Antisense RNA Ubiquitous Possibly—in gene See text
regulation.
Editing via deamination Internal guide segs (e.g., Eukaryote Yes Lonergan and Gray
in tRNA) mitochondria (1993)
(e.g., in
Acanthamoeba
castellani)
Eukaryotic chromosome Telomerase RNA Tetrahymena Eukaryotes Possibly Greider and
end synthesis thermophila Blackburn (1989)
159
Various Hammer heads, viroids Plant satellite  In RNA world (see
RNA text)
Total sizes in base pairs Spliceosome, snoRNAs, 7,600 (minimum)
rRNAs, 10 tRNAs
As above, with modern 12,000
rRNA, tRNA gene
clusters, telomerase
RNA, srpRNA, VRNA
As above, including 15,500
functions from table 3
tRNAs and tRNA Processing—RNase P During tRNA synthesis, maturation is carried out by a

ribonucleoprotein, RNase P. This enzyme is interesting
Transfer RNAs are clear relics of the RNA world; they not only in that the RNA can be catalytic per se (Guer-
are ubiquitous, very highly conserved, and central to theier-Takada et al. 1983) but also in that the processing of
metabolism of all life. In fact, tRNAs may be one of the pre-tRNA transcripts by RNase P appears conserved
oldest gene types (Eigen and Winkler-Oswatitsch 1981throughout the three domains (Brown and Pace 1992;
Eigen et al. 1989). The direct interaction of tRNAs with LaGrandeur et al. 1993). All evidence suggests that the
rRNAS, such as the base pairing between the CCA end dRNA subunit (M1 RNA) of RNase P is a molecular fossil
tRNA and the 23S rRNA (Samaha et al. 1995), supportgiating from the RNA world: the M1 RNA is catalytic
tRNAs pre-dating translation (Noller 1993a). The use of(Guerrier-Takada et al. 1983); the structure and function
tRNAs as adapters for amino acid synthesis and modifiof RNase P is conserved and it occupies a central posi-
cation (see RNP- Protein section above) and primers tion in metabolism. Many eukaryotes possess a second
for the replication of viral (RNA) genomes has led to RNase P-like molecule, namely RNase MRP, but it may
suggestions that tRNAs were used for a variety of rolesnot be an RNA world relic. It may result from a dupli-
in the RNA world. The genomic tag hypothesis (Maizels cation/divergence event within eukaryotes (Morrissey
and Weiner 1987, 1993, 1994) presents arguments faand Tollervey 1995), or be a second copy from the endo-
the involvement of tRNA, or its precursors, in replication symbiotic eubacterium that became the mitochondrion. If
before its incorporation into the protein synthesis ma-Giardia and Microsporidia have always lacked mito-
chinery. chondria (Kamaishi et al. 1996) they would, on the sec-
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ond hypothesis, also lack MRP. Although the extantal. 1995), are processed exclusively from spliced introns
function of tRNA is clearly an RNA world relic, the (Kiss and Filipowicz 1995), it appears that snoRNAs and
number of tRNAs is difficult to estimate because theythe spliceosome are interdependent. Another role for
may have fulfiled many roles in the RNA world. An  RNA splicing activity could have been in the processing
estimate of 1,000 base pairs (including RNase P) is conef RNA transcripts destined to become protoribozymes;
servative. a similar role exists in contemporary eukaryotic metabo-
lism. An estimate of the size of an RNA world spliceo-

some, based just on snRNA sizes in Table 2, is about 600
The Spliceosome nucleotides.

There is increasing evidence for catalytic RNAs in an- - )

other RNP complex, the spliceosome, of which there are>'9nal Recognition Particle and srpRNAs
two versions (Tarn and Steitz 1996) depending on th . - .
consensus at the ends of the intron. Most work has be:rl;he RNA component of the signal recognition particles

) f eubacteria (4.5S RNA) and of eukaryotes (7S RNA)
done on the common form with a GU-AG consensus, an - . .

ave similar structure and function (Miller et al. 1994),
consequently we concentrate on that. Recent U

e . . . .~ .and some archaea also contain a similar 7S RNA (Kaine
crosslinking and genetic suppression studies have indi:

) ; : : 1990). Under the assumption of RNA taking on no new
cated that the active site .Of. the spliceosome InCIUde?unction srpRNA is expected to have existed in the RNA
Sl\llif:‘insn?r::ttrl:)fss (u?;earlegsgmllsar:ato ?%?4?2#5 tlci rs]zlr];_world, though its precise role either in the RNA world or

plicing ' P now in protein translocation is unclear. In eukaryotes it is

merhead ribozymes (Yang et al. 1994). RNA-RNA in_fapparently required in the signal recognition particle
teractions play an important role in both the assembly O(SRP) in order to stimulate hydrolysis, though not bin-

the spliceosome (reviewed in Madhani and Guthrie, . :
1994b) and in the formation of its active site(s) (Lessermg’ of GTP (Miller et al. 1993). The homologoés coli

and Guthrie 1993; Sun and Manly 1995; Madhani andSyStem may follow the same set of bounds; binding of

Guthrie 1994a), which becomes complete only with thethe protein analogous to SRP54 to the SRP receptor re-

formation of U2-U6 helices (Lesser and Guthrie 1993)_quwe_:s the RNA moiety (Miller et al. 1994)'. It Is quite
o : feasible that the srpRNA represents an ancient ribozyme
Based on our criteria for relics of the RNA world, such

a complex association of RNAs is consistent with thecapable of GTP hydrolysis. Modern srpRNA may be an

. S RNA in the process of being made redundant by its
spliceosome originating in the RNA world. Because of . - . ) i
L . . newer protein counterparts; only its capacity to facilitate
the similarities to group Il self-splicing, both in the re-

action catalyzed and in structure, there has been debaPeTP hydroly3|s remains. Our size estimate is 300
nucleotides (Table 2).

as to whether these structures are related by descent or
are the products of convergent evolution (Cech 1986;
Madhani and Guthrie 1994b; Weiner 1993). For our pur-RNA Editing
poses, the question of whether these splicing activities
are evolutionarily related or are the products of “chemi- Several phenomena are included under the RtNA ed-
cal determinism” (Weiner 1993) is less important thaniting; these include nucleotide modifications and post-
the antiquity of the process. transcriptional insertions and/or deletions, sometimes in-
A pretranslation origin for the spliceosome seemsvolving guide RNA. Editing involving purine/purine,
paradoxical at first because there appears to be no neggyrimidine/pyrimidine, and pyrimidine-to-purine con-
to splice mRNAs before the advent of translation, andversions is observed in a variety of eukaryotes (Lonergan
one of our basic assumptions is that large complex strucand Gray 1993; Bass 1993; Walbot 1991). Being wide-
tures cannot arise in the absence of selection. There aspread, these modifications in tRNA and rRNA (Bass
several possibilities for the protospliceosome. Given thel993) as well as in spliceosomes (Ares and Weiser 1995)
selective advantage conferred by recombination as are candidates for an RNA world. However, because any
means of overcoming the Eigen limit on genome sizegiven form of editing appears to occur sporadically it is
(Reanney 1979) it would be highly advantageous to haveinclear if any are truly ubiquitous. Several forms of
RNA splicing activity in the RNA world, perhaps as a RNA editing occur in mitochondria, and a reasonable
recombinase. In support of this possibilitigns-splicing  explanation is that organelles are susceptible to the fixa-
of ssRNA can be achieved by the spliceosome withtion of slightly deleterious mutations because of the lack
downstream RNA sequence elements (Chiara and Reeaaf recombination (Andersson and Hughes 1996). Muta-
1995; Ares and Weiser 1995) and in addition has beetiions cannot be removed by recombination with good
performed by a singleis-acting RNA catalyst evolved copies, an example of Muller’s ratchet in operation (see
in vitro (Sullenger and Cech 1994). Given that somelater). It is also uncertain whether RNA editing is a
snoRNAs, which are very likely to have originated in simple modification of a genuinely ubiquitous step in
processing of the ribosome in the RNA world (Jeffares etRNA processing. Recent progress in understanding the
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mechanism of insertion/deletion editing in trypanosomeciation support predictions that at least part of the
mitochondria will help in addressing this question (Sei-telomerase active site is composed of RNA (Gilley et al.
wert et al. 1996; Cruz-Reyes and Sollner-Webb 1996;1995; Gilley and Blackburn 1996). Moreover, mutations
Kable et al. 1996). in the RNA component of telomerase causes telomere
In Acanthamoebanitochondria (Lonergan and Gray elongation, suggesting that regulation is affected by such
1993) it appears that four of five tRNAs in each of two mutations (McEachern and Blackburn 1995).
clusters undergo editing by base conversion involving a The protein component of telomerase has interesting
guide sequence internal to the tRNA. The proposedeatures indicative of an ancient origin; the RNP can act
mechanism is base conversion opposite a pyrimidine iis an RNA-dependent RNA polymerase and contains a
the 3 half of the acceptor stem, occurring in the first class I tRNA synthetase motif (Collins et al. 1995),
three bases of the’ part of the acceptor stem, a region \yhich is interesting in the light of predictions that tRNA-
involved in specific interactions with aminoacyl tRNA |ike structures were the first telomeres (Maizels and
synthetases (Lonergan and Gray 1993; Bass 1993). In thgeiner 1993, 1994). Weiner (1988) has pointed out that
absence of editing, appropriate secondary structure is N@gjomerase and the enzyme that adds CCA to thends
formed, preventing the maturation of the tRNA by of {RNAs are similar in that they are both primer-
RNase P. In the RNA world, this kind of editing may gependent, template-independent terminal transferases.
have, and may still, offer a tRNA expression control The evidence at present supports its existence at least in
mechanism, providing a way of controlling tRNA mol- e RNP world (post translation). Despite recent ad-
ec_ule popula_tlons. It might also represent an_early aminQances (Lingner et al. 1995; Gilley et al. 1995; Gilley
acid synthesis pathway or perhaps was in wider use as &g Blackburn 1996) the evidence for the involvement of
means by which to control the replication system (Segne RNA in catalytic activity is not as strong as for the
Table 2). A further pos_S|b|I|ty is that base CONVersion gplicensome or the ribosome. Showing that the RNA of
may represent the remains of an early nucleotide synthgg|omerase is directly involved in the synthesis of DNA
sis pathway. However, without adequate information it is\yo|d, under our criteria, support its existence prior to
still unclear whether RNA editing occurred in the RNA e origin of translation. This would imply that ancient
world. Hence we have not included a size estimate for(RNA) genomes were linear genomes and supports mod-
RNA editing in Table 2. els such as the genomic tag hypothesis of Maizels and
Weiner (1993, 1994).

Telomerase

The problem of replicating a linear nucleic acid moIec:uIeValult RNAs

right to the end occurs in both RNA viruses and eukary-

otic chromosomes (Maizels and Weiner 1994). Itis over-The discovery of vault RNPs (Kedersha and Rome 1986)
come in eukaryotic cells by the RNP telomerase (Black-which adhere to the surface of the nuclear membrane and
burn 1992; Cohn and Blackburn 1995); the RNA moiety associate with the nuclear pore complex (Chugani et al.
of telomerase serves as the template for the addition of 4993) raises difficult questions concerning compartmen-
characteristic telomere repeat in ciliates (Autexier andation in the ribo-organism. The nature and function of
Greider 1994) and, despite being absent from the circulathe VRNA moiety are unclear (Nigg 1997), so its full
genome of prokaryotes, has been considered a candidaseynificance for the RNA world remains unknown. It
for the RNA world (Weiner 1988). The highly conserved may simply be a form of tag (Maizels and Weiner 1994)
structures of the telomerase RNAs of ciliates (Romerdor transport to and from the nucleus. The RNA sequence
and Blackburn 1991; Lingner et al. 1994; Bhattacharyyais conserved (Kickhoefer et al. 1993) and if the VRNA
and Blackburn 1994), as well as regions of absolutelyturns out to have a role in catalysis or nuclear transport
conserved primary sequence essential for the activity ofhen it may be a relic of an RNA world. These possibili-
Tetrahymenaelomerase (Yu et al. 1990), suggest thatties prompt the consideration of two hypotheses as to the
the RNA has a catalytic activity in telomerase. The RNA origin of the nucleus:

alone (without the protein components) forms a tertiary

structure similar to that proposed for the RNP on thel. That vault-RNA activity arose de novo after the ad-
basis of previous modeling (Romero and Blackburn vent of proteins, which means that the assumptions
1991; Lingner et al. 1994). In addition its helix 11l may leading to our model of the RNA world must be re-
adopt several alternate pseudoknot tertiary structures assessed. This option, as does the next, has nuclei
(Bhattacharyya and Blackburn 1994) with similarities to  arising endogenously.

spliced leader RNAs dfeptomonashat may be coupled 2. That a pre-nucleus and pre-plasm existed in the RNA
to an RNA helicase function (Bhattacharyya and Black- world as an aid to separation of replication and tran-
burn 1994). Recent results showing that specific muta- scription (gene expression). Whether such a separa-
tions in Tetrahymenaaffect fidelity and product disso- tion existed is an important question for any RNA
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world model, the genomic tag hypothesis is one such It is an important conclusion that the last ribo-
proposition (Maizels and Weiner 1993). RNA viruses organism maintained copies of its RNA genome separate
can separate the two functions and the replicationfrom its active ribozymes and that this genome contained
transcription division is discussed again later. We usesequences additional to those required to code for ribo-
the terms pre-nucleus and pre-plasm because menzymes. Thus transcription was even then distinct from
branes are clearly not necessary for compartmentalreplication (Watson et al. 1987). Before giving an over-
ization in a cell; the nucleolar region within the view of the genome of the last ribo-organism we should
nucleus is one such example. Even an external menconsider other aspects of metabolism.
brane in the RNA world has been questioned (Gibson
and Lamond 1990).

3. If vRNA turns out to be related to srpRNA it may be
derived from the srpRNA of an endosymbiont that
formed the nucleus.

Metabolic Complexity

Evidence is weak or lacking for most synthetic reactions
and for a plausible energy source (Table 3) in the last
Tibo-organism. The main evidence comes from the sug-
gestion that ribonucleotide cofactors are relics of an ear-
lier pre-protein metabolism (White 1976, 1982; see Fig.
2) so most classes of biochemical reactions were poten-
tially carried out by RNA enzymes. Benner and Ellington
Upon examining the use of RNA in modern cells, we (1987) suggest that it is relatively easy to get ribozymes
observe a general pattern of RNA processing (pre-rRNAto catalyze most metabolic steps. Metal ions as cofactors
pre-tRNA, and pre-mRNA) where transcripts are pro-probably also have their origins in the RNA world (Ya-
cessed by an RNP enzyme to yield mature RNA (Fig. 2)rus 1993); certainly ribozymes are dependent on metal
Almost all ubiquitous RNAs are involved in processing ions for stability as well as for catalysis (Pyle 1993).
or assembly of the translation apparatus with telomeraseCurrent use of metal ions by proteins reveals that most
srpRNA, and vault RNAs as possible exceptions. By ourclasses of biochemical reactions can be performed by
criteria, the general pattern is good evidence that prometalloproteins. Robertson and Miller (1995a) suggest,
cessing is a relic that dates back to the RNA world. Thebased on their work on syntheses of amino acid deriva-
extensive use of RNA in translation shows us an aftertives of uracil, that many of the functions available to
image of an “evolutionary transition” (see Maynard proteins were also available to RNA world organisms.
Smith and Szathirg 1995)—how the RNA world The use of either nucleotide cofactors or metal ions in a
brought about translation and began the protein worldmodern reaction certainly does not automatically place it
There may have been other cascades of RNA processirig the RNA world, though such reactions help demon-
in the last ribo-organisms but we do not see the productstrate the potential for catalytic diversity and support the
because they have been replaced by proteins in modeinferred complexity of the RNA world (Table 3). It must
organisms. There does not seem to be a general increabe assumed that now-extinct ribozymes with covalently
in RNP-catalyzed processes during evolution, in agreebound cofactor molecules gradually lost the RNA com-
ment with the takeover of catalysis by proteins. ponent with the advent of proteins (White 1982). It has
Given our evocation of tRNA in the RNA world, the been shown that ribozymes can bind cofactors in active
processing of pre-tRNA transcripts by RNase P is ex-sites and can catalyze covalent attachments of Nami
pected to be an ancient RNA world pathway. The patterrCoA-SH (Breaker and Joyce 1995). Whatever the case,
is similar to the processing of pre-rRNA by small nucleo- cofactor biochemistry is a major component of extant
lar RNAs. Many of the essential functions of ribosomesbiochemistry, and this infers that the potential for com-
have been shown to be RNA mediated (Noller 1993a)plexity in the RNA world was indeed quite large. Wheth-
and there is little doubt about the antiquity of the ribo- er this potential complexity was used to the same extent
some. It follows then that the processing of pre-rRNAas at present is unresolved.
and pre-tRNA transcripts must also predate translation. Suggestions for metabolic activities that a complex
Although the rRNA operons of the three ur kingdomsribo-organism may have carried out are shown in Table
have different gene orders (Pace and Burgin 1990) th&. As with many situations where fossil evidence is lack-
cotranscription of rRNA genes is conserved and conding, we cannot be sure of the exactness of the model,
spicuous, particularly in eukaryotes where cotranscrip-only the plausibility (Eigen 1992; Wétershiaser 1992).
tion is not the norm. The use of RNase P in prokaryoticThe recent surge of in vitro RNA evolution studies (e.g.,
processing of pre-rRNA- and pre-tRNA-containing tran- Doudna et al. 1991; Bartel and Szostak 1993; Lorsch and
scripts also suggests that this process preceded transl8zostak 1994; Wilson and Szostak 1995; lllangasekare et
tion. This processing requires that transcripts and thel. 1995) bolsters the proposal that RNA is capable of
genome were separate entitiesRiborgis eigensis. performing many of the catalytic roles currently filled by

The original (and indeed the current) role of VRNAs is an
enigma and developments in the field of nuclear trans
port, especially with regard to the role of vault RNA, are
urgently required.

Summary of RNA Processing in the RNA World
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Table 3. Other ribozyme-catalyzed functions a complex ribo-organism may have had

Demonstrated Estimated size
Function Selective advantage in vitro? (bp) References
RNA replicase/ Necessary for genome Yes 200 minimum Doudna et al. (1991)
polymerase replication Bartel and Szostak
(1993)
Charging of tRNA Required for an all-RNA Yes (100 (x10) lllangasekare et al.
ribosome (1995)
ATPase Use as ubiquitous energy  (Yes) (oo Lorsch and Szostak
source (1994)
Recombinase Overcomes Eigen limit and Spliceosome can carry  See table 2 (spliceosome) Chiara and Reed (1995);
Muller’s ratchet; allows out cleavage and Ares and Weiser
for longer chromosomes ligation in trans (1995)
to be maintained
Energy source—via Life requires energy; No ? Wahtershiaser (1990)
metabolic pathway ubiquity of TCA cycle
implies inclusion in
universal ancestor, and its
predecessors
Ribose synthesis High requirements in a No ?

ribo-organism, scarce in
prebiotic environments
Base syntheses High requirements in a No ?
ribo-organism,
competition with other
nonsynthesizing
ribo-organisms

Membrane component  Ability to sequester ions, etc. No ?
synthesis (see text)

Cofactor syntheses Expands chemistry of No ?
reactions

proteins. This approach is at present the most fruitfultide cofactor binds to the protein, and the cofactor can
way to examine the extent to which RNA is capable ofthus partake in the reaction (Hartman 1975; Eklund et al.
performing catalytic functions deemed essential in thel984). This implies that from one general RNA scaffold,
RNA world. a number of metabolic reactions could be recruited by
Physical containment by membranes is an essentidhterchanging the cofactor bound to the RNA (Connell
part of the viability of extant life, and some form of and Christian 1993). Alternatively, a variant of the ge-
containment is also deemed necessary in models of theomic tag hypothesis (Maizels and Weiner 1993, 1994)
earliest chemical cycles (Whtershiaser 1990); com- could have the first substrate bound to a tRNA-like mol-
puter simulations showed hypercycle models were diffi-ecule (much like some of the reactions discussed earlier
cult (or impossible) if components were not confined involving tRNA-bound small molecules). In either case
(Niesert et al. 1981). Given the apparent complexity ofspecialization and complexity could be built very simply
the RNA world, separation of metabolic processes fromand quickly by gene duplication. These approaches
the environment is essential; otherwise components avould enable access to the full range of cofactor-
low concentration would never meet, as exemplified bymediated reactions without the substrate diffusing away.
the high concentrations of M§ required for ribozyme Expansion of pathways would rely on the use of the
function (Guerrier-Takada et al. 1983). In contrast to apreexisting binding domains and the availability of the
requirement for compartmentation, Koch (1984) showsappropriate cofactor.
that fixation of advantageous mutant genes and the elimi- The biochemical nature of membranesRneigensis
nation of deleterious ones are retarded with multiple copis unclear. A terpenoid membrane was included in the
ies of genes (up to about 200) in one “individual” or palimpsest model (Benner et al. 1989), and recently Our-
compartment. This indicates that cell division would isson and Nakatani (1994) suggested that the earliest
have been selected for early in the evolution of life. Themembranes were composed of acyclic polyprenols,
two possible strategies that could have overcome sucthough it is currently impossible to reconcile the timeline
concentration dependence of hypercycles are the immaaf events they propose with those for RNA evolution.
bilization of substrates and enzyme cofactors in com-Overall, compartmentation of some form is essential, but
plexes and compartmentalization via membranes. at present we cannot detect any relic. In vitro RNA evo-
In protein enzymes the adenosyl moiety of the nucleodution studies currently offer the only means by which to
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address this problem: if RNA enzymes can be evolvedemplate (Peliksa and Benkovic 1992), aretrahymena
that are capable of producing simple membrane compatelomerase can incorporate RNA instead of DNA (Col-
nents, we can at least get an idea as to the potentidinhs et al. 1995), it seems likely that DNA/RNA sub-

complexity of the RNA world membrane. strate/product specificity can evolve relatively easily in
proteins.

The last ribo-organism may have had a dsRNA ge-

The Genome of the Last Ribo-organism nome; it arises easily by nonseparation of the replication

products of a ssRNA genome. Without a nucleus and

where cleavage of pre-RNA transcripts occurs, an ssRNA
The minimum size of the genome must equal or exceegienome would have difficulty maintaining itself when
the combined lengths of tRNA, rRNA, the processingyihozymes are constantly being cleaved from nascent ss-
molecules (small nuclear and nucleolar RNAs andrNA transcripts (see earlier discussions). The separation
RNase P), and the hypothetical ribozymes involved iny¢ genotype and phenotype would be more easily accom-
the additional biochemical functions predicted for a Com'plished with dsRNA than a nucleus and associated trans-

plex ribo-organism (Tables 2 and 3). This produces &4t mechanisms. One problem is that double-stranded
genome of at least 10’000_15’000, bp.. As dlscu_sse.d b¥NA has been shown to slow protein RNA replicases
Eigen and Schuster (1979), the fidelity of replication

places a critical limit on the amount of information that
can be maintained by a self-replicating system. Viral

RNA replicases and DNA replicases without IorOOfread'would ssRNAs that are folded into active ribozymes.

) . I 5 )
ng functions fa”. within the range of 16-10°° muta Furthermore, the maintenance of a genome copy (that is,
tions per nucleotide (Domingo and Holland 1994). Even “ " ; )

dsRNA “gene” form) of any ribozyme effectively pre-

with the use of modern RNA polymerases made of pro- . . . : - .
) . . L . vents its expression until such time as it is expressed in
tein, this equates to an Eigen limit on RNA viral genome

size of 30 kb. These limits pose critical problems for thethe SSRNA enzyme fom?- Certgmly fTOm. the pplnt of
view of metabolic regulation, this distinction might be

maintenance of the large genome in the RNA world in-, . :
ferred from our study and others (White 1976; Benner e{mportant. Whatever the genetic structure of the last ribo-
' anism, the three steps required in the transition from

al. 1989). Thus, the combined problem of larger genomeorg

size, limited by accuracy of replication, is expected to be‘Q’SRNA to dsDNA (single to double stranded, ribose to

a major problem at the final stage of the RNA world. de0>_<yribosez and uracil to thymine) most likely occurr_ed
One solution has been to suggest the existence dit different times. Each would presumably allow an in-
DNA in the RNA world (Benner et al. 1989), but there is Cf€aS€ In accuracy of information storage a”d_C(?Py'”gi
really no evidence for such a proposal. Ribozymes hav&/lowing a larger genome to be maintained within the
been retained for RNA processing, and if DNA had ex-Eigen limit. _ _ o
isted in the pre-protein world we might have expected The complexity of the ribo-organism we describe in-
ribozymes to still be involved in processing DNA tran- ¢ludes many genes, and separate processes for replica-
scripts. Chemical difficulties involved in DNA synthesis, tion and transcription (though not necessarily a separate
such as the reduction of ribonucleotides to deoxyribo-2Pparatus for each). That the last ribo-organism must be
nucleotides by a reductase that uses a protein radical @pPle to assemble ribozyme complexes capable of trans-
carry out the reaction, make it seem unlikely that such dation (protoribosomes, Poole et al. 1997), complete with
function could have pre-dated catalytic protein chemistry@minoacylated tRNAs, is an indication of the complexity
as RNA is not known to control free radicals (Reichardof its genome. There are several ways in which such a
1993). The DNA replication apparatus appears too comgenome may have been regulated including genomic tags
plex for ribozymes (Reanney 1987; Reichard 1993 that allow replication to be separated from transcription
1995; Stubbe 1994), which would make it likely that (Maizels and Weiner 1993) and internal tRNA-like cru-
DNA was not used until a reasonable degree of proteirciforms in double-stranded RNA which could act as pro-
catalytic power had evolved. RNA might not be capablemoters. We can think of pre-tRNA transcripts as “ribo-
of tasks such as the unwinding of the two strands of aymogens” in that they are active only once cleaved.
DNA double helix, maintenance of supercoiling, and Such ribozymogens and sequence-specific hammerhead-
keeping the DNA in an appropriate conformation for the like ribozymes would produce cascades of activation.
simultaneous replication of leading and lagging strands. Simulations of the selective advantages of joining
DNA may thus be a late addition to the cellular archi- genes that are components of a hypercycle (Eigen and
tecture of RNP organisms, and we will work with the Schuster 1979) show that once linked genes have arisen,
assumption that the last ribo-organism still had an RNAthe advantages of keeping mutually beneficial genes to-
genome. The replacement of ribose and uracil to producgether in one replicative unit outweigh the disadvantages
a DNA genome hence occurred later. Since the HIVof slower replication (Maynard Smith and Szathgna
reverse transcriptase can use either RNA or DNA as 4993). Given this, and the universal presence of multi-

more so than the hairpin loops present in folded RNA
intramolecularly (Priano et al. 1987). A dsRNA genome
would be more stable (less susceptible to cleavage) than
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gene transcripts for rRNA, the last ribo-organism is ex-
pected to have linked genes, though the longer sequen
length would lower the effective replication fidelity. One _

solution to an error catastrophe is the maintenance ¢ E EI

multiple copies of the genome, which makes it possible—
to maintain and store information in spite of low fidelity —-—

(Koch 1984). Without a specialized chromosome segre E] @

gation system, genetic material will tend to increase in E_
—4

any case. In this manner, information stability is con-
ferred through redundancy. For up to 200 copies, poly-
ploidy ensures against loss of genetic information be-
tween generations without sacrificing the propensity to
fix new mutants within the population (and therefore
evolve) (Koch 1984).

As the genome and, concurrently, chromosomes be
come longer, further measures to maintain genome fidel :l i l
ity are necessary because every unit (chromosome) i
prone to picking up sequence errors. Recombinatior
within and between chromosomes is important in avoid-
ing degeneration of genetic information resulting from Fig- 4. The Iikgly genome structure of the Ia_st ribo-organi_sm. '_I'he
error accumulation (Muller’s ratchet, see Maynard Smithg]odel we describe for the genome of the Ia_st ribo-organism is a |_|near

. . . ouble-stranded RNA genome fragmented into a number of physically

1978). Recombination offers a means by which to OVeTistinct “chromosomes.” The genome is present in multiple copies—
come the Eigen limit and maintain relatively large chro- thatis, it is polyploid. (Here it is arbitrarily shown as triploid with five
mosomes; it can be viewed as part of an early gene repaichromosomes,” though there may be anywhere up to 200 copies of
system required even at ear|y stages in the evolution ofe genome—see tgxt.)_ quyp_loidy_is presumed to a_ct as a_buffe‘r_for the
genomes (Penny 1985). Reanney (1987) has noted thgf"_’level of repllcatlve.fldellty |mqg|ned foran organlsm which Htlllzes

_ . , . a ribozyme RNA replicase. Additionally, each “chromosome” has a
recombination could be achieved S|mply, and CorlcurrenFlumber of origins of replication along its length (shownsa$id gray
with RNA replication, by template switching during boxesin the enlarged portion). Gene structure is proposed to be non-
RNA synthesis. An alternative would be to utilize the continuous, with intervening sequences separating the coding regions,

cleavage and ligation activities of the spliceosome, vigboth within and between genes (not shown). The model does not con-
trans-splicing (Reanney 1984). In an ancient context thesider cytological information such as cellular or acellular, membranes
y : present or absent, or details of cellular compartmentation (for instance,

spliceosome could be involved in both the splicing out of, yciear structure).
introns to produce functional ribozymes, as well as pro-
viding a cleavage-ligation function tmansto allow lim-

ited recombination. A protospliceosome is expected only

to be able to act on single-stranded RNA, as is the Caskelomera'se RNA. At least 10’0,00,_15'000 bp would be
with splicing in eukaryotes. Hence recombination be_mvolved in these processes. It is likely that ancestors of

tween single strands of RNA would precede replicationth® Signal recognition particle RNA, vault RNA, and
of the second strand. Given the flexibility of RNA en- RNA editing via base conversion were present, although
zymes (Kikuchi et al. 1993; Guerrier-Takada et al. 1989)the specific context in which vault and SRP RNAs were
it seems that such a protospliceosome might well hava!S€d may well have been different from the modern con-
displayed both activities. Combining all these points, in-t€xt. The ribo-organism also made use of pyridine
cluding the need to avoid Muller’s ratchet, we assume ducleotide cofactors, ribozyme catalysts, and perhaps

po'yp|o|d fragmented genome of linear chromosomes CapeptidE'StabiliZed ribozymeS for a metabolism that nec-
pable of some recombination (Fig. 4). essarily included many synthetic reactions. Our model

for this RNA world is an organism that probably used a
double-stranded linear RNA genome that was separate
from its single-stranded transcripts—the metabolically
active forms. The genome was fragmented into several
“chromosomes” which were present in multiple copies
This analysis has shown that, given the reasonablger cell, each containing genes that were spliced post-
assumption of the transfer of catalytic function from transcriptionally to produce functional RNA products.
RNA - RNP - protein, we can estimate many of the  Although some parts of our model may stand or fall
properties of the RNA world just before encoded pro-with new experimental evidence, our description of the
tein synthesis began. The ancestors of the ribosomdinal complexity of RNA life forms is consistent with
snoRNAs, RNase P, and tRNAs, were a part of the comknown data and has considerable explanatory power. The
plexity, as were the snRNAs of the spliceosome, andlescription of the genome organization and the process-

Summary and Discussion
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ing of RNA transcripts provides an explanation for the (1995) Antisense snoRNAs: a family of nucleolar RNAs with long
origin of RNA splicing and the use of RNA in the splice- complementarities to rRNA. Trends Biochem Sci 20:261-264

osome. We favor a historical rather than a functionaIBa”e' DP, Szostak JW (1993) Isolgtlon of neYv ribozymes from a large
pool of random sequences. Science 261:1411-1418

explanation for the origin of introns (Poole et al. 1997). g,s¢ B (1993) RNA editing: new uses for old players in the RNA
The origin of snoRNAs and the extensive use of RNA in  world. In: Gesteland RF, Atkins JF (eds) The RNA world. Cold
the ribosome become clear when we realize that transla- Spring Harbor Laboratory Press, New York, pp 383-418

tion and ribosome manufacture must have originated jfBaumann P, Qureshi SA, Jackson SP (1995) Transcription: new in-
the RNA world. sights from studies on archaea. Trends Genet 11:279-283

o f th t ial ts of thi K is it Beltrame M, Tollervey D (1992) Identification and functional analysis
ne o € most crucial aspects o IS WOrK IS 1ts of two U3 binding sites on yeast pre-ribosomal RNA. EMBO J

potential predictive power; it can be used as a basis from 11.1531-1542

which to address specific questions relating to laterBenner SA, Ellington AD (1987) The last ribo-organism. Nature 329:
stages in the evolution of life. For instance, elsewhere 295-296

(Poole et al. 1997), we describe models for the origin OfBenner SA, Ellington AD, Tauer A (1989) Modern metabolism as a
some of the first introns as well as some of the first palimpsest of the RNA world. Proc Natl Acad Sci USA 86:7054—

. . . . 7058
genetlca"y encoded proteins, and, moreover, 'dentlfy puT3hattacharyya A, Blackburn EH (1994) Architecture of telomerase

tative examples of both. We also use this model to ad- RrnA. EMBO J 13:5721-5731

dress the sequential evolution of the ribosome. AnotheBlackburn EH (1992) Telomerases. Annu Rev Biochem 61:113-129
guestion of particular relevance is that of the metabolicBohler C, Nielsen PE, Orgel LE (1995) Template switching between
and genetic nature of the Last Universal Common An- PNA and RNA oligonucleotides. Nature 376:578-581

cestor (LUCA) of all extant life. As the model we have Bree_lker RR, Joyce GF (1995) Self-incorporation of coenzymes by
. . . . . ribozymes. J Mol Evol 40:551-558
described here is based on metabolic fossils found IBrown JW, Pace NR (1992) Ribonuclease P RNA and protein subunits

extant organisms, these relics must also have existed in from bacteria. Nucleic Acids Res 20:1451-1456
the Last Universal Common Ancestor. Hence we havecavaille J, Nicoloso M, Bachellerie J-P (1996) Targeted ribose meth-
used the model described here as an outgroup to root the Ylation of RNA in vivo directed by tailored antisense RNA guides.

tree of life (Poole et al. 1997). One final point is that the _ Nature 383:732-735

. . . Cech TR (1986) The generality of self-splicing RNA: relationship to
overall model we present is far more consistent with a™~_ ==~ 0, splicing. Cell 44:207—210

rlbo-organlsm—> LUCA 7 GUkar.yqte'“ke g_enome_’ . Cech TR, Uhlenbeck OC (1994) Hammerhead nailed down. Nature
prokaryote genome series than it is for a ribo-organism 372:39-40
- LUCA - prokaryote- eukaryote series. Chiara MD, Reed R (1995) A two-step mechanism foasd 3 splice-
site pairing. Nature 375:510-513
Chugani DC, Rome LH, Kedersha NL (1993) Evidence that vault ri-
bonucleoprotein particles localize to the nuclear pore complex. J
Note Added at Proof Cell Sci 106:23-29
Coetzee T, Herschlag D, Belfort M (199&kcherichia coliproteins,

_ including ribosomal protein S12, facilitate in vitro splicing of phage
The role of small nucleolar (SnO)RNAS has been ex T4 introns by acting as RNA chaperones. Genes Dev 8:1575-1588

pan_ded still further by the demons’[’ratlon thi?tt they markCohn M, Blackburn EH (1995) Telomerase in yeast. Science 269:396—
uridines to be modified to pseudouridines (Ni et al. 1997; 400
Ganot et al. 1997). This further expands the metabolisnTollins K, Kobayashi R, Greider CW (1995) Purification Bétrahy-
of the RNA world, supporting the conclusions of the menatelomerase and cloning of genes encoding the two protein
present paper. components .of.the enzyme. CeI.I-81.‘677—686
Connell GJ, Christian EL (1993) Utilization of cofactors expands me-
) tabolism in a new RNA world. Orig Life Evol Biosph 23:291-297
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