Origins and Early Evolution
of the Ribosome

George E. Fox

1 The Beginnings: Origins of the PTC and Possible
Existence of an RNA World

1.1 Background

A central question in the origin of the modern translation machinery is the source of
the extremely conserved PTC where the peptide bond is formed. Indeed, the for-
mation of the PTC is by definition at the beginning of ribosome history even if
some of the components actually predate it. For many years, investigators sought to
discover which ribosomal protein or combinations thereof were responsible for
catalyzing peptide bond formation. Failure to solve this riddle gradually led to the
hypothesis that the ribosomal RNA (rRNA) had a significant role as reviewed by
Noller [1]. When a high-resolution crystal structure of the 50S ribosomal subunit
was obtained [2], it quickly became clear that since no protein appeared to be in
proximity to the PTC region, the RNA itself must be catalytic [3]. Later it was
found, in the case of the Thermus thermophilus ribosome, that ribosomal protein
L27 did in fact closely approach the PTC [4, 5]. However, elimination of multiple
residues that most closely approach the PTC does not completely prevent peptide
bond formation [6]. Most recently it was shown that the rate of peptide bond
formation was independent of the presence or absence of L27 [7]. Thus, the
ribosome is widely and likely correctly regarded as an RNA machine.
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1.2 RNA World

This brings the question of the RNA World to the fore. The evidence that is most
indicative of the existence of a primitive RNA World that predated protein syn-
thesis is the potential involvement of nucleotide coenzymes in prebiotic reactions as
originally proposed by White in 1976 [8] and recently reviewed and pursued further
by Yarus [9]. In many cases, the core structure of the coenzyme is an adenine
diphosphate with a side chain that sometimes contains amide bonds attached to the
5" diphosphate. This is seen, for example, in nicotinamide adenine dinucleotide and
coenzyme A. This same feature is also seen in modern aminoacyl tRNA synthetases
that initially attach the cognate amino in the same position creating the aminoacyl
adenylate.

However, to obtain an extensive RNA World in which RNA catalyzes bio-
chemical pathways that many have envisioned, it is thought necessary to obtain an
RNA-based RNA replicase. This would need to be accomplished before peptide
synthesis became established as the latter could quickly terminate the RNA World
in favor of an RNA/peptide World. Proteins that can replicate RNA clearly exist,
whereas effective RNA-catalyzed RNA replication of RNAs has proven difficult to
demonstrate. Although template-directed synthesis by ribozymes is feasible [10],
enzymes that synthesize RNAs approaching their own size had been difficult to
obtain [11]. Using selection in ice, this hurdle was recently overcome in a spe-
cialized laboratory setting [12].

More recent efforts have highlighted the value of freeze-thaw cycles in the
possible generation of self-replicating RNAs [13]. This progress notwithstanding,
the complexity of these synthetic self-replicating RNAs is not substantially less than
that of the peptidyl transferase center (PTC) found in extant ribosomes. So perhaps
the quest to find a self-replicating RNA should be augmented/replaced with a quest
to find a minimal peptide that can replicate an RNA. At the least, such a peptide
RNA polymerase must emerge at some early stage as protein polymerases, and
other complex proteins such as aminoacyl tRNA synthetases are likely present at
the time of the LUCA [14]. Depending on its size, evidence of such a peptide could
strongly support an abbreviated RNA World where the discovery of peptide syn-
thesis predated the discovery of an RNA replicase. Indeed, RNAs that can syn-
thesize peptides have been obtained in selection experiments [15]. As noted by
Lilley [16], “Ultimately the finest achievement of the RNA World was probably the
creation of proteins. These then took over most of the catalytic functions, leaving
the ribosome as the most permanent monument to a heroic era.” However, even this
may be an overstatement, as the RNA World may simply have never existed, as is
suggested by the primitive nature of the mechanism of peptide synthesis in ribo-
somes and limited evidence, if any, of proteins replacing ribozymes [17].

A second problem with even an abbreviated RNA World, which is shared with
ribosomal origins, is of course the source of the RNA. Although recent progress has
been made [18, 19], the prebiotic synthesis of chiral RNA or a precursor nucleic
acid remains uncertain. One alternative view is a prebiotic world in which peptides
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of perhaps 3-8 residues could be produced without ribosomes [20]. The synthesis
of even longer polymers of amino acids on illite and hydroxyapatite has been
demonstrated [21]. Non-coded peptide synthesis in fact occurs in extant organisms
using coded synthetases [22]. In the absence of the ribosomal machinery, various
atypical features can be utilized including the incorporation of D-amino acids
and/or non-standard amino acids [23]. Irrespective of how or when RNA or a
precursor nucleic acid first became available, it would clearly be an important step
in origins. This is because complexity is readily increased even in the absence of a
replicase by hybridization and/or ligation. These processes are obtainable in random
RNA pools [10]. It has been shown, for example, that a ligation of a simple RNA
stem loop structure to itself could in principal produce a tRNA with the full
complexity of the modern molecule [24].

1.3 Peptidyl Transferase Center

With regard to the modern PTC, Ilana Agmon in Yonath’s research group found
evidence of structural similarity between the A-site and P-site portions of the
modern PTC [25]. This suggests that the modern PTC actually arose from an
ancient duplication or hybridization event [26, 27]. Consistent with this, in the LSU
rRNAs of Chlamydomonas reinhaardtii mitochondria [28] and the Fuglena gracilis
cytoplasm [29], the PTC is actually formed by noncovalent base pairing between
two separate RNA fragments. These fragments are, however, very large and likely
more indicative of possibility rather than actual history.

Regardless of its origin, a popular question regarding the PTC is the mechanism
of the two reactions it is involved in [30]. The more studied of these is the entropic
peptidyl transferase reaction in which the ester bond that links the nascent peptide
to the 3’ hydroxyl of the 3’ terminal ribose of the P-site tRNA is subject to
aminolysis by the alpha-amino group of the incoming tRNA. The reaction is fast
with 15-50 peptide bonds produced per second [31]. The PTC is thought to be an
entropy trap, which means it is the positioning of the substrates that is central rather
than conventional chemical catalysis [32, 33]. The chemistry has been the subject of
considerable discussion [30, 34-39] with no consensus resolution. Unlike a typical
enzyme, the reaction is also not specific. The PTC can synthesize other products
including esters and thioesters [40-44] and utilize non-standard amino acids
[45—-47]. The second reaction is the subsequent release of the peptide from the P-site
tRNA by ester bond hydrolysis, which occurs when a stop codon is reached. This
reaction is much slower [48].

However, a focus on the specifics of the chemistry obscures the larger picture of
the utility of a proto-ribosome in a prebiotic world. It is not just the ability to
synthesize peptide or perhaps ester bonds that matters, but rather the ability of the
process to be done over and over again in order to create a polymer [49].
The chemistry itself is inherently favorable in that the synthesis of a dipeptide is
relatively easy, but its subsequent release is slow. Thus, further extension is
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Fig. 1 Space filling model of the PTC region highlighting the residues that surround the exit pore.
Backbone atoms are colored in brown, and the bases are in green. The black line traces the RNA
backbone throughout the region. Unlike other known RNA pores that are lined almost exclusively
with backbone atoms, the PTC pore provides access to the bases

possible if additional activated amino acids approach the growing chain before it is
released. The modern ribosome exploits this by holding the growing chain in place
in the P site while the next charged tRNA is recruited to the A site. When the PTC
region of the ribosome is closely examined, one sees that the PTC actually forms a
nanopore (Fig. 1).

The PTC pore serves as the entrance to the exit tunnel that provides a path for the
growing peptide to pass through the ribosome and ultimately emerge as a mature
protein. To accomplish this, various bases in the PTC are accessible at the pore
surface. In the modern ribosome, any blockage of the exit tunnel rapidly inhibits
protein synthesis, in essence because the active site becomes clogged. This is the
mechanism employed by many macrolide antibiotics [50-56]. Many other antibi-
otics simply prevent the correct positioning of acceptor or donor substrates at the
PTC [30].

With these facts in mind, it was previously proposed [49] that the entrance to the
exit tunnel was part of the PTC from the very beginning. In fact, in combination
with the favorable chemistry, it was likely this feature that provided a critical
advantage over alternative peptide synthesis systems by facilitating the polymer-
ization process as well as the synthesis of individual peptide bonds. For example, if
pairs of activated amino acids bound to very small RNAs [57] are brought to the
surface of a proto-ribosome they could, if positioned properly, form a peptide bond
such that one of the RNAs now carries a dipeptide while the other is vacant. This is
then the critical moment. If complexity is to continue to increase, the small RNA
that contains the dipeptide must now be more likely to stay associated with the
proto-ribosome. In contrast, the now naked small RNA must be more likely to leave
the reaction center thereby making the creation of a trimer possible when a new
RNA carrying an amino acid reaches the surface of the proto-ribosome. It is argued
that the presence of the exit pore will facilitate precisely this by providing a means
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to slow the departure of the small RNA carrying the dipeptide and preventing it
from interfering with the next synthesis step.

What amino acid would the small RNAs carry? This question has been
addressed not from the PTC perspective, but rather from the origins of coding. The
basic idea is that the proposed small aminoacylated RNAs would be the ancestors of
modern tRNAs. These RNAs may have delivered different amino acid to the
proto-PTC depending on their individual structure and sequence. For example, the
CCA stem of early proto-tRNAs may have favored some amino acids over others.
Thus, as recently revisited [58], it has been speculated that there was originally an
operational genetic code [59, 60] that would have predated the usual genetic code.
In support of this idea, some modern aminoacyl tRNA synthetases do not rely on
the anticodon to determine tRNA identity. For example, an alanine minihelix RNA
and an even smaller microhelix consisting of only the acceptor stem are readily
charged [61, 62].

What peptides would be made? It is not envisioned that any magic peptide
would have emerged. In fact, as stated explicitly by Noller [1], “it is proposed that
translation originally arose not to synthesize functional proteins, but to provide
simple (perhaps random) peptides that bound to RNA, increasing its available
structure space, and therefore its functional capabilities.” Being random, noncoded,
and likely lacking complex structures, the earliest peptides would provide one
obvious benefit: stabilization of the growing proto-ribosome [49]. For example,
simply increasing the lifetime of the machinery would facilitate further develop-
ments in the pre-LUCA World. However, stabilization of the very core of the
emerging PTC was likely initially facilitated by metal ion interactions, not peptides.
The modern PTC region is largely devoid of protein interactions. Instead, inner
sphere interactions of magnesium with phosphate oxygens play a key role [63, 64].
However, at the time the ribosome was first developing, the Earth was anaerobic.
As a result, ferrous ions may have been used rather than magnesium [65]. If a
ribosome structure from an anaerobic organism becomes available, it will be of
interest to see if ferrous iron is associated with the ribosomes.

Given the proposed importance of the PTC in terminating the RNA World one
would expect that a suitable PTC analog would be stable, able to bind the sub-
strates, and easy to form. Although it remains to be proven experimentally, initial
quantum kernel energy studies indicate that Yonath’s proto-ribosome would in fact
form a stable structure to which small RNA substrates could stably attach [66]. But,
how easily could a PTC-like structure be formed in a prebiotic world? A search of
known RNA structures was performed, and in fact 11 additional nanometer size
pores were found in the large rRNAs, and more examples were found in other
RNAs [67]. These additional pores are made by folding of the RNA and in several
cases encompass less than 100 nucleotides. However, unlike the PTC case, all of
these additional pores are formed primarily by the backbone with the bases facing
away from the pore surface. One might argue that a second pore in the rRNAs with
a structure akin to the PTC pore would be detrimental because of possible com-
petition. However, pores were also found in other RNAs, and although smaller,
these too typically hide the bases from the pore surface. A second issue is
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conservation. The residues that comprise the modern PTC region are found to be
extremely conserved when a representative group of organisms is examined [68].
This reflects on one hand the importance of the PTC, but if only a few sequences
can perform the function, then its discovery in the prebiotic world would be unli-
kely. Of course, the modern PTC is central to all extant organisms, and it likely was
highly optimized by selective forces well before the emergence of the LUCA. It
would be helpful to further study whether an artificial RNA capable of performing
the PTC reaction is available. However, to date such an RNA-alone system has not
yet been obtained.

2 Toward a Timeline for the Subsequent Evolution
of the Translation Machinery

2.1 Initial Models of Ribosomal RNA Age

Compared to the PTC, the modern ribosome is incredibly complex. The large
subunit RNA in bacteria is alone approximately 2900 residues in length, and clearly
some parts of it must be older than other parts [69]. This raises the obvious chal-
lenge to develop the history and function of individual sections of the RNA and
possibly ribosomal proteins, (r-proteins). Thus, structural insights have been used to
deduce the relative age of various ribosomal components. The large subunit RNA in
particular has been targeted by multiple approaches. An initial attempt examined
sequence and secondary structure conservation to identify functionally important
regions of the RNA [68]. One might also infer relative age from this comparison as
the most conserved regions might be expected to be the oldest.

Further progress was spawned by the availability of atomic resolution structures.
Initially, Hury et al. [70] examined tertiary interactions that provide connectivity
between distant regions of the 23S rRNA. It was argued that connectivity likely
increased over time with the most connected regions being the oldest. It was
concluded that the oldest regions were likely domain 5, e.g. the PTC, followed
essentially simultaneously by a portion of domain 2 (helices 31-35), which
encompasses part of the exit tunnel, and domain IV, which is a major site of bridges
to the 30S subunit. Somewhat later by this criterion would be the addition of parts
of domain I and domain VI. Domain 3 and the GTPase center would be the most
recent additions. A comparison with the LSU secondary structure analysis revealed
that with the exception of the GTPase Center, essentially these same regions were
universally conserved [70]. The GTPase exception reminds us that universality of
structure is primarily about maintaining function.

An alternative approach was developed by Hsiao et al. [64]. They aligned
three-dimensional structures of the 23S rRNAM™™ (23S rRNA of Haloarcula
marismortui) and 23S RNATT (23S rRNA of Thermus thermophilus) and obtained
objective local and global superimpositions of the two LSU rRNAs. They then
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sectioned the superimposed LSUs into concentric shells, like an onion, using the
site of peptidyl transfer as the origin. Next they approximated ribosomal evolution
by accretion of spherical layers. Thus, RNA regions near the PTC are regarded as
the oldest and increasingly recent as one approaches the surface.

This approximation appears to capture significant information along the evolu-
tionary timeline revealing, for example, that the sequence and conformational
similarity of these 23S rRNAs are greatest near the PTC origin and diverge
smoothly with distance from it (i.e., with increasing spherical shell radius). Unlike
the Hury model [70], the onion model [64] provided a relative age for individual
helices in the RNA rather than just local regions. It was found that characteristics
such as (1) rRNA conformation, (2) rRNA base pairing interactions, (3) rRNA
interactions with Mg2+ ions, and (4) ribosomal protein conformation and interac-
tions vary with distance from the PTC origin. The results suggest that the con-
formation, environment, and interactions of both RNA and protein can be described
as changing in an observable manner over evolutionary time. An examination of the
exit tunnel similarly provides insight into the age of ribosome regions as it was
present from the beginning and necessarily maintained as the ribosome grew larger.
Thus, it progresses from its beginning at the PTC in domain V to domains IV, II, I,
and III respectively.

Subsequently, the Hury approach [70] was substantially refined [71]. In par-
ticular, it was recognized that A-minor tertiary interactions [72, 73] were potentially
directional in time. These interactions connect adenosine stacks with helical regions
that are distant in the primary sequence. The adenosine stack is not stable by itself,
whereas the helical stack is thereby implying the latter is older. This idea coupled
with a dismantling of the ribosome by systematically eliminating regions whose
absence does not compromise the integrity of the remaining structure allowed
construction of the first helix-by-helix model of rRNA history [71]. It was found
that essentially all of the A-minor interactions associated with the PTC region of
domain 5 involved a helix that interacted with an A-stack elsewhere in the RNA.
Thus, the PTC was concluded to be the oldest portion of the LSU rRNA. Other old
regions again included helices H31-H35 of domain II and helices H61 and H64—
H67 of domain IV. In contrast, regions identified as very recent included helices
H42-H44, which comprise much of the modern GTPase center, and helix H38, the
A-site finger.

2.2 Accretion Model for Ribosomal RNA History

All of these initial studies focused on the bacterial and/or archaeal ribosomes.
Eukaryotic ribosomes typically have larger RNAs. However, there is a common
structural core shared by archaea, bacteria, and eukaryotes. The increased size of
the eukaryotic rRNAs results from local blocks of additional residues, which are
often referred to as expansion segments [74, 75]. In actuality, the first expansion
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Fig. 2 The secondary structure of H. morrhuae 5S rRNA is shown with the location of the
108-nucleotide expansion sequence indicated [76]. The four primary helical regions in the 5S
rRNA secondary structure are labeled by bold Roman numerals. In the presence of the insert, the
backbone connection between residues 108 and 109 is broken, but the base pairs needed to make
the usual fifth helical region appear to be present

segment that was observed was found in the 5S rRNA of Halococcus morrhuae
(Fig. 2) [76].

In this case, the 108-nucleotide insertion nearly doubles the size of the 5S rRNA.
The insertion emerges from what would otherwise be a helical segment of the RNA.
By simply removing the insertion, one can reconnect the bases at the beginning and
end of the insert and create a perfectly normal 5S rRNA. Because the insert is only
present in one genus, one can readily infer that it was a recent addition. The crucial
insight that had previously been overlooked is that the same processes were likely
also in effect before the LUCA. With this in mind, one can basically work back-
wards looking for examples in the common core structure where a helix can be
removed without disrupting the rest of the core. These frequently appear to have
arisen as the result of insertion of a branch helix into a preexisting trunk helix as in
the case of H. morrhuae 5S rRNA [77]. Such a helix, which is now universal, is
then envisioned as having been inserted at a pre-LUCA time. A second example of
insertion fingerprints arises by elongation of an existing helix [77]. In addition,
local rearrangements of a stem may occur [78]. In multiple cases, one can see that
additional structure has have been added over time while preserving more widely
found inserts that presumably occurred at earlier times. Thus, by looking for dif-
ferent types of insertion fingerprints in combination with A-minor interactions and
continuity, Petrov sought to infer the relative age of local regions in the LSU [77].
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Fig. 3 The LSU common core is shown [77] using the updated LSU secondary structure [79].
Each region is assigned to one of six phases. The phase assignments are indicated by differing
colors. The figure is reprinted with permission from Anton et al. [77]

A total of 58 accretion elements were identified and numbered (not shown)
according to their possible order of addition to the growing LSU. The various
insertion elements were then grouped into one of six phases (Fig. 3). Eukaryotes
frequently have post-LUCA insertions and are envisioned to have two additional
phases.

The resulting grouping is in many respects essentially a phylogenetic tree of the
accretion events. As in a phylogenetic tree, timing along different branches can
differ once they have diverged. Thus, in particular the exact temporal order of many
peripheral additions is uncertain as they were acquired independently of one
another [77]. It should also be appreciated that individual events in ribosome
evolution such as the introduction of coding are likely occurring both over extended
time periods and in parallel with other events. Thus, a linear timeline, although
useful, is not realistic. Instead, the idea of phases is introduced to group events that
are likely occurring in a similar time period. The accretion model addresses the
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order of additions along various branches in the structure, but phase assignment
must take into account other information. In sectors where additions have occurred
in all the proposed phases, one can correctly infer their likely order, for example,
from dark blue to light blue to green, to yellow, to orange, to red. However, if
accretion was very fast in some periods, from a larger perspective two accretions
may actually have occurred in the same phase. In many instances, not all phases are
represented in a lineage that progresses, for example, directly from green to red. In
this case one does not immediately know from the accretion data alone whether the
final accretion actually occurred in phase 4, 5, or 6. The phase assignment usually
takes into account other information, too. Thus, phase assignment is sometimes
subjective, so future refinement of the model can be expected.

Another complication is relating traditional helix numbering and definitions to
the accretion model and various ribosome studies. This reflects the fact that the
traditional helix numbering scheme is rather random. Diagrams indicating the
numbering system are available at (http://rna.ucsc.edu/rnacenter/images/figs/
thermus_23s_2ndry.jpg) and for the SSU at (http://rna.ucsc.edu/rnacenter/images/
figs/thermus_16s_2ndry.jpg). For example, both helix H34 and helix H42 actually
consist of two stems separated by an interior loop. Using the recently proposed
naming system for ribosomal proteins [80], it is seen for the case of H34 that
ribosomal protein ul4 interacts in part with one of these helices but not the other.
So saying ul4 interacts with helix H34 is misleading. In the accretion model, this
numbering system is discarded in favor of a system in which each accretion element
is given a number. So now the portion of helix H34 that interacts with uL4 is seen
to be part of accretion element 10. However, accretion element 10 also contains
what in the traditional helix numbering system is helix H35. Because the traditional
numbering system has been widely used in numerous papers, the best solution
might be to break offending helices in the traditional nomenclature up such that
each stem has a specific name that relates to the original naming system. Then we
would see that uL4 binds to H34a but not H34b.

Most recently, the accretion analysis was extended to the small subunit [81].
Again, it was possible to assign a relative age to various helices, and phases could
be assigned. The crucial issue at this point is the time of initial collaboration
between the two subunits. The small subunit might be envisioned to initially start as
a small growing RNA with its own history that begins to interact with the emerging
large subunit. In the most extreme case, the small subunit RNA is envisioned to
have absolutely no prior history and thus is associated perhaps by hybridization
with the large subunit as a small RNA. The key to correlating the small and large
subunit timelines is the bridge elements and the extended two-domain tRNAs,
which ultimately connect the two subunits. The bridges can only form when both
partners exist. The timing relationship between the two subunits was based on
bridge elements with directionality supported by A-minor elements in which the
younger A-minor donors were found to be in the SSU. In the accretion model, the
earliest bridge elements are B3 and B2a. Once the bridge elements were in place, it
was possible to correlate subsequent events in the two subunits. However, prior to
the amalgamation of the two subunits, each would have a separate timeline. The
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Fig. 4 A summary timeline representing major events in the evolution of the full ribosome is
reprinted with permission [81]. In this version, the LSU and SSU are envisioned to have initially
evolved independently and subsequently are joined together in phase 3

combined model provides an approximate time of appearance for each helical
region and thereby provides an approximate timeline (Fig. 4) against which various
ribosomal features and activities can be mapped. This timeline is organized into six
phases for bacterial ribosomes, and events associated with each phase are described
in detail [81].

2.3 Is the PTC the Oldest Portion of the Ribosome?

Separately an alternative model of ribosome origins that putatively relies primarily
on phylogenetic methods applied to the ribosomal RNA structure has been pro-
posed [82, 83]. This model and Petrov’s accretion model [80] have generated recent
controversy [84-86]. A primary issue is whether or not the origin of protein syn-
thesis began with the creation of the PTC region of the large subunit. One strong
indicator of this is that the PTC can be made from a single self-folding RNA,
whereas the decoding center is not [87]. From a purely semantic point of view, it
would appear the origin should be the structure that was first able to make peptide
bonds. However, there is a possible complication in that it has been suggested on
several occasions that the translocation process that moves the mRNA may have
originated in the RNA World, possibly as the original replicase [88-90].

In fact, both Petrov and Caetano-Anollés recognize that a portion of the ancestral
small subunit rRNA may have existed as an independent body prior to any asso-
ciation with a precursor large subunit. Harish and Caetano-Anollés [83] clearly
state, “Intersubunit bridge history indicates early independent evolution of sub-
units.” In this view, both subunits already consist of multiple helices at the time
they first associate. In the case of the accretion model, the large subunit precursor is
envisioned to contain the major components of the PTC and thought to already be
making non-coded peptides at the time it acquires (or is acquired by) the proto-SSU
in phase 3. Indeed, the modern 50S particle can synthesize peptides by itself. It
therefore is appropriate to simply consider the addition of the small subunit as
another step toward the modern ribosome thereby indicating that translation
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evolved from the PTC even if a portion of the 30S subunit had an earlier prior
history. However, this argument does not apply to the Caetano-Anollés model
because at the time of the envisioned merger the PTC region was not yet included in
the emerging large subunit.

The calculations that support this alternative view produce a tree of relationships
between various helical elements. In this tree, helices H76, H41-42, H38, H67,
H96, H60, H55, H101, H27, H25, and H16 all predate the helices that comprise the
PTC. Several of these non-PTC putative aboriginal helices are not part of the
universal core seen by sequence comparisons [68]. In addition, they are not actually
backbone interconnected in the modern structure. This raises the question of how
they were held together to create the proto-LSU structure. It might be argued that
this could be done by hybridization. Consistent with this, in some cases modern
rRNAs have been found to be produced by multiple smaller fragments that
hybridize together to make the full rRNA [69]. In fact, it has been posited that the
PTC itself may have emerged from hybridization of two fragments [69] and/or
duplication of a smaller fragment [25]. From this writer’s perspective, the
Caetano-Anollés model needs to show that the proposed early fragments could have
interacted with one another by hybridization without disrupting their essential
structure. In addition, an explanation for how additional RNA was subsequently
inserted between the putative early helices would be helpful. More detailed dis-
cussion of the Caetano-Anollés model will be found elsewhere in this volume.

3 Major Events Along the Timeline

In the accretion model, events are described at a level in which local structural
elements of the RNAs are added at specific relative times. This allows one to infer
the likely addition of other features. For example, it is reasonable to speculate that a
particular ribosomal protein is not present until its binding site has been added.
There are many inferences of this type that remain to be fully appreciated. In order
to begin organizing this very detailed information, the emergence of various
ribosomal subsystems and components have been broken up into approximately six
phases. Major events associated with various phases in ribosome history will be
discussed in detail in this section.

3.1 Homochirality and the Ribosome

A long-standing issue in the origin of life is when and how homochirality was
introduced into emerging biological systems [91]. Homochirality is generally per-
ceived to be the result of chemical properties and therefore thought to likely precede
the emergence of ribosomes. That said, as reviewed in some detail previously [92],
the modern ribosome can in fact be convinced to accept tRNAs carrying D-amino



Origins and Early Evolution of the Ribosome 43

acids [93, 94]. In addition, mutations in the PTC can improve the tolerance for
D-amino acids [45, 95-97] and even B-amino acids [98]. If mutations can decrease
the specificity of the modern ribosome, then it is clear that mutations in the past
may have improved the specificity. Separately, a variety of processes are utilized to
insure that D-amino acids are not attached to tRNAs by the amino acyl tRNA
synthetases [99, 100], thereby indicating that this also may have been a problem in
the past.

Thus, there is strong evidence that the early ribosome likely would have
incorporated D-amino acids with some likelihood. However, if both processes have
the same chiral preference then working together with both having perhaps 70 %
accuracy they quickly produce a product that is over 85 % homochiral. So even if
L-amino acids were not predominant in the pre-ribosome period, the early ribo-
somes would soon be producing nearly homochiral peptides. It should also be noted
that incorporation of a D-amino acids into a modern protein is not necessarily
destructive to the formation of a peptide, but instead it depends on where they are
located [96, 97]. Alpha helices in particular are intolerant of D-amino acids. Thus,
the first peptides made by a primitive ribosome would be more likely to contain
beta sheets than alpha helices. Amino acids that do not present a chirality problem,
e.g., glycine, might also be favored.

3.2 tRNA and the Timeline

The tRNAs span the two subunits and are therefore central to the modern ribosome.
The universal CCA sequence at their 3’ end carries either the incoming amino acid
or the partially synthesized growing peptide chain and is thus associated with the
PTC. At the opposite extreme, approximately 70 Angstroms away, the anticodon
regions of two tRNAs interact with the mRNA at the decoding center of the small
subunit.

The origin of the typical modern tRNA of 76 nucleotides has been the subject of
considerable discussion [101]. It has in particular been observed that the tRNA
consists of essentially two domains with the presumably older top half carrying the
amino acid and the younger lower half interacting with the mRNA [60, 102, 103].
The top portion includes the T-stem, the acceptor stem, and the universal, but
typically not coded, terminal CCA to which the amino acid is attached to the
modern tRNA. It has been suggested that this top portion may have originated as an
even simpler single hairpin to which was later added the T-stem and loop [104].
A subsequent ligation of two copies of a stem loop structure could in principle
produce the essence of the tRNA’s 3D structure including long-range interactions
[24].

As attractive as this general idea is, it is important to appreciate that other facts
raise concern and tRNA origins may be consistent with other hypotheses. For
example, in the case of some mitochondria, the D arm or T arm is deleted from the
tRNA [105]. This feature normally interacts with the L1 stalk in the large subunit
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rRNA, which is also missing. The L1 stalk is a phase 5/phase 6 addition to the
LSU RNA, thereby raising the possibility that the D-stem is a recent addition.
Likewise, the discovery of split tRNA genes in Nanoarchaeum equitans [106]
suggests models in which two half structures formed the tRNA structure by
hybridization rather than duplication [101].

However, the idea of a bottom-to-top addition of the lower portion of the tRNA
stem has been greatly strengthened by the discovery of an ancient insertion fin-
gerprint that supports the addition of the D arm and anticodon arm into an earlier
structure consisting of the CCA stem and T arm [81]. The new addition to the tRNA
would thus make interaction with a proto-mRNA possible, thereby representing the
origins of true coding within the context of ribosome history. When did this occur?
Although it is currently not obvious how to directly time the origin of the
two-domain tRNA, one can infer its presence by the relative time of appearance of
the small subunit helices associated with the decoding center. This places it as most
likely in late phase 3 or early phase 4.

3.3 Ribosome History Has Implications for the Origin
of the Genetic Code

The holy grail of ribosome evolution, which will not be addressed here, is an
explanation of the origin of the modern codon assignments. This relates at least in
part to the aminoacyl tRNA synthetases and has been recently examined in several
reviews [107, 108]. The genetic code, as we know it, is often thought to arise in two
stages. As small RNAs brought possible substrates to the proto-PTC, the sequence
of the RNA carrier would favor the attachment of some amino acids (or perhaps
esters) over others, resulting in an operational code that did not rely on any genomic
information. The peptides made would be largely random depending on the
availability and affinity of particular amino acids. Over time, as the carrier RNA
became larger, additional residues would be added to the CCA stem thereby
expanding the initial operational code. True coding as is found in modern organ-
isms would require a two-domain tRNA and a proto-ribosome that includes the
basic components of both subunits as well as an mRNA. Thus, in the context of the
accretion model, coded synthesis would not begin until late in phase 3 or phase 4.
The likely initial driving force was the dynamic h44—-h28 combination, which could
spontaneously switch between two or more configurations. This motion might have
been coupled to a noncoding proto-mRNA that hybridized to h44 much as the
Shine-Dalgarno sequence [109] of modern bacterial mRNAs does. The addition of
the lower portion of the tRNA would then allow the tRNAs to interact indirectly
with the h44-h28 driver by hybridization to the proto-mRNA. Alternatively the
tRNA may have been extended first and then serendipitously interacted with a small
RNA associated with the h44-h28 complex [110]. This would in either case greatly
improve the speed of peptide synthesis by increasing the rate of motion from the A
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to P site. The ability to more rapidly make random peptides of upwards of even 10—
15 residues likely would have provided a new level of complexity to the prebiotic
world. The sequence of the proto-mRNA would govern which tRNAs would best
interact with it. This would create an environment in which, in a manner perhaps
similar to the operational code, a genetic code as we know it could evolve. Thus,
the proto-mRNA that may have initially simply facilitated movement of the tRNAs
would now be available to carry information. Understanding the early history of the
ribosome has not yet provided a specific explanation for any codon assignments.
However, it does provide potentially useful insights into the environment in which
the code was established.

Although the modern code is largely universal, there are numerous minor
exceptions found in various organisms and most especially mitochondria. When a
tRNA is mutated such that it recognizes two anticodons, e.g., UGA and UGG, as
Trp, for example, this eliminates a stop codon. Alternatively, a tRNA mutation may
result in a methionine tRNA that now reads both AUA and AUG. Thus, changes in
codon assignments in modern organisms may really be about changes in the mRNA
and tRNA populations. Especially interesting was the observation that in human
mitochondria the arginine codons AGA and AGG were extremely rare and
apparently the cell did not produce a tRNA to recognize them [111]. Hence, they
were thought to have become de facto stop codons. However, it was subsequently
found that they instead provoked frame-shifting events that then restored a normal
stop codon [112].

These sorts of observation may have implications for the manner in which we
envision coding prior to the LUCA. Initial genomes, especially RNA genomes,
would have initially been small. As a result, many codons would potentially be rare
and have to be dealt with in some manner. If they were treated as stop codons this
would be undesirable as it would limit the size of peptides that could be made. In
this context, tRNAs that could recognize multiple codons might have been pre-
ferred. The role of stop codons and small genomes has been discussed before [113]
and likely should be revisited.

3.4 Ribosomal Proteins Line the Path to Increasing
Complexity

Before the sequences and structures of the ribosomal proteins were known, it was
thought that they might be descended from some small number of ancient proteins
by gene duplication. In fact, there are only a few examples of such relationships,
and lateral transfer events involving the ribosomal proteins are at best rare [114,
115]. In our original attempt to establish a timeline for ribosome evolution [116],
the ribosomal proteins played a key role. It was observed that the non-universal
proteins were typically late additions in ribosome assembly. This led to the
hypothesis that the assembly map recapitulated to some significant extent the



46 G.E. Fox

evolutionary history of the ribosome [116]. It was thus argued that the oldest
ribosomal proteins were likely ul.2, uL3, ulL4, and ulL24, as these were at the core
of the assembly process. Experimental studies showed that 50S particles alone
containing 5S rRNA and eight proteins including ul.2 and ul.3 were active [117].
Subsequently, the relative ordering of both the SSU and LSU chronologies were
optimized with respect to differences in amino acid usage bias [114]. The results, in
conflict with the cladistics model [82, 83], strongly supported a scenario in which
the LSU predates the SSU. Ribosomal proteins ulL2, uL3, and ul4 in particular
again appeared to be the oldest.

Modern genomics has shown that gene order is not typically conserved over vast
phylogenetic distances [118]. In contrast with this observation, analysis of the
ribosomal proteins revealed that in bacteria and archaea there are six
clusters/operons consisting almost exclusively of ribosomal proteins that are in fact
conserved. Within this group, the two largest clusters are the S10 operon, which
includes ul.2, ul.3, ulL4, and the spc operon, which includes ulL24. In both cases,
the order of the genes, not just the gene content, is typically preserved. In E. coli
where experimental studies have been made, these operons are all regulated at the
translational (e.g., RNA) level rather than the transcriptional level. This has been
cited in support of these clusters having been part of a primitive RNA genome
[118, 119].

An examination of the ribosomal proteins in the SCOP database release 4.75
[120] reveals that many of the ribosomal proteins have structures that are either all
alpha or all beta. However, the subunits differ in that proteins with all beta struc-
tures, such as uL.2 and ul3, and proteins comprised mostly of parallel beta sheets,
such as ul4, occur more frequently in the large subunit than in the SSU. The
universal proteins ul.2, ul.3, uL4, and uL.22 all have extensions that reach the PTC
region. It has been pointed out [121] that the regions that comprise these extensions
are peptides with no secondary structure, loops with beta turns, or beta hairpins.
The exit tunnel, which starts at the PTC, by its role in providing a path to the
exterior of the ribosome, must have been maintained as the ribosome grew larger.
Moving along this path is then basically a timeline. In doing so, one sees initial beta
structures such as an extension of uL22 followed only later by an alpha helix. This
absence of alpha helical structures in the oldest parts of the PTC may reflect the
difficulty in obtaining alpha helices in peptides that initially may have been com-
prised of mixed chirality amino acids.

When equivalent proteins from the three domains of life were aligned, they were
frequently found to exhibit a block structure in which some regions are universal
and other segments are specific to either the Bacteria or the Archaea [122]. In a few
cases, e.g., uL6, ulL11, ulL14, uS9, and uS11, there is essentially only a single
universal block [122]. The existence of domain-specific blocks strongly supports
the notion that, like the ribosomal RNAs, portions of the proteins may have arisen
at different times. One clear example of a protein with interesting history is uL2. It
has two distinct domains. The N-terminal domain forms an OB fold, while the
C-terminal domain forms an SH3 fold [120, 123]. What is especially noteworthy is
that these two folds are in fact very similar [123]. By simply moving the location of
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one beta segment, it is possibly to effectively convert the SH3 fold to an OB fold.
Thus, it is likely that one of the domains may have arisen from the other by
duplication in conjunction with a partial rearrangement.

The question then is which domain of uL.2 is the oldest. The accretion model may
provide the answer by combining RNA-protein interaction sites with the likely age
of the interaction sites. In examining a preliminary protein-RNA interaction map
available at the CRW web site (http://www.rna.icmb.utexas.edu/SIM/4A/
CRWStructure/rpi/rpi.23S.hb.pdf) [124], one finds that the primary site of interac-
tion of the more universal proteins typically interacts with the predicted older regions
of the RNA. At the very oldest regions of both subunits, protein interactions are
minimal to nonexistent. The issue of the primary binding site where a protein
interacts is complicated by the fact that there are typically multiple interaction sites
for each protein. However, in most cases there is a cluster of contacts representing
the primary interaction site. In the case of uL2, the SH3 domain interacts with
accretion elements 12 and 12a, while the OB domain interacts primarily with
accretion elements 9, 13, and 14. In both cases, these regions are assigned to phase 3,
and although both domains are clearly essential to the early history of the ribosome,
it remains unclear which domain is older. Interestingly, there is a small segment of
ul.2 that is between the two major domains that forms a small loop that interacts with
the loop of helix 93 in what is regarded as phase 2 in the accretion model. Rather
than either domain, this small element may in fact be the very oldest part of ul.2.

Consistent with their early evolution, both the SH3 and OB domains are devoid
of an alpha helix, and each is found in other ribosome-relevant proteins. The SH3
domain is found in bL21 and ul24 as well as a variety of intracellular or
membrane-associated proteins. The OB fold is frequently associated with
oligonucleotide binding and is found in several ribosomal proteins including uS12,
uS17, and bS1. The bS1 protein is associated with initiation and actually contains
six copies of the OB fold that form what is known as an S1 domain.

Useful insight can also be obtained by examining the non-universal proteins.
Although these proteins likely have a post-LUCA origin, the way they have
evolved may provide insight into the pre-LUCA acquisition of proteins. In a
seminal paper, Klein et al. [125] compared the structures and locations of ribosomal
proteins from the archaeon Haloarcula marismortui and the bacterium Deinococcus
radiodurans. It was observed in several cases that one or more of the unique
H. marismortui proteins in fact have non-homologous analogs in the Deinococcus
structure. For example, eL.21, e.24, and eL.37 have analogs bL27, bL19, and bL34,
respectively. In each case, the analogous proteins are distinctly different in sequence
and structure. However, at the level of secondary structure at least, one sees
essentially no significant change in the LSU RNA in these cases. When differences
do occur, they are relatively minor. There are also examples of proteins that are in
one structure with no analog in the other. Thus, for example bL25 and bL36
are unique to Deinococcus, and eLL18, eL.19, and eL.39 are unique to Haloarcula.
In some cases there are again no obvious RNA differences. This raises the evolu-
tionary question in each case of whether the unique protein is a post-LUCA gain
where it occurs or a loss where it is not found.
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However the RNA sometimes does noticeably change in association with a
protein. One interesting case is eL.18, which is unique to Haloarcula and has partial
sequence homology with uL15. It turns out that its binding site partially overlaps
with uL15 on helix H27. In addition, there is a small helix insert (H30) between
H29 and H31, which is the primary binding site for eL.18. This insert and the
protein are both absent in Deinococcus.

3.5 Origins of the Dynamic Ribosome

The modern ribosome is a dynamic molecular machine that executes protein syn-
thesis one residue at a time. An incoming tRNA carrying the next amino acid in
association with elongation factor EF-Tu enters at the A site following GTP
cleavage. Peptide bond formation is spontaneous, and the tRNA now carrying the
growing peptide chain moves to the P site with the help of elongation factor EF-G
and a second GTP cleavage. A new tRNA now enters at the A site, and the process
is repeated. As the process proceeds, the tRNA is now deacylated and moves to the
E site from which it exits the ribosome. During the process the small subunit
exhibits head swivel and rotates relative to the large subunit. Although facilitated by
EF-Tu and EF-G, the core motions are actually inherent to the ribosome itself. In
the absence of the factors, protein synthesis can still proceed [126, 127]. Thus, the
ribosome is thought to be inherently a processive Brownian motor [128].

Well before any structures were available, Woese proposed that the tRNA itself
was dynamic, ratcheting between two configurations of the anticodon loop [129].
This proved to be the correct general idea, but not the correct specific structure. The
first atomic resolution tRNA structure revealed what appeared to be a hinge-like
structure in the lower portion of the tRNA [130, 131]. It is now appreciated that as the
tRNA enters and ultimately leaves the ribosome, various conformations are produced
as a result of motions facilitated by the pivot point as indicated in Fig. 5, which was
adapted from Dunckle et al. [132].
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Fig. 5 Alternative tRNA orientations seen during a single translation cycle
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The existence of this key center of motion inspired a search for additional pivots
within the large RNAs. Initially, atomic resolution structures of the ribosome before
and after EF-G associated GTP cleavage were compared. A total of 23 pivots were
found [133]. Of these, 15 were in the small subunit and 8§ in the large subunit.
A similar analysis of pivots associated with EF-Tu associated GTP cleavage found
16 pivots, 4 of which are uniquely associated with EF-Tu. [134]. That many shared
pivots are found is consistent with the long-standing observation that the EF-G and
EF-Tu sites of interaction partially overlap [135, 136]. Both EF-G and EF-Tu
interact with the factor-binding site, which includes helices H43 and H44.The
pivoting positions are consistently associated with weak spots in the RNA structure
such as non-standard base pairs and bulge loops.

In the case of EF-G, pivots in small subunit helices h28 and h44 are especially
interesting. Motions associated with these two pivots strongly affected other pivots,
Helix h28 appeared to control h31, h33, h36, h37, h39, h40, h41, h42, and h43,
while pivot h32 appears to control motions at pivots h33, h36, h37, h39, and h40.
These pivots are associated with the head swivel and head rotation. Overall, there
appears to be a network of interacting pivots as outlined in Fig. 6, which is
reprinted with permission [134].

The dynamic aspects of the modern ribosome clearly make it faster and likely
more accurate as well. Placing the emergence of this key event on the timeline of
ribosome evolution is an important goal. To begin to answer this question, one can
examine when the various helices containing pivots were incorporated according to
the accretion model [77]. In the case of the LSU, the ten pivots associated with
either EF-Tu or EF-G or both are listed as phase 5 or 6. The one exception is the
helix H89 pivot, which is part of the original aesl element that initiated the P site
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Fig. 6 Proposed partial network of EF-G-associated pivoting elements found in the ribosomal
RNAs [134, 137]. Black lines indicate direct physical contact between moving helixes. Dashed
lines indicate the motion that results from an upstream pivoting motion. Helixes h28, h32, and h34
form the head domain of the SSU and lie in sequence. Helices h28 and h32 influence the motions
of a number of more external pivots, which are listed vertically in the figure, as well as helix h34,
which contacts EF-G. Thus, a cascade of motion originating with EF-G-GTP hydrolysis is
plausible in either direction—forward toward the tRNA or in the reverse direction toward h34
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portion of the PTC. This helix connects with helix H91 and thereby indirectly with
the alpha sarcin/ricin loop. As has been pointed out [77], helix elongation events do
not leave insertion fingerprints, and therefore in the absence of clues from A-minor
interactions, such events cannot be readily established. Therefore, it is not incon-
sistent with the accretion model to infer that helix H89 arose at a later time as a
simple insertion in the pivoting element. It therefore seems likely that all the mobile
aspects of the LSU RNA were added rather late in the process but nevertheless well
before the LUCA.

The small subunit is clearly more dynamic than the large subunit. It is actively
involved in both the head swivel and head rotation. In the accretion model, the vast
majority of the pivots are either phase 5 (helices h6, h41, h42, and h44) or phase 6
(helices h8, h21, h26, h36/37, h38, h39, and h40). Pivots in helices h31, h32, and
43 are assigned to phase 4. There are small subunit pivots in helices h6, h32, h 41,
and h44, which are also assigned to phase 5. Pivots in helices h8, h21, h26, h32,
h36/37, h39, and h40 are designated as phase 6 and hence more recent. Pivots in
helices h31, h32, and h43 are assigned to phase 4. The remaining two pivots h28
and h44 are regarded as being among the first elements to be incorporated into the
growing small subunit. In the accretion model, they are assigned to phase 2 and
phase 1, respectively. This is consistent with the fact that motions at these pivots
strongly influence the motion seen at multiple other pivots. Helix h44 includes the
Shine-Dalgarno sequence [109], which facilitates the initial interaction of the
mRNA with the small ribosomal subunit during initiation and is involved in mul-
tiple bridges to the large subunit.

Overall these results indicate that the dynamic ribosome arose in essentially two
separate stages. It is likely that initially the H28/H44 pair were part of an inherently
dynamic element that independent of the ribosome would spontaneously alternate
between two or more conformations. When incorporated into the emerging ribo-
some during phase 3, this inherent motion would have driven both the mRNA and
tRNA movement. Subsequently, as the ribosome grew, other mobile elements were
added, primarily in phase 5 or 6, resulting in head swivel and the ratcheting motion.

3.6 Recent Aspects of Ribosome Evolution

The ribosome clearly continued to evolve as complexity reached and extended
beyond that of the LUCA. For example, as discussed elsewhere in this volume,
initiation is distinctly different in eukaryotes. Likewise, the various factors have
evolved over time. In bacteria, the addition of the tmRNA system for recovering
stalled ribosomes is a noteworthy achievement. Another key development is the
introduction of post-transcriptional modifications. In this section, three important
additions that occurred very near the time of the LUCA are discussed.
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3.6.1 Trigger Factor and Factor Binding Site

The involvement of ribosomes in co-translational folding in conjunction with the
signal recognition particle and trigger factor was an important development in the
integration of the ribosome with other cellular systems [138]. In this case, the key
docking protein for the trigger factor is ul.23, which interacts near helices H51 and
HS53, which are added in phase 5. A second protein that interacts with the trigger
factor, uL.29, is associated with phase 6. It thus appears that the trigger factor and
co-translational folding predate the LUCA.

Although the ribosome is at its core a Brownian motor, the modern version is
driven by GTP hydrolysis events associated with the initiation factor IF-2, elon-
gation factors EF-Tu and EF-G, and release factors such as RF-2. The addition of
these factors to the emerging ribosome would have greatly increased the rate of
peptide synthesis and may have been as a result in part responsible for the emer-
gence of the LUCA [70, 139]. In bacteria, the factor-binding site contains multiple
copies of ribosomal protein bL.12 attached to an underlying stalk formed by helix
H42, which is thought to be added in phase 5, and ribosomal protein uL10.
However, bL12 is replaced by P1 and P2 in archaea and eukaryotes [140], thereby
associating the continuing formation of the factor-binding site with the post-LUCA
time period. The structures of these various factors have been inter-compared in
some detail, and it was concluded that they likely originated from a fusion of an OB
fold to a Ras-like GTPase [121].

3.6.2 5S rRNA

5S rRNA is a small, independent RNA that largely forms the central protuberance
of the large ribosomal subunit [141, 142]. In combination with several ribosomal
proteins, its incorporation is essentially the last step in ribosome assembly [143]. 5S
rRNA is universally found in all three domains of life and therefore was presumably
present at the time of the LUCA. Reconstituted ribosomes lacking 5S rRNA have
minimal but not completely eliminated activity [144]. In particular,
factor-dependent tRNA binding at the A site is interrupted [142]. It was originally
proposed that the sequence CGAA that frequently occurs in loop C of 5S rRNAs
interacted with the T-loop of the tRNA [145]. As reviewed in detail [142, 146, 147],
it is now thought that 5S rRNA may facilitate communication between different
ribosome regions. This is a key ribosome function, as the movement of the mRNA
likely needs to be coordinated with the synthesis of the peptide bond for the
machine to function smoothly. Among 5S rRNAs’ multiple contacts, its interaction
with ribosomal protein uL5 is of special interest. This is because uL5 in turn
interacts with uS13 to form bridge B1b/c. This bridge is the only protein-protein
bridge between the ribosomal subunits, and its time of appearance likely coincides
with that of 5S rRNA. Ribosomal protein uS13 also has a long C-terminal extension
that reaches the coding site [148, 149]. Hence, a signal may be passed between the
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LSU and the SSU decoding site. However, this is not essential as a deletion of the
uS13 tail only minimally reduced ribosome activity [150].

Although 5S rRNA is regarded as “universal,” this is subject to some inter-
pretation as its structure is somewhat different in various organisms. In the initial
E. coli structure obtained by comparative analysis, 5S rRNA was envisioned to
have four extended helical regions [151, 152]. In contrast, the equivalent eukaryotic
and archaeal structures were soon shown to have a fifth helix [153, 154] in a region
that was originally envisioned as a bulge in the prokaryotic cases. The length of this
helix varies and can be quite extended in organisms such as Thermoplasma aci-
dophilum that are subjected to harsh environments [155]. Subsequent X-ray studies
of this bulge region in E. coli revealed that it was actually a non-standard duplex
formed by what is now known as a bulge E motif [156]. In addition, a few char-
acteristic differences are seen in many 5S rRNA such as a single deletion in the loop
C region in many eukaryotes. The appearance of equivalent structures is, however,
not fully supported by experimental data. Reconstitution assays were conducted in
which 5S rRNAs from various sources were incorporated into the large subunit of
Bacillus stearothermophilus ribosomes [157]. It was found that 5S rRNAs from
prokaryotic organisms typically produced active ribosomes, whereas those from
eukaryotes did not [158].

The issue of 5S rRNA universality has long been questioned because it appears
to be missing in many mitochondria and some chloroplasts. Recently, a detailed
search for 5S rRNA homologs in organelle genomes was conducted [159].
Numerous new examples of 5S rRNA-like RNAs with additional structural varia-
tions were found in multiple cases. In the case of the mammal Porcine (S. scrofa),
the structure of the large ribosomal subunit was examined by cryoelectron micro-
scopy. It appears that a greatly reduced form of 5S rRNA is in fact present [160].
Just as the universality of 5S rRNA was on the brink of establishment, it was
definitively shown this was not the case. The crystal structures of human [161] and
yeast [162] were determined, and in both cases 5S rRNA was completely absent. In
the case of the human mitochondrial large subunit, the 5S rRNA was replaced by a
mitochondrial valine tRNA. This tRNA occupies essentially the same region in the
structure as the abbreviated RNA found in the Porcine example. In summary, 5S
rRNA was likely a late addition to the ribosome shortly before the LUCA.

4 Summary and Future Studies

It is suggested here that the matter of ribosome origins is best regarded as two
distinct problems: the origins of the core machinery and its subsequent evolution.
Much of ribosome history predates the LUCA, and thus its study takes us back in
time some considerable distance into the pre-LUCA world. It is unclear how far
back the origin of the PTC itself or its inherently dynamic SSU counterpart actually
extends into the pre-LUCA time period. Clearly RNA is crucial, and the issue of
where it comes from has significant implications. If an early path to a true RNA
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World of any complexity existed, then the core aspects of the ribosome would be a
direct and possibly quite early product. If, however, the path to RNA was arduous,
perhaps involving catalytic prebiotic peptides, for example, then in the context of
the pre-LUCA time frame, the proto-ribosome may not have been so early.

At this juncture considerable attention has been focused on the mechanism of
peptide synthesis. In addition, much of what can be inferred from ribosome
structures and primary sequences of various components about the very beginnings
has likely been uncovered. One especially interesting reminder is that one should
perhaps pay attention to the nature of the pre-LUCA earth and thereby realize that
ferrous iron may have preceded magnesium in stabilizing RNA [65]. The imme-
diate goal that several groups are pursuing is to uncover a minimal RNA that
incorporates the PTC and makes peptides. This model PTC would provide final
proof that it is the RNA that is catalytic. Such an experimental system would also
provide a starting point for studies to understand the origins and evolution of the
modern PTC. It would be possible, for example, to examine how specificity for L or
D amino acids is affected by changes in the sequence or structure of the model PTC.
Less obvious but likewise important would be to synthesize a minimal segment
based on helices h28, h44, and h45 in the small subunit in order to look for an
inherent strong alternation between two structures. Again, if such an RNA were
available, one could explore its properties with mutational studies.

With regard to the post PTC period, multiple attempts to establish a timeline of
major events have been described [64, 70, 71, 92], culminating in the accretion
model, which is based primarily on RNA insertion fingerprints and A-minor
interactions [81]. As a result, events in the growth of the rRNAs can now be
discussed at the level of individual helices or groups of helices.

This timeline of the relative age of various regions of the RNA can be correlated
with existing knowledge to form an integrated understanding of ribosome history.
This will be especially useful in refining the order of accretion of peripheral ele-
ments in the RNAs. Ongoing, for example, are efforts to correlate protein-binding
sites as provided by atomic resolution studies with helix age. In the case of proteins
with multiple domains, it may be possible to assign a relative age of each domain.
Especially noteworthy is the obvious increasing complexity that is encountered in
the later phases. Simply put, there is rapidly increasing parallelism as one reaches
phases 5 and 6. Much of what is occurring in these and later phases will likely be
found to relate to other cellular processes. This may ultimately allow a unified
history of the cell.
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