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Abstract—Much of the early development of genetic machinery was accompanied by two-way
exchange of components between early cellular systems possibly mediated in some cases by lateral gene
transfer. A search for structural similarities between ribosomal proteins and other proteins revealed

likely examples of such transfer.

living organisms, as we know

them, likely emerged from an
RNA world, first with an RNA
based genetic system and later with
DNA as the genetic material.'” The
development of sophisticated
translation machinery and its intel(] |
gration with RNA level regulation
of transcription may have been a
major driving force in the early his[ |
tory of life. With these two core
processes in place, early organisms
could then have expanded their
repertoire of capabilities leading to
the discovery of improved information storage (DNA) followed
by a second major addition of functionality. If this scenario is
correct, it is likely that the initial period would have been foll
lowed by a cross fertilization period that occurred after these
central cellular processes were well established. Hence, we
would expect to find that the earliest protein components of
these processes might have been incorporated into later evolv(]
ing cellular systems.

In order to test this hypothesis, we focused our efforts on ribo(
somal proteins seeking to identify individual proteins or protein
domains that may have been moved between and among the major
cellular systems. Ribosomal machinery is ideal for such a study for
two reasons. First, because crystals of the 30S and 50S ribosomal
subunits have been studied,*’ the structures of most of the ribosol ]
mal proteins (r-proteins) associated with the protein synthesis
machinery are now known at atomic resolution. Second, prior
examination of the ribosome assembly process® and sequence con! |
servation patterns suggests an early origin for certain proteins, e.g.,
L2,1L3, L4, and L24, etc. Therefore, the folds they contain are like
ly to be among the oldest. Consistent with this, the core fold seen
in L3 has also been found in EF-Tu, EF-G, initiation factors (IF2
and elF2), riboflavin synthase, ferrodoxin reductase, NADPH-
cytochrome p450 reductase, and L-fucose isomerase.

IT IS GENERALLY BELIEVED THAT
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Methodology

In addition to the ribosomal proteins, the structure of many cell
lular proteins including many of those involved in DNA replical
tion has been studied at atomic resolution. There is an ongoing

project known as SCOP’ in which all known protein structures

have been examined and classified by the folds they contain.

This database is publicly available at <http://scop.mrc-

Imb.cam.ac.uk/scop/>. In general, proteins that contain similar

folds have a significant potential to be historically related

whereas those that are not so similar are far less likely to be

related. We use this database as a starting point to identify non-

ribosomal proteins (and other ribosomal proteins, as well) that

shared similar folds. We then compared these possible analogs.

Results

An initial examination of the distribution of ribosomal proteins

in the SCOP database revealed that the mostly single domain

ribosomal proteins, whose structures are known, fall into 46 difl]
ferent categories. Thus, it is clear that most of the ribosomal

proteins do not share a common early history. There are, how![]
ever, several examples of r-proteins that are related by insertion,

fusion, and/or duplication events. In those cases, we are interest! |
ed in which protein is the predecessor. Interest focuses on which

proteins are recruited to the ribosome and which are recruited

from the ribosome at different times.

One key example is the very ancient protein L2 which has
two domains. One has an OB fold and the other an SH3 fold.
These folds differ by the insertion/deletion of a single alpha hel [
ical element. Thus, a likely scenario is that L2 began as a single
domain protein with an SH3 fold which allowed it to interact
with RNA. A subsequent duplication event followed by a secl]
ond insertion event would then create a new second domain.
The resulting OB fold, which may have originated with L2, is
found in many modern membrane associated proteins.

Another partial duplication event (Wang and Fox, manuscript
in preparation) has been detected for L15 and L18e. The former
is a universal protein and, therefore, likely to be older, since the
latter is not found in bacteria. The two proteins share significant
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sequence homology as well as structural similarity, but L15 has
an extension missing in L18e. The binding site for L18e in the
Archaeal ribosomal RNA includes an inserted loop that is not
present in bacterial rRNAs. Hence, the newer protein interacts
with an added/newer feature in the RNA.

Among the most interesting findings is the observation that
elongation factor G (EF-Q) is largely a composite of several r-
protein domains. EF-G has five structural domains. Domain II,
which is also shared with EF-Tu, is seen in one of the oldest
ribosomal proteins, L2. Domains III and V have the same ferre-
doxin-like fold seen in r-proteins S6 and S10. Domain IV has an
alpha/beta structure, as found in r-protein S9 and the central
domain of r-protein S5. EF-G is involved in GTP cleavage and
is a key component of ribosomal bioenergetics. In its absence,
the rate of translation is dramatically slowed but not eliminated.
In total, the evidence suggests that it is a relatively recent addil
tion to the ribosomal machinery. Given its dramatic role in the
rate of protein synthesis, its introduction may have been a major
transition in the history of living systems.

Among proteins that have likely been recruited from elsel]
where to the ribosome are S6 and S10 which resemble the ferre(
doxins likely among the first proteins. Other recent additions are
r-proteins that contain Zn-binding motifs. These include L337e,
L37ae, L44e, and S27e. None of these proteins are universal.

Discussion

Although SCOP focuses exclusively on proteins whose three-

dimensional structure is known, this does not exclude the inclul
sion of other proteins in future work. Once folds are identified,

they can be sought in proteins that have not yet been crystallized

by looking for similar domains that can be identified at the pril
mary sequence level or by comparing predicted secondary struc(
tures to known three-dimensional structures. Thus, for example,

we examined® a fold known as the S1 domain (originally discov(]
ered in ribosomal protein S1). Sequence comparisons resulted in

the discovery of a similar fold in large numbers of proteins. The

proteins containing S1 domains can be broadly grouped into

three main functional groups: RNA processing, involvement in

transcription or translation, and chromatin or septum regulation.

Although the S1 motif is found in all three domains of life, only

the IF-1/eIF1A types are universally distributed, suggesting that

this might be the original source of the fold. It is likely that ribo[
somal protein S1, itself, is a late addition to the ribosome, prob(]
ably derived from the initiation machinery. This example and

the earlier L3 example illustrate a common theme that may be

largely unique to the earlier history of life on Earth, mainly the

lateral transfer of domains between genes as opposed to the lat[]
eral transfer of genes between genomes.

Conclusions

Results obtained here illustrate a key role for the ribosomal
machinery as a source and sink of useful proteins or protein
domains throughout early evolution. The immediate goal in the
research effort will be to add DNA replication and repair prol(’
teins to the analysis mix. Funding for this purpose will be
sought from NASA’s Exobiology Program.
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