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The central dogma in reverse
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Among all issues in early evolution, the origin of the genetic
code is far and away the most poorly resolved. As such, there
is no shortage of theories as to how it arose (1, 2). In PNAS,
Shi et al. (3) report laboratory experiments that run counter
to conventional views concerning the origin of the code, pro-
viding a new perspective on that long-debated issue. Their
findings point to new ways to explore how information trans-
fer might have evolved.

The genetic code was deciphered in the 1960s (4), under-
pinning the central dogma of molecular biology, which had
it that information always flows from DNA to RNA to protein
via transcription and translation. That dogma was broken in
1970 with the discoveries by Baltimore and Temin of reverse
transcriptase, an enzyme that synthesizes DNA from RNA (5),
making the route from DNA to RNA reversible (Fig. 1A). But
in the decades following, the unidirectional flow of informa-
tion from nucleic acids to protein remained unchallenged by
counterexample, until now. Shi et al. (3) engineered the trans-
fer of information from a protein into RNA and then, by using
reverse transcriptase, from RNA into DNA, opening up a new
chapter for the central dogma.

Their starting point for information transfer was protein. By
using a simple peptidase to degrade dodecamer peptides, they
released one amino acid at a time from the N terminus. The
amino acid was then bound by an aptazyme (6), a small self-
cleaving RNA molecule engineered from naturally occurring
catalytic RNAs that releases a triplet upon amino acid binding
to its aptamer region (3). There is no requirement for the apta-
zyme to replicate in their experiments, because their RNA mol-
ecule has a catalytic, not a replicating activity. The triplet is
matched to the aptazyme by virtue of the latter’s engineered
amino acid binding specificity (Fig. 1B). All theories for origins
allow RNA molecules to be naturally engineered via selection.
The released triplet, or triplets after several rounds, are enzy-
matically ligated into RNA molecules. Again, all theories for
origins allow RNA molecules to assemble via ligation from
smaller RNA fragments. Then Shi et al. employed reverse tran-
scriptase—an ancient enzyme activity—and PCR (polymerase
chain reaction), the laboratory analog of primordial DNA repli-
cation (7), to synthesize double-stranded DNA that contains the
aptazyme-derived triplet (codon) and its anticodon on comple-
mentary strands. Information from the peptide was thereby
transferred to DNA (Fig. 1B)—the central dogma in reverse.

From the standpoint of early evolution, three aspects of
the new findings need to be emphasized. First, Shi et al. (3)
are very explicitly not saying that information processing or
the genetic code actually arose this way. They are saying that
the reaction sequence is possible, which their experiments
bear out. Indeed, as Shi et al. (3) explain, there was a time
when it was debated whether information flow from protein
to DNA was possible at all. We now see that itis possible, and
it seems unlikely that this will be the last report of its kind.
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Second, they do not obtain a long DNA sequence that mirrors
the amino acid sequence of a random sequence peptide.
They get the right nucleotide triplets, yes. But they do not
obtain a long specific DNA sequence of triplets that would
mirror a complex succession of amino acids in a dodecamer
peptide consisting of 12 different amino acids. Their triplet
ligation step does not preserve the order in which triplets
were generated. Third, they are using modern enzymes in
their experiments, whereby a critic might offer that there
were no enzymes before the code existed. Again, Shi et al.
are saying that the reactions they report are possible, not
that they took place in that from on the early Earth, where
many reactions could have been promoted by metals or
metal ions alone (8) before the origin of enzymes.

The new findings provide reasons to reflect. What would
we get if we ran the modern process of translation backward?
After all, most biochemical reactions are, in principle, revers-
ible and the central dogma is nothing more than a set of
chemical reactions. If we were to run the modern process of
translation in reverse, starting with a peptide as Shi et al. (3)
did, we would start with a protein emerging from the exit
tunnel at the ribosome, pulled back by one amino acid
(Fig. 1C). This would cleave the C-terminal peptide bond, gen-
erating the aminoacyl-transfer RNA (aminoacyl-tRNA) of the
last peptidyl transferase reaction, pushing the ribosome back
one step on the messenger RNA (mRNA), and synthesizing
guanosine triphosphate (GTP) from guanosine diphosphate
and orthophosphate (P;) at the steps catalyzed by the elon-
gation factors EfTu and EfG in the process (9). Those GTP-
dependent reactions are ancient (10) and, in principle,
reversible but would require nonphysiological conditions to
run in reverse because of the energy input required to gen-
erate GTP. The aminoacyl-tRNA would leave the ribosome
and return to its cognate aminoacyl-tRNA synthetase (AARS)
to generate the free tRNA plus aminoacyl-adenylate
(aminoacyl-AMP), which in turn would release the free amino
acid, synthesizing adenosine triphosphate (ATP) from aden-
osine monophosphate (AMP) and pyrophosphate (Fig. 1C).
This is obviously not a thermodynamically favorable
sequence of events, as it would involve synthesizing the
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Fig. 1. Back and forth in the central dogma. (A) Reverse transcriptase uncovered a path from RNA to DNA, Shi et al. (3) report a path from protein to DNA.
(B) Schematic depiction of the experiments in Shi et al. (3) (see text). (C) A theoretical process of reverse translation does not lead to nucleic acids. In the forward
direction, the PP, forming step of tRNA aminoacylation is irreversible under physiological conditions (see text).

equivalent of four ATP—two GTP for ribosome movement
on mRNA (9) plus two ATP for tRNA aminoacylation (11)—all
driven by the removal of a single amino acid from a nascent
peptide chain on the ribosome. Modern translation in reverse
is not going to work. But the idea leads to more questions.
For example, what keeps the life process moving forward,
rather than backward, in the first place? Energy is the obvi-
ous answer. Roughly 70% of a prokaryotic cell's energy
budget is consumed by protein synthesis (12), such that the
central dogma, the flow of information from DNA to protein,
is also the prime energy consumer during growth. In cells,
the energy supply comes from the harnessing of ion gradi-
ents via rotor-stator ATP synthases (13), whereby the energy
to form those ion gradients stems from reactions of envi-
ronmentally available chemicals or from light. But even if
the environmental energy supply is low, cells still do not
immediately unravel. One simple mechanism that keeps the
vector of life pointing forward was identified by Kornberg
(14). He emphasized that the synthesis of both nucleic acids
and proteins involves steps that generate pyrophosphate
(PP)). The incorporation of (ribo)nucleoside triphosphates
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into nucleic acids and the ligation of amino acids onto tRNA
by AARS enzymes both generate PP;. Because all cells harbor
ubiquitous pyrophosphatases, PP;is rapidly hydrolyzed. This
removes a substrate for the backreaction of PP-producing
enzymatic steps (14), making the enzymatic reactions of both
nucleic acid synthesis by RNA and DNA polymerases as well
as aminoacylation of tRNA by AARS irreversible under phys-
iological conditions.

Whether in the forward or reverse direction, the new find-
ings (3) document a flow of genetic information. And where
is the association between codons and amino acids—the
genetic code—in all this? In cells, the covalent linkage of an
amino acid to its cognate tRNA is the step that forges the
genetic code out of structural information. The reaction is
performed by Class | and Class Il AARSs, complex and highly
conserved enzymes that enable cells to synthesize proteins
from information in genes (15-17). In the new study (3), the
association of an amino acid to a triplet is performed by a
small RNA molecule, an aptazyme engineered to release a
triplet upon amino acid binding. This is reminiscent of Yarus's
“escaped triplet” theory (1), which postulates steric and
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binding interactions between amino acids and triplets in
small RNA molecules at the origin of the code. Yet Shi et al.
(3) do not generate interactions between the amino acid and
the triplet. Instead, they engineered the amino acid binding
to one part of the aptazyme which, upon binding, self-cleaves
at a separate region, literally generating an “escaped triplet,”
albeit one engineered in the laboratory.

“In PNAS, Shi et al. (3) report laboratory

experiments that run counter to conventional
views concerning the origin of the code, providing
a new perspective on that long-debated issue.”

In today’'s genetic code, the attachment of the correct
amino acid to its cognate tRNA resides in the binding speci-
ficity of AARS enzymes for both substrates (15-17). That real-
ization is hardly new (15), but it leads to the conclusion that
the code was invented by AARS enzymes, which, paradoxi-
cally, require the genetic code for their own synthesis. That
irreducible chicken-and-egg relationship casts a long shadow
upon attempts to infer the origin of the code. Moreover,
AARSs are not only needed for their own synthesis, they are
needed for the synthesis of all proteins we know today. That
in turn suggests that the AARS enzyme families were (among)
the very first proteins ever synthesized by ribosomes, which
some have been saying for quite some time (15-17). The
aminoacylating function of AARS might have initially been
performed by a small self-aminoacylating RNA (18).
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The ribosome, tRNAs, and AARS are all large macromole-
cules that are needed for the information in genes to be
expressed. How could something so complex get started? The
only tenable answer is as follows: from something simpler,
and working models for all three components exist. For the
ribosome, an ultraconserved core of ca. 70 nucleotides called
the protoribosome (<3% of the 23S rRNA molecule) catalyzes
peptidyl transferase reactions invitro (19, 20).
Similarly, tRNAs can be pruned down to functional
“minihelices,” RNA hairpins only 4 to 9 base pairs
in length that comprise solely the stem of the clo-
verleaf, but are still functional and can be charged
by AARS enzymes with surprising specificity (15-
17). That property of minihelices highlights an often over-
looked aspect of the code: The anticodon is only half the story.
The tRNA acceptor stem contains vital information about the
identity of the amino acid to be attached to the tRNA, with
some information residing exclusively in the stem, and some
residing in the anticodon (15-17). The information in the stem
might well be the primordial form of the code (15). AARSs can,
in turn, be pruned down to about 10% of their amino acid
sequence (17) and still recognize—and charge—both tRNAs
and minihelices. From such simpler, but functional, versions,
more complex versions could have arisen. Simpler still is the
system that Shi et al. (3) describe, which highlights molecular,
information-transferring interactions from small peptides to
small nucleic acids, interactions of a type that might, or might
not, have existed in early molecular evolution.
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