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Abstract: Selection-amplification finds new RNA enzymes (ribozymes) among randomized RNAs with
flanking unvaried sequences (primer complements). Precise removal of 3′-primer before reaction selected
aminoacylation from PheAMP in three cycles, yielding active RNAs (kcat ) 12-20 min-1) using only three
conserved nucleotides, acting independently of divalent ions. This unusually simple RNA active site
encouraged study of the reaction via molecular mechanics-based free energy minimization. On this basis,
we suggest a chemical path for RNA-catalyzed transaminoacylation. Site modeling also predicted new
features, L-stereoselectivity, 2′-regioselectivity, independence of amino acid side chain, and phosphorylated
activating group, that were subsequently verified. The same selection also showed that RNA aminoacylation
from adenylate is simpler than from CoA thioester, potentially rationalizing translational activation by
adenylates. The simplicity of this active site suggests a general route to small ribozymes.

Introduction

According to the RNA world hypothesis, RNA was once the
principal bioinformational and catalytic molecule in living
cells.1,2 Substantial support for this hypothesis has been obtained
by in vitro selection of previously unknown ribozymes from
pools of random RNA sequences. Such newly selected ri-
bozymes are capable of a variety of reactions catalyzed by
protein enzymes in modern cells.3 However, in view of the
difficulty of RNA synthesis under primitive conditions, simpler
RNA catalysts increase the plausibility of ancient RNA me-
tabolism. Below we describe one possible route to shorter,
simpler ribozymes. We use aminoacylation of RNA, a reaction
required for appearance of translation at the end of the RNA
world era, as our model. This reaction occurs in a variety of
RNA sequence contexts,4-9 and consistent with this variability,
aminoacylation should be able to respond to an uncomplicated
selection protocol.

In vitro selection-amplification (SELEX)10-12 utilizes re-
peated purification cycles on randomized RNAs, which possess
flanking, fixed, arbitrarily chosen sequences (primer sites, ∼20

nucleotides long) to mediate replication. To fulfill selection
criteria, ribozyme activity must tolerate the fixed sequences. This
necessarily decreases the number of functional sequences
discovered by selection, and particularly so when the 3′- or 5′-
terminus itself is a reactant. We now describe a selection
requiring no 3′-fixed sequence. After only three cycles of
selection, this procedure revealed a novel aminoacyl transfer
center containing just three conserved nucleotides.

Encouraged by the unusual simplicity of this RNA-facilitated
reaction, we attempted to understand the reaction path. Unlike
affinity, which is often successfully explained by crystal
structures or NOE NMR, there are no tools available to directly
observe a chemical transformation. A well-validated approach
is to postulate a plausible mechanism, then to test the proposed
pathway against experimental data. However, for a conforma-
tionally mobile RNA molecule, a mechanism can be obscure
because the particular RNA fold lying on the reaction pathway
is not evident. We approached this problem by comparing
calculated stable active site conformations. A recurrent stable
conformation was detected that also accommodated the sub-
strate. This suggested a pathway for RNA-mediated self-
aminoacylation consistent with all known properties of RNA
self-aminoacylation. The mechanism predicted new features that
were confirmed by experiment, suggesting that the mechanism
captures essential aspects of aminoacyl transfer. Our mechanism
also indicates a possibly useful generalization about the simplest
and therefore the most evolutionarily interesting RNA catalysis.

Selection Scheme. The modified selection scheme is shown
in Figure 1, with substrates detailed in Supporting Information,
Figure 1. The essential step is that active randomized RNA
sequences react without a 3′ constant sequence, then are ligated
to a 3′ oligonucleotide (RNA-19) for amplification. The 5′-end
of the ribozyme is blocked with triphosphate and RNA-19 has
a 3′-ddC terminus, so ligation produces a unique product.
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Optimized, apparently quantitative ligation was observed at low
RNA concentrations (0.1 µM), with 15-20 times excess of
RNA-19.

After selected sequences are amplified by RT/PCR, the 3′-
primer must be removed. We tested (not shown) RNA-19
containing a restriction site sequence, to be cleaved after PCR.
But after a few cycles pooled RNAs became highly 3′-
heterogeneous because T7 RNA polymerase both prematurely
terminated transcription and also added extra 3′-nucleotides.13

This suggests that previous selections for aminoacylation by
RNA could have been complicated by the need to acylate a
varying 3′ acceptor nucleotide. Therefore we removed 3′-
sequences post-transcriptionally by embedding in them the Mörl
variation of the hepatitis delta virus self-cleaving ribozyme
(HDV).14 Mörl HDV RNA has no sequence requirements
upstream of the cleaved internucleotide bond; therefore, its use
maintains 3′-terminal length but also allows any 3′-nucleotide.
Self-cleavage leaves a terminal 2′,3′-cyclic phosphate ester,
which we opened and hydrolyzed using T4 polynucleotide
kinase to yield a 2′,3′-hydroxyl terminus for the next reaction.

Our selected reaction was 2′,3′-aminoacylation of RNAsan
essential step of modern ribosome-mediated peptide synthesis.
In contemporary cells, amino acids are activated as mixed
anhydrides with the 5′-phosphate of AMP (aminoacyl adeny-
lates). In reported selections of 2′,3′-RNA-aminoacylating
ribozymes,3 amino acids were preactivated as aminoacyl
adenylates,5-7 cyanomethyl esters, and thioesters.4,8 Aminoacyl-
CoA has also been used as a substrate, with aminoacylation of
an internal 2′-OH.9

We designed the selection as a balanced competition between
two known activated amino acid substrates: aminoacyl adenylate
(PheAMP) and aminoacyl-CoA (PheCoA). These were present
together in the selection mixture at similar concentrations. CoA
thioesters are quite stable to hydrolysis, so to maintain competi-
tion, pH was decreased to 6.4, making the half-life of PheAMP
∼54 min. CoA is arguably a prevalent cofactor in the RNA
world15 and acyl-CoA synthesis is known to be within the
catalytic repertoire of modern RNA.16,17 Thus, this selection
asks whether the presently universal AMP activation reaction

was plausibly selected for aminoacyl-RNA biosynthesis because
transacylation by an ancient RNA catalyst was simpler than
transacylation from CoA-activated amino acid.

We biotinylated acylated RNA, then separated Biotin-
NeutrAvidin bound self-aminoacylated biotinylated RNA from
unbound, unreacted RNA18 by column affinity chromatography
(see Supporting Information). To release bound RNAs, the ester
bond between biotinylated amino acid and the terminal ribose-
OH of immobilized RNA was hydrolyzed at pH 8.3,19 providing
a free 2′,3′-OH on active RNAs. We estimate that 90% of
PheRNA is recovered by this assay and have normalized for
recovery throughout.

Selection Results. Selection was rapid, with appearance of
2.5% aminoacylated sequences after the third cycle of selection
(Supporting Information, Table 1). This significantly exceeds a
smaller reproducible background, mostly attributable to non-
specific binding of RNA to streptavidin. We cloned after the
fifth cycle. Having started with a pool of 3 × 1014 randomized
machine-made ssDNAs, and assuming successful PCR of 30%
of initial synthetic DNA, then five successive selection cycles
with 0.49%, 0.65%, 2.5%, 11.3%, and 16% recoveries yield
maximally 1.2 × 106 independent sequences, or 10-8 or fewer
of the initial transcripts. Alternatively, at breakthrough in the
third cycle e2.4 × 10-7 of total, or 2.4 × 107 sequences were
active. Such a potentially high frequency of self-aminoacylating
RNAs among randomized sequences suggests an unusually
simple, or unusually varied, reactive structure, and a small active
site.

Sequencing showed that active RNAs were usually derived
from different initial parents, confirming the above high
frequencies of active RNAs among randomized sequences. Out
of 143 sequenced isolates (Figure 3, Table 1), 73.5% were two-
helix junctions with one apparently nonhelical 3′-nucleotide
(95% U) as the aminoacyl acceptor. The junction loop was
mostly a 5′ NGU 3′ triplet, with UGU the most frequent. Longer
loops of 4, 5, and 6 nucleotides occur with decreasing frequency,
and 4, 5, and 6 nt loops usually also end in GU 3′, like the
more frequent triplet loops. Comparison of RNA-106 and RNA-
113 (Figure 3, Table 2), suggests that triplet loops (RNA 106)
may be more prevalent because they react faster than the
CACGU junction loop in RNA 113.
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Figure 1. Selection cycle. Color coding: T7-promoter (17 nt), dark red; 5′-primer (19 nt), red; random region (50 nt), black; HDV ribozyme (87 nt), blue.
[R 32P G] pool RNA has 69 nt; HDV ribozyme (67 nt) is distinct because it can be 3′-elongated to 87 nt without change in reactivity. Self-cleavage results
in 2′,3′-cyclic phosphate at the 3′-end of transcript RNA, which must be opened and dephosphorylated.
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The right-hand bound of the active site (Figure 3) was a GC
base pair mandated by the fixed 5′-primer sequence. The left-
hand bound was usually a CG pair (58%), though all four base
pairs occur at this helical boundary and in the four successive
leftward helix positions (Table 1, Figure 3). Outside this central
helix-loop-helix, the structure, even though it accommodates
the mostly paired rightward primer, appeared quite varied in
Bayesfold.20 These data strongly suggest that the prevalent
aminoacyl-transfer center is a simple helix-loop-helix junction
with a 5′ NGU or longer loop and an overhanging 3′-U acceptor,
as in Figure 3 and Table 1. This simple structure possesses only
three conserved nucleotides and should be frequent among
randomized sequences, in agreement with rapid selection.

To compare activity of different RNAs they were aminoa-
cylated, biotinylated and then initial reaction rates and/or degrees
of transformation were found by streptavidin retardation gel
assays21 (Supporting Information, Figure 3). RNAs possessing

cyclic 2′,3′-phosphate had less than 1% reactivity, at the level
of background. Thus aminoacylation requires a 2′,3′-hydroxyl
end, in all probability the site of acylation.

The population of selected sequences after the fifth cycle were
reactive with PheAMP but did not show significant reactivity
from PheCoA. For example, we transcribed the pool after the
fifth selection and observed only background reactivity with
PheCoA for these mixed sequences. Therefore, an RNA active
center for PheAMP is selected more easily than one that
aminoacylates itself using PheCoA. RNAs that transfer ami-
noacyl ester from PheCoA are known;9 therefore, this result
suggests that an adenylate is substantially more easily used. This
observation helps explain the universal choice of AMP as
leaving group for amino acid activation in subsequent translation.

Kinetics of Aminoacyl Transfer. As shown in Figure 2A,
PheRNA production shows unusual “jump” kinetics that are
non-Michaelis-Menten. Initial jumps are also observed for
mutated RNAs (Figure 2B), though nucleotide sequence muta-
tions alter both the jump magnitude and rates of reaction. In
the Supporting Information (Figures 4 and 5), we explain a route
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Table 1. 143 RNAs: Selected Loop and 3′-Terminal Sequences

quad N′NGY 3′-terminal nucleotides

triplet NGU, N N′ N Y five/six nucleotide loops N3′ N3′-1 N3′-2 N3′-3 N3′-4

U 44 19 18 26 ACUGU, CACGU,
ACCGU,
GCAAGU, GCUCGU

136 (95%) 21 30 44 36
C 9 2 12 13 2 83 (58%) 33 41 44
A 6 14 8 0 2 20 29 30 27
G 2 4 1 0 3 19 51 28 36
total 61 (43%) 39 (27%) 5 (3.5%) 143 (100%)

Table 2. Comparison of RNA Reactivitiesa

entry RNA name comment substrate, concn mM fract PheRNA at 15 min

1 106 selected RNA majority PheAMP, 2.2 0.88
2 113 5 nt junction PheAMP, 2.6 0.24

Small Model RNAs
3 C1 3/3 base pairs PheAMP, 3.2 0.42
4 C2 3/3 base pairs PheAMP, 2.8 0.64
5 C4 3/4 base pairs PheAMP, 2.7 0.95
6 C5 4/4 base pairs PheAMP, 3.1 0.78
7 C3, U/UGU 3/4 base pairs PheAMP, 3.3 0.94

Altered RNA/Substrate
8 C3 no divalents PheAMP, 3.3 0.86
9 C3 5′ OH PheAMP, 3.0 0.95
10 C3 5′-P, 5′-CG pair PheAMP, 2.2 0.88
11 C3 UMP activation PheUMP, 2.7 0.94
12 C3 methionine MethAMP, 3.5 0.65
13 C3 (D) amino acid (D)PheAMP,3.2 0.055

Loop and 3′ Mutants
14 G26/UGU 3′-end G nucleotide PheAMP, 3.2 0.056
15 C26/UGU 3′-end C nucleotide PheAMP, 3.2 0.052
16 A26/UGU 3′-end A nucleotide PheAMP, 3.2 0.024
17 U/G13GU 5′-G loop nucleotide PheAMP, 0.60 0.26
18 U/C13GU 5′-C loop nucleotide PheAMP, 0.22 0.92
19 U/A13GU 5′-A loop nucleotide PheAMP, 0.60 0.033
20 U/UC14U middle C loop nucleotide PheAMP, 4.0 0.062
21 U/UA14U middle A loop nucleotide PheAMP, 2.7 0.27
22 U/UU14U middle U loop nucleotide PheAMP, 2.3 0.18
23 U/UGG15 3′-G loop nucleotide PheAMP, 4.0 0.038
24 U/UGC15 3′-C loop nucleotide PheAMP, 2.4 0.20
25 U/UGA15 3′-A loop nucleotide PheAMP, 4.0 0.033
26 G26/UGU 3′-end G nucleotide PheAMP, 3.2 0.056
27 C26/UGU 3′-end C nucleotide PheAMP, 3.2 0.052
28 A26/UGU 3′-end A nucleotide PheAMP, 3.2 0.024
29 A26/UGC15 3′-end A; 3′-G in the loop PheAMP, 2.7 0.24
30 A27/UUGC16 3′A; 3′-C in four nt loop PheAMP, 2.7 0.19

a Reactions at 15 °C; 12 µM RNA and (in mM): 100 Pipes, 100 NaCl, 100 KCl, 5 CaCl2, 5 MgCl2, 0.1 MnCl2, final pH 6.4 (see also Supporting
Information).
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by which such jump kinetics may arise and be analyzed. Our
preferred model, which fit data the best, supposes that fast
binding of substrate yields either a reactive or unreactive
complex. The essential question is how one characterizes RNAs
exhibiting such complex kinetics. We wish to compare RNAs
of very different activities, notably including mutants whose
reaction is too slow for accurate resolution of the jump and
slow phases of self-acylation. Therefore, we used net reaction
at an intermediate time (15 min; Table 2) in the presence of

high (hopefully saturating) substrate adenylate concentrations.
As can be appreciated from the Supporting Information, this
practice combines the intrinsic reactivity of the RNA with the
access of the RNA to its reactive state (expressed as jump size
and the later slow rate, respectively). Nevertheless, quantitation
(in Table 2) that combines intrinsic reactivity with a later
reactivation of the reaction center still yields a coherent picture
of the reaction.

Active Site. To test the idea that the highly conserved RNA
substructure (eg, the U26/U13G14U15 junction in RNA C3)
contained all reactive elements, we made five truncated mol-
ecules preserving this active junction (see Figure 3). All these
small molecules were active; in fact, most were more active
than directly selected RNAs (Table 2). These constructions and
selected molecules, even without other data, suggest that no
structural element outside the first two nucleotide pairs rightward
of the loop, nor outside the first nucleotide pair leftward of the
loop, is required for rapid acylation. Given that the first leftward
pair is not conserved among selected RNAs, only the loop, the
one-nucleotide overhang, and the rightward structure remain as
candidates, though they may require support by nonconserved
structural elements.

RNAs C1 and C2 had only 24 nucleotides, but C2 has
stabilizing tetraloops to aid folding and demonstrated higher
reactivity. Further stabilization in 26-nucleotide RNA C3 and
C4 yielded the fastest aminoacyl transfer, g2× that of RNA-
106, and maximal yield. Another base pair in RNA C5
apparently decreased the product yield, so the small derived
C3 RNA was chosen as the starting point and reference in further
study.

Kinetic investigations of C3 RNA showed that divalent metal
ions are nonessential for activity (Table 2). Because tested RNAs
came directly from EDTA electrophoretic gel purification, it
seems very unlikely that active RNAs scavenge cryptic divalent
ions.

All investigated ribozymes were made by T7 transcription,
and so possessed 5′-G triphosphate termini. Surprisingly,
removal of this large, extremely polar group close to the point

Figure 2. (A) Reactions of C3 RNA with PheAMP at concentrations
shown. (B) Some reactions of mutated C3 RNAs with PheAMP

Figure 3. Selected and derived self-aminoacylating ribozymes. Gray circles mark 5′-constant sequence. Numbering is conventional, from the 5′ end.
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of reaction made no significant difference to folding or reactivity
of C3 RNA with PheAMP (Table 2).

As noted above, the GC pair at the right of the active site
(Figure 3) is mandated by the initial 5′ constant sequence. Yet,
when it was changed to a CG pair in synthetic C3 RNA (5′-
monophosphate) the RNA was fully active (Table 2). Therefore,
the rightward helix boundary is apparently not crucial, because
both the base pair and the triphosphate can be changed without
major effect. In addition, selection of loops with 3, 4, 5, and 6
nucleotides (Table 1) suggests that spacing of the right
loop-helix junction from the aminoacyl transfer as well as the
precise junction structure is free to vary.

We have followed up on the simple behavior of C3 RNA by
testing mutants including all singly mutated sequences, tran-
scribed from altered DNA templates and processed by HDV
ribozyme, as usual. Pool sequences suggested that the 3′-
overhanging nucleotide should be U. We substituted 3′-U in
C3 with C, A, and G, and in all cases the mutated RNA’s
reaction was too slow for complete kinetic characterization under
standard conditions (Table 2).

Selected sequences also suggest (Table 1) that, while the 5′-U
in the UGU loop was favored it is not essential, with the
functional order being U > C>A > G among RNAs that differ
at this position. Substitution of N in NGU in mutated loops of
C3 RNA decreased reactivity in the order U > C > A ≈ G (Table
2). Thus again, rate of self-aminoacylation in model RNAs is
well-correlated with selected RNA abundance.

Detailed Reaction Mechanism. Given the likelihood that there
were only three crucial nucleotides (3′ U and loop GU 3′) in
this active site, we attempted to calculate a plausible active site
conformation for rapid aminoacyl transfer. We used molecular
mechanics based on the parmbsc0 forcefield,22 a refined version
of the more commonly used AMBER forcefield.23 The parmbsc0
forcefield corrects a tendency for anomalous backbone torsions
which appear after very long simulations (approaching 100 ns)
using AMBER. Recent reports show22 that the parmbsc0
forcefield then supports the longest (>200 ns) molecular dynamic
trajectories done to date for DNA and RNA oligomers. We also
adopted the Ponder group’s PSS method of global minimum
energy search24 rather than the more usual molecular dynamics
approach. This reflects our hypothesis that, in an efficient active
site, reaction is likely to occur near the most stable structure
rather than in an infrequent, transient dynamic state. We also
thought that the PSS method might provide a quicker search of
this conformational space than usual molecular dynamic simula-
tions. To further minimize computation we used only one
explicit solvation shell containing water and monovalent ions,
supplemented by a Hawkins-Cramer-Truhlar bulk solvation
model.25 Because C3 RNA does not require divalent ions (Table
2), it again offered an unusually simple start point for
calculation.

To test this computational implementation, we followed a
seven base pair DNA A-helix (neutralized by 14 sodium atoms)
which converted into the corresponding B-form, while for the
same RNA helix an initial A-form helix persisted. This realistic

conformational outcome suggests that the PSS method allows
accurate sampling of conformation space, and that the parmbsc0
forcefield together with a mixed solvation model provides a
realistic potential for solvated DNA and RNA.

To find conformations that potentially support transaminoa-
cylation we conducted an exhaustive set of PSS searches of
the C3 reaction site (the calculated part is shown in the colored
square in Figure 3). We confined investigation to conformations
near the reaction path by constraining one distance between the
reactive atoms (3′ or 2′ OH of terminal U26) and each of the
polar groups of U15, G14, or U13 to 2-3Å. Three of the resulting
computed lowest-energy conformers provided enough space to
accommodate PheAMP substrate.

Introduction of PheAMP resulted in spontaneous (no con-
straints) hydrogen bond formation between a phosphate oxygen
of PheAMP and the ring NH of U15. We explored other
possibilities by restricting the amino acid’s carbonyl in the
proximity of all polar groups on U15 and G14 (U13 was pointed
away from the substrate; Figure 4A). However, once constraints
were removed and these substrate assemblies were reoptimized,
in many cases, the system spontaneously reverted to the
originally observed hydrogen bond between phosphate oxygen
of PheAMP and the ring NH of U15. To our delight, this
phosphate-NH bond-containing active site was consistent with
all known experimental data and suggested new experiments.
We now describe this recurrent conformation.

Phe-adenylate substrate binds to the UGU loop via five
hydrogen bonds (Figure 4A,B): (1) N-H · · ·O, from the ring
NH of conserved loop U15 to phosphate oxygen of PheAMP;
(2) N-H · · ·O, from NH3

+ hydrogen of amino acid to C4-
carbonyl of conserved U15; (3) O-H · · ·O, from 2′-OH of
conserved terminal U26 ribose to amino-acid carbonyl O; (4)
N-H · · ·O, from extrannular NH2 hydrogen of conserved G14

to amino acid carbonyl; (5) N-H · · ·O, from the NH3
+ hydrogen

of amino acid to phosphate oxygen of PheAMP.
The latter bond helps to orient substrate, and a sixth H-bond

pulls the active site together: (6) N-H · · ·O, from ring NH
hydrogen of conserved loop G14 to 2′-OH of conserved terminal
U26 ribose: the bond brings the 2′-oxygen to be acylated into
proximity of the amino acid carbonyl. The way these H-bonds
cage and organize the reactants is further shown in Supporting
Information, Figure 6.

The 3′-terminal U26 acceptor may contact the rightward site
boundary at the first base pair (G1), but significantly, the least
conserved loop nucleotide (U13), and A of PheAMP do not
participate in the calculated bound state; instead pointing away
from the reaction site (Figure 4A).

On the hypothetical reaction path, the 2′-OH hydrogen of U26

ribose migrates to the carbonyl of the amino acid (facilitated
by H-bond 3). Migration both activates the carbonyl for the
following nucleophilic attack and creates the attacking nucleo-
phile, the 2′-oxyanion. The ring NH of conserved G14 should
be essential for full reactivity (H-bond 6), stabilizing the negative
charge on the nucleophilic 2′-oxygen after proton migration.
The last reaction stage, ejection of the leaving AMP, is facilitated
by H-bond 1.

This model explained what we knew of the reaction: (1)
Ribozymes of the C3 RNA family are not reactive with CoA-
Phe thioester because the phosphate of PheAMP is necessary
for substrate binding via hydrogen bonds 1 and 5. (2) Divalent
ions do not participate in the catalytic pathway, conformationally
or chemically. They might have their observed minor effect by
stabilizing the active fold of the ribozyme. (3) 5′-Triphosphate
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is at some distance from the reaction site and does not interact
with substrate (Figure 4A,B). (4) The substitution of the G1-C12

pair with the C1-G12 pair has little impact on reactivity because
it is needed only for correct folding and serves a passive role
as a site boundary. (5) The 3′-terminal loop nucleotide must be
U. We suggest that A26 or G26 would pair with U15, while C26

forms a Watson-Crick pair with G14. As a result, any nucleotide
but U obstructs the binding of substrate to the UGN loop. (6)
For proper folding of the catalytic site, N13 should not stack
with G14 or N12. The decrease in reactivity U > C > A ≈ G is
consistent with the increase of N13 stacking interactions.26 (7)
The rightward, paired, active site boundary only restricts the
movement of U26. U26 can still reach its active conformation,
as observed, if the boundary is moved or changed.

We further tested the following implications of the model.
Overall, the properties of all single mutants of the active center

seem consistent (Table 2) with the scheme (Figure 4A, B). (8)
Nucleotide G14 should be required because its NH brings the
reactive carbonyl and the ribose hydroxyl together. As predicted,
mutation of G14 resulted in slowed reactions (Table 2). (9) We
substituted U15 in C3 RNA by A, G, and C (Table 2). While
A15 and G15 mutants were extremely slow, probably because of
pairing with U26, the C15 mutant reacted faster than the C26

mutant. In our proposed active site above, the major role of
U15 is to provide hydrogen bonds (1) and (2). The pKa for the
catalytic cytosine in the Genomic HDV ribozyme27 reached 6.4
in conditions similar to ours. The tautomeric form of C offers
the same hydrogen bonding possibilities as U and so it supports
similar binding of the substrate. This may explain the observable,
albeit lower, reactivity of the U26/UGC15 mutant. (10) We made
two simultaneous substitutions in C3 RNA, A26 and C15,
expecting that A26/C15 RNA should be more reactive than A26/
U15. Despite introduction of a second departure from consensus,
the double mutant was ∼10-fold more active (Table 2).

The model also suggested new properties, which were
confirmed experimentally. (11) Adenine of PheAMP points
away from the reaction center and has no discrete interactions
with it, so the replacement of adenine should have little impact
on the reaction. In fact, when synthetic PheUMP was used as
substrate (Table 2) it was of the same order of reactivity as
PheAMP. (12) The aromatic ring of phenylalanine interacts with
U26, but is not involved in the reaction mechanism. Indeed, when
PheAMP was replaced with synthetic MetAMP the reaction
slowed only slightly (Table 2). (13) The reaction is directed to
the 2′-OH of the ribose (Figure 4A). On removal of the 2′-OH
it should be inhibited. Indeed, a mutant of the same sequence
as C3, but having 2′-deoxyuridine instead of 3′-U26 showed no
detectable reaction with PheAMP. (14) The model (Figure 4A,B;
Supporting Information, Figure 6) predicts that the stereochem-
istry of the aminoacyl residue is crucial, because the carbonyl
of (D)-Phe is not close to U26 2′-OH. As predicted, aminoacyl
transfer rate was at background levels for synthetic (D)-PheAMP
substrate.

Discussion

It has been known for some time that synthesis of aminoacyl-
RNA is an easy reaction for RNA having g29 residues,7 and
therefore plausible for an early RNA-directed translation system.
However, in this work simplified selection without arbitrary 3′-
sequences yielded an unusually small self-aminoacylating RNA,
e24 nucleotides. Only two of three central loop nucleotides
proximal to the reactive 3′-U overhang take essential roles. The
reaction tolerates different phosphorylated leaving groups and
amino acids, though it is highly stereospecific for L-phenyla-
lanine. Aminoacyl transfer requires neither RNA 5′-triphosphate
nor divalent ions. This appears more flexible than the smallest
previous RNA self-aminoacylators, which had 29 nucleotides
and required adjacent 5′ triphosphate.28 Free choice of side
chains on the phosphate leaving group and aminoacyl residue
would make such a catalyst quite versatile; perhaps an adaptive
quality for a primitive environment. For example, it would be
predicted (Figure 4A,B) that any nucleotide, or in fact, virtually
any aminoacyl phosphate at all, might be utilized as an activated
substrate by this active center.

(26) Saenger, W. Principles of Nucleic Acid structure; Springer-Verlag:
New York, 1984.

(27) Gong, B.; Chen, J. H.; Chase, E.; Chadalavada, D. M.; Yajima, R.;
Golden, B. L.; Bevilacqua, P. C.; Carey, P. R. J. Am. Chem. Soc.
2007, 129 (43), 13335–13342.

(28) Illangasekare, M.; Kovalchuke, O.; Yarus, M. J. Mol. Biol. 1997, 274
(4), 519.

Figure 4. (A) General view of the proposed C3 RNA reaction center. Color
code: black, bottom strand, C11-G17; magenta, top strands, G1-G2; red,
C24-U26; blue, (L)-5′-Phenylalanyl adenylate, (L)-PheAMP; dark red, oxygen
atoms of ribose rings; green, phosphorus atoms; cyan, reactive carbon,
oxygen, and Watson-Crick hydrogen bonds. Adenine of (L)-PheAMP and
the base of U13 are turned away from the reaction center, Acceptor U26

stacks against G1. Phenyl ring (Ph) of phenylalanine is close but perpen-
dicular to U26; Ph is closer to the viewer than C25, so no Ph-C25 stacking
interactions occur. (B) Schematic of the aminoacyl transfer reaction: proton
migration followed by nucleophilic attack. Color code: black, bottom strand,
U15-G14; red, top strand, U26; blue, PheAMP substrate. H-bond numbers
(1-6; see text) are italicized and underlined.
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Larger RNA active sites are expensive, with 10-fold more
RNA probably leading to isolation of an active site only 1.66
conserved nucleotides larger.29 Therefore, it is expeditious to
ask how simple sites can be isolated. The observed structural
freedom of C3 RNA, which only lightly constrains the leaving
group and amino acid, in light of the calculated site structure,
suggests a route by which this particular active site simplicity
was attained. Essential RNA catalytic groups make interactions
predicted to be tightly focused on reactive atoms, in all cases
within three bond lengths of the point of reaction (Figure 4A,
Supporting Information, Figure 6) and ignoring more distal,
potentially substrate-specific atoms. Thus, aminoacylation is
accelerated without side chain or leaving group specificity,
requiring an RNA reaction apparatus of minimal size. Such RNA
aminoacylation from adenylate appears much simpler and more
accessible than via CoA activation using a thioester, strengthen-
ing the argument that a primordial amino acid for translation

would be activated by phosphate, a phosphate ester or by a
nucleotide. We wonder whether the removal of 3′-primer might
lead to simplified, robust outcomes in other selections. Certainly,
this seems likely when (as here) the 3′-terminus is a reactant or
is in the active center. In any case small, easily encountered,
nonspecific reaction modules like this one are likely participants
in early molecular evolution.

Our minimal free energy reaction model for RNA-catalyzed
aminoacylation agrees with experiment in so many ways that
this appears unlikely to be entirely coincidental. These results
therefore suggest that molecular mechanics-based free energy
minimization might provide useful guidance in other RNA active
sites.
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