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At least eight examples of sequence-specific aminoacylation
of RNA oligonucleotides have been reported, including ami-
noacylations with alanine, aspartic acid, glycine, histidine,
isoleucine, methionine, serine, and valine.! Although amino-
acylation efficiency is reduced compared to that obtained with
the full tRNA, high specificity is observed. The sequence-
specific aminoacylations of RNA oligonucleotides can be
viewed as an operational RNA code for amino acids whereby
sequences/structures in tRNA acceptor stems, including specific
2’-hydroxyl groups,? correspond to specific amino acids.> The
substrates in these instances are based on tRNA acceptor stems
and consist of helical segments with as few as four base pairs
joined to a common single-stranded NCCAoy at the 3-end. A
single G3:U70 acceptor stem base pair is a major determinant
for aminoacylation with alanine.** The unpaired, exocyclic
2-amino group of G3 positioned in the minor groove by this
wobble pair is required for aminoacylation.® Here, we report
the first examples of base-analog-induced aminoacylation reac-
tions and show that charging depends significantly on isolated
atoms per se, regardless of the bases to which they are attached.

We took advantage of chemical synthesis’ to incorporate
2-aminoadenosine® (2-AA) and isocytidine® (isoC) into an RNA
duplex substrate!® at the position of the G3:U70 base pair. A
2-AA:isoC pair is isosteric with G:U and should place the
2-amino group of 2-AA in the same location in the minor groove
as that of a G:U base pair (Figure 1).!' The resulting hybridized
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duplexes recreated the first nine base pairs of the acceptor-TyC
helix and 3’-terminal ACCAon of Escherichia coli tRNAA!R
(Figure 1).

The 2-AA:isoC-containing duplex was efficiently amino-
acylated by E. coli alanyl-tRNA synthetase (Figure 2a),'? with
an activity (kca/Km) within a factor of 3 of that for the “wild-
type” substrate which has the G3:U70 base pair. Neither the
G3:C70, I3:U70, 2-AP3:U70 (2-AP: 2-aminopurine) nor A3:
U70 substrates are charged with alanine.'”> These substrates
either lack the unpaired 2-amino group (I3:U70 and A3:U70)
or present it in a Watson—Crick hydrogen bond (G3:C70 and
2-AP3:U70) (Figure 1).

With these considerations in mind, we synthesized a 2-AA3:
U70 duplex. The expectation was that, because the 2-amino
group of 2-AA is hydrogen bonded in a Watson—Crick
conformation (Figure 1), this substrate should not be amino-
acylated. This expectation was confirmed (Figure 2a).

We also synthesized a duplex containing a G3:isoC70 base
pair. In this instance, alternative pairings can be envisioned,
depending on the tautomeric state of the isocytidine ring (Figure
1). Paired with the imine—oxo tautomer of isoC, the 2-amino
group of G is unpaired in the minor groove and could serve as
a signal for aminoacylation. Although the imine—oxo tautomer
of 1-methylisocytosine predominates in N> matrices,'* the
predominant tautomer of isocytosine is known to depend on
environment,'3~'8 and in particular, the proportion of imine—
0xo tautomer in aqueous solution is unknown,

As might be expected if some imine—oxo tautomer did form,
we observed a significant albeit reduced (approximately 10-
fold relative to the “wild-type” duplex) initial rate of amino-
acylation of the G3:is0C70 duplex (Figure 2b).'" As an
alternative explanation for this activity, aminoacylation of the
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Figure 1. RNA duplex substrate used for aminoacylation experiments (center) and illustration of base pairs investigated at the 3:70 position
(shaded base pair) for aminoacylation with alanine. Nucleotides of the duplex substrate are numbered in accordance with their positions in E. coli
tRNAAR (GGC and UGC isoacceptors). Inactive and active variants in this and previous work are shown on the left and right of the duplex,
respectively. The constructs unique to this study are shown below the dashed line on each side and include A:U, U:G, 2-aminoadenosine:isocytidine

(2-AA:1s0C), 2-AA:U, and G:isoC.
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Figure 2. Aminoacylation of RNA duplexes with substitutions of the
3:70 position. (a) Comparison of substrates with 2-AA:isoC and 2-AA:U
substitutions. (Inset) Initial rates of aminoacylation for the 2-AA:isoC-
containing and wild-type (G:U, labeled WT) substrates. (b) Comparison
of substrates with G:isoC and U:G substitutions. (Inset) Initial rates of
aminoacylation for the G:isoC-containing and wild-type (G:U, labeled
WT) substrates.

G3:i150C70 duplex could arise from the unpaired amino group
donated from the opposite strand by the amine—oxo tautomer

of isoC (Figure 1). Because an unpaired 2-amino group from
the opposite strand is also created by transversion of G:U to
U:G, we constructed a U3:G70-containing duplex. This sub-
strate was devoid of aminoacylation activity (Figure 2b). Thus,
although the G3:U70 and U3:G70 base pairs each present an
unpaired 2-amino group to the minor groove, the enzyme is
able to distinguish the difference in angle at which the nitrogen
with its pendant hydrogens protrudes into the minor groove.
The results presented here demonstrate that the active
substrate for aminoacylation with alanine is not dependent on
a specific base pair but rather on a specific atomic group
presented by natural and non-natural base pairs. In comparing
G3:U70 with 2-AA:isoC, for example, the 2-AA:isoC construct
(Figure 1) places in the major groove the 6-amino group of
2-AA at the location of the 6-keto oxygen of G3 and places in
the minor groove the 2-amino of isoC at the position of the
2-keto of U70 (Figure 1). Thus, the lowering of the transition
state free energy by the unpaired amino group in the minor
groove is achieved in the context of variations in the fine
structure of the local minor and major grooves. It is noteworthy
that minor groove recognition of the exocyclic 2-amino group
of a G—U wobble base pair contributes substantially to RNA
recognition of a group I intron splice site, thereby suggesting a
parallel between RNA—RNA and RNA—protein recognition.?’
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