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Summary: We present here the solid-phase synthesis of
unmodified phenylalanine transfer RNA (tRNAP) from
yeast, and glycine transfer RNA (tRNA#Y) from Escheri-
chia coli, using commercially available RNA reagents and
standard coupling protocols. Aminoacylation experi-
ments demonstrate that the acceptor activity of the
chemically-synthesized tRNAPke is comparable to the
activity of the tRNAPhe transcript, relative to yeast
tRNAPpre,

The diverse biological roles of RNA, coupled with the
recent discoveries of oligonucleotide sequences that act
catalytically,! or as protein ligands, enzyme inhibitors,?
and small-molecule receptors,® have driven efforts to
improve methods for oligoribonucleotide synthesis. While
transcription from DNA templates can yield relatively
large amounts of RNA (as much as 3 mg per mL of
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transcription reaction)* it does not readily allow for the
site-specific incorporation of modified nucleosides,® which
are becoming increasingly important to studies of RNA
structure and function.5-® Solid-phase chemical synthe-
sis is an attractive alternative to transcription technol-
ogy. Due to the steric hindrance presented by 2-hydroxyl
protecting groups and the pendant functionality on the
phosphorus, stepwise coupling efficiencies are typically
<98%, thereby limiting the utility of this method to the
preparation of relatively short sequences (e.g., ~30-
mers).? Indeed, synthesis of longer oligoribonucleotides
like transfer RNA requires the use of highly reactive RNA
monomers, such as ribonucleoside S-cyanoethyl diethyl
phosphoramidites.%2a~¢ Because these reagents are nei-
ther as stable as the corresponding diisopropylphos-
phoramidite, nor commercially available, they are less
attractive for routine, high-volume use.1%2¢

We have re-evaluated the solid-phase synthesis of
longer RNA sequences using nucleoside S-cyanoethyl
diisopropyl phosphoramidites. Contrary to previous
results!® we find that longer oligoribonucleotides can in
fact be synthesized in significant quantities with these
reagents. We present here a total solid-phase synthesis

(4) (a) Hoffman, L. M.; Johnson, M. G. BioTechniques 1994, 17, 372—
375. (b) Arnez, J. G.; Steitz, T. A. Biochemistry 1994, 33, 7560—7567.
(c) Sampson, J. R.; DiRenzo, A. B.; Behlen, L. S.; Uhlenbeck, O. C.
Biochemistry 1990, 29, 2523—2532. (d) Sampson, J. R.; Uhlenbeck, O.
C. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 1033—1037.

(5) Combined chemical synthesis and enzymatic ligation have
recently been utilized to incorporate a modified nucleoside into tRNA.
(a) Han, H.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 4955—
4959. See also: (b) Dontsova, O.; Tishkov, V.; Dokudovskaya, S.;
Bogdanov, A.; Déring, T.; Rinke-Appel, J.; Thamm, S.; Greuer, B.;
Brimacombe, R. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 4125—4129,
(¢) Usman, N.; Cedergren, K. Trends Biochem. Sci. 1992, 17, 334—
339.

© 1994 American Chemical Society



7942 J. Org. Chem., Vol. 59, No. 26, 1994

3 3
A A
C c
c c
5 A 5. v
G+C G-C
C+G G+C
G+C G-C
G-U AU
A-U G-C
U-A A*U
U-A AU
G u “cacactla G U UccucY%a
AU Seset SLUS
W rcuca KLUGUG, e M heueet FLCGAG,ye
RS u o maes &
6 AGAGC AGS 6, AGAGC GO
C-G C+G
C+G G-C
A+U A+U
G*C cru
AU C-G
UG U oA
GAA CUA
he
tRNAP tRNAZY

Figure 1. Sequences and secondary structures of unmodified
yeast phenylalanine and Escherichia coli glycine transfer RNA
(tRNAPr and tRNAEY, respectively).'

of the unmodified 76-base-long yeast phenylalanine
transfer RNA (tRNAPe), along with a synthesis of the
76-base-long glycine transfer RNA (tRNA#Y) sequence
from Escherichia coli (Figure 1),'12 using commercially
available RNA reagents and standard coupling protocols
employed in automated nucleic acid synthesis techniques.

Solid-phase synthesis was performed using an Expe-
dite 8909 nucleic acid synthesis system on a 1-umol scale
with B-cyanoethyl diisopropyl RNA phosphoramidites. 1314
Long-chain amino-derivitized controlled-pore glass (CPG;
1000 A pore size) with protected!® adenosine attached to
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Figure 2. Analytical denaturing PAGE gel of tRNAs.'6 The
RNA was electrophoresed on a 15% gel run in Tris—borate—
EDTA buffer (pH 8.3) at 250 V and visualized by Stains-All
staining. Lane 1: crude fully deprotected tRNAFPP, Lane 2:
purified tRNAPP, Lane 3: crude fully deprotected tRNAsY.
Lane 4: purified tRNA2Y, Lane 5: tRNAP from yeast (Sigma).

the resin via a succinate linker was used for each tRNA
synthesis. Average stepwise coupling efficiencies, as
determined from the collected trityl cation fractions, were
>98.0% (corresponding to an overall yield of 22%).15
Each fully detritylated sequence was treated with anhy-
drous ethanolic ammonia at 55 °C for 18 h which
simultaneously cleaves the oligomer from the support and
removes the base- and phosphate-protecting groups.
After the RNA solution was decanted from the CPG and
the solvent was removed in vacuo, the 2’-0O-silyl protect-
ing groups were cleaved with tetra-n-butylammonium
fluoride (1 M in THF) at 25 °C. The desilylation reaction
was quenched with aqueous sodium acetate (pH 5.5) after
24 h, and the crude RNA (100 ODsgp units) was isolated
by ethanol precipitation.!6~1® Full-length product was
separated from failed sequences by denaturing polyacryl-
amide gel electrophoresis (PAGE) (gel dimensions: 31.0
cm x 38.5 cm x 0.75 mm). The product-containing band
was visualized by UV shadowing, and the RNA was
electroeluted from the excised gel slice yielding 12 ODgg;
units (~0.5 mg) of pure tRNAFPPe 16 Purity of the isolated
full-length product was >95% as judged by reversed-
phase HPLC, denaturing PAGE, and nucleoside composi-
tion analysis by enzymatic degradation (Figures 2 and
3)-16,19

UV thermal denaturation experiments and amino acid
acceptor activity were used to verify proper folding and
biological activity of the chemically synthesized tRNAphe 4-d
The melting profile of the chemically synthesized mate-
rial (T, = 68 °C) is similar to that observed for the
enzymatic transcript.’%-202b21 In addition, using a crude
synthetase preparation from rabbit reticulocyte lysate,
we find that the acceptor activity of the chemically
synthesized tRNAPPe for [14C]-labeled L-phenylalanine is
80% of that for yeast tRNAphe 1622-2¢ Qur results compare
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Figure 3. Nucleoside composition analysis of tRNArke, The
synthetic tRNA (0.8 ODg¢ units) was treated with nuclease
P1 (5 units, pH 5.5, 37 °C, 18 h), followed by calf intestine
alkaline phosphatase (240 units, pH 8.2, 37 °C, 6 h), and the
nucleosides were resolved by reversed-phase HPLC on a
Phenomenex C18 column (0.1 M triethylammonium acetate,
pH 6.6, with CHsCN gradient, monitored at 256 nm). Values
obtained by integration of peak areas, normalized against the
extinction coefficients of the respective nucleosides, agree with
the theoretical values to within <1.9%. Nucleoside composition
for tRNASY was also verified (to within <2.7%) by enzymatic
degradation (data not shown).

favorably with those of Uhlenbeck, who showed (using
purified yeast phenylalanyl-tRNA synthetase) that the
enzymatically transcribed tRNAPEe charges to 90% of the
activity observed for yeast tRNArhe 4423 Taken together,
these results indicate that our chemically synthesized
tRNAPke folds properly and that the chemically and
enzymatically synthesized sequences are physically and,
in vitro, biologically comparable.

Compared with previous efforts to chemically synthe-
size tRNA molecules we have achieved higher yields of
pure full-length product, e.g., 12 ODggo units in this work
versus <2 ODyg units elsewhere.?? These higher yields
may in part be attributed to greater consistency in the
purity of currently commercially available reagents.?6 The
only other previously reported attempt to synthesize a
tRNA sequence using RNA S-cyanoethyl diisopropylphos-

(22) PAGE analysis indicates that 85% of the yeast tRNAPEe is full-
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relative activity of the unmodified sequence.
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(24) Gross, M.; Starn, T. K.; Rundquist, C.; Crow, P.; White, J.; Olin,
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phoramidites, tRNAY from Escherichia coli, was not
successful, as noted by both the absence of observable
trityl cation intensities in the latter part of the synthesis,
and the fact that full-length product was not detected
by PAGE.1% By contrast, loss in trityl cation intensities
was not observed during our synthesis of tRNA&Y using
these same RNA monomers, and as shown in Figure 2
pure full-length material (4 ODzg) was isolated.?” These
results contradict a general perception that longer oli-
goribonucleotides are not accessible through solid-phase
synthesis technology using S-cyanoethyl diisopropylphos-
phoramidites.?®

In conclusion, we find that tRNA molecules can readily
be synthesized using standard S-cyanoethyl diisopropyl
phosphoramidite chemistry in sufficient amounts for
biophysical and biochemical analysis. In fact, the com-
bination of several syntheses should yield enough RNA
for either NMR or crystallographic studies.!12b202b30 The
ability to routinely synthesize RNA sequences in excess
of 70 bases in length through chemical means should
facilitate a wider range of research into the structure and
function of RNA.3!
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