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Nucleic acid nanotechnology
Introduction

It is almost 25 years ago since Nadrian Seeman first pro-
posed the synthesis of X-shaped nucleic acid structures
based on the Holliday junction, the cross-over structure
of two strands of DNA that occurs as an intermediate in
genetic recombination.! Since then, Seeman and other
groups have produced these and other DNA structures,
including a cube and an octahedron.”* One of the main
goals of nucleic acid nanotechnology has been the syn-
thesis of components which will form self-assembling
3D arrays with such possible uses as molecular sieves, or
scaffolds on which to fix macromolecules for X-ray crys-
tallography, or for use in molecular electronics.

RNA as a potential building block

Over the last five years RNA has been used increasingly
in this work. Although more labile than DNA, it has the
advantage of being able to form a more diverse range of
structures due to its more complex chemistry. It still re-
tains the key attribute of nucleic acids: the specificity of
Watson-Crick base-pairing interactions that allows the
precise positioning of component parts to form a larger,
predictable structure. Systems based upon base-pairing
interactions have included the dimerization initiation site
of HIV RNA and the right angle (RA) motif found in ri-
bosomal RNA,*¢ while those based on non-base-pairing
tertiary structural associations have included the GAAA
tetraloop-receptor interaction which occurs widely in bio-
logical systems.” A necessary requirement of such systems
is inducibility - the ability to be able to control the rate
of association; the addition of Mg** is commonly used to
promote aggregation.

Is transfer RNA a candidate building block?

Perhaps surprisingly, as yet there have been no published
reports using transfer RNA (tRNA) as a building block
for the construction of nanomaterials (tRNA transfers
individual amino acids to the growing polypeptide chain
during ribosomal protein synthesis). This is surprising,
since tRNA possesses a number of attributes that make
it particularly suitable. It has a small size and high sta-
bility, a well-characterized cloverleaf (2D) and L-shape
(3D) structure, and, most importantly, it has the ability to
form dimers and higher aggregates through interactions
between its single-stranded loops (anticodon loop, D-loop
and T-loop). One of the best known examples is yeast
tRNAAPCUO) (which transfers aspartic acid to the grow-
ing polypeptide chain), which forms dimers in solution
and in the crystal through its quasi-self-complementary
GUC anticodon (Fig. 1).! Another example is the A14G
mutant human mitochondrial tRNAMUAA (which trans-
fers leucine to the growing polypeptide chain in the syn-

thesis of mitochondrial proteins), where the mutation cre-
ates a self-complementary six base sequence that allows
formation of a dimer (Fig. 2).° This mutation is associated
with two disease conditions, maternally-inherited diabe-
tes and deafness (MIDD), and mitochondrial myopathy,
encephalopathy, lactic acidosis and stroke-like episodes
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Fig. 1. A dimer from Yeast tRNA#©CUC) The graphic (taken
from PDB file (see ref. 8) has only anticodons represented fully
and shows 3D L-shape of tRNA.
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Fig. 2. Dimer from unmodified A14G mutant human mitochon-
drial tRNALUAY The 2D schematic has only complementary
sequences represented fully and shows cloverleaf secondary
structure including D-loop, anticodon loop and T-loop positions
(see ref. 9).

Experimental strategy
tRNAYCO from E. coli

One tRNA that has been shown to aggregate is tRNAC(GO)
(which transfers glycine to the ribosome) from E. coli,
yeast and Bombyx mori (silkworm).!*!2 Romby et al.'* have
provided experimental evidence that E. coli tRNAS¥GCO
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forms dimers through its GCC anticodon in a similar
manner to yeast tRNAAPCUO but unlike tRNAAPECUO,
only at pH 4-5. They have suggested this is due to the for-
mation of a stabilizing hemi-protonated C-C(+) base-pair
between the two middle bases of the anticodons, whereas,
at neutral pH, the C-C interaction is destabilizing."* De-
spite this evidence that it only forms dimers, we chose
E. coli tRNASYGECO for our initial studies, partly because
it appeared to have the most stable structure of the three
tRNASYECOs and for the reasons discussed below. As our
laboratory already held samples of E. coli genomic DNA,
our initial approach was to amplify the tRNASYECC) gene
using PCR, and follow this with in vitro transcription to
produce unmodified tRNA GO Although tRNASs in vivo
are always modified at a number of positions, unmodified
tRNA transcripts produced in vitro have been shown to
have a similar, if somewhat looser structure. This differ-
ence was thought not to be a disadvantage for our studies
- and perhaps even preferred, as suggested by the study
of the A14G mutant human mitochondrial tRNAMu(UAA)
dimer that used unmodified in vitro transcripts.’

Multiple gene transcripts

E. coli possesses four identical copies of the tRNASH(GCO
gene that occur at two separate loci on opposite strands
as well as opposite sides of the E. coli genome (Fig. 3).'
glyW occurs as a single gene, while glyV-glyX-glyY oc-
cur as a triple gene cluster, with the three genes separated
by short sequences of 36 and 35 base pairs. Since we
wanted principally to amplify the single gene, we used
internal primers complementary to the 5’- and 3’- ends of
the tRNA, with the forward primer also containing the 17
base T7 RNA polymerase promoter sequence to enable
subsequent in vitro transcription. We realized however,
that the primers had the potential to amplify the double
genes (glyV-glyX and glyX-glyY) and even the triple gene
(glyV-glyX-glyY) (Fig. 4). The RNA transcripts of these
products might possess interesting features of their own
for nanotechnological building blocks. They should pos-
sess correct tRNA structures as the primary triple gene
transcript is cleaved into individual tRNAs in vivo by
RNase P, an enzyme that recognizes the tertiary struc-
ture of the tRNA.' The double and triple gene transcripts
containing two or three GCC anticodons should also be
capable of aggregating (at least at low pH) and the triple
gene transcript that contains three GCC anticodons, might
possibly be capable of forming 3D structures.
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Fig. 3. In vivo transcribed tRNAGIy(©©© is a single gene product
from glyW and a triple gene product from glyV/glyX/glyY (see
ref. 14); (bp = base pair, Mbp = 10° base pairs).
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Fig. 4. (a) The predicted amplification of the single tRNAGly(¢c©
gene product from the gl/yW locus, and (b) that of the single,
double and triple tRNAGly©“© gene products from the glyV/
glyX/glyY locus.

Experimental results
PCR of single, double, and triple gene products

Our first PCR experiment gave bands corresponding to
the single, double and triple gene products, but the two
double genes were not separated, as they differ in length
by only a single base pair (Fig. 5). A higher molecular
weight band running at >500 base pairs was unexpected
and its origin has yet to be defined. Subsequent attempts
to tweak the parameters and increase the yield of the dou-
ble and (especially) triple gene product have so far been
unsuccessful; no triple gene product was detected but
consistent quantities of single and double gene products
were obtained. This difficulty might be resolved by in-
creasing the concentration of E. coli genomic DNA used,
and/or by using a different DNA polymerase; strategies
for the future.

In vitro transcription

In vitro transcription of particular tRNA genes can be no-
toriously difficult. Sometimes it has necessitated the use
of tricks such as incorporating a copy of the hammerhead
ribozyme gene in the tRNA gene-containing construct in
order to increase the yield of tRNA product.”® However, in
our case, the DNA products generated by PCR (containing
a mixture of single, double and triple tRNASYSCO genes)
were converted successfully into RNA, utilizing direct in
vitro transcription by T7 RNA polymerase; three bands cor-
responding to the single, double and triple tRNASYSO gene
transcripts were observed on a denaturing RNA gel (Fig. 6).
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Fig. 5. PCR amplification of single, double and triple
tRNAGILy O genes from E. coli genomic DNA gave bands
equivalent to those expected: 111, 222/223 and 334bp (with the
two double gene products running as a single band) on a 2%
agarose gel. The origin of an additional >500bp band shown
here is unresolved. Lane 1, 25bp DNA standard (25bp band
not visible); lane 2, PCR products (as described above); lane 3,
100bp DNA standard (bp = base pairs).
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Fig. 6. Products ca. 85, 196/197 and 308b in size from in vitro
transcription of single, double and triple tRNASYSCO gene using
T7 RNA polymerase; lane 1 is a luciferase mRNA control and
b = bases (sce text).

In order to achieve these levels of transcription it was nec-
essary to develop the in vitro transcription protocol by (a)
quadrupling the initial T7 RNA polymerase concentration
and reducing the concentration of rNTPs, template DNA,
and RNase-inhibitor accordingly, and increasing reaction
time to 16-24 h (Fig. 6, lane 2); and (), by also adding
an extra aliquot of T7 RNA polymerase 3 h into the reac-
tion as described by Roy ez al.’ (Fig. 6, lane 3). As Fig.
6 shows, the addition of an extra aliquot of enzyme dra-
matically increases the level of transcription.

In vitro transcripts of wild-type and A14G mutant
human mitochondrial tRNA"*V4Y

Early in this work gifts of two pUC18 plasmids with con-
structs containing the wild-type and A14G mutant human
mitochondrial tRNAMUAY genes, respectively, down-
stream of a T7 RNA polymerase promoter were received
from Kelley’s group (Department of Chemistry, Boston
College). We were keen to use these as positive and nega-
tive controls for dimerization as Kelley’s group had dem-
onstrated that the A14G mutant (but not the wild-type)
forms dimers under normal conditions.’

The plasmids were linearized using Mval restriction en-
zyme. The plasmid fragments were separated on a 2%
agarose gel, and the 155 base pair fragment that con-
tained either the wild-type or A14G mutant tRNALUUAY
gene with the T7 promoter was then purified by use of a
gel-extraction kit. Finally, the wild-type and A14G mu-
tant plasmid DNA fragments were incubated in an in vitro
transcription reaction modified as previously described.
Even then, and using similar amounts of template DNA
for each of the three tRNAs, the two tRNAMUAN plagmid
fragments produced a much lower level of transcription
than the single tRNASYECO gene PCR product as shown
in Fig. 7. The single tRNASYCO gene was obtained by
gel extraction of the single gene band on a preparative
2% agarose gel of a PCR reaction similar to that shown
in Fig. 5.
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Fig. 7. In vitro transcription of single tRNASYSC gene and
wild-type and A14G mutant human mitochondrial tRNALU(UAA)
genes; luciferase mRNA positive control; 1* lane of each set of
3: in vitro transcription; 2" lane: DNase cleavage of the tem-
plate DNA; 3 lane: RNA extraction.

Reportedly, in vitro transcription from a plasmid fragment
(as is the case with wild-type/A14G mutant tRNALeuUAY)
is three to four times more efficient than that directly
from a PCR product (as is the case with tRNASGWGCO),
This makes the difference in level of transcription even
more striking and probably results from the different in-
ternal promoter sequences of E. coli tRNA®Y(GCO and hu-
man mitochondrial tRNAM VAN - Ag already noted, each
of the constructs has a 17 base T7 RNA polymerase pro-
moter sequence upstream of the tRNA. However, the first
six bases of the tRNA itself also play a part in the bind-
ing of T7 RNA polymerase by functioning as an inter-
nal promoter. The internal promoter sequence of E. coli
tRNASHGCO) is much closer to the ideal T7 sequence than
that of human mitochondrial tRNAMUAA) thus allowing
more efficient transcription.
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Aggregation of building block tRNAs analyzed by
native gel electrophoresis

Using single tRNASYSO transcript and wild-type and
A14G mutant human mitochondrial tRNAMUAY prelim-
inary experiments to effect aggregation consisted of heat-
ing the tRNAs to 70°C for 5 min, rapid cooling on wet
ice, and addition of Mg?* to give a 10 mM final concentra-
tion as described by Roy et al.? Aliquots of these reactions
have been electrophoresed using native PAGE at either
4°C or RT for 1-4 h. The results provide preliminary evi-
dence of multiple bands with the A14G mutant human
mitochondrial tRNAM VAN j ¢ aggregation. In order to
observe aggregation of the tRNASYSCO gingle transcript
the gel should be at pH 4-5; the use of a size separation
column to isolate the dimer is yet to be investigated.

In search of the first tRNA
An RNA world

In addition to possible applications in nanotechnology,
we are also interested in the possible relationship between
tRNA aggregation and the origin and evolution of tRNA
function, the genetic code and protein synthesis. It ap-
pears likely that life was based on RNA prior to the advent
of protein synthesis as it can function both as an enzyme
and a carrier of genetic information; this is known as the
RNA world. In light of this hypothesis, and the central role
of tRNA in protein synthesis, it seems almost certain that
tRNA is an extremely ancient molecule, with its primary,
secondary and tertiary structure highly conserved over all
three kingdoms of life.

Hairpin loops

Di Giulio has proposed that tRNA arose by the duplica-
tion of a shorter hairpin loop.!* Paul Schimmel’s group
has demonstrated that hairpin loops combining a single-
stranded 3’-terminal CCA sequence with stem sequences
related to those of a number of tRNAs are specifically
aminoacylated by contemporary aminoacyl-tRNA syn-
thetases, and so could have participated in an early ver-
sion of non-templated protein synthesis in the absence of
the equivalent of an mRNA message.!” The same group
has also demonstrated lateral (side-by-side) H-bonding
interactions between these loops that could have brought
the two 3’-CCA ends into proximity, enabling the polym-
erization of amino acids into proteins prior to the advent
of the ribosome.!® Due to the symmetry of base-pairing
interactions, it seems possible that these single hairpin
loops may have been in equilibrium with hairpin loop-du-
plexes having a 2D structure similar to tRNA (Fig. 8).

Split tRNAs

Recently, it has been discovered that the archaeal species
Nanoarchaeum equitans has four split tRNA genes with
the split occurring between bases 37 and 38 in the antico-
don loop." This is also the most common insertion posi-
tion for tRNA introns. The anticodon loop sequence of the
overwhelming majority of glycine tRNAs that participate
in protein synthesis is 5’- YUNCCA'N - 3’, where ‘Y’
denotes U or C, ‘N’ any base, and the NCC anticodon is
underlined.? If one were to cleave glycine tRNA between
bases 37 and 38, the position of the arrow in the above,
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one would be left with two half tRNAs of almost identical
size, each with a 3’-terminal -CCA, and so conceivably
both descended from a single hairpin loop that was ami-
noacylated by glycine and participated in non-templated
protein synthesis.
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Fig. 8. Proposed evolution of glycine tRNA from hairpin loop.

Origin of the genetic code

Thus it seems possible that tRNA arose by the ligation
of two identical hairpin loops, with CCA becoming part
of the anticodon loop, (N)CC the first anticodon/GG(N)
the first codon (coding for glycine), and glycine tRNA the
first tRNA (Fig. 8). That glycine tRNA might have been
the first tRNA is not inconsistent with the argument that
glycine was possibly the first amino acid. After all it is the
smallest, simplest, and only achiral amino acid, and it is
almost always produced in experiments that seek to simu-
late earth’s proposed early atmosphere. One of the most
highly conserved sequences among cytoplasmic tRNAs
is the D-loop -GG- sequence, which in tRNASYGCO) forms
part of a seven base sequence complementary to the anti-
codon loop. It is possible that this highly conserved -GG-
sequence is a descendent of the ancestor of the first codon,
and that the first anticodon-codon interaction originally
had a role in tRNA aggregation.

Summary

We hope that this article gives a taste of the potential for
this field of study. Not only may it lead to the creation of
3D arrays for use in nanotechnological applications, but
also it may be of critical importance to our understanding
of the origin and evolution of tRNA, the genetic code and
protein synthesis.
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