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Abstract: As one of its goals, synthetic biology seeks to
increase the number of building blocks in nucleic acids. While
efforts towards this goal are well advanced for DNA, they have
hardly begun for RNA. Herein, we present a crystal structure
for an RNA riboswitch where a stem C:G pair has been
replaced by a pair between two components of an artificially
expanded genetic-information system (AEGIS), Z and P, (6-
amino-5-nitro-2(1H)-pyridone and 2-amino-
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with small pyrimidines, and 2) hydrogen bonding comple-
mentarity, where hydrogen-bond donors on one nucleobase
match hydrogen-bond acceptors on the other. By shuffling
hydrogen-bond donor and acceptor groups within this frame-
work, up to 12 nucleobases forming six orthogonal nucleo-
base pairs are readily conceived (Figure 1). This has been

imidazo[l,2-a]-1,3,5-triazin-4-(8H)-one). The struc-
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xNA) beyond the four standard nucleotides (GACT
or GACU) found in natural genetic material was
noted a quarter-century ago."?! Since then, two
contrasting strategies based on different “concepts”
to expand the genetic alphabet have been explored.

In the first, additional nucleobase pairs were
designed to fit the Watson—Crick pairing geometry,
with pairing specificity determined by two kinds of comple-
mentarity: 1) size complementarity, where large purines pair
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Figure 1. Shuffling hydrogen-bond donor and acceptor units in paired nucleo-
bases adds eight new nucleotides that form four orthogonal nucleobase pairs
following the Watson—Crick “concept”. These are in addition to the two pairs
formed from the four standard nuclebases (box upper left). The Z:P pair
examined herein is in the upper right box.

called an “artificially expanded genetic information system”
(AEGIS)."!

A second concept, proposed originally by Kool and co-
workers, dispenses with inter-nucleobase hydrogen bonding
entirely.* Instead, specific pairing is sought through geo-
metric complementarity alone. Expanding on this concept,
Hirao and co-workers! and Romesberg and co-workers!'*?!
more recently designed additional pairs that also lack inter-
nucleobase hydrogen bonding, seeking specific and orthogo-
nal pairing by way of simple steric complementarity. Romes-
berg and co-workers were even able to create an E. coli strain
that maintained one example of his non-standard pair in
a plasmid for a number of hours.["’!

Both strategies have been shown to increase the func-
tional potential of DNA. For example, Hirao and co-workers
recently showed that adding their fifth nucleotide to a DNA
aptamer increased its affinity for its target.”’ More recently,
we showed that oligonucleotides built from six-letter AEGIS
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genetic alphabets can evolve in a DNA matrix under
laboratory-created selective pressure to give molecules that
bind to breast cancer!™ and liver cancer cells:!" this success
suggested a full search of the expanded “sequence space”
created by the additional genetic “letters”. Further, within
DNA, as many as six AEGIS pairs can be placed in
consecutive positions in a duplex without altering the overall
structure of the DNA double helix.['"!

In contrast with DNA, RNA has seldom been examined as
a matrix for an expanded genetic alphabet. Some early work
focused on the S:B and K:X pairs (Figure 1), but was not
supported by structural biology."”! Only recently was this
work extended to the enzymology of the pair between 6-
amino-5-nitro-3-(1'-B-p-ribofuranosyl)-2(1 H)-pyridone  and
2-amino-8-(1'-p-p-ribo-furanosyl)-imidazo-[1,2-a]-1,3,5-tria-
zin-4-(8H)-one, called Z and P (Figure 1, right box). Recent
results showed that T7 RNA polymerase can generate RNA
molecules containing Z and P AEGIS ribonucleosides from
encoding GACTZP DNA molecules, and reverse transcrip-
tase can synthesize Z and P AEGIS DNA from complemen-
tary GACUZP AEGIS RNA.?

For RNA, structural studies are (if anything) more
important than with DNA. Because of its extra 2'-hydroxy
group, RNA has many more conformational opportunities
than DNA.!l These are exploited in RNA molecules that
perform functions beyond simple genetic encoding, including
RNA receptors, RNA ligands, and RNA catalysts, including
the ribosome. Crystallography is needed to learn whether
a Z:P pair has a canonical Watson—Crick geometry in an
RNA context, and does not disrupt the folding of a functional
RNA molecule nor disturb mechanisms by which a functional
RNA molecule act.

To take the first step into the structural biology of AEGIS
RNA, we turned to one of those functional RNA molecules:
a 67-nt xpt-pbuX riboswitch aptamer domain from Bacillus
subtilis (Protein data bank code (PDB ID): 4FES5).”
Riboswitches are highly structured cis-acting elements
located in the 5-untranslated regions of many messenger
RNAs. There, they bind to small-molecule metabolites and,
once bound, regulate the expression of the protein encoded
by the message. In particular, the xpt-pbuX riboswitch
binds to guanine and its structural analogue, hypo-
xanthine, with approximately 5 and 50 nm dissociation
constants, respectively. The crystal structure of the
natural riboswitch complexed to hypoxanthine was
solved a decade ago.” That structure contains a P1
stem, two hairpins, and four nucleotides in the
junction that contact the ligand (Figure 2).

Analyzing this structure, we selected a single C:G
pair in the P1 stem for replacement by a Z:P pair.
RNA fragments containing Z and P ribonucleotides
were prepared by solid-phase synthesis using com-
mercially available phosphoramidites (Firebird Bio-
molecular Sciences LLC, www.firebirdbio.com).
These were then splint-ligated to the remaining
RNA fragment using T4 RNA ligase 2 (Figure S1 in
the Supporting Information). The product was puri-
fied by 8 % PAGE. In parallel, a plasmid encoding the
native riboswitch lacking the Z:P substitution was
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Figure 2. The guanine riboswitch in a) a three dimensional representa-
tion (PDB ID: 4FE5) and b) in its secondary structure representation.
Nucleotides in yellow contact a guanine or hypoxanthine ligand. In this
case, the C:G pair (red) joining positions 18 and 78 in the P1 stem
was replaced by a Z:P pair.

constructed to generate a wild type (wt) RNA transcript.

The enzymatic ligation of the Z:P riboswitch from
synthetic oligonucleotides produced a product that differed
from the product produced by T7 RNA polymerase tran-
scription; it has a 5'-triphosphate, while that from T4 RNA
ligase 2 had a 5'-phosphate only. This difference notwith-
standing, initial studies showed that both the 5-monophos-
phorylated native riboswitch and its analogue containing the
Z.:P pair crystallized well (see Experimental Section in the
Supporting Information). Typical growth times were four days
at room temperature.

Crystals of both the native and AEGIS riboswitches were
then analyzed by X-ray diffraction with the synchrotron
source at Argonne National Laboratory. Both crystals had the
same space groups and unit cell dimensions. The structures of
the native riboswitch and the riboswitch containing the Z:P
pair were then solved at 3.05A and 322 A resolution,
respectively. Table 1 shows the data collection and refinement
statistics, after building and refinement of both structures
using COOT24 and PHENIX25 crystallography software
packages.**>!

Our resolution with the wild-type (wt) riboswitch was
lower than that reported for the native riboswitch.”! Never-

Figure 3. Superimposed structures of the 5'-monophosphate wt (green) and
Z:P (magenta) guanine riboswitch bound to hypoxanthine (red). The Z:P base
pair in the P1 stem is highlighted in blue. Close-up views of corresponding C:G
and Z:P base pairs from the structure models are also presented. A difference
map is found in the Supporting Information, Figure S3.
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theless, our structure matched well the previously
determined structure (RMSD =0.803, all atoms
aligned) (Figure S2). Figure 3 shows the overlapped
model for the wt and the Z:P riboswitches in two
orientations. In both cases, the hypoxanthine ligand
was present. In the AEGIS riboswitch, electron density
was clearly seen at the position expected for the nitro
group on Z (Figure S3).

Overall, the wild type riboswitch bound to hypo-
xanthine superimposed rather well on its analogue
containing the Z:P pair (Figure 3). Only in the P1 stem,
which holds the Z:P substitution, did the structures
deviate noticeably (Figure S4). Even here, the struc-
tural divergence was modest. The inferred inter-nucle-
obase distances between Z and P were similar to those
seen in various C:G pairs, the closest structural
analogues of the Z:P pair (Figure 3). The interactions
between the riboswitch and the bound hypoxanthine
were also quite superimposable (Figure S5).

These results show the compatibility of the Z:P pair
with the Watson—Crick and non-Watson—-Crick geo-
metries that allow this particular RNA molecule to
perform its non-coding function. We therefore sought
to confirm this structural conclusion by studies in
solution by applying “in-line probing”.*!! In-line prob-
ing analyzes patterns of fragmentation created through
chemical degradation of the RNA segments that are
not in A-form helices. Since the conformation of the
RNA changes upon binding of the ligand, an apparent
dissociation constant can be estimated by analyzing the
changing fragmentation patterns while varying the
concentrations of guanine or hypoxanthine ligands
over a 1 nM to 1 mMm range. Using the Origin software
package, this analysis generated a dissociation constant
of 42 nm for hypoxanthine (Figure 4) and 3.3 nm for
guanine for the wild type riboswitch (Figure S6 and S8),
and 48 nM and 3.7 num for the Z:P riboswitch (Figure S7
and S9). For the native riboswitch, values of 50 and
5 nm are reported in the literature.*

These are the first crystallographic analyses and
solution biophysical measurements for any RNA
molecule that contains an added orthogonal nucleo-
base pair. From this combination of structural and
biophysical measurements, we might expect that the
Z.:P pair will fit well within the constraints of an RNA
structure, consistent with its enzymological behavior.

Accession codes: The atom coordinates and struc-
tural factors have been deposited in the Protein Data
Bank with accession code 5C7U for the wild type native
guanine riboswitch and 5C7W for the Z:P guanine
riboswitch.

Figure 4. In-line probing data for native and Z:P riboswitches as
a function of ligand concentrations. Gels show gradual protection
of regions within RNA at increasing concentrations of ligand.
Plots generated by the Origin software give apparent K, values
for ligand binding. a) Wild type riboswitch and hypoxanthine
ligand; K;/~42 nm. b) Z:P riboswitch and hypoxanthine ligand,
Ky~ 48 nm. c) Wild type riboswitch and guanine ligand;

Ky=3.3 nm. d) Z:P riboswitch and guanine ligand; K;~3.7 nm.

www.angewandte.org

die

Chemie

9855


http://www.angewandte.org

Angewandte

9856

Communications

Table 1: Data collection and refinement statistics.

RNA wt riboswitcht®! Z:P riboswitch®

Data collection:
Wavelength [A]
Space group
Resolution [A]
Cell dimensions

0.97900
P6,22
46.36-3.05 (3.16-3.05)

0.97918
P6,22
44.59-3.22 (3.34-3.22)

a,b,c [A] 52.61, 52.61, 278.17 52.18, 52.18, 274.5
Ronerge [%] 6.5 (50.2) 8.3 (53.7)
1/ol 33 (5.1) 24.9 (4.1)
Completeness [%] 100 (100) 99.8 (100)
Redundancy 14 (14.82) 8.54 (8.95)
Refinement:

No. reflections 4923 4107

Ruort/ Rive 0.2011/0.2411 0.2277/0.2797
R.M.S deviations

Bond angles [°] 1.7 1.8

Bond length [A] 0.008 0.007
B-factors 95 104

[a] Values in the parentheses are for the highest resolution shell.
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