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Abstract

We report the development of a new class of nucleic acid ligands that is comprised of Janus bases
and the MP »PNA backbone and is capable of binding rCAG repeats in a sequence-specific and
selective manner via, inference, bivalent H-bonding interactions. Individually, the interactions
between ligands and RNA are weak and transient. However, upon the installation of a C-terminal
thioester and an N-terminal cystine and the reduction of disulfide bond, they undergo template-
directed native chemical ligation to form concatenated oligomeric products that bind tightly to the
RNA template. In the absence of an RNA target, they self-deactivate by undergoing an
intramolecular reaction to form cyclic products, rendering them inactive for further binding. The
work has implications for the design of ultrashort nucleic acid ligands for targeting rCAG-repeat
expansion associated with Huntington’s disease and a number of other related neuromuscular and
neurodegenerative disorders.
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RNA-repeated expansions are prevalent in neuromuscular disorders.1~® One such example is
Huntington’s disease (HD), an autosomal dominant disorder that affects muscle coordination
and leads to behavioral changes, cognitive decline, and dementia.”-8 HD typically manifests
in midlife, and death ensues 10-20 years after onset. It is caused by an expansion of CAG
repeats in the first exon of the Auntingtin (At gene, from a normal range of 6-29 to a
pathogenic range of 40-180.° The length of the CAG-repeat expansion (CAGEP) is
inversely related to the age of onset. 1011 sztencodes a 348 kDa protein that is expressed
ubiquitously but most predominantly in the neurons of central nervous system (CNS), with
diverse physiological roles, including embryonic development and neuroprotection.12-17 The
CAG repeats are translated into a polyglutamine (polyQ) sequence in the N-terminal region
of Htt. Despite the vast knowledge of molecular dysfunctions and clinical manifestations,
the exact mechanism by which CAG®*P causes HD is not yet fully understood; however,
emerging evidence suggests that it is a multivariate disorder.

A loss of protein function could contribute to the etiology of HD, but it is unlikely the main
culprit because heterozygous and homozygous patients with CAG®*P have similar clinical
features.18 Furthermore, an individual who showed no abnormal phenotype despite a 50%
reduction in the normal Htt protein level due to deletion in one of the At alleles has been
identified.19 Likewise, mice heterozygous for the /it null mutation do not show clinical
features of HD, and homozygotes die in early embryogenesis.13-1> These findings
underscore the importance of Htt in embryonic development, but not in the pathogenesis of
HD. Emerging evidence points to deleterious gain of function as a more plausible cause of
the disease. This suggestion is substantiated by the observations that CAG repeats exceeding
a similar threshold (30-40 units) in unrelated genes are responsible for several other
neuromuscular disorders, including Machado-Joseph disease (MJD), spinobulbar muscular
atrophy (SBMA), dentatorubral-pallidoluysian atrophy (DRPLA), and the various forms of
spinocerebellar ataxias (SCAs).1:34.6.20 These disorders, known as polyQ diseases, have
many traits, including subcortical and cortical atrophy, and nuclear aggregates that are in
common with HD.

Three leading cytotoxic mechanisms have been proposed for HD. The first is polyQ toxicity.
21 polyQ has a propensity to aggregate and interact with other polyQ-containing proteins to
form large amyloid-like structures.22-2% The binding and sequestration of these key proteins
would lead to the losses of their physiological functions, resulting in dysregulation of a
cascade of molecular and cellular events.? The second is toxic gain of RNA function.26
Upon transcription, rCAG®*P adopts an imperfect hairpin structure that sequesters

Biochemistry. Author manuscript; available in PMC 2018 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thadke et al.

Page 3

muscleblind-like protein 1 (MBNLZ1), an alternative RNA-splicing regulator,2” and other key
proteins.28-30 While the normal rCAG repeats can also adopt a hairpin motif, this repeat
does so in a sequence context different from that of the expanded version.3! Association of
rCAG®*P with MBNL1 results in a complex that is trapped in the nucleus as nuclear foci,
precluding its export to the cytoplasm for the production of Htt protein. The gene transcripts
that are misspliced as a result of the loss of MBNL1 are diverse.32 The third pathogenic
mechanism is protein toxicity.33 Zu and Ranum?34 have shown that rCAG repeats beyond a
certain length (>42 units) can be translated in the absence of an ATG starting codon via
repeat-associated non-ATG (RAN) translation, leading to the production of toxic polyQ and
polyalanine (polyA) proteins, along with polyserine (polyS).33:35 The latter two mechanisms
are further supported by the findings that expression of a long tract of untranslated rCAG
repeats is deleterious in animal models, with abnormal behavioral phenotypes similar to that
of HD.35-37 Collectively, these findings point to HD as a multivariate disorder, caused by
toxic gain of RNA and protein functions.

As such, one approach to remedy HD would be to selectively target the expanded transcript,
as this would interfere with all three disease pathways. There is optimism that such an
approach would prevail based on the findings by Yamamoto and Hen,38 who showed in a
conditional-knockout mouse model that the progression of HD is reliant on a constitutive
expression of the expanded Atftallele, and that its ablation not only halted the progression of
the disease but also reversed the disease phenotypes. The challenge, however, is in how to
design molecules that would be able to bind the expanded but not the wild-type Azt
transcript, because Htt plays crucial roles in normal development and neuroprotection.

At present, there are no effective treatments or cures for HD, even with the latest Food and
Drug Administration-approved drug, deutetrabenazine.3 The existing remedies are designed
to alleviate the symptoms but not to halt or reverse progression of the disease. More recently,
gene-specific targeting approaches, including small-molecule ligands,*041 siRNA, 4243
shRNA 4445 antisense,*6:47 and gene editing strategies such as TALEN“8 and CRISPR/
Cas9,%9 have been explored as potential remedies for HD. Notwithstanding recent advances
in molecular design and chemical synthesis, the issues of binding specificity and/or
selectivity, and cellular delivery, to a certain extent, remain for many of these classes of
molecules, in particular antisense agents. A gene editing approach, although conceptually
appealing because of its ability to permanently remove or disable the mutant allele, is
unlikely to produce long-term therapeutic effects for HD due to the perpetual replication
slippage of the normal allele, as a result of defects in the DNA repair machinery of the host
patients.>0 Herein, we report a proof-of-concept study of the design of bivalent nucleic acid
ligands for recognition of rCAG repeats, with a potential for generalization to other RNA-
repeated sequences.

MATERIALS AND EXPERIMENTAL DETAILS
Ultraviolet (UV) Melting Analyses.

All UV melting samples were prepared by mixing ligands with RNA targets at the indicated
concentrations in 0.1x PBS buffer and annealed by incubation at 90 °C for 5 min followed
by a gradual cooling to room temperature. UV melting curves were collected using an
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Agilent Cary UV-vis 300 spectrometer equipped with a thermoelectrically controlled
multicell holder. UV melting spectra were recorded by monitoring UV absorption at 260 nm
from 25 to 95 °C in the heating runs and from 95 to 25 °C in the cooling runs, both at a rate
of 1 °C/min. The cooling and heating curves were nearly identical, indicating that the
hybridization process was reversible. The recorded spectra were smoothed using a 20-point
adjacent averaging algorithm. The first derivatives of the melting curves were taken to
determine the melting temperatures of the complex.

Circular Dichroism (CD) Analyses.

The samples were prepared in 0.1x PBS buffer. All spectra represent an average of at least
15 scans collected at a rate of 100 nm/min between 200 and 375 nm, in a 1 cm path-length
cuvette at 25 °C. The CD spectrum of the buffer solution was subtracted from the sample
spectra, which were then smoothed via a five-point adjacent averaging algorithm.

Steady-State Fluorescent Measurements.

All steady-state fluorescence samples were prepared by mixing ligands with RNA at the
indicated concentrations in 0.1x PBS buffer and annealed by being incubated at 90 °C for 5
min followed by a gradual cooling to 37 °C. The samples were incubated at 37 °C for 1 h
before the measurements. Steady-state fluorescence data were collected at 25 °C with a Cary
Eclipse fluorescence spectrometer (ggx = 330 nm, and &gy, = 340-600 nm).

Isothermal Titration Calorimetry (ITC) Measurements.

Isothermal titration calorimetry was performed using a MicroCal VP-ITC unit (MicroCal)
following the protocol reported by Zimmerman et al.l Prior to the experiment, 1.7 mL of 5
UM R11A in 0.1x PBS buffer and 400 gL of 1.2 mM LG2 in 0.1x PBS buffer were annealed
at 95 °C and cooled to room temperature. The two samples were then degassed for 1 min
using a ThermoVac (MicroCal) while being stirred. A standard ITC experiment was
performed at 25 °C in which 10 zL aliquots of the degassed LG2 solution were injected
from a 287 uL rotating syringe (307 rpm) into the isothermal sample chamber containing
1.4616 mL of the degassed R11A solution. The duration of each injection was 20 s, and the
delay time between the injections was 300 s. The initial delay before the first injection was
60 s. Each injection generated a heat burst curve (microcalories per second vs time). The
area under each heat burst curve (isotherm) was determined by integration using the Origin
7.0 software (MicroCal) to give the amount of heat produced or absorbed per injection. The
most accurate data (best fits) were obtained by fitting to the sequential binding model of 9
and 10 binding sites. The Ky values were calculated by taking the reciprocal of the K}, values
provided by the nine-binding site model. The 0.1x PBS buffer consisted of 1 mM NaP;, 13.7
mM NacCl, and 0.27 mM KCI (pH 7.4).

Competitive Binding Assays.

R24A was purchased from IDT. R127A [r(CAG)127] and R96U [r(CUG)gg] Were prepared
as previously described.13 R24A, R126A, and R96U were prepared in 0.1x PBS buffer and
annealed by being heated to 90 °C for 5 min, followed by a gradual cooling to room

temperature. Ligand and RNA were mixed at the indicated concentrations and incubated at
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37 °C for 24 h. The samples were then loaded onto a 2% agarose gel with 1x Tris-borate

buffer and electrophoretically separated at 100 V for 25 min. The gel was stained with
SYBR-Gold and visualized with a UV-Transilluminator.

Nuclear magnetic resonance (NMR),51 X-ray,52:53 and biochemical31:54 studies revealed that
the rCAG hairpin structures are relatively dynamic compared to that of the canonical RNA
duplex, with the A-A internal bulge exhibiting a large amplitude of motion. Such a
molecular scaffold, comprising an internal A-A mismatch at every two canonical G-C/C-G
base pairs (Figure 1A), akin to a “pothole™ in the road, presents a distinct and viable
receptor-like binding site for exogenous ligands. Given the relative ease of accessibility of
the H-bond donors and acceptors of nucleobases and the relaxed thermodynamic
requirement for establishing H-bonding interactions with such nucleobase targets, along
with a recent development of ultra-high-affinity miniPEG-containing y peptide nucleic acid
(MPPNA),%5:56 we posited that it may be feasible to develop relatively short nucleic acid
ligands for targeting rCAG hairpin structures (Figure 1B). We envisioned that the binding
free energy required to invade the transiently folded RNA hairpin could be attained by
incorporating Janus bases (or JBs), E, |, and F (Figure 1C), that are capable of forming
bivalent H-bonding interactions with nucleobases in both strands of the RNA double helix,
with the conformationally preorganized MP yPNA backbone (Figure 1D,E). Several “Janus
wedges” have been developed, notably by Lehn,5” McLaughlin,58:5% Zimmerman,5° He 61
Tor,%2 Bong,%3 Marchan,%4 and Micklefield,%5 for recognition of nucleic acid biopolymers;
however, they are few in number and have different shapes and sizes (Figure S1) and, as
such, cannot effectively be combined in a modular format for recognition of a
nonhomogeneous sequence. The Janus bases reported in this study are part of a larger set of
bifacial nucleic acid recognition elements, 16 in total, designed to bind to all 16 possible
RNA base pair combinations (Figure S2). They differ from the other Janus bases, including
“Janus wedges”, in that they are uniform in shape, size, and chemical functionality and, as
such, could be designed to bind to any RNA base pair combinations (Figure S3). This proof-
of-concept study sought to determine whether a subset of Janus bases, namely, E, F, and I,
could be chemically synthesized and whether the corresponding ligands could recognize a
biomedically relevant RNA target, namely rCAG repeats.

Molecular Dynamics (MD) Simulations.

To assess the feasibility of Janus base recognition, we performed MD simulations of ligand
LG1 bound to an RNA duplex containing four rCAG repeats. The C-terminal lysine residue
was omitted, and the MP side chain was replaced with a methyl group (Me »PNA)56 to
simplify the computational modeling. The CEG, AlA, and GFC triads were built and
optimized by the 631G™ basis set and grafted onto the respective RNA and Me yPNA
backbone. The structure of the bound RNA-LG1-RNA complex was created using the NAB
module of Ambertools. The final structure was solvated with water molecules and ions,
energy minimized, and simulated for 100 ns. The resulting complex remained fairly stable
throughout the simulation, with the four separate LG1 ligands fitting snuggly between the
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two RNA strands (Figure 2A). The number of H-bonds, five for each of the CEG and GFC
triads and four for AIA (Figure 2B), remained intact throughout the simulation (Figure 2C).
Attempts to simulate binding with fewer than four LG1 ligands, however, were unsuccessful.
The complexes unraveled, with some forming contorted structures, due to fraying of the
terminal base pairs (Figure 2D,E). This finding suggests binding cooperativity between
ligands and RNA, presumably because of intermolecular base-stacking interactions.

Synthesis of Chemical Building Blocks and Ligands.

Encouraged by the result of MD simulations, we synthesized Janus bases E and F, along
with corresponding JB-MP »PNA monomers 1-3 (Chart 1). Janus base | was not prepared
because it was commercially available. E and F were synthesized according to Schemes 1
and 2, respectively. The Boc protection/deprotection sequence in compounds 5-9 was found
to be necessary to improve the chemical yield of NBS reaction and to suppress side reactions
in the subsequent condensation and cyclization steps. It was discovered that further
protection of 12 was necessary for Stille coupling to proceed smoothly. This was
accomplished with Boc-anhydride, performed at an elevated temperature. Despite the
apparent bulkiness, we had no issue coupling E to the Me »PNA backbone or in the
assembly of the corresponding monomer on MBHA-resin. The core structure of F, 4-
amino-2-(methylthio)-pyridine-5-carbonitrile (17), was prepared according to the published
protocols.%8 Subsequent conversion of the cyano group to amidine followed by Boc
protection yielded 21. Attempts to fully protect the exocyclic amines with a large excess of
Boc-anhydride under various conditions, however, were unsuccessful, as this led to the
formation of multiple spots on TLC with different numbers of Boc groups that were difficult
to separate by column chromatography. To address this challenge, we performed Boc
protection in two steps. Subjecting 22 to oxidation and hydrolysis, followed by alkylation
and hydrogenolysis, yielded F. Once prepared, E (15), F (26), and | (27) were coupled to the
Me »PNA backbone (Scheme 3), synthesized with slight modifications of the published
procedures.5” Removal of the Alloc protecting group yielded desired monomers 1-3.
Ligands LG1-LG3, along with LG2P, which is in an opposite (parallel) orientation of LG2,
were prepared on MBHA-resin using a PAL linker and HBTU as a coupling reagent. LG2P
was included as a negative control, because the parent LG2 ligand showed the most promise
for binding rCAG repeats. A lysine residue was incorporated at the C-terminus to improve
water solubility. Upon completion of the last monomer coupling, ligands were cleaved from
resin, precipitated with diethyl ether, purified by reverse phase high-performance liquid
chromatography (RP-HPLC) (Figure S4), and confirmed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry (Figure S5 and Table S1).

Target Selection and Sample Preparations.

A series of model RNA targets were chosen for a binding study (Chart 2). The R11X series
comprised 24 rCXG repeats (Chart 2A), which, upon adopting a secondary hairpin structure,
provided 11 binding sites for ligands (Chart 2B). R11A contained the perfect match (A-A),
while R11U and R11C contained the respective U-U and C-C mismatches for ligand
binding. R11G (X = G) was not ascertained because it has been shown to be capable of
forming G-quadruplex as well as hairpin structures,58 which could confound the
interpretation of the experimental results. Single-stranded RNA targets, WS (Watson strand)
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and CS (Crick strand), with the LG2 binding site underlined (Chart 2C), as well as double-
stranded hairpin HP containing a single ligand binding site (Chart 2D), were also examined.
The samples were prepared by incubating the preannealed RNAs with respective ligands in
0.1 x PBS buffer [1 mM NaP;, 13.7 mM NaCl, and 0.27 mM KCI (pH 7.4)] at 37 °C. This
particular buffer was chosen on the basis of our initial screen, in which we found that R11A
adopted a stable hairpin structure (Figure $6)%° and that ligands were able to bind.

Spectroscopic Characterization of Ligand Binding.

A combination of UV-visible (UV-vis) and circular dichroism (CD) was employed to
determine the binding properties of ligands. UV-vis measurements revealed that all three
ligands were able to bind R11A (Figures S7-S9). The evidence of their interaction can be
gleaned from the hypochromicity and bathochromic shift in the absorption of [R11A
+ligand] at 252 and 330 nm. The UV absorption in the 275-375 nm regimes corresponds to
the zz-r* transition of the E base. This finding was corroborated by CD data, which revealed
a marked increase and red-shift in the signals at ~270 nm (Figure S10). In this series, LG2
exhibited the largest differential in CD amplitude. We took this as evidence of its
effectiveness in being able to bind R11A. A plausible explanation for the preferential
binding of LG2 could be the fact that its binding site has a C-terminal A-A mismatch
(Figure 1A). Generally, a terminal mismatch is preferred over one in the middle, because it
provides greater access for ligand to initiate “toehold” binding followed by chain migration.
However, the reverse, N-terminal A-A mismatch, as in the binding site of LG3, is not
preferred because it is in a reverse direction of the helical induction of the ligand, which is
from C- to N-terminus.’® CD titration of LG2 with R11A reached a saturation point at a
11:1 ratio, consistent with the predicted number of ligand binding sites of R11A (Figure 3).
We made the assumption that R11A adopted a uniform hairpin structure, because it was
thermally annealed prior to the addition of ligands; however, other combinations of intra-
and intermolecular folds are also possible. In contrast, no significant differences in the CD
signals were observed following the incubation of LG2 with the mismatched R11U (Figure
4A) and R11C (data not shown), single-stranded WS and CS (Figure 4B), double-stranded
HP containing a single binding site (Figure 4C), or the mismatched orientation LG2P with
R11A (Figure 4D). Because the results of the R11U and R11C mismatches were nearly
identical in every respect, all the discussions of base mismatch hereafter are centered on
R11U. Taken together, these results show that the interactions between ligand and RNA
occurred in a sequence- and orientation-specific manner, with a preference for a double-
stranded over a single-stranded RNA target, and in favor of that with multiple consecutive
binding sites over one in isolation.

Confirmation of Ligand Binding by Fluorescent Measurements.

To further corroborate the UV-vis and CD findings, we measured the fluorescent signals of
ligands with and without RNA targets following an excitation at 330 nm (Aax Of E base).
We observed a significant fluorescent quenching of LG3 compared to that of LG1 and LG2
(Figure S11). Such a drastic reduction in the intensity of the fluorescent signals could be due
to photoinduced electron transfer quenching, which is expected to be most efficient for LG3
because the fluorophore (E) is stacked between two other Janus bases. This interpretation is
consistent with the observation that the fluorescent signals of LG3 were fully recovered
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upon heating (data not shown). With all three ligands, the emission signals were further
reduced upon the addition of R11A, but most dramatically with LG2 (Figure S11, inset):
60% reduction with LG2 as compared to 35 and 33% with LG1 and LG3, respectively. A
photograph of the samples under UV illumination is shown in Figure S12. Unexpectedly, we
observed a similar fluorescent quenching pattern upon the incubation of LG2 with R11U,
[WS+CS], HP, and LG2P with R11A (Figure 5), although it was less dramatic than that of
LG2 with R11A. A possible explanation for the fluorescent decay of LG2 with these off-
targets could be due to nonspecific electrostatic and/or hydrophobic interactions between
ligand and RNA, particularly in the groove(s) of a hairpin duplex, as in the case of R11U. A
similar observation was made with a related class of bicyclic pyrimidine analogues,’?
indicating that the fluorescent yields of these fused-ring fluorophores are highly sensitive to
the local environments. To test the hypothesis that the nonspecific binding of ligand to RNA
can lead to fluorescent quenching, we incubated the respective RNA targets with
pentamidine prior to adding LG2 and vice versa. The rationale was that because pentamidine
is known to bind RNA in the groove(s) through a combination of electrostatic and
hydrophobic interactions with relatively high affinity,”2 its inclusion should be able to
displace ligands that bind weakly in the grooves of RNA through these nonspecific
interactions and restore the fluorescent signals, except in a case in which ligand binding
occurred via a different mode. In agreement with this prediction, the data showed that the
fluorescent signals of LG2 with R11U and [WS+CS], as well as that of LG2P with R11A,
were fully recovered, except in the case of LG2 with R11A, which remained suppressed
(Figure 5, inset). This result is consistent with LG2 binding R11A via a mode different from
that of pentamidine, presumably via the prescribed bivalent H-bonding interactions (Figure
1B,C).

Isothermal Titration Calorimetry (ITC) Analyses.

The binding stoichiometry and affinity of LG2 to R11A were estimated by ITC. The raw
ITC profile is shown in Figure 6A, with each heat burst corresponding to a single injection
of LG2 into the R11A sample. The thermogram is biphasic in character, with a combination
of enthalpic and entropic contributions, suggesting two possible modes for binding of LG2
to R11A. The first binding mode is exothermic, which is apparent from the evolution of heat,
likely as the result of H-bond formation between the Janus bases of the ligand and the
nucleobases of RNA. This binding mode is enthalpically favorable because of a large
differential in the net gain of H-bonds formed (+8 per ligand binding). Once the bivalent
binding sites are fully occupied, further addition of ligand would result in its binding in the
grooves through electrostatic and/or hydrophobic interactions, resulting in the ejection of
counterions and hydrated water molecules into the bulk solution. Conformational changes of
RNA could also contribute to ligand binding. This is evident in the endothermic pattern in
the second half of the thermogram. This interpretation is consistent with the fluorescence
data, suggesting two possible binding modes: one that is sequence-specific and another that
is not. The binding isotherm was constructed by plotting the heat evolved/absorbed as a
function of the ligand:RNA molar ratio (Figure 6B). The molar ratio at half-maximum
height, corresponding to the stoichiometry of binding, is determined to be 10. This value is
in good agreement with that obtained by CD titration. The most accurate fitting for the data
was obtained from a sequential binding model of nine binding sites, which yielded the
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following Ky values: 46.3 £10.3,9.7 £2.3,35.2+5.7,47.6 £ 2.7, 43.3 £ 3.9, 34.8 £ 3.4,
111 +5.9,235+ 11.6, and 67.1 + 2.8 M. Because of the complexity of the system (RNA
with 11 consecutive binding sites) and the novel binding mode of the ligand, we suggested
caution be exercised in the interpretation of these experimental findings. However, from
these ITC data, we can estimate the Ky values to be in the low micromolar range.

NMR Titration.

To gain further insight into the mode of binding of LG2, we performed a series of
multinuclear and multidimensional NMR experiments with LG2, R11A, and both. The
samples were prepared in the same 0.1x PBS buffer as before, containing a 9:1 H,0:D,0
volume ratio. The NOESY data were collected at 300, 200, and 100 ms mixing times to
obtain proton—proton distances, while COSY experiments were performed to map the proton
spin system of each residue. The expectation was that H-bonding interactions between LG2
and R11A would result in line broadening and downfield chemical shifts of the imino proton
signals of the canonical G-C/C-G pairs due to base pair opening and in the emergence of a
new set of imino proton signals due to the formation of H-bonds between ligand and RNA.

Consistent with the CD data, 1H NMR experiments revealed that R11A adopted a stable
hairpin structure in 0.1x PBS buffer, which is evident by the sharp imino proton signal at
12.35 ppm (Figure S13A). Variable-temperature measurements further supported this
chemical-shift assignment, showing a gradual decay in peak intensity with an increasing
temperature, while that of the nonexchangeable protons remained fairly constant (Figure
S14). Partial assignments of the nucleobase protons were made by NOESY experiments
(Figure S15). As predicted, the imino proton signal of R11A was gradually broadened and
downfield-shifted upon the addition of LG2 (Figure 7). Moreover, the chemical shifts of C4-
NH and G2-NH were significantly affected, an indication of their interactions with ligand.
Despite the efforts, we were not able to assign or thus monitor the chemical shift of A6-NH
upon titrating LG2 into R11A due to the degeneracy in the repeated sequence. Nonetheless,
the result indicates that the G-C/C-G base pair openings are mediated by ligand. However,
we did not observe any new imino proton signals in the 10-20 ppm regimes, as would be
expected for formation of H-bonds between ligand and RNA. A plausible explanation for
their absence could be due to the weak and transient interactions, as is evident from the ITC
data, whereby the newly formed imino protons were in fast exchange with water molecules.
73 A second possibility, although unlikely based on the spectroscopic evidence, could be that
LG2 failed to bind R11A via the prescribed bivalent H-bonding mode but instead associated
with RNA through nonspecific electrostatic and/or hydrophobic interactions.

To delineate the two possibilities, we performed NMR titration of LG2P with R11A under
identical conditions. LG2P contained the same sequence as LG2 but in the opposite
orientation. The rationale was that if electrostatic and/or hydrophobic interactions were
responsible for LG2 binding, such nonspecific interactions would be unlikely to be
significantly affected by the orientation of ligand. Thus, we would expect a similar
chemical-shift profile for [LG2P+R11A] and [LG2+R11A]. On the other hand, if LG2
interacts with R11A via a different mode, we would expect a drastically different spectral
pattern. To our surprise, we found that the [LG2P+R11A] mixtures precipitated at a 6:1
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molar ratio. The precipitation, in the form of a white sticky material, was not due to the poor
solubility of LG2P because its stock solution was prepared at a concentration of 10 mM,
significantly higher than that employed in the titration experiment, but rather due to its
combination with R11A. The decay in the imino proton signal at 12.35 ppm upon addition
of LG2P was not due to ligand binding (Figure S16), which has a distinct characteristic
(Figure 7), but rather due to the reduction in the overall concentrations of R11A and LG2P.
This is evident by the lack of a downfield shift in the imino proton signal, together with the
reduction of the nonexchangeable proton signals of nucleobases (Figure S16, solid vertical
lines). We attributed the precipitation to the electrostatic and/or hydrophobic interactions of
LG2P with R11A, which resulted in the formation of larger complexes with reduced overall
net charges, hence, the precipitation. While the NMR data alone are inconclusive, in
combination with the spectroscopic findings, they provide supporting evidence of the
formation of a binding mode that is different from electrostatic and hydrophobic
interactions, presumably via the expected bivalent H-bonding; albeit, it was weak and
transient.

Template-Directed Native Chemical Ligation (NCL).

The weak and transient interactions of ligand with RNA, as observed with LG2 and R11A,
are unlikely to produce a meaningful biological response. To further improve the binding
affinity of LG2, we synthesized a second LG2 derivative, LG2N (Scheme 4A), which
contained a C-terminal thioester and an N-terminal cystine. This ligand was prepared using a
second-generation Atacylurea linker developed by Blanco-Canosa and Dawson.’ The dual-
function probe design exploits the conformational preorganization of MP »PNA in slowing
the two functional groups from spontaneously reacting with each other upon the reduction of
the disulfide bond. The cystine group was employed to provide greater control in probe
handling. Prior studies revealed that a ligand of the same length comprising all natural
nucleobases has a reduced (acyclic) halflife of ~1 h at a physiological temperature (37 °C).”®
We expected a similar half-life for LG2N*. Scheme 4B depicts the reaction pathways of
LG2N following the reduction of the disulfide bond, the expected chemical state of LG2N in
the reducing intracellular environments.”® In the presence of an RNA target, ligand was
expected to form transient bivalent H-bonding interactions with nucleobases of the RNA
target next to one another as the result of intermolecular base stacking (step 2). Upon the
cleavage of the disulfide bond, ligand would undergo template-directed NCL to form
concatenated products that bind an RNA template more tightly (step 3). In the absence of an
RNA target, ligand would self-deactivate by undergoing an intramolecular NCL reaction to
form cyclic products (step 4).

To confirm the prediction that LG2N would remain stable for a finite period following the
reduction of the disulfide bond before undergoing a cyclization reaction, we monitored the
reaction progress of the parent compound M from which LG2N* was derived /n situ (Figure
8A). We selected MALDI-TOF over HPLC and other analytical techniques in the
quantification of the reaction products because of the relatively short time scale of the
intramolecular NCL reaction, which can be accomplished with the former in <5 min. While
HPLC is a common method for the quantification of reaction products, it is not sufficiently
robust for the system under investigation due to the competing intra- and intermolecular
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reactions of ligand. Attempts were made to quench the reaction with an electrophile prior to
HPLC analysis; however, such an effort was not successful because of the rapid
intramolecular reaction of ligand. 4-Mercaptophenol (4MP) and 2-mercaptoethanol (2ME)
were investigated as possible reducing agents. Both yielded similar kinetic profiles for the
parent compound M (Figures S17 and S18); however, the former yielded an intermediate
with an overlapping mass-to-charge ratio (m/z) like that of the hydrolyzed parent compound,
making it difficult to differentiate one from the other. For this reason, we selected 4MP in
the reaction monitoring by MALDI-TOF and in the gel-shift assay, while 2ME was
employed in the subsequent melting experiments because of its transparency in the
nucleobase absorption regions. Our data revealed that upon addition of 4MP to the parent
compound M, two reactive species corresponding to that of the transesterification (M*) and
the N-terminal cysteine (M##) were initially formed (Figure 8A). They persisted for a
relatively short period (<15 min) before converting into the reactive LG2N* intermediate,
and finally into the cyclic product (cLG2N) (Figure 8B). LG2N* was stable at a
physiological temperature. It existed as a major product at a 1 h reduction time point,
accounting for ~75% of the total products in the mixture, with the remaining 25% being
mostly cLG2N. LG2N* has a half-life of ~3 h, which is ~3 times longer than that of the
natural counterpart.”> We attributed the chemical stability of LG2N* to the expanded
aromatic ring size of the E base, which provides better base-stacking interaction and, thus,
makes ligand less conformation-ally flexible.

Next, we performed UV melting experiments to determine the effect of template-directed
NCL on the thermal stability of RNA. The samples were prepared in a 0.1 x PBS buffer at a
2:1 ratio of LG2N to the number of binding sites of R11A and incubated at 37 °C for 16 h
prior to UV melting analyses. As expected, without the reducing agent, LG2N had a
minimal effect on the melting transition (T,) of R11A, with a AT, of approximately +1 °C
at most (Figure S19). A similar finding was made with LG2, which also did not contain a C-
terminal thioester or an N-terminal cysteine (Figure S20). However, in the presence of 2ME,
whether the incubation of [LG2N +R11A] was performed at ambient temperature or at

37 °C, the results were similar. A significant enhancement in the 7,, of R11A appeared in
both cases, in the range of 59-68 °C. The derivative of the melting curves showed broad
sigmoidal distributions, suggesting the presence of a range of concatenated products being
formed and bound to the RNA template. This finding was expected for template-directed
synthesis. Despite the similarity in the T, the two melting curves are distinct in pattern,
with the one incubated at an elevated temperature showing an inverse trend in optical
absorption in the 25-50 °C range. This melting behavior is characteristic of hydrophobic—
aromatic interaction, a phenomenon that has been previously observed with thermophilic
foldamers’ and other aromatic systems, such as perylene’8 and pyrene.”® We attributed the
inverse intensity distribution to the interactions of Janus bases of the concatenated products,
which, presumably, were formed in greater quantities at 37 °C than at ambient temperature.
When the compounds were heated, the hydrophobic interaction became more pronounced up
to a certain point (~50 °C), beyond which repulsion ensued. The enhancement of the thermal
stability of R11A is consistent with the formation of NCL products and their binding to the
RNA template.
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To confirm that the enhancement in the 7, of R11A was due to template-directed
concatenation and binding of the resultant products to the RNA template, we performed
MALDI-TOF analyses of the UV melting samples prior to heating. Formation of the
concatenated products is apparent from the emergence of new peaks with progressively
larger m/z values with a step size of ~1319 Da, corresponding to the mass of ligand (Figure
9A). These concatenated products, however, were not observed with the mismatched R11U
(Figure 9B) or LG2N alone without the target (Figure 9C). Likewise, there was no evidence
of the concatenated products being formed with single-stranded [WS+CS] or double-
stranded HP (data not shown). This result is consistent with the occurrence of template-
directed synthesis, mediated by the R11A hairpin structure.

Selective Binding of the Concatenated Ligand.

To determine whether LG2N can discriminate rCAG®*P from the normal repeats, we
performed a competitive binding assay. Two RNA targets containing r(CAG) , repeats in the
normal (R24A; n= 24, the same as R11A) and pathogenic (R127A; n=127) range along
with the mismatched r(CUG)gg control (R96U) were employed. Upon adopting the
respective hairpin motif, these RNA transcripts would provide 11, 62, and 47 binding sites
for LG2N. Two sets of samples were prepared, one in 0.1 x PBS and another in a
physiologically relevant buffer [10 mM NaP;, 150 mM KCI, and 2 mM MgCl, (pH 7.4)].5°
In both sets, equimolar mixtures of R24A (100 nM strand concentration and 1.1 £M binding
sites) and R127A (18 nM strand concentration and 1.1 4M binding sites) were incubated
with various concentrations of LG2N, along with 4MP and TCEP, at 37 °C for 24 h. TCEP
was included to ensure that the disulfide bond was completely reduced. The reaction
mixtures were analyzed by agarose gel and stained with SYBR-Gold for visualization.
Inspection of Figure 10 revealed that LG2N bound preferentially to R127A over R24A,
which is evident by the faster rate of disappearance of the top two bands compared to that of
the bottom band in lanes 2-5. Such a binding event occurred only in the presence of
reducing agents and with the perfectly matched RNA target, as no evidence of binding was
observed in the absence of 4MP and TCEP (compare lane 6 to lane 1) and with the
mismatched R96U (compare lane 8 to lane 7). Interestingly, we did not observe any shifted
bands being formed, as would be expected for the complexation of ligand with RNA,
suggesting that SYBR-Gold was not able to intercalate the RNA-ligand complex. This
observation was not surprising considering that ligand binding is known to cause a dramatic
change in the conformation of RNA (Figure 2). In contrast, we did not observe any evidence
of ligand binding taking place at a physiologically relevant ionic strength (Figure S21),
indicating that the RNA hairpin was not able to mediate template-directed ligand
oligomerization under such a condition. This outcome is unlikely due to the inability of
ligand to access the H-bond donors and acceptors of RNA nucleobases, as we have
demonstrated in the invasion of the DNA double helix by MP »PNA, 80 but rather due to the
lack of binding free energy. There are several ways in which the binding affinity of ligand
can be improved. Nonetheless, the data show that LG2N can discriminate the expanded
(pathogenic) from the normal rCAG repeats and that it occurred in a sequence-specific
manner, although binding in this case is restricted to a relatively low ionic strength.
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DISCUSSION

A large number of neuromuscular disorders, more than 20 in total, including HD, myotonic
dystrophy type 1 (DM1) and type 2 (DM2), spinocerebella ataxias (SCASs), fragile X
syndrome (FXS), Friedreich’s ataxia (FRDA), and a subpopulation of amyotrophic lateral
sclerosis (ALS, or Lou Gehrig’s disease),81:82 manifest as a result of unstable repeat
expansions. An expansion in the coding region of a gene can lead to an altered protein
function, whereas that occurring in the noncoding region can cause a disease without
interfering with a protein sequence through toxic gain of RNA function and/or inadvertent
production of deleterious polypeptides via RAN translation. Many of these genetic disorders
are autosomal dominant, requiring an expansion (or mutation) in only one allele to cause a
disease. As such, one way to interfere with such a disease pathway would be to target the
affected allele or the corresponding gene transcript. Between the two, the latter provides
greater accessibility for exogenous molecules and greater recognition specificity for bivalent
ligands, such as JB-MP »PNAs, because of its propensity to adopt an imperfect hairpin
structure.51-53 The challenge, however, is in the design of molecules that would be able to
discriminate the expanded (diseased) from the wild-type transcript. Because Htt protein, like
most native gene products associated with repeat expansions, is known to play key roles in
normal development and neuroprotection, perturbation of its expression level could
compound the severity of the disease and lead to other adverse effects.83 So far, several
classes of molecules have been developed and have been shown to be effective in targeting
rCAG repeats. The most notable were reported by Disney,2488 Zimmerman,%9:87 Thornton,
88.89 Corey,46 and Cleveland.#’ However, it remains to be seen whether they can be
translated into safe and effective molecular therapies for HD. The design of molecules with a
novel binding mode, such as JB-»PNA ligands, would complement the ongoing efforts to
develop remedies for these debilitating genetic disorders.

We concentrated our effort on rCAG repeats because of their expansive genetic penetrance
in HD, as well as in a number of other neurodegenerative disorders, including MJD, SBMA,
DRPLA, and SCAs.* In principle, a molecule that selectively binds the mutant Azt transcript
and interferes with the aforementioned disease pathways could be used to treat not only HD
but also a number of other related genetic disorders. The nucleic acid ligands reported in this
study differ from the conventional antisense agents in several respects.% First, they bind the
CAG-RNA hairpin motif through bivalent H-bonding interactions. Second, they are
relatively small in size, a single triplet-repeating unit in length. As such, they are easier to
chemically synthesize, structurally modify, and scale up, via solution phase as opposed to
solid phase chemistry. Third, with a molecular weight on the outer fringe of those of small
molecules, such a “millamolecular” system is generally more pharmacokinetically favorable
than a typical antisense agent.9! Fourth, Janus base recognition is more sequence-specific
and selective. It is more specific because a single-base mismatch that would normally occur
on one face of a natural nucleobase would occur on both faces of a Janus base, and it is more
selective, favoring a double-stranded over a single-stranded RNA target, because of the large
differential in binding free energy of the two resultant products. However, unlike that of
small molecules,3*92 or riboswitches,?3 the recognition of Janus bases follows a defined set
of rules, via bivalent Watson—Crick H-bonding interactions, as opposed to a more diverse
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combination of attractive forces. Furthermore, JB ligand design is modular. As such, ligands
could easily be prepared and modified to bind to any sequence of RNA repeats. The weak
and transient interactions of JB ligands with normal-length rCAG repeats at low salt
concentrations are desirable at the initial design stage, as this will allow for further
improvement in the recognition selectivity by tuning the binding affinity of ligands and by
adjusting the ionic strength of buffers toward that of the physiological conditions.

There are several ways in which the avidity of JB ligands could be improved. One approach
involves combining the recognition event with the concatenation process, as illustrated in the
binding and concatenation of LG2N in the reducing environments. Individually, the binding
of such a ligand to its RNA target is relatively weak. However, upon the reduction of the
disulfide bond, the expected chemical state of ligand in the reducing intracellular
environments, the resultant intermediate would undergo template-directed synthesis, with
the resulting products binding more tightly to the RNA template. In the absence of an RNA
target, ligand would undergo intramolecular NCL to form cyclic products, rendering them
inactive for further binding. Template-directed synthesis is exploited by Nature in the
synthesis of biomolecules for tight and selective binding of their cognate partners.®* Such a
concept has long been recognized by chemists®>-97 and has been successfully applied in the
synthesis of organic molecules 98 and in the organization and assembly of a broad range of
macro- and supramolecular systems.99:100 Despite the appeal, such an approach has rarely
been applied to the recognition of a biomedically relevant target. This is largely due to the
fact that natural biopolymers, such as nucleic acids and proteins, and the majority of the
synthetic analogues that have been developed to date, are highly flexible in conformation.101
As such, they are generally not suitable for RNA repeat-templated NCL, due to the
propensity of the C-terminal thioester and N-terminal cysteine groups to undergo
spontaneous cyclization reaction. The extended helical conformation of MP »PNA offers a
unique opportunity to explore template-directed synthesis in the recognition of RNA repeats.
A demonstration that the rCAG-RNA hairpin can function as a template for ligand
concatenation via NCL suggests the possibility of intracellular applications. The ability of
LG2N to self-deactivate in the absence of an RNA target may provide a mechanism for
further reducing off-target binding and cytotoxic effects.

The present LG2N design is not yet optimal for NCL reaction or effective binding of the
concatenated products with RNA. Instead of being a part of ligand, which would produce a
seamless backbone in the conjugated products, the N-terminal cysteine residue was
appended as an add-on. As such, it would introduce a spacer between each ligand unit in the
concatenated products, which could negatively impact their binding affinity.192 Such an
issue could be circumvented by installing a cysteine side chain (CH,SH) at the ) backbone
of MP »PNA so that upon oligomerization a native backbone would be generated. A second
approach involves covalent attachment of aromatic pendant groups at the termini of ligand,
as this would facilitate intermolecular zz—m interaction, promote cooperative binding, and
improve binding selectivity, in favor of the expanded over the normal-length repeats.103 A
third approach involves implementation of next-generation Janus bases, such as those shown
in Chart 3, which are capable of forming six H-bonds each with the respective C-G and G-C
pairs, as compared to five in the first-generation design, along with the improvement in base-
stacking interaction as a result of the expanded aromatic ring size. Work is currently
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underway to explore these various design strategies in attempts to further improve the
binding affinity, specificity, and selectivity of JB ligand, along with cellular uptake,104-106
so that its biological effects can be assessed in the native intracellular environments.

In addition to the aforementioned strategies to discriminate the diseased from the normal /it
transcript, it should be pointed out that contrary to the traditionally held view that both of
these transcripts adopt a hairpin motif, Weeks and co-workers3! have shown that formation
of the r(CAG) hairpin structure is dependent on sequence context. In the Azt transcript of a
healthy allele, the previously observed r(CAG) hairpin structure was either absent or short,
while that of a diseased allele was progressively extended with an increasing r(CAG) repeat
length. A large proportion of the wild-type r(CAG) sequence is base-paired with the
conserved down-stream sequence, including a r(CCG) repeat region. This finding is
intriguing in light of a recent phylogenic study by Cattaneo, 197 which showed that the Htt
ancestor possesses a protein with a single Q or no Q at the 18th amino acid residue, the
starting site of polyQ in humans. PolyQ has emerged in only fish and gradually expanded in
mammals and become the longest in humans, presumably due to replication slippage.
Interestingly, polyproline (polyP), located downstream of polyQ is present only in
invertebrates, specifically marsupials and mammals. This indicates that polyP, whose coding
sequence is a CCG repeat, is a recent and sudden acquisition in /A#tevolution, perhaps as a
way to counter the deleterious effect of CAG repeats of the normal allele by means of base
pairing. Such an occurrence would explain why CAG repeats in Aftbeyond a certain length
are pathogenic. The subtle structural difference in Afttranscripts, between those above and
those below the premutation (30-39 repeats), provides another mechanistic insight into how
one might be able to discriminate the expanded transcript from that of the normal allele. The
Janus bases reported in this study, along with the remaining 13 (Figure S2), which were
uniformly designed to bind to all 16 possible base pair combinations, will be valuable as
molecular tools for addressing mechanistic questions and emerging hypotheses, such as that
pertaining to the folding of rCAG repeats in the expanded and in the normal Afttranscript, as
well as potential therapeutic agents for the treatment of neuromuscular disorders associated
with repeat expansions.

In summary, we have shown that relatively short nucleic ligands, three nucleotides in length,
comprising Janus bases and the MP »PNA backbone, could be prepared and are able to bind
rCAG repeats in a sequence-specific and selective manner. While the binding mode has not
yet been conclusively determined, spectroscopic evidence points to H-bonding interaction
via strand invasion as a likely scenario. The potential benefits of such ligands for recognition
of RNA-repeated expansions, such as rCAG®P, are numerous, including specific and
selective binding; ease of chemical synthesis, structural modification, and large-scale
production; improved pharmacological properties; and flexibility in sequence design.
Another unique and novel feature of JB ligand is the possibility for template-directed
synthesis and recognition of biomedically relevant RNA targets in the intracellular
environments. The added benefit of ligand undergoing self-deactivation in the absence of an
RNA target may offer another dimension for further improving binding selectivity and for
reducing cytotoxicity. If successfully developed, the Janus bases and the corresponding
ligands could, in principle, be designed to bind to any sequence of RNA-repeated
expansions.
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Figure 1.

(A) Design of JB-MP »PNA ligands LG1-LG3 for targeting rCAG®*P hairpin structure. K
denotes L-lysine, and the arrow denotes the N-terminus. (B) Representative binding mode of
LG2 in the preferred antiparallel orientation (N-terminus facing the 3"-end of the Watson
strand). (C) H-Bonding interactions of E, I, and F with the respective C-G, A-A, and G-C
base pairs of RNA. (D) Chemical structure of the MP »PNA backbone to which Janus bases
were covalently attached. (E) Superposition of y»PNAs [as a single strand (blue, determined
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by NMR) and as a ¥PNA-DNA duplex (cyan, determined by X-ray diffraction)] and PNA
[as a PNA-DNA duplex (green, determined by X-ray)].
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(A) (©)

t = 0 (initial) t=100ns

Top view

Side view

Figure 2.
Results of MD simulations of binding of LG1 to an RNA duplex containing the sequence

r(CAG)4/r(CAG)4. LG1 is NH»-EIF-H, with the y-side chain being a methyl group. (A)
Surface representation of the bound complex with four separate LG1 ligands and an RNA
duplex containing four CAG repeats before (#= 0) and after (= 100 ns) the simulation. (B)
H-Bonding interaction of the CEG, AIA, and GFC triads after the simulation. (C) Number of
H-bonds per triad between the RNA bases and Janus bases of LG1. (D) Radii of gyration of
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the LG1-RNA complex. (E) Root-mean square deviation (RMSD) of the LG1-RNA
complex with respect to the initial structure.
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Figure 3.
CD titration of LG2 with R11A. The concentration of R11A was 0.5 £M, and those of LG2

were 0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 8.5, and 11.5 M. After the addition of LG2 to R11A, the
mixtures were incubated at 37 °C for 30 min prior to the acquisition of data at 25 °C.
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Figure 4.

CD spectra of LG2 with the (A) mismatched R11U, (B) single-stranded WS and CS, and (C)
double-stranded HP containing a single binding site and (D) the spectrum of LG2P with
R11A. CD spectra of RNAs (solid lines) and that of the [RNA+ligand] mixtures (dashed
lines).
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Figure 5.

Effects of ligand orientation (LG2P), mismatched R11U, and single-stranded targets (WS
+CS). The inset shows the fluorescent spectra of the corresponding samples after the
addition of 2.5 xM pentamidine.
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Figure 6.
(A) ITC thermogram of binding of LG2 to R11A and (B) the corresponding binding

isotherm.
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Figure 7.
NMR titration of LG2 with R11A The concentration of R11A was 0.1 mM. Aliquots of LG2

at the indicated molar ratios were added to R11A and incubated at 37 °C for 15 min prior to
the acquisition of data. Solvent-exchangeable protons are indicated by dashed lines and
nonexchangeable protons by vertical solid lines.

Biochemistry. Author manuscript; available in PMC 2018 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Thadke et al. Page 31

(A) ',sn
HS._ o
x i Hrlxl—CH—'ﬁ1
LGZ NH-* o7 .-LGZ
## \g/\ ’ OH
M cLG2N
+H3 0 H1339 s HHS.\? 1320
A N T o g |
$ LG2N* ©
1699 Daltons X 1445
B gt 4 m/\mj
(B) LG2N* ‘763
1445
[cLG2N+Na’)
1343
cLG2N
1320 [LG2N*+Na'] M

1468 1699

Figure 8.
Reaction progress of the parent compound M following the addition of 4MP at 37 °C. (A)

An outline of the reaction sequence. The M# and M# intermediates were initially formed
and then converted into the reactive LG2N* intermediate and finally to the cyclic product
cLG2N. (B) MALDI-TOF MS spectra of M following the addition of 4MP and incubation at
37 °C for 0, 15, and 60 min. The samples were prepared in 0.1x PBS buffer.
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Figure 9.

MALDI-TOF spectra of (A) [LG2N+R11A], (B) [LG2N+R11U], and (C) LG2N alone
following the incubation with 2ME at 37 °C for 16 h. Prior to MS analysis, the samples were
reconstituted with 4 mM guanidinium chloride and heat-denatured at 95 °C for 5 min. The
concentrations of LG2N, R11A, R11U, and 2ME were 22, 1, 1, and 500 M, respectively. In
the positive mode, RNA molecules were not observed in the MALDI-TOF spectra. The Y-
axes in panels B and C are the same as that of panel A; they were omitted to save space.
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Figure 10.
Competitive binding assay. The concentrations of R24A, R127A, and R96U were 100, 18,

and 22 nM, respectively, with each containing 1.1 £M binding sites; the concentrations of
LG2N in lanes 2-6 and 8 were 11, 22, 44, 88, 88, and 88 1M, respectively, and those of 4MP
and TCEP were 500 and 100 M, respectively. The ratios of binding site to ligand were as
indicated. The samples were prepared in 0.1x PBS buffer and incubated at 37 °C for 24 h
prior to separation on a 2% agarose gel and stained with SYBR-Gold.
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(A) Primary seq.  (B) Secondary structure

5""(CXG)24'3' WS
R11A, X=A S'-CXGCXS
R11U,X=U , |}
RI1C, X=C ,3"’6 X‘c‘(«;)‘..
Rl N
000 000000
LG1 LG2 LG3
LG2P
Chart 2.

Biochemistry. Author manuscript; available in PMC 2018 August 14.

Page 39

(C) Single-stranded

WS: 5"-r(CAGCA)-3'
CS: 3-r(GACGA)-5'

(D) Double-stranded
hairpin__
s A A
Hp: 5-CGCIC G:CGC G
3'-GCGEGAC:GCGAC



Page 40

Thadke et al.

Chart 3.
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