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Abstract

An enzyme-mediated approach for the assembly of singly modified RNA constructs in which
specific G residues are replaced with "G, an emissive isomorphic G surrogate, is reported.
Transcription in the presence of "G and native nucleoside triphosphates enforces initiation with
the unnatural analogue, yielding 5"-end modified transcripts that can be mono-phosphorylated and
ligated to provide longer site-specifically modified RNA constructs. The scope of this
unprecedented enzymatic approach to non-canonical purine-containing RNAs is explored via the
assembly of several altered hammerhead (HH) ribozymes and a singly modified HH substrate. By
strategically modifying key positions, a mechanistic insight into the ribozyme-mediated cleavage
is gained. Additionally, the emissive features of the modified nucleoside and its responsiveness to
environmental changes can be used to monitor cleavage in real time by steady state fluorescence
spectroscopy.
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An enzyme-mediated approach is used for the assembly of singly modified RNA constructs in
which specific G residues are replaced with "G, an emissive isomorphic G surrogate. By strategic
modifications, a mechanistic insight into the ribozyme-mediated cleavage is gained. Emissive
features of the modified nucleoside and responsiveness to environmental changes are used to
monitor cleavage in real time by steady-state fluorescence spectroscopy.

fluorescence; hammerhead ribozyme; nucleosides; RNA; transcription initiation

Transcription initiation is a critical step in gene expression. In eukaryotes and prokaryotes it
requires a specific promoter sequence and a hierarchical assembly of specific polymerases
and accessory proteins and has been thought to have a limited tolerance for the initiating
nucleotides.[*] Recent observations have suggested, however, that non-canonical nucleotides
can serve as initiators in bacterial transcription, yielding unusual 5”-capped structures.[2]
While significant, academic and industrial researchers still rely on phage-based polymerases
(e.g., T7 RNA pol) for producing and studying RNA. The ability of such enzymes to initiate
transcription with non-canonical nucleosides and nucleotides, and in particular with
unnatural analogues, remains rather unexplored. Herein we investigate transcription
initiation with "G, an isomorphic G surrogate. Along with fundamental observations
showing the tolerance of the enzyme to such non-native purine mimics, the unique structural
and photophysical features of this nucleoside can be exploited for mechanistic and
spectroscopic studies, respectively.

We have previously introduced G, an isomorphic guanosine analogue, displaying favorable
biophysical, biochemical, and photophysical features (Figure 1).[3] We demonstrated

that "G triphosphate ("GTP), as a GTP surrogate, successfully facilitated initiation of in
vitro transcription reactions and elongation of the growing transcripts catalyzed by T7 RNA
polymerase.[4] In the resulting transcripts all guanosine residues were replaced with 1"G.
When applied to the minimal hammerhead (HH) ribozyme HH16, a small functional RNA,
the impact of individual residues on catalysis was obscured.[4]
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To facilitate refined mechanistic studies of functional RNAs and the role of individual G
residues, we disclose an enzyme-mediated approach for the assembly of singly modified
RNA constructs in which specific G residues are judiciously replaced with "G (Figure 1). It
relies on transcription in the presence of excess "G and native nucleoside triphosphates,
which enforces initiation with the unnatural analogue. The resulting 5”-end modified
transcripts are then mono-phosphorylated and ligated to provide longer site-specifically
modified RNA constructs (Figure 1).[5! We further exploit the emissive features of "G and
its responsiveness to environmental changes and demonstrate that cleavage can be monitored
in real time by steady-state fluorescence spectroscopy. The observations reported herein
illustrate the accommodation of G by three distinct enzymes, namely a polymerase, a
kinase, and a ligase, and provide a method that can be exploited to address questions in
mechanistic RNA biochemistry and for the assembly of fluorescence-based assays for RNA
structure/function.

Transcription initiation with "G was first explored with a model template 1, "G, all native
NTPs, and T7 RNA polymerase (Figure 2a).[4] thG-initiated RNA constructs and the
unmodified native products were successfully separated using PAGE (Figure 2b, lane 2,
indicated by the white arrow). UV illumination (302 nm) visualizes the product and
truncated transcripts, which are all highly fluorescent (Figure 2b). The purified full-
length ™G initiated transcript (1b) and native transcript (1a) were quantified by measuring
their UV absorption (A = 260 nm), as described in Section S2.1 in the Supporting
Information, and analyzed by mass spectrometry (Figure 2¢). The relative transcript yield
(1b/1a) was 0.55 + 0.02.

To identify the optimal ""G/GTP ratio for the production of "G-initiated full-length
transcripts, the concentration of "G was varied (1-13 mM), while keeping the concentration
of Mg?* and all native NTPs, including GTP, constant (1 mM). The relative yield of
transcript 1b increased from 0.29 to 1.09 as "G concentrations were elevated, while the total
yield of RNA remained comparable (Supporting Information, Figure S1). Scaled-up
transcription reactions of template 1 were therefore carried out with 5 mM of "G. We note,
however, that the optimal conditions for "G-initiated transcription reactions were template-
dependent.

Our previous studies showed that the activity of the fully modified HH16 ribozyme,
containing 13 "G residues, was severely diminished, suggesting that the substitution of G
for "G interferes with either folding and/or catalysis.[] The impact of specific residues
could not be assessed. The method described herein, facilitating single-site modification,
allows this very fundamental question to be probed. We therefore focused on G residues
within the catalytic core, including G8, G10.1, G12, which have been demonstrated to be
important for the cleavage reaction (Figure 3).[7] We also replaced G11.4, which is part of
helix 11, and thus is not directly involved in the catalytic process, with tG. To facilitate the
preparation of internally, singly modified HH16 enzymes, "G-terminated oligonucleotides
have been synthesizes as described above and then phosphorylated and ligated to the
corresponding unmodified oligonucleotides (Supporting Information, Figures S2-S5). The
ligation reactions were found to be effective, providing the desired HH enzymes in 20-40%
yield (Supporting Information, Figure S6). All the "G-terminated donor strands and ligated
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oligonucleotides were characterized by mass spectrometry (Supporting Information, Figures
S7-S16), and E5 was also digested using S1 nuclease and dephosphorylated before being
subjected to HPL.C analysis (Supporting Information, Figure S17a), confirming the presence
and stoichiometry of the modified intact nucleoside. To validate the position of
modifications, enzymatic digestion with T1 nuclease, which is an A-7 dependent RNase that
cleaves single-stranded RNA 3" to G residues,[8] was also applied to all the modified HH16
enzyme strands (Supporting Information, Figures S17b, S18). A comparison of the T1
RNase cleavage pattern obtained for the native RNA E1 and the singly modified E5 shows a
footprint at position 12, where G replaces G (compare lanes 3 and 6 in the Supporting
Information, Figure S17b), thus further substantiating the presence of "G at this position.

Hammerhead ribozymes with "G-modified enzymes (E2-E5) were assembled with a

native 32P-labeled substrate S1 (Figure 3), and tested for strand cleavage (Supporting
Information, Figure S19), using conditions similar to those previously published.[®] The
initial rate constants obtained were 0.13 + 0.02, 0.13 + 0.01, and 0.47 + 0.02 min~1, for E5-
S1, E1-S1, and E4-S1, respectively (Figure 4a). However, the cleavage of S1 by E2 and E3
was significantly prohibited (Figure 4b), with only 4.9 + 0.6% and 18.4 £ 0.8%, respectively,
observed after 40 minutes (Table 1).

As articulated below, some observations can be straightforwardly rationalized, while others
appear more challenging to explain, suggesting a rather high susceptibility of certain HH16
positions to nucleobase alterations. In the proposed ribozyme-mediated cleavage
mechanism,[’] a divalent metal ion, which plays a key role in stabilizing the tertiary structure
of the folded HH ribozyme, coordinates G10.1 through its N7, which is missing in "G. This
could therefore explain the low activity of E3 (Figure 5).

The HH ribozyme has been proposed to undergo a conformational rearrangement, which
requires an optimal combination of sufficient stability and conformational flexibility of the
stem-loop 11.[19.11] Previous studies have shown that improved cleavage rate could be
obtained by specific mutations at stem-loop 11 of HH ribozymes.[7:12] It is plausible that
differences in aromaticity and hydrophobic characters of "G in comparison to G affect the
dynamics of E4, favoring its catalytically active conformations, leading to its high cleavage
potency.

Interestingly, E5 cleaves the native substrate at a comparable rate to that of E1, the native
enzyme (Figure 4a, b). The nucleobase of G12 is involved in the cleavage reaction where the
putatively deprotonated N1 acts as a base to deprotonate the 2”-OH of C17, which then
attacks the adjacent 3" phosphate, leading to strand cleavage (Figure 5). Previously reported
theoretical calculations and our experimental determination (Supporting Information, Figure
S20) suggest high similarity between the acidity of N1H in t"G (Supporting Information,
Table S1) compared to the native G (pKj 10.1 and 9.2-9.6 respectively).[13.14] Thus, the HH
ribozyme cleavage process is not significantly impacted by the replacement of G12 with G,
a synthetic guanosine surrogate.

Perhaps surprisingly, the substitution of G8 with "G in E2 severely reduces the cleavage rate
of the native substrate strand, although only the ribose of this nucleotide has been proposed
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to be directly involved in catalysis.[”] We speculate that substituting the invariant G8 for G
might subtly impact the tertiary WC base-pairing with the invariant C3. This tertiary pair
appears to be the Achilles heel of HH16, as any modification significantly diminishes
cleavage, and even the “compensatory” G-C to C-G double mutation has been shown to only
partially restore activity.[15161 Hammann and coworkers have indicated that tolerance to the
exchange of WC base pair between position 3 and 8 depends on the respective sequence
context.[17] While "G has been shown to form highly stable WC pairs, 38 tertiary pairing
has not yet been explored. Inferring from the elevated stability of "G-C vs. G-C in duplexes,
which is likely due to the higher stackability of the former, such a replacement may again
impact the dynamics of the HH16 fold, thus impacting its active conformer accessibility.[6]
It is plausible that minor structural (N vs. C nucleoside) and stability differences between the
modified and native base pairs lowers the population of the active conformation.[16.17]

To explore the impact of incorporating "G into the substrate at the cleavage site (position 1.1
in Figure 3), modified substrates with either "G ['"G1.1-S (S3)] or guano-sine [G1.1-S (S2)]
residues replacing A1.1 in S1, were prepared, 32P labeled and hybridized to E6, a modified
enzyme containing a complementary C at position 2.1 (Supporting Information, Figure S21).
No major differences between the cleavage rates of E6-S2 and E6-S3 were seen (0.11 + 0.01
and 0.08 + 0.01 min~1, respectively; Supporting Information, Figure S22a, b), indicating that
the cleavage reaction was not significantly impacted by replacing a native G1.1 with G,
even at the cleavage site of the ribozyme.

The cleavage reaction of E6-S3 (k, = 0.08 + 0.01 min~1) was also followed with a
nonradiolabeled substrate by monitoring emission changes under the same experimental
conditions as for the radiolabeled constructs but in a slightly larger scale (Figure 6b;
Supporting Information, Figure S22b). The initial increased fluorescence intensity (Figure
6a; Supporting Information, Figure S23) was likely due to the cleavage of S3, which releases
product 3 from the duplex with "G1.1 at its 5 -terminus. Good agreement between the
radioactively monitored HH reaction and the fluorescence-monitored one was seen (Figure
6b).[90]

The results described above reflect the intricate molecular interactions involved in a
ribozyme-mediated cleavage (Supporting Information, Figure S23). We are cognizant of the
fact that any substitution of a native residue for a synthetic one, regardless how isomorphic
the modification might be, impacts multiple molecular and supramolecular features (as a
result of different H bonding strengths, pK; values, stackability, and so on). Yet, while one
might question the actual insight gained by such isomorphic replacement, we stress that a
HH16 substrate, where "G replaces G at the cleavage site (S3), undergoes the expected
cleavage reaction at essentially the same rate as native RNA. While this !"G-containing
substrate can be used to monitor the reaction by fluorescence, avoiding 32P labeling, it
serves as a critical control illustrating the true functionality of this G surrogate. This, in turn,
suggests, that the differences seen in the various !"G-modified enzymes, while not always
fully decipherable, indeed reflect subtle molecular features that impact the dynamics and
conformation of the ribozyme.
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Site-specific modification has served as a powerful tool for probing structure, function and
mechanisms of biologically-relevant RNA.[18]1 Owing to the somewhat relaxed restriction of
the 5”-triphosphate of the initiation nucleotide during transcription, some A or G analogues
that are functionalized through 5’-monophosphate have been developed to initiate
transcription (Supporting Information, Table S$2).[29:201 All other currently known initiator
molecules generate transcripts with blocked 5’-end and cannot be further ligated.[?1] Some
dinucleotides, usually composed of GMP residue linked to a modified nucleotide, have also
been introduced to favor the initiation step,[22] though the additional nucleotide limits their
utility. To the best of our knowledge, enzymatic transcription reactions initiated with a
nucleoside possessing a modified nucleobase with a free 5" -hydroxy have not yet been
reported. Our results show that "G, as a free nucleoside, can initiate in vitro transcription
reactions, thus generating 5”-end modified RNA constructs. These emissive strands can be
easily phosphorylated and ligated to provide longer internally modified RNAs, illustrating
the accommodation of "G by three commonly used and distinct enzymes. The modified
RNAs containing single "G substitution, in addition to potentially serving as fluorescence
probes, can be exploited to provide mechanistic insight into RNA folding and dynamics as
well as into the impact of specific G residues on RNA function and recognition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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An enzyme-mediated approach for the assembly of singly modified RNA constructs,
replacing a G residue with "G,

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 January 24.

Page 8



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 9

a)T7 Promoter 5’ -TAA TAC GAC TCA CTA TAG-3'
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T7 RNA Pol
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Figure2.
Transcription reactions with template 1. a) T7 promoter and template 1 depicting the

enzymatic incorporation reaction using natural NTPs with or without the presence of "G
resulting in different transcripts. b) Transcription reaction using template 1 with 1 mM of all
natural NTPs (lane 1 and 1), 1 mM of all natural NTPs and 5 mM of G (lanes 2 and 2").
The white arrow indicates transcript 1b (in lane 2). UV shadowing was observed at 254 nm,
photoluminescence (PL) was observed at 302 nm. ¢c) MALDI analysis of transcript 1 b.
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Hammerhead ribozymes and representation of cleavage reactions of a natural substrate (S1)
with native (E1), "G8 (E2), "G10.1 (E3), "G11.4 (E4), and 'G12 (E5) enzymes. The
enzyme—substrate association step (typically characterized as A7) is not shown.
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Figure 4.
Cleavage of 32P-labeled S1 by of HH enzyme strands with replacement of G for "G at

different positions. a) Initial kinetics of S1-E1 (black), S1-E5 (blue) and S1-E4 (green). The
pseudo first-order rate constants (4») of the cleavage reactions are determined as the slope of
semi-logarithmic plot of the fraction cleaved (S/Sp) as function of time. b) Ribozyme-
mediated cleavage curves as determined by 32P data for S1-E1 (black), S1-E2 (orange), S1-
E3 (purple) S1-E4 (green), and S1-E5 (blue). Fraction cleaved (S/Sp) was determined by
dividing the amount of cleaved substrate by the sum of the full length and cleaved substrate.
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Figure5.
Representation of the HH cleavage reaction. The putative role and interactions of each "G

nucleotide are highlighted.
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Figure 6.

a) Ribozyme-mediated cleavage curves as determined by 32P data for E6 with S2 (black)
and with S3 (red). Fraction cleaved (S/Sg) was determined by dividing the amount of
cleaved substrate by the sum of the full length and cleaved substrate. b) Ribozyme-mediated
cleavage curves as determined by 32P data (red) as well as fluorescence spectroscopy (cyan).
See the Supporting Information for additional details.
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