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Abstract

Advances in mMRNA synthesis and lipid nanoparticles technologies have helped make mRNA therapeutics
and vaccines a reality. The 5’ cap structure is a crucial modification required to functionalize synthetic
MRNA for efficient protein translation in vivo and evasion of cellular innate immune responses. The
extent of 5” cap incorporation is one of the critical quality attributes in mRNA manufacturing. RNA cap
analysis involves multiple steps: generation of pre-defined short fragments from the 5’ end of the
kilobase-long synthetic mRNA molecules using RNase H, a ribozyme or a DNAzyme, enrichment of the
5" cleavage products, and LC-MS intact mass analysis. In this communication, we describe 1) a
framework to design site-specific RNA cleavage using RNase H; 2) a method to fluorescently label the
RNase H cleavage fragments for more accessible readout methods such as gel electrophoresis or high-
throughput capillary electrophoresis; 3) a simplified method for post-RNase H purification using
desthiobiotinylated oligonucleotides and streptavidin magnetic beads followed by elution using water. By
providing a design framework for RNase H-based RNA 5’ cap analysis using less resource-intensive

analytical methods, we hope to make RNA cap analysis more accessible to the scientific community.
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I ntroduction

mRNA synthesis and nano lipid particles technologies have advanced to a stage where mRNA
therapeutics and vaccines have become a reality with global public health impact. The relatively short
development and manufacturing time have been the main attributes propelling the rapid deployment of

effective mRNA vaccines in a global health emergency such as COVID-19.

In eukaryotic cells, the 5’ end of messenger RNA (MRNA) is characterized by a cap structure that plays
key functional roles in many biological processes (Gonatopoulos-Pournatzis and Cowling 2014). Most
relevant to mRNA as therapeutics or vaccines is its roles in efficient protein translation (Gonatopoulos-
Pournatzis and Cowling 2014; Maquat et al. 2010; Goodfellow and Roberts 2008), evading innate
immune surveillance (Hyde and Diamond 2015; Devarkar et al. 2016; Kumar et al. 2014) and regulation
of 5’-mediated decay (Mugridge et al.; Floor et al. 2012). Hence, a 5’ cap structure is crucial for efficacy
and safety of mRNA therapeutics (Ramaswamy et al. 2017) and vaccines (Pardi et al. 2018; VanBlargan

et al. 2018).

The 5 cap consists of a N7-methylated guanosine linked to the 5” end of RNA through a 5’ to 5’
triphosphate group. In metazoans, the m’GpppN cap (Cap-0) is further modified by a cap-specific 2’-O-

methyltransferase (MTase) to the m’GpppNm structure (Cap-1) (Figure 1).

Currently, the cap structure can be incorporated into an in vitro transcript by two means: 1) incorporation
of a chemically synthesized cap structure such as the anti-reverse cap analog (ARCA) or capped
dinucleotides (Henderson et al. 2021) during transcription, or 2) post-transcriptional capping using a
mRNA capping enzyme. These approaches have well-established methods that are readily adaptable and
scalable (Fuchs et al. 2016; Vaidyanathan et al. 2018). It is, however, less trivial to verify the identity of
the cap and evaluate the extent of capping on kilobase-long synthetic mMRNA molecules. One of the most
common methods for evaluating the efficiency of cap incorporation is cell-based functional assay that
measures the level of protein expression from the synthetic mRNA in vivo through immunometric or

enzymatic reactions. These readouts can provide information about the efficacy of the synthetic mMRNA
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translation, but do not directly reflect the extent of cap incorporation of a synthetic mMRNA preparation.
Biophysical methods based on electrophoretic mobility or mass detection, on the other hand, can provide

quantitative information on the extent of cap incorporation.

The complexity the analyses varies according to the method of cap incorporation. When a cap analog or a
capped dinucleotide is used in a co-transcriptional setting, the relevant RNA species in the process are
Cap-1 or Cap-0 (depending on the choice of the cap analogue reagent), unreacted RNA 5’-triphosphate,
and small amounts of 5’-diphosphate byproduct. For enzymatic capping, the nature of the catalytic
pathway (Ramanathan et al. 2016) requires the resolution and quantitation of Cap-1 or Cap-0 (depending
on the use or not of a 2’-O-MTase) from capping intermediates, such as unmethylated G-cap and 5’-

diphosphate RNA, and unreacted 5’-triphosphate RNA molecules (Figure 1).

The addition of a cap structure to a mMRNA molecule amounts to a less-than 600 Da mass change over
potentially hundreds of kilodaltons in mass. Analytical methods such as gel-electrophoresis and mass
spectrometry may lack the resolution or detection range to confidently distinguish between Cap-1 or Cap-
0 capped RNA and unreacted or intermediate capping products on full-length synthetic mRNA molecules.
To overcome this problem, methods that cleave a pre-defined fragment from the 5 end of the mMRNA
molecule using custom designed DNAzyme (Cairns et al. 2003), ribozyme (Vlatkovic et al. 2022) or
DNA-RNA chimera-guided RNase H (Lapham and Crothers 1996; Yu et al. 1997; Lapham et al. 1997)
have been reported. The 5’ cleavage fragments, ranging from 5 to 30 nucleotides long, can be readily
analyzed by denaturing gel electrophoresis or liquid chromatography-mass spectrometry (LC-MS)

(Beverly et al. 2016).

In the cell, RNase H (RNase H1) is an endonuclease that removes the RNA primers from the Okazaki
fragments of the replicating DNA and processes R-Loops to modulate R-Loop-mediated biological
processes, such as gene expression, DNA replication and DNA and histone modifications (Huang et al.
1994; Broccoli et al. 2004; Parajuli et al. 2017). It has been shown that E. coli RNase H can be
constrained to cleaving ssRNA at specific sites in vitro using a DNA-RNA chimera. However, E. coli

4
Chan, S-H. et a/


https://doi.org/10.1101/2022.02.02.478748
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.02.478748; this version posted June 9, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RNase H may also cleave one or more nucleotides away from the 5’ or 3’ of the target site, giving rise to
multiple cleavage products differ by 1 nt (Lapham and Crothers 1996; Yu et al. 1997; Lapham et al.
1997). For the analysis of RNA 5’ capping, which is essentially the addition of one nucleotide at the 5’
triphosphate group, multiple cleavage products of a few nucleotides difference in length can make it
impossible to analyze by mobility-based methods such as gel- or capillary electrophoresis. As with other
hybridization-based approaches, efficient RNase H cleavage depends on factors such as overcoming the
secondary structures of the analyte RNA molecules and annealing of DNA-RNA chimera to the pre-
defined cleavage site under given reaction conditions. These factors are often not well-defined, and
pseudouridine and derivatives substitutions could change base-pairing propensity of the synthetic RNA.

Hence, a framework for designing precise RNase H cleavage is desired.

Previously it has been shown that using a biotinylated DNA-RNA chimera oligo, the 5 RNase H
cleavage fragments could be readily isolated for qualitative and quantitative analyses using LC-MS
(Beverly et al. 2016). However, there has been insufficient guidance on the DNA-RNA chimera design to
achieve uniform RNase H cleavage, and the readout method is limited to resource-intensive LC-MS.
Recently, Vlatkovic et al showed that custom designed ribozymes can generate uniform 5 fragments for
cap analysis and that the 5” cleavage fragments can be purified by silica-based spin columns (Vlatkovic et
al. 2022). In this communication, by applying a DNA-RNA chimera selection framework that screens for
RNase H specificity empirically, we showed that RNase H can generate highly uniform cleavage at pre-
defined sites. We adopted and simplified an affinity-based method to enrich the 5’ cleavage fragment that
requires lower RNA input. We further showed that the 3’ end of the RNase H cleavage fragments can be
fluorescently labeled by the fill-in activity of Klenow fragment. Because the fill-in activity is dependent
on the complementarity of the incoming fluorescently labeled dNTPs to the DNA-RNA chimera, the
labeling step further constraints the size of the fluorescently labeled RNase H cleavage product to
effectively eliminate non-target cleavage products from mobility-based methods such as gel- or capillary

electrophoresis. Together with the DNAzyme- and ribozyme-based methods (Cairns et al. 2003;
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Vlatkovic et al. 2022), we hope that our methods (Figure 2) can help make RNA cap analysis more

accessible to the scientific community.

Results and Discussions

DNA-RNA chimera-guided RNase H cleavage at pre-selected site

E. coli RNase H has been shown to cleave ssRNA at pre-defined sites in vitro by hybridizing a DNA-
RNA chimera to the target synthetic RNA, generating an RNA/DNA duplex akin to its physiological
substrate. Two major cleavage sites, the adjacent phosphodiester bonds 5’ and 3’ to the ribonucleotide
hybridized to the 5’ deoxynucleotide of the DNA-RNA chimera have been reported (Figure 3A) (Lapham

and Crothers 1996; Yu et al. 1997; Lapham et al. 1997).

To try to understand whether RNase H can be restrained to make more uniform cuts, we first compared
two commercially available RNase H enzymes (from E. coli and from Thermus thermophilus) for their
efficiency and specificity in cleavage on a synthetic RNA oligonucleotide containing the 5* sequence of a
firefly luciferase FLuc transcript (synFLuc-AC). To maximize the availability of cleavage sites, we
designed the DNA-RNA chimera (Targeting Oligos; TOs) to direct RNase H to cleave within a loop
region of the predicted secondary structure (Figure 3B and Suppl. Figure 1). The substrate synFLuc-AC
contains a 5° FAM group so that the cleavage products can be analyzed using urea-PAGE electrophoresis

and quantified using a flatbed laser scanner.

As shown in Figure 3C, using the same quantity of enzyme under identical reaction conditions (37°C
for 1 h), E. coli and T. thermophilus (Tth) RNase H achieved similar levels of cleavage
(98.3+0.4% vs 96.6+0.2%, respectively). However, Tth RNase H generated more 24 nt cleavage
product than the E. coli enzyme (87.6£1.0% vs 74.1+3.3%, respectively). Hence, Tth RNase H was

used in the following study.
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Using the 5> FAM-labeled synthetic RNA oligonucleotide synFLuc-AC as a surrogate, we next sampled
several potential cleavage sites using different TOs. Cleavage reactions were done in triplicate and
cleavage events were evaluated using urea PAGE and LC-MS intact mass analysis (see the schematic in
Figure 4A). Urea PAGE analysis showed that targeted RNase H cleavage efficiency was achieved with all
TOs (Figure 4B). LC-MS analysis showed that 86% of the fragments generated from the FLuUcTO-25
were products of cleavage at the -1 A|C site, 15% of the cleavage events took place at the -2 position
(AJA), and less than 1% at the -3 position (UJA) (Figure 4B). When the TO was shortened by 1
deoxynucleotide (FLUcTO-24), the majority of the cleavage events still took place at the A|C site at a
lower frequency (60%), even though it was at the +1 site relative to the 5’ of FLUCTO-24. The remaining
cleavage events took place at the -1 (A|A) site (11%) and at the -2 (U|A) site (29%). When the TO was
extended by 1 nt (FLucTO-26), most cleavage events took place at the A|C site. The A|C site, now at -2
position, was cleaved 66% of the time, with no detectible cleavage at the -1 site (C|U). Upon extending
the TO to 2 nt (FLUcTO-27), most cleavage events took place at the -1 U|U site (87%) with minor
cleavage taking place at -2 (C|U), -3 (A|C) and -4 sites (A|A). Further extending the TO by 3 nt (FLucTO-
28), the major cleavage site remained at the U|U site now at -2 position (98%). The -1 (U|U) site was

cleaved at a low frequency (1%).

We next used a 3' desthiobiotinylated version of FLucTO-25 (TO-1) to guide Tth RNase H to cleave the
FLuc in vitro transcripts (1.7 kb). FLUcTO-27 and FLuUcTO-28 that generated 87% to 98% of a specific
cleavage product were not chosen because of the presence of uridine at the cleavage sites (see below for
the effect of pseudouridine substitution in RNase H cleavage). After cleavage by Tth RNase H, the 5’
cleavage product was purified using the water elution method described below and analyzed by LC-MS
intact mass analysis. Consistent with the findings with the RNA oligonucleotide surrogate, the median
cleavage frequency at the -1 (A|C) site was 91%, with 8% at the -2 (AJA) site, and 2% at the +1 (C|U) site

(Fig. 5B), from eight replicated experiments (Figure 5). Therefore, highly uniform RNase H cleavage can
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be achieved by screening a series of TO on an RNA oligo surrogate containing the 5’ sequence of the

target synthetic mMRNA.

Efficient enrichment of RNase H cleavage products

It has been reported recently that ribozyme-cleaved 5’ cleavage fragments of in vitro transcript could be
enriched for LC-MS analysis using silica-based spin columns. The spin column format, however, requires
20 — 60 pg RNA input (Vlatkovic et al. 2022). The use of RNase H and biotinylated targeting oligos
allows for affinity enrichment (Beverly et al. 2016) that could potentially decrease the input RNA
requirement. The enrichment method described previously by Beverly et al (Beverly et al. 2016),
however, requires elution of the 5’ cleavage fragment from streptavidin magnetic beads by heating in a
methanol solution. We sought to develop an enrichment method that allows for a lower RNA input and
eliminates the use of methanol. To this end, we adopted the Beverly method with a few improvements.
Using an artificial firefly luciferase (FLuc) in vitro transcript as a test case, the long 3° RNase H cleavage
product and the uncleaved full-length transcript were first separated from the smaller 5’ cleavage products
and TO (TO-1; Figure 6) by size selection and then affinity enrichment. Briefly, the RNase H treated
sample (or the corresponding Klenow fill-in products; see below) were added to the NEBNext® Sample
Purification Magnetic Beads. The unbound fraction containing smaller RNAs (ub1, Figure 6) was added
to fresh beads for further enrichment. The subsequent unbound fraction (ub2, Figure 6), which contained
only a small fraction of the larger RNA molecules, was then subjected to affinity enrichment using
streptavidin magnetic beads. Two elution methods were compared: biotin in aqueous solution versus
water (Holmberg et al. 2005). The RNA-bound streptavidin magnetic beads were divided into two equal
fractions. The first fraction was washed with a standard streptavidin-bead washing buffer (containing 1 M
NaCl) and elution was carried out by incubating the clarified beads with a 0.1 M biotin solution at 37°C
for 1 h. The second fraction of RNA-bound streptavidin magnetic beads was washed with a low salt

buffer (containing 60 mM NaCl) and elution was carried out by incubating the clarified beads with
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nuclease-free water at 65°C for 5 min. Elution with either water or biotin solution recovered similar
amounts of the TO-1 and the RNase H 5’ cleavage products as analyzed by urea PAGE (Figure 6) and
LC-MS (Supplemental Figure 2). For simplicity, a low salt wash buffer and elution with water was

chosen to enrich desthiobiotin-tagged TO-RNase H cleavage product duplexes in subsequent experiments.

Upon further investigation, we found that although a small amount of higher molecular weight RNA was
present when the size-selection step was not performed, the data quality of the LC-MS analysis was not

affected (data not shown). Hence, the size-selection step can be considered optional.

We used the single step post-RNase H affinity enrichment method to process enzymatically capped Cap-1
CLuc or FLuc transcripts. The deconvoluted mass spectrums of the enriched 5’ cleavage fragments are
shown in Figure 7. Using this protocol, 5 pmol of the 1.8 kb CLuc or 1.7 kb FLuc in vitro transcript (2.9

ug) was sufficient to generate high quality LC-MS data for quantitative analysis.

Fluorescent labeling of RNaseH 5 cleavage products using K lenow fragment

The length of TO allows the 5’ cleavage fragment to stay annealed to the TO as a duplex. From the TO
selection, we found that the major cleavage product of FLucTO-25 (and its 3’ desthiobiotinylated
derivative TO-1) produced a 3’ recessive end (Figure 4B and Figure 5). Because RNase H cleavage
results in a hydroxyl group at the 3’ end (Lima and Crooke 1997), this 3’ recessive end is amenable to the
fill-in activity of the Klenow fragment of E. coli DNA polymerase | (Huang and Szostak 1996; Sandin et
al. 2009). We took advantage of this discovery to label the 3’ end of the 5’ cleavage product using a
FAM-labeled dNTP complementary to the 5° nucleotide of the TO. Because the fill-in activity is
dependent on the complementarity of the incoming fluorescently labeled dNTPs to the DNA-RNA
chimera, the labeling step further constrains the size of the fluorescently labeled RNase H cleavage

product to effectively eliminate the non-target cleavage products from the analysis. The filled-in 5’
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fragments can then be analyzed using urea-PAGE or capillary electrophoresis (Greenough et al. 2016;

Wulf et al. 2019) in addition to LC-MS.

As an example, a FLuc transcript capped using VCE was analyzed by treatment with RNase H followed
by Klenow fill-in using FAM-labeled dCTP, as described in Materials and Methods (Figure 8A). Figure
8B showed that Klenow fill-in enabled visualization and quantification of the extent of 5’ cap
incorporation using urea PAGE. Compared to total RNA staining (SYBR Gold), the fluorescent signal
offers a higher signal-to-noise ratio and eliminates the interference from the TO in data analysis. A small
quantity of +1 nt cleavage product is visible in the FAM-signal image (Figure 8B, right panel). LC-MS
analysis indicated that the +1 nt is probably derived from RNA polymerase slippage at the GGG

trinucleotide at the 5’ end of the FLuc transcript (data not shown) (Pleiss et al. 1998).

Urea-PAGE is a quick and easily implementable readout for 5 RNA capping, but it does not resolve 5’
triphosphate (ppp-) from 5’ diphosphate (pp-), or m’G cap (Cap-0; m’Gppp-) from unmethylated G cap
(Gppp-). Rather, 5° triphosphate and 5’ diphosphate co-migrate as uncapped RNA, while m’G cap and
unmethylated G cap co-migrate as capped RNA. An affinity-based denaturing PAGE method that can
resolve m7G cap (Cap-0) from unmethylated G cap (Gppp-) and uncapped (ppp- and pp-) RNA has been
described (Matts et al. 2014). Capillary electrophoresis, on the other hand, resolves nucleic acids by size
and charge. We showed that capillary electrophoresis can be adapted to resolve and quantify the four 5’
end structures related to enzymatic RNA capping on short RNA oligonucleotides (Wulf et al. 2019)
(Supplemental Figure 3). To show that the capillary electrophoresis platform is applicable to cap analysis
of long IVT RNA molecules, the FLuc transcript partially capped by VCE was processed by the RNase
H/Klenow fill-in method and enriched as described above (to remove most of the free FAM-dCTP).
Capillary electrophoresis of the processed samples allowed quantification of 5* ppp-, pp-, Gppp- and

m’Gppp- (Figure 8C).

Capillary electrophoresis can be routinely done in a 96-well format using an Applied Biosystems Genetic

Analyzer (see Materials and Methods.) The high-throughput capability and resolution of enzymatic
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capping intermediates is of great interest for method development and quality control in platforms that

utilize enzymatic capping for mRNA production.

To further validate the Klenow fill-in method, a partially capped FLuc preparation was subjected to the
RNase H/Klenow fill-in processing and analyzed by urea-PAGE, capillary electrophoresis, and LC-MS
(Figure 8D). We found that cap analysis using capillary electrophoresis and LC-MS intact mass analysis
produced highly comparable results. Although urea-PAGE cannot individually resolve m’Gppp- from
Gppp-, or pp- from ppp-, the percentage of capped (m’Gppp- and Gppp-) and uncapped (pp- and ppp-)

agreed well with the capillary electrophoresis and LC-MS results.

The effect of uridine modifications on RNase H cleavage

Uridine maodifications (e.g., pseudouridine, 1-methylpseudouridine and 5-methoxyuridine) have been
shown to help reduce cellular innate immune response and improve protein translation of synthetic
MRNA (Kariko et al. 2008, 2012; Svitkin et al. 2017). Modified uridine has been widely used in mMRNA
vaccines, such as the FDA-approved SARS-CoV-2 vaccines manufactured by Pfizer/BioNTech and
Moderna (Nance and Meier 2021). Pseudouridine is known to exhibit different base-pairing properties
compared to uridine (Kierzek et al. 2014; Deb et al. 2019). Such differences can affect annealing of

targeting oligos and/or RNase H cleavage.

To investigate the effect of pseudouridine (¥) on RNase H cleavage site preferences, a Cypridina
luciferase (CLuc) transcript (1.8 kb) was transcribed in vitro in the presence of either UTP or WTP.
Targeting oligo CLucTO-26 was used such that the major RNase H cleavage sites were centered around a
uridine residue (Suppl. Fig. 5). Upon Tth RNase H cleavage, the 5’ cleavage product of the uridine and
the W-substituted CLuc transcripts were subjected to the enrichment and analysis as described above. Two
major cleavage events were observed with the unsubstituted CLuc transcript: 73% of the products resulted

from cleavage 5’ of the uridine (C|UC) with a length of 25 nt, while 27% resulted from cleavage 3’ of the
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uridine (CU|C) with a length of 26 nt (Figure 9). When uridine residues were substituted with
pseudouridine, cleavage events 5’ of the pseudouridine (C|\¥'C) dropped to a median frequency of 34%,
with 66% of cleavage taking place 3’ of the pseudouridine (C¥|C). Hence, pseudouridine substitution can
alter the cleavage specificity of RNase H through mechanisms possibly related to base-pairing with the

TO and/or RNase H substrate binding.

Messenger RNA, as a single-stranded nucleic acid molecule, can adopt multiple stable conformations
depending on formulation and reaction conditions. These stable conformers can affect RNase H,
ribozyme or DNAzyme cleavage efficiency and specificity through factors such as substrate annealing
and substrate-enzyme interactions. While these factors are still poorly understood, we showed that highly
uniform RNase H cleavage can be achieved by systematic screening of Targeting Oligos (DNA-RNA
chimera). The sequence complementarity-based method to fluorescently label the 3’ end of the 5° RNase
H cleavage fragments using the Klenow fragment further constrains the size of cleavage fragments for
gel- or capillary electrophoresis-based fluorescence detection and quantitation. In addition, our simplified
one-step affinity-based post-RNase H purification method allows for lower RNA input compared to the

silica-based purification method (Vlatkovic et al. 2022).

Using the TO selection framework that screens for RNase H specificity empirically, we have achieved
>90% cleavage specificity in at least one out of four or five TOs on a FLuc transcript (Figures 4 and 5), a
CLuc transcript (Supplemental Figure 5) and one unrelated transcript (data not shown). Sufficient level of
cleavage and product recovery could be obtained using TOs ranging from 14 to 37 nt (data not shown).
The fact that pseudouridine substitution could affect RNase H cleavage specificity showed that it is
important to include modified nucleotides in the surrogate substrate to ensure the TO-screening results is
applicable to transcripts that contain modifications. Finally, we believe that our empirical TO-screening
framework and the downstream affinity enrichment method is a generalized approach to develop a highly

effective RNA cap analysis method.
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Our methods present additional tools for RNA cap analysis for the rapidly expanding applications of
synthetic mMRNA. Ultimately, the availability of multiple approaches to evaluate synthetic mRNA cap
incorporation could help democratize synthetic MRNA research, accelerate technology advancement, and

benefit basic research.

Materialsand M ethods

Invitro transcription

In vitro transcription of firefly luciferase (FLuc) and Cypridina luciferase (CLuc) transcripts containing
artificial 5° UTRs were performed using PCR-amplified templates and the HiScribe T7 High Yield RNA
Synthesis Kit (New England Biolabs) according to manufacturer’s instructions. The RNA transcripts were
purified using the Monarch RNA Cleanup Kit (New England Biolabs). RNA concentrations were

determined using Qubit RNA BR Assay Kit (Thermo Fisher Scientific).

RNA capping reaction

Purified in vitro transcripts or synthetic RNA oligonucleotides were capped using Vaccinia RNA capping
enzyme (Vaccinia Capping System, New England Biolabs) according to manufacturer’s instructions. In
some cases, a lower concentration of Vaccinia RNA capping enzyme was used to generate partially

capped RNA to demonstrate the resolution of reaction intermediates by the analytical methods.

RNase H reactions
DNA-RNA chimeras (targeting oligo or TO) composed of 5’ deoxynucleotides and 3’ ribonucleotides
with or without a 3° TEG-desthiobiotin group were designed as described in the main text and synthesized

chemically (Integrated DNA Technologies or Bio-Synthesis, Inc). For the investigation of RNase H
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cleavage specificity, 0.5 uM of synthetic RNA oligonucleotides containing a 5° FAM-label were
combined with 2.5 uM of the corresponding TOs in a 10 uL reaction containing 1x RNase H reaction
buffer (50 mM Tris-HCI, pH 8.3, 75 mM KCI, 3 mM MgCl,, 10 mM DTT). The mixtures were heated at
80°C for 30 s and cooled down to 25°C at a rate of 0.1°C/s. The mixtures were then incubated with E. coli
RNase H (New England Biolabs) or T. thermophilus RNase H (Thermostable RNase H, New England
Biolabs) at a final concentration of 5 U/uL at 37°C for 1 h. Reactions were quenched by addition of
EDTA to a final concentration of 10 mM. The quenched RNase H reactions were then subjected to 15%
urea-PAGE followed by fluorescent imaging using the Amersham Typhoon RGB laser scanner (Cytiva).

Alternatively, quenched reactions were analyzed by LC-MS directly.

For cap analysis of in vitro transcripts, RNA samples (0.5 uM) were heated at 80°C for 30 s in the
presence of 2.5 uM of appropriate targeting oligos in a 10 uL reaction containing 1x RNase H reaction
buffer or 1x RNA capping buffer (50 mM Tris-HCI, pH 8.0, 5 mM KCI, 1 mM MgCl,, 1 mM DTT). After
cooling down to 25°C at a rate of 0.1°C/s, the reactions were subjected to RNase H cleavage by
incubation with Thermostable RNase H (New England Biolabs) at a final concentration of 0.5 U/uL at

37°C for 1 h.

Klenow fill-in and urea-PAGE analysis

With the targeting oligos selection framework (Figure 4), we were able to select a TO that generated a 3’
1-base recessed end after RNase H cleavage. Because RNase H cleavage results in a hydroxyl group at
the 3’ end (Lima and Crooke 1997), the recessed 3’ end was filled-in using a fluorescently labeled
deoxynucleotide complementary to the 5 most deoxynucleotide of the TO using the DNA Polymerase |
Large (Klenow) Fragment (New England Biolabs). Briefly, 5 pL of the RNase H reaction was retrieved
and added to 5 pL of 2x Klenow reaction mix that contained 2x NEBuffer 2, 0.1 mM FAM-12-dCTP
(Perkin Elmer) and 0.5 U/uL DNA Polymerase | Large (Klenow) Fragment. The reactions were incubated

at 37°C for 1 hour. In cases where a significant fraction of a 2-base recessive end was generated, an
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unlabeled complementary deoxynucleoside triphosphate could be included to improve the yield of labeled

cleavage products.

For urea-PAGE analysis, 2 uL of the Klenow reactions were retrieved and added to 8 uL of 2x RNA
Loading Dye (New England Biolabs). The mixtures were then analyzed by electrophoresis through a
urea-15% polyacrylamide gel (Novex TBE-Urea gel 15%, Thermo Fisher Scientific). To acquire the
fluorescent signals, the urea gels were scanned directly using the Amersham Typhoon RGB scanner
(Cytiva) with the Cy2 channel. To acquire total RNA stain, the gels were stained using SYBR Gold
(Thermo Fisher Scientific) and scanned using the Amersham Typhoon RGB scanner using the same

settings. Data was analyzed using ImageQuant (Cytiva).

Capillary electrophoresis

Capillary electrophoresis of FAM-labeled RNA was carried out using an Applied Biosystems 3730xl
Genetic Analyzer (96 capillary array) using POP-7 polymer and GeneScan® 120 LIZ dye Size Standard
(Applied Biosystems) (Greenough et al. 2016; Wulf et al. 2019). Peak detection and quantification were
performed using the Peak Scanner software v.1.0 (Thermo Fisher Scientific) and an in-house data analysis

suite. Details of method validation and sample electropherograms can be found in Supplemental Figure 3.

Purification of RNase H cleavage products

After RNase H cleavage and the optional Klenow fill-in, the 5 cleavage fragment/TO duplex was
purified by size selection followed by affinity-purification (Figure 2). Briefly, 45 pL of nuclease-free
water was added to 5 pL of RNase H cleavage reactions. The mixture was then added to 100 pL of
NEBNext® Sample Purification Magnetic Beads (New England Biolabs) and incubated at room
temperature for 5 min. The beads were then placed on a magnet for 2 min at room temperature. The

clarified supernatant was retrieved and added to pre-cleared beads derived from 100 uL of NEBNext®
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Sample Purification Magnetic Beads. The beads were again placed on a magnet for 2 min at room
temperature. The clarified supernatant was retrieved and added to pre-cleared beads derived from 50 pL
of Dynabeads® MyOne Streptavidin C1 (Thermo Fisher Scientific). For the evaluation of biotin and water
elution fractions, after washing with 200 pL of standard streptavidin beads wash buffer (5 mM Tris-HCI,
pH 7.5, 1 M NacCl, 0.5 mM EDTA), the slurry was divided into two equal fractions. The first fraction was
washed three more times with 100 uL of the standard streptavidin beads wash buffer, and the bound RNA
was eluted by incubating the clarified beads in 10 pL of 0.1 M biotin solution at 37°C for 1 h. The other
slurry fraction was washed three more times with 100 pL of a low salt wash buffer (5 mM Tris, pH 7.5,
0.5 mM EDTA, 60 mM NaCl). The bound RNA was eluted by incubating the clarified beads in 15 puL of
nuclease-free water at 65°C for 5 min (Holmberg et al. 2005). The eluted RNA was filtered through a
0.22 um Ultrafree-MC centrifugal filter device (hydrophilic PVDF, 0.5 mL) (Millipore Sigma) prior to
capillary electrophoresis or LC-MS analysis. Although higher molecular weight RNA was present when
the size-selection step was omitted, the data quality of the LC-MS analysis was not affected (data not
shown). Hence, the size-selection step was considered optional. For cap analysis, the streptavidin
magnetic beads with bound 5’ cleavage fragment/TO duplexes were washed 4 times with 100 uL low salt
wash buffer. The RNA was eluted by incubating the washed beads in 15 uL of nuclease-free water at
65°C for 5 min and filtered through a 0.22 um Ultrafree-MC centrifugal filter device (hydrophilic PVDF,

0.5 mL) (Millipore Sigma) prior to capillary electrophoresis or LC-MS analysis.

L C-M Sintact mass analysis

Intact oligonucleotide mass analyses were done using in-house facilities or by external contractor Novatia
LLC. For in-house analyses, intact oligonucleotide mass analyses were performed by liquid
chromatography-mass spectrometry (LC-MS) on a Vanquish Horizon UHPLC system equipped with a
diode array detector (Thermo Scientific) and a Q-Exactive Plus orbitrap mass spectrometer operating

under negative electrospray ionization mode (—ESI) (Thermo Scientific). UHPLC was performed using a
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DNAPac™ RP Column (2.1 x 50 mm, 4 um; Thermo Scientific) at 70 °C and 0.3 mL/min flow rate with
a gradient mobile phase consisting of a hexafluoroisopropanol (HFIP) and N,N-diisopropylethylamine
(DIEA) aqueous buffer and methanol. UV detection was performed at 260 nm. Intact mass analysis was
performed under full scan mode at a resolution of 70,000 (FWHM) at m/z 200. ESI-MS raw data was
deconvoluted using Promass HR (Novatia, LLC). The relative abundance of each deconvoluted mass
peak was used to calculate the percentage of the substrate (ppp-), intermediates (pp-, Gppp-) and final
products (m’Gppp- or m’GpppNm-) of enzymatic RNA capping. Methods and results for validation of

deconvoluted mass peak intensities for RNA quantitation can be found in Supplemental Figure 4.
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Figurelegends

FIGURE 1. Enzymatic reactions involved in RNA 5 capping. RNA transcripts generated by in vitro
transcription (usually done using T7 RNA polymerase or its variants; reaction 0) contains a triphosphate
group at the 5’ end (pppR-). The 5’ triphosphate group can be converted to the Cap-1 structure
(m’GpppRm-) through four enzymatic reactions carried out by RNA capping enzymes such as vaccinia
RNA capping enzyme (reactions 1 through 3) in conjunction with Vaccinia cap 2'-O-methyltransferase

(reaction 4).

FIGURE 2. A general scheme of RNase H-based RNA cap analysis. A DNA-RNA or DNA-2’-O-
methyl-ribonucleotide chimera is designed to be complementary to part of the 5 end of the target RNA
molecule such that the chimera stays annealed to the cleavage fragment after RNase H cleavage. The

chimera (called Targeting oligo or TO in this communication) contains a 3’-desthiobiotin group. After
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denaturation and annealing, RNase H cleaves at a pre-defined site within the RNA-TO duplex and
generate a 1-base recessive end at the 3’ end of the cleaved RNA. Because RNase H cleavage results in a
3’ hydroxyl group (24), this recessive 3’ end can be filled in with a fluorescently labeled deoxynucleotide
using the Klenow fragment of DNA polymerase I. The fluorescently labeled 5’ cleavage fragment can be
analyzed by denaturing PAGE directly without enrichment. The 5’ duplex cleavage fragment can be
enriched using streptavidin magnetic beads. The enriched RNase H cleavage products can be analyzed by

LC-MS or capillary electrophoresis (if filled in with a fluorescent deoxynucleotide).

FIGURE 3. Directed RNA cleavage with RNase H (A) Previously reported RNase H cleavage sites
(17-19). (B) Synthetic RNA oligonucleotide containing the first 33 nt of an artificial FLuc transcript
(synFLuc-AC) and targeting oligos FLuUcTO-25 designed based on (A). Inverted triangles represent
RNase H cleavage sites reported in the literature (A) and in this study (B). Deoxynucleotides in TOs are
colored in blue; Ribonucleotides are colored in green. The predicted loop region of the synthetic RNA
oligonucleotides based on an RNA folding algorithm (RNAFold, University of Vienna) is indicated. (C)
RNA cleavage using E. coli or Thermus thermophilus RNase H at 37°C. The cleavage efficiency of both

enzymes was similar but Tth RNase H generates more uniform cuts than the E. coli enzyme.

FIGURE 4. Selection of Targeting Oligos for uniform RNase H cleavage. (A) In general, a surrogate
RNA oligonucleotide containing the first 30-50 nt of the target transcript is chemically synthesized with a
5" FAM group. A series of targeting oligos (TOs) are designed and chemically synthesized. The TOs used
in the selection exercise did not require a desthiobiotin group because unlike the long 3’ cleavage
products of in vitro transcripts, the 3’ cleavage products of the surrogate RNA were short and did not
interfere with LC-MS analysis. After RNase H cleavage, the fluorescently labeled 5’ cleavage fragments

can be analyzed by urea PAGE and LC-MS intact mass analysis. (B) For consistency, the phosphodiester
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bonds are numbered around the nucleotide hybridized to the 5* deoxynucleotide of the TO (top panel; a
cytidine in this case). Urea PAGE showed that RNase H cleavage is most efficient with FLucTO-25,
FLuUcTO-26 and FLucTO-27. Multiple cleavage products were observed with FLUcTO-24, FLuUcTO-25
and FLucTO-26 (middle panel). LC-MS intact mass analysis of the cleavage products is shown in the
lower panel. In the schematics, phosphodiester bonds are shown as “-”. Deoxynucleotides in the TOs are
shown as grey bars; Ribonucleotides are shown as yellow bars. Numbers represent frequency of cleavage

detected at corresponding phosphodiester bonds obtained in triplicated experiments.

FIGURE 5. Uniform RNase H cleavage with designed targeting oligos (A) 5’ sequence of a 1.7 kb in
vitro FLuc transcript containing an artificial 5 UTR and the corresponding targeting oligo TO-1. The
targeting oligo contains six deoxynucleotides (blue) at the 5° end followed by 19 ribonucleotides (green)
and a desthiobiotin (DTB) group at the 3’ end. The size of the RNase H cleavage products is shown. (B)
Frequency of cleavage events expressed as percentage of detected cleavage product using LC-MS.

Median of cleavage frequencies was 8%, 91% and 1% at (A|A), (A|C) and (C|U), respectively.

FIGURE 6. Enrichment of RNase H cleavage products by size and affinity selection. The RNase H
cleavage product (input) was first size-selected by two rounds of NEBNext magnetic beads. The clarified
unbound fraction of the second round of size selection (ub2) was then added directly to streptavidin
magnetic beads for affinity selection. After the first wash using a standard wash solution containing 1 M
NaCl (W1), the resuspended bead slurry was divided into two fractions. One fraction was washed three
more times using the standard wash buffer (W4_HS) and eluted using biotin (Eluate_biotin). The other
fraction of the slurry was washed three more time using a low NaCl wash solution (W4_LS) followed by
elution using the same volume of water (Eluate_water). Similar amount of RNase H cleavage product and

TO were eluted (also see suppl. Figure. 4).
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FIGURE 7. Deconvoluted mass spectrums of capping analysis. An enzymatically capped Cap-1 CLuc
(A) or FLuc transcript (B) was processed with RNase H and the single-step affinity enrichment and
analyzed by LC-MS as described in the main text. The RNase H cleavage products with relevant 5’
groups were identified by their distinct deconvoluted mass values. The area under the identified mass
peaks was used to calculate the relative percentage of each species in the sample. A mass corresponded to
24 nt + pG in the Cap-1 form was detected in the FLuc transcript. The addition of a pG was probably the
result of T7 polymerase slippage at the 5” end of the transcript which is composed of 3 consecutive

guanosine residues.

FIGURE 8. Fluorescent labeling of RNase H 5 cleavage products and analyses. (A) Schematic
representation of targeting, cleavage, and labeling. The Targeting Oligo was designed to guide RNase H
to generate a 1-nt 3’ recessive end, which can be filled in by a fluorescently labeled deoxynucleotide
using the Klenow fragment. In this example, a FAM-labeled dCTP, was incorporated to the 3’ end of the
FLuc RNase H cleavage fragment and directly analyzed by urea PAGE (B) or capillary electrophoresis
(C) after enrichment. (B) Polyacrylamide gel analysis of cleaved RNA fragments. The 1.7 kb FLuc
transcript capped using Vaccinia RNA capping enzyme (VCE) was subjected to the RNase H/Klenow fill-
in treatments. Reactions were analyzed directly by urea PAGE followed by laser scanning of total RNA
stain using SYBR Gold (left panel) or fluorescent signal (right panel). The targeting oligo TO-1 was
invisible when the gel was scanned using the FAM channel and did not interfere with quantitation of the
5’ cleavage products. (C) Resolution and quantification of capping and capping intermediates using
capillary electrophoresis. The FLuc transcript was capped using a low concentration of VCE (10 nM) and
subjected to the RNase H/Klenow fill-in reactions. After enrichment, the RNA was analyzed using
capillary electrophoresis. In addition to substrate 5’ triphosphate (ppp-) and the product m7Gppp-capped
forms, enzymatic intermediate products 5’ diphosphate (pp-) and the unmethyl-cap (Gppp-) can be

resolved and quantified. (D) Synthetic mRNA cap analysis using gel electrophoresis, capillary
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electrophoresis, and LC-MS intact mass analysis produce comparable results. After RNase H/Klenow fill-
in reactions and enrichment, an uncapped or partially capped FLuc transcript was analyzed using all three
available methods. Capillary electrophoresis and LC-MS yielded comparable results in quantification of
substrate (ppp-), product (m7Gppp-) and intermediate products (pp- and Gppp-). Urea-PAGE does not
resolve pp- from ppp- or Gppp- from m7Gppp-. Considering ppp- and pp- as uncapped and Gppp- and
m7Gppp- as capped species, quantitation of fluorescently labeled RNase H cleavage products using urea-
PAGE generate results comparable to CE or LC-MS albeit the lack of resolution for intermediate

products.

FIGURE 9. The effect of pseudouridine on RNase H cleavage. (A) A Cypridina luciferase transcript
(CLuc; 1.8 kb) was cleaved using Tth RNase H in conjunction with CLuUcTO-26, which directs RNase H a
cleavage site containing a uridine residue (Suppl. Fig. 6). The size of the cleavage products and cleavage
sites are indicated. (B) When unsubstituted, median cleavage frequency at the C|UC site was 73% (25 nt)
and at the CU|C site was 27% (26 nt). When all uridines were substituted with pseudouridine, cleavage at

the C|WC site decreased to a median frequency of 34%, with 66% cleavage at the C¥|C site.
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Suppl Fig. 1
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SUPPL. FIGURE 1. Secondary prediction of Fluc 5’ region. The first 40 nt of the
artificial sequence at the 5’ end of the FLuc transcript was analyzed by RNAFold
(University of Vienna). Targeting oligos were designed to guide RNase H to cleave
within the loop region (blue). The nucleotides are colored according to predicted
structures. Unpaired regions are colored in orange, interior loops are colored in yellow.
Canonical helices are colored in green. Hairpin loops are colored in blue.
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Suppl. Fig. 2
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SUPPL. FIGURE 2. Deconvoluted mass spectra of RNase H-cleaved Fluc transcript. The
RNase H-cleavage products were enriched using streptavidin beads and elution with
biotin (left panel) or water (right panel). The peaks relative abundance were used to
estimate the percentage of the FLuc 5’ fragment with respect to TO-1. In both cases,
similar amount of FLuc 5’ fragment was eluted, consistently with the urea-PAGE
analysis shown in Figure 6.
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SUPPL. FIGURE 3. (A) Validation and calibration of the capillary electrophoresis system
for RNA cap analysis. RNA oligonucleotides carrying 5’ groups relevant to RNA capping
reaction were generated by treating a 5’ triphosphate RNA oligonucleotide (25 nt)
using the indicated enzymes and reaction conditions. Capillary electrophoresis

was performed on an Applied Biosystems 3730x| Genetic Analyzer (96 capillary array).
The sizes of the detected RNA species are called using a peak calling algorithm (Peak
Scanner; Applied Biosystems) against the GeneScan™ 120 LIZ™ dye Size Standard
(Applied Biosystems) co-injected with the samples. The RNA oligonucleotides were
subjected to LC-MS intact mass analysis to verify their identity. (B) An
electropherogram of a synthetic 25 nt RNA oligonucleotide. The four 5’-end groups
representing unmodified substrate, intermediates, and final capped product in
enzymatic capping reactions can be well-resolved and quantified by integrating the
area under the relevant peaks.
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Suppl. Fig. 4
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SUPPL. FIGURE 4. Validation of LC-MS method for quantitation of capping reaction
products. Concentration of synthetic RNA oligonucleotides containing a 5* m’Gppp- or
ppp- was determined by UV absorbance at 260 nm. The oligonucleotides were mixed
in pre-defined ratios and subjected to LC-MS analysis. Intensity of deconvoluted intact

masses was used to determined percentage m’Gppp- with respect to ppp-

oligonucleotides. Average values of percentage m’Gppp- detected from duplicated
injections were plotted against expected values. Deviation of detected from expected
values are shown below the graph. Detected values deviated from expected values by

1% or lower in samples containing from 4% to 96% of m’Gppp-.

Chan, S.-H.


https://doi.org/10.1101/2022.02.02.478748
http://creativecommons.org/licenses/by-nc-nd/4.0/

Suppl. Fig. 5
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SUPPL. FIGURE 5. Selection of TOs for a CLuc transcript. A CLuc transcript (1.8 kb; top
line) was subjected to Tth RNase H cleavage using the indicated TOs. The bars
represent the span of the respective TOs. Deoxynucleotides in the TOs are shown as
grey bars; Ribonucleotides are shown as yellow bars. Numbers represent frequency of
cleavage detected at corresponding phosphodiester bonds.

Chan, S.-H.


https://doi.org/10.1101/2022.02.02.478748
http://creativecommons.org/licenses/by-nc-nd/4.0/

	RNA-2022-079173v2-Chan.pdf
	RNA-2022-079173v2-Chan_suppl.pdf
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5


