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are needed for quality control and metabolic analysis. Here, We syaeeri 1| -1
developed an analytical platform based on isotope-dilution liquid ~ “***" o S| ey
chromatography—mass spectrometry (LC—MS) that quantitatively

characterizes long, modified mRNAs by comparing them to a

stable isotope-labeled reference with an identical sequence to that

of the target medicine. This platform also includes database

searching using the mass spectra as a query, which allowed us to =t 7 L
confirm the primary structures of 200 to 4300 nt mRNAs including

chemical modifications, with sequence coverage at 100%, to detect/identify defects in the sequences, and to define the efliciencies of
the 5’-capping and integrity of the polyadenylated tail. Our findings indicated that this platform should be valuable for quantitatively
characterizing mRNA vaccines and other mRNA medicines.

B INTRODUCTION mRNA medicine, and a polyadenylated (poly(A)) tail at the 3
end.® The cap has a structure that initiates efficient translation
and does not activate the innate immune system;”'? the
specific sequence encodes the amino acid sequence with the
relevant antigens and has a set of 5’ non-coding, coding, and 3’
non-coding sequences in which all uridines are replaced by N1-
methylpseudouridine (m'¥), which attenuates the innate
immune response against the RNA in vivo;”'' ™" the poly(A)
tail slows degradation of the mRNA by exonucleases, i.e., it
prolongs the in vivo half-life by increasing the stability of the
RNA, thereby enhancing RNA translation efficiency.'*

It is necessary to develop an analytical platform that allows
for the evaluation of individual mRNA medicines, as well as for
the means to ensure their safety and effectiveness. MS-based
methods for product characterization and quality control have
recently begun to be reported; however, they are not
compatible with quantitative assessment of various modified
nucleosides,">'® cap structures, and poly(A) structures.”'®

Messenger RNA (mRNA)-based therapeutic reagents have
great potential to revolutionize several areas of medicine.
Because such mRNAs can be used to synthesize all kinds of
proteins, this reagent is already being used as a vaccine to
prevent serious illnesses from infection and is expected to be
used in the future to treat various diseases including cancer and
metabolic diseases.~* In addition, this modality not only can
be used to target a wide range of diseases but also includes a
remarkable safety feature—namely, mRNA, which is not able
to integrate into the host cell genome.” Such treatments are
also advantageous in that mRNAs are relatively easy to
manufacture and can readily be scaled up, thus reducing costs
and the time to market.”’

The following is an overview of certain mRNA medicines,
using the Pfizer/BioNTech COVID-19 vaccine as an
example.”” This vaccine contains a long and single-stranded
mRNA that encodes the spike glycoprotein of SARS-CoV2
including multiple antigens.” The mechanism of action of the
vaccine is as follows: the mRNA corresponding to the antigen Received:  September 30, 2022
encoding gene is uptaken into a host cell; the cell expresses the Accepted: December 14, 2022
protein; and the immune system recognizes the antigens Published: December 27, 2022
included in the protein, causing an immune response. Each
such mRNA strand has three common structural elements: a
capping structure at the 5" end, a specific sequence for the
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We here suggest an MS-based analytical platform using
SILNAS" followed by data processing with the Ariadne
software.”””' We describe the details of this experimental
approach and show that the platform can be applied not only
to validate modification of the specific sequence of the RNA
reagent but also to analyze its capping structure and poly(A)
tail.

B MATERIALS AND METHODS

Reagents. Standard laboratory chemicals were obtained
from Wako Pure Chemical Industries. Sodium guanosine-'>C,,
5'-triphosphate (98 atom% "*C) (["*C,,]GTP) and RNase A
were obtained from Sigma-Aldrich. 1-Methylpseudouridine-5'-
triphosphate (m'"PTP), S-methylcytidine-S’-triphosphate
(m*CTP), S-methoxyuridine-S'-triphosphate (mo’UTP),
pseudouridine-5’-triphosphate (WTP), and cap 1 analog
(m’G¥mppp_(Am)G_OH, CleanCap Reagent AG(3'OMe))
were obtained from TriLink. RNase T1 was purchased from
Worthington and further purified by reversed-phase liquid
chromatography (RPLC) before use. Triethylammonium
acetate (TEAA) solution (2 M, pH 7) was purchased from
Glen Research.

PCR Procedure. Oligos were obtained from Fasmac Co.,
Ltd. The sequences are included in Table S1. PCR was carried
out in a thermal cycler (MJ Mini, Bio-Rad) for 30 cycles (each
consisting of 10 s at 98 °C, 15 s at 60 °C, and 20 s at 68 °C).
Primers (10 pmol of each) and 2.5 U of PrimeSTAR GXL
DNA Polymerase (Takara Bio) were used for each reaction in
a volume of 50 uL, using the reaction buffer reccommended by
the polymerase supplier.

DNA Templates for In Vitro Transcription of RNA
Reagents. The template DNA for the BNT162b2-mimicking
RNA (mimBNT162b2) was constructed based on the report
by Pfizer/BioNTech® with the addition of the T7 promoter
(Table S1). The poly(A) region was segmented to reduce
length variation due to recombination.”* The DNA, which was
chemically synthesized and inserted into the plasmid pANT,
was obtained from Biologica Co., Ltd., and sequenced by
standard procedures. The sequence was confirmed except for
the poly(A) segments. Both of the segments contained
heterogeneities of several residues in length. The reason for
the heterogeneity is that cloning the poly(A)-containing DNA
into a plasmid makes the homopolymer A—T base pairs in the
vector unstable and prone to shortening during replication in
bacteria.””**

DNA templates for in vitro transcription of RNAI,
RNAImut, RNAltrn, and RNAlext were produced by the
same PCR procedure using t-VcovSmpl1F/t-VcovSmplIR, t-
VcovMutlE/t-VcovSmpllR, t-VcovSmpllF/t-VcovShortR,
and t-VcovSmpll1F/Cov19 2R, respectively, as primer pairs
(Table S1) and mimBNT162b2 DNA as the PCR template.

DNA templates corresponding to vaccine-like mRNAs for
influenza A hemagglutinin, West Nile NS1, and Zika propep/
M were made by overlap extension PCR.*® In brief, to
construct each PCR template, three cDNA pieces, correspond-
ing to the 5’ noncoding, 3’ noncoding, and coding regions,
were prepared by the PCR procedure. The 5’ and 3’
noncoding regions were amplified using Covl9Vac F/
Cov19VacSPR and Cov19Vac3PF/Covl19Vac3PR primer
pairs, respectively, and mimBNT162b2 DNA as the template.
These products were separated by agarose gel electrophoresis
and were extracted with a QIAEX II Gel Extraction Kit
(Qiagen). The coding regions were amplified using InfAVacF/
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InfVacR, WNVacF/WNVacR, and ZiKAVacF/ZikaVacR as
primer pairs and influenza A hemagglutinin (Addgene, Cat#
127810), West Nile NSI (Addgene, Cat# 52882), and Zika
propep/M (Addgene, Cat# 79631) DNAs as the templates,
respectively. After amplification, the PCR reactions from the $’
and 3’ noncoding and the coding regions were mixed at a
molar ratio of 1000:1000:1. Using the resulting mixture as a
template and Covl9Vac F/Cov19Vac3PR as the primer pair,
overlap extension PCR was performed to produce an in vitro
transcription template (Table S2). The resulting PCR products
were all directly sequenced, which confirmed the presence of
the expected sequence, although the products showed
heterogeneity with respect to the length of their poly(A)
tails. This heterogeneity is known to occur with in vitro
experiments such as PCR.***” These PCR products were
cloned into a vector (T-Vector pMD19, Takara Bio). The
cloned DNA sequences were confirmed and contained
heterogeneities of several residues in the length of the poly(A)
tail again, although it was more homogenous than before the
cloning. The cloned DNAs were also used as templates for in
vitro transcription.

Preparation of RNAs. Each RNA was generated from its
corresponding DNA template digested with HindIII using an
in vitro transcription kit (MEGAscript T7 Kit, Thermo Fisher
Scientific) in the presence of m'WTP, WTP, or mo°UTP
instead of uridine-5'-triphosphate (UTP) and/or in the
presence of m*CTP instead of cytidine-5'-triphosphate. The
S’-capping structure was synthesized co-transcriptionally using
a cap 1 analog. The RNA was purified from the reaction (~15
ug) by RPLC on a PLRP-S 300 A column (2.1 X 150 mm, 3
um; Agilent Technologies) or a 4000 A column (4.6 X 150
mm, 8 um; Agilent Technologies)28 and stored at —80 °C.

Direct Nanoflow LC—MS and LC—MS/MS Analysis of
RNA Fragments. RNA was digested with RNase T1 or A (~4
ng/uL) in 100 mM TEAA solution (pH 7.0) at 37 °C for 60
min. The nucleolytic RNA fragments were injected into a
reversed-phase column (150 ym i.d. X 240 mm) that had been
equilibrated with solvent A (10 mM TEAA, pH 7, in 9:1 [v/v]
water/methanol). The column was slurry packed in-house with
Develosil C30-UG (3 ym particle size; Nomura Chemical Co.,
Ltd.).”” The RNA fragments were eluted with a 60 or 120 min
0—24.5% linear gradient of solvent B (6:4 [v/v] 10 mM TEAA,
pH 7/acetonitrile) at a flow rate of 200 nL/min, as
described.””*° For the detection of RNA fragments of >30
residues, a 60 mm column was equilibrated with solvent A and
eluted with a 30 min 0—40% linear gradient of solvent B at a
flow rate of 100 nL/min. The LC eluate was sprayed online at
—1.3 kV with the aid of a spray-assisting device’’ to introduce
the sample into a Q Exactive mass spectrometer (Thermo
Fisher Scientific) in negative ion mode. The spectrometer was
operated in a data-dependent mode to automatically switch
between MS and MS/MS acquisition. A high-energy collisional
dissociation cell was used to read RNA sequences with
normalized collision energy of 20%. Full-scan mass spectra
(from m/z 480 to 1980) were acquired at a mass resolution of
35,000 or 140,000. The five most intense mass peaks, each
with an intensity of >50,000 counts/s (maximum injection
time, 60 ms), were isolated within a 3 m/z window for
fragmentation. A mass resolution of 17,500 at m/z 200 for
MS/MS was set to derive the nucleotide sequence from the
fragment ions of the RNA digests. To retain mass resolution
and to increase spectral quality, three MS/MS micro-scans
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Figure 1. Strategy for quality control of mRNA medicines. Synthesis of standard RNA (s-RNA) and analysis of the internal sequence of the test
RNA (ie., pharmaceutical RNA or p-RNA) used as an mRNA medicine and quantitative analysis of the cap and poly(A) structure are shown. A
detailed explanation is given in the text. m"¥, 1-methylpseudouridine; m*C, S-methylcytidine; mo®U, S-methoxyuridine; ¥, pseudouridine; TP, 5'-

triphosphate, SI, stable isotope.

were summed to obtain a final MS/MS spectrum. The starting
mass value for acquisition of the MS/MS spectra was m/z 100.

Database Search and Interpretation of RNA MS/MS
Spectra. Ariadne was used for database searches, assignment
of MS/MS szpectra from RNA, and quantitation of RNA
fragments.'”~”' The sequences resulting from the virtual
cleavage of the mRNA medicines were used to make up an
RNA database. The symbols for post-transcriptionally modified
nucleosides used in the RNA sequences are referred to
MODOMICS.”" The ' or 3’ terminal phosphate (p), 2',3'
cyclic phosphate (cp), or hydroxy (OH) groups in the
sequences are separated by underscore letters (_).”" Default
search parameters for Ariadne were used: maximum number of
missed cleavages, one; variable modification parameters and
unknown 58.005 Da modification (covalent adduction of
C,H,0,), denoted as acoG, per any G residues; RNA mass
tolerance, +5 ppm; and MS/MS tolerance, +20 ppm. For
assignment of modified and stable isotope-labeled residues in
RNAs, the variable modification parameter and isotope set
were altered from default values to each modified residue and
“13C10_G”, respectively. The signature ion characteristic of
m’G*mp, m’G¥mpp, and 2'-O-methylation at m/z 390.07,
470.03, and 225.02, respectively, were used to assign the cap 1
analog identity. The extracted ion chromatograms were
depicted using Xcalibur 3.0 software (Thermo Fisher
Scientific) for the theoretical m/z (+5 ppm tolerance) of the
RNase-digested fragments.

The term poly(A) integrity used in this study is defined as
the ratio of MS signal intensities of p- and s-RNA fragments
containing poly(A), which have a particular length that is equal
to the most frequently found in the template DNA.

B RESULTS

Principle of the Method and Workflow. We have
developed a platform to assess the quality of mRNA medicines
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that have a natural isotopic distribution by comparing them to
standard RNAs labeled with stable isotopes (Figure 1). Note
that this method assumes that the standard RNA can be
synthesized from the same template DNA as the mRNA
medicine in an in vitro transcription system using T7 RNA
polymerase, etc. Standard RNAs are hereafter denoted with
the prefix “s-”. In contrast, test RNAs in the form used as
pharmaceuticals are denoted with the prefix “p-”. This method
consists of two steps: preparation of s-RNA and assessment of
target p-RNA by comparison with the s-RNA, as described
below.

Preparation of an s-RNA. During the synthesis, s-RNA is
transcribed in vitro with guanosine-"*C;y and no capping
analog (Figure 1). The S'-capping structure of the s-RNA is
left as triphosphate, the importance of which is explained in the
next step. Because the s-RNA is a reference, it should be
sufficiently purified, and its sequence should be confirmed.
Therefore, it is appropriate for the s-RNA to be purified by
RPLC, for example, before being cleaved by RNase T1 or A.
Each resulting RNA fragment is then thoroughly characterized
by LC—MS/MS to confirm the sequence of the original s-
RNA.

Assessment of Target mRNA Medicines. p-RNA is
prepared by the standard procedure for a target mRNA
medicine. Each p-RNA contains a capping structure and
guanosine in a natural isotope distribution, in contrast to the
corresponding s-RNA. Then, the p-RNA is mixed with the s-
RNA at a 1:1 ratio and cleaved with RNase T1, which
hydrolyzes the 3’ end of guanosine in RNA (Figure 1). The
resulting RNA fragments include a pair of guanosine-">C -
labeled and -unlabeled forms with the same sequence.
Therefore, when this mixture is analyzed by LC—MS, the
LC peak of the fragments of the s- and p-RNAs overlaps, and a
pair of MS signals with a difference of 10 Da should be
detected in the MS spectrum of each LC peak. By examining

https://doi.org/10.1021/acs.analchem.2c04323
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the ratio of the intensities of the signal pairs, the specific
sequence for p- or s-RNA can be evaluated. With this method,
all RNA fragments without sequence defects exhibit single
chromatographic peaks containing the unlabeled “light” and
labeled “heavy” RNA fragments with identical signal
intensities, whereas a light fragment carrying defects, such as
a deletion, insertion, or replacement, does not appear at all or
appears in a separate peak with a different chromatographic
retention time relative to the corresponding heavy fragment
derived from the s-RNA. Thus, even defects found in long
RNAs can be accounted for by searching for the light
fragments, and the type and position of the defects can be
identified from their MS and MS/MS spectra. The method
also provides quantitative information about defects; namely,
we can estimate the amount of defective molecules in the p-
RNA based on their signal intensities. Note that when the
reproducibility of retention time during LC and the accuracy
from MS analysis are sufficient, MS/MS is not required in the
second step in most cases, although the structure of any
impurities will not be determined.

The capping efficiency of the 5’ end can be examined by
comparing the §’-triphosphorylated fragments between the s-
and p-RNAs (Figure 1). The percentage of the full-length 3'-
poly(A) tail-containing fragment can also be determined by
comparing the tail fragments between the s- and p-RNAs.
However, in this case, the RNA needs to be engineered in a
format where the guanosine that marks RNase T1 hydrolysis is
on the 3’ side relative to the poly(A) sequence.

Proof-of-Principle Experiment for mRNA-Based Re-
agents. Purification and Characterization of s-RNAT. To
demonstrate the concept, we examined RNAI, which mimics
the 3’ region of BNT162b2° with a length of ~210 bases. The
sequence contains 5’ and 3’ noncoding regions, the latter of
which includes an Ay, poly(A) tail, and a coding region (Figure
2 and Table S2). RNAl was synthesized with T7 RNA
polymerase in the presence of RNAl-encoding DNA with the
promoter sequence added to the S’ region of the template
(Table S1). For the synthesis of s-RNAl, m"PTP and
[*C1o]GTP were used instead of UTP and GTP, respectively,

RNA Structure Cap [1 3C1 olG :ﬁ?g;i? des
sRNAT [ Fagee - + my
pRNAT [ Fagec + = my

pRNATmut  [[ Fagce + - my
p-RNATtm [ ] + - miy
pRNAtext [} ARRCAUAL- +  — mw
sRNATmod1 | Fagec - + WimsC
p-RNATmod1 [ FAgGC + - W/msC
s-RNATmod2 [ FAgGC - + mosU/msC
p-RNATmod2 [ | AgGC + - mo®U/msC

100 bases

Figure 2. Schematic structure of RNA used for the method validation
and characteristics. The white and black rectangles represent the
protein-coding region and mutation site, respectively. m'¥ and ¥ are
modified nucleosides used instead of uridine, and mo®U and m>C are
modified nucleosides used instead of cytidine. The cap used here was
m’G*mppp_(Am)G_OH.
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to incorporate m'¥ and ["*C,,]G into the RNA instead of
uridine and guanosine, respectively (Figure 2). s-RNAIl was
purified by RPLC, which resulted in a purity of >95% after
shorter products were removed (Figure S1A) and was cleaved
by RNase T1 or A, and each resulting digest was subjected to
LC—MS analysis. The MS and MS/MS spectra were easily
assigned by Ariadne to the s-RNAIl sequence, with the
exception of the poly(A) cluster region, resulting in 100%
sequence (Figure S1B) and quantitative coverage of the
internal sequence. The poly(A) cluster region was also verified
to be covered by manual inspection of the data (Figure S1C).
In addition, we identified several fragments that cannot be
explained by the template sequence, including OH_CC_OH
and OH_CG_p. Meanwhile, almost all major MS/MS spectra
were consistent with the RNA1 sequence (data not shown),
showing that the purification eliminated major contaminants.
These results indicated that this s-RNA1 preparation was of
sufficient purity and was consistent with the template DNA
sequence.

Analysis of the Integrity of an mRNA Medicine Sequence.
We synthesized p-RNA1 (Figure 2 and Table S2) and purified
it by RPLC. p-RNALI was produced from the same template as
s-RNA1 with the cap 1 analog m’G*mppp (Am)G_OH and
GTP that contained atoms with a natural isotope distribution.
p-RNAI was mixed 1:1 with s-RNA1I, the mixture was cleaved
with RNase T1, and the resulting RNA fragments were
analyzed by LC—MS. Pairs of LC—MS peaks corresponding to
s- and p-RNAI fragments exhibited the expected mass
difference of 10 Da (Figure S2). To provide an overview of
this analysis, we present the data as a bubble chart that
indicates the retention time during LC and the m/z and signal
intensity from MS of the RNA fragments (Figure 3 and Table
S3). All bubbles derived from RNA fragments of s- and p-
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Figure 3. Bubble chart displaying the analysis of s- and p-RNAI.
Retention time during LC (horizontal axis), the m/z (vertical axis),
and the signal intensity (bubble size) value of each RNA fragment
obtained from Ariadne were plotted on a bubble chart. Classification
of RNA bubbles, red—s-RNAI, blue—p-RNA1, dashed gray—not
predicted from template sequence. *, 5’-end fragment with or without
cap 1. Bubbles indicating adduct ions are filled with their respective
colors. Only ions with MS/MS signals characteristic of ribose (m/z
211.00) are displayed to exclude signals not related to RNA. Among
the RNA fragments not expected from the template sequence, the top
20 with respect to signal intensity are shown in the figure along with
their unique alphabetical symbols. The assignment of each bubble
(i.e, its short label) is presented in Table S3.
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Figure 4. Selective detection and quantitation of cap 1 in p-RNAIL. (A) Mass chromatograms of the RNA fragment containing the cap-related
structure. The 1:1 mixture of s- and p-RNAI (each 100 fmol) was digested with RNase T1, and the resulting fragments were subjected to LC—MS
and —MS/MS. The base peak chromatogram is shown at the top. The signals extracted in the MS/MS step were at m/z 390.082 and 567.944 for
m’G*mp and pppA, respectively (middle and bottom). The sequences assigned by Ariadne are shown next to their signals. Note that both
ppp_AG p and ppp A["°C,,]G p fragments produce pppA; thus, there are two assignments to one peak. (B, C) MS/MS spectrum of (B)
m’G*mppp_(Am)G_p in p-RNAI and (C) ppp_A["*C,]G_p in s-RNAL. The m/z value and sequence in the spectrum identify the major a, b, c,
and d and w, %, y, and z ions, respectively.” The cleavage positions of the assigned ions are mapped on the RNA structure of each panel (green).
Errors determined by Ariadne in the MS/MS signals are plotted under each spectrum. m, CH,; p, HPO3; pp, H,P,O0-; ppp, HsP3;0,0; R, CsHgO,;
m’G, 7-methyl guanosine; —, neutral loss; —B(N), neutral loss of nucleobase. (D) SILNAS-based cap analysis. In an LC—MS analysis, the light
fragment ppp_AG_p and the corresponding heavy fragment ppp_A['*C,,]G_p were detected from the p- and s-RNAI mixture.

RNA1 were detected as doublets of the same size in the figure RNAL, the uncapping rate can be measured as 10%, indicating
except for the S-end, poly(A) region, and some G-free that the capping efficiency was 90% (Figure 4D). In addition,
fragments. This result indicated that the fragment derived from when m’G*’mppp_(Am)G_OH, which was generated by
p-RNAL is the same as that from s-RNA1l with respect to dephosphorylation after cleavage of p-RNA1 by RNase T1,

quality and quantity; namely, p-RNA1 had the same sequence was quantified by LC—MS using its commercially available
of the same length as did s-RNAI, except around the 5’ cap product as a quantification standard, a similar value of 93.5%
and 3’ poly(A) sequences. was obtained (Figure S3A), confirming that the method
Measurement of Capping Efficiency. Next, we analyzed the described above measures the 5’ capping efficiency. Fur-
S’-end fragments of s- and p-RNAL. In Figure 3, the §’ end thermore, analysis of mixtures of uncapped and capped RNAs
fragments are shown as a bubble doublet with two bubbles of at various ratios revealed that this method for measuring
different sizes and as a single bubble (indicated by an asterisk). capping efficiency has quantitative linearity (Figure S3B).
The double bubbles and single bubbles were derived from Poly(A) Tail Quantitation. For quantitation of the poly(A)

ppp_AG_p of the s- and p-RNALI without the cap 1 analog and tail, the RNA of interest was cleaved with RNase T1, which
m’G*mppp_(Am)G_p of p-RNAI with the cap 1 analog, does not result in cleavage of the poly(A) sequence. It thus

respectively (Figure 4A). The structure of the fragments with remains as a long sequence among the nucleolytic fragments of
or without the cap 1 analog was confirmed by MS/MS ion the mRNA medicine product. We detected the long poly(A)
analysis using Ariadne (Figure 4B,C). By comparing the signal RNA fragment by eluting it over a short period of time with a
intensity of the uncapped fragment ppp_ AG_p from s- and p- steep LC gradient (Figure S3C). In this case, the RNA was
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engineered such that a guanosine is on the 3’ side of the
poly(A) sequence. The relative amount of 30 residue-poly(A)
tail of p-RNA1 was determined as 1.00 by comparing that of s-
RNAL. In addition, the poly(A) RNA fragment shorter than
the entire length was not found among the p-RNA1 fragments
(data not shown).

Application of This Method to Mutated or Modified RNAs.
We then used this method to confirm the detection of
defective RNAs. As RNAs for this purpose, we synthesized a
version of p-RNA1 with a single-nucleotide substitution (p-
RNAlmut), a version that was truncated (p-RNAltrn), and a
version with an extra 12 nucleotides at the 3’ end (p-RNAlext)
(Figure 2A, Table S2). These were mixed 1:1 with s-RNA1
and were analyzed by the above method. In the bubble charts
obtained from these mutated or modified RNAs, most of the
bubbles were detected as doublets, whereas several single
bubbles were observed (Figure SA). When the RNA sequences
that resulted in these single bubbles were identified, they
matched the sequences involved in the mutation (Figure S4A).
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Figure S. Detection of a defect in p-RNAL. (A) Bubble chart of the
analysis of p-RNAlext against s-RNAI. Only that region of the chart
is shown that includes the singlet bubble derived from the extra
sequence. Legend is the same as in Figure 3. Two bubbles labeled in
the chart represent an extra sequence. (B) Measurement of
contamination with a small amount of truncated p-RNAI. Purified
p-RNAL1 and the truncated form p-RNAIltrn were mixed at a ratio of
100:0 or 95:5. This mixture (100 fmol) was further mixed with s-
RNAI1 at a ratio of 1:1. This 1:1 mixture was then digested with
RNase T1, and the product was subjected to LC—MS and —MS/MS
to identify RNA fragments and measure their mass chromatogram
peak heights. The peak heights of each p-RNA1 and s-RNA1 fragment
were normalized to the corresponding s-RNA1 fragment and were
plotted with error bars (mean + standard error from three different
experiments). The coefficient of variations of 100:0 (white bar) and
95:0 (shaded bar) mixtures were 1.92% and 1.69%, respectively.
Significant differences were tested by the Student ¢ test (*p < 0.05 and
#5p < 0.01).

1371

In the case of the mixture that included RNAlext, which
contains the extra sequence OH_CA(m'¥)A(m'¥)GAC-
(m'W)AAAC_OH at the 3’ end of RNAI, fragments
corresponding to OH_CA(m'"¥)A(m'¥)G_p and OH_AC-
(m'"W)AAAC_OH were detected only from p-RNAlext
(Figure SA). Thus, the platform should easily detect the
mutated RNAs when substitutions in the template, truncation
of the RNA product, or an extra sequence that results from
read-through or loopback extension when double-strand RNA
synthesis occurs.

During an actual synthesis situation, full-length products
tend to be mixed with a small amount of shorter ones. To
mimic this situation, we prepared samples of p-RNA1 mixed
with a certain percentage of p-RNAItrn. When these samples
were analyzed with s-RNA1 as a reference, a smaller amount of
RNA fragments corresponding to the missing region was
detected in proportion to the amount of RNAIltrn added
(Figure S4B). In particular, the method detected the missing
portions of p-RNAIltrn even when the p-RNAI sample
contained 5% of the truncated version (Figure SB). These
data indicate that our method is capable of detecting even
small amounts of truncated products and revealing their
missing sequences.

We also analyzed RNAs containing modified nucleosides
such as ¥ or mo°U instead of uridine, and m°C instead of
cytidine, referred to as RNAlmodl and RNAlmod2,
respectively (Figure 2). s- and p-RNAlmodl and s- and p-
RNAImod2 were prepared by using the modified nucleoside
triphosphate with the same template that encodes RNAL.
Either s- and p-RNAImodl or s- and p-RNAlmod2 were
mixed at a 1:1 ratio, which was then analyzed by the above
method. The results confirmed that p-RNAImodl and p-
RNAImod2 have internal sequences that are identical to those
of s-RNAImodl and s-RNAImod2, respectively, and had
similar capping and poly(A) efficiencies (Figure SS and Table
$4), indicating that the method was applicable regardless of the
modified nucleoside type.

Application to Long mRNA Reagents Including
COVID-19 Vaccine-Like Molecules. To assess the applic-
ability of this analytical platform to long mRNA medicine-like
molecules, we prepared RNAs ranging from 1.0 to 4.3 kb in
length that encode surface antigens of SARS-CoV2 and
influenza, Zika, and West Nile viruses (Figure 6). First, for
the mRNA that encodes the COVID-19 antigens, we tested
mimBNT162b2, which has the same sequence as BNT162b2
developed by Pfizer/BioNTech, for a COVID-19 vaccine
except for a slightly different length of its poly(A) tail. The
template DNA of mimBNT162b2 was constructed as
described,’ with the addition of the T7 promoter. s-
mimBNT162b2 is 4.3 kb in length, lacks the capping structure,
and contains m'¥ and ["*C,,]G instead of uridine and G,
respectively. After RPLC purification (Figure S6A), the RNA
was characterized by LC—MS analysis, which indicated that
there was a 100% sequence and quantitative coverage of the
internal sequence (Figure S6B). The poly(A) tail was 65 to 70
nucleotides, with 68 nucleotides being the most common
length (Figure S6C,D). In addition, we found a trace amount
of fragments such as OH_C(m'¥)(m'¥)(m'¥)(m'¥)(m'¥)
_OH and OH_C(m'"P)(m'?)(m'¥?)(m'¥)(m'¥)(m'¥P)
_OH. These were not included in the template sequence
and thus appeared to be produced by loopback extensions
involving the poly(A) sequence.
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Figure 6. Schematic structure of vaccine-like mRNAs used for
assessment of the analytical platform. The white and black rectangles
represent the protein-coding region and poly(A) region, respectively.
The protein name and poly(A) length are written beside each square.
Coverage shows the percentage of portions with both sequence and
quantitative values, as identified manually with Ariadne. Coverage by
unique oligonucleotides is shown in parentheses. The capping
efficiency represents the percentage of mRNA 5’ capped by the
m’G*’'mppp_(Am)G_OH reagent. Poly(A) integrity (%) of
mimBNT162b and influenza A, Zika, and West Nile RNAs were
calculated from the RNA fragments containing 67, 63, 67, and 58
poly(A) residues, respectively.

We then used the s-mimBNT162b2 RNA to analyze p-
mimBNT162b2. Because we mixed equal amounts of s- and p-
mimBNT162b2, the resulting bubble chart represented all

RNA fragments, except those corresponding to the 5’ and 3’
ends, at ratios of ~1:1 (Figure 7). However, of the total 303
fragments generated by RNase T1 digestion of p-
mimBNT162b2, 18 RNA fragments failed to be quantified
due to signal overlap during LC—MS (Table SS). These were
quantified by analysis using signals obtained by MS/MS and
were found to contain approximately the same amount of *C-
labeled fragments as their counterparts produced from s-
mimBNT162b2 (Table SS). The analysis also showed that the
capping efficiency was 94% (Figure 6 and Figure S7). In
addition, the poly(A) integrity measured at the A4, containing
poly(A)-tail fragment was 100%. Both s- and p-
mimBNT162b2 had a distribution of poly(A) lengths,
although the amount of poly(A)-tail fragments for any specific
length was about the same for s- and p-mimBNT162b2,
indicating that the poly(A) integrity of both RNAs was
essentially the same (Figure S6D). These results showed that
this analytical platform is applicable for the analysis of vaccine-
like long mRNAs.

Next, we prepared RNAs that encode surface antigens of
influenza, Zika, and West Nile viruses (Figure 6 and Table S2).
These p-RNAs were also transcribed with T7 RNA polymerase
and have m"PTP instead of UTP and include the cap 1 analog.
The analyses of these mRNA-like molecules also showed
identity to their s-RNAs and revealed their capping efficiency
(Figure 6). These results indicated that the analytical platform
is a useful tool for quantitative characterization of biochemi-
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Figure 7. Bubble chart of the analysis of the p- and s-mimBNT162b2 RNAs. To simplify the chart, only those RNA ion bubbles without
modifications that were not present in the synthesis, such as acoG, or adducts, are shown. Data are shown as in Figure 3. The assignment of each

bubble (i.e., its short label) is presented in Table SS.
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cally synthetic mRNA medicines in a size- and sequence-
independent manner. Interestingly, with respect to the length
of poly(A) tails, the influenza A RNA transcribed from the
PCR-amplified template was more widely distributed than that
transcribed from the plasmid template (Figure S8). Similar
poly(A) distribution was observed in the Zika and West Nile
RNAs (data not shown). This result indicated that tran-
scription from a plasmid is more suitable for generating s-RNA
than amplification by PCR for a poly(A) analysis.

B DISCUSSION

We have developed an analytical platform that has two steps
for quality assessment of mRNA medicines. The first step
involved establishing an isotope-labeled standard RNA through
a detailed LC—MS/MS analysis. The second step compared an
mRNA medicine to its standard based on LC—MS data of a
1:1 mixture. Once sufficient quantities of standard RNA are
obtained during the first step, only two runs of the second step
per sample, including the automated data analysis, provided all
of the required information for the quality assessment, i.e., the
efficiency of 5'-capping, the presence or absence of modified
nucleotides in the internal sequence, and the length of the 3’
poly(A) tail. This two-step setup thus allows for the rapid
evaluation of mRNA medicines.

This method is highly applicable and is used for a wide
variety of multiple nucleosides, sequences of different origins,
and sequence lengths ranging from 0.2 to 4.3 kb (Figure 6).
However, as RNase T1 is used in the second step,
quantification of contiguous G sequences is not feasible.
Such sequences can be quantified by labeling the U and C
residues of the s-RNA with appropriate stable isotopes and
using RNase A, which cleaves on the 3’ side of pyrimidines,
instead of labeling G residues and digesting RNA with RNase
T1. Such a variant of SILNAS has already been used in rRNA
sequencing™ and should also be feasible for carrying out
quality checks of mRNA medicines.

There are two methods for in vitro capping of RNA: co-
transcriptional capping and post-transcriptional capping. Co-
transcriptional capping is carried out by a one-step reaction in
which a cap reagent is added during in vitro transcription and
is introduced into the RNA by T7 polymerase, as described
here. In contrast, post-transcriptional capping requires a multi-
step reaction: RNA triphosphatase removes a monophosphate
from the triphosphate group at the 5’ end of a nascent RNA, at
which point the capping enzyme subsequently links guanosine
monophosphate, and then guanine N7-methyltransferase
methylates the capping guanine.”* Our quantitative method
using SILNAS is not suitable as a method to quantify the
capping efficiency of the post-transcriptional capping method.
This is because post-transcriptional capping produces multiple
intermediate products, and thus quantification of the
triphosphorylated RNA does not reveal the capping efficiency.
In such a case, the method demonstrated in Figure S3A is
suitable for quantification. In this method, the purified mRNA
medicine was digested with RNase T1/phosphatase, RNase A/
phosphatase, or nuclease P1, and the resulting cap fragment
was measured by LC—MS using the cap analog as the standard.
In addition to m’G*m(Am)G_OH, the cap analogs
m’Gppp_A_OH, m’Gppp_G_OH, m’G*mppp_G_OH,
OH_m’Gppp_(Am)U_OH, and OH_m’Gppp_(Am)G_OH
are commercially available,” allowing various caps to be readily
measured.
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Two other methods have been reported for quantifying post-
transcriptional capping. One is a method in which the RNA of
interest is annealed with a complementary biotinylated tag at
its 5’ end; the resulting biotinylated RNA is cleaved with the
DNA 3’ end-directing activity of RNase H, and the hybrid
fragments are purified for analysis by LC—MS.”* Although this
method can detect 0.5—25% uncapped RNA among an aliquot
of an RNA, large amounts (100 pmol) of the capped RNA
sample are required. The other method involves incorporating
[a-*P]GTP during in vitro transcription,36 which results in a
radioactive product that is therefore not suitable for clinical
applications.

For measuring poly(A) tail lengths, two major methods are
used in addition to cDNA sequencing. One method relies on
northern blots and uses gene-specific oligonucleotides to
induce RNase H cleavage more than 100 bases upstream of the
polyadenylation site of the mRNA of interest.”” The cleavage
releases a short fragment of RNA, which is then analyzed by
high-resolution visualization on an acrylamide northern blot.
The other approach involves the addition of a defined
sequence to the 3’ end of the RNA and subsequent
amplification by PCR. A linker is enzymatically added to the
3’ end of the RNA that contains either G or inosine
residues.””*® The length of the poly(A) tail is determined by
amplifying the sequence between the added 3’ linker and the
intrinsic sequence upstream of the polyadenylation site. All of
these methods involve multiple steps and are indirect measures
that rely on hybridization to detect RNA or amplification of
complementary DNA by PCR. The method presented here is a
direct analysis of RNA and requires fewer steps, making it
more suitable for the analysis of mRNA medicines than those
earlier methods.

The method provided in this study is only a method to show
the identity of the standard s-RNA and the pharmaceutical p-
RNA. Short s-RNAs are able to purify sufficiently, and p-RNA
can also be confirmed to have sufficient purity and integrity
using such s-RNA. In contrast, when analyzing longer RNAs,
the s-RNA purification may not be sufficient and the extra
RNAs are difficult to identify. While this is a limitation of this
method, it enables to show identity to the standard. Therefore,
this method is effective for checking the identity of mRNA
medicines produced at different times, i.e., for lot check.

mRNA medicines must possess a sufficient level of integrity,
as underscored by the documents leaked from the European
Medicines Agency that expressed concerns over unexpectedly
low quantities (>55%) of intact mRNA in batches of the
vaccine developed for commercial production.’” These
products may contain truncated forms derived from degrada-
tion or elongation defects or may be contaminated with
additional sequences derived from double-stranded RNA
generated by loopback extensions that is a byproduct of in
vitro transcription and can stimulate expression of inflamma-
tory cytokines.*>*' These deficiencies have not been elucidated
previously because of the absence of appropriate measurement
methods. In this context, we believe the platform described
here will immediately facilitate quality control of mRNA
medicines, including batch-to-batch comparisons critical for
long-term quality control, in addition to the method proposed
by D’Ascenzo et al.'”
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