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Introduction:

The therapeutic efficacy of messenger RNA (mRNA) depends directly on the structural fidelity of the synthesized
transcript. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has become the gold-standard analytical
technique for verifying critical attributes. By providing direct, high resolution mass measurements, LC-MS/MS
bypasses the limitations of other approaches, such as Sanger Sequencing methods, by analyzing the native mRNA.

Precise characterization of the critical attributes of mRNA including the 5’ cap, polyA tail, and full-length sequence
is essential to ensure translation efficiency, transcript stability, and safety of an mRNA-based therapeutic. The 5’ cap
is typically a modified guanosine residue attached to the mRNA with a triphosphate through a unique 5’-5’ linkage
which has three vital biological functions. The 5’ cap prevents cellular enzymes from rapidly destroying the mRNA,
promotes translation initiation, and helps with nuclear export into the cytoplasm. The polyA tail is a string of ribo-
adenosines at the 3’ end of mRNA that impacts mRNA turnover, helps promote translation, and aids in nuclear
export. Proper design of both the 5’ cap and polyA tail help minimize immunogenic responses to mRNA therapeutics,
preventing unwanted inflammatory responses. Verifying the full-length sequence is essential because missing or
added nucleotides can disrupt untranslated regions, destroy translation efficiency, or alter poly(A) tail length.
Crucially, these insertion and deletion errors can introduce frameshifts, resulting in the expression of dysfunctional
or completely inactive proteins.

Challenges with Characterization of mRNA:

Due to the size of most mRNA, critical attributes are often evaluated across several analyses. While LCMS is the
industry standard technique for characterization of the 5’ cap, intact mRNA is too large to be directly analyzed by
MS-based approaches. To characterize the 5’ cap with MS-based approaches, the 5’ capped end must be removed
from the rest of the mRNA. The two most common approaches are enzymatic cleavage with the use of a
deoxyribozyme or digestion by RNase H. While high resolution MS provides definitive characterization of the 5’ cap
as well as capping efficiency, it requires costly instrumentation, specialized technical expertise, and does not provide
a biological relevance to the 5’ cap. For this reason, alternative lower cost analytical approaches such as capillary
electrophoresis (CE) or high-performance liquid chromatography (HPLC) are used to discern capped versus uncapped
mRNA. Additionally, molecular assays such as enzyme-linked immunosorbent assays (ELISA), blotting with cap-
specific antibodies, and eukaryotic translation initiation factor 4E (elF4E) binding assays provide orthogonal
approaches to confirm the presence of a 5’ cap as well as confirm biological functionality.

LC-MS is also the preferred technique for the analysis of polyA tails as it provides direct and detailed characterization
of the tail length and its heterogeneity. For these methods, the polyA tail is typically removed from the mRNA using
an RNase such as RNase T1 and then purified from the remaining mRNA using a polyA pulldown with poly d(T)
magnetic beads. Other methods can also be used to quickly determine the average size and range of a polyA tail in
a cost-effective manner, such as RT-PCR sequencing or gel electrophoresis. However, these strategies could
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introduce amplification errors due to the repetitive nature of the polyA tail, fail to detect possible internal mutations,
or provide only low-resolution results.

Conventional methods like next-generation sequencing (NGS) rely on reverse transcription and amplification to
confirm the mRNA sequence; conversely Oxford Nanopore Technologies (ONT) and LC-MS/MS offer a direct,
amplification-free approach to confirming full-length mRNA sequences. Each of these methods have their own
strengths and weaknesses. Next-generation sequencing has a high accuracy rate but does not directly analyze the
mRNA sequence. RT-PCR cannot accurately recreate modified residues such as methyl 5-U or methoxy 5-U, which
poses challenges when confirming mRNA sequences that contain modified residues. The ONT platform can directly
read the intact mRNA sequence and detect a handful of the commonly used modified residues for mRNA
therapeutics. However, this technique has a higher error rate than next-generation sequencing when encountering
homopolymers or partially degraded mRNA strands. LC-MS/MS based approaches directly analyze the native mRNA
and can detect all possible modified residues. At the same time, there are size limitations to LC-MS/MS detection
due to the very high molecular mass of intact mRNA and the heterogeneity caused by the polyA tail. Therefore,
enzymatic digestion of the intact mRNA is required to reduce the size of the mRNA into fragments that can be
analyzed by LC-MS/MS. Due to the limited sequence complexity of a four-base alphabet, large mRNA molecules
often contain highly repetitive regions. Consequently, resolving these ambiguous sequences and achieving complete
sequence coverage typically requires digestion with multiple complementary enzymes. The caveat is that LC-MS/MS
analysis of digested mRNA will produce complex data sets that can be difficult and time consuming to manually
interpret.

Proposed Solution:

While LC-MS/MS is widely used to characterize the 5’ cap, poly(A) tail, and primary sequence of mRNA, these critical
attributes are typically analyzed using separate, highly specialized assays. To streamline this workflow, Novatia has
developed a single, consolidated LC-MS/MS assay that concurrently analyzes all three attributes. Paired with fully
automated data processing, this method simplifies mMRNA characterization and delivers clear, high-confidence results
from a single injection.

Materials and Methods:

NIST RGTM 10202 Fluc mRNA was provided to Novatia as part of the RGTM 10202 Fluc mRNA interlaboratory study
to determine fitness-for-purpose as a reference standard (https://tsapps.nist.gov/srmext/certificates/10202.pdf).
RNase 4 (product# CSB-YP019796HU) was purchased from CUSABIO (Houston, TX). RNase T1 (product# EN0542) was
purchased from ThermoFisher Scientific (Waltham, MA).

A total of 12.5 micrograms of NIST RGTM 10202 Fluc mRNA was digested with RNase 4 at 37°C for 2 hours with 0.48
ug of RNASE 4 in 2x NEB bufferTM 1. A total of 12.5 micrograms of NIST RGTM 10202 Fluc mRNA was digested with
50 units RNase T1 at 37°C for 1 hour. Digested samples were directly analyzed by LC-MS/MS.
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LC-MS/MS analysis was performed using a Waters Acquity UPLC system coupled to a ThermoFisher Scientific
Orbitrap Eclipse mass spectrometer using data dependent MS/MS scans. Chromatographic separation was achieved
at a flow rate of 0.2 mL/min with an Acquity Premier Peptide BEH C18 column (2.1 x 150 mm, 130 A, 1.7 um particles)
maintained at a constant temperature of 60°C. Mobile phase A consisted of 1% hexafluoroisopropanol (HFIPA), 0.1%
diisopropylethylamine (DIEA), and 2 uM ethylenediaminetetraacetic acid (EDTA) in water. Mobile phase B consisted
of 0.075% HFIPA, 0.0375% DIEA, and 2 uM EDTA in 65% acetonitrile (ACN). Analytes were separated using a multi-
step linear gradient profile optimized as follows: 1% to 14% B over 190 min, 14% to 28% B over 50 min, 28% to 45%
B over 10 min, and 45% to 100% B over 15 min. The column was then held at 100% B for 10 min to wash the stationary
phase before a final re-equilibration step at 1% B for 5 min. Data was then processed using Novatia’s ProMass 6 HR
for Xcalibur software.

Results and Discussion:
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Figure 1. a) LC-MS chromatogram of NIST RGTM 10202 Fluc mRNA digested with RNase 4. b)
LC-MS chromatogram of NIST RGTM 10202 Fluc mRNA digested with RNase T1.
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5’ Cap Analysis:
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Figure 2. a) Expected 5’ capped sequence of NIST RGTM 10202 Fluc mRNA showing RNase
T1 and RNase 4 digestion sites. b) ProMass 6 HR de-isotoped spectrum of observed capped
mRNA. These results mRNA from the RNase T1 digest. c¢) ProMass 6 HR de-isotoped spectrum of observed
similarly revealed the | capped mRNA from the RNase 4 digest.

presence of a failed cap

which can be more

readily identified as a failed methylation at the 2’0 position of the first based due to RNase T1’s inability to cleave
2’0-methylated guanosines. These results determined a capping efficiency of 99.1% for the m7G Capl, comparable
to the 98.9% capping efficiency determined from the RNase 4 digested mRNA (Figure 2).
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PolyA Tail Analysis:

The NIST RGTM 10202 Fluc mRNA polyA tail contains a
non-adenosine spacer between a 31-nucleotide stretch
of adenosines and a 71-nucleotide stretch of adenosines.
Using ProMass 6 polyA tail workflow on the RNase 4
digested NIST RGTM 10202 Fluc mRNA revealed one
main polyA tail population ranging from 71-75
nucleotides in length and the most abundant being 72
nucleotides (Figure 3). The same workflow on the RNase

T1 digested NIST RGTM 10202 Fluc mRNA revealed two
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Figure 4. a) ESI mass spectrum of Poly A tail observed in the
NIST RGTM 10202 Fluc mRNA digested with RNase T1. b)
ProMass 6 HR deconvoluted spectrum of ESI mass spectrum
shown in a). c) ProMass 6 HR PolyA tail report of the RNase
T1 digested NIST RGTM 10202 Fluc mRNA.
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Figure 3. a) ESI mass spectrum of Poly A tail observed in the
NIST RGTM 10202 Fluc mRNA digested with RNase 4. b)
ProMass 6 HR deconvoluted spectrum of ESI mass spectrum
shown in a). c) ProMass 6 HR PolyA tail report of the RNase
4 digested NIST RGTM 10202 Fluc mRNA.

polyA tail populations, a primary population ranging
from 74-77 nucleotides in length with the most
abundant being 75 nucleotides (Figure 4). In this data,
a minor population was also observed ranging from
108-115 nucleotides which would be consistent with
the full-length polyA and spacer sequence which would
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indicate a missed cleavage | NIST RGTM 10202 Fluc mRNA Sequence Coverage Map
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cleavages. Enzymatic digestion with RNase 4 and RNase T1 yields two fragment populations based on molecular
mass: unique compositions that provide unambiguous sequence coverage, and isomeric compositions that result in
ambiguous coverage. However, MS/MS data can resolve some of these ambiguous sequences by differentiating
isomeric counterparts that possess distinct sequential orders. These data provided an unambiguous sequence
coverage of 79.9% with RNase 4 and 55.5% with RNase T1. Coverage including ambiguous digestion fragments
identified with intact HRMS data was of 95.4% with RNase 4 and 94.8% with RNase T1 (Figure 5). MS/MS data of the
RNase 4 and RNase T1 digested mRNA could theoretically yield an additional 3.7% and 12.6% sequence coverage,
respectively. However, data dependent MS/MS scans acquired in this analysis were only able to provide an
additional unambiguous sequence coverage of 0.3% for the RNase 4- and 4.1% for the RNase T1- digested mRNA
due to isomeric sequences overlapping chromatographically leading to inconclusive MS/MS results. Sequence
coverage could be improved upon by developing a specific set of LC conditions optimized for the mRNA sequence
to provide better chromatographic separation. Despite the inherent complexity of mMRNA mapping, the LC-MS/MS
conditions utilized for the digested NIST RGTM 10202 Fluc mRNA yielded exceptional sequence coverage. By
overlapping the intact MS-only data from both enzymatic digests, we achieved 93.3% unambiguous sequence
coverage and 99.9% total sequence coverage (Figure 5).

Conclusions:

Characterization of the NIST RGTM 10202 Fluc mRNA was conducted using two separate RNase digests (RNase 4 and
RNase T1) which were then analyzed by LC-MS/MS. ProMass 6 HR for Xcalibur was then used to process that data
to evaluate the 5’ capping, characterize the polyA tail length, and confirm the sequence of mRNA. This approach
eliminates the need for separate analyses for each of these attributes, while ProMass 6 HR automates the data
processing and increases the throughput of mRNA critical attribute monitoring.

These results determined a high capping efficiency of the NIST RGTM 10202 Fluc mRNA, with measured values
between 98.9-99.1%, which is highly consistent for two separate digests. A polyA tail was detected with a non-
adenosine spacer and was consistent with the expected length of 71 nucleotides for the longer portion and full
length (including the spacer) of 112 nucleotides. Finally, the mRNA sequence of the NIST RGTM 10202 Fluc mRNA
sequence was confirmed with two enzymes resulting in a coverage of 93.3% for unambiguous sequence matches
and 99.9% overall including both unique and ambiguous matches.
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