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Novel Mobile Phase to Control Charge States and Metal Adducts in
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ABSTRACT: Mass spectrometry is a widely used tool in the characterization of oligonucleotides. This analysis can be challenging
due to the large number of possible charge states of oligonucleotides, which can limit the sensitivity of the assay, along with the
propensity of oligonucleotides to readily form adducts with free alkali metals. To reduce the adduct formation, oligonucleotides are
typically purified with desalting columns prior to analysis. We have developed a mobile phase that gives superior reduction in charge
states and adduct formation compared to previously reported methods and, more importantly, obviates the requirement of desalting
samples prior to mass spectrometric analysis, significantly decreasing the sample preparation time and amount of RNA required for
analysis. We have applied this mobile phase to develop methods to quantify the 5’-capping efficiency and to characterize the
polyadenosine (poly(A)) tail of mRNA synthesized in vitro: two critical quality attributes of mRNA therapeutics. Through this, we
were able to demonstrate RNA that was co-transcriptionally capped to have capping efficiency equivalent (the percent total
molecules that contain a cap) to other reports in the literature using materials that were generated using the same synthesis
procedure. Furthermore, by using a mobile phase mixture comprised of hexafluoroisopropanol, triethylammonium acetate,
triethylamine, and ethanol, we were able to determine the size distribution of the poly(A) tail in various mRNA samples from DNA
templates that ranged from 50 to 150 nt poly(A) and verify that distribution with commercially available RNA standards, successfully
demonstrating that this mobile phase composition could be used for characterization assays for both mRNA caps and tails.

B INTRODUCTION

Over the last 30 years, there has been a steady increase in interest
in the field of messenger RNA (mRNA) therapeutics. The first
report of protein expression from exogenous/synthesized
mRNA in an animal model was published in 1990." It was
quickly recognized that the stability of mRNA was a major
challenge to the development of mRNA therapeutics,” and R&D
effort was instead spent studying DNA and protein therapeu-
tics.”> However, significant improvements in stability and
design of exogenous/synthesized mRNA have been made over
the last 10 years. The development of enzymatic and co-
transcriptional mRNA capping methods has allowed for the
production of mRNA capable of higher rates of translation in
eukaryotic systems. And the development of DNA templates for
in vitro transcription has allowed for the production of molecules
with longer and more homogeneous distributions of poly(A)
tails, a feature of mRNA that influences translation.” These

advances have spurred progress with mRNA therapeutics; to
date, the FDA has authorized the emergency use of two mRNA
vaccines one of which just received full approval, both for
COVID-19.° To improve the oligonucleotide process develop-
ment, analytical methods are needed to characterize the mRNA
caps and the poly(A) tail as both attributes are critical for the
successful translation of proteins.

The §'-cap is required for cellular functions in eukaryotes. The
S’-cap comprises an inverted 7-methylguanosine connected to
the first nucleotide of the mRNA by a 5'-5' triphosphate bridge,
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a structure known as Cap 0.° For many endogenous mRNAs in
eukaryotes, the second nucleotide could have a 2'-O-
methylation, a structure known as Cap 1. Further methylation
is possible and would be called Cap x, where x stands for the
number of the consecutive methylation. These features are
known to have interactions with binding proteins and
complexes, which are required for RNA processing and
translation. The cap also protects transcripts from degradation
and cap regulation can change gene expression and cellular
function.” For both co-transcriptionally and enzymatically
generated 5'-mRNA caps, there have been three primary assays
to characterize the capping efficiency. The first involves
annealing a DNA oligonucleotide to the mRNA, forming an
RNA—DNA complex, selectively cleaving the 5'-side off the
intact RNA, and determining the capping percentage by high-
resolution mass spectrometry.® For the second and third assays,
intact 3*P labeled or unlabeled RNA can be digested using
nonspecific RNases, resulting in mRNA fragments with 5’ caps
that can be quantified using high-pressure liquid chromatog-
raphy (HPLC), thin-layer chromatography (TLC), or agarose
gels.”'” RNA can be capped either enzymatically post-synthesis
or co-transcriptionally during the synthesis of the RNA capping,
in which an analog containing the 5’-mRNA cap can be directly
incorporated into the product during synthesis.'' There have
been reports of greater than 90% capped RNA using the analog
during in vitro transcription reactions.'” Alternatively, RNA can
be capped post-synthesis using enzymes that can now be
expressed in industrially relevant Escherichia coli strains such as
the vaccinia capping enzyme.'® This enzyme is composed of two
subunits that contain three enzymatic activities: (1) RNA
triphosphatase, (2) guanyltransferase, and (3) guanine methyl-
transferase, all of which are necessary for the addition of a cap
structure.' ">

It is important to have an intact poly(A) tail to prevent
degradation of the mRNA prior to translation. The 3’ poly(A)
tail primarily acts as a stabilizer of intact mRNA in eukaryotes by
preventing enzymatic degradation and enhancing translation
efficiency.”' The degradation of mRNA is typically determined
by poly(A) shorteninlg by a deadenylase and is the limiting factor
in mRNA stability."" Once the poly(A) tail is removed, the
mRNA cap can immediately be decapped, stopping trans-
lation.'® Commonly, poly(A) tails are incorporated into the
DNA templates for mRNA synthesis either as a sequence cloned
into a plasmid or added by PCR amplification.*"” Alternatively,
a poly(A) tail can also be added post-transcriptionally using
poly(A) polymerase.'” Methods exist that use precision
digestion, using RNase H or RNase T1, to cleave the poly(A)
tail fragment from the full sequence, which are further isolated
and concentrated with oligo dT purification. The resulting
fragments are then used for analysis often by mass spectrometry
or agarose gels."®

Mass spectrometry has become the gold standard for
characterizing oligonucleotides. The ability to obtain structural,
sequence, and quantitative information as well as intact mass of
the sequences sets it apart from many of the other available
techniques.”” Oligonucleotides are primarily ionized using
negative-ion electrospray ionization (ESI) and a mixture of
triethylamine (TEA) and 1,1,1,3,3,3-hexafluoro-2-isopropanol
(HFIP) in the HPLC mobile phases. The unique properties of
HFIP, which can adjust the pH of the solution and also enhance
the ionization of the oligonucleotide, are the reasons for its
frequent use.”” Other groups have been studying the effects of
other organic modifiers and one of the major findings is that the

volitility of the alkylamine has an important role in the charge
state distribution and desorption efficiency of the oligonucleo-
tide.”' Additionally, the organic eluant in the mobile phase is
equally important. For example, HFIP has low solubility in
acetonitrile, so methanol is commonly used for this ion pair
reagent. One of the limitations of mass spectrometry for
oligonucleotides is the amount of charge states that are observed
due to the different interactions on the phosphate backbone.””
Current analytical columns do not have the resolution to resolve
N-1 species for RNA larger than about 90 nucleotides and the
resolution of the mass spectrometer is the limiting factor to
accurately deconvolute the oligonucleotide. If the charge states
can be reduced, the mass-to-charge ratio of the ions will be
higher. For larger RNA, where baseline separation of different
lengths by an HPLC column is more difficult, it then becomes
easier to deconvolute a mixture of oligonucleotides.

In this study, the aim was to develop a mobile phase blend that
could reduce the number of charge states and adduct formations
for oligonucleotides by mass spectrometry and use this mobile
phase blend to develop robust methods to characterize the cap
and tail structures of mRNA. By using a mixture of 30 mM HFIP,
10 mM TEAA and 1.2 mM TEA, and ethanol in our eluent, we
were able to develop poly(A) tail and capping efficiency assays
that required no additional sample preparation post-digestion.
The cap assay could be performed with as little as 30 pmol and
the poly(A) tail assay with as little as 50 pmol RNA.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. 1,1,1,3,3,3-Hexafluoro-2-
propanol, acetonitrile, ethanol (LC/MS grade), formic acid,
methanol (LC/MS grade), triethylamine, triethylammonium
acetate, phenol:chloroform, water (LC/MS grade), and
isopropanol were all obtained from Sigma-Aldrich (MO).
Custom oligonucleotides were obtained from IDT. (IA)
Custom poly(A) standards were obtained from the Horizon
Discovery (CO) DNAPac RP 4 ym X 2.1 mm X 100 mm HPLC
column, 7.5 M LiCl solution, nuclease-free water, RNase T1,
DNase I, PCR strip tubes, and glass HPLC vials with caps were
all obtained from ThermoFisher Scientific (NJ). RNase H,
RNase H buffer, Cutsmart buffer, and HiScribeT7 High Yield
RNA Synthesis Kit were obtained from New England Biolabs
(MA). QIAprep Miniprep kit was obtained from QIAgen (MD).
CleanCap Reagent AG and CleanCap Reagent AG (3’ OMe)
were purchased from TriLink Biotechnologies (CA).

2.2. Capping Assay Calibration Curve Preparation.
Capped mRNA was synthesized using the CleanCap protocol
reported by Henderson et al.'* The mRNA was purified using 1
volume sample to 1.5 volumes of 7.5 M LiCl and incubated at
—30 °C for 30 min. The sample was centrifuged at 1792gat 4 °C
for 15 min to pellet the RNA. The supernatant was removed and
rinsed with 2 volumes of 70% ethanol. The sample was
centrifuged again at 1792g at 4 °C for 15 min, and the
supernatant was removed. Two additional ethanol washes were
performed, and the supernatant was removed. The sample was
air-dried for 10 min. The sample was resuspended in 1 volume of
nuclease-free water. An aliquot of the stock solution was diluted
and measured using UV absorbance at 260 nm to determine the
concentration of the solution. An additional aliquot was diluted
10-fold and 2 puL was injected by HPLC for purity
determination.

2.3. Capping Assay Sample Preparation. To PCR tubes,
50 uL of the RNA sample (10 pmol), 12 uL of RNase H buffer,
2.5 pL of cleavage probe (50 pmol), and 1 uL of internal
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standard (S pmol) were added and mixed well by inversion. In a
thermocycler, the samples were heated to 95 °C for S min,
followed by 65 °C for 2 min, 55 °C for 2 min, 40 °C for 2 min,
and finally 22 °C for 2 min. After the annealing cycle, 5 uL of
RNase H was added to the tubes and mixed well by inversion.
The samples were heated for 2 h at 37 °C and transferred to
HPLC vials for analysis afterward. The internal standard is a
representative hydroxylated 5’-RNA that anneals to the same
DNA probe and is used to monitor digestion efficiency in the
samples.

2.4. Capping Assay Analytical Method. Samples were
analyzed by reversed-phase ion pair chromatography on a
Vanquish UHPLC using a DNAPac RP 4 ym X 100 mm X 2.1
mm LD column connected to a Q Exactive Plus orbitrap mass
spectrometer from Thermo Scientific (NY). Mobile phase A
consisted of 30 mM HFIP, 10 mM TEAA, and 1.2 mM TEA.
Mobile Phase B consisted of 10 mM TEAA in 50% ethanol. The
column temperature was held constant at 65 °C with a flow rate
of 0.4 mL/min. The chromatographic separation was performed
using the following gradient: starting at 1% buffer B and held for
0.7 min, followed by a ramp to 35% buffer B over 4.3 min, a ramp
to 80% buffer B over 1 min, a hold at 80% buffer B for 1.5 min,
and an immediate return to 1% buffer B and held for 2.5 min. All
mass spectra were obtained in the negative-ion mode over a scan
range of 1150—2500 m/z with a resolution of 70,000. Source
and capillary temperatures were set to 350 °C and all spectra
were analyzed using BioPharma Finder from Thermo Scientific
with deconvolution parameters shown in Figure S2 (NY).

2.5. Poly(A) Tail Assay Sample Preparation. To PCR
tubes, SO pL of the RNA sample (at least 47 pmol), S yL of
Cutsmart buffer, and 1.6 uL of RNase T1 (50 U/uL) were added
and mixed well by inversion. The samples were heated for 2 h at
37 °C and transferred to HPLC vials for analysis afterward.

2.6. Poly(A) Tail Assay Analytical Method. Samples were
analyzed by reversed-phase ion pair chromatography on a
Vanquish UHPLC using a DNAPac RP 4 ym X 100 mm X 2.1
mm LD column connected to a Q Exactive Plus orbitrap mass
spectrometer from Thermo Scientific (NY). Mobile phase A
consisted of 30 mM HFIP, 10 mM TEAA, and 1.2 mM TEA.
Mobile Phase B consisted of 20 mM TEAA in 50% ethanol. The
column temperature was held constant at 65 °C with a flow rate
of 0.4 mL/min. The chromatographic separation was performed
using the following gradient: starting at 1% buffer B and held for
0.7 min, followed by a ramp to 35% buffer B over 24.3 min, a
ramp to 80% buffer B over 1 min, a hold at 80% buffer B for 1.5
min, and an immediate return to 1% buffer B and held for 2.5
min. All mass spectra were obtained in the negative-ion mode
over a scan range of 750—1850 m/z with a resolution of 17,500.
The scanning was kept low to increase the sensitivity of the
analysis. Source and capillary temperatures were set to 350 °C,
and all spectra were analyzed using BioPharma Finder from
Thermo Scientific with deconvolution parameters shown in
Figure S3 (NY).

2.7. Generation of DNA Templates. Plasmid DNA
templates were created by cloning synthetic Poly(A) sequences
as annealed complementary oligonucleotides into vectors
containing a T7 promoter and a GFP mRNA sequence. These
plasmids were isolated using a QIAprep Midiprep kit, linearized
by restriction digestion, and purified by phenol chloroform
extraction and isopropanol precipitation.

2.8. Diagnostic Restriction Digest to Determine the
Length of Poly(A) DNA. Plasmid DNA templates were
digested with BspQI and BsrDI from New England Biolabs

(Ipswich, MA) to yield three DNA fragments: two high-
molecular-weight fragments and one lower-molecular-weight
fragment containing the poly(A) sequence. These sizes of the
poly(A) containing fragments were determined by capillary
electrophoresis using Agilent’s D1000 TapeStation kit and the
standard ladder as described by the vendor’s protocol (CA).

2.9. Synthesis of RNA. In vitro transcription was performed
using the HiScribeT7 High Yield RNA Synthesis Kit and
CleanCap Reagent AG or CleanCap Reagent AG (3’ OMe).
The final concentration of components used was 0.5X reaction
buffer, S mM each of NTPs, 4 mM CleanCap AG, 30 ng/uL
DNA template, and T7 Polymerase Mix as recommended by the
manufacturer. The reaction was incubated for 2 h at 37 °C. The
reaction was treated with DNase I, 0.1 U/10 g DNA, heated for
30 min at 37 °C, and purified by precipitation with 7.5 M LiCL
RNA quality (A260:A230 ratio) and concentration were
measured spectrophotometrically.

3. RESULTS AND DISCUSSION

3.1. Mobile Phase Optimization. We aimed to create an
improved analytical method that could characterize the 5§’ cap
and poly(A) tail components of our in-house synthesized
mRNA. To achieve this, the primary focus was to develop
methods that could detect oligonucleotides between 20 and 200
nt. Currently, the most common way to characterize the cap and
the tail is through methods that utilize the mobile phase
containing a mixture of HFIP and TEA. Our experience with this
mobile phase blend led us to inconsistent results that often
contained substantial sodium adducts despite utilizing all
combinations of system cleaning, mass spectrometer (MS)
tuning, and use of different reagent vendors with the highest
grade solvents available. For mRNA cap analysis, this was not
particularly a problem because the smaller fragments can easily
be separated by HPLC. However, for poly(A) tail character-
ization, the larger sizes are not separated by HPLC, and due to
the multiple species and multiple salt adducts, we were unable to
deconvolute the intact masses. We had explored other modes of
separation including HILIC and reversed-phase (without ion
pairing) chromatography, but we were unable to achieve
sufficient sensitivity compared to the traditional HFIP mobile
phase mixture. We started optimization with 400 mM HFIP, 12
mM TEA using methanol as the eluent and quickly realized that
there was no benefit from using buffer concentrations so high
and saw similar performance after reduction of the buffers four-
fold. However, we were unable to control the amount of sodium
adducts that appeared at varying levels in our samples. We
explored TEAA and observed similar charge state reductions as
previously reported.””~*> Though for concentrations above 10
mM TEAA, we observed a significant loss of signal. This initial
work showed promising results with TEAA alone, which worked
well for the mRNA caps, but was not sensitive enough to detect
the poly(A) tail distribution. We wanted to evaluate the findings
reported by Chen et al. and test other organic solvents,
particularly ethanol in our mobile phases.”> What we found
matched their reports and we were able to shift the
oligonucleotides to lower charge states and reduce the amount
of adducts in our samples. Even with ethanol or isopropanol as
the eluent, we observed about a 50% reduction in ion intensity.
This led us to explore mixtures of multiple ion pair reagents
together and titrations of different levels of the HFIP and TEA to
maximize sensitivity. We found an optimal result with a mixture
of 30 mM HFIP and 1.2 mM TEA but increasing the
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Figure 1. Using different combinations of mobile phases as indicated above each spectrum, a 25 ng/uL 22-mer custom RNA oligonucleotide was
analyzed. The x-axis represents the mass-to-charge ratio and the y-axis represents ion intensity in the spectra. (1A) Higher charge states dominate the
spectrum with noticeable adducts present. These adducts are easily observed when zooming in on the various m/z’s with charge state 4, as shown in 1B.
(2A) There is a marked shift to smaller charge states. (2B) The adduct formation decreased substantially without HFIP which is supported by the
decrease in the number of adduct clusters as well as the lower intensity signal of the remaining adducts. (3A) Combination of HFIP and TEAA
produces a simpler spectrum with a lower level of adducts than HFIP alone. (3B) The benefit of this mobile phase combination can be further
appreciated when compared to the earlier mobile phase blends (1B, 2B) and noting the lack of adducts present in the 1805 m/z range and higher.

A 22-mer RNA oligonucleotide was synthesized, which
mimics the cleaved product obtained from the RNase digestion
of our test sequence. This oligonucleotide was used to optimize

concentration of HFIP/TEA beyond this led to the appearance
of a high level of sodium adducts again.
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Figure 2. Deconvoluted spectrum for firefly luciferase mRNA synthesized without (A) and with (B) co-transcriptional capping reagent AG from

TriLink, which showed the expected masses.

the MS method and mobile phase composition. Figure 1 shows
the base peak intensity of a 22-mer with three combinations of
mobile phase compositions. Using a mobile phase containing
300 mM HFIP and 12 mM TEA alone, higher-order charge
states are observed, but the signal is split across multiple charge
states. We also observed the highest number of adducts in this
mobile phase. When using 20 mM TEAA, fewer adducts and a
substantial reduction of charge states above 4 are observed but
the ion intensity is 50% lower than the HFIP/TEA mixture. By
combining HFIP/TEA and TEAA, the signal is comparable to
HFIP and TEA alone, but the charge state and adduct formation
are still significantly reduced (Figure 1). It was important to use
ethanol, rather than traditional acetonitrile or methanol, or
substantial ion suppression was observed, which was previously
reported by Weng et al. It is believed that the ethanol improves
the evaporation rates for the TEAA containing charged droplets
by reducing the activation energy needed for evaporation." For
HFIP concentrations higher than 30 mM, the amount of adducts
observed was increased.

From this set of experiments, we were able to determine a
suitable mobile phase composition— 30 mM HFIP, 10 mM
TEAA, and 1.2 mM TEA —to yield a simpler spectrum while
maintaining ion signal intensity that can be utilized for our assay
development. We note that chromatographic resolution was not
impacted (positively nor negatively) with this mobile phase; the

22185

improvements stem from resolution within the mass spec-
trometer.

3.2. mRNA Capping Assay Sample Preparation
Optimization. Recently, Beverly et al. reported a method to
quantify 5'-caps of mRNA.” In this method, a complementary
biotinylated ssDNA oligonucleotide was annealed to the mRNA
on the 5’ side to form an RNA/DNA hybrid. Then, RNase H
was used to cleave the RNA/DNA hybrid, liberating small 5’
capped fragments of mRNA. The cap-containing RNA can be
isolated using magnetic streptavidin beads because the
biotinylated cleaved RNA/DNA hybrid can bind to the beads
and subsequently be denatured with heat, releasing the cleaved
RNA oligonucleotide. The cleaved RNA fragment was dried to
concentrate the sample and remove organic solvents and then
reconstituted in the mobile phase for analysis. For the reported
assay, 100 pmol of RNA is required due to the low recovery of
the streptavidin isolation step, which for a 4100 nt sequence
would equate to approximately 130 pg. Because of this sample
requirement, we wanted to evaluate the feasibility of an
approach that not only minimizes the sample needed but also
the sample preparation time, as the proposed protocol was labor-
intensive.

Initial feasibility tests were performed using two sources of
firefly luciferase mRNA. Both were synthesized by in vitro
transcription, with one generated in-house using canonical
nucleotides and the other synthesized by TriLink Biotechnol-

https://doi.org/10.1021/acsomega.2c00185
ACS Omega 2022, 7,22181-22191


https://pubs.acs.org/doi/10.1021/acsomega.2c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00185?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00185?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A -300 mM HFIP, 12 mM TEA

1274.4876

3 11832.2361
90 3 1142.5135
E
80 ]
1035 3802
E 1440 8662
70 ] 1002.9241 ”
@ 3
£  so-]
- E Q€. 4536522
2 3 E
2 504 915.9531
x 3
5 a0
& E 920.1516
30 ] 895 2r48
3 ‘]l
20 ] 871 6809
E lI
10 3 \
849.44449
o 3 [RORTYN PP CO T R AT L
800 1000 1200 1400

|

1600
m/z

1506.2235

1S78.1998

1578.3388
1744.4724
1841.26842
2071.8775

2210 0291 24357148

1800 2000 2200 z2400

B -10 mM TEAA, 30 mM HFIP, 1.2 mM TEA

- < 3
100 1147.9067
E 1065.8131 I 1243.7281

90 — 994.6582 I-];"J/.S/$1

80

70
962.5897

sabuabistund sy

60

50 3

Re'ative Abundznze

10

30 3
e 932 4805

10 3 ©68.8659

- / 904.1120
o __..L(_L,.A

800 I 000 ‘ 1200 1400

1421.4201

1492 4911

15712088

1658.6065
| 1756.1819

1865 8859
1990,3928
2437.5176
1993.3010 {
2320 3504
R e A_,_L.‘_\“LL L T e —
1600 1800 2000 2200 2400

m/z

Figure 3. (A) Using mobile phases composed of HFIP and TEA, a 100 ng/uL 100-mer synthesized poly(A) oligonucleotide was analyzed. The charge
states are barely visible with significant adducts. (B) Using mobile phases composed of TEAA, HFIP, and TEA, a 100 ng/uL 100-mer synthesized
poly(A) oligonucleotide was analyzed. There is a substantial improvement in spectrum quality as evident by the observed adduct reduction.

ogies with canonical nucleotides and the co-transcription
capping reagent CleanCap AG. Both the capped and uncapped
oligonucleotide masses were detected in the deconvoluted
spectrum from the corresponding samples (Figure 2).

To determine the sensitivity of the assay, a titration of capped
RNA was prepared in triplicate ranging from 0 to 100% of each
analyte. The responses for the capped RNA were linear with R* >
0.99 (Figure S1). We were able to differentiate 2% uncapped
mRNA by using only 15 pmol of the material.

3.3. Poly(A) Tail Analytical Method Optimization. In
the initial method development, we had tried using the HFIP/
TEA blend that is commonly used for oligonucleotide analysis
but observed a large amount of sodium adducts. (Section 3.1)
Attempts to reduce this included optimizing the source
conditions, passivating the HPLC system with nitric acid, and
adding trace amounts of EDTA into the mobile phases. While
we were successful in reducing the adducts, they quickly
returned and were not consistent. A 100-mer poly(A) standard
synthesized by Horizon was used to evaluate both mobile
phases. In the HFIP/TEA mobile phase, the salt adducts
dominate the spectrum and the charge states are barely visible
(Figure 3A). With the TEAA blend, the charge states are clearly
visible with a noticeable reduction in adducts (Figure 3B).
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Because of this improvement, we decided to move forward with
this mobile phase composition for future development.

3.4. Poly(A) Tail Method Validation. To evaluate the
sensitivity of the assay, a titration of 4100 nt mRNA with an
expected poly(A) tail length of 100 nt was prepared at
concentrations ranging between 50 and 250 pmol and digested
in triplicate. We were unable to detect the poly(A) tail
consistently in the 31 pmol samples, so those data are not
shown. The distributions for the lowest and highest detectable
samples are shown in Figure 4. The x-axis represents the
nucleotide length, and the y-axis represents the % signal detected
of that specific poly(A) tail length divided by all poly(A) lengths
detected. One observation from the titration data was that we
detected more distinct lengths at higher RNA load. However, by
calculating the weighted average poly(A) tail lengths, we
observed no increase in the average length as the concentration
of RNA was increased (Figure S), indicating the lack of bias in
the assay with respect to input mass.

A major concern we had from previous methods was the size
selection bias introduced from an oligo dT affinity purification of
the poly(A) tail. There have been multiple reports of higher
recoveries observed from RNA with longer poly(A) tails.”” 5,26
By taking a “chop-and-shoot” approach, we should see all
poly(A) lengths equally because we will be directly measuring
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Figure 5. Average weighted poly(A) tail length remains constant at 109 nt as the amount of digested RNA is increased. However, there are more

species detected as the RNA load is increased.

the poly(A) tail fragments in the sample without any additional
sample cleanup. A sample containing 250 pmol of 4100 nt
mRNA was spiked with a custom poly(A) ladder containing
synthetic oligonucleotides with 40, 60, and 80 nt lengths. We
were able to detect the poly(A) distribution from our sample
along with the spiked standards (Figure 6).

To test accuracy, we purchased FLuc mRNA from a
commercial vendor (TriLink Biotechnologies), which should
have a poly(A) distribution around 120 nt. Three 125 pmol

22187

RNA digestions were prepared and analyzed by our method. We
calculated an average weighted poly(A) tail length of 123 nt
(Figure 7).

To test the utility of our mobile phase to resolve poly(A)
species of multiple sizes, we engineered plasmid DNA templates
to produce GFP mRNA with poly(A) tails of different lengths: 0,
50, 80, 100, 120, and 150 bp. These plasmids were propagated in
E. coli, isolated by Minipreps, and linearized with a BspQL The
lengths of poly(A) tails in these DNA templates were
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isolate the poly(A) containing fragment from the plasmid and run on an Agilent TapeStation. The sizing agrees well with the expected size. In larger
poly(A) tail containing sequences, impurities of smaller sizes are observed.

characterized with a diagnostic restriction digestion method
using an Agilent TapeStation (Figure 8). Sizing of DNA with the
TapeStation is accomplished via the inclusion of low-molecular-

weight and high-molecular-weight markers with each analytical

sample. These data indicate that cloned poly(A) tails up to 150
bp are relatively stable, though the appearance of truncated
species is increasingly apparent in templates with longer poly(A)

tails. These templates were used in in vitro transcription
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reactions to generate GFP mRNA with different poly(A)
lengths. We applied our mass spectrometry method to detect
poly(A) tails in these mRNA samples. The results indicate that
we are able to detect robust signals for each mRNA and the sizes
detected are consistent with the templated length of poly(A)
tails for the molecules. It has been previously reported that
poly(A) 150 is unstable in the plasmid and a broad peak can be
seen in the electropherogram (Figure 8).”” The RNA molecules
synthesized from these templates were analyzed with the HRMS
method and the poly(A) distributions for each sequence are
shown in Figure 9. The weighted average poly(A) tail lengths
were calculated for each sample and agree well with the
measurements obtained with the DNA templates (Table 1)."”

Table 1. Expected Poly(A) Length in GFP DNA Templates
Compared to the Observed Weighted Average Poly(A)
Length Using Our Method”

targeted weighted average Poly(A)  expected size  measured size
Poly(A) length by mass on tapestation  on tapestation
length (nt) spectrometry (nt) bp) bp)
0 0 187 192
50 55.2 214 218
80 85.2 244 244
100 104.3 264 258
120 120.7 284 278
150 140.2 314 301

“The DNA fragments were cleaved with a restriction enzyme and the
expected fragment size for the poly(A) containing species is listed as
well as the calculated size by the TapeStation. The size of the
restriction fragment without a poly(A) tail is expected to be 187 nt.

4. CONCLUSIONS

Characterization of mRNA capping and tailing is critical in
understanding the product quality and translation potential for
mRNA therapeutics. The methods presented herein involving
HPLC coupled with high-resolution mass spectrometry
detection using the HFIP/TEA/TEAA mobile phase blend

22189

offer a faster alternative to previously reported methods for
assessing these critical quality attributes. The shorter sample
processing time and ability to analyze samples from a higher-
throughput screening system (due to the lower amounts of the
sample needed to run the assay) are equally beneficial. HPLC
column performance has been acceptable with a typical column
lifetime ranging between 1800 and 2000 injections before
proactively being replaced. To date, we have run over 10,000 cap
and tail samples and have not seen any performance issues with
our mass spectrometer.

For capping analysis, we were able to detect a linear response
for both capped and uncapped analytes when using the
CleanCap analog in the molar equivalent ratio as reported by
the vendor. The values were consistent with TriLink’s findings
giving about 95% capping efficiency.”® The incorporation of an
internal standard into the enzymatic digestion step alerts us
when a sample has incomplete digestion and has helped to build
more confidence in the assay.

For poly(A) tail analysis, we utilized a “chop-and-shoot”
approach to simplify the sample preparation and dramatically
substantially reduce the preparation time to detect the poly(A)
tail mRNA sequence reliably with as little as 55 pmol. By
eliminating oligo dT purification post-digestion, we obviate the
bias introduced with the columns and were able to detect
poly(A) lengths ranging from SO to 150 nt, which we were
unable to deconvolute when using the traditional HFIP mobile
phases. Similar to Beverly et al,”’ we observed poly(A)
distributions on our RNA sequences larger than those designed
in the DNA template and can likely be attributed to
transcriptional slippage by the RNA polymerase.”

We recognize that a common challenge with the use of ion
pairing agents in mass spectrometry is the persistence of
contaminating ions in the mass spectrometer (102 in the case of
TEA). Indeed, we see some of that with this assay. To overcome
this, we routinely limit our scan range from 150 to 3000 m/z. On
the occasions where we do need to scan a lower m/z range, we
aggressively clean the system and/or utilize ion-exclusion lists to
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exclude this mass. We recommend that readers adopt similar
strategies to overcome this obstacle.
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