Waters:

Synthetic mRNA Oligo-Mapping Using lon-
Pairing Liguid Chromatography and Mass
Spectrometry

Maissa M. Gaye, Jonathan Fox, Johannes P.C. Vissers, lan Reah, Chris Knowles, Matthew A. Lauber

Waters Corporation

Abstract

Messenger RNA has quickly become an important modality for human medicine, as shown with its evaluation for
cancer treatment and the FDA approval of mRNA vaccines for COVID-19. The rapid development of mRNA
vaccines and other classes of MRNA therapeutics is supported by advances in analytical methodologies. One
important aspect of such methodologies is confirming the identity, purity, and modification(s) of a therapeutic
mRNA through mapping its sequence by liquid chromatography-mass spectrometry (LC-MS). Mass
spectrometry-based sequencing of RNAs has an advantage over templated RNA sequencing by offering direct
molecular detection of fragments, which can be used to localize nucleoside impurities and identify important
structural attributes (5'-cap and poly-A tail). As such, we propose a workflow for comprehensive bottom-up LC-
UV-MS characterization of mMRNAs that yields mRNA component-annotated chromatograms derived from

accurate-mass matching.

Benefits

High chromatographic resolution and MS sensitivity with the use of ion-pairing reversed-phase

chromatography in combination with the ACQUITY™ Premier Oligonucleotide BEH™ Cy5 300 A Column
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‘Automated mRNA digest annotation based on accurate-mass matching as facilitated by in silico mRNA

digestion calculations and application of waters_connect/UNIFI™ Scientific Libraries

Introduction

The SARS-CoV-2 pandemic provided the impetus for the fast-paced development of nucleic-acid based
medicine, especially synthetic mRNA.! Now, 40 years after its discovery in 1961 by Brenner et al.? [i], mRNA has
evolved into being an important modality with massive potential, as shown with the start of an in-human clinical
trial for cancer treatment'3 and the full approval of two COVID-19 mRNA vaccines by the US Food and Drug
Administration in August 2021 and in January 2022, respectively. The rapid development of mMRNA vaccines and
other classes of mMRNA therapeutics are supported by advances in analytical methodologies. One important
aspect of such methodologies is confirming the identity, purity, and modification of a therapeutic mRNA through
oligo-mapping and sequencing via liquid chromatography hyphenated to mass spectrometry (LC-MS). Nucleic
acid sequencing technologies, like Sanger and next-generation sequencing (NGS), provide valuable information
to drug developers. However, there is also a heightened level of analysis that can be achieved through the use of
LC in combination with tandem MS (LC-MS/MS)* or MSE (alternating low and high collision energy)® based
fragmentation. Similar to a proteomics bottom-up approach, LC-MS/MS or MSF based sequencing have the
advantage of direct molecular detection of RNA fragments, including the detection and localization of nucleoside
impurities and important structural attributes, like lipidated nucleobases,® endcapped residues, and polyA tail
modifications.*” Unlike bottom-up proteomics workflows, where a plethora of data processing solutions exist,
options for RNA mapping are limited. We propose a workflow for oligo-mapping based on a bottom-up approach
for the characterization of a given synthetic mRNA within a single platform comprising LC, UV detection and MS
measurements. Digestion components were processed using an in-house developed, freely available in silico
digestion library calculator, mRNAcalcondemand, in combination with waters_connect™ to yield an annotated
chromatogram. Here, we demonstrate this analytical approach for mRNA sequence mapping using RNase T1

digested luciferase mRNA.

Experimental
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Sample Information

Approximately 90 ug of synthetic Cypridina luciferase mRNA (uncapped and not modified with a polyA tail); a gift
from Bijoyita Roy (New England Biolabs, Ipswich, MA) was digested using 3'-guanosine specific ribonuclease
RNaseT1 (Worthington Biochemical Corporation, Lakewood, NJ). Note that this workflow was repeated using 10
ug of TriLink Biotechnologies (CleanCap® FLuc mRNA, San Diego, CA) firefly luciferase mRNA (untranslated
sequences are proprietary) and comparable results were achieved. Luciferase mMRNA was denatured prior to
digestion using 20 pL urea (8 M) prepared in nuclease-free buffer (10 mM Tris, 0.1 mM EDTA, pH 7.5 in water,
Integrated DNA Technologies, Inc, Coralville, IA) at 80 °C for 5 minutes. Next, 24 ug (~10kU) of RNase T1
(Worthington Biochemical Corporation, Lakewood, NJ) resuspended in nuclease-free buffer was added to the
denatured mRNA at room temperature and the mixture was then incubated at 37 °C for 30 minutes. Nuclease-
free buffer (40 pL) was added at the end of the incubation period, bringing the total sample volume to 80 pL. The
final aliquot was transferred to a polypropylene 300 uL autosampler vial (p/n: 186002639 <
https://www.waters.com/nextgen/global/shop/vials-containers--collection-plates/186002639-polypropylene-12-
x-32-mm-screw-neck-vial-with-cap-and-preslit-pt.html> ). The resulting digest was subjected to ion-pairing
reversed-phase chromatography (IP-RPLC) without any further manipulation prior to MS detection in negative

ion mode using the BioAccord™ RDa™ Detector.
LC Conditions

LC system: ACQUITY UPLC™ Premier BSM System (as part of

the BioAccord System)

Detector: ACQUITY UPLC TUV Detector
Wavelength: 260 nm
Column: ACQUITY Premier Oligonucleotide BEH C18, 2.1 X

150 mm, 300 A, 1.7 um (p/n:186010541)

Column Temperature: 70 °C

Sample Temperature: 4°C
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Injection: 5L

Flow Rate: 0.4 mL/min

Mobile phase A 0.1% N,N-diisopropylethylamine (DIPEA) as the IP
reagent and 1% 1,1,1,3,3,3-hexafluoroisopropanol

(HFIP) in deionized water

Mobile phase B 0.0375% DIPEA and 0.075% HFIP in 65:35

acetonitrile/water

Gradient Table

Time (min) | mL/min ‘ A (%) ‘ B (%) | Curve
Initial 0.4 97 3 *
60 0.4 70 30 6
60.5 0.4 o 95 6
61 0.4 97 % 6
70 0.4 S 3 6

Run time = 70 minutes

MS Conditions

MS system: BioAccord LC-MS System
Detector: ACQUITY RDa Detector
Mode: Full scan with fragmentation
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Polarity: Negative

Cone voltage: 40V

Fragmentation cone voltage: 80-200 V

Mass range: High (400-5000 m/z)
Scan rate: 2 Hz

Capillary voltage: 0.80 kV

Desolvation temperature: 400 °C

Results and Discussion

lon-pairing reversed-phase chromatography (IP-RPLC) with a C,g stationary phase has become a tried-and-true
approach for the analysis of oligonucleotides.*” The mobile phase contains an ion pairing reagent, commonly an
alkylamine, which adsorbs onto the Cig stationary phase®%'0 and thereby introduces a mixed mode like retention
mechanism.81% The N,N-diisopropylethylamine (DIPEA)/ 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) mobile phase
system used in this application is compatible with both optical UV detection and negative ion mode mass

spectrometry.*”~19 HFIP is used to enhance electrospray ionization.®

RNase T1 digested luciferase mRNA was injected onto an ACQUITY Premier Oligonucleotide BEH Cqg (2.1 x 150
mm, 300 A, 1.7 pm) Column and gradients were developed with an ACQUITY Premier Binary LC equipped with
an ACQUITY UPLC TUV Detector. The ACQUITY Premier Oligonucleotide BEH Cqg Column used in this work is
similar to ACQUITY Premier Oligonucleotide BEH Cy5 130 A Column, but with a wider pore size, providing better
resolution for longer oligonucleotide species. Data were acquired in triplicate using negative ion mode mass
spectrometry with the ACQUITY RDa Detector of a BioAccord Benchtop LC-MS system. Moreover, the ACQUITY

RDa Detector was programmed to acquire MSF data such that every other scan produced a high energy
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fragment ion spectrum that could be later used to corroborate LC peak identifications. Figure 1 depicts total ion
chromatograms (TIC) for an RNase T1 control sample (top trace), mRNA control sample (bottom trace) and the
digested mMRNA (middle trace). Oligonucleotide fragments resulting from the digestion of luciferase mMRNA with
RNase T1 were readily separated according to a separation with a 4-sigma peak capacity of 613. Overall,
chromatographic peaks were sharp and symmetrical with ~0.01 minutes variation in retention time (RT) over
triplicate injections. Digest components eluted between 2 and 23 minutes on a 60 minute gradient time method;
some incompletely digested mRNA was seen to elute around 29 minutes and intact RNaseT1 eluted around 54
minutes. As can be seen on the top trace of Figure 1, an RNase T1 control sample showed signal only after a 50
minute retention time. This confirmed that RNase T1 would not introduce interference within the retention
window of the mRNA digestion components. (Figure 1, middle trace). Likewise, the bottom trace of Figure 1
shows that intact luciferase mRNA elutes at approximately 38 minutes, confirming that the peak observed at 29
minutes in the digested sample (Figure 1, middle trace) corresponds to incompletely digested mRNA. We note
here that in the case of synthetic mMRNA comprising 5'-cap and poly-A tail structures, peaks at ~29 and 37
minutes are observed post digestion. The slight shift from ~38 minutes to ~37 minutes might be indicative of the
undigested polyA structure (an investigation into this chromatographic behavior will be described in a future

application note).
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Figure 1: TIC for RNase T1 control sample (top trace), mRNA control sample (bottom trace) and the digest
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(middle trace) obtained from ion-pairing reversed-phase chromatography (IP-RPLC) of luciferase mRNA
digested with Rnase T1 and analyzed using the ACQUITY UPLC I-Class System (ACQUITY
Premier Oligonucleotide BEH C;g Column, 2.1 x 150 mm, 300 A, 1.7 um) and the BioAccord ACQUITY RDa Detector

in negative ion mode.

The graphical user interface (GUI) of the in-silico digestion mRNA calculator, mMBRNAcalcondemand, is shown in
Scheme 1. Next to the base sequence, a number of digestion parameters are specified, such as modification(s),
enzyme, and missed cleavages. Based on this input, the calculator defaults to a number of MS specific settings,
including charge state and m/z ranges, as well as the ability to conduct calculations based on monoisotopic or
average mass. The generated output, in the form of a flat text csv file, can be utilized in UNIFI or waters_connect

software, or used for complementary downstream analysis.
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nRNA MASS Calculator

|
Sequence and Modifications

AUGGAGGACGCCAAGAACAUCAAGAAGGGCCCCGCCCCCUUCUACCCCCUGGAGGAL o
GGCACCGCCGGCGAGCAGCUGCACAAGGCCAUGAAGCGGUACGCCCUGGUGCCCGGL
ACCAUCGCCUUCACOGACGLCCACAUCGAGGUGGACAUCACCUACGCCGAGUACUUC
GAGAUGAGLGUGCEGCUGGLCGAGGLCAUGAAGCGGUACGGCCUGAACACCAACCAC
CGGAUCGUGGUGUGCAGCGAGAACAGCCUGCAGUUCUUCAUGCCCGUGCUGGGLGEC
COUGUUCAUCGGCGUGGLCGUGGLCCCCGCCAACGACAUCUACAACGAGCGGGAGCY
GCUGAACAGCAUGGGCAUCAGCCAGUOCACCGUGGUGUUCGUGAGCAAGAAGGGLC
UGCAGAAGAUCCUGAACGUGCAGAAGAAGCUGCCCAUCAUCCAGAAGAUCAUCAUCA
UGGACAGCAAGACCGACUACCAGGGCUUCCAGAGCAUGUACACCUUCGUGACCAGCC
ACCUGCCCCCCGGCUUCAACGAGUACGACUUCGUGCCCGAGAGCUUCGACCGGGACA
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Scheme 1: mRNA calculator GUI for in silico mRNA digest mass calculation.

Next, a library was created where the digest components are considered to be individual analytes, which was
achieved by importing the output of the calculator as a spreadsheet into a UNIFI Scientific Library. The created
libraries can be utilized in an HRMS Screening Analysis Method, targeting the digest compounds post-
acquisition, using user-specified tolerances. The use of mass tolerance-based library matching is demonstrated
below. As a result of the library search, an annotated chromatogram is automatically generated (Figure 2). A

close-up, corresponding to a zoomed view of the 17 to 20 minute retention time window is represented in Figure
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Figure 2: Annotated TIC of luciferase mRNA digest generated after matching, based on accurate mass, to a
target component library. Luciferase mRNA was digested with Rnase T1 and analyzed using the ACQUITY
Premier BSM LC (ACQUITY Premier Oligonucleotide BEH C;g Column, 2.1 x 150 mm, 300 A, 1.7 um) and the
BioAccord ACQUITY RDa Detector in negative mode. Target components were calculated using the mRNA MASS

calculator.

A total of 436, 428, and 441 potential identifications (IDs) of digestion components were produced from each
technical replicate upon screening data against an in silico library created with an allowance for up to 2 missed
cleavages. Several criteria were considered for manual validation. 40 out of 441 identified components were
rejected based on abundance and peak shape, e.g., low abundant chromatographic peak shoulders. The majority
of these rejected IDs (27 out of 40) were situated between 24 and 60 minutes. Overall, ~60% of the identified and
validated components were within 10 ppm mass error (261 digest components). The RNase T1 control sample
(Figure 1, top trace) was subjected to the same query and as expected did not yield any identifications. In

addition to peak shape and abundance, we further validated the results based on high-confidence interpretation
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of isotopic distributions to deduce charge assignments, which yielded 139 digest components (65% within 5 ppm
mass error). Lastly, some assignments were not included in the analysis because they appeared to be redundant
assignments triggered by repeated detection on broadened and shoulder-containing chromatographic peaks.
The number of identifications was thereby reduced by another 16 components. In a couple instances, however,
analyte masses showed up at multiple retention times to produce two unique IDs corresponding to two distinct,
well-defined chromatographic peaks. Here, we also took note of the presence of isomeric IDs (species having the
same chemical composition but different sequences) as well as isobaric IDs (species having different chemical
compositions [different exact mass], yet similar nominal mass). Ultimately, 90 unique components could be
identified based on accurate-mass matching, and these are reported in Table 1, including isomeric nucleotide

sequences and isobaric ions (cells highlighted in grey in Table 1).

Synthetic mRNA Oligo-Mapping Using lon-Pairing Liquid Chromatography and Mass Spectrometry n



Observed AT | Neutralmass | Observed Mass error

Component name Formula i e || coame | AT

UGUGP_1 C38HABN14031P4 164 132015604 650.0689 | -2 -4

€CUUCGECEap C92HI20N32073P1I0 | 165 315040375 | 10491302 | -3

UCUACUGCGP CasHIOTNI0OBEPS | 17 287036772 14341633 | -2

CCGGUCAAAGP CogHiziNgiOsOPI0 | 183 326145050 | 10861626 | -3

GAAGP C40H50N20027P4 21 1366.21047 6820024 | -2

‘cCcGp_s C28H3BN11022P3 I 254 97314057 485567 | -2

GAGACACCCUAGP C115H145N49082P12 254 389555330 12975089 | -3

cuceep C4THBINIBO37PS | 28 162421331 | 16232076 | -1

cuep C28H37N10023P3 | 28 97412459 aran7r K

|GAGACAUCAUUGP ClSHI43N47OB4PY2 | 256 | 389752142 | 12081735 | -3

UAUUGAUAGCAGP ClsH142N4608SP12 | 2555 3898.50544 19482401 | -2

ACGp - C29H38N13021P3 1 273 “997.1518 9961407 a

cAGp C29H38N13021P3 | am 99071518 9961407 -1

AUGP C20H37N12022P3 | 20 99813582 9971285 -1

AAGP_4 C30H38N15020P3 318 102116304 1020153 -1

“ACACCCUAGAAGP Cl5HI4EN49081P12 | 3.44 3870.55848 120217 | -3

UGAUCUUGP C75H94N26060P8 £ 2566.30045 12821387 | -2

cccap Ca7H50N14020P4 | s 127818186 638.0888 | -2

ccuep C37HAINT2030P4 | s 127016587 6385822 | -2

CUCUGGUGP C75HI5N27060P8 I 258131135 12806635 | -2

GGUCCCUGP C75HO6N28059P8 391 2580.32733 12801652 | -2

AAGCCGUGP C77H97NI3056PE | am 2627.36578 | 1312.675 i

UAAGP_1 C39HA9NT7028P4 | a7 192718824 13261802 | -1

ARAGP C40H50N20026P4 | 508 1350.21556 | 13402049 | -1

cucuep C46HEON15038P5 5.81 158519118 7915062 | -2

ucceep C46HBINIGO3TPS | se3 1584.20716 7911011 =2 51 | -2H,-3H,-H
caccGp C47HE2N19035P5 618 160723438 8026146 48

AucuGp C4THBONT7037P5 | em 1609.20241 | 803.6021 92

AUCCGp | C47THBINIZO36P5 T 53 1608.21839 8031076 | 61
AAAAACAUGUUGCCGp Cl44H179N600103P1S | 652 486066775 16192101 | -3 a1

CAAAGP C49H62N23033P5 D) 1665.25684 826,625 2 37

ceucusp C55H72N18045P6 | 780 1800.23246 9441145 = s 2H, -3, -4H, -H
cucceap C56H73N19044P6 | ra 1889.24845 9436212 | -2 37 | -2H,-3H,-4H,-H
cceeAcp C56H74N22042P6 | s20 101227566 9551342 | -2 3 [-2H,-3H,-aH,-H
“AuCCAGp C57H7IN23042P6 I 1937.27091 9676315 | -2 26 2H, _3H, -4H, _H
CAUUAGP C57H72N22043P6 | sss 1938.25493 | 19972514 | -1 19 |-H

AuUCUGP C56H7INIE045PE | se3 191522771 956.614 -2 69 | -2H,-3H,-4H,-H
AAUCAGP C58H73N25041P6 | ees 196126216 979.6375 | -2 B

UACAAGP C58H73N25041P6 8.88 1961268216 979.6375 | -2 3

AUCCAGP C57HTIN23042P6 | ess 103727081 | 9676353 | -2 65

AACCUGP C57H73N23042P6 | 9.03 1937,27091 967634 -2 5.2

ACACAGP C58H7AN26040P6 | e 1960.20813 979.1457 -2 th

ACAAAGP C59H7AN28039P6 | ese 108430836 ootis08 | -2 | 27

ucuucuGp C64HB2N19054P7 | ese 2107.2478 | 10076182 | -2 s

AucucuGp C65HB3IN22052P7 10.23 2220269 mostase | -2 2

UCUACUGp C65HB3IN22052P7 | 1023 2220269 mosrase | -2 7

UCUACUGP C65H83IN22052P7 [ 2220.269 Toe1302 | -2 2

| AUUCCAGP C66HB4N25050P7 | 1083 2243.20621 n20643 | -2 12

CAUACUGP CB6HBAN25050P7 1053 2243.20621 120,643 -2 12

CAUACUGp CB6HB4N25050P7 | 108 224320621 | 11208441 | -2 22

AULUCAGH CB6HBIN24051P7 | 1095 224428023 121141 =3 58

“AAACCUGP C67HBEN28048P7 IR 226632343 | 11321603 | 2 | 45

ACUACAGP C67HBEN28048P7 EEE 226632343 320603 | -2 45

CCACAAGP CB7HBEN29047P7 | mes 226533942 | 1316655 | -2 2

ucucuucap C73H94N22061P8 .69 250228307 | 12501386 | -2 1

AAAACAGp C )45P7 | .84 2313.26188 1155.6762 B 15 | -2H,-aH, - 41
UCCUUACGP CT4H95N25050P8 1199 252531028 12616501 -2 12

CCACCAUGD C75HOTNZ9056PE 12.32 2547.35349 12726742 | 2 a

AAAUCCUGP C76HIBN30056P8 1263 2572.34873 12851683 -2 03

ACAUACUGP C76HIEN30056P8 | 123 267234873 | 12051683 | -2 03

ACAUACUGP C76HOEN30056P8 12.85 267234873 12851676 | -2 02

ACAUACUGP C76HIEN30056P8 | 129 257234873 | 1285705 | -2 21

CUGCCap C56H73N21044P6 | 1264 192925450 6420863 -3 98

cacep C39H50N18029P4 I 135819415 | 13571889 | -t 15

CCUCACACGp C84HI0INI2063P0 | 1384 285230477 14251981 | -2 5 ~2H, -3H, -4H, -5H
ACAUCCUCGp C84HI08N31064P9 | ner 2053.07679 | 14256031 | -2 71| -24,-3H,-4H,-5H
UCACCAUCGP C84HI08N31064P9 13.87 205337879 14256931 -2 il ~2H, -3H, -4H, -5H
UCACCAUCGp C84H108N31064P9 | 2853,37679 | 14256893 | 2 45 | -2H,-3H,~4H,-5H
AUUCUUUUGp C83HI04N25069P8 1293 283330362 1416653 -2

ACAUCAUUGP | CesHIOTN32064P8 | 1419 2878.07404 | 14381666 | -2

AUUCUUAUGP C84HIOSN28067P9 | 1419 | 285633083 14271719 |

UGAUGAUUCUUUUGH C131H162N440106P14 1419 448450161 | 14970526 | 3

AUACAUUUGH C85HI08N31065P9 | 143 287935805 | 14386886 | -2 98 | -2H,-3H,-5H
ACACCCUAGP C85HI0ON34062P0 | 1444 2876.406 1ar2o4s | -2 58 | -2H,-3H,-4H,-5H
AACAACUCGp C86HI09N36061P9 1472 | 200041724 1449.2003 | -2 5 | -2H,-3H,-aH,-5H
AAACAAUCGD C87THIOINIB0B0PS | 1496 202442847 | 14612135 | -2 39 | -2H,-3H,~4H,-5H
CARACAAAGP ~ C8BH110NA1058Pa IR 204745569 14727265 | -2 35 |

AAAAACAUGH C8BHI09N40059P9 | 15.25 29484397 14732225 | -2 62

CUGACCCUAUCAUCGp C140H178NS10107P15 15.25 474961102 158219 -3 5.8

UUUCACACAGp CO4HIONIEO7IPIO | 1555 18341502 | 15907086 | -2 47 | -2H,-3H,-4H,-5H
UACAUAUUAGP C95HIIBNIEOTIPIO | 15.84 3208.41057 16032007 -2 12 2H,-3H,-4H, -5H
AUACAUUUGACAAAGP Cl44H178NS00103P15 | 16.02 4ag585685 | te1aziel | -3 a1 3H, -6H
CUACAUAAAGP CoBHI20N40088P10 | 16.02 323045377 16142191 | -2 0.8 | -2H,-3H,-4H,-5H
G&CUGp C48HBIN20037P5 | 1602 | 166421946  1663.208 | -1 e |
UCCACUCUAUGp C102H130N35080P11 16.49 346542039 17317095 | -2 0.8 -2H,-3H,-4H, -5H,-6H
AACAUUCUAUGR C104H130N39078P1! 17.24 3513.45186 | 17567214 | 2 10| -2H,-3H,-4H, -5H, ~6H
AUCUUAAAAUGH CI05H130N4I077P11 | 17.45 3537.46300 17677284 | -2 19| -2H,-3H,-4H,-5H
ACAUACUAUCAGP CTI4H143N45083P12 | 1845 384152036 | 10197548 | -2 08 2H, -3H, -4H, -5H, ~6H
cuGueep C57H72N22045P6 | 1845 107024476 1069.2473 | -1 5

GUGGp C39HA9INT7030P4 | a5 135907817 13681705 | -1 -03

AGGEP C40H50N20028P4 19.39 138220599 6900948 -2 -2

GAGGP_! C40H50N20028P4 | 1030 | 138220530 6900048 | -2 =
UCAUUGAGUUCUUCAAACUGp | C188H234N68O144P20 | 1030 636878303 21212642 | -3 a8

UAACUACAACCAGD Cl24HIS6N51088P13 | 19.43 416958987 1388.9648 -3 48

CAGGR C39HS0N18028P4 2238 134219924 13411865 | -1 -4

Table 1: Tentatively identified and validated luciferase mRNA digest components within a 10 ppm mass error
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based on accurate-mass matching. Cells corresponding to isomeric sequences or isobaric ions are highlighted in

grey.

Figure 3 shows example data that produced an identification of digestion component UCCACUCUAUGp. This
component eluted at 16.49 minutes as seen on the top left chromatogram and was identified from the in silico
digestion library based on 5 ions carrying 2 to 6 negative charges (Figure 3, left bottom trace) at m/z 576.5732
([M-6H1%7), 692.0876 ([M-5H]%"), 865.3603 ([M-4H]*"), 1154.1438 ([M-3H]%") and 1731.7095 ([M-2H]?"). Isotopic
distributions for [M-5H]%"and [M-2H]? ions are illustrated to show data in support of charge state assignments

(Figure 3, right).

Synthetic mRNA Oligo-Mapping Using lon-Pairing Liquid Chromatography and Mass Spectrometry 13



1-UCCACUCUAUGP
6000 ‘
@ 4000
c
o |
3
=
[7]
=]
[0
£
20001
0] L I
r r - T . - - T
15.75 16 1625 165 16.75 17 17.25 175
Retention time [min]
692.28763
100000
750001
8
c
=
3
=
% 500001 173221221
k3]
£ 1154.48108
576.74330
25000 965.61285 1781.20236
/
~865.85966
1792.18993
| /
04— . . ; : 1Y -
500 750 1000 1250 1500 1750 2000

Observed mass [m/2]

Intensity [counts]

Intensity [counts]

Observed mass [m/z]

692.28763
100000
692.48839
750004 692.08756
50000 692.68686
25000 692.88454
693.08175
692 692.25 692.5 692.75 693 693.25
Observed mass [m/z]
50000 173221221
1731.70949
40000 ! 1732.71584
30000+
1733.21086
20000
1733.70756
10000
173421604
1732 17325 1733 17335 1734 17345

Figure 3: Identification of digest component UCCAUCACCCUGp eluting at 16.49 minutes (left top trace). The

component was identified from the generated in silico digest based on 5 ions carrying 2 to 6 negative charges

(left bottom trace) at m/z 576.5732 ([M-6H]%"), 692.0876 ([M-5H]®"), 865.3603 ([M-4H]*), 1154.1438 ([M-3H]*") and

1731.7095 ([M-2HJ?"). The experimentally observed isotopic distributions for [M-5H]°" and [M-2HJ?" ions are

depicted on the right top and bottom traces respectively.

Ambiguities resulting from the presence of isomeric or isobaric ions were resolved using the waters_connect

CONFIRM Sequence™ application for the interpretation of MSE spectra as reported in Table 2. Isomeric

sequences at position 623-631 (ACAUCCUCGp) and 551-559 (UCACCAUCGp) are predicted from the RNAse T1

in silico digestion and both are assigned to the same retention time of 13.87 minutes. The correct assignment

cannot be made using the intact mass analysis. MSF data from the same injection were used to elucidate the
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correct sequence for this assignment using the waters_connect™ CONFIRM Sequence application, wherein high
energy fragment ions are predicted for each sequence and matched to isotope clusters of the integrated raw
data via a bespoke algorithm. Confirmed fragment ions are represented on a Dot-Map allowing a rapid
assessment of the sequence coverage (Figure 4, B): full sequence coverage was obtained for UCACCAUCGp

such that it could be readily validated as the correct assignment (Table 2, index #63).

Neutral precursor masses obtained for manually validated digestion components (Table 1) spanned from
973.1406 Da (CCGp, RT 2.54 minutes) to a 20-mer nucleotide at 6366.7830 Da (UCAUUGAGUUCUUCAAACUGp,
RT 19.39 minutes). The earliest eluting component was UGUGp, and it was identified with an observed neutral
mass of 1320.1560 and a retention time of 1.64 minutes. The last luciferase MRNA digest component to elute
within the manually validated set of IDs (Table 1) was CAGGp (1342.1992Da), and it was observed to elute at
22.38 minutes. Elution of CAGGp at such a late retention time was unexpected since the closely related
sequence UAAGp eluted at ~4 minutes. In order to address the issue of false positives, we used the
waters_connect CONFIRM Sequence application to further characterize components IDs. Validated based on MS
data with MSF data. As it can been seen in Table 2, 34/90 components, including CAGGp, did not generate an
adequate number of MSF fragments to further validate the sequence assignment, although accurate-mass
matching supported the assignment. Another interesting example is the observation within the same dataset of
assigned sequences AAAAACAUGUUGCCGp (4860.6678 Da, 15-mer, 9 purines) and AUACAUUUGACAAAGp
(4845.6568 Da, 15-mer, 9 purines) with identical purine content but eluting 10 minutes apart. Using MSF data, we
were able to rule out AAAAACAUGUUGCCGp as a false positive and confirm the identification of
AUACAUUUGACAAAGpPp. This demonstrates the importance of strategically using both accurate-mass matching
and fragmentation spectra to aid the unambiguous identification of components resulting from digested mRNA
sequences. Additionally, our observations have led us to recognize that the retention of digested mRNA
components may not be as predictable as first thought and that there is an urgent need for the interactions

between oligonucleotides and chromatographic stationary phases to be further studied and modeled.

Lastly, we manually estimated sequence coverage by comparing the matched, manually validated digest
components to the mRNA sequence. A preliminary estimate of sequence coverage for the 401 initial matches
produced a coverage value of approximately 76%. When the rigorously validated matches were checked against
the mRNA sequence, a coverage value of ~22% was obtained. Many of the observed digestion components
mapped to more than one location in the luciferase mMRNA sequence (Table 2) and the redundancy was expected

because there are only four unique residues in a modified or fully modified nucleic acid sequence.

Synthetic mRNA Oligo-Mapping Using lon-Pairing Liquid Chromatography and Mass Spectrometry 15



Validation using MSe data

Validated luciferase mANA digest | o\ oo | Position (CONFIRM Sequence)
components using accurate mass onmRNA | Additional position(s) on mRNA sequence e
matching (10 ppm mass error) sequence

Yes/No | Peak1 | Peak2 | Peak3

1 UGUGp.1 164 217229 | 1563-1566 yes 50
2 | ccuucecceep 165 895-905 | NA no [
3| UCUACUGCGp 17 7179 NA no o
4 | CCGGUCARAGP 1.03 15201629 | NA no 10
5 GAAGP 21 378-381 | 445-448,635-638,712-715 yes 25
% |[osed i so-en | EA0-240,264-256,630-540, 55-857,1073-1075,1070-1078,1223-1225, o 5
7| GAGACACCCUAGp 254 16671678 | NA no o
8 | cucacp 2.55 25-20 | NA no [
i [ty iE [ ;iéi;i:: ‘44137;3493,:’5‘;‘135_1;?5275|4, 560-562, 852-854, 906908, 940-942, Jos &
10| GAGACAUCAUUGp 2,55 455-466 | NA no 16.67
1| UAUUGAUAGCAGH 2.55 165-176 | NA no o
12| ACGp 273 779-781 | 809-811,920-922, 958-960 no o
13 | CAGp 273 | 174-176 | 273-275,287-289 T yes | s0
" e
B Asend SIS oot 1506, MM 175 AT Mo e 67 et e 100
16 | ACACCCUAGAAGP E 1670-1681 | NA no 16.67
17 | ueAUCUUGR 30 15301537 | NA yes 50
18 | cceep 391 902-905 | NA no [
1 | ccuep 301 1439-1442 | 14391442, 1564-1667, 1599-1602 yes 25
20 | CUCUGGUGP 3.1 1207-1314 | NA no 125
21| aeucccuap .01 10481055 | NA | no 125
22 | AAGCCGUGP 417 1220-1227 | NA no 125
23 | UAAGp1 a79 644-647 |1371-1374 yes 50
24| ARAGP 506 312-316 | 1147-1150, 16451648 yes 100
25 | cucuGp 5.61 1307-1311 | NA [ yes 60
26 | ucccap 583 1232-1236 | NA no o
27 | CACCGp 6.18 1470-1474 | NA ) 0
28 | AUCUGP 6.51 639-643 | 1445-1449 . yes | 100
29 | AUCCGp 653 30-34 | NA [ yes | 2
30 | ARAAACAUGUUGCCGP 6.52 234-248 | NA . no o
31 | CAAAGP 679 822-626 | NA yes 40
32 | coucUap .89 687-692 | NA yes
33 | CUCCCGR 791 968-973 | NA yes
34| COCCAGR a2 653-656 | NA no
35 | AUCCAGP 858 734-739 | NA y 3333 | 3333

| | (coelution)
36 | CAUUAGD .58 65-70 | NA yes 100

37 | AUUCUGP 863 1204-1208 | NA yes | 66.67

38 | ARUCAGP 8.88 1155-1160 | NA yes 66.67
33 | UACAAGP 8.88 841-846 | NA | yes 100

40 | AUCCAGD .89 734-739 | NA yes 3333 2333
a1 AACCUGD .03 T110-115 | 332-337, 400-405, 984-989 yes | 100

42 | ACACAGP a.26 659-664 | NA no 16.67
43 | ACAAAGP 952 1025-1030 | NA yes | 3333
44| UCUUCUGD a.89 828-834 | NA yes .43
45 | AUCUCUGP 10.23 679-685 | NA o 14.29
46 UCUACUGD | 023 71-77 | NA | yes 2857
47 | AUUCCAGP 10.53 318-324 | NA | no 14,28
48 | CAUACUGR 1063 815-821 | NA | yes | s1ma
49 | AUUUCAGP 10.85 1406-1412_| NA yes 7143
50 | AAACCUGP 1 n2z | 14s3-1489 [NA T yes | ma3 B |
51 | ACUACAGp n2z 947-953 | 1285-1291 | yes 743
52 | CCACAAGP 125 | 15571563 | NA yes | 1429
53 | UCUCUUCGR 1169 15121519 | NA yes 75

54| ARAACAGP ne4 11871203 | NA yes 7143
55 | UCCUUACGP .99 102-109 | NA yes 75

56 | CCACCAUGP 12.32 3542 |NA yes 25

57 | AAAUCCUGP 12.63 798-805 | NA | no | 125

58 | ACAUACUGp 12.63 1277-1284 | NA | yes | 1429 625 40
59 | CuGCCGp 12.64 852-857 | NA no o

60 | GGCGp 1337 367-370 | NA no o

61 | CCUCACACGP 13.80 929-937 | NA yes 222
62 | ACAUCCUCGp 13.87 623-631 | NA | yes 3333
63 | UCACCAUCGD 13.87 551-560 | NA yes 100 333
64 | AUUCUUUUGP 1393 | 1418-1426 | NA yes 5666 |
65 | ACAUCAUUGP 1418 458-466 | NA yes 2222
66 | AUUCUUAUGP 1419 10631071 | NA yes 4444
67 | UGAUGAUUCUUUUGD 1419 1413-1426 | NA | no 714

68 | AUACAUUUGD 14.43 1016-1024 | NA yes 55,56
69 | ACACCCUAGP 14.44 16701678 | NA no i

70 | AACAACUCGD 4z 740-748 | NA yes 2222
71| AAACAAUCGP 14.96 He2-1170 | NA yes 55,56
72 | CAAACAAAGD 14.96 665-673 | NA yes 7778
73| AAAAACAUGD 15.25 234-242 | NA yes 7778
74| CUGACCCUAUCAUCGp 15.25 512-526 | NA no [3

75| UUUCACACAGR 1655 1109-118 | NA yes 80

76 | UACAUAUUAGP 15.84 134 yes 80

77 | AUACAUUUGACAAAGP 1802 | 1016-1030 | NA T yes | 20

78 | CUACAUAAAGD 16.02 16531662 | NA yes 50

79 GGCUGH 16.02 420-424 | NA no o

80 | UCCACUCUAUGH 16.49 796796 | NA yes 7273
81 | AACAUUCUAUGH .24 300-310 | NA yes 6364
82 | AUCUUAAAAUGP 1745 698-708 | NA yes 8364
83 | ACAUACUAUCAGP 18.45 197-208 | NA yes 50

84 | CUGUGGP 18.45 77182 | NA no [

8 | GUGGP 18.55 506-500 | 914-917,1312-1315 no o

86 | AGGGP 19.30 1603-1606 | NA | no | o

8 | GAGGP_1 19.39 632-635 | 1214-1217 [ no | o

88 | UCAUUGAGUUCUUCAAACUGP 19.30 503612 | NA no o

89 | UAACUACAACCAGP 19.43 1392-1404 | NA yes 69.23
9 | cAGGp 2238 287-200 | NA no 0

Table 2: Identification and validation of luciferase mRNA digest components based on accurate-mass matching
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and further validation using the waters_connect CONFIRM Sequence application and collected MSE spectra.
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Figure 4: (A) Digested fragment components at position 623-631 (ACAUCCUCGp) and 551-559 (UCACCAUCGp)
are predicted from RNAse T1 digest and are assigned to the same RT peak in the TIC. It is not possible to
determine the correct assignment using intact mass information. (B) MSE data from the same injection can be
used to elucidate the correct sequence for this assignment. Using the waters_connect CONFIRM Sequence
application, high energy fragment ions are predicted using McLucky annotation’ for each sequence and
matched to isotope clusters of the integrated raw data via a bespoke algorithm. The software presents confirmed

fragment ions on a Dot-Map to quickly assess the sequence coverage.

Conclusion

In the present work, we established a robust analytical workflow for oligo-mapping of synthetic mRNA using IP-

RPLC and MS.

Synthetic mRNAs were reproducibly digested using RNase T1, starting with as little as 10 ug of material, and
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injected without additional sample clean-up onto an ACQUITY Premier Oligonucleotide BEH Cyg (2.1 x 150
mm, 300 A, 1.7 pm) Column

High chromatographic resolution was achieved using ion-pairing reversed-phase chromatography on an
ACQUITY Premier LC such that digest components could be readily separated from incompletely digested
mRNA and residual enzyme and efficiently detected with a BioAccord ACQUITY RDa Detector

- Annotated mRNA digest chromatograms were generated based on accurate-mass matching as facilitated by

in silico mRNA digestion calculations and the application of waters_connect/UNIFI Scientific Libraries

- Assigned sequences for digested components were further validated based on MSF spectra using the
waters_connect CONFIRM Sequence application. In addition, Dot-Map visualization was used to quickly

check the fragment ion coverage of potential assignments

With this work, it was our intent to establish the chromatographic, detection, and data interpretation approaches
that would be needed to facilitate the bottom-up characterization of an mMRNA molecule. RNase T1 digestion was
applied only as a first example and a proof of concept on establishing a workflow for data collection and analysis.
That said, there is ample opportunity to more comprehensively probe a given mRNA structure by (1) using
multiple, different nucleases to generate orthogonal and additive sequence mapping information and (2)
adopting a multiplexing approach for data acquisition. These aspects, aimed at achieving comprehensive

sequence coverage, will be explored in future work.
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