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Application benefits 
•	 Confident identification and sequence confirmation of polyadenylated tails in 

synthetic mRNA transcripts using high-resolution, accurate mass spectrometry 
(HRAM)

•	 Streamlined workflow for the characterization of the polyadenylated tail using  
Thermo Scientific™ BioPharma Finder™ 5.0 software

Goal 
To develop a sensitive and robust LC-MS method for identification and sequence 

confirmation of 3' polyadenylated tails from IVT mRNA products

Introduction
The central dogma of molecular biology1 states that, in general, the genetic information 

stored in our DNA (deoxyribonucleic acid) is transcribed into RNA (ribonucleic acid), 

which is then translated into protein. During transcription, a “copy” of the expressed 

gene is made that carries the message encoded in the DNA. This transcript is a strand 

of RNA, messenger RNA or mRNA, that once processed and exported to the ribosome, 

is then translated into proteins that keep cellular processes functioning. The mature 

mRNA is composed of five regions, each with specific biological significance: the 5' cap, 

the 5' and 3' untranslated regions, the reading frame, and the poly(A) tail. 
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The poly(A) tail, as its name suggests, is a string of adenosines 

added to the end of a nascent mRNA transcript.2 The enzyme 

responsible for the polyadenylation was discovered in 1960, 

isolated from bovine thymus tissue, and was the first polymerase 

identified to use a nucleotide triphosphate in the biochemical 

addition.3 The authors went on to show that the poly(A) 

polymerase, or PAP, was adding the adenosine biopolymer to  

the 3' end of mRNA.4 Further investigation revealed the poly(A) tail 

recruits poly(A) binding proteins.5 These RNA-protein complexes 

have various biological roles such as nuclear export post 

processing,6 facilitating translation,7,8 and regulating transcript 

degradation.9,10

For in vitro-produced mRNA, characterization of poly(A) tail  

length is a crucial part of transcript design. Determination of  

tail length assists in determination of translation efficiency,11  

which has a direct impact on the efficacy of the therapeutic. 

Analytical measurements of the poly(A) tail have been mostly 

RNA-Seq based,12 relying on reverse transcription followed 

by amplification. These experiments can be costly due to 

instrumentation requirements, sample workup, and data analysis. 

We present here an HRAM-LC-MS method for determining the 

length of polyadenylated tails from in vitro-transcribed mRNA.

Experimental 
Reagents, consumables, and lab equipment
•	 Thermo Scientific™ UHPLC-MS Water (P/N W81) 

•	 Thermo Scientific™ UHPLC-MS Acetonitrile (P/N A9554) 

•	 Thermo Scientific™ RNase T1 (1000 U/µL) (P/N EN0542)

•	 Invitrogen™ Dynabeads™ Oligo(dT)25 (P/N 61002)

•	 Invitrogen™ Nuclease-Free Water (not DEPC-Treated)  
(P/N 9938)

•	 Thermo Scientific™ MagJET Separation Rack, 12 × 1.5 mL 
tube (P/N FERMR02)

•	 Thermo Scientific™ F1-ClipTip™ Variable Volume Single 
Channel Pipettes (P/N 4641210N)

•	 Invitrogen™ Nonstick, RNase-free Microfuge Tubes, 1.5 mL 
(P/N AM12450)

•	 Invitrogen™ Nonstick, RNase-free Microfuge Tubes, 2 mL  
(P/N AM12475)

•	 Thermo Scientific™ Savant™ SpeedVac™ Medium Capacity 
Vacuum Concentrators (P/N SPD131DDA)

•	 Thermo Scientific™ NanoDrop™ One/OneC Microvolume  
UV-Vis Spectrophotometer (P/N ND-ONEC-W)

•	 1,1,1,3,3,3-Hexafluoro-2-propanol, 99%, for analysis,  
Thermo Scientific™ (P/N AAA1274722)

•	 Di-n-butylamine, 98+%, Thermo Scientific™ (P/N AAA11671AP)

Sample preparation—digestion of IVT mRNA with 
RNase T1
To a low binding Eppendorf tube was added 100 pmol of  

IVT-produced mRNA, 10 µL of 0.1 mM ZnCl2, and 1,000 U  

RNase T1. The solution was brought up to 50 µL with Nuclease-Free  

water and allowed to digest for 1 hr in a thermal mixer set to 37 °C  

and 400 RPM. At the end of the hour, the tube was removed 

and the polyadenylated tails were purified from the digest using 

100 µL of Dynabeads Oligo(dT)25 magnetic beads, following the 

recommended procedure. 

Ion-pair reversed-phase liquid chromatography  
(IP-RP LC)
For all experiments, the Thermo Scientific™ Vanquish™ Horizon 

UHPLC system was used, consisting of:

•	 Thermo Scientific™ Vanquish™ System Base (VF-S01-A-02)

•	 Thermo Scientific™ Vanquish™ Binary Pump H  
(P/N VH-P10-A-02)

•	 Thermo Scientific™ Vanquish™ Split Sampler HT  
(P/N VH-A10-A-02)

•	 Thermo Scientific™ Vanquish™ Column Compartment H  
(P/N VH-C10-A-02)

•	 Thermo Scientific™ Viper™ MS Connection Kit Vanquish™  
LC systems (P/N 6720.0405)

•	 Mobile phase A: 25 mM HFIP, 15 mM dibutylamine in H2O

•	 Mobile phase B: 25 mM HFIP, 15 mM dibutylamine in ACN

Oligonucleotide separations were performed with a Thermo 

Scientific™ DNAPac™ RP column (4 μm, 2.1 × 100 mm,  

P/N 088924) using a Vanquish Horizon UHPLC system. The 

autosampler was held at 5 °C while the column was maintained 

at 70 °C with the column oven thermostat mode set to Still Air. 

The LC gradient used in this study is shown in Figure 1. 

 

https://www.thermofisher.com/order/catalog/product/W81
https://www.fishersci.com/shop/products/acetonitrile-optima-lc-ms-grade-fisher-chemical/A9554
https://www.thermofisher.com/order/catalog/product/cn/en/EN0542
https://www.thermofisher.com/order/catalog/product/61002
https://www.thermofisher.com/order/catalog/product/AM9938
https://www.fishersci.com/shop/products/thermo-scientific-fermentas-magjet-separation-rack/FERMR02
https://www.thermofisher.com/order/catalog/product/4641210N
https://www.thermofisher.com/order/catalog/product/AM12450
https://www.thermofisher.com/order/catalog/product/AM12475
https://www.fishersci.fi/shop/products/savant-spd131dda-speedvac-concentrator/10031382
https://www.thermofisher.com/order/catalog/product/ND-ONE-W
https://www.fishersci.com/shop/products/1-1-1-3-3-3-hexafluoro-2-propanol-99-thermo-scientific/AAA1274722
https://www.fishersci.com/shop/products/di-n-butylamine-98-thermo-scientific/AAA11671AP
https://www.thermofisher.com/order/catalog/product/VH-P10-A-02
https://www.thermofisher.com/order/catalog/product/VH-A10-A-02
https://www.thermofisher.com/order/catalog/product/VH-C10-A-03
https://www.thermofisher.com/order/catalog/product/6720.0405
https://www.thermofisher.com/order/catalog/product/088924


3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10 11 12

m
L/

m
in

R
el

at
iv

e
 a

bu
nd

an
ce

Time (min)

Time  (min) %B

0 20
0.5 20
8 40

8.1 95
9 95

9.1 20
12 20

Mass spectrometry 
The Thermo Scientific™ Orbitrap Exploris™ 240 mass spectrometer  

(P/N BRE725535) was operated with Thermo Scientific™ 

Chromeleon™ 7.3.1 Chromatography Data System (CDS) software 

and controlled by Thermo Scientific™ Orbitrap Exploris™ Series 2.0  

instrument control software (ICSW). Instrument calibration was 

performed using Thermo Scientific™ Pierce™ FlexMix™ calibration 

solution. Data acquisition was performed in negative ion mode. 

The MS method was built in the method editor using the standard 

MS template provided with the Orbitrap Exploris instrument 

control software and then modified accordingly. Table 1 lists the 

scan parameters used in these acquisitions. Global settings were 

default for the flow rate (400 µL min-1) used in the experiment.

Table 1. MS parameters used in the analysis

Master scan

Full scan Value

Orbitrap resolution 240,000

Scan range (m/z) 1,000–2,000

RF lens (%) 70

AGC target Custom

Normalized AGC target (%) 200

Maximum injection time mode Custom

Maximum injection time (ms) 300

Microscans 2

Data type Profile

Polarity Negative

Figure 1. Reversed phase gradient used in these experiments. Both mobile phase A (water) and B (acetonitrile) contain the modifiers 
hexafluoroisopropanol (HFIP) and dibutylamine (DBA).

Software 
•	 Chromeleon 7.3.1 CDS software (P/N CHROMELEON7) 

•	 Thermo Scientific™ Freestyle™ 1.8.2 software 

•	 Thermo Scientific™ BioPharma Finder™ 5.0 software  
(P/N OPTON-30988)

Intact mass analysis in BioPharma Finder software 
BioPharma Finder software has two independent deconvolution 

algorithms in its Intact Mass Analysis workflow: Xtract™, used to 

deconvolute isotopically resolved mass spectra, and ReSpect™, 

which deconvolves isotopically unresolved mass spectra. For 

determination of poly(A) length, we use the Xtract algorithm.  

As in previous mRNA analysis utilizing BioPharma Finder software,  

we begin with the Sequence Manager. Accessing the Sequence 

Manager allows for creation of the poly(A) sequence used to 

match the acquired data against (Figure 2).

The length of the tail from an IVT construct is known. By creating 

a poly(A) sequence longer than the expected mass, we can use 

the created sequence to compare the deconvoluted masses 

against. For our experiments, we created a sequence  

140 adenosines long, ~15 adenosines longer than our theoretical 

poly(A) tail. This was exploited to determine and annotate the 

deconvoluted spectra using a terminal truncation search option 

under the Sequence Manager pane Assign Variable Modifications 

(Figure 3).
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Figure 2. Sequence Manager pane showing a 140mer polyA sequence under the category of Intact 
Deconvolution

Figure 3. Terminal Truncation Search in BioPharma Finder software, Assign Variable Modifications pane. Using a truncated end search, 
the software can align deconvoluted masses against the poly(A) sequence to assign annotation.

Results and discussion
UHPLC-HRAM MS analysis of the mRNA poly(A) tail
Characterization of the mRNA 3' tail is accomplished through 

the application of the enzyme RNase T1. RNase T1 is a 

naturally occurring endonuclease and shows base specificity, 

primarily cleaving ssRNA at guanosine residues to generate 

oligonucleotides with a 3' Gp. We can exploit this base specificity 

in the characterization of poly(A) tailed mRNA, as the enzyme will 

digest the intact mRNA at the guanosine residues, generating 

small oligonucleotides, while leaving the poly(A) tail intact.  

The population of poly(A) tail is then purified from the digestion 

using oligo(dT)25 magnetic beads as represented in Figure 4A. 

Due to the negatively charged phosphate backbone, ion-pairing 

chromatography is used to resolve the biopolymer. Figure 4B 

shows the chromatographic peak from an injection of oligo(dT)25 

purified T1 digest of poly(A) mRNA. It was found that the use of 

dibutylamine (DBA) resulted in better peak shape and retention 

than of the commonly used triethylamine (TEA).13 It should be 

noted that the use of RNase T1, specifically in these experiments, 

is due to the last nucleotide in our transcript being a guanosine. 

Should a different nucleotide be present, the use of RNase A with 

RNase T1 can be used. RNase A is an endonuclease that shows 

preference for pyrimidine residues and is active in the same 

reaction conditions as T1. 

Figure 4. (A) Representation of the digestion workflow; (B) Chromatographic peak of purified poly(A) tails
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The Orbitrap Exploris 240 mass spectrometer provides the 

quantitative precision and accuracy needed for identification 

of the adenylated strand. The length of poly(A) tails averages 

around 125 nucleotides, with the main charge-carrying atom 

in the strand being the hydroxyl in the phosphate backbone. 

The electronegative backbone can help with desorbing from 

the electrospray droplet, as coulombic repulsion between the 

phosphate backbone and the surface charge on the droplet 

repel, releasing the biopolymer into the gas phase where it can 

be sampled in the mass spectrometer. Figure 5 shows a mass 

spectrum of a poly(A) pool purified from a RNase T1 digest of 

a commercially available mRNA. The presence of overlapping 

multiply charged ions results in spectra too complicated to 

Figure 4. (A) Representation of the digestion workflow. (B) Chromatographic peak of purified poly(A) tails.

manually interpret. The use of BioPharma Finder software’s Intact 

Mass Analysis workflow deconvoluted the multiply charged 

spectra into its individual monoisotopic masses. Figure 6 shows 

a zoomed image of a single isotopically resolved charge state 

from the mass spectrum in Figure 5. The use of the Xtract 

deconvolution algorithm is recommended when isotopically 

resolved peaks are present. Xtract uses clusters of isotopically 

resolved peaks and their spacing to determine an initial estimate 

of mass. Once the initial estimate is determined, the algorithm 

uses an Averagine distribution14 to determine a monoisotopic 

mass that best fits the estimate. The algorithm then combines 

the results determined for all the observed charge states for each 

mass to report the single monoisotopic mass value.

Figure 5. Mass spectrum of a purified poly(A) pool. Blue lines indicate charge states used for Xtract algorithm deconvolution of the mass of a 
singular length of poly(A) in the sample.

Figure 6. Zoomed image of an isotopically resolved 30- charge state. Isotopic resolved peaks are used with the Xtract deconvolution algorithm 
for determination of monoisotopic mass.
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Deconvoluted results are returned in table format with the option 

to choose the fields to display. Table 2 lists the results of the 

poly(A) Intact Mass Analysis listing the annotated Modification, 

the determined monoisotopic mass, theoretical mass, and the 

mass difference between the two. The matched mass error for 

this analysis was between 6 and 3 ppm for the detected features, 

an extraordinarily accurate measurement when considering 

the complexity of the sample and mass of the oligonucleotide 

mixture. Also listed in Table 2 is the relative abundance of the 

detected feature, the number of detected charge states per 

deconvoluted mass, and the distribution of charge state between 

them. It is interesting to note that the charge state distribution 

for the poly(A) tails falls between 20 and 40. As a rule of thumb, 

charge state is normally half the length, so a 100mer would 

theoretically have a charge state distribution of ~50. The lower 

distribution for poly(A) highlights the challenge posed by the 

analysis and reinforces the need for proper sample preparation 

and mobile phase modifier pairing. 

The goal of this application was to develop a method for 

determination of tail length in mRNA vaccine development.  

By using Biopharma Finder software Intact Mass Analysis with 

the isotopically resolved oligonucleotide data, we can produce 

a table of monoisotopic masses and their relative abundances. 

To determine tail length, we use a theoretical mass from a 

140mer poly(A) sequence created in Sequence Manager. 

The BioPharma Finder software output from a deconvolution 

experiment annotates the monoisotopic masses determined 

through deconvolution based on their mass difference from the 

theoretical 140mer and is included in the results table under the 

Modification field. Figure 7 shows the resulting output from the 

Intact Mass Analysis with the monoisotopic masses annotated as 

truncations from the theoretical sequence. Because we know that 

the oligonucleotide is made from a polymeric chain of adenosines 

joined 5' to 3' by a phosphodiester bond, and that each individual 

mass unit is the mass of an adenosine monophosphate minus a 

water molecule, we can divide the monoisotopic masses listed in 

the table by 330 to get the number of adenosines in the poly(A) 

tail. This is then plotted against the relative abundance to give the 

distribution of tail lengths in the sample (Figure 8).

Table 2. Intact Mass Analysis Results table listing deconvoluted results
Table 2.

Figure 7. BioPharma Finder software 
Intact Mass Analysis deconvolution 
results of a poly(A) pool analysis. 
Monoisotopic masses are listed based on their 
relative abundance and annotated based on 
the difference between the detected mass and 
the theoretical mass of a 140mer.
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Conclusion
The Orbitrap Exploris 240 mass spectrometer, coupled to the 

Vanquish Horizon UHPLC system, utilizing the DNAPac RP 

column for separation and BioPharma Finder software for data 

processing, yields a robust and powerful analytical platform for 

determination of poly(A) tail length in in vitro-produced mRNA. 

•	 The Orbitrap Exploris 240 mass spectrometer returns 
exceptional mass accuracy for large polyadenylated species.

•	 BioPharma Finder software Intact Mass Analysis Xtract 
deconvolution algorithm effortlessly handles complex spectra, 
yielding precise measurements for poly(A) tail characterization 
workflows.

•	 DNAPac RP columns continue to provide excellent 
chromatographic retention for large oligonucleotides. 

Figure 8. Length of poly(A) tails in a commercial mRNA sample. 
The figure was produced by dividing the monoisotopic mass by the mass 
of AMP-H2O (330 Da) to give the number of adenosines in the individual 
tails.
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