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Abstract

Eukaryotic mRNAs are emerging modalities for protein replacement therapy and vaccination.
Their 5" cap is important for mRNA translation and immune response and can be naturally
methylated at different positions by S-adenosyl-L-methionine (AdoMet)-dependent
methyltransferases (M Tases). We report on the cosubstrate scope of the MTase CAPAM
responsible for methylation at the A/8-position of adenosine start nucleotides using synthetic
AdoMet analogs. The chemo-enzymatic propargylation enabled production of site-specifically
modified reporter-mRNASs. These cap-propar-gylated mRNAs were efficiently translated and
showed ~ 3-fold increased immune response in human cells. The same effects were observed
when the receptor binding domain (RBD) of SARS-CoV-2—a currently tested epitope for mMRNA
vaccination—was used. Site-specific chemo-enzymatic modification of eukaryotic mRNA may
thus be a suitable strategy to modulate translation and immune response of mRNAs for future
therapeutic applications.
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Introduction

Eukaryotic mRNA has emerged as a new therapeutic modality for vaccination and protein
replacement. An mRNA coding for the spike protein of SARS-CoV-2 has recently been
admitted as first Covid-19 (coronavirus disease 2019) vaccine and several clinical studies for
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cancer treatment are underway, demonstrating the potential of this technology for fast
development and personalized medicine.[X] mRNA made by in vitro transcription (IVT) can
stimulate the innate immune system and lead to potent antigen-specific cellular and humoral
immune response.[?] This intrinsic adjuvant activity is an added benefit for vaccination.[!
Overstimulation, however, triggers the cellular antiviral defense mechanism via type |
interferon (IFN) and blocks translation of the mRNA vaccine.l]

Consequently, multiple approaches to engineer mMRNAs have been taken, including
optimization of the codon usage and the sequence of the untranslated regions (UTRsS),
introduction of naturally modified nucleosides and advances in purification and delivery
strategies.[4°] Above all, the development of enzymatically synthesized long mRNAs with a
5" cap is the prerequisite for mMRNA-based therapies. These mMRNAs are made by IVT using
the anti-reverse-cap-analog (ARCA) (5'-AC, Scheme 1) representing a cap0 structure or the
Clean Cap (5'-CC, Scheme 1), representing a capl structure. The capO structure protects
mRNA from degradation, is required for eukaryotic translationl8] and reduces the innate
immune response elicited by receptors recognizing the 5" triphosphate.l”] The additional 2’-
O-methylation at the transcription start nucleotide (TSN) in the capl structure increases
translation and reduces the innate immune response, as shown by preventing recognition by
RIG-1 (cytosolic retinoic-acid inducible gene 1) and IFIT1 (Interferon-induced protein with
tetratricopeptide repeats 1).[8]

However, recent studies revealed many more naturally occurring and potentially dynamic
cap modifications, in particular at the TSN.[®] CAPAM was recently discovered as the
enzyme responsible for A/6-methylation of A, in capl to m6A,.[2% First studies indicate
that m6A,, could stabilize mRNA,[10a.c.d. 111 however the precise function of this
methylation and its impact on translation are not fully understood.

Given the importance of cap modifications in distinguishing self from non-self mMRNA and
the combinatorial possibilities in cap composition regarding nucleosides and methylation
patterns, investigation of their respective translational and immunogenic properties is
intriguing.[*2] Moreover, the variation of the widely occurring methyl group by non-natural
alky! or functional groups may provide new options to engineer the properties of 5” caps for
mRNA-based therapies.

Several strategies for the modification of the mRNA cap with the aim to influence and tune
its properties in cells have already been reported. Non-natural cap-analogs, containing for
example, phosphorothioate, phosphorothiolate and/or methylenebisphosphonate moieties in
the triphosphate have shown to improve RNA stability and translation.[13] Methy!-
transferase (MTase)-based modification of a post-transcriptionally added 5” cap guanosine
using AdoMet analogs decreased the translation efficiency of reporter mRNAs.[24] Also non-
natural modifications in the mRNA body and poly(A) tail have been investigated.
Incorporation of phosphorothioate nucleosides (NTPaS) into the mRNA body improved
translation,[23] while incorporation of ATPaS into the poly(A)-tail stabilized the mRNA
without impacting translation.[26] Click-labeling at the poly(A) tail with fluorescent dyes
increased translation.l1”] However, while it is now clear that translation can be tailored by
non-natural enzymatic modifications of mRNA, their effect on immunogenicity is unknown.
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In this work, we explore the cosubstrate scope of the MTase CAPAM that gives access to
enzymatic modification of adenosine as TSN in capped mRNA. We diversify the set of
available cap modifications and investigate their effect on RNA translation and
immunogenicity.

Results and Discussion

CAPAM is Active on AdoMet Analogs

First, we validated that recombinant CAPAM is active in vitro using the natural cosubstrate
S-adenosyl-L-methionine (AdoMet). To this end, a short model RNA(RNA1, 26 nt long) was
made by IVT with the Clean Cap (5”-CC) and converted with AdoMet (Figure 1A). For
HPLC or LC-MS analysis, the mRNA was digested to nucleosides using a combination of
nuclease P1, snake venom phosphodiesterase and alkaline phosphatase (Figure 1B).[18] RP-
HPLC analysis showed five peaks that could be assigned to the four canonical nucleosides
and Ay, (Figure S8). In the presence of CAPAM, we observed conversion of Ay, and
formation of a new peak at 4.5 min, which was absent in a negative control without enzyme
(Figure 1C). As expected, the new peak corresponded to m8A,,, according to LC-MS
analysis (Figure 1D).

MS?2 fragmentation showed the mass of A/6-methyl-adenine, confirming that the
modification is indeed installed at the nucleobase (Figure 1D). The enzymatic conversion of
RNA 1 with AdoMet using CAPAM (20 mol%) yielded 94% methylation at the A/8-position
of the first transcribed adenosine, according to RP-HPLC (Figure 1C).

To assess the cosubstrate scope of CAPAM, we synthesized a set of AdoMet analogs with
extended side chains, that is, propargyl (SeAdoYn), hexenynyl (HeySAM), azidobutenyl
(AbSAM) and benzylic (AdoONB and AdoNP) residues instead of the methyl group (Figure
1A, Figure $9-10).[2%1 Enzymatic conversion of RNA1 with CAPAM and SeAdoYn led to
efficient formation of A/6-propargylated A, (V8pAp), as confirmed by RP-HPLC (Figure
1C), LC-MS and LC-MS? analysis (Figure 1E). The conversion reached 57%, which
corresponds to 61% relative to CAPAM methylation under otherwise identical conditions.
For AdoMet analogs with longer side chains, we observed lower conversions, that is, 15%
for the hexenynyl group (from HeySAM) and only traces for the azidobutenyl group (from
AbSAM), the ortho-nitrobenzyl group (from AdoONB) or the 6-nitropiperonyl group (from
AdoNP). In all cases, minor amounts of m6A,, were also formed, originating from
copurified AdoMet bound to CAPAM. This background methylation was reduced by a LiCl
washing step during CAPAM purification. These data indicate that CAPAM can
accommodate AdoMet analogs with extended side chains, but that large groups are not as
well accommodated, reflecting constraints in the active site, in line with the crystal structure
(pdb 6IRW, Figure S1).

Cap Modification of mRNAs and LC-QqQ-MS Analysis

For subsequent functional studies of CAPAM-modified mRNAs, we focused on
propargylation. To investigate the effect of different cap modifications on translation and
immunogenic properties, we turned our attention to representative long mMRNAs.
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Specifically, we used RLuc and eGFP reporter-mRNAS that result in an easily detectable
protein output, as well as the RBD-mRNA coding for the receptor binding domain of SARS-
CoV-2 as a biologically relevant mRNA. This mRNA is currently investigated in clinical
trials as a vaccination agent against Covid-19.[20] These three mMRNAs were made by IVT
using the trinucleotide cap analog 5’-CC and then subjected to CAPAM-catalyzed
methylation or propargylation.

To quantify the cap modification, we developed an LC-QqQ-MS based assay—as the RP-
HPLC analysis is not suitable for long RNAs—and prepared the required nucleoside
standards. Here, quantification is based on detection using the dynamic multiple-reaction
monitoring (AMRM) mode, allowing for sensitive detection, similar to previously reported
methods for the identification of different caps in the transcriptome.[8.] While the standards
A and mBA,,, were obtained commercially, A/pA.,, was synthesized in 4 steps from 6-
chloropurine riboside (Scheme S1). After protection of the 3'- and 5"-OH groups using 1,3-
dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPSDSICl,), the 2”-OH group was methylated
using methyl iodide and NaH in DMF under argon.[21] Deprotection with tetra-7-
butylammonium fluoride (TBAF) released 6-chloropurine 2”-O-methyl riboside, which was
treated with propargylamine and CaCOj in ethanol.[22] The product AV/8pA,, was purified
via preparative RP-HPLC and analyzed by 2D-NMR and LC-MS (Figure S11, Figure S18—
22). Using these standards, we could detect Ay, m8A,, and NV6pA,, down to 4 amol via LC-
QqQ-MS in dMRM mode (Figure 1B, Figure S7).

With this method at hand, the enzymatic cap modification of long mRNAs using CAPAM
was quantified and optimized. Compared to the bioconversions with short RNAs, we
reduced the concentration of RNA and increased the mol% of enzyme. In vitro methylation
of MRNAs by CAPAM was almost quantitative, yielding 93-96% A ¢-methylation of 2"-O-
methyl-adenosines at the TSN. Importantly, we achieved also very good propargylation of
MRNAs by CAPAM, namely 64-76% conversion, depending on the mRNAs (Figure 1F).
The modified mMRNASs were also analyzed via 7.5% dPAGE to ensure integrity. Clear bands
at the expected lengths can be seen for RBD (957 nt), RLuc (1179 nt) (Figure 2B) and eGFP
MRNA (963 nt) (Figure S4), indicating that CAPAM-dependent propargylation of the cap
did not cause degradation.

For subsequent studies, we prepared a panel of mRNAs distinguished only by modifications
at the 5" cap and/or the poly(A) tail (Scheme 1). In addition to 5"-CC-based and A/6-
modified caps (Scheme 1A-C), three previously reported cap modifications and a
modification at the poly(A) tail in the context of two different caps were tested (Scheme 1D-
G). ARCA (5’-AC, Scheme 1E) is widely used and prevents reverse incorporation of the
cap, leading to a 2-fold higher translation compared to the m’GpppG cap analog.[23] The
additional AV2-methylation of m’G (Scheme 1F) slightly compromises translation, but its
function and immunogenicity is unknown.[1424] Modifications at the poly(A) tail by
incorporation of azido-A and click reaction with DBCO-Cy5 (Scheme 1D,G) were recently
shown to increase translation, but not tested regarding immunogenicity.l1”] The mRNAs with
these cap or poly(A) tail modifications were prepared and analyzed on a polyacrylamide gel
to confirm integrity and—in the case of Cy5 modifications—Iabeling (Figure 2B).
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Effect of N6pA,, on Translation in Mammalian Cells

After confirming that the modified mRNASs are intact, human HEK-NF-xB were transfected
(Figure 2A). To assess the effect of modifications on translation, we tested RLuc-mRNAs

with different modifications and measured luciferase activity. Readouts were normalized to
the total cell count and shown in relation to RLuc activity from 5’-AC-mRNA in Figure 2C.

Testing the effect of previously described mRNA modifications allowed us to benchmark our
translation assays. This is important, because translation efficiency can not only depend on
the cap modification but also on other factors, like the first transcribed nucleotide, the purity
or the translation system or cell line used.[8d] In HEK-NF-xB cells, the 5"-CC-RLuc-mRNA
showed 1.7-fold increased luciferase activity, in line with available data for other cell lines.
[8de] The 5”-A/2m-AC modified RLuc mRNA resulted in only 50% luciferase activity, in
line with previous reports where translation was assessed in rabbit reticulocyte lysate.[14]

Modifications at the poly(A) tail had only little effect on translation in HEK-NF-xB cells
(Figure 2C). Specifically, 5 -AC-RLuc-3"-Cy5-mRNA increased the luciferase activity by
1.3-fold, which is lower than the 3-fold increase previously observed in HeLa cells.[172] |n
summary, the effects of cap and poly(A) tail modifications observed in HEK-NF-xB cells
are largely in line with previous reports in reticulocyte lysate or other cell lines, although the
absolute numbers differ in some cases.

Next, we looked at the effect of modifications at the first transcribed A of 5'-CC-mRNA.
Interestingly, we observed that 5"-CC-N8mA—a natural cap that is highly abundant in
vertebrates—markedly decreased translation, yielding only 20% of relative RLuc activity
(Figure 2C). In the literature, different effects on the translation efficiency were reported,
depending on the cell line and transcript.[8d: 10¢] However, when we placed the
bioorthogonal propargyl group instead of the methyl group at this position (5’-CC-N8pA.),
we observed luciferase activity similar (90%) to 5'-AC-mRNA-higher than with the natural
methylation. This suggests that mMRNA with the 5"-CC-N/SpA, cap is very efficiently
translated.

To independently validate the effect of this non-natural cap modification on protein
production, we used eGFP-mRNA, a different cell line and fluorescence microscopy as
readout. We transfected HeLa cells with eGFP-mRNAs distinguished by either a 5"-CC-N
5mAm, 5'-CC-NSpA, 5'-AC or 5'-CC cap. Images from confocal laser scanning
microscopy showed green fluorescence in all cases, confirm-ing that 5'-CC- N 8pA,-eGFP-
mMRNA is efficiently translated (Figure 2D). Images obtained from cells transfected with 5'-
CC-N8mA-eGFP-mRNA exhibited less green fluorescence compared to the 5"-CC-N
6pAm-eGFP-mRNA. We also performed Western blots from HelLa and HEK293T cells
transfected with differently capped eGFP-mRNAs and observed in all cases that eGFP
protein is efficiently produced from 5’-CC-N 5pAp,-eGFP-mRNA (Figure S5). This finding
is remarkable, as molecular signatures marking mRNA as non-self typically abrogate
translation as response.[4P:25] Our data suggests that non-natural modifications at the /8-
position of adenosine as TSN might be a way to exploit non-natural modifications at the cap
without abrogating translation.
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Effect of N6pA,, on Immune Response in HEK-NF-xB Cells

We were therefore curious and went one step further and evaluated the effect of the non-
natural modification on immune response. To investigate if the cap and poly(A)-tail
modifications influence the activation of pathogen recognition receptors (PRRS), we again
used the HEK-NF-xB cells. These cells express an NF-xB driven firefly luciferase and
provide a measure for activation of PRRs like MDAS5, PKR and RIG-I (Figure 3A).
Transfection of the mRNA-constructs (Scheme 1) showed that almost all cap and poly(A)
tail modifications caused immunogenicity in the same range as the control (5"-AC-RLuc-
mRNA) that was used as reference (Figure 3B). This includes the fluorescently labeled
RLuc-mRNA-constructs 5'-AC-3"-Cy5 and 5’'-CC-3’-Cy5, suggesting that labeling at the
poly(A) tail maintains translation and does not alter immunogenicity. These fluorescently
labeled mMRNASs may therefore be attractive to track mRNA uptake in cells and in vivo after
vaccination, for example, in a lipid nanoparticle formulation. The A/2-monomethylation of
the m’G of 5"-AC-mRNA, whose biological function is unclear and which is found in
Giardia lamblia, did not alter the immune response either. Untransfected cells served as
negative control (~ 0.35-fold change compared to 5'-AC; data not shown). These data
suggest that the PRRs like MDAS5, PKR and RIG-I do not recognize the additional
methylation.

The only modification that stands out is the A/6-propargylated adenosine as TSN. The 5’-
CC-N5pA,-RLuc-mRNA increased the immune response = 3-fold (Figure 3B). In
combination with the maintained translational efficiency, this significant but moderate
increase in immunogenicity may be an attractive feature for applications as mRNAvaccine,
where both innate immune response and adaptive immunity are required.

To find out if this effect would be observed also with an mRNA coding for a biologically
relevant protein for vaccination, we tested the RBD-mRNA. RBD is the receptor binding
domain located on the spike protein of the coronavirus. mRNA coding for the RBD was
investigated as vaccination agent against SARS-CoV-2 and clinical trials confirmed that
RBD is a suitable antigen to prime T-lymphocytes to recognize the coronavirus.[200.26] For
vaccination, two mRNA vaccines (Biontech/Pfizer, Moderna), both coding for the full length
spike protein have now been authorized for emergency use by FDA.[271 We produced the
RBD-mRNA with different cap analogs, namely 5"-CC-N8pA,, and 5"-AC and 5’-CC cap
as controls. All constructs were translated in HEK-NF-xB cells, as confirmed via Western
blot (Figure S5) in line with the results we obtained with the luciferase mMRNASs as reporters.
When we tested the immunogenicity of 5'-CC-AN 6pA,-RBD-mRNA in HEK-NF-xB cells,
we observed a 3.5-fold higher immunogenicity for 5"-CC- N ®pA,-RBD-mRNA compared
to the same mRNAwith 5'-AC cap and a 2.3-fold increase compared to the 5”-CC cap
(Figure 3 C). These data confirm the observations obtained from reporter mRNAs (Figure 3
B) and show that the A/8-propargylation of adenosine as TSN leads to a ~ 3-fold increase in
immunogenicity for different transcripts.

Conclusion

In summary, we characterized the cosubstrate scope of the recently described
methyltransferase CAPAM and report an efficient strategy to make long mRNAs carrying a
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propargy! group at the AV/6-position of adenosine as TSN. We tested the effect of CAPAM-
dependent methylation and propargylation on translation in human cells and found that the
methylation drastically reduced translation, whereas propargylation maintained translation.
For the first time, we evaluate the immunogenic properties for a number of natural and
nonnatural modifications at the 5” cap and/or poly(A) tail. While most modifications did not
alter the immune response in our NF-xB-responsive assay, the A/6-propargylation of A, as
TSN led to a significant ~ 3-fold increase, both for reporter mMRNAs and for an mRNA
coding for an epitope considered for Covid-19 vaccination. In combination with the
maintained translational efficiency, this moderate increase in immune response (higher
compared to the ARCA cap but lower compared to the 5” triphosphate)[84:28] might be an
attractive approach to balance the immunogenic properties of mMRNA by engineering the
molecule itself and without relying on adjuvants. Our study also provides a proof of concept
that exploring the chemical space of non-natural higher cap modifications can be a
promising strategy for engineering mMRNA therapeutics.
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Figure 1. Chemo-enzymatic prepar ationand analysis of mMRNAswith modified 5" caps.
(A) CAPAM-catalyzed reaction for site-specific modification of capped RNAs using Ado

Metor indicated analogs. Yields for biotransformation of short RNA are indicated. (B) Flow
Scheme for analysis of cap modifications in mMRNAs by RP-HPLC or LC-QqQ-MS. The
mRNAs (including their 5" caps) are digested to nucleosides. For quantification by MS, N
6pAm, A and mBA,, were used as standards. (C) Analysis of CAPAM reactions using a
short 5"-CC-RNA (26 nt) and AdoMet or SeAdoYn. RP-HPLC after digestion is shown.
Negative control (NC) was performed with AdoMet and w/o enzyme. (D,E) LC-qTOF
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analysis of the methylation (D) and propargylation (E) reactions. m®A,,: expected mass for
[M+H]* C15H1gN50,4 ¥=296.1353. Analysis of A/®pA, (expected mass for [M+H]*
C14H1gN504 ¥=320.1353). The right boxes in D/E show MS? fragmentation of the modified
nucleosides to the respective nucleobases N 6-methyl-adenine (expected mass for [M+H]*
CgHgN5 T=150.0774) or N/8-propargyl-adenine (expected mass for[M+H]*CgHgNs5
*=174.0774). (F) Analysis of long mRNAs (RBD, eGFP and RLuc) after modification. LC-
QqQ-MS quantification of CAPAM reactions using AdoMet, SeAdoYn, or unmodified
mRNA as control (for calibration see Figure S7). Data and error bars show average and
standard deviation of n independent experiments.
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Figure 2. Translation of chemo-enzymatically modified mMRNAsin mammalian cells.
(A) Scheme. HEK-NF-xB cells are transfected with modified mRNASs and reporter protein

is measured. (B) Analysis of differently capped mRNAs used in this study. RBD (957 nt),
RLuc (1179 nt). 7.5% dPAGE, scanned in the SYBR Gold and Cy5 channel. (C) RLuc
activity of HEK-NF-xB cells transfected with indicated modified RLuc-mRNAS. The
resulting data are normalized to the total cell count and to 5"-AC-mRNA. Average of V=5
independent experiments and standard error of the mean (SEM) is shown. Statistical
analysis: unpaired t-test. p<0.05:*, p<0.01:**, p < 0. 001:***. (D) Microscopy of HelLa cells

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

van Dilmen et al.

transfected with indicated modified eGFP-mRNAs. Scale bar=20 pum. Abbreviations:
compare Scheme 1; UT=untransfected control.
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Figure 3. Immunogenicity of mRNAs after chemo-enzymatic modification at the5” cap.
(A) Scheme illustrating detection of immunogenicity using HEK-NF-xB cells. Recognition

of the mRNA by cytosolic receptors like MDAS, PKR or RIG-1 activates the NF-xB
signaling pathway. NF-xB dimers bind to the transcription factor binding sites resulting in
the expression of FLuc, driven by the ELAM-1 minimal promoter and five NF-xB response
elements (REs). (B) FLuc activity of HEK-NF-xB cells transfected with indicated modified
RLuc-mRNAs. Data are normalized to the total cell count and to 5"-AC-mRNA. Average of
N= 5 independent experiments and standard error of the mean (SEM) is shown. (C) Same as
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(B) but for RBD-mRNA. Statistical analysis: unpaired t-test. p<0.05:*, p<0.01:**,
p<0.001:***,
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Scheme 1. mRNAs and chemo-enzymatic modifications used in this study.
A) 5’-Clean Cap (5'-CC) mRNA is produced via IVT. B,C) N8-Modification of adenosine

at the transcription start nucleotide using CAPAM and AdoMet (S-adenosyl-L-methionine)
or AdoMet analogs yields methylated Clean Cap (5"-CC-N5mA,,) or propargylated Clean
Cap (5'-CC-N5pA.,), respectively. D) Modification of the poly(A) tail of 5'-CC-mRNA
using poly(A) polymerase and 2’-azido ATP followed by labeling with Cy5 yields 5’-
CC-3’-Cy5-mRNA. E) 5"-ARCA (5’-AC) mRNA is produced via IVT. F) /2-Modification
of m’G using GlaTgs and AdoMet results in A/2 methylated ARCA (5'-NV2m-AC)-mRNA.
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G) Modification of the poly(A) tail of 5"-AC-mRNA using poly(A) polymerase and 2”-azido
ATP followed by labeling with Cy5 yields 5”-AC-3"-Cy5-mRNA.
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