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novel di- and trinucleotide
reagents for co-transcriptional

capping
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Cell Biology and Neuroscience, Rutgers University, New York, NJ, United States

Many eukaryotic and some bacterial RNAs are modified at the 5’ end by the
addition of cap structures. In addition to the classic 7-methylguanosine 5’ cap in
eukaryotic mRNA, several non-canonical caps have recently been identified,
including NAD-linked, FAD-linked, and UDP-glucose-linked RNAs. However,
studies of the biochemical properties of these caps are impaired by the limited
access to in vitro transcribed RNA probes of high quality, as the typical capping
efficiencies with NAD or FAD dinucleotides achieved in the presence of
T7 polymerase rarely exceed 50%, and pyrimidine derivatives are not
incorporated because of promoter sequence limitations. To address this
issue, we developed a series of di- and trinucleotide capping reagents and
in vitro transcription conditions to provide straightforward access to
unconventionally capped RNAs with improved 5'-end homogeneity. We
show that because of the transcription start site flexibility of T7 polymerase,
R'ppApG-type structures (where R* is either nicotinamide riboside or riboflavin)
are efficiently incorporated into RNA during transcription from dsDNA
templates containing both ¢ 6.5 and ¢ 2.5 promoters and enable high
capping efficiencies (~90%). Moreover, uridine-initiated RNAs are accessible
by transcription from templates containing the ¢ 6.5 promoter performed in the
presence of R?ppUpG-type initiating nucleotides (where R? is a sugar or
phosphate moiety). We successfully employed this strategy to obtain several
nucleotide-sugar-capped and uncapped RNAs. The capping reagents
developed herein provide easy access to chemical probes to elucidate the
biological roles of non-canonical RNA 5’ capping.
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1 Introduction

Currently, in vitro transcription catalyzed by bacterial or viral
the that
straightforward access to RNAs of any sequence and

RNA polymerases is only method provides
unlimited length (Milligan et al., 1987; Beckert and Masquida,
2011). In vitro transcribed (IVT) RNAs are not only invaluable
research tools but have also recently emerged as a new class of
vaccines and therapeutics (Fuller and Berglund, 2020; Pardi et al.,
2020; Jia and Qian, 2021; Pascolo, 2021). Recent discoveries in
the field of epigenetic RNA modifications have uncovered several
novel regulatory mechanisms (Wang et al., 2019; Huang et al.,
2020; Netzband and Pager, 2020; Zhao et al., 2020), which have
created a demand for simple methods providing access to
chemically modified RNAs (Abele et al, 2020; Mattay et al,
2021; Ren et al,, 2021). One important class of modified RNAs is
RNAs specifically derivatized at the 5" end. The best and longest-
known examples are eukaryotic mnRNAs and snRNAs carrying 7-
methylguanosine  and  2,2,7-trimethylguanosine  caps,
respectively (Furuichi et al., 1975; Wei et al, 1975; Furuichi
and Shatkin, 2000). However, many unconventionally capped
RNAs have been recently discovered in both eukaryotic and
prokaryotic cells, including RNA 5'-linked to NAD (NAD-RNA)
(Chen etal., 2009; Cahové et al., 2015), FAD (FAD-RNA) (Wang
et al, 2019), coenzyme-A (CoA-RNA) (Kowtoniuk et al., 2009),
dinucleoside polyphosphates (Np,Ns-RNA) (Luciano et al,
2019; Hudecek et al, 2020), vitamins (thiamine-capped
RNAs) (Mohler et al, 2020), or nucleotide sugars (Glc-
ppRNA and N-AcGlc-ppRNA) (Julius and Yuzenkova, 2017;
Wang et al., 2019; Wiedermannova et al., 2021). Access to these
5'-modified RNAs by IVT is often limited by the specificity and
promoter sequences of RNA polymerases (Huang, 2003; Benoni
et al., 2020).

The in vitro transcription reaction is typically performed by
bacteriophage RNA polymerases (e.g., the T3, SP6, or T7 phage
polymerase used in this study), using a mixture of four natural
nucleoside 5'-triphosphates (NTPs) and a double-stranded
dsDNA template (Beckert and Masquida, 2011). The DNA
template must begin with an appropriate promoter sequence
consisting of a polymerase recruitment site, followed by or
overlapping with the transcription start site (TSS), and then
the transcribed nucleotides. The polymerase initiates
transcription when the 3'-OH of the first transcribed NTP,
defined by the TSS, attacks the a-phosphate of the subsequent
NTP, yielding a 5'-triphosphate of the nascent RNA chain. If a
dinucleotide analog of the Np,N’ (N is the nucleoside defined by
the TSS) structure is added to the transcription mixture, it can
serve as an alternative transcription initiator, leading to the
corresponding capped RNA (Np,N’-RNA). Two common
promoters used for transcription by T7 polymerase are ¢ 2.5
(.TTA"G™G") and ¢ 6.5 (..A'G"'G"*G"%; wherein +1 denotes
the position of the standard TSS), which trigger initiation with
ATP and GTP, respectively. Transcription from templates
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containing these promoters provides access to purine-initiated
uncapped RNAs and RNAs capped with cap structures
containing G (e.g, m’GpppG) or A (e.g, NAD) as the 5
terminal nucleotide, thereby producing m’GpppG-capped
RNAs or NAD-capped RNAs, respectively (Huang, 2003;
Grudzien-Nogalska et al., 2007; Julius et al., 2020). However,
the preparation of RNAs initiated by pyrimidine nucleotides or
modified purine nucleotides is not possible using dinucleotide
analogs and standard promoters, because of their incompatibility
with TSS in the template or the structural requirements of the
RNA polymerase. Furthermore, dinucleotide capping reagents
rarely trigger the complete capping of RNA. In the case of NAD-
linked and FAD-linked RNAs, approximately 50% of produced
RNA may remain uncapped, even under optimized conditions
(Huang, 2003). To overcome some of these disadvantages, we
and others have recently developed trinucleotide analogs of m’G
caps and NAD caps (of Np,N'pG general structure), which
provided higher RNA capping efficiencies than dinucleotides
and enabled more structural variability within the position of the
first transcribed nucleotide (Ishikawa et al., 2009; Sikorski et al.,
2020; Depaix et al,, 2021). Another class of dinucleotide analogs
such as 5'-Dy-ApG has also been used as transcription initiators
providing access to 5’-fluorescently labeled RNAs (Wang et al,
2013).

Here, we generalize this approach, demonstrating that it can
be harnessed to obtain a variety of unconventional 5'-capped
RNAs. We designed and chemically synthesized trinucleotide
analogs of FAD and nucleotidesugar “caps,” as well as
dinucleotide analogs of pyrimidine-initiated uncapped RNA,
which are compatible with transcription from templates
containing ¢ 2.5 and/or ¢ 6.5 T7 RNA polymerase promoters.
We studied the incorporation of these compounds by T7 RNA
polymerase, along with the corresponding dinucleotides and
synthesized NADpG, to
providing optimal capping efficiency. We determined the

previously establish  conditions
transcription conditions providing access to efficiently capped
NAD-RNA, FAD-RNAs, and GlcppU-RNAs and identified
issues that may impair the analysis of capping efficiencies for
unconventionally capped RNAs. We also addressed the problem
of generating uncapped RNAs initiated with pyrimidine
nucleotides using polymerase T7 by employing pppUpG as a
transcription initiator to yield pppU-RNAs.

2 Materials and methods

2.1 General information for the chemical
synthesis

Starting materials, solvents and chemical reagents were
acquired from commercial sources. Glucose phosphates and
pyrophosphate were purchased as sodium salts and converted
into triethylammonium salts before their use in synthesis. For
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that purpose, the solutions of sodium salts were passed through
Dowex-50 W-X8 cationite column, which was pre-conditioned
by washing with 1 M sodium hydroxide in deionized water,
followed by deionized water, 5% hydrochloric acid in
deionized water, deionized water, triethylamine, and finally,
deionized water. The collected eluate was evaporated to
dryness under reduced pressure and the residue was dried
under vacuum over P,Os.

Solid-supported syntheses were performed using AKTA
Oligopilot plus 10 synthesizer (GE Healthcare).

Analytical RP HPLC was performed on Agilent apparatus
using GEMINI LC-18-T HPLC column (4.6 mm X 250 mm,
5um, flow rate 1.3 mlmin'). A linear gradient of 0-50%
methanol in buffer A (ammonium acetate buffer, pH 5.9,
0.05 M) over 30 min was typically used. All the nucleotides
were UV-detected at 254 nm.

Isolation of the nucleotides was performed by ion-exchange
chromatography on a DEAE Sephadex A-25 (HCO; form)
column. To this end, the column was loaded with the
quenched reaction mixture and washed thoroughly with water
until the eluate did not precipitate with AgNOj; solution, in order
to remove solvents and unbound reagents. Nucleotides were then
eluted with the use of a linear gradient of triethylammonium
bicarbonate buffer (TEAB) in deionized water. Collected
fractions were analyzed spectrophotometrically at 260 nm and
if necessary by RP-HPLC. Fractions containing the desired
product were combined. After concentration under reduced
pressure with repeated additions of ethanol (96%) followed by
precipitation in acetonitrile (to decompose TEAB and to remove
residual water, respectively), compounds were isolated as
triethylammonium salts.

All final products were additionally purified on a semi-
preparative RP-HPLC column (Discovery RP Amide C-16
250 mm x 21.2 mm, 5 pum, flow rate 5.0 ml min") using UV
detection at 254 nm. A linear gradient of acetonitrile (from 0 to
50% of ACN for 60 min) in buffer A (0.05 M ammonium acetate,
pH 5.9) was applied except for uridine derivatives which were
purified using an isocratic buffer A elution. After repeated freeze-
drying of the collected fractions, the products were isolated as
ammonium (NH,") salts.

Yields were calculated on the basis of UV absorbance of the
aqueous solutions of isolated products and corresponding
starting materials. Absorbance measurements were performed
after diluting an aliquot of the stock solution of the compound in
a 0.1 M phosphate buffer at 260 nm (pH 7.0). The following
absorption coefficients (e560, ml/mmol/cm) were used to
determine compound concentrations: 17400 for NAD;
29480 for NADpG; 37000 For FAD, 49080 for FADpG and
19,566 for nucleotides containing U and G nucleobases.

The structures and homogeneity of all final compounds were
confirmed by RP-HPLC, high-resolution mass spectrometry
using electrospray ionization (HRMS-ESI) and 'H and *'P
NMR spectroscopy, unless stated otherwise. Mass spectra were
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recorded with LTQ Orbitrap Velos (Thermo Scientific)
spectrometer. NMR spectra were recorded at 25°C with a
BRUKER AVANCE III HD spectrometer at 500 MHz ('H
NMR) and 202 MHz (*'P NMR), or at 400 and 162 MHz,
respectively, on a Varian UNITY spectrometer. 'H NMR
chemical shifts were calibrated to sodium 3-trimethylsilyl-
[2,2,3,3-S5,D4]propionate (TSP) in D,O and for *'P NMR to
H;PO,4 (20%) in D,O as an external standard. Signal assignments
and identification were based on COSY spectra analysis. The raw
NMR spectroscopic data were processed by MestReNova v
12.0.2-20,910 Software.

2.2 Synthesis of capping reagents

2.2.1 General procedure A: Synthesis of
dinucleotide 5'-monophosphates (pNpG)

The syntheses were performed using an automatic
synthesizer AKTA Oligopilot plus 10 on a high-loaded
polystyrene support (Primer Support 5G Ribo G 300, GE
Healthcare) on a 50 pmol scale (81.2 mg, 308 pmol/g) using
standard phosphoramidite chemistry. In the coupling steps, 5-
(benzylthio)-1-H-tetrazole (0.30 M in acetonitrile) and 0.2 M
acetonitrile solution of an appropriate  TBDMS-protected
adenosine or uridine phosphoramidite (step 1) and bis
(cyanoethyl)- N,N- diisopropylphosphoramidite (ChemGenes®)
(step 2) were recirculated through the column for 15 min. The
detritylation step was performed using 3% (v/v) dichloroacetic
acid in toluene, the oxidation was performed with 0.05 M iodine
in pyridine. The capping step was performed using 20% (v/v)
N-methylimidazole in acetonitrile as Cap A and a mixture of 40%
(v/v) acetic anhydride and 40% (v/v) pyridine in acetonitrile as
Cap B. The 2-cyanoethyl groups were removed after the last cycle
by passing 20% (v/v) diethylamine in acetonitrile through the
column. The solid support was finally dried with argon,
transferred to a falcon tube and the dinucleotide was cleaved
from the support at 37°C for 1 h using 5 ml of AMA (Ammonium
hydroxide/Methyl amine, 1/1). The suspension was filtered,
evaporated to dryness, freeze-dried from water and then
resuspended in 100 pl of DMSO before the addition of 125 pl
of triethylammonium trihydrofluoride (TEA-3HF), in order to
remove the TBDMS protecting groups. The resulting solution
was incubated at 65°C for 2h and diluted with 10 ml of 0.2 M
NaHCOs to adjust the pH to 7. The crude product was purified
by DEAE Sephadex using a linear gradient of TEAB (0-0.9 M)
and isolated as a triethylammonium salt. Fractions containing
the dinucleotide were combined and evaporated to dryness.

2.2.1.1 pApG

The synthesis was performed following the general procedure
A using N-PAC-5'-O-DMT-2'-O-TBDMS-adenosine 3'-O-
(cyanoethyl-N,N-diisopropylphosphoramidite) ~(ChemGenes®)
(154.0 mg, 165 umol, 2.5 equiv., 0.2 M in acetonitrile). This
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TABLE 1 Summary of RNA capping efficiencies for the initiation of different nucleotides as a function of the T7 promoter present in the DNA template.

Compound RNA 5’ end type Promoter Optimal excess over Capping efficiency

compatibility initiating nucleotide

¢ 6.5° ¢ 2.5° ¢ 6.5° ¢ 2.5° ¢ 6.5° ¢ 2.5°

(GGG) (AGG) (GGG) (AGG) (GGG) (AGG)
NAD NAD-RNA no yes 6 equiv 0 51%
NADpG yes yes 6 equiv 6 equiv 94% 89%
FAD FAD-RNA no yes 9 equiv 0 91%
FADpG yes yes 6 equiv 3 equiv 88% 93%
Glc-UDP GlcppU-RNA no no 0 0
GleppUpG yes no 9 equiv 44% 0
NAcGle-UDP NAcGleppU-RNA yes no 0 0
NAcGleppUpG no no 9 equiv 48% 0
pppUpG pppU-RNA yes no 9 equiv 54% 0

The bold values correspond to the conditions (compound excess/promoter) affording the highest capping efficiencies for the given compound.
¢ 6.5 sequence: CAGTAA TACGAC TCACTA, TA G GGG, AAGCGG GCATGC GGCCAG CCATAG CCGATC A.
b9 2.5 sequence: CAGTAA, TACGAC TCACTA TT A GGG, AAGCGG GCATGC GGCCAG CCATAG CCGATC A.

procedure allowed to obtain 3’-(guanyl-5'-yl)-adenosine 5'-
monophosphate (pApG, 30.7 umol, 61% yield).

HPLC:t, = 8.67 min

HR-MS (ESI, m/z): Calculated for CyoH,5N 0 14P," [(M-H)
]: 691.10324; Found: 691.10392.

2.2.1.2 pUpG

The synthesis was performed following the general procedure
A using 5-O-DMT-2'-O-TBDMS-uridine 3'-O-(cyanoethyl-
N,N-diisopropylphosphoramidite) (ChemGenes®) (142.1 mg,
165 pmol, 2.5 equiv., 0.2 M in acetonitrile). This procedure
allowed to obtain 3’-(guanyl-5'-yl)-uridine 5'-monophosphate
(pUPG, 31.9 umol, 64% yield).

HPLC :t, = 5.87 min

HR-MS(ESI, m/z): Calculated for C;oH,4N,O;¢P, ([M-H]):
668.07602; Found: 668.07627.

2.2.2 General procedure B: Activation of mono-
or dinucleotides

The desired mono- or dinucleotide was suspended in DMSO
(C = 0.1 M), followed by the addition of imidazole, 2.2/
dithiodipyridine, triethylamine, and triphenylphosphine. The
reaction was stirred at r.t. Until a complete conversion was
determined by RP-HPLC analysis. The reaction was quenched
by the addition of a cold solution of sodium perchlorate (3 equiv.)
in acetone (10X Vyeaction)- The resulting precipitate was washed
with cold acetone and centrifuged until the supernatant was clear.
The resulting powder was then dried under vacuum for few
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hours, affording the imidazolide (Im) activated nucleotide
(ImpNpG or NMP-Im).

2.2.2.1 ImpApG

The synthesis was performed following the general procedure
B using pApG (749 mOD, 30.7 umol), imidazole (33.4 mg,
0.491 mmol, 16 2,2 -dithiodipyridine  (40.5 mg,
0.184 mmol, 6 equiv.), triethylamine (12.9 pl, 0.092 mmol,
3 equiv.) and triphenylphosphine (48.3 mg, 0.184 mmol,
6 equiv.) in DMSO (0.31 ml). The reaction was stirred at r.t.
for 48 h. After precipitation, ImpApG was obtained as a sodium
salt (30.0 umol, 98% yield).

equiv.),

HPLC:¢t, = 11.71 min

2.2.2.2 UMP-Im

The synthesis was performed following the general procedure
B using commercial sodium salt UMP transformed in
triethylammonium salt (889 mOD, 0.092 mmol), imidazole

(62.6 mg, 0.092mmol, 10 equiv.) 2,2'-dithiodipyridine
(60.7 mg, 0.276 mmol, 3 equiv.), triethylamine (38.7 pl,
0.276 mmol, 3 equiv.) and triphenylphosphine (72.3 mg,

0.276 mmol, 3 equiv.) in DMSO (0.9 ml). The reaction was
stirred at r.t. for 1h. After precipitation, UMP-Im was
obtained as sodium salt and used directly in further
coupling step.

2.2.2.3 ImpUpG

The synthesis was performed following the general procedure
B using pUpG (0.029 mmol), imidazole (31.3 mg, 0.461 mmol,
16 equiv.) 2,2’—dithi0dipyridine (38.0 mg, 0.173 mmol, 6 equiv.),
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triethylamine ~ (12.1pl,  0.086 mmol, 3 and
triphenylphosphine (45.3 mg, 0.173 mmol, 6 equiv.) in DMSO
(0.3ml). The reaction was stirred at rt. for 16h. After

precipitation, ImpUpG was obtained as sodium salt and used

equiv.)

directly in further coupling step.

2.2.3 General procedure C: coupling reaction
between phosphate nucleophiles and
imidazolide derivatives

The nucleotide 5'-phosphorimidazolide (1 equiv.) was
dissolved in DMSO or DMF. Then, zinc or magnesium
chloride (3-8 the
nucleophile (1-3 equiv.) were added. The reaction was mixed

equiv.) and appropriate  phosphate
at r.t and the progress was monitored by RP HPLC. When a
complete conversion of the starting material was observed, the
reaction was quenched by dilution with a solution of equimolar
disodium EDTA in 10 volumes of water and adjusted to
pH 7 with

performed by

sodium Dbicarbonate. The purification was
(DEAE

Sephadex) using a linear gradient of TEAB (from 0 to

ion exchange chromatography
stipulated concentration), followed by a semi-preparative
RP HPLC.

NADpG (1) was synthesized as described previously

(Mlynarska-Cieslak et al., 2018).

2.2.3.1 FADpG (2)

The synthesis was performed following the general coupling
procedure C using ImpApG, (741 mOD, 0.030 mmol), flavine
mononucleotide as  triethylammonium  salt  (36.2 mg,
0.033 mmol, 1.5 equiv.) and zinc chloride (32.7 mg,
0.240 mmol, 8 equiv.,) in DMSO (0.75 ml). The reaction was
stirred at r.t. for 16 h. After Sephadex (0.9 M TEAB) and RP-
HPLC purifications, the expected product FADpG was obtained
as ammonium salt (5.4 umol, 18% yield).

HPLC :¢t, = 10.8 min

'H NMR (400 MHz, D,0, 25°C): 8 'H NMR (400 MHz, D50,
25C) 8.39 (s, 1Har), 8.02 (s, 1H), 7.79 (s, 1H, Har), 7.59 (s, 1H,
Ph), 7.57 (s, 1H, Ph), 5.86 (d, J = 5.4 Hz, 1H, Hl'a), 5.67 (d, ] =
54Hz, 1H, HI1'b), 4.99-489 (m, 1H), 4.78-4.71 (m
—overlap. solvent, 2H), 4.71-4.65 (m, 1H, H2'a), 4.60 (t, ] =
5.4 Hz, 1H, H2'b), 4.44-4.40 (m, 1H, H3'b), 4.39-4.35 (m, 1H),
4.33-4.19 (m, 4H), 4.19-4.03 (m, 3H), 3.94 (dd, J = 7.3, 4.7 Hz,
1H), 2.36 (s, 3H, CHs), 2.28 (s, 3H, CHs), 2.00-1.96 (m, 1H). *'P
NMR (162 MHz, D,0, 25°C): & -0.80 (s, 1P, A-P-G), -10.44 (d,
1P, Pa), -11.36 (d, 1P, PP). HR-MS (ESI, m/z): Calculated for
CsHuN,,0,,P5 ([M-HJ]): 1129.19729; Found: 1129.19843.

2.2.3.2 Uridine 5'-diphosphate N-acetylglucosamine,
NAcGlcppU

The synthesis was performed following the general
using UMP-Im (72 mOD,

procedure C 7.5 umol),
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N-acetylglucosamine-1-phosphate (NAcGlep) as
triethylammonium salt (7.5 pmol, 1 equiv.) and magnesium
chloride (1.40 mg, 14.7 umol, 2.8 equiv.) in DMF (0.064 ml).
The reaction was stirred at r.t. for 2h. After Sephadex (1 M
TEAB) and RP-HPLC purifications, the expected product
NAcGlcppU was obtained as ammonium salt (5.97 umol, 80%

yield).
HPLC :t, = 1.78 min

HRMS (ESI, m/z): Calculated for C,;H,cN30,,P,” [(M-H)]:
606.07429; Found: 606.07455.

2.2.3.3 3'-(guanyl-5'-yl)-uridine 5’-diphosphate glucose,
GlcppUpG (3)

The synthesis was performed following the general procedure
C using ImpUpG (0.015mmol), glucose-1-phosphate as
triethylammonium salt (8.6 mg, 0.024 mmol, 1.6 equiv.) and
magnesium chloride (6.2 mg, 0.065 mmol, 2.7 equiv.) in DMF
(0.2 ml). The reaction was stirred at r.t. for 30 h. After Sephadex
(I M TEAB) and RP-HPLC purifications, the expected product
GlcppUpG was obtained as ammonium salt (7.7 umol, 52%
yield).

"H NMR (500 MHz, D,0, 25°C): & 8.04 (s, 1H, H8-G), 7.86
(d, J = 8.1 Hz, 1H, H6-U), 593 (d, ] = 8.1 Hz, 1H, H5-U), 5.89
(dd, J = 7.7, 6.1 Hz, 2H, H1'a+b), 5.63-5.58 (m, 1H, H1'Glc),
4.86-4.81 (m, 2H, H2'a), 4.70-4.60 (m, 1H), 4.54-4.46 (m, 1H,
H3'a), 4.41-4.30 (m, 3H, H2'b), 4.24-4.07 (m, 4H, H3'b),
3.93-3.82 (m, 2H), 3.82-3.73 (m, 2H, H3'Glc), 3.53 (dt, J =
9.7, 3.1 Hz,1H, H2'Glc), 3.45 (t, J = 9.7 Hz, 1H, H4'Glc). *'P
NMR (203 MHz, D,0, 25°C): & -0.70 (s, U-P-G), -11.35 (d, P,),
-12.76 (d, Pg). HR-MS (ESI, m/z): Calculated for C,5H35N70,4P5"
([M-H]): 910.09518; Found: 910.09497.

2.2.3.4 3'-(guanyl-5'-yl)-uridine 5'-diphosphate
N-acetylglucosamine, NAcGlcppUpG (4)

The synthesis was performed following the general procedure
C using ImpUpG (11.3 mg, 0.015 mmol), N-Acetylglucosamine-
1-phosphate as triethylammonium salt (0.015 mmol, 1 equiv.)
and magnesium chloride (2.9 mg, 0.112 mmol, 3 equiv.) in DMF
(0.13 ml). The reaction was stirred at r.t. for 48 h. After Sephadex
(1M TEAB) and RP-HPLC purifications, the expected product
NAcGlcppUpG was obtained as ammonium salt (7.4 umol, 49%
yield).

HPLC :t, = 5.38 min

'"H NMR (400 MHz, D,0, 25°C): § 8.01 (s, 1H, H8-G), 7.86
(d, J = 8.1 Hz, 1H, H6-U), 5.91 (d, ] = 8.1 Hz, 1H, H5-U), 5.88
(dd, J=5.7,5.7 Hz, 2H, H1'a, H1'b), 5.51 (dd, J = 7.2, 3.3 Hz, 1H,
H1'Glc), 4.83 (d, ] = 7.6 Hz, 1H, H2'a), 4.66-4.60 (m, 1H),
4.53-4.48 (m, 1H, H3'a), 4.41-4.30 (m, 2H, H2'b), 4.22-4.08 (m,
3H), 4.02-3.90 (m, 2H, H2'Glc), 3.89-3.76 (m, 2H), 3.54 (dd, ] =
10.1, 9.1 Hz, 1H), 2.06 (s, 3H, NAc). *'P NMR (162 MHz, D,0,
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25°C): § -0.78 (s, U-P-G), -11.59 (d, Pa), -13.09 (d, PB). HR-MS
(ESI, m/z): Calculated for C,,H3gNgO,4P5" [((M-H)]: 951.12173;
Found: 951.12264.

2.2.3.5 3'-(guanyl-5’-yl)-uridine 5’-triphosphate,
pPPPUPG (5)

The synthesis was performed following the general procedure
C using ImpUpG (718 mOD, 0.014 mmol), pyrophosphate as
triethylammonium salt (16.0 mg, 0.042 mmol, 3 equiv.) and zinc
chloride (15.2 mg, 0.112 mmol, 8 equiv.) in DMF (0.3 ml). The
reaction was stirred at r.t. for 1 h. After Sephadex (1.2 M TEAB)
and RP-HPLC purifications, the expected product pppUpG was
obtained as ammonium salt (4.3 umol, 31% yield).

HPLC :t, = 3.69 min

'H NMR (400 MHz, D,0, 25°C): § 7.99 (s, 1H, H8-G), 7.86
(d,J =82 Hz, 1, H5-U), 5.95 (d, ] = 8.2 Hz, 1H, H6-U), 5.88 (d,
J=5.7Hz, 1H, H1'U), 5.86 (d, ] = 6.4 Hz, 1H, H1'G), 4.90-4.83
(m, 1H, H2'U), 4.67-4.62 (m, 1H), 4.50 (dd, J = 5.3, 3.9 Hz, 1H),
440-429 (m, 3H, H2'G), 4.23-4.05 (m, 4H). *'P NMR
(162 MHz, D,0, 25°C): § -0.86 (s, P,), -11.46 (d, P,), -22.65
(t, Pg). HR-MS (ESI, m/z): Calculated for C;oH;eN;O5,P4
[(M-H)]: 828.00869; Found: 828.00929.

2.3 RNA synthesis and analysis

2.3.1 In vitro transcription

NAD-capped RNAs were generated on the template of
annealed oligonucleotides, which contained either a T7 A ¢
2.5 promoter sequence (CAGTAATACGACTCACTATT)
followed by a 35-nt-long sequence (AGG GAAGCGGGCATG
CGGCCAGCCATAGCCGATCA), or G ¢ 6.5 promoter
sequence (CAGTAATACGACTCACTATA) followed by a 35-
nt-long sequence (GGG GAAGCGGGCATGCGGCCAGCC
ATAGCCGATCA).

Typical in vitro transcription reaction (80 pl) was incubated
at 37°C for 4 h and contained RNA polymerase buffer (40 mM
Tris HCl pH 7.9, 10 mM MgCl,, 1 mM DTT, 2 mM spermidine),
10 U/uL T7 polymerase (ThermoFisher Scientific, HC, 200 U/pl),
1U/ul RiboLock RNase inhibitor (ThermoFisher Scientific),
0.5mM CTP/UTP/GTP or CTP/UTP/ATP with 0.125mM
ATP or GTP for 0.1uM A ¢ 2.5 or G ¢ 2.5 DNA template
respectively—and 0.375-1.125 mM cap analog of interest (3- to
9-fold excess). Following 4h incubation, the template was
removed by treatment with 1 U/uL DNase I for 30 min at
37 C. The obtained RNAs were purified using RNA Clean &
Concentrator-5 (Zymo Research). Transcript homogeneity was
analyzed on 15% acrylamide/7 M urea gels/1x TBE and stained
with SYBR Gold, whereas the concentration was determined
spectrophotometrically.
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2.3.2 DNAzyme cleavage and capping efficiency
determination

To generate homogenous 3'-ends, RNAs were first subjected
to HPLC purification using Clarity® 3uM Oligo-RP
phenomenex column at 50°C, 1ml/min on Shimadzu
apparatus. A linear gradient from 10% to 30% of 200 mM
TEAAc pH7/ACN 1/1 in 100mM TEAAc pH 7.0 was
applied. The collection of RNA samples was performed in a
way that both capped and uncapped RNA fractions were pooled
together (uncapped and capped RNA species co-eluted in all
cases, except the FAD derivatives). The collected RNAs were
freeze dried twice before the DNAzyme treatment. For that
purpose, the HPLC purified 35-nt-long transcripts (1 pM)
were incubated with 1 uM DNAzyme 10-23 [TGATCGGCT
AGGCTAGCTACAACGAGGCT-GGCCGC, (Schubert et al,
2003; Coleman et al, 2004)] in 50 mM MgCl, and 50 mM
Tris-HCI pH 8.0 for 2 min at 95°C followed by 1h at 37°C,
then DNase I treatment was performed, which allowed to
produce 3'-end homogenous 25nt RNAs. The homogeneity
and concentration of the prepared RNAs were analyzed as
above. Additionally the transcripts were analyzed on a 1%
acryloylphenyl boronic acid in 15% acrylamide/7 M urea gel/
1x TBE, with SYBR Gold staining (Nubel et al., 2017). The
capping efficiency values were determined based on
densitometric quantification of the major bands intensity
(Icapped and Iucapped) corresponding to capped and uncapped
RNAs according to the equation:

I capped

Capping ef ficiency = 100%

Icapped + Iuncapped

2.3.3 FAD-CapQ assay

FAD-CapQ analysis for capping efficiency of FAD-capped
RNAs was performed as previously reported. (Doamekpor et al.,
2020) Briefly, 3 pug of RNA was digested SpRail (200 ng) in 15 pl
of reaction buffer containing 50 mM Tris (pH 7.9), 100 mM
NaCl, 10 mM MgCl, and 1 mM DTT at 37 °C for 2 h to release
intact FAD. FAD standard curve was prepared under the same
reaction conditions using increasing amount of FAD-capped
RNA obtained in the presence of 9 equiv. of FADpG. To
quantify the released FAD, an FAD assay kit (FAD
Colorimetric/Fluorometric Assay Kit, BioVision) was used
according to the manufacture’s protocol.

2.3.4 HPLC-MS qualitative and semi-quantitative
analysis
2.3.4.1 RNA preparation

Typical in vitro transcription reaction (20 uL) was incubated
at 37°C for 3 h and contained RNA polymerase buffer (40 mM
Tris HCl pH 7.9, 10 mM MgCl,, 1 mM DTT, 2 mM spermidine),
10 U/ul T7 polymerase (ThermoFisher Scientific, HC, 200 U/ul),
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0.0125U/ul  pyrophosphatase  (ThermoFisher  Scientific),
additional 15mM MgCl,, 1 U/ul RiboLock RNase inhibitor
(ThermoFisher Scientific), and either 1) 5 mM CTP/UTP/GTP
and 4mM ATP and 10 mM cap analog of interest (2.5-fold
excess of FAD or FADpG) for 40 ng/ul A ¢ 2.5 DNA template or
2) 5 mM CTP/UTP/ATP with 4 mM GTP and 10 mM cap analog
(GleppUpG or NAcGleppUpG) for 40 ng/ul of G ¢ 6.5 DNA
template. Following 3 h incubation, the template was removed by
treatment with 1 U/ul DNase I for 30 min at 37°C. The obtained
RNAs were purified using 500 pg Monarch RNA clean-up kit
(New England Biolabs). Transcript homogeneity was analyzed on
15% acrylamide/7 M urea gels/1 x TBE and stained with SYBR
Gold, the
spectrophotometrically.

whereas concentration was  determined

2.3.4.2 Preparation of the chromatographic system

Before analyses and between each series of three technical
repetitions the chromatographic system required a washing with
1% phosphoric acid (v/v) in 50% aqueous methanol for 2 h and
further 50% aqueous methanol for another 2 h to remove all
traces of metal cations unspecifically bound within the system
(Birdsall et al., 2016).

2.3.4.3 General settings

All analyses were performed on Agilent system (1,260 series)
equipped with diode array detector (recording at 260 nm) and
mass spectrometer (AB Sciex QTRAP3200) in reversed phase
mode (Waters ACQUITY UPLC BEH C18 Column, 130 A,
1.7 um, 2.1 mm x 100 mm). Analytical method was elaborated
on the basis of previously published conditions (Levin et al,
2011). Flow rate was fixed at 0.2 ml/min and a linear gradient of
0-40.6% of phase B in 70 min was pumped through the
thermostated column at 55°C. Composition of mobile phases
were as follows: phase A—5 mM TEA, 5 mM PA (propylamine)
in 10% aqueous methanol with addition of 25ml of HFIP
(1,1,1,3,3,3-Hexafluoropropan-2-ol) per 0.5L of buffer,
pH 7.5, phase B—5mM TEA, 5mMPA in 40% aqueous
methanol with addition of 25 ml of HFIP per 0.5 L of bulffer,
pH 8.0. Mass spectrometer settings were: curtain gas: 10 psi,
temperature: 350°C, gasl: 60 psi, gas2: 50 psi. Ions were scanned
through linear ion trap (range 600-1,300 Da) in Enhanced Multi-
Charged mode: fill time 40 msec, Q3 Entry Barrier 5V, Empty
Time 4 msec, MSC Barrier 5 V.

A portion of 10 pl of RNA solution (conc. c.a. 300 ng/ul,
determined spectrophotometrically, €,50 = 0.025 (ug/ml)em™)
was injected per single analysis.

2.3.4.4 Data processing

For qualitative analyses mMass open source program was
used (http://www.mmass.org/, (Strohalm et al., 2010)) in order to
deconvolute spectrograms (Supplementary Figures S1-54).
ChemCalc open source protocol was used for theoretical
molecular calculation

weight (https://www.chemcalc.org/,
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(Patiny and Borel, 2013)). All signals were assigned to a
general pseudomolecular ion formula [M-xH + yNa]*?: for
deconvoluted data [M-15H + 14Na]; for signals on spectrogram
[M-24H + 14Na]'%, [M-25H + 14Na] ', [M-26H + 14Na] "2, etc.
Qualitative analyses were based on comparison of theoretical
data and experimental with accuracy of few daltons (mediane
50 ppm—Supplementary Table S1) for deconvoluted mass
spectrum. Data was listed in Supplementary Table S1.

For semi-quantitative analyses Analyst 1.6.3 was used. The
most intense signals on the spectrogram of each RNA type were
integrated with IntelliQuant mode (peak split factor 5 or 10,
minimum height 5.0e5).

Capping efficiency was determined based on the ratio of area
corresponding to total capped RNAs versus total capped and
uncapped RNAs, which have been identified by means of
qualitative analyses. The mean value was calculated from three
technical replicates.

3 Results

3.1 Chemical synthesis of hon-canonical
capping reagents

We evaluated a set of five transcription initiating nucleotides
(NADpG, FADpG, GleppUpG, NAcGleppUpG, and pppUpG;
compounds 1-5, respectively) and studied their incorporation
into RNA in comparison to their unmodified counterparts, NAD,
FAD, GIcUDP and NAcGIcUDP (Figure 1). We divided these
nucleotides into four groups based on the type of 5'-capped RNA
they produce: NAD-RNA, FAD-RNA, nucleotide sugar-RNA, or
triphosphate-U-RNA.

To obtain compounds 1-5, we employed a synthetic strategy
the 5'-
phosphorimidazolide derivative of mono- or dinucleotide

relying  on coupling reaction between a
and the appropriate phosphate nucleophile (Scheme 1)
(Jemielity et al., 2003; Dabrowski-Tumanski et al., 2013;
Mlynarska-Cieslak et al, 2018). In brief, solid-supported
synthesis using phosphoramidite chemistry was performed to
the appropriate
(61-64% vyield). The latter were then converted into 5'-

monophosphorimidazolides, which were isolated as sodium

obtain dinucleotide  5'-monophosphates

salts by precipitation from acetone (almost quantitative).

Finally, the appropriate imidazole-activated phosphate
derivative was reacted with a phosphate nucleophile in the
presence of divalent metal chloride to produce the

corresponding final derivative, purified first by Sephadex and
then by preparative HPLC (18-80% yield). For the majority of
the compounds, ZnCl, was the most efficient mediator of
pyrophosphate bond formation, with the exception of
nucleotide sugar derivatives, which were unstable in the
presence of ZnCl, but were efficiently formed in the presence
of MgCl, (Dabrowski-Tumanski et al., 2013).
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Representative syntheses of the non-canonical caps used in this study.
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High resolution polyacrylamide gel electrophoresis (HRPAGE; 15% PAA, 7 M urea, 1x TBE) analysis of 35 nt [IVT RNAs obtained from templates
containing either the A ¢ 2.5 promoter (left gel stained with Ethidium Bromide—EtBr) or the G ¢ 6.5 promoter (right gel stained with SYBR Gold) in the
presence of 0.5 mM NTPs, 0.125 ATP/GTP, and 0.375 mM of the initiating nucleotide analog. The purple labels correspond to the caps that are
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3.2 Co-transcriptional capping strategy

To assess the incorporation of different analogs into the RNA 5’
end, we analyzed the products of in vitro transcription reactions in
the presence of various concentrations of the initiating nucleotide
from templates containing the ¢ 2.5 (..T'A"'G"”G") and ¢ 6.5 (.A”
'G"'G"G") promoters (Figure 2A). The dinucleotides containing
only A (marked in blue in Figure 1; NAD and FAD) were expected
to be incorporated into RNA only during transcription from ¢
2.5 promoter (where TSS or +1 position is A), producing a mixture
of 5’ capped and uncapped RNAs, as reported previously (Huang,
2003). The corresponding trinucleotides (NADpG and FADpG
respectively), composed of both adenosine (blue) and guanine
(green) moieties, were expected to be incorporated into RNA
during transcription from both ¢ 2.5 and ¢ 6.5 promoters owing
to the double pairing of A and G moieties with +1/+2 and -1/
+1 positions in these promoters, respectively (Figure 2A), whereby
the RNAs produced during transcription from the ¢ 6.5 promoter
are 1 nt longer than those obtained by transcription from ¢ 2.5.
Nucleotide sugars containing uridine (U, marked in orange in
Figure 1; GIcUDP and NAcGlc-UDP) cannot be incorporated
into RNA by transcription from either the ¢ 25 or G ¢
6.5 promoters because of the lack of complementarity with the
DNA sequence at or near the TSS. In contrast, the uridine and
guanine-containing derivatives (G marked in green in Figure 1;
GleppUpG, pppUpG, and NAcGleppUpG) were expected to act as
transcription initiators in the presence of the ¢ 6.5 promoter, owing
to the complementarity of guanine with the TSS.

To confirm that the synthesized initiating nucleotides are
incorporated in the anticipated promoter-specific manner, we
performed pilot transcription reactions from two DNA templates,
encoding a 35-nt long RNA and differing only in the promoter
sequence (¢ 2.5 or ¢ 6.5). To ensure more efficient capping with the
initiating nucleotides, the concentration of NTP corresponding to
the T'SS in the promoter sequence (i.e., ATP for ¢ 2.5 and GTP for ¢
6.5 promoter) was lower than that of other NTPs (0.125 versus
0.5 mM), while the concentration of the initiating non-canonical cap
analog was elevated (3-fold relative to the initiating NTP). The
resulting RNA was analyzed by denaturing polyacrylamide gel
electrophoresis (PAGE; Figure 3). The gels were stained
differently, revealing SYBR Gold as a better choice for gel quality
than EtBr, therefore used for the following PAGE staining.
Transcripts were, as expected, significantly heterogeneous (Pleiss
etal,, 1998; Coleman et al., 2004), even in the case of uncapped RNA,
which significantly impaired quantitative analysis. In addition to 35-
nt long RNA, at least two more bands were observed, corresponding
to 34- and 36-nt long RNA, below and above the 35-nt long RNA,
respectively. Worth noticing, the heterogeneity of the sample was
higher when using ¢ 6.5 rather than ¢ 2.5 promoter, in agreement
with earlier studies (Coleman et al., 2004). However, the migration
of non-canonical capped RNA, such as analyzed in this study, is
dependent not only on RNA “size” but also on the physicochemical
properties of the cap, and hence, is to some extent unpredictable.
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The positive charge of nicotinamide, the linear sugar in flavin
derivatives, or the presence of glucose moiety differ from
standard ribonucleotides and may have different impact on the
RNA mobility in the gel than canonical nucleotides. As a
consequence, we observed significantly higher-migrating bands
for FAD/NAD derivatives, while no noticeable capped bands for
glucose derivatives. Nevertheless, it was possible to confirm the
incorporation of NADpG and FADpG (Figure 3, lanes 2 and
4 respectively) into RNA from templates containing both the ¢
2.5 and ¢ 6.5 promoters. Unfortunately, it was difficult to assess the
incorporation of all uridine and adenine analogues because of the
low difference in mobility between capped and uncapped RNA
species and the high sample heterogeneity, respectively. In order to
reduce the 3” heterogeneity of the sample, DNAzymes or ribozymes
have been widely employed (Schurer et al., 2002), where DNAzyme
was further used in our work.

3.3 Capping efficiency using G (¢ 6.5)
promoter

Since the heterogeneity of RNA samples obtained with
polymerase T7 arises mostly from the 3’ ends (Helm et al., 1999),
to enable quantitative assessment of capping efficiencies, we trimmed
the 3" ends of crude RNAs using DNAzyme 10-23 (Figure 2B)
(Coleman et al., 2004) on HPLC purified RNAs. This purification was
necessary in order to provide high efficiency DNAzyme cleavage. It
has to be noted that we used a previously described HPLC purification
method to purify our IVT RNAs (Depaix et al, 2021), eliminating
impurities from IVT, where most capped and uncapped transcripts
were co-eluting, except for FAD-RNAs. Assessing the capping
efficiency required keeping uncapped and capped RNAs combined
for further analysis, so the HPLC conditions were not optimized
further. The high resolution (HR) polyacrylamide gel electrophoresis
(PAGE) analysis of the trimmed products enabled sufficient
separation of capped and uncapped RNA species in most cases.
Using this improved protocol, we first assessed the incorporation of all
guanine-containing trinucleotides 1-5 using a DNA template with
the ¢ 6.5 promoter. The transcription was performed in the presence
of different concentrations of the initiating nucleotide analog (0.375,
0.75, and optionally 1.125 mM, ie,, 3-, 6-, and 9-fold excess of GTP,
respectively), followed by 3" end trimming. The resulting 25 nt RNAs
were analyzed using HRPAGE (Figure 4). Unfortunately, even though
the 3’ heterogeneity was removed, the 5 heterogeneity remained and
several RNA bands were still visible in the gel. Combined with the
unexpected migration of capped-RNAs, the assessment of capping
efficiency was not as straightforward as we expected. Hence, we based
our calculations on comparing the most intense uncapped RNA band
(the migration level of which is known thanks to the uncapped 25 nt
long RNA reference), and the most intense capped band (not present
in the uncapped sample), as depicted in Figure 4A showing 15% PAA
gel analysis of capped and uncapped RNAs. NADpG and FADpG at
0.75 mM concentration were incorporated into RNA with very high

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.854170

Depaix et al. 10.3389/fmolb.2022.854170
A NAD-RNA FAD-RNA GlcppU-RNA pppU-RNA NAcGlcppU-RNA
[
«~— NAD-RNA - f— - NAcGIlcppU-RNA
S — FAD-RNA  GIcppU-RNA | e — PPpU-RNA e
l«— Uncapped «— Uncapped S — Uncapped # | <— Uncapped
«— Uncapped PP PP RNA35
RNAss RNA35 RNA35 RNA3s
B P C =1 NADpG
K
(()I,Q NADpG FADpG GlcppUpG  pppUpG NAcGIlcpUpG Em FADPG
§$ 3eqb 3eq 6 3 6eq 9 3eq 6 9 3 6eq 9 4 Bl GlcppUpG
$ eqbeq 3eq 6eq 3eq Geg 9eq 3eq 6eq 9eq 3eq Geq Yeg NAD-RNA 100 cppUp
§ . e [ pppUpG
n; o, W — had - b o B — [;AL?-?!\’I\‘AAS _é 80+ NAcGIcppUpG
[N . L —— i —— = - - 1
o - . =' ——— — Uncapped & 4]
RNA35 S
] £
f ~NAD-RNA &
404
L LT
S g =
e = I
-l oty MY Py — ey p— s |——Uncapped
- : — — e - RNA3s |
88% 94% 85% 88% 4% 18% 44% 39%45% 54% 14% 32% 48% 3,6 36 3 69 360 369
Ratio (cap / GTP)
FIGURE 4

(A) HRPAGE (15% PAA, 7 M urea, 1x TBE, SYBR Gold) analysis of differently capped RNA species with indication of bands used for capping
efficiency assessment. (B) Representative HRPAGE (15% PAA, 7 M urea, 1x TBE, SYBR Gold), without APB (upper gel) or with 1% APB (bottom gel), of
25 nt IVT RNA obtained from a template with G ¢ 6.5 promoter after 3’ end trimming steps. The capping efficiency values given below the gel indicate
the mean values from triplicate analyses performed on three independent transcriptions and 6 densitometric measurements (+/- APB). (C)
Comparison of the capping efficiencies under different conditions as a function of [nucleotide analogl/[GTP] ratio.

efficiency (capping efficiencies determined by densitometry of 94 and
88%, respectively), whereas uridine derivatives (GleppUpG, pppUpG,
and NAcGleppUpG) had lower incorporation efficiency (18, 45, 32%,
respectively). We, therefore tested the higher excess of the uridine
analogs 3, 4 and 5 (1.125mM, 9-fold excess), which yielded
incorporation efficiencies close to 50% (44%, 48%, and 54%
respectively).

In addition to standard electrophoresis, we have also analyzed
the samples in polyacrylamide gels containing 1% acryloyl phenyl
boronic acid (APB). ABP has been used to differentiate the
mobility of capped and uncapped RNAs due to interactions
with cis-diol groups, which are present at the RNA 3'-ends and
optionally at the 5'-ends if the RNA is 5’ capped (Nubel et al., 2017;
Sato et al., 2018). Hence, slower migration through the APB gels is
expected for capped RNAs (due to one more cis-diol function
within the RNA) compared to uncapped RNA, allowing an easier
separation and assessment of incorporation. Interestingly, analysis
of differently modified RNAs in APB gels revealed that a
significant improvement in the separation between capped and
uncapped RNA was observed only for NAD derivatives, whereas
for FAD and nucleotide sugar derivatives, the effect of APB was
barely notable (Figure 4B). We hypothesize that this is because the
sugar moiety in FAD is acyclic and therefore much more flexible
than the ribose moiety in NAD, while the glucopyranose in UDP-
Glc contains only trans-diol moieties, indicating that the proper
spatial arrangement and conformational rigidity of the diol is a
prerequisite for efficient interaction with APB.
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3.4 Capping efficiency using A (¢ 2.5)
promoter

Similarly, we tested the incorporation of adenine-containing
nucleotides, namely NAD, NADpG, FAD, and FADpG, using 3-,
6-, or 9-fold excess over ATP during transcription from a template
containing the ¢ 2.5 promoter (Figure 5). Again, the 3'-trimmed
RNAs were analyzed by standard 15% PAA electrophoresis, and with
an additional 1% APB (Figure 5B). As expected, we found that
NADpG was incorporated more efficiently into the 5" end of RNA
than NAD. Surprisingly, PAGE analysis of RNA samples prepared in
the presence of FAD and FADpG suggested these analogs were not
incorporated (absence of capped band on the gel; Figure 5A), even ifa
9-fold excess of these derivatives was applied. However, when the
same samples were analyzed in APB gels, we noticed in some cases
two closely migrating RNA bands. Based on the changing band
intensities as a function of FAD analog, we concluded that FAD and
FADpG were incorporated into RNA, but surprisingly, FAD-RNA
migrated at the same level as uncapped RNA during standard PAGE,
while migrating slightly faster than uncapped RNA in APB gels
(Figure 5A, yellow inset). The result did not change significantly
when we tested different polyacrylamide and APB concentrations,
even at the conditions which previously enabled separation of FAD-
RNAs.
(Doamekpor et al, 2020) This unexpected migration of 25 nt
FAD-capped RNA was confirmed by 3'-end trimming of HPLC-
purified 35 nt FAD-capped RNA (Figure 5C). Indeed, the HPLC

capped and decapped (ie, 5'-monophophorylated)
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(A) Representative HRPAGE (15% PAA, 7 M urea, 1x TBE, SYBR Gold), without APB (upper gel) or with 1% APB (bottom gel), of 25 nt IVT RNA
obtained from a template with the ¢ 2.5 promotor after 3" end trimming steps. The capping efficiency values given below the gel indicate the mean
values from triplicate analyses performed on three independent transcriptions and 6 densitometric measurements (+/- APB) for NAD and NADpG,
and from duplicate analyses FAD and FADpG (only APB). (B) Comparison of capping efficiencies under different conditions as a function of
nucleotide analog / GTP ratio. (C) HPLC purification profiles of IVT uncapped and FAD-capped RNAs, with corresponding HRPAGE analysis (15% PAA,
7 M urea, 1x TBE, SYBR Gold) of the collected fractions. (D) HRPAGE (15% PAA, 7 M urea, 1x TBE, SYBR Gold) of RNAs after DNAzyme trimming on

uncapped, FAD initiated and FADpG initiated IVT RNAs.

purification profile of uncapped RNA (dark blue line, Figure 5C)
showed that the retention time (tr) of uncapped-RNA;5 was around
11.9 min (FR 1, Figure 5C) whereas the HPLC purification profile of
FAD-capped RNA showed a main peak round 15.4 min (FR 2) and
another wide peak around 12-14 min (FR 3). This HPLC profile
(FAD-RNA, Figure 5C) corresponds to the IVT sample prepared
with 9-fold excess of FADpG compared to GTP. Though the UV-
signal (\ = 254 nm; Figure 5C, purple line) of FR 3 was close to the
retention time of uncapped RNA (tr = 11.9 min, FR1), the signal was
also detected by the fluorescence detector set up for FAD fluorescence
(Aex = 450 nm, Aem = 535 nm, green line, Figure 5C). Hence, we
assumed that this peak (FR 3) contained mainly shorter FAD-RNA
species and that the amount of uncapped RNA, if there was, was
rather negligible. Further HRPAGE of the 3 distinct fractions
confirmed the presence of uncapped and capped RNAs for
FR1 and FR2, respectively, and confirmed that FR3 contained
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only traces of uncapped RNA with major products of shorter
lengths. We further compared the DNAzyme trimming on two
different FAD-RNA samples, one from the use of 6-fold excess of
FAD and the second when capping with 9-fold excess of FADpG.
The DNAzyme cleavage was performed either on the combined
fractions from HPLC (lanes a, Figure 5D, combined uncapped and
capped RNAs) or on pure FAD-RNA (lanes b Figure 3D). Pure FAD-
RNAs, after 3'-cleavage, provided a single main band corresponding
to the FAD-capped RNA, confirming a slightly faster migration than
the uncapped 25 nt long RNA. Moreover, we could clearly observe a
thicker band of RNA obtained from the capping with FAD than with
FADpG (FAD lane a, compared to FADpG lane a, respectively,
Figure 5D), due to higher amount of uncapped RNA in the first
sample. This is in agreement with our observation that dinucleotide
cap incorporation was less efficient than the corresponding
trinucleotide incorporation. Although we were able to assess FAD
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DNA template

(A) HPLC chromatogram and MS spectrogram issued from LC-MS analyses on FADpG initiated IVT RNA using A ¢ 2.5 DNA template. (B) HPLC
chromatogram and MS spectrogram issued from LC-MS analyses on NAcGlcppUpG initiated IVT RNA using G ¢ 6.5 DNA template. (C) Capping
efficiencies for FAD, FADpG, GlcppUpG and NAcGlcppUpG calculated from LC-MS analyses, as mean values from 3 technical repetitions.

and FADpG capping efficiencies based on the intensities of the
two bands determined by APB-PAGE, this unusual migration
behavior prompted us to confirm our findings using an
alternative methods.

The FAD-capQ assay (Doamekpor et al., 2020) was used to
quantify FAD in each of the six RNA types (FAD-RNA/FADpG-
RNA 3/6/9eq). FAD-capped 35-nt RNAs were first subjected to
SpRail enzyme digestion to release intact FAD. Then, a fluorometric
measurement of the samples after overnight incubation with FAD
Assay Buffer (FAD Colorimetric/Fluorometric  Assay Kit,
BioVision), revealed fluorescence signal proportional to the
concentration of FAD. For these experiments, the RNA sample
obtained with a 9-fold excess of FADpG was set to 100%, which was
close to the actual capping efficiency value according to our findings
from HPLC and HRPAGE (Figures 5C,D). This sample was then
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used as a reference to calculate the relative FAD contents in other
samples (Figure 6A).

The FAD-capQ assay demonstrated the presence of FAD in
the samples, thereby confirming their presence at the 5’-end of
RNAs.

determined by electrophoresis and FAD-capQ were in a very

Moreover, the relative capping efficiency values

good agreement, supporting the interpretation of the unusual
migration of FAD-RNA in the gels. Moreover, the efficiency of
incorporation of FAD increased in conjunction with the FAD/
ATP ratio, which is consistent with what was expected based on
the results for NAD, whereas FADpG provided significantly
higher capping even when used at a 3-fold excess of ATP.
Furthermore, when comparing the incorporation of the two
trinucleotides—NADpG and
FADpG—with both promoters A (¢ 2.5) and G (¢ 6.5), we

adenine-containing
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observed a similar incorporation efficiency but slightly better
incorporation of NADpG when the G (¢ 6.5) promoter was used,
in contrast to FADpG, which showed a better efficiency using the
A (¢ 2.5) promoter (Figure 6B).

As a final verification of the capping efficiencies for our novel
RNA 5 end analogs, we performed an LC-MS analysis of 35 nt
FAD-RNAs, GlcppU-RNAs, and NAcGlcppU-RNAs obtained by
IVT under promoters specified in Figure 6. To obtain sufficient
amount of material for the analyses we developed a modified IVT
protocol employing higher nucleotide concentrations and 2.5-fold
excess of the cap analog over the standard initiating NTP (for
details see Materials and Methods). The LC-MS analyses enabled
us to identify all distinct capped- and uncapped RNA species
(Supplementary Table S1, Supplementary Figures S1-S4) and
determine overall capping efficiency based on the ratio of total
capped versus total RNA (Figure 7, Supplementary Figure S5).
Figures 7A,B shows a representative HPLC chromatograms and
the corresponding MS spectrograms for RNA capped with FADpG
(obtained with A ¢ 2.5 promoter) and NAcGlcppUpG-capped
RNA (obtained with G ¢ 6.5), respectively. Although the RNAs
were obtained using a different protocol than RNAs analyzed
above, the obtained results were in very good qualitative agreement
with results from HRPAGE analyses. The highest capping
efficiency was found for FADpG (90%), whereas FAD under
similar conditions yielded only 67% capping. GlcppUpG and
NAcGleppUpG afforded capping efficiencies of 59 and 49%,
respectively (Figure 7C), confirming that these analogs afford
slightly decreased capping efficiency due to imperfect pairing
with the promoter sequence.

4 Discussion

Herein, we designed and synthesized a set of di- and
trinucleotide derivatives of various non-canonical RNA 5'-ends
straightforwardly and efficiently. In cases where dinucleotides
could not be incorporated into RNA with the usual polymerase/
promoter couple, the corresponding trinucleotides were useful and
showed good to very good incorporation into RNA by
T7 polymerase (Table 1). For instance, NADpG and FADpG
displayed notably higher incorporation (close to 95%) comparing
to NAD and FAD, respectively, and acted as transcription initiators
from both the ¢ 2.5 and ¢ 6.5 promoters, whereas NAD and FAD
were only moderate substrates for T7 polymerase using the A ¢
2.5 promoter. Moreover, none of the uridine-containing derivatives
were incorporated into RNA, but their corresponding uridine-
guanine counterparts were incorporated with approximately 50%
yield under optimized conditions using the G ¢ 6.5 promoter. We
further identified problems that can occur during the electrophoretic
analysis of non-canonically capped RNAs, especially FAD-RNAs,
highlighting the need for cautious consideration of the results. The
relatively low capping efficiencies achieved for uridine derivatives
resulting in significant amount of uncapped RNA in the samples
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may limit some of the potential applications or necessitate further
work-up of the samples. For short transcripts, this could be
potentially achieved by the use of RP or ion exchange HPLC
chromatography under conditions resolving uncapped and
capped transcripts. Otherwise, post-transcriptional enzymatic
processing such as a successive polyphosphatase and 5'-3'-
exonucleoase treatments, should allow to degrade the 5/
triphosphate RNA, keeping the 5'capped RNA intact (Sikorski
et al, 2020). Overall, the use of trinucleotides provides several
noticeable advantages for in vitro transcription, thus promoting
the prospect of more efficiently introducing various non-canonical
RNA 5'-caps and providing access to molecular tools that could help
understand the biological functions of non-canonically capped
RNAs. For instance, 3’ biotinylation of non-canonically capped
RNAs could yield probes for pull-down assays, to provide
information on proteins interacting with the corresponding 5’
caps. Future research may also involve the application of this
methodology for non-canonically capped mRNA synthesis in
order to assess its biological functions and translational
properties. Further studies on longer RNA templates and novel
analytical methods would also be useful in the future to determine
the full scope and limitations of this capping technology.
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