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Abstract: The 5’ cap structure is crucial to mRNA
function, with its diverse methylation patterns depend-
ing on the cellular state. Sensitive analytical methods are
sought after to quantify this cap variety also referred to
as cap epitranscriptome. To address a bottleneck for
accurate and precise quantitation, we report a facile and
fast access to high-quality synthetic standards via a new
route, involving P(III)-amidite chemistry. A range of
cap nucleotides and their stable heavy isotopic labeled
analogues were derived from nucleoside diphosphates,
which themselves were directly prepared in a one-step
reaction sequence starting from unprotected nucleosides
using a triphosphorylating reagent in combination with
ethylenediamine. Considering a wider scope, the route
also enables direct access to magic spot nucleotides and
diphosphates of isoprenyl-alcohols. Stable-isotope la-
beled cap nucleotides derived from this route paved the
way for the development of a highly sensitive LC–MS/
MS method, applied to the characterization of mouse
brain cap epitranscriptomes, which turned out to be very
different from those of cultured cell lines of widespread
use in the life sciences.

Introduction

The 5’ cap is a critical motive in RNA modification and
processing.[1] Various steps of maturation and function in
different RNA molecules depend on its presence and precise
methylation pattern, with messenger RNA (mRNA) being

the most ancient and most visible, but by far not the only
species. More recent reports concern both long noncoding
RNAs (lnc RNA) and various types of small noncoding
RNAs.[2] Details of mRNA cap structures are important in
regulation of different stages during the RNA life cycle,
including splicing, polyadenylation, transport, stability and
translation.[3] Especially the latter function is associated with
a veritable battle of viral take-over strategies, and counter-
measures of the innate immune system of the infected
organism.[4]

The cap itself is structurally diverse, harboring different
methylation patterns (Scheme 1A). To investigate this
variety - the cap epitranscriptome - different LC–MS-based
methods were recently developed (e.g. CapQuant, CAP-
MAP).[5–8] These techniques allow detection and quantita-
tion of cap structures present in cells and tissues. While
details in protocols vary, they usually rely on an enzymatic
digest of the RNAs followed by an LC–MS-based read-out
of the cap nucleotides. Hence, an efficient (bio)synthetic
access to cap nucleotides is crucial for the continued
development of more sensitive methods for relative and
absolute quantitation.

While nucleoside analytics of internal RNA modifica-
tions are routinely conducted in the low femtomole to
attomole scale, the unfavorable ionization properties of
nucleotides cause significantly higher limits of detection and
quantitation of polyphosphate structures. Even more impor-
tantly, modern and increasingly diversified LC–MS instru-
mentation demands authentic sample compounds for cali-
bration even of published protocols. In light of the recent
success of industrial scale applications of cap compounds in
medicinal mRNA, such as vaccines,[9] a future surge in
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demand of such compounds is anticipated.[6] The present
study reports a versatile route to synthetic heavy isotope
labeled cap nucleotides by phosphoramidite chemistry and
demonstrates, how their application as references for LC–
MS spectrometry studies improves detection and quantita-
tion performance.

Cap nucleotides consist of two nucleosides linked
together via a 5’-5’ triphosphate bridge, a substructure also
referred to as dinucleoside triphosphate.[10] Known synthetic
approaches for dinucleoside triphosphates face a particular
challenge in the asymmetric structure of caps.[11,12]

In general, available procedures rely on P(V)-chemistry
in the P-anhydride generating step.[12] An electrophilic
leaving-group (LG) activated phosphate is reacting with a
nucleophilic phosphate group to form the phosphoanhydride
bond. This activation and coupling was previously achieved
using P(V)-imidazolides,[13] P(V)-morpholidates,[14] P(V)-

phenylthio-[15] or P(V)-5-chloro-8-quinolyl-groups.[16] Activa-
tion can be achieved on the monophosphate (Scheme 1B) or
on the diphosphate (not shown).[17] As a consequence,
nucleoside diphosphates (NDPs) are required for cap
nucleotide synthesis. Previously reported synthetic routes
for NDPs are either based on protected nucleosides[18] or
nucleoside monophosphates.[19,20]

A direct transformation of unprotected nucleosides into
NDPs[21] is still a challenge and methods lag behind
compared to nucleoside mono- or triphosphate synthesis.[22]

In this context, we describe a robust one-step diphosphate
synthesis starting from unprotected nucleosides by using the
c-PyPA (01) reagent.[23,24] This P(III)-amidite reagent was
already proven useful for the synthesis of γ-modified nucleo-
side triphosphates from unprotected nucleosides.[23] Notably,
the use of P(III)-chemistry in cap-structure synthesis has not
been explored previously. The benefits of such an
approach[25] are short reaction times,[26] a facile protocol that
tolerates moisture,[20] and a reduction of the overall step
count, while enabling the synthesis of several cap nucleo-
tides from unified precursor molecules.

Results and Discussion

Diphosphate Synthesis

For cap nucleotide synthesis, a convenient disconnection is
in between the β and γ-phosphates, resulting in a diphos-
phate and a monophosphate that must then be connected in
the forward sense. In our approach, the monophosphate is
introduced in the P(III) oxidation state as a P-amidite and
the diphosphate serves as nucleophile (Scheme 1B).

The direct synthesis of nucleoside diphosphates is under-
developed and thus we explored a methodology to trans-
form cyclo-triphosphate intermediates, such as (02)
(Scheme 2) into diphosphates. Here, we followed a proce-
dure initially reported by J. Ludwig and F. Eckstein in
1991.[27] This method was modified to obtain α-borylated
NDPs starting from protected nucleosides but was never
scrutinized regarding scope.[28,29] Herein, we provide an
analysis of scope by testing the diphosphorylation of several
unprotected nucleosides, and also extend this to the direct
synthesis of isoprenoid diphosphates (see Supporting In-
formation). We find that this method can be broadly applied
to access diphosphates of important metabolites in a
straight-forward and modular fashion by combining it with
the c-PyPA (01) cyclotriphosphorylating reagent.

As summarized in Scheme 2, we first investigated the
direct transformation of cyclotriphosphate esters to the
diphosphates, which encompasses linearization and terminal
dephosphorylation (step 3a+b) simultaneously. This proc-
ess is enabled by linearization with ethylenediamine (03)
followed by cyclization and anhydride scission that removes
the γ-phosphate as a phosphorous diamidate (05). Com-
pared to literature precedence, which resulted in precipita-
tion and yield losses,[28] we found it critical to reverse the
sequence by introducing the cyclotriphosphate intermediate
(02) into a solution of ethylenediamine and water. Fully

Scheme 1. A.) Prototypic 5’ RNA cap structure (cap nucleotides) with
variable methylation pattern. B.) Overview of published cap nucleotide
syntheses and the P(III) based approach presented in this work.
(LG= leaving-group).
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dissolved reactants in the reaction mixture significantly
facilitated the workflow, especially for scales above 100 mg.
We also explored the suitability of different alkyl diamines
for linearization and dephosphorylation.

Methanediamine did not undergo cyclization and 1,3-
propyldiamine was significantly slower in diphosphate

formation, suggesting that ethylenediamine is currently the
best choice for this transformation. 20 eq. of ethylenedi-
amine gave optimal results: quantitative conversion into the
diphosphate within ca. 90 min reaction time (Scheme 2A; for
further dertails, see SI, Figure SI-4). The dephosphorylation
step (3b, in Scheme 2A) was found to be pH dependent, and

Scheme 2. A.) 31P-{1H} NMR reaction monitoring of the nucleoside diphosphate synthesis by using c-PyPA (01) and ethylenediamine (03). Already
at the first timepoint of measurement (t0=10 min), the cyclotriphosphate intermediate 02 cannot be seen anymore and was efficiently linearized.
After 90 minutes, the NDP 08 is formed as main product. B.) An overview of the obtained molecules by the c-PyPA approach for dephosphorylation
with isolated yields. Side-product 06 is shown in more detail in the SI, Scheme SI-1. The counter-ions for the phosphate moieties are also
discussed in the experimental part of the SI.
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pH values more acidic than 11 slowed the cyclization down.
Usually, a mixture of ethylenediamine in water (1 : 3; pH
value ca. 14) directly led to linearization and terminal
dephosphorylation of the cyclotriphosphate (02) and was the
optimal choice for diphosphate synthesis.

During the reaction optimization with 2’,3’-O-isopropyli-
dene-adenosine, we observed the formation of a mono-
phosphate-diester (06) as a side-product. LC–MS analysis
revealed that 06 was formed under aqueous alkaline
conditions in approx. 20% (see SI, figure SI-6). This
byproduct 06 was readily removed during strong anion
exchange purification (SAX) or reversed phase chromatog-
raphy and we could obtain the desired NDP 08 in a yield of
about 50%.

After identifying the optimal conditions, we applied
these to the synthesis of several other unprotected NDPs
avoiding additional protection/deprotection steps (Sche-
me 2B). Nucleosides with only one or two reactive alcohols
in the 5’ and 3' position were transformed into their
diphosphates in yields of around 50% (07, 08, 10, 12).
Nucleosides with free 2' and 3' alcohol moieties required a
more complex chromatographic purification, which resulted
in yields of ca. 25% (09, 12). Nevertheless, the side products
of an unwanted over-reaction on secondary alcohols are also
of principal interest: they provide a direct entry into, for
example, the synthesis of magic spot nucleotides.[30,31] By
using excess c-PyPA and unprotected adenosine followed by
ethylenediamine treatment, one obtains the 2’-3’-cyclophos-
phate (13) (Scheme 2). This can then be regioselectivly ring-
opened with RNase[30,31] giving ppAp (14) in a yield of 58%.
To demonstrate the broad applicability of the approach, we
also installed diphosphates onto isoprenyl-alcohols and we
isolated the respective products after purification in a yield
of up to 40% (see SI, SI-06–07).

Since P(III)-chemistry requires oxidation to the P(V)
state, different oxidation reagents enable access to α-P-
modified nucleoside diphosphates. For example, application
of the Beaucage reagent[32] led to α-thiophosphate modified
NDPs. These precursors allow access to α-P-modified cap-
structures, as described recently.[33]

Synthesis of Cap Nucleotides

After developing the one-step synthesis of nucleoside
diphosphates with the desired methylation pattern, we
turned our attention towards the P(III)-amidite enabled
anhydride synthesis to finalize the cap nucleotides. We
decided to introduce the guanosine derived part of the cap
nucleotide as its P(III)-amidite for solubility reasons. The
required P-amidites (Scheme 3) were obtained on a 100 mg
scale and could be stored at –20 °C for over 6 months.

Starting from commercially available guanosine (15), we
first protected the 5’ alcohol moiety with a TBS group on a
20 g scale. Afterwards, the remaining alcohols on the ribose
subunit were protected as acetates. Fully protected guano-
sine derivative 16 was obtained quantitatively without
further purification on a 5 g scale and served as a common
intermediate to access all desired P(III)-amidites. A 5’-

deprotection by aq. HCl followed by phosphitylation led to
guanosine P(III)-amidite 23. There exists an interesting
direct late-stage modification of P(III)-amidites to m1G or
m2G derivates as a potential alternative route.[34] However,
the desired m7G derivates required for this study were not
accessible using this approach. Methylation by MeI or
deuterated CD3I in dry THF, before 5’-deprotection and
phosphitylation, provided access to m7G- or (CD3)

7G P(III)-
amidite (24, 25). Reductive amination beforehand opened a
route for trimethylated m2,2,7G P(III)-amidite (26) and the
m7 deuterium labeled derivative (27) was also prepared
accordingly (Scheme 3).

To finalize the cap nucleotides, we coupled the guano-
sine P(III)-amidites (23–27) with the corresponding adeno-
sine diphosphates (Scheme 2, 10–12) under slightly acidic
conditions using ETT, as shown in Scheme 4. Since
phosphate moieties react faster than alcohols, a protection
OH functions on the NDPs was not required.[20] Clean
oxidation was achieved with urea x H2O2.

We monitored the reaction progress by HPLC and found
1.7 eq. of P(III)-amidite suitable for a quantitative conver-
sion followed by oxidation. An eluent mixture of 100 mM
triethylammonium buffer at pH 7 against MeCN provided
good separation on a C18 xbridge® column (Scheme 4A).
These conditions were then applied for MPLC purification.
During freeze-drying of the product, the β-cyanoethyl group
on the phosphate was directly cleaved (Figure SI-13).
Removal of the acetate protecting groups was not conducted
with AMA-solution as the cap nucleotide decomposed
quickly by nucleophilic attack of water on the 8-position.[35]

To avoid this, we screened for a water-free deprotection
conditions. A mixture of piperidine in dry MeOH was
capable to remove the acetate groups within 60 min, without
degrading the cap structure and resulting in almost quantita-
tive conversion as seen by HPLC analysis (Scheme 4A).

To obtain cap-nucleotides in >99% purity for our
analytical purposes, we performed a final preparative HPLC
purification. Of note, an acidification of the mixture after
deprotection with formic acid was necessary, to avoid
decomposition during purification. In addition, capillary
electrophoresis (CE)-MS analysis validated >99% isotopic
enrichment of the deuterium labeled cap nucleotides (see
SI).

Cap Structure Analytics with Deuterium Labelled Standards

Synthetic cap nucleotides were applied to extensive LC–MS/
MS method development. Intending to develop simultane-
ous quantitation of cap and other modified nucleosides, we
started by using the MS parameters reported by Wang
et al.,[5] the HPLC method of Muthmann et al.,[7] and our
own source parameters[36] as starting point. No further
optimization of MS parameters was necessary on our LC-
QQQ (triple quadrupole) setup, as we achieved very similar
sensitivity, which was not improved by variations of mass
transitions, fragmentor voltage or collision energies. Chro-
matography optimization was conducted with an eye to
clean separation of pairs of isobaric analytes with identical
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mass transitions, such as the analyte pairs m7GpppA—
GpppAm and m7Gpppm6A—Gpppm6Am. We found signifi-
cant impact of buffer ion strength, buffer pH and temper-
ature on signal amplitude, peak width and symmetry, and
separation, as detailed in the Supporting Information (Fig-
ure SI-20; Tables SI-1 to SI-4).

After optimization, an overall increase in peak abun-
dance of ca. 2-fold and a robust separation were achieved.
The subsequent optimization of ion source parameters, such
as drying gas flow and temperature, capillary voltage, nozzle
voltage, sheath gas flow and temperature, as well as
nebulizer pressure, resulted in an additional increase in
signal abundance by factors between 1.3 and 2.1. We
determined instrument detection limits that varied only
between 0.9 and 1.2 fmol for the different cap structures,
with overall improvement factors of 2.1–3.4 relative to
before optimization (Table SI-5).

The developed workflow for the quantitative analysis of
5’ cap structures is depicted in Scheme 5A and starts with
extraction of total RNA followed by polyA RNA pulldown
with magnetic beads. After addition of labeled standard,
enzymatical digestion leads to RNA on nucleoside level and
cap nucleotides allowing the simultaneous detection of cap
and internal nucleoside modifications by LC–MS/MS. For

method validation, samples with known modification con-
tent were composed of a defined amount of cap nucleotides
and HEK total RNA, and spiked with stable isotope-labeled
internal standard (SILIS) of selected cap nucleotides, and
measured against external calibration standards. Absolute
quantitation that ignored the SILIS led to deviations from
the true value up to 18%, whereas taking SILIS corrections
into account resulted in a considerable increase in quantita-
tion accuracy with deviations from the true value of 0.3–7%.
As another useful feature, SILIS-based improvement was
also achieved for analytes for which no structurally identical
SILIS was available (see Table SI-6 and Figure SI-21).
Scheme 5B shows the detection of five cap structures in a
dilution series of the polyA fraction of HEK cell total RNA.
Remarkably, the most abundant species m7Gpppm6Am was
detectable in 5 ng polyA RNA, while m7GpppAm as the
second most abundant was only measurable upwards of
100 ng, and comparative analysis of all five species only
meaningful at 15 μg.

Since the above improvements pushed sensitivity for cap
analysis to a level as previously available for nucleoside
analysis, we used this same RNA preparation to demon-
strate the feasibility of combining analysis of cap and
internal modifications in a single run. As shown in

Scheme 3. Unified synthetic steps to obtain guanosine derived P(III)-amidites with different methylation patterns. A.) TBS� Cl, imidazole, in DMF/
DMSO. B.) Ac2O, NEt3, cat. DMAP, in MeCN. C.) p-formaldehyde, NaBH3CN, in AcOH. D.) MeI (or CD3I), in THF. E.) conc. aq. HCl, in EtOH.
F.) βCEO(iPr)2NPCl, DIPEA, in DCM. G.) βCEO[(iPr)2N]2P, ETT, in DMF.
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Scheme 5C, polyA RNA, which consists mainly of mRNA,
lncRNA, and some ribosomal RNA (rRNA), contained N6-
methyladenosine (m6A), 5-methylcytidine (m5C), pseudour-
idine (Ψ), and some N6,N6-dimethyladenosine (m6,6A), the
latter presumably from polyadenylated rRNA.

We also quantified m7Gpppm6Am and m7GpppAm with
SILIS in polyA RNA isolated from different mouse brain
tissues, namely cerebellum, cortex and hippocampus. Here,
the sensitivity of the method enabled the analysis of
moderate amounts of polyA RNA ranging from 1 to 2.4 μg.
Interestingly, we found that cortex tissue stood out, display-
ing fewer cap moieties per 1000 nucleotides (see
Scheme 5D). Additionally, mouse brain tissues showed high-
er proportions of N6-methylation ranging from 0.96–0.98
compared to HEK cells with 0.90 (Scheme 5E). Of note, the
RNA was isolated according to a protocol specifically
optimized and validated to avoid RNA degradation.[37]

Conclusions

The chemical synthesis of cap structures is important to
access and alter this RNA modification. Recent approaches
have relied on P(V) chemistry. Here, we explored the
potential of a P(III) approach starting from nucleoside
diphosphates and modified nucleoside P(III)-amidites.
Through the intermediacy of a P(III)–P(V) anhydride,
diverse structures were accessible and led to the synthesis of
an array of different cap structures in excellent yields and
quality. The synthesis was extended to access stable heavy
isotope labeled internal standard cap structures on a multi-
milligram scale for analytical applications. As an additional
novelty, the required nucleoside diphosphates for cap syn-
thesis were made in a one-step protecting-group free
diphosphorylation reaction using the c-PyPA reagent and
ethylenediamine. This reaction was further scrutinized
regarding scope and also enables the direct synthesis of
other important diphosphates from unprotected alcohol
precursors.

The utility of the new SILIS was demonstrated in the
analysis of cap structures found in biological samples by
HPLC-QQQ-MS. Of particular note are the excellent instru-
ment detection limits in the attomole to femtomole range, as
well as the possibility to detect, assign, and quantify cap
structures as well as other modified nucleosides, such as
m5C, in one single run. The straightforward synthesis and
modification of high-quality reference cap structures with
P(III) chemistry and the excellent analytical performance of
the method will help to better understand the cap epitran-
scriptome in the future.

Supporting Information

Supporting Information including experimental details, cop-
ies of LC–MS traces and NMR spectra. The authors have
cited additional references within the Supporting
Information.[38]
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Scheme 5. A.) Schematic illustration of the workflow for the analysis of 5’ cap structures in RNA. After organic extraction of total RNA and polyA
RNA pulldown with magnetic beads, SILIS cap nucleotides are spiked and the whole sample is digested with nuclease P1 and fast alkaline
phosphatase (FastAP) to nucleoside level while leaving the cap intact. The sample is subjected to LC–MS/MS, chromatographically separated (the
peaks of the main nucleosides are assigned and abbreviated as C—cytdine, U—uridine, G—guanosine, and A—adenosine) and analyzed by MS.
The cap structure is symbolized with a purple base cap. D3C-isotope labeled cap structures are marked with a yellow tag and an exemplary
modified nucleoside is depicted in green. B.) Detection of five cap species in a dilution series of the polyA fraction of HEK cell total RNA. The
empty markers are outside the calibrated range. C.) Detection of nucleosides in a dilution series of the polyA fraction of HEK cell total RNA. Empty
markers are outside the calibrated range. D.) Quantitation of m7Gpppm6Am and m7GpppAm per 1000 nucleotides in polyA RNA isolated from
different mouse brain tissues. E.) Proportion of N6-methylation calculated as the quotient of m7Gpppm6Am and the sum of m7Gpppm6Am and
m7GpppAm in the polyA fraction of mouse brain regions and HEK cells.
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