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Modifying the 5’’-Cap for Click Reactions of Eukaryotic mRNA and To
Tune Translation Efficiency in Living Cells
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Abstract: The 5’-cap is a hallmark of eukaryotic mRNAs and
plays fundamental roles in RNA metabolism, ranging from
quality control to export and translation. Modifying the 5’-cap
may thus enable modulation of the underlying processes and
investigation or tuning of several biological functions. A
straightforward approach is presented for the efficient produc-
tion of a range of N7-modified caps based on the highly
promiscuous methyltransferase Ecm1. We show that these, as
well as N2-modified 5’-caps, can be used to tune translation of
the respective mRNAs both in vitro and in cells. Appropriate
modifications allow subsequent bioorthogonal chemistry, as
demonstrated by intracellular live-cell labeling of a target
mRNA. The efficient and versatile N7 manipulation of the
mRNA cap makes mRNAs amenable to both modulation of
their biological function and intracellular labeling, and repre-
sents a valuable addition to the chemical biology toolbox.

Eukaryotic messenger RNA (mRNA) has emerged as
a valuable alternative to DNA-based vectors for exogenous
protein expression in eukaryotic cells. Benefits include almost
immediate translation and typically higher transfection effi-
ciencies than when using DNA because delivery to the
cytoplasm is sufficient. Although low stability of mRNA
compared to DNA can be an issue, the fact that mRNA does
not permanently alter the genome of the cell is now
considered advantageous for therapeutic applications.[1] Con-
sequently, approaches to tune the translation efficiency and
stability of specific transcripts are attracting increasing
interest.[2] One crucial element for translation initiation of
mRNAs is the interaction of the 5’-cap with the eukaryotic
translation initiation factor eIF4E, and alterations of the 5’-
cap can directly affect translation.[3] In addition to their
general importance for translation, mRNAs can be asym-
metrically distributed in eukaryotic cells, and in several cases
even locally translated.[4] However, the molecular details of
mechanisms such as active transport leading to subcellular
localization are poorly understood.[5] To investigate these
dynamic processes, methods for labeling mRNAs in living
cells are required. Ideally, the mRNA of interest should be

altered as little as possible, which makes two-step chemo-
enzymatic approaches[6] an attractive alternative to the
currently more widespread use of fluorescently labeled
RNA-binding proteins (reviewed in Ref. [7]). To date, click
reactions of RNA are typically performed in fixed cells,
except for one report where the tetrazine ligation of a short
synthetic RNA was performed in living cells.[8]

We show for the first time the manipulation of a specific
eukaryotic mRNA in living cells. The translation efficiency of
the mRNA can be tuned without altering its sequence and
without the use of RNA-binding proteins, simply through
enzymatic attachment of small functional groups at either the
N7 position of the purine ring or the exocyclic amino function
(N2) of the cap structure. These modifications can be used for
click chemistry in living cells and thus allow both labeling of
the mRNA and tuning of its biological function in living cells
(Figure 1).

We previously reported a chemoenzymatic approach to
label in vitro produced and capped RNAs at the N2 position
of the 5’-cap using a variant of the trimethylguanosine
synthase from Giardia lamblia (GlaTgs2-V34A).[9] However,
the activity of this methyltransferase requires prior methyl-
ation of the N7 atom, and even engineered variants showed
compromised activity with larger S-adenosyl methionine
(AdoMet) analogues, thus limiting the labeling yield to
approximately 30 %.[9b,c] Searching for a more straightforward
and efficient approach, we noted Ecm1, a cap (guanine N7)
methyltransferase from the microsporidian parasite Ence-
phalitozoon cuniculi, the active site of which is located in
a cleft rather than a binding pocket (Figure S1 in the
Supporting Information).[10] Based on the crystal structure,
we anticipated that Ecm1 might be highly promiscuous
regarding the cosubstrate because large substituents at the
S atom should be able to point out of this cleft (see Figure S1
in the Supporting Information). Indeed, we found that
recombinantly expressed Ecm1 was not only able to transfer
a methyl group (Figure S2) to N7 of the minimal substrate
GpppA (1) as previously described,[10a] but also to install allyl-
, pentenynyl, vinylbenzyl-, or azidobutenyl groups from the
respective AdoMet analogues (2b–e), which were synthesized
as previously described.[9c,11] Products 3a–e were confirmed
by reversed-phase HPLC and mass spectrometry (Figure 2
and Figures S3, S4). Strikingly, Ecm1 was able to efficiently
and almost quantitatively convert even the sterically demand-
ing substrates 2d and 2e (Figure 2C and Figure S3, based on
HPLC analysis), thus distinguishing it from GlaTgs-V34A,
which also shows substrate promiscuity but with markedly
lower activity on 2d and 2e (Figure 2 D). The pronounced
substrate promiscuity enables fast and efficient conversion of
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a range of AdoMet analogues and thus makes Ecm1 an ideal
enzyme for producing modified 5’-caps.

To ensure that our approach is suitable for longer RNAs,
we produced a 106 nt RNA through in vitro transcription and
used the Vaccinia capping system (but omitting AdoMet 2 a)

for 5’-guanylation to give the GpppRNA. This GpppRNA was
used for N7-azido modification with Ecm1 and 2d. To
facilitate analysis, modified RNA was reacted in a strain-
promoted azide–alkyne cycloaddition (SPAAC) with DBCO-
SRB.[12] Both the SPAAC reaction and the inverse-electron-

Figure 1. The concept of tuning translation and labeling mRNA in living cells through modification of the 5’-cap. The 5’-cap of the mRNA is
modified at position N7 using methyltransferase Ecm1 from Encephalitozoon cuniculi, which is able to efficiently transfer bulky side chains from
AdoMet analogues.

Figure 2. Enzymatic modification of the cap analogue GpppA (1) at N7 using Ecm1. A) Ecm1 catalyzes the transfer of methyl (a), allyl (b),
pentenynyl (c), 4-azidobut-2-enyl (d), or 4-vinylbenzyl (e) residues to the N7 atom of the cap analogue 1. B) HPLC analysis of representative
modification reactions. In each case 1 mm 1, 5 mol% Ecm1, and a 1–3-fold molar excess of the corresponding AdoMet analogue (2a–e) were
used. Absorbance at 300 nm, which is indicative of N7-modified cap analogues, was monitored. Unmodified 1 shows only weak absorbance at
that wavelength. The time offset is 2%. C,D) Time-course measurements for Ecm1- (C) and GlaTgs2-V34A- (D) catalyzed reactions using 2a, 2d,
or 2e at 5 mol% enzyme. Data show average values of two independent measurements from different protein preparations. Gray numbers
indicate purine ring numbering.
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demand Diels–Alder (IEDDA)[13] reaction were first estab-
lished on the N7-modified caps 3d and 3e, respectively. Click
reactions of 3d with DBCO-SRB or Alkyne-conjugated
Megastokes Dye, as well as 3 e with tetrazine-BDP, yielded
the expected products, as confirmed by mass spectrometry
and in-gel fluorescence analysis (Figure S6,S7).

The N7-azido modified 106 nt RNA was reacted with
DBCO-SRB under the established conditions and analyzed
after gel electrophoresis by in-gel fluorescence. In the case of
the N7-modified RNA, a strong fluorescent band at the
correct length was detected (using a green LED and a 520/
35 nm excitation filter, as well as a 609/54 nm green emission
filter), thus indicating that labeling was successful and did not
cause significant RNA degradation. As expected, the control
RNA without a cap did not fluoresce at that wavelength when
subjected to the same treatment (Figure 3B and Figure S21).
Similarly, modification of this model RNA with a 4-vinyl-
benzyl residue (also at N7 of the cap) allowed efficient RNA
labeling through IEDDA with tetrazine-BDP (Figure S8).
These data demonstrate that different modifications attached
to the N7 position of capped RNAs can be used for site-
specific labeling in subsequent click reactions.

Methylation at position N7 is crucial for efficient trans-
lation, and the N7-methylated cap is specifically and tightly
bound by the eukaryotic translation initiation factor eIF4E.[3d]

Alterations at this position are therefore expected to interfere
with translation as reported for ethyl and benzyl groups
in vitro.[14] To assess the effect of a panel of modifications,
including bioorthogonal groups, on translation, we con-
structed two reporter mRNAs, namely a firefly luciferase
(FLuc) mRNA and an eGFP mRNA, which are approx-
imately 1000–2000 nt long, including 5’- and 3’-UTRs as well
as a poly(A) tail (Figures S9–S11). The N7-modified cap
analogues were incorporated into these reporter mRNAs by
in vitro T7 transcription.[15] As a negative control, RNA
capped with ApppG (which cannot undergo cap-dependent
translation) was produced. Non-capped mRNAs were
digested with RNA 5’-polyphosphatase in combination with
the exoribonuclease Xrn1 (Figure S12).

Translation analysis in vitro revealed that replacing the
N7 methyl group with larger residues, including vinylbenzyl
and azidobutenyl groups, in most cases abrogated translation
(Figure 3C) as expected. The N7-benzyl group, however,
reduced the translation efficiency only moderately, thus
suggesting that bulkiness of the N7 substituent is not the
only factor governing interaction with eIF4E. Our observa-
tion is in line with a previously proposed p interaction with
W166 of eIF4E[14] and suggests that even substituents at N7
may be used to tune translation efficiency. Single substitutions
at the N2 position had a more subtle effect and allowed

gradual reduction of the translation
efficiency (Figure 3D).

To ensure that the effect of cap
modifications on translation is biolog-
ically relevant, we also tested the
translation of differently capped
eGFP mRNAs in living cells. HeLa
cells transfected with m2

7,3’-OGpppG-
[an “anti-reverse” cap analogue
(ARCA)] or N2-allyl-modified eGFP
mRNA developed green fluorescence,
whereas N7-allyl-modified or N7-azi-
dobut-2-enyl-modified eGFP mRNA
or the negative control with an ApppG
cap did not result in a significant signal
over background in confocal laser
scanning microscopy images (Figure 4
and Figure S13). The results were
confirmed by flow cytometry data for
ARCA-, N7-azidobut-2-enyl- or
ApppG-capped eGFP mRNAs (Fig-
ure S15). These experiments suggest
that translation efficiencies obtained
in vitro reflect the actual translation in
a eukaryotic cell and rule out alter-
native translation initiation mecha-
nisms that might outperform the
effect of cap modifications on the 5’-
cap in living cells. Our results indicate
that some enzymatic modifications of
the eukaryotic 5’-cap are better toler-
ated than others and that these modi-
fications can be used to tune the
translation efficiency of mRNAs.

Figure 3. Labeling of N7-azidobut-2-enyl-modified RNA through SPAAC and translation efficiency
of differently capped FLuc mRNAs. A) In vitro produced and 5’-capped RNA was reacted with
Ecm1 and the AdoMet analogue 2d for N7 modification, followed by click labeling with DBCO-
SRB. B) Samples of 106-nt RNAs with and without N7-modified cap were reacted with DBCO-SRB
and analyzed by in-gel fluorescence (10% denat. polyacrylamide gel). Upper panel shows SRB
fluorescence (using green LED with a 520/35 nm excitation filter and a 609/54 nm green emission
filter), lower panel shows ethidium bromide (EtBr) staining. M: RiboRuler Low-Range RNA
Ladder. C,D) Translation efficiency of FLuc mRNAs with N7- (C) or N2- (D) modified 5’-caps. The
RNAs were translated for 60 min in rabbit reticulocyte lysate and luciferase activity was measured
in quadruplicate (RLU: relative light units). Data points show averages of 2–4 independent
experiments. DBCO= dibenzocyclooctyne, SRB=sulforhodamine B.
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In addition to tuning translation, some non-natural cap
modifications can be used for subsequent bioorthogonal
reactions, potentially even for mRNA labeling in living cells.
Intracellular labeling of a designated target mRNA that does
not contain alterations of its nucleotide sequence would
enable directly investigation of the subcellular localization
and trafficking of this mRNA at a given time point. To date,
covalent labeling of RNA in mammalian cells has been
achieved after random incorporation of modified nucleotides
into nascent transcripts or through enzymatic modification of
RNA tags appended to the mRNA of interest or synthetic
siRNAs.[6, 8] However, except for the tetrazine ligation
reported by Pyka et al.[8] the click reaction itself has only
been performed after fixation of the cells.[6] We have shown
previously and above that both N2 and N7 cap-modified
model mRNAs can be reacted in various click reactions,
including the bioorthogonal SPAAC and IEDDA reaction-
s.[9a–c,16] We now set out to achieve intracellular labeling of
cap-modified but otherwise unaltered eGFP mRNA in living
mammalian cells based on the SPAAC reaction that has been
successfully applied to label other classes of biomolecules on
the cell surface of model organisms and even inside living
cells.[17]

To this end, we transfected HeLa cells with these cap-
modified mRNAs, followed by the addition of DBCO-SRB.
For imaging on a confocal laser scanning microscope, cells
were fixed with paraformaldehyde after the in-cell click
reaction. For the N7-azido-modified mRNA, red fluorescent
dots were detected, whereas mRNAs without azido modifi-
cation (ARCA and ApppG caps) did not show significant red
fluorescence. This indicates that the SPAAC reaction of an
mRNA was successful in living cells and that excess SRB dye
efficiently diffuses out (Figure 4). Quantitative RT-PCR
measurements confirmed that eGFP mRNA was present at

all time points at higher concentrations than
the highly abundant b-actin mRNA (Fig-
ure S16). As expected, the ARCA-modified
eGFP mRNA yielded a green fluorescent
signal, thus confirming eGFP production. This
indicates that at least a fraction of the mRNAs
is available in the cytoplasm and is translated
after transfection.

In conclusion, we have developed an
enzymatic approach that enables tuning of
the translation efficiency and intracellular
labeling of a specific mRNA in living cells.
We have shown that the methyltransferase
Ecm1 shows remarkable promiscuity and
allows almost uncompromised transfer of
sterically demanding side chains from various
AdoMet analogues. This efficient transfer
enables for the first time easy and straightfor-
ward enzymatic production of long translat-
able cap-modified mRNAs as exemplified for
eGFP and luciferase mRNAs, which are
approximately 1000–2000 nt long. Tuning
translation through cap modification allows
study of the functions of a target mRNA
beyond serving as a template for translation.

In combination with bioorthogonal click chemistry, we
provide a tool for intracellular labeling of a target mRNA,
which will be valuable for studying subcellular localization
during dynamic processes such as outgrowth of polarized cells
or development.
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