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ABSTRACT

We describe the synthesis of a chain-terminating mRNA cap dinucleotide and its use in the in vitro transcription of homogeneously capped
RNA. Computer modeling strongly indicates that RNA capped with the new compound will be a substrate for cap-dependent translation.

The mRNA cap structure, comprising anN7-methylguanosine
(m7G) residue joined to the 5′ end of the mRNA via a 5′-5′
triphosphate linkage, serves a number of central roles in
eukaryotic gene expression including the targeting of mRNA
to the intracellular mRNA translation and degradation
machineries. In vivo, the cap is added enzymatically.
However, over the past 20 years or so, numerous studies
have required the synthesis of proteins in an in vitro
translation extract supplemented with in vitro synthesized
mRNA. The prevailing method for the in vitro synthesis of
capped mRNA employs a preformed dinucleotide of the form
m7G(5′)ppp(5′)G (6) as an initiator of transcription. A
disadvantage of using this pseudosymmetrical dinucleotide
has always been the propensity of 3′OH of either the G or
m7G moiety to serve as the initiating nucleophile for
transcriptional elongation1 leading to the synthesis of two

isomeric RNAs of the form m7G(5′)pppG(pN)n and
G(5′)pppm7G(pN)n, in approximately equal proportions
depending upon the ionic conditions of the transcription
reaction.2 This may be problematic for various downstream
processes, such as in vitro translation or crystallization
studies.3,4 In the current study, we have synthesized a “chain-
terminating” dinucleotide cap analogue, 3′-O-Me-m7G(5′)-
pppG (5) in which the m7G moiety is doubly methylated:
in addition to the characteristic guanosineN7-methyl sub-
stituent, a methyl group is included at the 3′-OH of the m7G
ribose. We demonstrate that this doubly methylated cap
analogue supports efficient transcriptional initiation with only
the desired forward-oriented cap.

† Rice University.
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Prior to synthesizing the dinucleotide, we addressed the
possibility that the 3′-OMe group might compromise interac-
tion with the m7G cap-binding proteins VP39 (a cap-specific
mRNA 2′-O-methyltransferase from vaccinia virus) and
eukaryotic translation initiation factor eIF4E. In the cocrystal
structures of VP39 with capped RNA5 and eIF4E with
m7GDP,6 the m7G moiety of each ligand was 3′-O-methylated
in silico, and the resulting structures were subjected to energy
minimization (Figure 1). For the VP39-capped RNA com-

plex, the 3′-OMe group experienced only a single, minor
van der Waals steric clash with the proteinswith Ala27
(Figure 1B, inset). For the eIF4E‚m7GDP complex, the 3′-
OMe group experienced no significant close contact with
any residue of the protein (Figure 1D, inset). As a result of
these experiments we expected no significant energetic
barrier to the interaction of5-capped RNA with either of
the two proteins, and we therefore proceeded with the
synthesis of5.

Compound 5 was prepared according to Scheme 1.
Following chemical phosphorylation of 3′-O-methylgua-
nosine with POCl3,7 the pyridinium salt of 3′-O-methylgua-
nosine-5′-monophosphate was regioselectively methylated at
N7 using MeI.8 Next, the tributylammonium salt of 3′-O-
Me-m7GMP was further phosphorylated to dimethylated
GDP with tributylammonium orthophosophate in the pres-
ence of carbonyldiimidazole.9 Finally, the triethylammonium
salt of the resulting 3′-O-Me-m7GDP was condensed10 with
activated11 GMP-morpholidate. When carried out essentially
as described, the coupling did not proceed to completion in
1 week. However, the addition of 1H-tetrazole12 allowed the
reaction to reach the same point after only 2.5 days. After
DEAE-Sephadex A25 chromatography and counterion ex-
change, 17 mg of purified5 (sodium salt) was obtained.

The newly synthesized dinucleotide cap analogue (sodium
salt)13 was used to prime the in vitro synthesis of two species
of short, G-less RNA (of the form5-(pA)3 and5-(pA)5) by
T7 transcription of the corresponding templates (Scheme 2).
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Figure 1. Screening for potential steric clashes of added 3′-O-
methyl group by free energy minimization. Panels A, B: Solvent-
accessible surface of VP39 with boundS-adenosyl methionine and
capped RNA. Panels C, D: Solvent-accessible surface of yeast
eIF4E with bound m7GDP. Panels B and D are close-ups taken
from A and C, respectively, showing m7GDP moieties. Insets in
B, D: Extreme close-ups showing calculated rotamers of the
3′-OMe group. Bound ligands (stick form):N, blue; O, red; P,
mauve. Equal spacing of rotamers indicates an absence of significant
energetic barriers to free rotation (panel D, inset); nonpenetration
of rotameters into a rotational sector (panel B, inset) indicates the
presence of an energetic barrier.

Scheme 1a

a (a) POCl3, PO(CH3)3, 0 °C, 50%; (b) MeI, MPD, 99%; (c) (i)
carbonyldiimidazole, DMF; (ii) Bu3NH‚H2PO4, DMF, 30% for two
steps; (d) GMP-morpholidate, tetrazole, DMSO, 72 h, 60%.
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Control reactions were primed with the standard dinucleotide
cap analogue,6. The products of each of the four reactions
were fractionated by C18 RP-HPLC (Figure 2), and their

identities were established by ESI-MS. Within each cluster14

of products in the6-primed reactions (Figure 2, traces 1 and
3), the earlier- and later-eluting peaks comprised the reverse-
and forward-capped RNA isomers G(5′)pppm7G(pA)n and

m7G(5′)pppG(pA)n, respectively.4 Notably, for the5-primed
products (Figure 2, traces 2 and 4), each cluster was reduced
to a single peak consistent with our blockage of the
N7-methylguanylate ribose by 3′-O-methylation, permitting
the generation of only forward-capped products of the form
5-(pA)n.

To determine whether5 and 6 were incorporated with
equivalent efficiency during transcription, a reaction was
performed in which the two cap dinucleotides were present
at equal concentration (Figure 2, trace 5). Quantitation of
areas under the peaks revealed that5 was incorporated
approximately 6-fold less efficiently than6. Importantly,
there was no apparent overall inhibition of transcription,
indicating that the5 preparation did not possess a dominant
transcriptional inhibitor. Moreover, tobacco acid pyrophos-
phatase treatment of both6 and5 followed by MALDI-TOF
MS confirmed that identical guanosine moieties (the only
portion that is essential to transcription initiation) were
present in the two caps. These data suggest that that the lower
activity of 5 likely arises from a nontransferable inhibitor
such as an inappropriate counterion or the absence of an
appropriate one.

The above data were obtained using a simple model
transcription system in which the transcripts were short and
contained no G residues at internal positions. For in vitro
translation and other studies, much longer, G-containing
capped transcripts would typically be required. The synthesis
of RNA containing internal G residues requires the presence
of GTP in the transcription reaction, which in turn leads to
an unavoidable competition at the initiating position between
GTP and cap dinucleotide. We dissected these “real world”
in vitro transcription conditions by generating full-length
(1762 nt) transcripts of the luciferase gene under conditions
where5 or 6 was permitted to compete for initiation with
guanosine 5′-monophosphate (GMP), a non-cap initiator
nucleotide. In each reaction, overall initiator concentration
(GMP + 5 or GMP+ 6) remained constant. The concentra-
tion of GTP (included to permit transcript elongation) was
kept∼160-fold lower than that of initiator to avoid competi-
tion for initiation15 and remained constant in all reactions.
The extent of capping of the internally labeled transcripts
was then assayed by annealing the transcripts to comple-
mentary oligonucleotides, cleaving off the transcripts’ ex-
treme 5′ ends using RNaseH, and resolving capped from
uncapped 5′ ends by PAGE (Figure 3). Although reactions
with unannealable control oligonucleotides showed small
amounts of degradation yielding, in some instances, an
apparent band of mobility similar to that of the uncapped 5′
end fragments (“Anneal -” lanes, Figure 3), results with the

(13) Prior to its use in transcription,6 was further purified by strong
anion exchange chromatography followed by preparative C18 RP-HPLC.
The major peak from the latter column appeared homogeneous when a
sample of it was rechromatographed over an analytical C18 column.

(14) As described previously (ref 4),6-primed RNA products from
templates for the transcript G(pA)5 (Figure 2 trace 1) eluted from the column
as a series of clusters of peaks in which each cluster represented a single
RNA chain length. The presence of such a series indicated heterogeneity
in the length of the oligo(A) portion of the transcript presumably as a result
of polymerase “stuttering” during runoff transcription.6-primed products
from this template (Figure 2, trace 2) also eluted as a series representing
equivalent heterogeneity of the oligo(A) portion. Products from the shorter,
G(pA)3 template were homogeneous in length (Figure 2, traces 3 and 4),
suggesting that this template was too short to support polymerase stuttering.

(15) Kreig, P. A.; Melton, D. A.Methods Enzymol.1987,155, 397-
415.

Scheme 2. Preparation of Capped mRNA

Figure 2. C18 RP-HPLC fractionation of short G-less in vitro
transcripts. Traces 1 and 2: Transcripts generated from a template
encoding the RNA G(pA)5 in the presence of cap analogues6 and
5, respectively. Traces 3 and 4: Transcripts generated from a
template encoding the RNA G(pA)3 in the presence of cap
analogues6 and 5, respectively. Trace 5: As in traces 3 and 4,
except that the cap analogues were premixed in equal concentration.
Numbers above peak clusters: Value ofn in cap-(pA)n. For each
value of n, F and R denote forward- and reverse-capped RNAs,
respectively, after ref 4. At each value ofn, 5-(pA)n RNAs eluted
later in chromatograms than the corresponding6-(pA)n ones,
presumably as a result of the hydrophobicity of the additional
methyl group. For visual clarity, the vertical axes of some traces
have been rescaled slightly so that peaks are comparable in height
from one trace to another.
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“test” oligonucleotide were clear. The presence of6 in 3-,
9-, and 29-fold molar excess over GMP yielded capping rates
of 30%, 75%, and>90%, respectively (Figure 3). Thus,
regular cap dinucleotide was a reasonable competitor of GMP
for initiation. However,5 was incorporated less efficiently.
Thus,5-capped transcripts were detectable in reactions where
5 was present in at least 9-fold molar excess over GMP. In
the reactions containing a 9- or 29-fold molar excess of5
over GMP, capping rates of 5% and 25%, respectively, were
observed (Figure 3). Comparing results at the 29:1 cap to
GMP ratio, the competitive efficacy of our preparation of5
for initiation of transcription appeared to be around 5- to
10-fold poorer than that of6 in the initiation of a long
G-containing transcript. This was comparable to the 6-fold
difference observed in a direct competition between the two
caps for the initiation of short (pA)n transcripts (Figure 2,
trace 5).

To compare the interaction of the short G-less transcripts
of the form 6-(pA)3 and 5-(pA)3 with VP39, they were
investigated as substrates for the in vitro 2′-O-methylation
assay (Figure 4).5-(pA)3 appeared to be 2′-O-methylated
by VP39 at least as efficiently as6-(pA)3. Apparently, the
3′-OMe group had no deleterious effect on capped RNA-
VP39 interaction, consistent with the modeling data (Figure
1). Moreover, since bona fide 7-methylation within the cap

is an absolute prerequisite for VP39 substrate activity,16 this
experiment confirmed the presence of an m7G moiety in5.

To summarize, we report the synthesis of a novel dinucle-
otide cap analogue that, when used in in vitro transcription
protocols, allows the generation of homogeneously forward-
capped mRNA. Computer modeling strongly indicates that
the novel cap is compatible with translation initiation factor
eIF4E and therefore useful for in vitro translation experi-
ments.
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Figure 3. Extent of capping of luciferase transcripts generated in
transcription reactions containing various mixtures of initiator
nucleotide. C) capped, U) uncapped transcript 5′ ends. The cap
analog/GMP concentration ratio is indicated by “Cap/GMP” over
each lane. Lanes marked “Anneal+” and “Anneal-” indicate the
use of transcript-sense (control, unannealable) and -antisense
(annealable) oligonucleotides, respectively, in combination with
RNase H to produce the 5′ end fragments.

Figure 4. Methyltransferase timecourse assays for control RNA
substrate6-(pA)3 (purified forward-capped RNA) and5-(pA)3. An
autoradiograph of3H-methylated RNA is shown after incubation
of RNA substrates with VP39 and3H-AdoMet under standard assay
conditions.
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