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We describe the chemical synthesis and preliminary biophysical and biochemical characterization
of a series of mMRNA 5’-end (cap) analogs designed as reagents for obtaining mRNA molecules
with augmented translation efficiency and stability in vivo and as useful tools to study mRNA

metabolism. The analogs share three structural features: (i) the 5',5'-bridge is elongated

to a tetraphosphate to increase their affinity to translation initiation factor eIF4E;

(ii) a single phosphorothioate modification at either the a, B, y or d-position of the tetraphosphate
has been made to decrease their susceptibility to enzymatic degradation and/or to modulate their
interaction with specific proteins; and (iii) a 2’-O-methyl group has been added to the ribose of
7-methylguanosine (a characteristic of Anti-Reverse Cap Analogs (ARCAs), which are
incorporated into mRNA during in vitro transcription exclusively in the correct orientation).

The dinucleotides bearing the modified tetraphosphate bridge were synthesized by ZnCl,-mediated
coupling between two mononucleotide subunits with isolated yields of 30-65%. The preliminary
biochemical results show that mRNAs capped with new analogs are 2.5-4.5 times more efficiently
translated in a cell-free system than m’GpppG-capped mRNAs, which makes them promising

candidates for RNA-based therapeutic applications such as gene therapy and anticancer vaccines.

Introduction

Dinucleoside 5',5'-polyphosphates fulfill numerous regulatory,
signaling, or energetic functions in biological systems. A particular
representative of this group of biologically important molecules is
the m’G-containing cap present on the 5'-end of all eukaryotic
messenger RNAs. Different types of cap structures exist in
nature,! but they all contain guanosine methylated at the
N7-position connected by a 5,5 -triphosphate bridge to the first
nucleotide of the RNA transcript (Fig. 1A).

The cap plays a key role in a variety of cellular processes related
to mRNA metabolism, including splicing, nucleo-cytoplasmic
transport, intracellular targeting, translation, translational
repression, and turnover."” Therefore, synthetic analogs of the
cap are widely employed as tools for studying these physiological
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processes as well as being useful in biotechnology. There are also
promising potential clinical applications.

One application that has been intensively explored by our
groups is the use of cap analogs as reagents for in vitro
synthesis of capped mRNAs. Capped mRNAs may be
employed for expression of proteins in either in vitro translation
systems or in cultured cells. Recently, mRNAs have emerged
as an attractive alternative to classical DNA-vector based gene
delivery due to several advantages; the use of mRNA avoids
the risk of insertional mutagenesis, is effective in non-dividing
cells, and does not require introduction into the nucleus
because mRNA is translated in the cytoplasm.?

Synthesis of capped mRNA can be achieved by transcribing a
DNA template in vitro with either a bacterial* or bacteriophage>®
RNA polymerase in the presence of all four NTPs and a
dinucleotide cap analog such as m’GpppG. These polymerases
normally initiate transcription with nucleophilic attack by the
3’-OH of GTP on the a-phosphate of the next nucleoside
triphosphate specified by the DNA template. If a cap analog
such as m’GpppG is present in the reaction mixture at a ~5:1
ratio to GTP, the transcription is initiated mainly by attack of
3’-OH of the cap dinucleotide rather than that of GTP,
leading to formation of capped transcripts of the form
m’GpppGpNp(Np),. Unfortunately, attack can occur by the
3’-OH of either the Guo or m’Guo moieties of the cap dinucleotide,
resulting in one-third to one-half of the transcripts being
capped in a reversed orientation, i.e., Gpppm’GpNp(Np),..’
Such reverse-capped transcripts decreased the overall translational
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Fig. 1 Cap structures. (A) A general depiction of the eukaryotic mRNA 5’-end. (B) Structures of standard triphosphate analogs: m’GpppG and
m,>*°GpppG (ARCA). (C) Structures of m,”>"°GppppG and analogs synthesized in this study.

activity of mRNA. This problem was overcome several years
ago by the introduction of anti-reverse cap analogs (ARCAs)
bearing either 3’-O-methyl, 3’-H or 2’'-O-methyl modifications
in the m’Guo moiety, ensuring 100% correct orientation.®'°
ARCA-capped mRNAs were shown to have higher translational
efficiency than m’GpppG capped mRNAs both in vitro®' and
in cultured cells.'"™"?

One important advantage of the ARCA method over the
post-transcriptional enzymatic capping is the option to introduce
additional chemical modifications into the mRNA 5’-end that
can modify the behavior and properties of the mRNAs.
Among dozens of modified synthetic cap analogs examined,
several have been identified that augment mRNA translational
efficiency, both in vitro and in cultured cells.'®!® Two features
of the modified cap structure have emerged that influence the
overall yield of protein produced from the mRNA, particularly
in cultured cells.'"!* The first one is the cap’s intrinsic ability
to compete with natural mRNAs for recruitment to the
translational machinery, and the second is its susceptibility
to enzymatic decapping.

During recruitment of mRNA to the translational machinery,
the cap is specifically recognized by eukaryotic initiation factor
4E (elF4E). mRNA recruitment to form the 48S pre-initiation
complex is the rate-limiting step for initiation of translation
under normal circumstances (absence of virus infection,
cellular stress, efc.) and plays a central role in regulation of
translation.'* The presence of the cap greatly increases the rate
of translation. Affinity of the cap for eIF4E, and hence for the
translational machinery, can be increased by modifying the
5’,5'-triphosphate bridge. One class of compounds with
modifications of this type are cap analogs in which the
5',5'-bridge is extended from triphosphate to tetraphosphate,
e.g. m’GppppG, m,”* °GppppG or m,"*°GppppG."°

Generally, these analogs have binding affinities to elF4E
that are ~9-10-fold higher than for the corresponding
triphosphates and promote translation 20-30% more
efficiently when introduced into mRNA. However, it should
be mentioned that further increasing the affinity to eIF4E
may exert opposite effect on mRNA translational efficiency.
Surprisingly, it was found that extending the 5’,5'-bridge to
pentaphosphate increases the binding affinity of cap analogs to
elF4E by a factor of ~3.5-5 compared to tetraphosphates;
nonetheless, mRNAs capped with these analogs are translated
with efficiency comparable or even lower than for corresponding
triphosphates. '’

A second important role of the mRNA cap is
protecting mRNA against degradation.'”> Exonucleolitic
mRNA cleavage in the 5’ —3’ direction cannot take place
until the cap is removed from mRNA 5’-end by a decapping
pyrophosphatase termed Dcpl/Dcp2 (a  heterodimer
consisting of a regulatory and catalytic subunit). The enzyme
cleaves the cap, provided it is attached to an RNA of at least
20 nt, between the o and P phosphate moieties to release
m’GDP and 5-phosphorylated mRNA chain. This is then
degraded by the exonuclease Xrnl.'®!” Both the 5'—3’ and
3’ -5’ pathways play major roles in mRNA degradation.'’
We have recently demonstrated that mRNAs capped
with an ARCA analog containing a phosphorothioate moiety
at the B-position of the triphosphate bridge, m27’2"OGppspG
(D2),'® were resistant to decapping by Dcp2 in vitro,
resulting longer half-lives in cultured mouse mammary cells
(257 min compared to 155 min for m27’2/’OGpppG-
capped mRNA)."> An unexpected further benefit was that
m," 2 °GppspG (D2)-capped mRNA was 2.4 times more
efficiently translated in these cells than m,"* °GpppG-
capped mRNA.
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In the present work, we aimed at obtaining analogs
that would combine both features that can enhance the
translational yield of mRNA: high affinity for eIF4E and
resistance to cleavage by Dcp2, in the expectation that these
two features would independently improve the translational
properties of mRNA in living cells. We therefore synthesized a
series of tetraphosphate ARCA analogs modified with
the phosphorothioate group at various positions of the
5',5'-tetraphosphate bridge (Fig. 1C).

The new tetraphosphate analogs could potentially be useful
in other spheres of mRNA metabolism, based on our recent
findings with triphosphate phosphorothioate =~ ARCA
analogs modified at different positions. Those modified at
the y-position were resistant to another decapping enzyme,
DcpS, which acts on the products of 3’ —5" mRNA decay.
DcpS cleaves only short capped 5'-oligonucleotides or
m’GpppN dinucleotides released after processive degradation
of mRNA by the exosome initiated from the 3’-end. Cleavage
is between the - and y-phosphates of the 5,5-triphosphate
bridge, releasing m’GMP and a downstream (oligo)nucleotide."
Resistance to DcpS is an important factor in design of
long-lasting cap analogs that can inhibit translation.

Recently, a cap analog modified at the o-position,
m," ¥ CGpppsG (D2), was shown to enhance microRNA-
mediated translational repression by a factor of 2 with no
change in translation efficiency, providing new insights
into the mechanism of this recently discovered but poorly
understood process.*

Results
Novel teraphosphate S-ARCA

We designed and prepared a series of four cap analogs 14
bearing a single phosphorothioate moiety at either the a-, -,
v-, or d-positions of the tetraphosphate chain and 2-O-methyl
group (ARCA modification) in the m’Guo moiety. We refer to
these as 4P-S-ARCAs (Fig. 1C). The synthetic routes provide
these analogs with good yields and can also be applied to the
synthesis of a variety of other biologically relevant dinucleoside
polyphosphates. Due to the presence of a P-stereogenic center,
each 4P-S-ARCA exists as two P-diastereomers, designated D1
and D2 based on their elution order during reverse-phase (RP)
HPLC. Two pairs of diastereomers were successfully resolved
by RP HPLC, but we could not achieve this for the other two.
Subsequently, the new analogs were subjected to biophysical
and biochemical characterization. We determined their binding
affinities for eIF4E, susceptibility to decapping by DcpS, and
translational efficiencies in a rabbit reticulocyte lysate (RRL)
system. Other biochemical properties of mRNAs capped with
these analogs, including susceptibility to the human decapping
enzyme Dcp2, translational efficiency in cultured mammalian
cells, and half-life in mammalian cells, are currently
under investigation. Preliminary results suggest that mRINA
capped with a mixture of diastereomers (D1 plus D2) of
m27‘2/'OGppp5pG (compound 2) is less susceptible to
in vitro decapping by hDcp2 than mRNA capped with
m27'2/'OGppsppG (compound 3).2!

Chemical synthesis of new analogs

The key step in the preparation of each new analog (1-4)
was formation of a thio-modified tetraphosphate bridge by
ZnCly-mediated coupling between a nucleoside 5'-O-(thiopoly-
phosphate) and a second nucleotide activated by conversion
into the P-imidazolide. Generally, this approach offers the
possibility of synthesizing each compound three ways>
(see Discussion). For each analog we chose the most straight-
forward synthetic pathway (Scheme 1). Analogs 1 and 4,
which are modified at the a- and d-positions, were obtained
by the “3 + 1*” strategy, i.e., by coupling a nucleoside
5’-0-(1-thiotriphosphate) with a nucleoside 5’-monophosphate
P-imidazolide. Analogs 2 and 3, which are modified at the
B- and y-positions, were obtained by the “2 + 2*” strategy,
i.e., by coupling a nucleoside 5’-(2-thiodiphosphate) with
a nucleoside 5'-diphosphate imidazolide. An alternative
“3 + 1*” route was also tested for analog 2.

The guanosine 5’-O-(1-thiotriphosphate) 5 was obtained by
5’-thiophosphorylation of guanosine in trimethylphosphate in
the presence of a non-nucleophilic base, 2,6-lutidine,?
followed by addition of tributylammonium pyrophosphate.
As monitored by RP HPLC (see Experimental section), the
thiophosphorylation proceeded smoothly, and more than 90%
conversion of nucleoside was observed within 5 h.
After addition of pyrophosphate solution in DMF and
weakly-alkaline hydrolysis (pH 7.5-8.0) a mixture of products
was obtained consisting mainly of the desired guanosine
5’-0-(1-thiotriphosphate) (~ 60%), guanosine 5'-O-thiophosphate
(~10%) and  guanosine  5'-O-(1-thiopentaphosphate)
(~15%). The products were separated by DEAE Sephadex
A-25 ion-exchange chromatography, after which 5 was isolated
as 7:10 (D1:D2) diastereomeric mixture with 46% yield. The
synthesis of 6 was similar to that of 5, but the reaction was less
efficient for two reasons: (i) thiophosphorylation proceeded
significantly slower, the final conversion (after 24 h) not
exceeding 80%, and (ii) the byproduct, 7,2’-O-dimethyl-
guanosine 5’-O-(1-thiopentaphosphate), was formed more
efficiently (~25%). Moreover, *'P NMR analysis unfortunately
revealed that the desired product co-eluted with unreacted
pyrophosphate, probably due to the partial neutralization of
the negative charge on the a-phosphate by the positive charge
in the m’Gua moiety. Consequently, additional HPLC
purification was necessary before the synthesis scheme
could be continued. Compound 6 was finally isolated as a
7:10 (D1 :D2) diastereomeric mixture with 30% yield. Both 5
and 6 were used in the subsequent coupling reactions as
diastereomeric mixtures.

The final couplings between 5 and 7 or 6 and 8 leading to 1
or 4, respectively, were mediated by ~ 16-fold ZnCl, excess.
The P-imidazolide derivatives, 7 and 8, synthesized using
a dithiodipyridine/triphenylphosphine activating system,*
were used in 1.5-2-fold excess to maximize consumption of
the second reactant. Both coupling reactions proceeded
smoothly, and essentially complete conversion of 5 or 6 into
tetraphosphate-bridged dinucleotides was observed by RP
HPLC after several hours (Fig. 2A). The respective HPLC
conversions and isolated yields achieved after ion-exchange
purification are shown in Table 1.
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Scheme 1 The synthesis of tetraphosphate SFARCA 1-4. (A) Synthesis of 1 and 4 by the “3 + 1*” strategy. (B) Synthesis of 2 and 3 by the
“2 + 2*¥” strategy. (C) Synthesis of 2 by the “3 + 1*” strategy (the asterisk denotes the activated nucleotide subunit). Reagents: i. (1) PSCls,
trimethylphosphate, 2,6-lutidine, 0 °C, (2) 0.5 M tributylammonium pyrophosphate in DMF; ii. imidazole, 2,2’-dithiodipyridine, PPh;, DMF;

iii. ZnCl,, DMF; iv. triethylammonium phosphate, ZnCl,, DMF; v. triethylammonium thiophosphate, ZnCl,, DMF.

The synthesis of analogs modified at internal positions of
the tetraphosphate bridges, i.e., 2 and 3, involved formation of
mixed phosphate—thiophosphate anhydride bonds in the
final step (Scheme 1B and C). This required the nucleoside
5’-(2-thiodiphosphates) 11 and 12 or 5’-(3-thiotriphosphate)
15, which were synthesized with 80-85% yields by a procedure
reported previously by our group.?® In the case of mixed
anhydrides, the formation of dinucleotides proceeded slower
than for unmodified ones. The reaction progress usually
stopped after 3 d despite some reactants remaining. Partial
hydrolysis of 11, 12 or 15 also occurred due to extended
reaction times; consequently, HPLC conversions and isolated
yields were lower than in the case of 1 and 4 but were still
acceptable (Table 1, Fig. 2B). In the case of analog 2, both
synthetic pathways proved to be equally efficient.

Analogs 14 were isolated after ion-exchange chromatography
as diastereomeric mixtures. The diastereomers of 1 and 4, in

which the stereogenic P-center is next to the nucleoside moiety,
were well separated by either analytical or preparative RP
HPLC (see Experimental section). The differences between
diastereomers of 2 and 3 were less distinct, perhaps because the
P-stereogenic center is located in the more flexible part of
tetraphosphate bridge and is more distant from the nucleoside
stereogenic centers. Hence, we were unable to find conditions
in which these diastereomers could be separated from each
other on a preparative basis, although different mobile phases
and two types of columns were tested. However, in case of 2
we managed to separate small amounts of compound sufficient
to determine some biochemical properties (~0.5 mg). Thus
analogs 1 and 4 were subjected to biological studies as
diastereomerically pure samples (la and 4a = DI, 1b and
4b = D2), but 3 was studied as a diastereomeric mixture.
Compound 2 was studied both as a diastereomeric mixture (2)
and as pure diastereomers (2a = D1, 2b = D2).%
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Fig. 2 Typical HPLC profiles of reaction mixtures. (A) Progress in
synthesis of 1 after 1 h and 4 h. (B) Synthesis of 2 after 3 days.

All newly synthesized compounds were characterized by MS
ESI (-), 'H and *'P NMR. Each pair of diastereomers showed
some small but significant differences in their "H chemical
shifts, particularly for H8 of the nucleobase and H1’ of the
ribose moiety of either guanosine or 7,2’-O-dimethylguanosine.
For 3 distinctive differences were also observed for the
m,”?"°Guo H3’ and both methyl groups. In case of all
compounds modified with sulfur at a phosphate neighboring
a nucleoside (both nucleoside triphosphates 5 and 6 and
dinucleoside tetraphosphates 1 and 4) the H8 proton of the
diastereomer with shorter RP HPLC retention time (D1) was
more up-field shifted than that of D2, with Ady chemical shift
differences being in the range of 0.2-0.7 ppm (see Experimental
section and Table S1). For ATPaS and its analogs,
Major et al.*” showed that the faster diastereomer in RP HPLC,
with a less shielded H8 proton, has the Sp configuration; their
model is that the H8 shift depends on its distance from the
S atom, which is different for the two diastereomers. The same
correlation between the RP HPLC retention time, H8 proton
shift and the absolute configuration was subsequently reported
for other structurally related compounds, including guanosine
nucleotides.?® Some minor differences between diastereomers
were also noted in the *'P NMR spectra of 1-6. One

observation was that the signal of the phosphorothioate
moiety in compounds 1, 4, 5 (GTPaS) and 6 was 0.2-0.3 ppm
up-field shifted for D1 compared to D2 (Table S1). The
absolute configuration of GTPaS was first reported by
Conolly et al;®® the RP HPLC-faster diastereomer was
assinged as Sp. Later Ludwig and Eckstein reported that the
a-phosphorus signals in GTPaS (and other NTPaSs) were
~0.2 ppm more up-field for D1 (Sp) than for D2 (Rp).** The
above-mentioned similarities in the 'H and *'P spectra of
compounds 1 and GTPasS (5) suggest that their D1 diastereomers
have the same, i.e. Sp, absolute configuration. This is further
supported by the observation that 1a and 1b are formed in the
same diastereomeric ratio as the 5a and 5b ratio before
reaction. On the basis of analogous observations made for
compounds 4 and 6, one can presume that in their cases
the isomer D1 is also of Sp configuration. However, this
assumption needs to be further confirmed, e.g. by X-ray
crystallography.

Binding affinities to eIF4E

The binding affinities of new analogs for murine eIF4E were
determined by fluorescence quenching (Fig. 3).3' Experimental
curves obtained upon titration of elF4E with increasing
concentrations of cap analogs are depicted in Fig. 3A. The
descending fragment of each curve is due to the quenching of
intrinsic Trp fluorescence in e[F4E upon cap binding, whereas
the increasing fluorescence signal after reaching the plateau
originates from fluorescence emission of the unbound cap
analog.’! The Kag values and free energies of binding (AG®)
for the new analogs and reference compounds are presented in
Table 2 and Fig. 3B. As expected, all new analogs have
binding affinities at least 10-fold higher than the unmodified
cap structure, m’GpppG. The comparison to m27’2"OGppppG
reveals that the phosphorothioate moiety generally stabilizes
complexes with elF4E. Modifications in the J-, y-, and
B-positions (analogs 4a, 4b, 3, 2a, 2b) give additional energetic
gains which are similar to those reported for the corresponding
modifications in the triphosphate series.>> By contrast,
the phosphorothioate substitution in the a-position, which
represent the ‘extra’ phosphate moiety (analogs la and 1b),
has virtually no influence on the binding affinity.

Susceptibility to enzymatic degradation by specific and
nonspecific pyrophosphatases

The susceptibility of new analogs to enzymatic hydrolysis by
the cap-specific human DcpS pyrophosphatase was tested by

Table 1 Characterization of coupling reactions of two nucleotide subunits leading to diastereomeric 4P-S-ARCAs (1-4)

Compound Yield (%)

No. Abbreviation Imidazolide Nucleophile HPLC Isolated” D1:D2 ratio”
1 my" 2" °GppppsG m,”2*°GMP-Im (7) GTPoS (5) >90 60 7:10

2 m,”*"°GpppspG GMP-Im (8) m,2"°GTPyS (15) 56 39 9:10

2 m,” 2 °GpppspG m,”?"°GDP-Im (14) GDPBS (12) 62 35 8:10

3 m,”*"°GppsppG GDP-Im (13) m,”>"°GDPBS (11) 68 32 7:10

4 m,"*CGpspppG GMP-Im (8) m,"*"°GTPasS (6) >90 65 7:10

“ Based on the optical density units at 260 nm of diastereomeric mixtures of products before their HPLC separation. * Based on HPLC and/or

'"H NMR.
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monitoring enzymatic reactions progress by RP HPLC, as
described in the Experimental section (Fig. 4). In all experiments
m’GpppG was used as a positive control. The amount of

Table 2 Biochemical properties of tetraphosphate S-ARCAs

DcpS was adjusted to assure complete cleavage of m’GpppG
to m’GMP and GDP over 15 min. Under these conditions,
analogs bearing modification at the J-position remained
undigested after 24 h of incubation with DcpS, regardless of
the P-center absolute configuration, and hence, were
considered to be resistant to hydrolysis. Analogs 1-3 were
hydrolyzed more than 80% by hDcpS to m,”>“°GMP and the
corresponding nucleoside triphosphate in 2 h, which is
comparable to hydrolysis of m27‘2/'OGppppG. The identification
of hydrolysis product was confirmed by co-injections with
authentic samples of m27’2/'OGMP, GTP, and GTPaS Sp
or Rp. The analysis of DcpS degradation products of analogs
1a and 1b adds support to our contention that their absolute
configurations around P-stereogenic centers are the same as
those of GTPaS (D1) and (D2), respectively, i.e., Sp and Rp
(Fig. 4).

The new analogs were also subjected to hydrolysis by a non-
specific enzyme, Snake Venom Phosphodiesterase I (SVPDE).
SVPDE is known to hydrolyze nucleic acids, NTPs, and other
structurally related compounds to release nucleoside 5'-mono-
phosphates. The enzyme has been commonly used to
determine absolute configurations of phosphorothioate diester
bonds and nucleoside-1-thiotriphosphates, as it more
readily cleaves phosphorothioate moieties of Rp than Sp
configuration.’>** By means of this enzyme we hoped to
additionally confirm the configurations of analogs modified
at the d-position of tetraphosphate bridge (4a and 4b). We
found that SVPDE was capable of hydrolyzing m’GpppG,
and surprisingly, the initially (after 15 min) released products
were mainly GMP and m’GDP rather than m’GMP and GDP
(~1:3 ratio). During prolonged incubation with SVPDE, the
initially formed small amounts of GDP were converted
into GMP. Subsequently, a dephosphorylation of GMP was
observed, whereas m’GDP remained intact, which suggests it
is not a substrate for SVPDE. In the case of m,”> " °GppppG
this regioselectivity of cleavage was even more notable, as
initially almost exclusively GMP and m,”*“°GTP were formed.
Prolonged incubation resulted, however, in simultaneous

AG® binding energy

Relative translation Relative cap-dependent

Cap analog” Kas cap-eIF4Eb (uM’l) (kcal mol’l) efficiency of capped mRNA® mRNA translation ePﬁciency"

m’GpppG 9.4 +0.4 —9.35+0.03 1 1

ApppG <0.05 >—6.20 0.21 £ 0.04 0

m, OGpppG 10.2 £ 0.3¢ —9.40 + 0.02 1.62 £+ 0.25 1.79 £ 0.33

m, 120 GppppG 99.8 + 6.0° —10.73 £ 0.04 2.01 + 0.43 2.33 £ 0.61
72 “OGppppsG (D1) 120 + 7 —10.83 + 0.03 273 4 0.84 321 + 1.02
7 ’OGppppsG (D2) 109 + 4 —10.78 + 0.03 224 4 0.45 2.58 + 0.55

OGpppspG (mix) 158 +2 —10.99 + 0.01 2.63 + 0.40 3.03 + 0.59

72’ OGpppspG (D1) 148 + 2 —10.95 + 0.01 n.d. n.d.
72’ OGpppspG (D2) 148+ 3 —10.95 + 0.01 3.79 £1 .12 457 +1.33
7 “OGppsppG (mix) 282 + 12 —11.33 £ 0.02 3.08 £ 0.69 3.72 + 0.90
72’ OGpspppG (D1) 258+ 6 —11.28 + 0.01 2.15+0.12 2.49 +0.23

m77 2OGpgpppG (D2) 129 + 4 —10.87 £ 0.02 2.59 + 0.53 3.04 + 0.74
m,"?°GpspppG (mix) 180 & 7 —11.07 £ 0.02 n.d n.d

“ D1 or D2 designate one of two P-diastereomers; for each pair D1 refers to the one eluted faster from RP HPLC column. * Values are means of
3 experiments. ¢ The mean values were calculated from 2-3 assay repetitions for each of two independent mRNA syntheses. ¢ Calculated by
correcting the translation of each mRNA in a particular experiment by subtracting the translation of mRNA capped with ApppG (a nonfunctional

cap structure). ¢ Data from ref. 10.” The composition of D1/D2 mixtures was as shown in Table 1, except m," >0

a 1:1 ratio.

GpspppG (mix), which was in
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Fig. 4 RP HPLC profiles of mRNA cap dinucleotides digestion by hDepS. A) m’GpppG B) m,”2“°GppppG C) 1a D) 1b E) 4a F) 4b. Assay

conditions are given in the Experimental section.

dephosphorylation of GMP and cleavage of m, 2" °GTP
to m,"2"°GMP. Surprisingly, when analogs modified at the
a-position (la and 1b) were subjected to SVPDE digestion,
the regioselectivity (regardless of the configuration of the
P-stereogenic center) was opposite to that observed for
m’GpppG and m,”**°GppppG. The complete cleavage of
both 1a and 1b occurred within 1.5 h and the only products
observed were m,”>“°GMP and GTPaS (either D1 or D2).
The reaction mixture remained practically unchanged after
further incubation with enzyme, so unfortunately, under these
conditions, we were not able to observe stereoselectivity of the
cleavage of the phosphorothioate moieties. The analogs
modified at the d-position, 4a and 4b, were cleaved to release
GMP and m,”*"°GTPaS (D1) or (D2), respectively. As for 1a
and 1b, no further cleavage of NTPaS occurred. Nonetheless,
this experiment adds support also to the assumption of the
absolute configurations of 4a and 4b, and identifies SVPDE as
a new tool for studying modified dinucleotide cap analogs,
since its specificity is complementary to that of DcpS.

Translational efficiencies of 4P-S-ARCAs

Finally, the new analogs were investigated for their utility as
reagents for increasing the translational activity of mRNA.
Transcripts encoding firefly luciferase were synthesized by SP6
RNA polymerase in the presence of a DNA template, four
NTPs, and a cap dinucleotide (la, 1b, 2, 2b, 3, 4a, 4b).
The assays included three reference compounds: m’GpppG,
m,"?CGpppG, and m, > °GppppG. In vitro-synthesized
mRNAs were translated in a micrococcal nuclease-treated
RRL system and the activity of luciferase per pg of RNA

was determined by luminometry after 60 min (Fig. 5A).
Cap-dependent translational efficiencies were calculated by
correcting the translation of each mRINA in particular experiment
by subtracting the translation of mRNA capped with ApppG
(a nonfunctional cap structure), which is considered to be
cap-independent. The overall translational efficiencies and
cap-dependent translational efficiencies (both normalized to
the translation of m’GpppG-capped mRNA) are shown in
Table 2.

In our experiment we could reproduce results for cap
analogs that were previously tested.'® For instance, mRNA
capped with m27’3/'OGpppG and m27’2/'OGppppG were
translated 1.79 £ 0.33 and 2.33 £+ 0.61 more efficiently than
m’GpppG-capped mRNA, respectively, which is similar to the
previously reported values of 1.88 + 0.40 and 2.56 + 0.18.
Importantly, mRNAs capped with all of the new 4P-S-ARCAs
were not translated less efficiently than mRNA capped with
the parent compound m,”> “°GppppG. Their relative translation
efficiencies ranged from 2.5 to 4.5 compared to m’GpppG
(Table 2, Fig. 5B), which makes them attractive candidates for
further studies in living cells. mRNAs capped with two
analogs, 3 and 2b, were translated more than 3-fold more
efficiently than m’GpppG-capped mRNA.

Discussion

Nucleoside and dinucleoside polyphosphates are biologically
important molecules. Numerous methods for their synthesis
have been developed, several of them providing synthetic
routes to dinucleoside tri- or tetraphosphates modified at
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Fig. 5 Translational efficiency of mRNA transcripts in vitro.
(A) Example experiment of translational efficiency of mRNA
transcript encoding firefly luciferase capped with various dinucleotides.
(B) Comparison of relative cap-dependent translational efficiency of
mRNA transcripts. The mean values were calculated from 2-3 assay
repetitions for each of two independent mRNA syntheses.

non-bridging positions in the phosphate group(s).>>>>4

However, most of these methods have drawbacks with regard

o o}

I N

to synthesis of mRNA cap analogs. These include limited
structural variety of possible products available by a particular
method (e.g., limitation to symmetrical compounds or those
modified at the o-position with respect to nucleoside) or
requirement for protected nucleosides as starting materials.
Due to the presence of positive charge in 7-methylguanine,
m’Guo is unusually polar and thus poorly soluble in organic
solvents. It is also susceptible to hydrolysis both in acidic and
basic aqueous solutions,*' which are required for removal of
the majority of protecting groups. These facts make synthesis
of m’Guo-containing nucleotides even more challenging.

As first noted by Kadokura er al.** and then explored by
our laboratory,®!%324 and others,** the formation of
pyrophosphate bonds via coupling of nucleotides with
nucleotide P-imidazolide derivatives in DMF is greatly
accelerated by the presence of excess of anhydrous zinc
chloride. The rationale for ZnCl, catalysis is at least two-fold.
First, it increases solubility of nucleotides in DMF, probably
through complexing negatively charged phosphates. Due to
that, it is possible to obtain completely homogenous DMF
solutions of nucleotide triethylammonium salts or even
sodium salts in the case of P-imidazolide derivatives. Second,
ZnCl, is thought to act as Lewis acid to activate imidazole as a
leaving group.

The synthesis of 4P-S-ARCAs has also been carried out
taking advantage of this phenomenon. The formation of
dinucleoside tetraphosphates modified at either the a- or
B-position with respect to the closest nucleoside can be gen-
erally achieved by any of the pathways depicted in Scheme 2.
The choice of particular pathway should depend on the
availability of the appropriate substrates as well as on the
purification method to be applied.

For the analogs 1 and 4 pathways A, B and C were taken
into consideration. Pathway B was excluded, as nucleoside
5’-0-(1-thiodiphsophates) can be obtained by procedures
similar to those for 5’-O-(1-thiotriphosphates), albeit with

e} o
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Scheme 2 Possible disconnections of tetraphosphate-bridged thio-modified dinucleotides. (A) Tetraphosphates with phosphorothioate
modification in the external position. (B) Tetraphosphates with phosphorothioate modification in the internal position.
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lower yields.?®* Moreover, nucleoside diphosphates are
available from the corresponding activated monophosphates
used in pathway A. This would ultimately lengthen the
synthesis, giving no obvious advantage over pathway
A. Pathway C would involve coupling of nucleoside
5’-monothiophosphates (which are easily available) and
imidazolide derivatives of nucleoside triphosphates (which
are possible to obtain,'® although — due to decreased solubility
in DMF -with lower yields than those for mono- and
diphosphates). Moreover, our experience gained during the
synthesis of thio-modified dinucleoside triphosphates shows
that formation of a mixed phosphate-thiophosphate
anhydride bond is much slower than for an unmodified
pyrophosphate bond, which would presumably enhance
by-product formation, hampering product purification.
Hence, the pathway A appeared to us as favorable, since it
involves the most available substrates and, additionally, the
formation of the tetraphosphate bridge involves coupling
between two unmodified phosphate moieties. This route
proved to be efficient, as the coupling reactions leading to
analogs 1 and 4 were relatively rapid (several hours), with
HPLC conversions exceeding 90%.

In regard to the analogs 2 and 3, pathways D, E and F
should be considered. Pathway D, although it shares some of
the advantages of pathway A, is less favorable since nucleoside
5’-(2-thiotriphosphates) can be obtained only by complicated
procedures. Pathways E and F seemed to be both acceptable
and both proved to be similarly efficient, with HPLC conversions
from 50 to 70%.

It is worth emphasizing that the described synthetic method
can be also applied to other biologically important dinucleoside
polyphosphates.*® It would be particularly advantageous
for the synthesis of unsymmetrical compounds, for instance
analogs of uridine adenosine tetraphosphate,*’ or for
compounds bearing highly polar nucleosides.

The determination of binding affinity to eIF4E by means of
fluorescence quenching titration is a relatively simple yet very
useful biophysical test that enables one to predict the
functionality of any newly synthesized cap analog. A sufficiently
high binding affinity for eIF4E is essential for the recognition
of mRNA by translational machinery and efficient competing
of mRNAs possessing modified caps with natural mRNAs.

In one of our previous studies,'! we identified a triphosphate
ARCA analog modified with a methylene group between the o
and B phosphates, m27’3"OGppCH2pG, which protected
mRNA against hydrolysis by Dcp2-decapping pyrophosphatase.
Due to this, the mRNA had a prolonged half-life when
transfected into cultured cells. However, the methylene
modification coincidentally decreased the binding affinity to
elF4E from 10.2 & 0.3 (for m,">"°GpppG) to 4.41 £ 0.2 uM~".
This resulted in the mRNA capped with m27‘3/'OGppCH2pG
(despite being more stable in vivo) being translated even less
efficiently than that capped with regular ARCA.'! Another
example of the influence of the binding affinity to eIF4E on
mRNA translation is the tetraphosphate ARCA analog,
m27’2/'0GppppG, which due to the additional phosphate
moiety has Kas much higher than the corresponding
triphosphate, because of which it was shown to enhance
mRNA translation efficiency in vitro.'° It is worth mentioning

that the combination of methylene modification with the
presence of the additional, fourth, phosphate moiety has been
shown recently to compensate for the loss of binding affinity.*

The high binding affinity for eIF4E of new tetraphosphate
S-ARCAs constituted thus an important premise that all those
analogs should be at least as efficient in promoting translation
as m, > “°GppppG. The particular Kxs values were dependent
both on the position of the phosphorothioate modification
and on the absolute configuration of the P-stereogenic center.
Their comparison to m27’2l'oGppppG and to the S-ARCA
triphosphate series reveals that the phosphorothioate moiety
in the 8-, y- and B-positions of tetraphosphate correspond to
v-, B- and a-modifications in the triphosphate bridge.***® This
implies that eIF4E ‘counts’ the phosphates starting from
m’Guo, which is in agreement with the well-established
fact that the m’Guo moiety is crucial for mRNA 5'-end
recognition by eIF4E. For instance, the determined AG°
binding energy for 4a was 0.40 and 0.54 kcal mol™' lower
than that of 4b and m27’2"OGppppG, respectively. In
the triphosphate series the AAG® differences between
m27’2/’oGpsppG (D1) and either its D2 counterpart or
m27’2"OGpppG were 0.59 and 0.69 kcal mol ™!, respectively.
This observation indicates that the energetic gains arising
from the presence of an additional phosphate and an
oxygen-to-sulfur substitution are additive. For analog 3 we
were only able to determine the binding affinity for the D1/D2
mixture. In the triphosphate S-ARCA series, modification at
the corresponding position (f) resulted in notably different
Kag values for D1 and D2 (43.1 + 1.4 versus 19.3 £2.2 pM ™!,
respectively). From the titration performed on the 1: 1 mixture
of 4a and 4b, which also differ in their K5g, we found that the
Kas value determined for a diastereomeric mixture is roughly
a mean of the Kxg values for pure diastereomers. Interestingly,
the Kas value for analog 3 (282 + 12 pM™!) is similar to
that of pentaphosphate ARCA analog, m,” > °GpsG. As
mentioned in the Introduction, this analog, despite its high
Kas value (299 + 20 uM ™), was not effective in promoting
translation when incorporated into the mRNA 5'-end.'
The proposed explanation was that the extraordinarily high
binding affinity interferes with release of the cap at the end of
translation initiation, and thereby inhibits further translation
events. However, the high translation efficiency of analog 3
suggests that some other factors may contribute to this
decreased efficiency of mRNA capped with m27‘3/'OGp5G,
e.g. low capping percentage during in vitro transcription, or
non-specific interactions of highly charged pentaphosphate
chain with other proteins.

The results of in vitro translation of mRNAs capped with new
4P-S-ARCAs further support the initial assumption that
combining the phosphorothioate modification with elongation
of the 5',5'-bridge to tetraphosphate may produce analogs with
beneficial properties in terms of preparation of translationally
efficient mRNA. The results suggest that the largest increase in
mRNA translation efficiency may be caused by modifications in
the internal positions of the tetraphosphate chain (i.e. 