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ABSTRACT

Along with a growing interest in mRNA-based gene
therapies, efforts are increasingly focused on reach-
ing the full translational potential of mMRNA, as a
major obstacle for in vivo applications is sufficient
expression of exogenously delivered mRNA. One
method to overcome this limitation is chemically
modifying the 7-methylguanosine cap at the 5’ end of
mRNA (m’Gppp-RNA). We report a novel class of cap
analogs designed as reagents for mRNA modifica-
tion. The analogs carry a 1,2-dithiodiphosphate moi-
ety at various positions along a tri- or tetraphosphate
bridge, and thus are termed 2S analogs. These 2S
analogs have high affinities for translation initiation
factor 4E, and some exhibit remarkable resistance
against the SpDcp1/2 decapping complex when in-
troduced into RNA. mRNAs capped with 2S analogs
combining these two features exhibit high transla-
tion efficiency in cultured human immature dendritic
cells. These properties demonstrate that 2S analogs
are potentially beneficial for mRNA-based therapies
such as anti-cancer immunization.

INTRODUCTION

Therapeutic mRNA applications are currently gaining in-
creased attention from immunologists, molecular biologists
and chemists due to the recently uncovered potential of mR-
NAs to serve as versatile protein delivery molecules in can-
cer immunotherapies, gene therapies and cell reprogram-
ming (1-4). The advantages of using mRNA for this pur-
pose over DNA include the fact that there is no risk of inte-
gration into the host genome and no need to cross the nu-

clear membrane and that expression can be transient. How-
ever, there are also pressing issues that need to be solved
before this becomes a viable method, including the instabil-
ity of mRNA under cellular conditions, insufficient transla-
tional yield and difficulties in large-scale mRNA produc-
tion. Therefore, the preparation of stable and efficiently
translated mRNAs is one of the main goals of therapeu-
tically oriented RNA-related research.

A variety of modifications have been explored as RNA
optimization strategies (5-13). One way to alter the prop-
erties of mRNA is through chemical modification of the
mRNA cap, which can be achieved through the use of prop-
erly designed cap mimics. The cap structure is present at
the 5° end of all eukaryotic mRNAs and consists of a 7-
methylguanosine (m’G) connected via a 5°,5’-triphosphate
bridge to the first transcribed RNA nucleotide. Through
recognition by specific proteins and enzymes, the cap par-
ticipates in mRNA expression and turnover, including initi-
ation of translation and 5’-to-3° RNA decay. Synthetic cap
analogs can be incorporated easily into RNA during tran-
scription in vitro. Several previously reported cap analogs
have been shown to have a large impact on the quality of
in vitro-synthesized mRNA and its biochemical properties
(14). This includes the so-called anti-reverse cap analogs
(ARCASs), molecules that are modified within the ribose
moiety of the m’G, eliminating the problem of incorrect cap
incorporation during mRNA synthesis in vitro, which gen-
erally causes up to 50% of transcripts to be dysfunctional
(15-17). Another example is an analog that contains a sin-
gle phosphorothioate (O-to-S) substitution in the triphos-
phate bridge, termed an S analog. ARCAs substituted with
an S at the B position of the triphosphate bridge (B-S-
ARCAS) significantly increase the half-life and translational
efficiency of mRNA in cultured cells (18,19). B-S-ARCAs
have also been shown to augment expression of antigen-
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encoding mRNAs in cultured dendritic cells and in mice
(11) and are currently used in clinical trials of mRNA-based
immunotherapeutic vaccines against melanoma.

The desirable properties of mRNAs capped with B-S-
ARCAs result from two independent factors: high affin-
ity of the cap for eukaryotic translation initiation factor
4E (elF4E) (19) and decreased susceptibility to decapping
complex Dcpl/2, (18), which is responsible for cleaving the
cap between the « and B phosphates to release the m’GDP
molecule and expose RNA to 5°-to-3" degradation (20). The
efficient interaction of the cap with eIF4E is essential for the
translation of a majority of mRNAs, both in vivo and in vitro
(21). Strong and specific binding of the cap to eIF4E is due
to the cation-m stacking between the aromatic rings of pos-
itively charged m’G and two Trp residues and to the elec-
trostatic interactions of the negatively charged oligophos-
phate chain with positively charged amino acids (22). The
affinity of cap analogs for eIF4E has been shown to corre-
late with their ability to inhibit cap-dependent translation
in vitro (23). High affinity to eIF4E is also a prerequisite for
high translational efficiency of capped mRNA (15,18-19).
Increased resistance to decapping is also a valuable trait for
mRNA, as the presence of the cap protects mRNA from
degradation through the 5’-to-3’ pathway, making it avail-
able for translation for a longer period of time. In a previous
study, we found that the introduction of a phosphorothioate
moiety at the B position of the triphosphate bridge signifi-
cantly decreased the susceptibility of capped RNA to Dcp2
in vitro (18). The susceptibility of m,”>"©GppspG-RNA to
Dcp?2 was also dependent on the configuration of the stere-
ogenic phosphorus atom, as isomer D2 was less suscepti-
ble than D1, correlating with relative mRNA half-lives in
mammalian cells of 257 + 4 and 185 4 20 min, respectively
(versus 155 4 9 min for m,”**°GpppG-RNA).

Studies with B-S-ARCA indicate that mRNAs with cap
structures that combine a high affinity for e[F4E and resis-
tance to Dcp2 (the catalytic subunit of the Dcpl/2 complex)
result in greater protein yields in vitro and in vivo. There-
fore, we previously conducted a systematic search for cap
analogs modified within the oligophosphate bridge to iden-
tify those with properties similar or superior to 3-S-ARCA.
Among these analogs is a group with a single O-to-S substi-
tution within a tetraphosphate bridge (4P-S-ARCAs) (24).
Due to the presence of an additional phosphate group,
these analogs exhibit a higher affinity to eIF4E than 3P-
S-ARCAs and RNAs capped with these 4P analogs are
efficiently translated in rabbit reticulocyte lysates (RRLs).
However, preliminary studies indicated that the single O-
to-S substitution in the tetraphosphate bridge (either 8 or
v position) provides only partial protection against Dcp2
(24), which could limit in vivo applications.

Here, we have developed and evaluated a novel class of
phosphate-modified cap analogs that are a logical continua-
tion of our previous work toward designing cap analogs use-
ful for building stable and efficiently translated mRNAs. We
describe the synthesis and characterization of cap analogs
that contain a 1,2-dithiodiphosphate moiety, i.e., a sulfur
substitution at two neighboring phosphate moieties in ei-
ther a tri- or tetraphosphate chain. These molecules are
thus termed 2S analogs. Two neighboring O-to-S substitu-
tions were introduced at the «,B positions of the triphos-
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phate bridge or the «,B/B,y positions of the tetraphos-
phate bridge, with the aim of identifying analogs that de-
crease the susceptibility of RNA to Dcp2 while maintain-
ing or increasing affinity for eIF4E. Some of the 2S analogs
(compounds 4 and 7) were additionally modified by the
presence of a 2’-O-methyl group to convert them into AR-
CAs. These 2S analogs each represent four diastereoiso-
meric forms, differing in physicochemical properties. The 2S
analogs were then evaluated as reagents for RNA modifica-
tion by determining their affinities for elF4E. Subsequently,
2S-ARCAs were incorporated into transcripts and assessed
for their susceptibility to Dcp2 and their translational prop-
erties in human immature dendritic cells (hiDCs). As a re-
sult, we have identified 2S analogs that exhibit properties
for mRNA-based gene therapies that are superior to those
of any previously published phosphate-modified cap analog
used in clinical trials.

MATERIALS AND METHODS

Preparation of compounds 1-7 (for compounds 8-18 see Sup-
plemental Experimental Procedures)

Detailed information about materials and methods such as
equipment and reagents used, preparation of starting ma-
terials, purification methods, nuclear magnetic resonance
(NMR) spectra, high-resolution mass spectra and HPLC
profiles of compounds 1-7 is available in Supporting Infor-
mation file.

General procedure for the synthesis of 1-2.  An appropriate
nucleotide (1 eq, triethylammonium (TEA) salt) was placed
in a 10 ml microwave tube and suspended in dimethyl-
formamide (DMF) (final concentration: 0.1 M). Then, P-
imidazolide of S-(2-cyanoethyl)phosphorothioate (3 eq.)
and anhydrous MgCl, (8 eq.) were added to the suspension.
The tube was heated for 10-30 min in the microwave oven
using dynamic power mode (parameters: Py, = 10 W and
Tmax =45+ 1°C, 2.45 GHz). Then, the mixture was diluted
with DMF and DBU (1 eq.) and dithiothreitol (DTT) (3
eq.) were added to the mixture to remove the 2-cyanoethyl
group. The tube was again heated in the microwave oven us-
ing the same parameters as given above. The reaction was
stopped by addition of water and washed with ethyl acetate.
Products were purified on DEAE-Sephadex and isolated as
TEA salts. Exact details, yields, reaction times and charac-
terization of 1 and 2 (HPLC, HRMS, NMR spectra) are
provided in Supplementary Material (Experimental proce-
dures, Supplementary Tables S1-4).

General procedure of synthesis 3—7. Dithiodiphosphate
modified nucleotide (1 or 2, TEA salt, 1 eq.) was mixed
with appropriate P-imidazolide (1.5 eq.) and anhydrous
MgCl, (8-12 eq.) and placed in a 10 ml microwave tube
and suspended in DMF (final concentration of nucleotides
0.2 M). The tube was sealed and heated for 30-90 min in
the microwave oven using dynamic power mode (parame-
ters: Pmax = 10 W and T = 45 + 1°C, 2.45 GHz). The
reaction was diluted with 10-fold excess of deionized wa-
ter. Products were purified on DEAE-Sephadex and iso-
lated as TEA salts. Diastereoisomeres were later separated
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on semi-preparative RP HPLC and after repeated freeze-
drying, were isolated as ammonium salts. Exact details,
yields, reaction times and characterization of 3-7 (HPLC,
HRMS, NMR spectra) are provided in Supplementary Ma-
terial (Experimental procedures, Supplementary Tables S1—

4).

Preparation of recombinant proteins (eIF4E and SpDcp1/2)

Mouse elF4E (residues 28-217) was expressed in Es-
cherichia coli strain BL21(DE3) as inclusion bodies.
Guanidinium-solubilized protein was refolded by one-step
dialysis, and purified by ion-exchange chromatography on
HiTrap SP column (GE Healthcare) without exposure
to cap analogs. The concentration of elF4E was deter-
mined spectrophotometrically (€30 = 52 940 cm~! M~1).
Schizosaccharomyces pombe Dcpl /2 complex was prepared
as described previously (25).

Fluorescence assays (elF4E)

The binding affinities of eIF4E and cap analogs 3-6 were
determined using the fluorescence titration method (23).
The measurements were carried out on an LS-55 spectroflu-
orometer (Perkin Elmer Co.) in a quartz cuvette (Hellma)
with an optical path length of 4 mm for absorption and 10
mm for emission. The eIF4E titration measurements were
performed in 50 mM HEPES/KOH (pH 7.2), 100 mM KClI,
0.5 mM ethylenediaminetetraacetic acid and 1 mM DTT
at 20.0 + 0.3°C. Aliquots of 1 pl increasing concentration
of cap analog solutions were added to 1.4 ml of 0.1 pM
elF4E solutions. Fluorescence intensities (excitation at 280
nm with 2.5-nm bandwidth and detection at 340 nm with 4
nm bandwidth and 290 nm cutoff filter) were corrected for
sample dilution and the inner filter effect. Equilibrium asso-
ciation constants (Kas) were determined by fitting the theo-
retical dependence of the fluorescence intensity on the total
concentration of cap analog to the experimental data points
as described previously (23). The final Kas was calculated
as a weighted average of three to five independent titration
assays. Numerical nonlinear least-squares regression anal-
ysis was performed using ORIGIN 9.1 (Microcal Software
Inc., USA). The Gibbs free energy of binding was calculated
from the Kas value according to the standard equation AG®
= —RT]I]KAS

Enzymatic assays (SpDcp2)

In vitro synthesis of short mRNAs. Short capped tran-
scripts 34 nt in length were synthesized by in vitro tran-
scription of pSP-luc+ vector linearized at EcoRI site. Re-
actions were performed with T7 polymerase in the presence
of all four nucleoside triphosphates (final concentration 0.1
mM) and various cap dinucleotides (final concentration 0.5
mM) for 45 min at 37°C. Subsequently samples were treated
with RQ1 RNase-Free DNase (Promega) and purified with
RNA Clean & Concentrator™-5 columns (Zymo Research).
The quality and quantity of transcripts were determined
by Pico200 (Picodrop Ltd) and on 15% polyacrylamide se-
quencing gel with 7 M urea.

Decapping assays. A total of 20 ng of capped transcripts
were subjected to digestion with 50 or 200 nM S. pombe
Dcpl/2 complex in 10 mM Hepes pH 7.5, 100 mM potas-
sium acetate, 2 mM magnesium acetate, 2 mM dithiothre-
itol at 30°C for indicated time periods. Control reactions
were performed without addition of enzyme. All reactions
were stopped by cooling on ice and adding FORMAzol
(Molecular Research Center) followed by denaturation for
3 min at 55°C. RNA sequencing gels (15% polyacrylamide,
7 M urea) were run at 400 V for about 4 to 5 h. The gels
were stained with SYBR Gold Nucleic Acid Gel Stain (Life
technologies) and visualized with ChemiDoc™ MP Imaging
System (Bio-Rad). Quantity of material in individual bands
was analyzed with Image Lab Software (Bio-Rad). The data
represent the means £+ SD from two experiments.

In vitro translation and inhibition of translation in the RRL
system

mRNA synthesis. Capped, polyadenylated luciferase mR-
NAs (for studies in the RRL translation system) were
synthesized in vitro on a dsDNA template (obtained by
polymerase chain reaction reaction) using SP6 RNA poly-
merase, as described previously (Rydzik ez al., (46)). RNA
transcripts, after removal of the DNA template with RQ1
DNase (Promega), were purified using NucleoSpin RNA
clean-up columns (Machery-Nagel), checked on a non-
denaturing 1% agarose gel and RNA concentrations were
measured by ultraviolet absorption at 260 nm Pico200 (Pi-
codrop Ltd).

Translation efficiency in RRL. The translation efficiency
of differently capped luciferase transcripts was determined
in Flexi RRL (Promega) as described previously (24).
Briefly, the translation reactions were performed in 10 pl
volume for 60 min at 30°C under conditions determined for
cap-dependent translation. Reaction mixtures were prein-
cubated (60 min at 30°C) before transcript addition. A typ-
ical reaction contained: 40% flexi RRL lysate (with 1.7 mM
endogenous Mg>* concentration), a mixture of amino acids
(0.01 mM), magnesium acetate (1 mM), potassium acetate
(190 mM) and 5'-capped mRNA. Four different concen-
trations of each analyzed transcript were tested. The activ-
ity of synthesized luciferase was measured in a luminome-
ter (Glomax, Promega), and depicted as a function of the
capped luciferase mRNA concentration. After linear fitting
to the obtained data points (Excel software), the transla-
tion efficiency of tested transcripts was normalized to the
m’GpppG-capped luciferase mRNA.

Inhibition of translation. Inhibition of cap-dependent
translation in RRL (Flexi RRL, Promega) by cap analogs,
analysis of their stability in RRL and calculation of ICs
values were performed as described previously (26). Briefly,
the in vitro translation reaction was performed in 12.5 pl
volume for 60 min at 30°C, in conditions determined for
cap dependent translation. The reaction mixture was pre-
incubated for 60 min at 30°C prior to addition of dinu-
cleotide cap analog (inhibitor) and m,”>~?GpppG-capped
luciferase mRNA to start the translation reaction. Reac-
tions were stopped by chilling on ice and the luciferase ac-
tivity was measured in a luminometer (Glomax, Promega).



mRNA expression in dendritic cells

mRNA synthesis. Capped luciferase-encoding mRNAs
were prepared by in vitro transcription with T7 RNA poly-
merase as described before (11). As a template for tran-
scription pST1-2hBgUTR-A120 vector was used (11). Sub-
sequent to enzymatic digestion of plasmid DNA, the RNA
was purified using magnetic beads (Dynabeads MyOne car-
boxylic acid, Invitrogen, Carlsbad, CA, USA) and was fi-
nally stored in water (27). RNA concentrations were deter-
mined spectrophotometrically at 260 nm (Nanodrop 1000,
Thermo Scientific, Wilmington, DE, USA). Homogenity of
samples was verified by microfluidics-based electrophoreses
(2100 Bioanalyzer, Agilent Technologies, Inc., Santa Clara,
CA, USA) and no significant differences in RNA integrity
were observed.

Translation in hiDCs (luciferase assay). Purification and
cultivation of human immature dendritic cells (hiDCs), the
transfer of mRNA into cells and the luciferase reporter gene
assay were performed as previously (11). Briefly, differen-
tially capped mRNAs were electroporated into hiDCs using
single-pulse procedure (Gene-Pulser-11, Bio-Rad, Munich,
Germany) with 300 V per 150 wF (t~12 ms), diluted into
culture medium and incubated in 37°C. Luciferase expres-
sion was measured at different time points (2, 4, 8, 24, 48
and 72 h) (Bright-Glo Luciferase Assay System, Promega,
Madison, USA, Infinite M200, Tecan, Crailsheim, Ger-
many). Luciferase activity was depicted as a function of
time (Figure 3) and further analysis was performed by spline
interpolation of the experimental data points as described
previously (11), using the R software (R Development Core
Team, 2008). Calculated parameters of translational effi-
ciency (maximal slope), functional RNA stability (time of
maximal protein expression) and total protein expression
(integral of the curve) are set in Table 2.

RESULTS
Analogs synthesis

Cap analogs and other 5°,5’-dinucleotides are convention-
ally synthesized by formation of a pyrophosphate bond be-
tween two mononucleotides. The bond is formed in a reac-
tion of P-nucleophilic and P-electrophilic subunits (usually
nucleotides 5’-substituted by an activating group (28-30),
which is often mediated by divalent cations in an aprotic
polar solvent (31,32). We previously implemented this gen-
eral method to synthesize cap analogs using P-imidazolides
as P-electrophiles, phosphate-modified or unmodified nu-
cleotides as nucleophiles and ZnCl, or MgCl, as catalysts
(33). However, modifications of the polyphosphate chain of-
ten alter the chemical properties of nucleotides, so in the
case of the 2S analogs, the procedure had to be adjusted to
suit the specific properties of the chosen modification.

The synthesis of 2S analogs (compounds 3-7, see ‘Ma-
terials and Methods’ section) required obtaining com-
pounds 1 and 2 (pspsG and pspspG, respectively) as key
P-nucleophilic cap precursors with terminal dithiodiphos-
phate moieties (Figure 1A). To achieve this, we employed
our recently published procedure for the extension of
5’-O-polyphosphate chain-modified nucleotides by react-
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Figure 1. Synthesis of dithiodiphosphate cap analogs. (A) Structures of
dithiodiphosphate cap precursors synthesized in this study. (B) Scheme
of dithiodiphosphate cap synthesis. Reagents included (i) MgCl,, mi-
crowave radiation (MW), dimethylformamide (DMF); and (ii) 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU), dithiothreitol (DTT), MW, DME.
R = H, CH3. Combinations of substrates used in final coupling included
combination 1: m = 1, n = 0; combination 2: m = 1, n = 1; and combina-
tion3:m=2,n=0.

ing them with the P-imidazolide derivative of either 2-
cyanoethylphosphate (8) or S-2-cyanoethylthiophosphate
(9), followed by 2-cyanoethyl group removal under basic
conditions (34). Using this methodology, compounds 1 and
2 were synthesized with adequate yields of 30 and 24%, re-
spectively (Figure 1B). The structures of both compounds
were confirmed by HPLC, HRMS, '"H NMR and *'P NMR
(see Supplementary Tables S1-4).

The next step in analog synthesis was the coupling
of an appropriate P-imidazolide with compound 1 or 2
(Figure 1B). The P-imidazolides were prepared by react-
ing an appropriate nucleotide (m’GMP (10), m,"**OGMP
(11), m’GDP (12), or m,”?"°GDP (13)) with imidazole in
the presence of a 2,2’-dithiodipyridine/triphenylphosphine
activation system (35). Depending on the length of the
oligophosphate chain and the desired localization of the
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modification, three types of starting material combina-
tions were used (Figure 1B). The coupling reaction condi-
tions were optimized for the reaction of either 1 or 2 with
m’GMP-Im (14), leading to cap analogs 3 and 6, respec-
tively. As a starting point, we used coupling conditions that
were previously used for the synthesis of cap analogs with
a single O-to-S substitution, i.e. excess ZnCl, in DMF at
room temperature (19,24). Surprisingly, these conditions re-
sulted in very low yields of compounds 3 and 6. In addition,
the formation of the desired products under these condi-
tions was slow (not exceeding 5% yield after 24 h) and ex-
cessive hydrolysis of 1 and 2 (to GMPS and GDPgS, re-
spectively) was observed as a competing reaction, likely due
to the acidification of the reaction mixture preceded by hy-
drolysis of ZnCl; in the presence of moisture. Degradation
occurred even if high-grade anhydrous solvents and dried
reagents were used, indicating that dithiodiphosphate nu-
cleotides 1 and 2 are extremely unstable under such condi-
tions. To avoid this problem, we tried MgCl, as a less acidic
reaction mediator (34), but no reaction products were ob-
served, even after several days. Finally, we tried to accel-
erate the reaction using microwave irradiation, as we have
recently shown that many pyrophosphate bond formation
reactions may be facilitated by microwaves (34). We found
that in the presence of mild microwave radiation at constant
temperature (dynamic mode, Ppax = 10 W, T = 45 £
1°C, 2.45 GHz) and MgCl, in DMF, the desired coupling
reactions were completed within 0.5-1.5 h.

We therefore used the above conditions to synthesize cap
analogs 3-7 (Figure 2A). Reaction progress was monitored
using RP-HPLC. In each case, the products of coupling
were formed within 30-90 min in the presence of microwave
heating at 45 + 1°C. Importantly, conventional heating at
45°C did not yield similar results and degradation of start-
ing materials was observed at higher temperatures. The re-
actions were quenched by addition of water, and the prod-
ucts were isolated with satisfying yields (24-41%) as di-
astereoisomeric mixtures by ion-exchange chromatography
on diethylaminoethyl (DEAE) Sephadex resin (see ‘Materi-
als and Methods’ section). In contrast to the extremely la-
bile precursors 1 and 2, cap analogs 3-7 were chemically
stable, similar to their unmodified counterparts. For exam-
ple, they are fairly stable in aqueous solutions and can be
stored at —20°C for several months.

Due to the presence of four different substituents around
the phosphorus atoms in the 1,2-dithiodiphosphate moiety,
these atoms are stereogenic centers. Therefore, each of the
2S analogs contains two P-stereogenic centers and conse-
quently exists as a mixture of four diastercoisomers. These
were resolved into single diastereoisomers or pairs of di-
astereoisomers by RP-HPLC and termed D1-D4 accord-
ing to the elution order (Figure 2B). The m’GppspsG di-
astereoisomers (3a—d) were fully resolved, and the com-
pound could therefore be subjected to further analysis as
four separate samples. In other cases, at least one pair
of diastereoisomers co-eluted from the RP HPLC column
(as D1-D2 and/or D3-D4 mixtures). Therefore, for these
analogs, some stereoisomers were subjected to further study
as pure samples and some as mixtures, as shown in Figure
2B. The structures and purities of compounds were con-
firmed by HRMS, '"H NMR and *'P NMR (Supplementary

Tables S1-4). The presence of the 1,2-dithiodiphosphate
moiety is manifested by an approximately 50-ppm down-
field shift of the phosphorus resonances in *'P NMR spec-
tra vs. the corresponding resonances of the unmodified par-
ent compounds (Figure 2C).

Affinity for eIF4E

The protein eIF4E is responsible for mRNA cap binding
and initiation of translation in the cytoplasm. High affinity
of cap for eIF4E is essential to enable efficient translation
of capped mRNA. We therefore evaluated the affinities of
the 2S analogs to eIF4E. Because compounds 3a—d, Sa-b
and 6a-b are representative of all 2S analogs, as it has been
previously shown that the presence of a 2’-O-methyl group
does not influence binding affinity (Jemielity et al., (15)),
these analogs were assayed to provide an understanding of
how the binding affinity is influenced by the location of the
dithiodiphosphate group and the length of the oligophos-
phate chain. The equilibrium association constants (Kags)
for the cap analog—elF4E complexes were determined us-
ing the fluorescence quenching titration method (23).

The results (summarized in Table 1) indicate that the
presence of the 1,2-dithiodiphosphate moiety generally
stabilizes the cap—eIF4E complex. For example, the Kag
values for 3a-d, the cap analogs containing the «,B-
dithiodiphosphate modification in the triphosphate chain
(3P-2S series), range from 34.8 £ 1.7 pM~! to 54.5 + 2.2
wM~!; this is three to five times higher than that of the
unmodified 3P cap analogs, m’ GpppG and m>”>"°GpppG
(9.4 +0.4and 10.8 0.3 wuM !, respectively). In agreement
with previous studies, extension of the polyphosphate chain
increased the Kags values. The Kag values for 2S analogs
containing a modification in the tetraphosphate chain (4P-
2S series) range from 180.6 + 5.2 uM~! (6a) to 918.5 4 36.6
wM~! (5b), compared to 99.8 £ 6.0 uM~! for the unmod-
ified 4P cap analog, m,”>"°GpppG. The stabilization was
higher for analogs modified in the B,y positions than in the
o,[3 positions.

Susceptibility to decapping enzyme SpDcpl/2

In addition to high affinity for eIF4E, the resistance of
capped RNA to enzymatic decapping by Dcpl/2 pyrophos-
phatase is another factor required for high overall pro-
tein yield of mRNAs in vivo. Therefore, in the next step of
our study, we investigated the susceptibility of RNA tran-
scripts capped with 2S analogs to decapping by Dcpl/2.
To assess Dcpl/2 susceptibility, cap analogs 4a—c, 5a-b
and 7a-b were incorporated into short (34 nt) RNAs by
in vitro transcription and the capped RNAs were subse-
quently incubated with recombinant S. pombe Dcpl /2 com-
plex. Six previously reported cap analogs were also included
in the assay, including those previously identified as human
(h) Dcp2-susceptible (m> 72" ©GpppG) or Dep2-resistant or
partially resistant (m,”>“°GppspG D1 and D2) and those
for which Dcp2 susceptibility had not yet been reported or
studied in detail (m,">*°GppppG, m, "> °GpppspG D1D2
and m,”?°GppsppG D1D2). Decapping reactions were
stopped at different time points (5,15 and 30 min); the sub-
strates and products were then separated on an RNA se-
quencing gel, stained with fluorescent dye and visualized on
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Figure 2. Dithiodiphosphate cap analogs and their selected characteristic properties. (A) Structures of dithiodiphosphate cap analogs synthesized in this
study. (B) During synthesis, two new P-chiral centers (indicated by *) are generated, leading to four diastereoisomeric forms of each cap analog (D1-D4).
Diastereoisomers were separated by semi-preparative RP-HPLC, resulting in the following final compounds/mixtures: m’ GppspsG (3): D1 (3a), D2 (3b),
D3 (3c¢), D4 (3d); my2-OGppsps G (4): D1D2 (4a), D3 (4b), D4 (4¢); my "2 O GppspspG (5): D1D2 (5a), D3D4 (5b); m’ GpppspsG (6): D1D2 (6a), D3D4
(6b); my7?-OGpppspsG (7): DID2 (7a), D3D4 (7b). (C) An example *'P NMR spectrum of compound 7a displays the characteristic shifts of P-signals
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9584 Nucleic Acids Research, 2016, Vol. 44, No. 20

Table 1. Equilibrium association constants (Kas) for complexes of cap analogs with mouse eIF4E obtained from analysis of fluorescence titrations at

20°C

Entry Cap analog Series Kas (cap—eIF4E) [uM™1] AG® (kcal-mol~1)
1 m’GpppG 3P 9.4 + 0.4% —9.35 4+ 0.032
2 m, 3 OGpppG 3p 10.2 £ 0.32 —9.40 + 0.02¢
3 m, 2 OGpppG 3P 10.8 £ 0.3° —9.42 4 0.02°
4 my"-OGppppG 4P 99.8 + 6.0° —10.73 £ 0.04°
5 m’GpsG 5P 543 4+ 55° —11.71 + 0.06°
6 m,"?-OGppspG D1 3P-S 431 £ 1.42 —10.23 & 0.02%
7 m>72-OGppspG D2 3P-S 19.3 4 2.22 —9.77 + 0.07%
8 m>"2OGpppspG D1D2 4P-S 158 + 2° —10.99 + 0.01°
9 m,720GppsppG D1D2 4P-S 282 + 12°¢ —11.33 4+ 0.02°
10 m’GppspsG DI (3a) 3P-2S 2.1+ 1.6 —10.22 + 0.02
11 m’GppspsG D2 (3b) 3P-2S 545 4+ 22 —10.37 £ 0.02
12 m’GppspsG D3 (3¢) 3P-2S 49.7 + 7.0 —10.32 + 0.08
13 m’GppspsG D4 (3d) 3P-2S 348 + 1.7 —10.11 £ 0.03
14 m, 72 OGppspspG DID2 (5a) 4P-28 505 + 69 —11.67 £ 0.08
15 m> 72O GppspspG D3D4 (5b) 4P-28 918 + 37 —12.02 £+ 0.02
16 m’GpppspsG D1D2 (6a) 4P-28 180.6 & 5.2 —11.07 £ 0.02
17 m’GpppspsG D3D4 (6b) 4P-28 227.1 £ 7.1 —11.20 £ 0.02
aRef. (19).

bRef. (15).

CRef (24).

a transilluminator (Supplementary Figure S1). The amount
of capped (substrate) and decapped (product) RNA was de-
termined by densitometry, and the decapping percentage
was calculated as the ratio of decapped to total mRNA, as
described in ‘Materials and Methods’ section.

The results of the decapping assay are shown in
Supplementary Figure S1 and summarized in Table 2.
Capped mRNAs migrate more slowly than decapped mR-
NAs. For RNA capped with the unmodified cap analog
m,”**OGpppG, the intensity of the more slowly migrating
band decreased rapidly over time, reflecting decapping of
~70 and 75% after 5 and 15 min, respectively (Supplemen-
tary Figure S1). The small fraction of quickly migrating
RNA at time point 0 min likely corresponds to uncapped
(GTP-initiated) RNA or transcript N-1 (33 nt), as RNA
polymerases have a tendency to fall off the template before
reaching the end of the DNA matrix (36). Both B-S-ARCA
analogs, m,”?°GppspG D1 and m,”?°GppspG D2 (Sup-
plementary Figure S1, lanes 4/—48), became decapped more
slowly than the unmodified analogs. Transcripts with the
unmodified tetraphosphate analog m,”>*°GppppG were
as susceptible to decapping by SpDcpl/2 (Supplemen-
tary Figure S1 A, lanes /-4,17-20) as those capped with
my > °GpppG (18).

Interestingly, tetraphosphate cap analogs
(4P-S)  containing a  single  phosphorothioate
substitution—m, "> *°GpppspG D1D2, m,">-°GppsppG
and 4P-2S analog 7a—did not stabilize RNAs against
Dcpl/2 in our assay. The 2S analogs 4b, 5b and 7b sta-
bilized RNA against SpDcpl/2 as much as or slightly
more than m,”> °GppspG D1 and m»"?CGppspG D2.
In contrast, RNAs capped with the 2S analogs 4a, 4c
and 5a (m,”?*OGppspsG D1D2-RNA) were notably less
susceptible to SpDcpl/2 than m,”>CGppspG D2-RNA,
as they were decapped by only 10-30% after 5-15 min.
To confirm these results, the most resistant transcripts

were subjected to incubation at a 5-fold higher SpDcpl/2
concentration. Under these harsher conditions, mRNAs
capped with 4a, 4¢c and 5a still exhibited increased resis-
tance to the SpDcpl/2 complex (Supplementary Figure
S1 B). The cap analog least susceptible to degradation was
m, "2 OGppspsG D4 (4c), with mRNAs decapped by less
than 20% after 30 min.

Translational properties

Cap analogs that combine high affinity for eIF4E and resis-
tance to decapping may confer enhanced translational po-
tential to mRNA (18,37). Consequently, we next evaluated
the translational potential of mRNAs containing the rep-
resentative dithiodiphosphate cap analogs 4a—c, 5a-b and
7a-b. After an initial experiment in RRL that confirmed
the functionality of all cap analogs and transcripts in the
translation process (Table 3), we assessed the translational
behavior of new transcripts in mammalian cells. As a model
system, we used human immature dendritic cells (hiDCs).
Efficient expression of proteins in hiDCs is of great inter-
est for mRNA-based immunotherapies against cancer, since
hiDCs are the main group of antigen-presenting cells in
the immune system. Luciferase-mRNAs were synthesized
in vitro with various cap analogs at the 5’-end and 120-nt
poly(A) tails at the 3’-end. The mRNAs were introduced
into hiDCs by electroporation and the cells were incubated
for up to 72 h. Luciferase mRNA levels were then mea-
sured. Independent experiments were performed for tri- and
tetraphosphate cap analogs.

The results of the translational assay are summarized in
Figure 3 and Table 4. All results are relative to the so-called
‘gold standard’ of transcripts capped with m,”?-°GppspG
D1, which is the best expression-enhancing cap analog iden-
tified so far and is currently being used in clinical tri-
als for melanoma (11). For all transcripts capped with 2S
analogs, translation efficiency was higher than that ob-
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Table 2. Susceptibility of analog-capped transcripts to decapping by SpDcpl/2 complex

Cap analog at 5’ end of mRNA Series Decapping %
5 min 15 min 30 min

m,”?-0GpppG 3P 68.9 + 0.4 78.6 & 2.4 79.7 £ 7.5
m,”?-OGppppG 4p 734 + 7.6 784 + 9.4 829 + 11.3
m, 72" OGppspG D1 3P-S 47.5 £ 9.0 56.1 £ 11.5 60.9 & 12.1
m,"¥-OGppspG D2 3P-S 473 + 10.6 514 + 15.6 57.4 + 10.7
m,7?“OGppspsG D1D2 (4a) 3P-28 29.7 + 2.8 322415 36.7 £ 3.9
m,72“0GppspsG D3 (4b) 3P-28 447 + 34 51.5 £ 0.7 59.8 & 4.8
my"2"0GppspsG D4 (4c) 3P-28 134 £ 07 16.7 £ 2.0 19.8 +£ 25
m,7?“OGppspspG D1D2 (5a) 4P-28 132+ 12 19.7 + 0.6 175 £ 1.5
my"2"0GppspspG D3D4 (5b) 4P-2S 63.4 + 6.7 76.4 £ 10.6 68.7 £ 2.5
m,”?*OGpppspsG D1D2 (7a) 4pP-28 69.6 + 7.9 79.8 + 2.4 80.1 & 2.2
m, 72" OGpppspsG D3D4 (7b) 4pP-28 552 £ 5.6 64.7 &+ 125 65 + 15
m,”?*OGpppspG D1D2 4P-S 727 + 1.9 783 + 1.0 79.5 £ 35
m,"?*0GppsppG D1D2 4P-S 57.9 £ 14.6 65.6 & 18.0 71.6 &+ 17.2

Quantitative analysis of gels presented in Supplementary Figure S1. Decapping percentage was calculated as the percent loss in the upper band normalized

by the total quantity in the upper and lower bands.

Table 3. Translational properties of mRNAs 5'-capped with 2S analogs measured in RRL along with eight previously reported cap analogs included into

the assay for comparison

Translational properties in RRL

relative translation relative cap-dependent translation

cap analog series efficiency® efficiency®
m’GpppG 3p 1 1
ApppG 0.16 £ 0.04 0.00
m,"¥-CGpppG 3P 1.83 + 0.64 1.99 + 0.81
my 72 OGpppG 3P 1.81 + 0.32 1.96 + 0.43
my 72 OGppppG 4P 1.79 4+ 0.43 1.94 4+ 0.56
m,”¥-OGppspG D1 3P-S 2.07 £ 0.18 227 £ 0.10
m,"¥-0GppspG D2 3P-S 2.54 + 0.66 2.83 + 0.26
m,7¥-0GppsppG D1D2mix 4P-S 2.51 &+ 0.59 2.80 & 0.83
my"¥-OGppspsG D1D2mix (4a) 3P-28 3.16 £ 0.76 3.57 £ 0.95
my720GppspsG D3 (4b) 3P-2S 1.82 £ 0.78 1.98 + 0.98
my"¥-OGppspsG D4 (4¢) 3P-28 277 4+ 0.95 301 + 1.18
m"¥-0GppspspG D1D2mix (5a) 4P-2S 2.52 4+ 0.51 2.81 + 0.65
m7¥-0GppspspG D3D4mix (5b) 4P-28 2.63 + 0.79 2.94 £+ 0.99
my72"0GpppspsG D1D2mix (7a) 4P-2S 2.83 + 0.64 3.18 4+ 0.81
m7¥-0GpppspsG D3D4mix (7h) 4P-2S 220 + 0.33 243 4+ 0.44

4The mean values were calculated from 2-3 assay repetitions for each of two independent mRNA syntheses.
bCalculated by correcting the translation of each mRNA in a particular experiment by subtracting the value of translation of mRNA capped with ApppG

(a non-functional cap structure) before normalization to m’GpppG.

The translation experiment was performed under conditions of linear production of luciferase with respect to both mRNA concentration and time of

incubation (16).

served for m,”**°GppspG D1 mRNA, with a top value of
3.97 + 0.25 for my2"°GpppspsG D3D4 (7b)-mRNA. In-
terestingly, with the exception of m,”?~?GppspspG D3D4,
the time of maximal expression (#ya.x) Was much longer
for 2S analogs, with a maximum value of 25.3 £ 0.54
h for my”?-9GpppspsG D3D4, indicating higher func-
tional stability of the transcripts in hiDCs. A similar
trend was observed for total protein expression. mRNAs
capped with the 2S analogs 4a, 4b, 4c, 5a, 7a and 7b ex-
hibited increased overall translation in hiDCs, with rela-
tive values of 1.56 & 0.23 for my">"°GppspspG D1D2,
1.57 £ 0.34 for my">"°GpppspsG D3D4, 1.60 £ 0.01 for
m> 72 "9GppspsG and a maximum value of 1.79 + 0.24 for
m,"?"9GpppspsG D1D2.

We also determined the ability of 2S analogs to inhibit
cap-dependent translation in RRLs. In this experiment,
translation efficiency for m,”3""?GpppG-capped luciferase
mRNA in the presence of increasing concentrations of a
given cap analog was measured to determine the ICsj value.
The results are shown in Table 5. All 2S-analogs turned out
to have better inhibitory properties than unmodified cap
m’GpppG, The values of ICsy for 2S analogs ranged be-
tween 1.4 + 0.2 and 7.0 4= 0.8 wM. The lowest value of ICs
was determined for analogs Sb and 7b, (respectively 1.4 +
0.2 and 1.4 4+ 0.2 pM) being around 10-times lower than
that for m’GpppG.
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Table 4. Translational properties of capped mRNA relative to that of 5-m,”2"OGppspG D1-mRNA in human immature dendritic cells (hiDCs)

Translational properties in hiDCs?*

Relative translation Relative total
Cap analog Series efficiency tmax (h) expression
m,"2 O GppppG 4P 1.25 £ 0.15 5.3 + 0.05 0.11 + 0.03
m,7?-0GppspG D1 3P-S 1.00 + 0.03 11.5 + 0.33 1.00 + 0.02
m, 72 OGppspG D2 3P-S 1.33 £ 0.02 15.5 £ 0.20 0.64 + 0.04
m, "0 GppsppG D1D2 4P-S 0.53 &+ 0.17 10.5 & 0.05 0.20 £ 0.02
m,"¥-OGpppspG D1D2 4P-S 0.82 + 0.12 8.5 + 0.05 0.28 + 0.01
m>"2OGppppsG D1 4P-S 0.63 + 0.05 15.5 £ 0.20 0.62 + 0.03
m,72-OGppppsG D2 4P-S 0.77 £0.01 14.5 + 0.21 0.61 & 0.01
my7?*OGppspsG D1D2 (4a) 3P-28 121 £ 0.15 17.75 + 0.05 1.60 + 0.01
m, 2O GppspsG D3 (4b) 3p-28 1.13 £ 0.18 16.0 £ 0.03 1.20 £ 0.04
my72“0GppspsG D4 (4c) 3P-2S 1.57 + 0.21 14.50 + 035 1.50 + 0.10
my 72 OGppspspG DI1D2 (5a) 4pP-2S 1.37 £ 0.40 15.0 £ 0.40 1.56 + 0.23
m, 7> 0GppspspG D3D4 (5b) 4P-2S 1.19 £ 0.04 6.0 + 0.04 0.40 + 0.02
my72OGpppspsG DI1D2 (7a) 4P-28 211 £ 0.22 14.8 + 0.31 1.79 + 0.24
m, 72 OGpppspsG D3D4 (7b) 4P-28 3.97 + 0.25 25.3 + 0.54 1.57 £ 0.34

4Curves presented in Figure 3 were analyzed by mathematical modeling to determine translational efficiency (slope of the curve), time-point of maximal
protein amount as indicator of functional RNA stability and total amount of protein (integral of the curve) in hiDCs. Values shown are averages +s.d.

Table 5. Inhibition of mg7’2"0GpppG-capped-luciferase mRNA translation in RRL lysate by novel 2S- cap analogs

Entry Cap analog Series 1Cso [wM]
1 m’GpppG 3P 139 £ 0.6
6 m27,2’-OGppSpG DIl 3P-S 9.8 £ 1.0
7 m,"?“0GppspG D2 3P-S 3.7+03
8 m27,2’-OGpppspG DI1D2 4P-S 334+03
9 m27.2’-OGppsppG DID2 4P-S 2.6 £ 0.3
10 my "2 OGppspsG D1D2 (4a) 3P-28 23 +£0.2
11 m, 72O GppspsG D3 (4b) 3p-28 7.0 £ 038
12 m, "2 OGppspsG D4 (4¢) 3P-2S 28 4+ 02
14 m,”?-OGppspspG D1D2 (5a) 4P-2S 22403
15 m, 720 GppspspG D3D4 (5b) 4p-28 14402
16 m,72-OGpppspsG D1D2 (7a) 4P-2S 23 +£0.2
17 m, "0 GpppspsG D3D4 (7b) 4P-2S 1.4 +£0.2
DISCUSSION efficiency. However, these effects were strongly position-

This work features the chemical synthesis and biochemical
characterization of novel class of RNA cap analogs (termed
2S analogs) that contain a 1,2-dithiophosphate moiety, i.c.
two O-to-S substitutions each positioned within two neigh-
bouring phosphate moieties. While there are numerous re-
ported syntheses of nucleotide analogs containing a sin-
gle O-to-S substitution within the oligophosphate bridge
(19,38-41), synthesis and properties of compounds contain-
ing two neighbouring O-to-S substitutions have hardly been
described. Ludwig and Eckstein achieved the synthesis and
purification of guanosine 5-O-(1,2-dithiotriphosphates)
(GTPaSBS) diastereomers via chemoenzymatic method
and studied their interaction with Cd>* ions.(42) However,
to the best of our knowledge, such moiety has never been
introduced into dinucleoside 5',5-oligophosphates nor its
influence on the interaction with nucleotide-binding pro-
teins has been studied. We have previously shown that in-
troduction of a single O-to-S substitution into triphosphate
bridge of mRNA cap can increase affinity to eIF4E pro-
tein and decrease susceptibility to Dcp2. Both these features
are beneficial in terms of mRNA stability and expression

dependent, with analogs substituted at the B position of
triphosphate combining most favorable properties. We en-
visaged that introduction of a second O-to-S substitution
may additionally alter charge localization and geometry of
the tri- or tetraphosphate bridge and, at least in some cases,
lead to further improvements in biochemical properties of
cap analogs. Therefore, we undertook a challenging task of
developing a chemical methodology enabling a straightfor-
ward and efficient synthesis of 2S-analogs. The chemical
synthesis of 2S-analogs was achieved via phosphorimida-
zolide chemistry combined with metal-ion catalysis in po-
lar aprotic solvent, as previously described for many other
cap analogs. However, 2S-analogs were not formed under
conditions previously applied for S-analogs or BH3-analogs
(19,24,43) The reason for that may be relatively lower nucle-
ophilicity and higher chemical lability under reaction con-
ditions of precursors containing the 1,2-dithiodiphosphate
moiety. Nonetheless, we found conditions affording the tar-
get compounds in reasonable yields due to application of
microwave irradiation as a key improvement. Importantly,
the proposed synthetic methodology is universal and may
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Figure 3. Expression of analog-capped mRNAs in human immature den-
dritic cells (hiDCs). Luciferase activity was measured for 72 h following
electroporation of mRNA containing the respective tetraphosphate (A) or
triphosphate (B) 5’-cap into hiDCs. In each experiment, m;”2 0 GppspG
(D1) was used as a reference. Duplicate measurements were performed and
the average bioluminescence signal (£s.d.) is shown as a function of time.

give access to 2S-analogs of other biologically relevant nu-
cleoside and dinucleoside oligophosphates, such as ApsA,
NAD, etc. which have not been reported before.

We then characterized influence of 1,2-dithiodiphosphate
moiety on several important aspects of the functionality of
the cap. For a cap analog to be able to synthesize mRNA
with increased stability and translational capability under
cellular conditions, the analog must favorably interact with
two structurally distinct cellular proteins, eIF4E and Dcp2,
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and must also be incorporated into mRNA by T7 RNA
polymerase (14,33).

In terms of the first property, eIF4E binding affinity,
comparison of the determined Kas values with the ones
previously reported for tri- and tetraphosphate analogs
with a single O-to-S substitution (3P-S analogs and 4P-S
analogs) revealed that each O-to-S substitution in the 2S
analogs contributed to cap—eIF4E complex stabilization.
For example, in the 3P-S series, the compound with the
strongest elF4E binding affinity was modified at the B-
position (my?"OGppspG D1, Kas 43.1 + 1.4), whereas in
the 3P-2S series, the D2 isomer of an «,B-modified com-
pound (3b) was the strongest binder with Kag of 54.5 + 2.2,
In the 4P-S series, the highest affinity was exhibited by a
compound with a modification at the y position, followed
by the B position. Consequently, a combination of modifi-
cations at the B and +y positions yielded the 2S analog with
the highest reported Kas so far: m,”?°GppspspG D3D4
(5b). Interestingly, we observed up to a twofold difference
in Kag values for different diastereoisomers of 3, 5 and 6,
suggesting distinct preferences in the geometry of the inter-
action. However, for a deeper understanding of this phe-
nomenon, the absolute configurations of compounds and
co-crystal structures with the eIF4E protein should be de-
termined. Although the Kas values were determined only
for selected compounds (3a-d, Sa-b and 6a-b), the affinities
of compounds 4 and 7, which are 2’-O-methylated deriva-
tives of compounds 3 and 6, respectively, can also be well as-
sessed based on those data. As previous studies have shown,
the 2’-OH and 3’-OH groups in N7-methylguanosine do not
contribute to eF4E binding significantly and, consequently,
methylation of either of those positions has little influence
on K,g value (15) (see Supplementary Table S5 for repre-
sentative examples from previous works showing that Kag
values for m’G 2'-O methyl compounds and their parent
analogs are very similar). As such, in the further parts of the
discussion we will occasionally refer to affinities of diastere-
omers of compounds 4 and 7 for eIF4E, assuming they are
similar to the affinities of corresponding diastereomers of
compounds 3 and 6, respectively.

To additionally confirm that 2S analogs are tight binders
of eIF4E we determined their ability inhibit cap-dependent
translation in RRL. Typically, cap analogs characterized by
high affinities for eIF4E are potent inhibitors of translation
(14,19,26,33,44). We found that all 2S analogs were more
potent inhibitor of translation than standard cap analog,
m’GpppG. Moreover, we observed a typical qualitative in-
verse correlation between ICsp and K 45 (the higher K 45, the
lower ICs), as previously reported for many different cap
analogs (26,43-47). This indicates that indeed 2S analogs
with highest affinities for eFI4E compete more effectively
for eIF4E’s cap binding site in a biological medium.

As previous experiments demonstrated that increases in
K s over a certain level did not lead to further improve-
ments in translation (15), we turned our attention toward
the stability of the cap analogs. We found that both B-S-
ARCA analogs, m>">©GppspG D1 and m,">°GppspG
D2, became decapped more slowly than the unmodified
analogs, which is in qualitative agreement with previous
studies on recombinant hDcp2 (37). However, in contrast
to previous observations in which isomer D2 was almost
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completely resistant to decapping, both diastercoisomers
were degraded to a significant extent under our assay con-
ditions (18). This difference may result from the fact that
the Dcpl/2 complex was used in our assay instead of Dcp2
alone, or it may be due to different enzyme sources (S.
pombe SpDcpl/2 versus hDcp2). Our decapping analysis
revealed increased stability of some of the 2S analogs. Tak-
ing my"?OGppspG D2 as a point of reference, the 2S
analogs 4c, 4a and 5a show significantly better stability to-
ward Dcpl/2. Varying degrees of stability was observed
among the other 2S analogs. Analogs 4b and 7b are char-
acterized by comparable percent of degradation by Dcpl/2
in our experiment as m,”>*°GppspG D2. Analogs 5b and
7a are significantly less stable toward decapping. We as-
sume that the reason for the differences is related to the
alignment of cap analogs in SpDcpl/2 catalytic site. Dcp2,
the catalytic subunit of the complex, is a NUDIX family
pyrophosphatase that utilizes three glutamate residues and
corresponding Mg?* cations to carry out catalytic hydrol-
ysis of the «,B-pyrophosphate bond (48). Previous studies,
including crystallographic data and an experiment with S-
ARCAs and hDcp2 (18,25), suggest that the reaction may
occur by nucleophilic attack of a water molecule at the B-
phosphate. As also suggested previously, the replacement
of a non-bridging P-O bond by a P-S bond may act in two
ways: (i) disruption of the enzyme-substrate complex ge-
ometry and (ii) reduction of the affinity of the substrate
to Mg?* ions (18). In our assay, none of the analogs con-
taining a single O-to-S substitution were fully protected
against SpDcpl/2, with the slowest decapping rates ob-
served for my”2"OGppspG D1 and D2. This indicates that
such modifications may reduce but do not fully eliminate
RNA decapping. In contrast, neither of the studied 4P-S
analogs (m,"> 9 GpppspG and m,”>°Gppspp) exhibited
decreased susceptibility to decapping (Table 2). This may be
due to greater flexibility of the tetraphosphate chain com-
pared to that of the triphosphate chain, which may enable
the enzyme to optimize the phosphate chain conformation
and perform catalysis via attack at either the B or 'y phos-
phorus atoms. We envisage that combination of two O-to-
S substitutions in a tri- or tetraphosphate chain may fur-
ther disrupt the enzyme-substrate geometry and decrease
the affinity for Mg?*. This hypothesis is supported by the
fact that two 3P-2S analogs (4a and 4¢, modified at the o,3
positions) and one 4P-2S analog (5a, modified at the B,y
positions) are highly resistant to SpDcpl/2. Interestingly,
m, "2 "OGppspspG D3D4 (5b), which only differs from 5a
by diastereoisomer composition, was much more suscepti-
ble to hydrolysis by Dcpl/2, emphasizing the role of phos-
phate stereochemistry in catalysis. In fact 5a is the first
tetraphosphate cap analog with non-bridging modification
exhibiting significant resistance to Dcp2, making it a useful
tool for further studies. Recently, Ziemniak et al. identified a
two-headed tetraphosphate cap analog m’Gpspppsm’G as
a first small molecule inhibitor of Dcp2 (49). Similarly, 2S-
analogs resistant to cleavage by Dcp2 are good candidates
for molecular probes in biophysical, biochemical and crys-
tallographic studies aimed at unraveling the detailed mech-
anism of binding and Dcp2 activity, allowing the design
of more efficient and therapeutically relevant decapping in-
hibitors.

By introducing a dithiodiphosphate modification into
cap structure, we significantly improved the translation of
capped mRNAs, for 4P-2S analogs 5a and 7a-b achiev-
ing more than a 14-fold greater increase in total trans-
lation compared to that of m,”**°GppppG-mRNA and
for 2S analogs 4a-c, 5a and 7a-b more than a 1.2-fold in-
crease in total translation compared to that of the control,
m, "2 9GppspG D1-mRNA. Comparing the translation re-
sults of the capped transcripts with their susceptibility to
decapping (Table 2), in several cases we can observe the de-
pendence of RNA properties on susceptibility to Dcp2. This
is most clear when comparing cap structures that are struc-
turally closely related, especially diastereomers of the same
compound. For example for analogs 4a, 4b and 4c, the ana-
log providing the lowest overall protein expression is the one
most susceptible to Dcp2 (4b). Similarly, when comparing
5a and 5b pair or 7a and 7b, the less susceptible analog in
each pair produces also RNAs with higher overall expres-
sion. Somehow surprising is a result of high translation for
7a, especially when comparing to analog 5a. In this pair, S5a
is more resistant to decapping to Dcpl/2 and having higher
affinity to eIF4E than 7a (as mentioned before, we approxi-
mate here the K 45 value of 7a based on value of 6a assuming
that methylation of 2’OH does not influence the binding).
Nonetheless, RNA capped with 7a exhibits better transla-
tional properties reflected in slightly higher overall protein
yield (1.79 £ 0.24 versus 1.56 &+ 0.34 for 5a and 7b, respec-
tively).

Our study was limited to evaluation of translational po-
tential of mRNAs capped with 2S analogs only in one cell
type—hiDCs. Translational properties of mRNAs in hiDCs
are of great interest for immunologist, especially ones who
are focused on developing successful mRNA-based im-
munotherapies. However the same mRNAs capped with 2S
analogs studied in different cell types might show different
translational potential. Uncovering differences in transla-
tional properties of capped mRNA in other cell types might
be one possible direction of future research leading to new
potential therapeutic applications of mRNAs.

CONCLUSION

The work presented here addresses the problem of trans-
lational efficiency of mRNA in vivo, which is limited by
the poor stability of mRNA transcripts under physiological
conditions. Insufficient protein production from mRNA is
problematic, as mRNA encoding a therapeutic agent must
live long enough in the cytoplasm to reach optimal expres-
sion of the desired protein. Therefore mRNA-based ther-
apies require simple methods for enhancing mRNA stabil-
ity and translational properties. One approach toward op-
timization of the mRNA molecule is the engineering of a
5’-end that provides better protection against decapping en-
zymes and 5°-to-3’ RNA degradation while simultaneously
improving the interaction with the translational machinery.

In this work, we obtained a new class of cap analogs,
termed 2S analogs, that combine a dithiodiphosphate mod-
ification, ARCA and (optionally) extended polyphosphate
chain. 2S-analogs were synthesized for the first time and
exhibited some interesting biological properties. Individ-
ual cap analogs were characterized by high affinities for



elF4E and low susceptibility to Dcp2. Such properties make
them interesting tools for investigation of interactions and
molecular mechanisms of both eI[F4E and Dcp?2 but also
are desired qualities when it comes to enhancing transla-
tion of mRNA. We reported that mRNAs capped with
dithiodiphosphate cap analogs 4a, 4b, 4c, 5a, 7a and 7b,
exhibited elevated overall translation in hiDCs relative to
the current transcripts capped with m,”>°GppspG D1,
which is currently a ‘gold standard’ used in clinical trials for
melanoma. Because the synthesis of mRNA that can be ef-
ficiently translated in hiDCs in vitro represents a promising
tool for cancer immunotherapies, dithiodiphosphate cap
analogs offer an alternative to the ARCA and B-S-ARCA
cap analogs previously used for enhancing the translational
capabilities of mRNA in vivo. As 2S analogs are simply and
efficiently incorporated into mRNA during in vitro tran-
scription, they represent a simple and practical method for
enhancing mRNA stability and translational properties in
vivo.
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