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Synthetic mzG-CAP attachment necessitates
a minimum trinucleotide constituent to be
recognised as a nuclear import signalf

M. Honcharenko,1*® B. Bestas,1® M. Jezowska,® B. A. Wojtczak,© P. M. D. Moreno,?
J. Romanowska,®" S. M. Bachle,® E. Darzynkiewicz,“® J. Jemielity,© C. I. E. Smith®
and R. Strémberg*?

Achieving higher nuclear concentrations by active transport may give potent therapeutic effects at lower
doses for many drugs. A method of increasing nuclear uptake is the use of naturally existing Nuclear
Localization Signals (NLS) by conjugating NLS structures to the cargo. We have synthesized a set of
2,2,7-trimethylguanosine cap (mzG-CAP)-containing structures (and their biotin conjugates) as artificially
attached analogs of a naturally found NLS. The origin of a naturally found NLS is a uridine rich, small
nuclear ribonucleoprotein (U snRNP) that employs Snurportinl as a nuclear transport protein. In this
report the NLS activity of various mzG-CAP biotin constructs was studied. We have shown that a minimal
requirement for nuclear uptake is the inclusion of a trinucleotide sequence between the mzG-CAP and

www.rsc.org/advances the artificial linker.

Introduction

Accessing the nucleus through the surrounding membrane
(nuclear envelope) is one of the major barriers for therapeutic
molecules. For medicinal applications, such as plasmid DNA,
the large size of the nucleic acid hampers access to the nuclear
compartment.” On the other hand, also for small oligonucleo-
tides (ONs), achieving higher nuclear concentrations by active
transport might give the advantage of having a therapeutic
effect at lower doses.

The nuclear envelope consists of control gates known as
nuclear pore complexes (NPCs), which selectively regulate
nuclear transport.>* Small molecules such as metabolites and
ions can diffuse through the NPC but molecules bigger than 40
kDa such as most proteins and RNA, ribosomal subunits and
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viral particles need to be actively transported.** The majority of
the large molecules have to be either interacting directly with
NPCs or be actively transported with soluble carrier molecules
collectively named as the karyopherin-B family (importins/
exportins and transportins).® The Ran-GTP/GDP gradient
across the NPC regulates the transport of the cargo molecules
between the nucleoplasm and the cytoplasm.” Ran is a GTPase
that can hydrolyse GTP into GDP. RanGTP binds to a carrier
importin and helps to release the cargo in the nucleus.
Conversely, when a cargo is to be transported to the cytoplasm,
exportin-RanGTP-cargo complex is hydrolysed in the cyto-
plasm releasing the cargo.®®

Large proteins need to have a nuclear localization signal
(NLS) in order to be transported through the NPC. The one most
widely studied, is the classical NLS (cNLS) sequence, which
contains a short stretch of basic residues.'* ¢NLS containing
cargo is recognized by the adapter protein importin-o. and the
complex is further bound by importin-f that interacts with NPC
and translocate the cargo into the nucleus by the help of
RanGTP.*>** On the other hand, the non-classical NLSs do not
need an adaptor protein and bind directly to a transporter
protein.® Earlier studies showed that non-covalent or covalent
complexation of the NLS peptide with a plasmid DNA or an
oligonucleotide promoted nuclear delivery including in vivo.***°
Moreover, a more recent study shows the increased transfection
efficiency of plasmid DNA by using PEIs (polyethylenimine)
conjugated to an NLS peptide in adipose derived stem cell.*

Another NLS type is the 2,2,7-trimethylguanosine cap (m;G-
CAP) which is naturally found in the uridine rich, small nuclear
ribonucleoproteins (U snRNPs) that are involved in pre-mRNA
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Fig. 1 Structures of artificially attachable mszG-CAP constructs 1-9 and control trinucleotide 10.

splicing.”” The RNA (snRNA) part of the snRNPs mainly consist
of U1, U2, U5 and U4/U6. Among the snRNAs, U1, U2, U4 and U5
are transcribed by RNA polymerase II and co-transcriptionally
capped with an m’G-CAP. The m’G-CAP is recognized by the
heterodimeric cap binding complex (CBC)*® and recruits the
phosphorylated adaptor of export protein (PHAX).>* This
complex is further recognized by an export receptor CRM1 for
cytoplasmic localization and maturation.** Following the
transport, a complex of proteins assemble around the Sm core
domain of the snRNAs,* which creates a binding platform for
trimethylguanosine synthase 1 Tgs1 (PIMT). Tgs1 catalyzes the
methylation of the m’G-CAP to an m;G-CAP.>**” Subsequently,
the m;G-CAP is recognized by an adapter protein Snurportini,
which then binds to importin-f for nuclear relocalization,
where the final maturation of the SnRNPs occurs.”®?®

Investigation of the crystal structure of Snurportin1 binding
domain (residues 97-300) with bound m;GpppG, revealed that
Snurportinl binds both the hyper-methylated cap and the first
nucleotide of the RNA in a stacked conformation.*® The inves-
tigation of the K4-value for m;GpppG dinucleotide (1.0 uM) was
determined to be lower than for the m;GpppA dinucleotide
(12.1 uM), when using the full length Snurportinl. Moreover,
binding of full-length Snurportinl was found to be even
stronger (Kq = 0.23 mM) for the synthetic capped trinucleotide
m;GpppAomeUomed, which more closely resembles the
natural UsnRNAs. Since the crystallized domain of Snurportin1
lacked 61 residues from the C-terminus, the authors speculate
that the real RNA binding surface of Snurportinl may be larger
and the 2’-O-methylated riboses of the RNA stem could have
additional interaction.*

Previously, we have reported that use of the m;G-CAP as
a synthetic RNA 5-end NLS signal increases the nuclear trans-
port of oligonucleotides as well as a cargo protein.** The use of
the m;G-CAP as an NLS signal for increased nuclear delivery of
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a therapeutic compound is likely to require additional stability
towards enzymatic degradation. For that reason introduction of
stabilizing modifications into the triphosphate bridge should be
beneficial. In addition, the m;G-CAP can serve as an adaptor for
delivery in vivo, which requires not only convenient synthesis but
also a method that is readily scaled up. Thus, we decided to
design artificially attachable synthetic m;G-CAPs, in order to
investigate the minimum structural requirements for retained
nuclear transport ability. A method for preparation of different
constructs was necessary for scanning reaction requirements
and allowing attachment of different cargos. We have recently
reported the procedure for the synthesis of the m;G-CAP
analogues equipped with an azide handle that can be conju-
gated to oligonucleotides via “click reaction”.*> Importantly,
these m;G-CAP-oligonucleotide constructs contain native and
modified triphosphate bridges that would stabilize these and
reduce degradation.*® Here we report on methodology and
synthesis of different m;G-CAP-biotin constructs (1-10, Fig. 1),
which have been synthesized to evaluate the minimum struc-
tural requirement for retained nuclear transport ability in vitro.

Results and discussion

Synthesis of m;G-CAP-biotin constructs

Different “clickable” m3;G-CAP constructs (1-8, Fig. 1) with or
without triphosphate modifications and equipped with an azide
handle for attachment to a cargo molecule, were designed and
synthesized according to procedures reported earlier.*>** In
addition, a capped trinucleotide construct with a methylene-
modified triphosphate bridge and an uncapped trinucleotide
control was also synthesized (9 and 10, Fig. 1).

The most simplified structure contains a 2,2,7-trimethyl-
guanosine connected via a triphosphate bridge to the adeno-
sine residue (1). The functional azide linker protrudes from the

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Structures of biotin linkers used in the study.
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2/-position of the adenosine nucleoside (structure 1, Fig. 1).
Since the 2'-O-methyl position may have additional effects on
the nuclear transport, m;G-CAP construct 2 is equipped with
a functional linker at the 3'-position. The 2’-position is O-
methylated, and thus a step closer to the native m3;G-CAP
(structure 2, Fig. 1). The m3G-CAP construct 3 is equipped
with both a 2’-O-methylated adenosine residue and a 3’-phos-
phate as a part of a longer linker attachment. Cap analogues 4-7
contain modification between a and B phosphates of the
triphosphate bridge since this can stabilize the m;G-CAPs
towards degradation.**** Finally, the m;G-CAP constructs 8
and 9 contain a 2,2,7-trimethylguanosine connected via
triphosphate bridge to the AUA sequence, where A and U are 2/
O-methylated (structure 8 and 9, Fig. 1). In 9 the same methy-

_0 lene modification of the triphosphate as in 4 is included. The 5'-
phosphorylated trimer (structure 10, Fig. 1) can also be attached
to cargos and used as a non-capped control of conjugates in the
studies of nuclear transport.

Synthesis of 9 and 10 was performed as reported in the
synthesis of 8 with the exception that for 10 the capping step
was performed with the methylene(bisphosphonate) analog of
N?,N*,N”-trimethylguanosinepyrophosphoryl imidazolide. In
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Scheme 1 Schematic CUAAC reaction between mzG-CAP-constructs (1-10) and biotin linkers (11-13).
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Table 1 Biotin linked mzG-CAP constructs 14-21, 23, 24 and 26 (and controls 22 and 26)
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order to assess the nuclear transport with a sizeable cargo, the biomolecules requires more active functional groups to achieve
different cap constructs were attached via linkers to biotin that sufficient conversion.*® Thus, biotin constructs with different
in turn can be bound to a fluorescent streptavidin cargo (STV- linkers attached to an activated triple bond donor, p-(N-propy-
Alexa488). From our experience in conjugating ONs to noylamino)toluic acid PATS,* were synthesized (11, 12°¢ and 13,
peptides it seems that low concentration of the reacting Fig. 2).
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Synthesis of m;G-CAP-biotin and uncapped trinucleotide
constructs (Scheme 1) were performed in solution using a tert-
butanol/water mixture as solvent using Cu(r) -catalyzed
Huisgen dipolar [3 + 2]-cycloaddition (“click chemistry”)
(Scheme 1) which resulted in the products 14-26 (Table 1).

Biological evaluation of synthetic m;G-CAP-biotin constructs

The synthesized m;G-CAP-biotin analogues were then evaluated
with respect to localization within cells. Streptavidin-Alexa488
(STV-488) was incubated with 3.5 to 4 molar excess of the
constructs 14-26. STV has a molecular weight of ca. 56 kDa.
Together with the biotinylated constructs the total molecular
weight adds up to 60-70 kDa, which is well above the threshold
for passive diffusion through the nuclear pore channels (NPCs).
For evaluation of possible nuclear localization, STV-complexes
with 14-26 were transfected into U20S cells by the PULSin
protein transfection reagent. After 6 hours, cells were analyzed
by fluorescent microscopy in order to detect the localization of
the STV-Alexa488 complexes.

All constructs with the m3;G-CAP connected to a mono-
nucleotide, whether the triphosphate was modified or not,
failed to show up in the nucleus (see ESIt). However, cells
treated with the construct having a capped trinucleotide (23)
and to a lesser extent the same cap construct conjugated to
biotin with a different linker (26) displayed fluorescence signals
from the nucleus in the form of speckles (Fig. 3), in line with our

Fig. 3 Fluorescence microscopy images of the cells treated with STV-
Alexa488 complexes with constructs 22—26 (Table 1). Nuclear region
of the cells are marked with a white arrow. Nuclear transport is eval-
uated by the Alexa-488 signal from the nucleus.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Confocal microcopy analysis of the cells treated with
complexes of STV-Alexa488-and mzG-CAP biotin conjugates 23 or
with control 22. Left panel shows the confocal image, whereas the
right panel shows the defined nuclear volume and the STV-Alexa488
signal coming from within that volume.

previous publication where longer oligonucleotides were
equipped with biotin linkers at the 3’-end.*

Somewhat surprising is that no nuclear localization was
observed (Fig. 3) with the m3G-CAP carrying a methylene(bi-
sphosphonate)-modified triphosphate bridge even when this
was connected to a trinucleotide (24). As expected control cap
analogues 22, 25 and STV-Alexa488 alone showed no nuclear
accumulation (Fig. 3).

As a complementary study we also ran confocal microscopy
in order to confirm that the origin of the signal comes from the
nucleus. For this study we decided to compare the compound
23 to control 22. Using 3D image processing software, we
defined the volume of the nucleus based on the nuclear stain-
ing. Fig. 4 shows the confocal microscope image to the left, and
the processed image with the defined nuclear volume and the
signal coming from STV-Alexa488 within that volume to the
right. Cells treated with STV-Alexa488 complex with 23 showed
a clear signal within the defined nuclear volume, whereas
control 22 did not.

Conclusions

That, none of the “shorter” mononucleotide m;G-CAP-biotin
constructs seem to end up in the nucleus (caps 1-7,
constructs 14-21) despite the fact that these “short” CAPs bind
well to Snurportin1®” suggests that more is required for nuclear
transport than just Snurportin binding. It is not clear why the
methylene(bisphosphonate) modified m;G-capped trinucleo-
tide is not transported, but suggests that it there is a sensitivity
even to minor alterations. These studies demonstrate that

RSC Adv., 2016, 6, 51367-51373 | 51371
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efficient transport of a cargo is highly sensitive to the exact
design of the Snurportini-interacting m;G-CAP. Owing to that
the only structure, which shows the interaction® is based on
a truncated form of Snurportini, it is not straightforward to
predict the conformations, which are tolerated, let alone to use
this structure as a basis for further improvements. Thus, while
the existing structure can be used as a starting point, currently
the only way to study this interaction is by testing new
constructs in biological assays. It should also be mentioned that
simply enhancing the binding interaction may not directly
predict biological activity, since apart from binding to Snur-
portin1, interaction with importin f and the release of the cargo
may be equally important. One could speculate that this could
be related to the interaction of the snurportini-complex with
importin  when this is recruited to obtain nuclear transport.*®
In any case, our studies clearly demonstrate that not only the
m;G-CAP, but also the adjacent nucleotides are crucial for
efficient nuclear transport within cells. The findings suggest
that a minimum requirement is three nucleotides connected to
the CAP and nuclear transport could well be more efficient with
even longer oligonucleotide attached to the m;G-CAP. Further
studies on such constructs would be valuable for further
exploration of m;G-CAPs as adaptors for transport of thera-
peutic cargos into the nucleus.

Experimental

Materials and methods

Acetonitrile (MeCN, HPLC grade, VWR), methanol (MeOH,
Fisher Scientific), dichloromethane (DCM), dimethylformamide
(DMF, Merck) and pyridine (Py, Merck) were of commercial
grade and dried additionally over 4 A molecular sieves. Reverse
phase HPLC was carried out on a Jasco HPLC system using the
Discovery BIO Wide Pore ¢18-5, 5 pm (250 x 4.6 mm) with 1 ml
min~" flow rate. The buffers used for reversed phase chroma-
tography were as follows: (A): 50 mM TEAA pH 6.5; (B): 50 mM
TEAA pH 6.5 in 50% MeCN. Mass spectra (TOF-MS, ES) were
obtained using a Micromass LCT electrospray time-of-flight (ES-
TOF) instrument. Molecular weights of conjugates were recon-
structed from m/z values of the multiply charged ions using the
mass deconvolution program (MAXENT) of the instrument,
which gave values with no decimal place. N-methyl morpholine
(NMM), copper iodide (Cul) and N,N-diisopropylethylamine
(DIPEA) were purchased from Aldrich and used without further
purification. Following compounds were also obtained
commercially and used without further purification EDTA
(Fluka), tert-butanol (1BuOH, Merck), dichloroacetic acid (DCA,
Merck), iodine (I,, ACROS), and N,N,N',N'-tetramethyl-O-(1H-
benzotriazol-1-yl)Juronium hexafluorophosphate (HBTU) (Senn
Chemicals). m;G CAPs, 2-(2-azidoethoxy)ethoxyacetic acid and
PATA were prepared using known procedures.*

General procedure for conjugating m;G CAPs with biotin
linkers (“click” reaction in solution)

All reactions were carried out in the Eppendorf tube with
a screw cap. Each reagent, unless stated differently, was added

51372 | RSC Adv., 2016, 6, 51367-51373
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to the tube with a syringe or pipette. The lyophilized Biotin
linker equipped with triple bond donor PATA was dissolved in
70 uL of tBUOH : water (1 : 1) and the solution was added to the
Eppendorf tube the lyophilized Cap dissolved in water (1.1 eq.,
20 pL). Next, 2 eq. of DIPEA in 5 pL of water (stock solution: 3.5
pL in 996.5 pL water) were added, followed by 2 eq. of copper
iodide in 5 pL of DMSO (stock solution: 3.9 mg ml™'). The
reaction was placed on vortex and left to stir overnight. The
conjugate was purified by RP-HPLC using linear gradient of
buffer B in A respectively:

14: 0% to 80%, 25 min, tg = 22.3 min, RT,
254 nm;

15: 0% to 80%, 25
254 nm;

16: 0% to 80%, 25
254 nm;

17: 0% to 35%, 30 min, tx = 18.6 min, RT,
254 nm;

18: 0% to 80%, 25

detection at
min, tg = 21.0 min, RT, detection at

min, tg = 21.1 min, RT, detection at

detection at

min, tg = 21.9 min, RT, detection at

254 nm;

19: 0% to 80%, 25 min, tg = 21.8 min, RT, detection at
254 nm;

20: 0% to 80%, 25 min, tx = 21.9 min, RT, detection at
254 nm;

21: 0% to 80%, 25 min, tg = 22.0 min, RT, detection at
254 nm;

22: 0% to 80%, 25 min, tg = 21.1 min, RT, detection at
254 nm;

23: 0% to 80%, 25 min, tx = 20.1 min, RT, detection at
254 nm;

24: 0% to 80%, 25 min, tg = 22.0 min, RT, detection at
254 nm;

25: 0% to 100%, 15 min, tz = 11.1 min, RT, detection at
254 nm;

26: 0% to 80%, 25 min, tg = 21.1
254 nm.

min, RT, detection at

STV-m;G-CAP-biotin complexation and cell transfections

U20S cells were plated in a 24-well plate with DMEM + 10%
FCS the day before transfection. The day of the transfection,
Streptavidin-Alexa488 (Molecular Probes) and m;G-CAP-biotin
analogues were incubated for 2 hours at RT. Streptavidin was
reconstituted in 1x PBS (pH 7.4). For the complexation, 2 mg
of STV (Streptavidin) together with 3.5-4 times molar excess of
the m;G-CAP-biotin analogues were used. After the incuba-
tion, 20 mM HEPES buffer (pH 7.4) was used to bring the total
volume up to 100 pl and then 3.5 pl of PULSin transfection
reagent (PolyPlus-Transfection, NY, USA) was added. The
mixture was incubated for 15 min at RT. During the incubation
time, cells were washed twice with PBS 1x and 900 ml of pre-
warmed Opti-Mem I (Invitrogen) was added to the wells. The
PULSin complexes were then added to the cells and left to
incubate for 4 hours. After 4 hours, the medium was discarded
and cells were washed twice with pre-warmed Opti-MEM L.
Finally, 400 ml of Opti-MEM I was added to the wells after
which the cells were further incubated for 2-3 h. Cells were

This journal is © The Royal Society of Chemistry 2016
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then analyzed by fluorescence microscopy for nuclear
transport.

Confocal microscopy

For the confocal analysis, glass microscope cover slips were
coated with poly-lysine solution (Sigma Aldrich, 0.1% (w/v)) for
1 hour at RT. Subsequently, 50 000 cells were plated onto coated
cover slips in a 24-well plate. 6 hours post-transfection with STV-
CAP complexes, the cells were fixed using 4% PFA for 10 min at
37 °C. Then cells were washed with PBS 1x twice. After this,
DRAQ5 nuclear stain (Abcam) was added onto the slides and
incubated for 5 min at 37 °C. After washing the cells with PBS
1x twice, the cells were mounted using ProLong Antifade
mounting medium (ThermoFisher Scientific). Images were ob-
tained on a Nikon A1R confocal system with a 60x/1.49 oil
objective, acquired using NIS-Elements A1R software (Version
3.2; Nikon Instruments) and analyzed with Imaris 3D image
processing software (Bitplane).
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