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ABSTRACT: Developing chemical toolkits for mRNA modi-
fication has remained an immense challenge driven by inherent
difficulties in targeting mRNA molecules. Antisense oligonu-
cleotides (ASOs) offer a promising framework for targeting
specific mRNA sequences, yet they do not possess the capacity
to alter the covalent structure of mRNA except through enzyme-
mediated hydrolysis. The requirement of relying on an enzyme
for modifying mRNA incurs several limitations on the applica-
tion, design, and delivery of ASOs. To address these limita-
tions, we developed a Pt(IV)-ASO strategy that combines the
reactivity of platinum with the sequence specificity of ASOs to
covalently modify nucleic acids, including short RNA and
mRNA, in a selective, enzyme-free manner. Access to Pt(IV)-
ASO constructs was made possible by an innovative equatorial
Pt(IV) ammine functionalization strategy, allowing for conju-
gation of carboxylic acids directly to the Pt core. Reactivity with
21-mer RNA and full-length mRNA by Pt-ASO constructs was
demonstrated, and the covalently modified products were char-
acterized using a suite of orthogonal techniques, such as elec-
trophoretic mobility shift assay, MALDI-TOF MS, tempera-
ture-dependent dissociation assay, and RT-qPCR. Constructs
were optimized for their reactivity and selectivity, allowing for
Pt(IV)-PMO constructs with sub-nanomolar ICso values in an
RNA competition assay. This Pt(IV)-ASO platform facilitates
new avenues for RNA modification by providing a strategy for
covalent modification of nucleic acids with potential applica-
tions for molecular biology research.

Introduction

Extensive work has been dedicated to developing diverse
chemical toolkits to attenuate and enhance the function of pro-
teins, including discovery of binders,'* development of site-
and chemoselective bioconjugation reactions,’ and designing
proteolysis targeting chimeras (PROTACSs) to degrade pro-
teins.® Despite mRNA being the progenitor of proteins, a similar
complementary chemical toolkit for modifying native mRNA is
not available. This lack of suitable functionalization methods is
primarily due to the inherent challenges of targeting mRNA.
Unlike proteins, which are built from a diverse set of 20 amino
acid monomers and have a wide range of structural complexi-
ties, mRNAs consist of only four nucleotide monomers and ex-
hibit limited diversity in their tertiary structure. The most suc-
cessful approaches for selectively targeting mRNA are based on
antisense oligonucleotides (ASOs), which are short single
stranded synthetic oligomers designed to bind mRNA through
base-pairing. ASOs are an expanding class of FDA-approved

therapeutics that restore proper gene expression through two
mechanisms: RNA cleavage and RNA blockage.’
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Figure 1. ASO architectures and Pt(IV) prodrug synthesis/reactiv-
ity. (A) Prevalent ASO architectures. (B) Established “dual-threat”
design of Pt(IV)-prodrugs. (C) Development of a late-stage equa-
torial Pt(IV)-ammine functionalization strategy for accessing
Pt(IV)-ASOs that can covalently modify RNA in a site-directed
manner. Half-maximal inhibitory concentration (1Cso) and maxi-
mum drug inhibition (Imax) determined via competition assay
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Included in the class of mRNA cleaving ASOs are phos-
phorothioate oligonucleotides (PS),*!! locked nucleic acids
(LNA),'>'* and 2’ ribose modified ASOs (Fig 1A).!5!° These
ASOs bind mRNA to form a duplex mimicking RNase H1’s
native substrate. After recognition by RNase H1 present in the
proteome, the mRNA is subsequently cleaved, leading to tar-
geted mRNA degradation.” The reliance on an enzyme-based
mechanism to silence mRNA incurs several inherent limitations
onto the design of these ASO, as they must balance nuclease
recognition with enzymatic stability. Additionally, their poly-
anionic nature renders them cell impermeable, a major obstacle
for delivery, requiring the addition of targeting ligands or lipid
nanoparticles to facilitate transport into the cell.?!

Complementary to this class of ASOs are those which exert
their biological effect through steric hindrance. Included in this
class are peptide nucleic acids (PNAs)?>** and phosphorodi-
amidate morpholino oligonucleotide (PMOs),** which have
been FDA approved for the treatment of neurodegenerative dis-
eases via splice correction.>?’ They are proteolytically stable,
feature high binding affinity to their antisense sequence, and are
charge neutral, thus displaying higher binding affinity to RNA
than enzyme engaging ASOs.?® As a result of their non-biolog-
ical structure, these ASOs are not recognized by native en-
zymes, and thus, cannot affect mature mRNA function.

Due to the inherent limitations of current ASOs, identifying
an approach to functionalize mRNA independently of enzyme-

based pathways was identified as an unmet challenge.” We pro-
posed to address this challenge by tethering a covalent warhead
to an ASO, which would modify its target mRNA after binding.
A platinum-based warhead was identified as the ideal electro-
phile to use for a covalent modification strategy of mRNA.*
Platinum’s inherent reactivity towards nucleic acids, specifi-
cally DNA, has led to platinum-containing drugs becoming a
crucial class of chemotherapies.?! Amongst this class, cisplatin,
carboplatin, and oxaliplatin are the most prescribed, and are ap-
proved worldwide to treat multiple forms of cancer.’ These
compounds covalently react with DNA to form intrastrand ad-
ducts between two neighboring guanosines, which serve as halt-
sites for DNA transcription.®® Leveraging this reactivity for
mRNA, it was hypothesized that similar lesions could be
formed with mRNA that would inhibit its translation, paving
way for this approach to be used for both mRNA modification
and mRNA silencing.

Here, we report a coupling strategy between activated car-
boxylic acids and Pt(IV)-ammines, tolerating a variety of
Pt(IV)-prodrugs and biologically relevant carboxylic acids
(Fig. 1C). This transformation enabled access to Pt(IV)-PNA
and Pt(IV)-PMO constructs that can site-selectively modify
mRNA. We demonstrate that this covalent modification serves
as a lesion, rendering the mRNA unable to be fully processed
by mRNA engaging enzymes, effectively silencing it.

A)  Ph Ph B) O
oo oPo 9 .
H3N,, Jt.»-NHs CH4CO,H (2.0 equiv.) HaN,,, J N Q
- ~cl HATU (2.0 equiv.) - \cfg* o 1) 5- azuﬁg pemanomaud oo O
o <L - o J) oiea, BEUR 50 min H
DIEA (4.0 equiv.) J J N
T DMF (0.08 M), DMF, 1 h T HaN., . NH; e —— HN.. J N 5
h h X~ | ~X 2) Fmoc Deprotection X~ I ~X
1a 2a° 58% X (Piperidine or NaOH) X
Me
NHBu
1 3a-
° OJ\O H OH ?
00770 . pn o. ‘_‘NZ
0. ). N= 0=y
Ot N oy J:\” 1LY
So_ 0 HO N o ; ML N N
Me / H;N, J N N;  HyN, J N, cwl\m
e, ci—Tt<cS o '\m o &
2b2:37% 2¢%65% O | OH | OH
Ph cl N e
)\ “
CO,tBu oo
CO,tBu
/l/\/\ H;N J N ’ 3 O,N NO.
3 Pt NHF 2 2
HN,.. J o ~ci" mee tBu
cl— \Cl ) pﬁ 3a% 73% 3b™ 56% 3¢ 23%
OH
! OH
2d° (R = N3): 63% 2% 50% oo °
26® (R= C=CH): 46° s o H
(R= C=CH): 46% NMe, 0070 o J Ha
H .. o
Ph Pt
J\ 0.3 N= 0>0’ | \N:O
L
0%~o 0| >NH, OH Ly
H NHBu o o X HO' N,
HSN,,._F!Q._‘N
o \CI\OH\(\/\E Ty N (x=ci x=ci
O_ _Ph HN S HN, J N o @ 30 (X2 ) 43% s D ar
SRS €0, NNe, 3¢ 249 3g° 18%
AL c1-| ~ci
o O0Fhy (]J OH
H NHBu
29 73% 2hb: 30% NH,
) NH
© NHBu OH 2 oo
[ H@ /l:\r( 1) Sieberé\[r;}it(if Resin (1).0 equiv.) "
.5 equiv.
o o o
i ‘)—""e 0% ° ImeTFA (0.25 equiv.) " H. g N
HaN.., Jt NN DMF, tt, 16 h HaN... F! N o el
cl—- ~cl ) s HaN..,.J .«NH; c- I \m o.__0
- S~
BUHN JJ N // cl J, cl )Sazldopentanolcac\d o. & N,
Me o DIEA, BM@ i, 30 min

o M

cl
2ib: 69%

3) Cleaved with 1% TFA in DCM

4ad: 33% 4b%: 37%

Figure 2. Scope of Pt(IV)-Ammine Functionalization Pt-Ammine functionalization is successful across a broad scope of biologically rele-
vant coupling partners. (A) Solution-phase coupling of Pt(IV)-compounds with carboxylic acids. (B) Two-step procedure for accessing
Pt(IV)—amide complexes with pendant carboxylic acids. (C) Solid-phase coupling of Pt(IV)-compounds with carboxylic acids. *Conditions:
1 (0.10 mmol, 1.0 equiv), RCO2H (2.0 equiv), HATU (2.0 equiv), DIEA (4.0 equiv), DMF (1.25 mL), rt, 1 h. ®Conditions: 1 (0.10 mmol,
1.0 equiv), RCO2H (2.0 equiv), HATU (2.0 equiv), DIEA (8.0 equiv), DMF (625 pL), rt, 1 h. “‘Reaction performed using standard conditions
“a” on 0.5 mmol scale. “Conditions: 1) 1 (0.15 mmol, 1.5 equiv), CDI (1.5 equiv), Sieber Amide Resin (1.0 equiv), Imidazole*TFA (0.25
equw) DMF (920 pL), rt, 16 h. 2) 5-azido pentanoic acid (5.0 equiv), HATU (5.0 equiv), DIEA (260 pL), DMF (1.3 mL), rt, 30 min. Yields

are of isolated 2a—2i, 3a-g, and 4a-b.
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Results and Discussion

Engineering a platinum reagent for a targeted covalent mod-
ification strategy is streamlined by the modularity of its primary
coordination sphere, which allows for tuning of physical and
chemical properties.** Pt(IV)-prodrugs are extensively re-
searched due to their stability towards hydrolysis in the extra-
cellular environment and their ability to be readily reduced in-
tracellularly to bioactive Pt(I) compounds. Numerous applica-
tions have been explored with the Pt(IV) architecture via instal-
lation of bioactive ligands to the reductively labile axial posi-
tions (Fig. 1B).>>* While this “dual-threat” strategy is well-es-
tablished, an mRNA targeting approach would require that the
targeting ASO remains attached upon reduction in order to po-
sition the Pt(Il) core for targeted reactivity with mRNA. To ac-
complish this feature, the ASO would need to be appended to a
reductively non-labile (L-type) coordination site of the Pt(IV).
This “synergistic” configuration is significantly less studied
than the “dual-threat” configuration, due to the lack of methods
to functionalize these equatorial L-type ligands in Pt(IV) com-
pounds in a late-stage manner.

Taking inspiration from the reported reactivity of transition
metal- ammine complexes with electrophiles,*° we hypothe-
sized that treatment of a Pt(IV)—ammine with an activated car-
boxylic acid could be a suitable approach to functionalize the
Pt-core. To explore this hypothesis, the reactivity of Pt(IV)
complex la with 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyrdinium 3-oxide hexafluorophosphate
(HATU)-activated acetic acid under basic conditions was ex-
amined (Fig. 2A). Under these reaction conditions, formation
of the functionalized product 2a was observed in good yield
(58%). Functionalization of the ammine was supported by '*Pt-
'H HMQC NMR spectroscopy, which displayed a downfield
shift in the Pt signal of 205 ppm upon acylation (Fig. S1).
This large shift indicates a large electronic change at the Pt-cen-
ter, supporting the modification of the equatorial ammine.

Investigation of the substrate scope revealed that the reaction
tolerates a variety of Pt(IV)—ammine and carboxylic acid cou-
pling partners. Modification of the Pt core from cisplatin to car-
boplatin (2b, 37%) or oxaliplatin (2¢, 65%) was well tolerated,
demonstrating the applicability of this method across therapeu-
tically relevant Pt core scaffolds. Additionally, a variety of car-
boxylic acids could be coupled onto the Pt(IV) core, including
those with valuable bioconjugation handles such as maleimide
(2¢, 65%), azide (2d, 63%), and alkyne (2e, 46%). Moreover, a
protected glutamic acid for solid-phase peptide synthesis (2f,
50%) was successfully incorporated. Directly bioactive frag-
ments were also successfully coupled to Pt(IV), including biotin
(2g, 73%) for affinity capture studies, 5-carboxytetramethylrho-
damine (5-TAMRA, 2h, 30%) for fluorescence imaging appli-
cations, and small molecule ligands, such as JQ1 (2i, 69%)."!

Incorporation of a 9-fluorenemethyl ester at the apical posi-
tion of Pt(IV) complexes facilitated a two-step functionalization
and deprotection protocol, resulting in Pt(IV)—amide complexes
featuring an axial carboxylic acid suitable for subsequent amide
coupling (Fig. 2B). Complexes with various axial ligands (F-,
CI', ArCOy", and 4-tBuPy),*>% as well as various Pt cores (cis-
platin, carboplatin, and oxaliplatin) were accessed in moderate
to good yields (3a-g, 18-75%). In addition, functionalization of
the Pt core could be accomplished after loading onto a solid

support (Sieber amide resin), yielding 4a and 4b in moderate
yields (Fig. 2C, 33% and 37%, respectively) after cleavage
from the resin. The ability to tolerate various axial ligands and
platinum cores as coupling partners is important for the broad
application of the method and utility of the functionalized prod-
ucts. Modulating the primary coordination sphere has a pro-
found impact on the electronic parameters of the Pt(IV) center,
which enables fine-tuning of the reduction kinetics of the func-
tionalized products.>*>°

A solid-state structure of 2i, obtained via single-crystal X-ray
diffraction, provided definitive evidence for modification of the
equatorial Pt(IV)-NH; ligand (Fig 3, Fig. S2). The Pt-NHCO
moiety exhibited an X-type Pt—-amide bonding structure, char-
acterized by a short C=0 bond length of 1.23 A and long NH-
CO bond length of 1.33 A, consistent with established X-type
Pt(IV)-amide complexes.’’ %’ The anionic charge of this moiety
was neutralized by a triazolium on the JQ1 fragment. From the
zwitterionic nature of this structure, it was deduced that the pro-
tonated, charge neutral Pt(IV)-complex is relatively acidic and
would be deprotonated under neutral pH conditions as the pKa
of 1,2,4-triazolium is 2.2.%' Conversely, other derivatives result-
ing from ammine functionalization lack an intramolecular base,
necessitating protonation of the Pt(IV)—amide for charge bal-
ance. Two potential tautomers, L-type amide or imidine config-
urations, were considered for representing these products.
Ground state density functional theory (DFT) calculations®? in-
dicated that the Pt(IV)-imidine was 3.8 kcal/mol more stable
than the corresponding L-type Pt(IV)—amide (Fig. 3B). This, in
combination with the prevalence of Pt(IV)—imidines character-
ized crystallographically,* % led to the Pt(IV)-imidine being
the preferred tautomer for representation of the protonated,
charge-neutral structures.

To demonstrate the utility of these compounds toward mRNA
platination, Pt(IV)-ASO constructs targeting enhanced green
fluorescent protein (EGFP) mRNA were investigated to opti-
mize reactivity and selectivity. A sense region in the open read-
ing frame of the mRNA was chosen based on two design criteria
dictated by the inherent reactivity of platinum towards guano-
sine: 1) this region featured a “GGG” motif as the intended site
of platination, allowing for multiple sites of functionalization
and 2) the antisense for this region featured few guanosines,
mitigating issues of competing ASO platination. Based on this
analysis, an antisense 11-mer PNA was synthesized to this tar-
get region by automated flow synthesis via protocols developed
in our laboratories.®>’® To attach Pt to the PNA, a strain-pro-
moted azide-alkyne click strategy was pursued, yielding
nBuPt-PNA3%37 (Fig. 4A).
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Figure 3. Structural analysis of Pt(IV) complexes by X-ray crys-
tallography and DFT calculations illuminates bonding geometry of
products from Pt(IV)-ammine functionalization (A) Solid-state
structure of 2i from single-crystal X-ray diffraction analysis. Ther-
mal ellipsoids are plotted at 50% probability level; solvent omitted
for clarity. (B) Optimization of ground-state structures by DFT re-
veal that the Pt(IV)-imidine tautomer is more stable than the L-type
Pt(IV)-amide tautomer by 2.9-4.2 kcal/mol. Geometry and fre-
quency calculations were performed at the PBEO level of theory
with SARC-ZORA-TZVP basis set for Pt and ZORA-def2-SVP for
remaining elements (C,N,H,0,Cl) with tight convergence criteria.

Studying the reduction products of nBuPt-PNA3%*3" by lig-
uid chromatography-mass spectrometry (LC-MS) demon-
strated that the Pt(Il) and the PNA remained attached upon re-
duction, a key requirement for a successful chemical modifica-
tion strategy. After incubation of nBuPt-PNA3*37 with 300
UM sodium ascorbate in PBS for 20 h, a new species was ob-
served by LC-MS, corresponding to a Pt(II)-PNA product, al-
beit in low conversion (Fig. 4B, Fig. S3, 9% integrated product
peak area). It was hypothesized that the equatorial X-type amide
obtained from deprotonation at neutral pH, is a more electron-
donating ligand than the starting ammine, resulting in a slow
rate of reduction. A series of Pt-PNA constructs were synthe-
sized with electron-withdrawing axial ligands to counteract this
increase in electron density at the platinum center. ArPt-
PNA3¥-3 and CI-Pt-PNA3¥-" led to significantly more facile
reduction, where CIPt-PNA3%-37 was found to be fully reduced
to the Pt(IT)-PNA by the same LC-MS analysis. The observation
of the correct mass/charge ratio of the Pt(I[)-PNA, as well as
the agreement between the observed and simulated isotopic
splitting patterns for a Pt-containing species (Fig. S4) provided

definitive evidence for the Pt(II) remaining attached to the PNA
upon reduction. This was an encouraging indication that these

constructs could be used for targeted platination of nucleic ac-
ids.
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Figure 4. Reduction of Pt(IV)-PNAs is influenced by axial group
identity. (A) Accessing Pt(IV)-PNAs via SPAAC reaction. (B) Ef-
fect of axial leaving group identity of Pt(IV)-ASO on ease of re-
duction by sodium ascorbate (NaAsc). Ratios were determined by
integrating total ion count area of LC-MS spectra.

To confirm RNA functionalization and characterize the re-
sulting products, the reactivity of nBuPt-PNA3%-7 ArPt-
PNA3¥3" and CIPt-PNA3*3" with a 21-mer RNA fragment
was examined. This fragment represents a condensed segment
of interest within the EGFP mRNA (Fig. SA). After incubation
of this series of Pt-PNAs with 21-mer RNA, agarose gel elec-
trophoresis of the reaction mixtures displayed two new species.
One species was assigned to be the Pt(IV)-PNA/RNA duplex
due to its similar mobility to the Ac-PNA/RNA duplex. Upon
reduction of the Pt(IV), the resulting Pt(II) acquires a positive
charge after hydrolysis. This allowed for tentative assignment
of the slowest mobility species as the Pt(I[)-PNA/RNA, as it
would have a less negative charge than the corresponding
Pt(IV)-containing duplex (Fig. 5B). Of note, the more rapidly
reducing construct (CIPt-PNA3%-37%) demonstrated significant
reactivity towards forming the Pt(II)-PNA/RNA duplex. While
the lower mobility of this species is consistent with the genera-
tion of a cationic platinum complex, an important mechanistic
question remained as to whether the Pt(Il) covalently modified
the RNA or generated undesired intramolecular PNA platina-
tion products.
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Evidence for the covalent modification of the RNA was ob-
tained by isolation of the Pt(II)-PNA/RNA product by ultra
high-performance liquid chromatography (UHPLC), and obser-
vation of its corresponding mass by Matrix Assisted Laser De-
sorption/lonization-Time of Flight (MALDI-TOF) MS (Fig.
5C). Control duplexes of Ac-PNA*37/RNA and unreduced
CIPt-PNA3%-37%/RNA readily disassociated in the mass spec-
trometer (Fig. S5), indicating that the observation of the com-
bined mass was due to an interaction between the Pt(I)-PNA
and RNA stronger than base-pairing alone. Additional evidence
of covalently modified RNA was obtained via a melting tem-
perature study using UHPLC, where the melting temperatures
of the two duplexes were determined by varying the column
temperature and integrating the free RNA peak (measured at
280 nm) observed with rising temperature (Fig. SD). This assay
demonstrated that the Pt(I[)-PNA/RNA duplex remained stable
upon heating to 85 °C, while non-covalently bound Pt(IV)-
PNA/RNA featured a Tm of ~55 °C. It was further substantiated
that this behavior resulted from a Pt-RNA covalent bond by ex-
tracting the platinum atom from the Pt(I)-PNA/RNA duplex by
treating with KCN (Fig. S6). This method, known for seques-
tering platinum lesions from nucleic acids, serves to dissociate
any Pt-RNA bonds.”""™ After treatment, the resulting
PNA/RNA duplex readily dissociated upon heating, supporting
the conclusion that Pt(II) is acting as a covalent linkage between
the PNA and RNA. Reactivity was not observed between CIPt-
PNA3®37 and a 15-mer RNA with a scrambled binding region
(Fig. S7). This lack of functionalization of the mismatched
RNA, as well as the selective functionalization of the matched
RNA in a competition assay format demonstrate that the speci-
ficity of the PNA is crucial for selective covalent modification
of RNA (Fig. S8).

Extension of this reactivity to full-length mRNA (996 nucle-
otides) demonstrated dose-dependent platination consistent
with site-directed functionalization and mRNA silencing (Fig.
6). After incubation of EGFP mRNA with CIPt-PNA3¢*37 (0
8 equiv.), agarose gel electrophoresis displayed relatively little
change in the mRNA mobility across the series (Fig. S9). To
differentiate covalently modified mRNA from unmodified
mRNA, reverse-transcription was performed on the reaction
mixtures. It was hypothesized that the covalently attached Pt-
PNA lesion would serve to halt reverse-transcription, resulting
in truncated cDNA/RNA duplexes as compared to unmodified
mRNA. Gel electrophoresis of the reverse-transcribed products
demonstrated a dose-dependent decrease in full-length
cDNA/RNA duplex and the appearance of truncated
cDNA/RNA. This result is consistent with site-directed func-
tionalization of the mRNA and demonstrates that the Pt serves
as a lesion, effectively modifying the mRNA. Control com-
plexes of the slower reducing nBuPt-PNA3%-37 Ac-PNA3®-
3 as well as a scramble CIPt-PNA3%-3" demonstrated no
mRNA reactivity (Fig. S10), indicating that the synergy be-
tween the platinum reactivity and the specificity of the ASO is
critical for mRNA functionalization.

Truncated
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Figure 6. Reverse transcription reveals functionalization of mRNA
by CIPt-PNA3%-37  aConditions for functionalizing mRNA:
EGFP mRNA (100 nM, 1 equiv), CIPt-PNA3%*37 (0-8 equiv),
RNase inhibitor (5%), sodium ascorbate (300 uM), 1x PBS, rt, 20
h.

Sanger sequencing was performed on double-stranded cDNA
obtained from the truncated mRNA/cDNA duplex to determine
the site of modification. This analysis revealed that the site of
modification was ~120 nucleotides downstream of the PNA’s
antisense region and the intended site of modification (Fig.
S11). To understand this discrepancy between the predicted and
experimentally determined sites of modification, the structure
of the PNA-bound mRNA was simulated using mFold (Fig.
$12).7 This structure featured an internal stem loop at the target
region, where the intended site of modification is base-paired
with a region ~110 nucleotides downstream, corroborating the
sequencing results.

The selectivity of the Pt-mediated mRNA silencing was con-
firmed and quantified by a competition assay between EGFP
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mRNA (50 pM) and 1000 equivalents of RNA. In this assay,
target and off-target modification were quantified by RT-qPCR,
where modification of housekeeping genes (GAPDH and B-ac-
tin) were used as representative off-target RNA. EGFP mRNA
was effectively silenced by CIPt-PNA3¥-3" (ICso= 10.1 + 6.2
nM) with minimal off-target silencing (Fig. 7A). Control com-
pound Ac-PNA3*37 resulted in no mRNA knockdown (Fig.
S13), further demonstrating that the Pt-linkage to the mRNA is
required for silencing. While CIPt-PNA3%*3” demonstrates

good reactivity and selectivity in this assay, the construct exhib-
ited poor water solubility.

A) PH(IV)-PNA (X nM)

”I”””I”””””I””” + Na Ascorbate (300 1M)

EGFP mRNA (50 pM
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Figure 7. Pt(IV)-ASO constructs selectively functionalize EGFP mRNA in presence of competing RNA. (A) Effect of Bpep addition and
connectivity on reactivity and selectivity. (B) Reactivity of a library of Bpep-[Pt]-ASO constructs. EGFP mRNA (50 pM) and competing
RNA (1,000 equiv.) were incubated with Pt(IV)-PNA constructs (0 - 500 nM) in 300 pM sodium ascorbate in PBS for 20 h. For Pt(IV)-
PMO constructs, 5 pM EGFP mRNA and 10,000 equiv of RNA were used due to lower ICso of Pt(IV)-PMO constructs. Target (EGFP) vs.
off-target (B-Actin and GAPDH present in competing RNA) modification was measured by RT-qPCR relative to untreated control. Bars
represent the standard deviation of the mean based on n= 3 replicates. ICso and Imax values were determined through non-linear fitting in

GraphPad Prism

To improve the solubility of this construct, Bpep, an arginine
rich peptide,” was appended to the C-term of the PNA. This
water-soluble construct (CIPt-PNA3¥-3°_-Bpep) demonstrated
improved activity towards EGFP mRNA knockdown (ICso=1.5
+ 0.6 nM) but also functionalized off-target genes at higher con-
centrations (>50 nM). It was hypothesized that the highly cati-
onic Bpep was non-specifically interacting with RNA, resulting
in non-selective reactivity of the Pt(Il) center. To alleviate the
off-target effects of the cationic tag, the connectivity of the con-
struct was rearranged to display the Bpep on the axial position
of the Pt center. This design would take advantage of the inher-
ent reactivity of Pt(IV) to dissociate its axial ligands upon re-
duction, thereby decoupling the Pt reactivity from the unselec-
tive binding of the Bpep tag. After solution-phase conjugation
of 4a to Bpep and subsequent SPAAC reaction with DBCO-
PNA, the resulting Bpep-CIPt-PNA3%37  construct

demonstrated superior reactivity for EGFP mRNA, with an ICso
of 4.1 + 2.4 nM. Importantly, no functionalization of off-target
genes was observed with treatment of up to 500 nM construct.

Based on these results, a library of Bpep-Pt-ASOs was syn-
thesized to probe structure-activity relationships (Fig. 7B), with
ASO architecture being the first parameter of examination. Ex-
tending the PNA to an 18-mer PNA (Bpep-CIPt-PNA36237%) re-
sulted in a slightly decreased activity, with an ICso of 8.3 = 7.8
nM. Modifying the 18-mer PNA to the 18-mer PMO architec-
ture (Bpep-CIPt-PMO?*?3") resulted in a significantly im-
proved ICso of 650 + 260 pM, while the control compound
(Bpep-PMO?*$237) exhibited no mRNA functionalization (Fig.
S14). While the Pt(IV)-PMO construct demonstrated superior
potency for the target sequence than the corresponding Pt(IV)-
PNA, maximum knockdown (Imax) of the Pt-PMO construct was
significantly lower than that of Pt-PNA construct (65% vs 84%
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knockdown, respectively). The effect of the Pt(II) precursor
core structure on reactivity was examined via synthesis of
Bpep-CarboPt-PMO***” and Bpep-OxaliPt-PMOQ**37 _alt-
hough these constructs yielded inferior ICso and Imax values.

Kinetics of EGFP mRNA Functionalization
with Bpep-CIPt-PMOs
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Figure 8. Kinetics of EGFP mRNA functionalization by Bpep-
CIPt-PMO are affected by the ASO sequence. Functionalization of
EGFP mRNA (5 pM) by Pt-PMO constructs (50 nM) in the pres-
ence of competing RNA (10,000 equiv.) was measured by RT-
gPCR (standard conditions from Fig. 6B ) relative to t = 0 h. Bars
represent the standard deviation of the mean based on n= 3 repli-
cates.

A variety of Bpep-CIPt-PMO constructs were synthesized to
examine the effect of mRNA target region on mRNA reactivity.
Regions of high binding affinity were selected based on a com-
putational screening approach’® (Fig. S15). This series of
constructs provided varied ICso values, with the construct
Bpep-CIPt-PMO'*!"2% demonstrating an improved ICso of 420
+ 150 pM. While the range of ICso values (420 to 3400 pM)
obtained by changing the ASO sequence could be explained by
an effect of ASO sequence on binding thermodynamics and ki-
netics, the varying Imax (46 to 85%) was initially surprising.

To understand the origin of the divergence in Imax values,
time-dependent reactivity studies of constructs based on
PMO!'781%5 PMO!"!12% and PMO?*%?7 were undertaken. It was
observed that the functionalization of mRNA by all constructs
followed first order decay kinetics with varying rate constants
(Fig. 8). These marked differences in rates suggest that the plat-
ination of the mRNA by the reduced Pt(II)-ASO is rate-deter-
mining, where the rate of this functionalization is influenced by
changing the target region in the mRNA, allowing for tuning of
the functionalization kinetics. A mechanism where reduction of
the Pt(IV) is rate-determining was rejected by observation that
the reaction is 0" order in reductant (Fig. S16). Taken together,
a combined proposed mechanism features an initial equilibrium
binding event, forming a Pt(IV)-ASO/mRNA duplex. The
Pt(IV) then undergoes exergonic reduction, furnishing a Pt(Il)-
ASO/mRNA duplex. This duplex then undergoes rate-deter-
mining crosslinking, resulting in the covalent modification of
the mRNA.

Conclusions

In summary, we have developed a late-stage functionaliza-
tion strategy for coupling of carboxylic acids to the ammine po-
sition of Pt(IV)-prodrugs. This reaction was tolerant to numer-
ous coupling partners, including various Pt-prodrugs with dif-
ferent Pt(II)-cores and with varying axial leaving groups. A va-
riety of carboxylic acids could be employed, including those
with valuable conjugation handles and bioactive motifs. Func-
tionalized products with pendant azides could be readily cou-
pled to ASOs via SPAAC to generate Pt(IV)-ASO constructs,
which after tuning of the reduction rate via varying the axial
ligand, could covalently modify both short RNA fragments and
mRNA. Covalent modification was demonstrated via electro-
phoretic mobility shift assay, temperature-dependent dissocia-
tion assay, MALDI-TOF MS, and RT-qPCR.

Pt(IV)-ASO constructs were selective for the gene of interest
in the presence of 1,000-10,000 equivalents of competing RNA,
with an ICso of 10.1 £ 4.6 nM for initial construct CIPt-PNA3%-
379 Several rounds of optimization were performed, including
1) addition of Bpep to the axial position of the Pt to solubilize
the construct, 2) changing the ASO to a PMO to improve ICso,
and 3) optimizing the sequence of the PMO to further improve
ICso and Imax. The resulting Bpep-CIPt-PMO"!2% demon-
strated an ICso of 420 pM with an Imax of 85% with no off-target
functionalization of competing RNA. Mechanistic studies re-
vealed that the rate-determining step of the reaction was cova-
lent modification of the mRNA by the Pt(II), where the rate of
this reaction was strongly affected by the PMO sequence. The
Pt(IV)-ASO platform offers an approach to covalently modify
nucleic acids, including RNA and mRNA as well as potential
compatibility with DNA, siRNA and miRNA, thereby expand-
ing the chemical space for ASO design and unlocking opportu-
nities in molecular biology research.
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