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Abstract

The Thesis entitled ‘‘Synthesis and biophysical properties of Nucleic acid
analogues bearing S-atom achiral amide- and chiral D/L-amino acid-derived

linkages ” has been divided into four chapters.

Chapter 1: Introduction: Recent advances in the area of nucleic acid
modification

Chapter 2 : Design and synthesis of oligonucleotide analogs with controlled
backbone chirality

Section 2.1: Synthesis of T-(g-amino acia)-T dimers using L-Proline, D-Proline and
Glycine
Section 2.2: Synthesis of T-(D_Pronne)-Uz"OMe dimer and T- (g Amino Acia)~T dimers

using L-Lysine, D-Lysine

Section 2.3: CD studies for the dimers and biophysical studies of sequences
containing T_(a—Amino Acid)'T and T'D—Proline'Uz,O]v[e dimers

Chapter 3: Synthesis of all four Nucleoside-based-f-amino acid monomers for
the synthesis of polyamide-DNA with alternating a-amino acid and
nucleoside-f-aminopacids

Chapter 4: a-L-DNA: A DNA mimic with a compact backbone like RNA

Chapter 1. Introduction: Recent advances in the area of

nucleic acid modification

The potential of modified oligonucleotides to act as antisense agents that can
inhibit the expression of a target gene in a sequence-specific manner may be used for
therapeutic and other biological applications. Besides having a specific binding affinity
to a complementary target polynucleotide sequence, antisense oligonucleotide (ASON)
desirably should meet the requirements for therapeutic purposes, e.g., potency,
bioavailability, low toxicity and low cost. Several modifications have been developed
over the last two decades to enhance the effectiveness of antisense oligonucleotides.
The sites of the modifications include sugar, base and phosphate groups. A major
shortcoming of oligonucleotide analogues used for antisense applications is that the

modifications mostly lead to elimination of the RNase H activation of ONs, which
v



degrades the RNA strand of the RNA:ASON duplex. It is desirable to provide ON
analog with enhanced nuclease resistance and cellular uptake, while retaining the
property of activating RNase H.

Several analogs containing modifications in the phosphodiester linkage have
been studied, e.g., phosphorothioates, phosphoramidates and methyl phosphonates.
Though these display better resistance towards the nucleases, the chirality at the
phosphorus leads to mixture of diastereomeric oligomers and resulting conformational
heterogeneity leads to the lowering of the melting temperatures. Replacement of the
phosphorus atom with an achiral, neutral or positively charged moiety is an alternative
approach to avoid the problem associated with the modification on the prochiral
phosphorus moiety and negative charge repulsions. This class includes Morpholino, aeg
PNA and other PNA modifications. Modifications of sugar units to conformationally
lock or freeze into 3’-endo geometries include LNA. This chapter reviews the literature

that is focused on DNA backbone modifications as well as sugar ring modifications.

Chapter 2. Design and synthesis of oligonucleotide analogs with
controlled backbone chirality

N
o HN 1
o=R 4NH 2
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3 O B
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O, o_ B K 3
5 <
o_ T N
oi HIOH o i &
AN

DNA/RNA 5-amide bond linker Proposed Nucleic acids

Figure 1. Structures of DNA/RNA and proposed nucleic acids

It is known that in DNA, the phosphate group connecting the two
nucleosides is prochiral and when rendered chiral due to substitution at phosphorus,
affects DNA/RNA recognition processes. The partial replacement of the DNA/RNA
phosphodiester linker by five-atom amide linkers has been found to be very useful for
RNA recognition. Also chirality of amide linkers was found to affect the binding

strength of modified oligomers to target sequences. Considering the importance of

vi



replacement of the phosphate group with a 5-atom linker and also the chirality at the
phosphorus, a chiral amino-acetamido linker was proposed (Figure 1). One novel aspect
of our approach is that an amino acid is used as the internucleoside linker. The amino
acid linker motif was chosen based on chemical stability and chirality. Consequently the
nucleic acid-amino acid conjugate could be converted to dimer blocks. In this Chapter,
we describe the design and synthesis of the thyminyl dimer blocks (TT) having 5-atom
chiral acetamido internucleoside linkage amenable for their incorporation in chimeric
DNA, characterization of dimers using 2D NMR techniques, CD studies and sugar
puckering and cis/trans isomerism in dimers.

Section A: Synthesis of T-(4-Amino aciay-T dimers using D-Proline, L-
Proline and Glycine

Following three T-(g.amino acid-T dimers have been synthesized using L/D-proline

and a glycine unit as internucleoside linker (Figure 2).

r Ty L

o. N0
Y
o]
=0 o
H C‘OlNH OlNH
N -N
A "

HN 0
0]
N
{0 1
HO HO
la T'L—Pruline'T Ib T- D-Proline'T Ic T'Glyu ne'T

§

I

Figure 2. T_( o -amino acia)-T dimers using L/D-Proline and a glycine unit as internucleoside linker.

Synthesis of amine component The amine component was synthesized starting from

3’- Azido thymidine as shown in scheme 1

vii
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— = e
HO/\Q/ DMAP DMTo/\Q/ MeOH/EtOAC DMTO/\Q/ Fmoc
—_— —_— -AA
A $ &
N3 N; H,N

90% 85% 76-80%
3 AA= Amino Acid
1 2 L-Proline(a)/ D-Proline(b)/
Glycine(c)
T o_ T o_,T
DMTo/\(iYT DMTo’\G/ DMTO/\Q/ DMTO/\Q/
$ § §
§ HN HN HN
HN i i
o Diethyl amine o \“‘=0 o
i 85-90 ¢
N o0% NH NH NH;
moc
da. 4b. 4 5a 5b Sc
a, 4b, 4c

Scheme 1. Synthesis of amine component 5a, 5b and 5S¢

Synthesis of acid Component

The acid component was synthesized starting from Thymidine using TEMPO-BAIB
method for oxidation of 5’- hydroxy group (scheme 2)

o}
o . o
By [ YL H
NH ‘
- NS0
o JNo _TBSC o PPTS | NAO TEMPO,BAIB o N/l\\o
HO/\<_—7/ Imidazole,DryDMF TBSO _ o — = 5 o
3 Yield 95% $ Yield 70% HO Acetonitrile:water (1:1)
HO TBSO ) ) $
6 7 sd Yield 95% TBSO

Scheme 2. Synthesis of 4’ carboxylic acid Thymine monomer

Synthesis of phosphoramidite dimers
Coupling of amino component (5a/5b/5¢) with acid component 9 gave dimer blocks
10a/10b/10c respectively as shown in scheme 3.

i)

—_— 5-ODMT-T-L.pro-T

9 , o
5a ii) iv)|:10a i DMTO/\Q/T
11}
&
HN

la T-L-Proline'T

o)
.
i) & (o)
5b .9 —————= 5LODMT-Tppe T —— 1 o N T
il) ~ —10b
IV)E’
Ib T'L-Proline'T 5
) / )\ l ~_CN
5c + 9 Ty S-ODMT-TT AN o
iv)l—loc
Ic T-Giycine T 11a, 11b,11c

i) TBTU/HOBt, DIPEA, ACN, DMF ii) 1N TBAF in THF iii) N,N'-diisopropylcyanoethyl
chlorophosphine iv) 3% Dichloroacetic acid in DCM

Scheme 3. Synthesis of T-p.proline-T, T-L-proline-T, T-Giycine-T dimers and their

phosphoramidites
viii



Sugar conformations of dimers

Conformational preference of the sugar ring in these dimers were determined by 'H

NMR. The %S character for sugar ring was calculated from empirical formula
% S = (X H1°-9.8)/5.9x100 where ZH1’ = J;-p+ Jyop»

Table 1. N-type and S-type preference for the compound 3, 9 and dimers Ia, Ib, Ic

JHI’HZ”
Compound Jarmy (Hz %S %N
b e ) (Hz) DMTO/\(O—>/ 4
3 55 58 25 75 HN 3
(0] o T
9 5.0 9.3 78 22 HOJ\Q/
Ia RingA | 56 9.0 82 18 B
O T
"Lprotine " | Ring B 5.7 7.1 50 50 HO/\KEY
HN
. ~ O
Ib Ring A 5.5 8.6 72 28 ; ﬁ: >
bt T
T pproimne | Ring B 55 6.5 36 64 {@/
Ic Ring A 6.9 7.2 73 27 | ch; |
a, Ib, Ic
Teyane " | Ring B 5.6 6.8 44 56

In all the three dimers Ia, Ib and Ic, the 3’-sugar exhibited higher S-type geometry
uniformly as compared to the 5’-thymidinyl units. The percentage of N character was
found to be higher where C3’ of the sugar ring was substituted by nitrogen in the ring B
(50-64%) as compared to the 3’-OH sugar (18-28%) in ring A.

Section 2.2. Synthesis of T-(-Amino acia-T dimers using D-Lysine, L-
Lysine and T-@p_proline-2’-OMe U dimer

A 2’-O-alkyl substitution in a ribonucleoside having a phosphodiester or
phosphorothioate backbone favors the C3’-endo conformation of the five membered
ring. 2°-O-Methyl oligoribonucleotide binds to RNA targets with much higher melting
temperatures (Tm values) than corresponding 2°-deoxy oligoribonucleotide. To see the
effect of 2°-O-alkyl substitutionin the present case, we have synthesized a dimer with
the amide modification which carries an additional 2’-OMe substitution on one of the
sugar ring. Also this section report the synthesis of dimer using positively charged

amino acids D-Lysine and L-Lysine as internucleosidic linker. Lysine provides a

X



covalently linked amino group to the nucleic acid which could be protonated under
physiological condition and may neutralize an anionic phosphate group. This could lead
to decreased electrostatic repulsions between two single strands in duplexes.

UM dimer

Synthesis of T-p_proline-
The synthesis of amine component was accomplished as described in section A. The
acid component 12 having 2’-OMe substitution was accomplished using TEMPO-BAIB

method. The dimer was then converted the phosphoramidite 16 (Scheme 4).

O T
T o T DMTO/\Q/
DMTO 0 DMTO/\Q/
TBAF 1mole% A N,N' -diisopropylcyanoethyl HN
HN

in THF HN chlorophosphine, =0

o T
DMTO/\Q/ HOB,TBTU

DIPEA Ty —— \_
HN =0 75 % yield +=0 DCM, DIPEA @ o
s=0  ACN/DMF C\ o G‘ o 72% yield o. .U
o N o LU
N. NH o Y )
. PN \ O OMe
2 o NSO Y P CN
HO TBSO OMe 14 HO e N,P\O/\/
3% DCA, DCM ,
s TBSO‘ OMe ’ — 15 T'D-Proline'uz-OME )\ 16

12

Scheme 4. Synthesis of T-p_proline- U~ OM¢ dimer and its phosphoramidite derivatve

Synthesis of T-p.Lysine-T dimer and T-p.pysine-T dimers

The synthesis of T-Lysine-T dimer units was accomplished following the same reaction
sequence as in section A. In this case orthogonal protection for the amino groups of
lysine compatible with the synthetic strategy of the dimers and during the synthesis of
oligomer on automated DNA synthesizer was a prerequisite. The orthogonally protected
D-Lysine and L-Lysine using trifluoroacetyl group for protection of e-amino group
functionality was synthesized (Scheme 5). Choice of trifluoroacetyl protection for e-
amino function of lysine was based on the fact that it can be cleaved during final
deprotection of the ONs. The dimer blocks were then synthesized using D/L-Lysine as a

linker group as shown in scheme 6.

Ethyl Trifluoroacetate, o COOH  »\1 Chioroformate j\ COOH
3N NaOH /”\ /\/\)\ c N/\/\)\NH
LysineHCI —— > F,C N % "NH ——— > F; *
ysihe 3 2 Na,COs, Water H
75-78 % H 2CO3, )\o/\/
17 D-Lysine R . 80-82% [0}
18 L-Lysine 19=N"Trifluoroacetyl L-Lysine 21=N*-Alloc, N°-Trifluoroacetyl L-Lysine

20=N"-Trifluoroacetyl D-Lysine 22=N*Alloc, Ne-Trifluoroacetyl D-Lysine

Scheme 5: Orthogonal protection of D-Lysine and L-Lysine
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Scheme 6. Synthesis of T-p.pysine-T dimer and T-1ysine-T dimers

Conformational preference of the sugar ring in these dimers were determined by 'H

NMR.

Table 2. N-type and S-type preference for the compound 3, 9, 16 , Ib, 20, 37 and 38

JH]’HZ"
Compound Jurne (Hz) %S %N T
(Hz) DMTO/\CJ/
3 55 5.8 25 75 “2L 3
9 5.0 9.3 78 22 JKQ/
16 6.0 - 73 27 1Bsd
1b Ring A 55 8.6 72 28
o U
T-oproineT | Ring B 55 6.5 36 | 64 “°J\Lf
20 : TBSO OMe
Ring A 5.0 - 58 42 16
T'D-Proline'Uz,- 0 T
OMe Ring B 5.8 7 51 4o | "B
HN
(o]
37 Ring A 6.8 7 s | 2 | o
O
- o) T/U
T-L-LysineT Ring B 6.5 6.2 49 51 A
38 Ring A 6.8 7 68 32 HO R
Ib, 37, 38 R=H
T-payvineT | Ring B 5.8 6.5 42 | s8 20 R=2-OMe

Section 2.3. Biophysical Studies of sequences containing T- amino Acia)-T and Tp.
mez’OMe dimers

CD studies were carried out in order to study the nucleobase stacking interaction. The
chirality of the a-amino acid as the internucleoside linker in the dimers was found to

exert profound effect on the CD signal. Temperature dependent CD studies showed that
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both D-Proline and L-proline containing dimer are well stacked as compared to glycine

containing dimer (Figure 3). CD studies for dimers 16, 29 and 30 were also carried out.

10°C
204 204 20
(a) Ia (b) Ib (¢) Ic
i
80°C
104 104 104
= 5 5
g
E E E
- o [s]
: i : N o
0 - L 0
™ v \/
-10 T T T T 1 -1 : . -10
220 240 260 280 300 320 220 240 260 280 300 320 220 240 260 280 300 320
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3. Temperature-dependent CD studies of thymine dimers containing (a) L-

proline (Ia), (b) D-proline (Ib) and (c) glycine (Ic¢) at 100 mM concentration in water

Phosphoramidite derivatives 11a,11b,11¢ and 16 (Scheme 3 and 4) were incorporated
into DNA oligomers using the automated DNA synthesizer. These modified oligomers
were purified by Reverse phase HPLC and characterized by MALDI-TOF spectrometry
and are listed in Table 3.

Table 3. Oligomers synthesized with their HPLC retention times and MALDI -TOF values

Code Sequences HPLC Exp Obs
tg (min) Mass Mass
ON1 | 5°CCT CTT ACC TCA GTpproT ACA3’ 1.2 3400.65 5403.41
. 400. 403.62
ON2 | 5°CCT CTT ACC TCA GTyppT ACA3’ 1.4 3400.65 5403.6
ON3 | 5°CCT CTT ACC TCA GTe, T ACA3 1.0 3360.62 335446
ON4 | SCCTCTTACCTCAGT  U*Y*ACA3 13.7 5416.64 541732
ON5 | 5°CCT CTparT ACC TCA GTpproT ACA3® 1.3 3431.74 3429.07
. 43174 433,
ON6 | 5°CCT CToieT ACC TCA GTypreT ACA3’ 1.5 34317 3433.63
ON7 | 5°CCT CTg,T ACC TCA GTg,T ACA3’ 1.2 3351.68 534143
ON8 | 5’GAA GGG CTT TprTG AAC TCT T3’ 10.8 3864.95 5866.67
ON9 | 5’GAA GGG CTT Ty TG AAC TCT T3’ 10.9 >864.95 SR
ON10 | 5'GAA GGG CTT Ty TG AAC TCT T3’ 106 382491 5814.90
} o i 13.1 5880.95 5880.57
ONII | S'GAAGGGCTTT  U**™G AACTCTT3
) rore o , 12.9 5928.03 5926.96
ONIZ | S'GAAGGGCT U™ T = U**™G AACTCTT3

* Bold letters in sequence indicate site of modification
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UV-Tm studies were carried out to investigate the binding efficiency of the modified

oligomers to complementary DNA and RNA and the data is summarized in Table 4 and

S.

Table 4. T,, (°C) values of 18mer chimeric ONs with complementary DNA/RNA duplexes

Entry Sequences UV-T,°C (AT, °0)?
DNA2 RNA1

DNA1 | 5°CCT CTT ACC TCA GTT ACA3’ 52.8 56.6

ON1 5°CCT CTT ACC TCA GTppreT ACA3’ 52.4 (-0.4) 555 (-1.1)
ON2 5°CCT CTT ACC TCA GTy T ACA3’ 47.8 (-5.0) 51.5(-5.1)
ON3 5°CCT CTT ACC TCA GTgyT ACA3 49.6 (-3.2) 54.4(-2.2)
ON4 5°CCT CTT ACC TCA GTppr UM ACA3’ 51.5(-1.3) 55.2 (-1.4)
ON5 | 5°CCT CTp.preT ACC TCA GTp.pr, T ACA3’ 472 (-5.6) 53.2(-3.4)
ON6 | 5°CCT CTpLproT ACC TCA GTypreT ACA3’ 403 (-12.5) 435 (-13.1)
ON7 | 5°CCT CT,T ACC TCA GTgyT ACA3’ 473 (-5.5) 48.8 (-7.8)

DNA2=5" TGT AAC TGA GGT AAG AGG 3’; RNA1 = 5’"UGU AAC UGA GGU AAG AGG 3’, * The
experiments were carried out three times with an experimental error of £ 0.5°C, A T, = Ty - Tinceontrol)

Table 5. T, (°C) values of 19mer chimeric ONs with complementary DNA/RNA

Entry Sequences UV-T, °C
AT, 0O
DNAS RNA3
DNA4 | 5’GAA GGG CTT TTG AAC TCT T3’ 55.9 56.5
ONS 5’GAA GGG CTT T-p_preTG AAC TCT T3’ 56.5 (+0.6) 56.0 (-0.5)
ON9 5’GAA GGG CTT T-ppy-T G AAC TCT T3’ 50.9 (-5.0) 50.7 (-5.8)
ON10 | 5’GAA GGG CTT T-¢,-T G AAC TCT T3’ 53.5(-2.4) 53.1(-3.4)
ONI1 | 5GAAGGGCTTT- 2UPMe G AAC TCT T3’ 54.5 (-1.4) 54.3 (-1.7)
-Pro
ON12 | ’GAA GGG CT- 1P“METD UY°Me G AAC TCT 50.5(-5.4) 50.2(-6.3)
-Pro -pro
T3’

DNA5=5’AAG AGT TCA AAA GCC CTT C 3’; RNA3 =5’AAG AGU UCA AAA GCCCUUC 3,
? The experiments were carried out three times with an experimental error of + 0.5°C, A T, = Ty -

Tm(control)

Incorporation of the single dimer block containing D-Proline was found to be well

accommodated in DNA:DNA and DNA:RNA duplexes as there no change in the UV-
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T values was observed. Incorporation of second dimer block caused destabilization of
duplexes, in most cases. The intermittent replacement of the phosphodiester linkages
probably causes discontinuity of the backbone structures, further destabilizing the
duplexes.
Conclusions
1. T-(g-amino acid)-T/U2 “OMe dimer blocks were synthesized and characterized by 2D COSY
and NOESY NMR techniques.
2.CD studies at the dimer level showed that D-Prolin.e containing-dimer is well stacked
as compared to L-Proline- or Glycine-containing dimers.
3. The stacking interactions in D-Proline and L-Proline containing dimers could be
arising from differently adopted conformations due to opposite chirality of the linker.
4. Chiral amide-linked dimers were incorporated into the DNA backbone by partial
replacement of selected phosphodiester linkages.
5. The UV-T,, data shows that the dimer block having D-proline as an internucleoside
linker in the DNA backbone to stabilizes the ON:DNA and ON:RNA complexes better

than L-Proline or glycine.

Chapter 3. Synthesis of all four Nucleoside-based-B-amino acid monomers for the
synthesis of polyamide-DNA with alternating o-amino acid and nucleoside-f-

aminogacids
Kz/ o N .
o) o HIOH H\Ne=0
o=R’ NH ; o
0. N
T oé\g/B @T
N B

0.
I HN
(3\_ H/OH a RN
DNA/RNA prolyl-(ACPC)-PNA (o0 + B)-amino acid

Figure 4 : DNA/RNA and modified DNA/PNA analoges

The replacement of phosphodiester linker by 5-atom amide linker has been found to be
very useful for RNA recognition. Prolyl-(ACPC)-PNA consisting of alternating a-
amino acid proline as a nucleobase carrier and chiral f-aminocyclopentane carboxylic
acid was shown to exhibit preferential binding to complementary DNA rather than
RNA. An o/p —peptide backbone oligonucleotide comprising of natural a-amino acids
alternating with a B-amino acid component derived from thymidine (Figure 5, a)
sequence specifically recognize DNA and RNA in triplex mode. For the synthesis of
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mixed base having homogeneous backbone, synthesis of all four nucleosides to get the
protected nucleoside-B-amino acids is a prerequisite. Choice of nucleobase protection
and its compatibility with solid phase peptide chemistry is of utmost importance to
achieve optimum yields and purity of product oligomers. We chose to use trityl
protection for sugar amino function as the exocyclic amino group on the nucleobase was

protected with base-labile benzoyl or isobutryl group (Figure 5, b).

a b
o
o
o B
o B
HO)‘\Q, HO)J\O/
l:lHFmoc NHTr
B=T B=T CBZ ABz GlsoBu

Figure 5: Nucleoside-B-amino acid monomers

The synthesis of all the four monomers with suitable protection of bases which are
compatible during solid phase synthesis from commercially available starting material
depicted in Scheme 7-9.

Synthesis of Thymine monomer

2 o
NH NH
X O U o T
N”~o /& i) Trityl chloride o o. /N O
0 O _»N" "0 pyridine, DMAP O HO
TBSO TBSO pyridine, » HO' TEMPO/BAIB
H,-Pd/C, 85% 90% CHaONHLO

ii) TBAF, THF S
86 % NHTr

1,

P4

&

I

s
Zuy,

1
Scheme 7. Synthesis of Thymine monomer

Synthesis of 5-Methyl Cytosine monomer

N
N\
3

| SN \hN
\fL/T: ASS o3
o. JN“0  124-Triazole, TBSO/\(J/ i) 1,4- dioxane/aq NH3 TBSO/\G/
TBSO/\(J/ POCI; TEA, CH,CN 90%
_—

5 ii) BzClipy Ns

v

Z 1,

H 96%
N3 5 86% 6
1 NHBz NHBz
| NN SN
i) H,SIpy, TEA, 90% N’ko (o} l ,k

— 0 vavry o N0
ii) TrCl, py, DMAP, 78% Ho/\<__>/ T e HO

iii) TBAF, THF, 90 o5 H 90% H
NHTr NHTT

7

Scheme 8. Synthesis of 5-Methyl Cytosine monomer
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Synthesis of Adenine and Guanine monomer

NH NHBz
N SN
o2 < ) ¢ )
HO Mﬁc}% 0] N N- Benzoyl Tetrazole fe) N N
g i) TBS-CI, Imidazole, TBSO/\(_J/ DMAP, CH3CN, 65°C, 65% Ro/\(_?/
HoN DMF, 78% :- N
9a B = Adenine NHTr NHTr
9b B = Guanine 10 TBAF, THF, 1l1a R=TBS
79% 11b R=H
i) TrCl, EtzN, DMF, 92%
ii) TBS-CI, Imidazole, DMF, 84% TEMPO/BAIB
o o CHZCN:H,0

Nj\)}\ fL 76%
NH N
al y) NH
<N N/)\NHZ <N l /)\,}jH Q
I

o o N TEMPO/BAIB o /B
TBSO i i I
/\g isoButyryl chloride, Ro/\g BU  CH,CN:H,O, HO
) Et;N, Py, 75% A _— !
3 $ R
NHTr _— NHTT 75% NHTr
12 13aR=TBS SR A o
TBAF, THF, 13b R=H 14 B =N®-Bz-Adenine

86% 15 B =NZisoBu-Guanine

Scheme 9. Synthesis of Adenine and Guanine monomer

Synthesis of a model tetrameric nucleoside sequence 5’-C(gly)A(gly)C(gly)T (18) was
then accomplished using synthesized monomeric units (4/8/14/15) and trityl glycine

(17) as shown in Scheme 10.

Bz

O—NHz Step 1 Step 2 D\&
MBHA Resin  16; LABTU. HOB |) 3% TCA, DCM Q_'\’(\)\ M"”N{
O_ NHTT ii) Coupling, 17, HOB, NHTT
TBTU, DMF
iii) Capp|g with Aczo Pyridine

Step 3 )3 % TCA, DCM

Repeatmon of step i) Cleavage from resin with
|) 3% TCA, DCM 2and Methanolic anmonia
ii) Coupling, 4/8/14/15, O—
HOBT, TBTU, DMF N{ INHT

iii) capping with Ac,0O, Py

? q
= HO.
o o o 16 Wko .

/ ., . I NHTY
> A A

%N/Q N N N NH,

H N H H o H O
H
18

17 = Tr-Gly-OH,

Scheme 10. Schematic representation of solid phase synthesis of (o + B amino acid)
tetramer
Conclusion
1. All four nucleoside-f-amino acids were synthesized using the simple TEMPO-BAIB
method for oxidation.
2. A tetrameric nucleoside sequence 5°-C(gly)A(gly)C(gly)T was accomplished using
synthesized monomeric units.
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Chapter 4. a-L-DNA: A DNA mimic with a compact backbone like
RNA

RNase H (Ribonuclease H) cleavage of target RNA (Figure 1) is a highly effective
approach and the most widely used mechanism to downregulate target genes using
antisense oligonucleotides, accounting for the majority of drugs in development.

In search for oligonucleotide analogs possessing enhanced hybridization and
enzyme stability as well as ability to induce RNase H activity, we have explored a sugar
modification at the 4’-postion. From the consideration that the restriction of sugar
puckering in nucleosides to a proper conformation would serve as an advantageous
strategy to develop a desired antisense molecule, we propose a nucleotide analog in
which the sugar was expected to have a 2’-endo (S-type) pucker (Figure 6) that is
normally observed in DNA. The cis geometry of the phosphodiester linking 4’-a-
CH,O0H and 3’-OH group may show internucleoside distance complementarity while
binding to A-type RNA geometry. This compact backbone (5’°- 3’ linkage) was
envisaged to be helpful in improving DNA:RNA duplex binding strength.

X N
N Rear O
: = < T — g
H = i3 H
0
A

0 9
0-P=0 0-P=0
1 |
o) o
A p-D-DNA e
p-D-DNA S-type a-D-DNA

(Extended geometry)

A 5' ! 3'
$0—"\ HO~, AL _ %o 4 P
: NN = Nl
= o—" - [¢]
= 20—~ ‘\’1‘ .

o 3
0-P=0 -

= o

] ‘\, +

A C3' endo (N-type)
P " Proposed a—-L-DNA RNA
ropose: C2'-endo (S-type) Compact geometry
oL -DNA

Compact geometry

Figure 6. B-D-DNA, a-D-DNA and proposed a-L-DNA with 5’’— 3’-phosphodiester
linkage

Synthesis of a-L-DNA monomer
Synthesis of monomer unit was accomplished starting from thymidine as shown in

scheme 11
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Scheme 11. Synthesis of a-L-DNA monomer

Crystal structure of compound 7 clearly shows 2’-endo pucker of the sugar ring. (Figure

7)

Figure 7. Crystal structure of compound 7
Following sequences were synthesized on automated DNA synthesizer using

phosphoramidite 11. These oligomers were purified by RP- HPLC and characterized by
MALDI-TOF mass spectrometry.
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Table 6. Oligomers synthesized with their HPLC retention times and MALDI -TOF

values
Code Sequence HPLC t, Mass
Calculated | Observed
ONI 5°CCT CTT ACC TCA GTT ACA3 | 8.66 5400 5402.26
ON2 5°CCT CTT ACC TCA GTT ACA3’ 7.95 5431 5434.72

Uv-Tm studies has to carried out for these sequences to study the binding affinity of

modified sequences towards complementary DNA and RNA.
Table 7. T,, (°C) values of 18mer chimeric ONs with complementary DNA/RNA duplexes

code Sequence UV-T, °C
DNA2 RNA1
DNA1 | 5’CCTCTTACCTCA GTT ACA3 53.1 56.5
ON1 5°CCT CTTACC TCA GTT ACA3’ 50.2 50.4
ON2 5°CCT CTT ACC TCA GTT ACA3’ 46.8 48.6
DNA2=5" TGT AAC TGA GGT AAG AGG 3’; RNA1 = 5°UGU AAC UGA GGU AAG AGG 3°, T=

a-L-DNA monomer. The experiments were carried out three times with an experimental error of +

Tm(control)

0.5°C, AT = Tm-

RNase H study
RNase H was carried out digestion assay for the single modified sequence in order to

find out its ability to induce RNase H using electrophoretic gel experiment (Figure 8).

50Ny Contro)
ON1-ANA Dyypi
W min

S0min

55 0My

3hr
Ghr

2
§
i
8

S5RNA
Wmin
EDmin

3hr
Ghr

Figure 8. The PAGE analysis of RNase H hydrolysis of the hybrid duplexes control
DNA and modified oligomer ON1 with RNA



Conclusion

1. The proposed nucleotide analog shows S-type sugar pucker, confirmed by NMR and
crystal structure.
2. Introduction of 4’-substituted sugar monomer into oligomer destabilized complexes

with both DNA and RNA.
3. Irrespective of the loss of Ty, the single modified ON1-RNA duplex was found to be
as good a substrate for RNase H as the native hybrid duplex.
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1.1 Introduction

1.1.1 Primary structure of DNA and RNA

Nucleic acids are complex, high molecular weight biological macromolecules.
The two chief types of nucleic acid are DNA (deoxyribonucleic acid) and RNA
(ribonucleic acid). DNA carries the hereditary information from generation to
generation and RNA functions in converting genetic information from gene into amino
acid sequences of proteins. In 1953, molecular biologists J. D. Watson and F. H. Crick
discovered double stranded structure' of DNA (Figure 1) which gave rise to entirely
new research in bio-molecular area.

Thymine

Adenine
&'end

Phosphate-
deoxyribosd™
backbone -
Beap:
d

3 end

Figure 1. Double helical structure of DNA

Single stranded nucleic acids are composed of repeating smaller units, called
nucleotides which are made up of a pentose sugar, a nitrogenous base which is either
purine or pyrimidine and a phosphate group. The nucleotides in RNA contain ribose
sugar and the pyrimidine bases are uracil and cytosine (U and C). In DNA, the
nucleotides contain 2’-deoxyribose sugar and the pyrimidine bases are thymine and
cytosine (T and C). The purines bases adenine (A) and guanine (G) are present in both
RNA and DNA. The heterocyclic base is joined covalently (at N-1 of pyrimidines and
N-9 of purines) in an N-f-glycosyl bond to the 1’ carbon of the pentose and the
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phosphate is in the form of diester at 3’ and 5’~hydroxy group to join the neighbouring
sugars (Figure 2).

¢

o) NH;

‘ 6 7 6

s\ 0.,B ) SV N5\
el e 0
T 7 9N"2
& NENY TN N,

_O—I?=O Adenine (A) Guanine (G)

B= Nucleobases (A, T, G, C, U)
R=H, DNA
R=0H, RNA Thymine (T)  Cytosine (C)  Uracil (U)
Figure 2. Structures of 3’-5" phosphodiester linked dinucleotide and nucleobases of
DNA and RNA

1.1.2 Base pairing via hydrogen bonding

The nitrogenous base pairs in DNA (A-T and C-G) are formed via hydrogen
bonds within the antiparallel double-stranded (ds) structure for DNA. The N-H groups
of the bases are the hydrogen donors, while the sp>- hybridized electron pairs on the
oxygens of the base C=0 groups and the ring nitrogens are hydrogen bond acceptors,
which are engaged in the formation of specific (Watson—Crick) A-T and G-C base pairs
(Figure 3). A-T pairs form two hydrogen bonds while C—G pairs form three. RNA
usually exists in the single-stranded (ss) form but may fold into secondary and tertiary

structures through the formation of specific base pairings (A-U and C-G).

H )
O--——- ‘H—I{I N N @ O 7 —N
% A 0 T
T N—H-——-- N\ﬁ\ N F{,N G N—H---—-- N.C
/ = -0
R 0o N—H
H
Thymine Adenine Guanine Cytosine

Figure 3. Watson and Crick hydrogen- bonding scheme for A: T and G: C base pair



Other significant base pairing are Hoogsteen® and Wobble base pairs.2b In Hoogsteen
base pairing, the purine rotates 180° with respect to the helix axis and adopts syn
conformation. Hoogsteen base pairs utilize the C6-N7 face of the purine for hydrogen
bonding with Watson-Crick (N3-C4) face of the pyrimidine (Figure 4, a and b). This
base pairing permits the formation of triple helix DNA also called triplex or H-DNA. In
Wobble base pairing, a single purine is able to recognize a non complementary
pyrimidine (e.g. IU and GU, where I= Inosine, U=Uracil) [Figure 4, c and d] and these
have importance in the interaction of messenger RNA (mRNA) with transfer RNA

(tRNA) on the ribosome during protein synthesis (codon-anticodon interactions).

a) H by H
HO ----- HN N=H-=-=-0( '\{H
\ N
& N—H-- =N \A,<, Q—H-——-N&’?/ H
’N\< \\N N o) N
R % d

Figure 4. Hoogsteen (a,b) and Wobble (¢,d) hydrogen-bonding
1.1.3 Sugar Puckering

The conformations of nucleic acids are dynamic and are stabilized by several
forces. Besides base pairing, the conformational features are constrained by pseudo
tortional angles for rotation around each bond. The details of the conformational
structure of nucleotides are accurately defined by the torsional angles a, B, vy, 6, € and {
in the phosphate backbone, 0 to 0, in the furanose ring, and y for the glycosidic bond
(Figure 5a).

The pentose sugar ring in nucleic acids is inherently nonplaner. This nonplanrity
is termed puckering. The ring puckering arises from the effect of nonbonded
interactions between substituents at the four ring carbon atoms — the energetically most
stable conformation for the ring has all substituents as far apart as possible. This

‘puckering’ is described by identifying the major displacement of the carbons C-2° and
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C-3’ from the median plane of C1’-O4’-C4’. Thus, if the endo-displacement of C-2’ is
greater than the exo-displacement of C-3’, the conformation is called C2’-endo and so
on for other atoms of the ring (Figure 5, b and c). The endo-face of the furanose is on
the same side as C5’ and the base; the exo-face is on the opposite face to the base. The
sugar puckers are located in the north (N) and south (S) domains of the pseudorotation
cycle of the furanose ring’. In solution, N and S conformations are in rapid equilibrium
and are separated by low energy barrier. The average position of the equilibrium is
influenced by several factors such as (i) the preference of the electronegative
substituents at C2’ and C3’ for axial orientation, (ii) the orientation of the base, and (iii)
the formation of an intra-strand hydrogen-bond from O2’ in one RNA residue to O4’ in

the next, which favors C3’-endo-pucker.

b. c2-endo (B-conformation)

P
\O
5.9A %OQ/BASE
o 2'
o

C. C3-endo (A-conformation)

a.Torsion angle notation for polynucleotide chain

Figure 5. a) Tortional angle notations for polynucleotide chain b) C2’-endo sugar and

c¢) C3’-endo sugar conformations

1.1.4 DNA Secondary conformation

Three DNA conformations are believed to be present in biological system, right
handed A-form, right handed B-form and left handed Z-form (Figure 6). The preferred
structure of DNA molecule depends on both nucleotide sequence, the solvent and salt
conditions. Under physiological condition, DNA mainly adopts B-form conformation
and it is stabilized under high relative humidity (> 85%). On the other hand, A- DNA is
favored at relative low humidity (between 75% and 80%), and high salt concentration,
especially for GC rich sequences.” The "B" form described by James D. Watson and

Francis Crick is believed to predominate in cells. B-DNA has a wide major-groove and



a narrow minor-groove where the bases are perpendicular to the helical axis. It is 23.7 A

wide and extends 34 A per 10 base pair of sequence.

Figure 6. A, B and Z DNA

A-DNA has 11 base pairs per helical turn, base pairs are tilted to about 20°, with
respect to the helical axis, the grooves are not as deep as those in B-DNA, the sugar
pucker is C3' endo compared to C2' endo for B-DNA, and the base pairs are shifted to
the helix periphery which creates a 9 A hole in the helix center. In both A and B forms

Table 1. Salient features of major DNA conformations

Parameters A Form B Form Z-Form
Direction Qf helical Right Right Left
rotation
Conditions Low h.um]dlty Dilute aqueous High salt and alternating G-
and high salt solutions C sequences
Residues per turn of helix 11 10 12 base pairs
Rot_atlon _of helurk per 33 36 30
residue (in degrees)
Base “." rglatl\’e to helix 20 6 7
axis (in degrees)
Rise per base pair 23 A 3.4 A 3.8A
. . narrow and wide and deep (5.7 2
Major groove (width) deep (11.0 A) A) Flat (2.0 A)
wide and narrow and dee H
Minor groove (width) shallow (2.7 ‘ 2 P narrow and deep (8.8 A)
A) (11.7 A)
Orientation of N- . . e
elycosidic Bond Anti Anti Anti for Py, Syn for Pu
most prevalent occurs in stretches of
Comments C . .
within cells alternating pu-py base pairs




of DNA the Watson-Crick base pairing is maintained by anti glycosidic conformation of
the nucleobases. Z-DNA* has been mostly found in alternating purine-pyrimidine
sequences (CQG), and (TG),. Because of the zigzag backbone path, some phosphate
groups are closer and electrostatic repulsion between them is greater than in B-DNA.
Therefore, Z-DNA is stabilized by high salt concentrations or polyvalent cations. Z-
DNA forms excellent crystals. The characteristic features of major DNA conformations

are summarized in Table 1.
1.1.5 Structure of RNA

Despite of the great similarity in chemical composition, DNA and RNA differs
functionally. RNA actively participates in virtually all cellular metabolic processes. One
important factor that enables RNA’s diverse functionalities is that RNA is transcribed as
single strand molecule, which in turn, can fold into secondary and tertiary structure such
as stem and bubble. An example of folded RNA structure is --RNA, which is the key
RNA involved in the translation of genetic information from m-RNA to proteins. The
presence of the 2’-hydroxy group in RNA hinders the formation of a B-type helix but

can be accommodated within an A-type helix.
1.1.6 Sense and antisense strand

Sense strand or coding strand is the segment of double stranded DNA running
from 5' - 3' that is complementary to the antisense strand or template strand. The sense
strand is the strand of DNA that has the same sequence as the mRNA, and is transcribed
from antisense strand as its template. The antisense DNA/RNA is defined as a short
DNA/RNA sequences that lack coding capacity, but have a high degree of base
sequence complementarity to the coding RNA which enables the two to hybridize.” The
consequence is that such antisense, or complementary DNA/RNA can act as a regulator

of the normal function of the targeted RNA.
1.2 Antisense Technology

The potential of oligodeoxynucleotides to act as antisense agents that inhibit
viral replication in cell culture was discovered by Zamecnik and Stephenson in 1978.°
Efficient methods for gene silencing have been receiving increased attention in the era

of functional genomics, since sequence analysis of the human genome and the genomes
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of several model organisms revealed numerous genes, whose function is not yet known.
Conceptual simplicity, the possibility of rational design, and developments in the
sequencing of human genome has led to the use antisense oligonucleotides as
therapeutic agents. In addition to the therapeutic applications, other common
applications for this technology include characterization of the roles of specific genes,
discovery and validation of new targets for therapeutics, and the production of knock-
down mice. Antisense agents differs from conventional drugs, most of which bind to
proteins and thereby modulate their function. In contrast, antisense agents act at the
mRNA level, preventing its translation into protein. AS-ONs usually consist of 15-20

nucleotides, which are complementary to their target mRNA.
1.2.1 Disruptive antisense approach

The AS-ONs which can disrupt the translation processes at mRNA level, thus
causing the disruption or down-regulation of the synthesis of disease-causing functional
protein. There are four major mechanism of gene-silencing molecules’: (1) antisense
oligonucleotide derivatives that, depending on their type, recruit RNase H to cleave the
target mRNA (Figure 7A); or (2) AS-ONs that do not induce RNase H cleavage can be
used to inhibit translation by steric blockage of the ribosome (Figure 7B); (3) ribozymes
and deoxyribozymes- cleave the target RNA directly due to their intrinsic catalytic
activities (Figure 7C); (4) RNA interference (RNAi)°- small interfering double-
stranded RNA (siRNA) molecules that induce mRNA degradation through a natural
gene-silencing pathway (Figure 7D). In the siRNA pathway, the endonuclease enzyme
Dicer processes the long dsRNA into small or short interfering RNAs (siRNAs) which
are around 21 nucleotides long, of which 19 nucleotides form a helix and 2 nucleotides
on each of the 3’ ends are unpaired. The actual effector of the RNAIi is the
ribonucleoprotein complex RISC (RNA induced silencing complex), which guides by
the siRNA to the complementary target RNA. The target RNA is cleaved at a specific
site in the center of the duplex, 10 nucleotides from the 5’ end of the siRNA strand.
After the cleavage, the target RNA lacks those elements which are typically responsible
for stabilizing mRNAs, namely the 5 end cap and the poly-A tail at the 3’ end, so that
the cleaved mRNA is rapidly degraded by RNases and the coded protein can no longer
be synthesized (Figure 7D).
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Figure 7. Mechanisms of the inhibition of gene expression through various

antisense technologies
1.2.2 Corrective antisense approach

Recent research opens up an exciting possibility for the application of AS-ONs
as corrective antisense® in the cases of certain diseases caused by genetic mutations. In
this approach the AS-ONs can help restoring the viable protein production by acting at
pre-mRNA levels for splice corrections® or to yield mRNA that is translated into viable
proteins. The disruptive antisense effects could involve non-antisense, non-specific
interactions leading to stimulation of immune response but corrective antisense depends

upon specific and stable interactions with mRNA for the desired corrective action.



Precursor mRNA, more commonly termed pre-mRNA is an incompletely
processed single strand, synthesized from a DNA template in the nucleus of a cell by
transcription. Once pre-mRNA has been completely processed, it is termed "mature
messenger RNA", "mature mRNA", or simply "mRNA". Pre-mRNA includes two
different types of segments, exons and introns. Most of exons encode protein, while
introns do not and must be excised before translation. This process is called splicing.’
Spliceosomes are small proteins found in the nucleus and composed of protein and
RNA, perform the excision. An exon is any region of DNA within a gene that is
transcribed to the final mRNA molecule, rather than being spliced out from the
transcribed RNA molecule. Introns are sections of DNA colinear to the mRNA
sequence that will be spliced out after transcription, but before the mRNA is translated

(Figure 8).

pre-mRNA

5" UTR Exon Intron Exon Intro Exon 3" UTR

mRNA

Figure 8. Simple illustration of exons and introns in pre-mRNA.The mature mRNA is
formed by splicing. (UTR: Untranslated region)

The natural complexity of pre-mRNA splicing also allows the exclusion (or
inclusion) of specific exons by a process known as alternative splicing'® (Figure 9).
Alternative splicing allows production of several different proteins from a single pre-
mRNA resulting in an increased diversity of proteins from a limited number of
transcribed genes. Mutations in the intron regions of pre-mRNA lead to alternative
splicing that manifest in a number of disease states ranging from thalassemia® and
cancer to neuromuscular disorders.'' Approximately 15% of all genetic diseases are
caused by mutations that affect RNA splicing.'” Techniques that trick the splicing
machinery to correct the alternative splicing pathways can be of high therapeutic value.
Antisense technology used to specifically target complementary viral nucleic acid
sequences and inhibit viral replication.'>'* This can be adapted to correct the alternative

splicing process.
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Figure 9. Alternative splicing

Kang et al"> have developed an assay (Figure 10) based on fluorescent protein
expression as a result of steric blockage of alternative splicing by an antisense agent
(modified DNA/RNA, PNA etc). This assay is straightforward to carry out and has a
very high dynamic range, such that even very low activity levels can be seen as a
positive luminescence read-out. The chemistries that have been shown to work in
animal models include peptide nucleic acids (PNAs), alternating locked nucleic acids
(LNAs) and deoxynucleotide oligonucleotides, fully modified (non-gapmer) 2’-

substituted oligonucleotides and PMO-based oligomers. '®
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Figure 10: Kole’s splice correction assay
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1.3 Spectroscopic technique to study DNA/RNA interactions

Ultraviolet absorption (UV) and circular dichroism (CD) which probe electronic
properties of the bases are highly useful and general tools for characterizing nucleic

acids.
1.3.1 Ultraviolet spectroscopy

The absorbance of polynucleotide depends on the sum of the absorbance of the
nucleotide plus the effect of the interaction among the nucleotides. The interaction cause
a single strand to absorb less than the sum of its nucleotides and a double strand absorbs
less than its two component single strand. The effect is called hypochromicity which
results from the coupling of the transition dipoles between neighboring stacked bases
and is larger in amplitude for A-U and A-T pairs.'” In converse term, hyperchromicity
refers to the increase in absorption when a double standed nucleic acid is dissociated
into single strands. The UV absorption of a DNA duplex increases typically by 20-30 %
when it is denatured. This transition from a stacked, hydrogen bonded double helix to an
unstacked, strand-separated coil has a strong entropic component and is temperature
dependent. The mid-point of this thermal transition is known as the melting
temperature (7},). Such a thermal dissociation of nucleic acid helices in solution to
give single stranded DNA/RNA is a function of base composition, sequence, chain
length as well as of temperature, salt concentration, and pH of the solvent (buffer). In
particular, early observations of the relationship between T3, and base composition for
different DNAs showed that A-T pairs are less stable than G-C pairs, a fact which is
now expressed in a linear correlation between T, and the gross composition of a DNA
oligomer by the equation:

Tn=X+041 (% C+G)°C

The constant X is dependent on salt concentration and pH and has a value of
69.3 °C for 0.3 M sodium ions at pH 7."”

A second consequence is that the steepness of the transition curve also depends
on base sequence. Thus, melting curves for homooligomers have much sharper
transitions than those for random-sequence oligomers. This is because A-T rich regions
melt first to give unpaired regions which then extend gradually with rising temperature

until; finally, even the pure G-C regions have melted. Short homooligomers melt at
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lower temperatures and with broader transitions than longer homooligomers. For
example for poly (rA)n-poly (rU)n, the octamer melts at 9 °C, and the undecamer at 20
°C, and long oligomers at 49 °C in the same sodium cacodylate buffer at pH 6.9.
Consequently, in the design of synthetic self complementary duplexes for crystallization
and X-ray structure determination, G-C pairs are often placed at the ends of hexamers
and octamers to stop them ‘fraying’. The converse of melting is the renaturation of two

separated complementary strands to form a correctly paired duplex.
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Figure 11: Schematic representation of DNA duplex and Triplex

Duplex melting: According to the “all or none model’'®, the UV absorbance value at
any given temperature is an average of the absorbance of duplex and single strands. A
plot of absorbance against temperature gives a sigmoidal curve in case of duplexes and
the midpoint of the sigmoidal curve (Figure 11) called as the ‘melting temperature’ (7y,)
(equilibrium point) at which the duplex and the single strands exist in equal proportions.
Triplex melting: In the case of triplexes, the first dissociation leads to melting of triplex
generating the duplex (WC duplex) and third strand (Hoogsteen strand), followed by the
duplex dissociation to form two single strands. The DNA triplex melting shows
characteristic double sigmoidal transition (Figure 11) and UV melting temperature for

each transition is obtained from the first derivative plots. The lower melting temperature
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(Tml) corresponds to triplex to duplex transition while the second higher melting

temperature (71,2) corresponds to the transition of duplex to single strands."’
1.3.2 Circular Dichroism

Circular dichroism (CD) refers to the differential absorption of left and right
circularly polarized light. CD is particularly useful for studying chiral molecules and has
very special significance in the characterization of biomolecules (including the
secondary structure of proteins and the handedness of DNA). The commonly used units
in current literature are the mean residue ellipticity (degree cm® dmol™) and the
difference in molar extinction coefficients called as molar circular dichroism or Ag (liter
mol'lcm'l). The molar ellipticity [0] is related to the difference in molar extinction
coefficients by [0] = 3298 (Ae). In the nucleic acid, the heterocyclic bases that are
principal chromophores. As these bases are planar, they don’t have any intrinsic CD.
CD arises from the asymmetry induced by linked sugar group. CD spectra from the
dinucleotide exhibit hyperchromicity, being more intense by roughly an order of
magnitude than those from monomers. It is when the bases are linked together in
polynucleotide’s, giving rise to many degenerate interactions and they gain additional
characteristic associated with the asymmetric feature of secondary structure such as in
proteins and nucleic acids.*

The simplest application of CD to DNA structure determination is for
identification of polymorph present in the sample.”’ The CD signature of the B-form
DNA as read from longer to shorter wavelength is a positive band centered at 275 nm, a
negative band at 240 nm, with cross over around 258 nm. These two bands arise not
from a simple degenerate exciton coupling, but as a result of superimposition of all
coupling transitions from all the bases. A-DNA is characterized by a positive CD band
centered at 260 nm that is larger than the corresponding B-DNA band, a fairly intense
negative band at 210 nm and a very intense positive band at 190 nm. The 250-230 nm
region is also usually fairly flat though not necessarily zero. Naturally occurring RNAs
adopt the A-form if they are duplex.

CD denaturation (melting) and CD-Job’s plots are equally important as they give
T'm and binding stoichiometry of DNA/RNA complexes respectively
Stoichiometry. The binding stoichiometry of oligonucleotide to target DNA/RNA by

UV-titration (mixing): This is derived from Job’s plot.** The two components of the
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complex are mixed in different molar ratios, so that the total concentration of each
mixture should be constant, i.e., as the concentration of one strand decreases,
concentration of the second strand increases and the UV-absorbance of each mixture is
recorded. The absorbance decreases in the beginning to a minimum and then again
increases. The molar ratio of the two strands at which absorbance reached minimum

indicates the stoichiometry of complexation.
1.4 Modified Oligonucleotides

All therapeutic oligomers should be stable to enzymatic degradation and pass
efficiently through the cell membrane to the target site without degradation. Native
oligomers are not suitable for this purpose because they are rapidly degraded by extra
and intracellular nucleases. A vast number of chemically modified oligonucleotides
have been used in antisense experiments most of which have been described in the
recent review articles.”> In general, three types of modifications of nucleic acid can be
distinguished (Figure 12) analogs with unnatural bases, modified sugars (especially at

the 2” position of the ribose) or altered phosphate backbones.

X Heterocyclic base
O B<— modification
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\b{— Sugar modification
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s R
\/\
Figure 12. Different sites of modification for DNA

1.4.1 Modifications of phosphate linkage

The first generation modifications focussed attention on oligonucleotides having
phosphorothioate (PS, Figure 13a)** phosphorodithioates,  methylphosphonates®
(Figure 13b), phosphotriesters®(Figure 13c), boranophosphonates®’(figure 13d) and
phosphoramidates™ (Figure 13e) replacing the anionic phosphate diester linkages either
with anionic or neutral linkages. Phosphorothioate and the vast majority of first

generation antisense agents which possess increased hydrolytic stability are
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accomplished by weaker binding affinity for their RNA or DNA targets via duplex and
triplex formation.”” The only antisense agent approved by FDA (Vitravene) so far is
based on PS-oligos. However PS oligomers exhibit nonspecific effects, presumably due

to adventitious protein binding.*
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Figure 13. First generation modified antisense oligonucleotide

All these modifications also introduces additional chiral centre at phosphorus thus the
oligomers are complex mixture of diastereomers and the conformational heterogeneity
leads to lowering of the melting temperature. As a consequence, the search for a stereo
controlled synthesis has been undertaken.’' Synthetic diastereomerically pure
phosphorothioate-containing RNA oligomers with the Rp configuration showed higher
affinity for complementary RNA than the natural oligomer did, whereas Sp oligomers
had similar or lower affinity.
1.4.2 N3’-P5’/P3’-N5’ phosphoramidates

Uniformly modified oligonucleotide N3’-P5° phosphoramidates as DNA analogs
in which 3’-hydroxyl group was substituted with 3’-amino group, bind with high
affinity and in a sequence specific manner to RNA.** N3’-P5° phosphoramidates (Figure
14a) have shown increased efficacy relative to phosphorothioate ODNs in both cell
culture assays and in vivo therapeutic models, despite their inability to activate RNase
H.”* Additionally, their tight binding to double stranded DNA targets have made them
potentially useful as ‘antigene’ agents via triplex formation.”* N3’-P5’
ribophosphoramidates® (Figure 14b) form stable duplexes with complementary natural
phosphodiester DNA and RNA strands, as well as with 2’-deoxy N3’—P5’
phosphoramidates and they are very resistant to enzymatic hydrolysis by snake venom

phosphodiesterase. The 2’-ribo-fluoro  substitution in phosphodiester and
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phosphorothioate ONs stabilized the duplex with both DNA and RNA sequences, due to

C3’-endo or N-type sugar puckering. In contrast, staCbility of 2’-arabino-fluoro

ON:DNA/RNA duplexes were found to be significantly less stable.
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Figure 14. 3°’N-P5” and 3’P-N5’ phosphoramidates

The introduction of 2’-ribo-fluoro substituent in N3’-P5’ phosphoramidates (Figure
14c) rendered very high stability for the complexes with RNA and the effect of 2’-ribo-
fluro and 3’-amino was found to be synergistic in stabilizing the 3’-endo sugar pucker.3 >
Structural analysis of apparently opposing conformational effects of 2’-arabino-fluoro
and 3’-amino groups, which shift the conformational equilibrium of the nucleoside
sugar puckering to C2’-endo (or O4’-endo) and C3’- endo forms respectively, was
studied in 2’-arabino-fluoro N3’-P5’ phosphoramidates backbone (Figure 14d).*® NMR
analysis revealed that the replacement of 3’-oxygen by a 3’-amino group shifted the 2’-
arabino-fluoro furanose conformational equilibrium towards N type, similar to that seen
for 2’-deoxy-3’-amino nucleosides. The duplexes formed by 2’-arabino-fluoro
phosphoramidate and 2’-deoxy phosphoramidate ONs had similar thermal stabilities,
which reflected the similarities of their sugar puckering. The most stable complexes
with RNA were formed by fully modified 2’-arabino-fluoro phosphoramidates ON.
Another  phosphoramidate  analog in which the DNA having
P3’/N5’phosphoramidate linkage (Figure 14e), exhibited largely decreased thermal
stability of duplexes with DNA and RNA complements. It was found that the
introduction of 5’-amino-2’,5’-dideoxy-2’-ribo-fluororibonucleosides into siRNAs
slightly improved thermal stabilities and also exhibited improved nuclease-resistant

properties of the siRNAs without loss of their silencing efficacy.’’
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1.4.3 Enantio-DNA and other stereoisomers of DNA/RNA

A very early example towards RNA selectivity was found for short enantio-
DNA sequences based on L-sugars (Figure 15b). In 1970, Ts’O et al found that that L-
ApA interacts with poly(U).*® Later in 1984, L-(dUp),; dU was shown to have no
interaction with poly(dA).* In 1990, Shudo et al.** synthesized enatiomeric- dA¢ and
showed that they bind sequence specifically with poly (U) but not with poly (dT). The
thermal stability of selective enantio-DNA:RNA complexes was less than either

DNA:RNA or RNA:RNA complexes.
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Figure 15: Enantio-DNA and other stereoisomers of DNA and RNA

Meyer, Jr. et al.*' studied a 15mer sequence containing 1’-o-D-arabinofuranosylthymine
(Figure 15c) which showed binding with complementary RNA as good as the natural
DNA:RNA duplex but its complex with poly-dA showed substantially lower stability
than the natural counterpart. The presence of arabino-D-sugar, the 2’-stereoisomer of
ribose in the oligomers (ANA) (Figure 15d) allowed complex formation with both RNA
and DNA, but with reduced stability.** This destabilization was presumed to be derived
from the steric interference by the B-2°-OH group, which being oriented into the major
groove of the helix, could cause slight local deformation or unstacking. Replacement of
2’-OH of ANA by 2’-Fluoro-ANA (Figure 15¢) led to stabilization of 2’F-ANA:RNA
duplexes. This stability was attributed to the reduced steric interactions of fluorine atom
(vs OH groups) and higher pre-organization state of 2’FANA relative to DNA. The
standard arabinose sugar pucker was shown to be almost C2’-endo locked due to an
internal H-bonding with C5’-oxygen. The lack of such interaction in 2’FANA allowed
increased variability and sugar pucker shift towards C4’-endo, but the overall structural
geometry of 2° FANA/ANA:RNA duplexes was predicted to be similar to the native
DNA:RNA substrate of RNase H.* Contrary to these studies, the NMR solution
structural analysis showed that in either ANA:RNA or 2’FANA:RNA duplexes, the
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ANA sugar residues assumed conformations in C4’-endo range.** The differential
stability of 2’FANA:RNA and ANA:RNA hybrids was attributed to different extents of
hydration of the 2’-OH and 2’-Fluorine groups.

1.4.4 Sugar 2’-Modifications

It has been shown that short RNA/RNA duplexes are thermally more stable than
short DNA/DNA duplexes due to sugar ring in RNA is found predominantly in the C3’-
endo-conformation which exclusively forms A-type duplexes.* In order to improve
the RNA binding behavior of AON, second generation modifications focused
mimicking RNA or C3’-endo-like structures. This class includes sugar 2’- modifications

(Figure 16).%"
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Figure 16. Sugar 2’-Modifications

Electronegative substituent’s such as fluorine and oxygen shift the ribose
conformational equilibrium towards the C3’-endo pucker.*® The effect of 2’-substitution
on the thermal stability of a DNA/RNA duplex was demonstrated with 2’-O-Me
modification.”” The 2’-O-Me modification improved thermal stability of an
oligonucleotide hybridized to a complementary RNA. The 2’-deoxy-2’-
fluororibonucleosides also increased the affinity of oligonucleotides toward

complementary RNA.* However, these modifications did not confer the necessary
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metabolic stability to antisense oligonucleotides. In combination with phosphorothioate
backbone modification, oligonucleotides with these modifications are resistant to
metabolic degradation. Oligonucleotides with 2’-O-alkoxy substituent’s related to
ethylene glycol (2°’-O-MOE) showed equal or higher binding affinity than 2’-O-Me
modified oligonucleotides.49 The 2°-O-[2-(methoxy) ethyl] modification (Figure 16, 2’-
O-MOE) offers +2° increase in thermal stability (7m) per modification compared to PS-
DNA.* Furthermore, the 2’-O-MOE modification enhances the nuclease stability of
oligonucleotide phosphodiesters at approximately the same level as that of PS-DNA.
Several analogs of 2’-O-[2-(aminooxy) ethyl] modification have been
synthesized by exploiting the reactive aminooxy group present in this modification.”'
These include modifications such as 2°-O-{2-[(Dimethylamino)oxy]ethyl]} (Figure 16,
2’-0-DMAOQOE), 2’-0-(2-{[(diethyl)amino]oxy }ethyl) (Figurel6, 2°’-O-DEAOE), 2’-O-
(2-{[(isopropyl)(methyl) amino]oxy}ethyl) (Figure 16, 2’-O-IPMAOE), and 2’-O-(2-
{[(2-aminoethyl)(methyl)- amino]oxy}ethyl) (Figure 16, 2’-O-AEMAOE). A group of
2°-0-[2-(amino)-2- oxoethyl] modified oligonucleotides were reported such as 2’-O-(2-
amino-2- oxoethyl) (Figure 16, 2’-O-NAc), 2’-O-[2-(methylamino)-2-oxoethyl] (Figure
16, 2°-O-NMA), 2’-O-[2-(dimethylamino)-2-oxoethyl] (Figure 16, 2’-O-DMAc), and
2’-0-(2-{[2- (dimethylamino)ethyl]amino}-2-oxoethyl) (Figure 16, 2’-O-DMAEAc).
These 2’-modified oligonucleotides showed excellent binding affinities to

complementary RNA and high nuclease stability.”
1.4.5 Locked nucleic acids and its analogs

The anomeric-inverted analogue of DNA (a-DNA) [Figure 17] has been
demonstrated to hybridize efficiently with complementary DNA/RNA, but in parallel
orientation.” Due to the predominant influence of the 3'-OH gauche effect [03'-C3'-
C4'-04"] over the anomeric effect, the B-D-2’-deoxy nucleosides sugar moiety
preferentially adopted S-type conformations. The sugars in a-D-2’-deoxy nucleosides
were predominantly in the S-type conformation due to the co-operative influence of

nucleobase as well as the gauche effect.
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Figure 17. Locked nucleic acid and its analog

Locked nucleic acids (LNA) are a class of high-affinity RNA analogs in which
the ribose ring is “locked” in 3’-endo conformation® (Figure 17). As a result, LNA
oligonucleotides exhibit unprecedented thermal stability when hybridized to a
complementary DNA or RNA strand. Structural studies by NMR spectroscopy have
shown LNA-containing ONs to fit into an A-type duplex geometry.® For each
incorporated LNA monomer, the melting temperature (7m) of the duplex increases by
2-8 °C compared to the unmodified duplexes.’’ In addition, LNA oligonucleotides can
be made shorter than traditional DNA or RNA oligonucleotides and still retain a high
Tm. This is important when the oligonucleotide is used to detect small or highly similar
targets.

Koizumi et al.>®

synthesized ethylene-bridged nucleic acid (ENA, Figure 17)
with six-membered bridged structure. ENA showed comparable duplex forming ability,
triplex formation and nuclease resistance were somewhat improved compared to LNA.”
Combining the structural elements of 2'-O-methoxyethyl (MOE) and LNA nucleosides
as cMOE and cEt modifications of LNA hybridized complementary nucleic acids with
the same affinity as LNA while greatly increasing nuclease stability (Figure 17).°° Both

ENA- and LNA-type carbocyclic analogues have sugar moiety locked in the same North
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conformation as in the ENA and LNA. 8-Me/NH,/OH modified carba-ENA-T AONs
analogues are highly RNA-selective since all of them led to slight thermal stabilization
effect for the AON: RNA duplex, but quite large destabilization effect for the AON:
DNA duplex.®!

The a-configured LNA was introduced as a-DNA with locked N-type sugar
conformation. Fully modified a-D-LNA (Figure 17) sequences of either oligothymine or
mixed oligopyrimidines displayed unprecedented recognition of parallel complementary
RNA sequences whereas the complementary DNA sequences were not recognized.®
Chimeric a-D-LNA/a-DNA sequences showed low affinity for RNA. This observation
meant that the stabilization of parallel orientation in RNA:a-D-LNA was not fine-tuned
in chimeric sequences probably because a-DNA units in the sequence remain in S type
preferred conformation creating incoherency between N and S type conformations
within the same sequence. This suggests that unlike the original LNA, the N-type
conformation of a-D-LNA could not influence the conformations of neighbouring a-
DNA nucleosides to adopt N-type conformations.

Wengel and co-workers investigated a-L-LNA (Figure 17), which contains the
2’, 4’-bridge on the same side of the sugar as the nucleobases, along with an inversion
of the 3’-OH group. This modification have nearly the same affinity for target RNA as
that of LNA. Structural studies of o-L-LNA were showed that a-L-LNA assumes a
DNA-like Southern conformation, resulting in H-form duplexes with target RNA.%
Even though o-L-LNA showed Southern sugar pucker, a-L-LNA does not support
RNase H, but has been utilized successfully in gapmer ASO designs.®* a-L-LNA shows
increased nuclease resistance over LNA.%

With LNA being RNA mimic and a-L-LNA being a DNA mimic, B-L-LNA was
deduced to be a a-DNA mimic. Changing the configuration at anomeric center of a-L-
LNA led to the synthesis of B-L-LNA, which was expected to mimic the characteristics
of a-DNA. Thus, the B-L-LNA sequences recognized complementary RNA and DNA
sequences in parallel orientation with similar stabilities of parallel a-LNA:RNA

duplex.®
1.4.6. Substituted sugar analogs

Several substituted sugar analogs have been reported in the literature. 3°-C-

(hydroxymethyl) thymidine modified ODNs causes no (middle modifications) or only

21



minor (3’-end modifications) destabilization of the resulting DNA: DNA duplex (Figure
18, I).

Figure 18. 3’and 4’-substituted DNA and RNA analogs

3’-End-capped sequences exhibit enhanced stability toward snake venom
phosphodiesterase.®’” Several 4’-substituted nucleosides has been synthesized, screened
for its HIV inhibition activity and only the fused oxetane derivative of thymidine
inhibit HIV replication in A301(Alex) cells with remarkably low bone marrow
toxicity.®® Novel 4’-C-(hydroxymethyl)thymidine modified ODNs have shown excellent
hybridization properties and this modification leads to significantly improved enzymatic
stability®(Figure 18, II). Incorporation of 4'-C-hydroxymethyluridine (Figure 18, IIT and
IV) in oligonucleotides (both 5'- hydroxyl to 4'-C-hydroxymethyl backbone or 5'-
hydroxyl to 3'-hydroxy backbone) showed destabilization with complementary DNA
and RNA.”° The conformations of the pentofuranose ring in the modified nucleotides
IIT and IV are far from ideal when optimal DNA: DNA duplex stability is considered
and it was confirmed by modeling studies, which revealed distortions in the sugar-

phosphate backbone, especially for modification III.

1.4.7 L-Threofuranosyl nucleic acid (TNA) and Hexitol nucleic acids (HNA)

3’-2° Nucleic acids (TNA, Figure 19, 1) cross paired both with RNA and DNA,
but the pairing with RNA was found to be stronger in comparison with DNA. The
backbone is shorter than both in DNA or RNA as the sugar moiety in TNA contains
only four atoms between two adjacent P atoms as compared to five atoms in either DNA
or RNA.”"' The detailed crystal structure study of the three dimensional structure
provided insight into the origins preferred pairing between TNA and RNA relative to
that between DNA and TNA.”” It was found that the 3’ and 2’ phosphate groups
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preferred to be in quasi diaxial orientation which brought the P...P distance around 5.8
A. This distance is similar to that between A form of duplexes leading to very stable
TNA: RNA structures. Cross pairing between TNA and DNA was permissible because
of the allowed conformational adjustments of DNA strand in TNA: DNA duplex and
not vice-versa. The close and specific distance complementarity could be the structural

parameter that determined the capability of TNA ONs for preferential cross pairing.
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Figure 19. TNA and HNA analogs

The replacement of conformationally flexible deoxyribose by the restricted
anhydrohexitol ring resulted in a structurally preorganized HNA (Figure 19, II) to form
A- type helices with efficient base stacking.”> Molecular associations between HNA and
RNA were found to be more stable than those between HNA and DNA. 'H NMR
analysis of a HNA dimer confirmed the axial orientation of the base moiety with respect
to the hexitol ring, and this was used as starting conformation for molecular dynamics
study of HNA/RNA and HNA/DNA duplexes. Both complexes showed A-type
geometry and very similar hydrogen bonding pattern between base pairs. The presence
of 2°-OH group could be responsible for the differential hydration patterns in the minor
groove of HNA: RNA and HNA: DNA duplexes. The DNA strand in HNA: DNA
complex was found to be more flexible than the RNA strand in HNA: RNA duplexes. In
contrast, the crystal structure of HNA: RNA hybrid suggested less-pronounced rigidity
of the backbone. The differences in hydration of the HNA and RNA backbones were
also observed in the HNA: RNA duplex crystal structure. The hydration of the HNA
strand promoted tighter bridging of the adjacent phosphate groups by water molecules
and helped alteration in adjacent P-P distances that were close to RNA than DNA. This
reinforcing effect upon hydration could be the second reason for overall duplex stability
of HNA: RNA duplex in addition to the conformational preorganization imposed by the

six membered rings.”*
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Synthesis, biophysical and biological properties of the 3’-fluoro hexitol nucleic
acid (FHNA and Ara-FHNA) modified oligonucleotides were reported recently.”” Axial
3’-fluoro substitution (Figure 19, FHNA, III) boosts the RNA affinity of HNA, whereas
fluorine in equatorial orientation (Figure 19, Ara-FHNA, IV) results in a significant
destabilization relative to HNA and DNA. Crystal structure at high resolution revealed
that the equatorial 3’-fluorine substituent in Ara-FHNA pushes away the 3’-flanking

nucleotide thus disrupting stacking of nucleobases.
1.4.8 Six membered carbocyclic analogs

Replacement of the five-membered furanose ring by a six-membered ring is the
basis for CNA (carbocyclic nucleic acid) and cyclohexenyl nucleic acids (CeNAs),
which are characterized by a high degree of conformational rigidity of the oligomers.
Cyclohexanyl-nucleic acid (Figure 20, CNA) was prepared in both enantiomeric (D/L)
forms and D-CNA hybridizes to complementary RNA as compared to DNA with

reduced affinity.”®
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Figure 20. CNA and CeNA analogs

CeNAs form stable duplexes with complementary DNA or RNA and protect ONs
against nucleolytic degradation. In addition, CeNA:RNA hybrids have been reported to
activate RNase H, albeit with a 600-fold lower Kcat compared to a DNA:RNA duplex.”’
Recently 2’-fluoro modification was reported in cyclohexenyl nucleic acid (Figure 20,
F-CeNA) showed slightly lower duplex thermostability with complementary RNA as
compared to that of more rigid 3’-fluoro hexitol nucleic acid.”® However, F-CeNA
modified oligonucleotides were significantly more stable against digestion by snake
venom phosphodiesterase as compared to unmodified DNA, 2’-fluoro RNA, 2°-O-MOE
and FHNA.

24



1.4.9 Oligonucleotides with dephosphono backbone
1.4.9.1 Artificial DNA with amide backbone

A second generation of backbone replacements for the use of antisense
oligonucleotides involves elimination of phosphorous atom from the phosphodiester
backbone. A common problem for all anionic analogs is the ineffective permeation of
cellular membranes. Anionic ODNSs are taken up by endosomes, but are unable to cross
the endosomal membrane in the absence of cationic lipids.” Based on this observation,
neutral isosteres of the phosphodiester linkage have been devised and well reviewed in

the literature.*
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Figure 21. Replacement of phosphodiester by amide linkage

The most promising modification emerged from the replacement of
phosphodiester linkage with a neutral carboxylic amide linkage. The four-atom amide
substitution of four- atom phosphodiester linkage led to chimeric ONs with alternate

amide-phosphodiester groups (Figure 21, II). Such chimeric ONs bound to RNA with a
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moderate RNA binding selectivity and with moderately diminished DNA affinity.* In
contrast, the full replacement of the phosphodiester in the ON by amide linkages led to
the formation of much less stable duplexes with RNA compared to the duplexes with
DNA.* The higher binding affinity in alternating amide-phosphate backbone has been
partially attributed to the absence of a gauche effect arising from oxygen atoms of O4'-
C4’-C3’-03 of the native phosphodiester linkage, causing a C3’-endo sugar pucker in
3’- deoxy-3’-carboxymethyl nucleoside derivative. This gives the oligomer a favorable
A-form like geometry in a mixed alternate amide- phosphodiester backbone. Molecular
dynamics simulations of such alternate backbone DNA:RNA complexes favoured
exclusive adaptation of C3’-emdo conformation and A-type DNA: RNA hybrid
geometry. The amide (Figure 21, I, n = 1) which formed the most stable backbone could
be in constrained planar trans conformation and the neighboring phosphate residues (i-1
and i+2) need to compensate one less degree of rotational freedom in the constrained
amide.® This could also be the reason for lower stability of fully amide-modified DNA:
RNA duplexes. The other amide backbones with extended (Figure 21, I, n = 2) and
shortened (Figure 21, I, n = 0) amide linkages in a mixed amide-phosphate backbone
destabilized the complex with RNA. The amide backbone (Figure 21, I, n = 1 and II)
stabilized the complexes with RNA due to the restricted number of low energy
conformations compatible with the overall helical structure.

In contrast to the above discussion, an additional atom in the five-atom amide
linker that provided requisite flexibility lead to the stabilization of the duplexes with
RNA (Figure 21, II).** The amide linkers in 2’-O-methyl substituted furanose sugar
also led to the stabilization of RNA duplexes. The replacement of 3’-O with a
methylene group and addition of a methyl group in either R or S configuration (Figure
21, III) also led to stabilization of duplexes.*® CD studies indicated increase in A- type
of duplex structure in these cases. Thermodynamic results on duplex formation of
DNA/RNA ONs with multiple amide bonds show less unfavorable entropic component
relative to wild type DNA: RNA despite the presence of an additional atom in the
backbone. The reduced conformational flexibility of the amide bond leading to
favorable pre-organization could be one reason for increased stability of the duplexes.
X-ray structure of the duplex with RNA revealed a trans amide conformation and that
the distance between the neighbouring base pairs was not affected by the longer

backbone. An alternate, slightly different five-atom linker was introduced in the
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dinucleoside. These chimeric amide-phosphate linkages resulted in destabilization of the
duplexes (Figure 21, IV). Further, in order to improve the binding efficiency, LNA
nucleoside was introduced as one of the dinucleoside unit in the amide dimer.*> The
LNA monomer improved binding to RNA when positioned preferably towards the 3’-
end of the oligomer (Figure 21, VI). Thus, the LNA monomer could replace the
destabilizing effect despite the fact that the linker had an additional atom compared to
the natural phosphodiester linkage. The 3’-substituents that could exert conformational
restrictions on the ribose ring also showed effective stabilization with RNA targets
when positioned towards 3’-end. Some amide linked oligonucleotides were also
reported by our group where a novel class of thioacetaamido backbone (Figure 21,
TANA and iso TANA, VII and VIII) were found to improve the binding affinity and
selectivity towards DNA/RNA recognition.*

1.49.2 3’,5-Guanidino linkers

ONs with phosphodiester replacement by guanidine (DNG) and S-methylurea
(DNmt) linkages in ONs bind to DNA and RNA with high preference for RNA binding
(Figure 22).57 88
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Figure 22. Guanidino and methylthioguanidino DNA/RNA analogues

Predictions based on molecular modeling studies of DNG: DNA and DNG: RNA
complexes suggested that DNG in DNG: DNA duplex may primarily retain B-form
structure with contracted minor groove due to electrostatic interactions between
phosphate and guanidine groups on opposite strands. The DNG: RNA complex, on the
other hand adopted A-type structure with furanose sugars in both the strands in C3’-

endo conformation and also with contracted minor groove. Specific base-pairing was
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observed when DNG interacted with DNA and RNA, giving highly stable complexes
with RNA over DNA, both the hybrids being highly stabilized compared with their
natural counterparts. The enhanced stability by electrostatic interactions was supported
by experiments at varying ionic environments. Similar to DNG, the S-methylthiourea
linker was designed to lessen the electrostatic attraction compared to DNG and reduce
any nonspecific binding with negatively charged phosphate groups. The RNG
counterpart of DNG containing ribose sugar instead of deoxyribose sugar was shown to

bind preferentially to DNA over RNA due to its rigid B-DNA type backbone.”
1.5 Sugar-Phosphate modified oligonucleotides

Morpholino nucleotides and peptide nucleic acids are the most prominent modified

nucleic acid mimics that involve the replacement of the sugar-phosphate backbone.

1.5.1 Morpholino nucleotides
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Figure 23. Morpholino ONs linked by a) carbamate, b) phosphorodiamidate

Summerton et al. prepared novel oligonucleotide analogues from ribonucleotide derived
morpholine units linked by carbamate group (Figure 23a).91 Cytosine hexamer with
stereoregular backbone was prepared in solution phase and was shown to bind poly dG
with very high affinity. Solubility characteristics of the resulting oligomer have been
improved by terminal conjugation with polyethylene glycol. Fully modified morpholino
oligomers where phosphorodiamidate groups are shown to be more effective antisense
agents than iso-sequential PS-oligos in cell-free systems and in various cultured cells
(Figure 23b). These was attributed to the fact that unlike PS-oligos, morpholino oligos

do not bind to non-specific proteins and are much more sequence specific in their
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binding to DNA. In one notable study, morpholino oligos were shown to be more
effective than PS-oligos as sequence specific antisense inhibitors of tumor necrosis

factor-a. (TNF-o) in mouse macrophages, despite poor uptake into these cells.’”
1.5.2 Peptide Nucleic Acids

Peptide nucleic acids (PNAs) [Figure 24] are neutral, achiral DNA mimics that
bind to complementary DNA/RNA sequences with high affinity and sequence
specificity.” In PNA the natural nucleobases are attached via methylene carbonyl
linkers to an uncharged pseudopeptide backbone composed of repeating N-(2-
aminoethyl)glycyl units. PNA hybridizes to complementary DNA/RNA sequences via
specific base complementation to form duplexes for mixed sequences and triplexes for
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homopyrimidine/homopurine sequences.
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Figure 24. An antiparallel PNA: DNA duplex

The complexes of PNA with DNA/RNA sequences generally show thermal stabilities
higher than the corresponding DNA-DNA/RNA complexes depending on sequence.”
PNAs and their analogs are resistant to proteases and nucleases. Due to these
exceptional properties PNAs have major applications as a tool in molecular biology®® as
lead compounds for development of gene targeted drugs via antisense/antigene
technology,”’ for diagnostics, biosensors,”® and as building blocks for designing PNA
supramolecular constructs.”

The main limitations of PNAs are its poor water solubility and lack of cell

permeability coupled with ambiguity in DNA/RNA recognition arising from its equally
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facile binding in a parallel/antiparallel fashion (Figure 24) with the complementary
nucleic acid sequences. These limitations are being systematically addressed with
rationally modified PNA analogues.'” The solubility of PNAs was improved through
conjugation with cationic ligands such as lysine at the N/C terminus of the PNA, or
guanidine in backbone without compromising the hydrogen-bonding specificity.'”" The
cell penetrability has been improved by conjugation with various transfer molecules
such as cell-penetrating peptides.lo2 The equal binding of PNA in parallel and
antiparallel orientations to DNA/RNA reduces its target specificity. This ambiguity in
DNA/RNA binding would lead to recognition of nonspecific target sequences, and
achieving PNA specificity in binding is a desirable goal for successful therapeutic
applications. This issue was addressed by introduction of chirality into achiral PNA
backbones to effect orientational selectivity in complementary DNA/ RNA binding.'®

Relatively high binding affinity of PNAs toward natural oligonucleotides is attributed to
the lack of electrostatic repulsion between the uncharged PNA backbone and the
negatively charged sugar-phosphate backbone of DNA/RNA. The single-stranded form
of PNA, being acyclic, is conformationally flexible in its different structural segments.
Consequently, formation of PNA:DNA/RNA complexes is accompanied by
conformational changes in PNA to gain enthalpic advantage by hydrogen-bonding and

. . . . . . 104
base-stacking interactions accompanied by an undesirable decrease in entropy.'®

Any
further increase in the conformational freedom in aeg-PNA through extended
backbone'® or side-chain structures'® lead to substantial reduction in the stability of

the resulting PNA: DNA/RNA complexes.
1.5.3.1 PNA modifications for selective RNA targeting

Introduction of chirality in PNA analogues could attain selectivity for parallel
versus antiparallel binding with nucleic acids. An early example of PNA analog which
induced kinetic selectivity for RNA binding was the POM-PNA, a pyrrolidine-amide
oligonucleotide mimics'”’ (Figure 25, I). The pyrrolidine ring in the 2R, 4R
stereochemistry was selected as it was expected to adopt the sterically less demanding
trans relative configuration making the system a stereochemical match with native
nucleic acids. X-ray crystallographic data for a similar protonated pyrrolidine ring
system showed that the alkyl substituent adopted the frans relative stereochemistry with

close conformational resemblance to native RNA like C3’-endo sugar conformation.’*
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Figure 25. Conformational constrained analogs of PNA

It was found that short pentameric thyminyl-POM sequences bind much faster to RNA
than to DNA. Introduction of an additional methyl group to restrict the conformational
freedom in the backbone led to destabilizing effect for binding to either with DNA or
RNA.” The binding of oligomers of enantiomeric pyrrolidinyl-PNA with 2§, 4§
stereochemistry (Figure 25, II, n = 1) were found to destabilize the complexes with
either DNA or RNA.'®™ In our group, the arguments of a five-atom amide linker
between the nucleosides that stabilized the complexes formed with RNA to the 2.5, 4S-
pyrrolidinyl-PNA was extended that gave rise to backbone extended pyrrolidinyl PNA
(bepPNA) [Figure 25, II, n = 2]. Indeed, alternating PNA:bepPNA backbone formed
very stable complexes with the target RNA.'® On the similar ground, another backbone
extended pyrrolidine PNAs (petPNA, Figure 25, III) was synthesized to achieve RNA
selective binding.'"® Conformationally restricted pyrrolidinyl PNAs with an o/p-
dipeptide backbone consisting of a nucleobase-modified proline and a cyclic five-
membered amino acid spacer such as (1S,2S)-2-aminocyclopentanecarboxylic acid
(ACPC) (Figure 25, IV). ACPC- PNA also formed very stable hybrids with DNA with
high Watson-Crick base pairing and exhibited high preference for binding to DNA over

RNA."" Our group reported a similar concept but a synthetically more straightforward
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(a- + B-) amino acid backbone in which the B-amino acid derived from thymidine
alternated with naturally occurring a-L-amino acids such as proline, sarcosine, lysine
and methionine, yielding amide-linked oligomers''? (Figure 25, V).

Replacement of amide bond with carbamate linker endowed the polycarbamate
nucleic acids with DNA binding selectivity'"® (Figure 25, VI). The most interesting
results were obtained when structural constraint in the aminoethyl segment of PNA was
introduced in the form of a cyclopentyl/cyclohexyl ring systems. In 1996, Nielsen et al.
showed that a frans cyclohexyl system in aegPNA destabilizes the PNA:DNA/RNA
complexes''* (Figure 25, VII). Comparison of the X-ray and NMR structures of
PNA:DNA, PNA:RNA and PNA,:DNA complexes revealed that the dihedral angle
could play a very important role in deciding the overall stability of these complexes.'"”
The angle B remains near 60-65° in RNA:PNA duplexes and in PNA,:DNA triplexes.
The angle B was then frozen in the range 60-65° by adopting the cis stereochemistry in
the conformationally rigid cyclohexanyl PNA analogue (Figure 25, VIII). X-ray studies
on either of the cis R, S and S, R stereoisomeric cyclohexanyl PNA monomers
confirmed that the angle p remains in the range of 60-65°."' Introduction of one to three
cis cyclohexanyl units in the aegPNA led to very strong stabilization of PNA:RNA
duplexes and triplexes at the same time the PNA:DNA duplex was considerably
destabilized.In  contrast, the cis/trans-cyclopentanyl PNA, consisting of a
conformationally flexible five-membered ring stabilized the duplex/triplex structures
with both DNA and RNA'!"!18 (Figure 25, IX). Some examples of o and y substituted
PNAs have also been synthesized and have better RNA selectivity, water solubility and

cellular uptake.'"’

1.6 Present Work

The various DNA and PNA modifications have been reviewed in the preceding
sections. All these modifications exhibit excellent properties in some way but lack some
other important properties. It is known that in DNA, the phosphate group connecting the
two nucleosides is prochiral and when rendered chiral due to substitution at
phosphorous, affects DNA/RNA recognition. Implications of amino acid chirality in this
backbone are sparingly studied. In the case of partial replacement of phosphodiester
linkages with the amide dimer units, where it is necessary to keep the continuity of the
backbone for synergistic stacking interactions, such studies are very important.
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The thesis comprises the design, synthesis and DNA/ RNA recognition properties of
backbone modified DNA analogues where a four atom phosphate linkage is replaced by
five atom amide chiral linkages, synthesis of nucleoside based B-Amino acid monomers,

synthesis a-L-DNA monomer and incorporation into oligomers.

Chapter 2. This Chapter has been divided into three sections
Section I: In this section we have described the synthesis of designed T-(amino acid)-

T dimer blocks using L-proline, D-proline and glycine units.

Section II: In this section we have described the synthesis of designed T-(amino acid)-
T dimer blocks using D-Lysine, L-Lysine and T-(amino acid)—Uz"OMe dimer unit using

D-Proline.

Section I11: NMR and CD studies were carried out to investigate the effect of backbone
chiralty on the base stacking interactions of dimer building block. Dimers having D-
Proline, L-Proline and Glycine as internucleoside linker were incorporated in chimeric
amide-phosphate backbone, characterization of the resulting oligomers and their

preference of binding with DNA/RNA is presented in this chapter.

Chapter 3. This chapter describes synthesis all four nucleoside based B-amino acid and

synthetic protocol for synthesis of oligomers using these monomers.

Chapter 4. This chapter describes the synthesis of 4’-substituted o-L-nucleotide analog
which has compact backbone like RNA but shows S-Type sugar pucker. Incorporation
of this monomer into DNA, characterization of the resulting oligomers and their

preference of binding with DNA/RNA are presented in this chapter.
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Section 2.1 Synthesis of T-(.amino Acia-T dimers using L-Proline, D-

Proline and Glycine

2.1.1 Introduction

During the last two decades, the rational drug design approach offered by
antisense oligonucleotides specifically designed to bind to mRNA has led to increased
interest in this research area. The ever-increasing span of therapeutic interventions by
oligonucleotides in antisense RNA,' siRNA,"? miRNA,’} splice correction,” etc. has
further emphasized the need for the development of modified oligonucleotides. Natural
oligonucleotides exhibit poor stability against nucleases and thus cannot be used as
therapeutic agents. Therefore, modifications have been introduced to enhance the
efficacy of oligonucleotides. Important goals in designing antisense compounds include
increasing the binding affinity while maintaining fidelity of recognition, water
solubility, cellular uptake, degradation of RNA by RNase-H enzyme and above all, easy
synthetic methodologies. Also the design and synthesis should fulfill the requirement of
the enantiomeric purity and integrity of the oligonucleotides. The design of
phosphorothioate ONs, which is the only FDA approved antisense drug, leads to an
inseparable mixture of diastereomers due to chirality at phosphorus. The other currently
developing modifications include second and third generation antisense ONs such as 2’-
O-alkyl, 2’-O-methylthioethyl, LNA, HeNA, Morpholino NA, PNA or PNA
modifications. All these modifications exhibit excellent therapeutic properties in some
way but lack some other important properties. In Chapter 1, we have discussed about
these modifications. PNA is uncharged and achiral in nature and is sparingly soluble in
water. Also, PNAs require assistance in the form of covalent conjugation with cell
penetrating peptides (CPP)’ or additional positive charges on PNA® to cross the cell
membranes for their activity. Also, being achiral, PNA binds to DNA/RNA in parallel
or antiparallel orientation with almost equal strength. The replacement of the
internucleoside phosphate linkages by the robust amide bond as in PNA could be an
alternate solution so that the advantages of chirality and 3°-5’ directionality of the sugar
can be maintained in the analogue along with the nuclease stability of the amide bond.
Several four- and five-atom amide-linked oligonucleotide analogues are known in the
literature, most of which are discussed in Chapter 1. The five-atom amide linkers were

introduced to compensate the shorter amide bond in the dinucleoside as compared with
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the four-atom phosphate linkers to maintain the internucleoside distance
complementarity. The strategy was found to be successful as some of the five-atom-
linked dimers when substituted in ON sequences lead to significantly higher RNA
affinities compared with that of the native DNA. It has been shown by CD spectroscopy
and crystal structure that the longer amide backbones do not disrupt the duplex
geometries.’

In this section we describe the design and synthesis of the thyminyl dimer blocks
(TT) having 5-atom chiral acetamido internucleoside linkage amenable for their
incorporation in chimeric DNA, characterization of dimers using 2D NMR techniques,

sugar puckering and cis/trans isomerism in dimers.

2.1.2 Rationale, Design and Objectives of the Present Work

Natural oligonucleotides (ON) with phosphodiester linkage are susceptible for
hydrolysis with various enzymes like nucleases and this limits their use for various
biological applications. The partial replacement of the DNA/RNA phosphodiester linker
by five-atom amide linkers has been found to be very useful for RNA recognition. The
chirality of the internucleoside linker such as prochiral natural phosphate, Rp and Sp
chiral phosphorothioate (PS)* or R/S amides’ is known to exert large effects on the

binding efficiency of the oligomers.

=5 ~o
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Figure 1. Chiral phosphorothioate-(I and IT) and amide- (III and I'V) linked ONs

ORNSs (oligoribonucleotides) having all-(Rp)-PO/PS alternating backbone had higher
affinity for complementary RNA, whereas all-(Sp)-PO/PS oligomers had similar or
lower affinity.” A fully modified backbone consisting of (Rp)-PS-linkages (Figure 1, I)
slightly stabilizes a PS-ORN:ORN duplex, whereas a backbone consisting of (Sp)-PS-
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linkages (Figure 1, II) or stereorandom PS-linkages exert large destabilizing effect on
the duplex.® Pallan e al.™ carried out a systematic study for RNA binding affinity of
modified oligonucleotides with five atom amide linked DNA analogues. They also
studied the effect of configuration of the stereocenter in the amide linkage.” The linkers
with opposite stereochemistry at the chiral center stabilize duplexes between the
modified DNA and RNA to different degrees. The amide linker with R stereochemistry
at methyl group was found to be more favourable for RNA-DNA duplex stability than
corresponding S configured backbone modification (Figure 1, IIT and V).

Some five-atom amide-linked oligonucleotides (Figure 2, I and II) were reported
by our group where thioacetamido backbone (TANA) was found to show discrimination
in binding affinity towards DNA/RNA.'” The thioacetamido (TANA, 3’-ribo
configuration in 3’-amino substituted sugar) modified sequences showed better binding
affinity towards RNA, whereas iso-TANA (3’ xylo configuration in 3’-amino
substituted sugar) showed preference for DNA binding. Thus RNA selectivity of
binding of TANA-modified oligomers was reversed to DNA binding selectivity by the
change in configuration at the 3’-amino-substituted sugar. An amino acid backbone
extended DNA modification was also reported by our group where natural a-amino
acids were used alternately with thyminyl f-amino acid derived from thymidine (Figure
2, 1)."" Thyminyl homo-oligomers specifically recognized both deoxy- and ribo-

oligoadenylates in triplex mode.

¥, =5
K@/B KSS/B o o T

0 (e} l‘l’o O HN
O=P-O° =P=-0"
o~ amino acid + nucleosidic-f-amino
TANA iso-TANA acid ONs

Figure 2. Five atom linked amide modification in DNA

Introduction of chirality and cyclic structures in the PNA backbone are known to
reduce possible conformational states of acyclic, achiral single stranded PNAs.'? The

cyclic pyrrolidinyl based 2S, 4S-pyrrolidinyl-PNA (bepPNA) with extended backbone
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(Figure 3, 1) have been previously reported in our laboratory to bind sequence-
specifically only to RNA."? A recently reported N-(pyrrolidin-2-ethyl) glycine-based
PNA (pet-PNA) backbone, with 4-amino- or 4-guanidino-functionalized pyrrolidine
ring oligomers recognized the target DNA and RNA sequences with increased sequence

specificity'* (Figure 3, II).

RN
o o= Ny o= _H
B = N, = S
\)’I\N RQ s =
o
(]
bepPNA petPNA D-Apc-PNA ACPC-PNA

R=H, NHz, guanidino
| n 1 I\

Figure 3. Pyrrolidinyl based chiral PNA modifications

Vilaivan and co-workers have developed a conformationally constrained chiral
analogs of PNA based on the pyrrolidinyl PNA derived from alternating 4’ R-thymin-1-
ylpyrrolidine-2’R-carboxylic acid (nucleobases-modified D-proline) and
aminopyrrolidine -2R-carboxylic acid (Figure 3, III). This modification showed
preferential binding affinity for complementary DNA over RNA." Also they have
developed new conformationally constrained pyrrolidinyl PNA systems (Figure 3, IV,
ACPC-PNA) based on an alternating nucleobase-subtituted proline and 2-
aminocyclopentanecarboxylic acid backbone. The ACPC-PNA system with (2’R, 4’R)-
proline/(1S, 25)-2-aminocyclopentanecarboxylic acid backbone binds to DNA only in
antiparallel orientation with exceptionally high affinity and sequence specificity

following the Watson-Crick base pairing rules.'®

Design of oligonucleotide analogs with controlled backbone chirality

Considering the importance of replacement of the phosphate group with a 5-
atom linker and also the chirality at the phosphorus, a chiral amino-acetamido linker
was proposed (Figure 4). One novel aspect of our approach is that an amino acid is used
as the internucleoside linker. The amino acid linker motif was chosen based on
chemical stability and chirality. Consequently the nucleic acid-amino acid conjugate
could be converted to dimer blocks. To study structural differences that L- or D-amino
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acids in the backbone would assert on the geometry of the derived oligomers we have
replaced phosphodiester linkages partially with chiral amide dimer units. For this
purpose, T-(amino acid)-T dimers are the simplest units where such effects can be
investigated. This section presents the synthesis of T-(amino acid)-T dimer blocks with
L-proline (Ia)/D-proline (Ib) and prochiral glycine units (Ic) [Figure 4]. L/D-Prolines
were chosen because they would be devoid of an amide N-H and hence remove the

influence of possible hydrogen bonds on the overall structural features.

0 T o T o_ T
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A :: HN: HI\T
N HN
- (5 OH e} \\‘:O e:o
|
O—p—
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W*M la b Ic
DNA/RNA Chiral amide linked dimer blocks

Figure 4. Structure of DNA/RNA and chiral amide linked dimers

The objectives of this section are
1. Synthesis of T-(-amino acid)-1 dimer units and conversion to their phosphoramidite
derivatives.
2. Characterization of dimers using 2D NMR techniques
3. Study of sugar puckering and cis-trans isomerism in dimers.
Section 3 of this chapter will discuss the CD of dimers and biophysical studies of the

derived oligomers.
2.1.3 Methodology, Results and Discussion

Retrosynthetic analysis of the phosphoroamidite dimer building block depicted
in Figure 5 shows that the T-(a-amino acid)-T dimer building blocks can be synthesized
starting from 3’-azido thymidine, suitably protected a-amino acid and thymidine. The
dimer blocks can easily be created by the coupling between the the 3’-amino nucleoside
with a-amino acid and followed by coupling between a-amino acid and thymidine-4’-

carboxylic acid derived from thymidine.
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Figure 5. Retrosynthetic pathway for synthesis of chiral amide linked dimer blocks.

2.1.3a Synthesis of Amine component
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Scheme 1. Synthesis of amine component

The amine component was synthesized starting from 3’-azido thymidine (AZT)
as shown in scheme 1. Azido thymidine was synthesized in the laboratory starting from
thymidine by following reported procedures.'” Protection of the 5’-hydroxy group in
AZT 1 as its 5’-O-DMTr derivative was carried out, followed by reduction of the 3’-
azide to amine by catalytic hydrogenation using Pd-C in methanol: ethyl acetate (1:1) to
give 3. Peptide coupling of 3 with Fmoc-protected a-amino acids L-Proline (a), D-
Proline (b) and glycine (c) yielded 4a, 4b, 4c¢ respectively using HBTU/ HOBt as
coupling reagent and DIPEA as base in acetonitrile: DMF mixture. The Fmoc function
was removed using relatively volatile diethyl amine (50% DEA in DCM), in lieu of
piperidine in DMF. The deprotection as monitored by TLC was found to complete in

about 45 mins. Isolation of intermediate products Sa, Sb and Se¢ with free amino group
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was obtained by simple precipitation using petroleum ether and used in the next

coupling step without further purification.

2.1.3b Synthesis of Acid component
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Scheme 2. Synthesis of acid component

Synthesis of acid component 9'® was accomplished starting from commercially
available thymidine using reported procedure with minor changes in the experimental
procedures. Both 3’and 5’ hydroxyl group of thymidine were protected as their silyl
derivative to get disilylated thymidine 7. The 5’-silyl ether was selectively deprotected
using pyridinium p-toluenesufonate (PPTS). PPTS was prepared according to literature
procedure.” PPTS is weakly acidic and deprotects less hindered silyl groups easily. J.
Zhang et al. reported the oxidation of 3’-O-silylthymidine using sodium persulphate and
ruthenium trichloride in 1N NaOH solution and obtained product 9 in 50% yield.** We
used highly selective, mild and efficient N-oxoammonium salt-based oxidation
protocol,?' where a catalytic amount of 2,2,6,6-tetramethyl- 1-piperidinyloxyl (TEMPO)
and [Bis(acetoxy)iodo]benzene was used for oxidation of 3’-O-silylthymidine. The
active oxidant is an N-oxoammonium salt generated by dismutation of TEMPO; BAIB
is necessary to regenerate TEMPO by oxidizing the corresponding hydroxylamine of
TEMPO. 3’-O-silylthymidine 8 was easily converted to the corresponding acid 9 under
TEMPO-BAIB oxidation conditions and the product was recovered by trituration with
ether and acetone. The formation of the product was confirmed by disappearance of the

peaks due to the 5’ and 5°” protons in the "H NMR spectra.
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2.1.3c. Synthesis of T-(.amino acia)-T dimers
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Scheme 3. Synthesis of protected T-(a-amino acid)-T dimer blocks

Synthesis of the dimer building blocks 10a, 10b and 10¢ was then achieved by
using peptide coupling chemistry starting from the amine (5a, Sb and Sc¢) and
thymidine 4’- carboxylic acid 9, using HBTU/ HOBt as coupling reagents and DIPEA
as base in acetonitrile: DMF mixture (Scheme 3). Formation of the product was
confirmed by "H NMR as well as mass spectroscopy. The desilylation of the 3’-O-TBS
group of 10a, 10b and 10c by using TBAF in THF gave the desilylated dimers 11a,
11b and 11c¢ having L-Proline, D-Proline and glycine in the internucleoside amide

linkage respectively.
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2.1.3d Synthesis of T-(g-amino acia)-T phosphoramidites derivatives

Phosphitylation of the 3’-OH of 11a, 11b and 11¢ were done using the reagent N,N'-
diisopropylcyanoethyl chlorophosphine and base diisopropyl ethyl amine and DCM as
the solvent to give the phosphoramidites 12a, 12b and 12¢ (Scheme 4). The formation
of the product was confirmed by *'P NMR spectroscopy.

o
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?
P~o™~CN

Scheme 4. Synthesis of T-(g-amino acia)- T phosphoramidite derivative

2.1.4 Assignments of '"H NMR of T-(g-amino acia)-T dimer blocks with free
5’, 3’-OH group

In order to undertake NMR and CD studies to study base-stacking interactions in
aqueous medium, the 5°, 3’-OH free dinucleotide (Ia, Ib and Ic) was obtained by
deprotection of 5’-ODMT group of dimers 1la, 11b and 1l1c respectively. The
deprotection was done using 3% dichloroacetic acid in DCM using triethyl silane as the
scavenger (Scheme 5). The free dinucleosides Ia, Ib and Ic formed were purified by

successive trituration of the crude product with diethyl ether.
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Scheme 5. Synthesis of 5°, 3°-OH free T-(a-amino acid)-T dimer blocks
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The '"H NMR spectra were recorded using D,O as the solvent. All the peaks were found
to be well resolved for the 5°, 3°-OH free dinucleoside. The 1D 'H NMR spectra of
dimers Ia, Ib and Ic were fully assigned with the aid of 2D COSY, 2D NOESY
experiments and chemical shift values are reported in Table 1.

Table 1. 'H Chemical shifts of dimers Ia, Ib and Ic

Entry Sugar HI” H2 H2” H3 H#4 HS5 H5” H6 CH3 o B v 3 Gly-
Pro- Pro- pro- Pro- CH,
CH CH, CH, CH,

Ia Ring A 64. 21 23 47 48 - -- 8.0 1.8

RingB 62 25 24 44 39 37 38 76 18 44 21(1H) 20 3.7(1H)
1.8(1H) 2 3.6(1H)

Ib Ring A 64 22 23 47 48 - -- 8.1 1.8

RingB 62 25 24 45 40 37 38 77 18 43 22(1H) 20 3.8(1H)
191H) 5  3.6(1H)

Ic Ring A 63 23 24 47 44 - -- 7.7 1.8

Ring B 6.1 23 24 44 39 37 38 76 1.8 3.8

H5°/H5” protons were assigned according to the Remin and Shugar rule’ where the
lower field proton is assigned as H5” while the higher field protons are assigned as the
H5’. The discrimination between 2’ and 2’’ proton was made using the rules devised
by Altona et al.”® The chemical shift positions for H3” and H4’ proton for thymidine-4’-
carboxylic acid 9 component were determined from 2D COSY experiment (Figure 8).
The H4’ proton appeared as a broad singlet, possibly due to weak coupling with the H3’
proton and H3’ proton showed cross peak with H2” proton (Figure 8). The 5°- and 3°-
terminal deoxyribose rings in the dimers were assigned by COSY experiments and
distinguished by absence of 5’ and 5’ protons in the 3’ terminal sugar. This sugar also
showed noticeable downfield shift of H3” and H4’ proton. In case of dimers Ia and Ib,
the H4’ proton signal merged with the D,0 peak (Figure 10 and 13). Due to proline CH,
groups resonance mixed with both 5’5°” and 2’2’ protons resonance, it was not possible
to derive all the coupling constants due to spectral complexity and overlap. The two
protons attached to B carbon (diasterotopic protons) and on & carbon which is attached
to tricoordinate nitrogen in proline rings showed different chemical shifts (Figure 10

and 13).
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2.14a Conformation about the glycosidic bond

The bond joining the 1’-carbon of the sugar ring to the heterocyclic base is the
glycosidic bond. Rotation about this bond gives rise to syn and anti conformations®*
(Figure 6). Rotation about this bond is restricted and the anti conformation is generally
favoured, partly on steric grounds. The anti conformer has the smaller H6 (Py) or H-8
(Pu) atom above the sugar ring while the syn conformer has the larger O-2 (Py) or N-3
(Pu) in that position.

g e

anti

NH,

0
w

Deoxycytidine (a pyrimidine nucleoside) Deoxyadenosine (a purine nucleoside)

o

O
M N
HO 3 N
— ]
4 ¢l
HO |:|

anti

HO

C2'-endo (S-type) C2'-endo (S-type)
syn anti

Figure 6. (A) Structure of syn and anti nucleoside conformation and (B) N-type and S
type conformers showing major nOe cross peaks

The conformation about the glycosidic bond in the dimers was determined from
2D NOESY experiments. An anti conformation is preferred when a strong nOe between
H6 of thymidine (H8 of adenosine) and H2’or H3’of the sugar ring is observed while a
strong nOe between H6/H8 and H1’ reveals a preferred syn conformation. In case of
comparable nOe strength between H6 /H1’ and H6/H2’ or H3’ a preferred syn
conformation is attributed because of the fact that the minimum possible distance to H1’
to H6/HS is greater than H2” or H3’ to H6/H8.>> A nucleotide with an S-type sugar is in

anti conformation when a strong nOe between H6 and H2’ is observed while a

60



nucleotide with an N-type sugar has an anti conformation when a strong nOe between

H6 and H3’ is observed.?®

Figure 7. Schematic representation of some of the long range NOE’s seen in 2D
NOESY spectrum of compound 9 and dimers Ia, Ib and Ic

Schematic representation of some of the long range nOe’s seen in 2D NOESY
spectrum of compound 9 and dimers Ia, Ib and I¢ is depicted in Figure 7. In thymidine -
4’-carboxylic acid 9, strong nOe cross peak between H6 and H1’ (1 %) and absence of
H6 and H3’ indicates syn conformation of the nucleobase (Figure 9b). Also we have
observed nOe cross peaks between the H3’ and H4’ protons with the methyl group of
silyl protecting group of 3° hydroxyl group (Figure 9b). In L-proline containing dimer
Ia, there are strong nOe cross peaks between H6 with H2’ (1.6 %) and H3’ (1.3 %) in
the 5’ terminal sugar (ring B) and strong nOe H6 with H2’ (2.5 %) in the 3’ terminal
sugar (ring A), indicating anti glycosidic conformation (Figure 12). In D-proline

containing dimer Ib, there are strong nOe cross peaks between H6 with H2’ (2.6%), H3’
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(1.7%) and H6 and H1’ (1.5%) in 5’ terminal sugar (ring B) indicates both glycosidic
conformation with more population of anti conformation (Figure 15). In the 3’ terminal
sugar ring strong nOe between H6 with H2’ (2.6%) indicates anti glycosidic
conformation of thymine (Figure 15).

In glycine containing dimer I¢, nOe cross peaks between H6-H3’ (1.8 %) and
H6-H2’ (3.2 %) were observed only in the 5’-end sugar (ring B) which indicate the anti
glycosidic conformation, whereas in the 3’ terminal sugar (ring A) strong nOe between
H6-H1°( 4.4 %) and H6-H2"’ (4.3%) seems to indicate syn conformation of thymine as
seen in its constituent acid constituent 9 (Figure 18, D). The reason for this could be the
possibility of hydrogen bonding between the C2 carbonyl of thymine and the hydrogen
atom of the NH-amide bond of the 3 terminal A ring, which restricted the rotation of
the glycosidic bond in syn conformation (figure 18, D). However absence of such
possible hydrogen bonding in proline containing dimer Ia and Ib, probably allows anti

conformation of glycosidic bond.
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in B- ring and H6-H2’ in A-ring indicate anti conformation of nucleobase.
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2.1.5 Conformation of the sugar ring

In natural nucleic acids, the pentose sugars are puckered or twisted to give
preferred helical conformations. These pentose sugar moieties are puckered in order to
minimize non bonded interactions between their substituents. This puckering is
described by identifying the major displacement of carbon C-2° and C-3’ from the
median plane of C1°-04’-C-4’. The detailed study of X-ray crystal structures of
nucleosides and nucleotides revealed that ribo and deoxyribofuranosyl moieties occur
preferentially within two distinct major conformations namely north (C-3" endo) and
south (C-2’ endo)*’ [Figure 19]. In solution, N-type and S-type conformations are in

rapid equilibrium and are separated by a low energy barrier.

\
(e} 3 B
S 1
/ 2
C3"-endo (N- type) C2'-endo (S-type)

Figure 19. N-type and S-type sugar puckering

The conformation of pentofuranose can be fully described in terms of the phase of
pseudorotation (P), and puckering amplitude (Vimay).>* For North-type (N) sugars (C3’-
endo, C2’-exo0), P ranges from -1° to 34° and for S-type (S) sugar (C2’-endo, C3’-exo),
P ranges from 137°- 194°. The mole fraction of N and S conformers as well as their
geometry, expressed by their phase angle of pseudorotation Py and Ps and puckering
amplitude yn and ys, can be calculated from vicinal proton-proton (3JHH ) coupling
constants Jy-.», Jiv.2, Joo3v, 23, J3a. These coupling constants can be used as input
for pseudorotation analysis of the sugar using PSEUROT.?” PSEUROT program cannot
be used in some cases where it is not possible to get the coupling constants accurately
over a range of different temperatures due to spectral overlap.

23
7% can also be

Alternatively, a semi-empirical method termed as “Sum Rule
employed to have some idea about NS equilibrium in the case of sugar
conformations. This method was employed in the present work to calculate the

conformational preference of pentofuranose moieties of chiral amide linked dimers and
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starting material 3’-amino and 4’-carboxalic synthons. The empirical equation to
calculate the percentage of S conformer is as below :

% S = (X H1°-9.8)/5.9x100 where SH1" = Jypt Jyo-

The nature of the 3’-a- substituents has an influence on the conformation of the
sugar ring. Upon substitution of the 3’-oxygen by a 3’- amine group, the N<>S
equilibrium is shifted toward more population of the N-type pseudorotamer (Figure 20
A). This effect is also noticeable when the phosphate functionality is replaced by a
sulfonamide functionality, pushing the pseudorotamer equilibrium towards less
population of N-type pseudorotamer. This may be partly explained by the gauche effect
which means that the favored adopted structure could be the one in which the O4’ and
3’-a-substituents are in a gauche orientation. In S-type 2’-deoxysugars, the O4’ and 3’-
a substituents are in a gauche orientation, and the preference in such cases is for S
conformation. The higher electronegativity of oxygen versus nitrogen leads to a greater
preference for a X3°-C3’-C4’-0O4’° gauche orientation leading to greater propensity for
S-type pucker. The gauche effect increases with the higher polarization of the C3’-X
bond and therefore the % S increases with the increased electronegativity of the 3’-

substituent and vice versa.

A B

- HO 2 Csuy
HO 3 B , Haz:
S B 4 L 04 Cy
4 I 1 T c Cy
X > b ZOA' Ha \O
X S Hy Os
X=NH,, H X= OH, N3, OPO,H, F
. ! ! ! S- type N- t
C3'-endo (N- type) C2'-endo (S-type) gau)g;]e 930 tranyspgm"

Figure 20. (A) Effect of 3’- substituent on sugar ring conformation and

(B) Newman projection for S-type and N-type conformation
The changes in sugar pucker mainly affect the backbone torsion angle 6, which on
average is ~80° in A-form duplex and ~120° in B-form duplex.’® The DNA:DNA duplex
is an extended B-form structure whereas RNA:RNA duplex remains in compact A-
form, further stabilized by increased base-stacking of axially oriented nucleobases. The
relatively low conformational energy barriers of the deoxyribose sugar render flexibility
to the 2’-deoxyribose sugar to adopt 3’-endo (or O4’-endo) conformations in the DNA
strand and allow DNA: RNA duplexes also to be in the A-form. The backbone-modified
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antisense oligonucleotides with engineered desired conformers of the sugar moiety bind
to complementary DNA or RNA sequences depending upon the flexibility of the
designed backbone to adopt A, B or intermediate form of duplex structures. The
stability is further enhanced by base-stacking interactions and presence or absence of
positive/negative charges on the modified backbones.

It is important to study the effect of chirality in the backbone on conformational
preferences of deoxyribose sugar in dimers. In the present section the studies towards
finding out the conformational preference of the deoxyribose ring in dimer unit and its
precursor building units is carried out. The completely deprotected dimers Ia, Ib and Ic
were used for the NMR studies in D,O. The scalar coupling constants were determined
from 1D 'H NMR spectra. %S character was calculated using the Sum rule % S = (2
H1’- 9.8)/5.9 x 100. The results of NMR studies for 3’-amino 5’-O-DMT thymidine 3,

thymidine 4’-carboxylic acid 9 and dimers Ia, Ib and I¢ are summarized in Table 2.

Table 2. N-type and S-type preference for the compound 3, 9 and dimers Ia, Ib, Ic

Compound Jurm (Hz) | Jarme (Hz) | %S %N

o. T
3 5.5 5.8 25 75 DMTO/\Q/
HZN\‘ 3
9 5.0 93 78 22 5
o. T
Ia RingA | 56 9.0 82 | 18 Hok(_j’
T ™SO
T Ring B 5.7 7.1 50 50 -
Proline HO

o T
B
Ib Ring A 5.5 8.6 72 | 28 HN .
T- </\‘e: [0}
D- . ‘v-N
1+ | RingB 5.5 6.5 36 | 64 {@,T
Proline A
HO

Ic Ring A 6.9 7.2 73 27

la, Ib, Ic

T Giyeine " | Ring B 5.6 6.8 44 | 56

3’-Amino 5’-O-DMT thymidine 3 showed predominantly N-type conformation whereas
the thymidine 4’-carboxylic acid 9 showed predominantly S-type conformation. In case
of L-proline containing dimer Ia, the sugar ring A was found to be predominantly in S-
type conformation, while in case of the B ring, equal preference for either S-type or N-

type conformation was observed. In the D-Proline containing dimer Ib, again the sugar
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ring A showed S-type conformation while the ring B showed more percentage of N-
type sugar as compared to dimer Ia. In case of dimer I¢, the ring A showed predominant
S-type pucker similar to proline containing dimers Ia and Ib whereas ring B showed
equal preference for either S-type or N-type conformation. The thymidine 4’-carboxylic
acid 9 has predominantly S-type conformation and does not show any remarkable
change in conformation after coupling. In all the three dimers Ia, Ib and I¢, the 3’-sugar
exhibited higher S-type geometry uniformly as compared to the 5’-thymidinyl units.
The percentage of N character was found to be higher where C3’ of the sugar ring was
substituted by nitrogen in the ring B (50-64%) as compared to the 3’-OH sugar (18—
28%) in ring A.

2.1.6 Cis trans isomers in proline-containing dimer units

In a polypeptide chain, both the amide -CONH- and the imide —CON/peptide
groups are intrinsically competent to undergo cis/trans isomerization by rotation about
the torsion angle o [C*~C(=0)-N-C"] of the peptide bond. Because the lone electron
pair of the nitrogen atom is delocalized over the peptide bond, the C-N linkage has a
partial double-bond character leading to a planar amide bond (Figure 21 A). The free
rotation around the C—N amide bond is drastically restricted because of the partial
double bond character with a rotational barrier of ~ 105 kJ mol™. Consequently, two
rotamers of the peptide bond exist: the trans-configured peptide bond (0=180°) and the
cis-configured peptide bond (0=0°) [Figure 21 B]. a-Amino acid peptides prefer to be
trans oriented with respect to the amide bond, chiefly because the amide hydrogen
(trans isomer) offers less steric repulsion to the preceding C* atom than does the
following C* atom (cis isomer) and the E: Z ratio is about 1000: 1 except in proline. The
cis and trans forms of X-Pro (X represents any amino acid) peptide groups are almost
isoenergetic, with the trans form being slightly more favored and the E: Z ratio is about

4:1°" (Figure 21 C).
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Figure 21. (A) resonance phenomenon in amide bond (B) cis trans isomerisation in

non-proline peptide bond and (C) cis-trans isomerization of an X-Pro

peptide bond
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trans cis

Figure 22. (A) trans and cis isomers of proline containing dimer (B) HI” NMR
resonance corresponding to 3’and 5° thyminyl units of the dimers I) Ia, II)
Ib, I1I) Ic

We also observed this preference in the case of proline-linked nucleoside dimer
building blocks Ia and Ib. The remote sensing of trans/cis isomers at the prolyl amide
bond is evident from the major : minor isomer "H NMR resonance in nearly all the
protons, but due to spectral overlap the exact ratio could not be calculated, except in the
case of H1’. H1” proton showed distinct NMR signals for major: minor isomers (83:17
in Ia and 87:13 in Ib) corresponding to the 5’- and 3’-thymidinyl units in dimers where
the internucleoside amino acid linker is either L- or D-Proline (Figure 22 B, I and II).
This difference is absent in I¢ where glycine is used as the internucleoside amino acid

(Figure 22 B, III).
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2.1.7 Summary

1. T-(g-amino acid)-T dimers have been synthesized using L-proline, D-proline and

glycine as the a-amino acid and converted to their phosphoramidite derivatives.

2.5, 3’-OH free T-(g-amino acid)- T dimers were fully characterized using two

dimensional COSY and NOESY spectroscopic techniques.

3. NMR studies show that in all the three dimers Ia, Ib and Ic, the 3’-sugar exhibited
higher S-type geometry uniformly as compared to the 5’-thyminyl units. The
percentage of N character was found to be higher where sugar ring is substituted by

nitrogen in the ring B (50-64%) as compared to 3’-OH sugar (18-28%) in ring A.
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2.2 Section 2. Synthesis of T'(D_Proline)'Uz,-OMe dimer and T--Amino Acia)~T

dimers using L-Lysine, D-Lysine
2.2.1 Introduction

In the earlier section 2.1, we have discussed in detail the importance of replacing
the phosphodiester linkage with chiral five-atom amide linkage, synthesis of the T-(a-
amino acid)-T dimer blocks with L/D-proline and glycine amino acid and N/S sugar
conformations in these TT dimers. In this Section, we describe the synthesis of dimer
units with a chiral amide backbone along with the 2’-OMe modification in the sugar
ring. The presence 2°’-OMe nucleosides in DNA or RNA strand is known to enhance
thermostability of the resulting duplexes. Also, we have described synthesis of T-(a-
amino acid)-T dimer blocks having positively-charged amino acids as L-Lysine and D-
Lysine. Electrostatic repulsion disfavours the hybridization of negatively-charged ONs
to RNA or DNA targets. ON analogs having neutral backbone such as morpholino
derivatives’> or peptide nucleic acid”® hybridize with higher affinity than their
negatively counterparts without loss of specificity. Along the same lines, it was
anticipated that positively-charged oligonucleotide analogs should even be more
beneficial in terms of binding efficiency and should also give hybridization with
increased association rates. Indeed, several literature studies have shown that the
introduction of positively-charged groups at different sites in the base,* sugar,35 or
backbone™ results in stable duplexes and triplexes. However, when the positively-
charged group is in the base or the sugar, the duplexes and triplexes are not as stable as
those formed when the positively charged group is in the backbone, which is closer to
the negatively charged DNA or RNA backbone.

In this Section, we describe the synthesis of TU dimer having 2’-OMe
substitution in uridine sugar ring having D-proline as internucleoside amide linker and
its conversion to its phosphoramidite derivative, synthesis of TT dimers having D-
Lysine and L-Lysine as internucloside amide linker, structural assignment using 2D
COSY and NOESY spectroscopic techniques and N «—»S sugar conformations of the

dimers.
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2.2.2 Rationale, Design and Objective of the Present Work

A 2’-O-alkyl substituent in a ribonucleoside having a phosphodiester or
phosphorothioate backbone favors the 3’ endo conformation of the five-membered rings
and increases the melting temperature (7m) of the duplexes with an RNA
complement.*’ 2°-O-methyl oligoribonucleotides were widely studied and are of special
interest as antisense probes because i) 2°-OMe RNA: RNA has greater thermal stability
than a corresponding DNA:RNA duplex,’® ii) 2-OMe RNA: RNA is not a substrate of
RNase cleavage® and iii) 2’-OMe RNA is resistant to nuclease degradation.”” De
Mesmacker et al. reported four-atom amide linkage backbone modification along with
2’-OMe substitution in one or both the sugar rings*' (Figure 23). A 2'-OMe substituent
on the lower (3°) sugar unit of the amides (am-2 and am-3) showed increase in T}, value
of the duplexes with RNA with respect to the value of wild type. Pallan et al. reported
backbone extended amide linkage (five atoms) along with the 2’-OMe modification in
the sugar ring’® (am-4 and am-5, Figure 23). UV-T,, studies with complementary RNA
showed gain in stability (A7,,/modification ca 1.5°C) compared to that of wild type.

~o ~o

o. B o_B \gOJ/B

X O,
NH * Z
o (0] NH NH
o B o B o)
(0]

Cl) Y

o

%\g_z/B
O OMe Cl) OMe

am-1 X=OMe, Y=H am-4 am-5
am-2 X=Y=0OMe
am-3 X=H, Y=OMe

Figure 23. Amide-linked ON analogs

For the incorporation of positive charges in the backbone, strategies have included the
incorporation of amino groups prone to protonation under physiological conditions or of
the guanidinium group (pKa 12.5), which is highly basic and positively-charged over a
wide pH range. An oligonucleotide analog containing alternate phosphodiester and (2-
aminoethyl) phosphonate (Rp) formed a more stable duplex with DNA or RNA than its
corresponding natural counterpart™ (Figure 24, I). These oligonucleotides were resistant

to nuclease activity but did not induce RNase H mediated cleavage of a complementary
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RNA strand. Partially modified ON analogs with », N-dimethylaminoethyl
phosphoramidate groups were synthesized (Figure 24, II) and their use as triplex-
forming oligonucleotides (TFOs) was shown to produce a decrease in stability with
respect to all-phosphodiester oligonucleotide complexes.43 An oligonucleotide analog
containing  alternating  phosphodiester ~and  stereo-uniform  cationic =~ N-
(dimethylaminopropyl) phosphoramidate linkages, d(T+T-);T, binds to poly (dA) and
poly(A) targets with unusually high affinity in low salt solutions™ ( Figure 24, III).
Under the same conditions, the binding affinity of the stereoisomer with opposite
chirality at the phosphoramidate linkages is very low. Cationic a-ON (with a non-
natural a-anomeric configuration) [Figure 24, IV] bound with high affinity to single-
stranded DNA and RNA targets. Duplex stabilization was proportional to the number of

cationic modifications, with fully cationic ON having particularly high thermal

e 45
stability.
N
o o 0
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Figure 24. Zwitterionic ON analogs

Bruice et al have studied the incorporation of guanidinium linkages into DNA and RNA
backbones and the binding affinity towards complementary DNA and RNA.*
Deoxynucleic guanidine (DNG, Figure 25, I) oligomers in which the internucleoside
phosphate linkages are replaced by cationic guanidinium groups have been extensively
studied. These DNG analogs are resistant to nucleases and bind to complementary DNA
sequences with high affinity without compromising the specificity of binding.*® The S-
methylthiourea linker (DNmt, Figure 25, II), similar to DNG, was designed to lessen the
electrostatic attraction compared to DNG and reduce any nonspecific binding with

negatively-charged phosphate groups.
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Figure 25. Positively-charged DNA/RNA analogs

The RNG counterpart of DNG containing ribose sugar instead of deoxyribose sugar was
shown to bind preferentially to DNA over RNA due to its rigid B-DNA type backbone.
The introduction of aminobutylphosphoramidate (PNHBuNH, Figure 25, III) and
guanidinobutylphosphoramidate (PNHBuGua, Figure 25, IV) linkages into oa-ONs
greatly increased the thermal stabilities of the DNA duplexes.*” Guanidinium groups as
cationic tethers (PNHBuGua) significantly increase the affinity of phosphoramidate a-
ONs toward nucleic acid targets, in particular toward RNA. This high affinity could be
explained in terms of the dual recognition resulting from Watson—Crick or Hoogsteen
base-pairing, combined with cationic/anionic backbone recognition between strands,
involving H-bond formation and salt bridging. Moreover, ONs with guanidinium
modification increased cellular uptake relative to negatively-charged ONs.
Design of the present work

We have proposed a dinucleotide analog (Figure 26) having D-proline as
internucleoside linker and 2’-OMe substitution in one of the sugar rings. As we have
already seen from the NMR studies in Section 2.1, the upper ring (5’-end) favors more
N-type (64%) sugar conformation in TT dimer having D-Proline, 2’-OMe substitution
in same ring may not further alter the N-type conformation. On the other hand 2°’-OMe
substitution in lower ring (3’-end) may favor N-type conformation in this case. Thus, N-
type conformation in both the rings may results in better binding to its complementary
nucleic acids. Additionally, we have used D-Lysine and L-Lysine as positively-charged
amino acids in the internucleoside linker (Figure 26). Lysine provides a covalently
attached amino group to the nucleic acid which could be protonated under physiological

conditions and may neutralize the anionic phosphate group.
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The objectives of this Section are,
1. Synthesis of TU dimer with 2’-OMe substitution in uridine and having D-Proline
as the internucleoside amide linker and its conversion to the phosphoramidite
derivative.
2. Synthesis of orthogonally protected D-Lysine and L-Lysine.
3. Synthesis of TT dimers having L-Lysine or D-Lysine as the internucleoside amide
linker.
4. Structural assignment using 2D COSY and NOESY NMR spectroscopic

techniques and N/S sugar conformations of the dimers.

(o]
(o]
*
Positively charged NH ot
o—amino acid
3'endo

conformation

-OMe T'L-Lysine'T

“D-Lysine™

2
T'D-proline'U

Figure 26. Proposed dinucleotide analogs
2.2.3 Methodology, Results and Discussion

Syntheses of the dimers were accomplished similar to T-(g-amino acid)-T dimers. In
the case of dimer having 2’-OMe substitution in the 3’-terminal sugar ring, the acid
component was synthesized starting from the 2’-OMe-substituted nucleoside. In case of

the L-Lysine and D-Lysine dimers, we prepared suitably protected Lysine derivatives.
2.2.3a Synthesis of T-p_protine-U> "™ dimer

Synthesis of Acid component

The synthesis of acid component was accomplished starting from commercially
available 2’-OMe substituted uridine using reported procedure’’ similar to thymidine 4’-
carboxylic acid (Scheme 6). Both 3°- and 5’-hydroxyl groups of 2’-OMe-uridine 13
were protected as their silyl ethers to get disilylated product 14. The 5’-silyl ether was
selectively deprotected using pyridinium p-toluenesulfonate (PPTS) to give compound

15 which was easily converted to the corresponding acid 16 under TEMPO-BAIB
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oxidation conditions. The product was recovered by trituration with ether and acetone.
The formation of the product was confirmed by disappearance of the peaks due to the 5’

and 5°” protons in the 'H NMR spectra.

fo) (o]

Cy (2
o N 0 1Bsc o N © pprs
HO —————> TBSO — >
Imidazole,DryDMF \ 65%
HS OMe 85% TBSO OMe

0 o)

(. e
o N Crempopai o N ©
HO B ————— HO
3 Acetonitrile:water (1:1) 2
TBSO OMe
93%

15 16

Scheme 6. Synthesis of 2’-OMe Uridine 4’-carboxylic acid
Synthesis of T-p._protine-U> "M dimer

Synthesis of the T-p_proline- U?"°M¢ dimer and its conversion to phosphoramidite was
achieved as described in Scheme 7. The synthesis of amine component Sb was
accomplished as described in Scheme 1 in Section 1. Coupling of the amine component
5b with 2°-OMe uridine-4’-carboxylic acid 16 using TBTU/HOBt as coupling reagent
and diisopropyl ethyl amine as a base in DMF:ACN mixture (1:1) gave compound 17.
Desilylation of the 3’-OTBS group in 17 using TBAF in THF gave the desilylated
dimer 18. Phosphitylation of the 3’-OH function of 18 was done using the reagent N,
N’-diisopropylcyanoethyl chlorophosphine and base diisopropylethyl amine in DCM as
the solvent to obtain the phosphoramidite derivative 19 (Scheme 7). Formation of the
product was confirmed by *'P NMR spectroscopy. Detritylation of compound 18 gave
the 3°, 5°- free dinucleoside 20, which was purified by successive trituration of the

crude product with diethyl ether.
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Scheme 7. Synthesis of 3°, 5°- protected and 3°, 5°- free T-p.proline-U> ¢ dimer

2.2.3b Synthesis of T-p_pysine-T dimer and T-p_pysine-T dimer

Orthogonal protection of Lysine

Orthogonal protection of the amino groups of lysine compatible with the

synthetic strategy of the dimers and the synthesis of oligomer on automated DNA

synthesizer was a prerequisite. We have used trifluoroacetyl protection for the side

chain amino (¢) functionality based on the fact that it can be cleaved during final

deprotection (ammonolysis) of the ONs. We chose Alloc (allyloxycarbonyl) protection

for the a-amino group of lysine as it can be deprotected keeping the trifluoroacetyl

protection intact.
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Scheme 8. Synthesis of N*-allyloxycarbonyl N°*-trifluoroacetyl L- and D-Lysine

We have synthesized protected L-Lysine starting from L-Lysine-HCl 21 as
shown in Scheme 8. Selective protection of the e-amino group using trifloroethylacetate
in water gave N°-trifluoroacetyl L-Lysine 23.* We obtained the N*-trifluoroacetyl L-
lysine 23 in 75% yield with trace amount of unreacted lysine. Alloc protection® of a-
amino group of N°-trifluoroacetyl L-Lysine 23 using allyl chloroformate gave the N°-
allyloxycarbonyl-N°-trifluoroacetyl L-Lysine 25. In a similar way, we synthesized the

N“%allyloxycarbonyl N°-trifluoroacetyl D-Lysine 26 starting from D-Lysine HCI 22.
Synthesis of T-p _pysine-T dimer and T-p_pysine-T dimer

The synthesis of T-pysine-T dimer units was accomplished according to scheme 9.
Coupling of the 3’-amino-5’-ODMT thymidine 3 with orthogonally protected L-Lysine
25 using the coupling reagents TBTU/HOBt and diisopropyl ethyl amine as base in
acetonitrile: DMF mixture yielded 27. The Alloc group was removed using
tris(dibenzylideneacetone)dipalladium [Pd,(dba);] to obtain an intermediate compound
29. Isolation of 29 with free amino group was done by simple precipitation using
petroleum ether. The obtained crude product 29 was used in the next coupling step
without further purification. Coupling of 29 with thymidine-4’-carboxylic acid 9 gave
dimer 31 which on desilylation furnished desilylated dimer 33. The DMT group was
removed using 3% dichloroacetic acid in DCM and triethyl silane as scavenger
followed by removal of the trifluoroacetyl group using aqueous NHj3 to get the
completely deprotected dimer 37. The 3’-, 5’- free dinucleoside formed was purified by
successive trituration of the crude product with diethyl ether. In a similar way, we

synthesized T-p.Lysine-T dimer 38.
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Scheme 9. Synthesis of T-L.Lysine-T dimer and T-p_pysine-T dimers

2.2.4 Assignments by '"H NMR of 3’-, 5’-OH free T-p_proiinc-U’ °"' and
T-Lysine-T dimer blocks

"H NMR spectra of 3’-, 5°-free dinucleosides 20, 37 and 38 were recorded in D,;O. The
"H NMR spectra of dimers 20, 37 and 38 were fully assigned with the aid of 2D COSY
and 2D NOESY experiments and the chemical shift values for dimer 20 are reported in

Table 3, and for dimers 37 and 38 in Table 4.
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Figure 27. 3’, 5’-OH free T-p.profine-U” " and T-p ysine-T dimers

H5°/H5” protons were assigned according to the Remin and Shugar rule’’, where the
lower field proton was assigned as H5* while the higher field protons were assigned as
the H5”’. The discrimination between H2’ and H2*’ protons was made using the rules
devised by Altona et al.”®> The 5’-and 3’-terminal ribose rings of the dimers were
assigned by COSY experiments and distinguished by the absence of H5’, H5”” protons
at the 3’-terminal sugar. In case of dimer 20, the H2’-proton in uridine which showed a
downfield shift helped to differentiate easily between the two sugar rings. In the proline
ring, the two protons attached to the f carbon (diasterotopic protons) and on the 6
carbon (attached to tricoordinate nitrogen) showed different chemical shifts. In this case
also we observed cis trans isomers due to proline ring in the dimer. The H1’ proton of
the upper ring (5’-end) did not show any distinct separation of the major and minor
isomers but H1’ of the lower ring (3’-end) and even H5, H6 proton of uridine showed
distinction between major and minor isomers (87:13). The other protons in the NMR

spectrum did not show any such distinction for cis-trans isomers.

Table 3. '"H NMR Chemical shifts of 3°, 5’-OH free T—D_pmline—Uz’'OMe dimer (20)

Entry  Sugar H1’ H2* H2” H3* H4 HS HS” H5 H6 T- o B v )
CH3/2’-  Pro- Pro- pro- pro-
OMe CH CHZ CHZ CHZ

20 Ring 6.1 405 - 45 49 - - 59 82 348
A
RingB 62 24 24 45 40 37 38 - 176 1.8 44 23(1H) 2.0 3.8(1H)

1.9(1H) 3.7(1H)
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Table 4. '"H NMR Chemical shifts of 3°, 5°-OH free T-L-1ysine- T (37) and T-p-pysine-T

dimers (38)
Entry  Sugar HI' H2 H2° H3 H4 HS H5® H6 CH3  « B Y 3 ®
Lys- Lys- Lys- Lys- Lys-
CH CH, CH, CH, CH,
37 Ring 62 24 25 47 44 -~ - 77 18 - - - - -
A
R
Bmg 62 23 25 45 39 37 38 76 18 42 180 142 169 298
38 Ring 63 23 25 47 44 -~ -~ 77 18 -~ - - -
A
Ring 62 23 25 45 40 37 38 76 18 42 180 143 168 298
B

2.2.4a Conformation about the glycosidic bond

The conformation about the glycosidic bond in the dimers was determined from
2D NOESY NMR experiments. Schematic representation of some of the long range
nOe’s seen in 2D Noesy spectrum of compound 20 (T-p.profine-U> M), 37 (T-L-Lysine-T)
and 38 (T-p.rysine-T) is depicted in Figure 28. In dimer 20, the strong nOe between H6
and H2’ (1.7 %) indicates anti conformation in the 3’ terminal sugar. In the 5’ terminal
sugar, the strong nOe between H6 and H2’ (2.4%) and between H6 and H3’ (2.3 %)
indicate anti conformation. In L-Lysine containing dimer 37, the strong nOe cross peaks
between H6-H1’ (5.8 %) confirms syn orientation of the base in the 3’ terminal sugar
whereas the nOe cross peaks between H6-H2’ (2.5 %) and H6-H3’ (3.2 %) with
medium intensity indicate anti conformation of nucleobase in the 5’ terminal sugar ring.
In D-Lysine containing dimer 38, the strong nOe cross peaks between H6-H1’ (6 %)
confirms syn orientation of the base in the 3’ terminal sugar whereas the nOe cross
peaks between H6-H2’ (2.7 %), H6-H3’ (2 %) and H6- H1’ (2 %) indicate both syn and
anti conformation of nucleobase in the 5° terminal sugar ring. In case of lysine
containing dimers 37 and 38, possibility of hydrogen bonding between the C2 carbonyl
of thymine base and hydrogen atom of the NH-amide bond at 3’ terminal A ring
probably restricted the rotation resulting in syn conformation about the glycosidic bond
(figure 28) similar to glycine containing dimer Ie. However absence of such possible
hydrogen bonding in proline containing dimer 20, probably allows anti conformation of

glycosidic bond.
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Figure 28. Schematic representation of some of the long range nOe’s seen in 2D

NOESY NMR spectrum of dimers 20, 37 and 38
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Figure 33. Expanded NOESY spectra of dimer 37. The strong nOe cross peaks
between H6-H1’ in the A ring confirms syn orientation of base. The H6-H2’,
H6-H3’ nOe with medium intensity indicate anti conformation of nucleobase
B-ring
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Figure 37. Expanded NOESY spectra of dimer 38. The strong nOe cross peaks
between H6-H1’ confirms syn orientation of base in A-ring. The H6-H2’,
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2.2.5. Conformation of the sugar ring

We have discussed earlier the sugar conformation of the T-(a-amino acid)-T
dimers having L-Proline, D-Proline and glycine and constituent nucleosides (Section
2.1). Here we discuss the S-type/N-type geometry preference of the sugar in the T-p.
proline-U> °M¢ 20, TT dimers having L-Lysine 37 and D-Lysine 38 and 2’-OMe-
substituted uridine-4’-carboxylic acid 16 (Figure 38). These are given in Table 5.

H2N
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HO : 37 T Lysine™ -T

s Ib T'D-proline'T 20 T'D-proline'L"Z-ONIe 38 T'D-Lysine'T

TBSO OMe
16

Figure 38. Structure of dimers and their constituent nucleoside units.

In the earlier Section 2.1, we discussed the preference for S-type/N-type geometry in the
sugars of compounds 3 and 9. Here, we have calculated % S sugar conformations of 20,
37, 38 and 16 and these are compared with the dimers Ia/Ib/Ic. The % S character was
calculated using the Sum rule”

% S = (2JH;>- 9.8)/5.9 x 100
In case of 2’-OMe-uridine- 4’-carboxylic acid 16 and ring A in dimer 20, we have used
the equation”

% S =100 x (JH;»- 1)/6.9
The 2’-OMe-uridine-4’-carboxylic acid 16 showed predominantly S-type sugar pucker
and its N-type character increased in dimer 20 (ring A) from 27 % to 42%. Ring B in
dimer 20 showed major N-type sugar puckering. In dimers containing L-Lysine 37, the
3’ terminal sugar was predominantly S-type whereas the 5’ terminal sugar (ring B) was
found to have equal proportions of S-type and N-type sugar conformation. In dimers
containing D-Lysine 38, the 3’ terminal sugar was predominantly S-type, similar to L-

Lysine containing dimer, but the 5’ terminal sugar showed major N-type conformation.
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Table 5. N-type/S-type sugar geometry preference for the compounds 3, 9, 16 and
dimers Ib, 20, 37, 38

Tz | Jurme
Compound ?}112)2 ?ﬁ; %S %N
5.5 5.8 25 | 75
5.0 9.3 78 | 22
16 6.0 - 73| 27
Ib Ring A 5.5 8.6 72 | 28
T-p-protineT | Rine B 5.5 6.5 36 | 64
20 Ring A 5.0 - 58 | 42
T-p_proline- .
U -OMe Ring B 5.8 7 51 49
37 Ring A 6.8 7 68 | 32
T-LysineT | Ring B 6.5 6.2 49 | 5l
38 Ring A 6.8 7 68 | 32
T-prysinT | Ring B 5.8 6.5 42 | 58

T

o
DMTOW

H,N

*g

TBSO

w

TBSO OMe

W
ey

oy

Ib, 37, 38 R=H
20 R=2'-OMe

We anticipated

that the 2’-OMe

substitution would

indicate N-type

conformation in the sugar ring and indeed altered sugar conformation from S-type to N-

type in compound 20 by about 15%

Section 2.3 of this chapter deals with the CD studies of dimers and biophysical studies

of the derived oligomers modified with T-p_profine-U* "™ dimer.

95



2.2.6 Summary

1. The T-D_pmline-UT'OMe dimer was synthesized and converted to its phosphoramidite
derivative. TT dimers having L-Lysine and D-Lysine as internucleoside linker were

synthesized.

2. The 3°, 5’-OH free dinucleosides were fully characterized using two-dimensional

COSY and NOESY NMR spectroscopic techniques.

3. NMR studies showed that in all the three dimers 20, 37 and 38, the 3’-sugar exhibited
higher S-type geometry uniformly as compared to the 5’-thymidiny] units.
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Section 2.3 CD studies for the dimers and biophysical studies of

2’0Me
U

sequences containing T'(a-Amino Acid)'T and T'D-Proline' dimers

In this Section we discuss circular dichroism studies to study base-stacking
interactions in dimers as base-stacking is one of the contributing factors to the duplex
stability. UV-T,, studies were carried out in order to investigate the binding preference

of the modified sequences towards complementary DNA and RNA.

2.3.1 CD analysis of building units, dimers and comparison study of

base-stacking interactions in dimers

Most biological molecules contain a number of electronic units that absorb light
nearly independently, called chromophores, which are asymmetrically disposed in the
space. Such asymmetric molecules will absorb left circularly polarized light differently
from right circularly polarized light. Circular dichroism (CD) is the difference in
absorption between left and right circularly polarized light, so that CD spectral bands
occur due to the change in the normal electronic absorption bands in an asymmetric
molecule.” In the earlier Section 2.1 and 2.2, we have seen that the sugar conformations
do not drastically differ in the diastereomers formed because of the chirality of the
internucleoside linker in the case of the all dimers. The N-type conformational
preference of the sugar ring in 2’-OMe or LNA type oligomers is known to dramatically
improve the binding efficiency of the oligomers and in these cases, effective base
stacking is one of the well-established contributing factors to the duplex stability.
Increase in the positive CD band at 275 nm is ascribed to the effective base stacking
interactions even at the dimer level.”> We therefore carried out CD studies on the dimer
blocks to evaluate any contributions of chirality of the a-amino acid towards stacking
interactions. The CD analysis of monomers was also carried out to see the individual
contributions of monomers to the CD pattern of dimers. CD analysis of monomer 3 and
9 were carried out at 25 pumolar concentration in 20:80 acetonitrile: water mixture. CD
analyses of all the dimers were carried out at 100 pmolar concentration in water to study
base-stacking interaction in aqueous medium. Temperature-dependent change in the
base-stacking was studied by scanning CD of the dimer solution with increase in

temperature from 10 °C-80 °C.
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Figure 39. Monomer and T-(0-amino acid)-T/U* °™® dimers

CD spectra of the monomers: CD spectra of the monomers (3 and 9) showed a
positive band at 270-280 nm. The addition spectra of the two monomers, i.e (3 + 9) was
recorded, which also gave a positive CD signal at 280 nm (Figure 40A).
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Figure 40. (A) CD spectra of monomers 3, 9 and their additive CD spectra, (B) CD
spectra of T-L proline-T Ia and T-p.proiine-T Ib at a concentration of 100 uM
in water. C) CD spectrum of T-[(L-Pro)-T],

CD spectra of the dimers: The CD studies were carried out for all dimer blocks to
investigate the effect of chirality in backbone on the base stacking interactions. The D-
proline containing T-p_proiine-T Ib showed a strong positive band at 275 nm (Figure 40B)
and a negative band at 240 nm. In the T- ppline-T dimer Ia, along with the negative
band at 240 nm, two distinct low intensity CD bands were observed at 265 and 290 nm
along with a broad minimum at 275-280 nm (Figure 40B). The T-giycine-T dimer Ic
showed low intensity broad bands at 240 and 280 nm (Figure 42). The high intensity of
CD signal at ~ 275 nm led us to believe that Ib is well stacked even at the dimer level.
The minimum at ~ 275 nm in Ia is comparable to the negative CD signal at ~ 275 nm in

the case of the homogeneous amide-backbone T-[(L-pro-T)]; octamer (Figure 40C)
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earlier reported by our group.'' Thus, the stacking interactions in Ia and Ib could be
arising from different adopted conformations due to opposite chirality in the
internucleoside linker giving rise to opposite CD signals at ~ 275 nm. Glycine, being
prochiral, could either result in the existence of both chiral components in equal
measure, which cancel each other, or may not contribute to the base-stacked structure,
and eventually lead to only a weak maximum at ~ 280 nm.

The strong positive band at ~ 275 nm in the T-p_proine-T dimer Ib displayed significant
temperature dependence from 10-80 °C (Figure 41B) as reported earlier for the TpT
dimer block. For the T-{ pwiine-T dimer Ia, increasing temperature resulted in the
reduction of the amplitude of CD minimum band at ~275 nm (Figure 41A). These
changes in intensities of CD maxima and minima imply the presence of higher fractions

of stacked species in Ib and Ia.
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Figure 41. Temperature-dependent CD studies of thymine dimer containing (A) L-
Proline Ia and (B) D-Proline Ib at 100 uM in water at 10 (red), 20 (green),
40 (blue), 60 (light blue) and 80 °C (purple).

No temperature dependent change in CD intensity was observed in the case of T-Giycine-

T dimer Ic (Figure 42) and thus fractions of stacked species are less significant at the

dimer level in Ic.
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Figure 42. Temperature-dependent CD studies of thymine dimer containing glycine I¢
at 100 uM in water at 10 (red), 20 (black), 40 (blue), 60 (light blue) and

80°C (purple)
Similarly we carried out CD studies for the dimers containing D-Proline having 2’-

OMe modification in the 3’ terminal sugar and dimers containing L-Lysine and D-

Lysine.
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Figure 43. (A) Comparison of the D-Proline containing TT dimer (Ib), TU? °™¢ dimer
(20) and L/D- Lysine containing TT dimer 37 and 38 at 100 uM
concentration in water (B) Temperature-dependent CD studies of TU
dimer containing D-proline 20 at 100 uM in water at 10 (red), 30 (green),
50 (blue), 70 (light blue) and 80 °C (purple)

The north/south conformational equilibria of the sugar rings are known to affect the

base stacking interactions.” 2’-O-methylation has been shown to enhance base stacking

of dipyrimidine ribodinucleotides® which could be a consequence of the C3’-endo
sugar conformational preference, which is increased in the order 2’-deoxy>* < ribo>> <

2-O-methylribo.” C3’ -endo conformation was found to be 42 % and 58 % in the 3’-

(2’-OMe substituted i.e, ring A) and 5’-(i.e., ring B) terminal sugars respectively in
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dimer 20 whereas this was 28% (ring A) and 64% (ring B) respectively in dimer Ib.
Comparision of the CD for the T-p_proline-T Ib and T—D_pmline—UT'OMe 20 indicate that T-
Doproline.U” M€ 20 is better stacked than T-p.profine-T Ib (figure 43A). The increased N-
type propensity in 2°-OMe substituted sugar could be the reason for increase in CD
intensity band at ~ 270 nm. The strong positive band at ~ 270 nm in the T—D_proline—Uz"
OMe dimer 20 displayed significant temperature dependence from 10-80 °C (Figure

43B) also indicating the presence of stacking interactions.
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Figure 44. Temperature-dependent CD studies of thymine dimer containing (A) L-
Lysine 37 and (B) D-Lysine 38 at 100 uM in water

The acyclic L-Lysine and D-Lysine containing dimer 37 and 38 showed similar CD
pattern as achiral glycine containing dimer Ie. Dimer 37 and 38 showed weak and broad
positive band at ~ 275 and negative band at ~ 240 nm (Figure 43). The D-Lysine
containing dimers 38 showed decrease in CD amplitude with increase in temperature

from 10-80 °C indicating base stacking interaction (Figure 44B).

2.3.2 Solid phase synthesis of DNA Oligonucleotides by
phosphoramidite method

General solid phase synthesis on automated synthesizer of oligonucleotides by
B—cyanoethyl phosphoramidite method™® is given in Scheme 10. Chemical synthesis
takes place in the 3’-5’ direction (reverse of the biological polymerization reaction) and
uses phosphoramidite building blocks derived from protected 2'-deoxynucleosides (dA,
dC, dG, and T), ribonucleosides (A, C, G, and U). To obtain the desired
oligonucleotide, the building blocks are sequentially coupled to the growing

oligonucleotide chain in the order required by the sequence of the product. Upon
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completion of the chain assembly, the product is released from the solid phase to

solution, deprotected, and collected.
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Scheme 10. Solid phase synthesis of DNA

A series of chimeric oligonucleotides (Table 6) containing one or two dimer blocks
incorporated at predetermined positions were synthesized using the phosphoramidite
approach on an automated Bioautomation MM4 DNA synthesizer. We used extended
coupling time for the modified dimer phosophoramidites 12a, 12b, 12¢ and 19 (Figure
45). The modifications are abbrivated as T-p.pro-T, T-L-pro-T, T-giy-T and T-D_pm-UZ"
OMe in modified oligonucleotides. Control 18mer oligonucleotide DNA1 chosen was
specific for the Splice correction of an aberrant f-globin intron (705 site). Chronic
myeloid leukemia (CML) is probably the most extensively studied human malignancy.
The discovery of the Philadelphia (Ph) chromosome in 1960 as the first consistent
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chromosomal abnormality associated with a specific type of leukemia was a
breakthrough in cancer biology.57 The control 19mer oligonucleotide DNA2 is the
antisense sequence for bcr/abl gene which is responsible for chronic myeloid
leukemia.”® To study the antisense activity modified ONs have been synthesized and are

listed in Table 6.
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12a 12b 12¢ 19

—Ou

Figure 45. Modified dimer phosphoramidite building blocks

2.3.2a Purification and MALDI-TOF characterization of modified oligomers

The synthesized oligonucleotides were cleaved from the solid support with conc.
NH4OH, lyophilized and desalted to get the crude oligonucleotides. The purity of the
oligomers listed in Table 6 was checked by analytical RP-HPLC (C18 column, 0.1 N
TEAA Buffer-acetonitrile) which showed more than 75-80% purity. These oligomers
were subsequently purified by reverse phase HPLC on a C18 column. The purity of the
oligomers was again ascertained by analytical RP-HPLC and found to be > 95%. Their
integrity was confirmed by MALDI-TOF mass spectrometric analysis. THAP (2.,4,6-
trihydroxy acetophenone) matrix with diammonium citrate as additive was used for
MALDI-TOF (matrix assisted laser desorption ionization time-of-flight) mass analysis
of oligomers. HPLC retention time and observed values of mass in MALDI-TOF

spectrometry are listed in Table 6.
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Table 6. List of Oligomers synthesized with their HPLC retention times and MALDI -

TOF values
Code Sequences HPLC Exp Obs
tr Mass Mass
(min)
ON1 | 5°CCT CTT ACC TCA GTp.prT ACA3’ 112 | 540065 | 5403.41
ON2 | 5°CCT CTT ACC TCA GTpproT ACA3’ 114 | 540065 | 5403.62
ON3 | 5°CCT CTT ACC TCA GTg,T ACA3 1.0 1536062 | 5354.46
ON4 | S’CCTCTTACCTCAGT UM ACA3 13.7 | 5416.64 | 54173,
ON5 | 5°CCT CTppreT ACC TCA GTp.preT ACA3’ 1.3 | 543174 | 542907
ON6 | 5°CCT CTopeeT ACC TCA GTypreT ACA3’ IL5 | 343174 | 5433.63
ON7 | 5°CCT CTg,y T ACC TCA GT,T ACA3’ 1121 535168 | 5341.43
ON8 | 5’GAA GGG CTT Tp.pre TG AAC TCT T3’ 108 1 5864.95 | 5866.67
ON9 | 5°GAA GGG CTT Typre TG AAC TCT T3 109 | 5864.95 | 5868.31
ON10 | 5°GAA GGG CTT Tg, TG AAC TCT T3’ 106 | 582491 | 5814.90
ON11 | 5’GAA GGG CTT TD_MUZ’OMe G AACTCT T3 131 588095 | 5880.57
ON12 | 5’GAA GGG CTD_MUZ’OMe T rDU”OMe G aactcr| ' 392803 1 5926.96

P
T3’

2.3.2b Synthesis of complementary oligonucleotides

The DNA oligonucleotides DNA1-DNA6 were synthesized on a Bioautomation

MM4 DNA synthesizer using standard f-cyanoethyl phophoramidate chemistry (Table

7). The oligomers were synthesized in the 3° to 5 direction on a polystyrene solid

support, followed by ammonia treatment. The oligonucleotides were desalted by gel

filtration; their purity ascertained by RP-HPLC on a C18 column was found to be more

than 95% and these were used without further purification in the biophysical studies of
T-(a-amino acid)-T/[JZ"OMe modified sequences. The RNA oligonucleotides RNA1-RNA4

were obtained commercially.
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Table 7. DNA/RNA oligonucleotides used in present work

Entry | Sequence(5’—3’) Type

DNA1 | 5’CCT CTT ACC TCA GTT ACA 3’ Control 18mer seq

DNA2 | 5° TGT AAC TGA GGT AAG AGG 3’ Complementary to 18mer seq
DNA3 | 5° TGT AAC TGA GGT ATG AGG ¥’ Mismatch to 18mer seq
DNA4 | 5GAA GGG CTTTTGAACTCT T 3’ Control 19mer seq

DNAS | 5’AAG AGT TCA AAAGCCCITC3® Complementary to 19mer seq
DNAG6 | 5’AAG AGT TCT AAAGCCCTITCZ3 Mismatch to 19mer seq
RNA1 | 5°UGU AAC UGA GGU AAG AGG 3’ Complementary to 18mer seq
RNA2 | 5’°UGU AAC UGC GGU AAG AGG 3’ Mismatch to 18mer seq
RNA3 | 5AAG AGU UCA AAA GCCCUU C 3’ Complementary to 19mer seq
RNA4 | 5AAG AGU UCU AAA GCCCUU C 3’ Mismatch to 19mer seq

2.3.3 Biophysical studies of T-(g.amino acia-T/U> "¢ modified oligomers

UV-T,, studies were carried out to investigate the effect of chiral amino acid that
replace the phosphodiester linker acids in the dimers, on the binding efficiency of the
modified oligomers to complementary DNA and RNA sequences. The T, experiments
of duplexes were carried out in 10 mM sodium phosphate buffer (pH 7.2) containing
100 mM NaCl and 0.1 mM EDTA. Chimeric DNA oligonucleotides were individually
hybridized with the complementary DNA and RNA strands, to obtain duplexes.

2.3.3a UV-Ty, of T-(g.amino aciay-T/U> " °M¢ modified 18mer oligonucleotides

The binding affinity of 18mer chimeric ONs (ON2-ONS8) with complementary DNA
and RNA was investigated by measuring the melting temperatures (7,,,) of the duplexes
and the results are summarized in Table 8. The unmodified 18 mer DNA1 sequence
forms complexes with complementary DNA2 and RNA1 with higher melting
temperature for DNA:RNA complex over DNA:DNA (A T,,= +3.8 °C, Table 8§, entry 1).
Oligomer ON1 bearing single T-p.proline-T dimer unit towards 3’-end was found to have
affinity with DNA and RNA similar to the unmodified oligomers (A7, = -1.1°C, Table

8, entry 2). In comparison, T-L proiine-T dimer-bearing oligomer ON2 destabilized the

105



duplexes (AT,, = -5-6°C, Table 8, entry 3). The T-Giycine-T dimer-bearing oligomer ON3
was less destabilized the duplexes (AT, = -2.2-3.2°C, Table 8, entry 4) as compared to
T-L-proline-T dimer modified oligonucleotide. The ON4:DNA2 and ON4:RNA1 duplexes
were slightly destabilized (A7m = -1.3 and -1.4 °C respectively, Table 8, entry 5) and

this could be because of the incorporation of uridine in place of thymidine.”

Table 8. Ty, (°C) values of 18mer chimeric ONs with complementary DNA/RNA

duplexes
Ent Sequences UV-T,°C (AT, °0)
ry
DNA2 RNA1

1 DNAI 52.8 56.6
5°CCT CTT ACC TCA GTT ACA3’

2 ON1 52.4 (-0.4) 55.5(-1.1)
5’CCT CTT ACC TCA GTppreT ACA3

3 ON2 47.8 (-5.0) 51.5(-5.1)
5’CCT CTT ACC TCA GTipeT ACAY

4 | ON3 49.6 (-3.2) 54.4(2.2)
5’CCT CTT ACC TCA GTg,y T ACA3

5 | ON4 , 51.5(-1.3) 552 (-1.4)
5’CCT CTT ACC TCA GTppr U7 ™ ACA3’

6 | ON5 472 (-5.6) 53.2(-3.4)
5’CCT CTp.preT ACC TCA GTp.preT ACA3’

7 | ON6 40.3 (-12.5) 43.5(-13.1)
5’CCT CTrproT ACC TCA GTypre T ACA3’

8 | ON7 473 (-5.5) 48.8 (-7.8)
5’CCT CTey T ACC TCA GT T ACA3Y

DNA2=5" TGT AAC TGA GGT AAG AGG 3’; RNA1 = 5°UGU AAC UGA GGU AAG AGG 3’, T, =
melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of T-(,.
amino aciay-T/U? ¢ modified ONs:DNA/RNA complexes. The values reported here are the average of 3
independent experiments and are accurate to £1.0°C. A T, = T - Toncontrol)

Incorporation of two units of the modified dimers (ON5-ON7, Table 8, entries 6-8)
were found to destabilize the duplexes, however the degree of destabilization was less
with complementary RNAT in case of T-p.proline-T modified oligomers ONS (AT, =-3.4
°C, Table 8, entry 6) as compared to T-1 proline-1T modified ON6 (AT, = -13.1 °C, Table
8, entry 7) and T-giycine-T modified oligomer ON7 (AT, = -13.1 °C, Table 8, entry 8).
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Figure 46: Melting curves for ON1-ON4 oligomers with complementary DNA/RNA
and corresponding first derivative curves.
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The thermal stabilities of T-(g-amino aCid)-T/UT’OI\/Ie oligonucleotides ON1-ON7 with
DNA3 and RNA3 containing single mismatch in the sequence were studied (Table 9).
For oligonucleotides ON1-ON4, the decrease of binding affinity was 8.4 °C, 7.9 °C, 8.2
°C and 7.9 °C respectively when they are hybridized mismatch DNA3 (Table 9, entries
2-5). Increase in destabilization is more (9 °C to 12 °C), when we studied the binding
with single base mismatch RNA2 (Table 9, entries 2-5). For ONS5, 6 and 7 having
double modifications, there was a decrease of UV-melting temperature 10.9 °C, 10.8 °C
and 12.4 °C respectively with the single base mismatch RNA 2 (Table 9, entries 6-8).
The destabilization is less when they hybridized with single base mismatch DNA3 (6.5
to 8.5 °C, Table 9, entries 6-8). These results clearly indicate that these chimeric
oligonucleotides hybridize with their complementary DNA/RNA through Watson-Crick
H-bonding.

Table 9. T, (°C) values of 18mer chimeric ONs with mismatch complementary

DNA/RNA

Entry Sequence UV-T, °C
DNA3 RNA2

1 DNALI 45.2(-7.6) 46.2 (-10.4)
5’CCT CTT ACC TCA GTT ACA3’

2 ON1 44.0 (-8.4) 44.8 (-10.7)
5’CCT CTT ACC TCA GTp.proT ACA3’

3 ON2 39.9(-7.9) 40.6 (-10.9)
5’CCT CTT ACC TCA GTy T ACA3’

4 ON3 41.49 (-8.2) 42.3 (-12.1)
5’CCT CTT ACC TCA GTg, T ACA3

5 ON4 43.6 (-7.9) 45.7 (-9.5)
5°CCT CTT ACC TCA GTp, U™ ACA3

6 ONS 40.7 (-6.5) 42.3 (-10.9)
5’CCT CTp.preT ACC TCA GTp.pre T ACA3’

7 ON6 32.0(-8.3) 32.7(-10.8)
5’CCT CTipreT ACC TCA GTypproT ACA3’

8 ON7 40.5 (-6.8) 36.4 (-12.4)
5’CCT CTgy T ACC TCA GTg, T ACA3

DNA3=5" TGT AAC TGA GGT ATG AGG 3’; RNA2 = 5’'UGU AAC UGC GGU AAG AGG 3°, T, =
melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of T-(,.
amino acid)-TfUT'OMc modified ONs:mismatch DNA/RNA complexes. The values reported here are the
average of 3 independent experiments and are accurate to +1.0°C. Values in the parentheses denote the
difference in the 7}, due to mismatch in the DNA/RNA sequence.
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2.3.3b UV-Ty, of T-(g-amino aciay-T/U> "°™¢ modified 19mer oligonucleotides

The T-(g-amino aci)-T/U” ™€ dimers were also incorporated into a 19mer oligonucleotide

sequence to study the effect on binding affinity and the results are tabulated in Table 10.

Table 10. T}, (°C) values of 19mer chimeric ONs with complementary DNA/RNA

Entry Sequences UV-T, °C
(ATn°C)
DNAS RNA3
1 DNA4 55.9 56.5
5°GAA GGG CTT TTG AAC TCT T3’ - -
2 ON8 56.5 56.0
5°GAA GGG CTT T-p.p,, TG AAC TCT T3’ (+0.6) (-0.5)
3 ON9 50.9 50.7
5’GAA GGG CTT T-1_p;-T G AAC TCT T3’ (-5.0) (-5.8)
4 ON10 53.5 53.1
5’GAA GGG CTT T-,-T G AAC TCT T3 (-2.4) (-3.4)
5 ON11 , 54.5 54.3
5’GAA GGG CTTT-_ U¥°Me G AAC TCT T3’ (-1.4) (-1.7)
6 ON12 50.5 50.2
5’GAA GGG CT- JUTOMe T UPMe G AAC TCT T3’ (-5.4) (-6.3)
-Pro -pro

DNA5=5"AAG AGT TCA AAA GCC CTT C 3’; RNA3 =5 AAG AGUUCA AAAGCCCUUC 3, T,
= melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of T-
(a-amino acid)-T/UT'OMe modified ONs:DNA/RNA complexes. The values reported here are the average of 3
independent experiments and are accurate to £1.0°C. A T, = T - Toncontrol)

The unmodified 19mer DNA4 sequence forms complexes with complementary DNAS
and RNA3 with nearly similar melting temperature (Table 10, entry 1). The duplexes of
ONS8 with single modified dimer block having D-proline (Table 10, entry 2) showed
binding with complementary DNAS and RNA3 (A7, = +0.6 °C and -0.5 °C
respectively, Table 10, entry 2) as good as the control sequence. The ON9 modified
with T-L proline-T dimer showed destabilization of the duplexes both with DNAS and
RNA3 (ATy= -5 and -5.8 °C respectively, Table 10, entry 3). The T-Giycine-T modified
ON10 also showed little destabilization both with DNAS (AT, = -2.4 °C, Table 10,
entry 4) and RNA3 (AT, = -3.4 °C, Table 10, entry 4), but the degree of destabilization
was less as compared to ON9. Introduction of a single T-p.proline-U” °™ dimer unit in
ON11 (Table 10, entry 5), showed a destabilization of 1.4 °C and 1.7 °C with
complementary DNAS and RNA3 respectively. A cumulative effect was observed in
destabilization in the ON12:DNAS5/RNA3 when two units of T-D_pm]ine-Ur'OMe dimer
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units were incorporated (Table 10, entry 6). Overall, in ON9-ON12 showed more
destabilization with RNA as compared to DNA.
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The thermal stabilities of T-(-amino acid)-T/Uz"OMe oligonucleotides ON8-ON11 with

DNAG6 and RNA4 containing single mismatch in the middle of sequence were studied
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(Table 11, entries 2-5). Oligomer with either D-proline or glycine containing dimer
which stabilizes duplexes with DNA and RNA, showed discrimination in mismatch
binding studies with both single mismatch DNA6 and RNA4 with destabilization of 6
°Cto 9 °C (Table 11, entry 2, 4 and 5). Melting studies indicate that single modified T-
D-proline- 1 sequences showed better binding to DNA and RNA as compared to T-1 _proline-

T and T-giycine-T modified oligomers.

Table 11. T, (°C) values of 19mer chimeric ONs with mismatch complementary

DNA/RNA

Entry | Sequences UV-T, °C
DNAG RNA4

1 DNA4 50.3 48.3

5’GAA GGG CTT TTG AAC TCT T3’ (-5.6) (-8.2)
2 ON8 50.4 48.7

5°GAA GGG CTT T-p.p,, TG AAC TCT T3’ (-6.1) (-7.3)
3 ON9 477 47.9

5°GAA GGG CTT T-1pre-T G AAC TCT T3’ (-3.2) (-2.8)
4 ON10 47.0 46.1

5’GAA GGG CTT T-gy-T G AAC TCT T3’ (-6.5) (-7.0)
5 ON11 45.6 47.0

5’GAA GGG CTTT- U¥°MeG AAC TCT T3’ (-8.9) (-7.3)

-Pro

DNA6=5"AAG AGT TCT AAA GCC CTT C 3’; RNA4 = 5’AAG AGU UCU AAA GCCCUUC 3’, T,
= melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of T-
(a-amino aCwn-T/UT'OMe modified ONs with mismatch DNA/RNA complexes. The values reported here are
the average of 3 independent experiments and are accurate to +£1.0°C. Values in the parentheses denote
the difference in the 7}, due to mismatch in the DNA/RNA sequence.

In summary, incorporation of the single dimer block containing D-Proline was found to
be well accommodated in DNA:DNA and DNA:RNA duplexes as there no change in
the UV-T;, values was observed (Table 8, entry 2 and 5 and Table 10, entry 2 and 5).
Incorporation of second dimer block caused destabilization of duplexes, in most cases
(Table 8, entry 6-8 and Table 10, entry 6). The intermittent replacement of the
phosphodiester linkages probably causes discontinuity of the backbone structures,
further destabilizing the duplexes. It is therefore necessary to study the fully amide

linked backbone modified sequences with amino acids as internucleoside linker.
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2.3.4 Summary

1. CD studies at the dimer level showed that D-Proline containing-dimer is well

stacked as compared to L-Proline- or Glycine-containing dimers.

2. The stacking interactions in D-Proline and L-Proline containing dimers could be

arising from differently adopted conformations due to opposite chirality of the linker.

3. L-Lysine and D-Lysine dimers didnot show any drastic change in CD pattern due to

opposite chirality as observed in case of D-Proline and L-Proline.

4. Chiral amide-linked dimers were incorporated into the DNA backbone by partial

replacement of selected phosphodiester linkages.

5. The UV-T,, data shows that the dimer block having D-Proline as an internucleoside
linker in the DNA backbone to stabilizes the ON:DNA and ON:RNA complexes better

than L-Proline or glycine.
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2.4 Experimental

General: All the reagents were purchased from Sigma-Aldrich and used without
purification. DMF, CH3CN were dried over P,Os and CaH; respectively and stored
by adding 4 A molecular sieves. Pyridine, TEA were dried over KOH and stored by
adding KOH. THF was passed over basic alumina and dried by distillation over
sodium. Analytical TLCs were performed on Merck 5554 silica 60 aluminium
sheets. Column chromatography was performed for purification of compounds on
silica gel (60-120 mesh, Merck). TLCs were performed using dichloromethane-
methanol or petroleum ether-ethyl acetate solvent systems. Visualization was
accomplished with UV light and/or by spraying with perchloric acid reagent and
heating. 'H and >C NMR spectra were obtained using Bruker ACF 200 (200 MHz)
or 400 (400 MHz) spectrometers and all the chemical shifts (8/ppm) are referred to
internal TMS/DMSO-ds for 'H and chloroform-d/DMSO-ds for °C NMR. '"H NMR
data are reported in the order of chemical shift, multiplicity (s, singlet; d, doublet; t,
triplet; br, broad; br s, broad singlet; m, multiplet and/ or multiple resonance),
number of protons. Mass spectra were recorded on Thermo Finnigan Surveyor MS-
Q spectrometer, while HRMS was recorded by using a Micromass Q-Tof micro
(YA-105) spectrometer. RP-HPLC was carried out on a C18 column using Waters
system (Waters Delta 600e quaternary solvent delivery system and 2998 photodiode
array detector and Empower2 chromatography software). MALDI-TOF spectra were
recorded on a Voyager-De-STR (Applied Biosystems) MALDI-TOF instrument. UV
experiments were performed on a Varian Cary 300 UV-VIS spectrophotometer fitted

with a Peltier-controlled temperature programmer and a water circulator.

Section 1
3’-Azido-5’-0-(4, 4’-dimethoxytrityl)-3’-deoxythymidine (2)

A mixture of Azidothymidine 1 (1 g, 3.74 mmol), dimethoxytrityl chloride (1.52 g, 4.49
mmol), DMAP (catalytic amount), triethyl amine (2.61 mL, 18.7 mmol) in 8§ mL
o anhydrous pyridine was stirred at RT for 3 h. Pyridine was

\fj\/’t removed in vacuo and residue dissolved in 100 mL of ethyl

acetate. The organic layer was washed with 10% NaHCOs3
: solution (2 x 15mL) followed by water (2 x 30 mL). The organic

layer was dried over anhydrous Na,SO4 and concentrated to
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dryness. Column purification using 1% methanol-dichloromethane gave compound 2

(1.82 g, 90 %) as yellow foam.

"H NMR (200MHz, CDCL3): 8.68 (bs, 1H), 7.60 (s, 1H), 7.24-7.43 (m, 10H), 6.83-6.87
(d, 4H), 6.26 (t, J=6.44 Hz, 1H), 4.34 (q, 1H), 3.97 (m, 1H), 3.8 (s, 6H), 3.54-3.60 (m,
1H), 3.39-3.35 (m, 1H), 2.44 (m, 2H), 1.49 (s, 3H); *C NMR (50MHz, CDCl;): 163.7,
158.7, 150.2, 144.1, 135.1, 130.0, 128.0, 127.1, 113.3, 111.3, 87.0, 84.4, 83.4, 62.7,
60.5,55.2,37.9, 11.8; MS (EI) m/z 569.2274, found 592.50 (M+ Na").

3’-Amino-5’-O-(4, 4’-dimethoxytrityl)-3’-deoxythymidine (3)

o A mixture of 3’-azido-5’-O-(4, 4’-dimethoxytrityl)-3’-
\f‘\NH deoxythymidine 1 (1.8 g, 3.16 mmol) and 10% palladium on
o. N "0 charcoal (0.180 g) in 10 mL ethyl acetate was stirred under
DMTO/\Q/ .

: hydrogen atmosphere (40 psi) at room temperature for 4 h. The

HoN
= reaction mixture was filtered through celite and the solvent was
evaporated in vacuo to give 3’-amino-5’-0O-(4, 4’-dimethoxytrityl)-3’-deoxythymidine 3

(1.46 g, 85% ) as yellow foam.

"H NMR (200MHz, CDCl;): 7.60 (s, 1H), 7.27-7.44 (m, 10H), 6.82-6.86 (d, 4H), 6.28
(t, J/=5.67 Hz, 1H), 3.78 (8H, singlet for 6H merged with other 2H), 3.33-3.59 (m, 2H),
2.23-2.36 (m, 2H), 1.50 (s, 3H).

5’-0-(4, 4’-dimethoxytrityl)-3’-[(N-Fmoc-L-prolyl)-amino|-3’-deoxythymidine (4a)

To N-Fmoc-L-proline (1.00 g, 2.96 mmol) in dry acetonitrile : dry DMF (4:1, SmL),
HBTU (1.34 g, 3.55 mmol), HOBt (0.20 g, 1.48 mmol) and diisopropyl ethyl amine
(1.52 mL, 8.89mmol) were added under nitrogen atmosphere. This reaction mixture was
allowed to stir for 15 min. 3’-Amino-5’-O-(4, 4’-dimethoxytrityl)-3’-deoxythymidine 3
(1.44 g, 2.66 mmol) dissolved in dry acetonitrile (5 ml) was added to the reaction
mixture and further stirred for 2 h. The reaction mixture was

\ELNH concentrated to dryness, dissolved in ethyl acetate (100 mL) and

| N/&O washed with 5% NaHCOj; solution (2 x 30 mL). The organic

DMTOX—J/ layer was dried over Na,SO4 and concentrated. Compound was
" 0 purified by column chromatography using 1.5-2.0% methanol in
N Emoc dichloromethane to afford 4a (1.78 g, 78%) as a pale yellow

4a foam.
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"H NMR (200MHz, CDCl3): 9.95 (s, 1H), 8.33 (s, 1H), 7.78 (s, 1H), 7.75 (s, 1H), 7.65
(m, 2H), 7.25-7.41 (m, 17 H), 6.81 (d, J=8.84 Hz, 4H), 6.63 (t, J=8.4 Hz, 1H), 4.70 (s,
1H), 4.54 (m, 1H), 4.18-4.32 (m, 2H), 4.05 (s, 1H), 3.78 (s, 6H), 3.40-3.57 (m, 4H),
2.40-2.60 (m, 1H), 2,26-2.40 (m, 1H), 2.06-2.23 (m, 2H), 1.93 (m, 2H), 1.70 (s, 3H);
MS (EI) m/z 862.3578, found 885.90 (M+Na").

5°-0-(4, 4’-dimethoxytrityl)-3’-[(N-Fmoc-D-prolyl)-amino]-3’-deoxythymidine (4b)

This compound was obtained in 82% yield as pale yellow foam by an analogous method
described above in the synthesis of 4a, except N-Fmoc-D-Proline as a-amino acid was

o utilized as the starting material.

| )N: '"H NMR (200MHz, CDCl;): 9.88 (s, 1H), 8.34 (s, 1H), 7.78 (s,
N (e}

DMTO“(_OJ/ 1H), 7.75 (s, 1H), 7.65 (m, 2H), 7.25-7.44 (m, 16H), 6.79-6.84 (d,
HN;O J=8.84 Hz, 4H), 6.63 (m, 1H), 4.69 (bs, 1H), 4.54 (m, 1H), 4.20-

@N' \ 4.32 (m, 2H), 4.05 (s, 1H), 3.78 (s, 6H), 3.40-3.57 (m, 4H), 2.49-

w 2.64 (m, 1H), 2.11-2.39 (m, 3H), 1.86-2.06 (m, 3H), 1.63 (s, 3H).

MS (EI) m/z 862.3578, found 885.87 (M+Na").
5°-0-(4, 4’-dimethoxytrityl)-3’-[(N-Fmoc-glycyl)-amino]-3’-deoxythymidine (4c)

This compound was obtained in 76% yield as pale yellow foam by

an analogous method described above in the synthesis of 4a,
\f:/t'o except N-Fmoc-Glycine as a-amino acid was utilized.
DMTOW 1
™ H NMR (200MHz, CDCls): 7.92 (s, 1H), 7.74 (s, 1H), 7.70 (s,
2:0 1H), 7.53 -7.62 (m, 3H), 7.19-7.40 (m, 15H), 6.77-6.82 (m, 4H),
AN oc 6.40 (dd, J=7.96, 5.68 Hz, 1H), 5.80 (bs, 1H), 4.71 (s, 1H), 4.37
dc (s, 1H), 4.34 (s, 1H), 4.01-4.19 (m, 2H), 3.87 (m, 2H), 3.74 (s,

6H), 3.41 (m, 2H), 2.38 (m, 2H), 1.35 (s, 3H). MS (EI) m/z 822.3265, found 845.87
(M+Na").

5’-0-(4, 4’-dimethoxytrityl)-3’-(aminoacyl-amino]-3’-deoxythymidine (5a, Sb and

5¢): Deprotection of Fmoc group, general procedure

5’-0-(4,4’-dimethoxytrityl)-3’-[(N-Fmoc-aminoacyl)-amino]-3’-deoxythymidine
4a/4b/4c (1.00 g) was dissolved in dry dichloromethane (10 mL). To it, diethyl amine

(10 mL) was added and the reaction mixture was allowed to stir for 45 min.
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Dichloromethane and diethyl amine were removed in vacuo and the residue co-distilled
with dichloromethane. Isolation of the product 5a/5b/5¢ with free amino group was
obtained by simple precipitation using petroleum ether and used in next coupling

reaction without further purification.

3’, 5°-di-O-(tert-butyldimethylsilyl)thymidine (7)

Thymidine 6 (1.0 g, 4.13 mmol) was dissolved in dry DMF (10 mL), then TBS-CI (1.49
g, 9.91mmol) and imidazole (1.40 g, 20.66 mmol) was added under nitrogen
atmosphere. The reaction mixture was stirred at room temperature for 6 h. DMF was
removed in vacuo. The residue was dissolved into ethyl acetate (100 mL), washed with
several portions of water, dried over Na,SO,4 and on concentration gave 7 (1.90 g, 95%)
as a white solid.
"H NMR (200MHz, CDCl;): 8.70 (bs, 1H), 7.49 (d, 1H,
\f?\/ti J=1.13Hz), 6.34 (dd, J=7.83, 5.81 Hz, 1H), 4.41 (m, 1H ), 3.94
o N"So (m,1H),3.77-3.86 (m, 2H), 2.20-2-31(m, 1H), 1.96-2.07 (m, 1H),
TBSOA@/ 1.92 (d, , J=1.13 Hz, 3H), 0.93 (s, 9H ), 0.90 (s, 9H), 0.12 (s, 6H ),
7850 , 0.08 (s, 6H); MS (EI) m/z 470.2732, found 471.46 (M+ H"),
493.45 (M+ Na").

3’-O-(tert-butyldimethylsilyl)thymidine (8)

Compound 7 (1.80 g, 3.82 mmol) was dissolved into 30 mL. methanol and Pyridinium-
p-toluene sulphonate (3.88 g, 15.28 mmol) was added. The reaction mixture was stirred
at room temperature for 20 hrs. The solvent was removed in vacuo. The residue was
dissolved into 50 mL of ethyl acetate, washed with water (3 x 25 mL) and then with
brine. The organic layer dried over Na,SO, and concentrated under reduced pressure.
The resulting residue was chromatographed on silica gel column. The product was
eluted with 30% ethyl acetate in petroleum ether to afford 8 (0.96 g, 70 %) as a white
solid.
'"H NMR (200MHz, CDCls): 9.01 (bs, 1H), 7.38 (d, , J=1.26 Hz,
Q 1H), 6.14 (t, J=6.82Hz, 1H), 4.49 (m, 1H), 3.71-3.95 (m, 3H), 2.78
\fk“‘” (bs, 1H ), 2.15-2.43 (m, 2H), 1.91 (d, J= 1.14 Hz, 3H), 0.89 (s, 9H),
HOAQ/ 0.09 (s, 6H); ®C NMR (50MHz, CDCl;): 164.0, 150.4, 137.0,
TBSO 110.9, 87.5, 86.7, 71.5, 61.8, 40.4, 25.6, 17.9, 12.4, -4.91; MS (EI)
m/z 356.1767, found 379.29 (M+ Na").
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3’-O-(tert-Butyldimethylsilyl)thymidine-4’-carboxylic acid (9)

o TEMPO (0.083 g, 0.53 mmol) and BAIB (1.89 g ,5.87 mmol ) were

. \f‘\/’\g added to the solution of 3’-O-(tert-butyldimethylsilyl)thymidine 8
HOWN © (0.950 g, 2.66 mmol) in 1:1 acetonitrile: water (15 mL). The
reaction mixture was allowed to stir at room temperature for 2 h.
Acetonitrile was removed in vacuo. The reaction mixture was
diluted with ethyl acetate (30 mL) and washed with several portions of water, dried over
Na,SO4 and concentrated. The resulting residue was triturated sequentially with diethyl
ether and acetone, filtered and dried in vacuo. The product obtained as white solid

(0.940 g, 95 %).

'"H NMR (200MHz, CDCI; + drop of DMSO-Dg): 9.46 (bs, 1H), 8.17 (s, 1H), 6.47 (dd,
J=9.35, 5.18 Hz, 1H), 4.56-4.56 (d, J/=4.17 Hz, 1H), 4.39 (s, 1H), 2.18-2.28 (dd, 1H,
J=13.26, 5.31 Hz, 1H), 1.90 (10H, singlet for 9H merged with multiplet for 1H), 0.10 (s,
3H), 0.08 (s, 3H); MS (EI) m/z 370.1360, found 393.79 (M+ Na").

Synthesis of 5’-O-DMT-T-(-protine-T- 3°-O-TBS dimer (10a)

0 To 3’-O-(tert-butyldimethylsilyl)thymidine-4’-carboxylic acid

| /’J\S 9 (0.43 g, 1.15 mmol) in dry acetonitrile (5 mL), HBTU (0.527
DMTOWN © g 1.39 mmol), HOBt (0.08 g, 0.57 mmol) and DIPEA (0.6 mL,
3.47 mmol) were added and stirred for 15 min. Compound Sa

HN o
Cf © \f‘\/tl (0.736 g, 1.15 mmol) dissolved in dry acetonitrile (5 mL) was
o
N\%/N O then added to the reaction mixture and further stirred at room

TBSO
10a

temp for 2 h. The reaction mixture was then concentrated to
dryness, dissolved in ethyl acetate (30 mL) and washed with
5% NaHCO; (10 mL x 2). The organic layer was dried over anhydrous Na,SO, and
concentrated. This was purified by column chromatography using 1.5 % MeOH:
CH,Cl, to get the product 10a (0.91 g, 80 %) as a white solid.

"H NMR (200MHz, CDCly): 8.40 (s, 1H), 7.75 (s, 1H), 7.67 (s, 1H), 7.25 -7.37 (m, 11
H), 6.80-6.84 (d, J=8.97 Hz, 4H), 6.58 (dd, J= 7.71, 5.05 Hz, 1H), 6.46 (dd, J=8.34,
5.81 Hz, 1H), 4.62-4.78 (m, 2H), 4.45-4.54 (m, 2H), 4.05 (s, 1H), 3.79 (s, 6H), 3.69 (m,
2H), 3.42-3.67 (m, 2H), 2.42-2.61 (m, 2H), 2.18-2.33 (m, 2H), 1.93-2.11 (m, 4H), 1.83
(s, 3H), 1.37 (s, 3H), 0.90 (s, 9H), 0.11 (s, 6H); MS (EI) m/z 992.4351, found
1016.3969 (M+H+Na").
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Synthesis of 5’-O-DMT-T-@p-proline)-T- 3’-O-TBS dimer (10b)

This compound was obtained in 82% yield as pale yellow foam by an analogous method

described above in the synthesis of 10a, except 5b was utilized as the starting material.

MS (EI) m/z 992.4351, found 1016.6978 (M+H"+Na").
Synthesis of 5°-O-DMT-T-Giycine)-T- 3’-O-TBS dimer (10c)

This compound was obtained in 82% yield as pale yellow foam by an analogous method
described above in the synthesis of 10a, except Sc¢ was utilized

as the starting material.

(6]
NH
N/go
'"H NMR (200MHz, CDCly): 7.72 (bs, 1H), 7.63 (bs, 2H),
o 7.36-7.41 (m, 2H), 7.20-7.29 (m, 7H), 6.82 (d, J=8.84 Hz, 4H),
\f:“‘”o 6.51 (t, J= 5.69, 8.21 Hz, 1H), 5.98 (m, 1H), 4.89-5.04 (m,
10c

\fL
DMTOW
HN
ezo
HN.P
%/ 1H), 4.77 (d, J= 4.45 Hz, 1H), 4.64 (s, 1H), 4.36 (s, 1H), 4.19

(s, 1H), 3.77 (s, 6H), 3.36 -3.68 (m, 3H), 2.42 (m, 2H), 2.02
(m, 2H), 1.87 (s, 3H), 1.40 (s, 3H), 0.90 (s, 9H), 0.15 (s, 3H),
0.13 (s, 3H); MS (EI) m/z 952.4038, found 977.535 (M+H+Na").

TBSO

Synthesis of 5°-O-DMT-T-(-proline)-T-3’-OH dimer (11a)

A solution of compound 10a (0.878 g, 1 mmol) and TBAF (0.394 g, 1.5 mmol) in
anhydrous THF (10 mL) was stirred at RT for 1 h. THF was removed in vacuo and the
0 residue redissolved in CH,Cl, (50mL). The solution was
| J\:' washed with water (2 x 20 mL). The organic layer was dried
DMTOWN ° over anhydrous Na,SO, and evaporated to dryness. Silica gel
™ o column chromatography gave pure product 11a (0.789 g, 84
o 0

\<(_7/ "H NMR (200MHz, CDCl3): 10.47 (s, 1H), 9.91 (s, 1H), 8.05
HO (s, 1H), 7.64 (s, 1H), 7.28 (m, 9H), 6.81 (d, J=8.84 Hz, 4H),
6.47 (t, J=6.44, 6.07 Hz), 6.30 (t, /=6.45, 5.81 Hz, 1H), 4.68 (m, 3H), 4.53 (m, 1H),
4.05 (s, 1H), 3.78 (s, 8H), 3.43 (m, 2H), 1.90-2.50 (m, 8H), 1.84 (s, 3H), 1.33 (s, 3H);

MS (EI) m/z 878.3487, found 901.7669 (M+Na").
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5’-O-DMT-T-(])-Pmline)-T- 3°-OH dimer (1 lb)

This compound was obtained in 72% yield as a white solid via desilylation of 10b

(following the procedure as described in the synthesis of 11a).

o "H NMR (500 MHz, D,0+drop of DMSO-Ds): 10.04 (bs, 2H),

\fL/N&H 8.41 (s, 1H), 7.53 (s, 1H), 7.38 (d, J=8.37 Hz, 2H), 6.85 (m,

DMTo/\@/N ©  4H), 7.27 (m, 7H), 6.36 (dd, J= 9.08, 5.23Hz, 1H), 6.23 (t,

J=6.53, 6.60 Hz, 1H), 5.84 (d, J = 3.54 Hz, 1H), 4.65 (s, 1H),

454 (m, 1H), 441 (s, 1H), 3.95 (s, 1H), 3.70 (s, 6H), 3.66 (m,

Ql °S lN)%o 1H), 3.56 (m, 1H), 3.31 (m, 1H), 3.16 (m, 1H), 2.35 (m, 1H),

K_VJ/ 2.05-2.23 (m, 3H), 1.86 (m, 3H), 1.77 (m, 1H), 1.56 (s, 3H),

HO 11b 137 (s, 3H); MS (EI) m/z 878.3487, found 902.3909
(M+H"+Na").

HN\\
(@]
=o

5’-O-DMT-T-(Glycine)-T-3’-OH dimer (11(!)

This compound was obtained in 73% yield as a white solid via

i desilylation of 10c (following the procedure as described in the
NH
| N/&O synthesis of 11a).
DMTOW
. o '"H NMR (200MHz, DMSO-Dg): 8.07 (s, 1H), 7.57 (s, 1H),
© 7.39 (d, J= 7.53 Hz, 2H), 7.27 (m, 7H), 6.90 (m, 4H), 6.39 (dd,

NH
”N%/lw)“o J=8.28, 6.52 Hz, 1H), 6.24 (t, J= 6.53 Hz, 1H), 5.67 (d, J=4.02
) Hz, 1H), 4.51 (m, 1H), 4.41 (s, 1H), 4.33 (s, 1H), 3.93 (s, 1H),
e 3.81 (dd, J= 16.57, 6.05 Hz, 1H), 3.73 (s, 6H and m, 1H
overlapping), 3.30 (m, 1H), 3.31 (m, 1H), 2.39 (m, 1H), 2.21 (m, 1H), 2.09 (m, 2H),
1.72 (s, 3H), 1.46 (s, 3H); MS (EI) m/z 838.3174, found 862.9564 (M+H +Na").

General procedure for the synthesis of phospharamidite derivatives of amino acid

linked dimers (12a, 12b, 12¢)

Compound 11a/11b/11¢ (1 mmol) was dissolved in dry DCM (10 mL) followed by the
addition of diisopropyl ethyl amine (0.42 mL, 2.5 mmol) and chloro (2-cyanoethoxy)
(N, Ndiisopropylamino)-phosphine (0.44 mL, 2 mmol) and the reaction mixture was
stirred at room temperature for 2 h. The contents were then diluted with dry DCM and
washed with 5% NaHCOs; solution. The organic phase was dried over anhydrous

Na,SO4 and concentrated to foam. The residue was dissolved in DCM and precipitated
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with hexane to obtain 12a/12b/12¢. The phosphoramidite

.
DMTO
/\S—f 12a/12b/12¢ was dried overnight over P,Os and KOH in a
HN
,_ =0 desiccator before applying on DNA synthesizer. TLC shows
< o

‘uN\<®/T two close moving spots for two diastereomers (Rf =0.5, 5 %

methanol-dichlromethane).

>\N'F,)\O/\/CN
A

12a,12b and 12¢
5’-0-(4, 4’-dimethoxy) trityl-T- -proline)-T-3’-O-(2-cyanoethyl-N, N’-
diisopropylphoshoramidate)-dimer (12a)
This compound was obtained in 80% yield starting from 11a.
P NMR (400MHz, CDCls) 6 150.28, 148.20
MS (EX) m/z 1078.4565, found 1101.71 (M+Na").
5’-0-(4, 4’-dimethoxy) trityl-T-p.-proline)-T-3’-O-(2-cyanoethyl-N, N-
diisopropylphoshoramidate)-dimer (12b)
This compound was obtained in 82% yield starting from 11b.
3P NMR (400MHz, CDCls) & 150.37, 148.44
MS (EI) m/z 1078.4565, found 1101.67 (M+Na").
5’-0-(4, 4-dimethoxy) trityl-T-(Giycine)-T-3’-O-(2-cyanoethyl-N, N-
diisopropylphoshoramidate)-dimer (12c¢)
This compound was obtained in 78% yield starting from 11c.
P NMR (400MHz, CDCl;) & 148.80, 148.28
General procedure for synthesis of 5°, 3> —OH free T-(-amino acia)-T (Ia, Ib, Ic)

H O/\(OJ/T The 5’-O-DMT-T-(g.amino acia)-T-3’-OH dimer 11a/11b/11¢ (0.2
< mmol) was dissolved in 3% dichloroacetic acid (5 mL) and 20

HN
%:O uL triisopropyl silane was added as scavenger. Reaction was

r~
NN stirred for % hr. The reaction mixture was concentrated and the
- o T L

product was recovered by successive trituration with acetone and
diethyl ether to afford Ia/Ib/Ic as a white solid in 63-65% yield.

"H NMR recorded in D,O on 400 MHz for these dimers and

HO

la, Iband lc values are reported in Table 1 in Section 1.
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5°, 3°—OH free T-(rproline-T (I2)

3C NMR (100MHz, CDCls): 173.9, 170.9, 169.8, 166.7, 151.9, 151.7, 137.8, 137.4,
111.3, 111.2, 85.9, 84.6, 84.0, 83.4, 73.4, 68.3, 60.7, 48.7, 47.6, 37.9, 36.1, 29.3, 24.6,
11.6, 11.5; MS (EI) m/z 576.2180, found 577.56 (M+H"), 599.55 (M+Na"); HRMS
(ESI) caled for Co5H33NgO1o: 577.2258 (M+H), found 577.2268.

5’, 3°~OH free T-p-protine)-T (Ib)

MS (EX) m/z 576.2180, found 577.48 (M+H"), 599.47 (M+Na");

HRMS (ESI) caled for CosHs3NgO1o: 577.2258 (M+H"), found 577.2263
5,, 3°—OH free T'(Glycine)'T (IC)

MS (EI) m/z 536.1867, found 537.44 (M+H"), 559.42 (M+Na");

HRMS (ESI) calcd for CsH2sNgO10: 537.1945 (M+H"), found 537.1969
Section 2
3’, 5°-di-O-(tert-butyldimethylsilyl)-2’-OMe-uridine (14)

This compound was obtained in 80% yield as a white solid by an analogous method
described above in the synthesis of 7, except 2’-OMe-uridine (13) was utilized as the

starting material.

o '"H NMR (200MHz, CDCls): 8.68 (s, 1H, exchanges with D,0),
EL)N: 8.05 (d, J= 8.08 Hz, 1H), 5.94 (d, J= 1.52 Hz, 1H), 5.74 (d, J=

N"So  8.08 Hz, 1H), 4.21-4.27 (m, 1H), 4.02-4.07 (m, 2H), 3.75-3.80 (m,
1H), 3.59-3.62 (m, 1H), 3.56 (s, 3H), 0.94 (s, 9H), 0.91 (s, 9H),
0.09-0.13 (s, 12H); *C NMR (50MHz, CDCl): 163.4, 150.1,
140.1, 101.9, 87.4, 84.3, 83.8, 68.4, 60.7, 58.2, 25.9, 25.7, 18.4,
18.1,-5.5,-5.4, -4.8, - 4.5; MS (EI) m/z 486.2581, found 509.29 (M+ Na").

O
TBSO

TBSO OMe

14

3°-O-(tert-butyldimethylsilyl)-2’-OMe-uridine (15)

This compound was obtained in 65% yield as a white solid by an analogous method
described above in the synthesis of 8, except 3’°, 5’-di-O-(tert-butyldimethylsilyl)-2’-

OMe-uridine (14) was utilized as the starting material.
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'"H NMR (200MHz, CDCls): 8.92 (s, 1H, exchanges with D,0),

w767 (d, J=8.09 Hz, 1H), 5.72 (d, J= 8.08 Hz, 1H), 5.62 (d, J= 4.04

| N/&O Hz, 1H), 4.36 (m, 1H), 3.95-4.08 (m, 3H), 3.76 (m, 1H), 3.49 (s,

3H), 2.74 (bs, 1H, exchanges with D,0), 0.94 (s, 9H), 0.12 (s, 6H);

BC NMR (50MHz, CDCls): 163.7, 150.3, 142.0, 102.2, 90.7, 85.2,

82.6, 69.4, 60.8, 58.4, 25.6, 18.0, -4.7, -4.8; MS (EI) m/z 372.1717,
found 395.08 (M+ Na").

o

O
HO

TBSO OMe

15

3’-O-(tert-butyldimethylsilyl)-2’-OMe-uridine-4’-carboxylic acid (16)

o This compound was obtained in 93% yield as a white solid by an

. | /'\J‘\\H analogous method described above in the synthesis of 9, except

o o N ° 3’-O-(tert-butyldimethylsilyl)-2’-OMe-uridine (15) was utilized as
1BSG  OMe the starting materials.

10 "H NMR (200MHz, CDCL3): 8.22 (d, J= 8.21 Hz, 1H), 6.11 (d, J=

6.07 Hz, 1H), 5.77 (d, J= 8.08 Hz, 1H), 4.46 (m, 1H), 4.38 (m, 1H), 3.72 (m, 1H), 3.40
(s, 3H), 0.91 (s, 9H), 0.12 (s, 6H); °C NMR (50MHz, CDCls): 172.8, 163.9, 150.6,
141.1, 102.8, 87.7, 87.6, 82.6, 73.1, 58.2, 25.4, 17.4, -5.05, -5.10; MS (EI) m/z
386.1509, found 385.23 (M" -1).

5°-ODMT-T-(p_proting-U> °M¢-3’>-OTBDMS (17)

0 To 3’-O-(tert-butyldimethylsilyl)-2’-OMe-uridine-4’-

[
DMTO/\C_?/N © mL), HBTU (0.44 g, 1.39 mmol), HOBt (0.08 g, 0.57 mmol)
and DIPEA (0.6 mL, 3.47 mmol) were added and stirred for 15

carboxylic acid 16 (0.44 g, 1.15 mmol) in dry acetonitrile (5

HN
o 9 . . .
@ fJ\NH min. Compound 5b (0.736 g, 1.15 mmol) dissolved in dry
NS N/J§ acetonitrile (5 mL) was then added to the reaction mixture and

A further stirred at room temp for 2 h. The reaction mixture was
TBSO OMe

17 then concentrated to dryness, dissolved in ethyl acetate (30 mL)

and washed with 5% NaHCOs; (10 mL x 2). The organic layer was dried over anhydrous
Na,SO4 and concentrated. This was purified by column chromatography using 1.3%

methanol in dichloromethane to get the product 17 (0.90 g, 78% %) as a white solid.

MS (EI) m/z 1008.4301, found 1031.60 (M+ Na").
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5°-ODMT-T-(p_proting-U> °M-3’-OH (18)

0 This compound was obtained in 75% yield as a white solid via

| I‘ desilylation of 17 (following the procedure as described in the
N0

DMTO”\/_OJ/ synthesis of 11a).
o

HN'
'H NMR (CDCls, 200MHz): 8.26 (b, 1H), 7.78 (bs, 1H), 7.69

_\:O
CL . ' \ EO (s, 1H), 7.40 (d, I= 7.83 Hz, 2H), 7.26-7.30 (m, 8H), 6.82-6.85
o (m, 4H), 6.65 (m, 1H), 5.96 (s, 1H), 5.55 (d, J= 8.07 Hz, 1H),
HG  OMe 4.88 (m, 1H), 4.68 (m, 1H), 4.61 (m, 1H), 441 (t, J= 6.36 Hz,
: 1H), 4.05 (m, 2H), 3.77 (s, 6H), 3.65-3.74 (m, 2H), 3.58 (s, 3H),
3.40-3.47 (m, 2H), 2.48 (m, 1H), 2.23-2.36 (m, 2H), 2.11-2.16 (m, 2H), 1.97 (m, 1H),
1.23 (s, 3H); MS (EI) m/z 894.3436, found 917.45 (M+ Na").

5-0-(4,  4’-dimethoxy)  trityl-T-p.proline-U> °V'-3’-0-(2-cyanoethyl-N,  N-
diisopropylphoshoramidate)-dimer (19)

This compound was obtained in 72% yield as white solid by an analogous method
described above in the synthesis of 12a-12¢, except 18 was utilized as the starting

material.
3P NMR (400MHz, CDCLy): 151.27, 149.91.
Synthesis of 5°, 3’-free T-p_proliney-U> °™¢ dimer (20)

Compound 20 was obtained in 70 % yield as a white solid by an analogous method

described above in the synthesis of Ia-I¢, except 18 was utilized as the starting material.

"H NMR (400MHz, D,0): 8.24 (d, /=8.28 Hz, 1H), 7.68 (s, 1H),
| /,\l: 6.22 (dd, /= 5.8, 7.0 Hz, 1H), 6.15 (d, J= 5.02 Hz, 1H), 5.88 (d,
o. N 7o  J=8.08 Hz, 1H), 4.92 (d, /= 4.02 Hz, 1H), 4.57 (d, J= 4.26 Hz,
HOA&Y 1H), 4.48-4.53 (m, 1H), 4.39 (m, 1H), 4.00-4.06 (m, 2H), 3.85-
H,j\:o i 3.89 (m, 1H), 3.71-3.81 (m, 3H), 3.48 (s, 3H), 2.27-2.49 (m, 3H),
ON ° ﬁ/r\ll:o 1.90-2.05 (m, 3H), 1.88 (s, 3H); *C NMR (100MHz, CDCly):
o 173.9, 169.2, 167.3, 166.8, 152.5, 151.8, 141.6, 137.4, 111.3,
102.4, 87.3, 84.6, 83.9, 82.5, 81.1, 70.7, 61.0, 60.7, 58.0, 48.6,
47.7,36.1, 28.3, 24.4, 11.5 (extra peaks at 171.1 and 68.3 counts
for dichloroacetic acid). MS (EI) m/z 592.2129, found 615.17 (M+ Na"); HRMS (ESI)
caled for Co5H33NgOq1: 593.2207 (M+H+), found 593.2196.

o

HC§ OMe
20
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N? -Trifluoroacetyl-L-Lysine (23)

COOH A solution of L-Lysine 21 (2 g, 10.92 mmol) in 7.64 mL of
FaCJ\H nn, Water and 4N aqueous sodium hydroxide (10.92 mmol) was

23 cooled to about 5°C. To this solution (pH 10.4) ethyl
trifluoroacetate (1.308 mL, 10.92 mL) was rapidly added with fast stirring. After the
addition, the stirring was continued for two hours while maintaining inner temperature
5°C. Finally the reaction mixture was filtered and washed with chilled water (50 mL)

and 20 mL 99.5% ethanol. The resulting solid was desiccated overnight to give white

powdery solid (1.62 g, 78%) with a trace amount of unreacted L-Lysine.

"H NMR (200MHz, D,0): 3.59 (t, 1H), 3.20 (t, 2H), 1.71 (m, 2H), 1.50 (m, 2H), 1.30
(m, 2H); *C NMR (50MHz, CDCLy): 174.7, 158.4, 118.6, 54.5, 39.3, 29.9, 27.3, 21.6;
MS (EI) m/z 242.0878, found 242.95 (M).

N%Alloc-N* -Trifluoroacetyl-L-Lysine (25)

Allyl chloroformate (0.406 mL, 4.54 mmol) was added

o COOH
F3CJ\H NH slowly to a stirred solution of N° -Trifluoroacetyl-L-
02\0/\% Lysine (1 g, 4.13 mmol) and sodium carbonate (1.31 g,

25
12.39 mmol) in water (25 mL) at 0°C. The mixture was

stirred for 12h during which time it was allowed to slowly attain room temperature. The
reaction mixture was washed with ethyl acetate and the separated aqueous phase was
acidified by addition of conc HCI. The resulting suspension was extracted with 2 %
methanol in ethyl acetate two to three times. Ethyl acetate layer combined together
dried over sodium sulphate and concentrated to afford N*-Alloc-N° -Trifluoroacetyl-L-

Lysine 25 (1.07 g, 80 %) as white solid.

'H NMR (200MHz, CDCls): 6.68 (b, 1H), 5.90 (m, 1H), 5.21-5.40 (m, 2H), 4.60 (d, J=
5.56 Hz, 2H), 4.41 (m, 1H), 3.33-3.43 (dd, J= 12.88, 6.57 Hz, 2H), 1.40-1.99 (m, 6H);
13C NMR (50MHz, CDCls): 174.5, 158.0, 156.3, 132.3, 118.6, 117.8, 65.8, 53.2, 39.4,
31.8,27.7, 22.1.

N? -Trifluoroacetyl-D-Lysine (24)

N°® -Trifluoroacetyl-D-Lysine 24 was obtained in 78% yield as a white solid starting

from D-Lysine 22 by an analogous method described for compound 23.
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N%Alloc-N° -Trifluoroacetyl-D-Lysine (26)

N°-Trifluoroacetyl-D-Lysine 26 was obtained in 81% yield as a white solid starting
from N*-Trifluoroacetyl-D-Lysine 24 by an analogous method described for compound
25.

5°-0-(4, 4’-dimethoxytrityl)-3’-[(N’-Alloc-N*-Trifluoroacetyl-L-Lysyl)-amino]-3’-
deoxythymidine (27)

To N®Alloc-N°*-Trifluoroacetyl-L-Lysine 25 (1.00 g,

\fLNH 2.92 mmol) in dry acetonitrile : dry DMF (4:1, S5SmL),

TBTU (1.12 g, 3.50 mmol), HOBt (0.197 g, 1.46 mmol)

DMTO/UN ’ and diisopropyl ethyl amine (1.51 mL, 8.76 mmol) were

FsC N o added under nitrogen atmosphere. This reaction mixture

o . NHAlloc was allowed to stir for 15 min. 3’-Amino-5’-O-(4, 4’-

dimethoxytrityl)-3’-deoxythymidine 3 (1.42 g, 2.62

mmol) dissolved in dry acetonitrile (5 ml) was added to the reaction mixture and further

stirred for 2 h. The reaction mixture was concentrated to dryness, dissolved in ethyl

acetate (100 mL) and washed with 5% NaHCOj solution (2 x 30 mL). The organic layer

was dried over Na,SO4 and concentrated. Compound was purified by column

chromatography using 35% ethyl acetate in petroleum ether to afford 27 (1.78 g, 80%)

as a pale yellow foam.

"H NMR (200MHz, CDCl;): 8.03 (bs, 1H), 7.64 (s, 1H), 7.37 (m, 2H), 7.21-7.27 (m,
8H), 6.79 (m, 4H), 6.46 (m, 1H), 5.80-5.92 (m, 1H), 5.70 (m, 1H), 5.25 (d, J= 17.07 Hz,
1H), 5.17 (d, J= 10.29 Hz, 1H), 4.72 (m, 1H), 4.50-4.57 (m, 2H), 4.17 (m, 1H), 3.98 (s,
1H), 3.77 (s, 6H), 3.25-3.30 (m, 2H), 3.17 (m, 1H), 2.47-2.52 (m, 1H), 2.27-2.32 (m,
1H), 1.69-1.77 (m, 1H), 1.52-1.65 (m, 3H), 1.33 (s, 3H); *C NMR (100MHz, CDCl;):
172.1, 164.0, 158.6, 156.4, 151.4, 144.1, 135.5, 135.2, 135.1, 132.2, 130.1, 129.0,
128.1, 127.9, 127.1, 118.1, 113.2, 112.2, 87.0, 85.3, 84.2, 66.1, 64.1, 55.2, 54.1, 51.4,
39.4,38.5,31.9,27.9,22.3, 11.3; MS (EI) m/z 851.3353, found 874.37 (M+Na").

5°-0-(4,4’-dimethoxytrityl)-3’-[(N*-Alloc-N*-Trifluoroacetyl-D-Lysyl)-amino]-3’-
deoxythymidine (28)

Compound 28 was obtained in 80% yield as a pale yellow foam by an analogous
method described for compound 27, except N*-Alloc-N*-Trifluoroacetyl-D-Lysine 26

was utilized as starting material
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o H NMR (200MHz, CDCl3): 7.90 (bs, 1H), 7.62 (s, 1H),
\ﬁr 7.39 (m, 2H), 7.22-7.29 (m, 8H), 6.81 (d, J= 8.78 Hz,
WN 0 4H), 6.41 (m, 1H), 5.85 (m, 1H), 5.57 (m, 1H), 5.24 (d,
J=17.32 Hz, 1H), 5.18 (d, J= 10.29 Hz, 1H), 4.81 (m,
PO NN 1H), 4.51-4.57 (m, 2H), 4.18 (m, 1H), 3.97 (s, 1H), 3.78
© g NHAlloc (s, 6H), 3.31-3.45 (m, 3H), 3.17 (m, 1H), 2.43 (m, 1H),
2.29 (m, 1H), 1.84 (m, 2H), 1.51-1.68 (m, 3H), 1.35 (s, 3H). *C NMR (100MHz,
CDCly): 171.5, 163.8, 158.7, 156.3, 151.3, 144.2, 135.3, 135.3, 135.2, 132.2, 130.1,
129.1, 128.1, 127.9, 127.1, 118.0, 113.2, 113.1, 87.0, 84.7, 84.4, 66.2, 64.1, 55.2, 54.4,
50.8, 39.4, 38.5, 31.9, 28.1, 22.3, 11.6; MS (EI) m/z 851.3353, found 874.37 (M+Na").

DMTO

HN
H =0

5°-0-(4,4’-dimethoxytrityl)-3’-[(N*-Trifluoroacetyl-L-Lysyl)-amino]-3’-
deoxythymidine (29): Deprotection of Alloc group

5’-0-(4,4’-dimethoxytrityl)-3’-[(N*-Trifluoroacetyl-L-Lysyl)-amino]-3’-

deoxythymidine 27 (1.00 g, 1.17 mmol) was dissolved in dry dichloromethane (10 mL).
To it, DIPEA (0.8 mL, 8.22 mmol) and PPh; (0.215 g, 0.82 mmol) was added. To it
Pd(dba); (37 mg, 0.11 mmol) and the reaction mixture was allowed to stir for 2 h.
Dichloromethane and DIPEA were removed in vacuo and the residue co-distilled with
dichloromethane. Crude products were obtained in quantitative (80-82 % crude) yield
by trituration with diethyl ether and acetone. Upon drying in vacuo, a foamy solid was

obtained, that was used for the next reaction without further purification.

5°-0-(4,4’-dimethoxytrityl)-3’-[(N*-Trifluoroacetyl-D-Lysyl)-amino]-3’-
deoxythymidine (30)

This compound was obtained as a pale yellow foam by an analogous method described
above for synthesis of 29, except 5’-0-(4,4’-dimethoxytrityl)-3’-[(N*-Alloc-N*-

Trifluoroacetyl-D-Lysyl)-amino]-3’-deoxythymidine 28 was used as starting material.

Synthesis of 5° 'O'DMT'T'(Ns-Triﬂuoroacetyl-L-Lysine)'T' 3°-O-TBS dimer (3 1)

To 3’-O-(tert-butyldimethylsilyl)thymidine-4’-carboxylic acid 9 (0.37 g, 1 mmol) in dry
acetonitrile (5 mL), TBTU (0.385 g, 1.2 mmol), HOBt (67 mg, 0.5 mmol) and DIPEA
(0.51 mL, 3 mmol) were added and stirred for 15 min. Compound 29 (0.690 g, 0.9
mmol) dissolved in dry acetonitrile (5 mL) was then added to the reaction mixture and
further stirred at room temp for 2 h. The reaction mixture was then concentrated to
dryness, dissolved in ethyl acetate (30 mL) and washed with 5% NaHCOs; (10 mL x 2).
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o The ethyl acetate layer was dried over anhydrous
\f‘\NH Na,SO4 and concentrated. This was purified by column
DMTO/\CJ/N © chromatography using 1.5 % MeOH: CH,Cl, to get the

! HN 0 product 31 (0.724 g, 72 %) as a white solid.
F,C N o
¢
o. N0
OW

TBSG

MS (EI) m/z 1119.4596, found 1142.62 (M+ Na")

31

Synthesis of 5,'O'DMT'T'(NE-Triﬂuoroacetyl-D-Lysine)'T' 3’-O-TBS dimer (32)

Compound 32 was obtained in 73% yield as a white foam starting from 5’-O-(4,4’-
dimethoxytrityl)-3’-[(N*-Trifluoroacetyl-D-Lysyl)-amino]-3’-deoxythymidine (30) and
3’-O-(tert-butyldimethylsilyl)thymidine-4’-carboxylic acid 9 by an analogous method

described for compound 31.
MS (EI) m/z 1119.4596, found 1142.63 (M+ Na")

Synthesis of 5’-O-DMT-T-(NS_Triﬂuomacetyl_L_Lysine)-T- 3’-OH dimer (33) and 5°’-O-
DMT'T'(Ns-Triﬂuoroacetyl—D-Lysine)'T' 3’-OH dimer (34)

A solution of compound 31/ 32 (0.700 g, 0.62 mmol) and TBAF (0.93 mL, 0.93 mmol)
in anhydrous THF (10 mL) was stirred at RT for 1 h. THF was removed in vacuo and
the residue redissolved in CH,Cl, (50mL). The solution was washed with water (2 x 20
mL). The organic layer was dried over anhydrous Na,SO4 and evaporated to dryness.

Silica gel column chromatography using 2.5 % methanol in dichloromethane afford

pure product 33 (0.452 g, 72 %)/ 34 (0.438 g, 70 %) respectively.

5,'O'DIVIT'T'(NS-Triﬂuoroacetyl-L-Lysine)'T' 3’-OH dimer (33)

o "H NMR (400MHz, MeOH-D,): 7.99 (s, 1H), 7.77 (s,
\ij“: 1H), 7.46-7.50 (d, J= 7.09 Hz, 2H), 7.28-7.37 (m, 7H),

o) N (@]
DMTOXJ/ 6.87 (d, J= 8.71 Hz, 4H), 6.31-6.40 (m, 2H), 4.83 (m,

1H), 4.69 (m, 1H), 4.56 (m, 1H), 4.41 (m, 1H), 4.30-
V\Af \[‘L 437 (m, 1H), 4.09 (m, 1H), 3.79 (s, 6H), 3.47 (m,
)\(J/ 2H), 3.31 (m, 1H), 2.16-2.60 (m, 4H), 1.93 (m, 1H),

1.83 (s, 3H), 1.55-1.78 (m, 5H), 1.39 (s, 3H); MS (EI)
33 m/z 1005.3732, found 1028.54 (M+ Na").
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5,'O'DMT'T'(Ns-Triﬂuoroacetyl-D-Lysine)'T' 3’-OH dimer (34)

"H NMR (400MHz, MeOH-Dy): 7.96 (s, 1H), 7.75 (s,

\[L,hﬁ 1H), 7.48 (d, J= 7.09 Hz, 2H), 7.23-7.35 (m, 7H),

NNo  6.86-6.89 (d, J= 8.07 Hz, 4H), 6.31-6.37 (m, 2H),

DMTOW 4.83 (m, 1H), 4.57 (m, 1H), 4.40 (m, 1H), 4.32 (m,
FSCTH \(LN 1H), 4.09 (m, 1H), 3.79 (s, 6H), 3.46 (m, 2H), 3.30
o (m, 1H), 2.51 (m, 1H), 2.36-2.43 (m, 2H), 2.18-2.23

W (m, 1H), 1.83 (s, 3H), 1.68-1.80 (m, 2H), 1.61 (m,

2H), 1.46 (m, 1H), 1.40 (s, 3H); *C NMR (MeOH-

D4, 100MHz): 1742, 1729, 166.7, 166.6, 160.4,

160.3, 152.9, 152.5, 146.2, 139.9, 137.7, 136.9, 131.6, 131.5, 129.6, 129.1, 128.2,

114.3, 112.1, 111.9, 89.6, 88.2, 87.3, 85.9, 85.3, 75.8, 64.3, 55.8, 54.9 51.1, 40.5, 39.1,
38.9,32.8,29.6,24.2, 12.6, 12.2; MS (EI) m/z 1005.3732, found 1028.57 (M+ Na").

General procedure for the deprotection of DMT and Trifluoroacetyl group :

Synthesis of 5°, 3’>-OH free T-q. pLysine-T (37) and 5°, 3’-OH free T-p_Lysine)-T (38)

Compound 33/34 (0.200 g, 0.2 mmol) was dissolved in 3% dichloroacetic acid (5 mL)
and 20 uL triisopropyl silane was added as scavenger. Reaction was stirred for % hr.
The reaction mixture was concentrated. To the obtained solid 30 % aqg.ammonia
solution was added (5 mL) and the reaction was stirred for 1 hr. Reaction mixture was

concentrated and the product was recovered by successive trituration with acetone and

diethyl ether to afford 37/38 as a white solid in 70 % yield.

5’, 3’-OH free T-(-Lysine)-T (37)

9 "H NMR (400MHz, D,0): 7.74 (s, 1H), 7.68 (s, 1H), 6.27
\f‘\}: (dd, J=7.02, 6.78 Hz, 1H), 6.23 (dd, J= 7.03, 5.81 Hz 1H),

o) N (@]
Ho/\(_]/ 471 (m, 1H), 4.46-4.52 (m, 2H), 4.26 (m, 1H), 3.97 (m,
1H), 3.82-3.86 (m, 1H), 3.69-3.74 (m, 1H), 2.98 (t, J= 7.78

V\/\f \(‘LNH Hz, 2H), 2.35-2.58 (m, 4H), 1.88 (s, 6H), 1.80-1.84 (m,

W © 2H), 1.65-1.76 (m, 2H), 1.36-1.46 (s, 2H); “C NMR
(100MHz, CDClL): 173.5, 1722, 166.4, 151.6, 151.5,
a7 139.1, 137.5, 111.3, 111.0, 88.2, 85.0, 84.7, 83.9, 73.7,
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60.8, 53.8, 49.8, 39.1, 37.3, 36.1, 30.5, 26.3, 22.2, 11.52, 11.50; MS (EI) m/z 607.2602,
found 608.24 (M+ H"); HRMS (ESI) calcd for CH3sN7010: 608.2680 (M+H"), found
608.2658.

5’, 3°-OH free T'(D-Lysine)'T (38)

'"H NMR (400MHz, D,0): 7.78 (s, 1H), 7.69 (s, 1H),

\E?LNH 6.32 (dd, J= 7.03, 6.78 Hz, 1H), 6.22 (dd, J= 6.52, 6.27
. | “No  Hz, 1H), 471 (m, 1H), 4.47-4.52 (m, 2H), 4.27 (m, 1H),
”OAL]/ 4.04 (m, 1H), 3.83-3.87 (m, 1H), 3.72-3.76 (m, 1H), 2.98

HN:EO o (t, J=7.78 Hz, 2H), 2.30-2.56 (m, 4H), 1.89 (s, 3H), 1.87
HZN\/\/\;\IH \(LN” (s, 3H), 1.76-1.85 (m, 2H), 1.64-1.72 (m, 2H), 1.37-1.47
O)\(_O]/ ve (s, 2H); *C NMR (100MHz, CDCl): 173.3, 172.0,

HO 166.6, 166.3, 151.6, 151.5, 138.9, 137.3, 111.4, 111.2,

38 87.9, 85.0, 84.6, 83.7, 73.7, 60.8, 53.8, 49.0, 39.1, 37.4,

36.7, 30.4, 26.3, 22.0, 11.53, 11.50; MS (EI) m/z 607.2602, found 608.27 (M+ H");
HRMS (ESI) caled for CogH3sN7O10: 608.2680 (M+H"), found 608.2680.
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100 577.2268 1.68e3
451.1843
o | 730754 599.2089
21372 557.2819
371,1046 442.
158,084 214.0806 9002151 gg3 2070
522.1579 | | o
ottt b LU ksl o il bbbl L BT 8182137 sor.0415 0ss.2s08
100 200 300 400 500 500 700 800 900 E
-1.5
200.0 .0 100.0
Mass Calc. Mass mDa FEM DBE Score Formula
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Elemental Composition Report Page 1

Single Mass Analysis (displaying only valid results)

Tolerance = 10.0 PPM / DBE: min = -1.5, max = 100.0 Compound 20

Isotope cluster parameters: Separation = 1.0 Abundance = 1.0% Exp mass: 593.2207

Obs mass: 593.2196
Monoisotopic Mass, Odd and Even Electron lons

79 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)

Micromass : Q-Tof micro (YA-105) Dept. Of Chemistry |1.T.(B) 20-Jan-201211:11:02
C25H3ZNEO1
NCL-VAK-D (HO-T-D-PRO-U-OH) 10 (0.099) AM (Cen,5, 80.00, H1,5000.0,556.28,1.00); Sm (Md, 4.00); Cm (1:33) TOF MS ES+
4671778 4.68e3
100
: 615.2022
| 593.2196
%
468.1823 516.2084
I 371.1063 69.1878 | !51?.2123
oL 730761546767 2140192822620 71 : I 731.1233 N7 ININR s
100 200 300 400 500 600 700 800 900
Minimum: -1.5
Maximum: 200.0 10.0 100.0
Mass Calc. Mass mDa PEM DBE Score Formula
593.2196 593.2207 -1.1 -1.9 12.5 1 C25 H33 N6 011
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Elemental Composition Report Page 1
Single Mass Analysis (displaying only valid results)
Tolerance = 10.0 PPM / DBE: min =-1.5, max = 100.0

Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Compound 37
Exp mass: 608.2680
Obs mass: 608.2658

Monoisotopic Mass, Odd and Even Electron lons
83 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
20-Jan-201210:54:11

Micromass ; Q-Tof micro (YA-105) Dept. Of Chemistry LLT.(B)

C26H3TNTO10
NCL-VAK-E (HO-T-L-LYS-T-OH) 61 (0.605) AM (Cen,5, 80.00, Ht,5000.0,556.28,1.00); Sb (5,40.00 ); Cm (28:73) TOF M5 ES+
608.2658 6.49e3
100
* 609.2722
73.0753 S 8711041 445.1222 45 579 630.2512
T AT o TV L 0 | 7412032 8152130 880.2469 0642701
50 100 150 2(‘]0 250 300 350 400 450 500 550 600 650 700 750 800 B850 900 950
Minimum: -1.5
Maximum: 200.0 10.0 100.0
Mass Calc. Mass mDa PEM DBE Score Formula
608.2658 60B.2680 -2.2 -3.6 11.5 1 C26 H38 N7 010
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Elemental Composition Report Page 1

Compound 38
Exp mass: 608.2680
Obs mass: 608.2680

Single Mass Analysis (displaying only valid results)
Tolerance = 10.0 PPM / DBE: min =-1.5, max = 100.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons
83 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
20-Jan-201211:15:36

Micromass : Q-Tof micro (YA-105) Dept. Of Chemistry 1.1.T.(B)

C26H3TNTO10
NCL-VAK-F (HO-T-D-LYS-T-OH) 56 (0.554) AM (Cen,5, 80.00, Ht,5000.0,556.28,1.00); Sm (Mn, 2x4.00); Sb (5,40.00 ); Cm (1:62) TOF MS ES+
1.97ed
100 282.2802 )
i 8711048 445 1234
355.0727 609.2709
| 172 1064 446.1249 L
158.0288 24140010 860 630.2494
| fa“-? | l _ i'l \ 741.2008 B15.2201 889.23924 0532552
- e I T L A S T : : e Wuewe _o
100 200 300 400 500 600 T00 800 200
Minimum: =1.5
Mazximum: 200.0 10.0 100.0
Mass Cale. Mass mDa peM DBE Score Formula
60B.2680 G0B.2680 0.0 0.0 11.58 1 C2& HiIE N7 010
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HPLC

chromatogram of ON1 to ON4

0.08

0.061
5 0.04]
2

0.02

11.243

ON-1
5’CCT CTT ACC TCA GTppreT ACA3

—— T T T T T
7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00

Minutes

0.30q

0.20-

AU

0.10-

0.00

11.472

ON-2
5°CCT CTT ACC TCA GTypproT ACAZ’

0.00

0.50

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00
Minutes

0.40]
0.30

o

< 0.20]

0.10]

0.00—

11.09

ON-3
5’CCT CTT ACC TCA GTg,T ACA3’

I e e LA B A e s s A B A
8.00 9.00 10.00 11.00  12.00 13.00 14.00 15.00

Minutes

1.20]
1.00]
0.80]
2 0.60]
0.40]

0.207

13.797|

ON-4
5°CCT CTT ACC TCA GTp.preU* M
ACA3’

0.00

0.00

——— T T T T T T T T T T T T T T
12.00 14.00 16.00 18.00 20.00 22.00 24.00

Minutes

— T
8.00 10.00

167



HPLC

chromatogram of ON5-ONS
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HPLC chromatogram of ON9 to ON12
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MALDI TOF spectra of ON1-ON12
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Voyager Spec #1=>NF0.9=>NF0.9=>NF0.9[BP = 2716.5, 4925]
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Synthesis of all four Nucleoside-based-f3-
amino acid monomers for the synthesis of
polyamide-DNA with alternating a-amino

acid and nucleoside-p-aminoacids
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3.1 Introduction

Novel oligonucleotide (ON) analogues that can form stable duplexes or triplexes
with target nucleic acids are highly desired synthetic objectives because of their use as
therapeutic agents.' Various types of modified oligonucleotides® have been developed
over the last two decades as potential antisense and antigene agents. The more recent
developments such as splice correcting and exon skipping’ strategies require highly
robust nucleic acid analogues that are stable under physiological conditions as single
strands as well as in the form of duplexes with complementary RNA sequences. The
study of unnatural dephosphono nucleic acid oligomers would be highly beneficial for
siRNA applications as well.* This approach would maintain the chirality and 3°-5
directionality of the backbone, along with the enzymatic stability of the replaced
phosphate linkage by unnatural linker group. The replacement of the internucleoside
sugar—phosphate linkages by the robust amide,”® carbamate,” guanidino-'® linkages is
studied in the literature. The exploration of an amide bond for this purpose may be an
interesting choice because the well established solid phase peptide synthesis (SPPS)
methodology can be directly extended and could be advantageous as in case of synthesis
of peptide nucleic acids (PNA)** and analogues containing chiral o-amino acids.’*!
Several four- and five-atom amide-linked (6/7 atom repeating units) deoxyribo/ribo*’
ON analogues are studied till date, but the chemistry development in most instances has
been restricted to the synthesis of thymine (T-T dimers). The other dephosphono linkers
also have not been extensively explored for the synthesis of mixed purine-pyrimidine
sequences probably because of the difficulties encountered during the synthesis of
building blocks corresponding to all four nucleobases required for the synthesis of any
desired nucleobase sequence. In this chapter, we present the synthesis of all four
appropriately protected nucleoside based f-amino acids and their utility in the synthesis
of a model (a-amino acid + nucleoside-f-amino acid) tetrameric sequence of

dephosphono polyamide-DNA.

3.2 Rationale, Design and Objectives of the Present Work

The complete replacement of sugar phosphate backbone as in PNA has been
extremely successful® and has found advantages in diagnostic applications'' as well as
in splice correction antisense applications.” The development of cyclic, chiral analogues

of PNA containing 6/7-atom repeating units was an offshoot aimed at either getting
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better RNA selectivity as antisense agents, or directional selectivity for binding to
specific RNA sequences.® The relevant examples are those of pyrrolidine-based NA
analogues such as pyrrolidinyl'>/POM-PNA"® and bepPNA'* or those comprising prolyl-
aminopyrrolidine-2-carboxylic acid'® and prolyl-2-aminocyclopentanecarboxylic acid
(prolyl-ACPC  backbone) (Figure 1).'®'" The prolyl-ACPC backbone and its

' are the alternating o/ff amino acid backbone exhibited preferential

homologues
binding with complementary DNA. Initial work from our group was based on the
prolyl-ACPC backbone and in that case the alternating nucleoside-f-amino acids with
natural o-amino acids (Figure 1) gave rise to similar alternating o/f amino acid
backbone scaffolds using well-established peptide chemistry.'"® We studied thyminyl
homooligomer sequences in which thyminyl-f-amino acid was used in conjunction with

natural a-L-amino acids and found that these sequences displayed RNA selective

binding.

O HioH ~~ H'ﬂ\\~
DNA/RNA prolyl-(ACPC)-PNA (o + B)-amino acid

Figure 1: DNA/RNA and backbone alteration

The thyminyl-f-amino acids were also synthesized by others for synthesizing
phoshonamide internucleoside linkages '* and also for their use in sequences for studies
in foldamer chemistry.zo For our interests in synthesizing o + - amino acid backbone,
we further studied the effect of chirality of the a-amino acids by synthesizing the
thymine dimers linked with L-proline, D-proline and prochiral glycine units on base
stacking interactions.”' To further exploit this interesting backbone, synthesis of all four
natural nucleoside-based f-amino acids as building blocks was required. In this chapter,
we describe the first approach toward the synthesis of all four appropriately protected

natural nucleoside-based -amino acids (Figure 2) and show their utility in the synthesis
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of a model (a-amino acid + nucleoside-B-amino acid) tetrameric sequence of

dephosphono polyamide-DNA.

(o)

\81 \(tHBZ NHBz
" ONH SN /NﬁN /NﬁNH
i A o | Ao B o <N IN/J )ok@f" 'N/)\NHibu

NHTF NHTr NHTr

Figure 2. All four nucleoside based-f-amino acid

The specific objectives of this chapter are

1) Synthesis of all four trityl protected nucleoside -f3-amino acid.

i1) Solid phase synthesis of chimeric [a-amino acid + nucleoside --amino acid]
oligomer.

iii) Cleavage from the solid support and purification, characterization of the oligomer.
3.3 Methodology, Results and Discussion

In our earlier strategy, we used Fmoc protected 3°-deoxy-3’-aminothymidine as
nucleoside-B-amino acid monomer and rink amide resin as the solid support.'®
Exocyclic amino protection is not required for thymine nucleobase during oligomer
synthesis, and Fmoc strategy worked well. Also cleavage from the rink amide MBHA
resin requires strongly acidic conditions (TFA:TFMSA/20% TFA in DCM), which may
not be compatible for mixed base sequences containing purine nucleosides due to likely
depurination in strongly acidic medium. We decided to use the trityl protection for 3’-
sugar-amino function to be deprotected by trichloroacetic acid at each coupling step.
This altered strategy would accommodate the orthogonal protection of nucleobases
(benzoyl for adenine/cytosine and isobutyryl for guanine). We chose the succinate ester
at 5’-end as a linker of the growing oligomer via succinamide linker to the support. The
succinate ester can be cleaved concomitantly with the nucleobase deprotection, using
aqueous/methanolic ammonia at the end of synthesis leaving a 5’-OH group. This
strategy has been previously applied successfully for the synthesis of oligonucleotide
phosphonamidates on Controlled Pore Glass (CPG) support”> The MBHA-succinate
linker strategy has been previously used for the synthesis of glycopeptides® but has not
been employed for the synthesis of oligopeptides.
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The TEMPO-BAIB method™* used earlier by us'®*' and others™ for oxidation of
5’-primary hydroxyl group in 3’-deoxy-3’-azidothymidine to get the 4’-carboxylic acid
was followed for the synthesis of protected tritylaminonucleosides. This method of
general procedure for the production of 4’-carboxylic acids of nucleosides is very mild
and the desired products were obtained in good yields and separated from TEMPO and
reaction byproducts by trituration with diethyl ether. The mildness of this reaction and
its tolerance of acid sensitive, base sensitive and oxidatively labile functional groups
should make it an attractive method for the oxidation of primary alcohols to carboxylic
acids for both nucleosides. In our case, we found that the protecting group such as
benzoyl of cytocine and adenine base, and isobutyryl for guanine are also stable towards

the oxidation reaction conditions.
3.3.1 Synthesis of Thymine monomer

The 3’-deoxy-3’-tritylamino-thymidine-4’-carboxylic acid 4 was obtained as
follows (Scheme 1). The 5°-TBS-protected 3’-deoxy-3’-azidothymidine 1°** was
hydrogenated over Pd-C for reduction of azide to amine to get compound 2. Reaction of
2 with trityl chloride, followed by deprotection of 5’-silyl ether gave compound 3 in
good yield. The 3’-tritylamino-3’-deoxythymidine 3 was obtained in comparable yields
and purity as reported earlier.”> Compound 3 was easily converted to the corresponding
acid 4 under TEMPO-BAIB oxidation conditions and the product was recovered by

trituration with ether and acetone (60 % overall yield).

o o)
NH
\fk,g K
i) Trityl chloride
TBSO o_,N" "0 o N’&o pyridine, DMAP,
/\(_7/ H, -PdC, 85% TBSO/\Q/ 0%
N —_— by
E ii) TBAF, THF
5 E
3 HoN 86 %
1 2

0o
NH
NH
| ) \fk

\ﬁlo - SRo

HO o) TEMPO/BAIB HO
CH5CN:H,0 \
\ > :

NHTr 91% NHTr
3 4

Scheme 1. Synthesis of thymidine-f-amino acid
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3.3.2 Synthesis of 5-methylcytosine monomer

The 3’-tritylamino-3’-dideoxy-N'-benzoyl-5-methylcytidine was synthesized
from 1 as shown in Scheme 2. Compound 1 was converted to 1,2,4-triazolyl nucleoside
derivative 5 by treatment with POCIl; and 1,2,4-triazole in the presence of
triethylamine.22b The cytidine derivative 6 was obtained upon treatment of 5 with
ag.ammonia in dioxane. The free exocyclic amino group was further protected by
treatment with benzoyl chloride in dry pyridine to get N*-Bz protected cytidine
derivative 7 in good yield. Compound 7 was further reduced to 3’-amino-5-
methylcytidine derivative 8 which was subsequently protected as 3’-tritylamino group
followed by the removal of silyl ether to get compound 9. These altered reaction
sequence as compared to the reported route®*® avoided formation of 3’-NHTr-benzoyl
derivative which was formed during N*-benzoylation. We used H,S/pyridine for the
reduction of azide to amine’® as reduction with Pd-C was found to be sluggish and less
efficient. Oxidation to 4’-carboxylic acid derivative 10 was accomplished using
TEMPO-BAIB oxidation conditions and the product was recovered by trituration with

ether and acetone (42 % overall yield).

N
N/f;)
0o NH,
N N N N
NH | |
LA o o

0 _,N" "0 12 4-Triazole o) /\((17/
2, ) TBSO
TBSOW POCI5 TEA, CH,CN TBS°/\<__7/ \

> H 1,4- dioxane/aq NH3 N

iy,

= —_—
N; 96% N, N3 6
1 5 90%
NHBz NHBz
~
N
SN |
I A
Ko HiSPy, o N ©
o N ° TEA 0% TBSO/\(_]/
BzClIPy TBSO/\(_J/ s
—» > # ::
86% Ny NH,
7
NHBz NHBz
B N
i) TrCl, Py, DMAP, o
78% o N/&O TEMPO/BAIB o N/&O
- = Ho/\Q/ CH3CN:H,0 HOJ\(J/
. _—
ii) TBAF, THF, : 90% d
90 % NHTr NHTr
9 10

Scheme 2. Synthesis of 5- Methylcytidine -f-amino acid
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3.3.3 Synthesis of Adenine monomer

For the synthesis of P-amino acid derivatives of adenine and guanine
nucleosides, we used the commercially available 3’-amino-2’,3’-deoxy purine
nucleosides as starting materials. The synthesis of the starting nucleoside derivatives is
earlier reported from exocyclic amino protected 2’-deoxyxylo nucleosides.”” Studies are
also reported using commercial 3’-tritylamino-2’,3’-dideoxy purine nucleosides, when
exocyclic amino protection involved either transient protection using TMS-chloride or
peracylation/ hydrolysis.”> In either case, some undesired side products were obtained.
The reactivity of nucleosides is quite sensitive to the substituent groups and we had to
consider appropriate changes in the route to get the desired products in good yields. To
get clean reaction products, we decided to use 5’-O-TBDMS protection as for the

pyrimidine derivatives.

NHz NH NHBz
</N| \)N N ‘ </N | SN
N
N
o NN ¢ | J N N/)
HO i) TrCl, Et;N, DMF, 90% o NON B0~ ~°
H —_— TBso/\Lj/ N-Benzoyl Tetrazole
NH, i) TBS-CI, Imidazole, > H
2 )DMF, 78% D'V'Afx CH3CN, NHTr
NHT 65°C, 65%
1 T2 13
NHBz NHBz
N B N \N
¢ )N o < 1 J
N—~N” TEMPO/BAIB o NN
TBAF, THF, o N
—_— HO/\(J/ CH3CN:H,0 HO
79% \ — > :
NHTr 76 % NHTr
14 15

Scheme 3. Synthesis of Adenine-f-amino acid

The 3’-amino-2’,3’-dideoxyadenosine 11 (Scheme 3) was converted to 3’-
tritylamino derivative® by treatment with trityl chloride in DMF followed by silylation
of 5’-OH with TBS-chloride to get the desired 3’-and 5’- protected derivative 12.
Subsequent protection of the exocyclic amino functionality with N-benzoyl tetrazole at
higher temperature26 afforded 13 in good yields. The protection of exocyclic amino
group proved to be challenging as extensive depurination was encountered even at -5 to
-10 °C when benzoyl chloride was used as the acylating reagent. Benzoylation of 3’-
NH-trityl group was not observed under these conditions. Compound 13 was then

desilylated to get the free hydroxyl function at 5° position in 14 which was further
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subjected to oxidation using TEMPO-BAIB conditions to afford corresponding acid 15
(27% overall yield).

3.3.4 Synthesis of Guanine monomer

The 3’-amino-2’,3’-dideoxyguanosine 16 (Scheme 4) was converted to 3’-
tritylamino derivative® by treatment with trityl chloride followed by treatment with
TBS-chloride to afford 3’-and 5°- protected derivative 17. Exocyclic amino group was
protected with isobutyryl chloride in pyridine to get 18. Removal of the 5’-silyl
protecting group in 18 gave compound 19 which on oxidation with TEMBO-BAIB
afforded 4’-carboxylic acid derivative 20 (37% overall yield) (Scheme 4).

(@]
f :
N
NH

< ] N~ NH
o0 B o N N/)\NHZ </N:“\)>NH

o i) TrCl, EtgN, TBSO o N™
DMF, 92% isobutyryl chloride, TBSO/\(J/ iBu

\ — Y = A ~

N ii) TBS-CI, Imidazole, N E
NH, DMF, 84% NHTr EtsN, Py, 75% NHTr
16 17 18

o o)

g
NH N
4 I Vi NH
<N N/*NH o S P
TBAF, THF, o) ] TEMPO/BAIB o N N I}IH
86% Ho/\(_?/ IBU " CHiCN:H,O, How iBu
é

N 0
NHTr 5%
19

NHTr
20

Scheme 4. Synthesis of Guanine-B-amino acid

To rule out the possibility of epimerization at C4’ during TEMPO-BAIB
oxidation, compound 4 was treated with aq. NaOH and the chiral HPLC chromatogram
was compared with of compound 4 (without NaOH treatment) [figure 3] and did not
observe any additional peak for epimerized product. These results were also supported
by 2D NMR of compound 4 which showed that H4* proton exhibit NOE cross peak

with H1’ proton confirming a-orientation of H4’ proton.
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Figure 3. HPLC chromatogram of compound 4 before (green) and after NaOH
(purple) treatment

H1’

H2" == HY-H2”

Figure 4. Expanded NOESY spectrum of compound 4 shows nOe cross peaks

between H1” and H4’ indicating H4’ is a to the plane of furanose ring.

All the purified compounds in schemes 1-4 were characterized by 'H, "*C and
mass spectrometry analysis and by comparing with the known compounds. The new
compounds B-amino acid monomers 4, 10, 15 and 20 were further characterized by

HRMS analysis.
3.4 Solid Phase synthesis of polyamide DNA oligomer

Synthesis of a  model tetrameric  nucleoside  sequence  5’-
MeC(gly)A(gly)MC(gly)T (23) was done using synthesized monomeric units and trityl
glycine (22).>" Choice of the resin for solid phase synthesis was influenced by the

swelling properties of the resin and avoiding harsh acidic deprotection conditions
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considering sensitivity of the glycosidic bond towards acid. Amino functionalized resin
has to be selected such that the final cleavage conditions are compatible towards
stability of glycosidic bond. With this in mind, the first building block was modified
with succinate ester linker at its 5’ position and was loaded on the resin through an
amide bond. The resulting ester bond at 5’ position can be hydrolysed under basic
condition after oligomer synthesis. We used both CPG** and MBHA® resin for solid
phase synthesis. The MBHA resin which has better swelling properties gave much
higher yield compared (coupling yield ~ 80% at each step) to the synthesis when CPG
was used. The coupling efficiencies at each step could be monitored using Kaiser test*®
or by measurement of trityl cation. Thus, the succinate modified monomer™> 21 was
loaded on the MBHA resin using solid phase peptide coupling protocol (Scheme 5).%
Tetrameric sequence was assembled using repetitive cycles, purified (21% isolated

yield) and analyzed by mass spectrometry using ESI-MS technique.
3.4.1 Pre-loading of MBHA resin

MBHA resin (60 mg, 1.75mmol/g, 0.024mmol) was washed and swelled in
DCM for 1 hr in solid phase flask. The resin was drained and washed with DMF. To a
solution of N*-Benzoyl-5-methyl 3’-tritylamino-2’,3’-dideoxycytidine-5’-succinylate®
21 (16.19 mg, 0.024 mmol) in 500 uL DMF , DIPEA (12.47 pL, 0.072 mmol) and
TBTU(9.63 mg, 0.028 mmol) was added. To this solution HOBt (3.24 mg, 0.024 mmol)
in 100puL. of DMF was added. This activated monomer solution was added to the resin
and the suspension was allowed for gentle shaking for 12 hrs. Resin was drained and
washed with DMF (2 x), DCM (2 x) and pyridine (2 x).Unreacted amino groups capped
with 10% acetic anhydride in pyridine for 1 hr. The nucleoside loading on solid support
was determined by spectrophotometric determination of the concentration of trityl
cation at 410 nm released after detritylation using 3 % TCA in DCM. Calculated
loading value for resin using molar extinction coefficient” 35300 M cm™ at 410 nm

for trityl cation was 35.2 umol/g which was good enough for next synthesis.

3.4.2 Solid Phase synthesis of model tetramer 23

Synthesis of a model tetrameric nucleoside sequence 5’-C(gly)A(gly)C(gly)T

was then undertaken using protected nucleoside B amino acid monomeric units and
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trityl glycine (22) on preloaded MBHA resin. The tetramer was synthesized using

repetitive cycles (Scheme 5), each comprising the following steps:
1) Deprotection of trityl group using 3% trichloroacetic acid (3 min x 3)
i1) Neutraization using 5% DIPEA in DCM (3min X 2)

iii) coupling using 3 equivalent of monomer, 9 equivalent DIPEA, 3 equivalent TBTU
and 1.5 equivalent of HOBt as activator with respect to loading value of resin. All are
premixed in DMF prior to addition to resin. This suspension was added to the resin.

Reaction time 5 hrs.

iv) Capping of unreacted amino groups using 10% acetic anhydride in pyridine (10 min

x 2).

MecBz MecBz
Step 1 Step 2
O_NH2 P H o} o
N
MBHA Resin  16,TBTU: HOBt i) 3% TCA , DCM O_ o} "N//&
NHTr ii) Couplmg 17, HOB, H NHTr
TBTU, DMF

iii) Cappig with Ac,O, Pyridine

Step 3 Me Bz i) 3% TCA, DCM

Repeatmon of step i) Cleavage from resin with
,) 3% TCA, DCM 2 and Methanolic ammonia
ii) Coupling, 4/10/15/20, O_N > >
HOBT, TBTU, DMF -.NJ& \NHTr

iii) capping with ACZO Py

MeCBz

C A Ve T
9 q
o 1 o q 21= H oﬁ\
N ,/z N, J& ‘N& ~ NHTr
H N N0 A N o e
H © H
23

HO 22 = Tr-Gly-OH,
Scheme 5: Schematic representation of solid phase synthesis of (o +  amino acid)

tetramer

3.4.3 Cleavage and purification of tetramer

After the synthesis was complete, the oligomer 23 was cleaved from solid
support using aqueous methanolic ammonia at 55°C for 8 hrs. The terminal trityl group
was deprotected before cleavage using 3 % TCA in DCM or after cleavage using 80%
aqueous acetic acid. Oligomer was extracted from resin in 20% methanol in water.
Analytical purification was achieved on reverse phase C18 column using 5%

acetonitrile in 0.1 M TEAA buffer as eluent system and monitored at 260 nm (retention
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time for tetramer 3.54 min) and further characterized by ESI-mass spectrometry. Mass
calc. for C46H58N20015 1130.4391 ESI mass observed m\z for (C46H58N20015+1 11297)
CaHssN2O15™2), 565.22.

3.5 Conclusion

In conclusion, the synthesis of all four protected natural nucleoside-f-amino
acids was accomplished using simple TEMPO/BAIB method and we further tested the
synthesis of a model tetrameric nucleobase sequence 5°-°C(gly)A(gly)VC(gly)T 23
where M°C, A and T are nucleoside-f-amino acids corresponding to the 5-methyl-
cytosine, adenine and thymine, and glycine is used as the alternating a-amino acid.
Synthesis of longer oligomer needs small changes in our protocols. Current studies are
going on for optimizing condition for solid phase synthesis for improving coupling
reactions and yield of the final oligomers so that the synthesis of longer oligomers can

be achieved in greater purity.

3.6 Summary

1. All four nucleoside-f-amino acids were synthesized using the simple TEMPO-BAIB

method for oxidation.

2. A tetrameric nucleoside sequence 5’-C(gly)A(gly)C(gly)T was accomplished using

synthesized monomeric units.
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3.7 Experimental

General-All the reagents were purchased from Sigma-Aldrich and used without
purification. 3’-Amino purine nucleosides were purchased from Metkinen Chemistry,
Finland. All solvents used were dried and distilled according to standard protocols.
Analytical TLCs were performed on Merck 5554 silica 60 aluminium sheets. Column
chromatography was performed for purification of compounds on silica gel (60-120
mesh, Merck). For acid-sensitive (trityl-containing) compounds, the column packed and
equilibrated with 0.5% triethylamine. TLCs were performed using dichloromethane-
methanol or petroleum ether-ethyl acetate solvent systems. Visualization was
accomplished with UV light and/or by spraying with perchloric acid reagent and
heating. '"H and °C NMR spectra were obtained using Bruker ACF 200 (200 MHz) or
400 (400 MHz) spectrometers and chemical shifts are reported on & scale in parts per
million (ppm) with the solvent indicated as the internal reference. The IR spectra were
recorded on a Perkin Elmer Spectrum one-FT-IR spectrophotometer in chloroform.'H
NMR data are reported in the order of chemical shift, multiplicity (s, singlet; d, doublet;
t, triplet; br, broad; br s, broad singlet; m, multiplet and/ or multiple resonance), number
of protons. Mass spectra were recorded on Thermo Finnigan Surveyor MS-Q
spectrometer (Mass spectra for tetramer was recorded on Aquity Ultra performance LC-
MS, Waters), while HRMS was recorded by using a Micromass Q-Tof micro (YA-105)
spectrometer and Thermo Scientific Q-exactive mass spectrometer. Specific rotation
was recorded on Bellingham +Stanley Ltd, ADP 220 polarimeter and the concentration
(c) is expressed in gram per 100 mL. HPLC done on Chiralcel OJ-H (250 x 4.6 mm)
column and ethanol: pet ether: DEA (30:70:0.1) as mobile phase.

(I’R, 3’S, 4°R)-3’-amino-5’-O-(tert-butyldimethylsilyl)-3’-deoxythymidine (2)
o A mixture of  3’-azido-5’-O-(tert-butyldimethylsilyl)-3’-
\fj\/’t' deoxythymidine 1 (3 g, 7.87 mmol) and 10% palladium on charcoal
TBSO/\G/ noo (0.3 g) in 30 mL methanol: ethyl acetate mixture (1:1, v/v) was

stirred under hydrogen atmosphere (60 psi) at room temperature for

Znn.,

Hy

2 4 h. The reaction mixture was filtered through celite and the solvent

was evaporated in vacuo to give 3’-amino-5’-O-(tert-butyldimethylsilyl)-3’-

deoxythymidine 2 (2.37 g, 85% ) as white foam.
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'H NMR (200MHz, CDCL3): 7.51 (s, 1H), 6.26 (t, J= 6.07 Hz, 1H), 3.90 (m, 2H), 3.72
(m, 1H), 3.64 (m, 1H), 2.19 (m, 2H), 1.91 (s, 3H), 0.93 (s, 9H), 0.11 (s, 6H); *C NMR
(50MHz, CDCLy): 164.1, 150.5, 135.4, 110.5, 87.4, 84.3, 62.9, 51.4, 41.7, 25.8, 18.3,
12.5,-5.42, -5.47; MS (EI) m/z 355.19 found 378.12 (M+ Na").

(I’R, 3’S, 4°R)-3’-Tritylamino-3’-deoxythymidine (3)

Compound 2 (2 g, 5.63 mmol) was dissolved in dry pyridine (10 mL) and to it trityl
chloride (2.04 g, 7.32 mmol) and catalytic amount of DMAP was added. Reaction

mixture was allowed to stir at room temperature for 8 h. Solvent was

i removed under reduced pressure to afford crude 5’-O-(tert-

NH
| _k. butyldimethylsilyl)-3’-tritylamino-3’-deoxythymidine (3.03 g, 90%)

(o) N 6]
Ho/\<__7/ which was then dissolved in 15 mL anhydrous THF and to it IN
TrH,;]: TBAF in THF (5.41 mL, 5.41 mmol) was added. Reaction was

3 stirred at RT for 1 h. THF was removed in vacuo and residue

dissolved in dichloromethane, washed with water. Organic layer was dried over Na,SO4
and concentrated. Compound was purified by column chromatography using 30% ethyl
acetate in petroleum ether to afford 3’-Tritylamino-3’-deoxythymidine 3 (1.49 g, 90%)

as a white foam.

"H NMR (200MHz, CDCly): 8.72 (br s, 1H), 7.54 (m, 6H), 7.14-7.33 (m, 10H), 6.02
(dd, J=6.57, 6.19 Hz, 1H), 3.60-3.87 (m, 3H), 3.32 (m, 1H), 2.26 (br s, 1H), 1.81 (s,
3H), 1.26-1.52 (m, 2H); *C NMR (50MHz, CDCls): 163.8, 150.3, 146.0, 135.9, 128.5,
128.0, 126.7, 110.8, 86.6, 84.5, 71.1, 61.9, 53.2, 39.7, 12.4; MS (EI) m/z 483.21, found
506.20 (M+ Na").

(I’R, 3°S, 4°’R)-3’-azido-5’-O-(tert-butyldimethylsilyl)- 5-methyl-2°,3’-dideoxy-4-
(1,2,4-triazol-1-yl)thymidine (5)
Triethylamine (10.95 mL, 78.94 mmol) was added drop wise over a portion of 10 min to

a stirred mixture 1, 2, 4-triazole (5.97 g, 86.61 mmol) and

//\N
N,V
N) phosphorus oxychloride (1.83 mL, 19.68 mmol) in 60 mL

| \/'L CH3CN at 0°C. The solution of compound 1 (3 g, 7.87 mmol) in
N0

TBSO/\ff 15 mL dry CH3CN was then added drop wise and reaction
$ mixture was allowed to stir at room temp for 2.5 h. The solvent
N
: 5 was evaporated in vacuo. The resulting brown solid was

dissolved in ethyl acetate (100 mL). Organic layer washed with saturated NaHCOs3
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solution followed by water, dried over Na,SO,4 and concentrated to afford crude product

5(3.26 g, 96 %) as a white solid, which was used immediately for next reaction.

(I’R, 3’S, 4°R)- 3’-azido-5’-O-(tert-butyldimethylsilyl)- 5-methyl-2°,3’-
dideoxycytidine (6)
Compound 5 (3.26 g, 7.54 mmol) was dissolved in 1, 4-dioxane
N\H’z (30 mL) and 15 mL concentrated aqueous ammonia was added.
| N/J%o Reaction mixture was allowed to stir at RT for 2 h. After
TBSOW completion of the reaction, solvents were removed in vacuo. The
Ny residue was dissolved in dichloromethane and washed with water.
6 Organic layer was dried over Na,SQO4 concentrated in vacuo.
Compound was purified by column chromatography using 3-5% methanol in
dichloromethane to afford 3’-azido-5’-O-(tert-butyldimethylsilyl)-5-methyl-2’,3’-
dideoxycytidine 6 (2.56 g, 90%) as a white foam.
"H NMR (200MHz, CDCLs): 7.56 (s, 1H), 6.22 (t, J= 6.19 Hz, 1H), 4.17 (m, 1H), 3.94-
4.01 (m, 2H), 3.84 (m, 1H), 2.52 (m, 1H), 2.22 (m, 1H), 1.93 (s, 3H), 0.93 (s, 9H), 0.13
(s, 6H); MS (ET) m/z 380.1992, found 403.05 (M+ Na").
(I’R, 3’S, 4’R)- N*-Benzoyl -3’-azido-5’-O-(tert-butyldimethylsilyl)-5-methyl-2’,3’-
dideoxycytidine (7)

Compound 6 (2.56 g, 6.73 mmol) was azeotroped with pyridine

82 and redissolved in pyridine (15 mL), and cooled externally at 0 °C.

lm\lo To this solution, benzoyl chloride (0.938 mL, 8.08 mmol) was
TBSO/\C)_\// added drop wise and the mixture was then allowed to attain RT
,js and stir additionally for 14 h at RT. The reaction was quenched

! with 2N NH; (5 mL) and was further stirred for 30 min. The

solvent was evaporated in vacuo and residue was dissolved in ethyl acetate, washed
with saturated NaHCO; solution, dried over Na,SO4 and concentrated in vacuo. This
crude product was purified on column chromatography using 25% ethyl acetate in

petroleum ether to afford 7 (2.79 g, 86%) as a colourless foam.

'H NMR (200MHz, CDCLy): 8.33 (m, 2H), 7.66 (s, 1H), 7.44-7.58 (m, 3H), 6.23 (t,
J=6.31 Hz, 1H), 4.27 (m, 1H), 3.90-4.02 (m, 2H), 3.80-3.86 (m, 1H), 2.49-2.58 (m,
1H), 2.30 (m, 1H), 2.12 (s, 3H), 0.95 (s, 9H), 0.15 (s, 6H).
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(I’R, 3’S, 4’R)-N4-Benzoyl-3’-amino-S’-O-(tert—butyldimethylsilyl)—S-methyl-Z’,3’-

dideoxycytidine (8)

NHE Compound 7 (2.7 g, 5.57 mmol) was dissolved in 15 % Et;N in
z

| %~y  dry pyridine (10 mL) and H,S gas was bubbled into the solution at
o N/&O 0 °C for 10 minutes. Reaction mixture was then stirred at room
TBSOW temperature for 30 minutes. Solvent was removed in vacuo and
erz the residue was purified by column chromatography using 5%
8 methanol in DCM to afford of compound 8 (2.29 g, 90%) as

yellow foam.

"H NMR (200MHz, CDCL): 8.34 (m, 2H), 7.75 (s, 1H), 7.50 (m, 3H), 6.25 (t, J=5.94
Hz, 1H), 3.95 (m, 2H), 3,76 (m, 1H), 3.65 (q, J=12.26, 6.57 Hz, 1H), 2.25 (m, 1H), 2.30
(m, 1H), 2.12 (s, 3H), 0.95 (s, 9H), 0.15 (s, 6H); *C NMR (50MHz, CDCls): 179.5,
159.8, 147.8, 137.2, 136.9, 132.3, 129.8, 128.0, 111.2, 87.8, 85.2, 62.7, 51.2, 42.3, 25.9,
18.4, 13.7,-5.37, -5.36; MS (EI) m/z 458.2349, found 481.24 (M+ Na").

(I’R, 3’S, 4’R)-N4-Benzoyl-3’-tritylamino-S-methyl -2°,3’-dideoxycytidine (9)

Compound 8 (2.29 g, 4.99 mmol) was azeotroped with pyridine

I\Tzz and redissovled in 15 mL anhydrous pyridine. Trityl chloride (1.58

| N/KO g, 5.67 mmol) and catalytic amount of DMAP was added to
Ho/\fj/ reaction mixture and was allowed to stir at room temperature for 8
,;":HTF hr. Solvent was removed in vacuo and the residue was purified by

9 column chromatography using 30% ethyl acetate in petroleum

ether to afford N*-Benzoyl-3’-tritylamino-5’-O-(tert-butyldimethylsilyl)-5-methyl-2’,3 -
dideoxycytidine (2.90 g, 78%) which was then subjected for desilylation. Following
amounts were used in desilyation reaction; N*-Benzoyl-5’-O-(tert-butyldimethylsilyl)-
3’-tritylamino-5-methyl-2’,3’-dideoxycytidine (2.90 g, 4.14 mmol), 15 ml anhydrous
THF as a solvent and TBAF 1N in THF (6.21 mL , 6.21 mmol). Reaction was stirred at
RT for 1 h. THF was removed in vacuo and residue dissolved in dichloromethane,
washed with water. Organic layer was dried over Na,SO4 and concentrated. Compound
was purified by column chromatography using 35 % ethyl acetate in petroleum ether to

give product 9 (2.18 g, yield 90%) as a white solid.

'H NMR (200MHz, CDCls): 8.31 (s, 1H), 8.28 (m, 1H), 7.39-7.55 (m, 10H), 7.18-7.39
(m, 10H), 6.03 (dd, J=6.70, 5.30 Hz, 1H), 3.66-3.93 (m, 3H), 3.32 (q, J=13.26, 6.94 Hz,
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1H), 2.03 (s, 3H), 1.73 (br s, 1H), 1.25-1.42 (m, 2H); *C NMR (50MHz, CDCL):
179.4, 159.6, 147.8, 146.0, 137.2, 137.0, 132.4, 129.8, 129.5, 128.1, 126.8, 111.6, 86.7,
85.4,71.1, 61.8, 52.9, 40.3, 13.5; MS (EI) m/z 586.2560, found 609.21 (M+ Na").

General procedure for synthesis of 3’-tritylamino-2’,3’-dideoxy-purine

nucleosides®

Et;N (1.15 mL, 8.26 mmol) was added to a stirred solution of 3’-Amino-2’,3’-dideoxy
purine nucleoside 11/ 16 (7.51 mmol) in dry DMF (80 mL). The reaction mixture was
stirred at 60°C for 30 min. Trityl chloride (2.24 g, 8.26 mmol) was added to reaction
mixture in two portions and allowed to stir for 3 h at room temp. The reaction mixture
poured on 120 mL cold water and the flask kept in freezer for 2 h. The obtained
precipitate was filtered and washed thoroughly with cold water. White solid desiccated
overnight to give crude 3’-Tritylamino-2’,3’-dideoxyadenosine (3.32 g, 90%)/ 3’-
Tritylamino-2’,3’-dideoxyguanosine (4.13 g, 92%) which was used as such for next

reaction.
(I’R, 3’S, 4°R)-5’-O-(tert-butyldimethylsilyl)-3’-tritylamino-2’,3’-dideoxyadenosine
12)
NHz  3°_Tritylamino-2’,3’-dideoxyadenosine (3.32 g, 6.74 mmol),
N
< \/)N TBS-CI (1.32 g, 8.77 mmol) and imidazole (1.37 g, 20.22 mmol)
N7

TBSO o was suspended in 15 mL dry DMF and the reaction was allowed
H to stir overnight at RT. DMF was removed in vacuo and the

NHT
1r2 residue was redissolved in ethyl acetate (150 mL). Organic layer

was washed with water followed by brine, dried over Na,SO4 and concentrated in
vacuo. Product was purified by column chromatography using 3% methanol in
dichloromethane  to  afford  5°-O-(tert-butyldimethylsilyl)-3’-tritylamino-2°,3’-
dideoxyadenosine 12 (3.19 g, 78%). "H NMR (200MHz, CDCls): 8.30 (s, 1H), 7.91 (s,
1H), 7.51-7.56 (m, 6H), 7.17-7.32 (m, 9H), 6.29 (dd, J=6.19, 5.93 Hz, 1H), 5.71 (br s,
2H), 3.87 (m, 1H), 3.60-3.82 (m, 2H), 3.44 (m, 1H), 2.02 (br s, 1H), 1.71-1.79 (m, 2H),
0.82 (s, 9H), -0.03 (s, 3H), -0.04 (s, 3H); *C NMR (50MHz, CDCl;): 155.3, 152.8,
149.4, 146.1, 138.4, 128.6, 128.0, 126.6, 119.4, 87.1, 83.6, 71.2, 63.6, 54.7, 41.1, 25.8,
18.3, -5.4; MS (EI) m/z 606.3139, found 607.23 (M+ H"), 629.29 (M+Na'); HRMS
(ESI): caled for C35H4,N6O,Si: 607.3211, found: 607.3205.
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(I’R, 3’S, 4’R)- N6-benzoyl—5’-O-(tert-butyldimethylsilyl)-3’-tritylamino-Z’,3’-
dideoxyadenosine (13)

NHBz 5’-O-(tert-butyldimethylsilyl)-3’-tritylamino-2’,3’-

</N I \/)N dideoxyadenosine 12 (3.19 g, 5.26 mmol) dissolved in dry

o N acetonitrile (40 mL). To it N-benzoyl tetrazole (1.82 g, 9.89

TBSO/\{-—?/ mmol) and 4-dimethylaminopyridine (0.604 g, 5.25 mmol)

NHTr was added. The reaction mixture is allowed to stir at 65 °C for

e 90 min. After completion of reaction, solvent was removed in

vacuo and residue dissolved in dichloromethane. Organic layer washed with saturated

NaHCO; solution, dried over Na,SO4and concentrated to give crude product. This crude

was purified by column chromatography using 1% methanol in dichloromethane to
afford 13 (2.42 g, 65 %) as a white solid.

"H NMR (200MHz, CDCl;): 9.15 (bs, 1H), 8.75 (s, 1H), 8.13 (s, 1H), 8.00 (d, J=6.70

Hz, 2H), 7.49-7.59 (m, 8H), 7.15-7.32 (m, 10H), 6.36 (dd, J=6.06, 5.69 Hz, 1H), 3.64-

3.91 (m, 3H), 3.51 (m, 1H), 2.08 (br s, 1H), 1.64-1.88 (m, 2H), 0.81 (s, 9H), -0.02 (s,

3H), -0.03 (s, 3H); ®C NMR (50MHz, CDCl;): 164.6, 152.4, 151.1, 149.2, 146.0,

140.9, 133.6, 132.6, 128.7, 128.5, 128.0, 127.8, 126.6, 122.8, 87.2, 83.9, 71.1, 63.4,

54.5, 41.0, 25.8, 18.3, -5.45, -5.53; MS (EI) m/z 710.3401, found 711.26 (M+ H"),

733.31(M+Na").
(I’R, 3’S, 4°R)- N6-benzoyl-3’-tritylamino-Z’,3’-dideoxyadenosine (14)

Compound 13 (2.4 g, 3.38 mmol) dissolved in anhydrous THF
NHSZ (15 mL) and IN TBAF in THF (5.07 mL, 5.07 mmol) was
5 </N I N/) added. Reaction was stirred at RT for 1 h. THF was removed in
How vacuo and the residue was dissolved in dichloromethane, washed
l—ilHTr with water and then brine. Organic layer was dried over Na,SOy,
14 concentrated in vacuo and purified by column chromatography

using 3% methanol in DCM to get product 14 (1.59 g, 79%) as a white solid.
"H NMR (200MHz, CDCls): 9.26 (br s, 1H), 8.61 (s, 1H), 8.03 (m, 3H), 7.49-7.56 (m,
8H), 7.20-7.33 (m, 10H), 6.24 (dd, J=7.45, 6.31 Hz, 1H), 3.68-3.78 (m, 3H), 3.55 (d,
J=11.32 Hz, 1H), 2.30 (m, 1H), 2.04 (brs, 1H ), 1.76 (m, 1H); MS (ESI) m/z 596.2536,

found 597 (M +H"), 619 (M+ Na").
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(I’R, 3’S, 4R)-5’-O-(tert-butyldimethylsilyl)-3’-tritylamino-2’,3’-dideoxyguanosine
a7

3’-Tritylamino-2’,3’-dideoxyguanosine (4.13 g, 8.12
/N f]\NH mmol), TBS-CI (1.59 g, 10.56 mmol) and imidazole (1.65
o ¢ N/)\NHZ g, 24.36 mmol) was suspended in 15 mL dry DMF and
TBSO/\Q/ the reaction was allowed to stir overnight at RT. DMF
,\ﬁ;Tr was removed in vacuo and the residue was dissolved in
ethyl acetate (150 mL). Organic layer was washed with
water, dried over Na,SO4 and concentrated in vacuo The crude product was purified by
column chromatography using 3% methanol in dichloromethane to afford 17 (4.23 g,
84%) as a white solid.
"H NMR (200MHz, DMSO-Ds): 10.64 (br s, 1H), 7.46-7.50 (m, 7H), 7.14-7.32 (m,
9H), 6.45 (br s, 1H), 5.89-5.95 (t, J=6.19 Hz, 1H), 3.74-3.80 (m, 1H), 3.46-3.68 (m,
2H), 3.34 (m, 1H, merged with H,O), 1.45-1.58 (m, 1H), 1.23-1.30 (m, 1H), 0.79 (s,
9H), -0.07 (s, 6H); *C NMR (50MHz, CDCl): 159.1, 153.3, 151.3, 146.2, 135.4,
128.6, 128.0, 126.7, 117.0, 87.0, 83.0, 71.1, 63.5, 54.6, 40.3, 25.9, 18.4, -5.40, -5.52;
MS (EI) m/z 622.3088, found 623.27 (M+ H"), 645.32 (M+Na"); HRMS (ESI): calcd
for C3sH42N¢O3Si: 623.3160, found: 623.3145.

5’-O-(tert-butyldimethylsily])-Nz-isobutyryl-3’-tritylamino-Z’,S’-dideoxyguanosine
(18)

o) To solution of compound 17 (4.23 g, 6.80 mmol) in
(Nf‘\jlf anhydrous pyridine (20 mL), triethyl amine (0.95 mL, 6.80
TBSO/\G/N N ?I;u mmol) was added and the mixture was stirred for 15 min. To
this reaction mixture isobutyryl chloride (1.43 mL, 13.6
mmol) was added drop-wise and reaction was allowed to stir
for 1 h. Pyridine was removed in vacuo and reaction mixture dissolved in ethyl acetate,
washed with saturated NaHCOj; solution, then water. Organic layer dried over Na,SOy
and concentrated to give crude product. The product was purified by column
chromatography using 1% methanol in DCM to afford 18 (3.53 g, 75%) as a white
solid.
"H NMR (200MHz, CDCls): 7.58 (s, 1H), 7.52 (d, J/=7.93 Hz, 6H), 7.28 (t, J=7.93 Hz ,
6H), 7.20 (t, J/=7.32 Hz , 3H), 5.97 (dd, J=6.72, 4.88 Hz, 1H), 3.83 (m, 1H), 3.67-3.77
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(ABX, Jap=11.30 Hz, 2H), 3.47 (m, 1H), 2.57-2.59 (septet, J= 6.41 Hz, 1H), 1.68-1.71
(m, 1H), 1.54-1.57 (m, 1H), 1.21-1.25 (m, 6H) 0.80 (s, 9H), -0.05 (s, 3H), -0.06 (s, 3H);
13C NMR (50MHz, CDCLy): 178.1, 155.4, 147.7, 147.2, 146.1, 136.5, 128.6, 128.1,
127.9, 126.7, 121.1, 87.1, 83.0, 71.1, 63.4, 54.6, 40.4, 36.5, 25.9, 18.9, 18.4, -5.45, -
5.55; MS (EI) m/z 692.3506, found 693.43 (M+ H"), 715.45 (M+ Na").

(I’R, 3’S, 4’R)-N2-isobutyryl-3’-tritylamin0-2’,3’-dideoxyguanosine 19)

0 This compound is obtained in 91 % yield via desilylation

(:f:”fNH of 18 as described in the synthesis of 14. Compound was

Ho/\@/ N lgy purified by column chromatography using 3% methanol in
s DCM to afford 19 as white solid.

NHTrlg 'H NMR (200MHz, CDCl): 7.60 (s, 1H), 7.52 (d, 1=7.93

Hz, 6H), 7.18-7.38 (m, 9H), 5.98 (dd, J=6.44, 6.57 Hz, 1H), 3.85-3.96 (m, 2H), 3.53-
3.64 (m, 2H), 2.68 (septet, J= 6.95 Hz, 1H), 2.06 (br s, 1H), 1.83 (m, 1H), 1.52 (m, 1H),
1.20 (dd, J= 6.82, 3.28 Hz, 6H); MS (EI) m/z 578.2642, found 579.25 (M+H"), 601.28
(M+Na").

General Procedure for synthesis of nucleoside-f-amino acids

(Diacetoxyiodo)benzene (2.2 mmol) and TEMPO (0.25 mmol), were added to the
solution of protected 2’ 3’-deoxy-3’-tritylamino nucleosides 3/9/14/19 (1 mmol) in 5
mL CH3;CN/H,O mixture (1:1). The reaction mixture was stirred at 25 °C for 3 h.
Acetonitrile was removed completely in vacuo. The crude product was extracted with
ethyl acetate. The organic phase was dried over anhydrous Na,SO4 and concentrated.
The resulting residue was triturated sequentially with diethyl ether and acetone, filtered

and dried in vacuo.

(I’R, 3’S, 4°S) 3’-deoxy-3’-tritylamino-thymidin-4’-carboxylic acid (4)

o This compound is obtained as a white solid (0.45 g, 91%) starting
o | /’I’ from compound 3 by general procedure described above. Rf (10%
Ho)‘\i)j/'“ © MeOH/DCM) 0.51; MP: 214-217 °C; [a]p> : +30.9 © (¢ = 1.03,
MeOH); 'H NMR (400MHz, DMSO-D; + drop of D,0): 8.73 (s,

TrHN

4 1H, H6), 7.42-7.44 (m, 6H, aromatic), 7.22-7.26 (m, 6H, aromatic),
7.12-7.16 (m, 3H, aromatic), 5.87 (dd, J= 5.52,5.02 Hz, 1H, H1’), 4.08 (d, /= 5.78 Hz,
1H, H4%), 2.89 (dd, J= 11.54, 5.52 Hz, 1H, H3"), 1.64 (s, 3H, CH3;), 1.21 (m, 1H, H2""),
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1.00 (m, 1H, H2’); ®C NMR (100 MHz, DMSO-D; + drop of D,0): 173.9, 164.0,
150.1, 146.5, 138.5, 128.7, 127.6, 126.1, 107.5, 86.2, 85.6, 70.7, 56.6, 38.9, 12.3; IR
(Umax, cm™) (CHCL3): 3620, 3399, 3018, 2975, 2896, 1690, 1215; HRMS (ESI): calcd
for C2oH,7N305: 520.1848, found: 520.1846.

(I’R, 3’S, 4’S)-2’,3’-dideoxy-3’-tritylamino-N4-benzoyl-5-methylcytidin-4’-

nhpz  carboxylic acid (10)
o \ﬁ'\‘ This compound is obtained as a white solid (0.54g, 90%) starting
HO o N 0 from compound 9 by general procedure described above. Rf (10%

MeOH/DCM) 0.59; MP: 204-207 °C; [a]p™® : +115.9 ° (¢ = 1.07,
MeOH); '"H NMR (400MHz, DMSO-Dy + drop of D,0): 8.84 (br s,
1H, NH), 8.12 (s, 2H, aromatic), 7.57 (m, 1H, aromatic), 7.43-7.47 (m, 9H, aromatic),
7.23-7.27 (m, 6H, aromatic), 7.13-7.16 (m, 3H, aromatic), 5.96 (t, J/=4.77 Hz, 1H, H1’),
4.22 (d, J=5.77 Hz, 1H, H4’), 3.05 (m, 1H, H3"), 1.89 (s, 3H, CH3), 1.40 (m, 1H, H2”
), 1.06 (m, 1H, H2’); *C NMR (100 MHz, DMSO-D; + drop of D,0): 174.4, 173.7,
160.4, 147.9, 146.6, 142.7, 136.6, 132.7, 129.4, 128.9, 128.0, 127.0, 126.4, 108.7, 87.3,
86.5, 70.8, 56.5, 39.1, 13.5; IR (Umax, cm)(CHCIy): 3619, 3318, 3018, 2976, 2897,
1703, 1652, 1215; HRMS(ESI): calcd for C3H3,N40s5: 601.2451, found: 601.2452.

TrHN 10

(I’R, 3’S, 4’S)-2’,3’-dideoxy-3’-tritylamino-N6-benzoyl-adenin-4’-carboxylic acid
15)

NHBz This compound was obtained as a white solid (0.46g, 76%)

5 </N l \)N starting from compound 14 by general procedure described

o. NONT above. Rf (10% MeOH/DCM) 0.52; MP: 262-270 °C; [a]p”® :
HOJU +5.1 ° (¢ = 0.79, MeOH); '"H NMR (400MHz, DMSO-Dg +
NHTr drop of D,0): 8.63 (s, 1H, C2-H), 8.46 (s, 1H, C8-H), 7.97 (d,

15 J = 7.28 Hz, 2H, aromatic), 7.66 (m, 1H, aromatic), 7.51-7.55

(m, 2H, aromatic), 7.44-7.46 (m, 6H, aromatic), 7.24 (m, 6H, aromatic) 7.07-7.16 (m,
3H, aromatic), 6.35-6.38 (dd, J=6.27, 4.52 Hz, 1H, H1"), 4.30 (d, J= 6.27 Hz, 1H, H4’),
3.47(dd, J=13.05, 6.53 Hz, 1H, H3’), 1.62-1.69 (m, 1H, H2""), 1.31-1.34 (m, 1H, H2’);
BC NMR (100MHz, DMSO-D; + drop of D,0): 173.0, 165.5, 151.7, 151.5, 150.1,
146.2, 142.4, 133.3, 132.4, 128.58, 128.50, 128.4, 127.8, 126.3, 125.5, 84.6, 83.5, 70.7,
58.1, 37.3; IR (Umax, cm™) (CHCL): 3619, 3399, 3018, 2976, 2896, 1707, 1216;
HRMS(ESI): calcd for C36H30NsO4: 611.2407, found: 611.2404.
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(I’R, 3’S, 4’S)-2’,3’-dideoxy-3’-tritylamino—N2-is0butyryl-guanosin-4’-carboxylic
acid (20)

Analogous method was used for the synthesis of this
Nfl\NH compound starting from compound 19. In this case, after
o N I N/)\NH completion of the reaction mixture directly diluted with ethyl
HOJ\Q/ acetate and extracted with water. The organic phase was
NSHTr dried over anhydrous Na,SO,4and concentrated. The resulting
residue was triturated sequentially with diethyl ether and
acetone, filtered and dried in vacuo to get white solid (0.44g, 75%). Rf (10%
MeOH/DCM) 0.51; MP: 235-238 °C ; [a]p™® : +33.0 ° (¢ = 1.75, MeOH); '"H NMR
(400MHz, DMSO-Dg + drop of D,0): 8.49 (s, 1H, C8-H), 7.40 (d, J= 7.78 Hz, 6H,
aromatic), 7.10-7.23 (m, 10H, aromatic), 5.96-5.99 (dd, /=5.52, 3.76 Hz, 1H, H1"), 4.17
(d, /=6.77 Hz, 1H, H4’), 3.11-3.16 (m, 1H, H3"), 2.72-2.75 (m, 1H, iBu-CH), 1.50-1.53
(m, 1H, H2**), 1.08-1.12 (2d, 6H, iBu-CH3), 0.99 (m, 1H, H2’); *C NMR (100MHz,
DMSO-Dg + drop of D,0): 180.4, 174.0, 155.2, 147.8, 146.6, 138.83, 128.9, 128.1,
127.9, 126.6, 120.3, 85.2, 84.8, 70.7, 57.0, 39.5, 35.0, 19.2, 19.1; IR (Uma, cm’)
(CHCI3): 3393, 3016, 2975, 2895, 1685, 1609, 1215; HRMS (ESI): calcd for
C33H3:NgOs: 593.2512, found: 593.2510.
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Compounds
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'H, °C NMR and DEPT
'H, °C NMR and DEPT
'H NMR

'H NMR
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PC NMR
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'H, BC NMR
'"H NMR

'H, BC NMR
'"H NMR

10 : HRMS spectra

, 20 : HRMS spectra

NOESY spectrum of compound 4

HPLC Chromatogram of tetramer 23

ESI Mass Spectra of tetramer 23
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HRMS spectra’s

Elemental Composition Report

Single Mass Analysis (displaying only valid results)
Tolerance = 10.0 PPM / DBE: min = -1.5, max = 100.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons
39 formula(e) evaluated with 1 results within limits (up to 50 closest resulls for each mass)

Micromass : Q-Tof micro (YA-105) Dept. Of Chemistry |.L.T.(B)

Page 1

Compound 4
Exp mass: 520.1848
Obs mass: 520.1846

20-Jan-201211:24:53

C29H2TN305
NCL-VAK-T-ACID 65 (0.647) AM (Med,5, Ht,5000.0,556.28,1.00); Sm (SG, 2x4.00); Cm (1:81) TOF MS ES+
243.1159 1.77e4
100
o |
244.1218 520.1846
521.1901
301.
o L 540301 2311198 1421 415.2681 i 630.3237 9933516 goaos77 9104635 9usagrs,
100 200 300 400 500 600 700 800 900
Minimum: -1.5
Maximum: 200.0 10.0 100.0
Mass Calc. Mass mDa PPM DBE Score Formula
520.1846  520.1848 -0.3 -0.5 17.5 1 €29 H27 N3 05 Na
s Page 1
Elemental Composition Report g
Single Mass Analysis (displaying only valid results) Compound 10

/ DBE: min =-1.5, max = 100.0
Separation = 1.0 Abundance = 1.0%

Tolerance = 10.0 PPM
|sotope cluster parameters:

Monoisotopic Mass, Odd and Even Electron Ipns
21 formula(e) evaluated with 1 resuits within limits (up to 50 closest results for each mass)

Micromass : Q-Tof micro (YA-105) Dept. Of Chemistry 1.1.T.(B)

Exp mass: 601.2451
Obs mass: 601.2452

20-Dec-201111:21:14

C36H32N405 .
NCL-VAK-C-ACID 28 (0.277) AM (Cen,5, 80.00, Ht,5000.0,556.28,1.00); Sm (SG, g:.zog?zsn (5,40.00 ); Cm (17:54) TOF Mg_;asga
1087 243.1187
|
‘ 1602.2515
9%-
230.0949 L
prssme 623.2310
1007050 2161620 | Ps.tzu 359,: 387 497.2251 578.2620 (6252087 7583045 8433519 0813500
: - T T T T T T T T T T T
M0 200 300 w00 | s0 600 700 800 200
Minimum: -1.5
Maximum: 200.0 10.0 100.0
Mass Calc. Mass mDa PPM DBE Score Formula
601.2452 601.2451 0.1 0.1 22.5 1 ©36 H33 N4 O5
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Elemental Composition Report

Page 1
Single Mass Analysis (displaying only valid results) Compound 15
Tolerance = 10.0 PPM / DBE: min = -1.5, max = 100.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0% Exp mass: 611.2407

Monoisotopic Mass, Odd and Even Electron lons Obs mass: 6112404

26 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)

Micromass : Q-Tof mi
SONEO?- micro (YA-105) Dept. Of Chemistry 1.1.T.(8) 20-Dec-201111:34:55

NCL-VAK-A-ACID 65 (0.639) AM (Cen.5, 80.00, Ht,5000.0,556.28,1.00); Sm (Md, 4.00): Sb (5.40.00 ): Crn (43:75) TOF MS ES+
100, 6112404 4.29¢3
J 240.0897
o%- I 1612.2444
‘ 1225 13.2499
102.7056 % ;
O_L_. e 99797 | 2451229 369.1350 407.0786 557.2813 633.2230 122319675 0550 9623531
T T T M e b Rl | T T T ST ;
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 | %0 | o00  9%0
Minimum: -1.5
Maximum: 200.0 10.0 100.0
Mass Calc. Mass mDa PPM DEE Score Formula
611.2404 611.2407 -0.3 -0.4 24.5 1 C36 H31 N6 04
Elemental Composition Report Page 1

Single Mass Analysis (displaying only valid results)

Tolerance = 10.0 PPM / DBE: min =-1.5, max = 100.0

Isotope cluster parameters: Separation = 1.0 Abundance = 1.0% Exp mass: 593.2510
Obs mass: 593.2510

Compound 20

Monoisotopic Mass, Odd and Even Electron lons
27 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)

Micromass : Q-Tof micro (YA-105) Dept. Of Chemistry I.LT.(8) 20-Dec-201111:49:26
C33H32N605
NCL-VAK-G-ACID 28 (0.289) AM (Cen,5, 80.00, Ht,5000.0,556.28,1.00); Sm (Mn, 2x4.00); Sb (5,40.00 ); Cm (1:36) TOF MS ES+
100 243.1178 3513
|
|
| 593.2510
%- |
222001 2441219 594.2539
158.1550 ‘ 3511445 4401991 95,2562
| 100.0844 581 | F-ts.ﬁsa ; | 4422084 557.2811] 750.3997 906.4135 g3 3817
T [ Lot 1 1 1 I T T T T T T [ hde 1 by | 1 T T
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Minimum: -1.5
Maximum: 200.0 10.0 100.0
Mass Calc. Mass mDa PPM DBE Score Formula
593.2510 593.2512 -0.2 -0.3 20.5 1 €33 H33 N6 O5
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500 &
500+
400 —
300+
200+
100+
od
™ 5 o s !
Minutes
Peak Ret.Time (min)  Width 1/2 Peak Area (counis) Result ()
Mo (sec)
1 1723 48 236030 62358
2 3.599 oo 7108052 517791
3 7041 127 ST635TS 41 9851

13727657 100.0000

HPLC Chromatogram for crude tetramer 23 sample
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mV¥alts

125

3.546

100

154

304

mW¥olts

254

-234

bs 50 hs oo 25
Ilinutes

Peak Ret. Time (min) Widih 1/2 Peak Area (counts) Resuli ()
To (sec)

1 3546 03 1091035 100.0000
1091035 1000000

HPLC Chromatogram for purified tetramer 23

304

12.080

254

20

0 s oo h25 50 T
Minutes
Peak Ret. Time (min) Width 1/2 Peak Area (counis) Result ()
No (sec)
1 12.090 20.4 T12634 100.0000

712684 1000000

HPLC Chromatogram of Tetramer 23 with a longer retention time
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Seema

Seema tetramer 210212 29 (1.062) 1: Scan ES+
100+ 564.99 1.49¢7
I565.24
= 282.97
282.72 l565.37
2825 1565.87
566.25
283.86 408.17 567.20 1129.15
272.58 622.20 .
N l 317.06 FOQ.IZ 19,0 847.05 1132.24
o Mmh‘“m TP AT Y O YO ST PRI O | NP VISV INS I RPPOVY SN TPVINTN W TS Lt — ey e e iz
300 400 500 600 700 800 900 1000 1100 1200 1300
Seema tetramer 210212 73 (2 708) 1
1004 112972
129287 33193
1060.17
856.06
185.79 -876.97
i 57917 909 749 6a7.72
753.62 825 44 937 45 996.92 121710
Ll Ly R i
0 R T O Y A A | iz
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20
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80
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75
70
65
% 80
g 55
b=
2 50
@«
2 45
]
& 4w
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30
25
20 283.00
15 355.07
0 443,08 G a 908
5 62.16 e = 88810 o036
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ESI mass spectra of tetramer 23
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4.1 Introduction

Antisense oligonucleotides as potential human therapeutics have been explored for
more than the last two decades.' There are several antisense methodologies currently
being pursued. Such mechanisms include RNase H cleavage of target RNA, RNA
interference, inhibition of micro-RNA function and alteration of splicing. All these
mechanisms are shortly discussed in chapter 1. RNase H (Ribonuclease H) cleavage
of target RNA (Figure 1) is a highly effective approach and the most widely used
mechanism to downregulate target genes using antisense oligonucleotides,
accounting for the majority of drugs in development. RNase H, a ubiquitous enzyme
that hydrolyzes the RNA strand of an RNA/DNA duplex and is widely expressed in
mammalian cells.”> An externally delivered antisense molecule must bind to a
targeted mRNA according to Watson-Crick recognition rules and also be able to
elicit RNase H enzyme activity. The RNase H enzyme interacts with the minor
groove of the RNA/DNA hybrid helix and cleaves the RNA strand.’ The enzyme

requires divalent metal ions Mg®" and Mn’" and generates products with 5’-

phosphate and 3’-hydroxyl group as final products.
ASO —> [RRTRTRITIRIT

RNase H

mRNA mRNA-ASO RNase H mRNA
Duplex Activity Cleavage

Figure 1. RNase H Cleavage mechanism®

The catalytic cleavage by the RNase H enzyme demands a flexible hybrid duplex.’
For example, in the native DNA-RNA duplex, the conformation of the DNA strand is
B type (all nucleotides are in intermediate O4'-endo/S-type conformation, Figure 2)
whereas the RNA strand adopts a conformation which is very similar to single
stranded RNA in which all nucleotides are in C3'-endo conformation, i.e., N-type
(Figure 2).° It has emerged that the RNase H cleavage site retains this intermediate
B-type-DNA/A-type RNA conformation in order to be substrate for cleavage

reaction by RNase H. The antisense molecule is then free to interact with other target
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RNA molecule, thus improving the potency of antisense ONs, resulting in dose

reduction.

HO
HO 3 B 2 B
4
\4%4 — 1
2 3
C3'endo C2' exo C2' endo C3' exo
N-Type S-Type

Figure 2. (A) C3’-endo and C2’ endo sugar conformations

Oligonucleotide-assisted RNase H-dependent reduction of targeted RNA expression
can be quite efficient, reaching 80-95% down-regulation of protein and mRNA
expression. Furthermore, in contrast to the steric-blocker oligonucleotides, RNase H-
dependent oligonucleotides can inhibit protein expression when targeted to virtually
any region of the mRNA.

The ideal antisense gene inhibitor should display high specificity towards its
target sequence, enhanced stability towards intra- and extracellular nucleases and
should possess the ability to penetrate the cell membrane. In addition to these
requirements, the antisense oligonucleotide should leave the nucleic acid structure
relatively unperturbed in order to retain the ability to elicit RNase H degradation of
the resulting ON: RNA hybrid.

Several antisense agents have reached the stage of clinical trials and in 1998,
the first antisense oligonucleotide (phosphorothioate backbone) drug, Formivirsen
was approved by FDA. Though phosphorothioate were able to activate RNase H,
they exhibit several disadvantages such as: they have a comparably low binding
capacity and show nonspecific binding to proteins7, causing toxic side effects that
limit many applications. In order to overcome these limitations, various
modifications of the sugar and nucleobase, as well as of the phosphate backbone,
have been investigated, and numerous reports are available about these modified
AONs and their antisense action."*® Different 2'-O-alkyl’ and 2'-O-aminoalkyl'"'" as
well as 2'-fluoro'® modifications in ribose resulted in significant increase of the
duplex stability (about 2 °C per modification). Unfortunately all these modifications
drive the sugar into the C3'-endo conformation typical for the A-type RNA/RNA

duplex'® which results in complete loss of the RNase H activity. However,
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arabinonucleic acids (ANA, Figure 3) and 2'-deoxy-2'-fluoro-arabinonucleic acids
(2'F-ANA, Figure 3) were shown'* to be substrates for RNase H. Lower RNase H
activity observed for ANA/RNA duplexes was attributed to the lower thermal
stability of the duplex as a result of lesser amount of ANA/RNA duplex available for
the enzyme to process. RNase H activity of the duplexes formed by 2'F-ANA was
comparable with the corresponding non-modified substrates. In an NMR study, it has
been demonstrated that the 2'F-ANA have an eastern O-4’-endo-sugar conformation,
closer to B-type DNA when hybridized to RNA." The small size of the F-atom and
its upward position (away from minor grove) may suggest that it may not interfere
with the enzyme binding to the heteroduplex, thereby not impairing the activity of

the enzyme on 2’-F-ANA/RNA duplex.'*’

g o o 8 0
o] o_ B B B
OH —F <} :
O H o:\ -
ANA 2'-F-ANA LNA o—L-LNA CeNA

Figure 3. ANA, 2’-F-ANA, LNA and o-L-LNA Analogs

LNA (Locked Nucleic acid, Figure 3) and a-L-LNA (Figure 3) have emerged as
useful tools in therapeutics and diagnostics.16 Both LNA'7 and a-L-LNA'® sequences
have demonstrated unprecedented stability for antiparallel hybridization with both
DNA and RNA complements. An LNA nucleotide contains a 2’-0, 4’-C-methylene
bridge that locks the nucleotide in a C3’-endo (N-type) furanose conformation
resulting in LNA:RNA duplex in A-type and so do not support RNase H enzyme
activity. a-L-LNA, which contains the 2°,4’-bridge on the same side of the sugar as
the nucleobases, along with an inversion of the 3’-OH group. Structural studies of a-
L-LNA were reported and showed that a-L-LNA assumes a DNA-like Southern
conformation, resulting in H-form duplexes with target RNA.'"*"” Even though a-L-
LNA showed Southern sugar pucker, a-L-LNA does not support RNase H, but has
been utilized successfully in gapmer ASO designs.”” Cyclohexene nucleic acids
(CeNA) were shown to have enhanced affinity to the target RNA. The resulting
CeNA/RNA duplexes were susceptible to RNase H cleavage and found to be
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relatively poorer substrate in comparison with native counterpart.21 The flexible
cyclohexene ring can adopt both S-type and N-type geometries and the energy

barrier is low.

(o] fo) o

- NH NH H
TS Oy RS
o 4%_7/ ‘v

[ I 'V
- R=OH, NH R=CH,CH,OH
R=OCHj , NH, R=CH,NH, NH, ,CH,OH,
CH,NHCOCH;3 OCHj, CH=CHj, CH=CH,,

CHZCHZNHQ imidazole-4-CH2CHNH
CHzoC=ONHCH20H2NH2

o HO OH

Vi Vi Vil

Figure 4. 4’-C and 5’-C-substituted sugar analog

AONs possessing various 4'-C***(Figure 4, I and IT) and 5'-C modifications™
(Figure 4, III and IV) in 2'-deoxyribose moiety have been reported to serve as
substrates for RNase H with efficiency comparable with those of the non-modified
DNA:s irrespective of their lower affinity to the RNA target. Kanazaki et al. studied
the RNase H-eliciting power of AONs containing 4’—a—C—amininoalkylthymidines.23
RNase H-promoted hydrolysis rates for the hybrid duplexes formed by 4’-a-C-
aminoalkylthymidine-containing AONs were found to be similar to that of
unmodified counterpart. Also, it was reported that hydrolysis rates were decreased
when five residues of 4’-a-C-amininoalkylthymidine have been introduced into the
AON. Literature also reports the 4’-C-(hydroxymethyl)thymidine®*,* (Figure 4, V
and VI) and 4’-C-(hydroxymethyl)uridine®® (Figure 4, VII and VIII) modifications
which have not been further studied for their RNase H activity. 4’-C-
(hydroxymethyl)thymidine modified ODNs have shown excellent hybridization
properties and this modification leads to significantly improved enzymatic stability.

Oligodeoxynucleotide  analogues  containing  3’-O-ethyl-4’-C-hydroxymethyl
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nucleoside (single modification at 3° end) moderately weaken duplex stability while
significantly improved the resistance towards 3’-exonucleolytic degradation.”
Incorporation of 4’-C-(hydroxymethyl)uridine (Figure 3, VII and VIII) in
oligonucleotides (both 5’- hydroxyl to 4’-C-hydroxymethyl backbone or 5’-hydroxyl
to 3’-hydroxy backbone) led to destabilization of the complexes with complementary
DNA and RNA.* The conformations of the pentofuranose ring in the modified
nucleotides VII and VIII are far from ideal when optimal DNA:DNA duplex stability
is considered. This was confirmed by modeling studies which revealed distortions in

the sugar-phosphate backbone, especially for modification VII.

4.2 Rationale, Design and Present Work

In search for oligonucleotide analogs possessing enhanced hybridization and
enzyme stability as well as ability to induce RNase H activity, we have explored a
sugar modification at the 4’-postion. From the consideration that the restriction of
sugar puckering in nucleosides to a proper conformation would serve as an
advantageous strategy to develop a desired antisense molecule, we propose a
nucleotide analog in which the sugar was expected to have a 2’-endo (S-type) pucker
(Figure 5) that is normally observed in DNA. The cis geometry of the phosphodiester
linking 4’-0-CH,OH and 3’-OH group may show internucleoside distance
complementarity while binding to A-type RNA geometry. This compact backbone
(5’- 3’ linkage) was envisaged to be helpful in improving DNA:RNA duplex
binding strength.

The L-configuration indicates the configuration about the C4’ center,
wherein the 5> CH,OH group is positioned below the C4°-04’-C1’ furanose plane
(which is the carbon atom involved in the backbone linkage). With respect to the
5”CH,OH group, the base is a-oriented. Therefore, we called this analog as ‘o-L-
DNA’. In natural DNA, on the other hand, the C5* center (involved in backbone

linkage) is D-configured and the base is consequently, -oriented.
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Figure 5. B-D-DNA, a-D-DNA and proposed a-L-DNA with 5°°’— 3’-phosphodiester
linkage

Specific objectives of this chapter are

1. Synthesis of the a-L-DNA thyminyl monomer

2. Conversion of the monomeric unit to its phosphoramidite derivative

3 Incorporation of these activated monomer into pre-determined oligonucleotide
sequences using the automated DNA synthesizer and their characterization by
HPLC and MALDI-TOF.

4. Evaluation of these a-L-DNA modified oligomers for their UV-thermal binding

stability towards complementary DNA/RNA.

5. Evaluation of RNase H activity of the modified sequences.
4.3 Results and Discussion
4.3.1 Synthesis of a-L-DNA monomer

A number of 4’-C-branched nucleosides have been reported in the literature, either
studied for their anti HIV activity?’ or incorporation into oligomers.”**® Here, we
have synthesized a new a-L-DNA phosphoramidite monomer 11 (scheme 1) and
incorporated it into oligomers. The 4’ hydroxymethyl carbon was considered as C 5’

and the linkage 5°’— 3’. The synthesis of the monomer was accomplished from
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commercially available starting material, thymidine. Compound 4 was obtained
following the reaction conditions as per literature.”® Accordingly the 5°-OH of
thymidine 1 was protected as its 5’-O-tert.butyldimethylsilyl ether to get 2, which on
protection of the 3’-OH group with DMT gave compound 3. The silyl group of
compound 3 was removed by treatment with TBAF to give compound 4. We applied
a simple oxidation protocol for the synthesis of the 5’-aldehyde using IBX*’ rather
than Swern oxidation® (oxalyl chloride/DMSO/DIPEA) or Moffat’s oxidation
(DMSO/DCC/TFA/Pyridine) procedure.”’ The latter two oxidation procedures
require polar solvents and tedious reaction conditions whereas IBX oxidation was
simple, using relatively volatile solvents and offered aldehyde after filteration of the
reaction mixture. Oxidation of compound 4 with IBX to corresponding aldehyde 5
proceeded with good yield, followed by aldol condensation between the intermediate
nucleoside aldehyde 5 and formaldehyde in the presence of aqueous sodium
hydroxide with concomitant reduction using sodium borohydride employing known
reaction conditions’ to give known compound 6. The 4’-C-hydroxymethyl
functionality (5°") was regioselectively protected by reaction with DMT-CI to give
nucleoside 7. This selectivity might be due to steric hindrance from the base moiety
and was found to be in accordance with literature reports. Protections of 5’- hydroxyl
group as a silyl ether furnished compound 8. The dimethoxy trityl group of
compound 8 was then removed using 2% dichloroacetic acid in DCM to give 5’-O-
(tert-butyldimethylsilyl)-4’-C-(hydroxymethyl)thymidine 9. The protection of the
4’-C-hydroxymethyl group by reaction with DMT-CI furnished the final monomer
10 which was then converted to its phosphoramidite derivative 11. The formation of

the product was confirmed by *'P NMR spectroscopy.
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Scheme 1. Synthesis of a-L-DNA monomer
4.3.2 Sugar Conformation and Crystal Structure

In natural nucleic acids, the pentose sugars are puckered or twisted to give
preferred helical conformations. In principle, there is a continuum of interconvertible

puckers, separated by energy barriers. These various puckers are produced by

systematic changes in the ring torsion angles (V0- v1)

o4 v0=C4'-04'-C1-C2'

ca o1 v1=04'-C1-C2'-C3'
v2=C1'-C2'-C3'-C4'

v3=C2'-C3-C4-04'

@ v4=C1-04-C4-C3'

Figure 6. endocyclic tortional angles V0-v4
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The puckers can be succinctly defined by the parameters P and Vinax> The value of
P, the phase angle of pseudorotation, indicates the type of pucker since P is defined

in terms of the five torsion angles v0-v4:

(v4+vl) — (v3+v0) U |

tan P =
2 V2 (sin32° + sin 72°)

and the maximum degree of pucker i.e puckering amplitude Viax:

V2o 2
Vmax = ————
cosP

The pseudorotation phase angle can take any value between 0° and 360°. If v2 has a
negative value, then 180° is added to the value of P. The pseudorotation phase angle
is commonly represented by the pseudorotation wheel, which indicates the
continuum of ring puckers (Figure 7). Values of Vp.x indicate the degree of
puckering of the ring; typical experimental values from crystallographic studies on
mononucleosides are in the range 25-45°.* For North-type (N) sugars (C3’-endo,
C2’-exo0), P ranges from -1° to 34° and for S-type (S) sugars (C2’-endo, C3’-exo0), P
ranges from 137° to 194°.

O<I r
C2'-exo C3'-endo

O4'-exo 270° 90° 0O4’'-endo

C4'-endo

Figure 7. The pseudorotation wheel for a deoxyribose sugar. The shaded areas
indicate the preferred ranges of the pseudorotation angle for the two
principal sugar conformations.’*
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We have calculated sugar conformation of intermediate compound 9 from NMR HI1’
coupling constant (JH1’= 8.84 and 5.43 Hz) using Sum rule (equation 3) and was

found to have 76% S-type sugar pucker.

%S = (ZHI’-9.8)/5.9  where SHI'= J; o+ Jp 25 vovvveennn, 3

We have further confirmed from crystal structure of compound 9 (Figure 8) which

clearly indicate S-type sugar conformation.

Figure 8. Crystal structure of compound 9
Phase angle of pseudorotaion (P) and puckering amplitude V. was calculated from

the torsional angle obtained from crystal data (Table 1) using equation 1 and 2

respectively. Phase angle of pseudorotation (P) was found to be 172.14° which again
indicates S-type sugar pucker. The puckering amplitude vy,,x was found to be 33.5°

which was in accordance with typical experimental values.

Table 1. Geometrical parameters obtained from X-ray crystal structure for

compound 9
Torsional angles Torsional angle (deg)

v0 =[C4’- 04’- C1’- C2’] -15.3
vl =[04’- C1’- C2’- C3’] 30.3
v2 =[C1’- C2’- C3’- C4’] -33.6
v3 =[C2’- C3’- C4’- O4’] -25.3
v4 =[C1’- O4’- C4’- C3’] 6.7

% =[04’- C1’- N1- C2] -147
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The torsion angle x around the glycosidic bond is defined in terms of four atoms:

04’—C1°-N9-C4 for purines
04’-C1°-N1-C2 for pyrimidines

Figure 9. Diagrammatic representation of the N-glycosidic bond torsion angle y and
the syn and anti regions for purine and pyrimidine derivatives®*

The anti conformation has the N1, C2 face of purines and the C2, N3 face of
pyrimidines directed away from the sugar ring so that the hydrogen atoms attached to
C8 of purines and C6 of pyrimidines, are lying over the sugar ring (Figure 9). Thus,
the Watson—Crick hydrogen-bonding groups of the bases are directed away from the
sugar ring. These orientations are reversed for the syn conformation, with these
hydrogen-bonding groups now oriented toward the sugar. The sterically preferred
ranges for these two domains of glycosidic angles are:

Anti: =120 >y >180°

Syn: 0 <y <90°

The y angle obtained from the X-ray crystal structure of compound 9 was —147°,

indicating the anti conformation of thymine base.

4.4 Solid Phase Synthesis of DNA Oligonucleotides by
Phosphoramidite Method

Control 18mer oligonucleotide DNA1 chosen was specific for the Splice correction
of an aberrant f-globin intron (705 site).”> Chronic myeloid leukemia (CML) is
probably the most extensively studied human malignancy. The discovery of the
Philadelphia (Ph) chromosome in the 1960 as the first consistent chromosomal
abnormality associated with a specific type of leukemia was a breakthrough in cancer

biology.*® The unmodified oligomers were synthesized using an automated
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Bioautomation MM4 DNA synthesizer and commercially available 5’-O-DMT-2’-
deoxy-3’-phosphoramidite building blocks using P—cyanoethyl phosphoramidite
method.’” The modified monomer unit 11 was incorporated at pre-determined
positions using an extended coupling time to yield the modified oligomers
efficiently. ON1 and ON2 were synthesized with one and two modifications
respectively.

4.4.1 Purification and MALDI-TOF characterization of modified oligomers

The synthesized oligonucleotides were cleaved from the solid support with conc.
NH4OH, lyophilized. The silyl group was deprotected by adding 0.1 mL desilylation
solution (1.5 mL NMP + 0.75 mL TEA + 1 mL 3HF: TEA) and heated at 65 °C for
two hours. The reaction mixture was then cooled and neutralized with 0.1 mL
NH4HCOs3 (0.5 M), lyophilized and desalted to get the crude oligonucleotides. The
purity of the oligomers listed in Table 2 was checked by analytical RP-HPLC (C18
column, 0.1 N TEAA buffer-acetonitrile) which showed more than 75-80% purity.
These oligomers were subsequently purified by reverse phase HPLC on C18 column.
The purity of the oligomers was again ascertained by analytical RP-HPLC and found
to be > 95%. Their integrity was confirmed by MALDI-TOF mass spectrometric
analysis. THAP (2.,4,6-trihydroxy acetophenone) matrix with diammonium citrate as
additive was used for MALDI-TOF (matrix assisted laser desorption ionization time-
of-flight) mass analysis of oligomers. HPLC retention time and observed values of

mass in MALDI-TOF spectrometry are listed in Table 2.

Table 2. Oligomers synthesized with their HPLC retention times and MALDI -TOF

values
Code Sequence HPLC tg Mass
(min)
Exp. Mass | Obs. Mass
ON1 | S°CCT CTT ACC TCA GTT ACA3’ 266 5400 5401.91
ON2 | 5°CCT CTT ACC TCA GTT ACA3’ 7.95 5431 5431.32

T indicate a-L-DNA monomer

4.5 Biophysical studies of a-L-DNA modified oligomers

UV-Ty, studies were carried out to investigate the binding of the modified
oligomers to complementary DNA and RNA. The T}, experiments of duplexes were

carried out in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl
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and 0.1 mM EDTA. Chimeric DNA oligonucleotides were individually hybridized
with the complementary DNA and RNA strands, to obtain duplexes.

The binding affinity of 18mer chimeric ONs (ON1 and ON2) with
complementary DNA2 and RNA was investigated by measuring the melting

temperatures (71,) of the duplexes and the results are summarized in Table 3.

Table 3. T, (°C) values of 18mer chimeric ONs: DNA/RNA duplexes

UV-T, °C

Entry Sequences (ATw’C)

DNA2 RNA

1 DNA1

5’CCT CTT ACC TCA GTT ACAY® 53.1 56.5
2 ON1 50.2 50.4
5°CCT CTT ACC TCA GTT ACA3 (-2.9) (-6.1)
3 ON2 46.8 48.6
5’CCT CTT ACC TCA GTT ACA3’ (-6.3) (-7.9)

T = 0-L-DNA monomer unit, DNA2: 5> TGT AAC TGA GGT AAG AGG 3’, RNA: 5°UGU AAC
UGA GGU AAG AGG 3’, T, = melting temperature (measured in the buffer 10 mM sodium
phosphate, 100 mM NaCl, pH = 7.2), of a-L-DNA modified ONs:DNA/RNA complexes. The values
reported here are the average of 3 independent experiments and are accurate to =1.0°C. A Ty, = Ty, -

T, m(control)

The unmodified 18mer DNA1 sequence forms complexes with complementary
DNA2 and RNA with higher melting temperature for DNA:RNA complex over
DNA:DNA (A Tp=+3.5 °C). Introduction of a single monomeric unit towards the 3’
end in 18mer oligomer ONI1, caused a destabilization of 2.9 °C and 6.1 °C with
complementary DNA2 and RNA. A cumulative effect was observed in
destabilization in the ON2:DNA2/RNA1 when two monomer units were
incorporated. Incorporation of two monomer units into the oligomer showed further
increase in destabilization with both DNA/RNA. Thus, intermittent change to 3°-5’
linkage in continuous 3°-5° backbone at a single or more positions destabilized the
duplexes with both DNA and RNA. It would be perhaps necessary to synthesize a
completely modified 3°-5°" phosphodiester linked DNA oligomer to fully understand

the usefulness of this designed oligomer backbone.
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Figure 10: Melting curves for ON1-ON2 oligomers with complementary DNA/RNA and

corresponding first derivative curves.

4.6 RNase H Digestion Assay

We have carried out RNase H digestion assay for the single modified sequence in
order to find out its ability to induce RNase H using electrophoretic gel experiment
(Figure 11). The control DNA1, ON1 were mixed separately with complementary
RNA in 1:1 ratio (300 uM each) in water. The samples were lyophilized to dryness
and re-suspended in 10 mM Tris-HCI buffer (pH 7.5, 5 uL) containing 25 mM KCl
and 0.5 mM MgCl,. The samples were annealed by heating at 85°C for 1 min
followed by slow cooling to room temperature and refrigeration at 4°C overnight.
Single stranded DNA1, ON1 and RNA (300 uM) were also subjected to the same
conditions. Annealed samples were centrifuged and then incubated at 37 °C. 1 pL of
duplex was taken out prior to addition of enzyme. The remaining 4 pL of duplex
were digested with 6 U of RNase H enzyme (total reaction volume was 7 pL).

Aliquots (1.5 pL) were taken out after 30, 60, 120 and 240 min; the reaction was
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stopped by adding 0.75 uL. EDTA, followed by chilling in icebath. Control samples
and reaction aliquots were mixed with equal volume of 40% sucrose in TBE buffer
(pH 8.0) and loaded on the gel (2 uL each). Bromophenol blue (BPB) was used as
the tracer dye separately in an adjacent well. Gel electrophoresis was performed on a
20% non-denaturing polyacrylamide gel (acrylamide:bis-acrylamide, 29:1) with 1X
TBE buffer at 200V and 10 mA, until the BPB migrated to three-fourth of the gel
length. During electrophoresis the temperature was maintained at 10°C. The spots

were visualized through UV shadowing by illuminating the gel placed on a pre-

coated silica gel plate (Fas4). The gel was stained with ethidium bromide followed by

visualization using UV transilluminator.

3hr
6 hr
S5 ON1

60 min

Duplex Congro)
30 min
3hr
6 hr
SSDNA contrg)
ON1-RNA Dypley
30 min

60 min

SSRNA

Figure 11. The PAGE analysis of RNase H hydrolysis of the hybrid duplexes
control DNA and modified oligomer ON1 with RNA

The PAGE analysis of RNase H hydrolysis of the hybrid duplexes (Figure 11)
showed that the modified oligomer ON1 was found to be as good a substrate for

RNase H as the native hybrid duplex, although it showed destabilization of ~ 3 °C

with RNA.
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4.7 Summary

1. The proposed nucleotide analog shows S-type sugar pucker, confirmed by NMR

and crystal structure.

2. Introduction of 4’-substituted sugar monomer into oligomer destabilized

complexes with both DNA and RNA.

3. Irrespective of the loss of Tp, the single modified ON1-RNA duplex was found to
be as good a substrate for RNase H as the native hybrid duplex.
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4.8 Experimental Section

General: All the reagents were purchased from Sigma-Aldrich and used without
purification. DMF, CH3CN were dried over P,Os and CaH, respectively and stored
by adding 4 A molecular sieves. Pyridine, TEA were dried over KOH and stored by
adding KOH. THF was passed over basic alumina and dried by distillation over
sodium. Analytical TLCs were performed on Merck 5554 silica 60 aluminium sheets.
Column chromatography was performed for purification of compounds on silica gel
(60-120 mesh, Merck). For acid-sensitive (trityl-containing) compounds, the column
packed and equilibrated with 0.5% triethylamine. TLCs were performed using
dichloromethane-methanol or petroleum ether-ethyl acetate solvent systems.
Visualization was accomplished with UV light and/or by spraying with perchloric
acid reagent and heating. 'H and '>’C NMR spectra were obtained using Bruker ACF
200 (200 MHz) or 400 (400 MHz) spectrometers and all the chemical shifts (3/ppm)
are referred to internal TMS for 'H and chloroform-d for *C NMR. 'H NMR data
are reported in the order of chemical shift, multiplicity (s, singlet; d, doublet; t,
triplet; br, broad; br s, broad singlet; m, multiplet and/ or multiple resonance),
number of protons. Mass spectra were recorded on Thermo Finnigan Surveyor MS-Q
spectrometer, while HRMS was recorded by using a Thermo Scientific Q-exactive
mass spectrometer. Gel experiment was carried using BIO-RAD PROTEAN I xi
cell electrophoresis instrument. RP-HPLC was carried out on a C18 column using
Waters system (Waters Delta 600e quaternary solvent delivery system and 2998
photodiode array detector and Empower2 chromatography software). MALDI-TOF
spectra were recorded on a Voyager-De-STR (Applied Biosystems) MALDI-TOF
instrument. UV experiments were performed on a Varian Cary 300 UV-VIS
spectrophotometer fitted with a Peltier-controlled temperature programmer and a

water circulator.
5°-O-(tert-butyldimethylsilyl)-thymidine (2)

0 Thymidine 1 (10 g, 41.28 mmol) and imidazole (6.0 g, 90.75

\ElLr mmol) was suspended in 15 mL of dry DMF. TBS-CI (6.5 g,

TBSO © 41.25 mmol) dissolved in 5 mL of dry DMF was added
HO dropwise at 0 °C and reaction was stirred at RT for 20 h. DMF

246



was removed under vacuum and product was extracted in ethyl acetate. Organic layer
was dried over Na,SO4 concentrated and product was purified with column
chromatography using 2% methanol in dichloromethane gave product 2 (12.1 g,

Yield 80 %).

"H NMR (200MHz, CDCls): 8.93 (s, 1H, exchanges with D,0), 7.53 (s, 1H), 6.35-
6.42 (dd, J=8.21, 5.81 Hz, 1H), 4.48 (m, 1H), 4.05 (m, 1H), 3.89 (m, 2H), 2.65 (bs,
1H, exchanges with D,0), 2.34-2.44 (m, 1H), 2.03- 2.17 (m, 1H), 1.92 (s, 1H), 0.92
(s, 9H), 0.12 (s, 6H); *C NMR (50MHz, CDCl3): 164.1, 150.6, 135.5, 110.9, 87.3,
85.0, 72.7, 63.6, 41.0, 25.8, 18.3, 12.5, -5.4, -5.5; MS (EI) m/z 356.1767, found
379.11 (M+Na"); HRMS (ESI): calcd for C;sH2N,0sSiNa: 379.1659, found
379.1648.

5°-O-(tert-butyldimethylsilyl)-3°-O-(4, 4’-dimethoxytrityl)thymidine (3)

A mixture of 2 (10 g, 28 mmol) and DMT-CI (11.4 g, 33.7

mmol) in 25 mL dry pyridine was heated at 50 °C for 12 h.

\[lLNH Pyridine was removed under vacuum and residue was purified

by column chromatography on neutralized silica gel using 50%

DMTO ethyl acetate in petroleum ether to give product 3 (17.1g, Yield
92%).

"H NMR (200MHz, CDCls): 8.32 (s, 1H, exchanges with D,0), 7.32-7.47 (m, 10H),
6.82-6.86 (d, J=8.85 Hz, 4H), 6.37-6.45 (dd, J=9.34, 5.31 Hz, 1H), 4.28 (d, J=5.30
Hz, 1H), 4.03 (s, 1H), 3.80 (s, 6H), 3.66 (m, 1H), 3.27 (m, 1H), 1.86 (s, 3H), 1.70 (m,
2H), 0.81 (s, 9H), -0.04 (s, 3H), -0.09 (s, 3H); *C NMR (50MHz, CDCls): 163.6,
158.6, 150.2, 145.0, 136.3, 136.2, 135.5, 130.2, 130.1, 128.2, 127.9, 127.0, 113.2,
110.8, 87.2, 86.6, 84.8, 74.9, 63.5, 55.2, 39.9, 25.7, 18.1, 12.3, -5.4, -5.7; MS (EI)
m/z 658.3074, found 681.34 (M+ Na+); HRMS (ESI): calcd for C37H46N,O7SiNa:
681.2966, found 681.2956.

3°-0-(4, 4’-dimethoxytrityl) thymidine (4)

Compound 3 (15 g, 22.7 mmol) dissolved in 40 mL anhydrous THF and 1N TBAF in
THF (34.1 mL, 34.1 mmol) was added. Reaction was stirred at RT for 1 h. THF was
removed under reduced pressure and the residue was dissolved in DCM, washed with

water and then brine. Organic layer was dried over Na,;SO4 and concentrated. The
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product was purified by column chromatography using 1.5% of methanol in

dichloromethane to get product 4 as a white solid (9.8 g, Yield

9 79%).

\[lﬁ "H NMR (200MHz, CDCLs): 8.59 (s, 1H, exchanges with D,0),
HO 7.24-7.47 (m, 10H), 6.82 (d, J=8.46 Hz, 4H), 6.09-6.17 (dd,
DMTO J=8.72, 5.81 Hz, 1H), 4.36 (m, 1H), 3.98 (s, 1H), 3.79 (s, 6H),
3.63-3.69 (m, 1H), 3.35 (m, 1H), 2.50 (bs, 1H, exchanges with
D,0), 1.90-1.95 (m, 1H), 1.85 (s, 3H), 1.69 (s, 1H); *C NMR (50MHz, CDCL;):
163.7, 158.8, 150.3, 145.0, 137.1, 136.2, 136.1, 130.1, 128.2, 127.9, 127.0, 113.2,
110.8, 87.2, 87.1, 86.5, 74.2, 62.4, 55.2, 38.5, 12.3; MS (EI) m/z 544.2210, found
567.21 (M+ Na'); HRMS (ESI): caled for C3H3N,OsNa: 567.2102, found

567.2091.

3’-0-(4, 4’-dimethoxytrityl)-5’-formyl Thymidine (5)

0 Compound 4 (3 g, 5.51 mmol) was dissolved in 20 mL

0 \[lt’t acetonitrile. The flask was equipped with reflux condenser. To it

H IBX (4.63 g, 16.5 mmol) was added and the reaction mixture was

DMTO heated at 80 °C for three hrs. After completion of reaction, reaction

mixture cooled to room temperature and filtered on bed of celite.

Filtrate was concentrated and subjected for filtration column purification on

neutralized silica gel. The product eluted at 35-40% acetone in pet ether system to

get compound 5§ (2.65 g, yield 89%) as a white foam. The product obtained

immediately subjected for next reaction.

3’-O-(4, 4’-dimethoxytrityl)-4’-hydroxymethylthymidine (6)

To a solution of 5 (2.62 g, 4.83 mmol) in dioxane cooled in

\f‘\NH waterbath, 35% HCHO (0.787 mL, 9.18 mmol) and 2N NaOH

HO o. ON" o (4.6 mL, 9.18 mmol) were added. Stirring was continued for 5

mins. Reaction mixture was then cooled in ice bath and NaBH4

6 (0.349 g, 9.18 mmol) was added in portions. Stirring was

continued in icebath for 1 hr and then allowed to attain room temperature for 3 h. To

the reaction mixture 1 mL water was added and the mixture was neutralized using

Dowex H' resin. The resin was filtered off and the filtrate evaporated to dryness. The

residue was purified by column chromatography with 30% acetone in petroleum

ether to give product 6 as a white solid (2 g, Yield 72%).
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"H NMR (200MHz, CDCls): 8.65 (s, 1H, exchanges with D,0), 7.28-7.46 (m, 10H),
6.98 (s, 1H), 6.83-6.88 (m, 4H), 6.12-6.18 (m, 1H), 4.57 (m, 1H), 4.02 (m, 1H), 3.75-
3.80 (m, 8H), 3.39 (m, 1H), 3.08 (bs, 1H, exchanges with D,0), 2.62 (bs, 1H,
exchanges with D,0), 2.0-2.15 (m, 1H), 1.81 (s, 3H), 1.41-1.55 (m, 1H); ®C NMR
(50MHz, CDCls): 163.6, 158.8, 150.5, 144.9, 136.6, 135.9, 135.8, 130.3, 128.2,
128.0, 127.2, 113.3, 111.1, 89.1, 87.3, 83.7, 72.6, 63.2, 62.1, 55.2, 38.8, 12.3; MS
(EI) m/z 574.2315, found 597.17 M+ Na+); HRMS (ESI): calcd for C5,H34N,OgNa:
597.2207, found 597.2196.

4’-C-[(4, 4’-dimethoxytrityl)oxomethyl]-3’-O-(4,4’-dimethoxytrityl)thymidine
(7

0 To a solution of 6 (1.9 g, 3.31 mmol) in pyridine, DMT-CI
\(‘L/’\E (1.34 g, 3.8 mmol) was added and reaction mixture was

o) . o
4 o_N © allowed to stirr 12 h. Pyridine was removed under vacuum

DMTODMTO and residue was purified by column chromatography on
! neutralized silica gel using 45% ethyl acetate in petroleum
ether to give product 7 (2.25 g, Yield 78%).
'"H NMR (200MHz, CDCls): 8.60 (s, 1H, exchanges with D,0), 7.51-7.54 (m, 2H),
7.39-7.45 (m, 4H), 7.16-7.33 (m, 12H), 7.09 (m, 1H), 6.84-6.89 (m, 4H), 6.71-6.77
(m, 4H), 6.26-6.32 (m, 1H), 4.33 (t, J/=8.09 Hz, 1H), 3.83 (m, 1H), 3.77 (s, 12H),
3.55 (d, J=10.36 Hz, 1H), 3.30 (d, J=10.36 Hz, 1H), 2.96-3.09 (m, 1H), 2.32-2.47
(m,1H), 2.08 (bs, 1H, exchanges with D,0), 1.84 (s, 3H), 1.49-1.62 (m, 1H); “*C
NMR (100MHz, CDCl;): 163.6, 158.6, 158.6, 158.4, 158.4, 150.0, 145.1, 144.8,
136.5, 136.0, 135.9, 134.8, 135.7, 130.2, 130.1, 128.1, 127.9, 127.7, 127.0, 126.7,
113.2, 113.2, 113.0, 110.7, 88.5, 87.0, 86.7, 84.1, 71.6, 64.8, 62.9, 55.1, 38.8, 12.4;

MS (EI) m/z 876.3622, found 875.50 (M*-1).

5’-O-(tert-butyldimethylsilyl)-4'-C-[ (4, 4’-dimethoxytrityl) oxomethyl]-3’-O-(4,
4’-dimethoxytrityl)thymidine (8)

© Compound 7 (2 g, 2.28 mmol), imidazole (0.446 g,

\[l/t' 6.84mmol) and TBS-CI (0.515 g, 3.42 mmol) was suspended

TBSO N Yo
MO © in 4 mL of dry DMF. Reaction mixture was stirred at RT for
DMTO 3 hrs. DMF was removed under vacuum and product was

extracted in ethyl acetate. Organic layer was dried over
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Na,S0,, concentrated and product was purified by column chromatography using
30% ethyl acetate in petroleum ether to give product 8 (1.71 g, Yield 76 %).

'"H NMR (200MHz, CDCls): 8.27 (s, 1H, exchanges with D,0), 7.50-7.53 (m, 2H),
7.34-7.43 (m, 4H), 7.22-7.31 (m, 3H), 7.07-7.18 (m, 9H), 7.09 (m, 1H), 6.80-6.86
(m, 4H), 6.67-6.72 (m, 4H), 6.38 (t, /=6.84 Hz, 1H), 4.21-4.27 (dd, J=7.70, 4.55 Hz,
1H), 3.92 (d, /=10.7 Hz, 1H), 3.76 (s, 12H), 3.68 (d, merged with 3.76 peak, 1H),
3.24-2.31 (m, 2H), 1.87 (s, 3H), 1.63 (m, 2H), 0.77 (s, 9H), -0.07 (s, 3H), -0.16 (s,
3H); “C NMR (50MHz, CDCly): 163.5, 158.5, 158.4, 150.0, 145.3, 144.9, 136.0,
135.8, 130.3, 130.2, 130.2, 130.1, 128.2, 128.1, 127.8, 127.7, 126.8, 126.7, 113.1,
113.1, 113.0, 110.7, 88.7, 86.9, 86.5, 83.0, 77.3, 65.1, 64.5, 55.1, 39.2, 25.8, 18.2,
12.5, -5.4, -5.6; MS (EI) m/z 990.4487, found 1013.54 (M+ Na'); HRMS (ESI):
calcd for CsoHgeN,O1pSiNa: 1013.4383, found 1013.4421.

5°-O-(tert-butyldimethylsilyl)-4’-hydroxymethylthymidine (9)

o Compound 8 (1.5 g, 1.51 mmol) was dissolved in minimum
\f‘\:j\: quantity of DCM and to it 2 % dichloroacetic acid in DCM
N o

TBSO o
(total 18 mL + 0.3 mL of triisopropyl silane as scavenger) was

- HO o added in portions. Reaction was monitored by TLC. After
completion of reaction mixture was diluted with DCM and
saturated Na,CO3; wash was given to organic layer. Organic layer dried over Na,SO4
and concentrated. The product was purified by column chromatography using 60%
ethyl acetate in petroleum ether to give 9 as a white solid (0.438 g, Yield 75%).
'"H NMR (200MHz, CDCls): 9.87 (s, 1H, exchanges with D,0), 7.55 (s, 1H), 6.45-
6.52 (dd, J=8.84, 5.43 Hz, 1H), 4.50 (d, J=5.05 Hz, 1H), 4.32 (bs, exchanges with
D,0O, 1H), 3.70-3.88 (m, 5H), 2.39-2.48 (m, 1H), 2.16-2.30 (m, 1H), 1.90 (s, 3H),
0.92 (s, 9H), 0.12 (s, 6H); *C NMR (50MHz, CDCl;): 163.9, 150.7, 135.4, 111.3,
88.8, 84.7, 74.0, 66.1, 63.2, 41.4, 25.8, 18.3, 12.4. -5.4, -5.5; MS (EI) m/z 386.1873,
found 409.16 (M+ Na+); HRMS (ESI): calcd for C;7H30N,O¢SiNa: 409.1771, found
409.1771.

5°-O-(tert-butyldimethylsilyl)-4’-C-[(4, 4’-dimethoxytrityl)
oxomethyl|thymidine (10)

To a solution of 9 (0.4 g, 1.03 mmol) in pyridine, DMTr-Cl (0.42 g, 1.24 mmol) was

added and reaction mixture was allowed to stirr 12 h. Pyridine was removed under
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vacuum and residue was purified by column chromatography on neutralized silica
gel using 40% ethyl acetate in petroleum ether to give product 10 (0.583 g, Yield
82%).
'"H NMR (500MHz, CDCls): 8.43 (s, 1H, exchanges with
\fOLNH D,0), 7.55 (s, 1H), 7.88 (d, J=7.33 Hz, 2H), 7.22-7.33 (m,
TBSO o. >N Yo 8H), 6.84 (m, 4H), 6.43-6.46 (m, 1H), 4.50 (s, 1H), 3.90 (d,
DMTO}g J=10.68 Hz, 1H), 3.80 (s, 6H), 3.62 (d, /=10.68 Hz, 1H), 3.35
" 10 (d, J=9.77 Hz, 1H), 3.24 (d, J=9.46 Hz, 1H), 2.88 (bs,
exchanges with D,0, 1H), 2.34-2.38 (m, 1H), 2.20-2.26 (m, 1H), 1.91 (s, 3H), 0.92
(s, 9H), 0.12 (s, 3H), 0.11 (s, 3H); *C NMR (125MHz, CDCls): 163.5, 158.7, 150.1,
143.8, 135.5, 134.8, 134.7, 129.8, 129.8, 128.1, 127.7, 127.1, 113.4, 110.8, 88.8,
87.2, 84.6, 73.9, 66.5, 63.2, 55.2, 40.8, 25.9, 18.4, 12.4, -5.42, -5.45; MS (EI) m/z
688.3180, found 711.38 (M+ Na+); HRMS (ESI): calcd for C;gH4sN,OgSiNa:
711.3078, found 711.3098.
5°-O-(tert-butyldimethylsilyl)-3’-O-[(2-cyanoethoxy)
diisopropylaminophosphino]-4’-C-[(4,4’-dimethoxytrityl)oxomethyl|thymidine
(1)
Compound 10 (0.200 g, 0.29 mmol) was dissolved in dry

| i nH  dichloromethane (5 mL) followed by the addition of

TBS0 o N "0 diisopropylethylamine (0.126 mL, 0.726mmol). Then 2-

DMTO}Q cynoethyl-N, N’-diisopropyl-chloro phosphine (77 pL, 0.34

N—FI’\O —~_-cNn mmol) was added to the solution at 0 °C and reaction mixture

was stirred at room temperature for 3 hours. The contents

H were then diluted with DCM and washed with 5% NaHCO;3

solution. The product was purified by column chromatography using 1%
Triethylamine in 30% petroleum ether in DCM to give (0.153 g, yield 60%).

P NMR (400MHz, CDCl3) 149.3, 148.5.

Crystal Data:

Single crystals of the compound were grown by slow evaporation of the solution in
CDCls. Colourless crystal of approximate size 0.19 x 0.14 x 0.11 mm’, was used for
data collection on Bruker SMART APEX CCD diffractometer using Mo K, radiation
with fine focus tube with 50kV and 30mA. Crystal to detector distance 6.05 cm, 512

x 512 pixels / frame, quadrant data acquisition. Total frames = 2424,
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Oscillation/frame -0.3°, exposure/frame = 10.0 sec/frame, maximum detector swing
angle = —30.0°, beam center = (260.2, 252.5), in plane spot width = 1.24, SAINT
integration, 6 range = 1.69 to 25.00 °, completeness to 6 of 25.0 ° is 99.9.0 %.
SADABS correction applied , C17 H30 N2 O6 Si, M = 386.52. Crystals belong to
Monoclinic, space group P2, a = 10.4579(5), b = 16.8927(8)), c = 12.7383(6) A, V
=2125.20(17) A’>, Z=4,D. = 1.208 g /cc, u (MoK,) = 0.143 mm™, T'=293(2) K,
20740 reflections measured, 7468 unique [I>2c(I)], R value 0.0543, wR2 = (0.1285.
All the data were corrected for Lorentzian, polarisation and absorption effects.
SHELX-97 (ShelxTL)* was used for structure solution and full matrix least squares

refinement on F2. Hydrogen atoms were included in the refinement as per the riding

model. Largest diff. peak and hole 0.353 and -0.289 e.A-3. Data collection and
refinement parameters are listed in table 1. The conformation of the molecule at C1°,

C3’ and C4’ is R, S and R respectively.

Table 1. Crystal data and structure refinement for compound 9

Empirical formula Cy7 H30 N, Og Si1
Formula weight 386.52

Temperature 2732) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21

Unit cell dimensions a=10.4579(5) A a=90°.

b=16.8927(8) A p=109.200(1)°.

c=12.7383(6) A y=90°.

Volume 2125.20(17) A3

Z 4

Density (calculated) 1.208 g/cc

Absorption coefficient 0.143 mm-1

F(000) 832

Crystal size 0.19x0.14x 0.11 mm3
Theta range for data collection 1.69 to 25.00°.

Index ranges -12<=h<=12, -20<=k<=20), -15<=I<=15
Reflections collected 20740

Independent reflections 7468 [R(int) = 0.0265]
Completeness to theta = 25.00° 99.9 %
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Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9845 and 0.9734

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7468 /1/485

Goodness-of-fit on F2 1.071

Final R indices [[>2sigma(I)] R1=0.0543, wR2 =0.1285

R indices (all data) R1=0.0656, wR2 =0.1360
Absolute structure parameter 0.22(14)

Largest diff. peak and hole 0.353 and -0.289 e.A-3

Making buffers and gel for RNase H experiment

All buffer, gel and dye were stored in refrigerator.

1) Tris-HCI buffer (10 mM, 100 mL, pH 7.5)

Tris-HCI (157 mg, 10mM), MgCl,-6H,O (10 mg, 0.5 mM) and KCI (186 mg, 25
mM) were dissolved in total 100 mL of autoclaved DI water. pH was adjusted with
Tris base and HCI.

2) 29:1 acrylamide: N, N’-methylene bis acryl amide gel (100 mL)

29 g of acrylamide and 1 g of N, N’-methylene bis acryl amide was dissolved in total
100 mL of autoclaved DI water.

3) 5X TBE buffer (500 mL, pH 8)

Tris (hydroxymethyl)methyl amine i.e., Tris base (27 g) , boric acid (13.75 g) and
EDTA (1.462 g) was dissolived in total 500 mL of autoclaved DI water. pH was
adjusted with tris base or HCL.

4) 1X TBE buffer (500 mL)

100 mL of 5X TBE buffer diluted to 500 mL volume with autoclaved DI water.

5) Bromophenol dye

40% of glycerol solution in DI water (V/V) + 0.25 % bromophenol blue dye was
used as tracer dye.

6) 40% sucrose solution in DI water (w/v): equal volume of this solution was
added to dye and samples before loading on the gel.

7) 10% ammonium persulphate solution: 50 mg ammonium pursulphate solution
in 500 uL autoclaved DI water. This solution was prepared freshly at the time of

preparing 20 % acryl amide gel.
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8) 100 mM EDTA solution: 36 mg in 1 mL of DI water. This solution was used as
stop activity of RNase H enzyme.

9) 20% acrylamide gel (40 mL)

26.64 mL of acrylamide: N, N’-methylene bis acryl amide solution (29:1), 5.08 mL
of autoclaved DI water and 8 mL of 5X TBE were added together in a conical,
degassed it for 20-25 min by applying vaccum. Then to it 280 pL of freshely
prepared 10% ammonium persulphate solution and 18.4 pL of TMEDA was added.
After shaking for 30 second to 1min, immediately poured it in blank gel plates and

left it for 30 mins to form a proper gel.
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HPLC chromatogram for ON1 and ON2
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