Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry.
This journal is © The Royal Society of Chemistry 2015

Electronic Supplementary Information

N-Branched acyclic nucleoside phosphonates as monomers for the synthesis of modified
oligonucleotides

Dana Hockova,* Sarka Rosenbergova, Ondiej Pav, Radek Pohl, Pavel Novak and Ivan

Rosenberg*
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic,
v.v.i., Flemingovo nam. 2, 166 10 Prague 6, Czech Republic

=

IE HPLC purity of the prepared modified nonamers. (pages 2-5)

MALDI TOF MS of prepared modified nonamers. (pages 6-9)

3. Evaluation of stability of dON2 and dON3 against cleavage by phosphodiesterase | and I1:
IE HPLC profiles. (pages 10-11)

Tm values and thermodynamic parameters of duplexes. (pages 12-14)

'H NMR spectra of A-azaANP measured at different pD values. (page 15)

"H NMR spectra, ?*C NMR spectra and HRMS ESI of final protected monomers and
triphosphate analogues. (pages 16-29)

7. 'TH NMR and *C NMR spectra of intermediates (pages 30-47)

N

o ok

8. Experiments with polymerases. (pages 48-51)



IE HPLC purity of the prepared modified nonamers
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MALDI TOF MS of the prepared modified nonamers

dON-2

D:\Data'Katerina'April 2013113041 2Novak ON_492Bii\0_F11\1\1SRef

Comment 1 Novak ON_4928
Comment 2
S x108 2752.5
& 1 ]
N H
@ i
£ | i
£ 1
£
1.5 ! O
|
p i NH
i
1
] 5 5-GTGA-0 N
H
] i N~ O
i /\/
1 i
H-N
104 ®
| 27745
T —_— )
1 | | 0=-P—ATGC-3
7 | 20
i
B i
. o Exact Mass: 2751.6
1 2796.5
| 27494 1
T i
| 1 27714 279 !
27634 i ors7a || 2244 28054 28124 28175
s 280 ) 3
0.0 —=—r———= T I 3 = — L L T - e — " T
2740 2750 2760 2770 2780 2790 2800 2810 2820 miz
Bruker Daltonics flexAnalysis printed:  4/12/2013  2:40:07 PM
D:\Data\Katerina\April 20131130412Novak ON_492A'0_H13\1\1SRef
Comment 1 Novak ON_492A
Comment 2
5 x4 27524
& 1 0
@ 1
s !
= 1
1.5 !
|
|
] |
] 1
, | . 2 i
: 5-GTGA-P-0
| o) | NH
1.0 N o
H_T\g‘\/
J '
O0—ATGC-3
0.5 |
| Exact Mass: 2751.6
1 | 2774.4
] e
0.0k R J o s SR o S o EYSSU—— o
2740 2760 2780 2800 2820 2840
m/z

Bruker Daltonics flexAnalysis printed.  4/12/2013  2:3922 PM



dON-5

D:\Data\Katerina\March 20131130313Novak ON488B\0_I6'1\1SRef

Comment 1 Novak ON488B
Comment 2
S xind
H x10 26814
” J
2
3
£
1.0 NH2
/N N N
5-GCAT—O < ] P
N™ N
27034 /\I
0.6 i
H H_N @
0.4+ —_
O=P—TCAC-3'
|
] ©0
02 21254 Exact Mass: 2680.6
J | ' 27194
| ‘ i | " 27474
I LI e .
2625 2650 2675 2700 2725 2750 2775 2800 2825 iz
Bruker Daltonics flexAnalysis printed.  3/14/2013  9:34°41 AM
D:\Data'Katerina‘March 20131130313 Novak ON 488A0_O3\I\1SRef
Comment 1 Novak ON 488A
Comment 2 HPA/PA/vinan, monoisotopic mass
S x104 ] 26817
H 268
o, 1.50
2 ] NH
E 1 2
] O
E , Il N
125 5-GCAT—P-0 </ | ~N
] © P
] N™ >N
1.00 /\l
: H—N @
0.75
B 27037 O—TCAC-3'
7 I
] |
050 Exact Mass: 2680.6
025 ’ “
] “ | “| 2725.7
g r' h‘ “\ 27196 II'
| | 2741.
0.00 . . , - ‘ ' . ‘IJ“ l — “‘\“I“U u““. I.J“"“'“%')‘. IREICE \ . y r
2620 2640 2660 2680 2700 2720 2740 2760 2780 2800,
Bruker Daltonics flexAnalysis printed:  3/14/2013  9:30:02 AM



rON-8

D:\Data'\Katerina\February20151150202Novak ON 492D\0_E1\1'1SRef

Comment 1 Novak ON 492D
Comment 2 HPA/PA/vinan, vzorek zreden 10x, RP_900_4500Da
S xiod 2852 2
o i
» 1 |
e |
E
O
5
NH
U
5-f[GUGA—0 B
H /\/N ?
o H l\‘l\@)‘
1 — '
0=-P—AUGC]-3
20
29 .
Exact Mass: 2851.5
] 29141
29141
W 2874.2
2001 27280 L 2esen 2978.0 30402
0 === T e T e T T T —
2?‘00 2?‘50 ZE‘OU 28‘50 N 29‘50 SUIDU .?»U‘5"U1 )z
Bruker Daltonics flexAnalysis printed:  2/2/2015  1:55:18 PM
rON-9
D-'Data'Katerina\February2015'1150202Novak ON 492C'\0_E2\2\1SRef
Comment 1 Novak ON 492C
Comment 2 HPA/PA/vinan, vzorek zreden 10x, RP_900_4500Da
R 28522
& 1l
s 4 |
2 |
£ 1
1 O O
3 Il
'
] 5-{GUGA-P-Q "
| H N~ O
] H-N7
27 ®
1 '
_ 0-AUGC]-3
" Exact mass: 2851.5
] 29142
] 27002 “ 28742 N 3040.3
0 —— e T e T
2650 2700 2750 2800 2850 2950 3000 3050 3100 miz
Bruker Daltanics flexAnalysis printed:  2/2/2015  2:00:26 PM



rON-11

D:\Data\Katerina\March 20131130313Novak ON 488D\0_P2\1\1SRef

Comment 1 Novak ON 488D
Comment 2 HPA/PA/vINan, monoisotopic mass
S x104 27814
i}
g 1.0
NH,
N S
5'-f{GCAU—O ¢l N
»
i H N N
0.6 28034 H— N @
0=P—UCAC]-3'
|
] ©0
Exact Mass: 2780.5
0.2
28255
r F | H ” 28474
o L SN T . 2050 6
o e P ‘29;%
Bruker Daltonics flexAnalysis printed:  3/14/2013  9:33:24 AM
rON-12
D:\Data'Katerina\March 20131130313Novak ON 488C\0_I4\1\1SRef
Comment 1 Novak ON 488C
Comment 2 HPA/PA/vInan, moneisotopic mass
3 x104 ] 27815
= 1
2 |
§ |
=

(@]
||
0.8+ ' D N N
5-r[GCAU—P-0O N
o ¢ |
N

P
H—N/\l

@

pd

0.4+
O—UCAC]-3'
28473
:
!
1 I
Exact Mass: 2780.5 3
|
0.2 1
!
1264.0 !
!
1 15183 !
1330.0 2647.0 i
L \l | 25174 1], | 29004
L
0.0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1000 1250 1500 1750 2000 2250 2500 2750 3000 3250

Bruker Daltonics flexAnalysis printed:  3/14/2013  9:31:28 AM



IE HPLC profile of dON-2
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IE HPLC profile of the cleavage of dON-2 by PDase |
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IE HPLC profile of dON-3
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Table 1. Comparison of T values and thermodynamic parameters of complexes of unmodified
and modified oligonucleotides with central nucleoside phosphonate unit.

o AG2o3 AH AS
Entry Sequence Tw/ATm [*C] [kJ/mol] [ki/mol] [J/mol/K]
53 complement complement complement complement
DNA RNA DNA RNA DNA RNA DNA RNA
dON-1 d(GTG ATA TGC) 36.9/0.0 34.5/0.0 -49.3 437 323 272 934 779

dON-2  d(GTG AT"A TGC) 27.0/-9.9 248/-9.7 -386 -364 -298 -281 885 833
dON-3 d(GTG A"TA TGC) 23.2/-13.7 24.2/-10.3 -36.1 -351 -276 -262 818 772

dON-4 d(GCA TAT CAC) 36.9/0.0 34.9/0.0 -493 -469 323 -302 934 870
dON-5 d(GCA TA"T CAC) 29.6/-7.3 28.5/-64 415 -412 -315 -320 -931 950
dON-6 d(GCA T"AT CAC) 27.6/-9.3 27.3/-76 388 -39.1 295 326 874 979

rON-7 r(GUG ATA UGC) 34.9/0.0 46.1/0.0 —-46.9 -57.2 -302 -344 -870 978
rON-8  r(GUG AT"A UGC) 23.9/-11.0 33.0/-131 -355 -450 -289 -326 -866 959
rON-9  r(GUG A“TA UGC) 19.3/-15.6  28.5/-176 -285 -40.0 -287 -295 883 872

rON-10 r(GCA UAU CAC) 34.5/0.0 46.1/0.0 493 572 -323 344 934 978
rON-11 r(GCA UA"U CAC) 28.4/-6.1 36.5/-96 -394 -479 -296 -340 -876 997
rON-12 r(GCA U“AU CAC) 22.0/-125 33.3/-128 -349 -469 -275 -361 -819 -1070

All thermodynamic data are an average of five determination using Varian Cary Bio-100 built-in software;
standard deviation varied +7%. T# (A*)and ~T (~A) mean acyclic nucleoside phosphonate units with 3'- and 5'-
phosphonate-oriented moiety, respectively. ON-1, ON-4, ON-7, and ON-10 are unmodified honamers.

Table 2. Gibbs free energy AAG293VS. ATm

values. o AAGae5
Entry Sequence ATn [°C] [kd/mol]
5'—>3' complement complement
DNA RNA DNA RNA
dON-1 d(GTG ATA TGC) 0 0 0 0
dON-2 d(GTG AT"A TGC) -9.9 -9.7 10.7 7.3
dON-3 d(GTG A"TA TGC) -13.7 -10.3 13.2 8.6
dON-4 d(GCA TAT CAC) 0.0 0.0 0 0
dON-5 d(GCA TA"T CAC) -7.3 —6.4 7.8 25
dON-6 d(GCA T"AT CAC) -9.3 —7.6 10.5 4.6
rON-7 r (GUG ATA UGC) 0 0 0 0
rON-8  r(GUG AT*A UGC)  -11.0 -13.1 11.4 12.2
rON-9 r (GUG A"TA UGC) -15.6 -17.6 18.4 17.2
rON-10 r(GCA UAU CAC) 0 0 0 0
rON-11 r(GCA UA“U CAC) -6.1 -9.6 7.5 9.3
rON-12 r(GCA U”AU CAC) -12.5 -12.8 12 10.3

a difference in Gibbs free energies between the modified and natural duplexes;
(AAG293 = modifAG293 _ naturaIAGZQS)



Graphical imaging of data from Table 2.
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Enzymatic incorporation of A-aza-ANPpp (19) and T-aza-ANPpp (8) by DNA
polymerases

The enzymatic incorporation of adenosine derivative A-aza-ANPpp and thymidine derivative
T-aza-ANPpp was tested using five different bacterial DNA polymerases (KOD XL, Vent(exo-
), Pwo, DeepVent(exo-), Bst large fragment) and a human DNA polymearse a, on a 31-base-
long template (TempPre4asi) “allowing the incorporation of four modifications. The modified
N-aza-ANPpp was used instead of its natural counterpart in combination with the three
remaining natural dNTPs. In all the cases, the N-aza-ANPpps were not incorporated and the

obtained oligonucleotides were the same as in negative controls (Fig. 5).

KOD XL : Vent(exo-) : Pwo . Bstlarge fragment ! DeepVent(exo-) ! H pol «
G . ' "' Z ' I ..- : L - P .
A ' : I ' :
T ' : : ' - '
G i : ' :
= - " .‘ ! I ; T E
A ! I a8 s
: .. 8 | aa . ""88
: Al ' e
G .
X I
G ! ' '
5 ., : '
C I ’ :
A aa | ' ; -~
G : : '

——

p + A ANPT T“"‘"i + A ANWPT 1=~“ + A ANPT-TR® p + A AWT T"‘“"é + A ANET TP + A ANPT TP
Fig. 5. Denaturiné PAGE analylsis of PEX prbducts with tehplate TempF"rb“bas“, A-aza-
ANPpp or T-aza-ANPpp and KOD XL, Vent(exo-), Pwo, Bst large fragment, DeepVent(exo-
) and H pol a DNA polymerases. The experiments are supplemented with a *2P-radiolabelled
primer (p), positive control (+: all natural dNTPs), and negative control (A": absence of dATP;
T": absence of dTTP).

Inhibition of DNA polymerase activity ! by A-aza-ANPpp (19) and T-aza-ANPpp (8)

To determine the effect of A-aza-ANPpp and T-aza-ANPpp on DNA polymerase activity, the
primer was extended in the presence of all four natural dNTPs (100 uM) and various
concentrations of A-aza-ANPpp or T-aza-ANPpp (100-900 uM). The gel (Fig. 6)
demonstrates that neither bacterial polymerase KOD XL nor human polymerase o are inhibited

in the presence of A-aza-ANPpp or T-aza-ANPpp.



KOD XL - inhibition H pol a - inhibition
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Fig. 6. Inhibition of human Ipolymerase alpha activity by A-azal-ANPpp or T-aza-ANPpp. The
reaction mixtures contained all four natural ANTPs (100 uM) together with the modified
nucleoside triphosphate A-aza-ANPpp or T-aza-ANPpp (100, 300 or 900 uM). The
experiments are supplemented with a ?P-radiolabeled primer (p), and a positive control (+: all
natural dNTPS).

Experimental:

Primer extension experiments with bacterial DNA polymerases

The reaction mixture for PEX (10 uL) contained DNA polymerase (Bst large fragment (8 U/uL,
0.5 uL), Deep Vent(exo-) (2 U/uL, 0.5 uL), Vent(exo-) (2 U/uL, 0.5 pL), KOD XL (2.5 U/uL,
0.5 pL), or Pwo (1 U/uL, 0.5 pL)), natural ANTPs (4 mM, 0.5 uL), A-aza-ANPpp or T-aza-
ANPpp (4 mM, 0.5 pL), 5-*%P-labelled primer (3 uM, 0.5 pL, Prim24sshort; 3.
GGGTACGGCGGGTAC-5"), and 31-mer template (3 uM, 0.75 pL, TempPrbabasil: 5.
CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3") in the buffer (1 pL) supplied by the
manufacturer with the enzyme (ThermoPol buffer for Bst large fragment, DeepVent(exo-) and
Vent(exo-), KOD XL buffer, or Pwo buffer). The primer was labeled using [y*2P]-ATP
according to standard techniques.?

The reaction mixtures were incubated at 60 °C for 30 min. The reactions were stopped by the
addition of PAGE stop solution (20 puL, 80% [v/v] formamide, 20mM EDTA, 0.025% [w/v]
bromophenol blue, 0.025% [w/v] xylene cyanol) and heated at 95 °C for 5 min. Aliquots (4 pnL)
were subjected to vertical electrophoresis in 12.5% denaturing polyacrylamide gel containing
1x TBE buffer (pH 8) and 7M urea at 45 mA for 50 min. The gels were dried (85 °C, 70 min),

audioradiographed and visualized by phosphorimager (Typhoon 94°, Amersham Biosciences).



Primer annealing

The radiolabeled primer (Prim?48short: 3.GGGTACGGCGGGTAC-5") was mixed with the
template  (TempPro#astl; 5. CTAGCATGAGCTCAGACCCATGCCGCCCATG-3, 1.5
excess) in aqueous Tris-HCI (pH 7.5, 50 mM), DTT (5 mM), MgCl. (5 mM), so that the final
primer concentration was 1.1 uM. The annealing was performed in a thermal cycler. The sample
was first heated at 95 °C for 5 min and then slowly cooled to 25 °C over 60 min. Thus prepared

primed template was stored at -20 °C.

Primer extension experiments using human DNA polymerase alpha

The reaction mixture (10 uL) contained primed template (0.1 uM primer, 0.15 uM template),
human DNA polymerase alpha (4 U/uL, 0.125 uL), BSA (0.1 mg/mL), glycerol (10 %), Tris-
HCI (pH 7.5, 50 mM), DTT (5 mM), MgCl. (5 mM), natural dNTPs (100 uM) and A-aza-
ANPpp or T-aza-ANPpp (200 uM). The reactions were carried out at 37 °C for 90 min and
were stopped by the addition of 20 pL. PAGE stop solution (80% [v/v] formamide, 20mM
EDTA, 0.025% [w/v] bromophenol blue, 0.025% [w/v] xylene cyanol) and heated at 95 °C for
5 min. Aliquots (4 pL) were subjected to vertical electrophoresis in 12.5% denaturing
polyacrylamide gel containing 1x TBE buffer (pH 8) and 7M urea at 45 mA for 50 min. The
gels were dried (85 °C, 70 min), audioradiographed and visualized by phosphorimager
(Typhoon 9410, Amersham Biosciences).

Inhibition of KOD XL polymerase activity by A-aza-ANPpp and T-aza-ANPpp

The reaction mixture (10 pL) contained 5'-*2P-labelled primer (Prim248short 3 yM, 0.5 pL),
template (TempP™40astl 3 yM, 0.75 pL), KOD XL DNA polymerase (2.5 U/uL, 0.5 pL, all
four natural ANTPs (100 uM) and the N-aza-ANPpp (A-aza-ANPpp or T-aza-ANPpp) at the
given concentration (100-900 uM). The reactions were carried out at 60 °C for 15 min and were
stopped by adding 20 uLL PAGE stop solution and heating at 95 °C for 5 min. Aliquots (4 uL)
were subjected to electrophoresis in 12.5% denaturing polyacrylamide gel.

Inhibition of DNA polymerase activity by A-aza-ANPpp and T-aza-ANPpp

The reaction mixture (10 pL) contained primed template (0.1 uM primer, 0.15 uM template),
human DNA polymerase alpha (4 U/uL, 0.5 U), BSA (0.1 mg/ml), glycerol (10 %), Tris-HCI
(pH 7.5, 50 mM), DTT (5 mM), MgCl, (5 mM), all four natural dANTPs (100 uM) and the N-
aza-ANPpp (A-aza-ANPpp or T-aza-ANPpp) at the given concentration (100-900 uM). The
reactions were carried out at 37 °C for 60 min and were stopped by adding 20 uL. PAGE stop



solution and heating at 95 °C for 5 min. Aliquots (4 uL) were subjected to electrophoresis in
12.5% denaturing polyacrylamide gel.
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