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two nitrate group and two water molecules in a octahedral geometry, [Ni(ll)(d-
tG)3].2NO3.2H,0 as shown in Figure 19.

2+

S 2NOy".2H,0
OH
HO e} /=N Ni\
N = /S/\S N=\ o
N N
N NH W/S/ OH
HN__N
HoN
H,oN

Figure 19. The molecular structure of 3 [Ni(I1)(d-tG);].2NO.2H,0.

In the case of the nickel complex, 4 a crystal suitable for x-ray analysis was not formed.
Therefore, the compositional and molecular formula of nickel complex, 4 was
determined by IR, ES-MS, 'H-NMR and elemental analysis. IR data showed that the
Ni (II) ion coordinates to the tG ligand via N(7) and S(6) due to the shift in the
stretching modes (C=S, C=C and C=N) of the complex compared with the free tG
ligand. In addition, the nitrate group was involved in the complex structure as it is
clearly seen in the IR data as a strong absorption band in the nitrate group region.
Further confirmation was carried out by utilizing ES-MS that showed three ligands of
tG bound to one Ni?*. According to these data and the crystal structure of complex 3,
the final proposed structure of complex 4 is that it could be similar to complex 3, the
formation of three protonated ligands coordinated to one Ni**with two anionic nitrate
groups in an octahedral geometry [Ni(I1)(tG)3].2NO3.2H,0. Elemental analysis (CHN)
study of the complex, 4 supports this proposed structure, C, H, N analysis formula of
the complex was CzoH39N17018S3Ni: Calcd (found): C, 33.44 (33.57); H, 3.37 (3.505);
N, 22.10 (19.64). as shown in Figure 20.

2+
o OH
o
HO N N NH2
OH K\\S\\(NH
N\ )
S
/ OH 2NO; .2H,0
HO\N © /=N Ni
N / \\N—
=N\=S =
Ho S N 0" Pon
NYNH HN >
=N
HoN Y OH
H,N

Figure 20. The molecular proposed structure of 4 [Ni(I1)(tG);].2NOs.2H,0.
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2.2.4 Synthesis and characterization of cadmium complexes of tG

In an attempt to extend the strategy of 6-thionucleosides as ligands to form one
dimension coordination polymers, the cadmium complex of tG was prepared by the
direct reaction of 2 equivalents of tG with 1 equivalents of cadmium nitrate in methanol

as seen in Scheme 10 according to the procedure described by Zamora.™

O3N
3 H

| ~S._N
HN - ‘/N .( Cd’ \,‘I T,\r/NHZ

/f\ -~ ’| S /&*\\:/N
‘-“. H,0 N7
S R;N*- —NR;
<f 5
N A
HO N™ "NH; MeOH
0] S 1
+ CANO3 L AH0 g0 o O
OH OH
(6]

Scheme 10. Synthesis routes to 5 and 6.

The expected product is the coordination polymer; see Figure 21 as reported by
Zamora.'® However in this instance a non-crystalline yellow powder was obtained and
so it was not possible to determine the structure by x-ray diffraction. Therefore the
following sections describe the structure determination of the yellow powder by, ES

MS, IR, *H-NMR spectroscopy and elemental analysis.

[l
| |
N NHz N NH; NH; N NH,
fL { ey { o ¢ g
)\ e | —* ¢ // ™~ // \ ’ /S
R=ribose HNJIN HN N
|
HzNJ\\N N H, N > J\ >H2NJ\\N | N>
\ l | }

Figure 21. Proposed structure of a 1D-coordination polymer for tG with Cd**.
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2.2.4.1 ES-MS of Cadmium complexes of tG

Spectroscopic characterization using ES-MS indicated the formation of several possible
cadmium complexes with tG containing various combinations of ligands and metal
ions, see Figure 22. The major peak corresponds to a complex of two tG ligands
coordinating to one Cd** (complex,5 m/z found 711.00), But also there was a peak due
to the similar situation with Ni and Co, of three tG ligands to one Cd** (complex, 6 m/z
found 1010.10). Also a small peak was observed at m/z 1419.05 related to a
Cd-complex consists of four ligands chelate to two Cd®* which might be an evidence of
formation polymer as seen in Figure 22.

These data suggest that there could be different complexes of cadmium species in the
solution, see Table 2

Complex 5

R
711.0048
1001 HN_ N p

,_‘\,\,r/ \J::O
%/

~Cd—

\
// S
N
¢ f/"f\“ 709.0048
N7 N UNH,
R

Complex 6
NH
713.0048 R /'T\H2 R N.___NH, ‘
N N— "X 2 HN™ SN
_//N NN " \T <\N | T“/H s/\/‘ R
L W 52\4*N R | I N
HN—( / / N=
708.0370 \ s N s
7 S—ca—N=/ cd” >
3000772 # ren—S0__cd
= 2
707.0327 / s v e
'y RS I
3619761 e agec 578.9911 ) NH ) | HN N
4481, 76,9001, 597.1294 & | I No g LD
s55 1670 714 0052 UL e HNTONTN
2 R
, Rtid e 96.1318 150110
194.0606223.9770 1010.1071
Lo 168,032, 340606757 M - 629.1002, 710102 89680 g7 4504 {1064 0452 1214.5804 1419.0729 o
b i " A A lbteetedepeorornerornroit e lernroiterorororornrorornrororoioo oo
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Figure 22. ES-MS of cadmium complex formation of tG at different ratios.

Complex formula tG : Cd ratio Calculated ES/MS Found ES/MS
C,0H,5N,;,0gS,Cd 2:1 711.0334 711.0048
C 3 H;5N,50,,5,Cd 3:1 1010.1024 1010.1071
C4oH,;oN,00,45,Cd, 4:2 1419.0592 1419.0729

Table 2. ES-MS of cadmium complex formation of tG at different ratios.
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2.2.4.2 IR of Cadmium complexes of tG

The IR spectra of the cadmium products with tG were examined to propose the most
likely structure of the complex; however the binding modes of 5 and 6 are equivalent
and so it is impossible to determine which of these two coordination geometries are
dominant. Once again IR assignments of the cadmium complexes showed similar
spectral changes to the cobalt and nickel complexes that were discussed earlier in this
chapter. In the possible cadmium (I1) complexes, 5 and 6 the C=S band is shifted to
1194 cm™ compared with free ligand tG. In tG the 1632 -1558 cm™ bands were
assigned to (C=C) and (C=N) stretching modes respectively. After complexation these
bands shifted to about 1591-1500 cm™ respectively.

These data are indicative that N(7) and C(6) of the ligand is involved in the cadmium
(1) complex. In addition, in the IR data of the product from the reaction between tG and
Cd (NO3), there is a new broad band at about 1304 cm™ assigned to the nitrate group
which suggests the involvement of the nitrate group in the complex, as seen in
Figure 23. These results are similar to that observed for the Co(ll) complex 1
(1319 cm™) and also Ni(11) complexes 3 and 4 (1308 and 1312 cm™).

—_— G
120 - = Cd (II) complexes

100 -

c=C
80 C=N
1632-1558 cm!
\ r
60 LI_) c=s

1207 cm™!

40 -

Transmittance %

C=C
C=N

1591-1500 cm !
20 -

Jay
NO3 1194 em!

1304 cm™®

3600 3300 3000 2700 2400 2100 1800 1500 1200 9200 600

Wavenumber (¢cm)

Figure 23. IR comparison between of tG (blue line) and Cd complexes of tG (red line).
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2.2.43 'H-NMR of Cadmium complexes of tG

The *H-NMR spectrum of the cadmium (11) complex showed a general downfield shift
and broadening for the protons in the complex compared to the free ligand especially for
N(1) proton, H(8) and NH, peaks as shown in Figure 24. In the *H-NMR spectrum of
the free ligand tG, the signal at 6 11.9 is the N(1) proton. On complexation with
cadmium, this signal shifts to 6 12.7 ppm. Additionally, the H(8) and NH; protons in the
complex, 8.1 and 6.7 ppm respectively, are shifted compared to when in the free ligand,
8.4 and 7.1 ppm. This agrees with the previously report by Zamora et al. for the
complex of 6-MPH with cadmium.™® Moreover, these peaks N(1) proton, H(8) and NH.
integrated as 1:1:2 respectively in the free ligands whilst in the complexes were
integrated as 1:2:4 respectively, see Figure 24. This indicates the formation of complex
consisting of two ligands bound to one cadmium ion where one of the ligands is
deprotonated and has the highlighted structure shown alongside the NMR spectrum in
Figure 24. In other words, this complex consists of two isomeric ligands: a neutral

ligand (thione isomer) and a deprotonated ligand (anionic thiol isomer).

HS8
1 NH,
2
7 S ‘
NS84 |
° |
N ) |
HO 5 9 4N 2NH: |
o
NH1 B . I
1 OH HO ‘ [
A 3 2 [\
N | [
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HOOH
o~
“OH
HsN _N N
|
N I N
°\/
‘Cd HS
S
N NH,
NH 2 | -
AL | 4
HO N™NT “NH,
NHI1 o |
1 N—V g" J \
OH HO \
\L,»_._// N
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:Figure 24. '"H NMR comparison between tG and cadmium complexes of tG in d>-DMSO.

Due to the lack of a crystal structure of the cadmium complex with tG, the molecular

formula and structure of the complex was determined from the above discussion of the
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ES-MS, IR, *H NMR and elemental analysis data. These data suggest that the cadmium
complex consists of two ligands (neutral and anionic ligands) coordinated to one Cd**
through N(7) and S(6). In addition, the inner sphere of the cadmium (1) complex is
anionic as one of the two ligands is deprotonated (thiol form). As a result, there is one
nitrate group to neutralize the complex. In a previous report the geometry for a
cadmium complex with 6-MPH is octahedral arrangement.® Therefore it was expected
that 5 will have octahedral geometry [Cd(I1)(tGH)(tG)]NO3 H,O as shown in Figure
25. Moreover, the elemental analysis of complex, 5 is consistent with this proposed
structure. The C, H, N analysis of the complex, 5 indicated the formula of the complex
was CyoH27N1;01,S,Cd.2H,0, Calcd (found): C, 29.08 (29.05); H, 3.78 (3.09); N, 18.65
(17.12)

However it is inconclusive that the final structure exists as the non-polymeric unit, 5, or

whether the desired coordination polymer is also formed.

O3N

\\\l/// NH
HN\( /|\ 7/ 2

/ H,0 \_N o OH

OH OH OH OH

Figure 25. The proposed molecular structre of Cd (Il) complex, 5.

Overall, the binding of tG and d-tG with metal ions was explored. The reaction
conditions (pH and solvent), ligands (tG or d-tG) and metal salts, Co®*, Ni** and Cd*
were varied. Two crystal structures with Co (three ligands (tG or d-tG) to one Co) and
one crystal structure with Ni (three d-tG ligands to one Ni) were obtained. Whereas in
the case of Cd(ll) two complexes of tG were formed. Table 3 summarise the complex

structures for the products of tG and d-tG with these metals.
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Ligand Metal salt Complexes structure
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Table 3. Summary of the complex structures of tG and d-tG with metal ions (Co®"Ni*" and
Cd*") where R;= deoxy-ribose sugar and R,= ribose sugar.

2.3 Conclusion

This chapter set out to form 1D-coordination polymers using thiolated DNA
nucleosides. The results in this chapter discussed the approach taken to create
1D-coordination polymers based on tG and d-tG with Ni, Co and Cd. First, the
synthesis of d-tG as indicated by data from'H-NMR, *C-NMR, IR, MS and UV was
achieved. Second, the comparison of d-tG with tG as ligands for the binding of a range
of metal ions (Co**, Ni** and Cd**) was performed. The formation of complexes was
characterized by x-ray crystallography, IR, ES-MS, *H-NMR and CHN. In the case of
Co?" and Ni®* the binding ratio of monomer (thio-nucleoside ligands) with Co** and Ni**
ions was shown to be three ligands to one metal in both cases. Whereas, in the case of
Cd?*, the binding ratio was shown to be two ligands to one metal. However, ES-MS of

the Cd-complex did show another possible binding ratio of three ligands to one Cd**
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and also evidence of a larger extended structure containing four ligands and two Cd**
centres. This supports that the Cd-complex with tG may form the desired 1D
coordination polymer, similar to the reported cases for the equivalent nucleobase
system.™® Therefore, the next chapter considers the binding of cadmium ions by DNA

oligomers which contain multiple thio-nucleosides.
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2.4 Experimental

NMR spectra were measured on a 400 MHz Delta Jeol. IR analysis was performed on a
Varian 800 FT-IR and ESI-MS was performed on a Waters LCT-Premier mass
spectrometer. For elemental analysis a Carlo-Erba CE1108, configured for % CHN was
used. UV-visible spectra were measured on a Cary.100 Bio Spectrometer. Crystal data
were collected using synchrotron radiation at station 119, Diamond Light Source.
Magnetic susceptibility measurements were performed on Magnetic Susceptibility
Balance of Johnson Matthey (JM) PLC, York Way Royston. All chemicals were

purchased from Sigma-Aldrich.
Synthesis of 2’-deoxy-6-thioguanosine (d-tG)

S

N NH
<1

N P
o N~ “NH,

OH H

2’-deoxyguanosine (0.20 g 0.75 mmol) was added to 15 ml of dry pyridine, which was
cooled in an ice bath under a nitrogen atmosphere. Trifloroacetic anhydride 0.9 ml (6.3
mmol) was added drop wise and stirred for 40 min. After that, a suspension of 1.3 g (23
mmol) of NaSH in 22.6 ml of anhydrous dimethylformamide was added and stirred.
After 24 h, 38 ml of 0.16 M ammonium bicarbonate was poured into the reaction
mixture with vigorous stirring. The mixture was concentrated to dryness then was
dissolved in methanol and filtered. The filtrate was concentrated to dryness and 0.1 M
of triethylammonium acetate (TEAA) was added. The product was crystallized from
water and methanol to give a yellow crystal (0.18 g, 85% yield). *H-NMR (399.78
MHz, DMSO-d6) & 11.89 (s, 1H, NH), 8.05 (s, 1H, Hg), 6.75 (br, 2H, NH,), 6.04 (dd,
1H, J;=6.33 Hz, J,= 7.29 Hz H;"), 5.23 (d, 1H, J=3.30 Hz, 3>-OH), 4.95 (t, 1H, J=4.94
Hz , 5°-OH), 4.27 (m, 1H, H3), 3.75 (m, 1H , Hy’), 3.46 (M, 2H, Hs-5-), 2.45 & 2.34 (m
& m, 1H & 1H, H,- & H,:). ES-MS: m/z (positive mode) 306.063 (calcd for
C10H13Ns03S (M+Na) 306.062).
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Synthesis of [Co(d-tG)3](NO3),-2H,0 (1)

s
2NO;"2H,0
%YS/ \ N=\ \?

2’-Deoxy-6-thioguanine (d-tG) (86.03 mg, 0.304 mmol) was dissolved in methanol (10
mL), and a solution of cobalt nitrate Co(NO3),-6H,0O (68 mg, 0.234 mmol) also in

methanol (3 mL) was added and the mixture was refluxed, with stirring, at 60 °C

overnight. After 24 h the solution was filtered and left to crystallize at room temperature
by slow evaporation. After 5 days a crystalline precipitate was isolated by filtration (65
mg, 31 % vyield), from which a small green single crystal of 1 suitable for X-ray
structure determination was obtained. Anal. Calcd. (found) for C3oH4N15020S3Co: C,
31.83 (31.81); H, 3.92 (3.94); N, 22.27 (22.14). IR selected data (cm™): 3300 (w), 3200
(m), 2916 (m), 2845 (w), 1603 (s), 1375 (m), 1319 (s), 1246 (m), 1202 (m), 1175 (m),
1092 (m), 1045 (w), 988 (m), 947 (m), 800 (m).723 (w), 603 (w). ES-MS: m/z (positive
mode) 907.1469 (calcd for [Co(6-MP)3]" 907.1471).

Synthesis of [Co(tG)3]-1.5H,0 (2)

HO
g :O \
HO N \N§(NH2
S N
OH N
S 1.5 H,0
OH -2 Ho
HO\ © /=N Co
n l N 9 JoH
Nﬁ/N N,
=N
H,N Y OH
HoN

6-Thioguanosine (tG) (74.4 mg, 0.248 mmol) was dissolved in a mixture of water (10
mL) and methanol (10 mL); then 10 mL of an aqueous solution of Co(NOs3),-6H,0
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(36.1 mg, 0.124 mmol) was added to the mixture. The mixture was refluxed and stirred
at 86 °C for 3 h. After that, the pH of the solution was adjusted to 8 with NaOH and
refluxed again for 3 h. After cooling, the solution was filtered and kept at room
temperature to afford (57 mg 48 % yield) of dark green crystals suitable for X-ray
structure determination. Anal. Calcd. (found) for CzoH3zgN150135S3C0:-0.5NaOH: C,
36.00 (36.59); H, 3.98 (3.22); N, 20.99 (19.96). IR selected data (cm™): 3248 (s), 3130
(s), 2972 (m), 2889 (s), 1599 (s), 1587 (s), 1371 (s), 1267 (s), 1192 (s), 1082(s), 982
(m), 935 (s), 873 (m), 630 (m). ES-MS: m/z (positive mode) 976.1069 (Calcd. for
[Co(6-MP) 5]Na* 976.1060).

Synthesis of [Ni(d-tG)s](NO3),-2H,0 (3)

2+

2NOy . 2H,0
OH
O\ /N N~
WS \ N=\ \9
OH

S\ N
NS NH W/S/
N HN__
HoN
H,N

d-tG (166 mg, 0.587 mmol) was dissolved in methanol (10 ml), and a solution of nickel
nitrate Ni(NO3),.6H,0 (131 mg, 0.45 mmol) in methanol was added. The mixture was
stirred at 60 °C for 24 h and then filtered. Green crystals were obtained after 4 days at
room temperature. (120 mg, 24 %). Anal. Calcd (found) for C3yHs3N170:7S3Ni: C,
33.71 (33.26); H, 4.06 (4.14); N, 22.28 (22.23). IR selected data: 3635 (s), 3330 (s),
3205 (s), 2981 (m), 2889 (s), 1598 (s), 1572 (s), 1383 (s), 1308 (s), 1197 (s), 1151 (W),
993 (m), 943 (s), 866 (M), 676 (m). *H-NMR (399.78 MHz, DMSO-d6): 5 11.86 (s, 1H,
NH ), 8.03 (s, 1H, Hg), 6.73 (br, 2H, NH,), 6.01 (br, 1H, H;-), 5.20 (br, 1H, 3’-OH),
4.86 (br, 1H, 5°-OH), 4.26 (br, 1H, H3-), 3.72 (br, 1H , Hy"), 3.46 (M, 2H, Hs-5-), 2.45 &
2.34 (m & m, 1H & 1H, H,- & H;). ES-MS: m/z (positive mode) 906.1757 (calcd for
[Ni(d-tG)s]" 906.1492).
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Synthesis of [Ni(tG)3s](NOs), (4)

2NO;".2H,0
H 3 2
HO\ © /=N Ni 0
N S/ \\Nz\
NYNH HN )
=N
H,N 7/ OH

tG (332 mg, 1.110 mmole) was dissolved in methanol (10 ml), and a solution of nickel
nitrate Ni(NO3),.6H,O (262 mg, 0.90 mmole) was added in the same solvent. The
mixture was stirred at 60 °C for 24 h and then filtered. A light green powder was
obtained (260 mg, 26 %). Anal. Calcd (found) for C3oHsg9 N17018S3Ni: C, 33.44 (33.57);
H, 3.37 (3.505); N, 22.10 (19.64). IR selected data: 3321 (s), 3179 (s), 3086 (s), 2903
(m), 2801 (s), 1591 (s), 1499 (s), 1368 (s), 1312 (s), 1194 (s), 1045 (W), 945(s), 866 (M),
673 (m). *H-NMR (399.78 MHz, DMSO-d6): & 11.90 (s, 1H, NH), 8.08 (s, 1H, Hj),
6.76 (br, 2H, NH,), 5.64 (br, 1H, H;-), 5.39 (br, 1H, 2°-OH), 5.01 (br, 1H, 3°-OH), 4.96
(br, 1H, 5°-OH), 4.33 (br, 1H, H3:), 4.03 (br, 1H , H4), 3.46 (m, 2H, Hs-5-), 3.56 (m,
1H, Hy). ES-MS: m/z (positive mode) 954.1432 (calcd for [Ni(tG)s]" 954.1340).

Synthesis of [Cd(tGH)(tG)]NO3; H,0 (5)

e >1< i

I HO \_N . OH

OH OH OH OH

tG (56 mg, 0.2 mmole) was dissolved in 10 ml methanol, and a solution of cadmium
nitrate Cd(NO3),.4H,0 (30 mg, 0.1 mmole) was added in the same solvent. The mixture
was stirred at 80 °C for overnight. After 24 h, a yellow powder was obtained and
filtered and was dried at room temperature (33 mg, 42 %). Anal. Calcd (found) for
Ca0H27N110125,Cd.2H,0: C, 29.08 (29.05); H, 3.78 (3.09); N, 18.65 (17.12). IR
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selected data: 3294 (s), 3181 (w), 3115 (s), 2966 (m), 2876 (s), 1591 (s), 1500 (s), 1371
(s), 1304 (s), 1194 (s), 1038(w), 941(s), 854 (m), 630 (m). *H-NMR (399.78 MHz,
DMSO-d6): & 12.74 (br, 1H, NH), 8.40 (s, 1H, Hg), 7.11 (br, 2H, NH,), 5.69 (d, 1H,
J=5.01 Hz,, H,"), 5.47 (br, 1H, 2>-OH), 5.18 (br, 1H, 3°-OH), 5.06 (br, 1H, 5°-OH), 4.41
(br, 1H, Hs-), 4.07 (br, 1H , Hy), 3.87 (m, 2H, Hs:5), 3.52 (m, 1H, Hy:). ES-MS: m/z
(positive mode) 711.0048 (calcd for [Cd(tG),]" 711.0334).

UV-vis spectrophotometric pH titration

A 10 mM solution of 2’-deoxy-6-thioguanosine in water was titrated in a 10 mm path
length absorption cell by successive additions of sodium hydroxide. The small volume
of a 60 mM stock solution of NaOH was added. The absorbance was monitored

between 200 and 500 nm after each addition.
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Chapter 3 On column conversion of dG-oligomers to d-tG-

oligomers and their binding with metal ions

3.1 Introduction

Chapter 2 described the investigation into the synthesis and characterisation of d-tG
(monomer) via the conversion of d-G according to the procedure reported by Jones.*
Subsequently, the binding of a range of different metal ions by d-tG and tG was
compared. The binding ratio of thio-monomer (ligand) with metal ions was shown to be
three ligands to one metal in the case of Co(ll) and Ni(ll), which was contrary to the
work of others,® where the formation of a 1D coordination polymer of the nucleobase
6-meracuptopurine with cadmium was reported. However, in the case of the
Cd(I1)-complex with the tG monomer, the results hinted that the formation of a 1D
coordination polymer was likely eventhough no crystal data was obtained to confirm
this structure. Therefore in order to realize this goal, the synthesis of uniform thio
modified guanosine-oligomers containing 2, 3, 4 and 5 thio-nucleobase were
synthesised, and the addition of cadmium ions to these thio-guanosine oligonucleotides
performed in order to assess the metal binding properties of thioguanosine units

pre-assembled via phosphoramidite chemistry, see Scheme 1.
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Scheme 1. Schematic routes for the synthesis of thio-functionalized oligomers for metal binding
coordination polymers.

Although, the overall aim of this project was to produce a 1D coordination polymer
from thio-guanosine units and metal ions, the synthesis of thioguanosine oligomers has
been studied for other reasons. For example, previous reports have showed that
oligonucleotides containing a thiol or thione substituted base, such as 6-thioguanine, are
very useful tools in the fields of cancer research and biology.®” In addition, their ability
for photochemical cross-linking has been utilized for probing RNA-RNA interactions or
RNA proteins at the atomic level.*® Moreover, they have been used in the post-
synthetic modification as intermediates to synthesize other artificial oligonucleotides.®**
The sulphur atom of 6-thioguanosine is highly nucleophilic, and because of this
property 6-thioguanosine has been utilized as a site modification of
oligodeoxynucleotides (ODN)."**™® Interestingly, these thionucleotides have long
wavelength UV absorption (330-360 nm), which is well removed from the normal
maximum absorption of the nucleic acids (260 nm) and proteins (280 nm)** Therefore,
these interesting properties of thio-dG oligomers were the driving force behind research
efforts into their synthetic routes. The following section describes the various routes

employed for the synthesis of thio-dG containing oligomers.
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3.1.1 Phosphoaramidite synthesis

Recently advances in the biological molecular and nucleic acid structures have been a
direct result of the developments that have taken place in the synthesis of
oligonucleotides.”® There are two major improvements to the synthesis of
oligonucleotides over the last decade. First, the use of solid supports in the synthesis of
oligonucleotides.*® This method is simple to purify and the oligonucleotide synthesis is
carried out on an automated DNA synthesizer. Second, chemical techniques have been
developed for the formation of the phosphodiester bonds.*" In addition, the yield of the
synthesis at each nucleotides step is now approaching 99.99 %. In this synthesis, the
first nucleoside is already attached to the 3" -terminus of the solid support (beads of
borosilicate glass), and is deprotected to offer a free 5-hydroxyl group (activated
nucleoside) that will react with the second nucleoside. It is necessary to protect the
5" -hydroxyl position of the second nucleoside in order to prevent self-polymerization.
After that the two nucleosides are coupled to give a dimer. During this reaction, any
unreacted activated nucleoside bound to the solid support must be protected in a
capping step. After the formation of the phosphorous linkage in the coupling step, the
phosphorus(l11) is oxidized to phosphorus(V) to give a phosphate group. This cycle of
reactions steps is repeated several times until the desired oligonucleotide is formed, see

Figure 1.
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Figure 1. A schematic diagram of the chemical reactions involved in the solid phase
oligodeoxynucleotide synthesis of an automated DNA synthesizer.

On completion of the desired oligonucleotide, it is cleaved from the solid support and
the protecting groups are removed. The 4,4 -dimethoxytrityl group is removed by 3%
trichloroacetic acid in dichloromethane and concentrated agueous ammonia is used to
deprotect the other groups (for 5 hours at 55 °C) and cleave the oligonucleotide from the
solid support. The cleaved oligonucleotide is dissolved in water, separated from the
CPG beads, and then purified by reverse-phase HPLC.!” The maximum length of DNA
that can be obtained by this technique is around 100 bases, but normally only 40 bases

are feasible.

3.1.2 Synthetic approaches towards d-tG oligomers

As discussed in chapter 1, there are several approaches to oligonucleotide modification;
here we focus on the conversion of guanosine oligomers, into thio-guanosine oligomers.
A number of studies have described the incorporation of thioguanosine into
oligonucleotides via the automated DNA synthesis of oligomers using modified
phosphoramidites., For example, Bronstein reported in 1988 the synthesis of an octamer
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containing 6-thioguanosine synthesised from the 6-thiodG phosphoramidite.’® In the
same year, Rappaport claimed the incorporation of d-tG into dodecamers using the
same approach, once again without using a protecting group on the thione (C=S).'° In
his method, the synthesis was time-consuming and problematic; and also there was no
conclusive proof that the thione group was not oxidised during the deprotection and
cleavage steps. This synthetic route to oligomers containing d-tG without utilizing any
thione protecting group was also filed as a patent by Richardson.?

In 1991, Broom and his group? developed a new approach for the synthesis of
oligonucleotides containing d-tG at predetermined sites.?* This involved the synthesis
of a protected d-tG phosphoramidite using an automated DNA synthesizer to insert
d-tG into DNA oligomers at certain positions. This strategy prevents the d-tG from any
possible side reactions or degradation during the cycle of DNA synthesis and also
prevents any hydrolysis and oxidation of the thione function group. They synthesized an
8-mer 5'-d(ApApApCptGpTpTpT)-3' oligonucleotide containing a single tG bearing a
phenoxyacetyl (PAc) protecting group on the exocyclic amino site of tG. In addition,
the cyanoethyl group was used to protect the 6-thiocarbonyl function of tG. These
protection groups are useful as they can be removed easily in concentrated ammonium
hydroxide whilst also being stable during the cycle of reactions involved in the
automated DNA synthesizer.?** The characterisation of this thio-olignucleotide was
carried out by *H-NMR and UV-vis experiments. Other researchers used automated
solid-phase synthesis to create thio-oligonucleotides by using different protecting
groups on the thione site such as the 24-dinitorophenyl group,**# or the 2-

ethylhexylpropionate group,? as seen in Figure 2.
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DNP = 2,4-dinitorophenyl, PAc = phenoxyacetyl.

Figure 2. Different protection of thione group on guanosine oligomers, for solid-phase DNA
synthesizer.

One report by Zheng et al. highlighted how thio-guanosine oligomers undergo
on-column conjugation, as shown in Scheme 2.2 This approach leads to the introduction
of diverse structures on the thione function at group of 6-thioguanosine d-tG. The
incorporation of d-tG with a chemical labile-trigger at the thione position into
oligonucleotides via phosphoramidtie chemistry is reported. This is useful as only a
single phosphoramidite needs to be prepared. Moreover, as the oligonucleotides are still
on the solid support during the conjugation reaction, the separation of the products from
other reactants is straight-forward. Conversely; there are probable disadvantages of this
method, as in some situations further purification stages are essential. Furthermore, it is
time consuming as there are many steps involved in the synthesis.® However this work
does highlight the possibility of working with thio-dG oligomers whilst they are still
attached to the solid CPG support of a DNA synthesis column. The following section

details some other reports on on-column modification of oligonucleotides.

74



NO,

S‘ONOZ NO,
/NfN
< |N Py s—( )-No,

VDO NHPAC </N | SN
O .
: - N N/)\NHPAC
0 (1) TMD ~-dR U
P.
NC™""N(i-Pr), )
i
Y
SR SH
N XN N
¢ )\ i, iv (fN
~ -
'Tl N~ >NH, N N/)\NHPAC
e dR TMD ~~+dR Q)
(4a-f) 3)

4a: R =CHjs; 4b: R =CH3CH,. 4C: R = HOCH,CHjy; 4d: R = (CH3),CH ; 4e: R = PhCH,; 4f: R =
p-CH;OPhCH,; i: automated DNA synthesis; ii: OHCH,CH,SH/CH;CNY/(i-Pr),NCH,CH; iii:
RX; iv: 0.5 M NaOH(aq).

Scheme 2. Post-synthetic modification of oligonucleotides on-column.®

3.1.3 On column modification

Early examples of on-column oligonucleotide modification were developed by
Grinstaff and Beilstein,”® who reported that 5-iodo-2’-deoxyuridine phosphoramidite
can be inserted at the required modification site of an oligonucleotide via automated
solid phase synthesis. The column was removed from the synthesizer after addition of
the 1odo-modified nucleobase. Then ferrocenoyl propargylamide was added to the CPG
beads in dimethylformamide-triethanolamine (DMF-TEA) at room temperature and
allowed to react via a Pd catalysed before the solid support was dried and returned to the
automated synthesizer. The cycle of the synthesis was continued until further
ferrocenoyl propargylamide labelled nucleotides were to be inserted, and the
modification repeated. A key advantage for this on-column modification strategy is that

no further protection groups are required. In addition, it was envisaged to be
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straight-forward to purify the oligomer as any unreacted materials will be simply

removed from the column during the washing and purification steps.

3.2 Results and discussion

In order to produce one dimension coordination polymers that have possible
applications in electronics?, this chapter describes a route to the incorporation of d-tG
into short DNA oligomers via solid phase DNA synthesis, using phosphoaramidite
chemistry. Firstly, their conversion into thio-guanosine oligomers is detailed. These
thio-oligomers work as multiple metal binding sites (ligands) that can coordinate metal
ions such as cadmium (1I) ions to create Cd-S-Cd bridged polymers. The following
sections describe the synthetic work and metal binding studies.

3.2.1 On column synthesis of thio guanosine oligomers, (d-tG),

Having established in Chapter 2 the synthetic procedure for the conversion of d-G into
d-tG, here the same reaction was performed on a G containing oligomer which is still
bound to the CPG solid support as shown in Scheme 3.

DNA
Qd-6 I | (P d.Gd-G T, (P ditGdtG T2 4-tGd-tG (d-tG)p-mer

Scheme 3.Schematic synthesis of (d-tG),.

CPG based oligomer synthesis is a cyclic stepwise protocol for the synthesis of
sequence specific short DNA oligomers. Therefore, the oligomer content can be
controlled and purification is straightforward. Initially the synthesis of the two base
oligomer, (d-tG), was performed. The guanosine-guanosine oligomer (d-G),, was
synthesized as shown in Scheme 4. The first guanosine nucleoside is already attached to
the 3" - terminus of the solid support and was deprotected to offer a free 5-hydroxyl

group that will react with the second guanosine nucleoside.

Following the cycle of reactions steps, a-d in Scheme 4, the protected G-G dimer

remains bound to the CPG support throughout the synthesis. On completion, the
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column was removed from the synthesizer and the CPG beads were treated with sodium
sulphide in anhydrous dimethylformamide as described previously.! The on-column
synthesis of modified nucleotides has already been described by Grinstaff and has clear
advantages in a simplified working up.?® After reaction of 5 days, the column was then
washed several times with water and ethanol and dried for 24 hours under vacuum. In
previous work concentrated aqueous ammonia has been used to deprotect and cleave the
oligonucleotides from the solid support, however, here we used anhydrous gaseous
CH3NH,. This method of deprotection has been previously used in the synthesis of
modified oligomers.?” The cleaved (d-tG), was dissolved in water, separated from the

CPG beads, and then purified by reverse-phase HPLC.
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3.2.2 Purification by HPLC

Short DNA oligomers are routinely purified by HPLC and analysed by LC-MS. The
modified thioguanosine dimer (d-tG), was compared to d-G and the thiol
2’-deoxy-guanosine monomer by HPLC.* d-G and d-tG eluted at different retention
times as seen in Figure 3, d-G was eluted after 8 min compared with d-tG which eluted
after 11 min. This is due to different polarities of the nucleoside after the oxygen on

C(6) of d-G was replaced by sulphur.
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Figure 3. HPLC comparison between d-G and d-tG.

The chromatogram indicates that HPLC can easily be used to distinguish between two
monomers d-G and d-tG. Therefore, the integrity of the synthesis of the (d-tG), was
analysed by reverse-phase HPLC. During the synthesis it is possible to have five
different compounds upon completion of the solid-phase cycles and the thiol
conversion. These are: failed coupling and conversion: guanosine monomer d-G, failed
coupling and successful conversion: thioguanosine monomer d-tG, successful coupling
and failed conversion: guanosine dimer (d-G),, successful coupling and half
conversion: thioguanosine-guanosine dimer d-tGdG and successful coupling and full

conversion: thioguanosine dimer (d-tG),. These possibilities are shown in Figure 4.
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Figure 4. The structure of failed and successful coupling and conversion: guanosine dimer to
thioguanosine dimer. (V) is related to successful coupling and conversion, (x) is related to
failed successful coupling.

Therefore, it could be expected to see at least five species in a HPLC chromatogram.
The crude product was analysed on a C;g HPLC reverse phase column using a mobile
phase of 65% acetonitrile in 0.1 M triethyl ammonium acetate (TEAA) at (pH 6.5). Two
major peaks were detected, as shown in the chromatogram in Figure 5. Both peaks were
UV active at the monitored wavelengths of 260 nm and 345 nm. As only the d-tG unit
absorbs at the longer wavelength, both these major compounds must contain at least one
d-tG unit. This result suggests that the first peak at 4.5 min is attributed to d-tG
whereas the second peak at ~8.2 min resulted from either the (d-tG), or d-tGdG, as
shown in Figure 5. Several other smaller peaks (~ 3 min, 6 min, 8 min and 19 min)
indicated that the reaction was not quantitative and these smaller impurities are most

likely due to the unprotected species of each possible product.
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Figure 5. HPLC chromatogram of the crude reaction mixture of on-column synthesis of (d-tG),
peak at ~ 4.5 min is attributed to d-tG and peak at ~ 8.2 min is attributed to (d-tG),. The bold
line indicates monitoring at 260 nm and the dash line indicates monitoring at 345 nm.

Based on the known longer retention time of d-tG compared to d-G, and that the

(d-tG), absorbs at 345 nm, the peak at ~8.2 min was collected and then re-analysed for
purity using a different HPLC system, see Figure 6. This showed a single peak at
12.8 min which on comparison to other data using this system confirmed that the

sample was now pure (d-tG),.
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Figure 6. HPLC of pure (d-tG),.

3.2.3 Molecular mass determination of (d-tG) , obtained by LC-MS

Molecular mass information has been used to analyse the composition of DNA
oligomers and in particular those that contain modified bases.”® The positive and
negative ion modes of electrospray ionisation mass spectrometry (ESI-MS) have both

1.2° Therefore,

been utilized, however the negative mode provides an intensely high signa
in this study, the negative ion LC-MS (ES") was used to analyse the purified (d-tG),.
The major peak was found at 627.0949; which compares to a m/z calculated for
CooH24N1008S,P (M) of 627.0958 as seen in Figure 7. The molecular peak for d-tGd-G
C20H24N100¢SP (M") at 611.11915 was not observed. This confirms the formation and
isolation of the pure (d-tG), dimer, as the major species from the on-column synthesis

and thiolation.
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Figure 7. MS (ES) of purified (d-tG), : m/z calcl CyoH24N1gOS,P (M) is 627.0958 (in the top);
the found peak is 627.0949 (in the bottom).

324 UV-visible of (d-tG),

Further characterisation by UV-visible of an aqueous solution of the purified (d-tG),
showed the characteristic peaks at 260 and 345 nm.*® Figure 8 shows a comparison of
the absorption spectra of (d-G), and (d-tG), , and highlights the difference, the new
peak at 345 nm, already discussed in chapter 2 is due to the substitution of the C(6)
carbonyl oxygen to a sulphur.
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Figure 8. UV comparison between (d-G), (red) and (d-tG), (black) in water.

3.2.5 Synthesis of (d-tG)s, (d-tG), and (d-tG)s

In light of the data detailing the successful synthesis of (d-tG), reported above, the
same on-column reaction conditions and purification steps were applied to the synthesis

of longer oligomers; (d-tG)s, (d-tG)4 and (d-tG)s as shown in Figure 9.

M P
NH ~~ "NH N
q’\'ﬂ /L </ | ] (\;\ﬂ NH
“N” NH, N™™N""NH, N="NZNH,
HO /Ox,__ HO ’..O — \ HO /OH___ \
E S \ S )
2o O N O Nk | 0 N ?onn
o:pla_o \N | . O:FIJ—() \N |\ A I| O=P-0Or ¢ J . |
0 N NH- 0 N NH2| é N \'N’ ‘NHQ;
0. /1.0 /] 0 '
- - — / =
s / s’z s/ 3
0 - '
o LT lode STN [0S Oy
o=p-or I _L \o=p-0 AL L 0=P-0° A\ :U oA
5 N NH, \ S N7 "NH \\ . N= N7 NH,
O -0 ‘ 0
OH OH OH

Figure 9. The structure of (d-tG); left, (d-tG), centre, and (d-tG)s right.
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These three thio-guanosine oligomers were purified by HPLC using the same conditions
for the (d-tG), purification, the chromatograms of, A, B and C respectively are shown
in Figure 10. The HPLC data indicated that the retention time of thio-ganosine
oligomers increased as the molecular weight of the oligomers increases. In Figure 10,
the retention time of the peak assigned to (d-tG), appears around 12.5 min whereas in
the case of (d-tG)s the major peak appeared at 16.5 min. As expected, the longer
5-oligomer is retained on the column longer than the 4-oligomer due to its increased
size. However, the (d-tG); was purified on an alternative HPLC system and so its
observed retention time of around 14.5 min is not comparable to the data of (d-tG), and

(d-tG)s.

1000
900
A
800
700
& 600
=
m 500
<
S 400
z
300
-«
200
100
0 AN
0 5 10 15 20
Time (min)
16.00 i i
E 16.00 H
14.00 % i
{ B 14.00 3 C :
12.00.} i :
8 @ 12.00 ] i
2 10.00 ::. 2 !
k) = S 10.00; :
£ i < i i
8.00 : i it
2 E} 8 8.00.{ i
= i £ i i
« 6.00 | - 6.00.| !
4.00 it 4.00.] i
: i
it i
2.00 it 2.00 !
1 3
i 1 Mo~
0.00 L. RPN NN e— v K"_‘}'"' sty | Y, 7.Y ANV U, WS S S ~
©.00 5.00 10.00 1500 0.00 5.00 10.00 15.00 2000
Time (min) Time (min)

Figure 10. HPLC of (d-tG); A, (d-tG), B, and (d-tG)s C. Chromatogram A was recorded on
Varian and chromatograms B and C on Gilson, both using a solvent gradient of 0-25 % over 30
min, solvent A is a TEAA buffer, solvent B is a 65% of acetonitrile.
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LC-MS was used to confirm the composition of the purified HPLC fractions for each of
the modified oligomers. It was found that the peaks at 14.5, 12.5 and 16.5 were indeed
the 3-, 4-, and 5-thio-oligmers respectively. These findings are summarised in Table 1.

HPLC retention time Mass spectroscopy MS (ES’)

Oligomer (min)

: : Calcd. Peak Found peak (M")
Gilson Varian

HPLC HPLC

+(d-tG); 8.2 12.8 627.095 627.094

+(d-tG)s 145 972.1254 972.1223
(d-tG), 125 1317.1552 1317.2863
(d-tG)s 16.5 1662.1848 1662.3939

Table 1. Comparison of HPLC retention times and molecular masses obtained by ES™ mass
spectroscopy of (d-tG), oligomers where n is = 2, 3, 4 and 5. {(d-tG), and (d-tG); were
purified on different HPLC systems to 2, 4 and 5.

Further characterisation of the 3, 4 and 5 thio-G oligomers were carried out by UV-
visible spectroscopy and showed similar spectra to (d-tG), with an absorption
maximum at 345 nm.

Having demonstrated the synthesis, purification and characterisation of short single
strands of thio-DNA oligomers, (d-tG),, (d-tG)s, (d-tG), and (d-tG)s, attention was
then turned towards investigations into the metal ion binding properties of these thio-

oligomers.

3.3 Metal binding and characterisation

In Chapter 2 the metal binding capabilities of d-tG (monomer) were discussed and in
particular the binding of Cd(Il) was investigated in detail. Therefore here we will look
at how the uniform oligomers, (d-tG),, (d-tG)s;, (d-tG), and (d-tG)s which all

containing the thioguanosine monomer interact with Cd(Il).
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To the best of our knowledge, this is the first investigation on the binding of cadmium
(1) ions by thio-guanosine oligomers. Previous reports on the synthesis of one
dimension coordination polymers based on meracauptopurine bases utilised cadmium
(11) ions to assemble the monomers through bridging coordination interactions.?

Therefore, cadmium (1) salts were added to solutions of the thio-oligmers.

3.3.1 UV titration of (tG), with cadmium ion

The first experimental approach that was used to investigate the binding of metal ions
by the thio-modified oligomers was a UV titration experiment. The changes in the UV
absorption spectra upon complexation were employed to verify Cd®* binding. The UV
titration of (d-tG), with cadmium (I1) nitrate showed that during the addition of Cd**,
the absorbance at 345 nm gradually decreased whereas the absorbance at 260 nm
increased. This might be due to the binding of Cd®* through N(7) and S(6) of the
6-thioguanosine base, in agreement with the monomer studies detailed in Chapter 2. For
both of the 260 nm and 345 nm bands, the maximum wavelength blue-shifted to higher
energy and also generated two isobestic points at 260 nm and 322 nm as shown in
Figure 11 (A). This is consistent with equilibrium between two independent species in
solution, free d-tG and Cd**-bound d-tG, by excluding the possibility that different
bound species have identical spectra. To identify the ratio of Cd** to (d-tG), in the
bound complex, the absorption data at 345 nm were plotted for a series of ligand to
metal ratios. Figure 11 (B) shows that the formation of the complex between [Cd?*] and
the [d-tG] ligand is in a 1:2 (metal: thiobase) ratio.
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Figure 11. Absorption titration spectrum of (tG), with cadmium nitrate (A), Binding curve of
complex between (tG), and Cd** (B).

3.3.2 ESI-MS of (tG), with cadmium ion

In this study, cadmium nitrate (Cd®*) was added to the (d-tG), dimer and then was
analysed by ESI-MS. The addition of two equivalents of Cd** to the dimer resulted in
the formation of a complex containing one cadmium ion bound to one oligomer. The
major peak observed in the spectrum was of the form of CH2,N;100sPS,Cd that has an
overall charge of -1, the calculated expected peak of 738.9836 was found at 738.9553,

as seen in Figure 12.
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Figure 12. ESI" MS of (d-tG), with Cd?" in methanol and water CyoH,,N;,0sPS,Cd (M), in top
is calculated peak is 738.9836 and in the bottom found peak is 738.9553.

These results from the LC-MS and UV titration studies of (d-tG); with Cd®* confirmed

the formation of a complex between metal and ligand (two-thiobases) in the ratio of 1:1.

However, it was not possible to determine the exact nature of the coordination binding

within the complex as two possible modes could be envisaged, a) bridged and

b) chelate, as seen in Scheme 5.

Scheme 5. Possible coordination binding of Cd** by (d-tG), a) bridged and b) chelate.
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3.3.3 UV titrations and LC-MS characterisation of 3, 4 and 5 thioguanosine-

oligomers

UV titration and LC-MS studies of (d-tG)s, (d-tG), and (d-tG)s were also performed to
examine their binding of cadmium ions. The UV titration experiments of (d-tG)s, (d
tG), and (d-tG)s revealed similar changes in wavelength to the previously discussed
data for (d-tG),. For (d-tG); and (d-tG)s, during the addition of Cd** to the oligomer,
the absorption at 345 nm decreases whereas the absorption at 260 nm increases, as
shown in Figure 13(A and C). However, the plot of molar ratio (metal to oligomer)
against absorbance (at 345 nm) for (d-tG); and (d-tG)s were not simple and suggested
that there were multiple binding equilibria in each case as seen in Figure 13 (B and D).
The curve in Figure 13 (B) can not be filled as a single binding isotherm. Qualitatively,
there appear to be three sections of the curve, with end-points about [Cd2+]:[d-tG]
about 0.5, 1.0 and 1.5. However, further study of this system is required to conclusively

determine the binding equilibria.
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Figure 13. (A) and (C) absorption titration spectra of (d-tG); and (d-tG)s with cadmium nitrate
(B) and (D), binding curve of the complexes formation of (d-tG);and (d-tG)s with Cd** .
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While in the case of (d-tG)s, Figure 13 (D) shows a clearer end-point at ~1 that is
associated to a 1:1ratio of [Cd*"] :[d-tG].

However, in the case of (d-tG) 4, changes in absorbance at 345 nm plotted against the
ratio of [Cd*'] ions to [thio base], more strongly suggested the complex consists of two

Cd?* coordinated to four thio bases in a 1:2 ratio, see Figure 14 (A and B).
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Figure 14. Titration of (d-tG) , with cadmium nitrate (A). Binding curve of (d-tG) , with Cd**
(B).

Second, the thio oligomers were further characterized by LC-MS. It was surprising that
in the LC-MS spectra of (d-tG); and (d-tG)s with Cd®* the expected Cd-complex peaks
were not found. This could be because they might be creating a stable complex with
Cd?* so there is no charge to make the complex fly on the MS machine. On the other

hand, in the case of (d-tG), the result from LC-MS showed evidence for the formation
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of a complex containing two cadmium ions bound to one oligomer, in other words, two
cadmium ions bound to four thio bases.
The observed major peak in the spectrum was calculated for CsoHssN20018S4P3Cd;
(769.4656) with an overall charge of -2 and the found peak was at 769.4436 as seen in
Figure 14C. These LC-MS results for the complex of (d-tG), with Cd** supports the
findings of the UV titration experiment.

100+ 7694656

768.9659.
768 4655

769.9660

< 767 965, J770-9662

767 4655 7714659

[771.9665
766.9659,

7664658724661

A e A Aadas it s Lo e sy et s it At i e s s s

1004 769.4436

769.0094.] 769.9209

9508 T6b.4233

598.8384

2651440
N

" 497 3205 538 8178 7674216 Jr70.426 w743

611.8660 g5p 7795
’ /

999.6612
867.5834

69y 4208

‘ \‘
510603 55,0083 | | "‘| {1
" s ; i i ‘ | |
15 04fs 18 507 |
| AT |F'| il |

0 mz
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

EEG 9370 ;ﬂ 1852 o, 1381 485 918§ 804.3625
- I ‘

2178044
|

00877 |
902 9201 ‘ ‘i ]

[ 2309285 [ 416 4246

Figure 14C. ESI" MS of (d-tG), with Cd*" in methanol and water CyoHssN»0015S4PsCd, (MZ'),
in top is calculated peak is 769.4656 and in the bottom found peak is 769.4436.

Overall, these finding from the UV titration and LC-MS studies showed that when the
number of thio-G units in the oligomer is even, such as (d-tG), and (d-tG),, the mode
of binding is clear and more or less a single complex in the 1:2 ratio of [Cd®*] to [thio
base] forms. Whereas when the number of thio-G units in the oligomer is odd, such as

(d-tG)3 and (d-tG)s, the binding interaction becomes more complex.

3.3.4 Circular Dichroism (CD) measurement

To obtain information about the effect of cadmium ions on the base-base interactions
for the modified thio-monomer d-tG and the thio-oligomers (d-tG), and (d-tG)s, the
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CD spectra before and after the addition of Cd*" were recorded. Changes in circular
dichroism were compared with changes in the isotropic absorption of the samples. In
the case of d-tG, the addition of Cd®* results in a change in absorption so that a shoulder
at 331 nm becomes apparent, in addition to the maximum at 345 nm, as shown in

Figure 15.
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Figure 15. Isotropic absorption of d-tG samples in CD spectrometer.

As previously explained (Chapter 2, Figure 7), the development of a band at 331 nm
indicates deprotonation of the base, which suggests that Cd** binding is coupled with
deprotonation of the 6-thio group. As expected, this deprotonation causes almost no
change in the CD spectrum of d-tG. The negative CD spectrum of d-tG in the
300-400 nm range agrees with the CD spectrum of d-tG reported by Eccleston at pH
6.5.1 The monomer CD spectrum is dramatically changed when the temperature is
raised to 90 °C with sign inversion across the whole wavelength range. Likewise, the
absorption spectrum changes markedly showing a small red shift and broadening of the
345 nm band, as well as changes in the 260 nm band. On re-cooling to 20 °C, the
absorbance and CD spectra revert to the original spectra. Therefore the change is
physical (conformational) rather than chemical, see Figure 16. The d-tG spectra

illustrate the expected behaviour of completely uncoupled bases.
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Figure 16. CD comparison between d-tG with and without Cd** at different temperatures.

The difference between the monomer and the oligomers is the increase in the number of
the bases, and the insertion of bridging phosphate groups between adjacent bases but
not at the termini. Increasing the temperature from 20°C to 90°C, and then re-cooling to
25°C, causes significant changes in both the absorption and CD spectra of (d-tG), see
Figure 17 and 18. At 20°C, the absorption maximum appears at 322 nm with a small
shoulder at 350 nm. At 90°C, the maximum blue shifts to 327 nm with reduced
intensity, and the 350 nm shoulder increases in intensity. On re-cooling to 25°C, it is
interesting to note that the spectrum does not revert to that observed originally. The 350
nm band remains as the main peak at long wavelengths. Likewise, the CD spectrum
changes on heating to 90 °C and does not revert to the original spectrum on re-cooling
to 25 °C. This indicates different configurations of the guanine bases with respect to
each other before and after heating which suggests that there is more than one low

energy conformation of the dimer.
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Figure 17. Isotropic absorption of (d-tG), samples in CD spectrometer.
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Figure 18. CD comparison of (d-tG), samples at different temperatures.
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At 20°C, the CD spectra with and without Cd** look completely different. Binding of
Cd* to dimer at 20°C induces a large increase in the CD signal compared to dimer
without Cd** as seen in Figure 19. By contrast, the absorption spectrum is greatly
reduced in intensity in the long wavelength band and the shoulder at 345 nm disappears
as shown in Figure 20. At 90°C, the CD spectra with and without Cd* are similar in
magnitude although there is some differences in shape at long wavelengths but the
absorption spectra are not the same . In fact, the absorption spectra for (d-tG), with Cd**
are very similar at 90°C and 20°C, unlike the CD. This suggests that at high

temperature, the base stacking is perturbed but Cd®* remains coordinated to d-tG base in

some form.

CD (mdeg)

10 | \' — (d-tG),20°C

(d-tG),/Cd*20 °C
— (d-tG),/Cd?* 90 °C

200 250 300 350 400

wavelength (nm)

Figure 19. CD comparison between (d-tG), with and without Cd** at different temperatures.
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Figure 20. Isotropic absorption of (d-tG), samples with and without Cd** in CD spectrometer.

In the case of (d-tG)s the addition of Cd** causes a decrease of absorbance with
changes of shape in the absorption bands centered at 340 and 260 nm as shown in
Figure 21. However, the CD spectrum shows only small changes in shape, with almost

no change of intensity as seen in Figure 22.
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Figure 21. Isotropic absorption of (d-tG); samples with and without Cd** in CD spectrometer.
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Figure 22. CD comparison between (d-tG); with and without Cd*".

Taken together, these results suggest that the thioguanine bases are organized in
different geometries with respect to each other in the Cd®* complexes with monomer,
dimer, and trimer. The bases appear to be particularly well-coupled in the dimer

complex.

3.3.5 Tm of thio-oligmers

In order to further assess the effect of metal ions on the formation of a complex with the
thio-G oligomers, duplex melting temperatures of the free and Cd bound complex
(d-tG)s were investigated. When the complex was heated up to 95 °C, there was no
significant change compared in the absorption at room temperature. Therefore the
complex appears to be stable. Figure 23 shows the comparison between free (d-tG)s and
upon the addition of cadmium ions to different concentrations of (d-tG)s. However, the
structure is not known but it seems to be very thermodynamic stable. In addition, it
looks like a single-strand because no transition even without cadmium is observed,

therefore, it is probably an intermolecular complex but this is inconclusive.
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Figure 23. Melting temperature of (d-tG)s & Cd*? at different concentration.

3.4 Conclusion

The goal of this study was to form one dimension coordination polymers that have
interesting properties in nanotechnology.? To explore this, thio-guanosine oligomers
(d-tG),, (d-tG)s, (d-tG); and (d-tG)s were synthesised and complexed with
cadmium(Il) ions. Unmodified guanosine-oligomers were first synthesized by solid
phase DNA synthesis, employing phosphoaramidite chemistry and then were converted
to thioguanosine oligomers via sodium sulphide in DMF while still attached to the solid
support. The HPLC, mass spectrometry and UV-visible data demonstrated the
successful synthesis of thioguanosine-oligomers. The pure thioguanosine-oligomers
were treated with cadmium (Il) in order to study their binding properties using UV
titration, MS, CD and Tm. The results of UV titration and MS spectrometry of (d-tG),
and (d-tG), showed the formation of a complex containing [metal]:[thiobase] in a 1:2
ratio. From UV titrations of (d-tG); and (d-tG)s, several complexes with different
[metal]:[thiobase] ratios appeared to be formed. Therefore, the next chapter investigates
how the cadmium ions bind to thio-modified DNA in a double stranded polymer and

what type of the complex is formed.
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3.5 Experimental

All chemicals to synthesize thio-guanosine oligomer were purchased from Glen
Research or Sigma Aldrich, and used as received unless otherwise stated. ESI-MS was
performed on a Waters LCT -Premier mass spectrometer. Modelling was carried out

with the Spartan 04 package for Windows.

On column synthesis of (tG),

(G), (1 pmol) was synthesized on a DNA synthesizer (EXPEDITE™ Nucleic Acid
System) employing bases and ultra-mild reagents and following standard
phosphoramidite procedures. The column then was removed from the machine and
dried under vacuum for 24 h, after which it was used to synthesise (tG),-oligomer using
Jones procedure. (G); (1 umol) column in dry pyridine (10 ml) was added to
trifluoroacetic anhydride (1 ml) to give the intermediate compound as shown in Scheme
4. Sodium sulphide (1g) in anhydrous dimethylformamide (30 ml) was then added to
the intermediate to give crude (tG),. After 4 days the column was washed several times
with water and then with ethanol and dried under vacuum for 24 hours. After drying,
anhydrous CH3NH; was passed through the column in order to deprotected and cleave
(tG),. Finally, the (tG), yellow powder was dissolved in water and purified by HPLC.
In this study, two HPLC machines were used; Gilson 715 HPLC and Varian Pro Star. In
both instruments a C18 reverse phase column was used. Buffer A was 0.1 M triethyl
ammonium acetate at pH 6.5 with 5% acetonitrile, and buffer B was 0.1 M triethyl
ammonium acetate at pH 6.5 with 65% acetonitrile at the gradient (0-10 min 0% B,

10- 25 min 25 % B, 25-30 min 0% B). Absorbance was monitored at two wavelengths
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260 nm and 345 nm. After HPLC, the pure (tG), was obtained (23 % yield.). ES-MS:
m/z (negative mode) 627.0949 (calcd for CyoH24N100sS,P (M) 627.0958).

Synthesis of (d-tG)s, (d-tG), and (d-tG)s
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(tG)s, (tG)4 and (tG)s were synthesised using the same conditions and purification
procedures as for the on-column synthesis of (tG), with the increase in the
concentration of the reagents. The yield of (tG)zis 33 %, ES-MS: m/z (negative mode)
972.1223 (calcd for C3oH37N15013S3P, (M7) 972.1254). The yield of (tG), is 29 %, ES-
-MS: m/z (negative mode) 1317.2863 (calcd for CsoHagN20018S4sP3 (M) 1317.1552).
The vyield of (tG)s is 26 %, ES-MS: m/z (negative mode) 1662.3939 (calcd for
CsoHs1N25023S5P, (M) 1662.1848).

UV spectra and titrations

UV spectra and titrations were obtained with a Caryl00 Bio UV-visible
spectrophotometer using a 1 cm pathway quartz cuvette, and an extinction coefficient
for thioguanosine of & = 24900 1 mol™ cm™. For UV titration with Cd®*, the preparation
of the samples was as described in Table 2. The measurements were carried out at two

wavelengths 260 nm and 345 nm.
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Oligomers Thiobase con Cd*con Buffer
(d-tG), 4.7 pM 150 pM TEAA, H,0
(d-tG)s 6.9 uM 200 pM I
(d-tG)4 3.8 uM 200 pM I
(d-tG)s 10.2 uM 200 pM I

Table 2. Preparations of samples for the different UV experiments carried out of thio-oligomers
with cadmium nitrate.

Melting temperature measurement

Melting profiles were obtained with a Cary100 Bio UV-visible spectrophotometer using
1 cm pathway quartz cuvette. The measurements were carried out at different
concentrations of (d-tG)s with cadmium ions. Firstly, the measurement of free (d-tG)s
of 0.1 pM in aqueous triethyl ammonium acetate buffer at pH 6.5 heated at 95 °C at
wavelength 345 nm. Then the addition of cadmium nitrate of 0.2 uM to 0.1 uM (d-tG)s
in the same buffer and heated at 95 °C. Finally, the concentration of (d-tG)s was
increased to 0.4 puM with 0.8 uM of cadmium nitrate at the same condition and

temperature of previous experiment.

CD measurement

CD spectra were carried out on a Jasco J-810 spectropolarimeter using 1 cm pathway
quartz cuvette. The experimental was carry out at room temperature and at 90 °C in
triethylammounim acetate buffer (pH= 6.5). The concentration of the oligmer and Cd?*
are shown in Table 3. CD was monitored from 200-400 nm. Absorbance from 200-230
nm was very high compared to longer wavelengths and saturated the detector - so CD in

this region is too high to measure, and thus appears very noisy.

DNA Sample DNA samples Ccd*

d-tG monomer 30 um 45 uM

(tG), 24 uM 36 uM
(tG)s 15.24 uM 61.73 uM

Table 3. Preparations of samples for the different CD experiments carried out of thio-oligomers
with cadmium nitrate.
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Chapter 4 Synthesis of 2°-deoxy-6-thioguanosine-5’-
triphosphate (d-tGTP) and its incorporation into DNA duplex by

enzymatic slippage extension reaction

4.1 Introduction

The preceding chapter discussed the synthesis of short thioguanosine oligomers
containing 2, 3, 4 and 5 thio-modified bases. This was achieved via phosphoaramidite
chemistry followed by on-column conversion of guanosine to thioguanosine.
Subsequently, the addition of cadmium ions to these oligomers resulted in complexes
with different binding ratios of metal: thiobase. This chapter will investigate the synthesis
and characterisation of the thio-modified triphosphate, d-tGTP and its incorporation into
DNA by using an enzymatic slippage extension reaction.® This approach introduces
multiple metal binding sites into long strands of DNA. The thio-modified DNA will then

be treated with metal ions that can bind between two thio-sites on adjacent nucleobases in

)
G
|

Extend DNA DNA & Cd**

order to form a metal / DNA coordination polymer as seen in Scheme 1.
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Scheme 1. Synthetic route for the synthesis of a thio-functionalized long DNA duplex using
slippage extension reaction and subsequent metal binding to give a coordination polymer.
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To reach this goal, it is first necessary to synthesise the thio-modified nucleotide,
2’-deoxy-6-thioguanosine (d-tGTP) as it is the essential building block for enzymatic
DNA synthesis. Therefore, the next paragraph gives some introductory details about the

different methods of nucleotide synthesis.

4.1.1 Modified triphosphates

A nucleoside triphosphate (NTP) consists of a nucleoside (base + sugar) and three

phosphate groups, o, B and y, bonded to the ribose at the 5’ position, as shown in

Figure 1.
O O
O ||3|Y ||3|BO IlDla i
| | ©
(@) O @]
OH H

Figure 1. The structure of a nucleoside-5’-triphosphate (NTP), showing the sugar, nucleobase B
and the triphosphate unit.

NTPs are involved in several processes in biology such as DNA replication,
neurotransmission, translation and transcription.? Modified nucleotides have been
synthesised for use as antagonists of nucleotide receptors,® as inhibitors,*® agonists and
substrates of nucleotide-enzyme binding. ’ Therefore, several methods for the synthesis
and preparation of nucleotides have been established. Nucleotide synthetic methods
commonly depend on the activation of a nucleoside 5’-monophosphate in three reaction
steps. The synthesis starts with a nucleoside that is monophosphorylated, followed by
activation of the nucleoside 5°-monophosphate as a phosporamidate,®® imidazolidate®
or morpholidate.***? Finally, a pyrophosphate salt is added to form the triphosphate.
Alternatively, a nucleoside-5’-H-phosphonate can be converted to its nucleotide via a
silyl-H-phosphonate, followed by the addition of (NBug)sHP,O- to give moderate yields

of the nucleotide.*®

Other techniques for the synthesis of nucleotides have relied on the activation of the
5’-position of the nucleoside by 8-quinolyl monophosphate, 2,2,2-tribromoethyl

morpholinochloridate or tosylate,**** followed by treatment with tripolyphosphate.
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“One-pot, three steps” is the most extensively utilized method for the synthesis of
nucleoside-5’-triphosphates  using  phosphorous(V) chemistry, established by
Yoshikawa' and developed by Ludwig and others.!”*® This method includes the
formation of the nucleoside dichlorophosphoridate by the addition of phosphoryl
oxychloride (POCI3) to the nucleoside. Following that, bis-(tri-n-butylammonium)
pyrophosphate is added in order to form a cyclic intermediate triphosphate. The final
triphosphate is generated by the hydrolysis of the cyclic intermediate triphosphate.
Other methods have used the same reaction steps but replaced the pyrophosphate salt
with inorganic phosphate.’® An advantage of both these procedures is that a protecting
group is not required on either the ribose unit or the nucleobase and the reaction
proceeds in one pot without the need to isolate any intermediates. The characterisation
of synthetic triphosphates relies on multiple chromatographic steps and analysis by
$Ip_.NMR and mass spectroscopy.? There is also a good method available for the one-
pot triphosphate synthesis using phosphorous (111) chemistry.”> The phosphorylating
agent employed in this situation is salicyl chlorophosphite, which forms a phosphite
intermediate which is then reacted with pyrophosphate again through an intramolecular
cyclization to produce a a—phosphite moiety. This intermediate was oxidized by iodine
in aqueous pyridine and forms the cyclic triphosphate species, which can be quickly

hydrolysed and give the linear triphosphate.

The attention in this thesis focuses on the synthesis of 2’-deoxy-6-thioguanosine-
5’-triphosphate (d-tGTP). Most previous reports prepared d-tGTP according to the
methods that are described above. For example, Ueda et al. reported the synthesis of
d-tGTP by adding 1,1’-carbonyldiimidazol to a solution of tri-n-butylammonium
2'-deoxy-6-thioguanosine-5'-monophosphate to form a diimidazolidate intermediate,
followed by the addition of bis-(tri-n-butylammonium) pyrophosphate to form
d-tGTP.# d-tGTP was also synthesized from 5’-DMT-3’-Bz-N,-phenylacetyl-2’-
deoxyguanosine by the addition of thioacetic acid to form the thioguanosine analogue.
After that, treatment with 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one formed the
desired triphosphate.”**

Broom et al. reported the synthesis of d-tGTP according to Yoshikawa’s procedure (see
above) to form directly the triphosphate without a protecting group, but at higher

reactant concentrations. The 2’-deoxy-6-thioguanosine was treated with POCI; and
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formed a nucleoside dichlorophosphoridate intermediate. Subsequent addition of bis-
(tri-n-butylammonium) pyrophosphate produced d-tGTP.*

The above paragraph has described the different synthetic pathways to d-tGTP, the next
paragraph will look at how this d-tGTP can be incorporated into DNA.

4.1.2 The incorporation of 6-thioguanosine into DNA

6-Thioguanine is known as an active anti-acute myelogenous leukemia agent and is
generally utilized in the maintenance treatment of childhood acute leukemia.? In spite
of its recent clinical use, little is understood of the molecular basis for its cytotoxicity
although it is hypothesised to be due to its incorporation in DNA.? Therefore, there
have been a number of basic studies about how enzymes respond to 6-thioguanine, and
about -how it affects the structure and stability of DNA. Yoshida et al. reported that
d-tGTP could be incorporated into DNA by extension with polymerase a in the absence
of d-GTP, using activated DNA as a primer-template.?” The duplex product containing
d-tG-DNA was isolated by chloroform: isoamyl alcohol from the reaction mixture, and
was characterised by UV-vis absorption which showed the peak at 342 nm characteristic
of d-tG. Ling and his group showed that d-tGTP can be incorporated into the growing
DNA-single strand in place of d-GTP by human leukemia DNA polymerases a, 6 and .
However, an order of magnitude decrease of efficiency was observed when d-tGTP
replaced dGTP.?® Later, the same group reported that the Klenow fragment polymerase
could be used in place of polymerases a,  and y for the same reaction. Subsequently,
this DNA was examined as a substrate for type Il restriction enzymes and was shown to
restrict the ability of some enzymes.? Luna et al. used the Ling sequence and examined
its mutagenic activity and they found that it could produce mutagenic effects.*® Lahoud
and his group reported that in the enzymatic extension sequence, the Sequenase enzyme
(from USB, exo” T7 DNA polymerase, engineered to lack proof-reading ability) was
unable to synthesize a full sequence when the d-GTP was replaced by d-tGTP. They
assumed the synthesis was obstructed by a hairpin homologous strand.*

However, the above studies have focused on the incorporation of d-tG into DNA that
has four nucleotides species. Some research also reported the insertion of
6-thioguanosine into RNA. Darlix et al. reported the synthesis of poly (tG)-poly(C) by
polymerisation of d-tGTP on a poly(C) template using RNA polymerase. The
homopolymer poly d-tG could not be separated from poly(C) at room temperature, and

the melting temperature of the duplex was measured to be ca. 90 °C in 100 mM NaCl.*

108



Broom and his group described another method to synthesis homopolymer poly (tG)-
poly(C).® In this technique, poly (tG) was synthesized by the reaction of poly (2-
amino-6-chlorpurinylic acid) in Tris HCI buffer with hydrogen sulphide gas. The poly
(d-tG)-poly(C) complex was formed by heating a mixture of the single-stranded
polynucleotides to 70 °C for 1 hour in buffer. The melting temperature of this duplex
was measured as 40 °C in 100 mM NaCl, which contrasts sharply with the previous
report. A possible explanation is that the polynucleotide duplex was shorter in this

case.®

4.1.3 The effect of 6-thioguanosine (tG) on the stability of DNA double strands

The incorporation of 6-thioguanosine into a DNA duplex has been reported, as
described above.?”? Several studies have reported the effects of tG incorporation on the
stability of the DNA duplex,> and it is found that thioguanosine has a local influence on
the environmental chemistry of the DNA duplex when the oxygen at position 6 in
guanine is replaced with sulphur. This effect was studied by examining the differences
in 'H-NMR chemical shifts of every proton of the DNA duplex that contained
thioguanosine-cytosine (tG-C) base pairs, in place of normal guanosine-cytosine (G-C)
base pairs. The differences were most pronounced for the imino proton. The large
resonance shift of the imino proton of thioG relative to the imino proton of G,
suggested that tG exists in the keto form, due to weakened Watson-Crick hydrogen

bonds with cytosine as illustrated in Figure 2.3
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Figure 2. The difference of hydrogen bonds of (G-C) bases when the G was replaced with tG.

The length of the hydrogen bond between thioG and C is increased because of the large
atomic radius of sulphur as well as its lower electronegativity compared to that of

oxygen. Additionally, due to the weakened hydrogen bond between tG and C, the
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thiobase pair is opened toward the major groove by about 7°-10°.3*3" Furthermore, the
thermal stability of the DNA duplex is decreased when the G base is replaced with
thioG. * The effects of sulphur atom substitution on the dynamics of the DNA duplex
are highly localized,* a single tG base pair in the centre of an oligomer causes only
minor global distortion of the DNA duplex.®” Theoretical studies have examined the
effects on DNA stability and structure when 6-thioguanine replaces guanine in
DNA.** Villani has found that the change of the oxygen atom to sulphur in the G-C
base pair creates a S-H hydrogen bond that is about 0.5 A longer than the O-H hydrogen
bond,*® consistent with NMR data.***" Also agreeing with structural studies, theory
predicts that substitution of oxygen with sulphur in the G-C base pair will raise the
energies of the hydrogen bonds, weaken the base pair, and open the major groove.***
These theoretical studies suggest that the differences in the chemistry and biology
between normal and thiolated base pairs could be due to different base pair dynamics, as
well as energetic and structural changes.** Therefore, because of these reasons, the
presence of 6-thioguanosine in place of guanosine in DNA leads to a small
destabilization of DNA double strand.

4.1.4 Enzymatic synthesis

The synthesis of DNA chains in a test tube was first demonstrated in the 1950s. The
enzymatic synthesis of DNA was extensively explored in Kornberg’s seminal Nobel
Prize-winning work on DNA replication using DNA polymerase. “**> DNA polymerase
is an enzyme that catalyses incorporation of deoxyribonucleotides into a nucleic acid
strand via polymerization in the presence of a pre-existing DNA template that directs
complementary strand synthesis. This polymerisation is the natural process by which
DNA is replicated in cells, and is used in biotechnical applications such as the primer
extension process, PCR (polymerase Chain Reaction) and slippage extension. A primer
is a single stranded oligonucleotide that is complementary and hybridised with the 3’-
terminus of the template strand. Primer extension is a technique that elongates the
primer via insertion of nucleotides opposite the template using Watson-Crick base
pairing. The role of DNA polymerase is to insert the correct nucleoside triphosphate
opposite its matching base in the template and to catalyze formation of a phosphodiester

bond with that nucleotide.
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Scheme 2 illustrates an example of the incorporation of nucleotides against a
complementary sequence to form double-stranded DNA. The template sequence in the
bottom contains a A, G, C, T, G, A, G, G, and C (9 bases) in the direction from 3’ to 5°.
The shorter primer consists of complementary bases T, C, G, A, C and T (6 bases)
hybridized to the 3’-end of the template. As seen in Scheme 2, a (C) is added opposite
its complementary base (G) on the template sequence by the DNA polymerase. This
process continues until the primer is extended to the full length of the template, forming
double stranded DNA.

DNA pol

polymerase QO—O—O cytosine triphosphate
Primer S’M E: E ¥

Template 3’ >

Oo\z ; \ Extension

Primer
Template
Primer 3
DNA double strand
Template 5

Scheme 2. Schematic illustration of the primer extension process.

All DNA polymerases perform the same function, although they vary in their primary
and secondary structures, depending on the organism of origin. From a schematic
perspective, they have areas that resemble the form of a human right hand; fingers, palm

and a thumb as shown in Figure 3.
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Figure 3. T7 DNA polymerase structure. *°

The DNA is carried through the polymerases fingers and thumb, when the polymerase
binds to the DNA primer-template. The DNA double strand is positioned with the
3’-terminus of the primer beside the thumb. The fingers bring nucleosides triphosphates
to the 3’-terminus of the primer. The palm contains the active site that forms the
phosphodiester bond between the primer 3’-OH and the triphosphate of the
nucleoside.*” The incoming base will bind to the template if it is identified forming the
correct Watson-Crick base pairs. This binding of incoming base to the template causes a
conformational modification of the polymerase to bring the active side of the
polymerase into the correct position to initiate polymerization.*® To facilitate the attack
of nucleophile, aspartate residues are coordinated to two metal ions, usually Mg*,
within the polymerase active side, which help to stabilize the negatively charged
incoming triphosphate. In this mechanism, the proton from 3’-OH of the deoxyribose
sugar of the incoming triphosphate was abstracted by an aspartate residue that acts as
the general base in order to produce a more reactive nucleophile. Subsequently the
a-phosphate of the incoming base is attacked by the activated 3’-oxygen, creating a
pentacoordinate transition state among two bases as shown in Figure 4. The divalent
metal ion stabilizes the transition state. As a result, a pyrophosphate is released as a

leaving group during the breaking of the bond between the a- and the [S-phosphate.49
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Figure 4. Scheme to demonstrate the chemical mechanism of DNA polymerases.
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Polymerase Chain Reaction (PCR) is an enzymatic amplification method developed by

Mullis™ in which a large number of copies of a specific DNA sequence are rapidly

produced. The PCR reaction can be divided into three steps; firstly, the denaturation

step, during which the DNA is heated up to 94°C to melt the duplex by separating it into

single strands. The second step is annealing which occurs at 54°C, at which temperature

H-bonds between the single stranded template and primer are formed. Subsequently, the

DNA polymerase binds and copies the template. Finally, the extension step is run at

72 °C which is ideal for optimal performance of thermophilic polymerases such as Taq

polymerase. Hybridization of the complementary primer is stable at this temperature.

The DNA polymerase adds the complementary dNTPs to the 3’-terminus of the primer.
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These three steps of the PCR reaction produces a single cycle of PCR that could be
repeated several times to synthesise millions of copies of DNA.*

However, one disadvantage of this method is length limitation of DNA template. DNA
polymerases are capable of proficiently amplifying DNA products up to a few thousand
base-pairs (2-5 kb) but PCR is less efficient with longer products as the activity of the
enzyme is lost. Therefore, enzymatic slippage extension synthesis established in recent
years by Kotlyar et al. has provided a way for DNA to be grown from a short repeat
sequence duplex to a high macromolecular weight up to 10,000 bp in length using DNA

polymerases.
4.1.4.1 Slippage Extension

The enzymatic extension of the DNA double strand by several methods has been
described in the literature. Primer extension described above is one of the methods that
extends a primer to synthesise DNA against a template, creating lengths of DNA
determined by the template length. To fabricate DNA of high macromolecular weight,
the DNA slippage method can be employed. In this method, DNA is grown from a short
repeating sequence duplex using DNA polymerases. Five decades ago, Kornberg’s
seminal Nobel Prize-winning work on DNA replication reported that short
homopolymers such as oligo(dA).oligo(dT) were expanded to high molecular weight
using DNA polymerase | from E.coli.** This extension was probably due to the slippage
synthesis. However, at that time the slippage reaction mechanism was unknown.* A
few studies have proposed the mechanism of this slippage reaction. The complementary
duplex oligonucleotide used to start the slippage extension is known as the primer-
template.

One mechanism proposed for the slippage is that one DNA strand slides over the other
producing a relocation of the template from the primer toward the 5’direction and
forming overhangs. The 3’ ends can be extended to fill in the overhangs, forming an
overall sequence extension, as shown in Figure 5 (right side of diagram). Overall, the
slippage extension requires disruption and recreation of hydrogen bonds between
complementary base pairs within in the duplex. The expansion rate is expected to be
independent on the duplex length.>*®° Other researchers have proposed different

mechanisms for extension of repetitive sequences such as hairpin—coil transition, >’
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duplex elongation at melting equilibrium, °®° template switching,®® bulge migration,®*

% the formation of terminal hairpin and the self-priming extension model.**

55

5
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l Enzyme fill-in
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Figure 5. Models for slippage mechanism.

However, the most convincing mechanism was proposed by Kotlyar and co-workers,*
who have reported the extension of a poly(dG).poly(dC) primer-template up to 10,000
base pairs using the Klenow exo™ polymerase. In this mechanism, the 3’-end of DNA is
bound to the enzyme and forms a short loop de novo due to a shift of nucleotides within
the polymer towards the 5’direction as shown in Figure 5 (left side of diagram). The
enzyme then fills in the overhang with dNTPs to make a complementary duplex.
Subsequently, the loop relaxes after the enzyme dissociates from the DNA strand and
after that the reaction cycle is repeated. Extended poly (dA).poly (dT) sequences were
also generated up to 3000 base pair lengths by Kotlyar using Klenow exo™ polymerase.®®
The same enzyme was also used to extend trinucleotide units such as CAG/CTG.>*®
ljiro and his group have taken advantage of the slippage reaction to deposit platinum
metal on long DNA polymers consisting of poly(dG).poly(dC) and poly-[(AT)] in
order to produce new properties of DNA that might have potential applications in
nanotechnology.®” In addition, Kotlyar et al. used the slippage extension to grow small
Ag nanoparticles on a poly(dA)-poly(dT) DNA duplex that induced chioptical
properties.®®
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Therefore, in this chapter, the enzymatic slippage reaction will be used to investigate the
extension of a poly(dG)o.poly(dC)yo primer-template using Klenow exopolymerase
and the modified thioguanosine triphosphate. Metal ions will be then added to the

extended polymer, in order to create a one dimension coordination polymer.

4.2 Results and discussion

The conversion of d-tG to its corresponding triphosphate, d-tGTP was achieved and
the desired triphosphate was purified by MPLC and HPLC, and characterised by
31p. NMR, ES-MS and UV-visible spectroscopy. The enzymatic synthesis of extended
DNA duplexes which incorporate d-tGTP was examined using a range of different
polymerase enzymes. Long DNA duplexes containing d-tG were characterised by
agarose gel electrophoresis, UV-visible spectroscopy and atomic force microscopy
(AFM). Subsequently, cadmium ions were added to study their binding properties to the
thio-modified DNA and were characterised by UV titration and denaturation
experiments. The overall work in this chapter is summarised in Scheme 3 below, and

discussed in the following sections.
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Scheme 3. Synthetic route for the synthesis of a thiomodified-long DNA duplex using d-tGTP
via the slippage extension reaction.
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4.2.1 Synthesis of modified nucleotide d-tGTP

2’-Deoxy-6-thioguanosine-5’-triphosphate (d-tGTP) was synthesised according to the
procedure developed by Broom'® via the conversion of d-tG to its corresponding
triphosphate. Although d-tGTP is commercially available this synthesis was performed
due to the high cost of the compound. The advantages of using the Broom method is
that it is quick and convenient without the need for a protecting group of the nucleobase
2-NH, and ribose secondary 3°-OH that are normally sensitive to phosphorylation.*®
Therefore the conversion of d-tG into its triphosphate d-tGTP was performed using a
phosphorylation reaction (phosphorus(V) chemistry) in three steps as shown in Scheme
4,

i i
'\\N ““\ ,:,_J\ O \‘N A N'::J\\ N H
) |l
HO N~ "NH, cpo. ,
O POCs, PO(OMe)s g |0
OH by
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(IF)’ P |'C=>‘) NN O PO
Oilioilioi|7o (@] PCO 0
O O O' /,/O\‘\ o
TEAB, H,0 OH
OH
d-tGTP Cyclic-d-tGTP

Scheme 4. Synthesis of d-tGTP.

In the phosphorylation reaction, trimethylphosphate PO(OMe); was used to dissolve
d-tG with gentle warming. Phosphoryl oxychloride (POCI3) has to be extra dry before
addition to the PO(OMe); solution, as any moisture could hinder the phosphorylation
reaction. The phosphorodichloridate intermediate was formed after the POCI; was

added. Then the addition of tri-n-butylammonium pyrophosphate to the reaction mixture

117



led to the formation of the cyclic triphosphate. The cyclic triphosphate is quickly broken
into the linear triphosphate during hydrolysis using triethylammonium hydrogen
carbonate (TEAB) buffer. Anionic exchange on a MPLC column (sepharose media) was

used to monitor and purify the d-tGTP from the crude reaction, see Figure 6.
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Figure 6. MPLC traces for d-tGTP synthesis.

In the MPLC trace (recorded at 280 nm) of the crude reaction mixture, two major
components were identified as shown in Figure 6. The first major peak which eluted at
~20 min was associated with the unreacted starting material, d-tG as it carries no
charge. This was confirmed by collecting the peak and comparing its UV-vis and MS
data with the start material. The second major peak was observed at a longer retention
time of ~48 min, which was expected to be the desired triphosphate d-tGTP. The
smaller peaks at about 40 min related to the monophosphate, d-tGMP and as expected
the intensity is very small due to its conversion into the triphosphate. The peak at ~48
min was collected and examined by *P-NMR spectroscopy which revealed three

resonances; a triplet at 6 -21.90 ppm from the  phosphorus, a doublet at 6 -10.69 ppm
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which is associated with the o phosphorus and a second doublet at 6 -5.91 ppm
corresponding to the y phosphorus. Therefore the **P-NMR data confirmed the
formation of d-tGTP.

However, the *'P-NMR spectrum also showed that in addition to the three peaks a
strong singlet at 6 -20.81 ppm was observed. Previous work deduced that this peak
belongs to unreacted pyrophosphate.®® Pyrophosphate has a comparable charge to the
triphosphate, shown in Figure 7, and so is likely to elute at around the same time as
d-tGTP during purification by MPLC. Therefore, further purification by HPLC is
required to remove the pyrophosphate. Reverse phase HPLC was carried out using a
mixed solvent system of 0.1 M TEAB buffer and acetonitrile, employing a solvent

gradient of 0-30% buffer over 30 min.
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Figure 7. The structure of d-tGTP and the pyrophosphate group that has similar charge to
triphosphate.

The pyrophosphate eluted first, at 13 min as it has a higher polarity than d-tGTP. The
d-tGTP was then eluted at a longer retention time, 16 min. The d-tGTP peak was
collected and then re-analysed for purity using the same HPLC system, see Figure 8.
This now showed a single peak at 16 min confirming the purity of d-tGTP.
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Figure 8. HPLC of pure d-tGTP.

The *P-NMR spectrum of the purified d-tGTP only showed the three expected peaks
of a nucleotide at: -10.69 ppm (d, 1P, o), -21.90 ppm (t, 1P, B) and -5.91 ppm (d, 1P, y)

as illustrated in Figure 9.
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Figure 9. *'P-NMR of d-tGTP.
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The identity of d-tGTP was also confirmed by ES-MS mass spectrometry. The
calculated m/z for d-tGTP, CyoH1N5012P3S (M-H) is 521.9651 and the found peak
was at 521.9809. Further characterisation was carried out by UV-vis spectroscopy of an
aqueous solution of the purified d-tGTP, showing the characteristic peaks at 260 and
345 nm due to the thio-nucleobase.”® Figure 10 shows a comparison of the absorption
spectra of d-tGTP and d-tG, and indicated that the addition of the triphosphate group to
the nucleoside does not have any significant influence on the wavelength of the

maximum absorption, Amax Was 345 nm for d-tG and 344 nm for d-tGTP.
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Figure 10. Comparsion of the UV-vis spectra for compounds d-tG and d-tGTP in aqueous
solution.

The above findings indicated that the synthesis and purification of the modified
triphosphate, d-tGTP were achieved. The incorporation of d-tGTP into DNA using
short primer-template sequences and the enzymatic slippage extension reaction to form

long DNA double strands was then investigated in the next stage of this work.
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4.2.2 Slippage extension reaction

The enzymatic slippage reaction was performed according to Kotlyar’s method,' by
employing poly (dG)o - poly (dC)1p as the template/primer. Our standard procedure for
the extension reaction required d-GTP, d-tGTP, d-CTP and reaction buffer. The
slippage extension was started by adding a polymerase; Klenow exo™ polymerase, Taq
polymerase, Bsu polymerase or E. coli polymerase I. These polymerases, especially the
Klenow exo™ polymerase have been reported as an efficient enzyme for the slippage
extension reaction.” To identify the role of these polymerases, we need to further study
and understand what these polymerases are. Klenow exo™ polymerase is a fragment of
DNA polymerase I that lacks both nick transition 5°>3" and proofreading 3°>5’
exonuclease activity. Therefore it could accept modified nucleotides and prevent
excision during reaction. This enzyme can work at quiet high temperatures but becomes
inactive at 75 °C. Taq polymerase is structurally very similar to Klenow exo™ but is
thermodynamically stable and can act at higher temperatures and only loses its activity
at 94 °C. Bsu polymerase has been chosen as it has a similar function to Klenow exo”
polymerase. E. coli polymerase | ((Poll) can perform the slippage extension reaction,
known since the early work of Kornberg.*® In our lab, we have successfully used both
Poll and BSu to extend poly (dG)10- poly (dC)io to yield kilo base pair lengths of DNA.
However, these enzymes had lower rates of extension than the Klenow exo™ fragment.
There are only limited publications that discuss why these enzymes have been used for
the slippage extension reaction and hence the need to try a range of enzymes in the

studies here.

4.2.2.1 Slippage test reactions with standard 2’-deoxyguanosine-5’-triphosphate
(d-GTP)

Our standard d-GTP experiment is started by adding the Klenow exo” polymerase to the
enzymatic reaction mixture. Figure 11 demonstrates that Klenow exo™ polymerase
extends the oligonucleotide primer/template poly(dG)io-poly(dC)1o at room temperature
to form long double stranded DNA using the natural nucleotide triphosphates d-CTP
and d-GTP.
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The length of the poly (dG)-poly (dC) homopolymers that are produced can be
controlled, as previously described by Kotlyar.® As shown in Figure 11; the DNA
length’s increased with incubation time, as observed by Kotlyar.® After 15 minutes, a
band at approximately 500 base pair was observed whereas at 135 minutes, around

6,000 base pair DNA was seen.
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Figure 11. Lonza FlashGel™cassette (1.2 % agarose) showing progress of the slippage
extension reaction of poly (dG)-poly(dC) using d-GTP at room temperature with time. Lane 1
= 1Kb ladder. Lanes 2-9 = products of enzymatic slippage of poly (dG)-poly(dC), that illustrate
the increase in the length of DNA with time.

The reaction was then repeated using the same protocol however it was carried out at a
slightly elevated temperature of 37 °C .The results in Figure 12 demonstrated that there
was a clear increase in DNA length, as a thick band of about 10,000 base pair was
observed, even after only 30 minutes.
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Figure 12. Lonza FlashGel™cassette (1.2 % agarose) showing progress of the slippage
extension reaction of poly (dG)-poly(dC) using d-GTP at 37 °C with time Lane 1 = 1Kb
ladder. Lanes 2-9 = products of enzymatic slippage of poly (dG)-poly (dC), that illustrated the
increase of DNA length with time.

Therefore the band from the 135 min sample was recovered from the gel, using a Lonza
1.2 % agarose recovery gel. The collected sample was then analysed by UV-vis as seen

in Figure 13.
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Figure 13.UV absorption of long details of DNA duplex containing about 10,000 base pair of
homogeneity lengths of d-G and d-C.
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UV-vis of an aqueous solution of the recovered poly(dG)-poly(dC) [d-G-DNA]
showed the characteristic DNA base absorption peak at ~250 nm related to the
poly(dG)-poly(dC) band as determined by Inman and his group.”™

Topographical imaging of the d-G-DNA was carried out by AFM in order to probe its
size and morphology. This was carried out by depositing the d-G-DNA from solution
onto mica substrates, and imaging in tapping mode. The AFM image showed clear
evidence of the presence of individual duplex DNA molecules (see Figure 14, red
arrow) aligned on the surface, as well as examples of bundles of DNA molecules (see
Figure 14, blue arrow). Line profile measurements of the individual DNA molecules on
the surface found the structures to typically range in height from 1.5 nm-1.9 nm, whilst
the bundled DNA structures were found to typically be 2.03-2.3 nm in height. The
length of the DNA molecules shown in Figure 14 were estimated to range from 1.73 pm
—2.28 um in length. This corresponds to the molecules consisting of 5000-7000 base
pairs (assuming each base pair unit is 0.34 nm in length). This is somewhat shorter than
the 10,000 base pairs suggested by the gel data. One possible explanation is that the gel
IS not separating the various lengths of product for this particular DNA sequence
because of aggregation of DNA strands under the conditions employed for
electrophoresis. On the other hand, these are separated during the molecular combing
process for sample deposition during AFM preparation. However, a similar AFM image
of d-G-DNA has been reported by Kotlyar and his group who found that no self-folding

and lengths up to 2.70 um was observed. %
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Figure 14. AFM height images of d-G-DNA. Scale bar = 500 nm and the height scale = 10 nm.
Red arrow indicated the presence of individual duplex DNA molecules, blue arrow indicated
bundles of DNA molecules.

4.2.2.2 Slippage extension reactions with  2’-deoxy-6-thioguanosine-5’-
triphosphate (d-tGTP)

The slippage extension reaction, using the same protocol as for the synthesis of d-G-
DNA was repeated with the thio-modified nucleotide triphosphate, d-tGTP instead of
d-GTP. The slippage extension reaction was carried out at room temperature and at
37 °C, using d-tGTP with Klenow exo” polymerase and the products were monitored by
agarose electrophoresis. The gels showed no sign of extension at either temperature,
therefore, different reaction conditions were attempted to perform the extension, and
these included changes to the concentration of triphosphate, template and polymerase in
the reaction. However, despite multiple attempts, no efficient extension to the same
level as observed for the incorporation of d-GTP was observed. On the other hand, at
the optimised conditions of 50°C for 24 hours a narrow band, see lane 4 of Figure 15A,
indicates that the extension reaction has produced some d-tG modified DNA
(d-tG-DNA). From the gel in Figure 15A, there is clearly some extension of the
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template up to approximately 300 bp. The modified DNA is clearly longer than the
template (10 bp) and is retained in the gel for longer; see the free template in lane 2.
These results for d-tGTP extension showed that the Klenow exo™ polymerase could
extend the DNA template to around 300 bp, but that no further extension occurred even

at considerably longer reaction times, more than 24 hours.
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Figure 15. Lonza FlashGe electrophoresis characterisation of the enzymatic slippage
extension reaction of poly (dG)-poly(dC) using d-tGTP at 50 °C in 1.2 % agarose gel. (A)
shows the image of the slippage reaction of d-tGTP, lane 1 = 1 Kb DNA ladder, lane 2 = free
template, lane 3 = d-G-DNA and lane 4 = product of enzymatic slippage of poly (dG)-poly(dC
) using d-tGTP (d-tG-DNA). (B) the recovery Lonza FlashGel™ (1.2 % agarose) of d-tG-
DNA. Lane 3= 1500 bp ladder, lane 1 and 2 = d-tG-DNA.

In a second gel electrophoresis experiment the d-tG-DNA was recovered from the gel
using a recovery Lonza FlashGel™, with a short DNA ladder of about 1500 bp was used
to calibrate mobility as shown in Figure 15B. The DNA ladder was loaded in the well
number 3 and the sample was loaded in wells 1 and 2 in the upper tier of a Lonza
cassette. VVoltage was applied to the Lonza cassette, and the samples started to migrate.
Before the desired sample reached the recovery well in the lower tier (shown in Figure
15B), the voltage was turned off and the excess buffer was removed from the wells.
Subsequently, the Lonza recovery buffer was loaded into the wells. The voltage then
restarts and the bands were run until they reached the wells, where they were recovered

from the gel.
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UV-vis of an aqueous solution of the recovered [d-tG-DNA] from the Lonza gel
showed the characteristic peaks at 250 and 345 nm respectively, see Figure 16.”° This
absorption is similar to results of (d-tG), that are described in chapter 3, see Figure 16.
The difference in the absorption of d-tG-DNA at 250 nm and (d-tG), at 260 nm is the
presence of the cytosine in the d-tG-DNA structure whereas in the case of (d-tG), the

only base is d-tG.
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Figure 16. UV comparison between d-tG-DNA (blue line) and (d-tG), (red line).

In an effort to improve the yield of the enzymatic synthesis of d-tG-DNA the enzymes
Taq polymerase, polymerase | and Bsu polymerase were tested for their ability to
extend the poly (dG)io-poly(dC)yio primer with d-tGTP to higher lengths. However,
there was no indication that these polymerases could promote slippage extension at

temperatures up to 50 °C any better than Klenow exo” polymerase.

Topographical imaging of the d-tG-DNA was carried out by AFM in order to probe its
size and morphology in a similar way as for d-G-DNA described earlier. This was
carried out by depositing the d-tG-DNA from solution onto mica substrates, and

imaging in tapping mode AFM. The AFM image showed the presence of DNA
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deposited onto the surface. Its morphology was different to that of d-G-DNA and
appeared as bundles, branched networks and dots. These features are common when the
sample is deposited at a high concentration,”® as shown in Figure 17. However, when
the sample was diluted, AFM images showed only small dots on the surface and there
was no sign of linear extended DNA. This is not unexpected, due to the relatively short
length of the recovered sample, around 300 bp which equates to approximately 0.1 pm.
At this length it is difficult to see DNA by AFM due to the limits of the technique on

soft biological materials.

Figure 17. AFM height images of d-tG-DNA. Scale bare = 300 nm and the height scale= 10
nm.

Having established the synthesis and characterisation of long thio-DNA duplexes,
attention was then turned towards investigations into the metal ion binding properties of
d-tG-DNA.

4.3 Metal binding and characterisation

In Chapter 3 the interaction of the (d-tG),, (d-tG)s, (d-tG)4 and (d-tG)s oligomers with
divalent metal ions was discussed, with particular emphasis on the binding of Cd?*. In

this section, we will examine how the long DNA duplex containing thioguanosine
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interacts with Cd®* and whether this forms a one dimensional coordination polymer

similar to that observed for Cd** with mercaptopurine.”

4.3.1 UV titration of d-G-DNA with cadmium ion

The first experimental method that was used to investigate the binding of metal ions by
d-G-DNA was a UV titration experiment. Titration of d-G-DNA with cadmium (1)
nitrate showed that upon addition of Cd*, the absorption at 250 nm gradually
decreased, as shown in Figure 18 A. This is probably due to the binding of Cd?* by the
guanine base through N7 as well as to the cytosine base via N3, as previously reported
by Thomas.” To understand more about the binding of cadmium (Il) to DNA, the
absorption data at 250 nm were plotted for a series of ligand to metal ratios as shown in
Figure 18 B. Within experimental error, the absorbance does not vary systematically for
[metal] / [base] ratios of 02, probably because initially the Cd** binds to the phosphate
group of the DNA backbone as previously reported by Dupuis.” Therefore, the base
pair absorbance at 250 nm is not perturbed. For [metal] / [base] ratios of about 3-7 the
absorbance drops markedly, probably due to increasing the Cd** concentration causing
deprotonation of the G-C base pairs. It was previously noted by Thomas et al.” that
binding of Cd** to genomic DNA raised the bulk solution pH as H* was released by
increased Cd** concentration, which is consistent with this proposal. Then, at
[metal] / [base] ratios of more than 7 the curve appears to level off because the increase

of Cd?* did not affect on the binding site of the base any more.
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Figure 18. Absorption titration spectrum of d-G-DNA (2.5 uM) with cadmium nitrate in
aqueous solution (A), Binding curve of d-G-DNA and Cd** at 250 nm (B) (fixed value + 0.002).
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4.3.2 UV titration of d-tG-DNA with cadmium nitrate

In order to achieve the formation of a one dimension coordination polymer based on the
thioguanosine systems studied in this work, Cd®* was added to a d-tG-DNA solution.
The UV titration of d-tG-DNA with cadmium (Il) nitrate showed that during the
addition of Cd®*, the absorbance at 345 nm gradually decreased while the absorbance at
250 nm increased as seen in Figure 19. It also appears that the 345 nm absorption band
blue-shifts to higher energy with a maximum at 319 nm. However, it could be
conceived that this is in fact the appearance of a new band. This variation is similar to
that observed when the pH of d-tG solution is lowered by the addition of NaOH (see
chapter 2, Figure 7). Hence, an increase in Cd?* concentration is equivalent to a rise in
pH which causes deprotonation of d-tG and gives some indication of the binding

interactions involved between the metal and nucleobase.’
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Figure 19. Absorption titration spectrum of d-tG-DNA (2.5 pM) with cadmium nitrate in
aqueous solution.
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The plot of the absorbance at A = 345 nm against base to metal ratio, shown in Figure
20, can be divided into three regimes and provides some insights into the possible
binding modes. First, the absorbance is constant for [metal] / [thiobase] ratios of O - 0.5.
This is likely to be due to the binding of Cd*" by the phosphate groups along the
backbone of the d-tG-DNA, and so does not strongly perturb the d-tG absorption.
Second, the absorbance decreases for [metal] / [thiobase] ratios of 0.5 - 6, this is likely
to be due to d-tG deprotonation which is then coupled to Cd** binding to N7 and S6 of
the 6-thioguanosine. This is in agreement with the monomer studies detailed in Chapter
2. Finally, at [metal] / [thiobase] ratios > 6 the absorbance does not change greatly as

the Cd** has no more possible sites for interaction with the modified DNA.
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Figure 20. Binding curve of d-tG-DNA and Cd?** at 345 and 250 nm.

The variations in absorbance for the same titration, but recorded at 250 nm, were
dramatically different, as seen in Figure 20. There is no change in absorption until the
[metal] / [thiobase] ratio is greater than 5, but at higher ratios there is a strong increase
in absorbance. This indicates that the binding of Cd®* up to a [metal] / [thiobase] ratio of
5-6 does not significantly perturb the base-pair stacking interactions within the modified
DNA.
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However, the observed hyperchromism at higher cadmium concentration implies that
some destacking of the base pairs occurs once the [metal] / [thiobase] ratio reaches at
least 5, and continues to increase as the metal concentration is increased. This was not
observed for unmodified DNA (Figure 18 shows a decrease in absorption), and suggests
that a significant change in the conformation of the d-tG-DNA occurs upon
complexation with Cd?*. This can be accounted for by the simple difference in the
guanosine base, as the C6-oxygen having been replaced by sulphur in the modified

polynucleotide.

4.3.3 Melting temperature studies of d-G-DNA and d-tG-DNA

In a further attempt to understand the behaviour of the modified polynucleotide upon
complexation, a comparison of the stability of the d-G-DNA and d-tG-DNA helices
were first investigated through melting temperature studies. To determine the effect of
d-tG on the stability of the DNA duplex, the melting temperature was measured for
both modified and unmodified DNA. Figure 21 compares the thermal denturation
profiles for ~ 300 bp segments of d-tG-DNA (red line) and d-G-DNA (blue line), both
recovered from a Lonza™ gel as previously described. Both samples were heated up to
95 °C at 0.1 per min while the absorbance at 260 nm was monitored. Both DNA
samples were very stable and an upper absorption plateau was not reached by 95 °C in
both cases. However, in Figure 21, the absorbance for d-tG raises more strongly than
d-G, in particular at lower temperatures, 60-75 °C. This observation indicates that by
replacing every d-G with d-tG in DNA, leads to the destablisation of the duplex
structure, in a manner similar to that previously reported by Santos.*’
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Figure 21. Thermal denaturation of d-G-DNA (blue line) and d-tG-DNA (red line).

4.3.3.1 Melting temperature studies of d-G-DNA and d-tG-DNA after addition of

cadmium ions

Likewise, the stability of long unmodified DNA duplexes after the addition of cadmium
ions was investigated through melting temperature studies. Figure 22 compares the
thermal denturation profile for Cd-d-G-DNA (green line) and free d-G-DNA (blue
line), the Cd-d-G-DNA sample was that from the final UV /vis titration experiment.
Both samples were heated up to 95 °C while the absorbance at 260 nm was monitored.
In Figure 22, the Cd-d-G-DNA melting-temperature profile increases uniformly across
the whole temperature range, suggesting a very stable complex which undergoes little
denaturation, even at temperatures over 95 °C. On the other hand, the melting
temperature profile for d-G-DNA starts to increase at temperatures below 55 °C. These
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findings suggest that a more stable complex is formed after addition of metal ions to
d-G-DNA.
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Figure 22. Tm comparison between d-G-DNA (blue line) and Cd-d-G-DNA (green line).

Similar studies with the modified polynucleotide d-tG-DNA and its cadmium complex
Cd-d-tG-DNA were also performed. In general the results were very similar to the
unmodified case. Once again the melting-temperature profile of Cd-d-tG-DNA
increases uniformly across the whole temperature range, suggesting a very stable
complex which undergoes little denaturation, even at temperatures over 95 °C, as shown
in Figure 23. On the other hand, the melting temperature profile for d-tG-DNA starts to
increase at temperatures around 50 °C. These results indicated that the addition of
cadmium ions to long thio-modified DNA duplexes once again makes their structures
more stable.

As the addition of Cd?* to either thio-modified or unmodified d-G-DNA increases the
stability of the polynucleotide in both cases it is clear that the binding of Cd** could be
by both guanine and thioguanine bases. However, other possible interactions with the
duplex through binding to the cytosine bases at position N3 may also have an effect on

the duplex stability, as previously reported by Thomas. "
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Figure 23. Tm comparison between d-tG-DNA (red line) and Cd-d-tG-DNA (dark blue line).

4.3.3.2 Melting temperature comparison between Cd-d-G-DNA and Cd-d-tG-
DNA

As discussed above the addition of cadmium ions to long DNA duplexes increases the
stability of the helix. It is expected that Cd-d-tG-DNA would be more stable than Cd-
d-G-DNA when examined by Tm since we anticipate that d-tG would be more likely to
coordinate metal ions than dG. Although the melting temperatures of both systems are
over 100 °C, i.e. no plateau is reached within the experimental conditions employed, see
Figure 24, it appeared that within the d-tG system there was some evidence that the
duplex started to destabilise / denature from around 85 °C, whilst the unmodified dG
system did not. Since we cannot determine exact Tm values for these systems, it is
impossible to draw concrete conclusions about the stabilizing effects of Cd®* on these
two duplexes.
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Figure 24. Tm comparison between Cd-d-G-DNA (green line) and Cd-d-tG-DNA (purple blue
line).

In summary, the titration studies of long unmodified and modified DNA, d-G-DNA and
d-tG-DNA with Cd?* suggest that the phosphate group is the first binding target for the
metal ions, followed by base deprotonation coupled to complexation to the DNA. At
high Cd** concentrations hyperchromism is observed at 260 nm for d-tG DNA but not
d-G, indicating destacking of the bases. We suggest that under these conditions a new
structure is formed involving Cd** binding to d-tG-DNA in a different mode. G-rich
sequences can form higher order structures stabilized by cations such as quadruplexes or
condensed toroids.”®”" However; the bases should remain well stacked in these
structures. Therefore, we suggest that a structure resembling M-DNA (see Chapter 1) is
formed here, in which Cd** binds between the bases in a pair. Because Cd** forms
octahedral complexes, the bases would destack to accommodate this preferred
geometry.
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4.4 Conclusion

In summary, 2’-deoxy-6-thioguanosine-5’-triphosphate (d-tGTP) was successfully
synthesised from d-tG according to the method described by Broom.'® d-tGTP was
effectively incorporated into short primer-template of poly (dG)ye-poly (dC)ie and
extended via the enzymatic slippage reaction using Klenow exo™ polymerase to fabricate
thio-modified DNA d-tG-DNA of up to 300 bp in length. The d-tG-DNA was shown to
be less stable than d-G-DNA through denaturation experiments. Subsequently, the
addition of cadmium ions to thio-modified DNA suggested a structure resembling
M-DNA (coordination polymer) is formed, in which Cd** binds between the two bases
in a pair. The resulting metal coordination polymer was more stable than the metal free

polymer.
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45 Experimental

Unless otherwise stated, reagents were used without extra purification. Reagents were
purchased from Sigma-Aldrich, New England Biolabs and Eurofins MWG Operon.

Synthesis of 2’-deoxy-6-thioguanosine-5’-triphosphate

i
M
| | ! T T
0 0O
= = = OH

2’-Deoxy-6-thioguanosine (56.6 mg, 0.2 mmol) was dried in the vacuum oven at 50 °C
in the presence of phosphorus pentoxide for overnight. After 24 h the nucleoside was
dissolved in trimethyl phosphate (1 ml), and then the solution was cooled in ice bath
and stirred for 10 mins, after which phosphoryl oxychloride (57.5 pl, 0.6 mmol) was
added to the reaction mixture. After 3 h, a solution of 0.5 M bis(tri-n-butylammonium)
pyrophosphate (4 ml, 2 mmol) in DMF (3 ml) and dry tributylamine (0.6 ml) was
directly added to the reaction mixture. After 1 min, 1 M aqueous triethylammonium
hydrogen carbonate buffer (pH 7.5; 20 ml) was added and the mixture was stirred for 1
h. Yield = 0.044 mmol, 22 %. *'P-NMR (D;0): & = -5.91 ppm (s, 1P, y-P), -10.69 ppm
(s, 1P, a-p), -21.90 ppm (s, 1P, B-P). ES-MS: m/z (negative mode) 521.9809 (Calcd. for
C10H16N501,P3S (M-H) ~ 521.9651).

Gel electrophoresis

The DNA synthesis products were electrophoresed on 1.2 % Lonza FlashGel™

cassettes
(Lonza Rockland, Inc). For recovering DNA samples, 1.2 % Recovery Lonza
FlashGel ™cassette was used. The fluorescent DNA stain in the Lonza gels was
unidentified as it is proprietory. To characterise key properties of the dye, it was
extracted from the gel into aqueous solution by soaking, and the absorption and

emission spectra were measured. UV shows two maximum wavelengths around 300 nm
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and 490 nm, whereas florescence had a maximum around 540 nm. From these data, we

suggest the dye which Lonza may use is SyBr Gold Dye.
Slippage reaction-General procedure

A standard reaction was carried out in nanopure water containing 10 x reaction buffer,
15 mM of normal dNTP and 15 mM modified dNTP and 10 uM primer-template. The
reactions were initialised by addition of polymerase 5 u/pl and proceeded for the stated

times.

[a] For Klenow exo™ polymerase using natural dNTP, the incubation was at room

temperature and 37 °C, whereas when using modified dNTP, the incubation was at

50 °C.

[b] For Taq polymerase, the reaction was incubated at 55 °C.

[c] For Bsu polymerase and E.coli polymerase I, the incubations were at 37 °C.
The reactions were quenched by the addition of an equal volume of 40 mM EDTA.

UV spectra and titrations

UV spectra and titrations were recorded with a Caryl00 Bio UV-visible
spectrophotometer using 1 cm pathway of quartz cuvettes, using extinction coefficients
for 2’-deoxyguanosine of € = 11700 1 mol™ cm™ and for 2°-deoxy-6-thioguanosine of ¢
= 24900 | mol™ cm™. For UV titrations with Cd?*, the preparation of the samples was as
described in Table 1. The measurements were carried out at two wavelengths 260 nm
and 345 nm.

DNA duplex | Thiobase con Cd**con
G-DNA 2.5 uM 100 uM
d-tG-DNA 2.5 uM 150 uM

Table 1. Preparations of samples for the different UV experiments carried out of DNA duplex
with cadmium nitrate.
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AFM measurements

AFM images in Tapping Mode™ were performed in air on a Multimode Nanoscope Illa
(Veeco Instruments Inc., Metrology Group, Santa Barbara,CA). Alignment of d-G-
DNA and d-tG-DNA was achieved by applying 5 pL of DNA samples onto a freshly
cleaved mica surface. The droplet was left to stand for about 2 mins before being blown

flat with gentle stream of nitrogen gas.

Melting temperature measurements

Melting profiles were obtained with a Cary100 Bio UV-visible spectrophotometer using
1 cm pathway quartz cuvettes. The measurements were carried out at different
concentrations of free d-G-DNA and d-G-DNA with cadmium ions, and also free d-tG-
DNA and d-tG-DNA with cadmium ions. Firstly, the melting temperature of free d-G-
DNA and d-tG-DNA were measured at 1 1 M each in water and were heated at 95 °C at
wavelength 260 nm. Then the melting temperature of UV titration sample of d-G-DNA
with cadmium ions and UV titration sample of d-tG-DNA with cadmium were

measured at the same temperature and wavelength.
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Chapter 5 Conclusions and Future Directions

This chapter summarises the main findings of this thesis and proposes several

recommendations and suggestions for the continuation of this project in the future.

5.1 Conclusions

This project has focused on thio-modified guanine base as a monomer, and incorporated
into single-strand oligomers and into long DNA double strand polymers. These
modified thioguanosine molecules (monomer, oligomer and polymer) were treated with
metal ions which resulted in the formation of coordination complexes. In Chapter 2, d-
tG has been successfully synthesised from d-G and has been compared with
commercially available tG (ligand) for its ability to bind with a range of metal ions. The
binding of ligand to metal ions resulted in the formation of coordination complexes with
three ligands to one metal in the case of Co*" and Ni?* which was confirmed by x-ray
crystallography. On the other hand, in the case of Cd®*, the binding ratio was shown to
be two ligands to one metal. However, ES-MS of the Cd-complex did show another
possible binding ratio of three ligands to one Cd** and also evidence of a larger
extended structure containing four ligands and two Cd** centers. This supports the

theory that the Cd-complex with tG may form the desired 1D coordination polymer.

The crystal structure of the cadmium complex was not obtained; future work could
include the examination of different conditions of solvent and techniques to grow the

crystal structure with the view to form a 1D-coordination polymer.

Chapter 3 investigated the binding ability of Cd** by more than one thio-guanine base
by the synthesis of 2, 3, 4, and 5 base oligomers via solid phase DNA synthesis.
Subsequently the guanosine oligomers were converted into 6-thioguanosine oligomers
via an on-column thiolation reaction. The binding results of thio-guanosine oligomers
with Cd®* have shown the binding within the complex is two thiobases coordinated to
one Cd®" in the case of the dimer and tetramer. For the trimer and pentamer, the binding
ratio studies showed more than one binding species in the solution. Future work could

include an investigation into the optimisation of thio- oligomer crystal growth, and
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