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800 MHz Varian VNMRS
spectrometer equipped
with *H and *3C enhanced
triple resonance (HCN)
cryogenic probe head

e Slovenian NI\/IR Cen

* Institute facility

» National research infrastructure —
academic & industrial users

> P

CENTRE OF EXCELLENCE

* Centre of Excellence
http://mwww.enfist.si

* CERIC partner facility CE=RIC i
Consortium

http://www.c-eric.eu

600 MHz Agilent DD2
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resonance salt tolerant (HCN)
cryogenic probe head
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and liquid probe heads
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DNA - double-helix, Watson-Crick base pairs, ...

triplex DNA four-stranded G-quadruplex i-motif Z-DNA parallel-stranded
(NMR, PDB 1BWG) (NMR, PDB 139D) (NMR, PDB 1YBL)  (X-ray, PDB 4FS5) duplex DNA
(NMR, PDB 1JUU)
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Guanine nucleos(t)ides
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Guanine nucleos(t)ides

G-quartet
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Guanine-quadruplexes
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Guanine-quadruplexes
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Guanine-quadruplexes

5-G;c N ; Gy N, Gy N3 Gy -3
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Guanine-quadruplexes
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edge wise loop

Connecting loops

diagonal loop

double chain reversal loop
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Connecting loops

i

edge wise loop diagonal loop double chain reversal loop
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Polymorphism of G-quadruplexes
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Loop orientations in G-quadruplexes

G3-5 NLl G3-5 NL2 G3-5 NL3 G3-5
1<Nygz<7

crz M c10

A9
A13

pdb id: 2LOD

M. Marusi¢, L. Bauer, P. Sket, V. Viglasky and J. Plavec, Nucleic Acids Res. 2012, 40, 6946. 51



G-quadruplex(es) in telomeric ends

Multiple repeats of short G-rich units in telomers are located
at the end of chromosomes; e.g. d(TTAGGG) in mammals,
d(TTTTGGGG) in Oxytricha.

< TTAGGGTTAGGGTTAGGG®
) S\S L aaTCcCC,
¥ )

Telomeres are protein-DNA complexes, which protect the
chromosomes against nuclease degradation, recombination
and end-to-end fusion.

DNA polymerases can not replicate the ends of linear
molecules and 50—200 bases of telomeric DNA is lost on each
cell division — molecular clock
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The Nobel Prize in Physiology or Medicine 2009
Elizabeth H. Blackburn, Carol W. Greider, Jack W. Szostak
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Telomerase is able to reverse the process of cell death.

Many cancer cells become immortal by a mechanism of
upregulating telomerase.

Telomerase inhibition by a G-quadruplex interactive
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G-quadruplex(es) in telomeric ends
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G-quadruplex(es) in telomeric ends
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at the end of chromosomes; e.g. d(TTAGGG) in mammals, " Elizabeth H. Blackburn, Carol W. Greider, Jack W. Szostak

d(TTTTGGGG) in Oxytricha.

T Telomerase is able to reverse the process of cell death.

e e v Many cancer cells become immortal by a mechanism of
\\3}3 - AATCCC, upregulating telomerase.
T Telomerase inhibition by a G-quadruplex interactive
compounds.

Telomerase

a Telomere
Inhibitor Elongation

Telomeres are protein-DNA complexes, which protect the
chromosomes against nuclease degradation, recombination
and end-to-end fusion.

DNA polymerases can not replicate the ends of linear
molecules and 50—200 bases of telomeric DNA is lost on each
cell division — molecular clock

\ 4

No elongation

56



G-quadruplex(es) in telomeric ends

Multiple repeats of short G-rich units in telomers are located . The Nobel Prize in Physiology or Medicine 2009
at the end of chromosomes; e.g. d(TTAGGG) in mammals, " Elizabeth H. Blackburn, Carol W. Greider, Jack W. Szostak

d(TTTTGGGG) in Oxytricha.

s Telomerase is able to reverse the process of cell death.
‘*’ ==

B Tyt Many cancer cells become immortal by a mechanism of
3\3 - aatcocy upregulating telomerase.
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|| telomere

Telomerase inhibition by a G-quadruplex interactive
’ compounds.

a Telomere

Telomeres are protein-DNA complexes, which protect the
chromosomes against nuclease degradation, recombination
and end-to-end fusion.

Telomerase

Elongation

\ 4

No elongation

DNA polymerases can not replicate the ends of linear
molecules and 50-200 bases of telomeric DNA is lost on each Small molecular drugs stabilize G-quadruplex and down-

cell division —molecular clock regulate telomerase maintainance in tumor cells > cancer
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G-quadruplex(es) in telomeric ends

Multiple repeats of short G-rich units in telomers are located
at the end of chromosomes; e.g. d(TTAGGG) in mammals,
d(TTTTGGGG) in Oxytricha.

A The Nobel Prize in Physiology or Medicine 2009
” Elizabeth H. Blackburn, Carol W. Greider, Jack W. Szostak
Telomerase is able to reverse the process of cell death.

< TTAGGGTTAGGGTTAGGG? Many cancer cells become immortal by a mechanism of
AATCCC upregulating telomerase.

t
X

Telomerase inhibition by a G-quadruplex interactive
compounds.

Telomerase

Telomere

Immunofluorescence for BG4 on metaphase chromosomes isolated Inhibitor Elon oo

from Hela cervical cancer cells @ l -
Telc
chr
and ‘

No elongation

DN
mcl)ll ecular drugs stabilize G-quadruplex and down-
ce

lomerase maintainance in tumor cells = cancer

G. Biffi, D. Tannahill, J. McCafferty, S. Balasubramanian, Nat. Chem. 2013, 5, 182. 58



Prevalence of quadruplex motifs in the human genome

Gar N, Goc Ny, G N2 Ga e GC CC
3-5 L1 ~3-5 'V¥L2 ~3-5 'NL3 V35 .CCEC:.CC

TG0 2O
ST, e,

Neidle et al. NAR 2005, 33, 2901, Balasubramanian et al. ibid, 2908, NAR 2007, 35, 406.
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Prevalence of quadruplex motifs in the human genome

Gar N, Goc Ny, G N2 Ga L GC CC
3-5 L1 ~3-5 'V¥L2 ~3-5 'NL3 V35 .CC&C:“.CC

TG 20005
ST . 0

376 000 putative quadruplex sequences

average incident of ~1 quadruplex every 10k bases =
a density of 0.13/kb in genomic DNA

Neidle et al. NAR 2005, 33, 2901, Balasubramanian et al. ibid, 2908, NAR 2007, 35, 406.
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Prevalence of quadruplex motifs in the human genome

G3—5 NLl GS-S NL2 GS-S NL3 GS-S

1<Ny3<7

! olCLICTT. G ooP0Rc. cilillG.

376 000 putative quadruplex sequences

average incident of ~1 quadruplex every 10k bases =
a density of 0.13/kb in genomic DNA

0-100  100-300 300-500 500-750 750-1000 1000-  2000-  3000-  5000-  10000- 20000-  30000-
2000 3000 5000 10000 20000 30000 50000

nucleotides from TSS

Neidle et al. NAR 2005, 33, 2901, Balasubramanian et al. ibid, 2908, NAR 2007, 35, 406.
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Prevalence of quadruplex motifs in the human genome

G3—5 NLl GS-S NL2 GS-S NL3 GS-S

1<Ny3<7

. GOOUTGTT e, oM, ool

£ 376 000 putative quadruplex sequences

average incident of ~1 quadruplex every 10k bases =
a density of 0.13/kb in genomic DNA

0-100  100-300 300-500 500-750 750-1000 1000-  2000-  3000-  5000-  10000- 20000-  30000-
2000 3000 5000 10000 20000 30000 50000

nucleotides from TSS

density increases to 0.77/kb within 1kb
upstream from TSS, and to 28.6/kb in
promoters

Neidle et al. NAR 2005, 33, 2901, Balasubramanian et al. ibid, 2908, NAR 2007, 35, 406.
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Prevalence of quadruplex motifs in the human genome

Gar N, Goc Ny, G N2 Ga L GC CC
3-5 L1 ~3-5 'V¥L2 ~3-5 'NL3 V35 .CC&C;.CC

CTOTCAGR oS
- SOITOT. s, oot

" 376 000 putative quadruplex sequences

no PQS/kbase

average incident of ~1 quadruplex every 10k bases =
a density of 0.13/kb in genomic DNA

0-100  100-300 300-500 500-750 750-1000 1000-  2000-  3000-  5000-  10000- 20000-  30000-
2000 3000 5000 10000 20000 30000 50000

nucleotides from TSS

< " Pol Il, TFs,
density increases to 0.77/kb within 1kb activators
upstream from TSS, and to 28.6/kb in

il
re . - )
TO m— AR

Neidle et al. NAR 2005, 33, 2901, Balasubramanian et al. ibid, 2908, NAR 2007, 35, 406. 64



Prevalence of quadruplex motifs in the human genome

Read 1: reference (Na*) o 40 -
S i
I TAGCCACCCTCCCACCCTCCCAT 2 30
[ ATCGGTGGGAGGGTGGGAGGGTA &=
< .
&
Melt and remove primer = |2
Crt = A
& - £
o 10 -
o
XY
wﬁcc'
Reprime template
K+ ® oo geag 1-
o OR ead 2 -
Stabilizing agent ’\ f f?:
Q,
p K ¢
M/\,OWNH nn\ﬁ{?,o\/\m17
N
v o 0
Read 2: G4-stabilization conditions g AT
S -
= 8n-
E
EEEEEETAGeC AT —>» 3
L ATCGG] LA S 20 -
8
) £
; 10 -
Polymerase stalling
at G4 start site

Balasubramanian et al. Nat. Biotech . 2015, 33, 877.

WW

150

50 100

Mismatch analysis

TAGCCACCCTCCCACCCTCCCAT
TAGCCATCCATCTGCCTATCTTG

G4 start site  ® Base mismatch

0 ? 50 100 150
G4 start site
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Prevalence of quadruplex motifs in the human genome

Read 1: reference (Na*)

I TAGCCACCCTCCCACCCTCCCAT
ATCGOTGOGAGGGTGGGAGGGTA

&

uality score

y

NHz S
OI Read 2 - TAGCCATCCATCTGCCTATCTTG

Qg;j\f G4 start site  ® Base mismatch
HNT O H \%:’\/\m,
6" N

Read 2: G4-stabilization conditions g 403
S !
> 80
.1_:
_) g -
§ 20 -
£ I
% 10
Polymerase stalling r T T T
at G4 start site 0 ? 50 100 150

G4 start site
Balasubramanian et al. Nat. Biotech . 2015, 33, 877. 66



The importance of cations: d[AGGG(TTAGGG),]

Na* structure in solution K* structure in the crystal

Patel et al. Structure 1993, 1, 263.



The importance of cations: d[AGGG(TTAGGG),]

Na* structure in solution K* structure in the crystal

NOTE: different K* structures
in solution

Patel et al. Structure 1993, 1, 263.



Polymorphism of human telomer repeat: d[(TTAGGG),]

G22 ©

d(AGGG(TTAGGG),) d(AGGG(TTAGGG),) d((TTAGGG),TTA) d(TAGGG(TTAGGG),)
Na* ions, NMR K*ions, X-ray Nat* ions, NMR K*ions, NMR (htel 1)

d(TAGGG(TTAGGG),TT) d(GGG(TTAGGG),T) d(TAGGG(TTAGGG),TTAGG) d(TAGGG(TTAGGG),TTAGG
K* ions, NMR (htel 2) K* ions, NMR (form 3) K*ions, NMR (TD) K* ions, NMR (KDH?)
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Power of NMR In structural elucidation

5'-AGGGTTAGGGTTAGGGTTAGGG-3"
3 '-TCCCAATCCCAATCCCAATCCC-5"

Watson-Crick
i-motif duplex G'quadmplex
} 4 {
* A
. -

L
by

15 13 11 9
1H (ppm)

S5




Power of NMR in structural elucidation

5'-AGGGTTAGGGTTAGGGTTAGGG-3"

3'-TCCCAATCCCAATCCCAATCCC-5" ‘% 0
r \¢O N
s Wagl?g{g(rlck G-qu;ldmplex o— P\ H y H\(/ / NH
1 f 1 j ) ’ © " N
u\\U\M‘ ) 3 y ¥ H e CH3
o (|3 H )\
o=F|>—o
o)
=T :
\u H3?, H4’, H5”,
. H5”, H2’, H2”
4 N\
BN
15 13 1 9 H1’
TH (ppm)
NH, NH2
4 \
Ko
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIII
12 11 10 9 8 7 6 5 4 3 2 1 ppm



htell-AG23 - a four repeat human telomere sequence

» Four-repeat human telomere sequence htell
5’-TAGGG TTAGGG TTAGGG TTAGGGF3’

hybrid-1

» Truncated version of the human telomere sequence htel1-AG23
5-TAGGG TTAGGG TTAGGG TTAGG -3’

Expected topology 3
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Folding process of htell in the presence of K* ions

htell: 5'-TAGGG TTAGGG TTAGGG TTAGGG-3’

Intensity of the imino peaks of residues as a function of time.

3 days

1 day

124 miMwML
94 minWMM)WL
94 minM/\MUL
61 minww
58 minww
55 min"juu/N\WWL
52 minMWML
49 minM
46 minwWL
43 minM
40 min/jUM
37 minMM
34 minm
31 minm
28 minMM
25 minm
22 minm
19 minWMMM
16 minJMMMM
13 minJMW
10 minm
7 min WML
4 min Mw

T T T \
12.0 11.5 11.0 10.5

1H NMR spectra; ¢ =1 mM, 10 mM KCI, pH 6, 25 °C. *H (ppm)
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Folding process of htell in the presence of K* ions

htell: 5'-TAGGG TTAGGG TTAGGG TTAGGG-3’

Intensity of the imino peaks of residues as a function of time.

3 days

1 day

124 miMwML
94 minWMM)WL
94 minM/\MUL
61 minww
58 minww
55 min"juu/N\WWL
52 minMWML
49 minM
46 minwWL
43 minM
40 min/jUM
37 minMM
34 minm
31 minm
28 minMM
25 minm
22 minm
19 minWMMM
16 minJMMMM
13 minJMW
10 minm
7 min WML
4 min Mw

T T T \
12.0 11.5 11.0 10.5

1H NMR spectra; ¢ =1 mM, 10 mM KCI, pH 6, 25 °C. *H (ppm)
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Relative peak intensity

Folding process of htell in the presence of K* ions

50 7

n
o
|

w
o
1

N
o
|

10 7

htell: 5'-TAGGG TTAGGG TTAGGG TTAGGG-3’

Intensity of the imino peaks of residues as a function of time.

0

t/ min

|
50 60 70 80 90 100 110 120 130

3 days

1 day

124 miMwML
94 minw/\/\,U\MJ\WL
94 minM/\MUL
61 minww
58 minMU\MdMWL
55 minwww
52 minMWML

49 minM
46 min
43 minM

40 min/jUM
37 minMM
34 minm
31 minm
28 minMM
25 minm
22 minm
19 minWMMM
16 minJMMMM
13 minJMW
10 minm
7 min WML
4 min Mw
:

12.0 1.5 1.0 10.5

1H NMR spectra; ¢ =1 mM, 10 mM KCI, pH 6, 25 °C. *H (ppm)



Folding of htel1-AG23 in the presence of K* ions

5-TAGGG TTAGGG TTAGGG TTAGG -3’
20 mM K* phosphate buffer

A

124 120 16 11.2 108 104 10.0

0 mM K*

'''''''''''''''''''''''''''''''''''''''''''''''''''

IH NMR spectra, ¢ =1 mM per strand, pH 7, 25 °C.
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349

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

4* 1
21

T T
12.0 11.0 10.0 9.0
é/ppm

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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349

4* 17
21

4
4*
5
,..____,_,____,.__M\-.._a.-——-«
,_A_/A»L
10 10*
11*
15 16*

12.0 11.0 10.0 9.0
é/ppm

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

(o] (0]
< | 37%
43)\

lo

E H
_< 1 : {/7 |5 SJN:
2 : .
?\l/ NH, ; N7 NH
* |
UU,JUWM E WM
ool ' : \
H1. ; :
: H8 | . l '
A : ...._..\J...J WA AU
11.8 11.3 10.8 8.2 77 72

'H (ppm)

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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349

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

4* 17
21

; N
7
H 8

H
-~
44* < | 37% </ |5 &N
S g 3)\ 3 32\
—) N NH,
5 ww

,..____,_,____.,_.__./\ﬁus/"'\-"—;.—a.-——-«

; l 1

(o) o)
10 10*

43
11* N NH,

JMM

H8,
\i J\/ .u‘J J.L"'Jv\ ;\wu

Jimmm__‘_w 11.8 11.3 10.8 8.2 7.7 7.2
'H (ppm)

12.0 11.0 10.0 9.0
é/ppm

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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349

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

4* 17
21

N
7
H 8

N
—) 4 | 037% A |5 i
¥ S 43)\ 432\
—) N NH,
5 e
,..____,.,__...,.__,./J\-AI“L-/\-.._A.-——-«
; l 1
o} 0]
10 10 B St
1 /7 5 1
* ‘< . —&, 1,5l
11 N7 NH, N7 SNH

JMM

H8 |
\ h . L] .JJ'J ,L' "J Jvl .wlu!

Mwwﬂﬂwﬂiwamwﬁwmﬁwmmmmﬂw 118 113 10.8 8.2 7.7 7.2
'H (ppm)

12.0 11.0 10.0 9.0
é/ppm

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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349

4* 17
21

—) 4
4*
—)
5
,..____,_,____,.__M\-.._a.-——-«
N
—) 10 10
11*
15 15*

12.0 11.0 10.0 9.0
é/ppm

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

(o] (0]
< | 37%
43)\

lo

_< 1 é {/7 |5 & 1N/'.‘|
2 : .
?\l/ NH, . ﬁ)\NH
- |
UU,JUWM E WM
ool ' : \
H1. ; :
;e u by A Ll '
rfw e, 1.0, 5L SR .
11.8 11.3 10.8 8.2 77 72

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.



349

4* 17
21

—) 4
4*
—)
5

,..____,_,____.,.__./\J\-Al'-'\-/\—.._a.-——-«

Lk
—) 10 10*

11*

—) 15 15*

12.0 11.0 10.0 9.0
é/ppm

0

_< | 37%
uA
10

$s
N SNH,

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

JMM

H8 |
\ h . L] .JJ'J ,L' "J Jvl .wlu!

8.2 77 72

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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349

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

4* 1
21

Coexistence of
two structures!

m— 15 156*

T
12.0 11.0 10.0 9.0
é/ppm

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides. 83



349

Unambiguous assignment of imino protons
5-d(TAGGG TTAGGG TTAGGG TTAGG )-3’

4* 1
21

s Coexistence of
two structures!

T
12.0 11.0 10.0 9.0
é/ppm

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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349

Unambiguous assignment of imino protons
7 5-d(TAGGG TTAGGG TTAGGG TTAGG_)-3’

4* 1
21

Relative populations

5 mM K* solution

—) N4
_ e . TD:KD:U = 30:15:55
s Coexistence of
|° two structures!
W
—) 1*
MMW M N AL
70 mM K* solution

16
M TD:KD:U =72:19:9 M

T
12.0 11.0 10.0 9.0 14 13 12 11 10 9 8 7
&/ ppm 6/ ppm

1D >N-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides. 85



Topology of TD form

monomeric structure

antiparallel basket-type topology

contains two G-quartets

5 guanine residues in syn
conformation

« different orientation of H-bonds
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ldentification of another form of htell-AG23

KDH* form
pH 5,5 °C

T18

T19 15

KDH* form
pH 5, 25 °C

34,9
22
TD + KD forms L1718
pH 7, 25 °C 10 1] i
M e
I I I I T I 1T IR I I I
14 13 12 1" 10 9

Population of KD form increases

significantly upon lowering pH to 5.0.

The observed imino protons indicate
formation of a new G-quadruplex
structure termed as KDH*.

KD form can be considered as a pre-
folded state on the way to KDH".
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Unambiguous assignment of KDH* form
Imino protons 5’-d(TAGGG TTAGGG TTAGGG TTAGG_)-3’

140 130 120 10 100 90
&/ ppm

1D 5N- and 2D 13C-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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Unambiguous assignment of KDH* form
Imino protons 5’-d(TAGGG TTAGGG TTAGGG TTAGG_)-3’  Aromatic protons

140 130 120 10 100 90
&/ ppm

1D 5N- and 2D 13C-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.
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Unambiguous assignment of KDH* form
Imino protons 5’-d(TAGGG TTAGGG TTAGGG TTAGG_)-3’  Aromatic protons

141- g3

142- g

137 G4

s 0

138 G5 g

139

140- G9
141 6

|
C/ppm
¢ &

Q
E—2

2 e iy
82 80 78 76 74 72 70 68

T T T T T T T T T T 'H/ppm
140 13.0 12.0 11.0 10.0 8.0
&/ ppm

1D 5N- and 2D 13C-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.



Unambiguous assignment of KDH* form

L ’ ' L !
Imino protons 5’-d(TAGGG TTAGGG TTAGGG TTAGG_)-3°  Aromatic protons
T8

D

141- G3 ) G3 | 139

2] 0 I o

137 G4 ” @ G4 | 437

1384 | 138

138- g5 G5 | .

139- 0 .

140: G9 : G9 | 141

141 - u 6 142

137 G10 ) 610 .

138 - g ' 137
§ 139 G1q on| 17 &
5 140- g 138 5

141 1

:2;' G15 @ i G15| .o

439 ' 137

140. G16 R G16] ,,,

141 Y 142

136- G1'!(.i 9 G17| a7

137 | 138

141 G21 A G21| 141

142 [] 0 142

136- G22 i G22| 137

137- ii e 198

139

I 8:2 I S.IO I 7.8 I 7I.ﬁ . ?{4 I 7:2 I TI.O I BI.B
T T T T T T T T T T 'H/ppm
140 13.0 12.0 11.0 10.0 8.0

&/ ppm

1D 5N- and 2D 13C-edited HSQC NMR spectra of guanine residue-specifically 1°N,13C labelled (8% enriched) oligonucleotides.



Donor / acceptor directionality of H-bonds

KDH* form TD form
Anticlockwise (upper G-quartet)
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Donor / acceptor directionality of H-bonds

TD form

KDH* form
Anticlockwise (upper G-quartet)

T : ; +
H\\N\ \H Q
V\H O-oooop 3
L8 =51
—_— V] =
e ST
ﬂ\/\\\ N/ °
T o
x /N/ -
/ Niﬂ I--- Z
z < )i
A /G A ool
/N T © )
\ z
\ o \ _r
".. ¥

-eenH
\N

5
\H___
0
H
/
N,
N\/N

-

d

Clockwise (lower G-quartet)
dsN Ry
K

H—N '
e
R/ .
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Donor / acceptor directionality of H-bonds

KDH* form TD form
Anticlockwise (upper G-quartet)
dR\N H dR\N \N_" J" .
N N e
N\G1o _— = 63/ ) N\G16 — o Gs/ N/>
! —y T\ |

H
< | 622 - N 2 —
= Heeoeeen / N T N
é N FI/ N\\ N\dR '-,' \/N\dR
H

H
H dR \ /\N/dR
d§ N\ L\H ___________ N/ N/ (ﬁ N\(N‘H‘“‘H ----- N
SCaun S s G G )
\N \H --------- N//< N /N —H
: 0 / =t Y H /
; / H U H
I M U : H { H
w—N / o H— >/N/ o]
N S o G i
>// ------ H N N/ G21 ey N\
N N 17| \> — fg\ >
.......... Her SN N\ N PN L N \m
dR/N\/N r‘ s o 7 L
H

Both forms exhibit
the same
directionalities of
hydrogen bonds.
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Donor / acceptor directionality of H-bonds

KDH* form TD form
Anticlockwise (upper G-quartet)
dR\N H dR\\N \N" h{“ .
P e
N\G10 — H/N G3/ ) N\G'I's Onnneeee H G3 / N)
h iy [\
Q ; : Y :

N
\ H —H
' _——H H 0 /
1 : H A ;
/H H U .': N/ 3 o
u—AN / o ; H ¢
>/” X ! g21 72 H "
a1 o e N\ N G2 e | \>
> 617\ — -
H SSn N\ n T " " \r
------ ~
dR/N\/ N '\i dR o ~7 L
H

Both forms exhibit
the same
directionalities of
hydrogen bonds.
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Donor / acceptor directionality of H-bonds

KDH* form TD form
Anticlockwise (upper G-quartet)
dR\N H dR\\N \N" h{“ .
P e
N\G10 — H/N G3/ ) N\G'I's Onnneeee H G3 / N)
h iy [\
Q ; : Y :

N
\ H —H
' _——H H 0 /
1 : H A ;
/H H U .': N/ 3 o
u—AN / o ; H ¢
>/” X ! g21 72 H "
a1 o e N\ N G2 e | \>
> 617\ — -
H SSn N\ n T " " \r
------ ~
dR/N\/ N '\i dR o ~7 L
H

Both forms exhibit
the same
directionalities of
hydrogen bonds.
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Donor / acceptor directionality of H-bonds

KDH* form TD form
Anticlockwise (upper G-quartet)
4R H daR_ H
“‘N/\N__‘_______“/J L - NN H/r!l?%' /dR
— MN = G3
e e
N .-
0 ¢ | = ¢
AEURE NS
: H\ \"‘“H : 7 N
N g e ¢ !
< K h A N /Gik =
&k NAN/H """"" NN y ' /N/H -l-N\/N\d
J NN e A R
Clockwise (lower G-quartet)
H dR
HN k J N/

N
: o= : / —H
3 ," H H
/H H U / ...-N/ P o]
H—N / 9 " >,/N
N o N =0 N
>/:21 """" H "\ { 621 o | \>
Sy 617\ > — -
S N N---="e"" H— N
oR N\/N ...... H\h{ ) \dR dR/N\/ h\lH =
H

Both forms exhibit
the same
directionalities of
hydrogen bonds.
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Donor / acceptor directionality of H-bonds

KDH* form

Anticlockwise (upper G-quartet)

dR_ \ H
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i P R
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i N
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Both forms exhibit
the same
directionalities of
hydrogen bonds.

The actual
donor—acceptor
directionalities of a
given guanine

residue are different.
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CD signatures and thermal stability

CD spectra

— TD form
------- KDH* form

ellipticity / mdeg

v T '\.C/T/‘\‘\ T T v T T ]
) 220 240 60 ,/ 280 300 320
2 wavelength / nm y

A ‘clean‘ antiparallel G-quadruplex.

CD spectra at 298 K, ¢ = 15 uM of TD form (20 mM Kpi, pH 7
+ 20 mM KCI) and KDH* form (20 mM Li-citrate, pH 5, + 70
mM KCI).

UV melting
T — TD form
EL N e KDH* form
gL\l
< Y
3 10K
N .
© "
e \
S g
c Y
0_ T I T I ' I T I 'W‘I
10 20 30 40 50 60 70 80 90
T/°C

DOSY NMR spectra

Identical translation diffusion coefficients
(1.40 x 10® cm? s1) at 25 °C.

Monomeric structures.

UV melting curves at 295 nm, 0.3 °C min%, ¢ =80 uM of TD
form (20 mM Kpi, pH 7 + 20 mM KCI) and KDH* form (20
mM Li-citrate, pH 5, + 70 mM KCI).



Comparison of both topologies

TD form KDH* form

T13 T13

-ld+l arrangement’ +Id-
*M. Webba da Silva, Chem. Eur. J. 2007, 13, 9738. P. Galer, B. Wang, P. Sket, J. Plavec, Angew. Chem. Int. Ed. 2016, 55, 1993.



Populations of TD and KDH* forms are controlled by pH

80 -

/TD

70

60 -

50

40 -

relative integral —

30 -

20 -

1 0 I T | ! | ! | ! | ! | ! |

Condition: c =1 mM, 25 °C

P. Galer, B. Wang, P. Sket, J. Plavec, Angew. Chem. Int. Ed. 2016, 55, 1993.



Populations of TD and KDH* forms are controlled by pH

80 -

/TD

70

60 -

50

40 -

relative integral —

30 -

20 A

1 0 I T | ! | ! | ! | ! | ! |

The interconversion is not a direct process.

Condition: c =1 mM, 25 °C

P. Galer, B. Wang, P. Sket, J. Plavec, Angew. Chem. Int. Ed. 2016, 55, 1993.



Populations of TD and KDH* forms are controlled by pH

80 -

/TD

70

60 -

50

40 -

relative integral —

30 -

20 A

1 0 T T T T I T | . I

The interconversion is not a direct process.

Condition: c =1 mM, 25 °C

==TD

el (DH"*

7.8

5.0

7.9 5.0

7.7

5.0

8.0
y H
P. Galer, B. Wang, P. Sket, J. Plavec, Angew. Chem. Int. Ed. 2016, 55, 1993. Could be reversib|y switched f(p)r over 10 times.
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7.8
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Proto-oncogene c-myc

5 10
S-d[TAGGGAGGGTAGGG

15

AGGGT]-3"

G-quadruplex formation in NHE 111,
region upstream of P1 promoter
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S-d[TAGGGAGGG

Proto-oncogene c-myc

10 15

TAGGGAGGGT]-3'

5 T1

A2

e e S
L6167 G127 a4

v

Monomolecular
parallel G-quadruplex
in the presence of K* ions

aQ
617\ /3 7 |
e e

\ 2
e 61

T19 3

G-quadruplex formation in NHE 111,
region upstream of P1 promoter



Proto-oncogene c-myc

15

5 10
5-d[TAGGGAGGGTAGGGAGGGT]-3 G-quadruplex formation in NHE Il

T region upstream of P1 promoter
A2
//G%Z/ Monomolecular
¢ (Mu/ A11 parallel G-quadruplex
/G§,7 in the presence of K* ions

\ G4
617\ /3 7 |

T19 3

D. Yang et al. Nucleic Acids Res, 2011, 39, 9023.

T T T T T T T T T T T T T
13 12 1" 10 9 8 7 6 5 4 3 2  ppm

IH NMR spectrum of CMA in the presence of K* ions
0.2 mM CMA per starnd, 10 mM cacodilate buffer, 100 mM KClI, H,0:2H,0=9:1, pH 7.0, 25 °C, 600 MHz spectrometer.



Visualisation of G-quadruplexes (in cells)

Ligand DAOTA-M2

0]

2

3 c* PFg’

d c a \ N
{ Y ANV
\__/ ) \__/
5
3,4 d b.c
5 2 1 a
| 8[.2I - 7I.8l - 7I.4I - 7I.0I o 4I.2' o 3I.8vI | 2I.8I plpm

'H NMR spectrum of DAOTA-M2
0.5 mM DAOTA-M2, 10 mM cacodylate buffer, 100 mM KCI, pH 7.0, 25 °C, H,0:2H,0=9:1,
600 MHz spectrometer.



Visualisation of G-quadruplexes (in cells)

Ligand DAOTA-M2

 Triangulenium derivative

0  |nteraction with nucleic acids

» Optical probe for G-quadruplexes

5
3,4 d b.c
5 2 Jh\ 1 a
8.2 7.8 7.4 7.0 4.2 3.8 2.8 ppm

'H NMR spectrum of DAOTA-M2
0.5 mM DAOTA-M2, 10 mM cacodylate buffer, 100 mM KCI, pH 7.0, 25 °C, H,0:2H,0=9:1,
600 MHz spectrometer.

o
o~
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ol

Nucleic acid models

T, Versus o,
80 1
G4
60 - y . (6 models)
40 - W\
20 -
(13 models)
0 13. : . . . .
5 7 9 11 13 15 17

7, (ns)

R. Vilar, et al. Nat. Commun. 2015, 6:8178.



Titration with DAOTA-M2

CMA:L
15 M * new signals corresponding to
-JU I ligand-G-quadruplex complex
645'73\6135 GOs

2

« 1:2 stoichiometry of binding
! |
G17s,3s\ G16s/ G18s

G8e 1 / / 18 Ti0s| [T19s
G12s ) / / Gi4s T1s
) ) 1

* * **** **

‘M%M Wfﬁ

334/ s TI0O T4
caGer| ///Gs e

G12 \lGs\ G14
prosta
CMA

—T1 T+ T T T T T T T T~ T T T T 17 3‘
12.0 11.0 2.0 1.6 1.4 ppm E;

Imino and methyl regions of tH NMR spectra of CMA during

titration with ligand DAOTA-M2 (L).
0.2 mM CMA per strand, 20 mM phosphate buffer, 100 mM KClI, H,0:2H,0=9:1,
pH 7.0, 25 °C, 600 MHz spectrometer.

!




Binding of ligand DAOTA-M2 with G-quadruplex

G12

G14s

/ A i
(AT L___, : /_:
—— .0

-10.5

-11.5

-12.0

120 118 116 114 112

<+ /ppm

Imino-imino region of NOESY spectrum of CMA at 1:0.5 ratio of CMA : ligand

" 11.0
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80 mixing time on 600 MHz NMR spectrometer.
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Structure of DAOTA-M2 - G-quadruplex

_ _ 5-end
High-res NMR restrained structure

PDB ID: 5LIG

Kotar A., Wang B., Shivalingam A., Gonzalez-Garcia J., Vilar R., Plavec J.,
Angew. Chem. Int. Ed. Engl., 2016, 55, 12508.
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Possible folds adopted by d(GGGAGCG) repeats

. VK1: d(GGG-A-GCG-A-GGG-A-GCG)

« VK34: d(GCG-A-GGG-A-GCG-A-GGG)
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Possible folds adopted by d(GGGAGCG) repeats

. VK1: d(GGG-A-GCG-A-GGG-A-GCG)

. VK34:/d(GCG-A-GGG-A-GCG-A-GGG)
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Possible folds adopted by d(GGGAGCG) repeats

. VK1: d(GGG-A-GCG-A-GGG-A-GCG)

. VK34:/d(GCG-A-GGG-A-gCG-A-GGG)

G-quadrupIAex?/ Niw folds?

* 105 000 of G-rich sequences are difficult to
explain with known G-quadruplex topologies

=
&

V. S. Chambers et al. Nat. Biotechnol. 33, 877-881 (2015).
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Folding in the presence of Li* cations

VK1: d(GGG-A-GCG-A-GGG-A-GCG) MM

l|llll|III1|1IIIIIIII|IIIlIlllllIIII'lllllllllllll]llllllllllllll'(ppm)
13 12 11 10 9 8
IH NMR spekter, 2.8 mM DNA, 100 mM LiCl, 0 °C, pH 6
VK34: d(GCG-A-GGG-A-GCG-A-GGG)
U
13 12 11 10 9 8 7 6 5 4 3 2 1 (ppm)

IH NMR spekter, 0.4 mM DNA, 100 mM LiCl, 0 °C, pH 6



Sequential assignment

Aromatic-anomeric region of 2D NOESY spectrum, t,, = 80 ms, 2.8 mM
DNA, 100 mM LiCl, 0 °C, pH 6

VK1 G1-G2-G3-A4-G5-C6-G7-A8-G9-G10-G11-A12-G13-C14-G15



Sequential assignment

¢ _ A8

5.4 7 G f {'(( -
,...\5.65 ‘_ -;’} W_@ {V\Alz
%5.85 o1 | u\" G3 fﬁ'ifm Glo )
g ?Fj X EX( Cl4
- -
| 1' 75 70
H (ppm)

Aromatic-anomeric region of 2D NOESY spectrum, t,, = 80 ms, 2.8 mM
DNA, 100 mM LiCl, 0°C, pH 6

5’-anti

3’-anti

VK1 G1-G2-G3-A4-G5-C6-G7-A8-G9-G10-G11-A12-G13-C14-G15



High-resolution structure of VK1
d(GGG-A-GCG-A-GGG-A-GCG)

V. Kocman and J. Plavec, Nat. Commun. 2014, 5: 5831.

PDB id: 2MJJ
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d(GGG-A-GCG-A-GGG-A-GCG)

V. Kocman and J. Plavec, Nat. Commun. 2014, 5: 5831.
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Fingerprints in NOESY spectra of VK1 and VK2

AlI2H2 A8 H2

VK1 VK2
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Aromatic-anomeric region of 2D NOESY spektra, 1, = 80 ms, 2.8 mM VK1, 1.0 mM VK2, 100 mM LiCl, 0 °C, pH 6

VK1: G1-G2-G3-A4-G5-C6-G7-A8-G9-G10-G11-A12-G13-C14-G15

VK2: VK1-A16-VK1



Al16 connects ‘two units‘of the monomeric fold

VK1: G1-G2-G3-A4-G5-C6-G7-A8-G9-G10-G11-A12-G13-C14-G15

VK2: VK1-A16-VK1
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d(GCGAGGQG) repeats

-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-

VK1 VK34

d(GGG-A-GCG-A-GGG-A-GCG) d(GCG-A-GGG-A-GCG-A-GGG)

Lybaek, H., Oyen, N., Fauske, L. & Houge, G., Clin. Genet. 74, 553-559 (2008).

Griswold, A. J. et al., Autism Res. 4, 221-227 (2011). 13



What is the structure of VK34?

d(GCG-A-GGG-A-GCG-A-GGG)

Li*!

rrryrrrirprrrryrrrryprrrrypevrrprrreprena LI} LI} rrei LILILIL e LILIL LILELELE LB llllll
13 12 11 10 9 8 7 6 5 4 3 2 1 0
'H (ppm)
'H NMR spectrum, 0.4 mM VK34, 100 mM LiCl, 0 °C, pH 6



Dimeric structure of VK34 with GAGA core

'_. / G5-C10-G5-C10
J =]
‘K G11-A4-G11-A4

C2-G13
G1-G1

G14-G14

G15-G15

VK34: G1-C2-G3-A4-G5-G6-G7-A8-G9-C10-G11-A12-G13-G14-G15
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Dimeric structure of VK34 with GAGA core

C2-G13

G14-G14

G15-G15

VK34: G1-C2-G3-A4-G5-G6-G7-A8-G9-C10-G11-A12-G13-G14-G15
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Adenines connect VK34 in dimeric and monomeric folds
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Aromatic-H2’/H2" region of 2D NOESY spectra, 1,
=150 ms, 1.0-1.2 mM DNA, 150 mM (VK34) NaCl,
100 mM (2VK34 in 4VK34) LiCl, 0 °C, pH 6

2x (VK34-A-VIK34) (VK34-A-VK34-A-VK34-A-VK34)

-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-A-GGG-A-GCG-



AGCGA repeats in the genome

...-GGG-AGCGA-GGG-AGCGA-GGG-AGCGA-GGG-AGCGA-GGG-AGCGA-GGG-AGCG-...

V. Kocman and J. Plavec, Nat. Commun. 2017, 8: 15355.
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AGCGA repeats in the genome

...-GGG-AGCGA-GGG-AGCGA-GGG-AGCGA-GGG-AGCGA-GGG-AGCGA-GGG-AGCG-...

AGCGA'Nl_Zo'AGCGA'N1_20'AGCGA'N1_20'AGCGA

Neurodevelopment and Abnormal cartilage and bone
neurological disorders formations

Different cancers

V. Kocman and J. Plavec, Nat. Commun. 2017, 8: 15355.



Summary and Implications

pdb id: 5LQG pdb id: 5LQH
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