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Design and synthesis of serine-protease mimics

OH

Oligopeptide Approach

Angew. Chem. 2000
J. Comb. Chem. 2002
EurJOC 2006, 2007

Chymotrypsin active site

Oligonucleotide Approach

Molecules 2007, 2009
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Conformationally defined multipodal peptides

as functional miniproteins

Estrogen receptor mimics

for solid phase extraction and
preconcentration of endocrine

disrupting chemicals °

EurJOC 2009
Tetr 2010

2 : 24 NH,
e °
3NHO{ (/;
Ozo N"‘E"?cﬁg‘
. - HNp o, st
Transcription factor mimics Oy V)j::
l‘\fm s 05
Cuor

as DNA binding ligands

EurJOC 2007, Arkivoc 2007 (Alain Krief issue)
Drug Discovery Today: Technol. 2010
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Epitope mimics as
Peptide vaccins

J. Pep. Sci. 2007
Org. Biomol. Chem. ,2009
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Novel techniques for crosslinking,
labeling and conjugation of biomacromolecules

I. Crosslinking Of oligonucleo‘rides: Antisense, antigene, crosslink repair,

decoy DNA
5 5 3 5
o
a) hybridization N | cross-link ChemComm 2005
Nucl. Nuel. Nucl. Acids 2007
I b) oxidation | formation Nucl Acids Res. 2009
o JACS 2010
o
3 3 5 3 5

IT. Labeling of pepﬁdes: Imaging, conjugation

o]
HKNO 1. On-bead
Oxidation m labeling
2 Cleavage
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Use of crosslinked ON: study of repair processes
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DNA + chemotherapeutics

!

~mm—— Repair enzymes
Variety of lesions
Incl. DNA interstrand crosslinks l

!

Resistance to
Inhibition of stran aration and thus chemotherapeutics
inhibition of trapsCriptiomand replication

B'°Mw' -

P.S. Miller et al., Frontiers in Bioscience 9, 2004, 421-437.
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Crosslinked ON: assembly of nano-sized DNA structures

- Simple yet efficient and highly selective repetitive base pairing

- nucleic acid based nanometer sized structures

e.g. DNA origami

Rothemund et al., Nature, 2006
Sugiyama et al., Chem Eur J, 2010

- need for ways to covalently strengthen the assembled

structures for further manipulation

- need for efficient processes to

to immobilize proteins,
receptors and

reporting devices

Weldi  #2 #3 4 #5847 #8 _#

17om 7om
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Use of crosslinking ON: antisense, antigene and decoy therapy
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‘ (a) protein-protein interface |

-allosteric modulation
-dimerization disruption/induction 2
/ ' ‘ t Ribosome + mRNA
: {b) nucleic acid Intertace
SOOI -microRNA (miRNA)
= -small interfering RNA {siRNA)
Y . WON
A vl

“block TF {protein)
-block TF binding site (DNA)

( \'/M\W\w\}{/ |

i prowen morecure © Annemieke Madder, 2019 All Rights Reserved
\ (major groove) {minor groove) nucleus cytoplasm
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Existing crosslink methods

« Cisplatin and transplatin
Bifunctional crosslinkers:
e.g. hitrogen mustards,
psoralen, ...

« y-radiolysis of thymine
« crosslinked nucleoside dimers
for DNA synthesis
Noronha et al.
- Disulfide linked
Verdine et al., Sigurdsson et al.
« Alkylating oligonucleotides:
halocarbonyl, aziridines

Tabone et al., Coleman et al.
Matteucci et al.,

Possible problems:
mixtures of inter-and intrastrand
Low selectivity

crosslinks limited to T

labour intensive
metabolic stability

stability and selectivity issues
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Oligonucleotide crosslinking

& 3 s 8
\\\ \
+
1) hybridization
—_—
2) formation of a
covalent bond
NG A
. 3 5 5 3
modified target interstrand cross-linked

oligonucleotide  sequence

< reactive functionality
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Inspiration from natural product synthesis

Synthesis of Macrosphelides A and B U_T_.U._}"/\‘FU u_.T-\o.__ .
s oo . — N
Kobayashi, Journal of 2 o f T
Organic Chemistry 2001 ag T o 50 o \rw S
3 4

) P o
Synthesis of Polyoxygenated mq a "\/b\r"
. e T

Natural Products from furan

Vassilikogiannakis, ff%,:}
Acc. Chem Res. H

2008
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The concept of inducible reactivity

Crosslinking only in duplex context through /in situgeneration of a

reactive moiety

SR H
OTBDMS OH o Nuc; OH i,,M (,H H—N>
one *F OAc Nuc N~ Nemnnl” %
- DNA N
M-HweG DN
R R R R H
Rokita et al. PNAS 2003 Insitu
9 activation
o
vy H
PhSe NH N /= H-N
| 0SePh = |
1.0x (Naloy) O ,
O 0N’&o 1 Ox (Nl Nl it S
2. Rearrange INA N
5 N—Ho o O DNA
3 % )
Greenberg et al. JACS 2006 Sasaki et al, JOC 2005
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Furan: toxicity via reactive metabolite [\_/\/ \

* Liver and kidney toxicant o

* Metabolic activation important
* Proposed bioactivation pathway:
P 450

. =\ Toxicity and
carcinogenicity

\

Reaction of 2-butene-1,4-dial
* with proteins elicits toxic response
> cell proliferation > tumor formation
+ with DNA to form mutagenic adducts

Peterson et al, Chemical Research in Toxicology, 2002, 15, 373-379.
© Annemieke Madder, 2010 All Rights Reserved
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A possible furan-oxidation crosslink strategy ?

+ Crosslinking only in duplex context

mm) Use of furan as latent functionality for reactive aldehyde

3 5 3 5 3
(e]
a) hybridization N ‘ cross-link
b) oxidation | formation
I I
O
3 3 5 3 5
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Oligonucleotide test reactions

N. 0,
G before NS | - G 11 before NBS e
*
. Yo
A A
C Cc
T T
6 [Tome ; G T g
T |- T
C (o3
C C
G G
5 5

Furan modified oligo's give
a complex mixture upon
treatment with NBS !

Unmodified oligo’s are stable
towards NBS treatment

© Annemieke Madder, 2010 All Rights Reserved
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Furan oxidation by A-bromosuccinimide

H,0

§ 0
O. O a R =0
LO/\Q_@ - R(: /oe . P _<=/_

3 e Y
b
R base ° RUBr

© Annemieke Madder, 2010 All Rights Reserved

UNIVERSITEIT
GENT

ST ol e B

UNIVERSITEIT
GENT

Q o
*

First generation building blocks [ /Nﬁ U C

HO. N 0 HO. N™ 0
3 5 k ° # IS Ojn O
G* (o3 OH HNM OH m
v A N -
& ¢ T ] :
A T <
c G ConQI ti Cm'“\PI lNL\ /)(
T A
G C
T A
¢ ¢ i Cr19H73Ngs0150P,

windcanes »

< ¢ XL Bract Moss 679231
g E confirmed by ES-MS
Ut Compl

First proof of principle of
selective interstrand crosslinking

S. Haliala, A. Madder et al, Chem. Comm 2005
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Comparison of selectivity for different furan NA's

Ma GE .
aorar? Site of covalent bond
formation ?
OH
OH 3 5
G __C
UrZ A
G c
A T
c G
T A
G c
T A
c G
c G
G c
5 3
OH Minor groove
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Second generation building blocks

5-CTG6 AC6 6 X*6 TGC -3’
3-GACTGCC & C ACG -5

5-CT6 ACG € X*C T6C -3
3-6GACTGCG & 6 ACG -5

7\ \
§ /\ /—Q—Q § N

X* = 9 o or(g)/\_/o

© [¢)
§ 5

5'- CTG6 ACG A X*A TGC -3
3-GACTGCT B T ACG -5

5'-CT6 AC6G T X*T T6C -3'
3-GACTGCAE AACG-5
0

or o.

wO

© Annemieke Madder, 2010 All Rights Reserved

O o [CENO]
O P 0k o F &8 § /)
o 9 00 [l < < (o) o)
¥ ok
O 0 09 < g EE $
X X x X X X X X 9
QO 08 OO B - g
< O < QO « o o
8 99 EE <
g2 R 2 5% EE lective crosslinki
58 55 3% 8¢ ‘ Selective crosslinking to
® [ complementary A and C
X | @ L] [ L
e 008t o High yields:
!‘ Up to 70 % isolated
SSON | -« gl L0 00 0N crosslinked duplex |
Severe loss of duplex
Modified o < - stability upon incorporation
sequence b b4 a of acyclic BB
© Annemieke Madder, 2010 All Rights Reserved
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Crosslink site: enzymatic degradation studies with EXO III

5'- CT6 AC6 6X6 TGC -3

tic digesti
Enzymatic digestion of 3- GAC T6C CAC ACG-5'

DADT B, Sig-260,16 Ref-ofl (110706

oy MALDI-analysis: 3301.4

g_! 5-CT6 AC6GX 6 T-3'

MW :33006 4

2s 5 75 10 125 s 175

© Annemieke Madder, 2010 All Rights Reserved
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Crosslink site: enzymatic degradation studies with EXO III

Enzymatic digestion of 5'- CT6 ACG GX6 T6C -3
3'- GAC TGC CAC ACG-5'

OSSR TS RO TR
! MALDI-analysis: 4458.8

5-CT6 ACGGX G T-3'

MW :44593 A C ACG-5'

5480

© Annemieke Madder, 2010 All Rights Reserved
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Crosslink site: enzymatic degradation studies with EXO III

Enzymatic digestion of MALDI-analysis: 3294.3

5 CT6 ACG 6X6 T6C -3 ' .
3 GAC T6C cC Ace-5'/ reTeAceex et

MW :32946 C

MALDI-analysis: 4434.6

5-CT6 ACGGX 6 T-3'

MW : 44348 C C ACG-5'

© Annemieke Madder, 2010 All Rights Reserved

UNIVERSITEIT
GENT

11

UNIVERSITEIT
GENT

Comparison of selectivity for different furan NA's

[SINS] [CEN ] - -
£ O [~ U] | =] 5 3
O o O o =
b 06 = % £ ©
2} E E
x X
5045 005 2 2 oF o .
°©5 85 £ £ g % L o0
9 0 OO0 < <« E E 0N/
x % XX %X X x x s
© o0 o o < - F 9
“ Duplex stability restored
A - Selective crosslinking to
complementary A and C
<oN ".--_- P P— but
brominated side product
: 0
Modified  ® 9 « . yields 10-20% lower
sequence o % =

© Annemieke Madder, 2010 All Rights Reserved

Comparison of selectivity for different furan NA's
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o More pronounced C-selectivity
i W
N o also here brominated side product
o
3
= < 0 0 o 0o 0o
26 6F $58 & 2 ooLP Qo088
E DR P e L 9o 09
F E - - o 0o 0o o 0O 0o o O
< X X X X X ] X X Q x
§§<<§,>5»-|-.’5.’5 500865858086
XL - - - - - -
ssON - s - - - -

In collaboration with M. Hocek, Prague Acad of Sciences
© Annemieke Madder, 2010 All Rights Reserved
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Stability studies of the modified duplexes: comparison

Tm for AXA:TYT

Reference
(fully matched duplex)

A c T G
© Annemieke Madder, 2010 All Rights Reserved
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Towards biological applications ?

* Restore duplex stability avoiding brominated side products — <(mmmm
* Alternative oxidation methods
* RNA tfargets

reconsider the original cyclic building blocks

o o
kaH fLNH
NAO NAO
HO. HO.
0. O.
H
B B
OH HNM OH HN\gN\/Q
ATm ~13°C versus ~5°C

NAR, 2004, Sontheimer: ribo oriented ureido-derivative

less destabilizing in RNA A duplexes
© Annemieke Madder, 2010 All Rights Reserved
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Synthesis of the ureido analogue
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o o
[ NH fj\ jl\\H fJ\NH
HO. N’go a HO [Nige] b,c DMTO. N™ S0

o. o)
OH NH OH N o N
z SIS R
© NGO J/ “"~<
@/\ cN /k
a) DMF, 1h, 96%; b) DMTrCI, pyridine;17h, kt, 79% c) 2-cyanoethyl-N,N-
diisopropylchlorophosphine, DIPEA, 2.5h, 0°C, 68%

Incorporation into oligonucleotides via automated DNA synthesis

© Annemieke Madder, 2010 All Rights Reserved

Stability of different furan-modified oligonucleotides
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A ‘ A ‘ A

5'-CTG ACG GXG TGC-3' | 5'-CTG ACG TXT TGC-3' | 5'-CTG ACG CXCTGC-3" | 5'-CTG ACG

AXA TGC-3'

W x= M Xx=

B x=17 Hx= HXx=o
NH fLNH
f:’go NAQ
o. :o: HO\ o’ HON\__/
H HO 5
) S M AD o
OH HN\n/\/(;) b o

[¢)
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Stability of amido versus ureido-furan oligonucleotides
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Representative Tm's é o

N
| ksT MOB1 MOB2 { ) kst
AXA |27.4 271 27.0 i L
MOB 1
TCT g
g \0/
AXA |309 387 423 i
TAT
o
é f:’t‘o MOB 2
For MOB2: higher stability oo

. L R
larger mismatch discrimination )3 N)LE/\@

- important for SNiP detection

© Annemieke Madder, 2010 All Rights Reserved
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Cross-linking of amido-furan oligonucleotides

X * PUEHREEMALDE TEEY

UNIVERSITEIT
GENT

NAO
koﬁo LD 3 3-GACTGCACA ACG-5
U* = Pl ® * Both products are crosslinked to C
¥ (en%fﬁs&ﬂ&r&égradwrdﬁéwyned !
: Compl. Hr | Modif L Ff
! Compl. ! XL
[ 4 eq NBS ‘ I

© Annemieke Madder, 2010 All Rights Reserved
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Proposed cross-lmkmg mechanism
R

R_O

o= _ HO oH R

N{'I‘z } Z N N A
ﬁN {\N dehydratlon (‘\N

l:l/go N N /k

R R R MW - 18

T ESI-MS:
- 18 (- H,0)

Overnight in ubat(on at 50°C

© Annemieke Madder, 2010 All Rights Reserved
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Furan metabolite adducts
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H o OH
NH, H
! "ﬁggc
N H
| * I e I N
N [e] ,&
1 | 'il o
o
R
R=dC cis / trans

R=CH,
Cfr."' Characterisation of nucleoside adducts of cis-2-butene-1,4-dial,
a reactive metabolite of furan’

dC >> dA > dG although in general unusual for C to be the preferential
target for adduction in DNA modification reactions

Peterson et al., Chem. Res. Toxicol., 2002, 15, 373-379.
Dedon et al., JACS, 2001, 123, 2664-2665.
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Structural characterisation of crosslinked duplex
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Confirmation of the proposed cross-link structure:

* Cross-linking of individual nucleosides to the

dinucleotide
* Complete enzymatic degradation of the cross-linked
duplex
* Coinjection on RP-HPLC
o]
NH,
(L S
o |
H G . o N/ko
o]
OH HN ’ >
o OH
]

© Annemieke Madder, 2010 All Rights Reserved
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Structural characterisation of crosslinked duplex: starting

from individual nucleosides

AcO. N o] OH OH
o
HO HO
\ o} 0
A0 HN { HN = HN: =
o o N o o N o
o NH )v——NH
a OH o °
b 0
NH, N| ) > 1\
L ,
AcO. N No HO. N/ko HO. N’ko A,
o o
L) PRV
OH OH

a) i. NBS, pyridine, THF/acetone/H,0 5/4/2, overnight, rt; ii. NHz/MeOH; overnight, rt, 80% (over 2 steps);

b) 0.1 M HCI, 9 days, rt, quantitative
© Annemieke Madder, 2010 All Rights Reserved
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Structural confirmation of crosslinked duplex

Ay A,

n

0.1 MHCI A,
9days

© Annemieke Madder, 2010 All Rights Reserved
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Structural confirmation of crosslinked duplex: starting from
crosslinked duplex

3' 5'
OH

snake venom

phosphodiesterase o}
; ; = HN /=§=
N o

alkaline o
phosphatase crosslinked > NH
dinucleoside (¢}
—— N o
s )
" N B
crosslinked | /g «
duplex HO

N o
o]
5-CTG ACG TU*T TGC-3' k 7‘

3'-GAC TGC AC A ACG-5'

© Annemieke Madder, 2010 All Rights Reserved
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Structural confirmation of crosslinked duplex

A
c

G
i
S %
i _.ll (- L...,\—_ﬂu\_ﬂ

Crude

G A
’ |
° || |lL J| Bar svPD

A
I o
c | ||L ||1 | Ay * Bor cruse
S L T

© Annemieke Madder, 2010 All Rights Reserved
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Cross-link selectivity: amido-furan oligonucleotides

Cross-linking to A and C

%
v Isolated yields:

25-53%

Complementary 0 Q0 Qo 3 < < < O 0o O = -

< OO0 K [P

sequence O O 0o < < < 5858 5:9';9
~ =

XL — - - - -

SSON ——p .

Modified [ . o g

sequence a :E 8 3

© Annemieke Madder, 2010 All Rights Reserved
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Cross-linking with ureido-furan oligonucleotides
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| (X 5'-CT6 AC6 TU*T T6C-3'
e LB E 3-GAC T6C AC A ACG-5'

1 product formed !

T

© Annemieke Madder, 2010 All Rights Reserved
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Cross-link selectivity: ureido-furan oligonucleotides

i (X Complete C-selectivity |

ko?l o Tsolated yields:
* = 9§ NN -349
V) P W 16-34%
Q Q Q o < o 0o O - - -
<9 9k $§3= L9 0 <0 Fo
09 9 9 << < < o9 9 Lyl i
S EEEE PP e £ g8
2 2 2 2 > D O O 2 2D =] 2 2 2 2
o0 00 F R RF o0 O I T2
. -
- -
- & os®s.aa
© Annemieke Madder, 2010 All Rights Reserved M. Op de Beeck, A. Madder et al, JACS, 2010, accepted
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Furan-probes for Adenine detection

Cfr. Work of Akio Kobori et al. , Kyoto Institute of Technology,
Dept of Biomolecular Engineering
= Diagnosis of A related DNA mutations

5-furan conjugated probes directed against the point mutation site in the JAKZ2gene,
associated with chronic myeloproliferative disease

o J H N
sN” O T 7\
N/ H 0. — R N N
N
N
N N
'3—AGCAGAGGTGTC—0 e
'5—d(TCGTCTCCACAGANACATACTCCATAA)—3'

A clearly distinguished versus C through

formation of fluorescent derivative
© Annemicke Madder, 2010 All Rights Resaria *"! ©F ol McLer?. 2009, 3567
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Conclusions

Incorporation of a furan moiety as a masked reactive functionality
into oligonucleotides:

new, efficient andlhigh yielding ON crosslink method
using a proximity based reaction

modular strategy: allows for stability and selectivity tuning

o [}

'NH o I 'NH
°j :olef" é\_/—@ g«_/rm sb/g/@ ‘E’j o j o
%) : 0, ) (? i E E’\(\_?

Yield C-selective
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