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Abstract

This work is focused on the synthesis of the modified 2’-deoxyribonucleoside
triphosphates, their incorporation into DNA and use in chemical biology applications.
The synthetic routes to the double-headed nucleosides and nucleotide triphosphates in
which the two nucleobases were connected via ethynyl or propargyl linker has been
developed.  (Cytosin-5-yl)ethynyl,  3-(cytosin-1-yl)prop-1-yn-1-yl ~— and  3-(5-
fluorocytosin-1-yl)prop-1-yn-1-yl derivatives of pyrimidine and 7-deazaadenine 2’-
deoxyribonucleosides and nucleoside triphosphates were prepared by aqueous
palladium-catalyzed cross-coupling reactions. The double-headed modified nucleoside
triphosphates were good substrates for DNA polymerases suitable for primer extension
and PCR construction of DNA bearing linked cytosine or 5-fluorocytosine in the major
groove mimicking the flliped-out nucleotide. The assay for the testing of the inhibition
of DNA methyltransferases was developed. Next, the transient protection of DNA
against cleavage by restriction endonucleases (REs) using (trialkylsilyl)ethynyl
modified DNA was developed. A series of 7-(trialkylsilyl)ethynyl-7-deaza-2’-
deoxyadenosine triphosphates was prepared and they were shown to be incorporated
into DNA by primer extension and/or PCR using KOD XL polymerase. The
deprotection conditions of the trialkylsilyl protecting groups were optimized on model
nucleoside monophospahtes. The ability to protect the DNA against cleavage by REs by
using (trialkylsilyl)ethynyl modifications was tested. It was found that the
(triethylsilyl)ethynyl-protected DNA resists the cleavage by RE, but after it is treated
with NHs, the resulting deprotected ethynyl-modified DNA is fully cleavable by the
REs. This 7-(triethylsilyl)ethynyl-7-deaza-2’-deoxyadenosine triphosphate was also
used in a PCR-based synthesis of a gene internally protected against cleavage by
restriction endonucleases. The unmodified flanking regions were cleaved for cloning
into a plasmid which was replicated by E. coli, and used for protein production. Finally,
a series of 7-substituted 7-deazaadenine and S-substituted cytosine 2'-
deoxyribonucleoside triphosphates were tested for their competitive incorporations into
DNA by several DNA polymerases by using analysis based on cleavage by restriction
endonucleases. 7-Aryl-7-deaza-2’-deoxyadenosine triphosphates were shown to be
more efficient substrates than dATP because of their higher affinity for the active site of

the enzyme, as proved by kinetic measurements and calculations.



Abstrakt

Tato prace je zamétena na syntézu modifikovanych 2’-deoxyribonukleosid trifostatd,
jejich inkorporaci do DNA a aplikaci v chemické biologii. Byla vyvinuta syntéza
“douhlavych” nukleosidit a nukleosid trifosfati, které obsahuji ethynylovy nebo
propargylovy mistkem mezi dvémi bazemi. (Cytosin-5-yl)ethynyl, 3-(cytosin-1-
yl)prop-1-yn-1-yl a 3-(5-fluorcytosin-1-yl)prop-1-yn-yl substituované pyrimidiny a 7-
deazaadeniny 2’-deoxyribonukleosidli a nukleosid trifosfatii byly pfipraveny palladiem
katalyzovanou cross-coupling reakci ve vodném prostiedi. Tyto 2’-deoxyribonukleosid
trifosfaty obsahujici dvé nukleobaze jsou dobrymi substraty pro DNA polymerasy v
primer extension reakci a PCR a tudiz vhodné pro pfipravu DNA s cytosinem nebo 5-
fluorcytosinem ve velkém zldbku, kterd tak napodobuje nukleobdzi vyjmutou ven z
DNA dvousroubovice. Byla také vyzkuSena metoda pro testovani inhibice DNA
methyltransferdz. Dale, bylo vyvinuto ptechodné chranéni DNA proti S$tépeni
restrikénimi endonukledzami (RE) za pomoci (trialkylsilyl)ethynyl modifikované DNA.
Bylo dokéazéano, ze vSechny pfipravené (trialkylsilyl)ethnyl-modifikované 7-deaza-2’-
deoxyadenosin trifosfaty se inkorporuji do DNA KOD XL polymerdsou v primer
extension reakci a nebo pomoci PCR. Podminky potfebné pro odchranéni
trialkylsilylové chranici skupiny byly optimalizovany na nukleosid monofosfatech.
Rovnéz byla testovana schopnost (trialkylsiyl)ethynyl modifikované DNA chranit tuto
DNA proti Stépeni RE. Zjistili jsme, ze DNA chranéna (triethylsilyl)ethynylovou
skupinou nepodléha Stépeni pomoci RE, po odchranéni triethylsilylové skupiny
amoniakem vyslednd ethynyl modifikovand DNA jiz St€pena RE je. Tento 7-
(triethylsilyl)ethynyl-7-deaza-2’-deoxyadenosin trifosfat byl také pouzZit pii piipravé
genu CasteCné chranéného proti St€peni RE. Pro piipravu byla pouzita vlastni nova
metoda zalozend na PCR. V genu neobsaZzené nemodifikované sekvence byly dale
pouzity pro klonovani do plasmidu, jenz byl nasledné replikovan v E. coli a pouzit pro
produkci proteinu. A koneCné, série 7-substituovanych 7-deazaadenin a 5-
substituovanych cytosin 2’-deoxyribonukleosid trifosfati byla testovana v piimé
kompetitivni inkorporaci do DNA pomoci fady DNA polymeras. K analyze byla
pouzita metoda =zalozena na Stépeni RE. Ukazalo se, ze 7-aryl-7-deaza-2’-
deoxyadenosin trifosfaty jsou lepSimi substraty pro DNA polymerasy neZ pfirozena

dATP. Zminéna zjisténi byla dale potvrzena métenim kinetik a modelovanim.
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1 Introduction

Structure of deoxyribonucleic acid (DNA) was deciphered by James Watson and
Francis Crick. Since then the acquired knowledge of structure, physical and chemical
properties and function of DNA has had tremendous impact to the development of
nowadays medicine, molecular biology, chemical biology and chemistry.

Also, a vast number of nucleosides and nucleotides bearing modified bases have
been designed and prepared. Many display significant biological activity, while others
are used for applications in chemical biology, such as nucleic acid sequencing,'
labeling,” investigation of nucleic-acid structure’ and protein-nucleic acid interactions.*

The functionality can be attached to the nucleobase for instance by aqueous
palladium-catalyzed reaction’ of corresponding halogenated 2’-deoxyribonucleoside
triphosphates with terminal alkynes, alkenes or arylboronic acids.

DNAs could be prepared by chemical or enzymatic synthesis. In the enzymatic
approach DNA polymerases incorporate modified 2’-deoxyribonucleoside triphosphates
into DNA. Several DNA polymerases were tested and possess desirable properties. The
scope of the modified nucleotides which are incorporated by DNA polymerases is very
wide. In general, the modifications are coupled with the nucleobases via linker into the
7 position of the 7-deazapurines and 5 position of pyrimidines and after the
incorporation to DNA duplex the modification is directed towards the major groove.

DNA methyltransferase play an important role in transcription regulation. They add
methyl group to 5 position of cytosine bases. They access the target nucleobase by
flipping it out of the DNA duplex into its active site and create a DNA-
methyltransferase covalent complex.® This complex is irreversible if the DNA contains
the 5-aza or 5-fluoro-2’-deoxycytidine within the CpG sites.

Restriction endonucleases are used in manipulation of large DNAs and cloning. They
recognize in DNA short palindromic sequences in which they cleave phosphodiester
bond.” In the Hocek group it was found that some smaller modifications of nucleobases
are tolerated by some restriction endonucleases while more bulky modifications inhibit

.. 4
most of the restriction endonucleases.**®



2 Specific aims of the thesis

1. Synthesis of modified 2’-deoxyribonucleosides and nucleotides substituted in
S5-position of pyrimidines and 7-position of 7-deazaadenine with another
nucleobase, study on their enzymatic incorporation into DNA and
investigation of these modified DNAs interactions with DNA
methyltransferases.

2. Synthesis of the series of (trialkylsilyl)ethynyl-modified 7-deaza-2’-
deoxyadenosines and corresponding triphosphates.

3. Development of the methodology for transient protection of DNA against the
cleavage by restriction endonucleases and application of this method in gene
cloning and protein expression.

4. Study of competitive incorporations of modified 2’-deoxynucleosides

triphosphates in presence of their natural counterparts.

3 Results and discussion

3.1 Synthesis of Double-Headed Nucleosides and Nucleotides, Their
Enzymatic Incorporation, and Interactions with DNA

Methyltransferases

DNA methyltransferases play an important role in transcription regulation and DNA
repair. They employ the base flipping mechanism during which the whole nucleotide is
flipped out of the DNA duplex into the active site of the enzyme. We envisaged that
DNA containing double-headed (Figure 1) nucleotides might mimic this flipped out
state and thus interact or inhibit these enzymes. Three small series of the double-headed
nucleosides (Figure 2) and nucleotides were prepared. The rationale for the 5-
fluorocytosine derivative is that it might employ the same mechanism as 5-fluoro-2’-
deoxycytidine, thus covalently and irreversibly bind to the methyltransferase which

would lead to inhibition of the methylation process. Therefore, 1 focused on the



synthesis of the double-headed 2’-deoxynucleosides and nucleotides which after
incorporation into DNA might interact with DNA methyltransferases.

Figure 1 (A) Nucleotide (red) flipped out of the DNA duplex (blue) by DNA
methyltrsnaferase (green). (B) DNA bearing another cytosine base in the major groove.

dNPC

Figure 2 Double-headed 2’-deoxyribonucleosides.

Synthetic methodology we have chosen consisted of Sonogashira cross-coupling of
5-ethynylcytosine (1) or 1-N-(prop-2-yn-1-yl)cytosine (2) or 5-fluoro-1-N-(prop-2-yn-
I-yDcytosine (3) with halogenated nucleosides (summerized in Table 1) and
nucleotides (Scheme 1 and Scheme 2). The Sonogashira cross-coupling reactions of 1,2
and 3 with dC'TP, dU'TP or dA'TP were performed under previously optimized
aqueous conditions in CH3CN/H,0 1:2 in presence of catalyst PA(OAc),, Cul, TPPTS
as a ligand and iPr,NEt as a base at 80 °C for 1 h. All the cytosine modified dN“TPs,
dN"CTPs and dN"F“TPs were perpared in resonable yields (Table 1).



dACTP or dCCTP or dUCTP
0

[ NH
N’go
e

N .
Scheme 1. Synthesis of the 5-ethynylcytosine modified AN“TPs.

R = H, dAPCTP or dCPCTP
=F, dAPFCTP or dCPFCTP

Scheme 2. Synthesis of 1-N-(prop-2-yn-l-yl)cytosine modified dN*“TPs and
dN"FOTPs.

All the cytosine modified dN“TPs, dN'“TPs and dN'*“TPs were tested as
substrates for KOD XL DNA polymerase in PEX. We have designed several different
templates with different number of modifications in the resulting DNA. All the
dNX“TPs were very good substrates giving with all templates full-length products. I
also found that all of the dN*“TPs tested are good substrates for DNA polymerases in
PCR as well.



Table 1. Cross-coupling reaction conditions of iodonucleos(t)ides with
alkynylcytosine derivatives.

Entry dNYdN'TP Catalyst Solvent C(Ezlgit;cins Product SE(I,/GO l)d
1 dc! Pd(OAc),  CH;CN/H,O 80°C,1h dc‘ 49
2 dc' Pd(PPh;),Cl, DMF 80°C, 1h dc* 73
3¢ dc! Pd(OAc),  CH;CN/H,0 80°C,0.5h  dC*€ 30
4° dc! Pd(OAc),  CH;CN/H,O 80°C,0.1h  dCF¥© 95
5 du' Pd(OAc),  CH;CN/H,O 50°C,1h du‘ 40°
6" du' Pd(PPh;),Cl, DMF 50°C, 1 h du‘ 60
7 du' Pd(OAc), CH;CN/H,0 80°C,1h dFPC 30
8" du' Pd(PPh;),Cl, DMF 80°C, 1h dFP€ 78
9 du' Pd(OAc),  CH;CN/H,O 50°C,1h duc 95
10° du' Pd(OAc),  CH;CN/H,O 50°C,0.5h  dUPFC 69
11 dA' Pd(OAc),  CH;CN/H,O 80°C,1h dA€ 38
12 dA' Pd(PPh;),Cl, DMF 80°C, 1h dAC 51
13 dA' Pd(OAc),  CH;CN/H,0 80°C,0.5h  dAFC 61
14° dA' Pd(OAc),  CH;CN/H,O 80°C,1h dAFFC 58
15 dc'Tp Pd(OAc), CH;CN/H,0 80°C,1h  dC TP 35
16 dC'TP Pd(OAc),  CH;CN/H,0 80°C,1.5h dCP°TP 30
17 dC'TP Pd(OAc),  CH;CN/H,0 80°C,1h  dC**“TP 80
18 dU'TP Pd(OAc), CH;CN/H,0 80°C,1h  dU“TP 31
19 dA'TP Pd(OAc),  CH;CN/H,O 105°C,1h  dA°TP 17
20¢ dA'TP Pd(OAc),  CH;CN/H,O 80°C,1h  dAP°TP 80
21° dA'TP Pd(OAc),  CH;CN/H,0 80°C,1h  dAP*“TP 43

“Et;N was used as a base. PTPPTS was used as a lignad and iPr,NEt was used as a
base. ‘11 % of dFP€ was also isolated. “Ca. 40 % of unreacted dU" remained.

Interaction of DNA methyltransferase M.SssI with DNA modified with double-

headed nucleobases was tested. The mechanism of the methylation also employ the

covalent M.SssI-DNA complex.® Because of the second nucleobase in the major groove

it might be possible to prepare a covalent methyltransferase-DNA complex and thus

inhibit the methylation of the CpG sites.
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First, I developed an assay for testing of the inhibition of M.Sssl by double-headed
nucleobases in DNA (Figure 3 A). The dC"C and dC"© double-headed nucleosides
were tested in this assay (Figure 3 B). The assay revealed that DNA modified with
dC"¢ and dC*"€ do not significantly inhibit the methylation by M.SssI. On the other
hand the assay was found to be suitable for testing of the inhibition of M.Sssl.

— - —
= —

A)  Afel

” - =
unmodified ~ “CH, CH, CHy CHy ™~
1 —CG CG CG CG— " ¢o S co— 3
jZP_GC 'ij_ ,
o 1.M.Sssl, SAM N\ c¢ I | [ -
2. Afel ~ ~CHg CHg CHy _Che
' modified B e D
~ e CG— JR—
wp S8 G G G [ 2p——C4)8 cG cG ce—
Afel
PEX
Pwo DNA polymerase
2P primer B) M.Sssl (nM)
dATP, dGTP, dTTP
. " g8ssw > §8sge * §fsse
| — Y —
NH, N\—?iNHZ P i by ol o LT LR
=z — e SEes ! FRNtan.
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o o o or dCTP 3‘”". L 4
7 ~ —— -y
---a ’ S
18b- « )y
OH ot b & dd *Hee , “eee
dCPCTPR = H -7 -7

dCPFCPR=F

Figure 3. Inhibition of M.SssI DNA methylation assay. A) Outline of the assay for
testing of inhibition of DNA methylation by M.Sssl B) PAGE analysis of the inhibition
assay performed with different concentrations of M.Sssl. 1. PAGE: unmodified DNA;
2. PAGE: dC"® modified DNA; 3. PAGE: dC""® modified DNA. P stands for primer.

3.2 Transient and Switchable Protection of DNA Against Cleavage by
Restriction Endonucleases by (Trialkylsilyl)ethynyl-Modified 7-

Deazaadenines

Protection of DNA against cleavage by REs by incorporation of modified nucleotide
within the recognition sequence could be useful in biotechnology and chemical biology.
Recently, the systematic study of 5-substituted pyrimidines and 7-substituted 7-

. 4
deazaadenines®®

was done in our group and it was found that some REs can tolerate 7-
deazaadenine and 7-ethynyl analogs while more bulky 7-phenyl analog fully inhibit the
cleavage. We proposed that 7-(trialkylsilyl)ethynyl-7-deaza-2’-deoxyadenines in the
REs recognition sequences might be bulky enough to protect the DNA against the

cleavage by REs (similary to phenyl derivative) while after chemical deprotection of the
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trialkylsilyl group the resulting ethynyl modified DNA would be accessible for REs and
cleaved.*
We have decided to synthesize three trialkylsilyl groups: trimethylsilyl (TMS),
triethylsilyl (TES) and triisopropylsilyl (TIPS) as protection of the acetylene at the
position 7 of 7-deaza-2’-deoxyadenosine. The synthesis and deprotection was first
studied on model 2’-deoxynucleoside monophosphates. This study showed that the
TMS- and TES-protected 7-ethynyl-d AMP could be easily deprotected by simple
treatment with ammonia,whereas the TIPS group must be cleaved by treatment with
tetra-n-butylammonium fluoride (TBAF).

Synthesis of the (trialkylsilyl)ethynyl modified nucleoside triphosphates was done
using Sonogashira cross-coupling reaction (Scheme 3).

We tested all three dAX*TPs as substrates for the DNA polymerases in PEX. Both
tested DNA polymerases KOD XL and Vent(exo-) efficiently incorporated all three
dAX¥ into the full-length products.

R R rR R
si-R Si-R
NH, /) NH, / — SR,
N7 B 1. POClz PO(OMe)s N7 T\ Pd(OAG),, TPPTS
K\N NALTES o o o k\N N Cul, iPr,NEt,
HO ~ -0-P-0-P-0-P-0O =
0 2. (NHBu3),H,P,07 > o o 0 CH3CN/H,0 1:2
DMF, BusN 30 min, 80 °C
OH R = Me 26% OH R= |_£Ft> 1 gofy;
= 0, =IPr
R = Me, dATMSE Et47% R = Me, dATMSETP °
= Et, dATESE = Et, JATESETP NH
= iPr, dATIPSETP 2
N '
I I N N
O-P-0-P-0-P-0
o O O O
OH

dA'TP

Scheme 3. Synthesis of (trialkylsilyl)ethynyl substituted 7-deaza-2’-deoxyadenosine
triphosphates.
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Next, we incorporated each dA™** into the dsDNA with recognition sequence for REs
Kpnl, Rsal and Sacl (all of these REs tolerate dA® within the recognition sequence) and
treated it with corresponding RE. We found out the TMSE modified DNA was partially
cleaved by Kpnl and Rsal. The cleavage by Sacl was inhibited. In contrast, the TESE
(Figure 4) and TIPSE modified DNAs were fully protected against cleavage by all
tested REs.

The deprotection of (trimethylsilyl)- and (triethylsilyl)ethynyl-modified DNA was
carried out by aqueous ammonia. Resulting ethynyl modified DNAs were treated with
corresponding REs and indeed they were fully cleaved (Figure 4). Because of the low
stability and insufficient protection of DNA against cleavage by REs the TMS
protection group was excluded from further testing. For deprotection of triisopropylsilyl
groups we used TBAF thus the resulting ethynyl modified DNA was precipitated and
then desalted on gel chromatography column, consequently the yield was lowered. All

ethynyl-DNAs after deprotection were cleanly cleaved by REs.

PEX 1. PEXI1. PEX pEX 11. PEXI 1. PEX PEX 11. PEXI1. PEX
a) 12. Kpnli 2. NH; b) 12. Rsal 2. NH; C) 12. Sacli2. NH;
[ 13. Kpnl | 1 3. Rsal [ 13. Sacl
| [ | | [ |
I | |
I I I T 4 1 - -30 nt |
T - e, ‘I ot g |‘.| | "I :..1 ‘ -30nt
G | | [ G | I e I I
chl [ ! $ [ [ [ ] [ |
THH I I G ! I I TR I |
Gl [ [ chl [ [ G [ [
cill I | e | I c | [
! T B
(T; : I ! G I I Ny I |
| | C | | | |
g : (B 20Nt C : | | g,-; : I 20t
A | I I ? I I - I & -18nt Cc | I I
T | [ o [ [ G | |
Gl | | c | | I A | |
|
Cun : : A5nt . : : 5nt © . : : -15 nt
P+ ASE 4 ATESE . pTESE P +ATF + AFF 4+ AFF P+ AFE 4 AFSE 4 pTESE
1 23 4 5 6 7 1.2 3 4 5 6 7 1 2 3 4 5 6 7

Figure 4. Page analyses of PEX experiments, deprotection and cleavage products: a)
PEX with temp™” , cleavage by Kpnl; b) PEX with temp™ , cleavage by Rsal; ¢) PEX
with temp®™ , cleavage by Sacl. Lane 1: primer; lane 2: product of PEX with natural
dNTPs; lane 3: product of PEX with dTTP, dCTP, dGTP, dATESETP; lane 4: cleavage
of the unmodified PEX product with a RE; lane 5: treatment of the TESE-modified PEX
product with a RE (no cleavage); lane 6: treatment of the unmodified PEX product with
NH; followed by cleavage with a RE; lane 7: treatment of the TESE-modified PEX
product with NH; followed by cleavage with a RE (full cleavage).

TESE

Finally, we have clearly shown the dA"™"TP is well incorporated into long DNA by

KOD XL polymerase, the TESE modified DNA with recognition sequence for Rsal
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resists the treatment with this RE but after deprotection of TES group the recognition
sequence becomes accessible for Rsal and is cleaved (Figure S). Further interesting
questions for future research on this topic might concern the interactions of the modified

DNA with transcription factors, the possible regulation of gene expression by transient

protection.
A) __ Recognition
&) sequence
s = & forRE
(%
@®= 1. NH3
«—x— L= e —>
Restriction  g& — . 2.Restriction
endonuclease endonuclease
OFF s ® ON
PCR e B PCR
DNA polymerase ~
J\%{ 500 bp - W C i
NN 300 bp - . @
0O o o L\N‘ N . ._ @
0-P-0-P-0-P-0 o 200 bp - ' i
o o o L N - M/NM:NM
OH 1 2 3 45 6.7 8

Figure 5. Transient protection of DNA against cleavage by restriction endonucleases
using (trimethylsilyl)ethynyl modified DNA a) Scheme of the PCR incorporation of
dA™SETP, deprotection and cleavage of the DNA. b) Agarose gel analysis of PCR,
deprotection and cleavage experiments with 297-mer template. Lane 1: DNA ladder;
lane 2: product of PCR with natural dNTPs; lane 3: product of PCR with dTTP, dCTP,
dGTP; lane 4: product of PCR with dTTP, dCTP, dGTP, dATESETP; lane 5: cleavage of
the unmodified PCR product with Rsal; lane 6: treatment of the TESE-modified PCR
product with Rsal (no cleavage, marked in red circle); lane 7: treatment of the
unmodified PCR product with NH; followed by cleavage with Rsal; lane 8: treatment of
the TESE-modified PCR product with NH; followed by cleavage with Rsal (full
cleavage, marked in green circle).

3.3 Nucleobase Protection Strategy for Gene Cloning and Expression

There are some techniques available for the gene cloning in which the gene of the
interest contain target sequences for some REs in several copies. The common approach
si codon mutation within the restriction site, but this may not circumvent the problem,

for example if the expression system does not contain a complementary transfer RNA.
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Here, I present the first strategy for the polymerase synthesis of a chemically
protected copy of a gene flanked by unmodified sequences, its site-specific cleavage by
REases, cloning into a plasmid and use for protein expression. This work we did in
collaboration with Prof. J. S. Dickschat and Dr. N. L. Brock from Braunschweig
Universitit in Germany who study the tdaD gene.’ The tdaD gene encodes the putative
thioester hydrolase TdaD and contains the cleavage site for Ncol within the gene

sequence. While they would use the same RE for the gene cloning (Figure 6).

Restriction
digestion X Y

A) :u: ——

Gene of interest
X X X
Restriction
digestion Ligation
Plasmid
v ) Y v

Restriction
digestion

B X X Y X X

) [ E—— — .

Gene of interest ——
X Y
Figure 6. Gene cloning with A) one site of the each recognition sequence for RE

used in the cloning and B) multiple site of the recognition sequence for RE used in the
cloning.

The  widespread  pET28c(+)  expression  system  for  isopropyl-B-D-
thiogalactopyranosid (IPTG) inducible expressions of histidine-tag (Hise-tag) modified
proteins in Escherichia coli takes advantage of the RE Ncol. This sequence is displayed
in the forward oligonucleotide primer in a way that the partial sequence ATG coincides
with the start codon of the gene of interest. In the reverse oligonucleotide primer the
stop codon of the original gene is together with the sequence of the following three
base-pairs altered to the CTCGAG recognition sequence of the RE Xhol. After
digestion and cloning of the PCR product into the pET28¢(+) vector the sequence of the
cloned gene is fused to the Xhol recognition sequence followed by the Hiss-tag
sequence (CAC)¢ allowing protein purification by Ni*'-nitriolotriacetic acid (NTA)
chromatography and a stop codon (TGA).

The new strategy for preparation of TESE modified PCR product needed to be

developed because of the simple use of one set of primers cannot be applied, since the
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resulting DNA contains the TESE groups inherently in the complementary strand to the
primers and thus protects the cleavage of the recognition sequences within the primer
sequences. We envisaged the preparation of two partially overlapping (90 base-pairs)
PCR products using two sets of primers and dA™*TP. In the next step, PCR 1 and
PCR 2 products are used in the third PCR with natural ANTPs in which the PCR 1 and
PCR 2 products served as the primers (Figure 7).

Ncol Ncol

TdaD Xhol "
(417 bp)

5;* PCR 1 ’ E ’ )

we s'-—“*;*ﬁ’ GES) Por> WS ’3

I N

mix PCR with natural dNTPs

L
Tk ok s s

Figure 7. Strategy for PCR amplification with protection of Ncol site within the
tdaD gene sequence.

o
©

@
a

Indeed, we have prepared PCR 1 (125 bp) and PCR 2 (399 bp) products using KOD
XL polymerase and dA™*TP and used them in the third PCR with natural dNTPs
(Figure 8).

A) PCR

Figure 8. Gel electrophoretic analyses of PCR products and protein expression.
Digestion experiments with the REases Ncol and Xhol. Lane 1: 100 bp DNA ladder;
lane 2: PCR amplificate of tdaD obtained with natural dNTPs; lane 3: product of mix
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PCR obtained with dA™5*TP; lane 4: unprotected copy of tdaD treated with Ncol and
Xhol resulting in cleavage to yield a 363 bp product (second product of 61 bp not
visible); lane 5: protected amplificate of tdaD obtained in mix PCR (lane 3) treated with
Ncol and Xhol is not cleaved; lane 6: protected copy of tdaD first treated with NH; for
removal of the TES protecting group, followed by treatment with Ncol and Xhol is
cleaved to yield a 363 bp product. B) Linearized (EcoRV) pET-28c(+) expression
vector containing the tdaD insert (lane 1, 5647 bp) and linearized pET-28c(+)
expression vector without insert (lane 2, 5367 bp). E) Production of TdaD-His6. Lane 1:
soluble proteins without IPTG induced gene expression; lane 2: soluble proteins after
IPTG induced gene expression; lane 3: Ni*" -NTA-chromatography-purified TdaD-His®
(16.9 kDa); L: DNA or protein ladder. Gel A was visualized with DNA staining by
GelRed, gel B was visualized with DNA staining by ethidium bromide, and gel C was
visualized with protein staining by Coomassie Brilliant Blue. For gel B the camera was
set to inverted mode, giving a white background and black DNA bands.

Dr. Nelson Brock carried out the construction of the plasmid, its amplification and
production of the TdaD protein. The Ncol-Xhol end-digested and internally dA™"
protected tdaD gene was then cloned into the pET28c(+) vector and the resulting
ligation product was transformed into E. coli DH5a (Figure 8). It was of upmost
importance for the success of the cloning strategy with internally protected DNA that
the dA™F protected DNA sequence parts of the transformed plasmid DNA were
replicated during cell division. This was demonstrated to be possible by isolation of
plasmid DNA from E. coli clones and linearization by the single-cutting enzyme
EcoRV. A gel electrophoretic analysis suggested insertion of the tdaD sequence into the
multiple cloning site of pET28c(+) (Figure 8) as was corroborated by DNA sequencing.
Therefore, the desilylation step was not needed for this cloning and amplification. The

obtained expression construct was finally used for expression of TdaD followed by

protein purification (Figure 8).

3.4 Study of Direct Competition Incorporations of 7-Substituted 7-
Deazaadenine and 5-Substitute Cytosine 2’-Deoxyribonucleoside
Triphosphates in the Presence of Their Natural Counterparts

Base functionalized DNAs are used in many areas of the chemical biology and
medicinal chemistry for different purposes such as DNA sequencing, protein-DNA

conjugation or in vivo labeling. This is usually prepared by incorporation of base

modified 2’-deoxyribonucleoside triphosphate in PEX or PCR. Only little attention was
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paid to competitive incorporations of modified AN*TPs in the presence of the natural

counterparts. Also there was not any suitable method for determination of the resulted

mixture of modified and unmodified DNA. The general scheme of the competitive

incorporation is illustrated in Figure 9.

Direct Competition Assay

(8] l’.l'il (I']
HO=P=0=-P=-0-P-0
(s} [} 8]
1:1 N

-

NH»

DNA polymerase

Figure 9. Direct competitive incorporation of functionalized dA*TP versus natural

dATP.

First, we performed the proof-of-principle experiments, which is outlined in Figure

10, with the dA™TP and dC* TP in the presence of Pwo polymerase followed by

treatment with BamHI and Clal respectively and separated the resulting DNA mixtures
on the PAGE. Both dA™TP and dC™TP were tested in different ratios of modified
dN""TP to unmodified dNTP (1:1 and 10:1). The intensity of the two spots of cleaved

natural and intact modified DNA were then quantified. The PAGE analysis of RE

cleavage was first compared with MALDI analysis of the products of competitive PEX

experiments using dA™TP and dC™TP and Pwo polymerase to validate the method. A

clear correlation between the two methods was seen.

« NANS

1. Primer extension Recognition
sequence for RE

I

DNA polymerase

Full length -

Cleaved -

Primer -

Figure 10. Method for analysis of competitive PEX using RE and PAGE.
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With the suitable method in our hands we moved on to the batch determination of
incorporation ratios of the series of 7-substituted 7-deaza-2’-deoxyadenosines and 5-
substituted 2’-deoxycytidines bearing various bulky functional groups available in our
group including ethynyl and phenyl derivatives, redox labels (dAN~?TP and dN""*TP),
fluorescent labels (dA®*UTP, dA*P°*TP), reactive groups (dC*"TP), and very bulky

groups (ANS""TP) (Figure 11 and Figure 12).
R O NO,
ﬂb O
N S O °
dANO2Tp dAPhTP

®@®@o
dA’PTP
dASTTP dABFUTP  gAABOXTP gr l

dANH2TP dAETP

Figure 11. Functionalized dAXTPs used in the study of competitive incorporatio.

NH2 \(D\/ 3 /[ l \(@\
S )\/( \(©/ dcFTTP dchozTp dchH2Tp
®@PPo
% ; =
o dcsTrTp \/

dcPhTP dCETP

Figure 12. Functionalized dC*TPs used in the study of competitive.

Next, we performed the measurements of competitive PEX of dC™TP and dA™"TP
in presence of natural counterparts in different ratios employing different DNA
polymerases, results are presented in Table 2. Generally, the dC™TPs was a worse
substrate than dCTP for most polymerases, whereas dA™TPs was, surprisingly, better
substrate than dATP. Competitive incorporations of all modified dAXTPs (Figure 11)
with Bst DNA polymerase showed that dAXTPs bearing aromatic groups (except for the
very bulky AS™) and ethynyl were more efficient substrates than dATP for Bst
polymerase (Table 3). On the other hand, the unsubstituted 7-deazaadenine derivative

(dA’°TP) was a poorer substrate than dATP probably because of loose of the
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interaction on N-7 without replacement by other functional group capable to substitute
this interaction.

Table 2. dA™TP incorporation with different DNA polymerases.

Polymeras Competition” Discr.” V max/Kim K’ Vinax
Pwo 43 0.4 0.03 24 0.81
(dATP)!® - - 0.08 10 0.85
KOD XL 57 0.6 0.17 38 6.3
(dATP)!® - - 0.26 18 4.6
Taq 63 1.1 0.042 8.9 0.371
(dATP)!® - - 0.039 12 0.49
Vent(exo-) 65 0.4 0.03 24 0.73
(dATP) - - 0.08 8.7 0.67
Klenow 67 2.4 0.23 2.1 0.49
(dATP)!® - - 0.1 2.5 0.25
Bst 67 3 0.18 6.8 1.19
(dATP)!® - - 0.06 28 1.8
H. Pol. a 46 - - >100 -
(dATP)!® - - 45 0.0009  2.10*

“ Percent of functionalized DNA. ° Discrimination reflects the efficiency of
functionalized dAXTP incorporated compared to the efficiency of incorporation of the
dATP, deduced as (Viax/Km)ne/(Vinax/ Kim)natural. © K €Xtension is pM. 1Y, ax €Xtension is
10 pmol.s™.U™. ¢ dATP was incorporated by the same polymerase as in the row above.

Because of the surprisingly high efficiency of 7-aryl dAXTPs in competitive
incorporations we were curious if the affinities of the incoming modified triphosphates
to the active site of the Bst polymerase are higher than the affinity of the natural dATP.
Thus we studied the kinetics of the single nucleotide incorporations. Results for
different dN*TPs are summarized in the Table 3. The kinetics experiments revealed
that most substrates which are better than natural substrates in competitive
incorporations have lower K, values thus higher affinity to the active site and also give
higher values of the V./Km in comparsion to the natural counterparts.

In order to explain the higher affinity of the 7-aryl dAXTPs to the active site of
polymerases, molecular modeling studies were performed. The computational studies
were done by Dr. Jindfich Fanfrlik. Both dATP and dA"™TP were docked to the
complex of Bst polymerase with primer and template using the known crystal structure
(pdb 4BDP). '° The dA™TP had a larger affinity (more negative score) than dATP (-
72.8 and -65.0 kcal.mol”, respectively), which indicates a possible increase in -7

stacking as a result of the 7-phenyl group (Figure 13).
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Table 3. Incorporation of functionalized dN*TPs with Bst polymerase

dN Competition’ Discrim.” Vinax/Km K¢ Vi
dA - 1 0.06 28 1.8
dASTr 16.9 - - >100 -
dA™® 32 0.3 0.02 60 1
dAAB 73 1.8 0.11 8 0.94
dA® 67 2 0.12 13 1.51
dANT2 61 2.3 0.14 7 1.02
dA™ 67 3 0.18 6.8 1.19
dABFY 67 3.7 0.22 5.7 1.27
dANO? 70 3.8 0.23 6.5 1.57
dC - 1 0.27 4.4 1.2
dCSTr 5 _ _ _ _
dCN9? 11.5 - - - -
dcNH2 32 0.2 0.06 21 1.34
dc'T’ 44 - - - -
dc® 54 1.5 0.41 3.1 1.29
dac™ 58 2 0.54 2.4 1.32

@ percent of functionalized DNA. ” for definition, see footnote of Table 2. © K,
extension is M. d Vimax €xtension is 10 pmol.s'l.U'l.

Figure 13. Bst polymerase active site with modeled A) dATP and B) dA™TP.

Based on our study of competitive incorporations of modified dN*TPs by DNA
polymerase in which we found that many 7-aryl dAXTPs are better substrates for DNA
polymerases than a natural counterpart we have decided to try one step metabolic

labeling of genomic and plasmid DNA using fluorescent dAP*Y

, as a control label we
have used dA* and the study has been extended with dA™ probe as an example of the
minimalistic 7-aryl modification. All probes used in the study are illustrated in Figure

14. In order to fulfill the criteria for successful labeling we have decided to prepare also
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corresponding pronucleotides'' which were reported to penetrate easily through the cell
membrane and bypass the first phosphorylation by kinases which is considered to be the
most difficult part of the overall process. The rationale for using dA®*Y for metabolic
labeling is to avoid the necessity of the click-reaction chemistry used for addition of the
fluorescent tag to alkyne based probes.

In conclusion, we found that both nucleosides and pronucleosides penetrate into the
cell. The dA* and Pro-dAF are also metabolically phosphorylated and incorporated into
the genomic DNA in HeLa cells. The more bulky dA®™' and Pro-dA®"Y penetrate into

the cell but were not incorporated in nucleus into the cellular DNA.

NH, )l NH,
T T
SN SN
RO RO
0 0
OH OH OH
R= H dAE dAPh dABFU
0
g_'F'NO@ Pro-dAE Pro-dAPh Pro-dABFU
|
NH
A
OBn

Figure 14. Nucleosides and pronucleotides used in the study.
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4 Conclusion

The synthesis of the novel modified 2’-deoxyribonucleoside triphosphates which
were incorporated into DNA and used in several chemical biology applications were
developed in this work.

Synthesis of double-headed nucleosides and nucleotides was performed. The
synthetic approach was based on aqueous Sonogashira cross-coupling. The modified 2’-
deoxyribonucleoside triphosphates were then tested in PEX and PCR. They were found
to be good substrates for DNA polymerase in both PEX and PCR. Thus the double-
headed nucleobases containing different linkers are suitable derivatives for further
investigation of interactions between such modified DNA and DNA methyltransferases.
Following this line, the assay for testing of inhibition of DNA methyltransferases with
DNA containing double-headed nucleobases was developed. The assay for testing the
inhibition of DNA methyltransferases was successfully studied but the tested dC"C and
dC™€ derivatives did not show any significant inhibition of DNA methyltransferase
M.Sssl.

For transient protection of the DNA against cleavage by restriction endonucleases the
series of three 7-(trialkylsilyl)ethynyl-7-deazaadenines was tested as the triggerable
switch. All three 7-(trialkylsilyl)ethynyl-7-deaza-2’-deoxyadenosine triphosphates were
synthesized by use of Sonogashira cross-coupling reaction and tested on incorporation
into DNA in PEX or PCR. For the PEX all three dAX*TPs worked well, while in PCR
bulky triisopropyl derivative was an unsuitable substrate. The following study of the
ability of (trialkylsilyl)ethynyl modified DNA to protect the DNA cleavage by REs
revealed that the trimethylsilyl group was somehow insufficient and DNA was partially
cleaved by Rsal and Kpnl while the triethylsilyl and triisopropyl groups fully inhibit the
cleavage reaction with tested restriction endonucleases. After treatment of the
(triisopropylsilyl)ethynyl modified DNA with TBAF and (trimethylsilyl)ethynyl and
(triethylsilyl)ethynyl modified DNA with aqueous ammonia and subsequent purification
the resulting ethynyl modified DNA was again cleaved with all tested restricition
endonucleases. The experiments clearly shows that the (triethylsilyl)ethynyl modified 7-
deaza-2’-deoxyadenosine is suitable for transient protection of DNA against cleavage

by REs. The reported proof-of-principle experiment also for the first time presents the
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protecting group traditionally used in organic synthesis applied in regulation of
biochemical reaction.

This methodology was then applied for selective protection of the internal Ncol
recognition site of the tdaD gene which contain couple of the Ncol recognition sites.
Here reported method is an alternative to other methods for cloning of the genes
containing multiple recognition sites for REs, but the main aspect of this work is in the
general use of base modifications as bioorthogonal protection against specific
interactions of DNA with proteins and for regulation of biochemical processes.

Since the competitive incorporations of the modified dN*TPs in presence of their
natural counterparts by DNA polymerases were investigated only scarcely it was
assumed that the modified dN*TPs are inherently worse substrates than natural dNTPs.
In this work I found that several 7-aryl-7-deazaadenine 2’-deoxyribonucleoside
triphosphates are better substrates for many DNA polymerases than their natural
counterparts. First the new method was developed for analysis of competitive
incorporations. Because of many REs cannot cleave modified bases in their recognition
sequences it was possible to selectively cleave only unmodified DNA in mixture
resulting from the direct competitive incorporation in PEX. Our systematic study of
competitive PEX using different dAXTPs and dC*TPs in different ratios with the
natural dATP and dCTP, respectively, revealed a surprising and counterintuitive result
that most tested 7-aryl dAXTPs are better substrates for DNA polymerases than dATP,
whereas most dC¥TPs are worse substrates. The highest incorporation rates 70 and 73
% were achieved using dAN®*TP and dAP*VTP, respectively, incorporated by Bst
polymerase in ratio 1:1 with natural dATP. The kinetic study and semi-empirical
calculations explain this by increased affinity of the 7-aryl dAXTPs to the active site of
the polymerase complex with the primer and template because of increased m-m
stacking. This study gave us better insight into the mechanism of the incorporation of
modified dNTPs by DNA polymerases, as well as opened a new window for the design

of modified nucleosides and nucleotides for in vivo synthesis of base-modified DNA.
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1 Uvod

Struktura deoxyribonukleové kyseliny (DNA) byla odhalena Jamesem Watsonem a
Francisem Crickem. Poznatky tykajici se struktury, fyzikdlnich a chemickych vlastnosti
a funkce DNA mély vyznamny podil na vyvoji soucasné mediciny, molekularni
biologie, chemické biologie a chemie.

Bylo ptipraveno velké mnozstvi nukleosidii a nukleotidi s modifikovanymi bazemi,
z nichz mnohé maji vyznamnou biologickou aktivitu , zatim co nckteré dal$i naSly
vyuziti v chemické biologii napiiklad pfti sekvenovani,'> znaGeni,”> zkoumani
struktury' DNA nebo interakci mezi DNA a proteiny. "

Modifikace mizou byt k nukleobazim ptipojeny napiiklad pomoci vodné palladiem
katalyzované reakce'® piisluného halogenovaného 2’-deoxyribonukleosid trifosfitu s
terminalnimi alkyny, alkenyl nebo arylboronovymi kyselinami.

Oligonukleotidy a delsi DNA mohou byt pfipraveny chemickou nebo enzymatickou
syntézou. Pfi pouziti enzymatické syntézy, DNA polymerazy inkorporuji modifikované
2’-deoxyribonukleosid trifosfdty do DNA. Testy ukdzaly, ze velké mnoZstvi DNA
polymerdz ma potiebné vlastnosti pro inkorporaci modifikovanych dNTP. Rozsah
modifikaci, ktery je tolerovdn DNA polymerdzami, je velmi Siroky. Modifikace je
vét§inou vazana na nukleobazi ptes linkr do pozice 7 7-dezapurini nebo pozice 5
pyrimidint. Takovéto modifikace po inkorporaci do DNA zaujimaji prostor ve velkém
zlabku DNA.

DNA methyltransferazy hraji dalezitou roli pti regulaci genové transkripce, tim, Ze
piidavaji methylovou skupiny do pozice 5 cytosinil. Pti katalyze této rekace se vychlipi
cely nukleotid z DNA dvousroubovice do aktivniho mista DNA methyltransferasy a
vytvrofi kovalentni komplex. Tato reakce mize byt nevratna pokud je pfirozeny cytosin
nahrazen 5-aza nebo 5-fluor cytosinem.

Restrikéni endonukledzy (RE) rozeznavaji specifické sekvence v DNA a v nich pak
Stépi fosfodiesterovou vazbu. RE se hojné€ vyuziti pfi manipulaci s DNA, napf.: pfi
klonovani. Ve skupiné prof. Hocka bylo zjiSténo, ze nékteré mensi modifikace
nukleobazi jsou tolerovany né¢kterymi RE a naopak, ze vétsi modifikace Stépici reakci

vétSiny RE inhibuji.
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2 Cile prace

1. Syntéza  modifikovanych  2’-deoxyribonukleosidi  a  nukleotidil
substituovanych v pozici 5 pyrimidini a pozici 7 7-deazaadeninti dalsi
nukleobazi, studium jejich inkorporace do DNA a zkoumani interaci téchto
modifikovanych DNA s DNA methyltrasferazama.

2. Syntéza  série  (trialkylsilyl)ethynyl = modifikovanych  7-deaza-2’-
deoxyriboadenosint a korespondujich trifosfatt.

3. Vyvoj metody pro prechodné chranéni DNA proti St€peni DNA restrik¢nimi
endonukleazami a apliakce této metody pii klonovani a proteinové expresi.

4. Studium kompetitivnich inkorporaci modifikovanych 2’-deoxyribo nukleosid

trifosfatl za pritomnosti jejich piirozenych protéjska.

3 Vysledky a diskuze

3.1 Syntéza “dvouhlavych” nulkeosidi a nukleotidii, enzymaticka

jejich inkorporace a interakce s DNA methyltransferasami

DNA methyltransferazy hraji vyznamnou roli pii regulaci transkripce. Pro “editaci”
DNA vyuzivaji tyto enzymy vychlipeni nukleotidu z DNA dvousroubovice do svého
aktivniho mista (Obrazek 1). Na zaklad€ znalosti tohoto mechanismu jsme se rozhodli
vytvofit modifikovanou DNA, kterd by obsahovala “dvouhlavé” nukleobaze mimikujici
tento vychlipeny nukleotid ven z DNA (Obrazek 1). Dvouhlavé nukleobdze by timto
zpusobem mohly interagovat nebo inhibovat DNA methyltrasferazy. Byly pfipraveny tfi
mensi série “dvouhlavych” nukleosidi (Obrazek 2) a nukleotidl. 5-Fluorcytosin jsme
pouzili z divodu zndmeho mechnismu inhibice DNA methyltransferdz 5-fluor-2’-
deoxycytidine, ktery po inkorporaci do DNA vytvaii kovalenti vazbu s DNA
methyltransferasou. Proto jsem se také zaméfil na syntézu ‘“dvouhlavych” 2’-
deoxynukleosidi a nukleotidl, které po inkorporaci do DNA, by mohli interagovat s

DNA methyltransferazami nebo je inhibovat.
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Obrazek 1. (A) Nukleotid (€ervené) vychlipnuty z DNA dvousroubovice (modie) do
aktivniho mista DNA methyltransferazy (zelené). (B) Ilustrace DNA s “druhym®
cytosinem z dvouhlavé nuklleobaze ve velkém zlabku.

H
ch dNPc © dNPFC

Obrazek 2 “Dvouhlavé® 2¢-deoxyribonukleosidy.

Synteticky postup se zakladal na Sonogashirové cross-couplingu 5-ethynylcytosinu
(1) nebo 1-N-(prop-2-yn-1-yl)cytosinu (2) nebo 5-fluor-1-N-(prop-2-yn-1-yl)cytosinu
(3) s halogenovanymi nukleosidy (shrnuto v Tabulce 1) a nukleotidi (Schéma 1 a
Schéma 2). Sonogashiriiv cross-coupling 5-alkyncytosinu 1, 2 nebo 3 s dC'TP, dU'TP
nebo dA'TP byl proveden za dfive optimalizovanych podminek ve vodném prostiedi ve
smési CH3CN/H,O 1:2 za ptitomnosti Pd(OAc),, Cul, ligandu TPPTS a baze iPr,NEt
pti 80 °C. Viechny zmifiované trifosfaty dNCTP, AN*CTP a dN**CTP byly piipraveny
v dostate¢ném vytézku (Tabulka 1).
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dA'TP nebo dC'TP nebo dU'TP 1 dACTP nebo dCCTP nebo dUCTP

NH, NH, O
~
Baze) = ¢ J N B s
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Schéma 1. Syntéza 5-ethynylcytosin modifikovanych dNCTP.

R = H, dAPCTP nebo dCPCTP
=F, dAPFCTP nebo dCPFCTP

Schéma2. Syntéza 1-N-(prop-2-yn-1-yl)cytosin modifikovanych dN*CTP a dNFCTP.

Viechny pripravené cytosinem modifikované dNTP, dN"CTP a dN'*“TP byly
inkorporovany do DNA v PEXu DNA polymerazou KOD XL. Navrhli jsme nékolik
rizné obtiznych templatt pro PEX, abychom vyzkousli, jak jsou tyto modifikované
dNX“TP dobrymi substraty pro DNA polymerazy. Ukézalo se, Zze viechny dN*TP
slouzi, jako velmi dobry substrat a vzdy poskytly produkt v pIné délce. Nasledn¢ jsem
také zjistil, ze AN TP jsou vhodné také pro piipravu delsi DNA pomoci PCR.
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Tabulka 1.
nukleotidl s alkynylcytosiny.

Podminky cross-coupling reakci jodo-2‘-deoxyribonukleosidli a

Vstup dNYdN'TP  Katalyzator  Rozpoustédlo P([)S gj i}ﬁ( Y Produkt Vg&iz)ek
1 dc! Pd(OAc),  CH;CN/H,O 80°C,1h dc‘ 49
2 dc' Pd(PPh;),Cl, DMF 80°C, 1h dc* 73
3¢ dc! Pd(OAc),  CH;CN/H,0 80°C,0.5h  dC*C 30
4° dc! Pd(OAc),  CH;CN/H,O 80°C,0.1h  dC*¥© 95
5 du' Pd(OAc),  CH;CN/H,O0 50°C,1h du‘ 40°
6" du' Pd(PPh;),Cl, DMF 50°C, 1 h du‘ 60
7 du' Pd(OAc),  CH;CN/H,0 80°C,1h dFPC 30
8" du' Pd(PPh;),Cl, DMF 80°C, 1h dFP€ 78
9 du' Pd(OAc),  CH;CN/H,O0 50°C,1h du’c 95
10° du' Pd(OAc),  CH;CN/H,O 50°C,0.5h  dUPFC 69
11 dA' Pd(OAc),  CH;CN/H,0 80°C,1h dA€ 38
12 dA' Pd(PPh;),Cl, DMF 80°C, 1h dA€ 51
13 dA' Pd(OAc),  CH;CN/H,O 80°C,0.5h  dAFC 61
14° dA' Pd(OAc),  CH;CN/H,0 80°C,1h dAFFC 58
15 dc'Tp Pd(OAc), CH;CN/H,0 80°C,1h  dC TP 35
16 dC'TP Pd(OAc),  CH;CN/H,0O 80°C,1.5h dC*°TP 30
17 dC'TP Pd(OAc),  CH;CN/H,0 80°C,1h  dC**“TP 80
18 dU'TP Pd(OAc), CH;CN/H,0 80°C,1h  dU“TP 31
19 dA'TP Pd(OAc),  CH;CN/H,O 105°C,1h  dA°TP 17
20¢ dA'TP Pd(OAc),  CH;CN/H,0 80°C,1h  dAP°TP 80
21° dA'TP Pd(OAc),  CH;CN/H,0 80°C,1h  dAP*“TP 43

“ pouziti Et;N jako baze. ” ligand: TPPTS, baze: iPr,NEt. “izolovano také 11 %

dFPC. “izolovano také cca. 40 % nezreagovaného dU".

Dale byly studovany interakce pfipravenych DNA s “dvouhlavymi” nukleobazemi v

reakci s DNA methyltransferdzami. Pii methylaci cytosinu dochazi ke vzniku

kovalentniho komplexu DNA s methyltransferazou. Predpokladame, Ze diky navrzené

“druh¢” nukleobazi ve velkém zlabku by bylo mozné inciovat interakci s DNA

methyltransferazou nebo ji inhibovat.
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Prvné jsem vyvinul test, jak analyzovat probihajici inhibici (Obrazek 3 A). Pomoci
nghoZ jsem otestoval dC' a dC'C (Obrazek 3). Ukazalo se, ze dC'C ani dC"©
vyznamné neinhibuji testovanou methyltransferazu M.Sssl. Na druhou stranu jsem
zjistil, ze tento test, je skutecné mozné vyuzit, pro ureni zda dand modifikace

methyltransferdzu inhibuje nebo neinhibuje.
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A) Afel " .
¢ pfirozena DNA -
CH CH CH
ce cG cG cG— ~ CHy 'La pHs e~
p GC /ﬂ _(J_‘,C G folc] CG— A Y
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Obrazek 3. Test inhibice M.Sssl A) Schéma inhibice methylace M.Sssl pomoci
“dvouhlavych® nukleobazi inkorporovanych v DNA. B) PAGE separace po testu
inhibice M.Sssl, pfi rlznych koncentracich M.Sssl. 1. PAGE: pfirozend DNA; 2.
PAGE: dC"® modifikovana DNA; 3. PAGE: dC"*® modifikovani DNA. P oznaduje
primer.

3.2 Prechodné a prepinatelné chranéni DNA proti §tépeni restrik¢nimi
endonukleazami za pomoci (trialkylsilyl)ethynyl modifikovanych 7-

deazaadeninu

Chemické chranéni DNA proti §tépeni restrikénimi endonukledzami (RE) za pomoci
modifikovanych nukleotidli inkorporovanych do DNA vy mohlo najit vyuZiti
v biotechnologiich nebo chemické biologii. Ve skupiné¢ profesora Hocka se
systematicky zkoumal vliv 5 substituovanych pyrimidini a 7 substituovanych 7-
deazaadenini na Stépeni DNA RE. Bylo zjisténo, Ze né&které RE jsou schopny
rozpoznavat a Stépit sekvence obsahujici 7-ethynyl modifikované 7-deazaadeniny,
zatimco véEtsi substituce jako naptiklad fenyl Stépeni inhibuji. Predpokladali jsme, Ze 7-

(trialkylsilyl)ethynyl-7-deaza-2‘-deoxyadenosiny v rozpoznavaci sekvenci pro RE by
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mohli §té€peni inhibovat, zatimco po odchranéni trialkylsilylové chranici skupiny, by
vysledna ethynyl-modifikovana DNA byla opét rozpoznana a Stépena RE.

Rozhodli jsme se pro pfipravu tii trialkylsilylovych derivati: trimethylsilyl (TMS),
triethylsilyl (TES) a triisopropylsilyl (TIPS) jako chranéni ethynylu v pozici 7 7-dezaza-
2‘-deoxyadenosinu. Syntéza i1 nasledné¢ odchrdnéni bylo prvné zkouSeno na 2°-
deoxyadenosin monofosfatech. Ukazalo se, Ze chranéni pomoci TMS a TES Ize snadno
odchranit pomoci vodného amoniaku, zatimco TIPS bylo potfeba odchranit
tretrabutylammonium fluoridem (TBAF). K syntéze chranénych 7-ethnyl-7-deaza-2°-
deoxyadenosin trifosfati byla pouzita, analogicky k piipravé monofosfata,
Sonogashirova reakce (Schéma 6).

Viechny tfi piipravené dA**TP byly dobrymi substraty pro DNA polymerasy
v PEXu. Ob¢ testované DNA polymerasy KOD XL a Vent(exo-) inkorporovaly do
DNA viechny tii dA™* za vzniku stejného produktu, jako s p¥irozenym dATP.

R R
R R
si-R si-R
NH, /l NH, / — SR,
NZ 1 POCl; PO(OMe); N TN Pd(OAc), TPPTS
ls \ 1h,0°C o o o K\N N Cul, iPryNEt,
Ho_ N “0-P-0-P-0-P-0 =
o) 2. (NHBug)HP,07 0 A A 0 CH5CN/H,0 1:2
DMF, BugN 30 min, 80 °C
OH R = Me 26% OH R= EPt 1;0°/3/
= 9 = jPr
R=Me, daTvse A7 R = Me, dATMSETP °
— TESE:
= Et, dATESE = Et, dATESETP Ny |
= jPr, dATIPSETP
N= N\
o o o Uk |
I I I N N
-0-P-0-P-0-P-0
I I I o
O O O
OH
dA'TP

Schéma 3. Syntéza (trialkylsilyl)ethynyl substituovanych 7-deaza-2’-deoxyadenosin
trifosfata.

V nasledujicim kroku jsme inkorporovali dAX* do rozpoznavacich sekvenci pro RE
Kpnl, Rsal a Sacl (vSechny tyto RE toleruji ethnyl-modifikaci v rozpoznavaci sekvenci)

a nechali reagovat s danou RE. Zjistili jsme, ze TMSE-modifikovand DNA byla
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asteéné Stepena Kpnl a Rsal. Stépeni pomoci Sacl bylo inhibovano. Zatimco TESE-
(Obrazek 4) a TIPSE-modifikovana DNA pln¢ inhibovala reakci se vS§emi ttemi RE.

(Trimethylsilyl)- a (triethylsilyl)ethynyl-modifikovand& DNA byla odchranéna
vodnym roztokem amoniaku. Vyslednd ethynyl-modifikovand DNA byla, jak se
predpokladalo, Stépena vSemi RE (Obrazek 4). Kviili nizké stabilit¢ a nedostatecné
schopnosti chranit DNA proti §tépeni RE byla TMS chranici skupina vyloucena z
dalSich experimentii. K deprotekci TIPS chréanici skupiny byl pouZit TBAF, ktery
komplikoval dal§i zpracovani, disledkem toho byl nizsi vytézek ethynyl-modifikované
DNA. VSechny takto ptipravené ethynyl-DNA byly po deprotekci pln€ Stépeny danymi
RE.

PEX 1. PEX11. PEX pex 1. PEXi 1. PEX PEX 1. PEXI1. PEX
a) 12. Kpnli 2. NH, b) 12. Rsali 2. NH; C) 12. Sacli2. NH;
I 13. Kpnl | 1 3. Rsal [ 13. Sacl
| [ [ ;! [ ‘I i I I
I ! | | ! ! -30 nt |
$ :. o | 30 nt T I‘ .I | $ : ‘ - ‘ -30 nt
G | I I g I | I c i [ I
c I I T ! | | C i | I
T I I G ! | I T B | |
ol | | c | I I G | |
C | | | T : | [ C ! | |
T | | cl I I g ' I [
(CS : | | c ! | iy | [
¢ :‘ :. W -20 nt 2 i : : Tl | - I.‘ 20 nt
A | T . - B -18nt ¢ | I
T I I el | I G I |
G | I I i I [ A I I
G | I I .' I I G | I I
- : ; -15 nt I \ | -15 nt Y ; ; -15 nt
P+ AEE 4 AEE 4 AT P +A%F + AFF + AFF P+ AESE 4 ATESE 4 ATESE
123 45 67 123 45 67 1 23 4 5 6 7

Obrazek 4. PAGE separace po PEXu, deprotekci a §tdpeni RE: a) PEX s temp™? |
$tépeni Kpnl; b) PEX s temp™ , §tépeni Rsal; ¢) PEX s temp™ , §t&peni Sacl. Pruh I:
primer; pruh 2: produkt PEXu s pfirozenymi dNTP; pruh 3: produkt PEXu s dTTP,
dCTP, dGTP, dA"™S*TP; pruh 4: Stepeni ptirozeného PEX produktu s RE; pruh 5:
Stépeni TESE-modifikovaného PEX produktu s RE (DNA neni §tépena); pruh 6: reakce
ptirozeného PEX produktu s NHj3 nasledovana St€penim RE; pruh 7: reakce TESE-
modifikovaného PEX produktu s NH; nasledovéana st€épenim RE (DNA je pIn¢€ Stépena).

Na zavér jsme jasn& dokazali, ze dA™*TP byl dobie inkorporovan do delsich DNA
pomoci KOD XL polymerdzy. Vyslednd TESE-modifikovand DNA obsahujici
restrikéni misto pro Rsal, byla pln€ chranéna proti §tépni Rsal, ale po odchranéni TES
chrénici skupiny, byla toto restrikéni misto opét rozpoznano Rsal a Stépeno (Obrazek
5). VySe popsand metoda miize najit vyuziti pfi regulaci rozpoznavani DNA

transkripénimi factory nebo expresi gend.
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Obrazek 5. Pfechodné chranéni DNA proti §té€peni restrikénimi endonukledzami za
pomoci (triethylsilyl)ethnyl-modifikované DNA A) Schématicky znazornény postup
metody b) Separace PCR produkti a produkti po Stépeni RE v agarozovém gelu. Pruh
1: DNA ladder; pruh 2: produkt PCR s ptirozenymi dNTP; pruh 3: produkt PCR s
dTTP, dCTP, dGTP; pruh 4: produkt PCR s dTTP, dCTP, dGTP, dA™*TP; pruh 5:
Stépeni PCR produktu s Rsal; pruh 6: §t€épeni TESE-modifikovaného PCR produktu s
Rsal (nestépeno, cervené zakrouzkovano); pruh 7: reakce piirozeného PCR produktu s
NHj3 néasledovana Stépenim Rsal; pruh 8: reakce TESE-modifikovaného PCR produktu s
NHj; nésledovana Stépenim Rsal (pIn€ Stépeno, zelen¢ zakrouzkovano).

3.3 Vyuziti chranénych nukleobazi pri klonovani genii a expresi

Jiz diive byly popsany rtzné techniky, pro klonovani genli obsahujicich vice
restrik¢nich mist pro jednu RE, kterd by méla byt pouzita pro Stépeni a naslednou ligaci
do plasmidu. Bézné vyuzivana je tak napiiklad mutace kodonu v restrikCnim misté. Ne
vzdy je vSak mozné tuto metodu pouzit, naptiklad, kdyz dany expresni systém
neobsahuje ptislusnou t-RNA s komplementarnim anikodonem.

V této praci popisuji, prvni enzymaticky zpusob ptipravy chemicky modifikované¢ho
genu s presné definovanymi nemodifikovanymi sekvencemi, selektivni St€peni danych
restrik¢nich mist, jeho klonovéani do plasmidu a vyuZiti pro expresi proteinu. Tato prace

byla provedena ve spolupraci sprof. J. S. Dickschatem a Dr. N. L. Brockem
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z Braunschweig Universitit v Némecku, kteti studuji tdaD geny.!” TdaD geny koduji
mozné thioester hydrolazy tdaD a obsahuji restrikéni misto pro Ncol v sekvenci genu.
Pti¢emz Ncol RE by méla byt pouzita pro klonovani, pti pouziti by tedy dochéazelo

k rozstépeni samotného genu (Obrazek 6).
Stépni RE

X X
A) oy — _
gen
X
\ Stépni RE ligace
lasmid
y ) P
Stépni RE
X X Y
B) co—— )
gen

]
X Y

Obrazek 6. Klonovani geni s A) jednim restrikénim mistem pro danou RE B) s vice
restrikénimi misty pro danou RE.

Casto  pouzivany  expresni  systém  pET28c(+) pro  isopropyl-B-D-
thiogalaktopyranosidem (IPTG) indukovatelnou expresi v E. coli, ktery zaroven
obsahuje sekvenci His-tag umozZiujici snadnou purifikaci, vyuziva pii klonovani Ncol
RE. Ncol restrikéni misto totiz obsahuje start kodon. Tato sekvence je zahrnuta ve
forward primeru tak, ze ATG sekvence se shoduje se start kodonem potiebného genu.
Reversni primer je potom navrzen tak, aby obsahoval stop kodon pivodniho genu spolu
se sekvenci nasledujich tii part bazi shodnych s CTCGAG (rozpoznavaci sekvenci pro
Xhol RE). Po $tépeni a klonovani PCR produktu do vektoru pET28c(+), sekvence
klonovaného genu je slouc¢ena s Xhol restrikénim mistem, které je nasledovano His-
tagem a stop kodonem (TGA).

Pro ptipravu TESE-modifikovaného PCR produktu pro klonovéni, ktery by bylo
mozné Stépit RE v oblasti primerii, bylo potieba nejprve navrhnout novy zplsob
piipravy castecné modifikovaného PCR produktu. Nami navZeny postup je znazornén
v Obrazku 7. Tento spocCiva nejprve v piipravé dvou navzdjem se piekryvajicih PCR
produktii, které se ptipravi za pouziti dvou pari primert a dA™*TP. V daliim kroku,
jsou produkty PCR 1 a PCR 2 pouzity jako primery pftitietim PCR s pfirozenymi
dNTP.
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Obrazek 7. Postup PCR amplifikace za ucelem chranéni rozpoznavaci sekvence pro
Ncol uvniti genu.

Podatilo se pfipravit produkty PCR 1 (125 bp) a PCR 2 (399 bp) KOD XL

polymerazou s dA™*TP a tyto byly pouzity v tfetim PCR s pfirozenymi dNTP
(Obrazek 8).
A) PCR 1 1.PCR '1.PCRB) C)
¢ 2.Ncol, [2.NH,
1 Xhol  13. Ncol - ] ‘
. BTG 6 kb- s e ;
500 bp : : 4kb--=- il — 1
. . - -r—§
400te : : S 20 kDa- =
300 bp - : : <y 1kba- &&=
TESE TESE TESE
L N AT ' N AT!A L 1 2 L1 2 3
1 2 3 ' 4 5 16

Obrizek 8. Separace PCR produkti a proteintl pomoci gelové elektroforézy. Stépeni
pomoci Ncol a Xhol. Pruh 1: 100 bp DNA ladder; pruh 2: PCR produkt amplifikace
tdaD s ptirozenymi dNTP; pruh 3: produkt mix PCR s dAT*SETP, pruh 4: tdaD PCR
produkt bez modifikace po Stépeni s Ncol a Xhol; pruh 5: tdaD PCR produkt PCR s
dA™ETP (pruh 3) po $tdpeni s Ncol a Xhol; pruh 6: tdaD PCR produkt PCR s
dA™E TP (pruh 3) po reakci s NH; a naslednym §tépeni s Ncol a Xhol. B)
Linearizovany (EcoRV) pET-28c(+) expresni vektor obsahujici tdaD gen (pruh 1, 5647
bp) a linearizovany pET-28c(+) expresni vektor neobashujici tdaD gen (pruh 2, 5367
bp). E) Produkce TdaD-His®. Pruh 1: rozpustné proteiny bez IPTG indukce; pruh 2:
rozpustné proteiny po indukci IPTG; pruh 3: Ni*'“NTA-chromatografie TdaD-His®
(16.9 kDa); L: DNA nebo proteinovy marker. Gel A byl obarven GelRedem, gel B byl
obarven ethidium bromidem, a gel C byl obarven Coomassie brilantni modf.

Dr. Nelson Brock provedl konstrukci plasmidu, jeho amplifikaci vE. coli a

TESE

naslednou produkci TdaD proteinu. PCR produkt s dA chranénou vnitini sekvenci
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pro Ncol byl §tépen Ncol a Xhol (pouze restrikéni mista obsazena v sekvenci primert) a
klonovan do pET28c(+) vektoru a vysledny produkt ligace byl transformovan do E. coli
DH5a (Obrazek 8). Pro Gsp&$nou amplifikaci plasmidu bylo nutné, aby dA™5F
modifikovana sekvence plasmidu byla také replikovana béhem déleni. Jak se potvrdilo
izolaci plasmidu, jeho linearizaci EcoRV a néslednou gelovou elektroforézou, plasmid
byl uspésné amplifikovan spolu s tdaD sekvenci (Obrazek 8). Tato skutecnost byla dale
potvrzena sekvenaci plasmidu. Témito experimenty bylo také prokazano, Ze neni
potifeba odchrénit triethylsilylovou chrénici skupinu pted amplifikaci. Vysledny
konstrukt byl pouzit pro produkci TdaD (Obrazek 8).

3.4 Studium kompetitivnich inkorporaci 7-substituovanych 7-
deazaadenin a S-substituovanych cytosin 2¢‘-deoxyribonukleosid

trifosfatii v pritomnosti jejich prirozenych protéjSki

DNA s funkcionalizovanymi bazemi naSly uplatnéni v mnoha odvétvich chemické
biologie a medicindlni chemie, naptiklad: sekvenovani DNA, konjugace DNA s
proteiny nebo znaceni DNA in vivo. Tyto DNA jsou vétSinou piipraveny pomoci
pomoci PEXu nebo PCR. Jen malo pozornosti bylo zatim vénovano kompetitivnim
inkorporacim modifikovanych dAN*TP v p¥itomnosti jejich pfirozenych prot&jski. To
bylo zplisobeno také tim, ze nebyla dostupna metoda pro analyzu smési modifikované a
nemodifikované DNA. Obecné schéma kompetitivnich inkorporaci je znazornéno v

Obrazku 9.
Kompetitivni inkorporace

TH? " =
N wﬂ* > g
le M7 skl
g 2 8 SN \ S
HO-P-0-P-0-P-0.
o o o [0 ‘ B e +
NH; OH

Obrazek 9. Kompetitivni inkorporace funkcionalizovanych dAXTP s pfirozenym
dATP.
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Nejprve jsme testovali navrzenou metodu, ktera je ziejma z Obrazku 10, s dA™"TP
a dC™TP za piitomnosti Pwo polymerazy a naslednym $t&penim BamHI a Clal v tomto
potadi. Separace vzniklé smési DNA gelovou elektroforézou, rozdélila Stépenou
nemodifikovanou DNA od nerozstépené modifikované DNA za vzniku dvou tecek na
gelu, které byly kvantifikovany a porovnany za pomoci obrazové analyzy. dA™"TP i
dC™TP byly testovany v rtiznych pomérech k piirozenému dNTP (1:1 a 10:1).
Vysledky ziskané analyzou gelu po Stépeni RE byly porovnany s vysledky z MALDI
analyzy produkti DNA po kompetitvni inkorporaci. Porovnanim byla prokdzana shoda

mezi obémi metodami.

rozpoznavaci
1. Primer extension sekvence

M DNA polymeraza pro.RE
Smés funkcionalizovanryche;’m
a pfirozenych dNTP

Pnadela e M M

Produkt Stépeni -

Primer - - @N‘ 2. Selektivni stépeni

1. 2.

Obrazek 10. Navrhnutd metoda na analyzu komeptitivnich inkorporaci restrikénimi
endonukledzami a nasledné gelové elektroforézy.

Pomoci vySe popsané metody byla dale testovana v kompetitivnich inkorporacich
celd fada riiznych 7-substituovanych 7-deaza-2‘-deoxyadenosinli a 5-substituovanych
2‘-deoxycytidinti pfipravenych v nasi laboratofi. Tento vybér zahrnoval ethynyl a fenyl
derivaty, redoxni znacky (ANY°*TP a dN“M*TP), fluorescentni znacky (dAP*UTP a
dA*POXTP), reaktivni skupiny (dC*'TP) a velmi objemné skupiny (dN*'"TP)
(Obrazek 11 a 12).
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Obriazek 11. Funkcionalizované dAXTP studované v kompetitivnich inkorporacich.

dcfTTP dcNozTp dcNH2Tp
®e®o
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chTrTP \(@ \/

dcPhTP dCETP

Obriazek 12. Funkcionalizované dC TP studované v kompetitivnich inkorporacich.

Nasledn& byly testovany komeptitivni inkorporace v PEXu s dC™TP a dA™TP za
pritomnosti jejich pfirozenych protéjskit v riznych pomérech s riznymi DNA
polymerazami (vysledky jsou shrnuty v Tabulce 2). Obecné dC™TP byl hordim
substratem pro vétsinu DNA polymerazy nez dCTP, zatimco dA™TP byl prekvapivé
lepsi substrat nez dATP. Kompetitivni inkorporace viech modifikovanych dAXTP
(Obrazek 11) Bst polymerazou ukézala, e dAXTP s aromatickymi substituenty (kroms
piilis velkého dAS™ a ethynylu) jsou lepsimi substraty nez dATP (Tabulka 3). Na
druhou stranu derivat 7-deazaadeninu (dA’°TP) byl hordim substratem nez dATP,

pravdépodobné diky ztrat€ interakci na N-7.
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Tabulka 2. Inkorporace dA™ TP riiznymi DNA polymerazami.

Polymeraz Kompetice” Diskr.” V max/Kin K Vinax”
Pwo 43 0.4 0.03 24 0.81
(dATP)!® - - 0.08 10 0.85
KOD XL 57 0.6 0.17 38 6.3
(dATP)!® - - 0.26 18 4.6
Taq 63 1.1 0.042 8.9 0.371
(dATP)!® - - 0.039 12 0.49
Vent(exo-) 65 0.4 0.03 24 0.73
(dATP) - - 0.08 8.7 0.67
Klenow 67 2.4 0.23 2.1 0.49
(dATP)!® - - 0.1 2.5 0.25
Bst 67 3 0.18 6.8 1.19
(dATP)!® - - 0.06 28 1.8
H. Pol. a 46 - - >100 -
(dATP)!® - - 45 0.0009  2.10*

“ Procent funkcionalizované DNA. ” Diskriminace je podil efektivity inkorporace
funkcionalizovaného dAXTP a efektivity inkorporace dATP, vypoéteno podle vzorce:
(Vinax! K)o/ (Vinax! Kn)naturar. © jednotky Ko jsou pM. ¢ jednotky Vinax jsou 10 pmol.s™.U™.
¢ dATP bylo inkorporovano DNA polymerazou vypsanou o fadek vyse.

Tabulka 3. Inkorporace funkcionalizovanych dN*TPs Bst polymerazou.

dN Competition’ Discrim.” Vinax/Km K. Vimax”
dA - 1 0.06 28 1.8
dAST" 16.9 - - >100 -
dA™® 32 0.3 0.02 60 1
dA*B 73 1.8 0.11 8 0.94
dAF 67 2 0.12 13 1.51
dANH? 61 2.3 0.14 7 1.02
dAP" 67 3 0.18 6.8 1.19
dABFY 67 3.7 0.22 5.7 1.27
dANO? 70 3.8 0.23 6.5 1.57
dC - 1 0.27 4.4 1.2
dCSTr 5 _ _ _ _
dCN? 11.5 - - - -
dcN? 32 0.2 0.06 21 1.34
dC™’ 44 - - . .
dC* 54 1.5 0.41 3.1 1.29
dac™ 58 2 0.54 2.4 1.32

“ Procent funkcionalizované DNA. ” Pro definici viz Tabulku 2. ¢ jednotky K, jsou
uM. ? jednotky Vimax jsou 10 pmols™. U™,

Piekvapivé vysoka efektivita 7-aryl dAXTP v kompetitivnich inkorporaci nas

privedla k méfeni kinetiky jednotlivych dA®TP. Zajimala nas afinity dAXTP
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k aktivnimu mistu Bst polymerazy. Vysledky pro jednotlivé dNTP jsou shrnuty
v Tabulce 3. Tyto experimenty ukazaly, Ze vét§ina dAXTP, které byly lepsimi substraty
v komeptitivnich inkorporacich maji také vySsi afinitu k aktivnimu mistu Bst
polymerazy, tedy nizsi Ky, a zdroven vyssi podil Via/Km nez dATP.

Predeslé experimentdlni vysledky jsme vysvétlili také pomoci molekulového
modelovani. Vypocetni studie byla provedena Dr. Jindfichem Fanfrlikem. dATP a
dA™TP byly dokovany do popsaného komplexu Bst polymerdzy s primerem a
templatem (pdb 4BDP).'® Ukazalo se, ze dA™TP ma vétsi afinitu (negativngjsi skore)
nez dATP (-72,8 a -65,0 kcal.mol™), tento narust je zptisoben pravdépodobné zesilenim

n-1 interakci 7-fenylového substituentu (Obrazek 13).

Obrazek 13. Aktivni misto Bst polymerasy s namodelovanym A) dATP a B)
dA™TP.

Na zakladé studia kompetitivnich inkorporaci modifikovanych dN*TP, popsanych
vyse, jsme se rozhodli vyzkouSet metabolické znaceni genomové DNA a plasmida
pomoci fluorescenéniho dAP*Y. Jako kontrolni znadku jsme pouzili dA* a studii jsme
roz&ifili jeste o dA™, ktery slouzil jako piiklad nejmensiho 7-aryl derivatu. Vechny
pouzité derivaty jsou znazornény v Obrazku 15. Aby byla splnéna kritéria pro Gspésné
metabolické znaceni, tak jsme se rozhodli ptfipravit také jednotlivé pronukleotidy
(Obrazek 14)."° Vsechny pripravené sondy byly pouzity v metabolickém zanéeni
genomové DNA HeLa bunék a plasmidu v E. coli. Zjistili jsme, Ze jak nukleosidy, tak
pronukleotidy prostupuji do bundk. dA® a Pro-dA* jsou take metabolicky
fosforylovany an inkorporovany do DNA HeLa bungk. Objemnéjsi dA*Y a Pro-dAP*Y
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také prostupuji do bunék, ale nebylo pozorovano, Ze by byly inkorporovany do bunécné

DNA.

NH, )l NH,
T T
SN N SNT N
RO RO
o o
OH OH OH
R= H dAE dAPh dABFY
0
§_'FLM04® Pro-dAE Pro-dAP" Pro-dABFU
|
NH
o
OBn

Obrazek 14. Nukleosidy a pronukleotidy pouzité ve studii.
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4 Zavér

V této praci byla vyvinuta syntéza novych modifikovanych 2°-deoxyribonukleosid
trifosfatt, které byly inkorporovany do DNA a wvyuzity vnékolika chemicko
biologickych aplikacich.

Byla provedena syntéza “dvouhlavych® nukleosidi a nukleotidi. Synteticky ptistup
byl zalozen na vodném Sonogashirové cross-couplingu. Modifikované 2°-
deoxyribonukleosid trifosfaty byly testovany v PEXu a PCR. Zjistilo se, ze v obou
ptipadech byly dobrymi substraty pro DNA polymerdzy. Proto mohou byt dvouhlavé
nukleobaze s riiznymi linkry pouzity pro piipravu DNA s “druhou’ bazi ve velkém
zlabku. Déle byla vyvinuta metoda na testovani inhibice DNA methyltransferaz pomoci
modifikované DNA obsahujici “dvouhlavé™ nukleobaze. Pomoci této metody byly

testovany dC*¢ a dC**¢

, ale ukazalo se, ze ani jeden z téchto derivatli nevykazuje
vyznamnou inhibici testované DNA methyltransferazy M.Sssl.

Pro ptfechodné chranéni DNA proti St€peni restrikénimi endonukleazami byla
vyzkouSena série tfi 7-(trialkylsilyl)ethynyl-7-dezazaadenind. VSechny tfi 7-
(trialkylsilyl)ethynyl-7-dezaza-2‘-deoxyadenosin  trifosfaty = byly  syntetizovany
Sonogashirovym cross-couplingem a byla vyzkouSena jejich inkorporace do DNA
pomoci PEXu a PCR. V PEX reakci byly viechny dAX"TP dobrymi substraty. Zatimco
v PCR (triisoprolysilyl)ethynylovd modifikace byla pravdépodobné pfili§ objemna a
tento derivat nebyl v této reakci vhodnym substratem pro polymerazu. Nasledné bylo
vyzkouSena zda jednotlivé trialkylsilylové derivaty chrani DNA proti $tépeni RE. Bylo
zjiSténo, Ze trimethylsilylovy derivat pouze caste€né inhiboval Stépici reakci Rsal a
Kpnl, zatimco triethylsilylovy a triisopropylsilylovy derivat Sté€pici reakci vSech
zkouseny RE pIn€ inhibovali. Po odchranéni triisopropylsilylové skupiny
z modifikované DNA pomoci TBAF, trimethylsilylové a triethylsilylové skupiny
z modifikované DNA pomoci vodného roztoku amoniaku byly vSechny vysledné
ethynyl-modifikované DNA opét Stépeny vSemi testovanymi RE. Popsané experimenty
ukazuji, Ze (triethylsilyl)ethynyl-modifikovany 7-deaza-2‘-deoxyadenosin je vhodny
pro pifechodné chranéni DNA proti Sté€peni restrikénimi endonukledzami. Tato metoda
poprvé vyuziva chranici skupiny tradi€né pouZivané v organické syntéze pro regulaci

biochemickych reakci.
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Metoda piechodného chranéni DNA, proti Stépeni RE, byla nasledné aplikovana pti
klonovani a expresi proteinu. V této praci popsand metoda je alternativou k ostatnim
metodam pro klonovani gentl, které obsahuji vice restrikCnich mist pro jednu RE, ktera
se zaroven pouziva pii manipulaci s timto genem. Hlavni pfinos prace spociva, v pouziti
modifikovanych nukleobdzi, pro bioorthogondlni chranéni DNA proti interakcim
s proteiny a regulaci biochemickcyh reakei.

Kompetitivni inkorporace modifikovanych dNTP v ptitomnosti jejich p¥irozenych
protéjSkit DNA polymerazami byly studovany jen velmi malo, a bylo ptfedjimano, ze
modifikované dN*TP jsou horsimy substraty pro DNA polymerdzy neZ piirozené
dNTP. Nejprve byla vyvinuta metoda pro analyzu kompetitivnich inkorporaci zalozena
na RE. Nasledni systematicka studie kompetitivni inkorporaci dN*TP a dC*TP
v PEXu ukézala, Ze vétsina 7-aryl dAXTP je lepsim substratem pro DNA polymerasu
nez dATP, zatimco vétsina dC¥TP je hor§im substratem nez dCTP. Nésledna studie
kinetik a semi-empirické vypocty ukdzaly, Ze tato vysoka efektivita inkorporace je dana
nejspiSe narustem m-m stackingu arylové modifikace k aktivnimu mistu DNA
polymerazy s primerem a templatem. Tyto vyznamné poznatky mohou byt vyuZity pii
navrhu novych modifikovanych nukleosidii a nukleotidii pro aplikace v chemické

biologii, naptiklad pro metabolické znaceni DNA in vivo.
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