CHAPTER III

RESULTS AND DICUSSION

The structure of the ssACPC-PNA ) was designed based on a modification
» : bone with proline and (1S,25)-2-
aminocyclopentanecarboxyli€.a d-(Fi inary experiments suggested

that this PNA system contaimmng al " pecifically to complementary

DNA. As a result, the Pl / m
s /ﬂé jix\\

cleobases was the selected
primary target for the ies study, mainly by UV-

visible and circular dichroi
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Figure 3.2 Retrosynthetic analysis for synthesis ssACPC-PNA (12)

From retrosynthetic analysis (Figure 3.2), the structure of PNA (12) may be
separate into two parts, namely the pyrrolidinyl monomer and the ACPC B-amino acid
spacer. Synthesis of both types of monomers and their assembling via Solid Phase
Peptide Synthesis (SPPS) will be discussed in the next sections.
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3.1 Synthesis of pyrolidine monomers
3.1.1 Synthesis of intermediates
The Boc-protected monomers 20, 22, 23 and 24 which had been reported by

Vilaivan et al.[41] (Figure 3.3) were the starting points for the synthesis of the

pyrrolidine monomers.
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Base : ABZ

ﬂUEl’JVIEW]‘iWEI’]ﬂ‘i G

Condition: i. A&O, heat 90 °C 16 h ii. 2 M HC], reﬂux 5 h; iii. ropylene oxide ,

RN LS o W) AL B onon

BZT, PhsP, DIAD, THF, 8 h; x. a) N*-IbuG(ONpe), PhsP, DIAD, dioxane, 8 h; b)
DBU, pyridine 2 h; xi. N°-BzA or N*-BzC, K,COs, DMF, heat 90°C 5 h.

Figure 3.3 A synthetic scheme for the intermediate proline derivative of thymine (20),

adenine (22), cytosine (23) and guanine (24) according to Vilaivan et al.
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The literature method was adopted essentially without modification. The
identity of each compound was ascertained by comparison of NMR spectra with
reference materials previously prepared in this laboratory. The commercially available
frans-4-hydroxy-L-proline was used as the starting material for all pyrrolidine
monomers. This was epimerized at the a-position using acetic anhydride followed by
hydrolysis to get cis-4-hydroxy-D-proline. However, the conversion was not complete
and the product was obtained as a 2:1 ratio mixture of epimers (cis-D:trans-L). The

cis-D-product was obtained pure b allization. The '"H NMR spectra of the
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Figure 3.4 Comparison of 'H NMR spectra (D,0, 400 MHz) between (a) trans-4-
hydroxy-L-proline and (b) cis-4-hydroxy-D-proline
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The mechanism of epimerization from frans-L to cis-D via a mixed anhydride

was shown in Figure 3.5.

g i
o ] S
o 0,0H O/KO,OH
HoN
oN HoN
Ac0 H*/H,0

Figure 3.5 Epimerization OXY-L-p _ to cis-4-hydroxy-D-proline

After the cis-4-hf )-pI ne as obtained; the highly nucleophilic sites
‘ = ‘ temporary protecting groups
in order to avoid the undesizéd Jeaction in quent steps. The zerz-butoxycarbonyl
(Boc) group and dlphenylmeth ?5%"{ Jpo, ere chosen as the protecting groups

for the amino and| _CRr oroups ___- der to provide a stable

intermediate for the v tion of cis-4-hydroxy-D-

30C;0) in aqmous sodium hydroxide/zert-
butanol gave the sodiunt’ salt of the desired compound, carbon dioxide and zert-

wtanc 35 by PR SHTLB) M S WS AR Srroryesbomcre s

hydroxy-D-prohm (15) was confirmed by 'H N]\E, which shows two sharp smglet

Q700 ) GFYEEH R DI e B o

in equilibfium and give rise to two different sets of signals for protons in each of

proline (14) and di-tergutyl dicarbonz

them. This phenomenon is common for tertiary amides, which exhibit two rotameric
forms due to resonance (Figure 3.7a). The partial double bond character of the C-N
bonds gives rise to a high rotational barrier (in the order of 75-90 kJ/mol) for
interconversion between the cis- and frans- amide bond (Figure 3.7b).[64] This
restricted rotation resulted in a slow rotation on the NMR time scale at room

temperature so that two sets of peaks due to each rotamer were observed.
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Figure 3.6 Mechanism of N-fert-butoxycarbonylation of cis-4-hydroxy-D-
proline to give (15).

(2)

(b)

Figure 3.7 (a) The ; -."&" ricted rotation of

around C- ]\ﬁon me. 3' ]
i !

For pr m ﬂpﬂr yl (Dpm) protecting
group was usedumce gjls compaﬁe with the Boc group and resistant to acid and
basic ¢ ﬁ tﬁ y with the Boc
group a mam m mﬁ ﬂ Em ﬂhne Boc/Dpm
intermediate (17) was synthesized from N-fert-butoxycarbonyl-cis-4-hydroxy-D-

proline (15) by treatment with freshly prepared diphenyldiazomethane (16) as shown
Figure 3.8
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Boc/ Boc/ Boc/
(15) (7)

Figure 3.8 The
diphe

carbonyl group by

In order to introd ; L - 0o € prelinering at the C-4 position with
the configuration cis- iV 1 ofthe configuration at the 4-OH group was
necessary. In case of i » ed cis-D-proline was first
converted into the corres itsunobu reaction using formic
acid as nucleophile follow - drolys giveé N-tert-butoxycarbonyl-trans-4-
hydroxy-D-proline diphenyl c-;‘i‘_i : : igure 3.9). The structure of
compound (19) was e onfirmed by :__:—:__—————‘;3 tion with the nucleobase

e 4

was carried out by N o‘%ﬂa‘ ymine as nucleophile to
give N-tert-butoxycar_ yl-cis-4-(N"-benzoylthymin-1- "" -D-proline diphenylmethyl

ester (20) with inv rsion ofthe C- center s same reaction using N*-
isobutyryl-06-(ﬁiuﬂ@hﬁ-ﬂﬁ{ﬁlﬁjﬁiiple give  N-fert-
butyloxycarbony?’-cis—4-(N2-isobutylguanin-9—y1)-&proline diphemylmethyl ester (24)
~ after reai\w gq ﬂ ﬁtﬂ@myu%ﬂﬁaww&}a anﬂund was not
synthesiz8d in this study but was a generous gift from Miss Patcharee

Ngamwiriyawong.
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Figure 3.9 Mitsunobtl r Of Nirert-butoss arbonyl-cis-4-hydroxy-D-proline
\‘ ert-butoxycarbonyl-trans-4-
\ 8)iand its hydrolysis to N-zert-
8. 1phenylmethyl ester (19)
For the A and C mo meg “the MitSlinobu reactions using N°-benzoyladenine

(BzA) and N'*- benzoylcytosme sported to be unsuccessful [42]. These
two compounds must,be p &d through : osylate which was prepared by
Mitsunobu reaction! ;,,,?;,—————--—-*—" meth :"f ) as the nucleophile. The
tosylate was then re 0 cause a displacement via Sn2
reaction. The reactions .were successful for both protected adenine and cytosine

(Figure 3. lo)ﬂhwﬂtq ZI) w@Wﬁ:ﬁi ﬂ)?nd protected cytosine

(23) monomersgwere confirm y companson he NMR spectra with reference

) NS TMAngna e
meo/k@'OH MeOTs, PhsP meO’k@»\OTS Base/K,CO; meo/k@/Base

Boc DIAD,THF Boc DMF Boc’

(17) (21) Base = ABZ(22)
= CcB (23)

Figure 3.10 Introduction of nucleobases into proline ring via tosylation and Sy2

displacement when the nucleobases were adenine and cytosine.



58

3.1.2 Synthesis of activated PNA monomers

In the solid phase synthesis of oligo-PNA containing all four nucleobases, the
activated PNA monomers have to be prepared. Previous experiences in this group
suggested that Fmoc chemistry had a number of advantages over Boc chemistry [42].
This is mainly due to the mild conditions for the deprotection N-Fmoc group (20 %
piperidine) which results in a simpler design of equipment that is capable of handing
small-scale synthesis (50 pmol or less

To obtain the Fmoc-protect: : the Boc-protecting group must be
replaced by a fluorenylmetho> / yup. To deprotect the Boc group
and diphenylmethyl (Dpmy) gster-group of thesterme diate proline compounds (20,

0 Btic. 2 id (TFA) in the presence of
In m of TFA salts (Figure 3.11).
The role of anisole \-~ o¢ or the highly electrophilic
diphenylmethyl cation’
crude TFA salts were u$ \

condition, the benzoyl proteg ngjﬁnp -be Ithymine compound (20) was

also cleaved by TFA as show it Kigure o ever, the presence of unprotected

‘ n . ¢ diphenylmethyl group. The
er purification. Under this

thymine was shown to have no o

e A

equent coupling steps [64] because
the nucleophilicity of thyt

ymine N° was not high due to thefresonance shown in Figure
— o
3.12. Vi, )

ﬂummmwmm
QW’]MﬂiﬂJ AN Y
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Figure 3.11 Mechanisth foddeprotection of Boe/Dpmiprotecting group in the

presence of
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Figure 3.12 Deprotection benzoyl protecting group of N-fert-butoxycarbonyl-cis-
4-(N? -benzoylthymin-1-yl)-D-proline diphenylmethyl ester (20)
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In the next step, the amino group was protected with Fmoc by reacting with 9-
fluorenyl succinimidyl carbonate (FmocOSu) under basic conditions (Figure 3.13).
The FmocOSu was used instead of FmocCl because FmocCl was too reactive and
may cause undesirable reactions such as dipeptide formation [65]. Furthermore,
FmocOSu was also more soluble and more stable in aqueous-organic solvents than
FmocCl. In all cases, the Fmoc protection took place smoothly at room temperature.

The Fmoc amino acids were easily isolated by first extraction of the reaction mixture

aqueous HCI. The Fmoc-acids ‘ | ‘ precipitated as white solid
which were collected by “filisation an : jer vacuum. The yield of each
compound is reportedy | ,

BN oe
\ N H,0 + CO, + CFsCO,Na

Figure 3.13 Mechanism for the protection of N atom with Fmoc group.



61

Table 3.1 Fmoc protection of PNA monomers

i i) TFA/anisol i 2
1 anisole Base
meOJHN/_j’Base ii) FmocOSu, NaHCOa(aq)IMeCN¢ HO)K@’
Boc” Fmoc”
Starting material Base' | Product Base® %oyield
20 T> T 76
22 ‘ A™ 82
23 c™* 76
24 49
"H NMR spectraof (255 27,429 ani 1) show:twae sets of signals due to protons
and carbons on the proligé ride gnjappr Ximate atio as shown in Figure 3.15.
For example, the 'H NMR etrumm )t N-fli --’yhnethoxycarbonyl)-cxs-4—

(thymin-1-yl)-D-proline ant signals: 2.33 and 2.39
(1xCH, 3"), 2.97 (1xCH; %), I. id 3. _' »5'),3.95 and 4.04 (1xCH; 5'), 4.68
and 4.76 (CH 2'), 5.22 and §. : ). This can be explained by the
formation of two rotamers d -_,_:;.ggui;:a \,4_,_' : n of the Fmoc group as discussed

previously for the corrgsp ) (Figure 3.14).

Figure 3.14 Rotamer of the Fmoc free acids (25, 27, 29 and 31)
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225 200 175 150 125 100 75 50 25

Figure 3.15 (a) 'H NMR spectrum (400 MHz, DMSO-ds) and (b) *C NMR spectrum
(100  MHz, DMSO-ds) of (N-fluoren-9-ylmethoxycarbonyl)-cis-4-
(thymin-1-yl)-D-proline (25).



63

3C NMR chemical shifts of the Fmoc-protected monomers (25, 27,29 and 31)
were assigned as shown in Table 3.2. The values are fully consistent with the

expected structures, indicating that the reactions were successful.

Table 3.2 "*C NMR of Fmoc-protected monomers (25, 27, 29 and 31)

(9] (@]
HaC o NvfﬁLNH 0
ik S
L | H
25 31
Position SHe pm
31
2 15t ) 149.1
4 1647, ZF 155.3
5 109.5+409.6 1966+ 120.5
6 P L 148.2
2 N QA A Ao 3.4 380 T L g N b8 582
3 a N ‘ 134.8,35.6
T Y57 52.4, 53.0 55.5, 56.1 52.1,52.9
5 48.8,49.4 50.0, 50.5 492,498 50.5, 51.1
CH, 126 - - 19.3
CH(CH3), - - ) 35.1
Benzoyl C - 132.9 133.1 -
Benzoyl CH | - 1262, 1276, | 1282, 1288, |-
133.8 133.6
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Chemical shifts (ppm)
Position
25 27 29 31

Benzoyl CO - 166.0 167.9 -
Ibu CO - - - 180.6
Fmoc CH 47.1 47.1 47.1 47.0
Fmoc CH, 67.4,67.7 67.5,67.8 67.4,67.7 67.4,67.7
Fmoc Ar CH | 1206, 1256, |120.6, 125.8,]120.6, 125.7,|120.2, 1258,

127.7,128.2 127.6,128.9 | 127.6,128.1
Fmoc Ar C 1412, 1441500 141.1,1442 | 141.0,144.1
Fmoc CO 1544  — w154.4 154.4
Proline CO 173.1 SwdZd.2, 173.8 | 173.0,173.6

’ A

The purity of comapo s ere confirmed by reverse phase
HPLC using the acetonitrile-waté
The HPLC chromatogfa

Figure 3.16. In all cases®on 1011 ' $ of

A2 escribed in section 3.3.2 (ix).

27,29 and 31) were shown in

ained indicating the purity of

9
U

AUEINENIneng
RIAINTUNM NN Y
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_____ MJ\\._M .
S P
31
Figure 3.16 HPLC chromatog the co: \ nds (25, 27, 29 and 31) Condition:
C-18 coll 3 1fpatticlel size 4.6 'x 50 mm; gradient system of 0.01%

in 25 min; hold time 5 min; flow

rate 0.5 mL/min,

Faidisis 2

Since these compounds:ateinew. / ity of the compounds were further

confirmed by High B i- oo S50 ymetry (HR :; analysis (Table 3.3). In
v, )

all case the observed*mas ththe expected values (errors

i :
5 ppm) J ’

Table 3.3 Hkﬁji %1&?%3 %W‘%:wm m 31).
RINNIWPURIINYAE

Compound | Base Formula M-H (found) | M-H'(caled.)
25 T C,5sH2306N3 462.1656 462.1666
27 AP C3H2605N6 575.2041 575.2043
29 c* C31H2606N4 551.1938 551.1910
31 G™ C20H2306N6 557.2149 557.2149
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The characterization by 'H, *C NMR together with reverse phase HPLC and
HRMS analysis suggested that the compounds (25, 27, 29 and 31) were successfully
obtained in good purity suitable for the next steps.

Condensation reaction between a carboxylic acid and an amine to form amide
bond requires activation of the carbonyl group. Although several activation methods
are available, the pentafluorophenyl (Pfp) ester was selected as the method of choice
due to the excellent ability of the Pfp group to act as a leaving group [66].

Furthermore, Pfp esters are usually, ste stalline solid which allow convenient

ole (HOBt) or its derivatives [67].
nding Pfp esters by reaction
with  pentafluoropheng » thylaminopropyl)-N'-ethyl-
carbodiimide hydrochlggile F 1CH) in', hlorc ane. This method is very

erefore it is preferred over the

literature report [64] 7 u\ 1 PIpOTfa/DIEA. The reactions
were usually completed™wi N, emf rw-\ re according to TLC analysis.
The products were purifiéd By flask colt i ch om ato graphy. The chromatography

must be performed quickly £0 ave on of the product on the column. In

all cases the T, A, C and G —%"f»’fr%' 7x 0 and 3) were obtained as white
solid which may be storéd in a freezer for at least a few 1 ..,J‘ s (Table 3.4).

Table 3.4 Activation omhe Fmoc amino acids by forma(mn of Pfp esters

AU T Ay -

Fmoc g Fmoc”
A WI1ANN 3N 1N1INYIAY
| TFree acid Pfp ester
derivative Base derivative %yield
25 T 26 85
27 A 28 81
29 c™ 30 76
31 G™ 32 66
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'H NMR spectra of the free acids and Pfp esters were quite similar. However,
the major difference between polarity of the free acid and Pfp ester derivatives were
easily identified by TLC. For example, The Pfp ester derivative (26) has Ry = 0.43
(60% ethyl acetate:hexane) while the free acid (25) has Ry = 0 under the same
condition. In case of *C NMR spectra of Pfp esters, most of the peaks of Pfp ester
were similar to the free acids. However, the Pfp esters showed additional peaks

characteristic to Pfp CF. For example Fmoc-amino-cis-4-T-D-proline

pentafluorophenyl ester (26) showed a, gharacteristic pack of Pfp CF at 136.6-142.2
ppm. These peaks were not we iu€ to extensive BC-®F couplings. In
addition, the ">C CO peak €lyshified upfield by 5-6 ppm upon the
formation of the Pfp ester ol Pfp ester (26) and the free

@) r/ 9 N\M
. AN
N

\

v

N
i
a

Proline CO m

UHAINYNTNY!

| P

1%0 i 150 40 30 120 1w

Figure 3.17 Comparison of BC NMR spectra between (a) (N-fluoren-9-
ylmethoxycarbonyl)-cis-4-(thymin-1-yl)-D-proline (25) and (b) (V-
fluoren-9-ylmethoxycarbonyl)-cis-4-(thymin-1-yl)-D-proline
pentafluorophenyl ester (26)
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The mechanism for the Pfp-ester formation is demonstrated in Figure 3.18.

Figure 3.18 Reaction mec

Due to the sensitivi K:" csters, the HPLC analysis under
reverse-phase condition er, according to the NMR and
TLC analysis the ;_77@_ -------- pure for the solid phase
reactions. The success ¢ y HRMS analysis (Table

3.5)

e NN NS
quﬁﬁﬂﬁoﬁ\ﬂjﬁﬂﬂmﬁﬂ

l
-

Fmoc”
Compound | Base Formula M-H (found) | M-H(calcd.)
26 T C31H2306N3Fs 628.1505 628.1508
28 A™* C38H2605NgFs 748.1898 748.1885
30 == C37H2606N4Fs 717.1758 717.1773
32 G™ C3sHa506N6Fs 723.2001 723.1991
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The Pfp ester derivatives (26, 28, 30 and 32) were used as monomers in

oligomerization which will be described in the next section.

3.1.3 Synthesis of ACPC spacer

Synthesis of the B-amino acid spacer (ssACPC) is previously reported by
Gellman [63]. Ethyl cyclopentanone-2-carboxylate (33) was reacted with 8)-(-)-a-

methybenzylamine in the presence | acial acetic acid to give an enamine
A ctively reduced with sodium
ester (34) along with other
» omatography. The correct
isomer was identified ot NMR _speetium with that reported by
Gellman. At the endf 2S) 2-[(1'S)-phenylethyl]-

aminocyclopentane carb

33 ] V— ] 34

Figure 3.19 Synthes@ of ethyl (18,25)-2-[(1'S)-phenylethyl]- -aminocyclopentane

Wﬁﬁﬁﬂﬂwswawnﬁ
T v Ry (oKL ple) A Ay e

the amino a01d as hydrochloride salt (36) in 64 % yield from (34). Protection of the
amino group with FmocOSu was accomplished in the same way as described for
protection of the activated PNA monomers. This resulted in the free acid (37)in 63 %
yield (Figure 3.20).
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@A';“H 0 e o
10% Pd-C, H, 5% HCI
MeOH reflux 2 hr

34 35

Cl r;1H3 o FmocNH

36 37
Figure 3.20 Synthesis o i iOpentangicarboxylic acid (37)

The 'H NMR v SO nd\(37)sho% ed the following important
signals: 4.26 ppm (Fmo 4B b rreEn ac >34 ppm (Fmoc Ar CH), 7.42
ppm (Fmoc Ar CH), ' | pm (Fmoc Ar CH) which is
in good agreement with'the ditefe ureye ‘ structure was further confirmed

by comparison of 'H ‘ pecific rotation value ([a]p +36.4,
¢ = 1.0 in MeOH) with thé" val; "E:.;. : erature ([a]p +36.3, ¢ = 1.21 in
MeOH). /78

The Fmoc '--;;;;;;;:_—;;—.'.a:_;:g;;;;;;‘.:;;;;;:;;:.: “and EDC HCI as decribed

previously for the P v.l -f? ]ete within 1 h according

to TLC analysis. ‘ product was again quickly® unﬁed by flash column
chromatograph ;Ej %fm column. The product
(38) was obtax /ﬁoﬁﬁ%n soli Ej“;]flﬁ) The identity of the
product was con 1rmed by 'H, °C afd elementaleanalysis which @se fully consistent

thhth&ﬁ?ﬁaﬂrﬂﬁu dR1INENE

FmocNH FmocNH
- 0 PfpOH, EDC.HCI O
O on CH,Cly m (o
37 38

Figure 3.21 Synthesis of (15,25)-2-(V-fluoren-9-ylmethoxycarbonyl)-amino

cyclopentane pentafluorophenyl ester (38)
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3.2  Solid phase synthesis of ssACPC-PNA (12)
3.2.1 Solid phase synthesis of ssSACPC-PNA (12) under standard conditions

Solid Phase Peptide Synthesis (SPPS) was introduced by Merrifield in 1963 [68].
The technique involves growing of a peptide chain from amino acid building blocks
on a heterogeneous solid support such as polystyrene resin. The entire process occurs

in the same reaction vessel. The reaction inyolves simple washing and filtration steps

material) and higher-purityspeptides. otiC_peptides are usually produced in a

stepwise fashion startin nus N (amino) terminus through a

\\- s OI"ENA
\ '\\ mide (RAM) linker (Figure
3.22), which is more acid dabile fhan MB S 0K Wang linker, was used. The

series of coupling cycle

was carried out in pipette

peptide-linker bonds ar A to provide peptide amides.
The RAM linker is stab i e, Hthis th tefore compatible with the Fmoc
e amino linker of RAM resin allows
easy coupling with active ;:”E'giy Bonds, therefore giving higher loading

efficiency compared,i@irésins containing hvdroxvl linker" ‘ as Wang resin.
v

i
SNHINT

N—Fmoc
L7y

eI e

Figure 3.22 TentaGel S RAM Fmoc resin
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The TentaGel resin containing a polystyrene matrix with a PEG modifier was
chosen as the support for PNA synthesis because it is swellable in many solvents,
especially in dimethylformamide (DMF) which is the only solvent used for Fmoc-
SPPS in this study. The swelling property of the solid support will determine how the
reactant can access reactive sites on the solid support which has a direct consequence
on the synthesis efficiency.

Synthesis of PNA (12) consists of three important steps. These include i)

depotection step, the Fmoc group pgotgeted amino was removing by using 20%

piperidine in DMF to give freg a | pg step, the monomer or spacer was
alternately coupled until t@ugiVi iréd=SEquence. 1ii) capping step, the resin-
bound amino group that hag wwcoupled was capped by an acetyl

\\4
\

he literature [60]. The details of

group for stopping incog he synthesis cycle of SPPS

originally used in this sg

which is shown in Figurg

ﬂ‘UEI’WIEJ‘VIiWEﬂﬂ‘i
QW]Nﬂ‘imﬂmﬂﬂﬂ’]ﬂﬁl
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Tenta Gel S-RAM Fmoc resin
(solid support)

deprotection
20% piperidine in DMF x 1 (15 min)

washing
DMF x 3

4 equiv PN#¢ /HOA(

ﬂUEl’JWﬂWI?WEJ’]ﬂ‘i
] mmmém pebnil

washmg
DMF x 3

10 cycles

Figure 3.23 The original standard protocol for solid phase synthesis of PNA (12¢)
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First of all, the resin was swollen in anhydrous DMF. In the next step, the
deprotection was carried out by treatment of the resin with 20% piperidine in DMF
for 15 min in order to remove the terminal Fmoc protecting group. The deprotected
Fmoc group was released from the resin-bond peptide as the piperidine-
dibenzofulvene adduct by an E,CB-type mechanism via the stabilized

dibenzocyclopentadienyl anion as shown in Figure 3.24

Y
on o 0C prote@ag group from resin bound

Figure 3.24 Mechanisnm'or deprote
peptide ¢ 4, o/
AU INYNTNYING

It has bem suggested that intgoducing a l)&ir}e at C-termirw of peptide chain
could sérye ;ﬂvﬁ &ﬁ%aﬁlﬂﬂ ﬁ%)% %}ﬁ}iﬂtﬁe repulsion of
the positiqjyﬂcharged side chain [7,69]. It also increased the solubility of the peptide
in aqueous medium therefore we chose to follow the same practice. After the first
deprotection, the resin was then anchored with Fmoc-Lys(Boc)-OPfp as the first
amino acid residue in the presence of 1-hydroxy-7-azabenzotriazole (HOALt) as an
auxiliary nucleophile or “activator”. The role of the activator was to increase the
reactivity of the Pfp ester by a transient formation of the highly reactive HOAt ester
(Figure 3.25). It has been reported that HOAt is more reactive and provide less
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racemization than HOBt and is now being the most popular additive for peptide

coupling reactions [66].

NHFmoc

NHBoc

fa s ~
AUBIMBNINEINT
Figure 3.25 Me&amsm for couplingyof anchoring.yia HOAt

AN IUNAINGIAY

Bécause of the heterogeneous nature of SPPS, the reaction would not be

completed simply with 1:1 stoichiometric proportion of reactant and would require a
very long reaction time. As a result, in order to enhance the coupling efficiency within
a reasonable time scale, excess and high concentration (2-10 equivalents) of the
coupling reagents were generally used. Next, depotection Fmoc group was alternately
coupling between activated PNA monomer (26, 28, 30 and 32) and the activated
spacer (38). Extensive washing with DMF was performed after each step. The
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coupling efficiency was monitored by measurement of the amounts of
dibenzofulvene-piperidine adduct released upon deprotection at 264 nm.

The synthesis cycle was repeated united the growing peptide chain was
extended up to S-mer (10 cycles). The coupling efficiency in each step was calculated

from UV-absorption and a typical example is shown in Table 3.6.

Table 3.6 UV-absorption data and percent coupling efficiency in the synthesis of Ts

PNA (12¢) “ ' ,

Cycle ' %efficiency
No. / : —
1 /1) 100.0
2 / 97.1
3 : : | 97.6
4 off . 930
5 i ) 99.9
6 3 AMae A 75 97.7
7 s ) 100.1
g BT 959
9 : 105.4
10 95.9
11 Xs 0.696 95.2
1| 1 F% : 9.5
coup iciency/step qT

A M‘ﬁ SHlAM0ANENAEL

After addition of the final residue was completed, the N-terminal Fmoc
group was removed by 20 % piperidine in DMF. Then, end-capping with Ac,O/DIEA
at the N-terminus was performed to prevent intramolecular cyclization follow in
degradation initiated by the free amino group at N-terminus during subsequent
treatments and long-term storage. For A, C and G-containing sequences, the

nucleobase protecting groups (benzoyl and isobutyryl) were removed by treatment
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with 1:1 ammonia/dioxane at 55 °C for 6 h prior to the cleavage from the resin [60].
The PNA was released from the resin by treatment with 95 % trifluoroacetic acid to
give the peptide amide. The mechanism of which is shown in Figure 3.26. The acid-
labile Boc group at the side chain of lysine was also simultaneously cleaved by the
action of TFA.

o
e L wit
|I:I;JJ\TQ / H
O OCHj O OCHj
o HsCQ
CHs
Figure 3.26 Mecha : ’ ‘in TFA
In case of bases es, conta and T), the average coupling

yields were approximately Ve 95.%

hich was generall .u»-:a«""-
above which was gen opis ’;1, .
However, with sequefice Jercent £tficiency for next coupling
AW 80 %. In such cases,

purification was difﬂc;ﬂ to achieve by HPLC. Therefore, for G-containing sequences,

the standard protocol described

synthesis in this research group.

steps of nucleobases €0

there need to be an optimiZation study to impreve the coupling efficiency for this step,

ora :evelopmﬂh %d%}??}%%g.w (&llﬂ;ﬂgﬁe coupling conditions
ARIAINITUURIINYIAY

3.2.2 Optimization of coupling step for G-containing sequences

A simple dimeric PNA Ac-TG-LysNH, was used as a model for study of
optimizing the efficiency of the coupling step. The coupling condition was optimized

by varying the coupling reagents and additives as shown in Table 3.7
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Table 3.7 Optimization of the coupling step

%Efficiency
monomer | Coupling method
X-T T-X X—G | G—Lysine

Pfp ester | HOAt/DIEA 99 85 100 92
Pfp ester | HOAt/DIEA/LiCl 98 87 o8 96
Free acid | HOAt/DIC 100 85 95 100
Free acid | HOAt/DIC/DMAP 100 84 98 95
Freeacid | HATU/DIEA NN N/, 72 100 94

Condition: Coupling step was eq coupling reagent in 30 uL. DMF;

capping step was used 10 %

Additives such [ ¢ [base Inorga alts were shown to have
beneficial effects to the f‘ ‘ ' ses. In one experiment, DIEA
was selected as org : ;;d HTOLO " ) droxyl group of HOAt or
quaternary nitrogen in e on,d(:_}h‘ xperi ent, LiCl was added as a
hydrogen bond destroyin agent. It,&g "h atin some cases [70], the reason

for low efficiency of peptie /eoUpling s to"the presence of intramolecular

hydrogen bonding of the gro : ;;j.__ i 0 form stable secondary structures.
LiCl was reported to.destroy these bonds by coordinating Avith the potential hydrogen

bond donor. This willfre ' » A e

o react with the reagents
better than when it is mded. However no 1mprovemenﬂr

om the previous condition
was observed for couplifigenf free acid defiwatives, an activator in addition to the

son iy b dTHITED DL VT S comin i

Diisopropyl cartﬂdumlde (DIC) in the presence of HOAt or O-(7gazabenzotriazol-1-
R ARGV B e o
DIEA wéte selected as the potential activators. HATU was been widely used as a
coupling reagent for coupling reaction of free carboxylic acid monomer and
particularly for PNA synthesis [71-72]. Double coupling and increasing coupling time
was preformed to ensure that the coupling efficiency was as high as possible were
attempted. However, for coupling T monomer was to the spacer on G, the efficiency
still dropped to ~80% regardless of the coupling conditions. However, comparably
good efficiency (>95 %) were obtained for other couplings for all coupling conditions

tested. In the light of these results, we chose to use the previous condition for
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coupling (Pfp/HOAL) and moved to develop a purification step instead. This will be

described in the next section.
3.2.3 Development of purification step

In SPPS, even after coupling with excess reagent, the coupling efficiency was
not always approaching 100%. Some of the residual free amino groups on the resin

have not been coupled and was still reagtive enough to react with the monomer in the

next coupling cycle. This situation \’X hercfoue resulted in skipping of one coupling
cycle which brought about sSing of a rep&t in peptide chain. In fact, this

might happen more than_onee"and ‘might_Ofcur.an awhere in peptide chain. The

\‘
]
DAUC

resulting incomplete pepi \ \ neated sequence” or “deletion
¢ . Eurthermore, these truncated

7 f*":v \\ \

peptides generally posée igdilar polar J I \ ed peptides product which led

sequences” and would

to difficulty in purificati€ With 'a ‘reaetive reagent such as acetic
anhydride/DIEA can reducg

",v

(e . f 2110
el ‘ .
s gggﬂ gure 3.27). Nevertheless, separation of

,of deletion’ sequences by stopping the
incomplete peptide chai
the acetylated incomplete peptide £ m. the leté peptide are still not trivial. The

alternative approach for synthi TIXEX PNA was to develop a method for

purification of the sueeessful seque : _____—____»_ sequences produced by
solid phase peptide { ROk , this should be possible
by separation using a ". oprobic capping reagent to attach a hydrophobic tag to the
incomplete seqlﬁ\ces d | e capping steps. _ ‘
TEBTINeINT

Y

AN TUNNINGA Y
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HZN"LL, NH» FmocHN-T-HN—; NH-T-NHFmoc
couplin cappi
Ac,O/DIEA
HoN —NH, FmocHN-T-HN —NH, 0z
AcHN-T-HN—; NH-T-NHAc H2N-T-HN-z,L' NH-T-NH,
AcHN-T-HN —NHAc  deprotection  HoN-T-HN —NHAc furthe.r oycles
— —
AcHN-T-HN —NHAc HoN-T-HN

—NHAc n step
ACHN-T(< n)-HN— o ‘ ‘
AcHN-T,,—HNiQ: H—T;—OH +  ACNH=T(<ny~ OH
ACHN-T-HN ‘ te PNA incomplete PNA
Figure 3.27 Capping o/ i

In 2004, Kum,

cag .‘\ ong chain fluorous for capping
re \ mp \ ified by filration through

fluorous silica gel to remgVe ghe rouse Agge ‘ C 7plete peptide. However, the
not

deletion sequence [73]
capping reagent described j ‘eommonly available and require

highly expensive fluorous silica; =

£7k7)1 7/

concept more practical, inexpensive
hydrophobic capping;, re : arboxylic acid chlorides or
anhydrides were y,’————_ggr te peptides after tagging
with the hydrophobic ﬂ)up : op olm than the complete peptide

and could be easily separ%;ed by chromatography

After ﬂlnaE Wjﬂ(ﬁl oride/DIEA in DMF
was the ideal :ﬂﬂﬂ’ capping reagent to change th ﬁﬂanty of incomplete PNA
chain ﬁ ﬁ tyN-terminus as
an lauraom Tﬁ:ﬁttﬁﬂiﬁﬁ’l ﬁﬁﬁi\ uﬂyeles.

The PNA sequence Ac-TGAC-LysNH; (12a) was used as a model for
studying of purification by this approach. A comparison of the crude HPLC
chromatogram with that obtained from standard Ac;O capping was shown in the
Figure 3.28
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IO T SO0 T O

ﬂuﬂﬁwﬂw ‘WS
Q‘W AT N INYEE

Figure 3.28 HPLC chromatogram of crude PNA Ac-TGAC-LysNH, (12a) (a) capped
with Ac,0 (b) capped with lauroyl chloride

Surprisingly, reverse phase HPLC analysis revealed a single peak in the
chromatogram of lauroyl chloride capped PNA while chromatogram of the reaction

capped with Ac;0 showed a number of inseparable impurities due to incomplete
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PNA. The crude PNA (12a) obtained from capping with Ac;O and with lauroyl
chloride were further characterized by MALDI-TOF mass spectrometry as shown
Figure 3.29. The crude PNA (12a) from capping with Ac;O showed a mass peak of
the complete sequence at m/z 1537.7 and the T deletion sequence at m/z 1425.6
whereas the product from capping with lauroyl chloride showed only one peak at m/z
1536.7.

u]

Intens, [o.

(@)

1

1 ) 2%

Intens, [a.u]

© 1 AuEINENINeIn
ARIAINTIUNRIINNAY

ol ) i N 15 ’ 120 ' 193 ' [ ' =X

Figure 3.29 MALDI-TOF mass spectrum of crude PNA Ac-TGAC-LysNH; (12a) (a)
capped with Ac,0 (b) capped with lauroyl chloride

We proposed that the lauroyl capped incomplete PNA were only slightly
soluble in water. Furthermore, the soluble parts were hydrophobic enough to be
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trapped on nylon the filter before HPLC analysis and purification. Therefore only
complete PNA pass through nylon filter. At first it was hoped that this will provide a
very efficient way for PNA purification without requiring HPLC. Unfortunately for
longer sequences the impurities could pass through the nylon filter for a significant
extent. Attmpts to remove these impurities by passing through a reverse phase silica
was not successful and therefore HPLC purification were usually necessary. However,
since the incomplete sequences now contain a hydrophobic tag, the retention times are

distinctly longer than the complete P saguence (which contains only acetyl cap). It

Apbed method that have been developed

/o

was thus concluded that the la \\ chlori¢
still offers an efficient solution for PNA purific vhich was not possible in case of

The mixed-b ! S o ptimized condition obtained
above. By employing ori ﬂ* w\\\ agent instead of Ac,0, the
complete PNA (12) coul tep 5e epa v ad fro -\ .‘ incomplete PNA by reverse
phase HPLC. During the Pfp/HOAt method as originally
used, but DIEA was also add l-'»r“'_ D 2 ’(r D improve the reaction rate. In the

presence of DIEA, o vér 90 % coupling ined in only 30 minutes

S ———— —— ;-3
therefore the origina V- ally decreased. The new

protocol of solid phase !! PNA was shown ini Figure 3.

ﬂuaﬂfmsmwmm
QW’]MﬂiﬂJ AN Y
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Tenta Gel S-RAM Fmoc resin
(solid support)

deprotection
20% piperidine in DMF x 1 (15 min)

washing
DMF x 3

10 equiv Fmoc-L-Lys

20% pipg

n cycles

ﬂuﬂa%%m§WUWﬂs

) ﬂ’lﬁ,ﬁﬂﬁiﬂmﬁﬂlﬂﬂ’] NE

washing
DMF x 3

Figure 3.30 The protocol for solid phase synthesis for mixed-base PNA sequence
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The new PNA synthesis and purification conditions allow straightforward

access to almost any sequences of PNA with the base length between 5-15. A

complete synthesis cycles for a 10 mer PNA can be readily performed in only a few

days (excluding purification). The coupling efficiency data of all PNA synthesized in

this work was shown in Table 3.8.

Table 3.8 Quantitative analyses showing the efficiency of a 1 umol scale peptide

synthesis

Seile Coupling
PNA * (umol) efficiency (%)
overall | average
12¢ | Ac-TTT TT- ////‘\\\\\\\ 1.0 79.5 97.9
12¢ | Ac-TTT TTT it //9&'\\\\ 1.2 96.1 99.6
12f | Ac-TTT TTT Iii &ﬂ \ 82.8 98.1
12g | Ac-TTTTATT l i w "‘\\\ 50 (splitinto | 854 98.4
12h | Ac-TTT TGT I Hj < 2 n\‘\ reactions) 77.8 97.5
12i | Ac-TTTTCTT 96.0 99.6
12d | Ac-AAA AA-Lys 1.0 (split in to 873 98.6
12k | Ac-AAA AAA AAAGLYSHEL SIS ) reactions) | 846 | 979
12j | Ac-AAA .;,__, a3 *—=—ﬁ Jit ML 99.1
121 | Ac-AAA AGA '3_' L ctions) 87.7 98.7
12m | Ac-AAAA ACA AAA- LysNHz 91.0 99.1
12n Ac-TCﬁ T~ e i "] f] ‘3 77.0 97.4
120 Ac-TCmc ALys L 2.0 (split in t:} 81.7 98.0
12p c. < A ﬂrgoTa 81.6 98.0
12q | AciTCA ALLYs 84.4 98.3
12r | Ac-GTA GAT CAC T-LysNH, 79.5 98.9
12s | Ac-AGT GAT CTA C-LysNH, 1 69.5 983
12t | Ac-CAT CTA GTG A-LysNH, 1 57.2 97.4
12u | Ac-GAC ATG ACA T-LysNH, 1 85.8 98.5
12v | Ac-TAT GTA CTA T-LysNH, 1 63.5 97.9
12w | AcLys-GCT ACG TCG C-NH;, 1 74.7 98.6
12x | AcLys-TGT ACG TCA CAA CTA-NH, 1 70.5 98.9
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The successfully synthesized PNA were purified by reverse-phase HPLC and

characterized by MALDI-TOF mass spectrometer as shown in Table 3.9.

Table 3.9 Characterization data of ACPC PNA sequences

PNA R M-H" (found) M-H"(calcd) % error
12¢ 18.81° 1848.306 1848.480 0.010
12e 19.45° 472 2513.176 0.012
12f 27.24° | 3177.472 0.007
12g 273 3186 3186.483 0.007
12h | . 3303, S 3202478 0.014
12i .3162.472 0.042
12d 24963 18934 1893.938 0.028
12k 22058° T558 6 3258.577 0.003
12j 22 * 3249.565 0.003
121 2 o ey 3274.572 0.008
12m 22974 : 3234.566 0.008
12n 1927 4 =575 3159.508 0.001
{"J":'fa.
120 8. £ 168.520 0.036
12p 84.515 0.004
12q @1 Iﬂ3144.508 0.036
12r 1 'Z';. 3555%}0 3556.669 0.020
12s . tm g Ww \ 669 0.019
12t 19.04° | 7 3556.463 '3565.669 0.020
~ A% < I #gl 0.014
12w 17.81° 3534.654 3533.653 0.028
12x 15.71° 5200.304 5205.433 0.099

Condition for reverse-phase HPLC: *C-18 column 3p particle size 4.6 x 50 mm; gradient
system of 0.01% TFA in acetonitrile/water 10:90 — 90-10 in 25 min; hold time 5 min; flow
rate 0.5 mL/min. °C-18 column 5 | particle size 4.6 x 250 mm; gradient system of 0.01% TFA
in acetonitrile/water 10:90 — 90-10 in 25 min. °C-18 column 3u particle size 4.6 x 50 mm;
gradient system of 0.01% TFA in acetonitrile/water 0:100 — 90-10 in 25 min.
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The purified PNA exhibited only one major peak in the HPLC chromatogram
(monitored at 260 nm) indicating that the products were obtained in good purity.
Typical HPLC chromatogram and MALDI-TOF mass spectrum of synthesized PNA
are shown in Figure 3.31 and Figure 3.32. In all cases the quasi-molecular ions
(M-H") were clearly observed with a molecular weight in good agreement with the

calculated values, thus confirming the identities of all PNA synthesized.

(b)

Figure 3.31 HPLC ¢ g,’_:;;;::,;;:;:;::;._.,-q-:,;;;:;::::;::;;;;...;_;-‘- d PNA GTAGATCACT
(12r) ¢ :

i
L}

O AuEAINgNIwenT
RIAINTUURINGS

Intens. (8.

3555.040

)

e . -
) 500 1000 1500 2000 2500 3000 3800 -

Figure 3.32 MALDI-TOF mass spectrum of purified PNA GTAGATCACT (12r)
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During the synthesis of many test sequences, some are still problematic
especially those containg multiple or adjacent purine bases. Synthesis and purification
of the PNA (12w) and (12x) with CG rich and long (15 bases) sequences respectively
proved to be problematic even when lauroyl chloride was used as the capping reagent.
In such cases, the lysine was omitted from the C-terminus and was included at the N-
terminus of the PNA after the synthesis was completed so that only the complete PNA
will contain lysine. The complete PNA can now separate from lauroyl capped deletion

products in the crude PNA by reversgphase HPLC due to the difference in polarity

between incomplete and complete

IR NI =
RINNIUUNIINYINY
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\ \ CGC (12w), (a) lysine attached

i" ap| ng reagent, (c) lysine attached at

agent, (b) lysine attached at the

€ as capping reagent. (d) purified PNA
obtainedyfroxn |
| Y
In summary, :'7'- ac bCen m: de for the mixed-sequence
PNA synthe51s in this st“d First of all, a e;:w capping strategy using hydrophoblc

s 3B B 5 o o

sequences. In difficult cases, movmg the lysine to the N-terminal posmon can further

B W1 N TR L) MY (201 et

synthesis and purification strategy are widely applicable to a variety of mixed base
PNA.
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3.3 Binding properties of PNA
3.3.1 Hybridization of PNA containing thymine only with DNA

The principal technique used for determining the formation and stability of
PNA-DNA hybrids in this study was a thermal denaturation or melting temperature
(7im) measurement. Two strands of nucleic acid in a duplex are held together by

hydrogen bonding and are also stabili additional hydrophobic, 7-7 and dipole-

dipole interaction between t irs. At high temperature, the DNA
denaturation). Here, the DNA
0-20%) in the UV absorption

alled, hyperchromism. It can be

duplex separates into two 'si
bases are unstracked, whi

of the nucleobase. Thi

conveniently monitoredg@t t ‘ ’ hich all four nucleobases
strongly absorb. . ) \-~ .a DNA complex at 260 nm
while slowly increasing ) ) convement mean to observe
denaturation of the co thermal depaguration experiment, the polynucleotide
absorbance typically changes slowly. ; en rapidly rises to a maximum
value (Figure 3.34). The témplératire at” 50% of all duplexes are molten is

called "melting temperature" (Z)Fhis val ides information on the stability of
the duplex structuresStable duplexes melt at a hisher mSlting temperature than less

Y ]

stable duplexes. It “fv d Process oceurs abruptly within

J . — i % )
s 1s a result of cooperativity bétWeen base-base interactions.

z:::;:::::’::ﬁﬂm zmml JTd e I
QW’mﬂﬂ‘iﬂJ umawma ¢

only 10-20 °C range.
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Figure 3.34 The ch al'thermal denaturation

experi

0.23
022 —heating
—coo|i
£ 0.21 +— —--rehe )
c
@ 0.20 -
®
® 0.19
o § = 7a
50.18- A' Ql"f’q
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10 20 30 40 50 60 70 80 90
Temperature (°C)

Figure 3.35 A typical Ty, curve obtained from heating, cooling and reheating of a
PNA-DNA hybrid (T7:dA;) at a heating and cooling rate of 1.0 °C/min

and a hold time at the end of each cycle of 10 min.
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Upon heating a 1:1 mixture of PNA (12e) with a T; sequence and its
complementary DNA (dA7), a typical sigmoidal melting curve was observed, as was
evident from the sharp increase in the absorbance at 260 nm. The melting process was
fully reversible and only little hyteresis was observed at the heating rate use (1.0
°C/min) (Figure 3.35). This indicates a fast kinetic of binding. The single-stranded
PNA or DNA showed no such melting behavior in the absence of the DNA/PNA
complementary strand. This suggests that the PNA can form a hybrid with DNA. In a
preliminary experiment, the 7;, valug | 1@ Tio PNA (12b) with d(A1o) was estimated

complex by 18-25 °C.
in Table 3.10. The cos

evdi further to 34 °C as shown
b) [75] with the same T

Table 3.10 7, of T;o (12 ith Sifighes, joublé, mismatched DNA. Condition:

Bl
ratio of PNA: P VI, 10 mM, sodium phosphate

% hyperchromicity

1b d(A4GAs) 59 26 -
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The percentage hyperchromicity was also decreased when mismatches were
introduced into the DNA strand indicating the reduction of base-base stacking in the
resulting hybrid. Circular dichroism spectroscopy (CD) which is a powerful technique
used to establish the interaction of nucleic acids [76] was also used for studying the
interaction of PNA and DNA. If hybridization with DNA occurs, an induced CD
signal should be observed especially where the nucleobase chromosphores absorb, i.e.

250-280 nm, due to the bases becoming re-oriented as they from the stack.[77] The

1:1 mixture of Ty (12b) with d(Ajg d a significantly different CD spectrum
from the calculated sum of the . CD \ Vit individual components. This clearly
indicates the conformationaisehafige ir DNA hybridization.

| —

All the synthesizg we ysiiigat the C-terminus to prevent
sholm and co-worker.[75 ] The
presence of an additig p6sifiyely Che sed hydrophiilic side chain should also

ases, PNAs containing lysine at

7 Fagi \ ,\\‘«\ ion (Section 3.33). It is

0Si N of lysine at C-terminus and N-

the N-terminus were sy

therefore necessary to i

v il

terminus on 7p,. Ac-To-LySNE | 26 2nd ys-To-NH; was used as a model. In a
d AcLys-Ts-NH, bound d(As) with
(Figure 3.36). Therefore, the
position of :,T':E-;;;:;::;:;::.:-.:;;.;_.:..;_f..ﬁ—.z:..;; tfon T, value within the
: ft' of (12f)-d(As) were

carried out to investigate precision of T, value. The result showed that the 7., were

,7:1, Zbl7:8 and f’l eﬁ E‘lﬁﬁsw W%{ﬁ-ﬁ‘; znTﬁerefore, this method is
ARIANTUNRIINYINY

melting experiment, the Ac=To _f:ri 2:

similar stabilities (7 = 76 a7 °C fé

experimental limit. T th
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PNA Ty wit °d at a ratio of PNA:DNA = 1:
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Figure 3.37 First —derivative normalized UV-7}, plots between (12f) and d(Ay). The

Tm were measured at a ratio of PNA:DNA = 1: I, [PNA]=1 uM, 10 mM
sodium phosphate buffer, pH 7.0, heating rate 1.0 °C/min.
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To investigate the relationship between the base length and 7}, of PNA-DNA
hybrids, the melting curves of equimolar mixtures of PNA containing thymine and
complementary DNA with different numbers of base pairs, n = 5, 7, 9, 10, were
obtained as shown in Figure 3.38. Apart from n = 5, where no meeting was observed,
All are much higher than the corresponding DNA'DNA duplexes with the same
length. An increase in 7y, of roughly 10 °C per number of additional base pair was
observed. Interestingly, when the DNA component were poly(dA), an even higher 7},
ey Ts PNA hybrid showed a 7, of 37 °C
(Table 3.11). In these cases, multiple INA shotld bind simultaneously on the DNA

values were obtained. So that even

strand and may cooperatively Stabilize diliefialinterstrand base-base stacking.

. :2: ////E\\\\\\\
o\
£ /¢ .f!mml///f

ﬂuﬂ?w$%@ﬁ$wﬂs "
Figure QW’%@%ﬂﬁm&kﬂ'}Q LD auﬂo Condition

PNADNA = 1:1, [PNA] = 1 uM, 10 mM sodium phosphate buffer, pH
7.0, heating rate 1.0 °C/min.
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Table 3.11 T, of PNA T, -d(A,) and Tn. Poly(dA) hybrid with different number of
nucleobase. Condition: 10 mM sodium phosphate buffer, pH 7.0, heating
rate 1.0 °C/min, PNA:DNA = 1:1, [PNA] =1 uM.

T, with dAn (°C) | Ty, with poly dA (°C)
PNA n (% hyper- (% hyper-
chromicity) chromicity)
12¢ 5 20 ‘!' A) 37 (25)
12¢ 7 \\:\\\\"' /f 7 74 (>44)
12f O — e >85 (N/A)

S
12b ' KR& :

The stoichiome % was determined by UV

titration.[78] In these experiments, the To P} 1) was added to the solution of
DNA solution phosphate Buffi lo il n several aliquots and the UV
absorbance at 260 nm was measu ~“' eacl de . A significant deviation of the

observed UV absorbancefat 260

- from the aléulated value due to hypochroism
was observed when poly(dAY as/Anafyst ed with Ty (12f) (Figure 3.39a). The

ratio of observed and calculated: was plotted against percent mole

fraction of Ty (12f)gThe result showed an inflection* point around 50 %, which

N,

ure’3.15b)

indicated the formati .VE';‘ gus

j J
AU INENTNEINS
MIANITU NN ING 1Y
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Figure 3. 39 UV titration plot of poly(dA) and T (12f).(a) a plot between A260 and
percent mole of calculated and observed (b) a plot between the ratio of
observed A260/calculated A260 and % mole of Ty Condition:
concentration of ply(dA) was constant at 11.1 uM, 10 mM sodium

phosphate buffer, pH 7.0, 20 °C. The titrant was PNA To (12f)
(958.4 uM).
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The stoichiometry was also studied by circular dichroism (CD) experiment.
The CD spectra of the same To PNA and poly(dA) mixture at different ratio were
measured (Figure 3.40). The CD signal of the 1:1 hybrid formed between (12f) and
poly(dA) showed negative bands at 207, 247, and 268 nm and positive bands at 221,
260, and 286 nm (Figure 3.40a) which are similar to those of the duplex formed
between poly(dT) and poly(dA).[79] By plotting CD intensity at certain wavelength
against molar ratio of PNA:DNA, the same 1:1 stoichiometry was established. This is

in good agreement with the UV titration gxperiment above.

6 —
4 -
2 = ]
0 =4
g -2 -
g
a -4 ..
o 4 —0.0 equiv (12f)
-6 - : : ; =—0.4 equiv (12f) —
= —0.8 equiv (12f)
= V 4 — 1.1 equiv (12f)[
210 - ; 4 _ =17 equiv (12)|
, s —2.2 equiv (12f)
-12 4 - T T 1
200 210 280 290 300

AuEINYENeNg
ARIANTAUNIINGIAE
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+«CD247 nm

CD (mdeg)
o
*

Figure 3.40 (a) A CD titratiog'p : A Ty (12f). (b) A plot between
% mole fracti 2 ; dithe CD intensity at 247 nm.
Condition: concg o p constant at 11.1 uM, 10 mM
sodium phosphate & GhG: 0°C. The titrant was PNA To (12f)

(958.4 uM).
The effect of 1(;& Dif , rent concentration of NaCl
had relatively little efféct on 7, of PNA-DNA hybr1 (Table 3.12). This is not

surprising cons ﬁ m DNA. Nevertheless,
a slight decreasﬂﬁ\a 0 sml igh m There appears to be
a linear relationship betwee ﬁ Figure 3.41).
This phalﬁon 1 ﬁﬁ ﬁﬁﬂlﬁm’j ﬁ but similar to
Nielsen’s NA DNA hybrid. It has been suggested that the counterion release upon
helix formation rather than counterion uptake as in the case DNA-DNA.[79]
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Table 3.12 Effect of salt concentration on Ty, of 1:1 Tg (12f)-d(Ag). Condition: ratio
of PNA:DNA = 1:1, [PNA] = 1 uM, 10 mM, sodium phosphate buffer,
pH 7.0, heating rate 1.0 °C/min.

[NaCl] (mM) Tn (°C) (%Hyperchromicity)
1 79 33
10 77 33
100 34
1000 34

353

77//[ARNNSS
/BN NN
/=9 \\"

oo el W\

352

*
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350 -
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= 349

= 348
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L 4

80 5.0 80— 2.0 1.0 0.0
Log([NaCI])
o/

Figure 3.41 ,:n m;miﬂmﬁmﬂa‘ ﬁ?ﬂt salt concentration
) LR Rt d Lk B B e i o

the values at pH = 7.0 whereas Ty, value is decreased under higher pH condition
(Table 3.13). This might be explained in terms of protonation of the lysine at low pH
to form a positively charged side-chain which can interact electrostatically with the
phosphate backbone of the DNA. At high pH the lysine side-chain became neutral
therefore this secondary stabilization (in addition to the usual base pairing) is absent.
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Table 3.13 Effect of pH on Tp, of (12f)-d(Av) hybrid. Condition: ratio of PNA:-DNA
= 1:1, [PNA] =1 uM, 10 mM, sodium phosphate buffer, pH 7.0, heating

rate 1.0 °C/min.

pH Tn (°O) (% Hyperchromicity)
6.0 77 34
7.0 77 34
8.0 32

3.3.2 Stabilities of com

2i) with the sequences T,XT,
.'?.\ ity of hybrids between these
equences AyYA4 (Y=T, A, G,
sequences should form hybrids

NA binding (Section 3.3.3).

C) was measured (Table"3.14). sy

regardless of the preferred ation of PD

Table 3.14 7, and {i=m"""""f:'{-"=T"z;"—‘ ‘ veen PNA (T4XT4) and
d(AsY As)=Co .1, [PNA] =1 uM, 10 mM,
— |
sodium p s‘phate buffer, pH 7.0, heating rate 1.0 °C/min.

INLNTUIA
imDNA" " ¥

e mnfm ©
Izdbu N 28l(25) @ 6) (19)

40 (22) | 67(35) 34 (21) <20

12h G 29(13) | 39(21) | 64(25) <20
12i C 35 (20) 26 (9) 27 (10) 54 (25)

There are only 4 perfectly matched base pairs (ApnaTona, Tena'Apwa,

Cpna'Gpna, and Gena'Cpna) in the table (highlighted in underline). As expected, only
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the hybrids formed from complementary PNA and DNA, ie. (12f)-d(Ay),
(12g)-d(A4TA4), (12h)-d(A4CA4) and (12i)-d(AsGA4) possessed the highest Ty, values.
These values ranges from 54 °C to 77 °C which are also much higher than the
corresponding DNA-DNA hybrids (18-20 °C). The duplexes containing a single
mismatch had a significantly decreased 7p, values (AT, = 19-47 °C). The maximum
ATy, value is that of (12g) T4AT4d(AsGA4) hybrid (47 °C) whereas the minimum A7},
value is that of (12f) To-d(AsTA4)(19 °C) The Tt of the mismatched PNADNA pairs

was markedly lower when the bot _ hed bases are purines (i.e. Gpna'Gpna,
Gpna'Apna, Apna'Gpna, Apia o most obvious when G is on the
DNA strand. Such a dramatic decreasedin wly explained by the sterically

hindered nature of p:y atlon when they are forced

together in the misma |

In addition, romigity for the “mismatch hybrids was also
significantly decrease F ‘ :w or ‘, lect \match, and <10-27% for single
7 : Both the decreases in 7}, and
hyperchromicity for mism M ‘clea ‘V‘ ndicate that the base pairing in PNA
and DNA follows the norma oA-Crickd -;‘; airing specificity.

The above study focuséd-oi ¥ pairing specificity in polypyrimidine
sequence. In the next,studys hie base pairing purine. PNA sequences was also
Ehiybrids between PNA 12,

, A, G, C) and 9-mers
, A, G, C) was carried out.

As expected and DNA, namely
(12j) d(hALﬂmﬁ mmw‘al 4), possessed the highest
T val é,/ general these
valuesi ﬁlﬁj ﬁniﬁﬁﬂI'mﬁaq)nﬂj fjo much higher

than the corresponding DNA-DNA hybrids. The difference in 7,, values between

investigated. w5§;’:,::7 i denarturation € g
12k, 121, and 12m With
oligodeoxynucleotides w ‘;h the sequences T4YT4 (Y =

perfect match and single mismatch was also very large (AT, = 22-37 °C).
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Table 3.15 Ti, of hybrids (°C, % hyperchromicity) between PNA (AsXA4) and
d(T4YT,). Condition: ratio of PNA:DNA = 1:1, [PNA] = 1 pM, 10 mM,
sodium phosphate buffer, pH 7.0, heating rate 1.0 °C/min.

Y in DNA
PNA | X .
A T C G
12j T 79(>31) | 53(28) | 45(28) | 41(28)
12k A 55(33) | 80(>43) | 58(30) | 55(33)
121 G IO | 71(46) | 45(34)
12m C | 45(30) | 71(28)

It should be no juence and composition are

identical to the previo
(12i) T4CT4d(A4GAY)
hybrid has much a hi

. For example while the
ous (121) AyGA4d(T4sCTs)
Ot surprising considering the
results confirmed that the
Watson-Crick base-pairing Fificity “ "N/ DNA ‘hybrids are followed in both

3.3.3 Directional prefer:

In the preceding Section ’quentes have been used in order

to focus on the relative s?bllmes of dlﬁerent base pairs without having to concern
about the direc cal PNA sequences
have two possﬂ;ﬂ1 Hm diz :?nm)ZIEm Figure 3.42. The
antipara Iiﬁ‘ ﬁaﬁﬁ e is oriented
toward l@ mg %‘.ﬁaﬁ ﬁpﬁﬁﬁ mgjln en the 5' end

of the DNA sequence is oriented toward the N-terminal of the PNA is therefore

defined as parallel.
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C-terminus 5'-terminus C-terminus 3'-terminus

O
o (o} 0 /0 o O*P—O

N-terminus 5'-terminus

TRRIT

5—CGTA—3'

Parallel binding orientation

Figure 3.42 DefinitlofoF parallel and antiparalleNORERTaLidns in PNA-DNA A hybrids
j J
In order to study ‘h&orientation of ENA-DNA hybridization, a 10 mer mixed

e 258 TR BT HEI T o i o 02

with  complerfigntary antlparalle} DNA (5' AGTGATCTAC 3’) and (5'-

TN R e
(12r)-d( AC)'sho m value ) ile the parallel hybrid PNA

(12r)-d(CATCTAGTGA) showed no binding at all (7, < 20 °C) under identical
conditions (Figure 3.43).
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1.30
—GTAGATCACT (12r) + d(AGTGATCTAC)
1.25 1
— GTAGATCACT (12r) + d(CATCTAGTGA)
1.20 /
(=1
]
I 115
N
g 1.10
5
=2
1.05
1.00 -
0.95 , —
20 80 90
Figure 3.43 Melting \o\ CT-LysNH; (12r)'DNA
hybrids ( 10 mM sodium phosphate
buffer, pH 7 \
To further confirm efttence fofantiparallel hybrid formation, another

%
two 10 mer PNAs AGTGATH and CATCTAGTGA (12t) were

synthesized. The sequgn at they are running in an

opposite direction but-OHHErwiS ;:' i’ , the antiparallel DNA
v: L 3

probe for (12s) will b | the "pé 0 f’if and vice versa. Indeed,

meltings  were  only P observed when 1, antlparallel hybrids can form
(125)-d(GTAG he other hand, the
parallel hybnmglﬂg ﬁﬂ ﬂ 12t) d(GTAGATCACT) were not
formed IE] orientation is
strongl gﬁw] ﬁy@mnﬁjj nmg
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Table 3.16 T, of parallel and antiparallel PNA-DNA hybrids.

T (°C)
PNA
5'-GTAGATCACT-3' 5'-TCACTAGATG-3'
AGTGATCTAC (12s) 61 (antiparallel) <20 (parallel)
CATCTAGTGA (12t) <20 (parallel) 61 (antiparallel)

* The T;, were measured at a ratio of PNA:DNA = 1: 1, [PNA] = 1 pM, 10 mM sodium phosphate
buffer, pH 7.0, heating rate 1.0 °C/min.

signal from the sum of CD ith of &a €fit as shown in Figure 3.44 (a).

The notable feature of the el_hybrids includes a negative

EARN

essentially no spectral®Chafigg” gompare: 8 'St f CD spectrum of each

band at 209 nm and a positi positive band near 280 nm

originally present become ¢ parallel hybrid exhibited
component as shown in absence of parallel hybrid
formation The CD spectrz

calculated (Figure 3.45). Ti

vhen difference spectra were
feren f the parallel hybrid is almost
featureless but that of the antlpar ey bl a definite change around 210, 225

\/ — (12r)+d(AGTGATCTAC) (observed) -

6 — (12r)+d(AGTGATCTAC) (caled.) |-

'7 T T T T T T  § T T 1
200 210 220 230 240 250 260 270 280 290 300
wavelength (nm)

(a)
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?

p—
~~—

CD (mdeg)
N}

AV

7 SN \NIEZ ATCTAGTGA) (observed) -
6 ' ‘ @GTGA) (caled)
%
=7 L ~— T T |
200 210 280 290 300

Figure 3.44 CD spectray \ 12r) with (a) antiparallel

complementagf DINA. and (b)) parallelicc mplementary DNA

5. VAU INGNTNETAS
;?Wrmmﬁm‘:m:[

200 210 220 230 240 250 260 270 280 290 300
wavelength (nm)

Figure 3.45 The difference CD spectra of 1:1 mixture of PNA (12r) (observed — sum
of CD spectra of all components) and its parallel and anti parallel DNA.
The concentration of the PNA strand was 1uM. The CD experiment was
carried out in 10 mM sodium phosphate buffer pH 7.0 at 25 °C.
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Other PNA (12) with unsymmetrical sequences also formed duplexes with
DNA only in antiparallel mode as shown in Table 3.17. In all but one cases, the 7,'s
of the antiparallel hybrids were much higher than the parallel hybrids. No melting was
observed at all of the parallel hybrids. The apparent equal stability of parallel and
antiparallel hybrids of PNA (12q) and DNA appeared to violate this general
observation at first sight. However, upon a closer look, it becomes apparent that the
"parallel" DNA complementary to (12q) which have a sequence 5'-AGTGGTGAT-3'
can in fact also bind to the PNA i i

allel fashion to form a staggered hybrid

es base although with one less base

paring between terminals AT+ T} refore much different from the
. —
antiparallel hybrids. / ‘ \

N----T 40
3—TA

—--TCACCACTA--C
L
—-AGTGGTGAT---3

Parallel hybrid
(not formed)

AGTGGTGAT-3')

sl and antiparallel complementary
phosphate buffer, pH 7.0: [PNA] =

oreintation T (°C)
YNA PNA Seque (p = parallel) (% hyper-
(NS0 f, ) '::r:llel) chromicity)
12n TC/ : ,} ﬂ ? ap 44 (18)
¢ AGTGATGAT P <20
ala Lol Ly H 19. = Q'
120 CAACT 3| b4 BAGTITGr G | Thap 49 (21)
AGTGTTGAT p <20
12p TCACGACTA TAGTCGTGA ap 45 (22)
AGTGCTGAT p <20
12q TCACCACTA TAGTGGTGA ap 37 (19)
AGTGGTGAT p 37 (12)
12r | GTAGATCACT AGTGATCTAC ap 58 (24)
CATCTAGTGA p <20
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oreintation
T (°C)
PNA Sequence DNA (p = parallel)
PNA (% hyper-
(N—>C) (5'>3" (ap= .
. chromicity)
antiparallel)
12s AGTGATCTAC GTAGATCACT ap 57 (25)
TCACTAGATG p <20
12t CATCTAGTGA TCACTAGATG ap 61 (16)
ATCACT p <20
12u GACATGACAT v AT ap 61 (24)
~ CTGTACECIA p <20
12v TATGTACTAT.. % ACATA, ap 61 (30)
CATGATA <20
\\ S 4

12x | TGTACGTCACZ ap 79 (32)
p <20

12w GCTACGTCGE [ *‘*'A ap 61 (15)
S7. p <20

The observation tha avors forming antiparallel hybrid
with DNA is sxgmﬁcant The origma “'i,éi  although slightly favours parallel
hybrids, the differeneg<instability are usually not veryhigh (A7, < 20 °C). A

e e \

e

pronounced parallel-a . pai hen at least a few chiral

amino acids were ad d into the core structure of *PNA (1). For example, a
"chiralbox" co ﬁﬁ es inserted into the
middle of the Pﬁlﬁ ﬁfﬁ ﬁ:{ﬂﬁm of antiparallel hybrid
with DNA [80]

AR AINIUNRIINIA Y

3.34 Raatlonshlps between T,/ base length and base composition

The relationship of T, and base-length of PNA-DNA hybrids containing all
four nucleobases is shown in Figure 3.47. For nonamers, four sequences of PNA
were studied (12n-12q). Each sequence contian the same basic skeleton with one base
different at the central position (T, A, G and C). The Ty,'s of these PNA were between
37-49 °C. The PNA (12q) containing two adjacent C residues in the central position
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gave a markedly lower 7}, (37 °C) whereas the others showed 7}, in the range of 44-49
°C. For decamers, six different sequences were studied and all showed 7}, in the same
range (57-61 °C) regardless of the sequence (Figure 3.47). For the only one
pentadecamer studied, a very high 7y, (79 °C) was observed. It can be concluded that
the longer sequence length, the higher the stabilities of the hybrids which is in good

agreement with the homothymine sequences (Section 3.3.1).

—

5 6 gt g0 2 13 14 15 18
base length of mix ence PNA
=L fas

Figure 3.47 The r¢laonship—between 1, ' i:d gth of mixed sequence

v,
PNA-Dl\ﬁh 5 i m
¢ a o
In Fig gmlﬂ ﬂt ﬂﬁ‘ﬂ]ﬁ@ hybrids were plotted
as a function ent to to investigate the effect of percent CG content on 7. ik
MY R 12t bYW (A0S
very hi 3 n i&[ ich ma u al™Structures were
excluded. Six of these sequences are decamer. Four of them (12r, 125, 12t, 12u) had
CG content 40 %, have Ty, in the range of 57-61 °C, Surprisingly, the sequences
(12w) with high CG content (70 %) and (12v) with low CG content (20 %) also
showed 7's in the same range as PNA with lower % GC content (both = 61 °C). A
similar trend was observed for the 9-mer sequences. The results indicated that 7,

values depend on base length but not on percent CG content. These results are

different from DNA whereby C-G pairing are stronger than AT pairing due to the
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presence of three hydrogen bondings in C-G versus two in AT pairs. In addition, the
stacking energy resulting from C-G pairs is higher than AT pairs [81]. The
explanation for this unusual phenomenon is not yet clear without further experiments.
At present we propose that the backbone of ssACPC can accommodate A-T pairing
better than C-G pairing. This might counterbalance the stronger hydrogen bonding
and higher stacking energy of C-G pairing.

| ////l\\\\\
BN 5\
\
o /7 W\
N /L2 W\ -

Figure 3.48 The relationship bétween 7, nte _5
The stoichiorrgy 0 \ A hybridization was also
studied by UV and C Ptratlon The DNA t1trant d(TAGTTGTGACGTACA) was

added to the s ﬂ ﬂ ﬂﬁé}ﬁﬁbndlzatlon condition.
served an calculat

The plot of the qlo 0 Aaeo as a function of % mole fraction

PR BT TibT o m ke
of DNAfindi A'DNA ﬂ(ﬁl‘lg e ). CD titration
of PNA (12x) and d(TAGTTGTGACGTACA) was also studied. By plotting the CD

intensity of mixtures at different ratio of reactants, the 1:1 stoichiometry of the
PNA-DNA hybrid was also established (Figure 3.50).
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Figure 3.49 UV titratigaf pibtd of P 12%) YandNd(TAGTTGTGACGTACA)

Condition: coficefitration NA'(12X) was constant at 8.5 uM, 10 mM

°C. The titrant was

sodium  posgha L%, 0
d(TAGTTGT

-3 l A
4 ‘\\\ _11',/I ) \ 1 L 4e ui W -
\ “ 1ol Nl , 0.8 equiv d( AGTTGTGACGAACA)

-5 ~ 1.1 equiv d(TAGTTGTGACGAACA) |
— 1.8 equiv d(TAGTTGTGACGAACA)
——2.2 equiv d(TAGTTGTGACGAACA) |

-7 T T T T T T T T T 1
200 210 220 230 240 250 260 270 280 290 300

wavelength (nm)

CcDh (mdeg)

6 4

(a)
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Figure 3.50 (a) CD titratidh f PNA \.\ d d(I/ GTTGTGACGTACA). (b)
Plot betwetn % mole : . \\ GTGACGTACA) and the
elliplicity at*24 1A on: \ centration of PNA (12x) was

constant at 8.5 phosphate buffer, pH 7.0, 20 °C. The

titrant was d(TAGTEGT 830.9uM).

L~ ,_f"-
3.3.5 Effect of bas yli“k p A
| -

J
The pre f a‘ﬁﬁﬁﬁ%{mgf uence caused a reduction
of Ty, of the Pﬁﬁj&ﬂb A i0 ﬂ match bases was first
studied. A serie?of DNA compleméntary to the=decamer PNAg(12r) containing a

e AARVRAAFUHNAIII AR b ot
and the stability of the hybrids formed with (12r) were investigated by 7Ty, experiment
(Table 3.18).
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Table 3.18 7., of mixed-base PNA GTAGATCACT (12r) with single mismatch
DNAs. Condition: 10 mM sodium phosphate buffer, pH 7.0; [PNA] =

[DNA] = 1.0 uM.
T (°C)
DNA (5'—3')" N AT, (°C)
(% Hyperchromicity)
AGTGATCTAC 58 (24) -
AGTGITCTAC 4(14) -24

AGTGATCTTC \\\W"‘ -15

TGTGATCTAE ‘.59 (22, +1

" the sequence, the highest
change of 77, value (-24,8C gly.the mismatch base located at
€,a significant effect on 7, The same

id between (12r) and DNA. This

the end of the complex
effect was previously
can be explained by the pair to compensate for strains
introduced by a non-optim

The ability of mixed bass inate mismatching in DNA is very
important in the usesgf PNA in diagnostic and therabenticapplications. The stability

il ' ‘t\‘

of single-mismatched 2y br lative to the completely matched

hybrid in such a way<that at a specific temperature*tange, only the completely

hyb“ﬁﬁ N I1I) (1) 1T/
window shoul m g ognition between the
decamer PNA ( r) and single-misfatched DNAsprobes with vésiation of a base at

the fournpiddle ol s deined 74 ’3@ ol egerdnpts Sl 13 possivi

single- mi$matched hybrids were shown in Table 3.19. In all cases the T}, values of
single mismatched hybrids were lower than the perfect match around 19-29 °C. The

percent hyperchromicity was also decreased when mismatches were introduced into

the DNA strand indicating a less favorable base stacking.
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Table 3.19 7, of hybrids of mixed-base PNA GTAGATCACT (12r)with fully
matched and single mismatched DNA. Condition: 10 mM sodium
phosphate buffer, pH 7.0; [PNA] = [DNA] = 1.0 uM.

DNA sequence Type of Ta (% Hyper- ATa

(5'-3") mismatch (°0) chromicity) (°C)
AGTGATCTAC | no mismatch 58 24 0
AGTGATATAC | Cpna-Apna | ki a 29 15 29
AGTGATTITAC | Cpna- Q&\M 19 24
AGTGATGTAC | Cpy -“%“ c-—=1 16 -26
AGTGAACTAC | TanasAns 37" 18 21
AGTGACCTAC %a\\‘(\ 20 18
AGTGAGCTAC |_Jf\€0uf ‘\&\\\ 12 24
AGTGTTCTAC A\ " 14 24
AGTGCTCTAC | ' 12 27
AGTGGTCTAC 8 -29
AGTAATCTAC 20 -24
AGTTATCTAC 17 -25
AGTCATCTAC 21 -18

LT

i
i

The same expezin Vith

AcLys-TGTACGTCA SAA CTA-NH; (12x). The sensiti towards mismatches was
also investigatedsb ‘ﬁv g ., The r PNA (12x) bind to
complemenwmﬂﬂo e mﬂ ﬁglhfgiismatch at the central
positions in the DNA strands causéd a ﬁ inq,yoj 10-18 °@¢ Furthermore the

CE AERTRFIRE ey R -

results it was concluded that ssACPC-PNA (12) system can form hybrid with

a longer 15mer sequence,

complementary DNA in a highly sequence-specific manner.
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Table 3.20 7, of mixed-base PNA TGTACGTCACAACTA (12x) with single
mismatch DNA. Condition: 10 mM sodium phosphate buffer, pH 7.0;

[PNA] = [DNA] = 1.0 pM.
DNA sequence Type of Ta (% Hyper- ATy,
5'-3") mismatch (°0) chromicity) °C)
TAGTTGTGACGTACA | no mismatch 79 32 -
TAGTTGTGAAGTACA | Gena-Apna 61 28 18
TAGTTGTGAIGTACA | Gp 66 30 13
TAGTTGTGAGGTACA | »Gpa- 65 27 14
TAGTTGTGICGTACA “Toya 30 14
TAGTTGTGCCGTA psa-Cria 27 14
TAGTTGTGGCGT ) 27 14
TAGTTGTAACGT EATRA [ NSO 32 13
TAGTTGTIACGTA o \ 31 14
TAGTTGTCACGTAC WV R\ 30 14
TAGTTGAGACGTACA | PAnacin 28 14
TAGTTGCGACGTACA [ Apiadin \ 29 710
TAGTTGGGACGTACA '| AaaGion 5 29 14
TAGTTGAGICGTACA |- saicions 25 27

In addition to thgeﬁ'ect of mismatching, the effecm of insertion and deletion of

?:: in3t121i : Ww%wﬁfmm?ﬁm (12x) was studied
roe ) GRRYT M ) I B e

9 complementary DNA. Condition: 10 mM sodium phosphate buffer, pH
7.0; [PNA] = [DNA] = 1.0 uM.

DNA (5'—-3") Tw (°C) | (% hyperchromicity) Remark
TAGTTGTGACGTACA 79 =31 perfect match
TAGTTGTGTACGTACA 65 15 T insertion
TAGTTGTGGACGTACA 67 15 G insertion
TAGTTGTACGTACA 61 14 G deletion
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The results showed that in all cases the 7,, were decreased from that of the
perfect match hybrid (79 °C). Hybrids containing base insertion or deletion in the
DNA component have a significantly lower percent hyperchromicity (14-15 %)
compared to the perfect match hybrids due to the lower degree of base stacking.
However, both T-insertion and G-insertion hybrids exhibited an unexpectedly high 7},
of 65 °C. When the T-insertion DNA sequence was examined, the hexadecamer may
be separated into two complementary parts (TAGTTGTG and ACGTACA) by a base
T. This DNA sequence should bind wifl A by using only 8-base moiety of only
one sequence leaving the rema nin; 2 part frgtsFlotever from Figure 3.47 and Figure
3.48 mixed base PNA-D i 'élong should have a T}, value

much below 65 °C. It i

0

OO

. \ whole sequences to bind
ke
(]

ining the extra base insertion
makes a loop aroun
together (Figure 3.5 & applicable in cases of G-

insertion which gave chrom1c1ty and G-deletion

which gave of a 61 °C \\ C. In the latter case, the loop

*m"‘ 7

Insemom Deletion in DNA

ﬂUEl’J‘VlEWI?WEI’]ﬂ‘i

Figure 3.51 Binth ng model of PNA‘ with msert10n and deletlo complementary

ARIANN I SJVH’W]EH@ d
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Table 3.22 T, of ssACPC-PNA (12)'DNA, Nielsen’s PNA (1)')DNA and DNA-DNA.
Condition: 10 mM sodium phosphate buffer, pH 7.0; 100 mM NaCl;
[PNA]=[DNA] = 1.0 pM.

Tw (°C) (ATw)*
Sequence of PNA Sequence of DNA probe :
ssACPC | Nielsen 5
(N—C) or DNA (5'-3") 5'-3") DNA
PNA (12) | PNA (1)
AG .Ii ICTAC 53 51 34
GTAGATCACT (anti \;_\ga iy /a tch)
\TCTAGTEGA ) <20 38 <20
—

af'll e i-|. .

.f/gé AC w. 74 70 53
/ AG \\‘h. <20 56 <20
s .ti\‘

TGTACGTCACAACT

AAGGTACAN [ 61 (-13) | 50(-20) | 38 (-15)
= %\
1 %

CA | 59(-15) | 49(21) | 37 (-16)

by e 3 i - ; -
a__--‘..-..--.,.‘.A.-..‘.,_?‘ (-13) | 51(-19) | 38 (-15)

1 i

AT, = T,, of perfect matchiiybrid - 7,, of single mismatched hybrid: The greater the numbers indicate
higher sensitivity to mlsmatchﬂgﬂ)ata taken from feférence [8]

ﬂﬂﬂ\’mﬁl'ﬂ‘ﬁ?ﬂﬂ’m‘i
Qﬁﬁﬂﬁ‘&ﬂﬁ‘ﬂ; G ELYRY picy n Dxa

binding bétween Nielsen's aegPNA (1), ssACPC-PNA (12) and DNA. Due to the low
stability of DNA-DNA hybrids and the lack of comparable 7, data of PNA (1) under
low salt conditions, the 7, of the decamer (12r) and 15mer (12x) with their
complementary and single mismatched DNA were measured again at 100 mM NaCl.
As observed earlier in the study of homothymine PNA (12f), the T, of the mixed base
PNA-DNA hybrids were slightly lower than without the add salt. For decamer, PNA
(12r) and PNA (1r) gave almost the same 77, values (53 and 51 °C) with antiparallel
DNA whereas the corresponding DNA hybrids melts at only 34 °C. For 15 mer, four
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sequences with variation of the base at the central position were studied. The Ty, of
perfect match complementary PNA (12x)-DNA hybrid was higher than PNA (1x) and
DNA by 4 °C and 21 °C respectively. Hybrids of PNA (1x) with complementary
parallel DNA are slightly less stable than the antiparallel hyrids, but no parallel hybrid
formation was observed for both (12) and DNA. With single mismatched base pairing
was present (C-A, C-T and C-C), all three mismatched 12x-DNA hybrids showed
higher Tp, values than the corresponding DNA hybrids of (1) and of DNA. However,

tch (12x)-DNA hybrid are somewhat lower

]
% der as DNA. The result from this
3 lﬁ] DNA with higher affinity but

vity is at least in the same order

the ATy, values compared to the perf
(5-6 °C) than those of (1) and

experiment suggested that
less selectivity than PNA
as DNA hence this P s.a probe for DNA sequence
determination. Furthermgué; thé BNA ‘. also sho \ onger preference for binding
to DNA in antiparallel orig i3 |

Finally, the specifu ¢ pairing was investigated in
2n-12q) with sequences Ac-
esized and hybridized with the

= A, T, C and G (Table 3.23).

another randomly mixed*ba
TCACXACTA-LysNH, (3
antiparallel DNA probes d(T2
Remarkably, only the fully con n;,-' m plexes exhibit an observable melting

with a Ty, between 37-49¢ - 0 52y y of the single mismatch

hybrids. The result E : ‘ ’\J city in binding between

PNA (12) and DNA.

Table 3.23 Tﬂlu &I\ Qp%h&]fmty‘j (Wrﬂa;]eﬂr‘rg(ed-base PNA (12)

TcAC XACTA and d(T AGTYGT%) hybrids. C‘)ydmon 10 mM

A RARIRIR R ATINR IR

Y in DNA
PNA X
A T C G
12n T 44 (18) <20 <20 <20
120 A <20 49(21) <20 <20
12p G <20 <20 47 (22) <20
12q C <20 <20 <20 37(19)
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3.3.6 Selectivity among different types of nucleic acids

The selectivity, stability and affinity of PNA (12) in binding with different
types of nucleic acids were investigated by melting temperature. The T}, experiment
PNA (12) with Ts, T; and Ty sequences were selected to check the selectivity among
DNA and RNA. The Ty, of Ts, T; and Ty with poly(dA) were 37, 74 and >85 °C
respectively. When the same experiment was performed using poly(rA) instead of

-‘ ly less (maximum 38 °C for Tg) (Table

poly(dA) the Tr, in all cases were subsis

prefers binding to DNA ovez RN anofier-se experiment, PNA As (12d) and
Ag (12K) was used as 2 ' bindi
poly(rU) (Table 3.25 2 :
poly(dT) is explained bythe iof it she 8.0 's hybrid must be extremely
high (>90 °C). In fact,’even12d Wik »‘ sequence, formed a hybrid of 7, = 72 °C
v e W over RNA. This phenomenon

electivity with poly(dT) and

pare L absence of melting of 12k-

has been previously obsefved in ;ﬁ!;g P \c th' D-aminopyrrolidinecarboxylic

acid (D-Apc) in place of ssACPQ space cr [6 should be noted that D-Apc is in fact
the aza-analogue of ssACPC theief; e 1 ‘ aebehavior is not unexpected.

Table 3.24 The mIkA 2. (12f) with poly(dA) and

poly(rA). nditionS' PNADNA or RNAQI :1 (by nucleotide), [PNA]

M, 16’ mM sodium ﬁhlsphate buffer, pH 7.0, heating rate 1.0

ﬂmm 'mm E)

Poly(dA) Poly(rA) (PNA-DNA-PNA-RNA)

12d 37 (25) <38 (8) N/A

12e 74 (>44) <38 (14) N/A

12f >85 (N/A) 38 (26) >47
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Table 3.25 The melting temperature of homoadenine PNA (12d) and (12k) with
poly(dT) and poly(rU). Conditions: PNA:DNA or RNA = 1:1 (by
nucleotide), [PNA] = 1 uM, 10 mM sodium phosphate buffer, pH 7.0,
heating rate 1.0 °C/min.

1.35 — (12f)-pg

1.30 — (12f)-poly( ’ I m&
| "IM%

PNA T (°C) (% Hyperchromicity) AT, (°C)
Poly(dT) Poly(rU) (PNA-DNA-PNA-RNA)
12d 72 (37 v 46 (47) 36
12k I >20

/// '.\\\“\

e

AN\

L NN

l\\\

T

“7’3‘ mmu g

-1

’QWmﬁﬂ‘imN‘lﬂ']’mEJ’]ﬁEJ
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1.95
185 T — (12d)-poly(@T) /————-
1.75 — (12d)-poly(rU)
165 = (12k)-poly(dT)
2 — (12k)-poly(rU)
2 1.55
g 14
E 1.35 /f——_
2 125
1.15
1.05 +
oo //fﬂl ﬁ\\\ |
20 \\ \ 90
\

Figure 3.52 (a) 7;, curvés i poly -: -\n\k poly(rA) hybrids. (b) 7r, curves
of (12d)-poly(dD), T,; .. ) poly(rU) and (12Kk)-poly(rU)
hybrids. Conditions; PNA ‘D = 1:1 (by nucleotide), [PNA] =
1 pM 10 mM sod Fm pH 7.0, heating rate 1.0 °C/min.

Table 3.26 The '*’5 77777777 o \ :H‘ ith poly(dT) and(rU).
Conditions PNAD A or RNA = 1:1 (by icleotide), [PNA] = 1 uM,
10 ﬁM sodldrahﬁ Eje ﬁ %’W ﬁagff ‘ste 1.0 °C/min.

(°C) (% Hmrchromlclty - AT,

Wﬂa Sl thusci| o
12x (0 mM NaCl) 74 (>31) 61 (28) 13
12x (100 mM NaCl) 79 (31) 63 (28) 16
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1.35

—
1.30 — (12x) + DNA /_7L
1.25 — (12x) + RNA

1.20

normalized A260
o

1.10

1.05

1.00 -

0.95 | 5

20 80 90
Figure 3.53 7, curves ' - 12%)'%: d complementary DNA and RNA.

Conditions: : ‘ by, nucleotide), [PNA] = 1 pM,
10 mM sodiu 7 Ter “‘-\‘ 100mM NaCl, heating rate 1.0
°C/min. '

To investigate furthe NA/RNA binding selectivity, the

T experiment was alSé-carmed out betuz Centhe tarnar - d base PNA (12x) and a
‘ £ .
t’i;’ ACA) under both high salt

(100 mM NaCl) and 16 salt (0 mM NaCl) conditions. "The results were compared
with the corres i ﬁﬁ m ' and Figure 3.53. In
both cases, theﬁﬂ s mﬂl s'were 'hi ﬂmNARNA hybrid by
13-16 °C therefofe the DNA pr,efer,enfe, over RN : ica ase of mixed
base Pl\ﬂ (w %@aﬁnimguimﬁeﬁﬁ'ﬁﬁgDNA and 7p,

of (12x)'RNA in the homo-oligomer compared to the mixed sequences is not fully

complemenmtary antip ialle

understood at present, but we have confirmed by UV-titration that in all cases only
duplexes were formed. The preference for DNA binding of this particular PNA
system is in sharp contrast with (1) and many other PNA developed to date which
usually prefer RNA binding.[80] The structural basis of this remarkable selectivity

will be the subject of future investigation.
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Finally we also investigated the possibility of formation of self-pairing hybrids
between two complementary strands of PNA (12). In the first experiment, the
homothymine PNA (12f) and the homoadenine PNA (12k) were mixed together and a
I'm was determined. Surprisingly, no melting was observed at all indicating the
absence of hybrid formation between the two strands of PNA (12). However, addition
of either dAy or dTy to the mixture of (12f) and (12k) resulted in formation of the
PNA-DNA hybrid as evidenced by the melting observed. This confirms that both

plementary DNA even in the presence of

the complementary PNA stran

strands of PNA are free to bind with -
ext / , experiments were performed on
'i: ‘t

mixtures of the decamer PNA (12&) 1th it l (12s) and parallel (12t) PNA.

Again no melting was observee ing that the inability of PNA

(12) to form self-paigime™ k 4 | \- elf-pairing between two

AN
\\

complementary strands g2 i the best of our knowledge,

has not been reported in qifier, this unique selectivity again

will be the subject of ol

1.35 e [ <]
1.30
— (12K) + (12f ﬁﬂ
1.25 +—{ =(12K) + (12f) + d ’UFW”* ~
3 — (12K]}
< f
g 115 -
i
5 1.10
z - > - |
105‘ . | - ] - ‘
1.00 et : I’,;
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Temperature (°C)
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135
130 | —GTAGATCACT (12r) + CATCTAGTGA (121)
' — GTAGATCACT (12r) + AGTGATCTAC (12s)
1.25 | — GTAGATCACT (12r) + d(AGTGATCTAC)
e
1.20
-
K115 —
g
E1.10
=2
1.05
1.00 -
0.95 | ]
20

o and (12f)+(12k)+dT,. (b)

' d (12r)-antiparallel DNA
hybrids. Condifio \0 1:1 (by nucleotide), [PNA] =
1 uM, 10 mM s, .-.‘i .....

Tm curves

H 7.0, heating rate 1.0 °C/min.

'v".
-
A

F
..I
i ¥

ﬂ‘HEJ’J‘VIEWIiWEJ’]ﬂ’i
QWWMﬂiﬂJNW]’mmﬁB



	Chapter III Results and Discussion
	3.1 Synthesis of Pyrrolidine Monomers
	3.2 Solid Phase Synthesis of ssACPC PNA (12)
	3.3 Binding Properties of PNA


