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Ab stract
The most fre quently ap pea ring form of DNA is a doub le he li cal struc tu re in which two sin gle strands are held to get her by
Wat son-Crick ba se pairs. In ad di tion, gua ni ne rich DNA se quen ces are known to adopt se ve ral unu sual struc tu res with G-
quar tet as a ba sic re pea ting mo tif. Re cently lar ge self-as semb ling nano struc tu res, cal led G-wi res ha ve be co me of great in -
te rest be cau se of their po ten tial use in mo le cu lar elec tro nics. To bet ter un der stand the for ces driving struc tu ral tran si tions
of G-wi res for med from d(G4T2G4) oli go nuc leo ti de in Na+ so lu tions, we em ployed a num ber of tech ni ques such as UV
and CD spec tros copy, dif fe rential scan ning ca lo ri me try (DSC), gel elec trop ho re sis, small an gle X-ray scat te ring (SAXS)
and dyna mic light scat te ring (DLS). All the ex pe ri men tal tech ni ques sho wed that ther mally in du ced fol ding tran si tions
de pend on the coo ling ra te. In addition, DSC shows that ther mally in du ced un fol ding tran si tion de pends on hea ting ra te,
thus lea ding to the conc lu sion that struc tu ral tran si tions of d(G4T2G4) are ki ne ti cally go ver ned pro ces ses.
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1. In tro duc tion
It seems that unu sual struc tu res of RNA and DNA

ha ve not yet re vea led all of their se crets. Gua ni ne rich
DNA se quen ces ha ve been of par ti cu lar in te rest sin ce
their pre sen ce is sup po sed to be cru cial to a num ber of im -
por tant bio lo gi cal pro ces ses. For in stan ce te lo me res at the
end of chro mo so mes con tain re peats of nuc leo ti des that
are gua ni ne rich and may form G-qua dru ple xes.1,2 For ma -
tion of te lo me ric G-qua dru ple xes in hi bits the ac ti vity of
enzy me te lo me ra se re qui red for the un con trol led growth
of ma jo rity of can cer cells.3–9 Pro li fe ra tion of va ri ous can -
cer cells can al so be ac hie ved with spe ci fic qua dru plex-
for ming oli go nuc leo ti de ap ta mers that are ab le to bind to
cer tain cel lu lar pro teins.10,11 G-qua dru plex for ming oli go -
nuc leo ti des can al so act as an ti vi ral agents,12,13 po tas sium
sen sing agents14 or can inf luen ce con trol re gions of so me
on co ge nes.15,16

G-qua dru plex struc tu res con sist of stac ked G-quar -
tets for med by a cyclic co pla nar Hoog steen ba se pai ring
of the four par ti ci pa ting gua ni nes.17,18 The pai ring of gua -
ni nes and stac king of G-quar tets is very ver sa ti le.19 G-
qua dru ple xes are re now ned for their struc tu ral di ver sity
with the strand po la rity and glyco si dic tor sion an gles
strongly de pen dent on the na tu re of the ca tions, the con -

nec ting loops, and the cap ping ba ses.20–22 G-qua dru ple xes
are usually for med from one (mo no mo le cu lar), two (bi -
mo le cu lar) and four (te tra mo le cu lar) sin gle strands, but
so me of the gua ni ne rich oli go nuc leo ti des can crea te lar ge
self-as semb ling nano struc tu res li ke G-wi res23 as shown in
Figure 1, Fra yed-wi res24 or G-le go.25 The se struc tu res are
of gro wing in te rest be cau se oxi da tion po ten tial of gua ni ne
is the lo west among deoxy nuc leo ti de ba ses. The se gua ni -
ne rich se quen ces may act as func tio nal ele ments in mo le -
cu lar elec tro nics.26

The se su per struc tu res re pre sent a chal len ge al so in
terms of ba sic un der stan ding of for ces that dri ve their for -
ma tion. The prob lem is that our un der stan ding of G-qua dru -
plex for ma tion and struc tu re is rat her li mi ted even for short
se quen ces com pri sing only 3–4 G-quar tets.27 This is mainly
due to the pre sen ce of mul ti ple con for ma tions in so lu tion
that may un der go ki ne ti cally go ver ned in ter con ver sions and
fol ding/un fol ding tran si tions. Re cently our lab has in ve sti -
ga ted poly morp hism of qua dru ple xes for med from
d(G4T4G3) in Na+ and K+ so lu tions.28,29 We ha ve con fir med
that the for ma tion and un fol ding of cer tain G-qua dru ple xes
are ki ne ti cally go ver ned pro cesses. In the pre sent work the
ther mally in du ced struc tu ral tran si tions of super mo le cu lar
as semb lies using a sim ple 10 nuc leo ti de se quen ce
d(G4T2G4) in Na+ so lu tions was fol lo wed to test a wi der
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appli ca bi lity of such ap proach. Further mo re, we in ter pret
the tran si tions in terms of a ki ne ti cally go ver ned coe xi sten ce
of se ve ral qua dru plex struc tu res and the un fol ded sin gle
strand form. To reach this goal we em ploy a num ber of tech -
ni ques such as UV and CD spec tros copy, gel elec trop ho re -
sis, small an gle X-ray scat te ring (SAXS), dyna mic light
scat te ring (DLS), and dif fe ren tial scan ning ca lo ri me try
(DSC). The first three ex pe ri men tal tech ni ques, along with
ato mic for ce mi cros copy (AFM) ha ve already been en ga ged
to cha rac te ri ze G-wi res for med by te lo me ric DNA re peat
d(G4T2G4).

30 Si mi larly, SAXS and DLS ha ve already been
used suc cess fully to study ove rall mo le cu lar sha pe and ag -
gre ga te si ze of G-qua dru ple xes,31–33 but their usa ge is still
very scar ce in such stu dies. In this work we will de mon stra -
te the ap pli ca bi lity of SAXS and DLS in de ter mi na tion of
struc tu ral fea tu res of G-qua dru plex struc tu res.

2. Ex pe ri men tal and Met hods

2. 1. Ma te rials
The d(G4T2G4) oli go nuc leo ti de was ob tai ned HPLC

pu re from Midland Co. U.S.A.  DNA was first dissolved
in water and then extensively dialyzed against the buffer
(three changes of buffer solutions in 24 h) using a dialysis
tube Float-A-Lyser (Spectrum Laboratories, USA, Mw
cutoff 500 Da). Its con cen tra tions in buf fer so lu tions we re
de ter mi ned spec trop ho to me tri cally at 25 °C. The va lue of
ε260 = 99000 M–1 cm–1, which was es ti ma ted from the nea -
rest-neigh bor da ta of Can tor et al.,34 was used for the ex -
tinc tion coef fi cient of oli go nuc leo ti de’s sin gle stran ded
form at 25 °C. The buf fer used in all ex pe ri ments con si -

sted of 20 m M Na-ca cody lic buf fer, 1 m M EDTA and 30
m M Na Cl (p H = 6.9). Ini tially all the sam ples we re trans -
for med in to sin gle-stran ded form by hea ting in an ou ter
ther mo stat at 95 °C for 5 min, coo led down to 4 °C at the
coo ling ra tes of 0.05 or 1.0 °C/min to form qua dru plex
struc tu res and then used in the UV, CD, DLS, SAXS,
DSC and PAGE ex pe ri ments. 

2. 2. UV Mel ting Expe ri ments

Ab sor ban ce ver sus tem pe ra tu re pro fi les of
d(G4T2G4) sam ples we re mea su red in 0.25 mm path-length
cells using a Cary 100 BIO UV/Vi sib le Spec trop ho to me ter
(Va rian Inc.) equip ped with a ther moe lec tric tem pe ra tu re
con trol ler. Ther mally in du ced fol ding/un fol ding tran si -
tions of d(G4T2G4) qua dru plex sam ples (c ≈ 1.1 m M in sin -
gle strands) pre pa red eit her at the coo ling ra te of 0.05 or
1.0 °C/min we re mo ni to red bet ween 5 and 95 °C at λ =
295 nm at the hea ting/coo ling ra te of 1.0 °C/min.

2. 3. CD Spec tros copy

CD spec tra of d(G4T2G4) qua dru ple xes in Na+ so lu -
tions we re mea su red as a func tion of tem pe ra tu re in an
AVIV CD Spec tro po la ri me ter 62A DS, equip ped with a
ther moe lec tric tem pe ra tu re con trol ler. El lip ti city, θ, was
mea su red bet ween 5 and 95 °C in the tem pe ra tu re in ter -
vals of 3 °C at the ave ra ge hea ting ra te of 1.0 °C/min. CD
spec tra of sam ples (c ≈ 1.1 m M in sin gle strands) pre pa red
at eit her of the coo ling ra tes, cor rec ted for the cor res pon -
ding buf fer con tri bu tion, we re col lec ted bet ween 220 and
320 nm in a 0.25 mm cu vet te at 60 nm/min, sig nal ave ra -
ging ti me of 2 s and 5 nm band width. Mo lar el lip ti city,
[θ], was ob tai ned from equa tion [θ] = θ/(c · l), whe re l
stands for the path-length through the cuvette. In all ex pe -
ri ments a 0.25 mm quartz glass cu vet te was used. 

2. 4. Dif fe ren tial Scan ning 
Calo ri me try (DSC) 
DSC ex pe ri ments we re per for med using a Na no DSC

II in stru ment (Ca lo ri me try Scien ces Corp., UT, USA) on
the sam ples that we re pre vi ously pre pa red by tem pe ra tu re
treat ment in an ou ter ther mo stat (coo ling ra te of 0.05 or 1.0
°C/min and a sub se quent an nea ling at 4 °C). Qua dru plex
con cen tra tion used in the se DSC stu dies was 1.1 m M in
sin gle strands. Cyclic DSC mea su re ments we re per for med
at the hea ting ra tes of 0.5, 1.0 and 2.0 °C/min and a sin gle
coo ling ra te of 1.0 °C/min. The re fo re the ef fect of dif fe rent
sam ple pre pa ra tion (tem pe ra tu re treat ment) in an ou ter
ther mo stat was only ob ser ved du ring the first DSC mel ting
scan. From the re on the tem pe ra tu re treat ment in the DSC
ap pa ra tus was equal for all the sam ples (sa me se quen ce of
hea ting ra tes and the sa me coo ling ra te of 1.0 °C/min). The
mea su red tem pe ra tu re in ter val was bet ween 4 °C and 95
°C. The cor res pon ding ba se li ne (buf fer-buf fer) scans we re

Fi gu re 1: Com pa ri son of G-qua dru plex con for ma tions that
d(G4T2G4) oli go nuc leo ti de may adopt as re pre sen ted by Marsh et al.30
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sub trac ted from the un fol ding/fol ding scans (i.e. hea -
ting/coo ling scans) prior to their nor ma li za tion and analy -
sis. The to tal ent halpy of un fol ding or fol ding, ΔHtot, was
ob tai ned from the mea su red DSC ther mo grams as the area
un der the ΔCP = C

–
P,2 – C

–
P,S ver sus T cur ve, whe re C

–
P,2 is

the mea su red par tial mo lar heat ca pa city cor rec ted for the
ba se li ne and nor ma li zed to 1 mo le of qua dru plex in sin gle
strands, and C

–
P,S is the cor res pon ding par tial mo lar heat ca -

pa city of the un fol ded sin gle stran ded sta te ob tai ned by ex -
tra po lation from high tem pe ra tu res over the who le mea su -
red tem pe ra tu re in ter val.

2. 5. Gel Elec trop ho re sis

G-qua dru plex struc tu res for med upon coo ling of
sin gle-stran ded DNA (c ≈ 340 μM in 20 m M Na-ca cody -
lic buf fer, 1 m M EDTA and 30 m M NaCl) at the coo ling
ra te of 0.05 or 1.0 °C/min we re stu died by non-de na tu ring
PAGE per for med on 20% pol ya cry la mi de gels sup ple -
men ted with 50 m M NaCl. G-qua dru plex sam ples pre pa -
red at eit her of the coo ling ra tes we re loa ded on gels and
the elec trop ho re ses we re run at 20 °C (3.5 h), at 10 V/cm
(I = 300 m A). Bands in the gel we re fol lo wed by UV sha -
do wing at λ = 254 nm wit hout any mar kers. Af ter wards
gel was sub mer ged in small vo lu me of 0.5 μg/ml Et Br.
Gel was al lo wed to stain for 10 mi nu tes at room tem pe ra -
tu re and af ter de stai ning in H2O pla ced on a tran sil lu mi na -
tor. Bands we re pho to grap hed at ex ci ta tion wa ve length of
302 nm. To fa ci li ta te com pa ri sons bet ween the bands ob -
ser ved with dif fe rent sam ples the doub le stran ded
d(G4T4G4)2 qua dru plex and d(GA5C5T5C) hair pin we re
used as con trol oli go nuc leo ti des.

2. 6. Small-An gle X-Ray Scat te ring 
Mea su re ments 
Small-angle X-ray scat te ring (SAXS) spec tra we re

mea su red with a mo di fied ver sion of the Kratky com pact
ca me ra (An ton Paar KG, Graz, Au stria).35 The ca me ra was
at tac hed to a con ven tio nal X-ray ge ne ra tor Kri slal lof lex
760 (Bru ker AXS Gmb H, Karl sru he, Ger many) that was
ope ra ting at 40 k V and 35 m A. As a sour ce of X-rays the
sea led X-ray tu be with a coo per ano de was used. Uti li zing
the mo dern fo cu sing mul ti la yer op tics (Max Flux#) the Cu
Kα X-rays with a wa ve length λ = 0.154 nm we re fil te red
out. In ad di tion a soft wa re mo noc hro ma tor was al so used,
which con si de red only the scat te red X-ray pho tons wit hin
a pre de fi ned win dow of ener gies and in this way eli mi na -
ted al so pos sib le re mai ning hard X-rays from the de tec ted
scat te red light. The sam ples we re mea su red in a stan dard
quartz ca pil lary with an ou ter dia me ter of 1 mm and wall
thick ness of 10 μm. The scat te red X-ray in ten si ties we re
de tec ted with the po si tion sen si ti ve de tec tor PSD ASA (M.
Braun Gmb H, Garc hing, Ger many) in the small-an gle re -
gi me of scat te ring vec tors 0.07 < q < 7 nm–1, whe re q =
4π/λ · sin(ϑ/2), ϑ being the scat te ring an gle. The mea su -

ring ti mes of 20 hours yiel ded sa tis fac tory mea su ring sta ti -
stic. Scat te ring da ta we re cor rec ted for the empty ca pil lary
and sol vent scat te ring and put on ab so lu te sca le using wa -
ter as a se con dary stan dard.36 Ho we ver, the SAXS in ten si -
ties ob tai ned in this way we re still ex pe ri men tally smea red
due to fi ni te di men sions of the pri mary X-ray beam;37 the -
re fo re the ex pe ri men tal scat te ring in ten si ties we re de smea -
red si mul ta ne ously du ring the eva lua tion pro ce du re. 

2. 7. Dyna mic Light Scat te ring 
Mea su re ments
Dynamic light scattering (DLS)  measurements we -

re per for med on a 3D-DLS Spec tro me ter (LS In stru -
ments, Swit zer land). The in stru ment was equip ped with a
35 m W He-Ne la ser (λ = 632.8 nm), high pre ci sion
beam-split ter, fo cu sing en tran ce and col li ma ting exit lens
and two sin gle-mo de fi ber-op tics de tec tors with ava lanc -
he pho to dio des (pho to de tec tion ef fi ciency > 65 %).
Sam ples we re mea su red in the scat te ring cells that we re
im mer sed in a lar ge-dia me ter ther mo sta ted bath of in dex
matc hing li quid (de ca li ne). Uti li zing the pri mary-beam
at te nua tor the coun ting ra tes we re ad ju sted to about 500
kHz at an an gle of 90° to the di rec tion of the pri mary
beam. The in stru ment was used in a 3D-cross-cor re la tion
sche me. A num ber of DLS mea su re ments of 2 mi nu tes
each for non fil te red sam ples and 30 mi nu tes each for the
fil te red sam ple (fil te red through the fil ter with po re-si ze
of 20 nm; What man Ano top® 25 Plus – syrin ge fil ters
con tai ning pro prie tary alu mi na ba sed Ano po re mem bra -
ne with glass mi cro fi ber pre fil ter we re used) we re col lec -
ted and ap pro xi ma tely 15 of them we re ave ra ged to ob -
tain the fi nal au to cor re la tion func tion. All the mea su re -
ments we re per for med at an an gle of 90° to the di rec tion
of the pri mary beam.

2. 8. In di rect Fou rier Trans for ma tion 
of SAXS Data 
For de tai led analy sis of ex pe rimen tal SAXS cur ves

the Ge ne ra li zed In di rect Fou rier Trans for ma tion
GIFT38–43 soft wa re pac ka ge was used. Ho we ver, so lely
the use of its ba sic part, i.e. the In di rect Fou rier Trans for -
ma tion met hod IFT,44–46 was suf fi cient in our ca se, be cau -
se the re we re no con si de rab le ef fects of in ter par tic le in te -
rac tions on the scat te ring da ta ob ser ved for the stu died
sam ples. IFT is na mely a com ple tely mo del-free met hod,
which is ap pro pria te only for di lu te par ticula te systems
with ne gli gib le in ter par tic le in te rac tions. It is ba sed on the
fact that the form fac tor, P(q), which re pre sents the in tra-
par tic le scat te ring con tri bu tion, can be writ ten as the Fou -
rier trans for ma tion of the pair-di stan ce di stri bu tion func -
tion p(r):44,45

For mu la, (1)
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whe re r is the di stan ce bet ween two scat te ring cen ters wit -
hin the par tic le. Pair-di stan ce di stri bu tion func tion ser ves
as a tool for the de ter mi na tion of the scat te ring par tic les’
geo me try.42,47 At di stan ces r big ger than the ma xi mum di -
men sion of par tic le the p(r) func tion adopts the va lue of
ze ro and in this way pro vides a use ful tool for de ter mi na -
tion of the par tic le’s ma xi mum di men sion. Furt hermo re,
from the sha pe of this func tion the type of scat te ring
partic les’ symme try can be de du ced.47

2. 9. Eva lua tion of Dyna mic Light Scat te ring
Re sults 
Du ring dyna mic light scat te ring ex pe ri ments the

fluc tua tions of the scat te ring in ten sity are mo ni to red. The -
se fluc tua tions are di rectly re la ted to the fluc tua tions of
the scat te ring am pli tu des, which ori gi na te from the con -
cen tra tion fluc tua tions ari sing from Brow nian mo ve -
ment48,49 of the scat te ring par tic les in so lu tion. The fluc -
tua tions of the scat te ring am pli tu de can be ex pres sed in a
form of the scat te ring am pli tu de (field) au to cor re la tion
func tion G1(τ), which is con nec ted to the dif fu sion coef fi -
cient of free scat te ring par tic les Do with the fol lo wing re -
la tion:50,51

for mu la, (2)

whe re τ is the de lay ti me and q = (4π ns/λo) sin(ϑ/2), with
ns being the re frac ti ve in dex of the sol vent and λo the wa -
ve length of the light in va cuum. Un for tu na tely, it is ex pe -
ri men tally not pos sib le to ob tain G1(τ) di rectly. The raw
re sult of DLS ex pe ri ment is na mely a ti me-de pen dent in -
ten sity au to cor re la tion func tion G2(τ), which is con nec ted
to G1(τ) by the Sie gert equa tion:52

for mu la, (3)

whe re pa ra me ter B is the ba se li ne and con stant C re pre -
sents the strength of the co he rent sig nal. The DLS met hod
is in ma jo rity of ca ses used for par tic le si zing. In this man -
ner it ex ploits the well-known Sto kes-Ein stein equa tion,
which pro vi des the con nec tion bet ween the dif fu sion
coef fi cient of glo bu lar scat te ring par tic les Do and the
hydrody na mic ra dius RH:

for mu la,
(4)

whe re kB is the Boltz mann con stant, T is the tem pe ra tu re,
and η the dyna mic vis co sity of the sol vent. DLS tech ni -
que is the re fo re a use ful tool for de ter mi na tion of the
hydrody na mic ra dii of the scat te ring par tic les. Ho we ver,
one has to be awa re that the hydrody na mic ra dius is by de -
fi ni tion the ra dius of a hypot he ti cal sphe ri cal par tic le that
would ha ve the sa me dif fu sion coef fi cient as the scat te -
ring par tic les do ha ve in the stu died sam ple (sol vent). This

means that RH is a pa ra me ter de ter mi ned exc lu si vely on
the ba sis of dyna mic pro per ties of the scat te ring par tic les
that are inf luen ced al so by the in ter par tic le in te rac tions;
i.e. the scat te ring par tic les ac tual sha pe and si ze has only
an in di rect inf luen ce on the RH. 

In the ca se of poly dis per se systems the field au to -
cor re la tion func tion G1(τ) is re pre sen ted by an in te gral
over many ex po nen tials: 

for mu la , 
(5)

whe re τc is the re la xa tion ti me de fi ned as τc = 1/D0q
2, the

func tion D(τc) re pre sents the con ti nu ous di stri bu tion of
re la xa tion ti mes τc, and W(τc) a cor res pon ding weigh ting
func tion de pen ding on the kind of di stri bu tion (num ber,
vo lu me or in ten sity di stri bu tion) adopting the value of  τc

6,
τc

3 or 1, respectively. Combination of Equation (3) and
Equation (5) allows the de ter mi na tion of D(τc) from the
ex pe ri men tally de ter mi ned G2(τ) func tion. D(τc) can ea -
sily be con ver ted in to the mo re com monly used di stri bu -
tion func tion of hydrody na mic ra dii D(RH).53 Ex pres sion
des cri bed by Equa tion (5) is a mo di fied La pla ce trans for -
ma tion. The di stri bu tion func tions pre sen ted la ter in this
pa per we re ob tai ned by in ver se La pla ce trans for ma tion of
ex pe ri men tal da ta uti li zing the pro gram ORT (Op ti mi zed
Re gu la ri za tion Tech ni que).53

3. Re sults and Dis cus sion

3. 1. Thermaly Indu ced Fol ding and 
Unfol ding of d(G4T2G4) Qua dru ple xes 

It has already been ob ser ved pre vi ously that for ma -
tion and un fol ding of cer tain se quen ces of G-qua dru ple -
xes are go ver ned ki ne ti cally. In or der to test whet her that
ap plies al so to d(G4T2G4) qua dru ple xes we ha ve first re -
cor ded a se ries of UV hea ting/an nea ling cur ves. The re -
sults of such ex pe ri ments are shown in Figure 2. The das -
hed li ne cor res ponds to the mel ting cur ve, which was re -
cor ded for the sam ple that was pre vi ously hea ted up to 95
°C and then slowly (0.05 °C/min) coo led down to 5 °C in
an ou ter ther mo stat. The sha pe of this cur ve sug gests that
un fol ding of d(G4T2G4) qua dru ple xes is a bip ha sic tran si -
tion. The es ti ma ted mel ting tem pe ra tu res, TM s, are 54 and
87 °C for the first and se cond tran si tion, res pec ti vely. An
an nea ling cur ve du ring the coo ling cycle with the ra te of 1
°C/min was re cor ded next (see dot ted li ne in Figure 2).
This cur ve sug gests that fol ding of our qua dru plex is a
mo nop ha sic tran si tion with TM of about 51 °C. Im me dia -
tely af ter such coo ling cycle the UV mel ting cur ve was re -
cor ded on ce mo re (see full li ne in Figure 2). In con trast to
the bi mo dal sha pe of the first UV mel ting cur ve its sha pe
is typi cal for mo nop ha sic tran si tion with TM of about 53
°C. Se ve ral ad di tio nal cycles con si sting of mel ting and
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an nea ling cur ves we re re cor ded af ter wards, but we re all
found to be re pro du cib le. The se UV ab sor ban ce mea su re -
ments ob tai ned in the pre sen ce of Na+ ions the re fo re show
hyste re sis of the UV mel ting and an nea ling cur ves, which
de pends on the hea ting and coo ling ra te. The ob ser ved
hyste re sis sug gests that fol ding/un fol ding of va ri ous
d(G4T2G4) struc tu res is a ki ne ti cally go ver ned pro cess.
Dif fe rent ra tes of coo ling re sul ted in chan ges of sha pe and
TM s of UV un fol ding cur ves. This ef fect has already been
re por ted by our lab28,29 We attributed ob ser ved dif fe ren ces
to the ki ne ti cally go ver ned for mation of mo re than one
struc tu re. Re sults pre sen ted in  Figure 2 sug gest that af ter
slow coo ling (0.05 °C/min) the re are at least two pre do mi -
nant con for mers whe reas in the ca se of mo de ra te coo ling
(1 °C/min) the re seems to be only one con for mer pre sent
in the so lu tion. 

In order to support UV results and to get so me furt -
her in sight on the con for ma tion of qua dru ple xes oc cur ring
in so lu tion we al so mea su red the tem pe ra tu re de pen den ce
of CD spec tra of two d(G4T2G4) sam ples pre pa red at the
coo ling ra tes of 0.05 and 1.0 °C/min, res pec ti vely. The se
re sults are shown in Figure 3. CD spec tra of the mo del
qua dru ple xes with pa ral lel strands are cha rac te ri zed by a
peak around λ = 264 nm and arround 240 nm, whi le tho se
with an ti pa ral lel strands ex hi bit peaks at around 295 nm
and troughs at ar round 265 nm.54–56 We ex pec ted pre do -
mi nant for ma tion of G-wi res and con se quently our re sults
to re semb le CD spec tra of mo del qua dru ple xes with pa ral -
lel strands. By con trast, sam ples pre pa red at eit her slow or
mo de ra te coo ling ra te and re cor ded at 5 °C ex hi bit a ne ga -
ti ve mi ni mum at 240 nm, a lar ge po si ti ve band at 262 nm
and anot her po si ti ve band at 291 nm. The ori gin for unex -

pec ted CD spec tra may be nar ro wed down to two cau ses.
First of all the sha pe of CD spec tra of G-qua dru ple xes is
de ter mi ned by the po pu la tion of syn/an ti geo me tries of
gua no si ne glyco si dic tor sion an gles and this geo me try is
not di rectly re la ted to the strand orien ta tion. That would
mean that ma jo rity of po pu la tion might still adopt con for -
ma tion of G-wi res and the CD spec tra would dif fer from
CD spec tra of mo del qua dru ple xes with pa ral lel strands.
The se cond ex pla na tion for our re sults is mo re straight for -
ward. It might be pos sib le that for ma tion of G-wi res is not
a ma jor path way un der con di tions used du ring our ex pe ri -
ments but is just one of the many, mo re or less equally
pro bab le pro ces ses lea ding to dif fe rent con for ma tions of
G-qua dru ple xes as shown in Figure 1. Thus po si ti ve peaks
at λ = 262 and 291 nm may in di ca te pos sib le pre sen ce of
mix tu re of pa ral lel, an ti pa ral lel or/and hybrid type of qua -
dru plex struc tu res. 

When sam ples pre pa red at slow coo ling ra te are
compared to those prepared at mo de ra te coo ling ra te (see
Figure 3) we can see that the la ter ha ve a slightly lo wer
mo lar el lip ti city at λ = 262 nm and slightly hig her mo lar
el lip ti city at 291 nm. Such be ha vior sug gests that the as -
so cia tion of the d(G4T2G4) sin gle strands in to the cor res -
pon ding G-qua dru ple xes is a ki ne ti cally go ver ned pro cess
that, de pen ding on the coo ling ra te, leads to a dif fe rent
com po si tion of G-qua dru plex struc tu res for med at low
tem pe ra tu res. Even though CD spec tros copy can pro vi de
only in di ca ti ve in for ma tion on strand orien ta tion we can
spe cu la te from the sha pe of the cur ves and the in crea sed
mo lar el lip ti city at 262 nm that slow coo ling ra te fa vors
for ma tion of G-wi res due to their ap pa rent pa ral lel strand
orien ta tion. 

Fi gu re 2. UV-mel ting and coo ling cur ves at 295 nm for d(G4T2G4)
qua dru ple xes in 20 mM Na-cacodylate buffer so lu tion at p H = 6.9
and C(Na+) = 50 m M. Mel ting cur ve of qua dru plex sam ple pre pa -
red at the coo ling ra te of 0.05 °C/min and mea su red at the hea ting
ra te of 1 °C/min (das hed li ne). Re pro du cib le loops con si sting of the
mel ting cur ves de ter mi ned at the hea ting ra te of 1 °C/min (full li ne)
and coo ling cur ves ob ser ved at the coo ling ra te of 1 °C/min (dot ted
li ne).

Fi gu re 3. Tem pe ra tu re de pen den ce of CD spec tra of d(G4T2G4)
qua dru ple xes in in 20 mM Na-cacodylate buffer so lu tion at p H =
6.9 and C(Na+) = 50 m M pre pa red at the coo ling ra te of eit her 0.05
°C/min (black sur fa ce) or 1 °C/min (grey sur fa ce). The mea su red
el lip ti city was nor ma li zed to 1 M sin gle strand con cen tra tion and 1
cm path length of light.
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The mea su red chan ges of CD peak po si tions and ra -
tios of their mag ni tu des du ring un fol ding ref lect struc tu ral
(to po logy) chan ges of the mea su red G-qua dru ple xes. In
Figure 4 we show CD mel ting cur ves at wa ve lengths whe -
re chan ges in spec tra are well de fi ned, i.e. at λ = 262 and
291 nm. Mel ting cur ve ob tai ned at λ = 262 nm for the
sam ple pre pa red at slow coo ling ra te agrees with UV da ta
that sug gest un fol ding of d(G4T2G4) qua dru ple xes in bip -
ha sic tran si tion with TM s of 54.5 and 85 °C for the first
and se cond tran si tion, res pec ti vely. The mel ting cur ve of
sam ple pre pa red at mo de ra te coo ling ra te al so sug gests
bip ha sic tran si tion with TM sta ying ap pro xi ma tely the sa -
me but with se cond tran si tion being sig ni fi cantly smal ler
in ex tent. Mel ting cur ves at λ = 291 nm for the sam ples
pre pa red at eit her coo ling ra te show only one tran si tion
with TM being 51.5 °C for the sam ple pre pa red at slow
coo ling ra te and 52.5 °C for the sam ple pre pa red at mo de -
ra te coo ling ra te. The pre sen ce of at least two dif fe rent
struc tu res would ex plain the ob tai ned CD mel ting cur ves.
It seems that du ring slow and mo de ra te coo ling d(G4T2G4)
oli go nuc leo ti de forms G-wi res, bi mo le cu lar and pos sibly
te tra mo le cu lar G-qua dru ple xes. Bi mo le cu lar qua dru ple -
xes can adopt three dif fe rent con for ma tions with pa ral lel
and an ti pa ral lel strand orien ta tion. Un fol ding of the se
con for ma tions is pro bably the cau se for first tran si tion
bet ween 51 and 55 °C and would al so ex plain why it can

be ob ser ved at both wa ve lengths (i.e. 262 and 291 nm).
Sin ce CD mel ting cur ve mea su red at λ = 291 nm did not
show any tran si tion bet ween 70 and 95 °C, we can spe cu -
la te that the tran si tion ob ser ved at λ = 262 nm in the sa me
tem pe ra tu re in ter val is cau sed by un fol ding of struc tu re
with pa ral lel strand orien ta tion. Our guess is that tran si -
tions at hig her tem pe ra tu res are cau sed by un fol ding of G-
wi res. They can adopt dif fe rent lengths and their poly dis -
per sity in length is pro bably the rea son why the re is a
steady de cay ob ser ved af ter the first and be fo re se cond
tran si tion in a CD mel ting cur ve ob tai ned at 262 nm. At
the hig hest mea su red tem pe ra tu res (∼ 95 °C) CD sig nals
of all struc tu res are lost in di ca ting that they un der go a
com ple te un fol ding in to sin gle-stran ded forms.

We ha ve em plo yed DSC to find out whet her the
mea su red mel ting pro ces ses of struc tu res for med by
d(G4T4G4) oli go nuc leo ti de in vol ve one or se ve ral ki ne ti -
cally go ver ned in ter con ver sions and fol ding/un fol ding
tran si tions. Ther mo grams of d(G4T2G4) quadruplexes
mea su red in the pre sen ce of 50 m M Na Cl at three dif fe -
rent hea ting ra tes with the star ting sam ple pre pa red at
very slow or mo de ra te ra te of coo ling are pre sen ted in
Figure 5. They show a sig ni fi cant de pen den ce on the hea -
ting and coo ling ra te. The most pro noun ced dif fe ren ces
are ob ser ved bet ween the DSC hea ting cur ves mea su red
at a gi ven hea ting ra te for qua dru plex sam ples pre pa red by
the ther mally in du ced fol ding at very low (0.05 °C/min)

Fi gu re 4. CD mel ting cur ves of d(G4T2G4) qua dru ple xes in 20 mM
Na-cacodylate buffer so lu tion at p H = 6.9 and C(Na+) = 50 m M
pre pa red at the coo ling ra te of eit her 0.05 °C/min (das hed li nes) or
1 °C/min (full li ne). The mea su red el lip ti ci ties at λ = 262, 280 and
291 nm were nor ma li zed to the one ob tai ned for 1 M sin gle strand
con cen tra tion and 1 cm path length. Con cen tra tion of d(G4T2G4)
was 1.1 m M.

Fi gu re 5. DSC ther mo grams of d(G4T2G4) qua dru ple xes in in 
20 mM Na-cacodylate buffer so lu tion at p H = 6.9 and C(Na+) = 50
m M. The ΔCP (per mol of sin gle strands) vs T cur ves mea su red at
the hea ting ra te of 0.5 °C/min (�), 1 °C/min (�) and 2 °C/min (�)
for qua dru plex sam ples pre pa red at the coo ling ra te of eit her 0.05
°C/min (bottom) or 1.0 °C/min (top).
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and moderate (1.0 °C/min) coo ling ra tes. When sam ples
we re pre pa red at slow coo ling of 0.05 °C/min, the DSC
hea ting cur ves show at least three struc tu ral tran si tions
(two peaks and a shoul der at 65 °C) which in di ca tes the
pre sen ce of at least three G-qua dru plex struc tu res at low
tem pe ra tu res. By contrast, sam ples pre pa red at moderate
coo ling of 1.0 °C/min are cha rac te ri zed by DSC mel ting
cur ves that ref lect at least two struc tu ral tran si tions (hu ge
and small peak). For sam ples pre pa red eit her at the coo -
ling ra te of 0.05 or 1.0 °C/min the mea su red DSC hea ting
and coo ling cur ves we re highly re pro du cib le at all mea su -
red hea ting and coo ling ra tes. The dif fe ren ce bet ween
sam ples pre pa red at slow and mo de ra te coo ling ra tes is in
ac cor dan ce with re sults ob tai ned from spec tros co pic tech -
ni ques. Ins pec tion of all DSC re sults shows that the to tal
area un der the mea su red DSC ther mo grams is the sa me
(wit hin few %) re gard less of the coo ling ra te at which the
sam ples we re pre pa red and re gard less of the hea ting ra te
at which they we re un fol ded (see Figure 5). The ove rall
ent halpy of un fol ding, ΔHtot, equals 25 kcal per mo le of
oli go nuc leo ti de and ap pro xi ma tely 3 kcal per mo le of
gua ni ne. Let’s as su me that all of the gua ni nes are in vol ved
in G-qua dru pleks for ma tion. Sin ce G-quar tets con sist of
four gua ni nes we can conc lu de that the ave ra ge ent halpy
of G-qua dru plexs un fol ding ex pres sed per mo le of G-
quar tets equals 12 kcal/mol. This va lue is so mew hat lo wer
than the cor res pon ding li te ra tu re da ta (bet ween 15 and 20
kcal/ mol), and sug gests the exi sten ce of un pai red gua ni -
nes. 

Even though the top pa nel of Figure 5 shows that
un fol ding of d(G4T2G4) does not de pend on hea ting ra te,

the bot tom pa nel tells a very dif fe rent story. The last peak
in DSC mel ting ther mo grams of d(G4T2G4) pre pa red at
very slow coo ling ra te shifts with in crea sing hea ting ra te
(0.5 → 1.0 → 2.0 °C/min) to hig her tem pe ra tu res (85 →
87 → 89 °C). This shifts can al so be con si de red as in di ca -
tion of ki ne ti cally go ver ned fol ding and un fol ding tran si -
tions of struc tu res for med by d(G4T2G4). 

3. 2. Struc tu ral Cha rac te ri za tion 
of d(G4T2G4) Qua dru ple xes
In li ne with the conc lu sions ba sed on the des cri bed

CD and DSC mea su re ments, al so gel mi gra tion ex pe ri -
ments re vealed a coe xi sten ce of three groups of mi gra ting
struc tu ral forms as de pic ted in Figure 6. The fa stest mi -
gra ting group con sists of two ma jor bands. The slo west of
the se two bands tra vels with ap pro xi ma tely the sa me
speed as d(G4T4G4)2 con trol oli go nuc leo ti de. We be lie ve
that be cau se of the si mi lar si ze (24 vs. 20 nuc leo ti des) the
bands in fa stest mi gra ting group cor res pond to pos sib le
con for ma tions of bi mo le cu lar struc ture of d(G4T2G4)2.
Two dif fe rent bands clearly point to the pre sen ce of at
least two dif fe rent bi mo le cu lar con for mers which agrees
ni cely with conc lu sions ba sed on the CD mel ting cur ves.
The midd le group con sists of three ma jor bands. Ba sed on
the po si tion of bi mo le cu lar qua dru ple xes and the pos sib le
struc tu res d(G4T2G4) oli gonuc leo ti de can adopt we spe cu -
la te that the se bands ori gi na te from the next sim plest
highly or de red struc tu re, that is, te tra mo le cu lar struc tu re
of d(G4T2G4)4. The three bands may re pre sent the first two
sta tes ap pea ring in the for ma tion of G-wi res and the te tra -

Fi gu re 6. Non de na tu ring PAGE (20 %) of d(G4T2G4) qua dru ple xes pre pa red at the coo ling ra te of eit her 0.05 °C/min (3) or 1 °C/min (4). a) Bands
we re fol lo wed by UV sha do wing (λ = 254 nm) at the con stant tem pe ra tu re of 20 °C. As con trol oli go nuc leo ti de doub le stran ded d(G4T4G4)2 qua -
dru plex mar ker (1) and d(GA5C5T5C) hair pin mar ker (2) we re used. b) The sa me gel was stai ned with Et Br and bands we re fol lo wed by tran sil lu -
mi na tor at λ = 302 nm.
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mo le cu lar G-qua dru plex (see Figure 1). The third group
of slowly mi gra ting struc tu res looks li ke one long, smea -
red band which stretc hes from the be gin ning of the gel
and up to the be gin ning of the se cond group of bands. It
most li kely con sists of mul ti ple struc tu res with dif fe rent
si zes which ori gi na te from dif fe rent sta ges of G-wi re for -
ma tion. The pre sen ce of G-wi res with dif fe rent si zes is in
ac cor dan ce with li te ra tu re30,57 and al so agrees with our
CD-mel ting cur ves and DSC ther mo grams. The con tents
of the se groups seem to de pend on the coo ling ra te at
which the sam ples are pre pa red. The gel ex pe ri ments
show that sam ples pre pa red at the coo ling ra te of 0.05
°C/min are cha rac te ri zed by a mo re pro noun ced slo west
mi gra ting group thus in di ca ting that a hig her pro por tion
of the G-wi res is very li kely res pon sib le for the se cond
tran si tion ob ser ved in UV and CD mel ting cur ves. Hig her
per cen ta ge of G-wi res may al so be res pon sib le for the ap -
pea ran ce of se cond peak at about 85 °C in DSC ther mo -
grams. Sin ce this peak shifts to hig her tem pe ra tu res with
in crea sing hea ting ra te we can spe cu la te that for ma tion of
G-wi res is ki ne ti cally go ver ned pro cess. On the ot her
hand, the sam ples pre pa red at a mo de ra te coo ling ra te of
1.0 °C/min are cha rac te ri zed by a mo re pro noun ced fa stest
mi gra ting group re sul ting from hig her por tion of bi mo le -
cu lar qua dru ple xes com pa red to G-wi res. The ne gli gib le
in ten sity of slo west mi gra ting group of sam ples pre pa red
at eit her slow or mo de ra te coo ling ra te along with the ent -
hal pies ob tai ned from DSC da ta sug gest that even though
the struc tu res of dif fe rent lengths are pre sent in so lu tion,
d(G4T2G4) folds pre do mi na tely in to shor ter G-wi res. 

The sa me gel was stai ned with Et Br and re sul ting
bands are shown in Figure 6b. As ex pec ted, Et Br does not
bind to d(G4T4G4)2 con trol oli go nuc leo ti de, the re fo re no
bands can be vi sib le in the first la ne. On the ot her hand, Et -
Br in te racts with the se cond con trol oli go nuc leo ti de which
is in ac cor dan ce with ot her con trol oli go nuc leo ti des that
form hairpin struc tu res. The fa stest mi gra ting group of our
sam ple seems to in te ract with Et Br with ne gli gib le af fi nity.
This is in ac cor dan ce with our sug ge stion that this group
pro bably con sists of bi mo le cu lar qua dru ple xes which ha ve
a very low bin ding af fi nity to Et Br. The midd le mi gra ting
group is com pri sed of struc tu res which ac cor ding to the in -
ten sity of bands ex hi bit stron ger in te rac tion with Et Br. The
slo west band in this group shows as a stron gest sin gle band
on the stai ned gel. The slo west mi gra ting group al so ex hi -
bits stron ger in te rac tion with Et Br when com pared to bi -
mo le cu lar qua dru ple xes sug gesting that Et Br binds to G-
wi res with sig ni fi cant af fi nity. 

The se fin dings we re furt her sup por ted by the DLS
mea su re ments pre sen ted in Figure 7, which we re ob tai ned
for the sam ple with qua dru ple xes pre pa red at the coo ling
ra te of 0.05 °C/min (slow coo ling) and the coo ling ra te of
1 °C/min (fast coo ling). In Figure 7a the cor res pon ding in -
ten sity au to cor re la tion func tions are de pic ted. Already
the se raw DLS re sults re veal the bi mo dal sha pe of G2(τ)
func tion which clearly in di ca te the pre sen ce of two po pu -

la tions with very dif fe rent dyna mic pro per ties in the sam -
ple, i.e. “big ger-par tic le” and “smal ler-par tic le” po pu la -
tion. In ad di tion the slowly coo led sam ple was fil te red
through a fil ter with po re-si ze of 20 nm in or der to iso la te
the smal ler-par tic le po pu la tion and analy ze it in de pen -
dently. The ob tai ned mo no mo dal form of G2(τ) func tion
in this ca se con firms that by fil tra tion only the smal ler-
par tic le po pu la tion was suc cess fully se pa ra ted out. In the
next step all the se raw da ta we re furt her analy zed per for -
ming in di rect in ver se La pla ce trans for ma tion uti li zing the
ORT tech ni que.53 The cor res pon ding re sults are pre sen ted
in Figure 7b in a form of in ten sity weigh ted di stri bu tion of
hydrody na mic ra dii D(RH). To fa ci li ta te the mu tual com -
pa ri son of the se re sults, the di stri bu tions ob tai ned for
slowly and fast coo led sam ple are nor ma li zed to the
height of the peak of the po pu la tion of big ger-par tic le po -
pu la tion. In ad di tion, the fil te red sam ple is al so nor ma li -
zed to the height of the peak of the small-par tic le po pu la -
tion for slowly coo led sam ple. At this point we ha ve to

Fi gu re 7. Dyna mic light scat te ring re sults for the sam ple with qua -
dru ple xes pre pa red at the coo ling ra te of eit her 0.05 °C/min (slow
coo ling) or the coo ling ra te of 1 °C/min (fast coo ling) all mea su red
at an an gle of 90° to the di rec tion of the pri mary beam. The for mer
sam ple was al so fil te red through the fil ter with po re-si ze of 20 nm.
(a) Ex pe ri men tal DLS in ten sity au to cor re la tion func tion G2(τ)
(symbols) with the cor res pon ding fits ac cor ding to the ORT eva lua -
tion (li nes). (b) In ver se La pla ce trans for ma tion of the DLS re sults:
scat te ring in ten sity weigh ted di stri bu tion func tion D(RH). 

a)

b)
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stress that the ob tai ned va lues of the hydrody na mic ra dii
are quan ti ta ti vely va lid only for the small-par tic le po pu la -
tion sho wing the ave ra ge ef fec ti ve si zes around 3.3 nm.
Na mely, at hig her va lues of RH the DLS re sults are ex pec -
ted to be de pen dent on the scat te ring an gle of the mea su -
re ment, but we ha ve not ex plo red such de pen den ce in our
ex pe ri ments. Such de pen den ce is ex pec ted sin ce the si ze
of the se par tic les is already com pa rab le or lar ger to the si -
ze of the wa ve length of the scat te red light. Such de pen -
den ce could al so in di ca te on scat te ring par tic le ani so tropy
and/or poly dis per sity. Lar ge poly dis per sity is in any ca se
ob vi ous from the re sults pre sen ted in Figure 7b. The re fo -
re, the se re sults should only be ta ken qua li ta ti vely, but
even as such they clearly in di ca te on the pre sen ce of three
di stinct po pu la tions of scat te ring par tic les in the stu died
two sam ples. This fin ding ni cely con forms to the elec trop -
ho re tic and al so spec tros co pic re sults pre sen ted in the pre -
vi ous pa ra graphs. The re sults from Figure 7 al so clearly
in di ca te that in the ca se of slowly coo led sam ple the pro -
por tion of po pu la tion with small par tic les with res pect to
the one with the big par tic les is much smal ler. This can be
seen from the smal ler first de cay in G2(τ) func tion for
slowly coo led sam ple in Figure 7a and al so from the ra tio
of the cor res pon ding two peak heights in Figure 7b. What
is even mo re, Figure 7b al so re veals that by fil tra tion the
po pu la tion of small par tic les was iso la ted in an im por tant
pro por tion, even though the short tail (re pre sen ting lar ger
par tic les in small po pu la tion) is ob vi ously mis sing in the
fil te red sam ple – see the cor res pon ding D(RH) di stri bu tion
func tions in Figure 7b. 

DLS re sults we re com ple men ted by the SAXS re -
sults on the sa me sam ples that are de pic ted in Figure 8.
The scat te ring cur ves in Figure 8a show on very si mi lar
si tua tion in both two sam ples, with slight dif fe ren ces only
in the in ner most part of the scat te ring cur ves (see in set in
in Figure 8a). It has to be clea red out, that the si ze-re so lu -
tion of SAXS tech ni que is in this ca se from si ze of ap pro -
xi ma tely 1 nm to ap pro xi ma tely 27 nm whi le the in for ma -
tion about lar ger par tic les is hid den in the pri mary beam
and is not ac ces sib le by our ex pe ri ment. Be cau se of this
li mi ta tion the SAXS re sults do not re veal the po pu la tions
of lar ger par tic les that we re de tec ted with DLS and ot her
tech ni ques, but can only ob ser ve the po pu la tion of smal ler
par tic les. As SAXS is a di rect struc tu ral met hod it gi ves
di rect struc tu ral in for ma tion on the po pu la tion of the se
smal ler par tic les. The most de tai led in for ma tion about the
struc tu ral fea tu res of this po pu la tion are gi ven via the re -
sults of the IFT met hod pre sen ted in Figure 8b. In te re -
stingly the IFT re sults for fil te red and ori gi nal slowly coo -
led sam ple are very si mi lar, both in di ca ting slightly elon -
ga ted scat te ring par tic les with dia me ter of cross-sec tion of
about 3 nm and ma xi mum di men sion of 6.5 nm (slight
dif fe ren ces in the se cur ves might ari se from the dif fe ren ce
of the ave ra ge elec tron den sity of the se sam ples and con -
se quent slight dif fe ren ce in the scat te ring con trast of the
scat te ring par tic les in the se sam ples). The se par tic les al so

re semb le tho se of fast coo led sam ple, which seem to be a
bit mo re glo bu lar with ma xi mum di men sions of about 5
nm. The se re sults al so ni cely con form to the va lues of the
hydrody na mic ra dii ob tai ned for the fa stest po pu la tion of
par tic les in the DLS re sults.

4. Conc lu sions

We ha ve used a number of tech ni ques such as UV
and CD spec tros copy, DSC, gel elec trop ho re sis, SAXS
and DLS to fol low ther mally in du ced struc tu re tran si tions
of su per mo le cu lar as semb lies using a sim ple 10 nuc leo ti -
de se quen ce d(G4T2G4) in Na+ so lu tion. Our re sults show
that the for ma tion of in ve sti ga ted as semb lies is not a
straight for ward pro cess but rat her in vol ves mul ti ple steps
with se ve ral struc tu res being for med. We in ter pre ted our
da ta through si mul ta ne ous pre sen ce of bi mo le cu lar and

Figure 8. (a) Ex pe ri men tal SAXS cur ves on ab so lu te sca le at 25 °C
for the sam ple with qua dru ple xes pre pa red at the coo ling ra te of
eit her 0.05 °C/min (slow coo ling) of the coo ling ra te of 1 °C/min
(fast coo ling). The for mer sam ple was al so fil te red through the fil -
ter with po re-si ze of 20 nm. In set: zoom of the low q part of the
scat te ring cur ves. (b) Re sults of the IFT analy sis of the SAXS cur -
ves: pair-di stan ce di stri bu tion func tions p(r).

a)

b)
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te tra mo le cu lar G-qua dru ple xes along with G-wi res of dif -
fe rent lengths, which is in ac cor dan ce with the sug ge sted
con for ma tions that d(G4T2G4) oli go nuc leo ti de may adopt
(Fi gu re 1). Al so all of the ex pe ri men tal tech ni ques sho -
wed that ther mally in du ced fol ding tran si tions in so lu tion
de pend on coo ling ra te and DSC sho wed that ther mally
in du ced un fol ding tran si tion de pend on hea ting ra te, thus
lea ding to the conc lu sion that fol ding/un fol ding tran si -
tions of struc tu res for med by d(G4T2G4) are ki ne ti cally
go ver ned pro ces ses.
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Povzetek
DNA naj po go ste je obrav na va mo kot dvo ve ri`no mo le ku lo, v ka te ri sta dva kom ple men tar na ni za med se boj po ve za na z
Wat son-Crick-ovi mi baz ni mi pa ri. Z gva ni ni bo ga ta za po red ja DNA pa lah ko tvo ri jo tu di dru ga~ne, bolj ne na vad ne
struk tu re, ki so se stav lje ne iz t.i. G-kvar te tov. Možnost uporabe v molekularni elektroniki je zbudila zanimanje za
samoureje nenanostrukture, ki so jih poi me no va li G-`i~ke. Za da li smo si cilj, da bi bo lje ra zu me li struk tur ne pre ho de 
G-`i~k, ki na sta ne jo iz oli go nu kleo ti da d(G4T2G4). V ta na men smo upo ra bi li vr sto eks pe ri men tal nih teh nik; UV in CD
spektroskopijo, diferen no dinami no kalorimetrijo (DSC), gelsko elektroforezo, ozkokotno rentgensko sipanje (SAXS)
in dinami no sipanje svetlobe (DLS).. Vse eks pe ri men tal ne teh ni ke so po ka za le, da sta na sta nek in ure di tev struk tur od -
vi sna od hi tro sti oh la ja nja, DSC pa je po ka za la, da je raz vi ja nje struk tur od vi sno od hi trost gret ja. To nas je pri pe lja lo do
za klju~ka, da sta tvor ba in raz vit je struk tur, ki na sta ne jo iz oli go nu kleo ti da d(G4T2G4), ki ne ti~no po go je na.


