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Abstrakt:

Guaninové kvadruplexy twb tiidu neobvyklych konformaci nukleovych kyselin zapbych na
stohovani guaninovych tetrad stabilizovanych pealtictvim Hoogsteenovského parovani a
koordinace katiorit Podileji se celéadt burg¢nych proced veetre replikace, rekombinace nebo
transkripce. Guaninové kvadruplexy jsou velmi riea$¢ v lidském genomu, ale nejvice se vyskytuji
v jednovlaknovych oblastech telomer bohatych nangueO telomerni guaninové kvadruplexy roste
zajem diky jejich schopnosti inhibovat aktivitu g telomeraza, ktery je zodpsny za proliferaci
nadorovych bugk. Konkrétré jsme zkoumali konformii polymorfismus zakladni lidské telomerni
sekvence @TTAG;); vyvolany koncentraci DNA, kovovych katidnt(K*, Na") a/nebo teplotni
renaturaci. Ramanova spektroskopie byla pouzita kmarni metoda pro toto studium, népoa
rozdil od BZnych spektroskopickych metod, jsme mohli sledatatkturu kvadruplexu za velmi
vysokych koncentraci DNA napodobujicich podminky lekolarniho shlukovani v lige.
Ukazujeme, Ze kvadruplex s TAG3); piechazi mezi antiparalelnim a paralelnim wadénim
fetézoh v zavislosti na koncentraci DNA a idnK*. Kromé toho také ukazujeme, Ze kationické
porfyriny mohou slouzit jako citlivé sondy konforoekvadruplef. Zawrem diskutujeme moznou
dimerizaci zajimavého guaninového kvadruplexu zr@nako jako trombinovy aptamer.
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Abstract:

Guanine quadruplexes are a class of unusual nuateits conformations based on stacked planar
guanine tetrads stabilized via Hoogsteen pairing eation coordination. They are implicated in
numerous cellular processes including replicatiorcombination or transcription. Guanine
guadruplexes are widespread within the human gertmméheir occurrence is highest in the single
stranded guanine-rich regions at telomeres. Telenguwanine quadruplexes are gaining growing
interest due to their ability to inhibit the activiof the telomerase enzyme, which is responsibie f
the proliferation of tumor cells. Specifically, wevestigated the conformational polymorphism of the
human core telomeric sequencgT3 AGs); conditioned by the concentration of DNA, metaliaas
(K*, N&) and/or annealing. Raman spectroscopy was emplayate primary method for this study
because, unlike common spectroscopic methoddpivedl us to monitor the quadruplex structure at
very high DNA concentrations mimicking moleculaowding conditions in the cell. We demonstrate
that the G(TTAG3); quadruplex switch between the antiparallel andilprstrand alignment as a
function of nucleoside and potassium concentration.addition, we demonstrate that cationic
porphyrins can be used as sensitive probes of tllrgplex conformation. Finally, we discuss
possible dimerization of interesting guanine quptix known as thrombin binding aptamer.

Keywords: DNA, guanine, quadruplex, porphyrins, Rarspectroscopy
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Preface

The presented thesis summarizes the research dong dhy PhD study at the
Division of Biomolecular Physics at Institute of yBits of Charles University in
Prague. The primary objective of the dissertati@s wo investigate the biophysical
properties of non-canonical DNA structures. The hwork deals exclusively with
an interesting group of the four-stranded nucleids structures known as guanine
(G-) quadruplexes or tetraplexes. These structaresubiquitous in the human
genome. It is believed that they are involved imewus cellular processes such as
the regulation of gene expression or recombination.

G-quadruplexes occurring at the single-strandedclsHegions of telomeres
are most widely studied since their formation ambidization may modulate the
activity of telomerase enzyme that is responsibtarhmortality and proliferation of
cancer cells. Human telomeric DNA sequences arblhhigolymorphic in nature.
Despite intensive research, their conformationsurassl under physiological
conditions remain largely unknown. A myriad of expental data available to date
suggests that the structure of human telomere ¢®rsequence of the complex
interplay of a range of factors such as the exdigomucleotide sequence and
concentration, the type and concentration of siabg metal cations, the presence of
molecular ligands, dehydration and molecular cragdiSpecifically, it has been
recently proposed that drastically different oligoleotide concentrations
appropriate for various experimental techniquehiagcCD and NMR spectroscopy
may be a reason of why contradictory structuresearealed under otherwise similar
conditions[Renciuk, 2009]. We decided to clarify this matter by employingnfen
spectroscopy as a bridge between the methodsctedtrio low and high DNA
concentrations only.

Our work is pioneering in many respects. We folldisy Raman spectroscopy
the switch between the antiparallel and parallehdgquplex arrangement of the
human core telomeric sequence3(T3AG3); induced by oligonucleotide
concentration, potassium concentration or/and dmgeaRaman spectroscopy has
been rarely applied for studying quadruplex nucksas. Our study is one of the
few systematic studies in a decade employing cdiveal non-resonant Raman
spectroscopy to probe G-quadruplex structures itlutisa. Thermal melting

measurements carried out by us at extremely higkeaside concentrations are first
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of its kind. The possibility of Raman spectroscapycharacterize high concentrated
DNA samples mimicking the conditions in the celhdmstrated by our study may
attract interest in the application of Raman spscimpy among the scientific
community interested in G-quadruplexes. The Ranaa dn human telomere DNA
were confronted with CD spectroscopic measurenmamsative polyacrylamide gel
electrophoresis conducted in cooperation with 2a. Kejnovska and prof. Michaela
Vorlickova at Institute of Biophysics of the Academy dfiédices of the Czech
Republic (Brno). Long-term cooperation betweenanuat their group culminated in a
joint publication concerning polymorphism of humatomeric quadruplex structure
controlled by DNA concentratiofPalacky et al., 2012, submitted, in attachments,
pages 195-220]

Apart from telomeric G-quadruplexes, this thessoaleals with other guanine
quadruplex structures. We measured resonance Rspeatra of cationic porphyrins
in order to characterize their interaction with igas intramolecular and
intermolecular G-quadruplexes. To our knowledge, dimilar Raman study has not
been published yet. The primary idea was to usergatporphyrins as sensitive and
specific probes for G-quadruplex DNA. Raman scatterexperiments were
correlated with the data provided by absorption @ spectroscopy. CD spectra
were recorded again in the group of prof. Michaébalickova but also in the group
of Dr. Lucie Bednarova from Institute of Organicedhistry and Biochemistry of the
Academy of Sciences of the Czech Republic (Praglie¢ obtained results are
convincing although they do not necessarily brieg/mnsights into understanding of
G-quadruplexes. We simply demonstrate that catipaiphyrins can be employed to
follow indirectly the structural changes in the fmymation of DNA guanine
quadruplexes provoked by varying experimental dim such as introducing
specific metal cations or changing temperature.

Of all the studied nontelomeric G-rich sequences,narrowed our detailed
research to TBA (thrombin binding aptamer). TBAaisimple model system of a
guanine quadruplex, having low thermal stabilityd aonly two G-tetrads. This
quadruplex is most frequently studied DNA aptanieiis biologically important
because it binds with high affinity to thrombin gn®e, which is implicated in blood
clotting. It is widely accepted that TBA is an eatnolecular G-quadruplex. However,

on the basis of bimolecular-like electrophoreticgration of TBA in native
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polyacrylamide gels, it was previously proposedt thBA is in fact bimolecular
structurgFialova et al., 2006

In an effort to clarify the reason why distinct exijmental techniques (NMR,
gel electrophoresis) provide inconsistent resudtscerning the molecularity of TBA,
we combined a host of experimental methods inclydaptical spectroscopic
methods, NMR, differential scanning calorimetry agel electrophoresis to probe
the solution structure of TBA and its interactioithacationic porphyrins. A crucial
finding of our study is the observation of a stramguced CD signal of the bisignate
shape for mixtures of TBA with the copper catiopmrphyrin. Based on this and
other results, we conclude that TBA aptamer fornasnes kind of dimeric
arrangement rather than an intramolecular G-quéelkups it is generally believed.

The presented results on G-quadruplexes couldaoblained without the use
of sophisticated multivariate techniques (base®WD) for processing of very large
guantities of spectroscopic data. During the cowfseloctoral study, a range of
useful programs were written in Matfalfversion 7.4, Mathworks) in order to
simplify data treatment and visualization. Theyluwle, for instance, the program for
manual correction of background, the program faensity normalization and
solvent subtraction exploiting the properties oftevastretching vibrations or the
program for visualization of the results of 2D inragexperiments. It is worth noting
that our semi-automated procedure for spectra ricgatian and solvent subtraction
exploiting the properties of water stretching vilmas was recently published

[Palacky et al., 2011, in attachments, pages 22735
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1. Introduction

1.1 Nucleic acid structure — basic concepts

The nucleic acids are biopolymers composed of tepeduilding blocks
called nucleotides. The nucleotide can be divided the three major components,
that is, a pentose sugar, a heterocyclic nuclectrad@®ne or more phosphate groups.
The most frequently occurring nucleobases in nactaids are adenine, guanine
(derived from purine) and thymine, cytosine andciir@derived from pyrimidine).
Some other less common nucleobases such as irergmermally found in natural
nucleic acids (especially in RNA), but in a rateerall amount. The major difference
between the structure of DNA and RNA is that thgasun RNA has extra oxygen at
the 2" carbon. Furthermore, uracil is almost exeklg found in RNA, whereas
thymine is much more common in DNA. The nucleotidat lacks the phosphate
group(s) is a called nucleoside. Nucleosides carphmsphorylated at hydroxyls
linked to the 2" (in RNA), 3" and 5 carbons. Asanvention, the DNA or RNA
strand directionality is defined in terms of théatation of phosphodiesther linkage
(from the carbon C5” to C3"). Two chains of natumatleic acids assuming double
helical structure run normally in the opposite difens. Short DNA or RNA
fragments, denoted as oligonucleotides, can be daygaroutinely synthesized at
high purity for required base sequences. It is equibmmon to synthesize
oligonucleotides that do not occur in nature sushhase with the phosphodiesther
bond linking C2" and C5” carbons or those havingesa@ahemical modifications on
the nucleobases or sugar rings. As opposed toatiomitrogen heterocycles of
nucleobases, which are more or less planar, thengiep of (deoxy) — ribofuranose
rings of DNA (RNA) strongly deviates from planaritysaenger, 1983] The
conformation of the sugar moiety is defined in terof 5 endocyclic torsion angles
Vo, U, Wb, 3 V4 (See figure 1 and table 1), and it is theordidaé¢st represented by
the pseudorotation cycl&fenger, 1983that introduces two parameters, namely the
pseudorotation ring torsion angle (pseudorotatimplaude) and the pseudorotation
phase angle (see figure 2). The pseudorotationecyes first employed for
cyclopentane, where there is practically no diffieee between individual puckering
states.



Introduction 11

— CHAIN
7. DIRECTION
- 034
7 |
2
Lo
o
8 C¢ (purines)
5 5 C2(pyrimidines)
o
c
2.
(03
I 2 0.
. 2 S 2
2
= A 4 1

Os’

Figure 1. Atomic numbering scheme and definitions of torsioasgles for
polyribonucleotide chain. Taken froiseenger, 1983).

Figure 2. Pseudorotation cycle of the furanose ring in nwsitkes. Values of phase
angles are given in multiples of 36°. Envelope B amist T forms alternate every
18°. Sugar puckers differing by 180° are mutuakonimmages. The signs (+) and (-)

indicate positive and negative torsion angles,aetpely. Taken fromsaenger, 1983].
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Torsion Atoms involved
angle

a )0y —P-Q -G

B P-G-G-C

y Os-G -G -Gy

o Cs—C —GC -0y

£ Cir—-G-0C-P

é Cs -0y —P—-Qny

Oy — G — Ny — G (pyrimidines)

X 04— C-— Ng— C4(purines)
40 Cr-0-C -G

v 0/ -G -G-GC

V2 CG-G-G-C

Vs C -G -G -0

Vg CG-G-0-C

Table 1. Definition of torsion angles in nucleotides. Adeghfrom[Saenger, 1983].

The pseudorotation phase angle P can be obtainetsebys of the endocyclic

torsion anglesy, W, V>, 13 V4 according to equation 1.1.

(V4 + Vl) - (V3 + Vo)
2 vy (sin36° + sin 72 °)

(1.1) tanP =

Torsions angles are related to the phase angleoRgh equation 1.2, where
J] = goes from O to 4¢ = 720°/5 = 144° and/maxiS sugar puckering amplitude
[Bloomfield et al., 2000]

(1.2) Vi = Vimax " c0s(P + (j —2) - @)

As can be expected, asymmetric attachment of suéstigroups results in the
restriction of conformational flexibility. This ihe case of nucleic acids having the
purine or pyrimidine bases connected to the carbon of the sugar where one can
predominately observe eithep-@ndo (144%< P < 180°) or G- endo (0°< P< 36°)
sugar puckersSaenger, 1983]The conformations £ endo and ¢- endo can be
simply envisioned as such deviation of the carbGpsand G, respectively, that
these lies in the same half-plane as the carkpmwith respect to the plane formed
by the remaining atoms.

Apart from the endocyclic torsion angles, the dee of nucleic acids can be

characterized by the arrangement of the sugar pladspbackbone, which is
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identified with the sequence of four atoms P-C-C4 (see figure 1). The

conformational flexibility of the backbone is expsed in terms of six torsion angles,
that is,a, B, ¥ 6 & ¢ (see figure 1 and table 1Each torsion angle generally varies
only over a certain range of values due to stdashes between surrounding groups
of atoms. The common terminology for describing thege of torsions angles has

been introduced by Klyne and Prelog (see figure 3).

Figure 3. Schematic correlation of torsion angle ranges Wsespectroscopistsit,
trans +gauche -gauché with ranges defined by Klyne and Prelogyr{ or
synperiplenayanti or antiperiplenar +synclinal - synclinal +anticlinal, -anticlinal).

Taken from[Saenger, 1983].

The orientation of nucleobase around N-glycosidimd is defined by the
torsion angley (see figure 1 and table 1), which is normally niettd to the two
major orientations, that isynor anti [Bloomfield et al., 2000] Roughly speaking,
the conformatioranti is characterized by less overlap between the saghthe base
than thesyn conformation (pyrimidine ring in purine and, @ pyrimidine bases is
directed towards the sugar in teygnconformation). Helical double-stranded nucleic
acid structures, mononucleotides, as well as pyliimei nucleosides prefer tlanti
oversynsugar orientationsloomfield et al., 2000; Saenger et al., 1983The ratio
of synto anti conformers can be influenced by the nucleobaseifivaiion. The
nucleobases with the bulky substituents can bedeoather in thesynthan in theanti

conformation (see figure 4ploomfield et al., 2000; Saenger et al., 1983]
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Figure 4. Two different orientations of nucleobases aroumel glycosidic bond.
While uridine has the base in thati conformation (on the left), its 6-methylated

derivative prefers theyngeometry (on the rightYaken from Saenger, 1983].

There is a notable correlation between the prelyousentioned sugar
puckering modes and the torsion angldhesynconformation of glycosidic bond is
associated with the .G endo puckering, whereas tlaati conformation is more
typically found with the €- endo sugar puckef&loomfield et al., 2000; Saenger,
19831 Interestingly, RNA helical nucleic acids or oligecleotides are more prone to
adopt the €- endo puckering then their DNA counterparts, whickfer the G-
endo puckering. The summary of the prevailing sygackering modes and the
corresponding base orientations is compiled forgamson purposes in table 2.

Nucleic acids are highly polymorphic moleculgsoomfield et al., 2000;
Kypr et al., 2009; Saenger, 1983[These include various helical structures formed
by one[Bell et al., 1997] two (duplexes)Movileanu et al., 2002; Ottova et al.,
2011] three (triplexes)Herrera & Stépanek, 2010; Liquier et al., 1999] four
(tetramolecular guanine quadruplexésiergny et al., 2005a] and cytosine
quadruplexesBenevides et al., 1999] and five or more nucleic acid strands
[Borbone et al., 2011 as well as hairpingBaumruk et al., 2001; Vachousek &
Stépanek, 2008] RNA-DNA heteroduplexe$k iz et al., 2008; Vondruskova et
al., 2008]and other less frequent conformatiofnscolla & Wells, 2004]

Right-handed helical DNA and RNA conformations daa roughly divided
into two distinct structural categories known aams B family[Saenger, 1983|The
the two families are primarily distinguished acaogdto the pucker of furanose
rings. Specifically, whereas polynucleotides of tamily A are found exclusively
with C3- endo sugar pucker, the family B is predominatetgociated with £
endo sugar puckering (C exo, G- exo, G- exo or Q- endo puckers are,
however, also possible)Bloomfield et al., 2000; Saenger, 1983]|Cs’- endo
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puckering is reflected in a short interphosphatgtagice of 5.9 A. € endo is
associated with a significantly higher interphodphgistance of 7.0 A. As a result,
the polynucleotides belonging to the family B extsiblarger conformational
variability than the polynucleotides of the familx (the average structural
parameters for both nucleic acid families are giwertable 3)[Saenger, 1983]
Accordingly, RNA duplexes can be found only in telosely related forms A and
A"(A” conformation prevails at higher salt concatibns), whereas DNA duplexes
adopt not only A conformation (typical of RNA) bwlso a range of other
conformations (B, B", C, C’, C”, D, E, T) belongito the B family|Saenger,
1983] The comparison of A, B and Z form (see belowPdfA is given in figure 5.

The particular DNA (RNA) conformation is dependent many factors such
as the sequence context, ionic strength, temperatpH, presence of other
interacting molecules or chemical modificationsn@&ally, right-handed B-form of
DNA is the predominant conformation at physiologicanditions (high relative
humidity, and the presence of Kind/or Na cations). The A-DNA conformation is
limited to dehydrated conditions (and higher iostiengths) typical of crystals. Most
RNA-DNA hybrids usually adopt duplex or triplex dormations with the A
geometry[Saenger, 1983] Although RNA molecules can form duplex or triplex
structures, they are more commonly found as sisfyesded (with the exception of
some RNA viruses). Single-stranded RNA structures known for their high
polymorphism, partly due to a high percentage af-canonical bases or/and base
pairs, as compared to DNA. The example of a vempmex RNA secondary and
tertiary structure is a nucleoprotein complex chlibosome.

Apart from the above-mentioned right-handed nudeid structures, DNA as
well RNA can adopt left-handed structure known dsrzh (in fact, there are several
types of Z-DNA, similarly to the B family of struates). The Z DNA helix is
typically observed for alternating purine-pyrimidirsequences in the presence of
high salt concentrations or alcoh@gbloomfield et al., 2000; Saenger, 1983;
Vorli ¢ckova et al., 2012] A basic repeat unit of Z-structure forms two matides:
purine in C3’-endo/synand pyrimidine inC2’-endo/anticonformation with sugar-
phosphate bacbone running in zigzag manner (seeeflg). The selected structural
parameters for Z-form of DNA are tabulated in taBlénterestingly, the Z-form was
also observed for non-alternating purine-pyrimidseguences and with trinucleotide
repeatgVorli ¢kova et al., 2012; Wang et al., 1985]
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Base Pyrimidine Purine
Sugar Base Sugar Base
sugar puckering| orientation | puckering | orientation
: C,-endo anti C,-endo anti
Ribose
. Cs-endo syn Cs-endo syn
Nucleoside - -
Deoxyribose C,~endo anti C,~endo anti
Cs-endo syn Cs-endo syn
Ribose C;-endo anti C;-endo anti
. C;~endo Cs;-endo
Nucleotide
Deoxyribose C,-endo anti C,-endo anti
Cs-endo Cs-endo
. Ribose Cs-endo anti Cs-endo anti
Al C,-endo C,-endo
olynucleotide i 2" i 2" i
poly Deoxyribose C,-endo anti C,-endo anti

Table 2. Preferred sugar puckers and base orientationsntaieosides and
poly(nucleotides). Dominating conformations areidigl in red bold font. Adapted

from [Saenger, 1983].

DNA form A B Z
Helix sense right-handed right-handed left-handed
Diameter 2.6 2.0 1.8
LB NS (1) i, 10 12 (6 CG dimers)
one turn
10° for pyrimidine-
Rotation per one base 30 7° 36° . purine
pair 50° for purine-
pyrimidine
Height per one turn 3.20 3.40 4.50
Ingllna‘uon _of basg +12° +2 40 .6.2°
pairs to helical axis
Deviation of base pairs
from 0.41 0.08 0.3
helical axis
Major depth 1.35 0.85
groove | width 0.27 117 SR
Minor depth 0.28 0.75 0.90
groove width 1.10 0.57 0.40
The puckering modes C,-endofor pyrimidines
of sugar Cs-endo G-t Cs~endofor purines
UL G e anti for pyrimidines
N-glycosidic bond anti anti pyrim
synfor purines
(anglex)

Table 3. The selected values of average structural paraméierthree basic DNA

conformations. Numerical values are in [nm]. Adag®m|Bloomfield et al., 2000].
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A Form B Form

Figure 5. Threedifferent representatics of 3D structures ofloublehelical DNA
having20 base pairs for ththree most commonly occurrifi@gNA structural forms:
A, B and Z.Adapted fron[Bloomfield et al., 2000].
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1.2 Non-canonical nucleic acid structures — a focusn
guanine quadruplexes

Guanine (G-) quadruplexes (known also as guanitraplexes or simply
quadruplexes) represent a diverse class of nuateitstructures that are constituted
by oligo and polynucleotides with a high contenicohsecutive guanine residues in
their primary sequences. They differ from canonmuatleic acid structures (such as
B-DNA) in many aspects. It has been known for ggltime that guanosine and its
derivatives form viscous gels in water at millimolar higher concentrations. As
early as 1962, it was proposed, based on X-rayaditibn analysis, that the
formation of such gels can be explained by stagitadar tetrads of guanines linked
together via Hoogsteen type of hydrogen bonding @gure 6)[Gellert, 1962].
Stacked guanine tetrads constitute the core ofamiga quadruplex structure with a
central channel allowing the incorporation of metations. This arrangement is
notable for relative rigidity, which is reflecteds mather high thermal stability of
quadruplex nucleic acids. The bases that are nativied in the tetrad formation
(mostly A and T) are very flexible and their confa@tion can be easily modulated
by the interaction with other molecules. Quadrupkeare classified in the literature
into diverse groups depending on various structtmators that are taken into
accounfSimonsson, 2001]The classification of quadruplexes that is gibefow is
not exhausting and may be even ambiguous since stsowural parameters can be
interrelated. A more theoretical approach to theology of guanine quadruplexes
founded on the assumption that there are just twemlgminant ranges of the
glycosidic torsion anglg (synor anti) for guanine residues forming G-tetrads has

been presented recentlya Silva et al., 2007

Figure 6. The structure of guanine tetrad.
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The roughest classification of guanine quadrupleoaasbe done according to
their stoichiometry, i.e. according to the numbg&interacting guanine-rich strands
constituting one quadruplex structure. Althouglisiperhaps not well theoretically
justified, all experimental findings are consistewith just the three basic
stoichiometries (see figure 7). Quadruplexes ateeeintramolecular (unimolecular)
or can be formed from 2 or 4 oligonucleotide stsandihe higher aggregates
(stoichiometry > 4) have been observed by gel mlpbbresis, but these can be
considered as a mixture of guanine quadruplexésndr stoichiometries interacting
one with another via non-covalent interactignsllie et al., 2010; Rediuk, 2009].

The particular stoichiometry is primarily deternmunhéy the sequence, the
oligonucleotide concentration and the presence aatire of stabilizing metal
cations|Hardin et al., 2001]. As for the relation between the sequence and the
stoichiometry, some restrictive rules can be deducEirst, intramolecular
guadruplexes are formed only from the sequencesmdpaour or more guanine
repeats (guanine repeats are the regions of twnooe contiguous guanines within
the sequence). Second, only the sequences wigastttwo guanine repeats have the
propensity to form bimolecular structures. Laslk tla¢ guanine-rich sequences can,
at least theoretically, form tetramolecular struetu As will be discussed later,
tetramolecular guanine quadruplexes are formed emdly slowly if the

oligonucleotide concentration is not sufficientigtm[Mergny et al., 2005al
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Figure 7. Quadruplex stoichiometry. A, B, C denotes a schemexample of

unimolecular, bimolecular and tetramolecular qupblx, respectivelyTaken from
[Simonsson, 2001].

Another distinguishing feature of guanine quadrketeis the polarity of their
strands. Strand backbone polarity is not only eeldb intermolecular structures (as
it may seem), but it is associated more generaitlg the adjacent sugar phosphate
backbone polarities. It is obvious that just foiffedent polarities are possible (see

figure 8).
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Figure 8. Various strand backbone polarities. The adjaceckim@es can be all
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parallel (A), three parallel and one antiparall®),( adjacent parallel (C) or

alternating antiparallel (D)laken from Simonsson, 2001].

The variability of guanine quadruplexes is furthecreased by a diverse
arrangement of the bases that are not a part ofigeidetrads. Some examples of
these so-called looping sequences (or simply loapsyiven in figures 9, 10 for the
case of unimolecular and bimolecular quadruplexespectively. Neglecting the
strand polarity, one can distinguish the three rfresjuent types of loop geometry.

First, the so called lateral or edgewise loops echtwo guanine bases within
one tetrad that are hydrogen bonded to each ofh@mples of lateral loops are
depicted in figure 9 for the case of unimoleculaadyuplexes (ignore the middle
loops in figure 9B and 9C) and in figure 10B-E fttre case of bimolecular
quadruplexes. An intramolecular quadruplex witheghedgewise loops (see figure
9A) is known in the literature as a chair conforiomt

Second, the loops that span a guanine tetrad dadlgdim a similar fashion as
do the middle loop of an unimolecular quadrupleXigure 9B and the loops of a
bimolecular quadruplex in figure 10 A) so that ceantwo guanine bases within the
same tetrad that are not hydrogen bonded are caliagonal loops. An
intramolecular quadruplex with two edgewise loopsl @ne central diagonal loop
(see figure 9B) is frequently denominated as akbgg€onformation.

Third, the so-called double-chain-reversal or plepdoops are depicted in
figure 9C (middle loop) or in figure 11. In thisseg the loops link bases that are in
different tetrads but within the same groove sa tha neighbouring phosphodiester
backbones run parallgbarkinson, 2002]

A type of loop that is actually formed is deterndrmaainly by its sequence and
length. Although one can arrive at 26 possible logptopologies for an
intramolecular quadruplex with the three aforenmred loops, only six of them
were experimentally confirmed as yet Silva, 2007] At present, no general rules

can be given relating the primary sequence and stinecture of quadruplex.



Introduction 21

However, some empirical rules can be postulatediléNateral or propeller loops
can have one or more residues, at least threeusss@re required to form diagonal
loops [da Silva, 2007] Propeller loops are frequently found in paraftdtls with
single residue loops$Parkinson, 2002} In fact, three single residue loops are
consistent only with parallel-stranded intramolacuguadruplexesHazel et al.,
2004]. Too long loops may have a destabilizing effect andhe presence of a G-
quadruplex complementary strand, duplex formati@y mompete with potential G-
quadruplex foldinglKumar et al., 2008 The modifications in loop sequences
influence the stability of quadruplesmirnov & Shafer, 2000aland its interaction

with other moleculeglakahama et al., 2011

Figure 10.Loop variations for bimolecular quadruplexesionsson, 2001].

The structure of guanine quadruplexes, similalg lcanonical nucleic acids,
can be characterized by a set of torsion angles figeire 1 and table 1). The
glycosidic torsion angle is particularly useful @aweter for experimental
discrimination between various quadruplex topolsgis contrasted with helical A
or B-DNA structures, where the torsion angfeis found predominantly iranti
conformation, the guanines participating in thee@atd formation can naturally exist
in both syn and anti conformations|Gallagher, 2004; Hardin et al., 2001;
Simonsson, 2001]If the values of glycosidic torsion angles arstrieted to either
synor anti configuration, then there are 16 different combores of how to build

guanine tetrad (see figure 12).
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Figure 11. The X-ray structure of human telomeric DNA havitige sequence
5'-AG3(TTA)3Gs. Sugar phosphate backbone is colored in cyan,irmeleasidues in
red, thymine residues in green and guanine resiguétue. Stabilizing potassium
ions are colored in black. On the left: side vi€n the right: Top view. Three TTA
loops protrude out of the quadruplex core remindimg blades of propeller. PDB
code of structure is 1KF1.
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Figure 12. On the left: A schematic depiction of all possiembinations of
glycosidic torsion angles for 4 guanine residuesming guanine tetrad. The
definition of medium (m), wide (w) and narrow gr@sv(n) based on glycosidic
angle conformations of adjacent guanine residuesh@vn in la. On the right:
Chemical structures @nti andsynconformers. Adapted froma Silva, 2007].
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The glycosidic torsion angles of adjacent guaniesidues can be used to
define the type of a groovea Silva, 2007] As opposed to helical A and B-DNA,
which show one minor and one major groove, a G-quaex can have generally up
to three distinct grooves that differ in size (tlsaharrow, medium and wide groove)
depending on the distribution of glycosidic torsemgles within guanine tetrads (see
figure 12). Due to steric reasons, stable quadreglenay be formed only if stacked
guanine tetrads have the same groove width dimessis a result, there are just
eight different groove width combinations (hencege groove width combination
corresponds to just two different configurationsaot-tetrad). Generally, guanine
guadruplexes with mutually parallel strands hawegame distribution of glycosidic
torsion angles within guanine tetrads (see thersekéVllla and Vllib in figure 12).
It means that they have four grooves of medium gizeSilva, 2007, Simonsson,
2001] On the basis of molecular mechanics calculationsé proposed that parallel
four-stranded structures with guanine residueslysateanti conformation (see the
scheme Vllla in figure 12) are favored over stroesuwith guanine residues that
alternate insyn and anti conformation (see the schemes lla and llb in &glR)
[Hardin et al., 2001; Simonsson, 2001]On the other hand, the alternation in
glycosidic torsion angles of guanines is charastierfor intramolecular antiparallel
folds having two wide and two narrow groovéds Silva, 2007, Simonsson, 2001]
The purelysynstructures (see the scheme Vllib in figure 12)@ossible, but they
are rare and the least stapleardin et al., 2001; Mohanty & Bansal, 1993] The
grooves can serve as potential binding sites fogsliGeorgiades et al., 2010[The
interaction of guanine quadruplexes with drugs ve#l discussed later (see the
section 1.5.4).

The classification of guanine quadruplexes givenvabillustrates only the
basic concepts regarding their structure: the lstometry and the geometry of loops.
The three-dimensional structures of guanine qudexeg revealed mostly by NMR
are more diverse than may appear at first glamcaddition to commonly known G-
quadruplex motifs such as all-parallel tetramolaciwquadruplex (see figure 8A),
bimolecular hairpin-like structures (see figure d@)Jntramolecular chair (see figure
9A) and basket quadruplex (see figure 9B), therenymather less frequent,
interesting and unusual G-quadruplex conformatidhast of these structures arise
as a result of dimerization of structurally simplgquadruplex subunits. The

dimerization is driven mainly by the interactiontween the loops of the two
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quadruplex partners. The bases within the loop ré quadruplex subunit may
interact with one another as well as with the bdmdsnging to the loops of another
quadruplex subunit by means of the formation ofrbgen bonds of either the
regular Watson-Crick or mismatch type. Hydrogendiog and stacking interactions
between the two quadruplex subunits stabilize trezadl quadruplex structure.

An example of unusual interlocked dimeric G-quatkxps provided by Phan
and co-workers for the sequencaTG3AG.,AG3T, a potent inhibitor of HIV-1
integrase Phan et al., 2005] This quadruplex dimerizes via the stacking oftine
guanine tetrads, each of which is composed of tguemines that are part of one
strand and one guanine that belongs to other s(sewlfigure 13). The interlocked
quadruplex has all guanines but one in anti condtion, the adjacent sugar
phosphate backbones all run in parallel and ajpsoare of the double-chain-reversal
(propeller) type. This structure is also interegtin that each of its two monomer
subunits contains one*&*G+*G+G pentad consisting of four guanines and one
adenine.

In addition to the pentad observed by Phan and dews for the interlocked
dimeric quadruplexPhan et al., 2005] unusual hydrogen-bonded planar network of
nucleobases including triadsuryavyi et al., 2000], tetrads (containing at least one
non-guanine residue)im et al., 2009a] pentadsZhang et al., 2001] hexadsda
Silva, 2005] heptadsPalumbo et al., 2008]or octadsBorbone et al., 2011|was
also observed for other G-quadruplexes. Furtheaildebn the general aspects
regarding the structure of guanine quadruplexesbeafound in an overview book
[Neidle & Balasubramanian, 2006]

Figure 13. The structure of an interlocked dimeric quadrupléixe sequence:
G4TG3AG,AG3T. Adapted fromPhan et al., 2005].
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1.3 Structural polymorphism of guanine quadruplexes

The conformation and stability of guanine quadryetedepends on a range of
factors, among which the ionic composition of solutis the most importartleidle
& Balasubramanian, 2006] Metal cations can bind to guanine quadruplexes/om
completely distinct ways. They can interact eitivéh backbone phosphates or they
coordinate to oxygen atoms within guanine tetrdde interaction of cations with
sugar phosphate backbone is non-specific and, aigito the case of B-DNA,
merely screens the negative charge on phosphatelkeUother nucleic acid
structures, dehydrated metal cations directly coatd to carbonyl oxygens {Dof
guanines participating in the tetrad formatiorexplains why the conformations and
thermal stabilities of G-quadruplexes differ sigzahtly even for rather similar
cations such as sodium or potassilifeidle & Balasubramanian, 2006] The
propensity of sodium and potassium to form andilstabguanine quadruplexes is
superior to most other metal cations. As suchduelto their biological relevance,
these are a subject to the vast majority of studibe precise mode of interaction of
potassium and sodium with G-tetrads differs duaéir slightly different ionic radii.
The smaller ionic radius of sodium allows its faatioordination within the G-tetrad
plane or anywhere in the central cavity of a G-quplx. By contrast, potassium
cations are too large to fit within the G-tetracam® and must be necessarily
accommodated between the stacked G-tetrads (see flg). Although sodium ions
better fit into the quadruplex cavity than potassiwns, their, in most cases, lower
efficiency for stabilizing G-quadruplexes can betlyaa consequence of the higher
energetic cost associated with the dehydrationgasiclardin et al., 2001}

Apart from Nd and K ions, the stabilization of G-quadruplexes by other
monovalent ions has been extensively studied. Tdi®ligzing potency of monovalent
ions can be written as follows:"k¢ Rb™ > Na > CS > Li* [Hardin et al., 2001].
This order is a generalization of many experimed#h rather than a universal law.
According to another source, there is a littleefiét order: K>> Na' > Rb" > Cs
>> Li* [Neidle & Balasubramanian, 2006] It is commonly speculated that'libns
disfavor the formation of guanine quadruplexeswanedisrupt their structure. This
is highly controversial and more theoretical analyis needed to support this
hypothesis. It seems, however, that rather thataliiging, Li* has no net effect on

the quadruplex structurg\eidle & Balasubramanian, 2006] Among non-metal



Introduction 26

monovalent cations, ammonium ions are known to bedearately potent stabilizers
of the quadruplex structurgsros et al., 2007; Kankia & Marky, 2001] For
example, the melting transition of GG, TGTG,T,Gy), which is commonly
known as TBA (thrombin binding aptamer), stabilizeg NH** ions is detected at
about 29°CKankia & Marky, 2001] . Such stability is significantly lower than that
observed for the potassium form of the quadrupts0{C at 100-200 mM K, yet
comparable or mildly higher than that correspondm@BA quadruplex induced by
sodium ions (~20°Q)ialova et al., 2006] NH*" ions are rather bulky and therefore
they occupy, similar to potassium ions, the positietween two guanine tetrads
[Trajkovski et al., 2009]. In mass spectroscopic studies of G-quadrupleXes;
ions substitute for other commonly stabilizing nhetations[Collie et al., 2010;
Gabelica et al., 2008; Gros et al., 2007; Rosu dt,&2010]

Divalent cations also have the propensity to pr@mitte formation of G-
guadruplexes. However, the mode of interaction ohavalent and divalent cations
with nucleic acids is markedly different. Generallye effect of divalent cations is
noticeable at concentrations that are one to tbrders of magnitude lower than
those of monovalent ionSlume et al., 1997; Floris et al., 1999; Lee, 1990
Ottova et al., 2011] Although relatively low concentrations (~0.1-10Vidh) of
divalent cations strongly stabilize G-quadruplexasjncrease in their concentration
above a certain threshold usually leads to a déigatibn of the quadruplex
structure. The disrupted quadruplex may then béaced by another competing
nucleic acid form such as a single-stranded he$itraicture or a triplexBlume et
al., 1997; Floris et al., 1999; Lee, 1990The stabilizing efficiency of alkaline earth
metal cations can be written in the following otd8F* >> B&#* > C&* > Mg*
[Hardin et al., 2001; Venczel & Sen, 1993[This order may slightly vary from case
to case in a similar fashion as that for monovalens. In any case, Srions are
known to be very potent stabilizers of the quadeypdtructure with the efficiency
exceeding that of the other divalent metal ionsfabt, the affinity of St ions to G-
quadruplexes can be directly compared with thakbfions. More interestingly,
some G-quadruplexes like TBA quadrup[&xankia & Marky, 2001] or the human
telomeric quadruplex sequence d(TTAGGG)/lodarczyk et al., 2005]are even
markedly more stable in Srthan in K. A similarly strong or even greater
propensity than $f ions to facilitate the formation of G-quadruplexeas also
found for PB" ions [Smirnov & Shafer, 2000b] Interestingly, the affinity of PB
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was found to be unusually high for TBA quadruplex ats cognate sequences as
well as for the human telomeric sequence d{AGAG3)s), yet a similar effect was
not observed for hairpin dimer quadruplexes, whiddy indicate the selectivity of

PK** towards certain DNA sequences.

G9
G10
G11
G12
[d(G4T4Ga)l2 [d(G4T4Ga)l2
K+ form Na* form

Figure 14. The comparison of X-ray structures of d{@G,) stabilized either by
potassium (PDB ID: 1JRN) or sodium (PDB ID: 1JB<9r clarity, only the guanine
bases (stick representation) and cations (ionigi)rade shown. The schematic
structure representing the orientations of DNArgigis depicted to the right of the
crystal structures. White and gray rectangles asnige residues witanti andsyn
glycosidic torsion angles, respectively. The stes illustrate the general fact that,
potassium is never located within the G-tetrad @lamhereas sodium, due to its
relatively smaller size, can be theoretically fouadywhere within the central
guadruplex channel. Adapted fronwidie & Balasubramanian, 2006].

G-Quadruplex-forming sequences stabilized by diffeions may or may not
adopt distinct conformations, regardless of thiearmnal stability. For instance, the
TBA quadruplex d(GT.G,TGTG,T.G,;) melts at roughly 20°C in sodium and at
50°C in potassium (at ionic strengths close to fhggical conditions)Fialova et
al., 2006] Despite these differences in thermal stabilitibe,overall fold of TBA is
practically the same in both salts (neglectingtglichanges in looping geometry for
both quadruplex forms). By contrast, the Oxytrictehomeric repeat sequence
d(G4(T4Gy)3) switches between two quadruplex conformationsigarellel foldback
and parallel tetramer structure) depending on tHa'][[K '] ratio as shown by

Raman spectroscopy/liura et al., 1995|. Potassium-stabilized quadruplexes are
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usually much more thermostable than those stabiligesodium, but it is not always
the case. For example, the stability of a short DhAman telomeric fragment
G3(TTAG3)3 is comparable in sodium and potassiummasko et al., 2008]Unlike
TBA, the conformation of this quadruplex stronglgpeénds on the cation type,
especially at high DNA loadgRenciuk, 2009] Interestingly, some guanine
quadruplexes are even more stable ii Man in K. As an example may serve
RNA/DNA hybrid quadruplexes derived from the Oxglra telomere sequence
G4T4G4 [Vondruskova et al., 2008]or loop modifications of TBA sequence (our
results; see the section 3.4). It is not unustal @rich oligonucleotides adopt more
than one conformation at a time. A very good examblsuch polymorphism is the
DNA fragment of the sequence from the human c-nmgnpter: AGTG,AG3TG,
[Ambrus et al., 2005] This oligonucleotide adopts four distinct confations
differing in the configuration of loops (some guaes are either part of G-tetrads or
are located within loops). It is proposed that dgraequilibrium among these four
loop conformers stabilizes the quadruplex structure

The majority of naturally occurring G-rich sequesicare paired with their
complementary C-rich strands in the form of Wat&itk double helix. The duplex
to quadruplex competition is driven by a range adtdrs, with the temperature,
strand concentration and pH being amongst the nmogortant [Halder &
Chowdhury, 2005; Jaumot et al., 2006; Kumar & Maiti, 2004; Li et al., 2003;
Phan & Mergny, 2002; Zhao et al., 2004]Generally, quadruplex formation, and a
concomitant duplex disruption, is facilitated bydac pH, higher salt concentrations
and higher temperatures. The dissociation of dupl&A is coupled to the formation
of other interesting non-canonical structures knoas I-motifs (somewhat
incorrectly referred to as I-tetraplexes). I-moti&n be imagined as two intercalated
right-handed parallel duplexes running in the ogpodirection and consisting of
hemiprotonated €C" pairs[Benevides et al., 1996; Kang et al., 199%$ee figure
15). The glycosidic torsion angles observed inltheotif correspond predominately
to the anti conformation; puckering of sugar rings is, unlBeDNA, mostly G-
endo (with some residues adopting-€ndo pucker)Kang et al., 1995] The
stability of the I-motif is enhanced with decreasipH since the formation of this
structure correlates with the presence of prot@heygosine basg&enevides et al.,
1996] Low pH also adds to the G-quadruplex stability liseaits pK constant is
within the physiological pH range (ca. 6.8), in ttast to WC pairsHardin et al.,



Introduction 29

19921 Phan and coworkers showed, on the basis of NMgeraxents, that the
formation time of duplex may be comparable to thesatiation time of I-motif and
G-quadruplex, which indicates that the meltingatiéd structures may be the rate-
limiting step for duplex formatiofPhan & Mergny, 2002]. They also proposed that
the duplex-quadruplex transition is only little lugnced by the nature of G-
quadruplex-stabilizing ions (NaK®"). Quadruplex is favored over duplex at low
strand concentrationgHalder & Chowdhury, 2005; Zhao et al., 2004] and
destabilized by Mg ions|[Li et al., 20031 A comparative study of various G-rich
DNA sequences reveals that the human telomere segug(TTAG3); has amongst
other sequences, like the tetrahymena telomereesegqua(T2.G,)3 or the sequences
derived from the c-myc promoter, the least propgrisiform a G-quadruplex in the
presence of a competing duplgxisitano & Fox, 2003 Quadruplex structures at
unfavorable neutral or alkaline pH may be stahiliby the interactions with other
molecules or by superhelical stress on duplex DNAvathiotis et al., 2003; Phan

& Mergny, 2002; Rangan et al., 2001]
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Figure 15.0n the left: Hemiprotonated cytosine base pairtl@nright: a schematic
drawing illustrating the structure of I-motif fo{@CCT) oligonucleotide. Adapted

from [Benevides, 1996].

Structural polymorphism of G-quadruplexes and lifaotan be a basis for
DNA nanomachinegAlberti et al., 2006]. The functioning of such nanomachines is
controlled through conformational changes of th&tiructure induced by either
external factors like pH, temperature or ionic cosipon of solution, or by
consecutive introducing DNA “fuel” single strands the latter case, the first

working step of a G-quadruplex-based nanomachinesists in mixing a G-
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quadruplex with a cytosine-rich strand that hasréggon fully complementary to the
G-quadruplex-forming sequence and a few bases ¢tmeghang. As a result, the
original G-quadruplex is replaced with a duplexusture. In the second working
step, the original G-quadruplex is restored atekigense of a newly formed “waste”
GC duplex after adding another G-rich strand (d#fe from the original G-
guadruplex forming sequence) that is partly completary to the previously added
cytosine-rich strand. In this manner, one obtainsyealic working “two stroke
nanomotor’Alberti & Mergny, 2003; Wang et al., 2005}

Some other interesting nanotechnological applioatibased on self-assembly
of G-rich DNA have been describédavis, 2004; Lena et al., 2009[They include,
for example, an electronic nanoswitch that can ipleyed for the detection of
potassium ions[\Wu et al., 2008] or a covalently modified intramolecular
quadruplex folded within the hydrophobic phosphdlimembrane that functions as
an efficient N& transportefkaucher et al., 2006]

G-rich DNA oligonucleotides may spontaneously sal$ociate to form highly-
ordered structures known as G-wir@slarsh et al.,, 1995] or frayed wires
[Protozanova & Macgregor, 1996] These structures, having the seque@gé, or
NyGx wherex > 10,y > 6 andN is either T or A, are readily stabilized by N&" or
Mg** ions, and once formed, they are extremely staile-Ghazalah et al., 2010]
Specifically, frayed wires are composed from sevBrMdA strands joined through
the formation of G-tetrads, and single-strandedoregwith adenines that are free to
make Watson-Crick bonds with T-rich oligonucleosideéProtozanova &
Macgregor, 1996] A direct observation of G-wires is possible byam& of SPM
(scanning probe microscopy) since these supramlalestructures are very long,
ranging from nanometers to tenths of micr@risirsh et al., 1995; Vesenka et al.,
2007] As evidenced by Raman spectroscopy, guanine$i@set structures adopt
mostly anti sugar puckers, which is consistent with the suggegarallel alignment
of G-wire strandgAbu-Ghazalah et al., 2010; Poon & Macgregor, 1999|The
possibility of controlling the formation and oriatibn of G-wires (through the
sequence, salt concentration, temperature, tyatnilizing ions, etc.) make these
structures promising candidates for various scdiifigi nanostructures or nanoscale

molecular systemsspindler et al., 2010]
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1.4 The stability, and kinetics of formation and dssociation
of guanine quadruplexes

The laws of thermodynamics determine unequivoaahich nucleic structures
are energetically preferred at particular experitalerconditions. However, the
observed structures may not correspond to the thaynamically most stable
species because of long times needed for theirdtom As compared to DNA or
RNA hairpins, duplexes, triplexes or other “claaficucleic acids structures, G-
quadruplexes have relatively slow kinetics of fafgliand unfolding. In short, while
the kinetics of intramolecular G-quadruplexes mayshll rather fast, bimolecular
and especially tetramolecular ones are noted foeewely slow kineticsHardin et
al., 2001; Lane et al., 2008; Mergny et al., 2005aThe folding and unfolding rate
of intermolecular structures depends on oligonuaeostrand concentration and
temperature. The following discussion will clarthe point.

Despite the relative paucity of data on kinetidsirgramolecular guanine
quadruplexes, it is often claimed that it is fagte term “fast” in this context means
that the structure adapts to varying experimentaiditions (typically temperature,
pH, DNA concentration or ionic composition) in mudorter time than the
measurement itself. The timescale of rapid kineiscen the order of seconds or
minutes (at least with respect to the results plediby UV, CD spectroscopic and
calorimetric techniques). Quick kinetics was obedivfor instance, for human
telomere related folds (~0.01$)ergny et al., 1998]or for TBA quadruplex and its
various loop modifications[Smirnov & Shafer, 2000a] However, some
intramolecular guanine quadruplexes, such as thahdd from the Oxytricha
telomeric repeat (§34)4, exhibit relatively slow kinetics of formation/digciation.
Half-life of the dissociation of the ¢&4)s quadruplex at 37°@& about 10 years in
the presence of 50 mM'KBrown et al., 2005]

In addition to fast kinetics, intramolecular guamiguadruplexes are also
characterized by the independence of their meltémgperature on the nucleoside
concentration. This finding generally holds fortgbes of intramolecular transitions,
not only for G-quadruplexeé$/icura et al., 2001] The reversibility of heating and
cooling thermal curves together with the indepewgieat melting temperature on the
DNA concentration is frequently used as a simpldicator of G-quadruplex

intramolecularity within a given strand concenwatirange[Jing et al., 1997;
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Kankia & Marky, 2001; Kumar & Maiti, 2004; Risitano & Fox, 2003] If it is not
the case, then a G-rich sequence may not adopitramiolecular quadruplex or, in a
more complicated case, it exists in multiple comfations (intramolecular as well as
intermolecular).

Depending on the oligonucleotide sequence and otrat®n, the cations
present and other milieu factors, intramoleculamucitires may be dominant
conformations in solutionfDailey et al., 2010; Miura et al., 1995] Multiple
intramolecular conformations may have similar bigbal properties such as
thermodynamic stability or electrophoretic mobilitywhich makes their
discrimination rather difficulfDailey et al., 2010] The reversible melting curves
(that is, those that correspond to thermodynamigliegum) obtained by means of
various spectroscopic methods (UV, CD, NMR, Rampecsoscopy) or derived
from calorimetric profiles can be used for the uldton of thermodynamic
parameters. UV spectroscopy is the simplest and widsly used for this purpose.

The timescale of structural transitions as welthesstability of intermolecular
quadruplexes is markedly different from that typichintramolecular quadruplexes.
Bimolecular and especially tetramolecular quadrxgde at low oligonucleotide
concentrations or/and in the presence of low camagons of stabilizing ions exhibit
extremely slow kinetics of formation and disso@atranging from several minutes
to yeargHardin et al., 2001; Mergny et al., 2005a; Wyatt eal., 1996] Hysteresis
in melting curves obtained by means of routine 8pscopic techniques (UV and
CD spectroscopy, fluorescence) or hysteresis ioricagtric profiles is an inevitable
consequence of slow kinetics or slow instrumergaponse. Slowing down the rate
of the temperature change may help to eliminateignificantly suppress hysteretic
behavior, but this is not always workable if theetics is extremely slow. Slow
kinetics rather complicates or even makes impossildetermining the
thermodynamic parameters by means of the classacetl Hoff approach.

The reaction order for the formation of tetramolaciwguanine quadruplexes
with respect to the oligonucleotide concentratimigh (somewhere between 3 and
4) [Bardin & Leroy, 2008; Mergny et al., 2005a; Wyattet al., 1996] It explains
why the association of G-rich strands into tetramier such a slow process. For
example, Wyatt and coworkers studied the kinetiassociation and dissociation of
parallel-stranded DNA tetramolecular quadruplexasneéd from phosphorothioate

and phosphodiester oligodeoxynucleotides with #opience 1G4T, [Wyait et al.,
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19961 They found that the strand association of thesphorothiate tetramevas a
fourth order reaction with the association ratestant increasing with decreasing
temperature. The consequence of the high reactaer ¢ that, at room temperature,
only negligible strand association was detectethatoligonucleotide concentration
of 100uM, whereas the association reaction at 1 mM comagoih was too rapid to
be followed accurately. By contrast, quadruplexsadsation was a first order
reaction with the dissociation rate constant insireg with increasing temperature.
Wyatt et al. proposed that single strands are uiliegum with dimers, which in
turn give rise to tetramers (both steps are ratgitig consistently with the suggested
reaction order 4). It seems plausible since itighly unlikely that four strands
associate at once (actually the reactions haviagrtblecularity > 2 are very rare in
chemistry). The suggested equilibrium must be rescdyg reached very fast as they
did not detect any dimer species. These conclusibost the formation pathway of
tetramolecular quadruplexes are also consistehttivdse of Mergny et alMergny

et al., 2005a]

Rather than by the association of transient dimepecies, tetramolecular
quadruplexes may be formed by the gradual associati single strands, meaning
that transient triplex species also come into dorsiThis model is in line with the
reaction order around 3 in KCI as determined by NBpectroscopyBardin &
Leroy, 2008] However, no trimers were proven to exist. Intengty, molecular
dynamic simulations indicate that the possible dimetermediates on the
nanosecond time scale are not parallel-strandetexieg connected one to another
through Hoogsteen hydrogen pairing, but ratherss#itke” dimers formed by two
approximately perpendicular strari@sef| et al., 2003]

The results of the extensive study of kineticseaifamolecular quadruplexes
provided by Mergny and coworkers can be summarinénl several main points
[Mergny et al., 2005a] First, the strand association is greatly acceddravith the
increasing ionic strength, yet the ionic strengdelf has negligible effect on the
quadruplex denaturation. Similar behavior is obséralso for other types of nucleic
acids structures, such as duplexes and triplexasordl, the usually higher stability
of quadruplexes in Kas compared to Nds from the kinetical point of view the
result of both, an increased folding rate and aredsed unfolding rate. It is
consistent with the previously mentioned study ofa#¥/ and coworker§\/Wyait et

al., 1996] The same behavior was observed also for unimiaeauadruplexes
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[Halder & Chowdhury, 2005; Kumar & Maiti, 2004; Zha o et al, 2004] Third,
Mg?* added either to Neor K" solution accelerates quadruplex assembly but slows
down dissociation with the resulting equilibriumnstant being little affected.
Fourth, quite surprisingly, RNA tetramolecular quguexes are generally more
stable than their DNA counterparts. The increasakiilgy is correlated with a faster
association rate and a slower dissociation ratst bat not least, the longer are
guanine tracts, the faster is quadruplex asserMdyy tetramolecular quadruplexes
with long guanine tracts do not denature even mpezatures around 90-100°C, if
stabilized by K or Na. Hence, it is not possible to determine corredhgir
dissociation rate constants.

From the foregoing discussion, it is clear that theerpretation of the
experimental data and the estimation of thermodynaarameters are hampered by
the rather slow kinetics of intermolecular quadexgls. Particular conformations
may not correspond to their equilibrium states, kather to kinetically trapped
intermediates. In other words, the observed strastaepend on the procedure of
sample preparation, and not only on the milieu ders. One often encounters the
need to disrupt kinetically trapped or undesiredju@druplex structures (that may
persist at temperatures as high as 100°C for a fmergpd of time) in order to
stabilize the desired conformation or to study kireetics of quadruplex assembly.
The simplest way how to accomplish this is to agdrbxide to the sample and then
to neutralize it with the appropriate amount of toghloric acid[Lyonnais et al.,
2002] Unwanted structures that are not thermostablegincan be removed easily
by heating followed by cooling.

The cooling rate may determine which structure(s) actually formed. It is
reported, for instance, that the oligonucleotidecd(G,) at higher strand
concentrations may adopt a tetramolecular quadkuplestead of a
thermodynamically more stable hairpin structi#elagurumoorthy et al., 1992]
The hairpin structure is stabilized by heating digonucleotide sample, prepared at
low DNA concentration in a buffer of low ionic strigth, above its melting
temperature and then cooling slowly to room tenipeea It was also reported that
repeated freezing/thawing the sample at low iotrengith can be used to stabilize a

specific quadruplex conformatigRenazova & Vorlickova, 1997]
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1.5 Biological relevance of guanine quadruplexes

There are a great many G-rich sequences withirhtiman genome with the
potential to form guanine quadruplexésuppert & Balasubramanian, 2005;
Todd et al., 2005; Weitzmann et al., 1996However, to date there is little evidence
that these structures actually exist in vjZoiquette et al., 2004; Granotier et al.,
2005; Lipps & Rhodes, 2009; Schaffitzel et al., 200, Guanine quadruplexes may
play both useful and harmful functions in viyarthanari & Bolton, 2001]. The
brief summary of putative biological functions aiajine quadruplexes in vivo is
presented in the following paragraphs. The researgresent is mainly focused on
the elucidation of their role in telomere biologsyeé¢ 1.5.1.). There is emerging
evidence that quadruplexes might influence numebialsgical processes including
replication, transcription or recombination (seg.2.). New G-rich oligonucleotides
are continually devised and characterized with eespo their use as aptamers in
both therapeutic and non-therapeutic applicatiars.g).

1.5.1 Telomeric quadruplexes

There are several remarkable differences amongryati@ and prokaryotic
chromosomesBendich & Drlica, 2000]. Chromosomes of eukaryotes are almost
exclusively linear in contrast to circular chromoss of prokaryotes. The ends of
linear eukaryotic chromosomes are known as telosnerae primary function of
telomeres is to cap chromosomal ends and thus amaithte stability and integrity of
the genome. They must be necessarily distinguishmd double-strand breaks,
which are considered by cellular machinery as dauddNA and repaired mostly
by homologous recombination (HR) ornon-homologous end{oining (NHEJ)
[Jackson, 2001] Chromosomes are protected by telomeres from inedes
recombinations, fusions and nuclease digestiémckburn, 2001]. Telomeres
represent a solution to the end-replication problemakhparonian & Wellinger,
2003] They also play a role in the localization of ahasomes within the nucleus
and in transcriptional repression of genes closeéhto chromosomal ends (TPE-
telomereposition effect) [Gilson et al., 1993] The telomeric DNA can be divided
into the three distinct regions (see figure 16)ellinger & Sen, 19971 (i) TAS
(telomereassociatedsequences) DNA,; (ii) double-stranded telomeric DN# diii)

the single-stranded guanine-rich overhang.
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To centromere

Subtelomeric region Telomeric repeats
» J I ¢
3 c
| |
Middle repetitive sequences 1 ds 1 ss overhang Telomeric simple

interspersed with short repeats ' sequence repeats

S. cerevisiae X,Y elements 200-300 bp 12—14 nt; (TG)1.5 TGs.3
S phase >25 nt
Ciliates Various 14-16 bp 14—-16 nt
T. termophila TGy
O. nova, E. crassus TGy
Mammals Various >100 nt T7AG,
H. sapiens 5—15kb
M. musculus up to100 kb
Plants Various Variable, Either >20-30 nt  T;AG;
A. thaliana >50 kb in or <12 nt
Z. mais some cases
N. tabacum

Figure 16. Organisation of telomeric DNA in different eukatgs. Telomeric simple
sequence repeats of the strand running in thetaireb’ - 3’ towards the end of the
chromosome are shown (the G-rich strand). Moderatepetitive elements are
common to subtelomeric regions but they are noméisseand have not been
assigned any clear function. The C-rich strandeisotied as C and the G-rich strand

as G; ds = double strand, ss = single strand. T&kem referenceChakhparonian &
Wellinger, 2003].

There are two different TAS located in the subtetdmregion|[\Wellinger &
Sen, 1997] Middle-repetitive sequences of a few hundredeteesal thousand base
pairs are known for plant, fungal, invertebrate amdtebrate species (including
humans). Shorter tandem repeatd @0 to 1000 base pairs are interspersed within
the middle repetitive sequences. TAS DNA providesalernative mechanism for
maintenance of telomeres via recombinational omspasitional processes in the
cases where telomerase is absent.

The double-stranded region of chromosome at ity eeid is composed of
short tandem repeats, which are closely relatechgmarious specig$Vellinger &
Sen, 1997] The telomeric repeats at the 3’ chromosomal teusare rich in guanine

and almost always absent of cytosine (see tabler4am overview of telomeric
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repeats in various species). The human telomecesee TTAGGG is widely
conserved among vertebratégeyne et al., 1989] It is reported that the human
telomeres contains at least three types of G-gpleatsAllshire et al., 1989] Some
fungi have more complex repeats that are quite (@0g25 bp) and contain cytosine
(see table 4). The number of telomeric repeatstpemere ranges from a few
repeats in ciliates (20-30 bp in total) to sevénausands in humans and mice (up to
100 kb)[Chakhparonian & Wellinger, 2003; Wellinger & Sen, 1997] (see figure
16).

Protozoa
Tetrahymena, Glaucoma, Oxytricha, T.G
Euplotes, Stylonychia 224
Paramecium AT/G]G3
Trypanosoma AG3
Giardia TAG
Plasmodium JT/IC]JAG;
Theileria T.4AG3
Slime moulds
Dictyostelium AG.g
Physarum, Didymium AG;
Fungi
Neurospora, Podospora, Cladosporium,
. . T,AG3
Histoplasma, Pneomocystis
Cryptococcus JAG3.5
Saccharomyces (TGITGo-3
Kluyveromyces ACGATsGATAG, TATGTG,TGT
Candida albicans ACBTGTCTACT,CT,G, TGT
Candida tropicalis 4443 #SATGTCACGATCATLG,TGT
Candida guillermondii ACTAHGT
Schizosaccharomyces 1-FACA(-1C0-1G1-6
Plants
Chlamydomonas MAG3
Chlorella, Arabidopsis, Zea mays, TAG
Hordeum (Barley), Nicotiana 3
Lycopersicum (Tomato) AT/A)AG3
Invertebrates
Ascaris, Caenorhabditis 2AG,C
Parascaris JGCA
Bombyx (and other Lepidoptera) AG,
Vertebrates
Home sapiens, many other verebrates 2AQ3

Table 4. Telomeric repeat sequences in various species. tdapom reference

[Wellinger & Sen, 1997]



Introduction 38

The terminal telomeric repeats form the singlerstesl guanine-rich overhang,
with the length of 100 or more nucleotides in humésee figure 16). It is believed
that the terminal duplex region and the G-rich baeg are not packaged into a
nucleosomal structur€@zxhodes et al., 2002Jand thus provide binding sites for
various telomeric proteinglaussen et al., 2006; Rhodes et al., 2002; Shafer
Smirnov, 2001} Some of them are supposed to bind to the putajuadruplex
structures at the G-rich overhang and even toifaigl G-quadruplex formation
[Fang & Cech, 1993; Paeschke et al., 2006f disruption[Zaug et al., 2005] It is
interesting that DNA double-strand breaks and tel@s share several common
proteins participating in DNA repaiOlaussen et al., 2006|How these proteins
perform opposing roles (DNA repair and telomere nteiance) is not yet fully
understoodlundblad, 2000]. The G-rich overhang may be tucked into the duplex
region of the telomere (forming thus the so-calleldop structure), which is
important for telomere cappingstansel et al., 2001; Yoshimura et al., 2004]
Functional telomeres, called capped telomereseprahromosomal ends from being
recognized as double-strand breaks. They are isside to nucleases and
telomerase. It was proposed that telomere can lyapwitch in a highly regulated
manner among its capped and uncapped gtatekburn, 2001; Lydall, 2003].

Telomeres are maintained and their lengths aregated by the enzyme
telomerase. Telomerase synthesizes G-rich telomepeats from its RNA template
using 3’-end of chromosome as a primBiackburn, 1999; Cech, 2000] This
synthesis is believed to occur concurrently witlorteere replicationBlackburn,
2001; Chakhparonian & Wellinger, 2003; Zhu et al.,1996] Telomerase template
RNA is denoted as TERC or TRelomeraseRNA componenthTERC orhTR in
humans). Although TERCs considerably vary in seqaeand size among species,
their secondary structure is widely consery@dckburn et al., 1999; Cech et al.,
20001 In humans, TERC is 445 nucleotides long with theaplate sequence 5’-
CUA,C3UA,C-3' that codes for the telomeric repeatsAGs3), [Liu, 1999]. A
catalytic protein subunit of telomerase referredato TERT {elomerasereverse
transcriptaseh TERT in humans) is conserved in evolutionary digeysganisms and
distantly related to retroviral reverse transcspt& like HIV [Cech, 2000]
Telomerase is probably a tetramer enzyme consistinrggo RNA (TERC) and two
catalytic protein subunits (TERT), similarly to ettreverse transcriptasgdergny
et al., 2002; Olaussen et al., 2006]
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Most somatic cell types lack telomerase (or show levels of it) and their
telomeres thus shorten (30 to 200 bp per populakarbling in vitro or 50 to 105 bp
per year in vivo[Dahse et al., 1997)] progressively with each cell division.
Telomerase activity in normal adult cells is retéd to only germ cells, various
kinds of stem cells and activated lymphocytesanger et al., 2002; Liu, 1999;
Shay & Bacchetti, 1997] Replicative senescence is a special case oflaellu
senescence in response to telomere shortehingng, 2002} It is not the average
but rather the shortest telomere that may elicieseence respon§eemann et al.,
2001l Human cells have telomeres ~10 kbp lobghse et al., 1997; Kelland,
2005] and undergo approximately 60-70 population dogslifiGranger et al.,
2002] until they senesce. Due to their altered biochahpcoperties, senescent cells
may compromise proper functions of surroundingscafid thus contribute to various
age-related pathologies. Accelerated telomere shioig is associated with various
progeroid (premature aging) disorders such as Wserngyndrome, Bloom’s
syndrome, Hutchinson—Gilford progeria or dyskernatosngenita.

Immortalized or cancer cells must inevitably findway how to maintain
critically short telomeres. Most cells solve thielem by expressing high levels of
telomeraséBlasco & Hahn, 2003] Cancer and germ cells retain constant telomere
lengths, and telomeres of pluripotent stem celtgtsin at slower rates than those of
telomerase-negative somatic cells. Only a smalttiiva (10-15%) of human
malignant tumors do not show detectable telomeemgw&ity and use the ALT
(alternativelengthening otelomeres) mechanism of telomere maintendBcesco
& Hahn, 2003; Muntoni & Reddel, 2005; Perrem et al. 2001} Unlike telomerase-
positive cells, which usually have short telome®sT cells have heterogeneous
telomeres ranging from very short to extremely lofigese are maintained via
recombinational processes. Although telomerase nsappress ALT, both
mechanisms of telomere maintenance can coexisteirsame cell§Perrem et al.;
2001]

Telomeres and telomerase have nowadays becomeaitesigtive targets for
many anticancer drugs since high telomerase acts/ialmost exclusively limited to
cancer cells with malfunctional telomeres. Antbtekerase drugs down-regulate
or/and impair proper functionality of the telomexagrotein complex. They can
target either hTERT, hTR or various telomerase-@ased proteins. While hTR is
ubiquitously expressed in many human tissues (meabr cancerous), hTERT
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expression is restricted (with some exceptiongptacer cells. Consequently, hTERT
Is a better candidate than hTR, if one desire &xifipally target tumor cells. Small
molecules like porphyrins or peptides can interferth hTERT transcription and
thus inhibit tumor growthGrand et al., 2002]

Anti-telomere drugs inhibit tumor growth by disriqg telomere structure,
rather than targeting telomerase alone. Such dragsbe especially useful against
cancer cells with very short telomeres and cantgutesfor telomerase inhibitors in
cases when cancer cells do not maintain telomegrésitmerase (10-15% of human
cancers) and activate ALTalfernative lengthening oftelomeres) mechanism of
telomere maintenance. Conventional cytotoxic dinggrfere with replication or the
catalytic action of telomerase by cross-linking ghdioring bases at telomeres
(cisplatin) or sensitizing telomeric sequencesl¢éaage (etoposidé)iergny et al.,
2002; Olaussen et al., 2006; Redon et al., 200Guanine quadruplexes forming at
telomeres affect the catalytic activity of telons®aor block its access to telomeres
[Fletcher et al., 1998; Kelland, 2005; Mergny et al 2002; Olaussen et al., 2006;
Patel et al., 2004; Salazar et al., 1996A very large number of compounds have
been found to stabilize guanine quadrupledesasubramanian & Neidle, 2009;
Georgiades et al., 2010and thus potentially serve as anticancer agentst Mf
these stabilizing ligands are polyaromatic moleswdgth one or more positive
charges (see the figure 17). They include porpByfibicka et al., 1999; Martino
et al., 2009; Parkinson et al., 2007; Shi et al.0Q1], acridinegSparapani et al.,
2010} perylenes [Pivetta et al., 2008] triazines [Gomez et al., 2004]
anthraquinonesRead & Neidle, 2000] ethidium derivativegBreuzard et al.,
2003]and other diverse compoundé&su et al., 2006]

Quadruplex ligands must meet several criteria, dessistabilizing telomeric
guadruplexes, in order to be used in vivo as efficiand safe anticancer drugs.
Primarily, each ligand should preferentially binayoto a desired G-quadruplex over
other structures (different quadruplexes, triplexdsplexes or single strands)
[Mergny et al., 2002] A low selectivity for G-quadruplexes over duplexes
associated with DNA topoisomerase /1l (enzymegingl to unwind double-helical
DNA during transcription and replication) inhibitiaesulting in non-specific acute
cell death[Neidle & Read, 2001] Unfortunately, many of G-quadruplex stabilizing
drugs are cytotoxic at concentrations requiredifibibition of telomerase activity

[Balasubramanian & Neidle, 2009] Another important requirement is that
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qguadruplex ligands should be able to pass throwhneembranes and distribute
preferably in the nuclei of targeted cells. Manyaarch findings indicate that at least
porphyrins readily and preferentially accumulatetumor tissuesizbicka et al.,
1999]
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Figure 17. G-quadruplex stabilizing molecules. Values aregdotency in cell-free

assays to inhibit telomerase. Taken from refer@neend, 2005].

The mechanism behind the inhibition of telomerage/idy by some anticancer
agents is not cleaiergny et al., 2002; Seimiya et al., 2002]t is likely that, for
some drugs, more than one mechanism may be involkedexample, the cationic
porphyrin (TMPyP4) stabilizes both quadruplexesetdmeres and down-regulates
hTERT (catalytic protein subunit of telomerasens@&iption|[Grand et al., 2002]
Anti-telomere and anti-telomerase drugs induce smT&e or apoptosis after
telomeres become seriously damaged and/or aftgr dahee shortened to a critical

length. Consequently, these drugs can be onlyiefticagainst tumors with short
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telomeres or in chemoprevention therapy. They dse aupposed to have low
toxicity since cancer cells usually have much sdratlomeres and proliferate much
faster than normal somatic cells. The drawback -@fu@druplex ligands is that they
may bind to non-telomeric guanine quadruplexes &tim normal tissues and that
telomeres in cancer cells may be maintained viaAlhg pathway|Kelland, 2005].
Anti-telomere and anti-telomerase therapeutic agghres will be in the future
probably combined with conventional therapies ldkeemotherapy or radiotherapy
since positive synergism has been already repoéitetbnd, 2005; Mergny et al.,
2002; Olaussen et al., 2006; Shay & Wright, 2002; kte et al., 2001]

1.5.2 Nontelomeric quadruplexes

Non-canonical DNA structures like cruciforms, tagpes, hairpins, guanine
quadruplexes or left-handed Z-DNA are implicateddiverse biological processes
like transcription, replication or telomere mairdane [Bacolla & Wells, 2004]
Revealing structural features and true functionghalse motifs is of therapeutic
interest because non-B DNA conformations are linkeda variety of human
pathologies such as cancer and many neurodegemedaordersBacolla & Wells,
20041 More and more scientific studies are now spedliffcdirected at guanine
quadruplexes showing convincingly that they areldgically relevant structures
[Arthanari & Bolton, 2001; Collie & Parkinson et al., 2011; Ghosal &
Muniyappa, 2006; Shafer & Smirnov, 2001.] Quadruplexes or other non-canonical
structures compete with regular Watson-Crick hslicevhich predominate at
physiological conditions in double-stranded regioh®NA. However, duplex DNA
must be locally denatured to allow transcriptiorptoceed. Each strand of DNA is
then free to adopt alternative non-B DNA conformas. A number of factors
influence quadruplex-duplex competition (see 1Q@ladruplexes originating from
duplex DNA regions can interact, much like thosaeddmeres, with various low
molecular weight ligands such as porphyiiisgoi et al., 2008; De Armond et al.,
2005; del Toro et al., 2009; Sun et al., 20Q5This interaction may result in altered
gene expression and thus be of therapeutic value.

Quadruplexes formed at G-rich sites of regulat@gyions of numerous genes
may serve either as activatofsatasti et al., 1996; Lew et al., 20009r repressors
of gene transcriptionCogoi et al., 2008; Seenisamy et al., 2009nhtramolecular

quadruplexes within promoters of miscellaneous geoes including KRASCogoi
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et al., 2008]) bcl-2 [Dai et al., 2006] c-kit [Fernando et al., 2006]or Rb
(retinoblastoma)Xu & Sugiyama, 2006] have been reported (see revigwn &
Hurley, 2008]). Most attention have been paid to the regulategyon of the c-myc
oncogendAmbrus et al., 2005; Grand et al., 2002; Halder &howdhury, 2005;
Phan et al., 2004; Rangan et al., 2001; Seenisantyaé, 2005} The members of
the myc family of proto-oncogenes are known to fiomcas transcriptional factors
for a variety of genes regulating cellular prol&gon [Dang, 1999] Depending on
the genetic context, c-myc can both activate aptess gene transcription. The c-
myc gene is of interest as it is overexpressedanynhuman cancers. It is estimated
that it contributes to one-seventh of U.S. caneatlis|Dang, 1999] Surprisingly,
there is a link of c-myc to telomeres because c-mmy& transcription factor for the
catalytic protein subunit of human telomerase, hTERorikawa & Barret, 2003].
c-myc quadruplex is a mixture of four parallel peber-like isomers with one isomer
being predominanfAmbrus et al., 2005; Phan et al., 2004; Seenisamy al.,
2005] Although G-quadruplexes are frequent transcnyatioregulatory units of
oncogenes, they may also influence transcriptiorotbier genes such as human
insulin [Catasti et al., 1996; Lew et al., 2000MEGF (vascular endothelial growth
factor)[Sun et al., 2005 HIF-1a (hypoxia inducible factord) [De Armond et al.,
2005]or some muscle-specific genészioni et al., 2005; Yafe et al., 2005]
Microsatellites, also referred to as SS#&nple sequencerepeats) or STR
(shorttandenrepeats), are tandem repeats of short sequencesllygonsisting of
1 to 6 base pair long stretch€soth et al., 2000} They belong to the most
polymorphic markers ever knowpAgrawal & Khan, 2005]. Microsatellites
consisting of three nucleotides have recently aduitense interest among
scientists since their abnormal expansion may tesulabout twenty severe
hereditary neurological disorders, collectively mo as triplet (or trinucleotide)
repeatexpansiondiseases (TRED)Mirkin, 2006; Richards, 2001; Wells et al.,
2005] However, tetrameric (CCT@ICAGG),, pentameric (AATCTP(AGATT),
and even dodecameric &C,GCG)*(CGCGCGy), repeats can also expand and
cause diseas@Virkin, 2006]. Generally, there is a strong positive correlation
between disease severity and the number of tandespbating base triplets. What
mechanisms are behind repeat expansions and tiwe matwhich they contribute to
the disease pathology is not completely understsogiet and is an area of intense

research. It is interesting that large intergenenat expansions of base triplets
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associated with diseases are mostly restrictedutoahs/Sinden et al., 2002] The
propensity of tandem repeats for excessive expansinowadays explained by their
ability to form a number of non-B DNA conformatiossch as slipped structures,
hairpins, triplexes or quadruplexggirkin, 2006; Sinden et al., 2002; Wells et al.,
2005] These non-canonical DNA structures interfere \mémy important biological
processes such as DNA replication, repair, gemetiombination, transcription and
translation[Jasinska et al., 2003; Mirkin, 2006; Richards, 20D, Wells et al.,
2005] Replication is most impaired of all processp&ells et al.,, 2005]
Quadruplexes effectively block polymerases duringADsynthesis in potassium
solutions [Usdin, 1998; Weitzmann et al., 1996]|Hairpins or slipped structures
present during replication cause either repeatresipas or deletions depending on
whether they are formed on the nascent or tempiggad, respectivelyVirkin,
2006; Shafer & Smirnov, 2001; Wells et al., 2005Expansion of triplet repeats is
less likely if they are interrupted with nonrepebgequenceg/Veisman-Shomer et
al., 2000]

Quadruplex occurrence is not limited to telomegeEne regulatory sites and
some repetitive regions. Some other interestingngkas of naturally occurring
quadruplexes can be provided. A guanine quadrupdgether with two hairpins
flank the endonucleolytic cleavage site in a higldgnserved part of the 3
untranslated region ahsulin-like growth factorll (IGF I[I) mRNAs [Christiansen
et al., 1994] These folded structures probably prevent the macleolytic cleavage
site from adopting some stable RNA structure, whicluld make impossible IGF Il
posttranscriptional processing. Ribosomal DNA (rDN#\naturally G-rich and thus
has the propensity to form quadruplexes. Nuclealiprotein which is implicated in
rDNA transcription, replication or recombinationintts very strongly to rDNA
through the G-quartet motiHanakahi et al., 1999] Hairpin-like quadruplexes are
formed within the G-rich DNA flap of the HIV-1 vigjLyonnais et al., 2002] The
G-rich DNA flap arises during HIV-1 reverse tranption when two 99-nucleotides-
long plus strands at the center of the viral genomelap one another. This structure
facilitates viral gene transduction. Under high sahcentrations in vitro, two HIV-1
RNA molecules self-associate via G-quartétsndquist & Heaphy, 1993] Authors

proposed that this also likely happens in vivo
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1.5.3 Guanine quadruplexes as aptamers

Aptamers are short oligonucleotides (typically @ lbases) that have very
high affinity and specificity for their desired ¢gts [Collie & Parkinson et al.,
2011; Liu et al., 2009; Mairal et al., 2008]This specificity and affinity is similar to
that for binding antibodies to antigens. Aptamess ©e directed against diverse
cellular targets including small molecules (amirmds, nucleotides, metabolites,
hormones, antibiotics, etc.), proteins (antibodigwth factors, enzymes, etc.),
lipids, or nucleic acids. They are used in bothrapeutic and non-therapeutic
applications[Collie & Parkinson et al., 2011; Davis, 2004; Liuet al., 2009;
Mairal et al., 2008]. Aptamers can be found in biosensors for diago®str
separation of miscellaneous chemical compoundy, ¢he be targeted against viral
and bacterial proteins to impair their maliciousidtions, or they can be used to
knock-out some genes in order to reveal their lgickl relevance. Unlike ‘linear’
antisense oligonucleotides, aptamers have a weiletkthree-dimensional structure,
which not only determines their binding propertibst also confers them greater
resistance to nucleases and low toxicity in vivqtainers are often chemically
modified to modulate their biological propertiesdastability [Petraccone et al.,
2005; Sacca et al., 2005They can be labeled to visualize the ligand-redam
process/Nutiu & Li, 2004]. Aptamers can be routinely prepared for almost any
target molecule by the SELEX procedur8ygtematic evolution of ligands by
exponential enrichmen{Mairal et al., 2008].

Due to their well-defined three-dimensional geometind conformational
variability, guanine quadruplexes have been wideded as aptamersolliie &
Parkinson et al., 2011; Davis, 2004]t is not surprising, in this respect, that thstf
therapeutic aptamer was G-rich. This aptamer wBs-@er oligonucleotide (having
the sequence dgB,G,TGTG,T»G,)) selected against thrombin, which is an enzyme
involved in blood clotting[Collie & Parkinson et al., 2011] X-ray and NMR
studies indicated thahrombinbinding aptamer (TBA) is an intramolecular chair
quadrupleXMacaya et al., 1993] This is at variance with the results from theugro
of prof. Vorlickova[Fialova et al., 2006jwho argue that, in agueous solutions, TBA
has bimolecular rather than unimolecular foldindpey have also shown that an
elongation of the quadruplex loops by one or mbsgnines or an addition of the

extra G-rich hexamer sequence at the 5’ end cahae3BA folds intramolecularly.
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In the Results and Discussion (section 3.4), wewdpée on a dimeric structure of
TBA composed of two intramolecular TBA quadruplexiésvas reported that, in the
presence of thrombin, potassium may not be necgedsarTBA to assume G-
quadruplex conformatiofBaldrich & O'Sullivan, 2005]. Thrombin then promotes
TBA folding and behaves as a molecular chaperone.

DNA oligonucleotides seem to be promising as an\i-Hrugs, although they
have not been so far approved for clinical U8eg & Xu, 2001]. They can be
directed against various viral components suchngegiase, reverse transcriptase,
envelope protein gp120 and genomic RINMng & Xu, 2001]. According to the
mechanism of their action, anti-viral oligonuclel@s can be grouped as antisense,
triplex and G-quartet inhibitorisling & Xu, 2001]. Although G-quartet inhibitors of
HIV infection are mostly DNA oligonucleotides, Gshi RNA oligonucleotides have
been also reported-ujihashi et al., 1994] Most of the known anti-HIV G-quartet
aptamers are of a monomolecular typeshop et al., 1996; de Soultrait et al.,
2002; Jing et al., 1997; Jing et al., 2000; Urata al., 2004} However, bimolecular
[Phan et al., 2005; Suzuki et al., 2002tetramolecularFujihashi et al., 1994;
Koizumi et al., 2000; Wyatt et al., 1994pr dimericanti-HIV G-quartet aptamers
[Do et al., 2011]have been also described. Tetramers, due to tleey slow
dissociation rate, can retain their biologicallyiee form for a sufficiently long time
to be useful as antiviral therapeutiggd/yatt et al., 1996] G-quartet aptamers,
though more stable than antisense oligonucleotiales often modified to increase
their stability and also to confer them higher &tV activity. The modification
where the natural phosphodiester linkages are aeglay phosphorothioate linkages
is most frequent. Either some of the internucledditkagedJing et al., 1997]or all
of them are modifiedSuzuki et al., 2002] Moreover, also nucleobases can be
modified[Jing et al., 2000]

There are two main mechanisms how anti-HIV G-gquaolegonucleotides
exert their inhibitory effeciTamura et al., 2000; Tarrago-Litvak et al., 2002]
One mechanism involves their targeting to the espeslglycoprotein gpl20, a
protein responsible for viral binding and entrycadls[Koizumi et al., 2000; Suzuki
et al.,, 2002; Urata et al., 2004; Wyaltt et al., 199. The other mechanism is based
on their binding to HIV-1 integrase and subsequehibition of HIV-1 integrase
activity [de Soultrait et al., 2002; Jing et al., 1997; Jingt al., 2000; Phan et al.,
20051 HIV-1 integrase is an enzyme implicated in théegnation of the viral
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genome into the host genorfieraigie, 2001; Nair, 2002] One of the anti-HIV G-
guartet oligonucleotides, T30177 (denoted alsoiatevir or AR177), was already
clinically tested in animalg\Wallace et al., 2000] Interestingly, some G-rich
oligonucleotides that were originally devised atismmse drugs exert, in fact, their
therapeutic effects by a certain non-antisense armesim, which is related to G-
quartet formationDapic et al., 2003] G-rich DNA aptamers can also function as
catalysts[Majhi & Shafer, 2006; Travascio et al., 1998] Peroxidase activity of
hemin (iron (Ill) protoporphyrin) under physiologicconditions increases by two
orders of magnitude when hemin is bound to the quydelx aptamer structure. G-
rich aptamers have been also used as stationarysephan capillary

electrochromatography/o & McGown, 2004].

1.5.4 Interaction of guanine quadruplexes with lnteuules

During last few decades, a considerable researfohnt éfas been directed to
understanding how guanine quadruplexes interach wrhall molecular ligands
[Monchaud & Teulade-Fichou, 2008] As it follows from the previous overview,
low molecular weight ligands stabilizing guanineadtuplexes at telomeres can be
used as potential drugs (see the section 1.5.8yeTdre currently only few structural
data (NMR or X-ray) available on ligand-quadrupleamplexes/Haider et al.,
2011] On the basis of numerous studies, both struc{NBR, X-ray) and non-
structural (UV, CD, fluorescence, microcalorimetphotocleavage experiments,
etc.), it can be concluded that there are basidchlige main ways in which small
aromatic ligands interact with guanine quadrupleXé®y stack on terminal guanine
tetrads|Evans et al., 2007] bind into groovesCosconati et al., 2010]Jor locate
within quadruplex loopsCogoi et al., 2008] Specially, some ligands have been
shown to intercalate between outermost guaninadetf two quadruplexes stacking
in an end-to-end manneClark et al., 2012; Fedoroff et al., 1998] True
intercalation of ligands between adjacent guanateads of single quadruplex is
hardly likely, probably because it may bring abaligtortions in the quadruplex
geometry[Mita et al., 2006; Read & Neidle, 2000] However, some works give
some evidence in favour of intercalatigimantha et al., 1998; Haq et al., 1999;
Keating & Szalai, 2004; Wei et al., 2006; Yamashitat al., 2005]

Binding characteristics of DNA-interacting molecsilean be influenced by

modification of their structures. This can be nycdlustrated for the case of
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porphyrins, the interaction of which with nucleicids has been extensively studied
for many yearsShi et al.,, 2001] Three cationic porphyrins known as TMPyP2,
TMPyP3, and TMPyP4 are depicted in figure 18. Thpsephyrins, especially
TMPyP4[Martino et al., 2009; Parkinson et al., 2007] are the subject of many
recent papers that help to clarify the nature o&dyuplex-ligand interaction.
Although each of the three porphyrins has four idahmeso-aryl substituents, these
substituents vary among individual porphyrins. TRy TMPyP3, and TMPyP4
bear N-methyl groups in the position orto, metpana, respectively. The position of
N-methyl groups within meso-aryl substituents dataes the degree to which these
substituents are free to rotate about bonds linkiggn to the aromatic porphyrine
core. The closer to the porphyrine core N-methglugs are, the more restricted due
to steric reasons the rotation of meso-aryl sulbestils is. A constrained rotation
makes it difficult for porphyrins to stack propedy guanine tetrads. It is reflected in
the different propensity of TMPyP2, TMPyP3 and TNPyto stabilize guanine
quadruplexes and inhibit telomerase. TMPyP2 isekigeme case, with meso-aryl
substituents practically unable to rotate. Not gaimpgly, it has been shown by many
studies that TMPyP2 is a poor quadruplex stabilened telomerase inhibitgbe
Armond et al., 2005; Han et al., 2001; Shi et al2001; Yafe et al., 2005]
However, it was also reported that both TMPyP2 ahilPyP4 stabilize
intramolecular guanine quadruplexes from humanntelic DNA to approximately
the same extentian et al., 1999] The different potency of TMPyP2 and TMPyP4
to inhibit telomerase may be related to their dadtiquadruplex binding modes.
While TMPyP2 binds to the loop region, TMPyP4 stack the terminal guanine
tetrad/Han et al., 1999]

TMPyP2 TMPyP3

Figure 18. Structures of three cationic porphyrins: TMPyP2IPyP3, TMPyP4.

Taken from referencean et al., 2001].
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Generally, the capacity of the porphyrins to stabilquadruplexes and to
inhibit telomerase can be expressed as TMPyP4 >yR@R-> TMPyP2Shi et al.,
2001l However, TMPyP3 and TMPyP4 differ greatly in thability to inhibit
unwinding of quadruplexes by Sgs1 helicase. Irctse of parallel folding, TMPyP3
Is a stronger inhibitor of Sgsl1 helicase than TMByBut the opposite is true for
antiparallel foldingHan et al., 2001] In addition to the three mentioned porphyrins,
many others can be synthesizéthi et al., 2001] They differ in the chemical
structure of side chains (all chains can be diffgrer/and metalation. Generally, it
holds that positively charged substituents arerdddor telomerase inhibition. These
substituents may be replaced and combined withdggir-bonding groupsshi et
al., 2001] A core-modified expanded porphyrin analogueS®&®, was synthesized
to have enhanced selectivity for intramolecular rovgermolecular quadruplexes
[Seenisamy et al., 2005|Moreover, the photocytotoxicity of SRAP is greatly
reduced due to the presence of two selenium atornh®icore.

Selectivity as well as affinity of ligands towardgsanine quadruplexes can be
modulated by solution conditions, namely ligand abBdNA concentration,
temperature, ionic composition and pllzeer & Luedtke, 2010]. Guanine
guadruplexes may change their conformatieradhan et al., 2011; Rezler et al.,
2005; Seenisamy et al.,, 20050r even be destabilized upon ligand binding
[Weisman-Shomer et al., 2003; Yafe et al., 2005The loop geometry determines
to a great extent the affinity of a particular hgafor particular quadruplex
conformationsCampbell et al., 2009; Guan et al., 2011Many molecular ligands
such as pyridine dicarboxamide derivatives Cian & Mergny, 2007], PIPER
(perylene diimide derivative)Rangan et al., 2001, telomestatin (the metabolite
produced by actinobacteria known as Streptomycetats 3533-SV4; see figure
17) [Kim et al., 2003; Rezler et al., 2005the cationic porphyrin TMPyP&im et
al., 2003} a novel porphyrin with cationic side arms contanammonium ions
[Murashima et al., 2008} a polyamine-anthracene conjugat&driguez et al.,
2007] oxazine 750 dygChen et al., 2009]or a chiral metallo-supramolecular
complex [Zhao et al.,, 2011]not only stabilize guanine quadruplexes but also
accelerate or induce their formation. Interestingtpme G-quadruplex ligands
promote quadruplex formation even in the absencsatifilizing monovalent cations
[Chen et al., 2009; Kim et al., 2003; Murashima e#l., 2008; Rezler et al., 2005;
Rodriguez et al., 2007; Zhao et al., 2011G-quadruplex ligands that discriminate
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between various guanine quadruplexes and that lbavaffinity for DNA duplexes
can be used to prepare and/or stabilize desiredrgpi@x structures in solution
[Hamon et al., 2011; Rezler et al., 2005)A combination of several ligands may
help to discriminate among many conformations (expl quadruplex)
simultaneously present in solutiparthanari et al., 1998; Breuzard et al., 2003;
Chen et al., 1996]

Specifically, TMPyP4 predominantly facilitates anthen stabilizes
intermolecular quadruplexésim et al., 2003 By contrast, telomestatin was shown
to convert the preformed mixed parallel/antipatateucture of the human telomeric
quadruplex d(7AGs3), to the intramolecular basket conformatitrezler et al.,
2005] The ligand PIPER is interesting in that it faailes quadruplex formation both
from single strands and from Watson-Crick duplexA3NRangan et al., 2001]
The preference of ligands that are structurallatesl to PIPER for quadruplexes
over duplexes depends on their aggregation statehvid extremely sensitive to pH
(maximalized at the pH 7)Xern et al., 2002} It is possible that the preference for
quadruplexes over duplexes, dependent on the pHiptionly limited to perylene
analogues since, for instance, some porphyrinalaceknown to aggregate readily in
aqueous solution®ixon & Steullet, 1998; Kano et al., 1990; Pastemack et al.,
1998]

Not only the structure but also the chirality oé tigand may be a determining
factor for its interaction with guanine quadruplexeFor instance, only one
enantiomer (having P helicity) from metallo- supodecular cylinders [ML3]Cl4 (M
= Ni or Fe) differentiates between G-quadruplex dapglex DNA[Yu et al., 2008]
Furthermore, the P-enantiomer induces the tramsdfothe antiparallel form of the
telomeric G-quadruplex A$T.AG3); in the presence of NaCl to hybrid
parallel/antiparallel strand topology. It was adwmwn that only left-handed cyclic-
helicene molecule has the binding preference fayhdm-order telomeric G-
quadruplexes Xu et al., 2006] The above-mentioned telomestatin also exhibits
enantioselectivity. The (S)-stereoisomer of telaiawas has four times higher
propensity to induce parallel folding than its matucounterpart (R)-telomestatin
[Doi et al., 2011]
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1.6 Experimental techniques used for studying guane
guadruplexes

A variety of experimental techniques are employedptobe biophysical
properties and to determine the structure of G-gquadxes/Collie & Parkinson et
al., 2011; Huppert, 2008; Keniry, 2001; Lane et al.2008] as well as to monitor
their interaction with small ligand$/urat et al., 2011]. Here, a brief overview of

the application of the most common of these metl®ds/en.

1.6.1 Absorption spectroscopy

Ultraviolet-visible (UV-vis) absorption spectroscopy is a routimethod of
optical spectroscopy for studying biological sarspReing relatively cheap and easy
to use, UV-vis spectrometers now belong to stanegudpment of biological and
chemical laboratories. Importantly, samples for U¥-absorption measurement can
be prepared down to micromolar concentrations. ésthe sixties, UV spectroscopy
has been extensively used for studying thermalilgie® of many nucleic acid
forms. Unfortunately, UV spectra are relatively dmloand cannot easily distinguish
among DNA or RNA forms with the slightly differesequences or conformations.
Other methods, instead of UV spectroscopy, areetber presently in use (see
below) to characterize in detail the behavior ofclaic acids in solution.
Nevertheless, UV spectroscopy is nowadays sucdbsshpplied for the
determination of nucleic acid concentrations. Assignthe validity of Beer-Lambert
law, the accuracy of the UV determined concentratidepends primarily on precise
knowledge of the appropriate extinction coefficggitallansrud et al., 1996] They
are provided by NMR spectroscopy (most precisglyvaluzzi et al., 2004]or by
chemical meangviurphy et al., 1996].

It is a common practice to monitor nucleic acid foomational changes, upon
thermal or chemical denaturation of samples, bgnding UV absorbance at one or
more wavelengths (usually around 260 nm as nudeid bases strongly absorb in
this region). Quadruplex folding and dissociatiomswfollowed by measuring
absorbance at wavelengths ranging from 230 to B0@see for examplgilberti &
Mergny, 2003; Green et al., 2003; Ren et al., 2002The question arises as to what
wavelength is most suitable for studies of quadmpelting. Mergny and co-

workers originally proposed that recording absodeaat 295 nm provide more
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accurate melting curves than recording absorbaheages at wavelengths around
260 nm[Mergny et al., 1998] Later they analyzed thermal difference specttachv
are defined as the difference between absorptiestisp measured at high and low
temperaturesViergny et al., 2005b] They claim that such spectra are specific for
closely related structures and easily differentiateong various nucleic acid
conformations (duplexes, triplexes, quadruplexaaplifs). These spectra can even
distinguish between quadruplexes formed in* Nend K solutions. Thermal
difference spectra thus provide additional infororat to circular dichroism
spectroscopy.

The example of thermal difference spectrum is givehgure 19 for the case
of TBA quadruplex, d(@l.G,TGTG,T.G,). The thermal difference spectrum shows
two characteristic bands (~274 nm, ~295 nm) rdfigctthe changes in the
quadruplex structure upon melting. Generally, tiherugption of the G-quadruplex
structure (the molecularity is not important) ic@mpanied by hyperchromism at
240-245 nm, 270-275 nm and a strong hypochromisg®atnm (unlike other DNA
and RNA regular forms where the greatest changdsorbance occurs around 260
nm) [Mergny et al., 1998; Mergny & Lacroix, 2003; Mergry et al., 2005a;
Mergny et al., 2005b; Mergny & Lacroix, 2009] The change in absorbance at
~295 nm was frequently used by many researcheenasdicator of quadruplex
thermal stability. The recommendations for conchgetdV melting experiments with
G-quadruplexes/Mergny & Lacroix, 2009] and the procedure for extracting
thermodynamic parameters from UV melting curiésrgny & Lacroix, 2003 was
proposed by Mergny and Lacroix.

Although melting curves for G-quadruplexes are wlei by CD spectroscopy
rather than absorption spectroscopy, the absorptiothe visible region is often
exploited for studying the interaction of G-quadexes with small aromatic
molecules. This is possible since many G-quadruplgetacting molecules (see
figure 17) have absorption bands in the visiblecBpé range. Porphyrins, for
example, have the strongest absorption bands betd@@ and 700 nm. The Soret
band of porphyrins is the most intense and mossites to interaction with other
molecules[Huang et al., 2000] Its position depends on the type of porphyrin
substituent§Huang et al., 2000] It is typically found at about 400 nm, but some
porphyrins have been shown to have the Soret baonaea600 nniSpence & Lash,
2000} In addition to the Soret band, free base porpiyalso have four weakly
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intense absorption bands (referred to as Q bandlgirange approximately 500-700
nm. Metalated porphyrins have only two Q bandstee higher symmetrijHuang

et al., 2000] The interaction of porphyrins with DNA mainly mtasts in spectral
changes within the Soret band, namely in its bdtrmuic shift and hypochromicity
(the compilation of data on the interaction of @ait porphyrins with various
polyoligonucleotides and G-quadruplex-forming seqes is given in table 5). The
character of these changes helps to reveal therenaifi the porphyrin-DNA
interaction. In general, it is considered thatititeraction of porphyrins with guanine
guadruplexes results in larger red shifts and latggochromicities of the Soret
band than the interaction with WC duplexes or sngirands. The intercalation
features a substantial red shi#lb6 nm) and a hypochromicitg35 %) of the Soret
band[Keating & Szalai, 2004; Pasternack, et al. 19830n the other hand, the
groove binding is accompanied by a small red skg8 nm) and either
hyperchromicity or small hypochromicit10 %) of the Soret bangKeating &
Szalai, 2004; Pasternack, et al. 1983]
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Figure 19. The comparison of the absorption spectra of theA T&quence
d(G, TG, TGTG,T,Gy) recorded at low (0°C) and high (90°C) temperaturee
difference spectrum between the spectrum at 9080a@ depicted at the lower part
of the figure illustrates the spectral changes aquanying the melting of the TBA
guadruplex. A decrease in absorbance at ~295 nmaaedncomitant increase
at ~ 245 nm and ~274 nm observed upon meltingsg@ature of the quadruplex
structure. Experimental conditions: 20 mM’ tiacodylate buffer, 100 mM K pH
6.8.
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(TG4T) 56.7 11 tetrameric Q [Wei et al., 2006]
(G4T4Gy) 62.8 13 dimeric Q
AG3(T,AG3)s 61.1 13 monomeric Q
T4Gs 40.6 12 tetrameric Q [Anantha et al., 1998]
(CGYRATAT(CG), 34.4 10 WC duplex
H.TMPyP4 poly(rA)«poly(rU) 39 16 WC duplex
poly(rA)« poly(dT) 38 16 WC duplex
poly(1)- poly(rC) 46 11 WC duplex | Vo etal, 2002]
poly(rl)s poly(dC) 39 15 WC duplex
TTAGGG 66 18 tetrameric Q [Mita et al., 2006]
TaGaTs 50 9 tetrameric ) .
TaGgT4 58 12 tetramericg [Keating & Szalai,
ALsCA, 25 5 single strand 2004]
A4CsA4 27 6 single strand
CUTMPYP4 ™ oly(rA)- poly(rU) 37 9 WC duplex
poly(rA)« poly(dT) 33 10 WC duplex
poly(rh)+ poly(rC) 25 5 WC duplex | [N etal, 2002]
poly(rl)- poly(dC) 23 8 WC duplex

Table 5.Changes in the Soret band of G-quadruplex-forroligpnucleotides.

*The hypochromicity values (%) are calculated inmter of the formula
[(e:-€0)/€6] %100, wheregs and €, are the extinction coefficients (at the Soret band
maxima) of the free and bound porphyrins, respebtiv PAbbreviations:

WC=Watson Crick, Q=quadruplex.

1.6.2 Circular dichroism

CD spectroscopyVorli ¢kova et al., 2012]together with chemical probing
methods (see 1.6.5) and NMR (see 1.6.6) are thermajrce of information about
guanine quadruplexes and their interaction witheothiomolecules. I-motif DNA
tetraplexes have also been studied by CD specpgdcauo et al., 2007; Xu &
Sugiyama, 2006] CD spectroscopy clearly differentiates betweewn twain G-
quadruplex topologies: parallel and antiparallet ¢see figure 20). Parallel strand
alignment is characterized by a positive maximum~260 nm and a negative
2006] Antiparallel

guadruplexes have a positive maximum at ~290 nmaamegative minimum at ~260

minimum at ~240 nm|[Neidle & Balasubramanian,

nm [Neidle & Balasubramanian, 2006] Both quadruplex topologies also exhibit
positive peak at 210 niiiasiero et al., 2010] The cytosine quadruplexes have a
strong positive maximum of ellipticity around 290nriKypr et al., 2009]. The
Watson-Crick hairpin has a positive maximum at 286 [Hardin et al., 1993;
Keniry, 2001].

The classification of G-quadruplexes according e tstrand orientation

(parallel versus antiparallel) is frequently useg rhany researchers although it
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provides only limited information about their sttue (it was mentioned in the
section 1.2 that there are 26 possible loopingltapes). The usefulness and power
of CD spectroscopy consists in its ability to qlyckand easily characterize
quadruplex samples at various environmental cadti primarily temperature,
ionic strength and pH. CD spectroscopy clearlyinigtishes between G-quadruplex
structures adopted in the presence of &d N& ions [Dapic et al., 2003;
Vorli ¢ckova et al., 2012] The interpretation of CD spectra of G-quadruptesan be
problematic when two or more G-quadruplex speciéh wlistinct kinetics are
simultaneously present in solutigihan & Patel, 2003; Rujan et al., 2005]In
such cases, CD spectra have features of both ttalgbaand antiparallel folding.
Multivariate statistical methods applied to CD o¥ Whermal melting curves of
guanine quadruplexes can reveal the number of patejquadruplex conformers
[Antonacci et al., 2007; Jaumot et al., 2006; Petcaone et al., 20054nd calculate
thermodynamic datgsray & Chaires et al., 2011]

T T T
0 280 320 220 260 300
wavelength [nm]

Figure 20. Characteristic CD spectra corresponding to two nmauadruplex
topologies. On the left: the parallel quadruple¢dg.]4 stabilized by 16 mM K On
the right: Na- induced antiparallel bimolecular quadruplex ofGgrsGa)].. The
triangles in the sketches indicate guanines andtpoithe 5°-3" directionAg is

expressed in terms of nucleotide molar concentrafi@aken from referende/asiero
et al., 2010].
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The empirical rules such as those relating the elmentioned characteristic
CD spectra of G-quadruplexes to parallel and ardlf@ folding are mainly derived
on the basis of the comparison of CD data withkhewn structures provided by
NMR or X-ray analysis. However, these rules areautbmatically applicable for all
quadruplex-forming oligonucleotidésiasiero et al., 2010] They are meaningless
for the interpretation of CD spectra of monomeri@aigosines derivatives, G-rich
modified oligonucleotides or the oligonucleotideavimg the 3°-3° and 5°-5°
inversion of polarity sitesMasiero et al., 2010] For example, the “parallel”
tetramolecular quadruplex [d(TG®T)]. (G* denotes an 8-bromoguanosine
residue) exhibits the same CD spectrum as theparaile!” bimolecular quadruplex
[d(G3T4G3)]2 [Masiero et al., 2010] CD spectra of G-quadruplexes are determined
by the polarity of stacked G-quartets (see figud® Pather than the relative
orientations of the adjacent sugar-phosphate badd(see figure 8). The polarity of
neighboring G-quartets can be modulated by an fioiesd adjustment of the
orientation of phosphate backbojieauss et al., 2011; Pagano et al., 2008The
characteristic positive and negative CD bands ef pharallel and antiparallel G-
guadruplexes can be then explained in terms oindisbrientations of electronic
transition dipoles for different stacking geomediieray et al., 2008; Karsisiotis et
al., 2011; Masiero et al., 201((see figure 21).

CD spectroscopy in the visible range, as well aogiiion spectroscopy, gives
information about the mode of interaction of snaathmatic molecules with guanine
guadruplexegChang et al., 2007; Chen et al., 1996; Keating & Zalai, 2004;
Lubitz et al., 2007; Rezler et al., 2005; Sun et.al2006; Yamashita et al., 2005]
Although many G-quadruplex interacting ligands sashporphyrins are not chiral,
they become structurally distorted and provide aetiCD signal upon binding to
chiral G-quadruplexegKeating & Szalal, 2004] The big advantage of CD
spectroscopy over absorption spectroscopy is thmgtier separates spectral changes
occurring in DNA and G-quadruplex ligands since gnarii them exhibit no or
negligible CD signal in the UV absorption region wificleic acids. While the
ultraviolet portion of CD spectra (220-330 nm) eefls only the conformational
properties of DNA in the presence of ligands, th&ble part of CD spectra is
exclusively associated with induced chirality doethe interaction of ligands with
guanine quadruplexes. The visible part of CD spetiius indirectly reflects the

changes in the G-quadruplex geometry provoked éypthsence of ligands.
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Figure 21. (A): The guanine moiety and the G-quartet. The G-quatows its
“head” (H) side (donor to acceptor H-bonding rufsckwise). The reverse side is
referred to as “tail” (donor to acceptor H-bondmogs counter-clockwise).G-quartet
can stack through the same (head-to-head or tédijoor the opposite (head-to-tail)
face resulting in heteropolar or homopolar stacknmegpectively. B): Top view of
the heteropolar and homopolar stacking of two Grguis: the “head” and the “tail”
sides of the G-quartets are represented in redgeeeh, respectively. The double
head arrows represent the electric transition masnesorresponding to the

absorption band at ~250 nm. Taken from referéneeero et al., 2010].

1.6.3 Fluorescence

Fluorescence methods have been extensively useduiiying various aspects
of guanine quadruplexes. They can provide inforomatabout thermodynamic
stability and kinetics of quadruplexgsberti & Mergny, 2003; Darby et al., 2002;
Green et al., 2003; Li et al., 2005; Risitano & FgX2003; Xu & Sugiyama, 2006;
Ying et al.,, 2003] as well as about their interaction with other bobacules
[Anantha et al., 1998; Arthanari et al., 1998; Juskwiak, 2011; Keating &
Szalai, 2004; Kumar et al., 2008; Rachwal & Fox, ZI¥; Rertiuk et al., 2012;
Wel et al., 2006; Yamashita et al., 2005[The obvious benefit of fluorescence
methods over other spectroscopic techniques is kingh sensitivity[Darby et al.,
20021 It means that samples for fluorescence measuitsncam have much lower
concentrations (typically about two or three ordgfrsnagnitude lower) than samples
used for UV and CD spectroscopy. Moreover, the @onétional changes in nucleic

acid structure are translated into large relatikanges in fluorescence signal. The
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definite advantage of fluorescence techniques atssorption and CD spectroscopy
is their higher sample throughput. For instancerbiand coworkers could record
on their fluorimeter 32 melting profiles in pardll®arby et al., 2002]

Natural nucleic acids are not fluorescent or stooly weak fluorescence for
practical purposes. They can become fluorescdhiafophores are introduced into
their structure. Fluorophores may, however, alieplysical properties of nucleic
acid samples under investigation. A fluorescentaauee of adenine, 2- aminopurine,
has been extensively used for about 40 years la®@phore in nucleic acids due to
its high quantum vyield and excitation profile sbadtto the red, far from the
absorbance region of protein and naturally occgrnocleobasegBuscaglia et al.,
2012; Li et al., 2005] This modified base pairs with thymine, minimatlistorts
DNA duplexes and its fluorescence is quenched gbacking with other baseksi
et al., 2005; Xu & Sugiyama, 2006]Iit has been used, for instance, to examine loop
conformations in the human telomere quadruplexet al., 2005] and to monitor
quadruplex to duplex conversion of the G-rich afigoleotide, with the sequence
derived from the Rb gene, upon addition of the demgntary C-rich
oligonucleotide[Xu & Sugiyama, 2006] Interestingly, although DNA sequences
exhibit only very low fluorescence, it was reported several studies that the
fluorescence quantum yield of guanines is signifiiyjaincreased upon the formation
of the G-quadruplex structur®ao et al., 2011; Mendez & Szalai, 2009]This
intrinsic fluorescence of guanines can be emplagetbllow the formation of G-
guadruplexes without the need for targeting theeurcsures with fluorescent dyes or
incorporating modified guanine bases into G-richAD$équences.

FRET (Forsteresonancenergytransfer) has been extensively used to probe
secondary structures of nucleic aci@irude & Balasubramanian, 2008] It is
based on nonradiative energy transfer from a dfinorophore, which captures light
energy, to an acceptor fluorophore. FRET is emmldgemeasure distances since the
efficiency of FRET decreases approximately with #ie power of the distance
between the donor and acceptor molecules. To obsERET, G-quadruplex-
forming oligonucleotides are labeled at with a fiyghore (donor) at one end
(fluorescein, cyanine dyes, pyrene, etc.) and duan@cceptor) at the other (dabsyl,
rhodamine derivatives, methyl red, perylene, etdgvertheless, fluorophores and
guenchers have also been attached to sugars s basdigonucleotide positions
other than 5’ and 3’ end®arby et al., 2002] FRET allows to study the folding and
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denaturation of Gquadruplexe because the distance betwetwo fluorophores
depends on the particular structure (see fi22) [De Cian et al., 2007 Juskowiak,
2011; Kumar & Maiti, 2004 ; Renciuk et al., 2012; Risitano & Fox, 2003;
Shirude & Balasubramanian, 200{. Apart from guanine quadruplexes, FRET \
also used to probe the formation of cytosine tédsegs|Choi et al., 2011;Mergny,
19991 The greatifference between the FRET signabrresponding tan unordered
G-rich oligonucleotid (in the absence of stabilizing catioras)c an intramolecular
quadruplex folding(in the presence of & can be employed as a very sensi
sensor ofpotassium ion(He at al., 2005 Nagatoishi et al., 2006; Ueyar et al.,
2002]

GGT G-y G"’"1

GGGTTAGGGTTAGGGTTAGG? GAr A . *? """ )

CCCAATCCCTTACCCAATCCC & TeS — o §Fye

™ gos I

Duplex @ \ ‘T\T ],—A
Random coil T\T /A

Figure 22. Schematic representation of the folding of intragsalar quadruplexe
and the formation of duplexes with the complementatigonucleotide. Th
fluorophore and quencher are represented by then aed closed circle:
respectively. The duplex is shown e left, the random colil is in the center, and
folded quadruplex is shown on the right. Althoughesal different folded structur
are possible, for simplicity only one antiparalgtfucture is shown. Taken fro

referenceRrisitano & Fox, 2003].

Some quadruplex ligands such as ethidium derivattdreporphyrins are we:
fluorophores Fluorescence emission of these ligands incresggsficantly upor
their interaction with DNA (see figui23) [Anantha et al., 199; Arthanari et al.,
1998; Keating & Szalai, 2004 Ren et al., 2002;,Wei et al., 200, Yamashita et
al., 2005] The degree of fluorescence enhancement indicatedigand binding
mode. It is greatest for the intercalative bindbegause it allows an efficient FRE
from DNA bases to ligand/Anantha et al., 1998; Yamashita et al., 200] and
shields ligands from svent quenchingKeating & Szalai, 2004 Wel et al., 2006
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Figure 23. Emission spectraA{x=434 nm) of 5uM CuTMpyP4 alone, 5uM
CuTMpyP4 with 24uM T4G4T4 (denoted as 19r 5 uM CuTMpyP4 with 24uM
T4GgT4 (denoted as 3). All solutions contain 10 mM patassphosphate and 50
mM KCI at pH 7.1. Taken from referenge=ating & Szalai, 2004].

1.6.4 Raman scattering

Raman spectroscopy is far more sensitive to thensizey structure of nucleic
acids than CD or UV-vis spectroscopy (see reviewsnevides et al., 2005;
Thomas, 1999). It has been used since the sixties for studiioitp the structure of
nucleic acids and their interaction with other badetules. Unlike calorimetric
methods (see the section 1.6.7), Raman spectrosaopyifferentiate between local
and global melting effeci®enevides et al., 2005]It provides information about the
phosphodiester backbone conformation, sugar pudkeglycosidic torsion angles,
base stacking interactions and hydrogen bondinfprtimately, as it is well known,
Raman scattering is a very weak phenomenon. Sanoplascleic acids for non-
resonant Raman spectroscopy therefore must be rptepat concentrations
exceeding by two or three orders of magnitude thesgired for UV-vis or CD
spectroscopy. This problem can be overcome by tsadethe excitation wavelength
around 260 nm, which is the spectral region wheuelaic acid bases strongly
absorb. For this choice, the intensity of Ramantedag of nucleic acids is strongly
enhanced and fluorescence is usually negligible. diawback of resonance Raman
spectroscopy is that not all vibrational bands agaificantly resonantly enhanced.
Ultraviolet resonancé&kaman scattering (UVRR) spectroscopy does not peoaity
information about sugar and phosphate group vimati(see figure 24Benevides
et al., 2005]
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Figure 24. (A) Raman spectra of d{B,G,) (Oxyl.5), d(1,Gs)2 (Oxy2), dTe(T4Ga)2
(T60Oxy2). B) Raman spectra of d(Tgpnd dE(TG)s. In (A) and (B) solutions
contained DNA at 30 mg/ml in 10 mM Tris pH 7.2, MnEDTA and 50 mM NaCl
and were maintained at 10°@)(UVRR spectra of Oxyl1.5, Oxy2 and T60xyR) (
UVRR spectra of d(TG)and d&(TG)s. In (C) and (D) the DNA solutions (10— 20
HM) also contained 25 mM N8O, for use of the 981 cth band of SGF as a
reference intensity and wavenumber standard. Téet it the upper left in (C) and
(D) show a 5-fold ordinate amplification of the 6@00 cm® interval. Taken from

referencekrafft et al., 2002].

Raman spectroscopy has thus far been rarely usedtudy guanine
quadruplexesAbu-Ghazalah et al., 2010; Abu-Ghazalah et al., 22; Breuzard
et al., 2003; Krafft et al., 2002; Laporte & Thomas 1998; Miura et al., 1995;
Miura & Thomas, 1994; Miura & Thomas, 1995; Poon &Macgregor, 1999; Wei
et al., 2006] To our knowledge, only one Raman study of theotifDNA structure
was reportedBenevides et al., 1996[There are several bands in Raman spectra of
guanine quadruplexes that help to discriminate eettheir parallel and antiparallel
conformation (for details, see supplementary text supplementary table S1 in our
paper[Palacky et al., 2012, submitted, in attachments,gges 195-220] The most
important Raman lines include the markers of &23o/syn671+ 2 cm®, 1326+ 2
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cm?) and C2'endo/anti(686+ 2 cm’, 1338+ 2 cni*) conformation of guanosines
[Krafft et al., 2002]. UVRR spectra of telomeric sequences have a ctegistc
band around 1603 ¢cmwhich is assigned to Hoogsteen hydrogen bonding (N1
H...O6) in the quadruplex tetrdérafft et al., 2002; Miura et al., 1995] The
corresponding band for non-telomeric sequences hifted to much lower
frequencies (1596 ch [Krafft et al, 2002]. Hydrogen/deuterium and
deuterium/hydrogen exchange of the amino and imphetons in the guanine tetrads
of telomeric quadruplexes have been monitored byd®aspectroscopy<rafft et
al., 2002; Miura et al., 1995] The rate of this exchange is very slow, which
indicates the extremely high stability of quadrupkructures. Raman spectra of
guanine quadruplexes are very sensitive to iomgngth and differ in Naand K
solutiong[Laporte & Thomas, 1998; Miura et al., 1995; Miura& Thomas, 1994]
Bimolecular and tetramolecular guanine quadruplexe§-rich assemblies of high
order (G-wires and frayed wires) usually predormenat high DNA concentrations
typical of non-resonant Raman spectroscopyou-Ghazalah et al., 2010]
Intramolecular quadruplexes, found preferentiatlynaich lower concentrations, can
be studied by UVRR spectroscopyrafit et al., 2002; Wei et al., 2006

There are basically three different ways how talgtilne interaction of guanine
guadruplexes with other biomolecules. It can beedeither by conventional non-
resonant Raman spectroscofyaporte & Thomas, 1998] resonance Raman
spectroscopyKrafft et al., 2002; Wei et al., 2006]or Surface enhancedRaman
scattering (SERS) spectroscopyreuzard et al., 2003; Wel et al., 2006]Non-
resonant Raman spectroscopy uses an excitationlemagle, which is far from the
absorbance maxima of interacting species. On therdband, resonance Raman
spectroscopy uses an excitation wavelength matctiiegabsorbance maxima of
either DNA or DNA ligands. While resonantly enhashapectra of DNA reflect its
response to ligand binding, resonantly enhancedtspeof DNA ligands give
information about their structural changes upordinig to DNA. SERS spectroscopy
can be used to investigate the interaction of smallecules like porphyrins with
quadruplexes. It exploits the fact that Raman itgnof these DNA ligands is
enhanced by several orders of magnitude when theean close proximity of a
rough metallic surface of colloid particles. Availisty of DNA ligands (and thus the
degree of SERS enhancement) to colloid particlgsemigs on the mode of their

interaction with quadruplexes.
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1.6.5 Chemical probing techniques

There are currently many chemical probing techrscaeailable for the study
of guanine quadruplexes. The simplest and most Iwigenployed method is
polyacrylamide gel electrophoresis (PAGE(see for example referencésauer et
al.,, 2011; Han et al., 2001; Kejnovska et al.,, 200Ponikova et al., 2011;
Vorli ¢kovéa et al., 2005; Yu et al., 2006; Zemanek et ak005). Native PAGE
separates molecules according to their mobilitiespolyacrylamide gels under
nondenaturating conditions. Generally, the elettooptic mobilities of
oligonucleotides in native PAGE gels are inversptpportional to their length
[Vorli ¢ckova et al., 2005] the molecularity [Vorli ckova et al.,, 2005] and
compactnes§ayet & Huppert, 2012] of the electrophoresed DNA structures. One
oligonucleotide may adopt more unimolecul@ayet & Huppert, 2012],
bimolecular[Vorli ckova et al., 2005]or tetramolecularVorli ¢ckova et al., 2005]
conformations differing in the electrophoretic nliigis. The electrophoretic
mobility of G-rich oligonucleotides typically folles the order: higher order
complexes (multimers or G-wiresy> tetramers>> dimers >> random coils>
monomerdAmbrus et al., 2005; Han et al., 2001; Marsh et al 1995; Venczel &
Sen, 1993; Vorltkova et al., 2005; Zemanek et al., 200%$ee figure 25). Single-
stranded non-quadruplex conformations may move elothan intermolecular
quadruplex structureghmbrus et al., 2005] Prior to gel loading, oligonucleotide
samples are incubated at desired conditions fari@io period of time. However, it
is not apparent whether conditions during nondeivaju PAGE retain DNA
conformations formed during sample preparaftigardin et al., 2001]. PAGE can
be used to study the influence of metal catipvisnczel & Sen, 1993] small
molecular ligandsYu et al., 2008](see figure 25), proteinsalas et al., 2006pr
temperatureViglasky et al., 2010Jon quadruplex kinetics and stability.

PAGE is usually only an intermediate step in thalgsis of nucleic acid
samples. The extracted DNA or RNA from the banthtdrest can be the subject of
detailed chemical analyses. G-rich oligonucleotides most frequently probed by
dimethyl sulfate (DMS) protection assay_ogoi et al., 2008; Seenisamy et al.,
2005] This assay exploits the fact that DMS preferdigtimethylates guanines at;N
atoms. The methylation preference of DMS for nucheiid bases follows the order
G(N7)>A(N1)>C(N3) [Christiansen et al., 1994] Nucleic acid chains can be cleaved



Introduction 64

at the positions of methylated guanines by pipeadiDenaturing (sequencing)
electrophoresis of the cleaved fragments providesmation about which guanines
participate in the formation of G-quartets in gunquadruplexes, becausedtbms

of such guanines are poorly methylated by DMS.

TMPyP2  TMPyP3 TMPyP4
_‘ ‘-4

0 48 1624 4 8 1624 4 8 16 24 uM

- T

Lane: 1 2 3 4 56 7 8 910111213

Figure 25. Effect of porphyrins on the facilitation of paeliG-quadruplex assembly
illustrated by native PAGE. Porphyrins were tittht@gainst d(TTAGGG)in TE

buffer containing 100 mM KCI (lane 1, control; |an@-5, TMPyP2; lanes 6-9,
TMPyP3; lanes 10-13, TMPyP4). Major bands iderdiflse monomer (M), dimer

(D), and tetramer (T). Taken from referemeen et al., 2001].

In addition to DMS, other chemicals can be usegrtde quadruplex structure.
KMnO4 [Balagurumoorthy & Brahmachari, 1994; Usdin, 1998] and OsQ
[Murchie & Lilley, 1992] preferentially react with unpaired thymines suchhase
frequently found in loops of guanine quadrupleXesthylpyrocarbonate (DEPC)
reacts particularly with purines (A>>G) at N-7 tlaaie exposed to the solvent, either
in single strands or Z-DNA conformatio@alagurumoorthy & Brahmachari,
1994; Usdin, 199&] Consequently, DEPC can be used to determine wheid
atoms of guanosines participate in Hoogsteen hyairogairing within guanine
tetrads or whether they are unpaired and form aigfaguadruplex loop regions. A
combination of several nucleases with differentceties reveals even more about
the secondary structure of G-rich nucleic a¢idsristiansen et al., 1994; Poon &
Macgregor, 1999] Electrophoretic methods are also suitable folysmaof some

quadruplex-ligand complexes. Some molecules thad bd guanine quadruplexes



Introduction 65

such as porphyrins are photoactive. These molequtatuce breaks in nucleic acid
chains upon irradiation by intense ultraviolet tighenaturing gel electrophoresis of
the resulting cut fragments reveals the locationbimiding sites for a given G-
quadruplex binding moleculgian et al., 2001; Vialas et al., 2000]Quadruplex-
forming DNA sequences can be identified by a papu&chnique known as
polymerase stop ass@yuan et al., 2001; Weitzmann et al., 1996]The principle
of this technique is apparent from the figure 26lyferase stop assay can be
accomplished under physiological conditions and diffierentiate between multiple

guadruplexes in their mixture at concentrationddarer than those required for CD
measurements.
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Figure 26. Inhibition of Taq polymerase with increasing comications of QQ58
(for the structure, see referengeian et al., 2001]). (A) Cartoon of the assayB)
Autoradiogram of the sequencing gel showing enhdm2dA synthesis pausing at
the G-quadruplex site with increasing concentraiohQQ58 (Lanes 1-7). The free
primer, the pause site, and the full-length prodait indicated. §) Graphical
representation of the quantification of the sequrengel shown in B, showing the
concentration of QQ58 to the ratio of intensitytleé bands obtained for the pausing

site/total intensity per lane. Taken from referemeen et al., 2001].
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1.6.6 Structural techniques: NMR and X-ray

NMR spectroscopyAdrian et al., 2012; Gallagher, 2004; Keniry, 200]L
and X-ray spectroscopyCampbell & Parkinson et al., 2007; Haider et al.,
2011; Neidle & Parkinson, 2008]can be used to study the structure and
dynamics of guanine quadruplexes and their compl&ith other molecules. The
common and major disadvantage of both techniqueshas they are only
applicable to samples at high concentrations (coethao UV-vis, CD or
resonance Raman spectroscopy). NMR spectroscompoiis frequently used to
study guanine quadruplexes than X-ray spectrosdegpite it is less accurate. It
iIs because crystal structures may not fully cowadpto solution structures and
due to possible problems with crystallization. @timensionalH NMR spectra

can differentiate between various nucleic acid conftions (see figure 27).

Inosine
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Figure 27. One-dimensional'H NMR spectrum of the downfield region of
[d(G3T4G3)]2 in H,O buffer. Overlaid on the spectrum are the appraténfrequency
ranges of the resonances of various protons olsarnvé-quadruplex structures.
Taken from referencieniry, 2001].

Hoogsteen hydrogen bonding in guanine tetrads &acierized by imino
proton resonances in the range 10.5-12 ppirh.NMR spectroscopy provides
information about the thermal stability and kinstiof folding and unfolding of

guanine quadruplexeé&han & Patel, 2003]and their interaction with drug#/ita
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et al.,, 2006] The rate of hydrogen-deuterium exchange is uguadly slow for
imino protons in the inner guanine tetrads of qupliixes|[Keniry, 2001]. Its
monitoring allows to study the folding and unfolginkinetics of guanine
quadruplexe$Phan & Mergny, 2002]. Multidimensional NMR techniques together
with molecular modeling studies have allowed th&edeination of the structures of
many DNA (see for example referen¢ésnbrus et al., 2005; Ambrus et al., 2006;
Kuryavyi et al., 2000; Marusic et al., 2012; Phan teal., 2005; Schultze et al.,
1994) and some RNACheong & Moore, 1992; Martadinata & Phan, 2009]
guanine quadruplexes as well as the structures evbral quadruplex-ligand
complexesGavathiotis et al., 2003; Kern et al., 2002]

1.6.7 Microcalorimetry

Differential scanningcalorimetry (DSC) andsothermaltitration calorimetry
(ITC) are useful methods for studying biomolecutderactions and conformational
changes of biomoleculéselesarov & Bosshard, 1999]

DSC is primarily used to study the thermal stéibsi of guanine quadruplexes
[Chaires, 2010; Lane et al., 2008|DSC thermal profile is the dependence of the
excess heat capacity on a linear rate of temperatbange. It can be used to
determine directly thermodynamic parameters fortthasition between the folded
and denaturated quadruplex structures withoutnglgin a specific thermodynamic
model. The calorimetric enthalpy is calculatedresarea under DSC transition band
[Bruylants et al., 2005; Chaires, 2008]|(see figure 28b). It includes enthalpic
contributions from all endothermic and exothernmogesses (such as the disruption
of hydrogen bonds) accompanying the studied trans|Bruylants et al., 2005]
The transition enthalpies can also be determinau fthe van't Hoff equation using
the temperature dependence of equilibrium constabtained by some of the
spectroscopic methods (in this case, the transdmihalpy is often denoted as van't
Hoff enthalpy). Such approach is model-dependertesihe relations for calculating
the equilibrium constants depend on the suggestadtion mechanism. Model-
dependent enthalpy can also be obtained from D8&@ntbgrams by fitting a selected
model to them[Lane et al., 2008] A discrepancy between the model-dependent
spectroscopic (van't Hoff) or calorimetric enthapi and model-independent
enthalpies (obtained from the integration of DSGks¢ is frequently observed

[Olsen et al., 2006] There are several explanations for this. Primatihe heat
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capacity changaC, (see figure 28b) between the folded and unfoldasttures is
often neglected, which introduces non-linearitpinbnventional van’t Hoff analysis
[Chaires, 2008; Lane et al., 2008]In fact, a positive heat capacity change was
observed for thermal transitions of some G-quadpu@tructure§Boncina et al.,
2012; Majhi et al., 2007] To account forAC, # 0, the van't Hoff enthalpy and
entropy terms are replaced by the more complicagkdions taking into account the
temperature dependence of enthalpy and entropygekséaruylants et al., 2005;
Chaires, 2008] The nonzero heat capacity change (see figure &8b)complicates
pretreatment of DSC thermograms consisting in tireection of baseliné_ane et
al., 2008] A large difference between calorimetric and va#dff thermodynamic
parameters is frequently associated with the iditgliof a simple two-state model,
which means that thermal transition from native denaturated state involves

multiply intermediate$Gray et al., 2012]
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Figure 28.Representative ITGyf or DSC p) data. The ITC data are for the binding
of 27CMP to RNaseA. The top panel shows the printiéirgtion data, and the lower
panel shows the binding isotherm constructed from primary data. The DSC
transition shown is for the thermal denaturationhaf protein ubiquitin.The diagram
indicates the melting transition temperatlfgand the heat capacity chang€p.

Taken from|Chaires, 2008].
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Isothermal titration calorimetry (ITC) is a caloetnic technique very suitable
for the characterization thermodynamic propertiésthe interaction of guanine
quadruplexes with drug®agano et al., 2009]ITC has the definite advantage over
more frequently used fluorescence techniques thatlaieling of interacting
biomolecules is required. Another benefit of ITCtiat, similarly to DSC, no
thermodynamic model describing the interaction #fand with its binding partner
is necessary. In a typical ITC experiment, the tsmtuof one larger molecule (G-
quadruplex, protein, lipid, etc.) is kept at constiemperature and titrated at regular
intervals with a smaller ligand of interest. In leditration step, the precisely known
(and the same) small volume of the ligand soluttoadded to the sample solution.
The result of ITC measurement is a series of pesdk) of them corresponding to a
heat change reflecting ligand binding to the saitst{see figure 28a). The raw ITC
data are then converted into binding isotherm, Wwhecplot of integrated heat for
each ITC peak versus the molar ratio of ligandulostrate (see figure 28a). Binding
isotherm is wusually sigmoidal curve and its midpoicorresponds to the
stoichiometry of the studied complex. ITC was usedetermine the stoichiometry
of several G-quadruplex complexes with driigsadra & Kumar, 2011; Martino
et al.,, 2009]and various metal cationgankia & Marky, 2001; Reshetnikov et
al., 2011] In addition to stoichiometry, ITC can also pravidinding constants and
reaction enthalpies of bimolecular processes. lbagtnot least, the temperature
dependence of reaction enthalpy can be used tolatdcthe heat capacity change
corresponding to ligand binding on the receptoranole|Viajhi et al., 2007].

1.6.8 Other techniques

Besides the methods mentioned above, a wide vasieother methods have
been applied to study G-rich nucleic acids (seétébfor their basic description).
These include surface plasmon resonance (SRR) oro et al., 2008; Dixon et al.,
2005; Rezler et al., 2005; Zhao et al., 20Q4$canning probe microscopy (SPM)
[Basnar et al., 2006; Neaves et al., 2009; Vesenkd al., 2007] electron
microscopy [Duquette et al., 2004; Li & Mirkin, 2005], analytical
ultracentrifugation[Li et al., 2005; Petraccone et al., 2010Jphoton correlation
spectroscopy\Wlodarczyk et al., 2005} mass spectroscogyollie et al., 2010;
Rosu et al., 2008; Vairamani & Gross, 2003; Wyttendich & Bowers, 2007

electron paramagnetic resonance (EPR)ans et al., 2007; Keating & Szalal,
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2004; Singh et al., 2009]vibrational circular dichroismAndrushchenko et al.,
2011; Novy et al., 2008; Petrovic & Polavarapu, 2@) Setnika et al., 2008;

Urbanova, 2009] Fourier tra

nsform infrared spectroscopy (FT|R)zman et al.,

2006; Mondragon-Sanchez et al., 2004and molecular modeling approaches

[Haider et al., 2003; Heddi &
2012]

Phan, 2011; Reshetnik et al., 2011; Sponer et al.,

Surface plasmon resonang

Study of (un)folding of guanine quadruplexes and
eiheir interaction with other molecules.

Scanning probe microscop,

Observation of large G-rich aggregates such as G+

yWires.

Electron microscopy

Observation of G-loops, T-loop$s-rich aggregates.

Analytical
ultracentrifugation

and molecular weights of guanine quadruplexes.
Precipitation of G-rich aggregates.

Estimation of the stoichiometry, hydrodynamic stsape

Photon correlation
spectroscopy

guadruplexes

Estimation of the stoichiometry and size of guaning

D

Mass spectroscopy

Separation of quadruplexes according to their mas
and charge. Suitable for studying quadruplex-ligan
complexes

S
d

Electron paragmagnetic
resonance

Study of the interaction of quadruplexes with
paramagnetic ions or molecules having unpaired
electron spins such as some metalloporphyrines

Molecular modeling
approaches

Refinement of the structures of guanine quadrugle
obtained by NMR or X-ray spectroscopy. The kinet
of formation and stability of guanine quadruplexes

ics

and their interaction with ligands.

Table 6. An overview of methods used for studying guaninadjuplexes
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2. Materials and methods

The characterization of nucleic acids propertiesatution has received great
attention at the Division of Biomolecular Physidslrsstitute of Physics of Charles
University in Prague. A considerable part of reskathere is focused on the
investigation of short modified DNA oligonucleotgleparticularly with regard to
their therapeutic potential as anti-proliferativgeats[Hanus et al., 2004; Nmecek
et al., 2005] the interaction of nucleic acids complexes withphyrins|Mojzes et
al., 2003] proteing/ K riz et al., 2012jand other moleculeslo ciSova et al., 2010]
and the estimation of thermal stabilities of staigonucleotides in the presence of
various metal cationglerrera & St épanek, 2010; Ottova et al., 2011; Vachousek
& Stépanek, 2008] The main experimental technique at the Divisioh o
Biomolecular Physics includes, but it is not lindited, Raman spectroscopy. My first
experience with the use of Raman spectroscopylaatie to 2003-2005, when | was
working on my diploma thesis dealing with the asayof thermal stability and
conformational transitions of DNA duplexes and lexes arising from the
hybridization of natural (poly(rA), poly(rU)) as Weas modified DNA sequences
[Palacky, 2005] A range of the experimental and theoretical skaltquired during
master study were also utilized during doctoratlgtu

The aim of the thesis is to characterize non-car@mNA structures and their
interaction with cationic porphyrins. The vast majoof the work has been devoted
to the study of an interesting subclass of non-nexab structures, G-quadruplexes.
Raman scattering, employed as the major experithetéghnique, was
complemented with other generally known methodstar dichroism, absorption
spectroscopy, gel electrophoresis and microcaldryjneSince the dissertation does
not deal with methodological development, only Hasic experimental set-up for
each method is discussed (a short review of thdicapdity and the specifics of
various methods for studying G-quadruplexes ismivethe section 1.6). As much
attention was paid to the development and apptinatif advanced methods of data
processing, a short introduction to SVD algorithnd ats practical applications is
given (see the section 2.2). First of all, the pohaes essential or appropriate for the
preparation of the samples of G-quadruplexes aedlyodiscussed.
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2.1 Sample preparation

As it has been mentioned in the introduction, ttnecsure of G-quadruplexes
as well as their thermostability is strongly depamtdon the nature of stabilizing
cations. We therefore paid great attention to ttepgration of buffers. Almost all
experiments were conducted in potassium or sodi@rodylate or phosphate
buffers.

We preferred phosphate buffer over cacodylic buffer many optical
experiments since cacodylate buffer is too toxicrémutine use. For calorimetry and
gel electrophoresis where a large volume of bufeneeded, we used exclusively
phosphate buffer. A lot of our experiments were ed@m telomeric DNA using
Raman spectroscopy where we were primarily intecest the structural transition
between thesyn andanti conformations of guanines. Unlike the cacodylatéd,
phosphate buffer was suitable for that since itsn&a bands did not overlap the
markers of glycosidic torsion angles.

Lithium cacodylate buffer is highly recommended &iarcular dichroism and
ultraviolet absorption thermal experiments with @adruplexes|[Mergny &
Lacroix, 2009]. It has a negligible dependence of pH on tempezatunlike, for
example TRIS or MES buffers) and its high toxicipyevents the growth of
microorganism. For absorption, CD and Raman measnts at low nucleoside
concentrations (< 20 mM), we used 20 mM lithium azhdate buffers (prepared
from pure cacodylic acid rather than the commonigilable sodium cacodylate)
with added 1-100 mM LiCl, NaCl or KCI. The choictlithium cacodylate buffer is
very suitable for the experiments intended to stildyinfluence of stabilizing metal
cations (K or N&) on the G-quadruplex structure as a function efrtboncentration
since it is established that'Lias little or no impact on the formation and digbof
G-quadruplexeg\eidle & Balasubramanian, 2006)

The HPLC-purified and lyophilized oligonucleotidesth desired sequences
were synthesized on demand by VBC-Biotech GmbH r{vée Austria), Generi-
Biotech s.r.0. (Hradec Kralové, Czech Republicg tlaboratory of Plant Molecular
Physiology at the Faculty of Science of Masarykvérsity (Brno, Czech Republic)
and Eurogentec (Seraing, Belgium). Cationic porpisyrwere purchased from
Frontier Scientific Inc. (Logan, Utah, USA) and HorTech GmbH (Libeck,
Germany).
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The concentrations of DNA samples and porphyrinsrewédetermined
spectrophotometrically using the appropriate exiomc coefficients as specified in
the original papers. The mixtures of DNA with poypghs were always prepared
immediately before measurement by mixing annealdé Bamples with porphyrins
at a desired molar ratio. Stock solutions of botkiADand porphyrins were usually
prepared in deionized water and kept at low tenpera(0-5°C). A desired
concentration of DNA or porphyrin was adjusted bgporating water using rotary
vacuum concentrator and subsequent adding appt®pnaount of buffer.

The Raman study of conformational transitions tfrteeric sequences induced
by high DNA concentrations (see the section 3.2) ttabe carried out at precise
concentrations of either Naor K. However, oligonucleotide samples at high
nucleoside concentrations usually contain sigmificamount of counterions
originating from DNA synthesis. The preparation BNA samples for Raman
measurements therefore required special treatmEmst, stock solutions of
oligonucleotides at high nucleoside concentrati@approximately 200 - 500 mM)
were prepared by dissolving HPLC-purified, lyoptedd oligonucleotide into
deionized water. Removal or exchange of counteriofas then achieved by
repetitive (typically 3-5 times) washing out the BINtock solution by desired buffer
(with a given concentration of Naor K' ions) or water using centrifugal filter
devices (Amicon Ultra 3K, Millipore). DNA concentran in the concentrate was
determined simply on the basis of knowledge ofiahiand starting centrifugal
volumes, and verified by absorption spectroscopy.



Materials and methods 74

2.2 Data treatment

2.2.1Singular value decomposition (S\

Large dataets of absorption, Raman or CD spectra recordeal faaction ol
one specificparameter such as tempera, nucleosideconcentratio or ionic
strengthwere processed usi singular value decompositidq®VD) algorithm. SVD
approach facilitateshe identification of subtle spectral changes that normally
hardly visible to the naked e’ It allowed the presentation of huge amount of da
a compact form and the separatof various competing processes in the sample
used SVD algorithm for various purposes such as dégualization, baselir
correction omoise remov..

Suppose now théithe spectra having the commmyscale(corresponding, for
instance, taabsorbanc or Raman shift values) are expressed asatrix Y with K
rows (a number oflatapoints comprising the x-scale) ahtdcolumns a number of
spectra). ie matrix compone Y, = Yy(K) (k = K; n < N) is the k-th data value for
the n-th spectrum. BectraY; (i=1...N) are hence representedadumns of the dat
matrix Y. The result oSVD procedure applied to the mati¥xcan bewritten for our
purposes as product of the three macesY=SWV' (see relation (2.1, whereW is
MxM diagonal matri with singular value$\i > 0 (j = 1...M) arranged in descendit
order, andS, V' (transpose of the matriV) are KxM and MxN semi-orthonormal
matrices respectivel. The columns5 (j=1...M) of the matrixS are orthonormal an
constitute the kind of artificial spectrto which we henceforth refer as subspe
Analogically to the data matriY, the matrix componerf,= Sy(k) (k=K; m M)
of the matrixS denotes thek-th data value for then-th sulspectrurr Finally, the
columnsV; (j=1...N) of the matrixV (i.e. the rows of théranspos matrix V') are

mutually orthonormal and we denote them from novsiomply as coefficients

Y, Y,Y,Y, ... Yo S1S583 S oo Sip_
I [
WZ 125220327 422 T A2
ey | |[[]]..... ] e M R B AU
RIS I R
VAW VZAM V&M VAM VJ\/:M
YYVYY A\ \\V Y Y N A\
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The SVD analysis of the data matrik can be now clearly interpreted.
According to the equation (2.1), each experimesf@ctrumY; (i=1...N) can be
written as a linear combination &l subspectraS (j=1...M) weighted by the
corresponding singular valu&¥ (j=1...M) and multiplied further by the valudg;
(thei-th value for the coefficienV;) that represents the relative spectral contriloutio
of the subspectrurg (j=1...M) to the spectruny; (i=1...N).

The total number of componentd provided by SVD (the number of
subspectra) is equal to the rank of data mattidt can be proved that the best
approximation of the original spectva(i=1...N) through the linear combination bf
spectral profilegL < M) is expressed as a sum lofsubspectra according to the
relation (2.1)[Malinowski, 2002]. The matrix multiplication is in this case resteit
to theK xL, L XN andL xL submatrices of the full matric& V' andW, respectively.

The factor dimension is the smallest possible nurobsubspectra that have to
be linearly combined so that the original spect@ r@produced within the noise
level. The trick of SVD is that the factor dimensig often significantly smaller than
the rank of the data matrik In other words, an arbitrary large group of spectan
be written as a linear combination of just a fewevant subspectra. The noise is
projected into higher, less statistically relevasupspectra. SVD can be therefore
employed as a useful means of data reduction (withggnificant loss of
information), especially in the case of large sp@dets. The factor dimension can
be estimated from the dependence of singular valegersus the corresponding
orderj. It corresponds to the smallest possible valgasually below 0.5% of the
maximal value) above which singular values decredisearly with the increasing
orderj (see figure 29)Valinowski, 2002].

The factor dimension equals to the number of alcspscopically observable
distinct species. It is, however, not always thenesaas the expected number of
independent sample species. For instance, the muhbelependent sample species
is three for a mixture of two substances that caimfone specific complex (suppose
that all three pure components are spectrally rdjsishable). However, the factor
dimension of this system may be greater than treeto the presence of various
artifacts such as fluorescence background or wawbeu drift in Raman spectra, or
thermal dependence of pure sample species (sesethien 2.2.4). Once identified,
the artifacts can be eliminated in subsequent axpeaits. A variety of mathematical
approaches can also be applied to eliminate tifacs from measured spectra.
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2.2.2 Transformation of abstract SVD results td mgarld data

SVD analysis is invaluable for the elucidation pestral changes (especially
small ones) within large spectral sets. The majawback of the multivariate
approach is that the subspectra provided by SVDgareerally not real spectra
related to pure sample species. Nevertheless pibssible to express the spectra of
pure sample species as a certain linear combinafidghe subspectra. Finding the
coefficients of this linear combination (they ateneents of a certain transformation
matrix R) is ambiguous without some additional assumptioetating the
concentrations of pure sample species to othelifgpphysico-chemical parameters
such as thermodynamic parametéssi, AS) or pK constants (depending on the
studied phenomena). The simplified idea of the @idoace for transforming the
results of SVD (abstract subspectra) into the masi real spectra (and the
determination of the corresponding species conagotis) can be briefly

summarized (without going to unnecessary detaiego@ations) in four basic steps:

(1) The whole process is iterative. It is a preregeisit derive theoretical formulas
that relate the concentrations of individual sangpecies in terms of physico-
chemical parameters of interest such as thermodgnpatameteraH andAS.
The first step of the procedure consists in catouathe trial concentration
profiles of individual sample species correspondinggsome random values of
physico-chemical parameters (it is best to worlpgagsible, with the parameters
that are close to the suggested values for speeti@gconvergence of the
iterative process). The trial concentration prafitan be calculated, for example,
as a function of experimental temperatures (or pues) using randomly

selected values of thermodynamic parametét@ndAS (or pK constants).

(2) Once the trial concentration profiles are knowrg tiext step is simple and
straightforward. It consists in finding the trarmsh@tion matrixR between the
matrix C of the trial concentration profiles and the expemtal matrix E
constructed using the results of SVD analysis of triginal data (the
construction of the matrixe is explained hereinafter). Schematically, the
searched transformation matrbR is a least-squares solution to the

overdetermined system of equati@@tR = E.
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(3) Now, the difference matrix is calculated betweee thatrix E and the matrix
C*R (the multiplication of the matriof the trial concentration profileS by the

trial transformation matriR calculated in the step 2).

(4) In the last step, the noriiE-C*R| of the difference matrix from the step 3 is
determined. It is simplest and most natural to ekothe Euclidean norm of
matrix (the square of sum of all matrix elements)this purpose. The calculated
norm of |[E-C*R| is the measure of agreement between tentativédgted values
of physico-chemical parameters and their real (teat) values. The steps 1-4
are repeated until the norm is below a given tolegavalue. In such case, the
trial concentration profiles, related to the opted values of trial physico-
chemical parameters (thermodynamic parameters, gouistants, etc.), should
finally converge to the real (searched) concemmatiprofiles, and the
transformation matrixR corresponds to the useful matrix that relates the
subspectra and coefficients (provided by SVD) tgsptally meaningful spectra

of pure sample species and the corresponding ctratiens.

The construction of the matrk (introduced in the steps 2-4):

The matrixE is defined as a product of two matricgs”]° and [W]° that
correspond to the submatrices of the full matriéBandW (provided by SVD of the
original experimental data according to relatiorl}2 The submatricepv']" and
[W]® are constructed in accordance with the expectedbeuD of pure sample
species for the studied system. Specifically, trarim[VT]° is DN matrix (i.e. it
contains only the firsb rows of the full matrixv" or equally the firsD columns of
the matrixV) and the matrifW]° is DxD diagonal matrix with the firsb singular

valuesW, ...\\p on its diagonal (arranged in descending order).

The procedure just described allows to determimevidues of key physico-
chemical parameters that are associated with theecrations of individual pure
sample species. The found transformation mé@&rocan be used to calculate the pure
spectraZ, (n=1...D) of all D expected sample species (normalized to unit
concentration) as a linear combinationDBubspectre§ (j = 1...D) obtained from
SVD of the original datéianus et al., 1999
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j=1
The concentrations of individual pure sample conemi® (described by the
matrix C) are the solution of the overdetermined systeneguiationsC*R = E
described previously (unlike the iterative step 2 the procedure above, the
transformation matrbR is now known and the concentration matfixs calculated
instead). The obtained concentration profiles dshoagree with the theoretical
concentration profiles calculated using the optedizvalues of physico-chemical

parameters.

2.2.3 Acid-base titration of sodium cacodylate

The construction of the spectra of pure componeatsbe demonstrated by a
practical real-world example concerning acid-b#sation of sodium cacodylate (12
Raman spectra, pH 2.4 — 10.8) using Raman speopgsdhe first step is the
analysis of the Raman spectra using SVD (see fi@d@e The result of SVD
indicates that the factor dimension of the Ramaa @& close to 2 (the values of
residual error linearly decrease starting at thtuevaof 2 of a tentative factor
dimension). The estimated factor dimension of 2fieracid-base titration of sodium
cacodylate suggests the presence of two spectrioatlgpdistinguishable species in
the sample. SVD analysis also reveals the compdhenith the statistical weight of
only ~1/25 of S, (see figure 29). At this stage, it is difficult toterpret the
componentS; but it may be a consequence of various artifaces tdufor example,
small temperature drifts in the sample or the wawdmer scale instability. The
subspectruns; (or higherS,, Ss,...) may also reflect some other competing (bst le
relevant) phenomena that are not associated wehsthdied acid-base transition.
Further analysis will be based on the assumpticat tihe factor dimension
corresponding to the studied acid-base transigdh |

The factor dimension of 2 evidently correspondghi equilibrium between
the conjugate acid and the conjugate base of cémtedwncid. The point is to
determine pure Raman spectra of the conjugate awidthe conjugate base. The

transformation between “abstract world” of thefani@l subspectrdS,;, S;) and “real
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world” of the spectra belonging to conjugate acit aconjugate base is done
according to the above described procedure (see)2.For this calculation,
theoretical relations for the concentrations of ¢tbajugate acid and conjugate base
are the points of departure. The equilibrium ecumafor deprotonation of cacodylic

acid can be written:
(2.3) (CH3),AsO0H «» H* + (CH3),As00"~

The dissociation constant of cacodylic adld is written in terms of the

concentrations of conjugate acid, conjugate badesalvated hydrogen ions:

_ [H*][(CH3),As007]

(24) ¢ [CHj),AsO0H]

The total concentration of cacodylic acid (giveraagum of the concentrations
of its conjugate acid and conjugate base form)bmanormalized to 1 without loss of

generality:
(2.5) [CH3),AsO0H] + [(CH3),As007] = 1
Considering equations (2.4) and (2.5), one canllyinarrive at equations

relating physico-chemical parameters (the dissmriatonstan, of cacodylic acid)
with the concentrations of both sample species.

[CH3),AsOOH] L
5 [H*] + K,

(2.6) K.]
[(CHg)ZASOO_] = m

The dissociation constalt, of cacodylic acid can be preferably expressed in

terms ofpK, constant:

(2.7) K, = 107PKa
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Figure 29. SVD analysis of a set of twelve pH-dependent Raspattra of sodium
cacodylate measured at 25°C. The plot of singuddues (residual error) versus
tentative factor dimension indicates the presende two spectroscopically
distinguishable species in the Raman spectra. ifigalar value for the subspectrum
Sz is only ~1/25 of that for the subspectrisn The componen§; is a kind of
average spectrum with the coefficiewvit reflecting predominately integral Raman
intensity. The subspectru describes the greatest change to the average wpectr
S; caused by pH. It clearly reflects the acid-basasiteon as evident from the
sigmoidal shape of the correspondixig coefficient profile. ThepK, value of the

transition was determined to be 6.16 (see theftextetails).
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Figure 30. Raman spectra of the conjugate acid and conjugate &f cacodylic acid
at 25°C. These spectra are constructed as a lkboaabination of abstract subspectra
obtained from SVD analysis of a set of pH-dependeaiman spectra of sodium
cacodylate. The transformation between the amifisubspectra and the spectra of
pure sample species is described in the sectiof.23&nerally, to accomplish this
transformation, it is necessary to estimate theofatimension of data and to propose
the theoretical model that predicts the concemtnatof individual pure components.
In this particular case the factor dimension is&e(figure 29) and the model is acid-
base equilibrium between two conjugate forms ofodstic acid. Theoretical
concentrations of pure components calculated aouprdo relations (2.6)
considering the determingiK value of the transition (~ 6.16) and the conceiung
corresponding to the experimental spectra (caledlatsing the transformation
matrix R obtained using the procedure described in thease@t2.2) are shown in

inset as line and point graph, respectively.

The concentration of solvated hydrogen id#s (more preciselyHz0") in

equations (2.6) can be related to pH:

(2.8) [H*] = 107PH
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The value of pH is a crucial experimental param#tat must be known for
each spectrum from a set of pH-dependent Ramarnrap&be analogical parameter
is temperature in thermal melting experiments. g&quations (2.6), (2.7) and (2.8)
and applying the procedure described in the se@idr?, it is possible to obtain the
pure spectra of both components of conjugate aas#-lpair (see figure 30). The
calculated value o0pK, constant from the procedure is 6.16. This valum igood
agreement with the value reported previoUsiyiin et al., 1997](when comparing
the values, it is necessary to take into accouat pK, value of cacodylic acid
depends slightly on temperature).

The purpose of the presented analysis of pH-depgnBaman spectra of
cacodylic acid was to illustrate the use of muli@e method (SVD) for data
processing. The given example is straightforwardl dhe results are easily
interpreted. The same approach can be applied te owmplicated multiply acid-
base transitions associated with more than oneoda&®on constanK,. In such
cases, it is required to derive a set of equatiawlogical to those for two
protonated forms of cacodylic acid (2.6)) descgbthe concentrations of different
protonated species in the sample. The proceduribled in the section 2.2.2 is then
applied to the appropriate submatrices (the dinogissof these matrices depend on
the expected number of acid-base species) of thméirices obtained from SVD of

the original data.

2.2.4 Determination of thermodynamic parameters

Van't Hoff thermodynamic parameters can be in pplec determined from
temperature-dependent spectra (absorption, Rant@ahaecording to the procedure
described in the section 2.2.2. The procedure gesvinot only thermodynamic
parameters (and the corresponding concentratidiiggof pure sample species) but
also provides the spectra of individual conform@n®nomer, duplex, triplex, etc.).
Unfortunately, it is not always applicable due &rigus reasons.

First, random fluctuations of signal intensity résa corruptedV; profiles
since these describe the biggest variation withecsa, which is usually associated
with the oscillation of intensity. The relevantensity change is usually smaller than
random intensity change, especially for Raman spet¢h our case, it concerns
inaccurate normalization of Raman spectra or umotletl evaporation of water

from samples at higher temperatures in the casebsbrption measurements.
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Although, the addition of sealing mineral oil orettop of the sample can eliminate
evaporation, we avoided it because we did not wanbntaminate our samples with
unknown cations and impurities.

Second, it is often difficult to estimate the numbérelevant sample species.
In the case of thermal experiments, the factor dsion is frequently greater than
the number of expected sample species as a résathperature dependence of their
spectra. The small influence of temperature on spectra of expected pure
components cannot be taken into account in anyiwalge procedure described in
the section 2.2.2. In fact, sample species withsfiertra dependent on temperature
cannot be exactly considered as pure componengy. Sitould be rather described as
a linear combination of temperature-independentcaubponents. It is difficult (if
not impossible) to devise some theoretical modahtainto account the number of
species that exactly matches the factor dimension.

For the evaluation of thermodynamic parameterse@afly in the above-
mentioned problematic cases), we used differentrcagh than the procedure
described in the section 2.2.2. It is based onfithef selected thermodynamic
models to the coefficient profiles obtained fromI5¥nalysis of experimental data
[Vachousek & S€panek, 2008] First of all, the theoretical relations for the
concentrations of individual sample species mustdéxved. The first step in this
direction is to write the expressions for equilion constants in terms of the
concentrations of constituent sample components.

Suppose that there akedifferent species in the sample (we are interested
nucleic acid samples). Based on the selected tliymaonic model, it is then
possible to writeN-1 equations for equilibrium constank§ (j=1...N-1) and one
equation for the total concentration of DNA in terraf the concentrationgCd
(S=1...N of individual N sample species. Altogether we have systemNdl
nonlinear equations for equilibrium constants ané bnear equation for the total
DNA concentration. The desired equations for the&ceatrations of individual
species are obtained as the solution of param&stem of thes®l equations with
parameters being equilibrium constants. In this ,wthe concentrationdCg
(5=1...N of N sample species are expressed in terms of equiibgonstants;
(=1...N-1) (the process of obtaining the theoretical retaditor the concentrations of
sample species will be demonstrated on three spemiamples thereafter). Each

equilibrium constank; (j=1...N-1) is a function of thermodynamic temperatdre
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and is associated with its own pair of thermodymaparameters (enthalpy change
AH; and entropy chang&S) according to van't Hoff equation (2.9 in equation
(2.9) is molar gas constanR(~ 8.314 J/K/mol). Note thaCyyo is molar
concentration of pure water (55.3 mol/L). In mosses, if not all, it represents only a
small contribution to the entropyS and can be neglected. In fact, it serves as the
correction factor ensuring the dimensional corressnof Van't Hoff equation (2.9).

_AHj—TASj
e RT

1
(2.9) K(T) =

H20

The Van't Hoff thermodynamic parametersH; and AS; j=1...N-1) for all
thermal transitions are obtained as the solutiothefoverdetermined system Mdif
nonlinear equations (2.10), each of them (for agiindexi) corresponding to one

experimental spectrum recorded at temperakure

S=N
(2.10) v, = Z P(T) * [Cs(T)]  i=1..M
S5=1

The termVj in relation (2.10) represents the valug-tf coefficientV; for the
spectrum at temperatufe The concentrations of sample spe¢@g (S=1...N are a
function of temperaturd and hence also a function of the searched Vanif Ho
thermodynamic parameters since these are relatedqudlibrium constantsK;
(j=1...N-1) according to equation (2.9%pecifically,[C<(T;)] is the concentration of
the S-th sample species at temperatdrie The Ps are polynomial expressions in
temperaturel that are associated with tiseth sample speciesSE1...N having the
concentratiofCg. Specifically,Pg(T;) is the value oPs at temperaturd;. We often
assumed that als terms are linear in temperature. It is based era#sumption that
spectra of “pure” sample species change lineariy wemperature. It is justified
when the flexibility of macromolecule and its irdetion with solvent is not
connected with significant changes in the averagsorsdary or tertiary structure
INémecek et al., 2009; Vachousek & $panek, 2008] Searching for the values of
thermodynamic parameters is nothing more tham@tthe expression on the right
side of equation (2.10) to the thermal proWtgj-th coefficient from SVD).
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The best precision of estimating thermodynamic ipatars can be achieved by
the simultaneous fit of two or more coefficient files [Vachousek & Sgpanek,
2008] To account for different statistical importance idividual V; coefficient
profiles, their values are weighted by a square odahe corresponding singular
valuesW,. This approach is not restricted to the coeffitsecorresponding to one
specific spectral set but it is also applicabletfar coefficients belonging to several
different spectral sets. For example, it is possiiol simultaneously fit a selected
model to different coefficientd; obtained from SVD analysis of absorption, CD and
Raman spectra of a given sample. Such complic#étedyfmay account for different
experimental conditions at which the sample is mesb (such as DNA
concentration) and may refine the values of theynathic parameters, which could
result ambiguous in cases when coefficidntbelong to only one spectral set.

The above-mentioned procedure for extracting thegmamic parameters
using SVD of spectroscopic data will be now cladfion three useful examples.
These include two simple models that we frequertinsidered: intramolecular
transition and bimolecular transition, and more ptex model combining

intramolecular and bimolecular transition. Each elasl discussed separately below.

A) Intramolecular model

Intramolecular model is the simplest model that t@nconsidered. This
model is applicable to the conformational transisimccurring within one molecule
such as premelting of duplex DNfOttova et al., 2011) RNA hairpin opening
[Vachousek & Sgpanek, 2008]or the formation of intramolecular G-quadruplex
[Risitano & Fox, 2003l Suppose now, for simplicity, that the intramolecu
transition proceeds from an unordered single-sednaligonucleotideS to
intramolecular G-quadruplex conformatiQn

(2.11) 5 Q

Equilibrium constanK is given in terms of the concentrations of an usozd

single strandS] and an intramolecular G-quadrupl€X :

(2.12) |
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Total concentratioiCr of DNA (in single strands) in the sample is writis:
(2.13) Cr = [S]+[Q]
By combining equations (2.12) and (2.13), one dataia relations (2.14) for

the concentrationgS] and[Q] in terms of the equilibrium constaKktand the total

strand concentratio@r.

(2.14)

The equilibrium constari can also be expressed by Van't Hoff equation:

_AH-TAS
e RT

(2.15) K(T) =

CHZO

The Van't Hoff thermodynamic parametefdd and AS for the suggested
intramolecular transition are acquired by solving bverdetermined system Mf (M

is equal to the number of measured spectra) narlieguations (2.16).

Vij = (Ao + A1Ty) * [Q(TD] + (By + B1T}) * [S(T))]
i=12..M

(2.16)

The system (2.16) is a special case of the sys2el0) that considers only two
concentrations[§] and[Q]) with the corresponding polynomial term&{A1T; and
Bo+B1T;) being linear in temperatureé Solving the system of nonlinear equations
(2.16) is simply searching for the six parametdosrr parameter®,, A, Bo, By
(describing the temperature dependence of the repettpure sample speci¢d]
and [S]) and desired thermodynamic paramet&k$, AS (that are related to the
concentration§Q] and[S] through the relations (2.14) and (2.15)).
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B) Bimolecular model

Bimolecular model describes the formation of dimesiructures from two
molecular species. A typical example is the fororatf duplex DNA Movileanu et
al.,, 2002] Bimolecular model is also applicable to dimei@at of guanine
quadruplexegCollie et al., 2010; Trajkovski et al., 2012]Suppose (as an example)
that two intramolecular G-quadruplex€sassociate to form one dimeric guanine
guadruplexQQ (model neglects the structural reorganization ofjl& strands to

form quadruplex):

(217) Q+0QQQ

Equilibrium constantK is expressedin terms of the concentrations of

monomeridQ] and dimeric specid€Q)]:

(2.18) K=[m2

Total concentratioi©; of DNA (in single strands) in the sample can bétem

as:

(2.19) Cr =[Q] +2+[QQ]

By combining equations (2.18) and (2.19), we obtam concentrationiQ)]
and[QQ] in terms of the equilibrium constaktand the total strand concentration
Cr

—1+/1+8CK
0] = ——

(2.20)

1+44C;K —J1+8C,K
8K

[QQ] =
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The formation of heterodupleXB from the strandA and its complementary
strand B is another important example of bimolecuéaction. Suppose a special

case that the concentration ratio of two typedrajle strands is 1/1:

(2.21) A+BSAB

The total sample concentratio@y is then expressed in terms of the

concentration of single strand species of one kind:
(2.22) Cr = [A] + [AB] = [B] + [AB]
Equilibrium constanK is expressed by equation (2.23).

(2.23) o 1ABl _ [AB]
[Al[B]  (Cr - [AB])?

By combining equations (2.22) and (2.23), we get¢bncentration of single
strand speciefA] and the concentration of duplgkB] in terms of the equilibrium

constanK and the total sample concentration

—1+.J1+4CK
2K

[A] = [B] =
(2.24)

142K - JT+4CK

[AB] e

The van’'t Hoff thermodynamic parametefsdd and AS corresponding to
bimolecular model are determined in the exactlyesaay as those associated with
intramolecular model (the system (2.16)), with egsions (2.14) being replaced by
a little more complicated terms (2.20), (2.24) diéseg homodimer or 1:1
heteroduplex, respectively.
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C) The combination of intramolecular and bimolecutzodel

This model takes into account both the intramokectransition of monomeric
species and their subsequent dimerization. We tsedomplicated model to study
dimerization proposed for TBA quadruplex (see thetisn 3.4). Suppose that two
intramolecular quadruplexe® form a dimerQQ and that each intramolecular

quadruplex Q originates from an unordered singknstS:

Ky
Q+0Q<QQ

(2.25) -
SSQ

Total concentratioi©r of DNA sample (in single strands) can be written a

(2.26) Cr = 2[QQ] + [Q] + [S]

Equilibrium constanK; for bimolecular andK; for unimolecular transition is

defined by the following formulas:

- Leal [QQ]
YT T (Cr —2[QQ1 - [S])?
(2.27)
K, = [Q] _ [0]

[S] ~ Cr —2[QQ] - [Q]

The equilibrium constant&; (for dimerization) andK, (for unimolecular
transition) are associated with their own pairh@rmodynamic parametefdi;, AS

andAH,, AS;, respectively through van’t Hoff equations:

1 _AH;—TAS;
K, (T) = e RT
Chzo
(2.28)
1 _AH,-TAS,
K,(T) = e RT
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By combining equations (2.26) and (2.27), the catre¢éions[QQ)], [Q], [S]
of all possible sample species can be expressadusstion of equilibrium constants

K1, K> and the total concentratidy:

(1+Ky)? + 4C;K1K2% — (1 + K2)/(1 + K,)? + 8CK, K>

[QQ] = SK.K,?

J(1 + K,)? + 8Cr K K2 — (1 + Ky)

(2.29) [0] KK,

J(1 + K,)? + 8Cr K, K2 — (1 + K,)

S =
151 4K, K,?

The Van't Hoff thermodynamic parameteysl;, AS;, AH,, AS; are obtained as
the solution of the overdetermined system of n@ainequations (2.30) that is
analogical to the system (2.16). The only diffeeebbetween the nonlinear systems
(2.16) and (2.30) is that two transitions are cdesd instead of one (requiring the
inclusion of one more linear ter@y+C;T;), and that relations (2.29) for the
concentrations of individual sample species are hmonmore complex than those
described by expressions (2.14), (2.20) or (2.38)ving the system of nonlinear
equations (2.30) consists in least square optigiie 10 parameters: 6 parameters
originating from 3 polynomial term®y, A, Bo, B, Co, Ci and 2 pairs of desired
thermodynamic parametet$d;, AS; andAH,, AS; corresponding to bimolecular and

intramolecular transition, respectively.

Vij = (Ap + AL Ty) = [Q(T)] + (Bo + By Ty) = [S(T)]+
(2.30) +(Co + G T) = [QQ(T))]
i=12..N

The figures 31, 32, 33 and 34 are an illustratioh how selected
thermodynamic models are fitted to theridaprofiles (coefficients from SVD). The

coefficientV; accounts for the greatest variability within déach as the intensity
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of Raman signal, hyperchromic change in absorpgmectra upon DNA melting, or
the change in elipticity of CD spectra). Howevenedto adverse effects (the
evaporation of water from the sample at higher &maores, poorly defined
intensity of Raman spectra), thmefficient V; is not always informative. The
coefficientV; well reflects large changes in absorbance upomiiledestabilization
of DNA duplexes (figure 33) or big changes of C2&pa upon quadruplex melting
(figure 31). It seems that the coefficiafit (and to a lesser degr¥g or possiblyw,)
generally best reflects minute changes in Raman abdorption spectra
accompanying the thermal disruption of the G-qupldsu structure as evidenced by

the sigmoidal shape of the coefficiemsin figures 32 and 34.
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Figure 31. The SVD analysis of CD spectra of the TBA quadenpithe sequence:
5-d(G TG TGTG,T2Gy)-3") recorded within 20-80°C. Experimental conalits:
20 mM lithium cacodylate buffer, 100 mM*KpH 6.8, 0.87 mM DNA strand

concentration. Fit of intramolecular model (seetid for details) to the coefficient

V, is depicted by red line. Thermodynamic paramefrens the fit are listed in the

upper part of the figure.
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Figure 32. The SVD analysis of absorption spectra of the T@fadruplex (the
sequence: 5-d(&d.G,TGTG,;T,G,)-3") recorded within 0-90°C. Experimental
conditions: 20 mM lithium cacodylate buffer, 100 n#d, pH 6.8, 3.2uM DNA
strand concentration. Joint fit of intramoleculandel (see the text for details) to the
coefficientsV,, V3 andV, is depicted by red line. Heating and cooling pesfiare
reversible, which is usually considered as an etiba of intramolecular quadruplex
folding. Thermodynamic parameters from the fit bséed in the upper part of the

figure.
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Figure 33. The SVD analysis of absorption spectra of 1:1 TigAeroduplex (TBA
sequence 5-d(d.G,TGTG,T,Gy)-3'° complexed with an equal amount of
complementary C-rich strand) recorded within 0-90&Xperimental conditions:
20 mM lithium cacodylate buffer, 100 mM*KpH 6.8, 6.0uM total DNA strand
concentration. Joint fit of bimolecular model (then-autocomplementary case; see
the text for details) to the coefficientg, V, andVs is depicted by red line. Note:
heating and cooling profiles are reversible indr@atthat the sample was at
thermodynamic equilibrium during the experiment i§t a prerequisite for the
determination of thermodynamic parameters from theermal profiles).

Thermodynamic parameters from the fit are listethenupper part of the figure.
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Figure 34. The SVD analysis of Raman spectra of TBA (the saqa:
5-d(G TG TGTG,T2G,)-3") recorded within 2-90°C. Experimental conditgo
20 mM lithium cacodylate buffer, 100 mM*KpH 6.8, 11.3 mM DNA strand

concentration. Joint fit of intramolecular modekdsthe text for details) to the

coefficientsV,, V3 is depicted by red line. Thermodynamic paramefiens the fit

are listed in the upper part of the figure.
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2.3 Experimental techniques

My doctoral studies were done at the Division abrBolecular Physics at
Institute of Physics of Charles University in Praglihere, Raman spectroscopy was
the main technique employed to study G-quadrupleRésthis institute, Raman
spectroscopy was also complemented by absorptiectregcopy, microcalorimetry
or molecular dynamics simulations (in collaboratwith Dr. Barvik). Measurements
of absorption thermal melting curves have been gotadl in cooperation with the
group of prof. Vorlékova at Institute of Biophysics of the Academy aie®ices of
the Czech Republic (Brno). Dr. Kejnovskd from thigoup performed all
electrophoretic analyses of G-quadruplex sampld3. n@easurements were done
partly in the group of prof. Vokkova and partly in the group of Dr. Bednarova from
Institute of Organic Chemistry and Biochemistrytloid Academy of Sciences of the
Czech Republic (Prague). NMR measurements wereuoted by associate prof. Jan
Lang, Mgr. Marian Grocky and Dr. Pavel Srb at Dépant of Low Temperature
Physics of Charles University in Prague.

The absorption spectrometer (Varian Cary 4000)th& group of prof.
Vorlickova is equipped with temperature-controlled hoklwing the regulation of
temperature within the range 0 — 90°C and placemprtb six conventional quartz
cuvettes having a path length of 1 cm. This core@nconfiguration allowed us to
accomplish a huge number of experiments (>10006ts)e Data processing using
SVD approach was fast and reliable. Absorption spscopy was used not only for
the routine determination of sample concentratimmsalso for the characterization
of the formation of G-quadruplexes and their intdoa with cationic porphyrins.
The difference induced in absorption spectrum byirayl K to the sample of
unstructured G-rich sequence (in water o) lias the same pattern as the thermal
difference spectra (see the section 1.6M¢rgny et al., 2005b] Therefore, we
frequently employed this feature as a means oirpihry characterization of the
quadruplex samples (to check their quality).

CD spectrometer Jasco-815 (the group of Dr. Bediddrbas a PTC-423S/L
Peltier type temperature-controlled system (1 -C0that allowed for stirring the
sample in 1cm quartz Hellma cells. CD spectromébdin-Yvon CD6 (the group of
prof. Vorlickova) enabled us to measure temperature-dependisp€ctra in very

thin quartz cuvettes having 0.01 cm path lengthB. €pectroscopy was used
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primarily to discriminate between the parallel aamtiparallel strand topology of
guanine quadruplexes. It was also used to study itberaction of guanine
quadruplexes with cationic porphyrins through thduiced CD signal within the
spectral region of their Soret band.

Raman experiments were carried out on a home-maaeaR spectrometer.
The spectra were recorded in the 90° scatteringhggy on a multichannel Raman
spectrograph (Jobin Yvon-Spex 270 &juipped with a holographic notch-plus filter
(Kaiser) to reject Rayleigh scattering and a liguittogen-cooled CCD detector
(Princeton Instruments). Most of Raman measuremgeate done in a temperature-
controlled, hermetically-sealed quartz microcell (6 sample volume). Thermal
heating/cooling experiments were conducted in #wege of 2 — 96°C, with an
accuracy of temperature control within £0.5°C. Easdmple was allowed to
equilibrate for at least 5 min before collecting tspectrum. Wavenumber scale of
Raman spectra was precisely calibrated using theseam spectra of a neon glow
lamp recorded before and after each Raman measnirenie estimated precision of
the calibration procedure was better than 0.%.cm

The excitation wavelength of 532 nm of a continuaase solid-state
Nd:YVO, laser (Verdi 2, Coherent) was used in the nonfasb studies of G-
quadruplexes. The radiation power at the sampleasassted according to sample
concentrations within the range 100-400 mW. In ¢hee of DNA concentration-
dependent measurements, Raman spectra were nadadizhe peak height of the
1093 cnt* band associated with the PO symmetric stretching mode, reported
previously to be largely invariant to the meltinfigDNA duplexegMovileanu et al.,
20021 If appropriate, e.g. for quantitative comparisaofsthe oligonucleotides
differing in the length or in the number of specifiucleosides, normalized spectra
were furthermore renormalized according to the ipatar in question.

The interaction of guanine quadruplexes with theioo& porphyrin
CuTMPyP4 was studied using excitation of 441.6 rina dle-Cd laser (Liconix)
with the average radiation power at the samplecallyi about 10 mW. The choice of
CuTMPyP4 for many of our experiments was dictatgditb high photostability
[Kruglik et al., 2001; McMillin & McNett, 1998] and low fluorescence
background, as compared to other studied porphyemsbling us to perform
resonance Raman scattering measurements in pavatlel absorption and CD

experiments. The Raman contribution from the sdlveas carefully subtracted and
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the spectra were corrected for their non-Raman drackd by using advanced
methods of factor analysis (see the results araliséson section).

In addition to optical spectroscopic techniquesniBa scattering, absorption
and CD spectroscopy), other experimental methodsl (glectrophoresis,
microcalorimetry, NMR) and molecular dynamics siatidns were employed.

Native polyacrylamide gel electrophoresis (PAGE}swane for a wide range
of G-quadruplex samples as well as for some mistwe G-quadruplexes with
porphyrins at various conditions (defined by DNAncentration, temperature, the
type of salt, ionic strength). PAGE was performeda temperature-controlled
electrophoretic apparatus (SE-600; Hoefer ScientifiSA) allowing the regulation
of temperature between 2-40°C. Gel concentratios #6260 (29:1 monomer to bis
ratio, Applichem, Germany). About g of DNA was loaded into each lane of a
14x16x0.1 cm gel. Gels were stained with Stains @&lgma-Aldrich) after
electrophoresis and scanned using a Personal Devesgr SI, model 375-A
(Molecular Dynamics, USA).

DSC (differential scanning calorimetry) experimemismplemented optical
thermal melting experiments in the determination tbérmal stabilities of G-
guadruplex samples. All calorimetric measurementsrewcarried out on a
commercial differential scanning calorimeter (mo@&D0 Nano-DSC IlI) from the
company Calorimetric Science Corporation. The scanrate was 1°C/min in most
cases. The DSC profile of phosphate buffer was rdetb and subsequently
subtracted from sample profiles.

Molecular dynamics simulations were done with NAMDftware package
(2.7) for the TBA sequence d{GG,TGTG,T.Gy). Starting structure of TBA for
molecular simulation was the NMR structure with PBltry 148d. The results of
simulation were analyzed and visualized using VMBimera and ptraj modul of
Amber software package. The structures were savayeadding TIP3PBOX water
molecules at a distance 10 angstrom around the B&bkbone. The final molecular
dynamics trajectories were on 100 ns time scaleledlilar dynamics simulations
were also used to study the interaction of TBA witle non-metalated cationic
porphyrin HTMPyP4 (meso-tetrakis(4N¢methylpyridiumyl))porphyrin).

Diffusion-ordered (DOSY) NMR experiment was empldymn our demand by
associate prof. Jan Lang, Mgr. Marian Grocky andRavel Srb at Department of

Low Temperature Physics of Charles University imdle as an alternative
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technique to gel electrophoresis to estimate thiecatarity of G-quadruplexes (only
two sequences TBA: d@E.G,TGTG,T.Gy), and T2/T3: d(GIsGTGTG,T3Gy)
were investigated). NMR experiments were conductedruker Avance 500 MHz
spectrometer with TBI probe head in 5 mm Shigemi BMample tube. DNA
samples were prepared at 20 mM nucleoside congienmsan D0 with 100 mM K.
Pulse sequence used in all measurements was dstubldated echo with bipolar
gradientdJerschow & Muller, 1997] and water suppression by excitation sculpting.

This sequence is known to suppress many artifacts &s convection, eddy currents.

Key pulse sequence parameters:

P1=12.51s (1H 90 deg pulse)

P16 = 200Qus (total length of the bipolar gradient pair: 4Q&0) sine-bell shape)
D20 = 0.065 s for 298.15 K measurements (totaldifin time 130 ms)

D20 = 0.15 s for 275.15 K measurements (total diffn time 300 ms)

G = 58.4 Gcrit gradient field strength.

Gas flow 800 I/h for temperature stabilization.

Acquired NMR data were analyzed by two independeathods. Firstly by direct
fitting the Stejskal-Tanner equatigftejskal & Tanner, 1965] and secondly by
employing an inverse Laplace transform with maximemropy method by program
Gifa[Pons et al., 1996]
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3. Results and discussion

Here, a summary of the main results achieved dwtowjoral study is given.
First, the methods developed for data processieglascribed (3.1). Then, the most
important part of the thesis concerning the polyham of human telomeric
quadruplexes conditioned by DNA concentration isspnted (3.2). Afterwards, the
results on the interaction of G-quadruplexes wdlianic porphyrins are presented

(3.3). Finally, a dimeric structure of the TBA quaplex is discussed (3.4).

3.1 Development of methods for data processing

In the course of doctoral study, it emerged tha&rd¢hwas urgent need for
systematic, reliable methods for the treatmentanfid spectral datasets. Typical
thermal melting experiment performed using absomtCD or Raman spectroscopy
produces 30-180 spectra. The differences betwedividimal spectra within such
large spectral sets are in many cases minute (eflgec the case of Raman spectra)
and it is not very practical to analyze them byethkye. In fact, it is impossible for
very large quantities of data. For example, to y®ltime evolution of Raman
spectra (e.g. slow binding kinetics), hundreds lmwusands of spectra may be
acquired. A widespread practice (not necessardgrirect) to processs large datasets
is to work only with a small portion of data. Thtein be achieved simply by
discarding a large amount of ‘unimportant’ expenmad data after measurement or
by measuring only data of interest. For exampleogdi®n [Mergny et al., 1998]
fluorescence/Risitano & Fox, 2003] or CD melting experimentflisen et al.,
2009] with G-quadruplexes are often conducted at oneeleagth. However,
recording melting curves at one wavelength may t@egrious because potential
artifacts, such as small drifts in the baselinéniine or additive background owing
to impurities or dust in the sample, can be hareyealed.

In the materials and methods section, the conce@\ as a multivariate
method was introduced. The advantage of SVD oveglesi wavelength approaches
is not only that SVD can extract information frohetwhole recorded spectral range
but also its power to reduce the dimensionalitydafa without significant loss of
information. Multivariate SVD-based methods canubed to determine the number

of spectrally distinguishable quadruplex speciésitonacci et al., 2007; Jaumot et
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al., 2006; Petraccone et al., 2005¢lassify quadruplex structurésaumot et al.,
2009] or determine their thermodynamical characteristiesyy & Chaires et al.,
20111 SVD algorithm is due to its linear nature wellited to all kinds of
spectroscopic problem&lalinowski, 2002]. The disadvantage of SVD may be long
computation times when it is applied to very ladg¢asets.

For convenient and fast processing of spectroscdaia, we have created a
range of useful programs in programming environmbtatlab” (version 7.4,
Mathworks). Matlab is an easy-to use, high perforoealanguage for technical
computing. It is especially designed for matrix @ens, and SVD procedure is
Matlab’s buit-in routine. The most important SVDskd programs that we have
created in Matlab include the program for manuatemiion of background and
visualization of the results of SVD, the progrant fotensity normalization and
background (solvent) subtraction exploiting the pemies of water stretching
vibrations, the program for visualization of thesukts of 2D imaging experiments
performed by Raman microscope, the program forifdipgpK, constants for pH-
dependent spectra (and the construction of thetrspet pure components). Other
useful programs include, for instance, the progfaninteractive shift of x-scale, the
program for spectra denoising by means of FFT ptiogram for the subtraction of
solvent from FTIR spectra using:®icombination band (2125 ¢tor the program
for combing more spectral sets into one set anadietment of their x-scale.

All above-mentioned data processing methods arengally based on simple
operations with matrices or vectors. The princigésome of them will be briefly
described. We can begin with the correction of gasknd. The correction of
spectral background using SVD is done in the follgvway (suppose, for
simplicity, that we work with Raman spectra). Fitsie SVD of the original data is
accomplished. The non-Raman backgrounds in thédtiresgubspectra are manually
approximated by polynomials of low order or by aulsiplines (see figure 35).
Background-corrected spectra are then reconstrfatmbrding to the basic relation
(2.1) for SVD) from these background-corrected pebfa using the singular values
and coefficients from SVD of the original data. Tinain advantage of this method
of background correction is that it can be applied very large spectral series.
Instead of correcting baseline for each origingctum separately (dataset can have
hundreds to thousands spectra), it is sufficiensubtract non-Raman backgrounds

only from a few subspectra having the greatestutamgvalues since the subspectra
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with small singular values contribute mainly to tivhite noise. By omitting noisy

subspectra from the backward linear combinatior, cen obtain background- and
noise-corrected spectra at the same time. The tabyaof background correction of
spectra is that the complexity of data is usualarkedly reduced after the correction
(i.e. factor dimension is smaller) and relevantcta¢ changes are thus easier to
interpret. An example of background correction eeof Raman spectra depending
on DNA concentration is depicted in figure 36. Gaiig, the correction works well

in many cases. However, it may sometimes happédnsgfextra have some regions

slightly oversubtracted.
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Figure 35. Screenshot of the program for the correction akbeound using SVD.
The figure shows the first subspectrin from SVD of a set of Raman spectra
(depending on DNA concentration) of human telomeguadruplex GTTAG3); at
2°C in 240 mM K. A smooth curve approximating non-Raman backgronnthe
subspectrung; is obtained as polynomial or spline fit to theiegiof points selected
as user’'s best estimate. Background-corrected repest obtained as a linear
combination of only a few background-corrected pelotra using the relation 2.1
(singular values\ and coefficients/; are taken from SVD of the original spectra).

The final result of the correction of this set @rRan spectra is depicted in figure 36.
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Figure 36. The correction of background using SVD for a eeriof DNA
concentration-dependent Raman spectra of the hubetomeric quadruplex

G3(TTAG3)3 at 2°C in 240 mM K. The values of DNA concentration are given in
the legend.

For pre-processing the Raman spectra taken atrafitfeexperimental and
environmental conditions (e.g. DNA concentratiom|t sconcentration, Raman
excitation wavelength), there was the need forféaceve, reliable and fast method
for spectra normalization and solvent subtractibmerefore, we have developed a
semi-automated method based on SVD for intensitynabzation, background
correction and solvent subtraction that exploits fhoperties of water stretching
vibrations. The method is described in detail im paper[Palacky et al., 2011, in
attachments, pages 227-250Here, we give only the basic idea of how it works
Our method is well applicable for aqueous solutiofsanalytes exhibiting small
Raman intensity within the range of OH stretchifgrations as compared to that of
solvent, which is the case of the majority of bgéal samples. The normalization of
Raman intensity of the analyte is accomplished raltieg to OH stretching band of
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water (2700-3900 cif). It is a good choice since this band is very reir@as
compared to other commonly used internal intensig@dards such as the band at
1640 cm' belonging to deformation vibration of water or thand at 981 cih
belonging to SG ions[K 7 et al., 2008] Another great advantage is that the OH
stretching band does not overlap at all with thexdsaof commonly studied
biological analytes such as protein or nucleic fci@ur method requires the
reference set of solvent spectra be measuredwasctadn of experimental parameter
of interest (typically temperature or ionic stramgin order to subtract the solvent
spectrum from analyte spectrum. The results of SMBIlysis (within the region of
the water stretching band) of the reference solgpattra are then used to construct
optimal artificial solvent spectra (within the estispectral range) that are the best
representation of undesired solvent contribution th® sample spectra. The
background-corrected spectra are finally obtaingdubtracting the artificial solvent

spectra from the sample spectra.
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Figure 37. Screenshot of the program for visualization @ tésults of 2D imaging

experiments.

Raman 2D mapping experiments typically include mdaamount of data
(hundreds to thousands of spectra) and their irg&pon is therefore almost
impossible without using multivariate methods. Tasults of these experiments can

be easily visualized by displaying one specificapagter such as the intensity and
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shift of a given band, the ratio of intensities tefo bands, etc. However, the
coefficientsV; originating from SVD are better choice since theynprise all the

information within the spectra. SVD analysis of #Daging data can reveal the
interdependence between various experimental paeasnepossible artifacts, etc.
Raman microspectropy can be used for mapping bandltissues (we reviewed this
in detail in[MojzesS at al., 2011). The program in Matlab was written for the
processing and visualization of imaging experimeotsducted on a confocal Raman
microspectrometer LabRam HR800 (Horiba) (see fig8rg. As an example of

usefulness of our programs for data treatment eareghe results of imaging of the
cells of yeast vacuoles that have been publisheghtly[Bednarova at al., 2012, in

attachments, page 221-226]

3.2 Human telomeric G-quadruplexes

The study of telomeric G-quadruplexes constitutesulastantial and possibly
the most interesting part of my doctoral researthis study has been done in
cooperation with the group of prof. Michaela Vékibva from the Department of CD
Spectroscopy of Nucleic Acids at Institute of Bigpits of the Academy of Sciences
of the Czech Republic (Brno). The paper on Ramaaysof human telomeric
quadruplexes has been very recently accepted fdicption [Palacky et al., 2012,
submitted, in attachments, pages 195-220]

Since the results are presented in the respecéperponly a brief overview
will be given here. The novelty and importanceho$ twork consist in unambiguous
and convincing evidence that human telomere segseman be switched to
intramolecular parallel quadruplex in physiologigaielevant K solutions by the
effect of high DNA concentration, without the adlolit of cosolutes to simulate
molecular crowding. This suggestion revealed pneslyp by CD spectroscopy has
not been much accepted ygtenciuk et al., 2009] Therefore, we decided to
correlate the previous CD results with the new @rpents using Raman
spectroscopy. Raman spectroscopy has been inaggaased in the field of nucleic
acids since it is a very sensitive technique to Déthformational changes (see for
example[Hanus et al., 1999; Kiz et al., 2008; Movileanu et al., 2002; Ottova et
al., 2011; Vachousek & Stpanek, 2008). However, the application of Raman
spectroscopy for studies concerning G-quadruplexcsires is rare (see, for
instance, referencesfAbu-Ghazalah et al., 2012; Krafft et al., 2002; Mura &
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Thomas, 1994; Miura et al., 1995] The great advantage of Raman spectroscopy is
that it can be applied to a wide range of DNA caotiions ranging from aqueous
solutions accessible to absorption and CD measunismg to highly concentrated
gels and crystals. This means that Raman specppsan bridge distinctions in the
experimental conditions accessible to the partramethods that are the cause of still
persisting discrepancies in structural interpreteti of human telomere quadruplex
arrangementsRenciuk et al., 2009] As an example serves the results of CD
measurements, which are generally interpreted @n kasis of high-resolution
structures revealed by NMR, however at the conagatrs of two orders of
magnitude higher than those commonly encounteredOnspectroscopy, and thus
often erroneously. Our Raman study clarifies thisatter thoroughly and
systematically. Furthermore, it shed a light on guadruplex thermal melting and
annealing effects at extremely high DNA concentrati the information in principle
inaccessible to absorption and CD spectroscopiestalihe sample evaporation in
ultrathin cells with detachable windows. Raman mgltprofiles obtained in the
current study are the first and sole temperatucdilps available to date for high-
DNA quadruplex conditions. They can be inspiring dther investigators interested
in determination of thermal stabilities and therymaimic parameters of various
quadruplex structures under the high-DNA conceiainat

The current searching for the real structure ofortelre DNA under
physiological conditions is associated with-¢fuadruplex structures conditioned by
molecular crowding since DNA inside the cell ishiigcondensed. These crowding
conditions not accessible to most common experiatenethods are simulated by
the addition of various cosolutes. However, thecexale of cosolutes in the
quadruplex transitions from antiparallel to padadlerangement is unclear, since it
was shown that structural changes are rather d r@isdehydration instead of the
molecular crowding[Miyoshi et al., 2006; Petraccone et al., 2012]JRaman
spectroscopy offers a unique possibility of studythe crowding effects induced
solely by DNA itself, moreover in a methodologigatonsistent way.

The main achievements of the work on DNA telomesggjuences can be
summarized in a few points. We studied the depereleaf Raman spectra of
G3(TTAG3)3, the shortest four-repeat model of the human teta@rguadruplex, on
DNA concentration. First, we show that the Ramaectp of G(TTAG3); at the
lowest nucleoside concentrations are very simitathie presence of Nand K,
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which indicates the same antiparallel strand aligmimn both salts. Raman spectra
of thermodynamically equilibrated (slowly annealegdmples of @TTAG3)3
stabilized by K exhibit gradual spectral changes as a function wflewside
concentration within the range 8-200 mM (see figB&. Linear character of the
interquadruplex transition revealed by careful pssing of Raman data using SVD
analysis can be interpreted as conformational bgésreity and the coexistence of
multiply quadruplex forms in solution. This polynptism complicates the
unambiguous structural identification of(GTAG3)3 in solution by NMR and the
correlation of the results provided by differenpesmental methods. The observed
transition of G(TTAGs3)z in K* conditioned by DNA concentration reflects the
switch from predominately antiparallel folding (ekiw DNA concentrations) to
predominately parallel folding of GTTAG3); (at high DNA concentrations). This
interesting conclusion is made on the basis obtiservation of C2endo/syn671+

2 cm?, 1326+ 2 cm?) and C2'endo/anti(686 + 2 cni*, 1338+ 2 cmi') Raman
markers of guanosings(rafft et al., 2002] (see figure 38) that best reflect the
studied conformational rearrangement. In addition these key markers, the
interquadruplex transition is associated with ageaof other markers. The weak
band at ~611 crhis a very interesting Raman marker since its Bitgrstrongly
decreases upon the switch from the antiparallg@atallel form of G(TTAG3). We
speculate that the 611 &nband may be a universal marker distinguishing betw
side/diagonal and double-chain-reversal quadrulplegs.

Similar structural transition as that induced bgr@asing DNA concentration
at a fixed concentration of 'Kis observed in the presence of increasing coraor
of K* at a fixed concentration of@ TAG3)s. We conclude that the propensity of the
G3(TTAG3)3 quadruplex to switch from the antiparallel to plefaarrangement upon
the increase of DNA concentration is synergicallgnpéfied by increasing
concentration of K By contrast, the structure ofsGTAG3)s quadruplex in Na
remains antiparalell regardless the concentratdri3NA and/or Na. Interestingly,
for the modified telomeric sequence GTAG3)s, it was reported that the transition
to the parallel arrangement can be also inducedNBy concentration[Abu-
Ghazalah et al., 2012]

A crucial finding of our study is that the interqglnaplex transition is extremely
slow even at the highest nucleoside concentratankf-stabilized G(TTAG3)3
samples unless they are thermodynamically equalied (i.e. slowly annealed). In
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fact, the structure of non-annealed(T¥AGz); in K* formed at extremely high
nucleoside concentrations (more than 200 mM ineuasstles) is very similar to the
thermodynamically equilibrated ;@ TAG3); structures formed at low DNA
concentrations (in Kor N&). In this sense, it is important to note that @liph the
effect of sample heating and cooling is a key fadeiermining the folding topology
of the telemeric quadruplex, it is not mentionedsame NMR studiefAmbrus et

al., 2006; Luu et al., 2006]
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Figure 38. Raman spectra of {F TAG3)3 in 200 mM K (30 mM PBS, pH 6.8, t =
5°C) at the nucleoside concentrations of 8 mM (butttrace) and 200 mM (top

trace). Intermediate traces show the differencasvden the spectra at indicated

concentrations and that at the lowest one.
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The spontaneously adopted antiparallel structur€’edtabilized G(TTAG3);
Is not a thermodynamically most stable quadrupleargement. For example, when
G3(TTAG3)z at high DNA concentration (330 mM in nucleosidesPB0 mM K is
heated to 95°C and then rapidly cooled down (irs lézan 1 min) to room
temperature, partial (~50% according to differdrl@aman features) switching to the
parallel form is achieved, as judged from the camspa with slowly-annealed
samples. The hysteresis observed in thermal psofiteresponding to the 581, 611
and 1485 cnl bands indicates that the antiparallel structur&4T TAG3); switches
to the parallel structure before the quadrupledeistabilized (see figure 39). This can
be interpreted as a sign of thermally-induced coiga of intramolecular

antiparallel conformers to more stable forjvigylasky et al., 2010
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Figure 39. Heating and cooling Raman profiles of selected &afmands sensitive
(581, 611 and 1485 chiand insensitive (837, 1581 and 1719 %o antiparallel-
to-parallel switching of the Kstabilized G(TTAGs); quadruplex. Initially
antiparallel K-quadruplex (330 mM), spontaneously formed on amalibf 230 mM
K*, was heated from 10 to 95°C and then cooled dowthex same rate of ca
1.5°C/min.
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3.3 Interaction of guanine quadruplexes with catioit
porphyrins

The interaction of cationic porphyrins as a clagssmall ligands with G-
quadruplexes has been studied in depth by manandsas/Georgiades et al.,
2010l Porphyrins may both stabilizehattacharjee et al., 2011or destabilize G-
guadruplex structuregsVeisman-Shomer et al., 2003]The modulation of structural
properties of G-quadruplexes by porphyrins is @idgical relevanceJoachimi et
al., 2007] In the present study, we have used cationic pompd as molecular
probes of G-quadruplex DNA and its conformationbhrmges. Although diverse
optical methods (absorption, CD, fluorescence spscbpy) as well as other
methods (mass spectroscopy, calorimetry, moleculadeling, NMR, etc.) are
available for this purposg/urat et al., 2011}, there are only a few studies using
Raman spectroscopy/Vel et al., 2006] Therefore, we complemented common
experimental techniques (absorption, CD spectrggcefth Raman spectroscopy.
The experiments were conducted with eight strutifuralated porphyrins depicted
in figure 40. They differ from each other in theatral metal cation (Ci, Zr** or no
cation) and the structure of side chains (all sidains for a given porphyrin are the
same).

According to the kinetics of spectral changes olebin the course of heating-
cooling cycle, the studied G-quadruplexes can hesdied into two groups. While
some G-quadruplex samples exhibit no or small ngsig, other show quite large
hysteresis between heating and cooling thermallpsafsee figure 41). Generally, as
already mentioned in the introduction part, hysisrés a signature of slower kinetics
of G-quadruplex formation. It is detected primaiiyintermolecular (bimolecular or
tetramolecular) G-quadruplex structures such asexample, GI'sGz and GTsGa.
Small hysteresis in the case of KRAS (d@8&,TGTG:AGAG3AGAGEAG,); a
regulatory element of the human KRAS promoter) ddag considered as a sign of
its intermolecularity. Nonetheless, it is likelyr@sult of a slow equilibrium between
two intramolecular G-quadruplex structures of KRASgoi et al., 2008]

For the studied porphyrins (see figure 40), theeBband is centered between
415-437 nm. During PhD study, most attention wasd p@ the porphyrin
CuTMPyP4and its non-metalated form,HMPyP4 (see table 5 for a summary of
data on the interaction of CuTMPyP4 and,TMPyP4 with selected
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polyoligonucleotides and -quadruplexes)The visible part (35-500 nm) of the
absorption spectra of quadrug-porphyrin mixtures was analyzed by S)
approach. The data interpretation is not so sttiighard. The factor dimension
often high (>3). However, SV analysis can often reveal small differences betv
spectralt is especially useful for finding the relationtiveen large sets of spec
recorded at drastically different conditions suslire presence of different salts. ~
corresponding changes real spectra are often smath€ shift of the Soret bar
about ~12 nm) and/or it is difficult not to get lost in therge amount of dat

The evaluation of a large number of absorption spetithin the Soret band
demonstrated in figur42. The spdca correspond to the 1:1 mixtures of the T
quadruplex, d(@l,G,TGTG,T,G,), with the cationic porphyri CuTMPyP4 (see
figure 40 prepared in the presence of LiCl, NaCl and KQieTspectra show r
hysteresis between heating and coollt implies thatCuTMPyF4 binds to TBA in
exactly the same way before and after the thernemlatliration(followed by
renaturationpf the porphyri-DNA complex.No hysteresis in the absorption spe:
of TBA with (see figure42) and without CuTMPyP4see figure43) is strong
evidence against bimolecularity of Tl [Fialova et al., 2006] We will deal with the

molecularity of TBA in the section 3.

H,TMPyP4, CuTMPyP2, CuTMPyP3, CuTMPyP4, ZnTMPyP4, H,TMAP,

CuTMAP, ZnTMAP
R:
X = H,, Cu,,, Zn** /\

@NLCHs (X)TMPyP4
7N (X)TMPyP3
=

CHj
7 N\
. (X)TMPyP2
/

CHj

@N%CHS (X)TMAP
CH,

Figure 40. The schematic figure showing the structures ofdatonic porphyrin

used in our studies.
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Figure 41. The SVD analysis of absorption spectra of four Dblgonucleotides
(KRAS, TBA, G3TsG3, and GTsG,) recorded as a function of temperature. Only the
subpectras, (black curves on the left part of the figure) witte correspondiny,
coefficients (scatter plots on the right part o figure with up and down triangles
indicating heating and cooling, respectively) atowen. The subspectr&, are
similar to thermal difference spectra (compare Viglure 19; note that subspectra
and coefficients are unambiguous except for sihg sigmoidal shapes of th&
coefficients nicely reflect thermal destabilizatioh G-quadruplexes. They indicate
that the absorbance at 295 nm decreases with swegeéemperature. Whereas no
thermal hysteresis is observed for TBA, a modeate relatively large hysteresis is
found for GTsG3 and GTsG4 and KRAS. Experimental conditions: 20 mM lithium
cacodylate buffer, 100 mM KCI, pH 6.8 uB/1 oligonucleotide concentrations.
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Figure 42.The joint SVD analysis of three sets of tempetigpendent absorption
spectra within the Soret band spectral region spording to the mixture of TBA,
d(G TG, TGTG,T2Gy), with the porphyrin, CUTMPyP41:1) in 200 mM LiCl, NaCl
and KCI. TheV; thermal profiles are colored white (LiCl), graya®l) and black
(KCI). Note: heating and cooling profiles are resible indicating that the sample
was at thermodynamic equilibrium during the expenin Factor dimension for the
full dataset is ~ 5. Experimental conditions: 20 nitium cacodylate buffer, pH

6.8, 3uM oligonucleotide concentration.
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Figure 43.The joint SVD analysis of three sets of tempetigpendent absorption
spectra corresponding to TBA, GG, TGTG,T,G,) without the presence of
porphyrin, in 100 mM LiCl, NaCl and KCI. Thé thermal profiles are colored white
(LiCl), gray (NaCl) and black (KCI). Note: heatingnd cooling profiles are
reversible indicating that the sample was at thelynamic equilibrium during the

experiment. The subspectruf and the corresponding coefficiedt best reflect

thermal destabilization of the TBA quadruplex wititcreasing temperature. Factor

dimension for the full dataset is ~ 5. Experimentahditions: 20 mM lithium

cacodylate buffer, pH 6.8, 8V oligonucleotide concentration.
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The joint SVD analysis of the absorption spectralBA in LiCl, NaCl and
KCI shows that the thermal stability of TBA is hagt in K (~50°), significantly
lower in N& (20°C) and lowest in Li(see figure 43).In parallel, the joint SVD
analysis of the absorption spectra of the TBA-Cu¥/M#® mixture (1:1) clearly
demonstrates that the porphyrin discriminates betwihe distinct G-quadruplex
structures induced by the presence of differeris gai*, K*, Na") and temperature
(see figure 42). Distinct interaction of CuTMPyP#&hwTBA in the presence of the
three salts (LiCl, NaCl and KCI) manifests primyarih different shift (reflected
mainly in the subspectrui®;) and broadening (reflected mainly in the subspectr
Sg) of the Soret band (see figure 42).

The Soret band can also indirectly disclose slometics of G-quadruplex
formation (see figure 44). The SVD analysis of thd mixture of KRAS,
d(AGsCG,TGTG:ALGAG3AGAGEAG,), with CuTMPyYP4 indicates that the binding
mode of CuTMPyYP4 to KRAS must be different befoeating and after cooling the
denaturated sample. This is best demonstrated dyditrergence of heating and
cooling V4 thermal profiles (see figure 44). The pronouncestérgsis observed for
the KRAS-CuTMPyP4 mixture can be interpreted asaibiity of the porphyrin to
stabilize a specific type of G-quadruplex structydepending on the annealing
regime).

One can see that the hysteresis observed in tloepgios spectra of KRAS is
reproduced within the DNA region of the CD spe¢trampare the coefficient, in
figure 44 with the coefficienV, in figure 45). The hysteresis shown in figure 45
could be interpreted as the irreversible transitainKRAS (in the presence of
CuTMPyP4) from the parallel to mixed parallel/aatiglel quadruplex after thermal
denaturation and subsequent annealing. The inteecsion is characterized by a
small increase of the positive faint band at ~280aoncerted with a decrease of the
positive band at ~ 262 nm and a decrease of thatimegband at ~ 240 nm. The
transition is best visualized by the subspectf&mand the corresponding coefficient
V, (see figure 45). Exactly the opposite transitioduiced by a different cationic
porphyrin in the absence of stabilizing cations dnudfer was observed for the
tetrahymena telomeric sequence #4), [Murashima et al., 2008]

Porphyrins are normally achiral molecules but theatity can be induced in
them through the distorsion of their structuresrupleeir interaction with nucleic

acids or other biomoleculeghree main binding modes of porphyrins to DNA can b
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distinguished: intercalation (negative CD), outsigeove binding (positive CD) and
outside stacking (bisignate C[Djalaz et al., 2005; Pasternack, et al. 1983The
majority of our samples exhibited either positig- negative-induced CD bands,
suggestive of the groove or intercalative bindingde of porphyrins to G-
guadruplexes, respectively. For instance, we oleseasweak negative CD band at
~436 nm for CuTMPyP4ound to KRAS. The SVD analysis of temperature-
dependent CD spectra of KRAS complexed with CuTMPy® KCI within the
spectral region of the Soret band indicates thatrtgative band exhibits analogical
hysteretic behavior (see figure 46) as the Soretdbgsee figure 44) and the
ultraviolet region of DNA absorption of CD spec{sze figure 45). The annealing of
the thermally denaturated KRAS-CuTMPyP4 complexultssin an irreversible
increase in the negative ellipticity of the CD baid-436 nm and its small red shift
(see figure 46).

The above-mentioned classification of CD-inducedcsa of porphyrins is
doubtful since it is based on the interaction ofpbgrins with canonical nucleic
acids forms such as duplexgssternack, et al. 1983]Although the negative CD
band at ~436 nm can be interpreted as a sign efcaiation of CuTMPyP4 within
G-quartets of KRAS in KCI, it was proposed thatTMIPyP4 (free base of
CuTMPyP4) showing the same negative band prefalgntiinds within the loops of
the KRAS quadruplex and stacks on the externalt@es|Cogoi et al., 2008]

The resonance Raman spectra of porphyrins complewttd DNA reflect
indirectly the information about the DNA structuared the possible binding modes
of porphyrins to DNA. The definite advantage ofare@nce Raman spectroscopy is
that the measurements can be performed at relatikel concentrations of
porphyrins (and DNA) that are comparable to thosenroonly encountered in
absorption or CD spectroscopy. The intensity of Rarspectra of porphyrins can be
enhanced either resonantly by choosing the exmitaline of laser within their
absorption bandgasternack et al., 2001; Uno et al., 200@r through the use of
the SERS mechanismVei et al., 2006] For resonance Raman measurements, we
could use only the porphyrin denoted as CuTMP{B411)-5,10,15,20Fetrakig1-
methyl-4-pyridyl)) since other porphyrins exhibiigh fluorescence and enhanced
photodegradation in laser bearruglik et al., 2001; McMillin & McNett, 1998] .
The interaction of the porphyrin CuTMPyP4 with DN@& fortiori with G-

guadruplexes) has been little studied sgfarns et al., 2007]unlike its free base
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counterpart HTMPyP4[del Toro et al., 2008; Haqg et al., 1999[The excitation line
of our laser (441.6 nm) is well suited for stude@sDNA/CuTMPyP4 complexes
since it is close to the Soret band of CuTMPYP424 nm). Resonance Raman
spectroscopy of porphyrins has been never empldgegrobe the structure of
guanine quadruplexes, and our work is the firstokind.

The spectral variation within a group of resonaRa@man spectra is often
rather small. Consequently, sophisticated data gaing methods had to be
employed to extract useful information from ddtaalacky et al., 2011, in
attachments, pages 227-250]t is surprising that such unrelated techniquss a
absorption, CD and Raman spectroscopy provide stamdi results. It is nicely
demonstrated for the TBA and KRAS sequence.

SVD analysis of resonance Raman spectra of CuTMRydtdplexed with
TBA (1:1) indicates that the structure of the CuTWAR-TBA complex changes
reversibly with temperature (see figure 47). ResopaRaman spectroscopy clearly
differentiates between the structures of TBA indLibg different cations (K Na'
and Li"), as best reflected in thé; coefficient profile (see figure 47). SVD shows
that all the Raman spectra are the same above ;-5E€@ning that CuTMPyPd4t
higher temperatures interacts similarly with theATBtructures stabilized by KCI,
NaCl or LiCl.

In contrast with TBA, the interaction of KRAS witbuTMPyP4is distinctly
different. Resonance Raman spectra of CuTMPyP4:1 mixture with KRAS
exhibit considerable hysteresis between heatingcanting (see figure 48). It means
that the initial structure of the CuTMPyP4-KRAS qulex is irreversibly changed
after its thermal denaturation followed by anneglin

In summary, the agreement between the results mirmn optical methods
(compare for instance figures 42 and 47 or figdesand 48) and those provided by
resonance Raman spectroscopy indicates that aaporphyrins can be employed as
sensitive Raman probes of the G-quadruplex strecilthough not all the results in
our current study are new, our scientific contridmit has methodological

significance.
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Figure 44.The SVD analysis of temperature-dependent absorgpectra within the

Soret band spectral region corresponding to the tumx of KRAS,
d(AG3CG,TGTG3AGAG3A,GAGSAG,), with CuTMPyP4(1:1) in 100 mM KCI.

Factor dimension i 4-5. Experimental conditions: 20 mM lithiucacodylate

buffer, pH 6.8, 3uM oligonucleotide concentration.
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Figure 45.The SVD analysis of temperature-dependent CD sp&gthin the region

of DNA absorption corresponding

to the mixture

of RAS,

d(AGsCG,TGTGA,GAGA,GAGSAG,), with CuUTMPYP4(1:1) in 100 mM  KClI.

Factor dimension is 3. Experimental conditions:rn2Bl lithium cacodylate buffer,

pH 6.8, 3uM oligonucleotide concentration.
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Figure 46. The SVD analysis of temperature-dependent CD spe@athin the Soret
band spectral region corresponding to the mixturef &RAS,

d(AG3CG,TGTG3AGAG3A,GAGSAG,), with CuTMPyP4(1:1) in 100 mM KCI.
Factor dimension is 2. Experimental conditions:rn2Bl lithium cacodylate buffer,

pH 6.8, 3uM oligonucleotide concentration.
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Figure 47.The joint SVD analysis of three sets of tempetilgpendent resonance
Raman spectra corresponding to the mixture of TBith vVCUTMPyYP4(1:1) in
100 mM LiCl, NaCl and KCI. Th&/; thermal profiles are colored white (LiCl), gray
(NaCl) and black (KCI). The factor dimension isTBie subspectrur; is a kind of
average spectrum with the coefficievit reflecting differences in overall Raman
intensity. The remaining two componei@sandS; describe the greatest changes in
the spectra and the corresponding coefficigtandVs; show no hysteresis between
melting and cooling profiles. The coefficieWy best describes the thermal stability
of the TBA-CuTMPyP4omplex (it is apparent that the stability is highan KCI
and lowest in LiCl). Experimental conditions: 20 niithium cacodylate buffer, pH

6.8, 3uM oligonucleotide concentration.
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Figure 48. The SVD analysis of temperature-dependent resenRanan spectra
corresponding to the mixture of KRAS with CuTMPyR41) in 100 mM KCI. The

factor dimension is 3. The subspectr@nis a kind of average spectrum with the

coefficient V; reflecting differences in overall Raman intensityie remaining two

componentsS, and S; describe the greatest changes in the spectra amd th

corresponding coefficient¥, and V3 show significant hysteresis between melting

and cooling profiles. The coefficielt; best describes the thermal structural changes

of the KRAS-CuTMPyP4complex. Experimental conditions: 20 mM lithium

cacodylate buffer, pH 6.8,8V oligonucleotide concentration.
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3.4 TBA quadruplex

We selected for the majority of our spectroscopigestigations a model
sequence d(8.,G,TGTG,T,G,) known as TBA thrombin binding aptamer). The
TBA quadruplex has only two guanine tetrads, whihare for G-quadruplexes
[Lim et al., 2009b]. The consequence of this is that TBA melts at G0YC in
100 mM K', which is far below ~60°C of the correspondingehetluplex (compare
figures 31, 32 and 34 with figure 33). Moderateritin stability of TBA is well
suited for our spectroscopic melting experimen&ATnolecule serves not only as a
good model system but the study has also biolog&lavance. TBA is at present
amongst the most frequently studied DNA aptamérss the first single-stranded
DNA molecule selected to bind specifically and witlgh affinity to protein that
does not normally interact with nucleic ac(@sck et al., 1992] The target protein,
thrombin, is a protease implicated in blood clgticrawley et al., 2007] and the
study of its interaction with TBA is therefore vamgportant.

The tertiary structure of TBA was resolved by b&IMR [Macaya et al.,
1993; Schultze et al., 1994; Wang et al., 1993a; W et al., 1993bJand X-ray
spectroscopyPadmanabhan et al., 1993; Padmanabhan & Tulinskyteal., 1996]
The proposed folding of TBA is an intramoleculaaitHike quadruplex consisting
of two edge-like TT loops and one TGT central loepth the adjacent
phosphodiesther backbones running antiparallelaith eother (see the scheme in
figure 49). The structure of TBA quadruplex anditsr interaction with thrombin
protein, other molecules and metal cations wahéunranalyzed in depth by a range
of methods including circular dichroism (see, fostance, ref[Kankia & Marky,
2001; Nagatoishi et al., 201)] absorption spectroscopy (see, for instance,
referencesKankia, 2004; Olsen et al., 2006a; Pasternak et.al011), calorimetry
(DSC and ITC; see, for instance, referencésy et al., 1999; Majhi et al., 2007;
Smirnov & Shafer, 2000a), gel electrophoresis-ialova et al., 2006; Tang &
Shafer, 2006)] NMR (see, for instance, referencé€sao & Gmeiner, 2005;
Marathias & Bolton, 2000; Trajkovski et al., 2009), X-ray [Krauss et al., 2012]
fluorescence[Baldrich & O’Sullivan, 2005; Kumar & Maiti, 2004] , Raman
scattering Pagba et al., 2010]infrared spectroscopylondragon-Sanchez et al.,

2004] surface plasmon resonance! Toro et al., 2008] atomic force microscopy
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[Basnar et al., 200€, mass spectrometiylong et al., 2010; Vairamani & Gross,
2003]and molecular modelin[Pagano et al., 2008Reshetnikov et al., 201].

Most studies are consistent with intramoleculadifoy of TBA quadruple:
[Macaya et al., 1992 However, the discrepancy between calorimetric van't
Hoff enthalpies[Majhi et al., 2007; Smirnov & Shafer, 200(a] and retarded
electrophoretic mobility of TBA in nativePAGE electrophoretic gels can |
interpreted as a sign of intermolecularity (bimalecity) of TBA [Fialova et al.,
2006} In our study, \e attempt to reconcile thesg@parently contradictory resu
regarding the molecularity of TBA in aqueous sant by probin¢ the structure of
TBA and itscomplexe with cationic porphyrins by means séveral spectroscop
techniques including Raman, CD and NMR sfoscopy. We included in ou
investigation eighstructurally related cationic porphyrins depictadfigure 40 and
ten DNA oligonucleotidi sequences (TBA and its ninelated sequences) shown
table 7.

3J/T SIT\
1 G i
G| G |
| 6 [
G| G |
| T |y
T 7

Figure 49. Thescheme of the structure TBA (thrombinbinding aptamer).

OI:jgor_lucleptlde Oligonucleotide Sequence Descriptior
esignation
TBA GGTTGGTGTGGTTGG TBA -eriginal sequenc
TGTI/T3 GGTTGGTTTGGTTGG TGT loop replaced by 1
TGTI/T4 GGTTGGTITTGGTTGG TGT loop replaced by 1
TGT/T5 GGTTGGTITT TGGTTGG TGT loop replaced by 1
TGTI/T6 GGTTGGTITTT TGGTTGG TGT loop replaced by 1
T+ GGTTTGGTTGTTGGTTTGG T+egions extended by one
T2+ GGTTTTGGTTITGTTTGGTTITTGG | T+egions extended by twc
T2/T3 GGTTTGGTGTGGTITGG T2 loops replaced by ~
T2/T4 GGTTTTGGTGTGGTITTGG T2 loops replaced by ~
GTAGGT — TBA GTAGGT GGTTGGTGTGGTTGG hases added to 5’ e

Table 7.The sequences of TBA and its related oligonuclestigsed in the stu.
The difference of each TE-related sequence with respect to the TBA sequence

is marked in red bold fo.

Melting temperature should not depend on DNA comaéoh for

intramolecular folding. As a test of intramolecithaiof TBA, we therefore decide
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to carry out a series of thermal melting experirmartd to determine the stability of
TBA as a function of oligonucleotide strand concatidon. Our experiments were
conducted over the range of TBA concentrations sipgnmore than 3 orders of
magnitude (from ~ 3uM to 11 mM in strands) through the combination of
absorption, CD and Raman spectroscopy. Thermodynaharacterization of the
TBA quadruplex is uncomplicated due to its revdesiblding (see figure 43), even
in the presence of porphyrins (see figures 42 ah)d\We easily estimated the values
of thermodynamic parameters and melting temperstui@@ TBA and the
sequentially related oligonucleotides describedtable 7. For details on the
evaluations of thermodynamic parameters refer te #ection 2.2.4. The all
calculated thermodynamic data assuming intramadecot bimolecular model are
summarized in tables 8-12. In agreement with othews found that the melting
temperature of 5& 2°C for TBA stabilized by KClI is largely independeof DNA
concentration (compare tables 8, 11 and 12). Ity tae thermal stability of TBA is
sensitive to ionic strength and type of cation eattihan to DNA concentration (see
table 9 and 10) as the melting temperature is er8p°C in 1 mM K and ~20°C in
100 mM N4.

The van't Hoff parameteraH ~ 180 kJ/molAS ~550 J/K/mol determined
under the assumption of intramolecular TBA foldiagd calculated from the
absorption spectra recorded in 100 mM & relatively low strand concentrations
(about 3uM) are consistent with othefsialova et al., 2006; Majhi et al., 2007,
Olsen et al., 2006b; Pasternak et al., 2011; Sacegal., 2005; Smirnov & Shafer,
2000a; Tang & Shafer, 2006] However, the values of van't Hoff parameters
determined in the same way from CD and Raman datained at much higher
strand concentrations are different (compare ta®lds and 12). In other words, our
thermal data are incompatible with the unique pavan’'t Hoff parameteraH, AS
for intramolecular transition. This interestingding is best reflected in figure 50.
One can see that the sigmoidal shape (steepne¥s)prbfiles that best reflect the
thermal stability of the TBA structure depends ddAdconcentration.

It was proposed, based on retarded mobility of TBAative PAGE gels, that
TBA in aqueous solution forms a bimolecular quatbup-ialova et al., 2006] The
idea of bimolecularity of TBA seems to be intenegtin view of its incompatibility

with intramolecular model. However, again, absamptiCD and Raman thermal data
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are inconsistent with bimolecularity (compare tab& 11 and 12). Furthermore,
diffusion-ordered (DOSY) NMR study provided the walof ~ 130um?s™ for
diffusion coefficient of TBA (see table 13). Thisalue is the same (within
experimental error) as that for the reference secgid2/T3 (just adding one T in the
edge-wise TT loops of the aptamer; see table 7)¢chwimigrates on native PAGE
gels as expected for intramolecular rather thanolsoular species (as discussed
later). Hence, the structure of the TBA quadruplesolution cannot be described
without contradiction in terms of either the intralecular or bimolecular fold.

In effort to explain the spectroscopic and PAGEadate proposed a more
complicated model of TBA consisting in dimerizatioh two intramolecular TBA
guadruplexes (the model was introduced in the @@@&i2.4; pages 89-90). The idea
of intermolecular associates of guanine quadrugleisenot new and has been
recently proposed also for other quadrupleXeslie et al., 2010; Do et al., 2011;
Haider et al., 2008; Kato et al., 2005; Trajkovsket al., 2012] On the one hand, a
dimeric structure could mimic the properties ofetrbimolecular quadruplexes
(where guanines in the tetrads are shared by twgmralcleotides) such as their
retarded electrophoretic mobility but on the othand the monomeric quadruplex
constituents of a putative quadruplex dimer shadandely retain their structural and
thermodynamic properties. The thermal data for TBBtained from all our
spectroscopic and calorimetric measurements seerbg tentirely consistent with
this combined intramolecular/bimolecular model ($gere 51). Unfortunately, it
was not possible to determine without ambiguity thkies of van’'t Hoff enthalpies
and entropies for both intramolecular transitiond atimerization (bimolecular
transition) because the fit of the suggested dienerodel to spectroscopic data
produced many local minima corresponding to muguaifferent values of
thermodynamic parameters.

The exact concentration profiles for three comptsenf the system
(intramolecular quadruplex, dimeric structure, wweved single strand) could be
calculated once we knew the corresponding van't H@rmodynamic parameters (a
possible scenario is depicted in figure 52). Theatic model of TBA implies that at
some lower temperatures (before complete denataraif the TBA structure) a
dimer of TBA intramolecular quadruplexes prevailgeio intramolecular TBA
quadruplex species. The relative amount of thetpetalimeric structure necessarily

increases with increasing TBA concentration. Infoamity with the previous work
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[Fialova et al., 2006] we believe that the newly proposed dimeric stmecof TBA

(at room temperature or lower) is present even oat DNA concentrations

commonly encountered in absorptions and CD measm&m

Stand. Stand.
AH 1 AS 1 3
Oligonucleotide | [kJ/mol] Error [J/K/mol] Error Conc. | Tu[C]
[kd/mol] [J/K/Imol] [uM]
Intra | Bimo| Intra| Bimo| Intral Bimo| Intra Bimo Intra iBo
TBA | -178| -278| 4 4 | -548 -719 12 14 32 518 513
TBA -1l -184 | -279| 3 6 | -568 -722] 11 18 29 516 1.
TGT/T3 -173| -249 2 2 -541  -640 6 8 2.9 46.6 45.7
TGT/T4 -170| -230| 3 4 | -543 -597 9 14 28 40.1 38.9
TGT/T5 -168| -219| 1 2 | -542 -571 3 6 28 363 347
TGT/T6 -160| -218| 4 6 | -522 -575 11 16 3.4 339 328
TBA T+ -207| -302| 2 4 | -648 -805 5 14 29 471 48.5
TBA T2+ -216| -308| 4 7 | -700 -859 14 23 3.0 356 352
T2/T3 -207| -320 5 5 -63%  -843 14 16 2.9 53.6 52.9
T2/T4 -217| -317| 3 6 | -692 -870 8 18 28 411 408
GTAGGT —TBA | -164| -226 2 2 -521  -579 6 6 2.8 426 1.4
1:1 TBA duplex - -413 - 6 - -1093 - 17| 3.0 - 60[0
Table 8. Van't Hoff thermodynamic parameters for TBA (2 ipéadent

experiments TBA-I and TBA-Il) and its related seqoes in 100 mM KCI

determined from absorption measurements and camegpy to intramolecular
(Intra) or bimolecular model (Bimo).

Stand. Stand.
AH 1 AS 1 3
Oligonucleotide |  [kJ/mol] Error [J/K/mol] Error Conc. | Tw[°C]
[kd/mol] [J/K/Imol] [uM]

Intra | Bimo| Intra| Bimo| Intrag Bimg Intra Bimo Intra Mo
TBA — | -97 | -118 1 2 -329 -26§ 4 6 2.8 233 17.2
TBA -1 -92 | -109 1 2 -309 -238 4 5 3.2 2218 15.8
TGT/T3 -102| -122 1 2 -348  -284 3 5 2.9 205 14.4
TGT/T4 -159| -222 2 3 -508 -574 7 10 2.8 39.3 38.3
TGT/T5 -179| -257 2 5 568 -679 5 14 2.8 41.6 40.7
TGT/T6 -193| -281 5 8 -614 -754 15 25 3.0 41.4 41.0
TBA T+ -190| -278 2 4 -596 -736 7 11 2.8 452 446
TBA T2+ -149| -182 2 4 -506 -482 8 13 3.0 219 19.0
T2/T3 -124| -164 2 2 -409  -407 5 5 2.8 296 27.4
T2/T4 -172| -221 2 3 -57¢ -605 5 9 2.8 255 24.0

GTAGGT - TBA -115| -144 2 3 -384  -34y 5 8 2.7 27.23.12

Table 9. Van't Hoff thermodynamic parameters for TBA (2 éméndent

experiments TBA-I and TBA-Il) and its related seqoes in 100 mM NaCl

determined from absorption measurements and camegpy to intramolecular

(Intra) or bimolecular model (Bimo).
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1 1
AH Stand. Error AS Stand. Error oc 3
Salt [kJ/mol] (k3/mol] [J/K/mol] Dikimon | €ONC Tm[°C]
Intra | Bimo| Intra| Bimo| Intral Bimg Intra Bimg [uM] Intra  iBo

1 mMK+ -158| -215 4 7 -514 -567 12 272 3.2 334 32.2

10 mM K+ -168| -245 4 7 -530 -637 17 24 3.1 43.6 942.

1 mM Na+ -106| -127 2 3 -370 -31b 6 8 3.1 13.1 62

10 mM Na+ -100| -115 1 1 -34f7  -274 3 4 3.1 14.0 6|7

only buffer -104| -135 2 3 -364 -342 9 14 3.1 137 37

Table 10. Van't

Hoff thermodynamic parameters for TBA inriaus salts

determined from absorption measurements and camegpy to intramolecular

(Intra) or bimolecular model (Bimo).

Stand. Stand.
AH 1 AS 1 3
Oligonucleotide |  [kJ/mol] Error [J/K/mol] Error Conc. | Tw[°C]
[kJ/mol] [J/K/mol] [mM]
Intra | Bimo| Intra| Bimo| Intra Bimo| Intra Bimo Intra RO
TBA -166 | -239 11 16 | -513 -650 33 49 0.8 505 48.8
TGT/T3 -135| -216 16 24| -419  -587 52 76 1.6 48.6 546.
TGT/T4 -187| -285 18 27 -596  -821 58 88 1.6 4D.0 239.
TGT/T5 -167| -240 9 15 -539  -689 29 a7 1.4 37.2 36.
TGT/T6 -164| -227 11 17 -538  -654 34 55 0.90 3p.5 431
T+ -212| -303| 37 51| -667 -863 118 159 0.82 444 489
T2+ -249| -367 27 17| -809 -1100 86 54 058 343 34.1
T2/T3 -185| -277 22 32 -570  -764 69 98 1.1 5p.0 5.2
T2/T4 -200| -296 14 21 -64p  -859 44 68 1.0 38.7 3B.0
GT'.?_‘SAGT h -151| -212 12 19 -47!13 -582 39 61 0.70 423 411

Table 11. Van't Hoff thermodynamic parameters for TBA andrigdated sequences

in 100 mM KCI determined from CD measurements and corresponding t

intramolecular (Intra) or bimolecular model (Bimo).

Stand. Stand.
AH AS 3
Salt [kJ/moI] Error [J/K/mol] Error Conc. Twm [OC]
[kd/mol] [J/K/mol] [mM]

Intra| Bimo| Intra| Bimo| Intra Bimg Intra Bimo Intra  iBoO
100 MM K+ | -119| -180 2 3 -366 -486 6 1( 11.8 52.6 .450Q
100 MM K+ | -139| -215 7 10 -430 -58D 22 30 1.33 50.848.8
100 MM K+ | -138| -203 5 9 -42%5  -540 16 26 1.33 51.9 0.55
100 MM K+ | -149| -219 5 7 -460 -589 16 21 1.33 50.8 9.84
100 mM Na+ | -112] -133 7 10 -374 -365 21 31 1.33 25.20.8
no salt added 91 -111 4 6 -303  -311 13 20 19.7 328.22.1

Table 12. Van't Hoff thermodynamic parameters for TBA (atdicated salt

conditions) determined from Raman measurements aondesponding

intramolecular (Intra) or bimolecular model (Bimo).

to
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Notes for tables 8-12 with thermodynamic data:

1 . , .
The standard error values obtained from the legstre fit are more likely
underestimated.

2 . o .
DNA concentrations are in oligonucleotides.

3 : . :
The melting temperatures for intramolecular anddbgoular model are calculated

in conformity with the determined values/Aifl, AS. Their values are not so sensitive

to the choice of thermodynamic model.

The suggested dimeric structure is spectroscopi¢alisorption, CD, Raman)
or calorimetrically (see figure 53) hardly distingfuable from its monomeric
quadruplex constituents. Consequently, we trieddifferentiate between both
monomers and dimers indirectly through their intBoa with cationic porphyrins
(see figure 40 for the list and schemes of the ysmghyrins). Porphyrins may
interfere with the anticoagulant activity of the ABptamer, which is of biological
importance/Joachimi et al., 2007] The relation between the sequence of TBA and
its propensity to dimerize was investigated by udahg various TBA related
sequences in the study (see table 7 for the lgstascription of these sequences).

The CD spectrum of 1:1 TBA-CuTMPyP4 mixture extskatrelatively strong
induced CD signal of the bisignate shape (-419 nmM32 nm) within the spectral
region of the porphyrin Soret band (~424 nm). Tdharacteristic CD signal is also
observed for the TBA mutant sequences (listedbfet@) having variously extended
thymine loops but it is much weaker (except foradification TGT/T3 having one
guanine in the central loop replaced by thymine) ardisappears for longer edge-
wise loops (see figure 54). By contrast, the CDcspeof 1:1 mixtures of TBA or its
mutant sequences with free base porphyrmMPyP4 show no bisignate but only
weak positive or zero induced CD signal (see figbkg, which is frequently
considered as a sign of external groove bindingasphyrins to DNABalaz et al.,
2005; Pasternack, et al. 1983]The same is true for the positional isomers of
CuTMPyP4 (CuTMPyP2 and CuTMPyP3) andZform of H,TMPyP4 (see figures
56, 57 and 58). CUTMAP, another copper porphysnthie only other porphyrin
included in our study (apart from CuTMPyP4) thabwpdes a relatively strong
bisignate signal (it has the reverse polarity comgato CuTMPyP4) upon the
interaction with TBA (see figure 59). Non-metaledrrh of this porphyrin
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(H,TMAP) and its ZA" form (ZnTMAP) exhibit much weaker bisignate signal
differing mutually in polarities (see supportingures 60 and 61). The compilation
of spectroscopic parameters for 1:1 mixtures of T®#h the above cationic

porphyrins is tabulated for clarity in table 14.

Low DNA

N, T,~52°C

heating

v cooling
High DNA
Ty~51°C

10 20 30 40 50 60 70 80
Temperature [°C]

Figure 50. The effect of TBA concentration on the shapeVefthermal profiles.
Heating and cooling profiles are superimposablé&ah concentrations indicating
equilibrium conditions during the measurements. Tpper part of the figurev,
coefficient profile from SVD of the absorption spec measured at low DNA
concentration (3.2M in strands). The lower part of the figuh&; coefficient profile
from SVD of the Raman spectra measured at high RNAcentrations (1.3 mM in
strands). The calculated melting temperatures densig intramolecular model are
the same (within experimental error) at both cotregions. Nonetheless, the
different steepness df, coefficient curves at low and high DNA concentrat
seems to contradict intramolecularity of TBA. Expental conditions: 20 mM
lithium cacodylate buffer, 2100 mM KCI, pH 6.8.

It is unusual that the bisignate CD signal of CuUTAR is still noticeable even
at relatively low ratios of CuTMPyP4 to TBA (seegydre 62). It completely
disappears only at extremely low porphyrin loadBAICUTMPyP4 > 10) when it
turns to a positive band indicating external bigdmode of CuTMPyP4 to TBA
[Balaz et al., 2005] The similar bisignate signal as for the TBA-CuTy#@
complex was observed for CuTMPyP4 bound to poly(¢A22 nm / +431 nm)
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[Pasternack et al., 1990]or in the case of other porphyrin-quadruplex swste
[Murashima et al., 2008; Yamashita et al., 2005]It is generally attributed to self
stacking of porphyrins externally bound to chirahtrix (polyoligonucleotide or
polypeptide) (see for example referenfese et al., 2003; Pasternack et al., 1991;
Uno et al., 2002). According to this interpretation, two or more TBdPyP4
molecules should be crowding on one TBA quadrupldewever, there is no
apparent reason for this. One would rather exgwat tiwo porphyrins repel each
other due to their positive charges (formally 4B)merization of TBA proposed
above offers more plausible explanation of the @Bcfa. It is conceivable that the
TBA quadruplex have one or more binding sites falf PyP4 coinciding with the
regions implicated in dimerization. Consequentlgrphyrins can come into close
contact in a dimer and produce the bisignate Chadidf a dimer split up into two
intramolecular quadruplexes (their structure arel gbhmplex with CuTMPyP4 are
not impaired), the bisignate CD signal disappeéngt dimeric model necessarily
assumes that the structure of its constituentsti€onsiderably affected and remains
antiparallel. The antiparallel CD spectrum of a TH#ner has ellipticity probably
slightly higher than that for two isolated intramollar TBA quadruplexes

Method FIT GIFA

T [K] TBA T2/T3 TBA T2/T3
298.15 131+ 4 130+ 4 125+ 6 126+ 6
275.15 69+ 5 70+ 2 65.5+ 6 66+ 6

Table 13. The comparison of diffusion coefficients determirgd NMR for TBA
and T2/T3 (see table 7 for oligonucleotide sequgnc&he coefficients were
obtained by either direct fittingsigjskal & Tanner, 1965] or by maximum entropy
analysis by program Gifa #ons et al., 1996]. The fit of exponential Stejskal-Tanner
equation to data at 298.15 K and 275.15 K givestidal diffusion coefficients for
both oligonucleotides at each temperature. Inveaggace transform with maximum
entropy provides the same diffusion coefficientsbdoth samples. Consequently, no
oligomeric species were found at either temperatdigeoretical hydro NMR
calculation gives a value of diffusion coeffici@ftabout 139 ufs™ at 298 K, which

is in good correlation with experimental results.
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The value of V coefficients
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Figure 51. Joint fit of the combined intramolecular/bimolemulmodel to three

coefficients profiles originating from SVD of abgtion (V. coefficient), CD V1
coefficient) and Raman specti (coefficient) of TBA stabilized by 100 mM KCI.
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Figure 52. The relative concentration of intramolecular TBAagruplex (Q), TBA
dimeric structure (QQ) and unordered TBA singlewstied structure (S). The

concentration profiles are calculated accordingtieh (2.29) for fM total DNA

strand concentration considering the van't Hoff reth@edynamic parameters
AH1 = -209+ 12 kJ/molAS; =-546+ 36 kJ/K/mol (for dimerization) andH, = -131
+ 15 kJ/mol,AS, =- 370 44 kJ/mol (for intramolecular transition). The wes$

correspond to one of the notable least square mmisrof the joint fit in figure 51.
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We speculate that thermal stabilities of the TBAme and TBA
intramolecular quadruplex are different (see fige®). We therefore investigated
thermal denaturation of 1:1 TBA-CuTMPyP4 mixture I60 mM KCI. The CD
spectroscopy is most suitable for this purpose prvides the most convincing
results since it separates best thermal changB&iNi and porphyrin. The heating
profile derived from the ultraviolet part of the Cg&pectra reflects directly the
stability of TBA quadruplex (see figure 63). Thedamoint temperature of the
transition is about 48°C, which means that CuTMPgBds not significantly affect
the thermostability of TBA (f~50°C). The heating profile obtained from the isib
part of the CD spectra reflects indirectly the 8igbof the suggested dimeric
structure (see figure 64). Interestingly, the CBnai of CuTMPyP4 disappears at
measurably lower temperatures (the mid-point teatpee of the transition is
~39°C) than the signal of the G-quadruplex, whishperfectly in line with our
hypothesis of dimeric structure of TBA (see figé#). Furthermore, SVD analysis
also identifies the second less statistically ingoar CD component reflecting
disordered TBA quadruplex (see figure 63).

Resonance Raman spectra of CuTMPyP4 provide the samclusion about
the thermal stability of the TBA-CuTMPyP4 complex @D spectra, although their
interpretation is less straightforward. The res@earRaman spectra of free
CutTMPyP4 are quite different from the spectra afTyP4 in complex with TBA
(at low nucleoside concentration ofpd) at molar ratio [CuTMPyP4]/[TBA] = 1.
They indicate that CutTMPyP4 prefers some bindingden that resembles the
intercalation or end-stacking (molecular dynamicsutations seem to be, however,
more consistent with the outside binding mode;lsdew) [Schneider et al., 1988]
The intercalation is unlikely as it would easilysdipt the structure of TBA
quadruplex (having only two tetrads).

SVD processing of the temperature-dependent Ranaa df the TBA-
CuTMPyP4 mixture reveals minute differences betwibenspectra measured in the
presence of K Na and Li". It has been already shown in the section 3.3 ttiet
resonance Raman spectra of the TBA-CuTMPyP4 mixadreemperatures above
approximately 55°C do not depend on the nature ethhtation present in solution
(see figure 47). Since G-quadruplex conformati@bitized by K (not by Nd or
Li™) is still present at 55°C and disappears completbbve 70°C (see figure 50), it

necessarily implies that the TBA structure in thesence of KC| at temperatures 55-
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70°C interacts with CuTMPyP4 in the similar wayveith unordered single strands
in the presence of less stabilizing salts NaClla@d (TBA melts in 100 mM Na at
~20°C and it is even less thermostable in 100 miL Mihis clearly reflects different
G-quadruplex structures of TBA (supposedly dimeat emonomer) observed at lower
versus higher temperatures. The mid-point tempexétr the disintegration of the
proposed dimeric complex in 100 mM KCI is roughltimated as 40°C (based on
the sigmoid-like profile ofV3 in figure 47) in conformity with the CD resultseés
figure 64).

. Melting Soret shift [nm] at | Induced CD extrema
Porphyrin temperature o
°C]* room temperature [nm] at 5°C

H,TMPyP4 51 12 +432
CuTMPyP2 52 1 +416
CuTMPyP3 52 4 +424
-419
CuTMPyP4 48 5 +432
ZnTMPyP4 56 5 +441
+409
H.TMAP 51 5 433
+415
CuTMAP 44 6.5 424
-422
ZnTMAP 51 4.5 +429

Table 14.Characteristics of 1:1 mixtures of TBA with catioporphyrins

Notes for table 14

lThe melting temperatures of TBA in its 1:1 porphymixtures. For the mixture of

TBA with CuTMPyP4, the melting temperature was daieed precisely using CD
spectra of TBA. In other cases, the melting tentpeeawas determined based on
DNA absorption bands, and the values are subjeanttefined error as absorption
spectra of DNA are partly obscured by low-waveléngtontribution from
porphyrins.

2The shift of the Soret band of porphyrins inducgdHheir binding to TBA.
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The result of SVD analysis of the temperature-ddpah absorption spectra
within the Soret band of the same 1:1 TBA-CuTMPyRi#ture in 100 mM KCl is
remarkably similar to that of resonance Raman spe@&nd again the melting
transition of the suggested TBA dimeric complexrasighly about 40°C (se¥;
profile in figure 42).

The CD spectra of TBA mutants having modified I@gguences (see table 7)
stabilized by K in complex with CuUTMPyP4 and other porphyrins haveimilar
shape corresponding to the antiparallel foldingrBA itself (see figures 54-61). It
means that the average antiparallel-like structigesimilar for all mutant
G-quadruplexes and that their loops primarily detee the interaction with
porphyrins and dimerization. The effect of thymilmwps on the structure and
dimerization of TBA was investigated by PAGE. letgingly, the results of PAGE
in 100 mM KCI at 2°C show that only TBA and the s@#ty related sequence
TGT/T3 (just one guanine in the TGT loop of TBA leged by T) comigrate with
their heteroduplexes (see figure 65A). The othayoolucleotides migrate more like
single species. PAGE under the same conditions) (2°C00 mM NacCl (see figure
65B) gives consistent results. Strictly speakihg, ¢lectrophoretic mobility of TBA
is about the same as that of its heteroduplex it & slightly higher in NaCl.
TGT/T3 in NaCl comigrates with its heteroduplex tus slightly faster in KCI.

No easy or definite correlation can be drawn betwie PAGE mobility of
the TBA mutant sequences and the intensity of tihegrimte CD signal of
CuTMPyP4. However, it seems that the strong biseysagnal detected for 1:1 TBA
or TGT/T3 mixtures with CuTMPyP4 (see figure 54)aigparently linked to the
bimolecular-like electrophoretic migration of thedgonucleotides (and therefore to
the suggested dimerization). Consequently, it sebatsthe edge-wise TT loops are
more critical than the central TGT loop in the fatron of the TBA dimer since their
elongation causes a more noticeable decrease ibisignate CD amplitude (see
figure 54). TBA (and TGT/T3) in 100 mM KCI at tenrpéure 40°C migrates much
faster than at 2°C (compare figure 65 with figu®.@ts mobility is somewhere
between monomeric and dimeric species. The highaility of TBA at elevated
temperatures may correlate with the disintegratibthe suggested dimeric structure
detected indirectly by CuTMPyP4 (see figure 64)wdwver, it is not completely

clear why the electrophoretic band of TBA is nourbéd as a consequence of
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equilibrium interplay between monomeric, dimericdasingle stranded forms of

TBA expected at temperatures near the meltingitians

400 -

200 H

dQ/dT [uJ*deg™]
R

o

o o

A
o
S

10 20 30 40 50 60 70 80
Temperature [°C]

Figure 53. The results of DSC (differential scanning calorime of TBA within
5-85°C. Experimental conditions: 20 mM lithium cdgtate buffer, 100 mM KCl,
pH 7.2, 0.3 mM DNA strand concentration. Heatingd acooling scans are
represented by red and blue curves, respectivdig. DSC profile of buffer was
subtracted. The rate of temperature change wasniifiCfor both heating and
cooling. At such conditions, no hysteresis is V&iliNote that only one broad band is
visible. Consequently, deconvolution of the DSC cham the case of considering

more than one transition is complicated or ambiguou

The binding of CuTMPyP4 to TBA was nicely visuatiZey PAGE (see figure
67). Whereas the migration of TBA heteroduplex waitided porphyrin (1:1) is
practically the same as the migration of TBA hetegdex alone, the migration of
the TBA-CuTMPyP4 complex (1:1) is markedly slowean that of the TBA alone.
Interestingly, the interaction of TBA with CuTMPyR# CuTMAP seems to be
stronger and more specific than with other studgarphyrins, as can be
demonstrated by slower and less blurred PAGE bfordsie mixtures of TBA with
CuTMPyP4 and CuTMAP than for the mixtures with teenaining porphyrins (see
figure 68).
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TBA-related sequences + CuTMPyP4
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Figure 54. CD spectra profiles corresponding to mixtures BATrelated sequences
with CuTMPyP4 (1:1). Experimental conditions: 20 niithium cacodylate buffer,

100 mM KCI, pH 6.8, uM DNA strand concentration.
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TBA-related sequences + H,TMPyP4
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Figure 55. CD spectra profiles corresponding to mixtures BATrelated sequences
with H, TMPyP4 (1:1). Experimental conditions: 20 mM litmucacodylate buffer,
100 mM KCI, pH 6.8, uM DNA strand concentration.
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Figure 56. CD spectra profiles corresponding to mixtures BATrelated sequences

with CuTMPyP2 (1:1). Experimental conditions: 20 niithium cacodylate buffer,
100 mM KClI, pH 6.8, uM DNA strand concentration.
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TBA-related sequences + CuTMPyP3
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Figure 57. CD spectra profiles corresponding to mixtures BATrelated sequences
with CuTMPyYP3 (1:1). Experimental conditions: 20 niithium cacodylate buffer,
100 mM KCI, pH 6.8, uM DNA strand concentration.
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Figure 58.CD spectra profiles corresponding to mixtures ofATi8lated sequences
with ZnTMPyP4 (1:1). Experimental conditions: 20 miithium cacodylate buffer,
100 mM KCI, pH 6.8, uM DNA strand concentration.
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TBA-related sequences + CUTMAP
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Figure 59.CD spectra profiles corresponding to mixtures ofATi8lated sequences
with CuTMAP (1:1). Experimental conditions: 20 mMhlum cacodylate buffer,
100 mM KCI, pH 6.8, uM DNA strand concentration.



Results anslcdission
TBA-related sequences + H,TMAP
150 200
<100 TBA | & 1507 T2/T3
£ £ 100 -
T 50 ¥ 50 |
2 0 " = 0
S v ~ 4 50
-50 -100
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength [nm] Wavelength [nm]
200 200
o 150 TGT/T3| & 180 T2/T4
£ 100 - £ 100 -
T 507 T 50
2 0 2 0
4 -50 | 4 50
-100 -100
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength [nm] Wavelength [nm]
200 150
7 150, TGT/T4 | =100, T+
z 9 = 0
4 100 | &4 50
-150 100
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength [nm] Wavelength [nm]
250 150
T 20 TGT/T5 100 T2+
P \J\ § > \
i 50 4
|2 0 |§ 0 '/\\/ __A
S 50 3 -
4 100 | g 0
-150 -100
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength [nm] Wavelength [nm]
150 150
100 | TGT/T6| 5 GTAG2T-TBA
§ 50- £
< 3
|§ 0 | 50’
= =
g 50 E 0
-100 50

250 300 350 400 450 500
Wavelength [nm]

250 300 350 400 450 500
Wavelength [nm]

142

Figure 60. CD spectra profiles corresponding to mixtures BATrelated sequences

with H, TMAP (1:1). Experimental conditions: 20 mM lithiucacodylate buffer,
100 mM KCI, pH 6.8, uM DNA strand concentration.
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Figure 61.CD spectra profiles corresponding to mixtures BATrelated sequences
with ZnTMAP (1:1). Experimental conditions: 20 mMhium cacodylate buffer,
100 mM KCI, pH 6.8, uM DNA strand concentration
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Figure 62. CD spectra of the TBA-CuTMPyP4 mixture for molaatios

r = [CuTMPyP4]/[TBA] equal to 0.1, 1 and 10. Expeental conditions: 20 mM
lithium cacodylate buffer, 100 mM KCI, pH 6.8, thencentration of CuTMPyP4 is
fixed at 3uM and the strand concentration of TBA is changiagrf 0.3, 3 to 3M.
According to the classical interpretation of CD ape of porphyrins complexed with
DNA duplexes applied to G-quadruplexes, inducedsigpal for r = 0.1 corresponds
to CuTMPyP4 bound externally to TBA (within the gues or dT loops). CD signal
for r = 10 corresponds predominately to free CuTR#®ymeaning that TBA does
not form a complex with a large number of porphymolecules. The bisignate CD
signal for r = 1 was interpreted in the past asoasequence of self-association
CuTMPyP4 on chiral matrix. It is consistent withetmotion that at least two

molecules CuTMPyP4 form self-assembled dimers.

The role of thymine loops of TBA quadruplex iretdimerization was also
investigated by analyzing thermal stabilities sfvirious loop mutants (see table 7
for the sequences). The results of thermal mekixgeriments are summarized in
tables 8, 9 and 11. The measurements were doogvddNA concentrations in KCI
(see table 8) and NaCl (see table 9) using absorpectroscopy and at higher
DNA concentration in KCI using CD spectroscopy (¢able 11). Thermal data
extracted from the absorption spectra are sligimbye precise than those acquired
from CD spectra because more absorption spectra weluded in the SVD
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analysis. The comparison of van't Hoff enthalpiesntropies and melting
temperatures under the assumption of intramolecutatel is depicted in figure 69.
The most stable oligonucleotide in the study isTB2(one T added to each edge-
wise loop TT) together with TBA. The stability ofast TBA mutants in Kis higher
than in N&, as it is proper for G-quadruplexes. Nevertheléss, interesting that
TBA related sequences having long central loopsT{T6 and TGT/T6) are slightly
more thermostable in NaCl than in KCI. It is inwieg that this correlates with
higher electrophoretic mobilies of these oligonotikes in NaCl versus KCI. The
big difference between thermostability of some atigcleotide in KCI versus NaCl
(and the same antiparallel fold in both salts)catks that the structure of the loops is
different in KCI and NacCl.

° le+0
100 Singular values Residual error
© o)
10
~Coos SO | Ceeceg
Coeoog SQag. e@%@
1 000004
le-1 "
0 5 10 15 20 0 5 10 15 20

0.30

294

0.3 0.25

0.2 0.20
S1 01

TM=48 °C

247
=

0.15

0.0 0.10

4 heating
0.05 ;
01 = v cooling
& 0.00
-0.2 0.4
0.10 0s -
0.05 Jxiia
0.2 A
0.00 vl
% 0.05 V2 .
-0. 0.1 v
v A
-0.10 00] vv seit
-0.15 y LeXl
A
-0.20 014
220 240 260 280 300 320 0 20 40 60 80
[e]
Wavelength [nnr Temperature [°C]

Figure 63. The result of SVD analysis within the ultraviofsrt of the CD spectra
corresponding to the TBA-CuTMPyP4 mixture for motatio 1:1 recorded within
1-84°C. Experimental conditions: 20 mM lithium cdgtate buffer, 100 mM KCl,
pH 6.8, 4uM DNA strand concentration. CD signature of theigarallel folding
topology as well as melting temperature is not ificantly altered upon binding
CuTMPyP4 to TBA. Note that heating and cooling pesfare superimposable.
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Figure 64. The result of SVD analysis within the visible paftthe CD spectra
corresponding to the TBA-CuTMPyP4 mixture for motatio 1:1 recorded in the
temperature range 1-84°C. Experimental conditiores the same as in figure 63
(figures 63 and 64 correspond to one experimenbte Nhat heating and cooling
profiles are superimposable. Thermal stability sfignate CD feature is markedly

lower than that of G-quadruplex (figure 63).

The formation of the proposed dimeric struetwof TBA was also
investigated by molecular dynamics simulationsekms unlikely that such structure
would be formed by the stacking of two TBA quadaxas via their guanine tetrads
in the same manner as it was proposed for otheeriinquadruplex structures. It is
not possible because the guanine and thymine hatleis the TGT loop stack on
the G-quartet, as well as because of the flexybiit the TT loops revealed by
molecular dynamics. Macaya et al. previously regbrithat, in addition to
unimolecular G-quadruplex structure, bimoleculairgia is also consistent with
NMR connectivities|Macaya et al., 1993] The hairpin structure was eventually
excluded because it was not compatible with the NiiRlysis of inosine derivatives
of TBA [Macaya et al., 1993] The results of our molecular dynamics simulaton
200 ns time-scale allow for the existence of dimstructure (see figure 70) but do

not exclude bimolecular hairpin quadruplex (searig71).
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Figure 65. Native polyacrylamide gel electrophoresperformec in 10 mM
potassium phosphate buffer ( ~ 7) with added 100 mM KCK) or 100 mM NacCl
(B). Annealed oligonucleotid (see table 7 for the sequence®re loaded at rool
temperature on the gel and electrophoresed at The odd lanes represeithe
studied oligonucleotide and the even lanes contain the correspon
heteroduplexes. Only TBA and TGT/T3 migl as bimolecular species ¢
comigratethus withtheir heteroduplexes. The mobiliof T2/T3 and TGT/T5 (ir

KCI) is somewhere between thiorresponding to monomeric and dimeric spe
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Figure 66. Native polyacrylamide gel electrophoresis performed 10 mM
potassium phosphate buffer (pH ~ 7) with added 10® KCI. Annealed
oligonucleotides (see tab7 for the sequences) were loaded at room temperat
the gel and electrophoresed 40°C. The odd lanes represent the stud

oligonucleotides and the even lanes contain theesponding heteroduplexe
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Figure 67. Native polyacrylamide gel electrooresis performed in 10 ml
potassium phosphate buffer (pH ~ 7) with added @0 KCI. The first eight lanes
from left correspond TBA and its related oligonucleotidedefr¢o table7 for the
sequences). The lastree lanes (near the ladder) cont&iom left e mixture of TBA
with CuTMPyP4(1:1), ¢ mixture of TBA heteroduplex witlCuTMPyF4 (1:1) and
TBA heteroduplexDNA samples were annealed prior to electrophoi Porphyrins
were added tthe annealed samples at room temperature justdloading them on

the gel. The electrophoresis was conductecC.
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Figure 68. Native polyacrylamide gel electrophoresis perfornmed0 mM sodium
phosphate buffer (pH ~ 7) with added 100 rNaCl. Last lane from left contair
TBA. Other lanes contail:1 mixturesof TBA with the eight studied porphyrii(see
figure 40, as indicated in the figur DNA samples were annealed prior
electrophoresis. Porphyrins were adde the annealed samplasrcom temperature

just before loading them on the ¢The electrophoresis was conducted°C.
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Figure 69. The comparison of thermodynamic data for TBA atsl related
sequences (see table 7) stabilized by 100 mM K@&usel100 mM Na(lextracted
from tables 8 and 9). The results are obtained filoenabsorption measurements at
low DNA concentrations (about 3M in strands) under the assumption of

intramolecular model (see the section 2.2.4).
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Figure 70. A snapshot of a dimeric structure of TBA from molecutlynamics
simulation. A dmer was stable on @ ns time scale. TBA moleculdéorming a
dimer are depicted in yellow and red. Stabilizirggssiur cations located within

two G-tetrads arehown asgreen balls.

Figure 71. A snapshot ofa bimolecular hairpin structuref TBA from molecular
dynamics simulationA hairpin structure was stable did0 ns time scale. TB.
molecules foming adimer are depicted in yellow and red. Stabilizingtgssiur
cations locatedwithin two G-tetrads are shown as grelealls. Two porphyrins

(depicted in cyan and pink col can bindfrom the outside to a hairpin structul

Long molecular simulations show ththe free base porphyrin ; TMPyP4
binds preferentially on thside of the TBA quadruplex and less frequentlyha

vicinity of the TGT loo). It corresponds to the sbthiiometry between 1:1 and ,
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which seems to beonsistent with the results reported by other neseas/del Toro
et al., 2008; Haq et al., 199. Consequently, a dimer of TBA may be described
sandwichhke structur: (see figure 72fomposed of two TBA quadruplexes glt
together by 2 porphyrins (each porphyrin is inijigdound to one TBA molecule; tf
stoichiometry 1:1). Using the method continuous variation (Job plc [Haq et al.,
1999] applied to CD and absorption measurements (seaefi73), we have
determined the stohiometry of the TB-CuTMPyP4complex to be between 1
and 1:2 thus well corresponding to 2 TBA fotCuTMPyP4.

Figure 72. A snapshot of asandwichlike structure of TB/ from molecular

dynamics simulation. A sandwich structure was staisi 100 ns time scale. TE

molecules forming a sandwich structure are depisctegellow and red. Stabilizin

potassium cations lated within two Geetrads are shown as green balls.

porphyrin in the figure is depicted as embeddedvéen two (-quadruplexes. The
interaction of two porphyrins that glue togetheotivBA molecules in a sandwic

may result in the appearance of theignate CD signal.

In summary, we demonstrate spectroscopically that TBA quadmu
stabilized by K or Neé" may dimerize in aqueous solution. The bisignat@siti CD
spectra of CuTMPyPin complex with TBA indirectlyreflects the mutual interactic
of monomeric TBA species in putativedimer. Dimerization is exclusive to tl
TBA sequence because the related oligonucleotidés elongated thymine looy
migrate on PAGE gels more like monoiic species. Dimeric structure is al

consistent with long tin-scale molecular dynamics simulations.
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Figure 73. The method of continuous variation (Job plot) agpto CD spectra of
the TBA-CuTMPyP4 complex gives molar fraction of T®PyP4 in the complex
equal ~ 0.58, which is close to 0.6 corresponding2t TBA molecules per 3
CuTMPyP4. Experimental conditions: 20 mM lithiumcodylate buffer, 100 mM
KCI, pH 6.8, temperature 5°C, the sum of the stremukcentration of [TBA] and the
ligand concentration [CUTMPyP4] is kept constan6é @M. The Job applied to the
Soret band of CuTMPyRglves the same of stoichiometry.
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Conclusions

The subject of PhD work was to investigate the maysroperties of non-
canonical DNA structures. A great deal of the war&s specifically focused on
monitoring the conformational properties and thdrsi@bility of unusual four-
stranded nucleic acids structures commonly knowngaanine quadruplexes or
tetraplexes. The main idea was to employ cationiplpyrins as sensitive probes of
DNA conformation and clarify their potential role the formation and stabilization
of guanine quadruplexes. A wide range of experialeteéchniques have been
applied for this purpose. These include opticalcgpscopic methods (absorption,
CD and Raman spectroscopy), NMR, differential scaprcalorimetry and gel
electrophoresis. The main part of research wasiecarout at the Division of
Biomolecular Physics at Institute of Physics of fd®University in Prague, and the
Raman measurements conducted there on a home-mad@nRspectrometer
constitute the framework of the thesis.

Much of our scientific findings are the outcomeanf intensive collaboration
with the group of prof. Vorbkova at Institute of Biophysics of the Academy of
Sciences of the Czech Republic (Brno). Raman spsmipy was successfully used
in parallel with CD spectroscopy and native gelcetphoresis to monitor
conformational polymorphism of human telomeric gnarquadruplexes in solution.
The use of Raman spectroscopy in our study is nautotelism. The method was
applied as the best choice to elucidate the diso@ps still persisting about the real
structure of human telomeric G-quadruplexes under ghysiological conditions
[Renciuk et al., 2009] Since DNA inside the cells is highly condensedargne
quadruplex structures conditioned by molecular diog should be studied under
the nucleoside concentrations that are far higha&n the concentrations appropriate
for the most common experimental methods (absarpt©D, PAGE). However,
there are doubts as to whether the G-quadruplextates observed in the crystals
can be transferred to aqueous solutions. Moleautawvding conditions in vitro are
often simulated by the addition of various cosdutmit their effect on the G-
guadruplex structure is largely unknown. It is dioesble whether common
crowding agents such polyethylene glycol or ethan@rt their effect on the DNA

structure by the simple molecular crowding or wieeth is rather a result of their
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specific interaction with DNA or dehydratioiviyoshi et al., 2006; Petraccone et
al., 2012] As Raman spectroscopy is applicable to DNA sasatean ample range
of nucleoside concentrations ranging from diluteesys solutions still accessible to
absorption or CD spectroscopies up to highly deyede or even crystals, it gives a
unique possibility to probe the crowding phenomemduced by the presence of
DNA solely. In our Raman study we simply demonsttagat the conformation of the
human telomeric sequenceg(GTAG3); annealed in the presence of iins depends
on the DNA concentration. The quadruplex is graguadansformed from the
predominantly antiparallel arrangement at low DNohcentrations to predominantly
parallel arrangement known from crystals, probgidgsing through several hybrid
(3+1) forms[Renciuk et al., 2009; Yue et al., 2011hardly discernible in solution
by CD or other common spectroscopic methods. Wendothat the DNA
concentration-dependent transition is synergicadiyhanced by increased K
concentration and no transition of this kind is eved for the GTTAG3);
quadruplex stabilized by NaThe work on human telomeric quadruplexes has been
recently accepted for publicatioRalacky et al., 2012, submitted, in attachments,
pages 195-220]

There are still uncertainties about the solutiomfeaonations of the most
frequently studied guanine quadruplexes, especififfey are determined by the
experimental techniques applicable at diametricalifferent conditions. This
concerns the thrombin-binding aptamer 5-gl&,TGTG,T.Gy)-3' (TBA). The
structure of TBA has been described as a chairihkemolecular G-quadruplex.
This notion is directly supported by NMRlacaya et al., 1993Jor X-ray structures
[Padmanabhan et al., 1993] It was previously proposed, on the basis of
bimolecular-like migration of TBA in native polyadamide gels, that TBA
stabilized by K or Na forms a bimolecular quadruplex in solutiffialova et al.,
2006] Nonetheless, our recent experimental data aterbetplained by some kind
of dimeric arrangement of TBA in'Ksolution (see the section 3.4). The hairpin-type
bimolecularity of TBA seems to be very unlikely iasontradicts the fact that the
thermal cooling and heating profiles provided bysaption, CD and Raman
spectroscopy are always reversible. In additior, dloup of doc. Jan Lang (from
Department of Low Temperature Physics of Charlewéfsity in Prague) excludes,
on the basis of the diffusion coefficient deterntinyy DOSY NMR, the presence of
oligomeric species for TBA stabilized by KCIl. Cortipegy indirect evidence in favor
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of TBA dimerization comes from the systematic irtigegion of the interaction of
TBA and similar sequences with cationic porphyrii® total, ten DNA
oligonucleotides and eight cationic porphyrins wieduded in the study). The most
important result is that the copper porphyrin Cu®pAR in complex with TBA
stabilized by KCI exhibits the pronounced bisign@te spectrum. We detected the
similarly strong bisignate CD signal only for thérusturally related copper
porphyrin CuTMAP. It is interesting that the bisiga CD spectrum of CuTMPyP4
disappears only at extremely low porphyrin loadBAICUTMPyP4 > 10) when it
changes to a positive band indicating external ibhopdof CuTMPyP4 to the
guadruplex. The bisignate CD signal of CuUTMPyP4 plexed with TBA suggests a
close proximity of two or more porphyrins due teithspecific interaction in a
putative TBA dimer. It is our crucial finding thahe induced CD signal of
CuTMPyP4disappears at higher temperatures but some 9°Cebitfe quadruplex is
denaturated. The porphyrin thus indirectly indisatke presence of two different
TBA structures: a suggested dimer present preddetjnat lower temperatures and
an intramolecular G-quadruplex occurring at higtesnperatures. We show that a
dimeric structure is stable on a longer time-s¢aB9-200 ns) of molecular dynamics
simulations. It seems that two TBA quadruplexesedine in a side-to-side manner
since an end-to-end interaction via terminal Gamddris largely impeded by the
stacking of the guanine and thymine bases in thealdoop on the terminal guanine
quartet and due to the conformational flexibilitiy/loops. We demonstrate that the
dimerization is reduced or lost for TBA related weaces with elongated thymine
loops as they migrate on native PAGE gels more fil@omeric species. As is
evident, the study concerning the TBA quadruplexeis/ extensive. The key results
have been already prepared for a publication iciapeed biophysical journal.

Apart from the thrombin binding aptamer, we alseestigated the interaction
of other guanine quadruplexes with cationic porpisyralthough not in so much
detail. Our results have methodological implicasionG-quadruplex-porphyrin
mixtures were characterized by Raman scatteringpration and CD spectroscopy.
We did not measure non-resonance Raman spectraNéf Rut only resonance
Raman spectra of the copper cationic CuTMPytdplexed with guanine
quadruplexes. The use of the copper cationic pomph@uTMPyP4 for Raman
measurements is the only option since other pompyexhibit low photostability
and high fluorescence backgroufidruglik et al., 2001; McMillin & McNett,
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1998] Our results convincingly demonstrate that coppa&tionic porphyrins are
sensitive probes to the G-quadruplex structure.nd@sSVD approach, we
demonstrate that the copper porphyrin CuTMPyP4ditk@rentiate between various
quadruplex structures induced by the presence ftéreint salts (LI, Na', K*) or
occurring at different temperature. We also shaat thsonance Raman spectroscopy
of porphyrins can be conveniently employed to iediy follow thermal
denaturation and folding of guanine quadruplexgsec8ically, using resonance
Raman spectroscopy, we could distinguish internubdec and intramolecular
guanine quadruplexes on the basis of their difterdenetics of folding and
denaturation that is reflected in the presencebeemce of the hysteresigergny et
al., 2005a] between heating and cooling thermal profiles. Tesults of our
experiments on the interaction of cationic porphgnvith guanine quadruplexes are
in preparation for publication.

Spectroscopic experiments typically produce a lagentity of data.
Furthermore, the differences between the specti@mliarge datasets are often very
small. This is especially the case of Raman spettra inspection of each spectrum
individually by naked eye is impractical, time-cangng and sometimes impossible.
It is also often needed to compare the resultewésl experiments in a uniform and
transparent manner. This can be done by using vatiliie statistical techniques
such as SVD (singular value decomposition). Theindef advantage of these
methods over the conventional methods is that th@evinformation within data can
utilized (unlike, for instance, in the case of neltng and/or processing absorption
spectra at one wavelength) and that the dimensignal data can be reduced
without significant loss of information. During docal study, several useful
programs based on the SVD algorithm have beenenritt Matlab' (version 7.4,
Mathworks) environment to facilitate data procegsamd visualization. The most
important programs include the program for manuatection of background and
visualization of the results of SVD, the progrant fotensity normalization and
background (solvent) subtraction exploiting the pemdies of water stretching
vibrations (see the appropriate paper for detaitslacky et al., 2011, in
attachments, pages 227-25pand the program for visualization of the resolitD
imaging experiments performed by Raman microscepe the results on imaging of
the vacuoles of the yeast cellsednarova at al., 2012, in attachments, page 221-
226]and review articléMojzes et al., 2011).
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ABSTRACT

DNA concentration has beenrecently suggestedtobe
the reason why different arrangements are revealed
for K*-stabilized human telomere quadruplexes by
experimental methods requiring DNA concentrations
differing by orders of magnitude. As Raman spectros-
copy can be applied to DNA samples ranging from
those accessible by absorption and CD spectr-
oscopies up to extremely concentrated solutions,
gels and even crystals; it has been used here to
clarify polymorphism of a core human telomeric
sequence G3(TTAG3); in the presence of K" and Na*®
ions throughout wide range of DNA concentrations.
We demonstrate that the K*-structure of G3(TTAG3)s
at low DNA concentration is close to the antiparallel
fold of Na*-stabilized quadruplex. On the increase of
G3(TTAG3)s concentration, a gradual transition from
antiparallel to intramolecular parallel arrangement
was observed, but only for thermodynamically
equilibrated K*-stabilized samples. The transition is
synergically supported by increased K* concentra-
tion. However, even for extremely high G3(TTAG3)3
and K* concentrations, an intramolecular antiparallel
quadruplex is spontaneously formed from desalted
non-quadruplex single-strand after addition of K*
ions. Thermal destabilization or long dwell time are
necessary to induce interquadruplex transition. On
the contrary, Na*-stabilized G3(TTAG3); retains its
antiparallel folding regardless of the extremely high
DNA and/or Na* concentrations, thermal destabiliza-
tion or annealing.

INTRODUCTION

Linear eukaryotic chromosomes are protected at both
ends by telomeres (1). Telomeric DNA in humans
consists of the (TTAGGG),/(CCCTAA), repeats termin-
ating on the 3’-end of the molecule in a single-stranded
G-rich overhang (2), which folds into a G-quadruplex
under suitable conditions (3). Telomeres play a key role
in maintaining chromosomal integrity, control of DNA
replication and protection against chromosome elong-
ation by telomerase (4). Unregulated telomerase activity
allows cancer cells to become immortal (5). As formation
of G-quadruplexes at telomeres perturbs telomerase
function (6), the quadruplex-stabilizing agents can
suppress the proliferation of tumour cells (7,8). Se
arching for these agents is of great importance for
cancer treatment in human medicine (9). For a better ef-
ficiency, structural properties of telomeric quadruplexes
under the physiologically relevant conditions, that is, at
moderate concentration of K ions and high local concen-
tration of DNA, must be known properly.

Despite numerous studies, the structure adopted by
human telomeric repeats under the biologically relevant
conditions remains unclear. The first relevant structure
solved at atomic resolution was reported by Wang and
Patel in 1993 (10). Based on nuclear magnetic resonance
(NMR) study and molecular dynamics simulations, the
telomeric fragment AG;(TTAG;); was shown to adopt
an antiparallel basket-type structure in the presence of
Na™ (10). A year later, the same topology was evidenced
by CD spectroscopy and chemical probing for quad-
ruplexes formed by related telomeric sequences,
G;(TTAG;); and (TTAGs;)4, in both Na™ and K solu-
tions (11). On the contrary, radically different intramo-
lecular parallel quadruplex with three propeller-shaped,
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double-chain-reversal d(TTA)-loops was reported for the
crystalline K™-form of AG3;(TTAG;); (12). Platinum
cross-linking studies revealed the formation of the basket-
type antiparallel quadruplex of AG3(TTAG3); in both Na™
and K solution (13), whereas '**I-radioprobing confirmed
the basket-type of AG3(TTAG3;);in Na” solutions, and the
antiparallel chair-type in the presence of K* (14).

Several studies also proposed that parallel and antipar-
allel quadruplexes could coexist in K* solutions, for
example (15). On the other hand, parallel-strand align-
ment derived from crystallography (12) was excluded as
the major biologically relevant conformation of the
human telomere quadruplex in K solution (16). In
2005, another type of quadruplex arrangement, so called
‘(3+1) structure’ containing three parallel and one anti-
parallel strands, was suggested for K'-stabilized
G3(TTAG3)4 containing one redundant TTAG; repeat,
to explain peculiarities of its CD spectra (17). A year
later, structure of the intramolecular (3+1) quadruplex
scaffold was solved by NMR in K™ solutions for
TTG;(TTAG})}A, TAG}(TTAG;); (18) and A3Gz
(TTAG;);AA (19); however, attempts to elucidate the
K -structures of some related sequences bearing no or
few residues attached to the minimal quadruplex-forming
sequence G3(TTAG3;); failed because of their conform-
ational heterogeneity. Another variant of the (3+1)
topology with different order of the loop arrangements
was discerned by NMR for TAG;(TTAG3;);TT stabilized
by K™ ions (20). Furthermore, depending on the nature
and number of the extra residues flanking the minimal
four-repeat G3(TTAGs3); unit, and the method applied,
various quadruplex arrangements under the physiologic-
ally relevant K* conditions were reported, antiparallel
(17,21), mixture of hybrid (3+ 1) and chair-type antipar-
allel (22), mixture of basket- and chair-type antiparallel
(23) and others (24-26). There was even reported CD
evidence of parallel arrangement, although in aqueous
solution at high K™ concentration (27). Parallel topology
was later observed in the presence of organic solvents
simulating crowding conditions present in cells, that is,
polyethylene glycol (28,29) or ethanol (30). Recently, a
new quadruplex type has been observed by NMR for
G5(TTAG;)sT stabilized by K* ions (31). This stable
structure ascribed to a basket-type quadruplex contains,
however, only two G-tetrad layers capped with several
layers of stacked guanines and adenines on both sides of
the tetrad core.

From a great deal of experimental data available to
date, it follows that surprisingly high polymorphism of
the human telomere quadruplex could be a rather
complex resultant of the exact sequence studied, DNA
concentration, stabilizing cation type and concentration,
dehydrating or molecular crowding conditions, as well as
different protocols of sample preparation. Notably, DNA
concentration differing by orders of magnitude for various
experimental methods can be responsible for contradict-
ory structures observed under otherwise comparable
conditions. For instance, recent CD study has
demonstrated that K'-stabilized quadruplexes of several
human telomeric fragments undergo structural transition
on the increase of oligonucleotide concentration, even at

the physiologically relevant K* concentrations (30).
However, more detailed CD and absorption studies at
high DNA concentrations are hindered by high optical
densities of the samples.

In the present work, Raman spectroscopy is
reintroduced as a practical and well-established, albeit
yet underappreciated, method suitable for structural
studies of G-quadruplexes. Although conventional,
notably non-resonant Raman spectroscopy has proved
useful for investigation of nucleic acids conformations
[for overview see (32,33)], relatively few articles relate spe-
cifically to G-quadruplexes (e.g. 34-41). One of advan-
tages of Raman spectroscopy consists in its applicability
to DNA samples starting from the concentrations com-
fortably accessible by absorption and CD spectroscopies
up to highly concentrated solutions inducing molecular
crowding without need of cosolutes, gels and crystals
studied by X-ray diffraction, with the possibility to
acquire informational rich Raman melting profiles at
high quadruplex concentrations, which are still missing.
Raman spectroscopy can thus bridge, in a methodologic-
ally consistent way, an information gap between experi-
mental methods restricted to low and high DNA
concentrations solely. It can contribute to reconciliation
of different K'-quadruplex structures reported for
aqueous solutions and clarify arrangement of human telo-
meric sequences under the physiologically relevant
conditions.

MATERIALS AND METHODS
Samples

High-performance liquid chromatography-purified and
lyophilized/highly concentrated oligonucleotides were
purchased from VBC-Biotech (Vienna, Austria) and
Generi Biotech (Hradec Kralove, Czech Republic) in
several consecutive batches as ammonium or methyla-
mmonium salts. Chemicals of analytical grade (Sigma-
Aldrich) and deionized water (18 M2, Elga) were used
for buffers. To adjust precisely type and concentration
of the quadruplex-stabilizing cations in the samples differ-
ing in DNA concentration, the following procedure was
used. Stock solutions of oligonucleotides (~200-500 mM
in nucleosides) were prepared by dissolving lyophilized
oligomer into deionized water. To replace/remove
former countercations and small molecules initially
present in the lyophilisate, appropriate amounts of the
stock solution were repeatedly (typically 3-5 times)
washed out by a phosphate buffer (PBS, 30-150 mM ac-
cording to DNA concentration, pH 6.8) containing Na™
or K™ ions at desired concentrations (100-500 mM), using
centrifugal filter devices (Amicon Ultra 3K, Millipore).
Final concentration of K* or Na* in PBS was adjusted
by addition of KCl or NaCl. The same centrifugal
washing but by deionized water was used for preparation
of the samples without alkali cations. Non-quadruplex ar-
rangement of the fully desalted samples and the
quadruplex formation after addition of alkali cations
was checked out by ultraviolet (UV) absorption (42).
The DNA concentrations were adjusted by controlling
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the starting and final centrifuged volumes, as well as by
subsequent dilution by an appropriate solvent. In addition
to total and controllable solvent exchange and precise ad-
justment of the DNA concentration, repeated centrifugal
filtration helped to remove trace contaminants causing
fluorescence background in Raman spectra. The exact
oligonucleotides concentration was determined by absorb-
ance measurements of appropriately diluted samples at
95°C by using a Lambda 12 UV/VIS (Perkin-Elmer) or
Unicam 5626 UV/VIS spectrophotometers and molar
extinction coefficients calculated according to (43). To
increase accuracy of the concentration determination of
extremely concentrated DNA samples, especially import-
ant for DNA concentration series, relative concentrations
were determined concurrently from Raman intensities
normalized with respect to OH-stretching band of water
molecules (44). If not stated explicitly otherwise, DNA
concentrations are related to nucleosides throughout the
present article. Quadruplex structures thermodynamically
equilibrated in relevant solutions were prepared by a
15min thermal denaturation at 95°C and subsequent
slow annealing (~5 h) to room temperature. Heated but
thermodynamically non-equilibrated structures were
prepared by a fast cooling (from 95 to 20°C within
<1 min), using expanding stream of compressed dry air.
Moreover, structural changes in the course of thermal
denaturation and annealing were monitored by Raman
spectroscopy as a function of actual temperature in a
temperature-controlled quartz microcell.

Raman measurements

Raman spectra were excited with the 532nm line of a
continuous-wave solid-state Nd:YVO, laser (Verdi 2,
Coherent) using the radiation power at the sample
ranging from 100-400 mW (according to the sample con-
centration). The spectra were collected in the 90° scatter-
ing geometry on a multi-channel Raman spectrograph
(Jobin Yvon—Spex 270 M) equipped with a holographic
notch-plus filter (Kaiser) to reject Rayleigh scattering
and a liquid nitrogen-cooled CCD detector (Princeton
Instruments). Raman measurements were carried out in
a temperature-controlled, hermetically sealed quartz
microcell (5pl sample volume) at somewhat reduced tem-
perature [5-10°C, in comparison with room temperature
used for CD and polyacrylamide gel electrophoresis
(PAGE) experiments] to eliminate potential sources of
artifacts specific for Raman scattering; however, such a
slight temperature difference was proven to have no
apparent effect on quadruplex structures and structural
conclusions. Thermal denaturation/annealing experiments
were conducted in the range of 2-96°C, with an accuracy
of a temperature control within +0.5°C. If not stated
otherwise, the sample was equilibrated at the desired tem-
perature for ~10 min before recording the spectrum. The
wavenumber scales of Raman spectra were precisely
calibrated using the emission spectra of a neon glow
lamp taken before and after each Raman measurement.
The estimated precision of the calibration procedure was
better than 0.1cm™'. The Raman contribution from the
solvent was carefully subtracted, and the spectra were
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corrected for their non-Raman background by using
advanced methods of factor analysis (44). Spectra were
normalized to the peak height of the 1093cm™' band
associated with the PO,” symmetric stretching mode,
reported previously to be largely invariant to the melting
of DNA duplexes (45). If appropriate, for example, for
quantitative comparisons of the oligonucleotides differing
in the length or in the number of specific nucleosides,
normalized spectra were furthermore renormalized ac-
cording to the parameter in question.

CD measurements

CD measurements were done in a Jobin-Yvon CD6
dichrograph  (Longjumeau, France) in 1-0.001cm
path-length quartz cells (Hellma Analytics, Germany)
placed in a temperature-controlled holder. The scan rate
was 0.5nm/s. CD signals are expressed as the difference in
the molar absorption Ag of the right- and left-handed
circularly polarized light. The molarities are related to
nucleosides.

PAGE

PAGE was performed in a temperature-controlled electro-
phoretic apparatus (SE-600; Hoefer Scientific, USA). Gel
concentration was 16% (29:1 monomer to bis ratio,
Applichem, Germany). About 2pug of DNA was loaded
into each lane of a 14 x 16 x 0.1 cm gel. Samples were
electrophoresed at 20°C for 19h at 30V (~2Vem™).
Gels were stained with Stains All (Sigma-Aldrich) after
electrophoresis and scanned wusing a  Personal
Densitometer SI, model 375-A (Molecular Dynamics,
USA).

RESULTS AND DISCUSSION

Equilibrated transition of annealed K*-stabilized
G3(TTAGs3;); depends on DNA concentration

In the recent CD study (30), it was suggested that the
antiparallel-to-parallel rearrangement of human telomeric
sequences can be accomplished at physiologically relevant
K" concentrations simply by increasing the concentration
of DNA, without addition of organic cosolutes to simulate
molecular crowding conditions. To provide methodologic-
ally independent evidence of the self-crowding effect
throughout a wider range of DNA concentration,
Raman spectra of thermodynamically equilibrated
(slowly annealed) solutions of G3(TTAGs;); at DNA con-
centrations ranging from 8 to 240 mM and stabilized by
200-250 mM K™ were acquired and compared with those
prepared in a similar way in Na™ buffers. As evident from
differential spectra shown in Figure 1, initial quadruplex
arrangement adopted by 8 mM G3(TTAGs;); at moderate
concentration of 200 mM K" undergoes gradual structural
changes on increase of DNA concentration. No similar
spectral changes were observed for G3(TTAGs;); in Na*
solutions (Supplementary Figure S3, top).

Differential Raman features of K™-G3(TTAG3;);
depicted in Figure 1 are mostly consistent with those
reported on structural transition of Oxytricha telomeric
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sequence (T4Gy)4 induced by increased concentration of
Na® and K', and shown to be indicative for inter-
quadruplex switching from intramolecular antiparallel
fold to four-stranded parallel structure (35). As, to the
best of our knowledge, human telomeric sequences have
not been studied yet by conventional non-resonant
Raman spectroscopy, assignment of Raman bands of
G3(TTAG:;); and structural interpretation applied herein-
after is based on Raman studies of interquadruplex
switching of Oxytricha telomeric sequences controlled by
the type, concentration and molar ratio of Na* and K"
cations (34-39), on relevant Raman studies of various
non-quadruplex DNAs (32,33,45-51), as well as on
Raman spectra of model oligonucleotides (dG)is,
(dT);s and (dA);s (Supplementary Figures SI1 and S2).
Raman markers used in the present work are listed
and thoroughly discussed in the (Supplementary
Table S1).

According to Raman markers indicative for C2-endo/
syn (671 and 1326cm™") and C2-endojanti (686 and
1338cm71) conformers of dG (32,34-36,39), structural
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Figure 1. Raman spectra of G3(TTAG3); in 200mM K" (30mM of
PBS, pH 6.8, t=5°C) at the nucleoside concentrations of 8 mM
(bottom trace) and 200mM (top trace). Intermediate traces show the
differences between the spectra at indicated concentration and that of
the lowest one.

transition of K™-G3(TTAGs;); comprises gradual increase
in the population of C2-endo/anti-dG at the expense of
C2-endo/syn-dG ~ (for  detailed  discussion  see
Supplementary Data), as can be documented by relative
intensity increase of the Raman bands at 686 and
1338cm ™!, accompanied by intensity decrease of the
shoulder at 671cm ™" and the 1326cm™" band (Figure 1
and Supplementary Figure S3, bottom). Furthermore, in-
tensity decrease of relatively weak but important Raman
marker of C2-endo/syn-dT at 611 +2em™' (32,36,39),
sensitive to geometry of d(TTA)-loops (for detailed dis-
cussion see Supplementary Data), is consistent with
quadruplex rearrangement from the fold incorporating
side/diagonal loops to the quadruplex structure having
loops organized in other geometry.

Characteristic changes in other Raman bands sensitive
to synjanti-dG ratio (~581 + lem™"), structurally in-
formative markers of hydrogen bonding within
G-tetrads (~1483 + 2cm™"), arrangement markers of
d(TTA)-loops (~499 +2 and ~1371 = 1cm™') and
markers  sensitive to  sugar-phosphate  backbone
(~788 + 2cm™") constitute differential pattern that can
serve as Raman fingerprint of interquadruplex transition.
Conformational switching concluded from Raman spectra
corroborates structural transition inferred from the cor-
responding CD spectra indicating gradual changes from
predominantly antiparallel (6.2mM) to largely hybrid
(3+1) (55mM) and finally to predominantly parallel
folding (30) at DNA concentration of 154 mM still access-
ible to CD measurements (Figure 2).

Linear character of interquadruplex transition indicates
conformational heterogeneity

To better understand progression of the changes induced
by DNA concentration and to depict different impact of
the K and Na' ions, Raman spectra of DNA concentra-
tion series carefully prepared according to identical proto-
cols from the same stock solution have been analysed
together by a factor analysis (44). Using a singular value
decomposition (SVD) approach (44), spectral variability
within the normalized Raman dataset under consideration
(11 and 11 Raman spectra of G3(TTAGs;); at the nucleo-
tide concentrations 8-240mM, stabilized by slightly
higher concentration of 250mM Na' and K to favour
parallel form, respectively) was decomposed into a set of
orthonormal abstract factors (subspectra S)), their statis-
tical weights (singular values ;) and coefficients Vj; rep-
resenting relative contributions of S, to the i-th
experimental spectrum from the dataset (Figure 3).
Despite somewhat abstract character of the subspectra
and less common mode of presentation, practically
constant values of the coefficients V;~V;; for Na'-
samples throughout full DNA concentration range
tested here evidently means that their normalized
Raman spectra are virtually identical. On the other
hand, surprisingly linear dependency of all three coeffi-
cients V;~V; on DNA concentration for K'-samples
suggests gradual structural transition (instead of sigmoidal
one expected for conformational transition between two
or three distinct forms), probably not completed even
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Figure 2. Dependence of CD spectra of G3(TTAG;); on DNA concen-
tration at 23°C. Each sample was slowly annealed after dilution to the
final DNA concentration. Concentration of K' in all samples was
300mM. Bottom: native PAGE of K'-stabilized G3(TTAGs); at
indicated DNA concentrations. The PAGE was performed at 20°C in
30mM of PBS containing 240mM of K*, pH 6.7.

at the highest DNA concentration of 240 mM studied in
the series. Linear progression of the spectral changes in the
range of DNA concentrations usual for NMR studies is
consistent with conformational heterogeneity and coexist-
ence of multiple quadruplex structures (18,19), the reason
why attempts to elucidate K™ -structure of G3(TTAGs;)s
[or some related sequences bearing just few flanking
nucleotides, e.g. AG3;(TTAG3;);] by NMR spectroscopy
failed.

Furthermore, disclosure of three subspectra (according
to singular values and residual errors shown in Figure 3)
necessary for an adequate description of the spectral vari-
ability within full Raman dataset, corroborates persistence
of the spectral differences between the Na™- and K" -struc-
tures beyond to the lowest DNA concentrations used in
this experiment (~8 mM). Corresponding orthogonal dif-
ferences extracted by the SVD from Raman dataset are
expressed predominantly by a subspectrum S3, as can be
documented by substantial match with differential curve
shown in Figure 4 (up), where the low-DNA spectra in
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both alkali cations are compared directly for better
illustration. On the other hand, subspectrum S, can be
related primarily to spectral differences between
the high- and low-DNA structures of K'-stabilized G3
(TTAGs;)3, as evident from apparent similarity with
high-DNA differential curve between the K* and Na™
structures shown in Figure 4 (bottom).

Although the Raman spectra of Na'- and K" -stabilized
G;(TTAG3;); at the lowest DNA concentration exhibit
some spectral differences (Figure 4, top), these do not
concern the crucial Raman markers of the syn/anti-dG
conformers discussed earlier in the text. Only the minute
flip of relative intensities between 674 and 687 cm ™' bands
of dG might be interpreted as a sign of slightly higher
population of C2-endojanti-dG in the K form.
However, the changes of another syn/anti-dG markers in
the 1326/1338 cm ™' region (i.e. appearance of 1332/
1352cm ™! differential features) and opposite sign of dif-
ference at 1371 cm ™" (Figure 4) are more complex and do
not sustain changes in the syn/anti dG distribution or
rearrangement of dT-loops expected for substantially dif-
ferent geometries. Furthermore, structurally sensitive
band of symmetrical phosphodiester stretching mode at
789cm~" exhibits similar intensity and shape in both
Na"- and K'-forms at low DNA concentration
(Figure 4, top), in contrast to substantial difference ac-
companying antiparallel-to-parallel transition at high-
DNA content (Figure 4, bottom). Finally, a positive dif-
ferential feature at 1488 cm ™', the most distinct difference
between Raman spectra of K- and Na'-stabilized
low-DNA folds of G3(TTAGs); is inconsistent with
antiparallel-to-parallel transition, for which a negative
feature at the same position is expected (Figure 1). It
can be concluded that our Raman study provides meth-
odologically independent argument in favour of prevailing
antiparallel topology of the K*-G3(TTAG3); at low DNA
concentration, even though corresponding CD spectrum is
dissimilar to that of Na-stabilized antiparallel structure
(Figure 6). The CD spectrum of low-DNA K-
G;(TTAG3); has been previously interpreted as a sign of
hybrid (3+ 1) form of K'-G5(TTAG3); (22,52), identify-
ing its structure with the mixed (3+1) structures of
TTG;(TTAG3):A, TAG3(TTAG;3); (18), A3G3(TTA
G3)3AA (19) and TAG5(TTAG;);TT (20) in K™ solutions
resolved by NMR; however, at DNA concentrations by
one or two orders higher that those studied by CD.

Interquadruplex transition of K*-G3(TTAG3); is more
effective at higher concentrations of K*

Similar structural effect as induced by DNA concentration
at a fixed concentration of K™ can be seen on the increase
of K concentration at a fixed concentration of
G;(TTAGs3;);. Representative Raman spectra of thermo-
dynamically equilibrated (slowly annealed) solutions of
S0mM G;3(TTAG;);, the concentration of the order
common for NMR studies, in 100 and 500 mM of K or
Na* are shown in Figure 5. Corresponding CD spectra
and native PAGE of the samples are presented in Figure 6.

According to CD, low-salt quadruplex structure of
G;3(TTAG3;); at moderate DNA concentration (Figure 6)
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Figure 3. Dependence of normalized Raman spectra of G3(TTAG3); on DNA concentration in the presence of 250mM of K™ or Na* (150 mM of
PBS, pH 6.8, 5°C). Spectral differences between K'- and Na'-stabilized quadruplex structures and changes induced by increasing DNA concentra-
tion are expressed as abstract orthonormal factors obtained by SVD analysis (44). For better insight to real spectral differences and their extent, refer
to Figure 4 and Supplementary Figure S3. Right top corner: scheme of a G-tetrad.

is identical to that of low-DNA G;(TTAGj;); at moderate
concentration of K" (Figure 2). Corresponding Raman
spectrum (Figure 5, bottom) corroborates structural simi-
larity, exhibiting Raman features indicative for antiparal-
lel structure in the same extent as for low-DNA K*-
G3(TTAG;); in 250mM K (Figure 1). Increase in the
K™ concentration to S00mM is followed by the same
spectral changes signalling structural transition towards
parallel form, as described above on interquadruplex tran-
sition induced by DNA concentration. Difference between
high- and low-salt spectra of 50mM G;(TTAG3;);
(Figure 5, bottom) is virtually identical to Raman finger-
print pattern observed on DNA increase (Supplementary
Figure S3, bottom). On the other hand, no remarkable
structural changes occur for S0mM G3(TTAGs;); on
raising the Na™ concentration (Figure 5, top). The effect
of K concentration is more profound for higher DNA
concentrations, as will be shown later.

Rearrangement of G3;(TTAGs;); from antiparallel to
(3+1) structure is accompanied by a transition of one of
the three side/diagonal d(TTA)-loops to double-chain-
reversal conformation. In a fully parallel quadruplex,

all three d(TTA)-loops have to be double-chain-reversal.
However, on the interquadruplex transition induced by
high DNA (Figure 1) or K concentration (Figure 5),
intensity of the dT-loop marker at 611 +2cm™' is
reduced approximately to half of its initial value,
whereas intensity of the C2-endo/anti-dG marker at
581 + lem™! increases for ~20%. Consequently, a
fraction of G;(TTAGs;); quadruplexes seems to preserve
their loops in side/diagonal arrangement. The finding
seems to be in qualitative agreement with CD spectra
(Figures 2 and 6, top) that affirm partial preservation of
(3+1) and/or even antiparallel form, as can be concluded
from still intense positive CD shoulder at 293 nm.
However, up to 20% of the 611cm™' band intensity
persists even under the conditions strongly favouring
parallel quadruplex. As will be shown later, the band is
still visible even at the highest concentrations of DNA and
K™ used in the present study, well beyond DNA concen-
trations for which CD spectra exhibit just CD features of
parallel arrangement. For instance, in the Raman
spectrum of 315 mM G3(TTAGs;); slowly annealed in the
presence of S00mM K™ (Figure 8, bottom), normalized
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intensity of the 611 cm™" band still preserves ~20% of the
intensity observed for §mM G5(TTAG5;); in 100mM K™,
the later sample being considered as the least prone to
interquadruplex transition. Beyond persisting conform-
ational heterogeneity of the quadruplexes, the apparent
quantitative disagreement between intensity of the
611cm ™" band, its structural assignment and real arrange-
ment of the loops, may stem from diverse conformations
of particular dT residues constituting d(TTA)- or dTy-
loops.

Effect of thermal destabilization and annealing
on interquadruplex transition

As demonstrated above, antiparallel-to-parallel transition
of G3(TTAGs;); can be induced by increasing K™ and/or
DNA concentrations, both factors acting in synergy.
However, thermal destabilization of the antiparallel
folding spontaneously adopted by G3(TTAGs;); in the
course of quadruplex formation under the high-DNA
and/or high-K™ conditions is a third prerequisite (30).
Incidentally, protocols of sample preparation used in
some NMR studies (18,19) do not mention heating or
annealing. Effect of heating and annealing at high DNA
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between the high- and low-salt structures are shown to highlight
cation-specific spectral variance. Differential Raman features are
labelled according to their apparent maxima/minima that can differ
from the maxima/minima of the respective Raman bands.

concentrations, a task for which Raman spectroscopy
comes exceptionally useful, was thus studied in detail.
As shown in Figure 7, desalted sample of G3(TTAG:3;)3
prepared by repeated centrifugal washing with deionized
water adopts non-quadruplex structure even at DNA con-
centration as high as 520mM. Common quadruplex
markers signalling tight base-pairing within G-tetrads
(when located at 1484, 1581 and 1719 cmfl) are shifted
to the wavenumbers typical for dG hydrogen bonding
with H,O (1486, 1578 and 1689 cm™"). However, even in
the absence of stabilizing cations, G;(TTAGs;); is
probably ordered, as its spectrum contains conform-
ational marker at 837cm', which is present with
regular B-DNA-family backbone (32), and, except for
the band at 1486cm™', no Raman hypochromism
expected for substantially destacked bases (32) is
observed. After addition of K* ions (230mM) but
omitting annealing, the high-DNA G3(TTAGs;); spontan-
eously adopts antiparallel quadruplex structure, as can be
documented by appearance of syn-dG markers (671 and
1327cm™") and dT marker of lateral/diagonal d(TTA)-
loops (612 cm™"). The K *-structure is close to the antipar-
allel Na'-folding formed under the same DNA and Na*
concentrations, as seen from the match of their Raman
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Figure 6. Top: CD spectra of 50mM G;3(TTAGs;); in the presence of
100 and 500mM of Na® or K. Positive bands at ~245 and ~293nm
and negative band at ~265nm affirm antiparallel foldback of the Na*-
stabilized G3(TTAG;);, regardless of the Na' concentration. Even
though without negative band at ~265nm, the CD spectrum of
100mM K™ -stabilized G3(TTAGs;); was recently proven to be indica-
tive for essentially the same antiparallel topology as adopted by Na'-
stabilized quadruplex (30), contradicting the previous interpretation
attributing CD spectra of this shape to hybrid (3+1) form (18,19,22).
Transition to the parallel structure via hybrid (3+1) forms is
accompanied by appearance of a strong positive band at ~263nm,
decrease of the positive band at ~290nm and the presence of
negative band at ~240nm (30), the CD features visible in the
presence of 500mM K. Bottom: native PAGE of 50mM
G3(TTAG3); in 100-500mM of K before heating (N) and after slow
annealing (A). The PAGE was performed at 20°C in 30mM PBS con-
taining 300mM K" in total, pH 6.7.

spectra and respective differential curves (Figure 7, no-K™
and no-Na® curves). Although Raman difference
spectrum between ‘unheated” K'- and Na'-stabilized
quadruplexes at high-DNA (330mM) reveals some
spectral differences (Figure 7, K™-Na® curve), they
are virtually identical with those depicted in K*™—Na"
difference spectrum of G3(TTAGs;); slowly annealed
at low-DNA conditions of 8 mM (Figure 4, top). It can
be suggested that, according to Raman markers, structure

—— no alkali cations 38
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Figure 7. Spectral differences between non-quadruplex G;(TTAGs;);
structure at extremely high DNA concentration (520mM; no alkali
cations present) and initial quadruplex structures adopted by highly
concentrated G3(TTAG3;); (330mM) after adjustment of K* or Na®
concentrations to 230 mM, but before annealing.

of KT'-stabilized G3(TTAG;); quadruplex formed at
extremely high DNA concentration before heating/an-
nealing is virtually identical with that of the thermo-
dynamically equilibrated K -structure formed at
low-DNA conditions by a standard annealing. Raman
spectra of freshly prepared unheated K'-samples were
found to be independent of G3;(TTAGs3;); concentration.
However, if the unheated high-DNA solutions remain
standing for several days at room temperature, Raman
signs of antiparallel-to-parallel transition begin to
appear slowly.

The spontaneously adopted antiparallel structure of
K" -stabilized G3(TTAG3); is evidently not a thermo-
dynamically most stable quadruplex arrangement, espe-
cially at extremely high DNA concentrations. For
example, when heated to 95°C and rapidly (in <1 min)
cooled down to room temperature, partial (~50% accord-
ing to differential Raman features) switching to the
parallel form is achieved, as evident from the comparison
with a slowly annealed sample (Figure 8, top). The effect is
synergically amplified by increasing concentration of K™,
as the difference between rapidly cooled and slowly
annealed differential Raman spectra becomes smaller in
500mM K* (Figure 8, bottom). By decreasing the
G3(TTAG3); concentration, the differences between
unheated, rapidly cooled and slowly annealed Raman
spectra decrease rapidly, becoming virtually indiscernible
<100mM DNA in 230mM K", although yet still well
apparent for 30mM G;(TTAG;); in 500mM K*. For
Na“-stabilized G3(TTAGs);, no such dependence on
heating/annealing was observed.

To better understand thermal destabilization of initial
antiparallel K*-form of G3(TTAG5); and interquadruplex
switching under DNA concentrations inaccessible to CD
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Figure 8. Effect of the annealing mode and K' concentration on
G3(TTAGs3); quadruplex structure at extremely high DNA concentra-
tion. Raman spectra of 330 and 315mM G;(TTAG;); in the presence
230 and 500mM of K", respectively, before thermal denaturation (No)
and after fast (Fast) and slow (Slow) annealing. Differential spectra
between thermally destabilized, thermodynamically equilibrated and
initially adopted K'-stabilized G;(TTAGs;); structures are shown to
depict differences.

or absorption measurements, annealing process was moni-
tored by Raman scattering on the temperature increase
and decrease. The 330mM of G3(TTAGs;); in 230 mM
of K" was heated continuously from 10°C to 95°C and
then cooled down at the rate of ~1.5°C/min. The SVD
analysis of the entire Raman dataset sorted out spectral
changes common for an overall denaturation/renaturation
process of both quadruplex structures (S,, V), and
separated them from the features reflecting structural dif-
ferences between respective quadruplexes (S3 Vi
Supplementary Figure S4). As evidenced by a close
match of temperature dependencies of the V;, coefficients
on the temperature increase and decrease, overall
renaturation curve (giving rise to the parallel quadruplex)
follows well denaturation curve of the antiparallel
quadruplex (Supplementary Figure S4). On the contrary,
orthogonal subspectrum S and coefficients V;; clearly dis-
criminate between antiparallel and parallel folds, except
for the temperatures >77°C when Raman spectra
measured on temperature increase and decrease become
identical.
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Figure 9. Heating and cooling Raman profiles of selected Raman
bands sensitive (581, 611 and 1485cm™") and insensitive (837, 1581
and 1719cm™") to antiparallel-to-parallel switching of the K -stabilized
G3(TTAG3); quadruplex. Initially, antiparallel K*-quadruplex
(330mM), spontaneously formed on addition of 230mM K', was
heated from 10°C to 95°C and then cooled down at the same rate of
~1.5°C/min.

To better depict different temperature dependencies of
the Raman features sensitive and insensitive to quadruplex
arrangement, spectral parameters of selected bands are
shown in Figure 9. Raman marker of regular
B-DNA-family backbone (837cm™') and general
markers of interbase hydrogen bonding within G-tetrads
(position and intensity of the ~1581 and ~1719cm™'
bands, respectively) affirm reversible melting of the
sugar-phosphate backbone and similar strengths of the
N2H and O6 hydrogen bonds within G-tetrads in K-
stabilized antiparallel and parallel forms under the
present DNA and K" concentrations. On the contrary,
newly established C2-endo/anti-dG marker at 581 cm™",
the 611 cm™! marker of the lateral/diagonal arrangement
of d(TTA)-loops and an indicator of strong Hoogsteen
hydrogen bonding at N7-dG (1485cm™") exhibit more
complicated temperature dependences (Figure 9).
Convergence of the 581, 611 and 1485cm™ melting
curves of unheated antiparallel G;(TTAGs); towards
renaturation curves leading to formation of the parallel
quadruplex at low temperatures (indicated by the 837,
1581 and 1719cm™" bands; Figure 9) implies thermally
induced structural switching of the antiparallel folding
to a parallel-like arrangement that precedes complete
quadruplex unfolding and complete disintegration of
G-tetrads at  higher temperatures. Denaturation/
renaturation profiles exhibiting similar convergence were
reported recently by CD spectroscopy for K™ -stabilized
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Gy(T2Gy)3 Tetrahymena quadruplex (53), and interpreted
as a sign of thermally induced conversion of intramolecu-
lar antiparallel conformers to more stable parallel forms.
Poor reversibility observed during the first cooling of the
melted sample was ascribed to the slow kinetics of the
formation of antiparallel conformers (53). A similar pref-
erence for parallel structure after thermal destabilization
of spontaneously preformed antiparallel quadruplex can
be seen here for K -stabilized G5(TTAGs5)s. Once slowly
annealed, K™-stabilized parallel form of G3(TTAGs)s
melts reversibly without any hysteresis, as can be
evidenced by a close match of denaturation and
renaturation profiles visualized by a factor analysis
(Supplementary Figure S6).

It is worthwhile to note that under the extreme DNA
and K™ concentrations, unheated samples constitute clear
and relatively non-viscous solution, which turns irrevers-
ibly into a solid gel after annealing. Increased viscosity or
gelation after annealing was observed also for extremely
high-DNA samples at moderate K" concentrations (200
300mM). As the interquadruplex transition induced by
DNA concentration assumes some physical contacts
between G3(TTAG;); molecules, a question about mo-
lecularity of the parallel form arises. According to electro-
phoretic mobilities, the samples identified by CD and
Raman spectra as K -stabilized parallel quadruplexes
migrate preferentially as monomers, although slowly
migrating continuous smear indicates the presence of
multi-molecular structures, especially in the samples
annealed at the highest K™ and DNA concentrations
(Figures 2 and 6). Except for a weak band at the
position corresponding to a bimolecular form visible in
Figure 2, the smear lacks any structure. We suppose that
the presence of the monomer band and slowly migrating,
unstructured smear corresponds better to a wide distribu-
tion of the self-stacked associates consisting of intramo-
lecular parallel quadruplexes (30) than to four-molecular,
four-stranded parallel structures or multi-molecular,
locally four-stranded parallel structures with out-of-
register alignment of adjacent strands. As four- and
multi-molecular parallel quadruplexes are more thermo-
dynamically and kinetically stable than the higher-order
self-associates of monomeric quadruplexes, their forma-
tion as well as disintegration should be less probable
and slower than in the case of self-associates. The latter
can be thus, under the diluting conditions of electrophor-
esis, disintegrated into the monomers much easier and
faster than the four- and multi-molecular parallel
quadruplexes, and it could better explain appearance of
the monomer band in PAGE. In the case of molecular
crowding induced by DNA itself, the self-association by
stacking is a factor stabilizing parallel arrangement of
each individual G3(TTAGs;); quadruplex. On the other
hand, such a self-association requires quadruplexes with
parallel or at least (3+ 1) intramolecular arrangement (30).

CONCLUSIONS

It is generally accepted that quadruplex structures
determined for crystalline states cannot be uncritically

transferred to solutions. Less accepted is a fact that even
quadruplex structures determined by NMR in solutions at
relatively high DNA concentrations can differ from those
existing in more dilute solutions investigated by absorp-
tion and CD spectroscopies.

By means of Raman spectroscopy that can be applied
over wide range of DNA concentrations, we demonstrate
here that quadruplex structure of K'-stabilized
G;(TTAGs3)s3, the shortest four-repeat model of human
telomeric quadruplex, depends on DNA concentration,
as well as on the mode of sample preparation. Complex
interplay of DNA and K' concentrations with other
factors affecting quadruplex structure, for example,
presence or absence of thermal destabilization and anneal-
ing in protocols, storage conditions and time elapsed
between the sample preparation and measurement, could
be the reason why distinct K -stabilized quadruplex struc-
tures of human telomeric sequences were reported by
various experimental methods using DNA concentrations
differing by orders of magnitude. Raman spectroscopy
could be of great benefit in the current effort to better
understand quadruplex structural properties under the
crowding conditions existing in cells.
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Detailed interpretation of Raman markers diagnostic of quadruplex structures

Structural interpretation of the conventional non-resonant Raman spectra of G3(TTAGs;); quadruplexes is
based on the ultimate Raman studies of interquadruplex switching between antiparallel and parallel forms of
Oxytricha telomeric sequence (T4G4)4 controlled by the type, concentration, and molar ratio of Na" and K"
cations (34, 35). Raman markers established there, refined in subsequent Raman studies (36-39) and
catalogued (32, 39) are listed in Supplementary Tab. S1. Since human telomeric sequences incorporate also
dA residues, proper assignment of the G3(TTAGj;); spectra has required analysis of dA contribution missing
in the previous Raman quadruplex studies. Raman spectra of homooligonucleotides (dG);s, (dT);s and (dA);s
in Na'- and K'-PBS have been acquired (Supplementary Fig. S1) and used for spectral interpretation
(Supplementary Fig. S2).

Quadruplex Raman markers can be assorted according to structural information that they provide. There are
(i) markers signaling formation of G-tetrads and constitution of the quadruplex, (ii) markers sensitive to
conformation of dG residues distinguishing between C2’-endo/anti and C2’-endo/syn conformers, (iii) the
bands sensitive to the arrangement of dT-loops, and (iv) markers of overall geometry and regularity of the

sugar-phosphate backbone.

(i) Markers sensitive to formation of G-tetrads

Raman signatures of G-tetrad formation concern structurally informative dG bands located at ~1483+2,
15811 and 1719+3 cm™. The bands are sensitive to the strength of hydrogen bonding at dG-N7, dG-N2H
and dG-06, respectively (see G-tetrad scheme in Fig. 3), distinguishing thus stronger hydrogen bonding of
dG within G-tetrads from weaker bonding to surrounding H,O.

Major contribution to the intensity of the most intense Raman band of G;(TTAG;); at ~1483+2 cm’ comes
from vibrations of dG residues, although there are some minor contributions from dA and dT bands at ~1486
and 1483 cm’, respectively (Supplementary Fig. S2). The band is sensitive to Hoogsteen hydrogen bonding
between dG-N7 serving as an acceptor and the donor dG-N2H group (32). In single-strands and B-DNA
duplexes, the band typically occurs at ~1486 — 1490 cm™ due to weak hydrogen bonding with H,0, and
downshifts for ~ 6 — 9 cm™ upon formation of Hoogsteen hydrogen bonds within G-tetrads (34, 39).
According to the present study on Gs(TTAGs)s, exact position of ~1483+2 cm™ band is sensitive to
interquadruplex transition induced by K and DNA concentration, as well as to the type of stabilizing cation.
The band located at 1484 cm™ in 100 mM K slightly downshifts (~1 cm™) and decreases in intensity (~10%
hypochromism) as the concentration of K* increases to 500 mM (Fig. 5). Similar changes can be observed on
the antiparallel-to-parallel interquadruplex transition induced by high DNA concentration (Fig. 1 and
Supplementary Fig. S3). On the other hand, the same relative downshift and decrease in intensity at ~1483
em™ can bee seen in Raman spectrum of (dG);s in 200 mM K' in comparison to 200 mM Na' solution
(Supplementary Fig. S1), albeit (dG);s evidently forms an intermolecular parallel four-stranded quadruplex

(36) with both cations. Additional downshift of the ~1483+2 cm™ band may thus indicate minor changes in

S2



Attachments 210

the microenvironment of the five-membered imidazole ring of dG due to dG-syn/dG-anti glycosyl
reorientation, as well as cation-dependent differences in hydration of the grooves or in the stacking of G-
tetrads. However, as demonstrated by Raman melting profile of K -stabilized G3(TTAG;); quadruplex (Fig.
9 and Supplementary Fig. S6), thermal dependency of the position of 1484 cm™ band exhibits rather
complicated behavior impeding simple and straightforward interpretation of the downshift.

Quadruplex band at ~1581+1 cm™ is sensitive to hydrogen bonding at exocyclic dG-N2H donor site. The
band exhibits downshift to ~1574 cm™ on the quadruplex melting (Fig. 9 and Supplementary Fig. S5). For
G;3(TTAG:;); adopting a single-strand non-quadruplex structure (e.g. in the absence of stabilizing cations), the
band is located at 1578 cm™ (Fig. 7). According to our study using solvent- and background-corrected,
normalized Raman spectra with precisely calibrated wavenumber scales, the position and intensity of the
~1581+1 ecm is virtually insensitive to the type of stabilizing cation, as well as to interquadruplex transition,
since no significant spectral changes are observed on the K'/Na' replacement (Fig. 4), and on the
antiparallel-to-parallel transition induced by increased DNA or K* concentration (Figs. 1 and 5). Relative
insensitivity of the ~1581+1 cm™ band to interquadruplex switching contrasts with high sensitivity of the
nearby located ~1483+2 cm™ band.

Information on the formation of G-tetrads and on the strength of hydrogen bonds can be drawn also from a
weak but clearly resolvable shoulder at ~1719+3 cm™ that is sensitive to participation of the dG-O6 in the
interbase hydrogen bonding with dG-N1H (39). In non-quadruplex structures the band is located at ~1688+3
cm™ (Fig. 7). Intensity of the band seems to be insensitive to the interquadruplex transition (Fig. 9), and can

thus serve as an indicator of general quadruplex structure.

(ii) Markers sensitive to C2’-endo/anti and C2’-endo/syn conformation of dG

Raman bands at 686+2 and 1338+2 cm’ were ascribed to C2 -endo/anti conformers of dG (32, 34-36, 39).
On the other hand, shoulder at 671+2 and the band at 1326+2 cm™ indicate C2-endo/syn-dG. Structural
transition of antiparallel-to-parallel G3(TTAG;); comprises increase in the population of C2 -endo/anti-dG at
the expense of C2-endo/syn-dG, as can be illustrated by relative intensity increase of the bands at 686 and
1338 cm™, accompanied by intensity decrease of the shoulder at 671 cm™ and the 1326 cm™ band (Fig. 1).
Although there is no doubt that syn/anti-dG Raman markers qualitatively indicate antiparallel-to-parallel
transition of K'-stabilized G3(TTAGs;);, identification of the initial and final structures and accurate
quantification of the number of dG residues concerned in the transition simply from Raman spectra are
neither straightforward nor simple. As C2’-endo/syn and C2’-endo/anti populations of dG residues in
antiparallel G3;(TTAGs;); are equal whereas parallel structure consists exclusively of C2’-endo/anti-dG
conformers, one could expect twofold intensity increase at 686 and 1338 cm’ and disappearance of the
bands at 671 and 1326 cm™ upon complete transition from fully antiparallel to fully parallel folding. On the
other hand, antiparallel and (3+1) quadruplex structures, differing in a single dG residue switched from C2 -
endo/syn to C2’-endo/anti, are expected to be distinguishable due to 6:6 and 5:7 intensity ratio of the
corresponding Raman markers, respectively. Unfortunately, because of the complicated overlap with

neighboring Raman bands (Supplementary Fig. S1 and S2) and resulting ambiguity in the absolute non-
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Raman background, reliable decomposition of the syn-dG/anti-dG markers into separate bands and
quantification of their absolute intensities is affected by a substantial uncertainty. Although relative intensity
changes can be evaluated rather accurately from differential Raman spectra, the baseline for quantification of
the number of dG residues involved in a transition is rather unsure. Consequently, Raman-based conclusions
on the K™-structures of G3(TTAG;), especially differentiation between antiparallel and (3+1) K*-forms, have
to be supported by a careful and critical comparison with Raman spectra of the Na'-stabilized, undoubtedly
antiparallel G3(TTAGs3);, taking into account particularities of vibrational spectroscopy (i.e. possible non-

uniformity of Raman cross-sections of the respective syn-dG/anti-dG vibrational modes).

(iii) Markers sensitive to arrangement of dT-loops

The band at 611+2 cm™ was initially assigned as a marker of C2’-endo/syn-dG (34), since its intensity
strongly decays on the antiparallel-to-parallel quadruplex transition of (T4Gy4)s (35). Later, on the basis of
protium-deuterium exchange (36), the band was reassigned to dT conformer preferred within lateral dT,-
loops of the antiparallel foldback of Oxytricha (T4G4)s (36, 39). No suitable precursor of the band can be
found in Raman spectra of (dA)s, (dG);s and (dT);s (Supplementary Figs. S1 and S2). Furthermore, the
611+2 cm’™ band was reported not to appear in non-telomeric sequences d(TG)g and dT¢(TG)s containing dT,,
tracts, but organized in other structures than dT-loops (38, 39). The band is missing also in other dT-
containing structures such as A- and B-DNA duplexes (36, 39). On the other hand, it appears at 615 cm™ in
the Raman spectra of intramolecular triple helices consisting of purine and pyrimidine tracts interconnected
by dT, loops (46). It is thus speculated (36, 39) that the 6112 cm™ band is a marker of an unusual C2 -
endo/syn-dT conformer, occurrence of which was suggested to be restricted exclusively to lateral (edgewise)
or diagonal loops of foldback quadruplexes or in other dT-loop-containing DNA structures. Disappearance
of the 61122 cm™ band indicates rearrangement of the loops to double-chain-reversal orientation typical for
intramolecular parallel quadruplex. If the band assignment (32, 36, 39) is valid, then, according to our results
on G3(TTAGs3);, it could serve as a more universal Raman marker distinguishing between side/diagonal and
double-chain-reversal loop arrangement also for dT-loops incorporating dA residue.

Since the 611+2 cm™ band is located in the low-wavenumber region containing few relatively separate bands
with simple non-Raman baseline and negligible overlaps, it is suitable for quantitative analysis. The low-
wavenumber region below 650 cm™ was only partly exploited in the previous Raman studies (32, 34-36, 39).
In addition to the 6112 cm™ marker, the region contains four relatively separate bands at 499+2, 5341,
5641 and 5811 cm”. Two of them (499+2 and 581+l cm™) exhibit intensity variations on the
interquadruplex transition induced by increase of K and DNA concentration (Figs. 1, 3, 4 and 5). Although
the spectral changes of the relatively weak low-wavenumber bands may seem to be tiny, they are highly
reproducible and constitute characteristic pattern easily recognizable in differential Raman spectra whenever
the well-established Raman markers 671/686 cm™ and 1326/1338 cm™ indicate syn/anti transition of dG
residues.

For the Na'-stabilized antiparallel G3(TTAGs);, the bands at 581+1 and 61142 cm™ are of comparable

heights. Similar intensity ratio can be seen in the Raman spectra K'-stabilized G3(TTAGs); under the
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conditions favoring antiparallel quadruplex structure (low-K', low-DNA). However, detailed comparison of
the putative Na'- and K -antiparallel folds reveals slight differences, e.g. downshift (I cm™), narrowing and
intensity decrease (~15%) of the 611+2 cm™ band in the K'-form. On the interquadruplex transition induced
by high K and DNA concentration, intensity of the 61142 cm™ band is reduced, whereas intensity of the 581
cm’ band increases.

The 499 + 2 cm™ band was formerly assigned to the scissoring mode of the phosphodioxy (PO,’) group (47).
Its shape and intensity can be satisfactorily explained as a simple linear combination of the band precursors
present in the spectra of the corresponding homooligonucleotides (Supplementary Fig. S2) with the main
contribution coming from dT residues. The band is slightly more intense at lower K concentrations or in the
presence of Na' (regardless of the Na* concentration), probably reflecting higher flexibility of the sugar-
phosphate backbone of d(TTA)-loops in the antiparallel G3(TTAG;); backfold. Unlike the 499 cm™ band, the
principal contribution to the band at 581 cm™ comes from dG residues (Supplementary Figs. S1 and S2). Its
intensity increases on the interquadruplex transition induced by high concentration of K" or DNA, and
follows increase of 686 and 1338 cm™ markers of C2’-endo/anti-dG. Albeit weak, the change evidently
indicates quadruplex switching to parallel structure. Slight but apparent intensity decrease of the 499 cm™
band accompanied by comparable intensity increase of the 581 cm™ band can be suggested as a new
signature of the antiparallel-to-parallel quadruplex transition.

The band at ~1370 cm™ is dominated by the most prominent Raman band of dT (at 1376 cm™ in single-
strand (dT);s, Supplementary Fig. S1), however with some contributions from dG and dA providing their
own precursors at 1363 and 1380 cm™, respectively (Supplementary Fig. S1). Intensity of the dT band near
~1375 - 1380 cm™ in B-DNA duplexes was previously reported to increase with increasing hydrophobicity
of the environment of dT methyl groups (51). Consequently, an intensity decrease at 1370 cm™ observed in
G3(TTAGs3); on the increase of K™ may be interpreted as easier accessibility of the solvent molecules to dT
methyl groups in double-chain-reversal d(TTA)-loops of (3+1) or parallel quadruplexes than in the
lateral/diagonal loops of the antiparallel fold. Although real molecular mechanism explaining intensity
change of the dT band may be different, we suggest that it reflects rearrangement of d(TTA)-loops and can

serve as Raman marker of the loop arrangement.

(iv) Markers sensitive to overall geometry and regularity of the sugar-phosphate backbone

Raman spectra of Na'- and K'-stabilized G3(TTAG;); quadruplexes display DNA phosphate markers at
837+1 and 1093+1 cm” (Fig. 1). Positions of both markers indicate that phospodiester (O-P-O) and
phosphodioxy (PO;) groups have the local geometries similar to canonical B-DNA (32, 34). Whereas
position and shape of the 8371 cm™ band seem to be insensitive to interquadruplex transition, band
broadening, intensity decrease and finally disappearance is observed on the quadruplex melting at increased
temperatures (Fig. 9). On the other hand, intensity of the 1093+1 cm™ band associated with PO,” symmetric
stretching mode remains largely unchanged on the quadruplex melting, and can serve as intensity standard

for Raman melting studies (45).
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Further Raman marker characteristic for regular B-DNA-family backbone (32, 34), but diagnostic for
antiparallel-to-parallel transition of G3(TTAGs),, is a broad band with a maximum at 788+2 cm™ (Figs. 1, 4
and 5). The band consists of spectral contributions from dG, dT as well as dA residues (51) (Supplementary
Figs. S1 and S2). Previously it was attributed to symmetrical stretching mode of the phosphodiester (O-P-O)
group (48-50). The band gradually downshifts from ~788 to 786 cm™ (with an intensity increase at the short-
wavenumber side) on the antiparallel-to-parallel transition induced by high concentration of DNA or K" (Fig.
1, 4 and 5). It is likely that the sharp differential feature located at ~781 cm™ in all differential spectra
between parallel and antiparallel G3(TTAGs;); forms is primarily due to rearrangement of the quadruplex
sugar-phosphate backbone involving mainly dG (and to a lesser extent dT) residues since the same feature
can be found in differential Raman spectra describing antiparallel-to-parallel transition of Oxytricha

quadruplex (T4Gy), (35) containing no dA residues.

Reliability of spectral differences revealed in Raman spectra

Although spectral changes of several Raman bands of moderate and weak intensities may seem to be too
small to be identified reliably, their statistical significance is assured by the mode of data acquisition and
treatment used in the present work. Instead of visual inspection and identification of the differences in few
intentionally selected Raman spectra obtained under particular physico-chemical conditions, multivariate
SVD methods (44) are applied to extensive Raman datasets to take into consideration also inherent spectral
variabilities caused by uncontrollable variations of experimental conditions (day-to-day fluctuations,
different signal-to-noise ratio, uncertainties in the background- and solvent-correction, different batches used
for sample preparation). Representative Raman spectra represent average spectra extracted from several
measurements realized on different days under the identical experimental conditions, often by using
oligonucleotides from different syntheses. By means of advanced multivariate SVD methods (44), inherent
variabilities within datasets consisting of several Raman spectra belonging to the same particular structure or
state, were evaluated for their statistical significance. Spectral differences between Raman spectra of two
different structures were considered as significant merely in the case when corresponding spectral variability
between two datasets was significantly greater (at least 5x) than the spectral variability within a dataset
describing identical structure. Instead of comparing two intentionally selected spectra taken under different
physico-chemical conditions, spectral differences were recognized by the multivariate SVD methods in the
spectral series (consisting of dozens of spectra) obtained with gradually varied intensive variable
(concentration, ionic strength, temperature, time). Continuous dependence of the spectral difference as a
function of an intensive variable was regarded as a further sign of reliability and evidence of real existence of
structural differences behind. For a presentation in a more common mode, Raman spectra corresponding to
the edges of the interval of intensive variable under the study have been extracted and their difference used

to better highlight spectral differences.
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Table S1. Raman markers diagnostic of quadruplex structures

Mark[ecl;lgf)]sition Assignment Diagnostic of telomeric fold or structure
499 +2 sc PO, , dT, dG stronger in ap-Q
581 +1 dG stronger in p-Q
611+2 dT, and d(TTA) loops lateral or diagonal loops in ap-Q or hairpin
671 +£2 C2’-endo/syn-dG stronger shoulder in ap-Q
686 +2 C2’-endo/anti-dG stronger in p-Q
7811 0-P-0, dG, dT, dA stronger in p-Q
837+1 0-P-O0 marker of regular B-type bk
1093 £1 POy intensity standard
1322 C2’-endo/syn-dG non-Q
1326 £2 C2’-endo/syn-dG stronger in ap-Q
1338+2 C2’-endo/anti-dG stronger in p-Q
13711 dT stronger in ap-Q
1483 £2 dG-N7 strong Hoogsteen H-bond | ap-Q or p-Q; downshift and hypochromism in p-Q
~1486 dG-N7 weak H-bond to H,O non-Q
~1578 dG-N2H H-bond to H,O non-Q
15811 dG-N2H interbase H-bond ap-Q or p-Q
1688 +2 dG-06 H-bond to H,O non-Q
1719+3 dG-06 interbase H-bond ap-Q or p-Q

Data compiled from ref. (32, 34-36, 39, 46-51) and this work.

Abbreviations: ap-Q, antiparallel quadruplex; p-Q, parallel quadruplex; non-Q, non-quadruplex; bk,

backbone; sc, scissoring vibration
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Figure S1. Normalized solvent- and background-corrected Raman spectra of (dG);s, (dT);s and (dA),s in 30
mM PBS (pH 6.8) containing 200 mM of Na" or K" in total. Oligonucleotide concentration was 1.3 mM (in
the strand, 20 mM in nucleoside) and the spectra were taken at 5°C. Difference spectra between K and Na'-
solutions are shown to highlight cation-specific spectral variance. Under the conditions used, (dA);s and
(dT);s adopt single-stranded B-DNA helices of similar structures in both alkali solutions, whereas (dG);s
evidently forms four-stranded intermolecular parallel quadruplex exhibiting structural differences between

Na'- and K "-stabilized forms.
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Figure S2. Comparison of experimental Raman spectra of G3(TTAG;); in 500 mM Na” (top) or K™ (bottom)
and the synthetic spectra constructed as linear combinations of the Raman spectra of (dG);s, (dT);s and
(dA);s (in 200 mM Na” or K*; Fig. S1). Proportional contributions from constituent nucleotides are shown to

depict origin of individual Raman bands. Positions of the bands relate to the experimental spectrum.
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Figure S3. Cation-specific effect of high DNA concentration on the quadruplex structure. Normalized
Raman spectra of G3(TTAGj3); at low (~8 mM) and high (~240 mM) DNA concentration in the presence of
250 mM of Na (top) and K" (bottom) are compared in detail.
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Figure S4. Factor analysis of the spectral changes observed in the course of annealing. K -stabilized (230
mM K") antiparallel quadruplex G3(TTAG;); (330 mM in nucleosides) was heated continuously from 10 to
95°C and then cooled down. Rate of temperature increase/decrease was ca 1.5°C/min. Only the most
important orthogonal spectral components describing differences related preferentially to overall
denaturation of the quadruplex structures (S,, Vi) and to interquadruplex transition (Ss, Vi3) are shown for

clarity.

S11



Attachments

219

Raman Intensity

1485
©
N

o
@)

<
~
wn
-

686
1093

1338
1370
1483
1580
(]
@)

2
0
©
©
—

600 800

1000 1200 1400 1600 180C

Wavenumber [cm'1]

Figure S5. Spectral changes induced by thermal melting of preformed (by slow annealing) parallel K'-
stabilized quadruplex G3(TTAGs3);. DNA concentration of 250 mM (in nucleoside), in 250 mM K™ (30 mM

PBS, pH 6.8). Intermediate traces show the differences between the spectrum of fully ordered quadruplex

(2°C) and selected spectra taken at the temperatures indicated. Factor analysis of the full dataset comprising

46 temperature-equilibrated Raman spectra taken on the temperature increase and decrease is shown in Fig.

S6.
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Figure S6. Factor analysis of the spectral changes induced by thermal melting of preformed (by slow
annealing) K '-stabilized parallel quadruplex G3(TTAG;);. DNA concentration of 250 mM (in nucleoside), in
250 mM K" (30 mM PBS, pH 6.8), temperature range 2 — 92°C. Analysis comprises dataset of 46
temperature-equilibrated Raman spectra taken on the temperature increase as well as decrease. Selected
spectra are shown in Fig. S5 to better depict temperature-induced spectral changes. The third orthogonal
spectral component S; resolved by SVD is needed to describe the specific temperature dependence of the

1483 ¢m™ band which differs from thermal behavior of the other bands.
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Abstract. In the present work, real ability of a confocal Raman microspectroscopy to monitor chemical composition of the
vacuoles within living yeast cells was investigated and critically assessed. Simple, economical, and practical protocols of the
yeast immobilization suitable for less laborious, high-throughput, and spatially resolved Raman measurements were tested for
their possible impacts on physiological states and viability of the cells. We have demonstrated that, acquiring Raman spectra
from statistically sound sets of immobilized cells and employing advanced multivariate methods for spectral analysis, the
chemical composition of the yeast vacuoles can be reliably studied. The most easily and accurately quantifiable seems to be the
concentration of polyphosphates which can be unambiguously identified due to unmistakable Raman features. Our approach
can be useful for routine, label-free, and noninvasive monitoring of the chemical composition of the vacuoles of living yeasts
exposed to various stress factors, the information important in biomedical research of pathogens.

Keywords: Raman microspectroscopy, living cell, yeast, vacuole, chemical composition, polyphosphate, Candida albicans

1. Introduction

The yeast Candida albicans is an opportunistic human pathogen representing serious threat to
immunocompromised individuals. It exhibits considerable metabolic flexibility, which enables the
fungus to colonize host niches as diverse as skin, blood, oral cavity, or vaginal mucosa. C. albicans
can survive under severe nutrition limitations and escape host immune defense [1]. Recent studies have
shown significance of vacuoles for adaptation of C. albicans to these changing environments. Vacuoles
serve as stores of amino acids, ions, and numerous metabolites. They are involved in pH homeostasis
and osmoregulation, and they play a crucial role in digestion of proteins and recycling of nutrients
[2, 3]. A C. albicans mutant that lacked recognizable vacuoles was not able to kill host macrophages
[4]. Information about the chemical composition of the vacuoles within living cells exposed to various
external factors could thus be of great importance for development of novel antifungal strategies.
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In the last decade, confocal Raman microspectroscopy has been repeatedly shown as promising
contactless and nondestructive method suitable for determination of intracellular chemical composition
and chemical imaging of living cells [5]. However, attempts to employ Raman microspectroscopy
for routine use in microbiology should cope with numerous technical and methodological problems,
for example, adequate fixation assuring both immobility and viability of the cells during exposure to
laser beam, compromise between requirements for high spatial resolution and inherent weakness of
Raman signal, long acquisition times needed to improve signal-to-noise ratio, discrimination of spectral
contributions from cultivation media and supporting materials, acquisition of statistically sound datasets
and their treatment, as well as interpretation of complicated Raman spectra in the terms of concentrations
of chemical constituents.

In the present work, applicability of the confocal Raman microspectroscopy for determination of
chemical composition of the vacuoles within living yeasts was tested and critically assessed. Using both
microscope slides and coverslips functionalized by poly-L-lysine, simplified and less laborious immo-
bilization of the yeast cells was achieved. The mounts were found to be suitable for high-throughput,
spatially resolved Raman measurements. As the immobilized yeasts immediately stopped their cell cycle
due to the washing with water, they remained alive during several hours, and it was possible to acquire
Raman spectra from vacuoles of numerous cells. Using advanced multivariate methods [6, 7], mean
Raman spectra of the vacuoles throughout the yeast cultures were extracted and compared. Among all
specific compounds localized in this compartment, vibrations of polyphosphate appeared to be the most
easily and accurately quantifiable characteristic. We show that Raman microspectroscopy can be used in
future experiments as a tool to analyze vacuoles of Candida yeasts cultivated under different nutrition
conditions, exposed to various stress factors, and/or existing in different physiological states.

2. Materials and Methods

The C. albicans strain used for this work was clinical isolate HE 169 obtained from the mycological
collection of the Faculty of Medicine, Palacky University, Olomouc, Czech Republic. The yeast cells
were incubated at 37°C in a nutrient-rich YPD medium (2% peptone, 2% glucose, 1% yeast extract).
Aliquots of the cell suspension were gently centrifuged (500 xg for 2 min), washed two times with
water, and finally resuspended into the fivefold less amount of water. Few microliters of the suspension
were applied to a poly-L-lysine-coated slide, covered with a poly-L-lysine-coated coverslip, and sealed
with a clear nail polish. When applying appropriate amount of the cell suspension and gently pressing
the coverslip against the slide, combination of the spatial restriction with chemical fixation immobilized
the cells in a single layer. The cells were thus in contact with the slide as well as with the coverslip.
To eliminate autofluorescence of the glass substrate, fluorescence-free borofloat slides and coverslips
(nexterion, schott) were used.

Raman spectra were taken on confocal Raman microspectrometer LabRam HR800 (Horiba) with
a He-Ne laser excitation 632.8 nm (3-8 mW at the sample). To obtain well spatially-resolved Raman
spectra restricted to the vacuole volume, the 100x oil-immersion objective (NA 1.40) was used in combi-
nation with relatively small confocal pinhole (200 xim) to eliminate Raman signal from the coverslip and
the slide. Raman spectra in the range 500-3900 cm~! were collected using acquisition time of 60 s per a
cell. Typically, Raman spectra of 50-80 different cells from the same mount were collected. Advanced
background- and medium-correction procedures based on singular value decomposition (SVD) methods
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were used for spectral treatment [7]. Statistical evaluation of datasets and visualization of their spectral
variability were based on the factor scores provided by SVD analysis. Finally, the spectra were normal-
ized using the band of water OH-stretching vibrations at ~3400 cm~! as an internal intensity standard.

3. Results and Discussion

The main problem in Raman microspectroscopy and imaging of nonadherent living cells is their
immobilization. The cells should be attached to the solid surface; however immobilization should not
influence negatively their physiological status or spectral measurements. In the case of living cells it is
also important that the immobilization procedure is fast and does not represent excessive stress. From
that point of view, the protocols relying on the immobilization in polymer matrices (agar, agarose, pectin,
gelatin) at elevated temperatures or use of high-viscosity media were found unsuitable for routine Raman
experiments due to the risk of thermal shock or spectral contribution from immobilizing medium. As an
alternative, we have tried to immobilize Candida at the slides modified by poly-L-lysine. The cells were
either left in a cultivation medium or washed by a pure water, dropped on a slide, and observed directly
by a water-immersion objective or covered with a coverslip and observed by an oil-immersion objective.
However, immobilization by a contact with a single functionalized surface proved to be insufficient for
Raman measurements. Even slow motion of the cell during the acquisition, moreover, often escalated by
optical tweezers effect of the laser beam completely disrupted spatial resolution. Therefore, combination
of the slides and coverslips both functionalized by collagen or poly-L-lysine was tested, the latter
being proved to be more efficient. Besides better stabilization due to tight confinement between two
functionalized surfaces, higher density of the fixed cells in the field of view and their arrangement into
a single layer allowed semiautomated data collection throughout large set of individual cells.

As shown in Figure 1, several yeast intracellular structures can be readily distinguished in
the video image; however some of them are of virtually identical shapes and shades, for example,
lipidic droplet (E) and round protein-containing structures (C and D). Nevertheless, they can be clearly
discerned due to different Raman spectra (Figure 1), without need of staining. Chemical composition of
the intracellular structures can be furthermore analyzed in detail, although reliable spectral assignment
and decomposition into the spectra of pure constituents could be difficult.

In the case of vacuoles, we have found that Raman spectra can be useful for their identification
as well as for analysis of their chemical composition. To average cell-to-cell variability and to extract
representative spectrum throughout the cell culture, Raman spectra from vacuoles of different cells have
been acquired. Measurements at the same mount producing dozens of Raman spectra did not last more
than 1.5 hours in total, the time corresponding to generation time of Candida under the conditions of
cultivation. All data collected from the cells cultivated under the similar conditions and supposed to have
similar physiological status were treated by the SVD procedure [7] to extract typical Raman spectrum
(Figure 1, B), along with representative spectral variability. According to repeated experiments, usually
only two orthogonal spectral components were disclosed in datasets, suggesting fair chemical uniformity
of the cells in cultures. The cells differ especially in the relative concentration of the main components,
not in their absence. The detailed spectral analysis revealed Raman features of amino acids, lipids,
and polyphosphates, the principal constituents of Candida vacuoles. In particular the polyphosphates
exhibiting typical Raman bands at ~688 cm~! and ~1154 cm~! were found in vacuoles at considerably
high concentration. We suggest that polyphosphate band at 1154cm™! can serve as a marker of the
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Figure 1: Intracellular structures apparent on the video image of Candida yeast and respective spatially-
resolved Raman spectra of cultivation medium (A), vacuole (B), protein structure I (C), protein structures
II (D), and lipidic structure (E). Spectra are normalized using intensity of the water OH-stretching band
at 3400cm~! as an intensity standard. Raman spectrum of 2 M aqueous solution of polyphosphate is
shown to highlight its contribution to the spectrum of vacuole.

vacuoles since it was not detected in the Raman spectra of other Candida compartments. Though
the cells coming from the same culture were—at least according to the video image—in a similar
physiological status, the absolute concentration of the polyphosphates in their vacuoles was found to
vary more than the concentration of other constituents. It was determined quantitatively by means of
properly normalized intensity of the 1154 cm™! band with respect to the intensity of the OH-stretching
band of water at 3400 cm ™' (Figure 1). Actual concentration of the polyphosphates in the vacuoles of C.
albicans cultivated under the standard conditions in YPD medium was found to vary from few dozens up
to several hundreds of mM (expressed as a concentration of PO; ™). The differences in the polyphosphate
concentration could result from differences in the physiological status of the investigated cell. Raman
microspectroscopy thus provides the information that cannot be obtained in situ from living cells by
other methods.

4. Conclusions

In the present work, immobilization protocol suitable for Raman microspectroscopy of non-adherent
cells was tested. It was demonstrated that with the properly immobilized Candida cells it is possible
to collect spatially-resolved Raman spectra of individual compartments within living cells. The spectra
can serve for unambiguous identification of intracellular compartments of similar appearance as well
as for investigation of their chemical content. We report that the yeast vacuoles can be reliably
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identified by the polyphosphate Raman bands at 688 and 1154 cm™', the spectral features missing in
other yeast compartments. Using polyphosphate Raman bands normalized with respect to the water
signal, actual polyphosphate concentration can be measured inside the vacuoles of living cells. Raman
microspectroscopy will be furthermore employed for investigation of the C. albicans vacuoles and their
chemical content affected by nutrition, stress, or phase of cell cycle conditions.
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SVD-based method for intensity

normalization, background correction

and solvent subtraction in Raman spectroscopy
exploiting the properties of water stretching
vibrations

Jan Palacky, Peter Mojzes* and Jiri Bok

A semiautomated method combining intensity normalization with effective elimination of the solvent signal and non-Raman
background is presented for Raman spectra of biochemical and biological analytes in aqueous solutions. The method is
particularly suitable for rapid and effortless preprocessing of extensive datasets taken as a function of gradually varied
physicochemical parameters, e.g. analyte and/or ligand concentration, temperature, pH, pressure, ionic strength, time, etc. For
intensity normalization, the strong Raman OH stretching band of water in the range of 2700-3900 cm~' recorded together
with the analyte spectrum in the fingerprint region below 1800 cm~" is employed as internal intensity standard. Concomitant
dependences of the solvent Raman spectra are taken into account and, in some cases, turned into advantage. Once the Raman
spectra of the solvent are acquired for a particular range of the parameter varied, solvent contribution can be subtracted
correctly from any analyte spectrum taken within this range. The procedure presented can be efficiently applied only for
the analytes having their own Raman signal in the range of OH stretching vibrations much weaker than that of the solvent.
However, this is the case for a great number of biochemical and biological samples. Accuracy, reliability and robustness of the
method were tested under the conditions of spontaneous Raman, resonance Raman and surface-enhanced Raman scattering.
Serviceability of the method is demonstrated by several real-world examples. Copyright (©) 2011 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: Raman spectroscopy; intensity normalization; background correction; solvent subtraction; singular value decomposition
________________________________________________________________________|

Introduction fluctuate in its own way, hindering or complicating proper use
of multivariate methods. Hence, correct quantitative analysis of

Introduction and dissemination of multivariate statistical methods  the analyte spectral changes requires preprocessing of the Raman

in treatment of Raman spectra during past two decades
has influenced experimental approaches, methodologies and
requirements on specific parameters and quality of the spectral
data. Instead of looking for and presenting obvious spectral
differences between a few selected Raman spectra taken under
definite conditions, more complex and less apparent spectral
changes can be discerned, studied and interpreted as a function
of a particular physicochemical parameter (intensive variable!"),
gradually varied over a given range. Thermal-induced structural
transitions of biomolecules,?3! acid-base titrations**! or kinetic
studies!®”) monitored by Raman spectroscopy can be taken as
an archetype of particular but frequent Raman experiments
when a biological analyte is dissolved in an aqueous buffer to
rather low concentration, and spectral changes are studied as a
function of temperature, pH and time, respectively. Instead of
laborious visual inspection and manual identification of spectral
changes, extensive series of Raman spectra can be analyzed
by multivariate statistical methods!® (factor analysis, principal
componentanalysis). However, besides the signal from the analyte,
the raw Raman spectra include also solvent contribution and non-
Raman background, both usually evolving with the intensive
variable. In addition, absolute intensity of the Raman signal can

datasets,” notably intensity normalization, subtraction of the
solvent signal and correction for the non-Raman background.

In principle, internal or external standards can be used for inten-
sity normalization of Raman spectra.'” Both approaches have their
advantages, disadvantages and limits of applicability. Concerning
biological analytes dissolved inaqueous buffers, internal standards
seem to be more suitable and more frequently used.!'®! Two types
of internal standards are chosen: either Raman bands of chemical
species constituting an integral part of the sample, e.g. solvent
peaks or particular Raman bands of the analyte itself,’>'" or bands
of a foreign compound added to the sample ad hoc, e.g. ClO4~,
NO3~, SO42~, Se042~ or PO42~ ions.""'2 |n both cases, an ideal
internal standard should provide intense, clearly resolvable Raman
features not coinciding with other Raman bands and remaining
unaffected by the physicochemical parameter varied over the en-

.|
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tire range of interest. In addition, the internal standard should not
be photochemically active or significantly absorb the excitation or
Raman scattered light.'? Furthermore, foreign internal standard
added to the sample should not interact with the analyte or affect
its microenvironment. It is by no means an easy task to find an
ideal standard satisfying all the aforementioned requirements.
However, proper choice of standard is crucial since it can strongly
influence results of multivariate analysis of Raman spectra.l'3!
Because in aqueous solutions of biomolecules the water
molecules are naturally present at a molar concentration (55.6 M)
by orders greater than that of the analyte, their Raman spectrum
can be a good candidate for internal standard.””? Water molecules
provide a broad, weak band centered at 1640 cm~' and a broad,
strong band centered at 3400 cm~'. Despite its weakness, it is
a common practice to use as a standard the 1640 cm~' band
belonging to deformation vibration,*®'" as its position, intensity
and line shape are less sensitive to ionic strength and temperature
(or anything else that affects hydrogen bonding) than those of
the stronger 3400 cm~' band. However, this approach provides
less satisfactory results for analytes having their own Raman
signal between the 1550 and 1700 cm~'. For example, nucleic
acids and proteins contribute to that region considerably by
their relatively broad carbonyl and amide | bands, respectively,
complicating correct differentiation between the solvent and the
analyte signal. Intensity normalization and proper subtraction of
the solvent contribution from the 1550 to 1700 cm™~' region is
an important task for many biomolecular studies relying on the
Raman information overlapped by the 1640 cm~' water band.
Normalization to the intense Raman band belonging to the
water OH stretches is less common because of its sensitivity to
water hydrogen bonding. On the other hand, in the range 2700 to
3900 cm~', thereis norisk of considerable interference with the Ra-
man bands of biological analytes, notably due to their lower inten-
sities, downshifted positions and markedly narrower line shapes.
Therefore, presupposing detail knowledge of the solvent spectrum
dependence on the intensive variable, the OH stretching band can
be used as an internal standard and the solvent contribution prop-
erly subtracted. Inthe present work, a method based on factoranal-
ysis and combining intensity normalization to the OH stretching
band with effective elimination of the solvent signal is proposed
for semiautomated preprocessing of extensive Raman datasets.

Experimental

Cacodylic acid, LiOH, KOH, NaOH, LiCl, KCI and NaCl (analytical
grade, Sigma-Aldrich) and deionized water (18 mg2, Elga) were
used for preparation of cacodylic aqueous buffers (pH ~6.8).
The effect of the ionic strength was studied on the Li*-, K*- and
Na*t-cacodylic buffers with addition of respective chlorides. In
order to evaluate the effect of pH on the Raman spectrum of water,
appropriate volumes of HCl, LiOH, KOH and NaOH solutions were
added to deionized water and the resulting pH was determined
by a pH meter.

The method was tested using cacodylic buffer (100 mm, pH
~6.8), where the cacodylate ions themselves constitute the an-
alyte with a simple Raman spectrum relatively insensitive to the
intensive variables studied (temperature and ionic strength). Fur-
thermore, two biomolecules dissolved in the Nat-cacodylic buffer
(20 mm, pH ~6.8, © ~ 100 mm) to form a concentration series
were used as representative analytes. 5'-Uridine monophosphate
(5’-UMP, Sigma-Aldrich) and Cu(ll)-5,10,15,20-tetrakis(1-methyl-
4-pyridyl) porphyrin (CuTMPyP4, Frontier Scientific) were selected

because of their low propensity to form self-aggregates in aque-
ous solutions of low ionic strength (1« ~ 100 m).l"4=17] CuTMPyP4
was chosen as an illustrative case of an absorbing analyte since
its resonance Raman spectra can be comfortably excited at the
onset of the Soret band (Amax = 424 nm)'¥ by the 441.6 nm line
of an He-Cd laser. Concentration series (5'-UMP: 6.0 x 1072 to
5.7 x 107" M, CuTMPyP4: 9 x 107 to 3.9 x 107> m) were pre-
pared by diluting the respective stock solutions with the buffer.
Actual concentrations were checked by a Lambda 12 UV-vis
spectrophotometer (Perkin—Elmer) using extinction coefficients
£262 = 9.78 x 103m"ecm~! and E424 = 2.31 x 10°mM ' em™!
for 5’-UMP['8! and CuTMPyP4,['¥! respectively. Both analytes were
found to obey Beer’s law over the respective concentration ranges.

Applicability of the method to extensive SERS datasets was
tested by using two SERS-active systems based on a borohydride-
reduced Ag colloid!"®?? and CuTMPyP4 as an analyte (total
concentration of 1 x 1078 m). The systems differed in the
concentration of colloidal particles, one being 5 times more
concentrated than the other one, and exhibiting different
dependences of their SERS intensities on exposure time. SERS
datasets were acquired at constant temperature (20°C) as a
temporal series of 150 spectra with short accumulation times (2 s).

All Raman spectra presented here were excited with the
441.6 nm (~10 mW at the sample, polarized He-Cd laser, Liconix)
and collected in the 90° scattering geometry using a multichannel
Raman spectrograph (Jobin Yvon-Spex 270 M) equipped with a
holographic notch-plus filter (Kaiser) to reject Rayleigh scattering
and a liquid nitrogen-cooled charge-coupled device (CCD)
detector (1340 pixels in spectral axis, Princeton Instruments).
Polarization geometry X(ZX+Z)Y!'2" was used to obtain all-
polarization spectra. A scrambler was placed in front of the slit to
compensate for the polarization-dependent transmissivity of the
spectrograph. The combination of a grating with lower spectral
dispersion and blue excitation permitted us to place at the CCD
detector fingerprint parts of the analyte spectra (starting from
~650 cm™") concurrently with the 3400 cm™' band of water. All
measurements included in the common treatment were taken at
fixed parameters of the instrument (grating position, slit width) to
ensure a constant response function. To minimize absorption of
the laser intensity and Raman scattering in absorbing samples, the
beam was placed close to the exit window of the cell.

In the case of temperature-dependent Raman spectra, measure-
ments were carried out in temperature-controlled quartz cells of
various volumes (5-100 pl). Spectra were taken as a function of
temperature in the range 1-95 °C, with an accuracy of +0.5°C.
Before measuring a spectrum, the sample was stabilized for 5 min
at a given temperature. Reversibility of the temperature-induced
changes was tested by changing the temperatures in a reverse
order. The wavenumber scales of the Raman spectra were pre-
cisely calibrated using the emission spectra of a neon glow lamp
taken before and after each Raman measurement. The estimated
precision of the calibration procedure was better than 0.1 cm~".

All mathematical processing was performed using the codes
written in Matlab, version 7 (The MathWorks).

Results

To illustrate our procedure step by step, 37 Raman spectra of
100 MM Na*-cacodylate (pH ~6.8) taken in the temperature
range 2-90°C (19 and 18 spectra on temperature increase and
decrease, respectively) will be used as an analyte dataset (Fig. 1).
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subspectra) according to Eqn (1), where singular values W; are
o 3.0x10 o .
2 statistical weights of S;(v) and elements Vj; (denoted hereafter
g 2 5x10% as coefficients) represent relative spectral contributions of S;(v)
< to the spectrum Y;(v). Typical results of SVD are shown in Figs 2
2 20x10* and 3. The minimum number of subspectra that have to be
g 1.5x104 linearly combined (Eqn 1) so that the original spectral information
€ is retained within the noise level determines the dimensionality
§ 104 of data (factor dimension). The factor dimension can be guessed
5 from the plot of the singular values W; versus their corresponding
® 5.0x10° order j (Fig. 3). Small singular values W; (usually below 0.5% of the
maximal value) that decrease linearly with the order j are related
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é = i coefficients Vj;and singular values W;. Finally, the all-corrected and
€ 104 ! normalized spectra are obtained as linear combinations of the
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0 ! can be normalized and corrected for the solvent contribution by
1000 1500 2000 2500 3000 3500 using the properties of water valence vibrations: (1) the analyte
Wavenumber / cm’’ dataset [Y;(v)] must be recorded simultaneously in the fingerprint
2.5x10% | region along with the region of water stretches (2700-3900 cm™);
" (2) the water stretching region must not be significantly affected
‘§ 2.0x10° either by the analyte signal or by strong fluorescence; (3) SRD
g [Y;(v)] recorded on the same apparatus and under equivalent
< 15x10° experimental conditions (notably spectral range and resolution)
% must be available for the spectral and intensive variable ranges
g 103 containing as their subsets respective ranges of the analyte dataset
= IY;)l.
g 5.0x102 In the practical implementation, the Matlab function svd (based
& on the LAPACK library) was used here to perform the SVD
0 calculations.Ourapproachrequires thatall the spectra (analyteand
. . . SRD) be SVD-processed jointly as a single dataset (Fig. 2). For that

3000

1000 1500 2000 2500

Wavenumber / cm”'

3500

Figure 1. Temperature-dependent Raman spectra of 100 mM Na*-
cacodylic buffer. Only selected raw (a), background-corrected and SVD-
normalized (b) and solvent-subtracted (c) spectra are shown for clarity. It
is worth noting that the SVD-normalized water stretching bands intersect
in an isosbestic point at 3387 cm~! (b).

Temperature series of 37 spectra of deionized water taken in a
similar way represents corresponding solvent reference dataset
(SRD; Fig. S1, Supporting Information). Some treatment steps will
be demonstrated using dataset consisting of 101 (28, 45 and
28) temperature-dependent Raman spectra of 20 mm cacodylate
buffer containing 100 mm total concentration of Lit, Na* and
KT ions, respectively. The same dataset will be used as SRD for
concentration series of 5-UMP and CuTMPyP4.

Factor analysis

Our approach of non-Raman baseline correction, normalization
and subtraction of the solvent contribution is based on factor
analysis (singular value decomposition (SVD)),#?2 a mathematical
procedure projecting experimental spectra from dataset [Y;(v)]

reason, their wavenumber scales have to be properly calibrated
and unified in their limits, number of points and spacing. Using
codes written in Matlab, even datasets consisting of thousands of
spectra with hundreds of spectral points can be processed easily
and in a user-friendly environment.

Baseline correction

Various approaches to baseline removal have been reviewed
and compared thoroughly.?3?4 These include manual baseline
correction,®! baseline fitting,?% derivative methods!?”’ or data
filtering (Fourier and wavelet transforms).2”28] Nevertheless,
methods based on factor analysis, principal component analysis
or SVD seem to be rare.23! Our SVD-based method is similar to the
procedure described by Glenn et al.?! However, there are some
differences in the approximation of the background shapes within
orthogonal subspectra. Our approach consists in identification of
the non-Raman backgrounds in the subspectra S;(v) and their
approximation by polynomials or cubic splines P;(v) [Egn (2)]. For
instance, polynomials shown in Fig. 2 were fitted to the series of
points selected manually as user’s best estimates?*); nevertheless
more sophisticated methods can be employed for that purpose.2!
Afterwards, the baseline-corrected spectra Y/(v) are constructed
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Figure 2. Subspectra S; and coefficients V; from factor analysis of the dataset consisting of temperature-dependent Raman spectra of 100 mM Na*-
cacodylate (Cac) and spectra of deionized water (Wat) as their respective SRD. Smooth curves approximating non-Raman backgrounds in the subspectra
were obtained as polynomial fits to the series of points selected manually as user’s best estimates. Fingerprint regions with expanded intensity scale are

shown for clarity.

according to Eqn (3), using singular values W; and coefficients Vj;
from the SVD of raw spectra. The main advantage of this approach
consists in its simplicity and applicability for large spectral series,
since SVD concentrates variability of the non-Raman background
in a few subspectra with greatest singular values. Depending
on the complexity of Raman dataset (expressed by its factor

dimension), the non-Raman background can be eliminated from
large datasets en bloc, estimating its shape by smooth, noiseless
curves only in a few relevant subspectra. The baseline-corrected
spectra obtained by this way retain complete spectral information
except forthe non-Raman background. Moreover, if the subspectra
with small statistical weights (contributing only to the white noise)
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are not taken into linear combination, the background- and noise-
corrected spectra are obtained at once.

Yiv) = > WVsio) = WiVyISi0) + Piv)] @
J J
Yiw) =Y WVyIs) — Pl =Y WViSiw) ©)
J J
Spectra normalization and solvent subtraction

Before normalization, joint SVD-based baseline correction of both
analyte [Y;(v)] and SRD [Y}(v)] datasets should be performed to

compensate for slight non-Raman baseline variations, notably in
the range of water stretches. The procedure is illustrated in Fig. 2,
where results of joint SVD analysis of analyte dataset and SRD
are shown along with polynomial estimates of non-Raman back-
grounds in the first five subspectra. Afterwards, the background-
corrected [Y;(v)] and [¥;’(v)] datasets are reconstructed according
to Eqn (3) and their 2700-3900 cm™" regions are SVD-analyzed
again. Full-range background-corrected datasets are subsequently
normalized (SVD-normalized) according to the first coefficients Vj;
obtained from SVD analysis restricted to the water stretching
band. Except for intensive variables that evidently do not alter
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Figure 4. Integral intensities of the water stretching band (a) determined
from background-corrected spectra of 100 mM Na*-cacodylate prior to
(original) and after SVD-normalization (SVD-norm). Integral intensities of
the cacodylate bands (b) are from the same SVD-normalized dataset.
Intensities are shown separately on the temperature increase (T up) and
decrease (T down).

the shape of the water band (e.g. analyte/ligand concentration,
time evolution), normalization to the coefficients V;; cannot be
simply rationalized by a universally accepted presupposition on
the properties of Raman band of water stretches. As evident from
Fig. 1b, background-corrected and SVD-normalized spectra inter-
sect in an isosbestic point at 3387 cm ™" and the integral intensity
of the water band calculated from the SVD-normalized spectra
exhibits smooth and monotonic dependence on the temperature
(Fig. 4a). Such SVD-normalization removes stochastic fluctuations,
replacing them probably with systematic deformation of the an-
alyte intensities that copies dependence of the water band with
the intensive variable. The deformation can be subsequently cor-
rected by further renormalization, using theoretically predicted
or experimentally determined dependence of the water proper-
ties with the intensive variable. Evidently, normalization based on
the water stretching band is reasonable only for analytes having
negligible signal in the 2700-3900 cm~" range.

Once the datasets are SVD-normalized (Fig. 1b), subtraction of
the solvent contribution can be accomplished. The subtraction
procedure consists of three steps. At first, SVD analysis of the
background-corrected and SVD-normalized SRD [Y;'(v)] is carried
out again for the full spectral range. According to our experience
with severalcommonly used aqueous buffers and frequently varied
physicochemical parameters (temperature, ionic strength, pH,
time), factor dimension of the background-corrected SRD is rarely

greater than three (Fig. 3). Consequently, all spectral changes due
to the intensive variable can be expressed as a linear combination
of three subspectra. By fitting the profiles of the corresponding
coefficients Vj; with polynomials, solvent spectrum for any variable
value within the range can be easily constructed. As illustrated by
temperature-induced changes in 20 mm cacodylic buffer (Fig. 3),
coefficients Vj; are at the most quadratic in temperature. The
solvent spectrum Y7/(v) at any arbitrary temperature T can then
be constructed according to Eqn (4), where 5;’(1)) are the solvent
subspectra with the corresponding weights W, and g, b; and ¢;
are the coefficients obtained from quadratic fits of the Vj;:

3
Yiw) =Y (T + bT +a) WS} v) @
j=1

The last step in the algorithm consists in subtraction of the
proper solvent spectra Yj'(v) from the spectra Y;(v). Optimal
solvent elimination is achieved by minimizing the least-square
difference (minimization restricted to the range of water stretching
band) between the ¥3/(v) constructed according to Eqn (4) and
the background-corrected spectrum Y/(v). The only parameter
optimized is the temperature T since other parameters in Eqn (4)
are invariant for a particular SRD. The temperature obtained is
then used to construct the appropriate solvent spectrum in the
whole spectral range. Excellent agreement between temperatures
determined by direct measurement and those obtained from the
least-square procedure (Fig. S3) can be used as a supporting
argument in favor of reliability of our solvent subtraction method.
As seen from Fig.1c, along with water contribution in the
2700-3900 cm~' range, other water features (bands at 1640
and 2120 cm™") are suppressed quite effectively. Temperature-
dependent integral intensities of selected cacodylate Raman
bands are shown in Figs 4b and S2.

Concentration series of biological analytes

To demonstrate accuracy, reliability and robustness of the
method under the conditions of nonresonant and resonant
excitation, Raman datasets of aqueous solutions of 5'-UMP (Fig. 5a)
and CuTMPyP4 (Fig. 6a) have been used as representatives of
nonabsorbing and absorbing analytes, respectively. Both analytes
were excited by the same 441.6 nm line since by using this short-
wavelength excitation in combination with spectral dispersion
of the spectrograph at our disposal, sufficiently broad spectral
range (640-3740cm~') was fitted onto the CCD detector to
cover fingerprintand hydrogen-stretching regions. Although both
datasets were acquired at constant temperature, the full set of the
temperature-dependent solvent spectra (20 mm Na*-cacodylate,
1~ 100 mwm; Fig. 3) was used for the procedure as SRD, fitting the
temperature of each sample as an unknown parameter. In both
cases, the fitted temperatures were found to lie within the £0.5 °C
interval around the experimental values.

As evident from final SVD-normalized and all-corrected spectra
(Figs 5b and 6b), the solvent contribution was suppressed
excellently throughout the spectral range for both analytes. Even
though factor analysis disclosed two orthogonal components
in the 5-UMP and CuTMPyP4 final datasets (FigsS4 and S5,
respectively), their singular values differ significantly (W, /W, ~ 66
and 113, respectively) and spectral features of S(v) seem to reflect
only minute uncertainties in the wavenumber scales. It means that,
by neglecting S,(v), the Raman spectra of both analytes can be
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Figure 5. Raw (a) and SVD-normalized, all-corrected (b) Raman spectra of
the 5’-UMP concentration series. Concentration dependence of the total
Raman intensity of 5'-UMP in the fingerprint region is shown as an inset.

approximated (throughout the concentration ranges used here)
simply by their first subspectra S;(v). In that case, dependence
of the SVD-normalized Raman intensity as a function of the
concentration can be expressed using absolute values of the
coefficients V1. As seen in Figs S4 and S5, those dependences are
fairly linear for both analytes, indicating reliability of the method
used for intensity normalization.

Solvents with various ionic strength and pH

Further intensive variables frequently used in biological studies
are ionic strength and pH. It is known that the presence of
electrolytes, particularly in high concentrations, strongly affects
the shape of water stretching band.?%~37) Similar to temperature
measurements, it was difficult to find a biological analyte exhibiting
no spectral dependence on the ionic strength. Finally, 100 mm
cacodylate ions in solutions with ionic strength adjusted by LiCl,
NaCl and KCl were used to demonstrate that even in that case our
SVD approach provides reliable results. As shown in Fig. 7b, water
stretching band of background-corrected and SVD-normalized
spectra intersect in an isosbestic point at 3374 cm~". Solvent-
subtracted spectra (Fig. 7c) evidence nice suppression of the water
features throughout the spectral range. Details of the cacodylate
spectral changes induced by increasing ionic strength are seen in
Figs 8 and S6-59.

Concerning aqueous solvents of various pH, their water
vibrations should be affected by the presence of H;O" and
OH™ ions as well as by counter-ions from acids, bases and salts

Wavenumber / cm’™

Figure 6. Raw (a) and SVD-normalized, all-corrected (b) Raman spectra of
the CuTMPyP4 concentration series. Concentration dependence of the
total Raman intensity of CUTMPyP4 in the fingerprint region is shown as
an inset.

used for pH adjustment.?%! However, since in Raman studies
of biomolecules the pH usually ranges between 2 and 12,
concentrations of H3O" and OH™ ions are too low to affect
significantly the shape of the water band. As seen in Fig.9,
background-corrected and SVD-normalized Raman spectra of
water with pH adjusted by HCl and NaOH between 1.3 and 11.1
are not distinguishable from the Raman spectrum of pure water.
It means that, at least in limited ranges, pH itself is an intensive
variable with no appreciable effect on the water stretches.?” It
does not mean, however, that buffering agents used to maintain
pH cannot have their own effect on the shape of the water band,
especially when used at higher concentrations.

Quantitative analysis of SERS spectra from silver hydrosols

The SVD normalization based on the water stretching band may
be helpful for quantitative comparison of the SERS intensities
from hydrosols.'®2% As demonstrated in Fig. 10, our procedure
can be applied routinely to strongly opalescent colloids to obtain
all-corrected and properly normalized SERS spectra. Owing to SVD
normalization and solvent subtraction, it was possible to compare
quantitatively exposure-time dependences of the SERS intensities
of CUTMPyP4 from two SERS-active systems. Though the temporal
series of the SERS spectra were measured at fixed and known
temperatures, temperature-dependent spectra of deionized
water (Fig. S1) were used as their respective SRD to obtain optimal
solvent subtraction. As seen in Fig. S10 (Supporting Information),
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Figure 7. Background-corrected (a), SVD-normalized (b)and solvent-
subtracted (c) Raman spectra of 100 mM Na*-cacodylate as function of
ionic strength adjusted by addition of NaCl. Clear isosbestic point at
3374 cm~"is indicated.

the exposure-time dependence of the SERS-active systems A can
be satisfactorily approximated by a single-exponential rise to max-
imum, disclosing some 17% intensity increase from its initial value
with a time constant of 133 s. On the contrary, the time evolution of
the SERS-active systems B have to be fitted as double-exponential
intensity decay to 47% of its initial value with time constants
71 = 11sand 73 = 115 s. Although detailed explanation of such
different exposure-time dependences is out of the scope of the
present work, it would be worthwhile to indicate that it probably
relates to different structure of the SERS-active sites formed in the
respective colloidal systems and concomitant differences in the
light-assisted adsorption/desorption of the analyte.

Discussion

Intensity normalization with respect to water Raman signal
eliminates the necessity to collect absolute Raman intensities

lonic strength / M

Figure 8. Detail view of spectral changes of the 2934 and 3017 cm™'

cacodylate bands induced by increasing NaCl concentration (data from
Fig. 7). Both bands are clearly downshifted on the ionic strength increase.
SVD-normalized and all-corrected spectra intersect in two isosbestic
points located at 2930 and 3011 cm~". lonic-strength dependences of
integral intensities of 100 mM Na*-cacodylate are presented along with
the intensities of 95 mM K*-cacodylate to demonstrate the sensitivity and
reliability of the normalization procedure. Linear fits to experimental points
are shown to highlight intensity differences that correspond well to tiny
difference in cacodylate concentrations.

for quantitative analysis,!"® which is an uphill job for real-world
samples, especially when using real-world experimental setups.
As intensity of the analyte signal is related to that of the solvent,
normalization is independent of hardly controllable parameters
such as stability of excitation intensity, fixed collection geometry,
reproducible detection efficiency of the entire setup, constant
scattering volume, absorption effects, or changes of the sample
density and refractive index with the intensive variable. The most
fundamental question of the applicability of the water stretching
band as Raman intensity standard can thus be narrowed to the
existence of some intensity invariants with respect to the intensive
variables. Such serviceable invariants could be intensity of the
band at maximum, integral intensity or intensity at isosbestic
point within the water band.

Water is a highly structured liquid with an extensive network
of hydrogen bonds. Broad and highly asymmetric profile of the
stretching band reflects the intricate structure of the network and
associated dynamics that affects the vibrational wavenumbers
and Raman cross-sections of the hydrogen-bonded and non-
hydrogen-bonded OH oscillators. The band is often approximated
by a linear combination of several spectral components, typically
by 2-6 Gaussian or Lorentzian profiles. In spite of numerous
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Figure 9. Background-corrected and SVD-normalized Raman spectra of
deionized water with pH adjusted by addition of HCl and/or NaOH.

studies, no definite consensus was achieved on the number
of components that should be taken into account, since their
structural interpretation is largely empirical.?339-41 Spectral
components are generally assigned, in conformity with the
water model used, to different cluster structures“?! or hydrogen-
bonding schemes.[*3 Similar lack of agreement persists on the
relationship between Raman intensities of the OH-stretching
spectral components and intensive variables affecting hydrogen
bonding, namely temperature and presence of electrolytes.
Though temperature and ionic-strength dependences of water
Raman spectra have been subjects of intense research over several
decades,!1121:30-3539-41,44-46] there are still controversies about
the absolute Raman intensity preservation and/or existence of
isosbestic points within the water stretching band.

As a rough approximation, intensity of the low-wavenumber
region of the stretching band of liquid water decreases on
temperature increase, whereas that in the high-wavenumber
region increases. In general, addition of an electrolyte to water
produces similar structural and spectral changes as an increase in
temperature,?'32 and the concept of structural temperature, i.e.
temperature at which pure water would have effectively the same
inner structure as the water in an electrolyte solution at given
temperature, can be useful in some cases.’343 Despite minor
dissimilarities,*3! for the purpose of SVD-normalization both the
temperature and ionic strength effects can be considered in a
similar way.

More profound investigation of the water Raman spectra by
multivariate methods was out of the scope of the present paper.
Nevertheless, it is worthwhile to note that factor analysis of
SVD-normalized, all-corrected datasets revealed that temperature-
dependent Raman spectra (at least in the range of 2-90°C) of
pure water or neutral pH aqueous buffers could be sufficiently well
described by using only three orthogonal spectral components
(Fig. 3), the first two being substantial. Moreover, within a wide
range of ionic strengths (0.1-5 m), no difference was evidenced
between ionic strength dependences induced by LiCl, NaCl or KCI.
For instance, remarkable agreement of temperature dependences
regardless of the cation type is evident from joint factor analysis
of the SVD-normalized, all-corrected datasets containing 100 mm
LiCl, NaCl or KCI (Fig. 3). The finding seems to be in accordance
with the more significant impact of anions than cations on the
water structure.131:3543]

enabling the collection of absolute Raman spectral®® for various
polarization geometries, precise isosbestic points were reported
by Walrafen!243 for pure water in the temperature range of
3-85°C. The exact position of the isosbestic point was shown
to be confined to the 3370-3524cm™~" interval depending on
the polarization geometry, the upper and lower limit belonging
to the pure 4502 and 682 component, respectively.l'! Isosbestic
points at intermediate wavenumbers were shown to arise simply
from linear combinations of pure o2 and B2 spectra due to
different polarization geometries. The limits of the interval were
suggested to define the upper and lower wavenumbers of the
peaks belonging to stretching vibrations of hydrogen-bonded and
non-hydrogen-bonded water molecules, respectively.!'! Referring
to existence of temperature-insensitive isosbestic point at the
3425 cm~" (backscattering, unpolarized X(ZX+2Z)X geometry),
Raman intensity of the narrow band centered at the isosbestic
point has been proposed as a practical measure of the amount of
liquid water in clouds for the Raman lidar technique.4®!

Although the presence of isosbestic points in the absolute
Raman spectra was questioned later,3% clear isosbestic points
often arise after normalization of the water bands to their integral
intensities®%4" or after intensity corrections for temperature de-
pendences of water density and polarizability.3! Recently, using
a combined experimental and theoretical approach, asymmetric
profile of the water stretching band and experimentally recon-
firmed existence of temperature-invariant isosbestic point were
interpreted at the microscopic level.#”]

Intensive variables not affecting water stretching band

In the case of intensive variables having no effect on the shape
of water stretching band, the precondition of SVD normalization
is fulfilled in a trivial way. Since water band preserves its shape
to the smallest details (except for the negligible contribution
from the hydrogen-bond stretches of the analyte/ligand), factor
analysis restricted to the 2700-3900 cm™' regions of the properly
background-corrected spectra should reveal only single spectral
component Sq(v). All the spectra in the dataset can differ solely
in the water band intensity and can be thus normalized with
respect to the coefficient Vj;. Analyte/ligand concentration series,
pH dependences or temporal evolutions studied at constant
temperatures can serve as typical examples. As seen in Fig.6,
neither considerable reduction of the excitation intensity along
the laser beam path in the absorbing analyte nor absorption of
the resonance Raman signal by the sample layer between the
scattering volume and the exit window of the cell deforms linear
dependence of the SVD-normalized Raman intensity onthe analyte
concentration. Strictly speaking, absorption of the Raman signal
may modify relative intensities of the analyte bands because they
are absorbed with different efficiencies due to the wavelength
dependence of the molar absorptivity. Such an effect can be
easily demonstrated using a more extended interval of CUTMPyP4
concentrations (data not shown). In this case, for the more
concentrated CuTMPyP4 samples, the low-wavenumber Raman
bands are less intense than the high-wavenumber ones, and the
factor analysis reveals a second orthogonal spectral component
having a characteristic difference-spectrum shape.

A similar effect associated with wavelength-dependent absorp-
tion in the fingerprint region can be seen in the SERS spectra of
CuTMPyP4 taken from two different SERS-active systems (Fig. 10).
The small but detectable second spectral component S,(v) that
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Figure 10. Factor analysis of the SVD-normalized, all-corrected SERS spectra of CuUTMPyP4 in silver colloid. Exposure-time dependences of two SERS-active
systems are compared quantitatively. Full-range spectra were decomposed to show considerable suppression of the solvent signal.

represents - in addition to different exposure-time dependences
expressed by S;(v) and Vj; —further orthogonal difference be-
tween the systems A and B is caused not by the analyte itself but
by differentintensities (and slightly different shapes) of the surface
plasmon absorption bands (Amax ~ 390 nm) of respective colloidal
systems.2%) Under the 441.6 nm excitation, the more effective ab-
sorption of the lower-wavenumber Raman bands by optically
5x more dense system A is responsible for typical difference-
spectrum appearance of the S,(v), exhibiting Raman bands with

negative and positive intensities bellow and above ~1400cm™’,

respectively (Fig. 10).

Other factors complicating routine use of SVD-normalization
(even in the case of intensive variables having no direct effect
on the water stretches) could be considerable absorption or
fluorescence of the analyte/ligand in the spectral range of the
water Raman band. Such an absorption, if really strong, deforms
the shape of the water Raman bandsin the sample dataset, whereas
the bands in the corresponding SRD remain unchanged. After the
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solvent-subtraction procedure described above, residual baseline
of characteristic shape remains. The extent of the residuum can
be used for the estimation of the normalization error and/or for
its correction. On the other hand, analyte/ligand fluorescence
increases the non-Raman background under the water Raman
band. Even though it can be effectively suppressed by the
SVD-based background correction, increased stochastic noise
decreases the accuracy and reliability of the SVD-normalization as
well as solvent subtraction procedures.

Intensive variables affecting water stretching band

In the case of intensive variables that considerably influence the
shape of the water stretching band, our approach of solvent
subtraction was proven to be, in general, as effective, accurate
and reliable as for variables conserving the shape of water band,
albeit with inherent limitations given by absorption/fluorescence
of the samples. As documented by Figs 1c and 7¢c, when using
appropriate SRD and fitting procedure, solvent contribution
can also be eliminated from temperature- and ionic-strength-
dependent datasets, respectively. Nevertheless, correctness of
the SVD-normalization seems to be less straightforward since
it is based on the isosbestic point revealed by factor analysis
in an automated way, without any prior knowledge about its
actual position. The problem consists in the fact that without
absolute Raman spectra it is impossible to verify whether the SVD-
determined isosbestic points are really insensitive to the intensive
variables or not. It is the Achilles’ heel of our SVD-normalization
method. Correctness of the premise can be justified only post facto
by reasonably simple dependences of the normalized analyte
Raman spectra, provided that the analyte itself is sufficiently
insensitive to the intensive variable.

As shown in Fig.S1, despite rigorously constant conditions of ex-
citation intensity, collection geometry and detection efficiency,*®!
properly background-corrected spectra of deionized water taken
as a function of temperature neither retain their surface area
nor intersect in an isosbestic point within the range of water
stretches. The most preserved parameter seems to be the height
of the band.?3 According to our vast experience with real-word
temperature-dependent Raman spectra of aqueous buffers taken
under realistic experimental conditions, integral intensities of the
water stretching bands determined from background-corrected
spectra often oscillate randomly (up to £10% for the same temper-
ature and fixed experimental arrangement) around some kind of
temperature dependence, exhibiting integral intensity decrease
of ~25% on going from 2 to 90°C (Fig. 4a). However, on ap-
plying the SVD-normalization to the same datasets, water bands
intersect in an isosbestic point around 3387 cm~' (Figs 1b and
S1b) and their integral intensities exhibit smooth and monotonic
dependence on the temperature (Fig.4a) that can be approxi-
mated by a quadratic function (decrease of ~3% on going from 2
to 90 °C). Consequently, integral intensities of the analyte bands
from SVD-normalized and all-corrected datasets can reveal their
own temperature dependences. As shown in Fig. 4b, the weak ca-
codylate band at 1279 cm™" (at 100 mm concentration comprises
merely ~4% of integral intensity of the nearby water deformation
Raman band at 1640 cm™’, Fig. 1b) seems to be almost temper-
ature independent (~5% linear decrease), whereas the slightly
more intense 1412 cm™" band exhibits 22% linear decrease on
going from 2 to 90 °C. Similarly, the slight linear (~7%) and more
apparent quadratic (~24%) intensity decrease of the more intense
hydrogen-bond stretching bands of cacodylate located at 2933
and 3015 cm™' can be revealed, respectively (Fig. S2).

In the case of dataset with variable ionic strength, the SVD-
normalized water stretching bands also form an isosbestic point at
3374 cm™! (Fig. 7b). After routine solvent subtraction, a detailed
inspection of all-corrected cacodylate spectra (Fig. 7¢) indicates a
different impact of the increasing ionic strength on its hydrogen-
bond stretching bands (Fig. 8) and on the pair of vibrational bands
in the fingerprint region (Fig. S7). As the concentration of NaCl
increasesfrom 0.1t05.0M,the 2933and 3015 cm ™' bands undergo
peak-wavenumber downshifts, intensity decrease and narrowing
half-widths, both forming their own isosbestic points at 2930 and
3011 cm™', respectively (Fig. 8). Prior the SVD-normalization, such
fine details were completely lost in stochastic fluctuations. Owing
to the SVD-normalization and solvent subtraction, the difference
in cacodylate concentration as small as 5% can be reliably detected
from integral intensities of strong (Fig. 8) as well as weak (Figs S7
and S8) cacodylate Raman peaks.

Providing that it is the integral intensity of the water stretching
band that is conserved on temperature or ionic strength increase,
SVD-normalized datasets can be easily renormalized. As shown
in Fig. S1, subsequent renormalization to the unit area shifts
the isosbestic point from 3387 to 3370 cm™', slightly affecting
temperature dependences of the cacodylate bands (Fig. S2). It
is worthwhile to note that the position of the isosbestic point
in the renormalized spectra exactly matches the lower limit of
the interval of isosbestic points reported by Walrafenl:?145] for
various polarization geometries. A similar effect can be seen
for the ionic strength dependences (Figs S6, S8 and S9) after
the renormalization to unit area. Though slight differences are
evident between SVD-normalized and renormalized intensities, it
isimpossible to decide which normalization is more correct. In any
case, on the shortage of information about the isosbestic point
actually independent on the intensive variable, the point disclosed
by the SVD-normalization should be taken as reasonable option.

Conclusion

Intensity normalization, background correction and solvent
subtraction are essential prerequisites for any further treatment of
Raman spectrain order to obtain reliable quantitative information.
They are important for routine treatment of extensive Raman
datasets by means of advanced multivariate methods. Dozens
of approaches to this complex issue have been proposed.
The method described in this paper, particularly suitable for
biomolecules in aqueous solvents and exposed to gradually varied
physicochemical parameters, is novel in two respects. Firstly,
the non-Raman background correction, intensity normalization
and solvent subtraction are based on the factor analysis, which
is a powerful technique rarely employed for this purpose.l??!
Secondly, the water stretching bands are shown to be a reliable
internal intensity standard even for intensive variables significantly
affecting their shape. The method only requires that the analyte
spectra and solvent reference spectra be taken simultaneously in
the fingerprint as well as in the water stretching regions. Although
the applicability of the method is limited to aqueous solvents
and particular classes of problems, the practical benefit could be
considerable because of its simplicity, reliability and robustness.
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Fig. S2. Integral intensities of the 2933 and 3015 em’ cacodylate bands as a function of temperature. SVD-
normalized and renormalized (to unit area of the water stretching bands) intensities are shown separately on
temperature increase and decrease. Experimental points are fitted to linear (2933 cm™) and quadratic (3015 cm™)
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Raman spectra of the concentration series of CuTMPyP4 (dataset from Fig. 6B).
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