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Abstract

Abstract

G-quadruplexes are secondary structures of nuat@as and can be formed by DNA or
RNA sequences with high content of guanines. Alsistranded overhang of the telomeric
caps at human chromosomes is a guanine-rich DNAieseg consisting of d[GGGTTA]
repeats and is prone to fold into G-quadruplexdsesé structures are supposed to play an
important role in cancer and cell cycle.

Site-directed spin labeling in combination with ERRs utilized to probe G-quadruplex
topologies and their conversions upon differeneenl factors as type of alkali ions, flanking
nucleotides and neighboring quadruplexes both fifebsolutions and inside cells. In these
studies mainly the human telomeric repeat d]AGGKEGG);] was investigated which is
the shortest fragment of the human telomeric DNAeatw form intramolecular G-
quadruplexes. It was shown to adopt the antiparatieformation in N&containing solution
as judged by high-resolution NMR. This sequence nepsrted to adopt the parallel-propeller
form in the presence of K(as determined from X-ray crystallography), howevke exact
structure in K solution remained unclear.

Different G-quadruplex assemblies were determinedEPR by measuring interspin
distance distributions between two spin labels iipomted into a DNA sequence. Those
distances between nitroxide-spin-labeled thymidamalogs at 5- and 11-positions in the
human telomeric repeat are different for known @dyuplexes and, as predicted from PDB
data, allow for discrimination between differentnfmrmations. The measured interspin
distances for a quadruplex in Neontaining buffer are in good agreement with exgedor
the antiparallel-basket structure. Analysis of atise distributions for Ksolution revealed
two peaks and lead to conclusion of 1:1 mixturecogxisting parallel and antiparallel
topologies.

Spin-label EPR distance measurements were utii@aedvestigate a particular structure
within a DNA sequence of several quadruplexes. sPair nitroxide spin labels were
introduced in selected sites of the sequence widomed three adjacent G-quadruplexes.
This allowed for observation of folding of solebrminal or middle part of this DNA. In Na
solution again only one type of folding — the aatgllel-basket — was observed. In contrary,
neighboring quadruplexes, if observed iir¢ontaining solution, appeared to play crucial role
in determination of the overall folding topologyo Mixture but rather formation of the single
(3+1) hybrid topology was found.

EPR-based distance measurements were extendeded applications. First, evaluation
of nitroxides for experiments in intracellular emnment of Xenopus laevi©ocytes was
performed. The five member ring nitroxide appeam@de much more stable than its six
member ring analog. A deeper insight and analysthereduction kinetics was done in the
oocytes cell extract and evidenced that the redugtrocess could be described within the
frame of the Michaelis-Menten formalism and thusildobe attributed to be an enzyme-
mediated one.

Folding kinetics of the human telomeric repeat dAX&TTAGGG})] was monitored in
cell extract by time-resolved distance measurememsalysis of G-quadruplex
conformations inside injected oocytes showed thaeovations in K-containing buffer held
true forin-cell experiments as well ds-extractstudies. Thus dominating role of kons in
determination of overall folding of the human tekng repeatin cellulowas established.



Introduction

Introduction

All kinds of spectroscopy can be classified witbpect to photonic energies involved in a
typical quantum jump. Electron paramagnetic resoea(EPR) exploits electromagnetic
irradiation in the microwave rang@ € 3-300 mm) is used to study energy required for
reorientation of an electronic magnetic moment magnetic field. EPR, first developed and
used by physicists, has soon found applicationa wariety of fields from physics through
chemistry to biological sciences and medicine.

The essential property of EPR is to detect thegmes of unpaired electrons in a sample.
Further, unpaired electrons can be characterizedeims of their concentration and
interactions that they undergo with their local iemvment. Thus, being able to detect
concentrations of unpaired electrons down to nanamevel in any media like frozen and
liquid solution, crystalline and amorphous matenéthout modifying the substance in
guestion, EPR provides a unique tool for probingapegnetic species in all kinds of
substances.

In biological systems an EPR signal can origindieee from transition metal ions which
are present in metal-containing enzymes and pi®tein from organic radicals which,
however, are often transient short-living and hygihéactive species. The majority of
biological samples including nucleic acids, lipidsnall, large and gigantic unilamellar
vesicles, membranes and proteins are diamagnetjcaarconsequence, EPR-silent. To enable
studying such systems by EPR paramagnetic specissand can be introduced externally as
spin probes or spin labels (commonly these arexides — stable organic radicals). The EPR
responses from spin probes deliver information oohsenvironmental characteristics as
viscosity, pH, and polarity. In the other casepan dabel which is covalently attached to a
molecule of interest enables observation of itskiiimg and to gain information about overall
dynamics, spatial distribution and structure ofgpan labeled macromolecule.

A structure of a particular biomacromolecule is fact that starting point where
understanding of its function begins. The most r@eshigh-resolution structure as derived
from X-ray crystallography or NMR cannot be obtainem a number of cases where a
biomacromolecule should be observed in a complexr@mment €.g.in a membrane). In
such situations the ability of EPR to estimate loagge distances in the nanometer range is
of utmost importance and relevance. Distance caimssrin EPR are commonly determined

by measuring a dipole-dipole coupling between twlecteon spins. That is, in a
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biomacromolecule of interest with two spin labetsdasired/characteristic sites a distance
measurement provides information on a global strecof the sample, structural changes or,
by means of distance distribution, the flexibilidlspin labeled domains.

An ability of EPR to focus solely on paramagnefiedes, remaining passive towards
most aspects of the diamagnetic environment, stgdgest behavior and interactions of spin
labeled species can be studied in systems as ceomglenembranes, protein complexes,
viruses and even whole cells and living organisimiem the time as early as 1965 when the
first nitroxide spin probes were introduced by Mo@ell there were many attempts to probe
intracellular environment with nitroxides, to intigsite nitroxides’ uptake and metabolism
and to prolong life-time of nitroxides. Furthém,vivo EPR has been introduced. This opens
avenues to transfer the ability of EPR in revealstigictures and characterizing structural
changes on molecular levelitpcell samples. Consequently, experimental set up, paeasne
and sample preparation procedures should be eedlwatd optimized allowing unraveling
structures of biomacromolecules in the unperturinéccellular environment as complex it

might be.
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1. DNA G-quadruplexes

1.1 Structural characterization

From the structural point of view a deoxyribonuclacid (DNA) is a biopolymer which is
built up from nucleotides (Fig. 1a). Each nucleetibeing the simplest DNA structural unit,
contains three fragments: &dzoxyribose moiety, a phosphodiester group andcéeabase.
There are only four types on nucleobases in DNActhby their chemical origin, belong
either to purines, namely adenine (A) and guanije ¢r to pyrimidines, namely thymine (T)
and cytosine (C), (Fig. 1b-e). The nucleobaseglymsidicly attached to the-Beoxyribose
and consequently are connected with each otherphli@sphodiester groups forming a

sequence which represents the primary structubBaNz [1].

b) NH, ©) o)
Nz 6\r1\1 <N NH
AL AR
sNTNT 2 NSV N
a) . S N 5 2
ol Base adenine guanine
O—I‘D—O
O (@] d) o e) NS
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OH 6\ /& | /&
N @) N o)
S S
thymine cytosine

Figure 1. Structural elements of DNA. (a) A nucleotide and (b-e) nucleobases.

The secondary DNA structure is formed and staldlizg base-pairing — hydrogen bonds
that are formed between nucleobases. According &sdvi and Crick, each purine can be
paired with a pyrimidine base. Pairs of A—T and Gedbnected by two or three hydrogen
bonds, respectively, (Fig. 2a, b) lead to DNA dupke which, if formed within a single
sequence, are represented by hairpin structuredy2jwo sequences organized as a DNA
double helix [1] or may yield 3D-arrangements [8]more complementary strands are
combined together. Further possibilities for conioes between nucleobases are realized by
Hoogsteen base-pairing when N1 and N2 amino atarnsisadonors while N7 and O6 as

acceptors of protons in hydrogen bonds [4].
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Figure 2. Hydrogen bonding in DNA. Watson-Crick base-pairing (a) A-T and (b) G—C.Geletrad.

Hoogsteen base-pairing allows for arrangement af fiuanines in a plane unit called G-
tetrad (Fig. 2c) where each of guanines is condetdethe other by two hydrogen bonds.
Several G-tetrads stacked upon each other andiztabby n-n interaction form a core of a
G-quadruplex structure. These structures are iticpéar characteristic for DNA sequences
with high content of guanines and display remarkaiductural polymorphism [5].

Topology of G-quadruplexes can be analyzed andsifled in terms of number and
orientation of DNA strands, type of loops, numbédr G-tetrads and orientation of the

glycosidic conformation of guanines around G-tetrad

a)

Figure 3. Topology of G-quadruplexesStrand orientation: (a) parallel, (b) antiparaeid (c) (3+1)
hybrid. (d) Loop types

e n —

b) c) d) dagonal
T ‘ | T ropeller

lateral

When all strands in a G-quadruplex have the saneatation, as counted froni-30 3-
end, the structure is referred to as a parallel @g. 3a). Alternating orientation of the
strands is characteristic for the antiparallel togy (Fig. 3b). Structures with the strand
orientation that can be attributed neither to theajtel nor to the antiparallel conformation
(e.g.three of four strands are pointing in the sameadtiion) represent a (3+1) hybrid type
(Fig. 3c). In G-quadruplexes formed of four sepasttands no loops are present, but those
structures where only two or even one G-rich seqeénfolded several types of loops can be

present (Fig. 3d). The loop which connects two &8 on the same side of the G-core is
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referred to as lateral one. Diagonal loop conngets G-tracts on the two opposite edges of
the G-tetrad and runs above or below the tetra@. diopeller-type loop connects G-tracts
from different G-tetrads and runs along the groo¥ethe G-quadruplex. The loops can

contain from one to many nucleosides, however, @1y loops destabilize quadruplexes [6].

a) b) ©)

OH OH

Figure 4. Glycosidic conformations of guanine: Schematic representation of (a) a G-tetradaf(it)and
(c) synguanines.

Different orientation of strands in a G-quadruplixce guanine bases to adopt a
particularsyn or anti-conformation with respect to the sugar fragmenthef nucleotide in
order to match the Hoogsteen bonding within a Gte(Fig. 4). Typically, in the parallel
quadruplex all guanines are emnti-conformation. And for example, in the antiparallel
quadruplex of two DNA strands with two lateral Isopnd three G-tetrads the glycosidic
conformations areantiesynesyneantin the middle; andgyneantisantissyrfor the two others
[5].

Besidesnter molecular quadruplexes (Fig. 3a-c) which considibof or two strands, the
topological polymorphism fointra molecular quadruplexes is much more pronounced. A
particular structure is defined by the balance @fesal forces which easily varies upon
environment and includes metal ions present, degfregdration, crowding effects as well as

interaction with other small molecules, bindingaligls or proteins [5].

1.2 Human telomeric DNA

Telomeres are DNA sequences at the ends of chromess{Fig. 5) [7]. Over its length,
telomeric DNA is a duplex of a G-rich and a C-rathands [8]. However, owing to a shorter
length of the C-rich strand, there exists a sirgjtanded 3overhang. In humans, this
overhang consists of a sequence of d[TTAGGG] heslantide repeats and reaches a total
length of up to 200 nucleotides [9]. The high comtef guanines within this strand enables
forming G-quadruplexes that are supposed to plgwyifstant roles in cell cycle control [10]

and cancer [11].
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A linear chromosome cannot be fully replicatedre 8-end and, as a consequence, a
telomeric DNA gets shortened upon each cell dividib?]. Thus, when the telomeric DNA
reaches its critical length after a certain numdfedivisions, the cell undergoes apoptosis or
programmed cell death [13]. However, the apoptoais be avoided if the telomeric ends are
elongated after cell division. In particular, tieghe function of the enzyme telomerase which
is highly expressed in cancer cells [14]. The tedoase activity is essential for proliferation of
cancer cells and, therefore, inhibition of this yane could stop tumor growth [15]. G-
guadruplexes are concerned to be of anticancevitgcthecause their formation within

telomeres was shown to inhibit telomerase [16].

Cell o]

\
centromere
| telomere

//

T

Figure 5. Human telomeric DNA. A G-rich single-stranded overhang is shown in color

Calculation of the number of sequences containing fracks of three or more guanines
separated by at least one-base loops have showovwba376 000 G-quadruplexes could be
simultaneously formed in the human genome [17, T8pse G-quadruplexes may feature
different topologies as becomes obvious from tlséinctural polymorphism and scope of
environmental factors that define a particular ifedd(see Section 1.1). While a certain G-
guadruplex structure adopted by the human teloni2Né\ in vivo is still not reported, the
intramolecular G-quadruplexes formed by the humelomeric repeat consisting of four

d[GGG] stretches were intensively studied undeiowarconditionsn vitro.

10
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Figure 6. G-quadruplex conformations adopted by huran telomeric DNA oligonucleotides.
Antiparallel “basket™-type (a), parallel “propelletype (b), (3+1) hybrid (c), and antiparallel “laet’-
type with two G-tetrads (d).

The d[AGGG(TTAGGG]] sequence in Nacontaining solution was reported to fold into
an antiparallel conformation (Fig. 6a, PDB code3) [19]. This G-quadruplex structure
was obtained high-resolution NMR and featured aéigtng orientation of strands and three
TTA-loops in the following order: lateral — diagdna lateral. Due to the characteristic
diagonal loop this structure is also referred to‘lzssket’-type. The same oligonucleotide
sequence was shown to adopt an absolutely diffea@formation in the presence of Kns.
X-ray crystallographic studies suggested a par@lgluadruplex which possessed all strands
of the same polarity connected by three propeikerdoops (Fig. 6b, PDB code: 1KF1) [20].
The loops’ type defines also the “propeller’-typeonformation. Another type of
intramolecular G-quadruplex was reported from anRBbtudy in K-solution on a slightly
modified sequence of the human telomeric repeat.ndw flanking nucleotides TT instead of
A at 5-end and an additional A at thé-éhd in the d[TTGGG(TTAGGGH] sequence
appeared to play a crucial role for the overdlliftg. The observed type of G-quadruplex is
referred to as (3+1) hybrid structure and possettses parallel and one antiparallel strand,
one propeller and two lateral loops, am@iesynesynesyiand twosyneantieantisantiG-tetrads
(Fig. 6¢c, PDB code: 2GKU) [21]. The fourth intraraocllar G-quadruplex of the human
telomeric DNA oligonucleotide was reported for #eguence d[GGG(TTAGGEI)] which

has only one flanked thymidine at theeBd. In K-solution it adopts an antiparallel-basket

11
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conformation with the same strand orientation aondpltypes as in Nastructure of
d[AGGG(TTAGGG})]. The characteristic feature of this fourth G-qugudex type is that it
contains only two tetrads in the G-core. The guasiwhich are not arranged in G-tetrads
form GGG and GAA triplexes stabilized by the netkof Hoogsteen hydrogen bonds and
stacked at the top and the bottom of the two-teGatbre, respectively (Fig. 6d, PDB code:
2KF8) [22].

Despite of several G-quadruplex structures of hutelnmeric repeat resolved by both X-
ray and NMR, the question about physiologicallyeveint conformation remains open.
Obviously, much attention should be paid to thog&binduced quadruplexes. This relies on
a fact of higher intracellular concentration of i comparison to Na[23]. Moreover, even
in the presence of both alkali ions potassium ptiyminating role and determines the overall
folding [23]. The propeller structure, as reporfeaim X-ray crystallography, could be not
predominant in solution but might rather appeabdothat one which could be crystallized.
Circular dichroism spectra of the human telomegquence in potassium solution display
features characteristic for both parallel and amtifel topologies. It suggests that there could
be a mixture of two conformations which can evedargo interconversion as the energetic
cost for it is only ~2.5 kcal/mol [24]. The (3+1ybrid could potentially be also formed by
d[AGGG(TTAGGGY)] in K*-containing solution but no NMR studies report bis tstructure
yet.

The influence of flanking sequences on a G-quadsupttructure is obvious as well.
Particular nucleobases at the end of the humamezio sequence may form base pairs,
triples or just stack on a G-core and, consequgestibilize a certain conformation. Further,
crowding effects may drive a topological conversioy creating conditions that favor

compact conformations or associated complexes [25].

1.3 Methods to study G-quadruplexes

Two physical methods are mainly used to obtain fidh-resolution structures of G-
guadruplexes: X-ray crystallography and NMR. Thistfimethod is utilized for those samples
which can be crystallized [26]. However, the biotad relevance of the G-quadruplexes
within the crystal should be concerned criticaltymay appear that conditions used to grow
single crystals either drive conformational intereersion or simply select a particular

conformation which could be not a dominant specressolution. In contrast to X-ray

12
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crystallography, NMR facilitates structural invgstiion of G-quadruplexeis vitro [27]. In
most favorable cases, when an oligonucleotide adaptsingle and kinetically stable
conformation in solution its high resolution sturet can be obtained from NMR studies. Less
favorable cases of a single kinetically unstableuadruplex or co-existence of several
conformations limits structural analysis. Still, MVremains suitable for observation of G-
guadruplexes - without yielding detailed structurébrmation - in such complex systems and,
as was reported recently, even in intact cells.[28]

Besides those two powerful high-resolution but eattime-consuming techniques there
exist a number of express methods for probing Ghyymex conformations.

Circular dichroism (CD) is utilized to distinguishetween parallel and antiparallel
conformations [29]. There are two strong bands4& 2m (negative) and 260 nm (positive)
characteristic for the parallel structure. The @antallel type of folding can be recognized by
strong negative band at 260 nm and positive at2®5While these two conformations can be
easily identified by CD spectroscopy, CD spectreotifer quadruplex structures could be
over-interpretated. For example, the (3+1) hybodformation displays a CD spectrum with
features from both the parallel and the antipdradipologies and thus is very similar to the
spectrum of the mixture of these two conformatidngerpretation of CD spectra is still an
empirical one. Recent theoretical treatments, heweshow that different CD features may
arise primarily due to different stacking orientatibetween adjacent G-tetrads rather than
from relative orientation of the DNA strands [31].

Steady-state fluorescence is used to charactev@e regions in a quadruplex [24]. The
experiment requires incorporation of the modifiexsdr 2-aminopurine instead of adenine in
the oligonucleotide sequence. Its fluorescence igesv very sensitive response of the
environment as it is quenched upon stacking witheiotbases. Forster resonance energy
transfer (FRET) is utilized to follow quadruplexldng [32]. The oligonucleotide under
investigation is be labeled by a FRET pair: fludroe €.9. FAM) and quenchere(g.
TAMRA) [33]. Upon folding the distance between therophore and the quencher becomes
shorter than in a random coil and the FRET effalk¢s$ place: There is observed a shift of the
emitted signal to higher wavenumbers. It shouldnbéd that both a fluorophore and a
guencher are rather bulky molecules and could piatBnperturb the initial structure of an
oligonucleotide.

A type of a G-quadruplex can be judged frdf-radioprobing experiment [34]. It is
based on property of radioiodine, already introducethe DNA structure, to induce breaks in

the DNA backbone. The probability of strand bresksversely proportional to the distance

13
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between the radionucleotide and the sugar unihef@QNA where the break occurs. Thus,
conformation of the backbone can be obtained froalyais of distributions of breaks.

Raman spectroscopy is used to probe the phosphedieackbone conformation, the
hydrogen-bonding interactions and the glycosyl oomftion [35]. The antiparallel
quadruplex can be identified by two characterisiads at 1325 and 1333 ©mwvhich arise
from C2-enddsyndG and C2enddanti-dG, respectively.

Further, mass spectrometry [36], surface plasmean@nce (SPR) [37], polyacrylamide
gel electrophoresis (PAGE) [38] and analytical déuation [24] can deliver information on
whether DNA is folded to single or multiple G-quapliexes and sometimes also allows for

concluding about a particular type of a G-quadrjntesolution.

14
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2. Spin-label EPR spectroscopy

2.1 Resonance phenomenon

An electron possesses an intrinsic spin angular embumS associated with the magnetic
momentz which is given by = gﬁeé with the g-factor and the Bohr magnetgh . Once
the external magnetic field is applied a uniqueection is defined — the direction of this
magnetic field and is usually denotedzaxis. An electron placed in such a field tends to

align itself with its magnetic momemt along this unique direction. For S—21= there are two

possible orientations, that is, parallel and améfjpal to the magnetic field vector. A classical
magnetic moment which is not ideally aligned aldghg direction of an external magnetic

field executes a precessional motion around it.(F&) [39-41].

a) b)

E
A

L
>

B,

Figure 7. Magnetic moment in the external magnetiield. (a) Precession of a magnetic momgntin
an external magnetic field. (b) Zeeman effect.

The two energy levels of an electron in a magrietld, corresponding to quantum states
=% andm, = —% , are differently populated and split by the enedjfference AE.

According to the Zeeman effect, this energy diffieee can be driven by the strength of the
applied external magnetic field (Fig. 7b). Conseqjlye the photon energy which is needed to

induce transition between the Zeeman energy leelstudied in EPR It corresponds to
irradiation that of the precession frequenq;y:% (Larmor frequency) of the magnetic

momentz in the external magnetic field (Fig. 7a). At magnéeld values of 0.1-1.5 T the
resonance frequenay=c«, /27 lies in the range of 2.8 to 42 GHz that corresgotwdthe

microwave region.

15
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In a continuous wave (cw) EPR experiment the nesogption of the incoming
microwave irradiation from a continuous wave souscdetected as a function of the applied
magnetic field [39-41]. For the sake of better heson the lock-in technique is used

registering the first derivative of the absorptaumve (Fig. 8).
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I
:
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Figure 8. The EPR signal Absorption line (top) and its first derivative ¢bam).

Information that can be directly read out from thgectrum is number and relative
intensity of EPR lines, the individual linewidthBy, the amplitude (correlated with the

number of EPR-active species), and the positidhefine on thdg-axis.
AE =hv = g8, (1)

As it is evident from eq. 1, the position of thearance lineB, at a given frequency is
determined by the-factor. Its value is never knowa priori and depends on a particular
sample. Deviations of thgefactor from the value for the free electron (g.6(3) are due to
spin-orbit coupling. Hence, those deviations argddor electrons associated with transition

metal ions and rather small (+ 0.01) for organdicals [41, 42].

2.2 Time-domain (pulse) EPR
2.2.1 Pulses and sequences

An electron in a real sample is not isolated btiteaexposed to variety of interactions
with its environment. As a consequence of thoseraattions the electron Zeeman levels are

additionally split or shifted and give rise to néeften unresolved) signals in a cw EPR

16
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spectrum complicating it significantly. The enegy®f those levels are eigenfunctions of the
spin Hamilton operatorHp, which, additionally to electron Zeeman interactionas
contributions from hyperfine, zero-field splittinguclear Zeeman, nuclear quadrupole and
nuclear-nuclear interactions (eq.2) [42]. In gehetas not possible to extract all interactions
by cw EPR.

Ho=Hg +Hpye +Hzg v H #H o +H =

= ﬂe|§093+ ZéAkl  t éDS—ﬁnz gn,kéol kT z rkPkl K +2Ed(i’k)| K (2)
k=1 k=1

1,>1/2 izk

Introduction of pulses in EPR allows manipulatingcéron spins in order to observe only
desired interactions. In terms of the spin Hamildonformalism, unwanted parts bk are
removed, suppressed or averaged thus simplifyiag=fAR spectrum (focusing on particular
observables) [43].

A pulse in time-domain EPR is a microwave irradiatof a certain power which is finite

in length on the time scale.

FT

Figure 9. A rectangular pulse in time- and frequeng-domains.

A pulse is characterized by an excitation width ahhican be obtained by Fourier
transformation (FT) from the time- to a frequen@y¥dhin. A typical rectangular pulse of 32
ns corresponds to sinc function with the width (half width at half heightHWHH) of 26
MHz in a frequency-domain (Fig. 9) [44]. As the ority of EPR spectra are spanned over
several hundreds of MH2(g.~200 MHz for nitroxide) EPR pulses can excite aamlgart of
the spectrum and therefore are referred to astselames.

The second feature of the pulses is a flip-angi¢ tiey induce on the net magnetization

vector M in a defined direction (Fig. 10).
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a) 2B, b) c) d)

Figure 10. Manipulation of the net magnetization vector Origin of the net magnetization vector (a) and

T T
its orientation afteEEJ , (E) , and (n)x pulses (b, c, and d, respectively).
X y

The system restores initial equilibrium stateMdf via relaxation pathways. This enables
one to perform a pulse experiment in repetitive meario acquire better signal at lower noise
but, at the same time, limits application of londse sequences.

The most common and simple pulse sequence is &rgenprimary a echo or Hahn-echo,

which is also used as a read-out part in longenessees (Fig.11) [43, 45].

o 1
< d

w3
a
y
a

Figure 11 The Hahn-echo Pulses at distance are depicted by grey rectangles, hollow Gaussian
represents the Hahn-echo.

The net magnetization vector in equilibrium stataréllel to the direction of the applied
magnetic field,h7l ||2) is flipped by the firstg—pulse in thexy-plane (Fig. 10b). During

evolution timet spins, because of different resonance frequendegshase in they-plane
and reach the fenced out state. The subsequentlse inverts the spins where they now start
to re-phase. After the second evolution timihe spins are back in phase algndirection.

The signal observed in tlyedirection is called the Hahn-echo.

2.2.2 Double electron-electron resonance

The system of two coupled electron sping é8d $) in an external magnetic field can be
described by the Hamiltonian which consists of trarising from electron Zeeman
interaction of each spin with the magnetic fieldvasdl as exchange and dipolar interaction

between those spins, respectively [43]:
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Ho=Hg +tH +Hy = wASzA +wBSzB +JS,Sg +wddSzASf 3)

Here, the exchange and dipolar interaction termgeni@ on the distance between the
interacting spins and thus are of mean for distaneasurements by EPR. At short interspin
distances (r < 2 nm) the dipolar broadening is atatde in cw spectra [46]. However, at
longer interspin distances (r > 2 nm) the contidoutfrom dipolar interaction becomes
weaker and should be separated from other interectn order to be analyzed. This becomes
possible in pulsed experiments according to follmyvconsiderations: The evolution arising
from Hegz can be refocused in a simple primary echo experir(fég. 11) and consequently

terms containing., anda, can be dropped off. The exchange interaction devayy fast

with increasing interspin distance and is normaldgligible at r > 1.4 nm. Finally, the only
remaining term of the spin Hamiltonian is that cemmed with the dipole-dipole interaction
@, SIS’

Double electron-electron resonance (DEER or PELD(3R) is a pulse EPR technique
that allows for separation of the above mentionedldr term from the spin Hamiltonian and,
consequently, allows for extraction of distanced distance distributions in the range of 1.5-
8 nm. The frequency of the dipolar coupling is tediato the interspin distance according to

the following equation [48]:

2
» — ,uog Ag Bﬁe %(SCOSZ 0_1)1 (4)
41h Mg

wheregg is magnetic permeabilitga andgg areg-values for both spinge — Bohr magneton,
ras and @ — interspin distance and the angle between therspin distance vector and the
direction of the applied magnetic field, respedtiyas depicted on Fig. 12a.

The DEER technique exploits two different microwdreguencies to selectively address
two fractions of spins. Electron spins in the orsetpf the EPR spectrum are observed
(observer frequency) while pumping at the othet pathe spectrum (pump frequency). The
first type of this experiment was introduced by ddilet al and consisted of three pulses.
There was a primary echo pulse sequence on thevebdeequency and a singtepulse at

the pump frequency, where position of the lattes waried (Fig. 12c) [47].
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Figure 12 DEER. (a) A pair of dipolar coupled spins in the extémagnetic field. (b) Simulated DEER
time-traces for Gaussian-like distance distributiarith different centers r and widthstHWHH). Black-
lined area represents a dead-time region. Simuktiwere performed using a MATLAB-script kindly
provided by the research group of Prof. Dr. G. Hkesc(c) Three-pulse DEER sequence and (d) fowsepul
DEER sequent.

In such an experiment the intensity of the echib@ibserver frequency is monitored as a
function of the time position at which the pumypulse is applied. This dependency (Fig.
12b) is called a dipolar evolution curve. The dgvodvolution curve is characterized by the
modulation deptli — the difference in echo intensities at the tinvbere this echo is maximal
(t = 0) and minimum without any oscillationsig virtually infinity). For the pair of coupled
electron spins the inversion of the pump spin lgadshanges in the local magnetic field at
the position of the observer spin. The observen spiolves then in the changed local

magnetic field and gains the phasgt. Subsequent movement of the pump spin on the

timescalet (Fig. 12c, d) results in a cosine modulation & #cho intensity at the observer

frequency, which is given by:

V3pDEER(t) = COS{y4t) (5)

The dipolar evolution curve from real sample, hogrevhas some distinct features
different from simple cosine modulation. Among theare decay of the signal due to
instantaneous diffusion [49] and damping of the alations for broad distance distributions
[50].

There is a complication in this experiment whicllig to existence of the dead-titgea

time delay between the firaf2 observer pulse and the pumpulse. Thus the pump pulse
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cannot be applied immediately after i@ observer pulse and experimental limitationsearis

as the dipolar evolution cannot be recorded sgrtfromt = 0. For samples with broad

distance distributions, where no oscillations can deen and for samples with short or
intermediate distances (r < 2.5 nm) three-pulse BEEnot favorable because all information
on dipolar coupling decays withim (Fig. 12b).

This problem can be solved by extending the exgstimee-pulse DEER with the fourth
pulse (Fig. 12d) [50]. The purpose of the additlarpulse at observer frequency is to refocus
the primary echo. Thus the intensity of the refeclischo is an observable in the four-pulse
DEER experiment, while the position of the primacho defines = 0.

Longer distances require to be measured over loagelution timet which, as being
connected tor, (Fig. 12d), is dependent on the phase memory figpeLowering of the
temperature can prolong,, as well as changing protonated solvent to a deteig one. The
DEER experiment also requires a sample in a mdtioestricted state (amorphous or

crystallite) to prevent averaging of the dipolaugling [51].
2.3 Nitroxides as spin labels

EPR can be utilized even to study initially diameiim biological systems by observation
of paramagnetic species that are introduced extgraa spin labels or spin probes. The
difference between these two groups is in the way tare bound to the system under
investigation. Those paramagnetic species whiclcavalently attached to a molecule under
investigation are referred to as spin labels whpen probes can be bound by electrostatic,
hydrogen bond, hydrophobic and other forces or remmabound at all [52].

Generally, each species that carries unpairedrefecbelonging either to a transition
metal ion or to an organic radical, can be used apin label, but it is nitroxides that have
emerged as the most popular and frequently used. @rganic radicals are preferred over
transition metal ions due to their narrow EPR spectand longer relaxation times. And
among organic radicals, being mostly high-reactivepxides have become commonly used
spin labels due to their relative chemical inersnesd unusual stability [53].

Nitroxides are organic radicals of the generalcétmal formula as depicted in Fig. 13a
where R and R may be any substituents and the unpaired eleafahe N-O group is
delocalized between nitrogen and oxygen atoms tproxpmately 40 % and 60 %,

respectively. Some representative stable nitroxadeshown in Fig. 13.
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Figure 13. Nitroxides. (a) General formula. (b) DTBN, (c [54], d and eyf-, five- and six-membered
ring nitroxides, respectively, (f) doxyl, (g, h)emthoxyl, (i [55], j [56] and k [57]) aromatic nitkides
with sp?-hybridized a-carbons

Stability of nitroxides depends primarily on thetructure and varies from that of short-
living species to persistent radicals which castoeed and handled with no more precautions
required for other organic compounds. In particusaructural arrangements around the N-O
group have the greatest influence on the stabifiy.it is evident from Fig. 13, all stable
nitroxides are secondary amine N-oxides. Furttay &also bear no H-atoms but rather bulky
substituents on the-carbons (carbon atoms which are bound to the getroof the N-O
group) which build a steric hindrance towards disaion [58]. An absence of H-atomsoeat
carbons impedes also a disproportionation reactibich otherwise decreases stability of a

nitroxide and leads to formation of nitrone and y¢htoxylamine (Fig. 14) [59].

Figure 14. Disproportionation reaction scheme of nioxides with an H-atom at a-carbon.

Closing the N-O group in a ring does not affect skaility as far as it concerns storing
and handling but increases nitroxide’s resistammweatds chemical reactions (Section 3.2).

The nitroxides withi-carbons if they are in a Spybridized state — that is, being of aromatic
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origin, — owe their stability also from delocalimat of the unpaired electron through
conjugation. However, the most commonly utilizethdpbels are those on the basis of five-
and six-membered ring nitroxides (Fig. 13d-f) [28] they are molecules of small size and
simple structure which allow a variety of possildbemical modifications and have a
relatively simple EPR spectrum.

The unpaired electron of the N-O group interactthwhe magnetic moment of the
nitrogen nucleus’N (I = 1) thus giving rise to hyperfine splitting each Zeeman level into
three (Fig 15a). Consequently, and according t@cteh rules, there are three EPR
transitions. For nitroxide based on structures wfikhybridizeda-carbons (Fig. 13b-h) there
is no further delocalization of the electron thrbuwpnjugation and the EPR spectrum of such

a nitroxide spin label consists of only three linégs spin Hamiltonian is given by:
H, = B.B,gS+SAl , ) (6

whereg andA are represented as tensors and reflect the avpsotnature of both electron

Zeeman and hyperfine interactions.

a) E, b)

+1/2

-172

Figure 15 Hyperfine interaction. (a) Splitting of electron Zeeman levels upon iatéion with nitrogen
nucleus. (b) Principal axes gf andA-tensors in a nitroxide.

Anisotropy of g-values is rather small (as expected for organidiceds where
contributions from the orbital angular momentum sirall too) and is fairly unresolved at X-
band. As determined from crystal studies otedt-butylnitroxide DTBN (Fig. 13b) they-
tensor has values [2.0088 2.0067 2.0027] [60]. piwecipal axes of botly- and A-tensors
coincide: thez-axis is parallel to the 2p-orbital of the nitrogen atom and thkexis lies along

the N-O bond and points in the direction to thegety atom (Fig. 15b) [61].
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Anisotropy of hyperfine interaction is more pronoad at X-band than thgeanisotropy.

The A-tensor possesses almost axial symmetty:= A = A, and A, = A,. The hyperfine
splitting is much larger irz- than inx- andy-directions (comparéd,, = 04— 05 mT and

A, =33-37 mT). The parallel component of the hyperfine terisowell resolved and is
sensitive to the environment of the nitroxide;\itdue increases in media of higher polarity.
The separation between the two external peakseithitee-line EPR spectrum corresponds to
a double value of the hyperfine splitting in thdirection (2A,,). Thus a nitroxide spectrum

is typically spanned over approximately 200 MHz][62

1 q 10 ps
1 q 100 ps

/ \ / A\ frozen state

Figure 16. Simulated cw spectra in X-band for a nibxide having different rotational correlation
times. The spectra were simulated usikBgsySpirsoftware package [63]. Following parameters weeslu
for the simulationg = [2.0088 2.0067 2.0027] arl= [12 12 108] MHz. The rotational correlation time
to the each spectrum is given in the figure.

In particular at X-band frequencies, hyperfine attigpy determines the line shape of the
spectrum. Rotation of a nitroxide molecule in solutcauses partial or full averaging of the
A-anisotropy and additionally influences the spéclirreshape. EPR is thus sensitive to

motions with rotational correlation times, = 10™-10® s (Fig. 16). In the case of fast
rotation the spectrum can be analyzed with Redfie¢tbry andr, can be extracted [64]. In
this situation hyperfine interaction is completedyeragedA,, = A, = A, =3, and the

respective parameter can be read out directly th@spectrum as the separation between two

adjacent EPR lines. For the case of slow tumblinfrazen spectrumi(, > 108 s) the full
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Liouville equation has to be solved [65]. If a oitide is rigidly attached to a macromolecule,

conclusions about mobility of this macromolecule at¢so be driven [66].

2.4 EPR on spin labeled DNA
2.4.1 Site-directed spin labeling of oligonucleesd

Nucleic acids, if labeled with nitroxides, can beidsed by EPR in terms of their
organizational and dynamic properties. Deliberatmiporation of a nitroxide spin label in a
nucleotide sequence can be achieved by site-ditesgtim labeling (SDSL) approach [67] and
allows for observation of EPR spectral charactesstf the labeled region or those associated
with it. Spin labeling, in general, requires sonmedfic functional groups to which a
nitroxide can be coupled. The challenge in spireliag of nucleic acids is that these
macromolecules, being essentially a biopolymer,sess only four different nucleotide
building blocks which are connected in a sequenite mo specific groups. Nevertheless,
nucleic acids can be labeled at each internab$igenucleotide: at the phosphorodiester group,
at the nucleobase or at the sugar moiety. Ther lsttaot used for DNA but only for RNA,
because putting any substituents in thgdaition of the deoxyribose (DNA) converts it
automatically to a modified ribose which is a RNénhgponent [68].

Current state of the art in spin labeling techngjakbows attaching nitroxides to every of
four nucleobases: six member ring and five membeg nitroxides are used. Both purine
nucleobases A and G can be labeled at the amingpgro6- and 2-positions, respectively
(Fig. 17a, d) [69]. After such an attachment of TeMPO-like nitroxide only one amino
proton remains free for Watson-Crick hydrogen bogdDespite the fact that the nitroxide is
bound directly to the amino N-atom and is situatedlose proximity to the base-pairing site,
the duplex structure of two spin labeled 20 nt Iseffcomplementary sequences appears to
be unperturbed (CD spectra) but somewhat destabiks evident from melting temperature
which was 5°C lower in the spin labeled double helix in compani to unlabeled one [67].
Further representatives of spin labeled purinesaafe@ analog with a nitroxide in the O6-
position which, however, lacks H1 amino proton msgble for Watson-Crick hydrogen
bonding (Fig. 17c) [70]; and an A carrying the TRésel connected to the 2-position via
acetylenic tether (Fig. 17b) [71].
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Figure 17. Spin labeling of oligonucleotidesLabeling of nucleobases: (a, b) adenine analagsd)(
guanine analogs, (e, f) cytosine analogs and (¢hymine analogs. (i, j) Labeling of the phosphatée
group.

There were reported also two spin labeled analdgsh® pyrimidine nucleobase C.
Similar to compounds in Figs. 17a and 17d, the TEMiRe nitroxide is attached to the
amino group in the 4-position of C thus substitgtime H atom (Fig. 17e) and forming a spin
labeled nucleobase denoted'@s The nitroxide in this particular position appets be very
sensitive reporter of the base adjacenf@ While in long double helices a single-base

mismatch cannot be determined by measuring meténgperature, because it remains the
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same, EPR study on a sequence with incorpor&ed¢an be used instead. The may
“recognize” the opposite nucleobase and this “radom” principle is based on the
observation of nitroxides motion in cw EPR at rommperature. Different types of hydrogen
bonds which appear upon binding '@ to other nucleobases restrict the nitroxidesation

in a different degree so that the correspondingtsp®f pairs C-G, 'C-C "C-A and'C-T can
be visually distinguished [72].

The second spin labeled analog of cytosine (C)intasduced by the group of Sigurdsson
(Fig. 17f). This is an extremely rigid moleculaagment where a nitroxide-bearing isoindole
moiety is fused to cytosine by an oxazine linkdgérms stable Watson-Crick base pair with
G and can be incorporated in a DNA duplex withoestdbilizing the structure significantly
(melting temperature is °C lower than for unlabeled duplex) [73]. With thénimal degree
of flexibility within the duplex, C reports diregtlon the overall dynamics. Moreover,
exhibiting dual spectroscopic activity, it can meerted to a fluorophore upon reaction with
mild reducing agentse(g.DTT).

There are two types of thymine spin labeled analtgsone of them the nitroxide is
attached via a flexible linker to a sulfur atomtloé 4-thiosubstituted deoxyuridine (Fig. 179).
As a consequence of such modification in the pytin@ ring, the 3-amino proton is absent
and the 4-carbonyl oxygen is exchanged to sulfus tonsiderably influencing Watson-Crick
hydrogen bonding [74]. The second group of spireledb analogs of T can be obtained by
attaching a nitroxides to a 5-iod6eoxyuridine via acetylenic tether in Sonogashira
coupling reaction (Fig. 17H). This spin labeling strategy has found broad iapfibn in EPR
spectroscopy on nucleic acids. The nitroxide ingfosition does not disturb DNA duplexes,
as was concluded from the similarity of CD speetnd only subtle differences in the thermal
denaturation profile for labeled and unlabeled due$ [75]. Having rather short and rigid
linker, the spin label possesses only one degreeotibnal freedom relative to the base and
minimal independent motion. The rotational coriielattime measured in EPR implies that
the nitroxide’s motion is highly correlated withetilumbling of the whole macromolecule but
also reports on internal collective motion of tipgndabeled duplex and DNA base pairs [75,
76]. It allows experimental estimation of DNA dupl@ersistence length and access to
submicrosecond dynamics [76, 77].

To obtain oligonucleotides with spin labeles at ides positions in a sequence
phosphoramidites with nitroxide-functionalized reaases are used as building blocks in
automated DNA synthesis. Sequences up to 80 nt ¢amgbe achieved by this synthetic

approach [78]. In comparison to unmodified sequsnggelds of nitroxide spin labeled
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oligonucleotides are somewhat lower. This is a equence of reduction which nitroxides
undergo being exposed to reagents of the autoniaddl synthesis and which converts
nitroxides to EPR-silent hydroxylamines [68]. Tesn labeling efficiency suffers much for
multiple spin labeled sequences if they are obthine solid-phase synthesis. This problem,
however, may be avoided if enzymatic synthesiseluThe sequence containing as many as
eleven adjacent spin labeled nucleotides was regppaxd be synthesized employing DNA
polymerase [79].

Obtaining of spin labeled nucleotides in a convardl automated DNA synthesis can be
simplified if the nitroxides are attached to alregiepared sequence, that is, by postsynthetic
functionalization. The spin labeled thymidine agatan be obtained under mild conditions
and with quantitative yield by click chemistry wkeb-ethynyl-2deoxyuridine in the
oligonucleotide sequence is coupled to an azidéagung nitroxide [80]. The motional
freedom of this spin label within a DNA sequencssiiilar to that of the frequently used
TPA nitroxide coupled to 5-iodo-2leoxyuridine via acetylenic linker (Fig. 7.

SDSL of DNA can also be performed in a sequencepaddent way by targeting the
modified phosphorodiester group in oligonucleotideg. 17i, j) [81, 82]. It gives access to
study large DNAs by EPR because the phosphorothieajuired for the spin labeling can be
substituted at each specific site of an over 100ong sequence. The spin label at the
phosphorus atom does not appreciably perturb thA Bikucture hybridized in a duplex but
leads to some loss of the negative charge of tha Btkand [81].

A variety of SDSL approaches offers a number ofsimkties to incorporate a nitroxide
in a DNA sequence. Attachment of a spin label tiueleotide can be achieved with different
motional freedom of a nitroxide and a degree atcWhi perturbs the initial DNA structure.
Thus, the final choice of the spin labeling teclueigs defined by samples under investigation
and problems to be addressed.

2.4.2 DEER studies of DNA

Once a DNA sequence is spin labeled it can be etudy EPR. In particular, a global
structure or structural changes of double spinlébeligonucleotides can be studied by four-
pulse DEER (Section 2.2.2). And nitroxides of owlye type are required to label both
positions in DNA.

The pump and observer spins are selected as gatte droad EPR spectrum and are

excited with pulses at different microwave frequeacPulse lengths are kept short in order to
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have broader excitation bandwidth and to addressaay spins as possible. The choice of the
pulse length, however, is limited by the conditihrat excitation profiles of pump and
observer pulses should not overlap. That is why~00 MHz broad nitroxide spectrum at
the X-bandr-pulses of 32 ns (observer) and 12 ns (pump) atoappately 70 MHz
separation are used [43, 68]. The pump pulse iallysset to the maximum of the spectrum
and excites all orientations, while the observdsgmi are applied at the low-field edge (Fig.
18).

The modulation of the refocused echo of observieissnder pumping at the other part of
the spectrum is recorded in a dipolar coupling eufivig. 12b) and contains frequencies of

dipole-dipole interactions between two coupled spin

_ 5216
=25

(3cos 6-1), (7)

dd

where§ andr are defined in Section 2.2.2 and 52.16 [MHz*hin the dipolar splitting

constant for nitroxides [48]. As each particulgy represents a particular interspin distance,
analysis of allv,, allows for determination of distance distributions

In the observed dipolar coupling curve the typiues forl (if 32 ns observet-pulses
and 12 ns pump-pulses are used) lie in the range 0.3-0.4 [448311Llower values for
report on smaller fraction of coupled spins whielm e a consequence of a partially reduced
nitroxides in the double spin labeled samples.

—
AR
—_

Figure 18. Excitation of the nitroxide spectrum Figure 19. A DNA-based nanometer distance
in DEER. Nitroxide absorption spectrum at 45 Kuler. Summary of different interspin distances
(black) and exitation profiles of 32 ns pulswithin a DNA double helix formed by two single spin
(green) and 12 ns pulse (red) at observer and puaipeled oligonucleotides. Blue circles represent
frequencies, respectively. nitroxide spin labels.
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The DNA probe in water solution is frozen prior REER measurement to avoid
averaging of dipolar coupling and to prolong phesEmory timeTy. Typically, glycerol is
added to the sample: it does not disturb the infieBENA structure but serves to avoid
microcrystallites upon freezing [83].

To evaluate precision at which distances withinnslaibeled oligonucleotides can be
determined in a DEER experiment, a DNA-based natemuistance ruler was developed. A
series of complementary oligonucleotide sequencas #esigned each of which, bearing
initially one nitroxide, yielded upon hybridizaticm double spin labeled DNA duplex with
defined and fixed interspin distance (Fig. 19).rSjaibeling was performed by palladium-
catalyzed cross-coupling of TPA with 5-iodbeoxyuridine serving for rigid attachment of
the nitroxide to the DNA strand via acetylenic tathDistances between those nitroxides, as
estimated separately for each duplex were 19.8, Z4.7, 44.8 and 52.5 A. These results
were compared with molecular dynamics (MD) simualasi for which the DNA was assumed
to adopt a B-form double helix. The DNA was soldhaire a rectangular box TIP3P water with
addition of sodium counterions for compensatiomefjative charge. MD simulations were
carried out over 10 ns for each duplex and distabe¢ween O-atoms of the nitroxide groups
were determined to be 19.6, 21.4, 33.0, 43.3, @@ A showing very good correlation with
DEER resultsry., = 099r,, + 1A [84].

Another distance ruler was reported to evaluate ISDiStance measurements within a
DNA duplex which was spin labeled sequence-indegethyl at the phosphorodiester group.

Mean distances calculated from distance distrilmstiof eight DNA duplexes were correlated

with those derived from the respective NMR struetyrpeeq) = 1.0(ryz) — 06 A [81].

Taking into account that derivatization of distaniigtributions from the NMR structure was
based on simple steric exclusion criterion for ciatg allowable nitroxide conformations,
good agreements with DEER results suggests thatittexides have little steric interaction
with DNA.

While DEER was shown to deliver precise distanaas ifdividual samples, it was
important to test its applicability for structusalheterogeneous probes. Here, the same
principle of using an oligonucleotide-based distangler was applied and a series of DNA
double helices was measured having 9, 13, 16, d23amucleobases between two spin labels.
Corresponding distance distributions for each iilial duplex were measured as Gaussians
with maxima at 2.8, 4.1, 4.7, 5.5 and 6.8 nm, retpely. Analysis of distance distribution
caused by two samples owing 2.8 and 4.1 nm interdjgtances is rather straightforward.

Two distinct peaks and their ratio can be inspeetegh visually. Some discrepancies in ratios
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between measured and expected values can be edglaynsample preparation which deals
with handling of small volumes of high-viscous gauas and is not very precise. Whereas
two distances separated by 1.3 nm can be cleagly aed distinguished in DEER experiment,
further mixtures containing equimolar amounts ak#) four or five duplexes were tested.
Distance distributions from three or four doubldides can be fitted with three or four

Gaussians, respectively. However, one Gaussiareafrthe fit always got shifted from the

expected value. The distance distribution from mhi&ture of five duplexes showed clear

shoulders but could not be fitted with Gaussiarexpected values [83].

Another potential of DEER is measuring distancesvben nitroxides with particular
orientations to each other. This experiment wasnted for the DNA double helix labeled
with two rigid C-type nitroxides which, due to ahse of the tether, keep their orientation in
duplex unchanged. The standard set of DEER paramisteised except the position of the
observer pulses which, instead of being kept atMH2 offset from the pump frequency, is
varied from 90 to 40 MHz in 10 MHz steps. Consedlyerdistance distributions contain
increasing contributions from perpendicular ori¢éiotess as the frequency offset is shifted
from 90 MHz to lower values [44].

Being a method that investigates DNA structurerazén solution, DEER still can report
on DNA dynamics. In particular, due to its abilitymeasure distributions of distances, it can
be utilized to verify conformational flexibility nuels. The series of double spin labeled 20 nt
long DNA double helices was synthesized where sgjoar between two nitroxides was
increased in 1 nt step. An extremely rigid spirela@ was used to exclude any features in
distance distributions that may be caused by flexlmker of the nitroxide. The r.m.s.d.
values for each distance constraint allow for casidn about dynamic flexibility of spin
labeled region in the oligonucleotide sequence. iires.d. values for measured distances
were plotted against position of the second labehe duplex and compared with r.m.s.d.
traces from other conformation flexibility modeThe DEER results allowed to exclude those
models that claimed helix bending or stretchindhwaibnstant radius and supported the model

of stretching with constant pitch [85].
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3. In-cell magnetic resonance

3.1 General prerequisites and techniques

For biophysical chemistry the trend to make a $tem investigation in buffers that only
mimic biological environment towards true “biologlamilieu” is obvious because it allows
studying structures, dynamics and functions undgpetturbed and biologically relevant
conditions. Spectroscopic methods are the mostldeifor observation of biological objects
at molecular level due to their inherent non-invastharacter. The vibrational spectroscopic
techniques, including infrared (IR) [86], Raman][@nd CARS (coherent anti-Stokes Raman
scattering) [88] together with fluorescence spettopy [89] are well developed for bio-
imaging tasks, that is, for observations of cel&l dissues at micrometer resolution. In
contrast, magnetic resonance techniques (NMR am) BRe suitable for observations on the
molecular level and have all prerequisites to hgiag inside cells [90].

Within a cell the object under investigation shopteksess distinct spectroscopic features
that make it “visible” in the complex biological vronment. When the object in question
does not possess any characteristic spectral ésaiucan be labeled prior to an experiment.
While biomacromolecules are isotopically labeled MMR measurements, EPR requires
incorporation of spin labels. Far-cell applications conventional nitroxide spin labels te
used as the N-O group was suggested to have ldeit{opo1].

There are a number of established protocols tHawvadleposition of labels or labeled
samples inside cells: (i) expression inside cg(lg, transfection, (iii) uptake and (iv)
microinjection. Isotopically labeled proteins foMR can be expressed inside cells [92], but
there are no reports for EPR where biomacromolscsit®uld be marked with spin labels.
Biomacromolecules of interest can be transfect¢o oells if they were encapsulated in a
virus [93]. This approach may also work for spibdked species; however no reports on it
appeared up to now. When a molecule can penetregd wall or a cell membrane it can be
deposited using cell uptake [94]. For large célls bocytes from African froXenopus laevis
the microinjection approach can be used [95]. Bgitake and microinjection can be utilized
for NMR as well as for EPR studies.

It is noteworthy to mention that whilae-cell NMR on biomacromolecules is developing
since late 1990s [96, 97], tha-cell EPR — to the beginning of this work — was only
concerned with spin probes for oxymetry [98], stundly nitroxide metabolism [99] and

application of nitroxides as pH-probes [100].
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3.2 Chemical reactions and stability of nitroxidesn biological systems

Nitroxides, being stable radicals which persiseaarboth in powder form and in solution,
are exposed to a number of chemical reactions beg® put in a biological environment.
Already in the firsin vivo EPR experiment [101] a decrease of nitroxide digith time was
observed. Obviously, the reason for that was ati@acdnvolving the N-O group of the
nitroxide which leaded to the loss of a free ralditae nitroxide signal in the EPR spectrum
can disappear as a result of conversion of a niteoto an EPR-silent oxoammonium salt or

hydroxylamine in an oxidation or reduction reacticgspectively (Fig. 20).

Figure 20. Redox reactions of a nitroxide.

An overoxidation reaction of a nitroxide to an oxoaonium salt can be performed by
interacting it with CJ, Br,, moist AgO or CrQ which are very strong oxidative agents but
are not present in living systened.cells) in fact [58].

In contrary to oxidation, reduction of nitroxidessa much more common reaction which
they undergo at rather mild conditions upon inteoac with for example ascorbate,
dithiotreitol and other thiols. The reduction mavh also an enzymatic origin [102]. Having
a reduction potential about —150 mV at pH betweand 8 (against calomel electrodd, &
390 mV) nitroxides may also be reduced by a nurobeellular components. Independent on
the reducing agent the primary product of the rédagrocess is a hydroxylamine which can
be oxidized back to the corresponding nitroxideshiger F&" salts [103] or simply by oxygen
from air [104].

Reduction by the biologically relevant ascorbateéomanis one of those well studied
reactions that are also used for testing compaatidox resistance of nitroxides (see below).
Kinetics of the nitroxide-ascorbate interactiom@mally a second order reaction. In some
cases when a reaction goes rather slow and extesscorbate should be added it can be
treated as one following pseudo-first order kire{ig4]. In living systems the extracellular
reduction is due to ascorbate, but intracellulduction may be caused by enzymes [94].

Thiols, however, do not reduce nitroxides unlesgenteducing agents are preseant(
superoxide). In this case a superoxide-nitroxidaemgex is formed which then may either fall
apart to initial reagents or react with a thiol lgieg hydroxylamine and sulfenyl
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hydroperoxide RSOOH (Fig. 21) [102]. This reductipathway was proved to be indeed
superoxide-dependent, as in the presence of sugerasmutase (SOD) the reaction was
slowed down to 80%. Additionally, it should be ribthat superoxide is produced by several
cellular enzyme systems including FAD-containing nmaxygenase thus suggesting an

enzymatic character to this reduction pathway [105]

o OOH
Figure 21. Reduction of nitroxides by thiols

The cytochromep-450 which function is to transfer electrons is @od) candidate for
potential reducing agents of nitroxides. Howevgtochromep-450 cannot perform reduction
alone and needs presence of other reactants [Q@H,According to the proposed mechanism,
at the first stage the free nitroxide radical bimmi$erricytochromep-450(F€"). This complex
accepts electron from cytochrone450 reductase giving ferrocytochronpe450(Fé*)—
nitroxide complex which further undergoes intrancalar electron transfer giving
ferricytochrome p-450(F€") and corresponding hydroxylamine. To make the whol
enzymatic cycle working this system uses NADPH a&®warce of electrons which converts
cytochromep-450 reductase back to the reduced form thus emgaktie next turn involving
other nitroxide molecule (Fig. 22) [108]. The whagbrocess can be treated with the
Michaelis-Menten model. Further, it was shown oe thineweaver-Burk plot that this
reaction can be blocked by known cytochrgmb0 inhibitors like carbon monooxide and

octylamine.

\
NADPH X Reductase (0x) X p-450(Fe*) X /N—
NADP* Reductase (red) p-450(Fe?") \N
/
Figure 22. Enzymatic reduction pathway scheme of tibxide by cytochromep-450.

As the structural features of nitroxides are respaa for their stability (Section 2.3) it is
to expect that they may have influence on the cbaimiesistance of nitroxides towards

reduction. The fact if the N-O group is enclosedhia ring or not and the size of the ring are
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the major factors that define reduction rate inrdgection with ascorbate anion [54]. Thus, in
the reaction with ascorbate the five member ringoride (Fig. 13d) has the slowest
reduction rate. The same reaction at the same twomsliproceeds faster for an open-chain
DTBN (Fig. 13b) (10-fold), six member ring (Fig. €3 (50-fold) and four member ring

nitroxides (Fig. 13c) (840-fold). Polar substituenh the ring can additionally accelerate
reduction up to tenfold rate [54].

However, the sensitivity of nitroxides towards retion in real biological systeme.@.
cells) is not well understood and depends stronglyoth structure of a nitroxide and nature
of the cellular environment. From two nitroxides BN (Fig. 13b) and doxy! (Fig. 13f) which
have the same redox potential only DTBN is reduogdat hepatic microsomes [109]. For
series of five member ring nitroxides, those, hgwam O-atom in the ring, are selectively not
reduced unless mice were pretreated with phendbarbAt the same time hepatic
microsomes from pig do not possess such reducttectivity and can reduce both DTBN
and doxy! nitroxides [102].

The reduction of nitroxides limits however many EBRperiments at room temperature
that require longer incubation time to only 30 mimat least 1 hour [110]. But in spite of the
intracellular reduction, nitroxides can still beedsand are utilized in oxymetry, as pH-

sensitive indicators and probes to observe peratraf the nitroxides inside cells.
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4. Materials

4.1 Chemicals

All chemicals were from Sigma-Aldrich if other natiated. Nitroxides 3-carboxy-2,2,5,5-
tetramethylpyrrolidinyl-1-oxy (PCA) and 2,2,6,6+@methylpiperidine-N-oxyl-4-amino-4-
carboxilic acid (TOAC) were purchased from Toromesearch Chemicals Inc. (Canada).
Stock solutions of PCA and TOAC were prepared ®galving them in Milli-Q water with

equimolar amount of KOH.
4.2 Spin labeled DNA
a) Synthesis of spin labeled phosphoramidjpesformed in the research group of Prof.

Dr. J. S. Hartig)
Phosphoramidites bearing six member ring nitroxij2,6,6-tetramethyl-3,4-dehydro-

piperidineN-oxyl-4-acetylene (TEMPA) [111] and five member gimitroxide 2,2,5,5-
tetramethyl-pyrroline-1-oxyl-3-acetylene (TPA) [12&ere synthesized according to schemes

given in Figs. 23 and 24, respectively.

TMS
i 7
T™MS
+ ‘ a b
N I — -
| N
o* le
o
(2

M

TMS

5) (6) @)

Figure 23 Synthetic scheme of TEMP/spin-labeled phosphoramidite Reagents and conditions: a)
nBuLi, anhyd. THF, @C to rt, 12 h; b) MsClI, BN, anhyd. CHCI,, 0°C to rt, 2-3 h; c) TBAF, THF, rt, 1
h; d) Pd(PP¥),, Cul, EtN, DMF, rt, 12 h; e) DMT-CI, DMAP, Py, rt, 12 h; {jP.N)PCI(OCHCH,CN),
DIPEA, CHCl,, 0°C, 30 min.
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Synthesis of the TEMPA-spin-labeled phosphoramidites started with commercially
available nitroxide which, upon condensation witthilm salt of trimethylsilylacetylene
yielded the acetylenic alcoh@ The alcohol2 on methylisation followed by elimination
furnished the TMS-enyn8 and by consequent deprotection yielded the niti@x.
Compound4 was then coupled with 5-iodd-@eoxyuridine via Sonogashira coupling to
furnish the nucleosidB which on protection with DMT-CI at the-position and subsequent
reaction with cyanoethyl diisopropylphosphoramidoddite yielded the spin labeled
phosphoramidit& (Fig. 23).

o) o (0] o— fo) ’o,— o)
a Br ;f IBF b %_QN\ c %_QN\ d 7[__?'4 e
—_— e - — - e —_—
N N N N N
A H.HBr H o° o°
2 3) (4 5)

(1 (

e / \
f g v o g B h
— - —_— - +  HO —_— N/&O —_—
N N °© HO
(0] o o o)

(6) (7) (8)
O-N | O-N |
N T N
‘ NH | NH
N0 . N/&O
— DMTO '+  owo
o :o:
OH ?
/I\N,P\O/\/CN
AL
9) (10)

Figure 24. Synthetic scheme of TP-spin-labeled phosphoramidite Reagents and conditions: a),Br
AcOH, rt, 6+24 h; b) Me(MeO)NH«HCI, D, E&N, rt, 6 h and 56C, 6 h; c) mCPBA, CkCl,, 0°C, 3 h;
d) DIBAL, Et,0, -78°C, 15 min; enBuLi, CICH,PPhCI, THF, -78°C, 1h; f) DIPEA,nBuLi, THF, -78 to
25 °C, 2 h; g) Pd(PR)u, Cul, EtN, DMF, rt, 12 h; h) DMT-CI, DMAP, Py, rt, 12 h; i)
(‘PLN)PCI(OCHCH,CN), DIPEA, CHCl,, 0°C, 30 min.

Synthesis of the TPA-spin-labeled phosphoramidites wstarted with 2,2,6,6-
tetramethylpiperidine-4-onel) which was converted in four steps to the 3-for2d,5,5-
tetramethyl-1-oxypyrroline5) [113] and subsequently functionalized with acetyt group

yielding compound. Similar to the previous spin labeling scheme, poomd7 was attached
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to 5-iodo-2-deoxyuridine via Sonogashira coupling and a resutiucleosid® was converted
to TPA-spin-labeled phosphoramidité (Fig. 24).

Table 1. Spin labeled oligonucleotidesSpin labeled nucleobases are underlined. DLS -bldospin
labeled, SSL — single spin labeled sequence.

DNA sequence Spin label Short name used in cuwerk
AGGGTTAGGGTTAGGGTTAGGG TPA and TEMPA HT-repeat (DSL)
AGGGTTAGGGTTAGGGTTAGGG TPA and TEMPA HT-repeat (SSL)
TTGGGTTAGGGTTAGGGTTAGGGA TEMPA HT-control (DSL)
TTGGGTTAGGGTTAGGGTTAGGGA TEMPA HT-control (SSL)
AGGGTTAGGGTTAGGGTTAGGG TEMPA LongH'Islde (DSL)

TTAGGGTTAGGGTTAGGGTTAGGG
TTAGGGTTAGGGTTAGGGTTAGGG

AGGGTTAGGGTTAGGGTTAGGG TEMPA LongHT** (SSL)
TTAGGGTTAGGGTTAGGGTTAGGG
TTAGGGTTAGGGTTAGGGTTAGGG

AGGGTTAGGGTTAGGGTTAGGG TEMPA LongHT™ (DSL)
TTAGGGTTAGGGTTAGGGTTAGGG
TTAGGGTTAGGGTTAGGGTTAGGG
AGGGTTAGGGTTAGGGTTAGGG TEMPA LongHT™ (SSL)
TTAGGGTTAGGGTTAGGGTTAGGG
TTAGGGTTAGGGTTAGGGTTAGGG

TATCGAA and TTCGATA TEMPA DNA double helix (DSL)

TATCGAA and TTCGATA TEMPA DNA double helix (SSL)

b) Oligonucleotide synthes{performed in the research group of Prof. Dr. JHartig)

The syntheses of DNA oligomers were performed oABh394 DNA/RNA synthesizer
with commercially available reagents from J. T. &aknd ABI using manufacturer supplied
cycles and conditions. The spin labeled DNAs wemthesized on 1.Qmol scale (1000A
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CPG columns) using phosphoramidites with standaodepting groups. The synthesis was
performed with standard conditions, except for agkr coupling time for spin labeled
phosphoramidite (10 minutes total in several pushékhe DNA oligomers were
concomitantly cleaved from the solid support angrdeected by 16 h treatment with
concentrated aqueous ammonia at’65 The crude oligomers were concentrated on speed-
vacuum and then purified twice by C18-RP-HPLC (0.IKAA/acetonitrile, pH 7.0), firstly
with “DMT-on” and then with “DMT-off”. The purifiedDNAs were lyophilized and then

analyzed by ESI mass-spectromety.

4.3 Xenopus laevis oocytes and cell extract

a) Oocytes preparatigperformed in the research group of Prof. Dr. D.[Retrich)

Excision and defolliculation of the oocytes wasfpened as described by Eppig and
Steckmann [114]. In summary oocytes were surgicedgised from 3-4 year oldenopus
laevis females under 0.1% Ethyl 3-aminobenzoate (Agrosafiicy) anaesthesia. Excised
ovaries were placed immediately into 1x MBS medig@®x MBS: 880 mM NaCl, 10 mM
KCI, 10 mM MgSQ, 50 mM HEPES (pH 7.8), 25 mM NaHGGupplemented to 700 uM
CaCb) [115] and defolliculated by opening the bags vigiceps followed by treatment with
0.1% Collagenase Type IA (Sigma C-9891) for 2 ho8tage VI oocytes [116] were selected

and stored at 18°C overnight.

b) Oocyte cell extradperformed in the research group of Prof. Dr. D.Retrich)

The Xenopuscytostatic factor arrested (CSF) oocyte extract weepared essentially as
described by Murray [117]. Briefly: Female frogs reegorimed by injection with 150 IU of
pregnant mare serum gonadotropin. For ovulationafenfrogs were transferred to MMR
medium and injected with 300 IU of human choriogiegnadotropin. Following induced
ovulation, oocytes were sorted and washed with Midiédium. Subsequent to de-jellying in
de-jellying solution (2% (w/v) cysteine in 1x XBl&a(100 mM KCL, 0,1 mM CaC4, 1 mM
MgCl,), pH 7.8) and three washing steps (CSF-XB (1x »aBss 50 mM sucrose, 10 mM
potassium HEPES, 5 mM EDTA, pH 7,7)), activatedvifing) and lysed oocytes were
removed and intact oocytes retained. Intact oooyt=® then transferred to a centrifugation
tube pre-filled with CSF-XB and cytochalasin B. éftan initial centrifugation step (2min,
1000 rpm, 4°C) and removal of the supernatant, scwere lysed by re-centrifugation (20
min, 10 000 rpm, 4°C). CSF was extracted with anggr from the middle yellowish layer
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observed in the centrifugation tube. To control tlee integrity of the CSF extract, spindle
morphology was observed following addition of Ca@hd sperm nuclei to an 30aliquot of
the CFS extract [118]. The obtained oocyte extwaas frozen and stored at -20 °C until

further use (it was taken from the freezer and #thisnmediately prior sample preparation).
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5. Methods
5.1 CD spectroscopy

(Performed in the research group of Prof. Dr. JHartig)

5 uM concentration of DNA oligomers was prepared irtawavith 10 mM Tris-HCI (pH
7.5). Optionally, 100 mM KCI or NaCl were added.m®aling was performed by heating
samples to 95 °C followed by slow cooling to 20d\&r 2 hours. In order to reach maximum
folding, annealed samples were incubated overrigiC. The CD spectra were recorded on
Jasco 715 spectrometer in cuvettes with a 1 cmlpatth, resolution of 0.5 nm, band width
of 1.0 nm and speed of 500 nm/min at 25 °C. Eadttspm was accumulated 5 times and
averaged.

For the CD-based kinetic studies, 100 mM KCI solutivas added to the pre anealed
solution of 5 uM human telomeric DNA oligonucle@sdin 10 mM Tris-HCI buffer (pH 7.5).
After addtion of K, CD spectra were measured every 30 seconds.

For CD-based melting studies DNA samples were pegbas given above and heated
from 15 °C to 90 °C with 1 °C/min rate. The CD saagimtensity was measured by 290 nm for
each 1 °C step. The temperature at the half-inien$ithe CD signal was determined as the

melting temperature.

5.2 FRET

(Performed in the research group of Prof. Dr. JHartig)

0.2uM FRET labeled human telomeric DNA oligomers (FAM5&end and TAMRA at
3-end of HT DNA) in 10 mM Tris-HCI buffer (pH 7.5)ave used to study folding kinetics of
G-quadruplexes. 100 mM "Ksolution was added to the pre-annealed FRET ldbBNA
oligonucleotides. Immediately thereafter, time-degent change of fluorescence intensity
was measured on Tecan Infinite 200 PRO micropkdeer. Excitation was carried out at 488
nm wavelength and the emission wavelength was 520Measurements were carried out at
every 5 seconds. As control, DNA oligonucleotidemealed in the presence of Kvere

measured.
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5.3 Cw EPR

X-band cw EPR masurements were performed on elllir@Scope MS200 (Magnettech)
or ELEXSYS E580 (Bruker Biospin) spectrometers.®@efor each sample were acquired at
optimal modulation amplitude and microwave poweavoid over-modulation and saturation,
respectively.

Reduction kinetics of PCASlow reduction kinetics of PCA was followed on the
MiniScope MS200 spectrometer operating at X-band (®Hz) equipped with the TC-H02
temperature controller (Magnettech). Each individizanple was prepared by mixing 8 pL of
cell extract with 2 pL of PCA and measured in dapis (Magnettech) varying the nitroxide
concentration in the range from 0.04 to 4 mM. Foe inetic curve the sample was
monitored over 15 min (1 spectrum/min). Time-depmerdautomatic acquisition was
performed usingAutolt v3 Software. The amount of nitroxide species in tmebp was
determined exploiting the height of the low-fieldgk. All measurements were performed at
18°C. Each kinetic curve was measured three times.

Reduction kinetics of TOAGrast reduction kinetics of TOAC was followed on the
ELEXSYS E580 spectrometer (Bruker BioSpin) opemtat X-band (9.4 GHz) equipped
with an ELEXSYS Super High Sensitivity Probeheddl) & rapid scan coils and helium gas
flow system (ESR900, Oxford Instruments). Each vitlial sample with TOAC was
prepared as follows: A 3 mm OD/1 mm ID quartz tybachener Quarz-Glas Technologie
Heinrich, Germany) was filled with 8uL of the celtract and put in the spectrometer. 2 pL
of TOAC were added and mixed using a Hamilton gjgirReduction kinetics was studied for
the concentration range 0.4-20 mM of nitroxide.&io curves were monitored over 2 min in
a 2D-experiment (abscissal — field; abscissa2 €)twith rapid scan coils (1 spectrum/s).
Parameters for rapid-scan experiment were: Sweap-tgp = 500 ms, Sweep ramp-down =
10 ms, Sweep delay = 10 ms, Time constant = 1.28 hesamount of nitroxide species in the
probe was determined by double integration of tpecsum. All measurements were
performed at 18C. Each kinetic curve was measured three times.

Cw spectra at 120 Kvere acquired either in split-ring MS3 or dielectMD4 resonator

with optimal modulation amplitude and microwave gow
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5.4 Pulse EPR: DEER and measurements of relaxatidimes

a) Sample preparation

For in-buffer experiments samples containing spin labeled oligmotides in 10 mM
Tris-HCI buffer (pH 7.5) and optionally 100 mM ofalgl or KCI were annealed up to 96
and slowly cooled down to 2. 40 pL of this solution was mixed with 10 puL dfagrol
(20 % v/v) and transferred in the 3 mm OD EPR tudbke final concentration of spin labeled
oligonucleotides was 50 uM or 75 uM if not otheatstl. Samples were shock-frozen in
liquid nitrogen prior to measurement.

Forin cellulo experiments 20 pL of 4 mM stock solution of slasibeled HT-repeat in 10
mM Tis-HCI (pH 7.5) were annealed by heating to°@5followed by slow cooling to 20 °C
over 2 hours.

For in-extractexperiments 1 pL of the spin labeled HT-repeatkssblution was added
without mixing into a 2 mm ID / 3 mm OD quartz tubentaining 24 pL cell extract. After 30
sec the sample was shock-frozen in liquid nitrodear. consequent measurements the probe
was thawed and incubated 11.5 min at room temperdétasulting in a total incubation time
of 12 min) and shock-frozen again. The same wasateg for a total incubation time of 20
min.

For in-cell experiments oocytes were manually microinjected the cytosol with 50 nL
of the spin labeled HT-repeat stock solution usinDrummond Digital Microdispenser 500
system (Drummond Scientific Company). Foeicell DEER on DNA model helix 60 oocytes
were used for one measurement. In the case of DNdeirhelix labeled with TEMPA, each
oocyte was frozen in liquid nitrogen in 10 s dekHter injection. For life-time studies 25
oocytes were shock-frozen in liquid nitrogen afies, 15, 30, 50, and 90 min, respectively.
For distance measurements on HT-repeat 60 injexiegtes were shock-frozen after 15 min.
After freezing in liquid nitrogen injected oocytesre lyophilized for 48 h to get rid of ice
layer on them which appeared upon shock-freezingps&quently, oocytes were transferred
into 3 mm ID / 4 mm OD quartz tubBlote: during all transfer procedures oocytes remain

frozen!

b) EPR measurements

All EPR experiments were performed in X-band usamgELEXSYS E580 spectrometer
(Bruker Biospin). For DEER experiments the specetanwas equipped with a split-ring
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MS3 (for in-buffer and in-extract measurements) or a dielectric MD4 (fam-cell
measurements) resonator and helium gas flow sy&E&935, Oxford Instruments).

T, relaxation times were measured using the primelny sequence (Section 2.2, Fig. 11).
The pulse lengths were 16 ns and 32 nsuf@randn pulses, respectively. The time separation
between pulseswas increased from 200 ns to 1600 ns in 8 ns sHEsrelaxation time was
determined from the exponential fit of the acquideday.

The  four-pulse, dead-time free DEER sequence is engiv by:
[gj oo Ty () o+t (70) - (7, + T =t)+++(7) s+ 7, +-€ChO. The pump pulse (24 ns
obs

long n-pulse for dielectric resonator and 12 ns long dplit-ring resonator) was set to the
maximum of the nitroxide spectrum and the obseptdse was shifted 67 MHz highet/2
andr pulses at observer frequency were of 16 and 3ngth, respectively. All samples
were measured at, = 1.5-2 ps and, = 200 ns. Shot repetition time was set to 4 pupica}
accumulation times per sample were 10 hours. ThE®EmMe-traces for ten different-
values spaced by 8 ns starting tat= 200 ns were added in order to suppress proton

modulations.

c) EPR data analysis

Processing and distance distribution analysis bD&ER time traces were performed
using the DeerAnalysis2010software package [119]. Experimental backgroundctions
were derived from individually measured DEER traoésorresponding single spin labeled
oligonucleotides. Distance distributions from ather DEER measurements were obtained
from Tikhonov regularization [120] and subsequefitied with one or two Gaussian curves.
The errors of the distance-distribution parameterere determined by changing those
parameters by hand and inspection the agreemehedit with the experimental DEER time
traces. The range of parameters that gives acdefditbis given as the error margin of the

parameters.
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6. Human telomeric DNA in aqueous buffer solutions

6.1 Spin labeling of human telomeric DNA oligonucletides

The single-stranded overhang at thed of the human telomeric DNA is a guanine-rich
sequence which can form intramolecular G-quadrigdeX combination of possible strand
orientations with a variety of loop types givesri® manifold of G-quadruplex topologies.
Those topologies are energetically very close thhedher and even interconversion between
different G-quadruplexes may occur. Potentiallyy afi the known folding types for G-
quadruplexes can be adopted by the human teloni2ié& and depends strongly on
environmental conditions. The question about thelofically relevant G-quadruplex
structure (or structures) still remains open.

While for the human telomeric DNA, as a part of tte@omosome, formation of G-
guadruplexes in telomerase inhibition experimerds veported, no structural identification of
those assemblies has been performed [16]. In intilae human telomeric repeat (HT-
repeat) d[AGGG(TTAGGG] and related sequences containing four GGG tractk three
TTA loops were intensively studied by both NMR aXeray crystallography in order to
determine G-quadruplex folding topologies. Thosgotogies appeared to be different
depending on whether the structure was studiealimisn or crystal form and what alkali
ions (Nd or K) were present in an initial buffer solution. Acdimg to high-resolution NMR
and CD studies, the HT-repeat in"N@ntaining solution adopts only the antiparallasket
structure. CD spectra of the same HT-repeat ‘ircdhitaining solution exhibit features that
can be attributed to either (3+1) hybrid or to atomie of conformations. Noteworthy, only
one G-quadruplex type — the parallel-propeller s wlatermined from single-crystal X-ray
studies and no NMR structure in solution is avaddB0].

Alternative access to study G-quadruplex assemibiesolution can be provided by
DEER, a pulse EPR technique, which allows distaneasurements in the nanometer range.
In a DEER experiment distances between dipolar leduglectron spins are measured [43, 47,
48]. Consequently, for studies of DNA conformationspaired electrons have to be
introduced externally by spin labeling procedurg,[68]. The distance between those spin
labels thus may report on a certain G-quadruplefarmation.

Nitroxides are the most common spin labels andeggly, each of the nucleotides in a
nucleic acid sequence can be substituted by itexiite-spin-labeled analog (Section 2.4.1).
Among three nucleobases that are present in theed@at — adenine, thymine and guanine —

all guanines were excluded from spin labeling beeaiolding of the HT-repeat might be
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disturbed by nitroxides attached to guanines tbaemtially form a G-core of a quadruplex.
Thus, labeling of adenines or thymines in loop oegi seemed to be more attractive and
safely with respect to preserving an initial G-qugdex topology. In fact, spin labeling of
RNA loops and consequent EPR experiments were npeefb[121] and no similar studies on
DNA secondary structures were reported yet.
Labeling of the HT-repeat was performed
using a TEMPA nitroxide attached in the 5-
position of the 2deoxyuridine (Fig. 25). This
spin labeled analog of thymidine with a

nitroxide attached to the nucleobase via ° KOJ

acetylenic linker was already used for EPR O_E_O
studies on double helical structures of nucleic 53

acids and was reported to be not hamperiggure 25. TEMPA spin labeled 2-

base pairing and stacking interactions [122]. deoxyuridine.

Table 2. Distances between C5-methyl atoms of thydines for different G-quadruplex topologies

Distances (nm) in different G-quadruplex topologies
Position number of
thymidines in the antiparallel-
d[AGGG(TTAGGGY})] | parallel-propeller antiparallel-basket (3+1) hybrid  basket with two
(PDB: 1KF1) (PDB: 143D) (PDB: 2GKU) tetrads
(PDB: 2KF8)
5 11 1.7 2.9 24 1.0
5 17 23 11 21 1.6
6 11 23 2.2 15 1.6
6 12 2. 1.7 0.t 1.€
5 12 23 24 14 13
6 17 3.1 0.8 1.9 1.0
6 18 3.8 04 1.9 0.5
5 18 3.1 0.8 1.9 14
11 17 1.6 24 24 1.8
11 18 2.2 2.6 2.6 2.0
12 17 2.3 1.7 1.6 1.7
12 18 2.7 2.C 1.7 2.1

Appropriate positions for spin labeled analogs lofntidine within the HT-repeat were
found by inspection of available structural data diifferent G-quadruplexes adopted by
oligomers of the human telomeric DNA. Distancesweein C5-methyl atoms in pairs of
thymines were measured (Table 2). The choice of kgtieling positions was guided by two
requirements towards the interspin distance. Rinst,distance between the pair of nitroxides

should lies in the range 1.5-3.5 nm. Thus it caadmessed by DEER at even relatively short
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evolution time of the dipolar coupling curve. Sedpdistances within the same pair of spin

labels have to be characteristic and thereforewfft for each known G-quadruplex.
a) ® b)

2.9nm

@
c) * d)
2.4 nm
® ®
ITO nm
@

Figure 26. Expected interspin distances for diffenat G-quadruplex conformations. Blue circles
represent nitroxide spin labels at positions 5 Bhdh (a) the antiparallel-basket, (b) the paragiiepeller,
(c) the (3+1) hybrid, an(d) the antiparalle-basket with two tetrads topologi

The most suitable positions for spin labeling appedo be at the first thymidines of the
first and the second loops. For the HT-repeat seopied[AGGG(TTAGGG) this
corresponds to positions 5 and 11. The same thymigiairs in related sequences
d[TTGGG(TTAGGG}A] (HT-control) and d[GGG(TTAGGG)] are, owing to flanking
nucleotides, situated at positions 6-12 and 4-d€pectively. The distance between C5-atoms
in those two methyl groups was found to be 1.7 nithe parallel-propeller structure and 2.9
nm in the antiparallel-basket conformations (Fi§a,2b; Table 2) which were reported for the
HT-repeat. Such a large difference in predictedadises may allow for determination of a
certain conformation (or even a mixture of thosea isingle experiment. The hybrid structure
adopted by the HT-control sequence with the predictistance of 2.4 nm lie between the
parallel and the antiparallel conformations andstban be distinguished as well (Fig. 26c).
The fourth known G-quadruplex — also the antipatallone - formed by
d[GGG(TTAGGG)T] and possessing only two G-tetrads was reporfeet apin labeling
design of this work has been finished. Fortunatedgpective distance between the two C5-
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methyls appeared to be 1 nm. Such a short distiewdeyond the range accessible in the
DEER experiment, but such an interspin distancebeadetected by broadening of cw spectra
at 120 K (see below).

Site-directed spin labeling of oligonucleotides wasrformed during a solid-phase
synthesis; spin labeled phosphoramidites were uBegkence of incorporated nitroxides in
the DNA sequences was detected by cw EPR at roopetature. The spectrum of the HT-
repeat single spin labeled with TEMPA at the 5-posifeatures three lines originating from
hyperfine coupling to the nitrogen nucleus (FigaR7The lineshape of this spectrum is
somewhat different from the spectrum of TOAC nitdexmeasured at the same conditions
and is a consequence of different rotational motioih nitroxides attached to the
oligonucleotide and free in solution (Fig. 27). @titive analysis of nitroxides’ dynamics in
both samples was performed by comparison of tleational correlation times;. Taking a
peak-to-peak linewidth and line amplitudes (linaghts) of the cw spectrum in the fast
motion limit, ther, can be calculated according to the Kivelson equa(8) directly from
the experimental data [123]. The rotational cotretatime of 988 ps for the single spin
labeled HT-repeat is longer thap calculated for the TOAC spectrum (Fig. 27b) by the
factor of seven. Consequently, it reflects a lardggdrodynamic radius,, of the molecule
bearing the N-O group in the sample containinggingle spin labeled HT-repeat (eq. 9)
[124]. The slower motion and the larger hydrodymamadius of the latter allows for a
conclusion that nitroxide in that sample is incogted in the oligonucleotide sequence and its
dynamics is influenced (slowed down) by the ovetathbling of the oligonucleotide in

solution.

T, = 66010 ENO[(&J +(EJ —2}, (8)
h, h,,

whereW, is the peak-to-peak width of the middle pdak; the height of the peak;- (-1), O,
(+1) defines low-, middle- and high-field peak,pestively.

: (9)
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where 77 is the viscosity of the mediunr, — hydrodynamic radiuskg — Boltzmann’s

constant, and — temperature.

334 336 338 340 332 334 336 338
Field, mT Field, mT

Figure 27. Cw EPR spectraof nitroxides with different rotational dynamics. The spectra of (a) the
single spin labeled HT-repeat at position 5 and TWAC correspond td'; of 988 ps and 136 ps,
respectively. The spectra were acquired at X-barajueous solution at room temperature.

While the spin labeled thymidine analog with amitde attached at the 5-postion via an
acetylenic linker has already been reported to dredisturbing in DNA double helices, its
influence on labile and versatile G-quadruplex add&s is to be investigated. For this goal
CD spectroscopy was utilized as an express angamient method which provides some
information on G-quadruplex topologies in solutiddD spectra of unlabeled, single and
double spin labeled oligonucleotides were measaretl compared with each other. No G-
quadruplex formation by the HT-repeat is expected isalt-free buffer. CD spectra of the
single and double spin labeled HT-repeat have #meslineshape as the spectrum of the
unlabeled sequence (Fig. 28a). The similarity bftte¢ three spectra is clear evidence that
incorporated nitroxides do not drive any quadrupiesnation of the HT-repeat. The HT-
repeat in the presence of Naons adopts the antiparallel-basket conformatiBoth
characteristic maximum at 295 nm and minimum at @@bwere observed in samples with
unlabeled and spin labeled sequences (Fig. 28bkllétwed for conclusion that the
antiparallel-basket topology remained unchangeduabeling. The folded HT-repeat in'K
containing solution was measured by CD as well .(R8c). The spectrum of unlabeled
sequence has no features expected for the papatipéller structure but rather the maximum
at 295 nm and the shoulder at approx. 273 nm. pazation of spin labels does not alter any
of those features which were observed in the Chilprof the spin labeled oligonucleotides,
too. The (3+1) hybrid topology observed for the efiiztrol in K'-containing solution exhibits
the maximum at 295 nm as the HT-repeat but alschmuare pronounced shoulder at 273 nm
(Supporting materials, Fig. Al). CD spectra show &t those G-quadruplexes that their
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structures remain unperturbed after attaching wbxide spin labels to the oligonucleotide

sequences.
a) 4. ) 20,
2
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Figure 28 CD spectre of human telomeric DNA oligomer: in aqueous solutiol. Unlabeled (black),
single spin labeled (blue), and double spin labdled) HT-repeat in (a) a salt-free buffer, (b)*Na
containing buffer, and (c) ¥containing buffer.

The stability of spin labeled G-quadruplexes wasgestigated by comparing melting
temperaturesl, of structures adopted by unlabeled and labelegbwiicleotides. Melting
curves were recorded as the intensity of the CDadigt 295 nm upon slow heating of the
sample up to 90C. The temperature which corresponded to the hilthe CD signal
intensity was determined &k, For the antiparallel-basket quadruplex in*igantaining
solution the destabilization was <C per spin label (Fig. 29a). Melting studies of tHé-
repeat in K-containing buffer were performed on both charastier wavelengths in the
spectrum: at 273 and 295 nm. Melting profiles dfeled sequences recorded at 295 nm —
where signal form the antiparallel structure ib&expected — possessed only subtle changes
in comparison to unlabeled one. However, destatiim was up to 3C. Melting curves
recorded at 273 nm were much noisier due to ihjtilw CD signal at this wavelength.
There is some destabilization of the structuresdpbeling (3°C per two incorporated spin

labels, (Supporting materials, Fig. A2)).
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Figure 29 Termal denaturation profiles detected by CD at 295'm. Unlabeled (black), single spin
labeled (blue), and double spin labeled (red) Hieas in (a) N&containing buffer, and (b) Kcontaining
buffer.

Thus, incorporation of spin labeled thymidine agaln loop regions of human telomeric
DNA oligomers fulfills the main labeling criteridhe predicted distances between the same
spin labeled positions are different for each adwn G-quadruplexes and allow for structural
identification from a single experiment. Spin labelo not disturb G-quadruplexes as was
shown by CD spectroscopy and, finally, folded suites remain stable after spin labeling.
The destabilization of several degrees does naezkthose reported for DNA double helices
[122]. All mentioned above proves that spin labeledhan telomeric DNA oligonucleotides
can be used for distance determination and confioona identification of G-quadruplexes

by DEER experiments.

6.2 G-quadruplex conformations in Nd-containing and K'-containing solutions

Reported up to date DEER-based distance measuremeispin labeled DNA cover only
those experiments which deal with double helicaucitires (Section 2.4.2). Interspin
distances and even distance distributions on thmater scale are measured with high
accuracy and discrepancies between measured aocktibelly calculated distances are as
small as 0.1 nm [81, 84]. A possibility to predem interspin distance from the known
structure and comparison of that predicted distanitd the one measured in a DEER
experiment allows for concluding on the particutanformation in solution. The distance
distribution originates from the inherent conforrmaél dynamics of a spin labeled
macromolecule and from the rotational freedom dcfpan label. That is, for rigid double
helices the width of the interspin distance disititin is broadened even for those nitroxides

attached to the nucleobase via acetylenic linkende, the distance distributions measured
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for labile structures may be very broad and mayplaate structural identification of a spin
labeled macromolecule.

First, the antiparallel basket G-quadruplex waglistl by DEER. This conformation is
known to be adopted by the HT-repeat infdantaining solution. Both CD and NMR studies
agree on existence of only this conformer and ewlinstructure for this G-quadruplex is
available from high-resolution NMR. For the DEERpexment 5QuM (per oligonucleotide)
solution of the double spin labeled HT-repeat irs-HCI buffer (pH 7.5) containing 100 mM
NaCl was annealed to 98, slowly cooled to room temperature, transferred & 2 mm (ID)
EPR tube and shock-frozen in liquid nitrogen inesrth trap the adopted conformation.

The dipolar evolution curve was acquired over is4it contained frequencies of dipolar
interaction between coupled electron spins fronmoritles. Those frequencies could be
consequently recalculated in respective intersjgtadces. Pairs of coupled nitroxides which
belong to the same oligonucleotide yieildtramolecular interspin distances. In fact,
nitroxides from different DNA sequences may be dedpas well. Thosenter molecular
dipolar interactions also contribute to the dipodaolution curve of a double spin labeled
oligonucleotide. Only intramolecular distances tkew spin labels are significant for
determination of the G-quadruplex topology by DEHRermolecular contributions in the
dipolar evolution curve thus are attributed to @kgmound and, originating due to spatial
distribution of spin labeled molecules in soluti@an be either calculated theoretically or
determined experimentally.

The single spin labeled HT-repeat with the nitrexat the 5-position was measured to
derive the background function experimentally. Badimple preparation procedure and
experimental parameters were kept the same amdodduble spin labeled oligonucleotide.
The resulted dipolar evolution curve contained drdguencies of intermolecular interactions.
Its decay corresponded to the three-dimensional ogemeous background (Supporting
materials, Fig. A3) and allowed for excluding oftemrmolecular G-quadruplexes. This
experimentally derived background function was #gabto the last two-thirds of the dipolar
evolution curve of the double spin labeled HT-repedNa’-containing solution and was used
to eliminate intermolecular contributions.

The background-corrected spectrum was analyzed thaddistribution of interspin
distances was extracted (Fig. 30a, b). Low modudatlepth X = 0.09) of the dipolar
evolution curve is an evidence for partial reduttaf nitroxides in the course of the solid-
phase synthesis. Consequently, this reduction dsese labeling efficiency of

oligonucleotides and lowers the amount of couplgxides in the sample. Howevéx,=
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0.09 lies above the lower limit of 0.03-0.05 whighows for reliable distance calculation
from the dipolar evolution curve [125]. The modedd Tikhonov regularization was applied
to analyze interspin distances in this sample ndesults fully supported a Gaussian model
for this distance distribution (Supporting matesjdtig. A3). Thus, the distance distribution in
the double spin labeled HT-repeat (M@ntaining solution), if fitted with a Gaussiakéi
distribution, features its maximum at 3.0 + 0.1 with a width (HWHH)c = 1.1 + 0.1 nm.
The most probable interspin distance of 3.0 + Grilappears to be in very good agreement
with 2.9 nm estimated between two C5-methyls frdva high-resolution structure of the
antiparallel-basket G-quadruplex (Fig. 26a; TableThe rather large width of the distance
distribution reports directly on the flexibility dbop regions within the G-quadruplex to

which nitroxide spin labels are attached.
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Figure 30. DEER measuremens on single G-quadruplexes The HT-repeat in Nacontaining buffer:
(a) dipolar evolution curve (black) with fit (redpd (b) respective Gaussian-like distance disiobuiThe
HT-control in K'-containing buffer: (c) dipolar evolution curve gbk) with fit (red) and (d) respective
Gaussin-like distance distributic.

The main goal for application of DEER to the HTeap is to unravel which G-
quadruplex structure (or structures) it adoptshie presence of Kions in solution. Rather
than operate with theoretically predicted interspiistances it is advantageous to have

experimentally determined ones for as many singkdguplexes as possible and to use them
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as references for evaluation of-dependent folding of the HT-repeat. From the sinityy of
CD spectra the (3+1) hybrid structure is supposekt present in Kcontaining solution but

a mixture of conformations cannot be excluded a (Fe&g. 28; Supporting materials, Fig.
Al). A single kinetically stable (3+1) hybrid comfoation is formed by the HT-control
sequence d[TTGGG(TTAGGEA]. Spin labels in the first and the second loop lacated at
positions 6 and 12 because of two thymidines abttend of the HT-control instead of one
adenosine in the HT-repeat. Prior to calculationntérspin distances the dipolar evolution
curve of the sample was corrected for intermolacotatributions using the experimentally
derived background function. The distance distidyutan be fairly described by a Gaussian
at the maximunr = 2.6 + 0.1 nm with the width = 1.0 £ 0.1 nm. The value of 2.6 nm lie
somewhat higher than the distance between respeCivmethyls was estimated. However,
this distance constraint for the (3+1) hybrid taygyl cannot be confused with the antiparallel-
basket conformation and lie far above the expeicteispin distance in the parallel-propeller
conformation.

Finally, the HT-repeat in kcontaining solution was studied. The sample piajpar was
kept the same as for previous samples and inclade@aling of the double spin labeled
oligonucleotide with subsequent slow cooling downraom temperature. This allowed for
melting of any DNA structures which might be prds@ansolution into an unfolded state and
letting the HT-repeat to fold in the presence of iins. The adopted conformations in
solution were trapped by shock-freezing in liquitiagen.

The dipolar evolution curve was corrected for imtelecular contributions following by a
detailed analysis of distance distribution (Fig.aBlIin order to estimate how many
conformations are formed by the HT-repeat irdéntaining solution, model-free Tikhonov
regularization procedure was applied. The optineglutarization parameter = 10000 was
found as the kink of the L-curve (Fig. 31c) dispteya balance between the smoothness of
the distance distribution and the accuracy of theélhe distance distribution envelope could
be fitted well with two Gaussians suggesting arstexice of two conformations. Thus the
two-Gaussian-model was applied and their maxima we&tracted to b = 1.8 £ 0.2 nm and
r,=3.0£0.1 nm (Fig. 31b).
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Figure 31, DEER measurementof the HT -repeat in K -containing buffer. (a) Background-corrected
dipolar evolution curve with fit in red and (b) pestive distance distribution for the two-Gaussizodel.

(c) L-curve from Tikhonov regularization, optimalis marked with an arrow. (d) Respective distance
distribution (red circles) fitted with two Gaussga(blue) where individual Gauss-curves are depiated
black.

Starting points for the analysis of G-quadruplegsoiogies in K-containing solution were
interspin distances found for the antiparallel-eas&nd the (3+1) hybrid structures. The
interspin distance for the parallel-propeller stiwe could not be measured separately, but
was expected to be 0.2 nm around the inter-C5yhdiktance from the PDB structure (Fig.
26b; Table 2). One of the two Gaussian curves ceditat of 3.0 £ 0.1 nm describes the
distance distribution for the antiparallel-baskenformation which was previously observed
in Na'-containing solution. The width of this Gaussiama@srower than in the respective Na
driven structure (Table 3) and suggests a highgdity of the antiparallel topology in the
presence of Kions. The second peak of the distance distribuigorentred at 1.8 + 0.2 nm
and can be fairly assigned to the parallel-propeiteucture that was once crystallized from
the K'-containing solution. By determining the area undach Gaussian the ratio of two
conformations in solution was determined to be Based on the measured interspin
distances the (3+1) hybrid conformation was exdudene antiparallel G-quadruplex with

two G-tetrads could be excluded as well by meam®diroadening in cw spectra.
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Table 3. Interspin distances for G-quadruplexes faned by the spin labeled human telomeric DNA
oligonucleotides in buffer solutions.

Sample Distance constraint Width of distance distribution
r, nm o, hm
HT-repeat in Na 3.0+0.1 1.1+0.1
HT-control in K 26+0.1 1.0+0.1
HT-repeat in K 1.8+0.2 (55+6 %) 0.9+0.2
3.0x0.1 05%0.1

Good agreement between predicted and measuredaistavithin DNA G-quadruplexes
proved the applicability of DEER for identificatioaf those structures. Conformational
flexibility of spin labeled loops is reflected iha width of measured distance distributions. In
spite of the fact that determined distance distiims are rather broad, identification of
several G-quadruplexes in one single experimentossible if difference in characteristic
distances exceeds ~0.3 nm. The DEER result ofigtartte measurement of the double spin
labeled HT-repeat in Kcontaining buffer showed that there were two cisteng G-

guadruplexes one of which was previously crystadliz

6.3 Selective identification of G-quadruplexes witim a long DNA sequence

Structural studies of G-quadruplexes of the hunatonteric DNA are strongly oriented to
define a biologically relevant conformation. Heo@e of the issues is a nature of alkali ions
present in solution. Kions were already shown to play dominant rolehia G-quadruplex
folding even if 100-fold excess of N#ns is present [23]. Additionally, higher intrélaéar
concentration of K suggests that exceptional attention has to be tpaidose G-quadruplex
assemblies that were found ifi-Kontaining solutions.

However, not only alkali ions determine a G-quatexpgopology. Known intramolecular
G-quadruplexes adopted by model sequences of huetlameric DNA show remarkable
polymorphism that depends on flanking nucleotidésched to the G-core-forming sequence
d[GGG(TTAGGG)] (Table 4). Those nucleotides define an energéticaore preferable
structure by formation of hydrogen bonds and stacking of flanking nucleobases on the G-
core of a quadruplex. Influence of flanking or tie broad sense, neighboring quadruplexes

on each other have the utmost relevance becauseathe human telomeric DNA at the
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telomeric ends of human chromosomes can potentfallgn a number of adjacent G-

quadruplexes.

Table 4. Influence of flanking nucleotides in the bman telomeric DNA oligonucleotides on G-
quadruplex structures

Sequence G-quadruplex topology
AGGG(TTAGGG) parallel-propeller and antiparallel-basket
TTGGG(TTAGGGYA (3+1) hybrid
GGG(TTAGGG)T antiparallel-basket with two G-tetrads

In the present study a DNA sequence d[AGGG(TTAGEGenoted as LongHT) which
potentially is able to form three intramolecularqGadruplexes was investigated. The CD
spectrum of the LongHT in Nacontaining solution has a minimum and a maximur2Gg
and 295 nm, respectively, and thus provides arcatidin that also within a triplex of G-
quadruplexes only the antiparallel-basket topolisgybserved for Na(Fig. 32a, black trace).
The same oligonucleotide sequence in the presehd¢€” dons features the CD spectrum
which is similar to that of the HT-repeat (Fig. 3Back trace). The maximum at 295 nm and
the shoulder at ~273 nm do not allow for decidimgeither mixture of the parallel and the

antiparallel G-quadruplexes or the single (3+1)rid/topology.
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Figure 32 CD spectra of LongHT oligonucleotide:. Unlabeled (black), single spin labeled at 5-poniti
(blue), and double spin labeled at positions 5 ahdred) LongHT in (a) Nacontaining and (b) k
containing buffers.

TEMPA-spin-labeled nucleotides were incorporated thre LongHT sequence at
characteristic positions in the first and the seclmop of a G-quadruplex of interest. Double
spin labeled LongHT at positions 5 and 11 (Fig.)38as used to analyze conformation of the
terminal G-quadruplex and the oligonucleotide wiitroxides at positions 29 and 35 (Fig.
33b) was used to investigate the folding topolo§yhe middle part of the sequence which
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should be surrounded on both sides by two otheu&hqplexes. Thus, in contrary to CD
spectroscopy, DEER is to be utilized for observata the particular structure within a
sequence of several quadruplexes and not provifiaures of the overall folding in the

sample.

»ob

AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG

b)
AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG

Figure 33. Spin labeling of the LongHT.Red, black and green sections within the LongHresent
three G-quadruplex-forming blocks. Blue arrows shmosgitions for spin labeling in (a) the Longf—"ﬁ'
and (b) the LongHT.

While nitroxide spin labels in the HT-repeat atipjoss 5 and 11 point outwards with
respect to a G-quadruplex and do not disturb thmlirstructure (Fig. 26), spin labels in the
LongHT sequence may interfere with neighboring @dyuplexes. Characteristic features of
certain quadruplex structures in CD spectra weesl der verification if folding topology of
the LongHT remains the same after spin labelinge TongHT labeled at the side G-
quadruplex-forming block (LongH9 with either one or two nitroxides show identiGD
spectra in N&containing solution (Fig. 32a). A pair of spin ¢ in the middle part of the
LongHT (LongHT"®) does not alter CD profile as well (Supporting emes, Fig. A6).
Similar comparison for kdependent folding of the triple G-quadruplexes pi€ld by
unlabeled, single spin labeled and double spiniéabeligonucleotide showed that CD spectra
of all samples exhibit the same features (Fig. 33bipporting materials, Fig. A6).
Consequently, a general conclusion was made tlatapeling of the LongHT DNA neither
disturb nor alter G-quadruplex topologies. Idenéfion of those topologies is to be
performed by DEER.

Double spin labeled sequences of the LongHT werasomed in Nacontaining solution.
The sample preparation procedure was kept the sasndor the HT-repeat but the
concentration of spin labeled oligonucleotides waseased to 7M. This increase in
concentration together with higher yields of spabdled oligonucleotides (achieved by
double-performed HPLC) served for significantly tbetsignal-to-noise ratio and deeper
modulation amplitude. Dipolar evolution curves ofddie and terminal labeled sequences
were first corrected for intermolecular contribm$o Here, again experimentally derived
background functions from single spin labeled Lomght positions 29 and 5 were used for
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LongHT™ and LongHT® respectively. Resulted dipolar evolution curveaying similar
signal-to-noise ratio, are different in modulatidepths § = 0.15vs.A = 0.25 for LongHT™
and LongHT respectively). The lower modulation depth for thigldle labeled LongHT
indicates that less number of spins is coupled wdlch other. It happens as a result of
reduction of nitroxides during the solid-phase bgsis to EPR-silent hydroxylamines. While
in the LongHT“® TEMPA-spin-labeled nucleotides are added for ssithof the third G-
guadruplex-forming block a pair of spin labelshe imiddle of the LongHT is longer exposed
to reagents of automated DNA synthesis and thuexiites are reduced. Consequently, less

EPR-active spin labels remain in solution formirigsser fraction of coupled spins.
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Figure 34. DEER measurements on the Longh HT in (&) Na'-containing and (c,d) K'-containing

buffers. (a, c) Dipolar evolution curves for Longﬁdlein red and LongH'“f"d in black with fits and (b, d)
respective Gaussian-like distance distributions.

Both distributions of interspin distances in theddie and the side double labeled
oligonucleotides were calculated assuming a Gaussizdel which was shown to be a good
approximation and verified with model-free Tikhonmgularization (Supporting materials,
Figs. A9-A11). The found maxima of 3.0 £ 0.1 nm footh samples are in excellent
agreement with the distance measured for the dagitelabeled HT-repeat in the presence

of Na" ions (Fig. 35a). It allows for conclusion thatrfling quadruplexes in the Na
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containing solution have no additional influence tbe overall folding and even within a
triplex only one for N& known structure is observed at both side and meigdirt of the
LongHT, that is, the antiparallel-basket (Fig. 35b)
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Figure 3t. G-quadruplexes adopted by the LongHT (a) Comparison chart of interspin distances
measured for the HT-repeat, the HT-control and lthagHT in aqueous buffer solutions. Proposed
structures for triple quadruplexes formed by thengldT in (b) N&d-containing and (c) Kcontaining
buffers.

The question about G-quadruplex structures withnltongHT in K-containing solution
is more intriguing since topological polymorphishshort repeats of the human telomeric

DNA is most pronounced in the presence of Eations (Table 4). For topological
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identification of triple G-quadruplexes in"¥ontaining buffer, samples containing @ of
the LongHT labeled by pairs of nitroxides at thel @m in the middle of the sequence, 100
mM KCI and 10 mM Tris-HCI (pH 7.5) were preparechelpreparation procedure, being
similar to previous, included annealing with suhsag cooling down and shock-freezing of
the samples. Due to reduction of nitroxides in ¢oerse of automated DNA synthesis the
same trend like in Nacontaining samples — a decrease of the moduladigpth from
LongHT*® to LongHT"? — was observed in Kcontaining solutions. Also here the distance
distributions between nitroxide spin labels werdraoted as those having a form of a
Gaussian curve. Interestingly, no distance distioims with two peaks were found. Obviously,
there is no mixture of different topologies withime long DNA sequence. The extracted
distances were compared to those measured fomategular G-quadruplexes adopted by
short sequences containing only four GGG tractg. (Bba). Surprisingly, neither the parallel-
propeller conformationr(= 1.8 + 0.2 nm) nor the antiparallel-basket(3.0 + 0.1 nm) were
found both on the side and in the middle of thedldh. The extracted distance distributions
with most probable interspin distances of 2.5 +iiiand 2.7 + 0.1 nm for LongtT'f and
LongHT*®® respectively, correspond within the error to 2.6.1 nm measured for the (3+1)
hybrid structure (Fig. 35a). Some discrepanciesenDEER-measured distances for side and
middle quadruplexes can be explained by steric raimte of spin labels by adjacent G-
guadruplexes which force the spin labels to chahgge spatial orientation and, consequently,
leads to slightly different interspin distances.

All dipolar evolution curves recorded for the LonbBidontaining samples feature
oscillations with frequency of 14 MHz. Those ostilbns originate form hydrogen nuclear
modulations which were not completely averagedhm DPEER measurements. It was not
accounted for those oscillations while processhgdipolar evolution curves and extracting
interspin distances.

The selectivity of EPR to unpaired electrons in bormation with SDSL allowed for
targeting and characterization of particular G-quptexes within a sequence of those. Each
conformation was identified under conditions whesteric influence of neighboring G-
guadruplexes and eventually forcesmeft stacking or hydrogen-bonding took place. The
LongHT in the presence of N#ns was shown to adopt the antiparallel-baskefarmation
which is the same as reported for the HT-repeatoltrary, neighboring quadruplexes were
found to alter folding topology in ¥containing solution. The LongHT sequence was
observed to adopt three adjacent (3+1) hybrid stras (Fig. 35c) and neither the

antiparallel-basket nor the parallel-propeller Viaaed as it was the case for the HT-repeat.
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7.1n-cel EPR

7.1 Nitroxides inside oocytes and in oocyte extracf X. laevis

The non-invasive character of spectroscopy in gengrmeneficial for studying of living
systems; magnetic resonance techniques (NMR and) EPRarticular can be used to
characterize whole living systems or selectivelittompartments on a molecular level. In
fact, while NMR and MRI (magnetic resonance imayiace utilized for such large living
organisms as humans ane,vivo EPR is restricted to much smaller living objeagy(mice)
due to limitations in the size of resonator. Themwbstacle to extend EPR studiesrnwivo
systems has been the severe dielectric loss argegoent heating that occurs in aqueous
samples at conventional EPR frequencies (9.5 GHband) [126]. However, cells, being
essential functional and structural units of amintj organism, can easily become objects for
EPR studies in the X-band as they fit in a standaRR tube. Most living systems are
diamagnetic or, owing to very low concentratiorpafamagnetic species, may be assumed to
be so. Thus, special attention must be paid to sitpo of paramagnetic species inside cells.
The choice of a proper way to deliver or to produadicals into or inside cells depends

strongly on type of those radicals and the oridinedls.

COOH H,N_  COOH

(a) (b)
Figure 36. (a) PCA and (b) TOAC nitroxides.

EPR experiments on DNA require spin labeled nuaeosequences (conventionally,
nitroxide spin labels are used). Deposition of & dabeled oligonucleotide inside cells is
concerned with a problem that spin labeled DNA naither be expressed inside cells nor
penetrates through the cell membrane. Howeverlafge cells like oocytes of African frog
Xenopus laevigX. laevid the microinjection approach can be applied todfer spin labeled
oligonucleotides in the cytosol. Oocytes have emérgo be useful tools in cell and
development biology. They have already been prawdak suitable objects for NMR studies
of nucleic acids [28] and potentially could be iagd forin-cell EPR. Still, their evaluation
for EPR should be performed because special teahaicd sample preparation requirements

must be obeyed.
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An oocyte arrested in Stage VI is a spherical aélére nucleus-like conditions preside.
Being 1 mm in diameter it contains approximatelyllof cytosol. Volumes as high as 100
nL (10 % of the intracellular volume) can be miojected. Normally, the injection volume is
kept between 30-50 nL per oocyte to avoid burstintne cell.

To evaluate oocytes as possible tools ifecell EPR they were first injected with a
solution of a six member ring nitroxide TOAC (Fig6b) which is structurally similar to
TEMPA spin label used in distance measurements-qu&iruplexes (Section 6). 25 oocytes
were injected with 4 mM TOAC in Tris-HCI buffer (pA5). Injection volume of 50 nL per
cell resulted in 20-fold dilution of the injectetbsk solution and TOAC nitroxides were
supposed to have intracellular concentration of 200(reduction is neglected). In order to
minimize reduction of TOAC inside oocytes, eact2bfoocytes was frozen in liquid nitrogen
within 10 s delay after injection. The cw EPR spaut of the cells in 2 mm ID / 3 mm OD
tube was measured at -80 and compared with spectra from two reference ggpli) non-
injected oocytes and (ii) buffer solution of TOAQeh had similar to then-cell sample, 200

uM nitroxide concentration.
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Figure 37. EPR characterization of TOAC inside oocyte:. (a) Cw spectra at -8 of non-injected oocytes
(red), microinjected oocytes with TOAC (blue) an@AT in buffer solution (black). (b) Time-dependent
decrease of the EPR signal from TOAC inside oocytes

Both nitroxide spectra from TOAC in buffer solutiamd inside cells have a lineshape
typical for nitroxides in frozen solution (Fig. 37black and blue traces). The low-field and
high-field peaks from the-cell sample are separated by,24 200.5 MHz. It is somewhat
smaller than is observed in buffer solution {2A 213.6 MHz) and indicates lower polarity of
the intracellular environment of oocytes with regpéo aqueous solution. The overall
intensity of thein-cell spectrum, as determined by double integrationtates only 57 % of
thein-buffer spectrum. While concentration of TOAC inside celhal in buffer was the same
this difference might arise from spherical shapeoofytes which prevents them to fill the
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entire volume of the EPR tube. In spite of the thet injected oocytes were frozen within 10
s some reduction of nitroxides might occur everninithis time window and thus might also
contribute to lowering of the overall intensitytbe EPR spectrum (see below).

Interestingly, non-injected oocytes feature a dign&PR spectrum as well. It is a single
line at g~ 2 (Fig. 37a, red trace). Its lineshape and pasitiothe spectrum suggests that it
can arise from some organic radicals. A control sueament of the cell extract (cell
membrane was separated) showed no signal and dlléawveconclusion that those organic
radicals were present only in the cell membranejuliged by double integration, oocytes
contribute ~2 % to the whole EPR spectrum of migemted TOAC solution.

In intracellular environment nitroxides are knowo tindergo reduction which rate
strongly depends on both type of cells and typeitbxides (Section 3.2). The half-life of
TOAC in oocytes was determined by measuring intexssof cw EPR spectra from injected
oocytes which were frozen after different time gslaln order to avoid any uncertainties
connected with the signal produced by oocytes tkeéras at g~ 2 the amplitude of the low-
field peak was plotted against incubation time (RB@b). Subsequent fitting of the signal

decay with exponential function revealp}d = 1.1 £ 0.4 min. Thudn-cell EPR experiments
2

with such nitroxides as TOAC can be performed orén state where no reduction occurs,
but oocytes have to be frozen fast after injectiomrder to keep injected nitroxides EPR-
active.

In-cell EPR experiments where a sample should be incublmieger at ambient
temperature require spin labels which are morestiaasi towards intracellular reduction. Five
member ring nitroxides were recognized to be moabls towards reduction by ascorbate
than six member ring analogs [54], but increas¢han nitroxides’ stability in intracellular
environment of oocytes upon changing from six t@ fimember ring has to be verified. The
most straightforward experiment is to observe réduocof nitroxides in the cytoplasm-free
cell extract. In order to keep intracellular compents in excess with respect to nitroxides
the samples were prepared by mixing the oocyte exdllact with either PCA or TOAC
nitroxide (Fig. 36) in 4:1 (v/v) ratio. After fastixing time-dependent cw EPR spectra were
acquired. The amplitude of the low-field peak wasdias mean of the amount of EPR-active
species and was plotted against time. As it isetiffom Fig. 38, 75 % of PCA signal decays
within ~5 h at 18C. The same amount of TOAC is reduced within twoutés. Aiming to
understand and to explain this dramatic differenaeduction rates for both nitroxides in the

oocyte cell extract a comparative study of reduckimetics was performed.

64



I1l. Results and Discussion

=
7

[N
o
o
1
[N
o
o
=

o
2]
3
"
o

o
-
[¢)]

o
)
=)
1
L]

o
a
o

Intensity normalized
Intensity normalized

o
N}
a
1
o
N
a
1

0 100 200 300 00 05 10 15 20
t, min t, min

Figure 38. Reduction of nitroxides in the oocyte extract at 1£°C. Time-dependent decay of the EPR
signal from (a) PCA and (b) TOAC. Dashed lines espnt linear approximation of the reduction reactio

The fact that reduction of PCA runs much slowentfa TOAC at chemical similarity of
both substances may be explained by highly speeifaymes which could participate in this
reduction pathway. The most likely assumption & fACA does not fit into the cavity of an
enzyme as good as TOAC does; that is why the remtuof PCA proceeds slower. Thus, the
whole reduction process was assumed to have ameaizyorigin and was treated with the
Michaelis-Menten model [127]. According to this nebdan enzyme and a substrate (in the
present study — a nitroxide) can reversibly redtit @ach other to form a transitional complex
which then may either fall apart to the enzyme edsubstrate or react further to produce the

enzyme and products of the reaction:

E+S ——t— g5 —2 o pyp (10)

The overall reaction rate is given by:

V = Vmax[S] 116
|S| +Ky,

with

K, =—= (12) V... = k[E], (13)

whereVax denotes the maximal reaction rdfg, — Michaelis constank; — rate constants and

[S, [E] — concentrations of substrate and enzyme, reispéct
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Comparative study of reduction kinetics of both P@Ad TOAC nitroxides was
performed at 18C in the cytoplasm-free cell extract Xf laevisoocytes which allowed for
better manipulation and real-time observations ufidear in-cell” conditions. The reduction
kinetics was monitored from time-dependently aceplicw spectra at different initial
concentrations of nitroxides. The amount of unreduPCA was determined as the intensity
of the low-field peak and plotted versus time. Betermination of the non-reduced fraction
of TOAC double integration of the whole spectrumswzerformed. It provided a reliable
estimation of the amount of EPR-active speciessfmectra with broadened lines, as was
observed for TOAC concentrations above 10 mM.

Initial reduction rated/ were determined as a slope of the linear appraeidheegion of
the decay in the EPR signal (Fig. 38, dashed lin€k)s region does not exceed 20 %
conversion. The slower decay of the EPR signalPlGA was monitored with conventional
setup for cw EPR (1 spectrum/min). In contrast,féster decay of the TOAC signal could be
monitored with the rapid-scan technique only. Hé&ss data points were available for initial
reduction rates and resulted in larger SEM as coadp PCA (Fig. 39).

A tendency towards saturation of the reaction rdegscted for plots of PCA and TOAC
(Fig. 39) indicates that the reaction order charig®sa one to zero which is characteristic for
enzymatic kinetics [128]. Full saturation for PCAasvobserved in the range 2.5-4 mM of
initial concentration. In contrast, no full satuoat was achieved for TOAC, albeit the curve
does suggest approximation to saturation at corat@ns >20 mM. Unfortunately, no
reasonable experimental characterization appearssilpe at concentrations >20 mM as use

of highly concentrated TOAC solutions gave risextremely broadened EPR lines.

a)

154

V, uM/min

0 1 2 3 4 0 5 10 15 20
C(PCA), mM C(TOAC), mM

Figure 39. Dependency of initial reduction rates orthe initial concentration of nitroxides Michaelis-
Menten plots for (a) PCA and (b) TOAC with respeeftiits (red).
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Table 5. Fundamental constants from the Michaelis-Mnten model for reduction of nitroxides in cell
extract of X. laevis oocytes.

Nitroxide Km, mM Vinax WM/min
PCA 0.21+0.03 14.4+0.1
TOAC 7.21+1.50 96004960

Kinetic data were fitted according to the Michadllenten model (eq. 11) and respective
Ku andVmax constants were extracted (Table 5). Mgy values for PCA and TOAC were
compared with each other. The maximal reductioa fat TOAC appeared to be more that
650 times higher than for PCA. According to eq. 3. is proportional to the rate constant
ko, and initial enzyme concentratioi]f. Under the assumption that the same enzymes take
part in the reduction of PCA and TOAC, the enzymeaentration can be treated as equal for
the PCA and TOAC experiments because the same eoceytract was used for all
measurements. Thus, the ratio betw®gg, for the two nitroxides corresponds to the ratio
between their rate constants, thaMga(PCA)Nma(TOAC) =ky(PCA)Ky(TOAC) = 1/667.

The higherk, value for TOAC is also reflected in the Michaetisnstant which is
determined by the enzyme-substrate affinity and ¢heyme-mediated substrate specific
reduction rateky (eq. 12). Hence, as no numerical values Kgrare available also no
conclusions can be drawn concerning the affinityvieen the enzyme and different nitroxides,
however, a dominant role &f in the overall reduction rate of nitroxides candséablished.

Determination of the maximal reaction ratgax and the Michaelis constaKiy does not
allow for identifying a multistep enzyme-mediateghction. Thus, based on these data a
multistep enzyme-mediated nitroxides reductioncellulo cannot be excluded as well.
Consequently, the term “enzyme-mediated” includeth lbeaction types where the reduction
is caused either directly by an enzyme or the eezghould be activated by other reagents in
solution.

Stability of nitroxides in the cellular environmeait X. laevisoocytes depends primarily
on the ring size of nitroxides. The reduction pssxeas shown to be an enzymatic one and
runs much slower for five member ring PCA nitroxdd&hus, for experiments which demand
longer incubation times inside oocytes at room terajure five member ring PCA-like
nitroxides should be used. For fast freezing ofdample which allows for stopping of the

reduction reaction on its very beginning six memiogg nitroxides might be used as well.
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7.21n-cell DEER on model systems

A pulse EPR technique like DEER has emerged a usedl in structural biology. In
combination with SDSL it opens access to long-ragigeances on the nanometer scale thus
complementing widely used methods for structuratemeination — NMR and X-ray
crystallography. Aiming to gain structural infornoat of biomacromolecules under
physiological conditions, the feasibility of DEERd®d distance measurements on a DNA
model system inside cells was examined. The expeeriah design of such a proof-of-
principle experiment was concerned with the follogvissues: (i) choice of a double spin
labeled molecule with a well defined interspin diste, (i) delivery of the spin labeled
molecule inside cells, (iii) optimization of the nsple preparation procedure and the
experimental setup.

DNA oligonucleotides are convenient biological doast to build rigid or semi-rigid 2D
and 3D arrangements [3]. In particular, intensileHR studies on double spin labeled DNA
double helices revealed that interspin distance® well defined, could be predicted with
high degree of accuracy up to 1 A and had ratheowedistance distribution if nitroxide spin
labels are attached via acetylenic tether. A syitthiéy obtained double spin labeled DNA
double helix cannot penetrate through a cell memdtay itself but may be delivered into
cells using a microinjection approach. Large déts X. laevisare suitable for microinjection
of volumes as high as 100 nL per cell. High migeition volumes are required in order to
get a sufficient amount of spin labeled moleculésctv can be detected by EPR. Oocytes are
supposed to be frozen after microinjection in ortdestop reduction of nitroxides and to trap
a DNA conformation.

The model spin labeled DNA double helix was obtdirtey hybridization of two
complementary strands d[TATCGAA] and_d[TTCGATA] gla spin labeled with TEMPA-
labeled thymidine analogs at-énd of each sequence (underlined). Positioningthef
nitroxide at the end of the strand allows for miiziation of the time when the nitroxide is
exposed to reducing agents of the automated DNAhegis; thus higher yield of the spin
labeled DNA can be achieved. For the single spibeled DNA double helix the
d[TATCGAA] sequence was hybridized with the compéerrary but unlabeled strand. Short
half-life of six member ring nitroxides in cytoptag& environment of oocytes should not be a
problem in this DEER experiment as no incubatiorihef DNA inside cells is required and
the sample is supposed to be frozen very fast affection. The interspin distance in this

double helix was calculated using SYBYIsoftware (Tripos Inc.). The methyl groups of
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respective thymidines were substituted by TEMPAnspabels following by energy
minimization of the whole system. The interspintali€e in the structure thereafter was
estimated to be 3.2 nm.

For microinjection 4 mM stock solution of the DNAuwble helix in Tris-HCI buffer (pH
7.5) was prepared. 50 nL of the stock solution wenually injected into each oocyte.

Taking into account a short half-life of six memibig nitroxides (y ~ 1 min) each cell was
2

immediately frozen after the shortest possible toh&0 s. Upon freezing, oocytes have got
an ice cover which prevented them to fit into arRERbe. In order to get rid of that ice cover
a careful lyophilization was performed. Cells wéaken out of the lyophilizator right away

after the ice cover was removed to avoid furthetewsemoval from oocytes. Subsequently,

microinjected cells were transferred into EPR tudnes stored at —8TC until measurement.

a) b)
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Figure 40. DEER measurement on the model DNA doublbelix in agqueous solution.(a) Dipolar
evolution curve: experimental trace (black) witte tfit for Tikhonov regularization (blue). (b) The
respective distance distribution.

In spite of a normally good agreement between ptediand measured interspin distances
within a double helix it is always beneficial toeusxperimentally estimated distances as a
reference for further more complex experiments.rétoge the model DNA double helix was
measured in a buffer solution.plL of 4 mM stock solution was mixed with 24 of Tris-

HCI buffer containing 20 % (v/v) of glycerol andstdted in 160uM final concentration of
the DNA model helix in the sample. The dipolar exmn curve was measured ovep®and
showed clear oscillations which indicate that tistashce distribution is rather narrow (Fig.
40). The Tikhonov regularization (Fig. 40a, blueck) fitted the dipolar evolution accounting
for the oscillations after 0.5 ps. The most probabstance between two nitroxide spin labels
was estimated to be 3.2 nm and matched the prddilis¢ance. After obtaining tha-buffer
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reference for the most probable interspin distaacd also the envelope of the distance

distribution in solution, then-cell DEER measurement was performed.
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Figure 41.1n-cell DEER on the model DNA double helix performed in tle split-ring resonator MS-3.
(a) Dipolar evolution curve: experimental traceafd) with the fit for Tikhonov regularization (blugb)
The respective distance distribution.

Microinjected oocytes were measured at the samergmpntal parameters as the
buffersample. 30 oocytes were required to fill a 2 mnglartz tube for a DEER experiment.
Initially low intensity of the refocused echo didtrallow for acquiring the dipolar evolution
curve over 1.5-2us. Instead, the dipolar evolution curve was acguioger 700 ns and
corrected for intermolecular interactions. Thuseathe background correction the dipolar
evolution curve was analyzed for intramoleculatatises. It featured the modulation depth
= 0.20 (Fig. 41a) which is somewhat lower than tfee in-buffer measurement and may be
either due to reduction of nitroxides or due to antminty from the high noise level. The
distance distribution was extracted using Tikhorm@gularization. The most probable
interspin distance was calculated to be 2.9 nm @id).

The obvious complication in thie-cell DEER experiment is a high noise level due to
initially low echo intensity. The signal-to-noisatio may be improved by increase of amount
of spin labeled DNA which is detected in courseéhef measurement. Using stock solutions of
even higher concentrations than 4 mM is undesirabl®se concentrations may, from a
biological point of view, lead to cell death andprh a point of view of EPR, complicate
spectra and whole measurements due to intensive¥mnotecular interactions and fast
relaxation processes. The amount of spin labeledisp in the active volume of resonator can
be increased using an EPR tube of larger diametéhwallows for more dense packing of
oocytes in it. While spherical oocytes fill only 8@ of the entire volume of a 2 mm ID tube,
~80 % of the EPR signal is recovered from 3 mmubetas a consequence of increasing the

filling factor of the resonator.
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60 oocytes are needed for one DEER sample to beurezhin a 3 mm ID / 4 mm OD
tube. Also a dielectric resonator MD-4 with a largeameter was used instead of a split-ring
MS-3. While sample preparation procedure was Kepsame the length of the punypulse
had to be increased from 12 ns to 24 ns in ordezdoh a flip angle of 180The sample was
measured overnight at 45 K. Better filling factdr tbe MD-4 resonator provided more
intensive spin echo and allowed for detection & thipolar evolution curve over (s.
However, the modulation depth of the dipolar evolutcurve £ = 0.11) is approximately
twice as low as in the MS-3 resonator at the sameerevel (Fig. 42a). It is a consequence of
the two times longer-pulse used which, having narrower excitation badtw is more

selective and excites a smaller fraction of spins.

a) b)

t us r, nm

Figure 42. In-cell DEER on the model DNA double hét performed in the dielectric resonator MD-
4. (a) Dipolar evolution curve: experimental tracéaflx) with the fit for Tikhonov regularization (ke
(b) The respective distance distribution.

The dipolar evolution curve was fitted with Tikhanoegularization resulting in a broad
distance distribution with maximum at 3.2 nm (Fg). The most probable interspin distance
within the model DNA double helix inside cells mags experimentally obtained distance in
buffer very well. The increased width of the distardistribution measured inside cells may
originate from low signal-to-noise ratio and thosnfi uncertainty in derived distances. Also,
broader distance distribution may be a result atiglamelting of the short double helix
(consisting of 7 bp) in cellular environment of gtes. The results from MD-4 resonator are
more promising foin-cell DEER because longer dipolar evolution curves cbeldicquired.
Finally, exchange to five member ring nitroxide ftiglso improve signal-to-noise ratio and
thus might allow for more precise distance deteatnom.

In parallel to this study a report of Kiset al appeared which describedcell DEER on
nucleic acids as well [129]. Using of five membiagrnitroxide TPA as spin label in a 12 bp

DNA double helix allowed them for observation ofnoav distribution of interspin distances
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as is characteristic for rigid DNA duplexes. Therenstable towards reduction TPA spin label
made it possible to measure DEER even after 70imsirbation time. The fact that narrower
distance distribution was observed for the morélstd2 bp double helix than for 7 bp one
supports our hypothesis that shorter double heé#sin cytoplasmic environment of oocytes

and this melting caused broader distribution cénspin distances (Fig. 42b).

Figure 43 Strategies for spin labeling of proteins and nuclec acids forin-cell EPR. MTSL-labeled
cysteine (a), 3-maleimido-PROXYL-labeled cysteihg TEMPA-labeled 2deoxyuridine (c), and TPA-
labeled 2-deoxyuridine (d).

Analysis of the above described results for nuceicds together with pioneering work of
Ilgarashi et al about in-cell DEER on proteins [110] allows for deriving general
recommendations fom-cell distance measurements. Reductive properties ofcdfialar
environment primarily determine optimal conditicios the sample preparation. Regardless
the type of biomacromolecules, a protein or a nackeid, more stable five member ring
nitroxides should be used as they allow for longeubation of the sampli cellulo and
easier handling. Attachment of spin labels to biormaolecules should avoid using S-S
bridges which might be reductively cleaved insiddisc In nucleic acid conventional
acetylenic linker can be used. However, for prateire widely used MTSL spin label should
be exchanged to for example 3-maleimido-PROXYL Whimunds to the cysteine via C-S
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bond formation. EPR tubes with larger inner diamgetand respective resonators) 3 or 4 mm

are recommended to increase filling factor of @masor and to lower the noise level.

7.3 Conformations of the human telomeric repeaitn cellulo

Conformations of G-rich DNA sequences are deterthibg their environment. While
intramolecular G-quadruplexes formed in the presesfodNa or K™ ions by DNA sequences
with different flanking nucleotides were identifietthe G-quadruplex structure of the human
telomeric DNA at native conditions cannot be presti@ priori. Not a certain environmental
factor but rather a combination of many of themirtesf the folding topology of a G-rich
sequence inside cells. Thus, in order to determardormations of labile G-quadruplexes it
should be accounted for effects of molecular croggdand viscosity, presence of small
molecules and any biomacromolecules, influencetbfapd temperature. NMR, X-ray, CD
and recently EPR derived a body of results on Giguyzlex topologies adopted by fragments
of the human telomeric DNA (Section 6). Additioryalestablishment oin-cell DEER for
distance measurements on nucleic acids (Sectigrsddgests that structural investigation of
G-quadruplex assemblies may now be performed undeacellular conditions thus
accounting for the complex set of environmentaldescinside cells.

Regarding the remarkable structural polymorphismimfamolecular G-quadruplexes
adopted by HT DNA oligonucleotides, the HT-repeRAGIGG(TTAGGG)] appears to be
very interesting and intriguing object for deteration of its folding topology inside cells.
Briefly, the HT-repeat was shown to adopt antigalddasket structure in Nacontaining
solution. In the presence of Kons it was found to form 1:1 mixture of antipdeibasket
and parallel-propeller topologies. Initially, ontlge parallel-propeller was identified from a
crystallized sample. Moreover, influence of molecutrowding on the determination of G-
quadruplexes was studied. The parallel-propelleiciire of the HT-repeat is favored if-K
containing solution crowded by PEG. It was alsoenbsd that other G-quadruplexes formed
in the presence of Kions {.e. the (3+1) hybrid and the antiparallel-basket witlo tetrads)
undergo conformational transition to the more coohgzarallel-propeller structure which
have been firstly determined from X-ray crystallmginy [25].

G-quadruplex topologies of the HT-repeat in theraicellular environment can be
identified in thein-cell DEER experiment by measuring characteristic degaconstraints
between nitroxide spin labels. The experimentaigiescludes the following steps: (i) to

deposit the unfolded HT-repeat inside cells, @ijricubate the sample to enable its folding,
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(iii) to shock-freeze the sample in order to tragamformation or conformations, (iv) to
measure characteristic distances between spinslayel (v) to conclude on G-quadruplex
structures formed under intracellular conditions.

The HT-repeat was labeled at positions 5 and 1thvprovided characteristic interspin
distances for identification of G-quadruplexes.tdéasl of TEMPA which was used fan-
buffer studies (Section 6) the HT-repeat was labeled thighTPA nitroxide. In the latter spin
label the N-O group is enclosed in a five membag nivhich serves for higher resistance
towards reductiomn cellulo (Section 7.1). Possible deviations in distancessorea between
TMP spin labels in comparison to TEMPA should benptetely compensated by inherent
flexibility of the loops which owe to higher degretfreedom than nitroxides attached via an
acetylenic linker. The measured distances are sgupto be in agreement with previously
estimated within the error of 0.1 nm provided by DEER experiment itself (Section 6). In
fact, from the good agreement between inter-C5-yhedistances and measured interspin
distances (Section 6.2) any significant deviatiesuiting from exchange to TPA nitroxide
can be excluded.

According to the experimental design, the spin liedbeHT-repeat should be incubated
inside cells to form G-quadruplexes. The propeuloation time has to be long enough to
provide folding of the HT-repeat and to allow itr feeaching an equilibrium state. On the
other hand, incubation time should be kept as shsrpossible to minimize a number of
reduced nitroxides and, consequently, to minimigea losses in DEER.

FRET is a convenient and fast method for obsematioG-quadruplex folding [32]. The
solution of KCI was added to the HT-repeat labelatth the FRET pair (FAM — donor and
TAMRA — acceptor at '3 and 3-ends of the sequence, respectively) following imyet
dependent measuring of the fluorescence signaR@trmn. Upon folding of the HT-repeat
FAM and TAMRA become closer and energy transfeesgilace. The fluorescence intensity
at 520 nm decreases with time during G-quadrupexétion and reaches the signal intensity
which corresponds to completely folded conformatneady within 2 min (Fig. 44a).

CD spectroscopy provides express information onesdypes of G-quadruplexes in
solution. Although only the parallel and the antgliel topologies may be unambiguously
identified CD spectra allow for clear distinguistibetween folded and unfolded states. Thus,
time-dependent CD spectra were acquired immediafédy adding KCI to the solution of the
unfolded HT-repeat. In agreement with FRET restits, HT-repeat is folded within approx.

2 min. However, subtle changes at ~273 nm are wbde8 min more. It can be concluded
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that the HT-repeat reaches an equilibrium stat &ftmin incubation time because no further

spectral changes were observed (Fig. 44b).
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Figure 44. Folding kinetics of the HT-repeat in K'-containing buffer solution. (a) Time-dependent
FRET spectra of the folded HT-repeat (red) andrdutihe folding process (blue). (b) Time-dependdnt C
spectri, time is given in the leger

Also the life-time of nitroxide spin labels insid®cytes was tested. Although intensive
study of reduction kinetics of the five member rimgoxides PCA was already described in
Section 7.1, reduction of the TPA spin labels hade investigated in order to choose a
proper incubation time for this particular nitrogidT he solution of the HT-repeat, single spin
labeled at position 5, was injected into oocytesrter to account for influence of viscosity
inside cells and different diffusional motion, rddmal mobility and accessibility of a
nitroxide spin label bound to a biomacromolecule feducing agents in a bulk solution.
Subsequently, the microinjected oocytes were froattar different time delays and cw
spectra at 120 K were acquired. A typical nitroxgfectrum in frozen state was observed
after 10 s incubation (Fig. 45a, green trace). Hm@uethe observed nitroxide spectrum is
overlapped with a single line atg2 which origins from the oocytes. The initiallyvisible
signal from oocytes in the cw spectrum acquireerdf0 s delay becomes more pronounced at
longer incubation times (Fig 45a, red trace) whatensity of nitroxide spectrum decreases
due to reduction reactiom cellulo. Thus, the amplitude of the low-field peak which i
attributed solely to spin labels was taken as anneéahe amount of nitroxides in the sample
and was plotted versus incubation time (Fig. 49 decay of the EPR signal was fitted

with an exponential function resulting in a timeastant of 29 + 7 min.
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Figure 45. Reduction of the TPA nitroxides within he single spin labeled HT-repeat insid&. laevis
oocytes.(a) Representative cw-EPR spectra: 30 sec and®@fter injection (green and red, respectively).
(b) Time-dependent decay of the signal intensite (iow-field peak) in the nitroxide spectrum. Color
circles correspond to cw spectra shown in (a).

Folding studies of the HT-repeat performed by FREE@ CD in aqueous buffer solutions
showed that G-quadruplexes were formed and reaaheequilibrium state within 5 min.
However, this value provides only a rough indicatifor the high-viscose cellular
environment where all diffusion and thus foldingpgesses may occur slower. Hence, the
incubation time of the HT-repeat inside oocytesusthdne longer than 5 min and is limited by
the half-life of the TPA spin labels. The optimiahé¢ of 15 min was chosen as the longest one
after which many of nitroxides still remain unreddc It would allow for keeping as much
spins as possible at a relatively long incubatiomet

Forin-cell DEER the 4 mM stock solution of the HT-repeat wgscted into 60 oocytes
(50 nL per cell) resulting in a final effective iiatellular concentration of 200M. While
successful DEER measurements in buffer solutiomsbeaperformed already at 50-iM
concentrations of double spin labeled species [48 value of 200uM allows for
observation of an intense signal even if the nitteg get partially reduced. The microinjected
oocytes were incubated 15 min at room temperatack shock-frozen in liquid nitrogen.
Careful lyophilization was carried out in orderget rid of the ice cover on the microinjected
cells without dehydration of the cytosol (see Setf.2). The sample in a 3 mm ID tube was
measured at 45 K overnight. The 1uS-long dipolar evolution curve was acquired and
corrected for intramolecular dipolar contributiongh a background function derived from
the experimentally measured single spin labeledrépkat inside oocytes. The usage of
experimentally derived background functions is thest reliable forin-cell samples where
injected spin labeled species do not reach homagmsndistribution over the cell volume

within a given incubation time.
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Figure 4€. In-cell DEER on the HT-repeat. (a) Dipolar evolution curve: experimental traca), two-
Gauss fit (red) and Tikhonov regularization (blaéth (b) respective distance distributions.

The resulted dipolar evolution curve (Fig. 46a)tdead lower modulation depth as
compared ton-bufferandin-extractexperiments (see below). The lower valué afeasured
for thein-cell sample is mainly due to the longer pumpulse (24 ns) used in the setup with
the MD-4 resonator. Additionally, lowering of theodulation depth was caused by partial
reduction of nitroxides during the incubation ofetiHT-repeat inside cells at room
temperature. The distance distribution obtainedmmdel-free Tikhonov regularization at
optimal regularization parameter = 1000 has two distinct peaks (Fig. 46b, blue&yac
Consequent fit of the dipolar evolution curve wittho-Gaussian-model revealed distance
distribution with two maxima at 2.0 and 2.9 nm (F@Db, red trace; Table 6). These distances,
if compared with the DEER results in'¥ontaining solution (Section 6.2), can be attiéolt
to the parallel-propeller and the antiparallel-lesk-quadruplexes. The ratio between those
conformations is 1:1 and thus the same as‘ktdataining buffer. The distance distribution
envelope, however, do not fall complete to zerodatances shorter than 1.5 nm.
Unfortunately, an approach to analyze those slamge distances by broadening in cw
spectra cannot be applied fiorcell samples where two signals — from nitroxides andnfr
cells — are overlaid. The signal from oocytes careliminated if the whole measurement is
performed in the cytoplasm-free cell extract; ibak for inspection if any interspin distances
below 1.5 nm are present after folding of spin labeligonucleotides.

DEER measurements in the cell extract were perfdrimn¢he way as close as possible to
in-cell experiments. L of 4 mM stock solution of the spin labeled HT-eep was added
without mixing to 24uL of oocyte cell extract with 20 % (v/v) of glycémhich was already
placed in the 2 mm ID EPR tube. Incubation of thmgle at room temperature served for
diffusion and folding of the HT-repeat in the cyl@mgmic environment of oocytes similar to
the case inside cells. Consequently, the samplestvask-frozen in liquid nitrogen. The first
and the shortest incubation time — the time dektyvben adding of the HT-repeat to the cell
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extract and freezing — was 0.5 min. The sample W#@uM final concentration of the HT-
repeat was measured with the conventional DEERps@td a pump-pulse of 12 ns length.
The lyophilization is not required for the sampieshe cells extract and the sample handling
becomes easier. This allows for performing a sesfesubsequent DEER measurement and
thus allows for following conformational changestie one single sample in solution. After
the measurement at 0.5 min incubation time the gamps thawed to room temperature,
incubated 11.5 min more and frozen again. Thusptat incubation time of 12 min a new
DEER measurement was carried out providing one remapshot” of interspin distance
distributions which were formed during this newubation period. One more thaw-freezing
cycle with 8 min delay in between gave a total ation time of 20 min at which the dipolar
evolution curve was recorded again. At the firstinge, the whole procedure may seem time-
and effort-consuming but it provides unique acdessbservation of structural changes in
solution while saving high amounts of an expensi@mple. Time-resolution in this series of
measurements is defined by complete freezing aalitiy of the probe and is at least 20 s for
total sample volume of 2.

In order to get a full picture of folding of the H&peat in the cell extract the distance
distribution at incubation timé= 0 min is required. It corresponds to the HT-edpe the
unfolded state as it is added to the cell extrlotis, 1uL of the HT-repeat was mixed with
24 uL of Tris-HCI buffer (pH 7.5) already containing 20 (v/v) of glycerol. It was frozen in
liquid nitrogen and measured. The HT-repeat in lafwse buffer features a random coil
conformation (CD spectra on Fig. 28a) with the mastbable distance between nitroxides

being 2.84 nm as estimated from Tikhonov reguléiopa(Fig. 47).
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Figure 47. DEER measurement on the H'-repeat in the sal-free buffer. (a) Dipolar evolution curve
with the fit from Tikhonov regularization (blue) @t= 100 and (b) respective distance distribution.
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Prior to DEER measurements in the cell extracttthasversal relaxation times were
determined for each particular incubation perioth increase from 1.7@us (0.5 min
incubation time) up to 2.4%s (20 min incubation time) is a result of a redudedal
concentration due to diffusion of spin labeled Hpeat molecules in the cell extract and
reduction of nitroxides. Similar tm-cell DEER, each dipolar evolution curve fiorextract
samples was recorded over L& The experimental dipolar evolution curves wergected
for intermolecular contributions using backgroundndtions derived from the same
measurements of the single spin labeled HT-ref@aing to the short incubation time the
dipolar evolution curve of 0.5-min-sample featusemodulation depth of = 0.42 (Fig. 48a).
The decrease of the modulation depth with incredsedbation time (Fig. 48a) reflects
lowering fraction of coupled spins due to reductioh nitroxide spin labelsn cellulo.
However, even after 20 min thhe= 0.18 allows for reliable extraction of interspiistances.

The calculation of distances in the series of tdtependent DEER measurements is not a
trivial task as one deals with conformational chesmgvhich are in progress and thus with a
system in a non-equilibrium transition state. Fdistreason, model-free Tikhonov
regularization was applied first to extract intenspistances. Already visual inspection of
distance distributions shows clear changes fromircigation time to another (Fig. 48b, blue
traces). Those distances provide only an enveldpéistribution whereas no conclusions
about G-quadruplex conformations in the sample banmet so far. If those distance
distributions are fitted with two Gaussians whdtdiae parametersife. ratio between single
Gaussians and their individual centers and widting)varied, two maxima at 2.00 + 0.05 nm
and 2.90 + 0.05 nm appear in all cases. These vatoerespond to the most probable
interspin distances found inside cells (Table 6)l abservations in cell extract seem to
supportin-cell findings. Thus, for the sake of better numeridaracterization the distance
distributions were fitted with fixed maxima at Zith and 2.9 nm. Those maxima are assigned
to the parallel and the antiparallel structurespeetively. As dealing with transition from an
unfolded state to a folded one, the variation tibrand width of individual Gaussians allows
for required flexibility of the fitting procedureithh respect to conformational transitions of

the HT-repeat.
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V/Vo

Figure 48. In-extract DEER of the spin labeled HT-repeat.(a) Experimental background-corrected
dipolar evolution curves for different incubatioimés (black) fitted with Tikhonov regularizatiom (i
blue). (b) From Tikhonov regularization calculatdidtance distributions (blue circles), red solideb
represent a superposition of two individual Gaussi@glack) which maxima are fixed at 2.0 and 2.9 nm
(vertical black dotted lines). Asterisks mark artis in distance distributions due to Tikhonov
regularization.

For the two Gaussians with fixed maxima at 2.0 2:®dnm the increase of the fraction at
2.0 nm is observed in the distance distributiorhvdinger incubation times (Fig. 48b; Table
6). That is, the HT-repeat adopts the parallel aon&tion which reaches approximately 50 %
after 20 min. The peak at 2.9 nm cannot be soketygaed to the antiparallel-basket topology
because it coincides with the most probable intardstance in the unfolded HT-repeat (Fig.
47b). This also explains widerfor 2.9 nm peak at 0.5 min incubation time whiatet gets

narrower ¢ = 0.4 nm). Only at incubation time of 20 min ihdae assumed that the Gaussian

8C



I1l. Results and Discussion

at 2.9 nm corresponds to the antiparallel structNrgoxide spin labels in both quadruplexes
are situated in the loop regions and point in thék ksolution and therefore are equally
exposed to it. Consequently, nitroxides on bothu@etjuplexes are assumed to be reduced at
the same rate and the ratio between two conformatichich was observed far= 0.18 (20

min incubation time) should be true for the whaojstem.

Table 6. Characteristic parameters for distance disibutions obtained for the double spin labeled
HT-repeat in cellular environment of X. laevis oocytes.

Experiment Distance Width of Distance Width of Fraction of
constraint distance constraint distance distance
ry, NM distribution Iy NM distribution constraint
(HWHH) (HWHH)
o1, M Gz, M
In-extract 2.0 0.4 2.9° 0.6 21%
f
(30 sec)?
In-extract 2.0" 0.5 2.9 0.4 37%
fal
(12 min)®#
In-extract 2.0" 0.6 2.9 0.4 49%
[l
(20 min)*®
In-cell 2.0 (0.1) 0.7 (¥0.1) 2.9 (0.1) 0.4 (x0.1) 45% Yn

[ distance distribution obtained by Tikhonovuegization and fitted with two Gaussiaffskept constant;
[ Two-Gauss-curve model.

Distances around below 1.5 nm cannot be detectadately by DEER. The occurrence
of short-range distances below 1.5 nm for imextract series €.g9. Fig. 47b) is therefore
crosschecked by cw EPR studies in cell extract.s€hallow for checking short-range
distances by comparison of cw spectra from doupia tabeled and single spin labeled
samples at 120 K. The corresponding cw spectra isigosubtle differences (Fig. 49b)
support the distance distributions assumed forirthextract series, while for the unfolded

HT-repeat in salt-free buffer solution no distanbekw 1.5 nm were detected (Fig. 49a).
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Figure 49. Cw spectra at 120 K Single spin labeled (red) and double spin lab@iatk) HT-repeat in (a)
the salt-free buffer and in (b) the cell extra¢eafi2 min incubation time.

In summary, in-cell DEER was shown to be applicable to identify G-qupatex
topologies inside cells. The HT-repeat adopts andixture of the parallel-propeller and the
antiparallel-basket conformations ¥ laevisoocytes. The same result was observed for the
HT-repeat in K-containing buffer and allowed for conclusion of tthominant role of Kions
over other environmental factors which might drif@ding of the HT-repeat. DEER
measurements in the cell extract support findingsde cells and also complementcell
DEER by analysis of short-range distances and alleswwmonitoring of conformational

changes in solution.
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8. Summary

The current work deals with the development of E&Fbiological applications. Based on
existingin vitro techniguesjn-cell approaches for determination of distance conggdiy
double electron-electron resonance (DEER) werebkst@d. After proof-of-principle
experiments on rigid model systents,cell DEER has been applied to study formation of G-
guadruplexes adopted by human telomeric DNA oliggmeon their microinjection into
living cells.

Distances between two spin labels are derived franDEER experiment. Their
incorporation into DNA oligomers was achieved bysdring nitroxide-modified 2
deoxyuridines at places of thymidines during selidise synthesis. By means of CD
spectroscopy it was shown that nitroxides incorfgatan this way in loop regions of G-
qguadruplexes do not disturb their initial structuria spite of the inherent flexibility of loops,
measured interspin distances are characteristiey tary significantly for different G-
guadruplex topologies providing a criterion for ritiication of those topologies. The most
probable interspin distance can be predicted fraistiag high-resolution structural data and
compared with reference measurements of known tateg allowing for allocation to a
certain structure. Even several conformations aamdbntified within a single experiment if
the difference between the most probable intersistances exceeds 0.3 nm. In the ion-
dependent folding of the d[AGGG(TTAGG#the antiparallel-basket topology was found
for Na’ (in agreement with high-resolution NMR structuaey for the first time a 1:1 mixture
of the antiparallel-basket and the parallel-prageith the presence of'Kons was identified.

G-quadruplexes may alter folding topology if thee &ormed one after another within a
long DNA sequence. This influence of neighboringi@&druplexes was studied in a sequence
with three G-quadruplex-forming blocks where ondlefm — in the middle or at the side —
was selectively labeled with nitroxides. Consequdistance measurements allowed for
conclusion on topologies adopted solely by the heidat the terminal part of the DNA
sequence and thus allowed for building models fa&r folded human telomeric DNA in
solution.

The intracellular environment is known to reducetraxides to EPR-silent
hydroxylamines. Therefore, prior to noveicell distance measurements free nitroxides were
deposited into cells via microinjection. Here, teduction kinetics of two types of nitroxides
was described within Michaelis-Menten formalism fenzymatic processes. Thus, an

enzymatic origin of reductiom cellulo was proposed. It was found that insi¥e laevis
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oocytes and in their extract the five member rintgorides (like PCA) are reduced much
slower than their six member ring analogs. In pple; both six and five member ring
nitroxides are suitable fan-cell DEER if no long incubation time is required. Howefive
member ring nitroxides are preferable due to lomgéi-life and thus easier handling.

Conformations of the d[AGGG(TTAGGE))inside oocytes where nucleus-like conditions
preside were studied after incubating the unfolsleguence for 15 min after injection. Two
conformations at 1:1 ratio were found inside céllsese were the antiparallel-basket and the
parallel-propeller. This result is the same as tbimK'-containing buffer. Thus, a dominant
role of K" in in-cell folding of the human telomeric oligonucleotide westablished. This
result was also confirmed bg-extract measurement providing an alternative way to study
conformationsin cellulo. A time-dependent experiment allowed monitoringtied folding
process.

DEER was shown to be applicable for structural iifieation goals of biological objects
under their native conditionin-cell DEER can provide means to analyze conformatiods an

folding of nucleic acid structures inside livindlsevhich has hitherto been unachievable.
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9. Zusammenfassung

Die vorliegende Arbeit befasst sich mit Methodemgcitlung in der ESR-Spektroskopie
fur biophysikalische Anwendungen. Auf Basis vonsegrenderin vitro ESR-Experimenten
wurden Anséatze zur Bestimmung von Abstandsverigén im Nanometerbereich mittels
Doppel Elektron-Elektron Resonanz (DEER)cellulo etabliert. Nach ,proof-of-principle®-
Experimenten an Modellsystemen wurda-cell DEER angewandt, um erstmals
Konformationen von G-Quadruplexen der menschlicheelomer-DNS in cellulo zu
bestimmen.

Aus DEER-Experimenten kénnen Abstdnde zwischen z8mnmarkern zueinander
abgeleitet werden. Der Einbau von Funf- und Seetsitroxide (TPA und TEMPA) in die
DNS-Oligomere wurde durch Substitution des Thynsgdmit einem Nitroxid-modifizierten
2'-Desoxyuridinderivat wahrend der Festphasensgettegreicht. Mittels CD-Spektroskopie
wurde gezeigt, dass die in die "Loop"-Regionen @eQuadruplexe eingefihrten Nitroxide
die jeweiligen Konformationen nicht stéren. TroterdFlexibilitdt der Loops sind die
gemessenen Interspinabstdnde charakteristisch, @& Sch flir verschiedene
Quadruplexstrukturen signifikant unterscheiden wwod eine Identifizierung der einzelnen
Konformationen ermdglichen. Der Interspinabstandinkaausgehend von existierenden
hochaufgeldsten Strukturdaten, vorhergesagt undReferenzmessungen ermittelt werden.
Falls die Differenz zwischen den Abstéanden fur elisdene Konformationen oberhalb von
0,3 nm liegt, ist man in der Lage, in einem Expemtn mehrere Konformationen zu
identifizieren. Entsprechend den hochaufgelosten RNDaten wurde auch in ESR-
Messungen die antiparallele ,Korb“-Konformation fAGGG(TTAGGGY}] in Na'-Lésung
ermittelt. In K-Lésung wurde zum ersten Mal die 1:1-Mischung vatiparalleler "Korb'-
und parallener "Propeller-Konformation nachgewrese

G-Quadruplexe kénnen ihre Tertiarstruktur &nderennvsie innerhalb einer langen DNS-
Sequenz nebeneinander gebildet werden. DieseruBmflenachbarter G-Quadruplexe wurde
in einer Folge von drei G-Quadruplex-bildenden REit untersucht, wobei einer davon —
jeweils der Mittlere oder der Endstandige - selektiit Nitroxiden markiert wurde. Aus
Abstandsmessungen konnten so Schlisse auf die dgealles individuellen Quadruplex
gezogen werden. Fur die neu entwickeliteicell Abstandsmessungen wurden spinmarkierte
Proben mittels Mikroinjektion in Oozyten eingebradbie intrazellulare Umgebung reduziert
Nitroxide zu ESR-inaktiven Hydroxylaminen. Die Ré&tlanskinetiken zweier Nitroxidtypen

wurden mit Hilfe des Michaelis-Menten-Formalismiis €nzymatische Prozesse beschrieben
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und ein enzymatischer Ursprung der Redukiiorcellulo vorgeschlagen. Im Prinzip sind
sowohl Funf- als auch Sechsringnitroxide fir DEEReignet, sofern keine lange
Inkubationszeit erforderlich ist. Dennoch sollteanfingnitroxide aufgrund ihrer l&ngeren
Lebenszeit und ihrem leichteren Handling bevorzugden.

Konformationen der d[AGGG(TTAGGG}Sequenz wurdenn cellulo in Oozyten, in
denen zellkernahnliche Bedingungen herrschen, Mikloinjektion ungefalteter DNS und
anschlieRender Inkubation untersucht.cellulo konnten wiederum zwei Konformationen
nachgewiesen werden, die antiparallele ,Korb“- dieparallele ,Propeller-Struktur. Dieses
Ergebnis entspricht jenem, das auch fur Kaliumpliéeing gefunden wurde. Daher kann
eine dominante Rolle von *Kbei der Faltung der menschlichen Telomer-DNScellulo
angenommen werden. Dieses Ergebnis wurde auch dowektract Messungen bestétigt.
Zeitaufgeloste Experimente ermdoglichten das Bedeachdes Faltungsprozesses im
Zellextrakt.

DEER erwies sich bei der Strukturaufklarung biosatier Objekte in ihren nattrlichen
Bedingungen als tauglich. Die Entwicklung vamcell DEER eréffnet den Zugriff auf
Informationen beztglich Faltung und Konformatiomvsdukleinsaurestrukturen in lebenden

Zellen, die bisher nicht zugénglich waren.
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Supporting material
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Figure Al. CD spectra of the HT-control. Unlabeled (black trace) and double spin labeled (race)
oligonucleotide in (a) a salt-free buffer, (b) Naontaining buffer and (c) Kcontaining buffer.
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Figure A2. Termal denaturation profile for the HT-r epeat in K+-containing buffer detected by CD

at 273 nm. Unlabeled and double spin labeled oligonucleotides presented in black and red traces,
respectively.
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Figure A3. Analysis of the dipolar evolution curvemeasured for the spin labeled HT-repeat in N&
containing buffer. (a) Dipolar evolution curve prior to backgroundreation (black) with background
function in red. (b) Background corrected dipolaolation curve (in black) with fit from Tikhonov
regularization ato = 10000. (¢) The L-curve, optimal alpha is indézhtby an arrow. (d) Distance
distribution resulted from the Tikhonov regularipatato = 10000 (black) and Gaussian fit (red) of this
distribution. (d) Dipolar evolution curve measufedthe single spin labeled HT-repeat (black) wiik fit
corresponding to the three-dimensional distribugieal).
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Figure A4. Dipolar evolution curves measured for te HT-control in K*-containing buffer. The
dipolar evolution curve prior to background cori@etis shown in black with the background function
shown in red.
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Figure A5. DEER on the double spin labeletHT -repeat in K*-containing buffer. (a) Dipolar evolution
curve prior to background correction (black) witte tbackground function in red. (b) Dipolar evolatio

curve fitted with Tikhonov regularization. (¢) Dilao evolution curve measured for the single spbeled
HT-repeat (black) with the fit corresponding to theet-dimensional distributic (red)
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Figure A6. CD spectra of LongHT oligonucleotidesUnlabeled (black), single spin labeled at 5-ponsiti
(blue), and double spin labeled at positions 29 3&dred) LongHT in (a) Nacontaining and (b) k
containing buffers.
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Figure A7. Dipolar evolution curves prior to background correction (black) with background
functions (red) for double spin labeled LongHT olignucleotides.(a) LongH'IS'de in Na'-containin
buffer, (b) LongHT" in Na'-containing buffer, (c) LongH¥*in K*-containing buffer, and (d) Long

in K*-containing buffr.
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Figure A8. Dipolar evolution curves for single spin labelecLongHT oligonucleotides (a) LongHT**
in Na'-containing buffer, (b) LongHT™ in Na'-containing buffer, (c) LongH¥*in K*-containing buffer,

and (d) LongHT" in K*-containing buffer.
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Figure A9. Dipolar evolution curves for single spinlabeled LongHT oligonucleotides fitted with
Tikhonov regularization. (a) LongHT"“ in Na'-containing buffer, (b) LongHT in Na'-containing
buffer, (c) LongHT“in K*-containing buffer, and (d) LongHf in K*-containing buffer.
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Figure A10. L-curves from Tikhonov regularization for double spin labeled LongHT
oligonucleotides.(a) LongHT'® in Na'-containing buffer, (b) LongHT in Na'-containing buffer, (c)
LongHT®“ in K*-containing buffer, and (d) LongHf in K*-containing buffer. Optimal regularization
parameter is marked with an arrow.
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Figure A11. Comparison of distance distributions otained from Tikhonov regularization (blue)
with Gaussian-like ones (red)(a) LongHT“in Na'-containing buffer, (b) LongHT" in Na'-containing
buffer, (c) LongHT“in K*-containing buffer, and (d) LongH'f in K*-containing buffer. Asterisks mark
artefacts due to Tikhonov regularization.

10¢€



VI. Additional content

t, us

log p

-124

-164

-204

244

-7,5

6.0
log n

Figure A12. DEER on the DNA model helix in buffer solution. (a) The experimental dipolar evolution
curve prior to background correction (black) witle thbackground function (red) for the double spbelad
DNA model helix. (b) The L-curve, the arrow indieatoptimal regularization parameter
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Figure A13. DEER on the microinjected DNA model helix measured in th MS3 resonator (a) The
experimental dipolar evolution curve prior to bawkad correction (black) with the background fuowti
(red) for the double spin labeled DNA model heltk) The L-curve, the arrow indicates optimal

regularization parameter
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Figure A14. DEER on the microinjected DNA model helix measured in the MD. resonator. (a) The
experimental dipolar evolution curve prior to bawkand correction (black) with the background fuowti
(red) for the double spin labeled DNA model helik) The L-curve, the arrow indicates optimal

regularization parameter
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Figure A15. DEER on the microinjected HT-repeat. (a) The experimental dipolar evolution curve prior
to background correction (black) with the backgmebufunction (red) for the double spin labeled
oligonucleotide. (b) The L-curve, the arrow ind&satoptimal regularization parameter (c) The
experimental dipolar evolution curve for the singjén labeled oligonucleotide with fit (red).
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Figure A16. DEER on the HT-repeat in a sal-free buffer. (a) The experimental dipolar evolution curve
prior to background correction (black) with the kgmound function (red) for the double spin labeled
oligonucleotide. (b) The L-curve, the arrow ind&Esatoptimal regularization parameter (c) The
experimental dipolar evolution curve for the singjtén labeled oligonucleotide with fit (red).
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Figure A17. T, measurements for the double spin labeled HT-repean the cell extract after different
incubation times: (a) 0.5 min, (b) 12 min, (¢) 20 m. TheT, values are given in Figures.
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Figure A18. DEER on the HT-repeat in the cell extract The experimental dipolar evolution curves prior
to background correction (black) with the backgmbduanction in red (left) and the L-curves (righrf
incubation time of (a) 0.5 min, (b) 12 min, (c) 80n. The arrow in the right column figures indicate
optimal regularization parameter
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Figure A19. Dipolar evolution curves for the single spin labelé HT-repeat in cell extract Samples
with incubation times: (a) 0.5 min, (b) 12 min, @) min.
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