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Abstract

Guanine-rich oligonucleotides can form a unique G-quadruplex (GQ) structure with stacking units
of four guanine bases organized in a plane through Hoogsteen bonding. GQ structures have been
detected in vivo and shown to exert their roles in maintaining genome integrity and regulating
gene expression. Understanding GQ conformation is important for understanding its inherent
biological role and for devising strategies to control and manipulate functions based on targeting
GQ. Although a number of biophysical methods have been used to investigate structure and
dynamics of GQs, our understanding is far from complete. As such, this work explores the use of
the site-directed spin labeling technique, complemented by molecular dynamics simulations, for
investigating GQ conformations. A nucleotide-independent nitroxide label (R5), which has been
previously applied for probing conformations of noncoding RNA and DNA duplexes, is attached
to multiple sites in a 22-nucleotide DNA strand derived from the human telomeric sequence
(hTel-22) that is known to form GQ. The R5 labels are shown to minimally impact GQ folding,
and inter-R5 distances measured using double electron—electron resonance spectroscopy are
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shown to adequately distinguish the different topological conformations of hTel-22 and report
variations in their occupancies in response to changes of the environment variables such as salt,
crowding agent, and small molecule ligand. The work demonstrates that the R5 label is able to
probe GQ conformation and establishes the base for using R5 to study more complex sequences,
such as those that may potentially form multimeric GQs in long telomeric repeats.

Graphical abstract
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Guanine-rich oligonucleotides, either DNA or RNA, can form a unique structure, called G-
quadruplex (GQ), which consists of at least two stacked G-tetrads formed by four guanine
bases organized in a plane and interacting via Hoogsteen bonding.1=3 GQ formation has
been detected in vivo,*~" and it has been shown that GQs exert a role in maintaining genome
integrity and regulating gene expression. GQ conformations are distinct from duplexes,3-12
which not only underlie their biological functions but also present opportunities for the use
of small molecule ligands to manipulate biological functions.12-15 With their unique
nanoscale geometry, biocompatibility, biodegradability, and molecular recognition capacity,
GQ:s are also promising candidates for the construction of novel functional
nanomaterials.16.17

Understanding GQ conformation is of great importance for understanding its inherent
biological roles and for devising strategies to control and manipulate biological functions
based on targeting GQ. The structure and dynamics of GQs, particularly those formed from
sequences of fewer than 30 nucleotides (nt), have been extensively studied using a variety of
experimental and computational approaches, including X-ray crystallography,!® nuclear
magnetic resonance (NMR),1%-23 circular dichroism (CD),24-27 Forster resonance energy
transfer (FRET),28:29 |aser tweezer,30 atomic force microscopy,3! molecular dynamics (MD)
simulations,32:33 and electronic structure calculations.34:3% While these studies have revealed
a wealth of information about GQs, for example, their high degree of structural morphology
and versatility in ligand recognition, our understanding of GQ is far from complete. Thus,
complementary methods that provide structural and dynamic information about GQs,
particularly on long sequences and under physiological conditions, are of interest.

Here, we explore the use of the site-directed spin labeling (SDSL) method to investigate GQ
conformations. SDSL monitors site-specifically attached stable nitroxide radicals using
electron paramagnetic resonance (EPR) spectroscopy and provides structural (e.g., distance
constraints) and dynamic (e.g., motions at the labeling sites) information about the parent
molecule.36:37 SDSL can be applied to study high-molecular weight systems under
physiological conditions and avoids a number of fundamental issues faced by
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crystallography (e.g., crystalline sample preparation, interference from lattice packing) and
NMR (e.g., limitation on molecule size). Nitroxides are smaller than most fluorophores and
are more intimately connected to the parent molecule. As a result, distances between a pair
of nitroxides can be measured more precisely and can be explicitly correlated to the native

structure.37:38

SDSL studies of GQs using a nitroxide label attached to selected thymine bases in loops
have been reported.3940 Encouraged by previous SDSL work, we report here the use of a
nucleotide-independent nitroxide [designated as R5 (Figure 1A)] for probing GQ
conformations. R5 belongs to a family of labels that can be efficiently attached at any
desired site within a nucleic acid sequence,37-3841 thus offering an effective means of
scanning a target sequence, which has been shown to be highly advantageous.#2:43 In our
prior work, we have established and validated a R5 tool kit for mapping global structures of
RNAs and DNAs,*! which consists of (i) inter-R5 distances measured via double electron—
electron resonance (DEER) spectroscopy and (ii) a NASNOX program that efficiently
computes inter-R5 distances on given nucleic acid structures. We also reported the use of the
R5 tool kit, complemented by Monte Carlo simulations, to investigate sequence-dependent
DNA duplex shape.*

While previous work with this approach has focused primarily on duplex conformations,
here we examine the ability of the R5 tool kit to study quadruplexes. For this purpose, we
used a well-characterized 22-nt DNA sequence denoted hTel-22 [5-AGGG(TTAGGG)3-3’
(Figure 1B)]. hTel-22 is derived from the human telomeric sequence, and it has been shown
to form GQs with a variety of topological conformations,8 including an antiparallel “basket”
conformation [Protein Data Bank (PDB) entry 143D],1° a propeller-shaped all-parallel
conformation (PDB entries 1KF1 and 1K8P),18 and possibly “3+1” hybrid
conformations,2”4> depending on the particular DNA sequence, counterion identity (i.e., K*
vs Na*), solvent conditions (e.g., presence of crowding agents), and small molecule ligands.
Using R5 labels attached at various locations at the G nucleotides, we show that the
measured inter-R5 distances reveal the presence of both parallel and antiparallel
conformations in hTel-22 under the EPR experimental conditions and can report variations
in their occupancies in response to changes in environmental variables such as salt,
crowding agent, and the presence of a Pt!! complex. This work establishes the use of the R5
tool kit to probe the conformations of GQs and to identify factors that should be taken into
account in spin labeling studies. With the ability to attach R5 to long DNA sequences that
might form multimeric GQs, the R5 tool kit should provide a means for investigating
supramolecular GQ conformations that better mimic those under the physiological setting.

MATERIALS AND METHODS
DNA Spin Labeling

All DNA oligonucleotides, including those with site-specific phosphorothioate
modifications, were synthesized by solid-phase chemical synthesis (Integrated DNA
Technologies, Coralville, 1A) and verified by mass spectrometry by the vendor. The R5
spin-label [1-oxyl-2,2,5,5-tetramethyl-pyrroline (Figure 1A)] was attached to DNA
following previously reported protocols.#! Specifically, in each labeling reaction, up to 0.5
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mM DNA stands containing the desired phosphorothioate modifications were mixed with a
thiol-reactive nitroxide derivative (~100 mM), 3-iodomethyl-1-oxy-2,2,5,5-
tetramethylpyrroline, in a solution containing 100 mM MES [2-(N-
morpholino)ethanesulfonic acid] (pH 5.8) and 30% (v/v) formamide. After incubation in the
dark for 16 h at room temperature, excess nitroxide was removed using anion-exchange
high-performance liquid chromatography (HPLC). The labeled DNA was then desalted
using reverse-phase HPLC, lyophilized, and recovered by dissolving in deionized water.
Concentrations of labeled DNA were determined by the absorbance at 260 nm using an
extinction coefficient of 228500 M~1 cm=1. The labeling efficiency of the DNA was
estimated by a spin counting procedure6 and was determined to be >90% for samples used
in distance measurements. Note that in this work the Ry and Sy phosphorothioate
diastereomers present at each attachment site were not separated. Previous studies have
validated the use of Rp/S, mixtures in DEER measurement and established an appropriate
method for interpreting the measured inter-nitroxide distances.*1:47

EPR Sample Preparation

For EPR samples measured in NaCl, we annealed the hTel-22 DNA by heating it at 95 °C
for 5 min, adding the appropriate buffer, cooling the sample to room temperature, and
incubating it overnight at 4 °C. The annealing mixture contained approximately 200 uM
DNAs, 10 mM Tris (2-amino-2-hydroxymethylpropane-1,3-diol) (pH 7.5), and 100 mM
NaCl. Approximately 10 min before DEER measurements, the annealed DNA was mixed
with an equal volume of a matching buffer containing 80% (v/v) glycerol, 10 mM Tris (pH
7.5), and 100 mM NacCl, so that the final composition of the sample contained 100 uM
DNA, 10 mM Tris (pH 7.5), 100 mM NacCl, and 40% (v/v) glycerol. For experiments with
the Pt!' complex, the matching buffer also contains 600 uM Pt'! complex, resulting in a 3:1
compound:DNA ratio (300 uM vs 100 uM) in the DEER sample.

For EPR samples measured in KCI, the sample preparation procedure was the same as that
described above, except that 100 mM KCI was used instead of NaCl.

All samples used for DEER measurements, other than those used specifically to investigate
the effect of long time incubation with glycerol, were immediately flash-frozen in liquid N,
upon addition of the matching buffer containing glycerol. Control experiments showed that
varying the time span between adding glycerol-containing buffer and flash-freezing in the
range of 1-10 min did not give a measurable difference in DEER results. On the other hand,
for samples intended for the examination of the long time effect of glycerol, the annealed
DNA was incubated for 24 h in the presence of glycerol at 4 °C, then flash-frozen, and used
for DEER measurements.

DEER Measurements of Interspin Distances and Data Analysis

DEER measurements were taken at 78 K on a Bruker ELEXSY'S E580 X-band spectrometer
equipped with a MD4 resonator. Previously reported acquisition parameters and
procedures** were used with a slight modification (d1 = 200 ns instead of 128 ns).
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Interspin distance distributions were computed from the resulting dipolar evolution data
using DEERanalysis2013 with Tikhonov regulation.*® All data were processed with a long-
pass filter (1.6 nm).*8 If needed, the resulting distance distribution profiles from Tikhonov
regulation were further dissected with multiple Gaussian functions to calculate the relative
populations for each component using a published procedure49-52 (see the Supporting
Information for more details). In brief, the Tikhonov-generated distance distribution profile
was reconstituted with multiple Gaussians. Then dipolar evolution traces were generated by
suppression of one or more Gaussians, and the newly constructed traces were compared to
the original trace using a statistical test. The reconstructed trace that was statistically
equivalent to the original trace and was composed of the fewest Gaussians was chosen. This
procedure also identified the Gaussian(s) that can be omitted on the basis of the statistical
test, and these were designated as artifact peaks.>?

Circular Dichroism Spectroscopy

Circular dichroism (CD) measurements followed a previously reported procedure.>3 The
measurements were performed on a Jasco J815 CD spectrometer (Jasco Analytical
Instruments, Inc.) at 25 °C. Approximately 3-5 pM annealed DNA in a buffer containing 10
mM Tris (pH 7.5) and 100 mM KCI or NaCl was used for each measurement.

Molecular Dynamics

MD simulations were conducted for 10 ps following previously reported procedures®* using
the bsc0yo 4 force field>®56 and are detailed in the Supporting Information. The coordinates
for the parallel GQ were taken from quadruplex A of the crystal structure (PDB entry
1KF1).18 The coordinates for the antiparallel basket GQ were taken from model 1 of the
NMR structure (PDB entry 143D).19

Computation of Expected Inter-R5 Distances

A previously validated NASNOX program was used to calculate expected inter-R5
distances*147:57 in GQ structures. The GQ models included the crystal structure from PDB
entry 1KF1; the NMR structures from PDB entries 143D, 2HY9, and 2JPZ; and MD
trajectories (see above and the Supporting Information). Briefly, with each DNA structure,
the program modeled R5 at the target site and then identified the ensemble of sterically
allowed R5 conformers using the following search parameters (see ref 41 for details about
these parameters): t1 steps, 3; t2 steps, 6; t3 steps, 6; fine search, on; t1 starting values, 180°;
t2 starting values, 180°; t3 starting values, 180°; and no additional conformer search
criterion. Both the R, and S, diastereomers (i.e., R5 attached to the O1P or O2P atom) were
included in the search. The expected distance between two specific labeling sites was then
calculated by averaging all inter-R5 distances between the two corresponding R5 ensembles.
Controls showed that varying the search parameters resulted in <1 A differences in the
expected distances.
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Design of SDSL Experiments Using the R5 Tool Kit

As a model system for studying GQ, the hTel-22 sequence is known to be able to fold into a
variety of topological conformations depending on the environment.8 The main objective of
this work is to evaluate the ability of the R5 tool kit to report and distinguish these different
topological configurations. As the R5 label can be easily attached at any nucleotide of the
target strand, in studies of GQ sequences such as hTel-22, one can in principle attach labels
at either the guanosine nucleotide(s) forming the G-tetrad or other sites residing primarily in
the loops. To identify the most effective labeling positions for discriminating the parallel
versus antiparallel topology of hTel-22, we first followed strategies developed in our prior
work41:42:44,47.58,59 and conducted NASNOX modeling to obtain all possible inter-R5
distances based on atomic-resolution structures of the hTel-22 sequence. The goal was to
identify sites that give (i) a large number of allowable R5 conformers (indicating that the
label can be adequately accommodated) and (ii) a large difference (e.g., >4 A) in the inter-
R5 distances between different topological folds where R5 labeling presents minimal
perturbation.

Analyses were first conducted on the parallel conformation of hTel-22 determined by X-ray
crystallography (PDB entry 1KF1, one structure) and the antiparallel conformation
determined by NMR (PDB entry 143D, six structural models). NASNOX modeling
indicates that for guanosine nucleotides residing at the tetrads, the R5 label is adequately
accommodated (Figure 1C). As expected, between sites within the same G-repeat at the
primary sequence [e.qg., distance set (G8;G9), (G8;G10), and (G9;G10)], which measure
distances within the same “edge” of the tetrad, differences between the parallel and
antiparallel conformations are small [<2 A (data not shown)]. Therefore, those distance sets
are not informative with respect to differentiating conformations. On the other hand,
between sites located at different G-repeats within the primary sequence, which measure
distances between either neighboring or diagonal edges of the tetrad, >70% of the distance
sets show differences of >4 A between the two conformations and thus should adequately
discriminate between the two different topologies. For example, the modeled inter-R5
distance between G9 and G15 is 22.9 A in 1KF1 and 27.7 A in 143D (Figure 1C and Table
1). Further analyses of the inter-R5 distances on the MD traces of hTel-22 show that the
average distances for the set (G9;G15) belong to one of the narrowest peaks resulting from a
statistical distribution of all distances (Figures S1-S3 and Table S1), with standard
deviations of ~1 A.

The analyses also indicated that sites within the loops are less favorable for the purpose of
differentiating the two topologies. Specifically, in general, a smaller number of allowable R5
rotamers are predicted at the loop sites as compared to the tetrad sites, to the extreme that in
one of the six NMR models of 143D, no R5 rotamer is accommodated at site T12 at the
loop. This indicates a much higher probability that R5 attached at loop sites may
significantly alter the loop conformation. In addition, the more variable loop conformation
also results in broader predicted distance distributions. For example, from the six NMR
models of 143D, the distance between two loop sites, (T12;T18), ranges from 32 to 38 A
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with a standard deviation of 2.7 A, as compared to standard deviation of 1.2 A for the
(G9;G15) distance.

From the NASNOX analysis using fixed DNA structures described above, we identified
three distance sets between tetrad sites located at different G-repeats, (G9;G15), (G3;G15),
and (G4;G15) (Figure 1B), which fall within the DEER measuring range (20-30 A), and
each shows relatively large differences (4-9 A) between parallel and antiparallel
conformations (Table 1). We furthermore conducted MD simulations to assess how these
distances might vary as the GQ conformations evolve. Simulations were obtained using the
parallel conformation derived from PDB entry 1KF1 and the antiparallel conformation
derived from PDB entry 143D as starting structures, and expected inter-R5 distances at
(G9;G15), (G3;G15), and (G4;G15) were then computed by NASNOX using MD
trajectories as input structures (see Supporting Information section S1 for more details). The
reported distances are time-averaging of NASNOX-calculated distances on MD snapshots
every 10 ns over 10 ps and in good agreement with those predicted on the basis of the fixed
PDB structures, as summarized in Table 1. For the parallel conformation, the average
distances obtained from the MD trajectory are elongated quite noticeably (0.7-2.8 A)
relative to that from the database structure itself (PDB entry 1KF1) (Table 1), which is not
particularly surprising because of the greater flexibility of the molecule in solution than in
the crystal phase. For the antiparallel conformation, the predicted distances of (G9;G15) and
(G3;G15) obtained from the MD trajectory are very close to those predicted using the
database structure itself (PDB entry 143D), within 0.6 A difference between each other
(Table 1). Interestingly, for data set (G4;G15), the predicted distances obtained using the
MD trajectory and that from the database structure differ by 2.5 A. We also note that the
standard deviation from six NMR structures contained in PDB entry 143D for (G4;G15) is
larger than those for (G9;G15) and (G3;G15). Both observations suggest site G4 might be
more flexible than the other sites used here. Overall, the MD data support the notion that
these three selected distance sets can distinguish the parallel versus antiparallel topology of
hTel-22.

We note that human telomere sequences can also fold into “3+1” hybrid conformations.®
Atomic structures of the hybrid conformation are not available for the exact hTel-22
sequence but have been determined for two slightly longer ones: hybrid-1 (PDB entry
2HY9) and hybrid-2 (PDB entry 2JPZ).2%:21 We conducted NASNOX modeling on 2HY9
and 2JPZ, and the results indicated that the (G9;G15), (G3;G15), and (G4;G15) data sets can
distinguish hybrid conformations from the parallel and antiparallel ones (Table S2).

Inter-R5 Distances Indicate the Majority of hTel-22 Adopts the Antiparallel Conformation in

NaCl

On the basis of the modeling analyses described above, we attached pairs of the R5 label at
the selected G nucleotides of hTel-22 (Figure 1B) following procedures described in
Materials and Methods. CD measurements were then conducted to assess the degree of
perturbation caused by R5 labeling, and the results show a minimal degree of alteration,
consistent with the conclusion from modeling studies that R5 rotamers at the tetrad sites are
adequately accommodated by the parent GQ fold. For example, upon folding in NaCl
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solution, the hTel-22 DNA with R5 labeled at G9 and G15 [data set (G9;G15)] shows a CD
spectrum identical to that of the unlabeled hTel-22 (Figure 1D). Both possess the
characteristic features of an antiparallel GQ, with a pronounced positive band at A = 295 nm
and a negative band at A = 265 nm.50

We then conducted DEER measurements on doubly labeled hTel-22 folded in NaCl
solutions (Figure 2). For the (G9;G15) data set, the normalized background-corrected
dipolar evolution trace shows a clear decay with small modulations, while the corresponding
singly labeled samples revealed flat traces without oscillation or a decay pattern (Figure S4).
This ensures that distances measured using the doubly labeled samples are not biased by
undesired DNA-DNA interactions. The resulting distance distribution profile, obtained
using the Tikhonov regulation approach, shows a major peak at ~28 A, with a shoulder at
~22 A (Figure 2). Further analyses using an approach developed by the Fanucci
group?9:52.61 jndicate that the distance distribution profile of (G9;G15) can be adequately fit
with two Gaussians (Figure S5), with the major population centering at 28.5 A and
accounting for 72% of the total and the minor population centering at 21.6 A and accounting
for 28% of the total (Table 2 and Figure S5). In addition, repeated measurements of the
(G9;G15) sample show almost identical distance distribution profiles, with variations of <1
A for the center distances and <5% for the population ratios. Furthermore, analyses of the
measured field sweep spectra excluded the presence of distances <20 A.

The measured major population gives a most probable distance of 28.5 A, which is within
1.5 A of the value predicted using the antiparallel hTel GQ structure (Tables 1 and 2). As
such, consistent with the expectation and CD measurement, the measured inter-R5 distance
suggests that in NaCl, a majority of hTel-22 folds into the antiparallel conformation.
Interestingly, the minor population revealed by DEER gives a most probable distance of
21.6 A, which falls within 2 A of the corresponding expected distance for the parallel
conformation (Tables 1 and 2). This indicates that under the conditions of the EPR
experiments, a minor fraction of hTel-22 might fold into the parallel conformation in NaCl.
In addition, the hybrid structures gave a predicted (G9;G15) inter-R5 distance of 28.9 A in
2HY9 and 12.0 A in 2JPZ (Table S2); both deviate significantly from the measured value of
21.6 A (Table 1). Therefore, under the EPR condition described here, hTel-22 is unlikely to
fold into a hybrid conformation.

In addition, DEER distance measurements of (G3;G15) and (G4;G15) in hTel-22 folded in
NaCl lead to the same conclusion (Figure 2 and Table 2). Specifically, both data sets show a
major population [62% in (G3;G15) and 78% in (G4;G15) (Table 2)] in which the measured
distances [21.0 A in (G3;G15) and 25.6 A in (G4;G15) (Figure 2 and Table 2)] deviate by 0—
1.6 A from the corresponding expected values predicted for the antiparallel conformation.
Both data sets also include a minor population [29.5 A for (G3;G15) and 31.0 A for
(G4,;G15) (Figure 2 and Table 2)] that agrees well with the values predicted for the parallel
conformation [30.6-32.7 A for (G3;G15) and 29.9-32.7 A for (G4;G15)]. Overall, all three
data sets show that in NaCl hTel-22 may adopt both antiparallel and parallel conformations,
with the antiparallel conformation being the dominant species, which is consistent with
previous studies.1939 As such, inter-R5 distances measured via DEER are able to reveal
topological folds of GQ.
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Inter-R5 Distances Indicate That Folding in KCI Bolsters the Occupancy of the Parallel
Conformation

It is well-documented that K*, which has a radius larger than that of Na*, alters folding of
hTel-22.62 X-ray crystallography showed that in KCI hTel-22 adopts the parallel
conformation,18 while other biophysical studies in solutions indicated that it forms hybrid
conformations or a mixture of parallel, antiparallel, and hybrid conformations.8:27:39.4563
Indeed, CD spectra of either unlabeled or R5-labeled hTel-22 folded in KCI show a negative
band at A = 235 nm and a strong positive band at 1 = 290 nm (Figure 1D), which are
consistent with previously reported CD spectra?’:53 and are clearly different from those
observed in the presence of NaCl (Figure 1D).

Consistent with the CD results, DEER traces measured on doubly labeled hTel-22 folded in
KCI (Figure 3) show clear differences as compared to those measured in NaCl (Figure 2).
The analysis of these DEER data reveals an increase in population fractions for the parallel
conformation (Table 2). Specifically, examination of the distance distribution profile of
(G9;G15) shows that there are two populations with approximately equal weights. One of
the populations, accounting for 57% of the total, centers at 29.1 A, which agrees nicely with
the predicted value for the antiparallel conformation. The other population, accounting for
43% of the total, centers at 21.9 A and matches with the expected value for the parallel
conformation. This shows a clear increase in the parallel population occupancy as compared
to the value of 28% measured in NaCl.

Similarly, the (G3;G15) data set contains two populations that correspond to the antiparallel
(centered at ~21.7 A) and parallel (centered at 29.3 A) conformations, with the parallel
conformation accounting for 68% of the total, which is a significant increase from that in
NaCl (38%). For the (G4,;G15) data set, the DEER distance profile shows a well-defined
major population centered at approximately 31 A (Figure 3), corresponding to the expected
distance for the parallel conformation. Interestingly, there are multiple small populations in
the shorter distance range. When dissected with the two-Gaussian fit, besides the major
population (73% of the total and centered at 31.4 A), the minor population is found to be
centered at 27.2 A. This value deviates from the value of 24.0 A predicted for the
antiparallel conformation determined by NMR (PDB entry 143D) but agrees well with the
average value of 26.5 A predicted using the MD trajectories for the same topology (Table 2).
This finding is consistent with the notion that site G4 on hTel-22 is a dynamic site with
higher positional variability (see above).

We also assessed whether the populations observed in KCI can be assigned to hybrid
conformations. The measured (G9;G15) distances of 29.1 and 21.9 A (Table 1) are
inconsistent with the value predicted using the hybrid-2 structure [2JPZ, 12.0 A (Table S2)],
and the measured (G3;G15) distances [21.7 and 29.3 A (Table 1)] are inconsistent with the
predicted value from hybrid-1 [2HY9, 26.4 A (Table S2)]. Collectively, the measured
distances indicated that under the EPR condition described here, hTel-22 is unlikely to fold
into a hybrid conformation in KCI. This conclusion is consistent with the work of Hartig,
Drescher, and co-workers,39 in which distances measured using a different spin-label
showed that hTel-22 in KCI folds into a mixture of parallel and antiparallel conformations,
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although a 24 nt hTel variant sequence adopts conformations consistent with a “3+1” hybrid
structure.39

We note that glycerol, which was used in the DEER measurements as a cryoprotectant, has
also been used as a crowding agent in GQ studies to investigate how a crowded cellular
environment might affect the folding of GQs.%* To investigate the effect of glycerol on the
folding of hTel-22, the doubly labeled (G9;G15) DNA was folded in KCI and was subjected
to different incubation times in glycerol. The results show that with an incubation time of
<10 min at room temperature, no significant changes are observed in the measured DEER
traces or the resulting distance distribution profile (Figure 4A,B, Table 3, and Figure S5):
the center distances change by <1 A, and the population distributions change by <2%.
However, when the glycerol incubation time at physiological temperature is extended from
10 min to 24 h, noticeable changes are observed: the population corresponding to the
parallel conformation increases from 43 to 53% (Figure 4C and Table 3). Thus, we infer that
glycerol does favor the parallel conformation, although the kinetics of glycerol-induced GQ
conformational change seems rather slow. This agrees with previous reports.4>.65-68

Effects of a Pt!! Complex on hTel-22 Conformation

One of the potential applications of spin labeling is to monitor interaction and
conformational variation of GQs as they interact with small molecules or proteins. We
recently reported a propeller-shaped trinuclear Pt'! complex, designated compound |
{[Pt(dien)]s(ptp), where dien is diethylenetriamine and ptp is 6’-(pyridin-3-yl)-3,2":4/,3”-
terpyridine (Figure 5A)} that induces and stabilizes the antiparallel conformations in GQs
(Figure 5B).53 Therefore, we assessed how the R5 labels can be used to monitor GQ and
small molecule ligand interactions using hTel-22 labeled at (G9;G15) and (G3;G15). The
(G4,;G15) sample was not studied because of the complexity associated with the higher
flexibility of the G4 nucleotide discussed above.

Figure 5 shows inter-R5 distances measured in the doubly labeled (G9;G15) hTel-22 in the
absence and presence of 1. With the addition of I, the distance distribution profiles of
(G9;G15), measured in either KCI or NaCl maintain the appearance of two populations, with
one centered at ~22 A, matching that of the parallel conformation, and the other centered at
~28 A, matching that of the antiparallel conformation. In KCI, addition of | clearly changes
the population distribution, with the antiparallel conformation (longer distance) increasing
from 57 to 66% (Figure 5C and Table 4). Similarly, in NaCl, the percentage of the
antiparallel conformation increased from 72 to 84% (Figure 5D and Table 4). These data
indicate that | can stabilize the antiparallel conformation in both KCI and NaCl solutions,
consistent with conclusions drawn from previous CD measurements.>3

For the (G3;G15) doubly labeled hTel-22, addition of | induces marginal changes in the
distance distribution: in KCI, a small decrease in the antiparallel conformation population
[from 32% to 28% (Figure 6A and Table 5)] was observed, while in NaCl, the antiparallel
conformation population remains constant, as it accounts for ~62% in the absence and
presence of | (Figure 6B and Table 5). Further examination of | docked on hTel-22 reveals
that in the antiparallel conformation, the compound might contact the R5 label at nucleotide
G3, but such contact is absent in the parallel conformation (Figure S6). Under conditions
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favoring the antiparallel fold (i.e., in NaCl), the effect of such contacts may cancel out the
stabilizing effect of the compound. On the other hand, under conditions at which the
antiparallel fold is less favorable (i.e., in KCI), such contacts, which push the DNA farther
from the antiparallel conformation, might outweigh the stabilizing effect of compound I,
resulting in the observed population decrease.

Overall, the data show that R5 can report on ligand-induced GQ conformational changes,
though the placement of the label needs to be carefully designed.

DISCUSSION

In this work, we demonstrate that distances measured using the R5 nitroxide labels can be
used to assess the conformation of a GQ as it folds in different salts (NaCl vs KCI) and in
the absence or presence of small molecules (glycerol and compound 1). In all data sets
reported here, the measured distance profiles show at least two populations, and the
corresponding center distances from the major populations match nicely with the expected
(predicted) values for the parallel or antiparallel conformation (Table 2). All data sets
indicate that in NaCl, the majority of hTel-22 adopts an antiparallel conformation, whereas
in KCI, the percentage of the parallel conformation increases significantly and the parallel
configuration becomes either nearly equally populated or the dominant population (Table 2).
These results are consistent with published work.2:39

The R5 label is attached at the phosphate of a nucleotide,*’ and the nucleotide-independent
nature of this labeling scheme allows one to target any sites within the GQ-forming
sequence. This is advantageous versus the previous spin labeling studies of GQs, in which
the nitroxide label was attached to thymine bases residing at the loops of the hTel
sequence.3940 By placing the R5 labels at the G nucleotides that form the tetrads of the
GQs, we can measure multiple distances between the “edges” of the GQ. This is highly
desirable for discerning differences in the directionality of these edges, which is a key
element in discriminating the topological fold of a GQ.

Another advantageous feature of the R5 tool kit is the NASNOX program,*1->7 which allows
efficient computation of expected inter-R5 distances based on input structures. NASNOX
has been validated using known structures of DNA/RNA duplexes as well as protein—-DNA
complexes4798:59 and has been previously used in deducing the conformation of a RNA
junction?? and sequence-dependent DNA duplex shape.?4 In this work, we have exploited
NASNOX in a new way, namely to identify, prior to experimental work, informative
distance pairs for differentiating various conformations, thus guiding (and not only
interpreting) the DEER measurements. We examined the available atomic-resolution
structures determined experimentally and from MD trajectories and used the results to guide
our selection of labeling sites. Subsequent measurements indeed demonstrate the
effectiveness of this approach; the fact that all the selected labeling sites give differences of
>4 A between different topological folds is crucial in dissecting the multiple populations
observed in the experiments (see below). This strategy should be applicable to evaluation of
new models of GQs and other biomolecules.
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The studies also reveal a number of factors that should be taken into account in future spin
labeling studies. As an extrinsic reporter, the impact of the R5 label on the native
conformation should be taken into account, which was made evident by the different
responses to compound | observed between different labeling sites (Figures 5 and 6). We
also note that from an analysis of the DEER-derived distance distribution profiles, the
occupancies of the parallel and antiparallel conformations show a fair degree of variation.
Specifically, occupancies of the antiparallel conformation are quite consistent among the
three data sets in NaCl [70 = 8% (Table 2)] but show a larger variation in KCI [39 + 16%
(Table 2)]. In addition to limitations posted by the signal-to-noise ratio of the measured data
and the analysis tools employed, occupancy variations in KCI might also reflect small site-
dependent differences in how the R5 label impacts the GQ fold. Although CD spectroscopy
suggests no significant perturbation of R5 to the native structures of GQ, each site possesses
a unique character, such as a difference in flexibility revealed by MD simulations, and the
response to R5 attachment could vary under different conditions. In addition, although R5
labeling is cost-effective and highly efficient, the flexible nature of this probe and the
presence of diastereomers should be taken into account when designing experiments.

Currently, the majority of DEER measurements are conducted in a frozen solution with a
cryoprotectant such as glycerol. We showed that a short incubation period (1-10 min),
which is routine in DEER sample preparation, does not affect the conformation distribution,
which agrees with previous EPR studies of G-quadruplexes.3® On the other hand, a long
time incubation (24 h) of glycerol with hTel-22 prior to the DEER measurement does give
measurable impact on the DNA conformation distributions. This is consistent with previous
reports that crowding agents might alter the GQ structures*>:65-68 and should be taken into
consideration in future experiments.

In this work, existing high-resolution structures and MD trajectories of the hTel-22 were
used as the basis for designing the EPR experiments and interpreting the results. However,
determining whether a particular DNA sequence such as hTel-22 can adopt other topologies
in various solutions might require more distance measurements. In the case of additional
distance sets, as mentioned earlier, choices in which at least one pair lays in the central
tetrad region are more favorable because of its higher rigidity, as identified by fairly small
standard deviations of the distance distribution peaks from MD traces (Figure S3 and Table
S1).

Note that SDSL EPR is not limited by the size of the target molecule, and the R5 label has
been attached to long DNA strands.3” Together with the results here demonstrating that
inter-R5 distance measurements can distinguish different GQ folds, the R5 tool kit provides
a new means for studying the conformation and conformation changes of long DNA and
RNA sequences that form GQ and even multimeric GQs, as well as investigating how a
ligand might impact GQ conformations. Because studying long DNA/RNA molecule
remains challenging for most physicochemical tools, we believe that our joint experimental—
computational protocol will provide valuable information regarding the structure—function
interplay for supramolecular GQ structures, which are likely to fold from long GQ motifs in
vivo.
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SDSL studies of hTel-22. (A) R5 label. (B) Sequence of hTel-22. The spin labeling sites are
colored red and indicated by asterisks. (C) NASNOX-predicted allowable R5 rotamers at G9
(red) and G15 (blue) for the antiparallel (PDB entry 143D left) and parallel (PDB entry
1KF1, right) structures. (D) CD spectra of the unmodified hTel-22 (“wt hTel-22”, red) and
doubly labeled (G9;G15) sample (black) measured in NaCl (left) and KCI (right). Each
spectrum of R5-labeled DNA shown was an average of five scans without smoothing. The
“wt hTel-22” spectra were previously reported in ref 53.
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Figure 2.

DEER measurements in NaCl solutions. Each data set is designated by the labeling sites (see
Figure 1B). In each data set, the left panel shows the original echo decay data, with
measured echo decay colored black and background decay colored red; the middle panel
shows the dipolar evolution data, with the background-corrected dipolar evolution data
colored black and the best-fit curve colored red, and the right panel shows the distance
distribution profiles computed using DEER analysis. In each distance distribution profile,
the shaded box denotes the nonartifact region identified using the “DEERconstruct” tool,>2
which was subsequently analyzed using multiple-Gaussian dissection (see Figure S5) to
yield the major (marked by the dashed line) and minor (marked by an asterisk) populations
(see values listed in Table 2): (A) (G9;G15), (B) (G3;G15), and (C) (G4;G15).
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Figure 3.

DEER measurements in KCI solutions. Panels and legends in each data set are arranged as
described in Figure 2. (A) (G9;G15). The dashed lines indicate the two populations observed
in the distance distribution profile. (B) (G3;G15), showing two populations. (C) (G4;G15),
showing one dominant population and multiple minor peaks in the shorter distance region.
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Figure 4.

Effects of glycerol incubation time on the hTel-22 conformation distribution. Measurements
were taken on the doubly labeled (G9;G15) sample folded in KCI (see Materials and
Methods). Panels in each data set are arranged as described in the legend of Figure 2, and
values characterizing the individual populations observed from the distance distribution
profiles are listed in Table 3. (A) Incubation at room temperature for 5 min. (B) Incubation
at room temperature for 10 min, which shows little change in the resulting distance
distribution profile as compared to that in panel A. (C) Incubation at 4 °C for 24 h. The
resulting distance distribution profile shows a pronounced increase in the short distance
population (corresponding to the parallel conformation) compared to those in panels A and
B.
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Figure 5.

Effects of compound | on the (G9;G15) inter-R5 distance. (A) Chemical structure of
compound I. The counterion is NO3™. (B) Model of compound | bound to the antiparallel
hTel-22 (PDB entry 143D). Compound | is colored green; the GQ tetrad nucleotides are
colored blue, and loop nucleotides are colored gray. The model was obtained by Molecular
Docking as previously described.>3 (C) hTel-22 folded in KCI, measured with or without
compound I. (D) hTel-22 folded in NaCl, measured with or without compound I. Panels in
parts C and D are arranged as described in the legend of Figure 2.
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Figure 6.
Effects of compound | on the (G3;G15) interspin distance. (A) hTel-22 folded in KClI,

measured with or without compound I. (B) hTel-22 folded in NaCl, measured with or
without compound I. Panels are arranged as described in the legend of Figure 2.
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Table 1

Predicted Inter-R5 Distances for the Crystal structure (PDB entry 1KF1) and NMR Structures (PDB entry
143D)

predicted distance (A)

PDB MD trajectories (10 ps)
dataset 1KF1  q143p2 1KF1P 143Db
(G9;G15) 229 27.7(L2) 236(L7) 27.3(L2)
(G3;G15) 306 21.7(0.9) 327(0.6) 223(1.2)
(G4;G15) 299 240(18) 327(L.0) 265(0.8)

a . - . . L . .
Average distances in six NMR models in PDB entry 143D are shown, with the standard deviation (over six models) in parentheses.

Average distances in 10 us MD trajectories, considering regular snapshots every 10 ns, with the standard deviation (over 1000 snapshots) in
parentheses. See Figures S1-S3 and Table S1 for more details.
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Table 3

Effect of Different Incubation Times with Glycerol on the hTel-22 Conformation Occupancies?

antiparallel conformation? parallel conformation®

incubation time  measured (/3\)d percentage (%)d measured (A)d percentage (%)d

5min 29.8 55 22.7 45
10 min 29.1 57 21.9 43
24h 28.2 47 22.4 53

aMeasured on the (G9;G15) data set in the presence of KCI. DEER data are shown in Figure 4.
bExpected average distance of 27.7 A (PDB entry 143D) or 27.3 A (MD trajectories) (see Table 1).
CExpected average distance of 22.9 A (PDB entry 1KF1) or 23.6 A (MD trajectories) (see Table 1).

dMeasured distances and percentages are based on a two-Gaussion fit of the distance distribution profiles (see Figure S5).
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