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ABSTRACT: Human telomeric DNA consists of tandem
repeats of the sequence S-TTAGGG-3’, including a 3’
terminal single-stranded overhang of 100—200 nucleotides
that can fold into quadruplex structures in the presence of
suitable metal ions. In the presence of an applied voltage, the
a-hemolysin (a-HL) protein ion channel can produce unique
current patterns that are found to be characteristic for various
interactions between G-quadruplexes and the protein nano-
cavity. In this study, the human telomere in a complete
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sequence context, S'-TAGGG(TTAGGG),TT-3’, was evaluated with respect to its multiple folding topologies. Notably, the
coexistence of two interchangeable conformations of the K'-induced folds, hybrid-1 and hybrid-2, were readily resolved at a
single-molecule level along with triplex folding intermediates, whose characterization has been challenging in experiments that
measure the bulk solution. These results enabled us to profile the thermal denaturation process of these structures to elucidate
the relative distributions of hybrid-1, hybrid-2, and folding intermediates such as triplexes. For example, at 37 °C, pH 7.9, in 50
mM aqueous KCl, the ratio of hybrid-1:hybrid-2:triplex is approximately 11:5:1 in dilute solution. The results obtained lay the
foundation for utilizing the a-HL ion channel as a simple tool for monitoring how small molecules and physical context shift the
equilibrium between the many G-quadruplex folds of the human telomere sequence.

B INTRODUCTION

The human telomere is composed of a telomere-specific
protein complex and long stretches of a repetitive sequence, 5'-
TTAGGG-3/, that is terminated with a 100—200 nucleotide
single-stranded overhang.' > This complex protects the ends of
linear chromosomes from deterioration via the DNA damage
response pathway.* Telomere length regulation is complicated
by the end-replication problem that results from incomplete
telomerase activity and homologous recombination.>® Despite
cells’ incessant efforts to maintain the telomere structure, they
shorten with a§e as a result of chronic stress, oxidation, and
inflammation.”® Consequently, telomere length serves as a
molecular clock for cellular lifespan, and severely truncated
ends lead to cell senescence and death.”'® Furthermore, ~85%
of human cancer cells maintain excellent telomeres by means of
upregulating telomerase, providing a state of immortality.'""*
This discovery highlights telomere maintenance in cancer cells
as a ubiquitous drug%able target with high potential for
controlling this disease. 14

Essential to telomere function, the 3’ terminal single-
stranded overhang can be “hidden” by forming higher order
secondary structures that interact with various proteins to retain
genomic stability.">'® One of the proposed secondary
structures is folding of the overhang to a G-quadruplex,
which features Hoogsteen hydrogen-bonded assemblies of four
guanine bases (G-tetrad) with adjacent G-tetrads assembled
together by n—r stacking interactions and coordination of
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appropriate cations within the quadruplex channel.'” Recent
studies have detected G-quadruplexes in mammalian cells and
have confirmed that small molecules do bind these structures in
vivo with high affinity.'® The G-quadruplexes that fold from the
human telomere sequence can adopt myriad structures that are
dependent on the cation, the medium, and the presence or
absence of overhanging ends." Cells maintain K* cations in the
highest concentration (140 mM);*® therefore, G-quadruplex
folds observed in the presence of K" are thought to dominate in
vivo.

The truncated human telomere sequence 5'-TAGGG-
(TTAGGG);-3' folds unimolecularly in an antiparallel fashion
to yield a three-tetrad G-quadruplex with two K' ions
coordinated within the interior channel. NMR analysis has
characterized the dominant fold to have a lateral loop closest to
the 5’-end, followed by two edgewise loops; this topology has
been termed the hybrid-1 fold (Figure la). However, in the
natural human telomere sequence 5-TAGGG(TTAGGG);TT-
3’ that includes a 3" TT overhang, the hybrid-2 conformation is
thought to dominate according to NMR studies.”’ ~>* The key
difference for this fold lies in the loop orientation, in which the
lateral loop is closest to the 3’-end (Figure la). Biophysical
studies typically avoid using telomere sequences that contain a
3'-TT tail to simplify the model system, because this tail causes
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Figure 1. Structures of the G-quadruplexes formed by the human
telomere sequence. (a) The sequence, structures, and dimensions of
hybrid-1 and hybrid-2 folds.** (b) Structure and dimensions of the a-
HL ion channel.**

increased structural diversity.”> Furthermore, these hybrid
structures are polymorphic and interconvertible in solution
due to the small energetic differences between them.”
Moreover, a significant amount of a triplex-folded intermediate
has recently been observed,”*® which has compounded the
challenge in studying the human telomere sequence. In a last
set of studies concerning the structure of the human telomere
sequence by X-ray crystallography and by NMR in solutions
with dehydrating agents, the propeller fold was observed.'”?’
This fold is unimolecular with parallel strands and all G
nucleotides adopting the anti conformation that forces all three
loops to be oriented laterally.

The a-hemolysin (a-HL) ion channel-forming protein has
advanced as a potential next-generation DNA sequencing

platform because of its ability to thread single-stranded, but not
double-stranded, DNA through its narrow f-barrel. 273
Additionally, it has been used as a tool to provide a wealth of
biophysical data concerning DNA and RNA.**7*° By
monitoring the duration and current signatures while electri-
cally drawing the DNA molecules through the nanopore ion
channel embedded in a lipid bilayer, the kinetics of the duplex
unzipping processes and DNA-—protein interactions can be
evaluated. Recently, Shim et al. reported studies of the
thrombin binding aptamer (TBA), which is a simple G-
quadruplex comprising one cation and two tetrads, by
encapsulating it in the a-HL nanocavity.*>*' Furthermore,
Rotem et al. utilized an a-HL equipped with the TBA to
interrogate the interactions between thrombin and its aptamer
as a protein detection platform that also provided thermody-
namic and kinetic properties of this complex.**

In the present work, we describe the structure-dependent
interactions of the human telomeric G-quadruplexes in KCl
solutions with the a-HL nanopore ion channel. For these
studies, we chose the natural human telomere sequence N = §'-
TAGGG(TTAGGG);TT-3’ that has a two-nucleotide over-
hang on both the 5" and 3’ ends. By monitoring the current—
time (i—t) trace patterns, we have identified the hybrid-1,
hybrid-2, and triplex conformations that have been difficult to
study by ensemble experiments that monitor the properties of
the bulk solution. The nanopore method has allowed the
interrogation of the relative ratio of these folds at variable
temperatures <55 °C on a single-molecule level. This provides
key evidence demonstrating that hybrid-1 dominates over
hybrid-2 for the human telomere in a complete context (i.e.,
with both 5’ and 3’ tails) in dilute concentrations of this
sequence in KCI solution.

B RESULTS AND DISCUSSION

Characterization of G-Quadruplexes. In order to
determine if the high ionic strength of the electrolyte (50
mM KCl and 950 mM LiCl) required for these studies
influenced the structures, circular dichroism (CD) spectroscopy
and thermal melting (T,) measurements were conducted
(Figures S1 and S2). In both SO mM KCl and mixed salt
electrolyte solutions, the CD characteristics were consistent
with literature reports of the hybrid folds at lower total salt
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Figure 2. The various interactions between the human telomeric sequence and a-HL. (a) Three types of current—time traces observed. (b) The
percentage distributions of these event types. These results were obtained in S0 mM KCl, 950 mM LiCl in 25 mM Tris buffer (pH 7.9) at 25 °C.
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Figure 3. Resolving the coexistent hybrid-1 and hybrid-2 folds at a single-molecule level. Incorporation of two 8-Br-dGs at different positions into
the natural sequence can induce the G-quadruplexes to adopt exclusively hybrid-1 or hybrid-2 folds. %I,;/I, histograms of the type 1 events from the
natural sequence without any substitutions, N = §"-TAGGG(TTAGGG),TT-3’ (top), were compared to those of the substituted strands, HI1 = §'-
TAGGGTTAGGGTTAGXGTTAXGGTT-3' (middle) and H2 = §"TAGGGTTAGXGTTAXGGTTAGGGTT-3’ (bottom), where X = 8-Br-dG.
All three histograms represent analysis of ~500 molecules for each experiment.

concentrations.*® The only detectable difference for the present
samples studied resides in the increased T}, values observed for
the higher salt conditions.

Interactions between the Telomeric Sequence and a-
HL. We used a previously reported experimental setup to insert
a single heptamer of the bacterial ion channel-forming peptide
o-HL into a lipid bilayer painted across a ~600-nm-radius
orifice in a glass capillary.*”** An electrical potential was
applied across the bilayer while DNA was added to the solution
on only one side of the bilayer. Being electrophoretically driven
to the proximity of the cis side of the a-HL ion channel, the
folded oligomers were able to enter into the large vestibule of
the protein ion channel, producing long current blockages
(Figure 2a). There were mainly three types of current—time
(i—t) traces observed, which we refer to as type 1, type 2, and
type 3 events. As will be further discussed below, these event
types appear to correlate with different interactions between the
DNA molecule and the protein. Type 1 events featured
alternations between intermediate current levels (Iy,) and deep
blockage current levels (I), which constituted 71 + 6% of all the
recorded events. Interestingly, Iy, presented two distinct
amplitude subpopulations with different percentage residual
currents %Iy;/I, (Figure 3), where I, represents the open
channel current, of 36 + 3% and 45 + 4%, respectively, and
having a frequency ratio of Iy ,: Iy, = 2.6:1 at —120 mV (cis vs
trans). Type 1 and type 2 events both ended with an
intermediate current level, which is an indication that they
did not translocate through the narrow constriction zone (~1.4
nm) of the fS-barrel to the trans side of the channel. This
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observation is in stark contrast to that observed for the TBA in
KCl solution***' and DNA hairpins*”*° that were all capable of
unraveling and traversing through the ion channel. Type 3
(Figure 2) events contributed 21 + 2% of the total recordings,
and they typically showed simple deep blockage current levels.
In order to confirm that the presence of excess Li* ion does not
affect the distribution of these structures, we conducted the
same experiment in 1 M KCl at 25 °C in the absence of LiCl,
and similar event distributions were observed (Figure S8).
These event types are further discussed below and were shown
to reflect folding intermediates that this sequence adopts in KCl
solutions.

Hybrid-1 vs Hybrid-2 Folds of K*-Induced G-Quad-
ruplexes. Interactions between the K'-induced hybrid folds
and a-HL exhibited two subgroups of events within type 1
traces (types la and 1b, Figure 2a). Studies have shown that
four-repeat human telomere sequences lead to at least two
forms of intramolecular G-quadruplexes in K solution. The
hybrid-1 and hybrid-2 folds are the dominant conformations
based on NMR studies,”>** and we suspected them to be the
sources of these two different behaviors, type 1a vs type 1b. In
order to further investigate the identities of the type la and 1b
traces, we adopted a similar chemical modification approach
that has successfully been used in CD and NMR studies.”>**
Two 2'-deoxyguanosine to 8-bromo-2’-deoxyguanosine (dG—
8-Br-dG) substitutions were made to lock the G-quadruplex
into either the hybrid-1 or hybrid-2 fold. The presence of 8-Br-
dG enforces the syn conformation of that particular nucleotide
(Figure 3), leading to >95% hybrid-1 when 8-Br-dG is at
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positions 16 and 21, and to >95% hybrid-2 when it occupies
positions 10 and 15 of the sequence. CD and T, studies on
both sets of 8-Br-dG-substituted G-quadruplexes showed
consistency with previous reports, except that the T, values
were roughly 10 °C higher in the 1 M salt solution used here
(Figure S1).** These two modified sequences selectively
eliminated one or the other type 1 subpopulation that
presented in the Iy histogram of the natural human telomere
sequence (Figure 3), indicating that the coexistence of these
two hybrid structures can be resolved at a single-molecule level
through interactions with the a-HL ion channel. Besides the
distinct I; signatures, the duration of the deep blockage (I)
level serves as another parameter to help distinguish these two
G-quadruplex folds, with hybrid-1 presenting a nearly 3-fold
longer deep blockage level than the hybrid-2 fold (Figure S4).
Individual i—t traces did not alternate between Iy, and Iy
within one event, indicating the G-quadruplex cannot change
its conformation for the time it is trapped inside of the protein
vestibule. Additionally, from these data the relative ratio of
these two conformations is >2:1 for hybrid-1 vs hybrid-2,
respectively. To confirm that this hybrid ratio is indeed correct,
we elected to repeat this experiment with the identical 8-Br-dG
substitutions conducted in previous NMR studies (8-Br-dG at
only position 15 for hybrid-2),** and we observed the same
results (Figure S6). For the sake of completeness, we also
considered the possibility that the 5’ and 3’ termini of hybrid
folds can interact with the a-HL ion channel differently,
resulting in these two distinct Iy levels. Since such a
directionality effect has been best observed and studied with
single-stranded DNA translocating through the protein
channel,*"** we designed a control sequence that has the
same G content as the natural human telomere sequence but is
unable to fold into quadruplexes (Figure S7). Translocation
results of this sequence under identical experimental conditions
showed no resolvable current modulations, suggesting the
inability of a-HL ion channel to detect the 5’ and 3’ entry
discrepancy of this 24-mer ODN within its most sensitive f-
barrel. This argues strongly against the possibility of a-HL
producing a 7% current separation for different capture
orientations of a given folded quadruplex within its large
vestibule, which is typically thought to be less sensitive to
molecular identity. Instead, the data support the hypothesis that
hybrid-1 and hybrid-2, with their slightly different shapes due to
loop topology, yield the characteristic current—time signatures
identified here as types la and 1b.

These observations provide many fascinating points: (1) The
a-HL nanocavity has the sensitivity to discriminate between
these two very similar hybrid folds on the basis of their unique
I values and deep blockage current level durations (Figure 3).
(2) While being encapsulated within the vestibule, the hybrid
folds cannot interconvert, nor can they unfold sufficiently to
translocate. (3) Assuming we could determine the relative
capture rate for each hybrid, we could readily describe the ratio
of the hybrid folds in dilute solutions for the natural human
telomere. This, to date, has been a formidable challenge.”"**

G-Quadruplex Tail Interactions with a-HL. In K*
solutions, the two-nucleotide overhang at either terminus of
the human telomere sequence greatly affects the overall
topology of folded G-quadruplexes, resulting in increased
structural diversity.”> To simplify the model systems, most
studies avoid using sequences containing these overhangs.”®
Nevertheless, we chose to investigate the complete human
telomere sequence with both 5'-TA and 3'-TT tails. Since
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single-stranded DNA can extend beyond the a-HL constriction
and interact with the J-barrel, it added another layer of
complexity to the analysis. In order to interrogate the role that
these tails play in generating unique current patterns, two more
sequences were tested in which one or both of the tails were
truncated (Figure 4b,c). The sequence that contained only a 5'-
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Figure 4. Studies of tail effects on the current signatures.
Representative i—t traces for three sequences: (a) natural human
telomere sequence N, 5-TAGGG(TTAGGG);TT-3’; (b) ' tail, 5'-
TAGGGTTAGXGTTAXGGTTAGGG-3’, where X = 8-Br-dG; and
(c) no tails, S'-GGG(TTAGGG),-3'.

TA overhang (Figure 4, 5 tail) showed a current pattern
similar to that of the natural sequence with both tails, while the
one without overhangs (Figure 4, no tails) presented a long
intermediate current level without causing deep current
blockages (I). These results suggest that when the hybrid
species are drawn closer to the constriction of the f-barrel, one
of the two tails protrudes past the constriction zone at the base
of the vestibule and into the f-barrel, producing the deep
blockage current level I. Given the shape and stability of hybrid
folds, the electrical force cannot unravel them under these
circumstances, allowing diftusion to bring the tails back into the
vestibule and generating the higher current Iy;. The process of
the hybrid moving up and down in the vestibule is repeated
multiple times before the DNA molecule finally escapes the a-
HL ion channel, giving rise to the unique alternating current
patterns. It is noted that the S’ tail sequence used here was a
locked hybrid-2 conformation by 8-Br-dG incorporation in
order to locate the blunt 3’ terminus at the double-chain
reversal loop of this structure. Unfortunately, the I/Iy
alternation current pattern was stochastic, making it difficult
to determine the exact contributions of the two terminal loops.

dx.doi.org/10.1021/ja400973m | J. Am. Chem. Soc. 2013, 135, 8562—8570
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Figure S. Ilustration of the proposed mechanism for the current signatures. (a) Space-filling model of the hybrid fold entering the a-HL vestibule
using PBD structures 7AHL® and 2JSQ.>* (b) Stick model of the proposed interaction mechanism. Intermediate current levels (I;) at the beginning
and end of an event correlated to the interaction between the DNA and the opening of the protein vestibule. In the presence of an electrical potential
(=120 mV, cis vs trans), the G-quadruplexes can be driven closer to the f-barrel, producing deeper blockages I with one tail protruding into the
constriction, or diffuse back to the opening of the vestibule, leading again to Iy, current levels.

Our observation of the tail effect is consistent with a similar
study of the TBA interacting with the a-HL ion channel.** The
structure of this sequence fold featured a two-tetrad, one-cation
G-quadruplex without overhangs, and it produced a flat
intermediate current level in the a-HL ion channel before the
TBA unfolded and translocated. After the attachment of a six-
nucleotide tail, a similar I/Iy; alternating current pattern was
observed as a result of the tail interacting with the pS-barrel.
These studies address the property of the G-quadruplex that
gives rise to the deep blockage current levels, and the overall
mechanism of the DNA/protein interaction is highlighted in
the section below.

Overall Proposed Mechanism. On the basis of the
observation that we can detect differences between these very
similar hybrid folds, we propose the following mechanism for
why this is possible at the single-molecule level. The current
level differences between the hybrid folds in the a-HL vestibule
may result from slight differences in their size and shape that
combine to alter the molecular interactions occurring at the
interface between the quadruplex and the protein vestibule’s
constriction sites. The vestibule of a-HL is flanked by a larger
opening on the cis side (d ~ 3.0 nm) and a smaller constriction
site on the trans side (d ~ 1.4 nm; Figure 1b).*** Hybrid
folded G-quadruplexes are roughly 2.7 X 2.7 X 3.0 nm, which
narrowly allows their entry into the vestibule. The detectible
differences between hybrid-1 and hybrid-2 are associated with
the Iy, current level, while both folds gave similar deep blockage
current levels. We hypothesize the following: Similar deep
current levels occur when the electrophoretic force pulls the
quadruplex against the smaller constriction zone on the trans
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side of the vestibule, where the quadruplex can occlude the
current flow maximally while blocking much of the ~40
yoctoliter (yL) volume of the vestibule. The result is a ~10%
residual current due to one of the 2-nucleotide overhangs being
drawn into the f-barrel (Figure 4). Because the hybrid folds are
so much larger than the ~1.4 nm constriction, they give similar
deep blockage residual currents (Figure S). However, when
diffusion allows the quadruplex to drift up against the larger
opening on the cis side of the vestibule, a difference in current
level (I) is detected. Apparently the size match between the
hybrid folds (~2.7 nm) and the cis constriction site (~3.0 nm)
allows these distinct Iy; levels to occur. Thus, the subtle
differences in the hybrid fold structures lead to interactions
with the protein surface in a unique fashion to bring about the
~7% difference (37% vs 44%) observed in the intermediate
current level, Iy, An additional I, current level of ~34% is
observed in ~8% of the events (type 2, Figure 2a), but these
events show no deep current blockage. We propose that these
represent entry of the hybrid fold edge-first rather than face-
first (type 1, Figure 2a), corresponding to an orientation that
cannot strongly block the entry to the f-barrel, probably
because the 3’ and 5’ tails are oriented laterally or, in any case,
do not approach near enough to enter the f-barrel. However,
the exact bending, stretching, or compressing interactions that
are contributing to the I,; currents cannot be further
deciphered by this experimental technique.

Support for this overall hypothesis comes from the 8-Br-dG
studies that validate the current differences obtained in the
locked H1 and H2 models matching those of the captured
hybrid-1 and hybrid-2 folds from solution, thereby providing a
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readout of the folding topology. Furthermore, because the
event types always initiate and terminate with a mid-level block,
we interpret the mid-level current readings as resulting from
quadruplex interactions at the cis side of the vestibule. A further
test to demonstrate the inability of hybrid quadruplexes to
translocate through the p-barrel was observed in voltage-
dependent studies, in which increasing the applied voltage only
increased the capture time, and did not affect the deep or
intermediate blockage current levels or their fluctuation times
(Figure S9). This observation is consistent with a study of
interactions between peptides and the a-HL ion channel*®
Additionally, these observations demonstrate that a-HL can be
a powerful analytical tool for monitoring the structural topology
distribution for G-quadruplexes in solution at the single
molecule level, in which the data are readily comparable to
known standards; such discrimination has not been easily
achievable by other methods.”"**>>*

Human telomere G-quadruplexes are polymorphic in vitro,
and this fact increases the complexity of finding these structures
in vivo. Excitingly, recent studies have found the G-quadruplex
fold in mammalian cells utilizing a fluorescent antibody that
bound many different folding topologies (e.g, hybrid and
propeller folds).>® Biophysical studies have suggested that the
human telomere sequence under dehydrating conditions gives
the propeller fold,?”>° while studies utilizing BSA as a crowding
agent suggest the hybrid fold persists.”” In the studies reported
herein, the hybrid folds were analyzed within the confined (i.e.,
crowded) context of the vestibule in a-HL. Hybrid folds, once
captured, showed current levels that alternated between a deep
block and a midlevel block, and these current levels did not
change during a capture event (~300 ms). This observation is
interpreted to mean that a hybrid fold, once in the nanocavity
of the protein ion channel, does not change its conformation
dramatically, although it may still be bending, stretching, or
compressing. That is to say, hybrid-1 and hybrid-2 do not
interconvert while captured in the a-HL cavity, nor does a
hydrid convert to other known structures such as the propeller
fold that is proposed under conditions of dehydration and
molecular crowding. Further support for this claim again resides
in the 8-Br-dG studies, where we found that forcing a critical G
into the syn conformation does not allow the propeller fold to
exist even in conditions known to favor this fold (e.g, 40%
CH;CN, Supporting Information).””*® Upon capture of a
locked hybrid with 8-Br-dG, current signatures were identical to
those observed for a hybrid fold in the native sequence.
Therefore, the nanocavity, though small (~40 yL in volume)
and crowded, was not capable of inducing the propeller fold,
and the hybrid fold persisted.

Existence of G-Quadruplex Folding Intermediates in
K* Solution. Even though the structures and energetics of the
human telomeric G-quadruplexes have been widely inves-
tigated, the actual folding pathway is not clearly established.>®
Reports have suggested the existence of many folding
intermediates, in which the triplex intermediate fold has
recently been hiéghlighted in optical tweezer and spectroscopic
experiments.”>**>* Interestingly, we noted a third event type in
KCl solution that constituted 21 + 2% of the overall events and
presented a simple deep blockage current level consistent with
translocation (type 3, Figure 2a). Because the hybrid folds can
be readily assigned in 8-Br-dG experiments, and translocation
was never observed for the hybrid structure, we hypothesize
that the third event type may correspond to the triplex
intermediates. In order to closely examine this, we synthesized a
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model sequence with the GGG close to the 5’ terminus
replaced with TTT to induce the triplex structure yielding a
longer §'-tail (Figure 6a, S'T). This triplex sequence was

a Thymine ——

Hybrid-2

3T

Figure 6. Proposed triplex folding intermediates of the hybrid folds.
Replacement of 5’ vs 3" GGG with TTT leads to §’ tail (5'T) and 3’
tail (3'T) triplexes, proposed to be the folding intermediates of (a)
hybrid-1 and (b) hybrid-2 folds.

selected as a likely intermediate that would form from the
hybrid-1 fold dominating in solution. Characterization of this
intermediate by CD provided results similar to those previously
described by the laboratories of Chaires, Sugiyama, and
Parrinello (Figures S2 and 83)25’26’59 and a most recent report
(T,, ~ 35 °C) (Figure S2).* Translocation studies on the 5'-T
triplex sequence within a-HL provided a similar i—t trace
signature and duration time compared to the type 3 events
produced by the native human telomere sequence (N),
supporting the hypothesis that the third event type corresponds
to the presence of a triplex intermediate at 25 °C (Figure 7a).
For the sake of completeness, we also studied the triplex that
would be formed from the less abundant hybrid-2 fold that
would present with a 3'-tail; for these experiments, we replaced
the 3’-most GGG run with TTT (3'T). This induced triplex
was also capable of translocating through the protein channel
based on voltage-dependent studies (Figure 7c) in which a
decrease in 7 with increasing applied voltage was observed for
all proposed triplex structures.

A summation of the observed events for the hybrid and
triplex folds allows us to describe >95% of the folded states for
the natural human telomere sequence in dilute solutions.
Hybrid folded G-quadruplexes are notoriously polymorphic, so
other uncharacterized structures likely exist in solution and may
describe the small amount of unidentifiable event types.>*
Opverall, the human telomere sequence folds to many topologies
in KCl solutions,>* among which we have identified the two
hybrid folds and their triplex folding intermediates by utilizing
the a-HL nanopore as a size-selective sieve.

Thermal Denaturation Profile of Human Telomeric G-
Quadruplexes. Armed with the ability to detect hybrid folds
and the triplex folding intermediates, and because these
structures display a high degree of polymorphism and dynamic
behavior in solution, we chose to interrogate the thermal profile
for these structures in solution. Additionally, we recognize that
the a-HL ion channel can discriminate molecules of various
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Figure 7. Nanopore measurements of the triplexes S'T and 3'T. (a)
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(tp) that were fit to a single exponential decay model, shown in (b)
with a time constant 7. (c) Plot of the decay constants of translocation
events (blue, type 3 events from the natural sequence; red, S'-T
triplex; green, 3'-T triplex) as a function of applied voltage (cis vs
trans).

sizes and shapes, resulting in inconsistent entry rates between
these structures. In order to quantify this difference, experi-
ments were performed to investigate the relative event
frequencies of the model sequences at known concentrations
(Figure 8). To compare the capture rates of hybrid-1 and
hybrid-2 folds, aliquots of the 8-Br-dG-substituted sequences
were combined in known proportions and events were
analyzed. Similarly, the S'T triplex-forming sequence could be
compared to the HI sequence to obtain relative entry rates.
Given the close similarity in size and shape of the hybrid
species, it was not surprising to observe only slightly different
entry rates between H1 and H2 (H1:H2 = 1.1:1). As expected,
triplexes bearing a single-stranded tail exhibited much higher
(~6.2 times) capture rates compared to bulky, fully folded
quadruplexes. Corrected by these entry rate factors, thermal
denaturation for the natural human telomere sequence was
studied up to the temperature limit of the instrumentation (55
°C, Figure 9). By sorting the events using the knowledge
ascertained above, we classified the relative distribution of the
hybrid-1, hybrid-2, and triplex intermediates over a range from
25 to S5 °C. The relative abundance for the hybrid-1 and
hybrid-2 folds decreased slowly compared to their initial values,
while the triplex intermediates became more abundant. Due to
the system limitation, we were unable to collect data above the
T,, value of this sequence (~59.6 °C in S0 mM KCI + 950 mM
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Figure 8. Entry rate corrections between the hybrid species and the
triplex. Plots of event frequency ratio vs concentration ratio for (a)
hybrid-2 (H2) and hybrid-1 (H1) model sequences and (b) triplex
and HI1. The ODNs sequences used are as follow: HI1, §'-
TAGGGTTAGGGTTAGXGTTAXGGTT-3'; H2, 5'-TAGGGT-
TAGXGTTAXGGTTAGGGTT-3' (X = 8-Br-dG); and triplex, S'-
TATTT(TTAGGG),TT-3".
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Figure 9. Thermal denaturation profile of the human telomeric
sequence. Plot of percentage abundance vs temperature after entry rate
corrections for hybrid-1, hybrid-2, and triplex plus other non-hybrid
folds, respectively. The system temperature limit is ~55 °C.

LiCl); however, the changes were clear when the temperature
approached ~50 °C and were consistent with spectroscopically
observed results.”> This study demonstrates that the hybrid
folded ratio can be determined across a range of temperatures,
while observing their partially denatured intermediates increase
with rising temperature.

The studies described herein lead to the conclusion that the
hybrid-1 structure is preferred over the hybrid-2 fold by a factor
of 2.3 for the sequence 5'-TAGGG(TTAGGG),-3' in dilute (5
uM) solution in the presence of K*. This ratio is similar to the
conclusion reached by optical tweezer studies of hybrid-1 vs
hybrid-2,°”%! but opposite that determined by NMR studies of
the same sequence.”' Perhaps the defining difference is that the
NMR studies were conducted at 1000-fold higher concen-
tration (S mM), suggesting that intermolecular interactions,®>
in addition to solvent, cation, and the presence of overhanging
tails, play a significant role in shifting the equilibrium between
topological structures of similar energy.
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B CONCLUSIONS

Herein, we harnessed the size-limiting properties of the a-HL
ion channel to detect subtle differences in the folded
conformations of the human telomere sequence in solution.
This has allowed us to determine that, under dilute conditions
at 25 °C, the sequence 5-TAGGG(TTAGGG);TT-3’ folds
predominantly to hybrid-1 and hybrid-2 conformations in
which the ratio is ~2.3:1. This analysis was achieved by
monitoring the intermediate residual currents that result from
the fine molecular interactions of these two folds within the
vestibule of a-HL. Furthermore, we observed current types that
correspond to the triplex folding intermediates that have been
proposed theoretically™® and recently observed.**® These
observations allowed us to conduct temperature-dependent
studies to monitor the initial unfolding progress of these
species. These studies present an intriguing entry into the
investigation of DNA structure and dynamics in a crowded
environment.'”?”%” Because ~85% of all cancers show
increased telomerase activity, an attractive molecular target to
combat cancer is the G-quadruplexes of the human telomere.
The present studies lay the groundwork for utilizing a-HL to
monitor folding ratios for the human telomere sequence that
will be affected by small-molecule binders, permitting a more
rapid screening method for future cancer therapeutic agents.

B METHODS

The oligodeoxynucleotides (ODNs) were synthesized by the DNA-
Peptide Core Facility at the University of Utah with commercially
available phosphoramidites (Glen Research, Sterling, VA), and
processed following standard protocols (see Supporting Information).
A custom-built, high-impedance, low-noise amplifier and data
acquisition system was used for the ion channel recordings, and it
was designed and constructed by Electronic Biosciences (EBS, San
Diego, CA). A 100 kHz low-pass filter was used to collect and analyze
the data with 500 kHz sampling rate. The sample i—t traces presented
in Figures 2, 3, and 6 were refiltered to 20 kHz for presentation. Only
events with duration longer than 10 us (filter bandwidth) were
extracted and analyzed using QUB 1.5.0.31 and fitted using Igor Pro
6.1. These experiments were conducted at 25 °C, except for the
thermal denaturation profiling that was performed at 25, 30, 37, 45, S0,
and 55 °C, respectively, with an error of ~1 °C.
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Materials, experimental methods, CD spectra, T,, data, sample
i—t traces, and event duration histograms. This material is
available free of charge via the Internet at http://pubs.acs.org.
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