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Abstract

Telomeres are nucleoprotein complexes that reside at the ends of linear chromosomes and help
maintain genomic integrity. POT1 and TPP1 are telomere-specific proteins that bind as a
heterodimer to single-stranded telomere DNA to prevent illicit DNA damage responses and to
enhance telomerase-mediated telomere extension. Telomere DNA is guanosine-rich and, as such,
can form highly stable secondary structures including G-quadruplexes. G-quadruplex DNA folds
into different topologies that are determined by several factors including monovalent ion
composition and the precise sequence and length of the DNA. Here, we explore the influence of
DNA secondary structure on POT1-TPP1 binding. Equilibrium binding assays reveal that the
POT1-TPP1 complex binds G-quadruplex structures formed in buffers containing Na* with an
affinity that is 5-fold higher than for G-quadruplex structures formed in the presence of K*.
However, binding of a second heterodimer is insensitive to DNA secondary structure, presumably
due to unfolding resulting from binding of the first POT1-TPP1. We further show that the rate
constant for POT1-TPP1-induced unfolding of DNA secondary structure is substantially faster for
G-quadruplex topologies formed in the presence of Na* ions. When bound to DNA, POT1-TPP1
forms complexes with similar CD spectra and enhances telomerase activity for all DNA substrates
tested, regardless of substrate secondary structure or solution monovalent ion composition.
Together, these data indicate that binding of POT1-TPP1 unfolds telomere secondary structure to
assist loading of additional heterodimers and to ensure efficient promotion of telomerase-mediated
extension.
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Introduction

Telomeres are nucleoprotein complexes that reside at the ends of linear chromosomes and
are comprised of repeating G-rich DNA sequences 1 2 3. In mammals, telomere DNA is a
repetitive, hexameric sequence of TTAGGG that extends for thousands of bases before
ending in shorter single-stranded DNA (ssDNA) overhangs 1 2 4. The G-rich telomere DNA
is capable of forming stable, secondary structures that include G-quadruplexes. G-
quadruplex structures are composed of stacks of G-tetrads, each of which contain four
guanines that are organized in a planar arrangement stabilized by a cyclic Hoogsteen
hydrogen bonding network > 6: 7,

Analysis of G-quadruplexes assembled /n vitro has revealed that the central cavities formed
within the structures are occupied by monovalent cations, which neutralize the electrostatic
repulsion generated by the inwardly pointing keto oxygens of the guanine bases 8. The
solvent monovalent ion type is well known to influence G-quadruplex stability and folding
topology (reviewed in 9). Similarly, the nucleotide (nt) sequence and length adjacent to G-
quadruplex structures formed within telomere DNA sequence can also contribute to
structural polymorphism (see 8 and reference therein). In all of these cases, the G-tetrad
interaction is maintained, but the orientation of the intercalating nucleotides form strands
that can be oriented in parallel, anti-parallel, or hybrid-type (containing both parallel and
antiparallel strands) configurations. Importantly, these different G-quadruplex structures can
also display functional diversity with respect to ligand binding and specificity 1011, In
addition to a wealth of data characterizing G-quadruplex structure, stability, and specificity
in vitro (see 12), the existence of G-quadruplexes has been confirmed in the telomeres of
human cells, within the macronuclei of ciliates, and in Xenopus laevis egg

extract 13/ 14, 15 16: 17 However, the mechanisms which proteins and enzymes associate with
telomere DNA and the ways they alter its ability to form stable alternative structures are not
well understood.
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Telomere DNA is synthesized by a unique ribonucleoprotein complex called telomerase, an
enzyme that compensates for the inability of replicative polymerases to fully extend the ends
of linear chromosomes 18: 19, The ssDNA overhang of telomeres provides the substrate for
telomerase, therefore DNA secondary structures that form within this region provide
obstacles to telomerase-mediated replication. For example, G-quadruplex structures may

function to regulate telomerase activity, primarily by inhibiting telomerase
extension 7 20; 21;22; 23

A set of six specialized proteins, collectively termed shelterin, associate with telomere

DNA 24:25:26:27 Along with telomerase, the shelterin complex contributes to maintaining
the proper structure, function, and overall integrity of telomeres 27: 28: 29, Protection of
Telomeres 1 (POT1) protein, along with its binding partner TPP1, binds single-stranded
telomere DNA with high affinity. DNA interactions are orchestrated through the N-terminus
of POT1, while its C-terminal domain is necessary for TPP1-interaction 30: 31: 3233 Tpp1 js
responsible for recruiting telomerase to the telomere and, together with POT1 enhances
telomerase processivity by decreasing the rate constant for dissociation from telomere DNA
and increasing the rate constant for telomerase extension activity 34: 35: 36; 37; 38, 39; 40; 41

The x-ray crystal structure of the POT1 DNA-binding domain in complex with sSDNA
reveals that the protein interacts with ten nts of telomere DNA in an extended single-strand
conformation 2. The POT1 domain is divided into two oligosaccharide-oligonucleotide
binding (OB) folds with the N-terminal domain recognizing a full hexamer of telomere DNA
(TTAGGG), while the C-terminal OB-fold binds to the adjacent four nts (TTAG). On longer
ssDNA substrates, this recognition sequence is maintained as multiple POT1-TPP1 proteins
coat the ssSDNA substrate with a protein binding to every two hexamer repeats 43. Of the
twelve nts representing two complete hexameric telomere sequences, the last two guanosines
are not necessary for POT1-TPP1 binding and recognition 33 44, These two guanosines do,
however, contribute dramatically to the secondary structure of unbound DNA, as they are
necessary for G-quadruplex formation.

Although physiological tracts of single-stranded (ss) telomere DNA are ~50-200 nts in the
cell 45, most /n vitro studies of DNA-binding and telomerase recruitment by POT1-TPP1
protein to date have been limited to short single-stranded oligonucleotide substrates (<18
nts) for understanding DNA-binding and telomerase recruitment properties of POT1-TPP1
protein 34 35, As telomere ssDNA needs at least 22-nts to form intramolecular G-quadruplex
structures (see 46), less is known regarding the influence of telomere DNA secondary
structure on POT1-TPP1 binding events and on telomerase recruitment. For example, recent
data demonstrates that POT1-TPP1 induces continuous unfolding of G-quadruplex structures
in telomere DNA 47, yet the interaction between protein and DNA is largely dependent on
the G-quadruplex topology that is formed 19,

In this report, we interrogate the impact that DNA secondary structure has on multiple
POT1-TPP1 binding events. Our data reveal that secondary structure, including G-
quadruplexes, impairs binding of POT1-TPP1 to telomere DNA. Furthermore, we
demonstrate that POT1-TPP1 binds with variable affinities to polymorphic G-quadruplex
structures formed in Na* versus K*. After the initial loading of a single POT1-TPP1
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heterodimer, however, binding of subsequent proteins occurs with similar affinity for all 24-
nt substrates investigated, regardless of the secondary structure of the unbound DNA.
Consistent with the differential sensitivity to G-quadruplex topology observed for
equilibrium binding affinity, time resolved circular dichroism spectroscopy demonstrates
that POT1-TPP1 unfolds G-quadruplexes formed in Na* significantly faster than G-
quadruplex structures formed in K*. Finally, we demonstrate that telomerase activity is
impaired equally by different G-quadruplex topologies, regardless of monovalent ion
composition, and the inclusion of POT1-TPP1 circumvents this obstacle. Together, our
results reveal intrinsic biochemical features of molecular recognition that govern the
interaction of POT1-TPP1 with ssDNA. This information is important for understanding the
in vivo function of POT1-TPP1 as well as providing insights into its central role in telomere
maintenance.

An intrinsic feature of single-stranded, G-rich telomere DNA is the ability to form highly
stable G-quadruplex structures. The ssDNA-binding heterodimer POT1-TPP1 must
necessarily disrupt this stable structure and subsequently interact with telomerase in order to
orchestrate proper telomere synthesis. To understand this essential biological function it is
important to establish how POT1-TPP1 associates with different intramolecular topologies
that telomere DNA can form. To accomplish this goal we quantitatively analyzed the binding
of a series of model DNA ligands designed to test the effect of DNA structure on POT1-
TPP1 association and its ability to activate telomerase.

The G-quadruplex structures favored by free telomere DNA might enhance POT1-TPP1
recognition allowing it to outcompete other nucleic acid binding proteins (e.g. replication
protein A) that are more abundant in the cell. Alternatively, formation of strong non-covalent
interactions between POT1-TPP1 and telomere DNA may offset the cost of disrupting stable
G-quadruplex structures in the POT1-TPP1-ssDNA complex. Such conformational changes
could occur after initial protein binding or by kinetic trapping of transiently unfolded
telomere DNA.

Design and characterization of telomere sequences with altered secondary structure

We first designed several substrates that would allow us to determine how secondary
structure in telomere DNA might affect POT1-TPP1 recognition and binding (Supplemental
Figure 1). The hT24wt DNA is comprised of four telomere repeats and is predicted to form
G-quadruplex structures, albeit with different topologies in Na*-versus K*-based

solutions 46: 48: 49 (Supplemental Figure 1A). As described above, the guanosine
dinucleotides flanking each POT1-TPP1 recognition sequence are not involved in protein
binding, but are necessary for G-quadruplex formation 44. As such, these two nts were
mutated, which allows the secondary structure of the ssDNA to be manipulated without
significantly affecting the stability of the bound DNA-protein complex.

The hT24GG-CC DNA has the two guanosines located outside of the decameric POT1-
TPP1 recognition sequence mutated to cytosines. Mutation of the dinucleotide Gs to Cs
introduces Watson-Crick base pairing within the ssDNA substrate, thus providing a
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propensity for it to form intermolecular duplex structures (Supplemental Figure 1B;
predicted AG of -6.73 kcal/mol 30: 51). Additional substrates were designed in which the two
guanosines separating adjacent POT1-recognition sequences were mutated to either inosines
or uridines. Inosine lacks the 2-amino group that is a primary contributor to G-quartet,
hydrogen-bonding interactions 32. Similarly, substitution of guanosines with uridines will
entirely disrupt hydrogen-bonding networks that are essential for G-quadruplex secondary
structure (Supplemental Figure 1C).

The structures of all four designed DNA constructs were probed using multiple techniques.
Non-denaturing polyacrylamide gel electrophoresis is an effective tool for monitoring the
secondary structure of DNA molecules that have similar mass 3 54, Although some minor
bands appear in the non-denaturing gel (e.g. hT24GG-Il), the majority of the population
(>95%) migrates as a single band that is indicative of the expected shapes for the four DNA
substrates investigated (Figure 1A). Under identical conditions, hT24wt and hT24GG-CC
migrated faster, due to stable secondary structure formation, than the unfolded hT24GG-II
and hT24GG-UU DNAs. Size-exclusion HPLC (SE-HPLC) has also proven to be a powerful
tool for assessing the size and shape of oligonucleotides that exhibit structural
polymorphism 55, Using this method, we further analyzed the distributions of secondary
structure the four 24-nt substrates used in our study. Under identical conditions in either
NaCl or KCI buffer, the hT24wt DNA consistently elutes slower that any of the other three
substrates (Figure 1B; Supplemental Figure 2). The hT24GG-CC DNA elutes at a lower
volume than hT24wt, but higher than the hT24GG-Il and hT24GG-UU substrates. The faster
mobility of hT24GG-CC indicates a less compact structure relative to hT24wt. The
hT24GG-I1 and hT24GG-UU DNAs elute at the same volume consistent with extended
single stranded conformations. Thus, these data support the interpretation that hT24wt forms
G-quadruplex structures, hT24GG-CC contains duplex DNA, and hT24GG-I1l and
hT24GGUU have little or no secondary structure.

While the native gel and SE-HPLC data supports the notion that the hT24wt DNA forms G-
quadruplex structures in both NaCl and KCI, both techniques are limited in assessing
structural polymorphism in G-quadruplex topologies. Therefore, the secondary structure of
all four DNA substrates was further evaluated using circular dichroism spectroscopy (CD)
(Figure 1C and 1D). The identity of the monovalent ion in solution (typically K* or Na*) is a
primary contributing factor to G-quadruplex topology. Each population exhibits a distinct
signature in its circular dichroism (CD) spectrum. For example, a G-quadruplex topology
that is comprised of antiparallel strands and guanines arranged in alternating syr+ and antr-
conformations are characterized by a positive band at 295 nm, a smaller positive band at 245
nm, and a negative band at 265 nm in the CD spectra 6. This topology is common for short
(22-26 nt) oligonucleotides comprised of telomere DNA sequence in Na*-containing
solutions 48, Conversely, G-quadruplex structures formed by short (22-24 nt)
oligonucleotides containing telomere DNA sequence tend to fold into multiple stable
conformations (/.e. hybrid-type) in K*-containing solutions 48. The hybrid-type, G-
quadruplex structures represent a mixture of parallel and antiparallel strands that are
characterized by a major band at 290 nm with a shoulder near 268 nm, a weaker band at 250
nm, and a weak negative band near 260 nm in the CD spectrum 8.
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In solution containing Na* the hT24wt DNA sequence revealed a CD spectrum that is
consistent with anti-parallel G-quadruplex topology (Figure 1C) and mixed, hybrid-type G-
quadruplex structures in the presence of K* (Figure 1D). In contrast, the CD spectra of the
three mutant substrates are indicative of B-form (duplex or single-stranded) DNA, which is
characterized by a broad band from 260-280 nm and a negative band near 240 nm ®’. CD
spectra for hT24GG-CC, hT24GG-Il, and hT24GG-UU are all similar in both Na*- and K*-
containing solutions indicating that, unlike the hT24wt ssDNA, the secondary structure of
these DNA substrates is not sensitive to the identity of solution monovalent ions. Together,
our SE-HPLC and CD data are consistent with the hT24wt DNA forming G-quadruplex
structures with different topologies in NaCl or KCI buffer, the hT24GG-CC DNA forming a
hairpin, and hT24GG-11 and hT24GG-UU DNA containing little to no secondary structure
as depicted in Supplemental Figure 1.

DNA secondary structure impairs the initial POT1-TPP1 binding event to 24-nt substrates

Multiple protein binding events on a single substrate can be independently separated and
quantified using EMSA 43 44:58 \When performed under equilibrium binding conditions, Kj
values can be determined for each bound state. As such, EMSA was employed to examine
the sequential binding reactions of multiple POT1-TPP1 proteins associating with sSDNA
substrates exhibiting different secondary structures. In NaCl, POT1-TPP1 binds to G-
quadruplex hT24wt DNA with two distinct populations (Figure 2A). The relative abundance
of each protein-DNA complex population was quantified and plotted as a function of
increasing POT1-TPP1 concentrations. The data were fit to a simple sequential, two-site
equilibrium binding model and the equilibrium dissociation constants (K7 and K5) were
determined by globally fitting the concentration dependent changes in the populations of the
free DNA and the complexes containing either one or two POT1-TPP1 proteins (Figure 2B).
EMSA assays and data fitting were also performed for hT24GG-CC, hT24GG-Il, and
hT24GG-UU substrates (Supplemental Figures 3-6).

Comparison of values of the equilibrium dissociation constants K3 and K for each substrate
revealed an overall trend in which stable secondary structure in the unbound DNA correlates
with lower affinity (higher K3) for initial POT1-TPP1 binding, but does not affect the
affinity of the second binding event (/.e. the magnitude of K5; Figure 2C). In NaCl buffer,
the hT24wt and hT24GG-CC DNAs display an average Kj value that is about five-fold
higher (meaning 5-fold lower affinity) than that of the unstructured hT24GG-I11 and
hT24GG-UU DNAs (Figure 2C and Table 1). In contrast, the K5 value was similar for
POT1-TPP1 binding to all four DNA substrates.

To test whether POT1-TPP1 binding is sensitive to the type and/or stability of G-quadruplex
structure formed in the free DNA, we repeated the gel shift experiments using protein and
DNA complexes assembled in KCI buffer as opposed to NaCl buffer. Gel shifts were
quantified and plotted and K7 and K; values calculated as described above (Supplemental
Figures 3-6). The results demonstrate that POT1-TPP1 binds hT24GGCC, hT24GG-IlI, and
ht24GG-UU DNA with similar affinities independent of the identity of the solution
monovalent ions. In contrast, G-quadruplex structures formed by hT24wt DNA in K* impair
the initial POT1-TPP1 binding significantly when compared to those G-quadruplex
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structures formed in Na* (Figure 3). There was no difference in the apparent affinity of
subsequent protein binding events, as the second POT1-TPP1 binds to all hT24wt, hT24GG-
CC, hT24GG-I1, and hT24GG-UU in NaCl and KCI with similar K> values (Figure 3; Table
1).

POT1-TPP1 binding alters the secondary structure of the bound DNA

The high resolution x-ray crystal model of human POT1 bound to a 10-nt strand of telomere
DNA indicates that the nucleic acid is bound in an extended conformation that is
incompatible with G-quadruplex topology “2. Other studies using longer DNA revealed that
PQOT1 protein disrupts G-quadruplex structure, making the DNA template more accessible
for telomerase-mediated extension 29: %9 or, as a POT1-TPP1 complex, to prevent binding of
replication protein A 10, To better understand how POT1-TPP1 influences the structure of
the bound telomere DNA, we compared the CD spectra of the free telomere model DNAs
and protein to that of the bound DNA-protein complex.

Using a split-cell cuvette for CD analysis we tested how POT1-TPP1 interactions altered the
secondary structure of both the hT24wt and the hT24GG-11 DNA substrates and in Na* or
K* containing solutions. First, a CD spectrum with POT1-TPP1 protein in one compartment
and DNA in the other allowed the measurement of the sum of the independent and unmixed
spectral contributions of free protein and DNA (Figure 4A). The combined spectrum from
the split cell revealed a dominant, negative band near 240 nm that could be attributed to the
POT1-TPP1 protein. At higher wavelengths in the split cell configuration, the combined
spectrum of free POT1-TPP1 and hT24wt DNA maintain signatures that are characteristic of
DNA alone. Specifically, in Na* based solutions, the spectrum retains a negative band at 265
nm and a positive band at 295 nm, whereas the K*-containing solutions remain associated
with a positive peak at 290 nm connected to a shoulder and another positive value near 255
nm (Figure 4A). In the split cell, the hT24GG-I1 substrate retains a maximum positive peak
at 260 nm in either Na* or K* solutions that is indicative of its unstructured, B-form
topology (Figure 4A).

Having established the independent additive contributions of free DNA and protein to the
observed CD spectrum, the two solutions from both sides of the split cell were mixed so that
both cells contained identical mixtures of POT1-TPP1-DNA complexes. The CD spectra of
the resulting protein-DNA complexes are similar for both hT24wt- and hT24GG-11-DNA
complexes with positive peaks near 255 and 290 nm and a negative peak near 260 nm
(Figure 4B). While the intensity of the peaks varied among the substrates and solutions
analyzed, this signature was observed for all DNA-protein complexes in Na* and K*
containing solutions. Furthermore, the CD spectra of the protein-DNA complexes is unique
compared to the additive contributions of free DNA and protein observed spectrum when
they are in separate cells. The similar CD profile for all protein-DNA complexes suggests
that all the nucleoprotein complexes analyzed adopt similar structures. Higher resolution
structural information on the apparently similar nucleoprotein complexes will require
alternative methods that are more powerful than CD spectroscopy. Nonetheless, our data
reveal a clear alteration in both hT24wt and hT24GG-Il1 DNA secondary structure, upon
POT1-TPP1 binding, in both Na* and K* solutions.
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POT1-TPP1 unfolds different G-quadruplex topologies with different rate constants

Knowing that POT1-TPP1 alters the secondary structure of G-quadruplex and disordered
telomere DNA at equilibrium, we next analyzed the kinetics of the changes that occur upon
mixing DNA and protein. To do so, we measured the CD spectra of the POT1-TPP1-DNA
solution over a period of twenty minutes, with measurements taken in two-minute intervals.
The concentration of protein was in excess of DNA to insure complete loading of two POT1-
TPP1 heterodimers, and both the protein and DNA concentrations were in excess of K; and
K> to drive the binding reaction to completion. The results for the disordered, hT24GG-II
telomere DNA were the same in either NaCl or KCI (Figure 5A and 5B). All structural
changes were observed within the first two-minutes with no significant changes in the CD
spectra occurring after that, demonstrating that the reaction had approached equilibrium.
Similarly, the hT24wt DNA forming G-quadruplex structures in NaCl demonstrated a
significant change in the CD spectrum within the first two minutes of mixing POT1-TPP1
protein with DNA, followed by only very minor changes in the CD spectra taken between
two and twenty minutes (Figure 5C). In contrast, the hT24wt that forms G-quadruplex
structures in KCI displayed a large change in the spectrum recorded in the first two minutes
of mixing, followed by additional and continual changes in the spectra recorded throughout
the duration of the experiment (Figure 6D). These data suggest that POT1-TPP1 binds to
disordered telomere DNA and to G-quadruplex structures formed in NaCl relatively quickly
to induce conformational changes completely within the first two minutes. Conversely,
POT1-TPP1 binding to G-quadruplex structures formed in KCI induces conformational
changes throughout the course of the twenty-minute experiment.

Fitting the data shows that the reaction in KCI is biphasic, which is consistent with several
alternative models such as a sequential mechanism or parallel pathways. The rate constant
for the first phase is too fast to measure and the rate constant for the second is approximately
0.07 min1 (Supplemental Figure 7). In contrast, unfolding of the other substrates occurs
with a rate constant at least ten-fold faster since the reaction is complete before the first time
point. In relation to the determined equilibrium binding constants of POT1-TPP1 for the
various sSDNA substrates, these data reveal that a fifteen-minute incubation was sufficient
for full equilibrium for all substrates and conditions with the exception of hT24wt ssDNA in
K*. Our kinetic data demonstrate that full binding of POT1-TPP1 to hT24wt in K*
approaches equilibrium after 15 minutes, and has reached >90% completion after a 20-
minute incubation period. Therefore, the equilibrium binding constants for hT24wt in K* are
accurate, but likely to be slightly higher than those reported in Table 1.

POT1-TPP1 enhances telomerase activity and processivity equally for all G-quadruplex

topologies

G-quadruplex structures impair telomerase activity and they are not extended effectively by
telomerase 20 4147 The inclusion of POT1-TPP1 rescues telomerase activity, presumably
due to disruption of the G-quadruplex secondary structure. The POT1-TPP1 heterodimer
also enhances telomerase processivity and extension Kinetics independent of overcoming G-
quadruplex inhibition, 34: 35: 36: 41:47 \\e performed direct telomerase extension assays in
the presence and absence of POT1-TPP1 on the 24-nt substrates with different secondary
structures to differentiate between the effects of POT1-TPP1 enhancement of telomerase
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activity by increasing the rate of nucleotide addition versus increasing processivity (Figure
6). Experiments were performed in either NaCl or KCI buffer and results were quantified as
total activity and as repeat addition processivity for each condition (Methods and Materials).

In the absence of POT1-TPP1 protein, and in reactions containing either NaCl or KCI buffer,
telomerase extended a 24-nt telomere DNA substrate forming G-quadruplex structures two
to three fold less efficiently than substrates that do not form G-quadruplex structures
(Figures 6A and 6B). The inhibitory effect of G-quadruplex structures was observed for both
relative activity (Figure 6C and 6D) and relative repeat addition processivity (Figure 6E and
6F) in reactions containing either Na* or K*. Telomerase relative repeat addition
processivity was three-fold higher for the unstructured hT24GGlII and hT24GG-UU
substrates when compared to the hT24wt DNA. In comparison, telomerase repeat addition
processivity on the hT24GG-CC substrate was only twice as high as that of hT24wt (Figure
6E and 6F). We suspect that the inherent ability of hT24GG-CC to form a hairpin structure
may slightly impair telomerase processivity when compared to the unstructured hT24GG-
UU and hT24GG-II substrates.

The inclusion of POT1-TPP1 enhanced telomerase relative activity by about 3-fold for G-
quadruplex-forming hT24 substrates (Figures 6C and 6D). POT1-TPP1 also enhanced
overall activity for all of the substrates that do not form G-quadruplex structures, but to a
lesser degree (~1.6-fold). When POT1-TPP1 protein was included in the reactions,
telomerase repeat addition processivity was nearly identical for all four 24-nt substrates
investigated, regardless of buffer composition or starting secondary structure (Figures 6E
and 6F). Together, these data indicate that secondary structure of the telomere DNA
substrate adversely affects telomerase processivity in the absence of POT1-TPP1 protein.
Conversely, the inclusion of POT1-TPP1 makes telomerase processivity equivalent for all
substrates, regardless of secondary structure in the unbound DNA. Our results further
demonstrate that telomerase activity and processivity are nearly identical in K*- and Na*-
containing solutions, even though the G-quadruplex morphology differs in the two solutions.
These data reveal that diverse G-quadruplex structures decrease telomerase activity and
processivity equally, and that the inclusion of POT1-TPP1 overcomes this barrier
independent of monovalent ion identity.

Discussion

Our data reveal the effects of DNA secondary structure on initial POT1-TPP1 protein
binding, multimerization, and telomerase activation. In each of the 24-nt sSDNA substrates
examined under equilibrium binding conditions, only the first protein binding event was
sensitive to DNA secondary structure, with POT1-TPP1 demonstrating the highest affinity
for unstructured ssDNA, followed by DNA forming a hairpin loop, and finally G-quadruplex
structures are bound with the lowest affinity. Conversely, the binding affinity for the second
POT1-TPP1 binding event was similar for all 24-nt substrates examined. CD spectroscopy
supports unfolding of structured DNA during POT1-TPP1 binding. For the G-quadruplex
structures formed in KCI, however, our CD experiments reveal that the G-quadruplex
structures continue to slowly undergo conformational changes at POT1-TPP1 protein
concentrations that result in relatively rapid unfolding in the presence of Na*. Together,
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these results indicate that there are significant general effects as well as differential
mechanistic features for POT1-TPP1 binding to telomere DNA exhibiting different
secondary structures.

Mechanistically, POT1-TPP1 interacts with telomere DNA using two individual OB-fold
domains that form the POT1 DNA-binding motif 42. Although changes in telomere DNA
sequence can alter the order of events, protein binding to telomere DNA is orchestrated by
the second OB-fold of POT1 interacting with DNA first, followed by interactions between
DNA and the first OB-fold of POT1 protein 47. In the context of unstructured ssDNA, our
data indicate that binding of two POT1-TPP1 proteins bind the two recognition sites
independently and non-cooperatively (similar K; and K>). For polymorphic G-quadruplex
structures, however, it is likely that the second OB-fold of POT1 binds first to one of the
TTA loops and this interaction weakens the G-quadruplex hydrogen bonding network,
allowing for partial unfolding that is weakened further by binding of the second POT1 OB-
fold. Binding of both OB-folds would eventually result in the telomere DNA occupying a
fully extended state as is seen in the crystal structure with a 10-nt DNA substrate that is too
short to form G-quadruplex structures 42 (Figure 7). Alternatively, POT1-TPP1 binding may
simply trap the unfolded DNA conformation. In this model unfolding of the G-quadruplex
occurs in a pre-equilibrium step that is followed by POT1-TPP1 binding which prevents
refolding. These slower kinetics of POT1-TPP1 unfolding of G-quadruplex structures
formed in K* correlates well with the greater stability and slower unfolding of these
structures in the absence of protein binding 0. Importantly, the data presented here provide
an essential framework for determining the identity of intermediates in this process and
quantifying the rate constants for their interconversion using rapid kinetic and biophysical
methods.

Consistent with the kinetic results, our findings show that POT1-TPP1 binding to G-
quadruplex structures formed in NaCl occurs with an affinity that is nearly 5-fold higher
than for those topologies formed in KCI. The discrepancy in G-quadruplex unfolding in KCI
over NaCl can also be attributed to a well-known increased stability of G-quadruplex
structures formed in K+ 61, An alternative, or additional, explanation might be due to the
difference in G-quadruplex topology formed by hT24wt in NaCl or KCI buffers. In this case,
perhaps the TTA loop necessary for POT1-TPP1 recognition is more accessible in the G-
quadruplex topologies formed in NaCl buffer. As the CD unfolding experiments were
performed with protein concentrations significantly higher than the calculated K5 value, then
the final bound state of the reaction consists of two POT1-TPP1 proteins bound to each 24-
nt substrate, including G-quadruplex structures in NaCl and KCI. In this case, and
particularly for the hT24wt DNA forming G-quadruplex structures in KCI buffer, it is
possible that each POT1-TPP1 protein binds partially via a single OB-fold that unfolds the
G-quadruplex or traps it in a sSSDNA conformation so that the second OB-fold within each
protein can eventually bind.

Despite significant differences in affinity of POT1-TPP1 binding to telomere DNA with G-
quadruplex topologies, telomerase activity and processivity show equivalent sensitivities to
both G-quadruplex structures. The addition of POT1-TPP1 unfolds all G-quadruplex
topologies to enhance telomerase activity, which is consistent with previous studies showing
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that POT1, with or without TPP1, disrupts G-quadruplex structures for telomerase
accessibility 29: 4147 |n addition to disrupting G-quadruplex structures, the POT1-TPP1
heterodimer enhances telomerase function by aiding in translocation and slowing primer
dissociation 36 and by increasing its rate of extension 4% 47, Our data reveal additional
insight for the diverse contributions of POT1-TPP1 in enhancing telomerase activity and
processivity. Specifically, POT1-TPP1 binding relieves secondary structure of telomere
substrates to enhance telomerase activity by two- to three-fold and, once bound to the DNA
substrate, the heterodimer enhances telomerase processivity an additional ~1.5-fold.

In addition to G-quadruplex structures, telomere DNA can also form T-loops, structures
whose formation is governed by interactions with shelterin proteins 62. Since not all
telomeres end in T-loops, it is plausible to speculate that the secondary structure of the DNA,
along with unfolding of those structures by shelterin proteins, governs T-loop formation.
This feat is especially true when considering that T-loop formation is believed to require
separation of the duplex telomere DNA and subsequent invasion of the single-stranded
overhang, both processes that would be altered by secondary structure of the DNA.
Similarly, POT1-TPP1 binding at the telomere prevents the induction of ATR-mediated
DNA damage signaling pathways 6% 64_In light of our data, perhaps the secondary structure
of telomere DNA is an overlooked yet important regulator that contributes to the ability of
POT1-TPP1 binding to outcompete replication protein A to prevent induction of the ATR
pathway.

Materials and Methods

POT1-TPP1 expression and purification

Human full-length POT1 and an N-terminal 6x His-tagged TPP1 were co-expressed in
Spodoptera frugiperda 9 (Sf9) insect cells using a recombinant baculovirus expression
system as previously described 44. The TPP1 protein is a well-characterized construct that
comprises both its POT1- and telomerase interaction domains (residues 89-334). Sf9cells
were grown in suspension to a density of approximately 1 million cells/ml and then infected
at a multiplicity of infection of one virus per insect cell. After 72 hours, infected cells were
pelleted and stored at -80°C. Frozen cell pellets were resuspended in lysis buffer containing
25 mM HEPES pH 8.0, 150 mM NaCl, 5 mM DTT, 5 mM benzamidine, 1 mM PMSF, and 1
cOmplete ULTRA protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN).
Cells were then lysed using sonication and incubated with two units/ml of RQ1 DNase
(Promega, Madison, WI) for 30 minutes before pelleting cellular debris through
ultracentrifugation at 36K rpm for 45 minutes at 4°C. Following ultracentrifugation,
supernatant was applied to a gravity filtration column with buffer washed high-density
nickel cross-linked beads (Gold Biotechnology, St. Louis, MO). Bead binding was
performed at 4°C, then rinsed with 25 mM HEPES pH 8.0 and 150 mM NaCl or 150 mM
KCI (pH was adjusted using NaOH or KOH, respectively) buffer and subsequently washed
with the same buffer containing 20 mM imidazole. Protein was eluted with buffer containing
200 mM imidazole and then further purified with an ACTA HPLC system and size-exclusion
chromatography using a Superdex 200 HiLoad 16/60 chromatography column (GE
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Healthcare). Protein fractions were pooled, concentrated with a Millipore Amicon Ultra 10K
centrifugal column, and flash-frozen in 10-100 pl aliquots to be stored at -80°C.

DNA Oligonucleotides and 5’ end-labeling

The 24-nt oligonucleotides investigated in this study were all synthesized by Invitrogen Life
Technologies. Each DNA sequence contains two separate POT1-TPP1 recognition
sequences (GGTTAGTTAG) separated by dinucleotides that were designed to disrupt or
alter the DNA secondary structure of native telomere DNA without altering either of the
POT1-TPP1 binding motifs. The primary sequences of the different substrates are as:
hT24wt=(5"-GGTTAGGGTTAGGGTTAGGGTTAG-3'); hT24GG-CC=(5'-
CCTTAGGGTTAGCCTTAGGGTTAG-3'); hT24GG-I1=(5'-
HTTAGGGTTAGIITTAGGGTTAG -3); and hT24GG-UU=(5'-
UUTTAGGGTTAGUUTTAGGGTTAG -3'). 5 end-labeling was performed using 25 pmols
of each oligonucleotide reacted with 5’-end labeled using ATP[y-32P] (Perkin Elmer) and T4
Polynucleotide Kinase (New England BioLabs) as previously described 43. Labeled products
were purified from unreacted nucleotide using illustra MicroSpin G-25 columns (GE
Healthcare).

Size-exclusion HPLC

Oligonucleotides were prepared in the elution buffer (25 mM Hepes, pH8, 150 mM NaCl or
KCI) by heating 20 uM solutions to 95°C for 5 min, followed by gradual cooling (1°C/min)
to 4°C and then stored at -20°C. The DNA concentrations were estimated on the basis of
absorbance readings obtained using a NanoDrop spectrometer (Thermo Fisher Scientific,
Inc., Waltham, MA) and were confirmed on the AP *-180 Instrument. Frozen samples were
thawed on ice and then brought to room temperature before HPLC injection. For HPLC
runs, 20 uL of DNA was injected into a Shimadzu SPD-20A HPLC and separated using a
SEC-300 size-exclusion column (Thermo Scientific™ Acclaim™). All SE-HPLC runs were
conducted at room temperature using a flow-rate of 0.2 ml/min and constant UV absorbance
monitoring at a wavelength of 260 nm.

Electrophoretic Mobility Shift Assays

Electrophoretic Mobility Shift Assays (EMSA) were performed under equilibrium binding
conditions with an excess of protein and limiting DNA concentrations. 300 pM 32P-|abeled
DNA oligonucleotides were incubated with increasing concentrations of purified POT1-
TPP1 protein in the range of 0-600 nM. All reactions were prepared in a solution containing
1.2 pg/ml tRNA, 4 pg/ml BSA, 60 mM Tris (pH 8.0), 5 mM DTT (dithiothreitol) and 90
mM NacCl or KClI, as indicated. Protein-DNA complexes were incubated at room
temperature for fifteen minutes before being separated by gel electrophoresis. Free DNA and
POT1-TPP1-bound DNA were resolved on a 4-20% Tris/Borate/EDTA (TBE)
nondenaturing, gradient gel (BioRad) run at 4°C in 1x TBE buffer. Gels were dried and
exposed to phosphorimager plates, which were imaged on a Typhoon Phosphorimager (GE
Healthcare). Data were quantitated using ImageQuant TL (GE Healthcare) and processed
with Microsoft Excel software. All experiments were performed in triplicate.
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Determination of equilibrium dissociation constants for POT1-TPP1 binding to DNA

The data from EMSA experiments were analyzed using a sequential, two-site binding model
(Scheme 1) in order to determine the equilibrium dissociation constants for initial and
subsequence POT1 binding events.

In Scheme 1 a single sSDNA (D) containing two binding sites for POT1-TPP1 protein (P)
binds two proteins sequentially governed by two equilibrium dissociation constants K; and
K, that describe the affinity of the first and second binding events, respectively. Under
equilibrium binding conditions in which the concentration of free protein is in excess of the
DNA in the binding reaction the fractions of total DNA in the D (/g), DP (Fqp) and DP;
(Fdp2) species are given by,

Fy= D] _ 1
[D]+[DP]+[DPy] D)o 1+[7P11+}(f}; Eq1
[DP] 1
Fap= - 7]

TLK
[D]total 1+[_131]+K_1 Eq 2

[ D] 1

D]total B 1_'_%_'— I[(Iljf](§2 Eq 3

de2: [

The data for the fraction of total DNA in the D, DP and DP, species was globally fit using
Microsoft Excel to Eq. 1-3 in order to calculate the K7 and K5 values for each experiment.
Averages and standard deviations from at least three measurements were used to determine
the values reported in the text and Table 1.

Circular Dichroism Spectroscopy

CD spectra were obtained using an Applied Photophysics n*-180 (Applied Photophysics
Ltd, United Kingdom) spectrometer. A quartz split-cell cuvette (Hellma USA Inc.,
Plainview, NY) with 2x4.375 mm path length was used to acquire CD spectra from 220-400
nm with a 2-nm bandwidth, 2-nm step size, and 2-s collection time per data point. The
telomere DNA samples (hT24wt and hT24GG-11) were diluted to 10 uM stock in protein
buffer as described above for SE-HPLC. DNA samples were thawed on ice and diluted to 2
UM final concentrations in appropriate buffers and placed in one compartment of the split-
cell. POT1-TPP1 protein was thawed and diluted in appropriate buffers (NaCl or KCI) to 10
UM concentrations for a 1:5 molar ratio of DNA:protein. However, each 24-nt substrate
contained two separate POT1-TPP1 recognition sites, so the stoichiometry of protein:DNA
binding sites was 2.5:1. The POT1-TPP1 protein solution, diluted in either NaCl or KCI
protein buffer, was placed into the second chamber of the split cell. The CD spectra for DNA
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and protein in adjacent cells were scanned three times, and the average spectrum represents
the depicted data. Spectra were additionally obtained for DNA or POT1-TPP1 protein alone,
under similar conditions.

For the POT1-TPP1 protein and DNA binding reactions, samples were taken from each
chamber in the split cell and mixed thoroughly in a microfuge tube before being equally
distributed in each chamber of the split cell. All spectra are presented after applying proper
buffer corrections. For DNA unfolding experiments, CD spectra were recorded at two-
minute intervals (as described above) over a course of twenty minutes.

Preparation of cell lysate for telomerase assay

Plasmids expressing hTR and hTERT, were transiently transfected into HEK 293T cells with
Lipofectamine® 2000 Reagent (Invitrogen) as previously described 5. Cells were grown in
nine-well plates and transient transfections were conducted at ~1 million cells per well. 48
hours post-transfection, cells were harvested by trypsinization. Cells were then pelleted and
lysed with ice-cold CHAPS lysis buffer (10 mM Tris-HCI pH 7.5, 1 mM MgCl,, 1 mM
EGTA, 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 10%
glycerol, 400 mM NacCl) at 4°C for 30 min. Each sample also contained 3 ul of RNasin
(Promega) and protease inhibitor cocktail EASYpack (Roche). Cell lysates were then passed
three times through a 27-gauge needle, flash frozen, and stored at -80°C.

Direct Telomerase Incorporation Assay

Telomerase activity assays were performed by mixing 2 pl of hTR and hTERT transfected
HEK 293T cell lysate into a 16 pl reaction containing: 35 mM Tris-HCI pH 8.0, 0.7 mM
MgCl,, 1.8 mM B-mercaptoethanol, 0.7 mM spermidine, 35 mM KCI or NaCl, 500 pM
dTTP, 500 uM dATP, 2.9 uM dGTP, 2 ul [a-32P]-dGTP (10 uCi/ul, 3000 Ci/mmol, Perkin-
Elmer) and 1 uM desired primer. Purified POT1-TPP1 protein was added to a final
concentration of 1 UM in 150 mM NaCl or 150 mM KClI, plus 25 mM HEPES, pH 8.0, to
those reactions containing POT1-TPP1 protein. For those reactions without POT1-TPP1
protein, an equivalent volume of the appropriate (KCI or NaCl) protein buffer was used
instead. The telomerase reaction was carried out for 30 min at 30°C and then quenched by
adding 100 pl 3.6 M NH4OAc, 20 pg of glycogen, 4 ul of EDTA 10 mM and a 5/-32P-
labeled hT69 primer ((TTAGGG),1TTA) as a loading control. The radioactivity of the
loading control was determined by liquid scintillation counting and 400 cpm were loaded
into each reaction. All ssDNA products synthesized in the assay were ethanol-precipitated
and then analyzed on a 12% polyacrylamide/7 M urea/1x TBE denaturing gel. The gel was
dried and subjected to densitometry. Product intensities were detected on a Typhoon Trio
Phosphorlimager (GE Healthcare) and quantified with ImageQuant TL 1D v8.1 software (GE
Healthcare).

Quantification of telomerase assay products was performed as described previously 36: 38,
Briefly, relative intensities for each hexamer repeat was determined and normalized against
loading control for each lane. Total activity was reported as total lane counts by summing
relative intensity of all normalized bands within a lane. Repeat addition processivity was
calculated by first correcting for the number of radiolabeled Gs incorporated within each
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hexamer repeat and calculating the fraction left behind (FLB) by dividing the sum of
intensities for each round of extension (1-7) by the entire sum of intensities for the total lane
count. The In(1-FLB) was plotted against the repeat number of telomerase extension and the
slope was fitted to the linear portion of those data, which was represented as repeat round
numbers 5-20 in the telomerase assay. Repeat addition processivity was defined as -0.693/
slope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

POT1 and TPP1 bind exclusively to the single-stranded overhang of
telomeres to protect telomere DNA and to regulate telomerase activity. The
G-rich telomere DNA is capable of forming diverse structures, which likely
control POT1-TPP1 recognition and telomere function.

POT1-TPP1 affinity for G-quadruplex topologies formed in NaCl is 5-times
higher than for G-quadruplex structures formed in KCI.

Kinetics of POT1-TPP1 unfolding of different G-quadruplex topologies
varies greatly.

POT1-TPP1 enhances telomerase processivity, regardless of telomere DNA
secondary structure.

This work provides important biochemical features of molecular
recognition that govern the interactions of POT1-TPP1 with structured
telomere DNA to mediate telomerase activity.

J Mol Biol. Author manuscript; available in PMC 2017 July 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mullins et al.

Page 20

A B Cc D
E 8 = g 5 =
TN 7 : = 26
Eliany | 8 8 g
i LS LT 5 § ;n
5 Wo -
2 B g1
o [=]
E = =
S 5 d—— 4 F———r—r—
B 138 Wa 148 220 260 300 340 220 260 300 340

Elution volume (ml) Wavelength (nm) Wavelength (nm)

Figure 1.

Secondary structure analysis of DNA substrates. (A) Nondenaturing gel electrophoresis
reveals different mobility of the various DNA sequences. hT24wt and hT24GG-CC migrate
faster, which is indicative of more compact folded structures of these DNA substrates.
Conversely, hT24GG-11 and hT24GG-UU, which have no internal secondary structure,
migrate slower in the gel. (B) Normalized chromatograms of the 24-nt DNA substrates
investigated using SE-HPLC in NaCl buffer. hT24wt (blue line) elutes slowest, followed by
hT24GG-CC (red line), and hT24GG-I1 (green line) and hT24GG-UU (purple line) eluting
first. Size-exclusion chromatography separates DNA substrates based on shape, with more
compact structures eluting later than those that are less compact. CD spectra of hT24wt,
hT24GG-CC, hT24GG-Il, and hT24GG-UU in (C) Na* or (D) K* containing buffer. hT24wt
shows a spectrum consistent with antiparallel topology in Na* ions and hybrid parallel/
antiparallel topology in K* ions. Spectra for hT24GG-CC, hT24GG-Il, and hT24GG-UU are
similar in Na* and K* ions, indicating that their structures are not significantly altered in
different monovalent ion solutions. Colors of lines are the same as those in panel (B).
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Figure 2.
The binding of POT1-TPP1 to adjacent sites on DNA substrates in NaCl containing buffer.

(A) EMSAs were performed under equilibrium binding conditions to determine the effects
of DNA secondary structure on initial and subsequent binding of POT1-TPP1 proteins. The
gel shown here reveals the binding profile for POT1-TPP1 interactions with hT24wt DNA.
(B) The bands in the EMSA were quantified by autoradiography and plotted. The fraction of
total protein was plotted for zero (@), one (4), or two (MPOT1-TPP1 binding stoichiometry
as a function of increasing protein concentration. Dashed lines are the least-square global fit
to a sequential binding mechanism (Scheme 1) used to estimate the equilibrium dissociation
constants K; and K5. Three independent binding experiments were analyzed to calculate
average values and standard deviations for each DNA substrate (Table 1). (C) Summary of
the EMSA fitting data. The average Kj (filled columns) and K, (hashed colums) values (in
nM) and their standard deviations are shown for each DNA substrate.
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Figure 3.
Different G-quadruplex structures alter the equilibrium binding affinity of POT1-TPP1.

Sequential POT1-TPP1 protein binding reactions were evaluated by EMSA (Supplemental
Figures 3-6) as described in Figure 2. Binding of POT1-TPP1 protein was evaluated with
four DNA substrates in either 150 mM NaCl or 150 mM KCI. The affinity of the first protein
binding event to G-quadruplex structures formed by hT24wt DNA in KCl is significantly
hindered compared to all other DNA substrates analyzed, including G-quadruplex structures
formed by hT24wt in NaCl. In contrast, binding affinities of subsequent protein binding
events was similar for all DNA substrates in NaCl or KCI. All data represent results obtained
from three independent experiments.
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Figure 4.
Combined CD spectra of free POT1-TPP1 with free DNA and POT1-TPP1-DNA

complexes. (A) CD spectra obtained using a split cell containing POT1-TPP1 in one
chamber and either hT24wt or hT24GG-I1 DNA in the second chamber. The combined
spectra contain the CD signatures of both free protein and free DNA. Spectra were taken
with 10 uM POT1-TPP1 in one chamber and the second chamber containing 2 uM of either
hT24wt in 150 mM NaCl (solid black line), hT24wt in 150 mM KCI (solid grey line),
hT24GG-11 DNA in 150 mM NaCl (dashed black line), or hT24GG-I1I in 150 mM KCI
(dashed grey line). (B) To measure the changes in CD spectra due to protein-DNA complex
formation, solutions from the two chambers in the split cell were mixed together and
incubated for 20 minutes before the CD spectra of the resulting DNA-protein complexes
were measured. Sample labels are the same as in panel (A).
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Time-dependent changes in the CD spectra of POT1-TPP1-DNA complexes. Time points of
CD spectra of hT24GG-11 DNA mixed with POT1-TPP1 in (A) NaCl or (B) KCI containing
buffer and for hT24wt DNA mixed with POT1-TPP1 in (C) NaCl or (D) KCI containing
buffer. In all panels, the grey line represents time=0 with CD spectra recorded for POT1-
TPP1 protein and DNA in separate cells of the cuvette. After mixing the protein with the
DNA in both chambers of the split-cell cuvette, subsequent CD spectra (shown in black
lines) were recorded every two minutes for twenty minutes total.
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Figure 6.
POT1-TPP1 binding overcomes telomerase inhibition caused by G-quadruplex structures.

(A) Direct telomerase assay on 24-nt substrates in 150 mM NaCl. Lane 1 = hT24wt; lane 2 =
hT24GG-CC; lane 3 = hT24GG-II; lane 4 = hT24GG-UU; lane 5 = hT24wt+POT1-TPP1;
lane 6 = hT24GG-CC+POT1-TPP1; lane 7 = hT24GG-11+POT1-TPP1; lane 8 = hT24GG-
UU+POT1-TPP1. Hexameric repeats of telomere DNA substrates are labeled on the left
side. LC = loading control. (B) Quantification of total telomerase activity for samples
analyzed in panel (A). (C) Quantification of telomerase repeat addition processivity for
samples analyzed in panel (A). (D) Direct telomerase assay on 24-nt substrates in 150 mM
KCI. Sample description and lane numbers are the same as described in panel (A). (E)
Quantification of total telomerase activity for samples analyzed in panel (D). (F)
Quantification of telomerase repeat addition processivity for samples analyzed in panel (D).
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Figure 7.
Proposed model for two POT1-TPP1 proteins binding with and unfolding 24-nt telomere

DNA. The effect of G-quadruplex formation results in a Kj ops > K7. Note that each protein
heterodimer consists of two OB-fold domains (shown as white and grey circles) that
recognize telomere DNA and can bind independently.
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Equilibrium dissociation constants for POT1-TPP1 binding to DNAs exhibiting different secondary structure.

Substrate K; (nM); NaCl K, (nM); NaCl  K; (nM); KCI K, (nM); KCI
hT24wt 33.0+84 175+26 129.8 +30.5 252+5.0
hT24GG-CC 255+175 16.3+2.3 42.1+9.6 224+33
hT24GG-II 6.0+04 18.6+7.7 43+1.0 95+3.0
hT24GG-UU 55+22 16.3+3.1 71+25 92+22
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