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Abstract

Chromosome ends are protected by guanosine-rich telomere DNA that forms stable G-quadruplex
(G4) structures. The heterodimeric POT1-TPP1 complex interacts specifically with telomere DNA
to shield it from illicit DNA damage repair and to resolve secondary structure that impedes
telomere extension. The mechanism by which POT1-TPP1 accomplishes these tasks is poorly
understood. Here, we establish the kinetic framework for POT1-TPP1 binding and unfolding of
telomere G4 DNA. Our data identify two modes of POT1-TPP1 destabilization of G4 DNA that
are governed by protein concentration. At low concentrations, POT1-TPP1 passively captures
transiently unfolded G4s. At higher concentrations, POT1-TPP1 proteins bind to G4s to actively
destabilize the DNA structures. Cancer-associated POT1-TPP1 mutations impair multiple reaction
steps in this process, resulting in less efficient destabilization of G4 structures. The mechanistic
insight highlights the importance of cell cycle dependent expression and localization of the POT1-
TPP1 complex and distinguishes diverse functions of this complex in telomere maintenance.
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The structural topology and conformational dynamics of DNA play a critical role in
regulating nearly all cellular processes.! One regulatory topology found throughout the
genome is a stable structure known as a G-quadruplex (G4).2-4 G4s are comprised of
multiple sets of stacked G-tetrads that form Hoogsteen hydrogen bonds between planar
guanines.5® The geometry and stability of G4 structures varies based on the nature and size
of intercalating cations that support the G-tetrads. For instance, lithium ions have
destabilizing effects, whereas potassium ions promote the formation of thermodynamically
stable G4 structures.”® These G4 structures regulate a variety of cellular processes that
include transcriptional regulation,®-11 DNA recombination,12 and telomere maintenance.
13,14 Telomeres are specialized nucleoprotein complexes found at the ends of all eukaryotic
chromosomes.1® Telomere DNA consists of tandem G-rich repeats (d(TTAGGG) in
mammals) that end in a single-strand DNA (ssDNA) overhang, and play a vital role in
successive rounds of cellular replication and DNA preservation.16:17 The G-rich telomere
DNA is prone to forming G4 structures.18-22

The general DNA replication machinery is unable to copy the extreme ends of linear
chromosomes, and therefore telomeres of most somatic cells get shorter over the course of
cell divisions.23 Telomere attrition can be counterbalanced by telomerase, a
ribonucleoprotein enzyme that adds telomeric repeat sequences to the ends of eukaryotic
chromosomes.1> However, G4 structures in telomeres present a major hurdle for telomere
elongation as they inhibit the binding of telomerase.14 This hurdle is overcome by POT1-
TPP1, a specialized protein heterodimer, that specifically binds to telomere sSDNA,
destabilizes G4 structures, and makes the ssSDNA accessible to telomerase and potentially to
other enzymes.13:24-30

Multiple POT1-TPP1 molecules coat long telomere ssSDNA substrates at a periodicity of one
heterodimeric protein complex for every two hexameric repeats of telomere ssDNA.31:32
Opening of G4s relies on the coordinated binding and conformational dynamics of
individual domains within each POT1-TPP1 heterodimer. The X-ray crystal structure of the
POT1 DNA-binding domain bound to 10 nucleotides of unstructured telomere sSDNA
identifies tandem oligosaccharide-oligonu cleotide binding (OB) folds, each of which form
molecular interactions with a hexameric repeat in the telomere DNA substrate.2* A single,
intact POT1 OB-fold is sufficient for binding to telomere ssDNA, but the sequential and
coordinated binding of both domains is necessary for unfolding G4 structures.2”:33:34 While
these findings identify physicochemical properties of POT1-TPP1 interactions with longer
physiological lengths of telomere ssDNA, the individual contributions of POT1-TPP1 in
telomere G4 binding versus destabilizing secondary structure have yet to be separated and
characterized.

The POT1-TPP1 complex is extraordinarily sensitive to changes in gene sequence.
Numerous mutations are associated with genomic instability. In fact, more than 300 single-
nucleotide polymorphisms (SNPs) have been identified within the PO71 gene in patients
diagnosed with varying types of cancer.35-3% The molecular consequence of each mutation is
unlikely to be conserved as they reside in different regions throughout the gene and,
therefore, code for diverse point mutations in distant domains at the protein level. These
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findings further indicate that binding and resolution of telomere ssDNA are related events
that rely on precise and orchestrated interactions by the POT1-TPP1 heterodimer.

To understand the kinetic properties of POT1-TPP1 destabilization of G4s, we utilized a
previously characterized telomere sSDNA sequence that adopts a defined homogenous G4
topology.#? Data from complementary biophysical techniques, including surface plasmon
resonance (SPR), stopped flow techniques and binding studies revealed highly dynamic
folding and unfolding of telomere ssSDNA and G4s and allowed us to devise a detailed
kinetic model of POT1-TPP1 interactions with G4 complexes. This model shows that two
POT1-TPP1 complexes are required to fully destabilize G4s. The data reveal a passive and
an active mode of POT1-TPP1 destabilization of G4 DNA, which uniquely depend on
protein concentration. At low protein concentrations, POT1-TPP1 passively captures
transiently unfolded G4s. At higher protein concentrations, two POT1-TPP1 proteins bind to
G4s to actively destabilize the DNA structures. We also find that the cancer-related Q94R
and H266L POT1 mutants exhibit disparate defects in telomere G4 binding and/or
destabilization, which cumulatively lead to significant alterations in telomere ssSDNA
protection and telomere maintenance. Our results provide new insight into how POT1-TPP1
functions to maintain telomeres through binding and resolution of G4 structures in telomere
SSDNA.

Formation of 6ThT22 G-quadruplex is a kinetically dynamic process

To systematically characterize the mechanism by which POT1-TPP1 destabilizes G4
structures, we set out to kinetically describe the differential modes of POT1-TPP1 binding
versus unfolding of telomere G4 DNA. As the single-stranded overhang of telomeres is in
the 50-200 nucleotide range,*1-43 the G4s formed at this region are likely to represent
diverse and heterogeneous topologies. Indeed, G4 morphology is highly dependent on DNA
sequence, ssDNA length, and monovalent cation composition.2% Therefore, to avoid
complications associated with structural heterogeneity, we used a well characterized
telomere ssDNA construct (hT22; TAGGGTTAGGGTTAGGGTTAGG, guanines
participating in G4 formation are underlined)*° with an added 5" hexathymidine linker
(6ThT22). The 5” linker was introduced to prevent steric interactions between the telomere
ssDNA and the immobilization surface used for subsequent protein-DNA binding Kinetics.
Circular dichroism (CD) confirmed the expected antiparallel topology of 6ThT22 DNA in
buffer containing 90 mM K* (Figure 1(A)).

We first measured spontaneous folding and unfolding of 6ThT22 DNA using cation
gradients coupled with CD analysis. These data indicate that 6ThT22 is maintained in an
unfolded state in a solution devoid of monovalent cations, consistent with previous studies.’
The unfolded 6ThT22 DNA was then incubated with increasing concentrations of [K*) and
G4 formation was monitored, in real-time, by CD at 295 nm#445 (Figure 1 (B)). Plots of
reaction amplitudes (A) were fit to a binding isotherm for 6ThT22 folding, yielding an

apparent equilibrium dissociation constant for [K*] of KEI/(;] =13.1+0.9mM in the presence

of [K*] (Figure 1(C)). Time courses of the folding reaction (Figure 1(B)) were fit to a
reversible binding reaction, yielding rate constants for 6ThT22 G4 folding (4;) and unfolding
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(k,) at each [K*] concentration (Figure 1(D), Figure S1). Consistent with prior reports,*® our
data show that roughly 87% of 6ThT22 forms G4s in 90 mM KCI. The quadruplex
spontaneously unfolds with considerable frequency (k, = 0.74 + 0.02 s71), indicating a
lifetime of the folded G4 of t = (k,)™1 = 1.35 .

POT1-TPP1 binds unfolded 6ThT22 with two distinct binding affinities

We next examined binding of POT1-TPP1 proteins to unfolded 6 ThT22 DNA. For binding
and unwinding assessment, we used a well-studied, recombinant POT1-TPP1 complex that
maintains both of its ssDNA-binding and telomerase recruitment capabilities.*647 The
proteins were co-expressed and purified using affinity and size-exclusion chromatography to
achieve greater than 95% purity of the heterodimeric protein. An individual POT1 protein or
POT1-TPP1 heterodimer binds to a ten nucleotide span of telomere ssDNA with nanomolar
affinity.24:31:48.49 As such, the 6ThT22 substrate contains two consecutive POT1-TPP1
binding motifs. As a commonality to G4 formation,>® 6 ThT22 folds into a G4 structure in K
* but remains unfolded in Li* buffer, which was confirmed by UV melting and size-
exclusion chromatography analysis (Figure S2(A) and (B)). Electrophoretic mobility shift
assays (EMSAs) of equilibrium binding reactions revealed association of two POT1-TPP1
complexes to the unfolded DNA, consistent with the presence of two POT1-TPP1 binding
motifs in 6ThT22 (Figure 1(E)). Importantly, binding of POT1-TPP1 to 6 ThT22 determined
experimentally using EMSA in Li* buffer correlated well with predicted binding data
derived from the kinetic model (Figure S2(C)). Time-resolved surface plasmon resonance
(SPR) data (Figure 1(F)) were also best fit to a two-site POT1-TPP1 binding model for
unfolded 6ThT22 (Figure 1 (G), S3(A)—(D), Table S1). In addition, the SPR data revealed
sequential binding of two POT1-TPP1 complexes (ky > k») and a significantly higher

apparent affinity of the first POT1-TPP1 complex for unfolded 6ThT22 (Kgl,)2 =0.21 nM)

compared with the second complex (K(ﬁ)z =29 nM) (Table S2). These results demonstrate

that the initial POT1-TPP1 binding has a high affinity for the unfolded 6ThT22, whereas the
second binding event has a much lower affinity. These data are supported by previously
published studies using different monovalent cations,28:46 suggesting that monovalent cation
identity alone does not adversely affect POT1-TPP1 interactions with unstructured ssSDNA
substrates. Collectively, our data indicate that two POT1-TPP1 complexes bind unfolded
6ThT22 DNA with two distinct affinities.

Two POT1-TPP1 heterodimers are required for complete G4 destabilization

We next probed the interaction of POT1-TPP1 with 6 ThT22 under conditions (90 mM K™),
where the DNA folds into a G4 structure with an antiparallel topology.4? As seen for the
unfolded DNA (Figure 1(E)), EMSA analysis revealed two POT1-TPP1 complexes bound to
the G4 DNA (Figure 2(A)). SPR time courses were multi-phasic, and the data were best fit
using two POT1-TPP1 binding events per G4 ssDNA substrate (Figure 2(B)). Interestingly,
unlike the interactions with unfolded ssDNA (Figure 1(F)), the binding of two POT1-TPP1
proteins to preformed 6 ThT22 G4 structures is characterized by a fast initial dissociation
phase followed by a prolonged secondary dissociation phase. Next, stopped-flow CD was
used to interrogate unfolding of the G4 structure upon addition of POT1-TPP1 protein by
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monitoring changes in ellipticity of the G4 spectral signature at 295 nm (Figure 2(C)). The
loss of ellipticity at 295 nm indicates the opening of G4 upon POT1-TPP1 binding. The
amplitude of the unfolding reaction scaled linearly with the POT1-TPP1 concentration until
a protein:DNA ratio (r) of r= 2, indicating that two POT1-TPP1 proteins are required to
fully unfold each quadruplex (Figure 2(D)).

SPR and CD data were then globally fit to kinetic models of increasing complexity (Figure
2(E), S4, S5). The models incorporated data for spontaneous folding and unfolding of the
G4 structure, as well as data for binding of POT1-TPP1 to the unfolded DNA (Figure 1).
The minimal model fitting all datasets indicates binding of two POT1-TPP1 complexes to
the G4 (Figure 2(E)). In order to verify the rate constants obtained from kinetic data,
independent EMSAs were performed and compared the unbound, one POT1-TPP1 bound
and two POT1-TPP1 bound fractions. These independently observed EMSA data are in
excellent agreement with analogous values derived from the model (Figure 2(F)). The model
shows that the first POT1-TPP1 complex binds to G4 and unfolded DNA with similar rate
constants (K ~ ky). However, POT1-TPP1 dissociates significantly faster from G4 than from
the unfolded DNA (k-1 < k_4). Accordingly, the first POT1-TPP1 binds to the unfolded
DNA with markedly higher affinity (Kg],)2 =0.19 nM) than to the G4 (KS‘})2 =32 nM). Binding
of the second POT1-TPP1 protein exhibits higher affinity for the unfolded (KEZ/)2 =28 nM)

over G4 (K?,)z =586 nM) DNA, even though the affinity for both unfolded and G4 substrates

is significantly lower than that of the first protein binding event. Binding of the POT1-TPP1
complexes results in a 3.6-times faster opening of the G4 complex when compared to the
spontaneous opening rate constant of 6ThT22 G4 alone (k_g > k_3). Refolding of G4 with
two bound POT1-TPP1 occurs orders of magnitude less frequent than spontaneous refolding
of naked G4s (kg < k3). These results suggest that there could be two distinct kinetic

mechanisms by which POT1-TPP1 complexes regulate the binding and opening of these
physiologically relevant, telomere ssSDNA substrates.

POT1-TPP1 opens 6ThT22 formed G-quadruplex through both passive
capture and active destabilization

Given the significantly divergent binding and dissociation kinetics of POT1-TPP1 for each
DNA substrate (unwound versus G4), we sought to compile a kinetic model for the dynamic
processes at play. Collectively, our kinetic analysis indicates that binding of two POT1-TPP1
complexes to 6ThT22 G4 DNA proceeds via two pathways (Figure 3). In one pathway, the
first POT1-TPP1 captures spontaneously unfolding DNA, which allows a second POT1-
TPP1 to bind and to stabilize the unfolded state. We propose to call this pathway the
“passive” capture. In a second pathway, two POT1-TPP1 heterodimers bind consecutively to
the G4 to facilitate its opening to an unfolded state that then remains bound by both POT1-
TPP1 complexes. Based on the increase of the G4 opening rate observed, we propose to call
this second pathway the “active” unfolding mechanism. The passive and active pathways
described here are comparable to the terms ‘conformational selection’ and ‘induced fit’
mechanisms, respectively, that have been applied to other macromolecular interactions.>!
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The lower affinity of the first POT1-TPP1 complex for unfolded vs. G4 DNA indicates that
the passive pathway is preferentially populated at low POT1-TPP1 concentrations ([POT1-
TPP1] < 10 nM). Meanwhile, the active pathway becomes populated with increasing POT1-
TPP1 concentrations ([POT1-TPP1] > 100 nM). Free energy landscapes of the reaction at
low ([POT1-TPP1] = 10 nM) and high ([POT1-TPP1] = 500 nM) concentrations of POT1-
TPP1 illuminate the change in pathway preference (Figure 3). At high POT1-TPP1
concentrations, the barriers between free DNA and POT1-TPP1 bound DNA, which are
determined by the respective association rate constants (i, A, Figure 2(E)), are of roughly
equal height. However, the G4 structure is favored over the unfolded DNA, and therefore the
active pathway is more populated under these conditions (Figure 3). Use of the active
pathway is thus determined by the height of the energy barrier between G4 and
spontaneously unfolded DNA (4_3) relative to the height of the barrier between G4 and G4
bound to a single POT1-TPP1 heterodimer (ks [POT1-TPP1], Figure 3(B)). These findings
are of particular importance when translated to biologic systems, as the local telomeric
concentrations of end-binding proteins, including POT1, are regulated throughout the cell
cycle.>?

Cancer related POT1 mutants impair different steps of 6ThT22 formed G4

binding and destabilization

Having established a kinetic framework to differentially assess the impact of POT1-TPP1
binding and destabilization of 6ThT22 G4, we next investigated how two pathogenic POT1
mutations, Q94R and H266L,3" affect the various steps within our model. We chose to
investigate Q94 and H266 because they are located at distant and distinct regions of the
POT1 DNA-binding domain. Moreover, both of these amino acids interact directly with
guanosines of a bound 10-nucleotide, unstructured ssDNA telomere substrate?4 (Figure
S6(A)). The kinetic parameters of the POT1-TPP1 variants were determined using the same
approach as described above for wild type (WT) POT1-TPP1. As compared to WT protein,
both mutations significantly diminish overall binding and unfolding of 6ThT22.
Interestingly, the two mutations differentially alter the kinetic landscape and the individual
steps within the model (Figures 4, S3(E)—(L), S6-9, Tables S1-4).

In order to translate the kinetic data into a physiologically relevant context, we determined
the impact of these mutations on the stability of the four POT1-TPP1 DNA complexes in our
model (Figure 4). To accomplish this, we calculated AAG values, which describe the
difference in free binding energy of mutant vs. WT (AGmytant — AGwild type) for the four
POT1-TPP1 DNA complexes in our model. A positive AAG value indicates that the mutant
requires more energy than the WT to bind the DNA,; or in other words, the mutant has a
weaker affinity than the WT protein for the DNA substrate.

We find that all protein-DNA bound states for both POT1 mutants are less energetically
favorable than that of WT protein, as indicated by positive AAGs. However, the degree by
which each mutation destabilizes the DNA-bound complexes follows a more nuanced
pattern. Both mutations similarly impact the stability of the protein complexes with the
unfolded DNA, yet the stability of the DNA-complex with two units of POT1-TPP1 is

J Mol Biol. Author manuscript; available in PMC 2022 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 7

affected significantly more than a complex with a single unit (Figure 4). This result reflects
an additive impact of the mutations on DNA complex stability when two units are bound.
Similarly, the stability of the POT1-TPP1 complexes with G4 DNA differ for each mutation.
The Q94R mutation destabilizes the complexes with G4-DNA to a larger degree than the
H266L mutation, which only slightly impacts the complex stability with G4 DNA, compared
to WT POT1-TPP1 (Figure 4). The data collectively show that the Q94R mutation impacts
DNA binding to both, unfolded and G4 DNA, while the H266L mutation mainly affects
binding to unfolded DNA (Figure 4). The significant decrease in AAG for two H266L
mutant complexes bound to ssSDNA compared to the G4 bound state further indicates that
reduced biding to the unfolded ssDNA is a key factor in the inability of this mutation to
efficiently destabilize G4 structures. Cumulatively, the differential defects identified for the
Q94R and H266L mutations indicate that binding telomere DNA and destabilizing G4
structures are each important and distinct contributors of the cellular functions of POT1-
TPPL1.

Discussion

Our results indicate that unfolding of 6ThT22 G4s by POT1-TPP1 proceeds via two distinct
pathways. At low protein concentrations of POT1-TPP1, the heterodimer exploits the
spontaneous opening of G4s by “passively” capturing the unfolded DNA. Although this
passive mode allows POT1-TPP1 to unfold the remaining G4 component and bind to the
DNA in the unfolded state, we speculate that this pathway is insufficient to maintain
unfolded G4 structures under physiological (K* solvent) conditions?° to a degree necessary
for unimpeded telomere function. Our data show that increased POT1-TPP1 concentrations
accelerate G4 unfolding via an active pathway. This concentration-dependent mechanism
bears direct physiologic relevance, since local telomere concentrations of POT1-TPP1 are
thought to exceed 8 UM, given that there are approximately 50-100 copies of POT1-TPP1
per telomere®3 localized within the cellular telomere volume of roughly 0.002-0.01
pum3.5455 The accumulation of POT1-TPP1 at telomere DNA would function to actively
destabilize telomere G4 to promote the binding and stabilization of telomerase.>®

Thermodynamic measurements have fomented the view that G4 structures pose a significant
energy barrier for their disassembly.57-59 Our kinetic measurements show that the tested G4,
despite its high thermodynamic stability, transitions with previously unappreciated
frequency between the folded and unfolded states. It is thus possible that other proteins
which “unfold” G4s in a non-ATP dependent manner80.61 capture the unfolded state, as seen
for the passive pathway of POT1-TPP1 and similarly described for other macromolecular
interactions.5 G4 structures, despite their high thermodynamic stability, might thus be
readily remodeled by an array of proteins. As seen for POT1-TPP1, even subtle aberrations
in these proteins could have profound biological effects, given that G4 structures are often
key elements for the regulation of gene expression.®:62 Furthermore, our data demonstrate
that the cancer-related mutations, each occurring on different DNA binding domains (OB1,
0OB2), differentially impair POT1-TPP1 binding and/or opening of G4s. Whereas the Q94R
mutant impairs binding of POT1-TPP1 to telomere DNA, the H266L mutation functions by
reducing POT1-TPP1’s ability to open the G4 structure. Our model established for WT
protein highlights the individual deficiencies associated with each mutant protein. However,
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the refined fitting deviates slightly for the mutant proteins investigated (e.g. Figure S6(E)),
suggesting that other functional consequences, such as non-specific interactions or a loss of
synergistic DNA-binding contributions arising from both OB-fold domains in the native
protein, are associated with the mutant proteins. Taken together, these data implicate a
coordinated binding of POT1-TPP1 that involves individual OB-folds. Specifically, our
model is consistent with the tandem OB-fold domains of POT1-TPP1 binding to telomere
ssDNA independently and functioning cooperatively to actively destabilize G4 structures.
While both mutations affect multiple stages of the reaction, the largest defect of the Q94R
mutation is for POT1-TPP1 binding to the G4 structure, while the largest defect of the
H266L mutation is the opening step where two POT1-TPP1 proteins are bound to the G4
DNA.

While our investigations have focused exclusively on a single G4 topology and its
relationship with telomere nucleoprotein complexes, our kinetic model can be expanded to
define interactions with other G4 morphologies. For instance, G4s with different topologies
exhibit different thermodynamic and kinetic properties,53 which may alter the rates of G4
destabilization. It is expected that the general trends described in our work will be applicable
to other G4 structures, even though the inherent heterogeneity within specific populations
(e.g. 64,65) will need to be considered in the case of hybrid G4 morphologies before
absolute kinetic values can be derived for specific G4 structures. Additionally, the stability
or instability of G4 structures located throughout the genome, in particular at promoter
regions,!! are implicated in the transcriptional regulation of downstream genes. Thus,
dysregulation of G4 binding partners/enzymes in either direction could conceivably result in
aberrant expression of pathologic proteins or conversely, prevent the expression of cellular
“guardians”, checkpoints, and tumor suppressors. Analogous to the disparate defects in G4
binding and unfolding we have identified for the Q94R and H266L POT1-TPP1 cancer
mutations, it will be important to determine whether protein-DNA interactions are similarly
affected by differences in G4 morphology and inherent stability.

Materials and Methods

Oligonucleotide preparation

Oligonucleotides used in this study were synthesized and HPLC purified by Integrated DNA
Technologies (IDT). Unmodified oligos were used for circular dichroism spectroscopy, UV
melting, size exclusion-HPLC, G4 formation and destabilization assays. IRD-700 labeled
oligos were used for electrophoretic mobility shift assays (EMSAS), and biotinylated labeled
oligos were used for surface plasmon resonance (SPR) assays. To pre-fold G4, oligos were
prepared in in potassium phosphate-KCI buffer containing 90 mM K* (pH 7.0) and heated to
95 °C for 5 min, then slowly cooled to 25 °C. G4s were allowed to stabilize for at least 4 hrs
at 25 °C before proceeding to subsequent steps.

Circular dichroism spectroscopy

Circular dichroism spectra were obtained using a PiStar 180 spectrophotometer (Applied
Photophysics) using 1 cm path length at 500 nM of G4 in 90 mM K™ potassium phosphate-
KCI buffer (pH 7.0). Scans were performed at 25 °C spanning a range of 240-340 nm. Final
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spectra represent three independent scans that were smoothed and averaged. Each scan was
recorded using a 4-nm bandwidth, 1-nm step size, and 1-s collection time per data point. A
buffer only blank was subtracted from each spectrum with all data zero corrected at 340 nm.

Stopped flow measurement

Kinetics of G4 formation were measured with a PiStar 180 spectrophotometer (Applied
Photophysics) upon rapid mixing with increasing concentration of K*. 6 uM unfolded
6ThT22 was prepared in 5 mM Tris buffer (pH 7.0) and rapidly mixed 1:1 with increasing
concentrations of KCI in 5 mM Tris (pH7.0) to reach a final concentration of 3 uM oligo. G4
folding was monitored by ellipticity changes at 295 nm as a function of time (path length 1
cm, bandwidth 4 nm) for 10 s with 4000 data points. All data were zero corrected using the
initial time point. A circulating water bath was used to maintain constant temperature at 25
°C. The averaged readings of eight mixing reactions were fitted by Kintek Explorer software
to calculate rate constants of G4 folding and unfolding. To calculate the extent of G4 being
folded upon K* binding, the average readings were fitted to an exponential function

(BoxLucasl in Origin): A Ellipticitygs = A(l - e_kobst), where A and ks represent the

amplitude and observed rate constants of G4 opening. The amplitude values were plotted
against potassium concentration and fitted to a hyperbolic function:

Amax[ K]
A= maxi® |
[K+] +Kipn g

where Amax and Ky, represent the maximal amplitude and [K*] needed to fold half the
oligonucleotide.

The pseudo first order G4 folding rate (kfog) at 90 mM K* was determined with the
following equation:

kfoo = k[K] @

where kg is the folding rate constant obtained from global fitting to be 0.05 + 0.01 mM~1s71
when the concentration of potassium, [K*], is at 90 mM.

The kinetics of G4 destabilization upon binding with POT1-TPP1 (WT and mutant) proteins
were obtained by rapidly mixing 1 uM pre-folded G4 with varying concentrations of
proteins as protein: oligo molar ratios at 0, 0.4, 0.8, 1.2, 2, 2.4. Both G4 and POT1-TPP1
proteins were prepared in 90 mM K* potassium phosphate-KClI buffer (pH 7.0) and mixed
1:1 to reach a final G4 concentration of 500 nM. G4 destabilization was monitored by
ellipticity changes at 295 nm as a function of time (path length 1 cm, bandwidth 4 nm) for
300 s with 900 data points at 25 °C, and data were zero corrected using the initial time point.
Three to eight (typically more than five) mixing reactions were performed for each
condition. The average readings were used for global fitting by Kintek Explorer software.

To calculate the extent of G4 being opened upon POT1-TPP1 binding, the average readings
were fitted to an exponential function: A Ellipticityygs5 = AeFobst where A and Kobs represent
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the amplitude and observed rate constants of G4 opening. The amplitude values were plotted
against molar ratio of protein to oligo.

Protein expression and purification

UV melting

Full-length POT1 (WT and mutant) with an N-terminal GST-tag and N-terminal 6 x His-
tagged TPP1 (89-334) proteins were co-expressed using the recombinant baculovirus
expression system to infect Spodoptera frugiperaa 9 (Sf9) insect cells as described
previously.2* Briefly, POT1-TPP1 protein complexes were first purified using affinity
chromatography on GST-beads (Invitrogen). PreScission protease (GE Healthcare) was
added to remove the N-terminal GST tag followed by size-exclusion chromatography (SEC)
using a Superdex 200 10/300 chromatography column on an AKTA Purifierl0 FPLC system
(GE Healthcare) with either 20 mM Tris (pH 7.0), 90 mM LiCl or 90 mM K* containing
potassium phosphate-KCI buffer (pH 7.0) buffer. Proteins purified in Li* buffer were used
for assays with unfolded DNA, i.e., EMSAs and SPR under Li* condition. Proteins purified
in K* buffer were used for assays with G4 formed DNA, i.e., EMSAs, G4 destabilization
assays by stopped flow CD and for SPR under K* buffer.

The UV melting assays were carried out on a PiStar 180 spectrophotometer (Applied
Photophysics). 16 uM of hT22 were prepared in either 20 mM Tris (pH 7.0), 90 mM LiCl or
potassium phosphate-KCI buffer containing 90 mM K* (pH 7.0) buffer. The absorbance was
monitored using 2 mm path length while the temperature was increased from 10 °C to 90 °C
in 1 °C/min increments. Absorbance changes at 295 nm were plotted against temperature to
obtain UV melting profile under K* or Li* conditions.

Size exclusion HPLC

hT22 oligos were prepared at 10 uM in either Li* or K* buffer. For HPLC runs, 10 uL of
DNA was injected into a Shimadzu HPLC and separated using a SEC-300 size-exclusion
column (Thermo Scientific Acclaim). All SE-HPLC runs were conducted at 25 °C using a
flow-rate of 0.2 ml/min and constant UV absorbance monitoring at a wavelength of 260 nm.

Electrophoretic mobility shift assays (EMSAS)

POT1-TPP1 binding to unfolded oligos was performed in buffer containing 20 mM Tris (pH
7.0), 90 mM LiCIl, 5 mM DTT, 5 yg/mL BSA, 1.2 ug/mL tRNA and 6.25% glycerol.
Reactions were performed using 1 nM IRD700-labeled 6 ThT22 and variable concentrations
of recombinant POT1-TPP1 protein. WT POT1-TPP1 were performed under the
concentration range of 0 to 102 nM, while Q94R mutant concentrations ranged from 0 to
800 nM and H266L mutant POT1-TPP1 concentrations ranged from 0 to 512 nM. Binding
reactions were incubated for 30 min at room temperature before 10 uL of the reaction was
loaded onto a 5% Tris-borate non-denaturing gels (Bio-rad). Gels were run at 125 V for 35
min, then imaged with ODYSSEY imaging system (LI-COR). Image quantification was

performed using Image Studio software. The data from EMSA experiments were fitted to a

[POT1 — TPP1]

[FOTT —TPPI[+ K113 to obtain K2, which represent

hyperbolic function: bound fraction =
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[POT1-TPP1] needed to obtain half bound shift. Averages and standard deviations from
three measurements were used to define reported values.

POT1-TPP1 binding to pre-folded oligos was performed in the potassium phosphate-KCI
buffer containing 90 mM K* (pH 7.0), with 5 mM DTT, 5 ug/mL BSA, 1.2 ug/mL tRNA
and 6.25% glycerol. Reactions were performed using 500 nM 6 ThT22 with 4 nM IRD700-
labeled 6ThT22 and variable concentrations of recombinant POT1-TPP1 protein to reach the
protein:oligo ratios indicated. Binding reactions were incubated for 30 min at room
temperature before 10 IL of the reaction was loaded onto a 5% Tris-borate non-denaturing
gels (Bio-rad). Gels were run at 125 V for 35 min, then imaged with ODYSSEY imaging
system (LI-COR). Image quantification was performed using Image Studio software.
Unbound, one protein-bound and two protein-bound fractions were quantified and compared
with the data simulated from global fitting performed using the same incubation times.

Surface plasmon resonance (SPR)

SPR analysis was performed using 5" end labeled biotinylated 6ThT22 and WT or mutant
POT1-TPP1 proteins on a BIAcore T200 instrument (GE Healthcare). Oligos were adsorbed
onto an S series SA sensor chip (GE Healthcare) at a low density of approximately 5
response units (RUs). SPR experiments with unfolded oligo were performed in Li* running
buffer, 20 mM Tris (pH7.0), 90 mM LiCl, 0.05% Tween-20. POT1-TPP1 protein was
similarly prepared in the Li* running buffer and used at concentrations ranging from 0.33 to
80 nM for WT and H266L mutant proteins, and from 0.33 to 720 nM for Q94R mutant
proteins. Series concentrations of proteins were injected and flowed over oligos at a rate of
30 pL/min. Surface was regenerated between injections using 2 M guanidinium chloride for
15 s and followed by Li* running buffer for 60 s. SPR experiments using G4 folded oligo
were performed in K* running buffer, potassium phosphate-KCI buffer containing 90 mM K
* (pH 7.0), 5 mM MgCls, 0.05% Tween-20. POT1-TPP1 proteins were prepared in the K*
running buffer and used at varying concentration that ranged from 0.5 to 40.5 nM for WT
protein, 0.1 to 240 nM for H266L mutant protein, and 2.9 to 720 nM for Q94R mutant
protein. Surface was regenerated between injections using water for 30 s, guanidinium
chloride for 15 s, 2 M KClI for 60 s, and finally with K* running buffer for 30 s.

Global data fitting and kinetic modeling

Kintek Global Kinetic Explorer program, Version 8.0, Kintek Corp, Snow Shoe, PA%6:67 was
used to fit: (i) Kinetic data for G4 folding and unfolding, (ii) POT1-TPP1 binding to
unfolded telomere ssDNA (Li* condition), and (iii) POT1-TPP1 binding and opening of G4
telomere ssDNA (K* condition).

Kinetics of G4 folding/unfolding in absence of protein

G4 formation Data were fit to the model presented. Initial parameters were obtained using
the Dynamic Simulation feature of Kintek which allows variation of rate constants with
continuous simulation. The global fit was performed multiple times for alternating
combinations of folding and unfolding rate constants (initial parameters) until an overall fit
with the lowest possible XZ value was reached. The folding and unfolding rate constants
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were used and fixed for the following POT1-TPP1 binding and opening G4 formed telomere
sSDNA models.

POT1-TPP1 binding to unfolded telomere ssDNA (Li* condition)
POT1-TPP1 binding to unfolded telomere ssDNA data were fit to the model presented. The

Kﬁ‘,)z and K% obtained from EMSAs under Li* conditions, which corresponds to the ratio

between dissociation rate constants and association rate constants for each step, were used as
initial parameters. The global fit was performed multiple times for alternating combinations
of fixed and floated variables until an overall fit with the lowest possible x 2 value was
reached. The simulated sensorgrams calculated from obtained rate constants were plotted to
compare with experimentally recorded sensorgram data.

POT1-TPP1 binding and opening of G4 telomere DNA (K* condition).

Kinetic models were used for fitting POT1-TPP1 binding to G4 formed telomere ssSDNA
(SPR data under K* conditions) and G4 destabilization upon POT1-TPP1 binding (stopped
flow measurement). Values of the folding and unfolding rate constants obtained from G4
formation assays were used and fixed as k3 and k_3. Considering the possibility of difference
due to the identity of monovalent ions, values of k1, A_1, k», k_, obtained from POT1-TPP1
binds to unfolded telomere ssDNA from Li* conditions were used as initial parameters, then
allowing those values to float to the best fit solution in the global fitting. Again, the global
fitting was performed multiple times for alternating combinations of fixed and floating
variables until an overall fit with the lowest possible x ? value was reached. The simulated
data points calculated from obtained rate constants were plotted to compare with
experimental data points. FitSpace analysiswas performed to determine the lower and upper
boundaries for each kinetic parameter.

Free energy calculation

To obtain the free energy landscapes shown in Figures 3 and 4, the free energy for each state
was determined according to the deviation of Eyring-Polanyi Equation: AG = RT In (xg T/k
h), where AG is the free energy barrier for any given step, R is the gas constant (1.98 cal/
mol), T is the temperature in kelvin (298 K), xg and h are Boltzmann’s and Planck’s
constants, respectively, and k is the rate constant determined for any given step. For any
second order reaction, the association rate constant (k) was converted to a pseudo-first order
rate constant (Apse) at a given protein concentration according to: Ayse = & [protein], and Apse
was used for calculating free energy. To obtain AAG between POT1 WT and mutants, AAG
values were determined by: AAG= AGytant — AGwT, for each mutant and DNA-bound state.
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Figurel.
POT1-TPP1 binds unstructured 6ThT22 with two distinct binding affinities. (A) CD

spectrum of 6ThT22 in K* highlights signature peak (295 nm) and valley (260 nm)
indicative of antiparallel G4 topology. (B) Time traces of ellipticity at 295 nm to monitor the
folding of 6ThT22 into G4 structures with increasing concentrations of K*. (C) G4
formation of 6ThT22 structure, as monitored in changes at 295 nm ellipticity, as a function

of [K*] with K?f;] =13.1 £ 0.9 mM. (D) The model for 6ThT22 G4 formation upon mixing

with K* with KEI/(;] = 14.8 mM. (E) EMSA analysis of POT1-TPP1 binding to unfolded

6ThT22 under equilibrium binding conditions in Li* buffer. 1 nM 6 ThT22 with 0-102 nM
POT1-TPP1 protein. Substrate sequence of 6 ThT22 (shown at top) with tandem POT1-TPP1
binding sites underlined. In the schematic, each circle represents an individual POT1-TPP1
heterodimer, with its separate DNA-binding domains colored in different shades of orange.
(F) Sensorgrams displaying the interactions of immobilized 6 ThT22 with POT1-TPP1
proteins in Li* buffer (experimental data shown in black and fitted data shown in red). (G)
Kinetic model of SPR data used for calculating individual rate constants of POT1-TPP1
binding to unfolded 6ThT22.

J Mol Biol. Author manuscript; available in PMC 2022 April 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xu et al.

Page 19

A POTI-TPPU6THT226 B 50 CA no protein D
004081222436 _,0 ’ POT1-TPP1 wt (nM) go.o —— with protein 'y £
2 POT1-TPP1-6ThT22- e %30 “a 7 -
1 POTA-TPP1-6ThT22= st ek b 0 5 S | 308
§20 14 o7 g
S 45 ® s
210 15 240 . ) £o4
T, 05 & > é
BThT22- s e : . . . . [T 100 200 300 00 05 10 15 20 25
0 100 Tirnzé)(()s) 300 400 < Time (s) POT1-TPP1/6ThT22
E Ky (4.38£0.03)-108 M-1-s" Ky (6.7£2.3)-100 M-1-s" F
QTN
B + L+ — (¥ . g 10] R*=096 )
k4 (8.5¢0.5)10% s N ko (1.9£1.8)104s" s o
ks ks ke /] I/ ks 05 é ’:.
07s' |pars? (25105 )s? 46114)10351 e 8"
c ,
4 (5.52:0.07) 105 M™s™ [} k5(35¢o1)105M1s1TJ‘ | 2 e’
3
N / + ] T 00{ &
< 00 05 1.0
(1.79+0.01)-10"" s \/ ks (2.0£0.5)-10" s Fraction Bound (EMSA)

Figure2.
POT1-TPP1 binds and destabilizes 6ThT22 G4s. (A) Stoichiometric binding EMSAs of

POT1-TPP1 with 6ThT22 in K* buffer. (B) Experimental (black) and modeled (orange)
sensorgrams to describe the interactions of immobilized 6ThT22 with POT1-TPP1 proteins
in K* buffer. (C) Time-dependent changes in ellipticity of 6ThT22 with or without POT1-
TPP1. (D) Plot showing changes in CD amplitude (295 nm) of 6ThT22 DNA as a function
of increasing molar ratio of POT1-TPP1 protein:DNA. (E) Kinetic model for protein binding
and G4 unfolding of 6ThT22 in K*. (F) Correlation between EMSA experimental data and
fitted data using kinetic model.
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Figure 3.

POT1-TPP1 promotes G4 destabilization through diverse mechanisms. (A) Free energy
landscape of POT1-TPP1-DNA for different protein-bound states at low protein
concentration (10 nM) on left and high protein concentration (500 nM) on right. The blue
and red arrows indicate passive capture and active destabilization pathways, respectively. (B)
Comparison of initial energy barriers of passive capture versus active destabilization
pathways. The energy barrier between G4 and spontaneously unfolded DNA (blue) is
depicted as a function of k_3. The energy barrier for POT1-TPP1 binding G4 (red) is
depicted as a function of k4 [POT1-TPP1], which becomes favorable with increasing [POT1-
TPP1]. The rate constants k—3 and k4 correspond to the respective steps labeled in Figure 2E.
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Pathogenic mutations differentially impair POT1-TPP1 binding and destabilization of
telomere G4 DNA. Bar colors and heights represent fold changes in the values for POT1-
TPP1 Q94R and H266L mutants as indicated in the top right corner. The relative change of
individual rate constants and free energies (AAG) for each mutation as compared to WT
protein are indicated as individual values in the kinetic model.
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