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ABSTRACT

The CST complex (CTC1-STN1-TEN1) has been
shown to inhibit telomerase extension of the G-
strand of telomeres and facilitate the switch to C-
strand synthesis by DNA polymerase alpha-primase
(pol �-primase). Recently the structure of human
CST was solved by cryo-EM, allowing the design of
mutant proteins defective in telomeric ssDNA bind-
ing and prompting the reexamination of CST inhibi-
tion of telomerase. The previous proposal that hu-
man CST inhibits telomerase by sequestration of the
DNA primer was tested with a series of DNA-binding
mutants of CST and modeled by a competitive bind-
ing simulation. The DNA-binding mutants had sub-
stantially reduced ability to inhibit telomerase, as
predicted from their reduced affinity for telomeric
DNA. These results provide strong support for the
previous primer sequestration model. We then tested
whether addition of CST to an ongoing processive
telomerase reaction would terminate DNA extension.
Pulse-chase telomerase reactions with addition of ei-
ther wild-type CST or DNA-binding mutants showed
that CST has no detectable ability to terminate on-
going telomerase extension in vitro. The same lack
of inhibition was observed with or without pol �-
primase bound to CST. These results suggest how
the switch from telomerase extension to C-strand
synthesis may occur.

GRAPHICAL ABSTRACT

INTRODUCTION

Telomerase, a ribonucleoprotein enzyme, comprises a
template-containing RNA (1), a reverse transcriptase pro-
tein (2) and accessory subunits that differ among ciliates,
vertebrates, and yeast (3,4). By maintaining chromosomal
telomere length, telomerase allows continuous proliferation
of stem cells and cancer cells. The last decades have wit-
nessed substantial progress in understanding telomerase’s
enzymatic mechanism, biogenesis, recruitment to telom-
eres and 3D structure (5–8). At the same time, research has
begun to shed light on the synthesis of the C-rich strand of
the telomere (9–14).

Key to the switch from telomeric G-strand synthesis
by telomerase to C-strand synthesis by pol �-primase is
the CST complex, consisting of CTC1, STN1 and TEN1
(15,16). CST binds single-stranded DNA (ssDNA) with
some specificity for the telomeric sequence (15,17,18). CST
prevents telomerase re-initiation by sequestering the 3′ end
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of the telomeric primer (17). It also directly binds pol �-
primase and acts as a cofactor for stimulation of pol �-
primase activity (19).

Structures of various domains and subcomplexes of CST
were solved by X-ray crystallography in the Skordalakes lab
(20,21). The cryo-EM structure then showed how these do-
mains were incorporated into the heterotrimer and revealed
a binding site for single-stranded telomeric DNA in the
CTC1 subunit (22). Unexpectedly, these heterotrimers can
also self-assemble into a 2-MDa decameric supercomplex
with an overall double-ring structure (22). Although data
support the existence of the decamer in cells, it remains chal-
lenging to ascertain which functions (or additional func-
tions) of CST are accomplished by the heterotrimer versus
the decamer (22).

In this work, we utilize human CST DNA-binding mu-
tant proteins that maintain assembly of the heterotrimeric
complex but have reduced affinity for telomeric DNA. We
find that these mutant proteins have reduced ability to in-
hibit initiation of telomerase extension. Quantitative pro-
files of telomerase inhibition as a function of added CST
were well fit by an exact treatment of competitive primer
binding using experimentally validated binding constants.
This analysis provides strong support for the primer seques-
tration model of Chen, Redon and Lingner (17). We then
tested whether CST could terminate ongoing extension of
telomeric DNA by telomerase, which would provide a pow-
erful mechanism to switch from G-strand synthesis to C-
strand synthesis. However, we show that such termination
does not occur to an appreciable extent under multiple con-
ditions in vitro. Together, our data support the model where
CST primarily blocks telomerase through primer sequestra-
tion, with the switch from telomerase G-strand synthesis to
pol �-primase C-strand synthesis occurring either passively
or facilitated by factors beyond the telomerase holoenzyme,
the CST complex, and pol �-primase.

MATERIALS AND METHODS

Reagents

Other than stated, we purchased chemicals from Sigma-
Aldrich (St. Louis, MO) or Thermo Fisher Scientific
(Waltham, MA), DNA modifying enzymes from New
England Biolabs (NEB, Ipswich, MA) and DNA oligonu-
cleotides from Integrated DNA Technologies (IDT,
Coralville, IA). The 18-nucleotide 3xTEL DNA is 5′-
TTAGGGTTAGGGTTAGGG-3′. For fluorescence polar-
ization binding assays, 3xTEL was 5′ 6-carboxyfluorescein
labeled by IDT.

Biological resources

The pcDNA mammalian expression vector (V79020,
Thermo Fisher Scientific) was used to clone cDNAs ex-
pressing the human CST subunits. The CTC1 cDNA
(MGC: 133331) has a 3xFLAG tag, STN1 cDNA (MGC:
2472) a Myc tag and TEN1 cDNA (MGC: 54300) a HA
tag, all three tags residing on the N-termini of the pro-
teins. CTC1 mutagenesis was performed using standard
DNA mutagenesis protocol and confirmed by sequencing

the gene. HEK239T cells (CRL-1573, ATCC, Manassas,
VA) were cultured in DMEM medium supplemented with 2
mM L-glutamine, 1% penicillin/streptomycin and 10% fetal
bovine serum.

Expression and purification of proteins in human cultured
cells

The three plasmids encoding the CST subunits were trans-
fected into HEK293T cells at 1:1:1 molar ratio using lipo-
fectamine 2000 (11668019, Thermo Fisher Scientific). The
cells were further expanded (typically 3-fold) for 24 h after
transfection and then harvested. The cell pellets were lysed
with CHAPS lysis buffer (10 mM Tris–HCl pH 7.5, 1 mM
MgCl2, 1 mM EGTA, 0.5% CHAPS, 10% glycerol, 5 mM
�-mercaptoethanol, 1 mM PMSF) for 45 min at 4◦C on a
rotator. The lysate was then clarified by centrifugation at
13 000 × g at 4◦C for 30 min. Anti-FLAG resin (A2220,
Sigma-Aldrich) was added to the clarified supernatant and
the samples incubated in a rotator for 4 h (or overnight) at
4◦C. The anti-FLAG resins were washed thrice with wash
buffer (20 mM HEPES–NaOH pH 8.0, 150 mM NaCl, 2
mM MgCl2, 0.2 mM EGTA, 0.1% NP-40, 10% glycerol, 1
mM TCEP) before elution using wash buffer supplemented
with 0.25 mg/ml 3xFLAG peptide (F4799, Sigma-Aldrich).
The eluent was then subjected to another round of affinity
purification using anti-HA resin (26181, Thermo Fisher Sci-
entific) with similar buffers but 3xFLAG peptide replaced
with HA peptide (A6004, APExBIO, Houston, TX) for elu-
tion. Purified CST complexes were verified with SDS-PAGE
using a silver staining kit (24612, Thermo Fisher Scien-
tific). For experiments that required pol �-primase removal
from CST, the NaCl concentration in the wash and elution
buffers was raised from 150 to 300 mM.

For the Kd measurements, CST protein concentrations
were determined by western blot analysis with anti-CTC1
antibody (see next section) using a serial dilution of the
HEK-cell CST preparation and a standard curve obtained
by serial dilution of an insect cell-purified CST standard.
For the telomerase inhibition experiments, CST concentra-
tions were determined by the same method but with the
anti-STN1 antibody. We subsequently found that the anti-
STN1 antibody consistently gave a 3-fold lower protein con-
centration, possibly because of different post-translational
modifications in the HEK cell and insect cell preparations.
This difference does not affect the relative Kd values (mu-
tants versus WT) or the relative IC50 values, which are the
basis for most conclusions herein. However, it required mul-
tiplying the CST concentrations by a factor of 3 when fitting
the experimental data to the exact competitive binding ex-
pression and when calculating the dependence of IC50 on
[DNA], because these calculations involve both IC50 and
Kd values.

Western blotting

The presence of CST and pol �-primase subunits in the
HEK239T cell-purified CST complexes was analyzed by
western blotting. The primary antibodies were anti-FLAG
(A8592, Sigma-Aldrich), anti-HA (NB600-362H, Novus
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Biologicals, Centennial, CO), anti-CTC1 (MABE 1103,
EMD Millipore, Burlington, MA), anti-STN1 (NBP2-
01006, Novus Biologicals, Centennial, CO), anti-POLA1
(ab31777, Abcam, Cambridge, UK), anti-POLA2 (21778-
1-AP, ProteinTech, Rosemont, IL), anti-PRIM1 (10773-1-
AP, ProteinTech), and anti-PRIM2 (NBP2-58498, Novus
Biologicals). Secondary antibodies used were anti-rabbit
(711-035-152, Jackson ImmunoResearch, West Grove, PA)
and anti-mouse (715-035-150, Jackson ImmunoResearch).
All primary antibodies were diluted 1:1000 for blotting. The
dilution for secondary antibodies was performed according
to the manufacturer’s recommendations.

Electrophoresis mobility shift assay (EMSA)

The 3xTEL oligo was 5′ radiolabeled with [� -32P]ATP
(NEG035C005MC, PerkinElmer) using a standard T4
polynucleotide kinase labeling protocol (M0201L, NEB).
Each binding reaction (10 �l sample volume) contained 500
counts per min (c.p.m.) of radiolabeled 3xTEL in binding
buffer (20 mM HEPES-NaOH pH 8.0, 150 mM NaCl, 2
mM MgCl2, 0.2 mM EGTA, 0.1% NP-40, 10% glycerol, 1
mM DTT) with or without CST added. The binding reac-
tions were incubated on ice for 2h before loading onto a 1×
TBE, 0.7% SeaKem® LE Agarose (50004, Lonza Group,
Basel, Switzerland) agarose gel. Gel electrophoresis was
performed in a cold room (4◦C) for 1.5 h at 6.6 volts/cm.
The gels were dried on Hybond N+ (RPN303B, Cy-
tiva Amersham™, Little Chalfont, UK) and two pieces of
3MM chromatography paper (3030917, Cytiva Whatman™)
at 80◦C for 1.25 h. They were then exposed to a phos-
phorimager screen overnight. The screen was imaged with
a Typhoon FLA9500 scanner (GE Lifesciences). The frac-
tion of the DNA bound θ was calculated by dividing the
counts from the gel-shifted band(s) over total counts per
lane. The apparent dissociation constant, Kd,app., was then
determined from fitting the fraction bound values to the fol-
lowing Hill equation,

θ = Pn

Pn + Kn
d,app.

(1)

where P is the CST protein concentration and n is the Hill
coefficient.

Fluorescent polarization (FP) binding assay

Each binding reaction (20 �l sample volume) contained 750
pM of fluorescently labeled 3xTEL oligo in either EMSA
binding buffer (for telomerase) or telomerase binding buffer
(for CST). Serial dilutions of binding reactions were set up
in a 384-well plate (Cat No: 3575, Corning Inc., Corning,
NY). Control wells with only binding buffer were also in-
cluded in each experiment. The binding reactions were in-
cubated for 1.5–2 h at room temperature in the dark. Flu-
orescent intensity (parallel and perpendicular polarization)
of each reaction were measured using a ClarioStar Plus FP
plate reader (BMG Labtech, Ortenberg, Germany) and flu-
orescent anisotropy values of each protein titration were
calculated. Kd,app. was determined by fitting the anisotropy
value (FA) to the quadratic equation for single site binding

by non-linear least squares fitting,

FA = O + S
2 [L]

((
Kd,app. + P + [L]

)

−
√(

Kd,app. + P + [L]
)2 − 4P [L]

)
(2)

where O is the minimum anisotropy observed, S is the differ-
ence between the maximum and minimum anisotropy ob-
served, P is the concentration of protein and [L] is the con-
centration of DNA. Averages calculated are the mean val-
ues from experiments.

Direct telomerase assay

Human telomerase expression and purification followed the
protocol of Cristofari and Lingner (23). The telomerase ex-
tension assay was performed in 50 mM Tris–HCl pH 8.0,
50 mM KCl, 75 mM NaCl (some brought in with CST and
the remainder supplemented), 2 mM MgCl2, 1 mM sper-
midine, 5 mM �-mercaptoethanol, 0.33 �M [�-32P]dGTP
(3000 Ci mmol−1), 2.9 �M cold dGTP, 0.5 mM dATP and
0.5 mM TTP.

For standard experiments, CST, telomerase (2.0 nM), and
3xTEL oligo (10 nM unless indicated otherwise) were incu-
bated at room temperature for 30 min before 3 �l of dNTP
mix was added to initiate telomerase extension (final reac-
tion volume of 20 �l). The samples were incubated at 30 ◦C
for 1 h (unless indicated otherwise) before adding 100 �l of
stop solution (3.6 M NH4Ac containing 20 �g glycogen and
3000 c.p.m. of each of three oligonucleotide loading con-
trols, LC1, LC2 and LC3). The samples were ethanol pre-
cipitated and then dissolved in 10 �l water plus 10 �l 2× gel
loading buffer (0.1 × TBE, 93% formamide, 50 mM EDTA,
0.05% bromophenol blue, and 0.05% xylene cyanol). 10 �l
of each sample was loaded on a 10% acrylamide, 7 M TBE–
urea sequencing gel (pre-run for 45 min at 90 W constant)
and electrophoresis was performed at 90 W constant un-
til the bromophenol blue dye was at the bottom of the gel,
about 2 h. The gel was then dried and exposed to a storage
phosphor screen before imaging.

For experiments in which CST was added to an ongo-
ing telomerase reaction, telomerase and 3xTEL oligo were
preincubated at room temperature for 30 min before ini-
tiating telomerase extension (by adding dNTP mix). CST
proteins were then added to the reaction 2 or 10 min after
dNTP addition. For pulse-chase experiments, excess cold
dGTP and CST were added to the telomerase reactions im-
mediately after the 10 min time point. Radiolabeled telom-
erase DNA synthesis products were analyzed by Image-
Quant (GE Lifesciences). Telomerase activity was deter-
mined by total counts per lane, and processive extension
was calculated as counts in high molecular weight products
(≥10 repeats) divided by total counts per lane. IC50 values
were determined by fitting the telomerase activity data to
the equation

Fraction activity = 1

1 +
(

P
IC50

) (3)

where P is the CST protein concentration.
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Competitive binding modeling and simulation

The following exact mathematical equations for calculat-
ing fraction of ligand bound to protein, θ , in a competi-
tive binding situation (originally derived by Wang (24) were
coded into a python script,

a = KdA + KdB + [A]0 + γ [B]0 − [L]0 (4)

b = KdB ([A]0 − [L]0) + KdA (γ [B]0 − [L]0)

+ KdA KdB (5)

c = −KdA KdB [L]0 (6)

θ = arccos

⎛
⎝−2a3 + 9ab − 27c

2
√

(a2 − 3b)3

⎞
⎠ (7)

[LA]
[A]0

=
{
2
√(

a2 − 3b
)

cos
(

θ
3

) − a
}

3KA + 2
√(

a2 − 3b
)

cos
(

θ
3

) − a
(8)

The script was designed to accept user input parameters;
KdA and KdB , the dissociation constants of the competing
binders (Telomerase and CST, respectively) for the ligand
(DNA); [L]0, the concentration of ligand; [A]0, the concen-
tration of Telomerase; and [B]0, a titrated range of initial
concentrations of CST.

The final expression calculated is [LA]
[A]0

, or fraction of
telomerase bound to DNA ligand. Normalized fraction
bound was then calculated by dividing all values by the
value of fraction bound evaluated at [B] = 0 nM (in the
absence of CST). The equation was also adapted from the
original version to accept a manipulatable, unitless � factor
that represented the percent of active CST. This factor was
added as a coefficient to concentration of protein B (CST)
before calculating normalized fraction bound of ligand to
telomerase.

Fitting of experimental telomerase inhibition data

Best fit curves were generated for experimental competitive
binding data. An array of 100 � values ranging linearly from
0.0 to 2.0 and an array of 100 KdA values ranging linearly
from 0.0 to 4.0 were created. For every pair of � and KdA

values, a python script was used to calculate the Residual
Sum of Squares (RSS) between the exact equation’s pre-
dicted fraction bound and the experimentally determined
fraction bound under the same conditions according to the
following equation,

RSSγ,KdA
=

n∑
i=n

(yi − f (xi ))
2 (9)

where yi is the experimentally determined fraction bound,
f (xi ) is the exact equation’s prediction of fraction bound
under yi ’s conditions, and n is the total number of experi-
mental data points. The value of KdB was set at 2.20 nM,
the concentration of telomerase at 2.0 nM, and DNA con-
centrations ranged between 5.0, 10.0, 25.0, 50.0, 100.0 and

200.0 nM, corresponding to telomerase-CST inhibition ex-
periments. 10 000 RSS values were calculated with a min-
imum value of 0.499 and maximum value of 28.1. Error
space was visualized with a 2D heat map corresponding to
RSS values for each � , KdA pair. The darkest color was set
to correspond to the minimum RSS value and the brightest
color was set to twice of the saturation RSS value.

The pair with the lowest RSS was then used to generate
best fit curves and plotted with experimental data. Best fit
curves and heat map were generated using the python Mat-
plotlib graphics package (25).

RESULTS

CST mutant proteins defective in binding ssDNA

The cryo-EM structure of human CST revealed a binding
site for four nucleotides (TAGG) of the TTAGGG telomeric
repeat in Oligonucleotide/oligosaccharide Binding Folds
(OB folds) F and G of the CTC1 subunit (22). Mutagen-
esis was performed on groups of amino acids (designated
‘g’), designed to give a substantial reduction in DNA affin-
ity (Figure 1A). A negative control mutant g4.1 switched
the charge of two amino acids that are not directly involved
in DNA binding. While qualitative DNA binding experi-
ments with some of these mutants have been reported (22),
the present studies required quantitative measurements.

The three CST subunits were coexpressed in HEK-293T
cells. A double affinity pull-down method relying on a
3xFLAG tag on CTC1 and a HA tag on TEN1 resulted
in substantially pure CST complexes (Supplementary Fig-
ure S1). The WT and all mutant proteins all assembled sta-
ble heterotrimers, as judged by co-IP of the three subunits
(Figure 1B). It initially appeared that the protein prepara-
tion contained four contaminating polypeptides (Supple-
mentary Figure S1), but mass spectrometry and western
blots showed that these were in fact the subunits of pol �-
primase, known binding partners of CST (26–29) (Figure
1C). Because pol �-primase was not overexpressed, these
subunits are endogenous.

The CTC1 subunit consistently ran as two bands, both
containing the N-terminal 3xFLAG tag and the epitope
for the CTC1 antibody. The upper band has a molecular
weight consistent with full-length CTC1 (135 kDa), while
the lower band X (ca. 114 kDa) is of unknown origin. In-
terestingly, mutant g1.1 was bereft of pol �-primase and of
the faster-migrating CTC1 species, providing a useful tool
to test whether these components affect DNA binding. Pol
�-primase binding appears to be required for nuclear local-
ization of CST (29), but how this could be related to the
absence of the smaller CST isoform is unclear.

DNA binding affinity was assessed by both Elec-
trophoretic Mobility Shift Assays (EMSA) and Fluores-
cence Polarization (FP). Each technique has its advantages,
the EMSA allowing detection of a single or multiple bound
species, and the FP being more of a true equilibrium tech-
nique. For practical reasons, the EMSA was done at 4◦C
and the FP at 22◦C, so one would not expect the apparent
dissociation constant (Kd,app.) values to be the same, but the
trends seen with the mutants should be consistent between
assays.
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A

Figure 1. CST DNA-binding mutants maintain subunit assembly and mostly maintain pol �-primase binding. (A) Location of mutated amino acids relative
to the DNA (half opaque surface representation, orange) in the cryo-EM structure of CST (22). Grey ribbon, CTC1. Dark surface, STN1. (B) All mutants
maintain assembly of CTC1, STN1 and TEN1 subunits. Insect cell recombinant CST (shown here on WT CST gel) was always included to allow plotting
a standard curve to calculate concentration of HEK cell CST. Lack of reliable anti-TEN1 antibody led us to probe the HA-tagged TEN1 with anti-HA
antibody; the insect cell TEN1 lacked this tag, so was not revealed. The lower band of CTC1, of unknown origin, was consistently missing in the g1.1
mutant. (C) WT CST and all mutants except g1.1 co-purify with pol �-primase, shown here for the two pol � subunits and in Supplementary Figure S1
for the primase subunits. In panels (B) and (C), wedges indicate successive two-fold dilutions of protein.

Sample EMSA data are shown in Figure 2A. The three
mutants designed to be defective in DNA binding bound
the 3xTEL DNA probe at much higher protein concentra-
tions than the WT or g4.1 control mutant. Furthermore,
the DNA binding-defective mutants all showed at least
two DNA-bound complexes on the native agarose gel. The
species with the greater retardation had an electrophoretic
mobility similar to that of the bound species seen with WT
CST and the g4.1 mutant, while the new species ran at an
intermediate mobility. It seems unlikely that the intermedi-
ate species contains a subcomplex rather than a complete
CST heterotrimer, because the three subunits remained as-
sociated during immunopurification (Figure 1B) and sub-
complexes do not have such high EMSA mobility (30) or
structural stability (30,31). In any case, the DNA-binding
mutants displayed a 30–50 fold reduction in affinity to the
3xTEL ssDNA, while the negative control had a Kd,app. sim-
ilar to that of WT CST (Figure 2B and Table 1). The curve
fits gave Hill coefficients of 1.02 ± 0.18 (n = 9 experiments)
for WT CST and 1.03 ± 0.19 (n = 14 experiments) for the
DNA binding mutants, indicating that binding was not co-
operative.

FP data are plotted in Figure 2C and compiled in Table
1. Consistent with the EMSA data, the DNA-binding mu-
tants showed a large increase in Kd,app., and the g4.1 neg-
ative control had a Kd,app. similar to that of WT CST. In-

terestingly, the reduction in affinity for the DNA-binding
mutants observed in the FP assays was greater than in the
EMSA experiments, 190–360-fold for FP compared to 15–
32-fold for EMSA (Table 1). The differences could be ex-
plained by the inherent differences of the two assays, with
the FP assays being performed at a higher temperature as
mentioned above and the FP assays being run at a lower
salt concentration to match the telomerase inhibition ex-
periments. Furthermore, the FP assay is better suited than
EMSA for measuring binding with weaker binding pro-
teins due to it being a true equilibrium experiment. Over-
all, though, the trends between the two experiments are
consistent.

CST inhibition of telomerase initiation depends on DNA
binding

To compare the ability of various CST complexes to inhibit
the initiation of telomerase extension, direct telomerase as-
says were performed. When telomerase was incubated with
the 3xTEL telomeric DNA primer and dNTPs, the 6-nt lad-
der of extension products characteristic of telomerase was
observed, and incorporation of radioactive [�-32P]dGTP
nucleotides was linear for at least two hours (Figure 3A, B).
When WT CST was preincubated for 30 min with telom-
erase and the primer, the pattern of extension products was
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