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ABSTRACT

Telomeres are copied and reassembled each cell divi-
sion cycle through a multistep process called telom-
ere replication. Most telomeric DNA is duplicated
semiconservatively during this process, but replica-
tion forks frequently pause or stall at telomeres in
yeast, mouse and human cells, potentially causing
chronic telomere shortening or loss in a single cell
cycle. We have investigated the cause of this effect by
examining the replication of telomeric templates in
vitro. Using a reconstituted assay for eukaryotic DNA
replication in which a complete eukaryotic replisome
is assembled and activated with purified proteins, we
show that budding yeast telomeric DNA is efficiently
duplicated in vitro unless the telomere binding pro-
tein Rap1 is present. Rap1 acts as a roadblock that
prevents replisome progression and leading strand
synthesis, but also potently inhibits lagging strand
telomere replication behind the fork. Both defects
can be mitigated by the Pif1 helicase. Our results
suggest that GC-rich sequences do not inhibit DNA
replication per se, and that in the absence of acces-
sory factors, telomere binding proteins can inhibit
multiple, distinct steps in the replication process.

INTRODUCTION

Telomeres are dynamic nucleoprotein structures that pro-
tect and maintain the ends of eukaryotic chromosomes and
are composed of short GC-rich sequences repeated over
hundreds (yeasts) or thousands (humans) of base pairs.
Telomeric defects or deletions from even a single chro-
mosome end are associated with loss of terminal DNA
sequences, breakage-fusion-bridge cycles and tetraploidis-
ation, driving karyotype changes and genome instability
(1,2). To prevent such deleterious outcomes, telomere repli-
cation is required to faithfully maintain these structures

from one cellular generation to the next; however, in yeasts,
mouse and human cells replication forks frequently pause
or stall during this process (3–5). At most loci, loss of ge-
netic material after replication fork stalling is prevented by a
second fork approaching from the opposite direction. How-
ever, telomeres are terminally positioned and replicated by
a single replication fork in most instances (5) leaving them
particularly vulnerable to stalling events and associated
DNA loss. Accessory proteins including Pif- and RecQ-
family helicases have been shown to play important roles in
preventing telomeric replication stress (3,6,7) but the molec-
ular basis of how replication is inhibited or blocked at the
chromosome end remains poorly understood.

A diverse range of telomeric properties have been pro-
posed to contribute to this effect, including t-loops (8)
telomeric compaction (9), nuclear envelop attachment (9),
protein and RNA factors bound to telomeric DNA (10–
12) and the inherent properties of telomeric sequences (13).
Whilst it is likely that the overall impact of telomeres on the
replication fork results from a combination of these prop-
erties, understanding their relative contribution, and which
stages of the replication process are affected is important to
gain a comprehensive understanding of how telomeres are
replicated successfully.

Much work in this area has focussed on the impact of
telomeric DNA itself. Single stranded G-rich sequences
from yeast and human telomeres can assemble into stacks
of four planar guanosine residues called G-quadruplexes
(G4s) (14). G4s can in turn block DNA polymerases in
vitro (15), suggesting that the inherent properties of telom-
eric templates may inhibit DNA replication directly. Con-
sistent with this idea, G4-binding molecules recognise bud-
ding yeast and human telomeres during S-phase (16,17),
and mouse or human cells treated with G4-stabilising com-
pounds or defective in G4-specific helicases show telomere
fragility or loss (5,6,8). Notably, as genetic approaches can
only address the impact of telomeric DNA indirectly due
to the wide array of DNA binding factors in the cell, and
in vitro analyses have so far been limited to simple poly-
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merase assays (18), whether replication is directly inhibited
by telomeric sequences is currently unclear.

A second potential barrier likely to be encountered at
most telomeric positions is the collection of DNA-bound
proteins that coordinate essentially all aspects of telom-
ere function. Elsewhere in the genome, DNA-bound pro-
teins act as replication roadblocks that stall or pause the
replisome (19). Genetic and biochemical evidence suggest
budding yeast Rap1 and the mammalian shelterin com-
plex may act in a similar manner (11,12,20); however, Rap1
is essential, and shelterin facilitates DNA replication in
vivo by recruiting BLM to the chromosome end (5), com-
plicating genetic experiments aiming to characterise this
effect. Our mechanistic understanding of which aspects
of DNA replication are affected by telomere-bound pro-
teins and how blocks or barriers are overcome is therefore
limited.

To examine directly the impact of different telomeric
properties on DNA replication, we have analysed budding
yeast telomere replication in vitro. Using a replication sys-
tem in which a complete eukaryotic replisome is reconsti-
tuted with purified proteins, we show that both leading and
lagging strand synthesis proceed to completion across bud-
ding yeast telomeric DNA unless the telomere binding pro-
tein Rap1 is present. Rap1 acts as a replication roadblock
that inhibits fork progression, but also induces a penetrant
defect in lagging strand synthesis behind the fork. Our re-
sults suggest that unwinding of budding yeast telomeric se-
quences by the replisome alone is unlikely to inhibit DNA
replication, but that DNA-bound proteins can act as potent
inhibitors of multiple steps in the telomere replication pro-
cess.

MATERIALS AND METHODS

DNA construct assembly

In vitro replication of control templates lacking telomeric
DNA employed construct MD154, which is based on a
GC209, a pUC19 vector containing an insert composed
of two inverted optimal ORC binding sites spaced 70 bp
apart (21). To construct MD154, high scoring matches to
the ARS consensus sequence (ACS) outside of this insert
were mutated, and fragments of selected yeast open read-
ing frames lacking high scoring ACS matches were added,
increasing the construct size to 8165 bp. Reactions con-
taining budding yeast telomeric DNA employed construct
MD155, which is identical to MD154 except for the inclu-
sion of a 379 bp DNA fragment from vector YLP108CA-4
(22) between NotI and PacI restriction sites, which includes
325 bp of budding yeast telomeric DNA. The sequences of
MD154 and MD155 are provided in the ‘Supplementary in-
formation’ file. To assemble a construct for expression of
full length Rap1, Rap1 was amplified from budding yeast
cells directly using oligonucleotides oMD181 (tagtagGAAT
TCATGTCTAGTCCAGATGATTTTGAAACTGC) and
oMD182 (tagtagCTCGAGTCATAACAGGTCCTTCTC
AAAAAATCTTTTCC), and the resulting PCR product
was digested with XhoI and EcoRI (NEB) and cloned into
the pGEX-6P-1 vector digested with the same enzymes to
make plasmid pTBL044.

Preparation of DNA templates for in vitro replication

To linearise MD154 and MD155 prior to replication, 10–
15 �g of plasmid vector was digested in a final volume
of 40 �l with 80 units of restriction enzyme (NEB) for
3 h at 37◦C. ScaI-HF digested DNA was used for all re-
actions except those in Figure 1D, where PacI was used.
Reactions were quenched with an equal volume of ‘stop
mix’, containing 0.1% SDS (Sigma), 0.2 mg/ml Proteinase
K in Tris–HCl pH 7.5 (Sigma) and 40 mM EDTA. After
incubation at 37◦C for 20 min, an equal volume of phe-
nol:chloroform:isoamyl alcohol 25:24:1 saturated with 10
mM Tris, pH 8.0, 1 mM EDTA (Sigma) was added and
the aqueous phase collected after centrifugation for 5 min.
The solution was supplemented with NaCl to 200 mM and
two volumes of −20◦C ethanol added before centrifugation
at 4◦C for 20 min. Ethanol precipitates were washed twice
with room temperature 70% (v/v) ethanol, air dried and re-
suspended in 10–15 �l 1× Tris–EDTA (TE) solution and
stored at −20◦C before use.

Protein expression and purification

ORC, Cdc6, Mcm2-7:Cdt1, DDK, Dpb11, GINS, Cdc45,
polymerase ε, CDK, Ctf4, RPA, TopoI, PCNA, Mcm10,
polymerase �, polymerase �/primase, Sld3/Sld7, Sld2,
Csm3/Tof1, Mrc1 and RFC were expressed and purified as
described (23–25). Fen1, Cdc9 and Pif1 were expressed and
purified as described (26,27). To purify full length Rap1,
BL21-CodonPlus (DE3)-RIL E. coli cells (Agilent tech-
nologies) transformed with plasmid pTBL044 were grown
in LB medium at 25◦C to a density corresponding to OD600
0.6–0.8. Isopropyl-ß-D-thio-galactopyranoside (IPTG) was
added to 1 mM. After 4 h at 25◦C, cells were collected
by centrifugation, washed once with phosphate buffered
saline (PBS), frozen in liquid nitrogen and stored at −80◦C.
For lysis, a cell pellet from a starting culture volume of
2 l was resuspended in 30 ml lysis buffer (50 mM Tris
7.4, 0.02% NP-40-substitute, 1 mM EDTA, 10% glycerol
and 1 mM DTT) + 500 mM NaCl, supplemented with 0.5
mM AEBSF, 10 �g/ml Leupeptin, 10 �g/ml Pepstatin A.
Lysozyme (Sigma) was added to 0.5 mg/ml and the sample
incubated on ice for 20 min. After sonication for 5 min (2
s on, 3 s off), crude lysate was centrifuged at 23 600 g for
30 min, 4◦C, and the supernatant mixed with 1 ml packed
volume of glutathione sepharose (Sigma) prewashed in ly-
sis buffer + 500 mM NaCl. After 1.5 h incubation at 4◦C,
beads were washed with ∼50 column volumes (CV) lysis
buffer + 500 mM NaCl, resuspended in 1 CV lysis buffer +
500 mM NaCl supplemented with 0.04 mg/ml 3C protease
and incubated at room temperature for 30 min. The flow
through was collected, and additional cleaved protein was
eluted with four consecutive CVs of lysis buffer + 500 mM
NaCl. Rap1-containing eluates were pooled, slowly diluted
3.3× with lysis buffer lacking NaCl to a final salt concentra-
tion of 150 mM. and applied to a Mono Q 5/50 GL column
(Sigma) preequilibrated with lysis buffer + 150 mM NaCl.
Bound protein was eluted over a 20 CV gradient from 150
to 1000 mM NaCl, Rap1 containing fractions were pooled,
concentrated to 0.5 ml on a 30 kDa cutoff ultra-4 centrifu-
gal filter (Amicon) and loaded onto a Superdex 200 Increase
10/300 GL column (Sigma) preequilibrated with lysis buffer
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Figure 1. Leading strand synthesis and replisome progression are not inhibited by budding yeast telomeric DNA. (A) Outline of replication reactions, and
schematic showing the templates used and expected leading and lagging strand products. (B) Replication reactions performed with the templates indicated
for the times indicated were analysed by denaturing alkaline agarose electrophoresis (top panel) and native agarose electrophoresis (bottom panel). (C)
quantification showing intensity of unit length products imaged after native agarose electrophoresis, formed in the presence or absence of telomeric DNA
after 15 min of replication. Average of three independent experiments. Error bars show standard deviation. (D) Alkaline agarose electrophoresis analysis of
replication products from a pulse chase analysis in the absence of polymerase � with the templates indicated. Chase was added 2.5 min after the addition of
firing factors, and samples were then taken at the time points indicated. Time indicates minutes after firing factor addition. Lane profiles show the position
of the left leading strand (‘left’) and telomeric DNA (±TG1–3). (E) Replication reactions were performed with the template depicted in the presence or
absence of telomeric DNA. Reaction products were purified, digested with HpaI and analysed by native agarose electrophoresis. Expected size of replication
intermediates (RIs), reflecting forked DNA structures is indicated.

+150 mM NaCl. Rap1 containing fractions were pooled,
concentrated, frozen in liquid nitrogen and stored at −80◦C
prior to use.

In vitro replication reactions

MCM loading was carried out in reactions containing a
final concentration of 25 mM HEPES pH 7.6, 10 mM
MgOAc, 0.02% (v/v) NP-40-substitute, 5% glycerol, 100
mM K-glutamate, 1 mM DTT, 5 mM ATP, 5 nM DNA
template, 20 nM ORC, 50 nM Cdc6 and 100 nM Mcm2-
7:Cdt1, and incubated for 2 min at 24◦C prior to the addi-
tion of DDK to 80 nM. After 10 further minutes at 24◦C,

CDK was added to 20 nM. After 5 further minutes at 24◦C,
replication buffer was added, the temperature increased to
30◦C, and a mix of firing and replication factors added. The
final concentrations of reaction components was as follows:
25 mM HEPES pH 7.6, 10 mM MgOAc, 0.02% (v/v) NP-
40-substitute, 2.5% glycerol, 220 mM K-glutamate, 0.5 mM
DTT, 4.5 mM ATP, 30 �M each dATP, dCTP, dGTP, dTTP,
400 �M each UTP, GTP, CTP, 33 nM �-32P- labelled dCTP,
2.5 nM DNA template, 10 nM ORC, 25 nM Cdc6, 50 nM
Mcm2–7:Cdt1, 40 nM DDK, 45 nM Dpb11, 20 nM GINS,
40 nM Cdc45, 30 nM polymerase ε, 30 nM CDK, 20 nM
Ctf4, 50 nM RPA, 10 nM TopoI, 70 nM PCNA, 2.5 nM
Mcm10, 4 nM polymerase �, 40 nM polymerase �/primase,
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25 nM Sld3/Sld7, 40 nM Sld2, 40 nM Csm3/Tof1, 10 nM
Mrc1, 20 nM RFC.

Modified in vitro replication reactions

For replication reactions lacking polymerase �, the final
concentration of K-glutamate was reduced to 100 mM. For
replication reactions containing Rap1, Rap1 was added af-
ter replication buffer and the reaction incubated for 5 min
at 30◦C prior to firing factor addition. For the pulse chase
reaction in Figure 1D, the concentration of dCTP was re-
duced to 5 �M, and increased to 250 �M after 2.5 min. For
the reactions in Figure 2B, Figure 2D, Figure 4 and Figures
5F and G, 60 nM Fen1 and 60 nM Cdc9 were added in addi-
tion to the mix of replication proteins listed above. For reac-
tions containing Pif1, Pif1 was added at the concentration
indicated, with the mix of replication proteins listed above.
For the replication reactions in Figure 2F, 2.5 nM circular
DNA template was used and 60 nM Fen1, 60 nM Cdc9 and
10 nM TopoII were added in addition to the mix of replica-
tion proteins listed above.

Molecular weight markers

12.5 �g HindIII-digested phage lambda DNA was de-
phoshorylated in 1x Cutsmart buffer (NEB) with 10 U
Quick-CIP phosphatase (NEB) in a final volume of 30 �l
for 1 h at 37◦C. After heat inactivation at 80◦C for 2 mins,
DNA was purified through a spin column (Roche) and 1.4
�g was resuspended in 1x PNK buffer (NEB) supplemented
with 1.35 mM � -32P- labelled ATP and 20 U polynucleotide
kinase (NEB). After incubation at 37◦C for 1 h and heat in-
activation at 65◦C for 20 min, the sample was desalted over a
G-50 microspin column (Sigma) and stored at −20◦C prior
to use.

Processing and analysis of replication products

Replication reactions were quenched by adding an equal
volume of stop buffer (see ‘Preparation of DNA templates
for in vitro replication’) and incubated at 37◦C for 15–20
min. An equal volume of Phenol:Chloroform:Isoamyl Al-
cohol 25:24:1 saturated with 10 mM Tris, pH 8.0, 1 mM
EDTA was added, the aqueous phase was collected after
centrifugation for 5 min and the sample desalted using a
G-50 microspin column before being processed as follows:
samples for analysis by denaturing alkaline agarose elec-
trophoresis were supplemented with 20 mM EDTA, 0.5%
sucrose and 50 mM NaOH, incubated at room tempera-
ture for 10 mins and loaded onto a 0.7% agarose gel sup-
plemented with 2 mM EDTA and 30 mM NaOH, which
was run at 0.75 V/cm for 16 h in 2 mM EDTA and 30 mM
NaOH. Gels were fixed in 5% trichloroacetic acid for 30–60
min, dried onto filter paper and imaged by phosphorimag-
ing and autoradiography. Samples for Figure 1E were di-
luted into 1× cutsmart buffer (NEB) and 2.5 U of HpaI
added per 5 �l replication products. After incubation at
37◦C for 30 mins, EDTA was added to 20 mM and load-
ing dye (NEB) added to 1×. The sample was run on a 1%
agarose TAE gel at 0.75 V/cm for 18 h, which was then dried

and imaged by phosphorimaging. Samples for Figures 2D,
4C and 5G were resuspended in 1× buffer 3.1 (NEB) and
5 U Nb.BsmI enzyme added per 5 �l replication products.
After incubation at 65◦C for 30 min, EDTA was added to
20 mM, the sample supplemented with 0.5% sucrose and
50 mM NaOH, and analysed by denaturing alkaline elec-
trophoresis as above. Samples for Figure 2F were supple-
mented with NaCl to 200 mM, precipitated by the addition
of two volumes of ice cold ethanol, centrifuged for 20 min
at 4◦C, washed 2× with room temperature 70% ethanol and
the pellet resuspended in 18 �l TE buffer and 2 �l topoi-
somerase IV buffer (Topogen) and 0.5 �l Escherichia coli
Topoisomerase IV (Topogen) added. After incubation at
37◦C for 20 min, loading dye (NEB) was added to 1x, and
samples loaded onto a 0.6% agarose 1× TAE gel, which
was run at 0.75 V/cm for 18 h, and then dried and im-
aged by phosphorimaging. For the 2D gel analysis in Fig-
ure 4E, replication products were run on a native agarose
electrophoresis gel as above, the lane excised, soaked in
1 mM EDTA, 30 mM NaOH solution for 1–2 h and set
in a 0.7% agarose gel supplemented with 2 mM EDTA
and 30 mM NaOH, which was then run and analysed as
above.

Quantification of data

Gel densitometry was performed using original .gel files and
ImageJ.

Electrophoretic mobility shift assays

20 �g plasmid MD155 was digested with BamHI for 2 h
at 37◦C in a final volume of 100 �l, 1 �l quickCIP (NEB)
phosphatase added and after a further 30 min the reac-
tion quenched with 25 mM EDTA, 0.2% SDS and 0.2
mg/ml proteinase K. After 30 min, an equal volume of phe-
nol:chloroform:isoamyl alcohol was added, the sample cen-
trifuged at full speed for 5 min in a benchtop centrifuge and
the supernatant supplemented with NaCl to a final concen-
tration of 300 mM prior to ethanol precipitation as above.
Precipitated DNA was resuspended in 10–20 �l 1× TE and
run on an 8% tris–borate–EDTA (TBE) polyacrylamide gel,
which was then stained with sybrsafe dye (Invitrogen). The
band corresponding to the telomeric fragment was excised,
fragmented and incubated at room temperature with 300 �l
1× TE supplemented with 300 mM NaCl overnight with
shaking, prior to ethanol precipitation as above. Precipi-
tated DNA was resuspended in 1× TE to a final concen-
tration of 150 nM, and end labelled using polynucleotide ki-
nase (PNK) for 1 h at 37◦C in a reaction containing 1x PNK
buffer (NEB), 40 nM DNA, 10 U PNK, 7.5 �M � -32P-
labelled ATP. PNK was inactivated by heating at 65◦C for 2
min and the sample desalted over a G50 spin column (GE
healthcare). For the EMSA, labelled DNA was incubated
at a final concentration of 2.5 nM with the Rap1 and Pif1
concentrations indicated for 20 min in reactions containing
25 mM HEPES pH 7.6, 10 mM MgOAc, 0.02% (v/v) NP-
40-substitute, 2.5% glycerol, 220 mM K-glutamate, 0.5 mM
DTT, 4.5 mM ATP. Samples were supplemented with 0.5%
sucrose and run on a 1.5% agarose 0.5× TBE gel, which was
then dried and imaged by phosphorimaging.
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Figure 2. Lagging strand replication proceeds to completion in the presence of budding yeast telomeric DNA. (A) Schematic of templates and expected
products with or without defects in lagging strand replication over telomeric DNA. (B) Replication reactions were performed for 1 h in the presence or
absence of Fen1/Cdc9 and DDK as indicated and analysed by alkaline agarose electrophoresis. (C) Quantification of unit length products in the presence
or absence of telomeric DNA. Average of three independent experiments. Error bars show standard deviation. (D) Replication products from reactions
containing Fen1/Cdc9 and the templates indicated were treated with the nicking enzyme Nb.BsmI as indicated and analysed by denaturing alkaline
electrophoresis. Replication was performed for 1 h. Diagram shows the position of the Nb.BsmI site relative to other template features. (E) Quantification
showing the fraction of unit length products remaining after Nb.BsmI treatment of replication products from telomeric or non-telomeric templates. Average
of three independent experiments. Error bars show the standard deviation. (F) Replication reactions were carried out for 1 h with the circular templates
indicated in the presence or absence of the firing factor complex Sld3/7. Products were analysed by native agarose electrophoresis. Reactions lacking Sld3/7
are stalled at an early stage of CMG assembly and in this context are essentially equivalent to reactions lacking DDK.

RESULTS

Telomeric DNA does not inhibit replication fork progression
or leading strand synthesis in vitro

To examine the causes of telomeric replication stress, we
set out to study the replication of telomeric templates using
a reconstituted assay for eukaryotic DNA replication (25).
In this assay, a complete eukaryotic replisome is assembled

from purified budding yeast proteins on templates that are
initially double stranded and are melted and unwound in a
stepwise manner (28). To unambiguously identify left and
right replication forks, we employed reaction conditions
that bias replication initiation towards origin sequences
(29), and linear DNA templates containing an origin-like
sequence (21) displaced to one end (Figure 1A). Denaturing
alkaline agarose electrophoresis of products from reactions
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containing radiolabelled dCTP showed a dominant species
of ∼7 kb and a less intense product at 1–1.5 kb after the
addition of origin firing factors (hereafter ‘firing factors’),
consistent with bidirectional leading strand replication pro-
ceeding from the origin to each template end (Figure 1B,
lanes 1–3 and see diagram in Figure 1A). Lagging strand
maturation factors Fen1 and Cdc9 were excluded in this
particular experiment, leaving lagging strand products un-
ligated at ∼100–500 bp in length.

To analyse the effect of telomeric DNA on the replica-
tion process, a complete 325 bp budding yeast telomere se-
quence (22) (Supplementary Figure S1) was inserted into
the template at an internal site ∼2 kb to one side of the ori-
gin. As shown in Figure 1A, telomeric DNA in this posi-
tion is copied by the rightward-moving replication fork and
is oriented such that leading and lagging strands are tem-
plated by C- or G-rich telomeric DNA respectively, as in
vivo. To determine whether replication was impaired by this
sequence, synthesis of radiolabelled nascent strands was fol-
lowed via denaturing and native agarose electrophoresis. As
shown in Figure 1B and C, telomeric DNA had no effect
on either the profile of products after alkaline electrophore-
sis, or the amount of fully replicated products compared
with a control template lacking an insert (compare lanes 1–3
and 4–6), suggesting leading strand synthesis and replisome
progression proceed apparently unhindered across budding
yeast telomeric DNA in vitro. To confirm that this was
the case, we analysed the progression of a subset of repli-
cation forks by initiating replication with a high propor-
tion of radiolabelled dCTP, before adding a chase of un-
labelled dCTP less than three minutes later. In good agree-
ment with Figure 1B and C, this pulse-chase analysis shows
that telomeric DNA had no appreciable effect on the profile
or distribution of nascent leading strands as they progressed
through the insertion site (Figure 1D, compare profile of
grey and pink lines).

Telomeric DNA was positioned internally in these ex-
periments. To exclude that this was responsible for the ef-
ficient replication we observed, starting plasmids were di-
gested such that the telomeric tract was positioned prox-
imal to the template end (see diagram in Figure 1E).
Telomeric DNA was also copied efficiently in this posi-
tion, with no increase in replication intermediates (which
reflect forked DNA structures) accumulated on a terminal
fragment of the template after native agarose electrophore-
sis (Figure 1E, compare terminal fragment, and replica-
tion intermediates––‘RI’––in lanes 1–3 and 4–6). We con-
clude that replisome progression and leading strand synthe-
sis proceed efficiently across budding yeast telomeric DNA
positioned at an internal or end-proximal position in vitro.

Lagging strand replication proceeds to completion across
budding yeast telomeric DNA in vitro

In the absence of maturation factors, lagging strand prod-
ucts from across the template remain unligated as individual
Okazaki fragments (OFs) that are indistinguishable from
one-another in the experimental approach used above. To
examine the lagging strand in our reactions, we therefore
added Fen1 and Cdc9, enabling processing and ligation
of OFs together with the leading strand of the opposing

replication fork (26,27) (Figure 2A). In control reactions
containing these factors, we observed a new replication-
dependent species corresponding to the size of a fully repli-
cated and ligated 8.2 kb linear product, formed at the ex-
pense of individual OFs (Figure 2B, compare lanes 2 and
3). If OF synthesis were defective over the telomere, the re-
sultant gap on the nascent lagging strand would give rise
to two additional products approximately 5 and 3 kb in
length (see diagram in Figure 2A). However, Figure 2B and
C shows that the profile of products was largely unchanged
and the amount fully replicated was not significantly dif-
ferent when a telomeric template was used. To exclude that
a defect in lagging strand synthesis in these assays is ob-
scured by nascent leading strands (which also run as unit
length), purified replication products were treated with a
site-specific nickase, Nb.BsmI, which targets a single site
∼600 bp downstream of telomeric DNA on the nascent
leading strand (see diagram in Figure 2D). Consistent with
Figure 2B and C, the fraction of unit length products resis-
tant to Nb.BsmI was not affected by the presence of telom-
eric DNA (Figure 2D and E). Although we cannot rule
out transient defects with these assays, the data collectively
show that lagging strand synthesis across budding yeast
telomeric DNA proceeds to completion in the majority of
instances in vitro. Consistent with this conclusion, native
agarose electrophoresis of replication products from reac-
tions containing circular templates shows radiolabelled co-
valently closed topoisomers in the presence or absence of
telomeric DNA, which can only form if both leading and
lagging strands have been synthesised completely (Figure
2F).

Phen-DC3 is inhibitory for lagging strand telomere replica-
tion

Whilst we did not reproducibly detect lagging strand de-
fects in the analysis above, lane scans occasionally detected
a faint shoulder at the position of the telomere, suggesting
lagging strand defects may occur in vitro but are infrequent
(see e.g. Supplementary Figure S2a; 2/6 experiments exam-
ined). Prompted by previous work showing that budding
yeast telomeric sequences can form G4s (14), we examined
the effect of adding the G4-stabilising agent Phen-DC3 to
our reactions. Replication was generally inhibited by Phen-
DC3 concentrations >60 nM (Supplementary Figure S2b).
However, whilst 60 nM Phen-DC3 had only a minor effect
in reactions containing a control template, we observed two
additional bands of approximately 5 and 3 kb when a telom-
eric template was used, suggesting lagging strand replica-
tion over the telomere was defective (Supplementary Figure
S2c, arrow heads. compare lanes 1–2 and 4–5).

Our telomeric insert contains 325 bp of telomeric DNA
and a short non-telomeric G-rich sequence originating from
the DNA fragment used for cloning (Supplementary Figure
S2c diagram). Both elements are likely to contribute to the
replication defect above to some extent, as insertion of only
the non-telomeric sequence into the control vector induced
the appearance of 5 and 3 kb bands in the presence of Phen-
DC3 that were weaker and narrower than when telomeric
DNA was also present (Supplementary Figure S2c, com-
pare lanes 5 and 6). Thus, G4-prone sequences can inter-
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fere with lagging strand replication when stabilised by Phen-
DC3 and the presence of telomeric DNA enhances this ef-
fect.

Rap1 is sufficient to block DNA replication in a sequence-
specific manner.

Figures 1 and 2 show that the inherent properties of telom-
eric DNA alone are unlikely to cause the replication de-
fects observed at budding yeast telomeres each cell cycle. We
therefore turned our attention to telomere binding proteins,
which have also been proposed to inhibit DNA replica-
tion (11,12,20). The primary protein component of budding
yeast telomeres is the general regulatory factor Rap1, which
recognises a 13-bp consensus motif via tandem Myb do-
mains (30). Rap1 has previously been implicated in telom-
eric replication stress (12,20). However, genetic experiments
aiming to characterise this effect are complex due to the role
of Rap1 as a transcriptional regulator (31), and the impact
of Rap1 on different stages of the replication process is cur-
rently unclear.

The telomeric fragment examined above contains seven
consensus Rap1 binding sites (Supplementary Figure S1)
and was effectively bound by purified Rap1 under reaction
conditions used in the replication assay (Figure 3A, top
panel). The migration pattern observed via EMSA suggests
each DNA fragment binds at least one Rap1 molecule at
11 nM, and that more sites are occupied as Rap1 concen-
tration is increased (top panel, compare lanes 2–5). Bind-
ing was sensitive to an excess of telomeric competitor but
largely unaffected by non-telomeric DNA, suggesting it is
sequence specific, as expected (Figure 3A, bottom panel).
To examine DNA replication under these conditions, in
vitro replication was carried out for 15 min in the absence
of Fen1 and Cdc9 and products analysed by native and de-
naturing agarose electrophoresis. As shown in Figure 3B,
Rap1 caused rightward-moving leading strand to accumu-
late on telomeric DNA (top panel), and the appearance of
a slowly migrating species after native electrophoresis (bot-
tom panel) consistent with an accumulation of stalled or
paused replication forks. Notably, the magnitude of this ef-
fect increased with Rap1 concentration (Figure 3B, com-
pare lanes 7–10, Figure 3C), suggesting the number of Rap1
molecules bound to the template may determine replication
efficiency in this system. To examine this idea, we generated
constructs in which telomeric DNA was replaced with ei-
ther four or two consensus Rap1 binding sites. As shown
in Figure 3D, decreasing the number of binding sites in-
creased the number of forks able to bypass the insert and
reach the template end (Figure 3D, compare lanes 2, 4, 6
and 8). Thus, Rap1 can block progression of the replication
fork in a sequence specific manner and the magnitude of this
effect depends on the number of Rap1 molecules bound to
the template. Notably, a small fraction of forks bypassed the
telomere in the presence of Rap1, but this fraction increased
only modestly over 2 h, suggesting the replication block is
relatively stable (Supplementary Figure S3).

Lagging strand telomere replication is inhibited by Rap1

Figure 3 shows that telomere-bound Rap1 can act as a road-
block to the replisome. To determine whether replication

events behind the fork are also affected, we analysed lag-
ging strand synthesis in our reactions by adding Fen1 and
Cdc9. As described in Figure 2, telomeric lagging strand de-
fects in the presence of Fen1 and Cdc9 should give rise to
two radiolabelled products measuring approximately 5 and
3 kb in addition to leading strand products that are unit
length (Figure 4A, scenario 3). Since most forks stall on the
telomere in the presence of Rap1 (Figure 3), we also expect
a prominent 3 kb product when Rap1 and telomeric DNA
are present, irrespective of whether lagging strand synthesis
is complete (Figure 4A, scenario 1). Figure 4B shows that
Rap1 had no effect on the replication of a control template
in the presence of Fen1 and Cdc9 (compare lanes 2 and 3),
but caused the appearance of bands at 3 and 5 kb when
a telomeric template was used (compare lanes 5 and 6).
In combination with restriction enzyme mapping that con-
firms the identity of 3 and 5 kb products (Supplementary
Figure S4), this result suggests Rap1 is inhibitory for lag-
ging strand replication of telomeric DNA behind the fork.
To examine this idea, we analysed the lagging strand directly
by treating purified replication products with Nb.BsmI to
nick the nascent leading strand. Consistent with the data
in Figure 4B, the fraction of unit length products resistant
to Nb.BsmI was reduced by approximately a third when
Rap1 was added, suggesting lagging strand replication by
the rightward fork (which copies the telomere) was indeed
defective (Figure 4C and D).

Interestingly, the size of the 5 kb fragment indicates
that lagging strand telomeric defects may persist even af-
ter replication forks have reached the template end (Figure
4B, scenario 3). To examine this idea, we used 2D native-
denaturing electrophoresis to distinguish completely repli-
cated DNA molecules (which run at unit length in the native
dimension) from those that contain stalled or paused forks
(which migrate more slowly). Figure 4E shows that most
products measuring 3 kb were associated with molecules
migrating more slowly than unit length in the native dimen-
sion, consistent with telomere stalled replication forks. In
contrast, molecules running at unit length were composed
of strands measuring not only unit length, but also 3 and 5
kb. Thus, telomeric gaps or nicks induced by Rap1 can per-
sist when replication is otherwise complete. We note that
some products measuring ∼5 kb migrate more slowly than
unit length in these assays. The reason for this is currently
unclear but may reflect the formation of strand displaced
or structured lagging strand intermediates in the presence
of Rap1. As in Figure 3, the inhibitory effect of Rap1 on
the lagging strand was reduced when the template contained
fewer Rap1 binding sites (Figure 4F, compare lanes 4–6).

Pif1 promotes leading and lagging strand replication in the
presence of Rap1

Rap1 is therefore inhibitory for two distinct steps in the
replication process: replisome progression (Figure 3), and
lagging strand replication behind the fork (Figure 4). We
hypothesised that if Rap1 is a major cause of telomeric repli-
cation stress in vivo, factors known to promote telomere
replication within cells may prevent or attenuate these ef-
fects. Pausing of replication forks at budding yeast telom-
eres is increased without the Pif-family helicase Rrm3 (3).
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Figure 3. Rap1 acts as a replication roadblock on telomeric DNA. (A) A radiolabelled 361 bp fragment of telomeric DNA was incubated for 15 min
with purified Rap1 as indicated under DNA and buffer conditions used in the replication assay and analysed by native agarose electrophoresis. Molecular
weight markers on the Rap1 gel indicated in kilodaltons. Bottom panel shows reactions performed as for the top panel except a 5-fold molar excess of
telomeric or non-telomeric DNA was added. (B) Replication reactions performed with telomeric or non-telomeric templates in the presence of the Rap1
concentrations indicated were analysed by alkaline electrophoresis (top panel) and native agarose electrophoresis (bottom panel). (C) Quantification of
unit length products after native agarose electrophoresis of replication products formed with the templates and Rap1 concentrations indicated. Average
of three independent experiments. Error bars show standard deviation. (D) Replication reactions performed in the presence or absence of 100 nM Rap1
and the templates indicated were analysed by alkaline agarose electrophoresis. Templates ‘4× R1’ and ‘2× R1’ contain either four or two consensus Rap1
binding sites in place of telomeric DNA (TG(1–3)), which contains seven consensus Rap1 binding sites.

We were unable to produce sufficient amounts of helicase
active Rrm3, but were able to express and purify the only
other Pif-family helicase in budding yeast, Pif1. Titration
of Pif1 into replication reactions caused the length and in-
tensity of OFs to increase (Figure 5A, lanes 1–4), consistent
with enhanced strand displacement synthesis by pol � (32).
However, in reactions containing Rap1, Pif1 also increased
the number of forks able to bypass the telomere and reach
the template end (Figure 5A, lanes 5–8 and Figure 5B). Pre-

vious work has found that ATP-dependent translocation
of Pif1 along single stranded DNA is able to remove even
tightly bound proteins (33). To examine whether the heli-
case activity of Pif1 is required for this bypass effect, we pu-
rified helicase inactive Pif1 in which lysine 264 has been sub-
stituted for alanine (34). Replication was slightly reduced in
the presence of this mutant (Figure 5C, lane 3); nonethe-
less, when Rap1 was added, helicase inactive Pif1 did not
increase the number of forks that could reach the template
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of replication in the presence of Rap1. Most forks are expected to stall on the telomere due to the roadblock effect of Rap1, giving rise to leading and
lagging strand products measuring 3 kb (scenario ‘1’). A fraction of forks bypass the telomere in the presence of Rap1 (left hand side of diagram), giving
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by native agarose electrophoresis (top panel). The lane was then excised and analysed by denaturing alkaline agarose electrophoresis. The position of unit
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consensus Rap1 binding sites in place of telomeric DNA (TG(1–3)), which contains seven consensus Rap1 binding sites.

end, indicating that DNA unwinding by Pif1 is required for
Rap1 bypass to take place (Figure 5C, compare lanes 4–6,
and FL fraction noted beneath the bottom panel). Notably,
Pif1 could still promote bypass in the absence of Pol � (Fig-
ure 5D), indicating that Pol �-mediated strand displacement
synthesis was not required. Furthermore, as Pif1 had no ef-
fect on the equilibrium binding of Rap1 to telomeric DNA

(Figure 5E, compare with Figure 3A), we favour a work-
ing model for the bypass process in which translocation of
Pif1 along single stranded DNA removes Rap1 specifically
in front of the replication fork (Supplementary Figure S5a;
see discussion).

In reactions containing Fen1 and Cdc9, Pif1 also in-
creased the amount of unit length products formed in the
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Figure 5. Pif1 promotes leading and lagging strand telomere replication in the presence of Rap1. (A) Replication products from reactions performed for 1
h with telomeric template in the presence or absence of 100 nM Rap1 and the Pif1 concentrations indicated were analysed by denaturing (top panel) and
native (bottom panel) agarose electrophoresis. (B) Quantification showing intensity of unit length bands after native agarose electrophoresis of products
from the reactions indicated. Average of three independent experiments. Error bars show standard deviation. (C) Replication products from reactions
performed for 1 h with telomeric templates in the presence or absence of 100 nM Rap1 with 15 nM wild type or helicase inactive Pif1 as indicated were
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Error bars show standard deviation. Statistical significance was calculated with Student’s t-test.
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presence of Rap1 (Figure 5F), even when replication prod-
ucts had been treated with Nb.BsmI prior to electrophore-
sis (Figure 5G and H). Since unit length products resistant
to Nb.BsmI should derive mostly from the nascent lagging
strand of the rightward fork, these data suggest Pif1 may
promote telomeric lagging strand synthesis as well as repli-
some progression when Rap1 is present. To examine this
idea, we calculated the fraction of full length products that
were resistant to Nb.BsmI in the presence or absence of
Pif1. Figure 5I shows that in reactions containing Rap1, the
Nb.BsmI resistant fraction of full length products increased
when Pif1 was added, although the difference was only sta-
tistically significant with 10 nM Pif1 (Figure 5I). Thus, in
addition to enabling the replisome to bypass Rap1, Pif1 may
help overcome the inhibitory effect of Rap1 on the telom-
eric lagging strand.

DISCUSSION

Semiconservative replication of telomeres ensures that chro-
mosome ends are protected from one cellular generation to
the next. Replication forks pause or stall during this pro-
cess, perhaps helping to preserve telomere integrity during
the replication process. Here, we have used an in vitro sys-
tem for DNA replication to examine the cause of this ef-
fect and found that whilst budding yeast telomeric DNA is
efficiently replicated in vitro, the telomere binding protein
Rap1 inhibits multiple stages of DNA replication and can
be partially overcome by Pif1 helicase.

Whilst telomeric DNA was replicated to completion
in unperturbed reactions, low concentrations of the G4-
stabilizing agent Phen-DC3 were sufficient to induce lag-
ging strand defects over the telomere (Supplementary Fig-
ure S2). As Phen-DC3 can act as a general replication in-
hibitor in vitro (Supplementary Figure S2b), it remains to
be determined whether this effect is due to stabilization of
G4s on the G-rich lagging strand template or to low lev-
els of replication stress that act synergistically with telom-
eric DNA. In any case, as the vast majority of replication
events on telomeric templates proceed to completion in un-
perturbed conditions (Figures 1 and 2), any inhibitory effect
of G-quadruplexes or secondary structures in general dur-
ing telomere replication is likely to require factors or com-
ponents in addition to the replisome. It will be interesting to
determine whether this is also the case for other sequences
such as trinucleotide or inverted repeats, which have also
been proposed to inhibit replication (35), and to examine
the effect of telomeric properties such as R-loops, which
can promote the assembly of secondary structures on G-
rich sequences (36). As replication initiates asynchronously
in vitro, a limitation of our study is that we are unlikely
to detect transient slowing or pausing of replication that
is less pronounced, and alternative approaches such as sin-
gle molecule imaging may ultimately be required to exhaus-
tively examine the kinetics of replication across specific se-
quences in vitro.

Our finding that Rap1 is a potent inhibitor of telomere
replication is consistent with previous in vivo work showing
that tethering of Rap1 to an internal chromosomal site in-
duces replication fork pausing (20) and that budding yeast
replication forks pause or stall at internal telomeric DNA

tracts that bind Rap1, but not at GC-rich tracts that do not
(12). Notably, we show that Rap1 not only acts as a road-
block to the replisome, but also potently inhibits lagging
strand replication behind the fork (Figure 4). We suggest
two non-exclusive models for how this may take place: first,
as protein blocks including Rap1 are known to inhibit Pol
� in simple strand displacement assays (37,38), binding of
Rap1 towards the 5′ end of a nascent Okazaki fragment
on the telomere could block the final stages of Okazaki
fragment processing (Supplementary Figure S5b, model i).
Second, as Rap1 can bind single-stranded G-rich telom-
eric sequences and promote G4 assembly (39,40), Rap1
may inhibit Pol � by inducing secondary structures on the
unwound lagging strand template (Supplementary Figure
S5, model ii). Whilst we cannot currently distinguish be-
tween these possibilities, artificial Rap1 binding sites that
are not G-rich are still able to induce Rap1-dependent lag-
ging strand defects (Figure 4), suggesting G-quadruplexes
are not obligatory for the effect we observe.

We have found that the roadblock effect of Rap1 can be
partially overcome by Pif1 (Figure 5), a member of the Pif-
family helicases that promote telomere replication in vivo
(3). Since Pif1 does not constitutively remove Rap1 from
the template, and is known to translocate on single stranded
DNA (33,41), we favour a working model for this process in
which Pif1- removes Rap1 in a replication coupled manner
(Supplementary Figure S5a). This model is consistent with
recent work showing that Pif1 can remove double hexam-
ers of the minichromosome maintenance (MCM) complex
from DNA during in vitro replication (26), and the idea that
Pif-family helicases work as ‘sweepases’ that generally re-
move protein blocks in front of the fork (42), a role that is
likely to be performed by Rrm3 in vivo (42). The mechanism
by which Pif1 promotes lagging strand replication in the
face of Rap1 will depend on the nature of the block encoun-
tered, but two possible models are presented in Supplemen-
tary Figure S5b. Notably, Rap1 is only partially overcome
by Pif1 in vitro, perhaps indicating that a factor or compo-
nent is missing or that the conditions in the assay are subop-
timal. However, since replication pauses at telomeres even in
wild type cells (3), an alternative possibility is that arrays of
Rap1 bound to each budding yeast telomere (43) are a par-
ticularly challenging barrier for Pif1 or Rrm3 to remove.
Indeed, tracts of Rap1 binding sites are converted into dou-
ble strand breaks in a replication-dependent manner in vivo,
indicating that at least a proportion of forks ‘stuck’ behind
Rap1 are processed and cleaved (20).

There are significant differences in the sequences and pro-
teins at telomeres in yeast and human cells. However, like
yeast Rap1, TRF1 and TRF2 use Myb-type domains to
bind human telomeric DNA (44), and RTEL1, which pro-
motes telomere replication in human cells (8) can remove
protein blocks from in front of the replication fork (45). It is
interesting to consider that in addition to facilitating repli-
cation by recruiting accessory factors to DNA (5), the hun-
dreds of shelterin molecules bound to each human telom-
ere (46) may also prove inhibitory in a manner analogous
to budding yeast Rap1. High concentrations of TRF1 and
TRF2 can block replication orchestrated by the viral heli-
case large T-antigen, in line with this idea (11). However,
as large T-antigen is heterologous to the CMG helicase and
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the impact of shelterin on lagging strand replication is yet to
be examined, further work is required to determine whether
this is indeed the case.
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