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Background: hTRF2 and hRap1 prevent non-homologous end joining and exist as a complex at human telomeres.
Results: The TRF2-Rap1 complex has high specificity for telomeres and a higher affinity for 3� telomeric ends than hTRF2.
Conclusion: hRap1 regulates the DNA binding characteristics of hTRF2.
Significance: This is the first evidence of hRap1 interacting with DNA and altering the affinity of hTRF2 for telomeric DNA.

The TRF2-Rap1 complex suppresses non-homologous end
joining and interactswithDNAPK-C to prevent end joining.We
previously demonstrated that hTRF2 is a double strand telom-
ere binding protein that forms t-loops in vitro and recognizes
three- and four-way junctions independent of DNA sequence.
How the DNA binding characteristics of hTRF2 to DNA is
altered in the presence of hRap1 however is not known. Here we
utilized EM and quantitative gel retardation to characterize the
DNAbinding properties of hRap1 and the TRF2-Rap1 complex.
Both gel filtration chromatography andmass analysis from two-
dimensional projections showed that the TRF2-Rap1 complex
exists in solution and binds to DNA as a complex consisting of
four monomers each of hRap1 and hTRF2. EM revealed for the
first time that hRap1 binds to DNA templates in the absence of
hTRF2 with a preference for double strand-single strand junc-
tions in a sequence independent manner. When hTRF2 and
hRap1 are in a complex, its affinity for ds telomeric sequences is
2-fold higher than TRF2 alone andmore than 10-fold higher for
telomeric 3� ends. This suggests that as hTRF2 recruits hRap1 to
telomeric sequences, hRap1 alters the affinity of hTRF2 and its
binding preference on telomeric DNA. Moreover, the TRF2-
Rap1 complex has higher ability to re-model telomeric DNA
than either component alone. This finding underlies the impor-
tance of complex formation between hRap1 and hTRF2 for
telomere function and end protection.

Eukaryotic chromosomes ends are protected by a combina-
tion of looped or fold-back structures and proteins that gener-
ate protective telomere-specific complexes (1, 2). In higher
eukaryotes, a set of six telomere-specific proteins termed the
shelterins has been identified, which are central to telomere
maintenance (3). In addition to the shelterins, the reverse tran-
scriptase telomerase and many general DNA replication and
repair factors complete the repertoire of proteins protecting

telomere ends (4–6). TRF1 and TRF2 bind directly to duplex
telomeric repeats through their myb domains, whereas the
other shelterins are suggested to scaffold onto these two pro-
teins (7, 8). TRF2 appears to be most central to these events. In
vitro TRF2 is able to generate t-loop structures in which the 3�
single strand (ss)2 overhang of the telomere invades the internal
double strand (ds) telomere regions to generate a large duplex
loop (1, 9). Furthermore, TRF2 is able to bind another shelterin
factor, Rap1, as well as numerous DNA replication and repair
factors including Ku 70, Apollo, MRN complex, WRN, Fen1,
ORC1, PARP1, and PARP2 presumably to tether these factors
near the chromosome end (10, 11). The complex of TRF2 and
Rap1 preventsNHEJ andworks withDNA-PK to suppress join-
ing of telomere ends and thus must be central to telomere
maintenance and architecture (12, 13).
The importance of TRF2 has been documented by studies

involving overexpression of dominant negative alleles andmore
recently inducible knock-outs of TRF2 (14, 15). These studies
show that TRF2 suppresses NHEJ and prevents chromosome
end-to-end fusions (14, 15). Additionally, down-regulation or
loss of TRF2 activates the ATM kinase pathway, induces the
formation of DNA damage induced foci, up-regulates p53, and
arrests cells at the G1/S checkpoint (16–18). The interaction of
TRF2 with telomeric DNA has been examined in detail in vitro
in this and other laboratories (9, 19, 20). The protein contains a
single myb domain as well as a dimerization domain and a
highly basic N terminus (7). Because two myb domains are
needed for stable DNA binding, the homodimer of TRF2 rep-
resents the minimal oligomer required for stable binding to
duplex telomeric DNA (21). TRF2 however is also able to bind
to DNA in a non-sequence but structure-specific manner,
mediated by the basic N terminus (19). These studies described
first in this laboratory showed that telomeric DNA is highly
prone to replication fork slippage, and thus, the binding of
TRF2 to slipped structures may be key in stopping further fork
slippage and preventing the generation of deleterious struc-
tures (19). Moreover, TRF2 prevents NHEJ at non-telomeric
sites through its basic domain (22).* This work was supported by National Institutes of Health Grants GM31819

and ES3773 (to J. D. G.).
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hRap1 was first identified by yeast two hybrid analysis with
hTRF2 as a bait (10). hRap1 binds directly to hTRF2 through its
RCT domain and pulldown experiments in human cell extracts
have identified stable complexes of hTRF2 and hRap1 (2, 10).
hRap1 is more abundant in the cell than hTRF2, and immu-
nodepletion of hRap1 results in a reduction of TRF2 levels (23).
In contrast, lowering TRF2with shRNA resulted in only amod-
erate change in the total Rap1 levels due to its overabundance
(24). This may indicate that in contrast to mouse Rap1, hRap1
does not require hTRF2 for its stability in the cell. It was sug-
gested that hRap1 does not bind DNA directly and is recruited
to human telomeres by its binding partner hTRF2 (10). How-
ever, as observed by CHIP analysis, hTRF2 and hRap1 have
distinct and overlapping binding sites along the chromosome
(25, 26). Furthermore, mammalian Rap1 is found at non-telo-
meric loci in addition to telomeres (25). Some of the non-telo-
meric sites have consensus (TTAGGG)2motifs, whereas others
do not (25). The localization of hRap1 to regions with
TTAGGG sequences could be through its interaction with
TRF2, but how it localizes to non-telomeric sites is not clear
(26).
Budding yeast Rap1 plays a role in transcription, telomere

length regulation, and end capping. Rap1 is themost conserved
shelterin component among different species (27), and
recently, hRap1 was shown to have similar functions to its yeast
counterpart. hRap1 regulates the expression level of genes that
are in close proximity to its binding sites and regulates telomere
length through its BRCT domain (11, 26). Moreover, Rap1
alone suppresses NHEJ in human extracts and homologous
recombination in mouse cells (23, 28). However, significantly
less is known about the function and role of Rap1 in human or
mouse cells in the suppression of the DNA damage response.
Our previous in vitro studies (9, 19) of the interaction of

TRF2 with telomeric DNA as well as Holiday junctions and
replication forks have led to a better understanding of its role in
telomere protection. To further understand the role of hRap1
alone or bound to hTRF2, it will be critical to determine how
the binding of hRap1 to hTRF2 augments or modifies its bind-
ing to telomeric DNA and to unusual DNA structures. In this
study, we characterized the DNA binding ability of hRap1 to
different model DNA templates in the absence of hTRF2 and
then tested how the binding preference and affinity is altered
when hRap1 is in a complex with hTRF2.

EXPERIMENTAL PROCEDURES

Preparation of DNA Molecules

Preparation of Linear Telomeric Templates—The pRST5
plasmid contains �575 bp of ds human telomeric DNA (9).
A plasmid containing �1.1-kb telomeric repeats, pOST6, was
prepared from pRST5 with expansive cloning as described in
Stansel et al. (9). The minichromosome template consists of
twomodel telomeres joined at their non-telomeric ends so that
ds telomericDNAwith 3� ss overhangs are present at both ends.
Theminichromosome templates were prepared similarly to the
model telomeres (9) by treating pRST5 with BsmBI and NotI
followed by 3� overhang ligation with a 1:10 molar ratio of
linear ds template to a 124-nt oligonucleotide consisting of

5�-TTAGGG-3� repeats (IDT, Coralville, IA). The NotI diges-
tion product has 5�-GGCC-3� ends that facilitate dimerization
at the nontelomeric ends upon ligation. Blunt end DNA mole-
cules were obtained by treating BsmBI digested pOST6 with S1
nuclease as described in the manufacturer’s protocol (Fermen-
tas, Inc., Glen Burnie, MD). To generate a template with a telo-
meric 5� overhang, BsmBI digested pOST6 was treated with
ExoIII on ice for 5 min per the manufacturer’s instructions
(New England Biolabs). A nontelomeric template with a 3�
overhang was generated by treating EcoRI-digested pGLGAP,
which does not contain telomeric repeats (29), with T7 exonu-
clease at room temperature for 40 s followed by incubation on
ice for 5 min (New England Biolabs).
Preparation of Stalled Replication Forks and Holliday

Junctions—To generate a circular ds DNA with a 400-nt single
strand tail, pGLGAP plasmid was nicked using Nb.BbvCI (New
England Biolabs), and the nicked strand was displaced by incu-
bationwith theKlenow fragment (exo-) ofDNApolymerase I in
the presence of dNTPs except for dCTP (29). To make the tail
ds with different gap sizes at the fork, primers were annealed to
the ss tail and incubated with Klenow (exo-) polymerase in the
absence of dGTP for 30 min at 37 °C (30). Preparation of telo-
meric and nontelomeric Holliday junctions were done as
described (31).
Preparation of DNA for EMSA—pRST1 plasmid, which con-

tains a 154-bp ds telomeric insert, was digestedwith BsmBI and
HindIII and the telomeric insert isolated by gel electrophoresis
(Qiagen, Germantown, MD). The purified insert was used as a
ds telomeric template for EMSA after the 5� ends were radiola-
beled with [�-32P]ATP in a standard T4 polynucleotide kinase
reaction as described by the manufacturer (New England Bio-
labs). To generate a radiolabeled telomeric template with a 3�
overhang, the gel isolated duplex DNA was ligated to a G-rich
oligonucleotide with eight telomeric repeats after the oligonu-
cleotidewas phosphorylatedwith [�-32P]ATP from its 5� end as
described above. A nontelomeric template with a 3� overhang
was prepared from two oligonucleotides with sequences: 5�-
ATAGCTAGACATAGACCTAGGATTCCGTAGCTAGCA-
CTGGCATACTGCTAGATCGCGATACTGGTCACTAGC-
TAGGCTACAGTCCTGACG-3� and 5�-CGCGATCTAGCA-
GTATGCCAGTGCTAGCTACGGAATCCTAGGTCTATG-
TCTAGCTAT-3� (MWG Operon, Huntsville, AL). Only
oligonucleotide 1 was phosphorylated at its 5� end with
[�-32P]ATP as described by the manufacturer with T4 polynu-
cleotide kinase (New England Biolabs) and annealed to oligo-
nucleotide 2 with a gradual cool down from 90 °C.
Purification of Proteins—The full-length hRap1 and hTIN2

geneswere purchased fromOpenBiosystems (Fisher Scientific,
Pittsburg, PA) and the full-length hTRF2 gene was a gift of Dr.
Christopher Counter. Each gene was cloned into the pFast-
BacHtA plasmid. The full-length NH2-terminal His6-tagged
hTRF2 was purified with a TalonTM metal affinity resin (Clon-
tech, Palo Alto, CA) from Sf21 extracts as described (32) and
stored in 20 mM Hepes (pH 7.5), 300 mM NaCl, 20% glycerol, 3
mM MgCl2, 1 mM DTT at �80 °C. The full-length NH2-termi-
nal His6-tagged hRap1 was purified with nickel-nitrilotriacetic
acid chromatography (Qiagen) fromHi-5 cell extracts (10) and
stored in 50mMNaPO4 (pH 7.5), 300 mMNaCl, 20% glycerol, 8
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mM �-mercaptoethanol. Similarly, NH2-terminal His6-tagged
hTIN2 was purified with nickel-nitrilotriacetic acid chroma-
tography (Qiagen) from Sf21 extracts (33) and stored at�80 °C
in 50 mMNaPO4, 150 mMNaCl, 8 mM �-mercaptoethanol, and
20% glycerol.
TRF2-Rap1 Complex Formation—TRF2-Rap1 complexes

were formed by incubating 100 �g of hTRF2 and 100 �g of
hRap1 on ice for 30 min in 10 mM Hepes (pH 7.5), 25 mM

NaPO4, 300 mM NaCl, 4 mM �-mercaptoethanol, 1,5 mM

MgCl2, 0.5 mM DTT, and 20% glycerol, followed by size exclu-
sion chromatography on Sepharose 6 (GEHealthcare) using an
elution buffer of 20 mM Hepes (pH 7.5), 300 mM NaCl, 20%
glycerol, 3 mMMgCl2, and 8mM �-mercaptoethanol. Fractions
collected from the Sepharose 6 size exclusion column (GE
Healthcare) were stored at �80 °C. To determine the elution
profile of the individual components, 100 �g of NH2-terminal
His6-tagged hTRF2 or NH2-terminal His6-tagged hRap1 pro-
teins were passed through the Sepharose 6 size exclusion col-
umn (GEHealthcare) in a buffer of 300mMNaCl, 20mMHepes
(pH 8.75), and 8 mM �-mercaptoethanol.

EM Analysis

Tungsten Shadowcasting—DNA-protein complexes in the
binding reaction mixture were cross-linked with 0.6% (w/v)
gluteraldehyde for 5 min at room temperature and passed
through 2-ml size exclusion columnswithA5Mbeads (Agarose
Bead Technologies) pre-equilibrated with 0.01 mM Tris-HCl
(pH 7.6) and 0.1 mM EDTA. The cross-linked complexes were
mixed with a buffer containing 2.5mM spermidine, adsorbed to
glow-charged carbon foil grids for 3min and dehydrated with a
series of water/ethanol washes, air-dried, and rotary shadow-
cast with tungsten at 1 � 10�6 torr as described (34). An FEI
Tecnai 12 instrument (Hillsboro, OR) equipped with a Gatan
Orius CCD camera (Gatan, Pleasanton, CA) at 40 kV was used
to capture the images using Digital Micrograph software.
Images for publication were arranged and contrast optimized
usingAdobe PhotoshopCS5 (Adobe Systems, San Jose, CA). At
least 100 molecules were scored in sequence as they were
encountered at the EM, and statistical analysis was done using
Student’s t test (Graphpad Software, Inc., La Jolla, CA).
Negative Staining and Mass Analysis—To generate the

TRF2-Rap1 complex for negative staining, hTRF2 (200 ng) and
hRap1 (200 ng) were incubated on ice for 30 min and then
diluted to 20 ng/�l in 20mMHepes (pH8.75) and 100mMNaCl.
To negative stain individual proteins, hRap1 or hTRF2 was
diluted to 20 ng/�l as above and stained with 2% (w/v) uranyl
acetate in water. Samples were examined in a Philips CM12
TEMat 80 kV, and images were captured on aGatan First Light
high sensitivity CCDcamera (Gatan, Pleasanton, CA). Negative
stained images (1500–2000) for each protein were analyzed
using NIH ImageJ software (Bethesda, MD) for mass determi-
nation as described previously in numerous papers from this
laboratory (31, 35). Ferritin was used as a size standard for these
experiments.
Mass Analysis of Proteins Bound to Holliday Junctions—

DNA-protein complexes were tungsten shadowcast as
described above and a size standard (ferritin) was prepared
side-by-side for each experiment (31). Images were captured as

described above (Tecnai 12, Hillsboro, OR). For each protein�
100 images were analyzed with NIH ImageJ software to deter-
mine the area distribution.
Electrophoretic Mobility Shift Assays—DNA binding reac-

tions were done at room temperature for 20 min in 20 mM Tris
(pH 8.0) at different protein concentrations and 5 nM DNA
template. Reactions were quenched with 2.5 mM EDTA, 5%
glycerol, 0.25 mg of bromphenol blue and 0.25 mg of xylene
cyanol and loaded onto a 4% native polyacrylamide gel. The
dried gel was analyzed by autoradiography and imaged with a
Typhoon 9400 phosphoimager (Amersham Biosciences).
Graphpad prism softwarewas used for the nonlinear regression
analysis to determine Kd values (GraphPad Software, Inc., La
Jolla, CA). To verify that binding is specific to hRap1, a His-
tagged antibody was used in the binding reactions as described
above and the antibody amount in the reaction was determined
according to manufacturer’s protocol (ABGENT, San Diego,
CA).

RESULTS

hRap1 Binds to Minichromosomes, Holliday Junctions, and
Replication Forks—TheDNAbinding ability of hRap1 has been
previously examined using gel shift assays employing short (72
bp) ds human telomeric DNAor ss and ds yeast telomeric DNA
(10). By this approach, hRap1 did not show significant binding
to telomeric DNA. However, short DNAs do not recapitulate
the full telomere architecture, and thus, we used EM to examine
the DNA binding ability of hRap1 using DNA templates in the
range of 0.7 to 7 kb, including the minichromosomes, Holliday
Junctions and replication forks illustrated in Fig. 1, A–C. The
minichromosome templatemimics a human chromosomewith
a 6-kb segment of plasmid DNA flanked by �575 bp of repeat-
ing 5�-TTAGGG-3� duplex repeats at both ends terminating in
120-nt, 3�-TTAGGG overhangs (Fig. 1A). We also used a Hol-
liday junction (HJ) with 175-bp intersecting arms and a similar
size telomericHJwith twoTTAGGGrepeats at the intersection
site (Fig. 1B) (36). Finally, a replication fork was created from a
3.4-kb duplex circle that contains a �400-bp displaced arm
with different gap sizes at the fork (30), which enables us to test
the ability of proteins to bind to junction sites through structure
recognition as these replication forks do not contain telomere
repeats (Fig. 1C).

Human Rap1 was purified from insect cells. To examine the
binding preference of each protein on the different DNA tem-
plates, sub-saturating ratios of protein:DNA were used to gain
evenly sized particles on the DNA and to avoid a significant
number of aggregates consisting of multiple DNAs bound
together by protein. To do this, different protein:DNA ratios
were tested, and the ones that yielded roughly one-half of the
DNA bound by protein, while �10% was in aggregates, were
selected. The optimal binding for each protein was observed at
14:1 and 26:1 protein tetramers:DNA molar ratios for hTRF2
and hRap1, respectively. hTIN2 interacts with hTRF2 (37) but
has not been shown to interact with telomeric DNA directly,
whereas the behavior of hTRF2with similar templates has been
studied previously (19, 37). Thus, hTIN2 and hTRF2 were used
as controls in these assays. Supplemental Fig. 1 shows the bind-
ing of hTRF2 to the minichromosomes (supplemental Fig. 1A),
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a replication fork with a 25-nt gap (Gap25) (supplemental Fig.
1B), and telomeric HJs (supplemental Fig. 1C). In each case,
hTRF2 bound to the three- and four-way junctions confirming

previous findings (19). Under the same binding conditions even
with as many as 568 hTIN2 protein monomers to DNA, TIN2
did not bind to the minichromosome (data not shown). hRap1
localized to the telomeric ends of the minichromosomes (Fig.
1D), to the crossover of the telomeric HJ (Fig. 1E), and to the
fork junction of Gap25DNA (Fig. 1F). In each case, the protein-
bound DNA species showed a uniformly sized and shaped pro-
tein particle bound. hRap1 has an N-terminal histidine tag and
to confirm that the binding activity was specific to hRap1, we
did an EMSAwith an anti-His tag antibody. TheDNA template
used was 57-nt-long with a 33-nt 3� overhang and did not con-
tain any telomeric sequences (see “Experimental Procedures”).
The lack of a shift with antibody alone but the presence of a
supershift with the antibody and hRap1 confirmed the binding
activity to be specific to hRap1 (Fig. 1G). These data suggest
that hRap1 has the ability to directly interact with DNA.
hRap1 Binds to ds-ss Junctions Independent of Sequence but

Prefers 3� Overhang Structures over 5� Overhangs—We previ-
ously showed that hTRF2 binds to replication forks, HJs, and
ds-ss overhangs independent of sequence (19). Because hRap1
bound to the sameDNA templates, wewished to quantify bind-
ing of hRap1 with different DNA templates. On replication
forks andHolliday junctions, themajority of hRap1 localized to
the junction site (Fig. 2A) at comparable levels with hTRF2,
confirming that hRap1 recognizes three- and four-way junc-
tions. Scoring the distribution of hRap1 molecules along the
minichromosomes, we found that hRap1 localizes to the ter-
mini of the minichromosomes containing the 3� ds-ss junction
site with a �13-fold greater preference over the ds telomeric
DNA (Fig. 2B).When the 3� ss overhang was removed, the total
hRap1-binding dropped to background levels, confirming that
hRap1 specifically recognizes the ds-ss junctions of minichro-
mosomes (Fig. 2C).
We wanted to determine whether localization of hRap1 to

minichromosomes is sequence- or structure-dependent.
Human telomeres engaged in homologous recombination-de-
pendent telomere maintenance have 5� C-rich overhangs (38).
To further probe the structure specificity of hRap1 binding, we
used a linear template containing a 1.1-kb telomeric tract at one
end and then digested it with a 3� to 5� exonuclease to generate
5� tails up to 340 nt in length (as seen by EM). hRap1 was found
to preferentially bind to DNAwith 3� overhangs over 5� ends as
does hTRF2 (Fig. 2D). To examine the sequence specificity of
hRap1 binding at junction sites, a linear 3.5-kb nontelomeric
plasmid DNA was digested with a 5� to 3� exonuclease to gen-
erate 3� overhangs of an average of�560 nts. hRap1 localized to
the 3� ends of the telomeric and nontelomeric linear templates
equally with no statistical difference, whereas hTRF2 showed a
preference for telomeric DNA with 3� overhangs (Fig. 2E).
There was no significant effect of the presence of telomeric
sequences at HJs on hRap1 binding (supplemental Fig. 2).
These findings suggest that hRap1has a strong preference for 3�
ends on linear templates and has the ability to interact with the
ds-ss junction sites independent of their sequence, in contrast
to hTRF2. The 3� G-rich overhang at telomeric ends is a
requirement for the formation of a t-loop (1, 9), and thus, we
addressed the t-loop forming ability of hRap1. Despite binding
to junction sites, hRap1 formed t-loops 5-fold less well when

FIGURE 1. hRap1 binds to model DNA templates. Schematic representa-
tions of the minichromosome (A), replication fork with a 25-nt gap (B), and
Holliday junction templates (C). Black regions correspond to the telomeric
DNA. Tungsten shadowcast images of hRap1 illustrate protein bound to the
minichromosome (D), replication fork (E), and telomeric Holliday junction
template (F). Data are shown in reverse contrast. Scale bar in D and F are 100
nm and is 50 nm in E. Shown is EMSA with 4% PAGE demonstrates hRap1
bound to the nontelomeric template with a 3� overhang in the presence and
absence of anti-His6 antibody (G).
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comparedwith hTRF2, suggesting that this is not a strong activ-
ity for hRap1 alone (Fig. 2F).
hTRF2-Rap1 Complex Is Formed from Four Molecules of

hRap1 and FourMolecules of hTRF2—The oligomeric states of
proteins can influence their binding characteristics. hTRF2 and
hRap1 exist in a complex at human telomeres (2, 39), and
although it has been demonstrated that they exist in a 1:1 ratio
(39), their oligomeric state is unknown. Therefore, we ana-
lyzed the mass of hRap1, hTRF2, and the TRF2-Rap1 com-
plexes in the absence of DNA by EM. The TRF2-Rap1 com-
plex was formed from the purified proteins (see
“Experimental Procedures”). In negative-stained fields of
hTRF2 (Fig. 3A), Rap1 (Fig. 3B), and the TRF2-Rap1 complex
(Fig. 3C), a variety of particle sizes and shapes were observed
for all three, but in each case, there was a predominant par-
ticle, and there was a clear size difference between hTRF2,
hRap1, and the TRF2-Rap1 complex.
To obtain estimates for the mass of the predominant species

in each preparation, we compared their projected areas in the
negative-stained images to that of ferritin as carried out in pre-
vious studies (31). The projected area distributions of the
TRF2-Rap1 complex showed a wider range than that of hTRF2
or hRap1 (Fig. 3D) and presents a good example of a positively
skewed Gaussian distribution (supplemental Fig. 3D), which
could result, for example, from a cylindrical shape for the
TRF2-Rap1 complex rather than spherical shape as observed in
hTRF2 and hRap1 where the size distribution would be much
more narrow. Analysis of 715–2135 particles (see “Experimen-

tal Procedures”) yielded an estimatedmass of 136� 0.4 kDa for
hTRF2, 221 � 0.3 kDa for hRap1, and 496 � 1.0 kDa for the
TRF2-Rap1 complex (Table 1).
Size exclusion chromatography was used to confirm the EM

results. The TRF2-Rap1 complex (see “Experimental Proce-
dures”), hRap1, and hTRF2were passed through a Sepharose S6
matrix, and each fraction was analyzed by SDS-PAGE followed
by Coomassie Blue or Coomassie Orange staining (supplemen-
tal Fig. 4,A andB). Based on parallel filtration ofmass standards
using the same column, hTRF2 eluted in a single peak equiva-
lent to amass of 121 kDa, and hRap1 eluted in awider peakwith
a mass of 285 kDa. When hTRF2 was in a complex with hRap1
there was a significant shift of the peak in the elution profiles.
The co-complex was found to elute as a wide peak with a mass
of �496–514 kDa likely due to the high glycerol concentration
of the column buffer (supplemental Fig. 4C). To determine the
TRF2 to Rap1 ratio in the complex, SDS gel electrophoresis of
the TRF2-Rap1 complex was carried out and the gel stained
with a quantitative dye, CoomassieOrange. Analysis usingNIH
ImageJ software revealed that hTRF2 and hRap1 are in 1:1.17
ratio (Fig. 3E), confirming previous findings (39).
In summary, similar masses were obtained from the EM and

gel filtration: 121 to 136 kDa for hTRF2, 221 to 285 kDa for
hRap1, and 496 to 514 kDa for the TRF2-Rap1 complex. The
mass estimates derived by EM and gel filtration are in good
agreement, but in the future, other methods may be applied to
further confirm these findings. To deduce the oligomeric state
corresponding to these masses, we used published protein val-

FIGURE 2. hRap1 recognizes the 3� ds-ss junction structures independent of sequence. A illustrates that both hRap1 and TRF2 have a strong and similar
preference for binding to the ss-ds junction at replication fork with a 25-nt gap and the crossover at the HJ. B illustrates the strong preference for hRap1 binding
to the end of the minichromosome containing a 3� ss extension as contrasted to binding internally along the ds telomeric segment. C showed the strong
preference for hRAP1 binding to the minichromosome containing a 3� ss extension as contrasted to the same but blunt-ended DNA. D shows that both hRap1
and TRF2 prefer to bind at the ss-ds junction of DNAs with a 3� overhang as contrasted to a 5� overhang. E compares the binding to DNAs containing 3�
overhangs joined to either telomeric ds segments or non-telomeric. F compares the t-loop formation percentages of hRap1 and hTRF2 on the minichromo-
some. Each binding experiment was done in triplicate, and at least 100 molecules were counted. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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ues, determined by SDS-PAGE, as a reference (hTRF2 � 70
kDa, hRap1� 60 kDa) (39). The calculatedmasses based on the
DNA sequence do not take into account post-translational

modifications, and these can change the mass and shape of the
protein and thus their mobility on size exclusion chromatogra-
phy. Indeed, hTRF2 is known to migrate at a much higher
apparent mass in gel filtration than its calculated mass and one
explanation offered is its flexible structure due to the presence
of the long unstructured linker domain (21). The values equate
to a dimer for TRF2 and a tetramer for hRap1. Even though
various combinations are possible because hRap1 exists as a
tetramer and hTRF2 is stable as a dimer in solution, and they
exist in 1:1 ratio, we conclude that the TRF2-Rap1 complex
consists of a 4:4 complex consisting of one tetramer of hRap1
and either two dimers of hTRF2 or a tetramer of both proteins
(Table 1).
TRF2-Rap1 Complex Recognizes Three- and Four-way Junc-

tions and Binds to DNA in as a 4:4 Complex—hRap1 and
hTRF2 are present at human telomeres and have been identi-
fied in cell extracts in complex with each other. However, little
is known about the binding preference of this complex on dif-
ferent templates or whether the affinity of the complex is dif-
ferent from its components. To examine the binding preference
of the TRF2-Rap1 complex, we used the same model junction
templates described above and found that a molar ratio of 7:1
TRF2-Rap1 complex to DNA provided optimal binding for EM
studies (Fig. 4 and Fig. 5). The TRF2-Rap1 complex bound to
the Gap25 and telomeric HJ DNAs in a manner similar to
hRap1 and hTRF2 alone (Fig. 4, A and B), and localized specif-
ically to the junction of gap25 and telomericHJDNAs (Fig. 4C).
No significant difference in binding or preference was observed
on the telomeric HJ versus nontelomeric HJs (Fig. 4D). These
results suggest that the 4:4 complex of TRF2-Rap1 can also
recognize three- and four-way junctions independent of
sequences.
Whenmass analysis was carried out on tungsten shadow cast

proteins bound to telomeric HJ DNA (Table 2) (corresponding
Gaussian distributions are in supplemental Fig. 5), as described
above, the masses obtained were 276 kDa for hRap1 and 476
kDa for the TRF2-Rap1 complex, which were consistent with
the negative staining and gel filtration values. The only excep-
tion was that the estimatedmass for hTRF2 was 315 kDa, argu-
ing that it is a tetramer when it is bound to DNA, consistent
with the observation of Fouche et al. (19). Therefore, hTRF2
and hRap1 bind to telomeric HJ as tetramers, whereas the
TRF2-Rap1 complex binds to telomeric HJs as a 4:4 complex of
each protein.
TRF2-Rap1 Complex Has Higher Specificity for Telomeric

DNA and Junction Structures than hTRF2 or hRap1 Alone—In-
cubation of the TRF2-Rap1 complex with the minichromo-
some template revealed binding along the internal duplex telo-
meric region (Fig. 5A), at the ends with the ds-ss junction (Fig.
5B), or both (Fig. 5C). Because the duplex telomeric DNA con-
stitutes one-twelfth of the total DNA length from each end of
the minichromosome molecule, we were able to verify binding
at the ds telomeric regions bymeasuring the length of the DNA
from its end to the protein-binding site. When protein mole-
cules were examined in detail from 60 examples, it appeared
that the ds DNA passed through the TRF2-Rap1 complex as
contrasted to binding on one side (Fig. 5E). On the minichro-
mosomes, the major preference for binding was to the ds-ss

FIGURE 3. Mass and oligomeric state analysis of hRap1, hTRF2, and the
hRap1-TRF2 complex. Representative negative stained images of hTRF2 (A),
hRap1 (B), and the TRF2-Rap1 complex (C) are shown as fields and an array of
selected single particles at higher magnification. Bars are equivalent to 200
nm. Area distributions of single protein particles and ferritin as a size standard
were calculated from two-dimensional projections of the EM images (D). The
TRF2-Rap1 complex was separated using 10% SDS-PAGE and stained with
Coomassie Orange to determine the ratio of hRap1 to hTRF2 (E).
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junction site (Fig. 5F). However, approximately one-third of the
bound complexes were localized to the internal duplex telo-
meric DNA, which is a significantly higher value than the per-
centage of hRap1 or hTRF2 molecules alone bound to the ds
telomeric DNA on the minichromosome where the binding
was at background levels for both proteins (Fig. 5G). These data

suggest that in addition to binding to the DNA junction, the
TRF2-Rap1 complex has a second binding site available to it on
the duplex telomeric DNA; the complex binds more readily to
this region than hTRF2 and hRap1 alone.
To examine the influence of sequence on TRF2-Rap1 com-

plex binding, we used the linear nontelomeric template with a
3� overhang used for hRap1 binding reactions (described
above). Under the same reaction conditions, the amount of the
TRF2-Rap1 complex bound to the nontelomeric template was
2.5-fold less than to the minichromosomes (Fig. 5H). On the
minichromosome, the majority of the TRF2-Rap1 complexes
were observed at the ds-ss junction site while on the nontelo-
meric linear template, no preferential binding was observed
(data not shown). These observations reveal that the TRF2-
Rap1 complex has high specificity for telomeric sequences with
amajor preference being the ds-ss junction site at the end of the
telomere.
The TRF2-Rap1 complex formed a new structure with the

minichromosome template in which both ends of the DNA
were joined by the protein complex in a circle: 9% of the DNA
was observed in this form (Fig. 5D). Neither hRap1 nor hTRF2
alone exhibited this property (data not shown). Intermolecular
bridges between two or more DNAmolecules were present but
at very low levels, likely reflecting the low DNA concentration
used in the binding reaction. As the TRF2-Rap1 complex con-
centration was increased, the amount of circles, whichmight be a
different form of t-loops, increased. When the TRF2-Rap1 com-
plex concentration was titrated down to a lower level where
hTRF2no longermakes t-loops, thepercentageofDNAsarranged
into t-loopsby theTRF2-Rap1complexwas9% (Fig. 5I). This find-
ing suggests that the TRF2-Rap1 complex has higher capacity to
re-model telomeric DNA than TRF2 or Rap1 alone.
Kd Values for DNA Binding Confirm the EM Observations—

The higher specificity of the TRF2-Rap1 complex binding to
telomeric sequences, observed by EM, could be due to a change
in the substrate affinity whenTRF2 andRap1 form the 4:4 com-
plex. To further explore this, we determined theKd values of the
two individual proteins and the complex on telomeric and non-
telomeric DNA templates. A telomeric duplex DNA template
of 154 bp with or without a 3� 54-mer G-rich overhang and a
nontelomeric template with a 57-bp ds region that has a 33-nt
3� overhang were prepared, incubated with TRF2, Rap1, or the
TRF2-Rap1 complex in similar binding conditions to the EM
assays and quantified as described under “Experimental Proce-
dures.” Table 3 summarizes the Kd values obtained for each

TABLE 1
Size analysis of hRap1, hTRF2, and the TRF2-Rap1 complex in solution
The estimated mass values obtained from the statistical analysis of the area distributions derived from negative staining as in Fig. 3 and the size exclusion chromatography
(supplemental Fig. 4) are shown with the corresponding oligomeric states.

Calculated mass Expected mass Oligomeric state

kDa kDa
Size exclusion chromatography
hTRF2 121 140 Dimer
hRap1 285 240 Tetramer
TRF2-Rap1 514 520 TRF2 and Rap1 tetramers

Negative staining
hRap1 221 240 Tetramer
TRF2-Rap1 496 520 TRF2 and Rap1 tetramers
hTRF2 136 140 Dimer

FIGURE 4. The hTRF2-Rap1 complex recognizes replication forks and Hol-
liday junctions. The TRF2-Rap1 complex localizes to the junction site of the
replication fork (A) and the telomeric HJ DNA (B). Junction preference of the
protein bound molecules on the DNA templates is in C, whereas D represents
the sequence preference of the hTRF2-Rap1 complex on the HJ DNAs. Each
EM binding reaction was done in triplicate, and 100 molecules each were
counted. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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FIGURE 5. The binding properties of the TRF2-Rap1 complex along the minichromosome. Tungsten shadowcast images of the TRF2-Rap1 complex on the
minichromosome illustrate the protein bound to the ds-ss junction and/or to the ds telomeric DNA (A–C). An example of the TRF2-Rap1 complex bringing the
ends of the minichromosome together to form a circle is depicted in D. Bars in A–D are equivalent to 100 nm. In high magnification images, the ds telomeric
DNA appears to pass through the TRF2-Rap1 complex (E). Analysis of the binding preference of the TRF2-Rap1 complex along the minichromosome DNA is in
F, showing significant binding to the internal duplex telomeric sequences. G further compares the binding percentages of hRap1, hTRF2, and the complex to
the ds telomeric DNA segments of the minichromosomes. The effect of DNA sequence on the binding of the TRF2-Rap1 is shown in H. I demonstrates the
comparison of the t-loops formed by the TRF2-Rap1 complex and hTRF2 at 10 nM protein concentration. Corresponding p values are shown by the different
number of asterisks on each graph as described in the legend to Fig. 2.
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template and protein and the Hill coefficients determined for
the telomeric 3� overhang DNA. Typical EMSA gels are shown
in supplemental Fig. 6, and graphs are shown in supplemental
Fig. 7. Hill coefficients on the model telomere template are
2.4 � 0.4 for hRap1, 5.3 � 1.3 for hTRF2, and 3.3 � 0.6 for the
complex. All values are �1.5, showing that each protein has
positive cooperativity of binding. hRap1 has the lowest affinity
for ds telomeric DNA (Kd of 265 � 57 nM) and has very similar
affinity for telomeric and nontelomeric 3� overhang structures
(119 � 12 nM and 161 � 25.3 nM). These data are consistent
with the EM observations and confirm that hRap1 prefers ds-ss
junction sites irrespective of sequence. hTRF2 binds three
times tighter to ds telomeric regions than hRap1, and both
hRap1 and hTRF2 have similar affinities for nontelomeric junc-
tions (161 � 25.3 and 133 � 16.36 nM). The Kd of hTRF2 on ds
telomeric DNA is lower than the previously published value of
180 nM (40). The major reason for the tighter binding we
observed could be the higher pH of the binding buffer, which
inhibited TRF2 aggregation in solution. When telomeric
sequences are present, the affinity of hTRF2 for junction sites is
nearly two times that of hRap1. Consistent with EM, hTRF2
prefers telomeric junction sites over nontelomeric, whereas
hRap1 has a slight preference for telomeric junction sites.
When both proteins were present in a 4:4 complex, we

observed a great increase in the affinity for telomeric DNA. The
binding affinity increased a minimum of 2-fold on ds telomeric
DNAand�10-fold on themodel telomere structure containing
a 3� overhang. The TRF2-Rap1 complex has a 5-fold higher
affinity for 3� ds-ss junctions than ds telomeric regions. The
TRF2-Rap1 complex cannot bind to the nontelomeric 3� over-
hang structures even if the molarity of protein used in the reac-
tion was up to three times the molarity in other binding reac-
tions. The significant increase in affinity of the TRF2-Rap1
complex for internal duplex telomeric regions and for telomere
3� overhang structures explains the dual binding of the TRF2-
Rap1 complex along the minichromosome.

DISCUSSION

To understand the role of hRap1 at telomeres, we studied the
DNA binding characteristics of hRap1 and the TRF2-Rap1
complex on different DNA templates that mimic telomeric
structures. In this study, we demonstrated that hRap1 directly
interacts with ds-ss DNA junctions in the absence of hTRF2.
The specificity of hRap1 for junction sites is structure specific
rather than sequence-specific. The dissociation rates of hRap1
and hTRF2 at nontelomeric 3� ds-ss junction sites are similar in
value, but in the presence of adjoining duplex telomeric DNA,
hTRF2 shows tighter binding. Each protein binds to DNA as a
tetramer andwith positive cooperativity. The TRF2-Rap1 com-
plex is �500 kDa and consists of four molecules each of TRF2
and Rap1. When hRap1 and hTRF2 form a complex, the bind-
ing specificity for telomeric DNA increases significantly. As the
affinity for ds telomericDNA increases bymore than 2-fold, the
affinity for the 3� telomeric ds-ss junction sites increases by
more than 10-fold. Interestingly, the affinity of the TRF2-Rap1
complex for linear nontelomeric DNA with a 3� overhang is
lost, indicating that upon complex formation, there is a signif-
icant change in substrate specificity.
In this work, we found that hRap1 directly binds to DNA and

has a preference for ds-ss junction sites. However, it was previ-
ously reported that hRap1 does not bind to DNAon its own but
rather needs hTRF2 for binding (10). The reason for this con-
tradiction is most likely the different sets of DNA templates
employed. Li et al. (10) tested the DNAbinding ability of hRap1
using a 72-bp DNA template with ds human telomeric repeats
or ds and ss yeast telomericDNA templates and did not observe
binding upon addition of hRap1. They suggested that the lack of
binding was due to the neutral character of the myb domain.
Weusedmuch longerDNA templates and oneswith ds-ss junc-
tion structures or with three- and four-way junctions. We
observed that hRap1 does not bind ds telomeric DNA but has
high preference for ds-ss junctions. Moreover, hRap1 has sim-
ilar Kd values for telomeric and nontelomeric ds-ss junctions,
demonstrating that its myb domain does not directly bind to
telomeric duplexDNA, andNMR studies revealed that themyb
domain does not contain charged residues on the surface (41),
in contrast to the myb domain of hTRF2, which is positively
charged (40). On the other hand, the affinity of hTRF2 for ds-ss
ends increases in the presence of telomeric sequences, which
could reflect the presence of its positively chargedmyb domain.
Thus, hRap1 appears to recognize ds-ss junction structures in
the absence of hTRF2 and without a sequence preference.
Previously, Li et al. (10) failed to detect a change in the dis-

sociation rate of hTRF2 when TRF2 is in complex with hRap1.
With a similar template, we observed a 2-fold increase in bind-

TABLE 2
Mass and oligomeric state of hRap1, hTRF2, and the TRF2-Rap1 complex on telomeric Holliday junctions
Mass, mean area, and the oligomeric state of each protein were obtained from the two-dimensional projection analysis of the tungsten shadowcast images as in Figs. 1 and
4. Masses were calculated based on using ferritin as a size standard. Area distributions with Gaussian fits are shown in supplemental Fig. 5.

Bound to telomeric Holliday junction
No. of molecules

counted
Mean
area

Calculated
mass

95% Confidence
Interval �/� No. of oligomers

pixel kDa kDa
TRF2 168 13,771 315 1.6 Tetramer
Rap1 87 10,472 256 2.1 Tetramer
TRF2-Rap1 complex 119 15,823 475 3.3 Tetramer of TRF2 and Rap1

TABLE 3
Affinity of hRap1, hTRF2, and the TRF2-Rap1 complex on telomeric
and nontelomeric DNA templates
The dissociation constants of hRap1, hTRF2, and the TRF2-Rap1 complex on the
telomeric and nontelomeric DNA templates with a 3� overhang or on the duplex
telomere DNA are presented derived from electrophoretic experiments shown
in the supplemental Figs. 6 and 7. The Hill coefficient values of each protein on the
model telomeric DNA are shown with the error values.

Hill
coefficient

KD

Telomeric 3�
overhang

Duplex telomere
template

Nontelomeric 3�
overhang

nM nM nM
hRap1 2.4 � 0.4 118.9 � 12.1 265.0 � 57.2 161.3 � 25.3
hTRF2 5.3 � 1.3 64.7 � 3.4 85.5 � 11.6 133.0 � 16.4
hTRF2-hRap1 3.3 � 0.6 5.8 � 0.3 37.0 � 9.1 No binding
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ing affinity for ds telomeric DNA and 10-fold increase in bind-
ing affinity for 3� telomeric ds-ss ends. The reason of the differ-
ence may lie in the assay conditions. In their assay, hTRF2 and
hRap1 were added to the ds telomeric DNA sequentially, and
DNA was already bound by hTRF2 when hRap1 was added.
However, in our assays, the TRF2-Rap1 complex was formed
first. Consistent with their finding (10), we did not observe any
positive cooperativity of binding on a duplex telomere tem-
plate. In contrast, the TRF2-Rap1 complex shows positive
cooperativity of binding in the presence of a 3� overhang struc-
ture and the affinity of binding increases by 10-fold compared
with TRF2 alone.
We observed that both hRap1 and hTRF2 have the ability to

bind to nontelomeric junction sites with similar affinities, rais-
ing the question what domain is responsible for the DNA bind-
ing ability of hRap1.We previously showed that theN-terminal
basic domain facilitates the binding of hTRF2 to junction struc-
tures independent of sequence through a 16-amino acid stretch
with eight positive charges (19). Similarly, an 18-amino acid
stretch with five positive charges is present at the N-terminal
BRCTdomain of hRap1 (10). This is consistent with the finding
of a single BRCT domain involved in the DNA binding of
TopBP1 (42), XRCC1 (43) and replication factor C (44) to ds-ss
junctions. Thus, the BRCT domain of hRap1 may account for
its binding to these ds-ss junctions. Alteration of telomere
length upon deletion of the BRCT domain in Rap1 underlines
the importance of this domain for its function (11, 45). In the
future, further analysis with deletion mutants should help elu-
cidate the role of the BRCT domain of hRap1, including how
the binding of hRap1 to DNA is affected by its interaction with
hTRF2 and how the binding properties of hTRF2 to DNA are
affected when it is complexed with hRap1. It is always possible
that the effect of hRap1 on hTRF2 is dependent on its DNA
binding activity and that the increase in its affinity for telomeric
DNA may be due to allosteric interaction between hRap1 and
hTRF2. Moreover, the DNA binding activity of hRap1 may be
important for non-telomeric functions at internal sites on the
chromosomes but at the telomere requires hTRF2 as a partner.
hRap1 binds to junction sites and alsomodulates the binding

of hTRF2 along linear telomeric DNA by facilitating a positive
cooperativity of binding and by increasing its affinity for telo-
meric sequences. Moreover, we found that the duplex telo-
meric region is required for binding of the complex because
even if the 3� overhang structure was present, the TRF2-Rap1
complex could not bindwhen duplex telomeric sequences were
absent. Indeed, the TRF2-Rap1 complex bound to the ds telo-
meric DNA in the absence of a 3� ds-ss junction with a �2-fold
higher affinity than the individual components. The observa-
tion that one-fourth of the TRF2-Rap1 complexes localized
within the ds telomeric region and three-fourths of the TRF2-
Rap1 complexes were at the ds-ss junction site (or both at the
junction site and the ds telomeric DNA) indicate that once the
3� overhang is available, the TRF2-Rap1 complexes can slide
and until it reaches the ds-ss junction where it binds tighter.
These observations lead to the following model.
During telomere extension, the newly synthesized DNA will

be exposed and needs to be coated with histones and/or shel-
terin components that bind to the ds telomeric DNA. The 3�

overhang is generated by the end processing machinery later in
S phase and thus should not be available as a binding site (46).
We propose that (Fig. 6) TRF2 and Rap1 bind to the ds telo-
meric DNA as a complex due to the higher affinity of the com-
plex for ds telomeric DNA than either individual component.
Once the 3� overhang is formed, the TRF2-Rap1 complex slides
to the junction site, and it remains due to its � 6-fold lower Kd
value for the junction over duplex telomeric DNA and thus
covers the open telomere end. On long telomeres, the TRF2-
Rap1 complex could initiate t-loop formation and preventDDR
or as the telomere length becomes shorter (to a level where the
t-loops cannot be formed) thenwith its very high affinity for the
3� ds-ss telomeric end, the TRF2-Rap1 complex could suppress
the unnecessary DDR by blocking the end and making it less
accessible to DNA repair proteins. Indeed, the finding that very
short telomereswithout t-loops exist stably in vivo (47), that the
TRF2-Rap1 complex can prevent NHEJ of telomeres with less
than 10 repeats and in the absence of Rap1, can only be com-
pensated by significantly high amounts of hTRF2 to facilitate
end protection (12, 48) provide support to this model. Depend-
ing on what parameter one measures, the loss of Rap1 in cells
may be considered to be important for end protection or not
(12, 28). This illustrates importance of further work that will
better link end protection in vivo with the physical complexes
and structures formed at telomere by the shelterin.
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