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ABSTRACT

G-quadruplexes are four-stranded nucleic acid struc-
tures involved in multiple cellular pathways includ-
ing DNA replication and telomere maintenance. Such
structures are formed by G-rich DNA sequences
typified by telomeric DNA repeats. Whilst there is
evidence for proteins that bind and regulate G-
quadruplex formation, the molecular basis for this re-
mains poorly understood. The budding yeast telom-
eric protein Rap1, originally identified as a transcrip-
tional regulator functioning by recognizing double-
stranded DNA binding sites, was one of the first pro-
teins to be discovered to also bind and promote G-
quadruplex formation in vitro. Here, we present the
2.4 Å resolution crystal structure of the Rap1 DNA-
binding domain in complex with a G-quadruplex. Our
structure not only provides a detailed insight into
the structural basis for G-quadruplex recognition by
a protein, but also gives a mechanistic understand-
ing of how the same DNA-binding domain adapts to
specifically recognize different DNA structures. The
key observation is the DNA-recognition helix func-
tions in a bimodal manner: In double-stranded DNA
recognition one helix face makes electrostatic inter-
actions with the major groove of DNA, whereas in G-
quadruplex recognition a different helix face is used
to make primarily hydrophobic interactions with the
planar face of a G-tetrad.

INTRODUCTION

G-quadruplexes (or G4s) are four-stranded nucleic acid
structures know to form in nucleic acid sequences that con-
tain runs of adjacent guanines (G-tracts). The building
block of G-quadruplexes are four guanine nucleotides as-

sociated through Hoogsteen base-pairing into a cyclic ar-
rangement forming a G-tetrad. The planar G-tetrads stack
on top each other giving rise to a four-stranded helical struc-
ture (Figure 1A) (1,2). G-quadruplex formation is driven
by monovalent cations such as potassium and sodium, and
hence physiological buffer conditions favor their formation
(1,2). Structural analyses have shown that G-quadruplexes
are highly polymorphic and can be grouped into parallel,
anti-parallel, or hybrid structures based on the relative ori-
entation of the strands (3). Recent genome-wide sequence
analyses have revealed that genomes are rich in sequences
that have the potential to form G-quadruplexes (∼700 in
Saccharomyces cerevisiae and 700 000 in man) and that their
location is not random, correlating with functionally impor-
tant genomic regions such as promoters and telomeres (4–
7). Evidence is accumulating for a role of G-quadruplexes
in the regulation of cellular pathways that cause double-
helical DNA to be transiently single-stranded such as DNA
replication, gene expression, and telomere maintenance (8).
With their unique structure and their presence in regulatory
DNA sequences, G-quadruplexes have emerged as molecu-
lar targets for anti-cancer drugs (9,10).

Telomeres, the specific protein/DNA complexes found
at the physical ends of eukaryotic linear chromosomes,
contain the highest concentration of DNA sequences with
the potential to form G-quadruplexes. The main function
of telomeres is to protect chromosomes from inappropri-
ate activation of DNA-damage pathways (11). Telomeric
DNA sequences are highly conserved and consist of a tan-
dem arrays of simple G-rich sequence repeats that typ-
ically contain tracts of three or four guanines such as
TTAGGG in vertebrates and (TG)1–4G2–3 in S. cerevisiae
(12). Telomeres consist of double-stranded repeats with the
G-rich strand extending in the 3′ direction forming a single-
stranded G-overhang (13). Soon after telomeres were first
sequenced it was shown experimentally that telomeric G-
rich strands spontaneously fold into G-quadruplex struc-
tures in physiological salt conditions (14–17). Significantly,
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for biological function, this was followed by the discov-
ery in the mid-1990s that telomeric proteins such as the
budding yeast Rap1 and the ciliate TEBP� promote the
formation and bind to G-quadruplex structures in vitro,
suggesting that proteins could regulate their occurrence in
cells (18–20). The breakthrough in obtaining in vivo evi-
dence for the presence of G-quadruplexes came with the
development of G-quadruplex structure-specific antibodies
that allowed probing for G-quadruplexes directly in cells
(21). The results from these immunostaining studies showed
that G-quadruplex structures are present at the macronu-
clear telomeres in ciliates and that their formation is cell-
cycle regulated through the phosphorylation of a telom-
ere end-binding protein (TEBP�). These observations sug-
gested that G-quadruplexes may act as a capping mecha-
nism for chromosome ends, and become unfolded during
DNA replication (22).

The S. cerevisiae budding yeast Rap1 (Repressor Ac-
tivator Protein1) is an essential gene encoding a protein
originally identified as a transcriptional regulator and only
later discovered to be the major telomere-binding protein
(23,24). Rap1 is a negative regulator of telomere length
(23,25) and is involved in the silencing of genes located
near telomeres as well as protecting from telomere–telomere
fusions (26,27). Yeast Rap1 is a large protein (827aa)
with a complex multidomain structure (Figure 1C): the N-
terminus contains a BRCT domain that is conserved in
other spices like human Rap1, but its function is not well
understood; the C-terminal domain (RCT) is essential for
the recruitment of Rif1/2 and Sir2/3/4, protein complexes
necessary for the maintenance of telomere structure and
function (26). The central section of Rap1 contains the
DNA-binding domain (DBD) that is essential for yeast sur-
vival and is crucial for the interaction of Rap1 with double-
stranded DNA binding sites located in promoters and at
telomeres (28). Our earlier crystal structure of the Rap1-
DBD in complex with a double-stranded telomeric DNA
binding site revealed that Rap1 binds to two tandem telom-
eric repeats via two clearly defined Myb/homeodomains
(Myb1 and Myb2) (29). DNA recognition is via the DNA-
recognition helix of each domain entering the major groove
of DNA making specific contacts with GG steps in adja-
cent telomeric repeats, whilst the N-terminal arm of each
homeodomain binds in the minor groove––a DNA recogni-
tion mechanism conserved in the vertebrate telomeric pro-
teins TRF1 and TRF2 (30). Over two decades ago, detailed
DNA binding studies lead us to conclude that Rap1 can also
bind specifically to a parallel DNA G-quadruplex and pro-
mote its formation, providing some of the first experimental
evidence for the recognition of G-quadruplex structures by
proteins (18,31).

The participation of G-quadruplexes in biology will likely
require such structures to be recognized and the kinetics of
their formation and resolution to be controlled by proteins
(8). Therefore, an understanding of how proteins interact
with G-quadruplex DNA (or RNA) structures is crucial
for uncovering the biological roles of these non-canonical
nucleic acid structures. Here, we address the basis for G-
quadruplex DNA recognition by the budding yeast telom-
eric protein Rap1. To understand how Rap1 binds to G-
quadruplex DNA, we defined the domain of Rap1 cru-

cial for the interaction and determined the crystal struc-
ture of the Rap1-DBD bound to a parallel G-quadruplex.
Our structural analysis provides an understanding at near-
atomic resolution of how yeast Rap1 recognizes the struc-
ture of a G-quadruplex. Furthermore, comparison of this
structure with our previous crystal structure of Rap1-DBD
in complex with double-stranded telomeric DNA reveals
how the same protein adapts its conformation and use of a
DNA-recognition helix to recognize different DNA struc-
tures. The key observation is that different faces of the
DNA-recognition helix are used for the specific recognition
of double-stranded or G-quadruplex DNA: one face is used
to make primarily hydrophobic interactions with the hy-
drophobic face of a G-tetrad, whereas the other face makes
electrostatic interactions in the major groove of double-
stranded DNA.

MATERIALS AND METHODS

Protein expression and purification

Gene fragments of the S. cerevisiae Rap1 (aa360–aa598)
encompassing the DBD, the N-terminal BRCT domain
(1–358) and the Rap1 C-terminal domain (600–827) were
cloned into the pET30aTEV vector (Addgene). The con-
structs, which contain an N-terminus His6-tag followed by
TEV protease cleavage site, were transformed and expressed
in Escherichia coli BL21-CodonPlus (DE3)-RIPL compe-
tent cells. Cells were allowed to grow at 37◦C until the
OD600 reached 0.6–0.8, then cooled and protein expression
induced with 0.5 mM IPTG at 18◦C and cultures grown
overnight at 18◦C. Cell pellet were then re-suspended in ly-
sis buffer (100 mM HEPES–NaOH pH 7.5, 0.5 M KCl, 10%
glycerol, 5 mM �–mercaptoethanol, 5 mM MgCl2, 5 �g/ml
DNase I, 1 mM PMSF, 10 mM Imidazole), sonicated and
cleared by centrifugation to remove cell debris. The first pu-
rification step for all Rap1 constructs was by affinity chro-
matography. The supernatant was loaded onto a His-Trap
HP (GE-Healthcare) column and proteins eluted with 500
mM Imidazole. Purified proteins were incubated overnight
with TEV protease (in a molar ratio 1:50) at 4◦C to cleave
off the His6-Tag. Cleaved DBD as well as the other Rap1
domains were again loaded on a His-Trap HP column to
remove the His-tag together with the TEV protease, and
the flow-through fractions collected. The proteins were fur-
ther fractionated by size-exclusion chromatography on a
Superdex 75 prep grade 16/60 column and eluted with a
buffer containing 20 mM MES–KOH pH 6.0, 400 mM KCl.
The purified Rap1-DBD was concentrated to 2 mg/ml and
stored at −80◦C.

G-quadruplex DNA sample preparation

The G-rich DNA oligonucleotides were purchased from
IDT. Desalted DNA pellets were dissolved in water at a
concentration of 200 �M. Concentrations were confirmed
by measuring the absorbance on a NanoDrop microvolume
spectrophotometer (Thermo Fisher) using the extinction
coefficients provided by the company. For G-quadruplex
formation, DNA oligonucleotides were diluted to 50 �M
in 10 mM Tris–HCl pH 7.5 and 150 mM KCl and G-
quadruplexes were formed by annealing the DNA for 5
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Table 1. DNA oligonucleotide used in this study. rTelo is an RNA oligonucleotide. G-tracts are shown in bold

Name Sequence

4-G3 5′-AATTCT6GGGTGTGT14GGGTGTGT22GGGTGTGT30GGGTGTGG-3′
4-G3 no tail 5′-T1GGGTGTGT9GGGTGTGT17GGGTGTGT25GGG-3′
T-loops 5′-TT2GGGT6GGGT10GGGT14GGGTT-3′
rTelo 5′-U1GGGUGUGU9GGGUGUGU17GGGUGUGU25GGG-3′

min at 95◦C, followed by slow cooling to room temperature
overnight. Oligonucleotides used in this study are listed in
Table 1.

Circular dichroism

Circular dichroism (CD) spectra were recorded at room
temperature using a JASCO-815 spectropolarimeter with 1
cm path length cuvette. Spectra from 220 to 320 nm were
recorded for 500 �l solutions containing 5 �M oligonu-
cleotides in water, or folded into a G-quadruplex in the ap-
propriate buffer. Each spectrum was derived from the av-
erage of three scans, the spectral contribution of the buffer
subtracted and the ellipticity calculated using the provided
program.

Electrophoretic mobility shift assay and native gel elec-
trophoresis

Binding reactions were performed by incubating [32P]-
labeled oligonucleotides at a constant concentration
(100 pM) with increasing protein concentrations in a final
volume of 12 �l. The binding buffer contained: 20 mM
Tris–HCl pH 7.5, 1 mM EDTA, 1 mM DTT, 6% glycerol,
100 �g/ml BSA and 100 mM KCl. After 30 min incubation
at room temperature, 10 �l of each binding reaction
was loaded on a pre-run 7% polyacrylamide native gel
(acrylamide: bisacrylamide, 37.5:1 ratio). Electrophoresis
was performed at 4◦C for 1 h with constant voltage (200V)
in 0.5× TB (89 mM Tris–borate, 89 mM boric acid, pH
8.3) electrophoresis buffer.

Crystallization of Rap1-DBD in complex with DNA G-
quadruplexes

An aliquot of oligonucleotide pre-folded into G-
quadruplex was mixed with the Rap1-DBD at 1:1
molecular ratio in binding buffer (20 mM MES–KOH
pH 6.0, 400 mM KCl) and incubated at 25◦C for 1 h. The
complex was concentrated to 15 mg/ml using a Vivaspin 6
centrifugal concentrator with a 10 kDa cutoff. Crystals of
Rap1-DBD in complex with the ‘T-loops’ G-quadruplex
were grown by vapor-diffusion in sitting drops comprising
equal volumes of complex (15 mg/ml) and precipitant
solution (0.1 M Na citrate tribasic dihydrate pH 5.6,
10% isopropanol, 14% PEG 4000). Crystallization trials
were carried at 25◦C and crystals (∼200 �m in size) grew
in about seven days. For data collection, crystals were
transferred to a cryoprotectant buffer consisting of the
precipitant solution supplemented with 25% glycerol,
mounted in nylon loops and frozen in liquid nitrogen.

Crystallographic data collection and processing

Native data sets were collected at beamline X06DA at the
Swiss Light Source (Switzerland). Data sets were indexed
and integrated in MOSFLM (32). Further data analysis
was performed using the CCP4 suite of programs (33).
The structure of Rap1-DBD in complex with G-quadruplex
was solved by molecular replacement with PHASER (34).
Search models for the protein were created by using the
two Myb domains in the original Rap1-DBD crystal struc-
ture in complex with double-stranded DNA entry (PDB ID:
1IGN (29)). The DNA model was created using the gua-
nines from the NMR structure of a G-quadruplex with the
same sequences as the one present in the crystals (PDB ID:
2lk7 (35)). Initial PHASER runs resulted in the solution
for a single Myb domain. Therefore, the Rap1-DBD model
was separated into two PDB files, each containing a sepa-
rate Myb/homeodomains without the linker between them
and molecular replacement calculations repeated. This sep-
aration allowed us to find a solution for both Myb do-
mains. The model was further improved by manual adjust-
ment in COOT and several cycles of refinement in Refmac
(36). The quality of final model was evaluated by MOL-
PROBITY (37). The asymmetric unit of the crystal con-
tains one protein molecule bound to one G-quadruplex and
the final model consists of residues 361–483 and 507–573 of
the Rap1-DBD. Due to poor electron density, the C- ter-
minal (574–596) region as well as the loop between amino
acid residues 484 and 506 in Myb2 are missing from the
model. All of the ‘T-loops’ DNA sequence is also clearly
interpretable. The data processing and refinement statistics
for the final data set are shown in Supplementary Table S1.
Coordinates and structure model have been deposited in the
RCSB Protein Data Bank accession number 6LDM. Fig-
ures of the structure were drawn using PyMOL (38).

RESULTS

The DBD of budding yeast Rap1 is sufficient for G-
quadruplex binding

Previous biochemical studies from our group had demon-
strated that budding yeast Rap1 drives the formation, and
forms a specific complex with a parallel G-quadruplex
DNA (18,31). However, since it was unclear from these
studies which of the domains of Rap1 was responsible for
the interaction with G-quadruplex DNA, different Rap1
domains (BRCA, DBD and RCT) (Figure 1C) were ex-
pressed in E. coli, purified and analyzed for binding us-
ing the S. cerevisiae telomeric G-strand oligonucleotide ‘4-
G3’ (Table 1), that folds into a parallel G-quadruplex in the
presence of potassium chloride, as shown by the CD spec-
trum with a positive peak at 260 nm and a negative peak at
240 nm (Supplementary Figure S1A) (31).
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Figure 1. The DBD of yeast Rap1 is responsible for the interaction with G-quadruplex DNA. (A) Schematic representation of a G-tetrad and topology of
a parallel G-quadruplex in which the loops linking the top and bottom G-tetrads cross the helical grooves. Purple spheres represent monovalent cations.
(B) CD spectrum of the folded ‘4-G3-no tail’ oligonucleotide showing that it forms a parallel G-quadruplex. (C) Domain organization of the yeast Rap1
protein. The central DNA-binding domain consists of Myb1 and Myb2 homeodomains. (D) EMSA of the binding of the Rap1-DBD to the ‘4-G3 no tail’ 5′-
TGGGTGTGTGGGTGTGTGGGTGTGTGGG-3′ G-quadruplex and the ‘T-loops’ 5′-TTGGGTGGGTGGGTGGGTT-3′. G-quadruplex. [32P] labeled
DNA at 100 pM was incubated with increasing concentration of proteins (from 9 to 500 nM). (i) identifies the lower molecular weight complex consisting
of one Rap1-DBD bound to one G-quadruplex and (ii) the larger ‘dimeric’ complex. (E) Binding curves for ‘T-loos’ and’ 4-G3-no tails’ G-quadruplexes:
Apparent binding constants were calculated from protein concentrations at 50% binding.

The electrophoretic mobility shift assay (EMSA) demon-
strates that the DNA binding domain of Rap1 (Rap1-DBD)
is sufficient for specific binding to the ‘4-G3’ G-quadruplex
structure (Supplementary Figure S1B) with an apparent Kd
= 28 nM, which is comparable to that of full length Rap1
as previously reported by us (18). The BRCT and RCT
domains show no binding activity (Supplementary Figure
S1C and D). Therefore, we conclude that the Rap1-DBD,
which is sufficient for sequence specific binding to double-
stranded DNA sites (28), is also able to bind specifically to
G-quadruplex DNA.

To exclude the possibility that the single-stranded tails
and loops present in the yeast telomeric ‘4-G3’ G-
quadruplex (Table 1), and used above and in our previ-
ous studies (18,31), contribute to the observed binding, we
analyzed the binding affinity of the same oligonucleotide
lacking both single-stranded tails ‘4-G3 no tail’ (Table 1).
The CD spectrum of ‘4-G3 no tail’ forms a parallel G-
quadruplex in the presence of potassium chloride (Figure
1B), similarly to the longer ‘4-G3’ (Supplementary Figure
S1A). The EMSA in Figure 1D shows that a complex is
formed between the Rap1-DBD and the G-quadruplex, and

that removing the single-stranded tails from ‘4-G3’ oligonu-
cleotide does not result in a reduced binding affinity (ap-
parent Kd = 28 nM versus = 22 nM). Subsequently, the
role of the loops between G-tracts was investigated by an-
alyzing the binding to the non-telomeric ‘T-loops’ oligonu-
cleotide (Table 1) known to form a parallel G-quadruplex
and chosen because like the yeast ‘4-G3’ contains four
GGG tracts and hence forms a G-quadruplex containing
a stack of three-G-tetrads, but is more stable (35). This G-
quadruplex has single thymidines in the loops between the
G-tracts, rather than the yeast ‘4-G3’ oligonucleotide that
has longer TGTGT loops. Since the binding affinity for
this G-quadruplex is approximately only 2-fold lower than
for the yeast G-quadruplex (apparent Kd = 45 nM versus
22 nM) (Figure 1D and E), these results provide biochem-
ical evidence that Rap1 specifically recognizes the DNA
G-quadruplex structure itself. Interestingly, Rap1 does not
discriminate between DNA and RNA G-quadruplexes,
as it binds to a parallel, telomeric RNA G-quadruplexes
‘rTelo’ (Table 1) with the same affinity as to telom-
eric DNA G-quadruplexes (Supplementary Figure S1E
and F).
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Figure 2. Global view of the structure of the complex between yeast Rap1-DBD and a parallel G-quadruplex. (A) Side and top view of the co-crystal
structure where the Rap1-DBD is shown as a cartoon representation. (B) Surface representation of the complex shown in the same orientations as in (A).
The two views are related by a 90◦ rotation. The structure is color coded: Myb1 domain (green), Myb2 (blue), and the DNA recognition �-helixes in the
two Myb domains highlighted by a darker shade of the domain’s color. The ribose–phosphate backbone of the G-quadruplex is shown in orange; light
gray–blue represents guanines; yellow-blue thymines. The K+ ions at the central axis of the G-quadruplex are shown in purple.

G-quadruplex recognition by yeast Rap1

To establish the mechanism by which budding yeast Rap1
specifically recognizes G-quadruplex DNA, we determined
the crystal structure at 2.4 Å resolution of the Rap1-DBD
(residues 361–596) in complex with the parallel ‘T-loops’ G-
quadruplex (Table 1, Figure 2). Despite a somewhat higher
binding affinity, attempts to grow crystals of the Rap1-
DBD in complex with the yeast ‘4-G3 no tail’ G-quadruplex
or variations thereof failed. The asymmetric unit of the
crystal contains one Rap1-DBD bound to one ‘T-loops’
G-quadruplex. In the crystal lattice, two Rap1-DBD/G-
quadruplex complexes dimerize by stacking on top of each
other through the planar and hydrophobic faces of the
G-tetrads (Supplementary Figure S2). This ‘dimerization’,
likely explains the larger molecular weight complex ob-
served at higher protein concentrations in the EMSAs (Fig-
ure 1D). For the protein we observe clear density for amino
acid residues 361–483 and 507–573 (Supplementary Figure
S3) and no density for a loop consisting of residues 484–
506, also not seen in the structure of Rap1-DBD complex
with double-stranded DNA (29,39). The C-terminal 574–

596 amino acid region involved in double-stranded DNA
binding (29,39), is also not visible (Supplementary Figure
S3). The overall architecture of the Rap1-DBD in the com-
plex consists of two separate Myb/homeodomains linked
by an ordered linker (Figure 2). As was previously observed
in our crystal structure of the Rap1-DBD in complex with
double-stranded DNA, the Myb1 domain consists a three-
helix bundle whereas Myb2 consists of a four-helix bundle
(29,39). For the G-quadruplex, there is clear density for the
stack of three G-tetrads and the three short loops contain-
ing a single thymine cross the grooves of the parallel G-
quadruplex helix joining the top and bottom G-tetrads in
the stack (Figure 3A). The thymine bases in the loops point
outwards permitting interactions with the protein. The den-
sity for the K+ ions, located between G-tetrad at the cen-
tral axis of the G-quadruplex are also clearly interpretable
(Figure 3A). Interestingly, the resolution of electron density
map permits the assignment of a large number of ordered
water molecules and Na+ ions, forming a water–sodium–
water spine lining the grooves of the G-quadruplex helix
(Figure 3B). The Na+ ions, present in both the protein and
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Figure 3. G-quadruplex structure, hydration and metal binding. (A) Side-view of the parallel ‘T-loops’ G-quadruplex shown within its well-defined 2Fo –
Fc electron density map countered at 1.2 �. (B) Two views related by a 90◦ rotation along the G-quadruplex helix axis, illustrating the hydration and metal
ion binding of the G-quadruplex. The 3′ and 5′ ends of the G-quadruplex are indicated. Water molecules are shown in red, Na+ ions in grey and K+

ions in purple. The T-loops G-quadruplex is formed by the oligonucleotide sequence: 5′- -3′. Guanines are
color-coded in the sequence to indicate the guanine number forming each G-tetrad: , 5′G-tetrad, , middle G-tetrad and , 3′G-tetrad.

crystallization buffers, were tentatively assigned from con-
tour levels in the electron-density map and their hydration
geometry.

However, contrary to Rap1’s mode of recogni-
tion of double-stranded DNA in which the two
Myb/homeodomains domains make essentially equiv-
alent sequence-specific DNA interactions, only the Myb1
domain interacts specifically with the G-quadruplex
(Figure 2). Recognition is via the third �-helix of the
Myb domain - the DNA-recognition helix -docking onto
the planar surface of the bottom (3′) G-tetrad (Figure
2A, Supplementary Figure S4). The parallel topology of
the G-quadruplex results in the top and bottom faces
of the G-tetrads in the stack to be accessible for protein
binding, providing an explanation for the promotion of a
parallel G-quadruplex by Rap1 when incubated with yeast
telomeric oligonucleotides (31). The DNA-recognition
helix of Myb1 (spanning residues Gly-400 to Tyr-410) sits
diagonally across the G-tetrad almost entirely covering the
exposed hydrophobic surface of the guanine bases (Figure
4A). It is positioned so that the imidazole ring of His-405
stacks on the pyrimidine–imidazole ring of G13 and Val-
409 packs against G8 through van der Waal interactions.
These amino acid side chains together with Ser-402 form
a planar, primarily hydrophobic patch on one face of the
DNA-recognition helix that specifies the interaction with
the G-tetrad (Figure 4B). This mode of interaction was
also observed for the G-quadruplex binding �-helix of
the G-quadruplex helicase DHX36/RHAU (Figure 6C,
discussed below) (40,41), and also resembles the mode of
binding used by planar G-quadruplex ligands (42).

In addition to the polar/hydrophobic interactions, the
DNA-recognition helix of Myb1 is anchored to the face
of the G-tetrad by a network of direct and water-mediated
hydrogen bonds: Thr-399 and Asn-401 located at the N-
terminal end of the DNA recognition helix contact the
phosphate group of T14; Ser-402 makes a water-mediated
contact to G9 as well as to the phosphate group of G13;
Arg-406 at the C-terminus of the helix contacts the phos-
phate group of T10 as well as making a water mediated
contact to G9 (Figure 4B, interaction map Figure 5C). The
interaction of the Myb1 domain with the G-quadruplex is
further stabilized through a short N-terminal arm (typical
of homeodomains) entering a groove of the G-quadruplex

helix, placing Ser-362 within hydrogen bonding distance to
the phosphate group of G12 (Figure 4C).

The Myb2 domain embraces the G-quadruplex by pack-
ing against the side of the G-quadruplex (Figure 2) through
the interaction of Arg-546 with the phosphate groups of
both G16 via a water molecule, and G17 directly. The Myb2
interaction is further stabilized by Arg-523 stacking on T14
located in the third loop of the G-quadruplex (Figures 4B
and 5C).

We then asked why does only the Myb1 domain of
the Rap1-DBD interact specifically with the G-quadruplex
DNA and not Myb2? Inspection of the amino acid sequence
alignment of the DNA recognition helices of Myb1 and
Myb2 reveals significant differences (Supplementary Fig-
ure S5A). In Myb2, in place of His-405 and Val-409 im-
portant for the specific interactions with the face of the G-
tetrad by Myb1, there are the larger and charged amino acid
side chains aspartic acid (Asp-543) and lysine (Lys-547), re-
spectively. Moreover, Ser-402 in Myb1 is swapped to an ala-
nine (Ala-540) in Myb2. Consequently, Myb2 cannot make
equivalent interactions. To test the effect of the amino acid
differences in the two Myb domains, peptides encompassing
the DNA-recognition helices of Myb1 and Myb2 were an-
alyzed for G-quadruplex binding. The EMSA (Supplemen-
tary Figure S5B) shows that although both isolated DNA-
recognition helices can interact with the G-quadruplex, al-
beit with a 40–200-fold lower affinity than the Rap1-DBD
(Kd = 20–30 nM versus 1.2–5.4 �M respectively), the ap-
parent binding affinity of the Myb2 peptide is 4- to 5-fold
lower than that of Myb1 (Supplementary Figure S5B), pro-
viding experimental support for why the Myb1 domain of
the Rap1-DBD preferentially interacts with the G-tetrad.

Rap1 undergoes conformational changes to recognize differ-
ent DNA structure

To obtain a mechanistic understanding of how the DNA-
binding domain of Rap1 is able to recognize and bind
both to double-stranded and G-quadruplex DNA, we com-
pared the crystal structures of Rap1-DBD in complex with
double-stranded DNA (2.25 Å resolution) (29), with the
structure presented here. The three-dimensional structures
of the two complexes were superimposed by aligning on
the Myb1 domain (Figure 5A). Although both Myb do-
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Figure 4. Interaction of Rap1-DBD with the G-quadruplex: Only one Myb domain interacts specifically. (A) Top and side view of the docking of the
Myb1 DNA-recognition helix onto the planar face the 3′ G-tetrad of the parallel G-quadruplex. The two views are related by a 90◦ rotation along the
G-quadruplex helix axis. Transparent spheres represent van der Waals radii. The bottom panel shows Ser402, His405, Val409 located on adjacent turns of
the �-helix making contacts with the planar hydrophobic surface of the G-tetrad. (B) View showing direct and water-mediated contacts by Myb1 DNA
recognition helix (dark green) and Myb2 DNA-recognition helix and helix 2 to the G-quadruplex. The 2Fo-Fc map countered at 1.2� for the Myb1
DNA-recognition helix is shown (C) View showing the N-terminal arm of Myb1 interacting with a groove of the G-quadruplex.

mains have the same 3D folds whether bound to double-
helical or G-quadruplex DNA, their relative spatial orien-
tation in the two complexes is dramatically different (Fig-
ure 5A). In the structure of Rap1-DBD in complex with
the G-quadruplex, the Myb2 domain is twisted by 117◦ and
displaced by 36 Å in respect to its position when bound to
double-stranded DNA. From the structure of the complex
with double-stranded DNA, it could be deduced that the
relative orientation of the two tandemly arranged Myb do-
mains in the Rap1-DBD is primarily determined by bind-
ing in the major grooves of two telomeric sequence re-
peats (GGTGT) spaced eight base pairs apart, and that the
amino acid stretch linking the two domains becomes struc-
tured upon binding in the DNA minor groove (29). In other
words, the linker between the two domains is likely to be un-
structured in solution, permitting the different spatial ori-
entation of the two Myb domains when bound to the G-
quadruplex. Indeed, in the structure with the G-quadruplex
where the linker region is not involved in DNA interac-
tions but is instead structured through interactions with
the closely spaced Myb domains, the orientation of the
Myb1 domain is determined by the binding of its DNA-

recognition helix to the surface of the G-tetrad and that of
Myb2 by interactions from its DNA-recognition helix with
the ribose-phosphate backbone of the G-quadruplex (Fig-
ure 4B)

Furthermore, although the DNA-recognition helix of
Myb1 is used to recognize and bind both to double stranded
and to G-quadruplex DNA, the location and chemical
properties of the interacting amino acid side chains show
crucial differences (Figure 5B and C). Firstly, the spe-
cific recognition of the double-stranded telomeric DNA se-
quence is primarily through highly basic amino acid side-
chains making hydrogen bonds to the conserved G–G steps
in adjacent major grooves in the double-stranded telomeric
DNA (29), whereas that to G-quadruplex DNA is primar-
ily through polar/hydrophobic side-chains recognizing the
planar hydrophobic surface of the 3′ G-tetrad in the G-
quadruplex (Figure 5B and C). A detailed analysis of the
role of amino acid side-chains shows that in both struc-
tures, Thr-399 and Asn-401 and Arg-406 contact the ribose-
phosphate backbone. His-405, that is crucial for the inter-
action with the G-tetrad by stacking on G13, in the com-
plex with double-stranded DNA makes an unusual inter-
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Figure 5. The Rap1-DBD undergoes a structural rearrangement on G-
quadruplex binding (A) Superimposition of the Rap1-DBD in complex
with double-helical DNA (yellow, PDB: 1IGN (29)) and with the G-
quadruplex colour-coded as in previous figures: Myb1 in green and Myb2
in blue. The Myb 1 DNA-recognition helix is shown in dark green and
that of Myb 2 in mid blue. The two structures were superimposed on
the Myb1 domain structure. (B) Schematic map of the interactions of the
Myb1 domain with its double-stranded telomeric DNA site (taken from
(25)). Amino-acid side-chains involved in base-specific contacts are high-
lighted in blue. (C) Schematic map of the interactions of the Myb1 domain
with the G-quadruplex DNA. Amino-acid side-chains involved in base-
specific contacts are highlighted in blue. In both contact maps (B) and (C):
arrows indicate direct and water-mediated hydrogen-bonds between pro-
tein and DNA; arrows with round heads indicate hydrophobic/stacking
interactions. The distance and angular cut-off are 3.0 Å and 20◦, respec-
tively.

action with the cytosine that base pairs with G6, permit-
ted by a protein induced distortion of the ribose-phosphate
backbone at this point (29). The interaction with the planar
face of the G-quartet is additionally increased by Val-409
stacking on G9, a residue not involved in interactions with
double-stranded DNA (Figure 5A and B). Significantly, we
note that the residues primarily involved in G-tetrad recog-
nition (Ser-402, His-405, Val-409) are located on adjacent
helical turns on one face of the DNA-recognition helix,
whereas residues making base-specific hydrogen bonds to
double-stranded DNA (Asn-401, Arg-404, Arg-408, Ser-
410) are on a different face, representing a rotation of the
�-helix by ∼120◦ (Figure 6A). In conclusion, comparison
of the crystal structures of the two complexes reveals that
the mechanism for the recognition of double-helical and G-
quadruplex DNA structures is bimodal by using different
faces of the DNA recognition helix.

DISCUSSION

The participation of G-quadruplexes in biology will require
such structures to be recognized and the kinetics of their
formation and resolution to be controlled by proteins (1).
The crystal structure of Rap1-DBD in complex with a par-
allel G-quadruplex presented here provides an understand-
ing at near-atomic resolution of how a Myb/homeo DNA-
binding domain specifically recognizes the structure ofG-
quadruplex DNA. Significantly, it also reveals, for the first
time, how a conserved DNA-binding domain generally used
to recognize double-helical DNA has a dual role through
adapting its overall conformation and use of its DNA-
recognition helix to also specifically bind to G-quadruplex
DNA.

The crystal structure of the Rap1-DBD/G-quadruplex
complex contains a non-telomeric G-quadruplex in which
the three loops linking the G-tetrads (‘T-loops’) consist
of single thymidines, whereas the cognate S. cerevisiae se-
quence ‘4-G3’ has longer TGTGT loops. Although we were
unable to obtain crystals with the yeast G-quadruplex, or
the ‘T-loops’ G-quadruplex containing the yeast loop se-
quence inserted in different loop positions (not shown), the
topology and core of the G-quadruplex consisting of a stack
of three G-tetrads is the same. Firstly, since the apparent
binding affinity of the Rap1-DBD for the yeast ‘4-G3’ and
‘T-loops’ G-quadruplexes is very similar (Kd = 22 versus
45nM), it seems unlikely that the loops in the G-quadruplex
contribute to G-quadruplex recognition and binding. Sec-
ondly, from the structure of the complex we can conclude
that the primary and specific recognition by the protein is
via the binding of a DNA-recognition helix to the flat sur-
face of a G-tetrad. Thirdly, the structure of the complex
shows that only the third loop (T14) of the ‘T-loops’ G-
quadruplex makes a significant interaction with the Rap1-
DBD located between Myb1 and Myb2 domains, and at
this position in the structure there is space to accommodate
a longer loop (Supplementary Figure S4).

Although the available structural information is limited,
comparison of the structure presented here with the crystal
structure of the DEAH/RHA helicase DHX36/RHAU in
complex with a parallel G-quadruplex (41,43), suggests that
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Figure 6. The Myb1 domain uses different faces of the DNA-recognition helix to recognize G-quadruplex and double-helical DNA. (A) Helical wheel
representation of Myb1 DNA-recognition helix. Amino acids side chains forming specific contacts with double-helical DNA are shown in blue and those
contacting the G-tetrad in in the G-quadruplex are shown in red. (B) View of the interaction of the Myb1 DNA-recognition helix with the G-tetrad looking
down the G-quadruplex helix axis. (C) View of the Interaction of the RSM helix from RHAU with the G-tetrad looking down the G-quadruplex helix axis
(taken from (40)). In both (B) and (C), the view is from the top showing the orientation of the �-helices onto the planar face of the G-tetrad. In both (A)
and (B), only charged interactions are labelled as the hydrophobic ones are hidden in this view at the G-tetrad/DNA-recognition helix interphase.

the mode of interaction by an �-helix with a G-tetrad is con-
served. Similarly to the DNA-recognition helix of the Myb1
domain of Rap1 (Figure 6B), the interaction of the RHAU
G-quadruplex-binding �-helix, consisting of the RHAU-
specific motif RSM shown experimentally to be essential
for G-quadruplex recognition (40), to the flat face of a G-
tetrad is determined by a non-polar/hydrophobic surface
on the helix (Ile-65, Trp-68, Tyr-69 and Ala-70) making van
der Waals interactions (Figure 6C). In this case also, the in-
teraction is further stabilized by basic residues from the �-
helix hydrogen bonding to the ribose-phosphate backbone
(Figure 6B and C). It is these electrostatic interactions that
lock the DNA-recognition helix on to the surface of the G-
tetrad, and also explain the relatively high nanomolar bind-
ing affinities (20–40 nM) we observe for the Rap1-DBD for
G-quadruplex DNA.

Significantly, comparison of the use of the DNA-
recognition helix of the Rap1 Myb1 domain in double-
helical DNA and G-quadruplex recognition suggests the
mechanism by which the bimodal DNA recognition is
made possible is through the DNA-recognition helix hav-
ing two different faces: hydrophobic/polar amino acids lo-
cated on one face and basic residues on the other, related by
approximately 120◦ (Figure 6A). These observations sug-
gest that the Myb1 domain might have evolved to enable
Rap1 to have this dual role, and imparted on it the abil-
ity to switch between binding to double-helical and G-
quadruplex DNA. Intriguingly, our observation that Rap1-
DBD binds with the same high affinity to a telomeric RNA
oligonucleotide folded into a parallel G-quadruplex (Sup-
plementary Figure S1E and F), raises the possibility that
Rap1 may exploit its G-quadruplex binding activity to in-
teract with TERRA, the G-rich RNA transcript of telom-
eric DNA (44).

Finally, our high-resolution insight into how a protein
interacts with a parallel G-quadruplex may aid the design
of small-molecule ligands with better target selectivity and
affinity for G-quadruplexes, and hence increase the poten-
tial of G-quadruplexes as therapeutic targets (9).
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