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ABSTRACT

Obtaining phase information remains a formidable
challenge for nucleic acid structure determination.
The introduction of an X-ray synchrotron beamline
designed to be tunable to long wavelengths at Di-
amond Light Source has opened the possibility to
native de novo structure determinations by the use
of intrinsic scattering elements. This provides op-
portunities to overcome the limitations of introduc-
ing modifying nucleotides, often required to derive
phasing information. In this paper, we build on estab-
lished methods to generate new tools for nucleic acid
structure determinations. We report on the use of (i)
native intrinsic potassium single-wavelength anoma-
lous dispersion methods (K-SAD), (ii) use of anoma-
lous scattering elements integral to the crystalliza-
tion buffer (extrinsic cobalt and intrinsic potassium
ions), (iii) extrinsic bromine and intrinsic phosphorus
SAD to solve complex nucleic acid structures. Using
the reported methods we solved the structures of
(i) Pseudorabies virus (PRV) RNA G-quadruplex and
ligand complex, (ii) PRV DNA G-quadruplex, and (iii)
an i-motif of human telomeric sequence. Our results
highlight the utility of using intrinsic scattering as a
pathway to solve and determine non-canonical nu-
cleic acid motifs and reveal the variability of topol-
ogy, influence of ligand binding, and glycosidic an-
gle rearrangements seen between RNA and DNA G-
quadruplexes of the same sequence.

INTRODUCTION

The potential for the self-association of guanine G-rich and
cytosine C-rich sequences to form higher-order nucleic acid
structures provides unique opportunities for the design of
ligands (1,2) to bind selectively, at either biologically rel-
evant targets or with synthetic aptamers (3,4). An impor-
tant example is the self-association of four guanines strands
that facilitates nucleotide strand association, to form highly
polymorphic structures, termed G-quadruplexes (G4s) (5).
G4 topologies are varied and can be influenced by changes
in strand stoichiometry, polarity, as well as by the inter-
vening length of loops and G-runs (6). Similarly, the self-
association of protonated cytosines results in the linking
together of DNA or RNA strands, to form four-stranded
topologies called i-motifs (7,8). Both these non-canonical
motifs have been identified as molecular targets in telom-
eres (9), within regulatory domains and viruses (10), and
selected for in vitro to bind fluorophores (11–14).

Making accurate structural predictions of G4s (15) and i-
motifs (4), particularly when interacting with ligands, has so
far proved elusive. The application of NMR or X-ray meth-
ods has been quite successful to explore DNA G4s (dG4)
structures. However, this has been extremely limited for
RNA G4s (rG4), with only 9 unique structures deposited in
the PDB. This lack of structural diversity within the PDB
is partly explained by the limitations of X-ray methodolo-
gies and tools available for phase determination and struc-
ture elucidation. Our inability to directly record the phase
angle (αhkl) in a diffraction experiment requires its estima-
tion via post collection methods, either through molecu-
lar replacement (MR), isomorphous replacement (IR) or
anomalous dispersion (AD) (16). Currently, the lack of di-
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versity of RNA G4s coordinate structures severely limits
the routine use of molecular replacement methods. The use
of isomorphous replacement and the introduction of ex-
trinsic heavy atoms for phasing has been successful (17),
but can often perturb the underlying structures, degrade
resolution, and undermine crystal quality. While the intro-
duction of modified nucleotide bases such as 5-bromo-2′-
deoxyuracil, 5-iodo-2′-deoxyuracil atoms and 8-bromo-2′-
deoxyguanosine, specifically for RNA, have proved useful
although they have the disadvantage of being labile, mak-
ing them light sensitive during crystallization and sensitive
to X-ray exposure during data collection (18). Addition-
ally, substitution points are typically located within flexi-
ble regions, not within G-tetrads, thus reducing occupancy
levels and anomalous scattering contributions (19). Alter-
native strategies such as the inclusion of a selective bind-
ing site, for iridium (III) or cobalt (III) (20), in combina-
tion with single-wavelength dispersion (SAD) require addi-
tional planning and have yet to be fully exploited. However,
these issues could be resolved by exploiting native intrinsic
anomalous scattering elements that are integral to the struc-
tures under investigation, without the need to make mod-
ifications to sequences or crystallization conditions. This
is particularly suited to study nucleic acids, as they have a
negatively charged phosphate backbone. G4s have an ad-
ditional advantage of coordinating monovalent cations via
the O6 atoms of guanines within the central electronegative
channel. They are considered an integral part of the struc-
ture and essential for the stabilization of any quadruplex
topology (21).

A dedicated long-wavelength macromolecular crystallog-
raphy beamline I23 at Diamond Light Source extends the
accessible wavelengths far beyond other synchrotron fa-
cilities. Recent publications have so far focused on pro-
tein structure determinations with the use of the potassium
edge, � = 3.35 Å (K-SAD) to resolve the structure of a
K+ channel or identify K+ by phased anomalous differ-
ence Fourier maps in ribosomes (22,23). This facility ad-
ditionally provides an opportunity to exploit K+ ions, in-
trinsic to G4s, and other cations at long-wavelengths for
the de novo structural determination of nucleic acid struc-
tures, such as i-motifs (Supplementary Figure S1). Pseu-
dorabies virus (PRV) is a contagious herpesvirus that af-
fects swine, cattle, dogs, cats, sheep, and goats, and that en-
codes a unique immediate early gene IE180. Recently, a G-
quadruplex-forming sequence with two G-tetrads was iden-
tified in the 3′UTR of IE180 to regulate PRV replication
by enhancing gene expression (24). Exploiting K-SAD we
report here on the first de novo RNA G4 structural elucida-
tion folded from this sequence r(GGCUCGGCGGCGGA)
(Figure 1Ai). The data collected at � = 3.35 Å allowed
us to not only identify all three K+ ions held between
the G-tetrad planes, but also provided sufficient phasing
to reveal the all-parallel stranded RNA G4 bound to two
TPMyP4 molecules (rPRV2L, Table 1). We next incorpo-
rated the use of anomalous scattering elements integral to
the crystallization buffer Co-SAD (cobalt, � = 1.59 Å)
along with the potassium ions held between the G-tetrads
(K-SAD) to solve the DNA equivalent sequence PRV
d(GGCTCGGCGGCGGA) dG4 (dPRV) (Figure 1Aii).

Finally, we extended these methods to include both mod-
ified bases containing anomalous scattering elements Br-
SAD (bromine, � = 0.92 Å) (Figure 1Aiv), and contribu-
tions from intrinsic scattering element phosphorus P-SAD
(� = 3.09 Å), to determine the telomeric i-motif structure
containing the d(TAACCCTAA) sequence (Figure 1Aiii).

Determining rPRV2L structure allowed us to use regular
molecular replacement techniques to determine the struc-
ture and packing arrangement of a second crystal form
of the folded rPRV bound here to one TPMyP4 molecule
(rPRVL). We observe that both structures are folded in sim-
ilar arrangements with an all-parallel stranded RNA G4
topology, which unusually has a top G-tetrad layer present-
ing exclusively a rG (syn) glycosidic arrangement. The re-
maining 3 G-tetrad stacks contain the expected rG (anti)
conformation, typically observed for RNA G4s. This topol-
ogy is quite different to the dPRV DNA G4, as it con-
tains a mixed, parallel- and anti-parallel backbone arrange-
ment, with a mixture of dG (syn) and dG (anti) arrange-
ments appropriate to maintain a typical G-tetrad hydrogen
bonding pattern. Additionally, we observe TMPyP4’s abil-
ity to bind and stabilize the rPRV RNA G4 sequences pro-
viding us with the first structural elucidation of an RNA
G4/TMPyP4 complex that reveals TMPyP4 bound closely
to the 3′ end of the RNA G-tetrad, secured by the additional
stacking of adenines that also influences the conformation
of the external loops.

MATERIALS AND METHODS

Preparation of materials

The DNA sequence 5′-d(GGCTCGGCGGCGGA)-3′ (for
dPRV) and RNA sequence 5′-r(GGCUCGGCGGCGGA)-
3′ for rPRVL and rPRV2L, were purchased from Tsingke
biological technology (Beijing, China) purified by poly-
acrylamide gel electrophoresis (PAGE). Equilibrium dial-
ysis was typically performed in 10 ml of the oligonucleotide
solution placed inside the Spectra/Por Float-A-Lyzer G2
tube (Spectrum Laboratories, USA, Mw cutoff 500–1000
Da). After final dialysis, the dilute samples were concen-
trated using Amicon® Ultra Centrifugal Filters. Stock so-
lutions were prepared at 2 mM in nuclease-free water (Am-
bion, Fisher Scientific, Illkirch, France). The concentra-
tions were determined using the Beer–Lambert law by mea-
suring the absorbance at 260 nm using DeNovix DS-11
Spectrophotometer (USA). The extinction coefficients were
obtained from the IDT Web site (https://sg.idtdna.com/
calc/analyzer). The extinction coefficient of DNA is �260 =
131 000 M−1 cm−1. The extinction coefficient of RNA is �260
= 129 700 M−1 cm−1. The starting oligonucleotide solution
was annealed in the buffer (20 mM potassium cacodylate at
pH 6.5, 50 mM potassium chloride) by heating to 95◦C for
5 min, followed by gradual cooling to room temperature.
The i-motif DNA sequence 5′-d(TAACCCTAA)-3′ (tel-i-
motif) and 5′-d(TAACCCBrTAA)-3′ were purchased from
Eurofins, HPLC purified and prepared for crystallization as
previously described (25). Meso-Tetra (N-methyl-4-pyridyl)
porphine tetrachloride (TMPyP4, CAS# 92739-63-4) was
purchased from Frontier Scientific (Logan, UT, USA).

https://sg.idtdna.com/calc/analyzer


9888 Nucleic Acids Research, 2020, Vol. 48, No. 17

Figure 1. Data collected at the different element edge can be used to determine phases for G4 and i-motif structures. (A) Folding topology observed for G4
(i and ii) and i-motif (iii and iv) structures determined together highlighting anomalous scattering elements used in this investigation. (B) Calculated anoma-
lous contribution f′′ to the scattering factor as function of energy at the K+ and Co K-absorption edge of DNA G4 (dPRV), at the K+ K-absorption edge
of RNA G4 with ligand (rPRV2L), and the Br and near K-absorption edge that includes P of i-motif (tel-i-motif). Dashed lines represent the wavelengths
at which datasets were collected.

Table 1. Anomalous scatterers and peak heights

Anomalous
scatterers

Number of
anomalous
scatterers Wavelength (Å)

Averaged peak
height (�) f′′

tel-i-motif Br 1 0.92 12.6 3.9
d(TAACCCTAA) P 7 3.09 6.3 1.5

dPRV K 3 3.35 12.4 3.7
d(GGCTCGGCGGCGGA) Co 3 1.59 17.7 3.8

rPRV2L K 3 3.35 16.4 3.7
r(GGCUCGGCGGCGGA)

Crystallization

All crystallizations were achieved using the hanging-drop
vapor diffusion method at 283 K. Typically the drops con-
tained 1 �l of 1 mM DNA solution and 1 �l of the drop
solution and equilibrated against a 45% MPD well solu-
tion. The DNA G4 crystal (dPRV) was grown in initial
drop conditions: 50mM sodium cacodylate at pH6.5, 80
mM potassium chloride, 12 mM sodium chloride, 50 mM
lithium chloride, 1 mM hexammine cobalt (III) chloride
and 10% (v/v) (±)-2-methyl-2,4-pentanediol (MPD). The
crystals grew over 2 weeks as large squares of dimensions

0.3 × 0.3 × 0.2 mm. Crystals were cryoprotected using 30%
MPD and flash cooled in liquid nitrogen.

The RNA G4 and TMPyP4 complex crystal (rPRVL) was
grown in initial drop conditions: 50mM sodium cacodylate
at pH6.5, 20 mM potassium chloride, and 10% MPD, equi-
librated against a well solution containing 50% MPD, and
50 mM sodium cacodylate at pH 6.5. The drop contained 1
�l of 0.35 mM RNA with 0.35 mM TMPyP4 at 1:1 ratio and
1 �l of well solution. The RNA G4 TMPyP4 complex crys-
tal (rPRV2L) was grown in initial drop conditions: 50 mM
sodium cacodylate at pH 6, 40 mM potassium chloride and
5% MPD. Crystals were cryoprotected using 40% MPD and
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flash cooled in liquid nitrogen. The drop contained 1 �l of
0.25 mM RNA with 0.5 mM TMPyP4 at a 1:2 ratio and 1
�l of well solution. Crystals for the tel-i-motif native and
Br-C derivative were prepared as previously described (25).

Data collection and structure determination

In all cases crystals were harvested using loops and suc-
cessfully cryo-protected by flash freezing in Nitrogen. X-ray
data collections and screenings were conducted at either the
Shanghai Synchrotron Radiation facility (SSRF) China, or
the Diamond Light Source synchrotron facilities (Tables 1–
5).

The dPRV SAD dataset for crystals grown from the DNA
sequence was collected on the long-wavelength beamline
I23 at Diamond Light Source, UK, at a wavelength of
3.35 Å, close to the K absorption edge (3.44 Å) and con-
sists of four merged datasets. The merging of data sets in-
creases the signal to noise, a critical factor when measuring
the small anomalous differences between the reflection Bi-
jvoet pairs. The high-resolution dataset was collected at a
wavelength of 1.58954 Å, consisting of two merged datasets,
where the best crystals diffracted to a resolution limit of 1.47
Å, with 360◦ of data collected with an exposure of 0.1 sec
per 0.1 degree rotation. Data were reduced with XDS (26)
and scaled with Aimless (27). The I23 beamline was chosen
as it provides an opportunity to derive initial phases from
the anomalous scattering of potassium ions held in the cen-
tral core of the stacked G-quartets. Although the anoma-
lous signal at 3.7 keV (3.35 Å) at the K edge (K-SAD) was
very strong, automated phasing was not sufficient to pro-
vide interpretable maps. By collecting above the cobalt edge
(Co-SAD), at 7.8 keV (1.59 Å), initial phases with sufficient
accuracy were derived to calculate interpretable Focalc maps,
however it required the contribution of the anomalous scat-
tering of both potassium and cobalt atoms. Phases were de-
termined using the ShelxCDE pipeline in HKL2MAP (28),
providing six sites which were searched using a resolution
cutoff of 3 Å after 2000 trials. The initial Focalc electron
density map revealed six discrete spherical peaks that were
interpretable as the positions of three K+ ions within the
quadruplex central channel and three Co3+ ions associated
with the phosphate backbone. This combination enabled
sufficient electron density and geometric restrains to posi-
tion a core G-quadruplex in the asymmetric unit and com-
plete a viable model. As water molecules do not generate a
significant anomalous signal at the X-ray wavelength used
for data collection, this method is able to experimentally dis-
criminate between a superposition of Na+ ions and water
molecules. The accuracy of the anomalous measurements
can be seen in a phased anomalous difference map. Model
refinement proceeded using iterative cycles of building in
Coot program and refinement in REFMAC5 program (29)
within the CCP4 package (30). The final R-work and R-free
were 19.2% and 19.9%, respectively. There are two DNA
strands in the ASU that folds into one quadruplex forming
four stacked tetrads and three K+ ions. Crystal structure co-
ordinates and structure factor data have been deposited in
the Protein Data Bank with code 6JJF.

The structure of the RNA G4 and TMPyP4 complex
(rPRV2L) was solved by K-SAD methods on data col-

lected on I23 at Diamond Light Source at a wavelength of
3.3501 Å, close to the K absorption edge (3.44 Å). Data re-
duction followed the methods described above. The Shelx-
CDE pipeline in HKL2MAP was used to determine the po-
sitions of the anomalous scatters, which all lie on a crystal-
lographic 2-fold axis. The data were phased using the potas-
sium ions held in the central core of the stacked G-quartets,
the first successful structure determination using K absorp-
tion edges. Although the initial phases were quite poor an
initial model was sufficient using iterative cycles of building
in Coot program and refinement in REFMAC5 program
within the CCP4 package to complete the structure. The fi-
nal R-work and R-free are 24.18% and 29.1%, respectively.
Crystal structure coordinates and structure factor data have
been deposited in the Protein Data Bank with code 6JJH.

The rPRVL dataset for the crystals containing a sec-
ond RNA G4 and TMPyP4 complex was collected at
Shanghai Synchrotron Radiation facility (SSRF) China
and diffraction data were indexed, integrated, and scaled
using HKL2000 (31) or HKL3000 (32) and were further
processed using CrysalisPro (Agilent Technologies). rPRVL
was solved by molecular replacement (MR) methods using
the PHASER program (33) and the G-tetrad core struc-
ture from the rPRV2L model. Crystal structure coordinates
and structure factor data have been deposited in the Protein
Data Bank with code 6JJI.

The structure of the i-motif was solved by SAD meth-
ods on data collected on I02 at Diamond Light Source at
a wavelength of 0.92007 Å, on the Br absorption edge (Br-
SAD), and at I23 at a wavelength of 3.0996 Å on the K
absorption edge (K-SAD). Data reduction, model building
and refinement followed the methods described above. The
ShelxCDE pipeline in HKL2MAP was used to determine
the positions of the anomalous scatters Br and P. Crystal
structure coordinates and structure factor data have been
deposited in the Protein Data Bank with code 6TQI.

All figures were generated with PyMOL (http://www.
pymol.org) (34) and Coot (35). Data collection and struc-
tural refinement statistics are summarized in Tables 1–5.

RESULTS

Intrinsic and extrinsic scattering elements for de novo struc-
ture determination

Long-wavelength macromolecular crystallography is a use-
ful method for solving the crystallographic phase problem,
using the small anomalous signals from lighter atoms, such
as sulphur or phosphorus which are present in native pro-
tein or nucleic acids containing crystals. At longer wave-
lengths, the anomalous signal from these atoms is increased,
which allows S-SAD or P-SAD methods to become routine
techniques. Because of the increased absorption at longer
wavelengths, dedicated beamlines (in vacuum or in helium)
are necessary to perform these experiments. In addition, ra-
diation damage is also more severe, but it can be avoided by
using low-dose and high-multiplicity data collection strate-
gies. Wherever possible, collecting multiple datasets from a
single crystal will also benefit from different crystal orienta-
tions using a multi-axis goniometer to minimize systematic
errors and cover more reciprocal space.

http://www.pymol.org
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Table 2. Data collection and refinement statistics

dPRV rPRVL rPRV2L tel-i-motif

Ligand –– TMPyP4 TMPyP4 ––
PDB id 6JJF 6JJI 6JJH 6TQI
Data collection
Beamline Diamond I23 SSRF 19U1 Diamond I23 Diamond I23
Space group C 2 P 2 2 21 P 2 P 62 2 2
Cell dimensions
a, b, c (Å) 45.37, 47.60, 37.73 23.54, 29.24, 57.61 29.85, 23.64, 31.05 31.90, 31.90, 81.88
α, β, γ (◦) 90.00, 110.02, 90.00 90.00, 90.00, 90.00 90.00, 107.59, 90.00 90.00, 90.00, 90.00

Resolution (Å) 23.80–1.47 (1.52–1.47) 50.00–3.11 (3.22–3.11) 29.60–1.74 (1.80–1.74) 27.63–2.90 (3.25-2.90)
Rsym or Rmerge (%) 3.6 (51.3) 10.8 (40.3) 2.1 (34.0) 3.6 (4.4)
I / �I 17.7 (1.1) 12.9 (4.4) 15.6 (1.76) 80.0 (62.5)
Completeness (%) 98.0 (86.6) 97.6 (93.7) 99.5 (98.6) 99.7 (99.0)
CC1/2 (%) 99.8 (64.4) 99.8 (99.4) 100 (84.2) 99.9 (100)
Wavelength (Å) 1.5895 0.9790 1.7712 1.000
Refinement
Resolution (Å) 23.80–1.47 (1.52–1.47) 16.04–3.10 (3.21–3.10) 29.60–1.7(1.80–1.74) 25.0–2.95 (3.25–2.95)
No. reflections 12704 (1122) 825 (78) 4377 (431) 647(37)
Rwork / Rfree (%) 19.2/19.9 (32.9/31.9) 19.2/24.9 (33.9/50.6) 23.9/29.1 (32.9/27.7) 23.38/22.6 (43.8/38.3)
No. atoms
DNA/RNA 622 303 303 178
Ligands/ions 25 55 107
Water 67 11

B-factors
DNA/RNA 32.04 71.12 43.97 49.4
Ligands/ions 50.68 70.59 44.30

Water 39.21 41.65
R.m.s. deviations
Bond lengths (Å) 0.009 0.003 0.008 0.011
Bond angles (◦) 1.14 0.73 1.67 0.94

*Values in parentheses are for the highest-resolution shell.

Table 3. Data collection and processing statistics for dPRV

Dataset1 K edge Dataset2 Co edge

Data collection
Beamline Diamond I23 Diamond I23
X-ray wavelength (Å) 3.3509 1.5895
Space group C 2 C 2
Cell dimensions
a, b, c (Å) 45.23, 47.51, 37.63 45.28, 47.51, 37.65
α, β, γ (◦) 90.00, 110.10, 90.00 90.00, 110.04, 90.00

Resolution (Å) 35.34–2.19
(2.26–2.19)

35.37–1.4
(1.42–1.4)

Rsym or Rmerge (%) 7.6 (16.3) 6.4 (217.9)
I / �I 36.7 (11.4) 26.8 (1.0)
Completeness (%) 98.6 (86.4) 99.7 (95.4)
Multiplicity 14.5 (5.7) 30.2 (22.0)
CC1/2 (%) 99.9 (97.5) 100 (66.8)
No. of unique reflections 3865 14880
Anomalous completeness
(%)

96.2 (82.0) 99.4 (92.7)

Anomalous multiplicity 7.1 (3.0) 14.5 (10.7)

*Values in parentheses are for the highest-resolution shell.

An investigation into using intrinsic scattering elements
in DNA and RNA for de novo structure determination was
undertaken at the Diamond Light Source long-wavelength
in-vacuum beamline I23. For each crystal, multiple datasets
of 360◦ with different kappa angles were collected at low
dose. Our analysis was undertaken on well-characterized
and well-diffracting crystals of both RNA/DNA G4s, con-
taining PRV sequences and on an i-motif containing the
human telomeric sequence. In both cases, phasing us-

Table 4. Data collection and processing statistics for rPRV2L

Dataset1 K edge

Data collection
Beamline Diamond I23
X-ray wavelength (Å) 3.3509
Space group P 2
Cell dimensions
a, b, c (Å) 29.87, 23.66, 31.06
α, β, γ (◦) 90.00, 107.61, 90.00
Resolution (Å) 29.60–2.19

(2.31–2.19)
Rsym or Rmerge (%) 11.6 (33.8)
I / �I 13.9 (3.8)
Completeness (%) 92.1 (79.8)
Multiplicity 7.8 (4.6)
CC1/2 (%) 98.6 (91.5)
Total no. of reflections 16101 (1166)
No. of unique reflections 2065 (254)
Anomalous completeness (%) 86.8 (77.2)
Anomalous multiplicity 3.9 (2.4)

*Values in parentheses are for the highest-resolution shell.

ing molecular replacement, and/or Br-SAD had proved
inadequate. Our experiments focused on utilizing SAD
data collected at long wavelengths on both potassium and
phosphorus for phase determination (Figure 1B and Ta-
bles 3–5). We planned to utilize the fact that G4s grown
in the presence of potassium will intrinsically contain,
in the central core, one potassium ion sandwiched be-
tween every two stacked G-tetrad. We also investigated
combining P-SAD contributions with data available from
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Table 5. Data collection and processing statistics for tel-i-motif

Dataset1 Br edge Dataset2 P edge

Data collection
Beamline Diamond I02 Diamond I23
X-ray wavelength (Å) 0.92007 3.0996
Space group P 62 2 2 P 62 2 2
Cell dimensions
a, b, c (Å) 32.78, 32.78, 81.67 32.37, 32.37, 82.03
α, β, γ (◦) 90.00, 90.00, 120.00 90.00, 90.00, 120.00
Resolution (Å) 40.83–2.78

(2.85–2.78)
28.03–2.01
(2.13–2.01)

Rsym or Rmerge (%) 7.7 (309.5) 8.4 (181.9)
I / �I 19.5 (0.9) 59.4 (2.0)
Completeness (%) 98.2 (95.5) 99.9 (99.2)
Multiplicity 15.4 (15.8) 129.9 (62.5)
CC1/2 (%) 98.2 (34.6) 100 (88.7)
Total no. of reflections 12 504 (840) 257 631 (18 500)
No. of unique reflections 812 (53) 1983 (296)
Anomalous completeness
(%)

98.8 (97.1) 99.8 (99.1)

Anomalous multiplicity 10.1 (9.6) 73.5 (33.8)

*Values in parentheses are for the highest-resolution shell.

Br-SAD to derive sufficient phasing for our structural
determinations.

Determination of the RNA G4 in complex with TMPyP4
(rPRV2L) using long-wavelength K-SAD

To determine the structure of the RNA
r(GGCUCGGCGGCGGA)/TMPyP4 complex, rPRV2L,
SAD data were collected close to the potassium absorption
edge (� = 3.44 Å). Using the ShelxCDE pipeline (36), three
anomalous scattering peaks oriented on a crystallographic
2-fold axis (Figure 2B) 3.4 Å apart, were identified as K+

ions (Table 1). The model was manually built over several
cycles into K-SAD and 2Fobs – Fcalc maps using COOT
(Supplementary Figure S2). Formed from just one RNA
strand in the asymmetric unit (ASU) the four-stacked rG4
is generated through the operation of a crystallographic
2-fold axis with the three K+ ions (Figure 2A, C, D) sitting
on the symmetry axis. Two independent TMPyP4 ligands
are observed bound to the RNA, one intercalated at the
3′end of the rG4, layered between the G-tetrad plane and
an A-diad formed from A14:A14* bases, and one external
to the rG4 (Figure 2D and Tables 2 and 4). The external
TMPyP4 is held in place adjacent to the RNA G4 in a
stacked arrangement between a pair of uracils (U4:U4*)
and a pair of cytosines (C11:C11*). A crystallographic
2-fold symmetry element is aligned exactly through the
center of TMPyP4 in alignment with the C2 symmetry of
the molecule and rG4. This is in contrast to the intercalated
TMPyP4 where the molecule has two distinct positions 1.5
Å from the crystallographic 2-fold symmetry axis that runs
through the center of the rG4 structure. An omit map gen-
erated by excluding TMPyP4 shows clearly two positions
in the Fo-Fc electron density. Refinement of TMPyP4 with
half-occupancy into two of these distinct positions reduces
the overall R and Rfree. We attribute this static disorder to
the constricted environment adjacent to the G4-tetrad and
the extended plane formed by the A14:A14* pairing. The

larger surface area can accommodate the ligand TMPyP4
in the two positions, and as expected it sits 0.2 Å further
away from the G4-tetrad than the adenine diad plane.

Determination of the DNA G4 (dPRV) combining long-
wavelength K-SAD and Co-SAD

In the structural determination of the DNA
d(GGCTCGGCGGCGGA) dG4 (dPRV), we combined
the use of K-SAD, from the contribution from K+ ions, and
Co-SAD from Co3+ ions stabilized in the crystal lattice.
Initially, K-SAD data collected at 3.7 keV (� = 3.35 Å)
close to the K absorption edge was used for phasing. Using
the automated ShelxCDE pipeline three anomalous peaks
were identified as the K+ ions (Figure 3B), although this
proved insufficient to generate interpretable maps (Sup-
plementary Figure S3). Additional anomalous scattering
was observed. Since 1 mM cobalt hexamine was present
in the crystallization buffer, cobalt could be used as an
additional scattering element. Data were subsequently
collected above the cobalt absorption edge at 7.8 keV (�
= 1.59 Å) (Figure 3C, Supplementary Figure S4). This,
when combined with anomalous scattering from potassium
ions provided phases with sufficient accuracy to calculate
interpretable SAD maps (Figure 3D). The anomalous
difference Fourier maps calculated for two wavelengths,
shown in Figure 3B–D, clearly identify the cobalt (cyan,
2�, 7.8 keV,) and potassium ions (magenta, 2�, 3.7 keV).
Interestingly, the anomalous phosphorus scattering (blue)
is just visible at 3.7 keV, but, at this wavelength, it is not
sufficient for phasing (Figure 3D). The DNA coordinate
model was manually built into density using COOT over
several cycles of refinement. A high-resolution dataset
at a wavelength of 1.5895 Å was used for refinement and
coordinate deposition at the PDB as dPRV (Figure 3E and
Tables 2 and 3).

Crystallographic determination of the human telomeric i-
motif (tel-i-motif), combining long-wavelength P-SAD and
Br-SAD

In an attempt to use our intrinsic scattering method for the
determination of other non-canonical DNA structures we
focused on the i-motif derived from human telomeric se-
quences. This approach followed on from our unsuccess-
ful MR attempts using equivalent NMR models contain-
ing telomeric sequences (PDB id 1EL2, 1ELN) and trials
using a halogen bromine derivative, substituting C3 with
C3Br (Figure 4A). Our initial Br-SAD data provided a par-
tial SAD map and indicated the locations of the bromine
atoms (Figure 4B, E, green density). However, it was not
sufficient to accurately build a model. A long-wavelength
data collection (� = 3.0996 Å) at I23 beamline provided
a robust data set (Tables 2 and 5) with a strong phospho-
rous anomalous contribution (Table 1). Using the Bromine
data as external phases in phenix. autosol (37), seven of
the eight phosphorus atoms were identified (Figure 4C, F,
blue density, D) and provided well-defined electron den-
sity suitable for model building (Supplementary Figure S5).
The probability of solving the structure directly by P-SAD
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Figure 2. Schematic and ribbon images showing the HA locations and subsequent anomalous difference map, initial SAD map calculated using positions
of the anomalous scatters, together with density-modification procedures, and 2Fobs – Fcalc maps, for rPRV2L. (A) Overall topology with direction of
backbone, parallel (green) and anti-parallel (orange), and glycosidic torsion angles anti- (gray) and syn- (orange) highlighted. (B) SAD map, in gray (2�),
based on phases derived from HA positions determined from K+ ions, (C) 2Fo – Fc map, contoured at 2�, shows the accuracy of the anomalous difference
measurements. (D) Ribbon diagram crystal structure rPRV2L with chain A and chain B shown as cartoon style (gray), overlain composite of K+ (Fanom(calc)
map (magenta, 2�, 3.7 keV)).

was challenging since it is related to the ratio of the num-
ber of reflections over the number of anomalous scatterers
(38). Here because of the small unit cell, the number of re-
flections is low, while the number of phosphorous atoms is
high (∼1 per nucleotide). Additionally, the apparent mobil-
ity of the phosphates in DNA/RNA structures, either static
or dynamic, conspires to reduce the strength of anomalous
scattering (39). In this analysis, there was an insufficient P-
SAD anomalous contribution which required us to com-
bine the use of both intrinsic (P-SAD) and extrinsic (Br-
SAD) anomalous scattering for a successful structural de-
termination (Figure 4G–J).

Determination of RNA G4 in complex with TMPyP4
(rPRVL) using MR

Multiple attempts of molecular replacement (MR) using
known arrangements of stacked G-tetrads, including dPRV
proved unsuccessful. We were only successful using the G4
central core of the newly determined structure of rPRV2L
complex as an MR model, highlighting the need for highly
accurate models for the determination of nucleic acid struc-
tures. Similar to rPRV2L, the ASU contains one RNA strand
aligned along a crystallographic 2-fold axis, which folds
into an all-parallel stranded bimolecular rG4 consisting of
four stacked G-tetrads with three K+ ions sitting on a 2-
fold axis with half occupancy. The structure displays the
same syn, anti rG-quartet stacking arrangement as rPRV2L
(Supplementary Table S4). This crystal contains only one
TMPyP4 ligand bound to the RNA, similarly, intercalated
at the 3′ end of the rG4 layered between the G-tetrad plane
and an A-diad formed from rA14:A14* bases (Figure 5C).
The TMPyP4 binding site between the G-tetrads and paired
adenines is similar to rPRV2L, with stacking 0.2 Å further

from the G-tetrad plane than the paired adenines, but here
binds in a single and more ordered orientation.

Comparison of DNA and RNA G4 Structures from PRV

A comparison between the PRV DNA and RNA G4 struc-
tures reveals differences in G-tetrad stacking, backbone ori-
entations, and syn anti-conformations, as illustrated in Fig-
ures 2, 3 and 5F. The DNA (d(GGCTCGGCGGCGGA))
(dPRV) has two strands in the ASU (28nt) which associate
together to form a parallel/anti-parallel mixed bimolecu-
lar dG4 (Figure 5A), while the RNA G4s are formed from
one independent strand in the ASU, that associates through
crystallographic symmetry to form an all-parallel bimolec-
ular rG4, where with the top G-tetrad layer containing a
rG (syn) glycosidic arrangement (Figure 5B, C). Despite
these differences, both the DNA and RNA G4s have similar
topologies consisting of four stacked G-tetrads separated
by three linkers, L1 the longest with 3-nt triplet (CTC), and
two single bases (C) forming propeller loops (L2, L3). The
DNA G-tetrads are linked by a lateral loop (L1), and two
propeller loops (L2, L3) (Figure 3A) with three K+ ions,
as confirmed by anomalous scattering, and one Na+ ion in
the center of the channel (Figure 3D, E). In contrast to the
RNA motif, all four G-tetrads are linked through a parallel
topology and three propeller loops (Figure 2A) with three
K+ ions in the center of the channel (Figure 2B, D) but lack-
ing the sodium ion as it is not as stabilizing and more easily
displaced by TMPyP4. The effects of loop length on two-
quartet dG4s DNA (G2-DNA), as determined by biophys-
ical and NMR methods, show that a loop length of 1 pro-
motes the formation of a parallel conformation, while loop
lengths of three preferentially adopt the antiparallel confor-
mation (40), consistent with our observed mixed topologies,
with a lateral loop in DNA and propeller loops in RNA.
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Figure 3. Schematic and ribbon images showing the HA locations and subsequent anomalous difference map (Fanom(calc)), initial SAD map calculated
using positions of the anomalous scatters, together with density-modification procedures, and 2Fobs – Fcalc maps for dPRV. (A) Overall topology with
direction of backbone, parallel (green) and anti-parallel (orange), and glycosidic torsion angles anti- (gray) and syn- (orange) highlighted. (B) SAD map in
gray (1.5�) based on phases derived from HA positions determined from K+ ions, (C) SAD map (gray, 1.5�) based on phases derived from HA positions
determined from Co3+ and K+ ions. (D) (2Fo – Fc) map contoured at 2� shows the accuracy of the data collected on beamline I23. (E) Ribbon diagram
of dPRV crystal structure with chain A and chain B shown as cartoon style (gray) and K+ ions (magenta), Co (III) hexamine (cyan), Na+ ions (red) and
P (blue) atoms as small spheres. Strong anomalous difference peaks corresponding to the K+ (magenta, 2�, 3.7 keV), Co3+ (cyan, 2�, 7.8 keV) ions and P
(blue, 2�, 3.7 keV) atoms.

When we compare the root mean square (rms) devia-
tions between the two DNA chains (A, B), there is very
little difference between the central G-quartets (206 atoms,
0.242 Å), except for dG6 (Figure 5D, Supplementary Figure
S6A). Step parameters and base-pair parameters for both
DNA and RNA G4s are provided in Supplementary Ta-
bles S1–S3, S4–S6. A comparison of nucleotide backbone
torsion angles and sugar puckers (3DNA-DSSR) (41) also
shows minor differences associated with the dG4 core with
variability primarily centered on loop L1 (CTC) (Supple-
mentary Figures S6A and S7A, D). Here the L1 loop con-
nects the top two G-tetrads and supports a mixed paral-
lel and anti-parallel topology, with dG1−dG2 pointing up,
while all other phosphate backbones point down, including
loop L2 linking together the top and lower two G-tetrads
and loop L3. Loop L1 helps stabilize the top G-tetrad with
a trinucleotide stack (Supplementary Figure S7A, D) con-
sisting of a C5A–C5B base-pair, hydrogen bonded to T4B.
The remaining bases, C3A, C3B and T4A, form multiple in-
teractions away from the dG4 core (Supplementary Figure
S7A, D) (42). Different from the DNA topology, the RNA
G4 loop L1 (CUC) connects the top G-tetrad rG1–rG2 in
a parallel arrangement stabilized by the contribution of the
O2′-sugars, generating an unusual all syn-glycosidic quartet
(43). A direct comparison of RNA G4s strands (A) between
the two structures (rPRVL and rPRV2L) reveals little dif-
ference in either topology or conformation (rms all atoms,
0.424 Å), even when crystallized in different space groups
(Figure 5e and Supplementary Figure S7b-d). This similar-
ity also extends to the backbone dihedrals, even for loops

L1 and L3 which require only modest changes to accommo-
date the additional TMPyP4 for rPRV2L (Supplementary
Figure S6b). The largest difference occurs for rA14 which
accommodates the TMPyP4 binding 1.5 Å off the central
axis for rPRV2L. Despite the sequences being identical, the
structural differences between the DNA and RNA topolo-
gies become obvious when they are superimposed (Figure
5F). These differences extend through sugar puckers and
the G-tetrad syn anti arrangements, although they still max-
imize the favorable syn-anti and anti-anti steps, based on a
simplified two-quartet [d(GG)]4 model (44). Additionally,
we observe both C3′- and C2′-endo puckering in the ri-
bose sugars in the G-tetrads, which appears to be linked
to the syn or anti glycosidic torsion angles RNA:r(syn–
syn–syn–syn), r(anti–anti–anti–anti), r(anti–anti–anti–anti),
r(anti–anti–anti–anti). This arrangement is unlike the DNA
G4, where all deoxyribose sugar puckers are in the C2′-
endo conformation and form a pattern: d(anti–syn–anti–
syn), d(syn–anti–syn–anti), d(anti–anti–anti–anti), d(anti–
anti–anti–anti) (C3′-endo’s sugar puckers highlighted in
bold).

In a crystalline lattice, the G4s pack together via stack-
ing arrangements taking advantage of available unpaired
nucleotides. We observe that dPRV is organized in 3′-to-3′
orientation where the terminal residue dA14 is available to
contribute to overall stacking. This generates a A•A•A•A
tetrad with non-canonical pairing (45), adopting alterna-
tive conformations (Supplementary Figure S8A, D) (46).
Both the rPRVL and rPRV2L are organised differently, ar-
ranged in a stacked 3′-to-′ arrangement associated, in this
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Figure 4. Schematic and ribbon images showing the HA locations and subsequent anomalous difference Fourier (Fanom(calc)) maps, initial SAD map
calculated using positions of the anomalous scatters, together with density-modification procedures, and 2Fobs – Fcalc maps, for tel-i-motif. Overall topology
with direction of backbone, parallel (green) and anti-parallel (yellow), and glycosidic torsion angles anti- (gray) and syn- (orange) highlighted. (A) Positions
of C3Br substitutions within the tel-i-motif. (B) Fanom(calc) map (green) showing Br heavy atoms, 13.47 keV data (Br absorption edge). (C) Fanom(calc) map
(blue) showing P atoms positions, 4.01 keV data. (D) Schematic showing P atoms within tel-i-motif. (E) SAD map in gray (2�) based on phases derived
from Br positions. (F) SAD map in gray (2�) based on phases derived from P positions. (g-h) Ribbon images showing overall tel-i-motif topology, backbone
(gray), cytosine (green), adenine (yellow), thymine (orange). (I) Stick representation showing phosphorus scattering positions (blue) and bromine (green).
(J) Final 2Fobs – Fcalc maps, for tel-i-motif and final model.

case with TMPyP4 (Supplementary Figure S8B, C, E, F).
Native gel electrophoresis of equilibrated rPRVs shows a
very broad band, which we interpret as a complex mix-
ture of multimeric arrangements in the buffer that shift
with varying TMPyP4 concentrations (Supplementary Fig-
ure S10). Our crystal structures capture two of these sub-
states. The first substate has TMPyP4 bound as a sandwich
between the A-dimer and the G-tetrad (rPRVL). This then
provides rU4 and rC11 the necessary conformational flex-
ibility (Supplementary Tables S4–S6, Figure S8) to stack
with a second TMPyP4 (rPRV2L) as the second substate
(47,48). CD analysis is consistent with the crystallographic
model where the addition of nucleotides to the 5′end of the
DNA G4 (Supplementary Table S7) increases the instabil-
ity of the observed conformation by shifting to alternative
topologies through steric hindrance (Supplementary Figure
S9) (49,50). This may be enhanced by its proximity to the
longer L1 lateral loop, thus allowing for more conforma-
tional flexibility and access to the G-tetrad surface.

A structural description of the i-motif from human telomeric
DNA

The importance of i-motifs within promoters and telomeric
(3′-strand) regions was recently highlighted using an anti-
body fragment (iMab) that recognizes i-motif structures in
vivo (51). Our tel-i-motif structure is typical of other inter-
molecular i-motifs, here formed from four telomeric strands
associated with crystallographic symmetry to generate six
C:C+ pairs. The AAT 5′ and TAA 3′ head and tail sequences
base pair through symmetry-related partners, forming char-
acteristic DNA duplex secondary motifs. The tel-i-motif
structure is comparable to the NMR derived structure of
similar sequence (52), and other i-motif tetramers, where
the strands pair with planar hemi- protonated C:C+ bases.
A comparison between the NMR and X-ray derived struc-
tures shows that the base pair deviations are less than 4◦,
while the average intercalated stacking interval is similar at
3.1 Å, with the cytidines in the (� ) anti-conformation. How-
ever, the average P–P distance for Tel-i-motif is wider by 1
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Figure 5. Comparison of PRV RNA and DNA structures drawn as cartoons. (A) DNA G4 (dPRV), (B) RNA G4 (rPRVL), (C) RNA G4 (rPRV2L), (D)
Structure alignment of dPRV between chains A and B, (E) Structure alignment between rPRVL and rPRV2L, (F) Structure alignment between dPRV (chain
B) and rPRVL. Potassium ions are shown as magenta spheres. Sodium ion is shown as red sphere. Chains A and B are shown as different colors. TMPyP4
ligands are shown as magenta sticks and brown for the alternative conformations.

Å, at 15.2 Å across the wide grooves, and narrower by 2 Å
at 7 Å across the narrow grooves. The major difference is
that the cytosine stack register is shifted by one nucleotide
step. In this and other crystal structures, we observe that
C1 sits below C3. This is different from the NMR struc-
ture, where the methyl modified cytosine base CM1 (residue
7) is stacked on top of C3 pulling the cytosine stack up
by one register in the 5′ direction (+1) (Figure 6). Subtle
base modifications or changes to telomeric sequence length
have been observed to play a decisive role in the stabiliza-
tion of the topology observed. The introduction of these
two modifications in the NMR determined structure might
have helped provide a new stabilized but 5′ shifted i-motif
topology. While these structural changes might not appear
significant, they will impede successful MR determinations.

DISCUSSION

Advances and challenges for automated SAD nucleic acid
structure determinations

We have confirmed here the utility of using long-wavelength
crystallography based on intrinsic scattering elements for
experimental phasing and de novo structure determination
of DNA and RNA G4s, along with its ability to unam-
biguously assign metal ions in the lattice. Access to long-
wavelength X-ray diffraction provides opportunities to tune
the wavelength to identify lighter anomalous scatterers for
the characterization of structures containing mixed ions,
currently challenging using conventional structure determi-
nation techniques.

This work shows the opportunities beamline I23 provides
for nucleic acid structural determinations and character-
ization, and we hope that this approach will be adopted
more widely. A remaining challenge is the implementation
of equivalent protein automated software tools for model
building and phase extension of nucleic acid structures. Cur-
rently, automated pipelines for phasing and model build-
ing are not as robust for nucleic acids as for proteins. This
is particularly relevant to advance the effective incorpora-
tion of P-SAD methods (39,53) in phase determination.
However, at this stage, we have shown the general utility
of using intrinsic scattering to aid in the identification of
metal ions, such as K+. We observe that they are more
robust than utilizing the incorporation of modified bases
(Br-U) commonly associated with diminished occupancy
or using phosphorus where dinucleotide phosphate back-
bones are frequently observed to have multiple conforma-
tions especially in non-canonical DNA and RNA G4 mo-
tifs. This type of anomalous scattering analysis is useful as
it also allows for the clear identification of ions in the G4
core channel, independent of their atomic scattering inten-
sity, something challenging when using standard NMR re-
sources. Looking more broadly we expect this technique to
be applied more widely in ever more complex molecular set-
tings.

The utility of TMPyP4 as a G4 interacting ligand and its se-
lectivity for rG4s over dG4s

Our focus on non-canonical nucleic acids relates to their bi-
ological relevance in a variety of structural, regulatory, and
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Figure 6. Comparison of topologies between the X-ray determined one-
repeat d(TAACCCTAA) (tel-i-motif) and the NMR determined four-
repeat human telomeric modified sequence d(CCCTAA(5mC) CCTAAC
CCUAACCCT), folded as an i-motif (1EL2). Direction of backbone
shown parallel (green), and anti-parallel (yellow). (A) Changes in groove
widths are shown with strand orientations, Narrow (N) and Wide (W). (B)
Sequence mutations are shown with cytosine to 5-methylcytosine substitu-
tion (pink), at position 7, and the thymine to uracil substitution (gray), at
position 16. The arrow indicates a shift of C:C+ base pairs in the 5′ direc-
tion.

catalytic roles, as well as for their potential therapeutic ap-
plications, both as targets and as drugs. Here we selected the
cationic porphyrin TMPyP4 ligand as it shows a high affin-
ity to G4s, has good inhibitory activity on telomerase, and
on the expression of oncogenes (54). Additionally, it shows
anti-tumor activity in several tumor cells in high concentra-
tions but negatively enhances translation in eukaryotic cells
at lower concentrations (55). TMPyP4 has a strong pref-
erence for dimer interfaces (56,57), while its interaction to
RNA via a G-tetrad base stacking is sterically unexpected.
Our crystal structures help explain the observed associa-
tion of TMPyP4 to these two RNA motifs, highlighting a
sandwich type arrangement formed from a 3′ G-tetrad sur-
face and a second platform generated from the dimerization
of an adenine pair. This arrangement is similar to that ob-
served in for a DNA G4, (PDB id 2A5R) in a snap-back
3+1 arrangement, except here the platform is formed on the
5′ G-tetrad surface. Our equivalent PRV DNA sequence is
folded in the crystal lattice such that an adenine tetramer is
formed on the 3′ end, removing the preferred dimer inter-
face, and thus preventing TMPyP4 binding to the 3′ termi-
nal G-tetrad. The major factor affecting topology between
our DNA and RNA sequences is the presence of sugar ri-
bose 2′-hydroxyl group, which promotes the formation of an
all parallel stranded rG4 and could be related to functional
differences (43). An understanding of folding preferences,

G4 architecture, and ligand selectivity between RNA and
DNA G4s will be important for the future design of selec-
tive functional nucleic acids targeting agents.

Use of long wavelength scattering as an aid to nucleic acid
structure determination

Despite the sequence similarity between the G4 DNA
(dPRV) and RNA (rPRV) structures, the nucleotide ar-
rangements (syn, anti) and strand orientation differed suffi-
ciently to impede the routine application of MR to solve the
structure. The rms deviation between the two structures is
comparable where the overall core nucleotide arrangement
appears similar in both rise and twist, except for the small,
localized regions where the bases are flipped into alternative
syn-, anti- arrangements. It required the application of both
intrinsic scattering K-SAD and elements in the crystalliza-
tion buffer like Cobalt (Co-SAD) to derive accurate phases
to obtain the structure solution. This is in contrast to the
rG4 rPRV2L and rPRVL structures which were sufficiently
similar in the central G4 core to allow for MR to work,
despite the binding of a second ligand with an associated
distortion of the loop regions. Similarly, the i-motif search
models selected manually for MR methods were insufficient
and/or inaccurate. Our initial use of halogen derivatives for
SAD phasing, as discussed above, proved insufficient and
required the complementary use of intrinsic scattering from
the phosphorus in the DNA backbone (P-SAD) for the gen-
eration of interpretable maps. The use of P-SAD could have
been extended further to include the anomalously scattering
element potassium (K-SAD), available within G4s. Clearly,
challenges currently exist in the implementation of this tech-
nique for routine complex nucleic acids de novo structure de-
terminations, particularly for twinned crystals or G4s with
inherent global pseudo-symmetry.
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