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ABSTRACT: Aberrant expression of PDGFR-β is associated with
a number of diseases. The G-quadruplexes (G4s) formed in
PDGFR-β gene promoter are transcriptional modulators and
amenable to small molecule targeting. The major G4 formed in the
PDGFR-β gene promoter was previously shown to have a broken
G-strand. Herein, we report that the PDGFR-β gene promoter
sequence forms a vacancy G-quadruplex (vG4) which can be ﬁlled
in and stabilized by physiologically relevant guanine metabolites,
such as dGMP, GMP, and cGMP, as well as guanine-derivative
drugs. We determined the NMR structure of the dGMP-ﬁll-in
PDGFR-β vG4 in K+ solution. This is the ﬁrst structure of a guanine-metabolite-ﬁll-in vG4 based on a human gene promoter
sequence. Our structure and systematic analysis elucidate the contributions of Hoogsten hydrogen bonds, sugar, and phosphate
moieties to the speciﬁc G-vacancy ﬁll-in. Intriguingly, an equilibrium of 3′- and 5′-end vG4s is present in the PDGFR-β promoter
sequence, and dGMP favors the 5′-end ﬁll-in. Guanine metabolites and drugs were tested and showed a conserved selectivity for the
5′-vacancy, except for cGMP. cGMP binds both the 3′- and 5′-end vG4s and forms two ﬁll-in G4s with similar population.
Signiﬁcantly, guanine metabolites are involved in many physiological and pathological processes in human cells; thus, our results
provide a structural basis to understand their potential regulatory functions by interaction with promoter vG4s. Moreover, the NMR
structure can guide rational design of ligands that target the PDGFR-β vG4.

■

core.13,17 We previously determined the major G4 in the
PDGFR-β promoter region using the 22-mer Pu22m1 DNA
sequence (Figure 1a). It is an intramolecular broken-strand G4
in which the 3′-tetrad is ﬁlled in by the 3′-terminal G22
connected with a 5-nt fold-back loop (Figure 1b).13 The ﬁll-in
by the discontinued G22 was shown to be more dynamic in 3′extended sequences in which G22 is not a terminal residue.13
Previous studies reported a unique type of intramolecular
vacancy G-quadruplex (vG4) that is formed by three G3 tracts
and one G2 tract and has an incomplete G-tetrad with a Gvacancy, which can be ﬁlled in by a guanine derivative, such as
GMP or GTP (Figure 1c and Table S1).18−21 The Pu22
(Table S2) PDGFR-β promoter sequence also has one G2 tract
and can potentially form a vG4 that may be ﬁlled in by guanine
metabolites or derivatives.
In this study, we report that the human PDGFR-β gene
promoter sequence forms a vG4 which can be ﬁlled in by

INTRODUCTION
G-quadruplexes (G4s) are DNA or RNA secondary structures
formed by stacked Hoogsteen hydrogen-bonded G-tetrads and
stabilized by K+ or Na+.1,2 G4s have been visualized in
chromosomes of human cells and are found in human
regulatory chromatin.3−5 G4-forming sequences are accumulated in speciﬁc regions of the human genome, such as
oncogene promoters, telomeres, and 5′-UTR, and aﬀect gene
expression and genome stability.2,6−8 Thus, the corresponding
G4 structures have emerged as novel therapeutic targets.9−12
The platelet-derived growth factor receptor beta (PDGFRβ) is a cell-surface-receptor tyrosine kinase, which is essential
for cellular growth, proliferation, survival, motility, and
diﬀerentiation.13,14 Aberrant expression of PDGFR-β is
associated with a number of pathologies including cancer,
atherosclerosis, rheumatoid diseases, and ﬁbrotic disorders.15−17 In the PDGFR-β gene promoter, a nuclease
hypersensitivity element (NHE) is located in the highly GCrich proximal promoter region −165 to −132 nt upstream of
the transcriptional start site (TSS), which is crucial for basal
promoter activity and can form diﬀerent G4s (Figure 1a).14
Small molecules can target the PDGFR-β G4s to inhibit gene
transcription.14,15 Intriguingly, all of the G4s formed in the
PDGFR-β promoter sequence contain a broken-strand
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compete with the intramolecular 3′-terminal G22 in Pu22m1
for 3′-tetrad ﬁll-in. We then truncated the Pu22m1 sequence
by 2 and 3 nucleotides at the 3′-terminus (Table S2) to
destabilize the formation of the fold-back loop for intramolecular ﬁll-in. Both truncated sequences Pu20m1 and
Pu19m1 do not form a single well-deﬁned intramolecular G4
and can be ﬁlled in by dGMP in a similar way as shown by
NMR titration spectra (Figures S2 and S3). The ﬁll-in by
dGMP was supported by the DMS footprinting of the wildtype Pu19 (Table S2), which showed that the addition of
dGMP stabilizes a major G4 formation as shown by clearly
protected 11 guanines in the sequence (Figure S4). In
addition, G6 and G17 were shown not to be involved in the
major G4 formation (Figure S4). Therefore, we prepared
Pu19m2 (Figure 1a) with G6-to-A and G17-to-A mutations.
The free Pu19m2 DNA adopts two stable G4s as indicated
by ∼20 imino peaks between 10.5 and 12.0 ppm characteristic
of tetrad-guanines (Figure 1d). This is likely due to the
coexistence of the 3′- and 5′-end vG4s, as the G2 tract can
move up and down (Figure 1f). Upon titration with dGMP,
the number of peaks decreased and new peaks appeared. At
ratios over 1:5, a total of 11 well-resolved tetrad-guanine imino
protons was observed at 25 °C (Figures 1d and S5). At 5 °C,
one additional imino peak was seen for the ﬁll-in dGMP
(Figure S10). These results showed a well-deﬁned dGMP−
Pu19m2 complex with high-quality NMR spectra that is
suitable for structure determination (Figures 1d and S5). This
dGMP−Pu19m2 complex is unimolecular, whereas the free
Pu19m2 adopts monomeric and dimeric topologies, as shown
by a native EMSA gel (Figure S6). An increase of ∼15 °C in
Tm of Pu19m2 was observed in the dGMP complex (∼60 °C)
as compared to the unimolecular free vG4 (∼45 °C) in 50 mM
K+-containing solution (Figure S7). The CD spectra of both
free Pu19m2 and its dGMP complex showed the characteristic
264 nm positive band and 240 nm negative band for a parallel
G4, with enhanced CD bands in the presence of 20 equivalents
of dGMP (Figure 1e).
NMR Structure Determination of the 5′-End dGMPﬁll-in PDGFR-β vG4. The H1 (Figure S8) and H8 protons
(Figure S9) of each Pu19m2 guanine were unambiguously
assigned using site-speciﬁc 15N-labeled DNA and 1D 15Nedited NMR experiments in the presence of 20 equivalents of
dGMP at 25 °C. In addition, the H1 and H8 protons for the
bound dGMP were determined using 13C,15N-labeled dGMP
and 15N-edited or 13C-edited experiments at 5 and 25 °C,
respectively, as well as a 1H−13C-HSQC experiment (Figures
S8−S11). Subsequently, the complete proton assignment of
the dGMP−Pu19m2 G4 was achieved using 2D TOCSY,
HSQC, and NOESY spectra at diﬀerent mixing times and
temperatures in both H2O and D2O. Overall, the dGMP−
Pu19m2 complex structure from the PDGFR-β promoter is a
3-tetrad, parallel-stranded G4 with three 1-nucleotide doublechain reversal loops (Figure 1f). The nuclear Overhauser eﬀect
(NOE) cross-peaks of guanine H1−H1 and H1−H8 protons
determined the arrangement and topology of three G-tetrad
planes: G3-G7-dGMP-G14, G4-G8-G11-G15, and G5-G9G12-G16 (Figures 1f, 2b, and S12). Surprisingly, dGMP ﬁlls
only into the 5′-tetrad, in contrast to the 3′-tetrad ﬁll-in by the
3′-terminal G22 in the intramolecular broken-strand G4
(Figures 1b and 1f). Apparently, dGMP modulates the
equilibrium of 3′- and 5′-end vG4s and favors the formation
of the 5′-ﬁll-in G4. All the tetrad-guanines adopt anti-glycosidic
torsion angles including the bound-dGMP, as shown by

Figure 1. (a) Schematic of the human PDGFR-β gene promoter. The
G4-forming region of NHE sequence and its modiﬁcations are shown.
The guanine runs involved in the formation of the major G4 and
mutations are highlighted in red and cyan, respectively. (b) Schematic
structure of the major PDGFR-β G4 with the sequence of Pu22m1.
(c) Intact G-tetrad layer including the bound guanine derivative
(pink). Hoogsteen hydrogen bonds are indicated by dashed lines. (d)
1D 1H NMR titration of Pu19m2 DNA by dGMP with assignment of
complex at 25 °C. (e) CD spectra of Pu19m2 DNA in the presence
and absence of 20 dGMP equivalents. (f) Schematic model of
Pu19m2 vG4s and dGMP ﬁll-in.

guanine metabolites, such as dGMP, GMP, cGMP, and
guanine-derivative drugs. We determined the NMR structure
of the dGMP-ﬁll-in PDGFR-β vG4 in K+ solution. In addition,
we systematically tested the ﬁll-in activity of a series of guanine
metabolites and drugs to the PDGFR-β vG4. Our results
provide a structural basis to understand the potential
regulatory functions of guanine metabolites by interaction
with promoter vG4s and insights into design of ligands
targeting the PDGFR-β vG4.

■

RESULTS AND DISCUSSION
PDGFR-β Gene Promoter Sequence Forms a vG4 That
Can be Filled in and Stabilized by dGMP. We examined
the binding of deoxyguanosine monophosphate (dGMP)
(Table S1) to the potential vG4s of diﬀerent Pu22m1 variants
using 1H NMR titration experiments in K+-containing solution.
Pu22m1 forms a broken-strand G4 with 12 characteristic
tetrad-guanine imino protons between 10 and 12 ppm (Figures
1b and S1). No changes were observed upon dGMP titration
to Pu22m1 (Figure S1), indicating that the dGMP cannot
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Figure 4. (a) Cartoon representation of the 1:1 dGMP−Pu19m2
complex (PDB ID: 6V0L). (b) Side view of base stacking of dGMP to
G11. A potential C1′−H1′···O4′ hydrogen bond is shown as dashed
lines. (c) 5′-end and (d) 3′-end views of the capping structures.
Potential hydrogen bonds are shown as dashed lines.

Table 1. NMR Restraints and Structural Statistics for the
1:1 dGMP−Pu19m2 G-Quadruplex

Figure 2. (a) The H1′−H8 region from the 2D-NOESY spectrum of
dGMP−Pu19m2 complex in H2O at 15 °C with the sequential
assignment pathway, mixing time of 250 ms. Missing connectivities
are labeled with asterisks. The G14H1′/A2H2 NOE cross-peak is
labeled in red. (b) H8−H1 region. Intratetrad, intertetrad, and NOEs
with ﬂanking bases are labeled in red, blue, and green, respectively.
The intermolecular NOE cross-peaks of bound-dGMP (dGMPa) and
Pu19m2 DNA residues are marked by black boxes.

NOE-Based Distance Restraints
total
intraresidue
inter-residue
sequential
dGMP−Pu19m2
long-range
Other Restraints

medium intensities of intraguanine H8−H1 NOE cross-peaks
and relatively upﬁeld-shifted C8 chemical shifts (Figures 2a
and S11).22,23 Most loop and ﬂanking residues also adopt antiglycosidic conformations except for the 5′-terminal A1. A
strong intraresidue H8−H1′ NOE cross-peak in combination
with a downﬁeld-shifted C8 reveals a syn orientation of the A1
(Figures 2a and S11).24
Numerous intermolecular and inter-residue NOEs were
observed (Figure 2 and Tables S5−S7) that clearly deﬁne the
dGMP binding site and the 5′ and 3′ capping structures. Using
NOE-restrained molecular dynamics (MD) calculations, we
determined the molecular structure of the 1:1 dGMP−
Pu19m2 complex in K+-containing solution (Figures 3 and
4). A total of 520 NOE distance restraints were used, including
11 intermolecular dGMP−Pu19m2 restraints (Tables 1 and
S5). The 10 lowest energy structures are well-converged with

hydrogen bond restraints
torsion angle restraints
G-quartet planarity restraints
Structural Statistics
pairwise heavy atom RMSD (Å)
overall
G-tetrad core
Violations
max NOE restraint violation (Å)

520
353
167
93
11
63
48
20
48

0.99 ± 0.22
0.74 ± 0.16
0.07

an overall root-mean-square-deviation (RMSD) of 0.99 ± 0.22
Å for all heavy atoms and 0.74 ± 0.16 Å for the G-core (Figure
3 and Table 1). The base and sugar of dGMP are well
converged in contrast to the more ﬂexible phosphate moiety
(Figure 3). This is likely due to the fact that intermolecular
NOEs were observed for the dGMP sugar moiety (Table S5)
but not the phosphate group.
Like intramolecular guanines, dGMP connects via four
Hoogsteen hydrogen bonds to its neighbors in the tetrad (G7
and G14) and can be stabilized by the coordination of
potassium cations as well as base stacking interaction with the
central-tetrad (Figure 4). Notably, the glycosidic torsion angle
of dGMP deviates by about 20° from the angle of other tetrad
guanines, which enables the formation of a potential C1′−
H1′···O4′ hydrogen bond between dGMP and G11 (Figure
4b). This is supported by a relative strong dGMP H1′/G11H8
NOE cross-peak and an extremely weak dGMP H3′/G11H8
NOE cross-peak (Figure 2, Table S5). Such nonconventional

Figure 3. Superposition of 10 lowest energy structures of the dGMP−
Pu19m2 complex by NOE-restrained structure calculation: top view
(left) and side view (right). Cyan indicates \anti-guanine; magenta,
dGMP; green, adenine; and orange, cytosine.
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CH···O hydrogen bonds have been widely accepted as
important factor in biomolecular structures,25,26 including the
stabilization of parallel G4s.27,28 Therefore, the C1′−H1′···O4′
hydrogen bond in this dGMP−Pu19m2 complex might
contribute to the dGMP recognition and binding.
In the 5′-capping structure, the two ﬂanking adenines stack
upon the 5′-tetrad and their bases point into opposite grooves.
While the terminal A1 covers the dGMP-G7 interface, A2
stacks upon G14 (Figure 4c), as supported by numerous NOE
cross-peaks such as A1H8/G3H1, A1H8/G7H1, A1H8/
G14H1, A2H8/G3H1, A2H8/G14H1, and A2H2/G14H1′
(Figure 2 and Table S6). This arrangement may also
contribute to the diﬀerent solvent exchange rates of the G7
and dGMP imino protons because the latter is not covered by
the capping structure and only observable at low temperatures
(Figures 3 and S11). Notably, truncations or modiﬁcations at
the 5′-ﬂanking segment (Pu18m2, Pu18m3, and Pu19m4,
Table S2) do not aﬀect the ability of dGMP to ﬁll in, as shown
by 1D NMR titration spectra (Figure S13).
On the other side, the 3′-ACA sequence adopts a fold-back
conformation with A17 and the terminal A19 stacking upon
the 3′-tetrad (Figure 4d). Thus, an A17-A19 base pair is
formed that is stabilized by two hydrogen bonds between the
amino group of A19 and the sugar edge of A17 (O4′ and N3).
Both adenines are connected by C18, which stacks upon A17,
as supported by numerous sequential NOE contacts, such as
G16H8/A17H8, A17H8/C18H6, and A17H8/C18H5 (Figure
4d and Table S7).
The dGMP is stably incorporated in the G-tetrad as tested
by unrestrained MD simulation of 650 ns in explicit water. No
notable structural changes occurred, in particular for the
dGMP, with an overall RMSD of 1.75 ± 0.43 Å for all heavy
atoms during the simulation (Figure S15).
Extended PDGFR-β Promoter Sequence Forms a vG4
That Can be Filled in by dGMP. Whereas dGMP cannot
compete with the 3′-terminal G22 in Pu22m1 (Figures 1b and
S1), we wanted to test whether dGMP can better compete in
3′-extended sequences in which G22 is not a terminal residue.
Therefore, we extended the 3′-terminus of the Pu22m1
sequence with one, two, and three wild-type residues (AGG)
to Pu23m1, Pu24m1, and Pu25m1, respectively (Table S2)
and titrated each sequence with dGMP (Figures S16−S18).
The NMR spectral quality for the free DNA decreased along
with the increased 3′-extension. Interestingly, dGMP was able
to ﬁll in the Pu25m1 sequence with arising of a new set of
imino protons (Figure S18). This result supports our
hypothesis that the wild-type PDGFR-β promoter sequence
forms a vG4, which may be responsive to guanine metabolites.
Binding Aﬃnity of Guanine Derivatives to PDGFR-β
vG4. Microscale thermophoresis (MST) experiments were
performed to determine the binding aﬃnity of guanine
derivatives to the Pu19m2 vG4. The 3′-FAM labeled
Pu19m2 DNA was used to avoid interference of the
ﬂuorophore with the 5′-vacancy binding site. Guanine
derivatives had dissociation constants (Kd) from 3.1 to 510.6
μM (Table 2 and Figure S19). The strongest binding was
observed for dG and acyclovir with a Kd value of 3.1 and 4.2
μM, respectively. The guanine base binds with a Kd value of
19.5 μM. The monophosphate nucleotides, dGMP, GMP, and
cGMP, had similar binding aﬃnity with a Kd value of 59.3,
90.5, and 59.3 μM, respectively. The binding of triphosphate
nucleotides, dGTP and GTP, is weaker with a higher Kd value
of 510.6 and 222.8 μM, respectively. As shown by the results,

Article

Table 2. Dissociation Constants (Kd) of Pu19m2−Ligand
Complexes Determined by MST Experiments
Kd (μM)

substrate

ligand

Pu19m2 DNA

guanine
dG
dGMP
dGTP
GMP
GTP
cGMP
Acyclovir

19.5
3.1
59.3
510.6
90.5
222.8
59.3
4.2

±
±
±
±
±
±
±
±

3.1
0.4
4.1
44.2
9.2
29.1
7.7
0.5

the presence of a sugar moiety gives rise to a stronger binding,
whereas the phosphate group has a negative eﬀect on the
binding.
The concentration of guanine metabolites, such as GTP, in
eukaryotic cells was found to be ∼300 μM.29,30 At such a
concentration, the binding of guanine metabolites to
physiologically relevant vG4s is possible (Table 2), suggesting
potential regulatory functions (e.g., transcriptional regulation)
of guanine metabolites. In addition, the Pu19m2 DNA could
serve as a template to design biosensors for the detection of
guanine metabolites.20
NMR Study of G-vacancy Fill-in Activity of Various
Guanine Metabolites, Drugs, and Derivatives. A series of
guanine metabolites, drugs, and derivatives (Table S1) was
investigated for their ability to ﬁll in the Pu19m2 vG4 by 1H
NMR titration experiments. All analogs mimicking the guanine
hydrogen bond donor and acceptor pattern can ﬁll into the
vG4 and form the essential Hoogsteen hydrogen bonds, but 2aminopurine, mercaptopurine, and dAMP fail due to their
deviating chemical structures (Figure 5 and S20−S32). The
NMR titration data are in good agreement with the MST
binding data (Figure 5 and Table 2). The free Pu19m2 DNA
showed the coexistence of the 3′- and 5′-end vG4s. The strong
preference for the 5′-vacancy ﬁll-in is observed for most
binders, except for cGMP, although an alternative minor
species is often observed likely corresponding to a 3′-ﬁll-in
(Figure 5). The 5′-end ﬁll-in is preferred likely due to several
factors, including stacking interaction of the guanine base,
electrostatic repulsion and steric collision resulting from the
sugar−phosphate group. Guanine without any sugar moiety
shows a preference to the 5′-end ﬁll-in suggesting a preferred
5′-stacking interaction (Figure 5 and S23). The presence of a
sugar moiety of dG clearly enhances the ﬁll-in binding (Figure
5, S25, and Table 2), likely due to intermolecular hydrogen
bonds as observed between dGMP C1′-H1′ and G11 O4′
(Figure 4b). An increasing number of phosphate groups
(dGMP, dGDP, and dGTP) reduces the binding aﬃnity,
suggesting a negative eﬀect from an increased electrostatic
repulsion between negatively charged phosphate groups and
the polyanionic G4 (Table 2, Figure 5, S5, S26, and S27).20
The strong binding to the 5′-vacancy G4 of the two guaninederivative drugs, acyclovir and ganciclovir, is likely facilitated
by their ﬂexible N9 side chains capable of forming
intermolecular hydrogen bonds (Figure 5, S28, and S29).
Interestingly, the presence of the 2′−OH group in the case of
RNA, such as GMP and GTP, decreases the 5′-selectivity as
shown by a weaker 5′-vacancy ﬁll-in and a larger population of
the 3′-ﬁll-in species (Figure 5, S30, and S31). The 5′-end
selectivity is further attenuated in the case of cGMP, suggesting
the additional steric or electrostatic interference of the 3′5207
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sensitive to guanine metabolites for transcriptional regulation.
Our results thus provide a structural basis to understand the
potential regulatory functions of guanine metabolites and drugs
by interaction with vG4s. In addition, the NMR structure can
guide rational design of ligands that target the PDGFR-β vG4.

■

MATERIAL AND METHODS

Sample Preparation. Oligonucleotides were synthesized and
puriﬁed using commercially available reagents as previously
described.10,33,34 The sequences are listed in Table S2. 13C−15Nlabeled dGMP was purchased from Cambridge Isotope Laboratories,
Inc. DNA concentrations were quantiﬁed by UV absorption at 260
nm using their calculated extinction coeﬃcients. DNA oligonucleotides were dissolved in 10/90% D2O/H2O solution with 12.5 mM
potassium phosphate and 37.5 mM potassium chloride at pH 7 to
ﬁnal concentrations of 0.15−2.8 mM. The relative molar ratio of the
dGMP and Pu19m2 was about 3:1 in the 2.8 mM Pu19m2 DNA
sample (Figure S14). Guanine derivatives were purchased from
Sigma-Aldrich and their stock solutions were dissolved in d6-DMSO
or 50 mM K+-containing buﬀer to 75 or 150 mM.
Nuclear Magnetic Resonance (NMR) Spectroscopy Experiments. NMR experiments were conducted using a Bruker AV-500
spectrometer (with Prodigy cryoprobe), Bruker DRX-600 spectrometer, or Bruker AV-800 spectrometer (with QCI Prodigy cryoprobe).
Watergate water suppression scheme with a w5 element was used for
all experiments unless otherwise stated. The spectra were processed
using Topspin 3.5 (Bruker) and analyzed with Sparky (UCSF)
software. The guanine H1 imino proton, one-bond coupled to N1,
and H8 proton, two-bond coupled to N7, can be unambiguously
assigned by 1D 15N-edited HMQC experiments.35,36 For this purpose,
site-speciﬁcally labeled DNA with 6% 15N-labeled-guanine phosphoramidite was synthesized and used.37 The 1D GE-JRSE HMQC
experiments were used for measuring 15N-edited spectra to identify
guanine H1 and H8 protons. The similar HMQC experiment was
used for measuring 13C-edited spectra to identify the dGMP H8
proton. The 1D variable temperature (VT) proton NMR experiments
were done in the range from 5 to 70 °C. NOESY spectra were
acquired with mixing times of 80 and 250 ms with temperature of 5,
15, and 25 °C, respectively, in both H2O and D2O. TOCSY
experiments with 30 and 80 ms mixing times. HSQC experiments
were executed with a 3−9−19 water suppression scheme and
optimized for a 1J(C,H) of 180 Hz. Chemical shift referencing was
done directly for 1H based on the water signal relative to TSP and
indirectly for 13C relative to DSS.
Structure Calculation. NOE-based distance restraints were
obtained by deﬁning NOESY cross-peaks as strong (2.9 ± 1.1 Å),
medium (4.0 ± 1.5 Å), weak (5.5 ± 1.5 Å), and very weak (6.0 ± 1.5
Å) based on the spectra acquired with mixing times of 80 and 250 ms.
Exchangeable protons were classiﬁed as medium (4.0 ± 1.2 Å), weak
(5.0 ± 1.2 Å), and very weak (6.0 ± 1.2 Å). A distance of 5.0 ± 2.0 Å
was applied in case of overlapped and thus ambiguous resonances.
Dihedral restraints were assigned for glycosidic torsion angles with
170°−310° and 200°−280° for anti-conformations in loop regions
and within the G-tetrad, respectively. The syn-conformation of A1 was
restricted to 0°−120°. A distance geometry simulated annealing
protocol was used in Xplor-NIH 2.48 to generate 100 1:1 dGMP−
Pu19m2 starting structures.38 dGMP topology and parameter ﬁles
were generated using Amber software package. The sander module of
the Amber 16 package was employed for simulated annealing of the
100 starting structures in implicit water.39 The OL15 version of the
Amber force ﬁeld for DNA was used that further modiﬁes the
parmbsc0 version.40−42 Structures were initially equilibrated for 5 ps
at 100 K and then heated to 1000 K during 10 ps. The system was
cooled down to 100 K during 45 ps after 30 ps of 1000 K
equilibration. Finally, a cool down to 0 K was performed in the last 10
ps. The force constants for NOE-based distance−1 and hydrogen bond
restraints were set to 20 and 50 kcal·mol−1·Å−2, respectively. In
addition, G-tetrad planarity restraints of 30 kcal·mol−1·Å−2 and
glycosidic angle restraints of 200 kcal·mol−1·rad−1 were applied.

Figure 5. (a, b) 1D 1H NMR titrations of Pu19m2 DNA with various
guanine derivatives. Imino protons corresponding to minor species
are labeled with red asterisks. (c) Chemical structures of dGMP,
cGMP, and acyclovir.

shifted cyclic phosphate group with the vG4 backbone (Figure
5 and S32). cGMP binds equally to both the 5′- and 3′vacancy sites and forms two coexisting ﬁll-in G4s, as shown by
two sets of imino protons with comparable intensity upon
cGMP titration. This observation may explain the recent report
that a dinucleotide and a cyclic dinucleotide cGAMP can ﬁll
into the 3′-vacancy site of an artiﬁcial vG4.31 Whereas dGTP
cannot bind to that artiﬁcial vG4, all tested guanine
metabolites and guanine-derivative drugs can bind to our
biologically relevant PDGFR-β vG4.

■

CONCLUSION
In conclusion, we report the ﬁrst high-resolution NMR
structure of a physiological relevant dGMP-ﬁll-in G4 formed
in the PDGFR-β promoter sequence. An equilibrium of 3′- and
5′-end vG4s is present in the PDGFR-β promoter sequence
and dGMP favors the 5′-end ﬁll-in. The study of various
guanine metabolites and drugs elucidates a conserved
selectivity for the 5′-vacancy, except for cGMP. cGMP binds
both the 3′- and 5′-end vG4s and forms two ﬁll-in G4s with
similar population. The dGMP-ﬁll-in vG4 structure and
systematic analysis of guanine metabolites and drugs
demonstrate the contributions of Hoogsteen hydrogen
bonds, sugar, and phosphate moieties to the speciﬁc Gvacancy ﬁll-in. Signiﬁcantly, guanine metabolites are involved
in many physiological and pathological processes in human
cells.29,30,32 Their binding and consequent stabilization of
physiologically relevant vG4s may play a regulatory role in
biological processes. The characteristic broken-strand G4s
formed in the PDGFR-β promoter sequence may make it
5208
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Subsequently, the 20 lowest-energy structures were selected and
solvated with TIP3P water molecules in a truncated octahedral box
with a minimal distance of 10 Å from the DNA to the box border. The
system was neutralized with K+ cations with two of them placed
between the tetrads. For initial equilibration, the DNA position was
ﬁxed with 25 kcal·mol−1·Å−2 and 500 steps each of steepest descent
and conjugated gradient minimization were performed. Then, the
system was heated from 100 to 300 K in 20 ps under constant volume,
and the force constant on the DNA was slowly decreased going from
5, 4, 3, 2, 1, and 0.5 kcal·mol−1·Å−2 during steps of each 10 ps. The
ﬁnal production run of 4 ns used the pmemd module of Amber 16
under constant pressure, and a snapshot was taken every picosecond.
NMR-derived distance and hydrogen bond restraints were employed
with a force constant of 10 and 25 kcal·mol−1·Å−2, respectively. A Gtetrad planarity restraint of 5 kcal·mol−1·Å−2 was also included.
Finally, the last 100 ps of the trajectories were averaged and energyminimized for 100 steps in vacuum, and the 10 lowest energy
structures were selected for the ﬁnal ensemble. Structures were
analyzed and visualized with PyMOL and the VMD software.43,44
DMS Footprinting. Gel-puriﬁed oligonucleotides (with 7T
ﬂanking ends) 5′-end labeled using [γ-32P]-ATP in the presence of
T4 polynucleotide kinase. The samples were then methylated by
treatment with 0.5% (ﬁnal concentration) DMS, 1 μg of calf thymus
DNA at the desired conditions for 7 min at room temperature. The
reaction was stopped by addition of β-mercaptoethanol. The
methylated DNA was subsequently puriﬁed by native PAGE. The
cleavage at methylated guanines was induced by treatment with 10%
piperidine for 18 min at 90 °C. A Speedvac was used to remove the
piperidine and two successive water washes. The cleaved products
were analyzed on a 16% sequencing (denaturing) PAGE gel.
Native Gel Electrophoretic Mobility Shift Assay (EMSA).
Native PAGE experiments were performed with a 1.5 mm thick 10 ×
7 cm native gel containing 18% acrylamide (acrylamide/bis(acrylamide) 29:1) in 1× TBE buﬀer, pH 8.0, supplemented with
12.5 mM KCl. Free Pu19m2 DNA and 20:1 dGMP−Pu19m2
complex were prepared in 37.5 mM KCl, 12.5 mM phosphate buﬀer.
Each well contained 5 μL of 50 μM DNA. DNA bands were visualized
using ultraviolet (UV) light absorption at 260 nm.
Circular Dichroism (CD) Spectroscopy Experiments. Circular
dichroism spectra were recorded using a JASCO-1100 spectropolarimeter (JASCO, Inc.) equipped with a temperature controller.
Samples were prepared in 37.5 mM KCl, 12.5 mM phosphate buﬀer
at a DNA concentration of 15 μM in the absence and presence of the
diﬀerent guanine derivatives. CD measurements were taken through a
quartz cell with a 1 mm path length, 1 nm bandwidth, and 1 s
response time for spectra at 25 °C. Spectra were obtained using three
averaged scans between 230 and 330 nm. The baseline was corrected
by subtracting the buﬀer spectrum.
MicroScale Thermophoresis (MST) Experiments. MST experiments were performed on a Monolith NT.115 system (NanoTemper
Technologies) as previously described.45−47 The 3′-FAM labeled
Pu19m2 DNA solutions were prepared in 37.5 mM KCl, 12.5 mM
phosphate buﬀer at pH 7 and annealed by heating to 70 °C for 1 min
and then slowly cooled down to room temperature. To determine the
Kd values of each ligand to Pu19m2 DNA, 200 nM 3′-FAM labeled
Pu19m2 DNA was incubated with increasing concentrations of
ligands (16 points of a 2-fold serial dilution starting from 1, 1.3, or 4
mM) for 30 min at room temperature in 37.5 mM KCl, 12.5 mM
phosphate buﬀer. The MST measurement was then carried out at
40% (medium) IR power and 20% blue LED excitation power.
Normalized ﬂuorescence values at a given time were used as the
measure of fraction of bound population analyzed using GraphPad
Prism (GraphPad Software, San Diego, CA) and the Kd values were
determined by ﬁtting the data to the following equation assuming a
1:1 binding model: FB = FBmax[(M + LT + Kd) − ((M + LT + Kd)2 −
(4MLT))1/2]/(2MT), where FB represents the fraction bound
population. FBmax is ﬁtted in addition to Kd value. The labeled
Pu19m2 DNA concentration, M, was held constant, and LT, the total
ligand concentration is an independent variable, varying with each
titration step.
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