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Abstract

The G-quadruplexes (G4s) formed in the PDGFR-β gene promoter are transcriptional modulators 

and amenable to small-molecule targeting. Berberine (BER), a clinically important natural 

isoquinoline alkaloid, has gained increasing attention due to its potential as anticancer drug. 

We previously showed that the PDGFR-β gene promoter forms a unique vacancy G4 (vG4) 

that can be filled in and stabilized by guanine metabolites, such as dGMP. Herein, we report 

the high-resolution NMR structure of a ternary complex of berberine bound to the dGMP-fill-in 

PDGFR-β vG4 in potassium solution. This is the first small-molecule complex structure of a fill-in 

vG4. This ternary complex has a 2:1:1 binding stoichiometry with a berberine molecule bound 

at each the 5′-and 3′-end of the 5′-dGMP-fill-in PDGFR-β vG4. Each berberine recruits the 

adjacent adenine residue from the 5′- or 3′-flanking sequence to form a “quasi-triad plane” that 

covers the external G-tetrad of the fill-in vG4, respectively. Significantly, berberine covers and 

stabilizes the fill-in dGMP. The binding of berberine involves both π-stacking and electrostatic 

interactions, and the fill-in dGMP is covered and well-protected by berberine. The NMR structure 

can guide rational design of berberine analogues that target the PDGFR-β vG4 or dGMP-fill-in 

Corresponding Author: Danzhou Yang – yangdz@purdue.edu.
Present Address: Jiangsu Key Laboratory of Bioactive Natural Product Research and State Key Laboratory of Natural Medicines, 
China Pharmaceutical University, Nanjing 210009, People’s Republic of China;

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/jacs.1c06200.
Tables of proton chemical shifts and NOEs, 15N-edited NMR spectra, 1H–13C-HSQC, 2D-NOESY, proton chemical shift, 5′- and 
3′-end-capping structures (PDF)

Complete contact information is available at: https://pubs.acs.org/10.1021/jacs.1c06200

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2022 October 13.

Published in final edited form as:
J Am Chem Soc. 2021 October 13; 143(40): 16549–16555. doi:10.1021/jacs.1c06200.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06200/suppl_file/ja1c06200_si_001.pdf


vG4. Moreover, our structure provides a molecular basis for designing small-molecule guanine 

conjugates to target vG4s.

Graphical Abstract

INTRODUCTION

Guanine-rich nucleic acid sequences are able to form G-quadruplexes (G4s), which are new 

types of DNA or RNA secondary structures characterized by Hoogsteen hydrogen-bonded 

G-tetrads and stabilized by K+ or Na+.1,2 G4-Forming sequences are most abundant in 

genome key functional sites, such as oncogene promoters, 5′- and 3′-untranslated regions 

of mRNAs, and telomeres.2–8 The biological function of G4s are implicated in gene 

expression, genomic instability, epigenetics, and telomere maintenance.2,3,9–14 Targeting 

DNA G4 structures in the promoter regions of MYC, K-Ras, Bcl-2, and PDGFR-β 
oncogenes with G4-interactive small molecules causes downregulation of gene transcription, 

suggesting that G4s are promising DNA targets for therapeutics.14–22

The platelet-derived growth factor receptor beta (PDGFR-β) is a cell-surface-receptor 

tyrosine kinase and is overexpressed in many types of human diseases, including cancers, 

atherosclerosis, and fibrotic disorders.23–25 Inhibition of the PDGFR-β signaling pathway 

by G4-interactive small molecules has been well-documented as an attractive strategy for 

therapy of these diseases;21,25,26 however, no selective PDGFR-β G4-interactive compound 

has been entered in clinical trials. Recently, we found that the PDGFR-β gene promoter 

forms a distinct vacancy G4 (vG4), which lacks a guanine in one tetrad.27–31 We determined 

the NMR solution structure of a novel type of dGMP-fill-in PDGFR-β vG4 using a 19-mer 

PDGFR-β promoter DNA sequence (Figure 1a), which provides insights into the possibility 

that cellular guanine derivatives can take part in the G4 formation and gene regulation.31 

This unique fill-in vG4 raises new opportunities for selective targeting of PDGFR-β gene, 

i.e., by small molecules that specifically bind to this distinct type of fill-in vG4.

Berberine (BER), a natural occurring isoquinoline alkaloid, is characterized by a variety 

of pharmacological effects related to its nucleic acid and protein interactions, including 

anticancer, antimicrobial, anti-inflammatory, and antidiabetic activities.32–34 Many species 

of medicinal plants are rich in berberine, which has been used as folk medicine for hundreds 

of years in China.32,35 Berberine and its derivatives have been shown to stabilize G4s 

and represent an attractive G4-interactive natural scaffold for chemical modifications.36–40 
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Structural studies on berberine-G4 complexes have been reported, using NMR spectroscopy, 

X-ray crystallography, and computational simulations.38,40–42 Specifically, a previous 

crystal structure study reported that berberine binds as dimer to a parallel human telomeric 

G4 in a 6:2 molar ratio.38

In this study, we show that berberine stabilizes the dGMP-fill-in PDGFR-β gene promoter 

vG4 and determine the first high-resolution NMR solution structure of this unique ternary 

complex. Using CD spectroscopy and a fluorescence-based binding assay, the binding 

activity of berberine to the dGMP-fill-in vG4 is characterized. On the basis of the obtained 

complex structure, rational improvement on affinity and/or selectivity of berberine analogues 

for a specific vG4 are proposed.

RESULTS AND DISCUSSION

Berberine Binds and Stabilizes dGMP Fill-In vG4 Formed in the PDGFR-β Gene Promoter.

The PDGFR-β gene promoter Pu19m2 DNA forms a dGMP-fill-in vG4 (dGMP–vG4) in 

K+-containing solution as indicated by 11 well-resolved imino proton peaks at 25 °C, from 

11 tetradguanines of the fill-in vG4 (Figures 1b and 2a).31 Noteworthy, the dGMP-fill-in 

vG4 is also observed for extended PDGFR-β promoter sequences.31 Both 5′- and 3′-end 

extended sequences can form vG4s that bind dGMP, as indicated by the emergence of a 

new set of imino protons in the NMR titration data (Figure S1). While the imino proton 

of the filled-in dGMP is detectable at 5 °C, it is broadened beyond detection due to its 

exchange between free- and bound-state at 25 °C.31 Upon addition of berberine to this 

fill-in vG4, signals in the 1H NMR spectrum first became broader and then a new set of 

distinct signals appeared at 2.0 mol equiv of berberine (Figures 1b and 2a), indicating a 

medium-to-fast exchange rate of berberine binding to the dGMP–vG4 binary complex on the 

NMR time-scale. The imino proton of dGMP in the ternary complex was detectable at 25 

°C, unambiguously assigned by 15N-edited experiments using 13C,15N-labeled dGMP and 

indicative of the involvement of dGMP in G-tetrad formation (Figure S2). Observation of 

the imino proton of the dGMP at 25 °C (Figure 1b) indicates its stabilization by berberine 

binding. As only one set of 12 imino protons was observed, we concluded that only one 

dominant conformation of the berberine–dGMP–vG4 ternary complex was present.

Biophysical Characterization of Berberine Binding to the dGMP–vG4.

The CD spectra of both dGMP–vG4 and its berberine complex showed the characteristic 

bands for a parallel G4 (Figure 2b).43 Berberine increased the melting temperature of 

dGMP–vG4 by 14 °C at 2 equiv and 18 °C at 4 equiv, indicating two dominant binding sites 

of berberine to dGMP–vG4 as much smaller Tm change was observed between 2 and 4 equiv 

of drug (Figure 2b).

A fluorescence-based binding assay was used to quantify the binding affinity of berberine 

to the dGMP–vG4. A preformed dGMP–vG4 binary complex was gradually titrated to 

a berberine solution and the induced fluorescence signal was recorded to calculate the 

dissociation constant (Kd) (Figure 2c). A Kd value of 1.6 μM was obtained by data fitting 
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following a 2:1 binding stoichiometry, which is comparable with the reported binding 

affinity of berberine to a human telomeric G4.44,45

NMR Structure Determination of the Berberine–dGMP–Pu19m2 Ternary Complex.

The high-quality of the 1D NMR data suggested a well-defined berberine–dGMP–vG4 

ternary complex that is suitable for structure determination (Figures 1b and 2a). A set of 

2D NMR spectra was recorded for this ternary complex including NOESY, TOCSY, and 
1H–13C HSQC experiments at different mixing times and temperatures in 90% H2O/10% 

D2O (Figures 3, 4, S3, and S4). Comparison of cross-peak fingerprints between NOESY 

spectra of berberine–dGMP–vG4 ternary complex (Figures 3 and S4) and dGMP–vG4 

DNA31 (Figure S5) revealed a great degree of similarity. All imino, aromatic, and sugar 

resonances of the berberine–dGMP–vG4 complex were assigned with the aid of the previous 

dGMP–vG4 spectral assignment.31 Protons of the free and bound berberine (Table S3) 

were assigned using 1D 1H NMR (Figure S6) and 2D NOESY spectra, consistent with 

the previous data.46 Both NMR and CD spectra showed that the berberine–dGMP–vG4 

complex maintained the parallel topology (Figures 1a, 2a,b, and 3). The guanine H1–H8 

and H1–H1 NOE cross-peaks determined the arrangement of three G-tetrad planes: G7–

dGMP–G14–G3, G15–G4–G8–G11, and G16–G5–G9–G12, which are the same as in the 

dGMP–vG4 binary complex (Figures 1a, 3, S4, and S5). All the tetrad, loop, and flanking 

residues adopt anti-glycosidic torsion angles except for the 5′-terminal A1 which adopts 

a syn conformation, as shown by a strong intraresidue H1′–H8 NOE cross-peak and the 

corresponding downfield C8 chemical shift (Figures 3 and S3).31,47,48 The largest Δδ values 

were observed for the H1 protons of guanines at the 5′-end G-tetrad (including dGMP) and 

3′-end tetrad (Figure S7). Additionally, the H8/H6 protons of flanking A1, A2, A17, and 

C18 showed much larger Δδ values than the protons of A6, C10, and C13 in three loops, 

indicating berberine stacks the two external G-tetrads (Figure S8). Moreover, the H1 and 

H8 protons of dGMP had large Δδ values, suggesting the dGMP is involved in the ternary 

complex interactions (Figures S7 and S8).

Numerous intra- and intermolecular NOEs were observed (Figures 3, 4, and S4, Tables 

S4–S7) that clearly define the berberine binding sites and the overall complex structures. 

The high-resolution structure of the 2:1:1 berberine–dGMP–vG4 ternary complex in K+

containing solution was thus calculated using molecular dynamics (MD) simulations based 

on NOE-derived distances, H-bond, and torsion-angle restraints (Table 1, Figures 5 and 6). 

A total of 456 NOE distance restraints including 43 berberine–DNA and 8 dGMP–vG4 

intermolecular restraints for the berberine–dGMP–vG4 ternary complex were used for the 

simulations (Tables 1, S4, and S5, and Figures 3, 4, and S4). The position of the berberine 

at both external G-tetrads is well-defined and supported by 43 intermolecular NOE restraints 

(Figures 5 and 6, Tables 1 and S5). The final 10 lowest energy NMR structures are well

converged and exhibit an overall root-mean-square-deviation (RMSD) of 0.98 ± 0.28 Å for 

all atoms and 0.71 ± 0.20 Å for the G-tetrad core (Figure 5 and Table 1).

The NMR complex structure in K+ solution showed that the berberine binding induced 

significant rearrangement for the flanking segments at both ends (Figure S9 and S10). At 

the 5′-end, berberine recruits A2, the flanking (−1) adenine, to form a “quasi-triad plane” 
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stacking over the 5′-tetrad including the fill-in dGMP, which is covered by berberine, as 

supported by numerous NOE cross-peaks, such as A2H8/G14H1, A2H2/G14H1, A2H2/

G3H1, BerH8/G3H1, BerH8/G14H1, BerH5/G14H1, BerH6/G14H1, and BerH6/G3H1 

(Figures 4, 6b, and S9, Tables S5 and S6). The “quasi-triad plane” is further covered by 

the A1 residue that adopts a syn-conformation as observed in the dGMP–Pu19m2 fill-in

vG4 complex (Figures 6a and S9). Compared to the dGMP–vG4 complex, the flanking 

residue A2 is flipped and follows the right-handed backbone of the G-tetrad core upon 

binding to the berberine (Figure S11). As a result, the Watson–Crick edge of A2 points 

toward the tetrad center and a A2-berberine plane is formed (Figure S11). Similar to the 

5′-end conformation, berberine recruits the flanking A17 to cover the 3′-tetrad, as supported 

by numerous NOE contacts, including BerH8/G5H1, BerH8/G9H1, BerH8/G12H1, BerH6/

G5H1, BerH6/G9H1, BerH6/G12H1, BerH6/G16H1, A17H2/G12H1, A17H2/G16H1, and 

A17H8/A16H8 (Figures 4, 6c, and S10, Tables S5 and S7). The 3′-end-capping structure 

was ended by the covering of C18 and A19 residues, as shown by numerous NOE cross

peaks (Figures 6c and S10, Table S7). In contrast to the 5′-end site, the 3′-binding of 

berberine shows less change of the recruited A17. Upon berberine binding, the A17 base 

rotates ca. 10° and moves toward the G12/G16 edge, so berberine can replace A19 as 

binding partner (Figure S11). Again, berberine recruits A17 to form a base–ligand plane 

to maximize the stacking over the 3′-tetrad. This base-recruiting mechanism appears to be 

important for specific ligand recognition of G4s, such as that formed in the MYC promoter 

and telomere.22,39,49–51

In addition to the stacking interactions between the polyaromatic core of berberine and 

guanine bases of the external G-tetrads, potential electrostatic interactions can occur 

between the positively charged quaternary nitrogen of the berberine and the negatively 

polarized tetrad-guanine carbonyl groups, analogous to a K+ cation. In both the 5′- and 

3′-end complexes, the positively charged BerN7 (Figure 1c) is positioned over the central 

channel above the external tetrad (Figure 6b,c). Notably, BerHB and BerHC show several 

extra NOE cross-peaks to aromatic protons of both the 3′- and 5′-tetrad guanines at 

high threshold levels, indicating additional minor binding modes of berberine. However, 

insufficient intermolecule NOE contacts were observed to define the structures of any minor 

species.

Designing New Berberine Analogues with Enhanced Affinity and/or Selectivity for Fill-in 
G4s.

The resolved structure herein suggests potential positions on the berberine scaffold that 

could permit substituents to enable additional interaction with the dGMP-fill-in vG4. First, 

the H1, H12, and H13 of the berberine have no direct interaction with dGMP vG4, while 

they are pointed toward grooves at both 3′- and 5′-sites, and can be used to attach a 

functional group for groove interactions (Figure 7). In contrast, one can design a guanine 

and G4–ligand conjugate to selectively target the vG4 by using the G-vacancy site as an 

anchor point based on the obtained structural information. The H11 and 10-OMe group of 

the berberine are pointed to the sugar–phosphate moiety of the dGMP (Figure 7, left) and 

define the most likely positions to make conjugates of berberine analogues and guanine 

derivatives. By this strategy, the guanine moiety can facilitate the selectivity toward a vG4 
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and the berberine analogue can enhance the binding affinity by stacking to the external 

tetrad. A similar strategy was proposed for conjugating a G4-binding peptide and a guanine 

moiety, which lead to enhanced affinity and selectivity for a vG4.52

CONCLUSION

In conclusion, the study herein presents the first high-resolution NMR solution structure of 

a ternary complex of a small molecule and a dGMP-fill-in vG4, i.e., berberine bound to 

a dGMP-fill-in vG4 from the PDGFR-β gene promoter. This ternary complex has a 2:1:1 

binding stoichiometry, which differs from a previous study that reported a 6:2 molar ratio 

of berberine to a parallel human telomeric G4 in a crystal structure and a 1:1 berberine–

RET-G4 solution structure.38,41 Whereas these studies showed a dimeric binding mode of 

berberine or preferred 3′-end binding both without ligand-flanking interactions, our results 

show a monomeric binding mode with ligand induced binding pockets involving both 5′-and 

3′-end flanking residues. In our ternary complex structure, each berberine recruits the 

adjacent flanking adenine residue to form a “quasi-triad plane” that stacks over the external 

G-tetrad at each end and the binding involves both π-stacking and electrostatic interactions. 

On the basis of the determined structure, enhancing affinity and/or selectivity of berberine 

analogues for the PDGFR-β vG4 is proposed by introducing side chains and/or guanine 

conjugate. Our study thus provides a new platform to specifically target vG4s by designing 

new G4-interactive small molecules.

MATERIAL AND METHODS

Sample Preparation.

DNA oligonucleotides were synthesized and purified as described previously.20 The 15N–
13C-labeled dGMP (>98%) was obtained from Cambridge Isotope Laboratories, Inc. The 

DNA was dissolved in potassium phosphate buffer (37.5 mM potassium chloride, 12.5 mM 

potassium phosphate, pH 7, 10/90% D2O/H2O). Final concentrations of the NMR samples 

between 0.015–1.5 mM were determined based on the UV absorption at 260 nm. NMR 

was used to monitor the binary and ternary complex formation. For 1D NMR study, we 

used low-concentration DNA samples (0.15 mM) and 15–20 fold dGMP for binary complex 

preparation. For 2D NMR study, we used higher concentration DNA samples (1.5 mM) 

and ~3 fold dGMP for binary complex preparation. It is noted that at a higher sample 

concentration a lower ratio of dGMP is needed to form the dGMP-fill-in–vG4 binary 

complex. Unlabeled dGMP (Sigma-Aldrich, ≥98.5%) and berberine (Shanghai Standard 

Technology Co., Ltd., >98%) were dissolved in 50 mM K+-containing buffer or DMSO-d6 

to 40 or 75 mM.

Nuclear Magnetic Resonance (NMR) Experiments.

NMR spectra were obtained with a Bruker AV-800 spectrometer (with QCI cryoprobe) or 

a Bruker AV-500 spectrometer (with Prodigy cryoprobe). The w5 water suppression was 

used for 1D and 2D NOESY experiments. The NMR spectra were processed and analyzed 

using Topspin 3.5 (Bruker) and Sparky (UCSF) software. The 15N-edited 1D GE-JRSE 

HMQC experiment were carried out to identify the dGMP H1 proton.31 NOESY spectra 
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were collected in 90% H2O/10% D2O with mixing times of 80, 150, 300, and 400 ms at 

temperatures of 15, 25, and 35 °C. TOCSY experiment was collected with a 80 ms mixing 

time at 25 °C. HSQC experiments were collected using a 3–9–19 water suppression with a 
1J(C,H) of 180 Hz.

NOE-Based Structure Calculation.

The structure determination was done as described previously for the dGMP system with 

a few adjustments.31 Three repulsive restrains of 7.5 ± 1.5 Å were applied to prevent 

the loop residues 6 and 10 from a position in the grooves not in line with experimental 

data. Berberine–DNA intermolecular cross-peaks were defined as very weak (6.0 ± 1.5 Å), 

weak (5.0 ± 1.5 Å), and medium (4.0 ± 1.5 Å). Berberine parameter files were obtained 

from ChemDraw 18.2 and further optimized and calculated with the Gaussian09 program.53 

PyMOL and the VMD software were used for analyzing and visualization.54,55

Circular Dichroism (CD) Experiments.

CD experiments were conducted using a Jasco-1100 spectropolarimeter (Jasco Inc.). DNA 

samples were dissolved in potassium phosphate buffer (37.5 mM potassium chloride, 12.5 

mM potassium phosphate, pH 7) with a concentration of 15 μM in the presence and absence 

of the dGMP. CD spectra were collected with a 1 mm path length quartz cuvette, 1 s 

response time, and 1 nm bandwidth at 25 °C, and subsequently blank corrected with a buffer 

spectrum.

Fluorescence Measurements.

Fluorescence experiments were collected with a Jasco-FP8300 spectrofluorometer (Jasco 

Inc., Easton, MD). Emission spectra were measured from 520 to 600 using a 1 cm path 

length quartz cell. The selected excitation wavelength was 377 nm. dGMP–Pu19m2 binary 

complex (20:1) was titrated to a 0.2 μM berberine solution in potassium phosphate buffer 

(50 mM K+) and incubated for 2 min before each measurement. The Kd value was calculated 

by fitting the data to an equation: F = Fmin + (Fmax – Fmin) [(PT + CT + Kd) – [((DT + CT + 

Kd)2 – (4DTCT))1/2]/(2CT), where F represents the ligand-induced fluorescence intensity, CT 

is the ligand concentration, and DT is the ternary complex concentration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic of the human PDGFR-β gene promoter and the formation of a dGMP-fill-in 

vG4 as well as the berberine–dGMP–vG4 ternary complex. The vG4-forming region of 

the NHE sequence and its modifications are shown. The guanine residues involved in the 

formation of the fill-in vG4 are colored in red and mutations in cyan, respectively. (b) 1D 
1H NMR spectra of dGMP–Pu19m2 DNA in the absence and presence of berberine with 

complete imino proton assignment. Conditions: 1.5 mM Pu19m2 DNA, 3:1 dGMP/DNA, 
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2:1 drug/DNA, pH 7, 50 mM K+ solution, 25 °C. (c) Chemical structure of berberine with 

numbering.
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Figure 2. 
(a) 1D 1H NMR titration of Pu19m2 DNA with dGMP and berberine. Conditions: 0.15 mM 

Pu19m2 DNA, pH 7, 50 mM K+ solution, 25 °C. (b) CD thermal melting curves (left) and 

CD spectra (right) of dGMP–Pu19m2 DNA (15 μM) in the absence and presence of 2 and 

4 equiv of berberine. Conditions: pH 7, 50 mM K+. (c) Fluorescence intensity change of 

berberine (0.2 μM) upon titration with dGMP–Pu19m2 DNA. The dissociation constant (Kd) 

for a 2:1 binding stoichiometry is determined. Conditions: 25 °C, pH 7, 50 mM K+. The 

experiment was conducted in duplicate.
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Figure 3. 
(a) The H1′-H6/H8 region and (b) H1–H8 region from the 2D-NOESY spectrum of 

2:1:1 berberine–dGMP–vG4 ternary complex in H2O with sequential assignment pathway. 

Missing connectivities are labeled with asterisks. Condition: 1.5 mM Pu19m2 DNA, 3:1 

dGMP/DNA, 2:1 drug/DNA, pH 7, 50 mM K+, 25 °C, mixing time of 300 ms.
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Figure 4. 
Select regions of the 2D-NOESY spectrum of 2:1:1 berberine–dGMP–vG4 ternary complex 

in H2O showing intermolecular cross peaks between berberine and DNA imino protons. 

Condition: 1.5 mM Pu19m2 DNA, 3:1 dGMP/DNA, 2:1 drug/DNA, pH 7, 50 mM K+, 25 

°C, mixing time of 300 ms.
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Figure 5. 
Superposition of the 10 lowest energy NMR structures of the berberine–dGMP–vG4 ternary 

complex by NOE-restrained structure calculation: side view (left) and top view (right). 

Green, berberine; magenta, dGMP; cyan, guanine; red, 5′-end flanking; blue, 3′-end 

flanking; and yellow, loop.
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Figure 6. 
(a) Cartoon representation of the 2:1:1 berberine–dGMP–vG4 ternary complex (Protein 

Data Bank ID: 7MSV). (b) 5′-End and (c) 3′-end top views of the berberine/A2 and 

berberine/A17 “quasi-triad” planes. Cyan, guanine; magenta, dGMP; red, adenine; yellow, 

cytosine; and green, berberine.
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Figure 7. 
Suggested modifications of berberine to enable additional interaction with the dGMP–

Pu19m2 vG4. The black circles suggest the positions (H1, H12, and H13) to be modified by 

introducing side chains. The black arrows indicate the grooves at 5′- and 3′-sites that the 

attached side chain will locate in. The red circle suggests the positions (H11 and 10-OMe) 

to make conjugate of berberine and guanine moiety. The Pu19m2 vG4 is shown in cartoon 

representation. Cyan, guanine; magenta, dGMP; red, 5′-end flanking; blue, 3′-end flanking; 

yellow, loop; and green, berberine.
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Table 1.

NMR Restraints and Structural Statistics for the 2:1:1 Berberine–dGMP–Pu19m2 Vacancy G-Quadruplex

NOE-Based Distance Restraints

total 456

intraresidue 254

inter-residue 151

sequential 113

long range 38

dGMP–Pu19m2 8

berberine–Pu19m2 43

Other Restraints

hydrogen bond restraints 48

torsion angle restraints 20

G-tetrad planarity restraints 48

Structural Statistics

pairwise heavy atom RMSD (Å)

 overall 0.98 ± 0.28

 G4 without berberine 1.01 ± 0.30

 G-tetrad core 0.71 ± 0.20

Violations

max. NOE restraint violation (Å) 0.14

mean NOE restraint violation (Å) 0.003 ± 0.012
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