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Detailed Experimental Methods 

Oligomer preparation.  All oligomers were synthesized by the DNA Peptide core facility at the 

University of Utah following standard protocols.  The site specific introduction of the OG was 

achieved via the OG phosphoramidite (Glen Research, Sterling, VA) following the 

manufacturer’s protocols for  the cleavage and deprotection.  The crude oligomers were purified 

using ion-exchange HPLC using a semi-preparative column running the following mobile 

phases: A = 1.5 M LiOAc (pH 7) in 1:9 MeCN:ddH2O; B = 1:9 MeCN:ddH2O. The method was 

initiated at 5% B followed by a linear gradient to 100% B over 30 min with a flow rate of 3 

mL/min while monitoring the absorbance at 260 nm.  The purified samples were dialyzed 

against ddH2O for 36 h to remove the purification salts, followed by lyophilization to concentrate 

the samples.  The dried samples were resuspended in ddH2O, and the concentrations were 

determined by the absorbance at 260 nm, using the nearest neighbor approximation to 

determine the extinction coefficient.  Substitution of G for OG and omitting a nucleotide for Gh 

was used to estimate the extinction coefficients for these strands.  (The absorbance profile for 

Gh is nearly 0 at 260 nm.1)  The purified stands were annealed at the desired concentration by 

heating them to 90 °C for 5 min followed by slowly cooling to room temperature of ~3 h, and 

then placing the samples at 4 °C for 48 h prior to analysis.  

Synthesis of the Gh-containing strands was achieved following previously described methods 

that are elaborated in Figure S3.   The Gh strands were purified on an analytical ion-exchange 

HPLC column running the same mobile phases and monitoring conditions as described above, 

with the exception that the flow rate was 1 mL/min.  The purified Gh samples were dialyzed 

against ddH2O for 36 h and concentrated by lyophilization.  

The ESI-MS oligomer samples were prepared by repurification of the sample using a reversed-

phase HPLC column running A = 20 mM NH4OAc (pH 7) and B = MeCN to replace the residual 

monovalent cations with ammonium ions that are MS compatible.   The purified samples were 

dried and dialyzed against 3 mM NH4OAc for 24 prior to MS analysis.  The analysis was 

conducted by the Mass Spectrometry facility in the Dept. of Chemistry at the University of Utah. 

Oxidation Reaction Conditions: 10 μM VEGF-4 at 37 °C 20 mM cacodylic acid (pH 7.4) + 140 

mM KCl +12 mM NaCl + 200 mM KHCO3 + 20 mM K2S2O8 and 254 nm light for 20 min to 

produce CO3
•- when NAC was present; 3 mM SIN-1 and 25 mM KHCO3 for reactions without 

NAC; or, 50 μM riboflavin + 350 nm light for 10 min.   Sites of reaction were determined by hot 

piperidine cleavage for 2 h, which revealed <20% reactivity.  These piperidine conditions should 

uncover ~75% of the Sp reaction sites, ~100% of the Gh sites, and the OG sites were 

determined by further oxidation with Na2IrCl6 before piperidine treatment.2 

Thermal melting analysis.  The UV melting studies were conducted on a Shimadzu UV-vis 

spectrometer running their software.  The Tm values were determined on samples of 1 μM 

quadruplex in buffered solutions with physiological salt concentrations (20 mM cacodylate pH 

7.4, 140 mM KCl, and 12 mM NaCl).  The melting experiments were initiated by thermally 

equilibrating the samples at 20 °C for 10 min followed by heating the samples at 0.5 °C/min and 

equilibrating at each 1 °C increment for 1 min.  A reading at 260 and 295 nm was taken after 

each 1 °C change in the temperature.  The heating phase involved increasing the temperature 
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to 95 °C followed by a 10 min hold and then a return to 20 °C via the same change in 

temperature and increment time while making absorbance readings at each 1 °C change.  Plots 

of absorbance at 295 nm vs. temperature were constructed, and the Tm value was determined 

from the first derivative of the curve, as well as by a two-point analysis protocol using the 

instrument’s software.  The Tm studies to determine the number of coordinated K+ ions (ΔnK+) 

was conducted using the same quadruplex concentrations but the salt conditions were changed 

to 20 mM cacodylate (pH 7.4) with 20, 50, 70, 100, 150, and 200 mM KCl.  Plots of Tm vs. 

ln[KCl] were constructed for data analysis by literature methods3 that is more thoroughly 

described in Figure S5.   

CD Spectroscopy.  The CD spectra were recorded on 10 μM quadruplex samples in 20 mM 

cacodylate (pH 7.4) with 140 mM KCl and 12 mM NaCl at 20 °C.  The CD readings in mdeg 

were converted to molar ellipticities for presentation purposes.   

DMS Footprinting Assays.  First, the quadruplex samples were 5`-labeled with 32P via 

standard protocols.4  To a 10 μM solution of quadruplex that was not labeled with 32P, was 

added 20,000 cpm of 32P-labeled quadruplex.  The mixture was annealed in buffer with 

physiological salt concentrations (20 mM cacodylate (pH 7.4), 140 mM KCl, and 12 mM NaCl) 

via the method outlined above.  To the samples was added 0.1 μg/μL of calf thymus DNA, and 

then the samples were thermally equilibrated at 37 °C prior to dimethyl sulfate (DMS) addition.  

Next, DMS was added to a final concentration of 1% (v/v) and the samples were incubated for 

either 0.5 or 1 min, and then they were quenched with 0.5 M β-mercaptoethanol.  The quenched 

samples were dialyzed against ddH2O overnight followed by lyophilization to dryness.  The dried 

samples were resuspended in 100 μL of freshly prepared, aqueous 1 M piperidine solution and 

then incubated at 90 °C for 30 min.  After hot piperidine treatment the samples were lyophilized 

to remove the piperidine and then resuspended in gel loading dye (0.25% each of bromophenol 

blue and xylene cyanol in 30% (v/v) aqueous glycerol).  The samples were loaded onto a 20% 

PAGE and electrophoresed at 75 W for 4 h.  The electrophoresed gel was then loaded into a 

phosphor screen and left to expose for 18 h, followed by imaging via phosphorimager 

autoradiography.  The bands were visualized using ImageQuant software. 

Enzyme purification 

Glycosylases used in this study were from lab stocks. Cloning, expression, and purification of 

the glycosylases OGG1,5 NTH1,6 NEIL1,6 NEIL2,5 and the glycosylase domain of NEIL3 

(NEIL3-GD)7 were previously described. The percentage of active glycosylase was determined 

by the Schiff base assay,5 and all protein concentrations reported in this study were corrected 

for the active enzyme percentage. 

DNA substrate preparation 

Lesion-containing ODNs were 32P-labeled at the 5’ end by T4-polynucleotide kinase (NEB). The 

labeled ODNs were ethanol precipitated as previous described.8 Substrates contain 1 part hot 

ODN and 9 parts cold ODN. All G4-forming ODNs were annealed in quadruplex folding buffer 

(Qu buffer), which contains 20 mM HEPES-KOH (pH 7.4), 100 mM KCl and 1 mM EDTA. To 

fold quadruplex DNA, the ODN in Qu buffer (ODN concentration = 100 nM) was heated at 90 °C 
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for 3 min and slowly cooled to room temperature. The mixture was then stored at 4 °C overnight 

before conducting the assays. To make duplex DNA, a 1.2-fold excess of the complementary 

strand to the lesion-containing strand were annealed at 90 °C for 3 min and then slowly cooled 

to room temperature. 

Glycosylase activity assays 

Glycosylase assays were done in the quadruplex reaction buffer, which contains 20 mM 

HEPES-KOH pH 7.4, 100 mM KCl, 1 mM EDTA, 0.1 mg/ml BSA and 1 mM DTT. Substrate 

concentrations were typically 10 nM, unless otherwise specified and enzyme concentrations are 

indicated in the figure legends. Enzymes and substrates were incubated at 37 °C. To measure 

only the glycosylase activity, reactions were terminated by adding NaOH to a final concentration 

of 0.2 N and heated at 95 °C for 5 minutes. An equal volume of FE buffer (96% formamide, 20 

mM EDTA, 0.1% bromophenol blue, and 0.1% xylene cyanol) was added to the reactions before 

loading on a 16% urea gel for separation. The gel was dried and exposed on a phosphorimager 

screen. Finally, bands from the screen were scanned by Molecular Imager PharosFX Plus (Bio-

Rad Laboratories) and quantified by Quantity One software (Bio-Rad Laboratories). 
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Table S1. List of other proposed regulatory promoter G4s with the “spare tire” domain and other 

G4s with the same feature.  Some of these sequences have more than one additional G-track. 

Acceptable 5th domains were identified within 13 nucleotides of the core G4 sequence, on the 

basis of recent reports.9 

Name      Sequence 

VEGF 
10
     5`-GGGG C GGG CC GGGGG C GGGG TCCCGGC GGGG 

c-MYC 
11
    5`-GGGG A GGG T GGGG A GGG T GGGG 

HIF-1
α
 
12
   5`-GGG CGCGC GGGG A GGGG AGA GGGGG C GGG 

BCL-2 
13
    5`-GGGG C GGG CGC GGG AGGAA GGGGG C GGG 

RET 
14
      5`-GGG TA GGGG C GGGG C GGGG C GGGGG 

KRAS 
15
     5`-GGG AGCGGCTGA GGG CGGTGT GGG AAGA GGG AAGA GGGGG 

HSP90 
16
   5`-GGG C GGG CCAAA GGG AA GGGG T GGG 

PDGFR-β 
17
  5`-GGG AGAA GGGGGGG CGGC GGGG CA GGG A GGG 

AR 
18
       5`-GGGG A GGGG AGA4GGA3 GGGG A GGGG A GGG 

ADAM
19
  5`-GGGG CC GGG T GGG A GGGGG C GGG CC GGGG C GGGG 

SRC
20
  5`-GGG TCCCCT GGG CCT GGG C GGG AGC GGGG A GGGG 

b-RAF
21
  5`-GGG C GGGG A GGGGG AA GGG AGGCGGAGAGCT GGGGG 

b-RAF
21
  5`-GGGGGG CGC GGGGGG CGC GGGG AGGAGCGGCCC GGG 

YinYang
22
 5`-GGGG A GGG A GGGG CCGGCC GGG AGC GGGG TTGAGGC GGG T GGG 

hTERT
23
 5`-GGGG A GGGG CT GGG A GGG CCCGGA GGGGG CT GGG CC GGGG ACCC GGG   A GGGG 

TC GGG AC GGGG C GGGG 

c-MYB
24
 5`-GGA GGA GGA GGTCAC GGA GGA GGA GGA GAA GGA GGA GGA GGA 

MET
25
 5`-GGG AGTGCGGCCGGC GGG C GGG C GGG GCGCT GGG 

PKD2
26
 5`-GGG TGGAA GGG CTC GGG C GGGG A GGG 

Nrf2
27
 5`-GGG AA GGG AGCAA GGG C GGG A GGG 

 

Repeat sequences 

hTelo
12
 5`-GGG TTA GGG TTA GGG TTA GGG TTA GGG 

C9orf72
28
 5`-GGGG CC GGGG CC GGGG CC GGGG CC GGGG 

GGC Repeat
12
 5`-GG C GG C GG C GG C GG 
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Figure S1. G-oxidation sites and products in VEGF-4 folded as a G4 or as a duplex. 

 

 

 

 

Observations:  The most reactive G sites toward oxidation are found in the loops or are the 5`-

G in the core.  Loop Gs are ~1.5-2x more reactive than core Gs.  
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Figure S1. Cont. 

 

Observations:  In the duplex context, reactivity toward oxidation was enhanced at the Gs 

located 5’ to another G. 
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 Figure S2. Products detected upon oxidation of VEGF-4 in the G4 and duplex contexts. 

 

Products characterized when the VEGF-4 G4 fold or duplex were oxidized with one-electron 

oxidants 

 

 

VEGF-4 = 5`-C GGGG C GGG CC GGGGG C GGGG T-3` 

Product analysis was determined by nuclease digestion and LC-MS analysis after low 

conversion oxidation (<12% conversion) via literature methods.29  Because of the G-rich nature 

of these strands, control of the reactivity was very challenging.  Key observations include Gh as 

a major product in the duplex context, and Sp as a major product in the G4 context, and low 

levels of OG, the intermediate to Sp and Gh,1,30 were observed in all oxidations.  The yield of 

oxazolone (Z) was greatest with oxidations catalyzed with photoexcited riboflavin because of the 

release of superoxide, a reaction partner with oxidized G leading to Z.  This product dramatically 

diminishes when relevant amounts of reductant, such as N-acetylcysteine, are added to the 

reaction mixture that quenches the intermediate superoxide.31 
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Figure S3.  Synthesis and characterization of the oligomers studied. 

 

 

Synthesis- 10 μM DNA, 120 μM K2IrBr6, in ddH2O at 20 oC with 50 mM 18c6 
Purification- Ion-exchange HPLC with A = 1 M LiCl, 25 mM Tris (pH 8) and 10% MeCN;  
B = 10% MeCN and 90% ddH2O.  The two peaks observed for Gh represent the two 
diastereomers of this product; also, these diastereomers readily interconvert rendering their 
individual study nearly impossible.32 

 
Mass Spectrometry Data for VEGF-4 Sequences 
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Figure S3. Continued  
 

VEGF-5 HPLC Traces 
 

Ion-exchange HPLC Chromatogram 

 
 
 

Mass Spectrometry Data for the VEGF-5 Sequences 
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Figure S4. Reversibility of the thermal melting process and van ‘t Hoff analysis of the Tm data. 
 
 

 

 

 

The thermodynamic constants reported were determined at pH 7.4 with 150 mM K+ ion present. 

0.07

0.08

0.09

0.1

0.11

0.12

0.13

20 30 40 50

A
b

s 
2

9
5

 n
m

Temp (oC)

Abs vs. Temp

Calculation of Thermodynamic Values
y = mx + b

m = -ΔH/R      b = ΔS/R
R = 1.987 cal/mol K

ΔG = ΔH - TΔS

AbsF

AbsU

ΘT = (AbsT – AbsU)

(AbsF – AbsU)

Ka = ΘT/(1- ΘT)

Mergny, J-L.; Lacroix, L. Curr. Protocols in Nucleic 
Acids Chem. 2009, 17.1.1 - 17.1.15.

Fraction Folded (Θ) vs. Temp

0

0.25

0.5

0.75

1

20 25 30 35 40 45 50

Θ

Temp (oC)

Ln Ka vs. 1/T

y = 26671x - 83.62
R² = 0.9994

-1.5

-1

-0.5

0

0.5

1

1.5

0.00308 0.00313 0.00318Ln
(K

a
)

1/T (K)

VEGF 

Sequence

Tm ( C) ΔGvH 37  C 

(kcal/mol)

ΔHvH

(kcal/mol)

ΔSvH

(cal/mol*K)

ΔnK+

WT 85.6  0.8 -8.9  1.2 -75.9  9.9 -216  33 2.3

OG 12 

Loop

83.2  0.7 -8.5  1.0 -74.8  9.1 -214  26 2.4

Gh 12 

Loop

85.5  0.7 -8.2  1.0 -70.2  8.4 -200  25 2.1

OG 14

Core

58.6  0.8 -2.8  0.4 -33.5  3.7 -99  12 1.2

Gh 14

Core

63.4  0.6 -4.4  0.5 -41.3  4.9 -119  14 1.5

OG 7

Loop

56.3  0.7 -3.2  0.4 -42.7  5.1 -127  15 1.3

Gh 7 

Loop

58.1  0.8 -3.6  0.4 -39.8  4.8 -116  14 1.6



13 
 

Figure S5. KCl-concentration dependent Tm studies with VEGF-4 and VEGF-5 with and without 

damage at the loop and core positions studied. 

Example set of Tm curves 

 

Plots of Tm vs. [KCl] for the VEGF-4 sequences 

 

Estimation of the number of bound K+ ions by the G4 fold (ΔnK+) was achieved using the 

equations described in the literature.3  Briefly, van ‘t Hoff analysis allowed measurement of the 

ΔH for each sequence that was used in the following equation for to determine ΔnK+, where 

ΔnK+ = 1.11 * ΔH/(R*Tm
2) * slope.  Cautionary point: We are aware that using Tm curves to 

estimate thermodynamic properties is not the best approach; however, the better approach, 

differential scanning calorimetry, requires far more sample than can reasonably be synthesized 

for these damage-containing strands.  For ΔnK+ values determined see the table on the 

previous page.  All Tm values have errors of approximately ±0.8 °C. 
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Figure S5. Continued 
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Figure S6. CD spectra for Gh-containing VEGF-4 and VEGF-5 sequences. 

 

 

 

The CD spectra were determined in buffered physiological salt conditions (20 mM cacodylate pH 7.4, 140 

mM KCl, and 12 mM NaCl) at 20 °C. 
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Figure S7. DMS footprinting results for the VEGF-5 sequences. 

 

 

VEGF-5 WT Sequence 

 

140 mM KCl + 12 mM NaCl pH 7.4 at 20 °C with 1% DMS for 1 min  
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Figure S7. Continued 

 

VEGF-5 OG12 
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Figure S7. Continued 

 

VEGF-5 OG14 

 

 

DMS footprinting assays were not conducted with Gh-containing VEGF-5 strands because Gh is 

very piperidine labile.2 
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Figure S8. A representative gel from the NEIL1 time-course assay conducted on the Gh-

containing VEGF-5 sequence. Reaction conditions included 10 nM of each substrate incubated 

with 10 nM of glycosylase at 37 °C for 20 min, and the reactions were quenched by adding 

NaOH and heating at 95 °C for 5 min. 
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Figure S9. A representative gel from the glycosylase assay conducted on OG-containing 

VEGF-5. Reaction conditions included 10 nM of each substrate incubated with 10 nM OGG1 at 

37 °C for 20 min, and the reaction was stopped by adding NaOH and heating. Quantification of 

OG removal by OGG1 was detemrined. Mean and standard deviation from four replicates are 

shown. 
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