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Abstract 
 
 Molecular details for DNA damage impact on the folding of potential G-quadruplex 

sequences (PQS) to non-canonical DNA structures that are involved in gene regulation are 

poorly understood.  Here, the effects of DNA base damage and strand breaks on PQS folding 

kinetics were studied in the context of the VEGF promoter sequence embedded between two 

DNA duplex anchors, referred to as a duplex-G-quadruplex-duplex (DGD) motif.  This DGD 

scaffold imposes constraints on the PQS folding process that more closely mimic those found in 

genomic DNA.  Folding kinetics were monitored by circular dichroism (CD) to find folding half-

lives ranging from 2 s to 12 min depending on the DNA damage type and sequence position.  

The presence of Mg2+ ions and the G-quadruplex (G4)-binding protein APE1 facilitated the 

folding reactions.  A strand break placing all four G runs required for G4 formation on one side of 

the break accelerated the folding rate by >150-fold compared to the undamaged sequence. 

Combined 1D 1H-NMR and CD analyses confirmed that isothermal folding of the VEGF-DGD 

constructs yielded spectral signatures that suggest formation of G4 motifs, and demonstrated a 

folding dependency with the nature and location of DNA damage. Importantly, the PQS folding 

half-lives measured are relevant to replication, transcription, and DNA repair time frames. 
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Here we demonstrate 2`-deoxyguanosine (G) nucleotide DNA damage accelerates a G-

quadruplex (G4)-forming sequence folding rate in a duplex-G-quadruplex-duplex (DGD) context. 

Cellular oxidative stress necessitates transcriptional level changes that can be driven by two 

properties of G-rich DNA:1 (1) G-runs are enriched in human gene promoters that display a 

greater potential G4 sequence (PQS) probability,2 and (2) these sequences are more prone to 

cellular oxidative damage yielding 8-oxoguanine (OG).3,4  Short-patch base excision repair 

(BER) is a multi-step pathway that removes modified bases via a glycosylase to yield an abasic 

site (AP), which is cleaved by an endonuclease to generate a DNA nick (Figure 1A).5  The nick 

is cleared via a lyase reaction generating a gap, affording polymerase installation of the correct 

dNTP, followed by ligation to seal the strand (Figure 1A).5  Each step in the repair process 

furnishes a known type of DNA damage structure.6  Our prior cell studies identified that the AP-

endonuclease APE1 functions on AP sites derived from OG removal in promoters containing the 

VEGF or other PQSs to induce transcription.1,7 Indeed, APE1 has been determined to also 

function as a transcriptional regulatory protein.8  Biophysical studies further revealed APE1 

tightly binds promoter G4 folds, supporting a role for this non-canonical DNA structure in gene 

regulation.9  Nevertheless, it remains unclear at what point G4 formation is induced during the 

DNA repair process. Our findings within a more physiological DGD model provide broader 

insight into the impact of the DNA damage response pathway on G4 folding in the genomic 

context.  
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Figure 1. (A) Short-patch BER pathway illustrating the DNA damage structures studied within
the VEGF-DGD.  (B) The DGD construct along with (C) the modified VEGF inserts studied in
this work. 
 
 
 Inspired by Chaires’ and Trent’s cryo-EM structure of the c-MYC G4 embedded between

two duplexes (c-MYC-DGD),10 this DNA framework was used to install the VEGF PQS and

study its folding (Figure 1B).  A critical feature of the c-MYC-DGD retained in these studies, was

that the complementary strand was modeled with a poly-T segment to connect the flanking DNA

duplexes.  Specifically, herein the c-MYC-DGD sequence was replaced with a VEGF sequence

that had been previously modified for solution NMR structural investigations in Yang’s laboratory

(Figure 1C).11 Notably, both the c-MYC and VEGF promoter G4s adopt parallel-stranded

topologies that are dominant folds found in promoter sequences.12 

 A combination of circular dichroism (CD) and 1D 1H-NMR analyses were first utilized to

verify formation of a VEGF-G4 within the DGD scaffold utilizing the previously described

thermodynamic folding procedure, which first forms the PQS G4 in the presence of buffered K+
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ion (140 mM), followed by secondary formation of the duplex flanks through complement strand

annealing.10 CD analysis of the isolated VEGF-G4 produced a spectrum with a 263 nm

maximum and 245 nm minimum, while the VEGF-DGD showed a 271 nm maximum and 245

nm minimum (Figure 2A).  While both spectra are indicative of parallel-stranded G4 formation,

the VEGF-DGD 8 nm maximum peak redshift is consistent with inclusion of the poly-T

complement and duplex handles, which mirrors the previous c-MYC-DGD CD spectrum (Figure

S2).10 In addition, as was observed for the c-MYC-DGD, 1D 1H-NMR analysis of the VEGF-DGD

identified two groups of resonance signatures corresponding to the G-H1 and T-H3 imino

protons of the duplex DNA (12-14 ppm), and G-H1 iminos involved in Hoogsteen forming G-

tetrads (10-12 ppm; Figures 2B and S2).13 These initial studies demonstrate that the

thermodynamic annealing process affords G4 formation of a VEGF PQS within the DGD

context.  

 

 

Figure 2. Thermodynamically folded VEGF-DGD evaluated by CD (A) and 1D 1H-NMR (B).
Monitoring of PQS isothermal folding in the DGD context in Li+ when 100 mM K+ was added by
following the CD (C and D) and 1D 1H-NMR (E) spectral changes.  
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Next, we addressed whether the PQS could fold isothermally when embedded between 

two duplex anchors, which is a situation more analogous to G4 folding in the genome.  To 

generate these constructs, a buffered Li+ salt solution was used to first induce formation of the 

duplex DNA flanks while being agnostic to G4 folding, which enabled a subsequent G4 folding 

process after addition of K+ ions. The duplex arms in 140 mM LiCl had Tm values of 39 and 52 

°C, which are consistent with these duplexes being A:T rich (Figure S3).  Consequently, the 

temperature for following folding experiments was held at 30 °C, a value less than the measured 

Tm values to minimize duplex fraying that would impact G4 folding rate.  G4 folding was 

monitored by time-dependent CD analysis at 260 nm upon addition of 100 mM K+, as signal 

changes at this wavelength directly report on the conversion of an unstructured PQS to a 

parallel-stranded G4-like fold (Figures 2C/2D).   

For the VEGF-DGD construct, time evolution of the 260 nm CD signal was hyperbolic 

and fit to a first-order exponential equation (Figure 2C), as previously described.14  The 

observed rate (kobs) was 0.13 ± 0.1 min-1 corresponding to a folding half-life of 5.3 ± 0.5 min 

(Figures 3 and S4). The CD spectra before and after K+ addition to the Li+ sample support 

folding of a parallel-stranded G4 in this context by the observed changes at 245 and 260 nm 

(Figure 2D). The spectrum for the isothermally folded sample mirrors that of the 

thermodynamically folded sample with a lower intensity (Figure 2D). Consistent with CD, the Li+ 

ion sample only exhibited duplex DNA imino peaks by 1D 1H-NMR, but after K+ addition G:G 

base pair imino peaks were additionally observed (Figure 2E).  Spectroscopic differences 

between the thermodynamic vs. isothermally folded samples may reflect different final 

structures or incomplete folding under the timeframe of the analysis, which is not impacted by 

the presence of Li+ ions interfering with the extent of folding as previously reported.15  

Nonetheless, CD and 1D 1H-NMR studies demonstrate the PQS anchored with 5`- and 3`-

duplex DNA adopts a G4-consistent fold when K+ ions are added.  Notably, we determined no 
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significant changes for the rate of PQS folding for poly-T tracks ranging from 14-20 nucleotides,

indicating the complement length has minimal influence on the folding reaction (Figure S5). 

 

 

Figure 3. Folding half-lives for the VEGF-DGD construct with a central DNA damage when
incubated in Li+ at 30 °C followed by addition of 100 mM K+ ions.   
 
 
 To investigate DNA damage impact on PQS folding within the VEGF-DGD scaffold, the

PQS-containing strand was synthesized with each stable structure generated during short-patch

BER removal of OG to repair it back to G (Figure 1A).5  The AP and 5′-pAP structures are

chemically unstable, and were synthesized as stable tetrahydrofuran analogs (F and 5′-pF;

Figure 1A). Lesions were synthesized at a central G position localized within the loop of the

folded G4 that does not impact the core structure, but was previously found to be sensitive to

one-electron oxidation, yielding OG (Figure 1C).16  Measured folding half-lives for the central

OG- and F-containing DGD motifs were similar to the undamaged sequence (4-5 min), while

folding for the strand breaks 5′-pF and p(Gap) were slower than or similar to the undamaged

sequence, respectively (8 vs. 5 min; Figure 3 and S4).  Next, folding studies were conducted

with 10 mM Mg2+ to determine whether the inclusion of the divalent cation altered folding half-

lives, particularly for the 5′ phosphate strand breaks.  The only folding half-lives sensitive to

Mg2+ were the strand breaks, and these decreased by >5-fold to ~1 min each (Figures 3 and

S4).  Inspection of the damage-containing DGD sequences in Li+ before and after K+ addition
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via CD and 1D 1H-NMR support a G4-like motif is formed in each case (Figures 4A-4D and S6).

Indeed, 1D 1H-NMR spectra of the folded strand break-containing VEGF-DGD motifs produced

11 (p(Gap)) or more (5′-pF) G:G base pair imino resonances, strongly supporting the presence

of a three G-tetrad G4. 
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Figure 4. 1D 1H-NMR and CD characterization of the VEGF-DGD motifs containing the DNA 
damage types (A) OG, (B) F, (C) 5′-pF, or (D) p(Gap).  
 

 In our gene activation during oxidative stress proposal, APE1 was required for mRNA 

induction for VEGF promoter PQSs containing OG.7 Thus, we investigated whether the inclusion 

of APE1 during the VEGF-DGD folding process, with and without DNA damage, impacted the 

measured half-life values.  Previously, we found APE1 could bind the VEGF G4 with or without 

an F with dissociation constants (Kd) around 50 nM.9  Similarly, using fluorescence anisotropy, 

APE1 binding to the VEGF-DGD with or without an F had Kd values of ~50 nM (Figure S7).  

These binding measurements suggest that APE1 has a strong preference for G4 motifs,9,17 and 

may facilitate PQS folding in the DGD context.  When an equimolar amount of APE1 was added 

to the Li+-containing VEGF-DGD constructs with K+ and Mg2+ ions, the folding was consistently 

faster, providing the lowest folding half-lives (Figures 3 and S4).  The largest decrease was for 

lesion-containing DGD sequences (OG- and F-VEGF-DGD ~2x; 5′-pF- and p(Gap)-VEGF-DGD 

~5x; Figure 3).  The CD spectra before and after APE1 folding suggest G4-like motifs were 

formed (Figure S8).  Importantly, these studies establish a known G4-binding protein can 

facilitate folding of a PQS embedded between two duplexes. 

 
 The VEGF PQS has other sites for which G oxidation was previously observed;16 thus, 

VEGF-DGD motifs were designed to place the damage at a known reactive 5′ G on either the 5′-

G run or the 3′-G run (Figure 1C).  A critical point regarding these positional studies concerns 

the strand breaks when compared to the studies at the central position.  The central strand 

break will yield strands with two G-runs each that fold together to yield a G4. In contrast, the 5′-

G run strand break generates one strand with all four G-runs, and the 3′-G run strand break 

furnishes two strands that have 3 + 1 G-runs, respectively.  Regarding OG and F, we found 

positional dependency in the folding half-lives, but they were all >2 min with or without Mg2+ 

present (Figures 5 and S9).  The strand breaks, 5′-pF and p(Gap), also displayed positional 
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dependency in the folding half-life values in which those on the 3′-G run either did not fold or

folded with a half-life value of ~10 min. In contrast, 5′-G run strand breaks folded with half-life

values of <6 s.  The 5′-p(Gap) folded fastest with Mg2+ present, giving an ~2 s folding half-life.

Compared to the undamaged VEGF-DGD, the 5′-p(Gap) folding rate in the 5′-G run was >150-

fold faster (Figure 5).  CD evaluation before and after folding supports a conclusion that the

sequences adopt G4-like motifs in all cases where folding was observed (Figures S9). 

 

 

Figure 5. Position-dependent folding half-lives for DNA-damage placed in either 5′-G or 3′-G
runs of the VEGF-DGD motif. 
 
 
 Herein, we demonstrate that a PQS can fold when embedded between two duplexes

with a model complementary strand analogous to genomic folding.  Folding rates measured for

the VEGF-DGD systems show dependency on DNA damage type and position, as well as the

presence of Mg2+ ions and a G4-binding protein (Figure 3).  The VEGF PQS with or without

DNA damage in the DGD construct folded with half-lives spanning from 2 s to >10 min.  The

fastest folding occurs when a strand break places all four G-runs on one side of the break

yielding an enhancement of >150-fold compared to the undamaged-DGD system (Figure 5).

Previously, PQS folding was monitored outside the influence and steric constraints of the

duplexes at 25 °C yielding folding half-lives of tens of milliseconds,18,19 which is ~200-fold faster
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than the fastest folder measured herein.  We would expect our observed folding rates to 

increase at 37 °C, though measurements at that temperature would require redesigning the 

DGD duplex anchors. Nevertheless, the slower observed folding rates for the VEGF PQS in the 

duplex context does not preclude its relevance to biological timeframes. During transcription, R-

loops can persist for many minutes,20 which is sufficient for at least half of nearly all the VEGF-

DGD PQSs to fold based on the folding half-lives measured (Figures 3 and 5).  Proteins such as 

APE1 that assist with PQS folding, and are part of DNA repair complexes,21 may facilitate 

folding and expand the structural transition timeframe due to genomic DNA repair initiation 

taking ~15 min.22  Other G4-interacting proteins may assist in PQS folding,23 similar to that 

observed with APE1.  Stalled replication forks can persist for hours, particularly when a PQS is 

present,24 which provides time for these structures to form.  Once folded, G4s can serve as 

hubs for transcription factor binding to impact transcription.25 

 The VEGF-DGD system studied does not adequately model the C-rich complementary 

strand in the folding process. In the cellular context, this strand could be engaged in an R-loop 

with a G-rich RNA strand or adopt an i-motif structure,20,26 the latter being a pH-dependent 

structure with some folding under neutral cellular conditions.27  Future studies to address how 

R-loops and i-motifs impact PQS folding in the DGD context are needed.  Additionally, high-

resolution structural analysis of the VEGF-DGD constructs with and without DNA damage is 

required to understand how the duplex anchors and DNA lesions impact G4 structure.  

Structural studies of the isothermally folded constructs are most important to elucidate whether 

the topologies generated under more genome-like conditions are similar to thermodynamically 

folded structures achieved after heating to ~90 °C followed by cooling. The present results 

suggest the structures adopted during isothermal folding are G4s, but they do not unequivocally 

rule out G-triplexes, G-hairpins, or changes in the overall loop and core topologies.  We 

demonstrate a PQS can fold to a non-canonical structure when embedded between duplex DNA 
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segments , and that DNA repair intermediates accelerate the process, which has interesting 

implications for triggering changes in gene expression. 

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org/ 

 Experimental methods, DNA analysis, CD spectra, 1D 1H-NMR spectra, Tm analysis, and 

APE1 binding analysis. 
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