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ABSTRACT  1 

Worldwide, ~250 million people are chronically infected with the hepatitis B virus (HBV) and are 2 

at increased risk of cirrhosis and hepatocellular carcinoma. The HBV persists as covalently closed 3 

circular DNA (cccDNA), which acts as the template for all HBV mRNA transcripts. Nucleos(t)ide 4 

analogs do not directly target the HBV cccDNA and cannot eradicate the HBV. We have 5 

discovered a unique structural motif, a G-quadruplex in HBV’s pre-core promoter region that is 6 

conserved amongst nearly all genotypes, and is central to critical steps in the viral life-cycle 7 

including the production of pre-genomic RNA, core and polymerase proteins, and encapsidation. 8 

Thus, an increased understanding of the HBV pre-core may lead to the development of novel anti-9 

HBV cccDNA targets. We utilized biophysical methods to characterize the presence of the G-10 

quadruplex, employed assays using a known quadruplex-binding protein (DHX36) to pull-down 11 

HBV cccDNA, and compared HBV infection in HepG2 cells transfected with wild-type and 12 

mutant HBV plasmids. This study provides insights into the presence of a G-quadruplex in the 13 

HBV pre-core promoter region essential for HBV replication. The evaluation of this critical host-14 

protein interaction site in the HBV cccDNA may ultimately facilitate the development of novel 15 

anti-HBV therapeutics against the resilient cccDNA template.   16 

 17 

 18 

 19 

 20 

 21 

 22 
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INTRODUCTION 23 

Approximately 250 million people worldwide are chronic hepatitis B virus (HBV) carriers and are 24 

at elevated risk of developing cirrhosis, liver failure, and hepatocellular carcinoma (HCC) (1-3). 25 

The virus persists, in part, due to the presence of its stable, compact intranuclear 26 

minichromosome— the covalently closed circular DNA (cccDNA) (4-7). Current oral therapies 27 

against HBV, including nucleotide/side analogues (NA) target the virus during replication and are 28 

effective at decreasing viremia, but rarely induce HBV surface antigen loss, i.e., “functional cure” 29 

(8-11). Moreover, NAs do not directly target the cccDNA and can lead to viral relapse once 30 

treatment is stopped (10-13). Achieving a sterilizing (or virological) HBV cure requires targeting 31 

and clearance of the HBV cccDNA episome. There is limited knowledge of the secondary and 32 

tertiary structural intricacies of the HBV genome. The discovery of unique HBV cccDNA 33 

structural motifs may highlight new areas for therapeutic drug design and intervention. 34 

 HBV is a small, compact 3.2 kb, partially double-stranded DNA virus (14). The HBV 35 

genome consists of four overlapping open-reading frames for genes surface (S), core (C), 36 

polymerase (P), and X, encoding seven viral proteins (14). Transcriptional regulation of these 37 

regions is guided by the corresponding promoter regions that enable the binding of various cellular 38 

(and viral) proteins to initiate transcription and produce five RNA transcripts, including the pre-C 39 

and pre-genomic RNAs (pgRNA) (each approximately 3.5 kb), and the sub-genomic RNAs S1 40 

(2.4 kb), S2 (2.1 kb) and X (0.7 kb) (14). The pre-C / pre-genomic region is one of the most 41 

important viral promoter regions. This region initiates transcription of the mRNA template for the 42 

production of both the core protein and polymerase and produces the full-length pre-genomic RNA 43 

which contains the 5′-hairpin loop or epsilon (ε) (14-16). The epsilon region enables binding of 44 

the viral polymerase and initiation of encapsidation or packaging of the viral template followed by 45 
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replication and the creation of viral progeny (14,15). Overall, HBV is classified into eight main 46 

genotypes, A-H, based on a >8% nucleotide variation across the genome (17,18). The genotypes 47 

tend to display different propensities to cause clinical disease and to respond to therapy (19,20). 48 

Despite the number of unique genotypes and viral variants due to the HBV’s error-prone reverse 49 

transcriptase, promoter regions tend to be highly conserved amongst all HBV variants / genotypes 50 

(21). This is likely owing to their need to interact with key host proteins for successful propagation.  51 

G-quadruplexes are highly stable non-canonical DNA (or RNA) structures formed in 52 

guanosine-rich nucleic acid regions, where four guanines form a planar quartet (G-quartet) 53 

stabilized by the presence of Hoogsteen-hydrogen bonds (22). Three or more consecutive G-54 

quartets can stack on top of each other to form parallel, anti-parallel, or hybrid G-quadruplex 55 

structures (23). The G-quadruplexes are further stabilized by monovalent cations that occupy the 56 

central channel between the G-quartets (22). The typical sequence that can produce a quadruplex 57 

is represented by the formula, -G3-N1-7-G3-N1-7-G3-N1-7-G3-, where groups of three guanosines are 58 

separated by one to seven nucleotides, but there are exceptions to this rule (24), such as the specific 59 

quadruplex highlighted in the current study. Over 700,000 putative quadruplex sequences have 60 

been found throughout the human genome, having a predominance in the telomeric and gene 61 

regulatory regions, which has led to the discovery of their roles in key transcription, translation, 62 

and genomic regulatory processes (25-31). In the field of cancer research, such findings have 63 

facilitated the development of a new class of drugs (i.e., G-quadruplex stabilizers), including the 64 

recent telomeric quadruplex stabilizers, CX-3545 (Quarfloxin) and CX-5461, currently in early 65 

Phase clinical trials (32-35).  Based on advances in oncology, quadruplexes have subsequently 66 

been found in several viral genomes, including human immunodeficiency virus-1 (HIV-1) (36), 67 

herpes simplex virus (HSV-1) (37,38), hepatitis C virus (HCV) (39), human papillomavirus (HPV) 68 
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(40), Epstein-Barr virus (EBV) (41), Kaposi’s sarcoma-related herpesvirus (KSHV) (42), and Zika 69 

virus (43); reviewed in (44,45). More recently, a G-quadruplex has also been found in the promoter 70 

region of the HBV’s S-gene (46). The predominance of G-quadruplexes in key regulatory regions 71 

is highlighted, suggesting interesting targets for anti-viral therapy development (44,45). 72 

In the current work, we demonstrate the central, multi-functioning pre-core promoter 73 

region of the HBV genome as a G-quadruplex forming region, confirm its presence through 74 

biophysical methods, and demonstrate its role in replication when compared to non-G-quadruplex-75 

forming mutants in vitro. Collectively, this lays the basis for the study of a critical host-protein 76 

interaction and the potential development of unique therapeutic targets for HBV cccDNA. 77 

 78 

RESULTS 79 

The HBV pre-core promoter region contains a highly conserved G-rich sequence.  80 

In our prior analysis of the HBV promoter region using the HBV genome database 81 

(HBVdB: https://hbvdb.ibcp.fr), we noted a highly G-rich region in the pre-core/core promoter 82 

region in all HBV genomes except the HBV G genotype  (21). This region would be overlooked 83 

if the rigid formula were used when searching for putative quadruplex sequences, G3-5 N1-7 G3-5 84 

N1-7 G3-5 N1-7 G3-5, (i.e., where G’s are guanosines present in groups of three to five, and N’s are 85 

any nucleotide present in one to seven sequences separating these groups of guanosines), but 86 

exceptions exist (47). This region was of significant interest given the fact that it also binds to host 87 

Specificity protein 1 (Sp1), a host transcription factor already known to bind G-quadruplexes, 88 

further supporting the link with the secondary structure in this region. The analysis of single 89 

nucleotide mutation frequencies in this region was computed similarly to our previous study (21), 90 
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but with a focus on all available basal core promoter sequences in the HBV genome database (9939 91 

sequences, Figure 1A), demonstrating remarkable conservation of the guanosine groups.  92 

 93 

 94 
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Figure 1. (A) Frequency analysis of the guanosines present in the pre-core promoter region of 95 

HBV using the HBV genome database https://hbvdb.ibcp.fr, (accessed April, 2019). HBV 96 

Genotype G does not contain this G-rich pre-core region and hence was not included in the 97 

analysis. (B) Wild-type (wt) and mutants (G1738A, G1748A and G1738/1748A) oligomers used 98 

in this study. 99 

 100 

The pre-core/core promoter region of HBV forms a quadruplex structure. 101 

To determine the ability of the HBV pre-core/core promoter region to form a quadruplex, 102 

we utilized a 23-mer oligomer of the wild-type (wt) promoter region for use in multiple biophysical 103 

assays (Figure1B).  We also designed a mutant (G1748A) oligomer based on prior studies showing 104 

loss of Sp1 binding with the single-nucleotide mutation of G to A substitution at position 1748 105 

(48). Additional mutants were also included (i.e., G1738A and G1738/1748A) to determine the 106 

nature and necessity of these putative G-quadruplex-disrupting mutations.  HBV genome 107 

frequency analysis using the HBV database (www.hbvdb.ibcp.fr) showed >99.8% conservation 108 

across all genotypes hence supporting the use of these mutants for our proposed studies (Figure 109 

1). Oligomers were solubilized in an appropriate buffer, followed by a heat-cooled step to allow 110 

for G-quadruplex formation. Samples were purified using SEC prior to performing all experiments 111 

to ensure they were free of aggregation and showed a single peak eluted for subsequent collection 112 

and concentration (Figure 2A). First, we performed circular dichroism spectropolarimetry (CD) 113 

on the samples to investigate whether the wildtype and mutant oligomers form a G-quadruplex 114 

structure in solution. We observed a peak in ellipticity upon CD analysis (θ at λ≈263 nm and a 115 

minimum at λ≈242 (as detailed in Table S1), Figure 2B, suggesting that the wt oligomer adopts a 116 

parallel G-quadruplex structure in solution (49-51). Similarly, the G1738A mutant showed a 117 
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comparable quadruplex CD profile. The spectra for the G1748A and G1738/1748A mutants, 118 

however, showed a less prominent pattern despite the same concentration, consistent with a 119 

partially folded quadruplex structure (Figure 2B). We also studied the G quadruplex formation in 120 

the presence of Li+. We purified G-quadruplexes under identical conditions except that the buffers 121 

contained Li+ instead of K+. The CD spectra were collected for all the samples, and no considerable 122 

changes were observed in CD spectra collected for G-quadruplexes in Li+ and K+, suggesting that 123 

the DNA sequence can form G-quadruplex despite possessing two mutations irrespective of the 124 

centrally coordinated monovalent cation. Therefore, we decided to collect MST and SAXS data 125 

for G quadruplexes created with K+ only. 126 

 127 

Figure 2. Purification and primary biophysical studies of the pre-core promoter wt, G1738A, 128 

G1748A and G1738/1748A mutant oligomers. (A) The change in size exclusion chromatography 129 

elution profile, indicated change in size of G4s (B) Circular dichroism spectroscopy studies of the 130 

pre-core promoter oligomers. The presence of a negative peak at ~240 nm and a positive peak at 131 

~260 nm indicates that the G4s are present at a parallel quadruplex in the solution, the respective 132 

values are tabulated in Table S2. The plots represents the average of the three independent runs 133 

for each. 134 
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 135 

To visualize and verify the G-quadruplex formation, we employed the HPLC-SAXS 136 

(52,53). This enabled selection of the dataset from a monodispersed region for further analysis. 137 

The absence of upturned profile at lower momentum transfer (q) values in Guinier analysis of 138 

SAXS data for wt and mutant oligomers suggested that all samples were monodispersed and 139 

aggregation free (Figure 3A, panel i and ii). Next, the dimensionless Kratky analysis (54) of SAXS 140 

data for all samples was performed to assess their flexibility and compactness. This analysis 141 

showed a Gaussian curve suggesting that all samples were folded (Figure 3A, panel iii). The SAXS 142 

data were then converted to the electron pair-distance distribution plots ((P(r) function) (Figure 143 

3A, panel iv) using the GNOM software program(55). The characteristic Gaussian-shaped pattern 144 

observed in P(r) for the wt sample indicates that it adopts a compact structure in solution, whereas 145 

the G1738A, G1748A, and G1738/1748A mutant oligomers, despite the same nucleotide length 146 

(23 nucleotides), has an increasingly extended structure in solution (Figure 3A, panel iv). The 147 

radius of gyration (Rg) for wt was calculated to be 18.37 Å, while the G1738A, G1748A, and 148 

G1738/1748A mutants showed increasing values of 19.10, 20.10 and 20.34 Å, respectively, which 149 

were in agreement with those obtained from the Guinier analysis (Table 1). The P(r) function also 150 

allows the determination of a maximum particle dimension (Dmax) of macromolecules. Based on 151 

this analysis, we obtained the Dmax of 46.85 Å for the wt, while the G1738A, G1748A, and 152 

G1738/1748A mutants were 53.14 Å, 60.00 Å and 60.44 Å respectively, indicating that each 153 

mutation leads to a degree of alteration of the G-quadruplex structure (Figure 3). To further 154 

investigate the structural differences between the samples, we used the P(r) data in the DAMMIF 155 

program that allows low-resolution structure determination. We calculated ten independent low-156 

resolution structures for each sample that provided X values ranging from 1.2 to 1.8 indicating the 157 
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good quality of our models (Table 1). Subsequently, we averaged and filtered ten models using 158 

DAMAVER program to obtain a representative low-resolution structure for each sample. We 159 

obtained the normalized spatial discrepancy (NSD) values of 0.55, 0.58, 0.58 and 0.59 for wt, 160 

G1738A, G1748A, and G1738/1748A mutant samples, respectively, indicating that the ten 161 

independent low-resolution structures are highly similar to each other in all cases. The low-162 

resolution structures presented in Figure 3B demonstrate the compact quadruplex structure of the 163 

wt sample, while each of the mutations displays a relatively extended structure in solution. It is 164 

noteworthy that the increase in the size of mutants is also consistent with observed elution volumes 165 

from SEC where we observed that the wt displayed the highest elution volume (Figure 2A) which 166 

progressively increased in the same order as the increase in Dmax i.e. wt < G1738A < G1748A < 167 

G1738/1748A. 168 

 169 

To further confirm that the wt oligomer forms a G-quadruplex structure, we used the 170 

previously described DHX36 protein, (a known G-quadruplex-interacting protein that binds with 171 

high affinity to parallel quadruplexes) (53,56-58), and tested for DHX36 ability to recognize the 172 

wt and/or mutant oligomers via MST. Based on the MST results (Figure 4), we obtained a Kd of 173 

76.81 ± 12.21 nM between DHX36 and the wt oligomer further confirming that the wt oligomer 174 

adopts a G-quadruplex structure in solution that is recognised by DHX36. The Kd values obtained 175 

for the mutant oligomers were 14.17 ± 12.76, 132.14 ± 14.84, and 65.50 ± 7.74 nM for G1738A, 176 

G1748A and G1738/1748A, respectively.  177 
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 178 

 179 

Figure 3. Low-resolution structural studies of HBV pre-core G-quadruplex (wt, pink) and its 180 

mutant oligomers (G1738A, cyan; G1748A, orange and G1738/1748A, green). (A, top panel) The 181 
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top row represents raw SAXS data, where x-axis and y-axis presents momentum transfer (q) and 182 

the intensity of scattered light, respectively. The second row indicates Guinier plots (Ln(I,q)) vs 183 

q2) suggesting that all samples are pure. Guinier analysis also provides the radius of gyration for 184 

each sample based on the low-q region (See Table1).The third row presenting dimensionless 185 

Kratky plots for each sample demonstrates that all samples are folded and suitable for low-186 

resolution model building. Finally, the last row represents the electron pair-distance distribution 187 

function plots that provides information about the shape of these molecules, their radius of gyration 188 

(Rg) and maximum particle dimension. (B, bottom panel) Averaged-filtered models derived using 189 

DAMMIN and DAMAVER calculations for wt (pink), G1738A (cyan), G1748A (orange) and 190 

G1738/1748A (green). The two panels show orthogonal views of G4s, the maximum dimensions 191 

(Dmax) of the G4 are indicated under each structure, detailed dimensions and parameters are 192 

tabulated in Table 1. 193 
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 194 

Figure 4. Microscale thermophoresis (MST) of FITC-labelled G-quadruplex oligomers—(A) wt, 195 

(B) G1738A, (C) G1748A and (D) G1738/1748A—with known G-quadruplex binder, DHX36. 196 

The labelled oligomers were held constant while the DHX36 varied in concentration from 0.006 197 

nM to 20 µM in MST buffer (G-quadruplex buffer supplemented with 0.1% Tween20). MST was 198 

measured in triplicate and background corrected against spectra of buffer alone. The data above is 199 

the average of three independent replicates. Dissociation constants, (Kd), were computed using 200 

Hill fitting are tabulated in Table 2, the binding affinity was observed in the order of 201 

G1738A<<wt<G1748A<G1738/1748A. 202 

 203 

The quadruplex-binding protein, DHX36, can pull-down HBV cccDNA derived from HBV 204 

infected human liver tissue.  205 
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The biophysical analysis demonstrated that the wt oligomer exists as a G-quadruplex in 206 

vitro. To address the question of whether the G-quadruplex also exists in HBV genome, we 207 

performed a pull-down assay using DHX36-bound-magnetic beads to study if this host protein can 208 

bind with HBV cccDNA within HBV-positive human liver tissue. We used nested PCR to amplify 209 

HBV DNA in the pull-down products and identified the excess DNA (XS) (i.e., the initial viral 210 

DNA input), but none after the washes (Figure 5A). We then noted a strong HBV DNA signal in 211 

the eluted product (EI), demonstrating that DHX36 specifically binds and pull-down HBV 212 

cccDNA (Figure 5B). To determine whether DHX36 recognizes other segments of the cccDNA 213 

outside the region of interest, two HBV gene segments were amplified (i.e., the C gene with only 214 

part of its pre-core promoter region and the X gene, where the 3′-end contains the quadruplex-215 

forming region of interest; Figure S1). The pulldown assay, PCR and gel visualization performed 216 

for both of these genes demonstrated an HBV DNA signal in the eluted product for the X which 217 

contains the G-quadruplex (Figure 5C, EI), but not for the C gene segment (Figure 5D, EI). Mutant 218 

X genes show binding with DHX36 in this model as well (Figure 5E), consistent with our findings 219 

from MST (Figure 5E). Overall, these results support the presence of the G-quadruplex in the pre-220 

core promoter region of HBV cccDNA. 221 
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 222 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 20, 2021. ; https://doi.org/10.1101/2021.01.19.427307doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.19.427307
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 16 of 44 
 

Figure 5: DHX36 pulldown assays. (A) segments of the HBV cccDNA PCR amplified for use in 223 

the assay and whole cccDNA extracted from HBV-positive liver tissue; (B) pulldown of whole 224 

cccDNA (nested PCR amplified with primers specific to the region of incomplete dsDNA of HBV, 225 

nt 1778-1920); (C), pulldown of the X-gene segment; (D), pulldown of the C-gene segment. All 226 

PCR were performed on 1:100 dilutions of pull-down washes and elution products. PCR water 227 

was used for the negative control; a tandem dimer HBV plasmid was used for positive control. El, 228 

Elution; xs, excess DNA. (E) Pulldown study using DHX36 bait protein to bind X gene fragments 229 

from the mutant plasmid variants. Sample dilution of 1:800 (left panel) and 1:3200 (right panel), 230 

done to account for the slightly differing starting amounts of DNA and the dilution at which the 231 

signal is no longer picked up from the nickel bead controls.  232 

 233 

The G-quadruplex region influences HBV replication.  234 

Following identification of the G-quadruplex in cccDNA, we investigated the functional 235 

impact of this structure on HBV replication. Therefore, we employed a wildtype 1.3mer HBV 236 

genome plasmid (kindly gifted from Prof. H. Guo) and designed mutants based on the G1738A, 237 

G1748A, and G1738/1748A sequences used above. The mutant plasmids were transfected into 238 

HepG2 cells and a separate GFP control plasmid was simultaneously transfected in all wells to 239 

monitor for relative transfection efficiency, inferring relative equivalence (Figure S2). 240 

Transfection was consistent across all wells, with an estimated efficiency of about 10% by day 1, 241 

and up to 20% for the HBV transfected wells.  242 

The HepG2 transfection studies were performed in triplicate and consistently demonstrated 243 

a difference in the viral protein products for wt and mutant pre-core promoter regions (Figures 6A-244 

C). The level of HBsAg in the supernatant of HepG2 cells transfected with the G1738A and 245 
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G1738/1748A mutant HBV were significantly higher than the wt (p<0.05) on days 5 and 7 (Figure 246 

6A, Table S4). Similarly, the levels of HBeAg in supernatant also showed significantly lower 247 

production among the wild-type vs. mutant plasmids for nearly all paired sets on days 3 through 7 248 

(Figure 6B, Table S4). In contrast, the cellular HBcAg production showed higher production by 249 

the wt HBV compared to the mutant, with significance noted only between the wt and 250 

G1738/1748A mutant combinations on days 3 through 7 (Figure 6C, S Table S4).  251 

 252 

Figure 6: Viral protein markers from 1.3mer HBV transfection studies in HepG2 cells. (A) 253 

Average supernatant HBsAg; (B) average supernatant HBeAg; and (C) average cellular HBcAg. 254 

Samples were collected at Days 1, 3, 5 and 7 post-transfection and analyzed by various ELISA 255 

assays (see Methods). Graphs are the averaged results of the three transfections, with each data 256 

point representing at least 8 wells of an ELISA plate. Error bars represent 2x standard error. 257 

Significance was calculated using one-way ANOVA with a 2-sided Dunnett t post-hoc analysis. 258 

*p-value for significance <0.05. P-values are recorded in the Supplementary Information (Table 259 

S4). 260 

 261 

Analysis of the nucleic acid levels demonstrated an increase in the amount of cellular DNA 262 

detectable above plasmid baseline for all the plasmids at day 7, however, there were no significant 263 
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differences noted between the wild-type vs. mutant variants after corrections for cells and plasmid 264 

(Figure 7, Figure S3-S4). In the supernatant-extracted DNA, a signal was noted on day 7 in one of 265 

the three replicate experiments for the wt only (Figure 7B). The lack of this similar finding in the 266 

other replicates likely indicates a lower amount of DNA released into the supernatant relative to 267 

the starting plasmid, rather than an experimentally relevant finding. The levels of HBV RNA 268 

studies in the supernatant were undetectable when corrected for residual DNA (i.e., reverse 269 

transcriptase negative controls) (Figure 8A; Figure S5). There was a consistent baseline signal in 270 

cellular RNA throughout the replicates but no significant difference between the wt and various 271 

HBV mutants (Figure 8B). Of note, the amount of detectable plasmid decreased over time (by ~1 272 

log), consistent with the cellular breakdown of the plasmid (Figure S4) thus the detected surplus 273 

DNA was derived from the newly replicating virus. 274 

 275 

Figure 7: DNA from HepG2 transfection studies with wt and mutant HBV plasmids (G1738A, 276 

G1748A, and G1738A/1748A), harvested at days 1, 3, 5, and 7 post-transfection, isolated from the 277 

supernatant (A) and cells (B). DNA was extracted using phenol-chloroform extraction method 278 

from both the supernatant and cells. qPCR was performed using pre-core promoter primers and 279 

corrected for plasmid and internal GAPDH control (See Supplementary Information Table S3 and 280 

Figures S3 and S4). The supernatant was corrected for the cellular GAPDH of the corresponding 281 

well. 282 
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 283 

Figure 8: RNA from HepG2 transfection studies with wt and mutant HBV plasmids (G1738A, 284 

G1748A, and G1738A/1748A), harvested at days 1, 3, 5, and 7 post-transfection. RNA was 285 

extracted using Trizol extraction followed by DNase digestion. qPCR was performed using primer 286 

sets to pick up the core transcripts and total RNA (see Table S3) as noted in the schematic (A). 287 

The information is represented as a ratio of core transcripts to total RNA for both the supernatant 288 

(B) and cells (C) to account for equivalent detection of residual forms of DNA as detected by 289 

qPCR. 290 

 291 

DISCUSSION 292 

There is increasing recognition of G-quadruplexes throughout the human genome 293 

(25,26,30,31,47). They are frequently found in key regulatory regions of genes and regulate 294 

numerous critical cellular processes including transcription, translation and genome stability (25-295 
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28,30,47,59-61). The ubiquity of G-quadruplexes extends to the field of virology where G-296 

quadruplexes have been found in regulatory regions of various viral genomes (36-46). 297 

 298 

  In this work, we demonstrate the presence of a G-quadruplex in the HBV pre-core promoter 299 

region, a region critical to the production of the HBV C gene and core proteins. The current study 300 

describes its evolutionary persistence with the aid of an HBV sequence repository 301 

(https://hbvdb.ibcp.fr), which contains an extensive repository of replication-competent viruses 302 

(62). Across over 10,000 available pre-core/core sequences worldwide, this region is very G-rich 303 

and is highly conserved across nearly all major genotypes (Figure 1), except for HBV genotype G 304 

(excluded in current analysis). HBV G is rarely found and usually in combination with another 305 

genotype (i.e., A or H), implying a unique strategy to maintain replication (63-65). This strong 306 

degree of conservation of this G-rich region provides a rationale for its functional role in virus 307 

maintenance, especially in HBV with a highly error-prone polymerase, capable of producing1010-308 

11 point mutations daily (66). If a region of the genome were to be of high importance to the virus 309 

(and not an inconsequential ‘DNA knot’), it would be evolutionarily maintained over time.  310 

 311 

Through rigorous biophysical analysis, we demonstrate the ability of this G-rich HBV pre-312 

core promoter region to form a G-quadruplex, comparing results with those of the HBV single-313 

nucleotide substitutions, G1738A, G1748A, and the double mutation G1738/1748A.  In particular, 314 

the G1748A mutation has been shown to prevent host Sp1 binding and transcript production (48). 315 

We hypothesized that this HBV pre-core mutation affects the quadruplex structure and disrupts 316 

host Sp1 quadruplex binding leading to loss of function noted previously (48). Our CD studies 317 

support the formation of a parallel quadruplex in the wt oligomer as well as the G1738A mutant, 318 
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while the G1748A and G1738/1748A oligomers form less distinct, likely altered or distorted 319 

quadruplexes (Figure 2). This is consistent with reports that CD spectra amplitude differs as a 320 

function of G-quartet stacks, thus the altered spectra observed in the case of the mutants support 321 

the distortion or alteration of the G-quadruplex (51). Further, the SAXS data provide succinct low-322 

resolution structures, indicating the wt oligomer indeed forms a quadruplex (Dmax = 46.85 Å), while 323 

each of the mutants forms an increasingly extended conformation—G1738A (Dmax = 53.14 Å) > 324 

G1748A (Dmax = 60.00 Å) > G1738/1748A (Dmax = 60.44 Å), highlighting the impact of these 325 

mutations on the secondary structure in this region (Figure 3, Table 1). Finally, using a known 326 

high-affinity parallel quadruplex binder, DHX36, we demonstrate that the wt oligomer can interact 327 

with DHX36 (Figure 4, Figure S2), and provide a Kd value for this binding of 76.81 ± 12.21 nM 328 

through MST studies (Figure 4). This is a comparable range to other reported Kd values of 0.31 329 

and 0.44 μM, respectively, for DHX36 binding with a human telomerase RNA G-quadruplex 330 

(hTR1–43) and basic tetramolecular RNA G-quadruplex (5′-A15G5A15-3′; ‘rAGA’) (57,67). This G-331 

quadruplex-binding protein has been shown to interact at picomolar concentrations, whereby full-332 

length DHX36 binds the RNA G-quadruplex ‘rAGA’ with Kd of 39 pM while the DNA equivalent 333 

(5′-A15G5A15-3′; ‘dAGA’) is 77 pM (68). One of the strongest affinities with DHX36 noted in the 334 

literature appears to be with a 5′-untranslated region G-quadruplex structure from the Zic1 gene, a 335 

gene responsible for producing a zinc-finger protein critical to early development, with a Kd as low 336 

as 3 pM (69). With regards to our mutant oligomers, binding is also demonstrated with Kd values 337 

that fall within this broad range. The G1738A and G1738/1748A mutants appeared to have stronger 338 

binding than the wt, raising the possibility of an alternate binding motif or additional stabilizing 339 

interactions with the DHX36 protein. DHX36 has been shown to bind parallel quadruplexes via 340 

its N-terminal domain in an end-on manner where its first 21 residues are responsible for the 341 
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quadruplex binding activity (53,68,70,71). An NMR based study examining the interaction 342 

between an 18-amino acid fragment of DHX36 peptide and a parallel quadruplex showed that there 343 

are CH/π- and CH3/ π-stacking interactions occurring between them.  This resulted in DHX36 344 

peptide effectively covering the tetrad from the top, and subsequently positioning the positively 345 

charged side-chains of three lysines in closer proximity to the negatively charged tetrads further 346 

stabilizing the interaction (71,72). Data from CD and SAXS experiments demonstrate that all the 347 

variants form quadruplexes, hence all of them are capable of binding to DHX36.  However, the 348 

altered G4 stacking may have perturbed the aforementioned CH/π- and CH3/π -stacking 349 

interactions which resulted in the varied strength of Kd. It may also be a feature of a smaller system 350 

that could be overcome by employing a longer strand of DNA in which the steric hindrance from 351 

a less organized system would disallow binding. 352 

 353 

In addition to in vitro biophysical data of controlled oligomers, we demonstrate its presence 354 

in HBV positive human liver tissue. We employed pull-down assays using cccDNA extracted from 355 

HBV infected liver and demonstrated that the known quadruplex-binder, DHX36 can bind and 356 

pull HBV cccDNA from solution (Figure 5B). The inclusion of sub-segments of the HBV genome 357 

serves as controls validating the HBV pre-core region as the major binding site, where the wt and 358 

G1748A mutant X-gene show binding, while the G1738A and G1738/1748A do not, and is partially 359 

consistent with the above structural data. Although it is possible that the contribution of this 360 

binding is shared with the other recently identified G-quadruplex in the pre-S region, the prior 361 

study did not evaluate DHX36 interactions with the HBV pre-S region (46).  362 

 363 
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To establish the functional significance of the presence of G-quadruplex in the HBV 364 

genome, we compared the wild-type HBV with G1738A, G1748A and G1738/1748A mutant 365 

plasmids in in vitro cell culture studies. It was postulated that mutations which disrupt the 366 

quadruplex region would have reduced binding from host proteins to initiate transcription and thus 367 

impact downstream viral replication. To investigate this, we used a wild-type 1.3-mer HBV 368 

plasmid and created each of the above mutants (G1738A, G1748A and G1738/1748A) through site-369 

directed mutagenesis. Previous studies with a linearized 1-mer HBV model, in which the HBV 370 

genome was excised from the plasmid and allowed to re-circularize by natural DNA repair 371 

mechanisms once in the cell, did not prove effective at producing HBeAg or HBcAg at detectable 372 

levels (see Supplementary Information —Supplementary Experiments and  Figures S6-9). This 373 

may have been due to incomplete circularization inside the cell. Since the location of the cut site 374 

is through the core gene, the production of HBeAg and HBcAg proteins would be fully reliant on 375 

the circularization, whereas the transcripts and open reading frame for HBsAg production would 376 

not be affected. Thus, the 1.3-mer HBV model was adopted to overcome these deficiencies, allow 377 

for the more balanced production of all viral transcripts and enable an analysis of sequence impacts 378 

on viral replication within this cell culture system. We noted differences between mutant and wild-379 

type transfections in the various markers of viral replication typically after ~ 5 days (Figures 6-8). 380 

Notably, HBsAg in cell supernatant showed that the mutant variants, G1738A and G1738/1748A, 381 

produced significantly more HBsAg than the wt on days 5 and 7 (Figure 6A). The increase in 382 

HBsAg for the mutants compared to wt promoter region may be explained by a shift in cellular 383 

resources. It is possible, that the downregulation of one transcript (i.e., the core transcript), leads 384 

to increased production of other viral transcripts (i.e., the HBV S transcript). This shift in specific 385 

viral protein production could occur if the necessary secondary structure required for transcription 386 
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factor binding is missing or distorted, as might be the case for pre-core promoter region G-387 

quadruplex in the presence of the G1748A mutant. This phenomenon was also observed by Li and 388 

Ou (48), where they noted a three-fold increase in S RNA transcript with a G1736 deletion 389 

mutation in the pre-core promoter region. Analysis of the HBeAg showed greater levels produced 390 

by HBV mutants compared to wt virus (Figure 6B). In comparison, a significant increase in levels 391 

of HBcAg by the wt virus compared to the G1738/1748A mutant was observed (Figure 6C). This 392 

suggests subtle differences in core protein production.  Although nt changes within each mutant 393 

may disrupt the quadruplex, they do not abolish HBcAg production, as would have been expected 394 

if the quadruplex was critical to transcription factor binding. This is reflected in our biophysical 395 

data where we show the varied binding affinities with the selective quadruplex binder, DHX36. 396 

Notably, the double mutation G1738/1748A had the weakest binding based on MST analysis and 397 

the most unfolded state in the SAXS data and functional studies show it to have the most significant 398 

decrease in HBcAg production. The data indicate that even partial quadruplex formation is 399 

sufficient for the cell’s usual transcription machinery and any possible subtle differences may not 400 

be detectable in the less-efficient cell culture model. Further, the data is consistent with results by 401 

Biswas et al., involving the quadruplex study of HBV’s S promoter region in which only a partial 402 

decrease in downstream products rather than complete loss of viral protein due to quadruplex-403 

disrupting mutations(46). 404 

 405 

We determined the effect of the G1738A, G1748A and G1738/1748A mutations on the 406 

production of viral nucleic acid products. The total supernatant DNA was detected on day 7 post-407 

transfection in one of the three replicates (Figure 7A). The cellular DNA was detectable for all 408 

plasmid forms on day 7, but without significant differences among the wt and mutant comparators 409 
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(Figure 7B). Total HBV RNA in the supernatant and in the cells was at a very low-level when 410 

corrected for residual DNA (i.e., starting plasmid or other HBV DNA products). To overcome 411 

potential confounders from larger amounts of DNA, we compared the RNA transcripts as a ratio 412 

of those produced from the core promoter (i.e., pre-core and pgRNA transcripts) to the total RNA 413 

(i.e., as measured by a region just prior to the poly-A tail signal) (Figure 8A). We assume the 414 

relative PCR efficiency for each of the two primer sets is comparable and equivalent for each 415 

comparator thus these values represent a relative impact of the mutation on core and pgRNA 416 

transcript production. For wt HBV, the ratio of supernatant core and pgRNA transcripts appear to 417 

decrease over time, whereas in the cells, this amount appears to be relatively stable (Figure 8B,C). 418 

For the mutant HBV plasmids, the ratio of core to total RNA transcripts follow a similar pattern, 419 

without a clear trend for favouring alternate transcripts.  420 

 421 

Overall, using the 1.3-mer HBV plasmid model, the differences in the wt and various 422 

mutant pre-core promoter HBV transfections suggest the only minimal influence of the mutations 423 

on overall downstream function. There are several possible explanations for this finding; (1) 424 

transcription factor binding to promoter regions of the 1.3-mer HBV plasmid is independent of or 425 

only partially dependent on the quadruplex under study. It is possible that in the setting of high 426 

levels of plasmid, even a less-optimal binding alternative may still favour production despite 427 

potential structural controls. Therefore, this model may not be representative of natural processes 428 

despite successes with this approach for other pathway studies (73-75). (2) It is also possible that 429 

the quadruplex structure is not needed for binding and that the primary nucleotide sequence is the 430 

sole influencer of the subtle finding in this model. Fully delineating the two possibilities in an 431 
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experimental model would require conditions that affect the quadruplex formation in vivo via the 432 

stabilizing metal ion, and that would still be compatible with cell growth or function. 433 

In summary, we provide robust biophysical evidence and novel functional data for the 434 

existence of a G-quadruplex structure in the pre-core promoter region of the HBV genome. The 435 

data demonstrates that we can use a known quadruplex-binder to bind a physiologically-relevant, 436 

transcriptional template of HBV—the resilient cccDNA. Furthermore, using a well-validated HBV 437 

culture model, we provide evidence for a functional effect on HBV replication. This unique 438 

structural motif represents a novel HBV therapeutic target the HBV cccDNA minichromosome 439 

and potentially informs the development of a sterilizing or virological cure for HBV infection.  440 

 441 

EXPERIMENTAL PROCEDURE 442 

 443 

Analysis of the HBV core promoter region.  444 

The HBV genome database (HBVdB: https://hbvdb.ibcp.fr, accessed April, 2019) was 445 

used to access 9939 HBV core promoter sequences from 7 of the8 main HBV genotypes (977 446 

genotype A; 2478 genotype B; 3313 genotype C; 1545 genotype D; 389 genotype E; 387 genotype 447 

F; and 52 genotype H). Sequences were downloaded as a Clustal W alignment (76), truncated as 448 

the 23-mer region (nt1732-1754) and examined for the presence and frequency of single nucleotide 449 

polymorphisms with the aid of the Geneious Prime program (2019.1.3; www.geneious.com). HBV 450 

genotype G sequences lack the highly G-rich region and were excluded from analysis (21). 451 

 452 

Quadruplex preparation.  453 
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All DNA oligomers were ordered from AlphaDNA (Montreal, QC, Canada), with high-454 

performance liquid chromatography (HPLC) purification by the manufacturer. The pre-core 455 

oligomers were as follows: wild-type (wt), 5′-CTGGGAGGAGCTGGGGGAGGAGA-3′ and 456 

single-nucleotide substitution mutants (G1738A) 5′-CTGGGAAGAGCTGGGGGAGGAGA-3′, 457 

(G1748A) 5′-CTGGGAGGAGCTGGGGAAGGAGA-3′ and (G1738/1748A) 5′-458 

CTGGGAAGAGCTGGGGAAGGAGA-3′. Samples were dissolved in G-quadruplex buffer (20 459 

mM HEPES, pH 7.5, 100 mM KCl, 1 mM EDTA) at a concentration of 5 μM, confirmed 460 

spectrophotometrically using extinction coefficients for 260 nm (calculated using IDT 461 

OligoAnalyzer tool) of 237,400 M-1 cm-1(wt),  239,300 M-1 cm-1(G1738A and G1748A) and 462 

241200 M-1 cm-1 (G1738/1748A). Samples were heated to 95°C for ten minutes, then slowly 463 

cooled to room temperature to allow assembly of the G-quadruplex. Samples were concentrated 464 

to 500 μL using a 3 kDa Vivaspin™ 20 filter column (GE Healthcare, Mississauga, ON, Canada). 465 

The conformational mixtures were purified via size exclusion chromatography (SEC) using a 466 

HiLoad Superdex 75 10/300 in G-quadruplex buffer, loaded with 500 μL sample and eluted at 0.65 467 

mL/min using G-buffer (20 mM HEPES, pH 7.5, 100 mM KCl, 1 mM EDTA). Peak fractions 468 

were pooled and concentrated using a 3 kDa spin column.  469 

 470 

Circular Dichroism (CD) spectropolarimetry.  471 

All spectra for wt and mutant G-quadruplexes were recorded on a calibrated Jasco J-815 472 

spectropolarimeter (Jasco Inc., Easton, MD) from 220–320 nm in a 1.0 mm cell and a 32 s 473 

integration time. SEC purified oligomers were concentrated to 20 μM in G-quadruplex buffer. 474 

Measurements were performed in triplicate and baseline-corrected by subtraction of the degassed 475 

buffer alone. 476 
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 477 

Molecular cloning and protein preparation of DHX36.  478 

DHX36 was prepared as previously described (77). Briefly, amino acid residues 53-105 of 479 

human DHX36 were PCR amplified from a gBlock® (Integrated DNA Technologies, Kanata, ON, 480 

Canada) to add NdeI and SalI restriction sites. The PCR product was inserted into the pET28a(+) 481 

vector using NdeI and SalI restriction enzymes and T4 DNA ligase (Thermo Fisher Scientific, 482 

Waltham, MA) and subsequently transformed into chemically competent DH5α E. coli cells (New 483 

England Biolabs (NEB), Ipswich, MA). Positive clones were identified, and the gene sequence 484 

was confirmed by Sanger sequencing (Genewiz, South Plainfield, NJ). The final pET28a-485 

DHX3653-105 expression vector contained a vector-encoded N-terminal hexahistidine tag and a 486 

thrombin cleavage site for tag removal. The pET28a-DHX3653-105 expression vector was 487 

transformed into competent E. coli cells Lemo21(DE3) (NEB), and expression induced via the 488 

addition of 1mM isopropyl β-D-1-thiogalactopyranoside. Cells were harvested three hours post-489 

induction by centrifugation at 5000 g for 15 minutes, flash-frozen, and stored at -80°C. Purification 490 

of the protein was performed via a nickel affinity column, followed by SEC as described previously 491 

(52,53). 492 

 493 

Microscale Thermophoresis (MST).  494 

MST was used to determine the nature and strength of the interactions between the G-495 

quadruplex with DHX36, where the G-quadruplex oligomers were labelled with FITC and held 496 

constant, similar to described (78,79). First, DHX36 was diluted from 20 µM to 0.006 nM in MST 497 

buffer (G-quadruplex buffer supplemented with 0.1% Tween20). Next, the folded and SEC-498 

purified oligomers were diluted to 50 nM in MST buffer and added to each of the tubes of the 499 
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DHX36 dilution series. Samples were run using Monolith NT.115 standard capillaries 500 

(Nanotemper Technologies, San Francisco, CA). The data were collected at the high excitation 501 

setting with the laser power set at 20%. Microscale thermophoresis was measured in triplicate and 502 

background corrected against spectra of buffer alone. The data from three independent replicates 503 

were analyzed using MO Affinity Analysis software v2.1.3 and fit to the standard Kd fit model. 504 

 505 

Small angle X-ray scattering (SAXS).  506 

HPLC-SAXS data for the wildtype and mutant variant oligomers were collected using the 507 

B21 BioSAXS beamline at the Diamond Light Source (Didcot, UK) synchrotron facility, under a 508 

previously described protocol (52). Using an Agilent 1200 (Agilent Technologies, Stockport, UK) 509 

in-line HPLC with a specialized flow cell, oligomer data was collected at 100 μM concentrations 510 

in G-quadruplex buffer. Each oligomer sample was injected into a Shodex KW403-4F (Showa 511 

Denko America, Inc.) column pre-equilibrated in G-quadruplex buffer. X-rays were exposed to 512 

each frame for 3s and on average, 10 frames from each individual sample peak were integrated, 513 

followed by buffer subtraction, and then merged using ScÅtter (80) as previously described (79).  514 

The data was imported into software Primus from the ATSAS suite of software programs 515 

version 2.8 (81), Guinier analysis was performed on the dataset to ascertain the quality of the data 516 

and estimate the Radius of Gyration (Rg). For calculation of ab initio low resolution structures the 517 

maximum, linear dimension (Dmax) was estimated using the pairwise distance distribution function 518 

P(r) plot, along with the Rg, estimated using GNOM (55). Using the P(r) plot information, ten 519 

models were calculated using DAMMIN (82), by selecting a different random seed for each model 520 

but keeping identical parameters within each set ensuring no enforced symmetry (P1). The 521 
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program DAMAVER (83) was used to average and filter the models to produce a representative 522 

model, as described previously (84).  523 

 524 

Isolation and preparation of HBV cccDNA.  525 

HBV DNA positive liver tissue was obtained under an approved ethics protocol (University 526 

of Calgary Conjoint Health Research Ethics Board, ID# 16636). Protein-free, nuclear DNA was 527 

extracted from liver by Hirt extraction method, as previously described (85). Samples were treated 528 

with T5 exonuclease (NEB, Ipswich, MA, Cat# M0363) to digest relaxed circular DNA (rcDNA) 529 

or remaining genomic fragments. Products were further cleaned by column purification (E.Z.N.A. 530 

Cycle-Pure Kit, Omega Bio-tek, Norcross, GA) to remove the exonuclease. HBV cccDNA was 531 

amplified by nested PCR, using HBV specific primers spanning the nick region of the rcDNA 532 

genome, as described (85,86). 533 

 534 

Amplification of HBV DNA fragments.  535 

A full-length HBV (genotype C) plasmid was used for PCR amplification to produce HBV 536 

DNA fragments of the C gene and promoter region that included the quadruplex forming region 537 

(X fragment, “X”) or not (C fragment, “C”), using HBV specific gene primers coding for nt 1606-538 

1974 (368bp, “X”) and nt 1825-2286 (461bp, “C”), as described (86). The PCR amplicons were 539 

visualized on a 1.2% agarose gel and purified using the Qiagen gel DNA extraction kit (Qiagen 540 

Inc, Montreal) (See Figure S1, Table S3). The gel-purified products were heated to 95◦C for 5 541 

mins, then cooled slowly to room temperature to enable folding. 542 

 543 

HBV genome pull-down assays.  544 
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Magnetic beads (HisPur Ni-NTA, ThermoFisher, Cat# 88831) and magnetic tube rack 545 

(Qiagen Inc, Montreal) were used for HBV genome pull-down assays using DHX36 (with an 546 

associated His-tag) as the “bait” protein. The protocol provided with the magnetic beads was 547 

loosely followed, with modifications for our system. Firstly, 40 μL of Nickel bead solution was 548 

added to each tube and equilibrated with washes of wash buffer (30 mM imidazole in phosphate-549 

buffered saline (PBS), 0.05% Tween, pH 7.5), per protocol. Secondly, a 1:1 solution of DHX36 in 550 

equilibration buffer (end protein concentration of 10 μM) was incubated with the beads (400 551 

μL/tube) on an end-on-end rotor for 30 mins at 4oC. The excess protein was removed, and the 552 

beads were washed with buffer until fluorometry readings showed undetectable protein for two 553 

consecutive readings (four washes). A dilution of cccDNA (whole or fragments) was made with 554 

the buffer to provide 400 μL of the solution for each tube (52, 17 and 26 ng/μL, respectively, for 555 

the whole cccDNA, C and X regions). The viral DNA was incubated with beads (+/- bound 556 

DHX36) for 2 hours on a rocker at 4oC. Following removal of excess DNA, the beads were washed 557 

with buffer until fluorometry readings showed undetectable DNA for two consecutive readings 558 

(four washes). The protein-DNA complexes were eluted with 30 μL elution buffer (250 mM 559 

imidazole in PBS, pH 7.5). 560 

 561 

Detection of cccDNA and cccDNA fragments.  562 

To confirm the presence of HBV cccDNA in the Hirt-extracted, T5 exonuclease-digested 563 

liver samples, nested PCR was performed to amplify the “nicked” region of the rcDNA, or 564 

incompletely dsDNA, using HBV-specific primers (5′-ACTCCTGGACTCTCAGCAATG-3′ 565 

(cccDNA-D-For); 5′-GTATGGTGAGGTGAGCAATG-3′ (cccDNA-D-Rev); 5′-566 

AGGCTGTAGGCACAAATTGGT-3′ (cccDNA-N-For); and 5′-567 
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GCTTATACGGGTCAATGTCCA-3′ (cccDNA-N-Rev). The products obtained from the X and 568 

C region pull-downs were PCR-amplified using the same primers used for their production (see 569 

above) and amplicons visualized with agarose gels and SafeView (Applied Biological Materials 570 

Inc., Vancouver) staining under UV light. 571 

  572 

HBV plasmids for transfection of HepG2 cells.  573 

HBV mutants (G1738A, G1748A and G1738/1748A) were created using a 1.3mer HBV 574 

plasmid (gifted by Dr. Haitao Guo)(73) and site-directed mutagenesis kit (QuikChangeII, Agilent 575 

Technologies, Santa Clara, CA) with corresponding primers (University of Calgary DNA 576 

Synthesis Lab, Calgary, AB) (see Table S2). The mutant HBV sequences were confirmed by 577 

Sanger sequencing. The original plasmid (wt) and the core-mutants (G1738A, G1748A and 578 

G1738/1748A) were amplified via an E. coli (Top10) system (Thermo Fisher, Cat# C404010) and 579 

isolated using the GenElute Plasmid Miniprep kit (Sigma, Cat# PLN350). In addition, an in-house 580 

green fluorescent protein (GFP)-pcDNA3.1(+) plasmid was used as control. 581 

 582 

HepG2 transfections and isolation of total nucleic acid and protein 583 

HepG2 cells (New England Biolabs) were grown to 80-90% confluence in Dulbecco’s 584 

Modified Enrichment Media (DMEM) supplemented with 10% fetal bovine serum and 100 U/mL 585 

penicillin/streptomycin. Approximately 24 hours prior to transfection, the cells were split and 586 

seeded into 6-well plates at concentrations of 1 x 106 cells/well and allowed to re-attach overnight. 587 

On day 0, cell media was exchanged to remove any unattached cells. The corresponding wells 588 

were transfected with GFP alone, GFP + HBVwt or GFP+HBVmutant (G1738A, G1748A or G1738/1748A) (500 589 

ng GFP plasmid/well and 270 ng HBV plasmid/well), using Lipofectamine3000 (ThermoFisher) 590 
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per the manufacturer’s protocol. On days 1, 3, 5 and 7, cells were imaged for GFP to determine % 591 

transfection relative to GFP signal, and subsequently, both the supernatant and cells were harvested 592 

for detection of HBV RNA, total HBV DNA, and/or viral proteins. Total RNA was extracted via 593 

TRIzol® (Invitrogen, Carlsbad, CA), as described (86); total DNA was isolated from cells via 594 

phenol-chloroform (supernatant) or TRIzol®. Viral proteins (HBsAg, HBeAg) were detected in 595 

the cell supernatant without further manipulation and using culture media for controls (see ELISA 596 

details below). HBcAg in cells was detected from the lysate of PBS-washed cells treated with 1% 597 

Triton X-100 in TBS buffer. All nucleic acid extractions were performed with simultaneous 598 

“mock” extractions under strict lab protocols to prevent cross-contamination. Transfection 599 

experiments were performed in triplicate with duplicate samples for each condition per day, per 600 

experiment. 601 

 602 

Quantification of HBV RNA and DNA.  603 

HBV RNA from the transfected cell supernatant was detected by TaqMan® qPCR 604 

following the protocols previously described (87). Total supernatant DNA, cellular RNA and DNA 605 

were detected using SYBR® Green fluorescence (BioRad, Cat# 1725124). An HBV-containing 606 

plasmid was used as a positive control and to produce the dilution series for the qPCR standards; 607 

water and “mock extracted” template and mock transfection were used as negative controls. A 608 

segment of the pre-core promoter region was amplified using the primers HBV-PCP-For and 609 

HBV-PCP-Rev and subsequently corrected for starting plasmid using primers Plasmid-Guo-For 610 

and Plasmid-Guo-Rev (See Table S2). Samples were prepared in triplicate with concomitant 611 

standards and controls per qPCR run and all transfections were performed in triplicate. The qPCR 612 

amplicons from the wt, various mutants and GFP transfected controls were confirmed by agarose 613 
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gel visualization to confirm single products.  In the GFP control, a qPCR signal was noted with a 614 

different melting curve than the HBV product and this was confirmed to be a single 800-bp product 615 

on a gel that was not seen in the HBV transfected samples, where only the expected HBV fragment 616 

size of 340 bp was seen. Primer alignment of the GFP pcDNA3.1(+) plasmid confirmed this 617 

amplicon size and poor sequence overlap. HBV nucleic acid detection was corrected for each 618 

experimental condition (per the GAPDH internal control).  619 

 620 

Detection of HBsAg, HBeAg and HBcAg. 621 

HBsAg was detected by sandwich ELISAs via an in-house developed assay. Briefly, using 622 

a 96-well plate (Corning Incorporated, Corning, NY, Cat# 3361), ELISA plates were prepared 623 

using HBsAg capture Ab (Fitzgerald Industries International, North Acton, MA, Cat#10-H05H) 624 

at 1 ug/mL. An HBsAg dilution series (500 ng/mL - 4 ng/mL) was prepared for use as standards 625 

(Fitzgerald, Cat #C-CP2019R). To each corresponding well, 100 μL of supernatant or standards 626 

was added in triplicate and incubated overnight. The HBsAg was detected using an HRP-627 

conjugated anti-HBsAg antibody (Fitzgerald, Cat# 60C-CR2100RX, 1:2000 dilution), activated 628 

by TMB (LifeTech Novex, Cat#00-2023), quenched by 1 M HCl and read at 450 nm (BioRad 629 

iMark, USA). The total protein per sample was determined via the BCA protein assay standards 630 

kit (Biorad, Cat# 500-0006) and used to correct for varying protein content within the cell 631 

supernatant. HBeAg in the supernatant was analyzed via an electrochemiluminescent 632 

immunoanalyzer (Roche Elecsys run on the Cobas e411 immunoanalyzer, Roche Diagnostics, 633 

Laval, QC) using the sandwich principle involving a reaction with two HBeAg-specific 634 

monoclonal antibodies (one biotinylated and the other labeled with a ruthenium complex). The 635 

complex was bound to the solid phase consisting of streptavidin-coated magnetic microparticles 636 
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(assay detection limit of is ≤ 0.30 Paul‑Ehrlich‑Institute U/mL, corresponding to 1.6 cut-off index 637 

(COI) in the assay’s detection units). Additionally, cellular HBcAg was analyzed using a 638 

commercial kit (Cell Biolabs Inc, San Diego, CA, Cat# VPK150), following the manufacturer’s 639 

instructions. All data shown is an average of three independent runs performed as duplicates. 640 

 641 

Statistical analysis. 642 

Data were analyzed using SPSS statistical software, ver 26 (SPSS Inc., Chicago, IL, USA) and 643 

Microsoft Excel. One-way ANOVA analyses with a 2-sided Dunnett t post-hoc analysis were 644 

employed to determine the significance of the transfection parameters. Statistical significance was 645 

set at p values of less than 0.05. 646 

 647 
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ABBREVIATION 680 
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Rg = Radius of Gyration,  682 

Dmax = maximum dimension,  683 

MST = Microscale Thermophoresis, 684 

SAXS = Small-angle X-ray Scattering 685 
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TABLES 957 

Table 1: Analysis of small-angle X-ray scattering data for HBV wild-type (wt) and mutant (mut) 958 

core promoter oligomer samples 959 

 wt G1738A G1748A G1738/1748A 

Mw (kDa) 7.30 7.28 7.28 7.26 

I(0)# 
0.0035 ± 1.1 x 

10-5 

0.0041 ± 1.3 x 

10-5 

0.0031 ± 1.6 x 

10-5 

0.0037 ± 2.1 x 

10-5 

q.Rg range 0.24 – 1.30 0.23 – 1.30 0.23 – 1.30 0.23 – 1.29 

Rg (Å)# 18.37 ± 0.11 19.10 ± 0.11 20.10 ± 0.19 20.34 ± 0.22 

I(0)#∆ 
0.0034 ± 0.7 x 

10-5 

0.0039 ± 1.0 x 

10-5 

0.0030 ± 1.2 x 

10-5 

0.0036 ± 1.7 x 

10-5 

Rg (Å)∆ 17.18 ± 0.03 18.17 ± 0.04 19.77 ± 0.09 20.43 ± 0.10 

Dmax (Å) ∆ 46.85 53.14 60 60.44 

𝛘2* ~1.80 ~1.50 ~1.50 ~1.20 

NSD* 0.55 ± 0.01 0.58 ± 0.03 0.58 ± 0.01 0.59 ± 0.01 

The molecular weight (Mw) values were calculated using nucleotide sequences. 960 
# - obtained from Guinier analysis (88). 961 
∆ - determined using P(r) analysis using the GNOM program (55).  962 
* - values derived from DAMMIN (89) and DAMAVER (83) analysis. 963 

 964 

Table 2: The dissociation constants calculated for DHX36 53-105 and G-quadruplex 965 

variants 966 

Oligomer Kd (nM) 

wt 76.81 ± 12.21 

G1738A 14.17 ± 12.76 

G1748A 132.14 ± 14.84 

G1738/1748A 65.50 ± 7.74 

 967 
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