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Abstract
To achieve a virological cure for hepatitis B virus (HBV), innovative strategies are
required to target the covalently closed circular DNA (cccDNA) genome. Guanine-

quadruplexes (G4s) are a secondary structure that can be adopted by DNA and play a
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significant role in regulating viral replication, transcription, and translation. Antibody-
based probes and small molecules have been developed to study the role of G4s in the
context of the human genome, but none have been specifically made to target G4s in
viral infection. Herein, we describe the development of a humanized single-domain
antibody (S10) that can target a G4 located in the PreCore (PreC) promoter of the HBV
cccDNA genome. MicroScale Thermophoresis demonstrated that S10 has a strong
nanomolar affinity to the PreC G4 in its quadruplex form and a structural electron
density envelope of the complex was determined using Small-Angle X-ray Scattering.
Lentiviral transduction of S10 into HepG2-NTCP cells shows nuclear localization, and
chromatin immunoprecipitation coupled with next-generation sequencing demon-
strated that S10 can bind to the HBV PreC G4 present on the cccDNA. This research
validates the existence of a G4 in HBV cccDNA and demonstrates that this DNA
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1 | INTRODUCTION

Hepatitis B virus (HBV) is a partially double-stranded DNA virus that is a
member of the Hepadnaviridae family, genus Orthohepadnaviridae.
Despite the availability of an effective vaccine against HBV, it is
estimated that over 296 million people globally are living with chronic
HBV infection.X HBV is the leading cause of liver cancer and end-stage
liver disease, claiming approximately 820 000 lives/year.r The HBV life
cycle is complex, and many reviews highlight the currently approved and
potential antiviral targets in the pipeline.2”> Currently approved
therapies for the treatment of chronic HBV infection include life-long
therapy with nucleos(t)ide analogs (NAs) and/or a 48-week pegylated
(PEG) interferon-a (PEG-IFN- a) treatment course.® Overall, NAs can
control viral replication, but do not lead to viral clearance due to the
persistence of a stable covalently closed circular DNA (cccDNA)
episome in the nucleus of infected hepatocytes.>”~?

Transcription factors regulate gene expression activity on
promoter regions of DNA. Previous work by Li and ou,*° has
described that the human transcription factor Sp1l aids in HBV
replication by interacting with the PreCore/Core (PreC) promoter.
Sp1 is highly enriched in the liver and is a transcription factor that
binds to GC-rich elements.'* At the atomic level, guanine-rich DNA
or RNA sequences can form a secondary structure called a G-
quadruplex (G4) which are stabilized through Hoogsteen hydrogen
bonds and by monovalent cations.*? These G4 secondary structures
can be bound by G4 binding proteins, and as such they are dynamic
structures that can be stabilized and resolved.®

In recent years, there have been several studies focused on
identifying G4s in the HBV genome and to elucidate their role in the
viral life cycle.***> Through a comprehensive biophysical and cell
biology approach, our previous research has shown the existence of a
highly ordered parallel G-quadruplex (G4) structure in the Enhll/PreC
promoter region of the HBV genome and its role in regulating HBV
core protein translation.*® Moreover, researchers have also identified
12 potential quadruplex-forming sequences (PQS), some of which
have been attributed to have roles in cccDNA phase separation, as
well as regulation of HBsAg and HBcAg production.2"'? Those
findings are consistent with previous reports of G4 involvement in
viral replication, transcription, and translation, all of which have
highlighted the relevance of G4s as possible therapeutic targets.2°

Previously, BG4, a single-chain variable fragment (scFV) antibody
was routinely used in biochemical assays to target G4s but was
unable to be expressed intracellularly.?* Further development has
shown that single-domain antibodies (sdAb) can be engineered

secondary structure can be targeted with high structural and sequence specificity

cccDNA chromatin immunoprecipitation, covalently closed circular DNA, G-quadruplex or
guanine-quadruplex, hepatitis B virus, single-domain antibody

against G4s and can be expressed intracellularly to target these
structures.?? Through the development of phage display technolo-
gies, libraries containing billions of sdAb clones have allowed
researchers to find an antibody for any antigen.?®> Owing to their
small size (~14 kDa) and presence of only a fragment antigen binding
domain, sdAbs can be cheaply produced using bacterial systems,
whilst maintaining similar antigen specificity and affinity as traditional
antibodies.?*

Our goal for this study was to develop a single-domain antibody
capable of targeting a G4 structure with high specificity located in the
HBV PreC promoter (PreC G4). Utilizing a humanized-sdAb library,
we identified a sdAb (S10) that can target the PreC G4. The
interaction between S10 and PreC G4 was characterized using
comprehensive biophysical and biochemical techniques which show
that S10 binds to PreC G4 at a nanomolar affinity, thus forming a
stable complex. We also demonstrate that S10 can localize into the
cell nucleus, and upon HBV infection can bind to the cccDNA PreC
G4 using cross-linked chromatin immunoprecipitation (X-ChlP)
paralleled with gPCR and next-generation sequencing. Ultimately,
the work shown here demonstrates the ability of sdAbs to be
considered as a useful G4-targeting molecule that can be used in
future studies to better understand G4s in the context of viruses,

including infection with the hepatitis B virus.

2 | RESULTS
2.1 | Screening and selection of sdAbs

To develop a single-domain antibody specifically against the HBV
PreC G4, we used a 23nt wild-type HBV PreC G4 DNA oligo as our
target of interest and a double mutant sequence (containing two G-A
mutations) with disrupted G4 quartets in negative selection (see
Materials and Methods in Supporting Information S1), as previously
described.*® Biotinylated wild-type and mutant PreC oligos were
folded and used as bait in the SAS hsd2Ab library screen of
humanized sdAbs by phage display (Hybrigenics; Evry-
Courouronnes). Before each round of positive selection, a negative
selection was performed using the double mutant G4. Following three
rounds of positive and negative selection, 90 clones were identified.
Further screening using non-adsorbed phage enzyme-linked immuno-
sorbent assay (ELISA) and sequencing identified 11 different sdAb
sequences that were specific to the WT PreC G4 (Figure 1). The
top two strongest binding sdAbs (designated $S10 and S11) also had
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FIGURE 1 Phage-enzyme-linked immunosorbent assay (ELISA)
demonstrating binding interaction of the 11 phage display-identified
sdAbs against wild-type (WT) preC G4 and mutant (MUT) preC G4.
Performed in biological duplicate.

the highest signal-to-noise ratio (WT PreC G4: mutant PreC G4) and
thus were selected for further characterization. Moreover, the
weakest binding sdAb (S1) was also selected as a weak binding

control for further studies (Figure 1).

2.2 |
sdAbs

Production, purification, and quality check of

We recombinantly produced S1, S10, S11, and BG4 (known as a
G-quadruplex binding scFv) to determine the binding affinity to HBV
PreC G4.2° Escherichia coli Lemo21(DE3) cells were transformed with
the respective plasmids, and these proteins were overexpressed
using 1mM IPTG and purified through Ni-NTA affinity and size
exclusion (SEC) chromatography (Supporting Information S1:
Figure S1A). Following SEC, proteins larger than approximately
30 kDa were not observed in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis indicating a clean protein preparation (Supporting
Information S1: Figure S1A). Additionally, circular dichroism (CD)
spectroscopy was used as a secondary structure quality control for
S10 folding (Supporting Information S1: Figure S1B) that was
estimated to contain a high percentage of B-sheets by K2D3 (16%)
and BESTSEL (11% left-twist, 25% relaxed, 64% right-twist) content.
This is expected as previous analysis of 90 co-crystallized structures
revealed that the framework regions of sdAbs (69% of the sequence
residues), where 9 beta-sheets are present, are highly conserved

across structures.?®
2.3 | Interactions of sdAb with G4-forming
sequences

We used Microscale Thermophoresis (MST) to assess the binding
strength of the sdAbs and BG4 scFv to PreC G4. A constant
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concentration of 3'FITC labeled HBV PreC G4 and a twofold serial
dilution of the antibodies over the course of 16 capillaries were used
to obtain a titration curve. All the assays showed no evidence of
photobleaching and had signal-to-noise ratios above the threshold of
5, which are parameters used to score data trends as meaningful in
their representation of a molecular interaction by Nanotemper.

Under the detection limits of MST, S1 did not interact with PreC
G4, and the scFv BG4 interacted with PreC G4 with a Kp
6.640£0.189 uM (Figure 2). S10 (Kp 0.091+0.019 uM) outper-
formed S11 (Kp 2.126 £ 0.143 uM) in binding affinity to PreC G4 by
approximately 200 fold. From this experiment, we decided to use S10
as our primary antibody candidate for further investigation and S1 as
our weak sequence specific binding control.

Next, we investigated the ability of S10 to differentiate
between folded and unfolded forms of the HBV PreC G4
sequence. To do this, we folded and purified the HBV PreC G4
in a LiCl-based buffer (denoted as PreC G4*) to disrupt the
formation of the G4 structure. S10's affinity for the PreC G4* (Kp
8.282 +1.563 uM) which is approximately a ~800-fold weaker
interaction compared to the KCl folded PreC G4. Additionally, the
double mutant PreC G4 sequence used for negative selection in
phage display was tested in KCl-based buffer to test the
interaction between S10 and a disrupted G4 structure (Supporting
Information S1: Figure S2). Here, no evidence of an interaction was
observed under the parameters of MST.

To determine the ability of S10 to differentiate between sequences,
we employed a BlastN search to find comparable 23nt sequences within
the human genome.27 Ras1l (47.8% sequence identity) was chosen
because the sequence is known to bind to the human Sp1 protein.?®
CACNAI1C (82.6% sequence identity) and FAM9A (65.2% sequence
identity), were chosen due to their higher sequence identity to the HBV
PreC G4. These sequences were folded as per the same protocol
described for the HBV PreC G4 and were subjected to SEC to ensure
the presence of monomers (Supporting Information S1: Figure S1C).
Once folded, all four oligos (including the PreC G4) were subject to CD

162930 || the oligo's spectra were

spec. As described previously,
consistent with the presence of parallel G4s as shown by their inflection
points at 210, 240, and 260nm (Supporting Information S1:
Figure S1D).

MST results show that S10 has at least a 10-fold stronger
interaction with the PreC G4 than to any of the other parallel G4s
with different sequences found in the human genome (Figure 2). The
binding strength of S10 to different sequences of G4s can be
summarized as follows: PreC G4 > CACNA1C > Ras1 > Fam9a (strongest
interaction to weakest). The FAM9a and Ras1 data sets did not reach
saturation in their binding affinity curve, thereby the estimated affinity
strength is an approximation, and the true number may be much
weaker. Additionally, apart from CACNA1C's assay, all fall above the S:N
ratio (12) considered to be indicative of an excellent assay indicative of
interactions.

To evaluate intracellular nuclear targeting of S1 and S10, we
modified the residue sequence to include a C-myc derived nuclear
localization  (NLS) signal sequence (PAAKRVKLD) and HA-tag
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FIGURE 2 Binding interactions between G4-binding antibodies (S1, S10, S10-HA, S11, and BG4) and G4 sequences (PreC G4, Ras1 G4,
CACNA1C G4, and FAM9%a G4) as characterized by Microscale Thermophoresis (MST). The top two rows demonstrate protein binding
interactions with HBV preC G4, and the bottom row displays the interactions between S10 and other G4 sequences found in the human
genome. The Y-axis represents the fraction of DNA bound to the antibody, and the X-axis represents the concentration of antibody
present in each capillary. S10 + preC G4* binding assay was characterized in lithium-based buffer. MST performed in biological triplicate,

mean * stdeva.

(YPYDVPDYA) on the N-terminus and are labeled as S1-HA and S10-HA.
The addition of the tags negatively impacted the binding of S10-HA
(Kp 0.938 £0.215 uM) to the PreC G4 by 10-fold, however, the binding
strength was still stronger compared with S1 and S11 (Figure 2).

2.4 | Size exclusion chromatography-multi-angle
light scattering-dynamic light scattering
(SEC-MALS-DLS)

We performed SEC-MALS-DLS to determine the binding stoichi-
ometry of the S10-PreC G4 complex. All species studied in
Figure 3A were found to be monodispersed having a polydispersity

ratio (Mw/Mn) of 1.00. As observed in Figure 3B, peak 1 displays
the hydrodynamic radius (Ry) of $10 (27.48 + 0.76 A). Based on the
Ry similarity between peak one and peak 3 (27.83+0.88 A), we
infer that peak 3 is likely to be unbound S10. The Ry for peak 2 is
36.42 +0.127 A, which is larger than the Ry calculated for S10,
indicating a complex is formed between S10 and the PreC G4. The
absolute molecular weight of S10 in Figure 3A (left panel) was
calculated to be 17.97 +£0.99 kDa when S10 was run by itself,
which is close to the predicted value of 17.68kDa by ExPasy
Protparam. When S10 and PreC G4 (Figure 3A, right panel) were
incubated together and then subject to SEC-MALS-DLS, two peaks
were identified—20.33 £0.57 kDa and 29.57 + 1.21 kDa. The dif-
ference in molecular weight between complex and S10 was
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FIGURE 3 (A)SEC-MALS performed with S10 alone (left panel) and S10 incubated with PreC G4 (right panel). Refractive index and light

scattering were used to determine the molecular weight and monodispersity of S10 and the $10-preC G4 complex. (B) SEC-DLS was used
to determine the hydrodynamic radius (Ry) of each species found in each peak found in panel (A).

estimated to be 9.24 kDa. This closely approximates the expected
size of PreC G4 (7.4kDa) and suggests a complex with 1:1
stoichiometry.

2.5 | Small-angle X-ray scattering (SAXS)

From MST and SEC-MALS-DLS we demonstrated that a complex
between S10 and PreC G4 is formed, and it can be purified via size
exclusion chromatography. To determine how the complex appears
in solution, we performed HPLC-SAXS (high-performance liquid
chromatography coupled small angle X-ray scattering) to gather
information on size, shape, and electron density envelope for S10 and
S10-PreC G4 complex. HPLC-SAXS was collected by the B21
BioSAXS beamline at the Diamond Light Source (Didcot) synchrotron
facility, as previously described.3!

The S10 and the S10-PreC G4 complex had enough light
scattering intensity to proceed with the SAXS analysis. The
homogeneity and presence of aggregates in the samples were
assessed by analyzing the data points in the Guinier region of the
scattering profile that fall within the regression line (Figure 4A,B).
The scattering pattern of all samples (510, PreC G4, and complex)
are indicative of having high homogeneity and being free of
aggregates since their scattering falls within the regression line.3?
S10's Kratky plot is consistent with a tightly folded protein
(Figure 4A) since it follows a bell-shaped trend as characteristic
from folded proteins.®® Although the plot for the $10-PreC G4
complex follows a similar trend, it also depicts an increase in
flexibility and a decrease in foldedness as the data pattern
increases in the maximum scattering angle detected. Both data
sets have an electron distance pair-distribution function plot
(Figure 4A,B)
of electrons is found from O to 40 A for $10 with a tail sticking

where a relatively globular concentration

out at one end of the plot (right trailing shoulder). The complex's

trailing tail extends past S10's by 33.05 A. Following DAMMIN and
DAMAVER modeling, the relative shape of S10 (Figure 4C)
resulted in a relatively tightly folded protein with a smaller tail.

2.6 | Generation of cell lines expressing
single-domain antibodies

Following the biochemical and biophysical characterization of S10
and the S10-PreC G4 complex, cell culture experiments were
employed to determine if the complex can be identified intra-
cellularly during HBV infection. HepG2-NTCP-A3 cells are suscep-
tible to HBV infection, and as such were transduced to create
stable cell lines expressing S1-HA (weak sequence specific PreC
G4 binding control), S10-HA (strong sequence and G4 structure
specific PreC G4 binder), and an empty vector (negative control).
Intracellular expression of S1-HA and S10-HA was confirmed by
Western blot (Figure 5A) and immunofluorescence (Figure 5B)
against the HA tag. The Western blot (Figure 5A) shows that S1-
HA and S10-HA can be produced inside HepG2-NTCP-A3 cells and
match the expected molecular weight of approximately 15kDa.
Immunofluorescence demonstrates that S1-HA and S10-HA can
localize into the nucleus (Figure 5B), thus confirming the potential

ability to target the intranuclear HBV cccDNA reservoir.

2.7 | cccDNA cross-linked chromatin
immunoprecipitation (X-ChIP)

To investigate whether intracellularly expressed S10-HA binds to
the HBV cccDNA PreC G4, we performed cross-linked cccDNA
chromatin immunoprecipitation. Tape station DNA quality analysis
was performed to ensure successful fragmentation of intranuclear
DNA (Supporting Information S1: Table 1), and the average
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FIGURE 4 Small Angle X-ray scattering of data of S10 and S10 + preC G4. (A) The data is shown (from left to right) as raw scattering
data, in a Guinier plot, in a dimensionless Kratky plot, and an electron pair-distance distribution function plot. (B) Low-resolution models
were calculated in DAMAVER and DAMMIN software. The overall shape and dimensions of the models were used to propose the nature of
the $10-PreC G4 interaction. (C) Summary of the analyzed scattering data for each model used. X? and NSD were derived from DAMAVER
and DAMAVER analysis. (B-C)* preC G4 is a previously calculated SAXS model as seen in Meier-Stephenson et al.,*® where the same 23nt

G4 DNA used in the complex was studied.
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FIGURE 5 (A) Western blot showing intracellular protein expression of S1-HA and S10-HA in stably transduced HepG2-NTCP-A3 cells. (B)
Immunofluorescence staining of S1-HA and S10-HA was performed using an antibody against the HA tag (red) and nuclei were stained with 4/,
6-diamidino-2-phenylindole (DAPI) (blue). Confocal microscopy (63x) imaging shows colocalization of S1-HA and S10-HA within the cell nuclei.

fragmentation size for the samples was approximately 1400 bp.
Following immunoprecipitation, quantitative real-time polymerase
chain reaction (qPCR) was performed on three loci: (i) the actin
transcription start site (TSS)28 to determine if the immuno-
precipitation was successful; (ii) the 735 bp product spanning the
gap region of cccDNA to determine if the HBV cccDNA is targeted

d,29'30

and precipitate and (iii) a 160bp product spanning the

PreC/C promoter (nt position 1671-1831) containing the PreC G4
sequence of interest.®!

Since S1-HA and S10-HA were designed against the PreC G4
sequence on the HBV genome, the actin TSS locus served as a
negative control to ensure that these single-domain antibodies
have some target specificity. Through ChIP-gPCR (Figure 6A) we
show target specificity through extremely low enrichment on the

ASURDI'T suowoy) dAnea1)) d[qearjdde ayy Aq pauIoaod axe sa[d1E YO SN JO SN 10§ KIRIQIT AUIUQ K3[IA UO (SUOHIPUOI-PUB-SULIY W00 [ 1M AIRIqI[ouruo//:sdpy) SUOHIPUO)) PUE SWID T Y3 39S *[$707/50/87] U0 Areiqr surjuQ AS[IM 76967 AW/ZO0 "0 1/10p/wod Ka[1m  Areiqrjaur[uoy/:sdyy woly papeojumo( ‘9 70T ‘12069601



8 of 13 FIGUEROA er L
WILEY - MEDICAL VIROLOGY
(A) Actin TSS locus (B) cccDNA locus (C) PreC/C G4 locus
7 : o r‘;i -
i 8 las 3 30 '
50 3 <
=7 403 111 112 g
\ i
: 20 10 Empty Vector
g' 10 L 8 .
£ 100 S SI1-HA
.é; 0.75 44 - : 6 ? Z o SI10-HA
® oo : g 5 {: 1 1 ‘ ' i i
0.28 . I 14 L. 2 B
=23 ":3 ¥ - 2 it + ¢ 3
0.00--=¢ T | T T Py T T T T gt S T T T
SR M U ey SR A e R e
= N ' N S ’ & & &
TFE NI, R

FIGURE 6 Cross-linked chromatin immunoprecipitation (ChlIP) coupled with quantitative real-time polymerase chain reaction (gPCR) in
HepG2-NTCP-AS3 cells stable transduced with S1-HA, S10-HA, or vector only. ChIP-qPCR has been performed over the (A) actin transcription
start site (TSS) locus, (B) covalently closed circular DNA (cccDNA) locus, and (C) PreC C G4 locus to determine target enrichment from each

immunoprecipitation (four biological replicates).

human Actin TSS locus for the following proteins: HBcAg, S1-HA,
and S10-HA. However, there is a slight target enrichment for Sp1
and definite binding of H3K27ac and H3K4Me3 on the actin TSS
locus—consistent with literature findings.?%32

To determine if cccDNA can be immunoprecipitated, qPCR
spanning the gap region of HBV (Figure 6B) was performed to
selectively enrich nuclear cccDNA instead of the partially double-
stranded relaxed circular HBV DNA predominantly found in the
cytoplasm of cells.3>32 ChIP-qPCR has been previously performed to
immunoprecipitate HBV cccDNA by targeting HBcAg, H3K27Ac, and
H3K4Me3, and results in Figure 6B are consistent with these
findings.1”243> Since H3K27Ac and H3k4Me3 are histone markers
that correlate with active transcription, we can infer that actively
transcribed HBV cccDNA was immunoprecipitated.?® G-quadruplexes
are typically found in transcriptionally active states within double-
stranded DNA, thus the presence of actively transcribed cccDNA
increases the likelihood of G4 complex identification.®* In line with
previous studies, we demonstrate that Sp1l can bind and immuno-
precipitate HBV cccDNA, verifying that Sp1 does interact with the HBV
cccDNA genome.201736-38 Fyrthermore, a comparison of the empty
vector cell line control to both S1-HA and S10-HA, showed that both
single-domain antibodies can bind to HBV cccDNA.

After demonstrating that the targeted proteins bind to the HBV
cccDNA, we investigated whether these proteins recognize the PreC
region. To do so, we performed gPCR (Figure 6C) covering 160nt of the
PreC/Core promoter of HBV. As expected, due to the chromatinized
state of the HBV cccDNA genome, we observed enrichment in
H3K27Ac and H3K4Me3 histone markers.2® HBcAg can also bind and
immunoprecipitate the HBV genome in this location and is consistent
with previous studies showing that HBV core strongly associates with
HBV cccDNA.2C For Sp1, the level of enrichment (determined by gPCR)
in the empty vector control cell line, S1-HA, and S10-HA is minimal and
comparable with the background rabbit IgG isotype control. There are
other Sp1 binding sites located on the HBV cccDNA genome, detected
by gPCR?®; however, there is extremely low enrichment for the site
containing the HBV PreC G4. Interestingly, S1-HA, and S10-HA were

also able to bind to the PreC G4 locus. The binding of S1-HA and S10-
HA on the PreC G4 locus indicates that there is a binding site in the
160 bp region recognized by these single-domain antibodies and that
the G4 structure is likely to be present in transcriptionally active HBV
cccDNA.

2.8 | cccDNA ChiP-seq

The data obtained from ChlIP-seq (Figure 7) was used to assess the
binding distributions on the HBV and human genome for HBcAg, Sp1,
S1-HA, S10-HA, and H3K27ac. The blasticidin transduced vector-
only cell line pulled down with the HA antibody was used as the
background and negative control since this cell line does not express
any HA-tagged proteins. Moreover, immunoprecipitations performed
from the vector-only cell line for HBcAg, Sp1, and H3K27ac were
used for ChlP-seq as this cell line was used as a transduction control.
Immunoprecipitations against the HA tag for S1-HA and S10-HA cell
lines were used to evaluate the binding distribution of S1 and S10,
respectively.

There is limited data describing ChIP-seq for HBV cccDNA,%®
however one single study reported that higher sequencing depth is
required to obtain significant HBV-specific reads in cccDNA-ChIP-
seq. Despite performing 20 million reads in the current study, a
higher number of human genome-specific reads compared to HBV-
specific reads was found in all assessed samples (Figure 7A,B).
Density plots (Figure 7C) were prepared in IGV and aligned to the
annotated HBV genotype D (accession number V01460.1). Detai-
led.bam read coverage plots which provide a comprehensive binding
distribution of each IP protein are available in the supplemental
(Supporting Information S1: Figures 3-8). The anti-HA immuno-
precipitation background control in the vector-only cell line displays a
relatively large number of reads corresponding to the small HBsAg
region (Supporting Information S1: Figure S3). Moreover, the HBc
protein appears to have diffuse binding throughout the HBV genome
(Supporting Information S1: Figure S4), which is consistent with what
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FIGURE 7 Cross-linked chromatin immunoprecipitation (ChlIP) coupled with next-generation sequencing in HepG2-NTCP-A3 cells stable
transduced with S1-HA, S10-HA, or vector only. ChIP-seq was performed from one biological replicate of S1-HA, S10-HA, and Vector control-
SP1, HBcAg, H3K27Ac. Sequencing was performed on the lllumina NovaSeq. 6000 platform with 2 x 150 Paired End (PE) reads. (A) Distribution
of reads aligning to human genome 19 and HBV (Genbank ID V01460.1) for each IP. (B) Percentage of hepatitis B virus (HBV)-specific reads for
each IP compared to the total number of reads in each sequencing run. (C) Density plots displaying the binding distribution of each protein on
the HBV genome. The density plots were generated from.bw files in IGV browser to show the distribution of protein binding to the HBV

genome.

is observed in the literature.>*3>%” Nucleosome binding of H3K27ac
(Supporting Information S1: Figure S5) to cccDNA appears to be also
consistent with literature findings—observed enrichment within the
transcription start site of X between ENHI and ENHII, as well as
PreS1, PreS2, and HBsAg regions.>>*? Sp1 (Supporting Information
S1: Figure S6) binding appears to localize to the HBsAg region and
the X-gene regions. To corroborate our experiment, we determined
the fraction of reads mapped to the PreC G4 region are more
significant in the case of S10-HA than S1-HA, thus confirming the
chromatin enrichment for the S10-HA specific library. S1-HA

(Supporting Information S1: Figure S7) appears to have diffuse
binding throughout the HBV genome, with slightly stronger enrich-
ment in the PreC region. S10-HA (Supporting Information S1:
Figure S8) has a larger proportion of reads mapping to the PreC
region when compared to S1-HA, indicating that there is a stronger
sequence specificity associated with the S10 single-domain antibody.
Moreover, from the IGV snapshot (Figure 7C and Supporting
Information S1: Figures 3-8), we show that S10-HA has a higher
specificity for the PreC G4 compared to any other protein that was
immunoprecipitated. Overall, the cccDNA-ChIP-seq assay validates
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the biophysical data, and indicates that there is a sequence and
structural specificity in S10s recognition of the HBV cccDNA
genome.

3 | DISCUSSION

The existence and importance of G4 structures in the human
genome have been extensively described and have implications for
a variety of diseases.? Recently there has been increasing interest
in identifying G4s in viruses to validate their existence and
understand their importance during viral infection.*® Previously,
researchers have developed a variety of small molecules like
TMPyP4 and Thioflavin which can target G-quadruplexes.*® These
have provided valuable tools to validate the existence of
these structures and characterize their function. Macromolecules
have also been developed to broadly target G-quadruplex
structures as is the case with antibodies such as BG4 scFv and
5G4 sdAb*®? or L-RNA aptamers such as L-Apt12-6.%* However,
in the context of cellular work or higher-order organisms, the use
of these G4 ligands presents challenges with off-target interac-
tions. Discriminating between different G4s is complicated and in
the case of the human genome, the number of described and
undescribed G4 structures is high.*? Furthermore, the complete
biochemical pathways affected by G4-structures have not been
fully described, but it has been shown that they occupy various
jobs that include transcription repressing and promoting.*® Phage
display technology has been previously exploited where negative
and competitive selection through ssDNA, dsDNA, yeast tRNA,
salmon sperm DNA, and random primer ssDNA.?? This negative
screening procedure selectively removed sdAb clones that would
nonspecifically bind to other noncanonical DNA structures,
allowing the development of a broad G4 binding sdAb. In our
work, we introduced two base substitutions (G-A) to the Pr eC G4
sequence to destabilize the G4 structure?® and increase the
stringency of negative selection during phage display (Figure 1). As
a result, we could identify sdAbs with a high sequence and
structure specificity to HBV preC G4.

Our biochemical interaction studies confirm that S10 requires
a stable G4 structure to be present for binding to occur (Figure 2).
As expected from phage display screening, upon exposure to the
destabilized G4 structure of DM preC G4, under the parameters of
MST, no binding activity by S10 was detected. We tested the G4
structure detection and increased the stringency by subjecting the
PreC G4 sequence to a G4 structure-destabilizing environment
(LiCl-based buffer). Our findings confirm that the use of DM PreC
G4 as a negative selection agent in phage display successfully
allowed us to identify a G4-binding sdAb. Furthermore, S10
exhibited a preference for PreC G4 sequence where at least a 14-
fold decrease in binding strength was shown when tested against
human G4 sequences. In the case of SG4, a variety of parallel G4s
can be bound with a nanomolar affinity between approximately
2-80nM.22 Interestingly, S10 also exhibits a low nanomolar range

in its binding affinity to PreC G4, and unlike the case of SG4, the
G4 structure and sequence are integral for target binding. S10's
performance in our binding assays suggests that sdAb technology
can be further exploited to target other viral G4 sequences of
interest.

Our results from SEC-MALS-DLS (Figure 3) and SAXS
(Figure 4) confirmed the stoichiometry (1:1) of the interaction
between S10 and PreC G4 based on the experimental molecular
weights, where the addition of the individual molecules closely
approximated the expected weight. The Guinier plots and the
polydispersity index in SEC-MALS-DLS suggests that the interac-
tion between S10 and PreC G4 does not promote the formation of
aggregates and the bound or unbound molecules exist mono-
dispersed. Interestingly, S10 and the complex share observable
trends in their Kratky and the electron pair-distribution plots
where the main differences are in terms of their elongation and
level of folding. Our group has previously published a low-
resolution SAXS model of PreC G4.2° As seen in Figure 4C, we
have shown here that the Dy of the PreC G4 model (46.85 A)
closely approximates the remainder of the complex's D.,.x once
S10's Dpax has been subtracted. Based on this knowledge, we
overlayed the complexed model and individual models of S10 and
PreC G4 to propose a head-to-head binding configuration
(Figure 4C). The sdAb structure and sequence are highly
conserved, apart from the three hypervariable loops known as
complementary determining regions (CDRs) that are responsible
for the sdAb's antibody properties (specificity and affinity).**
Given that the sdAb CDRs face one side of the molecule and are
required for an interaction to occur, we suggest that the left side
of the sdAb model (Figure 4C) contains these regions as this is the
contact site for PreC G4. When it comes to the structure and
orientation of PreC G4 once bound, it is difficult to draw
conclusion due to the low-resolution modeling approach used.
However, based on the dumbbell-like shape of the G4, it can be
inferred that the interaction between S10 and PreC G4 occurs at
one of these two ends of the molecule and structural changes are
not expected based on the interaction studies which show the G4
structure is required for identification. Our findings from the
biophysical characterization provide further evidence that S10 can
form stable complexes with PreC G4 and alternative structural or
monodispersity changes are unlikely.

Developing and identifying agents that target cccDNA has
been a major goal in the field. The majority of research has focused
on identifying host and viral proteins that interact with cccDNA, to
better understand potential protein targets involved in repair and
maintenance.** To target the intranuclear cccDNA, we re-
engineered the single-domain antibodies to contain an HA tag
(for detection) and an NLS tag for nuclear localization. The addition
of these tags validated the intranuclear expression of S1 and S10
(Figure 5). Since cccDNA is a difficult molecule to study due to the
low abundance in hepatocytes (1-10 copies),*® there is a
limited amount of research involved in chromatin immuno-
precipitation assays coupled with either gPCR or next-generation
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sequencing.t”24%5%?  From the X-ChIP-qPCR experiments
(Figure 6) we show that both S1-HA and S10-HA can bind to the
PreC G4 locus and cccDNA locus. As a complementary tool to
ChlIP-gPCR, next-generation sequencing was performed to identify
the exact binding regions on the HBV cccDNA genome that were
enriched during immunoprecipitation. S10-HA appears to have a
strong binding to the PreC G4 region (Figure 7C and Supporting
Information S1: Figure S8), which is in line with our biochemical
analysis and phage-display screening. Moreover, S1-HA also
appears to have more diffuse binding to the HBV genome but
can bind to the PreC G4 region. Within the parameters of the
biophysical MST experiments (Figure 2), we did not observe S1
binding to the PreC G4 region. However, the phage display ELISA
(Figure 1) shows that S1 indeed does recognize the PreC G4
sequence but is unable to differentiate with high specificity from
the mutant G4 sequence. In line with the data from the phage
display experiments and ChlIP-seq, we infer that S1 can likely
recognize the G4 structures, albeit with lower sequence specificity
to the PreC G4 when compared to S10. In both S1 and S10, we see
prominent binding within the PreC G4 region; however, there is
more diffuse binding throughout the HBV genome for S1
(Figure S7 and Supporting Information S1: Figure S8). A recent
study identified 12 potential quadruplex-forming sequences on the
HBV genome, providing a potential site for S1 to recognize these
other sequences (Supporting Information S1: Figure $9).27
Although these single-domain antibodies have been engineered
to study G4s in HBV cccDNA, many of the sequences can also be
found in pregenomic RNA, and future studies will investigate if
these antibodies are specific to cccDNA or can recognize RNA G4s
in HBV (Supporting Information S1: Figures S9 and S10).

4 | CONCLUSION

In summary, we show for the first time that a sdAb can be
developed to target a viral G-quadruplex structure on the hepatitis
B virus cccDNA through phage display technology. We have
generated a pipeline for bacterial overexpression and purification
of high levels of these sdAbs. Thorough biochemical and
biophysical characterization of S10, we demonstrated S10's ability
to stably interact with preC G4 DNA. Other sdAbs (SG4) have been
identified as G4-structure binding molecules:?? however, this is
the first account where a sdAb has been demonstrated to have a
high degree of sequence specificity and structural recognition.
Through the addition of NLS and HA tags to S10, we have
validated the intracellular expression of S10-HA and its localiza-
tion to the nucleus within the HepG2-NTCP-A3 human hepatocyte
cell line. Consistent with biochemical assays, ChIP-gPCR and NGS
studies demonstrated that S10-HA can immunoprecipitate the
PreC/C promoter locus containing the PreC G4 and HBV cccDNA.
These studies experimentally confirm our previous work identify-
ing the presence of G-quadruplex structures within the HBV PreC/
Core promoter® and provide an approach for G4 targeting. The

methodology used in this work exhibits a valuable platform to
develop single-domain antibodies that can be adopted to investi-
gate the presence and relevance of specific G-quadruplexes
intracellularly during viral infections. Our pipeline is advantageous
from other G4 targeting approaches as its high specificity allows
for the study of key G4 structures of interest, whereas other
biomolecules (5G4 and BG4)?225 and small molecules (i.e., Braco-
19 and Pyridostatin)*® indiscriminately bind to all G4 structures
they encounter. Lastly, our work is relevant for future studies
targeting the stable hepatitis B virus intranuclear reservoir,
cccDNA, and the development of a sterilizing cure for HBV

infection.
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