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In brief

Deep mutational scanning reveals that
conserved proline codons at the 3’ end of
the hepatitis B virus polymerase open
reading frame stall ribosomes. As aresult,
the ribosome physically tethers the
nascent polymerase to its encoding RNA,
which enforces cis-preferential genome
RNA packaging and reverse
transcription.
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SUMMARY

Hepatitis B virus (HBV) is a small double-stranded DNA virus that chronically infects 296 million people. Over
half of its compact genome encodes proteins in two overlapping reading frames, and during evolution, mul-
tiple selective pressures can act on shared nucleotides. This study combines an RNA-based HBV cell culture
system with deep mutational scanning (DMS) to uncouple cis- and trans-acting sequence requirements in the
HBV genome. The results support a leaky ribosome scanning model for polymerase translation, provide a
fitness map of the HBV polymerase at single-nucleotide resolution, and identify conserved prolines adjacent
to the HBV polymerase termination codon that stall ribosomes. Further experiments indicated that stalled ri-
bosomes tether the nascent polymerase to its template RNA, ensuring cis-preferential RNA packaging and

reverse transcription of the HBV genome.

INTRODUCTION

Hepatitis B virus (HBV) is a small, enveloped DNA virus that
chronically infects 296 million people worldwide. Chronic infec-
tion can cause liver cirrhosis and hepatocellular carcinoma,
resulting in nearly one million deaths annually.’ Despite the avail-
ability of effective treatments that suppress virus replication, a
complete cure is rare.

HBV is transmitted through bodily fluids and infects human he-
patocytes. Virions entering cells contain an incomplete form of
the genome known as relaxed circular DNA (rcDNA) character-
ized by a full-length minus-strand DNA covalently bound to the
polymerase protein (Pol) and an incomplete plus-strand DNA
covalently bound to an RNA primer. Host enzymes convert
rcDNA to the stable nuclear episomal form known as covalently
closed circular DNA (cccDNA), which is then transcribed by host
RNA polymerase Il to produce all HBV RNAs. HBV rcDNA is
reverse transcribed from one such transcript, the pregenomic

RNA (pgRNA), which is also the template for translating the
Core and Pol proteins. The persistence of cccDNA in hepato-
cytes is believed to be a major challenge in achieving a cure.”®
The 3.2 kilobase HBV genome is highly compact, and over half
of the nucleotides encode proteins in overlapping reading
frames. Consequently, in these overlapping regions, selective
pressures that influence protein sequence in one reading frame
will affect the protein sequence in the other.” This feature con-
strains HBV evolution and limits its ability to acquire resistance
to therapeutics. A better understanding of how HBV manages
or possibly benefits from these constraints may provide insights
into its life cycle and vulnerabilities to exploit therapeutically.
Here, we combined a recently described RNA-based method
for studying HBV replication® with deep mutational scanning
(DMS) to interrogate selective pressures acting on the HBV
genome. This enabled us to assess nearly all single codon vari-
ants in the Core and Pol open reading frames (ORFs) in high-
throughput pooled assays. The Core protein can function in trans
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and complement pgRNAs encoding defective Core ORFs.*° By
contrast, the Pol protein functions predominantly in cis, prefer-
entially reverse transcribing the pgRNA from which it was trans-
lated.” Exploiting the natural trans- and cis-acting functions of
the HBV Core and Pol proteins enabled us to uncouple selective
pressures acting on shared nucleotides in these two reading
frames. This approach identified cis-acting elements in the
Core ORF that regulate Pol translation, and the results support
an intricate yet elegant leaky ribosome scanning model whereby
the scanning 40S ribosomal subunit bypasses one or more initi-
ation codons before initiating translation at a downstream initia-
tion codon. Further, this approach enabled us to define clear
boundaries for the Pol spacer domain, identify two putative
zinc-finger motifs in the reverse-transcriptase (RT) domain, and
uncover the molecular basis of how HBV Pol preferentially pack-
ages and reverse transcribes the pgRNA template from which it
was translated (cis preference).

RESULTS

HBV pgRNA transfection elucidates cis-acting but not
trans-acting functions

All the proteins encoded by the HBV genome overlap with the Pol
protein (Figure 1A). We reasoned that initiating genome replica-
tion by transfecting cells with HBV pgRNA might enable us to un-
couple selective pressures acting on Core, the surface protein
(HBsAg), and the multifunctional HBx protein from selective
pressures acting on Pol. To test this, we used a series of HBV
mutant pgRNAs with early termination codons in either the
Core, HBsAg, or HBx ORFs and quantified HBV DNA by gPCR
2 days post-transfection (Figure 1B). HBsAg and HBx functions
are not needed for reverse transcription,®° so as expected,
pgRNAs harboring truncated HBsAg and HBx produced wild-
type (WT) levels of HBV DNA. By contrast, the Core protein is
essential for reverse transcription because this process occurs
within capsids comprising 240 Core subunits.’® Accordingly,
HBV pgRNA harboring an early termination codon in the Core
OREF failed to produce HBV DNA, as did the catalytically inactive
Pol mutant (YMHH) control. These results indicated that initiating
HBV genome replication with pgRNA transfection and quanti-
fying the HBV DNA output could enable us to uncouple Pol
sequence requirements from that of HBsAg and HBx in regions
of overlap.

Although the Core mutant pgRNA described above failed to
produce HBV DNA, we hypothesized it might still be possible
to uncouple the sequence requirements for Core and Pol in their
overlapping region when using a pooled library of pgRNA
sequence variants because pgRNAs encoding defective HBV
Core proteins can be encapsidated in trans by functional Core
proteins within the same cell.>® By contrast, because Pol has
a cis preference for reverse transcribing the pgRNA from which
it was translated, non-functional Pol sequences will be depleted
from the DNA population.” This concept is illustrated in Fig-
ure 1C, and if this holds true, transfection will deliver many
pgRNA variants per cell, thereby uncoupling the sequence re-
quirements of Core from Pol on any given pgRNA.

To assess trans complementation vs. cis preference for
Core and Pol in our assay, we mixed WT and mutant pgRNAs
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at defined ratios before transfection and then sequenced the
resulting HBV DNA purified from cell lysates 2 days later.
With an absolute cis preference, we should only recover WT
DNA. By contrast, with no cis preference (absolute trans activ-
ity), we should recover DNA with the same ratio of WT and
mutant as the input pgRNA mixture. As shown in Figure 1D,
even when a high percentage (>90%) of the transfected
pPgRNA in the cell encodes a catalytically dead Pol (YMHH),
nearly all the pgRNAs converted to DNA encoded the WT
sequence, indicating that Pol exhibits a strong cis preference.
By contrast, the percentage of WT and Core early termination
mutant DNA sequences recovered was nearly identical to that
of input, as expected since Core acts in trans. This suggested
that it would be possible to uncouple Core sequence require-
ments from Pol sequence requirements in their overlapping
sequence.

DMS in the Core-encoding region reveals cis elements
that control Pol translation

The ability to uncouple selective pressures on Pol from Core pro-
vides a unique opportunity to selectively assess cis-acting se-
quences in the Core region that influence Pol translation. A
model proposed for Pol translation suggests leaky ribosomal
scanning and two ribosome termination-reinitiation events are
required for Pol translation (Figure 2A).""'® To assess this
model, we utilized DMS to identify known or potentially unknown
cis-acting elements in the Core region that influence Pol transla-
tion. The plasmid libraries used as templates for pgRNA synthe-
sis were constructed as described in the STAR Methods, and a
schematic workflow of the DMS approach is shown in Fig-
ure S1A. Briefly, we transfected a diverse library of pgRNAs
that include all codon variants at each position in the Core
ORF into hepatoma cells and deep-sequenced HBV DNA
2 days post-transfection. In parallel, we deep-sequenced the
plasmid library to represent the input. We calculated the fitness
of each codon variant by comparing the read counts from the
plasmid with that of the newly formed HBV DNA (reverse-tran-
scribed pgRNA).

Next, we assessed the quality of the data. Analysis indicated
that C-to-A and G-to-T transversions were overrepresented,
likely due to DNA damage introduced during sequencing library
preparation (Figure S1B).'* Codon variants that are one C-to-A
or G-to-T mutation from WT were therefore excluded from
further analysis. In addition, several codon positions yielded
low read counts, likely due to suboptimal mutagenesis during li-
brary construction (Figure S1C). To reduce the impact these
sites of low-confidence data have on the visual representation
of results, we reduced the square size for codons with low
read counts in the heatmap in Figure 2B.

The heatmap indicates little selection against mutations in the
Core reading frame upstream of Pol. For example, pgRNAs
harboring early termination codons in Core are not purged
from the population. These results are in concordance with trans
complementation by functional Core proteins from co-trans-
fected pgRNAs, as we observed in Figure 1C. By contrast,
strong signals of negative selection are observed in the region
of the Core ORF that overlaps with Pol, which is likely driven
by unfavorable amino acid changes in Pol.
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Figure 1. HBV pgRNA transfection can un-
couple selection from overlapping reading
frames

(A) Schematic of the HBV genome with colored
boxes representing ORFs and arrows indicating
RNA Pol Il transcriptional start sites.

(B) HBV DNA copy number measured by qPCR
2 days after transfecting cells with WT or mutant
pgRNAs. Core™ (T33%), HBs™ (C69%), HBx ™ (G27%),
Pol™ (YMHH active site mutant). Data plotted are
mean, with each replicate plotted as a dot. Lower
limit of quantification (LLOQ).

(C) Schematic to illustrate trans (Core) and cis (Pol)
activity when multiple pgRNAs are present in a
single cell. Left, pgRNA encoding defective Core
protein can be encapsidated in trans by functional
Core from another pgRNA and reverse transcribed
to produce HBV DNA. Right, Pol works in cis;
therefore, pgRNAs encoding defective Pol protein
are not reverse transcribed by functional Pol en-
coded by another pgRNA.

(D) WT and mutant pgRNAs encoding Pol™ or Core™
were co-transfected at the ratios indicated on the x
axis. The percentage of WT HBV DNA from total
DNA recovered, as determined by amplicon
sequencing, is plotted on the y axis. The horizontal
dotted line indicates the expected percentage of
WT HBV DNA, assuming an absolute cis prefer-
ence. A diagonal dotted line indicates the expected
percentage of WT HBV DNA, assuming no cis
preference. Each symbol represents the mean of
three replicates. Error bars are +SEM.

See also Table S1.

leaky scanning model for Pol translation
since ribosome re-initiation in the Core
reading frame will reduce Pol translation
and, subsequently, the production of HBV
DNA. We also observed a slight but statisti-
cally significant enrichment of in-frame
termination codons upstream of Pol (Fig-
ure 2C). These early termination codons
could allow ribosomes to re-initiate and
resume scanning to the Pol start codon.
Also notable in the heatmap are three short,
vertical sites of negative selection in the
Core-only region. The first major site occurs
one codon upstream of an in-frame methio-
nine in Core, known as C1, and two addi-
tional selection sites occur at positions
flanking the J ORF. The Chen et al. model
for leaky scanning suggests that C1 is in a
suboptimal context for translation initiation
(poor Kozak sequence) (Figure S2A), and
indeed, we found that nucleotide variants

that improve the C1 Kozak score are underrepresented in the
newly formed HBV DNA (Figures 2D and S2B). Conversely, muta-
tions upstream of the J start codon that decrease Kozak
consensus or abolish the J start or termination codons are delete-
rious (Figures 2D, S2C, and S2D). This, too, is in line with the Chen
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See also Figures S1 and S2.
et al. model."® Overall, the results from this comprehensive muta-
genesis support a leaky scanning model for HBV Pol translation.

DMS uncouples selective pressure on Pol from its
overlapping proteins

Next, we examined sequence requirements in Pol. The Pol DMS
data were processed like the Core DMS data and displayed as a
heatmap (Figures 3A and S3A), which we then compared with a
heatmap profile of HBV derived from natural sequences avail-
able in the UniRef100 database (Figure S3B)."® Due to the cis
preference of Pol and the initiation of HBV replication with
pgRNA transfection, our method is uniquely poised to study
codon and amino acid preferences of Pol in a way that
sequencing of HBV clinical isolates cannot achieve.

Upon examining the heatmap of the Pol ORF in Figure 3A, we
observed several noteworthy features that indicate the method is
robust. For instance, termination codons were negatively
selected throughout the Pol ORF, and prolines, which often
disrupt protein structure,’® were disfavored, except in regions
with minimal observed selection. Further, amino acids known
to be crucial for catalysis, such as the priming tyrosine in the ter-
minal protein (TP) domain, the two aspartic acid residues in the
YMDD motif in the RT domain, and the DEDD motif in the RNase
H domain, were intolerant to change.17
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Next, we used AlphaFold 2 to generate a three-dimensional
structure prediction of the Pol protein (Figure 3B) to draw rela-
tionships between predicted structural features and the exper-
imental fitness map.'® The structure prediction we obtained is
similar to a recently described prediction of Pol from genotype
D HBV'® Our DMS results agree with both structural predictions
and suggest that the predicted partition between the spacer
and RT domains should be adjusted. The initial partition was
based on a sequence alignment with retroviral RTs,”® but it
was subsequently shown that three cysteine residues in the
spacer domain and one cysteine within the predicted HBV RT
domain were essential for pgRNA packaging.”’ Based on
this, it was hypothesized that these cysteine residues might
form a zinc finger.?" Together, the AlphaFold 2 structure and
our DMS results indicate that the spacer domain comprises
amino acids (aa) Q179 to S324 in the genotype A HBV
sequence used in this study. We observed a requirement for
four cysteine residues in an N-terminal extension of the RT
domain (aa 325-354) that likely bind zinc. Interestingly, the pre-
dicted structure and the DMS fitness map indicate not one but
two zinc fingers, both of which require amino acids in a down-
stream region of RT that we hereafter refer to as the RT inser-
tion (aa 456-508) (Figures 3B and 3C). This N-terminal exten-
sion and RT insertion are conserved in members of the
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(A) Heatmap depicting the fitness of polymerase variants is plotted as in Figure 2B. Pol and its overlapping reading frames are shown as colored boxes (top).
Catalytic site amino acids (triangles) and regions of interest (lines) are indicated below the heatmap.

(B) AlphaFold 2 structural predictions of HBV gtA Pol. TP, RT, and RNase H domains are indicated by color. The spacer domain is unstructured and is not shown.
N and C termini are labeled. Catalytic site amino acids are circled and labeled. The region of interaction between the RT extension and insertion is labeled.
(C) Close-up view of the predicted interaction between the RT extension and insertion. RT extension and insertion are indicated by color. Amino acids involved in
two putative zinc fingers are colored yellow and labeled. The possible locations of zinc ions are shown as gray circles.

(D) Normalized log, selective pressure. The absolute value of the log, fold change in frequency of all sense codons at each aa position was added to calculate the
cumulative selective pressure. All values were normalized to the highest and lowest value in the dataset. Each aa position is represented by a dot. Specific aa were
subsetted and plotted as indicated. RT extension (aa 325-354) and insertion (aa 456-508), excluding aa in the putative zinc-finger motifs. Spacer (aa 179-324).
Active sites (Y65, D553, D554, D702, E731, D750, and D790). Remaining (all aa excluding those plotted in other categories). Mean and 95% confidence intervals

are shown. An interactive version of the heatmap in (A) is at https://hbv-dms.github.io/R1/Fig/Fig_3A.html.

See also Figures S3 and S4, Table S8, and Data S1.

orthohepadnavirus genus but absent in retroviruses and other
members of the hepadnaviridae family (Figure S4).

The cysteine and histidine residues in the N-terminal RT exten-
sion and RT insertion regions are selected to a degree compara-
ble to the seven active site residues, despite little apparent se-
lection of flanking amino acids (Figure 3D). Interestingly, the RT
insertion, most of which is tolerant to mutations in the Pol reading
frame, corresponds to the nucleotides in the overlapping surface
reading frame that encode the major hydrophilic region (Fig-
ure S4), corresponding to a loop in the surface protein highly tar-
geted by antibodies.??

The C terminus of HBV Pol encodes a ribosome-

stalling motif

In the AlphaFold 2 prediction, the C terminus of Pol downstream
of the RNase H domain (aa 810-845) is unstructured (Figure 4A).
A closer view of the DMS data in this region revealed that selec-

tion was generally low, except for a few sites, including two pro-
line residues (aa 844-845) directly preceding the termination
codon (Figure 4B). In addition to the overlap with HBX, this un-
structured Pol region also contains direct repeat 2 (DR2), which
is important for proper plus-strand DNA synthesis; however,
since the production of full-length minus-strand DNA is sufficient
to produce sequencing libraries,>® we do not capture selection
on DR2. Further, the proline codon-specific signature suggests
that selection in this region acts on Pol rather than HBx, DR2,
or unknown cis-acting elements.

Proline is unique among amino acids in that its side chain is
covalently bonded to the a-amine of the peptide backbone.
This bond results in a rigid structure and reduces the number
of hydrogen atoms on the a-amine, which renders proline both
a poor donor and acceptor for peptide bond formation.>® Conse-
quently, proline codons, which lead to the incorporation of pro-
line amino acids during protein synthesis, have been observed
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Figure 4. HBV Pol C terminus encodes a ribosome-stalling motif

(A) AlphaFold 2 structure prediction of the HBV RNase H domain. The classical RNase H fold is labeled, and the unstructured tail (aa 810-845) is colored pink and
labeled. N and C termini are labeled.

(B) Enlarged heatmap of the unstructured tail (aa 810-845) is plotted as in Figure 2B. The predicted locations of aa in the ribosome exit tunnel are indicated below
the heatmap. Amino acids with strong selective pressure are colored and labeled. L4 and L17; ribosomal proteins. Direct repeat 2 (DR2) is labeled.

(C) WT and mutant HBV RNase H constructs (top), produced for the indicated periods in vitro in the presence of >*S-methionine, were separated by SDS-PAGE
and analyzed by autoradiography. A solid triangle indicates the expected size of the full-length product. An open triangle indicates tRNA-bound intermediates.
(D) WT and mutant HBV RNase H constructs, produced as in (C) for the indicated periods of time, were treated with RNase OUT or RNase A for 15 min to protect or
degrade covalently bound tRNA, respectively.

(E) WT and mutant HBV RNase H translation products produced as in (C) (15 min) were separated by centrifugation through a 1 M sucrose cushion, as depicted on
the top. Pellets containing high-density protein/nucleic acids were resuspended and then treated with RNase OUT or RNase A for 15 min to protect or degrade
covalently bound tRNA, respectively. The 3°S-methionine-labeled proteins were analyzed by SDS-PAGE, as shown on the bottom.

(F) Northern blot to detect RNase I-protected fragments from in vitro translation assays (15 min) using WT or Mut (PP — AA) templates as in (C). *2P-labeled
probes that hybridized either near the start codon (left) or the termination codon (right) were used to detect protected RNA fragments. The samples loaded in each
of the three lanes are on the right of the blots. The approximate size of monosome- and disome-protected RNA fragments is indicated on the right.

See also Figure S5, Tables S1 and S8, and Data S1.

to stall elongating ribosomes.?* In addition to these terminal pro-  constriction in the ribosome exit tunnel formed by two large ribo-
lines, we also observed a strong selection for two amino acids  somal proteins, L4 and L17 (Figure 4B, bottom).?>2° Based on
(V832 and F834) within the unstructured tail. When the peptidyl the observed selection on the VHF sequence and the terminal
transferase center of the ribosome is placed over the two termi-  prolines, we hypothesized that the proline codons encoding
nal proline codons, the VHF amino acids would be located neara  the last two amino acids of HBV Pol might promote ribosome

2740 Cell 187, 2735-2745, May 23, 2024



Cell

stalling and that the ~36 aa unstructured tail could serve as a
spacer to allow the RNase H domain to emerge from the
ribosome exit tunnel and form predicted contacts with the TP
and RT domains all while the nascent Pol protein remains teth-
ered to pgRNA by the ribosome. Ribosome stalling at this loca-
tion could, therefore, facilitate Pol interaction with the RNA pack-
aging signal (epsilon) and provide a mechanism to explain Pol’s
cis-preferential pgRNA packaging and reverse transcription.

If the above hypothesis is correct, the ribosome-stalling mech-
anism might be conserved among relatives. The VHF and PP
motifs are indeed conserved among orthohepadnaviruses but
not among more distantly related hepadnaviruses (Figures S5A
and S5B). However, we noticed an apparent enrichment of pro-
lines in the C terminus of more distantly related hepadnaviruses,
which may confer a similar function. We quantified this observed
proline enrichment in Figure S5C.

To test whether the VHF motif and the terminal prolines in HBV
Pol stall ribosomes, we produced several HBV RNase H domain
expression constructs: WT, VHF mutant (GHG), and diproline
mutant (AA*) (Figure 4C, top). Next, we produced 5 capped
and 3’ polyadenylated mRNAs in vitro with T7 RNA polymerase,
added these mRNAs to rabbit reticulocyte lysate (RRL) in the
presence of 3®S-methionine, and visualized protein products
by SDS-polyacrylamide gel electrophoresis (PAGE) under
neutral pH.?” Under these conditions, peptidyl-tRNA ester bonds
formed during translation are preserved,’’*® and the appear-
ance of a %®S-labeled band migrating ~18 kDa larger than the
predicted product is consistent with the accumulation of a
tRNA-bound protein intermediate stabilized by a stalled ribo-
some. Gel-shifted bands of this size have been observed in
similar assays with mRNAs encoding SecM and XBP1 ribo-
some-stalling motifs.?”-?

As shown in Figure 4C, over a time course of translation, we
observed the accumulation of two major bands, one migrating
at the expected size of the HBV RNase H domain (16.7 kDa)
and a higher molecular weight band (~35 kDa), which is consis-
tent with the size of a tRNA-bound protein intermediate. Notably,
the upper band is prominent in both the WT and GHG constructs
(left and middle) but not in the diproline mutant construct (right).
In both the WT and GHG panels, the upper band is detected at
the earliest time points (10, 15, and 20 min), even before the
mature protein accumulates. The intensity of the upper band
then gradually decreases at later time points (90 and 120 min),
supporting the idea that this product is an intermediate formed
before ribosomes release the mature RNase H protein product.
These results indicate that the C-terminal prolines in HBV Pol
stall translation, whereas the VHF motif likely does not.

To further confirm that the upper band was indeed the RNase
H domain covalently bound to tRNA, we treated the samples with
either RNase A to degrade the tRNA or RNase OUT as a control
to protect the tRNA. As expected, RNase A treatment eliminated
the upper band (Figure 4D).

Ribosomal subunits may disassociate and release the protein
with a covalently bound tRNA. To test whether the tRNA-bound
protein remained associated with the ribosome, as would be the
case during ribosome stalling, we separated high- and low-den-
sity protein/nucleic acids from the in vitro translation reactions by
centrifugation through a 1 M sucrose cushion. Under these con-
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ditions, ribosomes pellet at the bottom of the tube, and lower-
density proteins remain at the top. We analyzed the pellets by
SDS-PAGE and found that the 3°S-labeled tRNA-bound protein
remained associated with ribosomes, whereas most of the
mature protein did not (Figure 4E). To further confirm that ribo-
somes stall at the terminal prolines, we used in vitro translation
reactions as input for an RNase protection assay and visualized
protected fragments by northern blot. A 32P-labeled probe com-
plementary to the 5 end of the mRNA near the initiation codon
detected similar amounts of RNA in both WT and proline mutant
constructs consistent in size with fragments protected by a sin-
gle translating ribosome (monosome).”® By contrast, a 32P-
labeled probe complementary to the mRNA near the termination
codons detects an increased signal from samples containing the
WT template compared with reactions containing the proline
mutant template. Further, larger fragments were also detected,
consistent with the expected size of fragments protected by mul-
tiple adjacent ribosomes (Figure 4F).% Altogether, these results
support our hypothesis that proline codons near the termination
codon of the Pol ORF stall ribosomes.

HBV Pol ribosome-stalling motif ensures cis-
preferential packaging and reverse transcription
Translation stalling has been reported as a mechanism to facili-
tate proper protein folding and localization.®" Next, we aimed to
test our hypothesis that ribosome stalling at the end of the Pol
ORF promotes the interaction between the nascent Pol protein
and its pgRNA template, thereby ensuring cis-preferential
pgRNA packaging and reverse transcription. We performed
co-transfection experiments like those in Figure 1D to test this
hypothesis. We used pgRNA mutants shown in Figure 5A, which
include a mutant defective in reverse transcription (YMHH), a
mutation in one of the putative zinc fingers that leads to a defect
in pgRNA packaging (C336A; Figure 3; Kim et al.”") as well as the
VHF (GHG) and diproline (AA*) mutants described in Figure 4.
The bar graph in Figure 5B compares the fitness of each of these
mutants as measured by gPCR of HBV DNA. Notably, the GHG
and AA* mutants produced approximately 10- to 100-fold less
DNA than WT but retained activity. To quantify the trans-comple-
mentation activity of these mutants, we mixed an equal ratio (1:1)
of WT or mutant pgRNAs with YMHH-containing mutants and
sequenced the YMHH motif (Figure 5C).

Our results indicated that when WT pgRNA was mixed equally
with YMHH pgRNA, only 2% of the recovered HBV DNA con-
tained the YMHH mutation, which is consistent with cis prefer-
ence. However, when the AA* mutation was introduced into
these pgRNAs, nearly 20% of the HBV DNA recovered contained
the YMHH mutation, indicating that the diprolines at the end of
Pol indeed enforce cis activity.

Although the YMHH Pol mutant cannot reverse transcribe
pgRNA, it can likely still bind pgRNA and potentially block a func-
tional Pol from acting in trans. Therefore, we introduced an addi-
tional mutant (C336A) to impair pgRNA binding. This further
increased trans activity, producing over 30% of the HBV DNA
containing the YMHH mutation. We next repeated this over a
range of ratios and obtained consistent results (Figure S6). And
finally, as predicted by the in vitro translation results in
Figures 4C and 4D, when we co-transfected the triple mutant
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Figure 5. C-terminal prolines contribute to HBV polymerase’s cis
preference

(A) Schematic of HBV Pol mutations.

(B) The effect of mutations on HBV Pol’s ability to package and reverse tran-
scribe pgRNA; gPCR quantification of HBV DNA copies per well of a 6-well
plate. Replicates are plotted, and column height indicates the mean. Error
bars are SEM. LLOQ, lower limit of quantification.

(C) The pgRNAs indicated were co-transfected at equal ratios (50:50), and the
percentage of YMHH mutant HBV DNA recovered is plotted. The dotted line
indicates the percentage of YMHH pgRNA transfected. Each replicate is
plotted, and column height indicates the mean. Error bars are SEM.

See also Figure S6 and Table S1.

(C336A_YMHH_AA*) with WT pgRNA or pgRNA encoding the
GHG mutant, almost all the HBV DNA recovered was WT (Fig-
ure 5C). These findings demonstrate that the C-terminal prolines
in HBV Pol are required for cis preference. Based on these re-
sults, we propose the model shown in Figure 6.

DISCUSSION

In a previous study, we showed that initiating HBV genome repli-
cation with in vitro-transcribed pgRNA allowed us to assess the
fitness of rare variants in a mixed population.® Here, we com-
bined this approach with DMS to assess the fitness of thousands
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Figure 6. Ribosome stalling leads to cis-preferential reverse tran-
scription of HBV pgRNA

A model to explain the molecular basis of HBV Pol’s cis preference. The model
posits that the proline codons encoding the C terminus of Pol stalls ribosomes,
thereby tethering Pol to the pgRNA template to facilitate cis-preferential
binding of the Pol protein to the packaging signal (epsilon), ultimately resulting
in cis-preferential pgRNA reverse transcription.

of HBV variants in a cell culture assay. This assay measured the
frequency that an HBV pgRNA is reverse transcribed to full-
length minus-strand HBV DNA. Although the limitations of the
assay prevented us from capturing the full spectrum of selective
pressures on HBV in natural infections, it afforded us the unique
opportunity to selectively visualize several cis-acting functions
encoded in the HBV Core and Pol ORFs. This proved particularly
informative in regions where the genome encodes two proteins
in overlapping reading frames. For example, our inability to cap-
ture selective pressure on the Core protein enabled us to visu-
alize underlying cis-acting elements that control Pol translation.
This allowed us to confirm results from past studies and clarify
the mechanism of HBV Pol translation, which remains uncertain
to this day. For example, Lin and Lo'" and Fouillet et al."? initially
proposed that HBV Pol is translated by leaky ribosome scanning.
This model was later refined by Chen et al."® However, the model
was still questioned®” because it contrasts with a model for duck
HBV (DHBV) Pol translation, which is believed to involve ribo-
some shunting.®*** The DMS results overwhelmingly support a
leaky ribosome scanning model for HBV Pol translation.

The combination of DMS with pgRNA transfection also
enabled us to uncouple Pol amino acid requirements from other
viral proteins and acquire a fitness landscape, which, when com-
bined with the Pol AlphaFold 2 structural prediction, provided a
powerful tool to uncover HBV biology. One interesting discovery
was that indispensable cysteines in the N-terminal extension of
the RT domain (formerly thought to be part of the spacer domain)
likely form long-distance contacts with cysteine and histidine
residues in the RT insertion to form two zinc-finger motifs. These
amino acids are conserved in orthohepadnaviruses and,
based on previous literature, may be important for pgRNA pack-
aging.”"* It is possible that another function of the zinc fingers is
to provide structural stability to an otherwise flexible loop in Pol.
Such a loop may provide the surface protein in the overlapping
reading frame with the mutational freedom needed to escape
antibody neutralization.



Cell

Our most unexpected discovery was that the unstructured C
terminus of HBV Pol encodes a ribosome-stalling motif that en-
forces Pol’s cis preference. It has been known for decades that
HBV Pol exhibits a cis preference for pgRNA binding and reverse
transcription,” but the mechanism remained a mystery. We
showed that mutating the two terminal prolines of this motif re-
duces ribosome stalling in vitro and decreases Pol’s cis activity
in cells. Now, with mechanistic insight into how HBV Pol
achieves cis preference, it is possible to understand why it is
important. One possibility worthy of investigation is whether cis
preference provides a mechanism to prevent the accumulation
of defective viral genomes. A deeper understanding of cis pref-
erence and the mechanisms by which it is regulated may ulti-
mately highlight weaknesses in HBV to exploit therapeutically.

Lastly, as we found for HBV Pol, it has been proposed that the
ORF2 protein of long interspersed nuclear element 1 (LINE-1), an
endogenous retroelement, may also reverse transcribe its tem-
plate mRNA by a mechanism coined “cis preference by elonga-
tion arrest.”*® Although the LINE-1 mechanism has yet to be illu-
minated, cis preference by ribosome stalling may be a more
general feature conserved across biology. With possible roles
in the cis-preferential replication of additional viral genomes or,
more broadly, in the formation of ribonucleoprotein (RNP) com-
plexes, there is much to discover.

Limitations of the study

The DMS results here capture only a fraction of the selective
pressures acting on the viral genome throughout the life cycle.
As such, the results are limited to the requirements for translating
the Pol protein and its ability to convert pgRNA to full-length
minus-strand DNA. Consequently, many variants that maintain
fitness under the conditions in this study will be unfit in the
context of a natural infection. We also acknowledge that despite
demonstrating the importance of C-terminal proline codons in
the HBV Pol ORF in conferring cis-preferential pgRNA packaging
and reverse transcription, gaps remain in our mechanistic under-
standing of this process. Some cis preference remains even
when these critical proline codons are mutated, suggesting
that additional features may contribute to this phenotype. Addi-
tional codons or amino acids in the C terminus of HBV Pol may
have a role in ribosome stalling. This can be further explored
by directly assessing the impact of additional mutations on ribo-
some stalling in vitro. Quantifying cis preference in WT and
mutant versions of distantly related hepadnaviruses may also
illuminate this topic. It is also possible that cis preference re-
quires a low level of Pol translation to maintain a low
Pol:pgRNA ratio. Lastly, it is unclear how the observed ribosome
stalling is resolved and if physical force®” or additional viral or
host factors are required to release the mature protein from the
ribosome. Perhaps most interesting will be determining why cis
preference is important for the virus life cycle, which will require
testing these mutants in a more natural setting that includes
robust virus amplification and spread.
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STARXxMETHODS

KEY RESOURCES TABLE

Cell

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

XL1-Blue electrocompetent bacteria Agilent Cat#200228
Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium (DMEM) ThermoFisher Scientific Cat#11995065
Nonessential amino acids (NEAA) ThermoFisher Scientific Cat#11140076
Hyclone fetal bovine serum (FBS) HyClone Laboratories Lot#AUJ35777
Lipofectamine™ 2000 ThermoFisher Scientific Cat#11668019
Opti-MEM Reduced Serum Medium ThermoFisher Scientific Cat#51985034
ADB (Agarose Dissolving Buffer) Zymo Research Cat#D4001-1-50
EasyTag L-[35S]-Methionine, 500u.Ci (18.5MBq), PerkinElmer Cat#NEG709A500UC
Stabilized Aqueous Solution

RNaseOUT™ Recombinant Ribonuclease Inhibitor ThermoFisher Scientific Cat#10777019
RNase A, DNase and protease-free (10 mg/mL) ThermoFisher Scientific Cat#EN0531
NuPAGE™ LDS Sample Buffer (4X) ThermoFisher Scientific Cat#NP0007
NuPAGE™ 4 to 12%, Bis-Tris, 1.0-1.5 mm, ThermoFisher Scientific Cat#NP0321BOX
Mini Protein Gels

NuPAGE™ MES SDS running buffer ThermoFisher Scientific Cat#NP0060

Phosphorimager Exposure Cassette 35 x 43
Cycloheximide

Cytiva
Sigma-Aldrich

Cat#29-1755-24
Cat#C1988-1G

Tube, thickwall, Polypropylene, 3.5mL, 13 x 51 mm ThermoFisher Scientific Cat#NC9529688
SUPERase-+ In™ RNase Inhibitor (20 U/uL) ThermoFisher Scientific Cat#AM2696
cOmplete Proteinase Inhibitor, Mini, EDTA-free Roche Applied Science Cat#11836170001
RNase | Biosearch Technologies Cat#N6901K
Trizol ThermoFisher Scientific Cat#15596026
Chloroform — isoamyl alcohol mixture Sigma-Aldrich Cat#25668
MaXtract High Density Qiagen Cat#129056
GlycoBlue ThermoFisher Scientific Cat#AM9515
32P-labeled Decade marker ThermoFisher Scientific Cat#AM7778
BrightStar™-Plus Positively Charged Nylon Membrane ThermoFisher Scientific Cat#AM10104
20 x SSC ThermoFisher Scientific Cat#AM9763

All enzymes used to clone libraries are in Table S2 New England Biolabs N/A

Critical commercial assays

QIAamp DNA blood mini kit Qiagen Cat#51106
PowerUp™ SYBR™ Green Master Mix for gPCR ThermoFisher Scientific Cat#A25742
Zymo Clean and Concentrator-5 Zymo Research Cat#D4004
HiSpeed Plasmid Maxi Kit Qiagen Cat#12663

MilliporeSigma™ Novagen™ KOD Xtreme™
Hot Start DNA Polymerase

2x KOD Hot Start Master Mix
Qubit™ dsDNA HS Assay Kit - 500 assays
MinElute PCR Purification Kit (50)

T7 RiboMAX™ Express Large Scale
RNA Production System

T7 mScript™ Standard mRNA Production System
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ThermoFisher Scientific

ThermoFisher Scientific
ThermoFisher Scientific
Qiagen

Promega

Cellscript

Cat#71-975-3

Cat#71-842-3
Cat#Q32854
Cat#28004
Cat#P1320

Cat#C-MSC10062525

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNase-Free DNase Set (50) Qiagen Cat#79254

RNeasy mini column Qiagen Cat#81900

Lexi® Rabbit Reticulocyte Lysate System Promega Cat#L4540

Deposited data

BioProject number for the raw NGS reads This study BioProject: PRUNA1002397

Data files This study https://doi.org/10.5061/dryad.x3ffbg7qx

Experimental models: Cell lines

Human: Huh-7.5-NTCP (hepatocyte) Laboratory of Charles N/A
M. Rice (Yu et al.”)

Oligonucleotides

See Table S2 N/A N/A

Recombinant DNA

pPGEM-3Z-HBV gtA Yuetal.® GenBank: MN172185
See Table S1 for mutant versions of the above plasmid N/A N/A

See Table S2 for construction of DMS N/A N/A

libraries of the above plasmid

Software and algorithms

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/;
RRID: SCR_000306
PyMOL Schrodinger https://pymol.org/2/; RRID: SCR_000305
SeaView2 Gouy et al.*® https://doua.prabi.fr/software/seaview
Alphafold2 Jumper et al."® https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
Altair: Python package used to generate heatmaps Vega-Altair developers https://altair-viz.github.io/; RRID: SCR_024752
dms_tools2 used to analyze FastQ files Bloom®° https://github.com/jbloomlab/dms_tools2
Kozak similarity score algorithm Gleason et al.*’ https://doi.org/10.5281/zenodo.6987364
Estimating fitness effects of mutations on HBV Pol Hopf et al.”’ N/A
Sliding window proline analysis This study https://doi.org/10.5061/dryad.x3ffbg7qgx

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Charles M.
Rice (ricec@rockefeller.edu).

Materials availability
Cell lines and plasmids used in this study can be provided by C.M.R. pending scientific review and a completed material transfer
agreement.

Data and code availability
o Deep mutational scanning data have been deposited at SRA and are publicly available as of publication. Accession numbers
are listed in the key resources table.
® All code required to analyze the data is available on GitHub and has been deposited at Dryad and is publicly available as of
publication. DOls are listed in the key resources table.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Huh-7.5-NTCP hepatoma cells (human; sex: male, liver epithelial) were maintained at 37°C, 5% CO, in Dulbecco’s Modified Eagle
Medium (DMEM, Fisher Scientific, cat. #11995065) supplemented with 0.1 mM nonessential amino acids (NEAA, Fisher Scientific,
cat. #11140076) and 10% hyclone fetal bovine serum (FBS, HyClone Laboratories, Lot. #AUJ35777) as previously described.®

Plasmids

All pgRNA mutants and DMS libraries used in this study were constructed on a genotype A plasmid backbone (GenBank: MN172185)
as described previously.” The nucleotide sequences for the Core- (T33*), HBs- (C69*), HBx- (G27%), Pol- (active site mutant,
YMDD551YMHH), C336A, VHF832GHG, AA* (PP844AA), YMHH_AA*, and C336A_YMHH_AA* mutants are listed in Table S1.

METHOD DETAILS

HBV pgRNA synthesis, transfection, DNA extraction, and quantification

5' capped and 3’ polyadenylated HBV pgRNAs for transfection into cells were generated as previously described.” HBV pgRNA
transfection was performed using 0.5 pg of pgRNAs, 2.5 ul of Lipofectamine 2000 (Fisher Scientific, cat. #11668019), and 250 pl
of Opti-MEM Reduced Serum Medium (Fisher Scientific, cat. #51985034) in a 6-well plate containing Huh7.5-NTCPs cells seeded
at a density of 2.5X10° cells per well 2 days prior to transfection. Cellular DNA was extracted 2 days after transfection using QlAamp
DNA blood mini kit (Qiagen cat. #51106), and realtime PCR was performed using SYBR green with primers in the Core region as pre-
viously described.®

DMS library construction

Mutagenesis to construct the Core and Pol DMS libraries was performed using PCR as described by Bloom.*? Briefly, we generated a
list of codon tiling primers using a Python script from the Bloom laboratory (https://github.com/jbloomlab/CodonTilingPrimers). This
protocol mutates each codon to all possible codons (NNN). We ordered all mutagenic forward and reverse primers from IDT in deep-
well 96-well plates. All mutagenic reverse primers were combined at an equimolar ratio and used with a common forward primer for
10 cycles using the enzyme and cycling conditions described by Bloom.*? Similarly, all mutagenic forward primers were combined at
an equimolar ratio and used with a common reverse primer. Due to the large size of the polymerase open reading frame, we con-
structed four libraries representing the subdomains (TP, spacer, RT, and RNase H domains) based on previously defined boundaries,
and as indicated in Table S2. This ensured we could obtain sufficient library coverage for each codon. Each library was experimen-
tally tested separately to ensure sufficient sampling in cell culture. The common forward and reverse primers used for constructing
each library are listed in Table S2. The products of these two PCRs were used as input for 20 cycles of the joining reaction. The re-
sulting PCR product was purified using Zymo Clean and Concentrator-5 (Zymo, cat. #D4004), digested with the restriction enzymes
listed in Table S2, gel-extracted with agarose dissolving buffer (ADB) (Zymo, cat. #D4001-1-50), and again purified with a DNA Clean &
Concentrator-5 column. This digested product was ligated into the digested genotype A backbone with T4 DNA ligase and trans-
formed into XL1-Blue electrocompetent bacteria (Agilent, cat. #200228). For each library, bacterial colonies were grown overnight
at 37°C on three 245 mm X 245 mm LB-carbenicillin plates. The following day, colonies were collected, and DNA was extracted using
the Qiagen HiSpeed Plasmid Maxi Kit (cat. #12663). Each library contained more than one million transformants equal to or greater
than roughly 100-fold coverage for each possible codon variant.

DMS library sequencing

HBV DNA from cell lysates was first amplified by PCRO to obtain a near full-length HBV amplicon using primers listed in Table S2
using KOD Xtreme Hot Start DNA Polymerase (Sigma, cat. #71975-3) and the following PCR conditions: 15 ul 2x buffer, 1 ul each
primer (10 uM stock), 5 ul 2mM dNTPs, 1 ul KOD Xtreme polymerase, 5 ul HBV DNA, 2 ul H20. The PCR was performed by
(i) denaturation at 94 °C for 2 min (one cycle); (ii) PCR at 98 °C for 10 s, 60°C for 30 s, and 68 °C for 3 min (jii) 68 °C for 2 min and
10 °C to hold. The number of cycles was determined based on copy number from SYBR core amplicon gPCR results using the
following equation: y = -1.864 * In(x) + 43.336, where x = copy number/5 ul. The PCR products were separated in a 1% TAE agarose
gel and purified with ADB (Zymo, cat. #D4001-1-50) and a Zymo Clean and Concentrator-5 column. The PCR product was eluted in
10 ul of H20 and quantified by Qubit. The purified PCRO product was used as a template for PCR1 of the subamplicon sequencing
method described in Bloom.”? PCR1 contained 12 ul of 2x KOD Hot Start Master Mix (MilliporeSigma cat. # 718423), 2 ul fwd primer
(5 uM stock), 2 ul rev primer (5 uM stock), and template DNA. For sequencing input (plasmid) libraries, we used 16 ng of library plasmid
as template for PCR1. For sequencing HBV DNA, we used 4 ng of purified PCRO product. The primers used for each subamplicon are
provided in Table S2. The PCR was performed by (i) denaturation at 95°C for 2 min (one cycle); (ii) 10 cycles of PCR at 95°C for 20 s,
70°C for 1's, 54°C for 20 s, and 70°C for 20 s (jii) one cycle 95°C for 1 min and 10°C to hold. PCR1 products were purified on Zymo
Clean and Concentrator-5 column as above, quantified by Qubit and diluted to be used as a template for the barcoding and indexing
PCR (PCR2). Templates were bottlenecked at 350,000 double-stranded DNA molecules for each PCR2 reaction. PCR2 contained 12
ul of 2x KOD Hot Start Master Mix (MilliporeSigma cat. # 718423), 2 ul fwd primer (5 uM stock), 2 ul rev primer (5 uM stock), and
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template DNA. The PCR2 primers are provided in Table S2. The PCR was performed by (i) denaturation at 95°C for 2 min (one cycle);
(i) 24 cycles of PCR at 95°C for 20 s, 70°C for 1 s, 55°C for 20 s, and 70°C for 20 s (iii) 10°C to hold. PCR2 products were gel purified
and sequenced at The Rockefeller University Genomics Resource Center using NovaSeq SP PE250.

HBV pgRNA cotransfection experiments to quantify cis vs trans activity

To quantify test cis vs. trans activity, HBV pgRNAs were mixed with mutants at ratios described in figure panels. HBV pgRNA trans-
fection, DNA extraction, real-time PCR, and PCRO were performed as described above. PCRO was used as a template to amplify the
region encoding the WT or Core T33* mutation or the WT or YMHH reverse transcriptase mutation, followed by PCR1 and PCR2 as
described above with the following exception: we used 10 ng of template DNA for PCR1. The PCR1 product was not bottlenecked
before PCR2. Instead, 10 ng of PCR1 was used as a template for PCR2. The primers used for each amplicon are provided in Table S2.
The percentage of WT or mutant DNA was quantified by MiSeq Nano sequencing at the Rockefeller University Genomics Resource
Center.

In vitro translation assays

DNA templates that contain the RNase H subdomains of either WT or PP*->AA* mutant were made by two rounds of PCR using ge-
notype A HBV (GenBank: MN172185) plasmid as template. The first round of the PCR was to add a 5’ UTR and initiation methionine
codon to the WT or mutant RNase H domains and additional termination codons at the 3’ end. The second round of PCR added a T7
promoter at the 5’ end for in vitro transcription. The VHF->GHG mutant was made with two rounds of PCR using the VHF->GHG
mutant plasmid listed in Table S1. The primers used to make the above constructs are listed in Table S2.

RNAs for in vitro translation assays were transcribed, 5’ capped, 3’ polyadenylated, and purified as above for HBV pgRNA, with the
following exception: 1 pg of gel-isolated PCR product was used as a template transcription. Wildtype or mutant RNAs (0.1 pg) were
translated using the Lexi® Rabbit Reticulocyte Lysate System (Promega, cat. # L4540) in a 20 pl reaction volume supplemented with
25 mM KCl, 1.25 mM MgOAc, and 0.2 mCi/ml [*®S]-methionine (PerkinElmer, cat. #NEG709A500UC). The RNAs were preheated at
65°C for 3 min, chilled on ice, then incubated in the lysate at 30°C for the specific time intervals described in the figure panels. For
RNase A treatment, the 20 ul reactions were split into two tubes and treated with either RNaseOUT (2 U/ul) (Fisher Scientific, cat.
#10777019) or RNase A (0.5 ng/ul) (Fisher Scientific, cat. #£EN0531) for 5 min at 30°C. The reactions were stopped by adding
NuPAGE LDS sample buffer (Fisher Scientific, cat. #NP007) supplemented with 50 mM DTT to each reaction. Samples were heated
at 70°C for 10 min, and 10 pl of the reaction was analyzed using a NUPAGE 4-12% gel (Fisher Scientific, cat. #NP0321BOX) with
NuPAGE™ MES SDS running buffer (Fisher Scientific, cat. #NP0060). Electrophoresis was stopped when the bromophenol blue
dye ran out of gel. The gel was then fixed by adding a solution containing 30% methanol and 10% acetic acid, dried, and visualized
using a phosphorimager cassette (VWR, cat. #29-1755-24) and scanned on a Typhoon instrument.

Ribosome purification by sucrose cushion

A 50 pl volume of in vitro-translated products was loaded on top of a 3.2 ml sucrose cushion (1M sucrose, 20 mM Tris (pH 7.5),
150 mM NaCl, 5 mM MgCl,, 1 mM DTT, 100 pg/ml cycloheximide, and 20 U/ml Superase.In) in a 13x51 mm polycarbonate tube,
and ribosomal complexes were pelleted by centrifugation in a TLA100.3 rotor at 70,000 rpm (265,000 x g) at 4°C for 4 h. To prevent
contaminating the pellet with ribonucleoprotein (RNP) from the top of the cushion, the top 500 pl solution was immediately removed
after centrifugation, and 500 pl of Tris (10 mM, pH 8.0) was added. This procedure was repeated a second time before removing all
the supernatant. Pellets were dissolved in 50 ul of Buffer A (20 mM Tris (pH 7.5), 100 mM NaCl, 2.5 mM MgCl,) and processed the
same as samples without a sucrose cushion.

RNase | digestion followed by northern blot

A 60 pl volume of in vitro-translated products was diluted with 140 ul Buffer B (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl,, 100 pg/
ml cycloheximide, 1X proteinase.In). Additionally, 15 U of RNase | (Biosearch Technologies, cat. #N6901K) were added, and the
mixture was incubated at 25°C for 45 mins with shaking at 750 rpm. Reactions were stopped by adding 800 ul of Trizol (Fisher Sci-
entific, cat. # 15596026), mixed with 200 pl of chloroform/isoamyl alcohol (Sigma, cat. #25668), and phase separation was enhanced
with a phase lock xtract (Qiagen, cat. # 129046). After spinning at 13,500 x g at 4°C for 10 min, approximately 600 pl of supernatant
was transferred to a new tube and mixed with 1.5 pl GlycoBlue (Fisher Scientific, cat. # AM9515), 60 ul NaAc (3 M), 750 pl isopropanol.
The mixture was stored at -80°C for at least 1 h or at -20°C overnight. The pellet was obtained by centrifugation at 18,500 x g at 4°C for
20 min, washed twice with 70% ethanol, and dissolved in 8 pl 1x RNA loading dye (5mM EDTA, 49% formamide, 0.0125% Bromo-
phenol Blue, 0.0125% Xylene Cyanol).

Northern blots were performed as previously described.*® Briefly, 50 ng of RNA from each digestion was mixed at equal volume
with 2x loading dye (10 mM EDTA, 98% formamide, 0.025% Bromophenol Blue, 0.025% Xylene Cyanol) before being run in a dena-
turing polyacrylamide gel containing 15% acrylamide and 7M urea. Samples were run alongside a **P-labeled Decade marker (Fisher
Scientific, cat# AM7778) prepared according to the manufacturer’s instructions. RNA was transferred to a BrightStar™-Plus Posi-
tively Charged Nylon Membrane (Fisher Scientific, cat# AM10104) and then UV cross-linked twice at 150 mJoule.

Membranes were incubated in blocking buffer (6 x SSC (diluted from 20 x SSC (Fisher Scientific, cat# AM9763)) and 7% SDS) for
at least 30 min at 65°C. Hybridization of a 3P end-labeled DNA oligonucleotide probe was performed overnight at 42°C in blocking
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buffer. Blots were washed three times for 15 min in 3x SSC and 0.1% SDS and exposed to film at -80°C. Blots were stripped at 65°C
overnight in blocking buffer, then washed 3 times for 15 min each in 3x SSC and 0.1% SDS before proceeding with an additional
probe. Probe sequences are listed in Table S2.

AlphaFold 2 structure prediction

Pol structures of HBV and WSHBV were generated using full-length sequences of a genotype AHBV Pol (GenBank: MN172185) and a
WSHBV Pol (GenBank: KR229754), respectively, utilizing AlphaFold2).'® Models with the best pLDD scores were used for further
analysis. Structures of DHBV, RNDV, SkHBV, and TMDV were downloaded from previous work.'® The structure of HIV (PDB:
6BSG) was downloaded from the PDB website (https://www.rcsb.org). All PDB files used in this study are included in the supplement.
The RNase H domains from the above structures were aligned using PyMOL with its built-in alignment module.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

The raw sequencing data are available through the NCBI sequence read archive (SRA) under BioProject: PRINA1002397. Data files
and a Jupyter Notebook (JNote.ipynb) containing detailed code to generate some of the graphs in the paper are provided on GitHub
(https://github.com/HBV-DMS/R1/). CSV files with numeric values for the figures are at https://github.com/HBV-DMS/R1/tree/main/
Fig/CSV. Additionally, these files are archived in Dryad (https://doi.org/10.5061/dryad.x3ffbg7qgx). Fastq files were analyzed using
dms2tools developed by the Bloom laboratory. See here for a general introduction: https://github.com/jbloomlab/dms_tools2.
The becsubamp tool was used to correct sequencing errors and quantify variants. The resulting variant counts (https://github.com/
HBV-DMS/repo/tree/main/data/codoncounts) were inputted in JNote to calculate the enrichment ratio (ER).*° To account for DNA
damage in the library preparation, we applied an oxidative damage filter to eliminate data from codons one G-to-T or C-to-A trans-
version away from WT from the codon-counts files. The Python package Altair was used to generate heatmaps, which translated log,
ER into a color scale for the heatmap squares. In the heatmaps, the square size was reduced to account for low mutagenesis quality
based on the variant read count of the plasmid samples per 1E6 reads. The square size was reduced for codons with 15 or fewer read
counts per 1E6 reads. To determine the Kozak scores, we used a Kozak similarity score algorithm described by Gleason et al.*® Anal-
ysis of certain groups of variants to determine statistical significance was done using GraphPad Prism 9 and applying the Mann-
Whitney U test. These results can be found in the corresponding figure legends.

Fitness effect prediction from natural sequences

We used methods outlined by Hopf et al.*" to estimate the fitness effect of mutations on the HBV polymerase. We used the HBV po-
lymerase from GenBank: MN172185 as the query sequence and searched against the Uniref100 dataset'® downloaded on March 16,
2022 with bitscore 0.9. Alignments were processed to remove sequences that aligned to less than 50% of our query sequence and
positions with more than 30% gap characters. All parameters needed to reproduce the model are included in the files, “hbv_pol_
model_parameter_details.txt” and “proline_sliding_window_final.ipynb” located on GitHub (https://github.com/HBV-DMS/R1/)
and archived in Dryad (https://doi.org/10.5061/dryad.x3ffbg7qgx).

RT and RNase H domain alignments

We extracted the RT and RNase H domain sequences from all sequences used in Lauber et al.** and included RT and RNase H do-
mains from additional retroviruses (Table S3). We aligned amino acid sequences using SeaView2*® using Muscle with default param-
eters. The resulting alignment is in Data S1. A phylogenic tree was created using the SeaView2 parsimony analysis with default
parameters.

Sliding window proline analysis

To investigate the frequency of proline across the protein, we performed a sliding window analysis using the fasta file from Data S1.
The window size was fixed at 25 amino acids, and the proline counts for each RNase H domain were grouped according to the cat-
egories listed in Figure S5C.
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Figure S1. Deep mutational scanning approach, data filtering, and data quality, related to Figure 2

(A) Schematic workflow of the DMS approach. Plasmid libraries containing codon variants were constructed by PCR following a previously published method*?
and as indicated in the STAR Methods section. A plasmid library containing randomized codons is then linearized and used as a template for in vitro transcription
with T7 RNA polymerase. The resulting library of pgRNA variants is transfected into Huh-7.5-NTCP cells, and intracellular DNA is purified 2 days later. Various
forms of HBV DNA, including relaxed circular, covalently closed circular, and double-strand linear DNA are represented. The plasmid and purified intracellular
DNA are used as templates for PCR to prepare sequencing libraries, as described in the STAR Methods section.

(B) Percentage of all single-nucleotide mutations recovered from transfected cells. C to A and G to T mutants were overrepresented and identified as outliers
using the robust regression and outlier removal (ROUT) method (Q = 1%) in GraphPad Prism 9. The standard deviation is indicated by orange shading.

(C) The color of heatmap squares correlates to the logo counts of the input plasmid library per 1E6 reads, indicating data quality. Codon substitutions are
depicted on the y axis. Site positions are portrayed on the x axis. White squares are variants one G-to-T or C-to-A transversion away from WT codons likely

affected by oxidative damage during sequencing library preparation. An interactive version of the heatmap in (C) is at https://hbv-dms.github.io/R1/Fig/Fig_
S1C.html.

See also Figure 2 and Table S2.
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Figure S2. Kozak analysis, related to Figure 2

(A) Predicted Kozak scores for all ATG codons in pgRNA up to the Pol start codon.

(B) Predicted Kozak score for all codon variants upstream of C1 plotted with their log, fold change in abundance relative to input. WT C1 Kozak sequence (top).
The R? value for the line is indicated. The vertical dotted line denotes the WT C1 Kozak score. The horizontal dotted line denotes no change in variant abundance
(neutral).

(C) Similar to (B), but for the J ORF start codon. The position of the data on the graph tracked with the nucleotide at the —3 position, as indicated by dashed circles.
(D) Variants encircled in (C) were grouped and plotted for statistical comparison. Data are mean with 95% confidence intervals. **p < 0.0001 by Mann-Whitney
U test.

See also Figure 2.
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Figure S3. Data quality heatmap of Pol DMS and fitness of polymerase variants compared with natural sequences, related to Figure 3

(A) The heatmap squares correlate to the log4o counts of the input plasmid library per 1E6 reads, indicating data quality. Substitutions are depicted on the y axis.
Site positions are portrayed on the x axis. White squares are variants one G-to-T or C-to-A transversion away from the WT codon likely affected by oxidative
damage during sequencing library preparation.

(B) Heatmaps depicting the fitness of polymerase variants (amino acids) obtained from Uniref100 (natural, top) and experimental results (DMS, bottom).
Overlapping reading frames are shown as colored boxes (top). Catalytic site amino acids (triangles) and regions of interest (lines) are indicated above and below
the heatmap. Interactive versions of the heatmaps are at https://hbv-dms.github.io/R1/Fig/Fig_S3A.html and https://hbv-dms.github.io/R1/Fig/Fig_S3B.html.
See also Figure 3.
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Figure S4. Conservation of RT extension and insertion among the hepadnaviridae, related to Figure 3

(A) AlphaFold 2 predictions of the polymerase proteins for representative hepadnaviruses. TP, RT, and RNase H domains are colored similarly across the different
proteins. The RT extension and insertion, if present, are indicated. The unstructured spacer domain is depicted as a dashed line.

(B) Amino acid sequence of the RT N-terminal extension for representative hepadnavirus and retrovirus polymerases. Domain boundaries were defined by the
AlphaFold 2 predictions. The evolutionary relationship for the representative viruses is depicted as a dendrogram (left). Cysteine residues in the predicted zinc
fingers are highlighted (right).

(C) Amino acid sequence of the RT insertion for representative hepadnavirus and retrovirus polymerases. The evolutionary relationship for the representative
viruses is depicted as a dendrogram (left). Cysteine and histidine residues in the predicted zinc fingers are highlighted (right).

See also Figure 3 and Table S3.
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Figure S5. Ribosome-pausing motif conservation, related to Figure 4
(A) AlphaFold 2 prediction of RNase H domains for representative hepadnaviruses and the retrovirus, HIV. The classical RNase H fold for each structure overlays
well (top left), whereas the downstream residues (colored pink) are predicted to be unstructured.
(B) Amino acid sequences of the unstructured C-terminal tails for representative hepadnavirus and retrovirus polymerases. The evolutionary relationship for the
representative viruses adapted from Lauber et al.** is depicted as a dendrogram (left). Unstructured tail sequences are aligned to the termination codon, and

proline residues are highlighted in red (right).

Cell

(C) Twenty-five amino acid sliding window of proline density is depicted for the RNase H domains of the viruses from (B). Solid line represents the mean, and

shading represents standard deviation.
See also Figure 4 and Table S3.
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Figure S6. HBV polymerase cis-preference profile, related to Figure 5

WT and mutant pgRNAs were co-transfected at the ratios indicated on the x axis, and the percentage of WT HBV DNA recovered is plotted on the y axis. Each
point represents the mean of three replicates + SEM. The data for WT + YMHH (blue line) is reproduced from Figure 1D for reference.

See also Figure 5.
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