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Final Report

Award Number: W81XWH-18-1-0307

Project Title: Hepatitis B Virus Ribonuclease H: Mechanisms of Catalysis and Inhibition
Principal Investigator: John Tavis, PhD

Contracting Organization: Saint Louis University

Introduction

This project was intended to conduct biochemical analyses of the hepatitis B virus (HBV) ribonuclease H
(RNaseH). RNaseH activity is essential for the virus to replicate its genome and is a target of ongoing drug
discovery projects, but the enzymology of the RNaseH is very poorly understood. The RNaseH needs to bind
to both magnesium ions (Mg**) and its heteroduplex substrate to be active, and the inhibitors we discovered
appear to work by binding to the Mg** ions to block their function. Aim 1 asked “How do Mg** ions and the
heteroduplex substrate interact with the RNaseH?” We planned to conduct basic biochemical binding and
enzymatic studies to evaluate how Mg** binds to the enzyme, how Mg** affects the ability of the RNaseH to
bind to the substrate, whether the RNaseH’s two modes of enzymatic activity (endo- and exo-nucleolytic) have
similar Mg™ needs, and mutate the RNaseH to identify amino acids in the enzyme that influence substrate
binding and RNaseH activity. Aim 2, asked “How do RNaseH inhibitors interact with the RNaseH?” We
planned do extensive molecular binding and enzymatic kinetics studies with wild-type and mutant RNaseH
enzymes to evaluate how the inhibitors bind to the enzyme and to identify amino acids in the RNaseH that
contribute to action of the inhibitors. Similar techniques will be employed to determine the role of the Mg** ions
in the binding, efficacy, and stability of the inhibitors as they interact with the RNaseH.

Keywords

Hepatitis B virus, ribonuclease H, inhibitors, enzymology

Accomplishments

What were the major goals of the project? The major goal of the project was to obtain the first robust
biochemical characterization of the HBV RNaseH and its mechanism of inhibition by the RNaseH inhibitors we

had identified. These data were sought to guide mechanistic understanding of the enzyme and to provide key
foundational data for anti-HBV RNaseH drug discovery.

What was accomplished under these goals? We did not achieve our primary goals with the HBV RNaseH due
to unanticipated, intractable technical issues that appeared with producing recombinant HBV RNaseH of
suitable quality and quantity.

Approved Statement of Work:

Specific Aim 1: Evaluate RNaseH binding activity | Timeline Site 1 Site 2 Status

to Mg*™ and heteroduplex substrate Months
Major Task 1: Investigate affinity of Mg** for the 14 Drs. Tavis & 90% completed
RNaseH Pozzi

NA

Major Task 2: Measure binding of the 3-10 Drs. Tavis & NA 90% complete
heteroduplex substrate to the HBV RNaseH Pozzi
Major Task 3: Evaluate the effects of varying 8-14 Drs. Tavis & NA 90% completed
Mg™™ concentration on substrate binding affinity. Pozzi
Major Te_lsk 4. Mea_sure ex+o+nucleolyt|c RNA 12-16 Dr. Tavis 15% completed
degradation at varying Mg** concentrations




Major Task 5: Determine impact of key 5% completed
mutations that inhibit substrate binding and/or 12-18 Dr. Tavis
catalysis on viral replication.
Milestone(s) achieved: Determine how RNaseH Drs. Tavis & Not completed

binds Mg*™ and the substrate and identify RNaseH : .

: Pozzi
residues key to these processes.
Specific Aim 2: Evaluate binding of inhibitors to
the RNaseH
Major Task 6: Assess how Mg** affects binding of 16-22 Drs. Tavis & 90% completed
RNaseH inhibitors Pozzi
Major Task 7: Determine how substrate affects Drs. Tavis & 25% completed
S o 20-24 .
inhibitor binding Pozzi
Major Task 8: Assess the affinity and kinetics of 20-30 Drs. Tavis & Not started
inhibitor binding to the RNaseH Pozzi

- - 0
Major Task 9: Evaluate the mode of RNaseH 28-32 Dr. Tavis 70% completed
inhibition
Major Task 10: Determine whether the endo- and Not started
exonuclease activities differ in sensitivity to 32-36 Dr. Tavis
inhibitors

. : : . 3
Major_Ta_sk_ }1. Idt_entlfy RNaseH residues that 24-36 Dr. Tavis 10% complete
affect inhibition efficacy

Milestone(s) Achieved: Determine how Mg++ and NA Not completed

the substrate affect inhibitor binding affinity, kinetics,
and function; Determine if RNaseH inhibition is 36 Drs. Tavis &
competitive; Compare inhibition of the exo- and Pozzi
endo-nuclease reactions of the RNaseH, and reveal
residues that affect inhibition.

Task #1. The Ky for Mg** binding to the RNaseH was measured as 0.26
mM, and binding was found to be cooperative based on the Hill slope value
of 1.6 (Fig. 1). As cooperativity requires two or more binding ligands, this
provides strong experimental support for binding of two Mg** ions to the
RNaseH active site, as predicted by the enzyme’s possession of a DEDD
two Mg**ion binding motif. These studies were not finalized because we
lost confidence in the quality of the enzyme we produced, consequently
they need to be confirmed with a more robust enzyme.

Task #2. Directly detecting binding of the heteroduplex substrate to the
HBV RNaseH requires physical methods. The substrate:enzyme complex
is not stable enough to be measured by co-precipitation methods, and the
enzyme quality was inadequate for us to use the planned plasmon

Mg2* — HBV RNase H Binding Curve

Kp,app=0.26 + 0.1 mM
r?=0.89
0.0 T r |
0 2 4 6
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Fig. 1. Binding curve for Mg** to
the HBV RNaseH.

resonance approach. However, Mg** is an essential cofactor in RNaseH reactions and free Mg™ is found at




0.3-0.7 mM in cells, so the studies addressing how Mg** affects substrate binding by assessing substrate Ky in
activity assays in Task 3 are pertinent. Fig. 2A reveals that the Ky for substrate is ~50 nM at ~0.5 mM Mg*",
which is a proxy for the Ky for enzyme:substrate binding. These studies were not finalized because we lost
confidence in the quality of the enzyme we produced.

Task #3. The effects of Mg** binding on heteroduplex
substrate binding by the HBV RNaseH were measured by
observing changes in the Ky for substrate over a wide
range of Mg** concentrations. We observed a biphasic
response in which a dose-dependent reduction in Ky
occurred until 1-2 mM Mg**, above which Ky increased in :
a dose-dependent manner (Fig. 2A). Given the free oor ol 110 001 01 1 10 100

intracellular Mg*™ concentration is ~0.3 — 0.7 mM, these [Mg?] (mM) [Mg*] (mM)
data suggest Mg*™* _contrlbL_Jtes Fo affmlty'qf the enzyme- Fig. 2. Effects of Mg++ on substrate binding by HBV
substrate complex in physiological conditions. Vmax was RNaseH. A. Bi-phasic effects of Mg** on substrate
also dependent on Mg**, and the magnitude of this effect binding revealed by alterations in substrate Ku. B.
was much greater than the effect on Ky (Fig. 2B). Non- Mg** increases Vmax for HBV RNaseH hydrolysis.

linear curve fitting shows that the 50% effective
concentration (ECso) of Mg**’s effect on Vmax is 1.1 £ 0.3 mM. Unlike Mg**’s effect on the RH’s Ky, VimaxWas not
inhibited at high Mg** concentration. Mg**’s biphasic effects on Ky and its stimulatory effect on catalysis, each
with distinct ECses indicate that Mg*™ impacts RNA hydrolysis by HBV RH via multiple mechanisms. These
studies were not finalized because we lost confidence in the quality of the enzyme we produced, consequently
they need to be confirmed with a more robust enzyme.

Task #4. Preliminary studies were conducted to determine conditions under which to quantitatively measure
the effects of Mg*™* on the exonuclease activity of the HBY RNaseH. The assay was successfully converted
from one requiring [*?P]-labeled RNA to one that could be detected by staining the RNA with the fluorescent
stain SyberGold, and we confirmed that rates could be determined by quantifying degradation of the full-length
RNA. We stopped this project at this point because we lost confidence in the enzyme.

Task #5. We constructed 15 mutant HBV RNaseHs in preparation for structure-function assays with the HBV
RNaseH. Work was largely stopped at that point because we lost confidence in the enzyme.

Task #6. Inhibition of the —
HBV RNase H was found to . #110 #1 #208
be strongly dependent upon = = 400 g 400

++ H H & Y 3
Mg** concentration, with the % . 8 K ECso*= 0.58 mM

3 . Q ECsp*= 0.16 mM 9 L0 ECgo*= 0.12 mM 200 o

half-maximal effect of Mg " 2=0 80 0 04 1?=0.82
on inhibition efficiency being o1 * - —— ot . - . o . . !
similar to the Ky of Mg**. Mg] (mw) Mol (mw) Mg>] (v
This provides very strong Fig. 3. Dependence of ICso on Mg** concentration for representative RNaseH
support for the hypothesis inhibitors.
that inhibition involves direct

interaction between the inhibitors and the Mg** ions in the active site. Fig. 3 shows the Mg** dependence on
50% inhibitory concentration (ICso) for compounds #110, 1, and 208. For reference, the Kq of Mg*™ is 0.26 mM.
Furthermore, given that the inhibition constant K; reflects Kd and that 1Cso changes proportionally to Ki when
substrate is held constant, the dependence of ICso on Mg*™™ concentration directly implies that inhibitor affinity
for the enzyme is strongly dependent upon Mg** concentration. These results have not been published
because we lost confidence in the quality of the enzyme we produced and they need to be confirmed with a
more robust enzyme. However, they are consistent with what was measured with human ribonuclease H1
(below), so we are confident they reflect the overall situation with HBV RNaseH.

Task #7. The effect of inhibitors on substrate binding to the HBV RNaseH was investigated as part of the
inhibition studies described under Task #9. The competitive nature of inhibition indicates that the inhibitors
compete for binding to the enzyme active site with the substrate. However, we were not able to directly



guantify the effects of the compounds on substrate binding. That will require a more robust source of HBV
RNaseH.

Task #8. We did not pursue studies to define the kinetics and affinity of the inhibitors for the HBV RNaseH
active site because these studies require highly sensitive surface plasmon resonance measurements, and the
enzyme we could produce was of insufficient quality.

Task #9. The mechanisms of
inhibition for the three major
chemotypes of RNaseH
inhibitors were evaluated against
HHBV RNaseH. The a-
Hydroxytropolone #110 was
mixed-mode with a competitive-
dominant character. This means
that most inhibition occurs by
impeding binding of the (s1° (owr) (ST (om) ' st emh
substrate to the enzyme, but that Compound #110 (aHT) Compound #1 (HID) Compound #208(HID)
catalysis was also directly
disrupted to some degree.
Inhibition by the HIDs

0.0204 0.020

Fig. 4. Lineweaver-Burke plots of inhibition of the HBV RNaseH by
representative aHT, HID, and HPD compounds

(compound #1) was also mixed mode with somewhat weaker competitive-dominant character. The inhibition
mechanism by the HPDs (compound #208) was more difficult to define because the data did not fit the
classical models as well did as the data for #1 and #110. The best interpretation of the data for #208 is that
inhibition is probably non-competitive, indicating that catalysis is inhibited with little effect on substrate binding.
Together, these data indicate that the three leading chemotypes of HBY RNaseH inhibitors work by somewhat
different mechanisms. Example Lineweaver-Burke plots illustrating the inhibition patterns are in Fig. 4;
intersection of the lines in the left half of the plots is indicative of mixed-mode inhibition, whereas an
intersection on the Y axis is indicative of non-competitive inhibition. Substrate binding was found to be
independent of Mg*™ because varying Mg** concentration had no effect on Ky of the reactions. These studies
were not finalized because we lost confidence in the quality of the enzyme we produced, consequently they
need to be confirmed with a more robust enzyme.

Task #10. We did not compare the sensitivity of the endo- and exo-nuclease activities of the HBV RNaseH as
the enzyme quality precluded generating 50% inhibitory concentration (ICso) values of sufficient rigor to permit
the comparison to be made.

Task #11. One mutant HBV RNaseH was assessed for its effects on inhibition by the HBV RNaseH inhibitors.
G707D was designed to help improve solubility of the enzyme and underwent preliminary enzymatic
characterization. It increased inhibition by 3 of 17 compounds tested, decreased inhibition by 5 compounds,
and had normal inhibition for 10 compounds. There was no correlation of compound class with the changes in
inhibition. The remaining 14 mutant HBV RNaseHs we created have not been analyzed because we lost
confidence in the quality of the enzyme we could produce. This project will be redesigned once a reliable
enzyme source is available.

Work done outside the approved Scope of Work.

The unanticipated difficulty in producing robust HBV RNaseH enzyme led us to focus on two new projects as
described below under “Changes in approach and reasons for change”. Results from these new directions
are:

Inhibition mechanism of human RNaseH 1 (Extension of Aim 2). The human enzyme most similar to the HBV
RNaseH is ribonuclease H1 (huRH1). Consequently, we substituted huRH1 for the HBV RNaseH in the
proposed studies. These data are valuable because antiviral studies employing similar chemotypes of
inhibitors are ongoing against both the HIV and HBV RNaseHs, and inhibiting huRH1 would be a major source



of toxicity for RNaseH inhibitors targeting both viruses. In essence, we used huRH1 as a surrogate for the
HBV RNaseH to advance as far as possible towards the goals enumerated in the Statement of Work.

These studies revealed that a-hydroxytropolones are noncompetitive inhibitors of huRH1 that bind to
the active site and modulate substrate binding (see Fig. 2 In Ponzar et al., Journal of Biological Chemistry
298:101790). This is an unusual inhibition pattern given the compounds’ reversible binding to the active site,
so we concluded that traditional noncompetitive and mixed inhibition mechanisms are unlikely. Instead, we
propose a model in which, by binding to the active site, aHTs stabilize an inactive enzyme—substrate—inhibitor
complex to block enzyme function (see Fig. 7 in Ponzar et al.). Computational docking the inhibitors into
huRH1 active site revealed their binding poses, which will provide clear guidance when engineering the
compound series to be selective for the viral RNaseHs (see Fig. 6 in Ponzar et al.). Details of this project were
published in Ponzar et al., Journal of Biological Chemistry 298:101790 and are provided in Appendix 1 to this
report.

Predicting and validating the structure of the HBV polymerase protein, including its RNaseH domain (De Novo
studies to explain why we had such difficulty in Aims 1 and 2). We took advantage of the major advance in ab
initio protein structure prediction provided by the program AlphaFold to predict the structure of the full four-
domain HBV polymerase protein, of which the RNaseH is the C-terminal domain. We then extensively
validated the model using a wide range of computational approaches and analyses employing historical wet-
bench data of the enzyme’s function. These studies revealed that the fold we predicted represented the initial
conformation the polymerase adopts following its translation, before host HSP90 chaperones activate it for
specific binding to the HBV pregenomic RNA. The most striking feature of the model was that the
polymerase’s N-terminal domain that primes DNA synthesis wraps around the catalytic core of the enzyme,
placing the tyrosine residue that primes HBV DNA synthesis on a flexible loop over the DNA polymerase active
site (See Fig. 4 in Tajwar et al., Protein Science 31:e44210. This structure has clear mechanistic implications
on polymerase function that will be pursued in a project for which we are seeking NIH R0O1 funding. It has also
launched three new drug discovery efforts to identify non-nucleoside reverse transcriptase inhibitors (NNRTI)
analogous to drugs that are analogous to HIV NNRTI drugs that are a backbone of HIV therapy. The drug
discovery efforts have already garnered philanthropic seed funding. Details of this work were published in
Tajwar et al., Protein Science 31:e4421 and are provided in Appendix 2 to this report.

The model also revealed why it is so difficult to express the HBV RNaseH as an active recombinant
enzyme. The RNaseH active site has a “D-E-D-D” motif of acidic residues that chelate the two Mg*™ ions that
promote RNA cleavage. In all other RNaseHs, the last “D” residue is supported on an a-helix, but the
analogous region is an unstructured loop in the HBV enzyme. This indicates that that region of the RNaseH
must be held in its proper position by something else, likely the cellular chaperones that are bound to the
polymerase. Mutating the prolines in the loop that prevent formation of the a-helix yields consistently active
enzyme without altering the predicted position of the last “D” residue in the active site or altering how HBV
RNaseH inhibitors dock into the RNaseH active site. We are defining the optimal mutant enzymes to pursue,
and we will commence with the biochemical analyses of the HBV RNaseH that had been proposed in this
project once the optimal construct is defined.

What opportunities for training and professional development has the project provided? This project supported
the Ph.D. studies of my student Dr. Nathan Ponzar, post-doctoral studies by Drs. Juan Villa Torricella, Mafuza
Akter, and Razia Tajwar, and undergraduate training of Ms. Jala Chalichama, Ms. Alaina Knier, Ms. Cassie
Kukla, and Mr. Michael Lindt.

How were the results disseminated to communities of interest? Results were disseminated by presentations at
meetings, seminars given by Dr. Tavis, and publications. See details below in the Products section of this
report.

What do you plan to do during the next reporting period to accomplish the goals? Nothing to report.

Impact

What was the impact on the development of the principal discipline(s) of the project? The primary discipline of
this work is HBV polymerase enzymology. Determining the structure of the enzyme is a major breakthrough




because technical barriers prevent traditional structural biology assessment of the enzyme. It vastly advances
the sophistication with which mechanistic studies and drug discovery efforts can be conducted with the
polymerase.

What was the impact on other disciplines? Secondary disciplines are huRH1 enzymology and inhibition of
other viral RNaseHs. The impact is strong on huRH1 enzymology as our efforts greatly simplified the protein
purification protocol for huRH1 and revealed the mechanism by which active site inhibitors block enzyme
function. Implications from understanding how the a-hydroxytropolones inhibit huRH1 extend to the HIV and
HBV RNaseHs as the enzymes share the same catalytic mechanism, so the inhibition mechanism of huRH1
can be extrapolated to the HBV and HIV RNaseHs.

What was the impact on technology transfer? The supplementary data in our Protein Sciences paper
(Appendix 2) includes links to PDB files for the molecular models for polymerases from all nine of HBV’s
genotypes, homologs from five animal hepadnaviruses, and three relevant non-hepadnaviral polymerase
proteins. All models have associated annotation data so that researchers can readily identify the various
domains and active sites of the polymerase proteins. This will facilitate research on a wide range of viral and
non-viral reverse transcriptases.

What was the impact on society beyond science and technology? Identification of the HBV polymerase
structure has launched three new drug discovery efforts seeking NNRTI inhibitors. Successful development of
the inhibitors into anti-HBV drugs will greatly improve health of people worldwide who are suffering from
chronic HBV infections, including many of America’s veterans, their dependents, and other loved ones.

Changes/Problems

Changes in approach and reasons for change. The HBV RNaseH is extremely difficult to produce as an active
recombinant enzyme, and it cannot be studied biochemically in its native context. We felt we had these
problems resolved when the grant was awarded, but the initial biochemical experiments revealed unacceptably
high inter-assay and inter-protein preparation variability. Some of this was determined to be due to nucleic
acid contamination in the preparations, but removing the contaminating nucleic acids was insufficient to yield
enzyme suitable for the proposed studies despite intense optimization efforts. We consequently refocused our
work onto two other major efforts, determining the mechanism of inhibition of huRH1 and structural prediction
for the HBV polymerase protein. Results from these studies are described above under Accomplishments.

Actual or anticipated problems or delays and action or plans to resolve them. We faced three major sources of
difficulty in this project. The first is the unanticipated variability in the quality of the HBV RNaseH that
prevented progress as described above. The second was frustration of two postdoctoral scholars assigned to
this project, Drs. Juan Villa Torrecilla and Mafuza Akter, that stemmed from the difficulties in producing enzyme
of adequate quality. This led Drs. Villa Torrecilla and Akter to abandon the project and caused delays in the
research. Finally, the COVID pandemic greatly slowed research for about 9 months and had lingering effects
that have not yet fully resolved themselves due to supply chain disruptions and sporadic infections among
Tavis lab personnel. Plans to resolve these issues are not applicable as this is a final report.

Changes that had a significant impact on expenditures. The staffing turmoil and the COVID-induced progress
delays reduced the rate of expenditures on this project. These were managed as best possible, but it was
impossible to fully compensate for the resulting inefficiencies.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents.
Not applicable.

Products

Publications.



Journal publications.

Edwards, T.C., Ponzar, N.L., and Tavis, J.E. (2019). Shedding light on RNaseH: a promising target for
hepatitis B virus (HBV). Expert Opinion in Therapeutic Targets 23:559-563.

Ponzar, N.L., Tajwar, R., Pozzi, N., and Tavis, J.E. (2022). Alpha-hydroxytropolones are
noncompetitive inhibitors of human RNase H1 that bind to the active site and modulate substrate binding. J.
Biol. Chem. 298:101790.

Tajwar, R., Bradley, D.P., Ponzar N.P., and Tavis, J.E. (2022). Predicted structure of the hepatitis B
virus polymerase reveals an ancient conserved protein fold. Protein Science 31:e4221.

Books or other non-periodical, one-time publications.

Clark D.N., Tajwar, R., Hu J., and Tavis, J.E. The Hepatitis B Virus Polymerase. (2021). Viral
Replication Enzymes and their Inhibitors, Vol. 50. Cameron C.E. and Arnold, J.J. eds. Chapter 6, pg. 195-226.
Academic Press, London.

Other publications, conference papers, and presentations.

Tavis, J.E. (September 3, 2021). Webinar. Inhibiting the HBV Ribonuclease H as an Antiviral and
Antitumor Strategy. Brooklyn College of the City University of New York.

Tavis, J.E. (October 29, 2021). Invited speaker. The Hepatitis B Virus Ribonuclease as a Drug Target
and Biochemical White Whale. Indiana University, Bloomington IN.

Ponzar, N., Kukla, C, Akter, M, Pozzi, and Tavis, J.E. (July 21, 2019). HBV Ribonuclease H and
Mechanisms of Inhibition. (Oral). American Society for Virology Annual Meeting, Minneapolis, MN.

Ponzar NP, Kukla C, Akter M, Pozzi N, Tavis J.E. (Oct. 3, 2019). Inhibitors of the HBV ribonuclease H

act by multiple Mg?*-dependent mechanisms. (Poster). Molecular Biology of the Hepatitis B Viruses 2019,
Melbourne, Australia.

Ponzar, N. P., Tajwar, R., and Tavis, J.E. (September 23, 2021). Complex inhibition characteristics of
HBYV and HIV ribonuclease H inhibitors against human ribonuclease H1. (Oral). 5th Innovative Approaches for
Antiviral Agents Summer School. Virtual meeting.

Tajwar, R., Bradley, D.P., Ponzar, N.L., and Tavis, J.E. (March 23, 2022). Predicted Structure of the
Hepatitis B Virus Polymerase Reveals an Ancient Conserved Protein Fold. (Poster). International Conference
on Antiviral Research, Seattle, WA.

Tajwar, R., Bradley, D.P., Ponzar, N.L., and Tavis, J.E. (September 7, 2022). Predicted Structure of
the Hepatitis B Virus Polymerase Reveals an Ancient Conserved Protein Fold. (Oral). International RNaseH
Meeting. Cambridge, MD.

Tajwar, R., Bradley, D.P., Ponzar, N.L., Fallahee, I., and Tavis, J.E. (September 19, 2022). Predicted
Structure of the Hepatitis B Virus Polymerase Reveals an Ancient Conserved Protein Fold (Oral). International
HBV Meeting, Paris, France.

Website(s) or other internet site(s). None.

Technologies or techniques. The protein purification protocol for huRH1 was greatly simplified as described in
Appendix 1, which makes work with this enzyme accessible to a wider range of labs around the world. A
manuscript describing this work is in preparation.

Inventions, patent applications, and/or licenses. None.

Other products. PDB files for the molecular models and associated annotation for polymerases from all nine of
HBV’s genotypes, homologs from five animal hepadnaviruses, and three relevant non-hepadnaviral




polymerase proteins have been made freely available to the research community through the supplementary
data associated with the paper in Appendix 2.
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The ribonucleases H (RNases H) of HIV and hepatitis B virus
are type 1 RNases H that are promising drug targets because
inhibiting their activity blocks viral replication. Eukaryotic
ribonuclease H1 (RNase H1) is an essential protein and a
probable off-target enzyme for viral RNase H inhibitors.
a-hydroxytropolones (aHTSs) are a class of anti-RNase H in-
hibitors that can inhibit the HIV, hepatitis B virus, and human
RNases H1; however, it is unclear how these inhibitors could be
developed to distinguish between these enzymes. To accelerate
the development of selective RNase H inhibitors, we performed
biochemical and kinetic studies on the human enzyme, which
was recombinantly expressed in Escherichia coli. Size-exclusion
chromatography showed that free RNase H1 is monomeric and
forms a 2:1 complex with a substrate of 12 bp. FRET hetero-
duplex cleavage assays were used to test inhibition of RNase H1
in steady-state kinetics by two structurally diverse aHTs, 110
and 404. We determined that turnover rate was reduced, but
inhibition was not competitive with substrate, despite inhibitor
binding to the active site. Given the compounds’ reversible
binding to the active site, we concluded that traditional
noncompetitive and mixed inhibition mechanisms are unlikely.
Instead, we propose a model in which, by binding to the active
site, aHTs stabilize an inactive enzyme-substrate—inhibitor
complex. This new model clarifies the mechanism of action of
oaHTs against RNase H1 and will aid the development of RNase
H inhibitors selective for the viral enzymes.

Ribonuclease H1 (RNase H1) is a metallonuclease specific
for RNA in RNA-DNA hybrids. It plays key roles in nucleic
acid metabolism in the nucleus and mitochondria, where it
processes R-loops and the RNA primer for mitochondrial
replication (1). RNase H1 knockout is embryonically lethal in
mice because of failure of the mitochondria to replicate (2).

RNase H1 requires two divalent metal ions, usually
Mg** (Mga>* and Mgg>*) to cleave RNA-DNA hybrids (3, 4).
The divalent cations are bound to the enzyme adjacent to one
another by the four carboxylate residues comprising the

* For correspondence: John E. Tavis, john.tavis@health.slu.edu.
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“aspartic acid, glutamic acid, aspartic acid, aspartic acid (DEDD)
motif” motif in the active site (Fig. 1A4). The MgA2+ ion is
essential for recruitment, activation, and positioning of the
nucleophilic water molecule that attacks the phosphodiester
bond of the substrate, whereas Mgg>* stimulates product for-
mation. Structural studies with Bacillus halodurans RNase H1
demonstrate that the Mg,>*-binding site is only occupied
appreciably in the enzyme—substrate (ES) complex (5).

The overall protein folds and active sites of RNases H1 are
well conserved in all branches of life, yet there are significant
differences between the RNases H of prokaryotes, eukaryotes,
and viruses. While most prokaryotic RNases H contain solely
the RNase H domain, the eukaryotic counterpart carries an
additional domain, called the RNA-DNA hybrid-binding
domain (HBD) (3). The HBD is connected to the RNase H
domain by a linker region (Fig. 1B). While RNA hydrolysis is
catalyzed by the RNase H domain, the HBD enhances RNase
H1 substrate-binding affinity and processivity and imparts
dimerization upon substrate binding (6).

HIV and hepatitis B virus (HBV) replicate by reverse tran-
scription. They encode homologous type 1 RNase H domains that
are necessary for viral replication because they digest the viral
genomic RNAs after they are copied into the first DNA strand to
permit synthesis of the second DNA strand. Thus, targeting these
viral RNases H is a promising therapeutic strategy (7). A potential
problem with this strategy is off-target effects. Most inhibitors,
including those developed by us targeting HBV (8, 9), could
potentially bind to and inhibit human RNase H1, limiting ther-
apeutic use. This is particularly important in the context of viruses
that cause chronic infections, such as HIV and HBYV, insofar as
patients will require long-term treatment.

The o-hydroxytropolone (aHT) compound class is a
promising scaffold for development of anti-HIV and anti-HBV
RNase H inhibitors, many of which have nanomolar efficacy
against the viral RNases H in vitro and/or against viral repli-
cation (9, 10) with varying degrees of selectivity for the viral
enzymes over human RNase H1. Here, we adapted expression
of catalytically active human RNase H1 in Escherichia coli and
determined the mechanism of inhibition of two aHT com-
pounds. In kinetic assays, the inhibitors display kinetic features
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Figure 1. RNase H1 characterization. A, RNase H1 active site (PDB: 2QKK) (10) with Mg2+ ions A and B as blue spheres, water as red spheres, DEDD residues
are in yellow, and the RNA backbone is in orange and red. B, recombinant gene structures. C, SDS-PAGE gel of purified proteins. About 1 pg of protein from
two preparations of each protein was electrophoresed in a 4 to 16% gradient gel. Lane 1 is the BenchMark molecular weight marker. D, SEC chromatogram
of 0.4 ml of 20 uM RNase H1. E, CD spectrum of 666 nM RNase H1. F, FRET heteroduplex cleavage assay. The dark star is quenched fluorescein (F), and the
cylinder is the quencher (Q). Upon cleavage near the 3’ RNA terminus, the fluorescein-labeled fragment is released from proximity to the quencher and
fluorescence increases (yellow star). G, example of RNase H1 (1 nM) reaction progress curves showing concentration of fluorescein (FAM) liberated from
quencher over time. Substrate concentrations are indicated. The signal of catalytically inactive mutant RNase H1°2'N (50 nM) is at the bottom in red.

H, representative Michaelis—-Menten plot for RNase H1 and RD12 fit with the Michaelis—-Menten equation (vo = Vmax[s]/KMJr[S]) (15, 16). Parameters are

reported as the mean + SD of at least three independent measurements. PDB, Protein Data Bank; RNase H1, ribonuclease H1.

reminiscent of noncompetitive inhibition, suggesting that
binding of substrate and compounds is not mutually exclusive.
Since the compounds bind to the active site, we propose a
model in which, by binding to the active site, «HTs stabilize an
inactive enzyme—substrate—inhibitor (ESI) complex.

Results
Purification and characterization of human RNase H1

Human RNase HI1 (UniProtKB: 060930, amino acids
27-286), a catalytically inactive mutant RNase H1P?N and
human RNase HC (amino acids 136—286) containing only the
catalytic domain were cloned into a pET-15b vector and
expressed in E. coli (Fig. 1B) (11). All proteins carry an
N-terminal histidine tag and thrombin cleavage site. Cells
carrying this plasmid exhibited slowed growth, leaky protein
expression, and proteolysis of the poorly expressed RNase H1.
Addition of 1% glucose to all media resolved these problems
without interfering with IPTG-induced expression. Ni**-af-
finity purification from cells grown in this manner resulted in
protein of >95% purity as determined by SDS-PAGE (Fig. 1C)
that was free of nucleic acid contamination (absorbance at 260
nm/280 nm = 0.55-0.60). The high purity from one-step pu-
rification is due to the proteins’ atypically strong binding to the
Ni**—nitrilotriacetic acid resin, which allowed us to add
125 mM imidazole to the wash buffer, greatly reducing
nonspecific binding. Size-exclusion chromatography (SEC)
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revealed a single elution peak corresponding to monomeric
RNase H1 with an apparent molecular weight (MW) of
34.6 kDa * 1.9 kDa (Fig. 1D; calculated MW = 31.4 kDa). The
yield was ~2.5 mg per liter of cell culture.

To determine if recombinant RNase H1 is properly folded, we
next performed CD experiments in the far-UV range (Fig. 1E).
The strong negative ellipticity obtained for the human enzyme
was similar, yet not identical, to that of the homologous and
well-characterized E. coli RNase H (12—14). This is consistent
with RNase H1 being properly folded and containing ordered
secondary structural elements. The difference between E. coli
and human RNase H1 spectra is likely because the E. coli enzyme
lacks the unstructured linker and HBD.

Finally, we performed a fluorogenic assay to evaluate the
catalytic activity of the recombinant enzyme (Fig. 1F). Briefly,
we incubated an RNA-DNA hybrid of 12 bp (RD12) labeled
with fluorescein at the 3' RNA terminus and a quencher at the
5 DNA terminus with the enzyme before adding 5 mM Mg>*.
Addition of Mg”" to a solution of 1 nM enzyme and substrate,
but not substrate alone, resulted in a significant increase in
fluorescence, consistent with separation of the two strands
mediated by the enzyme (Fig. 1G). Importantly, enzyme ac-
tivity toward the substrate obeyed Michaelis—Menten kinetics
(Fig. 1H) (15, 16), implying saturation of enzyme at high
substrate concentrations. While the presence of the N-termi-
nal histidine tag did not affect catalytic activity of the enzyme,
activity was specific to the presence of Mg>* and residue D210,
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since Ca>* did not support catalysis and mutation of D210 to
N abrogated its catalytic activity (Fig. 1, G and H). These data
indicate that the recombinant human RNase H1 expressed in
E. coli and is suitable for biochemical studies.

Inhibition profile of compounds 110 and 404 against human
RNase H1

aHTs are RNase H inhibitors that bind to the active site via
coordination of the divalent metal cofactors. This was deter-
mined by cocrystallization of HIV RNase H and the aHT
B-thujaplicinol (Fig. 24) (10), which inhibits both HIV and
HBV RNase H (17). We focused on two compounds, 110 and
404 (Fig. 2A) that are structurally similar to B-thujaplicinol, yet
diverse enough to assess the generality of the inhibition
mechanism.

To confirm that 110 and 404 bind to metal ions in solution,
we performed binding experiments using absorption spec-
troscopy to monitor complex formation between Mg>* and

A B-Thujaplicinol 110

CH, H,C
H,C HyC 0
HO OH HO OH

o) 0
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Ca®* with the compounds (Fig. S1, A-D). Mg** and Ca*
altered the absorption spectra of both compounds substan-
tially, and we determined the compounds’ stability constants,
K, which are related to the dissociation constant (Kp) by the
relationship logK = -logKp (Table S1) (18). Two distinct
equilibria were observed corresponding to low-affinity and
high-affinity binding events, consistent with the compounds’
dual metal-chelation motifs (Fig. S1, E and F). The high-affinity
stability constant of Mg2+ for 110 (logK;) was 3.55 (Kp =
0.2 mM), whereas the low-affinity stability constant (logK5)
was 1.61 (Kp = 30 mM). The high-affinity constant is similar to
that of the one divalent cation-coordinating dihydroxy-
tropylium ion (logK = 3.82; Kp = 0.15 mM) (19). Stability
constants for 404 were similar to those of 110 (logK; = 3.9 and
logK, = 1.7).

Next, to characterize the inhibitory profiles of the com-
pounds against RNase H1, we titrated the compound and
substrate against the enzyme in steady-state kinetics experi-
ments. Kinetic and inhibition parameters are shown in

404
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Figure 2. Inhibition kinetics of RNase H1 cleavage of RD12 substrate by compounds 110 and 404. A, structures of B-thujaplicinol and compounds 110
and 404. B and C, representative Michaelis-Menten plots of RNase H1 (B) and RNase HC (C) in the presence of compound 110 (top panels) or compound 404
(bottom panels). Data were fit with Equations 1-3 (20). Numbers to the right of the regression lines indicate inhibitor concentrations in micromolar. Pa-
rameters are shown in Table 1. Plots are representative of three or more independent experiments with additional data in Figs. S2-55. RD12, RNA-DNA

hybrid of 12 bp; RNase H1, ribonuclease H1.
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Table 1

RNase H1 kinetic/inhibition parameters

Parameter RNase H1-wt RNase HC

keat (s7) 0.16 + 0.07 0.22 + 0.04
Ky (nM) 89 + 30 >500"
keat/Kg (M1 571 1,800,000 440,000
110 Ki (uM) 17.9 £ 11 38 + 12
110 o 0.61 + 0.29 Unstable
110 Kigs (UM) 8.5 + 0.0003 Unstable
110 oy (%) 95 + 2 ~100

404 K. (uM) 93+ 8 ~15

404 o 0.39 + 0.17 Unstable
404 Kigs (pM) 26 +0.5 Unstable
404 Iax (%) 94 £ 2 ~100

“ Because of inability to saturate the RNase HC reaction, k. is highly extrapolated and
Ky could not be reliably determined. Data for alternate substrates in Fig. S5. Ki is the
K; of the inhibitor for the free enzyme and Kigs is the K; for the enzyme—substrate
complex. a is the proportionality constant for the two inhibition constants. o =
Kigs/Kig (21).

Table 1. Data were fit with Equations 1-3 (20). Both com-
pounds showed no evidence of competitive inhibition
(Figs. 2B and S2, J and K and Table S2). They instead reduced
the turnover (Vi,,,) while minimally enhancing the apparent
affinity for the substrate (Ky) (Figs. 2B and S2 and Table S2).
Importantly, saturating concentrations of 110 and 404 could
not fully inhibit RNase H1 activity (Figs. 2B and S3, A and B
and Table S2), both with maximum fractional inhibition
(Imax) values of ~95% (Table 1). Inhibition was reversible, as
documented by recovery of enzymatic activity after dilution
of the compound (Fig. S3, E and F) (21). These results argue
for a reversible and noncompetitive mechanism of inhibition
whereby binding of the substrate and compounds are not
mutually exclusive.

Determining the impact of the HBD on inhibition

Human RNase H1 contains an HBD (Fig. 1B) that imparts
high-affinity substrate binding (6, 22). In addition, binding of
the substrate to the HBD could allosterically modulate active-
site accessibility. To determine the impact of the HBD on
inhibition, we assessed the compounds’ inhibition profiles
against a mutant enzyme that contains only the catalytic
domain, referred to as RNase HC (11). Compounds 110 and
404 inhibited RNase HC in a dose-dependent manner
(Figs. 2C, S3, C and D and S4). This confirms that the binding
site is in the catalytic domain. Because of the much lower af-
finity of RNase HC for RD12, we could not saturate the re-
action to accurately determine Ky and k.,; however, high 110
and 404 concentrations reduced the K,; to within the
measurable range, allowing us to fit the data to a global
inhibition model (Equations 1-3) (Figs. 2C and S4). Like full-
length RNase H1, RNase HC was inhibited in a noncompeti-
tive manner. To further validate this observation, we repeated
the same assays with 14-mer and 18-mer hybrid substrates for
which RNase HC has a lower Ky, We observed clear
noncompetitive inhibition with these substrates (Fig. S5). As-
says with 404 using 14-mer (Fig. S5, A, F, and G) and 18-mer
(Fig. S5, B, C, F, H, and I) heteroduplex substrates showed
reductions of Ky;, whereas the effect of compound 110 on Ky
was unclear (Fig. S5, D, F, and J). Thus, both compounds
inhibited turnover of RNase HC. This indicates that binding of

4 Biol. Chem. (2022) 298(4) 101790

substrate and compound to the catalytic domain is not
mutually exclusive.

Two molecules of RNase H1 bind to one molecule of RD12
heteroduplex substrate

Next, we wanted to determine the effect of the compounds
on substrate binding. First, we characterized the binding of
RNase H1 to RD12 substrate in the absence of inhibitor. To
determine the stoichiometry of human RNase H1, we per-
formed SEC of 20 uM RNase H1 preincubated with 5, 10, and
15 uM of RD12 (Fig. 34) in the presence of Ca®* instead of
Mg** to prevent degradation of the substrate (Fig. 1H). In all
treatments, we observed a major peak with an apparent MW of
68 kDa, which corresponds to a 2:1 enzyme—substrate complex
(E,S; calculated MW = 71 kDa) (Figs. 34 and S6). In the 5 uyM
RD12/20 pM RNase H1 sample, there were two prominent
peaks corresponding to the free enzyme and the E,S complex.
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Figure 3. Characterization of the RNase H1-RD12 ES complex. A, size-
exclusion chromatograms of RD12 substrate titrated against 20 uM RNase
H1 in a Superdex 200 increase column with 500 mM NaCl. Superdex 75
chromatograms with 100 mM NaCl and MW standards are shown in
Fig. S6A. Vertical lines indicate retention volumes of the E,S complex (solid;
14.3 ml), the free enzyme (dotted; 15.7 ml), and the free substrate (dashed;
18.2 ml). Chromatograms are representative of at least two independent
experiments. B, fluorescence polarization assay of 12.5 nM fluorescein-
labeled 12-bp heteroduplex substrate (RD12) titrated with RNase H1.
Gray-filled, black-filled, and white-filled circles represent data from three in-
dependent experiments. Data were fit with Equation 4 (23). ES, enzyme-
substrate; MW, molecular weight; RD12, RNA-DNA hybrid of 12 bp; RNase
H1, ribonuclease H1.
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Addition of 10 pM RD12 (putatively 20 uM of binding sites)
increased the absorption of the E,S peak and eliminated the
free enzyme peak. Finally, addition of 15 uM RD12 did not
increase absorption in the E,S peak, but the 5 pM excess
eluted as a shoulder off the side of the ES peak rather than as
free substrate, implying that binding is dynamic on the time-
scale of the chromatographic run.

To determine substrate-binding affinity, complex formation
between RNase H1 and RD12 substrate lacking a quencher on
the DNA strand was monitored by fluorescence polarization
(FP). Ca®* was again used instead of Mg>*. We titrated RNase
H1 against 12.5 nM RD12 and fit the anisotropy data with the
quadratic binding equation (Equation 4) (23), which accounts
for ligand depletion, in this case RNase H1, when the receptor
(RD12) concentration (R, is near or above the K. Ry was
constrained to 25 nM because of the 2:1 stoichiometry
(Fig. 3A) (6). This yielded a Kp of 16.6 + 1.9 nM (Figs. 3B and
S7, A and B). An approximately fivefold lower Ky, relative to
the Ky (Fig. 1H) is likely because of differences in assay con-
ditions between the kinetics and binding experiments (e.g.,
Mg** versus Ca**).

Finally, to independently confirm the stoichiometry of the
complex determined by SEC, titrations were performed at
375 nM of RD12 substrate, which is saturating for the enzyme
based on Kp = 16.6 nM. After fixing the Kp to 16.6 nM, the
calculated concentration of binding sites was 724 nM, which,
consistent with a 2:1 stoichiometry, is twice the concentration
of the substrate (Fig. S7, C and D). Together, these results
indicate that two molecules of RNase H1 bind one molecule of
RD12 with high affinity.

Compounds 110 and 404 modulate substrate binding

Even though most of the inhibitory effects of the aHTs was
on V.o compounds 110 and 404 reduced Ky in steady-state
kinetics (Figs. 2 and S2, S4 and S5). This is consistent with the
observation that B-thujaplicinol binds to the HIV-1 reverse
transcriptase (RT):substrate complex with higher affinity than
to the free enzyme (10). However, if the assumption that k.,
<< substrate release (k.g) is not true for the RNase H1
mechanism, then the modest reductions in Ky; observed here
could be due to inhibition of chemical cleavage, product
release, or any other zero-order step in the mechanism. To
directly assess the compounds’ effects on substrate binding, we
measured the binding of RNase H1 to substrate with FP as
described previously (Fig. 3B) in the presence of saturating
concentrations of 110 (200 uM), 404 (200 pM), or 2% dimethyl
sulfoxide (DMSO) as a control. Compound 110 reduced the
Kp approximately threefold, from 12.2 to 4.1 nM (Fig. 4),
indicating enhanced affinity. By contrast, the presence of
saturating concentrations of compound 404 (200 pM)
increased the Kp value sevenfold from 12.2 to 84 nM, indi-
cating loss of affinity (Fig. 4). This result is surprising as it is
inconsistent with the Kj; reduction observed with the treat-
ment of compound 404 in the kinetics experiments (Figs. 2
and S2, S4 and S5). We suspect this is an artifact from the
use of Ca®* instead of Mg2+. Hence, in the presence of Ca%,
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Figure 4. Impact of compounds 110 and 404 on RNase H1-substrate
binding. Binding curves for RNase H1 against 12.5 nM RD12 are shown in
the presence of 200 uM of compounds 110 and 404 or 2% DMSO. Data were
fit with Equation 4 (23). Kp values are the mean and SD of at least four
independent measurements. Error bars indicate SD of two independent
experiments (more data are shown in Fig. S7). *The measured Kp of com-
pound 110 is the upper limit of Kp. Additional data are shown in Fig. S7,
E and F. DMSO, dimethyl sulfoxide; RD12, RNA-DNA hybrid of 12 bp; RNase
H1, ribonuclease H1.

the two structurally similar compounds had opposite effects on
substrate binding.

To further explore this unexpected observation, we evalu-
ated the effect of saturating compounds 110 and 404 (500 uM)
on the distribution of free RNase H1 and RNase H1 complexed
with RD12 using SEC. Ca®* was used to prevent catalysis as in
FP assays. We adjusted conditions such that the complex
partially dissociated (~50%) during elution. This involved
reducing the enzyme and substrate concentrations to 2.5 and
1.25 pM, respectively. In 100 mM NaCl, the complex did not
dissociate during elution, so 500 mM NaCl was added to the
sample and elution buffers, which resulted in ~50% dissocia-
tion of enzyme and substrate. Unexpectedly, when scouting
conditions to cause partial ES dissociation during SEC, the
peak of the complex shifted to an apparent MW of 43 kDa
(Figs. 5 and S6, B—D) upon reduction of enzyme and substrate
concentrations to or below 5 and 2.5 uM, respectively, corre-
sponding closely to the calculated MW of a 1:1 RNase H1-
RD12 complex (calculated MW = 39.5 kDa). This could be due
to preference of a 1:1 complex at subsaturating concentrations.

To monitor the substrate’s elution profile, we measured
fluorescein’s absorption (absorbance at 485 nm) from the
labeled RD12 substrate simultaneously with absorbance at 280
nm, which detects both enzyme and substrate. The enzyme
and substrate were preincubated with or without 500 uM of
compound 110 or compound 404, and then the complexes
were resolved by SEC. We observed a peak in both absor-
bances at 280 and 485 nm corresponding to the ES complex
and two additional peaks and shoulders of 485 and 280 nm,
respectively. One of the additional peaks aligns just ahead of
the free RD12 retention volume and one just after (Fig. 5A).
The middle peak of the 485 nm absorbance trace likely comes
from free substrate released from the ES complex as it was
diluted in the column, and the last peak may arise from single-
stranded oligonucleotides, which dissociated as the 12 bp
heteroduplex was diluted in the column. Addition of 500 uM
of compound 110 to the sample buffer shifted the distribution
of free and bound substrate almost entirely to the bound form
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Figure 5. Size-exclusion chromatography (SEC) of ES complex pre-
incubated with compound 110 or compound 404. A, SEC of 2.5 uM RNase
H1 preincubated with 1.25 uM RD12 (ES). The absorbance at 280 nm is
represented by solid black lines, and the absorbance at 485 nm (fluorescein)
by solid gray lines. Both absorbances are measured simultaneously. Refer-
ence chromatograms of 2.5 uM enzyme (E; dashed black; absorbance at 280
nm) and 1.25 pM substrate (S; dashed gray; absorbance at 485 nm) assayed
independently are shown. *Absorbance at 485 nm signal of this substrate-
only control is expressed as absorbance at 485 nm divided by 3 to maintain
scale. B, SEC of ES as in (A) with 500 uM compound 110 or (C) 500 uM
compound 404. All buffers contain 2% DMSO. Vertical lines indicate the
retention volumes of the putative 1:1 ES complex (solid, 15.3 ml), free RNase
H1 (dotted; 15.7 ml), and free RD12 substrate (dashed; 18.2 ml). Chromato-
grams are representative of two or more experiments. DMSO, dimethyl
sulfoxide; ES, enzyme-substrate; RD12, RNA-DNA hybrid of 12 bp; RNase
H1, ribonuclease H1.

(Fig. 5B). The same experiment performed with 500 uM of
compound 404 resulted in enhanced dissociation of the ES
complex, indicated by reduced absorbance at 280 nm at the ES
retention volume with the absorbance at 485 nm mostly
shifted to the free-substrate position (Fig. 5C). Thus, results
from SEC are consistent with the enhanced binding observed
in the presence of compound 110 and inhibited binding in the
presence of compound 404 (Fig. 4). These results support the
finding that compound 110 enhances substrate binding in ki-
netics assays, and competition of compound 404 with sub-
strate in binding assays is likely an artifact of using Ca®*
instead of Mg>".

Modeling of ESI ternary complexes with compounds 110 and
404

To understand how the compounds could produce the in-
hibition patterns and effects on substrate binding we observed,
we employed induced-fit docking of the compounds to RNase
H1 (Protein Data Bank [PDB] ID: 2QKK) using the Schro-
dinger software suite. We constrained our analyses to poses in
which the compounds chelate both divalent ions via their
oxygen trident because the metal-chelating binding mode is
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well established for the aHTs and RNase H (10). We observed
multiple binding poses for compound 110 in the active site
(Fig. S8A). The hydroxylated tropolone ring of compound 404
bound the Mg”* ions in the active site in a single pose
(Fig. S8B), but its large appendage docked along the substrate-
binding groove outside the active site in different poses. The
average predicted binding energy of all poses for compound
110 is 8.2 + 0.6 kcal/mol and that of compound 404 is 9.2 +
1 kcal/mol (Fig. S8). Superposition of the 14-mer RNA:DNA
heteroduplex substrate from the original RNase H1-substrate
cocrystal structure showed that the compounds and the
RNA strand cannot simultaneously occupy the active site
(Fig. 6), and that compound 404 much more substantially
overlapped with the total substrate-binding interface than
compound 110. This suggests that the substrate and/or
enzyme change their conformation to accommodate the
compounds in the active site while remaining bound via ES
contacts that remain accessible. This seems to be the case with
B-thujaplicinol and HIV RNase H (10), where the substrate is
predicted to stay just above the active site, interacting with the
compound. Compound 404 would require a larger accom-
modation on the part of the substrate. We suspect the binding
poses could be substantially different in the presence of Ca",
with changes in the binding pose of compound 404 likely
having greater effects than changes in the pose of compound
110, by virtue of its larger size.

Discussion

RNase HI is increasingly being recognized as a central
player in nuclear and mitochondrial genome maintenance
and replication (1, 24). The consequences of RNase H1
knockout or loss-of-function mutations are severe (2, 25),
and therefore, it is important that highly selective antiviral
RNase H inhibitors be developed to avoid off-target human
RNase HI1 inhibition. In addition, «aHTs and other metal-
chelating compounds can inhibit other DEDD motif-
containing viral nucleases, including pUL30/pUL42 of
herpes simplex virus 1 and herpes simplex virus 2 (26), HIV
integrase (27), the influenza and bunyavirus cap-snatching
enzymes (28), and others. Therefore, understanding inhibi-
tion of RNase H1 by divalent metal-chelating compounds,
including aHTs, will aid development of selective inhibitors
of enzymes that share structural or enzymatic similarity with
it.

Binding of RNA-DNA hybrid substrate by RNase H1

We showed that human RNase H1 binds to an RD12 with
high affinity (Kp = 16.6; Fig. 3B) and 2:1 stoichiometry with
SEC (Fig. 3A) and stoichiometric titration (Fig. S7, C and D).
This is consistent with the 2:1 stoichiometry of the homolo-
gous murine RNase H1 (6), though the human enzyme may
form 1:1 complexes in subsaturating enzyme and substrate
concentrations (Figs. 54 and S6, B-D). Previous studies (6)
show that the catalytic domain on its own binds substrate with
lower affinity than the full-length protein, which is consistent
with the elevated Ky; of RNase HC observed here (Figs. 2C, S4
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Figure 6. Docking of compound and substrate into the RNase H1 active site. A and B, induced-fit docking was used to dock compound 110 (4) and
compound 404 (B) into the RNase H1 active with Mgz+ inserted where the Ca®* ions were in the original structure (PDB ID: 2QKK). One pose of compound
110 and two poses of compound 404 are shown. The substrate from the original cocrystal structure was then superposed on the enzyme-inhibitor complex.
DEDD residues are in yellow with D210 replaced with N. PDB, Protein Data Bank; RNase H1, ribonuclease H1.

and S5 and Table 1). RNase H1 contacts its substrate via the
large binding interfaces of the RNase H domain and HBD (11,
22). Though no structures of the full eukaryotic RNase H1
exist, models have been proposed, most envisioning the
enzyme as two balls connected by a string, corresponding to
the globular RNase H domain and HBD and the putatively
unstructured linker (Fig. 7) (22, 29). The HBD is thought to
tightly anchor the enzyme to the substrate while the RNase H
domain makes processive cleavages, repeatedly engaging and
disengaging the substrate. Furthermore, the single-domain
E. coli RNase H was recently shown to exhibit processivity
(30), from which it follows that the RNase H active site must
be empty for some time between processive cleavages while
the rest of the enzyme remains bound. Thus, even in the
context of the ES complex, there should be opportunities for
the compounds to bind.

Compounds 110 and 404 are nontraditional noncompetitive
inhibitors

Steady-state kinetics data for compounds 110 and 404 were
inconsistent with competitive inhibition, showing strong re-
ductions in Vi, (Fig. 2). Both compounds also caused modest
but significant reductions in Ky;. Thus, a rigorous description
of the kinetics data requires the general (mixed) model of in-
hibition (Equations 1-3) (20). In this model, a is the ratio of K;
for the ES complex (Kigs) to K; for the free enzyme (Kig) (21). A
minimum Vj,,, term was added in the modeling to account for
incomplete inhibition in saturating compound and substrate
concentrations (Equation 2). This model fits the data of both
compounds significantly better than the simple competitive,

A

Linker B Linker

Figure 7. Model for the effects of compounds on substrate binding in
the RNase H1 active site. A and B, models of compound 110 (A) and
compound 404 (B) binding to the Mg**-bound enzyme-substrate complex.
Solid red line = RNA, solid blue line = DNA, and dashed red lines = proposed
interactions of substrate with enzyme and inhibitor within the ESI complex.
ESI, enzyme-substrate-inhibitor; RNase H1, ribonuclease H1.
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uncompetitive, and noncompetitive models (Table S2 and
Fig. S2, J and K), most often with p < 0.01. Data from RNase
HC, which lacks the linker and HBD, also displayed
noncompetitive inhibition, with both compounds reducing
Vinax (Figs. 2C, S4 and S5) and compound 404 also reducing
Ky (Fig. S5, A-C). Finally, we ruled out irreversible inhibition
(Fig. S3, E and F).

In noncompetitive inhibition, the compound may bind to
the free enzyme and the ES complex. Noncompetitive kinetics
have traditionally been seen as an evidence that the compound
binds somewhere other than the active site, causing a
conformational change in the enzyme that reduces the turn-
over rate and may also modulate substrate binding (21).
However, active-site binding via metal chelation is well
established for «HTs with HIV RNase H (10), and an intact
two metal-chelating oxygen trident on the inhibitors is
essential for their function against all RNases H (31-33). We
demonstrated that compounds 110 and 404 bind Mg>* and
Ca®* in solution using UV-visible absorption spectroscopy
(Fig. S1 and Table S1). Finally, molecular modeling studies
support the two-metal ion-bound active sites as the
compound-binding site (Fig. S8). From these data, we
conclude that compounds 110 and 404 do not work by the
mechanism typically inferred from noncompetitive inhibition
kinetics.

Instead, experimental data and docking results for both
compounds are consistent with compounds binding in the
active site as expected but forming stable and inactive ESI
complexes rather than competing with the substrate (Fig. 7).
Docking studies indicate that substrate and compound cannot
bind in the active site at the same time (Fig. 6, (10)). With
compound bound, the substrate may bind in an altered
conformation, exchanging bonds with RNase H1 active-site
residues and Mg”* ions for bonds with the compound. This
would account for the noncompetitive kinetics and the
enhanced substrate binding. Compound 110 enhanced sub-
strate binding in both kinetics and binding assays, whereas
compound 404 was competitive in binding assays while
reducing Ky in kinetics assays (Figs. 2, 4 and 5). The reason for
this apparent discordant result is uncertain, though Occam’s
razor suggests it is related to the use of Mg>" in kinetics assays
and Ca** in binding assays. Ca** has a larger atomic radius
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than Mg?* (34), and because of this, the A-site Ca>* ion is
displaced from the position of the A-site Mg>* ion, and the two
Ca®* ions are substantially further apart than are the two Mg**
ions (35). Ca®* is also more flexible in its number of coordi-
nation partners than Mg>*. Finally, the stability constants of
Ca** for compound 110 (logK; = 2.56, logK, = 0.35) were
much lower than those of Mg”* (logK; = 3.46, logK, = 1.61)
(Table S1 and Fig. S1). This indicates differences in how the
compounds interact with the two cations that may be relevant
to their effects on substrate binding.

It is not clear why saturating concentrations of compound
110 or compound 404 did not cause 100% inhibition of
catalysis (Figs. 2, S2 and S3 and Tables 1 and S2). One pos-
sibility is that there may be one or more step(s) that occur in
assembly of the ESI complexes that have some probability of
substrate cleavage. Mg®* stimulates binding of aHTs to the
RNase H type 1 active site (10), but the A-site Mg>* ion
(Mga>*) does not bind efficiently in the absence of bound
substrate (5). Thus, it may be necessary for the substrate to
enter the active site to recruit Mg,>* and then partially
dissociate to create the two Mg”* ion—bound active site to
which the compounds bind most efficiently. After Mga**
recruitment, the substrate may be cleaved and released from
the active site or released uncleaved. We speculate that the
compounds may bind immediately after the substrate is
released from the active site and form an ESI complex. How-
ever, if recruitment of Mg,>* by substrate precedes compound
binding to the ES complex, then there would be residual ac-
tivity related directly to the chance of cleavage when Mg,*" is
recruited and inversely to the stability of the ESI complex.

Comparison of human RNase H1 inhibition to viral RNase H
inhibition

The oHT p-thujaplicinol (Fig. 2A) inhibits HIV-1 RT-
associated RNase H in a reversible noncompetitive manner
(10), and the compound also exhibited improved binding in the
presence of substrate. This is consistent with our finding that
inhibition of aHTs 110 and 404 against RNase H1 is greatest in
saturating substrate concentrations (i.e., Kigs < Kig) (Fig. S3, A—
D and Table 1). The RNases H of both HIV and HBV are do-
mains of larger polymerase proteins with much of their
substrate-binding capacity located in their adjacent RT domains
(36, 37), recapitulating through a different structural mecha-
nism the overall situation observed with RNase H1. Thus, the
mostly noncompetitive behavior of -thujaplicinol against HIV
RT-associated RNase H is because the small B-thujaplicinol
molecule does not block a substantial fraction of the total ES
contacts. While the mechanism of inhibition of HBV RNase H
by aHTs has not been determined because of difficulties in
producing suitable recombinant enzyme, the HBV enzyme may
also be inhibited in a noncompetitive manner.

Experimental procedures
Protein expression and purification

Full-length RNase H1 (UniProtKB: 060930, amino acids
27-286) and a catalytic domain—only mutant (RNase HGC;
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UniProtKB: 060930, amino acids 136-286) were purified by
Ni**-affinity chromatography as before with modifications
(11). Transformed E. coli (LOBSTR) were grown and induced
in LB media with 1% glucose. 2-Mercaptoethanol was replaced
with 1 mM Tris(2-carboxyethyl)phosphine (TCEP) in purifi-
cation buffers. After Ni**—nitrilotriacetic acid purification, the
buffer was exchanged via centrifugal desalting columns into
storage buffer (50 mM Hepes, pH 7.5, 400 mM NaCl, 10%
glycerol, and 2 mM TCEP) and stored at —80 °C. Proteins were
quantified by UV spectroscopy with absorbance at 280 nm
molar extinction coefficients of 47,440 M ¢cm™ for full-
length RNase H1 and 31,970 M™' cm™ for the catalytic
domain—only mutant (RNase HC). These values were deter-
mined by ExPASy ProtParam using the amino acid sequences
of RNase H1 and RNase HC.

(@)

Three milliliters of 666 nM RNase H1 in CD buffer
(6.25 mM Tris, pH 7.5, 100 mM NaF, 10% glycerol, and 2 mM
TCEP) was read in a 10 mm x 10 mm quartz cuvette with an
Applied Photophysics CD spectrophotometer at 20 °C. Four
sets of 10 reads were taken and averaged. The buffer signal was
read and subtracted from the protein sample’s signal.

SEC of RNase H1 and ligands

RNase H1, substrate, and compound were run alone and in
different combinations. All SEC experiments were conducted
in a Superdex 200 Increase 10/300 GL column at room tem-
perature, except in Fig. S6A, in which a Superdex 75 10/
300 GL was used. The final composition of the elution buffer
was 50 mM HEPES, 500 mM NaCl, 10% glycerol, and 2 mM
TCEP. The pH was adjusted with NaOH to 7.5. NaCl was
reduced to 100 mM in Fig. S6A. Buffer stocks were prepared
and stored at room temperature without TCEP. A freshly
thawed aliquot of HEPES-buffered TCEP (pH 7.5) was added
to fresh buffer stock every 2 to 3 h. Each day, 240 ml fresh
buffer was used to equilibrate the column. Runs were con-
ducted at a flow rate of 0.5 ml/min. Samples were prepared
and incubated at room temperature for 15 min prior to
starting the run. The sample (0.4 ml) was loaded into the
sample loop for each run. Concentrations of enzyme and
substrate employed are indicated in the figures. In all experi-
ments using inhibitors, 500 uM of the compound was added to
the sample buffer and 2% of DMSO to vehicle controls.
Apparent MWs were determined by resolving a set of Bio-Rad
gel filtration standards in the same conditions. Average
apparent MW:s of elution peaks were determined from three or
more independent experiments.

Heteroduplex substrate preparation

Fluorescein-labeled RNA oligonucleotides and comple-
mentary Iowa Black-labeled DNA oligonucleotides were
purchased from Integrated DNA Technologies with HPLC
purification. RNAs and DNAs were dissolved in nuclease-free
water and combined in a RNA:DNA ratio of 1:1.1 in 50 mM
HEPES, pH 7.5, 100 mM NaCl, and 2 mM TCEP. The
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substrate solution was heated to 90 °C for 10 min and slowly
cooled to 4 °C to promote annealing. For RD12, the RNA
sequence is GACACCUGAGUC/36-FAM and the DNA
sequence is 5IABKFQ/GACTCAGGTGTC. Additional se-
quences are shown in Fig. S5E.

Compound sourcing

RNase H inhibitors were synthesized by Dr Ryan Murelli
(Brooklyn College, City University of New York) (17, 38).
Compounds were >95% pure, dissolved at 25 mM in 100%
DMSO, and stored in small aliquots at -25 °C in opaque tubes.

RNase H heteroduplex cleavage assay

RNase H reactions were assembled by combining enzyme and
substrate in a buffer of 50 mM HEPES, 100 mM NaCl, 2 mM
TCEP, and bringing the mixture to 90% final volume with
nuclease-free water. Reactions were initiated by adding 2.5 pl of
50 mM MgCl, to 22.5 pl of the 90% reaction mixture for a final
MgCl, concentration of 5mM in 25 pl. Assays were assembled at
room temperature and conducted at 28 °C in 384-well black
plates, and fluorescence was detected at 10 to 60 s intervals in a
Biotek Synergy HTX plate reader using 485/20 nm and 528/
20 nm filters. Fluorescence of substrate concentration—matched
no-catalysis controls lacking either RNase H1 or Mg** was
subtracted from each reaction progress curve at each time point.
Maximum rates of fluorescence increase in relative fluorescence
units were determined from five or more data points by the
Biotek Genb5 3.10 or 3.11 software (BioTek). A linear standard
curve was used to convert fluorescence units to nanomolar of
released fluorescein by plotting the plateaus of reaction progress
curves against RD12 concentration.

Steady-state kinetics inhibition assays

A binary titration was conducted using 12 substrate con-
centrations spanning the enzyme’s Kj; and eight inhibitor
concentrations spanning the compounds’ ICsgs, along with a
DMSO-matched control and a no-enzyme control for back-
ground subtraction. These assays employed RNase H1 at 0.1 to
1 nM or 20 to 40 nM RNase HC. Rates were plotted as a
function of substrate concentration for each inhibitor con-
centration. The compounds do not absorb in the range of
fluorescein’s excitation or emission; so, no corrections for
inner-filter effect were necessary. Data were fit to global
models of noncompetitive, uncompetitive, and mixed inhibi-
tion in GraphPad Prism (GraphPad Software, Inc). The fits
were statistically compared with the extra sum-of-squares F
test in GraphPad Prism to determine the best-fitting model
(Supplementary information and Tables S2—-S4). Models were
also compared when a minimum Vi, term (Vi) was
introduced to account for incomplete inhibition in saturating
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compound concentrations. We tested whether this term
significantly improved the fit by the extra sum-of-squares F
test. Final data analysis was carried out with the mixed inhi-
bition model (Equations 1-3) (20). All parameters were left
free but shared between all datasets within an experiment.

Vmaxapp [S]

" Kntapp + [9] W

Vo

Vinaxme ~ Vimaxoin @)

(1+ %)
K, = Ky * [<1+%>/<1+%” 3)

Where Vinax,, i5 the Vi in the presence of a particular
inhibitor concentration, Viax,,, is the Vi in the absence of
inhibitor, Vinax,,, is the V. when inhibition reaches satu-
ration, Ky is the Michaelis constant, Ky, is the Kj; in a
particular inhibitor concentration, K; is the inhibition con-
stant, a is the proportionality constant between the inhibi-
tion constant for the free enzyme relative to the ES complex
(@ = Kigs/Kig) (21), vo is the initial velocity, and [I] and [S]
are inhibitor and substrate concentrations, respectively.
Maximum rates of fluorescein release are reported as Kkey
(kcat = Vmax/[E]). Equations are from Ref (20) as in
GraphPad Prism.

‘/'maxapp = Vmaxmin +

FP substrate-binding assays

RNase H1 was titrated against a fixed concentration of
RD12 substrate consisting of fluorescein-labeled RNA and
unlabeled DNA in 50 mM HEPES, pH 7.5, 100 mM NadCl,
10% glycerol, 2 mM TCEP, and 5 mM CaCl,. The RD12
concentration was 12.5 nM unless indicated otherwise. After
setup, reactions were incubated for 15 min at 28 °C before
reading. Polarized fluorescence was read in black 384-well
plates with nonbinding surface treatment with a BioTek
Synergy H1. Anisotropy was computed in BioTek Gen5 3.11
software. Raw or background-subtracted anisotropy values
(r) were fit with Equation 4 (23). R, was constrained to
twice the RD12 concentration because the stoichiometry of
RNase H1 for RD12 is 2:1 (Fig. 34, (6)). For Kp determi-
nation with inhibitors, 200 pM of compound 110 or com-
pound 404 or 2% DMSO as a vehicle control were added to
the binding assay, and data were analyzed as described
previously.

Ar = ro+ Armax

[Rltot + [L]tot + Kp — \/([R]tot + Lot + Kp )2 - (4 - [Rot - [L]tot>

(4)
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where Ar is the anisotropy change at a particular enzyme
concentration, Ary,, is the maximum change at saturation,
ro is the anisotropy of free RD12, Kp is the dissociation
constant, [R], is the total receptor binding-site concentra-
tion (i.e, [RD12] x 2), and [L]i, is the total ligand con-
centration (RNase H1) (Equation 6 in Ref. (23)).

Compound-docking studies

The induced-fit docking protocol of Schrédinger suite
(Schrodinger 2021-4 LLC) was used to predict binding con-
formations of compounds 110 and 404 within the active site
of RNase H1. Ligands were prepared with LigPrep (Schro-
dinger LLC) by the following steps: (1) energy minimization
with OPSL4 force field and different deprotonation states of
the ligands were generated using Epik; (2) metal-binding sites
were defined; and (3) compounds were desalted and tauto-
merized while retaining chirality. We removed the 14 bp
DNA-RNA heteroduplex from the crystal structure of RNase
HC (PDB ID: 2QKK) and replaced Ca*" ions present in metal
coordination site of RNase HC with Mg®* ions by super-
position of the HIV RNase H domain (PDB ID: 1RTD). The
RNase H1 structure containing Mg>* ions in the metal-
binding sites was prepared with protein preparation wizard
in Maestro (Schrodinger LLC). Water molecules that were
close to the active-site residues were retained while the
remaining molecules were removed, the protein was pro-
tonated at pH 7.5 £ 2, hydrogen bonds were assigned with
PROPKA (Schrodinger LLC) at pH 7.5, and energy minimi-
zation was done with OPSL4 force field. 3-Thujaplicinol was
placed into the active site of RNase H1 by superposition of the
DEDD motif of the HIV RNase H—p-thujaplicinol cocrystal
structure (PDB ID: 3K2P) onto that of RNase H1. A receptor
grid of 10 A was generated around the centroid of the bound
ligand, which was then used for docking of compounds.
Protein refinement was carried out at a Van der Waals radius
scaling factor of 0.7 for the protein and 0.5 for the ligand.
Twenty poses were retained in the initial docking, residues
were refined within 5.0 A of the ligand poses, and redocking
was performed with the best structures within 30.0 kcal/mol
and the top 20 overall structures. We then superposed the 14-
mer RNA-DNA substrate from the original structure (PDB
ID: 2QKK) onto the inhibitor-bound enzyme.

Data analysis and statistics

All nonlinear curve fitting, statistical analyses, and graph
creation were performed in GraphPad Prism 9.1.1. Outlying
values were omitted based on a 1% Q ROUT test (39).

Data availability

All data are either in the main document or in the sup-
porting information.

Supporting information—This article contains supporting informa-
tion (18, 20, 21, 40).
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1 | INTRODUCTION

Daniel P. Bradley |

Nathan L. Ponzar | John E. Tavis

Abstract

Hepatitis B virus (HBV) chronically infects >250 million people. It replicates
by a unique protein-primed reverse transcription mechanism, and the primary
anti-HBV drugs are nucleos(t)ide analogs targeting the viral polymerase (P). P
has four domains compared to only two in most reverse transcriptases: the ter-
minal protein (TP) that primes DNA synthesis, a spacer, the reverse transcrip-
tase (RT), and the ribonuclease H (RNase H). Despite being a major drug
target and catalyzing a reverse transcription pathway very different from the
retroviruses, HBV P has resisted structural analysis for decades. Here, we
exploited computational advances to model P. The TP wrapped around the RT
domain rather than forming the anticipated globular domain, with the priming
tyrosine poised over the RT active site. The orientation of the RT and RNase H
domains resembled that of the retroviral enzymes despite the lack of sequences
analogous to the retroviral linker region. The model was validated by mapping
residues with known surface exposures, docking nucleic acids, mechanistically
interpreting mutations with strong phenotypes, and docking inhibitors into
the RT and RNase H active sites. The HBV P fold, including the orientation of
the TP domain, was conserved among hepadnaviruses infecting rodent to fish
hosts and a nackednavirus, but not in other non-retroviral RTs. Therefore, this
protein fold has persisted since the hepadnaviruses diverged from nackedna-
viruses >400 million years ago. This model will advance mechanistic analyses
into the poorly understood enzymology of HBV reverse transcription and will
enable drug development against non-active site targets for the first time.

KEYWORDS

hepatitis B virus, polymerase, predicted structure, reverse transcription

annually.* The primary drugs for HBV infection are
nucleos(t)ide analogs that block reverse transcription, but

Hepatitis B virus (HBV) is a small, partially double-
stranded DNA virus in the Hepadnaviridae virus family
that replicates by protein-primed reverse transcription.'
HBV has nine genotypes differing by >8% at the nucleo-
tide level.” Over 250 million people are chronically
infected with the virus,’ leading to >850,000 deaths

treatment is not curative and is life-long for most
patients.>®

The HBV polymerase (P) that catalyzes reverse tran-
scription has two additional domains, the terminal pro-
tein (TP) and spacer domains, that are absent in the
much better understood retroviral reverse transcriptases
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(RT). Together, these unique domains account for almost
half of P's sequence (Figure 1a). The TP domain contains
about 180 amino acids (aa), including Y63 that primes
DNA synthesis. This is followed by the poorly conserved
~175 aa spacer with little known function.' The catalytic
core of the enzyme contains the RT and ribonuclease H
(RNase H) domains and is homologous to retroviral RTs
despite sharing only about 20% aa sequence homology
and lacking sequences analogous to the linker region
between the RT and RNase H domains. The RT domain
(~335 aa) carries the A-E reverse transcription motifs,’”
including the YMDD motif that chelates 2 Mg>" ions
essential for DNA synthesis. The ~155 aa RNase H
domain contains the D-E-D-D motif that chelates 2 Mg>"
ions essential for RNA hydrolysis.®'° The C-terminal
~35 residues of P are dispensable for RNase H activity
in vitro'! and are presumed to be unstructured.

P is 843 aa long in most HBV genotypes, with the
genotypes sharing 86-88% identity. Genotype A has a
two-residue insertion between positions 16 and 17 in the
terminal protein (genotype B numbering employed
unless indicated otherwise), genotype D lacks 11 aa in
the spacer domain (residues 184-194), and genotypes E
and G lack aa 184 in the spacer.

HBV reverse transcription'*'* begins with binding of
P to the € RNA stem-loop on the viral pregenomic RNA
(pgRNA) via an HSP90-mediated reaction.'*'® & binding
depends on a bi-partite binding element comprised of the
T3 motif in the TP domain and the RT1 motif in the RT
domain.’® The RT activity initiates DNA synthesis using
Y63 in the TP domain as a primer and a bulge in € as the
template.'”” This covalently links P to the viral minus-
polarity DNA strand, but it is unknown how Y63 accesses

(@) HBv(gtB): 1 Y63 182 357 YMDD
| | | |

I sp | RT
I | | l |

DHBV: 1 vygg 202 373 YMDD

Non-specific steps

Productive
Complex

G@ Chaperones 6 @.
U — N
Open >|
Complex
N\

Non-€ RNA

Closed
Complex

Non-productive
Complex

the RT active site. The RNase H degrades the pgRNA
after it has been copied into minus-polarity DNA. Studies
with duck hepatitis B virus (DHBV), a distant homolog of
HBYV, reveal that the RNase H leaves a 15-18 nt capped
RNA that primes plus-polarity DNA strand synthesis due
to the distance between the RT and RNase H active
sites."® Reverse transcription employs three strand trans-
fers to make the mature partially double-stranded viral
DNA in viruses. P is a monomer and remains covalently
attached to the viral DNA within mature virions.'® Only
the enzymology of HBV pgRNA encapsidation and DNA
chain elongation are understood in any depth.

Structural analyses of P have been stymied for
>30 years despite its importance as a drug target, the pres-
ence of two unique domains, and the unusual reverse
transcription pathway it catalyzes. P is extremely difficult
to produce in an active, soluble form due to its instability
in most protein production systems and aggregation issues.
Both problems likely stem from P's existence in a complex
with HSP90 chaperones'*'” in which the chaperones are
believed to cover hydrophobic regions on the protein sur-
face. Second, P has at least five known conformations,
identified primarily using DHBV P (Figure 1b).'****
Flexibility is promoted by HSP90 in the holoenzyme com-
plex and is necessary to permit reverse transcription to
occur while P is covalently attached to one end of its prod-
uct DNA. A globular ab initio predicted model exists for
the TP domain based on secondary structure predic-
tions.”*** Multiple homology models generated against
retroviral RTs exist for the RT domain of HBV P.***” The
RT models are accurate enough in the active site to permit
interpretation of the mechanisms of resistance to nucleo-
side analog drugs, but little is known of their accuracy

FIGURE 1
HBV P and conformations adopted by the

Gene organization for

enzyme. (a) Gene organization. Genotype
B numbers are used for the domain
boundaries, and the Y63 priming residue,
YMDD RT active site motif, and D-E-D-D
RNase H active site motif are indicated.
(b) Conformations adopted by P identified
by prior analyses. The TP domain is in
light gray, the RT domain in dark gray,
the RNase H domain as an unshaded

oval, and the spacer domain is indicated
by thick lines. AS, RT active site; T3, T3
motif in the TP domain; RT1, RT1 motif
in the RT domain; €, the HBV & stem loop

Priming
Complex

needed for specific RNA encapsidation
and priming. Reprinted with permission
from'®
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outside of the active site. Three homology models exist for
the RNase H domain.”®*° None of them contain the full
domain®' and only one® correctly predicts the last D-E-
D-D active site residue.***

AlphaFold is an ab initio protein structure prediction
program.” It uses correlated sequence variations among
homologous sequences to define intra-protein distance
constraints plus structural information from homologous
proteins (when available) to predict the structure of the
a-carbon backbone of a protein. Side chain orientations
are then refined by energy minimization. Structures were
predicted by AlphaFold for 10,795 proteins with experi-
mentally determined structures, and >50% of the models
had a-carbon chain root-mean-square deviation (RMSD)
values <2 A compared to experimentally determined
structures.®® Accuracy of the predictions is measured in
part by the lowest distance difference test (IDDT).>* The
predicted IDDT scores (pLDDT) generated by AlphaFold
correlate well with IDDT scores for known protein struc-
tures.®> These studies validate AlphaFold's utility, with
the understanding that the predicted structures need to
be experimentally validated.

Here, we predicted the structure of HBV P and validated
the model using data from prior analyses of P and molecu-
lar docking. Structures of P proteins from animal hepadna-
viruses and nackednaviruses were predicted and compared
to the HBV P. These studies reveal the fold of the enzyme,
permit approximation of its antiquity, generate predictions
for how P primes reverse transcription, and enable drug dis-
covery against non-active sites for the first time.

2 | RESULTS AND DISCUSSION

2.1 | Modeling

HBV P models were primarily generated using
genotype B, Genbank AB554017. Models were generated
for each domain independently, the catalytic core of the
enzyme, and the full-length enzyme using AlphaFold2.
Models with the highest pLDDT scores among the five
primary models for each fold were energy-minimized and
used for all analyses. The domain boundaries were from
Donlin et al.,>® with the N-terminus of the RT domain
moved to residue 357 to include a p-sheet at the boundary
of the spacer and RT domains conserved in all models.
The individual domain models are in Figures S1-S4.

2.2 | Catalytic core

A model of the HBV catalytic core containing the RT and
RNase H domains folded with high confidence (pLDDT

PROTEIN 30f18
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>80) for the bulk of the model, with lower confidence at
the N-terminus of the RT domain, ~80 aa in the RT that
includes the YMDD motif, and the extreme C-terminus
(Figure S5).

The RT domain adopted the expected right-hand
shape of a DNA polymerase with fingers, palm, and
thumb subdomains (Figure 2a). The conserved A-E DNA
polymerase motifs” were in the palm, similar to their
locations in other DNA polymerases. The model accom-
modated two Mg?" ions separated by 3.23 A in the RT
active site that were coordinated by the YMDD motif in
positions analogous to those in the HIV RT. The RT
domain within the predicted HBV catalytic core model
could be superimposed with the RT domain model from
Das et al.?® with an RMSD = 3.38 A, with the AlphaFold
structure predicting more of the conserved o-helixes and
f-sheets in the fingers subdomain (Figure 3a). The HBV
RT domain from the catalytic core model aligned to the
HIV RT domain (PDB: 5XN1) with an RMSD = 3.34 A
(Figure 3b). The orientations of the a-helixes and f-sheets
in the fingers subdomain from the AlphaFold HBV RT
model were more similar to the HIV structure than the
Das et al. model,*® although they were rotated outward
more than expected.

The RNase H domain adopted the canonical RNase H
fold®'® with a p-sheet platform overlaid by a-helices
arranged in an H (Figures S5 and S24b-d). The model
accommodated 2 Mg®" ions 3.96 A apart that were coor-
dinated by the D-E-D-D motif that binds divalent cations
in other RNases H, as expected because HBV RNase H
activity requires Mg®" or Mn*" and mutating the D-E-
D-D residues yields an RNase H-deficient phenotype.®*
The RNase H domain from the catalytic core model
aligned well with the HIV RNase H (PDB: 3K2P,
RMSD = 2.84 A; Figure S24b) and human RNase H1
(PDB: 2QKK, RMSD = 2.66 A; Figure S24c). The Alpha-
Fold model is likely superior to our prior RNase H
model*® due to AlphaFold's better performance® com-
pared to the Phyre2 modeling software®® used for the
older model, and because it predicted an o helix and a 8
sheet strand that is conserved among known RNase H
structures”'® that were previously poorly formed.

The relative orientation of the two domains in the
HBV catalytic core model was similar to the HIV RT-
RNase H (Figures 3b and S24f) despite the HIV enzyme
being a heterodimer that carries a second copy of an
enzymatically inactive RT domain. The HBV genotype B
catalytic core aligned with the HIV enzyme with an
RMSD of 3.75 A (Figure S24f) and with the monomeric
Ty3 RT-RNase H (PDB: 40L8) with an RMSD of 3.60 A
(Figure S24h), but alignment qualities were suppressed
because the HBV model lacks the linker sequences
between the two catalytic domains which helps
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(@) Genotype B catalytic core

(b) Genotype D catalytic core

FIGURE 2

Models for the catalytic core of HBV P. (a) Genotype B RT and RNase H domains. (b) Genotype D RT and RNase H

domains. Yellow, RT domain; Green, RNase H domain; Magenta spheres, Mg>" ions. The amino termini are marked with cyan spheres
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Superpositions of HBV P models. (a) HBV genotype B RT domain from the catalytic core model (yellow) versus the HBV RT

domain model (purple) from Das et al.® (b) HBV RNase H (green) versus HIV RNase H (magenta). (c) HBV genotype B catalytic core model

(orange) versus HIV RT-RNase H structure (cyan). Top panels, superpositions; Bottom panels, plots of RMSD values by residue number in

the superposition alignment. RT, RT domain; RH, RNase H domain; Magenta spheres, Mg>" ions

accommodate the heteroduplex in HIV and other retrovi-
ral RT-RNases H.>”*® A plausible nucleic acid binding
channel between the two active sites featuring positively
charged and neutral residues was present, although the
channel was not as positively charged as in HIV. The
reduced affinity for nucleic acids implied by the relatively
low positive charge of the binding channel in the HBV
enzyme is plausible because reverse transcription occurs
within a capsid particle with an interior diameter of

250 A, so the effective concentration of the nucleic acids
is very high. This consideration also applies to the HIV
enzyme which is similarly active within a viral capsid
during viral replication.

We also predicted a two-domain model for HBV geno-
type D as it is commonly used for inhibitor screening
(Figure S6). The genotype B and D RT-RNase H models
aligned with an RMSD = 2.15 A (Figure S24e). The orien-
tation of the fingers subdomain in the genotype D model
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is more plausible than in the genotype B model because
it resembles the orientation commonly seen in DNA
polymerases.

2.3 | Full-length HBV polymerase
Full-length P folded with high confidence (pLDDT >80),
with the exception of the extreme N-terminus, spacer, the
C-terminal ~50 residues, and short regions within each
domain (Figures 4a and S8). A full-length P model for
genotype D was also predicted that aligned well with the
genotype B model (RMSD = 196 A; Figures S10
and S25¢).

Intriguingly, the TP domain formed a novel C-shaped
structure that cupped around the catalytic core of P
rather than the expected globular fold (Figure 4a). Y63 in
the TP domain that primes DNA synthesis and covalently
links P to the viral minus-polarity DNA strand'” was pre-
dicted to be on a loop above the domain YMDD RT active
site motif. Y63 is near the N-terminal edge of a region of
high pLDDT confidence that was flanked by regions with
pLDDT values of 50-60 that imply poorly structured
and/or flexible sequences. The putative flexibility of the
loop is consistent with the need for Y63 to bend down-
wards to prime DNA synthesis in the RT active site and
then be displaced from the active site by the growing
DNA. It is also consistent with the conformational
changes that must occur in the priming loop during the
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transcription while P remains attached to the 5’ end
of the minus-polarity DNA strand via Y63.

The spacer domain was predicted to form an unstruc-
tured loop (Figures 4a and S2) that was different in all
five primary models generated by AlphaFold. This is con-
sistent with its low sequence conservation, the ability of
the TP and RT domains to complement each other in
trans,®™*' and with the ability to alter sequences in the
spacer without affecting reverse transcription.'®**~**

The RT and RNase H domain predictions in the two-
and four-domain genotype B HBV models aligned with
an RMSD of 2.37 A (Figure S26e). The fingers subdomain
of the AlphaFold HBV P model was more similar to the
HIV RT than the fingers predicted by the Das et al. HBV
RT domain model®® and had o-helixes and f-sheets of
similar lengths and orientations as in the HIV RT
(Figures S26d and S27a). Both catalytic domains in the
full-length model accommodated Mg>" ions coordinated
by the YMDD and D-E-D-D motifs in positions very simi-
lar to those in the HIV RT and RNase H active sites
(Figure 4b,c).

12,13

2.4 | Nucleic acid docking

RNA:DNA heteroduplexes (21 and 24 bp) were extracted
from HIV RT-RNase H co-crystal structures (PDB: 4B3Q
and 6BSH) and docked into the HBV RT-RNase H cata-
lytic core and full-length P models for genotypes B and D

three DNA strand transfers during reverse employing the Schrodinger BioLuminate module. The
(@) Full-length genotype B P (b) RT active site
Spacer
FIGURE 4 Predicted model of genotype B P. (a) Full-length P. The amino terminus is marked with cyan spheres. (b) RT active site.

(c) RNase H active site. Red, TP domain; Gray, Spacer domain; Yellow, RT domain; Green, RNase H domain. Magenta spheres, Mg*" ions.
Y63 and the residues in the YMDD and D-E-D-D motifs are labeled and shown as sticks
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(2) P & RNA:DNA heteroduplex

FIGURE 5 Computational heteroduplex nucleic acid docking
into the HBV genotype B catalytic core and full-length P models.
Docking was conducted using PIPER program in the BioLuminate
module within the Schrédinger molecular analysis suite. (a and b)
Representative binding poses between the indicated model and a
heteroduplex. The fingers, palm, and thumb subdomains of the RT
domain are labeled. Residues in the RT and RNase H domains
contacting the RNA:DNA heteroduplex are shown as sticks and
labeled. Locations of residues that interact with e among the
various binding poses are indicated: Violet, RT1 motif; Cyan, T3;
Yellow, all other interacting residues. (c) Positions of the T3 and
RT1 motifs. Magenta sphere, Mg*" ions

heteroduplexes docked into the RT active site but were
usually located just outside the RNase H active site
(Figures 5a,b and S28b,d). One pose for the genotype D
catalytic core model simultaneously aligned the DNA
strand near the Mg”" ions in the RT active site and the
RNA strand opposite the Mg>" ions in the RNase H
active site (Figure S28e-g), with the heteroduplex follow-
ing the nucleic acid binding channel predicted by the apo
models. The 19 bp spanning the RT and RNase H active
sites is similar to the 15-18 bp measured with DHBV P.*®
The infrequency of binding poses that engage both active
sites is similar to what has been seen with HIV RT-RNase
H co-crystals where the heteroduplexes were located out-
side the RNase H active site.*>™*’

The HBV ¢ RNA stem-loop that templates DNA prim-
ing [PDB: 6VAR®] was also docked into P
(Figure S29a-c). Three classes of binding poses were
found. Two classes wrapped end-to-end around the side
of P, and the third class docked perpendicularly to the
other poses. All poses contacted the palm subdomain, the
TP domain, and the spacer, but none placed ¢ in the RT
active site. These binding poses may represent the non-
specific early phase in binding between & and P
(Figure 1b).'® Overall, the & docking studies were less
informative than the heteroduplex dockings due to the
diversity of binding poses, possibly due to inability of the
docking algorithm to recapitulate the dynamic,
chaperone-driven e binding mechanism.

2.5 | Assessing plausibility of the
predicted HBV P model

The novelty of the HBV P fold necessitated careful valida-
tion. This was done computationally and using the
wealth of experimental data generated by us and others
over the last 30 years.

Plausibility of the TP interface with the catalytic core
of the enzyme was evaluated computationally by asses-
sing binding interactions between the TP and the cata-
lytic core of P comprised of the RT and RNase H
domains. The model predicted 31 hydrogen bonds and
one salt bridge between residues in the TP and RT
domains, and three hydrogen bonds and two salt bridges
between the TP and RNase H domains (Table 1). The
model predicted 184 residues with extensive hydrophobic
regions that were buried within the structure at the inter-
face between the TP domain and the catalytic core (76 in
the TP, 91 in the RT, and 17 in the RNase H domains;
Tables 2 and 3). The large majority of these hydrophobic
residues formed patches between the TP and RT
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TABLE 1

TP-RT H-bonds

TP residue Distance (&) RT residue
L41 1.77 S670
T53 1.93 P627
T53 2.14 D629
T60 1.85 R635
L62 2.18 D629
N71 1.93 T383
W74 1.89 D377
Q75 2.15 S386
182 1.74 K514
Q85 1.98 L577
Vo6 2.09 R539
E103 1.37 S535
R106 2.13 Q528
Al113 1.90 H440
Al113 1.97 P438
T120 1.85 H446
K121 1.93 Q394
Y122 2.15 P445
L123 1.78 V369
D126 2.32 R460
G128 1.80 V373
K130 1.91 V373
K130 1.07 D391
H146 2.00 Y504
1156 2.03 K514
1156 2.33 R513
R160 1.89 T365
R164 2.90 T362
F168 2.05 H358
F168 2.08 E357
Q180 2.71 R359

“RH, RNase H domain.

domains. These observations are consistent with binding
of the TP domain to the rest of P being strong enough to
support folding of the enzyme into this conformation.
The T3 motif in the TP domain and the RT1 motif in
the RT domain were previously found to form two parts
of a discontinuous RNA binding motif in HBV and
DHBYV that is obscured when P is initially translated but
that promotes binding of € to P upon being exposed by
cellular chaperones (Figure 1b).'*?%?14°% Despite being
separated by 207 residues, the T3 and RT1 motifs in the
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Molecular bonds predicted between the TP domain and the rest of P

TP-RT salt bridges

TP residue Distance (A) RH residue
K130 2.60 D391
TP-RNase H H-bonds

TP residue Distance (A) RH? residue
E22 3.70 R739

N34 2.25 L763

F95 1.84 R829
TP-RNase H salt bridges

TP residue Distance (A) RH residue
E22 2.96 R739

E103 3.45 R539

models formed a nearly contiguous motif wrapping over
the fingers subdomain and into the interior face of the
RT domain (Figure 5c). All the binding poses for ¢
(Figure S29) had at least one contact between ¢ and RT1,
but few contacts were found with T3. A strand of the TP
domain overlaid the RT1 motif near where it contacts T3,
and one of the few structured portions of the spacer
domain obscured most of T3. Comparing the full P model
to previously identified conformations for P implies the
AlphaFold model may approximate the closed complex'®
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TP domain residues with buried hydrophobic regions at the interface with the RT or RNase H domains

Residue Solvent accessibility (%) Residue Solvent accessibility (%) Residue Solvent accessibility (%)
S4 9.7 T76 154 H136 46.1
F8 9.3 F79 6.9 V137 8.6
L11 23.5 182 0.2 V138 15.4
L12 2.6 L84 0.1 Y141 0
L13 8.4 Q85 39.4 F142 0
L21 40.3 188 0.8 Q143 10.6
L25 0 V89 22.7 T144 0
P26 8.6 C92 0 R145 1.9
L28 14.5 F95 32.5 L148 0
A29 6.1 L99 0 H149 7.3
L33 34.8 T100 19.7 L151 0
V37 17.5 Q103 1.5 W152 0.7
N42 46.4 R106 23.6 K153 47
L43 3.9 L107 0.3 1156 0.1
L46 48.4 1110 0.3 L157 0
V48 35.9 M111 5.1 Y158 0.1
W52 37.5 Al13 0 K159 11.5
T53 10.6 F115 0.9 A166 0
H54 34.4 Y116 45.3 F168 0
V56 0.3 T120 5.5 C169 6
G57 26.4 Y122 28.8 G170 25.1
F59 11.1 L123 27.3 Y173 1.2
Go61 4.8 L125 12 W175 12
L62 46.4 D126 21.5 E176 0.4
F70 1.8 1129 0.3 L179 37.3
N71 28.8 Y132 37.3

W74 0.9 Y133 3.6

initially formed upon translation of P that cannot bind
specifically to e (Figure 1b).

Further support for the hepadnaviral P fold comes
from the DHBV P model (Figure S16; see below). Partial
proteolysis revealed that E17 or E18, E369, E370, E371,
D468, E555, E565, E571, and E572 are protease accessi-
ble, and that D468 is inaccessible.?"'** The location of
these 11 residues on the DHBV P model is consistent
with these observations. E164, E176, and E199 are resis-
tant to proteolysis in the absence of a chaperone-
mediated conformational change but become sensitive
upon chaperone action.”! E164 is partially obscured in
a groove but could be exposed by minor structural
changes, and E199 is buried but could be exposed by
shifting the helix in which it is located. These observa-
tions are consistent with the model reflecting the closed
complex (Figure 1b). E176 is at the end of an a-helix

that could reduce its proteolytic sensitivity. Remodeling
that helix upon chaperone activation is plausible
because E176 is part of the T3 motif that participates in
chaperone-dependent & binding. E106 and E124 are
protease resistant’! but were exposed in the model.
E124 is in an o-helix that could reduce its sensitivity to
proteolysis, but E106 is in a loop. The E106 result indi-
cates either a weakness in the model or that the site is
obscured by the spacer or chaperones in the native
holoenzyme complex. The epitope for monoclonal anti-
body 11 (residues 53-59) is constitutively exposed, and
the epitopes for monoclonal antibodies 5 (residues 141-
147) and 6 (residues 191-197) are obscured before the
chaperone-mediated conformational change leading to
formation of the open complex (Figure 1b).'®?! The
antibody 11 epitope is fully exposed in the DHBV P
model, the antibody 6 epitope is in a deep groove that
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TABLE 3 Catalytic core residues with buried hydrophobic regions at the interface with the TP domain
Residue Solvent accessibility (%) Residue Solvent accessibility (%) Residue Solvent accessibility (%)
RT domain RT domain (continued) RT domain (continued)
1360 1.0 R460 31.5 P623 22.7
T362 0 L461 27.8 P627 4.7
P366 28.1 L1486 49 1628 0
G371 0.4 5489 26.8 W630 15
G372 2.4 L493 8.3 L631 34.4
V373 0 Y497 7.3 VV632 0
F374 13.9 G498 32.1 1636 0
L375 1.0 L501 0 Q648 17.4
V376 29 L503 17.3 C649 0
S386 0.7 S505 0 P656 5.3
1388 3.1 1508 7 L657 0
V389 38.9 1509 7.4 C660 5.7
V390 2.8 L510 0 Q665 45.6
Q394 19 L514 1.3 A666 11.4
F395 0.8 1515 0.6 T668 10
V402 27.4 P516 0.2 F676 3.2
‘W404 16.7 M517 34.3 N678 38.7
S431 13.2 L521 12 RNase H domain
F434 16.6 S522 1.6 P719 0.6
Y435 5.8 L525 6.9 L723 13.5
L437 0 L 526 0.1 T727 2.7
P438 0.3 Q528 23.2 L731 0
L439 1.0 F529 0.4 C734 0
H440 24.1 A532 0 F735 0
P441 0 1533 1.3 P761 28
Ad443 0 V536 0.1 W762 11.1
M444 0 R539 8.6 L763 54
P445 7.1 A540 1.2 L764 0
L447 0.3 F541 4.2 C766 1.3
V449 0 V570 0 A 767 0
G450 0 F573 0.4 A768 0
S452 0.6 L574 0.6 W770 21.3
G453 0 L577 0.3 1771 10.5
L454 0.6 1579 1.3 S819 18.9
Y457 0.7 H580 343 R829 32.6
V458 12.5 Co618 0.1
A459 48.1 L622 0

could be exposed by shifting the C-terminus of the
spacer, and the spacer domain may overlay the anti-
body 5 epitope and be removed by chaperone

activation.

We next evaluated the ability of the P model to pro-
vide mechanistic explanations for the effects of mutations
affecting HBV RNA binding, DNA priming, or RNase H
activity. We introduced these mutations into the full-
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(b) Ppositions of R105/R114

Eingers,

Location of motifs and residues used for assessing validity of the predicted model for full-length P. (a) Positions of the

mutated residues in the context of the full-length genotype B model. (b) Positions of R105 and R114 in the context of the P model docked to
the ¢ RNA stem loop. This image reflects only one of the three docking poses proposed for e (Figure S29) and these interactions should be

interpreted conservatively

length genotype B model, re-energy minimized the wild-
type and mutant models using the Schrodinger OPSL4
force field, and identified polar interactions involving the
residues. Limitations to the interpretation of the mutant
phenotypes were anticipated because the extent of the
functional limitations imposed on P by the closed confor-
mation that the model appears to reflect is unknown.
Four sets of mutations in the TP that impair RNA
binding and/or RNA packaging into viral capsids can be
explained by the positions of the mutated residues
(Figure 6). First, R105A is deficient in RNA packaging,
R114E reduces RNA binding and packaging, and both
mutations ablate protein priming and DNA synthesis
[R105°%°"; R114**]. The model places these residues close
to each other on the outside of the fingers subdomain
(Figure 6a,b), and docking studies predict that they may
form salt bridges with the sugar-phosphate backbone of €
(Figures 7a and S30d,e). Mutating these residues removes
these interactions, which would impair & binding and
subsequent DNA priming. Second, K130 in the TP
domain is predicted to form hydrogen bonds with D391
and V373 in the RT1 motif, and to form a salt bridge with
D391 (Figures 6a and 7b). It also binds to € in docking
pose 2 (Figure S29). K130L ablates these interactions
(Figure S30f) and is defective in packaging RNA into viral
capsids.” This would be expected if the orientation, flexi-
bility, and/or exposure of RT1 were changed by disrupt-
ing K130:D391 binding, or alternatively, if K130 works
together with RT1 to promote € binding. Third, Y147 and
L148 in the TP domain are adjacent to the T3 motif, and
Y147 hydrogen bonds to S386 and L388 in the RT1 motif
(Figure 7c). Y147A/L148A removes these contacts
(Figure S30g) and is deficient in RNA packaging into cap-
sids for both HBV and DHBV,'®* as would be

anticipated if disrupting these interactions between the
TP and RT1 impaired T3 and/or RT1 function. Finally,
T162 is two residues C-terminal to the T3 motif in the TP
domain. It is predicted to be the N terminal residue of a
turn between two strands of a p-sheet. It hydrogen bonds
with R164 (the last residue in the turn) and S165
(Figure 7d). T162P is defective in RNA packaging into
capsids,”® which requires T3-dependent binding to e.'°
Inserting a proline disrupts the hydrogen bonds with
R164 and S165 (Figure S30h), which may disrupt the
local structure and/or impede conformational changes
required for the specific binding of € to P.

Two interactions predicted by the HBV P model can
explain mutations defective in DNA priming. T60 is in the
priming loop in the TP domain and is predicted to form
hydrogen bonds with S64 in the TP domain and R653 in
the RT domain (Figure 7e). T60E is defective in protein
priming, but T60A has no phenotype.”* The T60A muta-
tion would lessen its affinity with R653 in the RT domain
and retain flexibility of the priming loop (Figure S30a). In
contrast, T60OE would create a salt bridge with R653
(Figure S30b) which would increase affinity for R653 and
impair folding of the priming loop downward, reducing
Y63's ability to access the RT active site during priming.
Second, W74 at the C-terminus of the priming loop hydro-
gen bonds with T383 and D377 within the RT1 motif to
help place Y63 above the RT active site (Figure 7f). W74A
removes these interactions (Figure S30c) and is deficient
in protein priming but not RNA packaging, as expected if
the mutation disrupted a network of interactions anchor-
ing the priming loop in a position where Y63 can shift
downward into the RT active site during priming,”>>*

Finally, the RNase H-deficient R714A mutation®* was
assessed. R714 hydrogen bonds to the backbone of R799.
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FIGURE 7

Interactions among motifs and residues used for assessing validity of the model for P. Interactions among HBV motifs and

key residues are shown in the genotype B model. (a-g) Networks of polar interactions involving the wild-type residues at the indicated

positions are indicated as colored dashed lines. Mutating the indicated residues yielded strong phenotypes as described in the text.

Comparisons between the wild-type and mutant interaction networks are in Figure S30. Red, sites that were mutated and used for validation

analyses; Orange, € RNA with phosphates interacting with P shown; Violet, RT1 motif; Cyan, T3 motif; Blue, Y63 priming residue; Magenta,
YMDD RT active site motif; Light blue, D-E-D-D motif. Blue dashed lines, salt bridges; Yellow dashed lines, hydrogen bonds

R799 also hydrogen bonds with A783, and D789. It also
forms salt bridges with D788 and D789, the last residue
in the RNase H D-E-D-D motif (Figure 7g). This region
forms a loop in the HBV model but is an a-helix in most
other RNase H enzymes. R714A removes a hydrogen
bond at the base of this interaction network (Figure S30i)
which would increase the flexibility of the loop. Shifting
the loop containing D788 would inhibit RNase H activity
by altering the location or conformation of the DEDD
motif.

2.6 | Inhibitor docking

2.6.1 | Reverse transcriptase active site

Plausibility of the RT active site in the models was evalu-
ated by docking the active triphosphate form of three

nucleos(t)ide analog HBV reverse transcriptase inhibitors,
Entecavir, Tenofovir, and Lamivudine’ into the active site
in the genotypes B and D catalytic core and full-length P
models. A double-stranded DNA duplex from the HIV:
substrate co-crystal (PDB: 1RTD) was superimposed on
the HBV RT active site in the four models, and the inhibi-
tors were docked using Glide XP within the Schrodinger
Maestro suite. The inhibitors bound in the expected poses
in all four models, with the a and B phosphates coordi-
nated by the active site Mg”" ions, and the inhibitor pair-
ing with the template strand of the primer-template
(Figure 7a). Docking energies ranged from —8.86 to
—13.3 kCal/mol (Table 4), correspond to K4 values of 0.32
to 0.00018 pM. The near identity of the AlphaFold model
to the prior RT domain models (e.g., Das et al.?®) in the RT
active site indicates that the ability of the older RT models
to reveal mechanisms of drug resistance mutations is
retained by the AlphaFold model of P.
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Compound® Class® gtBRT-RNase H gtBP

RT active site®

Entecavir-TP NA —13.31 —13.01
Tenofovir-TP NA —11.05 —8.86
Lamivudine-TP NA —11.76 —8.94
RNase H active site®
208 HPD —10.82 —9.45
A25 —10.69 —9.71
110 oHT —7.88 —7.78
404 —8.64 —8.72
12 HNO —7.44 —8.12
1,073 —7.72 —7.73

2Compounds described in.>*%>>7%

gtD RT-RNase H

—12.92
-9.27
-9.61

—9.58
—9.92
—7.64
—8.31
—5.10
—7.39

TABLE 4
most stable poses of compounds into
the RT and RNase H active sites

gtD P Docking scores for the

—10.42
—12.96
—-11.31

—9.38
—10.74
—7.80
—8.47
—7.46
—7.64

NA, nucleos(t)ide analog; HPD, N-hydroxypyridinedione; «HT, a-hydroxytropolone; HNO, N-

hydroxynapthyridinone.
“Values in kCal/mol.

2.6.2 | Ribonuclease H active site

The HBV RNase H active site was validated by docking
inhibitors into the active site in the genotype B and D cat-
alytic core and full-length models using Glide
XP. Inhibitors were o-hydroxytropolones (compounds
110 and 404), N-hydroxypyridinediones (208 and A25),
and N-hydroxynapthyridinones (12 and 1,073).5%%°°7>%
All four models docked HBV RNase H inhibitors in poses
where the compounds coordinated the Mg>" ions via
their trident of metal chelating atoms (Figure 7b), as pre-
dicted from the experimentally determined binding poses
of similar compounds against the HIV RNase H>*"** and
the need for an intact metal chelating trident for the
inhibitors to work against HBV. The compounds adopted
many binding poses as anticipated from their structural
diversity, usually along the nucleic acid binding groove,
with docking energies of —5.1 to —10.8 kCal/mol
(Table 4), corresponding to K4 values of 182 to 0.012 pM.

2.7 | Effects of HBV's genetic diversity
on the models

HBV has nine genotypes® with P proteins being 832-845
aa long and differing by 11-16% at the aa level (Table S1).
To evaluate how these variations may affect P's structure,
models for P proteins from all genotypes were generated
using AlphaFold (Figures S7-S15) and compared to the
genotype B model. All models had similar pLDDT score
profiles, with the C-terminal half of the TP domain and
the catalytic core having high pLDDT values (~70-90),
with much lower pLDDT values for the spacer domain

and the N- and C-termini. Superpositioning all full-
length models against the genotype B model revealed the
same overall fold, with an average pairwise RMSD of
1.98 A (1.67-2.16 A) outside the highly variable spacer
domain (Figure S25a-h). The key features of the geno-
type B model were conserved in all models, including
cupping of the TP domain around the catalytic core, posi-
tioning the priming tyrosine residue above the YMDD
active site motif, the orientation of the T3 and RT1
motifs, and the orientation of the RT and RNase H
domains (Figures S7-S15).

2.8 | Models of animal P proteins and
non-retroviral reverse transcriptases

To evaluate phylogenetic conservation of the HBV P fold,
models were constructed for P proteins from animal
hepadnaviruses>®* including woodchuck hepatitis virus
(WHYV, rodent), DHBV (bird), skink HBV (SKHBV, rep-
tile), Tibetan frog HBV (TFHBV, amphibian), and tetra
metahepadnavirus (TMDYV, fish; Figure 8, Table S1, and
Figures S16-S20). These viruses share the same four-
domain structure of P and replicate by protein-primed
reverse transcription.”* We also generated a model for P
from the rockfish nackednavirus (RNDV; Figure S21).
Nackednaviruses and hepadnaviruses diverged about
400 million years ago, before the lineage that became the
hepadnaviruses acquired its surface glycoproteins.®* Con-
sequently, nackednavirus P lacks the spacer domain that
encodes part of the surface protein gene in a different
reading frame. The priming mechanism is conserved
between HBV, DHBV, and RNDV because their P
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(@) RT active site

(b) RNase H active site

FIGURE 8

Computational docking of compounds into the RT and RNase H active sites. Compounds were docked using the Glide XP

program within the Schrodinger molecular analysis suite. Magenta spheres, Mg>* ions. (a) Triphosphate form of nucleos(t)ide analog drugs

docked into the RT active site. Red; DNA duplex; Orange, Tenofovir triphosphate; Green, Entecavir triphosphate; Cyan, Lamivudine
triphosphate. (b) RNase H inhibitors docked into the RNase H active site. Yellow, Compound A25; Cyan, 208; Pink, 404; Orange, 110; Blue,

1,073; Green, 12

proteins can prime DNA synthesis using ¢ RNAs from
the other viruses with only minor nucleotide substitu-
tions in &.%

All animal virus P proteins shared the same basic
predicted structure, with the catalytic core of the RT
and RNase H domain forming a globular unit featuring
a contiguous nucleic acid binding groove, the TP
domain cupping around the catalytic core, and the
priming tyrosine residue poised over the RT active site
(Figures 9 and S16-S21). All models had the A-E DNA
polymerase active site motifs and the D-E-D-D RNase
H motif in positions analogous to their locations in the
HBV P model. The T3 and RT1 motifs in all six animal
P protein models were in the same relative position as
in HBV P. As expected, the spacer domain in the ani-
mal hepadnaviruses was unstructured, and RNDV had
only a very short sequence linking the TP to the RT
domain (Figure 9d). The genotype B HBV P model
superimposed well with the RNDV RT model
(RMSD = 2.76 A; Figure S27d), with the largest differ-
ences being in the flexible priming loop, the tip of the
fingers subdomain, and position of the RNase H
domain (Figure S27d).

These predicted structures imply that the hepadna-
viral P fold existed before the split between the nackedna-
viruses and hepadnaviruses 400 million years ago.* The
models also imply that the acquisition of an envelope in
the hepadnaviruses included insertion of sequences for
part of the surface glycoproteins into sequences encoding
residues corresponding to 174-192 of the modern
nackednavirus RNDV.

Finally, we compared the predicted hepadnaviral P
fold to models we generated for reverse transcriptases
from cauliflower mosaic virus (CaMV)®®**” and the mito-
chondrial retrotransposon pFOXC3 from the fungus
Fusarium oxysporum f. sp. Matthiolae®®® (Figures S22
and S23). CaMV primes reverse transcription using a
tRNA similar to the retroviruses, whereas the pFOXC3
RT primes reverse transcription using an unidentified
tyrosine residue in a mechanism similar to the hepadna-
viruses. The predicted folds for the CaMV and pFOXC3
RTs revealed a nucleic acid binding groove and YVDD
(CaMV) and YADD (pFOXC3) motifs analogous to the
hepadnaviral YMDD RT active site motif in their
expected positions. Neither the CaMV nor pFOXC3
models had domains analogous to the TP or spacer
domains. The pFOXC3 model aligned to the HBV RT-
RNase H domains in the full-length model with an
RMSD = 4.52 A (Figure S27e) and positioned Y35 in a
plausible position for priming reverse transcription. The
pFOXC3 model did not have a readily identifiable RNase
H domain or an identifiable D-E-D-D RNase H active site
motif. The HBV RT and RNase H domains aligned with
the CaMV RT-RNase H domains with an RMSD = 3.96 A
(Figure S27g). The CaMV RNase H active site was pre-
dicted to contain a D-E-E-D motif rather than D-E-D-D,
and the CaMV N-terminal aspartic proteinase formed a
globular domain absent in the hepadnaviral proteins.
Overall, these models imply that the hepadnaviral P fold
is a feature of the nackednavirus/hepadnavirus lineages
rather than being widespread among non-retroviral
eukaryotic RTs.
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(a)DHBV P

(b) TFHBV P

FIGURE 9

Predicted folds of animal hepadnavirus and nackednavirus P proteins. (a) DHBV (avian hepadnavirus). (b) TFHBV (frog

hepadnavirus). (c) TMDV (fish hepadnavirus). (d) RNDV (fish nackednavirus). Red, TP domain; Gray, spacer domain; Yellow, RT domain;
Green, RNase H domain. The priming tyrosine residues, YMDD RT active site motif residues, and D-E-D-D RNase H active site residues are
shown as sticks. Putative priming residues are labeled. Magenta spheres, Mg*" ions. The amino termini are marked with cyan spheres

2.9 | Limitations

There are two limitations to this analysis. First, all
models are predictions. The models are well supported by
the available biological and biochemical data, but they
are not based on experimental structural data. Second, P
is structurally dynamic, so there is no single structure
that can represent all of its biologically relevant confor-
mations. The full-length P models correspond best to the
closed conformation,'® but they could represent an aver-
age of multiple conformations adopted by P.

2.10 | Utility of the models

HBV P has resisted empirical structural analyses for
decades due to intractable protein production problems,
so these models provide the first structural approxima-
tion for the whole enzyme. They reveal an orientation of
the TP domain relative to the rest of the enzyme that
makes clear predictions for € binding, DNA priming, and

conformational dynamics of P during viral replication.
They enable formulation of detailed hypotheses regarding
the mechanisms of DNA elongation during reverse tran-
scription and how the RT and RNase H domains coordi-
nate during reverse transcription. Finally, the models can
support structure-guided drug design against the RT and
RNase H active sites, and they open the door to rational
drug discovery against targets other than the enzymatic
active sites.

3 | MATERIALS AND METHODS

3.1 | Sequences and protein structures

Protein sequences are in Dataset S1. Table S1 contains
Genbank numbers or literature references for the
sequences plus their pairwise identities with the genotype
B reference sequence (AB554017). Appendix S1 lists the
protein domain and motif boundaries employed. The
Tibetan frog hepatitis B virus (TFHBV) sequence lacks an
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in-frame ATG for P, so the start site was set to match the
N-terminus of HBV genotype B P.

3.2 | Molecular modeling with
AlphaFold

Sequences were folded using AlphaFold2 Advanced (https://
colab.research.google.com/github/sokrypton/ColabFold/
blob/main/beta/AlphaFold2_advanced.ipynb) with default
parameters. Five models were generated for each sequence,
and side chain positions for the model having the highest
pLDDT value were refined by the Amber-Relax module.
The relaxed structures were used for all analyses. Predicted
protein database (PDB) files are in Dataset S2.

Hydrophobic surfaces on HBV P gtB model were ana-
lyzed using the Protein Surface Analyzer program within
the Schrodinger suite. Residues at the interfaces between
the TP domain and the catalytic core of HBV P were man-
ually identified. Solvent accessibility of each residue was
measured using the web server GETAREA (http://curie.
utmb.edu/getarea.html). Residues having ratio values
>50% were considered to be solvent exposed, whereas resi-
dues with the ratio value <20% were defined as buried.
The Schrodinger Protein Preparation Wizard was used to
identify hydrogen bonds and salt bridges. Hydrogen bonds
and salt bridges at the interface of TP domain and catalytic
core of HBV polymerase were then manually identified.

3.3 | Superpositions

Superpositioning was done using Protein Structure Align-
ment in the Maestro module of the Schridinger suite
(Schrodinger LLC, New York, NY). Superpositioning
employed no constraints except that the HBV P and catalytic
core superpositions with HIV RT-RNase H, Ty3 RT, and
CaMV RT were done by aligning selected residues in fingers,
palm, and thumb subdomains of HBV RT domain due to
the lack of the linker region in HBV P. Graphs for the
RMSD distributions were determined using Stamp Struc-
tural Alignment utility in the Visual Molecular Dynamics
(VMD) software followed by plotting data each residue’s
RMSD values against the amino acid alignment generated
by the superpositioning. In some cases, structure alignments
were performed by deleting nonaligned residues to improve
the alignment of similar regions between two structures.

3.4 | Nucleic acid docking

A 21 bp heteroduplex (PDB: 4B3Q) and a 24 bp heteroduplex
(PDB: 6BSH) were extracted from HIV RT-RNase H co-
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crystals and docked into HBV P using the PIPER program in
the BioLuminate module of the Schrodinger suite. Proton-
ation state was set using Epik at pH 7.5 + 2, hydrogen bonds
were assigned employing PROPKA at pH 7.5, and energy
minimization was done with the OPSLA force field. Models
were docked with both substrates separately without con-
straints. Final poses were selected based on substrate place-
ment into the binding channel between active sites of RT
and RNase H domains while considering the engagement of
RNA or DNA strands with active site residues. Similarly, an
NMR structure for ¢ (PDB: 6VAR) was docked into HBV
P. Protein and nucleic acid structures were prepared with the
Protein Preparation wizard in the BioLuminate module.

3.5 | Compound docking

Compound docking into the models employed Glide XP in
the Schrodinger Maestro module. Triphosphates for the
nucleos(t)ide analogs Entecavir, Lamivudine, and Tenofo-
vir were extracted from HIV-1 RT-RNase H:inhibitor co-
crystals (PDB: 5XN1, 6KDJ, and 3JSM) for docking. RNase
H inhibitors were selected for structural diversity. Ligands
were prepared with LigPrep (Schrodinger LLC), where
compound energy minimizations were done with the
OPSL4 force field, protonation states of the ligands were
defined using Epik at pH 7.5 +/—2 to set the ionization
state of the metal binding motifs, and compounds were
desalted and tautomerized while retaining chirality. The
RT-RNase H and full-length P models containing Mg*"
ions in the appropriate ionization states were prepared
with the Schrodinger Protein Preparation wizard as
described above. A 20bp double-stranded DNA was
placed into the RT active site of the models for nucleos(t)
ide analog docking by superposition of HIV RT-RNase H:
dsDNA co-crystal (PDB: 1RTD). The RT active site dock-
ing grid was defined by placing Entecavir-triphosphate
from the HIV RT-RNase H structure co-crystal (PDB:
5XN1) into the RT active site of the HBV models by super-
posing the YMDD motifs. The RNase H docking grid was
defined by placing f-thujaplicinol into the active site by
superposing the D-E-D-D motif from the HIV RNase H:p-
thujaplicinol co-crystal (PDB: 3K2P) onto the HBV model.
The centroids of the ligands in the active sites were used
to create 10 A receptor grids for docking. Docking
employed Schrédinger Glide XP with default settings.

3.6 | Mutations employed for model
validation

Mutations to HBV P were identified from the literature,
especially.”* Mutations were mapped onto the full-length
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HBV genotype B P model (genotype B numbers are
reported, which may differ from the source if a different
genotype was used). Hydrogen bonds were identified
using PyMOL's Find polar contacts function (h-bond cut-
off center = 4.0 A); all predicted polar interactions
assessed were <3.0 A, implying moderate to strong
interactions.
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