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Résumé

L’hépatite B est une maladie du foie qui pose un probleme majeur de santé
publique, avec 257 millions de personnes atteints d’'une infection chronique et
environ 780 000 morts par an. Il n’existe a ce jour aucun traitement permettant
de guérir completement de [linfection, malgré [Iutilisation notamment
d’analogues de nucléos(t)ides et d’interférons. Afin d’atteindre I'objectif de
I'organisation mondiale de la santé, qui vise a éliminer I'’hépatite B d’ici 2030,
de nouvelles thérapies ont besoin d’étre développées. Etant donné son role clé
dans le cycle de vie du virus de I'hépatite B (VHB), la protéine core qui forme
la capside virale est aujourd’hui 'une des cibles avec le plus grand potentiel

thérapeutique.

Nos recherches sont focalisées sur la caractérisation des capsides du VHB
dans différents états conformationnels en utilisant des techniques de biochimie
et de RMN du solide, afin de révéler leur conformation précise sous différentes
conditions, incluant I'interaction des capsides avec des antiviraux, et la relation
entre la conformation de la capside et la maturation du virus. Un systéme
d’expression bactérienne ainsi qu’un systéme acellulaire de synthése de
protéine a base de germes de blé ont été établis au laboratoire pour produire
les capsides, et des protocoles pour désassembler puis réassembler les
capsides en présence de différents types d’ARN ont été implémentés. Des
échantillons de capsides formées dans E. coli et réassemblées in vitro ont été
analysés par RMN. Les différentes formes de capsides observées incluent les
protéines tronquées Cp140 et Cp149, la protéine entiere Cp183, phosphorylée
P-Cp183, et enfin des mutants.

Dans un premier temps, nous avons préparé des échantillons pour I'attribution
séquentielle de la protéine core par RMN du solide. L'utilisation de la détection

carbone en RMN requiert plusieurs dizaines de milligrammes d’échantillon, qui



ont pu étre produits en utilisant 'expression bactérienne en milieu minimum
contenant des isotopes marqués. Les attributions séquentielles ont été
réalisées sur la protéine tronquée Cp149, qui donne des spectres trés
similaires & Cp183. Cet échantillon a également été utilisé pour identifier les
différences conformationnelles entre les 4 monoméres de la capside, qui sont

provoquées par la symétrie icosaédrale T=4.

Ensuite, I'objet principal de cette thése a été l'investigation et la comparaison
d’une large variété de capsides, incluant Cp183, P-Cp183, Cp149, Cp140 qui
forme principalement des capsides de symétrie icosaédrale T=3, et les mutants
Cp140 C61A et Cp183 FI7L. Nous avons étudié tous ces échantillons dans
leur forme autoassemblée dans les bactéries E. coli, ainsi que dans leur forme
réassemblée. Pour le réassemblage de la protéine entiere, qui requiert la
présence d’acides nucléiques, nous avons testé différents types d’ARN, y
compris ’ARN viral prégénomique. Nous avons étudié différentes symétries
(T=3 et T=4), ainsi que les états d’oxydation de la capside, et comparé les
différences de conformation grace aux perturbations de déplacements
chimiques observées dans les spectres RMN. Nous avons pu identifier les
acides aminés impliqués dans les changements conformationnels majeurs

entre les différentes préparations.

La RMN du solide en détection proton a recemment émergé comme un outil
important pour I'analyse de protéines produites en quantités moindres. Nous
avons appliqué cette stratégie a I'analyse des capsides de Cp149 afin d’obtenir
I'attribution des protons amides. Pour cela, de la protéine deutérée a été
produite en bactéries, ce qui a nécessité I'adaptation des protocoles

d’expression.

La détection proton par RMN du solide peut étre combinée avec succes a la
synthése des protéines en systeme acellulaire, qui donne de faibles
rendements par rapport aux cultures en bactéries. Cette approche est
particulierement intéressante pour analyser la modulation de I'assemblage des

capsides induite par la présence de drogues. Bien que nous ayons commencé
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a étudier I'impact de modulateurs d’assemblage par RMN en détection carbone
sur des capsides formées dans E. coli et réassemblées (données préliminaires
non montrées dans ce manuscrit), la détection proton ouvre la voie vers
I'analyse de l'impact de ces modulateurs sur 'assemblage des protéines core
directement a la sortie du ribosome. Nous montrons ici que I'expression en
systeme acellulaire combinée a la RMN du solide en détection proton peut étre
utilisée pour analyser les déplacements chimiques de la capside, et dans le

futur leurs modulations conformationnelles.
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Objectifs de la thése

L’objectif de la thése était de caractériser structuralement la capside du virus
de I'hépatite B (VHB) en utilisant la RMN du solide. Tout comme en
cristallographie par rayons X et en microscopie électronique, la préparation
d’échantillons n’est pas seulement I'étape initiale d’'un travail structural, mais
est également centrale pour concevoir les objets adéquats qui vont permettre
d’illuminer la compréhension mécanistique du virus. La capside du VHB passe
par une grande variété d’états durant son cycle de vie, que nous cherchons a
imiter in vitro afin d’obtenir une vision détaillée sur sa conformation, ce qui est
difficile a accomplir par d’autres techniques. En effet, les déplacements
chimiques RMN ont 'avantage d’étre extrémement sensibles aux changements
conformationnels des protéines. Ce projet a pu étre réalisé grace a notre
collaborateur Michael Nassal, qui non seulement a contribué par son immense
connaissance sur le VHB et en particulier sur la capside, mais également par
la confection de tous les vecteurs d’expression et protocoles que nous avons
utilisé au cours de ce travail. Nous avons ainsi pu établir les protocoles
d’expression et purification de la capside au laboratoire, et les optimiser pour

les besoins de la RMN du solide.

Cette thése décrit nos efforts dans la préparation d’un grand nombre
d’échantillons pour la caractérisation des capsides par RMN et pour la
conception de stratégies visant a comprendre la diversité conformationnelle

des capsides.

Le Chapitre 1 contient un résumé des connaissances générales sur I'hépatite
B et le VHB, incluant : les traitements actuels, la structure du virus, le cycle de
vie du virus, le génome et les protéines virales; la maturation et
I’enveloppement de la capside ; les modulateurs de 'assemblage de la capside

actuellement en développement.



Le Chapitre 2 est la section de méthodologie, qui introduit les technologies
expérimentales utilisées dans cette these. Les échantillons de protéine ont été
produits soit par systeme d’expression en bactérie, soit par synthése en
systéme acellulaire a base de germes de blé, et ont ensuite été caractérisés
par RMN du solide.

Le Chapitre 3 contient les résultats de nos recherches, publiés ou non publiés.
La premiere section détaille la production de tous les échantillons de la protéine
core utilisés dans cette these. Les seconde et troisieme parties montre le travail
publié sur la caractérisation par RMN des capsides Cp149, incluant I'attribution
RMN en détection carbone et [lidentification des 4 conformations
correspondant aux différentes sous-unités de la capside. La quatriéme section
montre la découverte d’une nouvelle conformation de la capside qui pourrait
étre liée au signal de maturation dans le virus (papier en préparation). La
cinquiéme partie décrit 'application de la spectroscopie RMN a 100 kHz MAS
en détection proton pour la caractérisation des capsides (papier en révision).
Enfin, la derniére partie des résultats montre I’étude par RMN de la modulation
de l'assemblage des capsides en utilisant le systeme de synthése des

protéines en systéme acellulaire a base de germes de blé (papier soumis).

Le dernier chapitre contient nos conclusions et perspectives pour le travail

présenté dans cette thése.
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Summary

Hepatitis B is a widely spread liver disease which causes a heavy burden for
human health, with 257 millions of people affected by chronic infection and
about 780,000 deaths per year. Yet, infected patients cannot be completely
cured by current treatments using notably nucleos(t)ide analogues and
interferons. In order to achieve the goal of the World Health Assembly (WHA),
who wishes to eliminate hepatitis B by 2030, new therapies need to be
developed. Given its critical role for the Hepatitis B virus (HBV) life cycle, the
core protein (Cp) which forms the viral capsid is today one of the antiviral

targets with the highest potential.

Our research focuses on the characterization of HBV capsids in different
conformational states using biochemistry and solid-state NMR, aiming at
revealing their precise conformation under different conditions, including the
interaction of capsids with antivirals, and the correlation between capsid
conformation and viral maturation. For sample preparation, both a bacterial
expression system and a wheat germ cell-free protein synthesis system have
been established in the laboratory to produce HBV capsids, and protocols to
disassemble and reassemble capsids with different nucleic acids have been
implemented. Both capsids preformed in E. coli and capsids reassembled in
vitro were addressed to NMR studies. Different capsids forms include the
truncated versions Cp140 and Cp149, the full-length protein Cp183, the
phosphorylated P-Cp183 and mutant forms.

First, we have prepared samples for the sequential assignment of the protein
using solid-state NMR. The use of carbon-13 detection asks for several tens of
milligrams of sample, which were produced using labeled isotopes and
bacterial expression in minimal media. Sequential assignments were performed
using the truncated capsid Cp149, which showed highly similar spectra to

Cp183. This sample was also used to identify conformational differences
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between the four different monomers in the capsid, which are due to the T=4

icosahedral symmetry.

Then, the main body of the thesis is the investigation and comparison of a
variety of different capsid forms, including Cp183, P-Cp183, Cp149, Cp140,
another truncated form resulting in mainly T=3 icosahedral assemblies, and
Cp140 C61A and Cp183 F97L mutants. We investigated all samples in both
the E. coli-produced and reassembled forms, which needs for the full-length
protein the presence of nucleic acids, of which we tested several, including the
viral pregenomic RNA. We investigated different symmetries, as well as
oxidation states of the capsid, and compared the differences via chemical shift
perturbations observed in NMR spectra. We reported in a site-specific manner

the major conformational changes observed between the different preparations.

Proton-detected solid-state NMR has recently emerged as a tool for analyzing
proteins with the need of less sample amount. We have applied this strategy to
the analysis of the Cp149 capsids, in order to obtain sequential assignments of
the amide proton resonances. For this, deuteration of the protein in bacteria

was used as well, needing adaptation of sample preparation protocols.

Proton detection can be successfully combined with cell-free protein synthesis,
which gives low yields compared to bacterial expression. This approach is of
potential interest to analyze capsid assembly modulation induced by the
presence of drugs. While we have started in the framework of this thesis to
analyze the capsid in presence of different capsid assembly modulators by
carbon-13 detected NMR on E. coli and reassembled capsids (preliminary
results not reported here), proton detection opens the way to an analysis of the
impact of capsid modulation directly on the exit of the core proteins from the
ribosome, on assembly. We showed that cell-free expression combined with
proton-detection solid-state NMR can be used to analyze capsid chemical shifts,

and thus in future work the conformational modulations.

VIII



Obijectives of the thesis work

The objective of the thesis was to introduce the hepatitis B virus (HBV) capsid
into structural characterization by solid-state NMR. As in X-ray crystallography
and electron microscopy, sample preparation is not only the initial step of
structural work, but is central in devising objects that can illuminate the
mechanistic understanding. The HBV capsid goes through a variety of states
during its life cycle, which we aim to mimic in vitro in order to analyze its
conformation in a detailed view that is difficult to obtain by other techniques.
Indeed, NMR chemical shifts are a highly sensitive probe for the conformational
changes of proteins. The basis to the realization of the project was established
by an important body of work from our collaborator Michael Nassal, who not
only contributed with his immense knowledge of HBV in general and especially
the capsid to this work, but most importantly also with all optimized expression
vectors he contributed. This allowed us to establish the protocols in the lab, and

modify and optimize them to the needs of solid-state NMR sample preparation.

This thesis describes our efforts in providing a large number of samples for
NMR characterization of HBV capsids, as well as devising strategies to
understand their conformational diversity. The NMR part was carried out by

Lauriane Lecoq from the group, as well as Maarten Schledorn from ETH.

Chapter 1 provides a summary of general knowledge about hepatitis B and the
hepatitis B virus, including: epidemic and current treatments of hepatitis B; the
viral structure, life cycle, genome and proteins; viral capsid maturation and

envelopment; the developed assembly modulators for HBV capsid.

Chapter 2 is a methods section which introduces the experimental technologies
used in this thesis. Protein samples were produced either in a bacterial
expression system or by wheat-germ cell-free synthesis, and characterized by
solid-state NMR.
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Chapter 3 contains the results of our research, both published or unpublished.
The first part details the production of all the HBV core protein samples used in
this thesis. The second and third parts show the published work on the NMR
characterization of Cp149 capsids, including the NMR assignment using
carbon-detection and the identification of the four different capsid subunits
conformations. The fourth section is about the discovery of a new capsid
conformation which could be linked to the maturation of the viral capsid (to be
submitted). The fifth part displays the application of proton-detection with 100
kHz MAS NMR spectroscopy in HBV capsid characterization (paper under
review). Finally, the last results section introduces the combination of cell-free
protein synthesis and NMR in capsid assembly modulation study (paper
submitted).

The last chapter reports our conclusions, as well as a perspective, for the work

presented in this thesis.
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® Hepatitis B

> A major burden for public health

Hepatitis B infection is a major health problem in developing and also developed
countries (Figure 1). According to the report of World Health Organization (WHO) in
2015, about 6% of the adult population in Western Pacific and African regions is
infected, about 3.3%, 2.0% and 1.6% of the general population is infected in the
Eastern Mediterranean, South-East Asia and European regions respectively, and 0.7%
of the population is infected in the American continent. Nearly half of the human
population lives in high hepatitis B epidemic areas, and one third of the global
population was or is in contact with the virus of hepatitis B (Bertoletti et al., 2018). No
less than 2 billion people are estimated being infected by Hepatitis B in the past or
present (WHO, 2017; 2015).

HBsAgprevalence Total infected

[CINodata + 1million

CI<1.0% @ 10 million

C11-2.5% . -
100 million

B 2.6-50%

[J51-100%

I >10.0%

Figure 1. HBsAg prevalence estimates for 2016. As a global health problem, hepatitis B infection
occurs in almost all countries with different prevalence. More than 250 million people are infected

by hepatitis B virus and remain unable to be completely cured. Figure source: (Collaborators, 2018).



The hepatitis B virus (HBV) can be detected in the body fluids of a person who is
infected, such as blood, saliva, semen, vaginal secretions. Meanwhile, the virions in
body fluids can spread by getting into the blood stream of new patient and finally
leading to liver infection. The main transmission of HBV occurs via blood, sexual
contact and mother-to-child (WHO, 2016). Acute hepatitis B infection is self-limiting,
and in most infection events, adults could recover within 6 months without treatment
(Bell and T. Nguyen, 2009; Hollinger and Lau, 2006; Hyams, 1995; Lavanchy, 2004).
In about 5-10% of infections, subjects are incapable of clearing the HBV virions and
evolve into chronic infection (Liang, 2009). Chronic hepatitis B (CHB) infection is
defined as persistent infection, and is characterized by the presence of hepatitis B
surface antigen (HBsAg) in blood or serum for more than 6 months (Hyams, 1995;
Lavanchy, 2004). The transition from acute infection to chronic infection is closely
related to the age of the infected patient: it happens less than 12% in adult and children
above 5 years old among different ethnic groups; 20-60% in infants under 5 years old,
and about 90% in neonates with infected mothers (Bell and T. Nguyen, 2009; Goldstein
et al., 2005; Hoofnagle et al., 2007; Hyams, 1995; McMahon, 2009). Approximately
15-40% of CHB patients have the risk of deterioration to cirrhosis, liver failure or
hepatocellular carcinoma (HCC) (Lok, 2002). It is estimated that 30% of cirrhosis and
more than half of diagnosed hepatocellular carcinoma can be contributed by hepatitis
B infection (Fako and X. W. Wang, 2017; Perz et al., 2006), leading to 45% of male
patients’ and 15% of female patients’ life-span significantly shortened (Bell and T.
Nguyen, 2009).
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Figure 2. Progression of chronic HBV infection. The risk of deterioration from different clinical

states is displayed with estimated annual rates (%).According to: (Christoph Seeger et al., 2013).

There is currently no cure to clear hepatitis B infection (Levrero et al., 2016; Lin and
Kao, 2016; Yuen et al., 2018). The treatment of acute hepatitis B consists mainly in
supplying fluids lost from vomiting and diarrhea, because no treatment has been
shown to be really helpful (Mantzoukis et al., 2017; WHO, 2015). Current medicines
used in CHB treatments are nucleos(t)ide analogues (NAs) and interferon (PEG-IFN-
a) (Figure 3), but none of them can really cure the infection (Mak et al., 2017;
Nijampatnam and Liotta, 2019). The NAs, as well as oral antiviral agents
recommended by WHO such as tenofovir and entecavir, can suppress viral replication
to retard the progression of cirrhosis, and reduce incidence of hepatic carcinoma
(Bartenschlager et al., 2019; Hung et al., 2015; Pei et al., 2017; Yuen et al., 2018), but
they are incompetent to clear the cccDNA, which causes persistent infection, and the
need of long-term treatment suffers from emergence of resistance (Lam et al., 2017;
Mak et al., 2017; Nijampatnam and Liotta, 2019). Meanwhile, the PEG-IFN-a can be
tolerated only by a small part of patients, with modest efficacy and possible severe side

effects (Mak et al., 2017; Nijampatnam and Liotta, 2019).



TAF

1098 2002 2005 2006 2008 2016

Resistance at year of therapy expressed as

Drug and patient percentage of patients

population Year 1 Year 2 Year3 Year4 Year5  Year6
Lamivudine 23 46 55 71 80 -
Telbivudine, HBeAg-Pos 44 21 - - - -
Telbivudine, HBeAg-Neg 2.7 8.6 - - - -
Adefovir, HBeAg-Neg 0 3 6 18 29 -
Adefovir (LAM-resistant) Up to 20 - - - - -
Tenofovir 0 0 0 0 - -
Entecavir (naive) 0.2 05 1.2 1.2 1.2 132
Entecavir (LAM resistant) 6 15 36 46 51 Y

Figure 3. Medicines for HBV infection. a): timeline for the approval of hepatitis B medicines by
U.S. Food and Drug Administration (FDA). Six nucleos(t)ide analogues: lamivudine (LAM), adefovir
(ADV), entecavir (ETV), telbivudine (LdT), tenofovir (TDF), tenofovir alafenamide (TAF). A
interferon: PEG-IFN-a. Taken from: (Schinazi et al., 2018) b): incidence of drug resistance with

nucleos(t)ide analogues treatements. Taken from: (Christoph Seeger et al., 2013).

Therefore, vaccination of hepatitis B vaccine is the most effective way to prevent the
spread of hepatitis B since the 1980s. The 3-shot series vaccine recommend by WHO
has covered 84% of new born child with 95% efficacy (Figure 4) (WHO, 2017; 2015).
A mathematical model reveals that it prevented about 65 million people from infection
of hepatitis B, and more than 1 million people were saved from disease caused by
hepatitis B infection in the year 2000 (Goldstein et al., 2005). Despite of the great
contribution made by the vaccine in the battle against hepatitis B, there are still an
estimated 257 million people living with hepatitis B infection, resulting in over 700,000
deaths every year (Collaborators, 2018; GBD 2016 Causes of Death Collaborators,
2017; Gish et al., 2015; Schlicksup et al., 2018a; WHO, 2017; 2015). This makes

hepatitis B infection one of the top death cause in humans, and largely contributes to



hepatocellular carcinoma, which is the 5th frequent cancer in the world (Lavanchy,
2004; Lozano et al., 2012; Parkin et al., 2001).
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Figure 4. Coverage of 3rd dose of hepatitis B vaccine in infants global from 1989 to 2017.

Figure source: World Health Organization (WHO) website.

The first global health sector strategy on viral hepatitis was adopted by the World
Health Assembly (WHA) in 2016. Its goal is to eliminate all five hepatic viruses
(hepatitis A, B, C, D and E), and especially hepatitis B and C, as a major public health
burden, by 2030 (WHO, 2016). In order to achieve this goal, the member countries and
secretariat of WHO have to take actions to reduce the incidence of viral hepatitis from
6-10 million cases to 0.9 million cases, and the annual deaths by hepatitis from 1.4
million to 0.5 million or less by 2030 (WHO, 2016). The actions are mainly focused on
raising public awareness and preventing transmission; develop advanced medicines,
diagnostics and treatment services; and promoting the health equity in society (WHO,

2016).

» The hepatitis B virus

Hepatitis B is caused by the hepatitis B virus, an enveloped DNA virus belonging to the

Hepadnavirus family, which attacks liver tissue specifically. The Hepadnavirus family



was divided into two genera: the avihepadnaviruses, which infect birds, such as duck,
heron, stork, ross goose, parrot, etc.; and the orthohepadnaviruses, that infect
mammals and include the human HBYV, chimpanzees HBV, woodchuck hepatitis virus,
orangutans hepatitis virus, bat hepatitis virus, etc. (Locarnini et al., 2013). However,
three new genera, including metahepadnaviruses, parahepadnaviruses and
herpetohepadnaviruses, have been discovered and proposed recently (Dill et al., 2016;
Hahn et al., 2015; Lauber et al., 2017) (Figure 5). Meanwhile, a sister taxon of
hepadnavirus family, which is formed by non-enveloped fish viruses and thus referred

as nackednaviruses, has also been revealed (Lauber et al., 2017).

DHBV_NC_001344
[ L5, SGHBYV_NC_005950 &
DHBV_AY494851 &
SheldGHBY_NC_005890 »
CCHBV_AJ441111 &
RGHBY_NC_005888 v Q
PHBV_NC_016561
HHBV_NC_001486
: STHBV_AJ251934 &
eJHBV I
1 1 g
1 _: eAHBV-FRY 8 ((
- TFHBV &&
N SLHBV-1 v
SkHBV .
HBV Genotypes A-H K\
WMHBY_AF046996
ASHV_AGU29144 & af

il
-
1 1 ()
_FEGSHV_NC_001434 &
R
WHY_NC_004107 3
;
1
F

enveloped

[=)
@®
kel

HBHBV_KC790377 _‘
RBHBYV_KC790373 §
0.90 BBHBV_JX941466 b“b
TBHBV_KC790378 R

q
: AMDV »3» & @
_'1—: TMDV >gime Q,bb
IMDV et ¢
{1

CSKV ufee | <%
WSHBV_KR229754 »ifupe

KNDV-Lg eeiimm

WMNDV eultge

non-enveloped

BWNDV-2
1 >Ag_—
T L BWNDV-1
: 1 SSNDV >ulie
0:78 YDNDV wap

1
SSNDV-type SNDV »ggie
KNDV-Lp-2 =i

Figure 5. Phylogenetic Relationship of Hepadnavirus family and Nackednaviruses. Taken

from: (Lauber et al., 2017).

The origin of HBV has always been controversial (Jazayeri et al., 2010; Littlejohn et al.,
2016; Paraskevis et al., 2013; Simmonds, 2001), while recent research based on the
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evidence of archeology and genetics reveals that the history of HBV infection to human
can date back to at least 4500 years ago (Mihlemann et al., 2018). But it is only in
1946 that the virus was first suspected to exist (MacCallum, 1947) and the surface
antigens were first discovered in the blood of aboriginal patient in Australia by Baruch
Blumberg in 1965 (Blumberg and Alter, 1965). The HBV particle was then discovered
by David Dane and his collaborator using electron microscopy in 1970 (Dane et al.,

1970), and the HBV particle is therefore also called Dane particle.

(preS2+S)

Capsid

Pol

Figure 6. The schematic structure of hepatitis B virus.

Mature virions of HBV are spherical particles with a diameter of 42-47 nm. The particle
is constituted by an outer envelope composed of host cell lipids and surface proteins,
and an inner icosahedral nucleocapsid consisting of a core protein shell and a copy of
viral DNA associating with a DNA polymerase (Figure 6) (Warner and Locarnini, 2012).
There are 3 kinds of surface proteins, which commonly are referred to as hepatitis B
surface antigens (HBsAg), constituting the envelope of the virus. They are translated
from the same gene sequence with different start codons and same stop codons,
therefore all of the 3 surface proteins share the same peptide sequence at the C-
terminal. The small HBV surface protein (abbr. SHBs or S) is the smallest surface
protein; the middle HBV surface protein (abbr. MHBs or M) contains S and an additional
domain called preS2 ; the large HBV surface protein (abbr. LHBs or L) contains S,
preS2 and an additional domain called preS1 (Bertoletti et al., 2018). The 3 surface
proteins envelope the capsid of HBV, an icosahedral shell formed by 120 or 90 copies
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of core protein (Cp) dimers, which are called T=4 or T=3 capsids, respectively (Zlotnick
et al., 1996). Cp comprises a 140 amino acid-long assembly domain, a linker of 9
amino acids and a 34-36 residues C-terminal arginine-rich domain (Heger-Stevic et al.,
2018; Zlotnick et al., 2015). The genome of HBV is a partially double-stranded relaxed
circular DNA (rcDNA), which is packaged inside the icosahedral capsid together with
the viral polymerase protein (Pol) (Warner and Locarnini, 2012; Wong and Locarnini,
2017).

» The genotypes of HBV

Since the complete sequence of the HBV genome was determined in 1979 (Galibert
et al., 1979), nine genotypes of HBV have been identified and classified based on the
genetic differences of the complete genome greater than 7.5% and named from
genotype A to genotype | (Kramvis, 2014; Pourkarim et al., 2014). Five of the nine
genotypes (A-E) contribute to around 96% of chronic HBV infections with 17% of
genotype A, 14% of genotype B, 26% of genotype C, 22% of genotype D and 18% of
genotype E, meanwhile, genotypes from F to | only contribute to no more than 2% of
human CHB (Velkov et al.,, 2018). Furthermore, nearly 40 subgenotypes are
subdivided from genotypes A-D, F, H, I, with the divergence of intergroup nucleotide
between 4% to 8%, named with an additional digit following the genotype letter, such
as A1, A2, B1, B2, etc (Kramvis, 2014; Pourkarim et al., 2014; Rajoriya et al., 2017;
Tong and Reuvill, 2016). In addition to the nine genotypes, a novel variant strain, which
is called genotype J in most publications, was isolated from an 88-year-old male
Japanese who was potentially infected during the Second World War. According to
phylogenetic analysis, the genome of the strain is closest to gibbon HBV instead of
human HBV and it might be a recombinant of gibbon HBV and human HBV genotype
C (Locarnini et al., 2013; Tatematsu et al., 2009). But with no further reports on its
infection to human, whether this variant should be considered as a new genotype is

still dissented by some researchers (Velkov et al., 2018).

Distribution of HBV genotypes is different depending on the geographical and ethnic

population (Table 1). Genotype A is a frequent variant in North America, northern
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Europe and Africa; genotype B and genotype C are the dominant variants in East Asia;
genotype D is the most common variant in southern Europe, Middle East and India;
genotype E mainly exists in Sub-Saharan Africa; genotype F is the predominant variant
in Latin America; genotype G and genotype H are found mostly in the USA and Latin
America and rarely in other places; genotype | and J occurred mostly in East Asia
(Locarnini et al., 2013; Rajoriya et al., 2017; Tong and Reuvill, 2016; Velkov et al., 2018).
Recent statistical research based on global available HBV genotyping Data reveals
that most of genotype A patients live in Sub-Saharan Africa (72.2%) and Asia (17.2%);
while the overwhelming majority of genotype B (98.9%) and genotype C (98.6%)
patients live in Asia; patients infected by genotype D mainly live in Asia (61.9%), Africa
(22.0%) and Europe (13.5%); and finally about 97.0% of genotype E patients live in
Sub-Saharan Africa (Velkov et al., 2018).

Genotype | Subtype Genome Core protein | Global distribution
length (bp) (AA)
A A1 3221 185 Africa, Asia
A2 Northern Europe,
North America
B B1 3215 183 Japan
B2 Rest of Asia
B3 Indonesia, China
B4 Vietnam, Cambodia
C C1 3215 183 Far East
Cc2 Far East
C3 Polynesia
C4 Australian
indigenous
population
C5 Philippines
D D1 3182 183 Europe, Middle East,
Egypt, India, Asia
D2 Europe, Japan
D3 Europe, Asia, South
Africa, USA
D4 Australia, Japan,

Papua New Guinea
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E 3212 183 Sub-Saharan Africa,
UK, France
F F1 3215 183 Central and South
America, Bolivia
F2 Brazil, Venezuela,
Nicaragua
F3 Venezuela, Panama,
Columbia
F4 Argentina, Bolivia,
France
G 3248 195 USA, Germany,
Japan, France
H 3215 183 USA, Japan,
Nicaragua
| 1 3215 183 Vietnam, Cambodia
12 Laos
J 3182 183 Japan

Table 1. Major genotypes of HBV and their distributions.

The geographical distribution, as well as the length of genome and core protein, is shown in the
table. Modified from (Locarnini et al., 2013; Wong and Locarnini, 2017).

» The serotypes of HBV

HBV can also be classified into four major serotypes: adw, adr, ayw and ayr, according
to the S protein variants of amino acids 122 and 160, with subtype d corresponding to
K122, subtype y R122, subtype w K160, and subtype r corresponding to R160 (Norder
et al., 1992; Okamoto et al., 1988; Warner and Locarnini, 2012). The “a@” indicates a
common region of HBsAg to all HBV wild-type strains containing an unknown number
of epitopes (Echevarria and Avellon, 2006). Moreover, at least ten HBsAg subtypes
have been distinguished by serological analysis and designated adw2, adw3, adw4q’,
adrq’, adrq, ayw1, ayw2, ayw3, ayw4 and ayr (Echevarria and Avellén, 2006; Kay and
Zoulim, 2007). Sequencing on codons 101-180 of S genes of HBV strains suggest that
the mutations of residue 127 are important for the w1-w4 subtypes. The P127, T127
and L127 are encoded by wi1/w2, w3 and w4 respectively, and the subtype w1 also
encodes for R122, F134 , and/or A159 in addition to P127 (Norder et al., 2004). The q
is a determinant which is found to be absent from adw4 and some strains of adr

(Couroucé-Pauty et al., 1978; Magnius et al., 1975).
14



Serotyping was important for detecting HBsAg for the safety of blood supply and
therefore widely used in epidemiological studies (Kay and Zoulim, 2007). Despite that
a correlation has been found between HBsAg subtypes and genotypes of HBV (Figure
7) (Norder et al., 1992; Rajoriya et al., 2017), the variations of serotypes are limited by
only several amino acids residues of HBsAg and can’t reflect HBV distribution in
geographic and epidemiologic as well as genotypes classification (Moriya et al., 2002).
As aresult, the HBV genotypes, rather than serotypes, are more and more widely used
in HBV epidemiology, transmission, and geographic distribution study (Warner and
Locarnini, 2012).

A adw2/ayw1/ayw2 B

G adw?2 adw?2

=

H ‘ /

C

I N adr
E adw2/ayw?2

adw4 aywd

ayw2/ayw3
Figure 7. Serotypes phylogenetic tree. Serotypes are shown in the unrooted phylogenetic tree

basing on HBV genotypes. The ayw1, ayw2, ayw3, ayw4, ayr, adw2, adw4, adwq, adrq+ and adrq-

are serological subtypes identified based on HBsAg heterogeneity. Source: (Rajoriya et al., 2017)
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» The HBV life cycle

The life cycle of the HBV can be divided into 4 main events (Figure 8): a) attachment,
penetration and uncoating of HBV virions; b) cccDNA conversion and transcription
activation; c) capsid assembly and replication of the viral genome; d) capsid

envelopment and secretion of viral particles (Wong and Locarnini, 2017).
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Figure 8. The life cycle of HBV. HSPG: heparin sulfate proteoglycans; NTCP: sodium
taurocholate co-transporting polypeptide; rcDNA: relaxed circular DNA; cccDNA: covalently closed
circular DNA; pgRNA: pregenomic RNA; ssDNA: single-stranded linear DNA; Cp: core protein; Pol:

polymerase; ER: endoplasmic reticulum.

Attachment, penetration and uncoating of HBV virions. HBV virions first adhere to
hepatocyte-associated heparin sulfate proteoglycans (HSPG) (Schulze et al., 2007), a

low-affinity receptor for viruses, and then bind to sodium taurocholate co-transporting
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polypeptide (NTCP) (Bertoletti et al., 2018). NTCP is a high-affinity receptor on
hepatocytes surface for hepatitis B and D virus (H. Yan et al., 2012). The binding of
HBV to NTCP leads to the transport of the HBV nucleocapsid (NC) into hepatocytes
by endocytosis (Ni et al.,, 2014; H. Yan et al.,, 2014). The envelope of the virion,
including lipids and surface proteins, is removed by a yet unknown mechanism, while
the capsids enter the hepatocyte cytoplasm. Capsids supposedly undergo structural
changes in the C-terminal of the core proteins due to phosphorylation in cytoplasm,
which leads to the exposure of the presumed nuclear localization signals (Kann et al.,
1999; Rabe et al., 2003). Meanwhile, they are directed toward the karyotheca via an
active microtubule-dependent mechanism, and are then uncoated around or in the
nuclear pore complexes (NPCs) to release viral genome into nucleus (Gallucci and
Kann, 2017; Rabe et al., 2003; 2006).

a Nucleocapsid b

Impa ImpB Empty capsid Nucleocapsid
"~ M ! e ©
Q Nuclear pore Wq;?vt\—) @’

complexes

Nuclear pore
complexes

Figure 9. Nuclear import of HBV genome. Two hypothetical models are proposed for the nuclear
entry of HBV genome, as reviewed in (Gallucci and Kann, 2017). The capsids and Cp dimers are
shown by blue icosahedra or triangles. The rcDNA is shown as partly double-strand with red and
blue color. The nuclear pore complexes (NPCs) consist of about 30 kinds of nucleoporins (Nups),
of which the Nup153 and Tpr Protein form a nuclear basket on the karyoplasm side (Alber et al.,
2007; Appen and M. Beck, 2016; Krull et al., 2004). The importin a and B (impa, impB), which are
nuclear transport receptors responsible for active transport of macromolecules, are shown with
gray and black ellipse respectively. a): the polymerase-mediated import model. Capsids are
considered to be disassembled in cytoplasm or at the NPCs, releasing the Pol-DNA complexes
and Cp dimers in the cytoplasm side. The exposed rcDNA is transported to the karyoplasm by the

help of importin a and B, which bind to the viral polymerase. The released Cp dimers in the
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cytoplasm could eventually reassemble to empty capsids. The importin B could disassemble the
empty capsids and transport the released dimers into nucleus. The binding of importins is dissolved
at the nuclear basket after the Pol-DNA complexes or Cp dimers entry. b): the intact capsid import
model. Nucleocapsids enter nucleus through NPCs via the interaction with importin a and B. The
importin a and B are dissolved in the nuclear basket, and the capsids are disassembled by the
interaction with Nup153. Then the Pol-DNA complexes and Cp dimers are released to karyoplasm,
where rcDNA is repaired to cccDNA and the empty capsids could be reassembled from released

Cp dimers. Adapted from: (Gallucci and Kann, 2017).

cccDNA conversion and transcription activation. The genome of HBV is then converted
from the partially double-stranded relaxed circular DNA (rcDNA) to a completely
double-stranded covalently closed circular DNA (cccDNA), which is responsible for the
transcription of pgRNA, as well as other viral messenger RNAs (mMRNAs), as the major
template (Warner and Locarnini, 2012; Wong and Locarnini, 2017). In the nucleus of
host cells, cccDNA persists in the form of viral minichromosome by integrating into the
nucleosome together with histone and non-histone proteins (Allweiss and Dandri, 2017;
Bock et al.,, 1994; Newbold et al., 1995). The chromatin-like structure of cccDNA
minichromosomes is probably involved in the regulation of viral genomic transcription
in the infected cells (Q. Gong et al., 2011; Shi et al., 2012).

Five major RNA species are transcribed from the viral cccDNA template by the host
RNA polymerase Il (Ganem and Schneider, 2001; Wong and Locarnini, 2017) (Figure
8), and are subsequently capped at the 5 terminal and polyadenylated at the 3’
terminal (Warner and Locarnini, 2012). These RNAs are then transported to the
cytoplasm to start translation of the viral protein products. The longest transcribed viral
RNA, with 3.5 kilo-bases (kb), is called precore mRNA, and is the messenger RNA for
the precore protein (HBeAg); another 3.5 kb-long transcribed RNA is the pregenomic
RNA (pgRNA), which is 33 nucleotides (nt) shorter at the 5’ end than precore mRNA
(Warner and Locarnini, 2012). The pgRNA is responsible for the translation of the core
and polymerase proteins (Pol), and after its packaging into the capsid it serves as a
template for the reverse transcription of the viral genome (Locarnini and Zoulim, 2010;
Warner and Locarnini, 2012; Wong and Locarnini, 2017). The three surface proteins
(HBsAgs) are encoded in two subgenomic mRNAs, in which the 2.4 kb mRNA is
responsible for the translation of L protein, while the 2.1 kb mRNA is responsible for
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the translation of both M and S proteins (Warner and Locarnini, 2012). There is also a
small 0.7 kb long mRNA which encodes the gene of hepatitis B X protein (Warner and
Locarnini, 2012).

Capsid assembly and replication of the viral genome. Core protein dimers are
translated from transcribed pgRNA and spontaneously assemble into capsids in the
cytosol. Analysis of the serum of HBV-infected chimpanzees and patients have
interestingly revealed that the vast majority of secreted particles did not contain any
viral genome, and that only a small proportion of nucleocapsids could package the viral
genome to form complete and infectious virions (Luckenbaugh et al., 2015; Ning et al.,
2011). Though the details of capsid assembly remain unclear in vivo, it is speculated
to be achieved through multiple pathways (Lutomski et al., 2018; 2017). Supposedly,
assembly of the HBV capsid originates from a trimer of Cp dimers, of which the
structure is still unknown, probably a closed ring or open structure (Figure 10) (Uetrecht
et al., 2011; Zlotnick et al., 1999). Other oligomers, such as dimers, tetrameric and
pentameric dimers, might also be involved in the assembly process (Holmes et al.,
2015; Uetrecht et al., 2011). For nucleocapsids, the assembly is suggested to initiate
with the binding of translated polymerase to the € signal on pgRNA, and then followed
by core protein dimers or oligomer of dimers continuously binding to the Pol-RNA
complex until the capsid is completely formed (Bartenschlager and Schaller, 1992;
Patel et al., 2017; Zlotnick et al., 1999). In this process, the minus-sense DNA, a single-
stranded linear DNA (ssDNA), is reverse transcribed from pgRNA, which is degraded
afterward by the RNase H activity of the viral polymerase, and finally the ssDNA is
repaired to form the partially double-stranded relaxed circular DNA (rcDNA) (Bertoletti
et al., 2018). Meanwhile, phosphorylation of the nucleocapsids, which is necessary for
the envelopment of virus particles, appears to be coupled with single-stranded linear
DNA synthesis (Warner and Locarnini, 2012). Mature nucleocapsids (NCs) can then
be transported to the karyotheca to release their rcDNA into the nucleus and amplify
the cccDNA pool (Wong and Locarnini, 2017).
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Figure 10. Possible routes of HBV capsid assembly. Capsid assembly is thought to originate

from an intermediate of trimeric or pentameric dimers. The dimers or oligomeric dimers might be
integrated on the assembly intermediates directly to complete the capsid, while another possibility
is the oligomeric dimers should be dissolved into dimers, and then are conferred with the

competence to form capsids (Holmes et al., 2015). Taken from: (Holmes et al., 2015).

Capsid envelopment and secretion of viral particles. Mature nucleocapsids can also
be enveloped with surface proteins and ER-Golgi derived lipids and subsequently
secreted out of the host cells (Bertoletti et al., 2018; Warner and Locarnini, 2012; Wong
and Locarnini, 2017). The maturation of NCs is coupled with the replication of the viral
genome, and mature, but also empty phosphorylated, NCs are enveloped and
secreted, with the former representing complete virions (K. Liu and Hu, 2019; Ning et
al., 2018). The release of HBV particles is suggested to progress by budding into
multivesicular bodies (MVBs) of late endosomes and followed by transport through the
exosomal pathway (Figure 11) (Lambert et al., 2007; Prange, 2012; Selzer and Zlotnick,
2015). Evidence for HBV particles located in the late endosome, as well as in large
intracellular compartments, support this speculation (Falcon et al., 2008; Roingeard
and Sureau, 1998). The empty, phosphorylated capsids are also enveloped and
secreted via the same pathway (Prange, 2012; Selzer and Zlotnick, 2015), resulting in
non-infectious genome-free particles, in almost 100-fold excess compared to complete
virions (Hu and K. Liu, 2017).
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Besides mature and incomplete HBV virions, two types of subviral particles (SVPs),
constituted by the envelope proteins and forming small spherical or flamentous empty
particles of a diameter from 17 to 25 nm, are secreted in the blood, in amounts up to
100,000 fold compared to HBV complete virions (Bertoletti et al., 2018; Hu and K. Liu,
2017; Warner and Locarnini, 2012; Wong and Locarnini, 2017). HBeAg, a soluble
nonstructural protein dimer of HBV, can also be detected in patient’s blood at high
levels, and its secretion is independent of viral assembly and maturation (DiMattia et
al., 2013; Warner and Locarnini, 2012; Wong and Locarnini, 2017).
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Figure 11. The secretion of HBV particles and subviral particles. MVB: multivesicular bodies.

ESCRT: endosomal sorting complex required for transport. Alix: apoptosis-linked gene 2 -
interacting protein X. ERGIC: ER-Golgi intermediate compartment. The synthesized surface
proteins are transported from ER membrane to MVB membrane with unclear mechanism. Mature
nucleocapsids and empty capsids are enveloped with surface proteins by budding into MVBs,
which is mediated by the protein complexes of ESCRT-O0, -I, -, -lll, and Vps4 ATPase, and the
cellular Nedd4 ubiquitin ligase and c2-adaptin might be involved in this process (Prange, 2012;

Selzer and Zlotnick, 2015). The enveloped particles are released via the fusion of MVB-derived
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exosomes and plasma membrane (Prange, 2012). The Alix shows the ability of facilitating
immature NCs to be released as nude capsids in vitro (Bardens et al., 2011). Differently, the SVPs
are released via constitutive secretory pathway by budding into the lumen of ER or ERGIC (Prange,
2012). Adapted from: (Selzer and Zlotnick, 2015).
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® Genome and proteins of HBV

> rcDNA

The genome of HBV, known as rcDNA, is a small relaxed-circular DNA molecule
containing a complete minus-strand and an incomplete plus-strand (Figure 12) (Wong
and Locarnini, 2017). The rcDNA contains 3182 to 3248 base-pairs depending on the
genotype of HBV (Locarnini et al., 2013). Two direct repeats (DR) sequences of 11
nucleotides, referred as DR1 and DR2, are located at the 5’ ends of both strands of
rcDNA (Ganem and Schneider, 2001). The 226 base-pairs which overlap between the
two DR sequences hold the rcDNA in circular construction, with a gap between the 3’
and 5’ ends of the minus-strand, which is bridged by the shorter plus-strand (Wong
and Locarnini, 2017). The minus-strand DNA encodes the complete viral genome, and
is covalently bound to the viral polymerase at its 5’ ends (Wong and Locarnini, 2017).
While the 5’-end of the plus-strand is capped by an 18-bases oligoribonucleotide
derived from the 5’ end of the pgRNA (Will et al., 1987), the 3’ end of the plus-strand is
at a variable position, which leads the plus-strand to cover 20-80% of the whole length
genome (Wong and Locarnini, 2017). As a result, the circle of rcDNA is just partly
double-stranded. Besides encoding information and regulating expression of viral
genes, the rcDNA is involved in two key processes of HBV life cycle: the conversion
from rcDNA to cccDNA, which generates production of viral RNAs using the host
enzymes; and the reverse transcription of cDNA from pgRNA in the viral nucleocapsid,

which is important for viral maturation (Locarnini and Zoulim, 2010).

1. Open reading frames (ORFs)

The recognized coding information, including viral protein genes, promoters,
enhancers and other regulatory genes, is located on the minus-strand within four
overlapping ORFs (Figure 12): the longest ORF (Pol-ORF) is the gene encoding the

viral polymerase. It overlaps with the other three ORFs; the envelope ORF encodes
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the surface proteins (HBsAg) with the three regions preS1, preS2 and S; the
precore/core ORF encodes the core protein and the N-terminally extended precore
protein (HBeAg); the X ORF is the gene of the transactivating protein X (HBx) (Wen,
2004; Wong and Locarnini, 2017). The four ORFs of the HBV genome are not only
controlled by their respective promoters, but also by two enhancer elements which
show strong transcription activity in hepatic cells. While the enhancer | (Enhl) is located
at the upstream of the X ORF and within the region of the Pol-ORF, it regulates the
transcription of all four HBV ORFs (Huan and Siddiqui, 1993; H. Su and Yee, 1992;
Warner and Locarnini, 2012; Yen, 1993). The enhancer Il (Enhll), which is active only
in hepatic cells, is located within the region of the X ORF, and was found to be involved
in the regulation of basal core promoter and preS2/S promoters transcription (Warner
and Locarnini, 2012; Yee, 1989; Yuh and Ting, 1993; 1990).

Figure 12. The genome of hepatitis B virus. The map is made based on the genome of HBV

genotype D. The partially completed plus-strand DNA is shown as a solid line, supplemented by a
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dashed line for the missing part. The minus-strand DNA is shown as a circular solid line with a gap
next to the DR1 locus. All ORFs and regulatory elements including the direct repeat sequences
and enhancers are also shown on the map. All transcribed RNAs use the same termination signal
located in the core ORF, so that they are overlapped at the 3’ end. The viral polymerase (shown
as yellow circle) is covalently linked to the minus strand at the 5’ terminal of the minus-strand DNA.

Figure source: (Gish et al., 2015).

2. The generation of cccDNA

The exact mechanism of cccDNA formation has not been fully understood yet. It
probably takes place in successive four events: the single-stranded gap region is
repaired by the viral polymerase and a cellular polymerase (Seeger and Mason, 2015;
Warner and Locarnini, 2012); the 5’ terminal structures of the minus-strand and the
plus-strand, including the Pol protein and the capped oligoribonucleotide, are removed
by cellular endonucleases such as the tyrosyl-DNA phosphodiesterase 2 (Lucifora et
al., 2017; Nassal, 2015); the short terminal redundancy on the minus-strand, which
derives from viral DNA synthesis, is removed by the cellular endonucleases (Seeger
and Mason, 2015; Warner and Locarnini, 2012); covalent ligation of the gaps in both
strands closes the DNA molecular circle to form cccDNA (Locarnini and Zoulim, 2010;
Warner and Locarnini, 2012). Once formed, the cccDNA is integrated into the
nucleosome with histone and non-histone proteins and finally forms the viral
minichromosome (Bock et al., 1994; Newbold et al., 1995). The core protein of HBV
takes part in the formation of the minichromosome as a structural component, and can
reduce the space between nucleosomes of the nucleoprotein complexes (Bock et al.,
2001). The cccDNA accumulates and persists stably in the nucleus of infected cells
with 30-50 copies for each cell (Newbold et al., 1995; Tuttleman et al., 1986), as a
template for transcription of the viral RNAs using the cellular RNA polymerase |l
(Bertoletti et al., 2018). The HBx protein and the acetylation status of nucleic H3/H4
histones have been shown to play a role in the replication of HBV and the transcription
of the viral genome through binding to the cccDNA minichromosome (Belloni et al.,
2009; Lucifora et al., 2011; L. Luo et al., 2013; Riviéere et al., 2015).
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3. The reverse transcription of rcDNA

The replication of the HBV genome (Figure 13) is initiated by the formation of the
replication complex, which is composed of pgRNA and the viral polymerase. Both are
packaged in the immature capsid, coupling replication and the maturation process of
the viral nucleocapsid (Warner and Locarnini, 2012). The transcribed pgRNA contains
two stem loop structures, known as the epsilon loop (g), at its 5’ end and 3’ end
respectively. These two epsilon loops are critical for the initiation of reverse
transcription (Warner and Locarnini, 2012; Wong and Locarnini, 2017). The N-terminal
region of Pol binds to the epsilon loop at the 5’ end of the pgRNA, which leads to a
conformational change that will stimulate its enzymatic activity and initiate the viral
genome replication (Bartenschlager and Schaller, 1992; J. Beck and Nassal, 2007).
Then the core protein dimers bind to the pgRNA-Pol complex continuously, which is
probably the main factor for selective packaging of pgRNA, to assemble immature
nucleocapsids (Bartenschlager and Schaller, 1992). Coupled with the formation of viral
nucleocapsids, the synthesis of the minus-strand starts with the priming of a 3 nt
oligomer which is complementary to the at 5’ end epsilon loop (Warner and Locarnini,
2012; Zoulim and Seeger, 1994). The Pol-oligomer primer is then translocated to the
3’ end epsilon loop and the minus-strand is reverse-transcribed from the 3’ end to the
5’ end of pgRNA (Will et al., 1987; Wong and Locarnini, 2017). With the extension of
the minus-strand, the template pgRNA is degraded by the polymerase except its 5’
capped region which includes the DR1 repeat sequence (Ganem and Schneider, 2001).
The residual DR1 RNA fragment is transferred to the complementary DR2 element at
the 5’ end of the newly synthesized minus-strand (ssDNA), and start the synthesis of
the plus-strand as a primer (Will et al., 1987). The 3’ end of the synthesized plus-strand
fragment goes a little further than 5’ end of the minus-strand, and is subsequently
translocated to 3’ end of the template minus-strand to continue the synthesis (Nassal,
2015). The plus-strand synthesis terminates when it extends to about 50 to 70% of the
viral genome-length, with a yet unclear mechanism, and the partially double-stranded

rcDNA is subsequently formed (Wong and Locarnini, 2017).
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Figure 13. The replication of rcDNA. The black wavy line represents the pgRNA template for
reverse transcription, which is longer than the viral genome length of HBV with a cap and poly A
(pA) tail. The epsilon loops (g) of pgRNA are shown with hairpin structures. The newly synthesized
viral DNA strands are shown with blue (minus-strand) or grey (plus-strand) arrow lines. a): the
initiation of reverse transcription. b): the elongation of minus-strand DNA (ssDNA). c): the synthesis
of double-stranded linear DNA (dsL DNA). d): the synthesis of short plus-strand DNA and the

formation of partly double-stranded circles of rcDNA. Figure source : (Nassal, 2015).

4. dsL DNA

Besides rcDNA, another replication product, double-stranded linear DNA (dsL DNA),
is also found in infected cells with a frequency of about 5-20% compared with rcDNA
(Christoph Seeger et al., 2013; W. Yang and Summers, 1999). It is derived from an
aberration in the rcDNA synthesis process, when the residual DR1 RNA fragment
primes the plus-strand synthesis directly from the 3’ end of the newly synthesized

minus-strand, instead of being translocated to DR2 element at the 5’ end (Figure 13-c)
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(Nassal, 2015). It can be inaccurately repaired to a cccDNA-like circular molecule due
to a host nonhomologous end-joining pathway, so that the circular molecule is usually
functionally defective (Nassal, 2015). The dsL DNA can also be integrated into the host
chromosomal genome (W. Yang and Summers, 1999). The integration neither is
managed by viral genes nor has any role in HBV replication, but it might take part in

the formation of HBV-associated hepatocellular carcinoma (Sung et al., 2012).

> HBsAg

The HBV surface antigen (HBsAg) was first isolated by Baruch Blumberg, who won a
Nobel prize for this discovery, in the 1960s (Blumberg and Alter, 1965). HBsAg can be
detected in the serum of newly infected patients in the first several weeks after infection.
It is the main component of the HBV envelop and its secretion correlates closely with
viral replication, so that it not only is the first viral marker discovered, but also remains
the major clinical hallmark for HBV infection so far (Krugman et al., 1979; Maurizia
Rossana Brunetto, 2010). HBsAg includes 3 forms of HBV surface proteins, called S
(small), M (medium), and L (large) protein, respectively. They are translated by host
ribosomes at the rough-surfaced endoplasmic reticulum (ER), and span the ER
membrane with four transmembrane domains resulting in their complex topology
structure (Figure 14) (Bruss et al., 1994; Ostapchuk et al., 1994; Prange and Streeck,
1995). Only a minor proportion of HBsAg proteins can be assembled into the envelop
of viral particles and secreted as HBV virions, and correspondingly, the majority of
HBsAg proteins are secreted from the host cell in the form of self-assembled spherical
or filamentous subviral particles (SVPs) (Heermann et al., 1984). SVPs are the most
abundant particles in the serum of HBV patients, with a ratio up to 100,000 to 1
compared to mature virions. Though the SVPs are non-infectious, they are suspected
to adsorb virus-neutralizing antibodies with such a huge quantity, which might promote
the spread of HBV virions and contribute to persistent infection of HBV patients
(Bertoletti et al., 2018; Warner and Locarnini, 2012). It is worth mentioning that the
maturation of hepatitis D virus (HDV), which co-infects about 5 % of HBV patients as
a satellite virus (WHO, 2017), also requires the participation of HBV surface proteins
(Abbas and Afzal, 2013; Negro, 2014).
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Figure 14. Topology structure of HBsAg proteins. a): structural domains and signal sequences
of S, M and L proteins. The S, preS2, preS1 are shown with chartreuse, dark green, orange
respectively. Black lines are used to indicate specific regions of HBsAgs, including: transmembrane
signal | and Il; binding sites of polymerized human serum albumin (pHSA), sodium taurocholate
co-transporting polypeptide (NTCP), Nucleocapsids (NC); conformational antigenic loop (AGL);
cytosolic loops (CYL-I and II). b-d): the topology models of the HBsAg proteins on the endoplasmic
reticulum (ER) membrane. HBsAg proteins are fixed on the ER membrane by four embedded
transmembrane domains (TM1-4), which are connected by the antigenic loop (AGL) and two
cytosolic loops (CYL). Two variants of L protein exist, important in the envelopment of mature

capsid (left) and in the context of cell entry (right) respectively.
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1. S protein

The S protein, which consists of 226 amino acid residues (Figure 14), is the shortest
but most plentiful surface protein. It has four putative transmembrane domains (TM1-
4) spanning the ER membrane, and can assemble spontaneously with ER lipids in the
host cell (Simon et al., 1988). There is a N-terminal transmembrane signal (signal 1)
located within the first 30 amino acids of S protein, and an internal transmembrane
signal (signal Il) located inside the region from residue 84 to residue 136 (Eble et al.,
1987). Signals | and Il serve as signal sequences to translocate the HBsAg proteins to
the ER membrane, but they will not be cleaved by host signal peptidases (Eble et al.,
1987). While acting as the predominant component of all viral and subviral particles
(Maurizia Rossana Brunetto, 2010), the S protein is responsible for the major antigenic
determinants of HBsAg (Carman et al.,, 1990). The antigenic determinant is a
conformational antigenic loop (AGL) with several cross-linked cysteine residues on the
domain from the residues 99 to 169, and responsible for all serotypes of HBV (Wong
and Locarnini, 2017). The antigenic determinant is highly conserved probably because
it has a low affinity binding site for HSPG on hepatocytes surface, which is important

for the HBV virions entry (Sureau and Salisse, 2013).

2. M protein

The M protein can be found in all HBV particles as a minor component, but it is not
essential for the replication, secretion, and infection of HBV (Bruss and Ganem, 1991;
Bruss and Vieluf, 1995; Fernholz et al., 1991). The M protein shares the whole
sequence of the S protein at the C-terminal, and has an additional domain with 55
amino acids residues at its N-terminal (Figure 14), which is known as preS2 (Ganem
and Schneider, 2001). Moreover, the topological structure of M protein is predicted to
be similar to the S protein, except the additional preS2 domain, which locates in the
ER lumen (Eble et al., 1990). The preS2 domain has a major antigenic epitope at its
central region (Wong and Locarnini, 2017). The part of preS2 from residues 3 to 16 is
the region which binds to host polymerized human serum albumin (pHSA) (Kann and

Gerlich, 2005), but the effect of this interaction is still not clear.
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3. L protein

The L protein is essential for the formation of filamentous SVPs and for the
envelopment of HBV capsids, as it constitutes 10-20 % of all surface proteins in both
of these particles, while it only accounts for 2 % of the surface proteins in the spherical
particles (Maurizia Rossana Brunetto, 2010). Compared to the M protein, it has an
additional preS1 domain at its N-terminus, which consists of 108 or 119 additional
amino acids depending on the genotype (Figure 14) (Wong and Locarnini, 2017).
Together, preS1 and preS2 are called the preS domain. Due to lack of transmembrane
signal, the synthesized preS domain, as well as the TM1 domain, initially stays on the
cytosolic side, while the hydrophobic C-terminus of the L protein spans the ER
membrane with help of the signal Il (Bruss and Vieluf, 1995; Urban et al., 2014). The
preS domain on the cytosolic side takes part in the envelopment of HBV by interacting
with viral capsids and is subsequently enclosed within viral particles (Urban et al.,
2014). The region involved in the interaction with the nucleocapsids (NC) has been
located to residue 103 - 127, which consists of the last 17 amino acids of preS1 and
the first 8 amino acids of preS2 (Bruss, 1997; Le Seyec et al., 1998; Poisson et al.,
1997). About half of the L molecules undergo complex post-translational changes in
the topology, leading to the translocation of preS domains from the cytosolic side to
the luminal space of ER, which exposes the perS domains to the surface of enveloped
viral particles (Bruss, 2007; Bruss et al., 1994; Lambert and Prange, 2001; Persing et
al., 1987; Seitz et al., 2016). Myristoylation is not necessary for viral replication and
secretion (Bruss and Ganem, 1991), but is important for the infectivity of HBV virions
(Gripon et al., 1995). The N-terminal sequence of preS1 from myristoylated residue 2
to residue 48 represents the specific binding site for NTCP receptor on hepatocyte
surface and is therefore involved in the attachment and entry of HBV (Wong and
Locarnini, 2017). The sequence from residues 49 to 75 is also important for HBV
infectivity, but it is not yet understood why (Urban et al., 2014). Moreover, there are
some antigenic sites in the preS region, which are responsible for the immune
responses in the HBV patient, can be recognized by host B cells and T cells (Wong
and Locarnini, 2017).
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» Core protein

1.  The sequence and function of core protein

The core protein (Cp) of HBV, which is referred to as HBV core-antigen (HBcAg) in

serology, is one of the two translational products of pgRNA (Wong and Locarnini, 2017).
It is usually constituted of 183 amino acids (aa) with a molecular weight of around 21

kDa, except for genotype A (185 aa) and for genotype G (195 aa) (Locarnini et al.,

2013; Warner and Locarnini, 2012). Within the HBV particles, 90 or 120 Cp dimers
form a T=3 or T=4 icosahedral protein shell. Cp183 contains a N-terminal domain (NTD)
of 140 aa, which is responsible for the formation of the capsid structure; a linker of 9
aa; and a C-terminal domain (CTD) of 34 aa, which is required for the packaging of
pgRNA and the release of the viral genome in the nucleus (Figure 15) (S. Liu et al.,

2010; Petit and Pillot, 1985; Rabe et al., 2003). The NTD is competent to form the
capsid-shell structure alone when it is over-expressed in E. coli or under high ionic
strength conditions in vitro (Wingfield et al., 1995; Zlotnick et al., 1996), while a recent
study has shown that the CTD is required for capsid assembly in a mammalian cell-
free system, which is closer to physiological conditions (Ludgate et al., 2016). The CTD
is rich in arginines, which confers it abundant positive charges. It contains seven

conserved potential phosphorylation sites on serines or threonines (Heger-Stevic et al.,

2018; Kann and Gerlich, 2005; J. C. Y. Wang et al.,, 2012; Yeh and Ou, 1991).

Phosphorylation and dephosphorylation events can regulate the charges of the CTD,

contributing to viral genome packaging and release (Heger-Stevic et al., 2018; Ludgate
et al., 2016; Ning et al., 2017; Zhao et al., 2018). The 9 aa linker was thought to have
no role for Cp function, but recent study indicates that it might participate in multiple
events of HBV life cycle, including pgRNA packaging, viral DNA synthesis,

phosphorylation of the CTD and virions secretion (K. Liu et al., 2018). Besides being

the structural component of the viral capsid, Cp is also involved in the generation of
the cccDNA minichromosome, and probably takes part in the modulation of genome
transcription (Allweiss and Dandri, 2017; Bock et al., 2001).
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Figure 15. Core proteins of HBV. The N-terminal domain of Cp is shown in yellow, the linker in
purple, and the CTD in blue with its detailed sequence. The potential phosphorylation sites of the
CTD are emphasized in red, and marked with triangles for the three major sites which have been
confirmed to be crucial for viral genome packaging (Machida et al., 1991; Yeh and Ou, 1991).
Cp149 is an artificially truncated variant of the full-length protein (Cp183), in which the CTD is
absent. Cp of genotype G, referred to as HBV/G Cp, contains an additional N-terminal sequence

of 12 residues (orange) replacing the initial methionine (K. Li et al., 2007).

2. The structure of Cp

The Cp shows dimeric behavior when it is analyzed by gel filtration or assembled into
capsids as the basic unit (Crowther et al., 1994; Nassal et al., 1992; Wingfield et al.,
1995; S. Zhou and Standring, 1992). The NTD is an a-helix-rich region (Figure 16-a
and b) (Bottcher et al., 1997; Conway et al., 1997; Wynne et al., 1999), and the dimers
form spikes composed of two a3 and two a4 helices of the NTD (Figure 16-c) (Wynne
et al.,, 1999; Yu et al., 2013). While residue C48 is located at the spike bottom and
found in the reduced state, an intradimer disulfide crosslink can be formed by the C61-
C61 within the helices spike (Wynne et al., 1999), which is necessary neither for
formation of the dimer, nor assembly and envelopment of the capsid (Nassal, 1992;
Nassal et al.,, 1992; Yu et al., 2013). However, this disulfide bond can reduce the

stability of the capsid, and might thus be important in the uncoating and release of the
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packaged genome (Selzer et al., 2014). In addition, the last residue (C183) can also
cross-link different Cp dimers, which is considered to be helpful to capsid stability (Ning
et al., 2018). The structure of the CTD is missing from the cryo-EM maps due to its
high flexibility and disordered nature (Béttcher and Nassal, 2018; Yu et al., 2013).
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Figure 16. The sequence and crystal structure of Cp. a): Sequence of Cp with the localization
of the 5 a helices. The A indicates the truncated position of Cp149. Fully conserved residues are
labelled with stars. Cp is mainly constituted by helices: a1 helix from residue 13 to 17; a2 helix from
residue 27 to 43; a3 helix from residue 50 to 72; a4 helix from residue 79 to 110; and a5 helix from
residue 112 to 127. The a2 and a4 helices are slightly bent between residues of 37-38 or 90-92,
resulting in 2 pairs of sub-helices, a2a/b or a4a/b, respectively. b): Representation of the monomer
of Cp149, with helices indicated. The first 12 residues at the N-terminal and residues 128-142/3
are irregular, and the last several residues (143/4-149) are missing in the structure. c): Crystal
structure of the Cp149 dimer. The C48 and C61 are identified in yellow and green respectively.
Adapted from: (Wynne et al., 1999)
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> HBeAg

The HBeAg is encoded in the same ORF (precore/core ORF) and shares most of the
amino acid sequence with the core protein. Still, processing and physiological function
are quite different (Warner and Locarnini, 2012). In contrast to Cp, the HBeAg protein
is translated from the 3.5 kb precore mRNA instead of the pgRNA, and undergoes a
series of post-translational modification in the ER (Figure 17) (Wong and Locarnini,
2017). Moreover, it does not take part in viral replication and secretion, acting as an
accessory protein for HBV infection rather than a structural protein for viral particles
(Warner and Locarnini, 2012). The function of HBeAg in HBV infection is still not
completely clear, but it is believed that it can affect the immune response system of
patient and can contribute to the persistent infection of HBV (M. Chen et al., 2005; M.
T. Chen et al., 2004; Hadziyannis, 2001; Milich and Liang, 2003; Milich et al., 1998;
Visvanathan et al., 2007). Despite the HBeAg-negative infections caused by the HBV
precore mutant (Alexopoulou and Karayiannis, 2014; Brunetto et al., 1989), the
secretion of HBeAg generally correlates with the high levels of HBV virions replication
(P. Chen et al., 2017; Liang and Ghany, 2002). Therefore, the HBeAg is widely used
to monitor the viral replication in clinical diagnosis and treatment together with other
serological markers (HBsAg, HBV DNA, anti-HBc, etc) (Bonino et al., 2010; Krugman
et al., 1979; Schmilovitz-Weiss et al., 1993).
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Figure 17. Generation of HBeAg. Compared with Cp, initially synthesized HBeAg protein (precore
protein) has a 29 amino acid residues surplus at its N-terminus, of which the first 19 residues act
as a signal peptide to translocate the precore protein into the ER lumen, where it is subsequently
cleaved by the host signal peptidase (Dienes et al., 1995; Warner and Locarnini, 2012). The
generation of mature HBeAg protein needs a second cleavage by a furin-like protease to remove
the CTD region of the intermediate type (p22) (Messageot et al., 2003; Standring et al., 1988;
Takahashi et al., 1983; Walsh and Locarnini, 2012), with a variable cleavage site at the core protein
region from residues 149 to 154 (Eren et al., 2018; Messageot et al., 2003; Takahashi et al., 2000;
Walsh and Locarnini, 2012; Watts et al., 2011). The p22cr is derived from the precore protein, with

most of the N-terminal additional sequence and several residues of CTD remaining.

The HBeAg secreted in patient sera is in dimeric form with an intramolecular C(-7)-
C61 disulfide bond, whose structure is significantly different from the one of Cp149
dimer (Figure 18) (DiMattia et al., 2013; Zlotnick et al., 2015). Although the tertiary
structures of HBeAg and Cp are similar, the monomer subunit of HBeAg dimer rotates
by 140°, compared with quaternary structure Cp dimer (DiMattia et al., 2013). HBeAg
in its reduced state has been shown to form capsids which look similar to T=3 capsid
of Cp149 but less regular, and which are facilitated by high ionic strength in vitro
(DiMattia et al., 2013; Watts et al., 2011). Moreover, p22 was reported to form genome-
free hybrid capsids collaborating with Cps (Scaglioni et al., 1997), yet these hybrid
capsids were recently found to have the ability to package DNA (Z. Yan et al., 2019).
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Figure 18. Sequence and structure of HBeAg. a): HBeAg contains similar helices as Cp but
contains an additional N-terminal domain and no CTD. An intramolecular disulfide between
Cysteine (-7) and 61 can be formed in HBeAg monomer (b), which results in the assembly-inactive
structure of HBeAg dimer (c). Taken from: (DiMattia et al., 2013).

A derivative of the precore protein, which consists of the N-terminal signal peptide,
assembly domain and maybe a few amino acids of CTD of core protein, referred as
p22cr in some publications, is also reported to be detected in the sera of HBV patient
(Figure 17) (E.-Q. Chen et al., 2017; Gou et al., 2017; Kimura et al., 2005; Maasoumy
et al.,, 2015). It was shown that p22cr, rather than the core protein, could be the
component of empty capsid in genome-free virions (Kimura et al., 2005). However, no
further studies were published to support this statement. A recent study confirmed that
the entire CTD can be detected in empty HBV virions from patient sera, questioning
the previous report about p22cr genome-free capsid which might have been caused
by detection mistakes (Hu and K. Liu, 2017; Ning et al., 2017). Nevertheless, as a new
member of core-related antigens (HBcrAgs, including HBcAg and HBeAg), the p22cr
has been regarded as a new potential marker for HBV diagnosis and treatment (Yuen
et al., 2018).
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> Polymerase protein

The polymerase protein (Pol) is the biggest protein encoded by HBV with a molecular
weight of 90 kDa (Wong and Locarnini, 2017). This enzyme comprises four major
domains with distinct functions (Figure 19-a): a terminal protein (TP) domain, a spacer
domain, a reverse transcriptase domain and RNase H domain. The N-terminal TP
domain is a functional domain containing a conserved tyrosine residue (Y63) which
binds to the first nucleotide of the minus-strand DNA to initiate reverse transcription
together with the 5’ end € loop of pgRNA (Figure 19-b) (Jones and Hu, 2013a; Lanford
et al., 1997), and it is also involved in triggering nucleocapsid assembly
(Bartenschlager and Schaller, 1992; Jones et al., 2014). The spacer domain serves as
a linker, but no other exact function has been found except that 3 conserved Cys
residues at its C-terminal might be involved in pgRNA packaging (S. Kim et al., 2009;
Lamontagne et al., 2016; Wong and Locarnini, 2017). The third part of Pol, a typical
reverse transcriptase (RT) domain, which shares a conserved YMDD sequence with
the RT of retroviruses, is responsible for the synthesis of viral genome using the
templates of pgRNA and new minus-strand DNA (Figure 19-b) (Menéndez-Arias et al.,
2014). The C-terminal domain, a RNase H activity (RH) region, is involved in the
degradation of pgRNA during reverse transcription (Figure 19-b), which is important
for the synthesis of the plus-strand DNA (Champoux and Schultz, 2009; Ko et al., 2014;
Wong and Locarnini, 2017).
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Figure 19. The HBV polymerase and HIV-1 reverse transcriptase. a): structural domains of the
HBV polymerase (Pol) and HIV-1 reverse transcriptase (RT). b): priming and elongation of the
minus-strand DNA. Pol primes reverse transcription by repairing the nucleotide (G) linked by
residue Y63 to the internal bulge of 5’ end € loop of pgRNA (left). Two following nucleotides (A) are
linked to the initiating nucleotide (G) by the activity of the YMDD sequence (mid). The complex of
Pol and the GAA primer is translocated to 3’ of pgRNA with a topological structure change of Pol,
and the minus-strand DNA elongates, while pgRNA is degraded (right). ¢): main conserved motifs
in the RT domain of HBV Pol and HIV RT. Adapted from: (Jones and Hu, 2013b; Menéndez-Arias
et al., 2014)

Despite the vital role played by Pol in HBV infection, no high-resolution structure has
been obtained yet. However, as Pol contains high sequence homology with the HIV

reverse transcriptase, with up to 20 % similarity for the RT domain and more than 30%
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for the RNase H domain (Figure 19-c) (Das et al., 2001; Tavis et al., 2013), the well-
studied HIV reverse transcriptase is usually taken as an ideal model for HBV Pol
protein study (Clark and Hu, 2015; Menéndez-Arias et al., 2014). Moreover, most of
the nucleos(t)ide analogues (NAs), which are widely used in HBV therapy, can also be
used as antiviral agents targeting the HIV reverse transcriptase (Menéndez-Arias et
al., 2014; Warner and Locarnini, 2012).

» HBXx protein

HBx is composed of 154 amino acids and is a nonstructural protein conserved for all
orthohepadnaviruses members (Wong and Locarnini, 2017). While it is dispensable for
duck HBV (Meier et al., 2003) or absent in other avian hepatitis viruses (Funk et al.,
2007), the HBx protein has been confirmed to be vital for WHV replication (H. S. Chen
et al., 1993; Zoulim et al., 1994). While initially, the role of HBx in viral replication was
controversial (Blum et al., 1992; Melegari et al., 1998; Yaginuma et al., 1987), a more
recent research demonstrated that cell types can interfere with the relation between
HBx and HBV replication (D.-Y. Gong et al., 2013). The studies on animal models have
revealed that HBx is required by and can distinctly heighten HBV replication as a
regulatory protein (Keasler et al., 2009; Slagle and Bouchard, 2016; Tsuge et al., 2010;
Xu et al., 2002; Zhang et al., 2018). Though the multiple functions of HBx have not
been totally understood, a lot of studies show that it is not only directly involved in viral
replication, but also modulates the cellular metabolism to benefit viral replication and
persistence (Slagle and Bouchard, 2018; Wong and Locarnini, 2017). For example,
HBx was shown to take part in the following events: methylation of cccDNA (Lee et al.,
2019); exportation or degradation of host restriction factors (R. Chen et al., 2017;
Decorsiére et al., 2016; Gao et al., 2017; X. Luo et al., 2016; van de Klundert et al.,
2016); interaction with transcription promoting factor (Kouwaki et al., 2016); activation
of specific cellular signal pathway (Rawat and Bouchard, 2015); modulation of the
intracellular calcium level (Casciano et al., 2017; Geng et al., 2012) and host gene

expression (Sengupta et al., 2017).

40



® Maturation and envelopment of viral Capsids

» The capsid arrangement

The capsid of HBV is an icosahedral superstructure formed by large numbers of Cp
dimers (Wynne et al., 1999; Yu et al., 2013; S. Zhou and Standring, 1992; Zlotnick et
al., 1996). Two types of capsids are identified: the dominant type T=4 and the minor
type T=3, which contribute to about 95% and 5% of the HBV particles in patient serum
respectively (Crowther et al., 1994; Zlotnick et al., 2015). Each dimer in the capsid can
be distinguished into two adjoining subunits according to their quasi-equivalent
environments (Figure 20) (Conway et al., 2003; Zlotnick et al., 1996). The larger T=4
capsid consists of 120 copies of Cp dimers with 4 types of subunits (A, B, C, D),
whereas the smaller T=3 capsid has 3 only types of subunits (A, B, C) and is formed
with 90 copies of Cp dimers (Crowther et al., 1994; Zlotnick et al., 1996).
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Figure 20. HBV capsids construction and the arrangement of subunits. The T=4 capsid
contains 60 AB dimers and 60 CD dimers, while the T=8 capsid is formed by 60 AB dimers and 30
CC dimers. Both types of capsid are porous (as shown in panels a and b), with the interspace
between dimers accounting for about 16 % of the surface. The subunit arrangements of T=4 and
T=3 capsids are shown in panels ¢ and d, and the subunits of A, B, C, D are marked by green,
orange, pink, indigo color respectively. The symmetry axes of 2, 3, 5-fold on capsids are marked

with 2, 3, 5. Taken from: (Conway et al., 2003)

The fold structures of the seven subunits in T=4/3 capsid are very similar, especially
the spike structure of the four types of dimers (AB and CD of T=4 capsid, AB and CC
of T=3 capsid) which looks almost identical according to cryo-electron microscopy, X-
ray, and solid-state NMR studies (Lecoq et al., 2018; Wynne et al., 1999; Yu et al.,

2013; Zlotnick et al., 1996). The main differences between subunits locate in the N-
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terminal and C-terminal of the NTD and residues of the linker, which are the regions

involving adjacent dimers (Lecoq et al., 2018; Wynne et al., 1999; Yu et al., 2013).

Figure 21. The asymmetric subunits structures of T4 capsid. In red is the crystal structures of
the first 142/3 residues of Cp149. In green is the cryo-EM structure of the full-length Cp, with only
143 residues for subunit A, 146 residues for B and C, 144 residues for D. Adapted from : (Yu et al.,
2013).

The cryo-EM structure of HBV capsid was solved at 3.5 A resolution on the full-length
Cp183 and revealed a double-layer model for HBV capsid: besides the ordered outer
layer formed by the NTD and the linker, an inner layer is constituted by the CTD and
packaged RNAs (Figure 22-a) (Roseman et al., 2005a; Yu et al., 2013). Around the 2-
fold and 5-fold axes holes, the residues of the linker are found to be responsible for
the connection between the two layers (Roseman et al., 2005a; Yu et al., 2013).
Moreover, even if the CTD remains mostly invisible in structural studies, it was shown

to be partially exposed through the 3-fold axes related holes (Figure 22-b) (Yu et al.,
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2013), which is different with the previous speculation that the 2-fold axe hole is
responsible for CTD tails exposure (C. Chen et al., 2011; Wynne et al., 1999). This
visual evidence is supported by biochemical studies about the exposure of CTD
(Gallina et al., 1989; J. Kim and J. Wu, 2015; 2014; Meng et al., 2011; Seifer and
Standring, 1994).

Figure 22. The double-layer capsid model reconstructed by cryo-EM. The inside view (a) and
outside view (b) of radially colored capsid structure. The spikes and outer layer of capsid is in blue
and green. The inner layer formed by CTD and RNA is red. The transition area between the two
layers is in yellow. The 2, 3/L3, 5 refer to the holes of 2-fold, 3-fold related and 5-fole axe
respectively. Adapted from : (Yu et al., 2013)

The exposure of the CTD is certainly transient due to its highly dynamic characteristics
(C. Chen et al., 2011). Recent studies have shown that, compared to empty capsid,
the transient exposure of CTD is restricted by the packaging nucleic acids (J. Kim and
J. Wu, 2015; Meng et al., 2011). In RNA-filled capsids, the 10 % of residues which do
not interact with RNA are part of the exposed tails of CTD (J. Kim and J. Wu, 2015).
These tails are mainly composed of residues 170 to 175, and could contain the binding
motif for serine-arginine protein kinase (SRPK) (J. Kim and J. Wu, 2014), which might
contribute to the phosphorylation of CTD in vivo (Daub et al., 2002; Zheng et al., 2005).
While a significant exposure of the CTD was observed in RNA-filled capsid, the mature
capsid filled with rcDNA seems to restrict almost the whole CTD inside the capsid
(Figure 23) (Meng et al., 2011).
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Figure 23. The CTD exposure diagram of empty capsid and RNA-filled capsid. Compared with
the empty casid (left), the nucleocapsid packaging RNAs (right) exposes less CTD residues.
Adapted from (J. Kim and J. Wu, 2014)

» The formation of capsid

The assembly of capsid in vitro is widely established as a three-phase event: first the
initiation with a trimer complex of Cp dimers; then the elongation by adding subsequent
dimers to the initiate complex nucleus; and the final completion with the insertion of
last subunit (Endres and Zlotnick, 2002; Hagan, 2014; Hagan and Elrad, 2010;
Lutomski et al., 2017; H. D. Nguyen et al., 2007; Zandi et al., 2006; Zlotnick et al.,
1999). The weak interaction between dimers would be responsible for this process
(Ceres et al., 2004; Zlotnick, 2007; 2003), and the assembly intermediates could be
trapped by enhancing the association energy with high concentration of salt (Pierson
et al., 2014; Zlotnick, 2007). Using charge detection mass spectrometry (CDMS), a
series of intermediates, mainly composed of 104-117 dimers, have been detected and
identified (Figure 24) (Pierson et al., 2014). These intermediates are considered to be

in low free energy states, which are harder to gain or loss dimers (Pierson et al., 2014).
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Figure 24. Distribution of assembly intermediates. Analysis based on the CDMS data. The
mass is shown as the number of dimers. The black squares, which indicate the quantity of
measured intermediates, are fitted by a red curve. The blue histograms indicate the intensities of
intermediates. It is worth noting that no intermediates were detected for T=3 capsids. Adopted from:

(Pierson et al., 2014).

Additional cryo-EM investigations confirm that these intermediates are not aberrant
structures, but incomplete capsids, which represent different assembly states or

pathways (Lutomski et al., 2018; Pierson et al., 2014) (Figure 25).

Figure 25. Structure models for assembly intermediates of HBV capsid. Dimer numbers of

incomplete capsids are shown above the intermediate structural models. AB and CD dimers are
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shown with blue and purple blocks respectively. The intermediate types of 104-, 111-, 117- dimers
(a-c), of 108-dimers (d), and of 110-dimers (e) appear to follow different assembly pathways. The

side view of 104-dimers is shown in (f).

However, more recent findings reveal that the final completed capsid might not result
from the last subunit insertion, but correction of imperfect capsids (Lutomski et al.,
2017). These imperfect capsids, which have been reported as aberrant intermediates
in the previous study (Pierson et al., 2014), are overgrown with more than 120 dimers,
and then slowly corrected (Figure 26) (Lutomski et al., 2017; Uetrecht et al., 2008).
This finding is consistent with the opinion that imperfect capsids are less stable than
perfect capsid (Singh and Zlotnick, 2003; J. C.-Y. Wang et al., 2015), and suggests a

probable proof-reading mechanism of capsid assembly (Lutomski et al., 2017).
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Figure 26. Time dependent correction of overgrown capsids. The assembly reaction measured
within 2 h (red) and 72 h (black) are shown in overlaid spectra. As time goes on, the peak of
overgrown capsid turns into the peak located in the expected position of normal capsids. Figure

taken from (Lutomski et al., 2017).

However, the conditions inside hepatocytes are highly complex, and many of the host
factors, such as Hsp90 (Shim et al., 2011), nucleophosmin B23 (Jeong et al., 2014),
filamin B (Y. Li et al., 2018), protein kinase A and C (H. Kang et al., 2008), are probably
involved in the capsids formation, leading to a poor understanding of this process in

vivo (Nassal, 2008; Selzer and Zlotnick, 2015).
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» The CTD phosphorylation balance
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Figure 27. Schematic representation of Cp assembly in E. coli and hepatocytes. The red
pluses indicate the positive charges on CTD, while the green P indicates the negative charge of
phosphorylated residues. The RNAs are shown with green curves. Figure taken from (Heger-Stevic
et al., 2018)

Despite the fact that capsids filled with nonspecific RNA can be harvested from
bacteria or produced in vitro (C. Chen et al., 2011; Porterfield et al., 2010; Wingfield et
al., 1995), the capsids harvested from human cells are assembled without any non-
specific RNA (Ning et al., 2011). It is speculated that there might be a molecular
chaperone which interacts with the CTD to block the nonspecific packaging in vivo (C.
Chen et al., 2011). It has been shown that binding of unphosphorylated CTD to SRPK
can suppress capsid assembly and prohibit RNA binding, and the follow-up
phosphorylation of CTD looses binding gradually (C. Chen et al., 2011; Heger-Stevic
et al., 2018; Zheng et al., 2005). The full phosphorylation of the CTD was also recently
reported to block specific and nonspecific RNA binding, which indicates that partial
dephosphorylation could occur prior to pgRNA packaging (Heger-Stevic et al., 2018;
Zhao et al., 2018). The Pol-pgRNA complex, which interacts with phosphorylated CTD,
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is speculated to replace the bound SRPK to activate he capsid assembly, which leads
to the specific packaging of pgRNA in vivo (C. Chen et al., 2011; Kann and Gerlich,
1994; Ludgate et al., 2016; Patel et al., 2017). The replication of rcDNA is thought to
correlate with dephosphorylation of the CTD to balance the charges on the
nucleocapsid (Perlman et al., 2005; P.-Y. Su et al., 2016). The partial synthesis of viral
rcDNA might be a result of the timely envelopment of nucleocapsid, due to the
termination of dNTPs supply (Heger-Stevic et al., 2018). Similarly, the uncoating of
naked viral core in the infected cells might be caused by the restart of DNA synthesis
and the re-phosphorylation of CTD, which disturbed the electrostatic homeostasis of
nucleocapsids (Heger-Stevic et al., 2018; P.-Y. Su et al., 2016). Given that hundreds
of protein kinases and phosphatases are encoded by human genome (Manning et al.,
2002), it is likely that more than one of them take part in the CTD phosphorylation
(Selzer and Zlotnick, 2015). However, how does the CTD phosphorylation and
dephosphorylation happen in vivo remains to be further elucidated (Heger-Stevic et al.,
2018).

» Capsid envelopment

Envelopment of HBV mature capsids to form virions depends on the interaction of the
core protein with surface proteins, especially the L protein (Ning et al., 2018). On the
Cp side, a region known as the matrix binding domain (MBD), including the spike tip
area mentioned above and the residues around a hydrophobic pocket of Cp dimers,
are predicted as important for envelopment (Le Pogam et al., 2000; Ponsel and Bruss,
2003; Roseman et al., 2005a). The residues of the MBD are discontinuous but exposed
on the capsid surface, and mutating or blocking MBD could affect the virions packaging
distinctly (Ning et al., 2018; Orabi et al., 2015). On the envelope side, a region of the
L protein, which spans the preS1 and preS2 regions with 22 aa, and referred to as the
matrix domain (MD), has been identified to be important for HBV assembly (Bruss,
2007; 1997; Schittl and Bruss, 2014). In addition, residues on the cytosolic loop | of S
region are also considered to be related with capsid envelopment (Biswas et al., 2013;
Loffler-Mary et al., 2000; Poisson, 1997).
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Figure 28. The matrix domain and the matrix binding domain. a) The matrix binding domain
(MBD) of Cp is located on the NTD with discrete segments. L60, L95 and K96 from two Cp
monomers form a ring-like groove surrounding the base of spike. S17, F18, F122, 1126, R127,
N136, A137 and 1139 lie close to the pores of capsid. b) The matrix domain (MD) is located on the
preS domain of L, from R103 to S124. The MBD of Cp and MD of L are considered to be responsible
for envelopment of HBV capsid. The cytosolic loop | (CYL-I), which locates at the S domain from
residues 29 to 79, is probably involved in HBV capsid envelopment. Besides, the cytosolic loop Il
(CYL-II) of S protein from residues 194 to 201 has been revealed to be critical for HDV maturation
(Blanchet and Sureau, 2006; Komla-Soukha and Sureau, 2006). Figure is modified from: (Ning et
al., 2018)

A cryo-EM study has demonstrated that the types of HBV capsids (T=3 and T=4) are
not related to envelopment and secretion of complete virions and empty virions
(Dryden et al., 2006). Furthermore, cryo-EM structures of viral particles purified from a
serum of a chronically infected patient revealed that the envelop is in contact with the
charged spike of the capsid via electrostatic interactions and with a high degree of
plasticity (Seitz et al., 2007). Two types of compact particles, referred as A/B-map, and
a sort of gapped particle, referred as C-map, are distinguished by cryo-EM (Figure 29),
but they all share a similar packing mechanism, with one asymmetric unit

corresponding to up to 3 surface proteins (Seitz et al., 2007).
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Figure 29. The morphological phenotypes of HBV particles. A-map (a), B-map (b) and C-map
(c) phenotypes of HBV particles are shown in the sectional view maps, in which the envelopes and
the inside T=4 capsids are distinguished with yellow or blue respectively. The contact of AB and
CD spike with envelope is shown in side view, with d, e, f corresponding to A-, B- and C-map. The
distance between the inner surface of envelope and the surface of the core is variable: A-map < B-
map < C-map. The superposition of capsids (g) displays a displacement between CD-pikes of the

A-map (blue) and B-map (orange). Taken from: (Seitz et al., 2007).

The difference between the 3 types of particles is not only in position and size of
contact area, but also in the inside of the capsid structure (Figure 29-g) (Seitz et al.,
2007). For the B-map and C-map patrticles, the position of capsid spikes is consistent
with the previous obtained crystal structure (Wynne et al., 1999), but the CD-spikes
shift about 4 to 6 A in the A-map particles (Seitz et al., 2007). This is probably due to
the space between core and envelope which is crowded in the A-map particle and
therefore gives more conformational stress to the capsid compared to the B-map and
C-map particles (Seitz et al., 2007). In all types of particles, the surface proteins bind
to the tips of AB-spikes intimately, as well as the tips of CD spikes with relatively small

area, around the charged residues D78 of capsid subunits (Seitz et al., 2007).
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» The maturation hypotheses of HBV capsid

In secreted HBV virions, both mature nucleocapsids and empty capsids can be found
with significantly different level (Hu and K. Liu, 2017). The density of complete HBV
virions, containing rcDNA within the capsid, is about 10%mlin HBV patient serum, while
the genome-free virions, containing phosphorylated capsids devoid of RNA or DNA,
can be detected up to 10''/ml (Luckenbaugh et al., 2015; Ning et al., 2011) (Figure 30).
In addition, the secretion of RNA virions, containing pgRNA within the capsid, was
confirmed to be relatively rare (10°ml) (Jansen et al., 2016; J. Wang et al., 2016).
Finally, a frequent natural mutation 197L (or F97L) in the adr subtype leads to another
type of immature virions containing ssDNA (Yuan et al., 1999a; 1999b). Therefore it is
conjectured that there are probably some signals exposed on the capsid surface
responsible for the selective envelopment and secretion (Hu and K. Liu, 2017; Ning et
al., 2018; 2017).
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Figure 30. Selective secretion of HBV virions. The secretion virions of HBV are mainly
composed of empty and complete particles. While the RNA-filled virions only account for 0.01%. of
the total secreted virions, and the ssDNA-filled virions are just detected in the specific HBV types
with Cp mutation of 197L or FO7L.
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1.  The classic maturation signal hypothesis

Early studies surmised that the elongation of the plus-strand DNA induces a structural
change which indicates the maturation of nucleocapsid, resulting to the envelopment
and secretion (Seeger and Hu, 1997; Summers and Mason, 1982). Later, structural
differences have been detected between the spikes of empty Cp149 and RNA-
containing Cp183 capsids produced in E. coli cells and anlayzed by cryo-EM
(Roseman et al., 2005b). The differences are located in the hydrophobic pocket of
capsid spike (Roseman et al., 2005b), of which several residues are considered to be
important for virion maturation (Chua et al., 2003; Le Pogam et al., 2000; Ponsel and
Bruss, 2003; Yuan et al., 1999b). They suggested a model, consistent with the
previous hypothesis, that these structural changes are related to the rcDNA synthesis
and might be a positive signal for nucleocapsid maturation (Figure 31-a) (Roseman et
al., 2005b). Meanwhile, another report, based on the close association of
phosphorylation with pgRNA packaging and the nonphosphorylation state of complete
virions, postulated that the dephosphorylation of nucleocapsids might trigger
envelopment and secretion (Periman et al., 2005). Yet, all conjectures cannot
accurately explain the massive secretion of empty virions, independent from viral
genome replication or dephosphorylation of the capsid (Ning et al., 2017). Moreover,
recent research has shown that, despite the fact that phosphorylation and
dephosphorylation events in the nucleocapsid are related to its maturation, they are

not correlated with virion secretion (Ning et al., 2017).

2. The single strand blocking signal hypothesis.

Whereas the maturation model presuming a positive signal is not able to explain the
secretion of empty virions, a single strand (ss) blocking model is proposed for the
negative secretion of pgRNA virions and ssDNA virions (Ning et al., 2011). Two key
events occur in this model: the packaging of any ss nucleic acid, including both pgRNA
and ssDNA, would trigger a blocking signal in the immature nucleocapsids to prohibit
their envelopment, whereas the empty capsid would not possess this signal; then the
removal of pgRNA or ssDNA, rather than the rcDNA synthesis, would induce the

structural change required for the capsid envelopment concomitantly with the
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elimination of the negative signal (Figure 31-b) (Ning et al., 2011). In addition, it is
predicted that the empty capsid likely shares the same structural characteristic than
the mature nucleocapsid (Ning et al., 2011). This model is able to justify the rare
secretion or absence of RNA-filled and ssDNA-filled virions, as well as the large
number secretion of empty and complete virions. However, the detailed mechanism,
including the ss blocking signal and the uncertain structural change for envelopment,

is still unclear (Ning et al., 2018).
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Figure 31. Maturation models for HBV secretion. a) The classic maturation signal model: the
complete rcDNA replication or the dephosphorylation of the CTD induces a positive signal (cyan
arrows) for the maturation of nucleocapsid. b) The single strand blocking model: a negative signal
is displayed on the immature nucleocapsids surface and subsequently removed along with the

double strand rcDNA synthesis.
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3. The “two-signal” regulation hypothesis

A “two-signal” model, supported by a series of indirect biological evidences, was
proposed recently, giving more details on the HBV patrticle secretion (K. Liu and Hu,
2019; Ning et al., 2018). In this hypothesis, there might be two positive secretion
signals on both empty capsids and nucleocapsids, and a negative blocking signal on
the immature nucleocapsids (Figure 32). The secretion signal |, which probably
interacts with the S protein, is responsible for the basal secretion of empty virions, and
is inhibited by the blocking signal on immature capsid. The secretion signal Il, which is
vital for complete virions secretion and just acts as an enhancer for empty virions
secretion, is surmised to locate at the MBD region of Cp and interact with the MD
sequence of L protein. The blocking signal is only displayed on the surface of immature

nucleocapsids, induced by the packaging of pgRNA or ssDNA.
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Figure 32. The “two-signal” secretion model. a) Secretion model for empty virions. The S and
L envelope proteins form empty virions as the empty capsids contain the 2 signals, and the S
protein alone is also capable of basal level secretion for empty virions but is not competent to secret
complete virions. b) Secretion model for complete virions. The presence of pgRNA and ssDNA
induce the blocking signal, which suppresses the secretion signal | (black triangles) to inhibit
immature nucleocapsid secretion and can be eliminated by the emergence of secretion signal II.
There are two possibilities for nucleocapsid maturation: either the emergence of signal Il is
sufficient for nucleocapsid envelopment (brown capsid), or the clearance of blocking signal
releases the secretion signal | and together with the secretion signal Il, they induce the
nucleocapsid envelopment (blue capsid). The secretion of mature nucleocapsid requires both the

S protein and the MD sequence of L protein. Adapted from: (Ning et al., 2018).

56



® Capsid assembly modulators (CAMs)

The CAMs are small molecule compounds which impair viral replication by disturbing
capsid assembly (Nijampatnam and Liotta, 2019; L. Yang et al., 2019). Their
mechanism of action is to prevent the encapsidation of the Pol-pgRNA complex by
accelerating the kinetics of capsid assembly, and therefore blocking the reverse
transcription of the pgRNA and the formation of rcDNA. Moreover, the interaction of
CAMs and Cps is demonstrated to restrain the formation of cccDNA and restore innate
signaling, which cannot be achieved by current nucleos(t)ide analogues (NAs)
treatment (Belloni et al., 2014; Berke et al., 2017a; Gruffaz et al., 2013). Therefore,
CAMs are now considered as one of the most potent candidates for hepatitis B
treatment, and several compounds are in clinical trials (Feng et al., 2018; Schinazi et
al., 2018).
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Figure 33. Mechanisms of action (MOA) of CAMs. The impact of CAMs on HBV replication is
mainly the inhibition of pgRNA packaging, with two class MOAs, which result in apparently normal

capsids devoid of viral genome or aberrant capsids respectively. Since Cp takes multiple roles in
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the HBYV lifecycle, the influence of CAMs can also take place during the uncoating of nucleocapsid,
or also during minichromosome formation, while the NAs inhibit viral replication by focusing on the
obstruction of reverse transcription only. Moreover, some CAMs are also found to reduce HBeAg

secretion by inducing precore protein aggregation.

In recent years, several new scaffolds of CAMs have been discovered and developed
(Corcuera et al., 2018; Nijampatnam and Liotta, 2019). Based on different mechanisms
of action (MOA) between small molecules and capsids, three well studied scaffolds of
CAMs have been classified into two functional classes: the first class compounds,
including phenylpropenamides (PPAs) and sulfamoylbenzamides (SBAs), promote
empty capsid assembly with apparently normal shape; the second class compounds,
composed of heteroaryldihydropyrimidines (HAPs), leads to aberrant capsids (Berke
et al., 2017a; Corcuera et al., 2018; Lahlali et al., 2018; Z. Zhou et al., 2017). We refer
to the two classes compounds here as CAM-N and CAM-A respectively, to avoid the
nomenclature confusion in previous publications (Schinazi et al., 2018; L. Yang et al.,
2019).
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Figure 34. Five common chemical scaffolds of CAMs. The PPAs and SBAs, as well as most of
the new developed CAMs including SPAs and GLPs, are CAM-N MOA compounds. The CAM-A
MOA compounds are mainly made up by HAP and its derivatives. Taken from: (Nijampatnam and
Liotta, 2019)
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» CAM-N compounds

More than ten chemical scaffolds of CAMs have been discovered so far (Huber et al.,
2018a; Nijampatnam and Liotta, 2019; L. Yang et al., 2019). Besides PPAs and SBAs,
most of the novel non-HAP CAMs exhibit CAM-N MOA compounds, which accelerate
capsid assembly without encapsidation of pgRNA, and empty capsids are formed as
a result (Corcuera et al.,, 2018; Nijampatnam and Liotta, 2019), such as
sulfamoylpyrroloamides (SPAs), glyoxamoylpyrroloxamides (GLPs), benzamides
(BAs), dibenzo-thiazepin-2-one (DBT), pyrazolyl-thiazole (PT) (Corcuera et al., 2018;
Lahlali et al., 2018; S. Wu et al., 2017).

NaCl _ SBA __ PPA

GPA PT DBT

Figure 35. Electron micrographs of capsids assembled with CAM-N compounds. The CAM-
N compounds lead to ostensibly intact capsids, which are indistinguishable from normal capsids
assembled with NaCl. PPA: phenylpropenamide; SBA: sulfamoylbenzamide; GPA: glyoxamide-
pyrrolamide; DBT: dibenzo-thiazepin-2-one; PT: pyrazolyl-thiazole. Adopted from: (Corcuera et al.,
2018)
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1. The phenylpropenamides (PPASs)
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Figure 36. Mechanism model of PPAs promoting capsid assembly. The PPAs molecules
stimulate the assembly of empty capsids which causes the free Cp dimers are consumed rapidly,

and thus limit pgRNA packaging to inhibit nucleocapsid formation. Adapted from (Katen et al., 2010)

The first member of PPAs, AT-61, was reported to have antiviral activity about 20 years
ago (King et al., 1998; Perni et al., 2000). While the AT-61 and its derivative AT-130
inhibit HBV replication in cell cultures, it was shown that their activity is not related to
the cells resistance conferred by NAs, which indicates a different mechanism (Delaney
et al., 2002; King et al., 1998). Unlike the NAs, AT-61 and AT-130 do not affect the
activity of Pol, as well as the transcription and translation of viral genome, but can
evidently reduce pgRNA packaging (Figure 36) (Delaney et al., 2002; Feld et al., 2007;
Perni et al., 2000). Crystallization study shows that the AT-130 binds to the
hydrophobic pockets of subunit B and C of capsids, while the B-pocket is its favorite
binding site (Figure 37) (Katen et al., 2013). The binding, occurring between the
piperidine ring of PPAs and the hydrophobic pocket (Katen et al., 2013; P. Wang et al.,
2011), causes the Cp dimers to keep an assembly-active state, which accelerates the
initiate nucleation step of assembly (Katen et al., 2010; Kondylis et al., 2019b). In the
presence of AT-130 or another PPA derivative B-21, the assembled products also
contain large numbers of incomplete particles (Kondylis et al., 2019b). This is probably

due to the depletion of free Cp dimers and to the increased association energy of
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dimers due to the binding of PPAs compounds, which prevents intermediates from

dissociation (Kondylis et al., 2019b).

Figure 37. Binding mode of AT-130 to HBV capsid. a): crystal structures of Cp dimers binding
with AT-130 at the hydrophobic pockets between Cp dimers (PDB number: 4G93). b): AT-130
molecules bind to the hydrophobic pockets of subunit B, as well as bind to subunit C, but favor B-

pocket. Taken from: (Katen et al., 2013).

2. The sulfamoylbenzamides (SBAS)

The SBAs were discovered later than PPAs and HAPs, but show potent antiviral
activity, and several member compounds are in the process of preclinical or clinical
study (Feng et al., 2018; Nijampatnam and Liotta, 2019). DVR-01 and DVR-23, which
are early representatives of SBA compounds discovered in 2013, display good ability
in suppression of HBV replication with the same mechanism as AT-61, but do not affect
the replication of other hepadnaviruses (e.g. DHBV, WHV) (Campagna et al., 2013).
The crystal structure obtained from SBA-R01-bound to the assembly incompetent
Cp149-Y132A mutant (forming hexamers instead of capsids), indicates that SBA
compounds bind in the same hydrophobic pockets as PPAs and HAPs (Z. Zhou et al.,
2017). NVR 3-778, whose structure is just partially disclosed, is the most advanced
compound of SBA series and its Phase 1 clinical trial is nearly finished (Feng et al.,
2018; Lam et al., 2019). The treatments with 600 mg BID (abbreviation for "bis in die",
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twice a day) of NVR 3-778 alone or combined with PeglFN show positive antiviral
efficacy (Feng et al., 2018). JNJ-379 and JNJ-399, which are promising antivirals but
with no disclosed structures, are speculated to be derivatives of SBA compounds
(Feng et al., 2018). JNJ-379 can either cause empty capsid assembly or interrupt the
disassembly of capsid, resulting in the inhibition of both pgRNA encapsidation and
cccDNA formation (Dusheiko, 2018). Mutations of residues at the hydrophobic pockets
may reduce JNJ-379 efficacy (Berke et al., 2017b). Similar dual MOA was also
observed with JNJ-632 and AB-432, which not only causes genome-free capsids with
apparently intact shape, but also prevents the establishment of cccDNA in early
infection steps (Berke et al., 2017a; Mani et al., 2018; Vandyck et al., 2018). Both JNJ-
379 and AB-432 are undergoing Phase | clinical trials (Feng et al., 2018; Mani et al.,
2018).

3. The sulfamoylpyrroloamides (SPAs )

The SPAs compounds were recently established as HBV antivirals (Vandyck et al.,
2014; Vendeville et al., 2017). They are described to reduce viral mRNA and pgRNA
quantity and to be involved in multiple steps of HBV replication (Nijampatnam and
Liotta, 2019). For example, JNJ-827 was demonstrated to suppress pgRNA packaging
as well as cccDNA formation in cells, with an additional effect on the secretion level of
HBeAg (Lahlali et al., 2018).

4. The glyoxamoylpyrroloxamides (GLPSs)

The GLPs are developed from SPA series, and are the newest scaffolds of CAMs
(Nijampatnam and Liotta, 2019). Though only limited information of GLPs is disclosed,
they are suggested to have the abilities of affecting capsid assembly, impeding
cccDNA establishment, and disrupting preformed capsids (Bassit et al., 2018;
Nijampatnam and Liotta, 2019; Schinazi et al., 2017; Vandyck et al., 2015). The GLP-
26 exhibits highly potent activity in Hep AD38 cells and in vivo, and the combination
treatment using GLP-26 with entecavir, an NAs drugs which has been used to treat

hepatitis B, displays excellent efficacy (Bassit et al., 2018).
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» CAM-A compounds

Most of CAM-A compounds are developed based on HAP series (Feng et al., 2018).
Different from most other CAM scaffolds, the CAM-A compounds inhibit viral replication
by prompting the Cp dimers to assembly into lager deviant capsids (Kondylis et al.,
2019a; Schlicksup et al., 2018b; Stray and Zlotnick, 2006; Venkatakrishnan et al., 2016;
Weber et al., 2002). Besides, they can also lead to Cp depletion via proteasomal
degradation (Deres et al., 2003), and aggregation related with intracellular

promyelocytic leukemia nuclear bodies (Huber et al., 2018b).

1. The heteroaryldihydropyrimidines (HAPS)

It has been shown that HAPs can increase the nucleation efficiency of Cps and
misdirect the assembly to the incorrect path in vitro (Bourne et al., 2008; C. Liu et al.,
2017; Stray et al., 2005), and also reduce the level of both Cp and viral DNA in vivo
(Deres et al., 2003; Feng et al., 2018; Katen et al., 2013). Under negative stain electron

microscopy, the assembly products misdirected by HAPs show distinct structures: for

example, HAP-1 and HAP-12 lead to irregular particles (Bourne et al., 2008; Stray et
al., 2005), while HAP-7 causes broken capsids (Bourne et al., 2008) and BAY 41-4109
and HAP-18 induce tubular structures (Bourne et al., 2008; C. Liu et al., 2017).

Figure 38. Electron micrographs of assembly products affected by HAPs in vitro. Electron
micrographs display Cp149 dimers incubated with different HAP compounds at 37 °C for 24 h, with
molar ratio of Cp149 dimers: HAP molecular = 1: 3. HAPs drive Cp149 dimers to assemble into

various polymers, such as irregular particles, broken capsids, or tubular structures. The scale bar
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(100 nm) in panel HAP-13 is shared by all micrographs, except the last one with a scale bar of 500

nm. Adopted from: (Bourne et al., 2008).

HAPs not only mislead the assembly of Cps in varied structures, but also distort pre-
formed capsids in heterogeneous ways. In order to obtain structures at a good
resolution, the HAP-binding structures are mainly resolved from mutants of truncated
Cp (Berke et al., 2017a; Klumpp et al., 2015; Lahlali et al., 2018; Schlicksup et al.,
2018b). A HAP-1-binding crystal structure bound with resolution of 5 A shows that the
hydrophobic pockets of capsid subunits are responsible for the interaction with HAPs,
and contrary to AT-130, HAP-1 prefers subunit C to subunit B (Bourne et al., 2006;
Katen et al., 2013). The presence of HAP-1 induces specific subunit movements, such
as the opening of 3-fold vertices, the flattening of quasi-six-fold vertices, the bulge of
5-fold vertices, and finally results in changes of the capsid structure (Bourne et al.,
2006). A cryo-EM study on HAP-TAMRA also shows the ability of HAP to distort
preformed capsids, including conferring sharp angles on capsids, flatting the quasi-six-
fold regions, and breaking capsid shapes (Schlicksup et al., 2018b). HAP-TAMRA
compounds are also found to bind to hydrophobic pockets of subunits B and C in T=4
capsids, but without preference, and only binding to subunit B in T=3 capsids (Figure
39) (Schlicksup et al., 2018b). HAP-18, which interacts with almost the same Cp atoms
as HAP-1, equally binds to subunits B and C, and brings very modest quaternary
changes to preformed capsids (Venkatakrishnan et al., 2016). Distinct from the
expanding effect of HAP-1 on preformed capsids, the diameter of aberrant capsids
induced by HAP-18 is decreased by 3 A (Venkatakrishnan et al., 2016).
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Figure 39. The binding of HAP-TAMRA on hydrophobic pocket. In T=4 capsids, four HAP-
TAMRA molecules (red) locate in quasi-sixfold cluster with binding to subunit B and C, while the
subunit D is not bound with the small molecules due to block of adjacent subunit B (a). The subunit
C is blocked by B in T=3 capsids and therefore only subunit B is bound with HAP-TAMRA (b).
Similar block also happens in five-fold cluster to prevent subunit A from binding. Taken from:
(Schlicksup et al., 2018b).

The V124W mutant of Cp, which was designed to bury the HAP binding site by filling
the hydrophobic pocket with a bulky tryptophan residue, shows resistance to HAP-1
and its derivative HAP-12 (Tan et al., 2013). In addition, the V124W dimers have a
more compact conformation than WT dimers, and show high assembly activity of
empty capsid (Tan et al., 2013). This is consistent with the reports showing that the
subunits of capsid are more compact than free dimers (Bourne et al., 2009;
Packianathan et al., 2010), and indicates that the allosteric change caused by V124W
mutation or HAPs binding might related to the assembly-active state of Cp (Tan et al.,
2013; 2015). Filling of the pocket around quasi-six-fold hole activates the assembly-
active state of Cp dimers and strengthens the interdimer interactions (Bourne et al.,
2006; Klumpp et al., 2015; Venkatakrishnan and Zlotnick, 2016). Given that HAPs
cause capsid dissociation and finally result in broken capsids (Berke et al., 2017a;
Lahlali et al., 2018; Stray and Zlotnick, 2006), the stabilization of HAPs to non-capsid
polymers seems to be a contradictory effect (Schlicksup et al., 2018b; Stray et al.,
2005).
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Interestingly, an HAP derivative, HAP-RO01, was found to not only misassemble HBeAg
into irregular capsids in vitro, but also to cause the precore protein to be consumed in
the cytoplasm and deposited in the nucleus in cell cultures (Z. Yan et al., 2019).
Consistently, the level of HBeAg could be significantly lowered by HAP-RO01 treatment
in serum of infected FVB/N mice (Z. Yan et al., 2019).This effect was not observed in
control tests with AT-130 and entecavir (ETV), whether other HAPs, especially the
similar compounds under clinical trial, have this direct suppression effect on HBeAg

which needs further investigation (Z. Yan et al., 2019).

2. Ciclopirox (CPX)
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Figure 40. Ciclopirox (CPX) interacts with Cp by CAM-A MOA. CPX has a distinct chemical
structure from HAP series (a) but exhibits similar effects on capsid assembly (b). Scale bar = 100
nm. (c) The crystal structure of the Cp149-Y132A hexamer binding with HAP derivative (NVR10-
001E2, PDB code 5E0I) and (d) with CPX (PDB code 6J10). CPX also binds to the hydrophobic

66



pockets, whereas unlike the HAP derivatives, it is absent in pockets of the dimer-dimer interfaces

(blue circles).

Recent research demonstrates that ciclopirox can act as a novel CAM compound with
the CAM-A MOA (J.-A. Kang et al., 2019). CPX has been applied to treatment for
fungal infection of skin and nails over 20 years (H. Zhou et al., 2010), and was reported
to inhibit transcription of HIV-1 (Caceres et al., 2016), but it does not seem to affect the
transcription of HBV (J.-A. Kang et al., 2019). Similarly to HAP derivatives, CPX also
misdirects Cp dimers to assemble into broken capsids and decreases the level of
intracellular Cp probably due to the misassembled polymers which are degraded via
the proteasome pathway (Deres et al., 2003; J.-A. Kang et al., 2019; Stray and Zlotnick,
2006; G. Wu et al., 2013). Meanwhile, the combination of CPX with NAs gives good
synergistic result, indicating that it might be a promising small-molecular antiviral for
hepatitis B treatment (J.-A. Kang et al., 2019).

> New class MOA compounds

Some of the novel CAMs show different MOA than CAM-N and CAM-A compounds.
For example, the isothiafludine (NZ-4) inhibits pgRNA encapsidation by interacting with
the CTD instead of the hydrophobic pocket of Cps (L. Yang et al., 2014; 2016); BCM-
599 and its related compounds suppress viral replication by preventing Cp dimers from
assembly (Cho et al., 2014); and HF9CS6 interacts with Cp through the hydrophobic
pocket but leads to multicapsid aggregates in vitro and prevents Cp or capsid from
entering nuclear in infected cells (Huber et al., 2018a). Those reports suggest that
CAMs have various MOA in inhibition of viral replication, and might efficiently suppress

HBYV infection through a combination of treatments with current antivirals.
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Figure 41. Chemical Structure of novel MOA compounds.
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® Bacterial expression of recombinant proteins

> Recombinant expression in E. coli

The Escherichia coli (E. coli) expression system is a well-developed approach,
and the most widely used means to heterologous protein production for
functional and structural studies (Gomes et al.,, 2016; Kaur et al., 2018).
According to the data of the Worldwide Protein Data Bank (wwPDB), about 90 %
of publications used E. coli as the host cell for heterologous protein expression
up to August 2018 (Broadway, 2019) (Figure 42).

Compared with other cell-based expression systems developed from yeast,
plant, insect or mammalian cells, the E. coli expression system has advantages
in many factors, including low cost, good vyield, fast production, convenient
management, well-studied genetics, and efficient isotope labeling (Joseph et
al.,, 2015; Kaur et al.,, 2018; Lacabanne et al., 2019a; 2018) (Table 2).
Meanwhile, due to the cellular difference between bacteria and eukaryotic cells,
the negative factors for recombinant protein expression in E. coli cannot be
neglected. For example, the reduced condition of the E. coli cytoplasm,
provided by thioredoxin reductase and glutaredoxin, could affect the formation
of disulfide bond which is required for some protein (Sgrensen and Mortensen,
2005); some enzymes responsible for posttranslational modifications are
absent in E. coli cell, leading to a lack in the expressed protein of
phosphorylation or glycosylation (Gopal and Kumar, 2013; Heger-Stevic et al.,
2018; Kaur et al., 2018). But these disadvantages can be overcome to some
extent by using engineered strains or by co-expressing specific enzyme with
the target protein (Gopal and Kumar, 2013; Heger-Stevic et al., 2018). As a
result of wide use and continuous developing for long years, the recombinant
expression in E. coli systems can benefit from abundant commercialized

vectors, cell strains, fusion tags, and well-introduced strategies (reviewed in
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(Correa and Oppezzo, 2014; Gileadi, 2017; Gopal and Kumar, 2013; Joseph et
al., 2015; Kaur et al., 2018)).

Host system
Escherichia coli

Bacillus subtilis

Yeast system

Filamentous
fungus
Baculovirus /
Inscct system

Mammalian cells
/ system

Transgenic
plants

Transgenic
animals

Merits

Easy

Quick

Economical

Rapid growth rate

Capacity for continuous fermentation

Does not produce LPS/endotoxins

Can be transformed readily with many bacteri-
ophages and plasmids

Capable of secreting functional extracellular
proteins directly into the culture medium

Rapid growth in low cost medium
Appropriate post-translational modifications
Safety of the system is guaranteed

No endotoxins production

High-level of expression

High level of expression

Appropriate posttranslational modifications
Safe for vertebrates

Excellent tool for recombinant glycoprotein
production

Proper protein folding

Appropriate post-translational modifications
and product assembly

Proper glycosylation

Easy scaling up at low cost

Proteins can be localized to different organs at
different growth stages

High yield

Proper protein folding

Appropriate post-translational modifications
and product assembly

Proper glycosylation

Demerits

Does not possess necessary machinery for removing in-
trons from transeripts

Foreign gene might contain sequences that act as termina-
tion signals resulting in premature termination and loss of
gene expression

Codon bias

Lack of post translational modifications

Glycosylation is extremely uncommon in bacteria
Production of proteins in the insoluble form or in the
form of inclusion bodies

Degradation of proteins

Accumulation of endotoxins

Production of extracellular proteases which can recognize
and degrade heterologous proteins

Instability of plasmids

Reduced or non expression of the protein of interest

Hyperglycosylation of proteins

Codon bias

Inefficient in secreting the proteins into growth medium
leading to intracellular retention

Complex

Lack of knowledge on physiology

Continuous expression not possible
More demanding culture conditions

High cost
Comp]icatl:d techlmlugy
Potential contamination with animal viruses

Expression levels are target dependent
Functional assays yet to be developed

Relarively longer production period
Low yield
Higher costs

Table 2. Comparison of different expression systems for recombinant proteins.

Taken from: (Gomes et al., 2016).
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> Isotopic labeling

Contrary to X-ray crystallography and cryo-electron microscopy (cryo-EM)
studies, the protein sample used for nuclear magnetic resonance (NMR)
research needs to be isotopically labeled, because homonuclear 'H
spectroscopy is of limited use in solid-state NMR due to the still broad proton
resonances. Especially for studies of proteins and other biomacromolecules by
solid-state NMR, isotopic labeling can not only improve detection sensitivity but
also allows the survey on site-specific structures and intermolecular contacts
(Hong, 2010). The main isotopes used in NMR studies are 'H, °C and "°N.
While the natural abundance of 'H is higher than 99.9 %, the labeling of other
isotopes must be executed with artificially extracted high abundance materials
(Verardi et al., 2012).

1. Culture media used for isotopic labeling

The M9 minimal medium is one of the most used media for E. coli growth, and
is generally used for isotopic labeling of recombinant proteins with economic
cost and high efficiency (Pardi, 1992). The supplement of trace elements and
vitamins to M9 minimal medium is widely used to enhance host cell growth and
target protein expression (Atlas, 2010). In order to reduce the cost and to gain
higher yield, the improved “rich medium” which contains algal lysate is
introduced to be used for expression of isotopic labeling proteins (Fiaux et al.,
2004; Suzuki et al., 2005). Increasing buffering capacity and modifying
composition of M9 minimal medium, as well as the improvement on expression
protocol, are also reported to be able to improve isotopic labeling protein yield
(Azatian et al., 2019; Cai et al., 2016; Klopp et al., 2018; O'Brien et al., 2018).
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M9 medium Concentration Trace Concentration
components (final) elements (final)
MgSO, 2 mM EDTA 0.17 mM
CaCl, 100 uM CaCl, 0.54 mM
NazHPO,4 38 mM CuSO0,4 0.027 mM
KH.PO4 22 mM MnCl, 0.095 mM
NaCl 8.6 mM NaCl 0.086 mM
Antibiotic 25-50 pg/ml H3BO3 0.003 mM
Glucose 2g/L ZnS0, 0.024 mM
NH,4CI 2g/L FeSO, 0.216 mM
Trace elements (100x) 1x ascorbic acid 0.011 mM

Vitamins solution (100x) 1 x

Table 3. Components of M9 minimal medium (Lacabanne, 2017). The trace elements
are listed on the right. The vitamin solution used (BME Vitamins 100x solution) is from
Sigma-Aldrich.

2. Uniform isotopic labeling

Uniform isotopic labeling is the simplest and most cost-effective way for solid-
state NMR protein preparation, and is widespread applied in spectroscopic
characterization of target proteins (Baldus, 2010; Hong, 2010). The protein
sample is usually overexpressed in E. coli with the minimal media combined
with the use of '*C-labeled glucose and '°N-labeled ammonium chloride, which
serve as the sole nitrogen source and carbon source (Hong, 2010; Lacabanne
et al.,, 2019a). The labeled amino acids are converted from glucose and
ammonium chloride, following the metabolic pathways of E. coli, and the
isotopes are finally introduced into the target protein by biosynthesis
(Hoogstraten and Johnson, 2008; Lacabanne et al., 2018; Verardi et al., 2012).
For the expression of deuterated protein, the H,O and glucose used in the

minimal media should be replaced respectively by D,O and deuterated glucose.
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3. Selective or specific isotopic labeling

Based on the knowledge of metabolic pathways of E. coli, recombinant proteins
can be selectively labeled or unlabeled by certain strategies, such as usage of
mixed carbon sources or specific labeled precursors (Hong and Jakes, 1999;
Lacabanne et al., 2019a; 2018; Verardi et al., 2012). Residue-selective isotope
labeling and unlabeling can be achieved by adding certain amino acids in the
minimal medium, so that the protein synthesis is processed with the nitrogen
source and carbon source of substrate, as well as with the specific supplied
amino acids directly (Lacabanne et al., 2018; Verardi et al., 2012; Vuister et al.,
1994). The summary of amino-acid biosynthesis for the E. coli BL21 strain is

shown in Figure 43.
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Figure 43. The metabolic pathways of E. coli for amino acids biosynthesis. This
“subway map” represents a summary of amino-acid biosynthesis for the BL21 strain. Some
slight differences may exist in other E. coli strains. Each station on the map represents a

metabolic step for biosynthesis of amino acids, and the arrows are used to denote the non-
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reversible steps. The alanine is derived from pyruvate, which is originated from glucose
through glycolysis pathway (line A, blue). The citrate, produced from pyruvate, generates
aspartate and glutamate via tricarboxylic acid (TCA) cycle, and finally result in products of
arginine, glutamine, proline and asparagine (line E, purple). The threonine, isoleucine and
lysine are generated from aspartate (line B, green). The catabolism of threonine leads to
generation of serine and glycine (line C, pink), and the serine subsequently generates
cysteine (line D, orange), as well as 2-oxoisovalerate through the pyruvate station. The 2-
oxoisovalerate is precursor for both valine (line C, pink) and leucine (line G, red). The
fructose-6-phosphate can be converted into histidine (line H, dark blue) and aromatic
amino acids, tyrosine, phenylalanine, tryptophan (line F, gray). Taken from: (Lacabanne et
al., 2018).

The amino acid for which selective labeling or unlabeling shall be achieved
should not lie on the main biosynthesis pathway of other amino acids, in which
case the conversion between amino acids shall disturb selective labeling or
unlabeling efficiency (Lacabanne et al., 2019a; 2018). For example, additional
Glu and Asp can take part in biosynthesis of other amino acids, leading to
diffusion of selective labeling, which is called scrambling (Lacabanne et al.,
2019a).

In addition, the specifically labeled carbon sources have also been used in
recombinant protein expression for solid-state NMR study, including [1-'°C]- or
[2-"3C]-glucose, [1,3-'3C]- or [2-'*C]-glycerol, [1,2-'°C]- or [1-'*C]-pyruvate and
isotopic labeling bicarbonate, 13CH3-methyI specifically labeled precursors,
(Kurauskas et al., 2017; Verardi et al., 2012).
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® Wheat Germ Cell-Free Overexpression

> Cell-free systems and wheat germ cell-free system

Cell-free systems (CFS) were firstly established about 50 years ago based on
lysates of E. coli (DeVries and Zubay, 1967; Lederman and Zubay, 1967;
NIRENBERG and MATTHAEI, 1961; Zubay et al., 1967). Subsequently, the
material sources of CFS have been widely expanded to other organisms, such
as Hela cells (Reichman and Penman, 1973), yeast (Wang et al., 2008), wheat
germ (Roberts and Paterson, 1973), insects (Ezure et al., 2006), rabbit
reticulocyte (Craig et al., 1992), and these systems still undergo large
improvements in both preparation and applications (reviewed in (Chong, 2014;
Gregorio et al., 2019; Lu, 2017; Perez et al., 2016; Villarreal and Tan, 2017)).

The wheat germ extracts cell-free (WGE-CF) system was first used to produce
RNAs in 1973 (Roberts and Paterson, 1973) and improved to be an efficient
and powerful protein expression system in recent 20 years (Madin et al., 2000;
Sawasaki et al., 2002a; Tsuge et al., 2010). Compared with classical cell-based
and other cell-free protein expression systems, the WGE-CF system displays
several advantages (Table 4). As a cell-free protein expression system, it not
only can produce proteins whose expression is toxic for the host cell, but also
is open for the addition of required supplements, such as chaperones,
detergents, lipids or interesting drugs (Fogeron et al., 2017). The WGE-CF
system has no bias in codon usage for eukaryotic genes, and the shortage of
endogenous proteases reduces degradation of recombinant expressed
proteins (Fogeron et al., 2017; Harbers, 2014; Takahashi et al., 2009).
Meanwhile, the low translation rate and the coupling of translation and protein
folding are helpful to produce proteins which keep their activity (Fogeron et al.,
2017). Moreover, the advantages of relatively high yield compared to other CFS,
medium economical cost, and efficient isotopic labeling strategies without the

problem of scrambling, allows the WGE-CF system to be a suitable and useful
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tool for NMR studies (David et al., 2018; Fogeron et al., 2016; Kohno and Endo,
2007; Noirot et al., 2011; Novikova et al., 2018; Vinarov et al., 2004).
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> Wheat germ extracts and mRNA preparation

Protocols for wheat germ extracts (WGE) preparation have been introduced by
(Takai et al., 2010a). They can be carried out in a laboratory setting, despite a
time-consuming process as it takes 4 or 5 days and needs eye selection for
choosing good embryo particles (Fogeron et al., 2017; Harbers, 2014).
Commercial WGE, as for example produced by CellFree Sciences Co., Ltd., is

available but with relative high cost (Fogeron et al., 2017) (700 € per ml).

Wheat Washed Wheat Germ Wheat Germ Extract

Vector PCR Product /
O - e — §

==

DNA Template Transcription Translation Synthesized Proteins®

Figure 44. Outline of protein expression with WGE-CF system. Wheat germ extracts
can be produced from commercial wheat seeds, with a series of steps including seed
crushing, embryo selection, washing to remove endosperm, and extracting from washed
embryo particles. The mRNA template used for recombinant protein expression can be
transcribed from either circular vectors or linear DNA segment with required functional
elements. The elements of DNA template are highlighted in the figure, including the
promoter (orange) and enhancer (green) for transcription, the target gene (blue), the vector
derived sequence (grey), and the antibiotic resistance gene (red) of vector. The expression
is executed by mixing transcribed mRNA solution with wheat germ extracts, supplemented

with amino acids and creatine kinase. Taken from: (Harbers, 2014)

Both circular or linear DNA sequence can be used to produce mRNA templates
for WGE-CF protein expression (Sawasaki et al., 2000; Takai et al., 2010a).
Besides the transcriptional elements such as promotor and enhancer, about

1,500 nucleotides length noncoding sequence are recommended to exist in the
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3’-end of mMRNA transcripts to prevent mRNA from degradation (Harbers, 2014;
Sawasaki et al., 2002b). Although the transcription can be coupled with the
translation reaction, the expression of recombinant protein is usually performed

by adding pre-transcribed mRNA into WGE translation reaction (Harbers, 2014).

> Reaction modes of WGE-CF translation

Various reaction modes have been developed for translation of recombinant
protein in WGE-CF system (Harbers, 2014; Takai et al., 2010a; 2010b), such
as the batch mode (Kawasaki et al., 2003), the repeat-batch mode (Sawasaki
et al., 2005), the bilayer mode (Sawasaki et al., 2002a), the dialysis mode
(Kohno and Endo, 2007).

- Translation . o

reaction mix

Membrane Membrane
! \\.____..j
Incubation Centrifugation Replenishment

c d

e e e Membrane
E E E Feeding buffer
WGE

reaction mixture

Figure 45. WGE-CF translation modes. a): batch mode. All reagents are mixed together
for translation incubation. b): repeat-batch mode. The membrane (light green) at bottom of
the reaction vial is used to filter small molecular weight inhibitors by centrifugation. New
substrates can be replenished into the vial to maintain translation reaction. c): bilayer mode.
The reaction mix (yellow) is overlaid by feeding buffer (gray) layer, and these two layers
will gradually merge with each other over time to keep protein translation. d): dialysis mode.
The translation reaction mix is contained in a dialysis cassette which is soaked in the
feeding buffer. Through the membrane of the dialysis cassette, fresh substrates in feeding
buffer continuously spread into the reaction mix, while the small molecular weight inhibitors

are seeped out.
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In the batch mode, the translation reaction is performed by mixing all reagents
together. Though this method is useful for high-throughput expression
screening (Sawasaki et al., 2002b; Schwarz et al., 2008), the yield of protein is
commonly insufficient for biochemical analysis due to the limitation of
incubation time, which ordinarily lasts a few hours (Harbers, 2014; Sawasaki et
al., 2002a).

The repeat-batch mode is carried out similarly to the batch mode but with a filter
membrane at the bottom of reaction vial (Beebe et al., 2011; Harbers, 2014).
Small molecular weight inhibitors, produced during the translation process, can
be removed by centrifugation, and then new reaction buffer is replenished to
the reaction vial (Harbers, 2014). Translation reaction is maintained with
refreshed substrates by repeated centrifugation and replenishment (Harbers,
2014). Continuous translation reaction can be also managed automatically with
the “Filter-Feed” method, which drives the filtering by pressure and replenishes
new substrates and mRNA template from time to time (Beebe et al., 2011; 2014;
Harbers, 2014).

In the bilayer mode, the translation reaction mix is injected into well of flat-
bottom plate as the bottom layer, overlaid by the feeding buffer as supplement
(Fogeron et al., 2017; Takai et al., 2010a). The diffusion between reaction mix
layer and feeding buffer layer allows new substrates to be blended into reaction
mix to maintain protein translation (Harbers, 2014). This mode is more efficient
for protein expression than the batch mode, and suitable for high-throughput
screening as well, therefore it has been widely used for WGE-CF protein
expression (Fogeron et al., 2017; Harbers, 2014; Sawasaki et al., 2005; Takai
et al., 2010b).

The dialysis mode is more efficient than the batch mode and the bilayer mode,
and is hence usually used in large-scale protein production (David et al., 2018;
Takai et al., 2010b). The translation reaction is maintained for longer times by
substance exchange between reaction mix and feeding buffer (Harbers, 2014;

Takai et al., 2010b). If the mRNA is supplemented into the reaction mix and the
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feeding buffer is changed in time, the reaction time can be extended to as long

as two weeks (Takai et al., 2010b).

> Isotopic labeling in WGE-CF system

Like in other cell-free systems, isotopic labeling for translated protein is specific
and efficient in the WGE-CF system (Abdine et al., 2011; Fogeron, 2015;
Lacabanne et al., 2019a). While in E. coli expression system, other metabolic
products, such as mRNA and host proteins are also labeled along with the
recombinant protein during the cells proliferation and growth, in cell-free
synthesis the translated protein is isotopic labeled specifically with '°C and '°N
labelled amino acids. Therefore, the impact of other biomolecules is reduced
during NMR sample characterization as they are not labeled, as for example
the packaged RNA inside viral capsids. For selective isotopic labeling, the
problem of scrambling, which commonly occurs in cell-based protein
expression, is severely limited and can be further eliminated by adding
inhibitors to the reaction mix (Kohno, 2010; Takai et al., 2010b; Vinarov et al.,
2004).
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® Solid-state NMR

Solid-state NMR is a powerful tool for structural and dynamic studies of
biomacromolecules (Muller et al., 2013). Compared to X-ray crystallography
and solution NMR, solid-state NMR is not limited by sample crystallinity,
solubility, molecular size, or even purity, and has been applied for example to
the characterization of membrane proteins (Judge et al., 2014; Lacabanne et
al., 2019b; Ladizhansky, 2017; Opella, 2015), fibrillar proteins (Niu et al., 2014;
van der Wel, 2017; Walti et al., 2016), viral capsids (Bayro and Tycko, 2016;
Han et al., 2010; Lecoq et al., 2018) and subviral particles (David et al., 2018),
but also to protein-protein complexes (Gardiennet et al., 2016; Sun et al., 2011;
Tang et al., 2011) or protein-DNA/RNA (Abramov and Goldbourt, 2014;
Carlomagno, 2014; Sergeyev et al., 2011; Wiegand et al., 2019). While
structure determination has been achieved mainly for several smaller proteins
(Loquet et al., 2012; Schitz et al., 2015), structural studies by solid-state NMR
have contributed to a variety of insight in biology (Struppe et al., 2017).

Though solid-state NMR can be used for large molecular weight proteins in
theory, it is still needs further technique developements, in order to overcome
spectral crowding and to enhance sensitivity (Demers et al., 2018; Fricke et al.,
2015). For example, the structure determination of proteins with more than 200
amino acids, which lead to crowded spectra, is usually impeded by overlapped
peaks which are unanalyzable (Demers et al., 2018). However, the spectra of
large proteins can be simplified to some extent by specialized isotope labeling
as described above, but also by high-dimensional spectroscopy, which is
helpful for chemical shift assignment and distance restraints collection (Franks
et al., 2007; Huber et al., 2011; Linser et al., 2014; Sperling et al., 2010; Zinke
et al., 2017). Moreover, several advances have been made in magic-angle
spinning (MAS) solid-state NMR (Demers et al., 2018; Fricke et al., 2015), such
as the proton-detection techniques, thanks to the development of smaller and

smaller rotors which allow to reach extremely high spinning frequencies (> 110
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kHz) and to enhance the sensitivity per mass unit (Agarwal et al., 2014; Demers
et al., 2011). Fast-MAS is usually combined with the technique of proton ('H)
detection (Fricke et al., 2017; Ishii and Tycko, 2000; Zhang et al., 2017).
Another technique used to increase the sensitivity is the dynamic nuclear
polarization (DNP) (Akbey and Oschkinat, 2016; Ni et al., 2013), which

transfers the large polarization of electrons to nuclei at low temperatures.

» Chemical shifts

In an NMR spectrum, each peak represents a nucleus or a set of nuclei, which
appear at a specific chemical shift. Due to their sensitivity to bond lengths, bond
and torsion angles, the chemical shifts are one of the most fundamental
informative parameters for protein studies by NMR (Berjanskii and Wishart,
2017; Szilagyi, 1995) as they can give detailed information on the protein
structure, dynamics and ligand binding, which can then be used to analyze
protein secondary and super-secondary structure, protein folding, protein-
protein/ligand interactions, protein flexibility, residue-specific accessible

surface area, as reviewed in (Williamson, 2013).

» Magic angle spinning (MAS)

Magic angle spinning is a widely used technique, which gives high resolution
spectra for solid-state NMR studies. In MAS solid-state NMR, the rotor
containing the protein sample is rotated around an axis at an angle of 54.74°
with respect to the direction of the spectrometer magnetic field, which can
largely reduce signal broadening through averaging of homogenous
contributions to the line width (Alia et al., 2009).
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Figure 46. Magic angle spinning schematic diagram. The arrow of By indicates the
direction of the constant, homogeneous magnetic field in the NMR spectrometer. 6, refers
the magic angle of 54.74°. The black semi-circle marker at rotor bottom is used to monitor

MAS frequency. Taken from: (Penzel et al., 2018)

»  Filling protein sample into NMR rotors

The protein samples labeled with NMR active nuclei, such as °C and N, are
filled into NMR rotors in the state of crystalline samples (Ashbrook and McKay,
2016; Martin and Zilm, 2003), supramolecular assemblies sediments (Quinn
and Polenova, 2017), liposomes (Yao et al., 2014), etc. A series of commercial
rotors for solid-state NMR are available, with outer diameter ranging from 0.7
mm to 9.5 mm (Figure 47-a). The MAS frequencies are limited by the rotors
dimensions: the smaller the diameter is, the higher MAS frequencies can be
reached (Demers et al., 2018). The sensitivity of NMR is also affected by rotors
dimensions. Although smaller rotors give better signal/noise (S/N) ratio per unit
sample mass, larger rotors containing more sample quantities result in higher
overall S/N ratio than smaller ones (Demers et al., 2011; Samoson et al., 2010).
In the case of viral capsids, the protein sample is sedimented into the NMR
rotor by ultracentrifugation using a special filling tool that can sediment up to
1.5 ml of protein solution (Figure 47-b). The rotor must be verified to be intact

before filling, and the cap should not be damaged when closing the rotor. Before
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closing the rotor, 1 ul of a saturated solution of 4,4-dimethyl-4-silapentane-1-

sulfonic acid (DSS) is added to further calibrate chemical shifts.

Figure 47. Rotors and filling tool for solid-state NMR studies. a): rotors with different

diameters used for solid-state NMR studies and their corresponding MAS frequencies.
Picture source: http://www.warwick.ac.uk. b): filling tool for 3.2 mm rotors. c): filled 3.2 mm

rotor with HBV Cp sediment resulting from ultracentrifugation at 200,000 g, 4 °C, for 14h.
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® Overexpression, Purification and Reconstruction of HBV

Capsids

This part is about the sample preparation of preformed capsids and

reassembled capsids, which is a crucial step for protein structural studies.
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> Abstract

The Cp of HBV was first reported to be synthesized in E. coli in 1979 (Burrell et al.,
1979; Pasek et al., 1979), and was subsequently confirmed to assemble into capsids
in E. coli cells, with diameter of about 30 nm (Cohen and Richmond, 1982). Cps were
reported to be purified from E. coli using a series of purification methods, such as
ammonium sulfate precipitation, sucrose gradient, gel filtration, and the proteins
obtained from E. coli can be disassembled and reassembled in vitro (Heger-Stevic et
al., 2018a; Porterfield et al., 2010; Wynne et al., 1999; Zlotnick et al., 1996). Based on
the protocols from the literature and from our collaborator Michael Nassal (Freiburg
University), we overexpressed and purified Cps of truncated types, full-length types,
phosphorylated type and mutant types. The capsids formed in E. coli and reassembled
in vitro, as well as capsids produced in WGE-CF system were characterized using
solid-state NMR. In this chapter | will detail all the plasmids of Cp used for E. coli

expression and their characteristics.

> Expression of HBV core protein

1. Plasmids and E. coli strains

The plasmids detailed in Table 5 and E. coli strains for Cps expression were
generously provided by Michael Nassal (Freiburg University), except the plasmid for
HBV geonoty G Cp was kindly given by Timothy Booth (University of Manitoba). The
pRST-T7 plasmids encode codon-optimized Cp under control of a T7 RNA polymerase
promoter. In addition, for the production of full-length protein phosphorylated at the
seven phosphorylation sites (Heger-Stevic et al., 2018c), the plasmid encodes also for
the soluble fragment dNS1 of SRPK1 kinase under a Tet promoter. Plasmids were all
transformed into BL21 Star CodonPlus (DE3) competent cells, also called
BL21*CP(DE3). The ‘Star’ provides a genomic defect in RNase E that reduces mRNA

degradation. In addition, the CodonPlus cells carry an extra plasmid that provides rare
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E. coli tRNAs and promotes expression of genes with codons rarely used in E. coli
(Gopal and Kumar, 2013; Heger-Stevic et al., 2018b). This extra plasmid confers
resistance to chloromycetin (also called chloramphenicol). After transformation,
monoclones were incubated on LB-agar plate at 37°C overnight and inoculated in 5 ml
LB media grown overnight to prepare glycerol stocks which were then stored at -80 °C.
All the culture media we used contained 34 ug/ml chloromycetin for the CodonPlus
plasmid, as well as 50 pg/ml kanamycin or 100 pg/ml ampicillin according to the

expression plasmids resistance.

Cps Plasmids Resistance
Cp140 pRSF-T7-HBc1400pt Kanamycin
Cp140C61A pRSF-T7-HBc1400pt-C61A Kanamycin
Cp149 pET28a2-HBc1490pt Ampicillin
Cp183 pRSF-T7-HBc1830pt Kanamycin
P-Cp183 pRSF-Tet-SRPK1-T7-HBc1830pt Kanamycin
Cp183 F97L pRSF-T7-HBc1830pt-F97L Kanamycin
Cp183 EEE pRSF-T7-HBc1830pt-EEE Kanamycin
HBV/G Cp pET28b-HBV/G core Kanamycin

Table 5. Plasmids of Cps in the thesis. P-Cp183 refers phosphorylated full-length Cp protein
(Cp183), which was co-expressed with serine-arginine-phosphokinase 1 (SRPK1). The Cp183
EEE is a phosphorylation mimic protein with mutation of S155E, S162E, and S170E. HBV/G Cp
refers to core protein of HBV from the genotype G, which has an additional N-terminal domain and

contains a total of 195 amino acids. Full protein sequences are given in Annexe 1.
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2. Expression condition screening

For each construct, 10 ul of glycerol stock was inoculated into 100 ml LB medium and
grew overnight at 37 °C, 160 rpm/min. Cells were pelleted from preculture by
centrifugation at 20 °C, 4000 g for 10 min, and resuspended into large volume culture
with ratio of preculture:culture = 1:20. While cells grew to ODeqo in range of 2.0-3.2 at
37 °C, 160 rpm/min, Cps expression was induced by 1 mM IPTG overnight. The '*C
and "°N labeled proteins were produced in M9 medium with '*C-labeled glucose and
®*N-labeled ammonium chloride. For deuterated protein production, all components of

M9 medium were lyophilized for 48 h and resuspended in D,0.

The expression of Cps shows distinct behaviors, which are significantly related to the
cell density at the induction time. While the cells growth is slightly affected by the ODggo
of induction for Cp149 expression, it is significantly inhibited when the induction is done
at low cell density (ODegoo < 2.0) in cultures of Cp140, Cp180, P-Cp180, which leads to

less cell pellets and subsequently to lower yield of proteins (Figure 48).
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Figure 48. The influence of initial induction density of cultures for Cps expression. The
expression of Cp149 (green) is slightly affected by initial density of induced culture, while the low
initial density for the induction of Cp140 (blue), Cp183 (orange) and P-Cp183 (yellow) cultures

leads to smaller cells quantities. Though the protein expression is not linearly related to final cell
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density, the yield of Cps falls sharply if the final ODggo 0f the induced cultures is below 3.0. High

yields can be obtained when the cultures are induced at cell density within a range of 2.0-3.2.

The inhibition effect on cell growth is probably not caused by IPTG but the
accumulation of Cp in E. coli cells. Parallel tests show that 0.2, 0.5 and 1.0 mM IPTG
have almost equal impact on Cp183 cultures, on both cell growth and protein
expression (Figure 49). The initial ODggo for the induction seems not to affect the
expression quantity of Cps in E. coli cells, however, good yield (about 25 mg/l) could

be obtained if cultures were induced at high cell density (2.0 < ODgpo < 3.2).

Cp183
cultures a b (@ d e f

Initial ODgop 0.73 090 093 1.3 23 28
IPTG (mM) |0.20 10.50 r.o T.o f.o r.o

Final ODsoo  0.95 1.2 1.1 14 2.5 3.0 ¥
NI |a |b |c |d |e |f @Q kDa

Figure 49. Expression tests on Cp183 expression. The induction tests were done on 50 ml M9
medium at 37 °C for 3 h. Cell pellets from 1 ml of non-induced (NI) and induced (l,-;) cultures were
resuspended in 1* SDS-PAGE loading buffer with same density (60 pl buffer for each unit of ODgqo),
and 10 pl of each sample were loaded onto SDS-PAGE. All the samples induced with different
concentration (a-c) and initial cell density (c-f) give a protein band on SDS-PAGE with similar

intensity, which means the accumulation of Cp183 is limited at certain quantity in E. coli cells.

Low temperature is usually helpful for the expression of soluble proteins (Correa and
Oppezzo, 2014; Vera et al., 2007). For full-length core proteins, Cp183 is indeed
expressed better at 20 °C than 37°C, and the expression of P-Cp183 can only be
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detected by SDS-PAGE in the culture induced at 16 °C. On the contrary, the
expression of Cp149 is good at or above 25 °C, and the 20 °C is the optimal induction

temperature when the purity is taken into account (Figure 50).
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Figure 50. The expression of Cps influenced by temperature. The target protein bands are
indicated by red triangle. The optimal condition for Cp183 (a), P-Cp183 (b), Cp149 (c) is an

10

overnight induction respectively at 20 °C, 16 °C and 25 °C.

» Purification of of HBV core protein

Buffers Components

TN300 50 mM Tris pH 7.5, 300 mM NaCl, 5 mM DTT, 1 mM
EDTA

Sucrose gradient 50 mM Tris pH 7.5, 300 mM NaCl, 5 mM DTT, 10-60%

sucrose, 1 mM EDTA

Disassembly buffer A 50 mM NaHCO3; pH 9.6, 5 mM DTT
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Disassembly buffer B 50 mM Tris pH 7.5, 2 M Gua-HCI, 500 mM LiCl, 5 mM

DTT
Disassembly buffer C 50 mM Tris pH 7.5, 2.5 M Gua-HCI, 5 mM DTT
Reassembly buffer A 50 mM Tris pH 7.5, 500 mM NaCl, 5 mM DTT
Reassembly buffer B 50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT
Dilution buffer 50 mM HEPES pH 7.5, 500 mM LiCl, 5 mM DTT
Purification buffer 50 mM Tris pH 7.5, 5% sucrose, 5 mM DTT, 1 mM
EDTA

Table 6. Buffers used for the Cps sample preparation.

The overnight induced cultures were centrifuged at 6,000 g for 20 min to pellet the cells.
Cell pellets from 1 liter culture were resuspended in 15 ml TN300 buffer (Table 6) and
lysed with chicken lysozyme (1 mg/ml) (except for Cp140, which migrates to the same
position with chicken lysozyme on SDS-PAGE), 50x protease inhibitor cocktail solution
(300 pl) and Triton-X-100 (5%) for 45 min. 6 ul of benzonase nuclease were added to
digest cellular nucleic acids for 30 min at room temperature. The suspension then
underwent intermittent sonication (10 short bursts per 10s, 40 % cycle duty, 10 cycles)

to thoroughly lyse remaining cells.

Lysate solution was centrifuged at 8,000g for 1 h. Capsids in the supernatant were
separated by 10-60 % (m/v) sucrose gradient (Figure 51). Truncated Cps usually
migrated in the 20-30 % sucrose layers, corresponding to a density around 1.10 g/ml,
while the full-length Cps migrated in the 30-50 % sucrose layers, corresponding to a
density around 1.18 g/ml, and the Cp from genotype G was the most dense capsid

with a density around 1.23 g/ml as it was mainly found in the 40-60 % fractions.
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Figure 51. Sucrose gradient separation of HBV Cps. Sucrose gradients were prepared in
Beckman tubes used for SW 32 Ti Rotor, with 5 ml each layer, while 7.5 ml cell lysate were loaded
on the top of sucrose layers. Capsids were separated by centrifugation at 141,800 g for 3h at 4 °C.
Based on the difference of density, capsids and protein contaminants migrated to different sucrose
layers. In addition, while the truncated Cp140 and Cp149 mainly migrated to 20-40 % layers (a-b),
most capsids of full-length proteins, such as Cp183, P-C183 and Cp183 mutants, migrated to 30-

50 % layers (c-e). For HBV/G Cp, capsids were generally found in 40-60 % sucrose fractions (f).

The fractions containing the protein were then precipitated by ammonium sulfate (AS)
of 20 % saturation (for truncated Cps) or 40 % saturation (for full-length Cps). Protein
pellets were precipitated by centrifugation at 20,000g for 1 h, and resuspended in 15

ml purification buffer (Table 6). Insoluble pellets were removed by centrifugation at
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14,000 g for 15 min and the supernatant was dialyzed in purification buffer to remove

remaining AS. Final purity was >90 % as shown by SDS-PAGE (Figure 52). The typical
yields of Cps purification are displayed in Table 7.
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Figure 52. Purity of HBV Cp samples. Proteins were further purified from sucrose fractions by a

step of ammonium sulfate precipitation, and finally dialyzed against purification buffer.

Cps Induction OD and Purification methods Typical
temperature yield

Cp140 ODggo > 1.5 10-60% sucrose gradient 80 mg/L
25 °C 20% saturated AS precipitation

Cp149 ODggo > 0.6 10-60% sucrose gradient 100 mg/L
25 °C 20% saturated AS precipitation

137



Cp183 ODggo> 2.0 10-60% sucrose gradient 25 mg/L

20 °C 40% saturated AS precipitation

P-Cp183 ODggo > 2.2 10-60% sucrose gradient 50 mg/L
16 °C 40% saturated AS precipitation

HBV/G Cp ODgoo> 1.5 10-60% sucrose gradient 20 mg/L
20 °C 40% saturated AS precipitation

Table 7. Summary of HBV Cps expression and purification.

> Reconstruction of HBV Capsids

1. Production of viral pgRNA in vitro

Template plasmid, pCHT-3101pgRNA-SNAP (6.3 kbp), was transformed into and
amplified in DH5a cells. Culture was incubated in 300 ml LB containing 100 pg/ml
ampicillin at 37 °C, overnight. Cells were pelleted to extract circular DNA, using a
commercial QlAprep Spin Miniprep Kit, which was subsequently digested into linear
DNA by Xma1 enzyme (New England Biolabs, Inc.). Linearized pCHT-3101pgRNA-
SNAP was isolated by organic solvents extraction (Green and Sambrook, 2017; 2016).
In brief, contaminants, such as enzymes, were removed first with a volume mixture of
phenol:chloroform:isoamyl alcohol (25 :24 :1, pH7.9, Sigma-Aldrich, Inc.) and then with
a volume of chloroform. DNA in the aqueous phase was precipitated by 2.5 volume of
ethanol, supplemented by 1/10 volume of sodium acetate solution (3 M, pH 5.2). Pellet
was washed with 800 ul of 70% ethanol once, and finally dissolved in RNase-free H,0.
Absorbance at 260 nm was measured by nanodrop and the DNA was diluted to a final

concentration of 1 ug/pl in RNase-free H20O.
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Reagents Stock solution Final concentration Volume (ul)

rNTP mix 25 mM 5 mM 200
TRIS 500 mM 50 mM 100
MgCl, 500 mM 25 mM 50
Triton 0.1 mM 0.01 mM 100
DTT 100 mM 10 mM 100

Spermidine 25 mM 2.5 mM 100
RNAsin 80 U/l 1.6 U/ul 20
DNA template 1 pg/yl 0.1 pg/pl 100
T7 polymerase 0.8 pg/ul 0.06 ug/ul 75
ddH.0 - - 155
Total - - 1000

Table 8. Reaction mix for 1 ml of pgRNA transcription. The rNTP mix contains a mix of equal

volumes of ATP, UTP, CTP and GTP. The T7 polymerase was prepared in the laboratory.

The pgRNA was transcribed in vitro using T7 polymerase (Beckert and Masquida,
2010), with the linearized plasmid serving as template (Table 8). The transcription mix
was incubated at 37 °C for 2 h, and then 25 mM EDTA were added into the mix to stop
the reaction. The reaction product was analyzed on a 0.8 % agarose gel (Figure 53),
and the transcribed pgRNA was purified following the same protocol as the one used
for the linear DNA. About 3 mg of pgRNA could be obtained from 1 ml transcription
reaction mix (100 pyg of DNA).
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Figure 53. DNA template preparation and pgRNA transcription. a): circular pCHT-3101pgRNA-
SNAP plasmid was cut at the unique restriction site of Xma1 enzyme, resulting in a linear plasmid
which will serve as DNA template in the transcription reaction. b): characterization of transcribed
pgRNA. The gels were made with 0.8 % agarose, and the 1 kb DNA ladder was bought from Sigma-
Aldrich, Inc. (Product No.D 3937). The positon of circular and linear plasmid bands, as well as the

pgRNA band, are indicated with red, orange and green triangles respectively.

2. Disassembly and reassembly of HBV capsids

For truncated Cps, preformed capsids from E. coli were dialyzed against disassembly
buffer A (Table 6) overnight at 4 °C. Solid urea was added to the protein solution to a
final concentration of 3 M and incubated on ice for 2 h in order to dissociate capsids.
Cp dimers were then separated by gel filtration using a HiPrepTM 16/60 Sephacryl®
S-200 HR column of 120 ml (Figure 54-a). Dimers were dialyzed against reassembly
buffer A (Table 6) containing 500 mM NaCl to reform capsids. Remaining dimers were
separated again by gel filtration (Figure 55-a). Reassembled empty capsids were

dialyzed against purification buffer overnight at 4 °C.
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Figure 54. Disassembly of HBV Cps. a): disassembly of Cp140 and Cp149 using 3 M urea. b):
the denaturation tendency of Cp183 caused by Gua-HCI from in 1 M to 6 M, followed by circular
dichroism at wavelength of 222 nm. c): disassembly test of Cp183. The disassembly shows best
efficiency with a concentration of Gua-HCI of 2 M. d): disassembly of P-Cp183. The best condition
for P-Cp183 disassembly is 2.5 M Gua-HCI instead of 2M Gua-HCI. The columns used for gel
filtration are HiPrep 16/60 Sephacryl S-200 HR (a, d) and Superdex 200 10/300 column (c),
produced by GE Healthcare.

For full-length Cps, preformed capsids from E. coli were dialysis against disassembly
buffer containing Guanidine instead of Urea as published in (Porterfield et al., 2010).
The impact of Guanidine concentration on Cp183 was evaluated using circular
dichroism (Figure 54-b) and showed that Gua-HCI below 2.6 M does not denaturate
Cp183 secondary structure. Then, the disassembly efficiency was checked for Cp183
(Figure 54-c) and P-Cp183 (Figure 54-d) as a function of Gua-HCI concentration in
order to find optimal disassembly conditions. Thereby, Cp183 and Cp183 mutants
capsids were disassembled by dialysis against disassembly buffer B (Table 6)

containing 2 M Gua-HCI, while P-Cp183 capsids were disassembled by dialysis

141



against disassembly buffer C (Table 6) containing 2.5 M Gua-HCI, both overnight at
4 °C. Cp dimers were separated similarly as for truncated Cps. Disassembly was more
efficient at low temperature, by keeping buffers at 4 °C prior to column equilibration
and protein injection. Encapsidated RNA precipitated by LiCl was removed by
centrifugation (20,000 g, 15 min at 4 °C). As P-Cp183 capsids do not contain RNA, the

presence of LiCl and this centrifugation step are not necessary.

For the reassembly of phosphorylated or phospho-mimetic empty capsids, P-Cp183 or
Cp183 EEE dimers were reassembled by dialysis against reassembly buffer A (Table
6) overnight at room temperature. For the other full-length proteins, the reassembly
step required the addition of RNA in order to equilibrated the charges and avoid protein
precipitation. For the reassembly of RNA-packaged capsids, Cp183 WT and mutant
dimers in 2 M Gua-HCI at ~0.8 mg/ml were diluted 4 times in dilution buffer (Table 6)
to reach a final concentration of 0.5 M Gua-HCI, and dialyzed in presence of RNA
against reassembly buffer B (Table 6) overnight at room temperature. Two types of
RNA were used for the reassembly: a mix of RNAs from torula yeast bought from
Sigma-Aldrich with a Cp dimer:RNA molar ratio of 20:1, and the pgRNA prepared as

described above with a Cp dimer:RNA molar ratio of 120:1.
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Figure 55. Reassembly of HBV Cps. The reassembled capsids of truncated (a) and full-length (b)
Cps were analyzed by gel filtration with column of HiPrep™ 16/60 Sephacryl S-200 HR. Contrary
to Cp183, P-Cp183 did not package yeast RNA, due to the phosphorylation which neutralized the
positive charges of the CTD.
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> Negative staining electron microscopy (EM)

Capsids autoassembled in E. coli or reassembled in vitro were characterized by
negative staining EM. The protein solutions were diluted to 1 mg/ml and 5 ul were
deposited on the carbon-coated grids. The samples were incubated on the grids for 2
min and then the excess of solution was removed using Whatman paper. The negative
staining was carried out by layering the grid on 50 ul of 2 % phosphotungstic acid (PTA)
at pH 7 for 2 min at room temperature. Excess PTA solution remaining on the grids
was removed using Whatman paper. Sample grids were analyzed using a JEM-1400
transmission electron microscope operating at 100 kV. The capsids observed in
electron micrographs display diameters of about 30 nm or 26 nm (Figure 56, Figure
57), which are consistent with the size of T=4 and T=8 capsids found in the literature
(Selzer et al., 2014).
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Figure 56. Electron micrographs of autoassembled capsids in E. coli. Scale bar is for 50 nm.

143



Cp140 C61A
empty

P-Cp183 Q® CP183EEE Cp183 @
empty empty W, yeast RNA

Cp183FO7L [0y CPIB3EEE g Cp183 @

yeast RNA o PgRNA €D} PgRNA

Figure 57. Electron micrographs of reassembled capsids. Scale bar is for 50 nm.

> Interaction of HBV capsids with CAMs

The interactions between Cps and capsid assembly modulators (CAMs) were carried
out in vitro using preformed capsids from E. coli or Cp149 dimers which were
subsequently reassembled into capsids in presence of CAMs. The CAMs were
provided by Gilead and Johnson-Johnson companies and include three CAM-N
compounds: AT-130, JNJ-632 and JNJ827, and one CAM-A compound (HAP): JNJ-
890. The three CAMs were dissolved in DMSO to prepare 10 mM stock solutions.
Preformed '*C-"°N-Cp149 and '*C-'°N-Cp183 capsids were incubated at 37 °C for 2 h
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with a molar ratio of Cp monomer:CAMs of 1:4. For Cp149 reassembled with AT-130,
13C-"N-Cp149 dimers were incubated at 4 °C for 24 h with 150 mM NaCl together with
a molar ratio of Cp monomer:AT-130 of 1:4, and subsequently dialyzed against
purification buffer (Table 6) overnight at 4 °C. The interaction of Cps and CAMs was

analyzed by negative staining EM (Figure 58), and will be characterized by solid-state
NMR.

Cp149 E. coli Cp149 E. coli Cp149 E. coli
+AT-130 +JNJ-632

Cp149 E. coli Cp149 reassembled
+ JNJ-827 +AT-130

Cp183 E. coli Cp183 E. coli Cp183 E. coli
+AT-130 + JNJ-632 + JNJ-890

Figure 58. Electron micrographs of HBV capsids in interaction with CAMs. The AT-130,
JNJ-632, JNJ-827, which belong to CAM-N class results in apparently normal capsids; JNJ-890,

which belongs to CAM-A class leads to aberrant capsids. Scale bars indicate 50 nm.
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® NMR characterization of HBV core proteins
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> Abstract

Each year, nearly 900,000 deaths are due to serious liver diseases caused by chronic
hepatitis B virus (HBV) infection. The viral particle is composed of an outer envelope
and an inner icosahedral nucleocapsid formed by multiple dimers of a ~20 kDa self-
assembling core protein. Here we report the solid-state '*C and '°N resonance
assignments of the HBV core protein in its capsid form. A secondary chemical shift
analysis of the 140 visible residues suggests an overall alpha-helical three-dimensional
fold similar to that derived from X-ray crystallography of the capsid and from solution-
state NMR of the core protein dimer. Interestingly, however, at three distinct regions
the chemical shifts in solution differ significantly between core proteins in the capsid
state versus in the dimer state, strongly suggesting the respective residues to be

involved in capsid assembly.
Keywords:

Hepatitis B virus * Core protein + Nucleocapsid * Solid-state NMR « Assignments

> Biological Context

More than 2 billion people have been infected with hepatitis B virus (HBV), and more
than 250 million thereof have become chronic carriers of the virus. Each year, close to
900,000 people die from hepatitis B as they develop chronic liver disease, including
cancer (World Health Organization 2017). While an effective prophylactic vaccine is
available to prevent infection, current treatments for chronic HBV infection are rarely
curative and subject to the emergence of resistant virus variants (Zoulim and Durantel
2015). Hence new therapeutic options are urgently sought (Revill et al. 2016).

The HBV virus particle (virion) is composed of an outer envelope bearing three related
surface antigen (HBsAg) proteins and an inner nucleocapsid formed by multiple copies

of a single about 20 kDa core protein (Cp) species. Cp forms stable dimers capable of
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self-assembling the capsid shell. The predominant form consists of 120 Cp dimers
arranged inT=4 icosahedral symmetry. In infection, newly forming nucleocapsids
initially co-package a complex of one copy of the viral pregenomic (pg) RNA plus one
copy of the viral polymerase (Pol); maturation involves capsid-assisted reverse
transcription of the pgRNA into a relaxed circular DNA by Pol (Nassal 2015). The N
terminal ~140 amino-acids of Cp, modeled by C terminally truncated variants like
Cp149, are required and sufficient for capsid shell formation, even in bacteria (Gallina
et al. 1989; Birnbaum and Nassal 1990). The downstream arginine-rich C-terminal
domain (CTD) generally binds nucleic acid (Birnbaum and Nassal 1990) but is also
required for specific viral pgRNA packaging (Nassal 1992). 3D structure first by cryo-
electron microscopy (EM) reconstruction revealed mostly an a-helical fold (Conway et
al. 1997; Béttcher et al. 1997). The crystallographic structure of Cp149 solved in 1999
at a resolution of 3.3 A (Wynne et al. 1999) confirmed the mainly a-helical structure.
Since then, further structures of the HBV capsid have been solved either by cryo-EM
(Crowther et al. 1994; Dryden et al. 2006; Chen et al. 2011; Yu et al. 2013; Selzer et
al. 2015; Patel et al. 2017) or crystallography (Bourne et al. 2006; Katen et al. 2013).
Yet, despite these structural studies, many steps along the viral life cycle involving the
core protein are not yet fully understood; namely, as the conformation of the capsids
is believed to be a function of the different maturation states (Ning et al. 2017), it is
central to structurally analyze the capsids under a larger variety of conditions. In this
context, solid-state NMR is an attractive technique since it allows the study of large
molecular assemblies as viral capsids at physiological temperature, including those
not forming crystalline states, which enables the study of different constructs, formed
in various environments. First applications of solid-state NMR to virus capsids have
been described in the literature and made significant advances in the understanding
of different viral cycles. For example, Polenova and coworkers have determined a
structural model of the human immunodeficency virus 1 (HIV-1) capsids and have
shown that the internal flexibility of the capsid protein is essential for its assembly and
interaction with host partners (Han et al. 2010; Quinn et al. 2015; Suiter et al. 2015).
Solid-state NMR also allowed to characterize the dynamics of the filamentous and
icosahedral fd bacteriophage as well as to probe the capsid regions involved in the

interaction with the DNA genome of the virus (Morag et al. 2014; Abramov et al. 2015).
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More recently, the de novo structure of the Acinetobacter phage 205 has been solved
(Andreas et al. 2016) using the advances in NMR technology with faster spinning
frequencies (110 kHz) and 'H detection techniques (Penzel et al. 2015; Stanek et al.
2016). All these studies have paved the way towards the analysis of a large variety of
viral capsid assemblies using magic-angle spinning (MAS)-NMR, in order to

understand the viral life cycle.

Here we report the °C and °N resonance assignments of the HBV core protein Cp149
in the capsid form expressed in E. coli using 2D and 3D solid-state NMR experiments.
The spectra obtained show narrow lines (between 70 and 100 Hz in *C). We compare
the obtained chemical shifts and secondary structures to previous structural studies by
X-ray and liquid-state NMR, and highlight that the differences are mainly located at the
dimer interfaces. Preliminary data indicate this is extendable to full-length Cp183
particles, either filled with RNA, or mostly devoid of RNA upon extensive

phosphorylation of the C-terminal domain.

» Materials and methods

Protein expression and purification; sample preparation

Cp149 was expressed and purified as described previously (Heger-Stevic et al. 2017).
Briefly, the pET-28a2-Cp1490pt plasmid was transformed into E. coli BL21* Codon +
(DE3) cells and grown at 37 °C overnight on a LB-agar plate containing 100 pg/ml
ampicillin and 34 pg/ml chloramphenicol. Then, a single colony was inoculated into 3
ml LB medium and grown at 37 °C for 5 h. It was then transferred into 50 ml of standard
M9 minimal medium containing >NH4CI and '*C-glucose as the sole nitrogen and
carbon sources. The culture was incubated for 4 hours at 37 °C and transferred into
100 ml fresh *C-">N M9 medium for an overnight incubation at 25 °C. 850 ml of '*C-
®N M9 medium were inoculated with the 150 ml overnight '*C-"°>N M9 culture. When
ODeoo reached 0.7, the bacterial cells were grown for another 6 h at 25 °C after
induction with 1 mM IPTG.
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Bacterial cells were pelleted by centrifugation (6,000 g, 20 min) and re-suspended in
15 ml of lysis buffer (50 mM Tris pH 7.4, 300 mM NaCl, 5 mM DTT). 15 mg of chicken
lysozyme, 300 pl of protease inhibitor cocktail solution 50X and 750 ul of 10% Triton-
X-100 were added to the cell suspension and incubated on ice for 45 min. Benzonase
nuclease was added to the suspension and mixed for 30 min at room temperature. The
cells were lysed by sonication and then centrifuged at 8000 g for 1 h to remove cell
debris. The supernatant was loaded onto a step gradient from 10% to 70% (m/v)
sucrose (buffered in 50 mM Tris pH 7.5, 300 mM NaCl, 5 mM DTT) and centrifuged in
SW-32Ti Beckman Coulter rotor at 28,800 g for 3 h at 4 °C. The gradients were divided
into 14 fractions. The fractions containing Cp149 capsids were identified by SDS-
PAGE and precipitated by slow addition of (NH4)>SO, to 20% saturation. After
incubation on ice for 1 h and centrifugation at 25,000 g for 1 h, pellets were
resuspended in purification buffer (50 mM Tris pH 7.5, 5 mM EDTA, 5 mM DTT, 5%
sucrose). The protein solution was centrifuged again for 15 min to remove insoluble
pellets and the supernatant containing soluble capsids was dialyzed overnight in

purification buffer at 4 °C.
Electron microscopy

5 pL of sample were loaded on a carbon-coated grid and incubated for 2 minutes. The
grid was then layered on top of 50 pL of 2 % phosphotungstic acid (m/v) pH 7 and
incubated at room temperature for 2 minutes for negative staining. The grids were

examined with a JEM-1400 transmission electron microscope operating at 100 kV.
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10kD we

Fig. 1 Sample characterization. A. SDS-PAGE 15% of a molecular weight marker (Precision Plus
Protein™ Unstained Standards from BioRad) and 20 pg of purified Cp149 expressed in E. coli. B.

Negative-stain EM picture of Cp149 concentrated at 1 mg/ml.

Solid-state NMR spectroscopy

For NMR sample preparation, we started from 40 mg of soluble capsids which were
concentrated to a final volume of | ml and sedimented into a thin-wall 3.2 mm zirconium
rotor by centrifugation (180,000 g, 14 h, 4 °C) using a home-made filling tool
(Béckmann et al. 2009). All NMR experiments were conducted using a 3.2 mm triple-
resonance ('H, 'C, "°N) probe head at static magnetic field of 18.8 T corresponding to
800 MHz proton resonance frequency (Bruker Avance Il). Assignments were obtained
at a MAS frequency of 17.5 kHz using a combination of 2D and 3D correlation
experiments, including: 2D DARR, 3D NCACB, NCACX, NCOCX, CANCO and CCC
(Schuetz et al. 2010; Habenstein et al. 2011). The 3D CCC was performed with the
probe in double-resonance (*H, '*C) mode to increase the signal to noise ratio by a
factor of 1.4. Experimental details are given in Table 1. All spectra were referenced
using DSS and recorded at a sample temperature of 4 °C, as determined by the
resonance frequency of the supernatant water (Béckmann et al. 2009). Two-
dimensional DARR, NCA and NCO spectra were recorded on several other

preparations of the same protein, with always reproducible spectra. Three-dimensional
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spectra were subsequently recorded for 2—6 days each on a single sample of Cp149.
Side-chain assignments were achieved using NCACB, NCACX, NCOCX and CCC
spectra (Schuetz et al. 2010; Habenstein et al. 2011). All spectra were processed using
TopSpin 3.2 (Bruker Biospin) by zero filling to no more than double the number of
acquired points, the time domain signals were apodized with a squared cosine function
(SSB 2.5-3 depending on spectrum and dimension). Spectra analysis and assignment

was done with the CcpNmr Analysis package (Vranken et al. 2005; Stevens et al. 2011).

» Assignments and data deposition

1. Sequential assignments and secondary chemical shifts

3C and N backbone and side-chain chemical shifts of the Cp149 capsid protein have
been deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under the
accession number 27317. Capsids expressed with high yield of minimum 50 mg per
liter culture, and final preparations showed a high purity level as shown in Figure 1A.
Purified proteins were analyzed under the electron microscope. As described
previously (Birnbaum and Nassal 1990), capsids were assembled directly during
bacterial expression, as numerous HBV core protein capsids were observed under the
electron microscope (see Figure 1B for negative-stain EM pictures). Capsid
preparations were homogenous and showed mainly T=4 capsids with a typical
diameter of 30 + 3 nm. The 2D '*C-">N NCA spectrum of assigned Cp149 capsids is
displayed in Figure 2A and shows narrow peaks with full widths at half maximum
(FWHM) between 70 and 100 Hz in "*C, which is comparable to line widths obtained
previously in viral capsid proteins such as the HIV-1 virion (Suiter et al. 2015) and is
indicative for homogeneous preparations of uniformly labeled proteins. Representative
planes of the 3D NCACB, NCACO, CANCO and NCOCA experiments are shown in
Figure 2B. Assignments of Cp149 were completed at 87 % for all backbone residues,
with missing assignments predominantly found at the protein C-terminal end including
residues 140 to 149 for which no cross peaks were detected in 3D spectra. In detail,
95.6 % of N. 97.1 % of Ca. 96.2 % of C3. 97.8 % of C’ and 75.3 % of side chain non-

H were unambiguously assigned for residues 1-139 of Cp149.
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Fig. 2 Well-resolved spectra allow for unambiguous assignment: A) 2D '3C-"°N NCA spectrum
of Cp149 capsids. All assigned N-Ca intra-residue correlations are labeled with the residue number
as well the Ca-Cd intra-residue correlations for proline residues. The middle of the spectrum is
copied inside the black rectangle for more clarity. B) Representative plane for residue Leu65 of 3D
CANCO (red), NCACX (dark blue), NCACB (green for positive signals and orange for negative

signals) and NCOCX (cyan) spectra. For experimental details see Table 1.
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A secondary chemical-shift analysis (Figure 3) reveals a backbone fold similar to that
of the X-ray capsid structure as described in (Wynne et al. 1999). Helices a1 (residues
13-17) and a2 (residues 27-43) appear to be the same length in both capsids,
furthermore the smaller values of secondary chemical shifts obtained for residues 37
and 38 are representative of the 90°-kink observed in the X-ray structure. NMR
identifies two additional a-helical turns of four residues each, between residues 5-8
and 21-24, and possibly a short B-strand or extended conformation from residues 1 to
4. Helix a3 (residues 50-76 in solid-state NMR) is predicted to be longer by three
residues, while helix a5 is predicted to be two-residues shorter (residues 112-125).
Another difference is observed in helix a4 that is not divided into two smaller helices in
the NMR predictions but instead would form a continuous 30-amino acids helix, shorter

by one residue compared to the X-ray structure.

e Unassigned residue Glycine residue Predicted helix

al a2 a3 a4a a4b a5
Xray [ [ I D D
NVR -l Bl B . | [ |

_10 M : N H M : H H : H . : H
10 20 30 40 50 60 70 80 90 100 110 120 130 140

Residue number

Fig. 3 Differences between secondary chemical shifts of Ca and Cf resonances relative to
their random coil shift (Wishart et al. 1995) as a function of Cp149 residue number. Missing
assignments are represented as grey circles and include residues L119, V120, 1126, R133, P134,
as well as the C-terminal end from 140 to 149. For glycine residues (shown as grey bar), the
deviation of the Ca shift from the random coil value is plotted. The a-helices found in the X-ray
structure of Cp149 capsid as described in (Wynne et al. 1999) are shown as pink boxes at the top

of the graph and the ones predicted from solid-state NMR chemical shifts are shown as grey boxes.
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Four residues in a row with a positive value are indicative of an a-helix and three residues in a row
with a negative value indicate a -sheet. For the three Cys residues, the random coil chemical shifts

corresponding to the reduced form were taken.

2. Comparison to Cp149 dimer chemical shifts from solution-state NMR

Chemical shifts of the dimeric core protein have previously been determined using
solution-state NMR on a protein comprising a slightly different amino-acid sequence
(Freund et al. 2008); furthermore, to prevent the dimers from assembling, solution
spectra were taken at pH 9.7. The backbone assignments here presented for the
capsid form of Cp149 are slightly more complete than the ones determined for the
Cp149 dimer, as conformational exchange induced the loss of several signals in the
solution-state study. Also, the high pH used in that study might have been responsible
for solvent-saturation transfer effects. A comparison between the dimer and capsid
chemical shifts is shown in Figure 4A for Ca and CB resonances. Chemical shifts of
the six residues which were different between the two Cp149 constructs used were
disregarded (A35, D40, D64, T74, V93 and L116 in the solution study), and also,
chemical shift differences, which we interpret as chemical-shift perturbations (CSPs)
upon assembly, observed for neighboring residues in the sequence, as residues N75
and L76. While overall chemical shifts are rather similar between the dimer and capsid
form, interesting exceptions are observed in three distinct regions identified in Figure
4B. The first region includes residues 18 to 23, which are involved in contacts with two
different surrounding dimers in the capsid structure. The residues with which they are
in interaction on the neighboring dimers comprise amino acids 136-138, which
however have not been assigned for the dimer in solution. Other significant CSPs are
observed in a second region from residues 55 to 62, which could be due to the different
oxidation state of Cys61, or alternatively to allosteric changes induced by the
interaction between the dimers in the capsid form. These changes could be transmitted
via a third region showing CSPs comprising residues 96 and 97, which is located in
between regions 1 and 2. Met1 also shows an isolated CSP, probably due to the close
proximity with the second region affected by capsid assembly. These results reveal the
three major regions undergoing a conformational change between the core protein in

solution and the core protein assembled as a capsid.
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Fig. 4 A) Differences between Ca (in blue) and Cp (in red) resonances of dimeric Cp149 (from
solution-state NMR) and of the Cp149 capsids (from solid-state NMR). Yellow diamonds stand
for residues which were different between the two Cp149 constructs. Missing data points are due
to missing assignments in either the solution-state (white circles) or the solid-state NMR study (grey
circles). Secondary structure elements extracted from the X-ray structure are shown above the
graph as pink boxes. Chemical shift differences below -1.5 ppm or above 1.5 ppm (grey dotted
lines) are considered as significant. Three regions were identified and are colored in green, red,
and blue. Isolated Met1 is highlighted in grey. B) Sphere representation of residues with significant
chemical-shift differences between Cp149 dimer and Cp149 capsid. It includes residues M1, F18,
L19, S21, D22, F23, L55, A58, L60, C61, W62, K96 and 197, which are labeled on subunit B and
colored as in panel A. Residues N75 and L76 are not included, as the V74 to T74 substitution in

the dimer in solution is likely to be at the origin of the observed CSPs. Helices are labeled on
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subunit A. PDB: 1QGT. The figures involving structures were all prepared using the PyMol software

(Warren Delano, http://www.pymol.org).

» Conclusion

The contribution of MAS-NMR spectroscopy to understanding structural and dynamical
features of virus-like particles has become significant overt the past years. Here we
have shown that assembled hepatitis B virus capsids can be studied by solid-state
NMR. This is of particular importance to further analyze the conformational dynamics
the core protein is thought to undergo upon its multiple interactions with viral and
cellular factors that eventually yield a mature infectious virion. Labeled Cp149 protein
can be produced in pure form and in large quantity in E. coli and the protein yields
high-quality spectra with narrow lines and a dispersion typical for an a-helical protein.
Sequential assignments are to 87 % complete for Cp149 backbone, and yield
secondary chemical shifts which are compatible with available X-ray structures of the
capsid. Signals for residues downstream of residue 140 are not detectable by either
technique, owing to the dynamic behavior of the C-terminus. However, a comparison
with the chemical shifts reported for the Cp149 dimer (Freund et al. 2008) highlights
conformational differences in three distinct regions of the protein, suggesting they are
structurally affected by the transition from the dimer state to the capsid state. In
summary, the work presented here sets the stage for further, high resolution NMR
studies of the HBV core protein which is central in HBV infection and thus is also
becoming a highly attractive target for novel anti-HBV therapeutics (Zlotnick et al.
2015; Durantel and Zoulim 2016; Pei et al. 2017).
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> Abstract

The hepatitis B virus (HBV) icosahedral nucleocapsid is assembled from 240
chemically identical core protein molecules and, structurally, comprises four groups of
symmetrically nonequivalent subunits. We show here that this asymmetry is reflected
in solid-state NMR spectra of the capsids in which peak splitting is observed for a
subset of residues. We compare this information to dihedral angle variations from
available 3D structures, and also to computational predictions of dynamic domains and
molecular hinges. We find that while, at the given resolution, dihedral angles variations
directly obtained from the X-ray structures are not precise enough to be interpreted,
the chemical-shift information from NMR correlates, and interestingly goes beyond,
information from bioinformatics approaches. Our study reveals the high sensitivity with
which NMR can detect the residues allowing the subtle conformational adaptations
needed in lattice formation. Our findings are important for understanding the formation

and modulation of protein assemblies in general.

Keywords: Hepatitis B virus « Nucleocapsid « Core protein < Solid-state NMR -

Asymmetric unit

> Introduction

When proteins assemble into larger superstructures, the constituting molecules are in
many cases no longer symmetry equivalent, as they need to conform to a minimum
energy configuration. This is observed in protein crystals, but also in protein fibrils or
viral capsids and envelopes. In crystals, a subunit from which the entire structure can
be generated by symmetry operations is called the asymmetric unit, and this concept
is also used in other symmetric assemblies like icosahedra with a triangulation number
T>1, where the monomers need to distort in nonequivalent classes of conformations
upon assembly.(Caspar and Klug, 1962) These distortions can either be distributed

over the protein chain, or be localized at a few key residues, i.e. hinges, interconnected
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by predominantly rigid bodies. The identification of hinge residues is important in a
variety of areas, and computational software, as for example DynDom,(Taylor et al.,
2014) has been developed to determine dynamic domains, hinge axes and hinge
bending residues from two protein conformers, and was successfully applied to

compare structures with a resolution higher than 3 A.(Koike et al., 2017)

The HBV particle is composed of an outer envelope and an inner nucleocapsid formed
by a self-assembling core protein (Cp) of 20 kDa. The first ~140 amino acids of Cp are
sufficient for capsid assembly.(Birnbaum and Nassal, 1990; Gallina et al., 1989) First
cryo-electron microscopy (cryo-EM),(Béttcher et al., 1997; Conway et al., 1997) and
later on crystallography,(Wynne et al., 1999) revealed the structure of Cp149, as a
mainly a-helical protein which dimerizes via formation of a four-helix bundle. In the
assembled capsid, these bundles appear as perpendicular dimeric spikes punctuating
the capsid shell that is formed by lateral dimer-dimer contacts. The T=4 icosahedral
symmetry accommodates four distinct (A, B, C and D) environments with 60 molecules
each. Two types of dimers, 60 of type AB and 60 of type CD,(Zlotnick et al., 1996)
assemble in 12 fivefold vertices composed solely by subunit A, and 30 quasi-sixfold
vertices composed by subunits B, C and D. Because the HBV capsid follows classical
quasi-equivalence,(Caspar and Klug, 1962) the contacts between dimers around the
five- and quasi-sixfold vertices are very similar and involve the same residues. More
recently, cryo-EM revealed structural details of HBV capsids down to 3.5 A resolution,
resulting in a similar structure to X-ray for the four molecules.(Yu et al., 2013) EM
studies of the capsid have further shown that the local structural modifications caused
by the insertion of additional amino acids leads to global structural changes where
hinge residues play an important role.(Béttcher et al., 2006) Hinge-mediated motions
may also enable the dynamic structural changes suspected to accompany viral

genome maturation during HBV replication.(Nassal, 2008)

Virus capsids can also be studied by solid-state NMR.(Abramov et al., 2015; Andreas
et al., 2016; Quinn et al., 2015) NMR chemical shifts, and especially those of carbon-
13, are highly sensitive to backbone dihedral angles, and can detect conformational
differences by chemical-shift perturbations, typically when an interactant is added, or

in protein complexes (for a review see (Williamson, 2013)). When different
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conformations (or more general crystallographically inequivalent species) are present
in a single entity, this results in the observation of peak splitting in the spectra.(Andreas
et al., 2010; 2015; Béckmann et al., 2003; Frericks Schmidt et al., 2007; Gath et al.,
2014; Ma et al., 2015) We show here, at the example of the HBV capsid, that peak
splitting is indeed observed in the spectra for a specific subset of residues, and that
these sites correlate with molecular hinges, but also the dynamic domains, identified

by the bioinformatics approach in DynDom.

> Results and disscussion

We here investigated E. coli self-assembled Cp149 HBV capsids forming
homogeneous T=4 icosahedra with a typical diameter of 30 + 3 nm (Figure 1a). The
BC and "N resonances of the Cp149 protein were assigned using 3D
spectroscopy,(Lecoq et al., 2018) and the annotated 2D '*C-'°C Dipolar Assisted
Rotational Resonance(Takegoshi et al., 2001) (DARR) spectrum of the capsids is
displayed in Figure 1b. Sequential assignments reveal that a subset of residues
experiences resonance splitting, with up to 2.5 ppm of chemical-shift differences
amongst themselves in the '*C and/or "°N dimensions. Indeed, peak splitting is clearly
distinguishable for residues A11, T12, L16-D22, T33-S35, L108-F110, S121-W125,
R127, T128, P130-Y132 and N136-P138 (Figure S1). Chemical shifts of all forms are
given in Table S1.
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Figure 1. a) Negative-stain EM micrograph of Cp149 capsids. b) 2D '3C-"®C DARR solid-state
NMR spectrum of Cp149 capsids recorded with a mixing time of 20 ms. All assigned Ca-C@ intra-
residue correlations are labeled with the residue number except for proline residues where the Cy-
Cb peaks are labeled. Residues with peak splitting are indicated in bold letters and corresponding
resonances are highlighted in yellow. The spectrum was processed using a squared cosine
apodization (SSB 3).

Where four distinct signals are observed (as for example A137 shown in Figure 2a),
they can be assigned to the four crystallographic distinct molecules in the asymmetric
unit represented in Figure 2b. When two sets of peaks are observed, it suggests that
at least one monomer is significantly distinct from the others. In total, detectable peak

splitting was observed for 28 residues, representing almost 20 % of the protein.

Nearly all residues showing peak splitting are located close to the fivefold (Figure 2c)
and quasi-sixfold (Figure 2d) vertices, while none of the residues within the spikes of
the capsids is concerned. About half of them are located in loops, where the backbone
is less constrained by hydrogen bonds than in regular secondary structure elements,
and the remaining are mainly located towards the beginning or end of the base plate
helices (Figure S2). For A137, the four Ca-CB correlation peaks can be easily
distinguished in the 2D spectra (Figure 2a). An analysis of the multiple peaks from a

same residue in the 2D DARR spectrum (Figure S3) and 3D spectra (Figure S4)
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reveals similar intensities, which suggests that the peaks indeed correspond
respectively to the 60 A, B, C and D subunits per capsid. The same behavior is
observed for the other residues displaying peak quadrupling, namely T12, S35 and
T128. On the contrary, when only two or three peaks are observed in the NMR spectra,
one peak is usually more intense, representing 120 or 180 subunits with a rather similar

environment.

A137 Ca-CB

17 16
3, ("*C) / ppm

Figure 2. a) Extract from a 2D DARR spectrum, as well as a 1D trace, displaying the Ca-Cp
correlations of Ala137 showing a peak quadrupling, corresponding to the four molecules in the unit
cell. b) Capsid structure (PDB: 1QGT(Wynne et al., 1999)), with localization of the monomers on
the five- and quasi-sixfold vertices. ¢, d) Sphere representation of the side chains of the 28 residues
showing NMR peak splitting, located near the fivefold (¢) and quasi-sixfold (d) interfaces, shown
on the capsid structure. On the top right are given the schematic representations of the subunit
arrangement in the T=4 capsid, described in(Wynne et al., 1999). A, B, C and D subunits are shown
in green, cyan, magenta and yellow, respectively. The A subunits form pentamers while B, C and

D subunits form the hexamers.
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The nonequivalence of the four subunits is also visible in the X-ray structure,(Wynne
et al., 1999) as seen in Figure 3a where the four monomers are aligned using
PyMOL.(The PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC, 2015)
Some residues display significant differences between the four monomers such as
Y132, N136 or A137. As a consequence, the intermolecular contacts in the five- and
quasi-sixfold vertices are indeed different, as shown in Figures 3b and c at the example
of A137. Naively, one would assume that the deviation between the dihedral angles of
the molecules in the unit cell would correlate with the residues showing peak splitting.
An analysis of the local variations in backbone torsion angles ¢ and y between the
four monomers in the X-ray structure (as standard deviations), which are shown in
black in Figure 3d, however reveals that this is not the case. Instead, the variations are
rather uniform along the sequence, with few N- and C-terminal residues, plus some
residues in the spike loop displaying higher variations. It has however already been
realized that the sum of torsion-angle rotations needed to superimpose two structures
to the experimental accuracy can be 10 times larger than when just adding ¢ and v
differences along the protein backbone,(Chapman et al., 2015) even for structures
showing higher precision than Cp149 (1.7 vs 3.5 A). Using computer programs which
localize differences between two given (X-ray) structures(Chapman et al., 2015;
Echols et al., 2003; Hayward and Berendsen, 1998), one obtains for example for two
nominally identical structures of dihydrofolate reductase at 2.2 A (PDB codes
1RG7(Dunbar et al., 1997) and 1DDS(Sawaya and Kraut, 1997)) a difference in
dihedral angles of 9°+11°.(Chapman et al., 2015) Even between the dihedral angles
obtained from two high resolution and nominally identical structures, significant

dihedral angle variations (4.4°) are found (Figure S5).

Backbone torsion angles can also be derived from the NMR secondary chemical shifts.
Using a databank approach, the program TALOS+(Shen et al., 2009) delivers ¢ and vy
from the chemical shifts of the residue to be investigated, plus for one neighbor on
each side. The standard deviation between the dihedral angles predicted from the split
resonances (Table S1) is shown in red in Figure 3d. Evidently, the torsion-angle
variations differ between the two methods: while NMR shows an average deviation of
1.5° and only 38 residues involved in changes, the X-ray analysis lacks the clear

pattern observed by NMR, with an average deviation of 14°, and no link between the
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two dihedral-angle variations is apparent. Given the observations described above,
this is no great surprise and the variations in the X-ray structure are probably
background differences.(Chapman et al., 2015) (For similar results from the

comparison between the X-ray and EM capsid structures see Figure S6 and S7).

d =>¢ Deviation of dihedral angles between the 4 subunits in X-ray structure 1QGT

a
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Figure 3. a) Overlay of the four capsid subunits to visualize on one hand the differences in the X-
ray structures between the molecules in the asymmetric unit (PDB: 1QGT(Wynne et al., 1999)),
and on the other hand the residues for which peak splitting is detected by solid-state NMR (shown
as sticks in the color of the corresponding subunit: green, cyan, magenta and yellow for A, B, C
and D subunit respectively). b) Zoom into the five-fold vertices with equivalent distances shown for
the CBs of A137 between the five A subunits. ¢) Zoom into the quasi-sixfold vertices with non-
equivalent distances shown for the CBs of A137 between each B, C and D subunit. d) Plots of the
rms of the standard deviations between the backbone dihedral angles of the four subunits of the
X-ray structure of Cp149 (PDB 1QGT(Wynne et al., 1999), black line), and the corresponding value
predicted from the chemical shifts of the different forms observed by NMR using TALOS+(Shen et
al., 2009) (red line). Residues displaying peak splitting in the NMR spectra are highlighted by pink
bars. Unassigned residues are marked by grey circles. e) '*C chemical shift variance of the different
forms observed by NMR (grey bars) and identification of residues involved in interdomain motions
using the DynDom software(Taylor et al., 2014) (horizontal bars). The “dynamic” domains (in red)
and the bending residues (in green) are determined by comparing pairwise the A, B, C and D chains

of the X-ray structure (PDB 1QGT(Wynne et al., 1999)).
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Confronting the NMR data to predictions from the program DynDom (Taylor et al., 2014)
designed to identify hinges from the comparison of two X-ray structures was more
successful. DynDom defines “dynamic” domains (with dynamics referring there to
differences between two static structures, and not actual flexibility), as well as residues
involved in interdomain bending (http://fizz.cmp.uea.ac.uk/dyndom/dyndomMain.do).
Applied to the capsid monomers in a pairwise analysis using the DynDom webserver
(Figure 3e), “dynamic” domains (in red) and bending residues (in green) were identified
for all pairs (with exception of the C and D monomers which do not reveal any “dynamic”
domains or hinges). The individual comparisons yield similar regions involved in
interdomain bending, one near the N-terminal, and another in the C-terminal domain.
The overlap of the pairwise analyses is, with the exception of AC, rather consistent.
DynDom classifies the residues in three classes: rigid domains, hinges and, in addition,
the “dynamic” domains which are not necessarily rigid, but show an intradomain
variation smaller than the interdomain motion. For the C-terminal, DynDom clearly
differentiates between “dynamic” domains (residues ~121-135) and bending residues
(~117-120), while in the N-terminal region this distinction is less clear-cut, and globally
comprises residues 8-24. Residues T109 and F110 were only detected as bending
residues between subunits A and C. The differences observed between the pairwise
comparisons of monomers A-D illustrate the limit of the approach, but overall, good
agreement is found. It is interesting that both the “dynamic” domain and hinge residues
identified using DynDom strongly correlate with the residues for which NMR peak
splitting is observed (observed chemical shift variance shown as grey bars in Figure
3e), which reveals that actually the “dynamic” domains show a variability comparable
to the hinges as response to constraints from capsid assembly. In particular, splitting
in the C-terminal region for residues S121 to Y132, including helix a5, coincide with
the “dynamic” domain from the DynDom analysis. The large chemical-shift variations
observed for residues 136-138 fall into the range of the mechanical hinge predicted by
DynDom. Interestingly, no peak splitting is observed for the predicted hinge residues
118-120, but only from residue 121 onwards. These residues are part of helix o5
spanning residues R112-R127, and even if the hinge seems shifted compared to the
DynDom prediction, it still comprises parts of the helix. Residues A11, T12 and L16-

D22 displaying peak splitting coincide with the N-terminal region identified as “dynamic”
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hinges by DynDom, which however shows a rather large distribution over the different
pairs, including regions not highlighted by NMR. T109 and F110, exclusively detected
as bending residues between A and C monomers by DynDom, display, together with
L108, peak splitting in the NMR spectra. Interestingly, residue G111 in this same region
has been described as hinge in an early EM study.(Béttcher et al., 2006) Residues T33
to S35 are only identified by NMR peak splittings, and are located in helix a2 which is
facing helices a1 and o5, part of the N-terminal and C-terminal hinge regions
respectively. Overall, these results show that the peak splitting observed in the NMR
spectra correlates to a large extent with both the hinges and the “dynamic” domains

identified by the DynDom method.

It has been suggested early on that the accurate recognition of sites involved in
interdomain motions, here linked to the creation of adequate interfaces on
mutimerization, may identify possible target sites for drugs.(Hayward and Berendsen,
1998) And indeed, in the available structures of the core protein in complex with
inhibitors,(Klumpp et al., 2015; Zhou et al., 2017) T33, T109, F110, F122, V124, W125,
T128 and Y132 residues are in close contact with small molecule assembly modulators
(Figure S8), which are currently intensely investigated as potential new anti-HBV
drugs.(Mak et al., 2017) Interference with the possibility to create adequate conformers
via hinge motion, or inversely the stabilization of certain conformations promoting
assembly, is likely involved in assembly modulation by these drugs. Alternatively, the
hinges might play a role in accommodating assembly modulators at critical locations

at protein interfaces.

» Conclusion

In summary, we have demonstrated that structural differences between quasi-
equivalent HBV core proteins occur in strategic positions near the interfaces between
the dimers, and no distortions are found in the helices that form the spikes of the capsid.
This immediate information from NMR correlates well with information on molecular
hinges extracted via bioinformatics methods, here DynDom, from high-resolution 3D

structures but is more explicit because it is a direct residue-specific observation not
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requesting extensive postprocessing of the primary data. The site-selective information
from NMR is of particular importance to further analyze in detail the different
conformations which the HBV capsid is thought to access during genome and particle

maturation,(Nassal, 2008) as well as its interactions with assembly modulators.
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> Supplementary Material

Experimental Section

Protein expression and purification. '°C-'°N-labeled Cp149 was expressed in E. coli and purified as

described previously.(Lecoq et al., 2018)

Electron microscopy. 5 jL of Cp149 capsids concentrated at 1 mg/ml were loaded on a carbon-coated
grid and incubated for 2 minutes. The grid was then layered on top of 50 pL of 2 % phosphotungstic
acid (m/v) pH 7 and incubated at room temperature for 2 minutes for negative staining. The grids were

examined with a JEM-1400 transmission electron microscope operating at 100 kV.

Solid-state NMR spectroscopy. '3C-"*N-labeled Cp149 capsids were sedimented into a thin-wall 3.2
mm zirconium rotor (180,000 g, 14 h) using a home-made filling tool.(B6ckmann et al., 2009) The
DARR spectrum was recorded on an 800 MHz Bruker Avance Il spectrometer using a 3.2 mm triple-
resonance probe, at 17.5 kHz spinning frequency and 4 °C according to the resonance frequency of the
supernatant water(Béckmann et al., 2009). 17.5 kHz proton irradiation during 20 ms for the DARR
transfer, and 90 kHz decoupling SPINAL-64(Fung et al., 2000) decoupling, were used. An interscan
delay of 3 s and 16 scans resulted in a total acquisition time of 1d 8h. Resonance assignment of the
split peaks was performed using the 3D spectra described previously.(Lecoq et al., 2018) Spectra

analysis was done with the CcpNmr Analysis package.(Stevens et al., 2011; Vranken et al., 2005)

Dihedral angles deviation between the X-ray monomer structures. The dihedral angles of the four
monomers in the X-ray structure of Cp149 (PDB 1QGT(Wynne et al., 1999)) were extracted using
VADAR online software http://vadar.wishartlab.com/.(Willard et al., 2003) Then, the deviation of ¢ and

y angles between the four monomers was calculated for each residue according to formula:

Deviation of dihedrals = /5,2 + 5,2 (°)

where s, =XV (x; — ©)2/(N — 1)) with X being the mean value.

NMR chemical shift and TALOS dihedral angle deviations. The variance of '>C-chemical shifts was
calculated for residues showing peak splitting in the NMR spectra and divided by the number of assigned
carbon atoms (minimum 3 for C’, Ca and Cp): m/N where s; is the standard deviation of °C
chemical shifts between the different forms observed in the NMR spectra, and N is the number of 3c
chemical shifts available. The variance was calculated between two, three or four sets of chemical shifts
depending on the number of assigned forms (see Table S1). Then, dihedral angles were calculated
using TALOS+ based on the chemical shifts of each form. TALOS+ was used rather than TALOSN as
it gives more weight to the actual chemical shift and less to the neighboring residues. The deviation of
dihedral angles between the different forms was calculated using the same formula as for the X-ray

structure analysis.
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Protein domain motion analysis. The program DynDom(Hayward and Berendsen, 1998; Taylor et al.,

2014) was used to pairwise compare subunits of the X-ray structure 1QGT.

10 20 30 40 50 60
MDIDPYKEFG ATVELESFLP SDFFPSVRDL LDTASALYRE ALESPEHCSP HHTALRQAIL

70 80 90 100 110 120
CWGELMTLAT WVGVNLEDPA SRDLVVSYVN TNMGLKFRQL LWFHISCLTF GRETVIEYLV

130 140 2 forms
SFGVWIRTPP AYRPPNAPIL STLPETTVV Peak splitting in NMR spectra: [l 3 forms
U 4 forms

Figure S1. Amino-acid sequence of Cp149 showing residues with NMR peak doubling, tripling and

quadrupling in blue, purple and red, respectively.

Figure S2. Zoom on the 28 residues displaying multiple peaks in the NMR spectra displayed as sticks

on the capsid structure (PDB: 1QGT(Wynne et al., 1999)) in B subunit (colored in cyan) and as spheres
and sticks in C and D subunits (colored in magenta and yellow, respectively). Residues are labeled on
B subunit in a) view from the top of the capsid structure (16 residues) and b) view from the inside of the
capsid structure (12 residues). Secondary structure elements are labeled in bold and helices are shown

as cylindrical cartoon.
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Figure S3. Intensity comparison of isolated CB-Ca. correlation peaks in the DARR spectrum for alanine
residues. The average intensity taken as a reference was calculated on the four single resonance and
isolated alanine residues displayed in grey (A54, A58, A69 and A80). Relative intensities of alanine
residues with several forms in the NMR spectrum (A11, A131 and A137) are displayed in grey and their
sums are displayed in blue. A34, A38 and A41 are not shown here as A38 and A41 are overlapped and
as the two forms of A34 are overlapped on DARR spectrum, which prevents from an accurate intensity
value determination. The summed intensities of the split signals of A11, A131 and A137 are slightly
weaker than the individual intensities of the alanines not showing peak splitting, which can be explained

by an increased flexibility due to their location in loops.
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Figure S4. Relative peaks intensity in 3D NCACB or CANCO of residues with peak splitting compared
to the average intensity of residues with a single resonance. In grey is the relative intensity of each form

while in blue is the sum of the two, three or four peaks relative intensities. Only isolated peaks were
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included, therefore P20, T33, L108, S121 and G123 are not present in the graph due to overlaps in all
3D spectra. NCACB peaks were used for most of residues, except for S21, A34, S35, V124, R127, A131

and Y132 where CANCO peaks were used as they were more isolated.

—¢ Deviation of dihedral angles between the 4 subunits of HBV capsid 1QGT
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Figure S5. We wanted to estimate whether the variations in the dihedral angles between the different
monomers in the X-ray structure pinpoint real differences or whether they are within the variations given
by the limited resolution of 3.3 A of the X-ray structure. We thus compared the dihedral angle variations
observed between the four molecules in the asymmetric unit of HBV capsid (PDB: 1QGT(Wynne et al.,
1999), black line) and the ones observed between two different high resolution structures of bovine
pancreatic trypsin inhibitor (BPTI, blue line) at 1.0 A (PDB: 5PTI(Wlodawer et al., 1984)) and 1.1 A (PDB:
1BPI(Parkin et al., 1996)) to highlight the variations as a function of resolution. The three C-ter residues
of BPTI structures are omitted for clarity. The variance ‘/(51112 + sq,z) between the BPTI structures is 4.4°,
versus 14.0° between the four subunits of the HBV capsid. Furthermore, for ubiquitin, an rmsd of 5.7°
was found for the differences between ¢ angles between a 1.8 A X-ray structure and NMR-determined
high-precision values.(Wang and Bax, 1996) Thus, even very well defined X-ray structures show
considerable variations of the dihedral angles. Therefore the variations observed in the HBV capsid

could indeed be caused by the precision effects alone.
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Figure S6. Comparison of the deviation of dihedral angles for the 4 chains of HBV core protein between
the 3.3 A X-ray structure (PDB: 1QGT(Wynne et al., 1999)) and the 3.5 A cryo-EM structure (PDB:
3J2V(Yu et al., 2013)). Variations are significantly more important than when comparing two X-ray
structures with a good resolution as in Figure S5, with an average difference of 25.3 ° for chain A, 22.8 °©
for chain B, 20.3 ° for chain C and 21.7 ° for chain D for residues 1 to 140. This significant difference is
partly due to mobility in the spike turn region comprising residues 75-80, and also to genuine differences

in the C-terminal part.
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Figure S7. Comparison of the dihedral angle variations observed between the four molecules in the
asymmetric unit of the 3.3 A X-ray structure (PDB: 1QGT(Wynne et al., 1999) in black), the 3.5 A cryo-
EM structure (PDB: 3J2V(Yu et al., 2013), in green) and predicted from NMR chemical shifts (using
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TALOSH+, in red). The variations observed between the four monomers in the EM structure is for most
residues surprisingly small with an average deviation of 2.9° if we exclude the four regions with
exceptionally high deviations due to structural flexibility (the N and C-termini residues as well as residues

43 to 47 and 75 to 80, resulting in an average deviation of 10.2°). Apart from residue 19, the EM

differences in dihedral angles show little correlation with the data from NMR.

Figure S8. Hexamer structure of the HBV core protein Y132A mutant in complex with
heteroaryldihydropyrimidine (HAP_RO1, in orange sticks) (PDB: 5SWRE(Zhou et al., 2017)) with residues
identified as hinges by both NMR peak splitting and DynDom(Hayward and Berendsen, 1998; Taylor et
al., 2014) program and less than 5 A from the inhibitor shown as sticks and spheres. One HAP molecule
is close to T33, T109, F110, F122, W125 from one subunit (here subunit B in cyan) and to V124, T128

and A132 from the neighboring subunit (here subunit C in magenta).
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Residue Chemical shifts (ppm)
Alall N C Ca cp
Form1l 120.5 172.9 48.8 21.8
Form2 120.4 172.9 48.9 21.2
Thr12 N C Ca Ccp Cy2
Form1l 103.7 175.6 58.9 74.6 22.9
Form2 103.7 175.7 58.9 74.9 23.0
Form3 103.9 175.8 59.2 75.0 23.0
Form4 103.7 176.0 59.1 75.6 23.9
Leul6 N C Ca Ccp Cy
Form1l 119.9 179.9 55.6 40.1 28.6
Form2 118.6 179.4 56.4 40.9 29.8
Form3 121.1 179.6 55.2 39.7 28.0
Serl7 N C Ca Ccp
Form1l 1134 173.8 60.4 62.8
Form2 115.6 173.3 61.1 62.7
Form3 111.6 172.5 59.5 63.3
Phe18 N C Ca Ccp
Form1l 121.3 177.3 57.2 39.9
Form2 122.9 176.3 56.8 40.4
Leul9 N C Ca cp Cy
Form1l 117.4 174.1 51.1 40.1 26.1
Form2 118.0 173.8 51.7 39.8 28.0
Pro20 N C Ca cp Cy Cd
Form1l 134.5 177.4 61.6 32.7 27.8 50.4
Form2 135.5 177.1 62.0 32.1 26.9 50.6
Ser21 N C Ca (o]
Form1l 116.5 174.4 61.6 62.9
Form2 114.5 175.0 61.6 62.8
Asp22 N C Ca cp Cy
Form1l 114.7 176.4 52.8 39.3 181.0
Form2 115.2 175.9 53.4 40.1 180.3
Thr33 N c Co cB cy2
Form1l 119.1 175.5 67.7 67.6 21.6
Form2 119.1 174.6 66.7 68.2 21.7
Ala34 N c Ca B
Form1l 122.7 178.9 55.4 16.7
Form2 122.7 178.4 55.4 16.6
Ser35 N C Ca cp
Form1l 110.3 176.6 60.7 63.1
Form2 110.8 176.5 60.9 63.1
Form3 108.1 176.6 60.4 63.4
Form4 112.1 176.1 61.0 63.1
Leu108 N C Ca cp
Form1l 118.3 177.9 57.1 42.4
Form2 119.1 178.2 57.2 42.1
Thr109 N C Ca cp Cy2
Form1l 113.1 174.4 65.2 69.7 20.8
Form2 114.9 174.9 65.4 69.5 20.3
Phe110 N c Ca B
Form1l 115.0 175.5 58.7 40.4
Form2 116.3 175.7 58.8 40.5
Ser121 N C Ca cp
Form1l 117.6 176.8 62.6 63.3
Form2 114.2 178.1 61.6 62.9
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Phel22
Form1l
Form2

Gly123
Form1l
Form2

Vall24
Form1l
Form2

Trp125
Form1l
Form2

Argl27
Form1l
Form2

Thri28
Form1l
Form2
Form3
Form4

Prol130
Form1l
Form2

Alal31
Form1l
Form2

Tyrl32
Form1l
Form2
Form3

Asnl136
Form1l
Form2
Form3

Ala137
Form1l
Form2
Form3
Form4

Prol138
Form1l
Form2
Form3

126.6
123.5

105.7
105.2

118.5
120.3

121.4
126.0

119.2
118.4

119.2
121.0
119.8
120.0

133.7
133.4

117.6
116.4

112.9
113.8
112.2

114.9
114.8
113.7

127.4
126.3
129.0
128.6

133.4
132.8
133.4

177.2
176.8

174.2
176.4

178.1
178.9

177.4
179.0

174.9
176.5

171.6
171.6
171.6
171.6

177.7
177.2

178.2
177.9

172.8
172.8
173.3

172.7
172.5
171.8

174.9
174.8
173.9
174.2

176.3
176.1
173.5

Ca
61.9
61.3

Ca
47.0
47.2

Ca
66.5
66.3

Ca
63.5
63.8

Ca
56.0
55.8

Ca
60.9
61.1
60.8
60.9

Ca
65.4
65.0

Ca
54.2
53.4

Ca
55.4
55.4
55.7

Ca
51.5
51.9
51.8

Ca
49.3
49.3
49.5
49.4

Ca
62.4
62.4
62.0

cp
38.7
38.3

cp
31.9
31.9

cp
29.0
29.2

cp
31.0
30.4

cp
69.8
69.7
69.4
69.7

cp
32.0
32.0

cp
18.0
17.6

cp
39.3
39.5
39.7

cp
39.0
35.8
37.5

cp
17.6
16.9
16.1
15.6

cp
31.6
31.4
32.1

Cya
21.2
20.9

Cy2
20.2
18.8
19.2
20.1

Cy
27.2
27.2

Cy
176.7
177.5
177.0

Cy
27.0
27.2
28.0

cyp
22.8

23.2

cd
50.4
50.4

cd
49.2
48.6
49.7

Table S$1. Chemical shift values of the different forms observed for residues showing peak splitting. All

values are given in ppm.
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> Abstract

The viral capsid plays a central role in hepatitis B virus (HBV) particle maturation, and
the maturation signal hypothesis formulated early-on predicts that a structural change
signals for envelopment in mature capsids. Still, the structures obtained by both X-ray
and cryo-EM were consistently described as highly similar. We here show using solid-
state NMR that the HBV capsid can take two different, well-defined but substantially
different conformations. These two forms exist for a variety of capsid states and
constructs, including from empty truncated, RNA-filled wild-type, phosphorylated
capsids, as well as capsids from mutant core proteins. Both forms exist independently
from the C61 interdimer disulfide bond and T=3/T=4 icosahedral symmetry. The slow
spontaneous transition between the two conformations is catalyzed in
disassembly/reassembly reactions. The largest conformational differences between
the two forms cluster around the spike base, between helices 3 and 4 and the dimer
interface. These changes are much larger than those induced by the presence of the
C-terminal domain, nucleic acids, phosphorylation or different symmetry. We
hypothesize that these two states of the nucleocapsid play a role in viral particle

maturation.

> Introduction

Chronic hepatitis B infection affects more than 250 million people today(World Health
Organization, 2017) and is the leading cause for terminal liver disease. The hepatitis
B virus (reviewed in (Seeger et al., 2007)) is a small enveloped virus, which genomic
information codes only for a few genes: the envelope proteins HBs, the core protein
Cp, the polymerase P and HBx with yet undetermined function. Cp is a 183-residue
protein with two domains: the assembly domain that forms the contiguous capsid shell,
and the C-terminal domain (CTD, residues 150-183) that is amongst other responsible
for RNA packaging. The two domains are connected by a linker (residues 141-149).

The hepatitis B virus T4 capsid assembles from 120 copies of the dimeric core protein.
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It packs the pregenomic (pg) RNA, as well as a copy of the viral polymerase, which
transcribes the pgRNA to double-stranded relaxed circular (rc) DNA inside the capsid
on maturation before envelopment of the particle. It is unclear how readiness for
envelopment is conveyed, and Summers and Mason (Summers and Mason, 1982)
postulated early-on that a conformational change during maturation might give the
signal. Alternatively, the interplay of two events has been put forward to trigger this
conformational change: achievement of genome maturation inside, sensed by the

phosphorylation status of the CTD and transmitted by the domain to the outside.

As it has been recently reported that not only mature, rcDNA containing capsids with
a defined C-terminal phosphorylation state are enveloped, but that a variety of subviral
particles are secreted, including enveloped empty capsids (Luckenbaugh et al., 2015),
and also phosphorylated ones (X. Ning et al., 2017), (reviewed in (Hu and Liu, 2017)),
it becomes clear that neither C-terminal phosphorylation/dephosphorylation nor
nucleic acid maturation are triggering envelopment. This strengthens today the
hypothesis of an untriggered, spontaneous conformational change, as also described

in HBV envelope maturation(Seitz et al., 2016).

The capsid structure has been investigated by a range of structural biology techniques,
and besides a 3.3 A X-ray structure (Wynne et al., 1999a; 1999b) of the N-terminal
assembly domain, structures of the full-length capsid have been determined by cryo-
electron-microscopy (cryo-EM) (Béttcher et al., 1997; Crowther et al., 1994), the latest
to date at 3.5 A resolution (Yu et al., 2013). The assembly domain forms T=4, and to
a lesser extent, T=3 icosahedral capsids, made respectively from 120 and 90 Cp
dimers. It was shown that by decreasing the C-terminal tail length, the number of T=3
capsids increased at the expense of T=4 capsids (Zlotnick et al., 1996). In both types
of capsids, four monomers of Cp assemble in the asymmetric unit, which arrange
around five-fold and quasi-sixfold axes. The core protein structure displays five a-
helices, with helices 3 and 4 forming a hairpin. In the dimer, these hairpins assemble
into the four-helical bundle which tips form the capsid spikes when assembled. Helix 5
is involved, together with the downstream loop, in interdimer interactions at the five-
and quasi-sixfold capsid vertices. The highly positively charged CTD largely escapes

as of today structural investigations, even if it could be localized to regions near the

189



inner surface of the capsid (Patel et al., 2017; Zlotnick et al., 1997). The different
structures have mostly been described as similar to the X-ray structure, besides
differences due to small differences attributed to the absence/presence of the CTD (Yu
et al., 2013), the presence of RNA as opposed to DNA (Roseman et al., 2005), or due
to drug binding (Schlicksup et al., 2018).

We here used NMR to investigate structural features of the HBV capsid. It is
recognized that NMR chemical shifts detect conformational differences with very high
sensitivity(Williamson, 2013), which has made the success of NMR for example in fibril
studies, where one of its strong points resided in its ability to identify polymorphism
(Meier et al., 2017). Notably, '*C chemical shifts are directly related to protein
backbone dihedral angles, and are for example used as restraints in structure
calculation. Changes therein, called chemical-shift perturbations (CSPs), thus directly
inform on changes in the dihedral angles and thus the structure. This is in contrast to
'H CSPs, which are more sensitive to surface effects (Williamson, 2013). We have
recently sequentially assigned the NMR signals of the HBV capsid, and could point out
the residues which conformationally adapt on dimer-to-capsid transition (Lecoq et al.,
2018a). Also, we identified the residues which form the hinges which accommodate in
the capsid the formation of the five-fold and quasi-six-fold vertices (Lecoq et al., 2018b).
Relying once more on the high sensitivity of the spectral fingerprints, we here identified
a well-defined second conformation of the viral capsid, which surprisingly escaped
detection during the last 20 years of intense structural scrutiny of this large and

complex protein assembly.

» Material and Methods

Expression and Purification Cp140, Cp140 C61A, Cp149, Cp183, P-Cp183.

Proteins were expressed in E. coli and purified as described previously (Heger-Stevic
et al., 2017; Lecoq et al., 2018a) with minor modifications depending on the constructs,
as detailed below. Briefly, plasmids of pRSF_T7-HBc140opt, pRSF_T7-
HBc140C61Aopt pET-28a2-HBc1490pt, pRSF_T7-HBc183opt and pRSF_Tet-
SRPK1dNS1_T7-HBc1830opt were transformed into E. coli BL21* CodonPlus (DE3)
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cells and grown at 37 °C in M9 minimal medium culture containing '*C-glucose and
">NH,CI (for more details on labeled culture see (Lecoq et al., 2018a)). When OD600
reached between 0.7 and 2.0, expression of Cp140, Cp140 C61A and Cp149 was
induced with 1 mM IPTG overnight at 25 °C. For full-length proteins Cp183 and P-
Cp183, expression was induced when OD600 reached 2.0 at a temperature of 20 °C
and 16 °C, respectively. Cells were collected by centrifugation at 6,000 g for 20 min
and resuspended in 15 ml (for one liter of culture) of TN300 buffer (50 mM Tris, 300
mM NaCl, 5 mM DTT, pH 7.5). The cells suspension were incubated on ice with 15 mg
of chicken lysozyme, 300 pl of protease inhibitor cocktail solution 50x and 750 pl of
10 % Triton-X-100 for 45 min. 6 pl of Benzonase nuclease was added to digest nuclear
acids for 30 min at room temperature. Cells were broken by sonication using a
minimum of 10 cycles of 10 s of sonication and 50 s of cooling down on ice. Cell lysates
were centrifuged at 8,000 g for 1 h to remove cell debris. The supernatant was loaded
onto 10 to 60 % sucrose gradient buffered with 50 mM Tris pH 7.5, 300 mM NaCl, 5
mM DTT and centrifuged in SW-32Ti Beckman Coulter swinging bucket rotor at
140,000 g for 3 h at 4°C. Capsids in gradient fractions were identified by 15 % SDS-
Polyacrylamide gel and precipitated by 20 % (for Cp140 and Cp149) or 40 % (for
Cp183 and P-Cp183) saturated (NH4).SO,. After incubation on ice for 1 h and
centrifugation at 20,000 g for 1 h, pellets were resuspended in 10 ml of purification
buffer (50 mM Tris pH 7.5, 5 mM DTT). The protein solution was centrifuged again for
15 min to remove insoluble pellet. The supernatant containing soluble capsids was

dialyzed overnight against purification buffer at 4 °C.
In-vitro transcription of pgRNA.

The pCHT-3101pgRNA-SNAP plasmid (6.3 kbp) was transformed in DH5a cells and
grow overnight at 37 °C in presence of ampicillin. The circular plasmid was extracted
with a commercial kit (QlAprep Spin Miniprep Kit), and then digested for 2 h at 37 °C
by Xma1 enzyme (New England Biolabs, Inc) to recover linear DNA. DNA was purified
by extraction with one volume of phenol:chloroform, again with one volume of
chloroform, then precipitated with 2.5 volume of 100 % ethanol and 3 M sodium acetate
at pH 5.2. The pellet was resuspended in RNase-free H,O and the concentration was

checked by nanodrop based on the absorbance value at 260 nm. For the in vitro
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transcription (Beckert and Masquida, 2011), linearized plasmid at 0.1 pg/ul was used
as a template and incubated with 0.06 pyg/ul of home-made T7 RNA polymerase in
presence of 50 mM TRIS-HCI at pH 7.5, 5 mM of ribonucleotide triphosphates (rNTPs)
mix (Promega), 25 mM MgCl, 0.01 mM Triton, 10 mM DTT, 2.5 mM spermidine, and
1.6 U/ul of RNAsin. After 2 h incubation at 37 °C, 25 mM EDTA were added to stop the
transcription. The freshly-transcribed 3.2 kb pgRNA was purified with the same
protocol as the linear DNA, resuspended in RNase-free H,O and loaded on a 0.8 %
agarose gel to check RNA quality prior to reassembly with Cp183 dimer. Typically, 1
ug of DNA was able to transcribe 30 pg of pgRNA.

Capsid disassembly and reassembly.

For Cp140, Cp140 C61A and Cp149, capsids were dialyzed against disassembly
buffer A (50 mM NaHCO3, 5 mM DTT, pH 9.6) at 4 °C overnight and disassembled by
adding solid urea to a final concentration of 3 M. Dimers were separated by size
exclusion chromatography (SEC) using HiPrep™ 16/60 Sephacryl® S-200 HR column
(120 ml) equilibrated in disassembly buffer A. Dimers (~2 mg/ml) were reassembled
into capsids by dialysis against reassembly buffer A (50 mM Tris, 250 mM NaCl, 5 mM
DTT, pH 7.5).

Capsids of Cp183 purified from E. coli were disassembled by dialysis against
disassembly buffer B (2 M GuHCI, 50 mM Tris, 0.5 M LiCIl, 5 mM DTT, pH 7.5) at 4 °C
overnight. Disassembly was about 60 % complete for full-length capsids, while for
truncated capsids disassembly was virtually complete. Encapsidated RNA precipitated
by LiCl was removed by centrifugation (20,000 g, 15 min at 4 °C). Dimers were
separated by size exclusion chromatography (SEC) using HiPrep™ 16/60 Sephacryl®
S-200 HR column (120 ml) equilibrated in disassembly buffer B. For reassembly of
Cp183 capsids, dimers of Cp183 (~0.8 mg/ml) in 2 M GuHCI were diluted 4 times with
dilution buffer (50 mM HEPES, 0.5 M LiCIl, 5 mM DTT, pH 7.5) to a final concentration
of 0.5 M GuHCI, and dialyzed in presence of pgRNA against reassembly buffer B (50
mM HEPES, 150 mM NaCl, 5 mM DTT, pH 7.5) overnight at room temperature. The
molar ratio of Cp183 dimer:pgRNA for reassembly was 60:1. For P-Cp183, the same
protocol was applied with the exception that 2.5 M GuHCI was used instead of 2 M,

and no RNA was added on reassembly. For the five samples, the reassembled capsids
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were loaded on HiPrep™ 16/60 Sephacryl® S-200 HR column to separate pure
capsids from residual dimers or RNA, and were dialyzed overnight against purification

buffer at 4 °C to be in the same conditions as capsids purified from E. coli.
SDS-PAGE under non-reducing conditions.

20 pl protein solutions were incubated with 250 mM iodoacetamide at room
temperature for 20 min to block free thiols. Samples were mixed with 5 pl 5x non-
reducing loading buffer (250 mM Tris-HCI, 10% SDS, 30% (v/v) Glycerol, 0.05% (w/v)
Bromophenol Blue, pH 7.5) and 10 pl were loaded onto 15% SDS-PAGE.

Separation of Cp140 T=3/T=4 capsid.

T=3 capsids of Cp140 were separated from T=4 capsid by sucrose density gradient
centrifugation as described previously (Zlotnick et al., 1996). Sucrose gradients (5%,
10%, 15%, 20%, 25%, 30%) were prepared with TN300 buffer. Each layer of sucrose
solution was 6 ml. Capsid sample (1 ml) was loaded onto the top of the gradient and
separated at 140,000 g for 3 h at 4 °C in SW-32Ti Beckman Coulter swinging bucket
rotor. Sucrose gradient fractions containing Cp140 capsid were analyzed by electron
microscopy, and fractions containing mainly T=3 capsids were pooled and dialyzed

against purification buffer at 4 °C.
NMR rotor filling.

After dialysis in purification buffer, soluble capsids purified from E. coli and capsids
reassembled in vitro were concentrated using Amicon Ultra centrifugal filter units
(Merck, 50 kDa cut-off) to about 30 mg/ml in 1 ml and sedimented into 3.2 mm
zirconium rotor by centrifugation (200,000 g, 14 h, 4 °C) using a home-made filling tool

(Béckmann et al., 2009). Rotors were immediately closed with watertight caps.
NMR spectroscopy.

All NMR spectra were recorded using a 3.2 mm triple-resonance ('H, 'C, "°N) probe
head at a static magnetic field of 18.8 T corresponding to 800 MHz proton resonance
frequency (Bruker Avance Il). Assignment of the form A was described previously and

was performed on Cp149 capsids purified from E. coli (Lecoq et al., 2018a). Similarly,
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assignment of the conformation B was obtained at a MAS frequency of 17.5 kHz using
a combination of 2D and 3D correlation experiments, including: 2D DARR, NCA, NCO,
3D NCACB, NCACX, NCOCX, CANCO and CCC which were performed on the sample
of P-Cp183 capsids reassembled in vitro. On all the other samples, only 2D spectra
were recorded including 2D DARR, NCA and NCO, except on the sample of Cp149
capsids purified from E. coli and stored for one month at room temperature for which
a 3D NCACX was recorded in order to unambiguously identify the resonances of
oxidized C61. Experimental details are given in Table S1. All spectra were referenced
using DSS and recorded at a sample temperature of 4 °C according to the resonance
frequency of the supernatant water (Béckmann et al., 2009). Spectra were processed
using TopSpin 3.2 (Bruker Biospin) and analyzed with the CcpNmr Analysis package
(Stevens et al., 2011; Vranken et al., 2005).

Data deposition.

The *C and N backbone and side-chain chemical shifts of the core protein of HBV
capsids in conformation B have been deposited in the BioMagResBank

(http://www.bmrb.wisc.edu) under the accession number XXXXX (to be deposited).
Calculation of A and B percentage.

The percentage of each conformation was calculated based on the intensity of six
isolated peaks corresponding to P5 Cy-C3s, P5 Cy-Ca and 159 C51-Cp resonances for
which the distinction between the two conformations A and B was clearly visible
(leading to two peaks per resonance). If the signal was nonexistent, a symbolic peak
was added at the virtual position of the missing conformation. Peaks heights were fitted
using the Gaussian fit function of CcpNmr software (Stevens et al., 2011; Vranken et

al., 2005) and the percentage of conformation B was calculated according to:

1

1 1
Conformation B (%) = - Zm * 100

n

where n is 3 here, I is the intensity of conformation A and /g the intensity of
conformation B for each of the 3 resonances. Error was calculated as the standard

deviation of conformation B percentage between the three resonances.
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Calculation of CSPs.

Chemical-shift perturbations between the conformation A and B were calculated for

each assigned carbon atoms according to: Ad¢ = [5¢[A] — &¢[B]I-

> Results

1.  NMR spectra reveal two different, but well-defined capsid conformations

HBV capsids can be produced using expression in E. Coli, where they self-assemble
in the bacteria during expression, and can further be purified as such (see material and
methods). 2D "*C DARR spectra can be directly recorded on sediments of the capsid
preparations (as previously shown for CTD-truncated Cp (Cp149) (Lecoq et al., 2018b;
2018a)). Figure 1 shows the spectrum obtained for the Cp183 capsids isolated from E.
coli in blue. The Cp183 spectrum could mainly be assigned by transferring the
sequential assignments of Cp149 (Lecoq et al., 2018a). The 34 additional residues
from the C-terminal domain are not observed in the DARR spectra, likely due to their
dynamic behavior. We also recorded the corresponding spectrum on Cp183 capsids
reassembled in the presence of in-vitro transcribed pgRNA (based on protocols

described in (Porterfield et al., 2010)), and which is shown in pink in Figure 1.

We clearly observe important chemical-shift perturbations (CSPs) between the *C
spectral fingerprints for the two preparations, which reveal two distinct conformations
we refer to in the following as A and B. Indeed, the observation of CSPs in NMR spectra
is directly related to conformational change, as the chemical shifts are highly sensitive
to the electronic environment and thus the dihedral angles of the protein backbone and
side chains. These differences reveal that the capsid takes on two different
conformations between the E. coli RNA-filled capsids, and the reassembled pgRNA

containing capsids.
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Figure 1. Two sets of chemical shifts are observed for Cp183 and Cp183-pgRNA. Overlay of
the Ca-Cp region of 2D '*C DARR spectra of E. coli Cp183 and Cp183-pgRNA. Spectra were
recorded on samples prepared from capsids isolated from E. Coli (in blue), and on capsids
disassembled/reassembled in the presence of in-vitro transcribed pgRNA (in pink). Examples of
chemical shift perturbations are highlighted by grey background and are labelled with the
corresponding residue number. Signal assignments for Cp183-pgRNA have been transferred from
sequential assignments done using a set of 3D experiments (see Material and Methods) on

reassembled P-Cp183 capsids (see below) as representative sample (Figure S1).

2. The A to B transition progresses over time and can be catalyzed by

reassembly

To identify the origin and specificity of the two conformations observed for Cp183, we
produced a variety of capsids including truncated capsids lacking the CTD and the
linker (Cp140 and Cp140 C61A mutant) or only the CTD (Cp149), as well as capsids
made of full-length protein with 7 phosphorylated sites, P-Cp183, which is obtained by
co-expression of protein kinase SRPK1 in E. Coli (Heger-Stevic et al., 2017; Rabe et
al., 2016). The latter is, as also the truncated constructs, devoid of nucleic acids, as
shown by the absence of signals stemming from nucleic acids in the spectra (Figure
S2) when compared to Cp183 E. Coli capsids which contain '*C labeled RNA. Spectra
were recorded on both E. Coli capsids and in-vitro reassembled capsids, which are
reassembled with unlabeled pgRNA for Cp183, and without nucleic acids for the
truncated capsids and P-Cp183. Figure 2a compares the proline 5 Cy-Cs signal, as a
distinct signature and representative signal of the conformational change operating

between forms A and B, for all capsids. It can be seen that all investigated constructs
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can exist in either conformation A or B. Cp149, Cp183 and P-Cp183 capsids isolated
from E. Coli consistently displayed highest percentages of A, while the corresponding
reassembled capsids were mainly found in conformation B (>85 %) (Figure 2b). One
should note that consistent preparation of pure A states proved delicate for most
constructs, and often small bymixtures of B were observed in the samples. Statistics
on 14 Cp149/Cp183 samples gave an average of 80+14 % of A for E. coli assembled
capsids, and for 6 reassembled capsids 93+5 % of B. For the constructs of Cp showing
a complete assembly domain including the linker, the major determinant for B forms
was thus the disassembly and reassembly reaction. In comparison, Cp140 showed
always a mixture of A and B forms, both in the E. Coli and reassembled capsids, with
however B being dominant in the latter. We also investigated the Cp140 C61A mutant,
which fingerprints resulted in A/B mixtures, both in E. Coli and reconstituted forms, but
with different ratios. Thus, in contrast to Cp149 and Cp183, Cp140 is conformationally
more variable, and its behavior is remnant of amyloid polymorphism, as pure forms
were difficult to obtain, and external conditions, as well as mutations, changed ratios
with contrasting results. For example, E. coli and reassembled Cp140 showed an A/B
mixture, while the E. coli Cp140 C61A mutant resulted in rather pure A. Reassembly

of both only increased B, but did not convert all A to B.

In order to determine whether disassembly/reassembly was needed to transform A into
B, we analyzed if A could spontaneously convert to B simply with time. For this, two
samples from the same batch of Cp149 from E. Coli were left for 1 month either at
room temperature (RT) or at 4 °C. The recorded spectra showed that the percentage
of B clearly increased in both, indicating that the conformation indeed slowly changes
from A to B. However, the transition was not or only weakly temperature dependent,
since the A/B ratios were similar for samples left at RT and 4 °C. It is interesting to note
that once the capsids are sedimented in the NMR rotor, which represents a confined

environment, form A is stable over months.
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Figure 2. Two different forms are observed for all capsid constructs. a) Region of 2D DARR
spectra corresponding to the Cy-C3 correlation peak of Pro5 as representative signature for A and
B forms. For each construct of core protein, spectral extracts both from capsids isolated from E.
coli and in vitro reassembled capsids are shown. For Cp149, Cp183 and P-Cp183, the capsids
from E. coli show clear signals of conformation A, while the in vitro reassembled capsids show
signals typical for B. For Cp140, a mixture of signals corresponding to conformations A and B is
visible. b) Percentage of conformation B in the different capsids shown in panel a) for capsids from
E. coli and reassembled capsids. In addition, two samples from Cp149 left one month at different
temperatures are shown. The percentage of B was calculated based on the intensity of six
representative and isolated peaks in the DARR spectrum (for P5 Cy-C3, P5 Cy-Ca and 159 C61-Cp
resonances, see Material and Methods). Error bars represent the standard deviation between the

percentages obtained for the different resonance signals analyzed.

3. A and B forms are compatible with both T=3 and T=4 icosahedral capsids

In contrast to Cp149 and Cp183, which form a majority of T=4 icosahedral capsids, the
truncation of residues from the linker has been shown to result mainly in T=3
icosahedral capsids (Zlotnick et al., 1996). In order to investigate if the observation of
two states A and B is related to the presence of T=3 and T=4 capsids, we analyzed all

samples by electron microscopy (EM) using negative staining. Figure 3 summarizes
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the icosahedral symmetries observed for the samples for which spectra are shown in
Figure 2. As expected, for Cp183, P-Cp183 and Cp149, both types of capsids yielded
a large majority of T=4 symmetries, independent of the two conformations A and B
observed by NMR. In addition, we prepared a sample containing a majority of T=3
capsids, which were isolated by fractioning Cp140 E. Coli and reassembled capsids
using an additional sucrose gradient. As virtually pure T=3 capsids were observed by
EM, the mixtures of A and B conformations in the NMR spectra of Cp140 cannot be
explained by the capsid symmetry. Cp140 C61A yielded mainly T=3, yet both E. Coli
and reassembled capsids were rather found in form A. As all T=4 Cp149 and Cp183
capsids can access both A and B, and T=3 Cp140 a mixture of A and B, we can thus
conclude that both forms A and B are compatible with the two icosahedral

arrangements T=3 and T=4, and that icosahedral symmetry is no a determinant for A

or B states.

Cp183 ® P-Cp183 Cp140 s Cp140 C61A
E.coli E. coli S E. coli

mainly =3+ -,

; Cp149 e Cp140 « Cp140C61A
\ reassembled reassembled wet reassembled

Cp183
reassembled

740 p-Ccp183
reassembled

Figure 3. The two forms are independent on icosahedral symmetry. Negative stain EM of the
different capsid samples concentrated at 1 mg/ml. Cp183, P-Cp183 and Cp149 form quasi
exclusively T=4 capsids in both E. Coli and reassembled capsids, while Cp140 forms both T=3 and
T=4 capsids, and mainly T=3 capsid can be isolated by an additional sucrose gradient to exclude
T=4 capsids. Cp140 C61A yields mainly T=3 E. Coli capsids but rather a mixture of T=3 and T=4

after reassembly.
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4. A and B forms are observed independently from the oxidation state of C61

C61 is located in the dimer interface between the two core protein monomers, and can
form a covalent disulfide bond between them, resulting in a stable dimer when C61 is
in its oxidized form (Selzer et al., 2014). C61 disulfide bond formation has been shown
not to be essential in capsid formation, and the capsid exists in reduced (Yu et al.,
2013) and oxidized (Wynne et al., 1999a) forms in the different available structures.
To understand whether the C61 oxidation state has an impact on the formation of the
conformation A or B, we analyzed C61 resonance signals in the '°C NMR spectra.
Cysteine Ca, and mainly CB chemical shifts, clearly identify the oxidation states
(Sharma and Rajarathnam, 2000). As the protein is purified in the presence of DTT,
most samples show reduced Cys chemical shifts, as reflected by the red and grey bars
for forms A and B in Figure 4a and b. The blue bars corresponding to the sample kept
one month at RT show that a substantial amount of oxidized C61 is present, as
indicated by the observation of a signal corresponding to the oxidized form (Figure S3)
which was sequentially assigned using 3D spectroscopy. Also, a SDS-PAGE run under
non-reducing conditions (Figure 4c) indicates that the sample kept at RT reveals the
presence of oxidized dimer. Still, the sample kept at RT which is to a large extent
oxidized show mixed A/B forms, clearly indicating that the C61 disulfide bridge is
compatible with both forms, and that its formation does not induce either A or B forms.
We also assessed the oxidation state of C61 for all other samples, which were all found

to be reduced, independently of the A/B ratio (Figure S4).
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Figure 4. The two forms are independent on the oxidation state of C61. The chemical-shift
distribution of cysteine Ca (a) and Cf (b) as a function of redox state (from data bank and adapted
from literature as compiled by (Sharma and Rajarathnam, 2000)) is given for reference in black
and white, and the position of the Ca and CB resonances in different Cp149 preparations as

determined here is indicated by colored bars. While for Cp149 in forms A (red bar) and B (grey bar)
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Ca and notably CB clearly show a reduced state, Cp149 stored one month at RT (blue bar),
displays C61 chemical shifts corresponding to an oxidized form. This is equally reflected in the
SDS-PAGE gel run under non-reducing conditions using 250 mM iodoacetamide (c), where the

protein stored at RT displays more S-S bound dimer.

5. Structural differences between forms A and B concentrate in the spike base

The two different states are distinguished by their chemical shift. Figure 5a shows a
comparison between the carbon chemical shifts of E. Coli Cp183 and pgRNA-
reassembled Cp183 capsids (for comparisons between the five constructs, see Figure
S5). CSPs up to 1.8 ppm in '*C can be observed, which indicates substantial
conformational differences (Williamson, 2013). We consider CSPs smaller than 0.3
ppm not significant (in grey), and larger than 0.6 ppm substantial (on red). Intermediate
CSPs are shown in orange. The larger CSPs between forms A and B concentrate in
three major regions: the N-terminus, and the residues clustering around positions 60
and 100. In addition, residues V27 and L42 show isolated differences. The three major
regions are distant in the primary structure (Figure 5a), but actually colocalize in the
3D fold. This can be seen in Figure 5b, where CSPs > 0.6 ppm are plotted as red
spheres on the 3D Cp149 crystal structure (Wynne et al., 1999a). The residues clearly
concentrate in the spike base. The interactions between the residues are detailed in
Figure 5c¢, as lines connecting neighboring residues (< 4 A, but long-range in the sense
that they are more than 5 residues apart in the sequence) in the structure. In this
network, extensive intramonomer contacts exist between helices 3 and 4 (L55/1105,
A58/F97/L100, W62/F97, L65/M93), supplemented by contacts between in helices 2
and 3 (V27/W62, L42/L55), and 2 and 4 (V27/R98), as well as between the N-terminus
and helix 4 (Y6/Q99/L100). Intermonomer contacts exist between the N-terminus and
helices 2 and 3 (M1/159, 13/L42/159/L60 and P5/L60), between the salt-bridge forming
residues E64 and K96, and the C61-C61 disulfide. Changes are observed up to the
middle of the spike, where residues and L68 faces M93. Only E8 remains isolated from
this network. CSPs are virtually absent from the interdimer interfaces, which form the
fivefold and quasi-sixfold vertices in the capsid; and also the spike tip is totally

unaffected.
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Figure 5. Localization of structural differences between conformations A and B. a) Histogram
showing chemical-shift perturbations (CSPs) induced between forms A and B, calculated as CSP =
[3c[A] — 8¢[B]l . A single bar is plotted for each assigned carbon atom (see for example V27,
where the five transparently superimposed bars correspond to the CSPs of the five assigned
carbon resonances). The protein sequence up to residue 140 is given below the graph. CSPs larger
than 0.6 ppm are colored red, those smaller than 0.3 ppm grey, and the values in between orange.
Names and numbers of amino acids showing high CSPs are given on the graph. b) Ca of residues
with CSPs > 0.6 ppm are mapped as colored spheres on the X-ray structure (subunits B and C) of
Cp149 dimer (PDB 1QGT(Wynne et al., 1999b)). The structural rearrangement between forms A
and B occurs in the base of the capsid spike. Color code: dark grey and red for subunit C, light grey
and salmon for subunit D. ¢) Proximities in the 3D structure (< 4 A) between residues with CSPs >

0.6 ppm are indicated as solid lines on the structure with cylindrical helices.
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6. Truncation, phosphorylation, nucleic acid content and different icosahedral

symmetry induce only minor conformational differences

The CSPs observed in the spectra of A and B forms represent the largest
conformational differences observed between any forms of capsid we investigated. M1
shows a particular behavior in that its chemical shift is different between most
preparations and forms, even between nominally or virtually identical capsids. It is
however always in a well-defined state, and is never missing from any spectrum, which
means that it is neither flexible nor statically disordered. When comparing the other
constructs between them, minor changes can however be observed as well (Figure 2),
which allow to evaluate the impact of the presence of the C-terminal domain, different

nucleic acids, phosphorylation, as well as of icosahedral symmetry.

In order to compare capsids with and without CTD, spectra recorded on Cp149 and P-
Cp183 (Figures 6a), both devoid of nucleic acids, and between Cp149 and Cp183
(Figure 6b, where Cp183 capsids contain nucleic acids), were compared and their CSP
analyzed, , for both E. coli and reassembled capsids. The most striking observation is
that the CTD is not observed in any of the full-length protein spectra, presumably due
to intermediate dynamics, which interference with NMR parameters as magic-angle
spinning and proton decoupling, which can broaden signals beyond detection or
compromise polarization transfers. The CTD residues are neither observed in INEPT
spectra which would have displayed them if they showed very fast local rotational
correlation times as observed in small proteins in solution. One can see that the CSPs
are mostly below 0.3 ppm, meaning that the presence of the CTD does not induce a
significant structural reorganization in the rest of the protein. Interestingly however,
signals for several glutamates, in particular E113, but to a lesser extent also E43, are
attenuated in the P-Cp183 spectra (see Figure S6b, c), indicating that interactions,
likely with the CTD residues, heterogenously broaden and thus attenuate the

resonances of this residue. This is the case for both A and B forms.

To assess the impact of the presence of nucleic acids, Figure 6¢ shows the CSPs
between Cp183 and P-Cp183, again for forms A and B. The major difference between

the two constructs are the nucleic acids signals which are visible in the E. coli Cp183
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spectrum, in the region around 63-95 ppm (Figure S2). Nucleic acid resonances match
the chemical shifts typically for the sugar moieties from ribose in RNA, revealing that
Cp183 packs mainly RNA from E. coli, and not DNA (Figure S7). Despite the fact that
one capsid is filled with nucleic acid and the other is devoid of material, only very limited
chemical shift differences are observed between the Cp183 and P-Cp183 capsids,
neither in A nor B forms. A small effect is seen, when comparing Cp183-pgRNA and
reassembled P-Cp183, for E46, which signals shows less intensity in the former,
suggesting that the RNA interacts, likely via the CTD, with E46, which sticks out
towards the interior of the capsid, underneath the spikes. This is not observed for E.

coli Cp183 vs P-Cp183, hinting at slightly different interactions for E. coli and pgRNA.

To compare the T=3 and T=4 capsids, Figure 6d shows the CSPs detected between
spectra from Cp140 and Cp149 capsids, also for both forms A and B. One can see
that, while mainly small CSPs are present, some residues show substantial CSPs,
which localize mainly to the interdimer interfaces, to peaks which show peak splitting,
caused by the asymmetry of A, B, C and D subunits near the five-fold and quasi-sixfold
vertices (Lecoq et al., 2018b). One can observe also the four distinct peaks observed
for the four different monomers in the asymmetric unit cell show slightly different
resonances, which differences however remain small, as shown at the example of
A137 in Figure S8.

204



[A] E. coli capsids [B] Reassembled capsids CSDs and intensity diminution

17 in reassembled capsids:
® Impact of CTD ®
> without nucleic acids 2

” Il CsD > 0.6 ppm
Cp149 P-Cp183 Cp149 P-Cp183

V’\ [ csD > 0.3 ppm
9 [ i ratio <05
(2

3C CSD (ppm)

i il P g
I 0 PP P B
Impact of CTD and 1 R
% > % nucleic acids content (:} Q}

Cp149 Cp183-pgRNA
Cp149 cp183 p piSspg

= O B O Db el A A A
© o B ® O N B O ® O N DO ®

13C CSD (ppm)

e
>

(2]

Impact of nucleic
acids content

Cp183 P-Cp183 Cp183-pgRNA P-Cp183

R~
® O N b O O N B

3C CSD (ppm)

=
»

2 9
[N

Impact of capsid

14 % Y geometry T3/T4 Q G Ci

Ccp140 Cpl49

A8 Al e B e
60 80

Residue number Residue number

Figure 6. Impact of different constructs on the capsid structure. CSPs induced by a) the
truncation of the C-terminal domain in absence of nucleic acids (Cp149 vs. P-Cp183) b) the
truncation of the CTD and nucleic acid content (Cp149 vs. Cp183), ¢) the CTD phosphorylation
and nucleic acid content (Cp183 vs. P-Cp183), and d) the T=3 vs T=4 capsid geometry (Cp140 vs.
Cp149). For each comparison, the chemical shift differences are shown for both E. coli (form A)
and reassembled (form B) capsids. Residues with CSPs above 0.3 ppm and 0.6 ppm in
reassembled capsids are shown on the structure (PDB 1QGT(Wynne et al., 1999b)) in orange and

red, respectively.

> Discussion

1. The switch between A and B forms is the dominant difference between capsid

forms

We have investigated ten different forms of the HBV capsid. Samples cover the range

of truncated, full-length, phosphorylated, empty and RNA-filled capsids. We have

205



measured for all forms chemical shifts, and compared them in order to identify the
impact of the presence of the C-terminal, the icosahedral symmetry, and the nucleic
acid-content. Overall, the conformational changes associated to these variations were
small, but we could identify an interaction of the C-terminal domain with the around
amino acid E113, as well as a slight impact of the presence of pgRNA on residue E46,
pointing towards the capsid center. Also, conformational changes could be identified

at the interdimer interfaces between the two different capsid symmetries.

The single most important conformational change is however surprisingly detected
independently of the type of construct, in the form of the two different conformations A
and B which we identified for all five different core protein constructs tested. Indeed,
we could show that the two forms are neither function of the nucleic-acid content, the
phosphorylation state, the oxidation state, nor the icosahedral symmetry of the capsid.
We showed that the transition between the two states takes places spontaneously, but
can be catalyzed by disassembly/reassembly. The chemical shift differences observed
between the two conformations revealed significant conformational differences, which
localize at the base of the spikes, at the intradimer interface. The key residues in this
conformational transition from A to B belong to the hydrophobic core of Cp, but also
comprise surface residues, as the intermonomer salt bridge forming E64 and K96.
Importantly, no significant CSPs are observed for the residues located at the interdimer
interfaces, which we previously reported to show NMR peak-splitting (Lecoq et al.,
2018a). This clearly shows that, even if NMR chemical shifts cannot directly measure
the spatial organization of the core proteins in the shell, the capsid quaternary structure

remains largely unaffected by the A/B transition.
2. Capsid structures in the literature represent form B

We have shown here that capsids isolated from E. coli slowly transit from form A to B
over a period of months. Amongst the X-ray structures of HBV capsids available to
date, four were solved from capsids isolated from E. coli (Bourne et al., 2006; Tan et
al., 2007; Wynne et al., 1999a). Where crystallization conditions were described,
diffraction-quality crystals were only obtained after several months (Bourne et al.,

2006; Wynne et al., 1999b). More recently, it has been reported that long-term storage

206



of capsids induced higher order in cryo-EM micrographs (Rabe et al., 2016). There,
“fresh” capsids (vitrified 2 weeks post-preparation) were shown to present
heterogeneities, notably in the N-terminus, while “aged” capsids (vitrified after several
months) showed higher resolution and lower B factors, described as in line with
increasing ordering with time. Interpretation of these observations in the light of our
results suggests that for x-ray diffraction, form B is likely more prone to form high-
quality crystals. In the EM study, the “fresh” sample probably contained to a certain
extent both forms A and B, and the “aged” capsids pure form B. The differences
between the two structures obtained from “fresh” and “aged” capsids have been
described as a stretching of the spike helices and the inter-dimer contact region;
resolution (8 A) is however not sufficient to pinpoint structural details on a per-residue
basis. Finally, the highest-resolution cryo-EM structure (3.5 A) to date has been
determined using E. coli capsids(Yu et al., 2013). Still, experimental methods given do
not allow to assess how aged the preparations were, besides that they were described
as fresh. The structure was described to be highly similar to the x-ray structure
from(Wynne et al., 1999b), and indeed a comparison of the two structures does not
highlight specific differences which could be related to A/B forms. It seems thus that
until now mainly capsid form B has been determined at high resolution. Form A might
have appeared in the literature in EM work from Roseman and coworkers (Roseman
et al., 2005), which describes two different capsid forms at 7.6 A resolution, which
however have been interpreted as stemming from different nucleic acid content, on

one hand RNA and on the other DNA (for further discussion see below).
3. A possible role for A and B conformers in capsid maturation

Is the second conformation of the capsids simply an artefact produced by capsid
assembly in E. coli, or is the existence of forms A and B and their interconversion
important in capsid maturation? During HBV replication, only the mature capsids
containing rcDNA are selected for envelopment, but not immature ones containing
single-stranded DNA or pgRNA, in order to create complete and infectious virions. In
addition, phosphorylated capsids devoid of DNA can also be enveloped (Hu and Liu,
2017; X. Ning et al., 2017) and are secreted as empty virions in even larger amounts

than rcDNA-containing virions. It was hypothesized early-on that the envelopment of
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virions would require a maturation-associated structural change of the capsid (Hu and
Liu, 2017; Summers and Mason, 1982).

In this context, mutations in amino-acid residue F97 (or 197) have been associated with
an immature secretion phenotype (Yuan et al., 1999). The mutation of FO97L impacts,
as shown in Figure S9, several residues in the protein, but large differences are only
observed for residues L55 and E64 in form B. The impact of the mutation slightly differs
between forms A and B, and shows a larger impact compared to for example the C61A
mutation (Figure S9b). Residue F97 is located at the bottom of a hydrophobic pocket
which has been previously identified using computer-aided structure analysis of the
capsid (B. Ning and Shih, 2004), and which was defined as including V27, L31, A58,
159, C61, W62, M93, K96, 197, L100 and L101 residues (B. Ning and Shih, 2004). All
these residues, with exception of L31, have been identified here to take part in the
conformational transition between forms A and B, as can be seen in Figure 7a, where
the hydrophobic pocket as identified by Ning et al. (B. Ning and Shih, 2004) is shown
on the structure in surface mode in a, and the residues identified here to change
conformation between A and B forms in b. Additional residues in vicinity of the pocket
show CSPs, which form a sort of groove around the spike base, and include in addition
the charged E64 which forms a saltbridge with K96, which actually lines the top of the
entrance to the hydrophobic pocket. Ning and Shi proposed that a conformational
change is transmitted through the residues in this hydrophobic pocket via the C
terminus which can sense the growing genome maturity via phosphorylation or
dephosphorylation (B. Ning and Shih, 2004). Our data does not support this, as both
forms are observed as well in the phosphorylated capsids. Our data neither complies
with the hypothesis that phosphorylation events can trigger this difference, at least not
with the here used hyper-phosphorylated form, which can access both A and B types.
As mentioned above, structural modifications in this hydrophobic pocket have been
observed between recombinant RNA-containing capsids from E. coli, and DNA-filled
cores isolated from viral particles using electron microscopy (Roseman et al., 2005). It
was hypothesized that these differences are due to the nature of the nucleic acid
packed inside the capsids, and that they might be related to the maturation signal.
While we did not evaluate DNA-filled capsids, there are no major conformational

differences between the behavior of C-terminally truncated, full-length E. coli RNA-
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filled capsids, and pgRNA filled capsids, and the conclusion lies near that the two forms
observed might indeed correspond to the A and B forms identified here. One should
note that we do not detect deviation from symmetry for the tip residues of the spike, as
described in EM micrographs (Roseman et al., 2005), which would result in NMR
spectra in peak splittings as previously observed for the resonances at the interdimer

interfaces (Lecoq et al., 2018b).

27 3158596162939697 100101 1356827425558..62646568929396...100 105

Figure 7. The residues changing conformation between forms A and B form part of the
hydrophobic pocket around residue F97. a) residues identified to line the hydrophobic pocket
as determined by (B. Ning and Shih, 2004). b) amino acids sensing CSPs induced between forms
A and B capsids (in red in Figure 5) shown on the structure (PDB 1QGT (Wynne et al., 1999b))
color coded according to residue type (white, hydrophobic; red, acidic; blue, basic; and green,

polar) .

It is tempting to hypothesize that one of the two conformations revealed here
corresponds to the “single-strand blocking” state (X. Ning et al., 2011) while the other
one would represent the “envelopment-signaling” state. Transition from A to B in vivo
could either just be a function of time, or maturation of nucleic acid content could play
the role of a trigger; we have so far however not detected any preference of certain
preparations, be it with or without nucleic acids, phosphorylated capsid or not, for
states A or B. It is however clear that B is the thermodynamically more stable form, as
transition from A to B occurs, spontaneously as a function of time, or triggered, by for
example disassembly/reassembly, but no transition from B to A has been observed
under any conditions. If the two forms play indeed a role in maturation, and how exactly

one of them would signal readiness for envelopment, remains to be determined.
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» Conclusions

We have identified, using the high sensitivity of NMR chemical shifts, two different, but
well-defined structural forms for the HBV capsid. They are independently observed of
any modification of the viral capsid, and can be accessed universally by all forms
investigated. Form A is metastable, and can transit over time to form B. This
transformation is the single most important change observed, while truncation,
presence of nucleic acids, phosphorylation and icosahedral symmetry only have minor
impact on the capsid structure. We hypothesize that the identified forms might be
related to capsid maturation and the signal for envelopment, as the structural
differences between them colocalize with residues in a hydrophobic pocket around
residue F97, which mutant F97L has been shown to relate to the premature

envelopment phenotype.
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> Supplementary Material
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Figure S1. 3D extracts of NCACX spectra recorded on Cp149 E. coli capsids (form A in red) and
P-Cp183 reassembled capsids (form B in cyan), and b) Cp183 E. coli capsids (form A in blue) and

Cp183 reassembled capsids with pgRNA (form B in magenta). Assignment is shown for residue

L100 which has a different chemical shift in the three dimensions (*°N, '*C  and '*C ) between

the two conformations A and B (at the intersection of the dotted lines).
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Figure S2. Aliphatic region of DARR spectra with a 20 ms mixing time for 8 capsid samples

obtained either from E. coli (left panels) or after in-vitro reassembly (right panels). Capsids from
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Cp183 are the only ones able to package RNA, which is isotopically labeled in the case of the E.

coli sample.
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Figure S3. 2D region of oxidized Cys61 C -C (left panel) and corresponding 1D trace at 60.7
ppm (right panel) for Cp149 from E. coli (in red) and equivalent sample left for 1 month at room
temperature (RT, in blue). Only the sample left at RT shows the Cys61 at a chemical shift typical
for cysteines involved in disulfide bonds, with C at 60.7 ppm and C at 42.8 ppm.
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Figure S5. Chemical shift perturbations (CSPs) induced between forms A and B, calculated as
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CSP = [5¢[A] — &¢[B]l, for the five different constructs used in this study. For clarity, only the
maximum CSP (in carbon) is shown for each residue. The protein sequence up to residue 140 is
given below the graph. Names of amino acids showing high CSPs are given on the graph. The four
different constructs (Cp183, P-Cp183, Cp149 and Cp140) give similar CSPs as detailed for E. coli

vs reassembled Cp183 in the main text.
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Figure S6. 1D traces from DARR spectra (20 ms) for full-length proteins (Cp183 and P-Cp183)
and truncated protein (Cp149) both from E. coli and in vitro reassembled capsids. a) Intensities
were scaled on the CB-Ca correlation peak of V74, which is located in a structured region and has
the same chemical shift in forms A and B, and can thus be used to reference intensity between

different spectra. As an example, P5 CB-Ca traces are shown where the difference between A and
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B forms is clear. E. coli capsids from Cp183 (blue), P-Cp183 (purple) and Cp149 (red) are all in
form A while reassembled capsids of Cp183 with pgRNA (pink), P-Cp183 (cyan) and Cp149 (grey)
are all in form B. b) Intensities of E43 and E113 CB-Cy correlation peak are shown for the E. coli
capsids, and c) the reassembled capsids, showing that the presence of the CTD, phosphorylated

or not, has an effect on the peak intensity of both glutamate residues, especially E113.
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Figure S7. DARR 20 ms of Cp183 from E. coli. and typical chemical shifts of sugar ribose and
deoxyribose found in the BMRB. The chemical shift around 75 ppm matches the C,’ chemical shift
of ribose, which means that Cp183 packs RNA from E. coli. and not DNA, as no correlations are

observed around 40 ppm.
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Figure S8. Zoom on Ala137 Cb-Ca correlation peak in T=3 and T=4 capsids. Cp149 E. coli
capsids (in red) and reassembled capsids (in grey) display 4 distinct peaks corresponding to the A,
B, C and D subunits, while Cp140 E. coli capsids (in green) and reassembled capsids (in orange)
display 3 distinct peaks with one more intense than the two others. It means that two subunits have

the same environment in the T=3 capsids.
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> Abstract

We sequentially assigned the fully-protonated capsids made from core proteins of the
Hepatitis B virus using proton detection at 100 kHz magic-angle spinning (MAS) in 0.7
mm rotors and compare sensitivity and assignment completeness to previously
obtained assignments using carbon-detection techniques in 3.2 mm rotors and 17.5
kHz MAS. We show that proton detection shows a global gain of a factor ~50 in mass
sensitivity, but that signal-to-noise ratios and completeness of the assignment was
somewhat higher for carbon-detected experiments for comparable experimental times.
We also show that deuteration and H" back protonation improves the proton linewidth
at 100 kHz MAS by a factor of 1.5, from an average of 170 to 110 Hz, and by a factor
of 1.3 compared to deuterated capsids at 60 kHz MAS in a 1.3 mm rotor. Yet, several
HN protons cannot be back-exchanged due to solvent inaccessibility, which results in

a total of 15 % of the amides missing in the spectra.

> Introduction

Proton detection at 60 kHz magic-angle spinning (MAS) in 1.3 mm rotors in most cases
requires protein deuteration (Andreas et al., 2015). This often sacrifices expression
yields in bacteria, and also reduces the number of proteins to be studied to those for
which exchangeable protons, most importantly amide protons, can to a large extent be
back exchanged from ?H to 'H. Compared to 60 kHz, MAS frequencies of 100 kHz
further average 'H dipolar interactions by a factor of ~0.6 (Penzel et al., 2019),
improving resolution in fully-protonated systems and allowing to resolve the
resonances of small proteins (Cala-De Paepe et al., 2017; Lakomek et al., 2017;
Schubeis et al., 2018). Still, comparison of 'H linewidths on protonated and deuterated
proteins has shown that deuteration improves resolution even at this frequency

(Béckmann et al., 2015; Penzel et al., 2015; Xue et al., 2017).
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The sequential assignment of protein resonances is a prerequisite in nuclear magnetic
resonance (NMR) to further structural studies, and, as in '>C-detected spectroscopy,
extended sets of pulse sequences have been developed to enable backbone and
sidechain assignments of protonated proteins around 100 kHz MAS (Higman, 2018;
Stanek et al., 2016). Nevertheless, today, only a handful of fully-protonated proteins
were assigned at these spinning frequencies, including the crystalline model protein
GB1 (Andreas et al., 2016), a phage capsid assembly (Andreas et al., 2016), the prion
domain of HET-s(218-289) (Smith et al., 2017; Stanek et al., 2016), a heptahelical
transmembrane protein (Lalli et al., 2017), the HIV-1 capsid (Struppe et al., 2017), the
extracellular domain of neonatal Fc receptor (Stéppler et al., 2018) and a carbonic
anhydrase of 29 kDa (Vasa et al., 2019). A 26-mer model RNA was also assigned,
demonstrating the potential applications for nucleic acids (Marchanka et al., 2018).
Except for the phage capsid assembly (Andreas et al., 2016), the '°C and '°N chemical
shifts were available beforehand from solution NMR or '*C-detected solid-state NMR

for these proteins, as also in the present study.

Here we investigate HBV nucleocapsids formed by multiple copies of the core protein
(Cp). Cp forms stable dimers which self-assemble to form the capsid shell. The
predominant form consists of 120 Cp dimers arranged in T = 4 icosahedral symmetry.
The core protein has a 149-residue assembly domain (Birnbaum and Nassal, 1990;
Gallina et al., 1989) named Cp149, and a 34-residue disordered nucleic acid binding
C-terminal domain (Nassal, 1992). Residues 140 to 149 form a flexible linker between
the N-terminal and C-terminal domains (Watts et al., 2002). For a T = 4 capsid, there
are four unique subunit environments, A, B, C, and D, that are occupied by chemically
identical but structurally distinct AB and CD dimers. We have recently sequentially
assigned the '*C and "°N resonances of Cp149 capsids, which revealed narrow lines
comparable to microcrystalline proteins (Lecoq et al., 2018b) or other viral capsids
studied by NMR (Abramov et al., 2015; Han et al., 2010). In this work, we describe the
proton-detected sequential assignments of the amide protons of the fully-protonated
protein at 100 kHz, using a set of experiments which do in principle not rely on previous
knowledge of '*C and "°N resonances. We compare the completeness of assignments
to the '*C equivalent spins, discuss the use of protonated pCp149 versus deuterated

dCp149 samples for this protein, and compare spectra recorded on the deuterated
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protein at 60 and 100 kHz, to conclude on the assets of each rotor sizes, namely 3.2

mm, 1.3 mm and 0.7 mm.

> Materials and methods

Sample preparation

Uniformly "*C-"°N labeled fully-protonated pCp149 capsid samples were prepared as
previously described in (Lecoq et al., 2018b). Preparation of the uniformly ?H-"C-'°N
labeled dCp149 resulted in a slightly modified expression protocol. Cells from 10 mi
inoculated LB medium were collected by centrifugation (4,000 g, 10 min, 20 °C) and
resuspended in 100 ml of D,O-based M9 minimal medium containing 1 g/l of °NH,CI
and 2 g/l of deuterated *C-glucose as sole nitrogen and carbon sources, respectively.
The deuterated culture was incubated overnight at 37 °C, and then transferred into 900
ml of fresh D,O-based M9 medium. When the culture reached an ODgg Of 2.0, protein
expression was induced by adding 1 mM IPTG and cells were grown overnight at 25 °C.
Protonated and deuterated capsids were purified as previously described in (Lecoq et
al., 2018b), allowing the accessible labile deuterons in the deuterated sample to back-
exchange to protons. For fast-MAS NMR measurements, capsids were dialyzed
overnight at 4 °C in the solid-state-NMR buffer (50 mM TRIS pH 7.5, 5 mM DTT) and
< 0.5 mg (Supplementary Table 3) of capsids were filled into 0.7 mm rotors using
home-made filling tools (Béckmann et al., 2009) by centrifugation (200,000 g, 14h,
4°C). A minute amount of saturated to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS)
solution was added to the protein sediment before closing the rotor for chemical shift

referencing.
NMR spectroscopy and data processing

The carbon-detected spectra used for comparison are described in (Lecoq et al.,
2018b). Shortly, they were acquired on a wide-bore 800 MHz Bruker Avance Il
spectrometer equipped with a 3.2 mm triple-resonance MAS probe at 17.5 kHz MAS

and a sample temperature of 4 °C, as determined from the relationship T (°C) = 455 —
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90 * dn20 described in (Gottlieb et al., 1997), where the water chemical shift (8n20)

corresponds to the supernatant water signal (Béckmann et al., 2009).

The 'H-detected spectra at 100-110 kHz were acquired on a wide-bore 850 MHz
Bruker Avance Il spectrometer equipped with a 0.7 mm triple-resonance MAS probe
and referenced DSS. The magic angle was set using a 0.7 mm rotor with glycine ethyl
ester, optimizing intensity and J-coupling-based splitting of the CO resonance (Penzel
et al., 2018). The MAS frequency was set to 100 kHz and the VT gas temperature to
273 K using a nitrogen gas flow of 400 I/h, corresponding to a sample temperature of
22 °C, extrapolated from the water chemical shift in a H1D (Béckmann et al., 2009;
Gottlieb et al., 1997) as detailed above. On the uniformly '*C-"°N labeled fully-
protonated sample, a set of four three-dimensional (3D) spectra (hCANH, hCONH,
hCAcoNH, hncaCBcaNH) (Penzel et al., 2015) and one two-dimensional (2D)
fingerprint spectrum (hNH) were recorded. For comparison, 2D hNH and hCANH
spectra with virtually identical acquisition parameters (except for the MAS frequency
which was set to 110 kHz in the hCANH) were recorded on dCp149 capsids.

Acquisition parameters are given in Supplementary Table 1.

The 2D hNH and 3D hCANH spectra (Barbet-Massin et al., 2014; Penzel et al., 2015)
'H-detected spectra at 60 kHz on dCp149 were acquired on a narrow-bore 700 MHz
Bruker Avance |l spectrometer equipped with a 1.3 mm triple-resonance MAS probe
and referenced to DSS. The MAS frequency was set to 60 kHz and the VT gas
temperature to 248 K using a nitrogen gas flow of 1400 I/h, corresponding to a sample
temperature of 16 °C, extrapolated from the water chemical shiftin a '"H 1D (Bdckmann
et al., 2009; Gottlieb et al., 1997) as detailed above. Acquisition parameters are given

in Supplementary Table 2.

All spectra were processed using TopSpin 4.0.3 (Bruker Biospin) by zero filling to no
more than double the number of acquired points. Spectra were apodized in the direct
and indirect dimensions with a shifted sine-bell window function (SSB = 3), except for
the determination of linewidths, where no apodization was applied. Spectral analyses
and resonance assignments were performed using CcpNmr Analysis 2.4.2 (Stevens
et al., 2011; Vranken et al., 2005). Peak positions, linewidths and peak intensities were

fitted using the parabolic fit function integrated in CcpNmr. The standard deviations of
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the average linewidths were calculated by the square root of the difference between
the individual linewidths minus their mean value, divided by the number of lines minus

one.

For comparison of sensitivites of spectra from 3.2 mm (thin-wall), 1.3 mm and 0.7 mm
rotors, we calculated the total mass by weighting the empty and full rotors

(Supplementary Table 3).

The T,'bulk relaxation times were measured using a Hahn-echo inserted after an hNH
dipolar-coupling based polarization transfer sequence. The resulting proton-detected
bulk amide signal has been recorded for different variable delay points. The peak area
of each signal was extracted using TopSpin and then exported to MATLAB (MATLAB
2016R, The MathWorks Inc., Natick, MA 2016), where the relaxation series was fitted
with a mono-exponential decay function. The fit error was derived using a

bootstrapping approach.
Assignment deposition

'HN chemical shifts of the fully-protonated '*C-"°N-labeled Cp149 capsids at 100 kHz
MAS were deposited in the Biological Magnetic Resonance Data Bank (BMRB) under
accession number 27845. °N, '°C’, "®Ca and *Cp chemical shifts, for which some
resonances slightly differ from '*C-detection based assignments (BMRB 27317 (Lecoq

et al., 2018b)), were deposited as well.

> Results and discussion

1. Sequential assignments of the amide proton resonances

For amide proton assignments, the pCp149 capsid sample was used. Backbone atoms
were assigned using four 3D spectra: hCANH showing intra-residue connections;
hCONH and hCAcoNH showing inter-residue connections, and hncaCBcaNH
connecting the CB (and Ca) to the NH. Representative extracts of the spectra are
shown in Figure 1A. The four spectra allowed to assign 90 % of the H" spins of the

protein for residues 1-139 (the ten residues from the linker are excluded from the
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statistic analysis as they are not visible in the NMR spectra). Using only the proton-
detected spectra shown in Figure 1, 83 % of N (including prolines), 91 % of Ca, 23 %
of CB and 80 % of C’ could be assigned. Peak assignments are summarized as the
mean chemical shift from the combined 3D experiments, and back-predicted on the

2D hNH spectrum in Figure 1B.
2. Comparison to '*C-detection-based resonance assignments and signal-to-noise

We have recently assigned the '°N and *C backbone and sidechain resonances of
pCp149 capsids using '°C-detected solid-state NMR at 17.5 kHz MAS in a 3.2 mm
(thin-wall) rotor (Lecoq et al., 2018b). There, the assignment for residues 1-139 was
complete at 97 % for N, C’, Ca and C3 atoms, and 76 % of side-chain heteronuclei. C-
terminal residues 140 to 149 are excluded from the statistics as no cross peaks were
detected in either '°C- or 'H-detected experiments. Except this region, only 4 residues
are missing from the '*C-detection-based assignment of HBV capsids. An additional
11 residues compared to the '*C-detection based procedure could not be assigned
due to low intensity or missing signals in the 'H-detected spectra (L16, L19, L30, Q99,
V120, S121, R127, P129, Y132, P138, 1139, see Supplementary Figure 1). Thus, the
13C-">N backbone assignment completeness using 'H-detection is slightly lower when
compared to '*C-detection NMR. However, the latter obviously completely lacks

information on 'H shifts, due to the strong proton line broadening at 17.5 kHz.

Experimental parameters used for proton and carbon-detection spectra are compared
in Figure 2A. Measurement times are roughly the same between the two approaches
for this protein (despite the difference in sample amount of about a factor of one
hundred), with about 8-12 h used to record a good 2D fingerprint spectrum (C-C DARR
or NCA for carbon-detection, and hNH for proton-detection), and about 2 weeks to
record the set of 3D experiments used for the assignment. The reason for the lower
assignment completeness in 'H-detection lies mainly in the by a factor of about 2 lower
signal-to-noise ratio (SNR) per square root time of the proton-detected spectra (Figure
2). This brings the divided intensity of some residues with peak doubling or quadrupling
(vide infra) below the detection limit, which remained therefore unassigned. In detail,

the SNR per square root time calculated on 2D experiments shows a gain by a factor

227



of 1.8 between hNH and DARR-CC spectra, and of 2.4 between hNH and NCA specitra,
based on the intensities of 14 representative residues (Figure 2F). Corresponding 3D
spectra show an SNR per square root time increase by a factor of 2.3 between the
hCONH and the CANCO spectra, and almost a factor of 3 between the hCAcoNH and
the NCOCX spectra for the [Ca]..1 correlation signals (Figure 2F). With respect to the
latter, one should note that alternative schemes exist for the hCAcoNH experiment,
where J-coupling based transfers (Barbet-Massin et al., 2013) could improve sensitivity
under certain conditions. 3D NCACX spectra yield almost twice the SNR per square
root time compared to hCANH spectra on the [Ca]; correlation signal, and it additionally
provides the carbon sidechain shifts. Finally, the main difference is observed for the
experiment leading to the C assignment, where the NCACB shows better sensitivity
than the hncaCBcaNH. Globally, the SNR per square root time is therefore still higher
within similar experimental time when using 3.2 mm and carbon detection versus 0.7
mm and proton detection by a factor of about 2 for both 2D and 3D spectra. Still,
especially when available sample amounts prove limiting, the gain in mass sensitivity
clearly outweighs the loss in SNR for this protein. Indeed, with a total mass here of
0.56 + 0.04 mg in a 0.7 mm rotor versus 55 + 3 mg in a thin-wall 3.2 mm rotor (mass
ratio ~100, Supplementary Table 3), and even when considering a loss of roughly a
factor of two in SNR, the global gain in sensitivity remains ~50 in favor of the 'H-
detection approach using 0.7 mm rotors. In addition, we compared the SNR for dCp149
capsids at 60 kHz in a 1.3 mm rotor (Figure 2F). We found a similar sensitivity for the
3D hCANH, even if the 2D hNH reveals a better SNR compared to pCp149 capsids at
100 kHz. With a total mass of 4.3 + 0.1 mg in the 1.3 mm rotor (mass ratio ~8 compared
to 0.7 mm), there is therefore no clear advantage of using 1.3 mm rotors rather than

0.7 mm in terms of sensitivity for this protein.

One can ask whether the expected sensitivity effects could be predicted. Data, as well
as predictions, related to sensitivity have been described in a recent publication
(Mandala and Hong, 2019) where a gain using proton detection of a factor 1.5 was
predicted for a 3D spectrum of microcrystalline SH3. As also detailed there, some
parameters can be easily compared between the two approaches, as for example the
rotor volume (roughly a factor 1/100, vide supra), the increased efficiency of the smaller

coil which we estimated to scale like the inverse rotor diameters, namely 3.2/0.7 = 4.6
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(and 1.3/0.7) = 1.8 (Webb, 1997; Samoson et al., 2010). A factor of 8 is gained by
detecting protons instead of carbons. A comparison of these parameters results indeed
in a factor around 2.5 in favor of carbon detection (for a simple 1D spectrum detected
starting with proton equilibrium polarization). In addition, other factors need in principle
be taken into account: for instance, the ratio of the product of the linewidth in all
dimensions of the experiment (in Hz), which, as the proton linewidth is often
comparable with the carbon linewidth, is on the order of one. Next, the efficiency of the
probe circuits, the noise figure of the preamplifier, and efficiencies of the different
polarization transfers used during the 2D and 3D experiments, also play a major role.
As these values depend highly on the protein, temperature, spectrometer and/or probe
parameters, it is therefore difficult to make good predictions for the relative SNR in
proton-detected (0.7 mm) and carbon-detected (3.2 mm) experiments; but for full rotors
and to a reasonable approximation they are roughly equal within a factor of two or

three.

Finally, 'H-detection has the crucial advantage to provide the amide-proton
resonances, which are not only sensitive probes for conformational differences, but
also for non-covalent interactions such as hydrogen bonds or ring-current effects. We
conclude that in cases where enough sample is available, the carbon- and proton-
detected approaches are truly complementary. Obviously, when sample amount is
limiting, proton detection above 100 kHz is a must, and clearly shows competitive

sensitivity.
3. Proton chemical shifts are more sensitive to detect capsid subunits

We have shown that the presence of the A, B, C, D subunits in the icosahedral HBV
capsid causes peak splitting in carbon-detected spectra (Lecoq et al., 2018a). This
behavior was observed for residues A11-T12, L16-D22, T33-S35, L108-F110, V115,
S121-W125, R127-T128, P130-Y132, N136-P140, representing a total of 28 residues
over 139 visible ones, i.e. about 20 % of the protein. In proton-detected spectra, NMR
peak splitting was detected for globally the same residues, including A11-T12, D22,
A34-S35, T109, V115, F122-V124, T128, A131, N136-A137, representing a total of 14

residues over 128 possibly visible NH correlations (prolines were removed), i.e. about
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11 % of the protein. The congruency between the two approaches once more shows
that the high sensitivity of NMR to detect asymmetric features in molecular assemblies
applies for proton chemical shifts as well. The remaining 9 % for which one would also
expect NMR peak splitting in the proton spectra are too close to the noise and could

therefore not be detected.

For residues which chemical shifts are different for the four subunits, the proton’s high
sensitivity led to larger chemical shift differences between the 4 protein subunits. This
is illustrated for residue A137 in Figure 2B, which shows extracts of the hNH and NCA
spectra of pCp149 capsids, with the signals assigned to the 4 core protein subunits.
The respective intensities of the four correlation peaks are displayed in Figure 2C, and
show roughly the same distribution in both spectra. The four A137 signals equally show
a higher SNR in the NCA than in the hNH when comparing two experiments with a
similar experimental time, here about 8 hours (Figure 2D). The chemical shift
perturbations (CSPs) between the peaks of the four different subunits reveal that, while
Ca remains almost unaffected, HN, N and CB nuclei are the most sensitive for A137,
with 'H showing CSPs up to nearly 1 ppm (Figure 2E). This emphasizes the
complementarity of the three types of nuclei to measure chemical-shift perturbations

as indicator in interaction studies.

4. Deuteration versus protonation: incomplete back-exchange versus increased

proton linewidths

The choice between deuterated and protonated proteins for NMR studies using proton
detection has been lately discussed in the literature (Cala-De Paepe et al., 2017; Linser,
2017; Schubeis et al., 2018; Xue et al., 2017). It has been suggested that MAS
frequencies above 100 kHz present an important opening towards the use of fully-
protonated proteins, since resolution starts to become high enough to resolve most
resonances in 100-200 amino-acid proteins. This allows to bypass the more complex
deuterated sample preparation and, even more importantly, back-exchange of amide
protons, which can be difficult without a denaturation-renaturation step if they are not
solvent accessible. Full protonation also represents an advantage to ease access to

side chain resonances. A systematic linewidth comparison for protonated vs.
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deuterated ubiquitin at 126 kHz MAS is given in (Penzel et al., 2019), and predicts
significant differences in linewidths (> 80 Hz) even for this highest yet described

spinning frequency, between protonated and deuterated proteins.

While here we have used pCp149 capsids for assignments, we wanted to assess
which advantages, if any, can be obtained through the use of dCp149. The hNH
spectra of the pCp149 and dCp149 capsids are shown in Figures 3A and B. A 1D
extract of C48 H" is shown as inset to illustrate the observed difference in proton
linewidth on a single resonance. Figures 3C and D show the FIDs of the 2D spectra in
the direct acquisition dimension, where the signal decay in the proton dimension can
be seen. The signal decay is clearly shorter in the protonated sample than in the
deuterated one. In order to quantify, we measured bulk T,' relaxation times, which
resulted in 2.5 + 0.1 ms for the protonated sample and 11.6 + 0.2 ms for the deuterated
sample (Supplementary Figure 2). This shows indeed that the homogeneous
contribution to the linewidth is by a factor of 4.6 smaller in dCp149 than in pCp149, as
is expected by dilution of the strongly coupled proton network with deuterium. One can
note that while the proton linewidths are smaller for dCp149, the nitrogen lines appear
broader compared to pCp149 by an average factor of 1.2. The same value was found

with and without °C decoupling during the indirect acquisition dimension.

We also measured a 2D hNH of dCp149 at 60 kHz in a 1.3 mm rotor for comparison,
which is shown in Supplementary Figure 3A. The proton linewidths of the three
samples were measured for the assigned residues in the 3D hCANH spectra at 60 kHz
and 100 kHz for dCp149, and 110 kHz for pCp149. The resulting linewidths are shown
in Figures 3E-G and Supplementary Figure 3B-C. The mean proton linewidth was
determined to 170 + 80 Hz for pCp149 at 100 kHz, 110 + 50 Hz for dCp149 at 110 kHz,
and 130 £ 60 Hz for dCp149 at 60 kHz. This results in an average factor of 1.5 between
the linewidths of pCp149 and dCp149 at 100-110 kHz, and 1.3 between dCp149in 0.7
mm rotor at 100 kHz and dCp149 in 1.3 mm rotor at 60 kHz. The improvement of 20
Hz between proton linewidths measured on dCp149 at 110 kHz compared to 60 kHz
is close to values obtained for deuterated ubiquitin (improvement of 13 Hz in (Penzel
et al., 2019)) and for deuterated GB1 (improvement of only 6 Hz in (Cala-De Paepe et
al., 2017)).
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Despite the better resolution of dCp149 vs pCp149 at MAS = 100 kHz, it should be
mentioned that 15 % of the assigned residues are completely missing from the 2D and
3D spectra of the deuterated sample dCp149 due to incomplete back-exchange
(Figure 4A and Supplementary Figure 3C). In particular, mainly two regions are
affected, namely A54 to T62 and L101 to L108, both located at the base of the spike
where the bottoms of helices a3 and a4 interact in the dimer. These residues are buried
and thus protected from the solvent, as shown in Figure 4B. Only the sidechains of 159,
W62 and 1116 are accessible, while the HY remain inaccessible. In HBV capsids, the
advantage of deuteration obtained in linewidths must therefore be weighed against the
disadvantage of incomplete back exchange, which obscures information on residues

at the center of the capsid spike.

» Conclusions

We have presented here sequential assignments of the amide proton resonances of
the fully- protonated HBV capsid using 100 kHz fast MAS solid-state NMR methods.
Sequential assignments were obtained from a set of four spectra recorded within 15
days, and yielded 85 % of backbone assignments. We compared this assignment to
the '®C/"°N assignments obtained previously and found that the '>C-detection method
led to ~10 % more '*C-"°N assigned residues compared to 'H-detection, with the
additional advantage that it enabled sidechains assignment using a similar
experimental time investment. We have compared the sensitivity of the amide proton
resonances to conformational variations as imposed by the icosahedral symmetry, and
found that 'H chemical shifts are a valuable and sensitive addition to the analysis of
3C/"®N chemical shifts. We showed that, while for the 149-residue HBV core protein a
protonated sample allows for assignment of the amide protons, the spectral resolution
is still clearly better in a deuterated sample, at both 60 and 100 kHz MAS. This gain in
resolution is however concomitant with the loss of a set of amide resonances due to
incomplete back-exchange. The success of amide-proton assignments shall open the
way for the analysis of the HBV capsid in the presence of partner molecules, notably

those only available in small quantities.
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Fig. 1 (A) 3D planes of pCp149 capsids spectra showing a sequential walk for residues N75, V74

and G73. Four spectra were recorded: hncaCBcaNH in purple (positive peaks: Ca) and orange
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(negative peaks: CB); hCANH in red (Ca); hCAcoNH in green (Ca of the preceding residue); and

hCONH in cyan (CO of the preceding residue). (B) Assigned hNH spectrum of pCp149 capsids,

with resonance frequencies deposited in the BMRB under accession number 27845. The spectrum

was processed with QSINE 3 in both dimensions.
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Fig. 2 (A) Comparison of acquisition parameters and assignments of Cp149 capsids (residues 1-

139) using '°*C-detected experiments recorded in a 3.2 mm rotor (thin-wall) at 17.5 kHz MAS, and

'H-detected experiments recorded in a 0.7 mm rotor at 100 kHz MAS. The backbone assignment

percentages include "°N, *Ca and '*C’ resonances. (B) Extract of hNH (in red) and NCA (in blue)

spectra showing peak splitting for residue A137, which displays four resonances corresponding to

the four subunits of the pCp149 capsid. Both 2D spectra were recorded in ~8 h, with 32 scans for

the hNH and 8 scans for the NCA. The NCA extract is adapted from previous data (Lecoq et al.,
2018b). (C) Relative intensities of the four signals of A137 in the hNH and NCA spectra. (D) Signal

to noise ratio of the four signals of A137 in the hNH and NCA spectra extracted by dividing the
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peak’s height by the noise rmsd and by the square root of the experimental time in hours. A factor
of 1.0625 was applied to the NCA spectrum to take into account the field difference (850 MHz for

proton-detection versus 800 MHz for carbon-detection). (E) 'H, "N, *Co and '>*CB CSPs between

the four subunit peaks of A137, with CSD = (y—X) [Adx| (X, nucleus of interest; A3, chemical shift

TH
difference between the peak of interest and the reference peak, here number 1). (F) Signal-to-
noise ratio (SNR) divided by the square root of the experimental time in hours for '*C-detected and
'H-detected experiments. SNR was calculated based on the intensities of 14 representative and
isolated peaks (D2, D4, G10, T12, V13, D22, E46, C48, W71, D78, T91, C107, G111 and 1116)
and compared to the global noise of each individual spectrum as estimated in CcpNmr (Vranken
etal., 2005). For the DARR, the probe was set to double-resonance mode (*°N-insert was removed).
All carbon-detected spectra were recorded on the same thin-wall 3.2 mm rotor as described in
(Lecoq et al., 2018b). All proton-detected spectra of pCp149 and dCp149 were recorded on the
same rotors. The four rotors were full. A factor of 1.0625 was applied to carbon-detected spectra
and a factor of 1.214 to proton-detected spectra at 60 kHz to take into account the field difference
(850 MHz for proton-detection at 100-110 kHz versus 800 MHz for carbon-detection and 700 MHz
for proton-detection at 60 kHz). For 3D spectra with multiple correlation peaks, the intensity of the
following resonances was taken into account for the SNR calculation: H-N-Ca for the hncaCBcaNH,
N-Ca-Cp for the NCACX (except for Glycines: N-Ca-C’), and N-[C’-Cali-1 for the NCOCX. For the
deuterated samples, C107 and 1116 were excluded from the calculation as they were not back-

exchanged.
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Fig. 3 hNH spectra of (A) pCp149, and (B) dCp149 capsids. The proton line of C48 is shown in the

inserts. Both spectra were recorded with identical acquisition parameters (100 kHz MAS, 40 scans,

12 hours total experimental time, VTU 273 K, and 25 ms acquisition in the '°N dimension) and

processing parameters (with no apodization function, cut at 12.9 ms acquisition in 'H dimension

and zero-filled to 4096 points and 1024 points in 'H and '°N dimensions, respectively). (C-D) FIDs

from hNH spectra processed in the time domain using the xf1 command in TopSpin for Cp149

protonated (red) and deuterated capsids (cyan). (E) Dispersion of total proton linewidths measured

on all assigned residues in 3D hCANH spectra of pCp149 at 100 kHz (red) and dCp149 capsids at

110 kHz (cyan) and 60 kHz (grey). Median values are indicated as a black line within each box and

outliers as circles, defined as exceeding 1.5 times the interquartile range above the third or below
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the first quartile. (F-G) Total proton linewidths for assigned residues observed in the 3D hCANH
spectra of pCp149 (red) and dCp149 capsids (cyan) using parabolic fit in CcpNmr (Vranken et al.,
2005). Both 3D spectra were run with a similar experimental time of about 22 h and were processed
identically (with no apodization function, cut at 12.9 ms acquisition in 'H dimension and zero-filled
to 2048 points in 'H dimension and 128 points in '°C and '°N dimensions). The average linewidth
value for both samples is indicated as dotted lines and secondary structure elements are identified

on the top of each graph.
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Fig. 4 (A) Intensity ratio of NMR signals in the 3D hCANH spectra of back-exchanged deuterated
Cp149 capsids versus protonated Cp149 capsids. Unassigned and proline residues are shown as
grey circles and residues with no signal in the deuterated sample are shown as red diamonds. The
noise was adjusted to the same level for both spectra in CcpNmr before fitting the peaks intensity
and no normalization was applied. (B) Residues whose NH could not be back-exchanged in the
deuterated capsids are shown in orange for chain C and in red for chain D on the X-ray structure

1QGT (Wynne et al., 1999).
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> Supplementary Material
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LWFHISCLTF GRETVIEYLVSFGVWIRTEP ANRPPNABEIL STLPETTVV

Assigned in *C- and 'H-detected experiments
| Assigned in *C-detected experiments only

Supplementary Figure 1. Cp149 sequence showing the residues assigned in both '*C- and 'H-
detected experiments (light blue) and in '3C-detected experiments only (dark blue). Residues with at
least 2 assigned atoms are colored, including prolines in 'H-detected experiments for which carbon

resonances could be assigned from the hCONH and hCAcoNH 3D spectra. Unassigned residues are

not colored.
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Supplementary Figure 2. T2' decay for the a) pCp149 capsids, fitted to a value of T,'=2.5 + 0.1 ms,
and for b) dCp149 capsids, fitted to a value of 11.6 = 0.2 ms. Note that these values give the
homogeneous, but not the full contribution to the signal decay for the two samples, as depicted in the

main text in Figure 3c/d.
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Supplementary Figure 3. (A) hNH spectrum recorded in a 1.3 mm rotor of dCp149 capsids, with the
proton linewidth of the isolated C48 residue shown in the insert. The spectrum was recorded at 60 kHz
spinning frequency at a field of 700 MHz with 80 scans, with similar acquisition and processing

parameters as data recorded at 100 kHz MAS (11.2 hours total experimental time, 25 ms acquisition in
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the °N dimension, processed with no apodization function, cut at 12.9 ms acquisition in 'H dimension
and zero-filled to 4096 points and 1024 points in 'H and "°N dimensions, respectively). (B) Comparison
of C48 proton linewidths for pCp149 at 100 kHz MAS (in red), dCp149 at 110 kHz (in cyan) and at 60
kHz MAS (in grey). (C) Total proton linewidths for assigned residues observed in the 3D hCANH spectra
of dCp149 capsids at 60 kHz MAS using parabolic fit in CcpNmr (Vranken et al., 2005). The 3D hCANH
spectrum was run with a similar experimental time (22 h) as the hCANH spectra recorded at 100-110
kHz, and was processed identically (with no apodization function, cut at 12.9 ms acquisition in H
dimension and zero-filled to 2048 points in 'H dimension and 128 points in ¥C and "°N dimensions).
The average linewidth value is indicated as dotted lines. Unassigned and proline residues are indicated

as white circles, and residues with no back-exchange (invisible in the 3D spectrum) as red diamonds.
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Supplementary Table 1: NMR parameters of 2D and 3D spectra recorded on protonated Cp149
capsids and deuterated Cp149 capsids at 100 kHz and 110 kHz.

Experiment

MAS frequency / kHz
Field/ T

tl increments

Sweep width (t1) / ppm
Acquisition time (t1) / ms
t2 increments

Sweep width (t2) / ppm
Acquisition time (t2) / ms
t3 increments

Sweep width (t3) / ppm
Acquisition time (t3) / ms
'H dec. (swfTPPM) / kHz
*N dec. (WALTZ64) / kHz
Water sup. (120 ms) / kHz
Interscan delay / s
Number of scans
Experiment time
Transfer |

'H field / kHz

X field / kHz

Shape

Carrier °C / ppm *!
Time / ms

Transfer Il

'H field / kHz

B field / kHz

N field / kHz

Shape

Carrier C/ ppm

Time / ms

Transfer Il

'H field / kHz

¢ field / kHz

N field / kHz

Shape

Carrier *C/ ppm

Time / ms

Transfer IV

'H field / kHz

N field / kHz

Shape

Carrier C/ ppm
Time / ms

Transfer V

Carrier C / ppm
Time / ms

Transfer VI

'H field / kHz

N field / kHz

Shape

Time / ms

CP hNH 2D
100

20.0

776

180

25

1024
46.7
13

10

5

20

1.2

40

12h

HN (dipolar)
78

17

Tangent 'H
1.0

NH (dipolar)
78

17

Tangent H

1.0

hCANH 3D
100

20.0

64

30

5

38

35

6.3

1024

46.7

12.9

10

5

20

2.0

16

23 h

HC (dipolar)
72

16

Tangent 'H
56

1.2

CN (dipolar)
71

25

Tangent Bc
56

10.0

NH (dipolar)
74

15

Tangent H

1.0

pCp149
hCONH 3D
100
20.0
42
16
6.1

38

35

6.3

1024

46.7

12.9

10

5

20

1.0

128

2 days 18 h
HC (dipolar)
80

15

Tangent 'H
174

0.8

CN (dipolar)
66

35

Tangent Bc
174

20.0

NH (dipolar)
84

15

Tangent H

1.6

hCAcoNH 3D
100

20.0

82

30

6.4

48

35

8.0

1024

46.7

12.9

10

5

20

1.3

80
5days10 h
HC (dipolar)
77

15

Tangent H
56

1.0

CC (DREAM)

49

Tangent Bc

130

9.0

CN (dipolar)
60

36

Tangent Bc

174

12.0

NH (dipolar)
77

15

Tangent 'H

1.2

%) Carriers for 'H and °N were 4.8 and 117.5 ppm respectively, for all experiments.

hncaCBcaNH 3D CP hNH 2D

100
20.0
112
55
4.8

64

35

10.6

1024

46.7

12.9

10

5

20

1.3

48
5days22h
HN (dipolar)
79

15

Tangent H
1.0

NCA (scalar)

42
22

CACB (scalar)

42
7

CBCA (scalar)

42

7

CN (scalar)
42

22

NH (dipolar)
79

15

Tangent H
1.0

dCp149
hCANH 3D
100 110
20.0 20.0
776 64
180 30
25 5
1024 43
46.7 40
13 6.2
- 1024
- 46.7
- 12.9
10 10
5 5
20 20
1.2 1.1
40 24
12h 23 h
HN (dipolar) HC (dipolar)
69 76
15 16.5
Tangent H Tangent H
- 51
2.5 4.4
NH (dipolar) CN (dipolar)
69 -
- 63
15 36
Tangent H Tangent Bc
4.8 51
2.5 18.0
NH (dipolar)
74
16
Tangent H
2.5
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Supplementary Table 2: NMR parameters of 2D and 3D spectra recorded on deuterated and back-

exchanged Cp149 capsids at 60 kHz.

Experiment

MAS frequency / kHz
Field/ T

tl increments

Sweep width (t1) / ppm
Acquisition time (t1) / ms
t2 increments

Sweep width (t2) / ppm
Acquisition time (t2) / ms
t3 increments

Sweep width (t3) / ppm
Acquisition time (t3) / ms
'H dec. (WALTZ16) / kHz
N dec. (WALTZ16) / kHz
B¢ dec. (WALTZ16) / kHz
Water sup. (100 ms) / kHz
Interscan delay / s
Number of scans
Experiment time
Transfer |

'H field / kHz

X field / kHz

Shape

Carrier °C / ppm *!
Time / ms

Transfer Il

'H field / kHz

¢ field / kHz

N field / kHz

Shape

Carrier C/ ppm

Time / ms

Transfer Il

'H field / kHz

¢ field / kHz

N field / kHz

Shape

Carrier C/ ppm

Time / ms

dcp149
CP hNH 2D hCANH 3D
60 60
16.4 16.4
248 58
70 30
25 5.4
1800 40
99.2 40
13 7
- 1800
- 99.2
- 13
10 10
5 9
10 10
15 15
2 1
80 32
11.2h 23 h
HN (dipolar) HC (dipolar)
100 85
40 50
Ramp H Ramp H
- 54
0.6 5
NH (dipolar) CN (dipolar)
100 -
- 34
43.8 26
Ramp H Tangent "N
4.8 54
0.6 7
NH (dipolar)
95
44
Ramp H
0.6

) Carriers for "H and °N were 4.8 and 120 ppm respectively.

246



Supplementary Table 3: Rotors volumes and weights. The active volume of each rotor was
calculated using the inner rotor area based on the inner diameter as indicated by Bruker, multiplied by
the coil length. For the 3.2 mm rotor weight, an average was calculated on 3 empty rotors and 4 full
rotors filled with similar core protein samples which give a standard deviation of 3 mg. For the weight of
0.7 mm and 1.3 mm rotors, the original rotor samples were used. The mass ratios with respect to the
protonated 0.7 mm rotors are given in the right column. All samples were filled using overnight
ultracentrifugation at 200 000 g, and residual protein was observed in the funnel for all samples,
indicating that the rotors were full. Note that the actual protein quantity required to fill each rotor is about
half of the total sample weight indicated, as the sedimented capsids contains solvent. Typical starting
amounts of capsids used to fill a rotor are in our hands ~30 mg for a thin-wall 3.2 mm rotor, ~2 mg for a

1.3 mm rotor and ~0.4 mg for a 0.7 mm rotor.

Cp149 Active Empty weight | Full weight/ | Total sample Mass ratio
volume (ul) / mg mg weight / mg to 0.7 mm
protonated
0.7 mm, 0.37 6.10 +£0.04 6.66 + 0.01 0.56 + 0.04 1
protonated
0.7 mm, 0.37 6.12 + 0.01 6.67 +0.01 0.55 +0.01 1
deuterated
1.3 mm, 1.45 35.6 +0.1 39.9+0.1 43+0.1 7.8
deuterated
3.2 mm thin- 33 394 +2 449 + 3 553 98.2
wall, protonated
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> Abstract

Modulation of capsid assembly by small molecules has become a central concept in
the fight against viral infection, as proper capsid assembly is crucial to form the high
molecular weight structures that protect the viral genome and, for various viruses in
concert with the envelope, allow for cell entry and fusion. Atomic details underlying
assembly modulation are generally studied using preassembled protein complexes,
while the activity of assembly modulators during assembly remains largely open and
poorly understood, as necessary tools are lacking. We here use the full-length hepatitis
B virus (HBV) capsid protein (Cp183) as a model to present a combination of cell-free
protein synthesis and solid-state NMR as an approach which shall open the possibility
to produce and analyze the formation of higher-order complexes directly on exit from
the ribosome. We demonstrate that assembled capsids can be synthesized in amounts
sufficient for structural studies, and show that addition of assembly modulators to the
cell-free reaction produces objects similar to those obtained by addition of the
compounds to preformed Cp183 capsids. These results establish the cell-free system
as a tool for the study of capsid assembly modulation directly after synthesis by the
ribosome, and they open the perspective of assessing the impact of natural or synthetic
compounds, or even enzymes that perform post-translational modifications, on capsids

structures.

> Introduction

The hepatitis B virus (reviewed in (Nassal, 2008; Seeger and Mason, 2015)) is a
small enveloped DNA virus whose genomic information encodes few genes: the
envelope proteins S, M and L (collectively known as hepatitis B surface
antigen/HBsAg), the core protein (Cp), the polymerase (P), and the X protein (HBx).
The icosahedral HBV capsid is formed by Cp, the different functions of which are driven
by phosphorylation / dephosphorylation of its C-terminal domain (Blondot et al., 2016;
Gazina et al., 2000; Heger-Stevic et al., 2018b; Kann and Gerlich, 1994; Ludgate et
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al., 2016). Cp is a 183-residue protein with two domains: the assembly domain that
forms the contiguous capsid shell, and the C-terminal domain (CTD, residues 150-183)
that amongst other functions is responsible for RNA packaging (Birnbaum and Nassal,
1990). The two domains are connected by a linker (residues 141-149). In infected cells,
the core proteins pack the pregenomic (pg) RNA on assembly (Nassal, 1992), as well
as a copy of the viral polymerase (Bartenschlager et al., 1990). Inside the capsid, the
pgRNA is then transcribed to double-stranded relaxed circular (rc) DNA, generating

mature capsids ready for envelopment.

The core protein thus plays essential roles at different stages of the virus life cycle
and currently emerges as a promising drug target (Zlotnick et al., 2015) (recently
reviewed in (Nijampatnam and Liotta, 2019; Yang and Lu, 2018)), with development of
corresponding, effective antiviral agents well under way. Molecules targeting Cp are
often called capsid assembly modulators or core protein allosteric modulators (CAMs
(Zlotnick et al., 2015), CpAMs (Zlotnick et al., 2015)). Their major mechanism has been
described either to be the acceleration of capsid assembly kinetics, which promotes
the formation of morphologically normal capsid structures, but results in a failure to
package pgRNA, as observed for example for AT-130. Or induction of aberrant
oversized Cp structures (Diab et al., 2018), sequestering capsids from their functions,
as observed for heteroaryldihydropyrimidines (HAP). To avoid the confusion in the
literature as to which mechanism of action is to be called class | vs. class Il (Lahlali et
al.,, 2018; Yang et al., 2019) we herein use a tentative new nomenclature whereby
CAM-N refers to modulators causing normal and CAM-A to modulators causing
abnormal capsid structures. CAMs interfere with several central steps in the viral life
cycle. They have been shown to prevent nuclear transport of capsids blocking de novo
formation of covalently closed circular (ccc) DNA (Nassal, 2015); they are active pan-
genotypic, and active against nucleoside analogue resistant virus mutants. Several
CAM s of both classes are being evaluated in clinical trials (Durantel and Zoulim, 2016;
Feng et al., 2018; Schinazi et al., 2018).

The capsid structure has been investigated by a range of structural-biology
techniques. With the exception of a 3.3 A X-ray structure (Wynne et al., 1999) of the

N-terminal assembly domain, structures of the full-length capsid have been determined
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by cryo-electron microscopy (cryo-EM) (Bottcher et al., 1997; Crowther et al., 1994),
the latest to date at 2.7 A resolution (Boéttcher and Nassal, 2018). The different cryo-
EM structures have mostly been described as similar to the X-ray structure, although
small differences have been attributed to the absence/presence of the CTD (Yu et al.,
2013), the presence of RNA as opposed to DNA (Roseman et al., 2005), or to drug
binding (Schlicksup et al., 2018). Importantly, these structures have excluded the
highly positively charged CTD and therefore a complete structure has yet to be
determined (Patel et al., 2017; Zlotnick et al., 1997).

Eight structures of capsids with antiviral compounds bound have been
determined (Katen et al., 2013; Klumpp et al., 2015; Qiu et al., 2016; Schlicksup et al.,
2018; Venkatakrishnan et al., 2016; Zhou et al., 2017) (Bourne et al., 2006). All
characterized Cps carried mutations, and none contained the CTD. The most
commonly used constructs were Cp150 carrying an unnatural C-terminal cysteine plus
triple Cys to Ala mutations depleting the protein from all endogenous cysteine residues
(BCA-Cp150C). These mutations maintain the symmetry used in cryo-EM
reconstruction of capsid structures, as the covalent intra-capsid cross linking via the
C-terminal cysteine counterbalances the drastic destabilizing effects of the
investigated HAP1 CAM. The increased stability of the modified capsids enabled X-
ray structures with a decent resolution of around 4 A (Venkatakrishnan et al., 2016). A
higher resolution (1.7 A) structure was obtained by X-ray crystallography employing
the Cp Y132A mutation (Qiu et al., 2016) that abrogates capsid formation. Instead,
Y132A induces flat hexameric structures (trimers of dimers) which form excellent
crystals but clearly do not reflect the structure of the assembled capsid which is

important when considering CAM action (Schlicksup et al., 2018).

Overall it remains unclear, at a molecular level, whether assembly modulators act
similarly on preassembled versus nascent capsids. One approach to address this issue
is to disassemble capsids into dimeric Cp subunits which then are incubated with the
CAM under assembly-favoring conditions, e.g. high concentrations of salt (Schlicksup
et al., 2018). Such non-physiological conditions could possibly interfere with assembly
modulation. Studying assembly modulation instead directly at the exit from the

ribosome, under conditions close to the cellular environment, is thus of high interest.

251



This can principally be achieved using cell-free protein synthesis (CFPS). CFPS of the
HBV capsid has been described early-on by Lingappa and coworkers (Lingappa et al.,
1994) who produced viral capsids in wheat-germ extract cell-free system (WGE-CF).
Their study was motivated by the question how capsid assembly is influenced, under
near-physiological concentrations, by cellular proteins, the cytoplasmic environment,
and organelles (Lingappa et al., 1994). Indeed, in cells, the concentration of capsid
protein is relatively low (an estimate of the steady-state HBc concentration in stably
transfected hepatoma cells established ca. 300 nM (Ludgate et al., 2016)). Another
important point is that assembly and its modulation with purified protein differs from
that in cells where capsid formation is linked to Cp translation (Lingappa et al., 2005)
and occurs in the presence of chaperones. A rabbit reticulocyte lysate (RRL) cell-free
system has been recently applied to study HBV capsid assembly under more
physiological conditions; Cp is expressed with low concentrations and assembles
under near-physiological conditions (Liu and Hu, 2018; Ludgate et al., 2016). However,
this system generally does not yield quantities (about 250 ng per mL reaction (Ludgate

et al., 2016)) sufficient for structural studies, notably by NMR.

While cell-free expression can provide a means to sample capsid modulation
directly at the exit from the ribosome, the approach remains limited without a means
to structurally analyze the products at atomic resolution. Solid-state NMR can study
full-length, wild-type capsids simply as sediments resulting from ultracentrifugation
(Andreas et al., 2016; Goldbourt et al., 2007; Han et al., 2010). Notably, NMR has low
requirements on sample properties: they neither need to be crystalline, nor show
symmetry, only local order. This allows comparisons of the NMR signals of a variety of
preparations and forms, and to conclude about structural and dynamic differences.
NMR can in principle provide spectral fingerprints relating to structural features for both
normal and abnormal capsid induced by modulators, including for capsids carrying
modifications like phosphorylation. As the necessary basis for further studies, we have
recently assigned the NMR signals of the HBV capsid (Lecoq et al., 2018b), revealing
residues which conformationally adapt to allow for the dimer-to-capsid transition. Also,
we identified the residues of the core protein which form the hinges that accommodate
formation of the quasi-equivalent five-fold and quasi-six-fold vertices in the capsid
(Lecoq et al., 2018a).
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The classical approach to solid-state NMR involving carbon-13 detection is
difficult to apply to the milligram quantities CFPS can easily produce. The recent
development of proton-detection techniques opens the way for such studies, as it
reduces the necessary protein amount by almost two orders of magnitude, to
submilligram quantities (Béckmann et al., 2015) (Lecoq et al., under review). We have
recently shown that the duck hepatitis B virus (DHBV) subviral particles can auto-
assemble in the cell-free system and be analyzed by NMR (David et al., 2018). We
show here that this same system can be used to produce wild-type full-length Cp HBV
capsids, and do so in amounts compatible with solid-state NMR structural
investigations, including the recording of 3D spectra with sufficient resolution and
sensitivity. We show that the phenotypes produced by CAM-N and CAM-A are similar
to those produced using purified capsids from E. coli. Hence, WGE-CF synthesis of
capsids combined with solid-state NMR provides a valuable tool to study the effects of

capsid assembly modulation on proteins directly at the exit of the ribosome.

> Material and Methods

Plasmids

The genes corresponding either to the full-length core protein (Cp183) or to its
truncated form Cp149 were cloned into the pEU-E01-MCS vector (CellFree Sciences,
Japan) for WGE-CF expression. The plasmids were amplified in DH5a bacteria, and
purified using a NucleoBond Xtra Maxi kit (Macherey-Nagel, France). An additional
purification step was performed with a phenol/chloroform extraction to ensure the purity
of the plasmid according to the recommendations of CellFree Sciences (Yokohama,

Japan).
mRNA transcription

Transcription was performed according to (Takai et al., 2010) in 1.5 mL Eppendorf
tubes using 100 pg/mL plasmid, 2.5 mM NTP mix (Promega), 1U/uL SP6 RNA
Polymerase (CellFree Sciences) and 1U/uL RNase inhibitor (CellFree Sciences) in

transcription buffer (CellFree Sciences) containing 80 mM Hepes-KOH pH 7.6, 16 mM
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magnesium acetate, 10 mM DTT and 2 mM spermidine. After incubation for 6 h at

37 °C, mRNA was used directly for translation.
Wheat germ cell-free protein synthesis

Non-treated durum wheat seeds (Sud Céréales, France) were used to prepare home-
made WGE as described in (Fogeron et al., 2017), according to the protocol of Takai
and colleagues (Takai et al., 2010) with minor modifications. Translation was
performed using the bilayer method as described in (Fogeron et al., 2017; Takai et al.,
2010) for small scale expression tests in the presence of compounds, or using the
dialysis mode as described in (David et al., 2018) for larger scale production followed
by isolation on a sucrose density gradient. For the bilayer method, the bottom layer (20
ML) corresponding to the translation mixture contains per well 10 pL of mRNA, 10 pL
of WGE, 40 ng/pL of creatine kinase and 6 mM of amino-acid mix (0.3 mM per amino
acid, average concentration). The upper layer (200 pL) corresponding to the feeding
buffer contains SUB-AMIX NA (CellFree Sciences; 30 mM Hepes-KOH pH 7.6, 100
mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine phosphate, 0.4
mM spermidine, 1.2 mM ATP, 0.25 mM GTP and 4 mM DTT), and 6 mM of amino acid
mix (0.3 mM per amino acid, average concentration). For Cp183 expression in the
presence of different compounds, 10 nmol of antiviral (dissolved in DMSO at a
concentration of 10 mM) was added into 200 uL feeding buffer and translation was
performed at 22 °C for 16 h.

For large-scale production, dialysis cassettes with a volume of either 500 uL or 3 mL,
depending on the production scale, and a MWCO of 10 kDa were used. The translation
mixture contained %2 by volume of feeding buffer, 1/3 of mMRNA, 1/6 of WGE, 40 ng/uL
of creatine kinase, 0.3 mM of amino-acid mix. The feeding buffer (either 20 mL or 124
mL for a 500-puL or a 3-mL dialysis cassette, respectively) contains SUB-AMIX NA
(CellFree Sciences) as described above, supplemented with 0.3 mM of amino-acid mix.
The dialysis cassette containing the translation mix was soaked in the feeding buffer,
and incubated for 16 h under shaking at 60 rpm, 22°C. A mix containing all twenty
isotopically labeled amino acids (Cambridge Isotope Laboratory) was used for the

production of '*C-"°N-Cp183 for NMR studies in a 3 mL-translation reaction experiment.
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Isolation of the capsids on a sucrose density gradient

The total cell-free reaction mixture (CFS) was treated with 25,000 units/mL of
benzonase for 30 min at room temperature before centrifugation at 20,000 g, 4 °C for
30 min. The supernatant (SN) was loaded onto a discontinuous sucrose gradient with
layers of 10%, 20%, 30%, 40%, 50% and 60% sucrose (w/v), each with a volume of
350 pL for a production in a 500-uL cassette. For the production of a *C-'°N-Cp183
sample in a 3-mL dialysis cassette, the supernatant (SN) was split into two fractions
and loaded onto two sucrose gradients with layers of 10%, 20%, 30%, 40%, 50% and
60% sucrose (w/v), each with a volume of 1.5 mL. The gradients were centrifuged at
200,000 g, 4 °C for 12 h. After centrifugation, the different sucrose fractions were
harvested and analyzed by SDS-PAGE and Western blotting, as well as by electron

microscopy after negative staining as described below.
Capsids from E. coli

Cp183 capsids used as reference for negative stain EM with CAMs were obtained from
BL21*-CodonPlus (DE3) cells using plasmid pRSF-T7-HBc183opt. Expression and
purification were done as previously reported (Heger-Stevic et al., 2018a; Lecoq et al.,
2018b). In brief, protein was expressed overnight after induction with1 mM IPTG at
20 °C, and cell lysate was separated with 10-60% sucrose gradient. Cp183 capsids
were precipitated after the sucrose gradient by 40% saturation ammonium sulfate, and
resuspended in final buffer (50 mM Tris pH 7.5, 5 mM DTT, 1 mM EDTA, 5% sucrose).
The interaction between preformed capsids and compounds was performed with a

molar ratio of Cp183 monomer : compound of 1:4, at 37 °C for 2 h.
Rotor filling and NMR data acquisition

Four different Cp183 NMR samples were prepared: two from cell-free protein synthesis,
one synthesized using '*C/'°N, and the other one ?H/'*C/"*N amino acids, resulting in
a protnated sample, and a deuterated, but 100% protonated on exchanging protons,
as synthesis is carried out in H>O; and for reference two samples from E. coli
expression, one deuterated and back exchanged on exchangeable sites, and one

protonated (Heger-Stevic et al., 2018a; Lecoq et al., 2018b). NMR samples were filled
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into 0.7 mm rotors as sediment obtained by ultracentrifugation directly into the rotor
(B6ckmann et al.,, 2009) at 200,000 g for approximately 16 h at 4 °C, yielding
approximately 0.5 mg of sediment. As an internal chemical-shift reference, about 30
L of saturated (0.3 M) 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was added to

the protein solution before sedimentation.

On each of the samples a two-dimensional (2D) fingerprint hNH spectrum was
recorded. On the protonated, uniformly *C-'°N labeled cell-free produced sample, an
hCANH 3D (Penzel et al., 2015) was recorded in addition. All spectra were acquired
on a wide-bore 850 MHz Bruker Avance lll spectrometer with a 0.7 mm triple-
resonance MAS probe (Bruker Biospin) operated at 100 kHz MAS. Magic angle and
shim for this probe were set using a 0.7 mm rotor with glycine ethylester by optimizing
the intensity and J-coupling based splitting of the CO resonance (Penzel et al., 2018).
The sample was cooled with a BCU (Bruker Cooling Unit) gas flow of 400 I/h with a VT
(Variable Temperature) set to 272 K, corresponding to a sample temperature of
approximately 22 °C, extrapolated from the water chemical shiftin a 'H 1D (Béckmann
et al., 2009; Gottlieb et al., 1997). Detailed acquisition parameters can be found in

Supplementary Table 1.
NMR data processing

TopSpin 4.0.3 (Bruker Biospin) was used for the data acquisition and processing. 2D
hNH spectra were processed with 1024 points in 'H dimension (corresponding to 12.9
ms of acquisition time) and zero filling was applied to respectively 4096 points in 'H
and 1024 points in "°N dimension. The 3D hCANH was processed with zero filling to
respectively 2048 points in 'H, 128 points in "N and 256 points in "*C dimensions. Al
spectra were apodized with a shifted sine-bell window function using SSB = 3.5 in
TopSpin. Linear prediction to 770 points was applied in the N dimension for 2D hNH
spectra of the protonated capsids produced by CFPS, in order to reach a similar
resolution as acquired for the other samples. Spectral analyses were performed using
the CcpNmr Analysis package 2.4.2 (Stevens et al., 2011). The proton linewidths were
obtained using the parabolic fit function integrated on CcpNmr on six isolated peaks in
the hNH spectra. The errors given represent the standard deviations between the six

values. Signal-to-noise ratio were calculated on the bulk signals from 1D hNH spectra
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recorded and processed with similar parameters and divided by the square root of the

number of scans.
SDS-PAGE & Western blotting analysis

The expression of Cp183 was assessed by 15% Coomassie blue stained SDS-PAGE
and Western blotting as described in (Fogeron et al., 2015). A polyclonal rabbit
antiserum against the N-terminal domain of the HBV core protein (a-c149) was used
to detect both Cp149 and Cp183 on blots.

Negative staining electron micrographs

Samples for electron microscopy were negatively stained as described in (Lecoq et al.,
2018b). Briefly, 5 pL of each fraction were loaded on a carbon-coated grid (EMS
Microscopy) and incubated for 2 min at room temperature. Remaining liquid was
drained using Whatman paper. Grids were negatively stained on a 50-uL drop of 2%
phosphotungstic acid (pH=7) for 2 min at room temperature and observed with a JEM-

1400 transmission electron microscope operating at 100 kV.

> Results

1. Full-length Cp183 but not CTD-less Cp149 self-assembles upon cell-free protein

synthesis

CFPS of the core protein was performed for both Cp149 and Cp183. The protein was
found mainly in the soluble fraction after centrifugation, as indicated in Western blots
in Figure 1a and b. The protein band is partly visible in the total CFS fraction of the
Coomassie blue gel. Enrichment via a sucrose gradient reveals that Cp149 stays
mainly in the load and in the 10% sucrose fraction, indicating the protein remained in
an unassembled, probably dimeric state. Accordingly, the electron micrograph of the
10% fraction (Figure 1a, blue asterisk), showed only very few capsids. In contrast,
Cp183 sedimented largely into the 50% and 60% sucrose fractions (Figure 1b, red

asterisk), as expected when capsids have been formed. EM inspection revealed
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numerous auto-assembled Cp183 capsids with a diameter of about 30 nm, as also

observed for capsids assembled in E. coli (Gallina et al., 1989; Lecoq et al., 2018b).

Upon expression in E. coli, both Cp183 and the CTD-less Cp149 variant auto-
assemble into capsids. Only full-length protein packages RNA, while Cp149 capsids
remain empty (Birnbaum and Nassal, 1990). Both types of capsids can be isolated
from bacteria by a set of purification steps (Heger-Stevic et al., 2018b; Lecoq et al.,
2018b), with Cp149 giving particularly high yields (100 mg per liter of culture, compared
to 20 mg/L for Cp183). The capsids can be disassembled using either urea (Cp149) or
guanidinium chloride (Cp183) (Porterfield et al., 2010; Zlotnick et al., 1997).
Reassembly is concentration dependent, and in vitro assembly of the full-length protein
needs addition of nucleic acids which are non-sequence specifically packaged
(Porterfield et al., 2010). Failure of Cp149 to assemble upon WGE-CF synthesis is
likely due to the higher concentrations this protein needs for assembly, while the
interaction between the positively-charged Cp183 CTD with the negatively-charged
nucleic acids enables Cp183 assembly at concentrations as low as 5 nM (Klein et al.,
2004). Failure of Cp149 to assemble has also been observed in rabbit reticulocyte
extract (Ludgate et al., 2016).
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Figure 1: CFPS and sucrose gradient isolation of Cp149 (a) and Cp183 (b). Shown are from top
to bottom, Coomassie blue stained gels, western blots, and negative staining electron micrographs
of protein-containing fractions. CFS: total cell-free reaction mixture; P and SN: pellet and
supernatant obtained after centrifugation of the CFS at 20,000 g, 4 °C for 30 min; 0%-60%: fractions

from the sucrose gradient. Scale bar = 200 nm.

2. Milligram amounts of *C/"*N labeled Cp183 capsids can be produced in

protonated and deuterated form

For large-scale production (approx. 1 milligram) needed for NMR sample preparation,
CFPS was carried out in dialysis reactions, as described for the duck HBV envelope
subviral particle synthesis (David et al., 2018). Either protonated or deuterated, HN
protonated Cp183 was prepared, with the latter referred to in the following as dCp183.
As for the small-scale synthesis, the protein was mainly found in the soluble fraction,

and on sucrose gradient isolation, migrated to the 60 % fraction (Figure 2a, b). The
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preparation using the deuterated amino acids shows higher purity, which might be due
to a slightly different migration behavior of the deuterated protein in the sucrose

gradient. EM inspection revealed abundant capsids in both preparations (Figure 2c, d).

a 3C, N labeled Cp183 b ?H, 3C, N labeled Cp183
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Figure 2: Analysis of CFPS and sucrose gradient isolation on 15% SDS-PAGE gels of a) '*C, °N
and b) ?H, '3C, ®N isotopically labeled dCp183. CFS: total cell-free reaction mixture; P and SN:
pellet and supernatant obtained after centrifugation of the CFS at 20,000 g, 4°C for 30 min; 0%-
60%: fractions from the sucrose gradient. Negative staining electron micrographs display the '*C,
®N labeled (c) and 2H, ®C, "°N labeled (d) capsids from the 60% sucrose fractions. Scale bar =
100 nm.

3. Cell-free synthesized capsids can be analyzed by NMR

Conformational details can be revealed by NMR in so-called fingerprint spectra, which
show either in two (2D) or three dimensions (3D) the typical signature of the protein
preparation. Structural variations can be sensitively identified by comparing spectra

recorded under different conditions, and analyzing the differences in the observed
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chemical shifts, i.e. the NMR frequencies (Williamson, 2013). An opportunity of the
combination of CFPS and NMR is the fact that only the synthesized protein, which is
the sole isotopically labelled protein, will be observed in the spectra. The use of a
simple sucrose gradient concentration step thus might not produce perfectly pure
protein; still, only the protein of interest will produce signal in the spectra. A possible
drawback might lie in a loss of signal-to-noise ratio (SNR) in the spectra, since the
NMR sample container (rotor) also might contain residual contaminating proteins
(Figure 2a). It is thus important to establish whether protein samples prepared by
CFPS are indeed compatible with the recording of 2D and in particular 3D spectra in a

reasonable amount of time.

The hNH 2D correlation spectrum recorded in 16 h on the protonated cell-free Cp183
displays a highly similar spectrum to the one recorded on the capsids purified from E.
coli (Figure 3a and S1) in 10 h. The NMR signal amplitude of the sample from CFPS
is about 35% of the spectra obtained on the preparation from purified E. coli protein
recorded under the same experimental conditions. As both rotors were full with protein
sediment, this means that the contaminating unlabeled proteins from the WGE fill
almost 2/3 of the rotor. A 3D hCANH spectrum was recorded on the sample in 4 days
and 15h, and an overlay of all 3D NH planes onto the 2D NH plane shows that most

signals in the 2D hNH spectrum are also observed in the 3D (Figure 3b).

The 2D spectrum recorded on the deuterated sample is shown in Figure 3c-d. SNR is
very favorable in this sample, since the deuterated protein surprisingly showed better
purity (Figure 2b). The spectrum reveals narrower lines than the spectrum from the
protonated sample, as also observed in model systems (Penzel et al., 2019) and, in
particular, also in capsid preparations purified from E. coli (Lecoq et al. under revision):
140 Hz on average for the protonated versus 100 Hz for the deuterated sample, as
measured on six isolated resonances. The SNR and proton linewidths for the four
samples are summarized in Figures 3e and f, respectively. It reveals that CFPS
samples show a greater variability in sample amounts than the well-established E. coli
samples; further experience is needed to evaluate parameters allowing reproducible
sample preparation using CFPS. The proton linewidths are virtually similar between

the two protonated and two deuterated samples, indicating that production by CFPS
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or E. coliexpression does not make a difference with respect to linewidth and therefore

conformational homogeneity.

Importantly, several peaks are present in the cell-free synthesized dCp183 which could
not be observed in the deuterated sample purified from E. coli, as emphasized in Figure
3d. The origin of this observation lies in the incomplete back-exchange in E. coli
produced samples. Indeed, when deuterated protein is expressed in E. coli, synthesis
takes place in D,O, and exchange of deuterons to protons is achieved during the
subsequent purification steps, carried out in H2O. Still, solvent-inaccessible deuterons
can remain in the protein over long periods of time, and often denaturation/renaturation
of the protein is applied to complete proton exchange important for NMR observation.
However, this step can be very difficult for more complex proteins, and the present
experiment highlights this interesting feature of CFPS, where the protein is synthesized
from the beginning in H2O, and deuteration is achieved not via metabolism, but by
addition of deuterated amino acids to the cell-free reaction. This results in fully
protonated amide (and exchangeable sidechain) protons in the synthesized protein,
which is essential for the recording of NMR spectra showing resonances for all amino

acids.
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Figure 3. Comparisons of NMR spectra between the capsids from CFPS and capsids purified
from E. coli. a) Overlay of the 2D hHN spectra of the protonated Cp183 capsids from CFPS (in
blue) and purified from E. coli (in grey); b) overlay of the 2D planes from the 3D hCANH spectrum
recorded on the protonated Cp183 CFPS capsids; c) 2D hNH spectrum of the deuterated Cp183
CFPS capsids; d) overlay of the 2D hNH spectra of the deuterated capsids from CFPS (in purple)
and purified from E. coli (in orange), with resonances not observed in the E. coli sample highlighted
as black circles. Spectra are shown individually in Figure S1. e) Comparison of signal-to-noise
ratios of the different samples; f) comparison of proton linewidths in the different samples. The

averages over the two protonated and the two deuterated samples are indicated.

4. Capsids can be synthesized in the presence of antiviral compounds

CFPS proceeds in an open system, and a variety of substances can be added to the
reaction mixture. We added different capsid assembly modulators to the reaction, in
order to analyze whether this produces comparable phenotypes to those observed on
capsids purified from E. coli. Figure 4a shows the Coomassie blue stained gels of the

cell-free solutions without compounds, in the presence of DMSO used for solubilization
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of the antiviral, and in presence of AT-130, JNJ-623 (CAM-N), and JNJ-890 (CAM-A).
The corresponding Western blots are shown in Figure 4b. None of the compounds
inhibited protein synthesis. We analyzed the total cell-free solutions, without any
concentration or purification, under the electron microscope, and compared the
observed capsids with the ones obtained from addition of compounds to capsids
purified from E. coli. One can see in the micrographs that the resulting objects closely
resemble those obtained by addition to preformed capsids: DMSO vehicle and CAM-
Ns produced no visible effect, whereas CAM-As showed the typical disruption of
capsids also reported in the literature (Berke et al., 2017; Lahlali et al., 2018). Notably,
the presence of AT-130 lead to poorer contrast in the EM micrographs of both

preparations.
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Figure 4: CFPS of Cp183 in presence of different compounds. a-b) 15% SDS-PAGE (a) and
Western blot (b) analysis on Cp183 protein produced in 220-uL CFPS system with 10 nmol drugs

dissolved in 1 uL DMSO. The lanes of two controls, referred as blank and +DMSO, and productions
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with compounds are highlighted on the top. Electron microscopy (negative staining) analysis of cell-
free products of the blank (c), +DMSO (d), +AT-130 (e), +JNJ-632 (f), +JNJ-890 (g), as well as
capsids from E. coli incubated with AT-130 (h), JNJ-632 (i), JNJ-890 (j), are shown on the right.

Scale bar = 50 nm.

» Conclusions

We have synthesized HBV viral capsids in a eukaryotic wheat germ cell-free system
in sufficient amounts for structural analyses, including by solid-state NMR. We have
shown that the full-length Cp183 protein auto-assembles in the cell-free system to form
icosahedral capsids virtually identical to those obtained upon bacterial expression. This
finding opens the possibility to produce isotope labeled samples, both in protonated
and deuterated forms, for advanced proton-detected NMR experiments. The spectra
recorded on the samples showed sufficient signal-to-noise to analyze 2D and 3D
spectral fingerprints and thus conformational changes. Importantly, this enables
investigations of capsid interactions directly on synthesis with assembly modulators,
other natural compounds such as lipids, or chaperones and enzymes that might be
relevant in vivo. We demonstrated this at the example of three capsid assembly
modulators from different chemical classes, which induced similar structural changes
in capsids synthesized and assembled in presence of the compounds and in preformed
capsids isolated from E. coli. Hence the influence of small molecules on the capsid can
now also be assessed on assembly after exit from the ribosome, on the relevant full-

length protein, without extensive purification steps, and in the presence of nucleic acids.
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Supplementary Table 1: NMR experimental parameters for the presented data acquired on Cp183

capsids.

Sample production

Sample labeling

Experiment

MAS frequency / kHz

Field /T

t1 increments

Sweep width (t1) / ppm

Acquisition time (t1) / ms

t2 increments

Sweep width (12) / ppm

Acquisition time (t2) / ms

t3 increments

Sweep width (t3) / ppm

Acquisition time (13) / ms

Proton decoupling (swfTPPM) /

kHz

272

100

20

776

180

25

5550

47

70

11

E. coli

1H 13c

hNH 2D

100

20

774

180

25

5550

47

70

12

Cell-free

2H 13c

hNH 2D

100

20

620

180

20

2048

47

26

10

Cell-free
1H 13C 15N
hCANH

hNH 2D 3D
100 100
20 20
330 104
180 36
11 6.8
2048 44
40 34
30 7.5
- 2048
- 47
- 26
10 10



Nitrogen decoupling (WALTZ64)
/ kHz

Carbon decoupling (WALTZ64) /
kHz

Water suppression
MISS.) / kHz

(120 ms

Interscan delay / s

Number of scans
Measurement time / dd:hh:mm
Carrier 'H / ppm

Carrier "°N / ppm

Transfer |

'H field / kHz

X field / kHz

Shape

Carrier '*C / ppm
Time / ms
Transfer I

'H field / kHz
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HN CP
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Tangent
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NH CP
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1.2
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00:09:50
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HN CP
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Tangent
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1.0
NH CP
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2.0
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00:16:41
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HN CP
78
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Tangent
'H

1.8
NH CP
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1.2
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00:15:59
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1.2
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04:14:32
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117.5
HC CP
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'H
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0.6

CNCP

63
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5N field / kHz

Shape

Carrier '*C / ppm

Time / ms

Transfer Il

H field / kHz

5N field / kHz

Shape

Time / ms
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Conclusion and perspective

We produced HBV core protein (Cp) samples using both cell-based and cell-
free expression systems. The E. coli expression system is the most common
tool for structural studies due to its low cost and high yield. Preformed capsids
isolated from E. coli cells can be directly used or be dissociated and
reassembled for solid-state NMR detection. With these samples, we
characterized different subunits of HBV capsids, structural differences between
Cp dimers and capsids, as well as a new capsid conformation, which might
correlate with viral maturation and envelopment. We have introduced the wheat
germ cell-free (WGE-CF) system to the HBV capsid as a promising tool to study
capsid assembly modulation on exit from the ribosome. Indeed, compared with
bacterial expression systems, WGE-CF system not only can produce
preformed capsids with efficient isotopic labeling and high purity, but also make
it possible to apply solid-state NMR to investigate the interactions of capsid with

capsid assembly modulators in simulating eukaryotic cell environment.

Only matured capsids can be enveloped and secreted in vivo, but the details of
HBV maturation mechanism are still not fully understood. In this process, the
preS region of surface protein L is considered to interact with matured capsid.
In this context, it is interesting to analyze the interaction between both proteins
by NMR in a future work. The extensive knowledge in sample preparation
acquired during this work shall form the basis for investigations of the different
capsid forms analyzed here. The current work opens the possibility to
investigate samples, prepared from purified preS peptides and preformed
capsids, or addition of preS peptides to the WGE-CF system, or even co-
expression of Cp and preS in the WGE-CF system. In another direction,
characterization of capsid-nucleic acid interactions involving the C-terminal
domain will be a central theme in the lab in coming years, and shall use the
established bases in sample preparation for the investigation of this interaction
by NMR.
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Conclusion et perspectives

Nous avons produit des échantillons de la protéine core (Cp) du VHB en

utilisant des systémes d’expression cellulaires et acellulaires.

Le systeme d’expression en bactéries E. coli est 'outil le plus commun pour les
études structurales grace a son bas co(lt et son rendement élevé. Des capsides
auto-assemblées dans E. coli peuvent étre utilisées directement, ou bien étre
dissociées puis réassemblées pour étre ensuite étre étudiées par RMN du
solide. Avec ces échantillons, nous avons identifié les différentes sous-unités
des capsides du VHB, caractérisé les différences entre les protéines core sous
forme de dimere ou de capside, et découvert une nouvelle conformation de la
capside, qui pourrait étre corrélée a I'’enveloppement et la maturation du virus.
Nous avons introduit le systeme d’expression acellulaire a base de germes de
blé pour produire les capsides du VHB comme un outil prometteur pour étudier
la modulation de I'assemblage des capsides directement a la sortie du
ribosome. En effet, comparé aux systémes d’expression en bactéries, le
systeme acellulaire peut produire des capsides avec un marquage isotopique
efficace et une grande pureté, mais rend également possible I'étude en RMN
du solide des interactions entre les capsides et les modulateurs d’assemblage

dans un environnement simulant une cellule eucaryote.

Seules les capsides matures peuvent étre enveloppées et secrétées in vivo,
mais les détails concernant les mécanismes de maturation du VHB ne sont pas
encore compris. Durant ce processus, la région preS de la protéine de surface
L interagirait avec la capside mature. Dans ce contexte, il serait intéressant
dans le futur d’analyser l'interaction entre ces deux protéines par RMN. Les
vastes connaissances acquises en préparation d’échantillons tout au long de
cette thése constituent la base des études montrées ici sur toutes les
différentes formes de capsides. Ce travail ouvre la voie vers I'étude d’autres
échantillons, préparés a partir de peptides de preS et de capsides auto-

assemblées, ou bien de I'ajout de preS directement dans le systeme acellulaire,
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ou encore de la co-expression de capsides et preS dans ce systéme. Dans une
autre direction, la caractérisation des interactions entre les acides nucléiques
et le domaine C-terminal de la capside sera un théme central au laboratoire
dans les prochaines années, et les bases établies durant la thése présentée ici

seront cruciales pour atteindre ces nouveaux obijectifs.
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Annexes

Cps

Sequences

Cp140

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPIL

Cp140 C61A

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILAWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPIL

Cp149

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVV

Cp183

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVV
RRRGRSPRRRTPSPRRRRSQSPRRRRSQSRESQC

P-Cp183

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVV
RRRGRSPRRRTPSPRRRRSQSPRRRRSQSRESQC

Cp183 F97L

MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKLR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVV
RRRGRSPRRRTPSPRRRRSQSPRRRRSQSRESQC
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Cp183 EEE MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSP
HHTALRQAILCWGELMTLATWVGVNLEDPASRDLVVSYVNTNMGLKFR
QLLWFHISCLTFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVV
RRRGREPRRRTPEPRRRRSQEPRRRRSQSRESQC

HBV/G Cp MDRTTLPYGLFGLDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASA
LYRESLESSDHCSPHHTALRQAILCWGELMTLATWVGNNLEDPASRDL
VVNYVNTNMGLKIRQLLWFHISCLTFGRETVLEYLVSFGVWIRTPPAYRP
PNAPILSTLPETTVVRRRGRSPRRRTPSPRRRRSQSPRRRRSASPASQ
C

Annexe 1: Sequence of HBV core proteins used in the thesis. The amino acid mutation sites are

highlighted in red. The 3 major (bold) and 4 minor phosphorylation sites of P-Cp183 are also highlighted

by red. For HBV/G Cp, the redundant sequences including a His-tag derived from plasmid are indicated

in yellow.
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