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Abstract

The small envelope protein S (226 aa long) of the hepatitis B virus contains 14 cysteine residues
and is synthesized as an integral membrane protein with 4 transmembrane regions (TM). Ex-
pression of S in eukaryotic cells causes the secretion of subviral particles (SVP) consisting of
approximately 100 S chains and lipid. Nevertheless the structure and morphogenesis of particles
is poorly understood, only two of the TM domains are experimentally proven. The influence
of disulfide bonds on the structure and the epitope of S has been suggested early, but specific
interacting cysteines have never been properly assigned.

We intend to map intra- and intermolecular cystin pairs and free cysteine residues in S by
expression of a C-terminally HA-tagged S protein (S-HA) and derivatives carrying cysteine to
serine exchanges in transient transfected Huh7 cells. The constructs were characterized with
respect to SVP formation, cystin-linked oligomer formation, reactivity in an HBsAg-ELISA,
and by determining the number of free and bound cysteines through labeling with Mal-PEG
shifting the molecular mass of derivatized proteins. Besides, we compared, when applicable,
these results with samples from infected donors and samples recombinantly expressed in yeast.

Approx. 90 % of S-HA in secreted SVP appeared as a cystin-linked dimer. Only a minor
fraction formed monomers or higher oligomers. A S-HA mutant with an exchange of both
cysteines present in TMs (C90S + C221S) was wt. A mutant (4C) with an additional exchange
of all 8 cysteines in the luminal loop (LL) between TM2 and TM3 by serines was blocked
in dimer and SVP formation. Only the restoration of single cysteines in this background at
positions 107, 147, 149 restored dimer and SVP formation suggesting that these cysteines
formed symmetric intermolecular disulfide bonds and that stabilization of S dimers by at least
one cystin bond was essential for SVP formation. 4C carries only 4 cysteines (positions 48, 65,
69, 76) in the cytoplasmic loop (CL) between TM1 and TM2. Two of these cysteines were free
and two were oxidized suggesting that two cysteins formed an intramolecular disulfide bridge.
Besides, exchange of one of the four cysteines in wt background to serine had a dominant-
negative effect on the secretion of co-transfected S-HA proteins.

In S-HA from SVP at least 6 free and at least 7 oxidized cysteines were found. One free SH
group in LL could be labeled without prior denaturation of SVP suggesting that it was exposed
on the particle surface. Due to calculations we propose one additional intramolecular bond to

be present in LL, but we could not assign the position.



Zusammenfassung

Das kleine Hiillprotein S (226 aa lang) des Hepatitis-B-Virus enthélt 14 Cysteinreste und wird
als integrales Membranprotein mit 4 Transmembranregionen (TM) synthetisiert. Die Expres-
sion von S in eukaryotischen Zellen bewirkt die Sekretion von subviralen Partikeln (SVP), die
aus etwa 100 S-Ketten und Lipiden bestehen. Dennoch ist die Struktur und Morphognese der
Partikel wenig verstanden, nur zwei der TM-Doménen sind experimentell belegt. Der Einfluss
von Disulfidbindungen auf die Struktur und das Epitop von S wurde friih angenommen, aber
bestimmte interagierende Cysteine wurden nie zugeordnet.

Wir beabsichtigen die inter- und intramolekularen Cystinpaare, sowie die freien Cysteinereste
in S zu kartieren. Hierfiir wird ein C-terminal HA-markierten S Proteins (S-HA), oder eine
davon abgleitete Mutante in Huh7 Zellen transfiziert und exprimiert. Die so entstandenen
Proteine werden mit Bezug auf SVP Bildung, Cystin vermittelte Oligomerisierung, Reaktivitit
in einem HBsAg-ELISA und Anzahl der freien und oxidierten Cysteinereste, durch Mal-PEG-
Markierung, untersucht. Auferdem haben wir diese Ergebnisse gegebenenfalls mit Proben von
infizierten Spendern und Proben aus Hefe verglichen. Dieses in Hefe rekombinant hergestellte
Material wird heute als Impfstoff verwendet.

Eine S-HA-Mutante mit einem Austausch beider Cysteine in den TMs (C90S + C2215)
verhielt sich wie Wildtyp. Eine Mutante (4C) mit zusétzlichen Austausch aller 8 Cysteine zu
Serinen in der luminalen Schleife (LL) zwischen TM2 und TM3 wurde in Dimer- und SVP-
Bildung blockiert. Wiederherstellung einzelner Cysteine im 4C-Hintergrund an den Positionen
107, 147, 149 resultierte wieder in Dimer- und SVP-Bildung, was darauf hindeutet, dass diese
Cysteine symmetrische intermolekulare Disulfidbriicken ausbildeten. Die Stabilisierung von
S-Dimeren durch mindestens eine Cystinbindung war fiir die SVP-Bildung unerlésslich.

Circa 90 % von S-HA in sekretierten SVP lagen als Dimer vor, dieser wiirde iiber Disulfid-
briicken vernetzt. Monomere oder héhere vernetzte Oligomere machten nur eine kleinen Teil
des sekretierten Materials aus. 4C enthilt nur 4 Cysteine (Positionen 48, 65, 69, 76) in der cyto-
plasmatischen Schleife (CL) zwischen TM1 und TM2. Zwei dieser Cysteine waren frei und zwei
wurden oxidiert, was darauf hindeutet, dass zwei Cysteine eine intramolekulare Disulfidbriicke
innerhalb von CL bildeten. Aufserdem hatte der Austausch eines der vier Cysteine zu Ser-
ine im wt Hintergrund einen dominant-negativen Effekt auf die Sekretion von co-transfizierten
S-HA-Proteinen.

In S-HA aus SVP wurden mindestens 6 freie und mindestens 7 oxidierte Cysteine gefunden.
Eine freie SH-Gruppe in LL konnte ohne vorherige Denaturierung von SVP markiert werden,
was darauf schliefen ldsst, dass sie auf der Partikeloberfliche exponiert wurde. Aufgrund der
daraus resultierenden Berechnungen wird eine intramolekulare Disulfidbriicke vorgeschlagen,

die in LL liegt. Die exakte Position konnte nicht bestimmt werden. Aber die Antigenitéit schien
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in gewissem Mafse von dieser Bindung abhingig zu sein, da sekretionskompetente Konstrukte,

mit allen drei intermolekularen Disulfidbindungen, keine ELISA-Ergebnisse zeigten.
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1 Introduction

1.1 Historical background

After a smallpox immunization campaign in Germany in 1883 an outbreak of hepatitis occurred.
This was the first evidence that a form of hepatitis was transmitted by direct inoculation of
blood or blood products!. Although at this point in time it was not clear, that the causative
agent was a virus.

In 1965 this changed when Blumberg and colleagues described an "isoprecipitin" which was
found in the sera of Australian aborigines?. This so called Australia antigen was subsequently
shown to be related to hepatitis B virus (HBV) infections and finally was identified as the
surface antigen of HBV3. What Blumberg described, however, was not the infectious particle,
but, with diameters of 17-25 nm, subviral particles (SVP).

Dane and colleagues were the first to visualize and describe the infectious particles, which
were then called "Dane particles", by electron microscopy?. They had a diameter of 42 nm and

reacted with antisera to the Australia antigen.

1.2 Epidemiology and transmission

Hepatitis B virus has a worldwide distribution and it is estimated, that >2 billion people have

been infected with HBV?®. High endemic areas include China, Indonesia and Africa, around 60

% of the world’s population lives in these regions®™.

HBYV can be spread via contact with blood or other body fluids from infected patients®. The

main route in low endemic countries is horizontally, including sexual intercourse, needle shar-

d61914 " Whereas, in high endemic countries the main

h15,16

ing and working in the health care fiel

transmission route is from an infected mother to her newborn during birt

1.3 Classification

HBYV belongs to the family of Hepadnaviridae which contains two genera: Awvihepadnaviruses
and Orthohepadnaviruses. Avihepadnaviruses infect only birds, whereas Orthohepadnaviruses

infect mammals and therefore include HBV 1718, HBV was further subdivided into genotypes



J No data

[ Low (< 2%)
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s EB High (< 8%)

Figure 1.1: Global HBsAg endemicity Global HBsAg endemicity derived from published
data generated from 1957-2013°. The higher the endemicity, the darker the color.
No data available depicted in white. Template for the world map downloaded at

https://www.powerpointslides.net /powerpointgraphics/powerpointmaps.html

and several subgenotypes based on sequence diversity of a minimum of 8 % and 4 %, respec-

tively 19725,

1.3.1 Genotypes and variants

The HBV genome has been estimated to evolve at an error rate of approximately 1073 -10

nucleotide substitutions per site per year26-32

. The genotypes differ in genome length, size of
open reading frames (ORF), the translated proteins, as well as various mutations3*3*, Until
now, based on an intergroup divergence of <7.5 % across the complete genome, HBV has been

[20,33,35

classified into 9 genotypes, A - Another genotype (J) has been proposed, but was

only found in one individual so far3S.

Intergroup diversities between 8 % and 4 % further
subdivides genotypes A - D, F, H and I into a minimum of 35 subgenotypes?®2'33, The
genotypes are distributed throughout the world. The main genotypes in certain areas are
displayed in Figure 1.2.

Another classification is dependent on the HBV surface antigen (HBsAg) heterogenity. This
defines 9 serological subtypes aywli, ayw2, ayws3, ayw4, ayr, adw2, adw4, adwq, adr and adrg-
33 The serological subtypes are significantly correlating with genotypes, i.e. adw is associated

with genotypes A, B, F, G and H, and adr with C. However many exceptions do exist3*.
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Figure 1.2: Geographic distribution of HBV genotypes The map was generated from
published data. Only countries/regions with more than five full-length genome se-
quences available were included. This dataset included 46 countries/regions and
3179 full-length genome sequences. It should be noted that this geographic dis-
tribution of HBV genotypes may not represent actual seroprevalence in a coun-
try/region, as there are potential sampling errors due to the bias of including only
whole genome analyses. In addition, the size of each circle does not represent the
prevalence of HBV infection and burden of disease in the specified geographic re-

ion®”. (Reprinted with permission
g



1.4 Pathology and disease

An infection with HBV can lead either to an acute self-limited or a chronic infection. In healthy

adults an infection with HBV is cleared in 95 % of the cases. In 0.5 % of newly infected patients

3841 Clearance of the virus needs an effective

7,42-44

this can terminate in a fatal fulminant hepatitis
CD4" and CD8" T cell response as well as a sufficient amount of neutralizing antibodies
Currently, up to 360 million individuals are chronically infected worldwide®*%. They have
a greatly increased risk of severe liver damage and, if progression continues, hepatocellular
carcinoma®383%46750 - The pathogenesis is always caused by the immune system of the host, as
the virus itself is not cytopathic®'. The risk of developing a chronic infection decreases with
age. When infected perinatal to 6 months of age the probability is around 90 %, between the
age of 6 months and 5 years it decreases to 20-60 %°.

1.5 Vaccination and treatment

1.5.1 The vaccine

HBYV is a preventable infection, due to the fact that a vaccine exists for more than 30 years®. In

the case of HBV a single polypeptide is sufficient to elicit a protecting immune response against

the infection. Nevertheless, these polypeptides need to be assembled into spherical particles®?%3,

The first commercially available vaccine was derived from plasma of asymptomatic carriers?°4,

Due to safety issues a second generation of HBV vaccines without the use of human samples
was developed. Tt became the first recombinant protein-based vaccine approved by the Food
and Drug Administration (FDA) in 1986°5,

Nowadays, more than 150 countries use hepatitis B vaccines in their national immunization

programs 57, The primary 3-dose vaccine schedule induces a protective antibody concentration

in >95 % of healthy infants, children and young adults®%58760,

The second generation vaccine was based on a plasmid expressed in Saccharomyces cerevisiae

k61764

(S. cerevisiae). a bacterial expression systems like F.coli did not wor However, yeast

derived HBsAg (yHBsAg) has some shortcomings; in comparison to human HBsAg it is neither

526371

secreted from the yeast cells nor glycosylate . The usage of methylotrophic yeasts like

Hansenula polymorpha or Pichia pastoris also did not lead to glycosylated yHBsAg8%56. Until

now, no clear evidence has been presented that the particle assembly occurs within the yeast
179, It is more likely, that the formation of 22 nm particles occurs during down-stream
70-72

cel
procession of the yeast cells and their proteins after lysis A maturation of HBsAg can
be achieved using chromatography and KSCN treatment ™, but also other chemicals are used.
The purification can vary between microorganism and protocol between 3-13 steps (review of

different protocols in™).



1.5.2 Treatment methods

Up to date, there are two therapeutic approaches for the treatment of chronic hepatitis B (CHB)
available. Ome is IFN-« 2b (interferon-alpha), which was the first agent to be approved in
1991747 The main route of action is immune modulation. However, only a weak anti-viral
effect is measurable”™. From 2005 on a new pegylated formulation of IFN-a was approved for
CHB treatment, and is still in use”.

The second mode of action is targeting the P protein with nucleos(t)ide analogue (NA). These
can directly inhibit the polymerase or cause a DNA chain termination”. Examples for this kind
of substance class are Entecavir, Telbivudine and Tenofovir. There are, however, some major
shortcomings of this therapeutic substances. Firstly, they need to be taken over a long period
of time, secondly, they can lead to mutations in the HBV genome and therefore to resistances
and thirdly they can cause severe side effects™ 787,

The discovery of the HBV entry receptor in 20128 opened the door to a new substance class,
the entry inhibitors. The most promising candidate passed phase ITa of a clinical study in HBV
and HDV co-infected patients®'. It is a lipoprotein based on the pre-S1 domain of the envelope
of HBV and known to block the entry of HBV®2,

A functional cure of CHB is not available, as the covalently closed circular DNA (cccDNA)
persists in the nucleus of infected cells and is the reservoir for HBV®. Nevertheless, promising
first results in the degradation of cccDNA in the nucleus could be achieved with a combination

of IFN-« and activation of the lymphotoxin-3 receptor® or with the use of CRISPR/Cas9%.

1.6 Genome Structure and proteins

1.6.1 Genome and open reading frames

The hepatitis B virus has a complex genome with overlapping ORF and only 3.2 kb in size®.
The (-) strand, which is complementary to the pregenomic RNA (pgRNA) cf. section 1.8,

8790 whereas, the (+) strand is heterogeneous in

harbors a short (9 nt) terminal redundancy
length, terminating hundreds of nt before completion®. Furthermore, there are two 11 nt long,
direct-repeat elements (DR1 and DR2), which are located at the 5’ end of the (-) stand and at
the 3" end of the (+) strand®’. The 5’ ends of both strands are complementary, which leads
to circularization®®. The relaxed circular DNA (r¢DNA) is covalently linked to the terminal
protein (TP), which is part of the viral reverse transcriptase®%. Besides, the 5 end of (+)
strand linked to a 18 nt long capped RNA oligomer %%,

HBV DNA carries four overlapping ORF which code for seven proteins: the preS/S-ORF codes
for the envelope proteins, the X-ORF for the X protein, the P-ORF for the viral polymerase

and the preC/C-ORF codes for the core and e protein.
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Figure 1.3: HBV genome organization.?® The HBV genome is a partially double-stranded
DNA. The central circle depicts the conventional numbering of the circular genome
where positions 1 and 3182 usually represent a unique EcoR1 restriction site.
Small differences in genome length among genotypes (and serotypes) exist; the
ayw serotype is shown. The black circular lines represent the DNA genome with
a completed negative-strand DNA ((-) strand) and a partially completed (dashed
lines) positive-strand DNA ((+) strand). Also indicated are: direct repeats (DRI,
DR2), enhancers (EN1, EN2), and polymerase (orange circle labeled “pol”). Colored
arrows indicate the ORFs for preCore, core, polymerase, envelope (preS1, pres2,
and S), and HBx proteins. Outer black arrows depict genomic and subgenomic
polyadenylated transcripts transcribed from cccDNA, also depicted at the bottom
of the figure, highlighting overlapping regions. Colored boxes below the circular
genome indicate ORFs for HBV proteins, highlighting their overlapping regions.

(Reprinted with permission)



1.6.2 Proteins

Core protein

The core protein is translated from the core-ORF of the pgRNA. Depending on the genotype it
has a length of either 183 nt or 185 nt and weights of approximately 21 kDa. The protein can be
divided into two domains with different functions. The 140 aa at the N terminus represent the
assembly domain (NTD), which is sufficient to mediate capsid assembly®"%. The C-terminal
domain (CTD) is essential for packaging of pgRNA into nucleocapsids and the conversion of
peRNA to rcDNA 101,

Core protein dimers are the building blocks of capsids!?

. However, there are two distinct
morphological capsid formed, with either 90 homodimers and a T=3 symmetry, or the main

103,104

form with 120 homodimers and a T=4 symmetry A functional influence of the two

isoforms is not known so far.

e protein

The e protein, also called preC protein is translated from the preC mRNA. This mRNA is
in-frame with the C-ORF but has its own start codon. Therefore, e equals C in 149 amino
acid (aa), but carries a N-terminal signal peptide!'%>19. Tt has a molecular weight of ~ 25 kDA
intracellularly. When it enters the secretion pathway, first the signal sequence is cleaved off in
the endoplasmic reticulum (ER). Then it undergoes further proteolytic processing steps before
it is released from the cell as heterogeneous ~ 17 kDA e protein 9197108 Unlike C, preC is
dispensable for viral infection, but is important to establish persistent infection by regulation

(1106,109-111

of the host’s immune response against . Serologically, secreted e protein is referred

to as Hepatitis B e Antigen (HBeAg)''2.

Reverse Transcriptase/ -Polymerase

The polymerase is the largest of the HBV proteins (~ 90 kDA) and is translated from the
pregenomic RNA. Tt can be subdivided into four parts: TP, the spacer, the RT domain and
the RNaseH domain!'*1 TP is essential for priming the reverse transcription as it carries
the essential tyrosine residue and interacts with the € signal on the pgRNA to newly synthesize
the (-) strand of rcDNA™97122" The gpacer is the most variable domain and is dispensable
for the function of the polymerase. However, the ORF of P is overlapping with the ORF

123 Next, the RT domain carries the active polymerase site with a

of the envelope proteins
highly conserved tyr-met-asp-asp motif. This motif is also conserved among retroviruses and
retrotransposons 24, While the pgRNA is transcribed into rcDNA, the RNaseH is degrading the
already processed pgRNA 13125 Tn conclusion, at the end only rcDNA is the only polypeptide

in the mature capsids.



X protein

In contrast to the other HBV proteins, X does not have a single assigned function, so it is
the least understood. Nevertheless, it is transcribed from the X mRNA and has a size of ~
17 kDA. It is also known that it is not packed into infectious particles but is required for

41,126,127 - Gaveral functions of X have been described in literature, i.e.

viral replication n vivo
regulation of host and viral gene expression, Ca?" signaling, DNA damage repair, cell cycle,
apoptosis and autophagy!?¥133. There are also hints connecting HBx with the acceleration of

hepatocellular carcinoma (HCC) progression 136 but this is still under investigation.

Surface proteins

The three envelope proteins (S, M and L) are encoded by the E-ORF, which varies in length
(389 or 400 codons) depending on the genotype. From this ORF two subgenomic RNA (sgRNA)
are transcribed, one is initiated at a promoter upstream of the ORF, the other from a promoter
upstream of the second translation initiation site!3”!3%, The longer (2.4 kb) sgRNA only codes
for the large envelope protein, whereas from the shorter sgRNA (2.1 kb) the middle and the
small envelope protein (S) are transcribed 7139, This is achieved through three different AUG
codons for the initiation of translation which are in frame. But there is only one UAA stop
codon where translation of all proteins terminate regardless of the start codon used. This means
that the generated proteins only differ in length of their N-terminal domains (Figure 1.4) and
all contain the S domain at the C terminus. The M protein contains in addition to S the preS2

domain and L the preS2 and a preS1 domains'37 139,

So the largest of the envelope proteins is L with either 389 aa or 400 aa in size, depending on
the genotype. This corresponds to a molecular mass of 39 kDa in the non-glycosylated form.
The M protein is 281 aa long and weighs 30 kDa non-glycosylated and the small envelope pro-
tein is 55 aa shorter than M (226 aa) and weighs 24 kDA in non-glycosylated form!3°.

All three proteins can be N-glycosylated at asnl46 of the S domain (open hexagon in Fig-
ure 1.4). There is also a second N-glycosylation site in the preS2 domain, which is only used in
M proteins but not in L' (filled hexagon in Figure 1.4). A potential O-glycosylation site in the
preS2 domain is only used in some genotypes!'#!. PreSl1 also contains additional N-glycosylation
sites which are, however, not used.

The envelope proteins of HBV are typical membrane proteins, which means they are synthesized
at the ER and gain a relatively complex topology (cf. Figure 1.5)'2. The first topologic signal
containing TM domain from residues 8- 22 (TM1) translocates the S protein into the ER mem-
brane, but is not cleaved by the cellular signal peptidases!*®. The second TM domain (TM2)

from 80- 98 aa anchors the protein in the ER membrane, as it acts as a type II signal/anchor



preS1 preS2 S

Figure 1.4: Linear map of HBV envelope proteins. The C terminus of all three proteins
corresponds to the S protein. The M and L protein contain additionally the preS2
(M) or preS2 plus preS1 domain (L). The L protein is myristylated at glycine 2
(myr), the preS2 domain is N-glycosylated (filled hexagon) and the S domain is
partially N-glycosylated (open hexagon).

domain***. This results in a cytosolic loop (CL) between TM1 and TM2 and the C terminus
locates to the ER lumen'#'7, Tt is predicted that the hydrophobic C terminus crosses the
ER membrane again twice with TM3 (173- 193 aa) and TM4 (202- 222 aa). Between TM2
and TM3 the luminal loop (LL) from 99- 169 aa is located 6148 " This loop contains the
N-glycosylation site and the main epitope of S, also called antigenic loop (AGL)®. Between
TM3 and TM4 a short second cytosolic loop is formed 46147,

S contains 14 cysteine residues. Cysteine residues are directly involved in disulfide bond

150,151

formation For maturation of S in the ER the cellular chaperon protein disulfide iso-

merase (PDI) is essential and catalyzes the formation of disulfide bonds'®?. Shortly after
synthesis disulfide-linked homo- and heterodimers between S, M and L can be detected 1153,
An exchange of one out of three of the four cysteines in CL by serine blocks the secretion of
SVP L, The reason for this remains unknown. A chemical modification of cysteine residues in
CL could not be demonstrated '3*15¢, Also disulfide bridge formation by these aa has not been
observed up to now.

The topology and biosynthesis of M is quite similar to S. Three different forms of M are de-
tectable, a non-glycosylated version with a molecular weight of 30 kDa, a monoglycosylated
form (33 kDa) and a double glycosylated form (36 kDa). The additional preS2 domain is co-
translationally translocated the ER lumen by the TM1 signal sequence 40155156 The role of M

in the viral life cycle remains unclear, since its an absence (e.g. by mutation of its start codon)
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Figure 1.5: S protein transmembrane topology. Model for the transmembrane topology
of the HBV S protein monomer in the ER membrane (light yellow area). TM1
and TM2, transmembrane domains 1 and 2; CL, cytosolic loop; LL, luminal loop;
HCR, hydrophobic C-terminal region; (G), facilitative glycan N-linked to N146;
cysteine positions are indicated with black dots and membranes correspond to the
aa position. The shaded horizontal rectangle represents a putative amphipathic
helix. Domains in the ER lumen become located on the surface of secreted SVP,
and domains in the cytosol become located inside SVP.

157158 " Tn fact, avian hepadnaviruses do

does not disrupt particle morphogenesis or infectivity
not code for an M protein '*5. L is either present in its non-glycosylated form (39 kDa) or with
a single glycosylation residue attached to asnl46 (of S) leading to 42 kDa. Both forms are
myristylated 1%, However, in comparison to S and M, L has a more complex topology. Initially,
the N terminus (preS1 and preS2) of L is in the cytosol of the ER,this topological form is
called i-preS'®. Nonetheless, 50 % of L proteins in secreted virions show a different topology
with the N terminus located outside on virions (e-preS)!*164. Tt is not fully understood how
this "switch" is taking place. A topological element, mapped to residues 74-94 of preS1, called
cytosolic anchorage determinant (CAD) interacts with the cognate heat-shock protein (Hsc-70),

Q165,166

which in turn blocks the co-translational translocation of pre Luminal chaperons, like

167,168

binding proteins (BiP) could support the topological change . It is now widely accepted

that the two distinct topologies serve two different functions, either recruitment of mature viral

nucleocapsid for virion budding, or recognition of (co)receptors for viral entry 142:159.169,
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1.7 Particles secreted after infection

1.7.1 Dane particles

In 1970 D. S. Dane identified the HBV virion via electron-microscopy. Therefore, the virion
is calles Dane particle in his honor?. It measures 42 nm in diameter and can therefore be
distinguished from spherical and filamentous SVP, which have a diameter of only 22 nm?*.
Infectious virions consist of a nucleocapsid containing the rcDNA form of the viral genome and
a surrounding envelope.

The capsid is generated by self-assembly of the capsid protein homo-dimers'%?. Two different

symmetries are observable, either T—3 with 90 dimers, or T—4 with 120 dimers!03104,

1.7.2 Subviral particles

Besides infectious Dane particles, infected or transfected cells secrete high amounts of non-
infectious, spherical or tubular shaped SVP. In comparison to virions, SVPs are present in up
to 10? times higher numbers in plasma!™ ", The function of this excessive amount of SVP is
not completely understood, however, it seems to influence the immune system of the host. In
order to favor a longterm persistent HBV infection 7178,

Spherical SVP have a diameter of 20 nm and consist mainly of S protein, low amounts of M,
and very little L protein. Filamentous SVP also have a diameter of ~ 20 nm but differ in

137,172 S alone or S and M combined are

179,180

length. They also contain less L protein than virions
sufficient to form SVP, L alone cannot form SVP. L is even inhibitory to SVP secretion
Spherical SVP are made up by roughly 100 S proteins and around 25 % (w/w) lipids. SVP
from patient serum contain mainly phosphatidylcholines, cholesteryl ester, and cholesterol (60
% /15 % / 15 %) 7. There is evidence that the lipids are not arranged in a lipid bilayer, but
more probably a monolayer 37170,

Dane particles are secreted via the endosomal-sorting-complex-required-for-transport (ESCRT)

1817183 Currently two

pathway. SVP, however, seem to be secreted through another pathway
theories how SVP are secreted are discussed. Both have in common that S proteins form dimers
in the ER, with the help of PDI'2. On the one hand side, Huovila et al. suggested that inside
the ER-Golgi intermediate compartment (ERGIC) higher oligomers are formed. On the other
hand side, others suggested that the dimers are already linked to filamentous structures in the
perinuclear space of the ER and are transported to the ERGIC via vesicles. With the use of
cellular chaperons spherical SVP are constricted from the long filaments in the ERGIC and

transported to the Golgi67-1451847186
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1.8 Life cycle

The initial attachment of HBV to hepatocytes occurs through low-specificity interactions with

heparin sulphate proteoglycans (HSPG) on the cell surface!87189,

This process presumably
leads to a conformational change of the surface proteins, which then can bind to the sodium
taurocholate co-transporting polypeptides (NTCP) receptor®®!9. The domain responsible for
the entry process is the myristoylated part of the preSl-domain, the N terminus from aa 1 to
aa 75 of the preSl-domain and TM1 of the S-domain 197,

After entering the cell the envelope detaches from the capsid, by an until now unknown mech-
anism, and the capsid is transported to the nuclear pore complex:19199 There, the rcDNA

9 The r¢cDNA from intact capsids is repaired by cellular

is released and enters the nucleus?
proteins to form the cccDNA 4183,

The conversion step from rcDNA to cccDNA must change distinct features of the rcDNA, i.e.
complete the (+) strand, recombine a longer than unit length (-) strand, and remove the linked

93,114,201,202  Tha astablishment of the cccDNA minichromosome in

protein and oligonucleotides
the nucleus is not fully understood, however, participation of viral and cellular host proteins is
described. For example the influence of the host DNA repair enzymes.®2937205 Tn one nucleus
between 30- 50 cccDNA copies can be present 203206207 '3l an integration into the host genome
has been observed. This is not essential for replication, but seems to influence the progression
of HC(1208-210_
Four viral RNAs (0.7 kb, 2.1 kb, 2.4 kb and the pgRNA) are transcribed from the cccDNA via
the host RNA polymerase 11123204 The newly synthesized RNAs are not spliced, transported
into the cytoplasm and translated into the seven viral proteins by the cellular ribosomes. The
envelope proteins S, M, L and the viral protein e are synthesized at the ER membrane?!!.
The pgRNA is special as it does not only code for the core protein and the viral polymerase.
It contains a 120 nucleotide (nt) redundancy and therefore the whole genome. This redundancy
contains the encapsidation signal €, a poly-A-tail and a second copy of DR123. After packaging
into capsids it serves as template for the reverse transcription.
The conversion from pgRNA to rcDNA is a multistep mechanism. In brief; the viral polymerase
binds to the 5" copy of € on the pgRNA, this recruits core proteins to the RNA and causes
autoassembly of the capsid®994214215 A conserved tyrosine residue in the TP domain of the
polymerase serves as a primer for the initiation of reverse transcription. In the next step a
short sequence in ¢ is reverse transcribed by the polymerase for the generation of a (-) DNA
oligonucleotide®®216 With this short DNA molecule the polymerase is recruited to DR1 at the
3" end of the pgRNA and starts there the complete synthesize of the (-) strand?!”. At the same,
time the RNaseH domain of the polymerase degrades the pgRNA, leaving the DR domain at
the 5" end not degraded!'!'3. This short RNA serves as a primer for the (+) strand after the

12
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Figure 1.6: Life cycle of HBV 2!2 Entry of the virus through NTCP receptor and disassembly
of the capsid the cytoplasm. Afterwards the rcDNA is repaired inside the nucleus to
form the persistent cccDNA. From this minichromosome all RNAs are transcribed.
Translation of the proteins occurs in the cytoplasm and surface antigens are inserted
into the ER and secreted as subviral particles into the medium. Another pathway
is the formation of infectious particles. There, the core protein is translated and
pgRNA is packed inside the capsid. The capsid is then enveloped with surface
antigens via budding into multivesicular bodies. In the end the virion is secreted.

(Reprinted with permission)
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translocation of the polymerase to DR2 on the DNA (-) strand 28,
It is suspected that during this process a conformational change in the capsid occurs, as only
rcDNA containing nucleocapsids are incorporated into virions!''%2!?. Mature nucleocapsids can
either be transported back into the nucleus to maintain persistence, or they can be enveloped
and released from the cell 2220,

Virions are secreted through the cellular ESCRT pathway, where they are enveloped, bud into
multivesicular-bodies (MVB) and are then released from the cell 67184221225 Begides also SVP
are secreted from cells. These 22 nm particles are lacking internal capsids!'4?!84,

exported through the ER and Golgi network 67152224226

They are

1.9 The endoplasmic reticulum and disulfide bond

formation

Disulfide bond formation is one of the post-translational modifications taking place during pro-
tein folding??”. They are an essential step in folding and assembly of the extracellular domains

of many membrane and secreted proteins??®. They are not only necessary for correct folding,

227,229

but also for stability and function The only amino acid which can form disulfides is

cysteine, as it carries an -SH group in its side chain?®.
In eucaryotic cells disulfide bonds are formed in the lumen of the ER??7. This is the largest

organelle in the cell and participates in protein synthesis and transport, protein folding, lipid

231-237

and steroid synthesis, carbohydrate metabolism and calcium storage . The initiation of

translation takes place in the cytosol and the ribosome with mRNA is afterwards recruited to

IR 238,239

the membrane of the E The N terminus of the nascent polypeptide chain carries a

signal sequence, which is recognized and bound by the signal recognition particle (SRP). The
SRP binds to SRP receptors and the polypeptide is then co-translationally inserted into the
ER through the translocon, a channel protein?32-240-242,

In the ER lumen there is an oxidation and a reduction pathway, so that native disulfide bonds

43

can be formed, but also nonnative disulfides can be broken?**. The most abundant oxidore-

ductases in the ER belong to the PDI family?**. PDI has a broad substrate specificity and,

244,245 The formation of

depending on the conditions, can form, reduce or isomerize disulfides
disulfide in the disulfide exchange protein PDI is catlayzed by ER oxidase 1 (Erolp)?243:246:247,
In lower eucaryotes, like yeast Erolp is sufficient, in mammalian cells two isoforms are present,
Erola and Erolf3, which do not differ in function but in tissue distribution?*®24%. Nonetheless,
the electron flow in the Erolp pathway is the same. PDI accepts electrons from the polypeptide
chain, which oxidizes the active site cysteines. Erolp contains two disulfides, one interacting

with PDI and one with FAD. The one facing PDI is called shuttle disulfide and accepts the

14
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Figure 1.7: Disulfide bond formation in the lumen of the ER 2?7 Formation of disulfide
bonds in the ER occur through two different pathways. (a) the membrane associated
Erolp-FAD transfers oxidizing equivalents to PDI. PDI then transfers the oxidizing
equivalents to the reduced substrate. In the second pathway (b) the difference is
the membrane bound protein Erv2p, which carries the first oxidizing equivalents.
Misfolded proteins can be isomerized through PDI. In this picture for simplicity only

one active site of Erolp, Erv2p and PDI is shown. (Reprinted with permission)

electrons from PDI. The second accepts the electrons from the shuttle disulfide and transfers
them to FAD, generating FADH, 227243250 This reacts with molecular oxygen, forming hydrogen
peroxidase and thereby regenerating Ero124®. Without this pathway in the ER protein folding
would be too slow and aggregation and degradation would be favored 3.

In mammalian cells are at least 15 families of PDI present?**. They all contain at least one
active site with the CXXC motif. This motif can shuttle between the reduced and the oxidized
form, which is dependent on the stability of the disulfide and the ability of an ER oxidase to

catalyze its oxidation 4324,



1.10 Aim of the project

The structure of S is relatively unknown, although it is used as the main compound of the HBV
vaccine. Influences of disulfide bonds on the overall structure, the epitope and secretion are
proposed (cf. chapter 1.6.2, 1.7.2). However, the proposed models are partially contradicitve.
So first we try to elucidate the form of S proteins generated through disulfide bonds. Here
samples from different sources, like cell culture, patient material or material produced in yeast
should be compared. A chemical which would only reduce S-S bonds was DTT, so the addition
or removal from samples would show the influence on protein-protein linkage. Secreted particles
could be analyzed to see if monomers, dimers or oligomers can be found. In a next step the
single cysteines can be tested with regard to their influence on disulfides and/or secretion. It
was assumed that secretion was the proof of a topology reassembling the wt phenotype close
enough to pass the internal quality control system of the cell. As a minimal construct, S with
only 4 cysteines in the LI was supposed. And then re-addition of single cysteines could be used
to test the influence of single cysteine residues on secretion and disulfide bond formation.

A new method, Mal-PEG labeling, could be introduced to label free or oxidized cysteines in
selected constructs. However, this method has neither been used on viral protein nor on secreted
samples in cell culture supernatant. In conclusion this method needed to be tested and verified
in this context first. When validated it could be used to determine the total number of free
and oxidized cysteines in wt S and different constructs.

As a last step the influence of disulfide bonds and free sulfides on the antigenicity of S could
be elucidated. Therefore a diagnostic ELISA should test different samples and constructs for
their reactivity. With this the influence of different features and their influence on the epitope
could be analyzed. Yeast samples should be included in this analysis to compare this material

with cell culture samples.
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2 Materials

2.1 Eukaryotic cell line

HuH-7

The work was conducted only using the HuH-7 cell line. It was derived from a liver carcinoma
of a 57-year-old Japanese male?>t. HuH-7 cells are growing adherent and are not infectable with
HBYV. Nevertheless, when transfected with the HBV genome, they produce viral proteins and

release subviral particles.

2.2 Cell culture media

Component Company Stock concentration Working concentration

DMEM high glucose (4,5 g/ml)  Sigma

Fetal bovine serum (FBS) Bio West 100 % 10 %
MEM Non essential amino acids Lonza 100x 1x
Penicillin-Streptomycin Lonza 100x 1x
Sodium pyruvate Lonza 100x 1x
Trypsin/EDTA Gibco

2.3 Bacteria

The bacteria strain used was DH5« with the genotype: supE44, AlacU169, ($80dlacZAM15),
hsdR17, recAl, endAl, gyrA96, thi-1, relAl

17



2.4 Bacterial media and antibiotics

Component Company Stock concentration Working concentration

LB-Media  Roth

LB-Agar Roth

Ampicillin ~ Sigma 100 mg/ml 100 pg/ml
Kanamycin  Sigma 50 mg/ml 50 pg/ml

2.5 Plasmids

All plasmids used in this work are described in the following table. They were generated either
directly in the corresponding backbone via QuickChange PCR, or generated and then cloned
into the plasmid via the Xbal, Spel or EcoRV restriction sites. The positions in the plasmid

are indicated in Figure 2.1

Plasmid Description

pSVBX24H 252 codes for the small envelope protein S

pSVBX24H-HA 253 codes for the small envelope protein S with a C-terminal
HA-tag

pSVBX24H-HA all constructs were cloned on the basis of pSVBX24H-

derivates HA. The corresponding mutations or deletions are de-

scribed in the results part
pSVBX24H-YFP/BFP codes for the small envelope protein S with N-terminal

YFP or BFP
pSVBX24H-YFP/BFP all constructs were cloned on the basis of pSVBX24H-
derivates YFP/BFP. The corresponding mutations or deletions

are described in the results part
pCEFP-GalT 2% codes for CFP-galactosyltransferase
pmTagBFP-eYFP 2 codes for the YFP+BFP fusion protein

18



Figure 2.1: Plasmid map of pSVBX24H-HA .The main features are indicated on the 4930 nt
long plasmid. The positions of the SV40 promoter, the ColE1 and the bla resistance

2.6 Pri

All primers used for QuickChange are listed below. The mismatches introduced are marked in

pSVBX24H-HA

are shown in darker blue. The S protein insert is indicated in red. Relative to S,
the HA-tag and the TM2 are indicated in lighter red. The cutting sites used are

shown in lighter blue. Picture designed with SerialCloner

mers

bold letters only in the forward (fw), not in the reverse (rev) primer.

Primer Sequence 5-> 3’ Description

C65S fw ctcaccaacctectctectecaatttgtec Exchange of C65 to ser-
ine in S

C65S rev ggacaaattggaggagaggaggttggtgag Exchange of C65 to ser-
ine in S

C90S fw catcctgetgetatececteatettettattgg Exchange of C90 to ser-
ine in S

C90S rev ccaataagaagatgagggatagcagcaggatg Exchange of C90 to ser-
ine in S

C2218 fw agtctctgggtatacatttaaacce Exchange of C221 to ser-
ine in S

C2218S rev aaagaaaattggtaacagegg Exchange of C221 to ser-
ine in S

S107C fw ggtatgttgceegtttgtectctaattecagg Re-exchange of S107 to
Cysin S

S107C rev cctggaattagaggacaaacgggcaacatace Re-exchange of S107 to

19

Cysin S



Primer Sequence 5’-> 3’ Description
S5121C fw ggaccatgcaaaacctccacgactee Re-exchange of 5121 to
Cysin S
S121C rev ggagtcgtggaggttttgeatggtee Re-exchange of S121 to
Cysin S
5124C fw ccaaaacctgcacgactcctgetcaagg Re-exchange of 5124 to
Cysin S
S124C rev ccttgageaggagtegtgeaggttttgg Re-exchange of S124 to
Cysin S
S137C fw gtttcecteatettgetetacaaaacctacggatgg Re-exchange of S137 to
Cysin S
S137C rev ccatccgtaggttttgtagagcaagatgagggaaac Re-exchange of S137 to
Cysin S
S138C fw gtttcectcatettectgtacaaaacctacggatgg Re-exchange of S138 to
Cysin S
S138C rev ccatcegtaggttttgtagagcaagatgagggaaac Re-exchange of S138 to
Cysin S
S139C fw gtttcectcatettectgtacaaaacctacggatgg Re-exchange of S139 to
Cysin S
S139C rev ccatcegtaggttttgtacaggaagatgagggaaac Re-exchange of S139 to
Cysin S
S147C fw gtttcectcatettectgtacaaaacctacggatgg Re-exchange of S147 to
Cysin S
S147C rev ccatcegtaggttttgtacaggaagatgagggaaac Re-exchange of S147 to
Cysin S
S147C fw cggatggaaattccacctgtattecttee Re-exchange of S149 to
Cysin S
S147C rev ggatgggaatacaggtggaatttccateeg Re-exchange of S149 to
Cysin S
N146Q ¢ fw  gctgtacaaaacctacggatggacagtgeacctgtattcee Exchange of Asp to Glu
atcce
N146Q crev  gggatgggaatacaggtgcactgtecatecgtaggttttgt  Exchange of Asp to Glu
acage in wt background
N146Q s fw cctctacaaaacctacggatggacagtccacctetattcce  Exchange of Asp to Glu
atcce in Ser background
N146Q s rev  gggatgggaatagaggtggactgtccatecgtaggttttgt Exchange of Asp to Glu

agagg

20
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Primer Sequence 5’-> 3’ Description

C69S fw cctgtectecaatttetectggttate Exchange of C69 to ser-
ine in S

C69S rev cgataaccaggagaaattggaggacagg Exchange of C69 to ser-
ine in S

C65S (S69) cctetectecaatttetectggttateg Exchange of C65 to ser-

fw ine in S if S69 mutation
present

C65S (S69) cgataaccaggagaaattggaggagagg Exchange of C65 to ser-

rev ine in S if S69 mutation
present

C76S fwd ggttatcgetggatgtetetgeg Exchange of C76 to ser-
ine in S

C76S rev cgeagagacatccagegataace Exchange of C76 to ser-
ine in S

C48S fw gggatcteecegtgtetettggecaaaattegeagteeee Exchange of C48 to ser-
ine in S

C48S rev gegggactgcgaattttggecaagagacacgggagatecce  Exchange of C48 to ser-

ine in S
S149C cggatggaaattgcacctgtattcccatee Exchange of C149 to ser-
(C147) fw ine in S if C147 present
S149C geatgggaatacaggtgeaatttecatecg Exchange of C149 to ser-
(C147) rev ine in S if C147 present
C1078S fw ggtatgttgceegtttetectetaattecagg Exchange of C107 to ser-
ine in S
C1078S rev cctggaattagaggagaaacgggcaacatace Exchange of C107 to ser-
ine in S
C1478 fw cctacggatggaaattecacctetatteccate Exchange of C147 to ser-
ine in S
C1478S rev gatgggaatagaggtggaatttccateecgtagg Exchange of C147 to ser-
ine in S
C1498 cggatggaaattccacctetatteccatee Exchange of C149 to ser-
(5147) fw ine in S if S147 present
C149S ggatgggaatagaggtggaatttccateeg Exchange of C149 to ser-
(5147) rev ine in S if S147 present
C1218 cgggaccattextbfccaaaacctgeacgac Exchange of C121 to ser-
(S124) fwd ine in S if S121 present
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Primer Sequence 5’-> 3’ Description
C1218 gtegtgeaggttttggatggteeeg Exchange of C121 to ser-
(S124) rev ine in S if S121 present
C137/ 138/ ctatgtttcecteatettectctacaaaacctacggatg Exchange of C147, C148
139S fw and C149 to serine
C137/ 138/ catccgtaggttttgtagaggaagatgagggaaacatag  Exchange of C147, C148
139S rev and C149 to serine
2.7 Enzymes
Enzyme Company Buffer
T4 DNA Ligase Thermo Scientific T4 DNA Ligase Buffer
RNase I Quiagen -
Pfu Ultra HF Agilent Pfu ultra Buffer
T4 PNK Thermo Scientific T4 DNA Buffer
CIP Thermo Scientific -
Restriction Enzyme Company Bufter
EcoRV-HF NEB CutSmart
Dpnl NEB -
Spel-HF NEB CutSmart
Xbal NEB CutSmart
EcoRV NEB CutSmart
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2.8 Antibodies

Primary Antibody Company Dilution
Anti-beta-Tubulin (rabbit) NEB WB 1:4000
Anti-GFP (rabbit) NEB WB 1:2000
Anti-HA (rabbit) Sigma-Aldrich WB 1:1000
Anti-S (HB1)(mouse)(IgG, S epitope AS Dieter Glebe (Gieken) WB 1:2000
120-124)

Anti-PDI (rabbit) NEB IF 1:100
Secondary Antibody Company Dilution
Goat-anti-mouse PO Dianova 1:10000
Goat-anti-rabbit PO Dianova 1:10000
Goat-anti-rabbit Alexa 633 Life Techn. IF 1:2000
2.9 Kits

Kit Company

NucleoSpin Gel and PCR Clean-Up Macherey-Nagel

NucleoBond Xtra Midi I Macherey-Nagel
NucleoSpin Plasmid Macherey-Nagel
NucleoSpin Virus Macherey-Nagel

2.10 Chemicals

Chemical Company
Acrylamid Mix Rotiphorese Gel 30 Carl Roth
Agarose Carl Roth
APS Sigma-Aldrich
Bromphenol Blue Sigma-Aldrich
BSA Sigma-Aldrich
CaCl, Carl Roth
Coomassie Brilliant Blue G-250 Bio-Rad
Dimethylsulfoxid (DMSO) Sigma-Aldrich
Donkey sera Sigma-Aldrich
DTT Sigma-Aldrich
EDTA Sigma-Aldrich
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Chemical Company
Ethanol Carl Roth
Ethidium bromide Carl Roth
Fugene HD Promega
Glacial acetic acid Merk

Glucose Merk
Glycerin Applichem
Glycine Merk
Glycogen Fermentas
Hy04 (30 %) Sigma-Aldrich
Isopropanol Carl Roth
KCl1 Carl Roth
KH,PO Carl Roth
KOAc Sigma-Aldrich
Luminol Sigma-Aldrich

Mal-PEG2000
Mal-PEG5000
Methanol
MnCl

MOPS
Na,HPO
NaCl

NaOH

NEM
Nonident P40
p-Cumaric Acid
PFA

RbCl

SDS

skim milk powder
Sucrose
TEMED

Tris base
Tris-HCI
Triton X-100
Tween 20

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Merk
Sigma-Aldrich
Fluka
Sigma-Aldrich
Sigma-Aldrich
Carl Roth
Sigma-Aldrich
Carl Roth
Sigma-Aldrich
Sigma-Aldrich
Carl Roth
Carl Roth
Applichem
Sigma-Aldrich
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2.11 Solutions and buffers

Buffer Composition

1 x PBS
Antibody Dilution Buffer (IF) 1 % BSA (w/v)
0.3 % Triton X-100

1 x PBS

Blocking buffer (WB) 10 % skim milk powder (w/v)
0.1 % Tween 20
1 x PBS

Blocking buffer (IF) 5 % goat serum (v/v)

0.3 % Triton X-100

50 mM Glucose
Buffer I (Miniprep) 25 mM Tris-HCI pH 8.0
10 mM EDTA

0.2 M NaOH

Buffer II (Miniprep) 1 % SDS (w/v)

3 M K+

Buffer ITT (Miniprep) 5 M Acetat
cetate-

0.1 % Coomassie Brilliant Blue G-
Coomassie Staining solution 250

50 % Methanol

10 % Glacial acetic acid

40 % Methanol

Coomassie Destaining Solution ] ] )
10 % Glacial acetic acid

1.41 mM Luminol

Developing Solution A 1 M Tris-HCI pH 8.6
) ] 7.61 mM p-Cumaric Acid

Developing Solution B ]
in DMSO

FACS buffer 1 % FCS in PBS (w/v)
50 mM Tris-HCI pH 7.5

. 100 mM NaCl

Lysis buffer

20 mM EDTA
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Buffer

Composition

0.5 % (v/v) Nonident P40

PBS

1.4 mM NaCl
0.5 mM KC1

1 mM Nay,HPO,
2.2 mM KH,PO,
pH 7.4

PBS-T

1x PBS pH 74
0.1 % Tween 20

5x SDS-PAGE loading buffer

250 mM Tris base
10 % SDS (w/v)
7.5 % Glycerol

Bromphenol blue
25 % DTT (optional)

1x TBS

0.05 M Tris-HCI pH 7.5
0.15 M Na(Cl

TE

10 mM Tris-HCI pH 8.0
1 mM EDTA

TGS

25 mM Tris base
0.1 % SDS (w/v)
250 mM Glycine

TFB1

15 % Glycerine

10 mM CaCl,

30mM KOAc

100 mM RbCl,

50 mM MnCl,

Ad 500 ml sterile water, pH=5.8

TEB2

15 % Glycerine

75 mM CaCl,

10mM MOPS

10 mM RbCl,

Ad 250 ml sterile water

TNE

50 mM Tris—HCI (pH 7.4)
100 mM NaCl
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Buffer Composition

0.1 mM EDTA

25 mM Tris base

Towbin

0.1 % SDS (w/v)

192 mM Glycine
20 % Methanol (v/v)

2.12 Laboratory devices

Equipment

Company

Balance AC 100
Centrifuge, ZK Biofuge Pico

Centrifuge, ZK Labofuge 400 Function Line

COg Incuator for cells, Hera Cell 150i
Dounce tissue grinder set

FACS Canto 11

Freezer -20 °C

Freezer -80 °C, Hera Freeze

Fridge 4 °C

Fusion FXT7

Geldocumentation Apperature

Hot water bath

Hybridization bottle

Hybridization oven, Compact Line OV4
Incubator for bacteria

Magnetic Stirrer, Variomag Monotherm
Micro scales, AC100

Microscope, Ti Eclipse Spinning-Disc
Microwave oven, Privileg 9029GD
Mini-centrifuge, SproutR

Nanodrop ND 2000c

PCR Machine, Mastercycler
pH-meter, inoLab WTW series
Pipette

Pipette
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Mettler

Heraeus/ ThermoFisher Scientific
Heraeus/ ThermoFisher Scientific
Heraeus/ ThermoFisher Scientific
Sigma-Aldrich

BD Bio Sciences

Liebherr

Heraeus/ ThermoFisher Scientific
Liebherr

Vilber Lourmat

BioRad

Kottermann

Biometra/ Analytic Jena
Biometra/ Analytic Jena
Memmert

Neolab

Mettler

Nikon

Privileg

Heathrow Scientific LLC

Peqlab

Eppendorf

WTW

Eppendorf

Gilson



Equipment

Company

Pipetting Aid, Accu JetR Pro

Refigerated Centrifuge; Heraeus Fresco 17
Scale, EG2200-2NM

SDS-PAGE Minigel

SDS-PAGE Multigel

SDS-PAGE Multigel Long

Shaking Incubator

Sterile Bench, Lamina Air HLB2448 GS
Suction System, Vacusafe

Thermomixer Comfort

Thermomixer Compact

Ultra Centrifuge, LC60

UV table 312 nm

Voltage generator, Agarose Power Pack 300
Voltage generator, SDS standard power pack
P25

Brand

Heraeus/ ThermoFisher Scientific

Kern und Sohn
Biometra/ Analytik Jena
Biometra/ Analytik Jena
Biometra/ Analytik Jena
Infors AG

Heraeus

Integra Biosciences AG
Eppendorf

Eppendorf

Beckmann

Bachhofer

Biorad

Biometra/ Analytic Jena

Vortex, MS3 Basic IKA Schiitt
2.13 Laboratory consumables

Consumable Company

1.5 and 2.0 tubes Sarstedt

15 ml and 50 ml tubes

Cell culture bottles

Cell culture dishes and plates
Cover slip

Cryo-vials

Needle, Sterican
Nitrocellulose Membrane, Amersham Protran
0.45 NC

Object plate

PCR tubes

Petridish

Pipett tips
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Eppendorf or Sarstedt
Sarstedt

Sarstedt
Menzel-Gléaser
Sarstedt

Braun

GE Lifesciences

Carl Roth
Kisker
Sarstedt
Sarstedt



Consumable

Company

Serological pipette (5 ml, 10 ml, 25 ml, 50 ml)
Syringe

Syringe filter unit, MillexGP 0.22 pm
Ultracentrifuge tubes

Whatman paper

Zeba Spin Desalting Columns

Sarstedt

Becton Dickinson
Millipore/ Merck
Beckmann

Whatman GmbH
ThermoFisher Scientific

2.14 Software

Software Company

Usage

GraphPad Prism 5.01 GraphPad Software

Statistical analysis and diagrams

LATEX LATEX Project, Opensource Writing of the thesis
SerialCloner 2.5 Serial Basic Cloning and maps of plasmids
Volocity 6.2.1 PerkinElmer IF pictures

Office 2010 Microsoft Diagrams and presentations
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3 Methods

3.1 Molecular and microbiological methods

3.1.1 Insertion of mutations using the QuickChange method

Site directed mutagenesis with the QuickChange™ method was used to substitute amino acids
in plasmids. This method was developed by Stratagene (La Jolla, CA). It is able to introduce
a mutation into the gene of interest in a single polymerase chain reaction (PCR). It would also
be possible to delete or insert base pairs into the plasmid of choice.

The mechanism is based on amplifying the whole plasmid in a thermocycling reaction (cf. Ta-
ble 3.1). Complementary primers carrying the mismatch are integrated in the newly synthesized
DNA, generating a nicked plasmid. This nicked DNA cannot be used as a template for further
amplification rounds, thus no exponential rate is reached, only a linear multiplication. The
resulting DNA, a mix of original plasmid and newly synthesized nicked plasmid, is treated with
1 pl of Dpnl. This restriction enzyme cuts the parental methylated plasmid, leaving only the
mutated plasmid intact. During transformation of E.coli the host machinery repairs the nick
255,256

and the plasmid can be purified through mini- or midipreparation of the bacterial culture

Here we used 5 jl of the digested PCR product with 50 jl of bacteria for transformation.

Table 3.1: QuickChange scheme

Component Amount

Primer [125 ng/pl] 1 pl
DNA [25 ng/yl] 1yl

Pfu ultra 1nl
Buffer 5nl
dNTPs [10 mM | 2 ql
Ad H,O 50 pl
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Figure 3.1: QuickChange Site Directed Mutagenesis a) Shows original plasmid (blue)
and the two complementary primers, carrying the mutation (red arrows with black
asterisk). b) New nicked DNA with the mutation is synthesized (dark red with
black asterisk) and the original plasmid is still in the mix (blue plasmid). ¢) In a
last step the methylated template DNA is digested with Dpnl (dashed blue lines),

leaving only the nicked plasmid from b) for transformation into E.coli.
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Table 3.2: QuickChange Cycler program

Step Temperature Time  Repetition
Initialization step 98 °C 2 min
Denaturation step 95 °C 1 min

Annealing step 50 °C 40 sec x16
Extension/elongation step 68 °C 6 min

Final elongation 68 °C 10 min

3.1.2 Agarosegel electrophoresis

DNA is negatively charged and can therefore be separated according to its size in an electric
field. 1 % Agarosegels with ethidiumbromide were used and the DNA was visualized with UV
light. As a standard, the GeneRuler prestained Plus was used to determine the size of the DNA
fragment. Small sized gels were run at 100 V for 1 hour (h), larger gels at 140 V up to 2 hours.

3.1.3 Restriction enzyme digestion

Restriction enzymes cut DNA at specific sites. To clone a fragment 1 pg of DNA was used,
for a control digest 2 pl of a miniprep were used. The enzymes were used in the recommended
buffers and according to manufacturer’s instructions.

To avoid religation of the plasmids after cutting, the vector was dephosphorized with calf
intestine phosphatase (CiP). The phosphatase removes phosphate residues at the 5’ end of the

vector. In Table 3.3 a restriction preparation can be seen.

Table 3.3: Restriction digestion

Component Amount

Restrictionenzyme 1-10 U/ul 1 ul

Buffer 3l
DNA 1 g
CiP 1l
Ad HyO 30 pl
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3.1.4 Purification of DNA

After restriction digest the fragments were resolved in an agarosegel. The fragments needed
were cut and transferred into an Eppendorf tube. The extraction was performed using the
PCR-Cleanup-Gel-Extraction-Kit from Macherey-Nagel. The vectors were eluated in 30 pl,

inserts in 20 pl.

3.1.5 Ligation

For ligation of two fragments after restriction digest T4 Ligase was used. Therefore 5 pl of the
insert and 1 pl of vector were used. An exemplified ligation pipetting scheme can be seen in
Table 3.4. It was incubated either at 22 °C for 2 h or at 16 °C over night.

Table 3.4: Ligation scheme

Component Amount
Plasmid 1ql
10x Ligation buffer 2l
Insert 5nl

T4 DNA Ligase 5U/pl 1 pl

Ad Hy,0 20 pl

3.1.6 Preparation of chemical competent cells

10 ml of LB-Media were inoculated with DH5a over night. On the next day a 200 ml culture
was inoculated (1:100) until the ODggy reached 0.3- 0.5 (optimum 0.43). Then it was cooled
for 15 min on ice. Afterwards the culture was centrifuged at 3000 rpm for 5 min at 4 °C. The
pellet was resuspended in 15 ml TFB1 and again centrifuged for 5 min at 3000 rpm and 4 °C.
As a last step the pellet was resuspended in 1 ml TFB2, split into aliquots, frozen in liquid

nitrogen and stored at -80 °C until further use.

3.1.7 Transformation of competent FE.col:

The cells were thawed on ice. Then 50 pnl of chemical competent cells were mixed with 0.5 jg
- 1.0 pg of plasmid, incubated for 30 min on ice and shocked for 30 sec at 42 °C. Afterwards 1
ml of LB-Media was added the mixture incubated for 1 h at 37 °C on a shaking incubator. In

a last step the bacteria could be plated on LB-Agar plates with either ampicillin or kanamycin.
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3.1.8 Plasmid preparation
Miniprep

For the preparation of DNA on a small scale either 3 ml LB media (incubation for 7 h) or 5
ml (overnight) were inoculated with a single colony of E. coli. Then 1.5 ml of the bacteria
were pelleted by centrifugation for 5 min at 13,300 rpm. The supernatant was removed and the
pellet was resuspended in 100 pl of buffer I. In the next step the cells were lysed adding 200 pl
buffer II. To neutralize buffer II, 150 nl buffer III was added and it was incubated for 3 min on
ice. After another centrifugation step, the supernatant was mixed with 900 ul EtOH absolute.
In this step the DNA precipitates and can be pelleted by centrifugation at 13,300 rpm for 10

min. After air drying it was resuspended in TE buffer and the concentration was measured.

Midiprep

The Macherey-Nagel NucleoBond Xtra Midi Kit was used. One day prior to the preparation
100 ml LB media with antibiotic was inoculated with a single colony. The next morning the
DNA was purified according to the manufacturer’s instructions. In the end the DNA was
resuspended in 300 pl of TE buffer.

3.1.9 Sequencing

For sequencing 30- 100 ng/pul of the plasmid and 10 pmol/pg of the primer were sent to
GATC Biotech. The next morning the results were available online. Alignments were per-
formed using Nucleotide BLAST of the National Center for Biotechnology Information (NCBI)
(http://blast.ncbi.nlm.nih.gov/Blast Align.cgi).

3.2 Cell culture techniques

3.2.1 Cultivation of Huh?7

Under optimal conditions (37 °C , 5 % CO,) Huh7 cells have a doubling time of 24 h. The cells
were grown to a confluent monolayer and then split, to prevent overgrowing. First the cells were
washed twice with PBS and 5 ml Trypsin/EDTA (T175 flask) was added. After incubation for
5 min at 37 °C and 5 % CO, the process was stopped by adding 25 mL DMEM++++. Then
the cells were split with a ratio of either 1:5 or 1:10 and filled to a total volume of 25 ml. When
cells were seeded for further experiments the ratio was 1:200 for 12 well (total 1 ml), 1:50 for
6 well (total 2 ml) and 1:25 for a 10 cm dish (total 10 ml).
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3.2.2 Freezing of cells

To freeze cells the flasks were grown to confluence and trypsinized. Afterwards the trypsin was
removed by centrifugation for 5 min at 3000 rpm and the cells were resuspended in 900 nl FCS
and 100 ul DMSO. DMSO serves as a freeze protection. In the beginning the cells were stored

at -80 °C in a freezer and subsequently transferred to liquid nitrogen.

3.2.3 Thawing of cells

To thaw the cells they were removed from the liquid nitrogen and shaken in a 37 °C water bath.
When completely thawed the cells were transfered to 15 ml Falcon and 10 ml DMEM-++4++
was added drop wise. To sediment the cells they were spun down at 1000 rpm for 5 min at 4 °C.
Subsequently the supernatant was removed, new media was added and the cells were divided
into two T75 flasks.

3.2.4 Transfection of cells

To insert plasmid DNA into cells, they were transfected using Fugene HD transfection reagent
from Promega. The reagent forms complexes with the plasmid and therefore shuttles the
plasmid into the cells. The cells were seeded one day prior to transfection. Depending on the
experiment a 12 well format, 6 well format or 10 cm dishes were used. For the transfection a mix
of 100 upl DMEM, DNA and Fugene was prepared, mixed and incubated at room temperature
(RT) for 30 min. The amounts in the different scale can be seen in Table 3.5. Meanwhile the
cells were washed twice with PBS and then fresh DMEM was added. The transfection mix was
carefully pipetted to the cells and it was incubated for 6 h at 37 °C. Then the cells were again
washed twice with PBS and medium was changed to DMEM+-+++. After three days cells and

supernatant were harvested.

Table 3.5: Transfection scheme

Component 12 well 6 well 10 c¢m dish

Number of cells 1.5 x 10° 3 x 10° 3 x 106

DNA 0.511g 1 ng 5 ng
Fugene HD 2.5 ul 5 nl 7.5 ul
DMEM 100 ul 200 pl 400 nl
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3.2.5 Preparation of supernatant and lysate

The supernatant (SN) of the cells was harvested 3 days post transfection(dpt). To remove dead
cells it was centrifuged for 10 min at 13,000 rpm. The SN was transfered into new tubes and
either directly used or stored at -20 °C.

To collect the lysate the cells were washed once with PBS and 200 pl (1.5 ml) lysis buffer was
added to the 6 well plates (10 cm dishes). After incubation on ice for 10 min the lysate was
transfered to a reaction tube and the cell debris was spun down at 13,000 rpm for 10 min.
The desired proteins were then in the clear supernatant. It was either directly used for further

experiments or stored at -20 °C.

3.3 Protein biochemical and immunological methods

3.3.1 Concentration of SVP

To concentrate SVP the supernatant was harvested as described in subsection 3.2.5. For the
following procedure 4 ml of supernatant was needed. 1 ml of 20 % sucrose (w/v) was trans-
ferred to an ultracentrifuge tube. The supernatant was loaded on top of the sucrose cushion.
Centrifugation took place for 2 h at 50.000 rpm, 4 °C in a SW55Ti Rotor and a Beckman
Ultracentrifuge. In the next step the liquid was discarded and 100 pul of PBS were used to
resuspend the pellet.

3.3.2 Sucrose density centrifugation

The solutions used for the gradient were as followed: 0.5 ml of 60 % sucrose (w/w) and 1 ml
of 45 %, 35 %, 25 % and 15 % sucrose (w/w) in TNE buffer. After the gradient was prepared
in a centrifuge tube it was stored for 4 h at 4 °C. Then 500 pl of medium were added on top
of the gradient and it was centrifuged for 16 h over night (o/n) at 10 °C and 38,000 rpm in an
SW55Ti rotor. The next day the gradient was harvested in 15 fractions each containing 330 pl.
These fractions were analyzed using SDS-PAGE and Western blot.

3.3.3 Protease protection assay

The protection assay was performed as described earlier'®. In brief, cells were transfected and
3 dpt washed once with TBS. Then they were incubated in 1.2 ml in 0.1x TBS for 10 min on ice.
The swollen cells were then scraped of the dish and homogenized by douncing (20 strokes) on
ice. After that 130 pl of 10x TBS were added to generate 1x TBS. In a next step the cell debris
was removed by centrifugation at 2,500 rpm at 4 °C for 15 min. To pellet the microsomes, the

clear solution was layered on top of a 3.7 ml 10 % sucrose (w/w) cushion and centrifuged in a
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Figure 3.2: Labeling of free sulfides with Mal-PEG The maleimide is chemically bound
to the SH group of a protein (P) in a Michael reaction. The PEG tail (R) causes a

mass-tag detectable in WB or mass spectrometry.

SW55Ti rotor for 45 min at 38,000 rpm and 4 °C. The pellet was washed once in 1 ml TBS and
resuspended in 100 pl TBS by passing it through a 24G needle. Subsequently, the microsome
preparation was divided into three 33 pl samples. Nothing was added to sample A, to B 6.6
nl of trypsin (5 mg/ml) were added and to sample C 1.8 nl of 10 % NP-40 (v/v) and 6.6 ul
of trypsin (5 mg/ml) were added. The three samples were first incubated for 30 min at 37 °C
and then cooled for 30 min on ice. To inhibit the enzyme 2 pl of TBS and 3 pl of 5x Lammli
buffer were pre-heated to 95 °C and 10 pl of the samples were added and boiled for another 5

min. The samples were then used for Western blot analysis.

3.3.4 Labeling of thiols

Mal-PEG is a derivate of the maleimide carrying a polyethylene glycol (PEG) mass tag. The
maleimide is an acceptor in Michael reaction, meaning it adds nucleophiles. This creates
thioethers with thiols at pH ranges of 6.5-7.5.

Free thiols

The labeling of the thiols is performed with freshly collected lysate or supernatant. To 45 nl
of the lysate 5.5 ul of 5 M Mal-PEG was added to achieve an end concentration of 0.5 mM.
This mixture was incubated for 30 min on ice. Afterwards the reaction was stopped by adding
40 mM DT'T and incubation for 10 min on ice. This samples could then be used for Western
blotting.

Optionally, SDS at an end concentration of 1 % was added in the beginning and incubated
for 10 min at room temperature. This denatured the protein and therefore made the cysteines

more accessible.
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Oxidized thiols

Besides the free thiols it was also possible to detect cystines in disulfide bonds. To achieve
this, the lysate was first treated with 1 % SDS and incubated for 10 min at RT. Afterwards 50
mM NEM was added and incubated for 30 min also at RT. NEM binds, like Mal-PEG to -SH
groups, but does not cause a detectable shift. So it was used to shield the free -SH groups from
binding Mal-PEG later in the process.
In order to make the S groups in the bonds accessible, 100 mM DTT was added for 30 min at
RT. However, DTT can bind to Mal-PEG and therefore hinders binding to the now existing -SH
groups. So it was removed via Zeba Micro Spin Desalting Columns. They were used according
to manufacturer’s instructions. In brief: the storage buffer was removed by spinning it down
at 1000 g for 1 min. Then the column was washed three times with the PBS buffer always
spinning at 1000 g and applying 50 nl of buffer. In the last step 12 pl of sample and 3 pl of
blank buffer were loaded and centrifuged for 2 min at 1000 g.

These 15 pl of sample were then labeled adding 0.5 mM of Mal-PEG for 30 min on ice.
The reaction was stopped by adding 40 mM DTT. For detection these samples were used for
Western blotting.

3.3.5 SDS-PAGE

With SDS-gels it is possible to separate proteins according to their molecular mass. Essential
for this process is the fact that the proteins carry a charge, so they can be separated in an
electric field. This is achieved by adding SDS to the proteins, causing a negative charge.

The samples were mixed with 5x SDS loading dye (if not stated otherwise with 0.125 g DTT
in 500 pl of buffer) to achieve a 1x end concentration. This mixtures was heated for 5 min at 98
°C and centrifuged for 1 min at 13,000 rpm and 4 °C. The prepared gel was loaded with 2-20 pl
of the samples. As a standard, 2 pl of PageRuler Prestained Plus was used. The samples were

separated 2-4 h using 130- 170 V. The composition of the gel can be seen in table Table 3.6.

3.3.6 Western blot

For detection the proteins were transferred from the SDS-PAGE gel to a nitrocellulose mem-
brane. Therefore, Whatman paper and a nitrocellulose membrane in the size of the gel were
required. First all components were soaked in Towbin buffer,and arranged as follows: a fi-
brepad, two Whatman papers, the gel, the membrane, two Whatman papers and the second
fibrepad. The cassette was closed and put into the Wet blotting Chamber from Bio-Rad. Either
it was transferred for 90 min at 400 mA or overnight at 200 mA.

After the blotting, the membrane was blocked for 30 min in blocking buffer and was afterwards

decorated with the primary antibody over night. Next, the membrane was washed 3 times in
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Table 3.6: SDS-gel components for one gel

Component Stacking Gel (3.9 %) Running gel (12 %)
H,0 4950 pl 3400 pl

30 % Bis-Acrylamide 6000 pl 850 pl

1.5 M Tris (p 8.8) 3750 il i

1 M Tris(pH 6.8) ; 650 pl

10 % SDS 150 pl 50 ul

10 % APS 150 pl 50 ul

TEMED 6 ul 5l

PBS-T and incubated with the secondary antibody coupled with horseradish peroxidase for 1
h. In the last step the membrane was washed again in PBS-T, covered with detection reagent

and developed using the Fusion FX7 camera.

3.3.7 Coomassie Blue staining

A second method to detect proteins in a SDS-gel was to stain them with Coomassie. The gel
was rinsed for 20 min in the Coomassie solution until it appeared completely stained. Then
the gel was destained several hours during which the buffer was replenished several times. In

the end the gel was stored in Mili-Q water and documented.

3.3.8 Immunfluorescence

Immunocytochemistry or Immunfluorescence (IF) is used to detect cellular or viral proteins
using an fluorescence microscope. The proteins can either be tagged with a fluorochrome and
be expressed in the cells or be detected via fluorochrome-coupled antibodies.

One day after transfection the cells were washed twice with PBS and fixed with 4 % PFA in
PBS (RT, 15 min). After washing 3 times with PBS, the cells needed to be permeabilized
adding 100 % Methanol and freezing the cells for 10 min at -20°C. This step is necessary to
open the cell walls and allow binding of the antibody intracellularly. Afterwards the methanol
was washed away once with PBS and the specimen were blocked in blocking buffer for 1 h.
Then the blocking solution was aspirated and the diluted primary antibody was applied over
night at 4 °C.

On the next morning the cover slips were washed three times in PBS and the fluorochrome-
conjugated secondary antibody was added for 1 h at RT in the dark. As a last step the samples
were fixed with MOWIOL on slides and either analyzed directly or stored at 4 °C.
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Figure 3.3: YFP and BFP absorption and emission spectra Figure generated at
https: //www.omegafilters.com /curvomatic/index.php?fluorophores=BFP%7CYFP

3.3.9 FACS-FRET

The underlying principle is the Forster resonance energy transfer (FRET), which describes the
transfer of energy from a donor to an acceptor chromophore. The donor molecule is excited
with a wavelength \; and transfers its energy through dipole-dipole coupling to the acceptor
chromophore. This protein then excites at a higher wavelength As. The two prerequisites
are that the emission spectrum of the donor needs to overlap with the absorption spectra of
the acceptor and that the proteins are in close proximity (up to 10 nm). In this work yellow
fluorescent protein (YFP) was used as acceptor and blue fluorescent protein (BFP) as donor
chromophore both attached to the N terminus of the constructs. The spectra can be seen in
Figure 3.3.

FRET was now combined with the fluorescence-activated cell sorting (FACS), which allows
high-throughput screens. This method was developed by Banning et. al.?4,

To measure FRET with a flow-cytometer, the controls and gating-strategy were essential. The
Huh?7 cells were seeded two days prior to the measurement in 12 well plates. On the next day
the cells were transfected with either YFP or BFP alone for the gating, YFP alone + BFP
alone as a negative control, a fusion protein YFP-BFP as a positive control and the proteins of
interest.

After 24 h the cells were harvested. The supernatant was removed, the cells were washed twice
with PBS and 200 pl trypsin was added. After the cells were pelleted at 4500 rpm for 5 min at
4 °C, they were resuspended in 500 pl FACS-buffer.
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As a first measurement mock cells were analyzed to set the parameter for the granularity and
size of living cells. To achieve this, a gate was set using the forward-Scater (FSC) and the
sideward-Scater (SSC). In a next step, the photomultipliertube (PMT) was adjusted using the
YFEP alone and BFP alone controls, so that the double-positive cells could be measured. As
YFP is not only excited with the 455 nm laser but also to a small extent with the 405 nm
laser, this false positive values needed to be eliminated. For that reason the FRET signal was
plotted on the YFP signal and the cells were gated out. In a next gating step, the BFP signal
was plotted on the FRET signal. Here the negative control is gated out, to remove "random"
close proximity. As a last step, the fusion protein were analyzed after the gates were set and
now showed high FRET signal.
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4 Results

4.1 S protein oligomerization

4.1.1 Secretion of competent S constructs

The S protein of HBV is secreted in subviral particles®"72

8257

, which consist only of lipid and
approximately 100 copies of . In previous experiments only two domains of S were found
not to be essential for secretion of SVP 2?3, Firstly, the TM1 domain, which could be exchanged
to a poly-alanine sequence, and secondly, the C terminus from aa 178 on, which can be depleted.
Transfection of these two constructs resulted in detectable amounts of secreted particles after
three days post transfection (dpt) (cf. Suffner®?). To further analyze if the proteins detected
in the supernatant (SN) were incorporated in SVP, sucrose density gradient centrifugation was
performed (cf.4.1).

S-HA had its main peak fraction in fraction number 9, but was spreading from fractions 7 to
13 (cf.4.1). Whereas the S-A178 construct sediments more slowly and has its peak fraction
in fraction 8, but beginning in 7 and reaching till 12. So it was shifted one fraction upwards
in comparison to wt-S. Besides, the S-TM1polyA-HA constructs had the main abundance in
fraction 9 with expansion to fractions 8 and 10. So the sedimentation was comparable to S-HA.

Single proteins would stay on top of the gradient and would not sediment.

4.1.2 Influence of the YFP/BFP fusion proteins on the topology

The oligomerization of different constructs was further investigated by FRET in combination
with FACS?5*, This method allows detection of interacting proteins in an high-throughput (HT)
screen. Besides, the constructs can also be secretion deficient as the method was applied on
living cells and not SN.

For this analysis, S protein fusion constructs were generated, which carried either YFP or BFP
at the N terminus. To investigate if this tag influenced the insertion into the ER membrane
and therefore the folding of S, a protease protection assay was performed. The YFP/BFP-S
constructs carried a signal sequence at the N terminus of YFP/BFP to initiate the insertion of
the fluorochrome into the ER lumen. For this experiment, control constructs were generated in

which the signal-sequence was removed. This generated the constructs YFP*-S and BFP*-S.
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Figure 4.2: Protease protection assay of YFP/BFP-S fusion proteins Lysate was har-
vested three dpt and microsomes were prepared. These microsomes were then
treated with either trypsin alone, trypsin and NP40 or nothing. The samples were
analyzed using Western blot and HB1-antibody. * indicated lack of signal sequence
before the tag.

Additionally to the controls, the S and M protein or the S protein alone were used. As it is
known that M, in contrast to S, can be cleaved by trypsin, the correct orientation with the
added tags was determined '??.

The cells were dounced, thereby creating microsomes in which the membrane proteins were
accessible for the protease. In Figure 4.2 the results of the experiments analyzed via Western
blot can be seen. The constructs were either untreated (lanes 1, 4, 7, 10, 13, 16), treated only
with trypsin (lanes 2, 5, 8, 11, 14, 17) or treated with a detergent (NP40) and trypsin (lanes
3, 6,9, 12, 15, 18). The detergent opened the membranes of the microsomes so that proteins
were completely accessible for trypsin.

Firstly, the M protein was cleaved by trypsin as described earlier. When the membranes were
opened with detergent first, trypsin degraded the M protein. The bands between 28 kDa and
36 kDa marker band in the lanes 1 and 2 were no longer visible in lane 3. The small loss in
intensity from an untreated construct to a construct treated with trypsin (i.e. lanes 1 and 2
of Figure 4.2) was due to the fact that during the microsome preparation not all membranes
reformed with the correct topology. So some proteins were inserted the wrong way and could
thereby be degraded. Nevertheless, the S protein at 24 kDa and 27 kDa did not loose intensity
in the blot. Also, when S was used alone (lanes 16, 17, 18) the addition of detergent and trypsin
did not lead to a cleavage of the S protein. Secondly, the YFP-S and YFP*-S constructs did
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not differ in their behavior upon trypsin and detergent treatment. Both constructs were not
fully degraded with NP40 (lanes 6 and 9), indicating that YFP is partially resistant to protease
cleavage by trypsin. However, BFP was susceptible to cleavage with trypsin. Nevertheless,
BEFP-S was only degraded after disintegration of the membranes (lanes 11 and 12). But when
the signal-sequence was deleted, BFP*-S could be degraded with trypsin without additional
treatment (lane 14).

Besides, it was visible that BFP-S in comparison to BFP*-S was bigger, with a difference of
about 10 kDa. This was due to post-translational modification occurring when BFP is inserted
into the lumen of the ER?8.

4.1.3 Functional characterization of the S-C65S-TM2polyA mutants

In a previous work, Sascha Suffner?? could show that intermolecular disulfide bonds are not
the only linkers which support oligomerization of S. The exchange of the eight cysteines in
the cytoplasmic loop (CL) to serines (construct CS) did not show a significant reduction in the
FRET-signal. It was shown that the transmembrane domain (TM)2 and one cysteine in the
luminal loop (C65) are necessary for oligomerization of S.

As a next step, these two exchanges were combined in the wild type (wt) and CS background,
generating the constructs S-C65S-TM2polyA and S-C65S-TM2polyA-CS in which the aa in
TM2 were exchanged by alanine.

To begin with, the new constructs were tested for their expression in WB (cf. Figure 4.3 b)).
All three constructs were detected with a greenfluorescent protein (GFP) antibody, as YFP
and GFP are highly similar in their structure. The size of S alone is 24 kilo Dalton (kDa) (non-
glycosylated S Protein (p24)) and 27 kDa (glycosylated S Protein (gp27)) in a glycosylated
state. YFP alone is 26 kDa in size. So the YFP-S fusion protein has calculated sizes of 50 kDa
(p24+YFP) and 53 kDa (gp27+YFP). In the WB analysis the two bands were clearly visible
for all three constructs at sizes around 50 kDa, which matches the calculated size. In the mock
control (lane 4), in which no YFP was present, no bands were visible. Besides, it could also be
seen that the glycosylated form of the protein was expressed stronger than the non-glycosylated
form, as the upper band was stronger than the lower band. As a loading control, the same
samples were stained for tubulin, a house-keeping gene. In this blot the bands had the same
intensity, so equal amounts of protein were loaded on the gel.

Alongside the WB analysis, the expression was also measured using FACS (cf. Figure 4.3 ¢)).
Here both fluorophores were measured. In almost all constructs analyzed, the BFP constructs
were expressed weaker than the YFP constructs. An exception was the S-C65S-TM2polyA-
CS protein, in which BFP and YFP were both expressed in around 9 %. Nevertheless, all
constructs could also be detected in FACS analysis.

In addition, the localization inside the cell was analyzed. To achieve this, cells were transfected
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Figure 4.3: Detection of the expression of the two constructs with different methods
The two constructs S-C65S-TM2polyA-CS and S-C65S-TM2polyA were analyzed
with respect to their expression and localization after transfection. a) Representa-
tive pictures of the localization throughout the cell. YFP fusion constructs were
co-transfected with GalT, a marker for the Golgi, and stained with an antibody
against PDI, an ER marker. As secondary antibody, Alexa Fluor 633 was used. b)
Shows a Western blot in comparison to wt S in which the proteins were detected
with a GFP antibody, and as loading control the lysates were stained for tubulin.
Lysates were used three dpt. c¢) The expression pattern of the two constructs in
comparison to wt S and S-CS in FACS-analysis. The fusion constructs, which were

tagged with either YFP or BFP, were transfected and the cells analyzed one dpt.
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with YFP constructs and galactosyltransferase (GalT)-CFP and stained for PDI. GalT served
as a marker for the Golgi-network, whereas PDI was only present in the ER. The cells were
analyzed using a fluorescence microscope. Representative picture can be seen in Figure 4.3
a). In the lowest panel the localization of the YFP-S protein is shown. S was distributed
throughout the Golgi-ER network, but the signals were stronger in the ER regions. The S-
C655-TM2polyA construct was also localized throughout the ER and the Golgi apparatus.
However, this construct showed dots with higher fluorescence intensity. These were mainly
localized surrounding the nucleus. Nevertheless, they were low in number, with less than 20
dots per cell. In contrast, the S-C65S-TM2polyA-CS construct did not show dots or areas with
higher intensity. It was equally distributed throughout the Golgi and ER network. As expected,
in none of the pictures the S protein was detectable inside the nucleus of the transfected cells.

We could therefore show that the addition of a fusion protein did not alter the protein in
its folding process. As the expression and localization status was comparable to YFP-S, the

construct could be used for further experiments.

4.1.4 Oligomerization properties of C65S-TM2polyA-S

The FACS-FRET analysis, described by Baning et al.?!, was used to investigate the oligomer-
ization properties of the constructs. Sascha Suffner showed in his PhD thesis, that the FACS-
FRET technique can be used for the S protein and he also demonstrated that the expression
rate and the FRET value are not dependent on each other.

In Figure 4.4 a) the newly generated constructs were measured in comparison to some already
existing controls. The first control were YFP and BFP, as YFP and BFP are not interacting in-
side cells. This gave the background noise of the method. A YFP-BFP fusion construct served
as a positive control, as the proteins were fused and therefore should generate the maximum
value. As specific controls, which were already measured before, YFP/BFP-S, YFP /BFP-S-
CS, YFP/BFP-S-TM2polyA-CS and YFP/BFP-S-TM1/TM2polyA-CS were used. To validate
the gate setting, the values were then compared to already measured data. The findings were
consistent with the values generated before, with one exception: S-TM1polyA-TM2polyA-CS.
Here, it was measured with lower values than in the measurements conducted before.

In a next step the constructs S-C65S-TM2polyA-CS and S-C65S-TM2polyA were analyzed
in the same gates. S-C65S-TM2polyA oligomerized strongly and showed a FRET signal compa-
rable to S. The values were above 90 %, whereas the construct S-C65S-TM2polyA-CS showed
almost no FRET signal with an arithmetic mean of 1.83. This was around the range of the
negative control with a mean of 2.54. So S-C65S-TM2polyA-CS was no longer interacting with

itself to form dimers and/or higher oligomers.
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Figure 4.4: FACS-FRET analysis of the oligomerization properties of different con-
structs a) Constructs of S-C65S-TM2polyA and S-C65S-TM2polyA-CS in com-
parison to the controls. b) Summary of all the results obtained, including results
from S. Suffner. (Co)-transfected Huh7 cells were analyzed via FACS-FRET one
dpt. Indicated are mean and standard deviation of a minimum of three independent
measurements with a minimum of two replicates. For each experiment a minimum of
50,000 cells were analyzed. FRET values < 10 % were assumed as interaction. Sta-
tistical analysis was performed using the Mann-Whitney-test by GraphPad Prism.
X — p< 0.001, ** = p< 0.01, *** = p< 0.05, ns — not significant.
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4.2 Secondary structure of the small hepatitis B virus

surface protein

SVP only consists of lipid and S protein, the number of proteins and the diameter of SVP are
described 1*7172, However, the arrangement of S in the particles and their secondary structure
are only proposed with in silico methods. Gilbert et al. described, after his microscopic studies,

9 But this was not further investigated

that S seems to be arranged in a dimeric structure?
on molecular biological level. So we analyzed the structure of S in SVP and the influence of

disulfide bonds on the tertiary structure.

4.2.1 Secreted S protein forms a dimer

To find out if disulfide bonds influence the dimerization/ oligomerization of S in secreted par-
ticles, we added or removed DTT in loading dye. DTT selectively opens disulfide bonds. We
used plasma samples from an infected donor which were taken at the TUM Klinikum Rechts
der Isar (thanks to Dr. Marc Ringelhan) and compared them to SVP collected in cell culture.
The samples were either wt S or S-HA | which carries an HA-tag at the C terminus. Lysate and
supernatant were collected three days after transfection of the cells.

In Figure 4.5 the influence of disulfide bonds on the structure of S proteins in SVP was analyzed.
Normally proteins are completely unfolded before they are loaded onto an SDS-gel. Addition
of SDS and DTT as well as heating the samples disrupt hydrogen bonds, disulfide bonds and
lipid membranes. We optionally removed D'T'T from this pre-treatment and therefore left the
possible disulfide bonds intact.

In Figure 4.5 a) plasma samples of an infected donor were used. The plasma samples con-
tained infectious virions, but in excess SVP. These were mainly detectable in the gel. When
the samples were treated with DTT (+DTT, lane 4), S proteins were fully reduced and were
detected in the non-glycosylated (p24) and the glycosylated (gp27) form. Between around 30
kDa to approximately 50 kDa the three different versions of M were detectable. However, when
DTT was removed from the samples, M was no longer visible, but at 50 kDa two stronger and
one weaker band appeared. This corresponded in size to the dimers of S. So the main form
of S in patient samples was dimeric. Monomers were still visible, but they ran lower than the
completely reduced ones. An explanation could be that intramolecular disulfide bonds were
present inside the monomer, which caused a more compact structure running differently on the
gel.

In comparison to this result, it was analyzed if this dimeric phenotype could be reproduced
in cell culture through transfection of plasmids. First we used a very well established plasmid

(pSVBX24H, cf. Materials), which after transient transfection lead to intracellular and secreted
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Figure 4.5: The main form of S in SVP is a disulfide-linked dimer Samples were either
treated without (-DTT) or with DTT in the buffer (+DTT) a) Shows plasma from
an HBV infected donor. In b) wt S was used from cell culture, either lysate (L) or
cell culture supernatant (SN). ¢) was comparable to b), only the construct used was
tagged with an HA-tag at the C terminus. d) Cells were transfected, after three
dpt the medium was changed to fresh DMEM-+++. This was collected after the
indicated time points and loaded -DTT. L was lysate, sn supernatant, X means
loading buffer without DTT. HB1-ab. 1:1000, harvested three dpt.
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S and/or SVP. The SN and lysate were harvested three dpt and the samples were either treated
with (+DTT) or without (-DTT) DTT. In Figure 4.5 b) the results can be seen. The proteins
were expressed and secreted as expected (lane 5 and 6). Without DTT the dimeric pattern,
already known from the patient sample, was visible. Notably, in lysate and SN dimers were
present, to around the same extent.

Due to the fact, that the antibody used for this experiments (HB1) carries cysteines in its epi-
tope and mutation of this positions seemed necessary in further experiments, we wanted to use
S with an HA-tag. This construct was generated and described before?3. In ¢) we performed
the same experiment as in b) but with S-HA. The tagged protein resembled wt S. Without
DTT the main form of S is dimeric at approximately 50 kDa (lane 1 and 2). When DTT was
added (lane 5 and 6) the two versions of S became the dominant form.

So the use of transiently transfected S proteins showed the same phenotype as human samples.
Also the addition of the HA-Tag did not notably influence the formation of dimers through
disulfide bonds.

As a last step, the S-HA construct was tested in a time-course experiment (d)). Cells were
transfected with S-HA and three dpt the medium was removed from the cells and they were
washed twice with PBS. Fresh medium was added and harvested after 30 min, 1 h, 2 h, 4 h
and 8 h. With the removal of the old medium all secreted particles were diminished and also
the effect of "aging" particles in cell culture was ruled out. As the cells already produced SVP
before the medium exchange it was not surprising, that after 30 min dimers were found in
the supernatant. Over time the dimer signal was increasing, and also weaker higher migrating
bands became visible. However the effect seen here was, that the cells secreted dimers, which
were relatively stable in SN. So the effect of further oxidizing effect in SN on the particles could

be ruled out.

4.2.2 Exchange of cysteines in LL lead to impaired secretion

The 14 cysteines present in the S protein were assigned into three categories, according to where
they are located in the S protein. In Figure 4.6 a) localization of the cysteines in the LI, the CL
and the TM domains can be seen. In Figure 4.6 b) the construct 4C is depicted, it only carries
the four cysteines in the CL. This minimal construct was expressed in Huh7 cells and analyzed
like the samples before: with and without the addition of DTT in lysate and supernatant. The
construct carried an HA-tag, so that the samples can be detected in WB, as the HB1 antibody
can not bind to constructs lacking C121 and/or C124.

4C was not secreted into cell culture media (cf. Figure 4.7), despite its strong signal in the
lysate. Also the removal of DTT did not influence 4C, as there were only minor dimeric bands
upcoming. So the main form of 4C was monomeric and secretion-deficient. The intermolecular
disulfide bonds stabilizing the dimer needed to be in either the TM domains or the LL.
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Figure 4.7: Exchange of all cysteines in TM and LL to serines impair secretion and
dimerization Lysate and supernatant from transfected Huh7 cells was collected
three dpt and analyzed via Western blot. Supernatants were concentrated by cen-
trifugation through a 20 % sucrose cushion. The samples were either treated with

or without DT'T prior to loading. Samples were detected using HA-antibody.

4.2.3 Restoration of secretion through particular cysteine residues

Subsequently the restoration of the secretion competence through re-addition of particular cys-
teines in the TM domains or in LI, was under investigation. So ten construct were generated
carrying 4C plus one additional cysteine at the indicated position (4C+CXXX)through site-
directed-mutagenesis. These ten constructs were transfected and expressed in liver cells and
three dpt the lysate and supernatant were analyzed, again either with or without DTT added
prior to loading on the SDS-gel.

All constructs were expressed in the lysate. When only 20 % of S-HA were loaded, the expres-
sion patterns had equal intensities and were easier to analyze. So the 4C+CXXX constructs
were made 20 % as efficient in lysate as S-HA. When DT'T was removed from the lysate samples,
the dimers became visible, but also some higher bands at 100 kDa and above were detectable.
As observed before, the main form of S-HA was dimeric.

However, in the other constructs also dimers appeared. So the ratio of intensity of the dimer

dimer

m) was quantlﬁed using

band to the total intensity of the monomer+dimer bands (
ImageStudio Lite. Thus the bands were marked (cf. Appendix), the background was set using
the mock control and the signals were quantified. The total intensity was calculated adding up
the intensity of the monomer bands and the dimer bands. The results can be seen in Figure 4.9.

So the ratio of dimer to total intensity in S-HA was almost 1, indicating that the main form
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Three SingleCys constructs show dimers and are secreted as SVPLysate
and supernatant from transfected Huh7 cells was collected three dpt and analyzed
via Western blot. a) Only 20 % of S-HA were loaded in comparison to the other
constructs. SN was concentrated by centrifugation through a 20 % sucrose cush-
ion. The samples were either treated with or without DTT prior to loading. b)
Supernatant was loaded on top of a sucrose density gradient and centrifuged o/n.
Gradient was fractioned into 15 samples, which were then analyzed via Western

blot. Samples were detected using HA-antibody.
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Figure 4.9: Ratio of dimer intensities of different constructs to total intensity in
lysate Analysis of band intensities with ImageStudio Lite. Total intensity per

construct was calculated adding dimer and monomer intensities.

was a dimer. Only three more constructs had values above 0.1. 4C+C107 with 0.44, 4C+C147
with 0.22 and 4C+C149 had 0.14. The other mutants were within the range of 0.01 and 0.08.
In SN only a few samples could be detected, namely S-HA, 4C, 4C+C90, 4C+C107, 4C+147
and 4C+C149. When loaded without DTT, S-HA and 4C+C107 resembled a strong dimer sig-
nal at around 50 kDa. But also higher bands at approximately 100 kDa and higher appeared.
These bands were comparable to the ones visible in lysate, although they were stronger in
SN. 4C+C147 and 4C+C149 also formed dimers and partially higher shifts. However, 4C and
4C+C90 were only weakly expressed and only visible in a monomeric form. The only other
monomer detectable was a minor proportion at S-HA.

Additionally, the three constructs with the strongest dimer signal in SN were analyzed through
sucrose density centrifugation. On the one hand, it was possible to see, if the secreted proteins
were incorporated in SVP, and on the other hand, possible differences in the size and /or density
could be analyzed. To begin with, S-HA accumulated in fraction 10 of 15, with 1 being on top
of the gradient and 15 being the bottom. The other three constructs were also sedimenting
into the gradient, indicating SVP formation. All of them showed proteins in fraction 10, but
4C+C147 and 4C+C149 showed the same intensity also in fraction 9. So their peak was wider
and it sedimented also slower.

The corresponding sucrose densities of the fractions can be seen below the WB pictures. Any-
how, there was no significant difference in the values.

Consequently we generated two new constructs. One which carried all three cysteines C107,
C147 and C149 together in the 4C background (4C+CCC) and a construct in S-HA background
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where these three cysteines were exchanged into serines (S-SSS). All mutants were expressed
in lysate S-SSS, however was as weakly expressed as 4C (Figure 4.10). When we left out the
DTT in the buffer, we found strong dimers in S-HA as well as in 4C+CCC, besides some higher
migrating bands at around 100 kDa. In S-SSS we saw a very weak dimer band in lysate, which
was as weak as the dimers in Figure 4.8 4C+C137 for example. When we looked at the secreted
particles in the SN blots, we only found S-HA and 4C+CCC in the cell culture supernatant,
which in conclusion leads to the fact that none of the other cysteines were capable of forming

a stable dimer which entered the secretion pathway.
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Figure 4.10: One of the three cysteines C107, C147 and C149 are necessary for se-
cretion Lysate and supernatant from transfected Huh7 cells was collected three
dpt and analyzed via Western blot. Supernatants were concentrated by centrifu-
gation through a 20 % sucrose cushion. The samples were either treated with or
without DT'T prior to loading. Samples were detected using HA-antibody. S-SSS
corresponds to S-HA with cysteine to serine exchanges at position 107, 147 an 149.
4C+CCC corresponds to 4C with cysteines positions 107, 147 and 149.
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4.2.4 Cysteines in TM domains are free and do not influence

secretion

Similarly, the cysteines in the TM domain were investigated further.

4C construct served as a

was used?53.

control.

The S-HA and the

Another construct, already described by Suffner et al.,

It carries six cysteines (6C construct), namely 4C with addition of C90 and

(C221.Another construct was generated using S-HA and exchanging C90 and C221 to serines
(construct S90+S221).All four constructs were expressed in lysate (cf.Figure 4.11), the S-HA

samples were diluted 1:1 before loading onto the SDS-gel.
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Figure 4.11: Cysteines in the TM domains do not influence dimerizationLysate and

supernatant from transfected Huh7 cells was collected three dpt and analyzed via

Western blot. Supernatants were concentrated by centrifugation through a 20 %

sucrose cushion. The samples were either treated with or without DT'T prior to

loading. Samples were detected using HA-antibody.

4C and 6C were not secreted, as well as no strong dimers were visible in lysate. The -DTT

lysate blot in this figure appeared blurry, yet the -DTT supernatant blot seemed sharper. So

o8



the S90+S221 protein was secreted and formed dimers in lysate and supernatant (lane 2 in -
DTT). The intensity was as strong, or even stronger than 50 % S-HA, which indicates that they
were secreted at more or less the same level. Higher bands appeared also when DTT was left
out of the buffer, though in lysate it was not possible to distinguish single bands, which made
size quantification invalid. In SN this was more feasible, with one stronger signal at a size of
around 120 kDa. So the cysteines in the TM domains did not alter secretion and dimerization,

when they were exchanged and were not sufficient to restore secretion in 4C background.
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4.2.5 Labeling with Mal-PEG is a way to detect and label cysteines

in proteins

It was described earlier in various different fields that Mal-PEG can bind to free and/or oxidized

cysteines260-262

. So we used this method to label either free -SH groups directly or to target
bound cysteines. The second method was more complex, with respect to three more steps
in the protocol. Firstly, the potential free cysteines were blocked with NEM, which does not
cause a detectable increase in mass. Afterwards cystin bonds were reduced with DTT. To
avoid interference of DTT on the labeling step, the samples were desalted through a column to

remove DTT. In the last step, the now reduced disulfide bonds were labeled.

S-HA 4C+C107
SDS + + + + + + + +
DTT 4+ + + + + + + +
NEM . + . . . + - -
Mal-PEG5000 . 4+ + o+ -
25043 }higher shifts
bl 450 shift

95 1

70 9

55 1
.E 4 dimer

36 7

28 1 .
4 gp27
4 p24

Figure 4.12: Accessibility of cysteine residues in unfolded proteins Either supernatant
after three dpt of S-HA or 4C+C107 were left untreated or labeled with Mal-
PEG5000. Before labeling the proteins were treated with SDS and DTT to unfold
them and then the cysteines were either blocked with NEM and, in the last step,
labeled with Mal-PEG (lane 2 and 6) or the unfolded protein was directly labeled
(lane 3 and 7).

Accessability

As this protocol has never been used before on a HBV protein, we tested the accessibility of
cysteines to the chemicals first (Figure 4.12). All samples were completely denatured with SDS

and DTT. After this step, all cysteines should be accessible. Then in one sample all cysteines
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were blocked with NEM and then Mal-PEG was added (lane 2 and 6). Here no shifts were
visible, as expected, only p24 and gp27 were strongly detectable. When, after denaturing, Mal-
PEG was added, all 14 or five cysteines (depending on the construct) should be tagged, when
they were sterically accessible. This could be seen in lane 3 and 7. The monomeric form was
gone and higher migrating bands appeared. In S-HA the size of the complex could not clearly
be determined, as it ran above the highest marker band (250 kDa). The calculated size of the
band in 4C+C107 (lane 7) corresponded to approximately 125 kDa. This indicated five labeled
cysteines. The intensity of the labeled band was weaker than the bands from the monomeric
form of the proteins. In the very strongly expressed proteins (lane 1 and 2) there were dimers
visible at a height of around 50 kDa, although DTT was added to the buffer. In comparison to
the intensities of p24 and gp27 the dimer intensities were negligible.

So all cysteines could be accessed at the same time and there seemed to be no sterical hindrance
in the 4C+C107 construct. However, the accessibility of the cysteines in the LL could not be
determined, as the sizes in S-HA were no longer distinguishable. So the closest distance in
the primary structure of cysteines in 4C+C107 were two cysteines within five aa, which were
taggable. It needs to be stressed that in LL there are three consecutive cysteines from 137-139

aa.

Shift size

The maleimide head of the Mal-PEG is the reactive part of the compound, whereas the PEG-
tail causes the mass-shift in WB and is not restricted to a certain length. The suppliers sell
the Mal-PEG compounds with molecular weight (MW) between 750 g/mol and 20,000 g/mol.
The most common ones for use in WB seemed to be PEG2000 and PEG5000. However, due to
the extensive hydrate shell which surrounds the PEG-tail in solutions, the shift detectable in
WB is significantly bigger than 2 kDa or 5 kDa per Mal-PEG added.

To determine the shift size, two WB were analyzed. First the distance from the top of the
membrane to the different marker bands was measured (Figure 4.13 a) and b)) indicated by the
gray arrows in the pictures. The log(MW) is directly proportional to the distance the marker
band migrated in a gel. As a next step we plotted the graph and calculated the line of best fit
(c) and d)).

In a last step we measured the distance of the signal bands to the top of the corresponding
gel and calculated the MW of the proteins (d)). When the bands of non-glycosylated and
glycosylated proteins could no longer be distinguished, the upper part of the band was measured.
The results of this calculations can be seen in Figure 4.13 e).

With these results we then calculated a mass increase per Mal-PEG5000 added of 13.14+2.8
kDa. When two bands were clearly distinguishable, the increase was calculated accordingly.

When only one band was visible, for example in b) at a size of two shifts, the upper part

61



b)

95
70

55

-
-—

)

c) d)

224 29
2.01 . 2.0 -
~ 1.8 ~ 1.8
E 1.6 £ 1.6
2 3
= 1.4 = 1.4
1.2 1.2
10 T T 1 10 T T 1
0 5 10 15 0 5 10 15

Distance from top [cm] Distance from top [cm]

e)
Calculated size(s) in a) [kDa] Calculated size(s) b) [kDa]
Monomer (p24/gp27) 22/26 23/27
15t shift 31/37 30/35
2nd ghift 46/52 48
3d shift 65 63
4th shift 84

Figure 4.13: Identification of the shift size detectable after Mal-PEG labeling in WB
Two exemplary labeling experiments were analyzed with respect to the shift size.
The supernatants were harvested three dpt and labeled with Mal-PEG5000. In
a) free sulfides were labeled in S-HA. b) Labeling of disulfide bonds in 4C+C107
(cf.Figure 4.17b)). In a) and b) the original pictures of the marker are visible
and the length from the top of the picture to the bands was marked (arrows) and
measured. In the signal picture, the bands were marked and measured (arrows).
c¢) and d) Graph of log(MW) and the distance from the top of the marker bands
and the corresponding line of best fit. e) Table of the calculated sizes of the signal
bands. 62



was measured and the difference was calculated to the glycosylated band below. This was

conducted, assuming the upper border was corresponding to a glycosylated band.

4.2.6 Mutation of glycosylation site is favorable in labeling

experiments

The size of the mass-tag used for labeling experiments causes either a shift of > 10 kDa (Mal-
PEG5000) or > 5 kDa (Mal-PEG2000). The smaller tag would therefore migrate at the same
height as the glycosylation band in WB. So the N at position 146 in S was exchanged to Q to
block the glycosylation of the protein. This was already shown not to dramatically influence
the secretion of S2%. So we tested this in our S-HA and 4* constructs. In Figure 4.14 the
results can be seen.

In lanes 1-4 the controls can be seen. S-HA was present in lysate and secreted into the SN,
unlike 4C, which was not secreted and only visible in lysate. The knock-out of the glycosylation
site led to the loss of the gp27 band, but also to a decrease in signal intensity. The proteins were
produced in lysate in a sufficient amount, though, and S*-HA was secreted. So the constructs
were expressed lower, but the intensities in WB were strong enough to use them in further

experiments.

S-HA  4C S*-HA *4C

a5 L snlL snlmlL snlLsn

36

28 dgp27
-_ “  |dqp24

Figure 4.14: The exchange of the glycosylation motif did not impair secretion or
dimerization Lysate and supernatant from transfected Huh7 cells were collected
three dpt and analyzed via Western blot. Supernatants were concentrated by
centrifugation through a 20 % sucrose cushion. The samples were treated with

DTT prior to loading. Samples were detected using HA-antibody.
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4.2.7 Cysteines in CL influence secretion of wt and show free SH

groups and intramolecular disulfides

It was shown before by Mangold and Streek!® that C48, C65 and C69 are essential for secre-
tion of S. In addition Suffner showed in his PhD thesis that all four cysteines in the CL are
necessary for secretion?®?. We investigated this effect further and co-transfected the constructs
with S-HA. In Figure 4.15 a) the published results were reproduced. None of the single cysteine
to serine exchange was secreted, also a 1:1 transfection with S-HA did not favor SVP in the
cell culture supernatant. In b) the amount of DNA per transfection was still 1 pg in total but
the ratio of the corresponding mutant to S-HA differed from 1:1 to 1:32.

All co-transfections caused a detectable amount of S proteins in lysate. Nevertheless the
strongest signal was caused by S-HA alone. The lower the amount of CXXS constructs in
comparison to S-HA, the stronger the signal was in lysate. So co-transfection caused a re-
duction in expression of S inside the cells. The effects in SN was stronger, as no signals were
detectable with ratios from 1:1 up to 1:8 independently from the CXXS construct used. So it
could be demonstrated that S-HA needed to be 16 times increased in the transfection solution
to be secreted from the cells with a detectable amount.

Nevertheless, in three out of four constructs a ratio of 1:32 was not sufficient to restore the
signal intensity to S-HA alone levels. The only one was C69 which resembled S-HA alone in a
ratio of 1:32. Quantifications of the band intensities of 1:16 were preformed and can be seen in
Table 4.1. This experiment demonstrated a dominant-negative effect of the four C48S, C65S,
C69S and C78S construct on S-HA secretion.

As a next step, we labeled free and bound cysteines in lysate to determine the status in the CL.
It was well known that in the reducing environment of the cytosol disulfide bonds are rather
unlikely. Nevertheless, there are viruses known which form disulfide bonds in the cytoplasm

65 Hence, we did not rule out this possibility and analyzed the

through unique mechanisms?
cysteines in the CL. For this labeling experiments the * variants were used.

In lane 1 and 2 of Figure 4.16 *4C and S*-HA were labeled either with respect to oxidized
thiols or free thiols. The number of shifts in S*-HA labeled for oxidized thiols is hard to calcu-
late, as it was a very strong smear rather than distinguishable bands. It was calculated that a
minimum of five cysteines were labeled when the end of the smear was set to around 50 kDa.
In *4C two main shifts were visible independent of the labeling technique used. As we did
not find a high proportion of dimers (dimer/monomer ratio 0.08:1) an intermolecular bond was
unlikely. So the two shifts, which were detectable after labeling for oxidized thiols, indicated
an intracellular disulfide bond. To narrow down the exact position, double cysteine constructs
which only contained two cys at the positions indicated in * background were cloned. It was

expected that the double shift will be gone when the pair of cysteines which harbor the bridge
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Figure 4.15: Co-transfection of S-HA with single CXXS exchanges of cysteines in the
CL Lysate and supernatant from transfected Huh7 cells were collected three dpt
and analyzed via Western blot. Transfection was conducted with different rations
of S-HA /CXXS with constant total volume. a) Only the construct alone or in a 1:1
ratio with S-HA was transfected. b) Different ratios of S-HA and the constructs

were used during transfection.
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Table 4.1: Measured intensities of secreted SVP at a ratio of 1:16. Values are indicated relative

to wt in the corresponding Western blot

Construct Intensity at 1:16 in SN in relation to S-HA [%)]

€48 8.7
C65 15.1
C69 11.1
C76 48.4

were exchanged to serines. Contrary to the expectations, none of the combinations completely
lost both labels. In *C48-+C69 the labeling was very weak and only one band was detectable
and in *C65+C69 and *C69+C76 the intensity of the shifts was rather weak, but still two
shifts were detected. When the double cysteine constructs were labeled for free thiols in all
constructs (lane 3-8) two shifts were nicely detectable. Unlike the oxidized thiols, the intensity
of the bands in the free thiols were equal.

So the data suggested that cysteine pairs could be free and oxidized in different S chains at the
same time. This could be possible because, in both experiments, we found unlabeled monomers
at 24 kD. This proportion could represent the other moiety. Thus, unlabeled material in the

oxidized blot, could represent the bands labeled in the free blot and vice versa.
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Labeling of free or oxidized cysteines in lysate Lysates of *constructs were
harvested three dpt and either labeled for oxidized thiols or for free thiols. As
controls *4C and S*-HA were used. The samples were detected using an anti-HA
antibody, labeling was performed with Mal-PEG2000.
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4.2.8 Labeling of secreted SVP revealed intramolecular disulfide

bond and seven oxidized cysteines in total

S-HA and 4C-+C107 were labeled in lysate (Figure 4.17 a)) and SN (Figure 4.17 b)) for oxidized
thiols. In lanes 1 and 3 the untreated samples could be seen. These samples were diluted
according to the labeling procedure steps to depict the same overall intensity. In total, the
signals in the labeled samples were weak and blurry. However, in 4C+C107 single shifts were
easily distinguishable. 4C+C107 showed in SN (Figure 4.17 b) lane 4) three shifts. This was
predicted, as C107 forms a symmetrical intermolecular disulfide bond and an intra-molecular
disulfide bond was expected from the results obtained in Figure 4.16. In the lysate sample this
restriction to three bands was not as strict as in SN. There might be higher migrating bands
in lysate samples. This could be due to the fact that in lysate the samples were not all in the
same maturation step, as lysate is a mixture of freshly synthesized proteins and almost secreted
proteins after the ER and Golgi.

The quantification of the number of shifts in S-HA was more difficult. In lysate (Figure 4.17
a) lane 2) it was only possible to state that there were more than four shifts detectable, with
the majority being in this region. In SN the bands were not so strong and it seemed that the
signal intensity was significantly below the intensity in the loading control. After all, the shift
number could be calculated to be 6-7, as they had a clear boundary at the top.

This could also be seen in Figure 4.17 ¢). Here S-HA was labeled in SN for free sulfides (lane
1) and disulfide bonds (lane 2). So the labeling lane 2 in b) and lane 2 in ¢) show the same
result. Nevertheless, in ¢) the signal was stronger, as it was developed longer. The result was
the same with a calculated shift number of 7 at the highest band.

Labeling for free sufides led to six shifts (lane 1 in ¢)). Interestingly, when labeling for free
sulfides, a stronger "ladder-like" structure was visible with smaller shift sizes. The number
of the shifts, corresponding to the bands was indicated in the picture. However, the band
corresponding to the 4th shift was not clearly visible and was only marked at the calculated
height with a gray arrow head.

Labeling of free and disulfide bonded cysteines in S-HA should cover both states the sulfide in
the side chain could be in. This means, that the addition of the shifts visible in both states
should sum up to the total number of cysteines present in the protein. Here we found 6 free
sulfides and seven oxidized sulfides, only adding up to 13 not to 14 as expected. So one cysteine
was not labeled at all by Mal-PEG5000.
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Figure 4.17: Labeling of S-HA and 4C+C107 in SN and lysate a) Represented lysate
fractions of S-HA and 4C-+C107 either untreated (-) oder labeled for disulfides. b)
Represented SN fractions of S-HA and 4C+C107 either untreated (-) oder labeled
for disulfides. ¢) Shows a direct comparison of labeled SN S-HA samples, either
labeled for free or oxidized thiols (dis.). Lysate and SN were collected three dpt and
SN samples were concentrated through ultracentrifugation. Then the samples were
labeled using Mal-PEG5000. As controls untreated samples were loaded on the
gel and to achieve equal intensities only 50 % of S-HA were loaded in comparison
to 4C+C107. Samples were detected using an anti-HA antibody.
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4.2.9 Native SVP carry an exposed free SH group on their surface

Mal-PEG of any size cannot cross membranes, if they are not denatured. So incubation of se-
creted SVP should only tag SH groups which are easily accessible on the surface of the particles.
When we treated S-HA with Mal-PEG5000 directly after concentration in the ultracentrifuge,
one shift was visible. Compared to the band intensity of p24 and gp27 the shift was weaker
with around 50 % of the intensity. In another experiment (data not shown) it was suggested
that one of the cysteines in the epitope of HB1 might influence the binding of the antibody
when the sample was labeled for free cysteines. So we focused on the two cysteines C121 and
C124 as a next step. Three constructs were cloned all in S* background. Either one cysteine
was exchanged to serine (S*-S121, S*-S124) or both of them (S*-S121/124). All three con-
structs were expressed and secreted in Huh7 cells. When analyzing the concentrated SN we
saw that S*-S121 and S*-S124 were strongly secreted (Figure 4.18 b) lane 2 and 3), but the
double mutant was drastically reduced in SN (lane 4).

Labeling of the SVP without addition of SDS or DTT prior to labeling revealed one shift in
S*-HA. But also the S*-S121 and S*-S124 showed one tag added. As seen in the S-HA, the
labeling band was only a minor proportion of the overall intensity. Nevertheless, both mutants
resembled the S-HA phenotype, indicating that none of the two positions carried the exposed
cysteine. In the double exchange construct no shift was detectable. However, the signal was
very weak in comparison to the other samples. So it could be easily attributed to the signal of
the shift being to weak too be detectable with this antibody.

Further experiments were conducted using a construct in which the three remaining cysteines
C137, C138 and C139 were all exchanged to serines. Similarly to S*-S121/124 the construct S*-
S137/138/139 was very weakly secreted (data not shown), which made it impossible to detect
any shifts in non-reduced SVP.
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Figure 4.18: Labeling of free cysteines in non-reduce secreted SVP SN was collected
three dpt and SN samples were concentrated through ultracentrifugation. Labeling
was performed without prior denaturing of the samples. Reduction only took place
prior to loading on the SDS-gel. In a) S-HA was used in combination with Mal-
PEG5000. b) Showed *constructs labeled with Mal-PEG2000. Samples carried
cysteine to serine exchanges in S*-HA background. Samples were detected using
an anti-HA antibody.

71



4.3 Influence of disulfide bonds on antigenicity

To analyze the influence of disulfide bonds and free sulfides on the epitope of SVP we treated
secreted particles with either NEM to block free cysteines or with DTT to reduce disulfide
bonds. These samples from cell culture were sent to the diagnostic lab of the virology de-
partment at the Klinikum rechts der Isar. They were analyzed in an Abbot Architect HBsAg
ELISA according to the standard procedures.

In Figure 4.19 a) the influence of NEM on the detectability is visible. With increasing amount
of NEM the IU/ml detected was decreasing. However, it did not reach 0. And it was not a
linear phenomenon, rather a logarithmic one. The same effect was there when DTT was added,
the values decreased, but did not reach 0. The decrease in the NEM and DTT samples was
comparable, as the values all cluster around the same value for the different concentrations.
To investigate if secretion of SVP was sufficient for the establishment of the epitope, different
secretion competent constructs were analyzed. The supernatant was collected three dpt and
directly transferred to the diagnostics department. The results from the sandwich ELISA can
be seen in Figure 4.20. S-HA was detected with a mean of 1650 IU/ml. The different constructs
were all below 1 IU/ml, which was very close to the cut-off of the machine. So all the constructs
which were detected in SN (except S-SSS which served as a negative control) did not react with
the diagnostic ELISA. We knew from the experiment before (Figure 4.19) that the test was
sensitive to free SH groups as well as disulfide bonds. It seemed that secretion alone is no proof

of the correct folding of S proteins.
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Figure 4.19: Analysis of the antigenicity of wt S Supernatant of wt S was collected three
dpt and treated with different amounts of NEM or DTT. The samples were either
analyzed via an Architect ELISA at the diagnostics department (a) and b)) or via
WB (c) and d)). All three replicates are shown. In WB HB1 antibody was used

to detect the samples.
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Figure 4.20: Analysis of the antigenicity of secretion competent constructs Super-
natant of wt S was collected three dpt. The samples were analyzed via an Architect

ELISA at the diagnostics department. All three replicates are shown.

4.4 Comparison of human SVP and SVP from yeast for

vaccination

As described above, S proteins expressed in yeast cells are used for the production of the HBV
vaccine. The samples used here were produced as so called "Cuban" strain (kind gift from Ulla
Protzer). Due to the fact, that the samples were already highly purified, a Coomassie staining
was performed. The samples were either treated with DTT (Figure 4.22 lane 2) or without
DTT (lane 4) To analyze the disulfide pattern yHBsAg was labeled for free sulfides (lane 6)
and for oxidized thiols (lane 7).

To begin with, yHBs is only present as p24, as yeast cells did not glycosylate S proteins. In
contrast to patient samples or samples from eucaryotic cell culture, yeast samples were not
mainly dimeric. When DTT was not added (lane 4), the particles were so extensively cross-
linked through disulfide bonds, that the material was not runnig into the gel at all. So the size
exceeded 250 kDa significantly.

Labeling of free thiols (lane 6) did not lead to a major shift. The main form was still monomer
at 24 kDa and only a minor proportion ran at the boundary of stacking and separating gel.
This would correspond to labeling of all 14 cysteines. On the contrary when disulfide bonds
were labeled, no monomer was visible. All of the material shifted and was detectable at a
height corresponding to 14 added Mal-PEG5000. This would indicate that all cysteines formed
disulfide bonds, although it was not clear if inter- or intramolecular ones.

The results showed a different bonding pattern and as a next step we analyzed the influence
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Figure 4.21: Analysis of yeast HBs on sucrose gradient Supernatant of S-HA was collected
three dpt. The samples were loaded on top of a sucrose gradient. yHBs and plasma

were analyzed using HB1-ab. S-HA was detected using HA-ab.

on the overall structure of the yeast particles. So sucrose gradient density centrifugation was
performed with yeast samples, plasma samples and S-HA from cell culture. In Figure 4.21 the
results can be seen. SVP from cell culture and from donors were both present in fraction 10,
but yHBs had its main peak in fraction 11. This indicated also a different, denser structure of

the SVP produced in yeast in comparison with human and eucaryotic cell culture samples.
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Figure 4.22: Coomassie staining of yeast derived SVP + /- DTT and labeled for free

and bound cysteines Purified yeast samples were either treated with (2) or

without DTT (4) or labeled for free (6) or oxidized cysteines (7).

loaded on a SDS-gel and stained with Coomassie.
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5 Discussion

5.1 Mal-PEG labeling as a method for analysis of cysteine

status in secreted viral particles

Mal-PEG labeling or pegylation is used for mass-tagging of cysteines in proteins?%2. The
advantages are that for every SH group only one mass-tag is added, the reaction takes place
under neutral pH conditions or below pH 7, the occurring adduct is stable in detergents and it
is relatively specific261:266,

Labeling of proteins with Mal-PEG was already used for human and yeast PDI, DsbD from
E.coli, p53, acyl-coenzyme A:cholesterol acyltransferase and several plant proteins?260:262:267-272,
One shortcoming of the method is that the sizes of the shifts do not correspond to the indicated
mass of the PEG-tail. This means that Mal-PEG5000 does not cause an increase of 5 kDa in
Western blot261272, This can be due to protein solvation and Mal-PEG’s weak interaction
with SDS268°270272  Tp this work we quantified the shift size in our experimental system and
calculated it to be 12 4+ 2.7 kDa, which was in accordance with the result from Lu and Deutsch
which stated the shift to be > 10 kDa?%'. This group used a protein with around 25 kDa in

k261, When our analysis of

size, comparable to S, and generated up to six shifts in their wor
the shift (cf. Figure 4.13) was performed on their data a shift of 19 + 4.7 kDa was the result.
Another problem with our protein was the high number of cysteines. With 14 cysteine residues
in S a maximum increase of ~ 205 kDa would be possible. This would result in a band at
around 220 kDa in Western blot. So the first analysis was conducted with 4C+C107, which
contains only five cysteines in total, and resulted in a shift of around 100 kDa. The data
used for the analysis of the shift size did not include five shifts cf.Figure 4.12. The maximum
number analyzed was four tags. So these measurement calculated a size of 84 kDa for four
shifts. The increase from shift number 3 to 4 in this case was 19 kDa. So mathematically we
can extrapolate this data, and calculate the size of S with five added tags to be around 103
kDa in 4C+C107. Furthermore, five shifts of a protein with circa 25 kDa in Lu and Deutsch’s

261 Ag this corresponds to our observed 100 kDa result,

results would correspond to 119 kDa
the labeling of all five cysteines in 4C+C107 was achieved theoretically. Meaning all cysteine

were accessible.
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In a next step we tried to label all 14 cysteines in S-HA (Figure 4.12). The detectable band ran
at around 230 kDa. However, at this sizes the migration pattern is not that accurate and not
easy to determine. The band should theoretically run at around 220 KDa. Our result could
therefore indicate that we labeled all 14 cysteines, but it could also only 13 or 12 could not be
ruled out. Due to the fact that in this area the measurements and calculations are relatively
uncertain.

It was also known that labeling of cysteines which are vicinal could cause problems?67:270:273,
In S we have three cysteines directly next to each other, C137, C138 and C139. So it was
impossible to determine if all of them could be labeled at the same time. So we cannot state
for sure that all cysteines, especially the C13X, are all accessible at the same time.

This could be an explanation why not all cysteines could be labeled in Figure 4.17 ¢). A
cysteine can either be free or oxidized and therefore be incorporated in a disulfide bond. So
when a construct is labeled for free and oxidized cysteines, the sum should be the number of
cysteines present in the protein. The results for S-HA revealed six free cysteines and seven
oxidized ones. In total, S-HA carries 14 cysteines, so one of them was not labeled. This can be
due to the fact that some of them are located too closely to each other in the primary sequence
of S. Of course, the influence would only occur when the status of the two adjacent cysteines
is the same. Nevertheless, the four cysteines in CL were accessible, so distances of only four
cysteines (C65-C69) can be labeled with Mal-PEG5000 at the same time.

Besides, another obvious effect after labeling was the "ladder" which was generated. So most
of the time more than one clear band was detectable. Sometimes protein monomers were still
visible after labeling, for example S*-HA in (Figure 4.16). Or the labeling did not cause one
clear shift but some or all of the shifts below were also visible as a "ladder" (Figure 4.17). This
could be a hint to incomplete labeling, but when labeling yHBs almost all the material shifted
and one clear band was visible in the Coomassie staining (Figure 4.22). Both experiments were
performed with the same protocol. So maybe the high protein content in the lysate or the
SN negatively influenced the labeling reaction. This ladder effect was visible in most of the
papers published, sometimes stronger sometimes weaker260:262267-272 " T,y and Deutsch found
an influence of the labeling time on the ladder, but could not reduce side bands completely 26!,
As the effect was visible when labeled for free and for disulfide bonds in samples, the root
cause seemed to be Mal-PEG itself. Even with a smaller Mal-PEG (2000) we still could see
the ladder appearing after labeling. So this effect could not be reduced completely with cell
culture samples. To sum it up, using a maleimide to mass-tag free and oxidized cysteines was
a good way to examine the status of cysteines in S proteins. It was the first time to assign
13 out of 14 cysteines in secreted particles to be free or disulfide-linked. The protocol itself is
easily adaptable to other proteins. Shortcomings of this methods are the number of cysteines

detectable on Western blots, as good resolutions were only achieved with up to five shifts in S-
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HA. Another problem was that we could not label all 14 cysteines, probably caused by cysteines
neighboring each other directly.

5.2 The main form of S in SVP was dimeric

Most of the hypothesis concerning the form of S in SVP stated, that S assembles in oligomeric
structures, though the influence was not only assigned to disulfide bonds!?%:1512747276  Gilbert et
al. performed a microscopy analysis of secreted particles and concluded that S forms dimers?®.
Earlier dimers were described as the main structure recognized by antibodies produced after
vaccination?”7.

Analyzing plasma without DTT revealed dimers which could only be connected via cystins
(Figure 4.5). This phenotype could be resembled with transient transfection of wt S and S-HA
constructs into Huh7 cells. As SDS was added before loading the samples on an SDS-gel, the
influence of lipids or other chemical bonds was diminished. In conclusion non-covalent bonds,
which are denatured using SDS, could be the reason for the proposed oligomers in SVP pos-
tulated by other groups®™. So for example electrostatic interactions or van der Waals forces
could connect the dimers to higher oligomers.

Furthermore after 30 min dimers were again detectable in SN (Figure 4.5d)). The cells had
been transcribing and translating S already for three days, which means that inside the cell
a reservoir of translated proteins in different stages of maturation were present. So the time
span could only cover the secretion process of proteins which were already inserted into vesicles
and located close to the membrane. Huovila et al. described in their pulse-chase experiments,
that they could detect S in SN after 2 h'52, However, they analyzed the whole process of
protein synthesis in their experiments, with the use of labeled methionine. Additionally, they
described the formation of dimers as an early and quickly occurring process, taking place in the
ER. In contrast to our findings Huovila et al. described oligomer formation in a pre-Golgi and
post-ER compartment which did not contain PDI*2. They could also show that S oligomers
could be reduced to dimers when PDI was added to the corresponding environment!®?. We
could show that disulfide-linked dimers were the main form in secreted subviral particles, and
it was possible that these dimers were formed in the ER through PDI. However formation of
disulfide-linked higher oligomers could not be shown in our experimental set-up. Nevertheless
formation of oligomers through non-covalent bonds or the lipids of the SVP could not be ruled
out, as we were focusing on disulfide bonds with our analysis.

C107 had the biggest impact on dimer formation of S. The construct 4C+C107 had the strongest
dimer signal in secreted particles (Figure 4.8). The influence of C107 was known, as Mangold
and Streek showed that exchange of this cysteine to alanine blocked secretion %15, In the 4C

background, also either C147 or C149 alone were sufficient to form dimers and were secreted.
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So it was supposed that the mutant C107A from Mangold et al. should be secreted, as it carries
C147 and C149. Though the intensities in our experiments were very weak compared to S-HA
(cf.Figure 4.8). Possibly, the signal from the other group in their experimental set-up with
pulse-chase labeling was not strong enough to be recognized as such.

In lysate also dimers were visible. Yet it seemed that a certain threshold needed to be over-
come to trigger the secretion. When the intensity of dimers and monomers was quantified, the
proportion of dimers needed to exceed 10 %. Huovila et al. described that S oligomers were
formed in the presence of PDI'®2. So it can be speculated that the quality control system of
the ER requires S to be dimeric to be processed. What can be stated was that the constructs
were inserted into the ER, as the glycosylation pattern was visible. As N-glycosylation only
occurs within the ER, the insertion took place in all mutant constructs. As a consequence
monomers, or incorrectly folded S proteins needed to be removed again from the ER to be
degraded through the ubiquitin pathway in the cytosol?7%:280,

This could be one possible explanation why some secretion-deficient constructs showed dimers
in lysate. As our lysate blot always detects and displays different stages of protein maturation
at the same time, the dimers detected are incorrectly folded and bound to be removed from the
ER to be degraded. Indicating that these constructs were incorrectly folded, we could assume
that in total up to 7 % of S proteins were misfolded and targeted for degradation.

Another hypothesis could be that only dimers were permitted to process to the Golgi com-
partment and therefore the secretory pathway. However, a problem could be that with dimer
proportions below 10 % no particles could be formed. An explanation could be that a certain
portion of dimers was needed to assemble to generate a particle and that for this simply not
enough were present in close proximity at the same time point.

Not much is known about the way and steps S takes to be released from the cell as SVP. So
if there was no direct process arranging the proteins to form SVP and we assumed a random
process for budding of SVP, the trigger for that might be the correct number of S accumulating
in close proximity. It is striking that spherical SVP have a more or less defined diameter of
20 nm and therefore also a defined curvature and a defined number of proteins'*"!™2. Based
on this assumption, one could propose that some of our mutants did not form enough dimers
in lysate so that at a later time point enough dimers were present to bud and form particles,
which could be released as SVP.
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5.3 A disulfide bond in the CL

The sequence of the CL was known to be highly conserved throughout orthohepadnaviruses. So
in a first step the conservation of this region and of the cysteines throughout the hepadnavirus
evolution was evaluated. Recently, a new group of hepadnaviruses was discovered which do not
carry the envelope and are therefore called nackednaviruses?8!. It is speculated by the authors
that this early ancestor gained the envelope through insertion. So there was a split within the
hepadnavirus between enveloped and non-enveloped viruses. Evolutionary the furthest away
from orthohepadnaviruses containing S proteins are the parahepadnavirus. This group is the
first diverging lineage in the clade of enveloped viruses, which was found in fish. They carry an
envelope but lack the LL, which makes them a good comparison for sequence analysis of the
S-ORF?8L,
The analysis revealed that, as predicted, the LL showed no sequence similarity, due to the fact
that this trait was gained later in the phylogenetic tree. The two TM domains, CL and the
amphipathic helix, showed the highest identity ranging from 41 - 67 % (Figure 5.1). Within
the CL three out of four cysteines are conserved, and also the distance between the residues
is the same as in HBV circulating today. The cysteines corresponding to C76 in HBV had no
equivalence in the fish sequence. Also nine other cysteines (the eight in LI and one in HCR)
were not found in the out-branched sequence. There were only four cysteines in total in the fish
sequence, the fourth one being present in the TM2 domain. It was located 5 aa residues before
the corresponding C90 from the human sequence. So here we could show that the cysteines
assigned to the CL loop today are highly conserved among enveloped hepadnaviruses.
One dogma in cell biology is that the redox state in the cytoplasm is too reducing to facil-
itate disulfide bond formation??2% . The only well described disulfide bonds formed in the
cytoplasm of different cell types are influenced by reactive oxygen species (ROS)?8526  In our
experimental set-up this effect can mainly be neglected, as only transfection was performed
with the cells. Besides the pH value in cell culture did not indicate major changes throughout
the four days of culture in the plates. So it was a very remarkable feature of SVP that inside
the CL evidence for a disulfide bond was found. After labeling for disulfide bonds 4C+C107
showed three shifts: one from the intermolecular bond establishing the dimer and two unas-
signed ones (cf. Figure 4.17). In CL four cysteines were present(C48, C65, C69 and C76) which
were not dimeric in lysate (Figure 4.8), so they did not form an intermolecular bond, but an
intramolecular bond. This was the first experimental proof for an intramolecular disulfide bond
established in the cytoplasm of a cell, without special proteins encoded or oxidative stress.

As a fact, there are viruses which encode their own oxidative folding pathway, like vaccinia

287-289

virus . During the assembly process of this virus, proteins which are not located in the

lumen of the ER become disulfide-linked?%>. Similarly to the findings presented here, in the
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Figure 5.1: Comparison of sequence similarities in HBsAg between fish and human
Analysis was sub-divided into the different sections of the S protein. Cysteines are
marked in bold

vaccinia virus disulfide bonds were also detected on the cytoplasmic surface of integral pro-
teins2%5. In contrast, they have specialized proteins catalyzing this process.

S is co-translationally inserted into the ER membrane and through several chemical interac-
tions sets up a complex structure. It is known that already established and buried disulfide

85

bonds cannot be reduced, not even inside the cytoplasm?®. This could also be the case for

the S protein. Suffner has already shown that the TM2 domain was interacting with the TM2

domain of a second S protein?®3.

Here we demonstrated that dimers are set up by several
intermolecular disulfide bonds. So it is possible, that the CL forms a complex structure which
shields the cysteines in the loop form surrounding reducing cytoplasm. In conclusion, disul-
fide bonds which are established in this structure cannot be chemically reduced and cannot be
isomerized. Besides, enzymes which can catalyze an isomerization of disulfide bonds are only
present in the ER lumen?%,

The formation of disulfide bonds itself is a process that does not need certain enzymes. An
experimental procedure exists that is called "Dynamic Disulfide Scanning" which is used in
transmembrane domains??1?92, There cysteines are inserted through mutations at different po-
sitions in TM domains of two proteins. These two proteins are stated to interact when close
proximity exists between the residues and a disulfide bridge forms between the two proteins*!.

This indicates that it is sufficient for cysteines to form disulfide bonds if they are close enough
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and are not influenced by the surrounding milieu. Close enough means, that an established
bond can be maintained over a distance of 2.3 A2, This could also explain why it was not
possible to determine the exact position of the disulfide bond in the CL. If the cysteines were all
within the range of 2.3 Ato each other, bridges could occur between all of them. So it is possible
that this disulfide bond is not a directed and catalyzed process, but a result of proximity.
This process seems essential, as the exchange of one of these cysteines in wt-background was
sufficient to block secretion and also had a very strong dominant negative effect on secretion of
S-HA (Figure 4.15). S-HA could not be secreted until a ratio of 16:1 wt:mutant was transfected.
One model would be that the incorporation of a single mutant S in a SVP is sufficient to block
secretion. Detected SVP in SN would then be particles which do not, by chance, contain a sin-
gle mutated S protein. However, this would take place with a probability of (12)'%= 0.0023=
0.23 %. This does not correspond to the intensities measured in Figure 4.15. The 1:16 band
was not 0.23 % as strong as S-HA alone.

Another explanation would be that in a single SVP with approximately 100 S proteins, a certain
number of mutant proteins would be sufficient to inhibit the secretion of the whole particle.
From the intensities of secreted particles in comparison to S-HA, we can draw statistical con-
clusions. Using the cumulative binomial distribution function, we can calculate the probability
of a certain number of mutants being incorporated in a particle just by chance. In math the

cumulative binomial distribution is described as
n _
ko) = Pr(kin,p) = POY =) = ()1 = 5.0

n = number of trials
k = number of successes

p = success probability for each trial

In our case X=k is wrong, as we do not describe a fixed number of mutated S being inserted
into a particle, but a maximum number of mutants. This means X < k. This however changes
the formula to i

flkyn,p)=P(X < k)=>_ (7?>p"(1 —-p)" (5.2)

im0 \!
The formula now sums up the single possibilities until the value k is reached. This means
the probability of k-x, ., k-2, k-1 and k are calculated and the probabilities are summed up
to answer the question: How likely is it, that maximum k mutated S proteins are inserted in
one particle. A calculation of different probabilities with k values between 1 and 10 could be
performed and the results could be compared with the secretion efficacy in Figure 4.15. If we

took a ratio of 1:16 into account for our calculations, the parameters could be assumed as follows:
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n = number of S proteins in one SV P =100
k = number of mutated proteins

p = probability for insertion of mutated S =1/17

With this we can calculate the probabilities for the different maximum values of k.

Table 5.1: Calculated probabilities according to formula 5.2. The different maximum values for

k range from 1-10.

X (X< k) P[%|

1.69
6.20
15.41
29.35
46.08
62.62
76.50
86.58
93.02
96.67

© 00 ~I O Ot = W N =

—_
)

Comparison of these probabilities with the intensities of the secreted proteins at 1:16 in
Figure 4.15 could hint at the maximum number of mutated S proteins inserted in SVP which
still enabled secretion. The intensities in WB were 8.7 % (C48), 15.1 % (C65S), 11.1 % (C69)
and 48.4 % (C76S) in comparison to S-HA. This would correspond to a maximum number of
3-5 mutated S in 100 S proteins in total. Interestingly this corresponded to the number of

mutants we would expect if they were equally distributed:
1
kequal.distr. =p*xn= 1—7 * 100 = 5.88 (53)

The impact of the exchange mutations differ in their influence with C48S having the strongest
effect. In this case statistically only two mutated S were tolerable within 100 S-HA proteins.

A disulfide bond in the CL was also proposed earlier by Guerrero et al.?%

. However, they
suggested an intermolecular bridge involving C48. Moreover, the influence of cysteines on

the secretion had been investigated earlier by Mangold and Streek!'®®. For the cysteines in
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CL they found out that C48, C65 and C69 are essential, but that C76 is dispensable. In
contrast, we showed that also C76 was essential. The difference in the systems was the use
of COS-7 cells, a monkey kidney cell line, the exchange of cysteine to alanine, the immune
precipitation with a HBsAg antibody and the pulse-labeling. An effect of the cell line arising
from monkeys can mainly be ruled out. HBV strains infecting monkeys like woolly monkey
hepatitis B virus (WMHBYV) or capuchin monkey hepatitis B virus (CMHBV) all carry a
cysteine at position C76, so an influence through evolutionary selection can be ruled out. The
only effect on secretion could arise from the exchange to alanine, instead of our cysteine. We
exchanged the polar cysteine to a polar serine. Mangold and Streek used alanine instead, which
is nonpolar. This could be an explanation, but is only speculative at this point.

To sum it up, the CL loop contains a disulfide bond which cannot directly be assigned to two
cysteines. From the fact that the 4C construct is not dimeric in lysate, it can be concluded,
that it needs to be an intramolecular disulfide bond. Through complex secondary and tertiary
structures the disulfide bond may be shielded from the reducing environment of the cytoplasm.
This bond is also complex enough to be conserved through the secretion process, as it was also
detectable in secreted particles. Besides, the four cysteines in the CL are essential for secretion
and have a dominant negative effect on the secretion of S-HA. Furthermore, this effect seemed

to be "dose-dependent" on the number of mutant S proteins incorporated in the SVP.

5.4 Mapping of disulfide bonds and free sulfides in the S
protein of HBV

The structure of S is not completely determined. Not only the disulfide bonds which are needed
for the epitope are clearly assigned to certain residues. Also only two of the four transmem-
brane domains are experimentally proven'#. In contrast to the capsid, which was expressed in
E. coli and was crystallized in 19992%, no structural analysis to this resolution was achieved
with the envelope of S till today. Omne of the main problems is that the envelope proteins

61764~ Other expression systems also had major shortcomings,

cannot be expressed in E. coli
like the already discussed expression of S in yeast systems. To begin with, it was analyzed how
conserved cysteine residues in S are among circulating sequences today, based on a data set
generated by Schittl and Bruf?°®. The dataset was retrieved from NCBI and contained 3579
full length HBV sequences. The data for the 14 cysteine positions was retrieved and analyzed
for conservation. So the cysteines at the indicated positions were counted and all other amino
acids were summed up to calculate fractions. C221 was the least conserved one, with only
93.6 % of cysteine at the position. The results of the total numbers can be seen in Figure 5.2.

Cysteines at position C76 and C221 are the most variable ones among all cysteines. However
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Figure 5.2: Variability at the cysteine position among sequences from NCBI The
dataset from Schittl and Bruss?® was used for the analysis in which they retrieved
3579 full length HBV genome sequences from NCBI. Here the cysteine positions in
S were analyzed. The total number of cysteines was counted and all other aa which

were present at the indicated position.

they appear in more than 90 % of the sequences retrieved from NCBI. Overall cysteines are
highly conserved among circulating strains today, indicating an important function within the
protein.

Several models from previous studies came to different and mainly contradicting results con-
cerning the disulfide bonding patter in S275276:297 Proposed was a double loop structure with
disulfide bonds between C124-C137 and C139-C14727. But also a single loop with one bond
between C121-C124 was proposed?”™. Mangold and Streek presumed two intermolecular bonds
forming dimers and oligomers involving C121 and C147276. Furthermore, they proposed that
at least one of the cysteines 76, 90 and 221 carries a free sulfide.

Labeling of all oxidized and all free cysteines in S-HA SN revealed seven oxidized and six free

ones. It is known that S contains 14 cysteines, so one was not labeled in the experiment shown
in Figure 4.17. This could mean that in reality it was either 8:6 or 7:7 oxidized:free cysteines.
Due to the fact that S was dimeric, intermolecular disulfide bonds were needed to stabilize that
protein interaction.
In fact, the number of intermolecular bonds can be even or uneven. Intramolecular bonds are
always set up between two cysteines in the same protein and therefore need to cause an even
numbered shift. We found that the dimer was stabilized through three intermolecular disulfide
bonds. Knowing that intramolecualr bonds always are even numbered, labels for oxidized cys-
teine in total needed to be uneven. 3 + 2*x = inter + intra = total.

In conclusion, only seven oxidized and seven free cysteines were reasonable. Assigning three
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Figure 5.3: Proposed model of the S protein dimer Structural model of the S protein
dimer with the symmetrical intermolecular disulfide bonds (blue). The proposed
intramolecular bonds could not be pinpointed to specific positions and could only
be assigned to a protein domain (red). Free SH groups were arranged accordingly,

however C90 and C211 were shown to be free.

intermolecular bonds to the dimer stabilization leaves four residues incorporated in intramolec-
ular cystins. Two of these are located in the CL but could not be pinpointed down to certain
positions (Figure 4.16).// We assume that disulfide bonds can only be established within the
same "compartment” of the protein meaning that one intramolecular bond is either present
between the two cysteines in the TM or in the LL. Franziska Zoérndlein analyzed in her Master
thesis (Figure 6.1) the shifts in 6C. She could show, that when labeled for disulfides, there was
no difference between 4C and 6C. This in turn indicated that the two TM cysteines were free.
So the missing shifts, corresponding to an intramolecular disulfidebond, needed to be located
within the LL.

It could also be shown that one of the free cysteines was exposed on the surface of secreted
particles. The position could be narrowed down to C137, C138 or C139 Figure 4.18. So with
regard to the results presented in this work, the model with a double loop structure established
through two bonds in LL including C149 could be refuted. However, the model from Ohnuma
with a disulfide bond between C121 and C124 could be included in our existing working hy-

pothesis?™

. This was the only model proposed so far, which did match with the results we
presented in this work.
Last but not least, we could prove the prediction of Mangold and Streek that at least one of

the three cysteines (C76, C90, C221) was free?™>. C90 and C221 were shown to be free and C76
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could be free, although we could not assign the bond or the free -SH groups in the CL. Besides,
the same group stated that C121 and C147 both form an intermolecular bridge to form dimers
and oligomers. With the 4C+4C147 construct forming dimers in SVP one of the two could be
verified. However, the influence of C121 could not be shown with this experimental set-up.
A possible explanation could be that the bridge of C121 would form later in the process and
would need an initial contact, formed via C107, C147 and C149. A shortcoming of this model
would be that another cysteine needs to form an intermolecular bond in a later step. Otherwise
it would not match with our total number of oxidized cysteines.

With regard to the antigenicity we found out that disulfide bonds are essential for the epitope
and the reactivity in Architect ELISA. Nevertheless, the restoration of the dimerization prop-
erties did not restore the ELISA signal. This suggested that another structural feature was
necessary. The samples which were used for ELISA were used in WB as well. In Figure 4.19
when 5 mM of DTT were added to the samples, monomers were visible. In comparison the
monomers with 5 mM DTT ran higher in the gel than the 50 mM DTT monomers. An ex-
planation for this effect could be that the disulfide bonds were not completely reduced, this
can also be seen in the strong dimer signal. So the monomers were still linked through cystins,
causing a different structure and letting the monomers run higher in the gel. This proposed
intramolecular disulfide bond could have an influence on the ELISA signal. It is supposed that
a domain between aa 137 and aa 147 is particularly interesting with respect to the epitope, as
changes in this area disabled surface antigen recognition by neutralizing antibodies?298:2%,

The epitope or epitopes detected in this ELISA are not published by the manufacturer. They
described in their manual for the ARCHITECT HBsAg that they can detect the common escape
mutant G145A with wt sensitivity. It was not clear, if the assay uses different antibodies or only
one. It is described that monoclonal antibodies are used and in the description of the conjugate
it is stated: "Conjugate: Anti-HBs (Goat, IgG) Acridinium Labeled Conjugate in MES buffer
with protein stabilizers" (http : //www.ilexmedical.com/ files/PDF/HBsAgaRC.pdf).

We found out, that secretion alone was not sufficient for detection in this ELISA. So the struc-
ture established through intermolecular disulfide bonds was not enough to trigger binding of
the antibodies in the system. Due to the fact, that the signal in Figure 4.19 did not reach 0,
we assumed that more than one antibody was used. Nevertheless, an influence of the predicted
intramolecular disulfide bond on the epitope was assumed. So the area between aa 121 and aa

139 might drastically influence the assay and therefore the epitope.
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5.5 SVP from yeast differ from human SVP

Yeast cells are used for the production of HBsAg due to safety and cost reasons®"’. Nevertheless,
HBsAg is neither secreted from yeast cells nor glycosylated®>63 71 This leads to extensive
purification and maturation steps during harvesting™®. KSCN treatment used in preparation has
a strong denaturing effect on yHBs. It is therefore supposed that the disulfides generated under
this conditions differ from native disulfides”. Nevertheless, an isomerization after removal of
KSCN and incubation at 37 °C is proposed leading to a more native conformation of yHBsAg™.
The yeast samples analyzed here did not show the same results we found in human and cell
culture material. Yeast material was neither dimeric, nor did it carry free sulfides. All cysteines
were linked in intra- and intermolecular disulfide bonds and no cysteine was free. When the
material was not treated with DTT prior to loading, it was so extensively cross-linked that it
did not run into the SDS-gel (Figure 4.22). The difference in the overall structure could also be
shown in sucrose-density centrifugation. Human samples ran mainly in fraction 10 while yeast
samples ran mainly in fraction 11. This indicated that the yeast particles sediment quicker
than human plasma samples. Nevertheless, this can be a hint at the mass or the overall size
which differs from plasma samples.

In summary, S from yeast cells differ from human or cell culture samples in their morphology
and in their disulfide bond pattern. An explanation can be that the different connections in
yHBs lead to an altered structure of the particle, which then differs in size. The disulfide bonds
are set up artificially during the purification process and through the chemical treatment. All

of them are linked in the end, although we showed that also free SH groups are part of SVP.

5.6 S protein oligomerization reveals influence of C65 and
the TM2 domain

Suffner already showed that FACS-FRET analysis was a valid method to investigate the in-
fluence of certain domains or single mutations on the oligomerization properties of S?°3. In
the beginning, the topology of the fusion constructs were analyzed, as it was not clear if the
addition of the YFP or BFP influenced the insertion of the S proteins in the ER membrane3°!,
It was clear that the orientation of the LL was correct, as the typical glycosylation pattern was
visible in Figure 4.2. Nevertheless, any influence of the large fusion protein added to the N ter-
minus of S needed to be ruled out. After preparation of microsomes the proteins were digested
with trypsin, but without prior opening of the lipids with NP40 no digestion was visible. This
indicated correct insertion of the proteins into the ER. However, when the fused type I secretion
signal was deleted from the sequence (YFP*-S and BFP*-S), BFP*-S behaved differently than
BFP-S. The migration pattern in the gel and the stability towards trypsin treatment changed.
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BFP-S ran higher in the gel than BFP*-S due to covalent modifications in the ER?%.
253,302 Tn combi-
nation with exchange of all cysteines in CL and the point mutation C65S (S-CS-C65S-TM2)

the FRET signal could be almost completely reduced. This was interpreted as no interaction.

The influence of TM2 on the oligomerization has already been proven before

However the exchange of TM2 with a poly-alanine sequence and the mutation C65S did not
reduce FRET signals inside cells (S-C65S-TM2). This could be explained with the results dis-
cussed above. As in the construct (S-C65S-TM2) the C107, C147 and C149 were all present,
a dimer was stabilized in the lysate, which was detectable as a very strong interaction, with a
high FRET-signal. The influence of the exchanged TM2 seemed not to hinder this interaction.
It was possible that the two interactions were independent from each other and in lysate the
disulfide bonds were compensating the TM2-TM2 interaction. Besides the influence of TM2 and
the cysteines in the LL, a striking impact of C65 was demonstrated. This was also shown with
the co-transfection experiments performed earlier. The proposed disulfide bond in LL could be
an explanation for the influence of the exchange of this cysteine. Why only this cysteine had
such a huge impact on FACS-FRET, cannot be elucidated.

5.7 Outlook

To determine the missing positions of the predicted disulfide bond, further constructs could
be cloned. The exchange of pairwise cysteines form C121 to C139 (10 constructs) and the
subsequent labeling should reveal the disulfide bond. A more structural approach could be the
determination of disulfide bonds through mass-spectrometry. Problems with S proteins are in
this case that native S proteins are not cleaved by trypsin. But it could be a possibility to
generate cleaving sites at determined positions which do not influence the predicted disulfide
bond.

Also an analysis of the secretion pathway through microscopy or separation of the organells
would be beneficial. If the compartments through which SVP are secreted were known, the
influence of pH, enzymes or other specific properties could be elucidated. As a consequence, the
different steps in maturation of SVP could be analyzed and assigned to distinguished cellular
compartments.

Another method would be NMR in combination with nanodiscs. In nanodiscs the dimer can be
inserted into a compartment with phospholipids. This approach is mainly used for membrane
proteins and was used with proteins containing only one transmembrane domain or several TM
domains. The advantage of this method would be the possibility to visualize the dimer in a
membrane. With this, the native conformation can be kept and the loops would be analyzed
with the TM domains being inserted in a membrane-like structure. Problems which needed to

be addressed would be how to insert S into the disc. As a first step the proteins (in our case SVP)
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needed to be purified and then the proteins can be transiently solubilized with a detergent in

1303304 Dimers

the presence of phospholipids and an encircling amphipathic helical protein bel
which were established through disulfide bonds were rather stable in our set-up, so that the
incorporation of dimers into nanodiscs should be possible.

If the proteins were inserted into the discs, those could be analyzed using NMR and generating
high-resolution results of the dimer and the bonds establishing the structure. If this approach
works, interesting comparisons would be with the fish hepadnaviruses or the duck hepatitis B
virus (DHBV). Both of them only carry the envelope but do not contain the LL. This could

show the influence of the LL on structure and stability of SVP.
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6 Appendix

S-HA 6C 4C+C90  4C+C221  4C
- + - + | - + | - + |- +

mock

+ Labeling disulfide

170 m—f

s B B B B
-

- e
- e - -

r higher shifts
| 3 shit
]»2”0 shift
]» 15t shift

4ap27

qp24

Figure 6.1: Picture adapted from Master Thesis of Franziska Zorndlein. Labeling of disulfide
bonds in lysate of different constructs regarding cysteines in TM domains. Samples

were taken 3 dpt and labeled with Mal-PEG5000 with respect to disulfide bonds.

anti-HA antibody.
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Figure 6.2: Graphic corresponding to the intensity analysis in Figure 4.9. The rectangles drawn

for the intensity analysis can be seen in the inverted picture of lysate -DT'T.
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Figure 6.3: Graphic corresponding to the intensity analysis in Figure 4.15. The rectangles
drawn for the intensity analysis can be seen in the inverted picture of the four SN
blots.
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