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Summary

2. Summary

Herpesviruses cause highly prevalent infections associated with usually mild symptoms
resulting in life long latency. However, they can provoke fatal disease in susceptible
individuals such as immunocompromised patients either in the context of primary infec-
tion or after reactivation from latency. Despite of their emerging medical importance,
herpesvirus infections can so far only be controlled by antiviral therapy targeting viral
DNA replication, accompanied with side effects and occurrence of resistant strains.

In this work, a novel platform for drug discovery was established that is based on a pro-
tein complementation assay (PCA), which can be used to study viral protein-protein
interactions in a simple cell based assay. In a PCA two inactive fragments of a reporter
enzyme are fused to two interacting proteins. Interaction of the proteins leads to prox-
imity of the enzyme fragments, followed by reconstitution of the reporter enzyme activ-
ity.

Members of the UL34 and UL31 families are conserved herpesvirus proteins. They in-
teract with one another forming the nuclear egress complex (NEC), which is essential
for the export of viral capsids from the cell nucleus. This crucial protein-protein interac-
tion might serve as a potential drug target for anti-herpesvirus chemotherapy. In this
work the mutual binding sites of the two proteins were localized and studied for their
conservation.

A PCA was established for M50 and M53 — the NEC proteins of the murine cytomega-
lovirus (MCMV) - by fusion of the N- and C-terminal part of the TEM-1 [3-lactamase of
E. coli. The assay was validated and applied to representative members of the three
herpesvirus subfamilies. Cross-complementation assays showed that partners derived
from the same subfamily can replace each other in the PCA, however, homologues from
different subfamilies can not. This cross-complementation reflects the in vivo situation:
the human cytomegalovirus (HCMYV), but not the HSV-1 or PrV homologues are able to
rescue the M50 or M53 null phenotype in the viral context of MCMV. The lack of com-
plementation between the subfamilies is due to their diverged binding sites, which are
located in all cases within the first conserved region of the UL31 family proteins. The
study of the binding site in UL34 family members revealed a bipartite binding motif.
With the aim of a future high-throughput inhibitor screen an in vitro NEC-PCA was
established using purified fusion proteins of HCMV.
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2.1. Zusammenfassung

Herpesviren verursachen weit verbreitete und in immun-kompetenten Menschen meist
mit milden Symptomen einhergehende Infektionen, welche zu lebenslanger Latenz der
Viren im Korper fithren. In immun-supprimierten Patienten verursachen die Viren wih-
rend einer Erstinfektion oder der Reaktivierung aus der Latenz jedoch drastische Sym-
ptome. Trotz wachsender Bedeutung von Herpesvirusinfektionen ist derzeit eine Be-
handlung nur durch Medikamente, welche die virale DNS Polymerase angreifen, mog-
lich. Diese rufen schwerwiegende Nebenwirkungen hervor und fithren zudem zum Ent-
stehen resistenter Virusstimme.

Im Rahmen dieser Arbeit wurde eine neue Plattform fiir das Priifen von Inhibitoren e-
tabliert. Sie basiert auf einem Protein Complementations Assay (PCA), welcher eine
einfache Untersuchung von Proteininteraktionen auf zelluldrer Ebene erlaubt. In einem
PCA werden zwei inaktive Proteinteile eines Reporterenzyms mit Proteinen verschmol-
zen, deren Interaktion zur rdumlichen Ndhe der beiden Enzymteile und zur aktiven
Form des Reporterenzyms fiihrt.

Proteine der konservierten UL34 und UL31 Proteinfamilien interagieren miteinander
und bilden den sogenannten Kern-Austritt-Komplex. Dieser ist wichtig fiir das Aus-
schleusen von Viruskapsiden aus dem Kern, und stellt somit einen mdglichen Angriffs-
punkt neuer Therapeutika gegen Herpesviren dar. Der PCA wurde durch die Fusion des
N- und C-terminalen Teil der TEM-1 [-lactamase an die beiden NEC Proteine des mu-
rinen Cytomegalovirus (MCMV), M50 und M53, etabliert und spéter auf UL34 und
UL31 Proteine repréasentativer Viren der drei Herpesvirusunterfamilien ausgeweitet.
Experimente zur Kreuzreaktion zeigten, dass Proteine von Herpesviren der gleichen
Unterfamilie im PCA interagieren konnen, homologe Proteine anderer Unterfamilien
jedoch nicht. Die Féahigkeit der Kreuzreaktion im PCA spiegelt die Situation im Virus
wieder: die homologen Proteine des humanen Cytomegalovirus (HCMV), jedoch nicht
Proteine von HSV-1 oder PrV, ermdglichen das Wachstum eines M50 oder M53 defi-
zienten MCMV. Das Scheitern einer Kreuzreaktion zwischen den Unterfamilien ist auf
divergente Entwicklung der Bindedoménen zuriickzufiihren. In dieser Arbeit konnte die
Bindedoméne in UL31 Proteinen in der ersten konservierten Region lokalisiert werden,
in UL34 Proteinen wird ein zweigeteiltes Bindemotiv vermutet.

Im Hinblick auf ein spéteres Hochdurchsatzverfahren zur Entdeckung neuer Inhibitoren

des HCMV, wurde ein in vitro NEC-PCA entwickelt.
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3. Introduction

3.1. Herpesviruses

Herpesviruses are large DNA viruses widely spread in vertebrates including humans. To
date, more than 120 virus species have been identified sharing the features that define
the family of the herpesviridae, which is further subdivided into three subfamilies based
on genetic and biological relations (chapter 3.1.2). The most characteristic feature of all
members of the herpesviridae is the unique architecture of their virions. A typical
herpesvirion is about 200 nm in diameter and consists of four structural elements: the
core containing the viral DNA, the capsid, the tegument and the envelope (chapter
3.1.3). The double stranded DNA genome of herpesviruses ranges between 125 kb for
the Varicella-Zoster Virus (VZV) and 230 kb for the cytomegaloviruses (CMV) (Chee
et al., 1990;Rawlinson et al., 1996), which are the largest vertebrate viruses. Up to 200
open reading frames can be predicted within the genomes encoding basic structural
components as well as virus-specific enzymes and other factors, which are involved in
nucleic acid synthesis (e.g. DNA polymerase, helicase, primase) and nucleotide metabo-
lism (e.g. thymidine kinase, dUTPase) (Roizman and Pellett, 2001). In addition, herpes-
viruses carry a variable number of genes, which influence the host anti-viral response.

After infection of the host cell the herpesvirus genomes can undertake two different
feats: either they initiate virus multiplication or enter into latency. If multiplication oc-
curs, DNA replication and the first steps of virus maturation, namely formation of cap-
sids and packaging of the genomes, take place in the nucleus. Infectious particles are
then formed in the cytosol by acquisition of the tegument and the final envelope. The
subsequent release of newly formed virus is frequently accompanied by the destruction
of the host cell, hence this process is referred to as the lytic cycle. During latency, the
virus genome remains present in the cell nucleus in a circular form and only a small
subset of genes is expressed, if any. The viral genome is maintained mainly by cellular
activities. Lytic replication causes specific lesions leading to a symptomatic infection in
susceptible hosts, whereas the latent state of infection is not related to diseases. How-
ever, the program of lytic replication can be initiated from latency resulting in recurrent

infections, which characterize the pathogenesis of most herpesviruses.
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3.1.1. Evolution of herpesviruses

More than 50 herpesvirus genome sequences have been determined and were analysed
in terms of their gene content and structure. Evolutionary studies based on protein se-
quence analysis, the study of gene families and gene clusters as well as structural analy-
sis of the capsid have formed the current view of the herpesvirus origin.

The virion structure (Figure 2) and a conserved set of genes provide strong evidence for
a common ancestor for all herpesviruses. This ancestral virus is assumed to be at least
400 million years old (McGeoch et al., 2005) and is believed to be most similar to the
contemporary herpesvirus HHV-6 (Karlin et al., 1994). The current estimate is that this
ancestral virus contributed 43 genes to modern herpesviruses (McGeoch, 1999). These
so called core genes are located in the central region of the herpesvirus genome. Most
core genes are involved in vital aspects of the viral life cycle such as cell entry, DNA
replication and packaging as well as formation and transport of newly generated virions.
Many genes involved in control of the life cycle, host—virus interactions and latency
appear to have developed independently in the lineages.

Regarding the time scale of evolution, sequence comparisons lead to the assumption
that the initial split into two highly diverged lineages occurred from the ancestor virus at
least 200 million years ago and possibly even much earlier (Benton, 1997;Davison,
2002;McGeoch et al., 2006). The first lineage comprises the herpesviruses that infect
poikilothermic animals like fish, reptiles or molluscs (Bernard and Mercier, 1993;Booy
et al., 1996;Davison, 1992;Davison, 1998;Davison et al., 1999). Assuming a co-
evolution with their host, this first lineage suggests a branching of the herpesviruses as
early as 450 million years ago, since fish viruses would have diverged about that time
and the invertebrate specific virus about a billion years ago (Kumar and Hedges,
1998;Wray, 1996). The second lineage comprises the three subfamilies of a-, 3- and y-
herpesviruses (chapter 3.1.2). From this lineage, a-herpesviruses are assumed to have
diverged earlier than [3- and y-herpesviruses. Figure 1 shows the suggested phylogenetic
tree for some mammalian herpesviruses. It is believed that the a-herpesviruses split
from the (- and y-herpesvirus branch more than 200 million years ago. The final
branching point to form the [3- and y-herpesvirus subfamily is dated between 150 and
200 million years ago (McGeoch et al., 1995).
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Figure 1: Phylogenetic tree for mammalian herpesviruses.

Simplified phylogenetic tree for mammalian herpesviruses. The timescale is based on the hypothesis that
viruses co-speciate with their hosts. Broken lines indicate regions of lower confidence. Abbreviations for
virus species: HSV: herpes simplex virus; EHV: equid herpes virus; PRV: pseudorabies virus; VZV:
Varicella-Zoster virus, HCMV: human cytomegalovirus; HHV: human herpesvirus, HVS: herpesvirus
saimiri; EBV: Epstein—Barr virus (modified from Davison, 2002;McGeoch et al., 1995).

The number of species specific genes in the genome termini of the herpesviruses sug-
gests a co-evolution of herpesviruses with their host (Roizman and Pellett, 2001). Genes
with a high similarity to cellular counterparts were most likely acquired directly or indi-
rectly from the host cells by lateral gene transfer. Those genes were often shown to be
involved in the manipulation of the host defence by anti-apoptotic and immune evasive
functions. Well studied examples are the structural Bel2 homologues of EBV or KSHV
(BHRF1 and BALF1 in EBV, KSbcl-2 in KSHV) and the functional Bcl2 homologue of
HCMV (UL37) that were shown to inhibit apoptosis (Goldmacher et al.,
1999;Henderson et al., 1993;Marshall et al., 1999;Sarid et al., 1997;Goldmacher, 2005).
Beside the lateral gene transfer, gene duplications, gene rearrangement or recombina-
tion contributed to the divergence of herpesviruses. An example for gene rearrangement
is the pseudorabies virus (PrV), a pig herpesvirus, in which a substantial part of the ge-
nome is inverted relative to other a-herpesviruses (Ben Porat et al., 1983;Davison and
Wilkie, 1983). The plasticity of herpesvirus genomes is also evident in the adaptation of
HCMV laboratory strains to cell culture and the cell lines, predominantly used for pas-

saging. Adaptation occurred by deletion and inversion of large regions of the HCMV
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genome (Hahn et al., 2004;reviewed in Prichard et al., 2001). Recombination of herpes-
viruses seems to be a rare event. Strains of HSV-1 and HSV-2, two a-herpesviruses, can
recombine in cell culture, however, the resulting viruses rarely survive (Timbury and
Subak-Sharpe, 1973). In contrast, intra-species recombination is likely to have occurred

for the studied strains of HHV-8 that appear as recombinational mosaics (Poole et al.,

1999).

3.1.2. Herpesvirus subfamilies

On the basis of biological criteria such as the host range, length of replication cycle and
cell tropism, herpesviruses of the second great lineage in herpesvirus evolution (chapter
3.1.1) are further classified into a-, B- and y-herpesvirus subfamilies. a-herpesviruses
exhibit a broad host range and a short replication cycle. Neurons are the main target of
infection and latency is primarily, but not exclusively, established in sensory ganglia.
The most prominent members of the a-herpesviruses are VZV and the herpes simplex
viruses, HSV-1 and HSV-2. In contrast, 3-herpesviruses are characterized by a narrow
host range and a long replication cycle. During infection with herpesviruses of this sub-
family, host cells frequently become enlarged (cytomegalia) leading to the name of the
cytomegaloviruses, the representative members of the B-herpesvirus subfamily. While
y-herpesviruses, similar to the B-herpesviruses, show a narrow host range, the length of
their replication cycle varies between species. y-herpesviruses infect cells of the lym-
phatic system, like T- and B-cells. Infection of such cells can be either lytic or latent,
but rarely correlates with infectious progeny. When latent, viral genomes are detected in
lymphoid tissue. The Epstein-Barr virus (EBV) is the prominent member of this sub-
family.

Beside biological properties, herpesviruses can be grouped based on their genomic
structure. The core genes that are highly conserved throughout all herpesvirus subfami-
lies are located in the centre of the linear DNA genome, flanked by genes shared by the
subfamilies. The genes located towards the genome ends define the species specificity

of the different viruses and are mainly involved in the cross talk with the host.
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3.1.3. Structure of herpesviruses

The herpesvirus virion is built up by four distinct elements, the core, capsid, tegument
and envelope (Figure 2). Mature virions range between 120 and 300 nm (Roizman and
Pellett, 2001). The core, surrounded by the capsid, contains the viral DNA in the form
of a torus, most likely stabilized by a proteinaceous scaffold. The capsid is an icosadel-
tahedral shell of about 100-110 nm in diameter, built up by 162 capsomers, themselves
complexes of structural proteins. The capsids are embedded in the tegument, a macro-
molecular meshwork containing about 20-30 different proteins, presumed to play a ma-
jor role once the virus has entered the cell and during early gene transcription. Further-
more, both viral and cellular mRNAs can be detected in the tegument and can be trans-
lated immediately upon virus entry (Bresnahan and Shenk, 2000;Greijer et al., 2000).
The tegument RNA may not only provide template for very early protein synthesis but
also play a structural role in the virion. The virus envelope is formed by a lipid bilayer
that originates from the host cell. The envelope contains spike-like virus encoded gly-
coproteins that allow virus attachment to receptor structures on host cells and are re-

sponsible for the fusion of the virion envelope to the host membranes during entry.

Figure 2: The herpesvirus virion.
Schematic representation of a
herpesvirus virion (adapted
from (modified from Re-
. schke, 1994). Major virion
nuleocapsid components are indicated.
tegument

genomic DNA

envelope

viral glycoproteins

3.1.4. Replication of herpesviruses

The infection of the host cell begins with the adsorption of the virion on the cell mem-
brane by a specific binding of the viral glycoproteins to their cell surface receptors
(Figure 3), e.g. the binding of gB to heparan sulfate proteoglycans for HCMV
(Compton et al., 1993) or gC to heparan sulfate for HSV-1 (WuDunn and Spear, 1989).
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For many herpesviruses the receptors are unknown and multiple methods of attachment
are assumed. After adsorption of the virions the viral envelope fuses with the cell mem-
brane and the capsid containing the viral DNA is released into the cytoplasm. The cap-
sids are transported to the nuclear pores and the viral genome is released into the nu-
cleus where it circularizes. In the nucleus, transcription and replication occurs. Three
groups of viral genes are transcribed, the immediate early (IE), early (E) and late (L)
genes (Honess and Roizman, 1975) classified by their time of transcription during infec-
tion. The immediate early phase begins as soon as the viral genome enters the nucleus
of a permissive cell. For the transcription of the IE genes no de novo synthesis of viral
proteins is necessary. Parts of the transcripts are even thought to originate from the pre-
vious infection and brought to the new host by the tegument (Bresnahan and Shenk,
2000). IE proteins possess predominantly regulatory functions and are necessary for the
initiation of the early phase (Honess and Roizman, 1975;Wathen and Stinski, 1982).
The activation of the early genes takes place primarily on the transcriptional level
(Godowski and Knipe, 1986). Early phase proteins are necessary for replication of the
viral genome (e.g. viral DNA polymerase). The start of DNA replication defines the
beginning of the late phase. During this phase mainly structural proteins are synthe-
sized, which are necessary for the formation of the new generation of virions. DNA rep-
lication proceeds via high-molecular-weight concatameric intermediates, which are
cleaved to genome length units during packaging into capsids. The nucleocapsids re-
ceive their primary envelope together with a few nuclear tegument proteins when bud-
ding at the inner nuclear membrane during the nuclear egress process (chapter 3.1.4.1).
Following that, de-envelopment and subsequent re-envelopment of the immature virions
is thought to occur for a- and B-herpesviruses. The viral particles loose the primary en-
velope by fusion with the outer leaflet of the nuclear membrane or the ER. The naked,
premature virions are released into the cytoplasm where they acquire most of their
tegument. Viral re-envelopment occurs by budding into Golgi-derived vesicles that
travel to the plasma membrane, where the mature virions are released by exocytosis
(Gershon et al.,, 1994;Mettenleiter, 2002;Radsak et al., 1996;Sanchez et al.,
2000;Siminoff and Menefee, 1966).
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Figure 3: Herpesvirus replication.
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3.1.4.1. The nuclear egress

DNA replication and encapsidation occurs in the nucleus of the herpesvirus infected
cell. The cell nucleus is enveloped by two lipid membranes, the outer nuclear membrane
(OMN) associated with the endoplasmatic reticulum (ER) and the inner nuclear mem-
brane (INM). The inner surface of the nuclear envelope is further covered by the nuclear
lamina, a meshwork of lamins and other structural proteins. The intra-nuclear viral cap-
sids with a diameter of about 100 nm exceed the size tolerated by the nuclear pores that
interrupt the nuclear envelope and mediate the transport between the nucleus and the
cytoplasm. Thus the export of herpesvirus capsids from the nucleus requires a unique

process.
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An early step in the nuclear egress is the destabilization of the nuclear lamina, followed
by budding into the inner nuclear membrane. It has been suggested that cellular protein
kinase C is recruited during the murine cytomegalovirus (MCMYV) infection (Muranyi et
al., 2002). Furthermore, binding of viral proteins to the nuclear lamins and lamine B
receptor (LBR) was also detected (Ldtzerich, unpublished observation). Two conserved
herpesvirus proteins, members of the UL34 and UL31 protein family (Figure 4) are in-
volved in this process. Members of these two protein families were studied in the a-
herpesviruses PrV, HSV-1, HSV-2 and EHV-1, the B-herpesviruses MCMV and
HCMYV and the y-herpesvirus EBV. All studied members of the two protein families
were shown to be important for efficient viral replication. They form a complex at the
inner nuclear membrane, referred to as the nuclear egress complex (NEC), which is re-
quired for exporting viral capsids to the cytoplasm (Bubeck et al., 2004;Fuchs et al.,
2002;Lake and Hutt-Fletcher, 2004;Neubauer et al., 2002;Reynolds et al.,
2001;Yamauchi et al., 2001). The UL34 family members are type II C-terminally an-
chored membrane proteins, which are synthesised in the ER in the early to late phase of
infection and transported to the inner nuclear membrane by diffusion. The UL31 family
members where shown to be expressed late in infection and are transported to the nu-
cleus by an N-terminal nuclear localization signal (NLS) (Lotzerich et al., 2006). The
co-expression of both proteins in the absence of other viral proteins leads to the co-
localization of the two proteins at the inner nuclear membrane. Furthermore, an altera-
tion of the nuclear membrane was observed in cells expressing UL34 and UL31 of
HSV-1 (Liang and Baines, 2005). Figure 4 shows the similarity blot obtained by an
alignment of the UL34 and UL31 family members of six herpesviruses, representing
two species from each subfamily. The set of previously studied members of the UL34
and UL31 families was supplemented by the respective gene product of the Y-
herpesvirus MHV68 (murine herpesvirus 68). The blots show highly conserved amino
acids in both protein families suggesting a structural, as well as functional and posi-
tional homology across the protein families. Conserved amino acids are distributed in
small patches over the UL34 proteins with conservation peaks at about 80% similarity
for some regions of the protein. While the UL31 family shows an overall lower conser-
vation with peaks at 60% similarity, the similar residues are grouped in distinct con-

served regions.
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Figure 4: Similarity blots of the UL34 and UL31 protein families.

The similarity blot in A) shows the pattern obtained by the alignment of the UL34 family members UL34
of HSV-1 and PrV, M50 of MCMV, UL50 of HCMV, Orf67 of MHV68 and BFRF1 of EBV. The simi-
larity blot in B) shows the pattern obtained by the alignment of the respective UL31 family members
UL31 of HSV-1 and PrV, M53, UL53, Orf69 and BFLF2. Numbers on the y-axis indicate the percentage
of homology for the amino acid position, indicated on the x-axis.

3.1.4.2. The nuclear egress complex (NEC) in MCMV

M50 and M53, the UL34 and UL31 family members of MCMV, were studied exten-
sively in our group. The two proteins form a complex by a non-obligatory interaction
(Muranyi et al., 2002) and play an essential role in the nuclear stage of viral replication.
It was recently shown that the interaction between M50 and M53 is essential for their
function (Bubeck et al., 2004;Lotzerich et al., 2006). M50 is expressed by early-late
kinetics. It is inserted into the ER after synthesis, reaching the nuclear membranes by
diffusion. Its partner, M53, is expressed with similar kinetics and targeted to the nucleus
through the nuclear pores by a canonical NLS. In the nucleus, M50 binds to M53 form-
ing the nuclear egress complex (NEC) at the inner nuclear membrane (Bubeck et al.,
2004;Lotzerich et al., 2006;Muranyi et al., 2002). The NEC is involved in destabilisa-
tion of the nuclear lamina and/or remodelling of the nuclear membranes, preparing them
for primary budding of viral capsids. The NEC proteins might also act as a docking sta-
tion for the viral capsids, guiding their nuclear egress process (Figure 5). For that, at
least one additional viral protein, the primary tegument protein M94, is suggested to act

as an adaptor protein between the nulcleocapsids and the NEC (Ruzsics, unpublished
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observation). Another protein, M51, was shown to bind to M53 in a yeast two-hybrid
screen (J. Haas, unpublished observation), as it was assumed for its homologues from

other herpesviruses (Uetz et al., 2006).

- M350 .
oplasm
!' ?
Nucleus _) é!)!
Ms3 < o Capsid
Cap51d
5 @
?
ﬁgzll ? Nuclear envelope

Figure 5: Working model of the NEC in MCMV.

The DNA genome is replicated in the nucleus and packed into the preformed capsids (C). M50 and M53
form a complex at the inner nuclear membrane (1) that might act as a docking station for the DNA filled
capsids (2), with M94 as an adaptor protein. This configuration forms the nuclear egress complex (NEC)
(3). The capsids bud in the membrane (4) and are released into the cytoplasm (5).

3.1.5. Studying herpesviruses
3.1.5.1. MCMYV and MHV68 infection of mice as an animal model

- and y-herpesviruses show a high species specificity. Therefore, in order to study the
entire spectrum of their infection biology, closely related viruses of animals that can
serve as a laboratory model for human herpesvirus infections are needed. Murine cy-
tomegalovirus belongs to the -herpesvirus subfamily and when used to infect mice
serves as an animal model for the human cytomegalovirus (HCMV) infection. The two
viruses are closely related, showing high similarity in their biology and pathogenesis of
infection and subsequent disease development in immunocompromised hosts (Brody
and Craighead, 1974;Mayo et al., 1977;Reddehase et al., 1985) or the establishment of
latency in immunocompetent hosts (Ho, 1982;Hudson, 1979;Jordan, 1991). MHV68, a
member of the y-herpesvirus subfamily, serves as a model for the infection by EBV and
KSHV (Kaposi's sarcoma associated herpesvirus), two important human pathogens.

Although not as closely related to the other y-herpesviruses as MCMYV is to HCMV,
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MHV68 allows efficient and easy propagation in cell culture and the exploration of the

lytic cycle of the viruses.

3.1.5.2. Mutagenesis of herpesviruses

Genetic analyses of viruses are facilitated by the establishment of a reverse genetic sys-
tem, which allows targeted mutagenesis of the genes of interest in their genomic con-
text. For herpesviruses this was achieved by cloning herpesvirus genomes as infectious
bacterial artificial chromosomes (BAC) (Messerle et al., 1997). One copy of the herpes-
virus genome is stably maintained in E.coli after insertion of the BAC cassette (ap-
proximately 8 kb) containing a chloramphenicol resistance gene as a selection marker
and the origin of replication from the bacterial fertility factor (F-factor). The BAC tech-
nology allows rapid manipulation of the herpesvirus genome in bacteria, using well es-
tablished and efficient methods of genome engineering within E. coli. The deletion of
genes from the viral BAC is usually achieved by homologous recombination during
which the targeted gene is replaced by a cassette carrying a resistance gene (Wagner et
al., 2002). For the rapid and efficient introduction of mutant or foreign genes, site spe-
cific recombination mediated by the Flp recombinase can be applied. The Flp recombi-
nase directs the site specific recombination event between two FRT sites (McLeod et
al., 1986). One FRT site can be introduced into the viral BAC at a neutral position, for
example between the MCMV genes m16 and m17 (Bubic et al., 2004). The second FRT
site is placed on a shuttle plasmid, which carries the genetic element to be introduced.
The general flow of this mutagenesis approach is depicted in Figure 6, exemplified by
the exchange of a wild type (wt) with a mutant (mt) gene. The wt gene was deleted from
the m16/17FRT-MCMV BAC by ET cloning (Wagner et al., 2002) and the resulting
deletion genome was maintained as a BAC in E.coli (DH10B). The bacteria were trans-
formed with pCP20, an Flp recombinase expressing plasmid (Cherepanov and Wacker-
nagel, 1995), and subsequently with a shuttle plasmid. The shuttle plasmid contains the
gene of interest under the control of an appropriate promoter, a resistance gene for bac-
terial selection, an FRT site and an origin of replication that is not recognized by the
DHI10B strain. The origin of replication of pO6T or pOriR6K-zeo-ie (Bubeck et al.,
2004;Miller and Mekalanos, 1988) requires for its function the m-protein, a prophage
derived gene, which is only expressed by the E.coli strain Pir (Kolter et al., 1978) and
not the strain DH10B. The in DH10B inactive origin leads to a loss of the shuttle plas-
mid if it is not integrated in the BAC. The Flp recombinase unifies the BAC and the
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shuttle plasmid. Subsequent selection with chloramphenicol and zeocin identifies BACs
with the inserted shuttle plasmid. BAC-DNA is isolated and checked for correct inser-
tion by restriction pattern analysis. For virus reconstitution, BAC-DNA is transfected
into mouse embryonic fibroblasts (MEF). Cells are cultured until virus progeny is ob-
served by plaque formation in the cell monolayer. Once reconstituted, the virus looses
the BAC cassette over the first few passages due to the short homology sequences
flanking the BAC cassette (Wagner et al., 1999).

The BAC technology has been adapted to HSV-1, PrV, HCMV, EBV and many other
herpesviruses (Adler et al., 2000;Borst et al., 1999;Delecluse et al., 1998;Saeki et al.,
1998;Smith and Enquist, 1999).

ege
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transformation of the shuttle vector site-specific recombination

virus progeny transfection BAC-DNA isolation

Figure 6: BAC mutagenesis.

Schematic representation of the MCMV BAC mutagenesis process. The MCMYV genome, here deficient
for one wild type gene, is maintained as BAC in E.coli. The bacteria are transformed by pCP20, the ex-
pression plasmid for the Flp recombinase and the expression plasmid containing the gene of interest.
After Flp mediated recombination between the FRT sites at the permissive temperature of 30 °C, bacteria
are cultured at 43 °C to remove the temperature sensitive pCP20. BAC-DNA is isolated, checked for
correct insertion by restriction pattern analysis and transfected into MEF cells. Cells are cultured until
virus progeny is observed by plaque formation in the cell monolayer.
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3.2. Clinical relevance of herpesviruses in humans

Humans are the host for at least eight herpesviruses, namely the two herpes simplex
viruses HSV-1 and HSV-2, Varizella-Zoster Virus (VZV), human cytomegalovirus
(HCMV), human herpesvirus 6 and 7 (HHV6 and HHV7) and two y-herpesviruses,
KSHYV and EBV.

Herpesvirus infections follow three different phases, firstly the acute infection, followed
by a latent stage and finally an eventual reactivation from latency. All viruses can cause
acute, highly prevalent but mainly asymptomatic infections during early childhood, as-
sociated with life long latency. In contrast to the mild infection in immunocompetent
patients, herpesviruses can provoke fatal diseases in susceptible individuals such as
newborns and immunocompromised patients either in the context of primary infection
or after reactivation from latency (Mocarski et al., 2001;Rickinson and Kieff,
2001;Whitley, 2001). During acute infection, 0-herpesviruses cause epithelial lesions as
well as disseminated disease, e.g. conjunctivitis and encephalitis in children. In im-
munocompromised patients, primary infection can further lead to pneumonitis and
hepatitis. HCMV, a B-herpesvirus, targets a variety of cell types and can lead to mono-
nucleosis and sometimes hepatitis in immunocompetent hosts, but retinitis, encephalitis,
hepatitis and pneumonitis in immunocompromised patients. The y-herpesvirus, EBV,
can lead to severe mononucleosis and encephalitis. In contrast to o- and [(3-
herpesviruses, EBV and KSHV are furthermore associated with a variety of cancers
such as Kaposi’s sarcoma, Castleman disease, Burkitt's and Hodgkin's lymphomas,

nasopharyngeal carcinoma and other B-cell lymphomas (Rickinson and Kieff, 2001).

3.2.1. Chemotherapy of herpesvirus infection

Herpesvirus related diseases are mainly self-limiting in immunocompetent host, how-
ever, the increase of the human life span combined with the number of organ transplan-
tations and the spread of AIDS have all contributed to an increased occurrence of symp-
tomatic disease and have enforced the urge of antivirals and vaccines against herpesvi-
ruses. In the large DNA genomes of herpesviruses, more than 50 essential genes code
for viral replication. Different stages of the viral life cycle represent possible targets for
blocking herpesvirus infection, such as virus attachment and cell entry, gene transcrip-
tion, DNA replication and finally morphogenesis. Although several drugs have been

approved for the treatment of herpesvirus infections, their utility is limited by problems
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with pharmacokinetics, toxicity and development of resistance, as will be discussed in

the following chapters.

3.2.1.1. Targeting virus entry

One strategy to target herpesviruses is to block virus attachment and entry. An advan-
tage of early interference is the avoidance of later viral proteins that might alter cellular
functions or exhibit cytotoxic effects. Furthermore, drugs inhibiting virus attachment
would not need to enter the cell. Compounds were identified that bind glycoproteins of
HSV-1, thereby inhibiting its initial attachment (Orozco-Topete et al., 1997;Pertel and
Spear, 1996). A major drawback of drugs targeting the attachment process is a low
bioavailability of existing compounds. Furthermore, alternative entry pathways of many

herpesviruses reduce the effect of drugs, targeting one specific receptor.

3.2.1.2. Targeting the herpesvirus DNA replication and gene expression

Any essential process involved in the viral replication cycle represents a potential drug
target, however, nearly all clinically used drugs interfere with viral DNA synthesis.
Most popular are nucleoside analogous (De Clercq and Holy, 2005). After discovery
and approval of idoxuridine in the early 1960s (Prussof, 1959), targeting the a-
herpesviruses HSV-1 and HSV-2, related drugs were developed such as acyclovir and
famciclovir, both targeting the herpes simplex viruses and VZV, or ganciclovir and ci-
dofovir that target the B-herpesvirus HCMV. The drugs, acyclic nucleoside homologues
or acyclic nucleoside phosphonates, target the viral DNA polymerase indirectly and are
administered as so called pro-drugs. The compounds are phosphorylated by viral
thymidine kinase or serine/threonine kinase UL97 for HCMV (Chee et al., 1989), and
are subsequently converted into active triphosphates by cellular kinases. The modified
triphosphates then compete with the normal dNTPs as substrate for the viral polymerase
and lead to termination of DNA elongation or enzyme inactivation. While these drugs
are very specific, safe and efficient, a number of problems are associated with their use.
The spectrum of viruses targeted by the drugs is narrow, meaning that although one
herpesvirus species can be efficiently inhibited, others remain unaffected. Also since all
these types of drugs target the same site in the kinase as well as in the DNA polymerase,
few mutations are necessary to give rise to resistant strains. As a consequence, high
doses of the drug have to be administered. Finally, the incorporation of the modified

triphosphates also results in termination of cellular DNA elongation. This makes nu-
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cleoside analogues mutagenic, inducing DNA breakage and chromosomal aberrations
(Tomicic et al., 2002).

A non-nucleoside substrate analogue of the herpesvirus DNA polymerase is foscarnet,
which binds in the pyrophosphate binding site of the polymerase. This drug allows the
treatment when resistance against acyclovir or derivatives occurs, however, its high
cytotoxicity leads to numerous side effects (Chrisp and Clissold, 1991). Recently non-
nucleoside inhibitors of the viral DNA polymerase were discovered by high-throughput
screens (Loregian and Coen, 2006). Inhibitory compounds were selected to target a site
other than the substrate binding sites, thus representing new chemotherapeutics for re-
sistant strains. Furthermore, it was shown that the viral DNA polymerase of several
herpesviruses was targeted, whereas human DNA polymerases were barely disrupted.
Preclinical trails are ongoing for the compound PNU-183792, an inhibitor belonging to
the 4-oxo-dihydroquinoline class, which was reported to exhibit antiviral activity
against the polymerase of HCMV, HSV and VZV (Brideau et al., 2002;Oien et al.,
2002).

A novel strategy to inhibit viral replication is based on the disruption of virus protein-
protein complexes by peptides or peptidomimetic compounds. Such compounds mimic
one of the interacting subunits thereby interfering with the formation of an active viral
protein assembly (Loregian et al., 2002;Loregian and Coen, 2006). Enzymes that consist
of several subunits might be inhibited from forming the active holoenzyme. The first
example studied was the inhibition of the tetrameric ribonucleotide reductase of HSV-1.
This multimeric enzyme was disrupted in the presence of a nonapeptide resulting in
specific inhibition of virus replication (Cohen et al., 1986;Dutia et al., 1986). Studies of
the interaction surfaces in the DNA polymerases of HSV-1, HSV-2, VZV and HCMV
are ongoing (Loregian and Palu, 2005).

New anti-HSV agents were developed that target the helicase-primase complex (Crute
et al., 2002;Kleymann et al., 2002). The agent BAY-57-1293 (Betz et al., 2002) appears
to increase the affinity of the trimeric viral complex to the DNA with a negative effect

on DNA replication.
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3.2.1.3. Targeting virus morphogenesis

An alternative strategy for targeting herpesviruses is to block a process further down-
stream in the replication cycle, the morphogenesis of virions. From the viral DNA pack-
aging to the formation of the next generation of infectious particles several morpho-
genesis steps that consist of processes not present in the host cell provide numerous
possibilities for an effective and specific inhibition. Four different classes of compounds
that interfere with herpesvirus morphogenesis have been identified. All interfere with
the viral DNA cleavage and encapsidation.

Thiourea inhibitors, such as WAY-150138, appear to inhibit the portal protein UL6 and
at least one other protein in HSV-1, blocking DNA entry into the preformed capsids
(Newcomb and Brown, 2002;van Zeijl et al., 2000). The other compounds, such as acri-
dones, phenylenediamine-sulfonamides and ribosylbenzimidazoles interfere with cleav-
age of the DNA concatamers into a single genome-length DNA molecule or DNA en-
capsidation but the detailed mode of action and the target protein is not known
(Akanitapichat et al., 2000;Krosky et al., 2002;Weber et al., 2001).

Maribavir, a ribosylbenzimidazole derivate that inhibits virus maturation by acting on
the HCMYV protein kinase UL97, is the most promising compound for possible clinical
use. UL97 plays an important role not only during DNA replication (chapter 3.1.4) but
also during DNA encapsidation (Wolf et al., 2001). One group has reported that mari-
bavir inhibits viral DNA replication (Biron et al., 2002), whereas another has reported
that maribavir blocks HCMV replication at the stage of nuclear egress (Krosky et al.,
2003).

Virus morphogenesis depends on plenty of interactions involving solely viral proteins.
As it will be later discussed, a big potential is seen in the inhibition of those interactions
as they might be inhibited specifically. One focus of this work was the elucidation of an

crucial interaction during viral morphogenesis.

3.2.1.4. Targeting cellular proteins

Although large DNA viruses, such as herpesviruses, show a low rate of adaptive muta-
tions, resistance to certain drugs, especially the frequently used nucleoside analogues, is
a serious problem. Since drugs designed to target viral proteins ensure specificity and
low cytotoxicity, little effort has been made to target cellular proteins for antiherpesviral
chemotherapy. However, blocking cellular proteins that interfere with the viral life cy-

cle would reduce the chance of developing resistance and eventually more than one spe-
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cies of herpesviruses could be inhibited. One example is the inhibition of the cycline
dependant kinase (CDK), which is up regulated during herpesvirus infection (Jault et
al., 1995). All viruses that replicate in the cell nucleus might be targeted by this mode of
inhibition. One successful drug is the purine derivative roscovitine (Meijer et al., 1997)
which binds in the ATP-binding site of CDKs and was shown to inhibit HSV-1, HSV-2,
VZV and HCMV (Bresnahan et al., 1997;Schang et al., 1998;Schang et al., 2002;Taylor
et al., 2004).

Targeting host kinases might even allow the control of latent infections by herpesvi-
ruses. Experiments performed by Cooper and Longnecker (Cooper and Longnecker,
2002) showed that the inhibition of the Syk threonine kinase by picaetannol (Geahlen
and McLaughlin, 1989) resulted in induced apoptosis in LMP2 expressing cells and
decreased the outgrowth of B cells in IL-7 containing methylcellulose. LMP2, the latent
membrane protein 2, is thought to be essential for maintaining of latency in EBV in-
fected cells and has been reported to directly interact with several kinases. Syk auto-
phosphorylation and kinase activity is increased in LMP2A expressing cell lines and the
interaction of LMP2A with Syk is essential for the ability of LMP2A to block B cell
signal transduction (Fruehling and Longnecker, 1997;Merchant et al., 2000;Miller et al.,
1995). The treatment of latent EBV infections in high risk patients might inhibit the
development of EBV-associated cancers by the reduction of infected B-cells or influ-

ence progression and tumour survival.

3.2.2. Approaches in drug development

Strategies applied for the development of antiherpesviral drugs described in the previ-
ous chapter focused primarily on the anti-metabolite research for nucleoside analogues.
Development of such drugs requires a modification to the known structure of the poly-
merase substrate such that the affinity to the substrate binding cleft is retained while
other functions in the metabolic pathway are lost. The rational design of drugs requires
knowledge of the structure of either the basic molecule of a potential inhibitor or the 3D
structure of the protein or protein complex, which is targeted by the drug. This informa-
tion can be obtained by crystallographic or NMR analyses of the proteins or by com-
parison to previously described structures of homologous proteins. Drugs can be de-
signed rationally by the prediction of binding properties of certain molecules, designed
in silico by bioinformatic tools. One example for structure assisted development of anti-

viral drugs are SARS protease inhibitors. After elucidation of the protease structure
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(Anand et al., 2003) effort was put in the design of inhibitory compounds (Yang et al.,
2005). While results from the rational drug design are mainly hypothetical and require
experimental validation, such an approach can drastically shorten the discovery process.
The recent elucidation of the crystal structures of several glycoproteins of HSV-1 and
UL44, a subunit of the HCMV polymerase (Appleton et al., 2006;Carfi et al., 2001)
may serve as a basis for the rational design of antiherpesviral drugs that focus on block-
ing initial attachment or DNA replication of the virus.

Another effective approach is high-throughput screening (HTS) in which very large
libraries of chemical compounds are screened for an inhibitory effect on a specific en-
zyme activity or protein-protein interaction. Information about the structure and proper-
ties of the interaction surfaces are helpful but not essential for the establishment of a
HTS. The prerequisite of a HTS is a simple and fast readout for the targeted activity
such as a colorimetric assay for an enzyme reaction or a yeast two-hybrid (Y2H) based
assay. For HTS the yeast three-hybrid system, which evolved from the classical Y2H
can be employed. Here, the inhibition of an interaction can be assayed in contrast to a
basic interaction screen in an original yeast-two hybrid system (reviewed in Drees,
1999;Licitra and Liu, 1996).

Examples for antiviral drugs discovered by high-throughput screens are HSV-1 helicase
inhibitors (Spector et al., 1998) and HCMV polymerase inhibitors (Loregian and Coen,
2006). The high-throughput helicase screen was based on a labelled primer displace-
ment assay, where an o-""P-labeled primer was annealed to an M13 template and pure
baculovirus-expressed UL5/8/52 HSV-1 helicase complex was added together with ATP
and Mg”". The extent to which the helicase enzyme complex could displace the labelled
primer, in the presence of the test compound, was measured by counting the radioactiv-
ity that remained associated with the M13 substrate (Spector et al., 1998) For the com-
pounds, disrupting interaction of the accessory subunit of the HCMV polymerase
(UL44), and residues of the catalytic subunit (UL54), libraries were screened by an
HTS, based on fluorescence polarization (Dandliker et al., 1981). A peptide of UL54
was labelled by a fluorophore. Alterations in the conversion of polarized light after ex-
citation indicate the status of interaction with UL44, possibly inhibited by the screened
compounds (Loregian and Coen, 2006).
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3.3. Protein-protein interactions

At present, protein-protein contact areas are considered to be new prospective drug tar-
gets. Most biological processes depend not on single proteins but specific protein as-
semblies, which can be influenced by external compounds. Beside the view of protein-
protein interactions as drug targets, the understanding of complexes formed by proteins
gives important insights into processes under study, such as virus morphogenesis or
virus replication. Knowledge about interaction partners of proteins or the sites of inter-
action often help to embed processes that are understood on an isolated but detailed

level into a comprehensive picture.

3.3.1. Tools for monitoring protein-protein interactions

The most popular and frequently used method to monitor and reveal protein-protein
interactions is the yeast-two hybrid (Y2H) system (Fields and Song, 1989). For this
method, a transcription factor is split into its DNA binding and transcription activation
domains. The two domains, which are not active when separated, are independently
fused to a “bait” protein and the potential interaction partners, the “prey” proteins. In-
teraction of prey and bait proteins allow DNA binding and alignment of the other do-
main, enabling subsequent transcriptional activation of a reporter gene, such as the lacZ.
The easy handling and low costs made the Y2H a tool for large screens to set up maps
of interacting proteins, so called interactomes. Recently a comprehensive analysis of
interacting proteins within VZV and KSHV was published which might serve as a plat-
form for the discovery of protein-protein interactions in other herpesviruses (Uetz et al.,
2006). Limitations of the Y2H concern the possible miss folding and subsequent insta-
bility of the hybrid proteins, their inappropriate sub-cellular localization, the absence of
certain post-translational modifications such as phosphorylation or glycosylation, the
lack of physiological context and the inability to screen a large variety of potential pro-
tein-protein interactions. Protein interactions identified by the Y2H system need to be
validated further by techniques that allow detailed studies of the interactions in their
biological context. Classical biochemical techniques used to validate the outcome of a
Y2H screen are co-immunoprecipitation and pull-down assays. Both methods are based
on affinity purification of the bait protein, which binds to a matrix either directly, or by
an additional tag. Protein complexes involving the bait protein are retained by the ma-

trix material and can be co-purified with the bait. A recent development is the tandem
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affinity purification (TAP) technique that uses a complex tag fused to the bait protein

for two consecutive purification steps in yeast (Puig et al., 2001;Rigaut et al., 1999).

3.3.2. Protein complementation assay

Based on the yeast-two hybrid assay, the protein complementation assay (PCA) evolved
as a new method to monitor protein-protein interactions. In contrast to the Y2H system,
the PCA allows real time monitoring and is not limited by the nuclear localization of the
proteins of interest. The PCA can be applied to cytoplasmatic or even membrane an-
chored proteins in their native context.

In a PCA, two fragments of a reporter protein are fused to two known or putative inter-
action partners. The individual fragments are non functional by themselves and ideally
cannot bind to each other. However, putting the split fragments in proximity by interac-
tion of the proteins they are fused to, allows proper folding leading to the reconstitution
of activity (Figure 7). As reporter proteins, enzymes or fluorescent proteins are used.
The first PCA, developed in 1994 by Johnsson and Varshavsky, used N- and C-terminal
halves of ubiquitin fused to interacting proteins. Interaction lead to the reassembly of
the two ubiquitin halves and the subsequent cleavage by ubiquitin specific proteases
produced a free reporter. A more direct readout can be achieved by the use of reporter
enzymes in the PCA, such as the dihydrofolate reductase in bacteria (Pelletier et al.,
1999) or the [-galactosidase and [-lactamase in eukaryotic cells (Rossi et al.,
1997;Wehrman et al., 2002); chapter 3.3.3). The complementation of the two fragments
leads to an active reporter enzyme that can be detected and quantified after substrate
application. The time between the actual interaction and the detection can be shortened
further by the use of fluorescent proteins as reporter. This type of PCA is also known as
BiFC, the bimolecular fluorescence complementation, and was established for fluores-
cent proteins like GFP or YFP (Ghosh et al., 2000;Hu et al., 2002). Interacting proteins
can be directly detected by fluorescence - even non-invasive in living animals
(Paulmurugan et al., 2002) - however, one drawback is that a stable complex is formed
once the fragments have been complemented, thus making the system irreversible.
PCAs attracted interest for mapping biochemical pathways, for example involved in cell
differentiation and proliferation, apoptosis, stress response or secretion. (Nyfeler et al.,
2005;Subramaniam et al., 2001). The PCA can be more widely applied as tool for ge-
nomic networking, which might be realised by the proposed GFP-PCA based, func-

tional cDNA library screen (Remy and Michnick, 2004). Here a genome wide screen is
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combined with functional validation experiments. As proof of principle the interaction
partners of the protein kinase PKB/Akt were identified. PCAs were further suggested as
tool for the validation of drugs and high-throughput screens for inhibitory compounds
(Luker et al., 2004). Reichel and colleagues (Dirnberger et al., 2006) recently proposed
the adaptation of the ubiquitin-PCA (Johnsson and Varshavsky, 1994) to a small mole-
cule three-hybrid system. Two receptors (A and B), one of them (A) the designated drug
target, are fused to the ubiquitin halves. Interaction, followed by the PCA readout,
might be induced by addition of a bivalent hybrid organic molecule, binding to one re-
ceptor (B) and potentially to the second (A). This alternative three-hybrid technology
for the detection of protein-small molecule interactions can be adapted to a HTS but

keeps the flexibility of a PCA.

3.3.3. The TEM-1 [B-lactamase in the PCA
The TEM-1 B-lactamase of Escherichia coli (EC 3.5.2.6.) combines most of the features

desired for a PCA. The enzyme, a product of the ampicillin resistance gene Amp', is
small and monomeric (Sutcliffe, 1978). It is normally secreted in the periplasmic space
but accumulates in the cytoplasm of bacteria when the signal sequence of 23 amino ac-
ids is deleted (Kadonaga et al., 1984). The TEM-1 B-lactamase (Bla) used in the PCA
lacks the signal peptide for secretion and has a size of 29 kDa (Philippon et al., 1998).
The small size of the protein fragments may prove crucial for many applications where
the major risk is impaired folding of the interacting proteins. The Bla is not toxic and
can be expressed in both eukaryotic cells and bacteria making the Bla-PCA applicable
to both classes of organisms (Moore et al., 1997). Bla, as a bacterial enzyme, has no
orthologues in eukaryotic cells, which reduces the background and subsequently im-
proves the sensitivity of the assay. Finally, the structure and function of Bla is well
characterized which facilitates the design of suitable fragments and has led to a re-
markably variety of available substrates for the enzyme. Most suitable for a PCA are
chromogenic or fluorescent substrates, like nitrocefin (O'Callaghan et al., 1972) or
CCF2/AM (Zlokarnik et al., 1998). Both substrates are cell permeable, allowing Bla
activity to be studied in whole cells as well as in cell lysates. The chromogenic substrate
nitrocefin (Figure 7D) changes from yellow to red (absorption at 495 nm) when hydro-
lyzed by Bla.

Galarneau and Wehrman (Galarneau et al., 2002;Wehrman et al., 2002) were the first to

establish a PCA using the TEM-1 B-lactamase (Bla) as a reporter enzyme. They studied
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the ideal sites for enzyme cleavage and possible protein fragments were examined for
successful complementation to restore reporter enzyme activity (Figure 7B). Further-
more, the fragments were tested for the lack of activity by themselves and the lack of

affinity to each other (Figure 7A).

A D
Bla BlaN BlaC Nitrocefin
(yellow)
active 1nactive 1nactive l B 1 actamase
B NO2
HOCO &
NaOCO N
0 HN
0= AT L
H
BlaN BlaC Hydrolyzed
(red, 492 nm)
Bla

Figure 7: Principle of the PCA.
inactive active A) Schematic representation of the TEM-1 -
lactamase (Bla) and the two Bla fragments,

C BlaN and BlaC that exhibit no activity by
themselves. B) BlaN and BlaC fused to two in-
teraction of A and B leads to the complementa-
tion of the two Bla fragments and Bla is recon-
stituted. C) BlaN and BlaC fused to two pro-

BlaN BlaC teins that do not interact, A and C. No com-
plementation of the two Bla fragments.
D) Structure of the colorimetric Bla substrate

Q nitrocefin in the non-hydrolyzed (yellow) and
hydrolyzed (red) form (modified from

teracting proteins, A and B. The reversible in-
inactive Galarneau et al., 2002).
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3.4. Aims of this work

Among other features, a potential drug for herpesviruses would ideally target all eight
herpesviruses infecting humans even though they differ in several aspects from each
other. Viruses belonging to the three subfamilies differ in their target cell types and in
the duration of their replication cycle but share processes such as virus entry, replication
and morphogenesis. Any essential interaction of viral proteins, which leaves cellular
processes untouched, might serve as a potential drug target. Most favourable would be
interactions conserved throughout all three herpesvirus subfamilies.

The aim of this work was to undertake a detailed study of the conserved UL34/UL31
interaction of different herpesviruses. The interaction of the two proteins is important
and in some viruses even essential for the nuclear egress of the newly formed viral nu-
cleocapsids. The interaction between the UL34 and UL31 family members seems to be
crucial for their activity. The fact that they are involved in a herpesvirus specific proc-
ess, which is not found in the host cell but strictly conserved among all known herpesvi-
ruses, make them interesting for evaluation as a potential and novel drug target. In addi-
tion, a study of their interaction in a comparative manner should result in a better under-
standing of their structure and function. Therefore, the protein complementation assay
using the TEM-1 (-lactamase (Bla) was chosen to establish a protein-protein interaction
assay that would allow a detailed and comprehensive, but simple study of UL34/UL31

interaction.

3.4.1. Establishment of the PCA
The initial step was the establishment and validation of the PCA for MCMV M50 and

M53, which are representative members of the UL34 and UL31 families, respectively.
Both proteins and their interaction have been well studied (Bubeck et al.,
2004;Lotzerich et al., 2006;Muranyi et al., 2002). Information on the binding motifs
involved in the M50/M53 interaction and the tolerance of inserted tags has already been
determined. Also deletion and point mutants of both proteins have been constructed and
well characterized to enable the efficient design of the PCA with necessary controls.
The work of Michnik and colleagues (Galarneau et al., 2002) was followed with mini-
mal modifications for the design of suitable BlaN and BlaC fragments.

In order to validate the PCA, experiments were planned to determine the background of

the Bla-PCA, as well as the specificity and functionality of the proteins. For determin-
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ing the background, mutants of M50, shown to be deficient in binding to M53, were
included in the PCA. The specificity of the assay was to be tested by competition ex-
periments in the presence of wild type M50 while the functionality of the fusion pro-
teins should be proved by replacing the native M50 and M53 with the Bla-fusion con-

structs in the MCMYV virus context.

3.4.2. Study of the UL34/UL31 interaction in herpesviruses
Once established and validated for the MCMYV proteins M50 and M53, the next step

planned was to expand the PCA to accommodate homologues of other herpesviruses.
All three subfamilies were to be included in the study, represented by PrV and HSV-1
as two O-herpesviruses, HCMV and MCMV from the B-herpesvirus subfamily and
EBV and MHV68 as representatives from the y-herpesvirus subfamily. For characteriza-
tion of the UL34/UL31 interaction, the primary goal was to evaluate the degree of pro-
tein conservation at a functional level. The data gained from replacement studies in iso-
lated expression were aimed to be applied in the virus context. Successful replacement
of conserved core proteins would allow them to be studied in the herpesvirus context
even for proteins originating from viruses lacking suitable animal models. Furthermore,
the aim was to use the PCA as a tool for identifying the binding sites within the mem-

bers of both protein families.

3.4.3. Establishment of a potential high-throughput screen using the PCA
The final aim was to establish a PCA in a cell free system. UL50 and UL53, the M50

and M53 homologues of HCMV, were selected for expression in bacteria to study the
minimal binding sites in the protein and to establish a purification protocol. Both
HCMYV proteins were to be expressed as fragments of the wild type proteins or as con-
structs for the PCA, thus fused to Bla-fragments. Successful Bla complementation of
purified proteins in a cell free system would supply a cheap system for testing large

numbers of small molecules for an inhibitory effect on the UL50/UL53 interaction.
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4. Material

4.1. Devices

Bio-Photometer

Centrifuge 5417 R

Centrifuge Avanti™ J-20xp
Centrifuge L8-55M

Crystal Screen 1

Crystal Screen 2

EagleEye

Gene Pulser™

Incubator (B5050E)
Incubator BB16CU

Incubator shaker ISF- 1- W
Light microscope Axiovert 25
Luminometer
Mini-PROTEAN3 Cell (SDS-Page apparatus)
Multifuge 3 S-R

ND-1000 Spectrophotometer
PCR machine
Semi-Dry-Transfer Cell (Trans-BlotSD)
Sonifier 450

Thermomixer 5436
Versamax

Vortex-Mixer

Water Bath F10

4.2. Reagents and Consumables

Acetic Acid

Agar

Agarose

Ammonium Persulfate

Ampicillin

Cell culture dishes (145 cm?)

Cell culture dishes (20 cm?, 55 cm?)
Chloramphenicol

Conical Tubes, Falcon

Dimethylsulfoxid (DMSO)

DNA ladder (100bp, 1kbp)

dNTPs

Dulbecco’s modified Eagle medium DMEM)
Electroporation cuvettes

Ethanol

Ethylen-Diamin-Tetra-Acetic acid (EDTA)
Fetal calf serum (FCS)
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Eppendorf, Germany
Eppendorf, Germany

Beckman Coulter GmbH, Germany
Beckman Coulter GmbH, Germany

Hampton Research, USA
Hampton Research, USA
Bio-Rad, Germany

Bio-Rad, Germany

Heraeus Instruments, Germany
Haraeus Instruments, Germany
Kiihner, Adolf AG, Switzerland
Zeiss Carl AG, Germany
Perkin Elmer, Germany
Bio-Rad, Germany

Heraeus Instruments, Germany
Nanodrop, USA

Roche, Germany

Bio-Rad, Germany

Branson, England

Eppendorf, Germany
Molecular Devices
Bender/Hobein AG, Switzerland
Julabo, Germany

Merck, Germany

Becton Dickinson, Germany
Invitrogen, Germany

Sigma, germany

Sigma, Germany

Sarstedt, Germany

Becton, Germany

Sigma, Germany

Becton Dickinson, Germany
Merk, Germany

NEB, Germany

NEB, Germany

Invitrogen, Germany
Bio-Rad, Germany

Roth, Germany

Fluka, Karlsruhe

Invitrogen, Germany
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Glycerol

Glycin

Hybond P- membrane
Hyperfilm ECL

Imidazole

IPTG

Isopropanol

Kanamycin

L-Glutamin
Magnesiumchlorid (MgCl, x6H,0)
-Mercaptoethanol
Methanol

Methylcellulose
Microcentrifuce tubes
Modified Eagle Medium (MEM)
NaCl

New born calf serum (NCS)
Ni*"-NTA

Nitrocefin

PBS (Phosphate buffered saline)
Penicillin-Streptomycine
Phenol/Chloroform

Pipettes (5 ml, 10 ml, 25 ml)
Protein ladder, low range
Rapamycin

Reporter Lysis buffer
Restriction enzymes
RNAse, DNAse free Uvette
Rotiphorese Gel 30

RPMI 1640

Skim milk powder
Superfect

T4 Ligase

TEMED

Tris

Trypsin/EDTA

Trypton

Tween-20

Urea

Whatman paper

Yeast Extract

Zeocin

4.2.1. Kits

ECL plus Western blotting detection System

Expand High Fidelity PCR system

GFX PCR; DNA and Gel band purification Kit

GFX Micro Plasmid Preparation Kit
Nucleobond PC100
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Roth, Germany
Roth, Germany
Amersham, Germany

Amersham Pharmacia, Germany

Roth, Germany

Roth, Germany

Merck, Germany

Sigma, Germany
Invitrogen, Germany

Fluka, Germany

Sigma, Germany

Roth, Germany

Sigma, Germany
Eppendorf, Germany
Invitrogen, Germany
Merck, Germany
Invitrogen, Germany
Quiagen, Germany

Oxoid, Germany

Invitrogen, Germany
Invitrogen, Germany

Roth, Germany

Sarstedt, Germany

Biorad, Germany

Sigma, Germany

Promega, Germany

New England Biolabs (NEB)
Eppendorf, Germany

Roth, Germany

Invitrogen, Germany

Roth, Germany

Quiagen, Germany

New England Biolabs (NEB)
Sigma, Germany

Roth, Germany

Invitrogen, Germany
Becton Dickinson, Germany
Sigma, Germany

Fluka, Germany

Machery & Nagel, Germany
Becton Dickinson, Germany
Invitrogen, Germany

Amersham Pharmacia, Germany

Roche, Germany

Amersham Pharmacia, Germany
Amersham Pharmacia, Germany

Macherey-Nagel, Germany
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4.3. Plasmids

4.3.1. Commercially available and published plasmids

pCP20 Cherepanov and Wackernagel, 1995
pOriR6K Miller and Mekalanos, 1988
pUCI19 NEB, USA

RC4RH,E Ariad, USA

C4EN-F1 Ariad, USA

Litmus28 NEB, USA

pO6-1ET-gfp Rupp et al., 2005
pOriR6K-zeo-ie Bubeck et al., 2004
pOriR6K-zeo-ie-M50 Bubeck et al., 2004
pOriR6K-zeo-ie-M50-aa52, Bubeck et al., 2004
pOriR6K-zeo-ie-M50-aal 14 Bubeck et al., 2004
pOriR6K-zeo-ie-M53 Lotzerich et al., 2006
pCDNA4/TO Invitrogen, Germany
pSMfr3-16FRT17 Wagner et al., 1999
pSMfr3-AMS50 Bubeck et al., 2004
pSMfr3-AMS53 Lotzerich et al., 2006
pET-24b Novagene, USA

bicistronic pET-28b kind gift from A. Meinhart

4.3.2. Plasmids constructed over the project.

4.3.2.1. Basic Bla-fusion vectors

pL-Spacer

Two complementary synthetic oligonucleotide pairs, encoding for a 17 aa glycine/serine
spacer (S1/S2 and S3/S4, see chapter 11.3.1) were annealed and joined by Xbal diges-
tion followed by ligation (Galarneau et al., 2002). The resulting DNA fragment was
inserted into the Litmus28 (NEB) vector by BglII and AfIII.

pL-BlaN

The N-terminal part of TEM-1 B-lactamase (Bla; EC: 3.5.2.6) was PCR amplified from
pUCI19 by the primers BlaNfor and BlaNrev. The PCR fragment was cleaved by BspEI
and AflII and introduced in the respectively cleaved pL-Spacer.

pL-BlaC

The C-terminal part of Bla was PCR amplified from pUC19 using the BlaCfor and
BlaCrev primers. The PCR fragment was cleaved by BamHI and Apal and introduced
in the respectively cleaved pL-Spacer.

pL-HA-Spacer

The pL-Spacer was cut with BspEI and AflII and the annealed HA1 and HA2 oligonu-
cleotides, encoding for the HA-tag, were inserted resulting in pL-HA-Spacer.
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pL-HA-N

The coding sequence for the N-terminal part of Bla was PCR amplified from pUC19
(NEB) using the primer pair BlaNfor and BlaNrev. The N-terminal fragment of the Bla
(aa24-aal94) was cloned into pL-HA-Spacer by BspEI/Nhel resulting in pL-HA-N.

pL-HA-C

The coding sequence for the C-terminal part of Bla (aal96-aa286) was PCR amplified
from pUC19 (NEB) using the BlaCfor/BlaCrev primer pair. The fragment was then
cloned into pL-HA-Spacer by AflIl/BspEI resulting in pL-HA-C.

pL-C-ST

The pL-Spacer was cut with Notl and BamHI and the annealed ST1 and ST2 oligonu-
cleotides, encoding for the Strep-tag, were inserted resulting in pL-Spacer-ST. The C-
terminal part of Bla (aal96-aa286) was cut from pL-HA-C by Nhel and BspEI and
cloned into the Agel and Xbal sites of pL-Spacer-ST, resulting in pL-C-ST.
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4.3.2.2. Expression plasmids

In the following chapter, the plasmids used for protein expression are listed with de-
tailed information of their construction. Table 1 is a comprehensive list containing
names of the proteins used in the result section and the expression plasmid described in
this chapter.

Table 1 : Proteins and their corresponding expression plasmids.

Alphabetical list of proteins as referred to in the result section and the corresponding expression vector.

Protein Plasmid

BlaS pO6T-BlaS
C-BFLF2 pO6T-C-BFLF2
C-CG pO6T-C-CG
C-Cp pO6T-C-CP
C-GM pO6T-C-GM
C-GP pO6T-C-GP
C-M53 pO6T-C-M53
C-MG pO6T-C-MG
C-MP pO6T-C-MP
C-0Orf69 pO6T-C-Orf69
C-PG pO6T-C-PG
C-PM pO6T-C-PM

C-UL31(HSV)

pO6T-C-UL31(HSV)

C-UL31(PrV)

pO6T-C-UL31(PrV)

C-UL53 pO6T-C-UL53
CUL53_His pET24-CUL53-His
F-C pO6T-F-C

M53-C pO6T-M53-C
N-BFRF1 pO6T-N-BFRF1
N-M50 pO6T-N-M50
N-M50DM pO6T-N-M50DM
N-M50DM* pO6T-N-M50DM*
N-M50i114 pO6T-N-M50i114
N-M50i52 pO6T-N-M50i52
N-Orf67 pO6T-N-Orf67
N-R pO6T-N-R

N-UL34(HSV)

pO6T-N-UL34(HSV)

N-UL34(PrV)

pO6T-N-UL34(PrV)

N-UL34DM pO6T-N-UL34DM
N-UL34DM* pO6T-N-UL34DM*
N-UL50 pO6T-N-UL50
NULS50 His pET24-NUL50-His
NULS0DM His pET24-UL50DMHis
UL50 His pET24-UL50-His

UL50 His and UL53 1

pET28-UL50His/UL53 1

ULS50 His and UL53 2

pET28-UL50His/ULS53 2

wt M50

pOriR6K-zeo-ie-M50

wt M53

pOriR6K-zeo-ie-M53
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pO6T

Vector elements of pOri6K-zeo-ie (Bubeck et al., 2004) and pCDNA4TO (Invitrogen)
were combined to add a tet-operator regulation cassette to the HCMV promoter of the
expression plasmid pOri6kie. Both vectors were cleaved by Ndel and EcoRV. The 550
bp fragment obtained from pCDNA4T was ligated to the vector fragment of pOri6kie
resulting in pO6T.

pO6T-BlaS

The N-terminal part of Bla was PCR amplified from pUC19 by the primers BlaNfor and
BlaNrev. The PCR fragment was cleaved by BspEI and AflII and introduced in the re-
spectively cleaved pL-BlaC, resulting in pL-Blas. The coding sequence of BlaS was
removed from the Litmus28 backbone and transferred to the expression plasmid pO6T
by cleaving pL-BlaS with AfIIl and SnaBI and subsequent insertion into pO6T, lin-
earized by AflIl and EcoRV.

pO6T-N-R

The coding sequence for FRB (R) was isolated from pC4-RyE by a BamHI and EcoRI
cleavage and introduced in the equally treated Litmus28, resulting in pL-R. The FRB
coding sequence was combined with BlaN by insertion into pL-BlaN. For that, pL.-BlaN
was cleaved by Bglll und Avrll and ligated with the smaller fragment of pL-R after
Xbal and BamHI cleavage, resulting in pL-R-N. The R-N sequence was transferred to
the expression plasmid pO6T by cleaving pL-R-N with AfIIl and SnaBI followed by
insertion into pO6T, linearized by AfIIl and EcoRV.

pO6T-F-C

The coding sequence for FKBP12 (F) was isolated from pC4EN-F; by a BamHI and
EcoRI cleavage and introduced in the equally treated Litmus28, resulting in pL-F. The
F-fragment was removed from the Litmus28 vector by Spel and BsiWI cleavage and
inserted into pL-BlaC in between the BsiWI and Nhel sites, resulting in pL-F-C. The F-
C part was transferred to the expression plasmid pO6T by cleaving pL-F-C with AfIII
and SnaBI followed by into pO6T, linearized by AflIl and EcoRV.

pOriR6K-zeo-ie-MS0D

The M50 mutant M50D was generated by inverse PCR on the pOriR6K-zeo-ie-M50
using the primers delmo-Nhel-for and delmo2-Nhe-rev resulting in pOriR6K-zeo-ie-
MS50D. The PCR fragment obtained contained the vector backbone and the two parts of
the M50 ORF, lacking nine amino acids that were defined as the M50 binding motif to
MS53 (Bubeck et al., 2004). The fragment was cleaved by Nhel and religated.

pO6T-N-M50

For construction of the BlaN-M50 fusion, the wt M50 fragment was PCR amplified
from pOriR6K-zeo-ie-M50 using the primer pair M50for and M50rev. The PCR frag-
ment obtained was inserted into pL-HA-N by Sapl and Agel. Fusion constructs were
isolated from the Litmus28 vector after AflII and BspEI digest, filled-in and cloned into
expression plasmid pO6T between the EcoRV and AflII sites.
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pO6T-N-M50DM, pO6T-N-M50i52, pO6T-N-M50i114

The ORFs of M50D, M50i152 and M50i114 were amplified by the primers M50for and
M50rev on the respective expression plasmids pOriR6K-zeo-ie-M50D, pOriR6K-zeo-
ie-M50-aa52 and pOriR6K-zeo-ie-M50-aal14. The PCR fragments obtained were
cleaved by Sapl and Agel and inserted into the adequately opened pL-HA-N. Fusion
constructs were isolated from the Litmus28 vectors by AflIl and BspEI digest, filled-in
and cloned into the expression plasmid pO6T between the EcoRV and AfIII sites. The
constructs were named pO6T-N-M50DM, pO6T-N-M50i52 and pO6T-N-M50i114,
respectively.

pO6T-C-MS5S3

To generate the BlaC-M53 fusion, the M53 ORF was amplified from pOriR6K-zeo-ie-
M53 (Lotzerich et al., 2006) using the primers M53for and M53rev. The fragment was
inserted into pL-HA-C by the BamHI und Apal sites. Fusion constructs were isolated
from the Litmus28 vectors by AfIIl and BspEI digest, filled-in and cloned into the ex-
pression plasmid pO6T between the EcoRV and AflII sites.

pO6T-MS53-C

The M53 ORF was amplified from pOriR6K-zeo-ie-M53 (Léotzerich et al., 2006) using
the primers M53 Aflfor and M53Saprev, cleaved by AflIl and Sapl and inserted into the
Afll/Sapl opened vector pL-BlaC. From there the M53 ORF was transferred into pL-C-
ST by BamHI and AflII, resulting in pL-M53-C-ST. For the transfer from the Litmus28
backbone to the pO6T expression vector, M53-C-ST was removed by a SnaBI and AfIII
digest and cloned into the AfIII and EcoRV sites in pO6T.

pO6T-N-UL34(HSV)

UL34 of HSV-1 was fused to the N-terminal Bla fragment. The ORF was PCR ampli-
fied on BAC-DNA by the primers HSVUL34for and HSVUL34rev. The resulting frag-
ment was inserted into pL-HA-N by the Xhol and Agel sites. The fusion construct was
transferred into pO6T by Agel and Nhel, generating pO6T-N-UL34(HSV).

pO6T-N-UL34(PrV), pO6T-N-UL50, pO6T-N-BFRF1, pO6T-N-Orf67

UL34 of PrV, UL50 of HCMV, Orf67 of MHV68 and BFRF1 of EBV were fused to the
N-terminal Bla fragment. ORFs were PCR amplified on viral DNA, BAC-DNA or
plasmids (see chapter 4.9 for DNA and virus strains) by the primer pairs
UL34PrVfor/UL34PrVrev, UL50for/UL50rev, ORF67for/ORF67rev and BFRF1for/
BFRFlrev, respectively. The resulting fragments were inserted into pL-HA-N by the
BamHI and Agel sites. The fusion constructs were then transferred into pO6T by Agel
and Nhel, generating pO6T-N-UL34(PrV), pO6T-N-UL50, pO6T-N-Orf67 and pO6T-
N-BFRFI.

pO6T-C-UL31(HSV)

UL31 of HSV-1 was fused to the C-terminal Bla fragment. The ORF was PCR ampli-
fied on BAC-DNA by the primer pair HSVUL31for/HSVUL31rev. The resulting frag-
ment was inserted into pL-HA-C by BamHI and Notl. The fusion fragment was re-
moved from the Litmus28 vector by AflII/BspEI cleavage, filled-in and inserted into
pO6T between the EcoRV and AfIII sites, resulting in pO6T-C-UL31(HSV).
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pO6T-C-UL31(PrV), pO6T-C-UL53, pO6T-C-Orf69, pO6T-C-BFLF2

UL31 of PrV, UL53 of HCMYV, Orf69 of MHV68 and BFLF2 of EBV were fused to the
C-terminal Bla fragment. ORFs were PCR amplified on viral DNA, BAC-DNA or
plasmids (see chapter 4.9 for DNA and virus strains) by the primer pairs
UL31PrVfor/UL31PrVrev, ULS53for/UL53rev, ORF69for/ORF69rev and BFLF2for/
BFLF2rev, respectively. The resulting fragments were inserted into pL-HA-C by
BamHI and Apal. The fusion constructs were removed from the Litmus28 vectors by
AfIIl/BspEI cleavage, filled-in and inserted in pO6T between the EcoRV and AflIl
sites, resulting in pO6T-C-UL31(PrV), pO6T-C-UL53, pO6T-C-Orf69 and pO6T-C-
BFLF2.

pO6T-C-MP

A chimeric UL31 fusion protein was constructed by the fusion of the variable region
(V) and the first conserved region (CR1) of M53 (aal-aal75) and the second to the
fourth conserved region (CR2-CR4) of UL31 of PrV (aa92-aa271). The M53-fragment
was PCR amplified from pO6T-C-M53 with the primer pair MP-Mfor and MP-Mrev
and cleaved with BsrDI. The PrV UL31 fragment was PCR amplified from pO6T-C-
UL31(PrV) with the primer pair MP-Pfor and MP-Prev and cleaved with BsrDI and
Notl. Both fragments were ligated to the vector fragment of pO6T-C-M53 after BsrDI
and Notl cleavage, resulting in pO6T-C-MP.

pO6T-C-MG
The V and CR1 of M53 (aal-aal75) were fused to the CR2-CR4 of Orf69 of MHV68
(aal12-2a292). The Orf69 fragment was PCR amplified from pO6T-C-Orf69 by the
primer pair MG-Gfor and MG-Grev and cleaved by BstAPI and Notl. The PCR frag-
ment was inserted between the BstAPI and Notl sites of pO6T-C-M53, resulting in
pO6T-C-MG.

pO6T-C-PM

The V and CR1 of UL31 (aal-aa91) were fused to the CR2-CR4 of M53 (aal76-aa333).
The UL31 fragment was PCR amplified from pO6T-C-UL31(PrV) by the primer pair
PM-Pfor and PM-Prev and cleaved by BspMI and BsrDI. The PCR fragment was in-
serted between the BspMI and BsrDI sites of pO6T-C-M53, resulting in pO6T-C-PM.

pO6T-C-GM

The V and CR1 of Orf69 (aal-aalll) were fused to the CR2-CR4 of M53 (aal76-
aa333). The Orf69 fragment was PCR amplified from pO6T-C-Orf69 by the primer pair
GM-Gfor and GM-Grev and cleaved by BspMI and BsrDI. The PCR fragment was in-
serted between the BspMI and BsrDI sites of pO6T-C-M53, resulting in pO6T-C-GM.

pO6T-C-CP

The V and CRI1 of UL53 (aal-aal25) were fused to the CR2-CR4 of UL31 of PrV
(aa92-aa271). The ULS53 fragment was PCR amplified from pO6T-C-ULS53 by the
primer pair CP-Cfor and CP-Crev and cleaved by BsrDI. The UL31 fragment was PCR
amplified from pO6T-C-UL31(PrV) by the primer pair GP-Pfor and MP-Prev and
cleaved by BsrDI and Notl. The PCR fragment was inserted between the Notl and
BsrDI sites of pO6T-C-ULS53, resulting in pO6T-C-CP.
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pO6T-C-CG

The V and CR1 of UL53 (aal-aal25) were fused to the CR2-CR4 of Orf69 of MHV68
(aal12-aa292). The Orf69 fragment was PCR amplified from pO6T-C-Orf69 by the
primer pair CG-for and MG-Grev and cleaved with Dralll and Notl. The PCR fragment
was inserted between the Notl and BsrDI sites of pO6T-C-ULS53, resulting in pO6T-C-
CG.

pO6T-C-GP

The V and CRI1 of Orf69 (aal-aalll) were fused to the CR2-CR4 of UL31 of PrV
(aa92-aa271). The Orf69 fragment was PCR amplified from pO6T-C-Orf69 by the
primer pair GM-Gfor and GP-Grev and cleaved by BsrDI. The UL31 fragment was
PCR amplified from pO6T-C-UL31(PrV) by the primer pair GP-Pfor and MP-Prev and
cleaved by BsrDI and Notl. The PCR fragment was inserted between the Notl and
BsrDI sites of pO6T-C-M53, resulting in pO6T-C-GP.

pO6T-C-PG

The V and CRI1 of UL31 (aal-aa91) were fused to the CR2-CR4 of Orf69 (aall2-
aa292). The Orf69 fragment was PCR amplified from pO6T-C-Orf69 by the primer pair
PG-Gfor and MG-Grev and cleaved by Sapl and Notl. The UL31 fragment was PCR
amplified from pO6T-C-UL31(PrV) by the primer pair PG-Prev and PM-Pfor and
cleaved by Sapl and BsrDI. The PCR fragment was inserted between the Notl and
BsrDI sites of pO6T-C-M53, resulting in pO6T-C-PG.

pO6T-N-UL34DM

The homologous nine aa of the binding motif in M50 (Bubeck et al., 2004) were deleted
in UL34. For that, a part of the UL34 ORF of HSV-1 was PCR amplified from pO6T-
N-UL34(HSV) by the primer pair UL34DMfor and UL34DMrev and cleaved by PpuMI
and BsrDI. The PCR fragment was inserted into the equally treated expression vector
from pO6T-N-UL34(HSV), resulting in pO6T-N-UL34DM.

pO6T-N-UL34DM*

The 45 aa of the predicted binding motif in UL34 (Liang and Baines, 2005) were de-
leted in UL34. For that, two parts of the UL34 ORF of HSV-1 were PCR amplified
from pO6T-N-UL34(HSV). The first fragment was amplified by the primer pair
HSVUL34for and UL34DM*rev and treated with Sapl and Xhol. The second fragment
was amplified by the primer pair UL34DM*for and HSVUL34rev and treated with Sapl
and Agel. Both fragments were ligated to the Xhol/Agel opened vector pL-HA-N, re-
sulting in pL-HA-NUL34DM*. The coding sequence of NUL34DM* was transferred to
the expression vector by the exchange of NUL34 against NUL34DM* in pO6T-N-
UL34(HSV) between the Xmnl and Agel site, resulting in pO6T-N-UL34DM*.

pO6T-N-MS50DM*

The homologous 47 aa of the binding motif in UL34 (Liang and Baines, 2005) were
deleted in M50. For that, a part of the M50 ORF was PCR amplified from pO6T-N-M50
by the primer pair M50DM*for and M50rev and treated with BssSI and Agel. The PCR
fragment introduced the mutation in the M50 ORF by fragment exchange between the
BssSI and Agel sites of pO6T-N-M50, resulting in pO6T-N-M50DM*.
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4.3.2.3. Shuttle plasmids for BAC mutagenesis

pO6ieUL34(HSV), pO6ieUL34(PrV), pO6ieUL31(HSV), pO6ieUL31(PrV)

The UL34 and UL31 ORFs of HSV-1 and PrV were PCR amplified from pO6T-N-
UL34(HSV) and pO6T-N-UL34(PrV) by the primer pairs HSVUL34(pOri)for/
HSVUL34(pOri)rev,  PrVUL34(pOri)for/PrVUL34(pOri)rev, HSVUL31(pOri)for/
HSVUL31rev and PrVUL31(pOri)for/PrVUL31(pOri)rev, respectively. The PCR frag-
ments were cleaved by Kpnl and EcoRV and inserted into the correspondingly treated
pori6K-zeo- ie.

pO6ieUL50 and pO6ieULS3 (constructed by Anja Bubeck, unpublished)

The UL50 and UL53 ORF were PCR amplified from the AD169 BAC by the primer
pairs 5'KpnIUL50/3'XhoIUL50 and 5'KpnIULS53/3'XhoIULS53, respectively. The PCR
fragments were cleaved by Kpnl and Xhol and inserted into the correspondingly treated
pOriR6K-zeo-ie, resulting in pO6ieUL50 and pO6ieULS3.

pO6ieOrf69

The Orf69 ORF was PCR amplified from pO6T-C-Orf69 by the primer pair.
Orf69(pOri)for and MG-Grev. The PCR fragment was cleaved by Kpnl and Notl and
inserted into the correspondingly treated pO6ieM53.

pO6ieGP
The GP coding sequence was removed from pO6T-C-GP by a Narl and Notl digest and
inserted into the Narl/Notl treated pO6ieOrf69.

pO6ieCP and pO6ieCG
The CP and CG coding sequence was removed from pO6T-C-CP and pO6T-C-CG by
an Apal and BsiWI digest and inserted into the Apal/BsiWI treated pO6ieULS53.

4.3.2.4. Plasmids for bacterial expression

pET24-UL50-His

A fragment of UL50 (aal-aal72) was PCR amplified from pO6T-N-UL50 by the
primer pair UL50-Hisfor and UL50-Hisrev. The fragment was cleaved by Ndel and
Notl and inserted between the Ndel and Notl sites in pET-24b.

pET28-UL50His/UL53 1

The two ORFs coding for UL50His and UL53 1 were introduced into a modified pET-
28b expression vector for bicistronic expression (provided by A. Meinhart). A fragment
of UL50 was PCR amplified from pO6T-N-UL50 by the primer pair UL50-Hisfor and
ULS50-Hisrev and introduced into the equally treated bicistronic vector, resulting in
pET28-UL50His. The UL53 1 ORF was PCR amplified from pO6T-C-UL53 by the
primer pair UL53 1for/ UL53 1rev, cleaved by HindIII and Ncol and inserted into the
HindIII/Ncol opened pET28-ULS50His, resulting in pET28-UL50His/ULS53 1.
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pET28-UL50His/UL53_2

The UL53 2 ORF was PCR amplified from pO6T-C-UL53 by the primer pair
ULS3 1for/ UL53 2rev, cleaved by HindIIl and Ncol and inserted into the HindIIl/
Ncol opened pET28-UL50His (see construction of pET28-UL50His/ULS53 1), resulting
in pET28-UL50His/UL53 2.

pET24-NUL50-His and pET24-CULS3-His

Parts of the N-UL50 and C-UL53 ORF were PCR amplified by the primer pairs HA-
for/UL53 PCArev and HAfor/UL50-Hisrev on pO6T-N-UL50 and pO6T-C-ULS53,
respectively. The PCR fragments were cleaved by Ndel and Notl and inserted between
the Ndel and Notl sites in pET-24b.

pET24-NUL50DM-His

First, the BlaN fragment was introduced into pET-24b. BlaN was amplified from pO6T-
N-ULS50 by the primer pair BlaNbactfor and BlaNbactrev, treated with BamHI and Ndel
and introduced into the respective sites in pET-24b, resulting in pET24BlaN. To intro-
duce the deletion of the UL50 binding motif, the N- and C-terminal part of UL50 were
PCR amplified by the primer pairs UL50 PCAfor/UL5S0DMrev and UL50DMfor/
ULS50-Hisrev. The N-terminal fragment was treated with BamHI and Sapl, the C-
terminal fragment was treated with Sapl and Notl. Both fragments were ligated into the
BamHI and Notl cleavage sites of pET24BlaN, resulting in pET24BlaN-UL50DM. For
the addition of the HA-tag, the ULS50 in pET24-NUL50-His was exchanged by
UL50DM of pET24Bl1aN-UL50DM between the BamHI and Ndel sites, resulting in
pET24-NULS50DM-His.
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4.3.2.5. MCMV BACs

Mutant MCMV BACs were generated by insertion of pO6T or pOriR6K-zeo-ie derived
expression plasmids into pSM3fr-16FRT17 (wt MCMV BAC) or pSMfr3-AM50 and
pSM{r3-AMS53. Table 2 shows the summary of constructed BAC mutants by the Flp
mediated recombination of FRT sites present in the viral BAC and the insertion plas-
mids (chapter 5.5.1).

Table 2 : BACs constructed during this study.

BAC -backbone Inserted plasmid resulting mutant BAC
pSM3{r-16FRT17 | pO6T-N-M50 wt/N-M50
pSM3{r-16FRT17 | pO6T-C-MS53 wt/C-M53
pSM3fr-16FRT17 | pO6ieUL34(HSV) wt/UL34(HSV)
pSM3fr-16FRT17 | pO6ieUL31(HSV) wt/UL31(HSV)
pSM3fr-16FRT17 | pO6ieUL34(PrV) wt/UL34(PrV)
pSM3{r-16FRT17 | pO6ieUL31(PrV) wt/UL31(PrV)
pSM3fr-16FRT17 | pO6ieOrf69 wt/Orf69

pSM3fr-16FRT17

pO6T-N-UL34(HSV)

wt/N-UL34(HSV)

pSM3fr-16FRT17

pO6T-C-UL31(HSV)

wt/C-UL31(HSV)

pSM3fr-16FRT17

pO6T-N-UL34(PrV)

wt/N-UL34(PrV)

pSM3fr-16FRT17

pO6T-C-UL31(PrV)

wt/C-UL31(PrV)

pSM3fr-16FRT17 | pO6ieMP wt/MP
pSM3{r-16FRT17 | pO6ieMG wt/MG
pSM3fr-16FRT17 | pO6ieGP wt/GP
pSM3fr-16FRT17 | pO6iePG wt/PG
pSM3fr-16FRT17 | pO6ieCG wt/CG
pSM3fr-16FRT17 | pO6ieCP wt/CP
pSMfr3-AMS50 pO6T-N-M50 AMS50/N-M50
pSM{r3-AMS50 pOieUL50 AMS0/UL50
pSMfr3-AMS50 pO6ieUL34(HSV) AMS50/UL34(HSV)
pSM{r3-AMS50 pO6ieUL34(PrV) AMS0/UL34(PrV)
pSMfr3-AMS50 pO6ieULS50 AMS50/UL50
pSM{r3-AMS3 pO6T-C-M53 AMS53/C-M53
pSMfr3-AMS53 pO6ieULS53 AMS53/ULS3
pSMfr3-AMS3 pO6ieUL31(HSV) AMS3/UL31(HSV)
pSM{r3-AMS53 pO6ieUL31(PrV) AMS3/UL31(PrV)
pSMfr3-AMS3 pO6ieOrf69 AMS53/0rf69
pSM{r3-AMS3 pO6ieMP AMS53/MP
pSMfr3-AMS53 pO61eMG AMS3/MG
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4.4. Cells

NIH3T3 murine fibroblasts ATCC CRL 1658

293T human kidney carcinoma cells ATCC CRL 11268

M2-10B4 bone marrow stroma cells ATCC CRL 1972

A549 lung epithelium ATCC CCL-185

MEF Mouse embryonic fibroblasts BALB/c mice (Serrano et al., 1997)

4.5. Bacteria

DHIO0B (recA) Invitrogen, Germany
Pirl Invitrogen, Germany
BL21-CodonPlus (DE3)-RIL Stratagene, Netherlands
4.6. Viruses

The MCMV wild type (wt) and mutant viruses used in this study were derived from the
bacterial artificial chromosomes (BACs) pSM3fr (Wagner et al., 1999), pSMfr3-AMS50
(Bubeck et al., 2004) and pSMfr3-AMS53 (Lotzerich et al., 2006) and constructed BACs,
summarized in Table 2. For virus reconstitution, BAC-DNA was transfected into MEF
cells (chapter 5.5.2).

4.7. Oligonucleotides

Oligonucleotides were synthesized by Metabion (Martinsried, Germany). For sequences
see supplementary tables in chapter 11.3.

4.8. Antibodies

The M50 specific polyclonal antiserum was obtained from W. Muranyi (Muranyi et al.,
2002). The Anti-HA-Peroxidase High Affinity antibody was purchased from Roche,
Germany.

4.9. Viral template DNA

Template DNA for amplification and subsequent cloning was obtained as BACs or
plasmids with subcloned ORFs of UL34 or UL31 homologoues. The DNA originated
from following strains:

Prv Kaplan strain viral DNA, kind gift from P.Sondermeier
HSV-1 Strain 17 subcloned ORFs, kind gift from J. Haas
MCMV Smith strain Messerle et al., 1997

HCMV Strain AD169 Borst et al., 1999

EBV Strain B95-8 subcloned ORFs, kind gift from J. Haas
MHV68 Adler et al., 2000
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5. Methods

If not specifically mentioned, the methods used for this work conform with the proto-
cols published by Sambrook and Russel in the Molecular Cloning manual (Sambrook
and Russel, 2001). When commercially available kits were used, manufacturer’s in-

structions were followed. For details see the user protocol of the according kit.

5.1. Isolation and purification of DNA

5.1.1. Small scale isolation of plasmid DNA

Bacteria were cultivated over night (o.n.) at 37 °C on agar plates containing the ade-
quate antibiotics for selection of the plasmids of interest. For small scale plasmid analy-
sis (mini-preparation), single clones were picked and 3 ml of LB medium, with the re-
spective antibiotics added, were inoculated and cultured at 37 °C either for 5-6 h or o.n.
To isolate DNA, the GFX Micro Plasmid Preparation Kit (Amersham Pharmacia) was
used and manufacturer’s instructions followed. Plasmid DNA was recovered from the
DNA binding columns of the kit by 100 pl distilled water. 5 pl were analysed by restric-
tion pattern analysis (chapter 5.2.1).

LB-medium (11) Antibiotics

10 g Bacto tryptone zeocin: 30 pg/ml

5 g Bacto yeast extract kanamycin: 50 pg/ml

5 g NaCl chloramphenicol: 25 pg/ml

ampicillin: 50 pg/ml
LB-agar (500 ml)
7,5 g agar in 500 ml LB

5.1.2. Large scale isolation of plasmid DNA

Large amounts of DNA necessary for cloning or transfection experiments were isolated
from bacteria by the use of Nucleobond PC100 kit (Macherey-Nagel). DNA was iso-
lated from 200 ml o.n. cultures that were inoculated with drops of the culture used for
the plasmid analysis (mini-preparation) or a scratch of a glycerol culture of the bacteria
bearing the plasmid of interest. For the preparation, the manufacturers instructions were
followed. Dried DNA precipitates were resuspended in 150 pl distilled water and stored
at 20 °C.
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5.1.3. Small scale isolation of BAC-DNA

For small scale BAC-DNA preparation (BAC-mini-preparation), single clones were
picked and 10 ml of LB medium containing 25 pg/ml chloramphenicol (cam) were in-
oculated and cultured at 37 °C o.n. Bacteria were centrifuged in 15 ml falcon tubes at
3500 rpm for 15 min at RT (Haereus; 2600x g). The pellet was resuspended in 150 pl
solution I (25 mM Tris/HCL, 10 mM EDTA, pH 8,0) and transferred to 2 ml Eppendorf
tubes. For alkaline lysis 150 pl of solution IT (0,2 M NaOH, 1% SDS) was added. The
reaction was stopped by the addition of 300 pl solution III (3 M KAc, pH 4,8) that
causes the precipitation of proteins and chromosomal DNA. After a 10 min centrifuga-
tion at maximal speed, DNA was extracted by addition of 1 ml phenol/chloroform,
which accumulates DNA in the upper phase after an additional 5 min centrifugation
step. DNA of the upper phase was precipitated by addition of 1 ml of isopropanol, fol-
lowed by centrifugation at maximal speed for 20 min. After a washing step with 1 ml of
70% EtOH, the DNA pellet was dried and resuspended in 100 pl distilled water. 50 pl

of the preparation were used for restriction pattern analysis (chapter 5.2.1)

5.1.4. Large scale isolation of BAC-DNA

Large amounts of BAC-DNA for virus reconstitution experiments were isolated from
bacteria by the use of Nucleobond PC100 kit (Macherey-Nagel). As a variant of the
manufacturer’s instructions, the filtered bacterial lysate was applied twice to the DNA
binding columns. Furthermore, the total volume of the washing buffer was applied in
three steps instead of 12 ml at once and the elution buffer N5 was pre-warmed to 50 °C
and applied in two steps. Dried DNA pellets after the last centrifugation step of the pro-
tocol were dissolved in 150 pl distilled water for 2 h at 37 °C or o.n. at 4 °C and stored
at 4 °C. For pippetting BAC-DNA during or after the DNA preparation, pipette tips
were cut with a sterile pair of scissors to minimize shear forces that might damage the

large BAC-DNA molecules.

5.1.5. Determination of DNA concentration and purity

To determine the concentration and purity after DNA isolation the optical density (OD)
at 260 nm and 280 nm was measured using the ND-1000 spectrophotometer (nanodrop,
peclab) or Bio-Photometer (Eppendorf). The OD,g) allowed the calculation of nucleic

acid concentrations of the samples, taking the OD of 1 equal to a concentration of
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50 pg/ml double stranded DNA. The ratio between the two readings (OD;6o/OD2sgo)

provided an estimation of sample purity and ranged between 1,8 and 2.

5.2. Analysis and cloning of DNA

5.2.1. Restriction enzyme digest

For restriction pattern analysis of plasmids, 5 gl of the plasmid mini-preparation, corre-
sponding to approximately 0,5-1 ug of DNA, were used. To a total volume of 20 pl,
2 Ml of the recommended buffer, 2 pl of 10x BSA (if necessary), at least 2 units of the
adequate restriction enzyme (1 pl) and distilled water was added and incubated for 1-2 h
at the recommended temperature. The restriction pattern analysis of BAC-DNA was
performed in a total volume of 70 pl, adding 7 pl of the recommended 10x reaction
buffer, 7 pl of 10x BSA, at least 10 units of the respective restriction enzyme (1,5 pl)
and distilled water to 50 pl of the BAC mini-preparation. BAC-DNA digests were incu-
bated for 3 h at the recommended temperature. For restriction pattern analysis after
large scale DNA preparations of either plasmids or BACs, 1,5 ug DNA were digested in

a total volume of 30—40 pl, containing the recommended reaction buffer and BSA.

5.2.2. Agarose gel electrophoresis

DNA fragments obtained by restriction enzyme digests were separated and analysed by
gel electrophoresis. Digested plasmid DNA was separated in a 1% agarose/TAE gel
while digested BAC-DNA was separated in a 0,8% agarose/TBE gel. Before poring the
gels, ethidium bromide was added to a concentration of 1 pl/ml. Gels were run for
30 min at 120 V or 16 h at 60 V, respectively. Stained DNA bands were visualized by
UV light in a Eagle-Eye imaging system (Biorad).

TAE-buffer (50x), pH 7,3 TBE-buffer (10x):
2 M Tris 900 mM Tris

0,25 M Na-acetate 900 mM boric acid
50 mM EDTA 25 mM EDTA

5.2.3. Isolation of DNA fragments from agarose gels

If separated fragments were to be used for further cloning steps, the respective band was

cut from the gel and purified using the GFX PCR/DNA and Gel band purification Kit
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(Amersham) following manufacturer’s instructions. To prevent UV induced DNA dam-

age, weak UV light was applied for visualization of the fragments while cutting.

5.2.4. Dephosphorylation of DNA ends

To avoid re-circularization of cleaved, linearized vector DNA, the 5’-ends of DNA
fragments were dephosphorylated. vector DNA was treated with the shrimp alkaline
phosphatase (SAP) in a ratio of about 1 unit of SAP for 1 pmol of DNA. The enzyme
was added after the restriction enzyme cut and incubated for another hour at 37 °C. The

SAP was inactivated by 20 min of incubation at 65 °C.

5.2.5. Phenol/chloroform extraction and ethanol precipitation

Proteins were removed from DNA preparations by extraction with 1 volume phe-
nol/chloroform. After vigorous vortexing for 10s the solution was centrifuged at
14000 rpm (microcentrifuge) for 1 min and the upper DNA containing phase was re-
covered. Then 0.1x volume 3 M NaAc pH 5,2 and 2.5x volumes 100% EtOH (cold)
were added and samples were incubated at —80 °C for 20 min. The precipitated DNA
was centrifuged at 14000 rpm for 30 min (4 °C). The pellet was washed once with 70%
EtOH (cold). After another centrifugation step (14000 rpm, 15 min, 4 °C, microcentri-
fuge) the EtOH was carefully removed, the pellet air-dried at RT and finally resus-

pended in water.

5.2.6. Annealing of synthetic oligonucleotides

For insertion of short DNA fragments into a vector, complementary oligonucleotides
were synthesized (Metabion) and annealed to form a double stranded DNA fragment.
Oligonucleotides were flanked by suitable overhangs as usually obtained after restric-
tion enzyme cuts to allow the insertion into a respectively cut vector. Two complemen-
tary oligonucleotides were mixed to a concentration of about 40 UM each, incubated at
75 °C for 5 min and cooled down at RT for 30 min. 1 pl of the annealed oligonucleo-
tides, neat and diluted 1/50, were added to separate ligation reactions containing 100 ng

of an adequately cut and purified vector fragment.

5.2.7. Amplification of DNA by Polymerase Chain Reaction (PCR)

DNA fragments were primarily amplified for cloning purposes. Since several reactions,

using different templates and primer pairs were run at the same time, the touch down
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function of the thermo cycler (Roche) was used. A decrease of annealing temperature in
each of the first 10 cycles allowed a high specificity for the PCR, even if the main PCR
cycles were performed at an annealing temperature lower than the optimal annealing

temperature of most of the primer pairs.

PCR conditions:
Step Temperature Time

1  Denaturation 95 °C 5 min

2 Denaturation 95 °C 5 min

3 Primer annealing 65 °C —55°C 45 sec -1 °C every cycle
4  Extension 72 °C 45 sec 10 x back to 2
5 Denaturation 95 °C 5 min

6  Primer annealing 55°C 45 sec

7  Extension 72 °C 45 sec 30 x back to 5
8 Final extension 72 °C 7 min

9 End 4°C infinite

In general the PCR reaction mix contained:

10 ng-100 ng template DNA

400 nM of each oligonucleotide-primer

240 uM dNTPs

0,1 Volume 10x Expand HF reaction buffer, including Mg*"
0,1 Volume DMSO (for BAC or virus DNA as template)
3,5 units Expand High Fidelity PCR system Polymerase

Most PCRs were run in a total volume of 100 pl. 10 pl of the PCR were tested for am-
plicon on a 1% agarose/TAE gel. The remaining 90 pl were purified using the GFX
PCR/DNA and Gel band purification Kit (Amersham) following the manufacturers in-

structions.

5.2.8. Ligation of DNA fragments

DNA fragments were mixed in a molecular ratio of 1:3 of vector (100 ng) and insert.
Ligations were performed in a total volume of 20 Yl comprising 15 units of T4 ligase (2
M), 2 ul of the supplied T4-ligase reaction buffer, DNA fragments and distilled water.

Reactions were incubated for 1 h at RT or o.n. at 16 °C.
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5.2.9. Preparation of electrocompetent bacteria

All preparation steps were done on ice or at 4 °C, using pre-cooled pipettes and solu-
tions. 200 ml of LB were inoculated with 2 ml of an o.n. culture and cultivated at 30 °C
or 37 °C up to an ODggo of about 0,4 (2-3 h of cultivation). Cultures were then cooled
on ice for 15 min and centrifuged for 10 min at 7000x g. To eliminate salts and medium
components bacteria were washed by resuspension in 100 ml of 10% glycerol and sub-
sequent centrifugation for three times. Thereafter, the pellet was resuspended in 1 ml of
10% glycerol and aliquots of 65 pl were snap frozen in liquid nitrogen and stored at —

80 °C.

5.2.10. Transformation of electrocompetent bacteria

To introduce plasmids into electrocompetent bacteria, 2 pl of the ligation mix were
added to 65 ul of electrocompetent bacteria, thawed on ice. The bacteria were trans-
ferred to a pre-cooled electroporation cuvette (Biorad; 0,2 um in diameter) and inserted
into a GenePulser (Perkin Elmer). Bacterial membranes were destabilized for the uptake
of DNA by 2,5 kV, 400 Q and 25 mFD. Immediately after electroporation 1 ml antibi-
otic free LB medium was added and the bacteria were transferred to a 1,5 ml tube for
incubation at 37 °C or 30 °C. After 1h, 75-200 pl were plated on pre-warmed agar

plates, containing the adequate antibiotic, and incubated at 37 °C/43 °C o.n.

5.2.11. Preparation of chemocompetent bacteria

All preparation steps were done on ice or at 4 °C using pre-cooled pipettes and solu-
tions. 100 ml of LB were inoculated with 1 ml of an o.n. culture and cultivated at 37 °C
up to an ODggp of about 0,5. Bacteria were then centrifuged in 50 ml falcon tubes for
15 min at 3500 rpm (Heraeus, 2600x g), the supernatant discarded and the pellet resus-
pended in 10 ml Tfb I buffer. After 50 min incubation on ice, bacteria were pelleted
again, resuspended in 2 ml Tfb II and snap frozen in liquid nitrogen as aliquots of

100 pl and stored at —80 °C.

Tfb I (pH 5,2) Ifb 1l (pH 7)

100 mM RbCl, 10 mM MOPS pH 7
50 mM MnCl, 10 mM RbCl,

30 mM KAc 75 mM MnCl,

10 mM CaCl, 15% glycerol
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5.2.12. Transformation of chemocompetent bacteria

To introduce plasmids into chemocompetent bacteria, 2 pl of the ligation mix or 20 ng
of plasmid DNA were added to 100 pl of chemocompetent bacteria thawed on ice. After
30 min of incubation on ice, the samples were subjected to a heat shock of 1 min at
42 °C, followed by another 2 min on ice. Supplied with 1 ml antibiotic free LB, bacteria
were kept on a shaker at 30 °C or 37 °C for 1 h. 300 pl were plated on pre-warmed LB

agar plates containing the adequate antibiotics and cultured o.n. at 30 °C or 37 °C.

5.2.13. Glycerol cultures of bacteria

To keep bacteria bearing the plasmids of interest in a permanent culture, glycerol stocks
were prepared by adding 400 pl of 50% glycerol to 700 pl of the bacterial culture.

Glycerol cultures were stored at —80 °C.

5.2.14. Sequencing of DNA fragments

All constructs were checked for correct sequence by the company GATC (Germany).
35 pl of DNA samples diluted to 100 ng/pl and 10 UM primers flanking the region of

interest were sent to the company for sequence analysis on an ABI sequencer.

5.3. Analysis of proteins

5.3.1. SDS page gel electrophoresis

Proteins were separated by size using gel electrophoresis under denaturing conditions.

Protein samples were obtained after isolated expression of proteins in 293T cells or
from intermediate steps and elutions of protein purification experiments. After isolated
expression, transfected cells were scraped from the plates and transferred to an eppen-
dorf tube. After centrifugation at low speed, the cell pellet was washed with 500 pl
PBS, centrifuged again and resuspended in 350 pl total lysis buffer. Aliquots of the in-
termediate steps and elutions of protein purification experiments were mixed with 4x
sample loading buffer. The 12% separating gel was poured in a Protean II gel system
(Biorad). During solidification, the gel surface was overlaid by 1 ml of water, decanted
before the stacking gel was poured on top. Protein samples were prepared in a maxi-
mum volume of 20 pl with total lysis buffer or 4x sample loading buffer, and heated for
8 min at 95 °C prior to loading. The gel was run in 1x Laemmli buffer at 160 V for

60 min. After the run, separated proteins were either visualized by a stain of all proteins
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by Commassie Blue (chapter 5.3.2) or defined proteins were detected in a subsequent

Western Blot (chapter 5.3.3).

separating gel (12% /17,5 %) stacking gel
4 /5,6 ml acrylamide (rotiphorese 30; 30:1) 2,5 ml acrylamid (rotiphorese 30; 30:1)
2,5 ml 4x separating gel buffer 3,75 ml 4x stacking gel buffer
3,4/1.8 ml H,O 9,75 ml H,O
3 ul TEMED 20 pul TEMED
100 pl APS 100 pl APS
4x separating gel buffer (pH 8,8) 10x Laemmli buffer
1,5 M Tris 25 mM Tris
0,4% SDS 10% SDS
250 mM glycine
4x stacking gel buffer (pH 6,8)
0,5 M Tris total lysis buffer (pH 6,8)
0,4% SDS 62,5 mM Tris
2% (v/v) SDS
4x sample loading buffer (pH 6,8) 10% (v/v) glycerol
160 mM Tris/HCl 6 M urea
20% [B-mercaptoethanol 0,01% (w/v) bromphenolblue
4% SDS 0,01% (w/v) phenolred
20% glycerol 5% (v/v) B-mercaptoethanol

0,01% (w/v) bromphenolblue

5.3.2. Commassie Blue Stain

For visualization of proteins in the SDS gel, gels were incubated in a staining solution
for 20 min followed by destaining for several hours with 3-4 changes of the destaining

solution. Protein bands appeared blue on a clear gel background.

Staining solution destaining solution
50% (v/v) methanol 50% (v/v) methanol
10% (v/v) acetic acid 10% (v/v) acetic acid

0.1% (w/v) Coomassie blue R350

5.3.3. Western Blot
After the separation of proteins by SDS-page, proteins were transferred from the gel
onto Hybond-P membranes (Amersham Biosciences) in the presence of blotting buffer.
For that, the PVDF membrane was activated by brief inversion in methanol then washed
in water and equilibration for several minutes in blotting buffer. The gel was placed on

the membrane and covered on both sides by three layers of Whatmann filter paper
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soaked in blotting buffer. Blotting conditions were 18 V for 30 min. The membrane was
blocked for 30 min (at RT) or o.n. (at 4 °C) in TBS-T containing 5% nonfat dry milk.
To detect the proteins, the membrane was incubated at RT for one hour with TBS-T
containing Anti-HA-Peroxidase High Affinity antibody (Roche, 1:5000) or a specific
polyclonal rabbit antiserum anti-M50 (Muranyi et al., 2002; 1:2000). After one hour of
washing with TBS-T, blots for M50 detection were incubated with a secondary anti-
rabbit, horseradish peroxidase conjugated, antibody (Dianova, Hamburg, Germany).
Membranes were again washed with TBS-T and proteins were visualized with an ECL-
Plus Western Blot detection system (Amersham Biosciences) and Hyperfilm ECL (Am-

ersham) detection films.

Blotting buffer TBS-T (pH 8,0)
25 mM Tris 150 mM NacCl
192 mM glycine 10 mM Tris/HCI
20% methanol 0,05% Tween-20

5.3.4. Determination of protein concentration

The protein content of cell lysates was determined by Bradford assay. The principle of
the Bradford assay is a shift of the absorption maximum of Coomassie-Brilliant blue
from 465 nm to 595 nm upon binding to proteins, which can easily be monitored by
photometric analysis. The Bradford reagent (Biorad) was diluted following the manu-
facturer’s instructions and 1 ml was added to 1 ul of cell lysate. The samples were
briefly mixed and transferred to a photometer cuvette. After 5 min incubation in the
dark, the ODsos was determined. Values or volumes of further experiments were ad-
justed relative to the measured ODsos of the different samples. The protein concentra-
tion was calculated using a bovine serum albumin (BSA) standard curve. If only a rough
estimation of the protein content was needed, the protein concentration was calculated

by the following equation: protein concentration (Ug/pl) = ODs¢s/0,0657.

5.4. Tissue culture

5.4.1. Cultivation of cells

All cell lines were cultivated in an incubator (Haereus) at 37 °C in 5% CO, and 95%
humidity. Cells were split every 3-6 days in a ratio between 1:3 and 1:8. To split the

attached cell lines, the medium was removed, cells washed with 10 ml PBS and de-
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tached from the plate bottom by incubation with few drops of trypsin/ETDA for 1-2 min
at RT. The trypsine was inactivated by 10 ml of the adequate medium, cells were resus-
pended and the pertinent amount was brought to a plate with fresh medium. All cell

lines were tested regularly to be negative for mycoplasma contamination.

Table 3 : Cell lines used during this work

List of Cell lines and culture media, prepared from the commercial available basic media and additives. In
the last column the dilution of the cells for each split and the split interval.

Cell line | Basic medium | Additives Split/interval
NIH3T3 |DMEM 5% NCS, 0,6% (w/v) Pen., 1,3% (w/v) Strep 1:5/3-4 days
M2-10B4 | RPMI 10% FCS, 0,6% (w/v) Pen., 1,3% (w/v) Strep 1:4 /3-4 days
MEF DMEM 10% FCS, 0,6% (w/v) Pen., 1,3% (w/v) Strep 1:3/3-4 days
293T DMEM 10% FCS, 0,6% (w/v) Pen., 1,3% (w/v) Strep,0,3 mg/ml Q | 1:5/3 days
A549 DMEM 10% FCS, 0,6% (w/v) Pen., 1,3% (w/v) Strep,0,3 mg/ml Q | 1:10/3-4 days

5.4.2. Freezing of cells

To keep a stock of cells, which are low in passage number, cells were frozen as perma-
nent cultures in liquid nitrogen. Cells were grown to 95% confluence and detached from
the plates by trypsin. After centrifugation (5 min, 1200 rpm, Haereus, 315x g) the cell
pellet was resuspended in one volume of media (0,5 ml as equivalent for one 10 cm
dish) and mixed gently with 1 volume of 2x freezing medium. 1 ml aliquots were trans-
ferred to cryotubes (Nunc) and kept at —80 °C for 48-72 h before storage in liquid nitro-
gen. Isopropanol isolated cryo-boxes allowed gentle freezing of the cells (1 °C per

hour).

2x Freezing media
50% FCS

40% DMEM

10% DMSO

5.4.3. Determination of cell number

Cells were detached from the culture plate by trypsine and resuspended in 1 ml of PBS.
10 pl were applied to a Neubauer chamber and cells were counted in 3 squares of the
grid. Taking into account that the volume in one square corresponds to 0,1 i, the total

cell number of the culture plate was the counted cell number per square x 10000.
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5.4.4. Thawing of cells

Frozen aliquots were removed from the nitrogen tank and thawed in a 37 °C water bath.
As soon as possible, cells were brought to 10 ml with the adequate medium and centri-
fuged for 5 min at 1200 rpm (Heraeus, 315x g). The pellet was resuspended in 12 ml of

medium and transferred to culture dishes.

5.4.5. Transfection of eukaryotic cells using Superfect (Quiagen)

293T cells were split 1:3 to seed 6 well plates one day before transient transfection (60-
70% confluence at day of transfection). DNA, serum free DMEM and Superfect was
mixed and incubated for 15 min. Together with supplemented medium, the
DNA/Superfect mix was added to the PBS washed cells. After 2,5 h the transfection
mix was exchanged to supplemented, pre-warmed medium. As a variant to the manu-
facturers instructions, 5 g instead of 3 pg DNA per well were used for transfection of

293T cells.

5.4.6. Transfection of eukaryotic cells using Ca,POj, precipitation

293T cells were split 1:3 to seed 6 cm dishes one day before transient transfection (60-
70% confluence at day of transfection). 250 ul of 2x HBS was added to a 15 ml Falcon
tube. In a second tube, 6 ug DNA was combined with 250 pl 250 mM CaCl,. The tube
containing 2x HBS was vortexed while the DNA/CaCl, solution was added dropwise.
The solution was incubated at RT for 15 min to allow the formation of the calcium-
DNA precipitates. Subsequently, the suspension was mixed with 3 ml fresh medium and
added to the cells after removal of the old medium. The next day, fresh medium was
applied to the cells and protein expression was assessed the following day by Western

Blot.

2x HBS (pH 7,05)

50 mM HEPES

1,5 mM NazHPO4X 2 Hzo
280 mM NacCl

12 mM glucose
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5.5. Working with MCMV

5.5.1. Generation of recombinant viral BACs

Electrocompetent DH10B, bearing an MCMV BAC and pcp20 plasmid (coding for the

Flp recombinase) were electroporated with 50-80 ng of plasmid DNA with a pori6-ie-
zeo origin. For Flp mediated recombination, bacteria were kept for 1 h under non-
selective conditions at 30 °C. Thereafter, 150 pl were plated on Cam/Zeo plates and
cultured at the non-permissive temperature of 43 °C o.n. The next day, colonies were

picked for BAC-DNA mini-preparation to check for single insertions.

5.5.2. MCMV virus reconstitution

To reconstitute virus from mutagenized BACs, BAC-DNA was transfected into MEF
cells by the use of Superfect. MEF cells were thawed and seeded on two 10 cm dishes.
When they reached 100% confluence, cells were split 1:3 on 6 cm dishes one day before
transfection. Since primary cultures are more sensitive than stable cell lines, the manu-
facturer’s protocol of transfection was modified using less of the Superfect reagent.
1,5 ug of a BAC-DNA preparation was mixed with DMEM medium to a total volume
of 150 pl and 10 pl of Superfect were added. After 15 min incubation at RT, 1 ml of
pre-warmed supplemented medium was added and transferred to PBS washed MEF
cells. After 2,5 h the Superfect/DNA mixture was replaced by 3 ml of supplemented
medium. MEF cells were split to 10 cm dishes the next day and passaged with 1:2 splits
every 7 days thereafter. After 5 days, first plaque formation was observed in the trans-
fection with the wild type MCMV BAC. Plaque formation in transfections with mutant
MCMYV BAC: first occurred after 10 to 30 days. After complete cell lysis, cells were

harvested together with the supernatant and frozen at —80 °C.

5.5.3. MCMV virus stock preparation
For a high titre virus stock, M2-10B4 cells were infected. 20-30 dishes (14,5 cm) with
60% confluent M2-10B4 cells were infected with an MOI of about 0,1. After complete

cell lysis, broken cells were harvested with the supernatant and collected in 250 ml cen-
trifuge beakers. All following preparation steps were performed on ice or in centrifuges
cooled to 4 °C. After 15 min of centrifugation (Beckmann; JLA 16-250, 6500x g), the
supernatant was collected in fresh beakers and stored on ice. The cell pellet was resus-

pended in 5 ml of DMEM and homogenized in a glass homogenisator (douncer) by 20
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strokes. Cell debris was removed by a second centrifugation (Beckmann; JA 25-50,
18000x g, 10 min) and the supernatant was combined with the retained supernatant
from the first centrifugation step. To concentrate viral particles, samples were centri-
fuged for 3 h at 25000x g (Beckmann; JLA 16-250). The virus pellet obtained was re-
suspended in 4 ml DMEM and dounced 20 times before being loaded on a sucrose cush-
ion of 15% sucrose in VSB (7 ml in SW28 centrifuge tubes). After 1 h ultracentrifuga-
tion (Beckmann; SW28, 20000 rpm), the pellet of purified viral particles was resus-
pended in 1-2 ml of VSB and treated again with a douncer. The virus stock preparation

was stored in 50-100 pl aliquots at —80 °C.

VSB (pH 7,8)

50 mM Tris/HC1
12 mM KCI
5mM EDTA

5.5.4. Growth curves
The growth kinetics of different mutant viruses were compared to each other and wild
type MCMYV in multi-step growth conditions. NIH3T3 fibroblasts were grown on 12
well plates (Nunc) one day before the start of the experiment to obtain cells numbers
around 3x 10° per well at the day of infection. Cells were infected with a MOI of 0,1 in
a volume of 1 ml. After 1 h of incubation at 37 °C to allow virus adsorption, the infec-
tious supernatant was exchanged by 1 ml of supplemented medium. The supernatant
after infection, as well as the supernatant collected from cells every day over a period of
5 days, was stored at —80 °C and virus titre determined. Samples were taken in tripli-

cates for each day.

5.5.5. MCMV virus titration

For determination of MCMV virus titres, MEF cells were plated 1:2 on 48 well plates
one day before titration (95% -100% confluence at day of infection). MEFs were in-
fected with 400 pl of serial dilutions (1:10%-1:107 in supplemented DMEM) of the virus.
Titrations were done in triplicates. After 1 h of incubation at 37 °C to allow virus ad-
sorption, the infectious supernatant was exchanged by 300 pl of carboxymethylcellulose

containing medium. Infectious particles won’t diffuse in medium of such viscosity, thus
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no secondary plaque formation occurs. After 5 days, plaques were counted by observa-

tion under a light microscope and the virus titre determined by the following equation:

Virus titre (PFU/ml)=

(counted plaques x dilution factor)/vol. of infectious dilution (0,4 ml)

Carboxymethylcellulose containing medium (500 ml)

3,75 g carboxymethylcellulose

388 ml H,O

to be autoclaved

25 ml FCS

50 ml 10 x MEM

5 ml L-glutamine

2,5 ml NEAS (non essential amino acids)

5 ml Penicillin/Streptomycin (0,6% (w/v) Pen., 1,3% (w/v) Strep)
24,7 ml NaHCO3 (7,5%)

5.6. Bacterial expression

5.6.1. Expression of heterologous proteins

The constructs for bacterial expression were cloned, analysed and subsequently isolated
from DHIOB. For expression 100 ng of plasmid DNA were transferred into BL21
(DE3) RIL (Stratagene) by electroporation. Bacteria were cultured o.n. at 37 °C on agar
plates (Kan/Cam). The next day, 50-100 colonies were scraped from the plate to inocu-
late 50 ml of preculture. After 5-6 h at 37 °C, 10 ml of the preculture were used to in-
oculate 1 1 of the main culture. When the ODgqo of the culture reached 0,6, culture flasks
were cooled on ice for 15 min. The expression of the heterologous proteins was induced
by IPTG, added to a final concentration of 0,5 mM and cultures were maintained in a
shaking incubator at 20 °C o.n. The next morning cells were harvested by centrifugation
at 4 °C and 3500x g for 30 min (Sorvall; SLC 6000). The supernatant was removed and
the pellet resuspended in 35 ml lysis buffer, frozen in liquid nitrogen and stored at -

80 °C.

5.6.2. Lysis of bacteria

The bacterial solution was thawed in a water bath at 37 °C and sonified (Sonifier 450;
Branson) by 1 s pulses for 20 min, using a flat bottom tip. The lysate was cleared of

membranes, DNA, still intact bacteria and eventual inclusion bodies by a 1 h centrifuga-
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tion at 18000x g at 4 °C (Beckmann; JA 25-50). The pellet was dissolved in 6 M urea to
analyse the solubility of the protein. The supernatant was applied to a Ni**-NTA col-

umn.

5.6.3. Purification of His-tageed proteins

To avoid denaturation and degradation of proteins, all preparation steps were done on
ice, in pre-cooled centrifuges or in the cold room. All buffers used for purification were
cooled to 4 °C and mixed with either fresh B-mercaptoethanol or 1,4 dithiotreitol (DTT)
to prevent possible oxidation. 1600 pl of Ni**-NTA (Quiagen) were cast into a 10 ml
plastic column (Biorad) to sediment, resulting in a bed volume of 800 pl. The column
was washed with two column volumes (CV) of water and equilibrated with 1 CV of
equilibration buffer. After centrifugation of the bacterial sample (see chapter 5.6.2), the
supernatant was filtered and loaded on the Ni**-NTA column. For preparing and loading
of the column, a 5 cm flexible tube was attached to the column’s bottom valve for capil-
lary force induced suction. After loading of the lysate and collecting the flow through
(FT), the column was washed with 2 CV of equilibration buffer (wash 1) and 4 ml of
equilibration buffer containing 5 mM imidazole (wash 2). His-tagged proteins were
eluted from the column by three applications of 1 ml elution buffer (equilibration buffer
containing 250 mM imidazole). 15 pl of the lysate, FT, washes, and elutions were ana-
lysed on a 12% SDS-page under denaturing conditions and subsequent Commassie Blue

staining.

equilibration buffer (pH 8)
50 mM Tris

300 mM NacCl

10 mM (-MeOH

5.6.4. Purification by anion-exchange chromatography (MonoQ)

The principle of ion exchange chromatography is based on the interaction between
charged proteins and the contrarily charged groups of the column matrix. Protein bind-
ing occurs under low salt conditions (buffer A). The continuous increase in anion con-
centration in a salt gradient (buffer B) leads to elution. Different binding properties of
proteins result in a different elution profile, thereby allowing removal of impurities.

Dilution of the pooled Ni*-NTA elution fractions (1:5) with buffer A decreased the salt
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concentration so that the protein solution could be loaded on the MonoQ resin using a

50 ml superloop.

Mono Q buffer

50 mM Tris (pH 9 at RT)

1 mM EDTA

0 M (buffer A) or 1 M NaCl (buffer B)
to be degased

5mM DTT

5.6.5. Purification by gel filtration (Superose 6)

This method is used to separate proteins according to their stokes radius (size exclusion
chromatography). Small molecules can easily diffuse in the interspaces, whereas larger
molecules move more directly through the column and elute earlier. Large proteins,
which have no access to the pores elute in the void volume. Considering this principle,
the applied volume should be quite small (0,3-0,5 ml) to enable a good elution profile.
The chromatogram should show a sharp, uniform peak. After analysis of the MonoQ
fractions by SDS-PAGE, those with highest purity were pooled, concentrated by Ami-
con Ultra tubes (Millipore, MWCO 10 kDa) to a volume of about 500 pul and injected on
the equilibrated column. The flow rate was set to 1 ml/min and 0,5 ml fractions were

collected.

5.6.6. Purification by an HA-matrix

As a further purification step after the Ni*'-NTA column, eluted proteins were treated
by an HA-matrix to up concentrate HA-tagged proteins and loose impurities. 50 pl of
HA-matrix (Roche) and 2,5 pl of a complete protease inhibitor cocktail (PIC, Roche,
100x) were added to 200 pul of the elution from the Ni*’-NTA column. After 90 min
incubation on a roll incubator in the cold room, the samples were washed four times.
For that, the beads were dispersed in 1 ml of equilibration buffer (chapter 5.6.3) con-
taining protease inhibitors and subsequently centrifuged for 2 min at full speed. To elute
the protein bound to the HA-matrix, 50 ul of HA-peptide (1 mg/ml) was added and the
samples incubated for another 40 min at 4 °C. After a 2 min centrifugation, the super-
natant containing the eluted protein (1. elution) was removed. To ensure complete re-
covery of the matrix bound protein, another 50 ul of HA-peptide was applied to the

samples, incubated o.n. and gathered after centrifugation (2. elution). Both elutions
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were analysed by SDS-PAGE / Western Blot and in a nitrocefin assay (see chapter
5.7.3).

5.6.7. Concentration of proteins

The protein solutions were transferred to an Amicon Ultra-4 Centrifugal Filter Device
with a cutoff at 10 kDa. Centrifugation was performed at 4 °C and 2500 rpm until the

desired concentration was reached.

5.6.8. Edman sequencing

For identification of proteins in Commassie stained SDS—-PAGE, bands were cut and
partially sequenced by Edman sequencing. Samples were prepared with the passive ad-
sorption method. The protein band was excised from the SDS gel and dried in a heating
block at 45 °C for 1 h. The dried gel piece was then reswollen in 50 pl swelling buffer
for 1 h. In the next step, 200 pl of distilled water were added to set up a concentration
gradient. A small piece of pre-wet (100% methanol) PVDF membrane was added and
allowed to adsorb. Once the solution started to turn blue from the dye, 25 pl of metha-
nol were added as a transfer catalyst and the mixture was incubated for several days at
RT. The membrane was washed five times with 1 ml 10% methanol, dried and analysed

by Edman sequencing (AG Cramer, Gene Center, Munich, Germany).

swelling buffer (pH 8,5)
200 mM Tris-HC1
2% SDS

5.6.9. Crystallization

The hanging drop method, based on vapour diffusion, was used for crystallization set-
ups. Thereby small volumes of precipitant and protein are mixed together and the drop
equilibrates against a larger reservoir of mother solution through evaporation. The ex-
periments were carried out at 20 °C under temperature control. In order to determine
initial crystallization conditions, commercial screens from Hampton Research were
used. Around each well of the 24 well plate, a ring of grease was applied with a 5 ml
plastic syringe. Then each reservoir was filled with 200 pl of buffer. 1 ul of concen-

trated protein was pipetted in the middle of a plastic cover slide and subsequently mixed
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with 1 ul of the buffer, already in the reservoir. After that it was inverted and placed on
the well containing the same buffer. The cover slide was pressed on the greased well
and special care was taken to ensure that the set up was completely sealed in order to
protect the drop from drying out. Four wells were done simultaneously and the whole

plate was finished row by row.

5.7. Biochemical assays

5.7.1. Nitrocefin assay in cell lysates

293T cells were co-transfected with Bla-fusion constructs. After 24 h, cells were de-
tached from the plates by trypsine, washed with 500 pl PBS and lysed in 75 pl 1x
luciferase reporter lysis buffer (Promega). After 30 min incubation on ice, cell debris
was removed by centrifugation for 30 min at full speed and 4 °C. To measure the [-
lactamase activity, 50 pl of the lysates were transferred to a 96 well plate and mixed
with 120 pl phosphate buffer (0,1 M, pH 7), 15 pul H,O and 15 pl nitrocefin (500 mg/ml,
Oxoid). Hydrolysation of nitrocefin was observed in a Versamax Plate reader (Molecu-
lar Devices) by measuring the change in absorption every Ssec at 495 nm for 20 min at
37 °C. The maximal change in absorption was determined by the data points in the lin-
ear range and expressed in milliabsorption units/min. Data were normalized by the pro-
tein content of the lysates determined by Bradford assay (chapter 5.3.4). This protocol
was optimized for the M50/M53 PCA by preliminary experiments, testing different ly-
sis buffers (Luciferase lysis buffer (Promgea) or a lysis buffer with 150 mM NaCl,
20 mM Tris and 1% TritonX, pH 8) and different time points for cell lysis (16h, 24h and
48h after transfection) as well as different normalization methods (quantification of co-
expressed SEAP (secreted alkaline phosphatase) or luciferase and the measure of the

total protein concentration).

5.7.2. Rapamycin induced FRB/FKBP12 interaction

293T cells were seeded on 10 cm dishes the day before transfection with pO6T-N-R or
pO6T-F-C by the Superfect method (chapter 5.4.5). 24 h post transfection the cells were
lysed in 1 ml of luciferase reporter lysis buffer. 25 pl of both lysates, N-R and F-C ex-
pressing cells, were mixed and rapamcyin was added at different concentrations. Bla

reconstitution was determined as described in chapter 5.7.1.
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5.7.3. Nitrocefin assay with purified proteins

Proteins purified by a Ni*-NTA column or HA-matrix were tested for Bla reconstitu-
tion in the presence of 120 pl phosphate buffer (0,1 M, pH 7) and 15 ul nitrocefin
(500 mg/ml, Oxoid). The reaction mix was filled up to 200 ul by different volumes of
the eluted proteins. Hydrolysation of nitrocefin was observed in a Versamax Plate

reader (Molecular Devices) by measuring the change in absorption every S5sec at

495 nm for 20 min at 37 °C.

5.8. Statistical analysis

Nitrocefin hydrolysis rates in cell lysates after co-expressions, as well as mean virus
titres, were tested for statistical significance. Mean values were subjected to an analysis
of variance test (ANOVA). In an ANOVA, it is analysed as significant, if means of
groups that are formed by values of the independent variable are different enough not to
have occurred by chance. As a threshold for significance a p-value of 0,05 was chosen,
meaning that there is a 5 in 100 chance the result occurred by chance. The lower the p-

value, the more likely it is that the difference between groups was caused by treatment.

5.9. Bioinformatics

Secondary structure predictions of the UL50 ORF were performed by the PHD (Rost
and Sander, 1994) programme offered by the “Network of protein sequence analysis” of
the “Pole Biolnformatique Lyonnais” (http://pbil.univ-lyonl.fr/). DNA or protein se-
quence analyses were analysed by different programmes of the VNTI series (Invitro-
gen). Protein sequences were aligned by the use of the Vector NTI AlignX program
(Infomax, Bethesda, Md.) via the BLOSUMG62 similarity matrix.

58



Results

6. Results

6.1. Establishment of the protein complementation assay (PCA)

6.1.1. TEM-1 B-lactamase in the PCA

The TEM-1 B-lactamase of E. coli (Bla, Figure 8A) was reported as an attractive candi-
date for a reporter enzyme used in a protein complementation assay (PCA). Wehrmann
and Galarneau (Galarneau et al., 2002;Wehrman et al., 2002) established a PCA using
the TEM-1 B-lactamase as a reporter enzyme, studying the ideal sites for the cleavage of
the enzyme. According to their findings, the Bla fragments used for the constructs in
this work were obtained by a cleavage of the Bla ORF between the amino acids (aa) 194
and 196. In addition, the signal sequence consisting of the first 23 amino acids
(Zlokarnik et al., 1998) was deleted from the N-terminal fragment (Galarneau et al.,
2002) and the expression of the bacterial lactamase in mammalian cells was improved

by an exchange of aal80 from M to T (Genblazer, Invitrogen).

6.1.2. Insertion of a flexible spacer into the Bla ORF

As a positive control for the Bla-PCA, the Bla ORF was not cleaved into two fragments
but interrupted by a flexible 17 aa glycine/serine stretch ((S1G4)2S2G4S), which was
later used as a spacer (S) between either of the two Bla fragments and the proteins of
interest. The linker was inserted between amino acids 194 and 196 of Bla (Figure 8A
and B). The construct was named BlaS and inserted into the expression vector pO6T
(pO6T-BlaS; Figure 8C). The pO6T expression vector (2500 bp) originates from the
modified pOriR6K-zeo-ie (Bubeck et al., 2004) and exhibits features that are suitable
for the project: beside elements for replication (oriR6K) and selection (zeocin resis-
tance) in bacteria, the vector contains an FRT site for insertion into viral BACs (chapter
6.4). The transcription unit of this vector consists of an HCMV immediate early (IE)
promoter/enhancer, which is modified with tetracycline responsive elements and has a
poly adenylation signal from the bovine growth hormone gene located downstream

from the multiple cloning site.

6.1.3. Determination of Bla activity

The Bla is a well studied enzyme commonly used in microbiology in a wide variety of
applications. While there are many substrates available to measure the enzyme activity,

chromogenic or fluorescent substrates like nitrocefin (O'Callaghan et al., 1972) and
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CCF2/AM (Zlokarnik et al., 1998), respectively, have been found to be suitable for a
PCA. Both substrates are cell permeable and water soluble, which enables to measure
Bla activity in intact cells as well as in cell lysates. The chromogenic substrate nitroce-
fin changes from yellow to red (absorption at 495 nm) when hydrolyzed by Bla. Using
the positive control BlaS, nitrocefin was tested for the visualization and quantification
of Bla activity in our experimental setting.

293T cells were transfected in a 6 well plate with pO6T-BlaS using different DNA con-
centrations. After 24 h the cells were trypsinated, washed and lysed, using 1x Luciferase
reporter lysis buffer (Promega). Nitrocefin was added and the hydrolysis rate was de-
termined by a kinetic readout over 30 min, measuring the absorption at 495 nm every 10
seconds. To express the relative amount of Bla in the cell lysates the maximal hydroly-
sis rate of nitrocefin was determined, defined as the change of absorption at 495 nm

during the linear phase and expressed in milliabsorption units/min (Figure 8D).
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Figure 8: Establishment of the PCA.

A) Structure model of TEM-1 -lactamase (Jelsch et al., 1993), modified and visualized by “3D-Molecule
Viewer” of VNTI (Invitrogen). Indicated are the BlaN and BlaC fragment in orange and red.
B) Schematic representation of the Bla ORF (wt Bla) and BlaS with the inserted spacer. C) Schematic
representation of BlaS inserted into the expression vector pO6T. Indicated the Bla ORF, in blue the bacte-
rial regulation elements (zeocin resistance gene and OriR6K) and in green elements for eukaryotic ex-
pression and insertion into the BAC genome (IETO and FRT). D) 293T cells were seeded on 6 well plates
and transfected with the indicated amount of pO6T-BlaS. Mean hydrolysis rates of nitrocefin were deter-
mined (chapter 5.7.1). Error bars indicate the standard deviation.
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6.1.4. Bla complementation induced by the interaction of FKBP12 and FRB

To test whether our Bla fragments and constructs are suitable for the PCA, fusion pro-
teins with well characterized binding partners, FKBP12 and FRB (Brown et al., 1994),
were constructed to serve as positive controls for complementation. The two fragments
of Bla designated as BlaN, which covers the N-terminal amino acids (aa24-aal94 of
TEM-1 B-lactamase) and BlaC, covering the C-terminal amino acids (aal96-aa286 of
TEM-1 B-lactamase) were fused to FRB and FKBP12, respectively. The two cellular
proteins interact only in the presence of rapamycin, a so called dimerizer (Figure 9B).
BlaN was fused N-terminally to the ORF of FKBP12 (R) and BlaC was fused C-
terminally to the ORF of FRB (F), giving rise to the fusion proteins N-R and F-C, re-
spectively (Figure 9A). To allow proper folding of the interacting proteins and spatial
flexibility of the Bla fragments, the 17 aa spacer (chapter 6.1.2) was introduced between
the Bla fragments and the proteins under study.

The expression vectors pO6T-N-R and pO6T-F-C were transiently transfected into
293T cells using Superfect transfection reagent. After 24 h, the cells were harvested and
lysed. The lysates were mixed one to one and rapamycin was added at different concen-
trations. Finally, nitrocefin was added to the assay to test for Bla reconstitution by the
rapamycin-induced interaction of FRB and FKPBI12. The colour change provoked by
the hydrolysis of nitrocefin was followed over time in a Versamax plate reader at
495 nm. As a measure for Bla activity, the hydrolysis rate was calculated and expressed
as the change of absorption in milliabsorption units per minute (Figure 9C).

Without rapamycin a hydrolysis rate of about 5 milliabsorption units/min was measured
defining the base line. The hydrolysis rate increased with increasing concentrations of
rapamycin. The maximal hydrolysis rate, which was more than 10 fold above the back-
ground Bla activity, was achieved with rapamycin concentrations of at least 7,5 nM.

This is comparable to the observation made by the Michnick group (Galarneau et al.,

2002).
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Figure 9: FRB and FKBP12 in the PCA.

A) Schematic representation of the Bla-fusion constructs. BlaN was fused to the N-terminus of FRB (N-
R) and BlaC was fused to the C-terminus of FKBP12 (F-C). The coding sequences for the Bla fragments
were separated from the ORFs coding for the interacting proteins by the 17 aa glycine/serine spacer (S).
B) Schematic representation of the inducible interaction of FRB (R) and FKBP12 (F) with the fused Bla-
tags. The two proteins only interact in the presence of rapamycin. The interaction of FRB and FKBP12
induced by rapamycin then leads to the complementation of the two Bla fragments BlaN and BlaC and
Bla activity is restored. C) 293T were transfected with pO6T-N-R or pO6T-F-C. 24 h post transfection,
mean hydrolysis rates of nitrocefin were determined in the presence of the indicated rapamycin concen-
trations (chapter 5.7.2). Error bars indicate the standard deviation.
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6.2. The NEC-PCA

6.2.1. M50 and M53 in the PCA
The PCA was established for the two MCMYV proteins M50 and M53, which are essen-

tial in the nuclear egress of viral capsids. M50 and M53 form a complex at the inner
nuclear membrane that is believed to act as a docking station for the viral capsids to
build up the nuclear egress complex (NEC). Mapping of the mutual interaction sites on
both proteins by mutational analysis showed that these sites and the M50/M53 interac-
tion are essential for the functionality of the NEC.

The BlaN fragment (N) was fused N-terminally to M50 (pO6T-N-M50). Since M50 is a
type II membrane protein, its C-terminus is luminal. Only the N-terminus provided a
site for Bla fragment fusion since it is accessible from the nucleoplasm where M53 is
localized after isolated expression. For M53, which is a soluble nuclear protein, the
BlaC was fused both to the N- and C-terminus (pO6T-C-M53 and pO6T-M53-C). An
HA-tag was added to the N-terminal Bla-fusions. The C-terminal fusion of BlaC to M53
was Strep-tagged (Figure 10B).

The expression vector pO6T-N-M50 was co-transfected into 293T cells with either
pO6T-C-M53 or pO6T-M53-C. 24 h after transfection the cells were harvested and
lysed. Nitrocefin was added to the cell lysates and the hydrolysis rate of nitrocefin was
determined. For both combinations the hydrolysis rates were more than 50 times higher
than in mock transfected cells (Figure 10C). The N-terminal BlaC-fusion to M53 lead to
high Bla activity of more than 120 milliabsorption units/min whereas, the C-terminal

BlaC-fusion lead to a slightly weaker signal of about 90 milliabsorption units/min.
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For further experiments, the N-terminal BlaC-fusion C-M53 was used since previous
studies revealed that C-terminal modifications of M53 can interfere with the functional-

ity of the protein in the virus context, whereas mutations within the N-terminus do not.

6.2.2. Validation of the NEC-PCA

For validation of the PCA for M50 and M53, the Bla signal after complementation has
to be significantly higher than the background signals. Further, increased hydrolysis
rates have to be specific: induced exclusively when M50 and M53 interact. Finally, the
fusion of the NEC proteins to the Bla fragments should not alter their functionality in

the virus context.
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6.2.2.1. Background of the NEC-PCA

The NEC-PCA background gives a measure for possible residual activity or affinity of
the two Bla fragments or non-specific binding between the Bla fragments and the target
proteins. To determine the background signal of the PCA, the BlaN fragment was fused
to mutants of M50 (Figure 11A). These mutants were shown to be deficient in binding
to M53 by co-immunoprecipitation and immunofluorescence after co-transfections
(Bubeck et al., 2004). The mutants of M50 used for this study were obtained by either
an insertion of a five aa transposon after the amino acids 52 or 114 of M50 (M50i52 and
M50i114) or deletion of the nine amino acids, defined as the binding motif of M50 to
MS53 (aa51-aa59; M50DM).

When N-M50 and C-M53 were co-expressed, the hydrolysis rate of nitrocefin in the cell
lysates was more than 130 fold higher than in lysates of mock transfected cells. The co-
expression of C-M53 with the BlaN-fusions of M50 mutants resulted in a nitrocefin
hydrolysis rate of less than 10% of the wild type N-M50/C-M53 complementation. The
hydrolysis rate detected after co-transfection of the N-M50DM and C-M53 was about
12 times higher than mock and served as the background of the subsequent NEC-PCAs
(detection limit; DL) (Figure 11B).

To ensure, that the low signal detected in the PCAs with non-binding M50 mutants was
not due to poor protein expression, 293T cells were transfected with the individual M50
constructs. 24 h after transfection the cell lysates were probed with an anti-HA-antibody
in a Western Blot. All mutants were detected at the predicted molecular weight of

56 kDa and expressed to the same level as the complementing N-M50 (Figure 11C).
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Figure 11: Background of the NEC-PCA.

A) Schematic representation of the HA (H)- tagged Bla-fusion constructs. BlaN (N) and a glycine/serine
spacer (S) were fused to mutants of M50 that were shown to be deficient in binding to MS53.
B) Bla activity in cell lysates after co-expression in 293T cells. C-M53 was co-expressed with N-M50
and the N-M50mutants (N-52, N-114 and N-M50DM). Mean hydrolysis rates of nitrocefin were deter-
mined (chapter 5.7.1). Error bars indicate the standard deviation. C) Steady state level of the expression
of N-M50 and N-M50 mutants shown in a HA-specific Western Blot after isolated expression in 293T
cells. Numbers indicate the position and size of the protein marker in kDa.

6.2.2.2. Specificity of the NEC-PCA

The specificity of the N-M50/C-M53-PCA was tested in the presence of increasing
amounts of wt M50, which binds C-M53 but does not complement due to the lack of the
complementary Bla fragment. If the PCA signal is only dependent on the M50/M53
interaction, the wt M50 would compete with N-M50 for C-M53, which then should re-
sult in the decrease of the PCA signal. Therefore, wt M50 was expressed by the expres-
sion construct pOriR6K-zeo-ie-M50 (Bubeck et al., 2004). The competitor pOriR6K-
zeo-ie-M50 DNA was added to the co-transfections in increasing amounts from 0,5 to
3 pg, whereas the amount and ratio of DNA coding for N-M50 and C-M53 was kept at
a constant 1,5 pg for all co-transfections. To ensure that any change in signal strength
was not due to an overload of transfected DNA, the amount of transfected DNA was
kept constant by an adequate addition of the carrier DNA pO6-IET-gfp coding for GFP,
a protein, which is irrelevant in the assay.

As shown in Figure 12A, the PCA signal decreased in a wt M50 concentration depend-
ant manner. The initial hydrolysis rate of 170 milliabsorption units/min in the absence
of wt M50 was gradually reduced by more than three fold, reflecting the relative propor-
tion of tagged and non-tagged M50. The amounts of N-M50 and wt M50 in the assay
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were visualized by an anti-M50 probed Western Blot. N-M50 and wt M50 were de-
tected at the predicted sizes of 56 kDa and 35 kDa, respectively (Figure 12B). Degrada-
tion products of M50 with lower molecular weights were detected in all lanes except for
the first, where only N-M50 and C-M53 were present. This, and the slight decrease of
detected N-M50 over the increase of wt M50, are presumably due to the instability of
N-M50. The wt M53 stabilizes wt M50 (Bubeck et al., 2004) which also seems to be
true for N-M50, if C-M53 is present. If C-M53 is competed out by wt M50, N-M50

becomes unstable.
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Figure 12: Specificity of the NEC-PCA.

A) Competition assay. Bla activity in cell lysates after co-expression in 293T cells. N-M50 and C-M53
(1,5 pg of each DNA) were co-expressed together with increasing amounts of wt M50. Carrier DNA was
added in the transfections to maintain the constant amount of 6 pg total DNA. Mean hydrolysis rates of
nitrocefin were determined (chapter 5.7.1). Error bars indicate the standard deviation. B) Steady state
level of N-M50 and wt M50 expression shown by an M50-specific antibody in a Western Blot. Indicated
on the right N-M50 (56 kDa), wt M50 (35 kDa) and lower sized degradation products (DP) of M50
(Muranyi et al., 2002). Numbers on the left indicate the position and size of the protein marker in kDa.

6.2.2.3. Functionality of the fusion proteins used in the NEC-PCA

N-M50 and C-M53 were tested for their functionality in the context of MCMV replica-
tion to show that their essential features were retained upon fusion to the Bla fragments.
To this end, the fusion constructs were introduced into MCMV genomes lacking the
native genes.

The N-M50 and C-M53 genes were inserted into AM50 and AMS53 genomes, respec-
tively. In these two MCMV BAC genomes, the ORF of wt M50 or wt M53 was deleted

by homologous recombination and replaced by a kanamycin selection cassette. As a
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further mutation to the wt MCMV genome, these BACs carry an FRT site between the
ml6 and m17 gene. The FRT site allows an efficient insertion of additional genetic
elements at that position. In previous studies in which essential genes like M50 or M53
were deleted from the genome, the resulting null phenotype was rescued when the re-
spective genes were re-inserted into the BAC at this position (Bubeck et al.,
2004;Lotzerich et al., 2006). Insertion of genes at the m16/m17FRT locus requires the
expression of Flp recombinase (McLeod et al., 1986) and the presence of a DNA frag-
ment carrying another FRT site compatible with that in the BAC. The Flp recombinase
is expressed from the temperature sensitive plasmid pCP20, which is introduced into the
bacteria harbouring the BACs to be targeted. The second FRT site is located on the
pO6T vector (chapter 6.1.2), thus not only serving as an expression vector but also as a
shuttle plasmid for insertion into the FRT site of the MCMYV BAC (chapter 3.1.5.2).

Figure 13A gives an overview of the wt MCMV BAC genome and the BAC-DNA re-
striction pattern. The Notl cleavage sites are indicated as it was used for characteriza-
tion of the BAC-DNA constructs. The relatively low number of Notl recognition sites
on the BAC-DNA (less than 40) made it the most suitable enzyme for restriction analy-
sis. Detection of changes in the restriction pattern enabled distinction not only of wt
BACs from BAC constructs with the inserted pO6T, but also of multiple copy inserts
from the desired single insertion clones. While both single and multiple copy inserts
result in the appearance of a new band at 11,8 kb, only the multiple copy clones display
an additional 3000-3500 bp band. This additional band corresponds to the size of the
pO6T constructs and their presence in the BAC as tandem repeats. Single insertion con-
structs lack this additional band due to a single Notl cleavage site in the pO6T vector

backbone.
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Bacteria carrying the BACs with the M50 or M53 deletion genomes (AMS50 and AMS53)
together with pCP20 were transformed with pO6T-N-M50 or pO6T-C-M53, respec-

tively. Flp mediated homologous recombination was performed for one hour at the per-

missive temperature of 30 °C, before the rise to cultivation temperature of 43 °C, the

non-permissive temperature for pCP20. Bacterial clones were then selected for the in-

sertion of the pO6T constructs on zeocin and choramphenicol (Cam) containing agar

plates. Bacteria harbouring the BAC with the inserted pO6T constructs are resistant to

both antibiotics due to the Cam resistance gene in the BAC cassette and the zeocin re-
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sistance in the pO6T vector. Co-existence of both DNA molecules in the same cell is
excluded since the DH10B strain does not support the replication of the pO6T plasmids
(Bubeck et al., 2004). The mutated MCMV BAC-DNA of AM50/N-M50 and AMS53/C-
MS53 was isolated and analysed by restriction pattern analysis (Figure 14A). Compared
to the wt MCMV BAC-DNA, an additional band at 11,8 kb showed the insertion of the
expression vectors for the Bla-fusion proteins. Single copy inserts were selected by the
absence of an additional band of about 3,5 kb. BACs with the AM50-backbone lack the
DNA fragments of 5,5 and 13,2 kb since a NotlI site is located in the M50 ORF which is
removed with the deletion of M50. Instead, an additional fragment of 18,9 kb appears
which, however, cannot be distinguished from the neighbouring DNA fragments. All
other fragments appeared in the constructed recombinant BACs as well as in the control
DNA of the wt MCMV BAC, excluding other unwanted recombination events. To con-
firm the absence of the native M53 gene in constructs based on the AM53-backbone, an
additional BsrDI digest was performed. Deletion of the native M53 leads to an 8200 bp
fragment in addition to an 8700 bp fragment from the wt MCMYV genome.

The BAC-DNA of two clones, showing the expected restriction pattern, was isolated
from bacteria and subsequently transfected into mouse embryonic fibroblasts (MEF) to
allow virus reconstitution.

After transfection of MEF cells, both the AMS50/N-M50 and AM53/C-M53 BAC, gave
rise to infectious progeny (Figure 14B and C). Initial viral plaques were observed after
two passages of the transfected MEFs, about 16-18 days after transfection of the BAC-

DNA. Cells were harvested when the entire monolayer was lysed by the mutant viruses.
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6.2.2.3.1.  Fitness of the AM50/N-M50 and AM53/C-M53 virus

Multi-step growth curves were performed to compare the replication ability of the mu-
tant viruses carrying the M50 and M53 Bla-fusions (AM50/N-M50 and AM53/C-M53)
to MCMV mutant viruses carrying the wt M50 or wt M53 (AMS0/wtM50 and
AM53/wtM53) at the same ectopic position. NIH3T3 fibroblasts were infected with a
multiplicity of infection (MOI) of 0,1 and incubated for one hour with the infectious
supernatant. Thereafter the supernatants were replaced with fresh culture media. Newly
produced infectious particles were quantified daily over a period of 5 days, including
the titre of the inoculums (day 0).

The growth of AMS5S0/N-M50 and AMS53/C-MS53 was comparable to AMS50/wtMS50
(Bubeck et al., 2004) and AMS53/wtM53 (Lotzerich et al., 2006). The high virus titre at
day O represents the titre of the infectious inoculums used to initiate the growth curves.
The sudden decline in titre at day 1 indicates that the input virus was removed by the
medium exchange since the generation time of the MCMYV is longer than 24 h. Accord-
ingly, release of infectious particles was detectable from the second day and reached its
highest titre at day 5, the last day of the experiment (Figure 14C). A difference in peak
titres of less than one log is usually considered to be not significant because of the loga-
rithmic nature of titre determination. This was confirmed by an ANOVA test, calculat-
ing a p-value above 0,05 for the growth differences of AMS50/wtM50 and AM50/N-M50
(p=0,37) and the p-value of for the growth difference of AMS53/wtM53 and AMS53/C-
M53 (p=0,07).

These experiments validated the PCA for the NEC proteins M50 and M53. The back-
ground of the N-M50/C-M53-PCA, due to spontaneous folding of the Bla fragments
was low as shown by co-expression of C-M53 with N-M50 mutants. The specificity of
the PCA signal was confirmed by the competition experiment and the functionality of
the Bla-fusion proteins was proven by their ability to replace the wt NEC proteins. Thus
the NEC-PCA provides a tool to monitor and characterize the interaction of M50 and

M53.
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6.3. The UL34/UL31 interaction of different herpesviruses

Any essential interaction of herpesviral proteins, which leave cellular processes un-
touched, may serve as potential drug targets. Most favourable are interactions that are
conserved throughout all three herpesvirus subfamilies. Homologues of M50 and M53,
members of the UL34 and UL31 protein families, respectively, are present in all species
of herpesviridae and are highly conserved in their amino acid sequence (Figure 19 and
Figure 22). The aim of the work presented in this chapter was an extensive study of the
two interacting proteins in the aspect of a universal drug target to fight herpesvirus re-
lated diseases.

In order to study the binding of M50 and M53 homologues, the NEC-PCA established
for M50 and M53 was expanded to include representatives belonging to the a- and y-
herpesvirus subfamilies and a second virus of the [-herpesvirus subfamily. The UL34
and UL31 family members of PrV, HSV-1, HCMV, MHV68 and EBV were fused to
the Bla fragments in the same manner as M50 and M53. The N-terminus of Bla (BlaN;
N), was fused N-terminally to the UL34 family members and the C-terminus of Bla
(BlaC; C), was fused N-terminally to the UL31 family members of the representative
herpesviruses (Table 4).

Table 4 : Members of the UL31 and UL34 protein families of representative herpesviruses.

List of the six UL34 and UL31 family members included in the study. Indicated in the first column the
herpesvirus subfamily the virus (second column) belongs to, followed by the name, abbreviation and
length of the proteins of the UL34 and UL31 protein family.

Subfamily | Virus UL34 homologue UL31 homologue
a HSV-1 UL34 (h); 275 aa UL31 (H); 306 aa
a Prv UL34 (p); 260 aa UL31 (P); 271 aa
B HCMV | UL50 (c); 397 aa ULS53 (C); 376 aa
B MCMV | M50 (m); 316 aa M53 (M); 333 aa
y EBV BFRF1 (e); 336 aa BFLF2 (E); 318 aa
y MHV68 | Orf67 (g); 226 aa Orf69 (G); 292 aa
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To test the fusion constructs for expression, pO6TN-UL34 and pO6TC-UL31 homolo-
goues (Figure 15A) were transfected into 293T cells. Cells were lysed and the proteins
analysed by an anti-HA probed Western Blot. N-UL34 fusion proteins were detected at
the predicted molecular weight between 50 and 80 kDa (Figure 15B, upper panel) and
C-UL31 fusion proteins at the predicted molecular weight between 33 and 50 kDa
(Figure 15B, lower panel). All proteins were expressed to a comparable level. The two
fusion proteins N-M50 and N-UL50 show lower molecular weight degradation products
which were frequently observed in previous experiments where UL50 or M50 were ex-

pressed without the BlaN-tag (Bubeck et al., 2004).

A B
MCMV HCMV HSV-1PrV MHV  EBV
N-UL34 [H] BlaN S UL34 | o] —— . —
m c h p g e

49+
C-UL31 |H BlaC S UL31 34.

M C H P G E

Figure 15: Bla-fusions to members of the UL34 and UL31 family.

A) Schematic representation of the used HA (H)-tagged Bla-fusion constructs. The N- (BlaN) and C-
terminal part (BlaC) of the Bla were fused to members of the UL34 and UL31 family, linked by a gly-
cine/serine spacer (S). BlaN was fused to members of the UL34 family: M50 (m), UL50 of HCMV (c),
UL34 of HSV-1 (h), UL34 of PrV (p), Orf67 of MHV6S (g) and BFRF1 of EBV (e). BlaC was fused to
the members of the UL31 family: M53 (M), UL53 of HCMV (C), UL31 of HSV-1 (H), UL31 of PrV (P),
Orf69 of MHV6S8 (G) and BFLF2 of EBV (E). B) Steady state level of expression of N-UL34 and C-
UL31 fusion proteins shown in an HA-specific Western Blot. Numbers indicate the position and size of
the protein marker in kDa.

6.3.1. UL34 and UL31 family members in the NEC-PCA
The NEC-PCA was performed by the co-expression of BlaN- and BlaC-fusions of each

virus in 293T cells. After 24 h, cells were lysed and tested for reconstituted Bla activity
induced by the interacting proteins. Specific signals were obtained for the NEC proteins
of HSV-1, PrV, MCMV, HCMV and MHV68. For y-herpesvirus MHV68 the detected
signal was low but significant, however, in case of EBV the complementation induced
hydrolysis rate was not significantly higher than the detection limit (p-value = 0,22)
(Figure 16). The high hydrolysis rate obtained with the MCMYV proteins in contrast to
the lower signal of the homologues probably reflects the optimization of the assay to-

wards that particular interaction (chapter 5.7.1).
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Figure 16: The NEC-PCA with members 120
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6.3.2. Cross-complementation within the UL34 and UL31 families

The development of a drug targeting the important interaction of UL34 and UL31 fam-
ily members of several herpesviruses requires a high degree of protein homology.
Analysis of translated sequence revealed both protein families were highly conserved
(Figure 19 and Figure 22). In order to see whether the conserved NEC proteins of dif-
ferent viruses bind to each other, functional assays were performed. Proteins of both
families were co-transfected in a heterologous manner to determine their ability for
cross-complementation. The Bla-fusions of UL34 and UL31 family members from the
three viruses PrV, HCMV and MHV68 were chosen as representatives for each of the
three herpesvirus subfamilies and co-expressed with all six potential partners which

have been tested for the native PCAs (Figure 16).

6.3.2.1. Cross-complementation by UL31 family members

To measure the extent to which UL34 family members are able to interact with UL31
family members of other viruses, the N-UL34 homologue of PrV, HCMV or MHV68
was co-expressed with each C-UL31 fusion protein of the study. The corresponding
plasmids were co-transfected into 293T cells and Bla activity was determined after 24 h
(Figure 17).

N-UL34 of PrV resulted in a high Bla activity in combination with C-UL31 of either
HSV-1 (H) or PrV (P), however no significant signal was obtained in combination with
BlaC-fusions to UL31 homologues of other subfamilies represented by MCMYV,
HCMV, MHV68 or EBV proteins (Figure 17A). For all combinations of Bla-fusions in
which crossing the subfamilies were tested, no significant signal was obtained. This

revealed that N-UL34 of PrV is complemented by the UL31 family member of the same
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herpesvirus subfamily, but not by homologues of the [3- or y-herpesvirus subfamily. A
similar pattern was observed when either N-UL50 or N-Orf67 was co-expressed with
the six BlaC-fusions (Figure 17B and C): N-UL50 and N-Orf67 were complemented to
a high percentage by the homologue of their subfamily, either MCMYV or EBV, but not
by the Bla-fusions of the other two herpesviruses subfamilies. C-M53 complemented its
HCMYV homologue C-UL53 to nearly 100%. For the a- and y-herpesvirus subfamily,
the heterologous combination of N-UL34 with C-UL31 (UL34/H) and N-Orf67 with C-
BFLF2 (Orf67/E) gives an even higher signal in the PCA than the native combination of
N-UL34 with C-UL31 (UL34/P) and N-Orf67 with C-Orf69 (Orf67/G). This might in-
dicate a stronger interaction of the heterologous proteins or better accessibility of the

Bla fragments to each other.

A B
UL34 (PrV) UL50 (HCMV) C Orf67 (MHV68)
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Figure 17: Cross-complementation by UL31 family members.

Members of the UL34 and UL31 protein families were co-expressed in heterologous combinations. The
partners in the co-expressions were N-UL34 (A), N-UL50 (B) and N-Orf67 (C) in combination with C-
UL31 of HSV-1 (H), C-UL31 of PrV (P), C-M53 (M), C-UL53 (C), C-Orf69 (G) and C-BFLF2 (E).
Mean hydrolysis rates of nitrocefin were determined (chapter 5.7.1). The indicated detection limit (DL) is
defined by the hydrolysis rate of nitrocefin after co-expression of C-M53 and N-M50DM. Black, white

and grey indicate UL31 family members of a—, f—, and y—herpesviruses, respectively. Error bars indicate
the standard deviation.

6.3.2.2. Cross-complementation by UL34 family members
Having shown the cross-complementation by UL31 family members, the extent to
which UL34 family members of different viruses can replace each other in the PCA was

measured. In the same manner as for the cross-complementation experiments in chapter
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6.3.2.1, the C-UL31 homologue of PrV, HCMV or MHV68 was co-expressed with each
N-UL34 fusion protein of the study.

Similar to the pattern already observed for cross-complementation with different BlaC-
fusions (chapter 6.3.2.1), the reaction of C-UL31 of PrV with the six BlaN-fusions to
UL34 family members was only positive in combination with N-UL34 of either PrV or
HSV-1 (UL31/p and UL31/h) but not for fusion proteins of MCMV, HCMV, MHV68
or EBV, belonging to other herpesvirus subfamilies (Figure 18A). However, even N-
UL34 of HSV-1 (h) complemented the C-UL31 of PrV only to an extent of 35% of the
native PrV interaction (UL31/p, Figure 18A). When C-ULS53 was co-expressed with the
six N-UL34 fusions, the strength of the Bla signal obtained by the native combination of
C-ULS53 with N-ULS50 (UL53/c) was only reached in the combination of C-UL53 with
the partner of the same herpesvirus subfamily, N-M50 (UL53/m), but not with any
BlaN-fusion of the other herpesviruses (Figure 18B). In contrast to the o- and [-
herpesvirus, C-Orf69 was not cross-complemented by any of the heterologoues BlaN-

fusions (Figure 18C).

B C
UL31 (PrV) UL53 (HCMYV) Orf69(MHV68)
120 90 40
£ £ E
g 8 g 30 1l
E
?g 80 % 60 - ! L |5
2 2 =
; ; ;
g e - - -- SO g
“DL = ‘ ﬂ 8
0 0 —
h pmc g e h pmc g e h pmc g e
UL34 family UL34 family UL34 family

Figure 18: Cross-complementation of UL34 family members.

Members of the UL34 and UL31 protein families were co-expressed in heterologous combinations. The
partners in the co-expressions were C-UL31 (A), C-UL53 (B) and C-Orf69 (C) in combination with N-
UL34 of HSV-1 (h), N-UL34 of PrV (p), N-M50 (m), N-UL50 (c), N-Orf67 (g) and N-BFRF1 (e). Mean
hydrolysis rates of nitrocefin were determined (chapter 5.7.1). The indicated detection limit (DL) is de-
fined by the hydrolysis rate of nitrocefin after co-expression of C-M53 and N-M50DM. Black, white and
grey indicate UL34 family members of a—, B—, and y-herpesviruses, respectively. Error bars indicate the
standard deviation.
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In summary, the PCA indicates cross-complementation is possible within the herpesvi-
rus subfamilies, however, no cross-complementation was measured across subfamilies.
BlaN-fusions within subfamilies were found to interact to nearly the same extent with
the tested BlaC-fusions as they do with the natural NEC partner. Therefore, despite se-

quence conservation, the binding specificity has diverged with the subfamilies.

6.3.3. Study of the binding sites in the UL34 and UL31 protein family

As seen in the co-transfection experiments, binding of the UL34 and UL31 homologues
is conserved, however the binding site of the UL34 and UL31 protein families diverged

during evolution of the subfamilies.

6.3.3.1. The binding site in the UL31 family

The UL31 family is highly conserved. A similarity blot, obtained by the alignment of
the six UL31 family members used in this study, allows a simple subdivision of the pro-
teins into four conserved regions, depicted in Figure 19A. Stretches of amino acid simi-
larity of up to 60% are separated from each other by short interspaces of low conserva-
tion, thereby defining the borders of the conserved regions (CR). The N-terminal parts
of the aligned proteins show a low level of conservation, indicating a species specific
part of the protein, here depicted as variable region (V). It was recently shown by our
group that the binding site of M53 to M50 is located in the first conserved region (CR1)
of M53. The variable region carries a nuclear leading sequence (NLS) (L&tzerich et al.,
20006) to direct the protein to the cell nucleus. For the three C-terminal conserved re-
gions (CR2-CR4) no function has yet been assigned.

For other UL31 family members, binding to the UL34 homologues was reported but the
binding domains have not been defined. Therefore, based on the findings in M53 and
the similarity of the protein sequences (Figure 19A and B), all three herpesvirus sub-
families were tested to determine whether the CR1 harbours the binding site to members
of the UL34 family. To this end, chimeric BlaC-fusions were constructed combining the
variable region and the CR1 of one UL31 family member and the subsequent three con-
served regions (CR2-CR4) of another (Figure 19C, Table 5). The variable region and
CR1 of M53 were fused to CR2-CR4 of UL31 of PrV or Orf69 of MHV68 (C-MP and
C-MG). Accordingly, the variable region and the CR1 of UL31 or Orf69 were fused to
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CR2-CR4 of M53 (C-PM and C-GM). Expression of the chimeric proteins at the ex-
pected size (Table 5) was confirmed by an anti-HA probed Western Blot (Figure 19D).
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Figure 19: BlaC-fusions to chimeric UL31 proteins.

A) Similarity blot obtained by the alignment of the protein sequences of the six UL31 family members.
Indicated are the variable region (V) and the four conserved regions, CR1-CR4. B) Alignment of the first
conserved region (CR1) of the studied UL31 family members. Black indicates identical, grey similar
residues. The capital letters stand for the UL31 homologues, UL31 of HSV-1 (H), UL31 of PrV (P), M53
(M), UL53 (H), Orf69 (G) and BFLF2 (E). The numbers in brackets stand for the number of the first aa of
the depicted CR1. C) Schematic representation of the HA (H)-tagged constructs. The C-terminal part
(BlaC) of Bla was fused to chimeras, built up by the variable region (V) and CR1 of one UL31 family
member and the CR2-CR4 of another. The CR1 of M53 was combined with the CR2-CR4 of UL31 of
PrV (C-MP) or CR2-CR4 of Orf69 (C-MG). The CR1 of UL31 of PrV and the CR1 of Orf69 were com-
bined with the CR2-CR4 of M53, UL31 or Orf69 (C-PM, C-GM, C-GP and C-GP, respectively). The
CR1 of UL53 was combined with the CR2-CR4 of UL31 (C-CP). D) Steady state expression levels of the
chimeric fusion proteins shown in an HA-specific Western Blot after isolated expression. Numbers indi-
cate the position and size of the protein marker in kDa.
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Table 5 : Chimeric UL31 proteins.

List of chimeric UL31 proteins, obtained by the fusion of BlaC to UL31 proteins built up by the variable
region (V) and CR1 of one UL31 family member and CR2-CR4 of another. Indicated are the amino acids
defining the variable and conserved regions of the proteins used to construct the chimeras. The last col-
umn lists the calculated size of the BlaC-tagged chimeras.

Chimera |V and CR1 CR2-CR4 Protein size
C-MP M53 (aal-aal75) UL31 (aa92-aa271) 53 kDa
C-MG M353 (aal-aal75) Orf69 (aal12-aa292) 53 kDa
C-PM UL31 (aal-aa91) MS53 (aal76-aa333) 41 kDa
C-GM Orf69 (aal-aalll) |MS53 (aal76-aa333) 43 kDa
C-Cp ULS3 (aal-aal25) |UL31 (aa92-aa271) 47 kDa
C-GP Orf69 (aal-aalll) |UL31 (aa92-aa271) 45 kDa
C-PG UL31 (aal-aa9l) Orf69 (aal12-aa292) 43 kDa

6.3.3.1.1.  The binding site in UL31 homologues in [3-herpesviruses

To confirm that the CR1 of M53 bears the binding site to M50 (Létzerich et al., 2006),
the chimeric BlaC-fusion proteins were co-expressed with N-M50 (m) and tested for
reconstituted Bla activity in the PCA (Figure 20). As seen previously, a high hydrolysis
rate of about 100 milliabsorption units/min was obtained when the NEC proteins of
MCMYV were co-expressed (m/M) but no cross-complementation was observed in the

combination with C-UL31 or C-Orf69 (m/P and m/G). However, if N-M50 was co-
expressed with either of the two chimeric BlaC-fusions C-MP and C-MG, bearing the
variable region and CR1 of M53 (m/C-MP and m/C-MG), binding to N-M50 was re-
stored. C-MP complemented N-M50 to about 50% of the native MCMYV interaction
(Figure 20A), whereas C-MG fully complemented the C-M53/N-M50 interaction
(M/m). In contrast, N-M50 co-expressed with the chimeric BlaC-fusion constructs bear-
ing the heterologoues CR1s, C-PM and C-GM, did not lead to complementation. For
those combinations, the reconstituted Bla activity was below the detection limit, which
was defined by the interaction of C-M53 and the non-binding M50 mutant, N-M50DM.
These data confirm that the first conserved region of M53 is necessary and sufficient for

binding to M50.
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Figure 20: Mapping the binding site in M53.

Bla activity in cell lysates after co-expression in 293T cells. A) N-M50 (m) was co-expressed with C-
MS53 (M), C-UL31 of PrV (P) and the chimeric fusion constructs C-MP and C-PM. B) N-M50 was co-
expressed with C-M53 (M), C-Orf69 (G) and the chimeric fusion constructs C-MG and C-GM. Mean
hydrolysis rates of nitrocefin were determined (chapter 5.7.1). The indicated detection limit (DL) is de-
fined by the hydrolysis of nitrocefin after co-transfection of C-M53 and N-M50DM. Error bars indicate
the standard deviation.

Since UL31 family members can cross-complement each other within subfamilies
(chapter 6.3.2.1), we wanted to confirm this cross-complementation was dependant on
the CR1 region. Therefore, the chimeric protein C-MP was modified by replacing the
variable region and CR1 of M53 by the respective parts of UL53, resulting in the chi-
meric protein C-CP (Table 5). C-UL53 complements N-M50 to more than 65% of the
interaction of the MCMYV proteins N-M50/C-M53. In contrast, co-expression of C-CP
and N-M50 lead to only 15% of the native N-M50/C-M53 (m/M) interaction and 22%
of the cross-complementing 3-NEC proteins, N-M50/C-UL53 (m/C) (data not shown).

6.3.3.1.2.  The binding site in UL31 homologues in O- and y-herpesviruses
Having confirmed the M53 binding site to M50 is located in the first conserved region,
the chimeric proteins were then co-transfected with the BlaN-fusions to UL34 of PrV
and Orf67 of MHVG6S to test for the binding site in the proteins belonging to the - and
y-herpesvirus subfamilies. The findings obtained by these co-transfections were compa-
rable to the data concerning M53 (chapter 6.3.3.1.1). An hydrolysis rate of about 75
milliabsorption units/min was obtained when the NEC proteins of PrV were co-

expressed (p/P) but no cross-complementation was observed in combination with C-
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M53 or the chimeric BlaC-fusion C-MP. However, the combination of N-UL34 with C-
PM or C-PG, bearing the CR1 of UL31 of PrV (p/C-PM and p/C-PG), restored the bind-
ing and gave rise to a signal of about 65% and 56% of the native PrV interaction (p/P),
respectively (Figure 21A for p/C-PM). Similarly, for co-transfection of MHV68 fusion
proteins, a positive signal was only obtained for the combination of N-Orf67 (g) with
proteins bearing the CR1 of Orf69, namely C-Orf69 (G) or the chimera C-GM. Proteins
bearing the heterologous CR1, C-M53 (M) or C-MG, did not lead to a significant Bla
signal after co-transfection (Figure 21B).

These data confirm that the binding site of UL31 family members of a- and Y-

herpesviruses is located in the first conserved region as expected after studies of the

similarity to M53.
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Figure 21: Mapping of the binding site in UL31 family members of d- and y-herpesviruses.

Bla activity in cell lysates after co-expression in 293T cells. A) N-UL34 of PrV (p) was co-expressed
with C-UL31 of PrV (P), C-M53 (M) and the chimeric fusion constructs C-MP and C-PM. B) N-Orf67
(g) was co-expressed with C-Orf69 (G), C-M53 (M) and the chimeric fusion constructs C-MG and C-
GM. Mean hydrolysis rates of nitrocefin were determined (chapter 5.7.1). The indicated detection limit
(DL) is defined by the hydrolysis of nitrocefin after co-transfection of C-M53 and N-M50DM. Error bars
indicate the standard deviation.

6.3.3.2. The binding site in the UL34 family

Having studied the binding of UL31 to UL34 family members for all three herpesvirus
subfamilies, we also wanted to undertake a brief study of the binding site in UL34 fam-
ily members using the established PCA. In contrast to the binding site in UL31 family

members, which has been shown to be conserved and located within the first conserved
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region (chapter 6.3.3.1), published data indicate that the binding site in UL34 family
members is not conserved but located in different parts of the proteins. In M50, the
binding site was defined in the first third of the protein and narrowed down to nine
amino acids (aa51-aa59), but also the insertion of five aa at position 114 of M50 had an
effect on the M53 binding (Bubeck et al., 2004 and chapter 6.2.2.1). In HSV-1, a stretch
of 44 amino acids (aal37-aal81) was shown to be necessary and sufficient for binding
to UL31 (Liang and Baines, 2005). The PCA was applied to confirm the published
binding sites and to see if the corresponding stretches in the homologous proteins in-
deed leaves the binding to the UL31 family member untouched. Therefore the amino
acids of the published binding sites in the BlaN-fusions to UL34 of HSV-1 and M50 as

well as the corresponding regions in the homologues were deleted (Figure 22B).
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Figure 22: Bla-fusion constructs to map the UL31 binding site in UL34 family members.

A) Similarity blot obtained by the alignment of the six UL34 proteins of MHV68, EBV, HSV-1 and PrV,
MCMYV and HCMV. As magnification the aligned amino acids of two predicted binding sites.

B) Amino acid sequences of M50 and UL34 of HSV-1. Residues in blue show the predicted binding mo-
tif in M50 (M), residues in red show the homologues residues to the predicted binding motif in UL34
(M*). Right: schematic representation of BlaN-fusions to the mutants of M50 and UL34. The amino acids
of the predicted binding sites were deleted. N-M50 mutants were constructed, lacking aa51-aa59 or
aal23-aal67, referred to as N-M50DM and N-M50DM*, respectively. N-UL34 mutants were con-
structed, lacking aa62-aa71 or aal37-aal81, referred to as N-UL34DM and N-UL34DM*, respectively.

84



Results

The M50 and UL34 mutants were co-expressed together with C-UL31 or C-M53 to
determine the extent to which the ability to interact remained. Co-expression of C-M53
with N-M50 produced the expected high hydrolysis rate but when C-M53 was co-
expressed with N-M50DM, where the deleted stretch corresponded to the published
binding motif, the hydrolysis rate diminished to the previously defined background sig-
nal. However, co-expression of C-M53 with N-M50DM* (A123-167) also lead to a
negative signal in the PCA (Figure 23A). In an HA-probed Western Blot the BlaN-
fusions to the M50 mutants were detected at the expected size and expression level
(Figure 23C) showing that the lack of signal was not due to an expression problem.
Degradation bands were visible as in other HA-probed Western Blots for detection of
UL34 proteins.

For both mutants of UL34 of HSV-1, a reduced interaction was observed. When C-
UL31 was co-expressed with the mutant lacking the nine amino acids of the predicted
binding motif for (-herpesviruses, N-UL34DM (A62-71), the signal was reduced by
60% of the wt fusion proteins (Figure 23B). For the mutant in which the predicted bind-
ing motif for a-herpesviruses was deleted, N-UL34DM* (A137-181), binding to UL31
of HSV-1 was nearly abolished. However, a look at the HA-probed Western Blot after
isolated expression of the mutant fusion proteins revealed impaired expression of N-
UL34DM* (Figure 23C). The protein was detectable in the Western Blot after several
minutes of exposure, indicating either very low expression of N-UL34DM* or instabil-
ity of the protein. N-UL34DM, lacking the amino acids of the short binding motif in -

herpesviruses was expressed at the expected size and level.
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From these results, it can be concluded that for both, M50 and UL34, the binding site to
UL31 family members appears to be built up by a bipartite binding motif incorporating
more than the published stretch of amino acids. In order to exclude the structural pertur-
bation by the deletion of, in the first case nine, in the second 44 amino acids, a further

study of point mutations needs still to be performed.
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6.4. Complementation within the MCMYV virus context

The NEC-PCA was established for the two MCMYV proteins, M50 and M53 further ap-
plied to their homologues, members of the UL34 and UL31 protein family. Data was
obtained by transient transfection of the Bla constructs and fusion proteins were either
isolated or co-expressed in cell culture. Members of both protein families were shown
to complement each other in the PCA within the herpesvirus subfamilies. To determine
if the data obtained in the PCA reflects the situation in the virus context, members of
both protein families, as well as the chimeric UL31 proteins, were inserted into the

MCMYV genome for further complementation studies.

6.4.1. UL34 and UL31 family members in MCMYV deletion genomes

Since the NEC proteins of viruses belonging to the same subfamily were shown to in-
teract in the PCA (chapter 6.3.2), we subsequently tested them to determine if the ob-
served binding was sufficient for the functional replacement of NEC proteins in the vi-
rus context. For this purpose, the representative UL34 and UL31 family members were
introduced into the deletion genomes AMS50 and AMS53, respectively. The UL34 family
members, UL50, Orf67 and UL34 of HSV-1 and PrV, were introduced into the ectopic
position (between the genes m16 and m17, chapter 6.2.2.3) of the AM50-BAC, which
lacks the native M50 gene. In the same way, UL53, Orf69 and UL31 of HSV-1 and
PrV, were introduced into the AM53-BAC, which lacks the native M53 gene. Mutant
BACs were analysed by restriction digests, using Notl and BsrDI (Figure 24). Correct
insertion of the expression plasmids was confirmed by the appearance of an additional
11,8 kb band in the Notl digests and the absence of an additional 3,5 kb fragment,
which would indicate the multiple insertion as tandem repeats. BACs with the AMS50-
backbone lack the 5,5 and 13,2 kb DNA fragments. To ensure the deletion of M53 in
the AMS53-backbone, respective BACs were digested with BsrDI. The additional band at
8,2 kb confirmed the absence of M53. A shift of the 20 kb DNA fragment in the wt
MCMV to 24 kb in the mutants indicated insertion of the pO6T expression plasmids.
For viral reconstitution, BAC-DNA was purified from bacteria and transfected into

METF cells.
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BAC backbone | Inserted ORF | Mutant Complementation of M50 or M3
in the PCA in MCMV
AMS0-BAC | ULS50 AMS0/ULS0 Yes Yes
AMS53-BAC | ULS3 AMS3/ULS3 Yes Yes
AMS50-BAC  |UL34(HSV) |AMS0/UL34(HSV) No No
AMS3-BAC  |UL31(HSV) |AMS3/UL31(HSV) No No
AMS50-BAC | UL34(PrV) |AMSO0/UL34(PrV) No No
AMS53-BAC  |UL31(PrV) |AMS3/UL31(PrV) No No
AMS53-BAC Orf69 AMS53/0rf69 No No

Figure 24: Heterlogous NEC
protein inserted into MCMV
deletion genomes.

Table: Summary of the mutant
viruses used to validate the PCA
data of the crosscomplementation
studies (chapter 6.3.2). The BAC
backbone, listed in the first col-
umn, indicates the type of dele-
tion genome, AM50 or AMS3.
The second column indicates the
ORF inserted in ectopic position
of the BAC, followed by the
name of the resulting mutant as it
is used in the text. The last col-
umn summarizes the success of
complementation of the inserted
ORF in the PCA and in the virus
context (reconstitution).

Right: restriction pattern analysis
of the mutants by Notl and BsrDI
digest. Black numbers on the
sides indicate the sizes of the
DNA marker bands. Red and
green numbers indicate the size
of fragments to appear upon
insertion or due to the lack of
M53 (green) and to be absent in
deletion genomes and due to
single insertion (red).
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ULS50 and UL53 were introduced into the MCMV BACs AM50 or AM53 and virus was
reconstituted in the absence of the respective MCMV gene (experiments done by Anja
Bubeck, unpublished). To quantify the ability of mutants to replicate in cell culture, a
stock of AMS50/ULS50 virus was prepared and viral growth was compared to that of wt
MCMV under multi-step growth conditions on NIH3T3 cells. Viral replication of
AMS50/UL50 showed no significant attenuation, with the wt MCMV titre of
1,8 x 10° PFU/ml at day five being only slightly higher than that of the mutant at
1,5 x 10° PFU/ml.

In contrast, UL34 and UL31 homologues of HSV-1, PrV and MHV68 could not func-
tionally replace the NEC proteins in the deletion genomes. Neither of the deletion ge-
nomes, AM50 or AMS53, showing a null-phenotype by themselves, could be comple-
mented by any of the UL34 or UL31 homologues. Viral progeny was not restored by
the insertion of heterologous UL34 or UL31 family members (Figure 24) during the six
weeks of cultivation of the transfected MEF cells.

These findings confirm the data obtained in the PCA of chapter 6.3.2. The NEC pro-
teins, UL50 and UL53 of HCMYV, could not only cross-complement but also function-
ally replace the MCMYV proteins M50 and M53. However, homologues of other herpes-
virus subfamilies, shown to be negative for binding in the PCA, failed to functionally

complement the respective MCMYV proteins.

6.4.2. UL34 and UL31 family members in the wt MCMV genome

The lack of viral progeny observed from the heterologous proteins expressed in the M50
or M53 deletion context might be due to the lack of complementation of proteins, as
expected from the PCA data (chapter 6.3.2). However, the heterologous proteins may
have other unexpected functions in MCMYV that lead to a block of viral progeny. To test
the heterologous proteins for a potential negative impact on viral replication by them-
selves, the ORFs of the heterologous UL34 and UL31 family members tested in chapter
6.4.1 were inserted into ectopic position of the BAC carrying the wt MCMV genome
(Figure 25).
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BAC backbone | Inserted ORF | Mutant Viral progeny
wt BAC UL34(HSV) |wt/UL34(HSV) Yes
wt BAC UL31(HSV) |wt/UL31(HSV) Yes
wt BAC UL34(PrV) |wt/UL34(PrV) Yes
wt BAC UL31(PrV) |wt/UL31(PrV) Yes
wt BAC Orf69 wt/Orf69 Yes

Figure 25: Heterlogous NEC proteins
inserted into MCMYV wild type genomes.
Summary of the mutant viruses used to test
for a negative influence of the heterlogous
proteins inserted. The BAC backbone in the
first column indicates the wt MCMV ge-
nome. The second column indicates the
ORF inserted in ectopic position of the BAC
backbone, followed by the name of the re-
sulting mutant as it is used in the text. In the
last column, success of reconstitution of
viral progeny after transfection of the mutant
BAC-DNA is depicted.

Right: Restriction pattern analysis of the
mutants by Notl digest. Black numbers
indicate the sizes of the DNA marker bands.
Red and green numbers indicate the size of
fragments to appear upon insertion (green)
and to be absent due to single insertion
(red).
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For all tested constructs, virus reconstitution was successful if M50 or M53 was present
in the mutant MCMV genome. This shows that the replication deficiency of AM50 ex-
pressing UL34 homologues or AMS53 expressing UL31 homologues was due to the lack
of functional replacement rather than toxicity or other inhibitory factors of the ectopi-

cally expressed proteins.
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6.4.3. Chimeric UL31 family members inserted into the MCMV genome
The heterologous UL31 proteins of PrV, HSV-1 and MHV68 were not able to replace

M353 in the viral context when inserted into the AM53 genome (chapter 6.4.2). This was
expected as the proteins did not interact with N-M50 in the cross-complementation ex-
periments (chapter 6.3.2.1) and binding of M53 to M50 is essential for viral replication
(Bubeck et al., 2004;L6tzerich et al., 2006). As shown in the previous chapter, the bind-
ing capacity of heterologous UL31 proteins can be restored if the first conserved region
is exchanged by the first conserved region derived from M53, indicating that the CR1 is
necessary and sufficient for binding to M50. To test whether the restored binding to
M50 is sufficient to allow complementation of the M53 null phenotype, chimeric pro-
teins were analysed in the MCMV context. Chimeras were constructed consisting of the
variable region and CR1 of M53 and CR2-CR4 of either UL31 of PrV or Orf69 of
MHV6S. In contrast to the previously studied chimeras C-MP and C-MG (chapter
6.3.3.1), the hereby resulting constructs, MP and MG, lack the fusion to the BlaC frag-
ment.

MP and MG were inserted into the AMS53, the MCMV genome deficient for the native
MS53 (Lotzerich et al., 2006), resulting in AMS53/MP and AMS53/MG, respectively. The
BAC-DNA was transfected into MEF cells, but neither AM53/MP nor AM53/MG lead
to infectious progeny despite the cultivation of transfected MEF cells for more than six
weeks (Figure 26). This null-phenotype indicated that binding to M50 alone was not

sufficient for virus morphogenesis in the M53 deletion context.
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Figure 26: Chimeric NEC pro- Inserted Complementation
teins inserted into the AMS53- BAC Mutant

BAC. ORF PCA MCMV
Table: Summary of the mutant

viruses used to test for the func- AMS3 | MP AMS3/MP Yes No
t10na1.1ty of the chimeric ULZfl AMS53 | MG AMS53/MG Yes No
proteins. The BAC backbone in

the first column indicates the

MCMV genome lacking the

native M53. The second column
indicates the ORF inserted in
ectopic position of the BAC,

BsrDI

followed by the name of the 10 kb
resulting mutant as it is used in 8.2 kb
the text. The last column summa- 8 kb
rizes the success of complemen- 6 kb
tation of the inserted ORF in the
PCA and in the virus context 5 kb
(reconstitution). 4 kb
Right: restriction pattern analysis
of the mutants by Notl and BsrDI 3 kb
digest. Black numbers on the
sides indicate the sizes of the
DNA marker bands. Red and
green numbers indicate the size 2 kb
of fragments to appear upon
insertion or due to the lack of 1.5 kb
M53 (green) and to be absent due ’
to single insertion (red).
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6.4.3.1. An essential function is located in the CR2 to CR4 of M53

As was done for the heterologous UL31 proteins (chapter 6.4.2), the influence of the
chimeric UL31 proteins MP and MG on wt MCMV replication was studied. The ORFs
coding for the chimeric proteins were therefore introduced into the wt MCMV BAC,
resulting in wt/MP and wt/MG. BAC-DNA was extracted and transfected into MEF
cells to screen for viral progeny which should occur if the inserted genes leave viral
replication untouched.

In MEF cells transfected with wt/MG DNA, first signs of plaque formation and cell
lysis were eventually detected after five weeks in contrast to only 7-10 days required for
the positive control, transfected wt MCMV BAC-DNA. However, even though the na-
tive M53 gene was present in the genome of wt/MP no infectious progeny was detected

in transfected MEF cells. This indicates that the presence of the chimeric protein MP
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had a negative impact on virus replication and resulted in the inhibition of virus recon-
stitution from the transfected BAC-DNA. Such an effect is called dominant negative
(DN) and indicates the C-terminal part (CR2-CR4) of M53 is crucial for other essential
functions of the protein, which cannot be effectively restored by substitution with the C-
terminal region of other subgroups. Thus, a protein bearing one essential function like
binding via CR1, but lacking another, can interfere negatively with viral processes, such
as disturbing complex formation or retrieval of functional binding partners.

To further analyse the DN effect of MP, additional chimeras were constructed that were
either expected to abolish or retain the dominant negative effect when inserted into the
MCMYV genome. The MCMYV part in MP was exchanged for the variable region and
CRI1 of UL53 (C; aal-aal25) resulting in the chimera CP. UL53 binds to M50 and can
replace M53 in the virus (chapter 6.4.1). Furthermore, two chimeras were constructed
where the variable region and the CR1 originated from UL31 of PrV or Orf69 and the
CR2-CR4 of Orf69 and UL31, respectively. The additional chimeras, namely CP, PG
and GP, should prove the dominant negative effect of MP by showing that the binding
to M50 alone, either by the CR1 of M53 or ULS53, is the reason for the inhibition of
viral progeny, and not any influence of the CR2-CR4, if PG and GP appear to be with-
out effect on viral replication.

As expected, the chimeras PG and GP, bearing the variable region and CR1 of UL31
and Orf69 showed no DN effect when introduced in the MCMV context (Figure 27).
When the BAC-DNA of wt/PG or wt/GP was transfected into MEF cells, plaque forma-
tion was observed after just two weeks. This indeed indicates that in the previously ana-
lysed MP and MG the CR1 of M53 and not the heterologous C-terminal CRs are needed
for the inhibitory effect of MP and the delay in virus reconstitution of wt/MG.

Contrary to our expectations, the mutant BAC genome wt/CP, carrying the chimera
with the variable region and CR1 originating from UL53 did only delay and not com-
pletely inhibit virus progeny (Figure 27). This might be explained by a critical amount
of M50 that gets retrieved from the native M50/M53 interaction despite of the intro-
duced chimera. As seen in the PCA depicted in Figure 16C, the combination of C-UL53
with N-M50 gave only two thirds of the signal obtained with the NEC proteins of
MCMYV, C-M53 and N-M50, whereas the Bla signal induced by the combination of N-
M50 with the chimera C-CP was even lower (chapter 6.3.3.1). The reduced binding
capacity to M50 is likely to abolish the DN effect that was observed in MP and the de-
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lay of virus reconstitution of wt/MG, since the influence on the wt NEC interaction was

not very strong.

Figure 27: Chimeric NEC proteins inserted into BAC Inserted ORF | Mutant | Progeny
MCMYV wild type genomes.
Table: Summary of the mutant viruses used to test for | wt BAC | MP wt/MP No
the DN effect of chimeric UL31 proteins. The ORFs
(second column) were inserted in ectopic position of |wt BAC | MG wt/MG Yes
the wt BAC. Further listed are the names of the re-
sulting mutant and the outcome of reconstitution of | Wt BAC | CP wt/CP Yes
viral progeny after transfection. Bottom: Restriction
pattern analysis of the mutants by Notl and Spel | Wt BAC|GP wt/GP Yes
digests. Black numbers indicate the size of the DNA
marker bands. Red and green numbers indicate the wt BAC | PG wt/PG Yes
size of fragments to appear (green) upon insertion
and to be absent (red) due to single insertion.
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6.5. The UL34/UL31 interaction as a potential drug target

In the previous experiments the PCA was used as a tool to analyse the UL31 and UL34
family members and their interactions necessary for the nuclear egress of herpesvirus
capsids. The interacting proteins have been studied in co-expression experiments and in
the virus context. The complementation experiments revealed that the binding of the
proteins belonging to the two protein families is conserved throughout the herpesvi-
ruses.

Even though the binding site in UL31 family members developed in a subfamily spe-
cific manner, this essential protein-protein interaction represents a potential target for
the interruption of virus replication by antiviral chemotherapy. A prerequisite for an
initial inhibitor screen is the study of the protein-protein interaction of interest in vitro,
free of unknown parameters like cellular uptake or nuclear transport. Such conditions
can be met by a bacterial expression system. If indeed neither additional viral or cellular
proteins are required for the binding between UL34 and UL31 family members, nor
post-translational modifications of the interaction partners, they should interact also
after heterologous expression in bacteria, facilitating binding and inhibitor studies on
the molecular level.

Under this aspect, two approaches for drug development were followed (chapter 3.2.2).
First, the NEC proteins of HCMV were expressed in bacteria and subsequently purified.
Isolated proteins can be studied and will allow further conclusions about additional cel-
lular or viral interaction partners, if any, as well as further localization studies of bind-
ing sites and motifs. Due to the good protein yield and a sufficient degree of purity, the
crystallization of the NEC proteins, isolated and as a complex, was attempted to eluci-
date the three-dimensional structure of the proteins. The protein structure could allow
the rational design of drugs interfering with the NEC formation.

Second, the knowledge gained from the protein purification procedure was used to

transfer the NEC-PCA to a cell free system.

6.5.1. Bacterial expression of the NEC proteins

For the analysis of HCMYV proteins, first a fragment of UL50 was selected for the opti-
mization of the purification procedure. The amino acid sequence of UL50 was analysed
by computer prediction and amino acid stretches were assigned to the secondary struc-

ture element that is most likely formed. Predictions about a-helices, B-sheets and flexi-
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ble loops (coiled-coil regions) in UL50 were obtained by the PHD method (Rost and
Sander, 1994) offered by the PBIL Lyon-Gerland. The predicted secondary structure is
depicted in Figure 28 A and B. For bacterial expression, only the part of UL50 harbour-
ing the predicted binding motif to UL53 (predicted from M50 data; Bubeck et al.,
2004); green bar in Figure 28) but lacking additional loops in the extended coiled-coil

regions, was selected, making the protein compact.

A UL50

(1) MEMNKVLHQDLVQATRRILKLGPSELRVTDAGLICKNPNYSVCDAMLKTDTVYCVEYLLSYWESRTDHVP
CCcchHHHHHHHHHHHHHHHCCCCceEECCCCcecCCCCcchhHhhhcCCcecehhHHHHhhhHheCCCe

(71) CFIFKNTGCAVSLCCFVRAPVKLVSPARHVGEFNVLKVNESLIVTLKDIEEIKPSAYGVLTKCVVRKSNS
eEEEeCCCeEEEEEEEEEeceeeecCCcceceEEEEecCCceeEeecchhhcCCCcceeEEEEEEEEcCCC

(141) ASVFNIELIAFGPENEGEYENLLRELYAK TSLAVRNHVTVSSHSGSGPSLWRARMSAALTRTAGKR
CceceEEEEecCCCChHHHHHHHHHHHHHHhc[CceeeeeeEEEEeCCCCCHHHHHHHHHHHHHHHhCCC

(211) SSRTASPPPPPRHPSCSPTMVAAGGAAAGPRPPPPPMAAGSWRLCRCEACMGRCGCASEGDADEEEEELL
CCCcCCCCCCCCCCCCCCHHHhcCcccCCCCCCCCeccCeccceeehhhececCecccccCCCCcHHHHHHHEH

(281) ALAGEGKAAAAAAGQDVGGSARRPLEEHVSRRRGVSTHHRHPPSPPCAPSLERTGYRWAPS SWWRARSGP
HHHcccHHHHHHHhccCCCCCCCcHHHhhceccccecccCCCCCCCCCCCeccCCeeecCCcccccceCCCC

(351) SRPQSGPWLPARFATLGPLVLALLLVLALLWRGHGQSSSPTRSAHRD
CcccccccCchhhccCCHHHHHHHHHHHHHHHhCCCCCCCCCCCCCC

]3 p— ] T T T
“}\IIH*T”MWMMW&"”)I'W*MﬁWLWHM}}‘III‘IHT"HHH‘L‘*:}4IIIIIHMW¢H}%H4
) amino acid
UL50 (397aa)

ULS0 His (aal-aal72)  [NOESORSENR

Figure 28: Secondary structure prediction for UL50 and constructs for bacterial expression.

A) Amino acid sequence of ULS50 and the predicted secondary structure: C/c (purple): coiled coil, H’h
(blue): alpha helix and e/E (red): beta sheet. Capital letters indicate a reliability index of prediction of 5
and over and are predicted at better than 82%. B) Schematic representation of the structural elements of
ULS50. The red bar indicates the end of the UL50 His construct. The green line indicates the predicted
binding motif to UL53. C) Schematic representation of UL50 fragment designed for bacterial expression.
ULS50_His contains the first 172 aa of UL50 and is C-terminally His-tagged.

6.5.1.1. Expression and purification of UL50 His
The truncated UL50 fragment was cloned into a pET-24b expression vector. In pET

vectors, target genes are cloned under control of strong bacteriophage T7 promoters and

96



Results

expression is induced by providing a source of T7 RNA polymerase in the host cell. The
E.coli strain BL21-CodonPlus (DE3)-RIL (Stratagene), used in this study, carries an
integrated genomic T7 RNA polymerase gene under control of a lac promoter, thereby
allowing induction by IPTG. The E.coli expression strain is optimized for the expres-
sion of eukaryotic proteins since the ORFs of three t-RNAs (arginine (R), isoleucine (),
leucine (L)), frequently involved in eukaryotic protein biosynthesis but rare in the bacte-
rial system, are present on a separate plasmid. By introducing the N-terminal part of the
UL50 OREF into the pET-24b vector, a C-terminal His-tag was added to the protein,
consisting of six histidines for further purification with affinity chromatography using
Ni*'-NTA.

The pET24ULS50 His, coding for the His-tagged UL50 fragment (UL50 His (aal-
aal72)) was transferred to the E.coli expression strain BL21-CodonPlus (DE3)-RIL one
day before the experiment. The next day, a preculture was inoculated. From the precul-
ture, the five litre main culture was started in the afternoon. Cells were grown to an
ODgoo of 0,7, cooled on ice and expression of the heterologous proteins induced by the
addition of IPTG. For protein expression, culture flasks were incubated overnight at
20 °C in order to slow down bacterial metabolism to enhance efficient and accurate pro-
tein synthesis.

After expression of UL50 His, the bacteria were harvested and cracked by sonication.
The proteins in solution were separated from membranes by centrifugation and the His-
tagged proteins purified from the supernatant by affinity chromatography using Ni*'-
NTA. After binding of the His-tagged proteins to the column material, the column was
washed with pure binding buffer. Subsequent washing in the presence of a low imida-
zole concentration competes for positively charged moieties in the column. Finally the
bound proteins were eluted from the column in the presence of high imidazole concen-
trations.

During purification of the expressed UL50 His, inclusion bodies were observed. Inclu-
sion bodies indicate that a protein is possibly toxic to the bacteria or is expressed to a
level not tolerated by the bacterial metabolism, leading to sequestration of the heterolo-
gous proteins. Proteins in form of inclusion bodies are usually misfolded but can be
recovered by complete defolding in the presence of urea and slow refolding by dialysis.

Fortunately, in the case of UL50 His, sufficient amounts of protein remained in solu-
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tion. To prevent inclusion bodies clogging the Ni*’-NTA columns samples were applied
after filtration.

Figure 29B shows a Coomassie stained 17,5% SDS-gel with a band corresponding to
the UL50 His at 20 kDa. Protein was already detected in the first two washes prior to
elution indicating a huge amount of protein bound to the Ni*’-NTA. The 20 kDa band
was cut from the gel and protein analysis by Edman sequencing confirmed the protein

as UL50 His.

A Figure 29: Ni’*-affinity purification of
' ULS50_His.

A) Schematic representation of the UL50

B fragment expressed in bacteria. B) Coo-

massie stained 17,5% SDS page. After

100 108 Ni**-affinity purification, 15 pl of all col-

50 47 lected fractions were loaded: pellet (after

sonication of the bacteria and subsequent

35 centrifugation, dissolved in 4 ml 6M urea;

30 28 P), lysate (supernatant after centrifugation;

20 L), the flow through (FT), Wash 1 (equili-

20 bration buffer, W1) and Wash 2 (equilibra-
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three elutions (E1, E2, E3). Two different
markers were used, M1 and M2. Sizes of
the marker bands are indicated left and
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6.5.1.1.1.  Anion exchange chromatography of UL50 His
The protein was eluted from the Ni*-NTA column in a total volume of 5 ml. For further
purification of the eluted samples, the total volume was loaded onto an anion exchange
column (MonoQ). The principle of ion exchange chromatography is based on the inter-
action between charged proteins and the contrarily charged groups of the column ma-
trix. Protein binding occurs under low salt conditions (buffer A without NaCl). The con-
tinuous increase in anion concentration on a salt gradient (buffer B with 1M NaCl) leads
to elution. Different binding properties of the proteins result in a different elution profile
and thereby allow the removal of impurities. The protein solution was loaded onto the
MonoQ resin using a 50 ml superloop. After loading, elution was mediated by a steady
increase of buffer B running through the column and fractions of 0,5 ml were collected.
The protein content of the fractions was qualitatively measured at an OD of 280 nm.

Fractions containing protein were analysed on an SDS gel.
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The elution profile demonstrated a clear peak of protein at about 14% of buffer B (1M
NacCl) indicating a pure protein fraction (Figure 30A). The amount of protein exceeded
the upper detection limit as the plateau like part of the blue curve shows. While the red
curve showing the course of the absorption at 260 nm peaks as expected at the same
fractions as the blue line of 280 nm, it reaches an additional high level earlier in the run.
This pattern was observed in all MonoQ runs and most likely represents imidazole,
which is present in the loaded samples from the Ni**-NTA column elutions and elutes at
low salt concentrations. The 500 pl fractions, collected at the peak of the absorption at
280 nm (C8-B10; ml 85 to 89), were next analysed for their protein content by SDS-
page and Coomassie stained (Figure 30B). Only one band corresponding to UL50 His
was visible in the Coomassie stain. The fractions were pooled and used for limited pro-
teolysis (chapter 6.5.1.1.4) or the next purification step, which was gel filtration (chap-
ter 6.5.1.1.2).
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Figure 30: Purification of UL50_His by a MonoQ column.

A) Elution profile of the MonoQ purification. Indicated are the measured milliabsorption units at the
wavelength of 280 nm (blue) and 260 nm (red) at the volume (in ml) collected from the column. The
green line and numbers show the percentage of buffer B (1M NaCl) running through the column.
B) Coomassie stained 17,5% SDS page. 15 ul of the fractions C8 to B10, corresponding to the ml 85 to
89 were analysed on the gel. Indicated is the size of UL50 His in kDa.

6.5.1.1.2.  Gel filtration of UL50 His
As a third and final purification step, the protein samples were run on a Superose 6 col-
umn. This column separates proteins according to their stokes radius (size exclusion

chromatography). The column material consists of a cross linked network of agarose
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molecules, which creates a porous material. Small molecules can easily diffuse in the
interspaces, whereas larger molecules move more directly through the column and elute
earlier. Large molecules, which have no access to the pores, elute in the void volume.
Considering the principle, the applied volume should be small to enable a good elution
profile. Therefore, the fractions of the MonoQ column containing the UL50 His protein
were pooled and concentrated to a total volume of 500 pl and injected to the equili-
brated column.

Since the protein sample loaded onto the Superose 6 column was already rather pure
from the two proceeding purification steps, the clear peak at 280 nm in the elution pro-
file (Figure 31A) was expected. Fractions collected at the peak absorption of 280 nm
were analysed by SDS-page and UL50 His was detected as a strong band at 20 kDa
(Figure 31B).
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Figure 31: Purification of UL50_His by gel filtration.

A) Elution profile of the gel filtration. Indicated are the measured milliabsorption units at the wavelength
of 280 nm (continuous line) and 260 nm (dotted line) at the volume (in ml) collected from the column.
B) Coomassie stained 17,5% SDS page. 15 pl of the fractions B11 to B10, corresponding to the 28 and 29
ml elutions were analysed on the gel. Indicated on the right are the sizes of the marker bands in kDa.

6.5.1.1.3.  Solubility of the purified UL50 His
The poor solubility of UL50 His was a major problem during protein purification.
When stored in a concentrated form overnight precipitation occurred, making the pro-
tein solution inhomogeneous and unsuitable for further purification steps, for analysis of

the protein or for crystallization. Protein precipitation was initially noted after the Ni*'-
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affinity purification, but was circumvented by immediate dilution of the protein in the
MonoQ column buffer used for subsequent purification.

To improve the stability of the UL50 His protein buffers varying in salt content and pH
were tested. Fractions from the MonoQ purification were pooled and the protein was
loaded to PD-10 columns (Amersham), equilibrated with the buffer to be tested. In total,
3,5 mg of protein was loaded and subsequently eluted in 3,5 ml of the desired buffer. In
table 6 the buffers used are listed. A pH range of 4,5 — 10 was covered using a high and
medium salt concentration. The next day, the protein samples were centrifuged and ana-
lysed for pellets originating from precipitated protein.

Only protein samples diluted in buffers with the lowest and highest pH, Na-acetate
(pH 4,5) and CAPS (pH 10), with a low NaCl concentration of 150 mM, prevented pro-
tein precipitation. The proteins could be concentrated to 4,7 pg/pl and 2,5 pg/pl for the
Na-acetate and CAPS buffers, respectively. However, after three days protein precipita-
tion was observed in both buffers. Since no adequate buffer was found, purification was
further performed in the described buffers (chapter 5.6) but over-night storage of con-

centrated protein was avoided.

Table 6 : Buffers tested for better solubility of UL50_His.

List of buffers used to screen for optimal stability of the purified UL50 His. Indicated is the buffer, the
pH, the molarity of the respective buffer compounds and the molarity of salt in the buffer.

pH buffer Molarity NaCl

10 CAPS 50 mM 150 mM
10 CAPS 50 mM 400 mM
8 Tris 100 mM 150 mM
8 Tris 100 mM 400 mM
6 Bis-Tris 50 mM 150 mM
6 Bis-Tris 50 mM 400 mM
4,5 Na-acetate 25 mM 150 mM
4.5 Na-acetate 25 mM 400 mM
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6.5.1.1.4.  Limited proteolysis of UL50 His

Flexible loops and misfolded parts of a protein can cause solubility and stability prob-
lems. The fragment of UL50 (UL50 His) was designed on the basis of computer predic-
tions of the ULS50 structure, estimating flexible loops or ordered secondary structure as
helices or beta sheets. To identify flexible loops or regions within the UL50 fragment,
the purified UL50 His protein was tested for resistance to proteolysis in the presence of
chymotrypsine and trypsine. Trypsine cleaves the polypeptide chain after lysine and
arginine residues, whereas chymotrypsine prefers to cut after bulky, non-polar and aro-
matic amino acids. Loops that might protrude from the globular proteins or proteins
consisting of two domains separated by an exposed stretch of amino acids would be
cleaved by the proteases. Purified proteins were incubated in the presence of proteases
for 1,5 hours and aliquots sampled at different time points to follow the protein degrada-
tion over time.

After the anion exchange purification of UL50 His, the protein was concentrated to
8 pg/ul. 240 pg were treated with either chymotrypsine or trypsine in a total volume of
150 pl at 37 °C. Samples of 20 pl were taken from the digest reaction upon addition of
the protease and after 30 s, 1, 3, 10, 30, 60 and 90 minutes. The protein samples were
immediately mixed with the denaturing loading buffer and incubated at 95 °C.

Figure 32 shows a Coomassie stained SDS-page with the band corresponding to
UL50 His. Hardly any degradation products were visible either in the form of a de-
creased size or quantity of the bands. After three minutes, a weak band was visible
which appeared slightly smaller than the UL50 His band. The amount of the smaller
protein increased slowly over time but even after 90 min the amount of cleaved protein
was estimated to be negligible. Thus the UL50 His construct appears compact and sta-
ble without flexible loops or regions in the protein that might be the cause for the ob-

served solubility problems.
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Figure 32: Tryptic digest of UL50_His.

Coomassie stained SDS-page with samples after proteolytic digest with chymotrypsine in A) or trypsine
in B). After the anion exchange purification, UL50_ His (240 pg in 150 pl) was incubated at 37 °C in the
presence of either protease. Samples of 20 pl were taken from the digest reaction after 30 s, 1, 3, 10, 30,
60 and 90 minutes, denatured in SDS-page loading buffer at 95 °C and analysed on a 15% SDS gel.
Numbers on the left indicate the size of the marker bands (M) in kDa.

6.5.1.2. Bicistronic expression of UL50 His and UL53 fragments

ULS50 and UL53 form a complex during HCMV morphogenesis. The interaction of pro-
teins often induces a conformational change in the interacting partners, which might
influence the three-dimensional structure as well as the stability of the proteins. The
ULS50 fragment (UL50 His) and two short versions of UL53 (UL53 1 and ULS53 2)
were co-expressed and co-purified. As for UL50, truncated versions of UL53 were se-
lected that were expected to bind UL50 but lack other protein domains (see also chapter
6.4). Both UL53 fragments lack the variable region, which was localized to the first
56 aa based on the similarity plot of the UL31 protein family (Figure 19A) and M53
studies by our group (Lotzerich et al., 2006). The short 36 aa fragment, UL53 1, covers
the amino acids homologous to the predicted amino acids for M50 binding in M53
(Lotzerich et al., 2006).The long 73 aa UL53 fragment, UL53 2, covers the entire CR1
of UL53 (Table 5).

ULS50 His (aal-aal72) and either of the short fragments of UL53 (UL53 1, aa57—aa92
or UL53 2, aa57-aal29) were cloned into a modified pET-28b vector (provided by A.
Meinhart) and transcribed as bicistronic mRNA. Only UL50 His was His-tagged. A
ribosome binding site was cloned between the two ORFs to allow independent transla-
tion initiation for the second part of the transcribed mRNA (Figure 33A). The biscis-
tronic pET-28b vector was transformed into BL21-CodonPlus (DE3)-RIL and protein
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expression as well as bacterial harvesting was performed as described for UL50 His in
chapter 6.5.1.1. After sonication and centrifugation, the bacterial lysates were loaded
onto a Ni*’-NTA column to purify UL50 His together with UL53 1 or UL53 2 com-
plexed to UL50 His.

As observed for the purification of UL50 His after isolated expression, huge amounts
of the protein were detected, in the elutions as well as in the preceding washes of the
column. In addition, the expected bands of UL53 1 at 4,5 kDa and UL53 2 (8,7 kDa)
were visible in the elutions collected from the column (Figure 33B). The small bands
were cut from the gel and confirmed as the UL53 fragments by Edman sequencing.

The data shows, that both short fragments of UL53, covering 36 or 73 amino acids of
ULS3, were sufficient for binding to ULS50.

A yiss UL50_ His B UL50_His
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100 == g —

50 o
40 .
Figure 33: Bicistronic expression of the ULS50 and ULS3 fragments. 20
A) Schematic representation of the expression cassettes of UL50 and ULS53 =
fragments. The ORFs of the truncated UL50 His (aal-aal72 of UL50) and
: =
50 = b

ULS53 1 (aa57-aa92 of ULS53) or UL50 His and UL53 2 (aa57-aal29 of
ULS53) were cloned into the modified pET-28b. pA: poly adenylation signal,
green triangles: ribosome binding site. The fragments of UL53 were flanked
by a methionine and a stop codon, not present in the full-length UL53.

B) Coomassie stained SDS-page with the elution after Ni**-NTA purifica-
tion of co-expressed UL50 His with UL53 1 or UL53 2. 15 pl were loaded
on a 17,5% SDS gel. Arrows indicate UL50 His (orange) and the UL53
fragments (red). Numbers indicate the size of the marker bands in kDa.

6.5.1.2.1.  Anion exchange purification and gel filtration of the complex

Both ULS53 fragments were shown to bind to UL50 His when expressed from bicis-
tronic RNA in bacteria. For a higher degree of purity, the complex of UL50 His and the
small fragment of UL53 1, harbouring the minimal UL50 binding domain, was further
purified. The complex of UL50 His and the small UL53 fragment is considered more
compact, which might pose fewer problems during later attempts for crystallization.

As for UL50 His alone, the fractions eluted from the Ni*-affinity purification were
pooled and used for anion exchange chromatography (MonoQ). In contrast to the clear

peak of the absorption at 280 nm for UL50 His alone (Figure 30A), the peak in the elu-
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tion profile of the complex shows a shoulder following the main peak at the 103 to 106
ml fraction (Figure 34A). SDS-page analysis confirmed this was due to the presence of
more than one form of protein, namely UL50 His alone and the UL50 His/ULS53 1
complex (Figure 34B). The 4,5 kDa band corresponding to UL53 1 was only detectable
in fractions collected from the main peak (B11 to B9), but not in the following fractions
(B8 to B4). Notably, the complex eluted at lower salt concentrations (8% of buffer B,
containing 1 M NaCl) than the UL50 His, when purified after isolated expression (14%
buffer B; Figure 30). This might explain the shoulder in the absorption profile at a
higher salt concentration (Figure 34A) where only UL50 His and not the complex is
eluted from the column.

This again indicated the interaction between ULS50 His and the small UL53 1 frag-
ment, however, the interaction of the two protein fragments appears weak and suscepti-
ble. Nevertheless, the complex could be further purified and other proteins, which were
present in the elutions after the Ni*"-affinity purification were removed from the puri-
fied protein samples. Fractions B9-B11, containing the UL50 His/UL53 1 complex,
were pooled and further purified by gel filtration.
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Figure 34: Anion exchange chromatography for purification of the UL50_His/UL53_1 complex.

A) Elution profile of the MonoQ purification. Indicated are the measured milliabsorption units at the
wavelength of 280 nm (blue) and 260 nm (red) at the volume (in ml) collected from the column. The
green line and numbers show the percentage of buffer B (1M NaCl) running through the column. B) Coo-
massie stained 17,5 % SDS page. 15 pl of the fractions B11 to B4, corresponding to the 103 to 111 ml
fraction were analysed on the gel. Indicated is the size of UL50 His and UL53 1 in kDa.
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Figure 35 shows the elution profile and protein analysis of the collected fraction after
gel filtration in a Superose 6 column. The peak absorption at 280 nm was clear and
high. However, the Coomassie stained gel again shows a non-equimolar distribution of

UL50 His and UL53 1.
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Figure 35: Gel filtration for purification of the ULS0_His/ULS3_1 complex.

A) Elution profile of the gel filtration. Indicated are the measured milliabsorption units at the wavelength
of 280 nm (blue) and 260 nm (red) at the volume (in ml) collected from the column. B) Coomassie stai-
ned 17,5% SDS page. 15 pl of the fractions B4 to B1, corresponding to the 13 to 16 ml fraction were
analysed on the gel. Indicated on the right are the sizes of the marker bands in kDa.

6.5.1.3. Crystallization attempts of UL50 His or UL50 His/UL53 1

Both, the isolated UL50 His protein as well as the complex of UL50 His and UL53 1
were purified to a sufficiently high degree to initiate crystallization studies. The solubil-
ity problems of UL50 His, not solved when expressed with UL53 1, were circum-
vented by a rapid sequence of purifications steps, avoiding over night storage of the
purified protein after the anion exchange column or gel filtration. The partial loss of
ULS53 1 during co-purification of UL50 His and UL53 1 was neglected for the first co-
crystallization trials.

Experiments for crystallization and co-crystallization were set up using the vapour dif-
fusion method. For this technique, the purified protein is mixed with a precipitant (crys-
tallization solution) in small drops. Slow evaporation of the precipitant results in up-

concentration of the protein and eventual crystal formation. For that purpose, the
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UL50 His or UL50 His/UL53 1 containing fractions after gel filtration were pooled
and adjusted to a concentration of 7-10 pg/pl. 1 pl of protein was then mixed with 1 pl
of crystallization solution from the commercial crystal screen 1 and 2 (Hampton Re-
search). After one day, the protein content of three quarters of the drops precipitated, the
other drops stayed clear. The clear drops were checked for crystal several times a week

for six weeks. Unfortunately, no crystals were obtained.

6.5.2. The in vitro NEC-PCA

As the previous experiments showed, fragments of UL50 and ULS53 can be expressed in
bacteria and purified. For the fragment of UL50 (UL50 His), a high purity was obtained
after just one Ni*"-affinity purification step. Roughly estimated from the data obtained
by the Coomassie stained gel, UL50 His represented 80-90% of the eluted protein. This
short UL50 version is probably globular as indicated by the long resistance to protease
treatment. The short fragment of UL53, UL53 1, was sufficient for binding to UL50
since UL53 1 was co-purified by the His-tag fused to the C-terminus of UL50 His. Co-
purification was also successful for the longer ULS53 fragment, UL53 2 (Figure 33).
These finding were used to design Bla-tagged fragments for the expression of the NEC-
PCA in bacteria as a potential high-throughput screen for inhibitors. The PCA, with
herpesviral NEC proteins purified from bacteria, would be the first step towards an in-
hibitory screen for molecules inhibiting the nuclear egress of viral capsids.

UL50 His was fused to BlaN and the HA-tag. As a negative control, a UL50 mutant
was constructed, lacking the nine homologous amino acids of the binding motif in M50
(chapter 6.3.3.2). Similar to M50DM, this construct was named UL50DM and its Bla-
and His-tagged version NUL5S0DM-His. BlaC was fused to the first 129 amino acids of
ULS53, thus including the expressed ULS53 2 and the variable region, consisting of the
N-terminal first 56 amino acids. The variable region and sequences not involved in
binding to UL50 were considered as a natural spacer to retain accessibility and allow

proper folding of Bla fragments upon interaction.

107



Results

NULSO-His  H BN s S
NULSODM-His #  Blan s OESODSHOESERSoNE

CULS53-His H BlaC S His

Figure 36: Constructs for the in vitro PCA.

Schematic representation of the constructs used for bacterial expression of proteins for the in vitro NEC-
PCA. The HA-tagged BlaN was fused to the UL50 His fragment (aal-aal72), separated by the gly-
cine/serine spacer (NULS50-His). As negative control, a BlaN fusion to UL50 His was constructed, lack-
ing the 9 aa (aa51-aa59) homologous to the binding motif in M50 (NUL50DM-His). The HA-tagged
BlaC was fused to a UL53 fragment, containing the first 129 aa of UL53 (CULS53-His).

6.5.2.1. Purification of Bla-tagged NEC proteins from bacteria

The Bla-tagged NEC proteins were expressed in BL21-CodonPlus (DE3)-RIL and fur-
ther processed as described in chapter 6.5.1.1. Batches of 2,5 1 of bacterial cultures were
used for Ni*"-affinity purification of the recombinant proteins. Lysates from bacteria
expressing CULS53-His were clear whereas lysates from bacteria expressing NUL50-His
and NUL50DM-His were cloudy due to the formation of inclusion bodies. Following
the Ni*"-NTA column eluted 1,5 ml fractions were analysed by a Coomassie stained
SDS-PAGE and equal amounts of protein were tested for Bla-tagged fusions by an HA-
specific Western Blot (Figure 37).

Fractions collected from the CULS53-His purification had a far lower protein content
than fractions collected from either NUL50-His or NUL50DM-His. The yields of both
ULS50 derivatives were about 10 times higher than CUL53-His, roughly 5 pg/pl total
protein.

In Coomassie stained gels, protein bands were detected at the predicted sizes together
with numerous impurities (Figure 37A). Judging from the elution patterns of NULS50-
His and NUL50DM-His both proteins appear to behave in a similar manner during af-
finity purification, a prerequisite for the use of NUL50DM-His as a negative control in
the PCA. In the HA-specific Western Blot, all Bla-tagged proteins were detected at their
predicted size of 28 kDa (CULS53-His), 42kDa (NUL50-His) and 41,2 kDa
(NUL50DM-His) (Figure 37B). Clear signals were obtained when 15 pl of the elution
of CUL53-His and 10 pl of a 1:10 or 1:100 dilution of NUL50-His and NUL50DM-His
elutions were loaded on the SDS gel before detection in the Western Blot. The signals
obtained for NUL50-His and NUL50DM-His were of comparable strength.
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A Figure 37: Bacterial expression Bla-
CULS53-His NULS50-His NUL50DM-His tagged NEC proteins of HCMV.

. A) Coomassie stained SDS-pages with

samples after Ni*-NTA purification
from the expressed CULS5S3-His, N-
UL50-His and N-UL50DM-His. 15 pl of
the first elution were loaded on a 12%
SDS gel. Sizes of the marker bands in
kDa are indicated. Stars show the posi-
tion of the recombinant proteins.
B) HA-specific Western Blots of the
eluted proteins. For the Western Blot, 15
pl of the first elution of CUL53-His and
10 pl of a 1:10 or 1:100 dilution of the
first elution of NUL50-His and
NULS0DM-His were loaded on a 12%
SDS gel. Numbers on the right indicate
the size of the marker bands in kDa.
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6.5.2.1.1.  Further purification steps

All His-tagged Bla fusion proteins eluted with significant impurities from the Ni**-NTA
columns. Exemplary, two approaches were followed for further purification of NUL50-
His, namely anion exchange chromatography (MonoQ; chapter 6.5.1.1.1) and purifica-
tion by an HA-matrix (chapter 5.6.6) (data not shown). The protein failed to elute as a
single peak from the MonoQ column and was detected in elutions throughout the run
with a peak at 12% of buffer B (1 M NacCl). The eluted fractions contained contaminat-
ing proteins of both higher and lower molecular weight. When the HA-matrix was used,
a high protein loss was observed. The majority of the HA-tagged NUL50-His could not
be removed from the beads even after extensive washes with the HA-peptide present in
the wash buffer. Due to the low yield of the two additional purification methods com-

pared to costs, all Bla fusion proteins were used as eluates from the Ni*"-NTA columns.
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6.5.2.2. Bla complementation by purified NEC proteins

CULS53-His, NUL50-His and the binding negative UL50 mutant NUL50DM-His were
tested for the ability to restore B-lactamase activity. 20 ul (8 pg) of the CUL53-His elu-
tion was combined with 20 pl (80 pg) of either NUL50-His or NUL5S0DM-His. Since
lactamases are enzymes present in bacteria, the background of the assay was determined
by measuring the Bla activity in the 20 pl of the single elutions (Figure 38A). CULS53-
His was complemented by NUL50-His but not by the non-binding mutant NUL50DM-
His. The positive Bla signal was about 10 times higher than background for CUL53-His
and NULS50-His. The background was defined by the isolated lysates and by the combi-
nation of CUL53-His with NUL50DM-His. The lack of Bla complementation for the
proteins CUL53-His and NUL50DM-His was not due to low expression of the mutant
or altered protein composition of the elutions since signals obtained by the Coomassie
stained gel as well as the constructs detected in the HA-specific Western Blot (Figure
37A and B) showed no differences between NUL50-His and the mutant NUL50DM-
His.

Purified proteins did not precipitate over night as observed in samples of purified
UL50 His or the complex of UL50 His and UL53 1 (chapter 6.5.1.1.3). However,
storage reduced the ability of the proteins to restore Bla activity, which indicates altera-

tions of the purified proteins over time.

6.5.2.3. Specificity of the Bla signal in the in vitro PCA

The signal obtained for NUL50-His and CUL53-His was shown to be specific since the
non-binding mutant NUL50DM-His did not complement CULS53-His. The specificity of
the NEC-PCA with purified proteins was confirmed by a competition experiment. Puri-
fied, non-tagged UL50 (UL50 His, chapter 6.5.1.1) or BSA was added to the interact-
ing NUL50-His and CUL53-His. BSA was expected to be without influence on the Bla
signal whereas UL50 His was expected to compete with NUL50-His for the binding to
CULS53-His, which should then decrease the Bla signal.

Bla activity was measured for CUL53-His and NUL50-His in the presence of different
amounts of either BSA or UL50 His. As more competitive UL50 His was added to the
interacting proteins, the signal obtained by nitrocefin hydrolysis decreased. The signal
was not negatively influenced by the presence of BSA. In fact the signal rather in-

creased with the amount of BSA added to the assay. This is due to the background hy-
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drolysis rate of 11 milliabsorption units/min obtained when only 125 pg of BSA was
tested for nitrocefin hydrolysis. UL50 His exhibited no background when tested alone,
however, decreased the Bla signal of the CUL53-His/NUL50-His interaction by more
than 50%.
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Figure 38: Specificity of the in vitro NEC-PCA.

Bla activity after combining purified proteins from Ni**-NTA columns. A) 20 ul of the indicated elutions,
alone or in combination were tested for reconstituted Bla activity by adding nitrocefin (Methods chapter
7.2). B) BSA (NEB) or UL50 His were added to NUL50-His and CUL53-His in the indicated amounts
and Bla activity was determined. The indicated detection limit (DL) was defined by the hydrolysis of
nitrocefin after combination of CUL53-His and NUL50DM-His. Error bars indicate the standard devia-
tion.
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7. Discussion

Within the last two decades, the prevention and treatment of herpesvirus related dis-
eases has attracted increasing attention from clinicians and scientists. These viral dis-
eases are primarily self-limiting in the immunocompetent host, however, due to an in-
crease in the human life span together with the number of organ transplantations and the
spread of AIDS, the occurrence of symptomatic herpesvirus induced disease has in-
creased and enforced the use of antivirals and vaccines. Most of the currently approved
chemotherapeutics target the essential process of viral DNA replication. Unfortunately,
the risk of adaptive mutations towards resistant herpesvirus strains is high since they act
only on a single target. Moreover most of the existing drugs lead to strong side effects

in the treated patient.

7.1. Search for new targets of antiherpesviral drugs

In the past, strategies for the development of antiherpesviral drugs primarily involved
anti-metabolite research. For such strategies, a known polymerase substrate is modified
to a non-functional analogue to compete for the enzyme’s binding site or to become
toxic upon enzyme activity. At present, protein-protein contact areas in which interact-
ing surfaces can be blocked by peptides or peptidomimetic compounds (Loregian et al.,
2002;Loregian et al., 2003;Loregian and Coen, 2006) are considered to be the most
promising drug target sites. Single processes can be blocked with high specificity with-
out further side effects and the involvement of several proteins makes the system less
vulnerable to mutations. The main obstacles to the inhibition of protein-protein interac-
tions are large contact areas and multiple contacts involved (reviewed in Archakov et
al., 2003). An example of disruption of protein-protein interaction for herpesvirus inhi-
bition that targets a site other than the frequently used nucleoside analogues was re-
cently presented (Loregian and Coen, 2006). Small, petidomimetic compounds were
used to interfere with the assembly of the holoenzyme of HCMV polymerase, thus
blocking viral DNA replication. Any viral protein-protein interaction that is essential
during the viral life cycle may serve as a potential drug target. Particularly appealing
targets would be the highly conserved protein-protein interactions involved in virus

morphogenesis (Mettenleiter, 2002).
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Having identified a potential drug target, random screens or rational design of interfer-
ing compounds can be performed. Any approach for drug discovery and development
should be fast, simple and economical. The approach should also be flexible and appli-
cable to numerous settings. This is preferably a high-throughput screen or also a com-
pletely virus integrated assay system that enables validation of promising compounds
within the viral life cycle. In the present study, a new approach was followed to further
characterize a protein-protein interaction, which is not only essential for herpesvirus
morphogenesis but is also conserved throughout all herpesvirus subfamilies. Such an

interaction could provide a possibility to develop inhibitors of all human herpesviruses.

7.2. Exploring protein—protein interactions

Many methods to monitor protein-protein interactions are designed to screen for un-
known interaction partners. The classical yeast two-hybrid system (Y2H) is an easy and
efficient method for interaction screens. However, the major drawback of these screens
is the high number of false positives and false negatives that occur, requiring careful
assessment of the identified interactions by other techniques (Uetz et al., 2006). In con-
trast to the Y2H screen, techniques to confirm the relevance of an observed interaction
and analysis of the detected interactions in the biological context are far more time con-
suming, expensive and difficult. An assay recently described for protein-protein interac-
tions, the protein complementation assay (PCA), is spatially flexible and technically
simple. It may serve as a link between interaction screens and functional studies
(Johnsson and Varshavsky, 1994;reviewed in Piehler, 2005). In the PCA, two parts of a
reporter enzyme are fused to two putative or known interaction partners. Since the en-
zyme fragments are non-functional but fold and complement each other upon spatial
proximity, reconstituted enzyme activity indicates the interaction of the proteins to
which they are fused. The PCA owes its flexibility to the detection mode of the interac-
tions, which in an ideal case is not restricted to particular compartments of the cell or
specific cell types. Interactions between membrane proteins as well as between nuclear
or cytoplasmatic proteins can be detected (Johnsson and Varshavsky, 1994). The influ-
ence of the fused enzyme tags on the folding or function of the proteins under study
poses the only limitation. Furthermore, the PCA is not dependant on de novo protein
synthesis or other cellular functions for the signal to be generated. It allows the detec-

tion of the monitored interaction in real time or with a short time shift due to the detec-
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tion of the reconstituted enzymatic reaction. In addition to the reported use of a PCA in
eukaryotic cells and the few applications which were proposed in bacteria (Mossner et
al., 2001;Nord et al., 2005;Pelletier et al., 1999), we here pioneered the application of
the PCA in a cell free screening system.

PCAs have been established with a range of reporter proteins, such as the complementa-
tion of the murine dihydrofolate reductase (mDHFR), where the fluorescin-conjugated
methotrexate binds to the reconstituted mDHFR (Subramaniam et al., 2001). The
mDHFR-PCA allows a direct readout and interactions can be monitored in real time.
However, due to the lack of signal amplification a considerable amount of interacting
protein is required for detection. The [B-galactosidase-PCA benefits from an enzymatic
amplification of its signal but the active enzyme is a homotetramer with large individual
fragments (80 kDa), which increases the possibility that some interactions may be steri-
cally hindered (Blakely et al., 2000;Rossi et al., 1997). Fluorescent reporter proteins
such as GFP or YFP were shown to reassemble irreversibly (Magliery et al.,
2005;Nyfeler et al., 2005). They can reveal transient interactions but may interfere
negatively with the function of a dynamic process like a virus infection. We have cho-
sen the TEM-1 [-lactamase of E.coli (Bla) as the reporter enzyme (Galarneau et al.,
2002) to avoid these disadvantages. The signal of the Bla-PCA is amplified enzymati-
cally, thus, only few interacting proteins are required for detection (Remy et al.,
1999;Remy and Michnick, 2004). Furthermore, reversibility of the interaction allows
the quantitative assessment of the interaction under study. Finally, Bla was chosen due
to the wide variety of substrates available. Fluorescent and colorimetric substrates like
CCF2/AM (Zlokarnik et al., 1998) and nitrocefin (O'Callaghan et al., 1972), respec-
tively, are suitable for use in the PCA. In this study nitrocefin was used since it is cost-
effective and sensitive enough. The detection procedure does not require expensive in-

strumentation.

7.3. The nuclear egress complex: a potential drug target

The morphogenesis of herpesviruses involves a large number of specific viral protein-
protein interactions. Our group focuses on the elucidation of an early step in morpho-
genesis, the nuclear egress of nucleocapsids. The DNA-filled capsids, with a diameter
of 100 nm, exceed the tolerated size of the nuclear pores. To gain access to the cyto-

plasm, the nucleocapsids are directed to the nuclear rim and bud at the inner nuclear
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membrane whereby capsids acquire their primary envelope (Mettenleiter, 2002 and
chapter 3.1.4.). The members of the UL34 and UL31 protein families play a crucial role
during this process. As for many steps in morphogenesis, the nuclear egress process is
conserved throughout all studied herpesviruses. This is also reflected in the high degree
of homology between members of both protein families (Figure 4 and Mettenleiter,
2002). The UL34/UL31 interaction might furthermore meet the requirements for inhibi-
tion by peptidomimetic compounds due to the small interaction surface since a single
point mutation in M50 and M53 has already been shown to abolish the interaction of the
MCMYV UL34 and UL31 homologues (Bubeck et al., 2004;Lotzerich et al., 2006).

The Bla-PCA was established to study the UL34 and UL31 protein family members.
The assay was used for the localization of the binding site within related proteins as
well as for developing an inhibitor screening test. The MCMV homologues, M50 and
M353, were used to establish the Bla-PCA. Both proteins have been studied in our group.
The mutual binding sites have been identified in both proteins but further structural and
functional relationships are not known (Bubeck et al., 2004;L6tzerich et al., 2006). Fur-
thermore, the advanced but simple reverse genetic system, which is available for

MCMYV, allows mutants to be tested in the virus context.

7.4. The NEC-PCA

The constructs for the NEC Bla-PCA, involving members of the UL34 and UL31 pro-
tein families, were based on the study of Michnick and colleagues (Galarneau et al.,
2002). Here, the TEM-1 B-lactamase was split between amino acids 194 and 196, pro-
ducing two fragments that should not exhibit lactamase activity themselves but once
within proximity, will complement each other to restore activity. For our study we used
the same cleavage point in the reporter protein but further exchanged one amino acid in
BlaN to enhance its expression in eukaryotic cells.

In order to confirm that the two Bla fragments can restore enzyme activity, the Bla ORF
was not split, but interrupted by a 15 amino acid spacer. After transfection of different
amounts of DNA, Bla activity was detected in a dose dependant manner by quantifica-
tion of nitrocefin hydrolysis. For the second preliminary control experiment, residual
affinity of the Bla fragments was excluded and the linear range of Bla activity deter-
mined. For that, the Bla fragments were fused to the known interaction partners FRB

and FKBP12 (Brown et al., 1994). The interaction of the two proteins was induced by
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rapamycin, which allowed not only an on/off control mechanism but also enabled a
quantitative measure of the interaction using the same constructs. The low background
in the absence of rapamycin and the gradual increase of Bla activity, correlating with
increasing rapamycin concentrations, confirmed the lack of basal activity and affinity of
the Bla fragments to each other. The semi-quantitative nature of the Bla-PCA also dem-
onstrated the range of signal strength to be expected in subsequent experiments. The Bla
fragments were separated from the FRB and FKBP12 proteins by the 15 amino acid
spacer used in the previous experiment to interrupt the Bla ORF. The spacer contained
serine and glycine residues, small amino acids that lack a defined secondary structure,
forming a flexible hinge that separates the protein under study from the Bla fragments.
This enabled the Bla fragments to interact freely upon proximity to each other without
sterical constraints.

After the set up of the colorimetric Bla assay and approval of the Bla fragmentation, the
PCA was established for the well studied NEC proteins of MCMV, M50 and M53.

The N-terminal Bla fragment fused to M50 was complemented by the C-terminal Bla
fragment, fused to either the N- or the C-terminus of M53. It was furthermore shown
that viral proteins tagged with a Bla fragment are fully functional. The fusion proteins
N-M50 and C-M53 were integrated not only in an assay based on isolated expression
but were also compatible with virus morphogenesis. This confirmed the flexibility of
the assay and the negligible influence of the small Bla-tags on the folding of the pro-
teins. A system where both Bla-tagged proteins are inserted into the same viral context
would thus allow the monitoring of the interacting proteins in the complete native sys-

tem.

7.4.1. UL34 and UL31 homologues in the NEC-PCA

The application of the PCA to study the conservation of the interactions within the
UL34 and UL31 protein families enabled the identification of binding domains within
the interacting proteins. This added another application for PCAs. To date, PCAs were
applied for elucidation of signal pathways involved in apoptosis or stress response
(Nyfeler et al., 2005;Subramaniam et al., 2001) and as a tool for mapping biological
networks (Michnick, 2003). In most studies the PCA is used for an interaction screen or

validation of interactions, as it was originally proposed when the technique was estab-
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lished. In this study the PCA served for binding studies integrating a whole protein fam-
ily.

We wanted to apply the knowledge about one interacting protein pair, here M50 and
M53 (Bubeck et al., 2004;Lotzerich et al., 2006) to the entire protein family. Most
tested members of the UL34 and UL31 protein families reacted as expected in the PCA
and confirmed described (Bubeck et al., 2004;Fuchs et al., 2002;Reynolds et al., 2001),
or, for HCMV and MHV68, predicted interactions. The signal obtained by the combina-
tion of the EBV homologues was not significant, although their interaction was shown
by other means (Gonnella et al., 2005;Lake and Hutt-Fletcher, 2004). This might be
explained by technical reasons, such as an unfavourable impact of the Bla-tags on the
EBV proteins. Although the interaction of MHV68 proteins was significant, it was
lower than any other interaction tested positive. Possibly the NEC in y-herpesviruses

needs additional proteins to facilitate or to stabilize the complex.

7.4.2. Evaluation of binding sites in the NEC proteins

The UL34 and UL31 protein families are highly conserved with sequence homology of
up to 80% for the UL34 family members and up to 60% for the UL31 protein family.
The cross-complementation experiments in our study identified the binding sites and
showed that they evolved with the subfamilies. Proteins of the same herpesvirus sub-
family successfully replaced each other in the PCA, whereas proteins of different sub-
families failed to bind to one another. HCMV proteins that were found to bind to M50
or M53 were shown to functionally replace the MCMYV proteins in the virus context.
The lack of replacement in the PCA as observed with proteins of PrV or MHV68 was
reflected by the inability to rescue the M50 or M53 null phenotype.

We identified the diverged properties of the binding sites in both protein families. The
NEC-PCA was applied to characterize the binding site in UL34 homologues. For M50
of MCMYV, the binding site to M53 was mapped to a few amino acids in the N-terminal
part of M50, amino acids 51 to 59 (Bubeck et al., 2004), but also an insertion in the
middle of the protein, after amino acid 114 affected binding. For UL34 of HSV-1, the
binding site to UL31 was located in the middle of the protein between amino acids 137
and 181 (Liang and Baines, 2005). These findings are supported by a Y2H screen in-
cluding PrV proteins, where only UL34 fragments covering at least the first 162 amino

acids were able to bind UL31 (Fuchs et al., 2002). Different binding sites within pro-
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teins from different virus subfamilies are not surprising and the cross-complementation
experiments showed that only proteins from the same herpesvirus subfamily were able
to replace each other in the PCA. This effect was clearly seen for UL34 proteins cross-
complemented by the heterologous UL31 proteins to a similar degree. In contrast, UL31
homologues were less effectively cross-complemented when co-expressed with the het-
erologous UL34 protein of a virus belonging to the same subfamily. This indicated
other binding requirements of the UL34 proteins.

The data in the literature can be explained by two structurally diverged binding sites in
UL34 proteins or with one bipartite binding motif. To see the influence of the two dif-
ferent binding sites in both subfamilies, mutants were generated lacking either of the
two predicted binding sites. We demonstrated that both the N-terminal and the central
region of the M50 are important for binding to M53. Deletion of not only the cluster of
amino acids in the N-terminus (Bubeck et al., 2004) but also of the residues matching
the site which had been shown to be essential for the interaction of UL34 and UL31 in
HSV-1 (Liang and Baines, 2005) led to a negative result in the PCA. The deletion of the
N-terminal motif in UL34, originally predicted to be important for the M50/M53 inter-
action, reduced the binding of UL34 to UL31 by half. Conclusions about the UL34 mu-
tant lacking the binding site predicted for UL34 (UL34DM*) could not been drawn as
the protein was unstable and did not allow binding studies in the PCA. Based on these
data, we concluded that the binding site in the UL34 family is probably bipartite. In
M50, single amino acids within the 9 amino acid motif were exchanged to alanine
which abolished binding to M53 (Bubeck et al., 2004). The previous approach was far
more subtle than the deletion of 44 amino acids in the middle of UL34. It can’t be ex-
cluded that the deletion of such a long stretch of amino acids affected protein folding
and stability. Confirmation therefore can only be made after a more detailed study of the
binding sites and would require shorter deletions or point mutations in the central do-
main of UL34 and M50.

For the UL31 protein family, alignment of the protein sequences revealed the distribu-
tion of conserved amino acids in four regions, which were assigned as the four con-
served regions (CR1-CR4) and a variable region (V) in the N-terminus. In M53, the
variable region was recently shown to be essential for the nuclear targeting of the pro-
tein. Furthermore, the binding site to M50 could be narrowed down to a small stretch of

30 amino acids within the first CR (Lotzerich et al., 2006). The PCA was now used to
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confirm this binding domain also in other representative members of the UL31 family.
The information gained for the binding site in M53 formed the basis for the construction
of the chimeric proteins where the N-terminal variable region and the first CR of the
proteins were split from the following three CRs and combined with a protein tail of
another UL31 protein. The Bla signal obtained after co-expression of the chimeras with
native UL34 proteins revealed that the binding specificity to the different UL34 proteins
could be indeed transferred with the CR1. This led to the conclusion that in UL31 pro-
teins the binding sites are generally located in the first conserved region in all three
herpesvirus subfamilies. The stability and binding ability of the proteins suggested that
the conserved parts of the protein, CR1 and the CR2-CR4, not only harbour certain
functions but also form independent folding domains of the proteins.

Studies of the UL31 and UL34 proteins carried out so far evaluated the interaction and
co-localization of the homologous proteins using co-immunoprecipitations, immuofluo-
rescence and electron microscopy. M53 and its homologues are expressed with late ki-
netics, localised within the nucleus of infected cells and are important for the nuclear
egress of capsids (Mettenleiter, 2002). The binding site to UL34 homologues, which we
assigned to the first CR, suggests that other CRs carry so far unknown functional sites.
We further tested whether these functions were conserved within the UL31 family or if
they diverged during evolution of the different subfamilies. For that, the UL31 chimeras
were analysed in the context of viral replication. The null phenotype of AMS53, the
MCMYV deficient for M53, could not be rescued by the chimeric proteins MP and MG,
which carried the first conserved region of M53 with the C-terminus of UL31 of PrV or
Orf69. This experiment showed that binding of the partner protein was not yet sufficient
for the functional replacement of M53 in the virus context. At least one further function
is required that is also not conserved between the subfamilies. It was shown that the
chimeric protein MP acts as a dominant negative inhibitor in MCMV replication (see
following chapter). This indicated that the interaction of the chimeric protein MP and
M50 was competitive to the wild type M53 due to the sequestration of M50, but could
not fulfil other functions of M53 in the virus context, thereby inhibiting the NEC forma-

tion.
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7.4.3. Study of dominant negative NEC proteins

A dominant negative (DN) mutant of a protein is defined by its negative impact on bio-
logical processes in the presence of the functional wild type protein. Proteins that can be
mutated to DN mutants are often involved in higher ordered protein complexes and
have more than one important interaction. While a DN mutant might exhibit one protein
function, like binding to a certain partner, it lacks others such as a required signal trans-
duction, an induced change of conformation or the binding of another protein. To act
competitively with the wild type the DN mutant has to be stable and needs to be ex-
pressed in sufficient quantities to have a strong influence on biological processes. The
deficiency of a DN protein helps to assign a function to the wild type counterpart. Indi-
cations can be obtained from altered phenotypes of cells or viruses such as the localiza-
tion of proteins or altered protein binding. The major problem in the study of DN mu-
tants is, as it is the nature of the mutant protein, the block of the virus life cycle. Viral
mutants cannot be reconstituted after insertion of the DN mutant in the genome. This
problem is circumvented by the regulated expression of the DN protein. Recently such a
conditional system to study DN mutants for herpesvirus replication was developed in
our lab (Rupp et al., 2005). The virus can be studied in the presence and absence of the
protein with the same construct and the same virus preparation.

The chimeric proteins MP and MG, harbouring the three C-terminal conserved regions
of either UL31 of PrV or Orf69 of MHV68, were introduced into the wild type MCMV.
Mutants carrying the MG showed a delayed reconstitution time, taking five weeks com-
pared to less than a week for the wt MCMV BAC. Mutants carrying the MP protein,
however, did not lead to virus progeny even though several independent clones were
tested and MEF cultures used for the reconstitution were passaged for more than two
months. While the DN effect has not yet been analysed by the conditional expression
system (Rupp et al., 2005), the analysis of other chimeric proteins in the MCMV ge-
nome clearly supports the DN features of MP. Virus was reconstituted from the MCMV
BAC carrying GP, the fusion of CRs of UL31 and Orf69, which shows that the het-
erologous C-terminal CRs of UL31 per se do not exhibit any inhibitory effect on
MCMV. Virus was also reconstituted in the presence of CP despite the CR1 of UL53,
which can functionally replace M53 when inserted into the M53 deletion genome. Data
from the cross-complementation experiments showed a partial replacement of M53 by

ULS53 in M50 binding. This partial replacement in the PCA was reflected by a lower
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affinity of M50 to CP than to MP carrying the first CR of its natural binding partner. CP
might still compete for M50 when introduced into the wt MCMV BAC, however, M53
can integrate sufficiently into the functional NEC due to its higher affinity to M50. The
fact that wt MCMV was reconstituted in the presence of MG but not in the presence of
MP might be explained by the evolutionary distance of the three herpesvirus subfami-
lies. Genes of [3- and y-herpesviruses show a higher degree of similarity for both UL31
and UL34 protein families than compared to O-herpesvirus genes. Relevant protein
functions might be still conserved between (- and y-herpesviruses that are already di-
verged in O-herpesviruses. Therefore the C-terminal part of Orf69 of the y-herpesvirus
MHV68 may partially complement the function located in the C-terminus of MS53.
Thus, MG competes for binding to M50 but does not completely fail in the so far un-
known processes mediated by the CR2-CR4 of M53.

In conclusion it was shown that the interaction of the NEC components is essential and
that interfering solely with their interaction will inhibit viral replication. Furthermore a
new essential function of the UL31 protein family was detected. The PCA served as a
simple and reliable method to test interacting NEC proteins and the effect of mutations

on their binding capacity.

7.4.4. Study of core proteins by functional replacement

ULS53 and UL50, the HCMV homologues of M50 and M53, complemented the null

phenotype of the respective deletions in MCMYV. This is the first example of complete
functional replacement of an essential gene in B-herpesviruses. MCMV, a close relative
of HCMV, provides a useful model to study various aspects of CMV biology both in
vitro and in vivo. Our data indicate that, at least in some cases, genes from HCMV can
be transferred to the MCMV background. This makes it possible to study HCMV func-
tions in the context of the more convenient MCMYV system. The viruses carrying UL50
or UL53 instead of M50 or M53, respectively, showed no attenuation in growth when
compared to the natural setting. Such recombinants could provide experimental models
for inhibitor screening and enable the development and genetics of drug resistance to be
studied in a biological context.

In contrast to the full functional replacement of an essential herpesvirus gene as shown
in this study, a partial functional replacement of a non-essential herpesviral protein has

already been reported for the HCMV core protein UL97. With regard to the study of
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drug resistance, UL97 and its homologues were studied in isolation and in the virus con-
text of a- and B-herpesviruses. UL97, a nucleoside kinase, is not essential for viral rep-
lication but UL97 deletion mutants show a strong attenuation in virus growth in cell
culture. The UL97 protein was shown to play an important role in DNA replication and
encapsidation (Chee et al., 1989;Wolf et al., 2001), which makes it an important drug
target (chapter 3.2.1). UL97 and M97, the MCMV homologue, are both expressed late
in infection and show a high homology, which peaks at about 41% amino acid identity
in protein domains important for substrate recognition and nucleotide binding (Michel
et al., 1999;Rawlinson et al., 1997). The growth defect of the M97 deletion mutant of
MCMYV can be partially restored by the introduction of UL97 in the MCMV genome,
thus indicating functional replacement of the two core proteins (Wagner et al., 2000). In
the a-herpesvirus HSV-1, UL97 restored the minor growth disadvantages of UL13 (the
UL97 homologue) deletion mutants (Coulter et al., 1993;Ng et al., 1996). The recombi-
nant herpesviruses allow simple in vitro testing and, in the case of MCMV, in vivo test-
ing for the investigation of novel antiviral drugs targeting UL97 (Wagner et al., 2000).
The studies provide evidence for the successful functional replacement of proteins and
illustrate the potential of a system to study core proteins of HCMV in a model infection.
In contrast to UL97 and its homologues, UL50 and ULS53 not only show high similarity
at the sequence level but also demonstrate the same biochemical features, as far as they
were studied.

The functional replacement of core proteins might have a potential for the study of pro-
teins from viruses lacking a suitable animal model. It is likely that the complementarity
seen for UL50, UL53 and UL97 can be found even more frequently within the herpesvi-
rus core genes thereby providing a new and technically not too demanding option to
study HCMYV functions in MCMV. 1t is also possible that this cross species complemen-
tarity is applicable to more problematic settings. For example, up to now no productive
tissue culture system has been available for studies of human y-herpesvirus replication.
In contrast, MHV68, the y-herpesvirus of mice, grows to high titres in vitro echoing the
HCMV-MCMV relation. To find appropriate candidate genes for cross-
complementation in the virus context, PCA interaction maps could be performed. The
combination of the PCA with BAC technology is now available for virtually all herpes-

viruses.

122



Discussion

7.5. Towards an NEC inhibitor

Defined and essential viral protein-protein interactions are attractive targets for chemo-
therapeutics. However, large and multiple contact areas can hamper the disruption of
the protein-protein interaction by small molecules. This study examined the interaction
of the HCMV proteins UL50 and UL53, members of the UL34 and UL31 protein fami-
lies, respectively, as potential drug target. The interaction is non-obligatory (De et al.,
2005), meaning that both proteins fold independently but meet in the nucleus to form an
essential complex. Both gene products are required for virus replication in HCMV and
their interaction is needed for their function. The most relevant residues in MCMV have
been narrowed down to 9 amino acids of M50 and 30 amino acids of M53 (Bubeck et
al., 2004;Lotzerich et al., 2006). The exchange of single amino acids within these bind-
ing motifs affected or even abolished the binding to each other. The strong effect of
these subtle mutations could indicate that the crucial interface of the M50/M53 interac-
tion is limited, increasing the possibility that a small inhibitor or competing peptides

might be able to block the NEC formation.

7.5.1. NEC proteins expressed in bacteria

For a possible high-throughput inhibitor screen, proteins need to be studied in isolation
and the protein-protein interaction has to be reconstituted out of the natural context.
Therefore the NEC proteins were expressed in bacteria and purified. The protocol was
optimized for the purification of a 20 kDa fragment of UL50, the N-terminal half of the
protein, harbouring the predicted UL53 binding site but lacking C-terminal coiled-coil
regions that were predicted by computer analysis. Three subsequent purification steps
led to a good yield of pure protein. Already after the first purification step, a Ni*-NTA
column, the protein made up approximately 95% of the total protein eluted from the
column. The protein purity was further improved by anion exchange and size exclusion
chromatography.

When the UL50 fragment was co-expressed with one of the two fragments of UL53, the
complex of both could be purified by the His-tag, which was attached to the UL50
fragment. The longer UL53 fragment covered with its 73 amino acids the CR1 of UL53,
which was shown by PCA to harbour the UL50 binding site. However, even the short,
36 amino acid fragment of UL53 that covers only the minimal binding site predicted for

M353 by Koszinowski and colleagues (Lotzerich et al., 2006) was sufficient to form a
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complex with UL50 and could be co-purified. The complex of UL50 His and the small
ULS3 fragment was selected for further purification since it was assumed to be more
compact and thus more suitable for a later co-crystallization. Co-purification was possi-
ble during three subsequent purification steps. The complex of HCMV NEC proteins
was obtained with a high degree of purity, however, a large part of the UL53 fragment
was lost from the complex in the course of purification. This might be explained by
harsh purification conditions or the lack of stabilizing parts present in the wt UL53 pro-
tein that were deleted in the constructs used for the co-expression. UL53 2 might form
a more stable complex and will be tested in future experiments.

Nevertheless it was shown that the interaction of the two NEC proteins neither requires
any other viral or cellular protein nor post-translational modifications by the eukaryotic
cell. This is a prerequisite to study the two proteins in isolation and establish any in vi-
tro system based on the bacterial expression of the proteins.

Since UL50 His as well as the complex of UL50 His and the short UL53 fragment
were purified with a high yield and a satisfactory purity degree, crystallization was at-
tempted. A crystal of a protein allows the resolution of its three dimensional structure.
Based on that knowledge, the direct design of molecules that fill and thus block binding
clefts or contact surfaces is possible. Unfortunately, the two crystal screens, testing
crystallization in 200 different buffer conditions, did not lead to crystal formation of the
ULS50 fragment or the complex. Crystallization of proteins is problematic and reasons
for success or failure are often unknown. As future steps, more buffers could be in-
cluded in the crystallization screen and crystallization methods other than the vapour
diffusion method might be tested (DeLucas et al., 2003). However, the protein itself
might have to be modified by point mutations, further truncations or deletions (reviewed
in Dale et al., 2003). In our case, the longer UL53 fragment (UL53 2), which was not
tested for further co-purification and crystallization, might lead to better results due to
conformational changes of the complex. The poor solubility of the isolated UL50 His
or the complex does not necessarily hamper crystal formation, however, further at-
tempts to solve this problem will be considered. The addition of polyethylene glycol
(PEG) or a co-crystallization with stabilizing antibodies might enhance stability upon
possible crystallization (Kovari et al., 1995;McPherson, Jr., 1976). In many case, how-

ever, the only way to obtain information about the 3D structure of a protein is the crys-
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tallization of a homologous protein that might be purified and crystallized with more

Success.

7.5.2. The in vitro NEC-PCA

To establish a rapid and easy system for screening small inhibitory compounds, the
NEC-PCA for UL50 and UL53 was transferred to the bacterial expression system. Due
to the variety of favourable features for eukaryotic application, the PCA is predomi-
nantly used in eukaryotic cells. Proteins can be studied in the natural context, ensuring
subcellular targeting, post-translational modifications and interactions with other pro-
teins required for correct functioning. Taking these advantages into account, PCAs were
proposed as suitable candidates for high-throughput screens for interacting proteins or
inhibitors. Remy and Michnick (Remy and Michnick, 2004) reported a GFP-PCA based
functional cDNA library screen for interaction partners of the protein kinase PKB/Akt.
Within one system, the genome wide screen and functional validation experiments were
combined. Similar to the Y2H screen, fusions to the potential interaction partners were
constructed. Co-transfections in any cell type can be performed and cells positive for
the interaction can be detected by FACS analysis. Functional assays can be based on the
PCA by detection of perturbations of protein—protein interactions caused by agents such
as hormones or specific inhibitors that are known to modulate the specific biochemical
pathway in which the proteins participate. Despite a huge potential, only few applica-
tions of the PCA in bacteria were reported. In recent studies, the PCA was proposed as
an alternative to phage display (Smith, 1985) or ribosome display (Hanes et al., 1998).
Libraries of peptides or antibodies with the respective antigens were screened for opti-
mized protein-protein interactions (Mossner et al., 2001;Nord et al., 2005;Pelletier et al.,
1999). The peptides or antibodies were fused to the reporter enzyme fragments and co-
transformed in bacteria. Interaction of the studied proteins lead to complementation of
the functional reporter enzyme that was either monitored by the ability of the bacteria to
grow or in addition by the hydrolysis of CCF2/AM (Nord et al., 2005). This application
allows screening of large libraries with little effort and in a reasonable time. One impor-
tant advantage of the system is that, unlike in phage display, the antigens do not have to
be expressed and purified, but successful complementation is monitored in situ.

To our knowledge our work represents the first trial to set up a PCA based inhibitor

screen for a defined protein-protein interaction using purified proteins. Such a setting
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applies the PCA in a cheap, easy and small scale bacterial expression system, however,
the constructs can also be used in the more sophisticated, natural, eukaryotic back-
ground. Such an integrated approach combines the advantages of both areas of applica-
tion.

The Bla-tagged ULS50 and UL53 of HCMV were expressed in bacteria and purified by
the introduced C-terminal His-tag. The N-terminal Bla fragment was fused to the His-
tagged UL50 fragment, which was in the previous experiment used for isolated or co-
expression. The C-terminal Bla fragment was fused to a fragment of UL53, covering the
first 129 amino acids of the wt protein. This fragment included the 73 amino acid frag-
ment (ULS53 2), used for the co-expression experiment, and the variable region of
ULS3. The thereby larger size of the expressed protein was assumed to stabilize the
protein during expression in bacteria, which was in the co-expression experiment medi-
ated by UL50 His. The additionally included residues should furthermore assure the
accessibility of the Bla fragments upon interaction of the HCMYV proteins.

The Bla-tagged proteins successfully interacted in the PCA when the purified proteins
were mixed. The Bla activity measured for the interaction was more than 30 times
higher than the background, which was defined by the Bla activity in the purified sam-
ples tested separately. Contrary to expectations, the background was low and compara-
ble to the background seen in mock transfected cells in the cell based PCA. Bacterial
lactamases did not co-purify with the Bla-tagged proteins. The interaction of the Bla-
tagged proteins was shown to be specific since the signal was gradually reduced by in-
creasing amounts of non-tagged UL50 in the assay. Furthermore, Bla activity was not
reconstituted when the tagged ULS53 construct was mixed with a Bla-tagged mutant of
ULS50, constructed on the basis of the well studied MCMV homologue M50DM, defi-
cient in binding to M53 (Bubeck et al., 2004). The lack of signal was not due to ineffi-
cient purification of the UL50 mutant, as the protein detection in the Western Blot and
Coomassie stained gels revealed. These experiments built the basis of a high-throughput
screen for inhibitors of the essential interaction of UL50 and ULS53. Purified proteins
can be mixed and potential inhibitors added. Subsequent addition of the Bla substrate,
nitrocefin, would then allow the inhibition of the interaction of UL50 and ULS53 to be
measured by detection of a simple colour change. Protein purified from 2,5 1 of bacterial
culture would enable a minimum of 100 assays to be performed with low expense. The

bacterial system allows rapid production of large amounts of proteins and does not de-

126



Discussion

pend on the transfection of cells, which is only one of the variables in a cell culture sys-
tem. For a high-throughput screen, the protein yield and storage conditions of the puri-
fied samples have to be further improved, however, already the middle-sized scale of
the in vitro NEC-PCA might serve as proof of principle for a new platform for drug
discovery. Once a promising inhibitor is detected by the cell free high-throughput
screen, compounds might be tested in the context of viral replication using the Bla-
tagged NEC proteins. For that, a virus mutant could be generated where both N-M50
and C-M53 (or the HCMV homologues) replace the native proteins in the same virus.
Thus an MCMV mutant, which is deficient for both the native M50 and M53, but com-
plemented by the Bla fusions would fully integrate the PCA in the virus context. Using
the native promoters, a detailed study of the time scale of interaction could be per-
formed. Potential inhibitors can be tested directly for their effect on the essential
M50/M53 (or UL50/ULS53) interaction, excluding side effects by an unspecific inhibi-

tion of cellular or viral processes.

7.6. The potential of the NEC-PCA

The PCA was established for the UL34 and UL31 protein families. As discussed above,
future applications might be the evaluation of other viral proteins in regard of analysis
and localization of binding sites. Conserved proteins will be of particular interest since
they might be functionally replaced in related herpesviruses that infect animals, which
serve as models of infection.

The study of chimeric UL31 proteins produced a dominant negative protein, MP. In
future, the shuffling of domains in interacting proteins assayed by the PCA would not
only allow the localization of the binding domain, but also enable directed construction
of DN proteins for the evaluation of other unknown protein functions.

The Bla-PCA can also be applied as a validating tool for hypothetical interactions. As
more protein-protein interactions are detected, more comprehensive interaction maps
are constructed, the so called interactomes. The PCA could be applied to validate sug-
gested interactions of the interactomes (Uetz et al., 2006).

Here, the cell free PCA was established for the HCMV proteins UL50 and UL53. The
set up was shown to be easy and cost effective and proteins successfully interacted
when combined after separate expression and purification. It is now possible, with little

effort, to rapidly screen small inhibitors for an effect on the HCMV NEC interaction.
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9. Abbreviations

A absorption

A adenine

aa amino acid

Ab antibody

amp ampicillin

ANOVA analysis of variance

APS ammonium persulfate

ATCC American Type Culture Collection
B-ME B-Mercaptoethanol

BAC Bacterial artificial chromosome
Bla [-lactamase

BlaC C-terminal part of Bla

BlaN N-terminal part of Bla

bp base pair

BSA bovine serum albumin

C- C-terminal part of the b-lactamase
C cytosine

°C degree Celsius

C HCMV

cam chloramphenicol

cm centimeter

Co-IP co-immuno precipitation

CR conserved region

Ccv column volumes

dd deionized distilled

DL detection limit

DMEM Dulbecco’s modified Eagle medium
DMSO dimethylsulfoxid

DN dominant negative

DNA desoxyribonucleid Acid

DTT 1,4 dithiotreitol

E EBV

E. coli Escherichia coli

e.g. exempli gratia (Lat. = for instance)
EBV Epstein-Barr virus

EDTA ethylenediamine tetraacetic acid
EGF epidermal growth factor

ER endoplasmic reticulum

et al. et alii (Lat. = and others)

EtOH ethanol

FCS fetal calf serum

FLP flippase

FRT Flp recognition target

G MHV68

GFP green fluorescent protein

GST glutathione S-transferase
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Abbreviations

H HSV-1

HA hemagglutinin —tag

HCMV human cytomegalovirus

HSV herpes simplex virus

IPTG isopropyl B-D-1-thiogalactopyranoside
kan kanamycine

kb kilo bases

kDa kilodaltons

KSHV Kaposi-sarcoma associated herpesvirus
LB Luria-Bertani

M MCMV

m milli (107)

M mol/liter, molar

MCMV mouse cytomegalovirus

MEF mouse embryonic fibroblasts
MHV murine herpes virus

min minute(s)

ml millilitre

mm millimetre

mM millimolar

MOI multiplicity of infection

MWCO Molecular weight cut-off

N- N-terminal part of the [3-lactamase
NEC nuclear egress complex

NLS nuclear localization signal

nm nanometer

NM nuclear membrane

NMR nuclear magnetic resonance

o.n. over night

OD optical density

ORF open reading frame

P Prv

p.i. post infection

PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PCA protein complementation assay
PCR polymerase chain reaction
Pen/Strep penicillin/streptomycin

PFU plaque forming unit

RNA ribonucleid acid

rpm rounds per minute

RPMI Roswell Park Memorial Institute
RT room temperature

S glycine/serine spacer

s second(s)

SDS sodium dodecylsulfate

ST strep-tag

Strep streptomycin

T thymine

Tab. table
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Abbreviations

TAE
TBST
TEMED
Tet

TP

Tris

v/v
VZV
w/v
WB
wt
Y2H

Hg

pum
zeo

Amino acids

A, Ala alanine

C, Cys cysteine

D, Asp aspartic acid
E, Glu glutamic acid
F, Phe phenylalanine
G, Gly glycine

H, His histidine

I, Ile isoleucine

K, Lys lysine

L, Leu leucine

Tris-acetate-EDTA

Tris buffered saline with Tween 20
N, N, N’, N’-tetramethylenediamine
tetracyclin

tegument protein
Tris(hydroxymethyl)aminomethan
unit(s), enzyme activity

Volt

variable region

volume/volume

Varicella-Zoster virus
weight/volume

Western Blot

wild type

Yeast two-hybrid

micro (10°°)

microgram

microlitre

micrometer

zeozin
M, Met methionine
N, Asn asparagine
P, Pro proline
Q, Gln glutamine
R, Arg arginine
S, Ser serine
T, Thr threonine
V, Val valine
W, Trp tryptophan
Y, Tyr tyrosine
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11.3. Oligonucleotides

11.3.1. Oligonucleotides for the establishment of the NEC-PCA

Name Oligonucleotide sequence (5'-3') Note
S1 TTAAGGGTACCCGTACGGATATCGCTAGCGGCTCTTCCG s
GAGGCGGCGRCT COGGCARCGGECGEGECT CGAGCRG pacer
S2 COGCT CGAGCCGCCGCCACCGGAGCCGCCACCTCOGGAA s
GAGCCGCTAGCGATATCCGTACGGGTACCC pacer
S3 CGGCT CGAGCGGRCGEOGGCGRAT CCAT GCGAAGAGCCCC s
TAGGGT TAACACCGGT GCGGCCGCGGGCCCA pacer
sS4 GATCTGEGCCOGCGECCACACCGGT GTTAACCCTAGGEG s
CTCTTCGCAT GGAT CCGCCGCCGCCGCT CGAGCCG pacer
HA1 COGGAAGAGCCGATATCGGTACCGCTAGCGTAGTCGGEG- HAL
CACGTCGTAGGGGTACATGGTC -ag
HA2 TTAAGACCATGTACCCCTACGACGT GCCCGACTACGC- HAL
TAGCGGTACCGATATCGGCTCTT -ag
ST1 GGOCGCCTACT TCTCGAACT GGGGGT GGGACCAACCGGT Stren.t
GTTAACCCTAGGGGCATCTTCTAGAG rep-tag
ST2 GATCCTCTAGAAGATGCCCCTAGGGT TAACACCGGTTGG Streo.t
TCCCACCCCCAGT TCGAGAAGTAGEC rep-tag
BlaNfor GTGTGCTAGOGACCCAGAAACGCT GGT GAAAGT Amplification of the N-
terminal Bla fragment
BlaNrev TGTGTCOGGAGCCAGT TAATAGT TTGOGCAACGTTGTTG | Amplification of the N-
CCATTGCTACAGGCGT CGT GGTGTCACGCT CGTCGT terminal Bla fragment
BlaCfor GTGTGCTAGCCTACTTACTCTAGCTTCC Amplification of the C-
terminal Bla fragment
BlaCrev TGTGTCOGGACCAATGCTTAATCAGTGAG Amplification of the C-
terminal Bla fragment
M50for GTGTGGCTCTTOCATGRAGATCGACAAGAATGTGRRC | AmPlification of the MSO
M50rev AAAACCGGT CACGGAT GACCOGCC Amplification of the M50
M53for GTGTGGATCCATGTTTAGGAGCOCGRAGBGAGAGGAAC | AmPlification of the MS3
M53rev CTCTGGGCCCTCACAACGAGTAACTCTCGAACTTC Amplification of the M53
TCGTT ORF
M53Afifor GTGTCTTAAGATGTTTAGGAGCCCGGAG Amplification of the M53
M53Saprev | GTGTGGCTCTTCATCCCAACGAGTAACTCTCGAAC Amplification of the M53

delmo-Nhe-for

GATGCTAGCAGCTAT TGGGAGT GTAGGAGC

Amplification of the M50
OREF for deletion of the
binding motif

delmo-Nhe-rev

GCTGCTAGCATCGGTGGTCAACATCGCGTCGC

Amplification of the M50
OREF for deletion of the
binding motif
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11.3.2. Oligonucleotides for the UL34 and UL31 family in the NEC-PCA

Name Oligonucleotide sequence (5'-3") Note
HSVUL34for GTGT CTCGAGOGGCGROGECEGEAT CCATGEOGG Amplification of the HSV
GACTGGEGCAAGCCCTACACC UL34 ORF
Amplification of the HSV
GGOGCGOGCCA
HSVUL34rev GTGTGTACCGGTTTATA! GC UL34 ORF
HSVUL31for ACACACCGCGATCCATGTATGACAC- Amplification of the HSV
CGACCCCCATCGC UL31 ORF
Amplification of the HSV
GCGGRCCRCCT.
HSVUL31rev CTCT ACGGOGGAGGAAACTC UL31 ORF
UL34PrVfor | ACACACCGGATCCATGAGOGGCACCCTGGTC Amplification of e orY
UL34PrVrev | GTGTGTACCGGTTTAACGCATGTTCAGGATGATGAC | AmPIfcaton of the Py
UL31PrVfor ACACACGGATCCATGT T TGAGCGACGGCRGECTCC Amplification of the
T&C PrvVUL31 ORF
Amplification of the PrV
GGGGGGOGAAA
UL31PrVrev GTGTGT GEGECOCT CACGGGOGA G UL31 ORF
UL50for GTGTGTACCGGT TCAGT CGOGGT GT GOGGAGCGTG- Amplification of the
TCGGAGACGACGAC UL50 ORF
UL50rev ACACACCGGAT CCATGGAGATGAACAAGGTTCTC- Amplification of the
CATCAGGATCTGGT UL50 ORF
UL53for ACACACGGAT CCATGT CTAGOGT GAGOGGCGT Am pﬂi%%“ggg the
Amplification of the
UL53rev GTGTGT GEGECOCT CAAGGOGCACGAATGCT UL53 ORF
ORF67for GTGTGTACCGGT TCACCATACTAGTTTACTGGOC Amp"f'cat'°6“7°f the ORF
ORF67rev ACACACCGGAT CCAT GGCT AACCAGAAGAAGCT Amp”fica“"6”7°f the ORF
ORF69for ACACACGGATCCATGOGCTCAACAGGCT Amplification of the ORF
69
ORF69rev GTGTGTGGEGOCCTTATTGCT GAGAAAGACGAGATAC Amp”ﬁca“"S”QOf the ORF
BFRF1for ACACACCGGAT CCAT GGT GAGCCCGGAAGAGAGGE- Amplification of the
TCCT BFRF1 ORF
Amplification of the
BFRF1rev GTGTGTACCGGT TCAGGCCCACCT CAGAAA BERF1 ORF
Amplification of the
BFLF2for ACACACCGGAT CCAT GECCCOGGT CACCCCAGAT DFLE2 ORE
BFLF2rev GTGTGTGEECOCCTACTGTTTATTTTCCAAAAT- Amplification of the

GAGCTGGEG

BFLF2 ORF
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11.3.3. Oligonucleotides for the chimeric UL31 proteins

Name Oligonucleotide sequence (5'-3') Note
Amplification of the CR1
GM-Gfor TGGGTCTOGCGGTATCATTGCAGCA f ORFB9
GM-Grev GTCTCCTTGCAGET TTCACATTGRA Amplification of the CR1
of ORF69
MG-Gfor TGOGOGT GCACCACCT GCAC- Amplification of the
CGACCCAAACCT CAACAA CR2-4 of ORF69
MG-Grev GCTCGAGCGGCCGCCAGTGTGATGGATGTAATACGA Amplification of the
cT CR2-4 of ORF69
MP-Mfor GT ATCATTGCAGCACT GGGEOCAGAT GGTAAGCC Amp"ﬁca‘;'fol\r;l E‘)’; the CR1
MP-Mrev CACAGCAAT GGGTGGTGCACGOGCTCOG Ampnf.ca‘;m E‘)’; the CR1
Amplification of the
] GCOGCAAT GOCT GOGCOGCCGOCGAGCOG
MP-Pfor A T CR2-4 of UL31 (PrV)
Amplification of the
MP-Prev CTCTGOGEOCGCT CACGGRE0GAGEEREE0G R o U (P
Amplification of the CR1
PM-Pfor GGTATCATTGCAGCACTGGEGGCCAGA o oL Prv)
Amplification of the CR1
PM-Prev GTOGTCTCCTTGCAGGT GEGGCAGCAGCOGO0GAGE o oLat o
Amplification of the CR1
PG-Prev GCTCTGCTCTTCAGCAGGT GGEGCAGCAGT o oL Prv)
Amplification of the
PG-Gfor AGAGGCTCTTCTTGCACCGACCCAAACCTCAAC o e
GP-Grev GTCTGCAATGGOGCAGGT TTCACATTGGAAA Amp"“?ggl‘:’g;he CR1
Amplification of the
] GGECAAT GEOCGOCGEOCGAGOOGORG
GP-Pfor AGAGECAAT CR2-4 of UL31 (PrV)
CP-Cfor GTATCATTGCAGCACT GGGACC Amp“f'citf'%”l_g;the CR1
CP-Crev GGTCTGCAAT GBOGCACGAGGT GCAGGCGAT Amp"ﬁcit]f%”l_g;the CR1
CG-for ACTGCACCT CGTGCACCGACCCAAACCT CAACAA Amp"f'citf'%”l_g;the CRi1
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11.3.4. Oligonucleotides for the UL34 and UL31 family in MCMV

Name Oligonucleotide sequence (5'-3') Note
, Amplification of the
5'KpnlUL50 CGCGGTACCATGGAGATGAAC UL50 ORF
, Amplification of the
3"XholUL50 CGCCTCGAGT CAGT CGCGGT GTGCGGAG UL50 ORF
. Amplification of the
5'KpnlUL53 CGCGGTACCATGTCTAGCGTGA UL53 ORF
. Amplification of the
3"XholUL53 CGCCTCGAGT CAAGGCGCACGAA UL53 ORF
HSVUL31(pOri)for AGAGGATATCACCATGTATGACAC Amplification of the
CGACCCCCATCGC HSV UL31 ORF
HSVUL34(pOri)for AGAGGGTACCGGGAAT GBCGGEGACT GBGCAAGC- Amplification of the
CCTACA HSV UL34 ORF
. Amplification of the
GGCGCGCGCCA
HSVUL34(pOri)rev TGTGTGATATCCTCTTATA G HSV UL34 ORF
. Amplification of the
PrvVUL34(pOri)for AGAGGGTACCGGGAAGAGCGGCACCCTGGTCCAAC PrV UL34 ORF
. Amplification of the
PrvVUL34(pOri)rev TGTGTGATATCCTCTTAACGCATGITCAGGA PrV UL34 ORF
. Amplification of the
PrvVUL31(pOri)for AGAGGGTACCGGGAATGT TTGAGCGACGGECG PrV UL31 ORF
. Amplification of the
PrvVUL31(pOri)rev GTGTGATATCCTCTTCACGGGECGAGGEEEC PrV UL31 ORF
Orf69(pOri)for AGAGGGT ACOGGGAAT GOGCT CAACAGECTCTG Amplification of the

ORF69
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11.3.5. Oligonucleotides for the bacterial expression of NEC proteins

Name Oligonucleotide sequence (5'-3") Note

UL50-Hisfor GTGTCATATGGAGAT GAACAAGGTTCTCCATCAGG Am@fgga?_"’i;‘ of

UL50-Hisrev ACACGOGGCCGCTTTCTTGROGTACAGCT CGOGCAG Am@fgga?_"’i;‘ of

UL53_1for GT GT GAAGACAGCAT GOCGOGOCTCACGCTG Amplification of UL53_1
— and UL53 2

UL53_1rev CCACAAGCTTATTAGATCGATTCTTTGOOCGTG Amp'staé'O;‘ ofa

UL53_2rev CCACAAGCTTATTACGGTTGTCCTCGCACG Amplification UL53_2

UL50_PCAfor

AGAGGGATCCCCTAGCATGGAGATGAACAAGGT TC-
TCCATCAGG

Amplification of a
NUL50 fragment

Amplification of UL50 for

UL50DMfor GTGTGCCTCTTCCTCGAGCTACT GGGAGAGCCGCA- , -
deletion of the binding
CAGA .
motif
UL50DMrev ACACACGCT CTTCACGAGGOGT CTGT CTTGAGCAT- A(;“Fl’"tf.'cat"’f”ﬂ?f E.LZQ for
GGCGTOGCA eletion of the binding
motif
Amplification of a
GCGGCCECCCEET
UL53_PCArev TCTCT TGICCTCGCACGA CUL53 fragment
Amplification of a
HAfor GTGICATATGTACCCCTACGACGTGCCC CUL53/NUL50 fragment
BlaNbactfor TCTCCATATGGGAGACCCAGAAACGCTGGTGAAAG Amplification BlaN

BlaNbactrev

GAACCTTGTTCATCTCCATGGA

Amplification of BlaN
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