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Chapter 1

Viruses depend on the host’s transcrip  on and transla  on machinery for propaga  on. 
For transfer of viral genomes between host cells, virions are the principle transport 
vehicles. Virions must enter a host cell to deliver gene  c informa  on – an essen  al 

step in the viral life cycle. Cells are separated from their environment by lipid membranes, 
thereby imposing a biophysical barrier that is challenging to cross. The virus par  cle of 
enveloped viruses is also encapsulated by a lipid membrane. Enveloped viruses carry highly 
specialized glycoproteins that control and catalyze fusion of the viral and the host cell 
membrane. For some viruses, all necessary func  ons, such as receptor binding, regula  on 
of fusion, and the fusion machinery itself, are combined in a single fusion protein, whereas 
others require the help of auxiliary viral proteins.

Common virus-membrane fusion process
About three decades of research on viral fusion proteins led to detailed biochemical and 

structural knowledge and enabled the development of a general virus-membrane fusion 
model (1). Fusion proteins of enveloped viruses are type I integral membrane proteins that 
share func  onal and structural features. Before interac  on with the host cell, they exist in 
a metastable pre-fusion conforma  on (Figure 1a). Membrane fusion is driven by transi  on 
of the fusion protein into a thermodynamically favorable post-fusion conforma  on (Figure 
1e). Thereby, they perturb the target cell membrane structure and provide the free energy 
to overcome the biophysical barrier. The pre- and post-fusion conforma  ons are studied 
in great detail for a number of viral fusion proteins (for comparison see (2)). The following 
intermediate steps complete the model of the fusion process.

The fusion process begins with the interac  on of the virus with a cell. A  er a  achment 
to the host cell, the viral fusion machinery typically requires a trigger like low pH or receptor 
binding to come into ac  on. The triggered fusion protein adopts an extended intermediate 
conforma  on that reaches out (Figure 1b). An amphipathic fusion pep  de or fusion loop 
at the top of the fusion protein inserts into a target membrane, thereby crosslinking two 
membranes. Subsequently, the two membranes are forced into juxtaposi  on by a structural 

Fig.1. Membrane fusion process by viral fusion proteins (figure reproduced from (1). (a) Fusion-ready, metastable 
fusion proteins protrude from the viral envelope. The fusion peptide (green) is not exposed. A fusion trigger is 
required to reorganize the fusion protein yielding (b) an extended intermediate conformation. The fusion peptide 
is presented at the membrane-distal end of the fusion subunit and can be inserted into the cell membrane. (c) 
Collapse of fusion protein by zipping up against a central domain. As a result, the membrane associated domains 
are forced into juxtaposition, bending the membranes. (d) Upon contact of the bilayers the apposed outer leaflets 
fuse, forming a hemifusion stalk. (e) A fusion pore is formed while the fusion proteins adopt the final post-fusion 
conformation. Expansion of this pore enables the content of the virions to be released into the cytoplasm of the 
cell. Reprinted by permission from Macmillan Publishers Ltd: Nat Struct Mol Biol. 2008 Jul; 15(7):690-8, copyright 
2008.
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collapse of the fusion protein (Figure 1c). By this hairpin forma  on, the membranes come 
into close contact and the opposed, outer lipid layers merge and create a hemifusion 
stalk fi rst (Figure 1d). This is followed by the fusion of the inner leafl ets that results in the 
forma  on of a fusion pore. Expansion of the fusion pore releases the content of the virus 
into the cell. Despite high sequence varia  on, all viral fusion proteins fold into a trimer-of-
hairpins post-fusion conforma  on.

Three classes of viral fusion glycoproteins
Viral fusion proteins are classifi ed into class I, II, or III according to their structural 

features and dis  nct organiza  on (3). The best studied class I fusion protein is the 
infl uenza virus hemagglu  nin (HA). Crystal structures of diff erent conforma  onal states are 
available that lead to the development of a detailed fusion model (4). Like all class I fusion 
proteins, hemagglu  nin occurs as a homotrimer that is oriented perpendicular to the viral 
envelope. The precursor HA0 is cleaved by host cell proteases to separate the N-terminal 
HA1 and C-terminal HA2 subunit which remain covalently linked by a disulfi de bond near 
the transmembrane domain (Figure 2A). Proteolysis of precursor class I fusion proteins 
primes their membrane fusion poten  al, i.e., they become fusion-ready. The HA1 subunit 
cons  tutes a head domain and contains the sialic acid receptor binding domain, whereas 
three HA2 subunits comprise the fusion machinery and carry the fusion pep  de (5), a 
sequence of apolar amino acids at the newly formed N-terminus (Figure 2B). Acidifi ca  on 
of the environment triggers the fusion reac  on. The cleaved hemagglu  nin trimers undergo 
large structural rearrangements. HA2 refolds into an extended intermediate conforma  on. It 
exposes the fusion pep  de at the membrane-distal  p of the molecule, enabling its inser  on 
into the target membrane (Figure 2C). Two coiled-coil domains composed of heptad repeats 
that are typical for class I fusion proteins, zip up and fold against each other (Figure 2D, 
yellow and blue). Thereby, the protein is bend around to create a hairpin and force the 
two membrane-interac  ng parts into juxtaposi  on. The fi nal post-fusion conforma  on is 
characterized by a stable six-helix bundle composed of a trimer-of-hairpins.

The afore men  oned common features and structures of class I fusion proteins are: i) 
orienta  on of prefusion trimers perpendicular to the membrane, ii) proteoly  c priming 
to gain fusion capacity, iii) a fusion pep  de at the N-terminus of the membrane-anchored 
subunit, iv) heptad repeat domains enabling forma  on of a six-helix bundle made of a 
trimer-of-hairpins.

The best studied class II fusion proteins are the E proteins of fl aviviruses (1). Their 
structures contain predominantly beta-sheets rather than alphahelices. The viral envelope is 
covered by an array of pre-fusion dimers that are arranged in a symmetric, o  en icosahedral 
grid. Class II fusion proteins are locked by an auxiliary protein to prevent premature fusion 
ac  vity and proteoly  c priming of the auxiliary protein makes them fusion-ready. Low-pH-
induced protona  on is generally required to trigger the fusion process. Upon transi  on 
to the elongated intermediate conforma  on, the fusion proteins reorganize into trimers. 
Instead of a fusion pep  de, an internal hydrophobic fusion loop is presented at the  p of the 
molecule and connects with the target membrane. Parallel interac  ons of the beta-sheets 
zip up the proteins, pulling the membranes together and resul  ng in a thermodynamically 
favorable post-fusion  mer-of-hairpins.
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Class III fusion proteins enable virus-cell fusion of e.g., rhabdoviruses and herpesviruses 
(1). Part of their structure is made of coiled-coils resembling pivotal features of class I fusion 
proteins. In addi  on, the N-terminal part of the fusion machinery is rich in beta-sheets and 
has two internal fusion loops, resembling the overall structure of class II fusion proteins. 
Proteoly  c priming is not required for ac  va  on of the fusion capacity. So far, no common 
fusion trigger has been iden  fi ed; some class III fusion proteins require low pH and others 
can fuse a  er receptor binding (7). By analogy to other fusion proteins, an elongated 
intermediate conforma  on connects the opposing membrane surfaces. Zipping up against 
the central domain brings the membranes together. The post-fusion structure of class III 
fusion proteins complies with the unifying trimer-of-hairpins model (Figure 1).

En
er

gy

metastable 
pre-fusion 

elongated
intermediate

priming by
cleavage

post-fusion

triggering by
low pH

precursor

HA0

HA1

HA2

zipping of
HR domains

A B C D

Fig.2: Structures and function of influenza virus hemagglutinin, a prototype class I fusion protein. A schematic 
representation is shown alongside the level of thermodynamic energy. For simplicity, only a monomer is shown. 
(A) Priming of the HA0 precursor by proteolytic cleavage renders the protein fusion-ready. (B) The HA1 subunit 
(grey) remains covalently connected by an intramolecular disulfide bond (yellow bond) and contains the receptor 
binding domain. The membrane-anchored HA2 subunit comprises the fusion machinery (color) and contains the 
thermodynamic energy required for membrane merger. The fusion peptide (red) is located at the newly formed 
N-terminus and remains buried in the protein. (C) Acidic pH lowers the energy barrier (red dotted line) and 
facilitates dramatic rearrangements in HA. The fusion process is initiated by HA1 moving aside and HA2 adopting 
an elongated intermediate conformation. The FP is projected at the tip and can insert into the target membrane. 
This links the viral and the host membrane. (D) The HA2 subunit collapses into an energetically favorable post-
fusion conformation, providing the energy for membrane fusion. A hairpin structure forms that juxtaposes the 
membrane-associated parts (dark blue and red pointing upwards). Figure was adapted from (6).
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Proteoly  c priming and the fusion trigger of viral fusion proteins
A selec  ve interplay between host cells and virions controls the progression of the fusion 

process at two major checkpoints: priming and triggering (2). Fusion proteins are synthesized 
at the rough endoplasmic re  culum. When traffi  cking along the slightly acidic secretory 
pathway, the ectodomains are exposed to cellular membranes and poten  al fusion ac  vators 
like low pH and receptor molecules (8). Hence, protec  on of the metastable fusion protein 
against a pre-mature fusion reac  on is required. In fact, the majority of fusion proteins of 
enveloped viruses is unable to fuse at this stage. They require an essen  al matura  on step 
called priming to become fusion-ready. Priming is typically characterized by a proteoly  c 
cleavage of the fusion protein or an auxiliary protein. This releases structural constrains 
and enables the fusion proteins to acquire the fusion-competent metastable prefusion 
conforma  on. Only a  er priming, a fusion trigger, typically in the form of an environmental 
s  mulus, is able to ini  ate the fusion reac  on. Whereas priming o  en occurs in the process 
of virion biogenesis, the triggers for fusion are encountered at or in a target cell. 

Fusion protein ac  va  on is controlled by environmental s  muli
A par  cular signature of precondi  ons and s  muli govern the  ming and site of virus 

entry. Priming of class I fusion proteins is aff ected by the type of cleavage site in the fusion 
protein, the nature of a priming protease, and the accessibility of both. Proteoly  c cleavage 
of class I fusion proteins can occur at three diff erent loca  ons, as illustrated by some 
examples. Human immunodefi ciency virus (HIV) Env protein and the respiratory syncy  al 
virus F protein are proteoly  cally primed by furin or furinlike proteases in the virus producing 
cell before virions are released (9). Some viral fusion proteins are cleaved upon virion transit 
through the extracellular milieu, where they can encounter proteases and become primed 
as well. An example is the ac  va  on of infl uenza virus hemagglu  nin by tryptase clara or 
mini-plasmin, two proteases that occur in the airways (10, 11). Other fusion proteins only get 
cleaved a  er binding to the target cell by cellular transmembrane proteases, either directly 
or upon receptor-induced conforma  onal changes. For example, the type II transmembrane 
serine proteases (TTSP) proteoly  cally prime human pathogenic severe acute respiratory 
syndrome coronavirus (SARS-CoV) spike and infl uenza virus HA proteins (12, 13). 

Receptor interac  on can promote binding to a coreceptor or trigger the fusion reac  on 
of primed fusion proteins at the plasma membrane. Yet, most viruses do not fuse at the 
plasma membrane, but are internalized and subsequently experience a drama  c change 
in environmental condi  ons along the endolysosomal degrada  on pathway (14). The 
endosomal pH typically drops from neutral to acidic (pH 7.4 to 4.5) and this cue triggers 
the fusion reac  on of infl uenza virus HA, hepa   s C virus E1/E2 glycoproteins, vesicular 
stoma   s virus G protein, and many more (2). Furthermore, low-pH-ac  vated proteases 
can proteoly  cally prime viral fusion proteins, rendering them fusion-ready only in the 
endolysosomal compartment. Cathepsin proteases, for example, have been found to 
promote cell entry of SARS-CoV and Ebola virus (15, 16). Proteoly  c ac  va  on is necessary 
for most class I fusion proteins. In contrast, class III fusion proteins like vesicular stoma   s 
virus G protein do not require proteoly  c priming for func  on. 

Priming of viral fusion proteins has been observed in the virus producing cell, in the 
extracellular milieu, and at or in a target cell. Receptor binding and low pH or a combina  on 
of both represent fusion triggers for most viral fusion proteins, although for others the 
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trigger s  ll remains to be iden  fi ed (2). Depending on the virus, priming and triggering 
occur as clearly separated events or in close succession. Both processes some  mes require 
similar environmental s  muli. 

Coronaviruses use class I fusion proteins for entry. The aim of the studies described 
in the present disserta  on was to elucidate the mechanism of ac  on and the regula  on 
of coronavirus fusion proteins. To that end, we inves  gated the entry of the prototype 
coronavirus mouse hepa   s virus (MHV) and of the emerging porcine epidemic diarrhea 
virus (PEDV).

Coronaviruses
Coronaviruses have received much a  en  on due to the iden  fi ca  on of the human 

pathogenic SARS-CoV in 2003 and the Middle East respiratory syndrome coronavirus (MERS-
CoV) in 2012 (17, 18). The emergence of both coronaviruses demonstrates the zoono  c 
poten  al and the consequen  al threat of coronaviruses to human health (19). Coronaviruses 
have been isolated from various mammals and birds including beluga whales and thrushes. 
They can cause severe diseases among farm and companion animals such as avian infec  ous 
bronchi  s or feline infec  ous peritoni  s (20). PEDV infec  ons frequently recur in East-Asia, 
where they cause severe economic damage due to high mortality rates amongst suckling 
piglets (21). PEDV has been introduced on the North American subcon  nent in 2013 (22) 
and since then, the number of reported cases con  nues to rise (weekly case report h  p://
www.aasv.org). The virus infects the epithelia of the small intes  ne, and causes villous 
atrophy resul  ng in diarrhea and dehydra  on.

The spherical, pleiomorphic coronavirion is about 80-120 nm in diameter and contains at 
least four structural proteins ((23) and (20) for detailed informa  on on coronavirus biology). 
The triple spanning membrane protein (M) and the small hydrophobic envelope protein (E) 
facilitate virus assembly. The spike protein (S) is a homotrimeric surface glycoprotein that 
protrudes perpendicular from the viral envelope and is responsible for the characteris  c 
crown-like appearance of the coronavirion in the electron microscope. S proteins mediate 
a  achment to and fusion with the host cells and represent the main target for neutralizing 
an  bodies. Inside the virion, the 5‘-capped, poly-adenylated, posi  ve-sense RNA genome 
is packaged by the nucleocapsid (N) protein. Virions of some coronaviruses carry a fi  h 
structural protein, the hemagglu  nin esterase glycoprotein. It can bind to the cellular 
glycocalyx and its enzyma  c ac  vity destroys acetylated sialic acids. The hemagglu  nin 
esterase seems to be essen  al for viral fi tness in vivo but is dispensable in vitro (24). 

With up to 31.700 nucleo  des, coronaviruses have the longest non-segmented RNA 
genome known. Replica  on and transcrip  on are controlled by structural elements in the 
untranslated regions at the 5’ and 3’ end of the genome and by promoter-like elements. 
These so called transcrip  on regulatory sequences (TRS) precede each open reading frame 
(ORF). The 5’ end of the genome contains the large ORF1ab, which encodes the nonstructural 
proteins. ORF1ab accounts for two thirds of the gene  c informa  on and is translated into 
two large precursor polyproteins. Processing by viral proteases is required to generate 
func  onal replicase proteins. For example, mouse hepa   s virus (MHV) encodes two papain-
like cysteine proteinases, and a 3C-like proteinase for polyprotein processing. The previously 
men  oned structural genes are expressed from a nested set of subgenomic mRNAs derived 
from the 3’ third of the genome. The subgenomic transcripts are generated with a 5’ leader 
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sequence followed by a TRS that serves as a transcrip  on signal on the nega  ve strand RNA 
during genome replica  on. Replica  on of coronaviruses occurs on membranous structures 
in the cytoplasm and involves characteris  c double membrane vesicles, whose precise 
func  on remains unclear. New virions are assembled in the endoplasmic re  culum / Golgi 
intermediate compartment and are released through the secretory pathway. Coronavirus 
entry is the fi rst step in the next round of the viral life cycle and its preven  on can foster our 
eff orts to prevent and treat disease.

The coronavirus spike protein
The coronavirus S protein is the sole determinant for coronavirus entry and cell-cell fusion, 

thereby determining cri  cal features like host range and pathogenesis (25). It is heavily 
Nglycosylated (MHV and feline infec  ous peritoni  s virus (FIPV) S proteins have 21 and 35 
predicted N-glycosyla  on sites, respec  vely) and occurs in trimers on the virus envelope 
((26-28) for reviews of the S protein). Composed of up to 1450 amino acids, S proteins are 
the largest class I fusion proteins known to date and feature typical structural elements 
(Figure 3). As a type I integral membrane protein, it contains an N-terminal signal pep  de 
which is removed a  er transloca  on into the endoplasmic re  culum, and a transmembrane 
domain close to the C-terminus that anchors the protein in the membrane. A short cysteine-
rich cytoplasmic or intra-virion tail can be palmitoylated and has been reported to play a 
role in intracellular traffi  cking and membrane fusion (29). C-terminal targe  ng signals direct 
newly synthesized S proteins to the site where virions bud. The large ectodomain comprises 
two func  onally dis  nct domains. The N-terminal part (S1) contains the receptor binding 
domain and forms a globular head domain that is placed on the C-terminal stem-like domain 
(S2) containing the fusion machinery. The S2 subunit includes a well-conserved sequence 
of apolar amino acids represen  ng the puta  ve fusion pep  de (30) and the two heptad 
repeat (HR) regions HR1 and HR2 that adopt alpha-helical structures and can form coiled-
coils characteris  c for class I fusion proteins. During fusion, the HR1 and HR2 domains of the 
three S proteins interact with each other in an an  parallel manner, eventually assembling 
into a stable six-helix bundle whose structure has been solved for SARS-CoV and MHV (31, 
32). Small pep  des corresponding to the HR domains inhibit the membrane fusion process 
by interfering with HR interac  ons (33). 

Proteoly  c priming of spike proteins
Fundamental aspects of the fusion mechanism of class I fusion proteins apply to the 

coronavirus S protein. However, the regula  on of its proteoly  c priming seems to diff er 
considerably and is incompletely understood. Studies have correlated protease ac  vity with 
virus fusion competence by diverse approaches: applica  on of pharmacological protease 
inhibitors to block infec  on, manipula  on of poten  al cleavage sites using reverse-gene  c 
systems, inves  ga  on of the cell-cell fusion capacity of the fusion protein, experimental 
expression of proteases, and mimicking the milieu of the fusion site to simulate the priming 
and triggering events using recombinant proteases and soluble receptors in vitro. Despite the 
importance of proteoly  c priming, direct biochemical evidence for cleavage of coronavirus 
S proteins at or in the target cell is lacking for all coronaviruses; i.e., cleaved S proteins have 
not been isolated and analyzed a  er virus entry. I will review the current understanding of 
proteoly  c priming of coronavirus S proteins by presen  ng some examples.
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The S proteins of most beta- and gammacoronaviruses like MHV-A59 and IBV, as well 
as few alphacoronaviruses, in par  cular feline coronavirus (FCoV) serotype 1 strains, are 
proteoly  cally cleaved at the S1/S2 junc  on. Cleavage results in a noncovalently associated 
conjugate of S1 and S2 domains (review (26)).  The S1/S2 junc  on typically consists of a furin 
cleavage site (FCS) with the R-X-(R/K)-R (R = arginine, K = lysine, X = any aa) consensus mo  f, 
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Fig.3. Schematic presentation of various class I fusion proteins drawn to scale. The spike proteins of three 
betacoronaviruses mouse hepatitis virus (MHV), severe acute respiratory syndrome coronavirus (SARS-CoV), and 
Middle East respiratory syndrome coronavirus (MERS-CoV), the alphacoronavirus porcine epidemic diarrhea virus 
(PEDV), and the gammacoronavirus infectious bronchitis virus (IBV) are shown next to the fusion proteins influenza 
virus hemagglutinin (orthomyxovirus), human immunodeficiency virus Env (retrovirus), respiratory syncytial virus 
fusion protein (paramyxovirus) and Ebola virus glycoprotein (filovirus). Common structural features are depicted: 
the N-terminal signal peptide (light gray), the fusion peptide (FP, shown in red), the heptad repeat regions (yellow 
and blue), and the transmembrane domain that anchors the fusion proteins in the viral envelope (green). Arrows 
point to the furin cleavage sites that separate the N-terminal from the C-terminal domain. In coronaviruses, the 
furin cleavage site in MHV and IBV S proteins allows to deduce the putative S1/S2 junction in S of SARS-CoV and 
MERS-CoV from sequence alignments. Another putative cleavage site in coronavirus S proteins (S2’) is located just 
upstream of the fusion peptide. Disulfide bridges link the N- and C-terminal subunits after proteolytic priming of 
some fusion proteins (S-S).
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which is used by furin or furin-like serine proteases during virus biogenesis in the secretory 
pathway ((34); overview of cleavage sites in Chapter 6 Table 2). Cleavage of S proteins in the 
host cell correlates with the ability to induce cell-cell fusion resul  ng in giant mul  nucleated 
syncy  a. For example, MHVA59 S protein contains a subop  mal FCS. Hence, ~30% of S 
proteins become cleaved in the secretory pathway and can induce large syncy  a in cell 
culture (35). Inhibi  on of furin-like proteases during virus produc  on by specifi c compounds, 
as well as muta  on or dele  on of the FCS, yields uncleaved S proteins. This strongly reduces 
cell-cell fusion ac  vity, but has no impact on viral infec  vity or pathogenicity (34, 36, 37). 
The extent of MHV S protein cleavage varies with the cell type used to propagate the virus 
(38). The FCS in coronavirus S proteins is atypically posi  oned, i.e. more than 100 amino 
acids upstream of the puta  ve FP (30). Based on the N-terminal loca  on of the FP in other 
class I fusion proteins, the furin cleavage at the S1/S2 junc  on may not generate a fusion-
ready S2 domain (Figure 3). Furthermore, most coronavirions carry uncleaved S proteins. 
Strong evidence has been obtained that proteolytic processing at or in the target cell is 
required for fusion. For SARSCoV and MHV, the fusion process has been characterized in 
more detail, illustra  ng diff erent principles of controlling this important step of the viral life 
cycle. 

S proteins of MHV strain 2 (MHV-2) were shown to become ac  vated by proteoly  c 
priming at the S1/S2 junc  on (39). Blocking endosomal proteases, in par  cular the 
low-pH-ac  vated cysteine proteases cathepsin B and L, by protease inhibitors or by 
preven  ng endosomal acidifi ca  on, inhibited the infec  on of MHV2 in vitro (40). Priming 
in the endolysosomal compartment can be bypassed by either gene  cally introducing an 
alterna  ve protease cleavage site or by the addi  on of exogenous proteases to the inoculum 
(41). Furthermore, biochemical analysis of MHV-2 S proteins showed that cleavage alone 
does not enable transi  on into the proteinase K resistant post-fusion trimer-of-hairpins 
(42). Addi  on of soluble receptor was required for cleavage of S proteins at an alterna  ve 
cleavage site. This truncated S2 subunit was found to organize into stable mul  mers 
indica  ng the forma  on of the post-fusion six-helix bundle. Furthermore, coincuba  on with 
soluble receptor also enabled associa  on of the virions with lipid membranes as measured 
by liposome cofl oata  on, sugges  ng the induc  on of a receptor-mediated conforma  onal 
rearrangement in the S protein. The membrane fusion of MHV-2 is controlled by at least two 
checkpoints: receptor binding, which enables subsequent cleavage, and the cleavage itself, 
which requires an ac  ve protease.

Virus entry of SARS-CoV can be blocked by specifi c cathepsin L inhibitors, lysosomotropic 
agents and inhibitors of endocytosis in vitro (43). The proteoly  c priming of its naturally 
uncleaved S protein by cathepsin L became more evident by the iden  fi ca  on of the cathepsin 
cleavage site (16). Like MHV-2, SARS-CoV S protein mediated entry can be rescued by 
supplemen  ng trypsin during inocula  on (44). Alterna  vely, the expression of thermolysin, 
HAT, or TMPRSS by the target cells enables SARS-CoV entry (12, 45). By mutagenesis of 
the S protein, candidate cleavage sites were iden  fi ed Nterminally of the puta  ve fusion 
pep  de, a typical class I fusion protein feature (46). Gene  c modifi ca  on of the puta  ve S 
protein cleavage site and treatment with exogenous trypsin or elastase augmented S protein 
ac  va  on, suppor  ng the hypothesis that S proteins can be sequen  ally cleaved [(47), 
reviewed in (28)]. An early cleavage at the S1/S2 junc  on apparently facilitates a second 
cleavage within the S2 subunit to release an N-terminal fusion pep  de. SARS-CoV S protein 
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proteoly  c priming is controlled mainly by the availability of protease ac  vity, whereas it 
seems independent of receptor binding or a low-pH environment per se. Studies indicate 
that natural infec  ons of SARS-CoV are preferen  ally targe  ng  ssues that express high 
levels TMPRSS2 (48). Nevertheless, receptor binding is necessary to establish contact with 
the target cell, hence bringing the virus in proximity to priming proteases and the target 
membrane (25). 

Besides SARS-CoV and MHV-2 S protein, the proteoly  c priming of other S proteins is not 
well understood. For example, infec  on of some coronaviruses with uncleaved S proteins 
like human CoV (HCoV) NL63 is insensi  ve to protease inhibitors and lysosomotropic agents, 
making the priming step enigma  c (49). In contrast, coronaviruses like IBV carry almost fully 
cleaved S proteins. Sequence analysis indicated that they are primed by furin-like proteases 
at the S1/S2 junc  on before virus release (50), much like HIV Env. However, the cell-culture-
adapted IBV Beaude  e strain contains an addi  onal FCS immediately upstream of the 
fusion pep  de. It supports furin mediated entry, sugges  ng an alterna  ve cleavage at the FP 
(51). The entry stage of many other important coronaviruses like PEDV, canine coronavirus 
(CCoV), and transmissible gastroenteri  s coronavirus (TGEV) is barely inves  gated.

Proteoly  c priming may also have profound eff ects on the disease outcome of a virus 
infec  on. FCoV virions mostly carry uncleaved S proteins. The pathogenicity of diff erent 
isolates was described to correlate with diff eren  al fusion-ac  va  ng cleavage of the S protein 
(52). Furthermore, the switch from a mildly pathogenic biotype to a highly pathogenic, 
lethal biotype is accompanied by amino acid subs  tu  ons in the S1/S2 cleavage site (53). 

The endolysosomal compartment off ers a diverse spectrum of proteases with the 
poten  al to prime virus fusion proteins. However, premature and unspecifi c proteolysis can 
cause irreversible damage. A fi ne balance between benefi cial and detrimental proteoly  c 
ac  vity has to be maintained. Notably, natural infec  ons by FECV, CCoV and PEDV, the la  er 
also carrying uncleaved S proteins, occur in the intes  ne, an environment rich in gastric 
and pancrea  c proteases. To stay infec  ous, the viruses require a dis  nct mechanism that 
 ghtly controls proteoly  c priming to avoid premature ac  va  on or destruc  on of their 

fusion proteins. 

Triggering of spike proteins
Before membrane fusion can occur, primed, fusion-ready class I fusion proteins have to 

pass the last checkpoint that controls the fusion machinery: the fusion trigger. In contrast 
to prototype class I fusion proteins, coronavirus S protein-mediated membrane fusion is 
generally believed to be independent of low pH. MHV-A59 infec  on and, under condi  ons 
of trypsin supplementa  on, also IBV and PEDV infec  on induce cell-cell fusion at neutral pH 
(35, 44, 54, 55). Moreover, the infec  on of MHV-2 and SARS-CoV can occur under condi  ons 
where lysosomal acidifi ca  on is blocked, although it requires to bypass the requirement for 
low pH-ac  vated proteases for priming by the addi  on of proteases to the inoculum (40, 56). 
Yet, certain coronaviruses like IBV and MHV-A59 were reported to rely on acidifi ca  on for 
produc  ve infec  on (57, 58). Par  cularly the low pH requirement of MHV-A59 infec  on is 
under debate. Qiu et al. found the virus to be insensi  ve to lysosomotropic agents, although 
Eifart et al. reported low-pH induced conforma  onal changes and loss of infec  vity a  er low 
pH treatment (40, 58). 
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Alterna  vely, receptor binding has been implicated to act as a trigger for membrane 
fusion. The forma  on of protease resistant post-fusion structures and the cofl oata  on of 
virus with liposomes a  er incuba  on with soluble receptor were interpreted to refl ect 
receptor-induced conforma  onal rearrangements in S proteins (strain A59, JHM and MHV-
2, (42, 59-61)). The receptor protein or specifi c an  bodies were able to induce the forma  on 
of proteinase K resistant mul  mers, indica  ve of a post-fusion structure (62). Notably, the 
transmembrane domain and the C-terminus of the receptor do not play a role, since MHV 
can be redirected to nonnatural glycoproteins like Fc receptors or EGF receptors (63, 64). 
In contrast, the infec  on mediated by FIPV S protein was independent of specifi c receptor 
interac  on, as bipar  te an  bodies that link the virion via the S protein to a nonnatural 
EGF receptor promoted virus entry and syncy  a forma  on (65). Furthermore, receptor-
interac  on of the SARS-CoV S protein induced minor conforma  onal reorganiza  on 
as observed by electron microscopy (66). This interac  on can expose a cleavage site for 
ac  va  on of S protein by par  cular human airway proteases (67). However, other studies 
observed that trypsin inac  vates the SARS-CoV S proteins even in the absence of receptor 
(43). Thus, the exact eff ects of receptor interac  on for SARS-CoV entry are unknown. 

Receptors serve as a  achment molecules and primarily determine the tropism of 
coronaviruses. The consequences of receptor binding for structure and func  on of many 
coronavirus S proteins remain elusive. Importantly, rather than serving as fusion trigger, 
receptor binding can s  mulate proteoly  c priming. At this point, it is largely unclear whether 
coronavirus entry requires specifi c fusion triggers and if so of what nature they are.

Outline of this thesis
Whereas the class I fusion proteins of prototype viruses are well described, the features 

and mechanism of ac  on of coronavirus S proteins are less clear, leaving fundamental 
aspects of spa  otemporal regula  on of virus entry obscure. Especially the current concepts 
of proteoly  c priming and fusion triggering of class I fusion proteins do not refl ect the 
complex situa  on and diversity seen for coronaviruses. No crystal structure of the full-
length S protein has been solved; hence details of the structural reorganiza  on of S proteins 
resul  ng in membrane fusion remain enigma  c. Understanding coronavirus fusion proteins 
will deepen our knowledge concerning other viral class I fusion proteins as well and facilitate 
the development of preven  on and treatment strategies against virus infec  ons.

Proteoly  c priming is required for class I fusion proteins to become fusion-ready. Instead 
of during biogenesis of the virions, this ac  va  on of coronaviruses o  en occurs in the 
context of the target cell. However, the fusion-ready subunit of coronavirus S proteins has 
not yet been observed upon an infec  on. In chapter 2 we aimed to determine the S protein 
cleavage product that actually mediates membrane fusion with the host cell. We developed 
an unbiased assay to determine the cleavage status of MHV-A59 S proteins directly a  er 
membrane fusion has occurred. Our entry assay enables the specifi c iden  fi ca  on and 
biochemical characteriza  on of viral S proteins that were par   oning in successfully fusing 
virions.

Specifi c proteases are involved in priming of the S proteins. The study in chapter 3 was 
designed to iden  fy the protease(s) which mediate proteoly  c priming of the MHV-A59 S 
protein by RNA interference technology and by using pseudotyped virus-like par  cles.

Besides studying the very details of MHV-A59 entry, we inves  gated the par  cular 
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growth requirements for PEDV. The propaga  on of PEDV fi eld isolates is strictly dependent 
on the supplementa  on of ac  ve trypsin to the cell culture medium. To set the stage for the 
inves  ga  on of PEDV, a reverse gene  c system was established that allows the modifi ca  on 
of the viral genome (Chapter 4). By adop  ng the targeted recombina  on system as described 
for MHV, we were able to generate PEDV deriva  ves that express reporter genes. This 
system is based on the cell culture-adapted PEDV strain DR13, which we found to propagate 
independent of trypsin. Gene  c manipula  on of the S gene enabled us to study details of 
PEDV entry. Therefore, we compared the S proteins of the trypsin dependent fi eld isolate 
CV777 and the cell culture-adapted PEDV DR13 (Chapter 5). 

In the fi nal chapter, I will reevaluate the current understanding of the various steps 
leading to coronavirus membrane fusion and compare it to typical class I fusion proteins to 
illustrate similari  es and diff erences. Reviewing our results from the MHV and PEDV studies, 
I will discuss the underlying mechanism and the puta  ve biological role of proteolysis in the 
coronavirus life cycle. I will also discuss the puta  ve enzymes involved in cleavage and their 
poten  al as an  viral drug targets.
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Chapter 2

Abstract

Enveloped viruses carry highly specialized glycoproteins that catalyze membrane fusion 
under strict spa  al and temporal control. To prevent premature ac  va  on a  er biosynthesis, 
viral class I fusion proteins adopt a locked conforma  on and require proteoly  c cleavage to 
render them fusion-ready. This priming step may occur during virus exit from the infected 
cell, in the extracellular milieu or during entry at or in the next target cell. Proteoly  c 
processing of coronavirus spike (S) fusion proteins during virus entry has been suggested but 
not yet formally demonstrated, while the nature and func  onality of the resul  ng subunit 
is s  ll unclear. We used the prototype coronavirus mouse hepa   s virus (MHV) to develop 
a condi  onal bio  nyla  on assay that enables the specifi c iden  fi ca  on and biochemical 
characteriza  on of viral S proteins on virions that mediated membrane fusion with the 
target cell. We demonstrate that MHV S proteins are indeed cleaved upon virus endocytosis 
and we iden  fi ed a novel processing product S2* with characteris  cs of a fusion-ac  ve 
subunit. The precise cleavage site and the enzymes involved remain to be elucidated.
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Introduc  on

Enveloped viruses must fuse their envelope with a target cell membrane to get access to 
host cells and deliver their gene  c informa  on. They carry specialized surface glycoproteins 
that mediate a  achment to and fusion with the host membrane. Viral fusion proteins can 
generally be divided into three dis  nct classes according to their molecular organiza  on and 
fusion mechanism (1). Class I fusion proteins like the infl uenza virus hemagglu  nin and the 
human immunodefi ciency virus env occur as homotrimeric glycoproteins that are oriented 
perpendicular to the viral membrane and contain typical structural elements, including 
a receptor binding domain, heptad repeat regions (HR), an amphipathic fusion pep  de 
(FP), and a C-terminal transmembrane domain (2). These fusion proteins also feature a 
common fusion mechanism (3). Ini  al conforma  onal rearrangements triggered by cues 
like receptor binding or low pH lead to the exposure and inser  on of the FP into the target 
membrane. Subsequent structural reorganiza  on pulls the two membranes together to 
achieve fusion. The free energy is provided by the S proteins and released by zipping up 
of the heptad repeat regions into an energe  cally favorable, stable six-helix bundle (1). To 
prevent premature ac  va  on, class I fusion proteins are produced in a locked conforma  on 
that needs proteoly  c cleavage to acquire fusion competence. Cleavage typically occurs just 
upstream of the FP and causes N-terminal libera  on thereof (4). Furin or furin-like proteases 
o  en prime the fusion proteins in the producer cell before virions are released. Alterna  vely, 
the cleavage event can take place a  er the release of virions from the infected cell, i.e. in 
the extracellular space or upon entry into new host cells (5-7). Preven  on of fusion protein 
cleavage by mutagenesis of the cleavage site as well as by inhibi  on of cellular proteases 
o  en renders viruses noninfec  ous (8-10).

Coronavirus (CoV) entry is mediated by the spike (S) protein, an excep  onally large 
glycoprotein of approximately 1200-1450 amino acid residues in length that comprises 
the canonical structural features of class I fusion proteins and shares the typical fusion 
mechanism (11). The trimeric S proteins characteristically decorate the extracellular virus 
particles and two subunits of similar size can be distinguished. The Nterminal S1 subunit 
contains the receptor binding domain while the Cterminal S2 subunit comprises the fusion 
machinery including a puta  ve FP, HR regions and transmembrane domain.

Some CoV S proteins are cleaved at the S1/S2 junction during biogenesis by furin(-like) 
proteases, but many CoV lack a furin cleavage site at the S1/S2 junc  on and hence carry 
uncleaved S protein in their virions (12). Other cellular proteases have been reported to 
cleave CoV S proteins, but those are only available upon a  achment or during uptake of 
virions by the next target cells (13). The infec  on of some CoV can be blocked by protease 
inhibitors, thereby underlining the importance of proteoly  c ac  va  on that should render 
class I fusion proteins into their fusion-competent form (6, 14-16). Remarkably, a cleavage at 
the S1/S2 junc  on does not liberate a puta  ve FP at the Nterminus of S2 (17). Rather than 
at the S1/S2 junc  on, cleavage can occur at alterna  ve posi  ons within the S2 domain of 
the protein to promote the fusion competence. Such alterna  ve cleavage sites have been  
described within the S2 subunit for the S proteins of severe acute respiratory syndrome 
coronavirus (SARS)-CoV, mouse hepa   s virus (MHV), and infec  ous bronchi  s virus (IBV) 
(16, 18, 19). In general, a variety of puta  ve, alterna  ve cleavage sites and cleavage  mings 
have been reported or suggested for CoV, yet the role of S-protein cleavage remains largely 
undefi ned.
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Despite extensive research on the proteoly  c requirements for entry, the exact cleavage 
posi  on within the CoV S protein generating the fusogenic subunit has been diffi  cult to 
predict and the formal demonstra  on of S-protein cleavage upon entry is currently lacking. In 
this study, we developed a novel unbiased approach to selec  vely iden  fy and characterize 
the S proteins of incoming viruses that accomplish fusion. The assay employs a combina  on 
of a protein bio  n ligase (BirA) and a bio  n acceptor pep  de added as an extension to the 
cytoplasmic tail of the S protein. When incoming viral proteins gain access to the cytoplasm 
of cells expressing BirA ligase, they are specifi cally labeled with bio  n which then enables 
isola  on, enrichment and detec  on. With this assay, we inves  gated the S glycoprotein 
of the prototype coronavirus MHV (strain A59). The MHV S proteins are par  ally cleaved 
into the noncovalently linked subunits at the S1/S2 junc  on by furin or furin-like proteases 
(20). Intriguingly, preven  ng furin cleavage by muta  on or the use of furin inhibitors has no 
eff ect on virus infec  vity of MHV (21-23). With our new approach we demonstrate that the 
MHV S proteins par  cipa  ng in fusion are proteoly  cally processed in the target cells at a 
diff erent posi  on in the S2 subunit. The newly iden  fi ed S2* subunit has characteris  cs of 
the func  onal fusion machinery.

Materials and Methods

Cells, viruses, an  bodies and HR2 pep  de
HEK-293T, HeLa, Vero-CCL81 and LR7 (24) cells were maintained in Dulbecco modifi ed Eagle 

medium supplemented with 10% fetal bovine serum. Generally, murine hepa   s viruses 
(MHV, strain A59) were propagated and  trated in LR7 cells in culture medium supplemented 
with 20 mM HEPES. For the immune detec  on of S protein in virus supernatants, MHV was 
grown to high  ters in Dulbecco modifi ed Eagle medium supplemented with 0.3% tryptose 
phosphate broth (Sigma, T9157). For immunoprecipita  on (IP) and immune detec  on, 
MHV S protein was reacted with polyclonal rabbit an  -BAP an  body (Genscript, A00674) 
or mouse monoclonal an  -S2 (10G) an  body and subsequently with an  -mouse or an  -
rabbit immunoglobulin G conjugated horseradish peroxidase (Dako, P0217) (25, 26). A 
polyclonal rabbit an  MHV serum (K135) was used to detect infected cells by reac  ng with 
an  -rabbit immunoglobulin G conjugated horseradish peroxidase. Bio  n was detected by 
streptavidin-HRP conjugate (Themo Scien  fi c, 21126). The MHV fusion inhibitor HR2 pep  de 
(DLSLDFEKLNVTLLDLTYEMNRIQDAIKKLNESYINLKE) was synthesized by GenScript (11).

Construc  on of recombinant viruses 
Recombinant MHVs were generated by targeted recombina  on as described earlier (27). 

A transfer vector based on pXHERLM was generated to create the recombinant MHV-BAP 
virus encoding a tandem repeat of the 15 amino acid long bio  n acceptor pep  de including 
linkers DLPGGLNDIFEAQKIEWHEPPGGLNDIFEAQKIEWHE (BAP sequence is underlined) 
as a Cterminal extension of the S protein (28). The recombinant viruses MHVFCSBAP and 
MHVS2*BAP were generated by introducing addi  onal point muta  ons into the transfer 
vector using site directed mutagenesis. MHVFCSBAP S protein carries three point muta  ons 
R713S, R7174, and R717S that subs  tute all arginines at the furin cleavage site by serines. 
MHVS2*BAP S protein carries two point muta  ons R867S and R869S that subs  tute the 
arginines at the puta  ve S2’ cleavage site by serines. 
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Genera  on of stable cell lines 
The pQCXIN-CCM plasmid encoding the MHV receptor - murine carcinoembryonic an  gen-

related cell adhesion molecule 1a (CCM) - was generated by cloning the CCM gene into the 
pQCXIN Moloney murine leukemia virus (MLV) packaging vector (Clontech) (29). Likewise, 
the human codon op  mized gene encoding Bio  n Protein Ligase (BirA) with an N-terminal 
HA- and FLAG-tag (the pUM376-BirA PCR template was kindly provided by V. Ogryzko)  was 
cloned into the pQCXIP vector (Clontech), genera  ng the pQCXIP-BirA packaging vector 
(30). HEK-293T, HeLa and Vero-CCL81 cell lines expressing the CCM receptor were made 
a  er transduc  on with vesicular stoma   s virus G protein pseudotyped MLV using the 
pQCXIN-CCM packaging vector. The polyclonal HEKCCM, HeLaCCM, VeroCCM cell lines 
stably expressing CCM, as well as murine LR7 cells were selected and maintained with G418 
(PAA). CCM expression was confi rmed by immune detec  on using mouse monoclonal an  -
CCM (mAb CC1 provided by K. Holmes (31)). Polyclonal LR7 cells stably expressing bio  n 
protein ligase (LR7-BirA) were similarly made with the MLV-pseudotyped virus using the 
pQCXIP-BirA packaging vector. LR7-BirA cells were selected at 15 μg/ml and maintained at 
10 μg/ml puromycin (Sigma, P8833). BirA expression was confi rmed by immune detec  on 
using Cy3 conjugated mouse monoclonal an  -FLAG (Sigma, A9594). No BirA enzyme 
was detected in the cell culture supernatants of LR7-BirA cells a  er 72 hours incuba  on 
as analyzed by western blot using a mouse monoclonal an  -FLAG an  body conjugated 
horseradish peroxidase.

Condi  onal bio  nyla  on assay 
LR7 or LR7-BirA cells were cultured to confl uence in 6 well clusters. Cells were inoculated 

with virus-containing cell culture supernatant supplemented with 50 μg/ml DEAE-dextran 
(Sigma, D9885) and 10 μM bio  n (Sigma, B4639) with a mul  plicity of infec  on (MOI) of 
10. A  er 30 min, protein biosynthesis was inhibited by addi  on of 50 μg/ml cycloheximide 
(Sigma C7698) to prevent S-protein synthesis from virus infec  ons. At 90 min pos  nfec  on 
(p.i.), the cells were chilled on ice, washed twice with ice-cold phosphate buff ered saline 
(PBS) and lysed in ice-cold radio immunoprecipita  on assay buff er (RIPA, 150 mM NaCl, 
1% Nonidet P-40, 0.5% Sodium deoxycholate, 0.1% Sodium dodecyl sulfate (SDS), 50 mM 
Tris-HCl pH 8) supplemented with Complete Protease Inhibitor Cocktail Tablets (Roche 
11836153001) to prevent further proteolysis and with or without 6 mM Napyrophosphate 
(PP, Sigma, 71516) to quench the ac  vity of BirA in cell lysates (32). The cell lysates were 
cleared by centrifuga  on at 10,000 x g for 10 min at 4°C. The supernatants were combined 
with 20 μl 50:50 slurry of protein G sepharose (Biovision, 6511) supplemented with 0.5 mg 
polyclonal an  -BAP an  body (Genscript, A00674) and incubated under rota  on for 2 h at 
8°C to immunoprecipitate the S proteins. Next, sepharose beads were pelleted at 6,000 x g 
for 5 min at 4°C and washed trice with an excess of ice-cold RIPA buff er. Excess supernatant 
was carefully removed and, fi nally, samples were denatured by addi  on of sample buff er 
and subjected to western blo   ng.

If inhibitory compounds were used during the infec  on, cells were pretreated for 30 min 
at 37°C followed by infec  on in the presence of the respec  ve compounds. The following 
protease inhibitors were used at their highest recommended working range concentra  on 
according to Sigma’s protease inhibitor technical bulle  n INHIB1 (fi nal concentra  on): 
Pepsta  n A (1.5 μM, Sigma, P5318), Leupep  n (100 μM, Sigma, L2023), E64d (10 μM, Sigma, 
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E8640), phosphoramidon (10 μM, Sigma, R7385) AEBSF (100 μM, Sigma, A8456). HR2 
pep  de was used at 25 μM concentra  on. The following lysosomotropic agents were used 
(fi nal concentra  on): ammonium chloride (25 mM NH4Cl, Merck, Darmstadt), Bafi lomycin 
A1 (125 μM, Enzo Life sciences).

Time course bio  nyla  on assay 
LR7 or LR7-BirA cells were cultured to confl uence on 10 cm dishes and the inoculum was 

prepared similar to the condi  onal bio  nyla  on assay. First, cells were washed twice with 
ice-cold PBS and ice-cold inoculum was added for 45 min to allow a  achment of the virus 
to the target cells at 8°C. Next, inoculum was removed and cell layer washed once with 
ice-cold PBS, followed by the addi  on of 37°C culture medium supplemented with 10 μM 
bio  n. Diff eren  al periods of infec  on were achieved by successively delaying the start of 
a  achment and infec  on while maintaining an equal dura  on. All samples were harvested 
at the same  me to even out the  me between lysis and immunoprecipita  on. 50 μg/ml 
cycloheximide was added 30 min a  er warming up the infec  on to 37°C for all samples with 
an infec  on period longer than 30 min or at the end of the infec  on. The sample for 0 min 
was prepared for lysis a  er 1 minute at 37°C. Lysis and immunoprecipita  on was performed 
as described in the condi  onal bio  nyla  on assay and IP-samples were analyzed by western 
blo   ng.

HR2 inhibi  on of MHV infec  on 
Mul  ple wells containing LR7 cells were infected with wild-type MHV for 1.5 min to 

synchronize infec  on. Inoculum was replaced by culture medium at the start of infec  on. 
At increasing  me points supernatants of individual wells were replenished with culture 
medium supplemented with 20 μM HR2 pep  de to block MHV entry. 4 h p.i., supernatant was 
replaced with culture medium containing 1 μM HR2 pep  de to inhibit syncy  a forma  on. 
7 h p.i., cells were fi xed with 3.7% formalin and immunoperoxidase staining was performed 
using K135 serum and visualized with AEC substrate kit (Vector Laboratories). The extent of 
infec  on rela  ve to noninhibited virus infec  on was calculated from the number of plaques 
observed.

Deglycosyla  on 
LR7 or LR7-BirA cells were cultured to confl uence in 10 cm dishes and the virus infec  on 

was performed similar to the condi  onal bio  nyla  on assay. A  er immunoprecipita  on, 
samples on the sepharose beads were denatured and deglycosylated with PNGase F (New 
England BioLabs, P0704) according to the manufacturer’s protocol. Finally, samples were 
denatured by addi  on of sample buff er and subsequently analyzed by western blo   ng.

Western blot analysis 
For the detec  on of S protein in virus containing cell culture supernatants, aliquots 

were directly lysed and denatured in sample buff er containing 50 mM Tris-HCl pH 6.8, 5 % 
glycerol, 5% 2-mercaptoethanol, 1% SDS and bromophenol blue and boiled at 95°C for 10 
min. Samples a  er immunoprecipita  on were eluted from beads by boiling at 95°C for 10 
min in sample buff er. Supernatant was subjected to SDSpolyacrylamide gel electrophoresis 
(SDS-PAGE) in a discon  nuous gel with 8% acryl amide in the separa  ng gel (33). Next, 
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samples were transferred to a polyvinylidene fl uoride membrane (BioRad, 1620176). 
Membranes were blocked with bovine serum and reacted with an  bodies or streptavidin-
HRP in PBS with bovine serum and 0.5% Tween20. For detec  on we used Amersham ECL 
Western Blo   ng Analysis System (GE healthcare, RPN2109) with X-Omat LS fi lms (Kodak, 
Sigma F1149).

Computa  onal analysis 
The transmembrane domain of MHV S protein was predicted by TMHMM 2.0 and the 

signal pep  de by SignalP 4.1. HR1 and HR2 regions were defi ned according to Bosch et 
al. (11). Glycosyla  on sites were predicted with NetNGlyc 1.0 (Technical University of 
Denmark). Western blot signals were quan  fi ed using ImageJ. Amino acid sequence 
alignment was performed by ClustalW2 using S sequences of infec  ous bronchi  s virus (IBV 
strain Beaude  e, NP_040831.1), Middle East respiratory syndrome coronavirus (MERS-CoV 
strain HCoV-EMC, AFS88936.1), mouse hepa   s virus (MHV strain 2, AAF19386.1 and strain 
MHV-A59, NP_045300.1), severe acute respiratory syndrome coronavirus (SARS-CoV strain 
Tor2, NP_828851.1) and transmissible gastroenteri  s virus (TGEV strain TO14, AF302263_1).

Results

A bio  nyla  on assay to label S protein a  er virus-cell fusion 
During inocula  on, not all virions successfully fuse with the target cell and deliver 

their genome into the cytoplasm. According to the current model of class I protein fusion, 
the Cterminal tail of the CoV S protein is hidden internally in the intact virion. It will be 
introduced into the cytoplasm a  er virus and cell membrane have fused. In order to be able 
to discriminate S proteins coming from virions that successfully achieved fusion from those 
that failed, we designed a bio  nyla  on assay that uses selec  ve intracellular bio  n labeling 
of the protein’s Cterminus. To that end, we generated a recombinant MHV-A59 deriva  ve 
carrying an S protein with a Cterminally appended 37 amino acid bio  n acceptor pep  de 
(MHVBAP; Fig. 1A) and a recombinant murine cell line that cons  tu  vely expresses BirA 
in its cytoplasm (LR7BirA). BirA recognizes the bio  n acceptor pep  de (BAP) as substrate 
for bio  n liga  on in the presence of ATP and free bio  n. In intact virions, the BAP faces 
the luminal side and is protected from modifi ca  on by BirA, but upon virus-cell fusion it 
becomes exposed to the enzyme (Fig. 1B). Consequently, BirA can bio  nylate the BAP-tag 
of S proteins of virions that underwent fusion, enabling the selec  on and characteriza  on 
of pos  usion S proteins via the biotin label. MHVBAP displayed similar growth kine  cs but 
yielded 10-fold reduced  ters compared to wild-type MHV (data not shown). 

To characterize the S protein of MHV-BAP and to demonstrate bio  nyla  on of the BAP-
tag, we propagated wildtype MHV and the recombinant MHVBAP in LR7 cells and LR7-BirA 
cells. The cell culture supernatants were analyzed by western blo   ng with an  bodies 
recognizing the S2 subunit or the BAP-tag, or with the bio  n-binding streptavidin (Fig. 1C). 
The monoclonal an  body recognizing the S2 subunit detected the full-length S protein (S0) 
and the S2 subunit of all virus prepara  ons. A polyclonal an  body directed against the BAP 
specifi cally detected (S0) and the S2 subunit of MHVBAP, but not those of wild-type MHV. 
Importantly, bio  nyla  on of BAP-tagged S protein was only detected for MHV-BAP viruses 
produced in LR7-BirA cells, demonstra  ng the BirA dependent bio  nyla  on of the BAP. 
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Fig.1 Recombinant MHV-BAP for the detection of biotinylated S proteins. (A) Schematic organization of wild-type 
(1324 aa) and BAP-tagged MHV (strain A59) S protein (1361 aa) drawn to scale. The S protein has an N-terminal S1 
domain, responsible for receptor binding, and a C terminal S2 domain that holds the fusion machinery. Positions 
of the signal peptide (SP), predicted N-glycosylation sites (Ψ), the putative fusion peptide (FP), two heptad repeat 
(HR) regions, the transmembrane domain (TM) and the biotinylation acceptor peptide (BAP) are indicated. MHV S 
protein contains two predicted protease cleavage sites: a furin cleavage site at the S1/S2 junction and a putative 
second cleavage site (S2’) just upstream of the fusion peptide. (B) A biotinylation assay was designed to selectively 
identify and characterize S protein of MHV virions that underwent membrane fusion with the cellular target 
membrane. The biotin acceptor peptide was fused to the C-terminus of the S protein. Target cells stably express 
cytoplasmic protein biotin ligase (BirA) from a CMV promoter. Upon membrane fusion, the C-terminal BAP of S 
protein will be introduced into the cytoplasm and can be accessed and biotinylated by BirA. (C) Characterization 
of recombinant MHV-BAP. Virus stocks of MHV-A59 with wild-type S protein (MHV) or with BAP-tagged S protein 
(MHV-BAP) were produced in LR7 cells or LR7 cells expressing BirA (LR7-BirA) and subjected to western blotting 
(WB) using a MHV-S2 monoclonal antibody, an anti-BAP polyclonal antibody and streptavidin-HRP for detection 
of proteins. Full length S protein (S0) and S2 subunit resulting from cleavage at the S1/S2 junction were detected 
with antibodies directed against the S2 domain or BAP, and with streptavidin for detection of biotinylation. Size 
and position of marker proteins (in kilodalton) are indicated at the left.
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Recogni  on of the BAP-tag by the an  -BAP polyclonal an  body was not infl uenced by its 
bio  nyla  on status; tagged and nontagged S proteins were detected equally effi  cient.

Bio  nylated S proteins after virus-cell fusion: detection of S2* 
Next, we assessed the bio  nyla  on of S proteins a  er membrane fusion of virions with 

BirA expressing target cells. The LR7-BirA cells were inoculated with MHV-BAP (MOI = 10) for 
90 min to enable binding and fusion. To detect the bio  nylated S proteins, anti-BAP antibody 
was used to immunoprecipitate the BAP-tagged S proteins from whole cell lysates. This 
purification and concentration step was essential for detection. The BirA enzyme maintains 
its ac  vity in the lysis buff er, even at low temperatures. Consequently, all S protein present 
in the cell lysate became bio  nylated post lysis and could be detected using streptavidin-
HRP conjugate (Fig. 2A lane 1). In addi  on to the S0 and S2 forms, which could already be 
observed in the virus stock (Fig. 1C), an addi  onal product of ~80 kDa was detected which 
we named S2*. To prevent post lysis bio  nyla  on and analyze the S proteins as they occur 
in the intact cell, BirA ac  vity was quenched by product feedback inhibi  on by addi  on of 
PP to the lysis buff er and during the IP procedure (Fig. 2A lane 2) (32). Now, the S2* was 
the most abundant S-protein product detected and only limited amounts of S0 and S2 were 
observed.

To test whether the appearance of the S2* protein indeed correlates with successful 
infec  on, we exploited the HR2 pep  de, a synthe  c pep  de fusion inhibitor, which 
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Fig.2 Detection of S protein after membrane fusion with target cells. (A) LR7-BirA cells were inoculated with MHV-
BAP for 90 min in the absence or presence of peptidic fusion inhibitor (HR2) and lysed in the absence or presence 
of the BirA inhibitor PP. Immunoprecipitated S proteins were analyzed by western blotting. Only biotinylated S 
protein was detected by streptavidin-HRP conjugate. Upon cell lysis in the absence of PP, all S protein was allowed 
to be biotinylated by BirA; thus full-length (S0), S protein cleaved at the S1/S2 junction (S2), and a novel product 
of lower molecular mass designated S2* was detected. The presence of PP during lysis allowed the exclusive 
detection of S protein that was biotinylated during infection and mainly shows the S2* fragment. (B) IP samples 
were denatured at 95°C or 65°C before western blot. In the presence of PP, the S2* fragment constitutes the 
majority of biotinylated S proteins migrating at ~80 kDa position. After heating IP samples at 65°C - instead of 95°C 
- a larger product was present around the ~200 kDa position (indicated by the asterisk).
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eff ec  vely blocks the membrane fusion ac  vity of the S protein (11). Addi  on of the HR2 
pep  de effi  ciently abrogated bio  nyla  on of the S protein in the presence of PP (Fig. 2A 
lane 4). The experiment confi rmed that bio  nyla  on of S proteins only occurs a  er virus-
cell fusion, and further demonstrated that the proteoly  c processing of S protein is not 
aff ected by addi  on of HR2 pep  de (Fig. 2A lane 3). We hypothesized that the S2* subunit 
represents the proteoly  cally primed subunit of MHV S protein.

The S2* subunit occurs in stable mul  mers 
We examined the novel S2* subunit for characteris  c features of the fusion machinery. 

To drive membrane fusion, the membrane-anchored domains of class I fusion proteins 
fold into a highly SDS-stable and temperature-resistant pos  usion trimer, facilitated by 
the zipping up of the two HR domains into six-helix bundles (11, 34). To test whether S2* 
forms such stable trimers, we analyzed the SDSPAGE migra  on of the bio  nylated S-protein 
variants a  er heat treatment of the samples at 65°C, rather than 95°C. The S2* subunit that 
was bio  nylated upon infec  on of target cells migrated at ~ 80 kDa if denatured at 95°C. 
This species was, however, absent a  er denatura  on at 65°C; instead, a larger band was 
observed at ~ 200 kDa, in line with the S2* subunit actually occurring as a stable, mul  meric 
pos  usion complex (Fig. 2B).

Kine  cs of S2* appearance, virus cell fusion and MHV infec  on coincide 
If the novel S2* subunit represents the proteoly  cally primed form, the kine  cs of 

S-protein cleavage should be equal to or faster than produc  ve MHV infec  on. We 
monitored the kine  cs of S-protein cleavage and fusion by performing a  me course of 
infec  on with MHV-BAP on LR7-BirA cells. To synchronize infec  ons, virus was allowed to 
bind to cells at 8°C for 1 h, followed by removal of the inoculum a  er which infec  on was 
con  nued at 37°C. Omi   ng PP during IP procedure revealed the overall biochemical fate 
of all (i.e. fused and nonfused) S proteins over a 90 minute  me period (Fig. 3A). Western 
blot analysis of IP samples indicated that the rela  ve amount of the S2* cleavage product 
increased over  me, while the S0 and S2 signal slowly vanished. To prevent the matura  on 
of endosomes and the acidifi ca  on of endo-lysosomal compartments, 25 mM NH4Cl was 
added to the cells throughout infec  on (35). This treatment resulted in a net increase of S 
protein, sugges  ng that the  me dependent overall decrease of S protein in the absence of 
NH4Cl was due to lysosomal degrada  on. In contrast, the proteoly  c process leading to S2* 
forma  on was not blocked by NH4Cl. Quan  fi ca  on of the density of the S-protein bands 
over 90 min of infec  on showed that the frac  on of the S2* subunit increased from 3% to 
50% (Fig. 3A, bar chart). Yet, not all S proteins had undergone proteoly  c processing a  er 90 
min. By performing the analysis in the presence of PP during the sample prepara  on, only 
S protein from virus-cell fusion events was monitored (Fig. 3B). The appearance of the S2* 
subunit started early and con  nued increasingly for at least 90 min. 

To confi rm the kine  cs of virus-cell fusion by an independent approach, we examined the 
inhibi  on of MHV infec  on by HR2 pep  de fusion inhibitor. LR7 cells were pulse-inoculated 
for 1.5 min with wild-type MHV to synchronize binding. Inocula were replaced by culture 
medium a  er which HR2 pep  de was added to individual samples at successive  me 
points. The rela  ve amount of infec  on was determined at 7 h p.i. by immune staining of 
the cells against MHV. The presence of HR2 pep  de from the start completely abolished 
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infec  on, but showed no eff ect when added 120 min a  er inocula  on (Fig. 3B, line chart). 
The MHV infec  on deduced from the HR2 pep  de  me-of-addi  on experiment showed 
similar kine  cs to proteolysis of S protein yielding the S2* product but was slower. MHV 
infec  on coincided with the accumula  on of the S2* subunit as monitored by intracellular 
bio  nyla  on. In comparison, the intensi  es of the bio  nylated S2* protein bands observed 
in the virus-cell fusion experiment were quan  fi ed and included in the same graph as a bar 
chart (Fig. 3B, bar chart).

Conserved arginine is not the cleavage site that yields the S2* subunit 
The iden  fi ca  on of the proteoly  c cleavage site that yields the fusion ac  ve S2* subunit, 

could provide further informa  on about the requirements for gaining fusion competence. 
Judged from the molecular weight of the S2* protein, the cleavage site is located within the 
N-terminal half of the S2 subunit. This region comprises a conserved arginine, previously 
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described as a poten  al protease target site and termed S2’ in the S proteins of SARSCoV 
and IBV (18, 36) (Fig. 4A). Cleavage at this arginine would truncate the S2 domain by 
approximately 15 kDa and remove two glycosyla  on sites which is in agreement with the 
observed diff erence between the S2 and S2* band. We used a reverse gene  c approach to 
determine whether the MHV S2* subunit indeed results from proteolysis at the puta  ve 
S2’ cleavage site. To that end, mutant MHV-BAP was generated containing two serine 
subs  tu  ons of arginines occurring at or close to the S2’ cleavage (MHVS2’-BAP, Fig. 4A, table). 
Another MHV variant with a mutated furin cleavage site at the S1/S2 junc  on was generated 
by replacing the arginines by serines (MHVFCS-BAP). Mutant viruses were viable and used to 
infect LR7BirA cells for 90 min at equal MOI a  er which IP samples were prepared in the 
absence or presence of PP. Western blot analysis of IP samples showed that the knock-out 
of the furin cleavage site at the S1/S2 junc  on in MHVFCS-BAP prevented the appearance of 
the S2 form (22) (Fig. 4A lower panel). In contrast, serine subs  tu  on of the two arginines 
at the presumed S2´ cleavage site in MHVS2’-BAP did not prevent the forma  on of the S2* 
subunit. When IP was performed in the presence of PP, only allowing the detec  on of the 
S proteins involved in fusion, the S2* subunit was clearly detected for all three viruses. The 
S2* product of the mutant viruses migrated with similar mobility and represented the major 
form of S protein that underwent fusion. Arginine subs  tu  ons at the S1/S2 or S2’ site had 
no detectable eff ect on virus  ters, which remained comparable to MHV-BAP (Figure 4A). 
As reported earlier, the dele  on of the S1/S2 arginine mo  f resulted in reduced syncy  a 
forma  on capacity of the virus (22).

Predic  on of the S2’ cleavage site from the molecular weight of the S2* subunit a  er 
deglycosyla  on 

As we could not predict other protease cleavage sites from the S-protein amino acid 
sequence, we tried to iden  fy the S2’ cleavage site by alterna  ve approaches. The 
bio  nyla  on assay did not yield suffi  cient amount and purity of the S2* subunit to allow 
Nterminal amino acid sequencing. Instead, we deglycosylated the S protein to more 
precisely determine the molecular weight of S2*, from which the approximate loca  on 
of the cleavage site might then be deduced. To that end, LR7-BirA cells were inoculated 
with MHV-BAP for 90 min and samples prepared in the absence or presence of PP. A  er 
the IP, S protein bound to protein G sepharose beads was denatured and samples were 
deglycosylated by PNGase F to remove all N-linked glycans. Successful deglycosyla  on was 
revealed by the S proteins migra  ng with higher electrophore  c mobility (Fig. 4B, top and 
middle panel). Deglycosyla  on of all S proteins (- PP) and of S proteins from virions that had 
fused (+ PP) showed a similar eff ect. The theore  cal molecular weight was predicted to be 
70 kDa for the S2 domain and 54 kDa for S2* if the cleavage occurs close to the puta  ve 
FP. The deglycosylated S2 subunit shi  ed from the 105 kDa posi  on to 80 kDa, slightly 
higher than predicted, and migrated as a welldefi ned band. In contrast, the S2* protein 
also shi  ed to a lower molecular mass, yet it remained heterogeneous a  er deglycosyla  on 
ranging in size from 60 to 65 kDa. Similar to S2, the S2* subunit appears larger than its 
predicted molecular mass of 54 kDa, hence cleavage may occur at the puta  ve S2’ cleavage 
site or further upstream. The blot was restained with an  serum against the BAP in order 
to visualize the S proteins from infec  ons of LR7 cell without BirA (Fig. 4B, lower panel) 
and independent of bio  nyla  on. Of note, the prior streptavidin-bio  n interac  on reduces 
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Fig.4 Characterization of the S2* fragment. (A) Sequence alignment of an S-protein segment of representative 
coronaviruses containing the putative S2’ cleavage site (arrow) and part of the fusion peptide (FP). The conserved 
arginine residue adjacent to the putative fusion peptide (FP, (37)) is shown in bold. Table indicates the mutations 
of generated recombinant MHV viruses, carrying serine substitutions of arginines (underlined) at the furin 
cleavage site at the S1/S2 junction (MHVFCS-BAP) and the putative S2’ site (MHVS2’-BAP). The average titer of 
three independent virus preparations was determined by end point dilution and reported as TCID50/ml. BirA-cells, 
infected with the recombinant viruses for 90 minutes, were lysed in the absence and presence of pyrophosphate 
(PP). Biotinylation of immunoprecipitated S proteins was detected by western blotting, as described in the text. (B) 
Deglycosylation of biotinylated S proteins. The biotinylation assay was performed with MHV-BAP as described under 
A. Prior to western blot analysis, all samples were denatured and selected samples subsequently deglycosylated 
using PNGaseF. Biotinylated S protein was detected with streptavidin (two exposure times shown) and the same 
blot was restained with anti-BAP antibody to detect (nonbiotinylated) S proteins (of note: streptavidin binding to 
biotinylated BAP limits detection with the anti-BAP antibody). Full length S protein is indicated by open triangles, 
S protein cleaved at the S1/S2 junction by solid triangles and S2* fragment by asterisks. All S proteins show faster 
migration after deglycosylation; S0 and S2 are reduced to a defined band upon deglycosylation, whereas the S2* 
fragment band remains diffuse. A cellular background band is indicated (bg). 
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direct lysis without warming (first lane). (B) LR7-BirA target cells were pretreated with various broad spectrum 
protease inhibitors for 30 min. Infection with MHV-BAP was allowed in the presence of protease inhibitors for 90 
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the an  -BAP an  body reac  vity, par  cularly in fully bio  nylated samples prepared in the 
absence of PP (Fig. 4B, lane 2 & 3).

Inhibi  on of cellular proteases that generate the S2* subunit 
To obtain informa  on on the S-protein cleavage site and the func  onal aspect of 

proteolysis during virus infec  on we a  empted to iden  fy the responsible host cell 
proteases. SARS-CoV S protein can be cleaved by multiple proteases and availability of those 
proteases has been linked to the tissue tropism of the virus (7). Yet, expression of the MHV 
receptor can render cell lines of diff erent species suscep  ble to MHV infec  on (31) and if 
the S2* subunit represents the fusion ac  ve form, the priming protease(s) should occur 
in various cell lines. To test this, we monitored S-protein cleavage in nonmurine cell lines 
stably expressing the MHV receptor. Virus prepara  ons containing prebio  nylated S protein 
were produced after a single passage on LR7-BirA (MHV-BAP*bio) and typically contained 
about 70% of S0, 30% of S2 and a marginal frac  on of S2* (Fig. 5A, lane1). A  er 90 min 
of inocula  on of two human and one simian cell line (i.e. HEK 293T, HeLa and Vero cells, 
respec  vely), the pa  ern of S0, S2 and S2* was similar compared to that in the murine 
LR7-BirA cell line (Fig. 5A). Broad spectrum protease inhibitors can aff ect various classes 
of proteases. In order to characterize the proteases involved in S-protein cleavage, a virus 
entry assay was performed in the presence of various protease inhibitors, suppressing the 
ac  vity of the main classes of proteases. MHV-BAP infec  on was performed on LR7-BirA 
cells for 90 min in the presence of the cysteine protease inhibitor E64d, the metalloprotease 
inhibitor phosphoramidon, the aspartyl protease inhibitor pepsta  n A, the serine and thiol 
protease inhibitor leupep  n, the serine protease inhibitor AEBSF (Fig. 5B) as well as the 
serine protease inhibitor camostat or 1x concentrated Roche mini cocktail inhibitor (data 
not shown). In addi  on, the involvement of low-pH dependent proteases was probed using 
the lysosomotropic agents NH4Cl and bafi lomycin A1 (Fig. 5C). None of the applied agents 
could prevent the S-protein cleavage that results in the forma  on of the S2* subunit. The 
lysosomotropic agents NH4Cl and bafi lomycin A1 abolished fusion similar to HR2 pep  de 
pep  de fusion inhibitor as indicated by the lack of bio  nylated S when IP was performed in 
the presence of PP (Fig. 5C).

Discussion

We studied cleavage of the MHV S glycoprotein during virus entry by an unbiased approach 
that allowed us to isolate fusion proteins of virions that accomplished virus-cell fusion and 
we newly iden  fi ed an S2* subunit. It displayed features of the fusion machinery, sugges  ng 
that the S2* subunit represents the fusion-ac  ve part of the S protein. In support of this, the 
majority of the pos  usion S proteins were cleaved into the S2* protein and formed heat- 
and SDS-stable mul  mers that resemble the pos  usion six-helix bundle. Furthermore, the 
kine  cs of appearance of the bio  nylated S2* protein coincided with the kine  cs of virus 
entry as determined by monitoring sensi  vity of infec  on to the HR2 pep  de fusion inhibitor. 
The size of the S2* protein indicates cleavage to occur in the S2’ region just upstream of the 
puta  ve FP. We could not determine the exact cleavage site by reverse gene  cs, and the 
low mass amounts of the S2* protein did not allow its iden  fi ca  on by mass spectrometry. 
Deglycosyla  on of the S2* protein resulted in a heterogeneous product sugges  ng that 
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cleavage can occur at alterna  ve sites in proximity to the S2’ site. Protease inhibitors used 
to iden  fy the protease responsible for S-protein cleavage could not prevent the forma  on 
of the S2* subunit. Although the precise details of the cleavage process remain enigma  c, 
the appearance and characteris  cs of the S2* subunit support the idea that it represents 
the fusion-ready subunit. 

Previous inves  ga  ons of CoV fusion protein cleavage have monitored the infec  vity 
of viruses or virus like par  cles in the presence of protease inhibitors or a  er gene  cally 
modifying the fusion protein. (14, 16, 21, 23, 36, 37). Many studies demonstrate cleavage 
of S proteins displayed on the cell surface by recombinant proteases, but only few verify 
proteolysis in virus prepara  ons upon exposure to recombinant proteases and soluble 
receptor (38, 39). These studies convincingly correlated cleavage of S protein with its 
membrane fusion capacity, but failed to demonstrate cleavage during virus entry or 
iden  fying the fusion competent subunit. In fact, the biochemical fate of viral glycoproteins 
on virions that are entering host cells at physiological MOIs is diffi  cult to study. Given the 
limited amount of virus even at high MOI, the signifi cant frac  on of noninfec  ous par  cles 
in each virus prepara  on, and the rela  vely low number of S proteins per virion, the specifi c 
detec  on of S proteins on successfully fusing virions is a great challenge. In this study we 
established a novel biochemical assay based on the condi  onal bio  nyla  on of proteins to 
concentrate and purify MHV S proteins involved in func  onal virus-cell fusion events. This 
enables the iden  fi ca  on and characteriza  on of fused S proteins in combina  on with more 
classical experiments using site-directed mutagenesis and protease inhibitors. Our approach 
excludes contribu  ons of nonfused virions hence focuses on func  onal fusion events. As the 
infec  ng virions take a physiological entry route, we do not rely on mimicking the fusion 
process by addi  on of soluble receptor, exogenous protease treatment or pH shock. The 
assay can be adapted to monitor the biochemical fate of structural virion components of any 
enveloped or nonenveloped virus upon entry.

The entry of various CoV is supported by dis  nct proteases that can act at the plasma 
membrane of the target cell or in the endosomal compartments (10, 13). For MHV-A59, 
proteoly  c processing at the S1/S2 junc  on enables effi  cient cell-cell fusion resul  ng in 
syncy  a forma  on (40) and mutagenesis of the cleavage site limits the syncy  a size (23, 
41). However, as we showed earlier (22) and confi rmed here by subs  tu  ng all arginines 
at the S1/S2 junc  on, the S1/S2 cleavage is dispensable for fusion ac  vity and virus 
infec  vity. This is supported by observa  ons with a natural isolate, MHV-2 (42), or with 
a cell passaged isolate MHV/BHK (43), which both lack a genuine furin cleavage site and 
hence carry uncleaved S proteins on their virions. In our study, only small amounts of the S2 
subunit were present on virions that had fused, sugges  ng that S2 is not the fusion-ac  ve 
form. Nevertheless, cleavage of MHV S protein at the S1/S2 junc  on may provide addi  onal 
structural fl exibility to increase the accessibility of a cleavage site for priming, as suggested 
earlier for SARSCoV (36). It is possible that S proteins are processed into S2*, perhaps via a 
short-lived intermediate S2 form that is not detected. With less priming proteases on the 
cell surface than in the endolysosomal compartments, this may explain the cell-cell fusion 
inability of the MHV spikes lacking a func  onal furin cleavage site.

We observed that S-protein cleavage upon MHV infec  on occurred downstream of the 
S1/S2 junc  on and released an S2* fragment of ~80 kDa, which is ~25 kDa smaller than the 
S2 subunit. Assuming this membrane-bound subunit to carry the membrane fusion func  on 
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we probed the S2* subunit for criteria of the fusion machinery. First of all, the S2* subunit 
was the most abundant S-protein species observed a  er virus-cell fusion and hence likely to 
be involved in membrane fusion. We assume that S0 and S2 protein decorate virions which 
failed to reach the cellular compartment where the appropriate s  muli and proteoly  c 
ac  vity occur for S-protein ac  va  on. However, a limited number of virions reaches the 
fusion compartment, where a majority of S proteins are proteoly  cally processed and 
triggered for fusion. Second, S2* occurred in heat- and detergent-resistant mul  mers 
indica  ve of the characteris  c class I pos  usion sixhelix bundle. Similarly, treatment of 
MHV-2 virions with soluble receptor followed by protease treatment revealed an equivalent 
pa  ern of S0, S2 and S2*(38). Cathepsin L and trypsin cleaved the S protein yielding a 71 
kDa fragment which appeared as a stable, pos  usion form, similar to S2* (38). Proteoly  c 
priming of the MHV-2 S proteins upon virus entry was earlier implicated by studies with 
inhibitors of endolysosomal proteases and lysosomotropic agents, and by trypsin bypass 
experiments, but the actual processing in cells was not confi rmed (6). In our study, proteoly  c 
processing of the S protein and virus-cell fusion, as measured by intracellular bio  nyla  on 
of the S protein and by an independent virus infec  on assay, occurred with similar kine  cs. 
The HR2 pep  de fusion inhibitor prevents virus from fusion by inhibi  ng six-helix bundle 
forma  on (11). Consistently, it also prevented S proteins of incoming virions from becoming 
bio  nylated, hence allowing us to discriminate the sequen  al order of cleavage and fusion. 
If cleavage is a prerequisite for the S protein to mediate fusion, then HR2 must take eff ect 
a  er the proteoly  c event and HR2 pep  de indeed did not aff ect the cleavage of S protein. 
Taken together, we argue that the S2* fragment fulfi lls the criteria of the func  onal fusion 
protein.

The diff erence in molecular weight between the S2 and S2* subunits predicts the 
suspected cleavage site to map approximately 230 amino acids downstream of the S1/S2 
junc  on. Furthermore, priming of the class I fusion proteins o  en occurs directly N-terminal 
of the FP which has been described as a conserved sequence of apolar amino acids in the 
CoV S protein (16, 36, 37). Both predic  ons point towards two cri  cal arginine residues in 
the MHV S2 domain and intriguingly, cleavage at the same posi  on (S2’) has been implicated 
to enable SARS-CoV S-protein fusion (8, 10). By analogy, we suspected the S2’ cleavage site 
to be used in MHV-A59 S protein, but a  er mutagenesis of both arginines the infec  vity of 
MHV remained unaff ected and the S-protein cleavage pa  ern upon fusion unaltered. 

In an a  empt to deduce the cleavage site from its molecular weight we enzyma  cally 
removed the N-linked glycans of the S2* glycoprotein and analyzed its size. Although the 
deglycosylated S0 and S2 proteins were reduced to sharply defi ned products, S2* remained 
ill-defi ned, migra  ng as a heterogeneous band ranging from 60 to 65 kDa. Assuming that 
the S2 and S2* product underwent similar pos  ransla  onal modifi ca  ons, the variable size 
of the S2* fragment can be best explained by promiscuous proteoly  c cleavages, whereas 
S2 is formed by cleavage precisely at the S1/S2 junc  on. Heterogeneity of cleavage products 
might result from a certain degree of plas  city of S2’ cleavage either by the existence of 
alterna  ve cleavage sites or by involvement of mul  ple or alterna  ve proteoly  c enzymes, 
analogous to the fusion ac  va  on of the SARS-CoV S protein (13). The plas  city of the 
cleavage site also suggests that cleavage directly adjacent to the FP may not be an absolute 
requirement for fusion. 
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In search for the cleavage site, we applied broad spectrum protease inhibitors to 
iden  fy corresponding (classes of) proteases. Tes  ng protease inhibitors in SARS-CoV 
entry highlighted involvement of cathepsin L and eventually led to the identification of the 
cathepsin L cleavage site in the S protein (15, 17). In contrast to SARS-CoV, the protease 
inhibitors leupep  n, E64d and specifi c cathepsin L/B inhibitors failed to block MHV-A59 
infec  on (6, 14).  We observed no eff ect on the proteoly  c processing of MHV S proteins 
for broad range protease inhibitors targe  ng cysteine, aspartyl, serine, thiol and metallo 
proteases. We conclude that heterogeneity of the S2* subunit, our failure to knock-out 
the S2’ cleavage site by muta  on and the insensi  vity of MHV towards individual protease 
inhibitors are all consequences of redundant proteases and/or mul  ple cleavage sites 
that mediate MHV S-protein priming. However, a given protease inhibitor may not block 
all individual proteases of a specifi c class and our inhibitor panel was lacking threonine 
protease inhibitors and aminopep  dases inhibitors that poten  ally prime the S protein 
(44). Plas  city in cleavage is further supported by the similarity of S-protein processing in 
various cell lines and may confer fl exibility to the virus in infec  ng diff erent  ssues (45). 
Alterna  vely, heterogeneous S2* fragment could be explained in analogy to fi lovirus 
fusion protein processing which requires gradual trimming by low pH ac  vated endosomal 
proteases to reach fusion competence (46). However, we do not observe an enrichment 
of a par  cular S2* species over  me and lysosomotropic agents did not prevent cleavage. 
Nevertheless, MHV S-protein priming is a dis  nct event that is  med a  er virus a  achment 
and before lysosomal degrada  on. Binding to cells alone (Fig. 3A,  me course) or incuba  on 
of virus prepara  ons with cell lysates (data not shown) was not suffi  cient to trigger the 
cleavage event. On the other hand, the applica  on of lysosomotropic agents, which can 
prevent endosome matura  on at higher concentra  ons, prevented the S protein signal from 
declining over  me. The quan  fi ca  on of the diff erent S forms a  er 90 min of inocula  on in 
the absence or presence of NH4Cl indicated that this lysosomal degrada  on equally aff ects 
all forms of S, but did not block cleavage into the S2* subunit. Hence, the S2* fragment is 
not the product of an unspecifi c lysosomal degrada  on processes, but is cleaved by cellular 
proteases that are ac  ve prior to fusion and before degrada  on in the lysosomal system. 

All class I viral fusion proteins have to minimally meet two requirements to accomplish 
fusion: proteoly  c priming and triggering of membrane fusion. Priming by cleavage is a 
common matura  on step to bring fusion proteins into the fusion-ready, metastable form 
(1, 2). Our data suggest that the S2* subunit represents primed MHV-A59 S protein and 
indicate, in combina  on with other observa  ons, that many if not all CoV fusion proteins 
need cleavage to achieve the fusion-ready form (6, 8, 20, 39). In contrast to many typical 
class I fusion proteins, priming of S proteins does not occur in the producer cell; cleavage in 
the target cell provides an extra level of spa  al and temporal control of virus fusion. Thus, 
MHV receptor-induced conforma  onal changes are ini  ated at the target cell exposing a 
proteoly  c cleavage site (19, 38, 47). SARS CoV S proteins require a fi rst cleavage to facilitate 
a consecu  ve cleavage that then renders the S-protein fusion competent (36). Nevertheless, 
an addi  onal trigger of unknown nature is probably necessary to ini  ate the membrane 
fusion, since we could block virus-cell fusion - using lysosomotropic agents - but not 
S-protein cleavage. Low pH in the endolysosomal compartment may itself be a trigger but 
may as well be necessary for priming by low pH-ac  vated proteases (14, 48, 49). Triggers of 
an alterna  ve nature seem, however, more likely because the infec  on of some CoV can be 
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bypassed using recombinant proteases without pH decrease, whereas syncy  a forma  on 
typically occurs at neutral pH (6, 20, 22, 39, 40). In summary, the priming of S proteins 
plays a pivotal role in the temporal and spa  al regula  on of CoV entry. With the condi  onal 
bio  nyla  on assay described here, the priming events that occur a  er receptor binding and 
depend on cellular proteases can be characterized in detail.
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 Abstract

Cell entry of enveloped viruses requires a membrane fusion event that is catalyzed by 
highly specialized surface glycoproteins. Class I viral fusion proteins can be primed for 
fusion by proteolysis that releases the fusion protein into a fusion-competent, metastable 
conforma  on. In chapter 2, we demonstrate that the spike (S) fusion protein of the 
coronavirus mouse hepa   s virus (MHV; strain A59) is indeed proteoly  cally processed 
at the stage of virus entry. However, the priming protease remained unknown; hence we 
aimed to iden  fy proteases that are required for MHV S protein priming using diff erent 
approaches. Based on candidates obtained by a large primary small interfering RNA (siRNA) 
screen, we inves  gate the role of human elastase 2B, a poten  al priming protease, and 
SERPINA1, a natural inhibitor of serine proteases, in MHV infec  on by small interfering RNA 
mediated knockdown and overexpression of the genes. Moreover, broad spectrum protease 
inhibitors were tested for their ability to block MHV infec  on. Serine protease inhibitors 
reduced MHV infec  on, but by using retrovirus-based pseudo-par  cles bearing diff erent 
fusion proteins, a specifi c eff ect of these inhibitors on MHV S protein mediated entry was 
not observed. At last, we could not iden  fy a protease that proteoly  cally ac  vates the 
MHV S protein. Protease requirements for MHV entry remain unclear, may be due to a 
variable protease cleavage sites or redundancy in ac  va  ng proteases.
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Introduc  on

Virus-cell membrane fusion is essen  al for enveloped virus infec  on and is catalyzed by 
specialized viral glycoproteins. The fusion proteins can be divided into classes according to 
structural and func  onal features. Class I fusion proteins typically pass three checkpoints to 
accomplish membrane fusion: priming, receptor binding, and triggering. This  ght control 
of the fusion protein ac  vity at mul  ple levels ensures virus-cell fusion at the appropriate 
 me with the proper membrane of the target cell suppor  ng produc  ve infec  on. The 

priming stage is characterized by proteoly  c cleavage of the fusion protein that separates 
an N-terminal subunit with receptor binding func  on from a C-terminal membrane-
anchored subunit carrying the fusion machinery. Cleavage generates a fusion subunit with a 
hydrophobic sequence close to the Nterminus, which serves as a fusion pep  de. Priming of 
the premature fusion protein is required to create a fusion-ready, metastable conforma  on. 
Structural and mechanis  c details have been best characterized for the infl uenza virus 
hemagglu  nin and human immunodefi ciency virus Env fusion proteins that are primed for 
fusion by furin-like enzymes before release of progeny virus from producer cells (1, 2).

Growing evidence demonstrates that proteolysis is also required for the func  oning 
of the class I spike (S) fusion protein of coronaviruses (CoVs) (reviewed in (3)). Instead of 
priming during virus exit, cleavage of S proteins can also occur in the extracellular milieu or 
a  er binding to the target cells. Ac  vity of proteases – some  mes of a specifi c type – can 
determine the suscep  bility of cultured cells to CoV (Chapter 5, (4-7). Entry of severe acute 
respiratory syndrome CoV (SARS-CoV) and the natural mouse hepa   s virus isolate strain 2 
(MHV-2) can be blocked by protease inhibitors. These inhibitor studies helped to iden  fy 
proteases and subsequent studies illuminated mechanis  c details of proteoly  c ac  va  on 
(8, 9). The SARSCoV S protein is sequen  ally cleaved at mul  ple posi  ons to acquire fusion 
competence (10), whereas MHV-2 S protein undergoes receptor-induced conforma  onal 
rearrangements that are necessary to expose the proteoly  c cleavage site (11). However, 
requirements for proteolysis and priming of other coronaviruses like the human coronavirus 
NL63 and the laboratory isolated, prototype MHV strain A59 (MHVA59) remain elusive (9, 
12, 13). MHV-A59 S protein can be cleaved in the producer cell at a furin cleavage site (FCS) 
that separates the receptor binding domain (S1) from the subunit comprising the fusion 
machinery (S2) (14). However, cleavage at the S1/S2 junc  on is dispensable for virus 
viability, as disabling of the FCS by muta  on and produc  on of viruses in presence of furin 
inhibitors did not abolish infec  vity (15-17). Nevertheless, proteoly  c priming of fusion 
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screen. An siRNA-based screen for MHV host factors 
was performed on HeLa cells. siRNAs targeting the 
serine protease elastase 2B (Ela2B) and serine protease 
inhibitor clade A (SERPINA1) genes were amongst the 
top hits and had opposite effects on MHV infection. 
Knockdown of the related genes Ela2A and SERPINA3 
had no effect. Data provided by: M.H. Verheije, C.A.M. 
de Haan, L. Pelkmans, Institute for Molecular Systems 
Biology, ETH, Zürich, Switzerland.
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proteins is a requirement for the func  on of class I fusion proteins. This probably holds true 
for coronavirus S proteins as well. Un  l today, the ac  va  ng proteases for MHV-A59 were 
not yet iden  fi ed.

To iden  fy essen  al host factors in MHV infec  on, a microscopy-based high-throughput 
RNA interference (RNAi) screen targe  ng the druggable genome has been performed in HeLa 
cells (data kindly provided by Hélène Verheije; experiments done in collabora  on with Lucas 
Pelkmans, ETH Zürich, Switzerland). In search for proteolysis related genes, data analysis 
yielded two candidates: human chymotrypsin-like serine protease elastase 2B (Ela2B, gene 
symbol CELA2B) and human serine proteinase inhibitor clade A (SERPINA1). Knockdown 
of Ela2B reduced MHV infec  on by 16-fold with two (out of three) small interfering RNAs 
(siRNA) (Figure 1). In vivo, this enzyme is predominantly expressed by the pancreas and 
secreted into the gastro-intes  nal tract (18). Human Ela2B shares 90% sequence homology 
with human elastase2A (Ela2A, gene symbol CELA2A), whereas other species like mice 
contain only a single elastase 2 gene. On the other hand, knockdown of SERPINA1 – an 
irreversible inhibitor of several serine proteases – did raise MHV infec  on by 10fold with 
all three siRNAs tested (Figure 1). Inhibitor alpha-an  trypsin SERPINA1 is found in blood 
plasma and deregulated SERPINA1 expression has been associated with obesity and cancer 
(19, 20).

Intriguingly, SERPINA1 is a poten  al inhibitor of elastases (reviewed in (21)), which 
corresponds to the opposite phenotype on infec  on found a  er siRNA knockdown. This 
indicates that SERPINA1 and Ela2B expression may be inversely linked to MHV infec  on. 
Moreover, the poten  al of elastase to ac  vate coronavirus S proteins has been demonstrated 
by the proteoly  c ac  va  on of the SARS-CoV S protein at mul  ple posi  ons by bacterial 
elastase (22). We hypothesized that Ela2B ac  vates MHV-A59 S protein by proteoly  c 
processing, whereas SERPINA1 acts as inhibitor of Ela2B ac  vity in cultured cells.

In this study, we aimed to characterize the cellular protease that ac  vates MHV-A59 S 
protein and renders it fusion-competent. Following the lead from the siRNA screen, we 
studied the impact of Ela2B and SERPINA1 on MHV infec  on. In an a  empt to reproduce 
the Ela2B and SERPINA1 knockdown phenotype on MHV infec  on a valida  on siRNA 
mediated knockdown of the genes was performed. In parallel, we assessed MHV infec  on 
of target cells that overexpressed Ela2B and SERPINA1 to directly characterize their role and 
complement the valida  on siRNA experiment. In addi  on, an unbiased approach was taken 
to characterize the ac  va  ng protease for MHV S protein. We tested the eff ects of a variety 
of protease inhibitors on MHV infec  on and used pseudotyped retrovirus-based pseudo-
par  cles to control the specifi city of the inhibitors.

Material and Methods

Cells and viruses 
HEK-293T, HeLa-TDS (high-throughput Technology Development Studio, MPI Dresden, 

Germany), and murine LR7 cells (23) were maintained in Dulbecco modifi ed Eagle medium 
(DMEM, Lonza BE12-741F) supplemented with 10% fetal bovine serum (FBS) and penicillin 
and streptomycin (100 units/ml and 100 μg/ml, respec  vely, Life Technologies). Recombinant 
HEK-293T and HeLa cell lines expressing the MHV receptor murine carcinoembryonic 
an  gen-related cell adhesion molecule 1a (CCM) have been described earlier (24). HEKCCM, 
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HeLaCCM and LR7 and were maintained in culture medium supplemented with G418 (PAA). 
MHV (strain A59) and recombinant MHV variants were propagated and  trated on LR7 cells 
in culture medium. The recombinant MHV-A59 deriva  ve MHV-2aFLS carries fi refl y luciferase 
gene between ORF 2a and the S gene (25). In MHV-2aFLSrec the S gene is subs  tuted by the 
S gene of virus MHV/BHK (26) in the isogenic background of MHV-2aFLS. MHV-ERLM carries 
the Renilla luciferase gene between the E and M genes (27). 

Small interfering RNA-mediated knockdown experiments 
Small interfering RNA (siRNA) oligonucleo  de sequences, target genes and manufacturer 

are reported in Table 1. HeLa or HeLaCCM cells were seeded in 96-well clusters. 24 h a  er 
seeding, cells were transfected with 10 nM siRNA oligos using oligofectamine (Invitrogen) 
according to manufacturer’s protocol. Four hours post transfec  on, supernatant was 
supplied with 50 μl DMEM + 30% FBS + penicillin and streptomycin (300 units /ml and 300 μg 
/ml, respec  vely). Per experiment, siRNA transfec  on was performed in triplicates and the 
control siRNA targe  ng kinesin family member 11 (Eg5), fi refl y luciferase (Luc), Scrambled, 
green fl uorescent protein (GFP), ADP-Ribosyla  on Factor 1 (Arf1), as well as condi  ons 
without siRNA (complex) and untreated (mock) were included on every plate.  At 64 h 
a  er transfec  on, cells were inoculated with MHV-2aFLSrec at a mul  plicity of infec  on 
(MOI) corresponding to 10 to 20% infec  on on mock treated cells as predetermined by 
immunoperoxidase staining of infected cells using a polyclonal rabbit an   MHV serum (K135) 
in combina  on with an horseradish peroxidase  conjugated an  -rabbit immunoglobulin G 
and visualized with AEC substrate kit (Vector Laboratories). A  er 6 h 30 min incuba  on, the 
supernatant was exchanged for Wst1 (Roche) in culture medium to determine cell number 
and viability according to the manufacturer’s protocol. Finally, cells were lysed using 40 μl 
cell culture lysis reagent (Promega, E1531). Luciferase expression was determined in 10 
μl lysate using a luminescence plate reader (Berthold Centro LB 960) with the luciferase 
assay system (Promega, E152A). Luciferase counts were corrected for the cell number and 
viability as determined by the Wst1 assay. Individual siRNA were marked with asterisks if 
the knockdown resulted in a pvalue p<0.05 compared to Scr siRNA according to Dunne  ’s 
sta  s  cal test that compares mul  ple samples to a single control, whereas the error variance 
is based on the pool of all measurements. 

Expression plasmids 
To generate pCAGGS-Ela2BST, pCAGGS-Ela2AST, pCAGGS-SERPINA1ST, and pCAGGS-

SERPINA3ST, the open reading frames of Elastase2A (Gene Bank Accession No. BC069331), 
Elastase2B (BC069412), SERPINA1 (BC015642), and SERPINA3 (BC010530) were PCR-
amplifi ed from commercially available cDNA (Openbiosystems) and cloned into pCAGGS 
expression plasmids with a C-terminal sequence encoding three consecu  ve Strep tag II 
(NWSHPQFEK). The human codon op  mized gene encoding Bio  n Protein Ligase (BirA) with 
an N-terminal HA- and FLAG-tag (the pUM376-BirA PCR template was kindly provided by 
V. Ogryzko) was cloned into the pCAGGS vector (pCAGGS-hBirA, (28)). pCAGGS expression 
plasmid containing the MHV-A59 S gene (pCAGGS-MHV-S) was kindly provided by Stefan 
Pöhlmann (DPZ, Gö   ngen, Germany). Site directed mutagenesis was used to create pCAGGS-
MHV-S-FCS and MHV-S+FCS expression plasmids encoding MHV-S variants with arginine to 
serine subs  tu  on at posi  on 868 and a his  dine to arginine subs  tu  on at posi  on 867, 
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resul  ng in disrup  on or augmenta  on of the furin cleavage site, respec  vely (see table 2). 
All plasmids generated in this study were confi rmed by sequencing the open reading frame. 
To express the human transmembrane protease serine 2 (TMPRSS2) gene and the murine 
transmembrane protease serine 4 (TMPRSS4) gene, pCMV-SPORT6 expression plasmids were 
purchased from (Openbiosystems). The retroviral packaging construct pQCXIX containing 
eGFP (pQeGFP) gene and pCAGGS expression plasmid containing vesicular stroma   s virus 
glycoprotein (VSV-G) gene was kindly provided by H. Choe (from Harvard Medical School, 
Boston, USA). pCD5 plasmid encoding  hemagglu  nin of the pandemic H1N1 infl uenza virus 
with a C-terminally appended GCN4 trimeriza  on mo  f and Strep tag I (sHA-ST) have been 
described before (29).

Virus infec  on 
HeLa-CCM or LR7 cells were inoculated at an MOI of 0.1 with MHV-2aFLS or MHV-ERLM 

(Figure 3C, Figure 4); alterna  vely, HeLa cells were inoculated with MHV-2aFLSrec (Figure 
3B) at an MOI of 0.1. To express proteases and protease inhibitors (SERPINA), target cells 
were transiently transfected with expression plasmids using JetPrime according to the 
manufacturer’s protocol. A  er 20 h, cells were dispensed into 96-well clusters. At 48 h post 
transfec  on, the inoculum was then added without removing the cell culture supernatant 
(Figure 3). At 3 to 5 h post infec  on, all MHV infec  ons were supplemented with pep  dic 
fusion inhibitor HR2 (5 μM) to prevent cell-cell fusion events. A  er 6.5 to 8 h, virus infec  on 
was quan  fi ed by determining luciferase expression. Therefore, cells were lysed using 40 
μl cell culture lysis reagent (Promega, E1531). Luciferase expression was determined by a 
luciferase assay using 10 μl lysate with the luciferase assay system (Promega, E152A) in a 
luminescence plate reader (Berthold Centro LB 960). 

Inhibitors of MHV infec  on 
The eff ect of various compounds on MHV infec  on was tested. Cells were pretreated 

for 30 min at 37°C followed by inocula  on in the presence of individual compounds. The 
following protease inhibitors were used at their highest and lowest recommended working 
range concentra  on according to Sigma’s protease inhibitor technical bulle  n INHIB1 (fi nal 
concentra  on): Pepsta  n A (1.5 or 0.7 μM, Sigma, P5318), E64d (10 or 1 μM, Sigma, E8640), 
phosphoramidon (10 or 1 μM, Sigma, R7385), and AEBSF (1 or 0.1 mM, Sigma, A8456). 
Complete Protease Inhibitor Cocktail was toxic to cells at a concentra  on recommended by 
the manufacturer to block proteoly  c ac  vity in cell extracts. Therefore, we used Complete 
Protease Inhibitor Cocktail at lower concentra  ons (Roche 11836153001, dilu  ons are 
indicated in fi gures). To block infec  on, pep  dic fusion inhibitor HR2 (25 μM) or the 
lysosomotropic agent ammonium chloride (20 or 30 mM NH4Cl, Merck, Darmstadt) was 
added.

Cell viability assay 
Eight hours a  er applica  on of HR2 pep  de (25 μM), AEBSF (10 - 100 μM), NH4Cl (30 

mM) or Complete Protease Inhibitor Cocktail (0.5x – 0.08x concentrated) to the cell culture 
supernatant of HEK293T or LR7 cells, we performed a Wst1 (Roche) cell viability assay 
according to the manufacturer’s protocol. Viable cells convert the Wst1 substrate into a 
colorimetric product that was measured by an ELISA reader (EL-808, BioTEK) at 450 nm.
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Table 1. siRNA target sequences. 

Name (alias) Target gene ; accession number Mfr Catalog number Target sequence (5’-3’)

Eg5 Kinesin Family Member 11; 
NM_004523

Am AM4639 unknown

Luc Firefl y Luciferase; X65324 Am AM4629 unknown

Scr - non-targe  ng Am AM4635 unknown

Arf1 ADP-Ribosyla  on Factor 1; 
NM_001658

Dh M-011580-00 unknown

GFP green fl uorescent protein; U55761 Am AM4626 unknown

Ela2A1 Elastase 2A; NM_033440 TS D-008368-18 GUGAAAACCAGUAUGAUCU

Ela2A2 Elastase 2A; NM_033440 TS D-008368-19 AAUUACAUCGACUGGAUCA

Ela2A3 Elastase 2A; NM_033440 TS D-008368-20 CAUCGUCAGCUUCGGGUCU

Ela2A4 Elastase 2A; NM_033440 TS D-008368-21 CCACAAGCCCUCCGUCUUC

Ela2A/B1 Elastase 2A & B; NM_033440 & 
NM_015849

TS D-008368-01 CUAAGAUUGUGGUGCACAA

Ela2A/B1 Elastase 2A & B; NM_033440 & 
NM_015849

TS D-008368-02 GGGGAAGGCUGCAGACCAA

Ela2A/B1 Elastase 2A & B; NM_033440 & 
NM_015849

TS D-008368-03 GCUCCAAUGGCAAGUGGUA

Ela2B1 Elastase 2B; NM_015849 TS D-005862-02 UCACGCGGGUCUCCAACUA

Ela2B2 Elastase 2B; NM_015849 TS D-005862-03 GCAGCACCGUGAAGACGAA

Ela2B3 Elastase 2B; NM_015849 TS D-005862-05 CAACGGGGCUCUCCCUGAU

Ela2B4* Elastase 2B; NM_015849 Qia Hs_ELA2B_1 CACCGTGAAGACGAATATGAT

Ela2B5* Elastase 2B; NM_015849 Qia Hs_ELA2B_3 CAGCATAACCTCTACGTTGCA

SERPINA11 Serpin Pep  dase Inhibitor, Clade A, 
Member 1; NM_001127707

TS D-008847-01 AGAAACAGAUCAACGAUUA

SERPINA12 Serpin Pep  dase Inhibitor, Clade A, 
Member 1; NM_001127707

TS D-008847-02 GAGCAUCGCUACAGCCUUU

SERPINA13 Serpin Pep  dase Inhibitor, Clade A, 
Member 1; NM_001127707

TS D-008847-03 GCCUGAAGCUAGUGGAUAA

SERPINA14* Serpin Pep  dase Inhibitor, Clade A, 
Member 1; NM_001127707

Qia Hs_SERPINA1_6 CACCCACGATATCATCACCAA

SERPINA15 Serpin Pep  dase Inhibitor, Clade A, 
Member 1; NM_001127707

Qia Hs_SERPINA1_7 CCCGAGGTCAAGTTCAACAAA

SERPINA31 Serpin Pep  dase Inhibitor, Clade A, 
Member 3; NM_001085

TS D-009576-01 CUAAGAAGCUCAUCAACGA

SERPINA32 Serpin Pep  dase Inhibitor, Clade A, 
Member 3; NM_001085

TS D-009576-02 CAAGGACCAUUGUGCGUUU

SERPINA33 Serpin Pep  dase Inhibitor, Clade A, 
Member 3; NM_001085

TS D-009576-03 CCAAGAUACUCAUCAGUCA

Specific siRNAs and control siRNAs were purchased from various manufacturers (Mfr). Am = Ambion, TS = Thermo 
Scientific, Qia = Qiuagen, Dh = Dharmacon. Asterisks indicate siRNAs which were used in the primary siRNA screen.
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Retroviral pseudo-par  cles carrying virus fusion proteins 
Moloney murine leukemia virus (MLV)-based pseudo-par  cles were pseudotyped with 

MHV-S, MHV SFCS, MHVS+FCS, VSVG, or without a fusion protein (MLV-S, MLVS-FCS, MLVS+FCS, 
MLV-G, MLV-null, respec  vely). Pseudo-par  cles were produced by cotransfec  ng HEK-
293T cells with the MLV packaging construct encoding the MLV gag-pol polyprotein (kindly 
provided by H.Choe, Harvard Medical School, Boston, USA), an MLV-based transfer vector 
encoding fi refl y luciferase (pQCXIN-FL), and the expression plasmid for MHV-S, MLVSFCS, 
MLVS+FCS, VSV-G, or pCAGGS vector. The pQCXIN-FL transfer vector was constructed by 
cloning the PCR-amplifi ed fi refl y luciferase gene into the mul  ple cloning site of the pQCXIN 
vector (Clontech). Transfec  on was performed using JetPrime according to manufacturer’s 
manual (Polyplus, 114-15) and 24 h later cell culture supernatant was replenished and 
incuba  on was con  nued at 31°C for 48 h. Pseudo-par  cle containing supernatants were 
fi ltered through 0.45 μm pore-size membranes and diluted 1:2 in culture medium before 
transduc  on. HEK293T or HEKCCM cells grown in 96-well clusters were inoculated with 
pseudo-par  cles supplemented with HR2 pep  de (16.6 μM), AEBSF (100 μM), or Complete 
Protease Inhibitor Cocktail (0.25x concentrated). At 24 h post transfec  on, luciferase 
expression was measured as described above.

Western Blot 
To confi rm the secre  on of Strep-tagged proteins from transfected HeLa cells, cell 

culture supernatants were sampled 70 h post transfec  on (50 h a  er redistribu  on into 
96-well clusters), supplemented with Laemmli buff er, and denatured at 95°C for 10 min 
(30). To confi rm incorpora  on of virus membrane fusion glycoproteins into the retrovirus-
based pseudo-par  cles, 2.5 ml of pseudo-par  cles containing cell culture supernatant was 
purifi ed and concentrated (factor 1:100 v/v) by sedimenta  on through a cushion of 20% 
sucrose in TN buff er (10 mM Tris, 100 mM NaCl, pH 7.2) at 115,000 x g for 1 h at 4°C. 
Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in a discon  nuous gel with 10% acryl amide in the separa  ng gel and subsequently 
transferred to a polyvinylidene fl uoride membrane (BioRad, 162 0176). Membranes were 
blocked with 2% FBS in PBS and 0.5% Tween-20 and then reacted with an  bodies and signals 
detected with Amersham ECL Western Blo   ng Analysis System (GE healthcare, RPN2109) 
using X-Omat LS fi lms (Kodak, Sigma F1149). For detec  on of Strep-tagged proteins a  er 
overexpression, a mouse monoclonal an  -Strep tag an  body (IBA, 2-1507-001) and an an  -
mouse immunoglobulin G conjugated horseradish peroxidase (Dako, P0161) was used. For 
detec  on of MHV S proteins incorporated into pseudo-par  cles, a polyclonal rabbit an   
MHV serum (K135) and an an  -rabbit immunoglobulin G conjugated horseradish peroxidase 
(Dako, P0217) was used.
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Results

Valida  on of RNAi-mediated elastase 2B and SERPINA1 knockdown phenotypes in MHV 
infec  on 

To evaluate the role of the secretory proteins Ela2B and SERPINA1 in MHV infec  on, an 
siRNA knockdown experiment was carried out similar to the earlier performed primary siRNA 
screen. We assessed the eff ects of alterna  ve siRNAs on MHV infec  on using a luciferase-
expressing recombinant MHV. HeLa or HeLa cells stably expressing the MHV receptor CCM 
were transfected with 10 nM siRNA oligos for 72 h prior to inocula  on with recombinant 
MHV (MOI = 0.1). As controls, cells were also transfected without siRNA (oligofect) or le   
untreated (mock) before inocula  on with MHV-2aFLSrec, a recombinant MHV-A59. This 
virus contains the MHV/BHK S gene, which conferrs an extended host range by enabling 
CCM independent infec  on via heparan sulfate. It also codes a fi refl y luciferase reporter 
gene (31). A similar virus with a GFP gene instead of the luciferase gene had been used 
in the primary siRNA screen together with the siRNA oligos against Ela2B4, Ela2B5, and 
SERPINA14 (Table 1). A  er 6.5 h incuba  on, cell viability was determined by a colorimetric 
assay using Wst-1. MHV infec  on was determined by measuring fi refl y luciferase expression 
in cell lysates. For individual siRNAs, at least 3 independent wells were analyzed per 
experiment and the complete valida  on experiment was performed fi ve  mes on HeLa cells 
and three  mes on HeLa-CCM cells. Knockdown of the mito  c motor protein Eg5 is lethal 
to cells and visual inspec  on of the cell layer confi rmed a killing eff ect on >90% cells upon 
Eg5 siRNA transfec  on for each experiment (32). Small GTPase Arf1 knockdown, a known 
host factor of MHV replica  on, signifi cantly reduced MHV infec  on to 30 to 40% (33)(Figure 
2). Introduc  on of siRNA targe  ng the fi refl y luciferase gene (Luc) diminished infec  on of 
HeLa cells to about 20% and reduced infec  on of HeLa-CCM cells to background levels. 
Compared to controls with non-targe  ng siRNA (GFP) or lacking siRNA (oligofect and mock), 
transfec  on of unspecifi c siRNA (Scr) slightly reduced MHV infec  on. Four siRNAs targe  ng 
Ela2A, fi ve siRNAs against Ela2B, three siRNAs with a dual specifi city for Ela2A and 2B, as well 
as fi ve siRNAs against SERPINA1 and three against SERPINA3 were tested. We considered it 
an acceptable reproducibility if more than 50% of the individual siRNAs against a single gene 
were signifi cantly aff ec  ng MHV infec  on in a similar fashion. 

In HeLa cells, out of fi ve siRNAs against Ela2B, siRNAs #1 and #3 diminished MHV infec  on 
while the Ela2B #5 oligo had the opposite eff ect (Figure 2, le   panel). Also knockdown with 
bispecifi c Ela2A/B #2 and #3 oligos increased MHV infec  on, hampering the interpreta  on 
of the result for Ela2B. Knockdown of other genes in HeLa cells had no signifi cant eff ect for 
the majority of siRNAs tested and contradic  ng phenotypes by individual siRNAs against the 
same target gene were observed.

In HeLa-CCM cells only SERPINA1 knockdown showed reproducible reduc  on of MHV 
infec  on (Figure 2, right panel). However, SERPINA1 knockdown enhanced virus infec  on in 
the primary screen. Knockdown of other genes had no signifi cant eff ect for the majority of 
siRNAs tested. Contradic  ng phenotypes by individual siRNAs against the same target gene 
were observed for SERPINs and when using bispecifi c Ela2A/B oligos. The siRNA valida  on 
screen gave a similar result if HeLaCCM cells were inoculated with recombinant MHV carrying 
the normal S protein of MHV-A59 (data not shown) or if the period of siRNA knockdown 
was reduced to 48 h (data not shown). In summary, the results of our valida  on screen 
did not reproduce the hits from the primary screen. The tested siRNAs o  en showed only 
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Fig. 2 Effects of siRNAs targeting the serine proteases elastase 2A and 2B (Ela2A, Ela2B) and serine protease 
inhibitor clade A SERPINA1 and SERPINA3 genes on MHV infection. Transfection with individual siRNA (details in 
Table 1), mock transfection (oligofect) or no treatment (mock) of HeLa or HeLa-CCM cells was performed for each 
experiment in triplicate. Candidate genes were targeted by at least three unique siRNA. After 72 h, cells were 
inoculated with MHV-2aFLSrec and the cell viability was determined at 6.5 h post infection (p.i.) by Wst1 reagent. 
At 7 h p.i. MHV replication was determined by measuring luciferase activity in cell lysates. Luciferase counts were 
reduced by cellular background, corrected for cell viability and normalized to non-targeting scrambled control 
siRNA (Scr). Boxes with whiskers showing the 95% confidence interval are plotted and samples with p-value <0.05 
compared to Scr control according to Dunnett’s statistical test are marked with asterisks. The bispecific siRNA 
Ela2A/B(1-3) target the Ela2A and Ela2B gene. Experiment was repeated five times on HeLa and three times on 
HeLa-CCM cells.
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insignifi cant eff ects on MHV infec  on if compared to the untreated control. Furthermore, 
the eff ect amongst siRNAs targe  ng the same gene was inconsistent.

To confi rm the specifi c knockdown of Ela2A/B mRNA a  er siRNA transfec  on, we 
performed semiquan  ta  ve real-  me PCR (qRT-PCR). First, cellular RNA was purifi ed and 
mRNA was either reverse-transcribed before qRT-PCR with oligo(dT) primers (two-step 
protocol) or a one-step qRT-PCR protocol was used that contains a cDNA synthesis step. 
Real-  me PCR kits were based on non-specifi c fl uorochromes for detec  on (Sybr Green) 
and successfully detected the housekeeping genes human glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH, high expression) and human hydroxymethyl-bilane synthase 
(HMBS, low expression (34)) in human HeLa cells and murine LR7 cells (data not shown). 
However, we failed to detect endogenous levels of Ela2A and Ela2B mRNA (data not 
shown). As a posi  ve control for the qRT-PCR assay, the full length Ela2A and 2B genes 
with a C-terminal Strep-Tag were cloned into eukaryo  c expression vectors. A  er transient 
expression of Ela2A/B genes in HeLa cells, mRNA was successfully detected by qRT-PCR.

Overexpression of puta  ve entry eff ectors 
Parallel to the siRNA knockdown, we followed a complementary approach to assess the 

role of Ela2A/B or SERPINA1/A3 in MHV entry. We hypothesized that if the Ela2B protease 
ac  vates MHV S protein, its transient expression in target cells may have an enhancing 
eff ect on MHV infec  on whereas SERPIN overexpression may diminish MHV infec  on. In 
addi  on, since SARS-CoV has been shown to be ac  vated by transmembrane protease 
serine 2 (TMPRSS2), we also tested the eff ect of TMPRSS2 overexpression for enhancement 
of MHV infec  on (35). Genes encoding Ela2A, Ela2B, SERPINA1, and SERPINA3, each 
provided with a C-terminal Strep tag II encoding sequence (Ela2BST, Ela2AST, SERPINA1ST, 
and SERPINA3ST), as well as genes encoding human TMPRSS2 and murine transmembrane 
protease serine 4 (TMPRSS4), or the control genes encoding bio  n protein ligase (BirA), 
GFP, or a Strep-tagged, soluble infl uenza virus hemagglu  nin (sHAST) were cloned into 
eukaryo  c expression vectors and transiently transfected into HeLa or HeLaCCM cells. 
Approximately 30% of cells became transfected as judged by the percentage of GFP-posi  ve 
cells a  er transfec  on with a GFP-encoding plasmid. To confi rm the expression of proteins, 
cell culture supernatants were analyzed by western blot using a mouse monoclonal an  -
Strep tag an  body. The expression and secre  on of Ela2BST (calculated MW = 34 kDa), 
Ela2AST (34 kDa), SERPINA1ST (52 kDa), and SERPINA3ST (53 kDa) were confi rmed (Figure 
3A). Also sHAST was detected in the supernatant, whereas we observed no background 
bands in culture supernatants of BirA and GFP gene transfected cells. Next, transfected 
HeLa-CCM and HeLa cells were inoculated with recombinant CCM-dependent MHV-2aFLS 
or CCM-independent MHV2aFLSrec, respec  vely, by adding the inoculum without removing 
the cell culture supernatants containing the secretory proteins. Three hours post infec  on 
(p.i.) the inoculum was replaced by fresh culture medium supplemented with 5 μM HR2 
pep  de – a potent inhibitor of MHV fusion – to prevent further infec  on and syncy  a 
forma  on. Incuba  on was con  nued un  l 6.5 h p.i. before MHV infec  on was determined 
by measuring intracellular luciferase expression. HeLa and HeLa-CCM cells infected with 
MHV2aFLSrec and MHV-2aFLS, respec  vely, showed a clear increase in luciferase expression 
(Figure 3B and 3C, respec  vely). However, expression of recombinant proteases or protease 
inhibitor proteins had no eff ect on MHV infec  on in comparison to BirA expressing control 
cells.
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Protease inhibitor sensi  vity of MHV infec  on 
Although we could not confi rm a role of elastase in MHV infec  on, a proteoly  c cleavage 

event is generally thought to be required for coronavirus entry. Therefore, we aimed to 
iden  fy the class of proteases which is responsible for MHV S protein ac  va  on by tes  ng 
MHV entry for suscep  bility to broad spectrum protease inhibitors. One hour prior to 
inocula  on with MHV-2aFLS (MOI = 0.1), LR7 cells were pretreated with lysosomotropic 
ammonium chloride (NH4Cl), the cysteine protease inhibitor E64d, the metalloprotease 
inhibitor phosphoramidon, the aspartyl protease inhibitor pepsta  n A, or the serine 
protease inhibitor AEBSF at the maximum and minimum concentra  on recommended 
for use in cell culture by the manufacturer (Sigma INHIB1). Inocula  on was performed in 
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Fig. 3 Effect of overexpression of proteases and SERPIN protease inhibitors on MHV infection. 
(A) Strep-tagged (ST) Ela2A-ST, Ela2B-ST, SERPINA1-ST, SERPINA3-ST, and influenza virus hemagglutinin (sHA-ST), 
as well as non-tagged GFP and protein biotin ligase (BirA) were transiently expressed in HeLa cells. Cell culture 
supernatants were analyzed by western blot and stained with a monoclonal antibody against ST. 
(B) HeLa cells expressing Ela2B-ST, SERPINA1-ST, SERPINA3-ST, as well as non-tagged BirA, type II transmembrane 
serine proteases TMPRSS2 or TMPRSS4 were transiently expressed in HeLa cells or left untreated ( ). At 48 h after 
transfection, cells were inoculated with MHV-2aFLSrec for 6.5 h or left uninfected (mock inf) and MHV infection 
was determined by measuring luciferase activity in cell lysates. (C) Same as B but HeLa-CCM were inoculated with 
MHV-2aFLS.
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the presence of protease inhibitors. At 4 h p.i. HR2 pep  de (5 μM) was added to the cell 
culture supernatant to prevent cell-cell fusion. A  er 7 h, MHV infec  on was determined by 
measuring intracellular luciferase expression. A robust MHV infec  on was observed in the 
absence of protease inhibitors. Supplementa  on of NH4Cl, a known agent to inhibit MHV 
infec  on, reduced luciferase expression by >10-fold (Figure 4A). The protease inhibitors 
pepsta  n A, E64d, and phosphoramidon had no eff ect, but addi  on of AEBSF reduced MHV 
infec  on by approximately 500-fold at 1 mM and 0.1 mM concentra  ons.

Quan  fi ca  on of infec  on relies on expression of the luciferase reporter gene, but live 
cells as well as MHV replica  on are dependent on the func  on of proteases and may suff er 
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Fig. 4 Inhibition of MHV infection by protease inhibitors. (A) LR7 cells were pretreated with AEBSF, pepstatin A, 
E64d, phosphoramidon, or NH4Cl for 1 h or left untreated (mock treated). Cells were subsequently inoculated 
with MHV-2aFLS in the presence of compounds, or left uninfected (mock infected). At 7 h p.i. MHV infection was 
determined by measuring luciferase activity in cell lysates. (B) Cell culture supernatant was supplemented with 
AEBSF, NH4Cl, and an inhibitor cocktail or left untreated (100% infection) either from the start of inoculation 
until cell lysis (0 to 7 h), during inoculation (0 to 2 h), or during replication phase only (2 to 7 h). LR7 cells were 
inoculated with MHV-ERLM for 2 h before replenishing the medium. At 7 h p.i. MHV infection was determined by 
measuring luciferase activity in cell lysates and expressed as percent of untreated infection. (C) LR7 and HEK cells 
were incubated with AEBSF, an inhibitor cocktail, NH4Cl, peptidic MHV fusion inhibitor HR2 or left untreated. After 
8 h, cell viability was measured by Wst-1 assay according to the manufacturer’s protocol.
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from off  target eff ects by the inhibitors. To dis  nguish between eff ects on MHV entry versus 
replica  on, AEBSF, a commercially available broad spectrum protease inhibitor mixture 
(Roche complete mini) or NH4Cl were applied either over the en  re infec  on period (0 to7 h), 
during the entry (0 to 2 h) or the replica  on (2 to 7 h) phase of MHV infec  on. The inhibitor 
cocktail is meant for protease inhibi  on in cell lysates. It was toxic at 1x concentra  on and 
resulted in rounding up and detachment of cells, hence we used it at lower concentra  on. 
HeLa-CCM cells were inoculated with MHV-A59 carrying a Renilla luciferase (RL) reporter 
gene between the E and M gene (MHV-ERLM), infec  on was measured by a luciferase 
assay and presented rela  ve to mock treated samples. The inhibitor cocktail at 0.04x 
concentra  on reduced the infec  on when present during the entry phase or throughout 
the experiment (Figure 4B). It no eff ect was observed if added only during replica  on phase. 
The supplementa  on of AEBSF, NH4Cl and inhibitor cocktail at 0.2x concentra  on reduced 
infec  vity by more than 100-fold when treatment was done from the 0 to 7 h. 

It also inhibited MHV infec  on up to 10-fold when applied during replica  on only (2 to 7 h). 
However, the applica  on of inhibitors from 0 to 2 h p.i. decreased infec  on by over 10-fold, 
indica  ve of an eff ect of protease inhibitors on MHV entry. We note that one representa  ve 
experiment is depicted, but a similar outcome was observed for virus infec  ons at an MOI of 
0.5 or 0.02 as well as if infec  on was quan  fi ed a  er 10 h of infec  on. Moreover, the serine 
and thiol protease inhibitor leupep  n (100 μM) and the serine protease inhibitor camostat 
(1 mM) were tested, but they had no eff ect on MHV infec  on (data not shown).

Our experiments indicated that AEBSF and the inhibitor cocktail can block MHV entry, 
but also cause off -target eff ects or cytotoxicity. Although off -target eff ects are diffi  cult to 
iden  fy and measure, cell viability can be determined to assess a compound’s impact on 
the metabolic state of cells.  Colorimetric Wst1 reagent was used to quan  fy prolifera  on 
and viability of live LR7 or HEK-293T cells a  er 8 h of treatment with AEBSF, inhibitor 
cocktail, ammonium chloride or HR2 fusion inhibitor. LR7 cell viability was reduced in the 
presence of 100 μM AEBSF and 0.5x concentrated inhibitor cocktail, while lower inhibitor 
concentra  ons and HR2 pep  de had li  le or no eff ect, respec  vely (Figure 4C). In general 
HEK-293T cells were less aff ected by the compounds, but 0.5x concentrated inhibitor cocktail 
and ammonium chloride reduced the cell viability as well.

Protease inhibitors block fusion of pseudo-par  cles carrying MHV S or VSV G protein 
Virus entry can be addressed independently of coronavirus-specifi c replica  on by using 

Moloney murine leukemia virus (MLV)-based pseudo-par  cles. Entry of pseudo-par  cles 
depends on the fusion protein of choice that is incorporated into the retroviral envelope. 
A  er fusion, genomic integra  on of a retroviral transfer vector drives expression of a fi refl y 
luciferase reporter gene. Pseudo-par  cles were produced in HEK-293T cells and pseudotyped 
with the MHV S protein (MLV-S) or no fusion protein (MLV-Null). Full length MHV S protein 

Recombinant
S protein

Furin cleavage 
site

Furin
cleavage

RRAHR +/-
RRAHS -

MHV-S+FCS RRARR +
Minimal FCS RXXR +/-

MHV-S-FCS
MHV-S

Table 2. Site directed mutagenesis of the furin cleavage 
site (FCS) in MHV S protein. The genuine MHV S 
protein S1/S2 junction contains a minimal FCS, causing 
the cleavage of a proportion of S proteins that are 
incorporated into pseudo-particles. Expression plasmids 
were generated for S protein with single amino acid 
substitutions, resulting in a destroyed furin cleavage site 
(MHV-S-FCS) or a dual furin cleavage site (MHV-S+FCS).
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(S0) and S protein that was cleaved at the authen  c furin cleavage site (FCS) located at the S1/
S2 junc  on (S2) were detected in MLV-S prepara  ons. The FCS in the S protein was modifi ed 
by site directed mutagenesis of the S gene. Subs  tu  on of the arginine residue at the P1 
posi  on by serine destroys the FCS (Table 2) and results in en  rely uncleaved S proteins that 
can also be incorporated into MLV-SFCS. An S protein carrying a dual FCS (S+FCS), created by 
subs  tu  ng the his  dine at the P2 posi  on by an arginine, could not be incorporated into 
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Fig. 5 Studying virus fusion characteristics using pseudo-particles. A) Retrovirus based pseudo-particles (MLV-Null) 
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transduction of HEK-CCM or HEK cells. 24 h later, transduction efficacy was determined by measuring luciferase 
activity in cell lysates. (B) Pseudotyped MLV was pelleted through a 20% sucrose cushion and analyzed by western 
blot using monoclonal anti-MHV S protein antibody (10G). Position of the full-length S protein (S0) and S protein 
cleaved at the furin cleavage site (S2) are indicated. (C) HEK-CCM cells were transduced (mock treat.) with MLV-S, 
MLV-Null, and MLV pseudotyped with vesicular stromatitis virus G fusion protein (MLV G) or transduced in the 
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and AEBSF (100 μM). Transduction efficiency was determined as described for A and expressed relative to the 
mock treated control (set to 100%).
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pseudo-par  cles. Non-purifi ed pseudo-par  cle prepara  ons were used to transduce HEK-
293T cells or HEK-293T cells stably expressing the MHV receptor molecule (HEK-CCM (24)). 
Firefl y luciferase expression was allowed for 1 day before determining the transduc  on 
effi  ciency by measuring intracellular luciferase expression. MLV pseudotyped with MHV S 
proteins specifi cally transduced HEKCCM cells but not HEK-293T cells, whereas MLV-Null 
and MLVS+FCS, lacking fusion protein incorpora  on, failed to transduce HEK-CCM cells (Figure 
5A). Notably, average transduc  on mediated by S protein was approximately 100-fold or 
10-fold less effi  cient compared to transduc  on by MLV pseudotyped with VSV G protein 
(MLV-G) or SARSCoV S protein, respectively (data not shown). Supernatants containing 
pseudo-particles were harvested at day 4, concentrated by sedimentation through a 20% 
sucrose cushion and analyzed by western blotting using a mouse monoclonal anti-S2 (10G) 
antibody (36)(Figure 5B).

Since integra  on and expression of fi refl y luciferase is independent on the fusion 
protein, we can compare the eff ect of protease inhibitors on the MHV S protein versus 
vesicular stoma   s virus (VSV) G protein mediated pseudo-par  cle-cell fusion, the la  er 
being protease independent (2). Eff ects of AEBSF and protease inhibitor cocktail on the 
transduc  on effi  ciency of MLV-S and MLV pseudotyped with the VSV G protein (MLV-G) 
were compared. The applica  on of AEBSF and inhibitor cocktail equally reduced the 
transduc  on effi  ciency of MLVS and MLV-G to approximately 50% (Figure 5C). In contrast, 
the MHV inhibitor HR2 selec  vely blocks transduc  on of MLVS but not MLVG. In summary, 
no specifi c eff ect of AEBSF and the inhibitor cocktail on MLV transduc  on mediated by the 
MHV S protein was observed. 

Discussion

The details of func  onal ac  va  on of MHV S protein have remained elusive, but 
are believed to depend on proteases of the target cell by analogy to S proteins of other 
coronaviruses. We studied whether the chymotrypsin-like serine protease elastase 2B 
(Ela2B) and serine proteinase inhibitor clade A (SERPINA1), two candidate genes iden  fi ed 
in a primary siRNA-based screen for MHV host factors, play a role in MHV-A59 S protein 
ac  va  on. We aimed to reproduce and rescue their siRNA knockdown phenotype on MHV 
infec  on. In addi  on to the siRNAs used in the primary screen, we ordered siRNA’s from 
alterna  ve suppliers. They were chosen to individually target diff erent mRNA regions in 
the genes to avoid systema  c misinterpreta  on of the results due to siRNA design, siRNA 
prepara  ons and off -targe  ng (37). A number of individual siRNA knockdowns showed a 
signifi cant eff ect on MHV infec  on, but the phenotype was either not consistent amongst 
mul  ple siRNAs targe  ng the same gene and/or less than half of the tested siRNAs targe  ng 
the same gene resulted in a phenotype. Hence, we could not draw a thorough conclusion 
from the valida  on screen and could not reproduce the primary screen results. Notably, 
the control siRNAs targe  ng luciferase, Arf1, and Eg5 did show the an  cipated phenotypes 
and verifi ed that setup and execu  on of the assay were suited to verify siRNA hits. For 
example, Arf1 knockdown is known to diminish MHV infec  on and we could reproduce 
that phenotype in our screen (33). We were unable to detect endogenous mRNA levels 
of Ela2A/B in HeLa cells. Since the same HeLa cell clone was used in the primary screen, 
the Ela2B and SERPINA1 knock down phenotypes for MHV infected cells are most likely 
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false posi  ve hits. Indeed, low levels of Ela2A/B mRNA in HeLa cells were only detected in 
approximately 1/3 of the microarray data deposited at gene expression omnibus (h  p://
www.ncbi.nlm.nih.gov/geo/) and Ela2A/B are not amongst the expressed sequence tags for 
humans in the MEROPS database (38). The Human Protein Atlas does not report expression 
of Ela2A, Ela2B, SERPINA1 or SERPINA3 in HeLa cells based on the lack of mRNA transcript 
(39). In contrast to neutrophil elastase (gene symbol ELANE, formally ELA2), Ela2A/B are 
mainly expressed in pancrea  c  ssue (18, 39). 

The discrepancy between the results of the primary screen and the present study may 
be mul  factorial. RNAi is a technically challenging method and small varia  ons in the 
experimental procedure, type of readout, quality of compounds and varia  ons in biological 
material can alter results. To compensate, a large number of measurements is required. 
This paragraph will exemplify some aspects with respect to our study and the development 
of RNAi technology at large. The primary large-scale MHV screen was examined by 
automated image acquisi  on and single cell analysis. Infec  on was scored by measuring 
GFP fl uorescence intensi  es using a threshold above which a cell was counted as infected. 
In contrast, the luciferase assay used for valida  on was based on a cell popula  on-based 
readout. Hence, the luciferase assay is independent from the subcellular distribu  on of 
luciferase and siRNA knockdown s  mulated changes are easier to detect in a cell popula  on 
(40). Like all ‘omics’ approaches, large scale siRNA screens also have an inherent rate of false-
nega  ve and false-posi  ve results (41). For example, three genome-wide siRNA screens for 
HIV host factors iden  fi ed only 3 to 6% overlapping genes (42). The development of RNAi 
techniques ini  ally focused on the op  miza  on of siRNA libraries to reduce off -target eff ects 
and on technical automa  on in screening facili  es (43). Today, the fi eld has advanced and 
computa  onal data analysis, data integra  on and high-content screening make the tools 
even more powerful which has led to many successful discoveries (44). New technology can 
correct for false results, making recent studies more accurate, but it may cause varia  on 
to previous outcomes. The primary MHV screen was also re-analyzed by high-content 
algorithms, integra  ng the cell state parameters like cell cycle phase or cell size and the cell’s 
microenvironment considering local cell density (45-47). A second assessment of primary 
screen data that integrates current knowledge about MHV infec  on determinants may help 
to iden  fy false posi  ve or nega  ve samples in the future and increase sensi  vity (48). 

To inves  gate the role of the primary siRNA screen hit candidates Ela2B and SERPINA1 as 
well as to validate the primary results, we tested the involvement of Ela2B and SERPINA1 by 
overexpression in parallel. siRNA knockdowns can be further validated by rescuing the siRNA 
target gene knockdown either by co-expression of a RNAi resistant version or by transient 
overexpression (37). Although the overexpression and secre  on of the recombinant 
proteases and SERPIN could be demonstrated by western blot, they had no infl uence on 
virus infec  on. Since SERPINs and elastase are secretory proteins, we expected them to 
func  on on the en  re cell popula  on, despite our inability to transfect all cells. In addi  on, 
we expressed TMPRSS2 and TMPRSS4, two out of 16 members from the transmembrane 
serine protease family, but could not observe eff ects on MHV infec  on either, although the 
transfec  on rate and expression effi  ciency may have been insuffi  cient to observe signifi cant 
eff ects. The expression of cellular proteases can have a s  mula  ng eff ect on virus entry 
as is exemplifi ed by TMPRSS2, which was reported to support entry of infl uenza A virus, 
SARS-CoV, and others (35, 49). The infl uenza virus hemagglu  nin and SARS-CoV S protein 
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become fusion-ready by TMPRSS2 cleavage and the availability of TMPRSS2 has been 
correlated with the tropism of the viruses (50, 51). In contrast, MHV-A59 infec  on in cell 
culture does not rely on Ela2A, Ela2B, TMPRSS2 or TMPRSS4. MHV receptor expression is 
suffi  cient to render HeLa and Vero cells suscep  ble, two cell types that are o  en used for 
propaga  on of viruses and lack endogenous expression of TMRSS2 and TMPRSS4 (39, 52, 
53). Nevertheless, proteoly  c processing of S proteins occurs and is probably carried out 
by alterna  ve proteases ((24)). We did not test the enzyma  c ac  vity of the proteases or 
the inhibitory capacity of the SERPINs on ELA ac  vity a  er overexpression. Elastases are 
chymotrypsin-like proteases that naturally occur in blood serum and are produced by 
various cell types (54). Despite the presence of poten  al elastase inhibitors like the alpha-
1-an  trypsin SERPINA1 in blood serum, elastase ac  vity is maintained and was associated 
with artherosclerosis (55, 56). Since we cultured our cells in medium containing FBS, we 
cannot exclude that overexpressed proteases were readily inac  vated by inhibitors present 
in the serum. Nervertheless, MHV is not relying on Ela2A or Ela2B for produc  ve infec  on, 
hence another protease must be ac  va  ng the MHV S protein for fusion.

Many cellular proteases that are necessary for virus entry have been iden  fi ed by 
studying the eff ects of protease inhibitors on virus infec  ons. We performed virus infec  on 
in the presence of broad spectrum protease inhibitors. AEBSF - a compound with inhibi  on 
constants similar to PMSF and with higher bioavailability - reduced MHV infec  on. AEBSF 
blocks serine proteases including elastase (57), trypsin, thrombin and plasmin (58). By 
diff eren  a  ng the  ming of protease inhibitor addi  on during MHV infec  on, we could 
detect an inhibitory eff ect of AEBSF on MHV entry; however, the compound also aff ected 
viral replica  on. To circumvent interference of the inhibitor with MHV replica  on and 
consequently reporter gene expression, we made use of retroviral pseudo-par  cles. MLV 
based par  cles were pseudotyped with SARS-CoV S protein in previous studies and here 
we demonstrate that pseudotyping can be achieved with MHV S protein as well (59). The G 
protein of vesicular stoma   s virus - a class III fusion protein - mediates membrane fusion 
independent of a proteoly  c cleavage event. By comparison of MHV S protein to VSV G 
protein mediated entry, no selec  ve eff ect of AEBSF or an inhibitor cocktail on MHV S 
protein mediated entry was observed. In summary, we could not fi nd a protease inhibitor 
that specifi cally blocked MHV entry, although inhibitors against the major classes of 
proteases were tested: cysteine, serine, aspar  c and metallo-proteases, but not threonine 
proteases which are mainly found in the archaea and bacteria and account for only 21 
of the approximately 500 expressed protease genes of human cells (60, 61). Confi rming 
earlier studies, we found MHV infec  on to be independent of the protease inhibitors E64d, 
leupep  n (62), as well as cathepsin L and B inhibitors (9, 63), and extended the list by AEBSF, 
phosphoramindon, pepsta  n A, and camostat. 

We previously performed a condi  onal bio  nyla  on assay, which enabled isola  on and 
characteriza  on of the S proteins of virions a  er accomplishing membrane fusion with the 
target cell. We demonstrated that MHV S proteins that are part of fusing virions are indeed 
cleaved during virus entry (24). The cleavage product showed a remarkable varia  on in 
the molecular weight of the deglycosylated membrane-anchored subunit. This led us to 
hypothesize that proteoly  c processing of MHV-A59 S protein may not occur at a precise 
posi  on but that cleavage has to occur in a certain region of the protein: further C-terminal 
than the S1/S2 junc  on but upstream of the fusion pep  de. A panel of protease inhibitors 
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failed to block the cleavage of MHV-A59 S proteins a  er endocytosis in these studies. In 
combina  on with the protease inhibitors tested here, we support the hypothesis that MHV 
S protein may not have a strict requirement for a specifi c protease or cleavage site. Rather, 
proteoly  c processing may well be a redundant process that can be achieved by a range 
of proteases with mul  ple cleavage specifi ci  es at various func  onal cleavage sites. As 
long as cleavage is performed within a certain cri  cal range MHV becomes fusion-ready, 
allowing the virus to fuse under varying condi  ons as it infects diff erent cell types in natural 
infec  ons. This is in contrast to other CoV such as SARS-CoV, MHV-2, and PEDV that rely on 
the ac  vity of specifi c proteases for virus entry in vitro such as cathepsin L or exogenous 
trypsin. 
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Abstract

Porcine epidemic diarrhea virus (PEDV) causes severe economic losses in the swine 
industry in China and other Asian countries. Infec  on usually leads to an acute, o  en lethal 
diarrhea in piglets. Despite the impact of the disease, no system is yet available to manipulate 
the viral genome which has severely hampered research on this virus un  l today. We have 
established a reverse gene  cs system for PEDV based on targeted RNA recombina  on that 
allows the modifi ca  on of the 3´-end of the viral genome, which encodes the structural 
proteins and the ORF3 protein. Using this system, we deleted the ORF3 gene en  rely from 
the viral genome and showed that the ORF3 protein is not essen  al for replica  on of the 
virus in vitro. In addi  on, we inserted heterologous genes (i.e. the GFP and Renilla luciferase 
genes) at two posi  ons in the viral genome, either as an extra expression casse  e or as a 
replacement for the ORF3 gene. We demonstrated the expression of both GFP and Renilla 
luciferase as well as the applica  on of these viruses by establishing a convenient and rapid 
virus neutraliza  on assay. The new PEDV reverse gene  cs system will enable func  onal 
studies of the structural proteins and the accessory ORF3 protein and will allow the ra  onal 
design and development of next genera  on PEDV vaccines.



73

Genera  on of Recombinant PEDV

4

Introduc  on

Porcine epidemic diarrhea virus (PEDV) causes diarrhea and dehydra  on in newborn 
piglets. The virus infects the epithelial cells of the small intes  ne resul  ng in severe 
mucosal atrophy and consequent malabsorp  on. PEDV is common and the cause of serious 
problems, par  cularly in pigs in Asia. The disease usually appears in winter during which 
it can cause high fatali  es in suckling piglets (see for a recent review (1)). From 2010, an 
outbreak of PEDV has swept China with over 1 million fatali  es among newborn piglets 
causing substan  al economic losses in the swine industry (2). The characteris  cs of the 
infec  on and its epidemiology were quite drama  c with morbidity and fatality approaching 
100% in one-week old piglets, despite the use of commercial, inac  vated vaccines. Virus 
transmission occurs via the fecal-oral route and possibly also by ver  cal transmission through 
lacta  on (2). Currently there is no effi  cient way of treatment of the disease. Preven  on 
of the infec  on usually relies on vaccina  on with cell culture adapted live-a  enuated or 
inac  vated viruses although the effi  cacy of current vaccines has been ques  oned (2, 3). 

PEDV belongs to the alphacoronavirus genus within the Coronavirinae subfamily of the 
Coronaviridae family. Coronaviruses are important pathogens of concern for human and 
animal health. They occur in almost any species, usually causing respiratory or intes  nal 
infec  ons. Interest in these viruses has increased signifi cantly as a result of the SARS 
epidemic in 2002 and 2003. Coronaviruses are enveloped viruses and possess a posi  ve-
sense RNA genome ranging from 26 to 32 kilobases, which is the largest viral RNA genome 
known (Fig.1A). The 5’ two-third of the viral genome contains two large open reading frames 
(ORFs), 1a and 1b, which encode two non-structural polyproteins, pp1a and pp1ab, that 
direct genome replica  on and transcrip  on. The remaining part of the genome contains 
ORFs specifying structural and non-structural proteins. They are expressed via a 3’-terminal 
nested set of subgenomic messenger RNAs, the transcrip  on of which is regulated by 
conserved six-nucleo  des transcrip  on-regula  ng sequences (TRSs; in PEDV XUA(A/G)AC 
(4)). These subgenomic mRNAs encode at least four structural proteins, three membrane 
anchored proteins called the spike (S), membrane (M) and envelope (E) protein, and the 
nucleocapsid (N) protein that encapsidates the genomic RNA. The non-structural proteins 
expressed from the subgenomic mRNAs encode one or more accessory proteins, which are 
specifi c for each coronavirus genus. The genome structures of alphacoronaviruses including 
PEDV and related members such as the human coronavirus (hCoV) strains 229E and NL63 
show the typical set of essen  al core genes but they share only one accessory gene, ORF3, 
located between the S and the E gene (Fig.1A). The PEDV ORF3 gene encodes a 224 amino 
acids (aa) long protein with three to four predicted transmembrane domains (5). 

Entry of coronaviruses into their host cells is mediated by the approximately 200 kDa large 
S glycoprotein. Trimers of S form the characteris  c spikes on the viral surface which interact 
with the host receptor and mediate membrane fusion. PEDV was reported to u  lize the 
porcine aminopep  dase N as a receptor (6). Yet, PEDV is usually propagated in VERO cells, 
which are derived from the African green monkey kidney, indica  ng that PEDV can u  lize 
non-porcine receptors for cell entry. Propaga  on of PEDV in cell culture requires addi  on of 
trypsin which is believed to prime or ac  vate the S protein for membrane fusion during virus 
cell entry and syncy  a forma  on (7). Recently it was demonstrated that trypsin cleavage 
may also play a role in detachment of the virus from infected cells (8). Interes  ngly, a cell 
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culture adapted strain was reported to replicate in the absence of trypsin (9), which suggests 
that the virus acquired muta  ons in the S protein conferring its trypsin-independence. The 
S protein also s  mulates the induc  on of neutralizing an  bodies and hence is an important 
target in developing eff ec  ve vaccines. 

Research on the molecular biology and pathogenicity of PEDV has been severely 
hampered by the lack of a reverse-gene  c system. Here we report the fi rst reverse gene  c 
system for PEDV based on targeted RNA recombina  on. Establishment of the reverse gene  c 
system included two stages (Fig.1B). One was the genera  on of the chimeric virus mPEDV, a 
PEDV deriva  ve carrying spikes derived from the murine coronavirus mouse hepa   s virus 
(MHV), hence growing only in murine cells. In the second stage the mPEDV virus was used as 
a recipient virus to reintroduce the PEDV spike along with other genome altera  ons, in casu 
the dele  on of the ORF3 gene or the inser  on of foreign, reporter genes. The generated 
PEDV deriva  ves now carrying again PEDV spikes could be easily selected by their regained 
tropism for non-murine cells. 

Fig.1 Coronavirus genome organization and targeted RNA recombination scheme. (A) Genomic organization 
of PEDV. (B) Targeted RNA recombination scheme to make the interspecies chimeric virus mPEDV (Stage 1) or 
recombinant PEDV derivatives e.g. lacking the ORF3 gene as shown here (Stage 2). The ectodomain-encoding 
region of the MHV S gene is shown as a light-grey box in the mPEDV genome. Synthetic RNAs transcribed from the 
transfer vectors (Fig.2A) were electroporated into PEDV (Stage 1) or mPEDV (Stage 2) infected cells, respectively. 
A single recombination event (indicated by a curved line) anywhere within the 3’ region of ORF1b present in the 
donor RNA and viral genome generates a recombinant genome. Selection of recombinant progeny viruses against 
parental viruses was done on the basis of the acquired ability to form plaques in murine cell monolayers (Stage 1) 
or on the basis of the ability to infect VERO cells and the concomitantly lost ability to infect murine cells (Stage 2).
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Materials and Methods

Cells, viruses and an  bodies
L (12) and VERO CCL81 cells (purchased from ATCC) were maintained as monolayer cultures 

in Dulbecco’s modifi ed Eagle medium containing 10% fetal calf serum, 100 IU of penicillin/
ml, and 100 μg of streptomycin/ml (all from Life Technologies, Ltd., Paisley, United Kingdom).  
PEDV (isolated from a commercial vaccine of GreenCross, South Korea) was propagated in 
Vero cells in the absence of trypsin. Virus was harvested by three cycles of freeze-thawing 
the infected cells and supernatant followed by removal of cell debris by centrifuga  on at 
3,000 x g for 20 minutes. Virus infec  vity in the supernatant was measured by an end-
point dilu  on assay on VERO cells and 50%  ssue culture infec  ous doses (TCID50) were 
calculated. MHV (strain A59) was propagated in mouse L cells as described previously (12). 
The rabbit an  -MHV serum K135 raised against purifi ed MHV has been described elsewhere 
(30). The monoclonal an  body (MAb) 3F12 recognizing the PEDV nucleocapsid protein was 
obtained from BioNote, Korea. Polyclonal PEDV serum from a pig experimentally infected 
with PEDV (strain CV777) was kindly provided by Dr. Kris  n van Reeth (Gent University). 
PEDV an  body-nega  ve control serum was obtained from a newborn piglet deprived of 
colostrum.

Construc  on of pPEDV transfer vector and deriva  ves
pPEDV vector. A cDNA clone encompassing the 3’-terminal 7,832 nt part of the PEDV 

genome star  ng within ORF1b was obtained by reverse transcrip  on-PCR (RT-PCR) with 
viral genomic RNA isolated from virions as a template and primers 4922 and 4815 as plus- 
and minus-strand primers (for primer sequences see Table I), respec  vely. The overhang of 
primer 4922 and primer 4815 contained a BglII and a PacI restric  on site, respec  vely. The 
BglII-PacI digested fragment was cloned into the BamHI-PacI digested pMH54 vector (12), 
crea  ng the plasmid pPEDV-1b-3T. The 5´-terminal 605 nt of ORF1a was amplifi ed using 
primers 4884 and 4885. Primer 4884 contains a T7 polymerase recogni  on site, as well as 
a BglII restric  on site and primer 4885 contained a BamHI restric  on site. The BglII-BamHI 
digested fragment was ligated into the BamHI site of the pPEDV-1b-3T plasmid, resul  ng in 
the pPEDV vector.

p-rPEDV vector. A transfer vector was constructed in which the partly overlapping ORF1b 
and S gene were separated by introduc  on of a unique BamHI site to facilitate further 
cloning. The stop codon of ORF1b was mutated to TAA to knock out the overlapping ATG 
start codon of the spike gene. First, the forward primer 5127 containing the BamHI site 
and a TRS (TAAAC), and the reverse primer 4815 containing a unique PacI site were used 
to amplify the 3´ proximal 7,332 nt of the PEDV genome star  ng with the spike gene. This 
fragment was cloned into the BamHI-PacI site of pMH54 vector, crea  ng the pPEDV-S-3T 
vector. Second, primers 4884 and 4885 containing a BglII and BamHI site, respec  vely, were 
used to RT-PCR amplify the ORF1a fragment which was introduced into the BamHI digested 
pPEDV-S-3T vector crea  ng the pPEDV-1a-S-3T plasmid. Third, primers 4922 and 4923 that 
contain a BglII and BamHI in the overhang, respec  vely, were used to amplify the ORF1b 
fragment by RT-PCR. This fragment was cloned into the BamHI site of the pPEDV-1a-S-3T 
vector, crea  ng the p-rPEDV vector.
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p-mPEDV vector. First, the plasmid pTUMS (31) encoding the MHV spike was used as an 
intermediate vector to construct a chimeric spike composed of the ectodomain of MHV and 
the transmembrane and cytoplasmic domain of PEDV. For the construc  on of the hybrid 
gene, a StyI restric  on site was used that is located in both S genes at the transi  on between 
the protein’s ectodomain and transmembrane domain. The forward primer 4814 (StyI site 
in overhang) and reverse primer 4924 (EagI site in overhang) were used to amplify the 3’ 
end of the PEDV S gene and downstream sequences and cloned into the StyI-EagI digested 
pTUMS plasmid, crea  ng the pTUMS(MP) vector. Second, to create the p-mPEDV vector, 
the PEDV S gene in the p-rPEDV vector was replaced by the chimeric MHV-PEDV spike gene 
by cloning the BamHI-PmlI digested fragment of pTUMS(MP) into the BamHI-PmlI digested 
p-rPEDV vector.

pPEDV-ΔORF3 vector. Primers 5300 and 5301 were used to amplify the E gene and 
downstream sequences using the pPEDV vector as a template. The forward primer 5300 
contained a PmlI and an EcoRV restric  on site and the reverse primer 5301 contained an 
restric  on EcoNI site to facilitate further cloning. The PmlI-EcoNI digested PCR fragment was 
cloned into the PmlI-EcoNI digested pPEDV vector to create the pPEDV-ΔORF3 vector.

pPEDV-RLuc and pPEDV-ΔORF3/RLuc vector. The Renilla luciferase gene was excised from 
the pRLnull vector (Promega) using enzymes NheI and XbaI, blunted with DNA-polymerase 
I large (Klenow) fragment and ligated into the BamHI digested and blunted p-rPEDV vector 
or the EcoRV digested pPEDV-ΔORF3 vector, resul  ng in the pPEDV-RLuc and pPEDV-ΔORF3/
RLuc transfer vector, respec  vely.

pPEDV-ΔORF3/GFP vector. The GFP gene was excised from the pEGFP-N1 plasmid 
(Clontech) with enzymes NcoI and NotI, blunted with DNA-polymerase I large (Klenow) 
fragment and ligated into the EcoRV digested pPEDV-ΔORF3 vector yielding the pPEDV-
ΔORF3/GFP transfer vector.

The iden  ty of all generated transfer vectors was verifi ed by sequencing.

Targeted RNA recombina  on
A targeted recombina  on system was established for PEDV in a two-stage process as 

outlined in Fig.1B.
Stage 1 Genera  on of mPEDV: Introduc  on of the hybrid MHV-PEDV S gene into the 

PEDV genome by targeted RNA recombina  on was carried out essen  ally as described 
previously for MHV and FIPV (12, 13). Briefl y, capped runoff  donor RNA transcripts were 
synthesized from the PacI-linearized p-mPEDV vector using a T7 RNA polymerase kit 
(Ambion) as specifi ed by the manufacturer. Donor RNA was electroporated (Gene Pulser 
electropora  on apparatus [Bio-Rad]; two consecu  ve pulses of 0.3 kV/975 μF) into PEDV-
infected (mul  plicity of infec  on [MOI] of 0.4) VERO cells (2 × 107 cells) at 8 hours post 
infec  on (p.i.). The electroporated cells were co-cultured in a 25-cm2 fl ask with 5 × 106 murine 
L cells. A  er 48-60 h of incuba  on at 37°C, when syncy  a could be detected in the murine L 
cells, progeny virus in the culture supernatant was harvested and mPEDV recombinant virus 
was purifi ed by two consecu  ve cycles of plaque purifi ca  on on L cells at 37°C. 

Stage 2 Genera  on of recombinant PEDVs: The construc  on of PEDV recombinant viruses 
that had regained the PEDV S gene was carried out in a reverse process by using pPEDV-
derived donor RNAs and mPEDV as the recipient virus. Capped runoff  transcripts were 
synthesized from PacI-linearized pPEDV, pPEDV-Rluc, pPEDV-ΔORF3, pPEDV-ΔORF3/Rluc, or 
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pPEDV-ΔORF3/GFP, respec  vely, with a T7 RNA polymerase kit (Ambion) as specifi ed by the 
manufacturer. The donor transcripts were electroporated (as specifi ed above) into murine L 
cells (2 × 107 cells) that had been infected 4 h earlier with mPEDV (MOI = 1). These cells were 
then plated onto a monolayer of VERO cells. A  er 4-5 days of incuba  on at 37°C progeny 
virus in the culture supernatant was harvested by freeze-thawing and candidate recombinant 
viruses were purifi ed by two rounds of end-point dilu  ons on VERO cells. Recombinant 
genotypes were confi rmed by RT-PCR on purifi ed genomic RNA and subsequent sequencing. 

(Immuno)fl uorescence microscopy
L cells and VERO cells were inoculated with MHV, mPEDV or PEDV (MOI = 0.05). A  er 

2 hours of incuba  on the cells were washed with PBS and incubated in culture medium. 
At 6.5 hours p.i., the cells were rinsed with PBS and fi xed with 3.7% formaldehyde for 20 
min at room temperature. The cells were washed three  mes with PBS and incubated with 
the K135 rabbit-α-MHV serum and the 3F12 mouse MAb α-PEDV-N. A  er 30 min at room 
temperature, the cells were rinsed three  mes with PBS and stained with goat α-rabbit FITC-
conjugated and donkey-α-mouse Cy3 conjugated secondary an  bodies (Cappel). Nuclei were 

Primer Locationa 
(nucleotides) 

Sense Sequence (5’-3’)b 

4535 S / 22164-22187 - GCCGCAGAGACAGTAATATTAACA 

4538 S / 23484-23507 + GTATAGTGCGTCTCTCATCGGTGG 

4814 S / 24603-24624 + GTGGCCTTGGTGGGTTTGGTTG 

4815 3’UTR / 28012-28033 - GCTTAATTAATTTTTTTTTGTGTATCCATATCAACACCGTC 

4884 5’UTR / 1-25 + GCAGATCTTAATACGACTCACTATAGGGACTTAAAAAGAT
TTTCTATCTACGG 

4885 1A / 584-605 - GGATCCGAGCTCTAACTCTTCGAGGAAG 

4886 1B / 20156-20176 + GGATCCGAGAACGTGTCTAAAGAAGGC 

4921 T7 / N.A. + GCAGATCTTAATACGACTCACTATAGGG 

4922 1B / 20156-20173 + GCAGATCTGAGAACGTGTCTAAAGAAGG 

4923 1B / 20618-20649 - GCGGATCCTTATTTGTTTACGTTGACCAAATG 

4924 E /  25655-25674 - GCCGGCCGAGATCTTTATATGTCAATAACAGTAC 

4977 M / 25942-25962 - ATTATCCACAGCATAAGAGTG 

5109 1B / 20396-20416 + GACGGCAACACCATGCATGCC 

5127 S / 20629-20655 + GGATCCGTAAACAAATGACGCCTTTAATTTAC 

5300 E / 25403-25446 + GGTCCACGTGCAGTGATATCACTCAATTCAACTAGACGA
GTATG 

5301 N / 26458-26477 - GCGAGTACCTTAGAAAGGGG 

Table 1. Primers

a The location of primers is relative to the full genome sequence of the PEDV CV777 strain 
   (GenBank accession No. AF353511).
b Endonuclease restriction sites used for cloning are indicated in bold.
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stained with DAPI (Molecular Probes) for 10 min at room temperature. Finally, the cells were 
washed three  mes with PBS and fl uorescence was viewed with an EVOS-fl  fl uorescence 
microscope (Advanced Microscopy Group) at 10x magnifi ca  on. The EVOS-fl  was also used 
to view GFP fl uorescence from PEDV-ΔORF3/GFP infected cells a  er paraformaldehyde 
fi xa  on. 

Renilla luciferase assay
VERO cell monolayers were infected as described above with the PEDV-Rluc and PEDV-

ΔORF3/Rluc viruses at indicated MOI’s. At indicated  mes post infec  on, cell lysate samples 
were assayed for luciferase ac  vity using the Renilla Luciferase Assay system (Promega) 

Fig.2 PEDV transfer vectors. (A) The pPEDV transfer vector contains the 5´-proximal 605 nt fused to the 3´ 
approximately 8 kilobases of the PEDV genome. All other vectors are derivatives thereof. The red triangle indicates 
the T7 promoter in the transfer vectors from which synthetic RNAs were made in vitro using T7 RNA polymerase. 
(B) Nucleotide sequences of junctions in the PEDV transfer vectors. Encircled numbers correspond to the numbered 
positions in the vector maps as indicated in Fig2A. (upper panel) The stop codon of ORF1b is underlined, the start 
codon of S is in blue, the transcription regulatory sequences (XUA(A/G)AC; (4)) are in orange and the BamHI site 
is indicated in purple. (lower panel) The stop codon of the S gene is underlined, the start codon of the ORF3 gene 
is in blue, the start codon of E gene is in red, the transcription regulatory sequences are in orange and the unique 
PmlI and EcoRV sites are indicated in purple and green, respectively.
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according to the manufacturer’s instruc  ons, and the rela  ve light units (RLU) were 
determined with a Berthold Centro LB 960 plate luminometer. 

Virus neutraliza  on assay
PEDV-ΔORF3/Rluc or PEDV-ΔORF3/GFP were mixed with serial dilu  ons of posi  ve or 

nega  ve piglet serum or with cell culture medium. The inoculum was incubated for 30 
minutes at room temperature to allow virus neutraliza  on before inocula  ng VERO cell 
monolayers as described above.  Cells were either lysed at 8 hours post infec  on and assayed 
for Renilla luciferase ac  vity as described above or subjected to fl uorescence microscopy as 
described above at 9 hours post infec  on.

Results

To set up a targeted RNA recombina  on system for PEDV we fi rst created a recombinant 
PEDV virus carrying MHV spikes (mPEDV). To this end a transfer vector p-mPEDV was 
construced (Fig.2A) that was composed of a 5’-terminal genomic cDNA fragment ligated 
to a cDNA represen  ng the en  re 3’-terminal part of the genome star  ng within ORF1b, 
except for the S gene. This gene was replaced by a hybrid gene encoding a chimeric S protein 
composed of the 1,263 aa long ectodomain from MHV S and the transmembrane domain 
plus cytoplasmic tail (61 aa) from PEDV S. RNA was transcribed from the T7 promotor of this 
vector and electroporated into PEDV-infected VERO cells a  er which the cells were overlaid 
onto a murine cell (L cells) monolayer. The recombinant mPEDV virus generated during 
subsequent incuba  on was cloned by two rounds of plaque selec  on on L cells.

The iden  ty of purifi ed mPEDV viruses was checked at a gene  c level by RT-PCR 
sequencing of the ORF1b-S gene junc  on (data not shown) and at the protein level by an 
immunofl uoresence assay (Fig.3A). All mPEDV infected cells stained posi  ve both with 
the polyclonal MHV serum and with the monoclonal an  body directed against the PEDV 
nucleocapsid protein confi rming the purity and the iden  ty of the chimeric virus. In contrast 
to the parental virus, mPEDV displayed the ability to induce syncy  a in the absence of 
trypsin (Fig.3A). As predicted, cell-cell fusion mediated by mPEDV could be inhibited by a 
MHV S specifi c, pep  dic fusion inhibitor (Fig.3B). 

The generated mPEDV virus was used as a recipient virus to reintroduce by similar 
procedures the PEDV spike along with other genome modifi ca  ons by targeted RNA 
recombina  on. Candidate recombinant viruses carrying the PEDV spikes can be selected by 
their regained ability to replicate in VERO cells. Apart from the wild-type recombinant virus 
(r-wtPEDV) we aimed at construc  ng a virus lacking the ORF3 gene (PEDV-ΔORF3). A number 
of cell culture adapted viruses including the strain used in this study have each acquired 
during passaging an iden  cal 51 nucleo  de in-frame dele  on in the ORF3 gene, giving rise 
to a 17 amino acid dele  on (aa 82-98) in their ORF3 protein (10). We constructed a transfer 
vector (pPEDV-ΔORF3, Fig.2A) from which the en  re ORF3 gene was deleted. Donor RNAs 
transcribed from the pPEDV and pPEDV-ΔORF3 transfer vectors were electroporated into 
mPEDV-infected L cells a  er which we were able to recover and purify the r-wtPEDV and 
PEDV-ΔORF3 viruses in VERO cells. RT-PCR analysis confi rmed the intended loss of the ORF3 
gene from the viral genome (Fig.4A) and the gene  c iden  ty of the ORF3 lacking virus was 
further verifi ed by sequencing of the RT-PCR product (data not shown). The PEDV-ΔORF3 
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Fig.3 Characterization of a chimeric PEDV carrying MHV spikes. (A) Immunofluorescence analysis of mPEDV, MHV 
and PEDV infected cells. L cells infected with mPEDV were fixed and double immunolabeled with a polyclonal 
antibody against MHV (green) and a monoclonal antibody against the PEDV nucleocapsid (red). MHV and PEDV 
infected L cells were taken along for comparison. Nuclei are visualized with DAPI (blue). Overlay pictures (Merge) 
and graphical presentation of the MHV, mPEDV and PEDV virions are indicated at the right. Of note, the α-MHV 
fluorescence signal for MHV is significantly stronger than that for mPEDV due to the contribution of antibodies 
directed against other MHV proteins in the polyclonal MHV serum. (B) Inhibition of syncytia formation by the 
MHV-S HR2-peptide fusion inhibitor. HR2 peptide (4 μM; (32)) was added to MHV and mPEDV infected cells at 2 
hours p.i. and kept present until 6.5 hours p.i. when cells were fixed and immunolabeled with the polyclonal MHV 
serum (green). Nuclei are visualized with DAPI (blue).
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grew unimpaired in cell culture (Fig.4B), demonstra  ng that the ORF3 gene product is not 
required for virus propaga  on in vitro. In addi  on, the successful dele  on of the ORF3 gene 
from the viral genome demonstrated the feasibility of the mPEDV-based targeted RNA 
recombina  on system to manipulate the 3´ end of the viral genome.

We next explored the possibili  es of expressing heterologous proteins from the PEDV 
genome by inser  ng reporter genes at diff erent genomic posi  ons. Transfer vectors were 
made with the Renilla luciferase gene (936 nt) and the GFP gene (720 nt) at the posi  on 
of ORF3, crea  ng the pPEDV-ΔORF3/Rluc and pPEDV-ΔORF3/GFP vectors (Fig.2A). These 
marker genes are under the transcrip  onal control of the TRS of ORF3 (CTAGAC) which is 
located in the 3´end of the S gene, 46 nucleo  des upstream of the ORF3 gene. The Renilla 
luciferase gene was also inserted as an extra expression casse  e between the ORF1b and 
S gene, crea  ng the pPEDV-Rluc vector. To this end the otherwise overlapping ORFs 1b and 
S were fi rst separated and a unique BamHI restric  on site was introduced (p-rPEDV vector, 
Fig.2A and B), which did not hamper the genera  on of a viable virus (data not shown). The 
Renilla luciferase gene was subsequently cloned into the BamHI site of the p-rPEDV vector 
under control of the TRS in ORF1B (GTAAAC) originally driving S gene expression, whereas the 
S gene was provided with a new TRS (GTAAAC; Fig.2B). The PEDV-ΔORF3/GFP, PEDV-ΔORF3/
Rluc and PEDV-Rluc recombinant viruses were successfully recovered by the targeted RNA 
recombina  on procedure. RT-PCR analyses confi rmed the inser  on of both reporter genes 
at the intended posi  ons (Fig.5A), which was further confi rmed by sequencing. 

Fig.4 Characterization of a PEDV recombinant virus lacking ORF3. (A) Genetic analysis of PEDV-ΔORF3. RT-PCR 
was performed covering the S-ORF3-E-M region (primers 4538/4977) using RNA templates isolated from wtPEDV, 
r-wtPEDV and PEDV-ΔORF3, and analyzed by gel electrophoresis. The expected sizes of the RT-PCR products 
(numbered 1 to 3) are indicated in the genome maps. For primer sequences, see Table 1. (B) Multi-step growth 
kinetics of r-wtPEDV and PEDV-ΔORF3. VERO cells were infected with each recombinant PEDV (MOI=0.01), washed 
after three hours and viral infectivity in the culture media was determined at different times p.i. by a quantal assay 
on VERO cells from which TCID50 values were calculated.



82

Chapter 4

We studied the luciferase expression by the 2 recombinant viruses carrying a Rluc gene 
as well as the expression kine  cs of one of these viruses, PEDV-Rluc, upon infec  on of VERO 
cells at three diff erent MOI’s. The result shows (Fig.5B) that luciferase expression levels were 
linearly related to the MOI during the early phase of infec  on un  l 12 hours p.i. whereas 
at 24 hours p.i. luciferase values converged due to reinfec  ons. Similar kine  cs of luciferase 
expression, but to higher levels, was observed for the PEDV-ΔORF3/Rluc recombinant virus 
(Fig.5B). Next we studied the GFP expression of the PEDV-ΔORF3/GFP virus upon infec  on 
of VERO cells at two MOI’s. GFP expression in PEDV-ΔORF3/GFP virus infected cells could 
be seen star  ng from 9 hours p.i. and became clearly evident at 12 hours p.i. (Fig.5C). The 
cell adapted PEDV DR13 p100 strain can propagate in the absence of trypsin in the growth 
medium but does not form syncy  a when trypsin is absent. Yet the clustered appearance 
of GFP-posi  ve cells suggests that the virus predominantly spreads locally from cell to cell 
which may correlate with the reported cell surface a  achment of progeny viruses released 
from infected cells in the absence of trypsin (11). 

The early detec  on of the luciferase and GFP reporter proteins during infec  on can be 
applied to develop a more rapid PEDV neutraliza  on diagnos  c test. The readout of the 
classical virus neutraliza  on assay with wild-type PEDV is based on the visual inspec  on 
of cytopathic eff ect and can only be done a  er a mul  cycle infec  on which takes at least 
2-3 days. Thus, the PEDV-ΔORF3/GFP and PEDV-ΔORF3/RLuc virus were preincubated with 
dilu  ons of serum obtained from an experimentally PEDV-infected pig and control serum, 
and the mixtures were subsequently added to VERO cells and incubated a  er which the GFP 
and Renilla luciferase expression was recorded at 9 and 6 hours p.i., respec  vely (Fig.5D). 
In contrast to the control serum, the PEDV an  body-posi  ve serum was able to neutralize 
PEDV infec  on as refl ected by the reduc  on of GFP posi  ve cells and luciferase ac  vity. 
The results demonstrate that neutraliza  on of the PEDV-ΔORF3/GFP and PEDV-ΔORF3/RLuc 
virus can already be scored within a single replica  on cycle, thereby signifi cantly speeding 
up the assay  me. This type of assay is addi  onally preferred as it avoids the subjec  vity 
that is associated with scoring of cytopathic eff ects.

Discussion

Here we describe the fi rst reverse gene  cs system for PEDV. As we illustrate, this system 
now enables the manipula  on of the 3´proximal ~8 kilobases of the PEDV genome including 
the structural protein genes. Genera  on of PEDV recombinants was based on the well-
known high effi  ciency of RNA recombina  on of coronaviruses in combina  on with host cell 
tropism switching for selec  on of the recombinant viruses. Similar recombina  on systems 
have been successfully developed for MHV and FIPV coronaviruses by the Masters and 
Ro   er laboratories (12, 13). For a number of coronaviruses gene  c engineering of the 
full length genome has also become accomplished by the development of infec  ous cDNA 
clones (14-20). The ability to manipulate the PEDV genome will be extremely valuable to 
study the molecular and biological features of PEDV infec  ons as well as to develop new 
tools and strategies for preven  on and therapy of this important veterinary pathogen. 

Unlike most other coronaviruses, the PEDV genome contains only a single accessory gene, 
the ORF3 gene, which encodes a mul  spanning 224-aa long membrane protein. Intriguingly, 
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Fig.5 Recombinant PEDVs carrying Renilla luciferase and GFP genes. (A) Genetic analysis of recombinant viruses. RT-
PCR was performed covering the 1b-S junction (primers 5109/4535) or the S-M region (primers 4538/4977) using 
RNA templates isolated from wild-type PEDV, PEDV-Rluc, PEDV-ΔORF3/Rluc or PEDV-ΔORF3/GFP, and analyzed 
by gel electrophoresis. The expected sizes of the RT-PCR products (numbered 1 to 5) are indicated in the genome 
maps. For primer sequences, see Table 1. (B) Luciferase expression by the recombinant PEDV-Rluc and PEDV-
ΔORF3/Rluc viruses. Left panel: VERO cells were infected with PEDV-Rluc at an MOI of 0.01, 0.1 or 1. Right panel: 
VERO cells were infected with PEDV-Rluc and PEDV-ΔORF3/Rluc at an MOI of 0.01. Intracellular Renilla luciferase 
activity (y-axis; Relative Light Units [RLU]) was determined at different times postinfection. (C) GFP expression by 
the recombinant PEDV-ΔORF3/GFP virus. VERO cells were infected with PEDV-ΔORF3/GFP at an MOI of 0.01 or 
0.1 and fluorescence images were taken at different times p.i.. Nuclei of cells were stained with DAPI (blue). (D) A 
rapid virus neutralization assay based on recombinant PEDVs expressing reporter proteins. PEDV-ΔORF3/Rluc and 
PEDV-ΔORF3/GFP (8,000 TCID50) were mixed with subsequent dilutions of serum positive for PEDV antibodies and 
a negative control serum (N.C.) for 30 minutes at room temperature. Mixtures were incubated with VERO cells 
and Renilla luciferase (left panel) or GFP (right panel) expression was measured at 8 and 9 hours p.i., respectively.



84

Chapter 4

propaga  on of PEDV isolates in  ssue culture cells readily leads to dele  ons within ORF3 
sugges  ng a dispensable role, at least for the parts deleted from the ORF3 protein, for 
viral replica  on in vitro. In all these adapted viruses a shorter ORF3 gene product is s  ll 
translated with a minimal size of 91 amino acids (10). The ORF3 gene of the cell-adapted 
DR13 vaccine strain (GenBank accession no.: JQ023162.1) employed in our study has a 49 
nucleo  de dele  on compared to that of the parental DR13 virus (GenBank accession no.: 
JQ023161.1), but s  ll encodes the N-terminal 81 residues long ORF3 protein part including 
the fi rst transmembrane domain, a  er which it gets out of frame due to the dele  on. The 
dele  on of the en  re ORF3 gene from the genome did not have any obvious eff ect on viral 
propaga  on in vitro, demonstra  ng that this ~ 10kD polypep  de does not serve an essen  al 
func  on during replica  on in culture cells. 

The func  on of the PEDV ORF3 product remains enigma  c. Recently it was shown 
that the protein exhibits ion channel ac  vity and modulates virus produc  on (5). siRNA 
knockdown of ORF3 gene in PEDV infected cells reduced the number of par  cles released 
from the cells (5). The ques  on remains here why passaging of PEDV in cell culture would 
lead to the func  onal loss of a gene benefi cial for virus propaga  on in vitro, unless the 
91-residue truncated protein s  ll provides that func  on. Homologues of the ORF3 protein 
are found in all other alphacoronaviruses. The ORF3 protein of hCoV-NL63 was shown to 
be N-glycosylated at the amino terminus and incorporated into virions (21). Yet, dele  on 
of the ORF3 gene from the viral genome had li  le eff ect on virus replica  on in cell culture 
(22). Like for PEDV, loss of ORF3 genes of the alphacoronaviruses TGEV and hCoV-229E (here 
named ORF4) is associated with unimpaired virus passaging in cell culture (23, 24). Despite 
a non-essen  al role in cell culture, the maintenance of the ORF3 gene in alphacoronavirus 
fi eld isolates strongly points to an important role of the ORF3 protein in natural infec  on in 
the animal host. Consistently, the loss of virulence of life-a  enuated PEDV vaccine strains 
has been associated with muta  ons in the ORF3 gene resul  ng from cell culture adapta  on 
(10, 25) although a contribu  on of the numerous addi  onally acquired muta  ons in other 
genes such as the spike gene can obviously not be excluded (26, 27). The specifi c func  on of 
the ORF3 protein (and other viral proteins in the 3´ genome region) in PEDV replica  on and 
pathogenesis can now be further inves  gated using the reverse gene  cs system.

The introduc  on of foreign genes at diff erent genomic posi  ons without apparent great 
fi tness loss of the virus in vitro (data not shown) once more illustrates the remarkable genome 
plas  city of the coronavirus genome (28, 29). The inser  on of reporter genes like for GFP 
and luciferase will be very useful for the study of various molecular and virological aspects 
of PEDV infec  on. In addi  on, as we demonstrate here, these reporter proper  es may also 
be exploited for applica  ons such as the establishment of convenient virus neutraliza  on 
assays that provide answers within hours rather than days. Furthermore, genomic inser  on 
of genes encoding foreign an  gens using the reverse gene  cs system opens avenues to 
the development of PEDV as a vaccine vector for protec  on against other relevant porcine 
pathogens in addi  on to PEDV. 
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Abstract

Isola  on of porcine epidemic diarrhea coronavirus (PEDV) from clinical material in cell 
culture requires supplementa  on of trypsin. This may relate to the confi nement of PEDV 
natural infec  on to the protease-rich small intes  ne of pigs. Our study focused on the 
role of protease ac  vity on infec  on by inves  ga  ng the spike protein of a PEDV isolate 
(wtPEDV) using a reverse gene  cs system based on the trypsin independent cell culture-
adapted strain DR13 (caPEDV). We demonstrate that trypsin acts on the wtPEDV spike 
protein a  er receptor binding. We mapped the gene  c determinant for trypsin dependent 
cell entry to the N-terminal region of the fusion subunit of this class I fusion protein, 
revealing a conserved arginine just upstream of the puta  ve fusion pep  de as the poten  al 
cleavage site. Whereas coronaviruses are typically processed by endogenous proteases of 
the producer or target cell, PEDV S protein ac  va  on strictly required supplementa  on of a 
protease, enabling us to study mechanis  c details of proteoly  c processing.
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Introduc  on

Porcine epidemic diarrhea virus (PEDV) belongs to the genus Alphacoronavirus in the 
family of Coronaviridae and is the causa  ve agent of porcine epidemic diarrhea (1). The 
virus is prevalent in East Asia infl ic  ng severe economic damage due to high mortality rates 
in young piglets and recently made its fi rst appearance on the North American subcon  nent 
(2-4).  PEDV infects the epithelia of the small intes  ne, an environment rich in proteases, and 
causes villous atrophy resul  ng in diarrhea and dehydra  on. Intriguingly, in vitro propaga  on 
of PEDV isolates requires supplementa  on of trypsin to the cell culture supernatant (5). It 
has been hypothesized that trypsin mediates ac  va  on of virions for membrane fusion by 
cleaving the Spike (S) glycoprotein (5, 6). Trimeric S proteins decorate the virion envelope 
and mediate receptor binding and membrane fusion. The S protein has been recognized as 
a class I fusion protein by its molecular features (7, 8). 

Class I fusion proteins are generated in a locked conforma  on to prevent premature 
triggering of the fusion mechanism and are subsequently prepared for ac  on by proteoly  c 
processing, a step called priming (reviewed in (9)). This cleavage is separa  ng two func  onally 
dis  nct protein domains, a soluble head domain responsible for receptor binding and a 
membrane bound subunit comprising the fusion machinery. A characteris  c feature of the 
cleaved, fusion-ready subunit is an N-terminal fusion pep  de. Proteoly  c priming can occur 
in the virus producing cell, in the extracellular environment, or a  er contact with the target 
cell membrane. Priming of the PEDV S protein is poten  ally accomplished by intes  nal 
diges  ve enzymes.

Some coronaviruses (CoV) such as mouse hepa   s virus (strain A59) and infec  ous 
bronchi  s virus (IBV) carry S proteins that are cleaved by furin-like proteases in the producer 
cell at the junc  on of the receptor binding (S1) and the membrane fusion subunit (S2)(10, 
11). However, most CoV like PEDV and severe acute respiratory syndrome coronavirus (SARS-
CoV), carry non-cleaved S proteins upon release (12). For an increasing number of coronavirus 
S proteins an alterna  ve cleavage site within the S2 subunit (S2’) has been described that is 
located upstream of the puta  ve fusion pep  de (13-15). Unlike cell culture-adapted PEDV, 
clinical isolates of PEDV are the only known CoVs for which propaga  on in cultured cells 
is dependent on a protease that is not expressed by target cells. The spa  otemporal and 
mechanis  c characteris  cs of their fusion ac  va  on remain unknown.

We focus our inves  ga  on on the impact of trypsin on PEDV S protein by using a reverse 
gene  cs system based on the cell culture-adapted, trypsin independent PEDV strain DR13 
(caPEDV) (16, 17). We subs  tuted the caPEDV S gene (PEDV-Sca) by that of a strictly trypsin 
dependent PEDV isolate CV777 (PEDVSwt) (18). Indeed, the trypsin dependency of virus 
propaga  on was a  ributed to the S protein. Trypsin was necessary for effi  cient cell entry 
and release of PEDV-Swt, whereas it reduced infec  on of PEDVSca. We demonstrated that 
trypsin was required for PEDV-Swt entry only a  er receptor binding. We mapped the gene  c 
determinants for ac  va  on of the S protein through trypsin to a site just upstream of the 
puta  ve fusion pep  de by tes  ng various chimeric forms of the S genes and specifi c point 
muta  ons.
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Material and Methods

Cells and viruses 
Vero-CCL81 cells (ATCC) were maintained in Dulbecco modifi ed Eagle medium (DMEM, 

Lonza BE12-741F) supplemented with 10% fetal bovine serum (FBS). A Vero-CCL81 derived 
cell line expressing the MHV receptor - murine carcinoembryonic an  gen-related cell 
adhesion molecule 1a (CCM) - was made by transduc  on with vesicular stoma   s virus 
G protein pseudotyped Moloney murine leukemia virus (MLV) using the pQCXIN retroviral 
vector (Clontech) containing the CCM coding sequence (19). The polyclonal Vero-CCM cell 
line was selected and maintained with G418 (PAA) and CCM expression was confi rmed by 
immunostaining. To propagate PEDV, cell layers were generally washed twice with phosphate 
buff ered saline (PBS) and maintenance medium was subs  tuted by Eagle’s minimum 
essen  al medium Alpha Modifi ca  on (Life Technologies 22571-020) supplemented with 
0.3% tryptose phosphate broth (aMEM-TPB, Sigma T9157). The cell culture-adapted PEDV 
DR13 strain herea  er called caPEDV (gb|JQ023162; isolated from a commercial vaccine 
of GreenCross, South Korea) and recombinant virus carrying caPEDV S protein including 
trypsin independent deriva  ves thereof were propagated and  trated in aMEM-TPB 
supplemented with 20 mM HEPES in Vero cells  (20). PEDV strain CV777 herea  er called 
wtPEDV (gb|AF353511; kindly provided by Dr. Kris  n van Reeth, Gent University) and 
recombinant virus carrying wtPEDV S protein or derivatives thereof were propagated and 
titrated in aMEM-TPB supplemented with 20 mM HEPES plus 15 μg/ml trypsin (Sigma 
T4799) in Vero cells. The S gene of wtPEDV encoded two amino acid devia  ons from the 
published CV777 S sequence (G84S and S503L, (7)). For purifi ca  on of the PEDV-Swt virus 
par  cles in the absence of trypsin, Vero cells were inoculated in the presence of trypsin 
ac  vity reaching a maximum infec  on rate and the culture supernatant was replenished by 
aMEM-TPB supplemented with 20 mM HEPES a  er 4 h. Cells were cultured for 24 h at 37°C 
and an addi  onal 24 h at 32°C. Virus was harvested by three cycles of freeze-thawing the 
infected cells and culture supernatant followed by removal of cell debris by centrifuga  on 
at 4,000 × g for 10 min. 

Construc  on of recombinant viruses 
Recombinant PEDV were generated as described by Li et al. (16) except that we used 

Vero-CCM cells for the recovery of viruses carrying wtPEDV S protein or trypsin dependent 
deriva  ves thereof. PEDV-Sca represents the earlier reported PEDV-ΔORF3/GFP (16) that 
was generated using the transfer vector pPEDV-ΔORF3/GFP. The transfer vectors for novel 
recombinants were deriva  ves of pPEDV-ΔORF3/GFP containing a BamHI restric  on site 
between ORF1b and the S gene, as described for prPEDV (16). The chimeric PEDV-S_AB, 
PEDV-S_Ab, and PEDV-S_aB genes were generated by replacing the PstI X PmlI, PstI X Bsu36I 
or the Bsu36I X PmlI fragments of the caPEDV S gene by that of wtPEDV sequence. To 
generate recombinant PEDV with the full length wtPEDV S protein (PEDV-Swt), the en  re 
S gene was replaced by BamHI X PmlI, genera  ng p-PEDV-CV777-ΔORF3/GFP. The FLAG 
pep  de (VQDYKDDDDK) encoding gene fragment was appended to the C-terminal end of 
the S gene using the PmlI restric  on site of p-PEDV-ΔORF3 and p-PEDV-CV777-ΔORF3/GFP 
resul  ng in PEDV-Sca_fl ag and PEDV-Swt_fl ag, respec  vely (16). Viral RNA was extracted 
from virus two to three passages a  er plaque selec  on and the genotype confi rmed by 
sequencing.
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Infec  on / virus entry assay 
Vero cells were inoculated with caPEDV and wtPEDV (MOI was set to 0.1 in the presence 

of trypsin) in the presence of 15 μg/ml trypsin or trypsin plus 40 μg/ml soy bean trypsin 
inhibitor type I (SBTI, Sigma T6522) for 15 h before visualiza  on of the virus infec  on by 
immunofl uorescence microscopy. For recombinant PEDV containing the GFP reporter gene 
(MOI was set to 0.1 in the presence of trypsin), inocula contained 15 μg/ml trypsin, 40 μg/
ml SBTI or both. A  er 2 h, inoculum was removed, cell layers were rinsed with PBS, and 
further incubated with aMEM-TPB supplemented with SBTI. 10-12 h post infec  on, when 
GFP signals became apparent, samples were imaged by an EVOS-fl  fl uorescence microscope 
(Advanced Microscopy Group) and prepared for fl ow cytometry analysis. Figures show 
representa  ve images. The same procedure was used if the inoculum had been pretreated. 
Prior to infec  on, trypsin or trypsin plus SBTI were added to the inoculum and incubated for 
1 h at 37°C, followed by inocula  on of Vero cells for 2 h. The a  achment assay was performed 
(MOI was set to 0.5 in the presence of trypsin before pretreatment) with pretreated or naive 
virus prepara  ons, while residual trypsin ac  vity was blocked in all cases by an excess of 
SBTI. Next, the inoculum was allowed to a  ach to the cells at ~8°C for 1 h before rinsing the 
cell layer and followed by 2 h inocula  on with trypsin or trypsin plus SBTI. Samples were 
otherwise prepared as in the entry assay.

Flow cytometry 
The cell layer was rinsed with PBS and detached with cell culture dissocia  on solu  on 

(Sigma C5914). Cells were resuspended in PBS supplemented with 2% FBS and 0.02% sodium 
azide, pelleted by centrifuga  on and fi xed in 3.7% formaldehyde in PBS. Subsequently, 
cells were analyzed for GFP expression using a FACSCalibur fl ow cytometer (BD Bioscience) 
recording 20.000 cells. Flowing so  ware 2 (Per  u Terho, Turku Centre for Biotechnology, 
Finland) was used to analyze the percentage of GFP expressing cells in the live cell gate. The 
threshold for mock infected cells was set at 0.1% posi  ve cells.

Virus release assay
To assess the release of infec  ous par  cles in the absence or presence of trypsin, Vero 

cells were inoculated with recombinant PEDV at an MOI of 4 for 2 h and further incubated 
in aMEM-TPB or aMEM-TPB supplemented with 15 μg/ml trypsin. 14-16 h post infec  on, 
supernatant was collected, cell debris removed by spinning for 10 min at 10,000 x g and 
pretreated with 15 μg/ml trypsin for 1 h before  tra  on of infec  ous virus by end point 
dilu  on. The trypsin pretreatment was performed to ensure equal trypsin induced reduc  on 
of PEDV-Sca infec  vity of samples obtained under diff erent condi  ons. To display the data, 
ra  os of viral  ters obtained from supernatants containing trypsin versus lacking trypsin 
were calculated of paired samples. The p-value was obtained with a paired samples t-test 
between PEDV-Swt and PEDVSca.

The eff ect of trypsin on the release of viral RNA in the cell culture supernatant was 
determined by quan  ta  ve real-  me reverse transcrip  on PCR (qRT-PCR). Vero cells were 
inoculated with recombinant PEDV at an MOI of 2 for 2 h and further incubated in aMEM-
TPB supplemented with 40 μg/ml SBTI or 15 μg/ml trypsin. 16 h post infec  on RNA was 
prepared from cell lysates (RNeasy mini kit, Qiagen) and cell culture supernatants (QiaAMP 
viral RNA mini kit, Qiagen) according to manufacturer’s protocols. Reverse transcrip  on and 
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qRT-PCR were performed using GoTaq 1Step RT-qPCR System (A6020; Promega) with the 
primer set FW 5’-GAGCACATGTTGTTGGCTCT-3’ and RV 5’-GCAACCTTCAGGTCTGACAA-3’ on 
a Light Cycler 480 II (Roche).

PEDV S protein expression vectors 
cDNA was recovered from virus prepara  ons and wtPEDV S gene specifi c PCR products 

were subcloned into pCAGGS expression vector for transient expression (Swt). To increase 
cell surface presenta  on during transient expression, the C-terminus of the S gene was 
truncated by an equivalent of 20 amino acids which include retrieval signals (21). The 
point muta  on R890G was introduced to the wtPEDV S gene by site directed mutagenesis 
(Swt_R890G). The en  re S protein coding sequence of each construct was confi rmed by 
sequencing.

PEDV S protein mediated cell-cell fusion 
Vero cells were transfected with pCAGGS expression plasmids encoding Swt or Swt_

R890G using jetPRIME (Polyplus) for 48 h. Alterna  vely, Vero cells were inoculated with 
PEDV-Swt for 2 h in the presence of trypsin and cultured from 2 to 20 h in the absence 
of trypsin. Supplementa  on of 15 μg/ml trypsin for 1 h resulted in cell-cell fusion which 
was monitored by immunofl uorescence staining against PEDV S protein in the case of 
overexpression. Cell-cell fusion of cells infected with the GFP-expressing PEDV-Swt was 
followed by real  me confocal fl uorescence microscopy using a NIKON A1R microscope with 
a top climate chamber (Tokai Hit) for live cell imaging at 37°C and 5% CO2. Image stacks were 
acquired every 65 s at 40x magnifi ca  on.

Immunofl uorescence microscopy 
For immunostaining, the cells were washed twice with PBS and fi xed with 3.7% 

formaldehyde (Merck 1040031000) in PBS, followed by membrane permeabiliza  on with 
0.1% Triton-X-100 (Sigma 93426) in PBS for 15 min at room temperature. Cells were blocked 
by 2% normal goat serum in PBS for 1 h and then incubated with polyclonal rabbit an  body 
raised against the PEDV (strain D24) S1 ectodomain (amino acids 1-728, an  -PEDV-S1 
serum, Davids Biotechnologie GmbH, Germany) or the 3F12 mouse monoclonal an  body 
detec  ng PEDV nucleocapsid protein (BioNote, Republic of Korea) for 1 h. A  er rinsing 
three  mes with PBS, staining was completed by goat αrabbit Alexa Fluor®488-conjugated 
(Life Technologies A11008) or goat αmouse Alexa Fluor®488-conjugated (Life Technologies 
A11001). For nuclear staining, DAPI (Molecular Probes) was included during blocking. An 
EVOS-fl  fl uorescence microscope (Advanced Microscopy Group) was used to visualize 
staining. 

Western blot analysis 
Virus containing cell culture supernatants were purifi ed and concentrated (factor 1:400 

v/v) by sedimenta  on of the virus par  cles through a 20% cushion of sucrose in HCN buff er 
(50 mM HEPES, 100 mM NaCl, 10 mM CaCl2) at 100,000 x g for 1.5 h at 4°C. Virus par  cles 
were handled on ice and resuspended in HCN buff er. For trypsin treatment, samples 
were supplemented with or without 15 μg/ml trypsin before warming to 37°C for 30 min. 
Samples were chilled and trypsin ac  vity was quenched by the addi  on of 80 μg/ml SBTI 
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before determining the  ters by end point dilu  on or denaturing in Laemmli sample buff er 
at 95°C for 10 min. Samples were subjected to sodium dodecyl sulfatepolyacrylamide gel 
electrophoresis (SDS-PAGE) in a discon  nuous gel with 8% acryl amide in the separa  ng gel. 
Next, samples were transferred to a polyvinylidene fl uoride membrane (BioRad, 1620176) 
and blocked with bovine serum. PEDV S protein was reacted with mouse monoclonal 
an  FLAG conjugated to horseradish peroxidase (Sigma, A8592) or an  -PEDV-S1 serum in 
PBS with 5% FBS and 0.5% Tween20 and the la  er subsequently with swine an  -rabbit 
immunoglobulin G conjugated horseradish peroxidase (Dako, P0217). For detec  on we used 
Amersham ECL Western Blo   ng Analysis System (GE healthcare, RPN2109) with X-Omat LS 
fi lms (Kodak, Sigma F1149).

Computa  onal analysis 
he transmembrane domain of PEDV S protein was predicted by TMHMM 2.0 and the 

signal pep  de by SignalP 4.1. HR1 and HR2 regions are drawn according to Bosch et al. (8). 
Microscopy images were quan  fi ed with ImageJ and GIMP. Amino acid sequence alignment 
was performed by ClustalW2 using S sequences of PEDV-DR13-par (parental virulent strain 
DR13, gb|AFE85962.1), Middle East respiratory syndrome coronavirus (MERS-CoV strain 
HCoV-EMC, gb|AFS88936.1), SARS-CoV strain Tor2, gb|NP_828851.1), IBV (strain Beaude  e, 
gb|NP_040831.1), and murine hepa   s virus (MHV strain A59, gb|NP_045300.1).

Results

In vitro infec  on with PEDV strains CV777 and caDR13 
The requirement for trypsin for the propaga  on of the PEDV isolate CV777 (wtPEDV) and 

the cell culture-adapted DR13 strain (caPEDV) was compared. Vero cells were inoculated 
with either of the two viruses in the absence or presence of trypsin for 15 h. Virus infected 
cells were visualized by immunofl uorescence staining. Numerous mul  nucleated cells were 
observed a  er inocula  on with wtPEDV and caPEDV in the presence of trypsin (Figure 1). 
These syncy  al foci, typical for PEDV infec  on (5), were larger for wtPEDV than for caPEDV. 
In contrast, when trypsin ac  vity was blocked using soy bean trypsin inhibitor (SBTI), 
wtPEDV infec  on was almost absent. caPEDV con  nued to infect cells, even at a higher rate. 
Remarkably, no syncy  a forma  on was observed in the absence of trypsin ac  vity. 

Recombinant PEDV with diff erent S proteins 
Assuming that the addi  on of trypsin to the inoculum might ac  vate viral S proteins 

for fusion, we inves  gated this possible rela  onship further. We generated recombinant 
viruses encoding the wtPEDV S gene (PEDV-Swt) or the caPEDV S gene (PEDV-Sca) in an 
isogenic background, the viruses hence only diff ering in their S proteins (Figure 2A). In 
the recombinant viruses the ORF3 was replaced by a GFP gene to enable the detec  on 
of infec  on by fl uorescence (16). Recovery and propaga  on of recombinant PEDVSwt, 
but not that of PEDVSca, required the presence of ac  ve trypsin during inocula  on and 
culturing. We concluded that the contras  ng trypsin dependence of wtPEDV and caPEDV 
was determined by the S protein.
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Trypsin aff ects diff erent steps in the viral life cycle 
Trypsin might aff ect virus propaga  on at diff erent steps in the viral life cycle. First, we 

focused on virus entry. Vero cells were inoculated in the presence of trypsin for 2 h with 
PEDVSca or PEDVSwt at an MOI known to infect about 10% of cells. For addi  onal samples, 
trypsin ac  vity was quenched by addi  on of SBTI or only SBTI was added. A  er the virus 
entry stage, the inoculum was removed and incuba  on was con  nued in the presence of 
SBTI for 9 h to prevent syncy  a forma  on by residual trypsin in the culture supernatant. 
At 11 h post infec  on (p.i.), fl uorescence microscopy images were acquired. Inocula  on 
with PEDV-Swt and PEDV-Sca in the presence of trypsin yielded ~10% infected cells (Figure 
2B). However, in the absence of trypsin ac  vity PEDV-Swt failed to infect Vero cells. SBTI 
alone had the same eff ect as when combined with trypsin. In contrast, inocula  on with 
PEDV-Sca was more effi  cient without trypsin ac  vity. No syncy  a were observed with either 
recombinant virus in the absence of trypsin. Prolonged incuba  on in the absence of trypsin 
ac  vity resulted in second round infec  ons by PEDV-Sca but not by PEDV-Swt (data not 
shown). GFP expressing cells were quan  fi ed by fl ow cytometry to determine the extent 
of infec  on. Blocking ac  ve trypsin resulted in a > 10-fold reduc  on of PEDV-Swt infec  on, 
where we observed a 3-fold increase of infec  on for PEDV-Sca (Figure 2C). Thus, PEDV-Swt 
entry was clearly dependent on ac  ve trypsin whereas PEDV-Sca was not.

Besides enhancing its entry, trypsin has been reported to increase the release of PEDV 
from infected cells (22). We therefore monitored release of PEDVSwt and PEDVSca in the 
absence or presence of trypsin. Vero cells were inoculated with PEDVSwt and PEDVSca 
(MOI = 4) and the inoculum was removed a  er 2 h. Incuba  on was con  nued in the absence 
or presence of trypsin un  l 14-16 h p.i., a  er which cell culture supernatants were collected. 
Trypsin was added to all samples to normalize the trypsin sample condi  ons before 
determining viral infec  vity in the cell culture supernatant by end-point dilu  on assay. For 
both viruses, more infec  ous virus was detected in the presence than in the absence of 
trypsin (Figure 2D). However, while for PEDV-Swt this increase was ~500-fold, for PEDV-Sca 
it was limited to ~15fold. Sta  s  cal tes  ng confi rmed a signifi cant diff erence between the 
increased release of infec  ous PEDV-Swt over PEDV-Sca from infected cells in the presence 
of ac  ve trypsin. The trypsin-enhanced release of virions in cell culture supernatant was 
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Fig. 1 Infection with the wild-type PEDV isolate, but not with cell culture-adapted PEDV  benefits from trypsin 
activity. Inocula were supplemented with soy bean trypsin inhibitor (SBTI), trypsin, or a combination of both and 
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confi rmed by determining the ra  o of released viral RNA in the presence compared to 
absence of trypsin using quan  ta  ve real-  me reverse transcrip  on PCR (Figure 2E).
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Fig. 2 The S protein determines trypsin dependency of PEDV propagation. (A) Schematic representation of the 
recombinant PEDV genomes carrying the PEDV-CV777 or the PEDV-caDR13 S gene in the isogenic background 
of caDR13 (PEDV-Swt and PEDV-Sca, respectively). The ORF3 gene was substituted by a GFP sequence. (B) Vero 
cells were inoculated in the presence or absence of trypsin or soy bean trypsin inhibitor (SBTI). After 2 h the 
inoculum was removed and incubation continued in the presence of SBTI to prevent syncytia formation. At 11 
h post infection (p.i.), infected cells were examined by GFP expression using fluorescence microscopy (green). 
Nuclei were stained with DAPI (blue). (C) The percentage of infected cells was determined by quantifying GFP 
expressing cells using flow cytometry. The averages with standard deviation (s.d.) of 4 experiments are displayed 
relative to the inoculation in the presence of trypsin. (D) To assess the effect of trypsin on the release of infectious 
PEDV particles from producer cells, inoculations were performed for 2 h before the medium was refreshed and 
incubation continued in the absence or presence of trypsin. At 14 to 16 h p.i., supernatants were collected. Trypsin 
was added to all samples 1 h before infectious virus titers were determined by end point dilution. The ratio of 
infectivity in samples obtained in presence over absence of trypsin were calculated and displayed (* p-value 0.026 
in paired samples t-test). 7 independent experiments with multiple replicates were carried out and each dot 
represents ratio obtained from one pair of samples. (E) The effect of trypsin on the release of viral RNA (vRNA) 
from PEDV infected cells was quantified. Vero cells were infected with wtPEDV and caPEDV and cultured from 2 to 
16 h p.i. in the presence or absence of trypsin. RNA was subsequently purified from supernatants or cells and vRNA 
levels were quantified by qRT-PCR. The relative amounts of vRNA of the samples treated with trypsin compared to 
the samples treated with SBTI are displayed.
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Characteriza  on of S protein ac  va  on 
To facilitate virus entry, trypsin may act on the S protein or the target cells, for 

example on the virus receptor. In a modifi ed entry assay, either the virus or the target 
cell monolayer was exposed to trypsin for 60 min prior to inocula  on. Trypsin ac  vity 
was quenched by SBTI before or a  er pre-incuba  on or a  er 2 h of inocula  on. Flow 
cytometry analysis demonstrated that infec  on by PEDV-Swt was not enhanced by trypsin 
pretreatment of the inoculum or the cells (Figure 3A), but trypsin was required during 
inocula  on. Similarly, infec  on with PEDV-Sca did not benefi t from trypsin pretreatment of 
virus or cells. Rather, exposure to ac  ve trypsin reduced PEDV-Sca infec  vity in the absence 
of cells and during inocula  on, though it did not inac  vate the virus en  rely. 

We performed western blot analysis to study eff ects of trypsin on the S proteins 
decora  ng virus par  cles. To facilitate monitoring of S proteins, recombinant PEDV-Sca_fl ag 
and PEDV-Swt_fl ag were generated in which the S proteins were Cterminally extended by 
a FLAGtag. To avoid trypsin exposure during produc  on of PEDV-Swt_fl ag, we inoculated 
Vero cells at a high MOI in the presence of trypsin and replaced the cell supernatant by 
culture medium without trypsin a  er 4 h. Virus par  cles were collected from the cell culture 
supernatants by sedimenta  on through a 20% sucrose cushion. Purifi ed virus samples were 
exposed to 15 μg/ml trypsin for 30 min before western blot analysis and infec  ous  ter 
determina  on. In the absence of trypsin, full-length PEDV S proteins migra  ng at ~180 kDa 
were detected using an  -FLAG an  body or an an  -PEDV-S1 serum (Figure 3B), whereas 
non-tagged PEDVSca was only detected by an  -S1 serum. Incuba  on with trypsin cleaved 
a frac  on of PEDVSwt, but essen  ally all of PEDV-Sca S protein, resul  ng in two smaller 
S protein products that migrated at approximately 70 kDa and 50 kDa. The infec  vity of 
PEDV-Swt_fl ag and PEDV-Sca_fl ag decreased by 6-fold and >300-fold, respec  vely. Thus, 
the extent of trypsin mediated proteolysis of the S proteins correlates with the observed 
reduc  on of virus infec  vity. While PEDV-Swt_fl ag was rela  vely resistant to trypsin, PEDV-
Sca_fl ag was rapidly cleaved. 

To further defi ne whether trypsin acts before or a  er receptor binding we performed 
a synchronized infec  on by allowing the viruses to a  ach to target cells at 8°C in the 
absence of trypsin. A  er 60 min, unbound virus was removed and an entry assay was 
performed. PEDVSwt was able to infect cells exclusively when trypsin ac  vity was present 
a  er a  achment (Figure 3C, fi lled bars). Trypsin consistently reduced PEDV-Sca infec  on 
whenever present. Nonetheless, we assumed that also PEDV-Sca requires proteoly  c 
ac  va  on of its S protein at some stage, but that the benefi cial cleavage eff ect of trypsin 
might be masked by destruc  ve ones. To probe for a trypsin resistant frac  on of PEDV-
Sca, virus prepara  ons were pre-treated with trypsin or SBTI for 60 min. Then, trypsin was 
blocked by an excess of SBTI followed by a  achment and subsequent infec  on as before. In 
contrast, infec  on by pre-exposed PEDV-Sca was reduced below the level of infec  on in the 
presence of trypsin (Figure 3, compare fi lled and empty bars) and the remaining infec  vity 
was further decreased by applying trypsin a  er a  achment. The infec  vity of pretreated 
PEDV-Swt was essen  ally unaff ected and required trypsin ac  vity a  er a  achment. Where 
PEDV-Swt fully depends on trypsin at a post-receptor binding stage, the infec  vity of PEDV-
Sca is compromised before and a  er receptor binding.
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Fig. 3 Characterization of S protein activation. (A) An entry assay was performed as described in Figure 2B. Vero 
cells were inoculated for 2 h with PEDV Sca or PEDV Swt and infection was quantified by flow cytometry, showing 
the averages with s.d. of 3 experiments displayed relative to the inoculation in the presence of trypsin. For 
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quench the trypsin activity at indicated steps. (B) Trypsin treatment of S protein on purified virions. Recombinant 
viruses carrying a FLAG-tag at the C-terminus of the PEDV-S protein (PEDV-Sca_flag and PEDV-Swt_flag) were 
produced in the absence of trypsin and purified by pelleting through 20 % sucrose. A similar purification procedure 
was done with culture medium from PEDV-Sca and mock infected Vero cells (mock). Samples were exposed to 
15 μg/ml trypsin or left untreated for 30 min. Infectivity was determined by end point dilution (TCID50/ml) and 
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Mapping gene  c determinants of trypsin dependent entry 
The amino acid sequences of PEDV-Sca and PEDV-Swt diff er at 129 amino acid posi  ons. 

Using a gain of func  on approach, we aimed to map the gene  c determinant for trypsin 
enhanced entry through subs  tu  ng fragments of the PEDV-Sca S gene by the corresponding 
wtPEDV S gene sequences, genera  ng chimeric S proteins. The ultrastructural organiza  on 
of PEDV S proteins is unknown, but puta  ve func  onal domains can be iden  fi ed by 
theore  cal analysis and comparison to other coronaviruses (Figure 4A). We replaced the 
gene fragment encoding the puta  ve fusion subunit (PEDVS_AB), or its Nterminal part 
containing the puta  ve S2’ cleavage site, fusion pep  de, and HR1 domain (PEDVS_Ab), or 
its Cterminal part containing HR2, the transmembrane domain, and the Cterminus (PEDVS_
aB; Figure 4B). Recombinant PEDVS_AB and PEDVS_Ab were recovered in the presence of 
trypsin, whereas PEDVS_aB could be recovered without trypsin. The chimeric viruses were 
tested for trypsin dependent entry as described for Figure 2. Clearly, all viruses carrying part 
A of wtPEDV, as exemplifi ed by PEDVS_AB and PEDVS_Ab, were found to be fully dependent 
on trypsin for effi  cient entry, similar to PEDV-Swt (Figure 4C). All other viruses that contain 
part A of caPEDV such as PEDVS_aB, did not require trypsin for effi  cient entry. Hence, part A 
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Fig. 5 Substitution of arginine at position 890 results in reduced syncytia formation capacity of transiently 
expressed S protein. (A) After overnight incubation with PEDV-Swt, infected cells were treated with trypsin for 1 
h while live images were obtained. Representative images are shown. (B) Vero cells were transiently transfected 
with expression plasmids encoding Swt and its point mutant Swt_R890G for 48 h. Cells were treated with trypsin 
or trypsin plus SBTI for 1 h and subsequently examined by immunostaining against S protein (green). Nuclei were 
stained with DAPI (blue). Representative images are shown. (C) The numbers of nuclei per focus were quantified 
and displayed as binned frequency distribution histogram (four independent experiments, Swt n = 390; Swt_
R890G n = 330). Syncytia containing 1-4 nuclei were small, 5-8 nuclei were medium and more than 8 were large. 
The average syncytia size induced by Swt and Swt_R890G significantly differ from each other (p value <0.0001, 
non-parametric t-test).
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contains the determinant for trypsin dependent entry.
To iden  fy the relevant trypsin cleavage site, we compared the amino acid sequences of 

part A from the PEDV strains CV777, caDR13 and the parental DR13 virus (PEDV-DR13par). 
We observed 9 amino acid diff erences including one conspicuous arginine, located at posi  on 
890 (R890). The arginine occurred in the S protein of wtPEDV and PEDV-DR13par but was 
replaced by a glycine in the cell culture-adapted caPEDV (Figure 4D). To inves  gate the role 
of R890 in trypsin mediated entry of wtPEDV, a  empts were made to generate PEDV-Swt 
encoding an R890G subs  tu  on. Despite mul  ple eff orts this virus could not be recovered 
by our RNA recombina  on approach, whereas control recombina  ons were successful (data 
not shown). We did not consider introducing the reciprocal G890R subs  tu  on in PEDV-Sca, 
since the resul  ng recombinant virus would be predicted to remain trypsin independent 
similar to PEDVS_aB.

Trypsin induced cell-cell fusion mediated by overexpressed S proteins 
To otherwise assess the role of R890 in trypsin mediated S protein ac  va  on, we made 

use of a cellcell fusion assay. As indicated in Figure 1, con  nuous treatment of PEDV 
infected cells with trypsin results in cell-cell fusion yielding syncy  a. Cell-cell fusion was 
also triggered a  er overnight infec  on by addi  on of trypsin, a  er which fusion ac  vity 
con  nued for more than 1 h (Figure 5A). To test the trypsin-induced cell-cell fusion capacity 
of the PEDV S proteins, we transiently expressed them in Vero cells for 48 h. Cell-cell fusion 
by Swt was compared to that of Swt_R890G – containing a point muta  on subs  tu  ng the 
arginine 890 by a glycine. Trypsin was added for 1 h and syncy  um forma  on examined. 
Trypsin induced considerable syncy  a in Swt expressing cells; in contrast, only small syncy  a 
were induced in the cells expressing Swt_R890G (Figure 5B). Overexpression of Sca results 
in small-sized syncy  a and the Sca mutant bearing the reciprocal G890R muta  on did not 
diff er in their ability to induce syncy  um forma  on (data not shown). S proteins were 
stained by immunofl uorescence using an  -PEDV-S1 serum and the sizes of the foci were 
quan  fi ed by coun  ng the number of nuclei (Figure 5C). For Swt about 50% of syncy  a 
were found to be small containing 1 to 4 nuclei, ~25% were medium-sized with 5 to 8 nuclei, 
and ~25% of syncy  a were large, having more than 8 nuclei. In contrast, the Swt_R890G 
mutant yielded almost 80% of small syncy  a, 15% medium and only 5% larger ones. In both 
cases, incuba  on with trypsin failed to trigger syncy  a forma  on by all transfected cells. 
Of note, the number of small syncy  a is probably an overes  mate because they were not 
dis  nguishable from small clusters of PEDV-S posi  ve cells origina  ng from cell division.

Discussion

Proteoly  c priming of class I fusion glycoproteins has been reported to occur with 
diff erent  ming and by various host proteases. Human immunodefi ciency virus Env and 
HA of highly pathogenic infl uenza viruses become primed by cellular furin-like proteases 
in the virus producing cells, hence they are fusionready upon virus release (23, 24). In 
contrast, the infec  vity of viruses carrying uncleaved fusion proteins such as severe acute 
respiratory syndrome (SARS) coronavirus and low pathogenic infl uenza viruses rely on host 
cell proteases like type II transmembrane serine proteases (TTSP) (25), furin-like proteases, 
or low-pH-dependent, endolysosomal proteases (23, 26-28). Recent progress illustrates 
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that infec  on by respiratory syncy  al virus, despite its carrying a cleaved F protein, can 
s  ll be blocked by inhibitors of endosomal proteases as the F protein requires a second 
cleavage in the target cell (29). PEDV is peculiar because it needs an exogenous protease 
for propaga  on in cell culture, thereby providing an excellent model to study proteoly  c 
ac  va  on. Our inves  ga  on of the spa  otemporal characteris  cs of trypsin dependent 
PEDV infec  on demonstrated that PEDV-Swt undergoes trypsin ac  va  on at a post receptor-
binding stage. In contrast to infl uenza virus HA that can be primed at any stage, we suggest 
that PEDV S protein is protected from premature processing by reduced accessibility of the 
cleavage site. This mechanism may prevent premature triggering of the fusion machinery in 
the protease-rich intes  ne and help to direct the infec  on to proper target cells. Proteoly  c 
processing a  er precondi  oning has been observed for other CoVs and correlated with 
conforma  onal changes that expose a cleavage site. A preceding cleavage of SARS-CoV S 
protein facilitates cleavage at a second site further Cterminal of the fi rst (30). Like PEDV, 
MHV-2 S protein requires receptor binding before the cleavage occurs that enables the 
refolding into a post fusion conforma  on (31). We failed to observe eff ects of porcine amino 
pep  dase N (pAPN) – the puta  ve receptor for PEDV (32) – because we could not reproduce 
its receptor func  on in a variety of assays. Proteoly  c processing may cons  tute a general 
mechanism to control  ming and loca  on of the fusion competence of class I fusion proteins. 
In fact, the tropism of various enveloped viruses such as low pathogenic infl uenza virus, 
SARS-CoV, human coronavirus 229E, infec  ous bronchi  s virus (IBV), and feline infec  ous 
peritoni  s virus (FIPV), but also of the non-enveloped rotavirus has been correlated with 
the availability of proteases that mediate fusion ac  va  on in the target  ssue (28, 33-38).

We used recombinant viruses to a  ribute specifi c eff ects of trypsin to the S protein. For 
the fi rst  me, the func  on of a strictly trypsin dependent S protein from a PEDV isolate was 
characterized and compared to the trypsin independent S protein of a cell adapted PEDV 
variant. A previous study claimed that trypsin exerts its PEDV infec  on enhancing eff ect at a 
post receptor-binding stage (6). However, the PEDV strain used was not trypsin dependent 
and the impact of trypsin on virus propaga  on was marginal, jeopardizing the interpreta  on 
of the data (6, 39). 

In search for the gene  c determinant of PEDV cleavage we created viruses with chimeric 
S proteins by transferring wtPEDV S gene fragments into the trypsin independent caPEDV 
virus. We mapped the trypsin dependence feature to the Nterminal half of the fusion subunit 
which includes the puta  ve fusion pep  de and HR1 domain (40). A sequence comparison 
of PEDV S proteins pointed at an arginine (R890) to glycine subs  tu  on that has occurred 
during the serial in vitro passaging process, which rendered the original parental PEDVDR13 
trypsin independent (41). This arginine was fi rst iden  fi ed by Whi  aker and co-workers in 
SARS-CoV S protein and sequence alignment by Yamada et al. illustrated the conserva  on 
of this arginine in almost all CoV S proteins (14, 30). Recombinant PEDV carrying wild-type 
S protein encoding the amino acid muta  on R890G could not be rescued sugges  ng that 
R890 is required for proper func  oning of the S protein. Although we were not able to 
demonstrate trypsin cleavage at R890 biochemically (data not shown), a role of this residue 
in trypsin-mediated ac  va  on of fusion was indicated by the signifi cant reduc  on in 
syncy  a forma  on by cells expressing the CV777 S protein encoding the R890G muta  on. 
R890 is located immediately adjacent to the puta  ve fusion pep  de and corresponds with 
the previously described cleavage site within S2 (S2’) (40). Consistent with the class I fusion 
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model, exemplifi ed by infl uenza virus HA, trypsin cleavage at R890 would enable the bulky 
receptor binding head domain of the PEDV S protein to move aside, thereby libera  ng 
an N-terminal fusion pep  de that can then insert into the host cell membrane to ini  ate 
membrane fusion (reviewed in (42)). 

In contrast to clinical PEDV isolates, entry by cell culture-adapted caPEDV into Vero cells 
is independent of trypsin. Yet, cell-cell fusion by infected cells s  ll required the addi  on 
of trypsin, indica  ng that proteolysis ac  vates the caDR13 S protein for fusion but does 
not occur at plasma membrane. Candidate cellular enzymes that could ac  vate the caPEDV 
S protein in the endolysosomal system are TTSPs and low-pH-ac  vated proteases, by 
analogy to the SARSCoV, MERS-CoV, human coronavirus 229E, and MHV-2 S proteins (28, 
43-46). Moreover, caPEDV infec  vity was markedly aff ected by the ac  on of trypsin, which 
correlated with a clear proteolysis of S proteins on virions. Trypsin cleavage of virion-bound 
Sca yielded a dominant 70 kDa-sized S2 fragment with an intact C-terminus (Figure 3B). The 
size of the product fi ts with trypsin cleavage in proximity to posi  on G890 (i.e. at R885 or 
K889) yielding a truncated S2 subunit of approximately 70 kDa (predicted molecular mass of 
55 kDa protein and 15 kDa N-glycans). We speculate that alterna  ve trypsin cleavage sites 
may be more readily accessible in Sca compared to Swt, and hence, prematurely trigger the 
transi  on of Sca into a post-fusion form. caPEDV has been used as a live a  enuated vaccine 
and its a  enuated phenotype in pigs was suggested to be associated with a dele  on in 
the accessory ORF3 gene product (39, 47, 48). We add that a  enua  on could also result 
from reduced viral fi tness of the trypsin independent PEDV vaccine strain in the gastric and 
pancrea  c protease-rich environment of the intes  ne and by reduced syncy  a-infl icted 
damage of the intes  nal epithelial layer (41). 

It seems counterintui  ve that serial passaging of the trypsin dependent PEDV-DR13 
parental strain in the presence of trypsin eventually resulted in a cell culture-adapted 
caPEDV that no longer depended on trypsin for its growth (17). In fact, PEDV strain KPEDV-9 
was independently generated by repeated passaging in cell culture and also acquired trypsin 
independence according to Park et al. (6, 17, 39). Intriguingly, it has been noted that Vero 
cells inhibit trypsin in cell culture supernatants by secre  on of trypsin inhibitory molecules 
(49). Hence, propaga  on of the parental PEDV-DR13 in Vero cells may have selected for 
trypsin independent PEDV mutants. 

Comparing virus produc  on in the presence and absence of trypsin we also found that 
the release of recombinant viruses carrying wtPEDV and caPEDV S proteins from infected 
cells was increased by trypsin. Release of PEDV-Sca was 15-fold higher in the presence of 
trypsin, confi rming results of Shirato et al. (22). PEDV-Swt was signifi cantly more dependent 
on trypsin for release than PEDV-Sca, indica  ng that the S protein is also a determinant for 
effi  cient virus release from target cells. Protease ac  vity acts at dis  nct steps in the viral life 
cycle of PEDV, although the mechanism of virus reten  on and the role of proteolysis in virus 
release are not understood. 

Enveloped virus entry is generally directed and controlled by proteoly  c processing of 
the fusion protein, receptor binding and triggering of membrane fusion. Our knowledge 
about the determinants of PEDV infec  on is limited and this study aimed at elucida  ng the 
requirements for virus entry. Like for other CoVs, we found that ac  va  ng cleavage of wild-
type PEDV S proteins occurs only a  er receptor binding (50). In vitro, PEDV is unique in its 
dependence on a protease that is not expressed by the target cell. As for infl uenza virus, 
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this trypsin dependence may be an ex vivo requirement. In vivo, the availability of gastric 
and pancrea  c proteases or proteases locally expressed by the intes  nal epithelial target 
cells poten  ally mediate PEDV virus infec  on to the intes  ne (51). TTSPs such as TMPRSS2 
are candidate proteases for PEDV ac  va  on, since human TMPRSS2 has been shown to 
ac  vate PEDV S-mediated cell-cell fusion in cell culture (22). It is currently unknown whether 
PEDV S protein cleavage is a priming event and whether membrane fusion requires yet an 
addi  onal trigger. So far, trypsin cleavage readily supports the membrane fusion process 
and can be used as a trigger to inves  gate virus-cell and cell-cell fusion and to dissect 
further details of the PEDV fusion machinery. Thus it seems possible that PEDV infec  on is 
triggered by proteolysis rather than by alterna  ve environmental cues, thereby abroga  ng 
the dis  nc  on between priming and triggering events, as was suggested for SARS-CoV (52).
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Viruses must gain access to cells for replica  on. Enveloped viruses use fusion 
glycoproteins to merge their envelope with a host cell membrane. Structural and 
biochemical studies elucidated how fusion proteins func  on, but many ques  ons 

remain. Generally, the fusion event is controlled at mul  ple checkpoints that have to be 
passed by the fusion protein: i) receptor binding, ii) acquisi  on of fusion-competence by 
priming, and iii) triggering of membrane fusion (Chapter 1 Figure 2). However, considerable 
diff erences concerning the nature and sequen  al order of these checkpoints exist between 
virus families.

The present PhD project focused on priming and triggering of the coronavirus spike (S) 
fusion proteins. No detailed structural informa  on of any coronavirus S protein has been 
reported that would elucidate the conforma  onal stages that lead to fusion. Nevertheless, 
proteoly  c processing of coronavirus S proteins evidently plays a pivotal role in controlling 
of its fusion func  on. S proteins can be cleaved at two dis  nct sites: the S1/S2 junc  on and 
the S2’ site. I will discuss molecular details and consequences of S protein cleavage at both 
sites. To that end, coronavirus S proteins are compared to the general model of class I fusion 
proteins discussing par  culari  es and parallels. The availability of appropriate proteases and 
corresponding cleavage sites also appears to infl uence the tropism of coronaviruses. I will 
also elaborate on proteases as poten  al targets for an  viral interven  on strategies. Besides 
proteoly  c processing of the S proteins, I will evaluate the role of membrane-anchored 
pep  dases as receptors for coronaviruses. Finally, a future perspec  ve of the coronavirus 
entry research will be discussed.

The role of cleavage of spike proteins at the S1/S2 junc  on in cell-cell fusion 
Proteoly  c priming of the viral fusion machinery was ini  ally recognized as an essen  al 

ac  va  on step for the virus entry of enveloped infl uenza virus. Since then proteoly  c 
cleavage of viral fusion proteins has been observed in many virus families. Moreover, 
nonenveloped viruses such as reoviruses also require proteolysis of viral components to 
acquire the ability to enter a cell (1).

Consistently, some coronavirus S proteins undergo cleavage by furin-like proprotein 
convertases in the trans-Golgi network. The basic furin recogni  on mo  f is located at the 
S1/S2 junc  on (Table 1). Ini  ally, this site was thought to correspond to that of other class 
I fusion proteins like infl uenza virus hemagglu  nin (Chapter 1 Figure 2), and to be available 
in all coronavirus S proteins. Since then it appeared that not all coronavirus S proteins 
are cleaved. Furin cleavage at the S1/S2 junc  on is even dispensable for virus infec  vity 
(reviewed in (2)). Unlike in other class I fusion proteins, the fusion pep  de is located in some 
distance from novel N-terminus of the S2 subunit (Chapter 1, Figure 3).

One way to characterize fusion events is by studying the cell-cell fusion capacity of 
coronavirus infected cells or of cells expressing S proteins. The capability to form syncy  a 
was found to be enhanced by the addi  on of exogenous proteases to cells infected by 
coronaviruses (3). This ini  al discovery suggested that coronavirus fusion proteins generally 
require proteoly  c priming. 

Cleavage at the S1/S2 junc  on by endogenous proteases like furin can s  mulate effi  cient 
cell-cell fusion (4, 5). Hence, it was believed that cleavage at the S1/S2 junc  on is suffi  cient 
for priming of coronavirus S proteins. Further support for this hypothesis came from studies 
of MHV S proteins with dis  nct confi gura  ons of the S1/S2 cleavage site. The probability of 
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cleavage at the S1/S2 junc  on showed a posi  ve correla  on with cell-cell fusion ac  vity. 
MHV-2 and MHV/BHK (a deriva  ve of MHV-A59) S proteins lack a func  onal furin cleavage 
site R-X-(R/K)-R (R = arginine, K = lysine, X = any aa) at the S1/S2 junc  on and infected 
cells display none or limited cell-cell fusion ac  vity (6, 7). MHV2f and MHV-A59 S proteins 
contain minimal furin cleavage sites at the S1/S2 junc  on and infec  on results in syncy  a 
forma  on under physiological condi  ons (8). MHV-JHM S protein contains two overlapping 
furin cleavage sites for op  mal chance of cleavage (9). All S proteins on MHV-JHM virions 
are cleaved by furin and cell-cell fusion is more effi  cient than for other MHV strains, and can 
actually occur independent of the receptor (10, 11). 

Although cell-cell fusion assays are convenient and certainly informa  ve, the results 
appeared to be inconsistent with those of virus-cell fusion. This led to misinterpreta  ons of 
the proteoly  c requirements for coronavirus fusion. Plasma membrane fusion occurs under 
par  cular condi  ons like neutral pH, at large membrane surfaces, involving poten  ally 
large numbers of par  cipa  ng fusion proteins, and with a dis  nct composi  on of lipids and 
receptor molecules. Diverging characteris  cs of cell-cell fusion and virus-cell fusion have 
been reported mul  ple  mes (4, 12-14). These fi ndings put the relevance of cell-cell fusion 
assays for studying virus-cell fusion into ques  on. Moreover, syncy  a forma  on may be a 
mere ar  fact of cell culture-based propaga  on of coronaviruses and thus, provide limited 
insight into the virus-cell fusion process (15). More research is required to understand the 
par  cular condi  ons under which cell-cell fusion can occur. It is currently unclear how cell-
cell fusion observed in vitro corresponds to the in vivo situa  on.

Cleavage of spike proteins at the S1/S2 junc  on may enhance the fusion capability
Furin cleavage of S proteins at the S1/S2 junc  on has been reported to be dispensable 

for coronavirus entry using diff erent approaches. In the presence of furin inhibitors or by 
disrup  on of the furin cleavage site using mutagenesis, virus entry was not aff ected (4, 16, 
17). Even the subs  tu  on of all basic amino acids at the furin cleavage site of the spike 
protein did not abolish MHV-A59 infec  on (Chapter 2). Nevertheless, some coronaviruses 
maintain a furin cleavage site and carry furin-cleaved S proteins on the surface of released 
virions (Table 2). The purpose of cleavage at the S1/S2 junc  on may be to augment the 
membrane fusion capability. This is already indicated by the increased cell-cell fusion ac  vity 
of viruses with a FCS at the S1/S2 junc  on. Independent of cell-cell fusion, it was also found 
to enhance virus entry of par  cular coronaviruses. For cell culture-adapted infec  ous 
bronchi  s virus (IBV) strain Beaude  e (18), a FCS at the S1/S2 junc  on of the S protein was 
found dispensable but increased IBV entry (5). Also the proteoly  c ac  va  on of the SARS-
CoV S protein is more effi  cient a  er a preceding cleavage at the S1/S2 junc  on, although 
S proteins is not naturally cleaved by furin in this case (19). In our study, most MHV-A59 S 
proteins that were part of fusion virions, were cleaved downstream of the S1/S2 junc  on 
(Chapter 2). By analogy to IBV and SARS-CoV, MHV S proteins that are cleaved at the S1/S2 
junc  on may become more effi  ciently processed at a sequen  al cleavage site during entry.

The studies prove that disconnec  ng the covalent linkage between the S1 and S2 subunits 
by furin can enhance the membrane fusion capacity of coronavirions. In agreement with the 
model of infl uenza virus hemagglu  nin, we believe that proteoly  c cleavage at the S1/S2 
junc  on allows the bulky receptor binding unit to be displaced, relieving steric restric  ons on 
the fusion subunit (1, 20). More importantly, sequestered cleavage sites in the coronavirus S 
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protein may become accessible to proteases a  er cleavage at the S1/S2 junc  on. This would 
then improve the chance of sequen  al cleavage and s  mulate fusion ac  vity. The molecular 
and structural details thereof remain to be elucidated in future studies.

Detrimental eff ects of cleavage at the S1/S2 junc  on
If cleavage at the S1/S2 junc  on enhances S protein ac  vity, why do most coronavirus S 

proteins lack a genuine furin cleavage site and carry uncleaved S proteins? In my opinion, 
a covalent link between the S1 and S2 subunits could be crucial to preserve the receptor 
binding func  on of the S protein. The subunits of infl uenza virus hemagglu  nin and Ebola 
virus glycoprotein remain covalently a  ached by disulfi de bonds (Chapter 1 Figure 3). In 
contrast, the subunits of human immunodefi ciency virus Env and coronavirus S proteins 
are associated by noncovalent interac  ons (21). The coronavirus S1 subunit has been found 
to dissociate upon incuba  on at pH 8 (22, 23) and by >1 M urea (unpublished observa  on 
in our laboratory). Hence, the coronavirus subunits could be separated in the extracellular 
phase of the viral life cycle, resul  ng in an irreversible loss of receptor binding capability. 
A delay of coronavirus S protein cleavage ensures that the S1 receptor binding domain 
remains in place un  l the virions reach the host cells. Indeed, pretreatment of cell culture-
adapted PEDV-DR13 S proteins with trypsin resulted in reduc  on of infec  vity, reduced 
binding to the host cells, and cleavage of the S protein (Chapter 5). The wild-type PEDV S 
proteins resisted cleavage by trypsin and infec  vity was not aff ected. Likewise, cell entry 
of pseudotyped par  cles carrying SARS-CoV S proteins was disrupted if they were exposed 
to trypsin prior to a  achment. Cleavage occurred at the S1/S2 junc  on (13). We sought 
to address the eff ects of cleavage experimentally by crea  ng an MHV-A59 S protein that 
would always become cleaved by furin. Therefore, the furin cleavage site at the S1/S2 
junc  on was op  mized by mutagenesis. We tried to generate this recombinant MHVA59, 
but could not recover the virus carrying only cleaved S proteins (unpublished observa  on 
in our laboratory). Furthermore, the cleaved S proteins could not be incorporated into 
retrovirus-like par  cles (Chapter 3). Future studies may inves  gate the role of covalent 
linkage in maintaining the receptor binding capacity. With more structural informa  on on 
the S proteins at hand, it might be possible to engineer disulfi de bonds between the S1 and 
S2 domain in combina  on with an op  mized cleavage site. This S protein might maintain 
receptor binding without inhibi  ng the fusion capabili  es.

A  er cleavage, the fusion-ready and metastable coronavirus S protein might also become 
more labile and may more easily transit into the irreversible post-fusion conforma  on. To 
approach this issue, we determined the specifi c infec  vity of the earlier men  oned MHV/
BHK, MHV-A59, and MHV-JHM; i.e., their average infec  vity per par  cle. The specifi c 
infec  vity of MHV/BHK and MHV-A59 was approximately 100fold higher than that of MHV-
JHM, the la  er carrying cleaved S proteins (data kindly provided by Chris  ne Burkard). This 
demonstrates that viruses with readily cleaved S proteins are be less infec  ous. We interpret 
this as a result of premature ac  va  on of the fusion protein. This view is supported by the 
receptor-independent cell-cell fusion capacity of MHV-JHM as men  oned earlier. A fusion 
trigger checkpoint could prevent premature structural rearrangements of a labile fusion 
protein. Un  l today no genuine trigger of coronavirus fusion has been iden  fi ed as I will 
discuss later. Instead, the proteoly  c priming of S protein is delayed, which might help to 
preserve the fusion capacity un  l the appropriate host cell is encountered.
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Coronavirus fusion proteins are ac  vated by cleavage at the S2’ cleavage site 
Ini  al research was unable to defi ne a precise role for cleavage at the S1/S2 junc  on of 

coronavirus S proteins. In the last 5 years refi ned experiments and the intensive study of the 
SARS-CoV S protein provided more insight. Cleavage at the S1/S2 junc  on was reported to 
be dispensable for virus-cell fusion as shown by mutagenesis of the cleavage site (13, 19). 
Eventually, a crucial arginine was iden  fi ed as the more important S2’ cleavage site (19)
(Table 1). By using amino acid sequence comparison and mutagenesis of the S protein, the 
S2’ site was found to be located C-terminal of the S1/S2 junc  on and just upstream of the 
fusion pep  de (24). High sequence conserva  on of the fusion pep  de and the adjacent 
arginine are illustrated by a comprehensive amino acid sequence alignment of coronavirus 
S proteins (5). 

In our opinion, the S2’ site is the common cleavage site for coronavirus S protein 
ac  va  on. Its posi  on upstream of the conserved fusion pep  de (25) corresponds to the 
typical cleavage site described in the model of class I fusion proteins(20). In this thesis, we 
demonstrated MHV-A59 S protein cleavage at sequen  al cleavage sites during infec  on. 
In chapter 2, we provide evidence that cleavage downstream of the S1/S2 junc  on yields 
the fusion-ready S protein subunit (S2*), which corresponds to the primed, pre-fusion 
metastable intermediate conforma  on of class I fusion proteins. Whether this cleavage site 
in MHV-A59 S proteins corresponds exactly to the S2’ cleavage site in SARS-CoV S proteins 
will be discussed towards the end of the present discussion. In contrast to infl uenza virus 
hemagglu  nin, human immunodefi ciency virus Env, and paramyxovirus F protein, none of 
the studied wild-type coronavirus S proteins were found to be cleaved at the S2’ site a  er 
release of the virions, i.e. are not fusion-ready (21). However, the current model of class I 
fusion proteins would dictate that uncleaved precursor S proteins must be proteoly  cally 
ac  vated at or in the target cell. 

A number of coronavirus S proteins have been studied in detail. They seem to require a 
dis  nc  ve set of s  muli and proteases for the ac  va  on of the fusion capability. I will depict 
examples of the precondi  ons that must be fulfi lled to facilitate S2’ cleavage. For MHV2, 
receptor interac  on enables cleavage at S2’ equivalent posi  on, yielding the protease K 
resistant post-fusion conforma  on of the S protein (26). We suggest that S2’ cleavage of 
MHV-A59 S protein also requires inocula  on of cells (Chapter 2). Thus, receptor interac  on 
is probably required for MHVA59 S protein ac  va  on. 

The S protein of SARS-CoV is also ac  vated by cleavage at or in the host cell. The S1/S2 
junc  on (R667) can be cleaved by trypsin, which promotes fusion events at the cell surface 
(12). Although trypsin is not present at the natural site of SARS-CoV infec  on, it demonstrates 
that the fusion process can be independent of low pH. Alterna  vely, low-pH dependent 
protease cathepsin L can ac  vate SARS-CoV S proteins in the endosome (27). Compounds 
that prevent endolysosomal acidifi ca  on (lysosomotropic agents) and specifi c cathepsin 
L inhibitors block entry of SARS-CoV (28). However, the above men  oned proteases may 
not be of pivotal importance for SARS-CoV infec  ons, as S proteins are rather ac  vated 
by cleavage at the downstream S2’ site. The cleavage at the S1/S2 junc  on augments the 
sequen  al cleavage at the S2’ site (19, 29). In natural infec  ons, type II transmembrane 
serine proteases (TTSP) present on the host cells can facilitate infec  on by cleavage at the 
S2’ site (30). 
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Proteoly  c priming of coronavirus S protein can be controlled by receptor binding, low 
pH, as well as the access to and func  on of appropriate proteases. New studies will probably 
iden  fy alterna  ve cues. Novel cofactors for virus entry, like the discovery of Niemann Pick 
C1 protein for Ebola virus, may be found (31). Another possible s  mulus may be the dis  nct 
ion concentra  ons in the lumen of the endosomal vesicles (reviewed in (32)). The ionic 
composi  on changes considerably as endosomes mature and  can aff ect virus entry. For 
example, infl uenza virus infec  on is dependent on the fl ux of ions across the viral envelope 
in the endosome (reviewed in (33)).

Table 1. Puta ve cleavage sites in coronavirus S proteins
Coronavirus abbreviation strain host Protein 

receptor 
S1/S2 

junction 
S2' site 

prediction 
adjacent fusion 

peptide 
Genus 
Alphacoronavirus 
Canine coronavirus CCoV   canine APN YTNARTR SHNSKRKYR SAIEDLLFDKVVTSGLGT 
Feline coronavirus FECV 79-1683 feline APN YTNERTR SHNSKRKYR SAIEDLLFDKAVTSGLGT 

FIPV 79-1146 YTSERTR SHNSKRKYG SAIEDLLFDKVVTSGLGT 
Transmissible 
gastroenteritis virus  

TGEV  porcine APN YTNDRTR SHNSKRKYR SAIEDLLFDKVVTSGLGT 

human coronavirus 
229E 

HCoV 229E  human APN AVQPR TSGSRVAGR SAIEDILFSKLVTSGLGT 
human coronavirus 
NL63 

HCoV NL63  human ACE2 PVRPR IRSSRIAGR SALEDLLFSKVVTSGLGT 
Porcine epidemic 
diarrhea virus 

PEDV caDR13 porcine APN GYVPLQ ASGRVVQKG SFIEDLLFNKVVTNGLGT 
CV777 GYVPSQ ASGRVVQKR SVIEDLLFNKVVTNGLGT 

Genus 
Betacoronavirus 

 

Human coronavirus  HCoV OC43 ATCC human Sugars RRSRG ----KASSR SAIEDLLFDKVKLSDVGF 
Bovine coronavirus BCoV Mebus bovine Sugars RRSRR ----KVSSR SAIEDLLFSKVKLSDVGF 
Human coronavirus HKU1  human  RRKRR -PHCGSSSR SFFEDLLFDKVKLSDVGF 
Murine coronavirus MHV A59 murine CCM RRAHR NGPSAIRGR SAIEDLLFDKVKLSDVGF 

JHM RRARR NGPSAIRGR SAIEDLLFDKVKLSDVGF 
2 HRARS VTMAAQTGR SAIEDVLFDKVKLSDVGF 
DIVM HRARR GTMAAQG-R STVEDLLFDKVKLSDVGF 

Middle East 
respiratory syndrome 
coronavirus 

MERS-CoV  human DPP4 PRSVR ISTGSRSAR SAIEDLLFDKVTIADPGY 

Severe acute 
respiratory syndrome 
coronavirus  

SARS-CoV  Tor2 human ACE2 VSLLR PDPLKPTKR SFIEDLLFNKVTLADAGF 

Genus 
Gammacoronavirus 

 

Infectious bronchitis 
virus 

 IBV  Beaudette avian  RRFRR TNPSSRRKR SLIEDLLFTSVESVGLPT 
M41  RRFRR TTPSSPRRR SFIEDLLFTSVESVGLPT 

Genus 
Deltacoronavirus 

 

bulbul coronavirus HKU11  avian  KFTRTIA IITSKSGGR SAIEDLLFNKVVTNGLGT 
munia coronavirus HKU13  avian  FQRVIPT ILSNKIGEK SVIEDLLFNKVVTNGLGT 
thrush coronavirus HKU12  avian  FKSRIAT ILPNKQGGR SAIEDLLFDKVVTNGLGT 

Putative cleavage sites in coronavirus S proteins
S1/S2 junction: putative border between the S1 and S2 subunit as predicted by the location of the furin cleavage 
site in some beta- and gamma-coronaviruses. The conserved arginine marking the S2’ cleavage site (bold) is 
typically directly adjacent to the highly conserved fusion peptide.
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In chapter 5, we studied the condi  ons for the proteoly  c ac  va  on of PEDV 
entry. PEDV infec  on in cell culture is peculiar for coronaviruses in that it requires the 
supplementa  on with exogenous trypsin (34). We believe that receptor-bound PEDV S 
protein can be ac  vated by trypsin cleavage at the S2’ site (Chapter 5). Therefore, PEDV 
S proteins may be a reduc  onis  c tool to accurately study s  mula  on, mechanism, and 
consequences of S protein mediated fusion. Intriguingly, cell culture-adapted PEDV strains 
propagate independent of trypsin (35) indica  ng that serial passaging can alter virus fusion 
requirements. Trypsin-independent PEDV may s  ll require cleavage of the S protein by 
cellular proteases, as no cell-cell fusion was observed in the absence of trypsin in the cell 
culture supernatant. However, trypsin independence does not provide PEDV infec  on an 
advantage in vivo, because all PEDV fi eld strains isolated so far appear trypsin dependent. 
It remains to be inves  gated whether PEDV fusion requires addi  onal s  muli as co-factors 
like the endosomal milieu.

Priming and triggering of coronavirus fusion proteins 
Infl uenza virus hemagglu  nin, dengue virus E protein, and VSV G protein are prototypic 

examples of class I, II, and III fusion proteins, respec  vely. They adopt their metastable 
intermediate conforma  on either a  er proteoly  c processing in the producer cells or do not 
require cleavage for it (20). Their virions carry fusion-ready fusion proteins. Subsequently, 
the spa  otemporal characteris  cs of membrane fusion are regulated by the fusion trigger 
that typically comes in the form of receptor binding or low pH (21). The trigger lowers 
the energy barrier that prevents the structural rearrangements leading to the post-fusion 
conforma  on (Chapter 1 Figure 2). This classical dis  nc  on between priming, i.e. conversion 
into the metastable conforma  on, and fusion ac  va  on by a trigger may not apply to 
coronavirus S proteins. I will discuss how par  cular coronaviruses control the membrane 
fusion capabili  es of their S proteins.

There is no clear evidence for a pH-induced fusion process of coronavirus S proteins. 
Main argument is that syncy  a forma  on by cells infected with diff erent coronavirus 
species occurs at physiological pH. Ini  ally, it was found that SARS-CoV, MHV-JHM and 
MHV-2 infec  on is blocked by lysosomotropic agents. However, the block of infec  on can 
be bypassed by the treatment of cell-bound virions with pH-independent proteases (36-39). 
Furthermore, coronavirus infec  vity is not compromised by low-pH incuba  on (22). This 
indicates that acidic pH cannot trigger the S protein to adopt its post-fusion conforma  on. 

Yet, MHV-A59 and also infec  ous bronchi  s virus infec  on were independently found to 
rely on acidic pH (40, 41). Membrane fusion by MHV-A59 fusion-ready S2* subunits was not 
observed when acidifi ca  on of the endolysosomal compartment was prevented (Chapter 
2 and 3). However, pH-perturbing agents have several secondary eff ects and can disturb 
endosome matura  on and ion concentra  ons, for example. Pi  alls in studying endocytosis 
of virions are extensively reviewed by Mercer et al. (42).

If independent of low pH, the coronavirus S protein fusion ac  vity must be ini  ated at the 
suscep  ble cells by other means. In my opinion, control over the fusion proteins is at least 
par  ally applied by crucial  ming of the proteoly  c processing of coronavirus S proteins. 
Un  l their arrival at a suscep  ble cell, S proteins maintain a precursor conforma  on. Only 
then, proteoly  c cleavage releases the S proteins into a metastable, fusion-ready, pre-fusion 
conforma  on which readily progresses into a post-fusion conforma  on, possibly without 
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subsequent trigger (43). We could observe cell-cell fusion by PEDV S proteins within minutes 
a  er addi  on of trypsin by live cell microscopy (Chapter 5). Precise  ming of fusion protein 
ac  va  on could also be essen  al to prevent premature transi  ons into an irreversible post-
fusion conforma  on as discussed earlier. 

The main checkpoint which controls coronavirus S protein fusion ac  vity seems to be 
proteoly  c priming and not triggering. Proteolysis may subs  tute for the low pH trigger 
for some coronaviruses and combine priming and triggering. Besides, addi  onal co-factors 
like auxiliary receptors, low pH, ion gradients, or membrane composi  on may fi ne-tune the 
fusion process of par  cular coronaviruses. 

For example, the redox poten  al at the fusion site can be of importance, because disulfi de 
bonds play an important role in structuring fusion proteins (reviewed in (44)). Membrane 
fusion by the HIV Env protein can be blocked by inhibitors of the protein disulfi de isomerase 
(45). Generally, li  le is known about the impact of the redox poten  al on virus entry.

Fusion protein cleavage can determine tropism and pathogenicity of coronavirus infec  ons
I discussed above the s  muli and molecular consequences of cleavage of coronavirus S 

proteins with a focus on the membrane fusion mechanics, and I will con  nue  to debate the 
role of cleavage for virus tropism, and how altera  ons of the proteoly  c event can change 
virus entry. 

Viruses carrying uncleaved class I fusion proteins may only infect cells that provide 
par  cular proteases for ac  va  on. Consequently, diff erences in cleavage can determine 
pathology and tropism of infec  on as illustrated by infl uenza viruses (46, 47). Highly 
pathogenic avian infl uenza virus hemagglu  nin typically contains a mul  ple basic cleavage 
site, which is cleaved by ubiquitously expressed furin-like proteases in the producer cells. 
Virus progeny is fusion-ready when released and can cause systemic infec  ons. Viruses 
carrying primed fusion proteins cannot use cleavage as a checkpoint to regulate tropism. 
In contrast, low pathogenic infl uenza virus hemagglu  nin has a mono basic cleavage site. 
Virions carry uncleaved, inac  ve fusion protein and rely on trypsin-like proteases secreted or 
expressed by gastrointes  nal and respiratory cells for ac  va  on. Thus, infec  on is restricted 
to the gut and airways. This illustrates how fi ne-tuning of the cleavage site proper  es might 
be a strategy of viruses that require proteoly  c ac  va  on to adjust to specifi c proteases. 
Dependence on a specifi c protease may restrain the virus infec  on to  ssues providing 
op  mal growth condi  ons and high chances for transmission such as the airways or the gut. 

In the last 5 years, the tropism and pathogenesis of coronaviruses was demonstrated 
to correlate with proteoly  c ac  va  on of the S fusion proteins. In par  cular type II 
transmembrane serine proteases (TTSP) like TMPRSS2 received much a  en  on, because 
they process the S proteins of many human pathogenic coronaviruses including Middle East 
respiratory syndrome CoV (48), SARS-CoV (49), human CoV-229E (50), and also enhance 
infl uenza virus (51) and metapneumovirus (52) entry. TTSP are endogenously expressed by 
epithelial cells of the aerodiges  ve tract (reviewed in (53)) and cellular expression correlates 
with suscep  bility to virus infec  ons (30). However, not all coronavirus S proteins can be 
ac  vated by TMPRSS2. Virus entry of protease dependent PEDV, for instance, was not 
enabled by TMPRSS2 overexpression (unpublished observa  on).

The pathogenesis of the two biotypes of feline coronavirus might be modulated by 
proteoly  c ac  va  on. The nonpathogenic feline enteric coronavirus (FECV) is dependent on 
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cathepsin L and B, while the highly pathogenic feline infec  ous peritoni  s virus (FIPV) was 
only dependent on cathepsin L in vitro (54). Divergent from the example of high and low 
pathogenic avian infl uenza virus, a recent study suggests that FIPV, which causes systemic 
infec  ons, diff ers from FECV, which is restricted to the gut, by losing the S1/S2 furin cleavage 
site (55). 

Apparently, the contribu  on of dis  nct proteases or protease classes to natural virus 
infec  ons needs further inves  ga  on, for example by using knockout animal models. A 
recent study showed that infl uenza virus infec  on is limited in TMPRSS2 knockout mice 
(56). This is the fi rst clear evidence for the role of TMPRSS2 in natural infec  ons. Moreover, 
specifi c protease inhibitors like Camostat can also be used to assess the relevance of 
proteases for infec  on and tropism in vivo.

Proteases as entry eff ectors and pharmacologic targets
If coronaviruses engage specifi c proteases for proteoly  c ac  va  on of the fusion proteins, 

they can chose between various cellular proteases. About 1000 known and puta  ve 
protease genes cons  tu  ng fi ve principle classes of proteases are known in humans, 
whereof some 500 proteases may be expressed by individual cells (overview in table 2) 
(57, 58). Secretory organs such as pancreas, kidney and salivary glands secrete substan  al 
amounts of proteases. They establish a characteris  c milieu of proteases and poten  ally 
enhance the suscep  bility of adjacent  ssues to virus infec  ons. About half of the proteases 
expressed by a cell are predicted to cleave extracellular targets. Those could poten  ally 
aff ect virus entry. 

Inhibi  on of virus entry by blocking of proteases that ac  vate the fusion protein is 
considered an alterna  ve op  on for an  viral drug therapy (60-62). Proof of principle studies 
showed eff ec  veness of such inhibitors in vivo, but none are currently used in the clinics. 
For example, the broad spectrum inhibi  on of serine proteases reduced the pathogenicity 
of infl uenza virus infec  on in mice (63) and humans (reviewed in (64). Cathepsin cysteine 
proteases are an example of proteases that can ac  vate fusion proteins of diff erent viruses. 
Specifi c inhibitors of cathepsin proteases are inves  gated as an  viral drugs (reviewed in 
(65)). In combina  on with serine protease inhibitors the more natural infec  on of a human 
bronchial epithelial cell model by SARS-CoV can be blocked (66).

Of concern, inhibitors of cellular proteases have a considerable poten  al to cause side 
eff ects. Proteases have essen  al func  ons in cell metabolism and catabolism, as proprotein 

Table 2. Protease classes of mammalian cells (59)

*Toxic to cells  

Catalytic 
type 

# Known 
proteases 

Examples Typical inhibitors 

Aspartate 21 pepsin, cathepsin E pepstatin A 

Cysteine 148 papain, cathepsin K E64, N-ethylmaleimide, leupeptin 

Metallo 194 thermolysin, vertebrate collagenase, 
carboxypeptidase A 

1,10-phenanthroline*, 
phosphoramidon 

Serine 175 trypsin, lysosomal Pro-Xaa 
carboxypeptidase, prolyl oligopeptidase 

Diisopropyl uorophosphates*, 
leupeptin, AEBSF, aprotinin 

Threonine 28 proteasome lactacystin for some 
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convertases, and diges  ve enzymes. Cataly  cally ac  ve proteases are usually generated 
from zymogens. Their ac  vity is fi ne-tuned by the level of expression, the presence of 
protease inhibitors, cofactors, and subcellular localiza  on. Dysregula  on of protease 
func  on has been implicated in many diseases including cancer (67), haemophilia A (68), 
and Alzheimer disease (69). To reduce harmful side eff ects, one would typically design highly 
specifi c therapeu  c compounds. However, protease inhibitors with a narrow specifi city can 
be ineffi  cient due to redundant proteoly  c ac  vity or fl exible cleavage sites as discussed 
below.

Another approach to prevent S protein ac  va  on on coronavirions could be to limit 
the chance of exposure to the priming protease. Enveloped viruses typically fuse a  er 
endocytosis (42). The endolysosomal compartment provides protease ac  vity to degrade 
extracellular material, but can also ac  vates viral fusion proteins. Blocking the endocy  c 
route or specifi c endosomal proteases may inhibit virus entry. However, Ebola virus and 
infl uenza viruses can use alterna  ve endocy  c routes for produc  ve infec  on (70, 71). Since 
the contribu  on of individual entry routes to natural virus infec  on remains elusive, it is 
challenging to design a specifi c interven  on strategy. 

An alterna  ve source of fusion-protein ac  va  ng proteases are the proteases of 
commensal or pathogenic microbes in the gut and upper air ways. Microbial proteases o  en 
have dis  nct cataly  c centers compared to host proteases or are members of a diff erent 
class of proteases (72). Hence, specifi c inhibitors might be easier to select. Treatment might 
result in fewer side eff ects. Unclear is, whether microbial proteases can enhance virus entry 
by ac  va  ng the viral fusion proteins. For example, infl uenza virus hemagglu  nin can be 
cleaved by bacterial proteases (73). The pathogenicity of infl uenza infec  ons in waterfowl 
(74) and swine (75) has been implicated to be aff ected by bacterial coloniza  on. However, 
microbes modulate the immune response against virus infec  on, which obscures eff ects 
of protease inhibi  on (76). This makes the impact of microbial proteases on virus infec  on 
diffi  cult to study.

In addi  on to virus entry, virus replica  on can also require proteases. Especially 
the processing of viral polyproteins typically requires specifi c proteases that can be a 
pharmacological target. Along these lines, inhibitors of hepa   s virus C protease NS3/4A 
and human immunodefi ciency virus-1 protease are used in the clinics (reviewed in (77) and 
(78), respec  vely).

Proteoly  c ac  va  on of PEDV in the gut
PEDV causes substan  al economic losses in East Asia and is spreading in North America 

since 2013. Current vaccina  on strategies are ineff ec  ve. PEDV propaga  on in vitro is unique 
among coronaviruses in its requirement for the supplementa  on with exogenous proteases. 
The protease that enables PEDV infec  on in vivo could be a novel target for an  viral therapy.

In vivo, gastric and pancrea  c proteases probably assist PEDV infec  on in the small 
intes  ne analogous to trypsin in cell culture. It would be interes  ng to explore the feeding 
of trypsin inhibitors to infected animals as a poten  al treatment for PEDV infec  ons. 

Intriguingly, the typical pig diet provides natural protease inhibitors, but it has not been 
studied whether they modulate virus infec  ons. Soybean meals contribute up to 68% of 
protein meals in animal farming worldwide (79). Soy beans contain large amounts of the 
Bowman-Birk inhibitor and the Kunitz inhibitor, both blocking trypsin (la  er one is used in 
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Chapter 5). Conspicuously, severe PED is predominantly observed in suckling piglets. Older 
pigs, perhaps due to their more inhibitor-rich diet, display considerably milder symptoms.

In fact, it has been demonstrated that ingested trypsin inhibitors reach the small intes  ne, 
where they can cause pancrea  c growth in rats (reviewed in (80)). There are indica  ons 
that protease inhibitors contained in the diet can inhibit the infec  on by rotavirus, a 
nonenveloped, trypsin-dependent DNA virus infec  ng the gastrointes  nal tract. Soybean 
meals fed to mice and breas  eeding of human neonates are believed to protect from 
rotavirus infec  on (81, 82). However, we cannot exclude that alterna  ve endoproteases, 
locally expressed by the gut epithelium could also enable PEDV infec  on (83).

Specifi city of the proteoly  c priming
Success of protease inhibitor therapies largely relies on the iden  fi ca  on of a protease 

that is crucial for virus entry. An appropriate protease specifi c inhibitor may not necessarily 
abolish virus infec  on, yet it may reduce viremia and allow the immune system to control 
the infec  on. As men  oned before, TMPRSS2 ac  vates a variety of viral fusion proteins. 
This s  mulated the development of highly specifi c inhibitors of TMPRSS2 (84, 85). Other 
protease inhibitors developed for treatment of diseases related to protease-malfunc  ons 
are already clinically approved and may be tested for off -label use against virus infec  ons 
(reviewed in (86)). Intensive research con  nues to seek out the most important proteases 
and design inhibitors.

The fusion-ready subunits of prototype class I fusion proteins appear to be cleaved at a 
dis  nct amino acid posi  on. The model implies that cleavage occurs just upstream of the 
fusion pep  de. Thereby, the fusion pep  de is posi  oned at the novel N-terminus of the 
fusogenic subunit. Intriguingly, SARS-CoV S protein ac  va  on seems to occur at diff erent 
posi  ons (reviewed in (2)). The SARS-CoV S protein has been found to be cleaved at posi  ons 
T795 or R797 by mutagenesis of the respec  ve amino acids ((19) and (29), respec  vely). 
Addi  onally, proteoly  c processing at a minimal furin cleavage site 758-RNTR-761 and at 
T678 by cathepsin L facilitates membrane fusion ((13) and (27)). 

In my opinion, diverse or redundant proteases can ac  vate MHV and SARS-CoV S proteins 
by cleavage at diff erent posi  ons rather than relying on one precise cleavage site. Our 
inves  ga  ons indicated that the fusion-ready S2* subunit of MHV-A59 is not cleaved at a 
dis  nct posi  on either (Chapter 2). Instead, we observed heterogeneous product a  er virus-
cell fusion. Furthermore, we could block neither S protein processing nor MHV infec  on by 
broad spectrum protease inhibitors. The cleavage posi  on will aff ect the rela  ve loca  on 
of the fusion pep  de within the fusion-ready subunit. It will be interes  ng to compare the 
func  on of an N-terminal fusion pep  de – by analogy to infl uenza virus – with the func  on 
of an internal fusion pep  de, as found in Ebola virus (87).

Diversity in the cleavage reac  on must be considered when designing an  viral interven  on 
strategies. Inhibi  on of a specifi c protease may not abolish ac  va  on of coronavirus S 
proteins. The fusion proteins could be ac  vated by an alterna  ve protease that may cleave 
at the same or a nearby posi  on.

Not relying on a single cri  cal cleavage posi  on may also explain why many coronaviruses 
S proteins are found to be ac  vated by the cathepsin L. A large variety of diverse pep  des 
can be cleaved by cathepsin L as shown by pep  de library screening (88). It may ac  vate 
the S proteins of diff erent coronaviruses and cleave individual S proteins mul  ple  mes. 



120

Chapter 6

Cathepsin L is expressed ubiquitously. If it ac  vates viral fusion proteins in vivo, the presence 
of the receptor would be the main determinant of tropism le  .

 No clear role for mul  ple cleavages has been established, yet. As previously 
discussed, ini  al cleavage events may facilitate subsequent cleavage at a crucial posi  on. For 
other fusion proteins, successive cleavage seems to gradually increase the fusion capability. 
Ebola virus GP and respiratory syncy  al virus F are cleaved mul  ple  mes at the N-terminus 
while they move along the endosomal pathway towards the lysosomes. This successively 
shortens the fusion proteins and gradually increases the fusion capability (89-91). 

To study the precise requirements for coronavirus fusion protein ac  va  on in the future, 
one might employ viruses that were found to depend on individual proteases like PEDV. In 
addi  on, applying our condi  onal bio  nyla  on assay to other coronaviruses might allow us 
to further characterize the proteoly  c processing in combina  on with protease inhibitors. 

Receptor interac  on
Besides the important role of proteases for coronavirus entry, the expression of a 

receptor largely determines whether a cell is suscep  ble. According to the Fields Virology 
textbook, the receptor is a catalyst that lowers the energy barrier required to ini  ate the 
irreversible structural reorganiza  on of the fusion protein into the post-fusion conforma  on 
(1). However, receptor interac  on by many coronavirus S proteins is apparently necessary 
for S protein ac  va  on by cleavage. As described above, receptor interac  ons may ensure 
colocaliza  on of S proteins with appropriate proteases, uptake into a par  cular endocy  c 
compartment where proteolysis can occur, or result in structural rearrangements that 
expose the S2’ cleavage site. Addi  onal studies may elucidate if receptor interac  on 
func  ons beyond the support of ac  va  ng cleavage, for example by triggering of the fusion 
process. 

Three membrane-anchored pep  dases are described as receptors for diff erent 
coronaviruses: ACE2, aminopep  dase N, a receptor for various alpha coronaviruses, and 
the recently iden  fi ed dipep  dyl pep  dase 4 as receptor for MERS-CoV. Is there a common 
denominator, which makes pep  dases eff ec  ve coronavirus receptors? Pep  dases typically 
process zymogens into their ac  ve form, but their cataly  c ac  vity is not cri  cal for their 
func  on as coronavirus receptor (92-94). Instead, pep  dases could serve as a scaff old for 
interac  on of viral structural proteins with the pep  dase substrates. Recrui  ng substrate 
molecules may provide cofactors such as coreceptors for entry. Alterna  vely, pep  dases 
could be internalized with dis  nct kine  cs or via par  cular internaliza  on pathways, 
for example the recycling endosome (42). Dis  nct uptake routes may be benefi cial for 
coronavirus entry.

Recent inves  ga  ons demonstrated that the SARS-CoV receptor angiotensin-conver  ng 
enzyme 2 (ACE2) can become cleaved by TTSPs, resul  ng in an increased SARS-CoV infec  on 
(95, 96). Cleaved ACE2 receptors were suggested to be internalized more effi  ciently, 
resul  ng in enhanced uptake of SARS-CoV. However, coronaviruses may have evolved to 
use pep  dases as receptors simply for their abundance and accessibility on epithelial and 
endothelial  ssues (94).
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Studying virus fusion
Studying virus entry has been hampered by technical obstacles and principle limita  ons 

arising from the nature of the process. In par  cular, the rapid sequence of events a  er 
a  achment of a virion remains largely elusive. Endocytosis, hemi-fusion, and pore forma  on 
by vesicular stoma   s virus can occur within a few minutes (97). Notable progress has 
been made studying the spa  otemporal characteris  cs of virus entry by employing op  cal 
techniques. Single infl uenza virions and individual human immunodefi ciency virus par  cles 
could be tracked by microscopy and diff erent entry stages were dis  nguished (98, 99). 

Most studies on virus entry rely on viral replica  on to amplify viral or reporter genes for 
convenient readout. To measure virus entry directly and diff eren  ate virion a  achment, 
internaliza  on, and fusion, our lab developed a novel assay (Chris  ne Burkard, manuscript 
submi  ed). It enables quan  ta  ve measurements, supports high-throughput approaches, 
and can detect small numbers of virions at any stage of the entry process.

Low amounts of viral an  gen involved in the fusion process and the high abundance of 
nonfunc  onal virus par  cles impose a challenge in unraveling further details at molecular 
level. Structural informa  on contributed to the model of prototype fusion proteins, yet, 
no coronavirus S protein structure has been determined. Informa  on about the func  on 
of coronavirus fusion proteins was mostly deduced from data generated by gene  c 
modifi ca  ons of the virus, pharmacologic treatment during infec  on and in vitro systems 
that mimic natural virus infec  ons. 

We combined these classical experiments with a novel condi  onal bio  nyla  on assay 
for direct biochemical analysis (Chapter 2). The assay allowed us to characterize par  cular 
fusion glycoproteins from virions that had accomplished membrane fusion. Thus, fused S 
proteins are intracellularly labeled with bio  n. We focused on priming and triggering of the 
coronavirus S proteins. 

Using the condi  onal bio  nyla  on assay, we could iden  fy a novel proteoly  cally 
processed subunit of MHV-A59 S proteins, which displayed post-fusion characteris  cs. To 
my knowledge, we were the fi rst to isolate viral fusion proteins directly a  er virus entry via 
a genuine infec  on route. A major diffi  culty was the detec  on of the S proteins. Since not 
all virions appeared to undergo fusion, infec  on only yielded a frac  on of bio  n-labeled 
S proteins. Our method required many virions to fuse and subsequent purifi ca  on of the 
involved fusion proteins. With the goal of iden  fying possible cleavage sites in the S protein, 
addi  onal large scale experiments may generate enough post-fusion S protein for an in-
depth biochemical analysis like N-terminal sequencing or mass spectrometry.

We managed to refi ne our understanding of the func  on of S proteins during coronavirus 
entry, but many unanswered ques  ons remain that are of genuine scien  fi c interest to 
other viruses as well. One of the most intriguing ques  ons is how many fusion proteins 
ac  vely par  cipate in an individual virus fusion event. The bio  nyla  on assay will not be 
able to provide an answer, since all BAP-tagged proteins of a fusing virion will be labeled. 
Nevertheless, we have no  ced equal processing of almost all bio  nylated fusion proteins, 
arguing for a fusion-ready status of most S proteins at the  me of fusion. By manipula  ng 
the number of fusion proteins that are incorporated into a virus envelope, one might be 
able to approximate the number of fusion proteins required for entry.

Also unknown is, from what precursor S protein the fusion-ready subunits are generated. 
In the case of MHV-A59, S2* subunits were found to be derived from S2 subunits by 
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subsequent cleavage. However, addi  onal intermediate cleavage products may exist and 
be func  onal, because a knockout of all arginines at the S1/S2 junc  on of MHV-A59 S 
protein did not aff ect virus fusion. A hint may come from further studies of the Middle East 
respiratory syndrome human coronavirus. The S proteins are cleaved during biogenesis at 
the S1/S2 junc  on. Since a furin cleavage site is absent in the S protein, alterna  ve cellular 
proteases may be iden  fi ed that can cleave S proteins (48).

The bio  nyla  on assay may be further used to track the fate of fusion proteins for an 
extended period  me. One could monitor the loca  on and kine  cs of a poten  al degrada  on 
processes in the endosomal compartment. For coronaviruses, this may help to characterize 
the window of opportunity for membrane fusion between proteoly  c ac  va  on of the 
fusion machinery during endocytosis and degrada  on in the lysosomes.

The trigger for fusion is another determinant of coronavirus entry that needs further 
characteriza  on. At this moment it remains obscure whether coronaviruses require fusion 
triggers and if so, of what nature. Coronavirus entry seems to be a rather slow process 
(Chapter 2 and unpublished observa  on in our lab) that cannot be readily triggered by any 
of the known s  muli. Besides relying on the func  on of low-pH-ac  vated proteases, some 
coronaviruses seem to require acidifi ca  on of the endosomal compartment for entry as 
discussed earlier.

Virus entry will be diff erent for individual coronavirus species. Nevertheless, underlying 
common mechanisms may exist. Specifi c ques  ons could be answered best by choosing 
a virus with simple and well-known fusion characteris  cs. For example, to confi rm our 
hypothesis of the coronavirus S2’ cleavage site, it would be advantageous to adopt the 
condi  onal bio  nyla  on assay to a virus with a single protease requirement like PEDV. Those 
can be blocked by specifi c inhibitors and may allow a precise analysis of the cleavage site.

Concluding Remarks
Virus entry requires dedicated protein func  ons that enable viruses to cross the host 

cell membrane. Intensive studies of prototype viruses helped to generate models for the 
virus-cell fusion process and to understand the mechanics of this process. The classifi ca  on 
of coronavirus fusion proteins as class I fusion proteins was based on structural features. 
However, similari  es are mainly of structural nature, as I reviewed in the introduc  on. 
In contrast, control over the fusion competence, priming, and triggering of coronavirus S 
proteins has proven to be dis  nct. 

Determining the pre- or post-fusion structure of a coronavirus S protein would allow 
scien  sts to deduce the impact of environmental s  muli and protease cleavage on fusion. 
One could design new experiments on knowledge-based hypotheses and understand how 
CoV S proteins diff er from well-known class I fusion proteins.

Especially the zoono  c poten  al of coronaviruses and the unforeseeable consequences 
of such an occurrence impose a threat to public health. The ability of coronaviruses to cross 
the species barrier also depends on the spike fusion protein. Knowledge concerning the 
structure and func  on of these peculiar fusion proteins is essen  al to deal with coronavirus 
infec  ons in humans and animals. S proteins mediate host cell entry, the fi rst step in the 
viral life cycle. Hence, they are a prime target for treatment and preven  on strategies.
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Virussen zijn kleine deeltjes die gene  sche informa  e (het genoom) beva  en. Virussen 
zijn zelf geen levende organismen en zijn derhalve voor hun vermenigvuldiging volledig 
a  ankelijk van de machinerie van gastheercellen. Co-evolu  e tussen gastheercellen en 
virussen vindt plaats sinds het begin van het cellulaire leven. Vrijwel alle bekende organismen 
kunnen geïnfecteerd worden door virussen. Sommige virale infec  es veroorzaken ziekten. 
Bekende voorbeelden van veel voorkomende virale ziekten zijn griep, AIDS, mazelen en 
koortslip.

De familie van coronavirussen bevat belangrijke ziekteverwekkers van mensen en dieren. 
De aandacht voor coronavirussen is sterk toegenomen sinds de opkomst van het severe 
acute respiratory syndrome coronavirus (SARS-CoV) in 2003 en het Middle East respiratory 
syndrome coronavirus (MERS-CoV) in 2012. Beide virussen infecteren de luchtwegen van de 
mens, vaak met dodelijke afl oop. De overdracht van deze coronavirussen van dier naar mens 
toont het poten  ële gevaar van coronavirussen voor de volksgezondheid aan. Coronavirussen 
veroorzaken ook erns  ge ziekten onder vee en gezelschapsdieren. Het porcine epidemic 
diarrhea virus (PEDV) bijvoorbeeld is een belangrijk pathogeen voor varkens en repliceert in 
de darmen. PEDV-epidemieën komen regelma  g voor in Oost-Azië, en veroorzaken erns  ge 
economische schade als gevolg van een hoge ster  e onder met name jonge biggen. PEDV 
verscheen en verspreidde zich op het Noord-Amerikaanse subcon  nent voor het eerst in 
2013, en sindsdien blij   het aantal nieuwe infec  es oplopen. De beschikbare, commerciële 
PEDV vaccins bieden niet afdoende bescherming in varkens. Meer kennis over de moleculaire 
mechanismen van PEDV-infec  e en -replica  e zijn belangrijk om nieuwe, meer eff ec  eve 
vaccins te ontwikkelen. Naast PEDV werd in dit proefschri   het muizen hepa   s virus (MHV) 
onderzocht. De MHV-stam A59 is een prototype coronavirus en diende in dit onderzoek als 
een modelvirus om de details van coronavirus infec  es verder uit te zoeken.

Verspreiding van virussen tussen cellen en individuele organismen vereist de overdracht 
van virale gene  sche informa  e. Hiertoe wordt het virale genoom door een beschermende 
mantel van eiwi  en verpakt en in de omgeving vrijgelaten. Coronavirussen zijn membraan 
omhulde virussen en zijn extra omsloten door een lipide-membraan met daarin virale 
eiwi  en (de envelop). Om in een nieuwe gastheer cel terecht te komen, moeten de 
virusdeeltjes door het cellulaire membraan heen dat de cel omhult en een barrière 
vormt. Dit binnentreden in de cel wordt beschouwd als de eerste, cruciale stap in de 
vermeerderingscyclus van virussen. Onder de juiste omstandigheden en door specifi eke 
s  muli, kan de virale membraan-envelop versmelten met het cellulaire membraan. Bij die 
versmel  ng (fusie) met de cel brengt het virus zijn genoom in de gastheercel.

Om toegang te krijgen tot de gastheercellen brengen coronavirussen gespecialiseerde 
“fusiemachines” mee: de zogenaamde ‘Spike’ eiwi  en welke in het virale membraan zijn 
verankerd. Deze eiwi  en kunnen met de elektronenmicroscoop worden waargenomen 
als uitsteeksels van het virus wat een karakteris  eke kroonach  ge verschijning gee   (de 
corona). Spike-eiwi  en hebben meerdere func  es, zoals binding aan receptor-moleculen 
van de cel en het mogelijk maken van membraanfusie. De ac  es van de spike-eiwi  en 
worden strak gereguleerd om het irreversibele membraanfusie proces op de juiste plaats 
en  jd te laten gebeuren. De membraanfusie-ac  eve toestand wordt bereikt door het in 
tweeën knippen van het spike-eiwit middels cellulaire enzymen. Belangrijke kenmerken van 
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coronavirus membraanfusie zijn weliswaar bekend, maar de noodzakelijke biochemische en 
moleculaire processen en de volgorde van de gebeurtenissen die tot de fusie leiden zijn nog 
onduidelijk.

In de dit proefschri   bestudeerden we de details van MHV-membraanfusie. Onze focus 
was gericht op de ac  vering van het spike-eiwit door proteoly  sche klieving. Op basis van 
onze resultaten, beschrijven we een meer geavanceerd model van de door het MHV spike-
eiwit gemedieerde fusie met de gastheercel. Verder onderzochten we de basis-mechanismen 
van PEDV-infec  e met behulp van recombinante virussen. Het fusie-mechanisme werd 
vergeleken met het bestaande model voor virus-fusie. Samen bieden deze bevindingen 
nieuw inzicht in hoe coronavirussen in de cellen terecht komen, de essen  ële eerste 
stap van een infec  e. Deze kennis kan het ontwerp van nieuwe interven  estrategieën ter 
voorkoming van het binnendringen van virus in gastheercellen ondersteunen.

Inhoud van dit proefschri  
In hoofdstuk 2 onderzochten we de ac  vering van MHV spike-eiwit door proteoly  sche 

klieving. Hiervoor ontwikkelden we een methode zonder bias om de klievingstatus van 
MHV spike-eiwi  en direct na membraanfusie te bepalen. Dit maakte het mogelijk virale 
spike-eiwi  en te iden  fi ceren en biochemisch te analyseren specifi ek van gefuseerde 
virussen. Daarmee konden we de geknipte MHV spike-eiwi  en bestuderen, die voor de 
membraanfusie met de gastheercel verantwoordelijk zijn.

De studie in hoofdstuk 3 is ontworpen om de proteoly  sche enzymen (proteasen) 
te bestuderen die de MHV spike-eiwi  en klieven. We gebruikten RNA-interferen  e 
technologie en pseudogetypeerde virus-ach  ge deeltjes. Blijkbaar is de ac  va  e van MHV 
spike-eiwi  en niet a  ankelijk van een specifi ek protease omdat de ac  va  e van spike-eiwit 
niet door enkele remmers van dergelijke enzymen geblokkeerd worden. De plaatsen van 
klieving en/of de proteases zijn kennelijk variabel. Deze bevinding verklaart waarom MHV 
infec  e ongevoelig is voor specifi eke remmers.

In hoofdstuk 4 leggen we de grondslag voor ons onderzoek naar PEDV. Om het virale 
genoom te kunnen modifi ceren, hebben we een reverse-gene  cs systeem ontwikkeld op 
basis van de trypsine-ona  ankelijke en celkweek-geadapteerde PEDV-stam DR13. Hiermee 
hebben we onder andere mutanten van PEDV met reporter-genen kunnen maken.

We onderzochten de bijzondere vereisten voor de verspreiding van PEDV in celkweek 
in hoofdstuk 5. Infec  e van cellen door natuurlijke PEDV-stammen is strikt a  ankelijk van 
toevoeging van ac  eve trypsine. We vergeleken de spike-eiwi  en van de natuurlijke stam 
CV777 en de trypsine-ona  ankelijke, celkweek-geadapteerde PEDV-stam DR13. Gene  sche 
manipula  e van het spike gen maakte het mogelijk details van membraanfusie van PEDV te 
bepalen. We vonden de gene  sche determinanten in het spike gen verantwoordelijk voor 
trypsine-a  ankelijke virus vermeerdering.

In het laatste hoofdstuk worden de huidige inzichten in de verschillende stappen die tot 
membraan fusie van coronavirussen leiden besproken en vergeleken met die van andere 
virale fusie eiwi  en. Gebaseerd op de samengeva  e resultaten van onze MHV- en PEDV-
studies, bespreken we het onderliggende mechanisme en de vermeende biologische rol van 
klieving van spike-eiwi  en in de vermeerderingscyclus van coronavirussen.
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Viruses are small biological par  cles containing selfi sh gene  c informa  on. They are 
no living organisms themselves; instead viruses hijack the host cells machinery for their 
mul  plica  on. Viruses coevolved with their hosts since the beginning of cellular life. Virtually 
all life forms on earth can be infected by viruses. Evidently, some viral infec  ons can cause 
sickness. The general public is aware of common viral diseases such as fl u, AIDS, measles, 
and cold sore.

The family of coronaviruses studied in the present disserta  on comprises many 
pathogenic viruses of concern to man. Coronaviruses have received a  en  on because of 
infec  ons with the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2003 
and the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012, both infec  ng 
the airways of humans. Their emergence demonstrates the poten  al of animal viruses 
to infect humans and the consequen  al threat to human health. Coronaviruses can also 
cause severe diseases among farm and companion animals. Porcine epidemic diarrhea 
virus (PEDV) infects the intes  nes of pigs. Epidemics frequently recur in East-Asia causing 
severe economic damage due to high mortality rates amongst piglets. PEDV has emerged 
on the North American subcon  nent in 2013 and since then, the number of reported cases 
con  nues to rise. The current vaccines do not provide eff ec  ve protec  on to the pigs, and 
greater knowledge about the molecular mechanisms of PEDV infec  on and replica  on are 
required to devise eff ec  ve vaccines. Besides PEDV, the mouse hepa   s virus (MHV), a 
virus that infects mice, was inves  gated. This prototype coronavirus served as a model to 
inves  gate coronavirus infec  on.

Transmission of viruses between cells and individual organisms requires the transfer of 
viral gene  c informa  on. Therefore, the viral genome is packaged into a protec  ve shell and 
released into the environment. Enveloped virus par  cles, like coronaviruses, are addi  onally 
enclosed by a lipid membrane. To enter a new host cells, virus par  cles must overcome 
the cellular membrane barrier. Virus entry is the ini  al step of the next infec  on. Under 
par  cular condi  ons and by certain s  muli, the virus can fuse its envelope with a cellular 
membrane and thereby release the gene  c informa  on into the cell.   

To gain access to the host cell, coronaviruses carry specialized fusion machines: Spike 
proteins that are anchored in the viral membrane envelope. These proteins can be observed 
as protrusions in electron microscopy images resul  ng in the characteris  c crown-like 
appearance (the corona). Spike proteins have mul  ple func  ons including binding to host 
cell receptor molecules and facilita  ng membrane fusion. The ac  ons of the spike protein 
are  ghtly controlled to regulate the  ming and place of fusion. Proteoly  c cleavage of the 
spike protein is required to render them fusion-ready. The characteris  cs of membrane 
fusion by coronaviruses have been studied extensively, however biochemical and molecular 
requirements and sequence of events of the viral entry into the host cell are elusive. 

In the present disserta  on, we probed the details of MHV entry. Our focus was set on 
the ac  va  on of the virus-cell fusion process. Based on our results, we describe a more 
advanced model of MHV spike protein-mediated fusion. Furthermore, we elucidated the 
basic mechanism of PEDV entry using recombinant viruses. The fusion mechanism was 
compared with the exis  ng virus fusion model. Together, this provides novel insight into 
virus entry, the essen  al fi rst step of an infec  on. This will help to understand how viruses 
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are transferred between hosts and it will aid the design of novel interven  on strategies 
based on the inhibi  on of virus entry. 

Outline of this thesis
In the second chapter, we inves  gated the ac  va  on of MHV spike protein by proteoly  c 

cleavage. We developed an unbiased assay to determine the cleavage status of MHV 
spike proteins directly a  er membrane fusion has occurred. Our entry assay enables the 
iden  fi ca  on and biochemical characteriza  on of viral spike proteins of fusing virions, 
specifi cally. Thereby, we could study the MHV spike protein cleavage product that actually 
mediates membrane fusion with the host cell. 

The study in chapter 3 was designed to iden  fy the proteases, which cleave the MHV 
spike protein by RNA interference technology and by using pseudotyped virus-like par  cles. 
We found that MHV spike proteins are not dependent on a specifi c protease. The cleavage 
site and/or the proteases are rather promiscuous and thereby enable MHV to infect 
a variety of diff erent cell types. This fi nding explains why MHV infec  on is insensi  ve to 
specifi c protease inhibitors. 

In chapter 4, we set the stage for the inves  ga  on of PEDV. To modify the viral genome, 
we established a reverse gene  c system based on the trypsin-independent cell culture-
adapted PEDV strain DR13. Using this system, we generated PEDV deriva  ves containing 
reporter genes.

We inves  gated the par  cular requirements for propaga  on of PEDV in cell culture in 
chapter 5. Infec  on of cells by PEDV fi eld isolates is strictly dependent on the supplementa  on 
of ac  ve trypsin to cell culture medium. Gene  c manipula  on of the spike gene enabled us 
to study details of PEDV entry. We compared the S proteins of the trypsin-dependent fi eld 
isolate CV777 and the trypsin-independent cell culture-adapted PEDV DR13 and were able 
to map the gene  c determinants within the spike gene responsible for trypsin-dependent 
entry. 

In the fi nal chapter, the current understanding of the various steps leading to coronavirus 
membrane fusion is discussed and compared to other class I viral fusion proteins. Reviewing 
our results from the MHV and PEDV studies, we discuss the underlying mechanism and the 
puta  ve biological role of spike protein proteolysis in the coronavirus life cycle.
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Viren sind kleine Par  kel, die gene  sche Erbinforma  onen (das Genom) enthalten. Viren 
sind keine lebenden Organismen, weil ihre Vermehrung vollständig von Wirtszellen abhängig 
ist. Dazu übernimmt das Virus die Wirtszelle und nutzt deren Funk  onen. Seit Beginn des 
zellulären Lebens fi ndet somit eine ständige Anpassung (Koevolu  on) zwischen Viren und 
ihren Wirtszellen sta  . Es wird davon ausgegangen, dass alle Organismen von Viren infi ziert 
werden können. Einige virale Infek  onen verursachen Krankheiten. Bekannte Beispiele von 
Viruserkrankungen des Menschen sind die Grippe, AIDS, Masern und Lippenherpes. 

Zur Familie der Coronaviren gehören für Mensch und Tier gefährliche Krankheitserreger. 
Coronaviren machten Schlagzeilen durch das Au  reten des severe acute respiratory 
syndrome coronavirus (SARS-CoV) im Jahr 2003 und des Middle East respiratory syndrome 
coronavirus (MERS-CoV) 2012. Beide Viren führen zu Atemwegserkrankungen beim 
Menschen und enden o   tödlich. Die Übertragung dieser Coronaviren vom Tier auf den 
Menschen verdeutlichte die Gefahr von bisher unbekannten viralen Erkrankungen für die 
öff entliche Gesundheit. Coronaviren verursachen auch schwere Krankheiten in Nutz- und 
Haus  eren. Das porcine epidemic diarrhea virus (PEDV) befällt Schweine in Mastbetrieben 
und führt zu hohen Sterblichkeitsraten insbesondere bei Ferkeln. Vor allem in Ost-Asien 
entsteht großer ökonomischer Schaden. Im Jahr 2013 wurde das Virus zum ersten Mal 
auf dem Nordamerikanischen Subkon  nent nachgewiesen und verursacht seitdem eine 
ansteigende Zahl von Infek  onen. Die kommerziell erhältlichen Impfstoff e gegen PEDV 
verleihen keinen hinreichenden Schutz. Unser Wissen über die molekularen Mechanismen 
der PEDV-Infek  on und Vermehrung ist begrenzt. Diese Disserta  on legt Grundlagen zur 
Erforschung von PEDV-Infek  onen und kann somit zur Entwicklung von neuen, eff ek  veren 
PEDV-Impfstoff en beitragen. Neben PEDV wurde das Maus Hepa   s Virus (MHV) weiter 
erforscht. Der MHV Stamm A59 stellt ein typisches Coronavirus dar und diente als Modelvirus 
für die Untersuchung weiterer Details von Coronavirusinfek  onen. 

Die Verbreitung von Viren zwischen Zellen und individuellen Organismen erfordert 
die Übertragung der viralen Erbinforma  onen. Das Genom wird dazu in eine Schutzhülle 
aus Eiweißmolekülen verpackt und in die Umgebung ausgeschieden. Coronaviren sind 
behüllte Viren. Die Viruspar  kel zeichnen sich durch eine zusätzliche Ummantelung mit 
einer Lipidmembran aus, die wiederum virale Eiweiße mit verschiedenen Funk  onen 
enthält. Der Eintri   in die Wirtszelle wird als erster und notwendiger Schri   des viralen 
Vermehrungszyklus angesehen. Um Zugang zu einer neuen Wirtszelle zu erlangen, müssen 
Viruspar  kel die zelluläre Membran überwinden, welche alle Zellen umgibt und sie 
gegen die Außenwelt abschirmt. Dazu verschmilzt unter güns  gen Umständen und durch 
spezifi sche Auslöser die virale Membranhülle mit der Zellmembran. Durch die Fusion mit 
der Zellmembran wird das virale Genom eingeschleust. 

Um Zugang zur Wirtszelle zu erzwingen, enthalten Coronaviruspar  kel eine hoch 
spezialisierte Fusionsmachinerie: die sogenannten ‚Spike‘-Eiweiße, die in der Membranhülle 
verankert sind. Spike-Eiweiße sind im Elektronenmikroskop als Kranz um das Viruspar  kel 
sichtbar (lat. corona: Kranz, Krone). Sie haben mehrere Aufgaben, unter anderem das Binden 
an Rezeptormoleküle der Zelle und Durchführen der Membranfusion. Die Funk  onen 
der Spike-Eiweiße werden genau gesteuert, damit der unumkehrbare Fusionsprozess am 
rich  gen Ort und zum rich  gen Zeitpunkt sta   indet. Zelluläre Verdauungsenzyme können 
das Spike-Eiweiß entzwei schneiden. Dadurch wird die Fähigkeit zur Membranfusion 
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ak  viert. Grundlegende Merkmale der Coronavirus-Membranfusion sind bekannt, aber die 
notwendigen biochemischen und molekularen Prozesse sowie die Abfolge der einzelnen 
Ereignisse, die zur Fusion führen, sind unzureichend erforscht. 

In dieser Disserta  on beschreibe ich unsere Detailstudien der MHV-Membranfusion. 
Dabei konzentrierten wir uns auf die Ak  vierung des Spike-Eiweißes durch die oben erwähnte 
enzyma  sche Spaltung. Auf der Basis unserer Ergebnisse haben wir ein detaillierteres 
Model der durch das MHV Spike-Eiweiß ausgelösten Membranfusion entworfen. Außerdem 
haben wir die Grundlagen von PEDV-Infek  onen unter Zuhilfenahme von Virusmutanten 
studiert. Den Fusionsmechanismus von PEDV haben wir mit dem bestehenden Model der 
Virusfusion verglichen. Zusammengefasst liefern unsere Studien neue Erkenntnisse über 
das Eintreten von Coronaviren in die Wirtszellen. Mit Hilfe dieses Wissens können neue 
an  virale Therapiemöglichkeiten entwickelt werden, die auf dem Blockieren der Virusfusion 
basieren. 

Gliederung der Disserta  on 
Im zweiten Kapitel beschreiben wir unsere Untersuchungen zur Ak  vierung der MHV 

Spike-Eiweiße durch die enzyma  sche Spaltung von Verdauungsenzymen. Wir entwickelten 
eine neue, objek  ve Methode, um den Zustand der MHV Spike-Eiweiße direkt nach der 
Membranfusion zu isolieren. Dadurch waren wir erstmals in der Lage, die viralen Spike-
Eiweiße von fusionierten Viren zu iden  fi zieren und biochemisch zu analysieren. Wir 
konnten einen defi nierten Abschni   im Spike-Eiweiß nachweisen, in dem eine Spaltung 
sta   inden muss, um das Spike-Eiweiß zu ak  vieren. 

Die in Kapitel drei  vorgestellte Studie wurde entworfen, um die Verdauungsenzyme 
(Proteasen) der Zelle zu erforschen, die die MHV Spike-Eiweiße schneiden. Dazu machten 
wir von der RNA-Interferenz-Technologie und pseudotypisierten virusähnlichen Par  keln 
Gebrauch. Die Ak  vierung von MHV Spike-Eiweißen war unabhängig von speziellen 
Proteasen. Wir untersuchten den Eff ekt von verschiedenen Protease hemmenden Agenzien, 
konnten jedoch keine Auswirkungen erkennen. Die Schni  stelle im Spike-Eiweiß und die 
Spaltungsenzyme waren off ensichtlich variabel. Dies erklärt auch, warum MHV-Infek  onen 
nicht durch spezifi sche Proteasehemmer gestoppt werden können. 

Im vierten Kapitel werden die Grundlagen für unsere Untersuchungen an PEDV dargestellt. 
Um das virale Erbgut zu modifi zieren, entwickelten wir ein reverses Gene  ksystem. Es 
basiert auf dem Trypsin (Verdauungsenzym) unabhängigen, auf Zellkultur angepassten 
PEDV Stamm DR13. Unter anderem konnten wir somit PEDV-Virusmutanten herstellen, die 
zusätzliche Reportergene enthalten. 

Die Untersuchungen der besonderen Eigenscha  en der Vermehrung von PEDV in 
Zellkultur wurden in Kapitel fünf beschrieben. Infek  on von Zellen mit einem in der Natur 
vorkommenden PEDV-Stamm ist abhängig von der Zugabe des Verdauungsenzyms Trypsin. 
Wir haben die Spike-Eiweiße eines Wildstamms mit dem Trypsin-unabhängigen, Zellkultur 
angepassten PEDV-Stamm DR13 verglichen. Manipula  on des viralen Erbgutes ermöglichte 
die detaillierte Studie der Membranfusion von PEDV. Wir konnten die Teile des PEDV Spike-
Eiweißes iden  fi zieren, welche für die zur Infek  on benö  gte Ak  vierung durch Trypsin 
verantwortlich sind.  

Im letzten Kapitel werden aktuelle Erkenntnisse über die verschiedenen Schri  e, 
die zur Membranfusion von Coronaviren führen, besprochen und mit anderen viralen 
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Fusionseiweißen verglichen. Auf Grundlage der zusammengefassten Resultate unserer 
Studien an MHV und PEDV, disku  eren wir den zugrundeliegenden Mechanismus und die 
mutmaßliche Rolle der Spaltung von Spike-Eiweißen im Vermehrungszyklus von Coronaviren. 
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