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Infection by the coronavirus mouse hepatitis virus strain A59 (MHV-A59) requires the release of the viral
genome by fusion with the respective target membrane of the host cell. Fusion is mediated by the viral S
protein. Here, the entry pathway of MHV-A59 into murine fibroblast cells was studied by independent
approaches. Infection of cells assessed by plaque reduction assay was strongly inhibited by lysosomotropic
compounds and substances that interfere with clathrin-dependent endocytosis, suggesting that MHV-A59 is
taken up via endocytosis and delivered to acidic endosomal compartments. Infection was only slightly reduced
in the presence of substances inhibiting proteases of endosomal compartments, precluding that the endocytic
uptake is required to activate the fusion potential of the S protein by its cleavage. Fluorescence confocal
microscopy of labeled MHV-A59 confirmed that virus is taken up via endocytosis. Bright labeling of intracel-
lular compartments suggests their fusion with the viral envelope. No fusion with the plasma membrane was
observed at neutral pH conditions. However, when virus was bound to cells and the pH was lowered to 5.0, we
observed a strong labeling of the plasma membrane. Electron microscopy revealed low pH triggered confor-
mational alterations of the S ectodomain. Very likely, these alterations are irreversible because low-pH
treatment of viruses in the absence of target membranes caused an irreversible loss of the fusion activity. The
results imply that endocytosis plays a major role in MHV-A59 infection and the acidic pH of the endosomal
compartment triggers a conformational change of the S protein mediating fusion.

There are two major routes for enveloped viruses to enter a
host cell: the endosomal and the nonendosomal pathways (44,
55). In both cases the release of the viral genome requires
fusion of the viral envelope with the respective target mem-
brane of the host cell, i.e., the endosomal or the plasma mem-
brane (34).

Fusion is mediated by a conformational change of virus
spike-like glycoproteins. For viruses that use the nonendoso-
mal pathway, such as retroviruses (e.g., human immunodefi-
ciency virus type 1) and paramyxoviruses (e.g., Sendai virus) (7,
56), the conformational change of the spike glycoproteins is
induced by its interaction with the corresponding receptor on
the host cell surface, thereby triggering fusion between the
viral envelope and the plasma membrane (4). Other viruses
such as orthomyxoviruses (e.g., influenza virus) are taken up by
cells via the endosomal pathway. In that case, acidification of
late endosomal lumen by proton pump activity of V-type
ATPases (45) initiates the conformational change of viral pro-
teins toward the fusion-competent state. Recently, it has been
shown for avian sarcoma/leucosis virus that the conformational
change of fusion mediating protein requires both receptor
priming and low pH (15, 38). There are also examples for
viruses utilizing both pathways, e.g., the Japanese encephalitis

virus (genus Flaviviridae). This virus is able to enter the cells
either through fusion at the plasma membrane or upon uptake
through endocytosis (41).

The mouse hepatitis virus (MHV) belongs to the coronavi-
rus family. It causes enteric and respiratory infection, diarrhea,
hepatitis, and acute or chronic demyelination of the central
nervous system (52, 65). As typical for coronaviruses, binding
of MHV and fusion with the target membrane of the host cells
is mediated by the spike glycoprotein (S). The S protein, a class
I viral glycoprotein (6), is organized as a homotrimer with a
molecular mass of approximately 180 kDa per monomer. Dur-
ing maturation of the virus, the MHV S protein is cleaved by
cellular proteases into two subunits (12, 16): a receptor-bind-
ing S1 subunit and a fusion-mediating S2 subunit. Although
previous reports indicate that the cleavage of the S glycopro-
tein into the S1 and S2 subunit at the cleavage site is not strictly
required for fusion of coronaviruses (5, 12, 21), recent studies
have shown that cleavage of the ectodomain is essential for
fusion and may occur only in the endosomal compartment of
cells being infected (8, 48, 54). The S2 domain harbors the
transmembrane domain, the fusion peptide, and two heptad
repeat (HR) sequences. The latter two sequences, HR1 and
HR2, have been shown to form coiled-coil structures in vitro
(6, 68, 69). Formation of the coiled-coil motif and exposure of
the fusion peptide toward the target membrane are major steps
of the fusion-mediating conformational change of class I fusion
proteins (for a review, see reference 15).

MHV-A59, a substrain of MHV, binds to the CEACAM1a
receptor on murine cells via the S protein. Entry of MHV
appears to be strongly raft-associated and thus cholesterol
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dependent (9, 61). Although cholesterol depletion of the
plasma membrane does not affect virus attachment, MHV-A59
infection is efficiently inhibited (9, 61). However, it is not
known which of the two major pathways of viral entry, the
endosomal or nonendosomal, MHV-A59 accomplishes. For
MHV, indications for both pathways have been reported (29,
37, 39). Holmes et al. (25) observed fusion of the MHV with
the target cell through receptor binding, which was suggested
to initiate a conformational change toward the fusion-compe-
tent state. Recent studies revealed a major role for the N-
terminal part of the CEACAM1a receptor to induce a confor-
mational change in the spike glycoprotein (35, 36, 73). Earlier
studies observed that after MHV-A59 infection cell-cell fusion
takes place at a neutral pH mediated by the spike glycoprotein
expressed partially at the plasma membrane (16). However,
other studies show a clear attenuation of MHV infection after
treatment of the host cells with lysosomotropic agents (12, 31,
37), which are known to prevent acidification of the endosomal
compartment, implying that the endosomal pathway may be
utilized by MHV. For example, infectivity was delayed for
MHV-A59-infected L2 cells treated with ammonium chloride
(37). Krzystyniak and Dupuy (31) reported that infection by
MHV-3 is sensitive to lysosomotropic agents. Although it was
initially suggested that wild-type MHV-4 (JHM) enters cells in
culture by a pH-independent pathway (17), later studies show
that MHV-JHM utilizes either the endosomal or the nonen-
dosomal pathway depending on the cell type (39).

In the present study we investigated the infection of mouse
fibroblast cells by MHV-A59 and studied directly the fusion of
the viral envelope with the respective target membranes by
using various complementary and independent approaches
such as plaque titration assay, fluorescence microscopy, spec-
troscopy, and electron microscopy. Our data provide evidence
that the endocytic pathway is the major route of MHV-A59 cell
entry and that infection of host cells by MHV-A59 requires a
low-pH trigger. Preincubation of MHV-A59 at acidic pH abol-
ished fusion activity, suggesting that low pH triggers a confor-
mational change of the S protein that is irreversible.

MATERIALS AND METHODS

Cells and viruses. For infection with MHV, 17Cl-1 cells, a spontaneously
transformed cell line of BALB/c 3T3 cells, LR-7 (L-cell derivate), and DBT cells,
a murine astrocytoma cell line (22), were used. The CEACAM receptor was
cloned into LR-7 cells to enhance infectibility by MHV (12). All cell lines were
propagated in Dulbecco modified Eagle medium, Invitrogen, Karlsruhe, Ger-
many) supplemented with 10% fetal calf serum (Invitrogen) (DMEM-10% FCS),
penicillin (100 U/ml), and streptomycin (100 �g/ml) (Pen/Strep; Biochrom AG,
Berlin, Germany). MHV-A59 virions kindly provided by J. Ziebuhr (University
of Würzburg) were grown on 17Cl-1 cells and assayed by plaque titration as
described previously (59). For control experiments a recombinant MHV express-
ing the S protein of JHM (MHV-S4) and vesicular stomatitis virus (VSV) strain
Indiana were used. MHV-A59 FI, a virus with an uncleaved spike protein, was
generated as described previously (12). Viral infection medium was composed of
DMEM supplemented with 2% FCS (DMEM-2%) and antibiotics as described
above.

Virus production and purification. Monolayers of 17Cl-1 cells (59) were grown
in T175 flasks and inoculated with MHV-A59 or MHV-S4 at a multiplicity of 10
PFU per cell (PFU/cell). For generation of MHV-A59 with uncleaved spike
proteins (MHV-A59 FI), cells were treated with 75 �M furin inhibitor (FI)
peptidyl chloromethylketone (dec-RVKR-cmk) (12) and infected with MHV-
A59 in the presence of the inhibitor at an MOI of 10 PFU/cell. Cells and viruses
were incubated for 1 h at 37°C for attachment of the virus. After the adsorption
period, 20 ml of DMEM-2% was added to each flask, followed by incubation for
at least 48 h at 37°C and 5% CO2. Virus was collected 46 to 48 h after inoculation.

The supernatant containing released virus was first centrifuged at 10,000 � g in a
Beckman JA 25.50 rotor for 30 min at 4°C to remove cellular debris.

For precipitation of the virus, 5.0 g of NaCl and a half volume of 30%
polyethylene glycol (8 kDa; Promega, Mannheim, Germany) were added to the
virus supernatant to achieve a final concentration of 10% polyethylene glycol and
2.2% NaCl, and incubation was carried out for 4 h at 4°C. Centrifugation at
10,000 � g for 30 min at 4°C was accomplished in a Beckman JA 25.50 rotor to
harvest the precipitated virus. The viral pellet was suspended in BisTris-buffered
saline (pH 6.5) at 4°C and purified through a discontinuous gradient of 5 ml each
of 30 and 50% (wt/wt) sucrose (Sigma Aldrich, Munich, Germany) in BisTris-
saline (pH 6.5) in a 12-ml centrifuge tube. Centrifugation for 16 h in a Beckman
SW40 Ti rotor was carried out at 28.000 rpm (110,000 � g average) at 4°C. The
virus band at the interface between 30 and 50% sucrose was collected, divided
into aliquots, and frozen at �80°C. Virus collected 46 to 48 h postinfection (p.i.)
had a titer of 1 � 109 to 2 � 109 PFU/ml (for determination, see below). For the
experiments, viruses were dialyzed against BisTris-buffered saline (pH 6.5; 150
mM NaCl and 25 mM BisTris) with 5% glycerol.

Plaque assay. Virus titers were determined by plaque titration assay. Cell
monolayers were cultured in six-well culture plates (Nunc, Wiesbaden, Ger-
many) and inoculated with serial log dilutions of virus. For adsorption, virions
and cells were incubated for 1 h at 37°C. Afterward, the inoculum was removed
and replaced by overlay medium (DMEM–2% FCS, 0.75% Oxoid agarose [Ox-
oid, Hampshire, United Kingdom]). After incubation for at least 20 to 24 h, the
plaques were visualized by neutral red staining (33.3% [wt/vol] stock solution;
Sigma-Aldrich, Munich, Germany).

Plaque reduction assay. To measure the inhibitory effect of lysosomotropic
agents on virus production, cells were treated with either 10 �M monensin, 100
nM bafilomycin A1, 10 nM concanamycin A, or 20 mM ammonium chloride
(NH4Cl). To assess whether intracellular proteases may affect virus infection,
cells were pretreated with the protease inhibitors E-64 (10 �M) and leupeptin
(10 �g/ml). To inhibit endocytosis, cells were pretreated with chlorpromazine (15
�M). Monensin, bafilomycin A1, and concanamycin A were prepared in ethanol.
Ammonium chloride and chlorpromazine-HCl were solubilized in water. The
protease inhibitors were prepared in dimethyl sulfoxide (DMSO). Ethanol and
DMSO concentrations during the experiments remained below 1 vol%. Cells
were pretreated with substances for 30 min at 37°C before virus infection. All
drugs used were present throughout the infection period. To assess the role of
cholesterol for MHV-A59 infection, cells were depleted of cholesterol by incu-
bation with 15 mM methyl-�-cyclodextrin (M�CD) for 30 min at 37°C. Subse-
quently, cells were washed twice with phosphate-buffered saline (PBS). In an-
other set of experiments the cells were incubated with 5 �g of Filipin III/ml for
30 min at 37°C. Filipin is known to form complexes with cholesterol (9). To assess
the viability of cells upon treatment with various compounds, the cells were
stained with DAPI (4�,6�-diamidino-2-phenylindole). DAPI is known to enter
nonviable cells and to stain the cell nuclei. Staining was monitored by fluores-
cence microscopy.

After treatment, cells were infected with the respective virus at a multiplicity
of 1 PFU/cell or incubated with log dilutions. Virus titers were quantified by
plaque titration or plaque assay at 20 to 24 h postinoculation. As a control the
cells were treated with corresponding amounts of the solvents (ethanol or
DMSO), and virus titers were determined by plaque assay. For some experiments
cells were treated with the lysosomotropic agents ammonium chloride (20 mM)
or bafilomycin A1 (100 nM), and virus was subsequently bound to the cells.
Virus-cell complexes were treated with acidic buffer to lower the pH of the
medium to 5.0 for 5 min at 37°C. Upon neutralization, a plaque titration assay
was carried out as described before.

Labeling of virus. Labeling of MHV-A59 with octadecylrhodamine-B-chloride
(R18; Molecular Probes, Munich, Germany) at a self-quenching concentration
(23) was done by incubating 100 �l of 2 mg of MHV-A59/ml in BisTris-sucrose
buffer (pH 6.5), with 0.5 �l of 2.2 mM R18 in ethanol for 30 min at 700 rpm
shaking in the dark as described previously for influenza virus A (30) and
respiratory syncytial virus (43). Unbound dye was removed by centrifugation at
55,000 � g for 10 min at 4°C. The virus was suspended in 100 �l of ice-cold PBS.
As verified by fluorescence spectroscopy (see below), nearly 90% of the fluores-
cence was quenched in the viral membrane. Labeling of the virus did not affect
infection of cells, as revealed by a plaque titration assay.

Microscopy. Subconfluent 17Cl-1 cells in 35-mm-by-14 mm2 glass-bottom
dishes (MaTek, Ashlands, MA) were incubated with labeled MHV-A59 at a
multiplicity of 5 to 10 PFU/cell for 15 min at 4°C for viral attachment. For
pretreatment of the cells see above. To remove unbound viruses, cells were
washed two times with ice-cold PBS. Afterward, virus-cell complexes were incu-
bated at different pHs ranging from 5.0 to 7.0 for 5 to 30 min at 37°C. As a
control, nonpermissive cells were treated in the same manner. Syncytium for-
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mation after infection of different mouse cell lines with MHV-A59 or MHV-S4
was analyzed by light microscopy at 24 h p.i. All samples were immediately
analyzed by fluorescence microscopy using an Olympus IX81 microscope
equipped with a cooled charge-coupled device camera SPOT RT Slider (Diag-
nostic Instruments, Sterling Heights, United Kingdom). Image acquisition and
analysis was done by using MetaView software (Universal Imaging, Buckingham-
shire, United Kingdom). Cell-virus complexes were also analyzed with a Fluo-
View FV-1000 confocal microscope (Olympus, Hamburg, Germany); R18-la-
beled MHV-A59 viruses were imaged by using 543-nm laser excitation and band
pass 590- to 655-nm emission wavelength. An oil-immersion objective lens
(Olympus) with �60 magnification and a numerical aperture of 1.35 was used.
All experiments were performed at 37°C and the microscopy was carried out at
room temperature. The image processing was done by using the MetaMorph-
Software (Universal Imaging), and further processing was carried out by using
Adobe Photoshop 7.0 and Adobe Illustrator 10.0 (Adobe Systems GmbH, Mu-
nich, Germany). For the editing of confocal images, Olympus FluoView software
(version 1.4a; Olympus) was used.

Spectroscopic fluorescence dequenching assay. For the fluorescence de-
quenching assay, 17Cl-1 cells were grown in T75 flasks and harvested by treat-
ment with trypsin. Labeled virions were suspended in ice-cold PBS and allowed
to bind to 17Cl-1 cells at a multiplicity of 3 to 5 PFU/cell for at least 40 min on
ice in the dark with gentle mixing. To remove unbound viruses, the virus-cell
suspension was centrifuged at 300 � g for 5 min and washed twice with ice-cold
PBS. Fusion of labeled MHV-A59 with 17Cl-1 cells was measured by the R18

dequenching assay at 4 and 37°C (23). This fusion assay is based on the redis-
tribution of R18 from the viral envelope to the target membrane of the cell after
fusion, leading to a dequenching and thus an increase of the fluorescence emis-
sion of R18. Fusion was monitored over time by using a spectrofluorimeter
(AMINCO-Bowman, Urbana, IL) with an excitation wavelength of 560 nm and
an emission wavelength of 590 nm (cutoff filter, 570 nm; time resolution, 1 s). I0

is the fluorescence intensity of the labeled virus bound to target cells at time
point t � 0. Thereafter, the time-dependent fluorescence intensity I(t) was
recorded for at least 30 min at various pH. Subsequently, to determine the
maximum of fluorescence dequenching (100%), 0.2% Triton X-100 was added to
the cuvette, and the maximum intensity (Imax) was measured. The extent of
fusion (F) is proportional to percent fluorescence dequenching maximum and is
defined as (3):

F �
I�t	 � I0

Imax � I0
� 100%

In some cases, viruses were pretreated in acidic buffer (pH 5.0) for 15 min at
37°C and subsequent to neutralization bound to cells, and fusion was measured
by dequenching of the R18 at 37°C as described above.

Cryoelectron microscopy. Preincubated sample droplets were applied to per-
forated (1-�m hole diameter) carbon film-covered 200 mesh grids (R1/4 batch of
Quantifoil [MicroTools GmbH, Jena, Germany]), which had been hydrophilized
before use by 60-s plasma treatment at 8 W in a BALTEC MED 020 device. The
supernatant fluid was removed with a filter paper until an ultrathin layer of the
sample solution was obtained spanning the holes of the carbon film. The samples
were immediately vitrified by propelling the grids into liquid ethane at its freez-
ing point (90 K) with a guillotine-like plunging device. The vitrified samples were
subsequently transferred under liquid nitrogen into a Philips CM12 transmission
electron microscope (FEI, Oregon) using a Gatan (Gatan, Inc., California)
cryoholder and stage (model 626). Microscopy was carried out at a 94 K sample
temperature using the low-dose protocol of the microscope at a primary magni-
fication of �58,300 and an accelerating voltage of 100 kV (LaB6-illumination).
The defocus was set to 1.5 �m.

“Negative-stain” electron microscopy. Preincubated sample solution was ab-
sorbed onto hydrophilized carbon film that covered the copper grids (400 mesh).
The supernatant fluid was removed by blotting with a filter paper, and the sample
was allowed to dry in air. Contrast-enhancing heavy-metal stain solution (1%
phosphotungstic acid at pH 7.4) was subsequently applied for 45 s and blotted
again. A standard holder was used to transfer the dried samples into a Philips
CM12 transmission electron microscope (FEI) equipped with a LaB6 cathode.
Images were taken at a defocus value of 0.6 �m using a primary magnification of
�58,300 at an accelerating voltage of 100 kV (Cs � 2 mm).

RESULTS

Infection by MHV-A59 is sensitive to lysosomotropic agents
and inhibitors of endocytosis. To explore whether MHV-A59

cell entry proceeds via the endocytic uptake and infection
requires the acidic environment of late endosomes, we inhib-
ited this pathway by using substances either interfering with
endocytosis and/or with endosomal acidification (33). To the
former belong chlorpromazine, which is known to inhibit the
formation of clathrin-coated vesicles (64) and thus clathrin-
dependent endocytosis (2, 13, 53, 60). To prevent endosomal
acidification, we used such lysosomotropic agents as (i) ammo-
nium chloride, a relatively weak base accumulating inside en-
dosomal vesicles (18, 24, 37, 48); (ii) monensin, an ionophore
that disrupts the proton gradient across vesicular membranes
(39, 40, 42, 45); and (iii) bafilomycin A1 and concanamycin A,
specific inhibitors of the vacuolar H�-ATPase (V-ATPase) in
animal and other eukaryotic cells (14, 18, 27, 45). Concentra-
tions of substances were chosen according to previous studies
showing the inhibition of infection of other enveloped viruses
entering the cell via the endocytic route (1, 2, 13, 20, 28, 31, 37,
45, 60, 62, 72). Treatment with these agents did not interfere
with cell viability since staining of cells with DAPI was not
enhanced with respect to control cells (data not shown).

To assess the infection of 17Cl-1 cells by MHV-A59 and the
influence of the above substances, we used the plaque assay
(see Materials and Methods). All lysosomotropic agents used
showed a strong inhibitory effect on virus infection (Fig. 1A).
At concentrations of 20 mM ammonium chloride a plaque
reduction of more than 50% was observed. The inhibitory
effect of the other lysosomotropic substances was even more
striking. Virus replication was almost completely abolished at
concentrations as low as 10 nM for concanamycin A, 100 nM
for bafilomycin A1, and 10 �M for monensin (Fig. 1A). At-
tenuation of virus infection was also observed upon treatment
of cells by inhibitors of endocytosis. At a concentration of 15
�M chlorpromazine, infection was inhibited completely (Fig.
1A). Taken together, these results strongly argue for a clathrin-
dependent endocytic uptake as the main cell entry route for
MHV-A59 and for a low-pH environment in the endosome as
presuppositions to release the viral genome into the cytoplasm.

Similar experiments were carried out with LR-7 and DBT
cells, different mouse cell lines previously described to be in-
fected by MHV-A59. Infection of these cell lines showed the
same response to incubation with lysosomotropic agents and
agents interfering with the clathrin-dependent entry pathway
such as ammonium chloride, bafilomycin A1, monensin, and
chlorpromazine as observed for 17Cl-1 cells. Infectivity was
completely blocked after incubation with either 100 nM bafilo-
mycin A1, 10 �M monensin, or 15 �M chlorpromazine (Fig.
1A). In the case of ammonium chloride infectivity could be
reduced up to 70 or 100% (Fig. 1A). These results are in
agreement with the previously observed delay in MHV-A59-
infected L2 cells after treatment with ammonium chloride (37).
In contrast to MHV-A59, the recombinant virus MHV-S4 ex-
pressing the S-protein of JHM and known to enter the host cell
via the clathrin-independent, nonendocytic pathway (29, 31)
preserved its infectivity after treatment of the cells (17Cl-1,
LR-7, or DBT) with ammonium chloride or bafilomycin A1
(Fig. 1B). For LR-7 and DBT cells, both ammonium chloride
and bafilomycin A1 had only a minor effect on cell infection
compared to the control (absence of lysosomotropic agents)
(Fig. 1B, gray bars). For MHV-S4-infected 17Cl-1 cells we also
did not find any block of infectivity after incubation with am-
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monium chloride (Fig. 1B). Infectivity was also preserved in
the presence of bafilomycin A1. However, in that case infec-
tivity was not completely restored but only to ca. 40% (Fig. 1B,
left, gray bar).

We also probed for syncytium formation of 17Cl-1 cells after
infection with viruses and did not observe any syncytia for
MHV-A59-infected cells at 24 h postinoculation. By 48 h p.i.
only a minority of cells had undergone syncytium formation. In
contrast, significant syncytium formation was found for
MHV-S4 at 24 h p.i. (data not shown). These results show that

the infection pathway of MHV-S4 (JHM) does not require an
acidic environment as observed for MHV-A59. The partial
inhibition of infection of 17Cl-1 cells by bafilomycin A1 which
was not observed for LR-7 cells is in agreement with previous
observations of Nash and Buchmeier (39) showing that MHV-
JHM may utilize different cell entry pathways depending on
the cell type. Furthermore, these results provide evidence that
the viability of cells is not affected by treatment with lyso-
somotropic substances and agents interfering with the clathrin-
dependent pathway.

FIG. 1. Inhibition of MHV-A59 infection of different murine cells by substances interfering with the endocytic pathway and endosomal
acidification. Infection by MHV-A59 was assessed by plaque assay. (A) Infection of 17Cl-1, LR-7, and DBT cells by MHV-A59 in the presence
of chlorpromazine-HCl (Chlorpr; 15 �M, gray bar), bafilomycin A1 (Baf A1; 100 nM, dark gray bar), monensin (Mon; 10 �M, black bar),
concanamycin A (Con; 10 nM, striped gray bar), and ammonium chloride (NH4Cl; 20 mM, gray hatched bar). (B) Cells were treated with 20 mM
ammonium chloride (NH4Cl) or 100 nM bafilomycin A1 (Baf A1) and infected with either MHV-A59 (black bar) or MHV-S4 (gray bar) in the
presence of the drug. (C) Influence of cholesterol depletion of 17Cl-1 cells on infection by MHV-A59. Bars: light gray, cholesterol depletion by
M�CD treatment; dark gray, preincubation of cells with Filipin III. For treatment of the cells with substances, see Materials and Methods. As a
control, VSV, which is known to enter cells independently of cholesterol and/or rafts, was used (black bar). (D) Influence of the protease inhibitors
E-64 and leupeptin on infection of 17Cl-1 cells with MHV-A59 (gray bar) and MHV-A59 FI (black bars). The data present means 
 the standard
errors of estimates of three independent experiments unless otherwise indicated (**, n � 2; #, n � 5).
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Recent studies provided evidence that cell entry of enve-
loped viruses is associated with lipid domains harboring cho-
lesterol (9, 10, 50, 61). After cholesterol depletion of 17Cl-1
cells by preincubation with 15 mM M�CD (see Materials and
Methods), virus infection was completely blocked (Fig. 1C). A
70% reduction of virus infection was found when cells were
pretreated with 5 �g of filipin/ml; filipin is known to form
complexes with cholesterol (Fig. 1C). These findings confirm
the importance of cholesterol for MHV-A59 infection (9, 61).
As a control, 17Cl-1 cells were infected with VSV, which is
known to enter cells independently of cholesterol and/or rafts
(19, 46). Only a minor reduction of infectivity of ca. 8% oc-
curred after cholesterol depletion of the cells by M�CD (Fig.
1C, black bar).

Protease inhibitors do not interfere with infection by MHV-
A59. There is now strong evidence that cleavage of the S
protein of coronaviruses is an essential determinant of fusion
activity. Depending on the virus strain, cleavage may occur
already during virus maturation in the host cell. However,
recently it has been shown that the cleavage of the S proteins
of coronaviruses such as SARS and MHV-2 is mediated only
by endosomal proteases of the infected cells (8, 26, 48, 54). To
address whether the activity of those proteases may play a role
in infection by MHV-A59, we studied infection of 17Cl-1 cells
in the presence of leupeptin and E-64, which have been shown
to inhibit acidic proteases in the endosomal compartment.
These inhibitors were tested at appropriate concentrations for-
merly used (8, 48, 54). We observed only a minor effect of the
inhibitors on virus infectivity (Fig. 1D, gray bars). Viral repli-
cation was only reduced by ca. 20% for leupeptin (10 �g/ml) or
30% in the case of E-64 (10 �M), respectively. Hence, endo-
somal protease activity does not seem to play a major role in
infection by MHV-A59. To confirm that the used concentra-
tions of protease inhibitors are effective, 17Cl-1 cells were
infected with MHV-A59 FI expressing uncleaved spike protein
(see Materials and Methods). While in the absence of protease
inhibitors infection was similar to that of MHV-A59 (control),

infection with MHV-A59 FI was strongly inhibited in the pres-
ence of the protease inhibitors leupeptin and E-64 (Fig. 1D,
black bars).

Fusion of MHV-A59 monitored by fluorescence microscopy.
For visualization of MHV-A59 fusion, virions were labeled
with the lipid-like fluorophore R18. Notably, R18 labeling of
MHV-A59 had no effect on viral infectivity as tested by plaque
titration assay (data not shown). Labeled virus was bound to
17Cl-1 cells on ice. Subsequently, virus-cell complexes were
incubated at 37°C at neutral pH (pH 7.0) or at pH 5.0 to mimic
the endosomal acidic pH. At time t � 0 of the incubation, we
observed only punctate fluorescence corresponding to viruses
attached to the plasma membrane. According to the size of the
fluorescence spots, a significant number of viruses may be
colocalized or aggregated (Fig. 2). Although a similar fluores-
cence pattern was found when virus cell-complexes were incu-
bated for 5 min at pH 7.0, we observed R18 labeling of the
intracellular compartments after incubation of virus-cell com-
plexes for 15 min at pH 7.0 at 37°C (Fig. 2C). We surmise that
the latter labeling pattern reflects the localization of MHV-
A59 in the endosome and perhaps fusion with endosomal
membranes (see below). This is supported by the observation
that no intracellular labeling was observed after incubation for
15 min at pH 7.0 at room temperature (data not shown). It is
known that at such temperatures endocytosis is strongly dimin-
ished (63).

In contrast to the incubation at pH 7.0, we observed a bright
spreading of the dye over the plasma membranes already after
5 min of incubation at pH 5.0 and 37°C, indicating efficient

FIG. 2. Low pH triggers fusion of MHV-A59 with the plasma mem-
brane of 17Cl-1 cells. R18-labeled virus was bound to cells. Subsequently,
virus-cell complexes were incubated at 37°C under neutral (pH 7.0, A to
C) or acidic (pH 5.0, D to F) conditions and observed by fluorescence
microscopy. (E) Mild acidic conditions (pH 5.0) mimic the acidic pH of
endosomal compartments and enable the virus to directly fuse at the
plasma membrane, as indicated by strong labeling of the plasma mem-
brane already after 5 min of incubation at 37°C. No significant fusion of
viruses with the plasma membrane was observed at pH 7.0 (panels A to
C). After 15 min (see panel C), some intracellular staining was ob-
served. For further explanations, see Results. Bar, 50 �m.

FIG. 3. Interaction of MHV-A59 with 17Cl-1 cells studied by con-
focal fluorescence microscopy. R18-labeled virus was bound to cells.
Subsequently, virus-cell complexes were incubated at 37°C under neu-
tral (pH 7.0, A and B) or at acidic conditions (pH 5.0, C and D) for 30
or 5 min, respectively, and imaged by confocal fluorescence micros-
copy. To characterize the labeling pattern a three-dimensional stack
analysis was performed. In panels A and C selected z-planes are
shown, while in panels B and D a plot of fluorescence along the x and
y coordinates provide respective side views of the cells. At neutral pH
the viruses are delivered to intracellular compartments (B, arrow-
heads) (for further details, see Results and Discussion). When virus-
cell complexes were incubated at low pH, a strong labeling of the
plasma membrane was observed (D) that was not seen for incubation
at neutral pH. Bars, 10 �m. Asterisks mark the positions of the nuclei.
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fusion of the viral envelope with the plasma membrane (Fig.
2E). Further incubation (t � 15 min) did not enhance labeling
of the plasma membranes (Fig. 2F).

To confirm and to characterize the pH-dependent labeling
pattern of virus-cell complexes in detail, we performed confo-
cal microscopy. When 17Cl-1 cells were incubated with R18-
labeled MHV-A59 for 30 min at 37°C at neutral pH, we found
fluorescently labeled cellular organelles that presumably cor-
respond to endosomes loaded or fused with viruses (Fig. 3A
and B, arrowheads), as revealed by a z-stack of confocal images
(Fig. 3A) and confirmed by a plot of fluorescence along the x
and y coordinates, providing respective side views of the cell
(Fig. 3B). No spreading of label in the plasma membrane was
observed. Occasionally, we found punctate fluorescence sites
at the plasma membrane of control cells even after 30 min.

On the contrary, when virus cell complexes were incubated
for 5 min at pH 5.0 and 37°C a bright continuous fluorescence
over the entire plasma membrane was observed (Fig. 3C and

D), confirming the fusion of viruses with the plasma mem-
brane.

To clarify whether the intense punctate intracellular R18

fluorescence at neutral pH is associated with fusion of the
viruses with endosomal membranes, we preincubated 17Cl-1
cells with 20 mM ammonium chloride and studied the intra-
cellular labeling pattern after incubation of virus-cell com-
plexes at pH 7.0 and 37°C for 30 min (Fig. 4). For control cells
not treated with ammonium chloride (Fig. 4C and D), an
intracellular staining similar to that already described above
was detected (see Fig. 2). However, for cells preincubated with
ammonium chloride the intracellular fluorescence was signifi-
cantly diminished and rather weak (Fig. 4A and B). We sur-
mise that although viruses have been internalized, fusion is
inhibited by the lysosomotropic activity of ammonium chloride
in the endosomal compartments. Results similar to those for
ammonium chloride were obtained for cells treated with
bafilomycin A1 (data not shown).

Fusion of MHV-A59 monitored by fluorescence spectros-
copy. To confirm our microscopic observation that low pH
efficiently triggers the fusion of viruses with the plasma mem-
brane, we studied virus-cell fusion in a cuvette experiment by
using a fluorescence dequenching lipid mixing assay (see Ma-
terials and Methods) (23). Viruses labeled with R18 at self-
quenching concentrations were bound to the cells. Subse-
quently virus-cell complexes were incubated in a cuvette at
neutral pH and 37°C for 200 s; afterward, the pH of the sus-
pension medium was lowered to pH 5.0. We observed a strong
and rapid increase of the fluorescence intensity, which can be
ascribed to a relief of self-quenching upon fusion of the viral
envelope with the plasma membrane of 17Cl-1 cells (Fig. 5A).
After 600 s at low pH, ca. 25 to 30% of viruses have been fused.
Longer incubation caused a further moderate fluorescence de-
quenching, which leveled off by ca. 40% of fused viruses. De-
quenching was temperature dependent. At room temperature
we still observed a significant dequenching but to a much lower
extent (Fig. 5B). In contrast, at neutral pH we observed a small
increase in the fluorescence intensity at 37°C (Fig. 5A), much
lower than that observed at pH 5.0. We surmise that this slow

FIG. 4. Incubation of virus-cell complexes with ammonium chlo-
ride prevents intracellular staining at pH 7.0. 17Cl-1 cells were either
pretreated (A and B, 20 mM ammonium chloride) or not treated (C
and D, control) at 37°C for 30 min (see Materials and Methods).
Subsequently, R18-labeled viruses were bound to the cells, and virus-
cell complexes were incubated at 37°C for the indicated time. For cells
pretreated with ammonium chloride (A and B), only a faint intracel-
lular fluorescence was observed, while in untreated cells (C and D)
significantly brighter fluorescence labeling was detected. Bar, 20 �m.

FIG. 5. Fusion of MHV-A59 with 17Cl-1 target cells is triggered by low pH. After binding of R18-labeled viruses to 17Cl-1 cells, virus-cell
complexes were suspended, and fluorescence dequenching was measured (see Materials and Methods). (A) Time course of R18 fluorescence
dequenching measured at neutral and acidic pH and 37°C. The pH was lowered by the addition of appropriate amounts of citric acid (arrow). At
the end of the experiment Triton X-100 (arrow) was added to achieve complete fluorescence dequenching. (B) Extent of fusion after measuring
fluorescence dequenching for 30 min at 37°C (f) and room temperature (u). The data present the means 
 the standard errors of estimates of
at least three independent experiments.
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dequenching could be due to unspecific dye transfer from
bound viruses to the plasma membrane and/or to intracellular
fusion of endocytosed viruses. At 4°C no dequenching could be
detected under either of the described conditions (data not
shown).

These results show that fusion of MHV-A59 with the plasma
membrane can be triggered by acidification. In order to ad-
dress whether this fusion is productive leading to infection and,
eventually, to maturation of new viruses, 17Cl-1 cells were
treated with lysosomotropic agents to inhibit virus infection
(see above). Subsequently, virus was bound to the cells, and the
pH of the virus-cell complex suspension was lowered to 5.0 for
5 min at 37°C. After neutralization a plaque assay was per-
formed (see Materials and Methods). We observed only a
partial, rather low restoration of infectivity. Whereas infection
was almost completely abolished upon treatment of cells with
bafilomycin A1 (�100% plaque reduction; see Fig. 1A), incu-
bation of virus-cell complexes at pH 5.0 caused an infection of
ca. 15% (�85% plaque reduction; data not shown). A similar
enhancement of infectivity was observed for treatment with 20
mM ammonium chloride (data not shown).

Low pH triggers a conformational change of the spike gly-
coprotein of MHV-A59. From the results presented above we
surmise that the S protein of MHV-A59 undergoes a confor-
mational change at acidic pH triggering fusion. To address the
question of whether a conformational alteration is triggered
under the conditions used, we studied the shape of spike gly-
coproteins by transmission electron microscopy (TEM).

At neutral pH we observed spherical viruses with well-de-
fined spike proteins, being about 20 nm in length and consist-
ing of a stalk and a head region distal from the envelope (Fig.
6A, negative-stain TEM, and Fig. 6E, cryo-TEM). This struc-
ture is consistent with that found by Sturman et al. (57), who
described rosettes of the S protein with a similar shape. After
incubation of MHV-A59 at pH 5.0, 37°C, some alterations of
the S-protein shape were observed (Fig. 6B to D). We found
various arrangements of the spike proteins very likely reflect-
ing different intermediates of a conformational change. For
some viruses we could still identify spikes (Fig. 6B). In that
case, differences in spike morphology were visually not detect-
able. If present, these differences could be only identified by
image processing. For many viruses, spikes could hardly be
detected (Fig. 6D), indicating a fuzzy structure of the S pro-
tein. Most remarkably, we often could identify elongated and
rather thin stems without any head (see Discussion) (Fig. 6C,
arrowheads).

Irreversible loss of fusion activity after preincubation at
acidic pH. Next, we addressed whether the structural alter-
ations of the S protein at an acidic pH are irreversible. If so, we
surmised that fusion activity should become irreversibly lost by
preincubation of the virus in the absence of the target mem-
brane. To test this, we studied the fusion activity of MHV-A59
at low pH after preincubation of R18-labeled viruses at pH 5.0
either at 37 or at 4°C. Before binding to the cells, the suspen-
sion medium of viruses was readjusted to neutral pH. Subse-
quently, virus-cell complexes were incubated at pH 5.0 or 7.0
and 37°C and then examined by fluorescence microscopy, as
shown previously. The fusion activity of viruses that were pre-
incubated at 37°C was completely abolished (Fig. 7A and C),
while efficient fusion was still found for viruses preincubated at

4°C (Fig. 7B and C). Therefore, we conclude that at low pH
and elevated temperatures an irreversible conformational
change of the S protein is triggered. To address this notion, we
performed a plaque assay with nontreated or low-pH-pre-
treated virus. Infectivity was reduced up to 60% after preincu-
bation of the virus at acidic pH and 37°C (Fig. 7D, plaque
assay). A reduction of fusion activity upon low-pH pretreat-
ment could also be monitored by fluorescence dequenching,
where the fusion extent dropped from ca. 40% to less than
10% (Fig. 7D).

DISCUSSION

To examine the entry pathway of MHV-A59 into murine
cells, we used essentially two independent and complementary
approaches. First, the plaque assay to assess the infection of
cells by viruses. Second, fluorescence microscopy was used to
monitor the entry of viruses into cells and the fusion of the
viral envelope with the target membrane. Both approaches
provided similar conclusions on the mechanism of MHV-A59
cell entry. MHV-A59 infection was found to be sensitive to
substances that interfere with endocytosis and to lysosomo-
tropic agents, pointing to an endocytic uptake and delivery of
viruses to an acidic intracellular compartment. The acidic en-
vironment triggers the fusion activity of MHV-A59, which is
strongly supported by the efficient and fast fusion of the viral
envelope with the plasma membrane of 17Cl-1 cells upon low-
ering the pH. Suppression of fusion potential by preincubation

FIG. 6. Low pH triggers a conformational change of the S protein.
(A) Negative-stain electron micrograph of MHV-A59 at pH 7.4 and
37°C. Round-shaped virus with several spike proteins on the surface
can be seen. The spike proteins consist of a stalk and a distal head
domain. (B to D) Negative staining of the electron micrograph of
MHV-A59 after incubation of the virus for 5 min at pH 5 and 37°C.
The number of visible spike proteins tends to be reduced. We also
observed viruses with no visible spikes on the surface (D) and viruses
with thin, elongated spike proteins (C). (E) Cryo-electron micrograph
of MHV-A59 (without stain) at neutral pH as a control. Bars, 100 nm.
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of MHV-A59 at acidic pH and electron micrographs of low-
pH-treated MHV-A59 suggest that an irreversible conforma-
tional change of the S protein triggers fusion between the viral
envelope and the target membrane.

All lysosomotropic substances—ammonium chloride, mon-
ensin, bafilomycin A1, and concanamycin—suppressed infec-
tion of 17Cl-1, LR-7, and DBT cells by MHV-A59. Notably,
bafilomycin A1 may interfere with the endocytic route in two
different ways. Bafilomycin A1 is known to prevent endosomal
acidification by blocking vacuolar proton ATPases, but it also
inhibits the transport from early to late endosomes (1, 14).
Direct support for the relevance of endocytic uptake for cell
entry was provided by the inhibition of MHV-A59 infection
with chlorpromazine. It has been shown that chlorpromazine
abolishes the formation of clathrin-coated vesicles by interfer-
ing with the interaction of the adapter protein AP-2 with the
clathrin-coated pit lattice (64) and thus inhibiting clathrin-
dependent endocytosis (2, 13, 53, 60). Hence, our results sug-
gest that MHV-A59 enters the cells via the clathrin-mediated
pathway. The sensitivity of infection to lysosomotropic agents
is consistent with such an entry pathway, since clathrin-coated
vesicles deliver their content to endosomes with an acidic en-
vironment. This is also in line with a previous report showing a
delay in infection cycle for MHV-A59-infected L2 cells treated
with ammonium chloride (37). Furthermore, the suppression
of infection of cholesterol-depleted cells may support the con-
clusion that endocytic uptake is the major pathway for cell
entry of MHV-A59. It has been shown that clathrin-dependent
endocytosis is strongly inhibited after cholesterol depletion by
M�CD (49).

The concentrations of various agents interfering either with
the endocytic pathway or with the acidification of endosomal
compartments have been selected based on previous investi-
gations on endocytic entry and delivery to acidic intracellular
organelles of other envelope viruses (for references, see Re-
sults). Treatment with these agents did not interfere with cell
viability (see Results).

The conclusion that an endocytic compartment plays a key
role in the infectious process is in agreement with recent stud-
ies of Rottier and coworkers (12). They found that infection of
LR-7 cells by MHV-A59 with cleaved spike proteins was sen-
sitive to chlorpromazine and bafilomycin A1. However, the
influence of bafilomycin A1 on infection was rather moderate.
This could be related to the lower concentration of bafilomycin
A1 used in the experimental setup of that study compared to
the one used in our study. Indeed, when using concentrations
similar to that of 17Cl-1 cells we found the same strong inhi-
bition of MHV-A59 infection of LR-7 and DBT cells by bafilo-
mycin A1. On the contrary, our results are not consistent with
those of Weiss and coworkers (48). These authors did not find
any suppression of infection of murine fibroblast L2 cells by a
recombinant MHV-A59 in either the presence of bafilomycin
A1 or ammonium chloride. While in our study, as well as in
most of the other studies with either coronaviruses or other
enveloped viruses, the lysosomotropic agents were present
throughout the whole time course of the experiment, in the
experiments of Qui et al. (48) the agents were washed out after
1 h p.i. Thus, we surmise that the recombinant virus MHV-A59
(RA59) remained intact during the incubation time and the
recovery of the acidic conditions in the endosomal compart-

FIG. 7. The fusion activity of MHV-A59 is sensitive to preincubation
at low pH. R18-labeled viruses were preincubated at low pH (pH 5.0) for
15 min at either 37°C (A) or 4°C (B) and after neutralization bound to
17Cl-1 cells. Virus-cell complexes were incubated at pH 5.0 and 37°C for
15 min. (A). On the left are differential interference contrast images; on
the right are fluorescence images. Bar, 50 �m. (C) Quantification of cells
(see panels A and B) showing fusion between R18-labeled viruses and the
plasma membrane. Viruses were preincubated as described and subse-
quently bound to the cells. Virus-cell complexes were incubated at pH 5.0
(black bars) or at pH 7.0 (gray bars) at 37°C for 15 min, and the percent-
age of R18-positive cells was determined by fluorescence microscopy.
(D) Influence of low-pH treatment of MHV-A59 (pH 5.0, 15 min, 37°C)
on infectivity (left panel, plaque assay) and fusion activity (right panel,
fluorescence dequenching [FDQ]). For the plaque assay, see the legend to
Fig. 1. Fusion activity was measured by the fluorescence dequenching
assay as shown in Fig. 5. The extent of fluorescence dequenching was
measured at t � 1,800 s (see Fig. 5). The data present the means 
 the
standard errors of estimates of at least three independent experiments.
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ment after removal of the lysosomotropic agents caused acti-
vation of the fusion potential.

It has been shown that other coronaviruses such as MHV-2
(48) and SARS-CoV (54) use a pH-dependent entry pathway.
However, for these viruses acidification may not directly trig-
ger a conformational change of the S-protein mediating fusion.
The pH dependence of infectivity by MHV-2 and SARS vi-
ruses relies on proteases as cathepsins (cathepsin L) localized
in the late endosome and lysosome that cleave the spike pro-
teins and, in this way, activate their fusion potential. Notably,
MHV-2 and SARS-CoV S protein, unlike the spikes encoded
by other MHV strains, are not cleaved into S1 and S2 subunits
during virus maturation in the host cell. Hence, to gain the
fusion activity, the proteins have to be proteolytically cleaved
at a later step such as upon cell entry. The activity of endoso-
mal proteases, which may depend on low pH, cleave the viral
spike proteins in the endosome, enabling a conformational
change that mediates fusion. Indeed, it has been shown that
trypsin treatment of the viruses proteolytically activates the
fusion activity of the spike proteins (48, 54). Whether the pH
may also be important for the conformational change itself is
not yet clear. Recently, Li et al. reported a pH-dependent
organization of the ectodomain of the SARS-CoV S protein
(32).

We found that, in contrast to viruses with uncleaved spike
proteins (MHV-A59 FI), MHV-A59 infection did not depend
on acidic proteases. The results are in agreement with those of
Qiu et al., who showed that MHV-A59 infectivity was only
mildly impaired by inhibitors of endosomal proteases (48).
This is not surprising since it is known that the S protein
becomes cleaved already during maturation of MHV-A59 in
17Cl-1 cells (16). In the presence of protease inhibitors we
observed only a moderate decrease of the infection of 17Cl-1
cells by MHV-A59. This might be explained by the possibility
that cleavage of the S protein into the S1 and S2 subunits
during virus maturation is incomplete and endosomal pro-
teases contribute to the infectivity of MHV-A59. Recently, an
increase of infectivity has been observed after trypsin treat-
ment of MHV-A59 maturated from 17Cl-1 cells (16).

Nevertheless, as discussed above, our data suggest that en-
docytic compartments with an acidic lumen also play a role for
entry of MHV-A59 with cleaved spike proteins. Since we could
rule out that the activity of intracellular proteases plays a key
role, we surmise that the low pH of endocytic compartments
triggers fusion directly. Indeed, our fluorescence microscopic
data provide clear evidence that acidification is sufficient to
trigger fusion of MHV-A59 with the plasma membrane of
17Cl-1 cells. Subsequent to the binding of MHV-A59 to 17Cl-1
cells, we found rapid and efficient fusion with the plasma mem-
brane at 37°C after acidification of the suspension medium,
mimicking the luminal pH of the late endosomal compartment.
In contrast, merging of the viral envelope with the plasma
membrane was not detected at neutral pH. However, after
incubation of virus-cell complexes for � 10 min at 37°C, intra-
cellular staining was observed, which could be suppressed by
lysosomotropic agents but not in the presence of protease
inhibitors. This staining pattern strongly supports that MHV-
A59 utilizes the endocytic pathway and is delivered to acidic
endosomal compartments, where fusion takes place. We pro-
pose that low pH directly triggers a conformational change of

the spike proteins activating the fusion potential. This is sup-
ported by the observation that preincubation of MHV-A59 at
low pH caused an irreversible conformational change of the
spike proteins accompanied by the loss of infectivity and fusion
activity. The role of acidic pH for infection by MHV-A59 is
underscored by the observation that a plaque reduction was
also observed when viruses were fused with the plasma mem-
brane of 17Cl-1 cells treated with lysosomotropic agents. No-
tably, plaque reduction was less efficient compared to cells that
were infected via the clathrin-dependent pathway. This may
indicate that conditions for productive fusion are suboptimal at
the plasma membrane interfering, for example, with the re-
lease of the viral genome into the cell and its transport to the
nucleus.

The sensitivity of the spike protein ectodomain to low pH
has been already reported. A conformational change of the S
protein of MHV-A59 has been described at pH 6.5 after bind-
ing to its receptor (58, 66, 73). The latter observation may
suggest that both interaction with the receptor and low pH play
a role in triggering the conformational change of the S protein
of MHV. Interaction with the receptor CEACAM has been
shown to induce structural alterations of the S protein (35, 73).

The irreversibility of the conformational change and the
accompanied loss of the fusion potential are typical for class I
fusion proteins independent of whether the structural transi-
tion is triggered by receptor interaction (at neutral pH) or by
low pH (for a review, see reference 15). A typical example is
the fusion mediating hemagglutinin of the influenza virus A,
which undergoes a rapid, irreversible conformational change at
acidic pH and elevated temperatures (30, 47). However, such
an inactivated postfusion conformation was not adopted when
low pH incubation of influenza virus was done at low temper-
ature. In that case the fusion capacity was preserved (30, 51).
We have made a similar observation for MHV-A59 here. After
incubation at pH 5.0 and low temperature, MHV-A59 was still
able to fuse with the plasma membrane of 17Cl-1 cells at low
pH and elevated temperature. Even at neutral pH we found
fusion activity for these virus-cell complexes (see Fig. 7) that
were not observed for control virus-cell complexes (no prein-
cubation). This suggests that the S protein is driven to a state
committed to fusion by preincubation at acidic pH and low
temperature and which is preserved after neutralization. Such
a commitment state has been already described for influenza
virus A hemagglutinin (30, 51).

We suppose that the irreversible postfusion state of the S
protein of MHV-A59 corresponds to a conformation harbor-
ing the coiled-coil motif formed by the two heptad repeat
sequences HR1 (amino acids 947 to 1082) and HR2 (amino
acids 1214 to 1261) as it has been shown for other S proteins of
SARS and MHV as well as for other class I fusion proteins (for
a review, see reference 15). These two highly conserved se-
quences form a central three-chain coiled coil by HR1 sur-
rounded by three antiparallel segments of HR2. This so-called
six-helix bundle (6HB) is very stable (67, 69–71). The 6HB is
considered to play an important role in triggering membrane
fusion. Its formation transposes the viral fusion peptide which
is inserted into the target membrane and the transmembrane
domain of the S2 subunit in close association, thereby enabling
a close apposition between the viral envelope and the target
membrane (for a review, see reference 15).
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Our conclusion that infection by the coronavirus MHV-A59
requires the endocytic delivery of the virus to an acidic com-
partment and that low pH directly triggers the conformational
change of the S protein is in line with recent observations for
another member of this virus family, the avian coronavirus
infectious bronchitis virus (11). Infection by this virus was
abolished by lysosomotropic substances and inhibitors of pH-
dependent endocytosis but was not affected by protease inhibi-
tors. Furthermore, pH-dependent fusion could be demonstrated
by the fluorescence dequenching assay using R18-labeled virions.
In conclusion, this pathway of cell entry and infection is common
to various members of the coronavirus family.
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