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The murine coronavirus spike (S) protein contains a leucine zipper domain which is highly conserved among
coronaviruses. To assess the role of this leucine zipper domain in S-induced cell-to-cell fusion, the six heptadic
leucine and isoleucine residues were replaced with alanine by site-directed mutagenesis. The mutant S proteins
were analyzed for cell-to-cell membrane fusion activity as well as for progress through the glycoprotein
maturation process, including intracellular glycosylation, oligomerization, and cell surface expression. Single-
alanine-substitution mutations had minimal, if any, effects on S-induced cell-to-cell fusion. Significant reduc-
tion in fusion activity was observed, however, when two of the four middle heptadic leucine or isoleucine
residues were replaced with alanine. Double alanine substitutions that involved either of the two end heptadic
leucine residues did not significantly affect fusion. All double-substitution mutant S proteins displayed levels
of endoglycosidase H resistance and cell surface expression similar to those of the wild-type S. However,
fusion-defective double-alanine-substitution mutants exhibited defects in S oligomerization. These results
indicate that the leucine zipper domain plays a role in S-induced cell-to-cell fusion and that the ability of S to
induce fusion may be dependent on the oligomeric structure of S.

Numerous studies have established that entry of enveloped
virus into host cells requires membrane fusion between virus
and host cell. For most animal viruses this fusion function is
mediated by a single envelope glycoprotein on virions. The
spike (S) protein is such a protein for murine coronaviruses
(43). The S protein can be visualized by electron microscopy as
peplomer projections from virions; each peplomer is thought
to be composed of three oligomerized S protein molecules
(16). Before being assembled into virion membranes, the S
protein undergoes a complex posttranslational intracellular
maturation process (8). The processing of S protein starts with
cotranslational glycosylation of a newly synthesized S polypep-
tide in the endoplasmic reticulum (ER) into a 150-kDa form
(8), which is later slowly oligomerized in the ER (47) and
transported to the Golgi apparatus, where S is further pro-
cessed into a 180-kDa endoglycosidase H (endo H)-resistant
form (32). The S protein is subsequently cleaved by host cell
proteases (21, 44) into two similarly sized subunits: S1 and S2.
The C-terminal S2 subunit, which associates noncovalently
with the N-terminal S1, anchors the S protein to the membrane
through a transmembrane domain (14), while the S1 subunit
contains the receptor binding activity of the S protein (9, 45).

During infection, not all processed S protein molecules are
assembled into virions but instead some of them are trans-
ported by the host cell secretory system to the host cell surface.
A similar processing route occurs for the recombinant S pro-
tein molecules expressed in the absence of other coronavirus
proteins, using a vaccinia virus-based expression system (3, 15,
28). These non-virion-associated recombinant S protein mole-
cules are capable of inducing cell-to-cell fusion, demonstrating

that the S protein alone contains all the sequences that are
necessary for its fusogenicity. Further analysis of the S protein
sequence reveals that it has the structural features common to
many other fusogenic viral glycoproteins, such as influenza
virus HA, paramyxovirus F, and the human immunodeficiency
virus (HIV) env protein (26). These features include the fact
that S is a type I membrane protein and contains a fusion
peptide-like region (28) as well as two heptad repeat regions in
the membrane-anchored S2 subunit (10).

The shorter heptad repeat region of S is adjacent to the
transmembrane domain and consists of a leucine zipper motif,
which is highly conserved among coronaviruses (4). The
leucine zipper motif, characterized as a sequence of leucine
residues repeated every seven amino acids, was first described
in DNA binding proteins such as c-Myc, c-Jun and GCN4 (27);
it was shown to play an essential role in protein dimerization
required for DNA binding (25, 39). Subsequently, leucine zip-
per-like motifs were also identified as domains in many viral
glycoproteins (6, 17) and shown to be highly conserved among
members of the same virus family. Since many fusogenic viral
glycoproteins exist in oligomeric forms (18), it is conceivable
that their leucine zipper domains provide an associative force
for adjacent subunits to maintain a proper oligomeric struc-
ture. Studies of leucine zipper domains of several retroviral
(12, 19, 38) and paramyxoviral (5, 40) fusion proteins reveal
that they are all essential for viral infectivity and fusion. The
sequence determinants of HIV env oligomerization have been
mapped to its leucine zipper domain (2, 36). Moreover, this
domain, when fused with the maltose-binding protein of Esch-
erichia coli, is capable of conferring a tetrameric structure on
this normally monomeric protein (42). To analyze the role of
the leucine zipper motif in the structure and function of the S
protein, we performed site-directed mutagenesis by substitut-
ing alanine for the heptadic leucine residues, either singly or in
combinations of two residues. The effects on cell-to-cell mem-
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brane fusion, processing, and cell surface expression of such
mutant S proteins were examined. Our results show that sub-
stitution of alanine for leucine residues, whether individually
or in combination, had minimal, if any, effects on the process-
ing and cell surface expression of the S protein. Double alanine
substitutions that involved two of the four middle leucine res-
idues abrogated the S-induced cell-to-cell fusion, while the
ones that involved either of the two end leucine residues had
minimal, if any, effects on cell-to-cell fusion. The loss of fuso-
genic activity in S appears to be correlated with defects in its
oligomerization.

MATERIALS AND METHODS

Cell lines. DBT cells (21) and BHK-21 cells (20) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (GIBCO/BRL) unless otherwise indicated.

Alanine substitution mutagenesis. Mutagenesis was performed on plasmid
pINT2, which contains the full-length mouse hepatitis virus (MHV) A59 spike
gene (28). The mutant S plasmid clones were generated by oligonucleotide-
directed PCR mutagenesis (1). The desired heptadic leucine- or isoleucine-to-
alanine codon changes were incorporated into a PCR-amplified fragment by
using the 59 flanking primer wzl-15 (28) and the 39 flanking primer wzl-43
(59-GGGGGATCCAGGCCATTTCACATACATTTC-39) and a series of muta-
genic primer pairs (Table 1). The PCR fragments were digested with restriction
enzymes MluI and NdeI and cloned into the corresponding sites of pINT2 to
replace the corresponding wild-type fragments. For generating single leucine-to-
alanine mutants, pINT2 was used as the template for PCR. Double-alanine-
substitution mutants were generated by the same process as the single mutants
except that the PCR templates were plasmids containing corresponding single
leucine-to-alanine codon substitutions instead of pINT2. The presence of tar-
geted mutations in all plasmid constructs was verified by DNA sequencing.

Cell-to-cell fusion assay. A cell-to-cell fusion assay with b-galactosidase (b-
Gal) as the reporter enzyme to indicate the level of fusion was performed as
previously described (28). Briefly, the donor group of DBT cells were infected
with vaccinia virus vTF7-3 (22) and then transfected with plasmids containing
either wild-type or mutant S genes by using Lipofectamine (GIBCO/BRL). The
recipient group of DBT cells were transfected with plasmid pG1NTbGal (33).
After 4 h of transfection, the donor cells were washed once with DMEM and
then resupplied with DMEM. The recipient cells were trypsinized, washed once
with DMEM, resuspended in DMEM with 2% fetal bovine serum, plated on top
of the donor cell monolayer, and incubated overnight. A 3:1 excess of recipient
cells to donor cells was used to ensure that donor cells fused with the surrounding
recipient cells. The cell monolayers were lysed in 1% NP-40. Equal volumes of
cell lysates and the chlorophenol red–b-D-galactopyranoside substrate solution
(28) were mixed, and b-Gal activity was determined from the substrate hydrolysis
rate, measured with purified E. coli b-Gal (Boehringer Mannheim) as a standard.
At least three independent experiments were performed for each mutant S gene,
and triplicates were assayed for each experiment. The standard deviations among
different experiments were less than 25%.

Infection and transfection. DBT cells were seeded in T25 flasks (Falcon) at 106

per flask 40 h before being infected with vTF7-3 at 5 PFU/cell. After 1 h of
infection at 37°C, the cells were washed once with DMEM and subjected to
SuperFect (Qiagen)-mediated transfection. For each sample, 10 ml of SuperFect
and 8 mg of plasmid DNA were mixed in 200 ml of Opti-MEM (GIBCO/BRL)
and incubated at room temperature for 30 min. The mixtures were diluted to 2
ml with Opti-MEM prior to addition to the cell monolayers. After a 4-h incu-
bation at 37°C, the cells were refed with 2 ml of fresh Opti-MEM and incubated
at 37°C for 2 h before further analysis.

Metabolic labeling, immunoprecipitation, and endo H analysis. DBT cells
were infected with vTF7-3 and transfected with plasmids containing either wild-
type or mutant S genes as described above. The cells were washed once with
methionine- and cysteine-free DMEM and incubated for 1 h at 37°C with 2 ml
of methionine- and cysteine-free DMEM containing 20 ml of 35S Express protein
labeling mix (110 mCi/ml; Dupont NEN). The cells were then refed with 2 ml of
Opti-MEM containing nonradioactive methionine and cysteine (2 mM each) and
incubated for 2 h before lysis with 0.7 ml of lysis buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% NP-40, 0.5% sodium
deoxycholate, 10 mM phenylmethylsulfonyl fluoride). Cell debris and nuclei were
cleared from the lysates by centrifugation for 10 min at 13,000 3 g at 4°C. The
supernatants were collected into fresh Eppendorf tubes and stored at 280°C.
Immunoprecipitation of the radiolabeled S proteins and subsequent endo H
analysis were performed as previously described (28).

Surface expression of S proteins. BHK-21 cells were infected with vTF7-3 and
transfected with plasmids containing either wild-type or mutant S genes as
described above. Cell surface expression of S proteins was examined by flow
cytometry analysis as previously described (28).

Sucrose gradient analysis. Sedimentation in sucrose gradients was used to
examine the oligomeric status of the S proteins. DBT cells were infected with
vTF7-3 and transfected with plasmids containing either wild-type or mutant S
genes as described above. The cells were washed once and incubated with
DMEM free of methionine and cysteine for 20 min. The cells were then refed
with 2 ml of methionine- and cysteine-free DMEM containing 20 ml of 35S
Express protein labeling mix and incubated for 20 min. The cells were then
incubated with 2 ml of DMEM containing nonradioactive methionine and cys-
teine (2 mM each) and incubated for 2 h before lysis with Triton X-100 lysis
buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA [pH 8.0], 150 mM NaCl, 1%
Triton X-100). Cell lysates containing equal amounts of radioactive label (107

trichloroacetic acid-precipitable cpm) were layered on top of linear 5 to 20%
sucrose gradients prepared in sucrose gradient buffer (50 mM Tris [pH 7.5], 5
mM EDTA [pH 8.0], 150 mM NaCl, 0.1% Triton X-100). The gradients were
centrifuged for 17 h at 35,000 rpm at 4°C with an SW41 rotor (Beckman). A total
of 18 fractions were collected for each gradient. The radiolabeled S proteins in
each fraction were immunoprecipitated with 2 ml of anti-S AO4 serum as pre-
viously described (28).

RESULTS

Mutagenesis of heptadic leucine and isoleucine residues by
alanine substitution. The leucine zipper domain of the MHV-
A59 S protein is located adjacent to the transmembrane do-
main (Fig. 1A) and contains six heptadic leucine and isoleucine

TABLE 1. Oligonucleotides for alanine substitution PCR mutagenesis

Namea Positionb Sequencec Mutationd

wz167A 3628–3669 CAGACGTCTATTGCGCCTGATgcATCTCTCGATTTCGAGAAG L1217A
wz167B 3651–3628 TgcCTAGGACGCAATAGACGTCTG
wz168A 3652–3690 TCTCTCGATTTCGAGAAGgcAAATGTTACTTTGCTGGAC L1224A
wz168B 3672–3652 TgcCTTCTCGAAATCGAGAGA
wz169A 3673–3711 AATGTTACTTTGCTGGACgcGACGTATGAGATGAACAGG L1231A
wz169B 3693–3673 CgcGTCCAGCAAAGTAACATT
wz170A 3694–3732 ACGTATGAGATGAACAGGgcTCAGGATGCAATTAAGAAG I1238A
wz170B 3714–3694 AgcCCTGTTCATCTCATACGT
wz171A 3715–3753 CAGGATGCAATTAAGAAGgcAAATGAGAGCTACATCAAC L1245A
wz171B 3735–3715 TgcCTTCTTAATTGCATCCTG
wz172A 3736–3774 AATGAGAGCTACATCAACgcCAAGGAAGTTGGCACATAT L1252A
wz172B 3756–3736 GgcGTTGATGTAGCTCTCATT

a Two partially complementary primers (A and B) were used in each PCR mutagenesis for the introduction of alanine codon substitutions for heptadic leucine and
isoleucine codons.

b The region of the MHV-A59 S sequence in each oligonucleotide is marked by the positions of the 59 and 39 nucleotides separated by a dash. The position of the
59 nucleotide is shown first for each oligonucleotide. All positions are numbered in reference to the first nucleotide of the S coding sequence.

c Oligonucleotide sequences are shown starting with the 59 nucleotide. Capital letters indicate that the sequence is exactly the same as the wild-type S DNA sequence.
Lowercase letters indicate the mismatched nucleotides designed for specific mutations.

d The designated amino acid substitutions resulting from using each mutagenic primer pair.
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residues, with isoleucine at the fourth heptadic position and
leucine at the other five heptadic positions (Fig. 1B) (For
simplicity, they will be referred to hereafter as heptadic leucine
residues.) This region is highly conserved, as previously re-
ported (4). Modeling this region into an alpha helix reveals a
typical amphipathic structure (Fig. 2). The a and d positions in

the amphipathic helix are occupied respectively by a chain of
bulky hydrophobic amino acid residues (FLMIYF) and the
heptadic leucine chain (LLLILL), forming the putative hydro-
phobic face of the helix. The hydrophilic face of the helix
contains two amino acid chains consisting of only charged and
polar amino acid residues at positions c (NKRDKD) and e
(SNTQNK). To analyze the role of the leucine zipper domain
in S-induced cell-to-cell fusion, alanine substitution mutagen-
esis was performed on the heptadic leucine residues (LLLI
LL). The reasons we chose alanine over other amino acids as
a substituting residue for leucine are (i) alanine has a strong
propensity to form an alpha helix and its substitution has been
documented to have minimal disruptive effects on the alpha-
helical structure characteristic of a leucine zipper domain in
proteins or model synthetic peptides (23, 31, 34, 52) and (ii)
alanine lacks the bulky hydrophobic side chain of a leucine
residue, which is believed to be the major hydrophobic force
for a leucine zipper domain to facilitate protein interaction
(35). Thus, replacement of heptadic leucine residues with ala-
nine would likely influence only the biological properties de-
rived from the bulky hydrophobic side chain of a leucine res-
idue while having minimal effects on the overall alpha-helical
structure. In several studies, alanine substitution mutagenesis
has also been used successfully to analyze the role of leucine
zipper domains in membrane fusion and virus entry medi-
ated by the corresponding viral glycoproteins (19, 37, 38, 40,
51).

All six heptadic leucine residues in MHV-A59 S were ini-
tially replaced with alanine individually (L1217A, L1224A,
L1231A, I1238A, L1245A, and L1252A [Table 1]). Since a
heptad repeat of three consecutive leucine residues was found
to be sufficient to assemble Lac repressor dimers into tetram-
ers via formation of a shortened coiled coil (11), it seemed

FIG. 1. The leucine zipper domain of the MHV-A59 S protein. (A) Schematic diagram of MHV-A59 S2 subunit showing the relative location of the leucine zipper
domain in relation to other distinctive domains in S2. The thin black line represents the entire S2 region. Distinctive domains are shown as rectangles with their names
above. LZM, leucine zipper domain (4); HR1 and HR2, heptad repeat regions 1 and 2 (14); TM, transmembrane domain (30); PEP1, fusion peptide-like region (28).
The region representing PEP1 is hatched since it is part of HR1. LZM and HR2 represent the same region of MHV-A59 S. (B) Amino acid sequence of the leucine
zipper domain of wild-type and mutant S proteins. The heptadic leucine and isoleucine residues are boxed, and their corresponding positions are marked above in
reference to the starting methionine residue of the S protein. The leucine zipper domain sequences of single- or double-alanine-substitution mutants are listed below
the wild-type sequence. Leucine- or isoleucine-to-alanine substitutions in those mutants are indicated by the letter A, while the dashed lines represent sequences
identical to that of the wild-type S. aa, amino acids.

FIG. 2. Helical-wheel representation of the leucine zipper domain of the
MHV-A59 S protein. The leucine zipper domain of the MHV-A59 S protein is
modeled as an alpha-helical structure. The starting and ending amino acid
residues in the helical wheel are marked with “p” and “ˆ,” respectively. The
heptadic leucine and isoleucine residues are boxed. The amphipathic nature of
the helix is indicated by a dotted line with putative hydrophilic and hydrophobic
sides marked.
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likely that single leucine-to-alanine substitutions might be
insufficient to prevent the functioning of the leucine zipper
domain. Thus, we carried out substitution of two heptadic
leucine residues concomitantly with alanine (L1217A-L1224A,
L1224A-L1231A, L1224A-I1238A, L1224A-L1245A, L1224A-
L1252A, L1231A-L1245A, and I1238A-L1252A [Table 1]).
The resulting double-substitution mutants generated a variety
of heptadic leucine patterns that contain two to four consecu-
tive heptadic leucine residues. The positions of all the muta-
tions generated are indicated in Fig. 1.

Substitution of a single heptadic leucine residue exhibited
minimal effects on S-induced cell-to-cell fusion. We initially
measured the effects of single alanine substitutions on S-in-
duced cell-to-cell fusion. The level of fusion was measured
both quantitatively and qualitatively with a previously de-
scribed fusion assay, using E. coli b-Gal as a reporter enzyme
to reflect the extent of fusion (28). The relative level of b-Gal

activity among mutant S proteins, when expressed as a per-
centage of the b-Gal activity obtained from the wild-type S
protein, was approximately proportional to the level of cell-to-
cell fusion as reflected by the size of the syncytium under a
microscope. The fusion-negative phenotype corresponded to a
percentage of less than 10%, while a fusion phenotype similar
to that of the wild-type S had percentages over 70%. Interme-
diate fusion phenotypes were reflected by percentages between
10 and 70%. Quantitation of the b-Gal activities for the six
single-alanine-substitution mutants showed that they all re-
tained more than 80% of the b-Gal activity measured for the
wild-type S protein, indicating that single substitutions had
minimal effects on S fusogenicity (Table 2). Further examina-
tion, under the microscope, of the syncytium formation of
these mutants revealed that there was little difference in terms
of the syncytium size produced by mutant and wild-type S
proteins (data not shown). The results indicate that the S

FIG. 3. Endo H resistance of double-alanine-substitution mutants. Cells expressing the wild-type or mutant S proteins were labeled with [35S]methionine and
[35S]cysteine and then chased with excessive nonradioactive methionine and cysteine. The cells were subsequently lysed, and the lysates were subjected to immuno-
precipitation with goat anti-S serum AO4. The immunoprecipitated S proteins were split into two aliquots, incubated overnight either with (1) or without (2) endo
Hf, subjected to SDS-PAGE, and detected by autoradiography. The name of each mutant analyzed for endo H resistance is indicated at the top of its lane. An endo
H-sensitive mutant S protein, P1107K (28), was included as a negative control. The positions of molecular weight markers are indicated on the left.

TABLE 2. Fusion activity and cell surface expression of leucine zipper mutant S glycoproteins

Name Substitutiona Fusion activityb Oligomerizationc Endo H
resistanced Surface expressione

Wild type LLLILL 100 6 19 1 1 100 6 16
L1217A ALLILL 91 6 15 ND 1 ND
L1224A LALILL 81 6 12 ND 1 ND
L1231A LLAILL 89 6 17 ND 1 ND
I1238A LLLALL 84 6 9 ND 1 ND
L1245A LLLIAL 87 6 16 ND 1 ND
L1252A LLLILA 96 6 11 ND 1 ND
L1217A-L1224A AALILL 64 6 11 1 1 94 6 12
L1224A-L1231A LAAILL 8 6 3 2 1 78 6 15
L1224A-I1238A LALALL 19 6 5 2 1 75 6 10
L1224A-L1245A LALIAL 7 6 3 2 1 83 6 14
L1224A-I1252A LALILA 81 6 18 1 1 80 6 13
I1231A-L1245A LLAIAL 9 6 2 2 1 73 6 11
I1238A-L1252A LLLALA 103 6 21 1 1 69 6 14

a Heptadic leucine and isoleucine residues in the leucine zipper domain of MHV-A59 S protein are shown. Alanine substitutions are indicated for each leucine zipper
mutant.

b Reported as the percentage of the b-Gal to be activity produced in samples expressing wild-type S protein, which is considered to be 100% (see Materials and
Methods). All data are averages from at least three experiments, each of which was performed in triplicate analysis. The standard deviations are also shown.

c Oligomerization status as determined by sucrose gradient assay. 1, oligomeric forms of S were detected; 2, oligomeric forms of S were missing for the respective
leucine zipper mutants. Representative oligomerization profiles are shown in Fig. 4. ND, not determined.

d Glycosylation status as determined by endo H resistance assay as shown in Fig. 3. 1, S protein was endo H resistant.
e Reported as the percentage of the mean fluorescence intensity values compared with those of samples expressing the wild-type S protein after subtracting

background values obtained for mock-transfected samples. Experiments were repeated twice, with a standard deviation of less than 20%. ND, not determined.
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protein can tolerate single alanine substitution for any hep-
tadic leucine residue without significantly affecting its fuso-
genicity.

Substitution of alanine for two heptadic leucine residues
concomitantly exhibited variable effects on S-induced cell-to-
cell fusion. Examination of seven different double-alanine-sub-
stitution mutants by the b-Gal fusion assay resulted in three
types of fusion phenotypes (Table 2). Three of the above-
mentioned mutants (L1217A-L1224A, L1224A-L252A, and
I1238A-L1252A) had fusion phenotypes similar to that of the
wild-type S protein, while L1217A-L1224A resulted in slightly
less fusion. Three other mutants (L1224A-L1231A, L1224A-
L1245A, and I1238A-L1245A) completely lost the ability to
induce syncytium formation, as indicated by the minimal levels
of b-Gal activity. Mutant L1224A-I1238A exhibited a greatly
reduced level of fusion activity; the syncytia it induced were
very small. Closer scrutiny of the leucine-to-alanine substitu-
tion patterns in these mutants revealed that all three fusion-
positive double-substitution mutants involved the substitution
of heptadic leucine residues at either end of the leucine zipper
domain (L1217 and L1252). However, drastic reduction of S
fusion activity occurred when two of the other four middle
heptadic leucine residues were simultaneously replaced with
alanine. Thus, the results suggest that the four middle heptadic
leucine residues may be the backbone in maintaining the
proper leucine zipper structure necessary for S fusogenicity.

Alanine substitutions did not affect the ability of S to ac-
quire endo H resistance. To analyze whether the mutant S
proteins undergo intracellular maturation similar to that of the
wild-type S protein, they were expressed in cells by using a
vaccinia virus-based expression system and the resistance to
endo H digestion was measured. Endo H resistance is acquired
through modification of the oligosaccharide portion of the
glycoproteins in the medial Golgi apparatus (24). It is believed
to be an important parameter in measuring whether the trans-
port of glycoproteins from the ER to the Golgi is accom-
plished. Proteins that otherwise are misfolded, misassembled,
or processed aberrantly usually fail to escape from the ER due
to a cellular quality control system (18), making these proteins
unable to gain endo H resistance in the Golgi. Thus, the ac-
quisition of endo H resistance is an indication that the glyco-
proteins are folded and processed correctly.

Cells expressing wild-type and mutant S proteins were la-
beled with [35S]methionine and [35S]cysteine and chased with
nonradioactive methionine and cysteine before being sub-
jected to lysis. S proteins were immunoprecipitated from the
lysates with anti-S AO4 serum, incubated with or without endo
H, and examined by SDS-polyacrylamide gel electrophoresis
(PAGE). A portion of wild-type S protein became endo H
resistant after a 2-h chase (Fig. 3), consistent with previous
observations (3, 28). The incomplete acquisition of endo H
resistance is probably due to the low rate of processing of
coronavirus S, when expressed with a vaccinia virus-based sys-
tem (46). The double-alanine-substitution mutants, whether
fusion positive or negative, all displayed endo H profiles sim-
ilar to that of the wild type (Fig. 3), suggesting that these mu-
tant proteins were processed in a manner similar to that of the
wild-type S. Thus, it is unlikely that the loss of fusogenicity of
four double-alanine-substitution mutants (L1224A-L1231A,
L1224A-L1245A, I1238A-L1245A, and L1224A-I1238A) was a
direct result of a gross conformational difference between the
mutant S proteins and the wild-type S. As expected, the endo
H profiles of all single-alanine-substitution mutants were sim-
ilar to that of the wild-type S protein (data not shown).
P1107K, an endo H-sensitive mutant S protein previously de-
scribed (28), was included as a negative control (Fig. 3).

Alanine substitutions had little effect on the cell surface
expression of S. To examine whether the loss of fusogenicity of
mutant S proteins was due to reduced levels of cell surface
expression of those proteins, cell sorting flow cytometry (fluo-
rescence-activated cell sorter) analysis was applied to cells
expressing wild-type or mutant S proteins. The levels of mutant
S proteins that were transported on the cell surface were in-
dicated by the mean surface fluorescence intensity value for
each mutant as a percentage of that of the wild-type S after
subtracting the background (28). As shown in Table 2, fusion-
positive and fusion-negative double-alanine-substitution mu-
tants exhibited similar levels of surface expression, although
their levels were slightly lower than that of the wild-type S.
These results demonstrate that the significant reduction in the
ability to induce fusion by certain double-alanine-substitution
mutants is not due to an insufficient amount of S proteins
available on the cell surface.

FIG. 4. Sucrose gradient analysis of the wild-type and mutant S proteins.
Cells were infected with vTF7-3 and transfected with plasmids containing either
wild-type or mutant S genes. Cell lysates were prepared either after the cells were
pulse labeled with [35S]methionine and [35S]cysteine or after the cells were pulse
labeled and chased with nonradioactive methionine and cysteine. The cell lysates
containing equal amounts of trichbroacetic acid-precipitable cpm were subse-
quently layered on top of the 5 to 20% sucrose gradients and subjected to
centrifugation. The sucrose gradients were fractionated, and the proteins in the
gradient fractions were immunoprecipitated with anti-S AO4 antibody, subjected
to SDS-PAGE, and detected by autoradiography (see Materials and Methods).
The sucrose gradient profiles of cell lysates containing the wild-type S protein
(WT), the fusion-negative mutant S protein (L1224A-L1231A), and the fusion-
positive mutant S protein (L1224A-L1252A) are shown as representative sam-
ples. P and C, profiles from the pulse labeling and from the pulse labeling
followed by a chase with nonradioactive methionine and cysteine, respectively.
The lanes contain samples from the odd-numbered sucrose gradient fractions.
Fraction 1 represents the top of the gradient, while fraction 17 represents the
bottom.
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Mutant S proteins that were fusion negative exhibited de-
fects in oligomerization. To determine whether mutations in
the leucine zipper domain affect the oligomerization of S, the
mutant S proteins were assayed by sucrose gradient centrifu-
gation. Cells were infected with vTF7-3, transfected with plas-
mids encoding either the wild-type or one of the mutant S
proteins, subjected to pulse-chase labeling with [35S]methi-
onine and [35S]cysteine, and subsequently lysed. The lysates
were layered on 5 to 20% sucrose gradients, and 18 fractions
were collected after centrifugation. The radiolabeled S pro-
teins in the fractions were immunoprecipitated with anti-S
AO4 serum, subjected to SDS-PAGE, and detected by auto-
radiography. As shown in Fig. 4A, after 20 min of pulse
labeling, the wild-type S proteins were detected primarily in
fractions 5 and 7. After a 2-h chase with nonradioactive
methionine and cysteine, the wild-type S proteins were de-
tected primarily in fractions 11 and 13, indicating S proteins
were converting from a monomeric form into an oligomeric
form (Fig. 4B). The fusion-positive mutant L1224A-L1252A
showed a gradient shift similar to that of the wild-type S after
a 2-h chase (Fig. 4E and F), indicating that it is oligomerized
similarly to the wild-type S. However, the fusion-negative mu-
tant L1224A-L1231A did not display a similar shift in the
gradient after a 2-h chase, suggesting that the mutant S pro-
teins had a defect in oligomerization (Fig. 4C and D). Sucrose
gradient analyses were also carried out on all other fusion-
negative mutant S proteins; the proteins were detected by
Western blotting, and the results were consistent with those
from the pulse-chase labeling experiments (data not shown).
These findings demonstrate that the loss of S fusogenicity is
correlated with the absence of oligomeric forms of S, as mea-
sured by this technique (Table 2).

DISCUSSION

Despite numerous studies of the relationship of coronavirus
S protein structure and S-induced membrane fusion, little was
known about the possible role of the highly conserved leucine
zipper domain in cell-to-cell fusion (4). To characterize this
distinctive structural feature, we performed alanine substitu-
tion mutagenesis on heptadic leucine residues. Several possible
factors that may indirectly affect the fusogenicity of S, includ-
ing cell surface expression, acquisition of endo H resistance,
and oligomerization, were also analyzed. The mutagenesis re-
sults indicate that the leucine zipper domain is critical for S to
accomplish its cell-to-cell fusion function and that the fusion
function may be dependent on the oligomeric structure of S
that is maintained by the leucine zipper domain.

Although alanine substitutions within the leucine zipper do-
main had only minimal, if any, effects on the acquisition of
endo H resistance and the cell surface expression of S, signif-
icant effects on its fusogenicity and oligomerization were ob-
served with some of the analyzed mutants. While single alanine
substitutions had little effect on the ability of S to induce
cell-to-cell fusion, substitution of at least two heptadic leucine
residues (L1224A-L1231A, L1224A-I1238A, L1224A-L1245A,
and L1231A-L1245A) was able to dramatically reduce S-in-
duced cell-to-cell fusion. However, not all leucine residues
were of equal importance in affecting S fusogenicity, since
some double-alanine-substitution mutants (L1217A-L1224A,
L1224A-L1252A, and I1238A-L1252A) displayed wild-type
levels of cell-to-cell fusion activity. Further comparison of sub-
stitution patterns between fusion-positive and fusion-negative
mutants indicates that the two leucine residues (L1227 and
L1252) at the ends of the leucine zipper domain were much
more tolerant of alanine substitution than the ones in the

middle. It appears that these two leucine residues are dispens-
able and the four middle heptadic leucine residues are suffi-
cient to maintain the fusion activity of the wild-type S protein.
Analysis of similar alanine substitution mutants within the
leucine zipper domain of the paramyxovirus F protein has
revealed similar results in that substitution of at least two
heptadic leucine residues is necessary to abrogate fusion activ-
ity, although it did not exhibit a position-dependent effect,
since such abrogation of fusion activity occurred for any pair of
heptadic leucine residues replaced by alanine (40). In HIV
gp41, the leucine zipper domain is more sensitive to alanine
substitution, as single replacement was able to eliminate fusion
activity (19, 37).

Since heptadic leucine residues are pivotal in contributing to
the oligomeric function of a leucine zipper domain, we exam-
ined whether the loss of fusion is associated with any changes
in the oligomerization of S. The sedimentation profiles of fu-
sion-negative double-alanine-substitution mutants indicate
that fusion incompetence is correlated with the loss of oligo-
meric forms of S. One explanation for the loss of oligomeriza-
tion may be that substitution of alanine for two heptadic
leucines significantly weakens the leucine zipper-driven hydro-
phobic interaction between individual subunits so that individ-
ual S protein molecules are not able to oligomerize. Alterna-
tively, S proteins may still oligomerize during intracellular
maturation but the oligomerization force provided by the
leucine zipper domain may be weak, such that oligomeric S
dissociates into individual molecules during the sucrose gradi-
ent assay. The concomitant loss of oligomerization and fusion
activity suggests that S may require a proper oligomeric struc-
ture in order to be fusogenic.

A somewhat surprising result of this study is that mutant S
proteins that are defective in oligomerization exhibit levels of
endo H resistance and cell surface expression similar to that of
the wild-type S. In a previous study of two temperature-sensi-
tive mutants of MHV-A59 (29), the S proteins encoded by
these mutants were retained in the ER and were both defective
in oligomerization and sensitive to endo H treatment at the
restrictive temperature. It is likely that these mutant S proteins
do not fold correctly, contributing to the lack of oligomeriza-
tion. The sensitivity of these mutant S proteins to endo H
digestion is probably caused by the inability to be transported
from the ER to the Golgi, where endo H resistance is acquired.
However, the alanine substitution mutants described in this
paper may be able to fold correctly and proceed from the ER
to the Golgi, gain endo H resistance, and be transported to the
cell surface to complete the maturation process. Consistent
with our findings, Delmas and Laude (16), in their studies of
the oligomerization of porcine coronavirus transmissible gas-
troenteritis virus S protein, reported that monomeric endo
H-resistant forms of S were readily detectable in mature viri-
ons. Thus, defects in S oligomerization may not be sufficient to
prevent coronavirus S proteins from completing the matura-
tion process.

Studies of other viral glycoproteins with mutations in the
leucine zipper domain indicate that the loss of fusogenicity is
not always accompanied by the loss of oligomerization. Fusion-
negative double-alanine-substitution mutants in the leucine
zipper domain of the paramyxovirus Newcastle disease virus F
protein exhibit wild-type-like sedimentation profiles in sucrose
gradients (40). Among alanine substitution mutants in the
leucine zipper domain of HIV gp41 that affect fusion, only
some display defects in oligomerization during intracellular
processing (19, 37). More recent studies reveal that the leucine
zipper domain participates in the oligomerization of HIV gp41
and that this region is sufficient to confer oligomerization of a
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naturally monomeric protein (2, 42, 48). Another study of the
HIV gp41 leucine zipper domain suggests that there may be
two separate oligomerization events: during intracellular mat-
uration and during fusion pore formation (50). The leucine
zipper domain, as part of the heptad repeat region, participates
in the formation of a coiled-coil structure which serves as an
associative force for recruiting individual glycoproteins to form
a functional fusion pore (49). Disruption of this associative
force, caused by amino acid substitutions at certain positions
within the leucine zipper domain, would prevent the formation
of the fusion pore structure, whereas oligomerization during
intracellular processing may or may not be affected by the same
substitution(s). The loss of MHV-A59 S oligomerization in
fusion-negative mutants may indicate that the leucine zipper
domain plays a more significant role in oligomerization during
intracellular processing than the domains of HIV gp41 and
paramyxovirus F protein and thus is more sensitive to alanine
substitution. Alternatively, the two oligomerization roles sug-
gested for HIV gp41 and paramyxovirus F may be less clearly
separated by mutagenesis in the case of the coronavirus S
protein.

It is worth noting that leucine zipper domains as heptad
repeat sequences may directly participate in disruption of the
membrane bilayer structure along with fusion peptides (40).
Heptad repeat sequences are known to form amphipathic he-
lices that are characteristic of some natural fusogenic peptides
(41). Accumulating experimental evidence appears to favor the
involvement of multiple domains of viral fusion proteins in the
fusion process; these domains include fusion peptides; heptad
repeat sequences, including the leucine zipper domain; and
transmembrane domains (7, 13). Our previous study of MHV-
A59 S (28) indicates that a fusion peptide domain (designated
PEP1 in Fig. 1A) may be present not as a topologically inde-
pendent domain as reported for other viral glycoproteins but
as part of the longer heptad repeat region of S (14). The results
presented in this study support the view that multiple regions
of S act together as an integrated fusion machinery to bring
about membrane fusion.
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