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Vaccinia virus (VACV) L1 is a myristoylated envelope protein which is required for cell entry and the fusion of infected cells. L1
associates with members of the entry-fusion complex (EFC), but its specific role in entry has not been delineated. We recently
demonstrated (Foo CH, et al., Virology 385:368 –382, 2009) that soluble L1 binds to cells and blocks entry, suggesting that L1
serves as the receptor-binding protein for entry. Our goal is to identify the structural domains of L1 which are essential for its
functions in VACV entry. We hypothesized that the myristate and the conserved residues at the N terminus of L1 are critical for
entry. To test our hypothesis, we generated mutants in the N terminus of L1 and used a complementation assay to evaluate their
ability to rescue infectivity. We also assessed the myristoylation efficiency of the mutants and their ability to interact with the
EFC. We found that the N terminus of L1 constitutes a region that is critical for the infectivity of VACV and for myristoylation.
At the same time, the nonmyristoylated mutants were incorporated into mature virions, suggesting that the myristate is not re-
quired for the association of L1 with the viral membrane. Although some of the mutants exhibited altered structural conforma-
tions, two mutants with impaired infectivity were similar in conformation to wild-type L1. Importantly, these two mutants, with
changes at A4 and A5, undergo myristoylation. Overall, our results imply dual differential roles for myristate and the amino ac-
ids at the N terminus of L1. We propose a myristoyl switch model to describe how L1 functions.

Poxviruses are unique DNA viruses that replicate in the cyto-
plasm and employ a multifaceted form of morphogenesis

(18). Vaccinia virus (VACV) is the prototype virus that has been
used to study the replication of poxviruses (40, 48), and in an
attenuated form the virus was deployed as a vaccine for the global
eradication of smallpox (30, 39). Multiple infectious forms of
VACV are produced during viral replication. The majority of the
infectious progeny virions are single-enveloped mature virions
(MV), which form adjacent to virus replication sites and are re-
leased only by cell lysis.

During the initial step of entry, the MV utilizes four envelope
proteins, A27, H3, D8, and A26, to mediate attachment to a variety
of cell surface molecules, such as heparan sulfate proteoglycan
(HSPG) (16, 44), chondroitin sulfate proteoglycan (34), and the
extracellular matrix protein laminin (15). After adsorption, the
virion can use pH-dependent or pH-independent pathways to
enter cells (6, 14, 47, 60, 83). The specific viral proteins responsible
for receptor binding, virus internalization, the triggering of virus-
cell fusion, and membrane fusion itself are poorly defined. Com-
ponents of a conserved, multiprotein entry-fusion complex (EFC)
are proposed to perform certain nonredundant functions that are
critical for entry (8, 11, 38, 52, 53, 61, 64–66, 76–78, 85). Eleven
proteins have thus far been identified to form the massive complex
(A28, H2, A21, L5, G3, G9, A16, J5, O3, F9, and L1), and each
polypeptide component, with the exception of O3 and J5, has been
demonstrated to be essential for the penetration of the viral core
into the cytoplasm and for VACV-induced cell-cell fusion, a sur-
rogate process for VACV-cell fusion (8, 11, 38, 52, 53, 61, 64–66,
76–78, 85). I2 is another envelope protein that is required for
penetration (51), and it is considered a candidate as the 12th
member of the EFC.

The absence of some of the components of the EFC results in
the disassociation of the other components (65), implying that
intricate intermolecular interactions mediate either the assembly

or structural integrity of the EFC. The known exceptions are L1
and F9. The absence of either protein does not prevent the forma-
tion of the rest of the EFC (8, 11). Thus far, neutralizing antibodies
have been raised against three subunits of the EFC: L1 (2, 32, 35,
86), A28 (24, 49), and F9 (11). L1-specific antibodies have the
most potent activity. MAbs to L1 diminish VACV-induced cell-
cell fusion (37), strongly neutralize infectivity (2, 36, 37, 71, 86),
and inhibit virus entry (24, 83). In sum, these attributes suggest
that L1 is not merely a structural scaffold for the EFC. Rather, it is
more likely that L1 plays a more active and dynamic role during
entry.

L1 is a 250-amino-acid (aa) myristoylated polypeptide with a
predicted C-terminal transmembrane domain that spans residues
186 to 204 (25, 26). The N-terminal region is considered to be the
ectodomain which is exposed on the surface of the MV (55). Two
structures of the nonacylated form of the L1 ectodomain have
been solved by X-ray crystallography (70, 71). The truncated pro-
tein has five �-helices packed against two double-stranded
�-sheets, as well as a disorganized C-terminal tail which is proxi-
mal to the predicted membrane-anchoring domain (Fig. 1A). We
showed that L1 fulfills two of the criteria for a viral receptor-
binding protein (RBP): (i) soluble forms of L1 block virus entry at
the adsorption step, and (ii) the protein binds to cell surfaces (24).
These attributes are in contrast to those of the EFC constituent
A28, which was not able to fulfill either criterion. Although L1
binds to cells lacking glycosaminoglycans like A27, it is different
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from A27 in its ability to block entry in these glycosaminoglycan-
deficient cells. We postulated that L1 functions in VACV entry by
engaging host receptor(s) which are not proteoglycans.

In this report, our goal was to identify novel structural regions
of L1 which are essential for its functions in entry. We constructed
L1 mutants and tested their ability to complement infectivity, to
be myristoylated, and to associate with the EFC. The results show
that the conserved amino terminus of L1 constitutes a bipartite
region essential for proper protein function. Certain residues in
this region are important for the N-myristoylation of L1, while
other amino acids are critical for infectivity but not for myristoyl-
ation. We also found that the myristate moiety is not required for
the incorporation of L1 into mature virions or for its association
with the EFC. We propose a novel myristoyl switch model to ex-
plain how L1 functions.

MATERIALS AND METHODS
Cells and viruses. BSC-1 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum (FCS).

VACV vL1Ri (Western Reserve strain no. AY243312) (8), a recombi-
nant virus with an inducible L1R gene regulated by the T7 promoter and
lac operator, was used for assays requiring transient complementation.
For the preparation of purified virus, BSC-1 cells were infected at a mul-
tiplicity of infection (MOI) of 0.05 PFU/cell in 50 �M isopropyl �-D-1-
thiogalactopyranoside (IPTG) until cytopathic effect was complete (3 to 4
days). Virions were then harvested from the cells and purified by sucrose
gradient sedimentation, as described previously (2). Titers were deter-
mined by plaque assay with BSC-1 cells. vL1Ri was a gift from B. Moss (8).
VACV vSIJC-20 (Western Reserve strain no. NC_006998) was a gift from
S. N. Isaacs.

Production and purification of proteins for antibody production. (i)
Recombinant baculovirus proteins VACV H2, A21, and L5. The H2R,
A21L and L5R open reading frames (ORFs) were PCR amplified from the
respective cloned HindIII H, A, and L fragments of the VACV (Western
Reserve strain no. NC_006998) genome (S. N. Isaacs, unpublished data).
The putative transmembrane domains of the full-length H2R (residues 32
to 48), A21L (residues 1 to 19), and L5R (residues 30 to 47) ORFs were
excluded, and their ectodomains (residues 49 to 189, 23 to 117, and 48 to
128, respectively) were expressed. For H2, the forward primer used for

FIG 1 Mutations in conserved N terminus of L1 are deleterious for complementation of infectivity and N-myristoylation. (A) Crystal structure of the
ectodomain of L1 (70). A ribbon representation of the right-side view of the structure is depicted. Residues which are conserved among poxvirus orthologs of L1
(blue) and the cysteines involved in disulfide bonding (green) are highlighted. The neutralizing epitopes (red) of L1 (2), including that of the MAb 7D11 (71),
were mapped primarily to three discontinuous loops which are distal from the C-terminal transmembrane region. (B) Multiple-sequence alignment of residues
1 through 21 of VACV L1 with orthologs of other poxviruses. Orthologs of L1 that are representative of each chordopoxvirus genus, two entomopoxviruses, as
well as deerpox virus and crocodilepox virus are shown (http://www.poxvirus.org/). VAC, VACV; MOC, molluscum contagiosum virus; FWP, fowlpox virus;
LSD, lumpy skin disease virus; DRP, deerpox virus; SWP, swinepox virus; YLD, Yaba-like disease virus; MYX, myxoma virus; ORF, orf virus; CRC, crocodilepox
virus; AME, Amsacta moorei entomopoxvirus; MSE, Melanoplus sanguinipes entomopoxvirus. The stars, dots, and colons below the alignment indicate the degree
of conservation. Seven out of 21 of the N-terminal residues (blue) in L1 are strictly conserved in the sequences of all aligned poxvirus orthologs. (C) Mutations
in the canonical myristoylation motif of L1 suppress myristoylation, while mutations in other conserved residues do not abrogate myristoylation. Cells were
infected with the conditional L1-null virus vL1Ri in the absence of IPTG. Cells were then transfected with an empty vector (V) or plasmids encoding wild-type
(WT) or mutant forms of L1. Cells were radiolabeled with [9,10-3H]myristic acid and lysed, and immunoprecipitations were performed using a polyclonal IgG
raised against recombinant L1 (R180). Immunoprecipitated radiolabeled proteins were then resolved by SDS-PAGE and visualized by fluorography (top panel).
The expression of L1 (arrow) was also assessed by chemiluminescence after Western blotting with R180 (bottom panel). Note that the light chain of IgG
(arrowhead) migrates proximally above L1. (D) Mutations in the N terminus of L1 prevent the complementation of infectivity. Cells were infected with vL1Ri
in the absence of IPTG. Cells were then transfected with an empty vector (V) or plasmids encoding wild-type (WT) or mutant forms of L1. Crude cell extracts
were harvested, and infectious virus titers were determined by standard plaque assays in the presence of IPTG. All data depicted are average values from at least
five independent experiments. Error bars represent standard deviations of the means. (E) Protein expression of L1 in the extracts used for titration was
determined by chemiluminescence after Western blotting with R180.
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PCR amplification was 5=-GCGGGATCCACACCACCACCACCACCAC
CAGACGTCTGATAATCCAGTCTTT-3= (adds six histidine codons [un-
derlined] to the 5= end of H2R ORF as well as a BamHI site [boldface]),
and the reverse primer was 5=-GCGGGTACCTATTCCATATTACTAAA
AT-3= (adds KpnI [boldface]). For A21, the forward primer used for PCR
amplification was 5=-GCGGGATCCACACCACCACCACCACCACTCT
GAAAAAATGAGACGCGAAC-3= (adds six histidine codons [under-
lined] to the 5= end of the A21L ORF as well as a BamHI site [boldface]),
and the reverse primer was 5=-GCGGAATTCAGGTAGTAAAAAATAAG
TC-3= (adds EcoRI [boldface]). For L5, the forward primer used for PCR
amplification was 5=-GCGGGATCCACACCACCACCACCACCACAGA
TCTGAATTAAATATGTTC-3= (adds six histidine codons [underlined]
to the 5= end of the L5R ORF as well as a BamHI site [boldface]), and the
reverse primer was 5=-GCGGAATTCATCTGCGAAGAACATCGTTAA
G-3= (adds EcoRI [boldface]).

The final PCR products were digested with either BamHI and EcoRI or
BamHI and KpnI and subsequently ligated into the baculovirus transfer
plasmid pVT-Bac (74), which was digested with the same set of restriction
enzymes. Therefore, the resulting recombinant plasmids contained ORFs
consisting of the melittin signal sequence followed, in frame, by the six
histidine codons and the ectodomain of H2 (codons 49 to 189), A21
(codons 23 to 117), or L5 (codons 48 to 128).

The resulting pVT-Bac plasmids encoding recombinant H2, A21, and
L5 were cotransfected with baculovirus DNA (BaculoGold; BD-Pharmin-
gen) into Sf9 insect cells. After 1 week, recombinant baculoviruses were
harvested. The viruses then were plaque purified and high-titer stocks
were prepared (59). The recombinant proteins were secreted from in-
fected insect cells and purified from supernatants using nickel-chelate
affinity chromatography, as described previously (59). The identities and
purities of the purified proteins were confirmed by Western blotting and
silver stain (Pharmacia) analysis, respectively.

(ii) L1(2-34) peptide. Peptides were synthesized by Peptide 2.0, Inc.
(Chantilly, VA). The peptides were purified by high-pressure liquid chro-
matography (HPLC; 220 nm; SinoChrom ODS-BP), resulting in purities
higher than 95%. They were dissolved in 50% dimethyl sulfoxide
(DMSO) in deionized H2O prior to use. The sequence used for the wild-
type (WT) peptide consists of residues 2 to 34 of L1 (GAAASIQTTVNTL
SERISSKLEQEANASAQTKC), while the sequence of the scrambled form
of the same peptide was SLLEQEANSGASEATSKIAQTKCASRIQTTVN.

PAbs and monoclonal antibodies (MAbs). Rabbit polyclonal anti-
bodies (PAbs) R202, R206, R208, and R251 were produced by immuniz-
ing rabbits with purified recombinant H2, A21, and L5 proteins and L1(2-
34) peptide, respectively, using procedures described previously for
raising PAbs (24). Preimmune antibody (control) was harvested from a
rabbit prior to immunization. The production of rabbit PAb R180, raised
against recombinant L1(185t), was reported previously (2, 20). The pro-
duction of PAbs R193 and R204, raised against recombinant A27 and A28,
respectively, also was reported in a previous study (24), while R236 was
raised against peptides derived from the VACV A4 core protein (83).

MAbs VMC-2, VMC-3, and VMC-35 were selected from a panel of
monoclonal antibodies against purified recombinant L1 (2). MAb 7D11,
raised against VACV, was kindly provided by A. L. Schmaljohn (A. L.
Schmaljohn, J. W. Hooper, and S. A. Harrison, unpublished data) (86).
The anti-tetrahistidine MAb was purchased from Qiagen, Inc., while an-
tibodies to caveolin-1 (mouse MAb clone 2297) and early endosomal
antigen 1 (mouse MAb clone 14) were obtained from BD Transduction
Laboratories. The anti-c-myc MAb 9E10 (21) was used as a negative con-
trol for immunoprecipitations.

Immunoglobulin G (IgG) was purified from rabbit sera and murine
ascites fluid with HiTrap protein G 1-ml columns (Amersham Pharmacia
Biotech) and dialyzed against phosphate-buffered saline (PBS). The PAb
R180 was biotinylated using the EZ-Link Sulfo-NHS-Biotin kit (Thermo
Scientific). Horseradish peroxidase (HRP)-conjugated anti-mouse and
anti-rabbit secondary antibodies were from Kirkegaard and Perry Labo-
ratories.

Construction of L1 expression plasmids. For the construction of the
pEndoL1 (WT) plasmid, the L1R open reading frame with its endogenous
promoter region beginning from the �40 position (TTATCTCTCTTGG
TAATATGGATACTAATTGTAGCTATTTAA) was amplified by PCR
using DNA from VACV vSIJC-20 (Western Reserve strain no.
NC_006998) (S. N. Isaacs, unpublished data) as the template. The forward
primer used for PCR amplification was 5=-GCTTATCTCTCTTGGTAAT
ATGG-3=, and the reverse primer was 5=-TCAGTTTTGCATATCCGTG
GTAG-3=. The PCR product was then cloned, using TOPO TA cloning,
into the pCR2.1-TOPO vector (Invitrogen, CA). The QuikChange II site-
directed mutagenesis kit (Stratagene Cloning Systems) was used to gen-
erate plasmids from template pEndoL1 (WT) that contained single-resi-
due point mutations. The L1R open reading frame and the promoter
region in each plasmid were sequenced to screen out PCR errors.

Transient complementation of L1-null virus. BSC-1 cells were grown
to confluence in 6-well plates and infected with gradient-purified vL1Ri at
an MOI of 5. The infection media lacked antibiotics. At 1 h postinfection
(hpi), the cell monolayers were transfected with either vector DNA (cir-
cularized pCR2.1; Invitrogen) or plasmid DNA encoding either wild-type
L1R (pEndoL1) or a mutant form of L1R. DNA (0.5 �g) was mixed with
6 �l of Lipofectamine 2000 (Invitrogen) in a total volume of 0.5 ml of
Opti-MEM I reduced-serum media (Invitrogen) per well. At 6 hpi, the
transfection mix was replaced with fresh medium containing antibiotics.

At 24 hpi, the infected and transfected cells were harvested and centri-
fuged at 1,200 � g for 10 min at 4°C, and supernatant was aspirated. The
cell pellets were lysed in cold, hypotonic 10 mM Tris-HCl (pH 9.0) buffer.
Efficient cell lysis was ensured by freeze-thawing the samples three times
with alternating �80 and 37°C cycles. Lastly, the samples were sonicated
for 1 min, and cell debris was removed by centrifugation at 1,200 � g for
10 min at 4°C. The crude virus supernatant, consisting of the comple-
mented virus, was stored at �80°C for subsequent steps.

To determine the ability of the transfected L1R construct to rescue the
infectivity of vL1Ri, a plaque assay was performed in the presence of a
chemical inducer of the lac operon. The virus supernatant was serially
diluted in medium with 50 �M isopropyl �-D-1-thiogalactopyranoside
(IPTG). One hundred �l of diluent was added to each well in duplicate in
a 48-well plate cultured with confluent BSC-1 cells. The monolayers were
incubated with the diluent at 37°C for 1 h, and then 400 �l of fresh media
and IPTG were added. At 18 hpi, the infected cells were fixed with 2.5%
formaldehyde in PBS, plaques were visualized by staining with 0.1% crys-
tal violet, and then they were counted. After the subtraction of back-
ground values (titer of virus complemented with vector DNA), the com-
plementation efficiency of each mutant construct was represented as a
percentage of the titer of virus complemented with wild-type L1R DNA
(pEndoL1). Results are typically an average of a series of at least five inde-
pendent experiments.

SDS-PAGE and Western blotting. Crude virus supernatants of mu-
tant virions were first prepared as described in the previous section. Total
proteins were then separated by SDS-PAGE under reducing (boiled for 5
min in 60 mM Tris-HCl, 1% SDS, 10% glycerol, 20 mM dithiothreitol
[DTT]) conditions in 12% precast Tris-glycine gels (Invitrogen). DTT
was absent from experiments performed under nonreducing conditions.
Following SDS-PAGE, separated proteins were transferred to nitrocellu-
lose membranes. Membranes were then incubated with blocking solution
overnight at 4°C and probed with 0.5 �g/ml of the IgG PAb or the appro-
priate MAb. After three rinses with PBS containing 0.2% Tween 20, blots
were reacted for 1 h with secondary antibody (goat-anti-mouse or goat-
anti-rabbit) coupled to HRP, diluted in PBS containing 5% nonfat dry
milk and 0.2% Tween 20. Following more rinses with PBS containing
0.2% Tween 20, chemiluminescence was activated by the addition of ECL
substrate (Pierce Biotechnology, IL) and visualized using X-ray film
(Thermo Scientific Fisher). For experiments performed under nonreduc-
ing conditions, the protein bands were analyzed by densitometry using
ImageJ software (1).
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Metabolic radiolabeling with [3H]myristic acid. The standard tran-
sient complementation protocol was performed, and at 12 hpi the cells
were refed with fresh DMEM supplemented with low-FCS content
(2.5%). Radiolabeled [9,10-3H]myristic acid (1.0 mCi/ml; 50.5 Ci/mmol;
Perkin Elmer, MA) was prepared by drying under argon gas and resus-
pending in DMSO with brief sonication. Aliquots of 225 �l of the working
solution were added to the cells in each well. Cells were labeled from 12 to
24 hpi with an estimated 28 �Ci activity per well. At 24 hpi, cells were
harvested in extraction buffer, and immunoprecipitation was done as
described below, except that 10 �g/ml of R180 IgG was used instead.

Each immunoprecipitated sample was divided into two equivalent
portions, one for fluorography and the other for Western blotting. Protein
samples of both portions were resolved by SDS-PAGE under reducing
conditions in 12% Tris-glycine gels. Separated proteins were either fixed
overnight in 40% ethanol–10% acetic acid (vol/vol) solution in prepara-
tion for fluorography or transferred to nitrocellulose and reacted with
biotinylated R180 primary and HRP-conjugated strepavidin secondary
antibodies. Chemiluminescence was then recorded using X-ray film. For
fluorographic analysis, the fixed gels were immersed in Amplify fluoro-
graphic reagent (Amersham Biosciences) for 30 min and then dried by
vacuum. Radiolabeled proteins were visualized by exposing the gels to
Kodak Biomax MS film with a BioMax TransScreen LE intensifying screen
at �80°C for periods of up to 60 days. A subset of fluorographs was
analyzed by densitometry using ImageJ software (1).

Protein incorporation in mature virions. BSC-1 cells were grown to
confluence in T-225 flasks and infected with gradient-purified vL1Ri at an
MOI of 5. The infection medium consisted of DMEM containing 10%
FCS without antibiotics. At 1 hpi, the cell monolayers were either mock
transfected or transfected with vector DNA or plasmid DNA encoding
either wild-type L1R (pEndoL1) or a mutant form of L1R. Eleven �g of
DNA was mixed with 88 �l of Lipofectamine 2000 in a total volume of 11
ml of Opti-MEM I reduced-serum medium per flask. At 6 hpi, the trans-
fection mix was replaced with antibiotic-supplemented fresh medium.

At 24 hpi, the infected and transfected cells were harvested and lysed
by freeze-thaw in hypotonic 10 mM Tris-HCl (pH 9.0) buffer, and intra-
cellular mature virions were purified by sucrose gradient sedimentation,
as described previously (2). The samples of purified vL1Ri were analyzed
by Western blotting using antibodies to L1 (R180), A4 core (R236), caveo-
lin-1, or early endosomal antigen 1.

Immunoprecipitation with monoclonal antibodies. Transient com-
plementation of L1-null virus was performed as described above. At 24
hpi, the cells were harvested by centrifugation and lysed on ice by the
addition of extraction buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 10 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 1� Complete protease
inhibitor cocktail [Roche Applied Science, IN]). The samples were soni-
cated, and cell debris as well as nuclei were removed by centrifugation at
10,000 � g for 15 min at 4°C. Ten �g/ml of VMC-3, VMC-2, VMC-35,
7D11, or anti-myc MAb IgG was added, and the lysate-antibody mix was
incubated overnight at 4°C. Agarose beads conjugated to protein A (In-
vitrogen) then were incubated with the lysate-antibody mix for 2 h at 4°C.
Following two rinses with extraction buffer and one rinse with TE buffer
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA), the bound proteins were solu-
bilized by the addition of SDS sample buffer (final concentration of 60
mM Tris-HCl, 1% SDS, 10% glycerol, 20 mM DTT) and by boiling for 5
min.

Immunoprecipitated proteins and whole-cell lysates (WCL) were re-
solved by SDS-PAGE under reducing conditions in 12% Tris-glycine gels,
transferred to nitrocellulose, and then probed with a biotinylated anti-
body to L1 (biot-R180). Membrane-bound biotinylated IgG was reacted
against streptavidin-HRP conjugate (GE Healthcare) at a 1:5,000 dilution
in PBS containing 3% bovine serum albumin (BSA) (Fraction V; Roche)
and 0.2% Tween 20. Chemiluminescence was imaged using X-ray film.

Coimmunoprecipitation of L1 with members of the entry-fusion
complex (EFC). Following the transient complementation of L1-null vi-
rus, the cells expressing mutant forms of L1 were harvested in EFC coim-

munoprecipitation lysis (ECIL) buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1% NP-40, 0.1% SDS, and 1� Complete protease inhibitor cock-
tail) at 24 hpi. Immunoprecipitation was done using 10 �g/ml of R180
IgG in ECIL buffer. Immunoprecipitated proteins and whole-cell lysates
were separated by SDS-PAGE under reducing conditions in 12% (for
blots probed for L1) or 14% (for blots probed for A27, A28, H2, A21, and
L5) Tris-glycine gels. Resolved proteins were blotted onto nitrocellulose
and then detected with rabbit PAb to A27 (R193), A28 (R204), H2 (R202),
A21 (R206), L5 (R208), or L1 (biot-R180). Membrane-bound antibodies
were reacted against HRP-conjugated anti-rabbit antibodies or streptavi-
din-HRP conjugates. Chemiluminescence was imaged by exposure to X-
ray films.

ELISA. Purified VACV vSIJC-20 (8 � 106 PFU per well) or 50 �l of 3%
BSA in PBS was added to 96-well plates. For the enzyme-linked immu-
nosorbent assays (ELISAs) using peptides, 1 �g per well of L1(2-34) pep-
tides with either the wild-type or scrambled primary sequence was added.
After 1 h at room temperature (RT), the plates were washed with PBS,
blocked with PBS containing 5% nonfat dry milk and 0.1% Tween 20, and
then probed with 5 �g/ml of R180 or R251 diluted in the blocking solution
for 1 h at RT. Following more rinses with PBS, plates were further incu-
bated for 30 min with goat anti-rabbit secondary antibody coupled to
HRP diluted 1:1,000 in blocking solution. After the final washing step with
PBS containing 0.1% Tween 20, the wells were rinsed once with 20 mM
citrate buffer, pH 4.5. 2,2=-Azinobis(3-ethylbenzthiazolinesulfonic acid)
(ABTS) peroxidase substrate was added, and the absorbance at 405 nm
was measured with a plate reader.

Inhibition of virus entry by antibodies. Purified immunoglobulins
from anti-L1 PAb R180, anti-L1(2-34) PAb R251, or preimmune sera
were serially diluted in DMEM containing 5% heat-inactivated FCS and
then mixed with an equal volume of reporter virus VACV vSIJC-20. The
virus-antibody mixture was incubated for 1 h at 37°C and then used to
infect BSC-1 cells at an MOI of 2.5 PFU/cell in 96-well plates. After 6 h at
37°C, �-galactosidase expression was assessed as a measure of entry as
described previously (24).

RESULTS
Mutations in the canonical myristoylation motif of L1 prevent
efficient myristoylation and complementation of a conditional
L1-null virus. One conserved region within L1 and its homolo-
gous proteins is its amino terminus (Fig. 1A). Excluding the initi-
ating methionine, 6 of the 10 amino-terminal residues are strictly
conserved among poxvirus orthologs from all genera, including
those of the distantly related insect poxviruses and the unclassified
reptilian crocodilepox virus (Fig. 1B) (http://www.poxvirus.org/).
This suggests that this segment performs a functional role,
prompting us to focus our current study on this portion of L1.

Two residues, G2 and S6, match the consensus motif for N-ter-
minal myristoylation (G-X-X-X-S/T) (Fig. 1B) (10, 22). Previous
reports have demonstrated that viral L1 undergoes N-terminal
myristoylation at glycine 2 (25, 26), and that myristoylation was
inhibited when glycine 2 was replaced with alanine (26, 54). Ad-
ditionally, the first 13 N-terminal residues of L1 are required for
myristoylation within the context of a chimeric protein (54). L1 is
required for the entry and fusion of VACV (8, 24), but the role of
its myristate group is unclear.

To investigate the role of the myristate moiety, we first con-
structed mutant forms of L1 by manipulating its canonical myris-
toylation motif. Using PCR-based genetic mutagenesis, we gener-
ated the previously reported nonmyristoylated mutant G2A (26,
54). Another study investigating the amino acid requirements for
the N-myristoylation of a prototypical protein demonstrated that
the lipid modification, while tolerant of an alanine substitution at
position 6, is abrogated by replacement with valine, aspartic acid,
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lysine, or arginine at this position (79). Hence, we constructed two
mutants at S6, changing it to either aspartic acid (S6D) or alanine
(S6A).

We also developed a transient complementation assay which
utilizes a conditional L1-null virus, vL1Ri (8), to enable the ex-
pression of L1 within its natural physiological context. In the ab-
sence of the chemical inducer IPTG, the expression of the endog-
enous genomic L1R gene by the mutant virus was inhibited by the
lac repressor. A plasmid encoding a mutant form of L1 was sub-
sequently introduced into vL1Ri-infected cells in trans by tran-
sient transfection. The expression of the mutant L1 was regulated
by its natural late promoter and thus is activated in infected cells.

Once the assay was optimized, we evaluated whether the mu-
tant proteins would undergo myristoylation during infection.
vL1Ri-infected cells were transfected with plasmids expressing
wild-type L1, G2A, S6A, or S6D and metabolically radiolabeled
with [9,10-3H]myristic acid. Radiolabeled L1 from cell lysates was
immunoprecipitated with an L1-specific polyclonal antibody
(PAb) (Fig. 1C). The Western blotting of the immunoprecipitated
L1 verified that similar amounts of mutant and wild-type L1 were
loaded (Fig. 1C, lower). An intense radiographic band corre-
sponding to the migration of L1 in an SDS gel was present in the
lane loaded with wild-type L1 (Fig. 1C, upper). In contrast, the
band was absent from the lanes which were loaded with G2A or
the empty vector (Fig. 1C, upper). The replacement of serine 6
with alanine (S6A) permitted myristoylation, whereas replace-
ment with a charged residue (S6D) essentially abolished myris-
toylation. These results are consistent with the study which delin-
eated the myristoylation requirements of a prototypical protein
(79). Our results demonstrate that the canonical myristoylation
motif (G-X-X-X-S/T) exists within the conserved amino terminus
of L1.

We next assessed the ability of each mutant protein to restore
virus infectivity in trans. Progeny mutant virions from the com-
plementation assay were harvested, and the number of plaques
was determined for virions complemented with wild-type L1, mu-
tant forms of L1, or the empty vector. IPTG was added at this step
to allow plaque formation. Western blotting confirmed that the
mutated proteins were expressed at levels similar to those of wild-
type L1 (Fig. 1E). The two nonmyristoylated mutants, G2A and
S6D, failed to complement virus infectivity (Fig. 1D). The myris-
toylated mutant S6A restored about half of the infectivity restored
by wild-type L1 (P � 0.05 by Student’s t test). For these three
mutants, the capacity of each mutant to complement infectivity
correlates with the extent of myristoylation. We conclude that the
myristoyl group of L1 is essential for its proper protein function.

Mutations in other conserved N-terminal residues of L1 are
deleterious for complementation but not for myristoylation.
Several residues in the N terminus do not belong to the canonical
myristoylation motif (Fig. 1B), but they may affect myristoylation
or play an alternative role for L1 function. Two (A3 and A5) are
conserved among poxvirus orthologs from different genera, and
two (A4 and Q8) are conserved in noninsect poxviruses (Fig. 1B).
To investigate their functions, glutamine 8 was exchanged with
alanine (Q8A) to eliminate the polar side chain, while alanines at
positions 3, 4, and 5 were replaced with aspartic acid (A3D, A4D,
and A5D).

Figure 1C shows that these mutations had minimal effects on
L1 myristoylation. Interestingly, most of these mutations had
drastic effects on infectivity (Fig. 1D). The replacement of alanine

at positions 3 to 5 either abolished or significantly compromised
the ability of L1 to complement infectivity (P � 0.05 by Student’s
t test). Again, the defects in complementation are not due to in-
adequate protein expression (Fig. 1E). Q8A, on the other hand,
rescued infectivity to levels which are not significantly different
from that of wild-type L1 (P � 0.05 by Student’s t test).

Collectively, our results demonstrate the presence of two inde-
pendent, important structural motifs within the N terminus of L1:
(i) the attached myristate moiety and (ii) the residues from posi-
tions 3 to 5.

The myristate moiety is not required for the incorporation of
L1 into mature virions. The myristate moieties of some cytosolic
proteins of other viruses are necessary for the efficient incorpora-
tion of the proteins into maturing or budding virions (27, 42, 63,
82). The lipid group acts as an anchor for protein-membrane as-
sociation by its insertion into the inner leaflet of the viral enve-
lopes. It has been proposed that the L1 myristate is needed for the
targeting of the protein to the correct viral membrane during
morphogenesis (7, 56).

We used purified, complemented mutant virions to determine
whether the myristate group is necessary for the incorporation of
L1 into virions. Cell extracts from a scaled-up version of the tran-
sient complementation system were collected and clarified. Viri-
ons were then purified by ultracentrifugation through sucrose
gradients. The relative level of the viral core antigen A4 was used to
normalize the quantity of virus for each construct (Fig. 2A, top).
Using L1-specific R180 antibodies, we found that the nonmyris-
toylated proteins, G2A and S6D, were present in virions (Fig. 2A).
We also assayed for cellular proteins to verify virion purity (Fig.
2A, bottom). We did not detect either the host membrane protein
caveolin-1 or EEA1, an early endosomal antigen. Thus, even
though the myristoylation of L1 is essential for complementation,
it is not necessary for the localization of L1 to virions.

We next considered whether the mutants which are myristoy-
lated but exhibited defects in infectivity were incorporated into
mature virions. It is possible that the mutant proteins, due to
aberrant folding, were mislocalized from specialized membranes
in the viral factories to other subcellular compartments (7). We
detected the mutant proteins S6A and A3D (Fig. 2A), as well as
A4D and A5D (Fig. 2B), in the purified virions. Thus, the inability
of these mutants to function in the complementation assay is not
attributable to a trafficking or packaging deficiency.

Mutations in the canonical myristoylation motif result in
changes in structural conformations. Bisht et al. used confocal
immunofluorescence microscopy to demonstrate that the confor-
mationally dependent MAb 7D11 fails to bind to intracellular
G2A (7). We wondered whether the other epitopes of G2A were
affected and whether our other nonmyristoylated mutant, S6D,
would exhibit similar epitope changes. We therefore carried out a
more comprehensive analysis of the structure-conformation of
our mutants. Three conformation-dependent MAbs, two of
which neutralize virus, were included in our analysis. We em-
ployed the immunoprecipitation approach rather than confocal
microscopy, as it allows for a more quantitative analysis. These
MAbs target different epitopes, since they do not compete with
one another for binding to the protein (2). In the structure, the
epitopes of the two neutralizing MAbs (VMC-2 and 7D11) map to
a region distant from the amino terminus (2, 71), while the
epitope of VMC-35 is unknown. The conformation-independent
MAb VMC-3 was incorporated in the analysis as a positive control
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(2). It binds to a linear peptide derived from residues 118 to 128
of L1.

Both of the nonmyristoylated mutants, G2A and S6D, were
reactive with 7D11 but at reduced levels, and they lost their ability
to bind VMC-35 (Fig. 3A). Hence, epitopes from two different
regions, one of which is distant from the N terminus (71), were
modified in these mutants. We also analyzed the third mutant
which had an amino acid substitution in its myristoylation motif.
The myristoylated S6A was recognized by both 7D11 and VMC-

35, although its reactivity to the latter MAb was decreased. The
difference in antibody reactivity profile between S6D and S6A may
explain why S6A was able to restore infectivity to a greater extent
than S6D in the complementation assay (Fig. 1D). All three mu-
tants were detected by VMC-2 but not by the negative control
MAb to Myc.

Bisht et al. also reported that G2A is in a reduced redox state
(7). Based on the atomic structure of L1 in complex with 7D11
(71), the loss of the Cys34-Cys57 disulfide bond, specifically, is

FIG 2 N-terminal mutants of L1 are incorporated into mature virions. (A) The myristate group is not required for the efficient incorporation of L1 into virions.
Cells were infected with vL1Ri in a T-225 flask and then mock transfected (A) or transfected with an empty vector (V) (B), plasmids encoding wild-type (WT)
L1, or mutant forms of L1. Cell lysates were collected and processed into clarified supernatants. Mature virions were purified by the ultracentrifugation of the
supernatants in stepwise sucrose gradients. The amount of the viral core protein A4, L1, caveolin-1, or EEA-1 incorporated in the virions was determined by
Western blotting with a polyclonal IgG raised against an A4 peptide (R236), R180, or MAbs specific for the cellular antigens. Caveolin-1 or EEA-1 present in
unprocessed lysates (WCL) of infected cells was also blotted (lower right panels). (B) Virion packaging of A4D and A5D was also assessed in another independent
experiment using the method described for panel A.

FIG 3 Mutations in the myristoylation motif (A and B) and other conserved N-terminal residues (C and D) result in changes in structural conformations.
vL1Ri-infected cells were transfected with plasmids encoding wild-type (WT) or mutant forms of L1. (A and C) Cell lysates were harvested and immunopre-
cipitations were performed using conformation-specific MAb to L1 (VMC-2, 7D11, or VMC-35), a conformation-independent MAb to L1 (VMC-3), or a
nonspecific control MAb (anti-myc). The amount of L1 (arrows) bound to the MAbs was then determined by Western blotting with a biotinylated polyclonal IgG
raised against L1 (biot-R180), along with a streptavidin-HRP conjugate. Note that the light chain of IgG (arrowhead) migrates proximally above L1. The
complementation efficiency of each mutant is depicted in parentheses as a percentage of the wild-type level. The relative myristoylation efficiency ([3H]) of each
mutant is also illustrated. (B and D) Analysis of the redox state of the mutants. Lysates of cells were electrophoresed under denaturing conditions (boiled for 5
min in 60 mM Tris-HCl and 1% SDS), either in the presence (top) or absence (bottom) of DTT. The proteins were transferred to nitrocellulose and then probed
using R180. The reduced (red) and oxidized (ox) forms of L1 are labeled accordingly.
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likely to destabilize the 7D11 epitope (data not shown). It has been
shown that all three of the disulfide bonds of L1 are important for
its function (9). We therefore investigated the redox state of our
mutants, as it is likely that the tempered recognition of S6D by
7D11 is also due to the absence of disulfide bonding in the mutant.
The three mutants were analyzed by SDS-PAGE either in the pres-
ence or absence of DTT, followed by Western blotting with an
L1-specific PAb. In agreement with the discovery by Bisht et al.
(7), we found that the majority of G2A is not fully disulfide
bonded (Fig. 3B, bottom). Under nonreducing conditions, dou-
blet bands of G2A migrated at a distance similar to that of the
26-kDa marker protein. This distance is similar to that migrated
by G2A under reducing conditions (Fig. 3B, top), when it exists as
only a single band. As such, the upper band of this doublet prob-
ably represents the completely reduced form of L1, while the lower
band belongs to a partially reduced form, since three disulfide
bonds exist in L1 (Fig. 1A).

Interestingly, the other nonmyristoylated mutant, S6D, pre-
sented migration and density profiles that are almost identical
to those of G2A (Fig. 3B). Employing relative densitometry, we
ascertained that the doublets of S6D and G2A accounted for an
estimated 66 and 63%, respectively, of the total density of all
bands belonging to each mutant protein. In contrast, only ap-
proximately 17% of the total density of wild-type L1 was pres-
ent in its doublet bands. Correspondingly, the partially myris-
toylated mutant S6A exhibited patterns which appear to be an

intermediate between those of the nonmyristoylated mutants
and of wild-type L1.

These observations indicate that alterations in the canonical
myristoylation motif, G2 and S6, can induce structural and bio-
chemical changes in L1. Interestingly, these changes include the
7D11 epitope that is spatially distant from the N terminus (Fig.
1A) (71).

A conserved hydrophobic residue within the cavity of L1 is
important for native conformation and complementation. An
internal hydrophobic cavity is present within the ectodomain of
L1 (Fig. 4A). Computational modeling has shown that this cavity
can accommodate a myristic acid molecule (70). In addition, the
cavity opening is close to the amino terminus, where the lipid is
attached (54). Thus, the crystallographers who solved the struc-
ture of L1 proposed that the myristoyl group is buried within this
pocket, at least in one of its conformational states (70). According
to this model, more than one of the hydrophobic residues lining
the internal surfaces of this pocket should be critical for shielding
the fatty acid from the solvation shell during protein folding. Re-
ducing the hydrophobicity of such a residue, or the removal of the
entire myristate, would likely destabilize the hydrophobic packing
of L1 and alter its discontinuous epitopes.

Among the residues lining the wall of the cavity, F108 is one of
the most universally conserved and hydrophobic (Table 1). The
unique properties of its aromatic ring may also strengthen intra-
molecular interactions within L1, perhaps via dispersion forces

FIG 4 Characterization of the conserved hydrophobic residue within the cavity of L1 (F108). (A) Hydrophobic pocket within the structure of L1. Surface
representation of the cross-sectional view of the structure. The conserved residue F108 (yellow) is situated close to the end of the cavity. Residues which are
conserved among poxvirus orthologs of L1 (blue) and the first four N-terminal residues (cyan) are depicted, along with the opening to the cavity (arrow). (B)
Conformational epitopes of F108A are dissimilar from those of wild-type L1. Lysates of infected cells transfected with plasmids encoding wild-type L1 (WT) or
F108A were generated. Immunoprecipitations were performed using conformation-specific MAb to L1 (VMC-2, 7D11, or VMC-35) or anti-myc. The amount
of L1 (arrows) bound to the MAbs was then determined by Western blotting with biot-R180. The light chain of IgG (arrowhead) migrates above L1. (C) The
majority of F108A is not fully disulfide bonded. Lysates of complemented cells were electrophoresed under denaturing conditions, either in the presence (top)
or absence (bottom) of DTT. The proteins were transferred to membranes and then probed with R180. (D) F108A, but not T167R, is impaired in its ability to
restore the complementation of infectivity. Infected cells complemented with L1 were lysed, and infectious virus titers were determined by plaque assays. Error
bars represent standard deviations of the means.
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between its electron cloud and the alkyl groups of the sequestered
myristate (Fig. 4A; also see Fig. 7). To assess the significance of
F108, we generated a mutant with an alanine substitution. Alanine
is still a hydrophobic residue, but it lacks an aromatic ring (43).
We carried out MAb immunoprecipitation, gel electrophoresis
under nonreducing conditions, and complementation of the in-
fectivity of F108A. We found that the structural conformation of
F108A, as well as its function, differs significantly from those of
wild-type L1 (Fig. 4). First, the binding of F108A to VMC-2 and
7D11 were significantly reduced, while its binding to VMC-35 was
essentially undetectable by immunoprecipitation (Fig. 4B). The
loss of MAb binding only applies to conformational antibodies,
since the pulldown of F108A by the conformation-independent
MAb VMC-3 was possible. Second, the majority of the mutant
protein is not fully disulfide bonded (Fig. 4C). Relative densitom-
etry indicates that the upper doublet of F108A, which likely rep-
resents two different reduced redox species, accounted for an es-
timated 75% of the total density of all bands of L1. In stark
comparison, roughly less than 17% of the total density of wild-
type L1 was present in its doublet. Unsurprisingly, F108A was
drastically impaired in its capacity to restore infectivity (P � 0.05
by Student’s t test) (Fig. 4D). On the other hand, the mutation of
threonine 167, which also lines the cavity wall (Table 1), to a
charged residue (T167R) did not significantly diminish comple-
mentation relative to that of the wild type (P � 0.05 by Student’s t
test) (Fig. 4D). Immunological and biochemical analyses of
T167R correspondingly indicate that relative to F108A, the struc-
tural details of this mutant are more wild type like (Fig. 4B and C).

We conclude that F108 is uniquely important for the native
conformation of the protein and for its proper function. These
two characteristics of F108A are reminiscent of those of the non-
myristoylated mutants, G2A and S6D. However, F108A could be
metabolically radiolabeled with tritiated myristic acid (Table 2).
Hence, in contrast to G2A and S6D, the defect exhibited by F108A
in complementation is not due to an absent acyl chain. Rather, the
observed phenotypes of F108A are consistent with the proposed

model that the myristate is normally sequestered within the hy-
drophobic hole of L1.

The myristate moiety is not required for the association of L1
with members of the entry-fusion complex. Myristoyl groups
have been documented to mediate protein-protein interactions
directly by acting as a binding motif (13, 46, 72). L1 is a peripheral
component of the multiprotein VACV entry-fusion complex
(EFC) (8), but the domains on L1 responsible for its association
with the complex have not been identified. One possible alterna-
tive model for the structural location of the myristate posits that
the lipid is instead embedded inside a hydrophobic pocket of an
associated EFC protein, and thus it serves as an interaction motif
for the EFC. We thus used our nonmyristoylated mutants to as-
certain whether they fail to associate with the EFC proteins. If this
alternative model is correct, it may explain why these mutants are
impaired in complementation. In fact, mutants of the EFC con-
stituent H2, which lose their association with EFC partners, are
concomitantly defective in infectivity (50), suggesting that pre-
serving the coassociation of EFC subunits is vital for VACV infec-
tivity.

We used coimmunoprecipitation to appraise the association of
the nonmyristoylated mutant G2A with the EFC. Infected-trans-
fected cells were lysed, and immunoprecipitations were per-
formed using an L1-specific PAb or a nonspecific control antibody
to Myc. Blots were probed with PAbs to each respective viral an-
tigen. This allowed us to detect the amount of L1, A27, or EFC
proteins expressed in cells or captured in the antigen-antibody
complex.

As expected, G2A and wild-type L1 were expressed in the
whole-cell lysate (Fig. 5A, top). Similar amounts of G2A and wild-
type L1 were found when they were first immunoprecipitated
and then Western blotted with anti-L1 IgG R180 (Fig. 5A, mid-
dle). Thus, the G2A mutation did not affect the binding of R180
to L1. The non-EFC viral protein A27 was also detected in the
whole-cell lysate (Fig. 5B, top), but as expected, it was not
coimmunoprecipitated with L1 (Fig. 5B, middle). This con-
firmed the specificity of the coimmunoprecipitation. In con-
trast, the EFC subunits A28 (Fig. 5C, middle), H2 (Fig. 5D), A21
(Fig. 5E), and L5 (Fig. 5F) coimmunoprecipitated with G2A, and
they did so at levels similar to that of the wild-type counterpart.
The control MAb did not capture the EFC proteins (Fig. 5, bot-
tom), indicating that the detection of each of the EFC components
was dependent upon the presence of L1 in the pulldown mix.
Comparable results were acquired with the partially myristoylated
mutant S6A (Fig. 5). In a separate experiment, the nonmyristoy-
lated mutant S6D also coimmunoprecipitated with the EFC pro-
teins A28 and H2 (data not shown). Thus, the myristoyl moiety of

TABLE 1 Residues which line the wall of the internal cavity of L1c

Residue Position Conservationa (%) Hydropathy scaleb

V 11 100 4.2
L 79 100 3.8
F 108 100 2.8
Y 76 92 �1.3
T 10 83 �0.7
V 104 67 4.2
L 163 67 3.8
I 7 58 4.5
L 14 58 3.8
A 72 58 1.8
T 75 58 �0.7
V 87 58 4.2
A 170 58 1.8
T 167 50 �0.7
F 91 25 2.8
L 166 25 3.8
M 90 8 1.9
a Based on the alignment of the sequence of VACV L1 with 11 representative sequences
of orthologs from different poxvirus genera.
b Hydrophobicity values as described by Kyte and Doolittle (43).
c See reference 70.

TABLE 2 Densitometric analysis of fluorograph of [3H]myristic
acid-labeled F108A

Construct

Density

Absolute meana Relative meanb Relative (as % of WT)

WT 0.772 0.06 100
V 0.712 0 0
F108A 0.757 0.045 75
a The absolute mean density is normalized to the background density of the
fluorograph.
b The relative mean density is obtained by subtracting the absolute density of the vector
from each absolute density.
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L1 is not required for its association with any of the EFC proteins
studied here. These observations are more consistent with the
structural model for L1, where its lipid group is sequestered within
the cavity (Fig. 4A; also see Fig. 7). In addition, it can be stated that
the defective complementations observed for these mutants were
not caused by their loss of interaction with the EFC.

The inability of A4D and A5D to function is not attributable
to changes in their structural conformations or the loss of asso-
ciation with the entry-fusion complex. Earlier we showed that
the other N-terminal mutants, A3D, A4D, and A5D, were myris-
toylated (Fig. 1C) and incorporated into purified virions (Fig. 2),
but they were impaired in their ability to complement virus infec-
tivity (Fig. 1D). To verify that these mutants retained their native
conformations, we attempted to immunoprecipitate them with
the conformation-dependent MAbs used to assess the nonmyris-
toylated mutants. Interestingly, the three mutant proteins exhib-
ited different MAb reactivity profiles (Fig. 3C). First, the replace-
ment of A3 with aspartic acid did not significantly affect binding
with VMC-2 and 7D11, but its reactivity with VMC-35 was appre-
ciably diminished. In contrast, the antibody binding profiles of
A4D and A5D were similar to that of wild-type L1. Furthermore,
when we assessed the redox state of A4D and A5D by nonreducing
gel electrophoresis, the relative densities of bands of the reduced
and oxidized species suggest that the majority of each mutant
possess proper disulfide bonding (Fig. 3D and data not shown). In

sum, our results indicate that, unique among the mutants that
show some defect in complementation, A4D and A5D retained
their native conformational epitopes and are similar structurally
to their wild-type counterpart (Table 3).

We subsequently wondered whether these mutants were defec-
tive in complementation, because they could no longer associate
with their EFC partners. It is possible the conserved N terminus is
a binding site for the EFC, and each of these alanines serves as a
critical contact residue for binding. We first subjected the mutants
A4D and A5D to the EFC coimmunoprecipitation analysis (Fig.
5). As with the previous set of mutants, both A4D and A5D coim-
munoprecipitated with A28 (Fig. 5C, middle), H2 (Fig. 5D), A21
(Fig. 5E), and L5 (Fig. 5F). Similar results were also acquired for
the mutant A3D in a separate experiment (data not shown). These
observations indicate that the impairment of these mutants in
complementation is not due to the loss of association with these
subunits of the VACV EFC. The conserved amino-terminal resi-
dues A4 and A5 are therefore not necessary for the N-myristoyla-
tion of L1, proper structural conformation, or for EFC association
of L1, but they play a critical role during virus entry.

Antibodies raised against a peptide derived from the N ter-
minus of L1 do not neutralize virus entry. In a previous report,
we proposed that L1 is a viable candidate for the canonical recep-
tor-binding protein of VACV (24). Here, using substitution mu-
tants, we have identified a novel functional region within the

FIG 5 N-terminal mutants remain in association with the VACV EFC. vL1Ri-infected cells were transfected with plasmids encoding wild-type (WT) or mutant
forms of L1. (Top panels) Whole lysates of these cells (WCL) were electrophoresed and blotted with antibodies specific for each viral protein: biot-R180 for L1
(A), R193 for A27 (B), R204 for A28 (C), R202 for H2 (D), R206 for A21 (E), and R208 for L5 (F). (Middle panels) Immunoprecipitations of the lysates were also
performed using R180 (IP R180). The amount of L1, A27, or members of the EFC coimmunoprecipitated with the R180 IgG was determined by Western blotting
with antibodies specific for each protein. (Bottom) Immunoprecipitations were performed using a nonspecific control MAb, anti-myc (IP myc). The amount of
L1, A27, or members of the EFC bound to the control MAb IgG was ascertained by Western blotting.
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extreme N terminus of L1 (Table 3). We therefore inquired
whether the N terminus of L1 is the region responsible for the
binding of L1 to cell surfaces and for its ability to inhibit VACV
entry. We surmised that antibodies which target the N terminus of
L1 should inhibit entry if this is the pertinent region.

Since none of the available L1-specific MAbs bind to the N
terminus of L1 (2), we first designed a synthetic peptide comprised
of residues 2 to 34 of L1 for polyclonal antibody production (Fig.
6A). To allow for the sulfhydryl coupling of keyhole limpet hemo-
cyanin to the peptide during antibody generation, the Cys34 res-
idue was the terminal residue included. The L1(2-34) peptide was
also designed with the intention of preserving its native secondary
structure. Both the resolved secondary structure of residues 2 to 34
of the L1 structure (70) and the computationally predicted sec-
ondary structure of the peptide (17) suggest that the peptide is
primarily an �-helix flanked by coils at its termini (Fig. 6A). To
first confirm that at least some of the epitopes present in VACV L1
are preserved in the L1(2-34) peptide, we performed an ELISA
using R180, a PAb which was raised against soluble ectodomain
L1. In this assay, peptides were coated on a microtiter plate and
then serial dilutions of antibodies were added. The PAb R180
bound, in a dose-dependent fashion, to L1(2-34) peptides (data
not shown). The binding was sequence specific, since the affinity
of R180 for a peptide with the same amino acid composition but
with a randomized order was significantly lower.

A polyclonal antibody (R251) was subsequently produced by
immunizing a rabbit with purified L1(2-34) peptide, using proce-
dures described previously for raising PAbs (24). Proteins from
infected cell lysates were separated under reducing and denaturing
conditions using SDS-PAGE, transferred to a nitrocellulose mem-
brane, and then probed using immunoglobulin purified from rab-
bit sera R251 or R180 (Fig. 6B). R251 detected three major bands,
with the fastest migrating band (�26 kDa) representing full-
length viral L1. Additionally, the same antibody bound to the
L1(2-34) peptide immunogen that was used to generate it, as well
as to baculovirus-derived truncated L1 (data not shown). To ver-
ify that R251 recognizes full-length VACV L1 in its native context
on the surface of virions, we performed a virus ELISA. A fixed
amount of gradient-purified mature virions was added to a micro-
titer plate, and then increasing amounts of R251 or R180 IgG were
used to probe the viral proteins. Figure 6C shows that R251 rec-

ognized plate-bound virions at a significantly lower apparent af-
finity than R180. The binding of both antibodies is dependent
upon the presence of viral proteins, since they did not bind to
bovine serum albumin (Fig. 6C, circles). The lower affinity exhib-
ited by R251 relative to that of R180 is perhaps unsurprising, since
the former was generated against a 33-amino-acid synthetic pep-
tide while the latter was made against a glycosylated polypeptide
with 185 residues (2).

Finally, the effect of R251 on the entry of VACV was tested
using a �-galactosidase entry assay. This assay utilizes a recombi-
nant VACV with the lacZ reporter gene regulated by a VACV
early/late promoter (83). If the N terminus of L1 is the region
responsible for the capacity of L1 to bind to cells and to suppress
entry, the antibody should be able to neutralize the entry as well.
We found that the immunoglobulin in fact did not affect virus
entry (Fig. 6D). R180, on the other hand, virtually abrogated entry
at 100 �g/ml. This suggests that the N terminus of L1, though
constituting a critical functional region, is not the domain respon-
sible for the ability of soluble L1 to impede VACV entry.

DISCUSSION

VACV L1 has demonstrated significant potential as an effective
immunogen for vaccine candidates which are in development
against lethal orthopoxvirus diseases (23, 31, 33, 87). Its signifi-
cance is due to its ability to generate potent virus-neutralizing
antibodies (2, 86). Our overall goal of this study was to further
advance our fundamental understanding of this protein. In this
study, we identified a novel structural region in the amino termi-
nus of L1 which is essential for proper protein function. Interest-
ingly, residues within this region are crucial for two different pur-
poses. Some residues are important for the myristoylation of L1,
while others play another critical role during entry that is distinct
from myristoylation.

The role of the myristate moiety of L1. L1 was first discovered
by Franke et al., who characterized the nature and extent of fatty
acid modifications of VACV proteins (25). The radiolabeling of
VACV-infected cells with tritiated myristic acid resulted in the
identification of two major acylated viral proteins, one of which
had an apparent molecular mass of 25 kDa. The authors later
identified the myristoylated protein as the gene product of the
VACV L1R ORF (26) and were the first to demonstrate that the

TABLE 3 Properties of L1 mutants with N-terminal amino acid substitutionsd

Substitution
mutant

Complementation
(% of WT)

MAb detection of discontinuous
epitope:

N-myristoylation
Association
with EFCa

Virion
incorporation

Phylogenetic
conservation of
residuebVMC-2 7D11 VMC-35

G2A 0 	 	 	 	 � � 	 	 All
A3D 0 	 	 	 	 	 	 	 	 	 	 	 	 All
A4D 18 	 	 	 	 	 	 	 	 	 	 	 	 	 Chordopoxvirus only
A5D 1 	 	 	 	 	 	 	 	 	 	 	 	 	 All
S6A 45 	 	 	 	 	 	 	 	 	 	 	 	 All
S6D 0 	 	 	 	 � � 	 	 All
Q8A 81 	 	 	 	 	 	 	 	 	 	 	 	 NTc NT Chordopoxvirus only
WT 100 	 	 	 	 	 	 	 	 	 	 	 	 	 	
a As determined by the ability of the mutant to coimmunoprecipitate with A28, H2, A21, or L5.
b Most of the mutated residues are conserved in orthologs of L1 from all poxvirus genera, including the unclassified crocodilepox virus. A4 and Q8, however, are conserved only
among chordopoxvirus orthologs.
c NT, not tested.
d The numbers of plus and minus signs represent quantitative differences in the data set.
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alteration of its G2 residue to alanine or aspartic acid prevents
the myristoylation of L1. In a separate study using chimeric mu-
tants, the authors showed that the first 13 amino-terminal resi-
dues of L1 influence the efficiency of fatty acid conjugation (54).

In this study, we constructed novel mutations in the canonical
myristoylation motif of L1. Congruently with the findings of
Franke et al. (26), we first confirmed that a conservative replace-
ment of the G2 residue with an alanine abrogated myristoylation.
This is unsurprising, given that the �-amino group of the glycine is
strictly required for the covalent conjugation of the myristate via
an amide bond (22). In addition, we showed that although a rel-
atively conservative change of the S6 residue to an alanine allowed
for myristoylation, a less conservative change in S6 to aspartic acid
completely abolished myristoylation. The availability of mutants
with different myristoylation efficiencies subsequently allowed for
the further delineation of the purpose of the myristoyl moiety.

First, the extent of the myristoylation of G2A, S6D, and S6A

correlates with their capacity to complement virus infectivity (Ta-
ble 3). The nonmyristoylated mutants G2A and S6D were unable
to rescue infectivity in the complementation assay, while the par-
tially myristoylated mutant S6A restored about half of the infec-
tivity of wild-type virions. Employing a similar complementation
assay, Ravanello and Hruby reported that the infectivity of the
G2A mutant generated by their group was almost entirely ablated
(approximately 2% of the wild type) (56). This phenotype was
virtually identical to that of the mutant made by us (0% of the
wild-type level of infectivity). These two studies showcase the im-
portance of the myristate moiety for infectivity.

Second, we observed that the myristoylation efficiencies of
G2A, S6D, and S6A correlate with the authenticity of their con-
formational epitopes and redox states. The majority of the non-
myristoylated mutants exist as redox species lacking at least one
pair of the disulfide bonds that are critical for function (9). The
redox profile of S6A, on the other hand, suggests that about half of

FIG 6 Antibodies raised against a peptide derived from N terminus of L1 do not neutralize virus entry. (A) A 33-amino-acid peptide derived from the N terminus
of L1. The primary sequence of the peptide is shown (top), with residues which are important for complementation underlined. The peptide (orange) is also
highlighted within the context of the ectodomain structure of L1 (bottom). The residues in the structure are color coded as described for Fig. 1A. The secondary
structure of residues 2 to 34 in the ectodomain structure (Str) and the predicted secondary structure of the peptide (Prd) are listed, along with the confidence of
prediction by the Jpred 3 bioinformatics tool (Con) (17). G2 and A3 of the crystal structure were not resolved (dash) (70). (B) The PAb raised against the L1(2-34)
peptide detects VACV L1 from infected cells. Infected cells complemented with wild-type L1 were lysed. Lysate proteins were resolved by SDS-PAGE under
denaturing conditions, transferred to membranes, and probed with R180 (lane 1) or R251 (lane 2). (C) R251 recognizes nondenatured purified virions. Purified
vSIJC-20 virions (8 � 106 PFU per well) (squares) or 3% BSA (circles) was added to 96-well plates. An ELISA was then performed using serial dilutions of R180
(open symbols) or R251 (filled symbols) as the detection antibody. (D) R251 does not neutralize the entry of VACV. Multiple concentrations of anti-soluble L1
PAb (R180), anti-L1(2-34) PAb (R251), or preimmune IgG were preincubated with VACV vSIJC-20 for 1 h. The virus-antibody mix was then added to BSC-1
cells. At 6 hpi, the cells were lysed and �-galactosidase activity was measured.
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its expressed proteins are properly disulfide bonded. According to
the structure of L1 in complex with 7D11 (71), a number of the
residues of the 7D11 epitope are held in position by the Cys34-
Cys57 disulfide bond. Therefore, it was not surprising that both of
the nonmyristoylated mutants exhibited significant changes in
two different conformation-dependent epitopes, including that of
7D11, and that these changes were less drastic for the myristoy-
lated mutant S6A (Table 3).

How does the amino-appended myristate moiety affect the
structural contortions of residues which are distal from the N
terminus? The conventional model for protein folding posits that
during the initial stage of the process, hydrophobic residues col-
lapse to form a compact core (19). The available structural infor-
mation for L1 at the atomic level suggests that its myristate moiety,
which is cotranslationally appended to L1 (22), is critical for es-
tablishing the hydrophobic core during folding. An internal hy-
drophobic pocket exists within the two known nonmyristoylated
structures of L1 (70, 71). The crystallographers noted that in the
crystal structure, the cavity is filled with an electron density likely
to be the polyethylene glycol derived from the crystallization so-
lution (70). They postulated that in the natural myristoylated pro-
tein, the acyl group likely is embedded in the pocket.

Indeed, one of the most conserved hydrophobic residues lining
the cavity, F108, is located at the deepest end of the cavity, where it
is ideally situated for interaction with the terminal methyl group
of the lipid (Fig. 7). We discovered that even a conservative re-
placement of F108 with alanine resulted in the loss of conforma-
tion-dependent epitopes, changes in redox state, and the diminu-
tion of its capacity to restore infectivity, in manners which are
reminiscent of the nonmyristoylated mutants. However, unlike
G2A and S6D, the myristoyl group of F108A is present in the
protein molecule. One explanation is that the lipid group of
F108A, though attached to the polypeptide chain, is not rested
stably within its cavity due to its weakened hydrophobic interac-
tion with the mutant alanine residue. Although a more compre-
hensive mutagenesis study is warranted, it also appears that some
residues within the pocket are more critical than others for struc-
tural integrity and for virion infectivity. Taken together, the struc-
tural and biochemical evidence suggest that myristate serves as a

structural unit in the core of the protein and that the unit is im-
portant for the proper conformation and disulfide bonding of L1
during its processing in VACV-infected cells. Solving the crystal-
lographic structure of a myristoylated form of L1 in the future will
address the validity of this model for the structural position of the
myristate.

Bisht et al. recently demonstrated that the G2A mutant is in a
reduced state and is not recognized by the disulfide bond-sensitive
MAb 7D11 (7). These results are in broad agreement with our
analyses of G2A, where we saw the ablated reactivity of 7D11 to the
redox-reduced G2A. The authors also showed that G2A was dis-
persed throughout the cytoplasm, while wild-type L1 was local-
ized primarily in viral factories. The authors therefore postulated
that the lipid modification is required for the targeting of L1 to
viral membranes in the factories, where the VACV-encoded thiol
oxidoreductases are situated for disulfide bonding and for proper
protein conformation (67–69, 84). A similar concept for the role
of the myristate was also formerly proposed by Ravanello and
Hruby (56).

However, three available lines of evidence do not support this
proposed function for myristate. Most directly, our analyses of
purified virions of two nonmyristoylated mutants illustrate that
these mutant proteins do not have difficulty localizing and being
incorporated into mature viruses. Second, if these nonmyristoy-
lated mutants are indeed misdirected from viral membranes, one
would expect them to have lost their association with other viral
membrane proteins. During morphogenesis, the assembly of EFC
proteins is dependent on the formation of viral membranes (65).
Our finding that both G2A and S6D still remain associated with
EFC constituents as a complex is more consistent with the notion
that the lipid is not required for the membrane targeting of L1.
Lastly, myristoylated proteins which utilize their fatty acid for
membrane anchoring or targeting are typically cytosolic proteins
which lack transmembrane domains (10, 57, 58, 73).

It is likely that the myristate group is required for purposes
other than as a structural component during protein folding. Per-
haps during the host entry of the mature virion, the myristate
moves out of its cavity to fulfill a second role. It is becoming
increasingly clear that a diversity of viruses, such as hepatitis B

FIG 7 Myristoyl switch model for L1. Ribbon representation view of the left side of the L1 structure (71). In the rested conformational state (left), the myristate
moiety (blue model) is buried internally within L1, possibly stabilized by the conserved residue F108 (yellow). Upon activation during entry, loop 1 (asterisk) acts
as a hinge to swing �1 helix (purple) and its amino-appended myristate. This exposes the lipid group transiently and allows it to associate either with host
membranes or a proteinaceous ligand during a critical step of entry. Introducing hydrophilic changes to the residues in the extreme N terminus (arrowhead) may
constrain the movement of the hydrophobic acyl chain. Antibodies, such as 7D11 (orange), may neutralize entry by binding to loop 1 and sterically hinder the
myristate release. Conserved disulfide-bonded cysteines (green) are also shown.
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virus (12, 28, 45), Junín virus (88), lymphocytic choriomeningitis
virus (62), and equine arteritis virus (75), have evolved to capital-
ize on the unique properties of myristate for efficient cell entry or
membrane fusion. The viral membrane fusion protein(s) of
VACV has yet to be identified, although the A17-A27 complex
(41) and the EFC constituent H2 (50) have been proposed as can-
didates. Curiously, L1 does not resemble any of the known viral
fusion proteins in structure. Antibodies generated against a myr-
istoylated form of the L1(2-34) peptide did not neutralize VACV
entry (C. H. Foo, J. C. Whitbeck, M. Ponce-de-León, G. H. Cohen,
and R. J. Eisenberg, unpublished data), although it should be
stressed that it is challenging to confirm that these antibodies do in
fact bind to the lipid moiety, since myristoylated peptides are rel-
atively insoluble in water. Circumventing this technical issue for
the acylated short peptides and the future use of myristoylated L1
polypeptides will aid in elucidating the exact role of the myristoyl
moiety during entry.

The role of the conserved N-terminal residues of L1 (the so-
called myristoyl switch model). The myristoyl switch model has
been used to describe the operative mechanism of several cellular
myristoylated proteins, such as the photoreceptor-specific protein
recoverin (4, 80). The myristate group of recoverin can adopt two
distinct conformations: exposed and available to promote mem-
brane binding or sequestered inside a hydrophobic binding
pocket within recoverin. The transition between these two states is
regulated by calcium (3, 81). Calcium binding to the cytosolic
form of recoverin triggers major conformational changes in the
protein, causing its hidden myristate to flip outside the protein
and converting it to the membrane-bound state.

Here, we propose a myristate switch model to describe the
operation of L1 during entry (Fig. 7). This proposal is in accor-
dance with what was articulated by the crystallographers who
solved the structure of L1 (70). In this model, the lipid moiety of
L1 would be buried within the protein prior to cell host entry.
Upon encountering the appropriate cellular signals during the
entry process (such as receptor binding and/or low pH), the acyl
chain will be expelled to perform its second function. Possible
functions include (i) the binding of L1 to an EFC protein that it
was not directly interacting with previously during its resting
phase, (ii) insertion into the viral membrane, or (iii) insertion into
the host membrane to act as an anchor for the subsequent fusion
of the viral and host lipid bilayers. Either of the last two scenarios
would be consistent with the observation by Ravanello et al. that
the acylated N-terminal fragment of L1 can retarget a fusion pro-
tein to cell membranes (54). One potential avenue for lipid extru-
sion is for loop 1 of L1 to act as a hinge (Fig. 7, asterisk) and swing
the myristate-containing �1 helix away from the core of the pro-
tein. In this format, MAbs which bind to the top of the protein
would prevent loop 1 from changing its conformation and conse-
quently will have a neutralizing effect on entry. In fact, neutraliz-
ing epitopes of multiple MAbs have been mapped to this portion
of L1 (Fig. 1A and 7) (2, 71).

We have demonstrated that substitutions of two of the N-ter-
minal residues (A4 and A5) which are not part of the myristoyl-
ation motif either abolished or drastically diminished the comple-
mentation of infectivity. Interestingly, all other phenotypes for
A4D and A5D, including N-myristoylation and structural confor-
mations, do not appear to be significantly affected (Table 3). Is it
possible that A4 and A5 serve as a docking motif for the binding
partners of L1? Preliminary studies indicate that N-terminal pep-

tides of L1 do not compete with soluble L1 for cell binding and do
not suppress VACV entry, even at high concentrations (C. H. Foo
et al., unpublished). In this report, we have also shown that poly-
clonal antibodies targeted against this region do not neutralize
host entry. These results suggest that the N terminus of L1 is not
the region responsible for the cell binding of L1 or for recombi-
nant forms of it to inhibit entry. Furthermore, A4D and A5D do
associate with subunits of the EFC. In sum, these two important
alanine residues are not likely to constitute the binding site for any
of the interaction partners of L1, either viral or host in nature. One
plausible role for these conserved alanines is that they are signifi-
cant for the conformational changes that L1 undergoes during
entry. In the myristoyl switch model, it is critical during the con-
formational change that the lipid is flexible enough to swivel
around the axis of the N-terminal peptide it is connected to. As
such, the introduction of hydrophilic aspartic acid residues close
to where the hydrophobic myristate is linked to L1 (Fig. 7, arrow-
head) would be expected to restrict this swiveling movement, ul-
timately deterring virus entry. The generation of paired cysteine
mutants with disulfide bonds to limit the movement of �1 helix
will help assess the veracity of this postulated model.

The panel of L1-specific MAbs and the creation of substitution
mutants, coupled with two X-ray crystallographic structures of
L1, provide a rich nucleus of resources for the in-depth functional
analysis of this protein. Further studies of L1 will shed some light
on how these large DNA viruses with multiple entry proteins em-
ploy unique strategies to enter a diversity of eukaryotic cells.
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