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Identification of the membrane-spanning domain of glycoprotein 45
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Summary. - The membrane-spanning domain (MSD) of the transmembrane subunit (TM) anchors the
envelope glycoprotein (Env) on the lipid bilayer of the host cell membrane and virions. Its functions include
membrane fusion efficiency and intracellular trafficking of the lentivirus envelope protein. Our study aimed
to determine the MSD of bovine immunodeficiency virus (BIV) glycoprotein 45 (gp45) and reveal structural
characteristics of the BIV Env protein. We have predicted the region of the BIV MSD and obtained the sequence
using bioinformatics software. Various kinds of assays, including analogy analysis, fluorescence microscopy,
and dye-transfer-based assays, were carried out to validate the prediction. The results, for the first time, show
that the BIV MSD is located at the D170 to M191 amino acids of gp45, and the identified MSD divides gp45
into the extracellular domain (ED), MSD and cytoplasmic domain (CT). We further found that the BIV MSD
had a similar structure and function as the HIV MSD using amino acid sequence alignment and fluorescence
microscopy. Additionally, the dye-transfer-based assay demonstrates that deletion of the BIV MSD efficiently
decreases cell-cell fusion. Based on the identification of the MSD, a “snorkeling” model, in which the flanking
charged amino acid residues are buried in the lipid bilayer while their side chains interact with polar head
groups, was proposed for the BIV MSD. Ultimately, we further improved the primary structure of the BIV
envelope glycoprotein.
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Introduction

BIV belongs to the lentivirus genus of the subfamily
Orthoretrovirinae of the Retroviridae family and causes
a persistent viral infection in cattle and buffalo. Infection
with BIV has been associated with lymphadenopathy,
lymphocytosis, central nervous system lesions, progressive
weakness, a decreased lymphocytic blastogenic response
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Abbreviations: BIV = bovine immunodeficiency virus; CT = cy-
toplasmic domain; ED = extracellular domain; Env = envelope;
HIV = human immunodeficiency virus; MSD = membrane-span-
ning domain abbreviated; SIV = simian immunodeficiency virus;
SU = surface subunit; TM = transmembrane subunit

and bovine paraplegic syndrome, leading to decreased milk
yield and a threat to the survival of the cattle (Bhatia et al.,
2013). Further research on BIV is needed to elucidate its
possible role in animal health, as well as to understand the
molecular mechanisms adopted by related lentiviruses. BIV
can significantly reduce the loss of dairy farmers, so its study
is important for the control of the disease.

The BIV genome, similar to human immunodeficiency
virus (HIV) and other lentiviruses, contains the structural
genes gag, pol, env and several accessory genes tat, rev, vif,
vpw, vpy, and tmx. However, although some studies on
BIV are focused on tat (Guo et al., 2013), vif (Zhang et al.,
2014) rev (Gomez Corredor and Archambault, 2009; Gomez
Corredor and Archambault, 2012) and others (Albernaz et
al., 2015; Liu et al., 2015), very scarce attention has been
paid to env. The Env of BIV is composed of two subunits:
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gp100, a surface subunit (SU) that binds host cell receptors,
and gp45, a transmembrane subunit (TM) that ultimately
inserts into the host cell membrane and promotes the fusion.
The conservative and variable regions of BIV SU have been
defined by the Suarez group (Suarez and Whetstone, 1995).
However, the BIV TM functions has not yet been clarified.

In the genus lentivirus of the retroviruses, the TM com-
monly consists of an extracellular domain (ED), MSD, and
cytoplasmic domain (CT) (Weiss, 2003). The extracellular
domain mediates membrane fusion. It contains a fusion
peptide (Bosch et al., 1989) and two heptad repeat regions,
HR1 and HR2 (Chan et al., 1997), which were determined in
2005 (Li et al., 2005). The cytoplasmic domain is important
for intracellular trafficking, and it affects the incorporation
of Env into the budding viral particle (Salzwedel et al., 1999;
Lu et al., 2008; Bhakta et al., 2011; Postler and Desrosiers,
2012). The MSD usually consists of 20-25 highly conserved
hydrophobic amino acids and forms an alpha-helix in the
lipid bilayer. Several studies have indicated that the MSD
plays a particularly important role in membrane fusion. For
example, a previous study showed that substituting a leucine
residue for the conserved arginine residue within the MSD
resulted in a replication-incompetent virus (Owens et al.,
1994). Furthermore, fusion activity was severely impaired
in MSD-replacement mutants (Miyauchi et al., 2005). Shang
et al. have reported that substitutions within the MSD “core”
delays the kinetics and reduces the efficiency of cell-cell fu-
sion mediated by HIV Env (Shang and Hunter, 2010).

The MSD of HIV and simian immunodeficiency virus
(SIV) have two alternative models. The original HIV-1 MSD
model predicts a structure of 25 amino acid residues from
K681 to R705 in the form of the alpha helix. The charged
amino acid R694 is buried in the membrane. The original
SIV MSD is from lysine 164 to lysine 191 and contains an
arginine in the membrane at position 180. An alternative
“snorkeling” model was first proposed for the SIV MSD
(West et al., 2001), and it was also applicable to the HIV-1
MSD (Yue et al., 2009). The “snorkeling” model involves
fewer amino acids than the original model. In “snorkeling”
model, the MSD forms the alpha-helix. This model has an
alpha-helical “core” region, which consists of 12 hydrophobic
residues between K681 and R694 in HIV-1 and 15 hydro-
phobic residues between K689 and R705 in SIV, respectively.
This “core” region could be stably accommodated within the
membrane. The lysine and arginine residues are buried in
the lipid bilayer, while their long side chains are proposed
to extend outward to the membrane surface and present the
positively charged amino groups to the negatively charged
head groups of the lipid bilayers.

Although the MSD is crucial for anchoring Env in the
membrane and for virus entry, the structure and function of
the BIV MSD are not clear. Therefore, identification of the
BIV MSD will reveal structural characteristics of the Env

protein and provide the fundamental primary structure for
further studies of the BIV Env.

In this study, the MSD regions of the BIV Env were deter-
mined using bioinformatics assays and functional verifica-
tion. For comparison, some work was also performed using
the HIV Env protein. Our results show that the BIV MSD is
from D170 to M191 amino acids of gp45, as predicted. The
amino acid sequence alignment analysis and fluorescence
microscopy assay demonstrated that the MSD of BIV and
HIV had a similar primary and secondary structure. Fur-
thermore, the fluorescence microscopy assay demonstrated
that the MSD of BIV and HIV had common functional char-
acteristics. The dye-transfer-based assay results suggest that
the BIV MSD is critical for membrane fusion. Based on the
identification of MSD, a “snorkeling” model was proposed
for the BIV MSD. This study regarding the BIV Env protein
improves knowledge of the Env of lentiviruses, regarding
their primary structure and membrane fusion. Moreover, it
will facilitate the development of BIV vaccines.

Materials and Methods

Sequences acquirement and prediction. The env gene of BIVR29
was obtained from NCBI (NC_001413). The membrane-spanning
domain of gp45 in BIV was predicted using the TMpred program
(http://www.ch.embnet.org/software/TMPRED_form.html), HM-
MTOP program (http://www.enzim.hu/hmmtop/) (Tusnady and
Simon, 1998; Tusnady and Simon, 2001) and TMHMM program
(http://www.cbs.dtu.dk/servicess TMHMM-2.0/). The Helical Wheel
Projections (http://rzlab.uct.edu/scripts/wheel/wheel.cgi) was used
for predicting the secondary structure of MSD. The TMpred pro-
gram makes a prediction of membrane-spanning regions and their
orientation. The prediction is made using a combination of several
weight-matrices for scoring. HMMTOP is an automatic server for
predicting transmembrane helices and the topology of proteins at
the Institute of Enzymology. The method used by this prediction
server is described previously (Tusnady and Simon, 2001). Moller
et al. showed that TMHMM is currently the best performing trans-
membrane prediction program (Moller et al., 2001).

Plasmids. BIV127 (Braun et al., 1988), a BIV provirus clone,
and HIV pNL4-3 were provided by Dr. Charles Wood (University
of Nebraska Lincoln). pcBIV, where the Env fragment of BIV, was
inserted into the pcDNA3.1 (+) vector, was provided by Dr. Wentao
Qiao (Nankai University). The pEGFP-C1 vector (Clontech Labo-
ratories, Inc., USA) carries the enhanced green fluorescent protein
(EGFP) gene as a reporter gene and the kanamycin-resistance gene
as a selection marker.

Plasmids construction. Six plasmids were constructed in our
study, and all of them expressed the green fluorescent protein and
the objective gene. The objective MSD/NC fragment was synthe-
sized with oligonucleotides by Sangon Biotech (Shanghai, China)
with additional EcoRI and BamHI restriction sites. HIV-gp45/BIV-
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gp41 was amplified by PCR from the infectious molecular clone
BIV127/pNL4-3. Xhol and EcoRI restriction sequences were added
to the 5' end of the forward and reverse primers, respectively. PCR
was carried out at 95°C for 2 min, followed by 25 cycles at 95°C
for 30 s, 55°C for 30 s, and 72°C for 2 min, followed by 1 cycle at
72°C for 10 min. The amplified products were subcloned into the
PEGFP-C1 vector. In the ligation reaction, 100 ng of vector were
used in 20 pl reaction mixture. MSD/NC fragment was in 5:1 molar
ratio over vector, while HIV-gp45/BIV-gp41 fragment was in 3:1
molar ratio over vector. The primers used in this study are shown
in the Tablel.

The plasmids of pcBIV-nonMSD were constructed in this
study using Thermo Scientific Phusion Hot Start IT High-Fidelity
DNA polymerase (Thermo Scientific, USA). PCR was carried out
at 98°C for 30 s, followed by 25 cycles at 98°C for 10 s, 55°C for
30 s, and 72°C for 10 min, followed by 1 cycle at 72°C for 10 min.
All mutations were confirmed by DNA sequencing using a primer
approximately 100 bp upstream from the MSD sequence.

Cell culture. COS-1, BHK21, HeLa and CV-1 cell lines have been
used in our study (ATCC, USA). All the cell lines were cultured
in Dulbecco's Modified Eagle Medium (DMEM, Gibco, USA) and
supplemented with 10% fetal bovine serum (FBS), 0.1% penicillin,
and 0.1% streptomycin at 37°C and 5% CO,.

Dye-transfer-based assay. The assay was based on calculation
of dye-transfer events between fluorescently labeled target and
effector cells, as described previously (Cohen and Melikyan, 1998;
Munoz-Barroso et al., 1998). COS-1 cells expressing Env (desig-
nated the 'effector cells') were labeled with the cytoplasmic marker
CMAC (Molecular Probes, USA). BHK21 cells (the 'target cells’)
were co-labeled with the cytoplasmic marker Cal-AM (Molecular
Probes) and Dil (Molecular Probes). Briefly, a confluent monolayer
of COS-1 cells on a poly-L-lysine (Sigma)-coated slide (1x10° cells)
was washed twice with PBS and incubated for 30 min at 37°C with
DMEM containing 30 mmol/l CMAC. The BHK21 cells (3x10°
cells) were co-labeled with 5 mmol/l Cal-AM and 1 mmol/l Dil
in DMEM. To induce fusion, fluorescently labeled effector cells
and target cells were then co-cultured at 37°C for 3 h. The fu-
sion events were assessed by fluorescence microscopy (Olympus,

Japan). For each sample, fusion events from at least three random
different vision fields were collected, and the data were analyzed
by overlaying the images using Image-Pro Plus software (Media
Cybernetics, USA). The extent of fusion was calculated as the
ratio of fused cells (positive for all three dyes) to the sum of fused
cells and the number of effector-target cell pairs that did not fuse
(Abrahamyan et al., 2003).

Fluorescence microscopy assay for distribution. To determine the
intracellular distribution of the envelope proteins, we generated
a series of expression vectors (Fig. 2d). HeLa and CV-1 cells were
transfected with those expression vectors. After 24 h of culture, the
cells were observed, and images were obtained using fluorescence
microscopy (IX71, Olympus, Japan).

Results
Prediction of membrane-spanning domain

Three different bioinformatic softwares, TMpred, HM-
MTOP and TMHMM were applied to predict the MSD of
the BIV Env protein. First, BIV gp45 protein sequences were
inputted to the prediction programs, respectively. Next, we
followed the directions to analyze the sequences. TMpred
and HMMTOP predicted the same three domains, however,
TMHMM only predicted two domains in BIV gp45 (Fig. 1).
We concluded that based on the consistent results predicted
by these three programs, 2-27 amino acids and 170-191
amino acids (557-572 and 725-746 amino acids of BIV Env)
were candidates for the MSD of gp45 (Fig. 1a, b and ¢).

Identification of membrane-spanning domain

BIV, HIV-1 and SIV all belong to the lentivirus family
(ICTV 2011), and they have similar morphological, immu-
nological and genetic characteristics (Gonda et al., 1987).
Particularly, the products of the accessory genes ‘vif and
‘tat, as well as those of the structural genes ‘gag, ‘pol’ and

Table 1. Primers used in this study

Primers Sequence (5'-3")

BIV-MSD-F AATTCCATGGACTGGATAAAAATCATTATAGTAATCATTGTACTTTGGCTTCTGATAAAGATTCTCCTAGGTATGG
BIV-MSD-R GATCCCATACCTAGGAGAATCTTTATCAGAAGCCAAAGTACAATGATTACTATAATGATTTTTATCCAGTCCATGG
HIV-MSD-F AATTCCATGAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCT

HIV-MSD-R GATCCCCTAACTCTATTCACTATAGAAAGTACAGCAAAAACTATTCTTAAACCTACCAAG

BIV-gp45-F CCGCTCGAGCGGCGATGGCAGTCGGACTAGCAATATTC

BIV-gp45-R CGGAATTCCGCTACTGAGAACCTCTCAGGCCTTCATACC

HIV-gp41-F CCGCTCGAGCGGCGATGGCAGTGGGAATAGGAGCTTTG

HIV-gp41-R CGGAATTCCGTTATAGCAAAATCCTTTCCAAGCCC

BIV-NC-F AATTCCATGCTGTCCATGGGAGTAGGAATGCTACTAGGAGTATATTGTCAGTTACCAGACACACTGATTTGGG
BIV-NC-R GATCCCCAAATCAGTGTGTCTGGTAACTGACAATATACTCCTAGTAGCATTCCTACTCCCATGGACAGCATGG
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Fig. 1

Prediction of the BIV MSD by using the program HMMTOP, TMpred and TMHMM
(a) The result of the BIV MSD prediction using the HMMTOP program. Three regions, 6-25, 174-192, and 272-291, are BIV-MSD candidates. Shorthand:
inside loop (I), inside tail (i), membrane helix (h), outside tail (0) and outside loop (O). (b) The result of the BIV-MSD prediction using the TMpred
program. Only scores above 500 are considered significant. Three regions, 2-21, 170-189, and 267-287, were predicted. (c) The result of the BIV-MSD
prediction using the TMHMM program. TMHMM predicted the MSD probably in the 2-27 and 170-191 of the BIV gp45.

‘env’, of BIV have some sequence similarities to their coun-
terparts in HIV-1. Therefore, to identify the MSD of BIV, we
can use the protein primary structure of HIV for reference.
The Env of HIV-1 is synthesized as a precursor of gpl160
and then processed into a heterodimer consisting of gp120
and gp41. The gp41 subunit is organized into three major
domains: an extracellular domain, a MSD and a cytoplasmic
domain (Fig. 2a).

The extracellular domain contains the major fusion de-
terminants: N-terminal hydrophobic region known as the
fusion peptide (Bosch et al., 1989; Freed et al., 1990; Freed
et al., 1992) and an alpha-helical coiled-coil structures re-
ferred to as the heptad repeat regions HR1 and HR2 (Lu et
al., 1995; Chan et al., 1997; Tan et al., 1997; Weissenhorn
et al., 1997) (Fig. 2a). The MSD is located downstream of
HR1 and HR2. Li et al. predicted the region of BIV HR1

and HR2 (Li et al., 2005). Therefore, we assume that the HR2
downstream 170-191 amino acids of BIV gp45 is the MSD
and 2-27 amino acids at the N-terminal of gp45 are likely
to be the fusion peptide.

The primary and secondary structures of the BIV MSD
and the HIV MSD have similar characteristics

After determining the BIV MSD, we compared the BIV
MSD and HIV MSD amino acid sequence by CLUSTALW
(http://www.genome.jp/tools/clustalw/). The results dem-
onstrated that the amino acids of BIV MSD and HIV MSD
had similar characteristics (Fig. 2b).

To determine whether BIV MSD can form an alpha-
helix, the Helical Wheel Projections (http://rzlab.ucr.edu/
scripts/wheel/wheel.cgi) program was applied (Fig. 2c). The
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Identification of the BIV MSD

(a) Schematic diagram of BIV and HIV Env. (b) The comparison of the homology of the BIV and HIV MSD. Asterisk (*) indicates a single, fully conserved
amino acid residue; colon (:) indicates conservation between groups of strongly similar properties; period (.) indicates conservation between groups of
weakly similar properties. (c) Helix wheel analysis of the predicted coiled-coil regions of BIV and HIV MSD. The output presents the hydrophilic residues as
circles, hydrophobic residues as diamonds, potentially negatively charged as triangles, and potentially positively charged as pentagons. The most hydrophobic
residue is green, and the amount of green decreases proportionally to the hydrophobicity, with zero hydrophobicity coded as yellow. Hydrophilic residues
are coded red, with pure red being the most hydrophilic (uncharged) residue, and the amount of red decreasing proportionally to the hydrophilicity. The
potentially charged residues are light blue. (d) Schematic diagram of the constructed plasmids of BIV and HIV used in this study.

HIV MSD, as a comparison, underwent the same analysis.
The results showed that BIV MSD can form an alpha-helix
and the secondary structure of BIV MSD is similar to HIV
MSD. They are composed of hydrophobic amino acids and
the basic amino residues are positioned on opposite sides of
the MSD alpha-helix assumption.

The BIV MSD and HIV MSD changed the intracellular dis-
tribution of GFP according to their hydrophobic properties

To further verify the prediction of the BIV MSD, we
constructed a series of GFP-tag fusion protein expressing
plasmids (Fig. 2d), previously described in the materials
and methods. HeLa and CV-1 cells were transfected with the
PEGFP-C1 vectors pBIVgp45 and pHIVgp41, respectively.

After 24 h of cultivation, images of the cells were taken us-
ing fluorescence microscopy. The results showed that BIV
gp45 and HIV gp41 changed the intracellular distribution of
GFP. We speculated that the MSD of TM (gp45/gp41) plays
a very important role in the intracellular distribution of the
fluorescent protein. To verify this hypothesis, we examined
the distribution of pBIV-MSD in HeLa cells and CV-1 cells.
We observed that pBIV-MSD and pBIVgp45 had the same
fluorescence distribution, with GFP distributed throughout
the cytoplasm (Fig. 3). The same result was obtained in HIV.
These results suggest that the predicted BIV MSD has the
same properties to change GFP distribution as HIV MSD.
We think that the hydrophobic properties of the MSD are
the reason for BIVgp45 distribution in the cytoplasm.
We inserted the 52-74 amino acids of BIV gp45 into the
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The localization analysis of the BIVgp45 and HIVgp41 fragments
(a) HeLa or CV-1 cells were transfected with 6 different plasmids, including
pEGFP-C1, pBIVgp45, pHIVgp41, pBIV-MSD, pHIV-MSD, and pEGFP-
NC. After 24 h of cultivation, the cells were observed, and images were
obtained using fluorescence microscopy. (b) HeLa cells were transfected
with pBIV-MSD for 24h. DAPI was used to stain the cell nuclei (blue).
Images were obtained using fluorescence microscopy.

PEGFP-CI1 vector as a control and designated it as pBIV-NC
(Fig. 2d). The results showed that the 52-74 amino acids of
BIV gp45 could not change the intracellular distribution of
GFP (Fig. 3). These data suggest that the intracellular distri-
bution of BIVgp45 is probably due to the highly hydrophobic
amino acid sequence of the MSD.

Cell-cell fusion efficiency was significantly decreased by
the deletion of the BIV MSD

The previous data suggest the involvement of the HIV
MSD in membrane fusion (Miyauchi et al., 2005; Shang et
al., 2008; Kondo et al., 2010; Bhakta et al., 2011; Reuven
et al., 2012), and the length of this region is more impor-
tant than its amino acid conservation (Yue et al., 2009).

Therefore, we further assumed that the BIV MSD should
be involved in membrane fusion too. To determine the
ability of BIV MSD to mediate cell-cell fusion, the dye-
transfer-based assay was performed. Briefly, COS-1 cells
were transfected with pcBIV or pcBIV-nonMSD, and co-
cultured with BHK21 cells for 3 h, and then underwent the
cell-cell fusion assay and fluorescent probe transfer assay.
The COS-1 cells as effector cells were loaded with 7-amino-
4-chloromethylcoumarin (CMAGC; blue), while the BHK21
target cells were loaded with the lipophilic octadecyl (C18)
indocarbocyanine probe Dil (red) and the cell-permeant
and non-fluorescent compound Calcein-AM (green). The
fused cells containing all three dyes were then quantified
using fluorescence microscopy (Fig. 4a). The statistical re-
sults suggested that the Env proteins containing the MSD
regions exhibited higher fusion efficiency than those with
an MSD deletion (Fig. 4b).

The “snorkeling” model proposed for the BIV MSD

The MSD of HIV and SIV have two alternative models,
original model and “snorkeling” model (West et al., 2001;
Yue et al., 2009). In our study, we found that the original
model cannot be applicable for BIV MSD, because the BIV
MSD has less than 25 amino acids. So, we have proposed
“snorkeling” model for BIV MSD. According to previous
reports (West et al., 2001; Yue et al., 2009), the “snorkelling”
model needs to fulfil the characteristics as: the MSD forms
alpha helix in the lipid bilayer and contains an alpha-helical
“core” region; the “core” region and two basic amino acids are
buried in the lipid bilayer; the total lengths of “core” region
and basic amino acid side chains should be between 30-40
A; side chains of basic amino acids are proposed to extend
outward to the membrane surface and present the positively
charged amino groups to the negatively charged head groups
of the lipid bilayers.

As shown in Fig. 5a, compared with the determined HIV
MSD, the BIV MSD is from D725 to M746 (D170 to M191 of
gp45) and contains two lysins in the membrane at position
728 and 741. This model predicts a hydrophobic intram-
embrane core of 12 amino acid residues (same to 12 amino
acid residues in the HIV MSD) between K728 and K741.
The length of alpha-helix formed from “core” region and
two basic amino acids is approximately 21 A and the length
of the side chain of lysine is approximately 6.4 A. Thus, the
addition of the length of the 14-amino-acid alpha-helix and
those of the two side chains of K728 and K741 reaches 33.8 A.
The two lysins of BIV (compared to the lysine and arginine
residues in the HIV MSD) are buried in the lipid bilayers,
while their long side chains are proposed to extend outward
to the membrane surface and present the positively charged
amino groups to the negatively charged head groups of the
lipid bilayers. This result suggests that the length of the BIV
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MSD is great enough to cross the viral membrane, and the
“snorkeling” model is more suitable for the MSD structure
model than the original model.

Discussion

Env plays an essential role in the viral replication cycle
by mediating the fusion between viral and cellular mem-
branes during viral entry. The MSD usually consists of 20-25
highly conserved hydrophobic amino acids and forms an
alpha-helix in the lipid bilayer. The MSD not only anchors
Env on the lipid bilayers, but it is also associated with Env-
mediated membrane fusion (Raja et al., 1994; Wilk et al.,
1996; Miyauchi et al., 2005; Welman et al., 2007). Prior
research regarding the MSD mainly focused on HIV and

Fig. 4

Fusion assays by dye-transfer-based assay

(a) Fluorescent microscopic images of cell-cell fusion mediated by Env
using a dye-transfer-based assay. Effector (COS-1) cells expressing Env
were labelled with CMAC (blue). Target (BHK21) cells were co-labelled
with Dil (red) and Calcein-AM (green). Fluorescent images for each dye
were acquired. Fused cells are depicted by arrowheads. (b) Comparison of
the fusion efficiency of Env-WT and Env-nonMSD. The results are shown
as the means+SD of three independent experiments.

SIV. However, these studies have not considered BIV. In this
study, we aimed to identify the MSD of gp45 in BIV using
bioinformatics predictions and experimental demonstrations
and to determine the primary structure of BIV Env for use
in further studies.

Here we have determined that the MSD spans from
D170 to M191 amino acid in the BIV gp45, including 18
hydrophobic amino acids. In the secondary structure, basic
amino acids are located on both sides of the alpha-helix,
which is similar to other lentiviruses. In addition, a series
of experiments verified the prediction. These studies also
demonstrated that all the envelope proteins from different
lentiviruses have common structural features. We further
demonstrated that the MSD deletion mutant inhibited cell-
cell fusion using dye-transfer-based fusion analysis. The
results proved that MSD is required for fusion.
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It has been reported that a length of 21 amino acid resi-
dues was sufficient for SIV Env to be incorporated into viral
particles (West et al., 2001). Therefore, the entire 22-amino-
acid region of BIV is enough to mediate viral incorporation
and infectivity. While some transmembrane proteins do
contain charged amino acid residues in their MSD, it is
normally considered to be energetically unfavorable without
a mechanism to neutralize the charge (Cosson and Bonifa-
cino, 1992; Fujiyoshi, 1998). In BIV, the MSD is 22 amino
acids long, including 18 hydrophobic amino acids and 2
basic amino acids. The MSD of HIV contains well-conserved
glycine residues that form the GXXXG motif (G, glycine; X,
other amino acid residues) (Senes et al., 2004), a motif often
found at the helix-helix interface of membrane-spanning
alpha-helices. The primary structure of the MSD of HIV-1
Env also has two basic amino residues in its hydrophobic
amino acid sequence. Interestingly, we found that the BIV
MSD does not contain the GXXXG motif (Miyauchi et al.,
2005). We consider that this may be a reason for the lower
spread of BIV in comparison to HIV. Downstream of the
GXXXG motif, the MSD of HIV-1 Env has the critical ar-
ginine residue for efficient membrane fusion [46]. The basic
amino acid "K" replaces "R" in the BIV MSD, but we assume
that "K" and "R" have the same function of anchoring the Env
glycoprotein in the membrane.

Researchers have predicted two kinds of MSD models, the
original model and the “snorkeling” model (West et al., 2001;
Yue et al., 2009). The original model requires 25 amino acid
residues in the form of an alpha helix. The charged amino acid
(R694 of HIV) is buried in the membrane. The “snorkeling”
model provides a mechanism by which this relatively short
(12 and 15 amino acids in HIV-1 and SIV, respectively) region
could be stably accommodated within the membrane. In this
model, the membrane-imbedded charged residues (K681
and R694 of HIV; K689 and R705 of SIV) can be neutralized
by side-chain interactions with lipid polar head groups. Our
study found that the “snorkeling” model, rather than the
original model, was suitable for the BIV MSD. This is because
the number of amino acids in the BIV MSD is not sufficient
to support the original model. Therefore, our results directly
support the “snorkeling” model. Our study predicts and veri-
fies the MSD of BIV gp45 for the first time and further clarifies
the BIV Env primary structure by confirming the extracel-
lular domain, MSD and cytoplasmic domain of gp45. Finally,
based on previous studies regarding Env primary structure
(Suarez and Whetstone, 1995; Li et al., 2005) and our results,
we constructed the primary structure of BIV Env. The clear
fundamental structure of BIV Env will contribute to further
studies on BIV Env, such as study of how the ED domain
mediates BIV Env fusion and how the CT domain affects the
incorporation of Env into the budding viral particle.

There are some limitations to the current study. In the dye-
transfer-based assay, the MSD deletion mutation reduced

(a)

BIV MSD

Cleavage site ED I CT

Fig. 5

Schematic structure of the BIV MSD and Env sequence

(a) A “snorkeling” model of the BIV MSD is supported by comparing with
the known HIV MSD. In this model, both BIV and HIV MSD have an
alpha-helical “core” region, 12 hydrophobic residues between K728/K681
and K741/R694. Interactions of the positively charged side chains of K728/
K681 and K741/R694 (+) with the negatively charged phospholipid head
groups (-) are shown. (b) A schematic diagram of the improved primary
structure of the BIV Env. In gp100, a total of six conserved regions (c)
and six hypervariable regions (V) were defined. The gp45 was divided by
MSD into three regions, including ED, MSD and CT. (FP: fusion peptide;
HR: heptad repeat; MSD: membrane-spanning domain; ED: extracellular
domain; CT: cytoplasmic domain).

cell-cell fusion. To examine how the MSD deletion mutant
influences the fusogenicity of the BIV Env, we wanted to
establish whether this decrease in fusion resulted from an
altered transport and expression on the cell surface using
flow cytometry, however the commercial antibody was not
available. However, the cell distribution and localization
characteristics of BIVgp45 and BIVgp45-nonMSD were
consistent. This result excluded the possibility that the ab-
sence of the MSD altered the biosynthesis of the glycoprotein
precursor or its transport to the Golgi network for comple-
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tion of carbohydrate processing and cleavage into the SU
and TM subunits.

In conclusion, we determined that the BIV MSD is lo-
cated at D170 to M 191 amino acids of gp45, and BIV MSD
has similar hydrophobic and structural characteristics with
other members of the lentivirus family. Moreover, this study
improves the understanding of the MSD of lentiviruses. We
found that the GXXXG was located mostly at the helix-helix
interface of membrane-spanning alpha-helices, but not all
of the MSD contained the GXXXG motif, such as the BIV
MSD. We also determined that, instead of the original model,
the “snorkeling” model represents the BIV MSD structure
in the lipid bilayer. In addition, we provided a fundamental
structure for further research on the function of Env, such
as cell-cell fusion. More in-depth studies of key amino acids
and the core area of BIV MSD should be performed in the
near future. If BIV Env antibody is available, other viral
properties, such as processing, transportation and expression
of Env, may also be involved.
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