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The transmembrane (TM) protein of human immunodeficiency virus type 1 has been demonstrated to be
involved in viral infectivity and syncytium formation. Two highly conserved cysteine residues in the
extracellular region of the TM protein are shown to be essential for processing the 160-kDa envelope precursor

into the active 120- and 41-kDa mature forms.

The human immunodeficiency virus type 1 (HIV-1) is the
etiologic agent of AIDS (1). The envelope glycoprotein is
initially synthesized as a 160-kDa precursor (gpl60), which is
subsequently cleaved into a 120-kDa surface protein (gpl20,
designated SU), and a 41-kDa transmembrane protein (gp4l,
designated TM) (12). The SU protein of HIV is necessary for
binding virus to CD4+ cells (9). The TM protein has been
demonstrated to be involved in fusion of the viral and
cellular membranes allowing virus entry into the cytoplasm
and syncytium formation (2, 5; our unpublished observa-
tions). The extracellular portion ofTM has also been shown
to be necessary for attachment of SU to TM (5, 9; our
unpublished observations). Additionally, the TM protein has
been demonstrated to be necessary for the oligomerization
of the envelope protein to form dimers, trimers, and tetra-
mers (4, 15).
The determinants necessary for the processing of gpl60

into the SU and TM proteins have previously been demon-
strated to lie at the carboxy terminus of the SU protein (12).
However, the regions of the TM protein necessary for
cleavage of gpl60 have not been previously identified. The
results presented in the current study demonstrate the role of
two conserved cysteine residues of TM (residues 598 and
604) in HIV infectivity and processing of gpl60 precursor.
Additionally, the cysteine residues are shown not to have a
role in the oligomerization of the envelope protein.
Complete conservation of cysteine residues 598 and 604

was found in the TM proteins of HIV-1, HIV-2, and simian
immunodeficiency virus strains (Fig. 1). Furthermore, cys-
teine residues are found at similar positions in the TM
proteins of other retroviruses, including feline immunodefi-
ciency virus, visna virus, and human T-cell lymphotropic
virus type I (Fig. 1) (14). Cysteine residues in TM are also
found at the same position in Rous sarcoma virus (8),
numerous strains of murine leukemia viruses (13), Mason
Pfizer monkey virus, and mouse mammary tumor virus (6).
To analyze the function of the cysteine residues in the TM

protein, mutations were made in the parental proviral HIV-1
clone HXB2. Mutagenic oligonucleotides which replaced the
cysteine residues at positions 598 and 604 with serine resi-
dues were synthesized and were designated DC3 and DC4,
respectively (10). The DC3 mutation was created by chang-
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ing nucleotides 7592 and 7593 (T and T) (16) to G and A,
respectively, converting the cysteine to a serine codon and
inserting a Sacd site. The DC4 mutation was created by
changing nucleotides 7611 and 7622 from T and T to A and
A, respectively, again converting the cysteine codon to a
serine codon and inserting a PstI site downstream. Plasmids
were synthesized and used to make vaccinia virus recombi-
nants to express the HXB2, DC3, and DC4 envelope pro-
teins. The envelope genes of HXB2, DC3, and DC4 were
inserted into the SC11.4 plasmid (a modified SC11 plasmid
with a polylinker placed in the SmaI site) (2a, 11) and used to
create the recombinant vaccinia viruses vvENV (HXB2
envelope gene expressor), vvDC3 (DC3 envelope gene ex-

pressor), and vvDC4 (DC4 envelope gene expressor), with
the nonrecombinant vaccinia virus, designated vvWT.
The infectivity of HXB2, DC3, and DC4 was determined

by transfecting COS-1 and COS-7 cells and then by coculti-
vation with CEM, MOLT 3, SUP Ti, and MT4 T-cell lines.
After cocultivation, the cells were maintained in culture for
4 weeks and examined periodically for reverse transcriptase
or p24 antigen production. As expected, the HXB2 clone
produced infectious virus, but DC3 and DC4 produced virus
from COS cells that was noninfectious.

Vaccinia virus recombinants were used to ascertain the
defect in the envelope proteins of DC3 and DC4 compared
with those of HXB2. A pulse-chase analysis in which
BSC-40 cells were infected with vvWT, vvENV, vvDC3,
and vvDC4, labeled with [35S]cysteine and [35S]methionine
(Translabel; ICN Pharmaceuticals Inc.) for 2 h, and chased
for 0, 2, and 4 h was performed. The cells were lysed and
then immunoprecipitated with pooled antisera collected
from HIV-positive patients. Figure 2a shows the results of
the pulse-chase analysis, revealing normal cleavage of gpl60
of vvENV into the TM and SU proteins. However, vvDC3-
and vvDC4-infected cells showed a major reduction in
cleavage of the gpl60 to active SU and TM. The lack of
cleavage was further demonstrated when SUP Ti cells were
infected with vvDC4 and vvENV, followed by surface
iodination of the intact cells with Na125I. Figure 2b shows
substantial surface expression of SU by cells infected with
vvENV, whereas the cells infected with vvDC4 showed very
little SU expressed on the cell surface. These results would
be expected since very little gpl60 reaches the cell surface
and about 85% is degraded in the lysosomes (17).
The data on surface envelope expression were substanti-
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FIG. 1. Diagram of several retroviral transmembrane envelope
proteins showing conservation of cysteine residues in the extracel-
lular domain and their relative locations within that domain. SIV,
simian immunodeficiency virus; FIV, feline immunodeficiency vi-
rus; HTLV, human T-cell lymphotropic virus.

ated by examining SU release into the conditioned culture
medium (Fig. 2c). SU from vvENV-infected cells accumu-
lated in the conditioned medium, but no detectable envelope
proteins from vvDC3- and vvDC4-infected cells were found
in the conditioned medium. These data suggest that the
results with DC3 and DC4 envelope proteins are not due to
weak association of SU and TM but rather to a lack of
precursor protein cleavage.
To explain the defect in cleavage, possible defects in

envelope folding in vaccinia virus recombinant-infected cells
were examined. Two conformationally dependent proper-
ties, i.e., CD4 binding (Fig. 2d) and anti-TM monoclonal
antibody binding (Fig. 2e), were examined. In both cases, no
significant differences in reactivity with sCD4 or monoclonal
antibody 50-69 compared with the differences in reactivity of
the pooled HIV-positive antiserum with vvENV-infected
cells and with vvDC3- and vvDC4-infected cells were found.
The TM protein has been suggested to be responsible for

the oligomerization of the envelope protein into dimers,
trimers, and tetramers (4, 15). Further, it has been shown
that the extracellular domain of TM is necessary for oligo-
merization (4). Thus, labeled lysates from vaccinia virus-
infected cells were sedimented into 10 to 35% sucrose
gradients by using the procedure described by Earl and
colleagues (4). Thirteen fractions were collected from each
sucrose gradient and immunoprecipitated with pooled anti-
serum, as shown in Fig. 2f. With vvENV-infected cells, SU
proteins in fractions 9 and 10 are consistent with the protein
being monomeric in form. The gp160 protein of vvENV and
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FIG. 2. Expression of envelope proteins in recombinant vaccinia viruses. (a) BSC-40 cells were infected with 2 PFU of vvWT, vvENV,
vvDC3, or vvDC4 per cell and pulsed with [35S]cysteine and [35S]methionine for 2 h and then chased with label-free medium for 0, 2, and 4

h. Cell lysates were immunoprecipitated with a polyclonal human antiserum. (b) SUP Ti cells were infected with 10 PFU of vvWT, vvDC4,
or vvENV per cell, washed, and cultured for 24 h. Then intact cells were labeled with 12'I (7) and precipitated with the pooled antiserum from
HIV-positive patients. (c) BSC-40 cells were infected and labeled as described for panel a, and conditioned medium was immunoprecipitated
with the pooled human antiserum. (d) Lysates used for panel a were precipitated with sCD4 bound to protein A-Sepharose beads via OKT4.
(e) Lysates used for panel a were immunoprecipitated with a conformationally dependent monoclonal antibody to the HIV-1 TM protein
50-69. (f) BSC-40 cells were infected with vvWT, vvDC4, and vvENV, pulse-labeled with [35S]cysteine and ["S]methionine for 4 h, lysed in
250 mM octylglucoside lysis buffer (4), and sedimented onto 10 to 35% sucrose gradients with an SW50.1 rotor (45,000 rpm for 12 h at 4°C).
Fractions were precipitated with pooled HIV-positive antiserum. Gradient standards used were thyroglobulin (19S; 630 kDa), catalase (11S;
250 kDa), and bovine serum albumin (4S; 70 kDa). Numbers listed at the left are 14C-labeled molecular weight markers in thousands. P, gpl60
precursor; S, surface envelope protein; T, transmembrane envelope protein.
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vvDC4 was found in fractions 3 through 9. Fractions 6 to 8
are consistent with a monomeric form of the gp160 precur-
sor. Fractions 4 to 6 are consistent with envelope precursor
in a dimeric form. Lesser amounts of gpl60 were found in
fractions 2 to 4, indicating the presence of trimers and
tetramers. The results presented in Fig. 2f show no differ-
ences in oligomerization between HXB2 and DC4 envelope
precursors, suggesting that the cysteine residues are not
responsible for TM oligomerization.
These results demonstrate the importance of the cysteine

residues in the TM protein for processing of the gpl60
precursor into SU and TM. The extremely high conservation
of these residues in a wide range of retroviruses suggests an
important function in retrovirus replication. Furthermore,
these results demonstrate for the first time determinants in
the TM protein necessary for processing of the gpl60 pre-
cursor. The means by which the potential disulfide-bonded
loop facilitates processing is not known. We speculate that
the loop might be recognized by the cellular protease which
cleaves the precursor envelope. Alternatively, loss of the
disulfide loop may so disturb the conformation of the gpl60
precursor that sequences necessary for binding a protease
are no longer recognized. Though gross conformational
alterations are unlikely in light of the CD4- and monoclonal
antibody-binding data, more subtle changes cannot be ex-
cluded. One additional possibility is that the cysteine resi-
dues are critical for transport of the envelope precursor from
the endoplasmic reticulum to the site of cleavage in the Golgi
apparatus.
The lack of cleavage observed in DC3 and DC4 is likely

the cause of the loss of infectivity observed in the virus
produced by these mutants, since envelope cleavage is
necessary for its activity. A similar loss of infectivity was
observed with virus produced from N-butyl deoxynojirimy-
cin-treated cells, which was also observed to have a reduc-
tion in cleavage of the envelope precursor (3).
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ADDENDUM IN PROOF

Similar findings were reported recently by Syu et al.
(W.-J. Syu, W.-R. Lee, B. Du, Q.-C. Yu, M. Essex, and
T.-H. Lee, J. Virol. 65:6349-6352, 1991).
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