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Human T-cell leukemia virus (HTLV-1) Env carries a typical disulfide isomerization motif, C,,XXC, in the
C-terminal domain SU. Here we have tested whether this motif is used for isomerization of the intersubunit
disulfide of Env and whether this rearrangement is required for membrane fusion. We introduced the C225A
and C228A mutations into Env and found that the former but not the latter mutant matured into covalently
linked SU-TM complexes in transfected cells. Next, we constructed a secreted Env ectodomain and showed that
it underwent incubation-dependent intersubunit disulfide isomerization on target cells. However, the rear-
rangement was blocked by the C225A mutation, suggesting that C,,; carried the isomerization-active thiol.
Still, it was possible to reduce the intersubunit disulfide of the native C225A ectodomain mutant with
dithiothreitol (DTT). The importance of the CXXC-mediated disulfide isomerization for infection was studied
using murine leukemia virus vectors pseudotyped with wild-type or C225A HTLV-1 Env. We found that the
mutant Env blocked infection, but this could be rescued with DTT. The fusion activity was tested in a
fusion-from-within assay using a coculture of rat XC target and transfected BHK-21 effector cells. We found
that the mutation blocked polykaryon formation, but this could be reversed with DTT. Similar DTT-reversible
inhibition of infection and fusion was observed when a membrane-impermeable alkylator was present during
the infection/fusion incubation. We conclude that the fusion activity of HTLV-1 Env is controlled by an SU
CXXC-mediated isomerization of the intersubunit disulfide. Thus, this extends the applicability of the isomer-

ization model from gammaretroviruses to deltaretroviruses.

Human T-cell leukemia virus 1 (HTLV-1), which belongs to
the group of deltaretroviruses, matures by budding at the
plasma membrane of an infected cell and enters into a new one
by virus-cell membrane fusion (16, 17, 32, 35). The membrane
fusion protein or envelope protein (Env) of HTLV-1 is a tri-
mer of a gp46-gp21 subunit pair (9, 15, 43). The fusion activity
is carried by the transmembrane (TM) gp21 and the host cell
receptor binding activity by the peripheral (surface [SU]) gp46.
The two subunits are made as a precursor, gp62, in the rough
endoplasmic reticulum of the infected cell (37). The gp62 be-
comes cleaved into the subunits when it passes through the
Golgi complex on its way to budding sites at the cell surface
(32). The cell receptor of HTLV-1 is the glucose transporter
protein I, which gives the virus a very wide host range (31). The
neurophilin-1 and heparan sulfate proteoglycans have also
been shown to serve as components of a receptor complex and
an attachment factor, respectively (13, 39). We are interested
in the way by which the HTLV-1 Env is activated for mem-
brane fusion.

The HTLV-1 SU has been shown to have a modular orga-
nization (20). The first 160 residues are folded as a receptor
binding N-terminal domain (RBD), which is linked by a 35-
residue-long Pro-rich region (PRR) to a C-terminal domain
comprising 98 amino acid residues. This SU organization is
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similar to that of murine leukemia virus (MLV), belonging to
the gammaretrovirus group. In the latter case, it has been
demonstrated that the RBD of receptor-bound virus transmits
a PRR-controlled signal to the C-terminal domain that leads to
activation of the fusion function in TM (2, 3, 23, 24, 25). That
a similar mechanism also operates in the case of HTLV-1 is
suggested by the fact that the MLV TM can also become
activated for membrane fusion in a chimeric Env where the
RBD and the PRR domains of SU are derived from HTLV-1
(21). The crystal structure of the HTLV-1 TM ectodomain
(TM_.¢o), devoid of its N-terminal membrane fusion peptide
and fused to the maltose binding protein, has been resolved at
2.5-A resolution (22). The resolution revealed that the ectodo-
main fragments formed hairpin-like structures that were joined
by an N-terminal coiled coil into trimers. The C-terminal part
of the hairpin packed against the grooves of the coiled coil in
an extended antiparallel fashion. The overall organization re-
sembled the structure of the activated membrane fusion sub-
unit of influenza virus, HA, (5, 46). This suggested that the
HTLV-1 TM promoted membrane fusion by converting from a
prehairpin trimer, with the fusion peptides in the target mem-
brane, into a hairpin trimer with the fusion peptide and the
viral membrane anchor in the same orientation. This model
was further supported by mutagenesis experiments and in par-
ticular by the findings that peptides corresponding to the C-
terminal leg of the hairpin could bind to the N-terminal coiled
coil of activated Env and inhibit membrane fusion (4, 18, 30,
38). But how is the TM of HTLV-1 activated by the SU?
According to the prevailing model of the so-called class I
membrane fusion proteins of enveloped viruses, like influenza
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virus hemagglutinin and the Envs of MLV and avian leucosis
virus (ALV), the TM fusion subunit is kept in a metastable
conformation in the native unactivated protein oligomer by its
association with the peripheral receptor binding subunit (7, 47,
48). Receptor binding (MLV), low pH (influenza virus), or
receptor binding and low pH (ALV) in the endosome decrease
the strength of this association (19, 34, 50). This allows the
fusion subunit to refold into a stable conformation through
fusion-active intermediates. Consequently, MLV fuses at the
cell surface, whereas influenza virus and ALV have to enter
acidic endosomes for fusion. In all these examples, the subunit
association is stabilized by an intersubunit disulfide (26, 46,
49). This will probably help to avoid premature activation of
the fusion subunit outside the target cell but also compromise
activation in the target cell. The harsh acidic conditions are
apparently sufficient to ensure enough subunit dissociation in
the influenza virus and ALV despite the intersubunit covalent
bond, but acidic conditions are not used by MLV. Instead, the
intersubunit disulfide of MLV is linked to a CXXC motif in
SU, where the other Cys residue carries a disulfide isomeriza-
tion-active thiol (49). Thus, upon receptor activation of SU, the
thiol becomes deprotonated so that it can attack the intersub-
unit disulfide and rearrange it into a disulfide isomer within the
motif. This results in SU dissociation and TM activation for
fusion. Also like MLV Env, the HTLV-1 Env supports mem-
brane fusion at neutral conditions at the cell surface (16, 35).
The subunits of the HTLV-1 Env have been shown to be
engaged in a covalent linkage that can be rearranged upon
membrane solubilization (49). In MLV Env, the intersubunit
disulfide links a Cys of the CXXC motif in SU to the last Cys
of a conserved CX,CC motif in TM (11, 40). Both motifs are
also conserved in deltaretrovirus Envs like those of HTLV,
simian T-cell leukemia virus, and bovine leukemia virus (6, 42,
44, 45). Therefore, it is possible that the HTLV-1 Env controls
its membrane fusion activity by a CXXC-mediated isomeriza-
tion of its intersubunit disulfide, like MLV Env does. In the
present work, we have studied this possibility.

We used a genetic approach to study the possible involve-
ment of the SU CXXC motif in fusion control. The mechanism
for the intersubunit disulfide rearrangement was analyzed with
HTLV-1 Env ectodomain (Env,.,,) fragments bound to target
cells, whereas the importance of the reaction for infection was
studied with HTLV-1 Env-pseudotyped MLV, and its role in
membrane fusion was studied using a cell-to-cell fusion-from-
within assay. The results supported a CXXC-mediated inter-
subunit disulfide isomerization control model for the activation
of HTLV-1 Env.

MATERIALS AND METHODS

Cells. BHK-21 cells (American Type Culture Collection, Rockville, MD) were
grown in Glasgow minimal essential medium (BHK-21 medium; Gibco BRL,
Life Technologies, Paisley, United Kingdom) containing 5% fetal calf serum,
10% tryptose phosphate broth, and 20 mM HEPES. XC cells (CCL-165; Amer-
ican Type Culture Collection) were maintained in Dulbecco’s modified Eagle’s
medium (Gibco BRL) supplemented with 10% fetal calf serum and 20 mM
HEPES. HOS and 293T cells were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum, 4.5 g/liter p-glucose, 20 mM
HEPES, 1 mM sodium pyruvate, and nonessential amino acids.

Reagents. As thiol alkylators, we used the membrane-permeable N-ethylma-
leimide (NEM; Sigma-Aldrich, Stockholm, Sweden) and the membrane-imper-
meable 4-(N-maleimido)benzyl-a-trimethylammoniumiodide (M135; Toronto
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Research Chemicals Inc., North York, Canada). Dithiothreitol (DTT; Sigma)
was used as the reducing agent.

Antibodies. A polyclonal antibody (pAb) against the HTLV-1 TM subunit was
raised by a commercial service (Innovagen AB, Lund, Sweden) in rabbit by use
of keyhole limpet hemocyanin-conjugated TM peptide FLNITNSHVSILQERP
PLENRVLTG as the antigen. It inmunoprecipitated TM_, but not SU from an
uncoupled (isomerized) mixture of Env,, subunits. Anti-HTLV-1 patient sera
were obtained from Rigmor Thorstensson (Karolinska Institute, Sweden). These
immunoprecipitated free SU but hardly any TM_ ..

Mutagenesis and expression vectors. The Semliki Forest virus (SFV) expres-
sion plasmid containing the wild-type (wt) HTLV-1 env gene under the SFV
subgenomic promoter was constructed by inserting the env gene, PCR amplified
from pSFV1-gp62HT-V-1 into the BamHI and Smal sites of pSFV1, yielding
pSFV1-HTLV1-Env (29, 49). In pSFV1-gp62"™V-! the 5’ region of the tax gene
precedes the env gene. The corresponding SFV RNA expression replicon was
transcribed in vitro from the pSFV1-HTLV1-Env construct and transfected by
electroporation into BHK-21 cells. Cys codon mutations (TGC to GCC and TGT
to GCT) were introduced into the region encoding the conserved C,,sXXC motif
of the SU part of the env gene to yield the C225A, C228A, and C225A/C228A
mutants by fusing PCR using the pSFV1-HTLV1-Env as the template. The
numbering is from the first codon of the signal sequence region of the HTLV-1
env gene. The mutated env genes were confirmed by DNA sequencing.

A Trpys;-to-stop-codon mutation was introduced into the env gene to direct
the synthesis of a secreted form of an ectodomain fragment of Env (8). This
Env,., or SU-TM,,, lacked the TM and the membrane-internal domains of wt
Env. The mutant was constructed by PCR mutagenesis using pSFV1-gp62HTHV-1
as the template. The new construct was called pSFV1-HTLV1-Env,, and it was
further used to derive pSFV1-HTLV1-C225AEnv,. .

Moloney MLV (MMLYV) vectors carrying the firefly luciferase gene and the
HTLV-1 wt or C225A Env were constructed by coelectroporating SFV RNA
replicons expressing MMLV gagpol (SFV1-MLVgagpol), MLV-luciferase RNA
genome (SFV1-MLV-luc), and HTLV-1 wt Env (SFV1-HTLV1-Env) or C225A
Env (SFV1-HTLV1-C225AEnv) into BHK-21 cells (28). Culture medium con-
taining MLV-luc-HTLV1-wtEnv or MLV-luc-HTLV1-C225AEnv vectors was
collected after 20 h and stored at —80°C. SFV1-MLV-luc RNA was transcribed
in vitro from the corresponding plasmid. This was made by inserting the lucif-
erase gene from pGL3-Basic (Promega Biotech AB, Stockholm, Sweden) into
the HindIII and BamHI sites of pEGFP-N3 (Clontech, Mountain View, CA) to
make pCMV-Lucif-N3. Then the cytomegalovirus-luciferase gene was excised
from pCMV-Lucif-N3 and inserted into the Pmel site of pSFVI-RETRO. The
latter plasmid contains a minimal MMLYV vector genome and it was derived from
pSEFVI1/LN3i by deleting the Neo® gene and part of the U3 region (28). The
MLV-luc-HTLV1-wtEnv vectors were purified by centrifugation in a 20/50%
(wt/wt) sucrose step gradient and prepared in TN/Ca>* buffer (14 mM Tris, 12
mM HEPES, 150 mM NaCl, 1.8 mM Ca>*, pH 6.8) by use of an SW28.1 rotor
(Beckman Coulter, Fullerton, CA) at 22,000 rpm for 2 h at 4°C.

Analysis of protein biosynthesis. Transfected cell cultures were metabolically
labeled with [**S]Cys (GE Healthcare Biosciences, Buckinghamshire, United
Kingdom) for 18 h or for 30 min and subsequently chased in the presence of 2
mM unlabeled Cys for 30 to 120 min as described previously (36). The cultures
were lysed in NP-40 lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 2 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% NP-40) containing 20 mM
NEM and Env immunoprecipitated with anti-HTLV-1 pAb (36). Env,,, frag-
ments in culture supernatant were captured directly by anti-HTLV-1 pAb. The
proteins were analyzed by reducing or nonreducing 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), which was reproduced as a
phosphorimage (BAS-MS2025; Fujifilm, Science Imaging Scandinavia, Nacka,
Sweden) or an autoradiograph. For analysis of N-deglycosylated proteins, im-
munoprecipitates were taken up into 20 pl of buffer containing 50 mM Tris, pH
7.6, 150 mM NaCl, 2 mM EDTA, and 1% SDS by incubation at 70°C for 3 min.
Eighty microliters of 1.25% NP-40 lysis buffer containing 0.2 mM phenylmeth-
ylsulfonyl fluoride was added and 24-pl samples were digested with 0.5 pl
N-glycosidase F (Roche Diagnostics Scandinavia AB, Bromma, Sweden) by
incubating at 37°C for 16 h.

Intersubunit disulfide isomerization analysis. Env...s in culture medium
were bound to HOS cells in dishes for 1 h at room temperature and then
incubated for different times at 37°C before the cultures (medium and cells) were
treated under lysis conditions in the presence of 20 mM NEM. Covalently bound
and free Env subunits were immunoprecipitated and analyzed by nonreducing
SDS-PAGE. Isomerization of the intersubunit disulfide after different incubation
times after incubation was monitored by the decrease of covalently linked SU-
TM.., complexes and the increase of free subunits.

ecto

ecto
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Infectivity assays. MLV-luc vectors in culture medium were bound to sus-
pended 293T cells in Eppendorf tubes for 1 h at 4°C under continuous tilting and
then incubated for 50 min at 37°C. The cells with bound vectors were gently
sedimented by centrifugation, suspended in TN/Ca?* buffer, pH 7.4, and incu-
bated for 15 min in the presence of 0 to 8 mM DTT. After this, the DTT was
removed and the cells were plated on dishes for incubation in culture medium for
48 h. Eventually, the cells were lysed and assayed for vector-expressed luciferase
by use of a luminometer. The activity was expressed as relative light units. In
another infectivity assay, purified vectors were bound to suspended 293T cells in
TN/Ca®* buffer for 1 h at 4°C and incubated at 37°C first for 50 min in the
presence of 1 mM M135 and then, after removing the alkylator by three washes
with the buffer, for an additional 15 min in the presence of 0 to 8 mM DTT. The
reducing agent was removed, the cells were plated on dishes, and infectivity was
screened as described above.

Fusion-from-within assay. SFV1-Env RNA replicon-transfected BHK-21 cells
were incubated for 18 h and then suspended and layered on top of rat XC cells
in serum-free medium in the presence of 8 pg/ml Polybrene. The cell mixtures
were incubated for 2.5 h at 37°C in the presence or absence of 4 mM DTT. After
this, the cultures were fixed and stained with Giemsa stain for analysis of
polykaryons. Mixtures of transfected BHK-21 and XC cells were also incubated
in serum-free medium as follows: first for 2.5 h at 37°C in the presence of 1 mM
M135; then, after three washes with medium, for 15 min in the presence of 4 mM
DTT; and finally, after one more wash with medium, for 2 h at 37°C before
staining. A control incubation was done without M135 and DTT.

RESULTS

Mutants of the CXXC motif. The Cys residues of the
C,,5sXXC motif in the SU subunit of HTLV-1 Env were sub-
stituted by Ala individually and together and the Env mutants
expressed in BHK-21 cells by SFV RNA replicons (Fig. 1A).
Env biosynthesis was studied by pulse-labeling with [>>S]Cys
for 30 min and chases for 30, 60, and 120 min. The cell cultures
were lysed in the presence of NEM and Env was captured with
the anti-HTLV-1 pAb for SDS-PAGE. Analyses at nonreduc-
ing conditions showed that the wt and C225A mutant Envs
matured into covalently linked SU-TM complexes (gp46-gp21;
molecular mass, about 70 kDa), whereas the C228A and the
C225A/C228A Env mutants remained uncleaved as apparent
Env precursors (gp62) in the transfected cells (Fig. 1B to E,
lanes 2 to 4). Analyses under reducing conditions revealed the
intersubunit disulfide in the SU-TM complex of the wt and the
C225A mutant (Fig. 1B and C, lanes 5 to 7). The uncoupled SU
subunits (gp46) were seen as a fuzzy band in front of the Env
precursor and the TM (gp21) was seen just behind two weaker
bands. The released SU was detected more clearly when the
N-linked sugars were removed by treatment with N-glycosidase
F (Fig. 1F and G, lanes 6 and 7). The treatment also resulted
in the apparent comigration of the TM and the two bands in
front, suggesting that the latter represented underglycosylated
TM. The presence of such TM in all samples, including the
nonreduced ones, can be explained by the formation of some
aberrant Env that lacks the SU-TM disulfide and has incom-
plete sugar unit processing but is still transport and cleavage
competent. When this Env arrives at the cell surface, the SU is
shed and only the TM remains cell associated. In contrast to
the SU-TM complexes, the precursor remained intact in all
samples analyzed under reducing conditions (Fig. 1B to E,
lanes 5 to 7). Interestingly, a higher fraction of the C225A
mutant Env than of wt Env was found in the mature form. We
concluded that C228, but not C225, was required for Env
maturation in the biosynthetic transport pathway of the cell
and that the intersubunit disulfide did not involve C225 but
possibly did involve C228.
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FIG. 1. (A) Schematic representations of the HTLV-1 Env wt and
CXXC mutants. The cleavage between SU and TM is indicated by an
arrow and the TM region by boxes. Amino acid substitutions in the
CXXC motif are shown in bold. (B to G) Biosynthesis of wt and CXXC
mutant Env. BHK-21 cell cultures were transfected by electroporation
with SFV RNA replicons directing the synthesis of wt, C225A, C228A,
and C225A/C228A Env. Eight hours posttransfection, the cultures
were pulse-labeled with [**S]Cys for 30 min and chased for 30, 60, and
120 min. After cell lysis in the presence of NEM, Env was captured by
anti-HTLV-1 pAb (B to E) for nonreducing and reducing SDS-PAGE.
wt and C225A Env were also captured by a mixture of anti-HTLV-1
and anti-TM pAbs and analyzed after the removal of N-linked sugar
units with N-glycosidase F (Endo F) (F and G). (B) wt Env. (C) C225A
Env. (D) C228A Env. (E) C225A/C228A Env. (F) Endo F-treated wt
Env. (G) Endo F-treated C225A Env. Chase times, redox conditions,
and viral proteins are indicated. M, molecular mass standards. Panels
B to E represent autoradiographs and panels F and G phosphorimages
of the gels.

The C225A mutant of Env,,, is blocked in isomerization of
its intersubunit disulfide. We constructed an HTLV-1 Env gene
truncation directing the synthesis of an anchorless Env,, and
introduced the C225A mutation into it. Pulse-chase analyses with
BHK-21 cells by use of SFV RNA expression replicons showed
that under standard culture conditions (37°C, pH 7.4) only a
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FIG. 2. (A) Schematic representations of the HTLV-1 Env,,, frag-
ment and the HTLV-1 Env,, C225A mutant. The membrane-proxi-
mal Trp (W), the codon of which has been mutated into a stop codon,
is shown in full-length Env. Arrow, cleavage between SU and TM; box,
TM region. (B and C) Secretion of HTLV-1 Envs. wt and C225A
Env,s were produced and labeled with [**S]Cys for 18 h at indicated
pH values and temperatures in transfected BHK-21 cells. The media
were collected and released SU-TM,,, complexes and free SU was
captured for nonreducing SDS-PAGE using anti-HTLV-1 pAb. (B) wt
Env,,s. (C) C225A Env,s. Covalently linked and free SU subunits
are indicated. Note that the anti-HTLV-1 pAb did not react with free
TM. The analyses shown represent phosphorimages of the gels. Mo-
lecular masses are indicated to the left.

ecto

minor amount of the wt ectodomain was released as covalently
linked SU-TM,,, complexes (Fig. 2B, lane 2). Most of the pro-
tein appeared in the medium as separate subunits. In contrast,
virtually all of the C225A Env,,, was secreted as SU-TM_,,
complexes (Fig. 2C). Synthesis at lower temperature and pH
improved the yield of wt ectodomains with linked subunits signif-
icantly and facilitated studies about intersubunit disulfide rear-
rangement on receptor-positive human HOS cells (Fig. 2B).

wt ectodomains produced in pH 6.8 medium at 28°C were
bound to HOS cells at room temperature for 1 h and then
incubated at 37°C for 0 to 180 min. The possible rearrange-
ment of the SU-TM_,,, disulfide was studied by nonreducing
SDS-PAGE after lysing the cell cultures in the presence of
NEM and capturing free and disulfide-linked subunits with
either anti-TM or anti-HTLV-1 pAb. It should be noted that
the presence of NEM in the lysis buffer prevented lysis-induced
disulfide rearrangements and thus facilitated specific monitor-
ing of the incubation-induced rearrangement (49). The analy-
ses with anti-TM pAb showed a decreasing amount of SU-
TM,.,, complexes and first an increasing amount of TM_,
monomers and then an accumulation of apparent dimers and
possibly some trimers at the expense of the TM,,, monomers
with increasing time of incubation (Fig. 3A). The analyses of
the anti-HTLV-1 pAb-immunoprecipitated samples also
showed a decreasing amount of the complexes, but the re-
leased SU appeared predominantly as SU oligomers (Fig. 3B).
This pAb did not react with TM. Thus, the results demon-
strated that the bound ectodomain complex rearranged its
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FIG. 3. Rearrangement and lack of rearrangement of the intersub-
unit disulfide of wt and C225A Env,s. Radioactively labeled wt and
C225A Env,s were bound to HOS cells in medium, pH 6.8, for 1 h
and incubated for 0 to 180 min at 37°C. The intersubunit disulfide
rearrangement of the SU-TM., complexes was analyzed by nonre-
ducing SDS-PAGE after cell lysis in the presence of NEM and immu-
noprecipitation with anti-TM and/or anti-HTLV-1 pAb. (A and B)
Analyses of wt Env, s using anti-TM (A) and anti-HTLV-1 pAb (B).
(C) Analysis of C225A Env,s by use of anti-TM and anti-HTLV-1
pAbs together. Control samples incubated in the presence of NEM
and oligomeric (olig) states of the Env subunits are indicated. All
analyses shown represent an autoradiographs of the gels. Molecular
masses are indicated to the left. «, anti-.

intersubunit disulfide when incubated at 37°C. The kinetics of
the rearrangement increased at higher pH (data not shown)
and was completely blocked in the presence of a thiol alkylator,
NEM, both indicating disulfide isomerization (Fig. 3A and B,
lanes 7) (27, 49). In contrast, analyses of the cell-bound C225A
ectodomain showed that it was completely resistant to rear-
rangement of its intersubunit disulfide, indicating that the
isomerization-active thiol belonged to C225 of SU (Fig. 3C).
Thus, we concluded that the CXXC motif of HTLV-1 SU
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FIG. 4. DTT sensitivity of the intersubunit disulfide of C225A Env,,
fragments. The mutant ectodomains were bound to HOS cells in dupli-
cate and incubated for 0 to 60 min at 37°C. The cultures were then
subjected to an additional incubation in TN/Ca®", pH 7.4, for 5 min at
37°C, one series in the presence of 4 mM DTT and the other series
without. An excess of NEM (40 mM) was added and the cells and the
supernatants were treated under lysis conditions and subjected to
immunoprecipitation using a combination of anti-HTLV-1 and anti-
TM pAbs. The captured proteins were analyzed by nonreducing SDS-
PAGE. The analysis shown represents a phosphorimage of the gel.
Incubation times with cells and DTT addition are indicated. Analyses
of control samples where the DTT was mixed with the NEM before
addition to the cells are shown in lanes 10 and 11. Molecular masses
are indicated to the left.

carried a thiol (C225) that could attack and isomerize the
intersubunit disulfide of Env.

The intersubunit disulfide of the native C225A SU-TM,,,,
complex is DTT sensitive. The C225A SU-TM,., complex was
bound to HOS cells in culture medium as described above and
incubated first for 0 to 60 min at 37°C in the medium and then
for an additional 5 min in TN/Ca®* in the presence or absence
of 4 mM DTT to study the resistance of the intersubunit
disulfide toward external reduction. After the addition of NEM
(20 mM), the entire culture (supernatant and cells) was sub-
jected to lysis conditions and the covalently linked and free
subunits were captured by a mixture of anti-HTLV-1 and anti-
TM pAbs for nonreducing SDS-PAGE. The analysis showed
that the intersubunit disulfide in the C225A SU-TM,, com-
plexes was partially sensitive to the DTT treatment (Fig. 4,
lanes 2 to 9). The sensitivity appeared to be independent of the
length of the preincubation with cells. However, prolonging
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the DTT incubation increased the intersubunit disulfide reduc-
tion (data not shown). A control experiment where the DTT
was mixed with NEM before addition did not show any signif-
icant reduction of the disulfide, suggesting that the DTT effect
observed in earlier experiments occurred during the incubation
of the ectodomain with the cells rather than during sample
preparation for the SDS-PAGE (Fig. 4, lanes 10 and 11). We
concluded that the intersubunit disulfide of the native form of
the ectodomain is exposed for external reduction.

C225A Env-pseudotyped MLYV vectors are noninfectious but
can be rescued by DTT. Because of the low infectivity of
HTLV-1 particles, we constructed MLV-luc vectors with wt and
C225A full-length Envs and tested their infectivity in the presence
and absence of DTT on 293T cells by luciferase expression (33,
41, 51). Thus, both vectors were bound to the cells at 4°C in
culture medium and then incubated at 37°C first for 50 min in the
medium and then for 15 min in TN/Ca®*, pH 7.4, in the presence
or absence of DTT. In contrast to wt Env, C225A Env did not
support the infectivity of the vector in the absence of DTT (Fig.
S5A and B, first columns). However, after DTT treatment, the
infectivity of the C225A Env vector was rescued (Fig. 5SA, second
to sixth columns). The infectivity increased with increasing DTT
concentration to 4 mM. There was no corresponding DTT po-
tentiation of infectivity for the wt Env vector, suggesting that the
target for the DTT effect was specific to C225A Env (Fig. 5B).
The DTT-released infectivity of the mutant Env vectors corre-
sponded to about half of the wt Env vector infectivity when cor-
rection was made for the amounts of particles used in the exper-
iments. We concluded that C225 is required for infectivity and
that its function can be replaced by the reduction of a disulfide in
Env by DTT. Considering the disulfide isomerization activity of
C225 in wt Env,, and the DTT sensitivity of the intersubunit
disulfide of C225A Env,,, the infectivity of the MLV-luc-C225A
Env vector was most likely rescued by DTT reduction of the
intersubunit disulfide in C225A Env. Consequently, the CXXC-
mediated intersubunit disulfide isomerization controls HTLV-1
infection.

The infectivity of the wt HTLV Env vector is blocked by Env
thiol alkylation but rescued by DTT. When purified MLV
vectors pseudotyped with wt HTLV-1 Env were bound to 293T
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FIG. 5. DTT rescue of MLV-luc-HTLV1-C225AEnv vector infectivity. Unpurified vectors with wt or C225A Env in culture medium were
bound to suspended 293T cells in tubes at 4°C for 1 h and then incubated at 37°C for 50 min. The medium was exchanged for TN/Ca?* buffer,
pH 7.4, and the cultures were incubated for an additional 15 min in the presence of 0 to 8 mM DTT. The reducing agent was then removed, the
cultures were plated on dishes, and the infectivity was scored by luciferase activity after a final incubation for 48 h. Two times more C225A Env
vectors were used than wt Env vectors. (A) Vectors with C225A Env. (B) Vectors with wt Env. RLU, relative light units.
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FIG. 6. DTT rescue of M135-inhibited MLV-luc-HTLV1-Env in-
fectivity. Purified vectors carrying wt HTLV-1 Env were bound to
suspended 293T cells in TN/Ca?>* buffer, pH 7.4, at 4°C for 1 h and
then incubated for 50 min at 37°C in the presence of 1 mM M135. The
alkylator was washed off and the cultures were further incubated for 15
min in the presence of 0 to 8 mM DTT. After the reducing agent was
removed, the cultures were plated on dishes, incubated for 48 h, and
then screened for infectivity by luciferase expression (second to sev-
enth columns). A control culture was incubated and washed similarly
but without adding M135 or DTT (first column). RLU, relative light
units.
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cells and then incubated at 37°C in TN/Ca®", pH 7.4, first for
50 min in the presence of 1 mM of the membrane-imperme-
able alkylator M135 and then for 15 min without DTT, only 6%
of the infectivity of the nonalkylated control vector remained
(Fig. 6, first and second columns). However, an increasing
amount of infectivity could be rescued by including an increas-
ing concentration of DTT in the second incubation for 15 min
(Fig. 6, third to seventh columns). At 8 mM DTT, about 75%
of the infectivity was rescued. To rule out the possibility that
reduction of cellular disulfides was responsible for the rescue,
we pretreated the 293T cells with 1 mM M135 for 50 min in
TN/Ca®" at 37°C. The cells were washed five times before
infection with the vectors and were found to support more than
50% of the infectivity found with untreated control cells (data
not shown). We concluded that the HTLV-1 Env of the vector
contains a thiol group that controls infection by isomerization
of a disulfide in Env. Thus, this corroborates the role of the SU
CXXC motif in HTLV-1 infection.

The C225A Env-mediated cell-cell fusion from within is in-
hibited but can be rescued with DTT. The full-length C225A
and wt Envs were expressed in BHK-21 cells and these were
layered on top of confluent HTLV-1 receptor-positive rat XC

52
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FIG. 7. DTT rescue of HTLV1-C225A Env-mediated fusion from within. wt or C225A Env was expressed in BHK-21 cells by SFV1 RNA
replicon electroporation and 18 h posttransfection the cells were suspended and layered on top of receptor-positive XC cells. The cell mixtures
were incubated in serum-free medium at 37°C for 2.5 h in the presence or absence of 6 mM DTT. The cultures were then fixed and stained for
analysis of polykaryons. (A) C225A Env without DTT. (B) C225A Env with DTT. (C) wt Env without DTT. (D) wt Env with DTT. Note that cells
retract upon the DTT treatment, but this does not prevent the formation of polykaryons.
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cells to follow effector-target cell fusion. The cultures were
incubated at 37°C for 2.5 h with or without 6 mM DTT in
serum-free medium and then assayed for polykaryons. We
found that the C225A Env (Fig. 7A), in contrast to the wt Env
(Fig. 7C), did not support cell-cell fusion into polykaryons. In
the presence of DTT, the cells retracted and the wt Env-
mediated polykaryons were smaller but still abundant (Fig.
7D). Most significantly, the fusion capacity of the C225A Env
was rescued in the presence of DTT to same level as that of wt
Env (Fig. 7B). This suggests that the CXXC thiol-directed
intersubunit disulfide isomerization reaction controls HTLV-1
Env-mediated membrane fusion. The conclusion was further
supported by the DTT alleviation of M135 alkylation-mediated
inhibition of wt Env-directed cell-cell fusion (data not shown).

DISCUSSION

We showed here that HTLV-1 controls its membrane fusion
activity by the isomerization of its intersubunit disulfide. The
isomerization-active thiol was by mutagenesis mapped to
Cys,,s. A C225A mutation blocked the incubation-dependent
rearrangement of the intersubunit disulfide of cell-bound
HTLV-1 Env,s and, in the context of the full-length Env, the
infection of MLV vectors and cell-cell fusion from within.
Significantly, DTT treatment rescued the cell-cell fusion ca-
pacity of the mutant Env and the infectivity of vectors carrying
the mutant Env. Similar treatment of cell-bound and incubated
mutant Env,_..s was shown to reduce the intersubunit disul-
fide, suggesting that the DTT rescue of infectivity and fusion
was due to the reduction of the intersubunit disulfide of the
mutant full-length Env. This implied that the function of the
Cys,,s is to isomerize the intersubunit disulfide in Env so that
TM can be activated for membrane fusion. The model was
further corroborated by the facts that the membrane-imper-
meable alkylating reagent M135 inhibited the infectivity of
MLV vectors carrying wt HTLV-1 Envs and the fusion from
within of wt Env and that it was possible to reverse the inhi-
bitions by DTT treatments.

The Cys,,s is part of a C,,sXXC motif in the SU of HTLV-1
Env. This motif forms the active center of redox enzymes like
thioredoxin and protein disulfide isomerase (12). In the case of
MLV Env, the isomerization-active CXXC motif of SU forms
the intersubunit disulfide with Cyss; of a conserved CX,CCsgs
in TM (11, 40). In the case of HTLV-1 Env, the intersubunit
disulfide has not yet been localized, but considering the
isomerization activity of the SU CXXC motif and the fact that
TM carries a CX,CC motif like MLV TM, it is most likely that
Cys,,g of the CXXC,,5 motif is linked to the Cys,,, of the
CXC,yp, motif in TM. This is supported by the fact that the
full-length HTLV-1 Env with the C228A mutation did not
mature beyond the gp62 precursor stage in transfected cells. A
likely interpretation is that Cys,,g supported a protein disulfide
isomerase-catalyzed disulfide, e.g., with Cys,,;, which was re-
quired for correct folding. Interestingly, in the case of MLV
and the MLV-related bird reticuloendotheliosis virus, both Cys
residues in the CXXC motif of Env SU have been individually
mutated and found to result in maturation-defective Env (14;
M. Wallin, unpublished data). This suggests different roles of
the thiol-carrying Cys of the motif in HTLV-1 and MLV Envs
during Env biosynthesis. In Fig. 8, we show schematically our
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FIG. 8. Models for intersubunit disulfide activation control of wt
Env, C225A Env, and Env with the CXXC thiol modified by alkylation.
(Top) How the CXXC thiol mediates wt Env activation through at-
tacking and isomerizing the intersubunit disulfide. (Middle and bot-
tom) How external reduction of the intersubunit disulfide with DTT
can replace the lack of a functional thiol in the C225A Env mutant or
in M135-alkylated wt Env. In the bottom panels, the alkylation of the
CXXC thiol is indicated by an asterisk.

model for C225 thiol-mediated intersubunit disulfide isomer-
ization during normal Env activation and how the reaction is
blocked in the case of the C225A Env mutant and by C225
thiol alkylation but can be rescued by external reduction.
The present results extend the intersubunit disulfide
isomerization control model of retrovirus Env activation
from gammaretroviruses to deltaretroviruses. In both cases,
the intersubunit disulfide suppresses activation, probably by
maintaining a tight SU-TM association, which keeps the TM
subunit in a metastable fusion-inactive conformation (48). The
initiation of the intersubunit disulfide isomerization reaction
must involve the stabilization of the active deprotonated (thio-
late) form of the thiol group in the CXXC motif of SU (27).
This requires a structural change in the locale of the thiol
group in the C-terminal domain of SU. In the case of MLV,
receptor binding to the RBD results in the release of stabilizing
(activation-suppressing) Ca®" ion(s) from Env and the activa-
tion of the C-terminal SU domain via an altered RBD-C-
terminal domain interaction (2, 3, 23, 49). The activation in-
volves a His residue which is part of the conserved SPHQ
sequence in the N-terminal region of the MLV RBDs (1, 2, 25,
52). We have proposed that the His residue might interact with
the locale of the CXXC thiol in the SU C-terminal domain and
activate it through hydrogen bond-mediated stabilization of
the thiolate form (27). In the case of HTLV-1 Env, there is no
SPHQ sequence in the RBD amino acid sequence, but the
modular organization of the SU is similar to that of MLV,
suggesting similarities in the thiol activation mechanism (20).
This is supported by the functional MLV chimera with the
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RBD and the PRR swapped with those of HTLV-1 (21). How-
ever, the thiol activation mechanism of HTLV-1 Env might
also show marked differences from that of MLV Env. The
latter is characterized by a low spontaneous intersubunit disul-
fide isomerization activity, which gives the virus a good stability
in culture medium (49). In contrast, cell-free HTLV-1 prepa-
rations are known to have very low competence for infectivity
(33, 41, 51). Although features of the internal viral proteins
have been shown to be part of the reason, the low infectivity
might also relate to a very high spontaneous intersubunit di-
sulfide isomerization activity and subsequent virus inactivation
through TM folding into its stable trimer of hairpins (10). This
possibility is supported by the efficient isomerization of wt
Env,s produced at 37°C and pH 7.4 (Fig. 3A).
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