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Human T-cell leukemia virus types 1 and 2 (HTLV-1 and HTLV-2) are closely related retroviruses with
nucleotide sequences that are 65% identical. To determine whether their envelope glycoproteins function sim-
ilarly and to define the molecular determinants of HTLV-2 envelope-mediated functions, we have used pseu-
dotyped viruses and have introduced mutations into regions of the HTLV-2 glycoproteins homologous to those
known to be important for HTLV-1 glycoprotein functions. The envelopes of the two viruses could be exchanged
with no loss of infectivity, suggesting that the glycoproteins function in broadly similar ways. However, com-
parative analysis of the HTLV-1 and HTLV-2 glycoproteins showed subtle differences in the structure-function
relationships of the two surface glycoprotein (SU) subunits, even though they recognize the same receptor.
Indeed, mutations introduced at equivalent positions in the two SU glycoproteins resulted in different pheno-
types in the two viruses. The scenario is the opposite for the transmembrane glycoprotein (TM) subunits, in
which the functional domains of the two viruses are strictly conserved, confirming the involvement of the TM
ectodomain in postfusion events required for full infectivity of the HTLVs. Thus, although they recognize the
same receptor, the HTLV-1 and HTLV-2 SU subunits have slightly different ways of transducing the confor-

mational information that primes a common fusion mechanism effected by similar TM subunits.

Human T-cell leukemia virus types 1 and 2 (HTLV-1 and
HTLV-2) are closely related retroviruses belonging to the
same genus. Their nucleotide sequences are 65% identical.
HTLV-1 causes diseases in 1 to 5% of infected individuals
(24), whereas HTLV-2 has not been clearly linked with any
disease, although rare cases of neuropathy have been de-
scribed in HTLV-2-infected individuals (14, 17). The in vivo
cellular tropisms of the two viruses differ. HTLV-1 is found
mostly in the CD4-positive T lymphocytes of infected individ-
uals (27), whereas the main target cells for HTLV-2 are CD8-
positive T lymphocytes (16). This difference in the cellular
tropism of the two viruses is probably due to postentry events,
because the viruses have been shown by in vitro interference
assays to interact with the same (32, 33) widely distributed (19,
22, 34) receptor at the surface of human cells.

The entry of the retroviruses into the target cell is ensured
by the envelope glycoproteins. These are composed of two
subunits, the surface glycoprotein (SU), responsible for attach-
ment of the virus to a cell surface receptor, and the transmem-
brane glycoprotein (TM), which anchors the SU-TM het-
erodimer at the surface of the infected cell or virion and
performs fusion of the viral envelope with the target cell sur-
face that is required for penetration of the viral core into the
cytoplasm. According to the current dynamic model of retro-
viral fusion, recognition of the cellular receptor by the SU
subunit causes conformational changes in the envelope het-
erodimer which activate the fusion potential of the TM sub-
unit.

* Corresponding author. Mailing address: INSERM U332, Institut
Cochin de Génétique Moléculaire, 22 rue Méchain, 75014 Paris,
France. Phone: 33 1 40 51 64 81. Fax: 33 1 40 51 77 49. E-mail:
dokhelar@cochin.inserm.fr.

7609

The molecular determinants of the HTLV-1 envelope gly-
coproteins involved in virus entry have been well characterized
with neutralizing antibodies or peptides that inhibit fusion or
infection (1, 9, 25, 29, 36) and by functional studies of mutated
glycoproteins (6, 7, 28). Two domains of the HTLV-1 SU are
essential for its function; the first domain is between amino
acids 75 and 101 of the SU subunit (which contains 312 amino
acids in total), and the second is in a more central region of the
SU, between amino acids 181 and 208. The extracellular do-
main of the HTLV-1 TM glycoprotein contains two function-
ally distinct regions (28). The amino-terminal part of the TM,
which includes a leucine zipper-like motif, is involved in enve-
lope-mediated fusion with the target cell membrane. The other
region, amino terminal to the anchorage peptide, is involved in
postfusion events required for cell-to-cell transmission of
HTLV-1.

Little is known about the regions of the HTLV-2 glycopro-
teins involved in their functions, but the sequences of the
HTLV-1 and HTLV-2 envelope proteins are very similar (65%
conserved residues in the SU part and 79% in the TM part of
the molecule [see Fig. 1]), suggesting some functional conser-
vation. Indeed, antibodies directed against the amino-terminal
region (amino acids 82 to 97) and the central region (amino
acids 186 to 192) of the HTLV-2 SU are neutralizing (25, 35),
suggesting that these regions are important for function, as are
the homologous domains of the HTLV-1 SU glycoprotein.

To determine whether the two proteins function similarly
and to investigate the molecular determinants of HTLV-2 en-
velope-mediated functions, we used pseudotyped viruses and
introduced mutations into the regions of the HTLV-2 glyco-
proteins corresponding to the regions that are important for
HTLV-1 glycoprotein functions.

We first constructed a eucaryotic expression vector of the
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HTLV-2 envelope glycoproteins (CMV-ENV-2) and verified
that it allowed glycoprotein synthesis, syncytium formation,
and viral transmission. CMV-ENV-2 contained part of the
HTLV-2 genome, including the env, tax, and rex genes, under
the control of the simian cytomegalovirus promoter. The pro-
viral sequences, which were derived from the pH6-neo proviral
clone (4), obtained from L. S. Y. Chen (University of California
at Los Angeles, Los Angeles, Calif.), started at the BamHI site
upstream from the env gene (position 5090 in reference 31)
and included all the 3’ viral sequences.

The CMV-ENV-2 construct was used to transiently transfect
COS-1 cells, and the glycoproteins were immunoprecipitated
from both the lysate and the supernatant, as previously de-
scribed for HTLV-1 (6). The HTLV-2 envelope precursor
(gp62) was synthesized and underwent intracellular maturation
similar to that seen in the HTLV-2-infected Mo-2 cell line,
yielding the mature SU-gp46 and TM-gp21 subunits (see Fig.
2A).

We next investigated whether the CMV-ENV-2 expression
plasmid led to syncytium formation, using a quantitative assay
described for HTLV-1 (7, 28). Transient transfection of COS-
LTRLacZ with the CMV-ENV-2 construct, followed by cocul-
ture with HeLa-Tat indicator cells, resulted in extensive for-
mation of syncytia. Typical cocultures contained 500 to 1,000
syncytia.

We finally investigated whether our HTLV-2 envelope ex-
pression plasmid allowed transmission of the virus in one
round of infection, using a quantitative assay modeled on an
assay previously designed for HTLV-1 (7). It was based on
transcomplementation by the CMV-ENV-2 envelope construct
of a defective HTLV-2 provirus in which the envelope gene
was replaced by a selectable marker. The indicator provirus
used was the SV-HTLV-2-neo plasmid (21), obtained from D.
Littman (University of California at San Francisco, San Fran-
cisco, Calif.). The HTLV-2 envelope constructs (0.75 pg) and
the SV-HTLV-2-neo indicator provirus (0.75 ng) were used to
cotransfect COS-1 cells seeded at 3 X 10° cells per 60-mm-
diameter dish the previous day. One day after transfection, the
cells were treated with 10 pg of mitomycin (Amétycine; Labo-
ratoires Choay, Paris, France) per ml for 3 h at 37°C to prevent
growth. The cells were then washed with phosphate-buffered
saline, trypsinized, and, along with 4 X 10° B5 cells, used to
seed 60-mm-diameter dishes. The cells were cocultured for 2
days and were then transferred to selection medium containing
125 pg of G418 sulfate (Geneticin; Gibco) per ml. G418-
resistant colonies were counted after 2 to 3 weeks.

The glycoproteins produced by expression of CMV-ENV-2
allowed HTLV-2 transmission to BS5 indicator cells in this
assay, routinely giving rise to 500 to 1,000 colonies per 3 X 10°
transfected cells after coculture. Use of the supernatants of
transfected cells did not result in infection of BS cells, showing
that cell-to-cell transmission of HTLV-2 was more efficient
than cell-free transmission in our assay and was the essential
mode of infection. Thus, HTLV-1 and HTLV-2 have the same
general properties in single-cycle infectivity assays (7).

To test whether the HTLV-1 and HTLV-2 envelope glyco-
proteins functioned in similar ways, we determined whether
effective cell-to-cell transmission would still be allowed if the
two proteins were exchanged. For this purpose, we made
pseudotypes involving the Gag proteins of one virus and the
glycoproteins of the other, using transcomplementation of one
indicator provirus in which the env gene was replaced by the
neomycin resistance gene by the plasmid expressing the enve-
lope gene of the other virus. The HTLV-1 indicator provirus
and the HTLV-1 envelope expression plasmid were the pCS-
HTLV-1-neo and the CMV-ENV-1 constructs described pre-
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viously (7). The HTLV-2 constructs were those described
above. Similar numbers of colonies were obtained with all four
combinations of constructs, showing that the glycoproteins of
one virus can substitute for those of the other virus with no loss
of infectivity (data not shown).

We then investigated whether the molecular determinants of
SU and TM required for virus entry were identical in HTLV-
1 and HTLV-2. We mutated positions in the HTLV-2 glyco-
proteins homologous to known functional domains of the
HTLV-1 glycoproteins (6, 7, 28) (Fig. 1). Oligonucleotide-di-
rected mutagenesis of fragments of the sequence encoding the
HTLV-2 envelope protein was performed by the Kunkel meth-
od. The mutated env fragments were then inserted into the
CMV-ENV-2 expression plasmid, sequenced, and used for
transfection. The mutants were named X amino acid position
Y, where X and Y are the wild-type and substituted amino
acids, respectively, and amino acid position 1 corresponds to
the initiator methionine of the HTLV-2 envelope protein.

The molecular determinants of HTLV-2 SU required for
virus entry were examined mainly with mutations introduced
into two regions of the SU (Fig. 1). The first region was be-
tween amino acids 75 and 101 (positions relative to the HTLV-
1 envelope protein, with 1 as the initial methionine), known to
be important in HTLV-1 for syncytium formation and virus
entry. The second region, corresponding to amino acids 181 to
208 in HTLV-1, is also believed to be important for the fusion
capacity of the glycoproteins. The intracellular maturation,
shedding of SU into the supernatant, fusion capacity, and in-
fectivity of each of the mutated glycoproteins were assessed by
quantitative assays, as described above or in references 7 and
28. The results are shown in Fig. 2A and Table 1.

The precursor glycoprotein was cleaved into SU and TM
mature products for most mutated HTLV-2 envelope pro-
teins, showing that the intracellular maturation was correctly
achieved (Fig. 2A). The tyrosine residue at position 166 in
HTLV-2, equivalent to the tyrosine at position 170 of HTLV-
1, which is involved in the SU-to-TM association, had the same
function in the HTLV-2 envelope heterodimer. Indeed, sub-
stitution of this tyrosine in HTLV-2 resulted in the shedding of
the SU into the supernatant, as occurs after the Tyr170-Ser
mutation in HTLV-1 (Fig. 2A, lane 8). Thus, structural fea-
tures appear to be conserved in the HTLV-1 and HTLV-2
glycoproteins.

Regarding infectivity, the behavior of the mutated HTLV-2
glycoproteins was similar to that of the HTLV-1 glycoproteins
mutated at equivalent positions (Table 1). Two positions in the
HTLV-2 SU glycoprotein sequence were essential for cell-
to-cell transmission, as were the equivalent positions in the
HTLV-1 SU sequence. These were the arginine at position 90
in HTLV-2 (position 94 in HTLV-1) and the serine at position
97 in HTLV-2 (position 101 in HTLV-1).

The scenario became more complicated in comparisons of
the fusion capacities of the SU-mutated glycoproteins of
HTLV-2 and HTLV-1 (Table 1). Mutations in the region
around amino acid 90 in HTLV-2 resulted in phenotypes that
were more pronounced than those obtained with similar mu-
tations in HTLV-1, i.e., a large reduction in fusion capacity
along with the reduction in infectivity described above. This
was the case for the Arg90-Glu and Ser97-Leu mutations.
Thus, we obtained no mutated HTLV-2 SU glycoprotein that
was capable of fusion but not of cell-to-cell transmission, in
contrast to our observations with HTLV-1 mutated glycopro-
teins (Arg94-Glu or Ser101-Leu).

The reverse occurred for mutations in the region around
amino acid 190. Mutations in this region affected the fusion
mediated by the HTLV-1 glycoproteins but had no effect on
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FIG. 1. Sequence alignment for the HTLV-2 and HTLV-1 envelope proteins. The HTLV-2 sequence is from Shimotohno et al. (31); the HTLV-1 sequence is from
Seiki et al. (30). Square boxes indicate mutations of the HTLV-2 glycoproteins carried out in this study and of the HTLV-1 glycoproteins in our previous studies (7,

28).

HTLV-2 envelope-mediated fusion. For instance, the gluta-
mate residue at position 193 in HTLV-2 could be replaced by
a nonconservative amino acid with no loss of fusion capacity,
whereas the equivalent mutation of aspartate 197 in HTLV-1
greatly reduced envelope-mediated fusion. There was also very
little loss of fusion capacity for the HTLV-2 Asp191-Val mu-
tant. Thus, the mutations impairing both syncytium formation
and virus entry are clearly clustered in the N-terminal region
around amino acid 90 in the HTLV-2 SU glycoprotein, sug-
gesting that this domain may be involved in receptor recogni-
tion. Taken together, these results show that the functional
domains of the SU subunit of HTLV-1 and HTLV-2 are dis-
tinct, albeit related.

Using the same principles as those used for SU mutagenesis,
we substituted amino acids of the HTLV-2 TM at positions
predicted by our HTLV-1 work to be crucial for function (28).
We introduced mutations in the N-terminal part of the ectodo-
main, which is important for fusion, and a mutation in the
C-terminal part of the TM, known to be involved in the post-

fusion events required for cell-to-cell transmission of the virus
(Fig. 1).

The phenotypes obtained for the HTLV-2 glycoproteins
with mutations in the TM subunit were the same as those
previously described for HTLV-1 (Fig. 2B and Table 2), both
in terms of the fusion capacity of the mutated glycoproteins
and their ability to allow cell-to-cell transmission of the virus.
Thus, the functional domains of the TM subunit are conserved
in HTLV-1 and HTLV-2. In particular, the ectodomain of the
TM glycoprotein of HTLV-2 is involved in postfusion events
required for full infectivity, as is that of HTLV-1 (28).

In this study, we first determined whether the glycoproteins
of the HTLV-1 and HTLV-2 retroviruses could be exchanged
without either virus losing infectivity. The great similarity in
the glycoprotein sequences of the two viruses, which suggested
that such an exchange might be possible, led MacClure et al. to
propose that their env genes resulted from some kind of copy
choice that had occurred in the past during a period of coin-
fection by these viruses (23). The cell-to-cell transmission ob-

FIG. 2. Immunoprecipitation of the HTLV-2 envelope glycoproteins from transfected cells. In each case, the left-hand part of the lane contains the immunopre-
cipitated glycoproteins from the cell supernatant and the right-hand part contains the immunoprecipitated glycoproteins from the cell lysate. (A) SU mutants. Lane
1, lysate of MO-2 HTLV-2-infected cells; lane 2, negative control; lanes 3, 10, and 15, wild-type envelope positive control (cells transfected with the CMV-ENV-2
construct); lane 4, GIn440-stop (soluble-glycoprotein construct with a stop codon at position 440); lane 5, Ser77-Phe; lane 6, Asn89-Ile; lane 7, Ser97-Leu; lane §,
Tyr166-Ser; lane 9, Thr177-Ile; lane 11, Ser190-Phe; lane 12, Asp191-Val; lane 13, Glu193-Val; lane 14, Thr204-Ile; lane 16, Arg90-Glu. (B) TM mutants. Lane 1,
negative control; lane 2, wild-type envelope positive control (cells transfected with the CMV-ENV-2 construct); lane 3, Ala356-Asp; lane 4, Ile357-Arg; lane 5,
GIn373-Leu; lane 6, Arg436-Leu; lane 7, GIn440-stop (soluble-glycoprotein construct). Prec, precursor glycoprotein.
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TABLE 1. Phenotypes of HTLV-2 SU mutants®

Precursor SU in Syncytium ..
Envelop; b cleavage the super-  formation .lnfecn‘;ltyc
glycoprotein index (%)° natant¢ index (%)° index (%)
Wild-type HTLV-2 100 + 100 100
Wild-type HTLV-1 100 - 100 100
Ser77-Phe HTLV-2 21 +/- 7 88
Ser81-Phe HTLV-1 47 - 60 81
Asn89-Ile HTLV-2 102 + 84 64
Asn93-Ile HTLV-1 87 - 103 71
Arg90-Glu HTLV-2 112 + 0 0
Arg94-Glu HTLV-1 45 - 35 9
Ser97-Leu HTLV-2 200 + 0 0
Ser101-Leu HTLV-1 73 - 50 6
Tyr166-Ser HTLV-2 68 +++ 69 74
Tyr170-Ser HTLV-1 51 +++ 30 65
Thr177-1le HTLV-2 11 +/—= 21 55
Ser181-Ile HTLV-1 43 - 20 74
Ser190-Phe HTLV-2 100 + 80 54
Ser194-Phe HTLV-1 34 - 110 88
Asp191-Val HTLV-2 124 + 90 72
Asn195-Ile HTLV-1 65 - 50 71
Glul93-Val HTLV-2 41 + 99 72
Asp197-Val HTLV-1 49 - 10 62
Thr204-Ile HTLV-2 74 + 37 97
Ser208-Ile HTLV-1 56 - 20 58

“ Cleavage, syncytium formation, and infectivity indices were calculated as
described elsewhere (7, 28). + indicates an estimated amount when SU was
immunoprecipitated from the supernatant.

? Results for HTLV-1-mutated envelope proteins are from our previous study
(7).
¢ Data are the means of at least two independent transfections.

tained when the viral core of one virus was enveloped with the
glycoproteins of the other was similar to that obtained with its
own glycoproteins. This result showed that there are functional
similarities between the two glycoproteins, given that the two
envelope expression plasmids produced similar amounts of
glycoprotein (data not shown) and that the two viruses use the
same receptor (32, 33). Our in vitro infectivity assay showed
that either of the HTLV envelopes mediated the transmission
of either of the HTLYV cores exclusively via cell-to-cell contact,
consistent with the in vivo data showing that neither of the
viruses can be transmitted by cell-free body fluids (2, 10, 18).

We next investigated whether the HTLV-2 and HTLV-1
envelope glycoproteins had similar molecular determinants for
fusion and cell-to-cell transmission. In the transmission pro-
cess, the SU ensures binding to a cellular receptor and the TM
carries out fusion between membranes. Two domains of the
HTLV-1 SU have been identified by mutagenesis studies as
critical for the envelope-mediated functions, and they are also
the targets of neutralizing antibodies. These regions are lo-
cated between amino acids 75 and 101 and amino acids 181 and
208 of the HTLV-1 SU glycoprotein. The introduction of mu-
tations into the equivalent domains of the HTLV-2 SU glyco-
protein resulted in phenotypes that were different from but
related to those obtained with HTLV-1. Mutations of the ar-
ginine residue at position 94 and of the serine residue at

J. VIROL.

position 101 in HTLV-1 abolished cell-to-cell transmission,
although the mutated glycoproteins were capable of fusion.
This result led us to believe that the SU might be involved in
postfusion events required for infectivity (7). This was not the
case for HTLV-2, in which equivalent mutations at positions 90
and 97 abolished the fusion process and, consequently, cell-to-
cell transmission, implicating this domain in receptor recogni-
tion rather than in postfusion events. Moreover, the pheno-
types resulting from two other mutations introduced into the
77 to 97 region of the HTLV-2 SU showed that this domain
was more important for fusion in HTLV-2 than was the cor-
responding 75 to 101 region in HTLV-1.

Our results are compatible with data showing that the N-
terminal regions of the HTLV-1 and HTLV-2 SU glycopro-
teins contain homologous neutralizing determinants which are
type specific (25). Thus, although these domains are crucial for
envelope-mediated functions in both viruses and, accordingly,
contain epitopes which are targets of neutralizing antibodies,
they are not equivalent, either structurally or functionally. The
same was true for the 177 to 204 region (region 181 to 208 in
HTLV-1), in which mutations only slightly diminished fusion
for HTLV-2 compared to that for HTLV-1 and which repre-
sents a type-specific epitope (5, 15, 20). These differences in
the structure-function relationships of the HTLV-1 and HTLV-2
SU glycoproteins are puzzling given that the two retroviruses
use the same receptor at the surface of human cells (32, 33). As
there is no binding assay for the HTLVs, we cannot discrimi-
nate between receptor recognition and postbinding events.
However, we suspect that the HTLV-1 and HTLV-2 SU sub-
units activate fusion via distinct conformational changes.

Whereas the SU subunits of the envelope heterodimers in
HTLV-1 and HTLV-2 behaved differently, the TM subunits
functioned in the same way. The retroviral TM glycoproteins
have more clearly defined domains than do the SU glycopro-
teins, because their sequences are analogous to that of the
previously crystallized HA2 glycoprotein of the influenza virus
(13) and because the atomic structures of the Moloney murine
leukemia virus and human immunodeficiency virus type 1 TM
ectodomains have recently been determined (3, 12, 37). The
region adjacent to the N-terminal fusion peptide contains the
leucine zipper-like motif found in all retroviral TM glycopro-

TABLE 2. Phenotypes of HTLV-2 TM mutants”

-

glycoprotein index (%)° index (%)° index (%)°
Wild-type HTLV-2 100 100 100
Wild-type HTLV-1 100 100 100
Ala356-Asp HTLV-2 74 0 0
Ala360-Glu HTLV-1 85 0 0
Ile357-Arg HTLV-2 55 0 0
Ile361-Arg HTLV-1 81 0 0
GIn373-Leu HTLV-2 71 12 10
GIn377-Leu HTLV-1 82 0 22
Arg436-Leu HTLV-2 44 130 0
Arg440-Leu HTLV-1 58 207 0

“ Cleavage, syncytium formation, and infectivity indices were calculated as
described elsewhere (7, 28). The amount of SU immunoprecipitated from the
supernatant was similar to that for the wild type for all mutated glycoproteins.

? Results for HTLV-1-mutated envelope proteins are from our previous study
(28).

¢ Data are the means of at least two independent transfections.
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teins (8), which is probably involved in the extension of the
fusion peptide toward the target cell membrane (37). We have
shown that this motif is essential for efficient HTLV-1 glyco-
protein-mediated fusion (28), as is the case for human immu-
nodeficiency virus type 1 (11, 38) and, as is shown here and
elsewhere (26), for HTLV-2.

The most-C-terminal region of the ectodomain of the HTLV-
1 TM glycoprotein has a remarkable property (28) which is
also a characteristic of the HTLV-2 TM. Although glycopro-
teins with mutations in this domain are competent for fu-
sion, they do not allow cell-to-cell transmission of HTLV-1
or HTLV-2. Our results with HTLV-1 led us to suggest that
the C-terminal part of the TM ectodomain is involved in post-
fusion events required for infection, although the exact nature
of these postfusion events remains unknown. Entry of the viral
core into the cytoplasm of the target cell may require addi-
tional conformational changes involving the TM ectodomain.
The integrity of this domain is required for HTLV-2 transmis-
sion, as was previously shown for HTLV-1, further supporting
and extending this idea.

Our functional analyses therefore suggest that, although
they recognize the same receptor at the surface of target cells,
the HTLV-1 and HTLV-2 SU subunits have slightly different
ways of transducing the conformational information used to
prime a common mechanism of fusion carried out by similar
TM subunits.

The sequences of the HTLV-1 and HTLV-2 envelope pro-
teins are 65% conserved in the SU part and 79% conserved in
the TM part of the molecule. Reverse transcriptase is the pro-
tein that differs least from one retrovirus to another (23). Thus,
two retroviruses’ having sequences for another protein that are
more similar than those of their reverse transcriptases cannot
be due to ordinary divergence. Since the reverse transcriptase
sequences of HTLV-1 and HTLV-2 are only 65% identical, the
TM subunits of their envelope proteins undoubtedly have an
anomalous degree of similarity. Evidence for an anomalous
pattern for the SU subunit is, however, less clear, as empha-
sized by differences in its functioning in HTLV-1 and HTLV-
2 that are shown in our work. Thus, if copy choice occurred in
the past during a period of coinfection by ancestors of these
two human retroviruses, as has been suggested previously (23),
it may have involved only the part encoding the TM subunit
rather than the entire length of the env gene.
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