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The human T-cell leukemia virus type 1 (HTLV-1) transmembrane glycoprotein has a 24-amino-acid
cytoplasmic domain whose function in the viral life cycle is poorly understood. We introduced premature-stop
mutations and 18 single-amino-acid substitutions into this domain and studied their effects on cell-to-cell
transmission of the virus. The results show that the cytoplasmic domain is absolutely required for cell-to-cell
transmission of HTLV-1, through amino acids which cluster in a Y-S-L-I tyrosine-based motif. The transmis-
sion defect in two motif mutants did not result from a defect in glycoprotein incorporation or fusion. It appears
that the Y-S-L-I tyrosine-based motif of the HTLV-1 glycoprotein cytoplasmic domain has multiple functions,
including involvement in virus transmission at a postfusion step.

Retrovirus envelope glycoproteins consist of two subunits,
the extracellular surface (SU) glycoprotein, responsible for
attachment of the virus to a cell surface receptor, and the
transmembrane (TM) glycoprotein, which anchors the SU-TM
heterodimer at the surface of the infected cell or virion. The
TM glycoprotein also mediates virus-to-cell and cell-to-cell
fusion via a fusion peptide and a heptad repeat motif located
at the N terminus of its extracellular domain.

All retrovirus TM glycoproteins have an intracellular do-
main. In lentiviruses, this cytoplasmic domain determines the
rate of endocytosis of the glycoproteins at the plasma mem-
brane (10, 27, 36, 37), permits interactions of the glycoproteins
with the virus core (3), and is involved in incorporation of the
glycoproteins into budding virus particles (9, 11, 12, 40, 41).
The role of the cytoplasmic tail of the glycoprotein in the virus
replication cycle is less clear in retroviruses which do not be-
long to the Lentivirus genus. However, the conservation of a
cytoplasmic tail in these retroviruses must confer an evolu-
tionary advantage, because the retroviral genome is very
compact.

In the type C oncoviruses in which truncations of the TM
cytoplasmic domain have been performed, i.e., Rous sarcoma
virus and Moloney murine leukemia virus (Mo-MuLV), the
domain is not required for incorporation of the glycoproteins
into virions (29, 32, 34). This suggests that incorporation of the
glycoproteins into the virus particles is a passive process which
does not require interactions between the cytoplasmic domains
of the glycoproteins and the Gag proteins. Hence, mutations of
the cytoplasmic domains of Mo-MuLV or bovine leukemia
virus (BLV) glycoproteins which reduce glycoprotein incorpo-
ration (14, 15, 19, 20) do so by hindering passive incorporation
rather than by impairing active selection.

In Mo-MuLV, some deletions of the TM cytoplasmic do-
main which do not reduce incorporation do, nevertheless, af-
fect infectivity (20, 32, 34), suggesting that the cytoplasmic
domain is involved in other, perhaps early steps of the retro-

virus cycle. However, the cytoplasmic domain of the Mo-
MuLV glycoprotein has a special feature which most oncovi-
ruses do not share: the TM cytoplasmic domain is truncated by
the virus protease within the virus particle (16, 17).

We have investigated the role of the oncoviral TM cytoplas-
mic domain in the virus life cycle by studying that of human
T-cell leukemia virus type 1 (HTLV-1), which is a short do-
main of 24 amino acids. We first used the truncation mutants
described in a previous study (30), modified by replacing the
HTLV-1 promoter with the simian cytomegalovirus (CMV)
promoter. This generated the L470stop (HTE-466 in reference
30, so named because it was constructed by inserting a linker at
position 466) and the Y476stop (HTE-476 in reference 30)
constructs, which have nonsense codons at positions 470 and
476, respectively (counting from the envelope initiator methi-
onine) (Fig. 1A). The wild-type HTLV-1 envelope expressor
construct was the CMV-ENV plasmid described in reference 5
(Fig. 1A).

HTLV-1 is transmitted almost exclusively via cell-to-cell
contact in vivo (8, 21, 24, 28) and in vitro (25, 31). We evalu-
ated the need for the TM cytoplasmic domain for transmission
of HTLV-1, using an assay which measures quantitatively the
cell-to-cell transmission of this virus in a single round of infec-
tion (5). This assay is based on trans complementation by
envelope constructs of a defective HTLV-1 provirus in which
the envelope gene was replaced by a selectable marker, the
neomycin resistance gene. We first used transfection condi-
tions similar to those employed in our previous studies (5). The
HTLV-1 envelope constructs (0.75 mg) and the pCS-HTLV-
neo defective provirus (0.75 mg) were used to cotransfect COS-
LTRLacZ cells, which are COS-1 cells stably expressing the
b-galactosidase gene under the control of the human immu-
nodeficiency virus type 1 (HIV-1) long terminal repeat (ob-
tained from M. Alizon, INSERM U332, Paris, France), or
293-TSA cells (obtained from J. Neyton, Ecole Normale Su-
périeure, Paris, France) seeded at a density of 3 3 105 per
60-mm-diameter dish the previous day. One day after trans-
fection, the cells were treated with 10 mg of mitomycin (Amé-
tycine; Laboratoires Choay, Paris, France)/ml for 3 h at 37°C to
prevent growth. The cells were then washed with phosphate-
buffered saline, trypsinized, and, along with 4 3 105 HeLa or
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B5 cells (a gift from D. Waters, Frederick Cancer Research
and Development Center, Frederick, Md.), used to seed 60-
mm-diameter dishes. The cells were cocultured for 2 days and
then transferred to selection medium containing 125 mg (for
B5 cells) or 0.5 mg (for HeLa cells) of G418 sulfate (Geneticin;
Gibco)/ml. G418-resistant colonies were counted after 2 to 3
weeks.

Figure 1B is a plot of the infectivity index and the syncytium
formation index, obtained in the same experiment using COS-
LTRLacZ as transfected cells and B5 or B5-Tat cells as target
cells. B5-Tat cells are stably transfected with a tat gene expres-
sor (a gift from M. Sitbon, CNRS UMR 9942, Montpellier,
France). This allows quantitative evaluation of syncytium for-
mation, because the HIV-1 long terminal repeat is transacti-
vated by the Tat protein upon envelope-induced fusion of the
transfected COS-LTRLacZ cells with the B5-Tat cells, result-
ing in b-galactosidase synthesis. The enzymatic activity was
evaluated by a chemilumiscence assay for use with cell lysates
(Galacto-Light; Tropix). The indices were calculated as de-
scribed in our previous report (5). Transfections with 750 ng of
DNA for both the envelope and the defective provirus con-
structs showed that truncation of most (L470stop) or part
(Y476stop) of the HTLV-1 cytoplasmic domain, although al-
lowing very efficient cell-to-cell fusion (30), resulted in almost
a complete loss of cell-to-cell transmission (less that 20% of
the wild-type activity) regardless of the cells (HeLa or B5-Tat)
used as targets and of the cells (COS-LTRLacZ or 293-TSA)
used as virus-producing cells (Fig. 1B and data not shown).

Since the truncation of the cytoplasmic domain of HTLV-1
glycoprotein resulted in increased fusion of the mutated gly-
coproteins (30) (Fig. 1B), we tested whether the level of cell-
to-cell transmission elicited by the truncated glycoproteins was

artificially low due to cytopathic effects resulting in destruction
of target cells in syncytia. We used transfection conditions that
resulted in very low levels of syncytium formation while still
allowing cell-to-cell transmission with the wild-type envelope
construct. A constant amount of pCS-HTLV-neo plasmid was
used to cotransfect COS-LTRLacZ cells with various amounts
of the wild-type envelope construct. A slight increase in cell-
to-cell transmission was correlated with lower levels of fusion
when transfection was performed with 250 ng rather than 750
ng of DNA (Fig. 1B). Thus, high levels of fusion artificially
caused a small (around 20%) decrease in cell-to-cell transmis-
sion. Transfection with 25 ng of DNA resulted in considerably
less fusion, but we still detected cell-to-cell transmission. How-
ever, the truncated glycoproteins (Y476stop and L470stop) did
not allow cell-to-cell transmission of the virus under the same
conditions (Fig. 1B). Therefore, the loss of infectivity was not
caused by the mutated glycoproteins being highly cytopathic
but rather reflected a defect in the function of the mutated
glycoproteins, preventing cell-to-cell transmission of the virus.

We then examined whether the loss of infectivity observed
with the truncated mutants was caused by inefficient incorpo-
ration of truncated glycoproteins into the HTLV-1 virions. The
incorporation of the mutated envelope glycoproteins into
HTLV-1 virions was assayed as described previously (5), ex-
cept that we used low concentrations of envelope expressors
(0.5 mg) to minimize fusion and the release of cell membranes,
vesicles, or blebs into the supernatants. Retrovirus particles
were produced by cotransfecting 293-TSA cells with pCS-
HTLV-neo and the envelope expression plasmids. The cells
were metabolically labeled with 700 mCi of a [35S]cysteine-
[35S]methionine mix (Amersham)/ml 24 h later. The cell su-
pernatants were collected, centrifuged for 10 min at 1,200 3 g

FIG. 1. HTLV-1 envelope expressor plasmid and cytoplasmic domains of
HTLV-1 wild-type and truncated glycoproteins (A), and comparison of syncy-
tium formation and cell-to-cell transmission mediated by these glycoproteins (B).
(A) The wild-type envelope expressor (CMV-ENV) used in this study. HindIII
indicates that HTLV-1 sequences start at a HindIII site at position 4991 in Seiki’s
sequence (38). Also shown are the cytoplasmic domains of the HTLV-1 wild-type
glycoprotein and of the two truncated glycoproteins used in this study. LTR, long
terminal repeat. (B) The results obtained for syncytium formation, shown as
open symbols (h), and those for infectivity, shown as closed symbols (■). WT
indicates the results obtained with the CMV-ENV wild-type construct; Y476stop
and L470stop specify those obtained with the truncated glycoproteins. COS-1
cells were cotransfected with the pCS-HTLV-neo construct (0.75 mg) and various
amounts of the glycoprotein expression plasmid. In each case, the total amount
of DNA was kept constant at 1.5 mg by adding vector plasmid. To prevent cell
growth, transfected cells were treated with mitomycin C 24 h after transfection.
Half the treated cells were used for evaluation of syncytium formation, by co-
culture with 2 3 105 B5-Tat cells in a quantitative assay (5). The other half of the
transfected cells were used to evaluate infectivity, by coculture with 2 3 105 B5
cells. G418-resistant colonies were counted after 2 to 3 weeks, and the infectivity
index was calculated as described in reference 5. For both syncytium formation
and infectivity assays, indices are expressed relative to 100%, which corresponds
to the results obtained with 750 ng of wild-type glycoprotein expression vector.
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to remove debris, and filtered through a 0.45-mm-pore-size
filter. The amount of contaminating envelope proteins re-
leased into the supernatant by each mutant was evaluated by
individually cotransfecting the envelope expression plasmids
and a control plasmid. The supernatants were then layered
onto discontinuous sucrose gradients (3 ml of 30% sucrose
over 3 ml of 50% sucrose) and centrifuged for 2 h at 25,000
rpm, using an SW41 rotor. The virus sedimented at the inter-
face between the two layers and was collected in a volume of 1
ml, to which 200 ml of 53 lysis buffer was added. The viral
proteins were then immunoprecipitated with serum from
HTLV-1-infected individuals (4, 35).

The protein with a short truncation of the cytoplasmic do-
main (Y476stop) was incorporated into the virions as effi-
ciently as the wild-type glycoprotein, as shown by the compa-
rable amounts of mature TM protein in the virus particles (Fig.
2; compare lane 4 with lane 2). Thus, the lack of infectivity in
this case cannot be explained by an incorporation defect. The
protein with the longest truncation (L470stop) was incorpo-
rated very inefficiently. The TM band was not detected in the
virus particles (Fig. 2, lane 6), although it was visible in the cell
supernatant, probably due to contamination by vesicles or
blebs (Fig. 2, lane 5).

We then performed single-amino-acid substitutions and
tested their effects on the cell-to-cell transmission of HTLV-1
in an effort to identify the amino acids of the cytoplasmic
domain of the HTLV-1 glycoproteins required for infectivity
(Table 1). A total of 16 single-amino-acid substitutions were
performed via oligonucleotide-directed mutagenesis of the se-
quence encoding the HTLV-1 envelope protein by the Kunkel
method (4, 35). The mutated env fragments were then inserted
into the CMV-ENV expression plasmid, sequenced, and used
for transfection. The mutants were named “X amino acid po-
sition Y,” where X and Y are the wild-type and substituted
amino acids, respectively, and amino acid position 1 corre-
sponds to the initiator methionine of the HTLV-1 envelope
protein. We also used two other single-amino-acid-substitution
constructs which we described in a previous report (23). The
effect of the mutations on HTLV-1 transmission was studied
under the transfection conditions deduced from Fig. 1B, i.e.,
resulting in cell-to-cell transmission but very little syncytium
formation (25 ng of DNA).

Only 3 of the 18 amino acid substitutions (Y479S, L481R,
and I482K) resulted in very low rates of cell-to-cell transmis-
sion, less than 20% of that of the wild-type protein (Table 1).
The 15 other mutants had infectivity levels comparable to or
within the range of half that of the wild-type protein. The three
mutations resulting in the loss of infectivity clustered in a
Y-S-L-I sequence (Fig. 1A), which fits the Y-X-X-hydrophobic
amino acid consensus of tyrosine-based motifs. Such motifs are
conserved among most type C retrovirus glycoprotein cytoplas-
mic domains (23).

The fusion capacities of the three mutants with impaired
cell-to-cell transmission were augmented, as were those of the
mutants with truncated cytoplasmic domains. We verified that
the phenotypes of the three mutants were similar by using
293-TSA cells or COS-LTRLacZ as virus-producing cells and
B5 or HeLa as indicator cells, although the increase in fusion
was smaller with B5 cells (data not shown). The three mutants
also exhibited correct precursor maturation (Table 1). The
L481R glycoprotein mutant was not efficiently incorporated
into the virions, since the amount of protein in purified virus
particles was comparable to that of the control supernatant
(Fig. 2, lanes 10 and 9, respectively). However, the amounts of
TM glycoprotein in the virions of two of these mutants (Y479S
and I482K) were similar to that for the wild-type glycoprotein

(Fig. 2; compare lanes 8 and 12 with lane 2). Thus, these two
mutants with single-amino-acid substitutions in the tyrosine-
based motif have the same phenotype as the mutant with the
shortest truncation of the cytoplasmic domain (Y476stop); i.e.,
they do not allow infection despite being fully mature, highly
fusogenic, and competent for glycoprotein incorporation into
virions.

Several conclusions may be drawn concerning the cytoplas-
mic domain of the HTLV-1 glycoproteins. The cytoplasmic
domain is absolutely required for the cell-to-cell transmission
of the virus, and a Y-S-L-I tyrosine-based motif plays a key role
in this process. The event requiring the cytoplasmic domain or
the tyrosine-based motif is distinct from fusion, as well as from
the incorporation of glycoproteins into the virions, because
some of the glycoproteins with truncations or mutations im-
pairing transmission were both fusogenic and incorporated
into virions.

Thus, there is not an association between high fusion com-
petence and low infectivity for the mutants with truncated, or
tyrosine-based motif-mutated, cytoplasmic domains. It cannot
be argued, however, that their low infectivity results from their
high fusion competence, which would cause cytopathic effects
resulting in the destruction of target cells in syncytia. First, we
defined transfection conditions which resulted in a very low
level of syncytium formation. Infectivity remained very low for
the truncated or the tyrosine-based motif-mutated glycopro-

FIG. 2. Incorporation of truncated or single-amino-acid-substituted glycop-
roteins into virions. Cells were transfected with the various constructs. The
contamination of the virion preparations with vesicles or blebs was evaluated in
each case by comparing the amounts of TM obtained when the envelope expres-
sor plasmid was coexpressed with the pCS-HTLV-neo plasmid (even lanes) with
the amounts of TM in contamination controls obtained when the envelope
expressor plasmid was coexpressed with a mock plasmid (odd lanes). Virus
particles released into the supernatants were purified on sucrose gradients, lysed,
and immunoprecipitated with serum from HTLV-1-infected individuals, as de-
scribed in reference 5. WT, wild type; CA, capsid; MA, matrix. Lanes: 1, wild-
type glycoprotein expressor plus pcDNA3 mock plasmid (background level of
envelope in the supernatant, in the absence of virus particle formation);
2, wild-type glycoprotein expressor plus pCS-HTLV-neo; 3, Y476stop plus
pcDNA3; 4, Y476stop plus pCS-HTLV-neo; 5, L470stop plus pcDNA3; 6,
L470stop plus pCS-HTLV-neo; 7, Y479S plus pcDNA3; 8, Y479S plus pCS-
HTLV-neo; 9, L481R plus pcDNA3; 10, L481R plus pCS-HTLV-neo; 11, I482K
plus pcDNA3; 12, I482K plus pCS-HTLV-neo.
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teins under these conditions but was still detected for the
wild-type glycoprotein. Second, there was a large increase in
fusion with the P471T mutant, reaching 200% of that of the
wild-type protein, but this was associated with augmented
rather than diminished cell-to-cell transmission (Table 1).
Thus, elevated levels of fusion can be associated with normal
or high levels of cell-to-cell transmission, and hence the result
obtained with the truncated or tyrosine-based motif-mutated
glycoproteins is attributable to a defect in transmission.

Fusion is regulated by multiple determinants in the cytoplas-
mic domains of HTLV-1 glycoproteins. These include the ty-
rosine-based motif, as well as amino acids outside this motif
(Table 1). A high-level fusion phenotype is consistently ob-
tained with retroviral glycoproteins having a truncated cyto-
plasmic domain, provided that they are correctly transported
to the cell surface. This is the case for the mammalian type C
(34) and type D (2) retroviruses, as well as those of the Len-
tivirus genus (9, 13, 26, 42), and is also true for HTLV-1
truncated glycoproteins (30). Tyrosine-based motifs are in-
volved in the ligand-induced internalization of some cell sur-
face receptors via clathrin-coated pits (for a review, see refer-
ence 39). A membrane-proximal tyrosine is important for cell
surface distribution (22) and for endocytosis (10, 36) of glyco-
proteins in HIV-1 and simian immunodeficiency virus. The
HTLV-1 tyrosine-based motif is also likely to control the rate
of endocytosis of the glycoproteins, thereby regulating the level
of envelope-mediated fusion. We have shown that the glycop-

rotein cytoplasmic domain interacts with components of the
clathrin adapter complexes (1). This suggests that during the
course of evolution retroviruses have retained cytoplasmic do-
mains which diminish the cell surface expression of their gly-
coproteins. This may help them to escape the host immune
response in vivo. Alternatively, reducing cell surface expression
may reduce the level of fusion that is detrimental to the virus,
because fusion causes death of virus-producing cells or of po-
tential target cells.

In contrast to what has been shown for Rous sarcoma virus
(29) and Mo-MuLV (14, 15, 32, 34), complete truncation of the
cytoplasmic domains of HTLV-1 glycoproteins resulted in
their inefficient incorporation into the virion. This could indi-
cate that incorporation involves interactions between the cyto-
plasmic domains of the glycoproteins and the Gag proteins
anchored at the plasma membrane in HTLV-1, as in HIV-1
(3). Alternatively, HTLV-1 may incorporate its glycoproteins
into budding virions via a common passive process like the oth-
er retroviruses with short cytoplasmic domains, as previously
suggested (6, 18). The fact that truncations or single-amino-
acid substitutions in the cytoplasmic domain can diminish in-
corporation, as shown here for HTLV-1 with the L470stop and
L481R mutants and elsewhere for Mo-MuLV (20) and BLV
(19), does not necessarily conflict with this view, but it suggests
that some modified conformations of the cytoplasmic domain
can hinder incorporation.

The tyrosine-based motif involved in HTLV-1 transmission
is not, however, involved in the incorporation process, as is the
tyrosine-based motif in the cytoplasmic domain of the BLV
glycoproteins (19). Two HTLV-1 glycoproteins with substitu-
tions in the tyrosine-based motif of the cytoplasmic domain
were incorporated into virions without allowing viral transmis-
sion, regardless of the cell line used to produce the virus or as
target cells. Very short truncations of the C terminus of the
HIV-1 glycoproteins produce a similar phenotype (9, 41), as do
mutations of the cytoplasmic domain of Mo-MuLV glycopro-
teins (20, 32, 33). Thus, in HTLV-1 in particular, and in ret-
roviruses in general, the cytoplasmic domain has a function in
viral transmission distinct from the defined envelope functions.
This study shows that such a function can be attributed to the
tyrosine-based motif of HTLV-1 glycoproteins and emphasizes
that this motif has multiple functions. These include address-
ing virions to the basolateral face of polarized epithelial cells
(23) and the endocytosis of glycoproteins, as discussed above.

What is the additional function of the cytoplasmic domain in
virus transmission, and why is the tyrosine-based motif in the
HTLV-1 cytoplasmic domain so important in this process?
Recent data show that a membrane-proximal tyrosine-based
motif favors cell-to-cell transmission of HIV-1 (7). The ty-
rosine-based motif in HTLV-1 might be essential for ensuring
that the virus is released at the site of interactions between a
virus-producing cell and a target cell, since HTLV-1 is mainly
transmitted via cell-cell contacts. Alternatively, the tyrosine-
based motif might be required to propel the virus core into the
cytoplasm of the target cell. It could also be involved in the
transduction of a signal, required for efficient infection, in the
target cell. In Mo-MuLV, the tyrosine-based motif is removed
after the truncation of the cytoplasmic domain in the virus
particle, but a membrane-proximal domain, retained after the
truncation, is also required for infectivity, probably at a post-
fusion step (20). Mo-MuLV and HTLV-1 glycoprotein cyto-
plasmic tails thus have similar functions, accomplished via dif-
ferent motifs. Further research is required to determine the
exact nature of the process involving the cytoplasmic domains
of oncoviruses in the early steps of infection.

TABLE 1. Effect of single-amino-acid substitutions in the HTLV-1
glycoprotein cytoplasmic domain on precursor cleavage, syncytium

formation, and cell-to-cell transmissiona

Proteinb
Precursor
cleavage

(%)c

Syncytium
formation

(% 6 SE)d,f

Cell-to-cell
transmission
(% 6 SE)e,f

W.T. 100 100 100
R465L 66 4 6 2 47 6 7
R467Q 84 26 6 4 89 6 36
L470R 85 60 6 14 81 6 12
P471T 90 196 6 70 122 6 37
R473L 87 103 6 9 86 6 4
V474F 81 108 6 5 67 6 18
R475I 96 49 6 9 96 6 6
Y476S 99 243 6 108 81 6 11
P477T 93 79 6 9 72 6 16
H478V 77 94 6 36 73 6 0
Y479S 96 146 6 21 10 6 6
S480V 79 64 6 19 44 6 1
L481R 77 168 6 45 12 6 2
I482K 63 166 6 42 0 6 0
P484R 78 101 6 6 57 6 26
E485A 84 73 6 3 78 6 10
S486L 71 86 6 9 103 6 13
L488Q 38 44 6 8 62 6 2

a Data are the means of values from at least two or three independent exper-
iments.

b W.T., wild-type glycoprotein; otherwise the first letter represents the wild-
type amino acid, the number refers to the amino acid position in the glycoprotein
(number 1 corresponds to the initiator methionine), and the last letter indicates
the name of the substituted amino acid.

c Calculated as described in reference 5, using quantitative assays.
d The assay for syncytium formation involves measuring the b-galactosidase

activity induced by envelope-mediated fusion. For the wild-type construct, 1,000
to 1,500 syncytia were obtained per 3 3 105 cells transfected with 1 mg of
envelope expressor plasmid, as counted in parallel experiments.

e Cell-to-cell transmission with the wild-type glycoproteins resulted in 250 to
350 neomycin-resistant colonies per 3 3 105 cells transfected with 25 ng of
envelope expressor plasmid.

f The results shown were obtained with COS-LTRLacZ cells for transfections
and B5-Tat cells as indicators.
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1997. A novel human T-leukemia virus type 1 cell-to-cell transmission assay
permits definition of SU glycoprotein amino acids important for infectivity.
J. Virol. 71:259–266.

6. Denesvre, C., C. Carrington, A. Corbin, Y. Takeuchi, F.-L. Cosset, T. Schulz,
M. Sitbon, and P. Sonigo. 1996. TM domain swapping of murine leukemia
virus and human T-cell leukemia virus envelopes confers different infectious
abilities despite similar incorporation into virions. J. Virol. 70:4380–4386.

7. Deschambeault, J., J.-P. Lalonde, G. Cervantes-Acosta, R. Lodge, É. A.
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