
JOURNAL OF VIROLOGY, Aug. 2004, p. 8301–8311 Vol. 78, No. 15
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.15.8301–8311.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Dileucine and YXXL Motifs in the Cytoplasmic Tail of the Bovine
Leukemia Virus Transmembrane Envelope Protein Affect

Protein Expression on the Cell Surface
Sinisa Novakovic,1 Earl T. Sawai,1,2 and Kathryn Radke1,3*

Graduate Group in Microbiology1 and Departments of Medical Pathology2 and Animal Science,3

University of California, Davis, Davis, California 95616

Received 19 December 2003/Accepted 12 March 2004

Several retroviruses downmodulate the cell surface expression of envelope (Env) proteins through peptide
sequences located in the cytoplasmic tail of the transmembrane (TM) subunit. We investigated whether cell
surface expression of a chimeric protein containing the cytoplasmic domain of the TM protein (CTM) of bovine
leukemia virus (BLV) was regulated by two membrane-proximal dileucine motifs or by tyrosine Y487 or Y498
in YXXL motifs. A chimeric protein composed of the extracellular and membrane-spanning portions of human
CD8-� plus a wild-type (wt) BLV CTM was detectable on the surface of only 40% of the cells in which it was
transiently expressed. Replacement of either dileucine pair with alanines increased the level of surface display
of chimeric proteins. Nearly all cells became surface positive when both dileucine motifs were altered simul-
taneously and when either an N-terminal segment containing both dileucine motifs or a C-terminal segment
containing all YXXL motifs was deleted. In contrast, replacement of Y487 or Y498 with alanine or phenylal-
anine enabled only small increases in surface display compared with wt levels. Chimeric proteins had similar
stabilities but were downmodulated from the cell surface at three different rates. Point mutants segregated into
each of the three groups of proteins categorized according to these different rates. Interestingly, Y487 mutants
were downmodulated less efficiently than Y498 mutants, which behaved like wt. CD8-CTM chimeric proteins
were phosphorylated on serine residues, but the native BLV Env protein was not phosphorylated either in
transfected cells or in a lymphoid cell line constitutively producing BLV. Thus, both dileucine and YXXL motifs
within the BLV CTM contribute to downmodulation of a protein containing this domain. Interactions with
other proteins may influence surface exposure of Env protein complexes in virus-infected cells, assisting in
viral evasion of adaptive immunity.

The cytoplasmic domains of several retroviral envelope
(Env) proteins control the level of Env present on the surface
of infected cells. A low level of surface expression is mediated
by intracellular retention of Env proteins as well as their rapid
endocytosis from the plasma membrane (22, 51, 54). The ex-
istence of mechanisms to ensure low-level cell surface display
of Env proteins points to a feature of the retroviral life cycle
that most probably evolved to reduce clearance of virus-pro-
ducing cells by the immune system (21, 22, 35). The main
target for antibody recognition of retroviral Env protein com-
plexes is the surface (SU) protein subunit, which is anchored
onto the membranes of infected cells and virions by the mem-
brane-spanning domain of the transmembrane (TM) subunit
of an Env monomer (26). A labile disulfide bond links the SU
and TM subunits of bovine leukemia virus (BLV) (30), a delta-
retrovirus. Upon binding of oligomers of retroviral SU to cel-
lular receptors, the TM subunits mediate virus-cell fusion (26).
In parallel with other retroviral TM proteins, the extracellular
portion of BLV TM contains a putative oligomerization do-
main (19) and an N-terminal fusion peptide (60).

The 57-amino-acid cytoplasmic domain of the TM protein
(CTM) of BLV is unusually long among oncogenic retroviruses

(48, 52). It contains a number of amino acid sequences in-
volved in protein-protein interactions (Fig. 1A), including two
overlapping immunoreceptor tyrosine-based activation motifs
(ITAMs) (47). Consensus ITAMs contain two YXXL se-
quences separated by seven amino acids and preceded by two
precisely spaced acidic residues (D/EX7D/EX2YX2LX7YX2

L/I) (9, 18, 47). Phosphorylation of the tyrosines in ITAMs
creates binding sites for Src homology 2 (SH2) protein mod-
ules found in many cell-signaling proteins (42). The three
YXXL sequences present in the BLV CTM could potentially
form two overlapping ITAMs; the sequence of the first ITAM
exactly fits the consensus, although the second lacks the most
distal upstream acidic residue (1, 2).

The BLV CTM has the capacity to transmit activating sig-
nals elicited by the binding of an extracellular ligand to a
membrane-spanning protein. Antibody cross-linking of a chi-
meric protein in which the BLV CTM replaces the cytoplasmic
portion of murine CD8-� elicits rapid calcium release and
increased tyrosine phosphorylation of proteins in murine B-
lymphoma cells (1). Mutation of individual tyrosine and
leucine residues within the YXXL motifs of the potential BLV
ITAMs showed that the two YXXL motifs of the more mem-
brane-proximal ITAM must be intact for cross-linking of CD8-
CTM fusion proteins to induce early and late activation events
in stably transfected mouse B- and T-lymphoma cells (2).

The YXXL motifs within the membrane-proximal ITAM
could also be part of immunoreceptor tyrosine-based inhibi-
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tion motifs (ITIMs) (23) having the sequences SXYXXL and
IYSXL (57, 59). Upon phosphorylation of the tyrosine resi-
dues, ITIM-containing proteins are bound by SH2 domains,
for example, in phosphatases and signaling is inhibited (re-
viewed in reference 23). SHP-1 phosphatase, an important
negative regulator of B-cell signaling (38), associates with the
BLV CTM in cultured peripheral blood mononuclear cells
from BLV-infected cows when tyrosine phosphatases are in-
hibited prior to cell lysis (11). SHP-1, which contains two SH2
motifs, may bind to YXXLs in the BLV CTM when the ty-
rosines are phosphorylated.

In the context of viral replication, replacement of tyrosine
within either of the first two YXXLs of the BLV CTM with
aspartic acid, which introduces a constitutive negative charge,
reduces or eliminates viral infectivity and proviral load in
sheep injected with mutant proviruses (61). Moreover, replace-
ment of the second tyrosine residue with alanine greatly re-
duces the propagation and infectivity of the virus in cultured
fetal lamb kidney cells (27). Although propagation of signals by
ITAMs and ITIMs depends on phosphorylation of their ty-
rosine residues, BLV TM has not been found to be phosphor-
ylated at tyrosine when peripheral blood mononuclear cells

from infected cows are cultured briefly to allow virus expres-
sion and synthesis of the Env protein (23).

Recognition and binding of PXXP motifs by proteins con-
taining Src homology 3 (SH3) domains also brings together
components of cell signaling pathways (42, 46). The BLV CTM
contains three PXXP motifs (10). Replacement of the first
three proline residues with alanine within the membrane-prox-
imal PXXPX4PP motif decreases viral load in sheep injected
with mutant proviruses, and the animals develop lower titers of
serum antibodies specific for the viral capsid protein than do
animals injected with wild-type (wt) proviruses (45). This sug-
gests that the ability of BLV TM to associate with a protein
containing an SH3 domain is important for normal levels of
viral replication in vivo.

In contrast to that of BLV, the CTM domain of its close
relative, human T-cell leukemia virus (HTLV) type 1, is only
23 amino acids long; it has no ITAM, ITIM, or proline-rich
motifs but does contain a YXXI motif. When fused individu-
ally to the extracellular and membrane-spanning regions plus
13 cytoplasmic amino acids of the interleukin 2 receptor �
(IL-2R�) chain, the CTMs of HTLV and BLV each reduce the
cell surface expression of the respective chimeric protein by

FIG. 1. (A) Schematic representation of CD8-CTM chimeric proteins. The top diagram represents the entire CD8-CTM fusion construct. The
extracellular and membrane spanning (m.s.) domains plus four to seven cytoplasmic amino acids of CD8-� (aa 1 to 212) precede the BLV CTM
(aa 459 to 515 of the BLV Env protein precursor). The expanded diagram of the wt CTM of T-15 BLV shows the locations of T461, S462, two
dileucine motifs, three PXXP motifs, and the three YXXL motifs that form two overlapping ITAMs. Mutations are shown in their approximate
locations. �N-CTM lacks 12 N-terminal amino acids of the BLV CTM, whereas �C-CTM lacks 29 C-terminal residues. CD8-Stop contains only
the first three amino acids of the BLV CTM. (B) DNA and amino acid sequences of chimeric CD8-CTM constructs. The end of the CD8-�
sequence encodes membrane-spanning and cytoplasmic amino acids just upstream of the junction with the BLV CTM; the BglII restriction site
used to fuse the sequences is in bold type. The end of the predicted membrane-spanning domain (48, 52) of the BLV CTM is demarcated; the
predicted cytoplasmic domain begins at C459, which is the first BLV-encoded amino acid in all CD8-CTM chimeras except �N-CTM. Arrows
indicate the start of BLV-specific sequences of the �N-CTM chimera as well as the ends of the CD8-Stop and �C-CTM chimeras. Individual amino
acids that were replaced are underlined.
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mediating rapid internalization from the plasma membrane
(22). Substitution of a serine for the tyrosine residue in the
YSLI sequence of the HTLV CTM increases the residence of
a CD8-CTM chimeric protein on the surface of transfected
cells (3). The tyrosine of the YSLI sequence is essential for
HTLV transmission from cell to cell (13), and it targets bud-
ding of a retrovirus pseudotyped with HTLV Env to the baso-
lateral surface of polarized epithelial cells (35). The HTLV
CTM interacts with isolated � subunits of the clathrin-associ-
ated adaptor proteins (AP) 1 and 2 (3). Interactions of AP
complexes with YXX� sequences, where � is a large hydro-
phobic amino acid, function in clathrin-mediated endocytosis
of cell surface proteins (AP-2) and in trafficking of membrane-
spanning proteins from the trans-Golgi network to endosomes
and the cell surface (AP-1) (31).

The sequences in the BLV CTM that are responsible for
rapid endocytosis have not been identified. In addition to its
three YXX� sequences, the BLV CTM contains two mem-
brane-proximal dileucine motifs (Fig. 1A). Dileucine motifs
can participate in the downregulation of proteins from cell
surface membranes by interacting with clathrin-associated AP
complexes (33, 62). Phosphorylation of an upstream serine
residue can stimulate dileucine-mediated endocytosis (15, 16,
20, 43).

To learn whether dileucine and YXXL motifs within the
BLV CTM mediate low-level cell surface display of a chimeric
protein, we fused the BLV CTM to the extracellular and mem-
brane-spanning portions of the human CD8-� chain and then
mutated the CTM. A deletion of the N terminus of the CTM
removed the two dileucine pairs; a deletion of the C terminus
removed all three YXXL motifs. Single amino acid substitu-
tions changed individual tyrosines of the first two YXXL mo-
tifs to alanine or phenylalanine and the leucines of the
dileucine motifs to alanines. A serine residue and a threonine
residue preceding the dileucine motifs were individually re-
placed with alanine to assess whether a phosphoacceptor res-
idue was necessary upstream of the dileucine motifs. We then
assessed the stability of the CD8-CTM proteins in cells tran-
siently expressing the chimeras, the extent of their display on
the cell surface, and the rate of their internalization from the
cell surface. Finally, given the regulatory role of phosphoryla-
tion in protein-protein interactions, we assessed the phosphor-
ylation state of CD8-CTM chimeric proteins, of native BLV
Env protein expressed by transiently transfected cells, and of
native BLV Env protein present in cells from a BLV-infected
lymphoid cell line.

MATERIALS AND METHODS

Construction of CD8-CTM expression vectors. A DNA fragment encoding the
extracytoplasmic and membrane-spanning portions of human CD8-� (28, 34)
was cloned into a pcDNA3 expression plasmid (Invitrogen) in frame with the 57
amino acids of BLV proviral DNA that are predicted to encode the cytoplasmic
tail of gp30-TM (48, 52). A HindIII-BglII DNA fragment encoding CD8-� was
obtained from plasmid pRcCMV-CD8-NefHIV-1SF2 (55). DNA encoding the
cytoplasmic portion of TM was obtained by PCR amplification of the T15-2 clone
(14, 49) (GenBank accession number K02251). pcDNA3-CD8-CTM constructs
(Fig. 1A) were created using two different approaches. In the first, single-step
PCR was used to amplify DNA sequences that encode the wt CTM (CTMwt)
sequence and amino- or carboxy-terminal deletions of CTM, as well as to mu-
tagenize codons for T461, S462, L464, L465, L467, and L468. The 5� primer
contained a BamHI restriction endonuclease site to facilitate the in-frame fusion
of the fragments encoding the cytoplasmic tail of TM and CD8-�, while the 3�

primer contained sequences complementary to those encoding the carboxy ter-
minus of CTM plus an XbaI site to facilitate subsequent cloning. PCRs were
carried out for 30 cycles consisting of 30-s incubations at 94, 55, and 72°C.
Nuclease-digested PCR products were separated by agarose gel electrophoresis,
purified on Quick Spin columns (QIAGEN, Inc.), and then ligated with
pcDNA3. A HindIII-BglII fragment encoding CD8-� was inserted into pcDNA3-
CTM intermediates that had been digested with HindIII and BamHI.

The second approach used recombinant PCR splice overlap extension (25) to
mutagenize codons for Y487 and Y498. The first of two stages comprised two
separate PCRs yielding DNA fragments with central overlapping regions. One
half of the template DNA (pcDNA3-CD8-CTMwt) was amplified with a 5�
primer containing an EcoRV restriction site located in the CD8-encoding DNA
sequence and a 3� primer overlapping the CTM DNA sequence to be mu-
tagenized. The remaining template DNA was amplified with a 5� primer com-
plementary to the 3� primer of the previous reaction and the 3� primer containing
an XbaI site as described above. Both PCRs were carried out as described above.

In the second stage, 1 �l of DNA product from each of these two PCRs was
denatured and strands were reannealed by their overlapping segments. Full-
length fragments were amplified with the 5� primer containing the EcoRV site
and the 3� primer with the XbaI site. The amplified PCR product was purified
after agarose gel electrophoresis and subsequently cloned into pcDNA3-CD8.
Details of mutagenesis and the sequences of primers used for PCR amplification
(39) are available from the authors upon request. The CD8-Stop mutant contains
three amino acids of the BLV CTM followed by a stop codon; it was isolated
during preparation of Y487 mutants.

E. coli DH5� cells transformed with CD8-CTM constructs were grown for
no longer than 13 h at 37°C in Luria-Bertani medium containing 100 �g of
ampicillin per ml. Plasmids were purified using Endo-free Plasmid Maxi kits
(QIAGEN). The identity of all plasmid constructs was confirmed by restriction
endonuclease analysis and by semiautomated DNA sequencing (Applied Biosys-
tems, Inc.) of both strands by using SP6 and T7 primers. Sequences were ana-
lyzed using Sequa software (PerkinElmerCetus Corp.).

Cell culture. COS-7 monkey kidney cells were obtained from the American
Type Culture Collection and were subcultured twice a week in high-glucose
Dulbecco’s modified Eagle medium (DMEM; Invitrogen-Life Technologies)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U of
penicillin per ml, and 100 �g of streptomycin per ml. BLV-negative BL3 cells
(58) and BLV-positive BL3* cells (50) were cultured at 37°C with 5% CO2 in
50% minimum essential medium–50% Leibovitz L-15 medium (Invitrogen-Life
Technologies) supplemented with 5% FBS, 0.1 mM nonessential amino acids, 2
mM L-glutamine, penicillin, and streptomycin.

Transfection. COS-7 cells were seeded at 2.0 � 105 cells in 2 ml of DMEM–
10% FBS per each 35-mm-diameter well of a 6-well plate. Twenty hours later,
cells were transfected with 1 �g of DNA suspended in 100 �l of serum-free
DMEM containing 3 �l of Fugene reagent (Roche, Indianapolis, Ind.) according
to the manufacturer’s protocol. When T-25 culture flasks were used, 5.0 � 105

cells were seeded in 6 ml of DMEM–10% FBS. Twenty-four hours later, cells
were transfected with 2 �g of DNA suspended in 200 �l of serum-free DMEM
containing 6 �l of Fugene reagent.

Metabolic radiolabeling and immunoprecipitation. Metabolic radiolabeling
and immunoprecipitation were performed according to previously described
procedures (55). Steady-state metabolic labeling of COS-7 cells with [35S]Met/
Cys was performed in 6-well plates at 24 to 48 h after transfection. Cells were
washed twice in 1 ml of 37°C phosphate-buffered saline (PBS; 1.5 mM KH2PO4,
8 mM Na2HPO4, 2.7 mM KCl, 140 mM NaCl [pH 7.4]) and were incubated for
3 h at 37°C in 0.5 ml of Cys- and Met-free RPMI 1640 containing 5% dialyzed
FBS and 25 �Ci of [35S]Met/Cys (1,000 Ci/mmol; Trans35S-Label; ICN). Cells
were washed twice in 37°C PBS and lysed in 1 ml of extraction buffer A (137 mM
NaCl, 10% [vol/vol] glycerol, 50 mM Tris-HCl [pH 8.0], 0.5% [vol/vol] IGEPAL
CA-630 [Sigma Chemical Co., St. Louis, Mo.; used as a substitute for NP-40], 2
mM EDTA) supplemented with 0.5 �g of leupeptin per ml, 2 �g of aprotinin per
ml, and 10 �g of pepstatin A per ml. Lysates were rocked at 4°C for 30 min and
then centrifuged at room temperature (RT) for 5 min at 15,000 � g to pellet
insoluble material. The supernatant (1 ml) was transferred to a tube containing
4 �l of mouse monoclonal 3B5 anti-CD8 antibody (Caltag Laboratories) specific
for the extracellular portion of the human CD8-� molecule and 100 �l of 20%
(vol/vol) protein A-Sepharose suspended in wash buffer (extraction buffer with-
out leupeptin, aprotinin, and pepstatin). After incubation at 4°C for 1 h, immune
complexes were pelleted and washed four times with 1 ml of wash buffer.
Immunoprecipitates were mixed with 28 �l of 2� gel-loading buffer (4% [wt/vol]
sodium dodecyl sulfate [SDS], 4% [wt/vol] 2-mercaptoethanol, 10% [wt/vol]
glycerol, 54 �g of bromophenol blue per ml). Samples were heated for 5 min at
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100°C prior to SDS–12% polyacrylamide gel electrophoresis (PAGE). Dried gels
were exposed to Biomax MR film (Eastman Kodak) at �80°C.

For metabolic labeling of BL3 or BL3* cells with [35S]Met/Cys, 107 cells were
suspended in 2 ml of labeling medium. Cells were washed twice in ice-cold PBS
containing 10 mM N-ethylmaleimide (NEM) (30) and lysed in 1 ml of extraction
buffer B (150 mM NaCl, 25 mM Tris HCl [pH 8.0], 1% [wt/vol] IGEPAL
CA-630, 1% [wt/vol] sodium deoxycholate, 2 mM EDTA, 10 mM NEM, 1 mg of
ovalbumin per ml, 0.5 �g of leupeptin per ml, 2 �g of aprotinin per ml, 10 �g of
pepstatin A per ml). The BLV Env protein was retrieved with 5 �l of BLV2
antibody specific for the D epitope of the SU subunit (Veterinary Medical
Research and Development, Inc., Pullman, Wash.), and immune complexes were
harvested with 100 �l of 50-mg/ml protein G.

Metabolic labeling with H3
32PO4 was performed either with transfected

COS-7 cells in confluent 6-well plates or with 107 BL3 or BL3* cells in suspen-
sion. Prior to labeling, cells were washed twice in 37°C Tris-buffered saline (150
mM NaCl–20 mM Tris-HCl [pH 7.4]) and then incubated at 37°C for 3 to 4 h in
2 ml of phosphate-free DMEM growth medium containing 125 �Ci of H3

32PO4.
After labeling, COS-7 cells were washed twice in RT PBS and lysed in 1 ml of
extraction buffer A containing 50 mM NaF and 2 mM Na3VO4 to inhibit phos-
phatases. After 100 �l of 20% protein A-Sepharose (Sigma Chemical) was
added, lysates were incubated at 4°C for 20 min. Samples were cleared by
centrifugation for 5 min at 16,000 � g. The supernatant was transferred to a tube
containing 5 �l of 3B5 anti-CD8 antibody and 100 �l of protein A-Sepharose (50
mg/ml) and was then treated as described for 35S-labeled immunoprecipitates.

32P-labeled lysates of COS-7 cells transfected with pcDNA3-BLV-Env (29) or
of BL3/BL3* cells were immunoprecipitated as described for 35S-labeled lysates
of BLV Env-containing cells, except that extraction buffer B was supplemented
with 50 mM NaF and 2 mM Na3VO4.

Pulse-chase metabolic labeling and immunoprecipitation. Twenty-four hours
after 5.0 � 105 COS-7 cells had been transfected in T-25 flasks, the cells were
washed twice in 2 ml of 37°C PBS and then rocked at 37°C for 15 min in 0.5 ml
of prewarmed Cys- and Met-free RPMI 1640 containing 5% dialyzed FBS and
250 �Ci of [35S]Met/Cys. Immediately thereafter, cells were washed three times
with 1 ml of 37°C PBS and were incubated with 6 ml of prewarmed, nonradio-
active DMEM growth medium. The zero time point sample was washed and
immediately lysed in 1 ml of ice-cold extraction buffer A; the remaining flasks
were incubated for 2, 4, 8, and 24 h prior to washing, extraction, and immuno-
precipitation as described above.

Cell-surface and whole-cell expression of CD8-CTM proteins. At 24 or 48 h
after transfection, COS-7 cells were washed twice in 1 ml of PBS at RT and were
removed from culture wells by repeated pipetting in 1 ml of PBS containing 2%
(wt/vol) bovine serum albumin (PBS-B) and supplemented with 1 mM EDTA.
Following two washes in 1 ml of PBS-B, cells to be stained for CD8-CTM
proteins present throughout the cell were treated according to the manufactur-
er’s protocol with the fixation and permeabilization reagents of a cell permeabi-
lization kit (Caltag Laboratories). These cells and parallel samples to be stained
only on the surface were resuspended in 100 �l of PBS-B containing 2 �g of
phycoerythrin (PE)-conjugated mouse Leu 2A monoclonal anti-CD8 antibody
(Becton Dickinson) and were incubated at RT in the dark for 30 min. Cells were
then washed once in 1.5 ml of PBS-B, resuspended in 0.5 ml of PBS-B containing
1% (wt/vol) paraformaldehyde, and stored in the dark before analysis by flow
cytometry.

Internalization of CD8-TM protein from the cell surface. Following the pro-
cedure of Nakatsu et al. (37), COS-7 cells that had been transfected for 24 h were
stained for 30 min on ice in 0.1 ml of PBS-B containing 2 �g of 3B5 monoclonal
anti-CD8 antibody. After two washes in 4°C PBS-B, cells were resuspended in 1
ml of DMEM–10% FBS, divided into four equal portions, and incubated at 37°C
for 0, 5, 15, and 30 min. After each interval, cells were chilled rapidly by adding
1 ml of ice-cold DMEM–10% FBS, centrifuged for 5 min at 325 � g, and washed
once in cold PBS-B. The washed cells were incubated with 2 �g of secondary
PE-conjugated goat anti-mouse IgG antibody (Caltag Laboratories) in 0.1 ml of
PBS-B for 30 min on ice. Stained cells were then washed and fixed in 0.5 ml of
PBS-B containing 1% paraformaldehyde and were kept in the dark at 4°C prior
to analysis by flow cytometry.

Flow cytometry. Immunostained cells were analyzed on a FACScan flow cy-
tometer (Becton Dickinson). For each sample, 10,000 events were collected from
single, live cells gated by forward and side scatter. Data were processed using
CellQuest software (Becton Dickinson). For each experiment, the background
fluorescence of antibody-stained, mock-transfected cells was used to establish a
threshold, above which cells were scored positive.

Phosphoamino acid analysis. One-dimensional separation of phosphoamino
acids was performed according to the method of Hardin and Wolniak. (24) with
minor modifications. Briefly, 32P-labeled, chimeric CD8-CTM proteins were

transferred from SDS-polyacrylamide gels onto a polyvinylidene membrane by
electrophoresis at 200 V for 1 h at 4°C in 120 mM glycine–15.6 mM Tris-HCl (pH
8.3). The membrane was rinsed in water for 1 min, air dried for 30 min, and
exposed to X-ray film for 24 to 48 h at �80°C in the presence of an intensifying
screen. Bands of appropriate mobility were excised and incubated in 200 �l of
100% methanol for 30 s. After membrane fragments were washed twice for 30 s
in 200 �l of water, adhering protein was partially hydrolyzed by heating in 150 �l
of 5.8 N HCl at 110°C for 90 min. The eluate was dried under vacuum, and the
pellet was resuspended in 3 �l of phosphoamino acid standard solution (1 mg
each of O-phospho-DL-serine, -threonine, and -tyrosine [Sigma Chemical] per ml
of water).

The resulting samples, which contained 100 to 400 cpm by Cerenkov counting,
were separated by low-voltage, thin-layer electrophoresis. Samples were spotted
onto a 6.25- by 11.5-cm polyester-backed chromatography plate covered with a
250-�m layer of silica gel (Fisher Scientific). To visualize sample migration, 0.3
�l of tracking dyes (1% orange G and 1% phenol red) in electrophoresis buffer
(pH 3.5; 0.5% [vol/vol] pyridine–5% [vol/vol] acetic acid in water) was applied
over the spots. A Mini Sub-Cell electrophoresis unit (Bio-Rad) was set into an
ice bath, and samples were separated at 250 V until the dye front reached the
distal wick (approximately 1 h 45 min). After the plate was air dried for 2 h,
phosphoamino acid standards were visualized by spraying the plate with 0.5%
(wt/vol) ninhydrin in acetone and heating it for 15 min at 65°C. Locations of
radioactive amino acids were determined by autoradiography using an intensi-
fying screen.

RESULTS

To assess the role of key amino acid residues and motifs
governing cell surface expression of BLV TM, we joined se-
quences encoding the C-terminal 57 amino acids that are pre-
dicted to constitute its cytoplasmic domain with sequences
encoding the extracellular and membrane-spanning domains
plus four to seven cytoplasmic amino acids of human CD8-�
(Fig. 1B). Chimeric CD8-CTM constructs were prepared in
vector pcDNA3 for transient expression in transfected COS-7
cells. By using this approach, extracellular epitopes of CD8-�
could be detected with commercially available antibodies; no
antibodies recognizing the extracellular domain of native BLV
TM have been reported. Moreover, CD8-BLV CTM chimeric
proteins have been shown to have signaling capabilities (1, 2,
23) that could affect cell survival during selection for stable
expression. Transient expression reduces the chance of exam-
ining cells that survive selection because levels or compartmen-
talization of the expressed protein are altered.

We prepared 14 mutants of CD8-CTMwt (Fig. 1A). The
�N-CTM construct contains the same portion of CTM used in
a previous investigation of signaling by CD8-CTM chimeras
(2). Among the 12 membrane-proximal amino acids missing in
this deletion mutant, two dileucine pairs, a threonine, and a
serine are potentially important in endocytosis. Leucines 464-
465 and 467-468 were mutated to alanines in the following
combinations: AA/AA, AA/LL, LL/AA, AL/LA, and LA/AL.
The potential phosphoacceptor residues T461 and S462 were
individually mutated to alanines (T461A and S462A).

The remainder of the cytoplasmic tail of BLV TM contains
YXXL sequences that could interact with the clathrin-associ-
ated endocytic machinery (5). Tyrosines in the first and second
YXXL motifs were individually replaced with alanine (Y487A
and Y498A) or phenylalanine (Y487F and Y498F). Phenylal-
anine was tested because it cannot be phosphorylated and its
space-filling properties are similar to those of tyrosine.

The C-terminal deletion mutant (�C-CTM) lacks all YXXL
motifs but retains the membrane-proximal dileucine motifs
and their upstream serine and threonine residues. Finally, the
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CD8-Stop construct, encoding only the first three amino acids
of the BLV CTM, served as a control because it has a cyto-
plasmic domain lacking obvious regulatory sequences.

Stability of CD8-CTM chimeric proteins. To determine
whether the predicted chimeric proteins were synthesized and
stable in transfected COS-7 cells, CD8-CTM proteins radiola-
beled by metabolic incorporation of [35S]Met/Cys for 3 h were
immunoprecipitated using CD8-specific monoclonal antibody.
Chimeric proteins (Fig. 2A and B) of 28 kDa were encoded by
all mutant constructs except �N- and �C-CTM, whose protein
products each migrated as 25 kDa, and CD8-Stop, whose prod-
uct migrated as 20 kDa. CD8-CTM chimeric proteins had
similar levels of steady-state expression. The slight variability
in the intensity of the bands shown in Fig. 2A and B was

experiment specific and does not represent reproducible dif-
ferences in levels of chimeric proteins. CD8-CTM chimeric
proteins were quite sensitive to proteolysis; in some experi-
ments, multiple degradation products were produced. No con-
struct appeared to be more susceptible than the others. Thus,
all transiently expressed chimeric proteins were present at sim-
ilar steady-state levels, indicating that neither the introduced
mutations nor the amino- and carboxy-terminal deletions
greatly altered their abundance.

We measured the half-lives of selected chimeric proteins by
pulsing transiently transfected cells with [35S]Met/Cys, replac-
ing radioactive amino acids with unlabeled amino acids, and
then immunoprecipitating radiolabeled proteins extracted 0, 2,
4, 8, and 24 h later. CD8-CTM bands of low molecular mass
(approximately 20 kDa) were present at time zero (Fig. 3). By
2 h, the molecular mass of the predominant immunoprecipi-
tated proteins had shifted to 30 to 33 kDa. This is consistent
with posttranslational processing, as expected for the extracel-
lular domain of CD8, which is glycosylated.

The CD8-CTMwt chimeric protein exhibited a 3- to 4-h
half-life (Fig. 3, lanes 7 to 11), as did �N-CTM (lanes 2 to 6)
and AA/AA (lanes 12 to 16) chimeric proteins. Since repeated
measurements showed that steady-state levels of all the chi-
meric proteins were similar during the first 48 h after transient
transfection, we infer that the other mutated proteins also have
similar half-lives.

Some mutations increased cell surface expression of CD8-
CTM chimeric proteins. Since the wt cytoplasmic tail of BLV
TM decreases display of an IL-2R� chimeric protein on the
cell surface (22), we used flow cytometry to determine how the
altered protein motifs affected the residence of CD8-CTM
proteins on the cell surface. At 48 h after transfection, COS-7
cells were stained directly on the surface with fluorochrome-
conjugated anti-CD8 antibody. Chimeric proteins present
throughout the cell were detected in parallel samples treated
before staining with saponin-containing buffer to create open-
ings in the cell membrane large enough for free passage of
antibody. Percentages of CD8-positive cells did not differ re-
producibly among permeabilized cells transfected with CTM
constructs (representative samples are shown in Fig. 4, bottom
panels). In contrast, surface display varied considerably (Fig. 4,

FIG. 2. Steady-state levels of CD8-CTM chimeric proteins and
their phosphorylation state. (A) Two days after transfection of COS-7
cells, CD8-CTM chimeric proteins were labeled by metabolic incorpo-
ration of [35S]Met/Cys for 3 h. Proteins were extracted, immunopre-
cipitated with anti-CD8 antibody, and separated by SDS-PAGE. The
autoradiogram shows CD8-CTM proteins immunoprecipitated from
106 cells that were mock transfected or transfected with the listed
constructs. Positions to which protein standards migrated are shown on
the left of the autoradiogram (molecular mass is in kilodaltons) and
CD8-CTM chimeric proteins are identified on the right. (B and C)
Two sets of COS-7 cells were transfected in parallel, and after 24 h,
they were radiolabeled for 3 h with [35S]Met/Cys to reveal the amounts
of chimeric proteins synthesized (B) or with [32P]orthophosphate to
reveal whether the proteins were phosphorylated (C). Autoradiograms
of proteins immunoprecipitated with CD8-specific antibodies are
shown. (D) Phosphoamino acid analysis of radiolabeled CD8-CTM
chimeric proteins. Immunoprecipitated, 32P-labeled CD8–�N-CTM
and CD8-Y487A proteins were excised from gels, hydrolyzed with
acid, and separated by one-dimensional thin-layer electrophoresis. Po-
sitions to which phosphoamino acid standards (p-Y, phosphotyrosine;
p-T, phosphothreonine; p-S, phosphoserine) migrated are encircled on
the autoradiograms of ninhydrin-stained, thin-layer plates. The sample
origin is marked.

FIG. 3. Stability of CD8-CTM chimeric proteins. Cells that had
been transfected for 24 h were pulse-labeled for 15 min with 250 �Ci
of [35S]Met/Cys, washed, and then incubated in nonradioactive me-
dium for 2, 4, 8, and 24 h. After extraction, chimeric proteins were
immunoprecipitated with CD8-specific antibody and separated by
SDS-PAGE. The autoradiogram (48-h exposure) shows CD8-CTM
chimeric proteins retrieved from 2 � 106 cells that were mock trans-
fected (lane 1) or transfected with �N-CTM (lanes 2 to 6), CTMwt
(lanes 7 to 11), or AA/AA (lanes 12 to 16). Positions to which imma-
ture (immat.) and fully processed CD8-CTM fusion proteins migrated
are indicated.
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top panels). Less than half of the cells containing the wt CTM
chimeric generated a signal from surface protein that was
above the background of fluorescence from mock-transfected
cells. In contrast, equivalent percentages of transfected cells
were positive for both surface and whole-cell expression of the
�N-CTM, AA/AA, and �C-CTM chimeric proteins.

The proportions of CD8-CTM-positive cells that displayed
detectable levels of the chimeric proteins on the cell surface
are compared in Fig. 5; the percentages obtained in this steady-
state measurement parallel mean fluorescence intensities (mfi)
as exemplified by the data shown in Fig. 6B. The CD8-Stop
protein lacking most cytoplasmic amino acids was displayed on
the surface of nearly all the cells in which it was present (Fig.

5). In contrast, only 43% of the cells containing the CD8-
CTMwt protein displayed detectable levels on the cell surface.
Virtually all cells synthesizing the �N-CTM chimera displayed
abundant amounts on the cell surface, and when both pairs of
membrane-proximal leucines present in the N-terminal region
of CTMwt were altered to alanines (AA/AA), the same sur-
face-positive phenotype resulted in almost all cells. Thus, al-
tering or removing both pairs of dileucines was sufficient to
counteract the compartmentalization characteristic of the
CD8-CTMwt chimeric protein. Differences between any of
these constructs and wt were significant by the Tukey compar-
ison of means (P 	 0.01).

Replacement of one or the other pair of membrane-proxi-
mal leucines by alanines (AA/LL, LL/AA) partly counteracted
wt regulation, increasing the proportion of cells displaying the
mutant chimeric protein on the surface from wt levels (43%) to
68 to 76% of expressing cells (difference from wt is significant
at P 	 0.01). Interestingly, simultaneous alteration of the first
and fourth leucines of the set (AL/LA) counteracted wt regu-
lation (82% surface-positive cells; significantly different from
wt at P 	 0.01) much more strongly than did alteration of the
second and third leucines (LA/AL; 60% surface-positive cells;
not significantly different from wt at P 	 0.01). Thus, the first
and fourth leucines more strongly affect sequestration of the
chimeric protein within cells.

Phosphorylation of T461 or S462 could affect the ability of
the downstream dileucine motifs to mediate endocytosis. How-
ever, replacing either residue with alanine (T461A or S462A)
to prohibit its phosphorylation did not alter wt distribution of
the resulting chimeric proteins, which were displayed on the
surfaces of only 39 to 40% of positive cells.

Deletion of the C-terminal 32 amino acids of CTM (�C-
CTM) counteracted wt regulation and restored cell surface
display of the chimeric proteins to virtually all (96%) CD8-
positive cells. In contrast, replacement of either Y487 or Y498

FIG. 4. Display of CD8-CTM chimeric proteins on the cell surface. At 24 h after transfection, intact COS-7 cells were stained with PE-
conjugated anti-CD8 antibody and analyzed by flow cytometry for surface display of CD8-CTM chimeric proteins (top panels). The total
population of cells containing chimeric proteins was measured in parallel samples that were permeabilized and stained with the same antibody
(bottom panels). Each panel shows a histogram of mock-transfected cells (dotted line) as well as a histogram generated by cells expressing one
of the following chimeric proteins: �N-CTM, CTMwt, AA/AA, or �C-CTM (solid line). The percentage of cells staining for CD8 above the
background staining of mock-transfected cells is shown on the lower right of each panel. Representative results from a single experiment are shown.

FIG. 5. Steady-state cell surface display of CD8-CTM chimeric
proteins by transiently transfected cells. Cells transfected 24 or 48 h
earlier were stained with PE-conjugated anti-CD8 antibody and ana-
lyzed for surface and whole-cell CD8 as described in the legend to Fig.
4. Cells positive for CD8 on the surface are presented as a percentage
of cells that contained the corresponding chimeric protein. The histo-
gram displays averages from two to seven experiments per chimera
(error bars show standard errors of the means).
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within the first ITAM of the C terminus with alanine or phe-
nylalanine slightly increased the proportion of cells displaying
chimeric proteins on the surface from wt levels (43%) to 59%
(Y487A), 64% (Y487F), and 51% (Y498A) (Y498F was also
reduced [data not shown]). These values did not differ signif-
icantly from the level of wt (P 	 0.01).

Thus, normal sequestration of the CD-CTMwt chimeric pro-
tein within cells was counteracted by removal of either an N- or
a C-terminal segment of the CTM. Substitution of alanine for
all four leucines within two dileucine motifs also conferred
surface display on the altered chimeric proteins, and replace-
ments of the first and fourth leucines were most influential.
Replacement of either tyrosine within the first ITAM con-

ferred small but reproducible increases in surface display of
the chimeric proteins.

CD8-CTM chimeric proteins were internalized at different
rates. Differences in the rate of movement to and from the cell
surface could account for the differential cell surface display
levels of CD8-CTM proteins. To examine the role of internal-
ization, we measured the percentage of cells retaining CD8
epitopes on the cell surface following initial binding of anti-
CD8 antibody at 4°C. Antibody-tagged cells were incubated at
37°C to allow internalization of the antigen-antibody complex,
and at 0-, 5-, 15-, and 30-min intervals, the cells were washed in
cold growth medium. Staining of intact cells with a fluoro-
chrome-conjugated secondary antibody revealed the percent-
age of cells still displaying antibody-tagged CD8 on the surface.

CTM chimeric proteins fell into three groups based on their
rates of disappearance from the cell surface (Fig. 6A). Proteins
in the first group, including CD8-CTMwt, were rapidly inter-
nalized. After only 5 min at 37°C, cells displaying tagged CT-
Mwt, T461A, and S462A chimeric proteins at detectable levels
on the surface dropped to 30 to 40% of the number present at
the outset; the percentage of surface-positive cells then stabi-
lized at 25%. Cells displaying the Y498A chimeric protein on
the surface also dropped quickly to 38%, but 31% maintained
surface display, a slightly higher proportion than the others in
this group. Proteins in the second group had an intermediate
rate of disappearance from the cell surface. Cells positive on
the surface for the LL/AA, AA/LL, Y487A, and Y487F chi-
meric proteins dropped within 5 min to 55 to 68% of initially
positive cells and to 48 to 55% by 15 and 30 min. Proteins in
the third group disappeared most slowly from the cell surface.
Over 80% of cells initially positive for the �C-CTM, �N-CTM,
and AA/AA chimeric proteins displayed antibody-tagged pro-
tein on the surface at 5 min and 70 to 73% were surface
positive at 30 min, nearly threefold more than those displaying
the wt chimera at that time. Differences among means of the
three groups were significant from each other at each time
point by the Tukey comparison (P 	 0.001). Importantly, these
differences between the groups were not solely predicted by
the relative mfi of the cells at time zero (Fig. 6B). The statis-
tically significant segregation of Y487A and Y487F from
Y498A into different internalization groups (Fig. 6A) could
not have been predicted by comparison of the fluorescence
intensities of these constructs at the outset (Fig. 6B).

Thus, the rapid disappearance of the CD8-CTMwt protein
from the cell surface was markedly counteracted by deletion of
either the N or C terminus of the CTM or by simultaneous
mutation of both membrane-proximal dileucine pairs. Inter-
nalization was moderately counteracted by mutation of one of
the two dileucine motifs or of the tyrosine in the most mem-
brane-proximal YXXL motif. Mutation of the tyrosine in the
middle YXXL motif did not prevent rapid internalization, nor
did mutation of T461 or S462.

The BLV CTM was phosphorylated in COS-7 cells tran-
siently expressing CD8-CTM chimeric proteins. Phosphoryla-
tion of serine or threonine residues upstream of dileucine
internalization motifs can affect their function (16, 20, 31), and
phosphorylation of tyrosines in YXXL motifs within ITAMs is
essential for their recognition by SH2 domains (42). Hence, we
investigated the phosphorylation state of CD8-CTM chimeric
proteins in transiently transfected COS-7 cells. All of the chi-

FIG. 6. Internalization of antibody-tagged CD8-CTM chimeric
proteins from the cell surface with time. Cells transfected 24 h earlier
were incubated with unlabeled anti-CD8 antibody at 4°C. (A) After the
time zero sample was taken, internalization of CD8-CTM antibody
complexes was allowed to proceed at 37°C for 5, 15, and 30 min.
Following these intervals, cells were washed, stained with a PE-conju-
gated secondary antibody, and analyzed by flow cytometry for the
percentage displaying CD8 tagged with primary antibody on the cell
surface. Those percentages are plotted as means 
 standard errors
from two to eight independent experiments relative to the surface-
positive population measured at time zero (normalized to 100% for
each chimeric protein). Differences among the means of the three
groups were significant by the Tukey comparison of means (P 	 0.001)
at 5, 15, and 30 min. (B) The mfi at time zero of cells stained on the
surface for each chimeric protein is plotted relative to the mfi (set at
1.0) of cells stained in parallel for surface �C-CTM protein. Brackets
over the bars show the groups of chimeric proteins identified in panel
A.
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meric proteins were synthesized at similar levels, as shown by
metabolic labeling with [35S]Met/Cys (Fig. 2A and B), and all
but �C-CTM were phosphorylated in COS-7 cells labeled for
3 h with [32P]orthophosphate at 24 h posttransfection (Fig.
2C). Levels of phosphorylation of individual chimeric proteins
differed somewhat among experiments, but no pattern was
evident. The CD8-Stop chimera was never phosphorylated and
the �C-CTM chimera was sometimes weakly phosphorylated
when labeled at 48 h after transfection (39; data not shown).
The CTMwt, �N-CTM, T461A, S462A, Y487A, and Y498A
chimeric proteins contained phosphoserine (see examples in
Fig. 2D). Neither phosphotyrosine nor phosphothreonine res-
idues were detected. Thus, CD8-CTM chimeric proteins with
intact C termini were phosphorylated at serine residues when
transiently expressed in COS cells.

To determine whether the native BLV Env protein was
phosphorylated in BLV-producing cells, we radiolabeled
BLV-producing BL3* bovine lymphoid cells (50) and their
parental uninfected BL3 cells (58) with [35S]Met/Cys or with
[32P]orthophosphate. Lysates were prepared with NEM to sta-
bilize disulfide binding between SU and TM, so that TM could
be retrieved with a monoclonal antibody specific for SU (30).
BLV Env proteins were not detectably phosphorylated in in-
fected cells constitutively producing virus (Fig. 7), in agree-
ment with results obtained by others using two different virus-
producing, non-lymphoid cell lines (23). A difficulty with
interpreting these results is that viral or cellular mutations
could have occurred during the derivation of virus-producing
cell lines and such a change might preclude phosphorylation of
the CTM. As another approach, we investigated whether the
BLV Env protein became phosphorylated when transiently
expressed in cells in the absence of other viral proteins. TM
was not phosphorylated when immunoprecipitated from radio-
labeled COS-7 cells (39; data not shown) that had been trans-

fected with a plasmid expressing the native BLV Env protein
(29, 30).

DISCUSSION

The BLV CTM is laden with peptide sequences that in other
contexts mediate protein interactions involved in signaling and
intracellular trafficking of membrane proteins. Alterations in
YXXL and PXXPX4PP motifs reduce or eliminate BLV rep-
lication in vivo (45, 61) and in vitro (27), but the mechanisms
and timing with which potential protein interactions could
affect the viral life cycle remain unknown. To decipher these is
difficult because there is no culture system in which single-cycle
viral replication can be studied in B lymphocytes at appropri-
ate stages of differentiation and activation. We chose to inves-
tigate the ability of the BLV CTM to affect the cell surface
display of a heterologous protein and found that two mem-
brane-proximal dileucine motifs and the membrane-proximal
YXXL motif can modify wt downregulation. Among the amino
acid substitutions tested, substitution of alanine for all four
leucines in the membrane-proximal dileucine motifs most
strongly countered protein internalization, and the effect of
deleting the membrane-proximal 12 amino acids encompassing
these residues was equivalent. Replacement of only one
dileucine motif partially alleviated wt regulation. Individual
tyrosine substitutions only weakly increased cell surface display
of the proteins, but Y487 substitutions prolonged the residence
of the chimeric protein on the cell surface. Removal of all
YXXL motifs with a large C-terminal deletion increased sur-
face display and slowed internalization as much as removal of
the N-terminal 12 amino acids did, in spite of the fact that the
residual cytoplasmic domain of CD8–�C-CTM retained the
two membrane-proximal dileucine motifs, which otherwise ex-
erted a powerful influence.

The strong surface display of both the �N- and �C-CTM
proteins suggests that both the N- and C-terminal regions of
the BLV CTM play roles in downmodulation. The very long
CTM domains of simian immunodeficiency virus (SIV) and
human immunodeficiency virus type 1 (HIV-1) contain mem-
brane-proximal tyrosine residues (SIV Y721 and HIV-1 Y712)
that mediate rapid internalization of Env (17, 54) and that
interact with the clathrin adaptor complexes AP-2 and AP-1 (3,
4, 7, 32, 40). However, both viruses have C-terminal CTM
sequences that also affect surface display (3, 7, 62). A C-
terminal dileucine motif (LL855/856) in the HIV CTM inter-
acts with AP-1; alanine substitution prevents the interaction
with AP-1 and alters the intracellular location of Env (62).
Alanine substitution does not by itself increase surface display,
but when paired with the Y712A substitution, it augments
surface display beyond that of Y712A alone. In contrast, re-
placing just one of the membrane-proximal dileucine motifs in
the BLV CTM significantly increased surface display of the
chimeric protein. We did not assess YXXL mutants in combi-
nation with dileucine mutants.

Although the sorting components interacting with YXX�
and dileucine motifs can become saturated, the two motifs
have not been found to compete for binding to adaptor mol-
ecules (36). We do not believe that saturation contributed
significantly to differential levels of surface display of mutant
chimeric proteins by the transfected COS cells. Overall levels

FIG. 7. Lack of phosphorylation of native BLV Env protein in
B-lymphoid cells. BLV-producing BL3* cells and BLV-negative BL3
cells were incubated with [35S]Met/Cys or [32P]orthophosphate for 3 to
4 h. After lysates were prepared in the presence of NEM, Env proteins
were immunoprecipitated using monoclonal antibodies specific for the
D epitope of SU. Samples were treated with 2-mercaptoethanol and
heated before proteins were separated by SDS-PAGE. Molecular mass
standards are shown at left, and locations of the Env precursor protein
(gPr72), SU (gp51), and TM (gp30) are shown at right.
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of chimeric proteins were similar among cell populations, and
equivalent numbers of cells synthesized the chimeric proteins.
Even with the internalization machinery potentially chal-
lenged, 60% of cells expressing the CD8-CTMwt chimera (with
all motifs intact) did not display detectable levels of the protein
on the surface. Had the protein been expressed at lower levels,
the range for detecting differences among mutant constructs
might have expanded. Nonetheless, a number of differences
from wt were significant.

The two membrane-proximal dileucines in the BLV CTM
are embedded in a sequence, LTSRLLKLLR, that could form
an amphipathic alpha helix having polybasic and hydrophobic
faces. The positively charged side chains of the polybasic face
could interact with negatively charged lipid head groups at the
inner face of a membrane, orienting the bulky hydrophobic
side chains toward the cytoplasm. In the BLV isolates se-
quenced to date, all leucines in this sequence are conserved
except the second residue of the first dileucine motif, which is
replaced by a serine in the proviral clone pBLV-A1 (GenBank
accession no. D00647). The polar side chain of that particular
residue would be at one edge of the hydrophobic patch formed
by the other leucine side chains. Our results show that a large
portion of this hydrophobic patch is necessary for wt seques-
tration of the CTM from the cell surface. However, even the
whole patch is not sufficient for internalization when the C
terminus of the CTM is missing. The dileucine residues form-
ing the hydrophobic patch could potentially be recognized by
trafficking components mediating endocytosis (6, 31).
Dileucine motifs functioning in lysosomal and basolateral tar-
geting usually have a negatively charged residue upstream (31),
but in the BLV CTM, replacement of either S462 or T461 to
prevent phosphorylation did not alter wt surface display and
rapid internalization.

A CD8-CTM chimeric protein corresponding to our �N-
CTM deletion mutant was used previously to show that the
BLV CTM can transduce activating signals in murine lym-
phoma cells (2). All the mutations evaluated in that work were
thus assessed in the context of a CTM lacking the putative
N-terminal amphipathic helix. Stable transfectants expressing
that parental chimeric protein exhibited low-level cell surface
display relative to native murine CD8-�, whereas our tran-
siently expressed CD8–�N-CTM protein was as highly dis-
played on the cell surface as our CD8-Stop construct. We
speculate that selection during the derivation of stable trans-
fectants (2) and perhaps the difference in host cell lineages
account for the disparity. In contrast, a different chimeric pro-
tein composed of IL-2R� and the BLV CTM was expressed at
lower levels on the cell surface than those of authentic IL-2R�
(22), in agreement with our results, and the IL-2R�–CTM and
our CD8-CTM chimeric proteins had similar half-lives. Both
the IL-2R�–CTM and our CD8-CTMwt proteins were rapidly
internalized. The partial colocalization of the IL-2R�–CTM
protein with transferrin (22), which is characteristically located
in early and recycling endosomes, raises the possibility that our
CD8-CTM chimeras are present in these compartments and
could recycle to the plasma membrane.

Neither the Y487A/F nor the Y498A substitution increased
the steady-state surface display of the respective chimeric pro-
teins significantly above wt levels. However, a functional dif-
ference between Y487 and Y498 mutants became evident in

the internalization experiment. In the 30 min after chimeric
proteins were tagged with antibody on the cell surface, a sig-
nificantly higher proportion of Y487A/F-expressing cells exhib-
ited the tagged proteins on the surface than did cells expressing
wt or Y498A chimeras. In addition to its placement in the most
membrane-proximal YXXL of the first ITAM in the BLV
CTM, we note that Y487 is embedded in a DXXXLL se-
quence. The peptide sequence D/EXXXLL/I is recognized by
� and/or � subunits of AP complexes (6, 31); its acidic residue
is important for targeting proteins to late endosomes or lyso-
somes (44, 53). As part of this motif, Y487 could interact with
a different trafficking component than Y498. Perhaps an inter-
action involving Y487 normally prevents recycling back onto
the surface from early endosomes.

The fact that replacements of Y487 affect the extent of
internalization as well as transmission of signals initiated by
cross-linking of the extracellular domain of a CD8 chimera (2)
suggests that this tyrosine residue plays multiple roles. Its phos-
phorylation could serve as a switch, since APs of the clathrin
endocytic machinery cannot bind when the tyrosine of a
YXX� motif is phosphorylated (5, 8, 41, 56). The YXX�
sequence of the T-cell costimulatory receptor CTLA-4 exem-
plifies such a dual function: in resting T cells, it binds the �
subunit of AP-2 and the protein is rapidly internalized. Upon
cellular activation, the tyrosine becomes phosphorylated, pre-
venting interaction with �2 and inhibiting internalization. The
phosphorylated tyrosine can then become part of a ligand for
SH2 domains of signaling molecules (12, 56, 63).

SHP-1 phosphatase, which contains two SH2 motifs, associ-
ates with the BLV CTM in cultured peripheral blood mono-
nuclear cells from BLV-infected cows if tyrosine phosphatases
are inhibited prior to cell lysis (11). Since only phosphoserine
was present in CD8-CTM chimeric protein in transfected COS
cells, our results suggest that an SHP-CTM interaction is un-
likely to take place in those cells. The cytoplasmic tail of BLV
TM may become phosphorylated at tyrosine and interact with
SHP-1 only in virus-infected primary cells and only at certain
stages of infection, because in some infected animals, no asso-
ciation of SHP-1 with TM could be detected (11). Disappoint-
ingly, systematic attempts to demonstrate phosphorylation of
BLV TM in infected cells from infected animals have been
unsuccessful (23). Success in such an endeavor may require
replication of cell-cell signaling interactions that occur when
BLV is being produced by B cells in vivo.

Other than for CD8–�C-CTM, we detected no reproducible
differences in the levels of serine phosphorylation of mutant
chimeric proteins. Of five serine residues in the BLV CTM,
S478 and S485 reside in a region common to both N- and
C-terminal deletion mutants. One or both of these serines may
be modified, since both deletion chimeras were phosphory-
lated, albeit only weakly and late after transfection for �C-
CTM. The relevance to the BLV life cycle of this interaction
with a serine protein kinase is unclear. The CTM of Env may
be phosphorylated at serine in vivo under certain conditions,
but the protein has not yet been captured in that state. In
addition, NEM treatment of Env, which was necessary to re-
trieve TM using anti-SU antibodies, may select a subpopula-
tion of TM or may induce phosphatase activity.

The results presented here as well those published previ-
ously reveal functional distinctions between Y487 and Y498
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that may reflect differential roles in cell signaling and protein
trafficking. Here, the Y498A substitution did not by itself
markedly alter wt downregulation of the CD8-CTM chimeric
protein, although the residual level of tagged surface protein
was subtly increased. This tyrosine, however, plays a critical
role during BLV infection because a Y498D mutant provirus
gives no signs of being infectious in sheep (61). Furthermore,
a Y498A substitution completely prevents cell-to-cell propaga-
tion of the mutant virus in transfected fetal lamb kidney cells
(27). The infectivity of viral particles produced after transfec-
tion of COS-1 cells with a provirus encoding the Y498A mu-
tation is low, and the particles appear to lack Env protein (27).
Cultured cells transfected with Y498D mutants shed particles
containing the viral capsid protein, but the presence of Env
protein, which is necessary for infectivity, was not assessed
(61). Y498 may affect the assembly of viral cores with Env
protein on some intracellular membrane. On the other hand,
Y487 mutants do not have such severe effects on viral propa-
gation. Sheep injected with Y487D mutant provirus have de-
tectable viral loads and their blood cells can produce very small
amounts of viral capsid protein in culture (61). Y487A mutants
are not impaired in cell-to-cell transmission in culture (27). In
our work described here, Y487A chimeric protein was present
on the cell surface longer than Y498A protein. Together, these
results suggest that altered trafficking could compensate in part
for impairment of signaling function.

A strong selective pressure must exist to maintain the BLV
CTM as a whole because its membrane-proximal ITAM is
bracketed by a direct repeat in the nucleotide sequence encod-
ing the amino acids KPD (49). Loss of this segment by recom-
bination would remove not only both ITAMs but also the
DXXXLL and two PXXP motifs. The cytoplasmic domain
would be shortened to 34 amino acids, leaving only one YXXL
motif in a cytoplasmic domain more like that of HTLV TM.
Other oncogenic retroviruses also contain a single YXXL mo-
tif, suggesting that it plays a common role in replication. De-
letion mutants lacking the YXXI motif in the cytoplasmic tail
of HTLV-1 TM fail in cell-to-cell transmission (13). Seques-
tration of Env inside the cell could circumvent certain mech-
anisms of immune-mediated destruction prior to, and perhaps
during, assembly of new viral particles in an infected cell. The
additional CTM sequences acquired and maintained by BLV
must be intricately entwined in the signaling and protein traf-
ficking pathways of its B-cell hosts.
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