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We investigated the role of cytoplasmic and anchor domains of type II glycoproteins in intracellular
transport, oligomerization, and endocytosis by expressing the wild-type and chimeric genes in mammalian
cells. Chimeric genes were constructed by exchanging the DNA segments that encode the cytoplasmic and
anchor domains between the human influenza virus (A/WSN/33) neuraminidase (NA) and transferrin receptor
(TR). The chimeric proteins in which domains were exchanged precisely were productively targeted to the cell
surface. However, the proteins appeared to assemble differently in the intracellular compartment. For
example, while TR existed predominantly as a dimer, NATRA90, containing the cytoplasmic and signal-anchor
domains of NA and the ectodomain of TR, was present as a tetramer, a dimer, and a monomer. Similarly, the
influenza virus NA existed predominantly as a tetramer but TRNAA3S, in which the cytoplasmic and
signal-anchor domains of TR were joined to the ectodomain of NA, existed predominantly as a dimer,
suggesting that the cytoplasmic and anchor domains of type II glycoproteins affect the subunit assembly of
heterologous ectodomains. In addition, we analyzed the role of the cytoplasmic domain in endocytosis. NA and
NATRA90 did not undergo endocytosis, whereas both TR and TRNAA35 were internalized efficiently,
demonstrating that the NH, cytoplasmic domain of TR was capable of internalizing a heterologous ectodomain

(NA) from the cell surface.

The integral membrane glycoproteins of enveloped viruses
play a major role in tissue tropism, as well as in viral
pathogenesis. Of the three transmembrane proteins present
on the influenza viral envelope, the hemagglutinin and
neuraminidase (NA) have been well characterized (7, 8, 54,
56). Hemagglutinin, a type I membrane glycoprotein, is the
major surface glycoprotein involved in viral receptor binding
and infection (see reference 41). NA, on the other hand,
possesses receptor-destroying activity and is primarily re-
sponsible for elution and spread of the virus (44). It is a type
II glycoprotein possessing an uncleaved signal-anchor do-
main and is anchored in the membrane at its amino terminus
(3, 41). The atomic structure of NA has been elucidated, and
major antigenic sites have been mapped (7, 54). NA is a
homotetramer, and the extracellular globular domain pos-
sesses the glycosylation sites, antigenic epitopes, and the
enzyme active site (8, 41, 54).

Workers in our laboratory have been interested in eluci-
dating the functions of different domains of membrane
glycoproteins in translocation, as well as in intracellular
transport and sorting (12, 23, 37-39). Our earlier studies with
influenza virus hemagglutinin and vesicular stomatitis virus
G, type I membrane glycoproteins, have shown that when
the NH, signal domain or the COOH anchor and cytoplas-
mic domains were precisely switched between these glyco-
proteins, the chimeric proteins were transported to the cell
surface and exhibited functions of the corresponding
ectodomain (38, 39). On the other hand, fusion within the
ectodomain resulted in generation of chimeric proteins that
were defective in intracellular and cell surface transport (37).
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In recent years, we have carried out experiments to
understand the functions of discrete domains of NA, a type
II membrane protein which contains three spatially sepa-
rated domains: the NH,-terminal cytoplasmic domain, a
hydrophobic domain, and an ectodomain (the stalk and
globular head). The hydrophobic domain has been shown to
function both as a signal sequence for translocation of the
protein across the endoplasmic reticulum (ER) and as a
transmembrane sequence for anchoring of the protein in the
membrane (3). Mutational analyses of the transmembrane
domain have shown the importance of certain critical amino
acid residues in translocation, as well as intracellular trans-
port (53). Furthermore, deletion mutations in the hydropho-
bic region demonstrated the absence of specific subdomains
that might function either solely as the ER translocation
signal or transmembrane anchor domain (6, 41). However,
the contributions of different domains, particularly, the
transmembrane and cytoplasmic domains in intracellular
transport and oligomerization of a type II membrane protein,
have not been systematically assessed.

In the present study, we carried out gene fusion between
two type II membrane glycoproteins, human influenza virus
NA and transferrin receptor (TR). The cytoplasmic and
signal-anchor domains of NA and TR were exchanged to
generate chimeric type II glycoproteins. Our data show that
these chimeric proteins were transported to the cell surface
like their wild-type (WT) counterparts and that the anchor
and cytoplasmic domains play a critical role in subunit
assembly of the ectodomains to which they are tethered.
Furthermore, the anchor and cytoplasmic domains of TR,
which possess the information for internalization, also func-
tioned in the endocytosis of a heterologous ectodomain
(NA).
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MATERIALS AND METHODS

Cells, viruses, plasmids, and antibodies. CV-1 cells were
grown in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum. Vaccinia virus stocks were
prepared in HeLa cells as reported previously (35). The
vaccinia virus containing the T7 polymerase gene was kindly
provided by Bernard Moss, National Institutes of Health,
Bethesda, Md. (15). The plasmid containing the human TR
cDNA (29) was a gift from F. Ruddle, Yale University, New
Haven, Conn. Anti-TR monoclonal antibody was obtained
from Amersham, Arlington Heights, Ill. Fluorescein isothio-
cyanate-conjugated goat anti-rabbit and goat anti-mouse
immunoglobulins were bought from Caltag, South San Fran-
cisco, Calif. Polyclonal antibodies against the WSN influ-
enza virus and WSN NA peptides were raised in rabbits.
Anti-NA monoclonal antibodies were kindly provided by
Walter Gerhard, Wistar Institute, Philadelphia, Pa., and
Peter Palese, Mt. Sinai Medical Center, New York, N.Y.
Lipofectin was purchased from Bethesda Research Labora-
tories, Gaithersburg, Md., and used in transfection assays.

Plasmid construction. TRNAA26. To construct pGTRNA
A26, pGTR (29) was digested with Ddel and the 360-bp
fragment containing the signal-anchor domain of TR was
filled in with DNA polymerase I (Klenow fragment) to
produce a blunt end. This fragment was cloned into pGem-3,
which had been digested with Hincll, and filled in with
DNA polymerase I (Klenow fragment) to generate plasmid
pGTRAS, containing the signal-anchor domain of TR.
pGNAA26 (12) was digested with EcoRI, and the 1,300-bp
fragment encoding the ectodomain of NA was filled in with
DNA polymerase I (Klenow fragment). This DNA fragment
was cloned into pGTRAS, which was digested first with
Pstl, followed by mung bean nuclease, cut with HindIII, and
then filled in with DNA polymerase I (Klenow fragment) to
produce blunt ends. The resulting plasmid in the proper
orientation was called pGTRNAA26. It contains the cDNA
encoding the NH, terminus, 97 amino acids of TR (the
cytoplasmic and signal-anchor domains of TR), three extra-
neous amino acids, and the entire ectodomain of NA from
residue 27 (Fig. 1A and B). .

TRNAA35. TRNAA3S was obtained by loop-out mutagen-
esis from plasmid pGTRNAA26 by using a 42-mer DNA
primer to produce a chimeric cDNA encoding precisely the
signal-anchor domain of TR (up to residue 89) and the
ectodomain of NA from amino acid 36 (20).

NATRA152. To construct NATRA152, pGTR was di-
gested with Ndel, followed by mung bean nuclease to
produce a blunt end, and then Sall to generate a 1,900-bp
DNA fragment encoding the entire 671-amino-acid external
domain of TR. This DNA fragment was cloned into pGN40
(3), possessing the cDNA for the first 40 amino acids of
NA. pGN40 was digested with BamHI, filled in with the
Klenow fragment of DNA polymerase I to produce a blunt
end, and finally digested with Sall. The resulting plasmid,
pGNATRA1S2, encodes a chimeric protein which possesses
the cytoplasmic and signal-anchor domains of NA up to
residue 40 of NA, three extraneous amino acids, and the
ectodomain of TR from residue 153 of TR.

NATRA90. A DNA segment (1,100 bp) containing the 5’
portion of the NA cDNA was isolated by EcoRI and BamHI
digestion of pGNA (3). The DNA segment was cloned into
M13mpl8, and an EcoRI site was created at bp 129 of the
NA fragment by in vitro mutagenesis. The 129-bp NA DNA
segment was isolated by EcoRI digestion. Similarly, an
EcoRI site was created at bp 361 of the TR fragment in
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FIG. 1. Schematic representation and amino acid (aa) sequences
at the junction of influenza virus NA and human TR chimeras. (A)
Dotted boxes and single lines represent the influenza virus NA
sequence, and open boxes and double lines represent the human TR
sequence. (B) Vertical arrows show the junction of the hydrophobic
anchor domain and ectodomain in NA (amino acid 35), TR (amino
acid 89), TRNAA3S5, and NATRA90. The extraneous amino acids
acquired during construction from linkers are underlined.

M13mpl8 by in vitro mutagenesis. The fragment (361 bp)
containing EcoRI and HindIII sites was isolated and used
for three-way ligation with the 129-bp NA DNA segment
and the pGTR DNA segment (EcoRI to HindIIl) to obtain
pGNATRA90. The resulting plasmid contains the cDNA
encoding the cytoplasmic and signal-anchor domains of NA
(up to residue 35) and the entire ectodomain of TR from
residue 90. All chimeric DNA constructs were sequenced
through the junction site to determine the nucleotide and
predicted amino acid sequences at the fusion point (Fig. 1A
and B).

Transfection, indirect immunofluorescence, radiolabeling,
immunoprecipitation, and endo H treatment. Essentially, the
procedure of Fuerst et al. (15) for transient expression was
followed. Briefly, CV-1 cells were infected with vaccinia
virus expressing T7 RNA polymerase, and the target genes
under control of the T7 promoter were introduced to the
virus-infected cells by lipofectin-mediated gene transfer (14).
At 14 to 16 h posttransfection, the cells were fixed and
stained for internal (total) and cell surface antigens (24, 40).

For surface staining, cells were fixed with 3.7% formalde-
hyde for 10 to 15 min (24), whereas for internal staining cells
were fixed and permeabilized with acetone-methanol (1:1) at
—20°C (40). Specific antibodies were added to the coverslips
containing fixed cells and incubated for 30 min at room
temperature. The antibody-treated cells were then washed
with phosphate-buffered saline (PBS) and layered with a 1:50
dilution of fluorescein isothiocyanate-conjugated antianti-
body for 30 min at room temperature and examined with a
Nikon photomicroscope by epifluorescence (24, 40).

For pulse-chase experiments, the transfected cells at 16 h
posttransfection were pulse-labeled for 15 min with 100 pCi
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each of [>*S]methionine (ICN, Irvine, Calif.) and [**S]cys-
teine (Amersham) per ml. At the end of the pulse, unlabeled
cysteine and methionine were added to 20 mM and chased
for different times. Approximately 5 x 10° cells (60-mm-
diameter dish) were lysed in 0.5 ml of RIPA buffer (50 mM
Tris HCI [pH 7.6}, 150 mM NacCl, 0.5% Triton X-100, 0.5%
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM
phenylmethylsulfonyl fluoride). For immunoprecipitation,
the lysates (0.5 ml) were incubated with either monoclonal
(anti-TR) or polyclonal (anti-NA made against NA peptides
or WSN virus) antibodies (5 pl) for 2 h on ice, protein
A-Sepharose (5 mg) was added, and the mixture was shaken
for 2 to 3 h. The beads containing the immune complexes
were collected and washed three times with RIPA buffer
containing 5 mg of bovine serum albumin and 0.5 M NaCl
and finally again with RIPA buffer (23, 24). The immunopre-
cipitated protein samples were dissolved by boiling in 40 pl
of sample buffer (6.5 mM Tris HCI [pH 6.8], 10% glycerol,
2% SDS, 5% p-mercaptoethanol) and electrophoresed on
SDS-10% polyacrylamide gels (30).

For endo-B-N-acetylglucosaminidase H (endo H) treat-
ment, the immune complex with the protein A-Sepharose
beads was suspended in 20 pl of 1% SDS and heated at 100°C
for 3 min. H,0O (180 pl) was added, and the sample was
boiled again for 1 min. The beads were removed, and the
supernatant was adjusted to S0 mM sodium acetate, pH 5.5.
One half of the sample was treated with 10 mU of endo H for
16 h at 37°C, and the other half was mock treated (24).

Quantitation of viral membrane proteins at the cell surface.
Transfected cells were pulse-labeled and chased for different
times. For surface labeling, the cells were washed with cold
PBS and treated with 0.5 mg of Sulfo-NHS-Biotin (Pierce
Chemical Co., Rockford, Ill.) for 30 min at 4°C. The cells
were then washed four times with PBS, lysed, and immuno-
precipitated (32, 34, 51). The immunoprecipitate was eluted
by being boiled twice in 100 pl of elution buffer (1% SDS, 0.2
M Tris HCI [pH 8.8], 5 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid) for 2 min and then
washed with 300 pl of RIPA buffer. Eluates and the wash
were pooled and incubated with 50 ul of a 50% slurry of
streptavidin-agarose beads (Pierce) for 30 min at 4°C. The
beads were then washed three times as described above and
boiled in sample buffer, and the supernatant was analyzed by
SDS-polyacrylamide gel electrophoresis (30).

Parallel cultures were treated with proteinase K in PBS for
60 min at 4°C to remove membrane proteins at the cell
surface (34). Further digestion was stopped by addition of
phenylmethylsulfonyl fluoride (Calbiochem, San Diego, Cal-
if.) to a final concentration of 0.2 mg/ml for 20 min on ice.
The proteinase K-treated and untreated cells were lysed with
RIPA buffer and immunoprecipitated as described above.

Sucrose velocity gradient centrifugation. For velocity gra-
dient sedimentation, the transfected cells were labeled with
[>3SImethionine (100 wCi/ml) and [*>*S]cysteine (100 wCi/ml)
for 30 min, followed by a chase of 90 min, and lysed in 0.5 ml
of MNT buffer (20 mM morpholineethanesulfonic acid, 100
mM NaCl, 30 mM Tris HCI [pH 7.6], 0.5% Triton X-100).
Cells from eight dishes (60-mm diameter) were lysed, and
nuclei and other insoluble components were removed by
centrifugation in a microcentrifuge for 10 min. The lysate
was layered on top of a 12-ml 5 to 20% sucrose gradient in
MNT buffer and centrifuged for 20 h at 4°C in a Beckman
SW40 rotor at 40,000 rpm (10). Fractions were collected
from the bottom of the gradient, and each fraction was
precipitated with specific antibodies and analyzed by SDS-
polyacrylamide gel electrophoresis. Catalase (240 kDa;

TYPE II GLYCOPROTEIN OLIGOMERIZATION AND ENDOCYTOSIS 2677

11.3S), influenza virus hemagglutinin trimer (210 kDa; 10S),
and aldolase (160 kDa; 8.6S) were used as markers in parallel
gradients. Sedimentation values of the proteins in the gradi-
ent were measured as previously described (36).

Antibody uptake assay. Antibody uptake experiments were
carried out essentially as previously described (31). Briefly,
transfectants (grown on cover glass in 35-mm-diameter
dishes) expressing the WT and chimeric proteins were
shifted down to 4°C for 1 h. The cells were then washed four
or five times in ice-cold PBS and incubated with specific
mouse monoclonal antibodies (1:50 dilutions in 1 ml of
Dulbecco modified Eagle medium buffered with 10 mM
HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid]) at 4°C for 1 h. Unbound antibodies were removed by
washing the cells five times in ice-cold PBS and shifted up to
37°C in a CO, incubator in Dulbecco modified Eagle me-
dium. At the times indicated, the dishes were shifted down
to 4°C for 1 h. One set of dishes was kept at 4°C throughout
the experiment. At the end of the experiment, the cells were
washed, fixed in acetone-methanol (1:1), and stained for
specific antibodies by using fluorescein isothiocyanate-con-

~ jugated sheep anti-mouse antibodies.

Antigen localization in intracellular vesicles. Transfectants
expressing the WT and chimeric proteins were treated with
cycloheximide (100 pg/ml) at 37°C for 3 h to block further
protein synthesis and to chase the previously synthesized
proteins to the plasma membrane. At the end of the chase
period, 50 mM chloroquine was added to the cells for
another 3 h at 37°C. Cycloheximide was present throughout
the experiment. Cells were then washed in PBS, fixed with
acetone-methanol (1:1), and stained for the specific antigens
as described above.

RESULTS

Cellular localization of WT and chimeric proteins. cDNA
constructs that encode the WT and chimeric proteins were
introduced by lipofectin-mediated DNA transfer into CV-1
cells which were infected with vaccinia viruses expressing
T7 RNA polymerase (15). At 15 to 20 h posttransfection, the
cells were fixed and examined for expression of proteins by
indirect immunofluorescence assay as described in Materials
and Methods. Figure 2 presents the intracellular (total) and
cell surface expression of proteins in CV-1 cells. WT NA and
TR, as well as the chimeras NATRA90 and TRNAA35, were
productively targeted to the cell surface (Fig. 2A, E, G, and
K). However, chimeric proteins TRNAA26 and NATRA152,
which contained additional sequences of the ectodomains,
failed to be expressed at the cell surface (Fig. 2C and I) and
were present intracellularly in the perinuclear region (Fig.
2D and J), suggesting that these chimeras were blocked in
the ER or cis Golgi region of the cell. These results demon-
strated that the productive cell surface delivery of chimeric
type II glycoproteins required precise exchange of domains,
as has been shown for type I proteins (9, 37-39, 48, 50).

Intracellular transport and processing of WT and chimeric
NAs. The processing kinetics of the WT and chimeric
proteins were examined by pulse-chase experiments as
described in Materials and Methods. After 15 min of pulse-
labeling, the WT NA exhibited two glycosylated forms
approximately in equal amounts (Fig. 3A). Molecular weight
estimates suggest that these two forms possess three and
four carbohydrate chains. During the chase, however, the
higher-molecular-weight form became predominant but a
fraction of the protein existed in the lower-molecular-weight
form, even after a 5-h chase. After a 1-h chase, both forms of
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FIG. 2. Cell surface and intracellular (total) immunofluorescence of NA, TR, and chimeric proteins. CV-1 cells were infected with vaccinia
virus and transfected with WT or chimeric cDNA and stained for the cell surface and protein by indirect intracellular (total) immunofiuo-
rescence. Fluorescence: Panel A, NA at the cell surface; panel B, intracellular; panel C, TRNAA26 at the cell surface; panel D, intracellular;
panel E, TRNAA3S at the cell surface; panel F, intracellular; panel G, TR at the cell surface; panel H, intracellular; panel I, NATRA152 at
the cell surface; panel J, intracellular; panel K, NATRA90 at the cell surface; panel L, intracellular.

WT NA appeared to be completely sensitive to endo H, and
only after a longer chase did a very small fraction (less than
10%) exhibit partial resistance to endo H (Fig. 3A, arrow-
heads on the right). These data suggest that although four
glycosylation sites of WT NA were modified by addition of
core oligosaccharide chains, only one or two sites acquired
endo H resistance in a small fraction of NA. Similar heter-
ogeneity in the glycosylation and endo H resistance of NA
was observed in WSN virus-infected CV-1 cells (Fig. 3E), as
well as in transfected CV-1 cells at 6 h posttransfection (data
not shown). TRNAA35 showed subtle differences in the
glycosylation pattern compared with WT NA. Protein mol-
ecules containing two, three, or four oligosaccharides were
present in nearly equal amounts during the pulse-labeling
and chase, except at 5 h, when two rather than three forms
were present (Fig. 3B). Furthermore, unlike WT NA,
TRNAA3S5 acquired partial endo H resistance earlier (e.g.,
within 1 h of the chase) and in a larger fraction of the protein
(Fig. 3B). Although some heterogeneity was observed
among the endo H-resistant forms, one species became
predominant during the chase. TRNAA26 acquired only
endo H-sensitive modifications (data not shown), supporting

the indirect immunofluorescence finding (Fig. 2D) that the
protein was blocked in the ER or cis Golgi (26, 47).

Since oligosaccharide processing and Endo H resistance
of WT and chimeric NAs could not be used quantitatively to
determine the rate of cell surface transport of the proteins,
we used a biotinylation procedure to assay the cell surface
proteins (32, 51). Parallel cultures were also used to deter-
mine the total and internal amounts of labeled proteins after
removal of cell surface proteins by protease K treatment
(Fig. 4). At different chase times, cell surface, total, or
internal proteins were recovered by immunoprecipitation.
However, since the biotin-streptavidin assay appears to
recover only a fraction of the surface protein (references 32
and 34; Fig. 4) this procedure does not measure the precise
amount of the protein on the cell surface. Therefore, the
precise efficiency of cell surface transport of NA or
TRNAA35 could not be determined. However, relative
values with or without protease treatment provided an
estimate of the cell surface transport of individual proteins
(Fig. 4B) and suggested that approximately 70% of NA and
30% of TRNAA3S reached the cell surface by 4 h of the
chase. However, the estimate for chimeric TRNAA3S5 may
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FIG. 3. Analysis of NA, TRNAA3S, TR, and NATRA90 poly-
peptides for glycosylation. Transfected cells were labeled with
[3*SImethionine and [**S]cysteine for 15 min (0) at 16 h posttrans-
fection and chased for the time periods shown (in hours) at the top
of each panel. Panels: A, NA; B, TRNAA35; C, TR; D, NATRA90;
E, NA in WSN virus-infected cells. Immunoprecipitated samples
were either treated with endo H (+) or untreated (—). Marker
protein sizes are shown in kilodaltons.

be less precise because of its cell surface instability (Fig. 4A)
and intracellular degradation (see Fig. 6B). Biotinylation
data indicated that WT NA and TRNAA3S were transported
to the cell surface with a half-life of approximately 1 to 1.5 h.

To determine the nature of the oligosacchaarides present
on the cell surface proteins, the biotinylated proteins were
treated with endo H. Both endo H-sensitive and partially
endo-H resistant forms of NA and TRNAA3S5 (Fig. SA and
B) were present on the cell surface, suggesting that acquisi-

TYPE II GLYCOPROTEIN OLIGOMERIZATION AND ENDOCYTOSIS 2679

Surface Internal Total
A
Chase hr 0 -1 2 4 04 2 40 1 2 4M
- 69
NA s |
= : S..’.‘ 46
s 69
TRNAA35 -
« 86
-
8 L L L L LT bl
B 93
NATRA 90
Sk - — —co—c.‘ 69

% -
B
NA
6 Y
‘> |

TR

NATRAS0

a Nt S
/\

f : \\

e e, D AT

1 2 3 3

1 2 3 4

TRNAA3S

RELATIVE OD UNITS

\

HOURS CHASE

FIG. 4. Expression of WT and chimeric proteins on the surface
of cells. CV-1 cells were transfected with NA, TRNAA35, TR, and
NATRA90 DNAs, pulsed for 15 min with [>’S]cysteine and [>*S]me-
thionine, and chased for 0, 1, 2, and 4 h. The cell surface proteins
were biotinylated as described in Materials and Methods. Parallel
cultures with or without protease treatment were analyzed for total
and internal proteins. Samples were analyzed by SDS-polyacryl-
amide gel electrophoresis and processed for autoradiography (A),
and bands were quantified by densitometry (B). Symbols: ¥, total
membrane protein; @, internal protein left after proteinase K
treatment; O, biotinylated proteins. One-third of the total and
proteinase K-treated samples and all of the biotinylated samples
were used for gel analysis. For quantification, values were normal-
ized. The numbers to the right of the gel are molecular sizes in
kilodaltons.

tion of endo H resistance was not a prerequisite for acqui-
sition of cell surface transport competence, as has also been
reported for other membrane-anchored proteins (18, 19).
Heterogeneity in endo H resistance has been observed for
NA in WSN virus-infected CV-1 cells (Fig. 3E) and hemag-
glutinin-NA in simian virus S-infected cells (42), as well as
for Thy-1 protein (49).

Intracellular stability of WT and chimeric proteins. The
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FIG. 5. Endo H treatment of cell surface glycoproteins. The cell
surface proteins were biotinylated as described in Materials and
Methods. NA (A), TRNAA3S (B), TR (C), and NATRA90 (D) were
analyzed. Samples were either untreated (—) or treated with endo H
(+). The numbers to the right are molecular sizes in kilodaltons.

turnover rate of each protein was determined by densitomet-
ric analysis of the autoradiographs from three to six inde-
pendent experiments and is presented as a percentage of the
labeled protein present during the pulse (Fig. 6). There was
some increase in the labeled protein during the initial phase

& —NH4ClI +NH,4CI
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FIG. 6. Inhibition of degradation of TRNAA35 by NH;CI. (A)
Transfected cells were labeled with [**S]methionine and [**Slcys-
teine for 10 min (0) and chased in the presence (+) or absence (—) of
NH,CI for the different periods shown at the top (in hours). NH,Cl
(30 mM) was present during the pulse-labeling and chase periods.
(B) Amounts of NA (@), TR (O), NATRA90 (V¥), and TRNAA3S in
the presence (V) or absence (M) of NH,Cl were quantified by
densitometric tracing of autoradiographs. An average of three to six
independent experiments was used for each protein. The data are
presented as percentages of the protein present during the pulse-
labeling period. The numbers to the right of the gel are molecular
sizes in kilodaltons.
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of the chase, as has been noted for other proteins (24, 42).
This may be due partly to the nature of the antibodies with
higher affinity for mature proteins. In any case, compared
with WT NA (Fig. 3A) or TRNAA26 (data not shown),
TRNAA35 had a higher turnover rate. Over 50% of the
labeled protein was degraded at 5 h of the chase (Fig. 3B and
6), in contrast to less than 20% degradation of NA during the
same period. Degradation of TRNAA35 occurred in an
acid-sensitive oraganelle (possibly lysosome), since NH,Cl
treatment prevented degradation (Fig. 6A and B).

Oligomerization of NA and chimeric proteins. Since proper
subunit assembly in the ER plays an important role in the
intracellular transport and function of complex glycoproteins
5, 10, 11, 13, 16, 21, 41, 57), the oligomeric state of the WT
and chimeric proteins was examined by sucrose gradient
analysis (Fig. 7). NA sedimented in fractions 7 through 13,
with a peak around fraction 8 (Fig. 7A), the expected
position for the NA tetramer on the basis of catalase
sedimentation (11.3S; M,, 240,000). However, a consider-
able amount of NA was also present in fractions 11 to 13,
some of which may represent NA dimers. Tetrameric,
dimeric, and monomeric forms of NA are expected to have
11S, 7S, and 4.4S, respectively. NA from WSN virus-
infected cells sedimented in the same position (data not
shown) as the NA from transfected cells. Quantitation from
a number of gradients showed that 65 to 70% of NA existed
as tetramers and the rest (30 to 35%) existed as dimers. The
sedimentation behavior of TRNAA35 was, however, dif-
ferent (Fig. 7B). Only a small fraction (approximately 15%)
was present as tetramers (fractions 7 to 10), and a major
fraction of the protein (=40%) was present as dimers (frac-
tions 11 to 13), with a peak in fraction 12 (Fig. 7B). Aldolase
(8.6S; M, 160,000) sedimented around fraction 12. Mono-
meric and dimeric forms of TRNAA3S are expected to
possess 4.7S and 7.4S, respectively. The rest of TRNAA35
sedimented heterogeneously, as well as at the bottom of the
gradient, suggesting that a major portion of TRNAA3S
formed nonspecific aggregates. Further work is necessary to
determine which of these forms were present at the cell
surface. Thus, tethering the cytoplasmic and signal-anchor
domains of a type II glycoprotein to a heterologous
ectodomain appeared to affect the subunit assembly of the
chimeric protein without grossly altering its intracellular
transport. The other chimeric protein, TRNAA26, that was
blocked in the ER, sedimented heterogeneously in the gra-
dient, failing to form either tetramers or dimers (data not
shown).

Enzymatic activities of WT and chimeric NAs. The enzy-
matic activities of the WT and chimeric NAs in transfected
cells were examined and compared with the activities in
WSN virus-infected cells. Lysates of CV-1 cells infected
(1/16 of a 60-mm-diameter dish) with WSN (multiplicity of
infection, 3) or transfected with recombinant DNA were
prepared 16 h posttransfection and assayed for NA activity
with fetuin (2, 4). Samples contained identical amounts of
protein. Dot blot analysis with polyclonal NA-specific anti-
bodies (4) showed that the relative expression levels of NA,
TRNAA3S5, and TRNAA26 per microgram of total protein in
transfected cells were essentially the same but one-third of
that in WSN virus-infected cells. The As,os of WSN-infected
and NA-, TRNAA3S5, and TRNAA26-transfected cells were
1.54, 0.59, 0.12, and 0.05, respectively. However, since only
5 to 10% of the cells were transfected with NA cDNA
compared with 100% of WSN virus-infected cells, the NA
activity per cell would be about three- to fivefold higher in
transfected cells than in virus-infected cells. The enzymatic
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FIG. 7. Sucrose velocity gradient analysis of NA (A), TRNAA3S
(B), TR (C), and NATRA90 (D). Labeled cell lysates were prepared
and examined by sucrose velocity gradients as described in Mate-
rials and Methods. Fractions were collected and immunoprecipi-
tated with polyclonal antibodies and analyzed by SDS-polyacryl-
amide gel electrophoresis. Fraction numbers are from the bottom of
the tube. Under identical conditions, the marker proteins sedi-
mented as follows: catalase (11.3S; M,, 240,000), fraction 8; influ-
enza virus hemagglutinin (10S; M,, 210,000), fraction 10; and
aldolase (8.6S; M,, 160,000), fraction 12. The number on the right
are molecular sizes in kilodaltons.

activity of TRNAA35-transfected cells was five times less
than that of NA-transfected cells. TRNAA26-transfected
cells exhibited no detectable activity, most likely because of
misfolding of the protein in the ER. Since gradient analysis
showed that approximately 65 and 15% of NA and
TRNAA3S, respectively, were present as tetramers in trans-
fected cells, our results support the notion that the tet-
rameric form of NA is the enzymatically active form (8, 45).
Furthermore, the labile nature of TRNAA35 (Fig. 3B) might
also account for the reduced enzymatic acitivity. Direct
analysis of fractions from a sucrose or glycerol gradient for
the NA activity was unsuccessful, since both sucrose and
glycerol were extremely inhibitory for the NA activity assay.

Intracellular transport and processing of TR and chimeric
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TR proteins. To analyze the kinetics of glycosidic process-
ing, pulse-chase experiments were performed (Fig. 3). The
results (Fig. 3C) support the notion that TR had undergone
oligosaccharide processing at two glycosylation sites (43,
52). During the chase, however, one of the two oligosaccha-
ride chains acquired endo H resistance (half-life, =1 h), as
previously observed (52). NATRA90 (Fig. 3D) exhibited
behavior similar to that of TR (Fig. 3C), except that the
kinetics of oligosaccharide processing were somewhat
slower compared with those of TR (half-life, 1.5 to 2 h).
NATRAI152, a protein blocked in the ER, was completely
endo H sensitive, even at 5 h of the chase (data not shown).
We also examined the kinetics of TR and NATRAS0
transport to the cell surface by biotinylation and immuno-
precipitation (Fig. 4). TR and NATRA90 were efficiently
transported to the surface with essentially similar kinetics.
Approximately 50% of the pulse-labeled protein was trans-
ported to the cell surface (Fig. 4). We then examined the
nature of the glycosidic modifications of the protein present
on the cell surface. Only the partially endo H-resistant forms
of both TR and NATRA90 were present on the cell surface
(Fig. 5C and D). .
Sucrose gradient analysis of TR and chimeric TR for
oligomerization. The transferrin receptor has been shown to
form a disulfide-bonded dimer under nonreducing conditions
1, 43, 52). We therefore wanted to determine the oliogmeric
nature of the WT and chimeric TRs expressed from' the
cDNAs in CV-1 cells. Sucrose gradient fractionation data
(Fig. 7C) showed that TR was immunoprecipitated from
fractions 10 to 14, with a peak at fraction 12, as expected for
a dimeric form of TR (9.3S). These results indicated that the
human TR expressed from cDNA behaved like the native
protein and was present predominantly as a dimer. How-
ever, the chimera NATRA90 (monomer 5.5S; M,, =81,000)
which was transported to the cell surface exhibited hetero-
geneous subunit composition (Fig. 7D). The protein sedi-
mented as a monomer (=40%) (fraction 15), a dimer (=40%)
(fractions 12 and 13), and a tetramer (=15%) (fraction 7; Fig.
7D). Finally, NATRA1S52, which was blocked in the ER,
failed to form specific oligomers and sedimented heteroge-
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FIG. 8. TR and NATRA90 contain disulfide bonds. Transfected
cells were labeled with [**S]cysteine and [**SImethionine for 15 min
and chased for 2 h. The cells were lysed with RIPA buffer and
immunoprecipitated with monoclonal antibody, the samples were
treated either without (lanes 1 and 3) or with (lanes 2 and 4)
B-mercaptoethanol (B-ME) and analyzed by SDS-polyacrylamide
gel electrophoresis. Lanes: 1 and 2, NATRA90; 3 and 4, TR. The
numbers on the right are molecular sizes in kilodaltons. The
arrowheads indicate disulfide-linked oligomers.
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FIG. 9. Internalization of WT and chimeric proteins by immunofiuorescence. Cells expressing NA, TRNAA35, TR, and NATRA90 at the cell
surface were treated with antibody at 0°C. Cells were shifted to 37°C for 15 or 30 min and then processed for indirect immunofluorescence as
described in Materials and Methods. Immunofluorescence of NA (A, B, and C) TRNAA35 (D, E, and F), TR (G, H, and I), and NATRA90 (J,
K, and L) is shown. Immunofluorescence at 0°C on the surface (A, D, G, and J), 15 min after internalization at 37°C (B, E, H, and K), and 30
min after internalization at 37°C (C, F, I, and L) is shown. Distinct vesicles are present only in E, F, H, and I and absent in the other panels.

neously throughout the gradient as nonspecific aggregates
(data not shown). Furthermore, both TR and NATRA90
were present as disulfide-linked oligomers, and a fraction of
the proteins migrated as dimers in the absence of B-mercap-
toethanol on SDS-polyacrylamide gel electrophoresis (Fig.
8).

Internalization of WT and chimeric TR molecules. To
assess the role of the cytoplasmic domain in endocytosis of
a heterologous protein, specific antibodies were bound on
the surface of cells expressing the WT and chimeric proteins
at 4°C and warmed up to 37°C for various times. The cells
were then fixed and stained by indirect immunofluorescence
for intracellular uptake of an antigen-antibody complex.

Cells expressing NA (Fig. 9A to C) or NATRA90 (Fig. 9J to
L) exhibited diffuse immunofluorescence both at 4°C and
throughout incubation at 37°C. On the other hand, TR and
TRNAA3S also exhibited diffuse immunofluorescence at 4°C
(Fig. 9G and D), but upon incubation at 37°C they exhibited
punctate vesicular fluorescence, which is characteristic of
endosomes (Fig. 9E, F, H, and I). After incubation at 37°C,
there was a reduction in the cell surface fluorescence of
TRNAA3S5 and most of the antigen-antibody complex ap-
peared to be present in endocytic vesicles (Fig. 9E and F).
Cells expressing TR also exhibited intracellular vesicles,
indicating that TR-antibody complexes were endocytosed
(Fig. 9H and I).
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FIG. 10. Antigen localization in intracellular vesicles. Trans-
fected cells were treated with cycloheximide and chloroquine, fixed,
and stained as described in Materials and Methods. Panels: A, NA;
B, TRNAA35; C, TR; D, NATRA90. Distinct vesicles are present in
panels B and C and absent in A and D.

To determine whether TR and TRNAA3S5 can undergo
internalization without antibody binding, the cells express-
ing specific proteins were incubated with cycloheximide for
3 h and then with cycloheximide and chloroquine for another
3 h. The cells were then stained for internal immunofluores-
cence with NA- or TR-specific antibodies. Under these
conditions, cells expressing NA (Fig. 10A) or NATRA90
(Fig. 10D) exhibited diffuse fluorescence, suggesting the
presence of the proteins on the cell surface. In contrast, cells
expressing TRNAA3S (Fig. 10B) or TR (Fig. 10C) exhibited
less staining at the cell surface but contained numerous
punctate fluorescent vesicles, which are characteristic of
endosomes, indicating internalization (28, 31).

DISCUSSION

Transmembrane proteins possess spatially separated dis-
tinct domains, such as the ectodomain (head and stalk), the
transmembrane domain, and the cytoplasmic tail. Each of
these domains is presumed to have a specific role in provid-
ing the proper conformation and structural features required
for processing, transport, and functional activity. In this
study, we exchanged domains between type II membrane
proteins (i.e., influenza virus NA and human TR) and
generated the chimeric proteins TRNAA3S5 and NATRA90,
which were transport competent, exhibiting functions of the
ectodomain.

Many plasma membrane proteins are present as a homoo-
ligomer, a quaternary structure which is critically required
not only for their function but also for proper processing and
transport through the trafficking pathway (21, 41). Analysis
of chimeric proteins NATRA90 and TRNAA35 suggested
that the transmembrane and/or cytoplasmic domain can
affect subunit assembly without appreciably interfering with
intracellular transport. However, the precise role of the
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transmembrane and cytoplasmic domains in the assembly
process remains to be determined. The transmembrane and
cytoplasmic domains may play a critical role in the initial
stage of the assembly process by bringing together the
subunits, which might become stabilized by interactions of
the ectodomains. Alternatively, after assembly of the sub-
unit ectodomains, the oligomer may become stabilized by
further interaction among the transmembrane domains (5,
10, 11, 13).

For many proteins undergoing endocytosis, the cytoplas-
mic domain present in either the NH, or COOH terminus
appears to be essential for endocytosis (17, 25, 28, 31, 33,
50). Earlier studies using deletion and mutation analyses
have shown that the cytoplasmic tail of TR is critical for
internalization (22, 25). In the present study, we generated a
chimeric protein, TRNAA35, that underwent endocytosis in
the presence or absence of a bound ligand (e.g., monoclonal
antibody) whereas NATRA90 failed to undergo endocytosis.
These data reinforce the idea that the information for recep-
tor uptake resides predominantly in the cytoplasmic domain
of TR. TRNAA35 appeared to be degraded in an acid-
sensitive membrane compartment, most likely lysosomes. It
is possible that some of the proteins could be routed to the
lysosomes from the Golgi complex during exocytosis. Alter-
natively, TRNAA35 could be routed to the lysosome after
endocytosis. However, recent studies suggest that lysoso-
mal membrane proteins are sorted, probably either at the cell
surface or in the trans Golgi network, before their delivery to
the lysosomes (27, 46, 55). Further work is needed to
determine how chimeric protein TRNAA3S is routed to and
degraded in that compartment.

In summary, our studies have shown that specific domains
can be switched precisely between heterologous type II
membrane proteins to generate chimeras which are produc-
tively transported to the plasma membrane and that analysis
of these chimeras can reveal specific functions of the indi-
vidual domains in intracellular transport, processing, oligo-
merization, and endocytosis. These chimeras will be valu-
able in defining the roles of discrete protein domains in the
morphogenesis and assembly of virus particles.
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