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The vesicular stomatitis virus glycoprotein forms noncovalently linked trimers in the endoplasmic reticulum
before being transported to the Golgi apparatus. The experiments reported here were designed to determine
if the extracellular domain of the glycoprotein contains structural information sufficient to direct trimer
formation. To accomplish this, we generated a construct encoding G protein with the normal transmembrane
and anchor sequences replaced with the sequence encoding 53 C-terminal amino acids from the Thy-1.1
glycoprotein. We show here that these sequences were able to specify glycolipid addition to the truncated G
protein, probably after cleavage of 31 amino acids derived from Thy-1.1. The glycolipid-anchored G protein
formed trimers and was expressed on the cell surface in a form that could be cleaved by phosphoinesitol-specific
phospholipase C. However, the rate of transport was reduced, compared with that of wild-type G protein. A
second form of the G protein was generated by deletion of only the transmembrane and cytoplasmic domains.
This mutant protein also formed trimers with relatively high efficiency and was secreted slowly from cells.

The vesicular stomatitis virus (VSV) glycoprotein (G) has
been an important tool for studying membrane protein
biogenesis. It consists of a single polypeptide chain with an
N-terminal, extracellular domain of 446 amino acids, a
membrane-spanning domain of 20 amino acids, and a 29-
amino-acid cytoplasmic domain (26). In VSV particles, this
is the single protein species that is responsible for virus entry
via membrane fusion (10, 22). Previous studies of the VSV G
protein have shown that it is inserted across the membrane
of the endoplasmic reticulum (ER) as a nascent chain (27).
Although G protein is initially detected in the ER as a
monomeric species, it undergoes initial folding steps and
then forms noncovalently associated timers prior to trans-
port to the Golgi apparatus and cell surface (4, 17).

Correct folding and oligomeric assembly are required for
transport of many proteins from the ER to the cell surface
(for a review, see reference 25). VSV G protein provides a
clear example of this principle. Several mutated VSV G
proteins with alterations in the ectodomain or transmem-
brane domain do not form trimers and accumulate as aggre-
gates in the ER (4, 5, 17, 19), suggesting that trimer forma-
tion may be a prerequisite for G protein transport.

Studies of mutated forms of G protein suggested that the
determinants required for trimer formation might reside in
the extracellular domain, because deletion or replacement of
the cytoplasmic domain or deletion of up to six residues from
the transmembrane domain did not disrupt trimer formation
(5). Because a quantitative assay for trimer formation was
recently developed for G protein (4), we were able to
undertake the studies reported here to determine if structural
information sufficient for trimer formation resides in the
extracellular domain.

For these studies, we generated two new mutant forms of

the VSV G protein. The first form has the normal transmem-
brane and cytoplasmic domains substituted with a C-ter-
minal sequence from the glycoprotein Thy-1.1 which signals
glycolipid anchor addition to the hybrid protein. Thy-1.11is a
membrane protein which is attached to the membrane by a
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glycosyl-inositol phospholipid anchor (18, 29). The glycolip-
id-anchored G-Thy-1.1 hybrid protein forms trimers and is
transported to the plasma membrane. The second G protein
mutant is a secreted form which has a complete deletion of
the transmembrane and cytoplasmic domains. This protein
also forms trimers prior to exit from the ER.

MATERIALS AND METHODS

Construction of plasmids. A cDNA clone encoding Thy-1.1
(pThyl.1) was a gift from Thor Lemischka (Princeton Uni-
versity) and Ralph Greenspan (Roche Institute). It was
generated from a genomic clone (14) which was passaged in
a retrovirus vector to remove the introns (I. Lemischka,
unpublished data). We determined the complete sequence of
the cDNA insert and verified that the introns had been
removed correctly. A cDNA clone, encoding VSV G protein
but with the new Aval site illustrated in Fig. 1 (pGA1l), was
generated by oligonucleotide-directed mutagenesis (A.
Shaw, K. Amrein, C. Hammond, D. Stern, B. Sefton, and J.
Rose, Cell, in press). pBSGThyl.l1 was constructed by
ligating a Xhol-Aval fragment (from pGAl) encoding the
entire extracellular domain of VSV G protein to an Aval-
Bglll fragment encoding the C-terminal 53 amino acids of the
Thy-1.1 precursor. The ligated product was inserted into the
polylinker of Bluescript SK™* vector (Stratagene) after the
vector had been cleaved with Xkol and BamHI. The result-
ing plasmid was designated pBSGThyl.1. To generate a
construct encoding the truncated G protein containing only
the extracellular domain, a Hpal linker (GTTAAC), which
provides an in-frame translation-termination codon, was
ligated at the Aval site after filling in with Klenow fragment
of DNA polymerase I (Fig. 1). The starting plasmid for this
construction was pGCD4 (Shaw et al., in press), in which
sequences from CD4 had been substituted that followed the
new Aval site in the Bluescript vector. This construct was
generously provided by Carolyn Machamer and was desig-
nated pBSGA™.

Expression, radiolabeling, and immunoprecipitation. HeLa
cells (5 x 10° cells on 6-cm dishes) were infected with a
recombinant vaccinia virus encoding T7 RNA polymerase



VoL. 63, 1989

Ava |

C TCG GG
AGC TCT ATT GCC
SER SER ILE ALA

VSV G T T

—7T

Hpa |
AGC TCG GGT TAA
SER SER GLY END

GA' Y T
Ava |

GTC TCG GGC
VAL SER GLY

Thy 1.1
’

Ava |
AGC TCG GGC GG
SER SER GLY ALA

GThy T T

f

FIG. 1. Diagram illustrating the proteins employed. The top line
(VSV G) represents the VSV G protein with glycosylation sites ()
and the transmembrane domain beginning with the amino acid
sequences Ser-Ser-Ile-Ala (CJ). The nucleotide sequence illus-
trates the three nucleotide changes introduced to generate the Aval
site. This change converts the Ile codon to a Gly codon. The G
protein lacking the transmembrane and cytoplasmic domains (GA ™)
is illustrated to show the nucleotide and protein sequence changes
introduced after addition of a Hpal linker at the Aval site to generate
a stop codon. The Thy-1.1 protein is illustrated with its three
glycosylation sites and hydrophobic C-terminal sequence (EA)
which is cleaved at the site indicated by the arrow prior to glycolipid
attachment. The nucleotide sequence at the naturally occurring
Aval site in the Thy-1.1 cDNA is indicated with the protein
sequence. The G-Thy-1.1 hybrid is illustrated with the nucleotide
sequence at the junction of the two cDNAs.

(vTF7-3 [12]) at a multiplicity of 10 to 25 in 1 ml of Dulbecco
modified Eagle medium (DME) without serum for 30 min at
37°C. The inoculum was then removed, and cells were
transfected with 5 pg of plasmid DNA in 1 ml of DME
lacking serum by a liposome-mediated procedure (L. Buono-
core et al., manuscript in preparation) similar to that de-
scribed by Felgner et al. (8). Transfected cells were incu-
bated for 3 h, washed, and subsequently labeled with
[>*SImethionine in DME lacking methionine. Alternatively,
cells were labeled with 125 wCi of [*H]ethanolamine (Amer-
sham Corp.) in 1 ml of DME containing 10% tryptose
phosphate broth, 5% fetal calf serum, nonessential amino
acids, and sodium pyruvate (GIBCO Laboratories) for 4.5 h
at 37°C.

Prior to immunoprecipitation, cells were washed once
in phosphate-buffered saline (10 mM NaH,PO,, 10 mM
Na,HPO,, 150 mM NaCl [pH 7.2]) and lysed with 1 ml of a
solution (lysis buffer) containing 1% Nonidet P-40, 0.4%
deoxycholate, 66 mM EDTA, and 10 mM Tris hydrochlo-
ride, pH 7.4. Nuclei were removed by centrifugation at
10,000 X g for 1 min, sodium dodecyl sulfate (SDS) was
added at a concentration of 0.25% to the supernatant, and 3
wl of rabbit anti-VSV serum was added. After incubation at
37°C for 15 min, antibody-antigen complexes were precip-
itated with fixed Staphylococcus aureus (Calbiochem-
Behring), washed three times, and subjected to SDS gel
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electrophoresis. Immunoprecipitation from the medium was
performed by first removing particulate material by centrif-
ugation at 10,000 x g for 1 min. Supernatants were added to
an equal volume of 2X lysis buffer, and the total volume was
adjusted to 0.25% SDS before addition of anti-VSV serum.
Endoglycosidase H treatment of the immunoprecipitates
was performed as described previously (24).

PI-PLC treatment of intact cells. Cells expressing either
G-Thy-1.1 or G proteins were labeled with [>**SImethionine
(described above) for 1 h at 37°C and incubated in chase
medium containing an excess of unlabeled methionine for 1
h. The labeled cells were then treated at room temperature
for 10 to 15 min with phosphate-buffered saline containing 25
mM EDTA to remove the cells from the tissue culture plates.
The cells were transferred to 1.5-ml Eppendorf tubes, rinsed
in DME, suspended in 100 pl of DME containing 10 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid), pH 7.4, and treated with 1 ul of Bacillus thuringiensis
phosphoinositol-specific phospholipase C (PI-PLC) for 1 h at
37°C. PI-PLC (activity with [*H]phosphatidylinositol, 325
pwmol/min per ml) was a generous gift from Martin Low
(Columbia University). The cells were collected by centrif-
ugation, and both the cells and media were recovered. Cell
lysis and immunoprecipitation of lysates and medium with
anti-VSV serum were done as described above.

Sucrose gradient sedimentation. The oligomeric state of G
protein, G-Thy-1.1, and GA~ was determined by sucrose
gradient centrifugation essentially as described previously
(4, 5). Briefly, HeLa cells were labeled as described above
for 10 min with [**S]methionine at 200 wCi/ml. The cells
were then rinsed in DME and subsequently incubated in
chase medium containing excess unlabeled methionine for
the times indicated. Cells were lysed with 300 ul of 1%
Triton X-100 in a solution of 80 mM MES (morpholine-
ethanesulfonic acid), 120 mM Tris, 400 mM NaCl, 4 mM
EDTA, 4 mM EGTA [ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid] (4xXx MNT buffer), pH
5.7. The lysates were placed on ice and centrifuged for 1 min
(10,000 X g) to remove nuclei. Portions (200 pl) were loaded
onto 5 ml of continuous 5 to 20% (wt/wt) sucrose gradients in
2x MNT buffer with 0.1% Triton X-100. The gradients were
centrifuged in an SW 50.1 rotor (Beckman Instruments, Inc.)
for 16 h at 47,000 rpm. Sixteen fractions were collected from
the bottoms of the tubes in 300-pl portions and immunopre-
cipitated with anti-VSV serum after the fractions were
diluted 1:1 with lysis buffer, and SDS was added to a
concentration of 0.25%.

RESULTS

Construction of DNAs encoding glycolipid-anchored and
soluble VSV G proteins. To construct a DNA that might
encode a VSV G protein with a glycolipid anchor instead of
the normal transmembrane anchor, we started with a cDNA
clone of G protein containing a unique Aval restriction
enzyme site introduced by oligonucleotide-directed muta-
genesis at the position indicated in Fig. 1 (Shaw et al., in
press). The Thy-1.1 gene contains a natural Aval site which
permits fusion of DNA encoding the C-terminal 53 amino
acids of Thy-1.1 to DNA encoding G protein which lacks the
normal transmembrane and cytoplasmic domains (Fig. 1).
We anticipated that this construct would specify a glycolip-
id-anchored G protein because earlier studies have shown
that the signal for glycolipid anchor addition is contained
within the C-terminal peptide of glycolipid-anchored pro-
teins and can be transferred to other proteins (2, 30).
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We also used the Aval site to generate a G protein lacking
only the transmembrane and cytoplasmic domains. This was
accomplished by introduction of a Hpal DNA linker (which
contains a translation-termination codon) at this site as
indicated in Fig. 1. We have previously described other
constructs encoding soluble, secreted G proteins with larger
deletions of C-terminal amino acids and with extra amino
acids encoded by vector sequences (23, 24). However, for
the purposes of studying trimer formation, we felt it was best
to use a construct encoding the complete extracellular do-
main. The cDNA constructs expected to encode the G-
Thy-1.1 fusion protein and the soluble G protein (GA™) were
placed under control of the T7 promoter in the plasmid
Bluescript to allow expression in animal cells. These plas-
mids were designated pBSGThyl.1 and pBSGA™.

Expression of G-Thy-1.1 and GA™~. To obtain expression
of G-Thy-1.1 and GA~, we used the system described by
Fuerst et al. (12). The pBSGThyl.1 and pBSGA™ DNAs
were transfected into HeLa cells that had first been infected
with recombinant vaccinia virus vTF7-3. This virus encodes
bacteriophage T7 RNA polymerase which transcribes the
cytoplasmic plasmid DNA containing a T7 promoter, leading
to high-level expression of RNA and protein.

Cells infected with vTF7-3 were transfected with
pGThyl.1, pGA™, or an additional plasmid (pARG) encod-
ing wild-type G protein (31). Infected and transfected cells
were labeled with [>°S]methionine, and cell lysates were
immunoprecipitated with polyclonal anti-VSV serum and
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
(Fig. 2). The G-related protein encoded by pBSGA™ mi-
grated slightly faster than did the wild-type G protein,
consistent with the removal of the 46 amino acids from GA™.
The protein encoded by pBSGThy1l.1 was a single species
migrating slightly slower than wild-type G protein (Fig. 2).
This protein has a glycolipid anchor and was presumably
processed like Thy-1.1, being cleaved at the cysteine pre-
ceding the hydrophobic sequence (Fig. 1) prior to glycolipid
addition (29). Without considering the contribution of the
glycolipid anchor, the predicted molecular weight of cleaved
G-Thy-1.1 protein would be slightly greater than that of
wild-type G protein because of the addition of an extra site of
N-linked glycosylation and 22 amino acids from Thy-1.1.
Thus, the slower mobility of G-Thy-1.1 relative to G protein
was as expected.

G-Thy-1.1 contains a glycolipid anchor. To determine if the
signal directing glycolipid anchor addition to Thy-1.1 had
been transferred from Thy-1.1 to G-Thy-1.1, we employed
two techniques. First, we attempted to specifically label the
glycolipid moiety. The glycolipid anchor of Thy-1.1 contains
ethanolamine (15) and can be labeled with [*H]ethanolamine
(7, 29). HeL a cells expressing either G-Thy-1.1 or G protein
were labeled either with [*H]ethanolamine or with [*°S]
methionine. Immunoprecipitates from the cells were then
analyzed by SDS-PAGE. Both proteins were labeled with
[>*SImethionine, while only G-Thy-1.1 was labeled with
[*H]ethanolamine, suggesting that G=Thy-1.1 contained the
glycolipid anchor (Fig. 3A).

Our second approach was to ask if the G-Thy-1.1 protein
could be cleaved from the cell surface by PI-PLC, since the
glycolipid anchor of Thy-1.1 is known to be cleaved by this
enzyme (18). This is a common method for identifying
glycolipid-anchored proteins (for a review, see reference 9).
Our initial studies with indirect immunofluorescence (data
not shown) revealed that the G-Thy-1.1 protein was ex-
pressed on the cell surface. Therefore, if G-Thy-1.1 were
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FIG. 2. Gel electrophoresis showing expression of VSV G, G-
Thy-1.1, and GA~. HeLa cells infected with a recombinant vaccinia
virus, vTF7-3, were transfected with cDNAs encoding VSV G,
G-Thy-1.1, or GA™, or were left untransfected (vVTF-7). Cells were
pulse-labeled for 10 min with 50 uCi of [**S]methionine in 0.5 ml of
methionine-free medium and incubated in chase medium containing
an excess of unlabeled methionine for 60 min. Cell lysates were
immunoprecipitated with rabbit anti-VSV G serum, and immuno-
precipitates were analyzed by SDS-PAGE. Molecular weight mark-
ers are shown on the right.

glycolipid anchored, incubation with PI-PLC should release
G-Thy-1.1 into the medium.

HelLa cells expressing G-Thy-1.1 or wild-type G protein
were labeled for 1 h in media containing [>*S]methionine and
then were incubated for 1 h in chase medium containing
excess unlabeled methionine. The cells were removed from
the tissue culture dish after treatment with EDTA and then
were treated with PI-PLC. Released and cell-associated
proteins were then immunoprecipitated separately and ana-
lyzed by SDS-PAGE. The results showed that the G-
Thy-1.1 protein was released from the cell surface after
PI-PLC treatment while the wild-type G protein was not
(Fig. 3B). Also, there was a clear decrease in the amount of
cell-associated G-Thy-1.1 after cleavage while the amount of
cell-associated G protein was unaffected. Quantitation of
this and other experiments suggested that only about one-
third of the total G-Thy-1.1 was released; however, this
probably represents a large fraction of the cell surface
protein (see Discussion).

Rate of transport of G-Thy-1.1 and GA~. The fact that
G-Thy-1.1 could be cleaved from the cell surface with
PI-PLC indicated that the protein was being transported
through the exocytic pathway. Other mutant G proteins with
truncated cytoplasmic tails are transported slowly relative to
wild-type G protein, suggesting that the normal cytoplasmic
tail might allow rapid transport from the ER to the Golgi
apparatus (24). Because G-Thy-1.1 lacks the normal trans-
membrane and cytoplasmic domains, it was of interest to
examine its rate and efficiency of transport. To do this, we
determined the rate at which the N-linked oligosaccharides
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FIG. 3. Electrophoretic analysis of specific labeling and cleavage
of the glycolipid anchor of G-Thy-1.1. (A) HeLa cells (5 x 10°)
expressing VSV G (G) or G-Thy-1.1 (GT) were labeled for 4.5 h with
125 p.Ci of [*Hlethanolamine or 50 uCi of [>**S]methionine in 0.5 ml
of the appropriate labeling medium (as described in Materials and
Methods). Cell lysates were immunoprecipitated with rabbit anti-
VSV G serum. Positions of molecular weight markers are indicated.
(B) HeLa cells (5 x 10°) expressing VSV G (G) or G-Thy-1.1 (GT)
were labeled for 1 h with 50 uCi of [>**S]methionine in 0.5 ml of
methionine-free medium and then were incubated in chase medium
containing unlabeled methionine for 1 h. Cells were then removed
from the tissue culture plate and divided into two equal portions for
treatment with PI-PLC (+) or mock treatment (—). The cells and
medium were immunoprecipitated separately. All of the immuno-
precipitates from the medium and one-fourth of the immunoprecip-
itates from the cells were analyzed by SDS-PAGE. Positions of
molecular weight markers are indicated.

on G-Thy-1.1 became resistant to treatment with endogly-
cosidase H (28). High-mannose core oligosaccharides added
in the ER are susceptible to cleavage by endoglycosidase H
and become resistant to cleavage only after processing,
probably in the medial Golgi compartment (6, 16).

Cells transfected with pBSGThyl.1 were pulse-labeled
with [>**S]methionine and then incubated for the indicated
times in chase medium containing excess unlabeled methio-
nine. Immunoprecipitates from cell lysates were divided and
digested or mock-digested with endoglycosidase H (Fig. 4).
The results showed that G-Thy-1.1 acquired endoglycosi-
dase H resistance much more slowly than did wild-type G
protein. Quantitation of the gels showed only about 50%
resistance at 2 h. In contrast, wild-type G protein acquires
50% endoglycosidase H resistance after about 15 min (24).
This slow transport rate is similar to that of G protein
mutants with deletions in the normal cytoplasmic tail (21, 24,
31).

We have previously observed that truncated, soluble
forms of G protein lacking the transmembrane and cytoplas-
mic domains are secreted with a half time of about 2 h when
expressed in transfected COS cells (24) or in mouse C127
cells (10). A similar value was obtained by Moore and Kelly
(20) in AtT20 cells. Although the GA™ construct employed
here was slightly different from those described earlier, we
found that this protein was also secreted slowly, with a half
time of 2 to 3 h (data not shown).

Trimerization of G-Thy-1.1 and GA™. The assay devel-
oped by Doms et al. (4) to follow trimerization involves lysis
of cells at a mildly acidic pH (pH 5.8) and separation of
trimeric and monomeric forms of G protein on a 5 to 20%
sucrose velocity gradient. Although the VSV G protein is a
trimer at neutral pH, the trimeric form is stabilized at pHs
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FIG. 4. Acquisition of endoglycosidase-H (endo H)-resistant oli-
gosaccharides on the G-Thy-1.1 protein. HeLa cells (5 X 10°) were
labeled for 15 min with 50 wCi of [>SImethionine in 0.5 ml of
methionine-free medium and then were incubated in chase medium
containing unlabeled methionine for 0, 30, 60, or 120 min. Immuno-
precipitates from each time point were incubated in the presence (+)
or absence (—) of endoglycosidase H (24) and analyzed by SDS-
PAGE (gel shown at top). The amount of endoglycosidase-H-
resistant G-Thy-1.1 at each time point was quantified by scanning
densitometry of a fluorographed gel (graph shown at bottom).

below 6.0 and can then be analyzed by velocity gradient
sedimentation. With this assay, the half time of trimer
formation by wild-type G protein has been determined in a
variety of cell types and is in the range of 7 to 10 min (4, 5).

We initially found that both G-Thy-1.1 and GA™ proteins
showed a high efficiency of trimer formation when analyzed
on sucrose velocity gradients at pH 5.8. To determine the
kinetics of trimer formation, we performed the experiment
shown in Fig. 5. Transfected HeLa cells expressing each
protein were pulse-labeled with [**S]Imethionine and then
were lysed immediately or incubated for the indicated times.
Detergent lysates of cells were fractionated on sucrose
gradients, and gradient fractions were immunoprecipitated
with anti-VSV serum and analyzed by SDS-PAGE. The
relevant portions of the gels are shown for wild-type and
mutated G proteins in Fig. 5. The percentage of protein in
the trimer peak was quantitated for each protein and is
shown in the graph (Fig. 5). All of the G proteins formed
trimers, although the G-Thy-1.1 and GA ™~ proteins appeared
to be somewhat slower and less efficient at trimer formation
than the wild-type protein. The estimated half times for wild
type, G-Thy-1.1, and GA™ are 10, 30, and 15 min, respec-
tively.

We also analyzed the GA™ protein secreted into the
medium to determine if it remained trimeric. All of the
secreted GA™ protein appeared to be monomeric when
analyzed on sucrose gradients at pH 5.8 (data not shown). A
possible explanation for this result is that the soluble form
dissociates in dilute solution. The gradients shown for the
GA™ protein were not run in parallel with those for G and
G-Thy-1.1 and are therefore not directly comparable for
peak positions. In other experiments where the GA™ gradi-
ents were run with wild-type G markers for monomers and
trimers, we found that the presumed monomer and trimer
peaks of GA™ displaced one fraction above the G peaks.
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FIG. 5. Kinetics of trimer formation of VSV G, G-Thy-1.1, and
GA~ proteins. HeLa cells (5 X 10°) expressing each indicated
protein were pulse-labeled for 10 min with 100 pCi of [>*S]me-
thionine in 0.5 ml of methionine-free medium and were incubated in
chase medium containing unlabeled methionine for various times
before lysis. Lysates were applied to 5 to 20% sucrose gradients and
centrifuged as described in Materials and Methods. Gradient frac-
tions were immunoprecipitated with rabbit anti-VSV serum and
analyzed by SDS-PAGE followed by fluorography. The area from
each fluorograph showing the precipitated G protein or G-related
protein is shown (top). The bottom of the gradient is on the left, and
the approximate 8S and 4S positions are shown. The percentage of
total G protein in the trimer peak at each time point was determined
by scanning densitometry of fluorographed gels and plotted in the
graph shown at the bottom.

This is as expected from the deletion of approximately 10%
of the protein.

DISCUSSION

In this study, we generated two mutant forms of the VSV
G protein lacking the transmembrane and cytoplasmic do-
mains. One was a soluble form similar to soluble forms
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characterized previously (11, 23, 24) but with a precise
deletion of the transmembrane and cytoplasmic domains
generated by oligonucleotide-directed mutagenesis and
linker insertion. The second mutant had the glycolipid
addition signal from Thy-1.1 substituted for the normal
transmembrane anchor of VSV G. The two most important
points established by our results are that structural informa-
tion sufficient to direct trimer formation resides in the
extracellular domain of the VSV G protein and that the G
protein does not need to be membrane anchored to form
trimers.

Relatively little data are available on the formation of
correct quaternary structure by the extracellular domains of
viral membrane proteins. The three-dimensional structure of
the influenza virus hemagglutinin was solved for the extra-
cellular domain, which was crystallized after cleavage from
the virus surface (33). This cleaved form retains the trimeric
structure. It has been reported also that at least a fraction of
a soluble, anchor™ form of influenza virus hemagglutinin
synthesized in cells can be cross-linked to a trimeric form
(13). Thus, the influenza virus hemagglutinin appears similar
to the VSV G protein in not requiring membrane anchoring
to form trimers.

The half times for trimer formation by glycolipid-anchored
and soluble forms of the VSV G protein are faster than those
for transport from the ER. These results would be consistent
with a requirement for trimer formation prior to transport of
these proteins from the ER. However, these results, like
earlier results obtained with G proteins having deletions in
the cytoplasmic domain (5), suggest that trimer formation is
not sufficient for rapid transport. If trimer formation were
sufficient to direct rapid transport out of the ER, then we
would expect that the rate of acquisition of endoglycosidase-
H-resistant oligosaccharides would be only slightly slower
than the rate of trimer formation. This is, in fact, the case for
wild-type G protein, where the half time for trimer formation
is 7 to 10 min and the half time for the acquisition of
endoglycosidase-H-resistant oligosaccharides is 15 min (4, 5,
24). In contrast, the half time for trimer formation by
G-Thy-1.1 is about 30 min, while 50% endoglycosidase H
resistance is acquired between 1 and 2 h. Similarly, the GA™
protein forms trimers with a half time of about 15 min, but
acquires endoglycosidase H resistance and is secreted with a
half time of 2 to 3 h. We have also examined trimer formation
by one of the more severely truncated forms of VSV G
protein (TG [23]), lacking 30 C-terminal amino acids from the
extracellular domain. Analysis by sucrose gradient sedimen-
tation showed that this protein also formed trimers with at
least 50% efficiency (data not shown).

A possible explanation for the lag in transport after trimer
formation is that the truncated proteins lack signals for
transport that are present in the wild-type protein. These
proteins might then move at a slow rate of bulk flow with
newly synthesized membrane. If this were the case, then
bulk flow would have to be considerably slower than was
suggested by Wieland et al. (32). Alternatively, one could
argue that movement of these proteins is retarded for some
other reason.

Our studies also localize the signal for glycolipid addition
to the C-terminal 53 amino acids of Thy-1.1, since these
residues specify glycolipid addition to VSV G protein.
Related studies have shown that the signal for glycolipid
addition to the decay-accelerating factor is contained within
the C-terminal 37 amino acids (2). In our construct, assuming
that cleavage occurs at the normal cysteine residue in
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Thy-1.1, we would have an extra 22 amino acids from the C
terminus of Thy-1.1 appended to G protein.

Polypeptide cleavage and glycolipid anchor addition are
known to take place during or immediately after synthesis of
the protein (1, 3). Because we detected only a single species
of the G-Thy-1.1 protein after a 10-min pulse label, it is
likely that this hybrid protein is also processed and modified
rapidly. The fact that we were only able to cleave about 35%
of the total G-Thy-1.1 protein from the cell surface in the
experiment shown in Fig. 3 is probably due to the slow (and
perhaps inefficient) transport of G-Thy-1.1 as well as its
accessibility to PI-PLC cleavage. Thy-1 itself is only cleaved
with about 50% efficiency (18).

We anticipate that this or other glycolipid-linked forms of
the VSV G protein will be useful tools for future studies on
sorting and on physical properties of glycolipid-linked pro-
teins. They may also be useful for large-scale preparation of
the extracellular domain itself.
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