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Abstract . As a part of our studies on the folding of
glycoproteins in the ER, we analyzed the fate of viral
glycoproteins that have misfolded either spontaneously
or through inhibition of N-linked glycosylation . Newly
synthesized Semliki Forest virus spike glycoproteins
El and p62 and influenza hemagglutinin were studied
in infected and transfected tissue culture cells . Mis-
folded proteins aggregated in < 1 min after release
from polysomes and aberrant interchain disulfide
bonds were formed immediately . When more than one

THE most common reason for the failure of denatured
proteins to fold correctly during in vitro refolding
experiments is irreversible aggregation due to the in-

herent insolubility of partially and incorrectly folded poly-
peptide chains (see Jaenicke, 1987) . Apparently, such aggre-
gation is not restricted to in vitro conditions. It is also a
problem during protein folding in living cells . Aggregation
of newly synthesized proteins occurs in the cytoplasm ofbac-
teria which accumulate misfolded and incompletely folded
proteins in so-called inclusion bodies (Shively, 1974 ; Wil-
liams et al ., 1982 ; Marston, 1986; Haase-Pettingell and
King, 1988) . It occurs in the ER of cells synthesizing mis-
folded proteins (Gibson et al ., 1979 ; Hurtley et al ., 1989)
and may be the underlying defect in several diseases where
proteins accumulate in this organelle (Carlson et al ., 1989 ;
Cheng et al ., 1990) .

In the ER, aggregates can form both between soluble pro-
teins as well as between membrane-bound proteins (Gibson
et al ., 1979 ; Kornfeld and Kornfeld, 1985 ; Machamer and
Rose, 1988b ; Hurtley et al ., 1989 ; Tooze et al ., 1989 ; Singh
et al ., 1990 ; Machamer et al ., 1990) . Aggregate size ranges
from large inclusion bodies to small oligomers . Aggregates
often contain aberrant disulfide crosslinks and BiP/GRP78,
an abundant ER chaperon, is generally a noncovalently as-
sociated component . The aggregated proteins are retained in
the ER and often slowly degraded over several hours. When
large amounts of misfolded proteins accumulate, the ER
compartment dramatically increases in size to accommodate
the increased load oftransport-incompetent protein (Pacifici
and Iozzo, 1988; Tooze et al ., 1989 ; Carlson et al ., 1989) .
To understand the mechanisms ofprotein folding and qual-

ity control in the ER, we analyzed the formation of ag-
gregates between viral spike glycoproteins . In previous
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protein was misfolded, mixed aggregates were gener-
ated . This indicated that the formation of complexes
was nonspecific, random, and not restricted to prod-
ucts from single polysomes . The size of the aggregates
varied from small oligomers to complexes of several
million daltons . BiP was associated noncovalently with
the aggregates and with some of the nonaggregated
products . We conclude that aggregation reflects the
poor solubility of incompletely folded polypeptide
chains .

studies, we showed that nonglycosylated and misfolded
influenza hemagglutinin (HA)' covalently aggregated rap-
idly after completion of synthesis (Hurtley et al ., 1989) . The
aggregation is much faster than the normal homotrimeriza-
tion of HA which occurs with a t in of -10 min (Copeland
et al ., 1986 ; Gething et al ., 1986) .
The difference in rate between aggregation and normal

trimerization, which happens randomly from a mixed pool
of monomers (Boulay et al ., 1988), raised the possibility that
aggregation might occur at the level ofindividual polysomes .
To test this, we analyzed the aggregation products in cells
where two or more viral proteins were synthesized simul-
taneously. We found that these proteins formed mixed ag-
gregates whether synthesized from the same polysome or
from different polysomes . Our results indicate that aggrega-
tion constitutes a general, nonspecific precipitation reaction
which is not limited to products from a single polysome.

Materials andMethods

Cells
HeLa cells were grown in MEM with 10% FCS. COS cells were grown in
DME with 10% FCS and 10 mM Hepes, pH 7.3.

Cloning ofSFV- and Influenza cDNAs
The cDNAs for El and p62 were taken from plasmids obtained from H .
Garoff (Department of Molecular Biology, Karolinska Institute, Huddinge,
Sweden) (Melancon and Garoff, 1986 ; Cutler and Garoff, 1986) . For ex-
pression in HeLa cells, both cDNAs were recloned into pGEM 3 (Promega,
Madison, WI) and expressed from the T7 promoter. The El construct en-

1 . Abbreviations used in this paper: HA, hemagglutinin ; PCR, polymerase
chain reaction ; SFV, Semliki Forest virus .
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codes the full-length El protein and contains a 400-bp sequence at the 5'
end representing the cDNAs for the full 6-kD protein and minor parts of
the capsid and E2 sequences . The cDNA ofthe p62 construct was modified
by polymerase chain reaction (PCR) 1 to eliminate the rest of the 6-kD se-
quence and codes for the full-length capsid and p62 proteins . PCR was also
used to introduce a different 5' modification of the same cDNA to allow
cloning into a different expression vector (pCite ; Novagen, Madison, WI) .
This vector uses the untranslated region of encephalomyocarditis virus to
enhance translation efficiency (Elroy-Stein et al ., 1989) .

The cDNA for the X31 influenza hemagglutinin was obtained from a
recombinant virus described earlier (Doms et al ., 1986) and cloned into
Bluescript KS+ (Stratagene, La Jolla, CA) under T7 promoter control . The
entire cDNA was resequenced . The clone has a single point mutation com-
pared to the published base sequence (Verhoeven et al ., 1980) which con-
verts amino acid 132 in HA2 (Glu) into asparagine . This mutation occurs
naturally in closely related strains of influenza A (Verhoeven et al ., 1980) .

Transfection
COS cells (Gluzman, 1981) were transfected using the DEAF-dextran
method (Sompayrac and Danna, 1981 ; Luthman and Magnusson, 1983)
with plasmids containing the El or p62 cDNAs, respectively (Melancon and
Garoff, 1986; Cutler and Garoff, 1986) .

HeLa cells were transfected with the vector constructs described above
using liposomes containing the cationic synthetic lipid dimethyldiocta-
decylammonium bromide (Felgner et al ., 1987 ; Rose et al ., 1991) and ex-
pressed using a recombinant vaccinia virus synthesizing T7 RNA polymer-
ase (Fuerst et al ., 1986) . Cells were infected with the recombinant vaccinia
virus in serum-free DME for 30 min (multiplicity of infection = 50) . Each
dish was then incubated with the plasmid-liposome mixture in DME for
several hours. The liposomes were the generous gift of J. K . Rose (Depart-
ment of Pathology, Yale University School of Medicine, New Haven, CT)
(Rose et al ., 1991) and were later obtained from a commercial source
(TransfectAce ; BRL, Gaithersburg, MD) . The DNA-liposome ratio was
optimized for maximal transfection efficiency. A 60-mm dish typically re-
ceived 10 Ecg of each plasmid and 10 Ecl TransfectAce. For each experiment,
double transfection efficiency was controlled by transfecting cells on cover-
slips with the same mixtures and detecting the expressed proteins by im-
munofluorescence with antibodies against El and p62 .

As described earlier for a different cell system (Felgner et al., 1987), the
transfection time was of great importance for the liposome-mediated trans-
fection rate. The term transfection time will be used to refer to the time from
the beginning of the incubation with the liposome-DNA mixture to the time
point where the cells were lysed . After a transfection time of 6 h, >90%
of the cells expressed both proteins . Decreasing this time period to 90 min
decreased the transfection rate to 30-40% with 60-70% of these cells ex-
pressing both proteins .

Infection with SFV
Cells were infected with SFV (multiplicity of infection = 100) for 1 .5 h
in RPMI 1640 (Gibco Laboratories, Grand Island, NY), 0.2% BSA, 10
mM Hepes, pH 6 .8, at 37°C, and then incubated for 5 h in DME with
10% VCS .

Inhibition ofGlycosylation Using Tunicamycin
At the end of the infection or liposome incubation, cells were preincubated
for 45 min in methionine-free medium containing 5 Ecg/ml tunicamycin
(stock solution : 10 mg/ml tunicamycin in DMSO) . The drug was also pres-
ent during the pulse and chase periods . Control cells were treated with an
equivalent concentration of DMSO .

Metabolic Labeling andCell Lysis
Metabolic labeling was performed as described earlier (Braakman et al .,
1991) . To avoid artificial disulfide bond formation during cell lysis, cells
were washed and lysed in the presence of 20 mM N-ethylmaleimide as pre-
viously described (Braakman et al ., 1991) .

Antibodies
The polyclonal anti-SFV antibody was prepared against spike complexes.
It precipitates El, E2, and p62 quantitatively and a small amount of capsid
protein . Affinity-purified polyclonal antibodies against El and p62 were a
gift of H . Garoff (Karolinska Institute) (Ziemiecki and Garoff, 1978) and
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characterized earlier (Kielfan and Helenius, 1985) . The anti-p62 antibody
precipitates p62 and its cleavage product E2 equally well . The polyclonal
antibody against X31 influenza hemagglutinin was described before (Doms
et al ., 1985) . Staphylococcus aureus complexes with the antibodies were
washed twice in 0.05% Triton X-100, 0.1% SDS, 0.3 M NaCl, 10 mM Tris-
HCI, pH 8 .6, at room temperature.

The monoclonal anti-BiP/GRP78 antibody wasagift ofD. Bole (Howard
Hughes Medical Institute, Ann Arbor, MI) (Bole et al ., 1986) . For immu-
noprecipitations with this antibody, cells were lysed in the presence of
apyrase (30 U/ml), and the lysates were kept between 0 and 4°C . S. aureus
complexes with the antibody were washed twice in 100 mM Tris-HCl,
0 .5 M NaCl, pH 8.0, and once in 30 mM Tris-HCl, 20 mM MES, 100 mM
NaCl, 0.5% Triton X-100, pH 7.5.

In Vitro Translation
The vector construct containing the El cDNA was transcribed in vitro with
T7 RNA polymerase for 90 min at 37°C. The mRNA was precipitated and
translated in a reticulocyte lysate system for 60 min at 30°C in the presence
or absence of dog pancreas microsomes . Half of that mixture was then
digested for 60 min on ice with 50 Ecg/ml proteinase K in the presence of
2 mM CaCI Z . After adding PMSF to a final concentration of 3 mM and in-
cubating on ice for 5 min, the treated and untreated samples were reduced
and analyzed by SDS-PAGE without prior immunoprecipitation .

Results

MixedAggregates in Semliki Forest
Virus-infected Cells
Aggregate formation in the ER was initially studied in HeLa
cells infected with Semliki Forest virus (SFV) . The struc-
tural proteins of this Toga(alpha)virus are synthesized as a
polyprotein which is cotranslationally cleaved into four
polypeptides (see Garoff et al ., 1982) . Ofthese, the two gly-
coproteins p62 (62 kD) and El (50 kD) constitute type I
membrane proteins with large lumenal domains . p62 has
three N-linked sugars and 18 cysteines in the ectodomain,
while El has one N-linked sugar and 16 cysteines . Soon after
synthesis and translocation into the ER, p62 and El form
heterodimers and move via the Golgi complex to the cell sur-
face . In transit through the Golgi network or in the secretory
vesicles, p62 is cleaved to E2 (49 kD) and E3 (10 kD) .
When lysates made from ["S]methionine-labeled, SFV

infected cells were immunoprecipitated with an antibody
against the spike glycoproteins, the proteins observed in
SDS-PAGE were p62, the mature E2, El, a 97-kD protein
representing untranslocated polyprotein (Garoff et al .,
1978), and a small amount of capsid (C) protein (Fig . 1,
lanes 1 and 2) . El and E2, which separate well on non-
reduced gels, comigrate after reduction (lane 2) . The various
protein bands in Fig . 1 and subsequent figures have been
marked by subscripts "ox" and "red" to indicate whether the
proteins are reduced or not, and with superscript "ng" in case
the proteins are nonglycosylated .

In the nonreduced samples, aggregates were seen at the in-
terface between the stacking and separating gels and on top
of the stacking gel (Fig . 1, lane 1, agg .) . They represent
disulfide crosslinked spike glycoproteins which are dis-
sociated in SDS after reduction (Ziemiecki et al ., 1980) .
Their presence indicated that partial misfolding of p62 and
El molecules occurred spontaneously in infected cells . The
interchain disulfide bonds in these crosslinked aggregates,
and others observed in subsequent experiments, were not
formed after lysis by air oxidation, because our protocol in-
cluded an alkylation step both before and during lysis of the
cells . We have previously shown that alkylation of free sulf-
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hydryl groups inhibits formation of artificial disulfides in cell
lysates (de Silva et al ., 1990) .
When tunicamycin was added to inhibit N-linked glycosy-

lation (Tkacz and Lampert, 1975), almost all of the labeled
p62 and -50% of the El was recovered in aggregates (Fig .
1, lane 3) . The rest of the El migrated in the SDS gel as
monomers (El..) . The increased aggregation of p62 and El
was consistent with the observation that most glycoproteins
need their N-linked sugars to fold correctly (for review see
Olden et al ., 1982) . Upon reduction, the aggregate bands
were lost and the p62 and El bands were correspondingly
stronger (lane 4) . Since the proteins lacked their N-linked
sugars, they migrated faster than their glycosylated counter-
parts (cf . lane 2) .

Precipitation with antibodies which recognized either El
or p62 alone demonstrated that the tunicamycin induced ag-
gregates were mixed . Anti-El antibodies precipitated ag-
gregates which contained both Eln1d and p62red (Fig . 1, lane
6), and the same was seen for anti-p62 antibodies (lane 8) .
Since the anti-El antibody also precipitated the nonag-
gregated form of El (lane S) relatively more El was precipi-
tated than with anti-p62 (compare lanes 6 and 8) . We con-
cluded that the nonglycosylated membrane polypeptides
tended to form disulfide bonded aggregates and that these ag-
gregates contained a mixture of p62 and El .

MixedAggregates in 7lransfected Cells
Since El and p62 were derived from the same polysomes and
therefore translocated in close proximity to each other, it was
not surprising that they would end up in the same aggregates.
What would happen if they were synthesized from different
polysomes?

Marquardt and Helenius Aggregation in the ER

Figure 1. Timicamycin-induced
aggregate formation in SFV
infected cells . HeLacells were
infected with SFV asdescribed
in Materials and Methods .
6.5 h afterthe startofthe infec-
tion cells were starved for me-
thionine for 45 min in thepres-
ence or absence of 5 ug/ml
tunicamycin . After a radioac-
tive pulse for 30 min the cells
were chased for 30 min and
lysed as described . In the tuni-
camycin-treated cells the drug
was present during the pulse
and chase . Immunoprecipita-
tions were done with the poly-
clonal antibody against SFV
spike glycoproteins (aSFV) or
with antibodies specific for El
(aEl) or p62/E2 (apó2), re-
spectively. SDS-PAGE ofnon-
reduced (-DTT) and reduced
(+DTT) immunoprecipitates
is shown . agg, aggregates ; C,
capsid ; ng, nonglycosylated .

To test this, cDNAs of p62 and El were cloned into sepa-
rate vector constructs as described in Materials and
Methods . When expressed in vaccinia-infected HeLa cells,
both proteins showed the expected molecular weights and the
correct gel mobility shifts upon reduction (Fig . 2) . In
cotransfected cells most of the El and p62 dimerized and
reached the trans-Golgi network as judged by the cleavage
of p62 to E2 (not shown) . No spontaneous disulfide-linked
aggregates were observed if the radioactive pulse was given
2 h after the beginning of the transfection . Extensive sponta-
neous aggregation of all studied proteins (El, p62, and HA)
was, however, seen after longer transfection times . This
aggregation was independent of the expression level of the
proteins and obviously reflects major vaccinia induced
cytopathic effects on the folding of glycoproteins in the ER.
We observed for p62 that the spontaneous aggregation after
6 h oftransfection was highly temperature dependent : no ag-
gregates were found at 32°C, whereas up to 50% ofthe pro-
teins misfolded and aggregated at 37°C when expressed at
a similar level (not shown) .

Immunoprecipitations from lysates of El-transfected cells
showed variable amounts of a band at 60 kD which retained
its position upon reduction (Fig . 2, p) . Proteinase digestion
experiments after in vitro translation in the presence of
microsomes showed that this protein was not translocated
and remained accessible on the cytoplasmic side (not
shown) . The signal sequence for El is present in the 6-kD
protein (Melancon and Garoff, 1986) . It was presumably
only partially efficient in its function and produced a fraction
of uncleaved and untranslocated El molecules with extra
amino acids at the NHz terminus.
When HeLa cells were cotransfected with both vectors, El

and p62 were efficiently expressed . They showed the ex-
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Figure 2. Expression of El and p62 . HeLa cells were transfected for
2 h with the El-(lane 1 and 2) or p62-(lane 3 and 4) expression vec-
tor, respectively. After methionine starvation, cells were pulsed for
5 min and chased for 10 min . Immunoprecipitation from the lysates
wasdoneusing the polyclonalanti-SFV spike glycoprotein antibody .
Reduced and nonreduced samples of the immunoprecipitates are
shown . p designates an extra band derived from the El expression
vector.
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petted mobilities before and after reduction (Fig. 3, lanes 1
and 2) . When glycosylation was prevented by tunicamycin,
most of the p62óg, and about half of the Elôg were recovered
in disulfide-linked aggregates at the top of the gel (lane 3) .
Neither the cytosolic El form (p) nor the small amount of
precipitated capsid protein (C) were part of the aggregates .
Upon reduction the aggregates disappeared and prominent
bands ofnonglycosylated El and p62 could be seen (lane 4) .
Precipitations with anti-El (lanes S and 6) and anti-p62
(lanes 7 and 8) antibodies showed that the disulfide cross-
linked complexes were mixed . Clearly, coaggregation of
nonglycosylated El and p62 occurred whether they were
synthesized on the same or on different polysomes .

It is noteworthy that, in addition to El and p62, the re-
duced gels revealed the presence of four other labeled pro-
teins in the aggregates . These are called vl, v2, v3, and v4
in Fig . 3 and subsequent figures . They were in the 20-50-kD
range and did not represent SFV proteins. Since they could
only be seen in aggregates obtained from the vaccinia virus-
based expression system, they probably represented non-
glycosylated, vaccinia-related proteins which had become
part of the mixed aggregates . The molecular weights were
consistent with some ofthe known glycoproteins of vaccinia
(Carrasco and Bravo, 1986) . Their presence in the disulfide
crosslinked aggregates with El and p62 provided further evi-
dence that the composition of the aggregates was mixed .
To confirm that aggregation was nonspecific, we coex-

pressed SFV p62 and influenza hemagglutinin . When immu-
noprecipitated from the double-transfected cell lysates .
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Figure 3. Thnicamycin-induced
aggregate formation indouble-
transfected cells . HeLa cells
were double transfected with
El and p62 for 1 h . After a45-
minpreincubation withorwith-
out tunicamycin the cells were
labeled and chased for 30 min
each inthe presence or absence
of the drug. The same lysate
was immunoprecipitated with
the antibodies against SFV
spike glycoproteins (oiSFV),
El (aFJ ), or p62 (apó2), re-
spectively. agg, aggregates ; C,
capsid ; ng, nonglycosylated ; p,
El precursor ; v1--4, vaccinia-
related proteins .



influenza HA was present as a single band after reduction
(Fig . 4, lane 4) and as a faster migrating doublet without
reduction (lane 3) . The upper band in the doublet corre-
sponds to folding intermediates with incomplete disulfides
and the lower band to fully oxidized, mature HA (Braakman
et al ., 1991) . When synthesized in the presence of tunicamy-
cin, most of the p62 and influenza HA formed disulfide-
linked aggregates (lanes 5 and 7) . Reduced precipitates with
anti-SFV and anti-HA antibodies respectively (lanes 6 and
8), indicated that the aggregates were mixed . In this case, the
aggregates contained proteins from three different sources :
p62 from SFV, HA from influenza and the vaccinia-related
proteins . This demonstrated that unrelated proteins form
mixed heteroaggregates when their folding in the ER is per-
turbed .

Kinetics ofHeteroaggregate Formation
HA aggregation was previously found to occur very soon af-
ter chain termination (Hurtley et al ., 1989) . Since our results
indicated that aggregates can be composed of products from
separate polysomes and not just locally from individual
polysomes, it was of interest to determine how rapidly het-
eroaggregates were formed . It was possible that complexes
between peptides from individual polysomes formed first
and then coalesced to larger heterologous aggregates .
HeLa cells transfected with p62 and El were treated with

tunicamycin, pulsed for 1 min, and chased for various times .
Cycloheximide was added to the chase medium to block
delayed synthesis of partially labeled nascent chains (see
Braakman et al ., 1991) . At the end of the chase, the cells
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were treated with NEM to block the formation of disulfide
bonds, and the lysates were precipitated with the anti-p62
antibody. The immunoprecipitates were reduced and ana-
lyzed by SDS-PAGE. The p62 and the coprecipitated El
bands were quantitated by densitometry (Fig . 5) .
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Figure 4. Tunicamycin-induced
aggregate formation of coex-
pressed unrelated proteins .
HeLa cells were double trans-
fected with X31-HA and p62
for 1 h . After a 45-min pre-
incubation in the presence or
absence of tunicamycin the
cells were labeled and chased
for 30 min each . The same ly-
sate was immunoprecipitated
with the antibodiesagainst SFV
spike glycoproteins (aSFV),
or influenza hemagglutinin
(aHA), respectively. Lanes
1-4 show precipitations from
untreated cells ; lanes 5-8
equivalent samples from cells
treated with tunicamycin .

chase (min)
Figure S. Kinetics of heteroaggregate formation . HeLa cells were
preincubated with tunicamycin 2 h after the start of a double trans-
fection with the El- and p62- expression vectors . A pulse for 1 min
in the presence of the drug was followed by a chase in the presence
of cycloheximide for the times indicated . The lysates were precipi-
tated with anti-p62 . The immunoprecipitates were reduced, sepa-
rated by SDS-PAGE, and analyzed by densitometry. The amounts
of p62 and coprecipitated El are expressed as fraction of the total
aggregated protein precipitated with the anti-p62 antibody.



The results showed that mixed aggregates formed during
the 1-min pulse. Since it is believed that no cotranslational
interaction of nascent chains can occur because of the spac-
ing of ribosomes on the ER membrane (Hurtley and
Helenius, 1989), aggregate formation must occur instantly
after release from the ribosome . Moreover, the relative
amount of labeled El and p62 did not change significantly
with chase time (Fig . 5) . We conclude that heteroaggregate
formation occurs without initial homoaggregate formation
immediately after chain termination . It is thus much faster
than normal oligomerization which requires specific interac-
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Figure 6. Aggregate size in
SFVinfected cells (A) and in
double-transfected cells (B).
HeLa cells were either infected
with SFV as described (A) or
double-transfected with El
and p62 for 2 h (B). In the
presence of tunicamycin, a
pulse for 30 min was followed
by a chase for the same time .
The lysate was loaded on top
of a 15-30% sucrose gradient
containing 0.5 % Triton X-100
and spun for 40 or 150 min at
50,000 rpm (SW 50.1 ; Beck-
man Instruments, Inc., Palo
Alto, CA). Catalase and SFV
nucleocapsid were used as
sedimentation markers to cal-
culate the sedimentation rate
of the proteins of interest . The
fractions were immunopre-
cipitated and separated by
SDS-PAGE . Reduced samples
were analyzed by densitome-
try, Percentages are plotted as
fractions of the total amount
of protein loaded . The graphs
represent a combination ofthe
data from the40- and 150-min
centrifugations. The inserts in
A and B show nonreduced
samples from different gra-
dient fractions .

tions between folded subunits . Aggregate formation is prob-
ably so rapid because it involves nonspecific interactions be-
tween partially folded, poorly soluble polypeptide chains.

Aggregate Size
To obtain an estimate for the size of the heteroaggregates,
cells transfected with El and p62and cells infected with SFV
were treated with tunicamycin, pulsed with ['SS]methionine
and chased for 30 min each, alkylated, and solubilized with
Triton X-100. The lysates were then subjected to sucrose ve-
locity gradient centrifugation in the presence of 0.5% Tri-
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Figure 7. BiP/GRP78 association with tunicamycin-induced aggregates . HeLa cells were infected or transfected as described, preincubated
with tunicamycin, and pulsed and chased for 30 min each . The cell lysates were prepared in the presence ofN-ethylmaleimide and apyrase
and kept at 0-4°C during the subsequent immunoprecipitations with the anti-BiP/GRP78 antibody. The samples were analyzed by SDS-
PAGE in non-reduced and reduced form . Parallel immunoprecipitations with anti-SFV antibodies helped to identify coprecipitated SFV-
proteins .

ton X-100. The distribution of viral proteins in gradient frac-
tion was analyzed by immunoprecipitation and SDS-PAGE
(Fig. 6) .

In double-transfected cells the aggregate size was hetero-
geneous as indicated by the distribution of El and p62 in the
gradient (Fig . 6 B) . The sedimentation coefficients were in
the 15-50 SZO,w range suggesting molecular weights be-
tween 0.3 to 4 million . Most of the aggregates were low mo-
lecular weight species. The El protein that was not cross-
linked to the aggregates (30-50% of total) was recovered on
the top of the gradients as monomers (Fig. 6 B, insert) . No
change in size distribution was observed when the chase time
was increased to 60 min (not shown) . SFVinfected cells
contained larger and more heterogeneous p62-El aggregates
(Fig . 6 A) . More than 10% of them sedimented with a
coefficient between 50 and 200 Szo.w . The nonglycosylated
proteins that had escaped interchain disulfide crosslinking
were again recovered on the top of the gradient as monomers
(Fig . 6 A, insert) .

BiP/GRP78 Association to Unglycosylated Proteins
Misfolded protein aggregates in the ER are often associated
with BiP/GRP78, an HSP70 homologue present in the ER
lumen (see Hurtley et al ., 1989) . To determine whether this
was true for SFV-protein complexes, we performed anti-
BiP/GRP78 immunoprecipitations of lysates from tunica-
mycin-treated cells (Fig . 7) . To stabilize the interaction of
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BiP/GRP78 with its substrates, the cell lysates were depleted
of ATP and kept at 0-4°C.
The anti-BiP/GRP78 antibodies efficiently precipitated the

spike protein aggregates from SFVinfected cells, from cells
transfected with either El or p62 alone, as well as from cells
transfected with both El and p62 (Fig . 7) . Evidently, binding
to unglycosylated, aggregated proteins is a general property
of BiP/GRP78. We noted, however, that BiP/GRP78 also as-
sociated with the nondisulfide linked and nonaggregated
forms of El and p62 (see bands Elág and p62óg to the non-
reduced SFVinfected lysate, Fig . 7) . Immunoprecipitations
with nonspecific control antibodies showed that the 97-kD
band seen in the anti-BiP precipitates represented an
unspecific precipitation from the SFVinfected cell lysate
(not shown) .

Discussion
For most proteins that are cotranslationally translocated into
the ER, folding begins on the nascent chains while they are
still being translated and translocated (Bergman and Kuehl,
1979a,b ; Tsou, 1988) . When still associated with the poly-
some, some domains presumably reach their final conforma-
tion whereas folding in others is still not complete . During
this time the polypeptide chains are fixed in place and unable
to associate with each other and to form aggregates . The crit-
ical moment in terms of aggregation occurs immediately af-



ter chain termination when polypeptides are released from
the polysome . Since some of their domains are only partially
folded at this time, they are likely to be less soluble than ma-
ture, fully folded proteins . We think that the formation of
mixed, random aggregates, as demonstrated here for viral
proteins, is a consequence of the biophysical properties and
the poor solubility of the folding intermediates, as exten-
sively described in the literature on in vitro refolding (see
Jaenicke, 1987) .
A tendency of newly synthesized proteins to aggregate is

observed in cells not only during formation of misfolded pro-
teins but also during regular folding . There is increasing evi-
dence that molecules that proceed to fold normally may un-
dergo transient aggregation immediately after synthesis .
Recent results with VSV G protein (Doms et al ., 1987; de
Silva, A., I . Braakman, and A. Helenius, manuscript in
preparation) and thyroglobulin (Kim and Arvan, 1991)
showed such complex formation . In the case of thyroglobu-
lin, the newly synthesized proteins not only aggregated but
also established transient interchain disulfide bonds similar
to those seen as permanent features in misfolded protein ag-
gregates . These examples demonstrate that, in the living
cell, aggregates are not necessarily a kinetically irreversible
trap for proteins failing to fold properly. They can represent
an environment where coordinated folding can proceed,
resulting in the final release and transport of the involved
proteins . It is quite possible that numerous proteins undergo
transient aggregation immediately after release from poly-
somes, and that the difference between a normally maturing
and a misfolding protein is that the former continues to fold
and dissociates from the aggregate, while the latter remains
a permanent component of it .
We find that even without glycosylation inhibitors, a frac-

tion of newly synthesized protein misfolds and aggregates in
the ER (Fig . 1 ; Hurtley et al ., 1989) . The fraction of mis-
folded side products increases when cells are compromised
by the vaccinia expression system, and it decreases when the
temperature is lowered . Since identical polypeptide chains
can end up in different final conformations, i .e ., either as
correctly folded monomeric species or as misfolded compo-
nents of aggregates, we conclude that folding in the living
cell is a stochastic process . This may explain the rather poor
efficiency sometimes observed for protein maturation (see
Hurtley and Helenius, 1989) .
The inhibition ofN-linked glycosylation increases the ten-

dency for misfolding (Machamer and Rose, 1988b ; Hurtley
et al ., 1989) . Among the proteins analyzed here, the nongly-
cosylated p62 and HA were virtually quantitatively misfolded
and aggregated . El molecules lacking the single N-linked
sugar had an equal chance ofending up in an irreversible ag-
gregate or escaping aggregation . The nonaggregated fraction
of El had extensive intrachain disulfide bonds and was as-
sociated with BiP/GRP78. Since Garoff and co-workers have
previously shown that El can only exit from the ER if it is
associated with correctly folded p62 (Kondor-Koch et al .,
1982), it is possible that the fraction of monomeric nongly-
cosylated El was correctly folded but trapped in the ER be-
cause there was no correctly folded p62 for heterodimeri-
zation .
When aggregation of newly synthesized proteins occurs,

it is virtually instantaneous : the nonglycosylated p62 and El
were aggregated and crosslinked by disulfide bonds within
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1 min after chain termination . The complexes were mixed
regardless of whether the proteins were derived from the
same or from different polysomes . Several unrelated proteins
could be present in the same aggregates, and all were cova-
lently associated with each other . The only noncovalently at-
tached component was BiP/GRP78, a resident ER chaperon
commonly found associated with folding intermediates and
misfolded proteins . The aggregate size ranged from small
oligomers to large complexes with a molecular weight ofsev-
eral million daltons . The heterogeneous composition and
size as well as the rapid kinetics of formation reinforced our
interpretation that the process of aggregation constitutes a
nonspecific precipitation reaction between poorly soluble
folding intermediates in the plane of the ER membrane .
Judging by our previous studies on influenza HA and ts045
G protein from VSV, the aggregated proteins are not neces-
sarily grossly unfolded, but may rather display conforma-
tional properties similar to normal folding intermediates
(Hurtley et al ., 1989 ; de Silva et al ., 1990) .
What is the role for N-linked glycosylation in protein fold-

ing? The N-linked sugars are often dispensable for the solu-
bility and function of a mature folded protein, but critical
during the initial folding of many proteins (Schiilke and
Schmidt, 1988; for review see Olden et al ., 1982 ; Paulson,
1989) . We think that one of the most important effects of the
addition of preassembled oligosaccharide units to nascent
chains is that it increases the overall solubility of the protein
during posttranslational folding thus counteracting their ten-
dency to form irreversible aggregates . In other words, the
core sugars with the three terminal glucoses would, in addi-
tion to local effects on folding, have a global effect on the
solubility properties . In vitro mutagenesis studies on VSV G
protein have shown that N-linked carbohydrate side chains
inserted into novel positions in the sequence can sometimes
replace the normal sugar moieties and allow correct folding
(Machamer and Rose, 1988a;b) . This is consistent with the
notion that the effect of N-linked sugars on folding is not
merely local .

It is apparent that the efficiency of protein folding in the
ER depends on a delicate balance of intra- and intermolecu-
lar interactions determined by the properties of the newly
released protein, by the availability of folding enzymes and
chaperones, and by the general conditions in the ER. The
balance is tipped towards misfolding and permanent aggrega-
tion when glycosylation is inhibited, when the cells are com-
promised by virus infection, when the temperature is
elevated, or, as we have recently shown for HA, when cells
are depleted of ATP (Braakman et al ., 1992) . Aggregates are
often associated with BiP and represent dynamic complexes
which contain a spectrum of misfolded and partially folded
proteins . Analyzing the nature of the aggregates further will
hopefully allow a more complete picture of protein folding
in the ER .

We thank H. Garoffforthe plasmids and the antibodies against E1 and p62,
D. Bole for the antibody against BiP/GRP78, J. K. Rose andB. Crise for
generous gifts of the liposome preparations, B. Granger for all his advice,
and S. M . Hurtley who performed some of the pilot experiments . H. Tan
is gratefully acknowledged for excellent photography, as well as C. Ham-
mond,D. A. Lewin, U. Greber, and I . Braakman for critically reading the
manuscript .

This work was supported by grantGM38346 from the National Institutes

512



ofHealth to A . Helenius . T . Marquardt was supported by afellowship from
the Deutsche Forschungsgemeinschaft .

Received for publication 30 October 1991 and in revised form 13 February
1992 .

References

Bergman, L . W., and W . M . Kuehl . 1979a . Formatio n of intermolecular
disulfide bonds on nascent immunoglobulin polypeptides . J. Biol . Chem .
254 :5690-5694 .

Bergman, L . W., and W . M . Kuehl . 19796 . Formationofan intrachain disulfide
bond on nascent immunoglobulin light chains. J. Biol . Chem. 254:8869-
8876 .

Bole, D . G., L . M . Hendershot, and J . F . Kearney . 1986 . Posuranslational as-
sociation of immunoglobulin heavy chain binding protein with nascent heavy
chains in nonsecreting and secreting hybridomas . J. Cell Biol . 102 :1558-
1566 .

Boulay, F ., R . W . Doms, R. G . Webster, and A . Helenius . 1988 . Posttransla-
tional oligomerization and cooperative acid activation of mixed influenza
hemagglutinin trimers . J. Cell Biol . 106 :629-639 .

Braakman, L, H . Hoover-Litty, K . R . Wagner, and A . Helenius . 1991 . Folding
of influenza hemagglutinin in the endoplasmic reticulum . J . Cell Biol .
114 :401-411 .

Braakman, I ., J . Helenius, and A. Helenius . 1992 . The role of ATP and
disulfide bonds during protein folding in the endoplasmic reticulum . Nature
(Loud.). In press.

Carlson, J. A ., B . B . Rogers, R . N . Sifers, M . J . Finegold, S . M . Clift, F . J .
DeMayo, D . W . Bullock, and S . L . C . Woo . 1989 . Accumulatio n of PiZ
al-antitrypsin causes liver damage in transgenic mice . J. Clin . Invest .
83 :1183-1190 .

Carrasco, L ., and R . Bravo . 1986 . Specific proteins synthesized during the lytic
cycle in vaccinia virus-infected HeLacells : analysis by high-resolution, two-
dimensional gel electrophoresis . J . Viral. 58 :569-577 .

Cheng, S . H ., R . J . Gregory, J . Marshall, S . Paul, D . W . Souza, G . A . White,
C . R . O'Riordan, and A . E . Smith . 1990 . Defective intracellular transport
and processing of CFTR is the molecular basis ofmost cystic fibrosis . Cell .
63 :827-834 .

Copeland, C . S ., R . W . Doms, E . M . Bolzau, R . G . Webster, and A . Helenius .
1986 . Assembly of influenza hemagglutinin trimers and its role for intracel-
lular transport . J. Cell Biol. 103 :1179-1191 .

Cutler, D . F., and H . Garoff. 1986 . Mutants of the membrane-binding region
of Semliki Forest virus E2 protein . I . Cell surface transport and fusogenic
activity . J. Cell Biol. 102 :889-901 .

de Silva, A . M ., W . E . Balch, and A . Helenius . 1990 . Quality control in the
endoplasmic reticulum : folding and misfolding of vesicular stomatitis virus
G protein in cells and in vitro . J. Cell Biol. 111 :857-866 .

Doms, B ., A . Helenius, and J . White . 1985 . Membrane fusion activity of the
influenza virus hemagglutinin . The low pH-induced conformational change .
J. Biol . Chem. 260 :2973-2981 .

Doms, R . W ., M .-J . Gething, J . Henneberry, J . White, and A . Helenius. 1986 .
Variant influenza virus hemagglutinin that induces fusion at elevated pH . J.
Virol. 57 :603-613 .

Doms, R . W., D . S . Keller, A . Helenius, and W . E . Balch . 1987 . Rol e for aden-
osine triphosphate in regulating the assembly and transport of vesicular sto-
matitis virus G protein trimers . J. Cell Biol. 105 :1957-1969 .

Elroy-Stein, O ., T . Fuerst, and B . Moss . 1989 . Cap-independent translation of
mRNA conferred by encephalomyocarditis virus 5' sequence improves the
performance of the vaccinia virus/bacteriophage T7 hybrid expression sys-
tem . Proc . Nail . Acad. Sci . USA . 86 :6216-6130 .

Felgner, P . L ., T . R . Gadek, M . Holm, R . Roman, H . W. Chan, M . Wenz,
J . P . Northrop, G . M . Ringold, and M . Danielsen . 1987 . Lipofection : a
highly efficient, lipid-mediated DNA-transfection procedure . Proc. Natl.
Acad. Sci. USA. 84 :7413-7417 .

Fuerst, T . R ., E . G . Niles, F . W . Studier, and B . Moss . 1986 . Eukaryotic
transient-expression system based on recombinant vaccinia virus that synthe-
sizes bacteriophage T7 RNA polymerase . Proc. Natl. Acad. Sci. USA .
83 :8122-8126 .

Garoff, H ., K. Simons, and B . Dobberstein . 1978 . Assembly of the Semliki
Forest virus membrane glycoproteins in the membrane of the endoplasmic
reticulum in vitro . J. Mol. Biol. 124 :587-600 .

Garoff, H ., C . Kondor-Koch, and H . Riedel . 1982 . Structure and assembly of
alphaviruses . Current Top . Microbial. Immunol. 99 :1-50.

Gething, M.-J ., K . McCammon, and J . Sambrook . 1986 . Expression of wild-
type and mutant forms of influenza hemagglutinin : the role of folding in in-
tracellular transport . Cell. 46 :939-950 .

Gibson, R ., S . Schlesinger, and S . Kornfeld . 1979. The nonglycosylated glyco-
protein of vesicular stomatitis virus is temperature-sensitive and undergoes
intracellular aggregation at elevated temperatures . J. Biol . Chem . 254 :3600-
3607 .

Gluzman, Y . 1981 . SV40-transformed simian cells support the replication of

Marquardt and Helenius Aggregation in the ER

early SV40 mutants . Cell . 23 :175-182 .
Haase-Pettingell, C . A ., and J . King . 1988 . Formation of aggregates from a

thermolabile in vivo folding intermediate in P22 tailspike maturation . A
model for inclusion body formation . J. Biol. Chem . 263 :4977-4983 .

Hurtley, S . M ., and A . Helenius . 1989 . Protein oligomerization in the en-
doplasmic reticulum . Annu . Rev. Cell Biol. 5 :277-307 .

Hurtley, S . M ., D . G . Bole, H . Hoover-Litty, A . Helenius, and C . S . Copeland .
1989 . Interactions of misfolded influenza virus hemagglutinin with binding
protein (BiP) . J. Cell Biol. 108 :2117-2126 .

Jaenicke, R . 1987 . Folding and association of proteins . Prog . Biophys. Mal .
Biol. 49 :117-237 .

Kielian, M ., and A . Helenius . 1985 . pH-induced alterations in the fusogenic
spike protein of Semliki Forest virus . J . Cell Biol. 101 :2284-2291 .

Kim, P . S ., and P . Arvan . 1991 . Folding and assembly of newly synthesized
thyroglobulin occurs in a pre-Golgi compartment . J. Biol. Chem . 266 :
12412-12418 .

Kondor-Koch, C ., H . Riedel, K . S6derberg, and H . Garoff . 1982 . Expression
of the structural proteins of Semliki Forest virus from cloned cDNA microin-
jected into the nucleus ofbaby hamster kidney cells . Proc. Natl. Acad. Sci .
USA. 79 :4525-4529 .

Kornfeld, R ., and S . Kornfeld . 1985 . Assembly of asparagine-linked oligo-
saccharides . Ann . Rev . Biochem. 54 :631-664 .

Luthman, H ., and G . Magnusson . 1983 . High efficiency polyoma DNA trans-
fection of chloroquine treated cells . Nucleic Acids Res. 11 :1295-1308 .

Machamer, C . E ., and J . K . Rose . 19ß8a . Influence of new glycosylation sites
on expression of the vesicular stomatitis virus G protein at the plasma mem-
brane . J. Biol. Chem. 263 :5948-5954 .

Machamer, C . E., and J . K . Rose . 19ß8b . Vesicula r stomatitis virus G proteins
with altered glycosylation sites display temperature-sensitive intracellular
transport and are subject to intermolecular disulfide bonding . J. Biol . Chem .
263 :5955-5960.

Machamer, C . E., R . Doms, D . G . Bole, A . Helenius, and J . K . Rose . 1990 .
Heavy chain binding protein recognizes incompletely disulfide-bonded
forms of vesicular stomatitis virus G protein . J. Biol . Chem . 265 :6879-
6883 .

Marston, F . A . O . 1986 . Th e purification of eukaryotic polypeptides synthe-
sized in Escherichia coli. Biochem. J. 240 :1-12 .

Melancon, P ., and H . Garoff. 1986 . Reinitiation of translocation in the Semliki
Forest virus structural polyprotein : identification of the signal for the El gly-
coprotein . EMBO (Eur. Mol. Biol. Organ .) J . 5 :1551-1560 .

Olden, K ., J . B . Parent, and S . L . White . 1982 . Carbohydrate moieties of gly-
coproteins . A re-evaluation of their function . Biochim . Biophys . Acta . 650 :
209-232 .

Pacifici, M ., and R . V . Iozzo . 1988 . Remodeling of the rough endoplasmic
reticulum during stimulation of procollagen secretion by ascorbic acid in cul-
tured chondrocytes . A biochemical and morphological study . J. Biol. Chem .
263 :2483-2492 .

Paulson, J . C . 1989 . Glycoproteins : what are the sugar chains for? Trends Bio-
chem . Sci . 14 :272-276 .

Rose, J . K ., L . Buonocore, and M . A . Whitt . 1991 . A new cationic liposome
reagent mediating nearly quantitative transfection of animal cells . Biotech-
niques . 10 :520-525 .

Schillke, N ., and F . X . Schmidt . 1988 . Th e stability of yeast invertase is not
significantly influenced by glycosylation . J. Biol. Chem . 263 :8827-8831 .

Shively, J . M . 1974 . Inclusion bodies of prokaryotes. Annu . Rev. Microbial.
28 :167-187 .

Singh, I ., R . W . Doms, K . R. Wagner, and A . Helenius . 1990 . Intracellular
transport of soluble and membrane-bound glycoproteins : folding, assembly
and secretion of anchor-free influenza hemagglutinin . EMBO (Eur. Mol.
Biol . Organ .) J. 9 :631-639 .

Sompayrac, L . M ., and K . J . Danna . 1981 . Efficient infection ofmonkey cells
with DNA of simian virus 40 . Proc . Natl. Acad. Sci. USA. 78 :7575-7578 .

Tkacz, J . S ., and J . O . Lampen . 1975 . Tunicamycin inhibition of polyisoprenyl
N-acetylglucosaminyl pyrophosphate formation in calf-liver microsomes .
Biochem. Biophys. Res. Commun . 65 :248-257 .

Tooze, J ., H . F . Kern, S . D . Fuller, and K . E . Howell . 1989 . Condensation-
sorting events in the rough endoplasmic reticulum of exocrine pancreatic
cells . J. Cell Biol. 109:35-50 .

Tsou, C .-L . 1988 . Folding of the nascent peptide chain into a biologically active
protein . Biochemistry. 27 :1809-1812 .

Verhoeyen, M., R . Fang, W . M . Jou, R. Devos, D. Huylebroeck, E . Saman,
and W . Fiers . 1980. Antigenic drift between the hemagglutinin of the Hong
Kong influenza strains A/Aichi/2/68 and A/Victoria/3/75 . Nature (Land.) .
286:771-776 .

Williams, D . C ., R . M . van Frank, W . L . Muth, and J . P . Burnett . 1982 . Cyto-
plasmi c inclusion bodies in Escherichia coli producing biosynthetic human
insulin proteins . Science (Wash. DC) . 215 :687-689 .

Ziemiecki, A ., and H . Garoff. 1978 . Subunit composition of the membrane gly-
coprotein complex of Semliki Forest virus . J. Mol. Biol. 122 :259-269 .

Ziemiecki, A ., H . Garoff, andK. Simons . 1980 . Formation of the Semliki For-
est virus membrane glycoprotein complexes in the infected cell . J. Gen .
Virol . 50:111-123 .

51 3


