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Protein folding in the living cell begins cotranslationally. To analyze how it is influenced by the
ribosome and by the translocon complex during translocation into the endoplasmic reticulum, we
expressed a mutant influenza hemagglutinin (a type I membrane glycoprotein) with a C-terminal
extension. Analysis of the nascent chains by two-dimensional SDS-PAGE showed that ribosome
attachment as such had little effect on ectodomain folding or trimer assembly. However, as long
as the chains were ribosome bound and inside the translocon complex, formation of disulfides was
partially suppressed, trimerization was inhibited, and the protein protected against aggregation.

INTRODUCTION

Protein folding in the living cell is a complex process. It is
affected by a variety of milieu factors such as pH, calcium
ions, and the redox environment; it is influenced by co- and
posttranslational modifications; and it relies on the assis-
tance of numerous molecular chaperones. Furthermore, it is
now generally accepted that folding begins cotranslation-
ally, i.e., while the polypeptide is still being synthesized by
the ribosome (Fedorov and Baldwin, 1997; Netzer and Hartl,
1998; Hardesty et al., 1999).

For a typical protein, this means that folding occurs vec-
torially from the N terminus toward the C terminus. It also
means that the ribosome and associated structures such as
the translocon complex in the endoplasmic reticulum (ER)
membrane are part of the immediate environment within
which cotranslational folding takes place. The initial folding
of soluble secretory proteins and membrane proteins syn-
thesized in the ER are thus likely to take place in the aque-
ous, protein-lined channel connected to the exit tunnel of the
large ribosomal subunit. Only after chain termination, which
depending on the size of the protein may occur minutes after
initiation, is the newly synthesized polypeptide chain re-
leased from the ribosome and the translocon complex and
thus free to fold independently.

In this paper, we have for the first time analyzed to what
extent the ribosome and the translocon complex affect the

folding of a protein in the ER. We determined how far
folding could proceed while the protein was still bound to
the ribosome and the translocation complex and assessed
the effects the translocon complex (composed of the sec61
protein channel, TRAM, signal peptidase, oligosaccharyl
transferase, and other accessory proteins) (Rapoport et al.,
1996) and the ribosomes on folding, oligomerization, and
aggregation.

To be able to analyze folding in living cells, we made use
of chimeric polypeptide probes containing the N-terminal
ectodomain and transmembrane domain of influenza hem-
agglutinin (HA) and a C-terminal domain derived from
receptor-associated protein (RAP) (Strickland et al., 1991).
The fate of these probes in the ribosome-bound cyclohexim-
ide-arrested state was compared with that of the puromycin-
released state using a two-dimensional SDS-PAGE tech-
nique recently developed in our laboratory (Chen et al.,
1995). The results indicated that attachment to the ribosome
per se did not affect the folding of the translocated ectodo-
main, nor did it interfere with formation of HA trimers.
However, the translocon complexes to which the ribosomes
were attached clearly played a role in restricting the folding
of the ectodomain and preventing oligomerization as well as
nonproductive intermolecular interactions.

MATERIALS AND METHODS

Generation of Recombinant Semliki Forest Virus
(SFV)
In-frame fusion between the cDNA of HA (X31 strain) and the
cDNA of the 298 amino residues (residues 25–322) of RAP (Strick-
land et al., 1991) was performed by PCR and verified by sequencing.
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The HA-RAP and HA-RAP (Tm2) constructs were cloned from
Bluescript (Stratagene, La Jolla, CA) into the XbaI site of pSFV-1.
Because HA has several SpeI sites within the coding region, we used
an NruI variant pSFV-1 expression vector (a gift from Dr. Henrik
Garoff, Karolinska Institute, Stockholm, Sweden). The pSFV (Nru1)-
HA-RAP and the pSFV (Nru1)-HA-RAP (Tm2) were linearized with
Nru1. The linearized DNA was used for in vitro transcription. The
in vitro-transcribed RNA along with SFV helper RNA were electro-
porated into BHK-21 cells to generate recombinant SFV virus stocks
as described (Liljeström and Garoff, 1991).

35S Labeling, Immunoprecipitation, and Two-
dimensional Gel Analysis
BHK-21 cells were infected with the recombinant HA-RAP or HA-
RAP (Tm2) SFV in serum-free medium at a multiplicity of infection
of 5 for 1 h. The cells were pulse labeled with [35S]methionine and
[35S]cysteine 9 h after infection, and sometimes chased in various
conditions. The cells were then alkylated with 20 mM N-ethylma-
leimide to prevent further oxidation before cell lysis and immuno-
precipitation (Braakman et al., 1991). Immunoprecipitation with
a-N-terminal peptide of HA (a-NHA), a-N2, a-CNX, and a-CRT
were performed as previously described (Braakman et al., 1991;
Hammond et al., 1994; Peterson et al., 1995). a-FLAG monoclonal
antibody (M2) was purchased from Eastman Kodak (Rochester,
NY). In a typical immunoprecipitation reaction with this antibody,
15 mg of a-FLAG antibody was added to 0.5 ml of cell lysate from
a 60-mm dish.

The immunoprecipitates were analyzed using a two-dimensional
SDS-PAGE system (nonreduced in the first dimension and reduced
in the second dimension), which was previously developed in our
laboratory to study nascent chains in live cells (Chen et al., 1995).
5.5% gels were used for the analysis of nascent chains of glycosy-
lated HA-RAP and HA-RAP (Tm2); 7.5% gels were used to analyze
unglycosylated HA-RAP nascent chains.

RESULTS

Constructing HA-RAP Chimeras
To study the folding of growing nascent chains in the ER of
living cells, we made use of influenza HA constructs that
had at their C terminus a sequence extension of ;300 extra
amino acid residues (Figure 1). The extension allowed us to
study whether the attachment of the cytosolic C terminus to
the ribosome affected the fate of the nascent chain. For the
extension, a sequence from a lumenal ER protein, RAP, was
chosen because it was polar and unlikely to interfere with
folding of the lumenal and transmembrane domains of the
HA molecule when added to the cytoplasmic C terminus.
Moreover, because it was devoid of cysteines and methioni-
nes, it would not incorporate radioactivity during metabolic
labeling with [35S]Translabel. This had the desired effect that
after a radioactive pulse of 1 min, only nascent chains would
be 35S labeled. Moreover, because the full-length molecules
would not have any label, any degradation products derived
from them would not contaminate the 35S autoradiograms.
The HA portion of the fusion protein had, in contrast to the
tail extension, 20 methionines and cysteines evenly spaced
throughout. Therefore, the 35S label was expected to be
highest in nascent chains of intermediate length and to trail
off toward shorter and longer chains.

The RAP sequence (residues 25–322) was fused either to
the C-terminal cytoplasmic tail of HA, generating a con-
struct called HA-RAP (Figure 1B), or to the HA ectodomain,
to form HA-RAP (Tm2) (Figure 1C). Because the membrane-

spanning sequence of HA was preserved, HA-RAP was a
transmembrane protein with the HA ectodomain in the ER
lumen and with the authentic 10-residue C-terminal se-
quence plus the RAP sequences in the cytosol. Lacking the
“stop-transfer sequence” composed by the transmembrane
domain of HA, the C-terminal RAP portion of HA-RAP
(Tm2) was, in contrast, expected to follow the HA ectodo-
main into the lumen of the ER. To the C-terminal ends of the
RAP sequences in both constructs, a FLAG tag (eight amino
acid residues) was added to allow distinction between full-
length and incomplete chains by immunoprecipitation with
anti-FLAG antibodies.

Figure 1. HA-RAP and HA-RAP (Tm2) chimeras. (A) Linear struc-
ture of X31 HA(WT). The positions of the two major disulfide bonds
(C52–277C and C14–466C) and the transmembrane domain (514–
540) are numbered on the right of the molecule, the positions of the
glycosylation sites are numbered on the left of the molecule. The
mature HA contains a total of 550 amino acid residues. (B) Structure
of HA-RAP fusion protein. Two hundred ninety-eight amino resi-
dues (residues 25–322) of RAP were fused to the cytosolic tail of HA.
There is a FLAG tag at the very C-terminal end. The mature HA-
RAP protein contains 856 amino acid residues. (C) Structure of
HA-RAP (Tm2). This protein differs from the HA-RAP fusion pro-
tein in that the transmembrane domain and cytosolic tail from
wild-type HA are absent. The mature HA-RAP (Tm2) contains 819
amino acid residues.
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Cotranslational Folding of HA-RAP
For efficient expression of the fusion proteins, we used the
recombinant SFV system (Liljeström and Garoff, 1991). BHK
cells were infected with the recombinant viruses encoding
HA-RAP or HA-RAP (Tm2), and 9 h after infection, the cells
were pulse labeled for 1 min with [35S]Translabel. After the
pulse, or after additional periods of chase, the cells were
treated with 20 mM N-ethylmaleimide to prevent further
disulfide formation, and lysed with detergent (Braakman et
al., 1991). Postnuclear supernatants were immunoprecipi-
tated using a-NHA and analyzed by two-dimensional SDS-
PAGE.

The two-dimensional SDS-PAGE system used has been
specifically designed to monitor the folding of growing nas-
cent chains in the ER of live cells (Chen et al., 1995). It takes
advantage of the observation that HA and other proteins
with intrachain disulfides tend to have a faster electro-
phoretic mobility when oxidized than when reduced. When
electrophoresed, nonreduced in the first dimension, and
reduced in the second dimension, such proteins are charac-
teristically offset from the diagonal of the two-dimensional
gel. This also applies to oxidized nascent chains present in
the ER of cells, except that they appear as lines rather than
single spots in the gel because of their heterogeneous mo-
lecular size.

During co- and posttranslational folding of wild-type HA,
three differentially oxidized forms are resolved by SDS
PAGE depending on whether they have acquired disulfide
bonds C52–277C and C14–466C (Braakman et al., 1991;
Braakman and Helenius, unpublished results). Intermediate
1 (IT1) lacks both, intermediate 2 (IT2) has the former but not
the latter, and the fastest migrating form, NT, has both.
These two disulfide bonds generate large covalent loops in
the polypeptide chains and cause easily detected shifts in
SDS-PAGE mobility. It is noteworthy that gaps in the lines
formed by nascent chains arise whenever the addition of
N-linked glycans results in a molecular weight increase in
the nascent chain (Chen et al., 1995).

The two-dimensional gel pattern obtained for nonreduced
HA-RAP after 1 min of pulse labeling and no chase is shown
in Figure 2A. Electrophoresis was performed in 5.5% poly-
acrylamide gels that allowed satisfactory resolution of pro-
teins in the 60- to 120-kDa molecular mass range. As ex-
pected, no radioactivity was present in the position of full-
length HA-RAP (compare with Figure 2B). The HA portion
of the fusion protein had 20 methionines and cysteines
evenly spaced throughout; therefore, the 35S label was high-
est in nascent chains of intermediate length and trailed off
toward shorter and longer chains. The gap shown by an
arrow corresponded to the addition of the most C-terminal
N-linked glycan in position N479 (Chen et al., 1995). The
location of this gap is close to the 80-kDa full-length wild-
type HA, one of the molecular mass markers run in the
second dimension. This is because translation of HA-RAP
must proceed to residue 544 (almost full-length wild-type
HA) before glycosylation site N479 reaches the active site of
the oligosaccharide transferase in the lumen of the ER (Whit-
ley et al., 1996).

The labeled HA-RAP nascent chains were present in three
separate, nearly parallel lines (Figure 2A). If the sample was
reduced, they all merged into a single line along the diago-
nal (Chen et al., 1995). Without previous reduction, the stron-

gest of the nascent chain lines corresponded to IT1 running
close to the diagonal. Approximately 20% of the nascent
HA-RAP were present in the IT2 form that formed a distinct
line below the diagonal. It started at an approximate molec-
ular mass of 63 kDa, which indicated that the C52–277C
disulfide bond could form well before the HA portion of the
chimera had been fully synthesized. The x-ray crystal struc-
ture shows that this disulfide bond closes off the top domain
of the HA molecule (Wilson et al., 1981).

The third line, corresponding to NT and barely visible
below the IT2 line, contained ,5% of the labeled nascent
chains. Judging from its starting position, one could con-
clude that the HA-RAP chains involved in forming the NT
line were all longer than wild-type HA. This indicated that,
although the ectodomain can close the largest disulfide loop
(C14–466C) cotranslationally, this was a rare event.

Figure 2. Role of ribosome and translocon complex on nascent
chain folding. BHK cells infected by recombinant SFV virus express-
ing HA-RAP were labeled for 1 min and chased in various condi-
tions. The lysates were immunoprecipitated by a-NHA and ana-
lyzed by 5.5% two-dimensional gels. The markers are wild-type HA
(80 kDa), muscle phosphorylase (97 kDa). and Escherichia coli b-ga-
lactosidase (115 kDa). (A) One-minute pulse for HA-RAP. (B) One-
minute pulse followed by 6-min chase with 1 mM cysteine and 1
mM methionine. Shown is a very short exposure to demonstrate
clear separation between IT1 and IT2. (C) One-minute pulse fol-
lowed by 20-min chase in the presence of 1 mM puromycin. (D)
One-minute pulse followed by 20-min chase in the presence of 1
mM cycloheximide.

Nascent Chain Folding in the ER

Vol. 11, February 2000 767



If the 1-min pulse was followed by a 6-min chase (Figure
2B), almost all the label in the nascent chains was replaced
by full-length HA-RAP, which was present as three spots
corresponding to the full-length IT1, IT2, and NT forms. This
showed that once completed and dissociated from the ribo-
somes, the ectodomains of the HA-RAP chains continued to
fold normally.

Effect of Ribosome and the Translocon Complex on
Nascent Chain Folding
Two protein synthesis inhibitors, puromycin and cyclohex-
imide, were used to further analyze the folding of ribosome-
bound and free HA-RAP chains. These inhibitors differ in
their effects: puromycin induces premature chain release
(Nathans, 1964), whereas cycloheximide causes elongation
arrest without chain release (Wettstein et al., 1964; Beckmann
et al., 1990). When a 1-min pulse was followed by 20 min of
chase in the presence of puromycin or cycloheximide, fold-
ing proceeded further than during normal cotranslational
folding (Figure 2, C and D).

Several differences were observed between the puromy-
cin-released and the cycloheximide-arrested HA-RAP
chains. In puromycin-treated cells, the position of the gap
(shown by an arrow) caused by the addition of N-linked
glycan to N479 shifted toward lower molecular mass. The
reason was that, when associated with the ribosome, a
polypeptide chain must have ;65 additional amino acid
residues at its C terminus for the consensus glycosylation
site to reach the oligosaccharide transferase located on the
lumenal side of the translocon (Whitley et al., 1996). Thus,
although still bound to the ribosome, nascent chains with a
C-terminal end between residues 479 and 543 are not glyco-
sylated in the N479 site. Only ribosome-bound nascent
chains longer than 544 residues get glycosylated. This leaves
a molecular mass gap (;3 kDa) between nascent chains with
543 residues and six glycans and nascent chains with 544
residues and seven glycans. Because puromycin releases the
nascent chains, which slide out of the ribosomes and
through the translocon complexes, the consensus glycosyla-
tion acceptor sites of peptide chains between 479 and 543
residues become exposed to the oligosaccharide transferase.
As a result, there is no longer a gap between chain 543 (now
with seven glycans) and chain 544 (with seven glycans), but
there is a gap between chain 478 (with six glycans) and chain
479 (now with seven glycans). The shift of the glycosylation
gap also confirmed that the labeled chains analyzed in Fig-
ure 2A were indeed authentic nascent chains and that cy-
cloheximide efficiently blocked the release of the chains from
the ribosomes (Figure 2D).

The degree of folding was different for puromycin-re-
leased and cycloheximide-arrested HA-RAP chains. More
than half of the chains with molecular masses between 80
and 97 kDa reached the NT form when they were released
form the ribosome with puromycin (Figure 2C). When ar-
rested on the ribosomes by cycloheximide, less than one-
fourth of these chains reached the NT form (Figure 2D). This
difference implied that although C14–466C can form in
chains that are associated with the ribosomes and the trans-
locon, the efficiency is much lower than for the same chains
released from the complex. In other words, the ribosomes
and/or the translocon complex impose constraints on the

folding of the ectodomain of the HA-RAP chains of inter-
mediate length.

For HA-RAP chains of $97 kDa, folding of ribosome-
bound nascent chains was as effective as for the puromycin-
released chains (see Figure 2D, arrowhead). This showed
that ribosome binding per se does not inhibit efficient fold-
ing of the ectodomain of HA-RAP. But to fold efficiently, the
bound HA-RAP chains had to possess a cytosolic tail longer
than ;160 amino acid residues. If the cytoplasmic tail was
shorter, folding of the ectodomain was largely inhibited.
Previous in vitro microsome experiments have shown that
when the cytosolic tail is sufficiently long, the Tm segment of
ribosome-bound nascent chains can move laterally out of the
translocon (Do et al., 1996) and integrate into the lipid-
containing part of the ER membrane (Martoglio et al., 1995;
Mothes et al., 1997). Our results indicated that such cotrans-
lational lateral exit of the Tm segment also occurred in vivo
and demonstrated that once it occurred, the translocon com-
plex ceased to impose constraints on the ectodomain fold-
ing.

Effect of Ribosome and the Translocon Complex on
Nascent Chain Oligomerization
Wild-type HA is known to undergo efficient trimerization
soon after it has reached the NT form (Braakman et al., 1991).
To test whether NT of HA-RAP fusion proteins had the
capacity to trimerize, cells were pulse labeled for 1 min and
chased in the presence of puromycin for 20 min to release
the HA-RAP nascent chains. The cell lysate was then immu-
noprecipitated with a trimer-specific monoclonal antibody
called N2 (Braakman et al., 1991), and the precipitates were
subjected to two-dimensional SDS-PAGE.

It was found that puromycin-released HA-RAP chains of
variable lengths that had reached the NT form were in fact
precipitated with trimer-specific antibodies (Figure 3A). The
trimerization efficiency was independent of the length of the
cytosolic tail, indicating that the C-terminal RAP extension
did not interfere with trimerization. As with wild-type HA,
chains that were still incompletely oxidized (Braakman et al.,
1991), the IT1 and IT2 forms did not trimerize. When the
HA-RAP (Tm2) was used instead of HA-RAP, no trimer
formation was detected (Figure 3B), consistent with previ-
ous findings that not only must the HA be fully oxidized to
trimerize, but it requires the presence of the transmembrane
domain (Singh et al., 1990; Tatu et al., 1995).

Next, we tested whether ribosome-associated nascent
chains of HA-RAP and HA-RAP (Tm2) could form trimers.
In the case of the ribosome-bound HA-RAP (Tm2), no tri-
merization was observed (Figure 3D). This inability was not
due to a folding defect, because anti-NHA immunoprecipi-
tations showed that the ectodomain of HA-RAP (Tm2)
chains folded to NT after a 20-min chase in the presence of
puromycin (Figure 3E) and cycloheximide (Figure 3F). How-
ever, precipitation with N2 showed that a sizable fraction of
nascent HA-RAP chains in the form of NT was present in
trimers (Figure 3C). The trimerization was hardly detectable
for the nascent chains ,97 kDa (Figure 3C), indicating that
the ribosomes and the translocon complex inhibited trimer-
ization of nascent chains with short cytosolic tails. The effi-
ciency of trimer formation exceeded 50% for ribosome-
bound nascent chains with molecular masses of $97 kDa
(Figure 3C). Therefore, ribosome binding per se did not
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inhibit trimer formation. Inhibition apparently occurred
when the cytoplasmic tail was too short to permit the protein
from escaping the constraints imposed by the translocon
complex.

The origin of the trimerization partners was addressed
using the FLAG tag at the C terminus of HA-RAP to distin-
guish between full-length and incomplete chains. When
a-FLAG immunoprecipitation was performed with the same
lysate as that used in Figure 3C, NT nascent chains were
precipitated (Figure 3G). This showed that full-length HA-
RAP molecules were associated with the pulse-labeled, in-
complete HA-RAP chains of the NT form. The radioactivity
seen along the diagonal line across the gel represented non-
specific background: it was also found in the HA-RAP
(Tm2) control, which did not show any precipitation of
labeled HA forms (Figure 3H). The full-length version of
HA-RAP (Tm2) was, however, efficiently precipitated by
anti-FLAG antibody. Thus, the ribosome-associated HA-
RAP nascent chains with cytosolic tails longer than ;160
amino acid residues moved into a location in the ER mem-
brane where they had access to previously synthesized,
full-length HA-RAP molecules, and a large fraction formed
trimers with them.

Effect of Ribosome and the Translocon Complex on
Nascent Chain Aggregation
Previous studies have shown that unglycosylated HA mis-
folds and enters large aggregates and disulfide cross-linked
complexes in the ER (Hurtley et al., 1989). Misfolding of the
chains starts already cotranslationally (Chen et al., 1995). To
determine how the ribosome and the translocon complex
affect the aggregation, cells expressing HA-RAP were
treated with tunicamycin and pulse labeled for 1 min. They
were then chased for 5 or 10 min in the presence of either
puromycin or cycloheximide. Anti-NHA immunoprecipi-
tates were analyzed with 7.5% two-dimensional SDS-PAGE.

The gaps in the HA-RAP lines were missing (Figure 4,
A–D), indicating that glycosylation was efficiently blocked.
Within 5 or 10 min of chase, the fates of unglycosylated,
puromycin-released nascent chains were shown in Figure 4,
A and B. The intrachain disulfides were not those observed
in the normal IT1 and IT2 but generated a random smear
below the diagonal, diagnostic of misfolding. A large frac-
tion of the labeled chains was found at the top of the gel in
disulfide-bonded aggregates. These aggregates may also
contain proteins other than HA. When the cycloheximide-
treated samples were analyzed (Figure 4, C and D), similar

Figure 3. Effect of ribosome and the translocon complex on nascent chain oligomerization. BHK cells infected by recombinant SFV
expressing HA-RAP (A, C, and G) or HA-RAP (TM2) (B, D–F, and H) were labeled for 1 min followed by a 20-min chase with either 1 mM
puromycin or 1 mM cycloheximide. The lysate was immunoprecipitated with a-NHA, trimer-specific monoclonal antibody a-N2, or a-FLAG
(M2) and analyzed by 5.5% two-dimensional gels. The markers are wild-type HA (80 kDa), muscle phosphorylase (97 kDa), and E. coli
b-galactosidase (115 kDa). (A) HA-RAP: 1-min pulse followed by 20-min chase with puromycin, immunoprecipitated with a-N2. (B) Same
as A, except HA-RAP (Tm2) virus was used. (C) HA-RAP: 1-min pulse followed by 20-min chase with cycloheximide, immunoprecipitated
with a-N2. (D) Same as C, except HA-RAP (Tm2) virus was used. (E) HA-RAP (Tm2): 1-min pulse followed by 20-min chase with puromycin,
immunoprecipitated with a-NHA, (F) HA-RAP (Tm2): 1-min pulse followed by 20-min chase with cycloheximide, immunoprecipitated with
a-NHA. (G) HA-RAP: 1-min pulse, followed by 20-min chase with cycloheximide, immunoprecipitated with a-FLAG. (H) Same as G, except
HA-RAP (Tm2) virus was used.
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misfolding was observed, but aggregate formation were
strongly inhibited. Clearly, although the ribosome and the
translocon complex did not prevent the unglycosylated nas-
cent chains from misfolding, it protected them from aggre-
gation. Interestingly, the protection was strong regardless of
the length of the cytosolic tail.

DISCUSSION

A nascent chain that emerges from a membrane-bound ri-
bosome in the ER encounters an environment different from
what is seen by a nascent chain in the cytosol. Because the
most recently synthesized C-terminal part is moving
through a passage in the large ribosomal subunit, previously
synthesized sequences may already be folding inside the ER
lumen. Alternatively, they may be in the process of moving
through the translocon complex, they may be trapped inside
the translocon complex as a Tm sequence, they may be
present as a Tm sequence already extruded from the trans-
locon into the ER membrane, or they may be part of a
cytosolic loop between the translocon and the ribosome. In
this study, we have investigated how the ribosome and the
translocon complex affects the maturation of nascent influ-
enza HA chains in the ER of the living cell.

One of the main conclusions was that association of nas-
cent HA with the translocon complex causes partial suppres-
sion of ectodomain folding. This was particularly evident
when one followed formation of the C14–466C disulfide in
HA-RAP. Although the top domain could fold and acquire
its disulfide C52–277C bond without problems cotransla-
tionally, the stem domain that contains disulfide bond C14–
466C close to the membrane surface was oxidized very
slowly if at all. This suggested that the closer to the mem-
brane and thus deeper inside the translocon complex a
polypeptide segment, the less efficient its cotranslational
oxidization and folding.

The slower folding of the stem domain was most likely
caused by crowded conditions inside the translocon com-
plex. The translocon complex is a large structure composed
of numerous protein components (Rapoport et al., 1996). In

addition to the Sec61 complex that forms the actual trans-
membrane channel through which the polypeptide enters
the ER lumen, many accessory proteins are present. These
include TRAM, the signal peptidase complex, the oligosac-
charide transferase complex, glucosidase I, calnexin, and
probably a number of other proteins. Some of the proteins
present form the protein-conducting channel, whereas oth-
ers are likely to extend quite far into the lumen of the ER.
Although the transmembrane channel itself is thought to be
rather wide (up to 40–60 Å in diameter for the open func-
tional channel; Hamman et al., 1997), it may not be wide
enough to allow proteins to fold efficiently. In the case of HA
it is possible that the heavily glycosylated N-terminal seg-
ment containing Cys-14 may find it difficult to loop back into
the translocon complex once the signal sequence has been
cotranslationally cleaved, and to interact with the C-terminal
segment inside the complex. The three N-linked glycans
flanking Cys-14 are, moreover, known to interact with cal-
nexin, a lectin-like chaperone that binds to HA already
during translation (Chen et al., 1995; Hebert et al., 1997). This
may further inhibit the free movement of the C-terminal
segment.

Alternatively, the inefficient formation of the C14–466C
disulfide in the translocon complex may be caused by inac-
cessibility of the cysteines to lumenal thiol oxidoreductases
such as protein disulfide isomerase or ERp57 (Freedman,
1989) within the translocon complex. There is increasing
evidence that these enzymes are directly involved in the
oxidation of newly synthesized proteins in the ER (Frand
and Kaiser, 1998). That thiol oxidases such as ERp57 do
associate with growing nascent chains has been recently
observed for viral glycoproteins in living cells (Molinari and
Helenius, 1999). However, this interaction may only be pos-
sible once the cysteines have moved out of the narrow part
of the translocon complex.

By restricting access to large segments of a nascent grow-
ing polypeptide chain, the translocon complex may serve a
function similar to that of GroEL, another multimeric, com-
plex that houses incompletely folded proteins within a polar
cavity (for review, see Bukau and Horwich, 1998). GroEL is

Figure 4. Misfolded ribosome-
associated nascent chains are in-
hibited from aggregation. BHK
cells infected by recombinant
SFV virus expressing HA-RAP
were pretreated with 5 mg/ml tu-
nicamycin for 45 min in cysteine-
and methionine-free medium.
After a 1-min pulse in tunicamy-
cin, the cells were chased with
either 1 mM puromycin or 1 mM
cycloheximide for 5 or 10 min.
The lysate was immunoprecipi-
tated by a-NHA and analyzed by
7.5% two-dimensional gels. The
markers are egg white albumin
(45 kDa), BSA (65 kDa), and mus-
cle phosphorylase (97 kDa). (A)
One-minute pulse followed by
5-min chase with 1 mM puromy-

cin. (B) One-minute pulse followed by 10-min chase with 1 mM puromycin. (C) One-minute pulse followed by 5-min chase with 1 mM
cycloheximide. (D) One-minute pulse followed by 10-min chase with 1 mM cycloheximide.
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a member of the HSP60 molecular chaperone family that
interacts with incompletely folded proteins in the cytosol of
bacteria, in mitochondria, and in chloroplasts. Like GroEL,
we observed that the translocon complex prevented nonpro-
ductive and premature interactions between nascent chains
and other proteins in the ER. We found evidence for the
latter by observing the fate for nonglycosylated misfolded
nascent chains of HA. As long as these were associated with
the ribosome and the translocon complex, their entry into
disulfide cross-linked aggregates was greatly suppressed.
Although the translocon complex helps prevent growing
nascent chains from interacting with other incompletely
folded proteins in the ER, ribosome binding as such is likely
to prevent interactions between nascent chains by prevent-
ing close contacts. The center-to-center distance between
ribosomes in ER-bound polysomes is ;20–35 nm. In com-
parison, the length of the folded HA ectodomain is ;34 nm.

That HA-RAP chains with a cytosolic loop longer than
;160 amino acid residues were able to fold efficiently and to
form trimers with full-length HA-RAP molecules confirmed
the observation obtained in microsomes that the transmem-
brane domain can exit the translocon complex when the
cytosolic loop is long enough (Mothes et al., 1997). It also
allowed us to conclude that binding to the ribosome per se
did not affect folding or oligomerization of nascent chains.
The restrictions observed on folding and oligomerization
were thus primarily caused by association with the translo-
con complex.

In summary, the results showed that the translocon com-
plex, in addition to its role in translocation, provides a
protective and restrictive environment for initial folding of a
growing nascent chain. Together with the associated en-
zymes and chaperons, it can regulate the folding of incom-
ing polypeptide chains. Whether this is generally important
for the proper maturation of proteins in the ER remains to be
established.
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