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Intracisternal A-type particles (IAP) are defective endogenous retroviruses that accumulate in the endo-
plasmic reticulum (ER) of rodent cells. The enveloped particles are produced by assembly and budding of IAP
Gag polyproteins at the ER membrane. In this study, we analyzed the specific ER transport of the Gag
polyprotein of the IAP element MIA14. To this end, we performed in vitro translation of Gag in the presence
of microsomal membranes or synthetic proteoliposomes followed by membrane sedimentation or flotation. ER
binding of IAP Gag occurred mostly cotranslationally, and Gag polyproteins interacted specifically with
proteoliposomes containing only signal recognition particle (SRP) receptor and the Sec61p complex, which
form the minimal ER translocation apparatus. The direct participation of SRP in ER targeting of IAP Gag was
demonstrated in cross-linking and immunoprecipitation experiments. The IAP polyprotein was not translo-
cated into the ER; it was found to be tightly associated with the cytoplasmic side of the ER membrane but did
not behave as an integral membrane protein. Substituting the functional signal peptide of preprolactin for the
hydrophobic sequence at the N terminus of IAP Gag also did not result in translocation of the chimeric protein
into the ER lumen, and grafting the IAP hydrophobic sequence onto preprolactin failed to yield luminal
transport as well. These results suggest that the N-terminal hydrophobic region of the IAP Gag polyprotein
functions as a transport signal which mediates SRP-dependent ER targeting, but polyprotein translocation or
integration into the membrane is prevented by the signal sequence itself and by additional regions of Gag.

The last step in the formation of enveloped viruses is bud-
ding of the viral core containing the genome through a cellular
membrane, which can be different depending on the respective
virus. Most retroviruses bud predominantly at the plasma
membrane, while many other enveloped viruses form at the
membranes of the endoplasmic reticulum (ER), the Golgi ap-
paratus, or vesicles of the endosomal pathway (reviewed in
reference 30). However, the transport route of the internal
structural proteins of most viruses is currently not known.
Retroviral assembly and budding are directed by the viral Gag
polyprotein, which is transported to the cell membrane leading
to formation of an immature noninfectious virion, still mostly
consisting of uncleaved polyproteins during its release from the
host cell. Subsequent proteolysis of the Gag polyproteins by
the viral proteinase (PR) gives rise to the individual structural
proteins matrix (MA), capsid, and nucleocapsid and several
additional proteins and smaller peptides, depending on the
virus. This process is termed maturation and leads to morpho-
logical condensation of the inner core, thereby rendering the
virion infectious (reviewed in reference 30).

Gag alone is sufficient for the formation of immature parti-

cles, and neither the viral glycoproteins nor any other viral
proteins are needed in most cases. Transport of the Gag poly-
protein to the cell membrane is currently incompletely under-
stood. Numerous studies have shown that the N-terminal MA
domain of Gag, which is myristoylated in most retroviruses
(26), is crucial for membrane transport and mutations of the
myristoylation signal abolish virus release and tight membrane
association (6, 22, 54). Besides myristoylation, clusters of basic
amino acids appear to be important in membrane transport as
well (48, 76). Structural analysis of MA proteins from several
retroviruses revealed that basic amino acids are clustered at
the presumed membrane-apposed side of the trimeric MA
complex and may form ionic interactions with the acidic head
groups of phospholipids on the inner leaflet of the membrane
(28, 52). Accordingly, mutation of basic residues has been
shown to reduce the membrane binding potential of the re-
spective protein and to affect virus release (48, 76). While these
results clearly imply that the bipartite signal of myristoylation
and positively charged regions is important for stable mem-
brane binding, they do not determine the transport pathway
used. Gag may be actively transported to the membrane or
may localize there by diffusion and then be retained. Various
studies implicated the cytoskeleton or the vesicular transport
route in Gag transport to the plasma membrane (24, 36), but
no clear picture regarding their respective role has emerged so
far. Moreover, no specific transport receptor binding to the
membrane targeting region of Gag has been identified to date.
The alternative model of diffusion and retention does not eas-
ily explain the specificity of membrane targeting, because neg-
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atively charged lipids are found on the cytoplasmic faces of all
membranes. Conceivably, differences in lipid composition may
play a role in targeting, and recent studies implicated deter-
gent-resistant membrane subdomains termed lipid rafts in Gag
polyprotein transport and budding, at least in the case of hu-
man immunodeficiency virus type 1 (HIV-1) (42, 45).

Retrovirus budding can be redirected to a different mem-
brane by alteration of the targeting signal. Deleting a large part
of the globular MA domain of HIV-1 Gag led to budding of
immature virus particles into the lumen of the ER with almost
complete loss of extracellular virion formation (16). This
phenotype was reminiscent of intracisternal A-type particles
(IAP), a class of endogenous retroviruses which bud exclu-
sively into the cisternae of the ER (reviewed in reference 32).
These noninfectious, membrane-enveloped particles retain
their spherical immature (A-type) cores consisting of un-
cleaved polyproteins and remain sequestered in the ER. Sev-
eral IAP genomes have been fully or partially sequenced (14,
17, 38, 46, 55), and most contain multiple stop codons in the
putative env region, likely reflecting the lack of an extracellular
phase. IAP genomes documented significant homologies to
B-type and D-type retroviruses extending through almost the
entire gag-pol region, with the notable exception of the 5�-
terminal region of gag, where the intracellular targeting do-
mains are thought to reside (70). The presence of alternative
targeting signals at the N terminus of Gag was confirmed in a
previous series of cell transfection experiments, which showed
that the ER transport of IAP Gag polyproteins is governed by
an N-terminal hydrophobic sequence situated in the MA-anal-
ogous region of IAP Gag (70). Substituting a heterologous
plasma membrane targeting signal for this domain redirected
budding to the plasma membrane and led to release of extra-
cellular particles and activation of proteolysis. However, as in
the case of other retroviruses, it is currently not clear whether
IAP Gag transport to the ER membrane is an active process or
occurs by diffusion with membrane-apposed polyproteins being
retained at the membrane by hydrophobic and possibly also by
ionic interactions.

In principle, there are two active transport pathways which
specifically target proteins to ER membranes (reviewed in
reference 68). The most common transport occurs cotransla-
tionally and is mediated by a signal sequence on the respective
protein which is recognized by the cytosolic signal recognition
particle (SRP) (67). SRP directs the nascent chain together
with the ribosome to its receptor, located in the ER mem-
brane. There, the nascent chain is inserted into the Sec61p
complex, forming the channel through which the polypeptide
traverses the membrane (13, 20). A second pathway occurs
posttranslationally and is mediated by different signals but
does not involve the SRP. Examples for proteins making use of
the latter pathway are the two membrane proteins cytochrome
b5 (2) and M13 preprocoat protein (69) and the presecretory
protein honeybee prepromellitin (41). Posttranslational trans-
port of proteins into the ER appears to be rare in mammalian
cells but is common and well characterized in Saccharomyces
cerevisiae (12, 47), and the latter is true also for the related
process in bacteria (57, 71).

In this study, we show that the IAP Gag polyprotein is
transported to the ER membrane via SRP, requiring SRP
receptor and Sec61p complex for membrane binding. The Gag

polyprotein is not translocated into the lumen but stays tightly
bound to the ER membrane. These properties are mediated
both by the hydrophobic signal sequence as well as by the
remainder of the protein.

MATERIALS AND METHODS

Expression plasmids. In vitro translation vectors were derived from the ex-
pression plasmid pTM1 (40), which contains the internal ribosome entry site of
encephalomyocarditis virus and a T7 RNA polymerase promoter. Plasmid
pTM1-MIA2 containing almost the entire gag-pol region (nucleotide 594 to
4102) of the murine IAP MIA14 (38) has been described previously (17). Plas-
mids pTM1-MIA4 and pTM1-MIA5 were derived from pL-MIA4 and pL-MIA5,
respectively (70). In pTM1-MIA5 the first 28 codons of the MIA14 gag gene have
been deleted. In the case of pTM1-MIA4 these 28 codons have been replaced by
the membrane targeting signal of the Src protein.

pTM1-ppl was constructed by cloning the entire coding region of bovine
preprolactin (ppl) from pSPB4 (59) into pTM1. Plasmid pTM1-SPpplMIA, in
which the first 28 codons of the MIA14 gag gene have been replaced by the first
33 codons of ppl (coding for the signal peptide of the ppl protein and 3 amino
acids of the mature protein) was generated by PCR. The ppl signal peptide was
amplified from pTM1-ppl, using the forward primer T7 universal primer and the
reverse primer 5�-TGCGAATTCTAGAGCGCTGACGGGGGTGGAGACCA
CACC-3�. The amplified fragment was cleaved with ApaI (in the internal ribo-
some entry site of encephalomyocarditis virus) and at the newly introduced XbaI
site (underlined) and ligated together with the XbaI-BamHI fragment (nucleo-
tides 677 to 4102 of the MIA14 sequence) into pTM1 opened with ApaI and
BamHI.

To construct plasmids pTM1-plMIA28 and pTM1-plMIA23 in which the sig-
nal sequence of ppl was exchanged for the first 28 or 23 codons of the MIA14 gag
gene, the prolactin gene lacking its own signal sequence was amplified by PCR
from pTM1-ppl, using the forward primer 5�-AGCGAATTCACTAGTGTCCA
CCCCCGTCTGTCCC-3� and the reverse primer: 5�-TAATACGACTCACTA
TAGGG-3�, which binds to the pTM1 sequence (new SpeI site underlined). This
fragment was inserted into a modified MIA14 subclone (pTM-L4) that contains
the 5� fragment of pTM1-MIA2 amplified with the T7 universal primer and the
reverse primer 5�-TCGCTAGCCGTCCCTCGATTCGAACTAGTTGATAAC
ATGTGAAAAGG-3� to introduce an SpeI restriction site downstream of codon
23 and an NheI restriction site downstream of codon 28 of the MIA14 gag gene
(both underlined). To generate pTM1-plMIA28 the ppl-derived PCR fragment
was cleaved at the newly introduced SpeI site and with SalI and ligated into
pTM-L4, which was opened with NheI (compatible to SpeI) and SalI. To gener-
ate pTM1-plMIA23, pTM-L4 was cut with NheI and SalI prior to inserting the
prolactin fragment. The sequences derived by PCR were confirmed by DNA
sequence analysis of the respective plasmids. All molecular biological manipu-
lations and sequence analysis were carried out using standard methods (56).

In vitro transcription and translation. Coupled transcription and translation
reactions were performed according to the manufacturer’s instructions with T7
RNA polymerase in the presence of [35S]methionine (Tran35S-label [�1,000
Ci/mmol; �10 mCi/ml]; ICN Pharmaceuticals) using a coupled system based on
rabbit reticulocyte lysate (TNT; Promega). Transcription-translation reactions
were usually performed for 90 min at 30°C, unless otherwise indicated. Where
indicated, canine pancreas microsomes, liposomes, or reconstituted proteolipo-
somes were present. Canine pancreas microsomes were prepared as described
previously (58), and reconstituted proteoliposomes were prepared according to
the protocol of Görlich and Rapoport (21). For posttranslational binding, trans-
lation in the absence of membranes was terminated after 60 min at 30°C by
addition of puromycin (final concentration, 1.25 mM; Sigma) followed by further
incubation for 10 min at 30°C. Subsequently, microsomes were added and the
sample was incubated for an additional hour at 30°C.

Analysis of membrane-associated IAP Gag polyproteins. (i) Sedimentation.
Following transcription-translation, the samples were diluted with NTE buffer
(100 mM NaCl; 10 mM Tris-HCl, pH 8.0; 1 mM EDTA) to an appropriate
volume. The membrane fractions were then sedimented at 12,000 � g for 15 min
at 4°C in a Beckman tabletop centrifuge. After removing and collecting the
supernatants, the pellets were resuspended in NTE buffer, and adequate volumes
of pellets and supernatants were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE).

(ii) Sucrose flotation gradient centrifugation. For membrane flotation, the
coupled transcription-translation reaction was performed as described above.
Subsequently, 25 �l of the sample was mixed with 425 �l of 68% sucrose (wt/wt),
placed at the bottom of a Beckman TLS 55 centrifuge tube and overlaid with 400
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�l 65% (wt/vol) and 150 �l 10% (wt/vol) sucrose in NTE buffer. The step
gradient was then centrifuged to equilibrium at 43,000 rpm for 18 h at 4°C in a
Beckman Optima TLX Ultracentrifuge. Eight fractions were collected from the
top and analyzed by SDS-PAGE and autoradiography.

Membrane extraction. Completed transcription-translation reactions contain-
ing microsomes were treated with carbonate buffer (pH 11.5) or adjusted to
either 1 M NaCl, 50 mM EDTA, or 0.1% Triton X-100 in NTE buffer and
incubated for 1 h at 0°C. Control samples were treated with NTE buffer. The
membrane fractions were sedimented as described above. Pellets and superna-
tants were analyzed by SDS-PAGE.

Proteinase protection assay. Following transcription-translation, reaction mix-
tures were chilled on ice and divided into three fractions. One fraction was left
untreated, and the others were treated with proteinase K (Boehringer Mann-
heim) at a final concentration of 50 �g/ml for 1 h at 0°C in the absence or
presence of 0.1% Triton X-100. Proteinase K was inactivated by addition of
phenylmethylsulfonyl fluoride (final concentration, 10 mM; Serva), and incuba-
tion at 0°C for 10 min. Aliquots of each sample were analyzed by SDS-PAGE.

Cross-linking and immunoprecipitation. (i) Generation of ribosome–nascent-
chain complexes. The plasmid pTM1-MIA2 was linearized with the restriction
enzymes StuI, EcoRI, or NgoMI to produce mRNAs lacking a stop codon and
coding for the first 58 (58-mer), 122 (122-mer), or 262 (262-mer) amino acids of
the IAP Gag polyprotein, respectively. The linearized plasmids were subjected to
coupled transcription-translation reactions for 30 min at 30°C, producing C-
terminally truncated IAP Gag polyproteins which were still associated with the
ribosomes due to the missing stop codons. These ribosome–nascent-chain com-
plexes were subsequently sedimented by centrifugation at 7,500 rpm in a TLA
100.2 rotor in the Beckman Optima TLX Ultracentrifuge.

(ii) Chemical cross-linking. Sedimented ribosome–nascent-chain complexes
were resuspended in XL buffer (50 mM triethanolamine, pH 7.5; 50 mM potas-
sium acetate, 5 mM magnesium acetate, 200 mM sucrose). Cross-linking reac-
tions were performed for 2 h at 0°C by addition of disuccinimidyl suberate (DSS)
(final concentration, 0.4 mM; Pierce) from a 27.1 mM (10-mg/ml) stock in
dimethyl sulfoxide. Quenching of the cross-linking reagent was carried out by
adding 50 mM Tris-HCl buffer, pH 7.5, and incubation on ice for 10 min.

(iii) Immunoprecipitation. Quenched cross-linking products were incubated in
1% SDS for 5 min at 85°C and subsequently diluted with 4 volumes of water
followed by a further incubation for 5 min at the same temperature. The samples
were then adjusted to a final concentration of 20 mM Tris-HCl, pH 7.5; 150 mM
NaCl; 2 mM EDTA; 1% Triton X-100; 0.5% sodium deoxycholate; and 0.1%
SDS. Immunoprecipitations were carried out with a suspension of protein A-
Sepharose (Pharmacia) containing antiserum against the 54-kDa subunit of SRP
(25) for 16 h at 4°C under vigorous agitation. Protein A-Sepharose beads were
collected by low-speed centrifugation and washed extensively in RIPA buffer (20
mM Tris-HCl, pH 7.5; 150 mM NaCl; 2 mM EDTA; 1% Triton X-100; 0.5%
sodium deoxycholate; 0.1% SDS). Bound antigen was eluted by addition of SDS
loading buffer and heating at 100°C for 10 min.

Sample analysis and quantitation. Samples from the translation reactions
were analyzed on SDS-polyacrylamide gels containing 17.5% polyacrylamide
(200:1 ratio of acrylamide to N,N-methylenebisacrylamide). The products of
cross-linking and immunoprecipitation experiments were electrophoresed on
SDS–19.4% polyacrylamide gels containing 6 M urea (60:0.8 ratio of acrylamide
to N,N-methylenebisacrylamide). Following electrophoresis, the gels were
stained, dried, and autoradiographed or analyzed using a Fuji BAS 2000 Bioim-
ager and TINA 2.09 software.

RESULTS

In a previous series of experiments, we had analyzed the
intracellular localization of the wild-type polyprotein of the
murine IAP element MIA14 and of derivatives thereof, follow-
ing transient transfection of expression plasmids (70). These
studies revealed that ER targeting of IAP Gag required the
N-terminal 28 amino acids of Gag. Deleting this sequence
abolished ER transport, and substituting the targeting signal of
the Src protein for this region redirected the polyprotein to the
plasma membrane, leading to release of extracellular particles
and activation of proteolysis (70). Here, we study the molecu-
lar mechanism of IAP Gag transport and assembly in an in
vitro system. To this end, coupled in vitro transcription and
translation reactions were performed in the presence and ab-

sence of microsomal membranes or synthetic proteoliposomes,
respectively, and the resulting products were analyzed for
membrane association.

The N terminus of MIA14 Gag mediates ER transport in
vitro. Initially, we analyzed whether MIA14 Gag polyproteins
associate with ER membranes in vitro and whether this asso-
ciation requires the N-terminal hydrophobic region of Gag. To
this end, different variants of the Gag polyprotein were com-
pared (Fig. 1A): MIA2 corresponds to the wild-type sequence
of the IAP element MIA14, which contains the coding regions
for Gag, PR, and part of the pol gene products (70). MIA5
contains a deletion of the first 28 codons of gag, while this
region was replaced by the Src membrane localization signal in
MIA4. To characterize the association of newly synthesized
IAP polyproteins with ER membranes, sedimentation experi-
ments were performed following in vitro transcription and
translation in the presence or absence of microsomal mem-
branes (Fig. 1B). In the case of MIA2, ca. 75% of the Gag
polyprotein was observed in the pellet fraction when synthe-
sized in the presence of microsomal membranes, while less
than 10% was pelletable in the absence of membranes (Fig. 1B,
compare lanes 2 and 8). MIA5 polyproteins, on the other hand,
remained largely soluble independent of the presence or ab-
sence of microsomal membranes (Fig. 1B, compare lanes 6 and
12). MIA4 polyproteins synthesized in the presence of micro-
somal membranes were detected mostly (ca. 80%) in the pellet
fraction, similar to MIA2 (Fig. 1B, lane 10). However, in this
case there was also a significant amount of Gag in the pellet
fraction even in the absence of microsomal membranes (30 to
40%; Fig. 1B, lane 4). This may be caused by protein aggre-
gation of the MIA4 translation product.

To confirm that the sedimentation behavior of in vitro-syn-
thesized Gag polyproteins was indeed due to membrane asso-
ciation, MIA2 and MIA5 translation products were analyzed
by membrane flotation using a sucrose step gradient. In con-
trast to sedimentation assays, where unspecific aggregates are
pelleted as well, membrane flotation through a dense sucrose
cushion is a more stringent assay for membrane association. As
shown in Fig. 1C, 50 to 60% of the MIA2 translation products
were detected in the membrane fractions (fractions 1 to 4)
when synthesized in the presence (lower panel), but not in the
absence, of microsomal membranes (upper panel). Reflotation
of these fractions led to a recovery of more than 80% of MIA2
Gag in the membrane fractions (data not shown). In contrast,
there was no flotation of the MIA5 translation products into
the membrane fractions, independent of the presence or ab-
sence of microsomal membranes (Fig. 1C, right panels). Taken
together, these findings indicate that the IAP polyproteins
associate with ER membranes in vitro and that this association
requires the N-terminal 28 amino acids of Gag.

IAP Gag polyprotein transport to the ER membrane occurs
cotranslationally. To differentiate between cotranslational
(suggesting SRP-mediated transport) and posttranslational
membrane binding, in vitro synthesis of IAP polyproteins was
performed in the presence or absence of microsomal mem-
branes (Fig. 2). For analysis of posttranslational binding, the
translation reaction was stopped with puromycin before micro-
somal membranes were added. As shown above, �10% of
wild-type IAP polyproteins were sedimented in the absence of
membranes, while 80% of polyproteins were sedimented in the
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presence of microsomal membranes (Fig. 2A, lanes 1 to 4). If
microsomal membranes were added after the translation had
been stopped, membrane association of IAP polyproteins was
significantly lower (ca. 30%; Fig. 2A, lanes 5 to 6), indicating
that efficient ER transport occurs mostly during translation. A
different picture was observed for MIA4, which carries the Src
membrane transport signal substituted for the IAP N terminus.
In this case, membrane binding was approximately equal (ca.
80%) when membranes were present cotranslationally (Fig.
2B, lanes 3 and 4) or added posttranslationally (Fig. 2B, lanes

5 and 6). These results indicate that the IAP-specific sequence
at the N terminus of Gag directs the viral polyproteins prefer-
entially into a cotranslational transport pathway to the ER
membrane, while the Src N terminus mediates efficient post-
translational transport, presumably due to its N-terminal my-
ristoylation.

To characterize membrane factors which may be important
for membrane-association of the polyproteins, the experiments
were repeated with microsomes that had been pretreated with
high concentrations of salt. Salt extraction (1 M NaCl) is con-

FIG. 1. (A) Map of the IAP-specific sequence in plasmids pTM1-MIA2, pTM1-MIA4, and pTM1-MIA5. MIA2 corresponds to the wild-type
sequence of the IAP MIA14 (38). In MIA4, the first 10 codons of src were substituted for the first 28 codons of the gag gene, and in MIA5 the
first 28 codons of gag were deleted. Nucleotide numbering is according to the published sequence (38). Proteins derived from different reading
frames are depicted in different lanes. (B) Analysis of in vitro-translated and membrane-bound IAP polyproteins. Coupled transcription-translation
reactions were programmed with pTM1-MIA2, pTM1-MIA4, or pTM1-MIA5 in the absence or presence of microsomal membranes as indicated
and subsequently centrifuged for 15 min at 12,000 � g. Supernatants (S) and resuspended pellets (P) were applied in equivalent amounts and
analyzed by SDS-PAGE. Translation products were labeled with [35S]methionine and detected by autoradiography. The positions of the Gag,
Gag-PR, and Gag-PR-Pol polyproteins are indicated on the left. (C) Analysis of membrane-bound IAP polyproteins by sucrose flotation. Coupled
transcription-translation reactions were programmed with pTM1-MIA2 or pTM1-MIA5 in the absence or presence of microsomal membranes as
indicated. After translation, the samples were adjusted to 85% (wt/vol) sucrose and overlaid with 65 and 10% sucrose. The step gradient was
centrifuged at 43,000 rpm in a Beckman Optima TLX ultracentrifuge for 18 h at 4°C. Fractions were collected from top (fraction 1) to bottom
(fraction 8), and proteins were resolved by SDS-PAGE.
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ventionally used to release peripheral but not integral mem-
brane proteins. Sedimentation of wild-type IAP polyproteins in
vitro translated in the presence of salt-extracted microsomes
revealed that their ability to associate with microsomal mem-
branes was retained (data not shown), indicating that mem-
brane binding is independent of peripheral ER-associated pro-
teins.

IAP polyprotein transport requires only the minimal trans-
location apparatus in the target membrane. The result that
IAP polyprotein transport occurs mostly cotranslationally sug-
gests that components of the SRP pathway are involved (66,
67). The minimal functional translocation apparatus for SRP-
mediated protein transport is composed of two membrane
protein complexes: the SRP receptor complex and the Sec61p
complex forming the translocation channel (21). To analyze
whether IAP polyproteins require specific membrane compo-
nents for their membrane association, flotation experiments
were performed after translation of IAP proteins in the pres-
ence of synthetic liposomes or proteoliposomes selectively re-
constituted with different ER proteins. The liposomes were
prepared from synthetic phospholipids and were reconstituted
with purified ER proteins as described previously (21).

Figure 3 shows the protein distribution after flotation of
MIA2 polyproteins, in vitro-synthesized in the presence of
microsomal membranes (Fig. 3A); synthetic liposomes lacking
any protein component (Fig. 3B); or proteoliposomes recon-
stituted with either signal peptidase (Fig. 3C) or SRP receptor
and Sec61p complex (Fig. 3D). Clearly, IAP polyproteins did
not associate with synthetic liposomes (Fig. 3B, lanes 1 to 4) or
proteoliposomes containing signal peptidase, a transmem-
brane protein which is not involved in ER targeting of proteins
(Fig. 3C, lanes 1 to 4), while ca. 70% of IAP polyproteins
associated with microsomal membranes (Fig. 3A, lanes 1 to 4).
If synthesized in the presence of synthetic proteoliposomes
containing SRP receptor and Sec61p complex, ca. 40% of IAP

polyproteins were found associated with the membrane frac-
tion (Fig. 3D, fraction 1 to 4). These results indicate that there
is very little nonspecific lipid binding of the IAP polyproteins
and the specific membrane association requires the SRP dock-
ing and translocation apparatus. The decreased binding to SRP
receptor/Sec61p proteoliposomes compared to native micro-
somes may be due to the lower concentration of Sec61p com-
plex in the proteoliposomes versus microsomes and to non-
functional membrane-insertion of SRP receptor and Sec61p
complexes during preparation of proteoliposomes.

The N-terminal region of IAP Gag polyproteins interacts
with SRP. The process of protein translocation across or inte-
gration into the ER membrane can be divided into the target-
ing and translocation phases. Transport of a nascent, growing
polypeptide chain to the ER membrane occurs after initial
binding of its signal sequence to the 54-kDa polypeptide sub-
unit of the cytosolic SRP (SRP54) (27). The subsequent inter-
action of SRP with its receptor at the ER membrane causes
immediate SRP displacement and concomitant delivery of the
ribosome–nascent-chain complex to the Sec61p complex, ini-
tiating the translocation phase. In order to analyze whether
targeting of IAP polyproteins is SRP mediated, we performed
chemical cross-linking experiments and determined whether
there is a direct interaction between SRP54 and IAP polypro-
teins. Nascent-chain–ribosome complexes were generated by
cleaving pTM1-MIA2 with different restriction endonucleases
before adding the DNA to coupled in vitro transcription-trans-
lation reactions. Because the resulting truncated mRNAs lack
stop codons, translation of nascent peptide chains is not ter-
minated and nascent-chain–ribosome complexes are gener-
ated. Synthesis of truncated IAP polyproteins was performed
in the absence or presence of microsomal membranes. Subse-
quently, nascent-chain–ribosome complexes were sedimented
by centrifugation and subjected to cross-linking experiments
using the homobifunctional cross-linker DSS.

FIG. 2. Analysis of co- and posttranslational binding of IAP polyproteins. Coupled transcription-translation reactions were programmed with
pTM1-MIA2 (A) or pTM1-MIA4 (B) in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of microsomal membranes for 1 h. For analysis
of posttranslational transport, reactions without membranes were adjusted to 1.25 mM puromycin and microsomal membranes were added for an
additional hour (lanes 5 and 6). Subsequently, translation mixtures were centrifuged for 15 min at 12,000 � g and supernatants (odd lanes), and
resuspended pellets (even lanes) were applied in equivalent amounts and analyzed by SDS-PAGE. The relative amounts of soluble and pelleted
products were calculated by quantifying radioactively labeled proteins using a Fuji BAS 2000 Bioimager and correcting for the background in each
lane. The lower panels depict quantitation of the results from three independent experiments.
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Figure 4 shows the results of cross-linking experiments for
nascent chains of different lengths (58 amino acids, lanes 1 to
4; 122 amino acids, lanes 5 to 8; 262 amino acids, lanes 9 to 12).
In each case, the first two lanes represent translations in the
absence of microsomes (with or without DSS), while the next
two lanes correspond to translations in the presence of micro-
somes. In the case of all three nascent chains, the predominant
translation products exhibited the expected migration pattern
(Fig. 4). Additional products observed in all lanes probably
correspond to nonspecific labeling of components of the trans-
lation mix or of microsomal membranes and were disregarded.
Specific cross-linking products, on the other hand, were ex-
pected to give rise to products of different migration depending
on the length of the nascent chain and should be found spe-
cifically in the reactions without addition of membranes (since
SRP54 dissociates upon ER association of the complex). Such
specific products were indeed detected for all three nascent-
chain complexes and are marked as described in the legend to
Fig. 4. The apparent molecular mass of the cross-linking prod-
uct for the 58-amino-acid peptide corresponded to 60 kDa

(Fig. 4, lane 2). This product was absent when DSS was omit-
ted (Fig. 4, lane 1) and when the translation was performed in
the presence of membranes (Fig. 4, lanes 3 and 4). Subtracting
the molecular mass of the 58-amino-acid peptide from the
60-kDa product indicated a cross-linked protein with a molec-
ular mass of ca. 54 kDa. The same calculations for the cross-
linking products of the 122-amino-acid peptide (ca. 70 kDa)
and the 262-amino-acid peptide (ca. 90 kDa) reveal cross-
linked proteins of the same molecular mass of ca. 55 kDa.
Taken together, these results strongly suggest that nascent-
chain complexes of IAP polyproteins bind to SRP54 and use
the SRP transport pathway for ER targeting.

To verify that IAP polyproteins interact with SRP54, immu-
noprecipitation of cross-linking products was performed. Na-
scent-chain complexes of the 122-amino-acid IAP peptide were
synthesized in the absence or presence of microsomal mem-
branes as described above. Subsequently, cross-linking with
DSS was performed and cross-linking products were immuno-
precipitated with a rabbit polyclonal antiserum specific for the
54-kDa subunit of SRP (�SRP54) (25). Figure 5 shows that a
specific cross-linking product was observed when translation
was performed in the absence of microsomes (lane 2) and this
product of ca. 70 kDa was specifically immunoprecipitated by

FIG. 3. Analysis of IAP polyprotein association with liposomes and
reconstituted proteoliposomes. Coupled transcription-translation re-
actions were programmed with pTM1-MIA2 in the presence of micro-
somal membranes (A), liposomes prepared from synthetic phospho-
lipids without any protein (B), proteoliposomes reconstituted with
purified signal peptidase complex (C), or proteoliposomes reconsti-
tuted with SRP receptor and Sec61p complex (D). After translation, all
mixtures were subjected to sucrose flotation as described in the legend
to Fig. 1C. Fractions were collected from top (fraction 1) to bottom
(fraction 8), and proteins were resolved by SDS-PAGE and analyzed
by autoradiography.

FIG. 4. Cross-linking of ribosome–nascent-chain complexes to SRP
components. Coupled transcription-translation reactions were pro-
grammed with pTM1-MIA2 linearized with either StuI (lanes 1 to 4),
EcoRI (lanes 5 to 8), or NgoMI (lanes 9 to 12) to produce short
mRNAs lacking a stop codon. Reactions were performed for 30 min in
the absence or presence of microsomal membranes as indicated. Sub-
sequently, ribosome–nascent-chain complexes were centrifuged at
75,000 rpm in a Beckman Optima TLX ultracentrifuge for 30 min at
2°C. Aliquots from the resuspended pellets were subjected to a cross-
linking reaction (2 h, 0°C) with the homobifunctional cross-linking
reagent DSS as indicated. Molecular mass markers are indicated on
the right. The open arrowhead marks the cross-linked product (58aa �
unknown protein) of about 60 kDa in lane 2; a solid arrowhead and an
asterisk identify the cross-linked products in lanes 6 and 10, respec-
tively. Note that no specific cross-linking products were detected in
lanes 4, 8, and 12, where the corresponding reactions translated in the
presence of microsomal membranes were applied.
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�SRP54 (lane 3). Cross-linking after translation in the pres-
ence of membranes did not yield this product (lane 5), but a
small amount of the 70-kDa cross-linking product was also
detected after immunoprecipitation (lane 6), indicating that
part of the nascent chains were not dissociated from SRP
despite the presence of microsomal membranes. These immu-
noprecipitation experiments prove that the N-terminal region
of IAP Gag functions as a signal sequence, which is recognized
and bound by SRP.

In vitro-translated IAP Gag is not translocated into the ER
lumen. To determine whether Gag polyproteins are translo-
cated into the ER lumen, we performed protease protection
experiments. To this end, proteins synthesized in the presence
or absence of microsomal membranes were subjected to pro-
teinase K treatment. As a positive control, ppl was synthesized
in parallel, which is translocated into microsomal membranes
and subsequently cleaved by signal peptidase. Figure 6B shows
that ca. 40% of ppl was translocated into the ER in the pres-
ence of microsomal membranes as indicated by its cleavage to
prolactin (pl; compare lanes 1 and 2). The translocated pl was
protected from proteinase K digestion, while the remaining ppl
was degraded (Fig. 6B, lane 3). Treating the samples with
detergent prior to proteinase K digestion led to complete deg-
radation of the translation products (Fig. 6B, lane 4). Analysis
of the MIA2 translation products, on the other hand, revealed
no protease protected polyprotein even in the absence of de-
tergent (Fig. 6B, lanes 5 to 7), indicating that IAP-specific
products are not translocated into the ER. The residual 25-
kDa product observed in lanes 7 and 8 probably corresponds to
a protease-resistant fragment of the polyprotein, since it is also
present in the detergent-treated sample (lane 8).

Both, the IAP signal sequence and the downstream seg-
ments of Gag are responsible for the lack of translocation. The

lack of ER translocation of the IAP polyproteins may be due to
a translocation-incompetent signal sequence or to the down-
stream part of Gag blocking ER transport. To analyze these
two possibilities, we constructed fusion proteins containing
either the first 28 amino acids of MIA14 Gag in the position of
the ppl signal sequence or the ppl signal sequence in the
position of the IAP N-terminal region. Figure 6A shows the
N-terminal sequence of the fusion protein SPpplMIA contain-
ing the ppl signal sequence, including the signal peptidase
cleavage site at the N terminus of the IAP polyprotein. In vitro
synthesis of this fusion protein yielded amounts of Gag-specific
proteins similar to those observed for the wild-type construct.
However, the translation products carrying the ppl signal se-
quence were also not translocated into the ER (Fig. 6B, lanes
9 to 12). No cleavage of the heterologous signal sequence was
observed (Fig. 6B, compare lanes 9 and 10), and proteinase K
treatment in the presence and absence of detergent led to
complete degradation of the fusion protein with the protease-
resistant 25-kDa product remaining (Fig. 6B, lanes 11 and 12).

To determine whether the MIA14 signal sequence can func-
tion in a heterologous context to translocate an ER protein
through the Sec61p channel, we constructed two fusion pro-
teins containing either the first 23 or the first 28 amino acids of
the MIA14 polyprotein at the N terminus of pl (Fig. 7A,
plMIA28 and plMIA23). The shorter fusion protein was made
to avoid the positively charged amino acids in positions 24 and
27 of the IAP polyprotein, which could have an inhibitory
effect on translocation (61). In both constructs, the signal pep-
tidase cleavage site of ppl was maintained (Fig. 7A). In vitro
transcription and translation in the presence of microsomal
membranes revealed that both fusion proteins were produced
at levels similar to those of wild-type ppl (Fig. 7B, lanes 1, 4,
and 7). However, both fusion proteins failed to be processed by
signal peptidase, while ca. 40% of ppl was cleaved. Further-
more, no protease-protected proteins were observed for the
two fusion proteins, while pl was largely protected unless
treated in the presence of detergent (Fig. 7B). These results
show that the MIA14 signal sequence is not capable of medi-
ating luminal translocation of a bona fide transport competent
protein.

IAP Gag polyproteins are strongly associated with but not
inserted into the ER membrane. The previous experiments
showed that IAP polyproteins are transported to the ER mem-
brane in an SRP-dependent manner but are not translocated
into the ER lumen. To analyze whether these proteins remain
peripherally associated with the cytoplasmic side of the mem-
brane or are inserted as transmembrane proteins, we per-
formed membrane extraction experiments following in vitro
translation of MIA2 in the presence of microsomal mem-
branes. Extraction with high-concentration salt (1 M NaCl),
chelating divalent cations with EDTA, and treatment with
high-pH carbonate buffer is expected to release trapped solu-
ble and peripherally membrane-associated proteins, while not
affecting integral membrane proteins. Detergent extraction, on
the other hand, should solubilize all membrane proteins. Fig-
ure 8 shows that extraction of membrane-associated IAP-spe-
cific polyproteins with 1 M salt released ca. 35% of the protein
(lanes 3 and 4), and extraction with 50 mM EDTA released ca.
50% (lanes 5 and 6). Treatment with high-pH buffer, which is
a more stringent extraction method, resulted in the release of

FIG. 5. Immunoprecipitation of cross-linking products derived
from the 122-amino-acid MIA2 polyprotein fragment. Coupled tran-
scription-translation and cross-linking reactions were performed as
described in the legend to Fig. 4. Labeled products cross-linked to the
54-kDa subunit of SRP were immunoprecipitated using a specific an-
tiserum directed against SRP54 (lanes 3 and 6). The positions of
molecular mass markers are indicated on the right.

VOL. 77, 2003 IAP Gag POLYPROTEIN TRANSPORT 6299



ca. 70% of the polyprotein (lanes 7 and 8). As a control,
dissolving the membranes with 0.1% Triton X-100 resulted in
85% soluble IAP Gag polyproteins (lanes 9 and 10), while
extraction with buffer alone solubilized only ca. 20% of the
protein (lanes 1 and 2). These results indicate that membrane
association of the IAP polyproteins is very tight but that they
do not behave as integral membrane proteins.

DISCUSSION

Our current knowledge regarding the intracellular transport,
assembly, and budding of enveloped viruses is mostly derived
from infection and transfection experiments in tissue culture.
It appears likely, however, that a detailed understanding of the
underlying molecular principles will require the development
of cell-free in vitro systems, as has been the case for nuclear
(1), ER (4), and vesicular transport (18). IAPs are a particu-
larly suitable viral system for such experiments, because virus
budding occurs at the ER (with microsomal membranes being
readily available for in vitro studies) and requires only the viral
Gag polyprotein. This is in contrast to, e.g., alphaviruses (35,
75), hepadnaviruses (5), and foamy viruses (51), which also bud
into the ER but require the viral glycoproteins for budding
and/or ER transport. Therefore, we attempted to reconstitute
ER transport of IAP Gag polyproteins in an in vitro system,

using in vitro translation in the presence of microsomal mem-
branes or reconstituted (proteo-)liposomes. Here we show that
ER transport of the MIA14 polyproteins is mediated by an
N-terminal signal sequence which directs the polyproteins into
the SRP-dependent transport pathway. The viral polyproteins
associate with the ER membrane via SRP receptor and Sec61p
complex but are not translocated into the ER lumen. Protease
digestion experiments detected no protected IAP polyproteins,
indicating that budding and release of virus-like particles into
the ER lumen did not take place in this in vitro system. This
may be due to the low concentration of translation products or
to the lack of essential cofactors.

The first indication that SRP may be involved in IAP poly-
protein transport came from the observation that transport
occurred mostly cotranslationally. This was in contrast to a
Gag derivative which contained the Src protein N-terminal
sequence instead of its own N terminus. In the latter case,
adding membranes to the completed translation reaction
yielded the same amount of membrane-associated proteins as
for translation in the presence of microsomal membranes,
while the wild-type polyproteins showed much more efficient
ER transport when membranes were present during transla-
tion. Cotranslational transport is dependent on the well-char-
acterized SRP pathway (reviewed in reference 68) and needs a

FIG. 6. (A) Amino acid sequence at the N termini of ppl, MIA2, and the fusion protein SPpplMIA, in which the signal sequence of MIA2 was
replaced by the ppl signal peptide. The amino acid sequences are given in single-letter code, and positively (�) and negatively (�) charged amino
acid side chains as well as the cleavage site for signal peptidase (gap) are indicated. The domain representing the ppl signal peptide is shadowed,
and the domain representing the IAP signal peptide is boxed. (B) ER transport of ppl, wt IAP Gag and the SPpplMIA fusion protein. Proteins
were synthesized by coupled in vitro transcription-translation in the presence or absence of microsomal membranes as indicated. ER import of
translation products was analyzed by incubation with proteinase K (50 �g/ml) for 1 h at 0°C in the absence or presence of 0.1% Triton X-100 as
indicated. Aliquots of each reaction mixture were analyzed by SDS-PAGE (ppl, lanes 1 to 4; MIA2, lanes 5 to 8, SPpplMIA, lanes 9 to 12). The
positions of ppl and the cleaved prolactin (pl) are indicated on the left.
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specific signal sequence in the nascent peptide (61). Typically,
eukaryotic signal sequences are composed of a short, positively
charged hydrophilic amino-terminal segment and a central hy-
drophobic part (7 to 15 residues), followed by a more polar
carboxy-terminal region (61). This signal sequence is recog-
nized by SRP, a ribonucleoprotein complex consisting of a 7S
RNA and six different polypeptide subunits. SRP interacts
through its 54-kDa subunit with the signal sequence of nascent
polypeptide chains (27) and directs the entire complex, which
consists of the ribosome, nascent chain, and SRP to the ER
membrane. Continued elongation of the polypeptide chain is
delayed or even arrested (65) until SRP is bound to the SRP
receptor (also called docking protein), an integral protein com-
plex of the ER membrane (37). As a result, SRP is released
from the signal sequence in a GTP-dependent manner (10),
and the ribosome together with the nascent chain is subse-
quently passed onto the heterotrimeric Sec61p complex which
forms a protein-conducting channel through the ER mem-
brane (11, 53). The continuing translation inserts the polypep-
tide into the Sec61p channel. Cleavable signal sequences are
cotranslationally processed by signal peptidase at the luminal
side of the ER membrane.

Several lines of evidence show that IAP polyprotein trans-
port occurs via the SRP pathway and depends on an N-termi-
nal signal sequence in the Gag polyprotein. Deletion of the
first 28 predominantly hydrophobic amino acids of Gag led to

complete loss of membrane transport as shown by sedimenta-
tion and flotation experiments, and this result corresponds to
the requirement for this region to mediate ER transport in
transfection experiments (70). This N-terminal region can be
specifically cross-linked to the 54-kDa subunit of SRP, indicat-
ing that it is a functional signal sequence. Furthermore, trans-
lation in the presence of reconstituted proteoliposomes iden-
tified SRP receptor and Sec61p complex as IAP Gag receptors
in the ER membrane. These two complexes form the minimal
translocation apparatus which is necessary and sufficient for
SRP-dependent transport and insertion into reconstituted pro-
teoliposomes (21). A cross-link between IAP Gag nascent
chains and subunits of the Sec61 complex could not be de-
tected. This may be explained by the lack of lysine residues in
suitable positions and/or a very brief interaction between the
two peptides.

SRP-mediated ER transport of cellular proteins normally
leads either to luminal transport through the Sec61p channel
or to membrane integration of their hydrophobic transmem-
brane domains. Some proteins insert with their N- or the C-
terminal region serving as membrane anchor. Retroviral bud-
ding, on the other hand, requires that the viral polyproteins
remain on the cytoplasmic face of the membrane. Further-
more, cryo-electron microscopy analysis of immature HIV par-
ticles revealed that the globular MA domain of Gag is closely
apposed to but separable from the inner leaflet of the viral

FIG. 7. (A) Amino acid sequence at the N termini of ppl, MIA2, and the fusion proteins plMIA28 and plMIA23, in which the signal sequence
of ppl was replaced by the first 28 or 23 amino acids of MIA2, respectively. The amino acid sequences are given in single letter code and positively
(�) and negatively (�) charged amino acid side chains as well as the cleavage site for signal peptidase (gap) are indicated. The domain representing
the IAP signal peptide is boxed. (B) ER transport of ppl, plMIA28, and plMIA23. Proteins were synthesized and protease treated as described
in the legend to Fig. 6 (ppl: lanes 1 to 3; plMIA23:lanes 4 to 6; plMIA28: lane 7 to 9).
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membrane (19, 72), indicating that MA is not inserted into the
membrane. Protease digestion of in vitro translation products
produced in the presence of microsomal membranes showed
that IAP polyproteins were not protected, while the bona fide
secretory protein ppl was translocated into the ER and cleaved
by signal peptidase, and the resulting pl was protected from
digestion. Experiments with chimeric proteins containing seg-
ments of IAP Gag and ppl indicated not only that the signal
sequence from IAP Gag is not translocation competent but
also that the downstream segments of Gag block translocation,
even when the translocation-competent signal sequence from
ppl is attached to the protein. Analysis of the IAP N-terminal
sequence showed a cluster of positively charged residues (Fig.
6A). Statistically, positive charges are enriched on the cytosolic
side and depleted from the exoplasmic side of noncleavable
signal sequences (the “positive inside” rule) (63, 64). In bac-
terial signal sequences, a detrimental effect of downstream
positive charges on translocation has been documented in a
number of cases, both in vivo and in vitro (34, 73). The topo-
genic role of the flanking charges has also been experimentally
confirmed by site-directed mutagenesis (39, 49, 50, 60). Thus,
the cluster of basic residues may prevent translocation of Gag
through the Sec61p channel, even in the heterologous context
of the chimeric protein SPpplMIA.

Membrane extraction experiments revealed that IAP Gag
polyproteins are tightly associated with the ER membrane but
do not behave as integral membrane proteins. The IAP signal
sequence is not cleaved by signal peptidase and could function
as a type I signal anchor. Signal-anchor sequences mainly differ
from cleavable signal sequences by long hydrophobic cores of
19 to 27 hydrophobic residues forming an �-helix across the
lipid bilayer (15, 43, 62). Mutational analysis of the influenza A
M2 protein signal-anchor showed that at least 16 hydrophobic
amino acids are required to integrate the protein in the mem-
brane (29). The N terminus of IAP Gag contains two stretches
of 5 and 12 uncharged amino acid residues, respectively (Fig.
6A). Both of these regions are preceded by a negatively
charged amino acid, and the second stretch contains four polar

amino acids, features that are incompatible with a functional
signal anchor. Conceivably, the N-terminal segment of Gag
may extend into the lipid bilayer or is tightly apposed to the
membrane, rendering it relatively resistant to conditions that
characteristically remove peripherally associated membrane
proteins. A similarly tight membrane association was observed
for the MA proteins of influenza A virus (31) and vesicular
stomatitis virus (VSV) (8, 9). However, mutants of influenza A
MA associated with membranes in the absence of the hydro-
phobic regions (31) and the MA proteins of influenza A (7, 23)
and VSV (44, 74) associated with artificial phospholipid vesi-
cles, in contrast to the IAP polyproteins. In the case of VSV,
the MA protein may form an amphipathic helix which is par-
tially embedded into the lipid bilayer (33).

Comparing IAP sequences with those of other retroviruses
revealed homologies extending throughout most of gag and pol
with a conspicuous absence of homologies in the 5� terminal
part of gag corresponding to the MA coding region (3, 14, 38,
55). Conceivably, IAPs acquired cellular targeting signals
through retrotransposition to fulfill the specific requirements
of ER transport and budding. Interestingly, however, these
transport signals share functional properties of the targeting
signals of exogenous retroviruses. In the case of HIV, plasma
membrane association depends on a bipartite signal formed by
N-terminal myristoylation of Gag and a cluster of basic resi-
dues within the MA domain (76). We speculate that stable
membrane association of IAP Gag is mediated in a similar way
by (i) partial insertion of the hydrophobic N terminus into the
lipid bilayer, functionally analogous to myristoylated Gag poly-
proteins, and (ii) the cluster of basic residues following the
signal peptide, thereby mimicking the bipartite transport sig-
nals of other polyproteins. Taken together, our results suggest
that this IAP has acquired an N-terminal targeting signal which
serves at least two functions. First, it mediates SRP-dependent
specific transport of viral polyproteins to the ER membrane.
Second, it serves to stably attach the polyproteins to the mem-
brane in a tight manner to prepare for budding, while prevent-
ing translocation into the ER and both of these features may

FIG. 8. Analysis of IAP Gag polyprotein membrane-association. Coupled in vitro transcription-translation reactions were programmed with
pTM-MIA2 in the presence of microsomal membranes, and membrane-bound products were collected by centrifugation. Subsequently, mem-
branes were extracted for 1 h at 25°C with buffer only (lanes 1 and 2); with 1 M NaCl (lanes 3 and 4), 50 mM EDTA (lanes 5 and 6), or 0.1% Triton
X-100 (lanes 9 and 10); or with 0.1 M carbonate buffer (pH 11.5) for 30 min at 0°C (lanes 7 and 8). Treated samples were centrifuged for 15 min
at 12,000 � g and supernatants (odd lanes) and resuspended pellets (even lanes) were applied in equivalent amounts and analyzed by SDS-PAGE
and autoradiography. Relative amounts of soluble and membrane-associated products were calculated as described before, and the lower panel
depicts quantitation of the results obtained in three independent experiments.
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depend on the basic amino acids following the signal sequence.
By analogy, structural polyproteins of other retroviruses may
also use (yet-unknown) cellular transport pathways to reach
the viral budding site.
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