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Abstract. The folding of influenza hemagglutinin
(HAO) in the ER was analyzed in tissue culture cells
by following the formation of intrachain disulfides af-
ter short (1 min) radioactive pulses . While some
disulfide bonds were already formed on the nascent
chains, the subunits acquired their final disulfide com-
position and antigenic epitopes posttranslationally.
Two posttranslational folding intermediates were
identified . In CHO cells constitutively expressing
HAO, mature HAO subunits were formed with a half
time of 3 min and their folding reached completion at
22 min . The rate of folding was highly dependent on

N mammalian cells, protein folding occurs in three dis-
tinct environments : the cytosol, the mitochondria, and
the ER . The prevailing conditions in each of these com

partments are quite different, and therefore the folding
processes display unique properties . For several secretory
proteins, it has been shown that folding begins cotrans-
lationally from the NH2-terminus and proceeds towards the
COOH-terminus as the polypeptides enter the ER (Bergman
and Kuehl, 1979 ; Jaenicke, 1987) . The final outcome is
significantly affected by covalent cotranslational modifica-
tions such as N-linked glycosylation or the removal of NH2 -
terminal signal sequences, and by protein disulfide isomer-
ase-catalyzed formation ofdisulfide bonds (Freedman et al .,
1984 ; Rose and Doms, 1988 ; Randall and Hardy, 1989) . In
many cases, the involvement of other folding enzymes, such
as proline isomerase, and chaperonins such as binding pro-
tein (BiP/GRP78)' is likely to be important (Freedman,
1989 ; Pelham, 1989 ; Rothman, 1989) . The ionic conditions
and redox potential in the ER lumen, which are quite distinct
from those in the cytosol, may also play an important role .
The cell biological aspects of protein folding, however, are
poorly understood .

In this paper, we have analyzed the folding of influenza
hemagglutinin . The hemagglutinin is a type I transmem-
brane glycoprotein (84 kD, 549 amino acids) with multiple
folding domains (Wilson et al ., 1981 ; Wiley and Skehel,
1987) . It is exceptionally well characterized in terms of

1 . Abbreviations used in this paper: BiP, binding protein ; HAO, influenza
hemagglutinin; ITI and 2, intermediate 1 and 2; NT, native HAO.
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cell type and expression system, and thus regulated by
factors other than the sequence of the protein alone.
Exposure of cells to stress conditions increased the
level of glucose regulated proteins, including BiP, and
decreased the folding rate . The efficiency of folding
and subsequent trimerization was not dependent on the
rate of translation, nor on temperature between 37 and
15°C; however, the rates of folding and trimerization
decreased with decreasing temperature . Whereas the
rate of folding was independent of expression level,
trimerization was accelerated at higher levels of ex-
pression .

structure, function, and intracellular transport . In infected
or transfected cells, the ectodomain (513 amino acids) is
cotranslationally translocated into the ER. Signal peptide
cleavage and N-linked glycosylation on five to seven sites oc-
cur cotranslationally. When expressed at a high level, the
protein forms homotrimers with a half-time of 8 min after
synthesis (Copeland et al ., 1986 ; Gething et al ., 1986) . The
trimers are selectively transported to the cell surface via the
Golgi complex .
The crystal structure of the ectodomain of the proteolyti-

cally activated trimers reveals a 135 A long trimeric spike
protein in which each subunit has two major domains : a
globular NH2-terminal top domain and a COOH-terminal
domain which forms the stem ofthe spike protein . The stem
region contains the fusion peptides known to be involved in
the membrane fusion activity of the protein (Wilson et al .,
1981 ; Wiley and Skehel, 1987) . Each HAO subunit is stabi-
lized by six highly conserved intrachain disulfides .
By following the formation of intrachain disulfides as well

as changes in antigenic epitopes, we have determined the rate
with which HAO folds in several cell types, using different
expression systems . We analyzed the effects of temperature,
translation rate, and stress treatment, and we investigated the
relationship between folding, and trimerization and trans-
port . We established that HAO begins to fold as a nascent
chain and continues to fold for several minutes after transla-
tion . Unlike trimerization and transport, folding was inde-
pendent of the level of HAO expression . Both the rate and
efficiency were, however, very different in various cell types
and thus significantly affected by cellular factors .
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Materials and Methods

Cell Lines, Recombinant Virus Vectors, and Viruses
CV-1 monkey kidney cells were grown in DME, as previously described
(Doxsey et al ., 1985), and HeLa cells were grown in minimal essential
medium with 10% FCS . CHO cells were grown in alpha minimal essential
medium with 8% FCS. A CHO cell line that expresses HAD constitutively
(CHOwtm64s) was developed by Dr. D . Wiley. The transformed cells were
grown in alpha minimal essential medium supplemented with 10% FCS,
8 AM methotrexate, and 0.57 mg active G418/ml . The murine 3T3 fibro-
blast cell line that expresses Japan HAD constitutively was described by
Doxsey et al . (1985) .
To express wild-type HAD from X31 or Japan influenza virus, we used

SV40 late replacement vectors containing cDNAs coding for these proteins:
pSVEXHA (Doyle et al ., 1986) and pSVEHA3 (Gething and Sambrook,
1981), respectively .

Both the X31 (derived from A/Aichi/1986/H3N2) and the Japan strain
(A/Japan/305/57/H2N2) of influenza virus were propagated in embryonic
eggs as described (Doms et al ., 1985) . Infectious allantoic fluids were used
to infect cells ; for high expression levels, the cells were used 5-6 h after
infection, whereas for low expression (sevenfold lower), the experiment was
started 2 h after infection .

Antibodies
The polyclonal anti-X31 and anti-Japan virus rabbit sera and the mAb N2
have been previously characterized (Doms et al ., 1985 ; Copeland et al .,
1986) . The rabbit antisera immunoprecipitate the viral nucleoprotein (56
kD), matrix protein (28 kD), as well as hemagglutinin-folding intermedi-
ates, monomers, and trimers. They also immunoprecipitate acid- or SDS-
treated and misfolded forms of this protein . The mAb N2 is specific for tri-
meric X31 HAD. The mAb recognizing BiP (Bole et al ., 1986) was a gift
of Dr. David Bole (Howard Hughes Medical Institute, Ann Arbor, MI) .

To obtain the folding-specific mAbs, Fl and F2, female BALB/c mice
were primed with 50 jig of isolated and purified HA2 . The antigen was pre-
pared by sequentially treating purified X31 virus with a pH 5 .0 buffer, 150
Pg/ml TPCK-treated trypsin, and 20 mM DTT. HA2 was then isolated from
the protein mixture by phase separation into Triton X-114 as described by
Bordier (Bordier, 1981) . Detergentwas removed on an Extracti-Gel column
and the purity and yield of HA2 were checked by SDS-PAGE (Laemmli,
1970) . The antigen was mixed with an equal volume of Alu Gel S and in-
jected into the peritoneal cavity of the mouse . An identical boost was given
4 wk later, and after 6 wk, 50 lAg was injected into the tail vein . 3 d after
the final boost, the spleen was removed from the mouse and the cells were
fused with SP2/0 myeloma cells . 10 d after fusion, hybridoma supernatants
were collected and screened by ELISA on the purified antigen . Antibody
secreting cells were recloned twice in 24-well plates, each time screened
by ELISA and by immunoprecipitation of HAD-folding intermediates . Fl is
specific for the HAD-folding intermediate ITl and F2 recognizes the folding
intermediate IT2 andthe completely folded and disulfide-linked monomeric
HAD (NT, native HAD) .

Metabolic Labeling
Subconfluent cells expressing HAD were washed twice with PBS and prein-
cubated in methionine- and cysteine-free medium with bicarbonate for 15
min at 37°C. The monolayer was pulse labeled with 40-50 WCi each of
[35 8]cysteine and tran[35 8]label per 60-mm dish in 400 Al of methionine-
and cysteine-free medium with 10 mM Hepes for 1 min unless indicated
otherwise . The pulse was ended by adding prewarmed medium with 5 mM
each ofunlabeled methionine and cysteine . Cycloheximide was included in
the chase medium (500 AM) to block completion of nascent chains, except
where otherwise indicated. After various chase times the cells were trans-
ferred to ice and washed twice with ice-cold PBS, containing 20 mM
N-ethylmaleimide to prevent the formation of additional disulfide bonds in
the protein. The cells were lysed in 2 x 300 AI of ice-cold lysis buffer (0.5 %
Triton X-100 in MNT [20 mM MES, 100 mM NaCl, 30 mM Tris-HCI, pH
7.5] containing 20 mM N-ethylmaleimide, 1 mM EDTA, 1 mM PMSF, and
10 pg/ml each of chymostatin, leupeptin, antipain, and pepstatin) .

Lysates were adjusted to the same volume with lysis buffer ; the nuclei
were pelletedby centrifuging for 5 min at 12,000 g . Supernatants were used
immediately for immunoprecipitation or velocity gradient centrifugation .
Monomersandtrimers of HAD were separated by velocity gradient centrifu-
gation as described by Copeland et al . (1986) .
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In the temperature dependence studies, HAO-expressing CHO cells were
pulse labeled at 37°C for 1 min and then chased at temperatures ranging
between 37 and 15°C . The desired chase temperature was rapidly obtained
by placing the dishes in a thermostated water bath, and by adding an excess
of preincubated chase medium at the appropriate temperature .

Stress treatment of the cells involved 24-h incubation with glucose-free
medium (glucose starvation) or 60-min incubation at 43°C (heat shock) .
The cells were allowed to recover for 2 h in normal medium before the ex-
periment .

To decrease the translation rate of HAD, CHOwtm64s cells were prein-
cubated, pulsed, and chased in media containing 10 AM cycloheximide .

Immunoprecipitation ofHAO and TCA Precipitation
100 to 300 Al of lysate were used per immunoprecipitation . Goat anti-
mouse IgG (5 Al per sample) was incubated for 1 h at4°C with prewashed,
fixed Staphylococcus aureus (60 Al ofa 10% suspension per sample) . The
primary mAbs were added (100 Al of tissue culture supernatant containing
Fl or F2, 5 Al of purified N2), and incubation was continued for 1 h . Poly-
clonal antibodies (10 Al of the anti-X31 and 5 Al of the anti-Japan antibody)
were incubated directly with S. aureus cells for 1 h . The complexes were
washed with 0.5 % Triton X-100 in PBS and incubated with cell lysates at
4°C for 1 h on an Eppendorf shaker (Brinkmann Instruments Inc ., West-
bury NY) . The S. aureus complexes with the polyclonal antibodies and N2
were washed twice with 1 nil wash buffer (0.05% Triton X-100, 0.1% SDS,
0.3 M NaCl, 10 mM Tris-HCI, pH 8.6) at room temperature; the Fl and
F2 complexes were washed with0.5% Triton X-100 in MNT (20 mM MES,
100 mM Nacl, 30 mM Tris-HCI, pH 7.5) . The washed pellets were resus-
pended in 20 Al 10 mM Tris-HCI, pH 6.8 and sample buffer was added to
a final concentration of200 mM Tris-HC1 pH 6.8, 3% SDS, 10% glycerol,
0.004% Bromophenol blue, and 1 mM EDTA .

To determine theamount of radiolabeled protein, 10 Al lysate was mixed
with TCA (final concentration : 10% TCA, 0.1% BSA, 1 mM methionine) .
The precipitate was then boiled in 5% TCA (10 min) to release labeled
tRNA from the proteins. After washing with 5% TCA at room temperature
and with 100% ethanol, the radioactivity in the pellet was counted in a liq-
uid scintillation counter.

Endoglycosidase H Digestion
After washing the immunoprecipitates, the final pellet was resuspended in
100 mM sodium acetate, pH 5 .5, containing 0.2% SDS and heated to95°C
for 5 min . An equal volume of 100 mM sodium acetate, pH 5.5, was added
and one half of each sample was incubated for 16 h at 37°C with 0.5 U of
endoglycosidase H . The other half was incubated without endoglycosi-
dase H . Sample buffer with 20 mM DTT (final concentration) was added
and samples were analyzed by SDS-PAGE .

SDS-PAGE, Fluorography, and Quantitation
Samples were heated to 95°C for 5 min, after which they were divided in
two . One half received 20 mM DTT and was reheated to 95°C for 5 min .
S. aureus was removed from all samples by spinning for 5 min at 12,000 g
and cooled aliquots of the supernatants were loaded in the wells of a 7.5 %
SDS-polyacrylamide gel for electrophoresis according to Laemmli (1970) .
When reduced and nonreduced samples were loaded side by side, all sam-
ples received 100 mM N-ethylmaleimide after cooling . Gels were stained,
neutralized, and impregnated with salicylic acid for fluorography with
XAR5 film (Eastman KodakCo., Rochester, NY) . Bands were quantitated
by densitometry with a digital gel scanner (Visage 2000) . Only gel ex-
posures within the linear range of the film and the scanner response were
measured . For photography, longer exposures were usually used .

Materials
Tissue culture media and G418 sulfate were obtained fromGibco Laborato-
ries (Grand Island, NY) . L[35 S]cysteine (>800 Ci/mmole) and tran[35 S]la-
bel (>1,000 Ci/mmole) were from ICNBiomedcals Inc. (Irvine, CA) . Pro-
tease inhibitors andmethotrexate were purchased fromSigma Chemical Co .
(St. Louis, MO) and fixed and killed S. aureus was from Zymed Laborato-
ries Inc. (South San Francisco, CA) . Goat anti-mouse Ig was obtained
from Tago Inc. (Burlingame, CA) ; endoglycosidase H was from Genzyme
Biochemicals Ltd . (Kent, England) . Extracti-Gel D detergent removing
columns were from Pierce (Rockford, IL) .
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Figure 1. Synthesis time of HAO. CHO cells constitutively express-
ing X31 HAO were metabolically labeled for indicated times and
lysed . TCA-precipitable material was counted to determine incor-
poration of 'SS into total protein (a) and immunoprecipitates with
apolyclonal antiserum were quantitated for incorporation into HAO
(m) . The difference between the intercepts of these lines with the
abscissa (10 and 170 s, respectively) equals half the synthesis time
of HAD (2 min) ~(Horwitz et al ., 1969) .

Results

The Rate of HAO Tlranslation
Our folding studies concentrated on the time period immedi-
ately following HAO synthesis . It was therefore important to
first determine the translation time for HAO. CHO cells per-
manently expressing HAO were labeled with a mixture of
tran[35 S]label and ["S]cysteine . After different times of con-
tinuous labeling, the amount of total labeled protein was de-
termined by TCA precipitation, and the amount of label in
full-length HAO by immunoprecipitation, SDS-PAGE, and
scanning densitometry (Fig . 1) . Extrapolation of the linear
part of the incorporation curves to the abscissa yielded a lag
time of 10 s for incorporation ofradioactive amino acids into
total protein, and a lag time of 70 s for labeling of mature
HAO. We concluded that the effective pulse time was 50 s,
and that the average synthesis time for HAO was 120 s, i .e .,
twice the difference between the observed lag times (for de-
tails see Horwitz et al ., 1969) . This corresponds to a rate
of 4 .5 amino acids per second .

In subsequent folding experiments, we routinely used a
1 min radioactive pulse. This allowed us to study the events
during the first minutes after completed synthesis and it gave
sufficient incorporation of radioactivity for accurate quanti-
tation of HAO. The necessity to keep the pulses short intro-
duced a technical problem, which is illustrated in Fig . 2, a
and b and in the quantitative densitometric data in Fig . 2 d .
The amount of radioactivity in the HAO band increased dra-
matically during the first few minutes of chase . This increase
suggested that the pulse may have been "leaky," that a large
fraction of newly synthesized proteins may be degraded or
that the protein may be invisible to the antibody immediately
after synthesis .

Additional experiments showed that these were not the rea-
sons for the increase . TCA precipitation oftotal labeled pro-
tein showed that the pulse was very tight : incorporation of
[3IS]methionine and ['SS]cysteine did not continue after ad-
dition of the chase medium (Fig . 2 d) . Moreover, when a
high concentration of cycloheximide (500 pM) was added to
the chase medium to block chain elongation immediately af-
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Figure 2 . The increase in 'SS-labeled full-length HAO during the
chase is because of completion of labeled nascent chains . 5 h after
infection with X31 influenza virus, CV-1 cells were pulsed for
1 min . They were chased for indicated time periods without cyclo-
heximide as described in Materials and Methods (a and b) . CHO
cells constitutively expressing X31 HAO were pulse labeled for
1 min and chased for 0-15 min with (c and d) or without cyclohexi-
mide (500 pM; d) . Reduced (b and c) or nonreduced (a) im-
munoprecipitates ofthe lysates were analyzed by 7.5 % SDS-PAGE .
Trimming of carbohydrates is seen in lanes 6-8. (d) Quantitation
of gels by scanning densitometry and of TCA-precipitates by liquid
scintillation counting .

ter the pulse, the initial increase in labeled full-length HAO
was reduced to -10% of that observed in the absence of cy-
cloheximide (Fig . 2, b, c, and d) . The labeled HAO remained
at a level only slightly higher than observed at the end of the
1-min pulse (at a level of 20-25% of the maximal amount
reached after ti5 min of chase without cycloheximide) . The
cycloheximide was apparently able to rapidly enter the cell
and inhibit further chain elongation .
These results showed that the increase in labeled HAO in

the absence of cycloheximide was caused by completion of
nascent HAO chains that had been labeled but not terminated
during the pulse . Extensive degradation of early folding in-
termediates was not occurring in the cells or in the lysates
and the antibodies were evidently able to precipitate virtu-
ally all the full-length HAO in the lysate, regardless of its age .
The labeled nascent chains were clearly seen in the immuno-
precipitates when the films were exposed somewhat longer.
Fig . 3 shows such fluorographs from infected HeLa cells . A
smear of nascent chains is visible below the full-length HAO.
When cycloheximide was not present during the pulse, the
smear rapidly disappeared as the chains were completed and
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Figure 3. Labeled nascent chains are not finished in the presence
of cycloheximide. HeLa cells were infected with X31 Influenza vi-
rus . 6 h after infection, the cells were pulse labeled for I min and
chased for 0 to 15 min with (b and c) or without (a) 500 /AM cyclo-
heximide. Reduced (a and b) or nonreduced (c) immunoprecipi-
tates of the lysates were analyzed by 7.5 % SDS-PAGE . (d) Quanti-
tation ofgels by scanning densitometry. Nascent chains are visible
as a grey smear below the HAD band, which disappears after 1-min
chase in the absence of cycloheximide (a and d) . In the presence
of cycloheximide, the nascent chains persist throughout the chase
periods (b, c, and d) .

the NT band grew stronger (Fig . 3 a) . In contrast, when
cycloheximide was present in the chase medium, the smear
persisted throughout the chase period (Fig . 3, b and c) .
Fig. 3 d shows the quantitation of the results at different
times of chase .
A known average synthesis time of a protein allows calcu-

lation of the fraction (fo) of incorporated radioactivity that
is in the finished protein at the end ofthe pulse (see Appendix
for details) . Using the equation for an effective pulse time
of 50 s and a synthesis time of 120 s as measured for HAO
we expected to find 21% of HAO-incorporated label in the
full-length protein . The 18% we observed after a 1-min pulse
(Fig . 2 d) was very close to the calculated value, especially
when considering the scatter in the densitometric data . The
noise in the quantitative data in Fig . 2 d and in subsequent
experiments was caused by variability in cell number per
dish, in sample handling, and in the automatic background
reduction during densitometry, all virtually unavoidable given
the number of steps involved .
When pulse time and fo are known the equations can also

be used to obtain a rough estimate of the synthesis time . It
is worth noting that the synthesis times obtained-whether
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experimentally determined as in Fig . 1 or calculated with the
equations in the Appendix-are average values . The actual
synthesis times seem to be variable between individual cells
and/or between polysomes. If all HAO molecules had been
synthesized at the same rate, the labeled nascent chains
should all have been finished within 2 min of chase in the ab-
sence of cycloheximide . That it took about 5 min to reach
the maximum level (Fig . 2 d) suggests heterogeneity in
translation rates .

177 and172Are Folding Intermediates
We monitored the formation of intrachain disulfides in the
pulse-labeled hemagglutinin, taking advantage ofdifferences
in electrophoretic mobility between native HAO and forms
of HAO with incomplete disulfide bonds (Selimova et al .,
1982) . To prevent further folding and disulfide bond forma-
tion after the end of the chase, the cells were flooded with
an ice-cold stop buffer containing 20 mM N-ethylmaleimide
or 20 mM iodoacetamide, to alkylate remaining free sulf-
hydryl groups (Creighton, 1978) . Lysates were made in a
buffer containing nonionic detergent, alkylating agent, and
several protease inhibitors. The HAO was immunoprecipi-
tated from the lysate with a polyclonal anti-HA antibody that
recognizes all conformational forms of HAO (Doms et al .,
1985 ; Copeland et al ., 1986 ; Hurtley et al ., 1989) . The
precipitates were subjected to SDS-PAGE with and without
prior reduction with DTT.

After reduction, the HAO in all the samples migrated as
a single band (Figs . 2, b and c, and 3, a and b) . After a 7.5-
min chase in CHO cells this band underwent a slight increase
in electrophoretic mobility because of carbohydrate trim-
ming (Fig . 2 c, lane 6) (Copeland et al ., 1986) and a subse-
quent decrease because of terminal glycosylation (Matlin
and Simons, 1983 ; Copeland et al ., 1986) . When the corre-
sponding samples were not reduced, up to three separate
HAO bands could be distinguished (Figs . 2 a, and 3 c) . The
three bands all ran faster on the gel than fully reduced HAO
(Fig . 4, lanes 1 and 2) . The most rapidly migrating band cor-
responded to the native fully oxidized HAO (designated NT) .
The two other bands (designated intermediate 1 [ITI] and in-
termediate 2 [IT2]) migrated between NT and the fully re-
duced HAO (Fig . 4, lanes 1 and 2) . ITl and IT2 disappeared
during the chase while NT became stronger.

Figure 4. Electrophoretic mobility and conformation of ITI, IT2,
and NT. Reduced (lane4) and nonreduced (lane 3) immunoprecipi-
tates from the 2-min chase lysate of Fig . 2 a and b were run side
by side . The reduced HAD has a lower mobility than any of the
forms of nonreduced HAD. Immunoprecipitation of this lysate with
the conformation-specific mAbs Fl and F2 shows that Fl recog-
nizes ITl (lane 1), whereas F2 recognizes IT2 and native HAO
(lane 2) .
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Figure 5. Precursor-product relationship of ITl and IT2 with NT.
CHO cells constitutively expressing X31 HAO were pulse labeled
for 1 min at 37°C and chased for up to 15 min with 500 j,M cyclo-
heximide at 30°C. Reduced or nonreduced immunoprecipitates of
the lysates were analyzed by 7.5 % SDS-PAGE . Bands were quanti-
tated by scanning densitometry. (a) NT increases while ITI + IT2
decreases ; the sum ofthe nonreduced bands is equal to the reduced
full-length HAD and stays constant during the chase . (b) ITI and
IT2 disappear with very similar rates .

No HAO band was ever seen at the position of the fully re-
duced HAO when cell lysates were analyzed (Fig . 4) . This
indicated that a fully reduced, full-length HAO did not exist
as an intermediate in the cell . Hence, one or more intra-
molecular disulfide bonds were already formed on the na-
scent HAO chain . In other words, folding and disulfide bond
formation began cotranslationally. This has been shown
previously for soluble secretory proteins (Bergman and
Kuehl, 1979 ; Peters et al ., 1982) .
The electrophoretic mobility of the two transiently ex-

pressed HAO forms, ITI and IT2, showed that they repre-
sented full-length molecules with incomplete or aberrant in-
trachain disulfide bonds . When reduced, they migrated with
fully reduced HAO (Fig . 4, lane 2), when nonreduced they
migrated between the nonreduced, native HAO (NT) and the
fully reduced mature HAO (Fig . 4, lane 1) . In addition to be-
ing different in their disulfide bond composition, the inter-
mediates were clearly different in conformation, as judged
by their antigenic properties . Whenpreparing conformation-
specific mAbs against isolated HA2 subunits, we found one
mAb (called Fl) that immunoprecipitated only ITI (Fig . 4,
lane 3), and another (called F2) that precipitated IT2 and NT,
but not ITI (Fig . 4, lane 4) .
The observation that the amount of labeled ITl and IT2
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during the chase decreased as the label in NT increased, sug-
gested that they were folding intermediates of NT. Using cy-
clohexmide to suppress the increase in HAO label during the
chase, we could address this apparent precursor-product
relationship quantitatively. Fluorographs from a pulse-chase
experiment in HAO-expressing CHO cells were scanned, and
the integrated optical intensities of the three bands deter-
mined . We excluded the data from the first 2 min of chase,
since some increase in labeled HAO still occurred there,
probably because of the time it takes for the cycloheximide
to reach its site of action . It is clear from Fig . 5 a that, in
the time period analyzed, the total amount of labeled HAO
was essentially constant, and that the sum of the intensities
of the ITI, IT2, and NT bands was constant and equal to the
intensity ofreduced full-length HAO. Moreover, NT doubled
in intensity while ITI and 112 decreased . The results clearly
show that ITI and IT2 must be precursors for NT. When plot-
ted separately (Fig. 5 b), it could be seen that the optical in-
tensities of the ITI and IT2 bands decreased in parallel .
Given the noise in the data, however, it was impossible to
determine whether they were each others precursors or inde-
pendent precursors of NT.
The half time of folding was defined as the time at which

50% of the labeled HAO reached the mature form NT. In per-
manently expressing CHO cells the half time of folding was
3.2 min at 37 °C and at 30°C it was around 6 min . The values
were highly reproducible from one experiment to the next .
In some cases, the half time was determined in the absence
of cycloheximide from the time at which ITI plus IT2 were
equal to NT. While less accurate, this value was generally
similar to that obtained with cycloheximide in the chase
medium . The inclusion of cycloheximide did not seem to
have any adverse effects on folding and trimerization (see
below) .

Folding Rates Differ between Cells

Next, the folding process was compared in different cell lines
and expression systems, using hemagglutinins from different
influenza virus strains . Four different cell types were tested :
NIH 3T3 cells, HeLa cells, CHO Kl cells, and CV-1 cells .
HAO was expressed using either influenza infection (in all
four cell types), transfection using an SV-40 recombinant vi-
rus (in CV-1 cells), or by permanent expression (in CHO and
3T3 cells) . HAOs from the X31 (derived from A/Aichi/1986/
H3N2) and the Japan (A/Japan/305/57/H2N2) strains of in-
fluenza A were tested . While the amino acid sequences of
the two HAO molecules show only 42 % similarity, the num-
ber and location of the cysteine residues in the ectodomain
is fully conserved . The half time of folding was determined
as described above . We also defined the end time, the time
needed for folding intermediates to disappear, because we
observed that half time and end time were not necessarily
coupled. Measurements ofboth parameters were found to be
very reproducible . We used the halftime as a measure of the
rate of folding, and end time as a measure of the efficiency
offolding. We defined the efficiency of folding as the percent-
age of HAD that finally reaches the folded state NT. Folding
reached >95 % efficiency in all tested systems except in HeLa
cells : a small fraction of HAO failed to fold completely.
The same two folding intermediates, ITI and IT2, were al-

ways observed for X31 HAO, regardless of cell type and ex-
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Figure 6. Cell type and expression system affect folding of HAO.
(a) Example of fast folding . Japan HAO expressed in CV-1 cells by
recombinant SV-40 infection . (b) Example of slow folding. Japan
HAO constitutively expressed in 3T3 cells . IT2 and native HAO mi-
grate close together and are more difficult to discern than for X31
HAO. (c) The folding assay was carried out as described, for X31
and Japan HAD, in different cell lines, using different expression
systems. Dark areas in the bars denote half times, total length of
the bars denotes end time of folding .

pression system (although they were not always present in
equal ratios) . In Japan HAO, the counterpart for the 172 inter-
mediate was sometimes difficult to discern because it mi-
grated very close to NT (Fig . 6 b) . No other consistent
differences were observed between the two HAO subtypes,
suggesting that they fold in a similar manner.
A striking difference in the folding kinetics was observed

between the various cells and expression systems. As shown
in Fig . 6 c, the half times varied between 1 and 8 min and
the end times varied between 5 and 90 min . An example of
such differences in folding ofJapan HAO is illustrated in Fig .
6, a and b. The differences displayed in Fig. 6 c were not be-
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cause of differences in synthesis rates, as the increase in _la-
beled HAO during the first few minutes of chase (in the ab-
sence of cycloheximide) was the same in each case (Fig . 2
d) . Nor were they caused by differences in the primary
sequence of the proteins synthesized in the various expres-
sion systems, as the cloned X31 as well as the cloned Japan
HAO genes were identical . We concluded that the differences
were cell-type dependent, and that the kinetics of HAO fold-
ing were determined not only by the primary structure of the
protein but also by thecellular context . Furthermore, the cel-
lular factors appeared to be sensitive to the conditions used
for expression and culture.

Folding RatesAre Affected by Wirus Infection
and Stress

Folding of HAO was generally faster and/or more efficient in
cells infected with influenza or SV40 than in cells perma-
nently expressing the proteins (Fig . 6 c) . To determine wheth-
er the folding of both the constitutively expressed HAO and
the HAO of the infecting virus was accelerated, we infected
X31-HAD-expressing CHO cells with Japan influenza, and
Japan-HAO-expressing 3T3 cells with X31 influenza . In both
cases the folding of the constitutively expressed hemaggluti-
nins was accelerated (Fig . 7 a ; lanes 1, 2, 4, and S), but not
to the same extent as the folding ofthe infecting HAD (lane 3) .
Hence, the stimulating influence of infection on folding was
preferentially seen for the hemagglutinin of the infecting vi-
rus . The basis for this surprising effect remains unclear.
The slower folding process observed in the stably express-

ing cells could also be caused by differences between the
transfected and the parental cell lines (as a result of transfec-
tion, selection, or differentiation) . To test this possibility, we
followed the folding of an infected HAO in both the stably ex-
pressing cells and in their parent cell lines (3T3 and CHO) .
Unexpectedly, both transfected cell lines were more efficient
and faster in folding HAO than were their parent cell lines
(Fig . 7 b) . This only magnified the differences in folding
rates between infected and stably expressed HAOs (Figs . 6
c and 7 a) .

Since cellular stress proteins have been implicated in the
folding process, and since such proteins are often induced by
viral infection (Garry et al ., 1983), we submitted the X31-
expressing CHO cells to heat shock and glucose starvation,
conditions that are known to increase the expression ofheat

406

Figure 7 Viral infection accelerates folding of HA0.
(a) Cells constitutively expressing HAO (described as
CHO[X31] or 3T3[Jap]) wereused in the folding assay
after infection with an Influenza strain carrying an an-
tigenically distinct HAO. Folding of only the endoge-
nous HAD was followed . (b) Folding of the infecting
HAD was quantitated in the constitutively expressing
cells and compared to untransfected CHO and 3T3
cells .
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Figure 8. Effect of stress on HAD folding . CHO cells stably express-
ing X31 HAD were subjected to overnight glucose starvation (E) or
to 60-min heat shock (e) before being used in the folding assay.
Cells were allowed to recover for 2 h before the pulse chase started .
(o) Untreated cells .

shock proteins and GRPs in the ER. The cells were allowed
to recover for 2 h in normal medium, and HAO folding rates
were determined . A significant change was observed : the
halftime in the stressed cells was 5.2 min whereas it was 3.0
min in cells that had not undergone stress treatment (Fig . 8) .
Immunoblotting with an antibody to BiP confirmed that the
level of BiP (GRP78) had increased more than sixfold after
the stress treatments (data not shown) . We assume that the
other GRPs had also been elevated by the stress treatment .

10
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Tlrimerization Is Concentration Dependent,
Folding Is Not

To determine whether the rate of folding and subsequent
trimerization and transport were concentration dependent,
we analyzed CHO cells at two different times after influenza
X31 infection . 2 h postinfection, the amount of HAO synthe-
sis was sevenfoldlower than it was 6 h postinfection . The half
times offolding were found to be identical (Fig . 9) . Although
folding half times were the same, the efficiency of folding
was slightly lower at the higher expression level : the folding
intermediates were still present at the 15 min chase time
(Fig . 9 b) .
The rate oftrimerization (assayed by immunoprecipitation

with a trimer-specific mAb, N2) was considerably faster at
6 h (t % = 8 min) than at 2 h (th = 19 min) . The results in-
dicated that the rate of folding was essentially concentration
independent, whereas trimerization was dependent on the
level of HAD expression .

In addition, the acquisition of endoglycosidase H resis-
tance was analyzed to determine whether the kinetics of HAO
transport to the Golgi complex were concentration depen-
dent . Since our previous results have indicated selective
transport of trimers from the ER (Copeland et al ., 1986 ;
Doms et al ., 1987), we expected to find slower transport at
the lower expression level as a consequence of the delay in
trimerization . The acquisition of endoglycosidase H resis-
tance was, indeed, found to be slower but the difference was
smaller than expected . The half time was 19 min at the high
expression level and 22 min at the low expression level (Fig.
9) . This raised the possibility that monomers were trans-
ported to the Golgi complex when the expression levels and

40
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Figure 9 Concentration dependence of HAD fold-
ing, trimerization, and transport to the Golgi com-
plex . CV-1 cells were used 2 h (a) and 6 h (b) after
infection with X31 Influenza . Folding rate was de-
termined as described in Materials and Methods,
trimers were detected by immunoprecipitation
with the trimer-specific antibody N2, and trans-
port to the medial-Golgi was assayed by endogly-
cosidase H digestion of samples immunoprecipi-
tated with a polyclonal anti-HAD antiserum .
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Figure 10. Temperature dependence of HAD folding, trimerization,
and transport to the Golgi complex . CHO cells stably expressing
X31 HAO were pulse labeled for 1 min at 37°C and then chased at
37, 30, 20, or 15°C . Assays were done as in Fig. 7.

trimerization rates were low. Analyzing the labeled trimers
and monomers at different times of chase using sucrose ve-
locity gradient fractionation, however, gave no indication of
monomers in the Golgi complex (not shown) . At no time
during the chase, whether at low or high levels of HAO ex-
pression, did we detect endoglycosidase H-resistant HAO in
the 4.5S monomer fraction . The results provided support for
previous reports from our group and others, that HAO mono-
mers do not reach the Golgi complex (Copeland et al ., 1986 ;
Gething et al ., 1986 ; Doms et al ., 1987; Ceriotti and Col-
man, 1990) .

Temperature Dependence ofFolding, Mmerization,
and Transport
To study the temperature dependence of posttranslational
folding, trimerization, and transport, HAO-expressing CHO
cells were pulse labeled at 37°C for 1 min, and chased at
temperatures between 37 and 15°C. At the onset ofthe chase,
the samples contained a mixture of intermediates ITl and
IT2, but little or no NT (Fig . 2 a, lane 1) .
While the efficiency of folding and trimerization remained

uniformly high at all temperatures (>95%), the rates de-
creased with decreasing temperature (Fig . 10) . A drop in
temperature from 37 to 27°C caused a doubling of the fold-
ing time, a 40% increase in the trimerization time and an
80% increase in the transport time . The order ofevents, fold-
ing, trimerization and transport, was preserved throughout
the temperature range except at 15°C and below, where fold-
ing and trimerization occurred but transport to the Golgi
complex was blocked (Saraste and Kuismanen, 1984) . At
37°C, both folding intermediates ITl and IT2 disappeared
with similar rates (Figs . 2 a, 3 c, and 9) . At lower tempera-
tures, however, ITl disappeared faster than IT2 .

Folding and Trimerization Are Independent
of Translation Rate
Cycloheximide was used to determine whether a decrease in
translation rate would affect HAO folding and trimerization .
While causing virtually complete inhibition of protein syn-
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Figure 11. Synthesis time of HAO in the presence of 10 AM cyclo-
heximide . Experimental conditions were as in Fig . 1, except that
10 AM cycloheximide was added to the preincubation medium and
the pulse medium .

thesis at concentrations above 100 AM, cycloheximide mere-
ly slowed down the rate of synthesis when added to cells at
lower concentrations . The translation time for HAO in the
presence of 10 AM cycloheximide was determined as in Fig .
1 (Fig . 11) . The average synthesis time for HAO was delayed
to -25 min instead of the 2 min observed in untreated cells.
This is in agreement with the increase in full-length labeled
HAO during the chase, seen in Fig . 12 a up to lane 10 (30-min
chase) . The half time for trimerization, determined by im-
munoprecipitation with the trimer-specific antibody N2, was
-60 min (Fig . 12 b) .
When folding and trimerization were analyzed in the pres-

ence of 10 AM cycloheximide, several observations were
made: (a) The decrease in translation rate did not affect the
efficiency of folding : virtually all of the detectable protein
reached the native state . (b) The pathway of folding was not
affected judging by the presence of the ITI, IT2, as well as
the NT form of HAO at different times of chase (e.g ., lane
9) . (c) Synthesis was rate limiting, as indicated by the low
amounts of intermediates present at any time . (d) The effi-
ciency of trimerization was normal, but the rate was slowed
down from a normal half time of 8 min after synthesis to a
half time of ti 30 min after synthesis . This was predictable
in view of the concentration dependence of HAO trimeriza-
tion as demonstrated above. A decrease in synthesis rate
must have led to a decrease in HAO concentration in the ER
at any given time during pulse and chase.

Discussion
The available data on the folding of multidomain proteins in
the ER indicate that the translocated portion of a polypeptide
begins to fold before the entire polypeptide chain has been
synthesized . Such "vectorial folding" has been reported for
IgG heavy chains (Bergman and Kuehl, 1979), for BSA (Peters
and Davidson, 1982) and for other proteins (for review see
Jaenicke, 1987) . Our results provide evidence for vectorial
folding ofHAO, a membrane glycoprotein . We found that the
first detectable full-length HAO already possessed some, but
not all, of the intrachain disulfide bonds . Additionally,
conformation-dependent antigenic epitopes present in the
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Figure 12 . Slow translation of HAO does not affect the folding processes. CHO cell stably expressing X31 HAO were pulse labeled for
2 min and chased for 0 to 60 min . 10,uM cycloheximide waspresent throughout, to increase the synthesis time of HAO. (a) 7.5 % nonreducing
SDS-PAGE . Folding intermediates are present only in low amounts compared to native HAO. Folding is complete after -60 min chase.
(b) 7.5% reducing SDS-PAGE; immunoprecipitation with trimer-specific antibody. Folded monomers do trimerize, though slowly.

fully folded subunit were also present in some ofthe nascent
chains . Consequently, the folding process occurred cotrans-
lationally as well as posttranslationally . Since we have fo-
cused on changes in the full-length HAO, our data primarily
concern the posttranslational folding steps .
The rate of translation obviously provides a lower limit for

how fast folding ofa protein can take place in the living cell .
The average translation rate for HAO at 37°C was -4.5
amino acids per second, and the average synthesis time was
120 s . This is similar to the rate of biosynthesis of most eu-
karyotic proteins (Knopf and Lamfrom, 1965 ; Horwitz et
al ., 1969 ; Vuust and Piez, 1972) . The radioactive pulse time
of 60 s routinely used in our experiments corresponded to
-50 s of effective incorporation time . The shortness of this
time relative to the time of synthesis explained why only a
fraction of the label incorporated into HAD was found in the
full-length protein at the end of the chase . The rest of the la-
bel was in nascent chains, which were completed during the
first 5 min of the chase . This phenomenon resulted in an ap-
parent increase in HAO labeling during the chase, which has
previously confounded investigators who used short pulses
(Lazarovits et al ., 1990) . Since the pulse-chase approach is
one of the few methods available to analyze folding in vivo,
this intrinsic problem must be controlled when studying
events that occur cotranslationally or immediately after com-
pleted synthesis . We found that one way to do this is to add
cycloheximide to the chase medium, and so prevent the com-
pletion of nascent chains . Not only does this make the pulse
sharper, it also allows the determination of precursor-prod-
uct relationships for folding intermediates .
Cycloheximide can also be used to slow down translation .

We found that a concentration of 10 p.M of this reversible
elongation inhibitor decreased the synthesis rate of HAO 12-
fold . The efficiency of folding, trimerization and transport
were not affected . A decreased synthesis rate thus did not ad-
versely affect the final outcome of co- and/or posttransla-
tional HAO folding . This conclusion was supported by results
at different temperatures : we found that while synthesis rates
and folding rates decreased with decreasing temperature, the
efficiency of folding and trimerization remained high .
The change in electrophoretic mobility of alkylated, non-

reduced HAO upon formation of intrachain disulfides pro-
vided a simple assay for folding . It has been extensively used
both in vivo and in vitro experiments before (Creighton,
1978) . The ectodomain of the mature protein has twelve cys-
teines, all of which are part of intrachain disulfide bonds .
Two ofthem (14-465 and 52-277) form large loops in the pro-
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tein, which may explain the large difference in mobility be-
tween reduced and nonreduced HAO (Fig . 4, lanes 3 and 4) .
Two folding intermediates (IT1 and IT2) were seen . The
missing disulfide crosslinks in these intermediates have not
yet been identified, but they may correspond to the two loop-
forming disulfides . Differential reactivity with conformation
specific monoclonals indicated that ITl, IT2, and the native
form were conformationally distinct. In Japan HAO, two
folding intermediates were seen as well, but one of them
(IT2) had a different electrophoretic mobility than either of
the X31 HAO intermediates .
The posttranslational folding rates for HAO varied sig-

nificantly among cell types, indicating that the cellular con-
text affected the rate and efficiency of HAO folding. When
cells permanently expressing HAO were infected with influ-
enza virus possessing an HAO that could be distinguished
from the constitutively expressed HAO, the infecting virus
accelerated folding of the constitutively expressed HAO, al-
though not to the same extent as the folding of its own HAO.
Apparently, viral infection caused a general acceleration in
HAO folding . The reason why there was still a difference in
rate between the constitutively expressed and the infected
HAOs remains unexplained .
We assayed the folding rate in cells containing elevated

amounts of stress proteins, induced by heat shock or glu-
cose starvation . This was of interest since these proteins are
thought to play a role in folding (Rothman, 1989) . In the
stressed cells, the folding of HAO was slower than in control
cells . More detailed studies are needed to determine which
stress-induced protein(s) or which changes are responsible
for this effect . It is noteworthy in this context that HAO does
not bind detectable amounts of BiP during folding (Hurtley
et al ., 1989) . Transient association of BiP with folding inter-
mediates has been described for several other glycoproteins
(Bole et al ., 1986 ; Machamer et al ., 1989 ; Ng et al ., 1989) .
It will be of interest to determine whether their folding de-
pends on BiP concentration .
We also determined the effect of expression level on the

rates of folding, trimerization, and transport . No difference
was found in the half time of folding over a sevenfold range
in expression level . The somewhat longer end time for fold-
ing at high expression levels suggested, however, that the
process may become saturated at very high levels of expres-
sion, but this needs to be confirmed . In the same experi-
ments, we observed a clear-cut concentration dependence of
trimerization . Trimers formed with a half time of 8 and 19
min at the high and low expression levels, respectively. The
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results were confirmed by the experiments in which the
translation rate of HAO was decreased by cycloheximide
(Fig . 12 b) . When the synthesis rate of HAO was around 10-
fold lower than in untreated cells, trimerization of HAO was
much slower than could be accounted for by a slower synthe-
sis . After correction for synthesis time, trimerization was
delayed more than 20 min compared to untreated cells . The
concentration dependence of trimerization revealed by these
experiments was consistent with recent data in Xenopus oo-
cytes transfected with different amounts of HAO mRNA,
where trimerization of HAO was also clearly concentration
dependent (Ceriotti and Colman, 1990), and with our previ-
ous observations that trimers assemble from a mixed pool of
monomers (Boulay et al ., 1988) .
From a theoretical point of view, the difference in trimer-

ization rate (2 .5-fold over a sevenfold concentration range)
was surprisingly small . Iftrimerization were an ideal second-
order reaction, a sevenfold increase in concentration would
yield a 49-fold faster trimerization rate and a sevenfold lower
half time . The likelihood that trimerization corresponds to
two second-order reactions, and that it occurs in a two-
dimensional membrane system (Grasberger et al ., 1986),
would tend to further increase the anticipated difference. A
more complete analysis of the concentration dependence of
oligomerization in the ER is clearly needed . At present, we
suspect that HAO trimerization is a multi-step reaction,
which involves second- as well as zero-order reactions, both
of which contribute to the overall kinetics .
Judging from the acquisition of endoglycosidase H resis-

tance, the transport of HAO to the Golgi apparatus was
slower at the lower expression level than it was at the higher
expression level (t-h of 22 vs . 19 min) . This difference was
smaller than expected, based on the decreased rate oftrimer-
ization . We considered the possibility that HAO could leave
the ER, reach the Golgi complex, and become endoglycosi-
dase H resistant as a monomer . While the exact location of
trimerization is still debated (Yewdell et al ., 1988 ; Hurtley
and Helenius, 1989 ; Lazarovits et al ., 1990), monomer
transport of HAO into the Golgi complex has not been ob-
served in tissue culture cells (Copeland et al ., 1986 ; Gething
et al ., 1986 ; Copeland et al ., 1988 ; Yewdell et al ., 1988) or
Xenopus oocytes (Ceriotti and Colman, 1990) . We ad-
dressed this question by velocity gradient centrifugation, and
found no endoglycosidase H-resistant HAO in the 4.5S
monomer peak . The fast transport of HAO at low expression
levels must therefore have another explanation . Perhaps it is
caused by a difference in the secretory pathway early and late
during viral infection, by a saturable transport mechanism,
or by the presence of a transport competent HAO trimeriza-
tion intermediate, that is not detected by the trimer specific
antibodies .
Together with previous work on quality control in the ER

(Lodish, 1988 ; Rose and Doms, 1988; Hurtley et al ., 1989 ;
Klausner, 1989), our results provide a partial explanation for
why the rates and efficiencies with which proteins are trans-
ported from the ER are so different . For soluble and mem-
brane proteins, the half times vary from -10 min to several
hours (Lodish et al ., 1983 ; Fries et al ., 1984 ; Matter and
Hauri, 1991) . The efficiency of transport also varies widely .
Clearly, the most important factors are the rate and efficiency
of folding of the individual proteins and, when appropriate,
the rate and efficiency ofoligomer assembly. The folding rate
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is determined by the nature of the polypeptide chain and, as
documented in this paper, by cellular factors and conditions .
As a first approximation, folding rates are independent of ex-
pression level . The rate of oligomeric assembly depends on
the complexity of the quaternary structure (the number of
different subunits, the number of subunits in the complex,
the architecture of the complex), and on the concentration
of subunits in the ER . Once the oligomers have formed,
transport to the Golgi complex takes place . Whether the
transport is concentration dependent as suggested by the
bulk flow model (Pfeffer and Rothman, 1987), needs to be
further investigated . Slow transport of a protein is, according
to our view, caused by slow folding, a low expression level,
and slow assembly. Inefficient transport is caused by misfold-
ing and incomplete assembly.

It is noteworthy that all the early events we studied dis-
played asynchronism . While the average time for HAO bio-
synthesis was 2 min, our results suggested that some labeled
polypeptide chains were still being synthesized as late as
5 min after the pulse. Individual polypeptide chains labeled
during a 1-min pulse, took 1-20 min to fold, and 20-30 min
to trimerize . The lack of synchronism at each step of the
pathway explains why proteins synthesized together in the
ER, reach the plasma membrane over a wide time period .

Appendix

If the average synthesis time of a protein is known, one can calculate what
fraction of the radioactivity associated with the protein at the end ofa pulse
will be incorporated into the completed polypeptide chains . Protein synthe-
sis can be depicted as in the figure . It is assumed that initiation occurs con-
tinuously (in the figure from left, N, to right, C) that the elongation rate
is constant, that the specific activity of incorporated radioactive label is con-
stant during the effective pulse, and that methionines and cysteines are
evenly spaced over the amino acid sequence.

The horizontal lines depict the synthesis of polypeptide chains, starting
from the NHZ terminus ; the length of the lines (s) is the average synthesis
time; p is the effective pulse time (i .e ., the actual pulse time minus the lag
in radioactive incorporation, see Fig . 1) ; a is a parameter corresponding to
the number of nascent chains of the protein at any given point in time . The
amount of radioactivity incorporated is represented by shaded surface areas
in the figure . At the end of a pulse, the amount of radioactive label present
in nascent and completed protein is a x p . The amount in completed pro-
teins is shown in darker grey, the amount in nascent chains in lighter grey.

For calculating the fraction (f) of incorporated radioactive label in the
completely translated protein, two different equations apply, depending on
whether the pulse is longer or shorter than the synthesis time .
Whenp < s,f is (b x p x 0.5)/(a x p) . Since tan 0 equals als equals

blp, f is pl2s . When p > s,f is [(a x s x 0.5) + (e x s)] 1(a x p) . Since
tan a equals als equals el(p - s), f is [(a x s x 0.5) + a(p - s)) la x
p, being 1 - sl2p. Whenp = s, both equations apply, and f will be 0 .5.
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