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Although bovine pancreatic RNase is one of the best charac-
terized proteins in respect to structure and iu vitro refolding,
little is known about its synthesis and maturation in the endo-
plasmic reticulum (ER) of live cells. We expressed the RNase in
live cells and analyzed its folding, quality control, and secre-
tion using pulse-chase analysis and other cell biological tech-
niques. In contrast to the slow in vitro refolding, the protein
folded almost instantly after translation and translocation into
the ER lumen (t1, < 3 min). Despite high stability of the native
protein, only about half of the RNase reached a secretion com-
petent, monomeric form and was rapidly transported from the
rough ER via the Golgi complex (¢, = 16 min) to the extracel-
lular space (¢, = 35 min). The rest remained in the ER mainly
in the form of dimers and was slowly degraded. The dimers
were most likely formed by C-terminal domain swapping since
mutation of Asn''?, a residue that stabilizes such dimers, to
Ser increased the efficiency of secretion from 59 to 75%. Con-
sistent with stringent ER quality control iz vivo, the secreted
RNase in the bovine pancreas was mainly monomeric, whereas
the enzyme present in the cells also contained 20% dimers.
These results suggest that the efficiency of secretion is not only
determined by the stability of the native protein but by multi-
ple factors including the stability of secretion-incompetent
side products of folding. The presence of N-glycans had little
effect on the folding and secretion process.

Our current understanding of protein folding is mainly de-
rived form in vitro studies in which proteins are denatured
and then allowed to refold. A spectrum of powerful methods
exists to monitor the refolding process, and an impressive
body of detailed information is available on the refolding of
many proteins. However, because the conditions typically
used during the refolding experiments are far removed from
those prevailing in the cytosol of cells or in the lumen of the
endoplasmic reticulum (ER),” it is not clear to what degree the
results are applicable to in vivo maturation of proteins. Differ-
ences exist in respect to temperature, pH, ionic milieu,
crowding, etc. In vitro refolding is generally performed in the
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absence of folding enzymes, chaperones, and other interacting
factors. Moreover, whereas folding in live cells can be co-
translational and therefore vectorial, refolding involves by
definition the complete polypeptide chain.

The substrate proteins used for in vitro refolding studies
are generally small, monomeric, soluble, and devoid of cova-
lent post-translational modifications. The larger and more
complex a protein, the lower tends to be the refolding effi-
ciency. In contrast, proteins whose folding has been analyzed
in live cells are often large and complex multidomain proteins
such as influenza HA (1), tyrosinase (2), and the cystic fibrosis
transmembrane conductance regulator (3). These begin fold-
ing as growing nascent chains and reach their native confor-
mation post-translationally several minutes or even hours
after translation. They interact with numerous chaperones,
and many undergo oligomeric assembly before they are ex-
ported out of the ER.

Most of the work that has been performed so far to analyze
folding in vivo has focused on oxidative folding in the ER be-
cause it is possible to rapidly interrupt the folding process by
addition of membrane-permeable alkylating agents to block
further disulfide formation (1). In favorable cases, this allows
identification and characterization of intermediates in the
oxidative folding process. The association of nascent chains
and newly synthesized proteins with chaperones, folding sen-
sors, degradation machinery, and lectins is generally detected
using immunoprecipitation. Additional information is ob-
tained using perturbations in the form of inhibitors, mutant
proteins, and genetic manipulation of the cell.

The type of information gained from in vivo studies is not
easily correlated with the detailed information acquired using
in vitro refolding and biophysical read-outs. Therefore, in this
study, we try to bridge between the two approaches by analyz-
ing the in vivo folding and maturation of one of the best stud-
ied in vitro refolding substrates, bovine pancreatic RNase. It is
the protein used in Anfinsen’s pioneering refolding studies
(4), and its refolding continues to be the subject of detailed
analysis (5, 6). It is a monomeric, stable, soluble, secretory
enzyme composed of 124 amino acids (6). Two disulfide
bonds link together surface loops, and two others connect one
of the a-helices to a B-sheet. The disulfides contribute to the
high stability (7). Bovine RNase has one consensus sequence
for N-linked glycosylation (Asn®*) and occurs in a nonglyco-
sylated (RNase A) and a glycosylated form (RNase B).

MATERIALS AND METHODS

Materials—Cell culture reagents were from Invitrogen and
Sigma; purified bovine RNase A and B, protein A-Sepharose
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CL-4B beads, DTT, tunicamycin, brefeldin A, aprotinin, pep-
statin, leupeptin, and chymostatin from Sigma. N-Ethylmale-
imide was from Fluka; CHAPS was from Pierce; restriction
enzymes and endoglucosidase H (Endo H) were from New
England Biolabs, and TurboPfu® DNA polymerase from
Stratagene. Monoclonal HA.11 antibody was from Covance,
rabbit polyclonal affinity purified bovine RNase antibody from
Abcam. The calnexin and mannosidase II antibodies have
been described in Refs. 8, 9. The Sec13 antibody was a kind
gift from Y. Misumi (10). Alexa Fluor secondary antibodies
were purchased from Molecular Probes (Invitrogen), anti-
rabbit IgG HRP, ECL Plus Western blotting detection system,
and Promix [**S]methionine/cysteine were from GE Health-
care, and Superfect® Transfection Reagent was from Qiagen.
All chromatographic experiments were performed on an Am-
ersham Biosciences Aekta purifier system. Superdex 75 HR
10/30 column was from Pharmacia.

Plasmid Construction—The bovine RNase constructs con-
tained the first 24 residues from influenza HA, i.e. HA signal
sequence and HA tag followed by the synthetic mature se-
quence of bovine RNase (11), in the vector pSVSPORT1 (In-
vitrogen), as described for human RNase (12). Point muta-
tions were introduced by single base pair exchange using the
QuikChange® site-directed mutagenesis protocol (Strat-
agene). All sequences were checked by sequencing.

Cell Culture, Transfection, Labeling, and Immunoprecipita-
tion (IP)—CHO cells were maintained in minimal essential
medium « supplemented with 10% fetal calf serum. CHO cells
were transiently transfected using Superfect according to the
manufacturer’s instructions (Qiagen). Metabolic labeling
(pulse-chase) and IP were performed as described (13). Vari-
ous drugs were added to cells during the pulse and the chase
with the following final concentrations: DTT (5 mm), brefel-
din A (5 mg/ml), tunicamycin (5 mg/ml), and castanosper-
mine (1 mm).

Enzyme Treatments—After boiling of samples in SDS and
DTT, Endo H was added, and the mixture was incubated for 1 h
at 37 °C. Trypsin digestion was performed as follows; after IP,
immunocomplexes derived from cells and medium were resus-
pended in 20 ul Hepes buffered saline (HBS) and subjected to
trypsin digestion (10 mg/ml trypsin for 5 min at 20 °C).

SDS-PAGE—Samples were analyzed by 15% SDS-PAGE.
Gels were visualized by a Storm 860 PhosphorImager (Molec-
ular Dynamics) and quantified using Image] software.

Indirect Immunofluorescence—CHO cells grown on 12-mm
coverslips were transfected, fixed, and stained as described
(14). Confocal fluorescence microscopy was performed using
a Zeiss LSM 510 Meta system. For wide field fluorescence
microscopy, an Olympus IX71 microscope was used.

Image Analysis—CellProfiler (15) routines were used for
semiautomated analysis of epifluorescence images. After
background subtraction, Golgi outlines were detected based
on mannosidase II staining and cellular outlines based on
RNase signals. The ratio of RNase fluorescence in Golgi/total
was determined for each cell. # = 200 cells were analyzed per
condition.

Preparation of Domain Swapped Bovine RNase Dimers—
Oligomers were obtained as described (16).
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Gel Filtration—A Superdex 75 HR 10/30 column was equil-
ibrated and run at 0.5 ml/min in HBS buffer. Fractions of 0.5
ml were collected for further analysis.

Cell Fractionation—CHO cells were washed with PBS and
homogenization buffer (HB; 250 mm sucrose, 10 mm Hepes,
pH 7.4, 1 mm EDTA). After pelleting, the cells were resus-
pended in HB containing protease inhibitors and disrupted by
20 passages through a 25-gauge needle. Nuclei and unbroken
cells were spun down at 1100 X g. The supernatant was cen-
trifuged in a Beckmann TLA 120.2 rotor at 100,000 X g for 60
min. The microsomes were resuspended by loose douncing in
0.5 ml of HB and loaded on top of linear 0—15% iodixanol
gradients followed by centrifugation in a Beckmann SW+41
rotor at 25,000 rpm for 18 h. 12 fractions were collected.

Preparation of Bovine Pancreatic Tissue and Juice—Fresh
bovine pancreas was obtained from the slaughterhouse. To
isolate pancreatic juice, the end of the pancreas was cut out.
The juice was carefully removed from the duct with a pipette
and then cleared by centrifugation. Pancreatic tissue (1.5 g)
was cut up into small pieces and homogenized in the cold in 2
ml of buffer (HBS, pH 7.4, 1 mm PMSF, 2% CHAPS, protease
inhibitors). The suspension was cleared by centrifugation, and
the supernatant was collected.

RESULTS

Synthesis and Glycosylation—CHO cells were transfected
with bovine RNase constructs. To ensure constant and effi-
cient signal sequence cleavage in these cells, we used a con-
struct with the signal sequence of influenza HA followed by a
HA tag. Folding and secretion of the RNase was analyzed us-
ing a pulse-chase approach with short (1-4 min) pulses of
[**S]methionine and [**S]cysteine. Immediately after the
pulse, or after chase periods of variable length in the presence
of unlabeled amino acids, N-ethylmaleimide containing stop
buffer was added to block further protein synthesis and to
inhibit post-lysis folding by alkylating remaining free sulthy-
dryl groups (1). The cells were lysed with CHAPS in the pres-
ence of N-ethylmaleimide and protease inhibitors, and me-
dium and lysate immunoprecipitated with polyclonal
antibodies that recognized both native and denatured RNase
molecules. The precipitates were reduced and subjected to
SDS-PAGE followed by autoradiography.

Two bands of approximately equal intensity were observed,
the faster migrating with a molecular mass of 13—14 kDa and
the slower with 15-16 kDa (Fig. 1, lanes I and 5). When the
cells were treated with the glycosylation inhibitor tunicamy-
cin, only the faster migrating band was present indicating that
it corresponded to the unglycosylated form RNase A, and the
slower band to the glycosylated form RNase B (Fig. 1, lanes 4
and 8). Thus, glycosylation of the RNase in CHO cells was
limited to about half of the molecules.

Even when exit of the RNase from the ER to the Golgi com-
plex was blocked using brefeldin A, no further glycosylation
occurred over time (Fig. 1, lanes 3 and 7). This suggested that
glycosylation of the RNase was co-translational and that fold-
ing occurred rapidly. It is noteworthy that when DTT, a
membrane-permeable reducing agent, was added to prevent
oxidative folding (17), the fraction of glycosylated bovine
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RNase continued to increase during the chase with virtually was resistant. This indicated that bovine RNase folded to a
full conversion to RNase B within 60 min (Fig. 1, lanes 2 and trypsin-resistant form with a half time of less than 3 min after
6). Such post-translational addition of N-glycans was consis- completed synthesis.

tent with results obtained for some other glycoproteins indi- To determine how rapidly the folding yielded a transport-
cating that glycosylation can occur post-translationally if a competent protein, we took advantage of the difference in
protein remains incompletely folded (18, 19). DTT sensitivity of incompletely folded and fully folded pro-

Folding—To determine the rate of folding, we took advan-
tage of the conversion of RNase from a protease-sensitive to a
protease-resistant form (11, 20). The RNase secreted into the
medium was fully resistant to trypsin as shown in (Fig. 2A4).
Less than 10% of the labeled protein was resistant at the end
of a 1-min pulse (Fig. 2B). However, after a 4-min pulse 80%,
and after a further 4 min of chase, 95% of the labeled protein

teins by performing a wash-out/readdition experiment (21).
DTT rapidly reduces disulfide bonds in misfolded and incom-
pletely folded proteins but generally does not reduce disul-
fides in folded proteins (17). Therefore, it prevents exit of pro-
teins that are not yet fully folded from the ER but does not
affect secretion of proteins that have reached the folded form

(22).
After inclusion in the pulse medium to prevent folding of
P:3min__ C:Omin P:3min__ C:60 min the newly synthesized RNase, DTT was washed away during
BDrTerl din A T, T, the chase for a time window ranging from 1 to 15 min (Fig. 2,
Tunicamycin ¥ ¥ D and E). During this DTT-free period, oxidation and folding

NF gy | HFg w1 could take place. When the reducing agent was added again,
A T - o e [y — e = (LYSATE  further oxidative folding was stopped, and any proteins still
incompletely folded were reduced. Those RNase molecules
that had managed to reach the fully folded form remained

i 1. «== |MEDIUM  unaffected and were secreted. After readdition of DTT, the
cells were chased for a further 60 min to allow quantitative
Lane 1 2 3 4 5 6 7 8 secretion of such molecules.

FIGURE 1. Bovine RNase A (A) and B (B) are secreted in CHO cells. Cells Consistent with rapid folding a window of 1 min without
transiently expressing bovine RNase were pulsed for 3 min (P, 3 min) (0.2 ’

mCi/ml [>>SIMet/Cys) and either directly treated with stop buffer (C, 0 min) DTT was enough to allow 25% of the newly synthesized

or after 1-h chase (C, 60 min). After IP of RNase from cell lysates or medium, RNase molecules to reach a DTT-resistant and transport-
samples were subjected to reducing SDS-PAGE followed by autoradiogra-

phy. Where indicated, drugs were added to the pulse and chase media. competent form (Fig. 2E). The half-time was 2.1 min, and af-
A P:4 min B P:1 min P:4 min P:4 min C P:4 min
C:60 min C:0min C:0 min C:4 min C:60 min
trypsin + trypsin + + + trypsin +
— e — - - = e e B ———
-—— - S e A o
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D 4 min pulse . . F @ 1.0
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FIGURE 2. Folding of bovine RNase occurs rapidly in the ER of CHO cells. Cells expressing bovine RNase were pulse-labeled (0.5 mCi/ml [**S]Met/Cys)
with or without chase (times are indicated). Folding was assayed by trypsin resistance of RNase. After IP of RNase molecules with RNase antibody from the
media (A) or cell lysates (B and C), samples were subjected to trypsin digestion for 5 min at 20 °C followed by reducing SDS-PAGE and autoradiography.

D and E, pulse-chase (0.5 mCi/ml [**S]Met/Cys) of bovine RNase in CHO cells to determine folding after DTT washout and readdition. Cells were labeled in
the presence of DTT (4 min) and subsequently chased in medium lacking DTT for the time indicated (chase without DTT), followed by a chase for 60 min in
medium supplemented with DTT. After IP of secreted RNase with RNase antibody from the medium, samples were subjected to reducing SDS-PAGE
followed by autoradiography. F, quantification of secreted RNase molecules. The amount of secreted RNase after 15 min of folding time in the ab-
sence of DTT was set to 1. The other data points were normalized to it and fitted with a Boltzmann sigmoidal curve. A half-time of 2.1 min was calcu-
lated. A, RNase A; B, RNase B.
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FIGURE 3. Movement of newly synthesized bovine RNase from dense to light microsomal fractions. Microsomal vesicles were prepared from CHO cells
and separated on linear 0-15% iodixanol gradients. Gradient fractions were TCA precipitated and immunoblotted with calnexin (A), derlin-1 (B), and Sec13
(C) antibodies. D-G, CHO cells were pulse-labeled (0.5 mCi/ml [3**S]Met/Cys) and chased for the indicated times. Where indicated, drugs were added to the
starvation, pulse, and chase media. Cells were homogenized, and microsomal vesicles were loaded on the gradients. After centrifugation, fractions were
collected from the top and immunoprecipitated with RNase antibodies followed by reducing SDS-PAGE and autoradiography. A, RNase A; B, RNase B.

ter 4 min, the maximum level of secretion competence had
already been reached (Fig. 2F).

Thus, the results indicated that the rate of folding of newly
synthesized bovine RNase A and B in the cell was orders of
magnitude faster than that observed for the RNase during in
vitro refolding, a process that can take several hours (4, 23).
The folding time was also unusually short compared with
most other proteins that have been analyzed in the ER of live
cells (24). No difference in the rate was observed between the
glycosylated and nonglycosylated forms. Also, there seemed
to be little difference whether folding was allowed to occur
normally or “jump started” post-translationally by DTT wash-
out. The normal in vivo oxidative folding is, in fact, likely to
occur post-translationally as well, because in each of the na-
tive disulfides at least one of the cysteines is still located
within the ribosome or translocon complex at the time of
chain termination. Attempts to demonstrate association with
BiP and calnexin failed (data not shown) suggesting that if
interactions with these chaperones occurred, they were brief.

Export from Rough ER—Protein synthesis and translocation
of newly synthesized proteins occurs in the rough ER. To
monitor the movement of newly synthesized RNase from the
rough to the smooth ER (where the ER exit sites are located)
and to the ER-Golgi intermediate compartment, we took ad-
vantage of the buoyant density difference between vesicles
derived from rough and smooth membrane domains. Optimal
separation by isopycnic density gradient centrifugation was
achieved when microsomal vesicle fractions from CHO cells
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were subjected to ultracentrifugation in 0-15% linear iodixa-
nol gradients. Immunoblotting of gradient fractions showed
that calnexin (an abundant ER chaperone) and derlin-1 (a
component of the ER-associated degradation machinery)
were present in a dense vesicle fraction, whereas Sec13A (a
component of the COP II coat of ER exit sites, and thus part
of the smooth ER) was found mainly in light vesicles (Fig. 3,
A-C).

To analyze the distribution of newly synthesized bovine
RNase, RNase-expressing cells were first pulse-labeled and
chased in the presence of DTT to prevent folding and export.
IP showed that the labeled bovine RNase was only present in
dense vesicles (Fig. 3D). Thus, when oxidative folding was
prevented, the RNase was retained in the rough ER.

When cells were pulsed for 2 min and chased for 3 min in
the absence of DTT, we observed 30% of the labeled RNase in
top fractions (Fig. 3E). Although the rapidity of the transfer
made it hard to define a clear time course, this suggested that
already shortly after translation a fraction of the RNase moved
from the rough to the smooth ER. After a prolonged chase (60
min) to allow the secretion-competent RNase to drain out of
the ER and leave the cell, the distribution of remaining labeled
RNase was 70% in dense and 30% in light vesicles (Fig. 3G).
The transport-incompetent RNase molecules retained in the
ER at this late time were thus distributed between the rough
and smooth elements of the ER. Similar amounts of RNase
(30%) were found in the top fractions, when cells were pulsed
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FIGURE 4. Bovine and human RNase are secreted rapidly but with different efficiency. A, CHO cells expressing bovine RNase were pulse-labeled (0.5
mCi/ml [>*SIMet/Cys) for 2 min and chased for the indicated times. After IP of RNase from cell lysates or media with RNase antibody, samples were sub-

jected to Endo H digestion followed by separation on reducing SDS-PAGE and autoradiography. B, the percentage of Endo H-resistant RNase B was plotted
versus chase time and was fitted with a Boltzmann sigmoidal curve. A half-time of 16 min was calculated. Error bars represent the S.E. C, secreted RNase after
a 60-min chase was used as a control. D, one representative example of three independent pulse-chase experiments of human and bovine RNase in CHO
cells. After IP of RNase from cell lysate or medium, samples were subjected to reducing SDS-PAGE followed by autoradiography (quantification by ImageJ).
E, the fraction of secreted RNase of total RNase (cells and medium) was plotted versus chase time. Data points represent means * S.E. and were fitted with a

Boltzmann sigmoidal curve. A, RNase A; B, RNase B.

and chased in the presence of brefeldin A to prevent export
beyond the ER-Golgi intermediate compartment (Fig. 3F).

Taken together, the cell fractionation results suggested that
the RNase begun to leave the rough ER immediately when
oxidative folding was completed and that movement beyond
the ER-Golgi intermediate compartment occurred after 5 min
or longer. The transport-incompetent RNase that remained in
the ER after 60 min was mainly retained in the dense ER
compartments.

Passage through Secretory Pathway—To determine the ki-
netics and efficiency by which RNase reached the Golgi com-
plex, we took advantage of the observation that the secreted
RNase B was Endo H-resistant (Fig. 4C), i.e. the N-linked gly-
can was converted to the complex type. Conversion occurs in
the medial Golgi (25). A pulse-chase experiment showed
that the first Endo H-resistant RNase B molecules ap-
peared after 10 min chase (Fig. 44). The half-time of con-
version was 16 min, and the maximum level was reached
after 30 min (Fig. 4B).
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Secretion of bovine RNase molecules from the cell started
after 12 min of chase (Fig. 4E, data not shown). The half time
was 35 min, and a plateau corresponding to ~59% (* 5%) of
total RNase was reached by 70 min (Fig. 4, D and E). Thus,
secretion of bovine RNase was fast and relatively synchronous
but inefficient. RNase A and B were secreted in about equal
proportions and with identical kinetics. The lack of effect on
secretion by tunicamycin, an inhibitor of N-linked glycosyla-
tion, confirmed that the N-linked glycan of RNase B was not
needed for folding and had no effect on secretion (Fig. 1, lanes
4 and 8).

Altogether, the data indicated a rapid progression of RNase
through the maturation and secretion process. For the aver-
age RNase molecule, folding was completed in 2.5 min after
synthesis, transport from the rough ER to smooth membrane
compartment occurred within 5 min after synthesis, glycan
modification in the medial Golgi occurred after 16 min, and
release from the cell occurred after 35 min. The first mole-
cules in the pulse-labeled cohort became Endo H-resistant
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3 glycans.

after 10 min and already secreted after 12 min of chase. This
time course was unusually rapid approaching the flow rate for
a soluble bulk phase marker in the secretory pathway of CHO
cells (14).

Folding and Secretion of Human RNase— Although human
and bovine pancreatic RNases share 70% sequence identity
and a similar structure (Fig. 5, A and B), the human enzyme
differs by having three sequons for N-linked glycosylation
instead of one (Fig. 5A4) and by being less stable (7', 53 °C
compared with 62 °C for bovine RNase) (7, 26).

We expressed human RNase in CHO cells and found that
its maturation resembled that of the bovine counterpart in
many respects. All four glycoforms (0-, 1-, 2-, and 3-glycans)
were generated and secreted. With a lag time of 10—15 min,
and t, of 27 min (Fig. 4, D and E), secretion was even faster
than for bovine RNase. Also, with 73% (% 3%), the efficiency
of secretion was clearly higher.

Quality Control—The final issue to be addressed was the
poor efficiency of secretion of the bovine homologue. Ineffi-
cient secretion of proteins is usually due to incomplete folding
and/or oligomerization (27, 28). Misfolded or unassembled
proteins fail to move to the Golgi complex and beyond and
are degraded by ER-associated degradation at variable rates.
Frequently, they form aggregates, acquire non-native inter-
chain disulfides, and associate permanently with chaperones.

The low efficiency of wild-type bovine RNase secretion
(59% of total) was not caused by rapid degradation because
after 3 h of chase, the amount of total, pulse-labeled RNase
was only reduced by ~10%. Indirect immunofluorescence
microscopy of RNase-expressing cells that were treated for 60
min with cycloheximide (a protein synthesis inhibitor)
showed that secretion incompetent RNase was retained in the
cells and resided in the ER co-localizing with calnexin (sup-
plemental Fig. 1). When CHAPS lysates of [**S]methionine-
and [**S]cysteine-labeled cells were analyzed by sucrose ve-
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locity gradient centrifugation, the majority of cell-associated
RNase A and B were found to sediment with S, ,, < 3 con-
sistent with monomers or small oligomers (data not shown).
Thus, the cell-associated transport-incompetent RNase was
not present in large, stable aggregates. SDS-PAGE after alky-
lation with N-ethylmaleimide showed that interchain disul-
fide bonds were not present nor did the RNase coimmuno-
precipitate with BiP or calnexin, two major ER chaperones
(data not shown). That the retained RNase was trypsin resis-
tant (Fig. 2C) indicated that it was extensively folded.

Dimers Are Retained—To determine what was different
about the retained versus the secreted RNase, we subjected
samples of labeled CHO cell lysates and medium to size ex-
clusion chromatography. To calibrate the column, we used
purified, monomeric RNase A and B, as well as domain-
swapped RNase dimers and higher oligomers prepared ac-
cording to a protocol in which RNase is subjected to lyophili-
zation from acetic acid (16). The elution profiles of
monomeric RNase A and B, and RNase oligomers are shown
in Fig. 6A. Oligomers generated in this way are predominantly
composed of dimers in which the C-terminal 3-strands (resi-
dues 116 —124) are swapped between otherwise fully folded,
oxidized, and enzymically active molecules (Fig. 7A) (29, 30).

When CHO cells expressing bovine RNase were pulse-
labeled for 15 min, and a lysate was fractionated on the same
column (Fig. 6B), about half of the labeled RNase was found
to elute as monomers (fractions 25—28). The other half had an
elution volume identical to dimers (fractions 21-23, see Fig. 6,
arrowhead). Under the conditions used, these dimers were
quite stable judging by resistance to SDS and DTT treatment
before SDS-PAGE.

Interestingly, when medium samples from cells that were
pulse-labeled and chased for 60 min were analyzed, the se-
creted RNase was exclusively in the monomeric form (Fig.
6D). Analysis of lysates from cells that had been pulsed for 15
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trimers of RNase A and B. A mixture of monomers, dimers, and higher olig-
omers was prepared from a partially purified RNase A and B fraction by
lyophilization according to the protocol by Crestfield et al. (16) and sub-
jected to Superdex 75 gel filtration (red profile). Untreated RNase A mo-
momers were also analyzed on the same column (black elution profile). Un-
treated RNase A peaked in fraction (F) 27. RNase dimers peaked in fraction
23, monomeric RNase B peaked in fraction 25, monomeric RNase A peaked
in fraction 27. B, CHO cells expressing bovine RNase were pulsed for 15 min
(0.5 mCi/ml [**SIMet/Cys). After labeling, the cells were lysed. A sample of
the lysate (T) was removed, and the rest was applied to a Superdex 75 gel
filtration column. The lysate sample (7) and the eluted fractions were sub-
jected to IP using polyclonal RNase antibody followed by reducing SDS-
PAGE and autoradiography. The bands corresponding to dimeric RNases
(arrowheads) were resistant to SDS and DTT. C and D, cells were pulsed for 15
min and chased for 60 min. Both media and cell lysates were fractionated on a
Superdex 75 gel filtration column. Note that only the monomeric RNase was
secreted. To visualize the low levels of cell-associated bovine RNase, the gels
were exposed longer than in B. E, same as in C, but fractions were subjected to
IP using polyclonal RNase antibody followed by SDS denaturation and addi-
tional IP using HA.11 antibody against the HA-tagged RNase. F, pancreatic tis-
sue was homogenized in a buffer containing 2% CHAPS and fractionated on a
Superdex 75 column. Fractions were subjected to IP using RNase antibodies
and immunoblotted with RNase antibodies. Only few dimers were resistant to
SDS and DTT (arrowhead). G, pancreatic juice was fractionated and analyzed
like the tissue in F. A, RNase A; B, RNase B.
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min and chased for additional 60 min to allow secretion-com-
petent RNase to leave showed accumulation of dimers (Fig.
6C). Apparently, a large fraction of the RNase that failed to be
secreted had folded into stable homodimers in the ER. To
confirm that the bands detected in fractions 21-23 contained
RNase, the fractions were subjected to IP with a RNase anti-
body. After SDS solubilization and boiling, the precipitates
were reprecipitated using the HA antibody. As shown in Fig.
6E, the dimers were still detected.

The crystal structure of artificially generated RNase dimers
shows that three hydrogen bonds are formed between Asn'"?
of both subunits in the swapped C-terminal B-strands (Fig.
7A) (31). The hydrogen bonding is similar to a minimal polar
zipper stabilizing polyglutamine structures (32). Interestingly,
the human RNase for which dimers are not observed in vitro
(33) shares an identical C terminus with bovine RNase, except
that in position 113, there is a serine. When we replaced the
Asn''? of the bovine RNase with serine (N113S), we observed
that the efficiency of secretion after a 60-min chase improved
from 45% (= 5%) to 72% (£ 5%), thus approaching the effi-
ciency of human RNase (Fig. 7, B and C).

Indirect immunofluorescence microscopy indicated that
under steady-state conditions, the cell-associated bovine
RNase was mainly localized in the ER (Fig. 7D). Consistent
with its more efficient export from the ER, human RNase
seemed to be concentrated in the Golgi complex (Fig. 7D).
Furthermore, the signal of human RNase largely disappeared
after a 60-min treatment of cells with cycloheximide (data not
shown). Similar to human RNase, the bovine RNase mutant
N113S mainly localized in the Golgi area under steady-state
conditions. To quantify the intracellular distribution of the
various RNases, cells were fixed, immunostained for RNase
and for the Golgi marker mannosidase II, and imaged with a
wide field fluorescence microscope. The images were then
analyzed to determine the relative amount of RNase signal in
the Golgi and the ER regions of cells (n > 200) (Fig. 7E). The
results in Fig. 7F confirmed that under steady-state condi-
tions, human RNase and the bovine RNase mutant N113S
were more prominent in the Golgi than wild-type bovine
RNase, which was mainly present in the ER.

Taken together, our observations showed that a point mu-
tation that weakened the domain-swapped dimers of bovine
pancreatic RNase increased escape of bovine RNase from the
ER, leading to a level of secretion similar to that of human
RNase. The efficiency of secretion of pancreatic RNase could
thus be increased by destabilizing a non-native side product
of the folding process.

RNase in Bovine Pancreas—To test whether our findings in
CHO cells reflected the situation in the bovine pancreas, we
obtained fresh pancreatic tissue from a slaughterhouse and
analyzed samples of tissue homogenate and pancreatic juice
by gel filtration as above. The eluted fractions were immuno-
precipitated with RNase antibody and subjected to SDS-
PAGE followed by Western blotting using RNase antibody.

The tissue samples contained RNase monomers (fractions
25-28) and a small but reproducible amount of oligomers
(20%). The oligomers in the pancreas were largely SDS sensi-
tive (Fig. 6F, fractions 20 —23). The pancreatic juice contained
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almost exclusively monomers (fractions 25-28). The traces of
oligomers were likely contaminants from tissue during sample
extraction from the pancreas (Fig. 6G). Although the fraction
of oligomers in the bovine pancreas was smaller than in CHO
cells, the results indicated that dimers and higher oligomers
were generated in pancreatic exocrine cells. As in CHO cells,
the dimers failed to be efficiently secreted. Consistent with a
previous report (43), only ~10-20% of the RNase in the pan-
creas was glycosylated.

DISCUSSION

The ER lumen provides a highly specialized environment
for co- and post-translational folding and oligomeric assembly
of proteins. It is filled with chaperones such as BiP, GRP94,
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calnexin, calreticulin, and proline isomerases, and it contains
a number of different thiol oxidoreductases at high concen-
trations (34). These interact with nascent and full-length
polypeptide chains and provide assistance in the maturation
process. Folding is further affected by covalent modifications
such as proteolytic cleavage and N-linked glycosylation. In
addition, the ER possesses a quality control system that limits
secretion and therefore deployment of newly synthesized pro-
teins to those that have been correctly folded and assembled
(27, 35). A selective degradation system (ER-associated degra-
dation) is in place to handle problems arising when proteins
are misfolded or fail to assemble (36).

To determine how much of a difference this folding envi-
ronment makes for a specific protein, we analyzed the folding,
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quality control, and secretion of pancreatic RNase in tissue
culture cells. A large body of in vitro work has shown that
RNase refolding in the absence of additional factors is slow
(half-time 7 h at 25 °C and 50 h at 37 °C) (23). In contrast,
when bovine RNase was expressed in CHO cells, oxidative
folding was extremely rapid. Trypsin-resistant conformations
were reached within 1-3 min after chain termination, and
secretion-competent forms were found after 1-2 min post-
translational DTT washout.

The rapid rate of folding prevented acquisition of detailed
information about intermediates in the initial folding process
and association with chaperones and oxidoreductases such as
protein disulfide isomerase (PDI) and ERp57. The involve-
ment of thiol oxidoreductases was likely, given that in vitro
refolding of the RNase A and B is dramatically accelerated in
the presence of these enzymes. The fastest in vitro refolding
half-time (10 min) has been observed for RNase B in the pres-
ence of ERp57 and calnexin at 25 °C (37), i.e. about five times
slower than in CHO cells at 37 °C. The specialized folding
environment provided in the ER lumen thus caused an accel-
eration of folding of more than 3 orders of magnitude. In ad-
dition, it shifted the temperature optimum into the physiolog-
ical range.

About half of the bovine RNase acquired a glycan in posi-
tion Asn>*, However, the glycan had little discernable effect
on the rate and efficiency of folding and secretion. A similar
conclusion has been drawn from in vitro refolding studies
with bovine RNase A and B (38). The exceptionally fast pas-
sage of the RNase from the ER to the Golgi complex and the
extracellular volume was partly due to rapid folding.

Folding of bovine RNase A and B in the ER of CHO cells
resulted in two major products: native monomers and dimers.
Both forms were trypsin-resistant, but only the monomeric
RNase passed the quality control and was secreted. Our ob-
servation that a mutation close to the C terminus (N113S)
elevated the secretion efficiency of bovine RNase suggested
that the majority of dimers formed in CHO cells were C-ter-
minally domain-swapped dimers. The mutation was likely to
decrease the stability of the domain-swapped dimers because
the asparagines 113 form three hydrogen bonds between the
connecting B-sheets that help to maintain the RNase mole-
cules in the highly stable, dimeric state (7, 63 °C) (39, 40).

Analysis of bovine RNase in pancreatic exocrine cells de-
rived from fresh bovine pancreas showed a fraction of dimers
in addition to monomers (~20%). As in CHO cells, the
dimers were largely retained in the cells and not secreted to
the acinus. Thus, the formation of dimers as secretion-incom-
petent side product was not an artifact of the CHO cell
system.

It has been shown that the efficiency of secretion of pro-
teins often correlates with their thermodynamic stability (41,
42). That this rule applies to bovine RNase is suggested by the
lower efficiency of secretion that we have observed for two
well characterized cysteine mutants, C65S/C72S and C58S/
C110S.? Although less stable than the bovine pancreatic

3 R. Geiger, M. Gautschi, and A. Helenius, unpublished results.
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RNase, the human pancreatic RNase (7, 54 versus 62 °C)
was, however, more efficiently secreted (73 versus 59%). This
suggests that the efficiency of secretion of a protein can be
determined not only by the intrinsic stability of the folded,
native protein, but also by additional factors such as the sta-
bility of misfolded, transport-incompetent side products. By
specifically destabilizing the structure of bovine RNase dimers
using a point mutation, it was, in fact, possible to increase the
efficiency of secretion. The explanation for the higher effi-
ciency of secretion of the human compared with the bovine
enzyme is most likely that it does not form stable, domain-
swapped dimers (33). Considering the unusual requirements
and conditions in the digestive tract of a ruminant, it is possi-
ble that the exceptionally high level of stability has been a pri-
ority during the evolution of bovine pancreatic RNase. This
may have been achieved at the expense of efficient folding and
secretion.
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