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The proteasome is the primary protease used by cells for degrading
proteins and generating peptide ligands for class I molecules of the
major histocompatibility complex. Based on the properties of cells
adapted to grow in the presence of the proteasome inhibitor
4-hydroxy-5-iodo-3-nitrophenylacetyl-Leu-Leu-leucinal-vinyl sul-
fone (NLVS), it was proposed that proteasomes can be replaced by
alternative proteolytic systems, particularly a large proteolytic
complex with a tripeptidyl peptidase II activity. Here we show that
NLVS-adapted cells retain sensitivity to a number of highly specific
proteasome inhibitors with regard to antigenic peptide genera-
tion, accumulation of polyubiquitinated proteins, degradation of
p53, and cell viability. In addition, we show that in the same assays
(with a single minor exception), NLVS-adapted cells are about as
sensitive as nonselected cells to Ala-Ala-Phe-chloromethylketone,
a specific inhibitor of tripeptidyl peptidase II activity. Based on
these findings, we conclude that proteasomes still have essential
proteolytic functions in adapted cells that are not replaced by
Ala-Ala-Phe-chloromethylketone-sensitive proteases.

Proteasomes are complex multisubunit proteases that are
abundant and ubiquitous in eukaryotic cells (1, 2). Protea-

somes degrade proteins marked for destruction by the addition
of multiple ubiquitin molecules (3). This system is used for
modulating the levels of specific proteins and as a general
method of disposal for misfolded or damaged proteins (4).
Oligopeptides generated by proteasomes are a major source of
the peptide ligands of MHC class I molecules (5).

The proteolytic activity of proteasomes occurs in a barrel-
shaped core structure known as the 20S proteasome. 20S pro-
teasomes consist of 14 different proteins in four rings arrayed in
an a7b7b7a7 manner. All of the proteolytic activity is thought to
reside in three of the seven b subunits. The substrate specificity
of 20S proteasomes has been defined largely with the use of
fluorogenic oligopeptidyl substrates. This has revealed trypsin-
like, chymotrypsin-like, and postglutamyl peptide hydrolyzing
activities. 20S proteasomes do not recognize polyubiquitinated
(polyUb) proteins and are able to degrade proteins only if they
are first denatured (6). In cells, 20S proteasomes are thought to
be active only in association with regulatory structures that
function to locate substrates and translocate them into the 20S
barrel (7).

Low-molecular-weight inhibitors of the proteasome have
proved to be invaluable for studying the proteasome–ubiquitin
system in mammalian cells. These include relatively nonspecific
compounds such as cbz-Leu-Leu-leucinal (zLLL) (also a potent
inhibitor of calpains) (8) and highly specific inhibitors such as
4-hydroxy-5-iodo-3-nitrophenylacetyl-Leu-Leu-leucinal-VS
(NLVS) (9), the microbial products lactacystin (10) and ep-
oxomicin (11), and boronic acid inhibitors boro-LLL (MG262)
(12) and PS-341 (13). Although the effects of these compounds

on the defined catalytic activity of purified 20S proteasomes have
been extensively characterized with the use of small f luorogenic
substrates, their effects on proteasomes in viable cells are
somewhat less well defined.

Inasmuch as proteasomes are essential for the viability of
Saccharomyces cerevisiae (14), it was surprisingly reported that
propagation of mammalian cells in the presence of NLVS results
in the selection of cells lacking active proteasomes (15). Notably,
the absence of proteasome function in NLVS-selected cells was
largely inferred from experiments using 20S proteasomes iso-
lated from the cells. The viability of these cells was attributed to
the induction of an alternative protease that substitutes for the
essential functions of the proteasome. More recent studies have
demonstrated an increase in levels of tripeptidyl peptidase II
(TPP II) in selected cells, implicating this proteolytic complex in
the survival of cells in NLVS (16, 17).

In the present study we have used a panel of proteasome
inhibitors to examine the function of proteasomes in NLVS-
selected cells. Our findings indicate that the residual proteolytic
activity of proteasomes in these cells remains essential for the
degradation of ubiquitinated proteins, antigen presentation, and
cell viability.

Materials and Methods
Cell Lines. Mouse cell lines EL4 (H-2b) and NLVS-adapted EL4
cells (EL4ad) were maintained in RPMI medium 1640 supple-
mented with 10% (volyvol) FBS (RP10) at 37°C in an airyCO2
(94%y6%) atmosphere. Murine TCD81 cell lines specific for
H-2Kb complexed to a peptide corresponding to residues 366–
374 from influenza nucleoprotein (NP) were generated as
described (18).

The inhibitors zLLL and Ala-Ala-Phe-chloromethylketone
(AAF-cmk) were purchased from Sigma or Bachem. Lactacystin
was purchased from E. J. Corey (Harvard University, Cam-
bridge, MA). NLVS was the kind gift of Hidde Ploegh (Harvard
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Medical School, Boston) and also was purchased from Calbio-
chem-Novabiochem. MG262 was purchased from Affinity (Not-
tingham, U.K.). Epoxomicin and YU101 were synthesized as
described (19, 20). All inhibitors were dissolved in 100% DMSO.

Viral Infections and Intracellular Staining. For intracellular staining,
EL4 and EL4ad cells were incubated for 1 h at 37°C in RP10
containing the appropriate concentration of inhibitor followed
by infection for 1 h with PR8 influenza virus in Autopow MEM
(Life Technologies, Rockville, MD) adjusted to pH 6.8 and
containing inhibitor. Peptides were added to a concentration of
0.1 mM or as indicated. After infection, EL4 or EL4ad cells and
TCD81 cells were added in 200 ml RP10 containing the appro-
priate inhibitor to each well of a 96-well plate. After 4 h of
incubation at 37°C, brefeldin A was added, and cells were
incubated for an additional 4 h to accumulate IFN-g in the
endoplasmic reticulum of activated cells.

Cytofluorography. The expression of influenza virus nucleopro-
tein levels was measured by fixing cells in PBS containing 1%
(wtyvol) paraformaldehyde for 30 min at room temperature
followed by a 30-min incubation on ice with the H16-L10 mAb
(21), used as the tissue culture supernatant. Cells were washed
twice with cold balanced salt solution with 0.1% BSA (BSSy
BSA) and then incubated on ice for 30 min with fluorescein-
conjugated rabbit anti-mouse Ig (Dako) diluted 1:20 in BSSy
BSA. Cells were washed three times in BSSyBSA and analyzed
directly by cytofluorography. For intracellular cytokine staining,
cells were incubated for 30 min on ice with cychrome-conjugated
mouse anti-CD8 (PharMingen) diluted 1:100 in BSSyBSA. Cells
were washed once in BSSyBSA and then fixed with 1% para-
formaldehyde in PBS at room temperature for 20 min. Cells were
washed twice and then incubated with fluorescein-conjugated
mouse anti-IFN-g (PharMingen) diluted 1:150 in PBS contain-
ing 0.2% (wtyvol) saponin. Cells were analyzed with the use of
either FACScalibur or FACScan cytofluorographs (Becton
Dickinson) and CELLQUEST (Becton Dickinson) and FLOWJO
(Tree Star, San Carlos, CA) software.

Immunoblotting. EL4 and EL4ad cells (1 3 106) were lysed in 0.2
ml lysis buffer [50 mM TriszHCl, pH 7.5y5 mM EDTAy150 mM
NaCly0.5% (wtyvol) {3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate}y0.2% (wtyvol) deoxycholate]. Lysates
were mixed with hot (95°C) sample buffer (2% SDSy1% b-mer-
captoethanoly1% glyceroly65 mM TriszHCl, pH 6.5) and boiled
for 10 min. Samples were separated in an 8% SDS-polyacryl-
amide gel according to the method of Laemmli and transferred
to Immobilon P membranes (Millipore). Membranes were
blocked overnight in PBS supplemented with 5% BSA and 0.3%
Tween 20 and probed for polyUb by incubation with the FK2
mAb (22) (Nippon Bio-Test Laboratories, Tokyo, Japan) or for
p53 with polyclonal goat anti-p53 antibody (Santa Cruz Bio-
technology), followed by horseradish peroxidase-coupled rabbit
anti-mouse (Dako) or rabbit anti-goat (Dako) antibody, respec-
tively. Immunoblots were developed with the use of a chemilu-
minescent peroxide substrate (Pierce), and luminescence was
recorded on Biomax MR film (Eastman Kodak). Images were
digitized on a flatbed scanner and analyzed with IMAGEQUANT
software (Molecular Dynamics).

Fluorometric Assay for TPP II Activity. EL4ad cells were incubated in
RP10 containing 10 mM AAF-cmk, 10 mM lactacystin, or no
inhibitor for 90 min at 37°C. Cells were washed twice in PBS and
then resuspended in 50 mM Tris (pH 7.4) containing 5 mM
MgCl2 and 0.2 mgyml digitonin. Cells were transferred to black
96-well f lat-bottom plates at a final concentration of 2 3 104 cells
in 100 ml per well. The fluorogenic AAF-amc substrate was
added to wells for a final concentration of 100 mM, and

fluorescence was measured at 380-nm excitation and 465-nm
emission on a Victor model 1420 multilabel counter (Wallac,
Gaithersburg, MD).

Results
Effects of Proteasome Inhibitors on NLVS-Adapted Cells: Cellular
Proliferation. We reproduced the findings of Glas et al. (15)
regarding the selection of EL4 cells propagated in the presence
of 10 mM NLVS. As originally described, most cells die within a
few days of exposure to NLVS, and some survivors begin to
proliferate after '2 weeks in culture and do so indefinitely in the
presence of the inhibitor. We were similarly able to select
NLVS-resistant mouse P815 cells with the use of 10 mM NLVS.
We compared the sensitivities of NLVS-selected and nonse-
lected EL4 cells to the effects of a panel of proteasome inhibitors
(lactacystin, zLLL, epoxomicin) on antigen presentation, accu-
mulation of polyUb proteins, and cell viability, as will be
described below. We failed to detect substantial differences
associated with NLVS adaptation (data not shown).

Glas et al. were able to adapt EL4 cells to grow in 50 mM
NLVS. These cells could differ considerably from 10 mM
NLVS-adapted cells. Although we were unable to adapt cells to
50 mM NLVS, we were able to serially propagate cells obtained
from Hidde Ploegh (termed EL4ad) in 50 mM NLVS as originally
described.

We first examined the effects of proteasome inhibitors and the
TPP II inhibitor AAF-cmk on the proliferation of EL4 and
EL4ad cells. The inhibitor concentration resulting in an 80%
reduction in cell number relative to control cultures after 3 days
was determined (Table 1). For EL4ad cells, this analysis was
performed in the absence and presence of 50 mM NLVS (the
normal culture conditions for these cells). EL4 and EL4ad cells
were similarly sensitive to the cytostatic effects of the protea-
some inhibitors lactacystin, zLLL, and PS-341. EL4ad cells were
12.5- to 50-fold less sensitive to the cytostatic effects of the
proteasome inhibitors boro-LLL and epoxomicin. Despite the
structural similarity of YU101 to epoxomicin, EL4ad cells dem-
onstrated only a slight resistance to this inhibitor relative to EL4
cells. Importantly, we failed to detect a significant difference in
sensitivities of EL4 and EL4ad cells to the TPP II inhibitor
AAF-cmk obtained from two different commercial sources.

Effects of Proteasome Inhibitors on NLVS-Adapted Cells: Antigen
Presentation. To compare the antigen-processing capacities of
EL4 and EL4ad cells, we generated a TCD81 cell line specific for

Table 1. Inhibitor concentrations resulting in 80% growth
inhibition of EL4 and EL4ad cells

Inhibitor EL4, mM

Fold difference inhibitor
concentration

EL4ad 1 50 mM NLVS EL4ad

Lactacystin 4 0.753 1.253

zLLL 0.4 13 3.753

NLVS 8 .63 .63

Epoxomicin 0.03 233 503

Boro-LLL 0.04 12.53 .253

PS-341 0.02 13 23

YU101 0.25 43 83

AAF-cmk (Sigma) 20 13 1.253

AAF-cmk (Bachem) 20 1.53 1.53

Cells were cultured in RP10 with varying concentrations of the indicated
inhibitors, and the number of viable cells was determined by trypan blue
exclusion every 24 h. After 72 h in culture, the concentration of inhibitor
necessary to cause an 80% reduction in the number of viable cells relative to
control cultures was determined. The fold difference in inhibitor concentra-
tion for EL4ad relative to EL4 cells is indicated.
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H-2Db complexed to a peptide corresponding to residues 366–
374 from NP. The presentation of this determinant is known to
be proteasome-dependent (23). Cells were infected with influ-
enza virus for 4 h before the addition of brefeldin A to block
further export of class I peptide complexes from the endoplasmic
reticulum, preventing peptide class I complexes from reaching
saturating levels. The expression of peptide class I complexes was
determined by measuring TCD81 activation as detected by intra-
cellular staining for IFN-g in TCD81 cells identified by binding a
directly conjugated anti-CD8 mAb.

As seen in Fig. 1, EL4ad cells continuously incubated with 50
mM NLVS were able to activate Db-NP366–374-specific TCD81 to
an extent similar to that of the activation by EL4 cells or EL4ad

cells in the absence of inhibitor. The generation of NP366–374 by
EL4ad cells could be due to either the activity of proteasomes or,

as suggested (15, 17), an alternative protease capable of pro-
ducing the peptide or a suitable precursor. To distinguish
between these possibilities, cells were incubated continuously
from 1 h before infection with inhibitors specific for the pro-
teasome or TPP II. Proteasome inhibitor concentrations were
used at concentrations that block proteasome function without
reducing protein synthesis. AAF-cmk was used at 10 mM, a
concentration greater than that used by Glas et al. to completely
inhibit the proliferation of EL4ad cells (15).

EL4 and EL4ad cells demonstrated similar sensitivities to
lactacystin, zLLL, and PS-341, which completely blocked antigen
presentation (Fig. 1 A). This blockage of antigen presentation is
not due to inhibitor effects on TCD81 activation, as inhibitors had
no effects on the activation of these TCD81 cells exposed to the
synthetic NP366–374 peptide over an entire dose–response curve
(Fig. 1B). Nor could this blockage of antigen presentation be
attributed to the effects of the inhibitors on viral gene expres-
sion, as determined by cytofluorographic detection of NP in
fixed and permeabilized cells by indirect staining with the use of
an anti-NP mAb (data not shown). NLVS (50 mM) had only a
partial effect on Db-NP366–374 complex generation in EL4 cells,
providing our initial evidence that NLVS at the concentrations
used for selection has only a partial effect on proteasome
activity. EL4ad cells were partially resistant to the effects of
epoxomicin and boro-LLL. The TPP II inhibitor AAF-cmk had
no significant effect on antigen presentation by either EL4 or
EL4ad cells.

It is notable that the effects of the inhibitors on antigen
processing in EL4 and EL4ad cells closely parallel their effects on
cellular proliferation.

Effects of Proteasome Inhibitors on NLVS-Adapted Cells: Accumula-
tion of PolyUb Proteins and p53. We next examined the effects of
proteasome inhibitors on the levels of polyUb proteins in EL4
and EL4ad cells cultured for 2, 4, and 8 h with lactacystin, zLLL,
epoxomicin, or AAF-cmk. For EL4ad cells, the media also
included 50 mM NLVS. PolyUb proteins were detected by
Western blotting with the FK2 mAb (22) (Fig. 2A). As expected,
EL4 cells demonstrate an increase in the level of polyUb proteins
in response to the proteasome inhibitors. EL4ad cells also
demonstrated a marked increase in polyUb proteins, although
the magnitude of the effect was approximately half of that
demonstrated by EL4 cells. For this experiment, equivalent
numbers of cells were loaded per lane. EL4ad cells are smaller
than EL4 cells, and this size difference translates to a '1y3
reduction in the amount of protein per cell. Thus, nonmanipu-
lated EL4ad cells actually possess more polyUb proteins as a
percentage of total cell protein, which suggests that the adap-
tation process does not completely compensate for the inhibition
in degradation of polyUb proteins. Accounting for the difference
in cell protein, the magnitude of the accumulation of polyUb
proteins is similar in EL4ad and EL4 cells. Notably, polyUb levels
increased in EL4ad but not in EL4 cells treated with AAF-cmk,
although this increase was minor compared with that observed
with proteasome inhibitors. As will be discussed, this difference
in polyUb levels does not necessarily indicate that TPP II
degrades polyUb proteins.

The same extracts were used to determine the effects of
proteasome inhibitors on a defined cellular proteasome sub-
strate, p53, which was detected via Western blotting with the use
of a p53-specific antiserum (Fig. 3A). Less p53 was detected in
EL4ad cells, again, probably because of the size difference in the
cells. To account for this difference, the data are represented as
the percentage increase in signal. For all proteasome inhibitors
tested, the fold increase in p53 was higher in EL4ad than in EL4
cells (Fig. 3B). In contrast, AAF-cmk had only a very slight
enhancing effect on p53 levels in either EL4 or EL4ad cells.

Taken together, these data indicate that the proteasome

Fig. 1. Effect of proteasome inhibitors on antigen processing in EL4 and
EL4ad cells. Cells were treated with proteasome inhibitors and then infected
with PR8 influenza virus. TCD81 cells specific for influenza NP366–374 were added
1 h after infection. Brefeldin A was added 5 h after infection. After an
additional 4 h, cells were harvested, stained for CD8 and intracellular IFN-g,
and analyzed by cytofluorography. (A) The percentage of CD81 cells positive
for intracellular IFN-g is represented graphically. (B) To ensure that protea-
some inhibitors were not inhibiting IFN-g production in TCD81 cells, the assay
described in A was performed with the use of EL4 cells titrated with limiting
quantities of NP366–374 peptide as antigen-presenting cells and TCD81 cells
exposed to the same inhibitor concentrations as in A. Legend symbols are
defined in A.

Princiotta et al. PNAS u January 16, 2001 u vol. 98 u no. 2 u 515

CE
LL

BI
O

LO
G

Y



retains an essential role in the degradation of polyUb proteins in
EL4ad cells.

Confirmation of the Effect of AAF-cmk on the Degradation of a
Fluorogenic Peptide Substrate. Because all of the assays performed
to this point showed no significant inhibitory effect of AAF-cmk
on EL4ad cells, it was important to demonstrate the activity of the
AAF-cmk preparations we used. First, the chemical integrity of
each AAF-cmk preparation source was confirmed by mass
spectroscopy (data not shown). Next, we treated EL4ad cells with
10 mM AAF-cmk for 90 min and then incubated digitonin-
permeabilized cells with the TPP II fluorogenic substrate AAF-
amc. As shown in Fig. 4, AAF-amc was rapidly degraded in the
absence of inhibitor by EL4ad cells. Both preparations of AAF-
cmk blocked AAF-cmk degradation nearly completely, confirm-
ing their biological activity against TPP II when used to treat
cultured cells. In contrast, 10 mM lactacystin had little effect on
TPP II activity.

Discussion
It was previously reported that NLVS-selected EL4 cells grown
in the presence of NLVS do not possess active proteasomes (15).
This conclusion was inferred from the following:

(i) the inability of radioiodinated NLVS to modify protea-
somes from adapted cells,

(ii) the absence of enzymatically active proteasomes in gel
filtration fractions derived from adapted cells,

(iii) the increased activity of a nonproteasomal AAF-amc
hydrolyzing activity recovered from adapted cells,

(iv) the enhanced sensitivity of cells to inhibition of prolifer-
ation by AAF-cmk.

These findings led to the proposal that an AAF-cmk-sensitive
enzyme, possibly TPP II, can substitute for the functions of the
proteasome, including the degradation of ubiquitinated proteins
and the generation of antigenic peptides. These findings were
further supported by the observation that cells transfected with
cDNA encoding TPP II were resistant to toxic doses of NLVS
without the need to first adapt cells for growth in this inhib-
itor (17).

In the present study, we show that NLVS-adapted cells remain
fully sensitive to the effects of several proteasome inhibitors on
proliferation, antigen processing, and degradation of polyUb
proteins. A critical issue is whether the effects of these inhibitors
are due to the inhibition of proteasomes and not other proteases.
The specificity of inhibitors can never be assumed to be absolute.
Lactacystin, for example, originally touted as a specific protea-

Fig. 2. Effect of proteasome inhibitors on the accumulation of polyUb proteins in EL4 and EL4ad cells. (A and B) EL4 (A) and EL4ad (B) cells treated with inhibitors
for 2, 4, and 8 h were analyzed by Western blotting with the use of the FK2 mAb, the binding of which was visualized by chemiluminescence. The inhibitors used
were 10 mM lactacystin (LC), 10 mM zLLL (zLLL), 10 mM AAF-cmk (AAF), no inhibitor (NI), 50 mM NLVS (NLVS), and 1 mM epoxomicin (Epox). (C) The increase in
FK2 staining was quantitated and is represented graphically.
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some inhibitor, is not absolutely specific for the proteasome, as
it has been reported to inhibit a cathepsin A activity from
platelets and even purified TPP II (16). However, inhibition of
TPP II required high concentrations of lactacystin; at the 10 mM
concentration we used, purified TPP II was inhibited by less than
50% (16), and, furthermore, we directly demonstrate that 10 mM
lactacystin has a small effect on the ability of cells to hydrolyze
the TPP II substrate AAF-amc (Fig. 4). Moreover, Greier et al.
(16) reported that cells adapted to grow in 6 mM lactacystin
exhibit increased levels of TPP II activity, making it extremely
unlikely that the effects we observe with 10 mM are due to
inhibition of TPP II activity. In addition, we found that incuba-
tion of EL4ad cells with 1 mM PS-341, another highly specific
inhibitor of the proteasome, also resulted in inhibition of cell
growth and antigen processing as well as increases in polyUb
protein and p53 levels.

NLVS was originally reported to modify covalently all of the
catalytically active proteasome subunits and to block all of the
defined in vitro activities of 20S proteasomes (9). More recent
studies, however, indicate that EL4ad cells retain residual pro-
teasome activity, predominantly due to the tryptic and caspase-

like catalytic activities of the Z and Y proteasome subunits,
respectively (17). This conclusion is in complete agreement with
our finding that EL4ad cells demonstrate resistance to expoxomi-
cin and boro-LLL, the most highly specific inhibitors in our panel
for the chymotryptic activity of the proteasome.

Our findings demonstrate that EL4ad cells require proteasome
function for the degradation of polyUb proteins, the processing
of a model class I ligand, and proliferation. From this require-
ment we infer that adaptation to NLVS has not induced an
alternative protease able to replace the role of proteasomes in
recognition and degradation of polyUb proteins. What, then, is
the role of TPP II in the adapted cells? In contrast to Glas et al.,
we were unable to detect any increased sensitivity of EL4ad to
AAF-cmk. We did detect a slight effect of AAF-cmk on the
degradation of polyUb proteins (but not p53). Although this
effect could reflect the involvement of TPP II in the degradation
of polyUb proteins, it is equally or more plausible that this effect
reflects a less direct effect of TPP II on cellular metabolism that
increases the work load of proteasomes, which are already
compromised by the severe reduction of their chymotryptic
activity. For example, proteasomes might serve as an alternative
protease for substrates that can be handled by TPP II. In this
case, blocking TPP II in EL4ad cells would increase the substrate
load of proteasomes to the point where the rate of degradation
of polyUb substrates is reduced to a value less than their rate of
generation, resulting in the observed increase in polyUb pro-
teins. Such a shared substrate pool between proteasomes and
TPP II could account for the clear effect that TPP II overex-
pression has in enabling the survival of EL4 cells exposed to
NLVS (17).

Fig. 3. Effect of proteasome inhibitors on the accumulation of p53 in EL4 and
EL4ad cells. Aliquots from cells analyzed in Fig. 2 were Western blotted with the
use of polyclonal p53-specific antibodies. The inhibitors used were 10 mM
lactacystin (LC), 10 mM zLLL (zLLL), 10 mM AAF-cmk (AAF), 1 mM epoxomicin
(Epox), 1 mM boro-LLL (Boro), 1 mM PS-341 (PS-341), and no inhibitor (NI). (A)
Antibody binding was visualized by chemiluminescence. (B) The increase in
p53 staining was quantitated and is represented graphically.

Fig. 4. Effect of AAF-cmk on AAF-amc hydrolysis in EL4ad cells. EL4ad cells
were treated with 10 mM AAF-cmk or 10 mM lactacystin for 90 min at 37°C and
then incubated with 100 mM AAF-amc. Hydrolysis of AAF-amc was determined
by measuring fluorescence at 5–10-min intervals.
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