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Abstract High hydrostatic pressure (HP) has recently been shown to increase cellular heat shock protein
70 (Hsp70) level in a specific way that does not involve transcriptional activation of the gene, but rather the
stabilisation of the mRNA for Hsp70. In this study, we investigated whether there are other observable changes caused
by HP stress, and compared them with those induced by certain other forms of stressors. A chondrocytic cell line
T/C28a4 was exposed to 30 MPa continuous HP, heat shock at 43°C, and increased cytosolic calcium concentration
by the addition of sarco-endoplasmic reticulum Ca®* ATPase inhibitor thapsigargin (25 nM) or calcium ionophore
A23187 (1 wM) in the cultures. The protein synthesis was studied by in vitro metabolic labelling followed by one- and
two-dimensional polyacrylamide gel electrophoresis, and mass spectrometry was utilized to confirm the identity of the
protein spots on two-dimensional gels. Continuous 30 MPa HP increased remarkably the relative labelling of Hsp70.
Labelling of Hsp90 was also increased by 15-20%, although no clear change was evident at the protein level in
Western blots. Elevated intracellular Ca®* concentration induced by thapsigargin and calcium ionophore A23187
increased mainly the synthesis of glucose-regulated protein 78 (Grp78/BiP), whereas Hsp70 and Hsp90 were decreased
by the treatment. Heat shock was the strongest inducer of Hsp70 and Hsp90. This study further confirmed the induction
of Hsp70 in chondrocytic cells exposed to high HP, but it also showed that calcium-mediated responses are
unlikely to cause the stress response observed in the hydrostatically pressurized cells. J. Cell. Biochem. 79:610-619,
2000. © 2000 Wiley-Liss, Inc.
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Articular cartilage protects bone ends from
excessive loading, and to fulfill this task it has
to resist compression and shear stresses. The
compressive forces within joint articular carti-
lage may rise in normal conditions up to
20 MPa on standing [Muir, 1995]. Neverthe-
less, joint loading is required for maintenance
of the normal composition of articular cartilage
[Kiviranta et al., 1987; Palmoski et al., 1979,
1980; Tammi et al., 1987], and moderate exer-
cise preserves best the biological properties of
cartilage [Jurvelin et al., 1990; Sddménen et
al., 1989]. Strenuous exercise, on the other
hand, may eventually start harmful reactions
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in the articular cartilage [Arokoski et al.,
1993].

Previous in vitro studies on cartilage ex-
plants and cell cultures have shown that both
the frequency and the amplitude of the forces
applied on the cartilage affect the synthesis
rate of cartilage-specific proteoglycans [Gray et
al., 1988; Hall et al., 1991; Parkkinen et al.,
1992, 1993b; Sah et al., 1989]. High continuous
hydrostatic pressure (HP) inhibits macromole-
cule synthesis and secretion, reduces the
steady-state level of aggrecan mRNA, alters
the shape of the Golgi apparatus, and disturbs
the stress fiber organization of microfilaments
[Hall et al., 1991; Lammi et al., 1994; Parkki-
nen et al., 1993a, 1995; Symington et al., 1991].
Destabilization of microtubules with nocoda-
zole inhibits proteoglycan secretion into the
medium, but high HP has an additional effect
on inhibition [Jortikka et al., 2000].
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Stress proteins, often referred to as heat
shock proteins (Hsps), are generally induced by
cellular insults such as hypertermia, isch-
aemia, and heavy metal intoxications. A num-
ber of Hsp families are known today. As molec-
ular chaperones Hsps mediate the folding,
assembly, and translocation of polypeptides
across the intracellular membranes, and some
of the essential components of the cytoplasmic
ubiquitin-dependent degradative pathway are
Hsps [Burel et al., 1992]. Induction of Hsps is
normally regulated at both transcriptional and
post-transcriptional levels [Lindquist and
Craig, 1988; Morimoto, 1993], although tran-
scriptional activation is not always involved
[Kaarniranta et al., 1998]. The inducible
Hsp70 is strongly involved in the chaperoning
function [Macario, 1995], while the constitutively
expressed hsc70 is important also for uncoating
of clathrin-coated vesicles [Cheetham et al.,
1996].

The Hsp90 family is a group of highly con-
served stress proteins expressed in all eukary-
otic cells [Parsell and Lindquist, 1993]. In hu-
man, there are two genes known to encode
Hsp90; the gene products of Hsp90a and
Hsp90B share 86% homology [Hickey et al.,
1989; Rebbe et al., 1987]. Hsp90 is located in
the cytoplasm at high concentration, as ap-
proximately 1-2% of the cytosolic proteins in
unstressed eukaryotic cells consist of Hsp90
[Welch and Feramisco, 1982], and small
amounts are present in the nucleus, too [Gasc
et al., 1990]. Hsp90 assists in protein folding
[Jacob and Buchner, 1994], and by binding to
Raf-1, a down-stream kinase of Ras [Schulte et
al., 1996], it participates in the signal trans-
duction pathway that acts via receptor tyrosine
kinases.

The so-called glucose-regulated proteins
78 (Grp78/BiP) and 94 (Grp94), the chaper-
ones of the endoplasmic reticulum, are also
members of Hsp families. Grp78 is a part of the
translocation machinery and assists in the ret-
rograde transport across the endoplasmic retic-
ulum membrane of proteins that are to be de-
graded by the proteasome. Grp78 is also an
abundant cellular protein, but its synthesis is
markedly increased under conditions that lead
to the accumulation of unfolded polypeptides in
the endoplasmic reticulum [Gething, 1999].
Grp78 and Grp94 are also induced by distur-
bances in the intracellular Ca®* stores due to

chemicals such as thapsigargin or calcium
ionophores [Li et al., 1997].

The specific heat shock response due to high
HP [Kaarniranta et al., 1998] led us to inves-
tigate whether some other indicators of stress-
ful conditions would be observable at the pro-
tein synthesis in chondrocytic cells under high
pressure. Two-dimensional gel electrophoresis
technique combined with mass spectrometric
identification of protein sequences was estab-
lished in our laboratory as it was considered to
be an effective tool to study the proteomes of
the stressed cell cultures. The effects of two
other forms of stress (heat shock and intracel-
lular calcium imbalance) were used as refer-
ence for high HP.

EXPERIMENTAL METHODS
Cell Cultures

Human chondrocytic T/C28a4 cells, a cell
line established by immortalizing juvenile cos-
tal chondrocytes with SV40 tumor antigen
[Goldring et al., 1994], were cultured in a hu-
midified 5% CO4/95% air atmosphere at 37°C
in DMEM supplemented with 10% fetal calf
serum, penicillin (50 units/ml), streptomycin
sulfate (50 units/ml), and 3 mM glutamine.
Cells were grown to a density of 7.2-8.0 X 10*
cells per cm? on 60-mm plates.

Stress Conditions

Before exposure to HP or elevated temper-
ature, the medium was changed and 15 mM
HEPES (pH 7.3) was added. The culture
dishes were filled with the above medium and
sealed with a covering plastic membrane.
The apparatus and protocol for hydrostatic
pressurization of the cells has been described
in detail previously [Parkkinen et al., 1993b].
The HP levels were selected to be either 4 or
30 MPa, and continuous or cyclic modes of
HP were used. In the cyclic mode, the fre-
quency of the pressure pulses was 0.5 Hz (1 s
load/1 s rest). For heat shock, the plates were
immersed in a water bath at 43°C. Intracel-
lular calcium imbalance was produced by
adding thapsigargin (25 pM stock solution in
dimethyl sulfoxide, final concentration 25 nM)
or calcium ionophore A23187 (1 mM stock so-
lution in DMSO, final concentration 1 pM) into
the cultures.
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Metabolic Labelling and Gel Electrophoresis

To study the protein synthesis after different
exposures the cells were washed with PBS af-
ter treatments, and the medium was replaced
with methionine- and cysteine-free DMEM
supplemented with fetal calf serum, 3 mM glu-
tamine, and antibiotics. The labelling was per-
formed with 50 pCi/ml Tran®*S-label (ICN, Ir-
vine, CA) for 1 h in a cell incubator. For 1D-
PAGE, whole cell extracts were prepared as
previously described [Mosser et al., 1988]. For
2D-PAGE, the cells were washed twice with
PBS and directly lysed with a solution contain-
ing 9.8 M urea, 2% (v/v) Nonidet P-40 and
100 mM dithiotreitol. To reduce the interfer-
ence caused by DNA during electrophoresis,
the samples were briefly sonicated while on ice
and centrifuged at 20,000¢ for 30 min. The
amount of incorporated label was determined
with trichloroacetic acid precipitation, and a
volume containing 1 X 10° trichloroacetic acid-
precipitable c.p.m was loaded to either 1D-
PAGE or 2D-PAGE. For 2D-PAGE, isoelectric
focusing was performed in polyacrylamide gels
containing 9.3 M urea, 2.7% ampholyte pH
3-10, 2.7% ampholyte pH 5-7, and 2% (v/v)
Nonidet P-40 at 667 V for 18 h at room tem-
perature. After electrofocusing, the gels were
equilibrated in a solution containing 0.06 Tris-
HCI1 pH 6.8, 2% SDS, 100 mM dithiotreitol and
10% glycerol, then proteins were further sepa-
rated in 12% SDS-polyacrylamide gel. For met-
abolically labelled samples, the gels were dried
and autogradiography signal was detected by
using a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA).

In-Gel Digestion of the Proteins

After 2D-PAGE, the gel was stained with
Coomassie Brillian Blue, and the protein spots
of interest were excised from the gel and di-
gested with modified trypsin solution (Bio-Rad,
Richmond, CA). As a control sample, standard
Hsp90 protein (1 pg and 5 wng) isolated from
bovine brain (Sigma, St. Louis, MO) was di-
gested under the same conditions.

HPLC-Electrospray lonisation/Mass
Spectrometry (ESI/MS)

Positive ion mass spectra were acquired with
on-line HPLC-ESI/MS. The measurements
were carried out using a LCQ quadrupole ion
trap mass spectrometer equipped with an ESI

source (Finnigan MATSs), a Rheos 4000 pump
(Flux Instruments), and a Rheodyne 7725 in-
jector with a 20-pl-loop (Cotati). The tryptic
digests (20 pl) were injected to reversed-phase
column (Syncropak RP-8, 5 uM, 100 X 2.1 mm
1.D., Lafayette), and the peptides formed dur-
ing trypsin digestion were separated using gra-
dient from 2—-70% acetonitrile in 40 min, 23°C.
Eluent A was 50 mM formic acid, and eluent B
was 70% acetonitrile containing 50 mM formic
acid. The total eluent flow of 0.2 ml/min was
directed to the ESI source, which is designed to
cope with flow rates up to 1 ml/min. The system
was tuned by infusion of peptide MRFA from a
T-split to the eluent flow. The spray needle
potential was set to 5 kV. The spray was sta-
bilized using a nitrogen sheath flow, with the
value set to 85. The stainless steel inlet capil-
lary was heated to 225°C. The capillary voltage
was 20 V and the tube lens offset was 5 V. The
full scan mass spectra from m/z 360 to m/z
2000 were measured using 500 ms for collec-
tion of the ions in the trap; two microscans
were summed. Collision induced dissociation
(CID) MS/MS spectra of the peptides were ob-
tained using the dependent scan mode of the
instrument. Full scan MS data were collected
until the base peak ion exceeded a preset in-
tensity threshold (2 X 10%). This triggers acqui-
sition of a CID MS/MS product ion spectrum of
the ion. The collision energy was 35% and iso-
lation width was two mass units. Scan range
was dependent on the parent mass ion. The
protein mass spectrometry Internet pages of
University of California San Francisco were
utilized to compare the measured data with
protein structures available in the data bank
(http://prospector.ucsf.edu and http:/prowl.
rockefeller.edu).

Western Blotting

For Western blot analysis, whole cell ex-
tracts were prepared as previously described
[Mosser et al., 1988]. The protein extracts
(15 pg per lane) were electrophoresed on 10%
SDS-polyacrylamide gels, and transferred to
nitrocellulose membrane. The transferred pro-
teins were visualized with Ponceau stain to
ensure equal protein loading and transfer.
Monoclonal antibodies (SPA-810; StressGen,
British Columbia, BC, Canada) recognizing
Hsp70, and polyclonal antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) recognizing
Grp78 (N-20), Hsp90a (N-17), and Hsp90pB
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Fig. 1. Analysis of protein synthesis after HP and heat shock
treatments studied by in vitro metabolic labelling and 1D-
PAGE. After the cells had been exposed to different stress
treatments, the newly-synthesised proteins were labelled with
50 wCi/ml of [**SImethionine for 1 h in a cell culture incubator.
The protein samples were prepared, and the proteins separated
with 1D-PAGE. Autoradiography was performed with Phosho-
rimager. Lane 1: Control sample; lane 2-5: samples pressurized
for 12 h with 30 MPa continuous (lane 2), 30 MPa cyclic (lane
3), 4 MPa continuous (lane 4), and 4 MPa cyclic HP (lane 5);
lane 6, sample incubated for 5 h at 43°C. The 67 kDa and
86 kDa regions are indicated.

(D-19), as well as peroxidase-conjugated sec-
ondary antibodies (Zymed, San Francisco, CA
and Santa Cruz Biotechnology) were used for
the Western blots. The membranes were devel-
oped with an enhanced chemiluminescence
method (Santa Cruz Biotechnology).

RESULTS
Protein Synthesis Analyzed With 1D-PAGE

Trichloroacetic acid precipitation was used
to estimate the effect of various stressors on
the protein synthesis of the cell cultures. Con-
tinuous 30 MPa HP for 12 h decreased total
protein synthesis by 64%, heat shock by 83%,
and thapsigargin by 7%, while cyclic 30 MPa
HP inhibited protein synthesis only by 30%.
Continuous or cyclic 4 MPa pressure did not
have any significant effects on the amount of
protein synthesis. In 1D-PAGE where equal
amounts of radioactively labelled proteins from
the different treatments were applied on the
gel, continuous 30 MPa HP demonstrated the
increased relative synthesis of 67 and 82 kDa
class of proteins (Fig. 1, lane 2), whereas
30 MPa cyclic, and 4 MPa continuous or cyclic
pressure caused no obvious changes in the rel-

ative intensity of the protein bands (Fig. 1,
lanes 3, 4, and 5, respectively). As expected,
heat shock treatment strongly induced the syn-
thesis of a 67 kDa class of protein, and to a
lesser extent a 82 kDa protein (Fig. 1, lane 6).

2D-PAGE Analysis

To further study the effect of high HP and
other stressors on protein synthesis 2D-PAGE
analyses were performed. It became evident
that various stress conditions resulted in dif-
ferential labelling patterns on 2D-PAGE. Con-
tinuous 30 MPa HP for 12 h did not cause very
strong changes in the general pattern of pro-
teins, however, it induced approximately two-
fold the synthesis of 67 kDa protein (pI 5.4),
and synthesis of an 82 kDa protein (pI 4.9-5.0)
was also increased by 15-20% (Fig. 2B). The
same spots were induced, although to a greater
extent, by the heat shock at 43°C for 5 h (Fig.
2D), suggesting they were proteins Hsp70 and
Hsp90, respectively. These findings are in line
with the relative changes observed in 1D-
PAGE (Fig. 1) at the same molecular weight
range. A 70 kDa protein (pI 5.3) was also
slightly increased in both of the shock treat-
ments, the size and pl value suggesting it to
represent Hsc70. On the other hand, syntheses
for a group of yet unidentified proteins ranging
from 89 kDa to 92 kDa, (pI 5.1-5.3) were down-
regulated after high continuous HP (Fig. 2B).
Cyclic 30 MPa HP showed no remarkable
changes in protein synthesis (Fig. 2C).

Thapsigargin is a highly specific inhibitor of
sarco-endoplasmic reticulum Ca®?* ATPases
and increases cytosolic Ca®* concentration via
passive leakage of Ca?" ions from endoplasmic
reticulum, while Ca®" ionophore A23187 in-
creases intracellular Ca®" concentration by
transporting cations across the cell membrane.
Compared with gels from control, pressurized,
and heat-shocked samples, thapsigargin (25 nM
for 12 h) resulted in a clearly different pattern
of newly-synthesized proteins visible on the
gel. It induced syntheses for 74 kDa and 89
kDa proteins (pI 5.0 and 4.9, respectively), but
not the likely representatives of Hsp70 and
Hsp90 proteins, rather the spot obviously rep-
resenting Hsp90 was down-regulated. The in-
duced spots were expected to represent Grp78
and Grp94, based on their sizes and pl values
and on the reported effects of thapsigargin on
the synthesis of these proteins. Syntheses for
two unknown 74 kDa and 106 kDa proteins (pI
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Fig. 2. Analysis of protein synthesis after various stress treatments studied by in vitro metabolic labelling and
2D-PAGE. After the cells had been exposed to different stress treatments, the newly-synthesised proteins were
labelled with 50 pCi/ml of [**SImethionine for 1 h. The protein samples were prepared, and the proteins were
separated with 2D-PAGE. Autoradiography was performed with Phoshorlmager. 2D-gels from (A) control culture, (B)
cells exposed to 30 MPa continuous HP, (C) cells exposed to 30 MPa cyclic HP, (D) the sample incubated for 5 h
at 43°C, (E) the one incubated at 25 nM thapsigargin, and (F) the one incubated at 1 uM calcium ionophore A23187.

5.2 and 5.3, respectively) were also increased
after chemical treatment (Fig. 2E). Ionophore
A23187 had a similar effect on the pattern of
newly-synthesized protein as thapsigargin
(Fig. 2F).

Mass Spectrometric Analysis of
Resolved Peptides

During the last years, identification of amino
acid sequences of peptides present in tryptic
digests has become possible by using the frag-
mentation mass spectra obtained from the sep-
arated peptides. In this study, we applied mass
spectrometry for the identification of the pro-
teins of interest isolated from the 2D-PAGE
gels. Since the main goal in this study was to
investigate the stress response, we chose spots
that were likely to belong to the 70-kDa and
90-kDa classes of Hsps. That particular area of
the gel is shown in higher magnification in
Figure 3. Protein spots numbered 1-6 in Fig-
ure 3 were excised from the 2D-gel of the sam-

ple separated after treatment at 30 MPa static
HP for 12 h, and analysed with HPLC-ESI/MS.
The peptides identified from each of the spots
by MS are presented in Table I. The proteins
found in data bank search containing these
particular peptide fragments and matching the
size and pl values of the spots are also listed in
Table I. Using this approach, we identified six
different proteins based on the obtained mass
spectrometric data.

Spots numbers 2 and 3, located at the 82 kDa
range, were both noticed to consist of the two
isoforms of Hsp90, therefore, we compared
their mass spectra against that obtained from
purified bovine Hsp90 sample to estimate the
reliability of the mass analysis system in iden-
tification of the amino acid sequences present
in the tryptic peptides. Figure 4 shows the full
scan HPLC-MS base peak ion chromatogram of
the tryptic digest from protein spot number 2.
The peptides were identified by two methods.
First, the data from tryptic digestion were com-
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Fig. 3. 2D-PAGE-separated proteins selected for mass spec-
trometric identification. The six selected protein spots had their
isoelectric points ranging from 4.9 to 5.4, and their molecular
masses ranged from 67 kDa to 89 kDa. 2D-gels from (A) control
culture, (B) cells exposed to 30 MPa continuous HP, (C) cells
incubated for 5 h at 43°C, and (D) cells incubated with 25 nM
thapsigargin. The code for each spot is given in Table I.

pared with the digest of the standard Hsp90
protein, a mixture of bovine Hsp90 isoforms
Hsp90a and Hsp90B. Secondly, the molecular
weights and fragmentation mass spectra of the
identified peptides were compared with those
of the theoretical peptides obtained from the
protein digest. These peptides are identical in
the human and bovine amino acid sequences.

The full scan HPLC-ESI mass spectra of the
tryptic peptides show singly or doubly proton-
ated molecules as base peaks (data not shown).
In our protocol, the charge state of the peaks
and the monoisotopic molecular weights were
measured using 10 mass unit scan range (zoom
scan function). The measured masses of the
peaks found in the spot number 1 matched
with the masses of the following expected tryp-
tic peptides from Hsp90: GVVDSEDLPLNISR
(measured monoisotopic mass 1512.4, calcu-
lated monoisotopic mass 1512.7), HLEINPDH-
SIIETLR (1785.6, 1785.94, this peptide is
present only in Hsp90«a, Fig. 4A,B), HLEINP-
DHPIVETLR (1781.7, 1781.8, present only in
Hsp90B, Fig. 4C). The structures of these pep-
tides were verified using CID of the [M+H]"
ions, in case of GVVDSEDLPLNISR the
[M+2H]?* ion at m/z 758. The fragment ions
were labelled using the system developed by
Biemann [1988]. The full scan MS-MS spectra

of these peptides (Fig. 4) showed mainly y, B,
and A type ions which are typical for low en-
ergy collision mass spectra. These results con-
firmed that the system was reliable and gave
consistent information of amino acid sequences
of tryptic peptides.

Western Blot Analysis of Stress Proteins

Finally, protein levels of Hsp70, Grp78,
Hsp90a, and Hps90B were analyzed with
Western blotting. Static 30 MPa HP for 12 h
increased clearly Hsp70, and slightly Grp78,
levels, but did not have an effect on Hsp90«
and Hps90p levels (Fig. 5A). Cyclic 30 MPa HP
for 12 h caused a small increase in Hsp70 lev-
els, but did not affect the protein levels of any
other stress protein investigated. When cells
were incubated at 43°C for 5 h, Hsp70, Hsp90q,
and Grp78 levels were increased, while
Hps90p level remained rather constant. A dif-
ferent kind of stress protein profile was ob-
served when cells were treated with 25 nM
thapsigargin for 12 h. Grp78 levels were then
increased, while Hsp70, Hsp90«a, and Hsp90B
levels were decreased and level of Hps90B was
unchanged. The relative changes are shown as
densitographs in Figure 5B.

DISCUSSION

Recently, we showed that high HP applied to
immortalized human chondrocytic cell line
causes an accumulation of Hsp70 in the pres-
surized cells [Kaarniranta et al., 1998]. Heat
shock activates hsp gene transcription after
trimerization and hyperphosphorylation of
heat shock factor, however, hsp70 mRNA accu-
mulation occurs via mRNA stabilization with
no activation of transcription [Kaarniranta et
al., 1998]. Since the mechanism of stress re-
sponse to high HP appears rather unique, we
used 2D-PAGE/HPLC/MS in this study to in-
vestigate whether we can observe some other
indicators of stressful conditions. A number of
Hsps were reliably identified from the 2D-
PAGE gels, demonstrating that this technique
is a valuable tool for the analysis of proteins of
interest. The stress caused by 30 MPa contin-
uous HP was compared with those induced by
heat shock and calcium imbalance. Calcium
effectors were chosen since previously it was
proposed that increased intracellular Ca®*-
levels following the application of high HP may
explain the observed reorganization of the cy-
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TABLE 1. Peptide Sequences Determined by CID MS/MS*

Peptide sequence

Molecular determined by

Spot no. Protein identified CID MS/MS Mass (kDa) pl
1 Grp94 (K)EEASDYLELDTIK(N) 924 4.8
(R)FQSSHHPTDITSLDQYVER(M)
(K)\GVVDSDDLPLNVSR(E)
2,3 Hsp90a (R)GVVDSEDLPLNISR(E) 84.5 4.9
(KYHLEINPDHSIIETLR(Q)
Hsp90p (K)HLEINPDHPIVETLR(Q) 83.2 5.0
4 Grp78 (K)NQLTSNPENTVFDAK(R) 72.1 5.0
(R)ITPSYVAFTPEGER(L)
(R)ELEEIVQPIISK(L)
(K)SDIDEIVLVGGSTR(I)
5 Hsc70 (K)STAGDTHLGGEDFDNR(M) 70.8 5.4
6 Hsp70 (R)TTPSYVAFTDTER(L) 70.0 5.5
(KYNQVALNPQNTVFDAK(R)
(KYHWPFQVINDGDKPK(V)

*Protein spots numbered 1-6 in Figure 4 were excised from the 2D-gel of the sample separated after treatment at 30 MPa
static HP for 12 h, and analysed with HPLC-ESI/MS. The peptides identified from each of the spots by MS and the molecular
mass for the whole protein obtained from the protein data bank are presented here.

toskeleton [Otter et al., 1987], and due to the
well-known effects of calcium disturbances on
Grp proteins, the endoplasmic reticulum chap-
erones.

We show here that Hsp70 induction occured
at the protein synthesis level, irrespective of
whether 1D- or 2D-PAGE was used for the
analysis. Induction of Hsp70 was observed in
rheumatoid synovial cells in the presence of
proinflammatory cytokines interleukin-1 and
interleukin-6, and shear stress [Schett et al.,
1998], showing that pathologic processes may
include Hsp activation in response to mechan-
ical stress. The intensity of another protein
band at 82 kDa (Hsp90) was also relatively
increased in 1D-PAGE. In 2D-PAGE, only two
major spots (both of them containing Hsp90a
and Hsp90p isoforms) were observed and iden-
tified in that particular molecular weight area,
suggesting that Hsp90a« and Hsp90B were the
proteins responsible for the increased labell-
ing detected in 1D-PAGE. An approximately
15-20% increase in the synthesis for these two
spots was obtained by Phosphorimager quanti-
tation of 2D-PAGE gels. The fact that Hsp90
protein levels of the pressurized cell cultures
were at the control level in immunoblots sug-
gests that high HP increases their turnover
rate.

New data seem to link mechanical factors
with cytokines, Hsp90, and nitric oxide syn-
thase. In cultured primary chondrocytes, fluid

shear stress increased interleukin-6 both in
mRNA and protein level [Mohtai et al., 1996],
and a recent study showed that continuous HP
elevated interleukin-6 mRNA levels in chon-
drosarcoma cells [Takahashi et al.,, 1998].
Interleukin-6 itself has been shown to induce
Hsp90 expression [Stephanou et al., 1998].
Fluid shear stress in endothelial cells induces a
binding of Hsp90 to endothelial nitric oxide
synthase complex increasing also the enzyme
activity [Garcia-Cardena et al., 1998]. The fact
that geldanamycin inhibited the pathway
showed that Hsp90 signalling is needed for
production and release of NO in endothelial
cells [Garcia-Cardena et al., 1998]. In chondro-
cytes, the proteoglycan synthesis is inhibited
by increased production of NO [Taskiran et al.,
1994] and by static loading [Gray et al., 1988;
Hall et al., 1991; Lammi et al., 1994; Sah et al.,
1989]. On the other hand, dynamic mechanical
loading decreased cellular NO production in
chondrocytes seeded in agarose [Lee et al.,
1998], and generally induces proteoglycan syn-
thesis [Gray et al., 1988; Lammi et al., 1994;
Sah et al., 1989]. G-proteins appear to mediate
the response to fluid shear stress and endothe-
lial nitric oxide synthase activation [Das et al.,
1997; Garcia-Cardena et al., 1998].

The three different stress treatments raised
unique responses, heat shock showing the
strongest response in the synthesis of Hsps.
Thapsigargin had effects on a distinctive set of
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Fig. 4. Collision induced dissociation (CID) mass spectra from
Hsp90 standard and tryptic peptide found in the selected pro-
tein spot. Peptides from the trypsinate of Hsp90 standard and
the selected spot no. 2 from 2D-PAGE shown in Figure 3 were
separated by reversed phase HPLC and analysed by electros-
pray ionization mass spectrometry. In both spectra, the triply
protonated molecule at m/z 596.4 was selected for CID. The
fragment ions are labelled according to Biemann [1988]. A:
Tryptic peptide present only in Hsp90«a, bovine Hsp90 stan-
dard, and (B) tryptic peptide from the protein spot number 2,
pressurized cell culture, static 30 MPa, (C) tryptic peptide
present only in Hsp90B, obtained from protein spot number 2,
pressurized cell culture, static 30 MPa.

proteins compared with heat shock and high
HP. In bovine primary chondrocytes, high HP
has been shown to result in the secretion of
aggrecans that had retarded migration on aga-
rose gels [Lammi et al., 1994]. Although a syn-
thesis of aggrecans with a little longer and
more densely substituted glycosaminoglycan
chains on the core protein was the most likely
explanation for the slower mobility on electro-
phoresis, a misfolded aggrecan core protein
still remained one theoretical possibility for the
phenomenon. The results of this study do not
completely rule out the latter chance, since a
minor increase of endoplasmic reticulum chap-
erone molecule Grp78 was visible in Western
blot. However, the Grp78 response was small
compared with the effect of thapsigargin and
calcium ionophore A23187, as shown by the
remarkably altered protein pattern on two-
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Fig. 5. Western blot analysis of protein levels after various
stress treatments. A: After different treatments the whole cell
extracts were prepared and the proteins separated with SDS-
PAGE and blotted to a nitrocellulose membrane. Primary anti-
bodies recognizing Hsp70, Grp78, Hsp90a, and Hsp90B were
used. Control sample (lane 1), sample pressurized for 12 h with
30 MPa static HP (lane 2), sample pressurized for 12 h with
30 MPa cyclic HP (lane 3), sample incubated for 5 h at 43°C
(lane 4) and sample incubated for 12 h with 25 nM thapsigargin
(lane 5). B: The densitographs of the same samples show the
relative changes of the proteins investigated.

dimensional PAGE. An increased intracellular
calcium level caused by thapsigargin or cyclo-
piazonic acid was previously shown to increase
the levels of Hsp90a, Hsc70, Hsp70, and Hsp60
in bovine primary chondrocytes [Cheng and
Benton, 1994], but in our experiments there
was rather a relative decrease of Hsp70 and
Hsp90B in thapsigargin-treated cells at the
protein level. Whether the immortalization of
human chondrocytes changes their response to
the Ca®*-pump inhibitors is not known.
Two-dimensional gel electrophoresis is a
method that can resolve a large number of pro-
teins in a quantitative way. However, we can-
not ignore the specific features frequently as-
sociated with the technique [Abbott, 1999].
Firstly, cellular protein profile is constantly
being influenced by numerous intra- and extra-
cellular factors, therefore, the protein analysis
made at a single time point cannot fully de-
scribe nor explain the effect of, e.g., mechanical
stress. Secondly, although two-dimensional
electrophoresis in currently considered as the
most powerful method in protein separation it
is also sensitive to errors and unable to detect
some interesting cellular proteins such as
membrane-bound or hydrophobic proteins.
Thirdly, two-dimensional electrophoresis gives
not only quantitative but also qualitative infor-
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mation. This means that changes in a single
protein spot may result from changes in abso-
lute protein level or may reflect changes in
protein modification, such as an altered phos-
phorylation state. For instance, Hsp90a and
Hsp90B isoforms are both located on two or
more separate spots on a two-dimensional gel,
and in different ratios in two separate spots
(data not shown), making the judgment of the
true effects of the experiment more difficult.

In conclusion, high HP causes a stress re-
sponse in cultured chondrocytic cells, however,
it appears to be more inferior compared with
heat shock and calcium imbalance. It changes
cellular morphology and function, but it is not
known which signal transduction cascade(s)
high HP activates. Many G-protein coupled re-
ceptors activate the extracellular signal-
regulated kinase/mitogen-activated protein ki-
nase cascade [Gutkind, 1998; Lopez-Ilasaca,
1998], Hsp90 being involved in the upstream
events of the cascade [Garcia-Cardena et al.,
1998; Inanobe et al., 1994; Pratt, 1997]. Hydro-
static pressure affects at the border between
two phases (for example at the plasma mem-
brane), therefore, ion channels are among the
potential targets. Whether we can learn more
of the signal transduction pathways and gene
regulation mechanisms involved in the fine-
tuning of various stress responses requires fur-
ther studies; in particular determining the role
of Hsp90 in the cellular signaling cascades may
uncover important new aspects of cellular reg-
ulatory control mechanisms.

REFERENCES

Abbott A. 1999. A post-genomic challenge: Learning to
read patterns of protein synthesis. Nature 402:715-720.

Arokoski J, Kiviranta I, Jurvelin J, Tammi M, Helminen
HJ. 1993. Long distance running causes site-dependent
decrease of cartilage glycosaminoglycan content in the
knee joint of beagle dogs. Arthritis Rheum 36:1451—
1459.

Biemann K. 1988. Contributions of mass spectrometry to
peptide and protein structure. Biomed Environ Mass
Spectrom 16:99-111.

Burel C, Mezger V, Pinto M, Rallu M, Trigon S, Morange
M. 1992. Mammalian heat shock protein families. Ex-
pression and functions. Experientia 48:629—-634.

Cheetham ME, Anderton BH, Jackson AP. 1996. Inhibition
of hsc70-catalysed clathrin uncoating by HSJ1 proteins.
Biochem J 319:103-108.

Cheng T-C, Benton HP. 1994. The intracellular Ca®*-
pump inhibitors thapsigargin and cyclopiazonic acid in-
duce stress proteins in mammalian chondrocytes. Bio-
chem J 301:563-568.

Das P, Schurman DJ, Smith RL. 1997. Nitric oxide and G
proteins mediate the response of bovine articular chon-
drocytes to fluid-induced shear. J Orthop Res 15:87-93.

Garcia-Cardena G, Fan R, Shah V, Sorrentino R, Cirino G,
Papapetropoulos A, Sessa WC. 1998. Dynamic activation
of endothelial nitric oxide synthase by Hsp90. Nature
392:821-824.

Gasc JM, Renoir JM, Faber LE, Delahaye F, Baulieu EE.
1990. Nuclear localization of two steroid receptor-
associated proteins, hsp90 and p59. Exp Cell Res 186:
362-367.

Gething MJ. 1999. Role and regulation of the ER chaper-
one BiP. Semin Cell Dev Biol 10:465-472.

Goldring MB, Birkhead JR, Suen L-F, Yamin R, Mizuno S,
Glowacki J, Arbiser JL, Apperley JF. 1994. Interleukin-
1B-modulated gene expression in immortalized human
chondrocytes. J Clin Invest 94:2307—-2316.

Gray ML, Pizzanelli AM, Grodzinsky AJ, Lee RC.
1988. Mechanical and physicochemical determinants of
the chondrocyte biosynthetic response. J Orthop Res
6:777-792.

Gutkind JS. 1998. Cell growth control by G protein-coupled
receptors: From signal transduction to signal integra-
tion. Oncogene 17:1331-1342.

Hall AC, Urban JPG, Gehl KA. 1991. The effects of hydro-
static pressure on matrix synthesis in articular carti-
lage. J Orthop Res 9:1-10.

Hickey E, Brandon SE, Smale G, Lloyd D, Weber LA. 1989.
Sequence and regulation of a gene encoding a human 89-
kilodalton heat shock protein. Mol Cell Biol 9:2615-2626.

Inanobe A, Takahashi K, Katada T. 1994. Association of
the beta gamma subunits of trimeric GTP-binding pro-
teins with 90-kDa heat shock protein, hsp90. J Biochem
115:486—-492.

Jacob U, Buchner J. 1994. Assisting spontaneity. The role
of Hsp90 and small Hsps as molecular chaperones.
Trend Biochem Sci 19:205-211.

Jortikka MO, Parkkinen JJ, Inkinen RI, Karner J, Jarve-
lainen HT, Nelimarkka LO, Tammi MI, Lammi MJ.
2000. Regulation of proteoglycan synthesis in chondro-
cytes by hydrostatic pressure involves targets dependent
and independent of dynamic microtubules. Arch Bio-
chem Biophys 374:172-180.

Jurvelin J, Kiviranta I, Sddménen A-M, Tammi M, Helmi-
nen HJ. 1990. Indentation stiffness of young canine knee
articular cartilage—influence of strenuous joint loading.
J Biomech 23:1239-1246.

Kaarniranta K, Elo M, Sironen R, Lammi MdJ, Goldring
MB, Eriksson J, Sistonen L, Helminen HJ. 1998. Hsp70
accumulation in chondrocytic cells exposed to high con-
tinuous hydrostatic pressure coincides with mRNA sta-
bilization rather than transcriptional activation. Proc
Natl Acad Sci USA 95:2319-2324.

Kiviranta I, Jurvelin J, Tammi M, Sddméinen A-M, Helmi-
nen HJ. 1987. Weight bearing controls glycosaminogly-
can concentration and thickness of articular cartilage in
the knee joints of young beagle dogs. Arthritis Rheum
30:801-808.

Lammi MJ, Inkinen RI, Parkkinen JJ, Jortikka M, Hak-
kinen TP, Nelimarkka LO, Jarveldinen HT, Tammi M.
1994. Expression of reduced amounts of structurally al-
tered aggrecan in articular cartilage chondrocytes sub-
jected to high hydrostatic pressure. Biochem J 304:723—
730.



Effects of Various Stressors on Hsps 619

Lee DA, Frean SP, Lees P, Bader DL. 1998. Dynamic
mechanical compression influences nitric oxide produc-
tion by articular cartilage chondrocytes seeded in aga-
rose. Biochem Biophys Res Commun 251:580-585.

Li WW, Hsiung Y, Zhou Y, Roy B, Lee AS. 1997. Induction
of the mammalian GRP78/BiP gene by Ca2+ depletion
and formation of aberrant proteins: Activation of the
conserved stress-inducible grp core promoter element by
the human nuclear factor YY1. Mol Cell Biol 17:54—-60.

Lindquist S, Craig EA. 1988. The heat shock proteins.
Annu Rev Gen 22:631-677.

Lopez-Ilasaca M. 1998. Signaling from G-protein-coupled
receptors to mitogen-activated protein (MAP)-kinase
cascades. Biochem Pharmacol 56:269-277.

Macario AJ. 1995. Heat-shock proteins and molecular
chaperones: Implications for pathogenesis, diagnostics,
and therapeutics. Int J Clin Lab Res 25:59-70.

Mohtai M, Gupta MK, Donlon B, Ellison B, Cooke J, Gib-
bons G, Schurman DJ, Smith RL. 1996. Expression of
interleukin-6 in osteoarthritic chondrocytes and effects
of fluid-induced shear on this expression in normal hu-
man chondrocytes in vitro. J Orthop Res 14:67-73.

Morimoto RI. 1993. Cells in stress: transcriptional activa-
tion of heat shock genes. Science 259:1409-1410.

Mosser DD, Theodorakis NG, Morimoto RI. 1988. Coordi-
nate changes in heat shock element-binding activity and
hsp70 gene transcription rates in human cells. Mol Cell
Biol 8:4736—-4744.

Muir H. 1995. The chondrocyte, architect of cartilage. Bi-
omechanics, structure, function and molecular biology of
cartilage matrix macromolecules. Bioessays 17:1039—
1048.

Otter T, Bourns B, Franklin S, Rieder C, Salmon, ED.
1987. Hydrostatic pressure effects on cytoskeletal orga-
nization and ciliary motility: A calcium hypothesis. In:
Jannasch HW, Marquis RE, Zimmerman AM, editors.
Current perspectives in high pressure biology. London:
Academic Press. p 75-93.

Palmoski M, Perricone E, Brandt KD. 1979. Development
and reversal of a proteoglycan aggregation defect in nor-
mal canine knee cartilage after immobilization. Arthritis
Rheum 22:508-517.

Palmoski MJ, Colyer RA, Brandt KD. 1980. Joint motion in
the absence of normal loading does not maintain normal
articular cartilage. Arthritis Rheum 23:325-334.

Parkkinen J, Lammi MJ, Pelttari A, Helminen HJ, Tammi
M, Virtanen I. 1993a. Altered Golgi apparatus in hydro-
statistically loaded articular cartilage chondrocytes. Ann
Rheum Dis 52:192-198.

Parkkinen JdJ, Ikonen J, Lammi MJ, Laakkonen J, Tammi
M, Helminen HJ. 1993b. Effects of cyclic hydrostatic
pressure on proteoglycan synthesis in cultured chondro-
cytes and articular cartilage explants. Arch Biochem
Biophys 300:458-465.

Parkkinen JJ, Lammi MJ, Helminen HJ, Tammi M. 1992.
Local stimulation of proteoglycan synthesis in articular
cartilage explants by dynamic compression in vitro. J Or-
thop Res 10:610-620.

Parkkinen JJ, Lammi MJ, Inkinen R, Jortikka M, Tammi
M, Virtanen I, Helminen HJ. 1995. Influence of short-
term hydrostatic pressure on organization of stress fi-
bers in cultured chondrocytes. J Orthop Res 13:495-502.

Parsell DA, Lindquist S. 1993. The function of heat-shock
proteins in stress tolerance. Degradation and reactiva-
tion of damaged proteins. Annu Rev Gen 27:437-496.

Pratt WB. 1997. The role of the hsp90-based chaperone
system in signal transduction by nuclear receptors and
receptors signaling via MAP kinase. Annu Rev Pharma-
col Toxico 37:297-326.

Rebbe NF, Ware J, Bertina RM, Modrich P, Stafford DW.
1987. Nucleotide sequence of a cDNA for a member of the
human 90-kDa heat-shock protein family. Gene 53:235—
245.

Sah RL, Kim Y-J, Doong J, Grodzinsky AJ, Plaas AHK,
Sandy JD. 1989. Biosynthetic response of cartilage ex-
plants to dynamic compression. J Orthop Res 7:619—
636.

Schett G, Redlich K, Xu G, Bizan P, Groger M, Tohidast-
Akrad M, Kiener H, Smolen J, Steiner G. 1998. En-
hanced expression of heat shock protein 70 (hsp70) and
heat shock factor 1 (HSF1) activation in rheumatoid
arthritis synovial tissue. Differential regulation of hsp70
expression and HSF1 activation in synovial fibroblasts
by proinflammatory cytokines, shear stress, and antiin-
flammatory drugs. J Clin Invest 102:302-311.

Schulte TW, Blagosklonny MV, Romanova L, Mushinski
JF, Monia BP, Johnston JF, Nguyen P, Trepel J, Neckers
LM. 1996. Destabilization of Raf-1 by geldanamycin
leads to disruption of the Raf-1-MEK-Mitogen-Activated
Protein Kinase signalling pathway. Mol Cell Biol 16:
5839-5845.

Stephanou A, Conroy S, Isenberg DA, Maione D, Poli V,
Ciliberto G, Latchman DS. 1998. Elevation of IL-6 in
transgenic mice results in increased levels of the 90 kDa
heat shock protein (hsp90) and the production of anti-
hsp90 antibodies. J Autoimmun 11:249-253.

Symington AL, Zimmerman S, Stein J, Stein G, Zimmer-
man AM. 1991. Hydrostatic pressure influences histone
mRNA. J Cell Sci 98:123-129.

Sadménen A-M, Tammi M, Kiviranta I, Jurvelin J, Helmi-
nen HdJ. 1989. Levels of chondroitin-6-sulfate and non-
aggregating proteoglycans at articular cartilage contact
sites in the knees of young dogs subjected to moderate
running exercise. Arthritis Rheum 32:1282-1292.

Takahashi K, Kubo T, Arai Y, Kitajima I, Takigawa M,
Imanishi J, Hirasawa Y. 1998. Hydrostatic pressure in-
duces expression of interleukin 6 and tumour necrosis
factor ¢ mRNAs in a chondrocyte-like cell line. Ann
Rheum Dis 57:231-236.

Tammi M, Paukkonen K, Kiviranta I, Jurvelin J, Sai-
méinen A-M, Helminen HJ.1987. Joint loading-induced
alterations in articular cartilage. In: Helminen HJ, Ki-
viranta I, Tammi M, Sddméinen A-M, Paukkonen K,
Jurvelin J, editors: Joint loading—Biology and health of
articular structures. Bristol: Wright. p 64—88.

Taskiran D, Stefanovic-Racic M, Georgescu H, Evans C.
1994. Nitric oxide mediates suppression of cartilage pro-
teoglycan synthesis by interleukin-1. Biochem Biophys
Res Commun 200:142-148.

Welch WJ, Feramisco JR. 1982. Purification of the major
mammalian heat shock proteins. J Biol Chem 257:
14949-14959.



	EXPERIMENTAL METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.

	DISCUSSION
	TABLE I.
	Fig. 4.
	Fig. 5.

	REFERENCES

