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In the presence of Zn>", the Drosophila 26 S proteasome disas-
sembles into RP (regulatory particle) and CP (catalytic particle),
this process being accompanied by the dissociation of subunit
Rpn10/p54, the ubiquitin receptor subunit of the proteasome.
The dissociation of Rpn10/p54 induces extensive rearrangements
within the lid subcomplex of the RP, while the structure of the
ATPase ring of the base subcomplex seems to be maintained.
As a consequence of the dissociation of the RP, the peptidase
activity of the 26 S proteasome is lost. The Zn>*-induced structural
and functional changes are fully reversible; removal of Zn**
is followed by reassociation of subunit Rpn10/p54 to the RP,
reassembly of the 26 S proteasome and resumption of the pep-
tidase activity. After the Zn**-induced dissociation, Rpn10/p54
interacts with a set of non-proteasomal proteins. Hsp82 (heat-
shock protein 82) has been identified by MS as the main
Rpn10/p54-interacting protein, suggesting its role in the reas-

sembly of the 26 S proteasome after Zn** removal. The physio-
logical relevance of another Rpnl0/p54-interacting protein,
the Smt3 SUMO (small ubiquitin-related modifier-1)-activating
enzyme, detected by chemical cross-linking, has been confirmed
by yeast two-hybrid analysis. Besides the Smt3 SUMO-activating
enzyme, the Ubc9 SUMO-conjugating enzyme also exhibited
in vivo interaction with the 5'-half of Rpn10/p54 in yeast cells. The
mechanism of 26 S proteasome disassembly after ATP depletion
is clearly different from that induced by Zn?*. Rpnl0/p54 is
permanently RP-bound during the ATP-dependent assembly—
disassembly cycle, but during the Zn>* cycle it reversibly shuttles
between the RP-bound and free states.

Key words: assembly—disassembly, catalytic particle, regulatory
particle, 26 S proteasome, subunit Rpn10/p54, zinc.

INTRODUCTION

The ubiquitin—proteasome system is responsible for the controlled
proteolysis of intracellular proteins. The first component of
this system, the ubiquitinating enzyme cascade recognizes the
different degradation signals present in short-lived proteins and,
by attaching a multiubiquitin chain, marks these proteins for pro-
teolysis (reviewed in [1]). Multiubiquitinated proteins are recog-
nized and selectively degraded by the 26 S proteasome. In
an ATP-dependent reaction, this large multiprotein complex is
assembled from two subcomplexes: the CP (catalytic particle;
reviewed in [2]) and the RP (regulatory particle). The orifices
of the central channel of the CP, which are the sites of entry of
substrate proteins [3], are situated at the bases of the barrel-shaped
particle in Thermoplasma acidophilum [4]. In the crystal structure
of the Saccharomyces cerevisiae CP, however, these orifices are
missing, indicating that the channel is gated in eukaryotes [5,6].
The central channel has a narrow diameter, and is accessible
only for completely unfolded proteins. The CP is a non-specific
protease, which cannot discriminate between multiubiquitinated
and non-ubiquitinated proteins.

The RPs, attached to the bases of the CP, ensure the selectivity
of the 26 S proteasome for multiubiquitinated proteins (reviewed
in [7]), unfold the substrate proteins by their chaperone-like
activity [8,9], open the gated channel of the CP [10], reprocess
the ubiquitin residues of the substrate proteins [11,12] and feed
them into the CP. The activity of the RPs is strictly ATP-

dependent. Besides the assembly of the 26 S proteasome from its
subcomplexes, ATP is required for substrate unfolding, opening
the gated channel of the CP, and most probably also for feeding the
substrate proteins into the central channel of the CP. Six ATPase
subunits of the RP, forming a heterohexameric ring, mediate all
the ATP-dependent reactions [13]. The ATPase ring stacks to the
base of the external «-rings of the CP, this configuration en-
suring optimal access for the ATPase subunit Rpt2 to open the
gated channel of the CP. During conventional chromatographic
purification, the RP may be split into base and lid subcomplexes
as a result of the artificially high ionic strength [14]. The ATPase
ring, together with three non-ATPase subunits, forms the base
subcomplex. The lid subcomplex is composed entirely of non-
ATPase subunits. One of them, Rpnl1, which contains a novel
Zn*"-metalloprotease domain, is responsible for reprocessing the
ubiquitin moieties of the multiubiquitinated substrate proteins.
This deubiquitinating activity, which is strictly coupled with
substrate degradation, is dependent on the unimpaired Zn**-
isopeptidase function of the subunit [11,12]. Removal of Zn>*, or
mutation of the predicted active-site histidine residues, suspends
the deubiquitinating activity and stabilizes the substrate pro-
tein. The roles of most of the lid subcomplex subunits are far less
well known. Rpnl and Rpn2, two non-ATPase subunits of the
base, link the lid and base subcomplexes.

The selective recognition and binding of multiubiquitinated
proteins are the primary and, from the aspect of cellular homoeo-
stasis, the most critical functions of the RP. The earlier long debate
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Table 1 Human and yeast homologues of the Drosophila regulatory
complex subunits

Drosophila Human Yeast Subunit-specific antibody
p110 St Rpn2

p97 S2 Rpn1

p58 S3 Rpn3

p56 S4 Rpt2

p55 S5b Rpn5

p54 Sba Rpn10 mAb 170, mAb 28
p50 S6’ Rpt5 mAb 112

p48A S6 Rpt3

p48B S7 Rpt1

p42A S10 Rpn7 mAb 123

p42B S9 Rpn6

p42C S8 Rpt6

p42D S10b Rpt4

p39A Sl Rpn9 mAb 50

p39B S12 Rpn8

p37A - -

p37B S13 Rpn11

on the identification of the ubiquitin receptor of the RP [15-18]
seems to have been settled by two recent papers [19,20] that
confirm the original idea that Rpn10/p54 (the nomenclature of
the subunits of yeast, human and Drosophila RPs is presented
in Table 1) fulfils all the criteria of an ubiquitin receptor.
Although the co-operation of Rpn10/p54, Rad23 and other PIPs
(proteasome-interacting proteins) in substrate recognition has
been extensively analysed (reviewed in [21]), one feature of the
mode of action of Rpn10/p54 in the substrate selection still awaits
clarification. There are two alternative scenarios for the mode of
substrate selection and binding. If it is assumed that Rpn10/p54
is located on the surface of the RP in an exposed configuration
[22], substrate selection may proceed in the firmly bound state
of this ubiquitin receptor subunit. However, since Rpn10/p54 is
the only RP subunit that exists in RP-bound and free forms in
most organisms [16,23,24], a shuttling cycle of this subunit may
be presumed during substrate selection: after dissociation, the
free subunit recruits multiubiquitinated substrates and, by reasso-
ciation with the RP, targets them for destruction. The revers-
ible dissociation—association of Rpnl10/p54, the first obvious
requirement supporting this shuttling mechanism, is described
in this paper.

EXPERIMENTAL
Purification of the proteasome

26 S proteasomes were purified to homogeneity from Drosophila
embryos as described previously [25]. Partially purified 26 S
proteasome fraction was purified to the DEAE-fractogel step,
dialysed against 20 mM Tris/HCI (pH 7.6), 100 mM NaCl, 5 mM
MgCl,, 1 mM ATP, 1 mM DTT (dithiothreitol) and 5 % (v/v) gly-
cerol and stored in aliquots at — 80°C. Just before Zn>" addition,
DTT was removed on a HiTrap Desalting column (Amersham
Biosciences) equilibrated with 20 mM Tris/HCI (pH 7.6),
100 mM NacCl, 5 mM MgCl,, 1 mM ATP and 5 % glycerol.

The conditions of protein cross-linking with disuccinimidyl
suberate (Pierce, Rockford, IL, U.S.A.) and the analysis of the
cross-linked proteasomal subunits by immunoblotting technique,
as well as the characterization of the subunit-specific mAbs
(monoclonal antibodies) have been described in [25].
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Gel electrophoresis

Denaturing polyacrylamide gels (SDS/PAGE) were prepared by
standard techniques. Native PAGE was performed on the single
gel layer system described by Glickman et al. [26]. ATP was
present or absent in the gel and in the running buffer as indicated.
The 26 S proteasomes separated on native polyacrylamide gels
were assayed for catalytic activity by the fluorigenic gel overlay
technique using succinyl-Leu-Leu-Val-Tyr-amido-4-methylcou-
marin (Bachem, Torrance, CA, U.S.A.) as described by Glickman
et al. [26], or processed for immunoblotting after in-gel dis-
sociation of the proteasomal subunits by soaking the gel for 5 min
at room temperature (22°C) in Western-blotting buffer (20 mM
Tris base, 150 mM glycine and 20 %, v/v, methanol; the pH of
the solution is adjusted to 8.0 before the addition of methanol)
supplemented with 1 % SDS.

Zn>* affinity chromatography was performed on a Fractogel®
EMD Chelate (S) column (Merck, Gibbstown, NJ, U.S.A.) ac-
cording to the manufacturer’s instructions.

Phosphocreatine—creatine kinase (Sigma) was used as an ATP-
regenerating system.

Purification and analysis of Rpn10/p54-interacting proteins

Immunoprecipitation was done with a mixture of two different
mAbs (mAb 170 and mAb 28), which recognize two different epi-
topes of subunit Rpn10/p54. The mAbs were bound to Protein
G-—agarose (Sigma) and the beads were washed several times with
PBS to remove unbound IgG and then incubated with the cross-
linked protein fractions by mixing in the cold room overnight.
After washing the beads five times with PBS and three times with
PBS supplemented with 0.05 % Tween 20 to remove unbound
proteins, the immunoprecipitated proteins were recovered by SDS
sample buffer and fractionated by SDS/PAGE.

For MS-based protein identification, colloidal Coomassie
Brilliant Blue-stained protein bands were cut, diced and washed
with 25 mM NH,HCO; in 50 % (v/v) acetonitrile/water. Disul-
phides were reduced with DTT (30 min, 56 °C) and alkylated with
iodoacetamide (30 min, room temperature, in the dark). Proteins
were in-gel-digested with side-chain-protected, porcine trypsin
(Promega, Madison, WI, U.S.A.) for approx. 5 h. Tryptic digests
were extracted and purified on C18 ZipTip (Millipore, Bedford,
MA, U.S.A)). MS analysis was performed in positive-ion,
reflectron mode, on a Reflex III MALDI-TOF (matrix-assisted
laser-desorption ionization—time-of-flight) mass spectrometer
(Bruker, Karlsruhe, Germany), using 2,5-dihydroxybenzoic acid
as the matrix. Two-point external calibration was applied, which
guarantees mass accuracy within 200 p.p.m. Masses detected
were submitted to a database search on the NCBI database using
online software packages, such as MS-Fit in Protein Prospector
(http://prospector.ucsf.edu). Some peptides were selected for
PSD (post-source decay) analysis in order to obtain sequence
information and, thus, to confirm or overwrite the results of the
mass-fingerprint-based protein identification.

Cloning the Drosophila Hsp82 (heat-shock protein 82) cDNA

Hsp82 was cloned into the pFLAG-MAC expression vector
(Sigma) after RT (reverse transcriptase)-PCR amplification
using total RNA prepared from heat-shock treated Drosophila
embryos (37°C, 20 min). RevertAid first-strand cDNA kit
(Fermentas, St. Leon-Rot, Germany) was used for reverse tran-
scription and, for PCR amplification, the 5'-ACGAAGCTTATG-
CCAGAAGAAGCAGAGAC forward and the 5-GTCGAAT-
TCTTAATCGACCTCCTCCATGT reverse primers were used.
The PCR product was digested with HindIII and EcoRI and
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cloned into the HindIIl and EcoRI sites of pFLAG-MAC.
The cloned Hsp82 cDNA was checked by DNA sequencing.
Hsp82 protein was expressed and purified on anti-FLAG M2
affinity gel according to the manufacturer’s instructions.

Yeast two-hybrid analysis

The full-length Drosophila RpnlO/p54 cDNA, its 5'-half
(1-616 bp to the internal EcoRI site, [23]), or its 3’-half (616—
1190 bp) were cloned into the pBTM 116 DNA-binding domain
vector in frame with its Lex A DNA-binding sequence. pBTM
116 carries the frpl nutritional marker gene. The reading
frame was verified by DNA sequence analysis. Plasmids were
transformed into S. cerevisiae L40 strain (trpl, leu2, his3,
LYS2::lexAoplacZ), transformants were selected on minimal
medium complemented with leucine and histidine and tested for
self-activation by Lac Z assay. Since the full-length Rpn10/p54
and its 3'-half derivative exhibited self-activation, pPBTM 116
carrying the 5'-half of the Rpnl0/p54 cDNA was used for
two-hybrid screening. It was co-transformed with a Drosophila
melanogaster embryo Matchmaker cDNA activation domain
library (ClonTech Laboratories, Palo Alto, CA, U.S.A.) according
to the manufacturer’s instructions. The cDNA library was cloned
in the pACT?2 vector, which carries the /eu2 nutritional marker
gene. Transformants carrying plasmids encoding interacting
proteins were selected on minimal medium lacking histidine, and
the interaction of the 5'-half of the Rpn10/p54 protein (fused to the
Lex A DNA-binding domain) and the protein fused to the Gal4
activation domain was further verified by Lac Z assay. DNA se-
quencing and database analysis identified the selected cDNA
present in the Gal4 activation domain fusion.

Pull-down experiments

The cDNAs of the Smt3 SUMO (small ubiquitin-related modifier-
1)-activating enzyme and the DmUbc9 SUMO-conjugating
enzyme were cloned into pFLAG-MAC vector, and the full-
length Rpn10/p54 cDNA was cloned into pET28. The reading
frame in the constructs was checked by DNA sequencing and the
proteins were expressed. Anti-FLAG M2 affinity columns were
charged with FLAG-Smt3 SUMO-activating enzyme, FLAG—
DmUbc9 SUMO-conjugating enzyme or FLAG-Hsp82, and
unbound proteins were removed by washing. The columns were
loaded with 1 ml of a total Escherichia coli extract in which
the full-length Rpn10/p54 was expressed, and the columns were
washed extensively and eluted with an excess of FLAG peptide.
The binding of Rpnl0/p54 was analysed in immunoblots with
mAb 170. In control experiments, uncharged anti-FLAG M2
affinity column was loaded with the same E. coli extract, and
the non-specific binding of Rpn10/p54 was checked by the same
technique.

RESULTS

Zn%** induces disassembly of the 26 S proteasome and dissociation
of the ubiquitin receptor subunit

The discovery that removal of the Zn*™ moiety from the Zn**-
isopeptidase domain of subunit Rpnll not only destroys the
deubiquitinating activity of Rpnl1 but also suspends the whole
proteasomal degradation cycle suggested that certain function(s)
of the 26 S proteasome might be orchestrated through Zn>"-co-
ordinated interactions of RP subunits. The removal of Zn** ions
from its protein co-ordination site(s) by specific chelating agents
seemed to be a plausible technique with which to approach
these interactions. We attempted to trace these presumed Zn>*-
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Figure 1  Zn?*-binding sites on proteasomal subunits

Lane 1, silver-stained one-dimensional SDS/PAGE pattern of highly purified Drosophila 26 S
proteasome; lane 2, proteasomal subunits recovered with 0.2 M imidazole from Zn®*-charged
fractogel metal chelate column.

dependent interactions of RP subunits by chemical cross-linking
with bifunctional protein cross-linkers, which was demonstrated
earlier to be a highly sensitive method that can be used to monitor
the changes in the subunit interactions of the RP during the ATP-
dependent assembly—disassembly of the 26 S proteasome [25].

Highly purified or partially purified DEAE-fractogel fractions
of Drosophila 26 S proteasomes were preincubated with increas-
ing concentrations of 1,10-phenanthroline, followed by cross-
linking with disuccinimidyl suberate. The proteins were frac-
tionated on SDS/PAGE and the cross-linking pattern of the
different RP subunits was visualized on immunoblots by using
subunit-specific mAbs. Within the concentration range 0-2 mM,
1,10-phenanthroline did not induce any detectable change in the
cross-linking pattern of the RP subunits (results not shown),
indicating that either critical Zn>" is firmly bound by RP subunits
or its removal does not influence subunit interactions.

However, there is an alternative strategy through which the
presumed Zn**-dependent subunit interactions may be influenced.
It is known that excess Zn>* can severely inhibit the catalytic ac-
tivity of several Zn*"-proteases, by binding to secondary Zn**-
binding sites and creating a bridging interaction with the catalytic
Zn*" ion [27-31]. The densely packed multiprotein structure of the
RP may support such bridging interactions among their subunits.
To exploit this approach, we first had to prove that there are RP
subunits other than Rpn11, which possess Zn*"-binding sites. For
this purpose, subunits of highly purified 26 S proteasome were
dissociated in 6 M guanidinium chloride and loaded on to a Zn**-
charged metal chelating fractogel column equilibrated with 6 M
guanidinium chloride in PBS. Unbound proteins were removed by
washing the column with 6 M guanidinium chloride. The column
was developed with a downward guanidinium chloride gradient
(from 6 to 0 M in PBS) to allow the on-column refolding of Zn?*-
bound proteasome subunits, which were finally eluted with an
imidazole gradient. Several column-bound RP and CP subunits
were recovered; all of them eluted at approx. 0.2 M imidazole,
indicating the presence of strong Zn>*-binding sites on several
proteasomal subunits (Figure 1). Among the RP subunits bound
by the zinc column, p110, p97, p58 and p54 were identified by
their molecular mass; a single polypeptide is present in these bands
[25]. Immunoblots with subunit-specific antibodies [25] revealed
that, of the 48, 42 and 39 kDa bands, which carry several different
subunits, the p48A, p48B, p42A, p42C and p39A subunits were
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Figure 2 Zn?*-induced changes in proteasomal subunit interactions,
detected by chemical cross-linking and immunoblot analysis

Highly purified Drosophila 26 S proteasome was preincubated in the presence of ATP, with
or without 200 ..M ZnCl,, and cross-linked with disuccinimidyl suberate. The cross-linking
patterns, representing subunit interactions, were analysed in immunoblots with subunit-specific
mAbs. Changes in the subunit interactions of Rpn7/p42A and Rpn9/p39A lid subcomplex
subunits were analysed with mAb 123 and mAb 50 respectively. The Rpt5/p50 ATPase subunit
and the ubiquitin receptor subunit Rpn10/p54 were analysed with mAb 112 and mAb 170
respectively. The asterisk denotes subunit interactions not influenced by Zn* treatment. Arrow-
heads mark the non-cross-linked subunits.

bound to the zinc column (results not shown). Proteasome subunits
did not bind to the Zn*"-free metal chelating fractogel column
(results not shown).

To test the effect of exogenous Zn*" on the subunit interactions
of the RP, DTT was removed from a highly purified 26 S pro-
teasome preparation, which was then preincubated for 20 min
at 25°C with increasing concentrations (0-200 uM) of ZnCl,.
To maintain the structural integrity of the 26 S proteasome, all
the reactions were carried out in the presence of 1 mM ATP
and an ATP-regenerating system. After this preincubation period,
cross-linking of the RP subunits was initiated by the addition of
disuccinimidyl suberate. The cross-linking reaction performed at
25 °C was halted 20 min later by the addition of an excess amount
of glycine, and the cross-linking patterns of the RP subunits were
analysed on immunoblots developed with different RP subunit-
specific mAbs. As shown in Figure 2, excess Zn*' induced
characteristic rearrangements in the subunit interactions of the
lid subcomplex. While certain subunit contacts were maintained
(Figure 2, asterisks), others disappeared or new contacts were
formed. The subunit interactions within the ATPase ring were not
influenced, whereas all the contacts of the ubiquitin receptor
subunit (Rpnl10/p54) characteristic of the native proteasome
were suspended. The rearrangements were Zn** concentration-
dependent: the changes were already detectable at 50 uM Zn>*
concentration and reached a plateau at 200 uM (results not
shown).

The data presented in Figure 2 suggest that subunit Rpn10/p54
dissociated from the RP in the presence of exogenous Zn**,
subsequently suspending all its interactions with other RP sub-
units. This assumption was tested on a partially purified 26 S
proteasome (see below). DTT-free DEAE-fractogel fraction of the
26 S proteasome was preincubated for 20 min at 25 °C in the pre-
sence of 1 mM ATP and an ATP-regenerating system, with
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or without 200 uM ZnCl,, and then fractionated on native
polyacrylamide gel containing 1 mM ATP (no DTT) and prepared
with or without 200 uM ZnCl,. Immunoblot analysis of the
control sample with mAbs specific for Rpn10/p54 (mAb 170,
Figure 3A, lane 1) or the 1 CP subunit (mAb IIG7, Figure 3A,
lane 2) revealed the conventional native polyacrylamide gel
pattern: the 26S; and 26Sy; bands, corresponding to doubly capped
and singly capped 26 S proteasomes respectively, reacted with
both the RP- and the CP-specific antibodies, while the free
CP present in the preparation had much faster electrophoretic
mobility and reacted only with mAb IIG7. Both 26 S bands
exhibited strong peptidase activity in overlay assays, while the
peptidase activity of the free CP, in agreement with published data
[26], was negligible (Figure 3A, lane 3). A completely different
pattern was obtained in the presence of 200 ©M Zn>" (Figure 3B).
The 26S; and 26S; forms of the 26 S proteasome were not
observed, while mAb 50 and mAb 112, specific for the lid subunit
Rpn9/p39A and the ATPase subunit Rpt5/p50 respectively, light
up a single band which should correspond to the free RP, because it
did not react with the CP-specific mAb IIG7. The total amount of
CP was present as a free particle with an electrophoretic mobility
higher than that of the free RP. As expected from the cross-linking
pattern, Rpn10/p54 dissociated in foto from the RP and appeared
in the front of the gel. Overlay assay revealed the loss of peptidase
activity in the presence of Zn>* (Figure 3B, lane 5). The loss of
peptidase activity is not due to the inactivation of the catalytic
activity of the CP, but it is a consequence of the dissociation of the
RP. This follows from the observation that the peptidase activity
of the zinc-treated proteasomes, measured by fluorimetry using
succinyl-Leu-Leu-Val-Tyr-amido-4-methylcoumarin as substrate
[26], can be enhanced 8-fold in the presence of 0.02 % SDS. This
is comparable with the increase in the catalytic activity of a highly
purified CP in the presence of 0.02 % SDS [26].

Thus excess Zn>" induces disassembly of the 26 S proteasome
into RP and CP, in parallel with full dissociation of the ubiquitin
receptor subunit from the RP. The mobilities of the bands lit
up by lid and base subunit-specific mAbs after zinc treatment
cannot be distinguished, indicating that the integrity of the RP is
not compromised; the RP does not fall apart into lid and base
subcomplexes. These structural changes are accompanied by a
complete loss of the peptidase activity. The cross-linking experi-
ments depicted in Figure 2 revealed that the structure of the
ATPase ring of the RP remains intact during this process, but
major subunit rearrangements occur in the lid subcomplex.

To prove that Rpn10/p54 is the only subunit of the RP which
dissociates in the presence of Zn**, the RP of the zinc-treated
DEAE-fractogel fraction was purified on a Superose 6 sizing
column as described previously [32], and its subunit pattern was
analysed on silver-stained SDS gel and by immunoblotting. As it
is shown in Figure 3(E), besides the absence of the Rpn10/p54
subunit, the subunit patterns of the control and the zinc-treated
RP are indistinguishable.

Reversibility of the Zn?*-induced structural and functional changes
in the 26 S proteasome

Reversal of the Zn?"-induced changes in the 26 S proteasome was
first tested on a DTT-free highly purified 26 S proteasome. After
a 20 min preincubation in the presence of 1 mM ATP, an ATP-
regenerating system and 200 uM ZnCl,, 1,10-phenanthroline
(200 uM final concentration) was added to the proteasomes
and the incubation was continued for an additional 20 min.
Reversal of the Zn*"-induced structural changes was tested on
native polyacrylamide gels and by the cross-linking test. No
detectable reversal occurred after the removal of the Zn*" ions
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Figure 3 Zn?**-induced structural and functional changes in the 26 S proteasome, analysed hy native PAGE

(A) The DEAE-fractogel fraction of the Drosophila 26 S proteasome was fractionated on 1 mM ATP-containing native polyacrylamide gel and analysed by immunoblotting with mAb 170 (lane 1) and
mAb lIG7 (lane 2), or its peptidase activity was tested in a fluorigenic overlay assay (lane 3). (B) The DEAE-fractogel fraction of the Drosophila 26 S proteasome was preincubated in the presence
of ATP with 200 M ZnCl, and fractionated on 1 mM ATP and 200 M ZnCl,-containing native polyacrylamide gel. Immunoblot analysis was performed with mAb 170 (lane 1), mAb I1G7 (lane 2),
mAb 112 (lane 3) and mAb 50 (lane 4). The peptidase activity of the Zn>*-treated proteasomes was tested in a fluorigenic overlay assay (lane 5). (C) Reversibility of Zn>*-induced changes: Zn?* was
removed with 1,10-phenanthroline from the Zn* -treated proteasome shown in (B), and analysed on 1 mM ATP-containing native gel. Inmunoblot analysis was performed with mAb 170 (lane 1), mAb
[1G7 (lane 2), mAb 112 (lane 3) and mAb 50 (lane 4). The peptidase activity was tested in a fluorigenic overlay assay (lane 5). (D) Reassembly of the 26 S proteasome after ATP depletion. Lanes 1-3:
the ATP-depleted DEAE-fractogel fraction of the Drosophila 26 S proteasome was fractionated on native polyacrylamide gel prepared without ATP. Immunoblot analysis was performed with mAb 170
(lane 1) and mAb 11G7 (lane 2); the peptidase activity was tested in a fluorigenic overlay assay (lane 3). Lanes 4-5: the DEAE-fractogel fraction of the Drosophila 26 S proteasome was analysed on
1 mM ATP-containing native polyacrylamide gel. Immunoblots were tested with mAb 170 (lane 4) and mAb IIG7 (lane 5). Lanes 6-8: the ATP-depleted DEAE-fractogel fraction was incubated in the
presence of ATP and fractionated on 1 mM ATP-containing native polyacrylamide gel. Immunoblot analysis was performed with mAb 170 (lane 6) and mAb IIG7 (lane 7); the peptidase activity was
tested in a fluorigenic overlay assay (lane 8). (E) Integrity of the RP after zinc treatment. RP of control and zinc-treated DEAE-fractogel fraction was purified on a Superose 6 sizing column and their
subunit pattern was analysed on silver-stained denaturing gel (lanes 1 and 2) and by immunoblotting (lanes 3 and 4) with a mixture of mAbs specific for the subunits indicated on the right side.

(results not shown). On the assumption that the reassociation of
subunit Rpn10/p54 and the reassembly of the 26 S proteasome
require non-proteasomal assembly factor(s), the reversibility of
the Zn*" effect was tested on partially purified 26 S proteasome
fractions. DTT-free DEAE-fractogel fraction was preincubated
in the presence of 1 mM ATP and an ATP-regenerating system
with 200 uM ZnCl, for increasing periods of time at 25°C, and
the association of Rpnl10/p54 with potential non-proteasomal
assembly factor(s) was tested by the cross-linking assay,
using mAb 170 specific for subunit Rpn10/p54. As shown in
Figure 4(A), the Zn**-induced dissociation of Rpn10/p54 from
the RP is very fast: a 3 min preincubation was sufficient to dis-
rupt all subunit interactions characteristic of the native RP. Addi-
tionally, during the incubation, a completely new set of cross-
linking products appeared, indicating the formation of a set of
specific interactions of Rpn10/p54 with cellular protein(s) that
do not occur in the highly purified 26 S proteasome preparation

(Figure 2). The roles of these new, specific protein—protein
interactions of Rpnl0/p54 in the reversal of the Zn*"-induced
structural changes were studied by native gel electrophoresis and
cross-linking techniques. The DTT-free DEAE-fractogel fraction
was preincubated in the presence of 1 mM ATP and an ATP-
regenerating system with 200 uM ZnCl, for 20 min at 25°C.
Removal of Zn** was achieved by the addition of 200 uM 1,10-
phenanthroline, and cross-linking by disuccinimidyl suberate
was started 10 min later. After a 20 min cross-linking period,
the reversal of the Zn**-induced changes was analysed by im-
munoblotting with mAb 170. Removal of Zn** resulted in the
disappearance of all the Zn**-specific cross-linking products and
reformation of the major cross-linking products characteristic of
the native 26 S proteasome (Figure 4B).

Native PAGE demonstrated that both electrophoretic variants
of the 26 S proteasome were reformed upon Zn** removal (Fig-
ure 3C). Subunit Rpn10/p54 is incorporated into the reassembled
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Figure 4 Detection of Rpn10/p54-interacting proteins

(A) The DTT-free DEAE-fractogel fraction of the Drosophila 26 S proteasome was preincubated
inthe presence of ATP with 200 ..M ZnCl, for the time periods indicated. The preincubation was
followed by cross-linking with disuccinimidyl suberate. Rpn10/p54-interacting proteins were
detected by immunablotting with mAb 170. (B) The DEAE-fractogel sample preincubated for
20 minwith 200 .M ZnCl, (A) was supplemented with 200 .M 1,10-phenanthroling, incubated
for an additional 10 min, cross-linked and analysed as described in (A). Arrowhead marks the
non-cross-linked Rpn10/p54 protein.

26 S proteasome, because the distribution of Rpn10/p54 between
the 26S; and 26S;, variants is indistinguishable from that of the
Rpt5/p50 ATPase or Rpn9/p39A lid subunits (Figure 3C, lanes 1,
3 and 4) and no free monomer p54 was detected. Concomitantly
with the structural reversal, there is a functional renaturation of the
peptidase activity of the Zn>"-treated 26 S proteasomes after Zn>"
removal. As revealed by fluorigenic overlay assays, complete loss
of peptidase activity occurred in the presence of 200 uM Zn>*
(Figure 3B, lane 5), but the peptidase activity was restored after
Zn*" removal (Figure 3C, lane 5).

Histidine and cysteine side chains, which are responsible for
zinc co-ordination, can also bind several other bivalent cations.
This is true for the proteasomal subunits as well: the same set
of subunits bound by a zinc column (Figure 1) also binds to a
nickel column (results not shown). The specificity of zinc on the
structural and functional rearrangement of the 26 S proteasome,
however, is supported by the observation that Ca?", Ni**, Co** and
Mn?" in the concentration range 50-200 uM can neither induce
the disassembly of the 26 S proteasome and dissociation of the
ubiquitin-receptor subunit nor disrupt the peptidase activity of
the 26 S proteasome (results not shown).

Two different routes in the assembly-disassembly of the
26 S proteasome

It has long been known that ATP is essential for maintenance of
the structural integrity of the 26 S proteasome. In the absence
of ATP, the 26 S proteasome dissociates into RP and CP [33].
In partially purified preparations, this process is reversible, re-
addition of ATP resulting in reassembly of the 26 S proteasomes
[32]. To test the fate of subunit Rpn10/p54 after ATP depletion,
the partially purified DEAE-fractogel fraction was run through
a HiTrap desalting column equilibrated with 20 mM Tris/HC1
(pH 7.6), 100 mM NaCl, 5 mM MgCl, and 5% glycerol. The
ATP- and DTT-depleted sample was fractionated on a native
polyacrylamide gel prepared without ATP and DTT. Samples
were blotted and the assembly state of the proteasomes and the
dissociation of subunit Rpn10/p54 were analysed with mAb 170
and mAb IIG7. Although the 26 S proteasome dissociated into
free RP and CP in the absence of ATP, subunit Rpn10/p54 did not
dissociate from the RP (Figure 3D, lanes 1 and 2). Disassembly
of the 26 S proteasome is accompanied by the loss of peptidase
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Figure 5 Purification of Rpn10/p54-interacting proteins by immuno-
precipitation

The cross-linked DEAE-fractogel sample shown in Figure 4(A) (20 min) was immunoprecipitated
with a mixture of mAb 28 and mAb 170. mAb developed against potato leghaemoglobin was
used for control immunoprecipitation. Aliquots of the precipitated materials were analysed by
immunoblotting. Lane 1: the immunoprecipitate obtained using potato leghaemoglobin antibody
was analysed with mAb 170. The immunoprecipitate produced with a mixture of mAb 28 and
mAb 170 was analysed with mAb 170 (lane 2), mAb 1IG7 (lane 3), mAb 50 (lane 4), mAb 112
(lane 5) and mAb 123 (lane 6).

activity (Figure 3D, lane 3). Disassembly of the 26 S proteasome
is partially reversed when ATP- and DTT-depleted proteasome is
incubated again with ATP and an ATP-regenerating system, and
fractionated on ATP containing native gel (Figure 3D, lanes 4-8).
Addition of DTT did not improve the efficiency of reassembly
(results not shown). Thus the mechanism of ATP-dependent
assembly—disassembly of the 26 S proteasome is completely
different from that observed after Zn** addition/removal. During
the ATP cycle, subunit Rpn10/p54 is permanently RP-bound,
whereas during the Zn>*-cycle it exhibits a reversible shuttling.

Identification of Rpn10/p54-interacting proteins

It appeared reasonable to suppose that proteins interacting
with subunit Rpn10/p54 after its Zn**-induced dissociation are
involved in the structural and functional restoration of the in-
tact 26 S proteasome accompanying Zn>" removal. For the iden-
tification of these interacting proteins, DTT-free DEAE-fractogel
fraction was incubated in the presence of 1 mM ATP and an
ATP-regenerating system with 200 uM ZnCl, for 20 min, and
cross-linked with disuccinimidyl suberate. The cross-linking
reaction was halted by the addition of an excess of glycine,
and the sample was fractionated on a Superose 6 sizing column
to separate the RPs, the CP, the Rpnl0/p54 subunit cross-
linked with its interacting partners, the free Rpn10/p54 subunit
and other monomer proteins. The fractions from Superose 6
chromatography were analysed by immunoblot assay, using mAb
170 to localize the elution position of the cross-linked Rpn10/p54-
interacting protein fractions. These fractions were pooled and
immunoprecipitated with a mixture of mAb 170 and mAb 28.
A non-specific mAb developed against potato leghaemoglobin
was used as control in the immunoprecipitation. As shown in
Figure 5, mAb 170 and mADb 28 precipitated the complex pattern
of cross-linked Rpnl0/p54 derivatives that appear after Zn**
treatment (lane 2). These bands are completely missing from the
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control immunoprecipitate obtained with a non-specific antibody
(Figure 5, lane 1). Immunoblot analysis of the precipitated pro-
teins with several proteasome-specific mAbs further confirmed the
specificity of the immunoprecipitation: apart from Rpn10/p54, no
other RP or CP subunit was present in the precipitated fraction
(Figure 5, lanes 3-6). The immunoprecipitated proteins were
separated by SDS/PAGE and stained with Coomassie Blue; the
bands were excised from the gel, and after in-gel trypsin digestion,
the unfractionated digest mixtures were subjected to MALDI
TOF MS. Proteins were first tentatively identified from database
searches with the monoisotopic MH* values observed. These IDs
were further confirmed by sequence information provided by PSD
spectra of selected peptides. Besides Rpn10/p54, four different
proteins were identified in the immunoprecipitated material as
cross-linked partners: band 2: heat-shock cognate protein Hsc
70Cb (NCBI accession no. 4753683, confirmed by PSD of:
N3**KLQGGPFER®*); band 3: Smt3-activating enzyme 2 (NCBI
accession no. 6934296, confirmed by PSD of: Q®*FLFHR®” and
F*FNEDITYLLR**); band 4: Drosophila protein with a function
of glutamyl amidopeptidase (NCBI accession no. 24646518,
confirmed by PSD of: Y INWAWDESNVR”™*); and bands 5
and 6: Hsp82 (NCBI accession no. 8127, confirmed by PSD
of: A**LLFIPR*° and H**FSVEGQLEFR**). The presence of
Hsp82 both in band 5 and in the broad band 6 may be due to
its well-known oligomerization tendency, which is enhanced by
bivalent cations (reviewed in [34]). IgM, derived from the ascites
fluid of mAb 170 was identified in band 1.

The identification of the Hsp82 chaperone as the main
Rpn10/p54-interacting protein and its published role in the as-
sembly of the yeast 26 S proteasome as well as in the maintenance
of the structural integrity of the yeast 26 S proteasome [35]
suggested that it might have a role in the reassembly of the
Drosophila 26 S proteasome after zinc treatment. The failure of
the reassembly of the highly purified 26 S proteasome after zinc
removal, as opposed to the high efficiency of such reassembly
in the partially purified DEAE-fractogel fraction, may be due to
the lack of Hsp82 protein in the highly purified 26 S proteasome.
To address the role of Hsp82 in the zinc-dependent reassembly
process, highly purified 26 S proteasome was preincubated in the
presence of ATP, an ATP-regenerating system and 200 uM Zn*"
for 20 min at 25°C, zinc was then removed as described above
and the proteasome was incubated for an additional 20 min in
the absence or presence of 5-fold molar excess of purified Hsp82
protein. Reassembly of the 26 S proteasome and the incorporation
of Rpn10/p54 subunit into the RP were analysed by immunoblot
technique after fractionation of the proteins on a Superose 6 sizing
column. Although the resolution of the Superose 6 column is far
less than that of the native PAGE, the preparative Superose 6
column allowed easier detection of the dilute highly purified 26 S
proteasome preparation. As it is shown in Figure 6(A), reassembly
of the zinc-treated highly purified 26 S proteasome cannot be
achieved by zinc removal alone. The elution peak of Rpn10/p54
(fraction 36) is in the position of the monomer proteins, the peak of
the free CP is in fraction 24 and that of the free RP is in fraction
20. Purified Hsp82 protein supported the partial reassembly of
the 26 S proteasome after zinc removal (Figure 6B). A substantial
fraction of Rpnl10/p54 is reincorporated into the RP, the shift
between the elution position of the free CP and the free RP
disappears, and their common elution position in fractions 16—
18 corresponds to that of the singly capped 26 S proteasomes
[32]. The Hsp82-supported reassembly of the highly purified 26 S
proteasome, however, is far less complete than that observed in
the partially purified DEAE-fractogel fraction (Figures 3C, 6C
and 6D), suggesting that other assembly factor(s), like Hsc 70Cb,
may also participate in this process.
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Figure 6 Hsp82 supports the reassembly of zinc-treated highly purified
26 S proteasome

() Highly purified Drosophila 26 S proteasome was preincubated in the presence of ATP with
200 M ZnCly. After zinc removal, incubation was continued for an additional 20 min and
the proteasomes were fractionated on Superose 6 sizing column. Column fractions (200 )
were concentrated by precipitation with 7 vol. of acetone, run on 10% (w/v) SDS gel and
immunoblotted with a mixture of five mAbs specific for subunits indicated on the left. (B) Highly
purified Drosophila 26 S proteasome was preincubated in the presence of ATP with 200 .M
ZnCl,. After the removal of zinc, incubation was continued with 5-fold molar excess of purified
Hsp82 protein for an additional 20 min and the proteasomes were fractionated on Superose
6 sizing column. Column fractions (200 j!) were concentrated by precipitation with 7 vol. of
acetone, run on 10% SDS gel and immunoblotted with a mixture of five mAbs specific for
subunits indicated on the left. (C) DEAE-fractogel fraction of Drosophila 26 S proteasome was
preincubated in the presence of ATP with 200 ..M ZnCl, and fractionated on Superose 6 sizing
column in the presence of 200 M ZnCl,. Aliquots (20 s) of the column fraction were run on
10% SDS gel and immunoblotted with a mixture of five mAbs specific for subunits indicated
on the left. (D) DEAE-fractogel fraction of Drosophila 26 S proteasome was preincubated in
the presence of ATP with 200 .M ZnCl,. After zinc removal, incubation was continued for an
additional 20 min and the proteasomes were fractionated on Superose 6 sizing column. Aliquots
(20 1) of the column fraction were run on 10 % SDS gel and immunoblotted with a mixture of
five mAbs specific for subunits indicated on the left.
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Figure 7 In vivo interaction of the 5-half of Rpn10/p54 with the Smt3
SUMO-activating and the DmUbc9 SUMO-conjugating enzymes

Single- and double-transformant yeasts were grown on minimal medium and tested for Lac Z
activity.

To explore further the physiological relevance of the protein—
protein interactions of the zinc-dissociated Rpn10/p54 detected by
chemical cross-linking, yeast two-hybrid screen was performed
to select proteins that can in vivo interact with Rpn10/p54. As the
C-terminal half of the Rpn10/p54 protein induced self-activation
of the Gal4 system, only the N-terminal half of the subunit was
used as bait, cloned into the pBTM 116 DNA-binding domain
vector. This plasmid was co-transformed with a Drosophila
embryonic cDNA library cloned in the pACT2 Gal4 activation-
domain vector. Co-transformants carrying plasmids coding for
interacting proteins were selected on minimal medium lacking
histidine. The specificity of the interactions was further verified
by the Lac Z test. Among the interacting proteins selected, two
were highly relevant for the present study: in agreement with
the cross-linking studies, we have selected the Drosophila Smt3
SUMO-activating enzyme. In addition, the DmUbc9 Droso-
phila SUMO-conjugating enzyme [36] has also been identified
among the Rpn10/p54-interacting proteins (Figure 7).

The interaction of the Smt3 SUMO-activating enzyme and the
DmUbc9 Drosophila SUMO-conjugating enzyme with Rpn10/
p54 has been confirmed by pull-down experiments. Anti-FLAG
M2 affinity gel charged with FLAG-tagged Smt3 or FLAG-tagged
DmUbc9 was loaded with recombinant Rpn10/p54. The binding
of Rpn10/p54 was analysed in immunoblots after elution of the
columns with FLAG peptide. As shown in Figure 8 (lane 1),
Rpn10/p54 does not bind to uncharged affinity column, but binds
to both Smt3-charged (lane 2) and DmUbc9-charged (lane 3)
columns.

On using the 5'-half of Rpnl0/p54 as bait in the yeast two-
hybrid screen, we could not detect the interaction of the N-
terminal half of the subunit with the Hsp82 protein. In the pull-
down experiments, however, on use of the full-length Rpn10/p54,
a strong interaction was demonstrated (Figure 8, lane 4).

DISCUSSION

Zn*" seems to be a more generalized effector of the proteasome
as it was assumed previously [11,12]. Besides its essential role
in the reprocessing of ubiquitin moieties from multiubiquitinated
proteins and its involvement in the whole proteolytic degradation
cycle, Zn** can induce an extensive structural rearrangement of
the Drosophila 26 S proteasome. In the presence of excess Zn**,
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Figure 8 In vitro interaction of the Smt3 SUMO-activating enzyme, the
DmUbc9 SUMO-conjugating enzyme and the Hsp82 protein with the full-
length Rpn10/p54

Uncharged anti-FLAG M2 affinity column (lane 1), or anti-FLAG M2 affinity columns charged with
FLAG-Smt3 SUMO-activating enzyme (lane 2), FLAG-DmUbc9 SUMO-conjugating enzyme
(lane 3) or FLAG—Hsp82, were loaded with Rpn10/p54. The columns were eluted with an excess
of FLAG peptide and analysed by immunoblotting with mAb 170.

the 26 S proteasome disassembles into RP and CP, this process
being accompanied by the dissociation of subunit Rpn10/p54,
the ubiquitin receptor of the proteasome. The dissociation of
subunit Rpn10/p54 induces extensive rearrangements within the
lid subcomplex, while the structure of the ATPase ring of the base
subcomplex seems to be maintained, gross subunit rearrange-
ments, detectable by chemical cross-linking, do not occur. Due to
the dissociation of the RP, the peptidase activity of the proteasome
is lost.

The intracellular free Zn>* concentration in a eukaryotic cell
is in the nanomolar range, but the total intracellular Zn** con-
centration is approx. 200 uM [37]. Thus the Zn*" concentration
required to induce the changes described above is much higher
than the free intracellular Zn** concentration. The specificity
of this Zn>* effect, however, is supported by the observation
that the Zn’"-induced structural and functional changes are
reversible: removal of Zn** is followed by reassociation of the
subunit Rpn10/p54 to the RP, reassembly of the intact 26 S
proteasome and resumption of the peptidase activity. Inside the
cell, most of the Zn?* is bound by specific Zn>* transporters, which
deliver this essential metal element for a variety of biological
processes [38,39]. The delivery of the Zn>* ion by a specific Zn**
transporter to a critical position of the acceptor molecule may
substantially reduce the critical Zn** concentration required for
the induction of a biological process. The effect of zinc seems
to be highly specific; other bivalent cations tested cannot induce
these structural changes.

We present experimental evidence that the assembly—disas-
sembly of the 26 S proteasome may proceed via two distinct
mechanisms. Subunit Rpnl0/p54 is permanently RP-bound
during the ATP-dependent assembly cycle, but during the Zn**
cycle it reversibly shuttles between RP-bound and free states.
The structural rearrangements accompanying these assembly—
disassembly processes are clearly different. During the ATP-
dependent cycle, the rearrangement of the subunit contacts of the
ATPase ring predominates [25], while the Zn** cycle induces
extensive reorganization of the subunits belonging to the lid sub-
complex. Both assembly mechanisms demand non-proteasomal
assembly factor(s): assembly does not occur in a highly purified
26 S proteasome preparation. The assembly factor(s) required
during the ATP- or Zn**-dependent cycles are probably not fully
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identical. In the partially purified DEAE-fractogel fraction of
the Drosophila 26 S proteasome, the Zn**-dependent assembly is
almost complete, while the ATP-dependent process is only partial
(Figure 3).

There are two different lines of evidence that support the
assumption that the Rpn10/p54-interacting proteins detected by
chemical cross-linking in the presence of zinc may have physio-
logical relevance. In highly purified 26 S proteasome preparation,
the structural and functional reversal of the zinc-induced changes
do not occur after the removal of zinc. Drosophila Hsp82 protein,
identified by MS as the main Rpn10/p54-interacting component,
can support the partial reassembly of the zinc-treated highly
purified Drosophila 26 S proteasome. The role of the yeast Hsp90
chaperone (the yeast orthologue of the Drosophila Hsp82) in
the assembly and maintenance of the structural integrity of the
26 S proteasome is well-documented [35]: inactivation of a
temperature-sensitive yeast mutant Hsp90 protein by incubation
at a non-permissive temperature caused dissociation of the 26 S
proteasome into RP and CP and the loss of peptidase activity.
The dissociated subcomplexes reassembled in an Hsp90-depen-
dent fashion both in vivo and in vitro. Moreover, genetic inter-
actions have been found between Hsp90 and several RP non-
ATPase subunits. Among these, the genetic interaction between
Hsp90 and Rpn10/p54 caused the most severe phenotype. The
ability of the Drosophila Hsp82 protein to support a partial
reassembly of the 26 S proteasome indicates that the in vivo and
in vitro assembly mechanisms are conserved between yeast
and Drosophila. Our results, however, suggest that, besides
Hsp82, other assembly factor(s), such as Hsc70Cb, are also
involved in the refolding process required for a complete reas-
sembly of the 26 S proteasome after zinc treatment.

The second line of evidence supporting the relevance of our
chemical cross-linking method in the identification of Rpn10/p54-
interacting proteins is the demonstration that, not only in vitro
but also in vivo, Rpn10/p54 can interact with the Smt3 SUMO-
activating enzyme. Our yeast two-hybrid screen gives further
support for the physiological importance of this interaction by
demonstrating that not only the Smt3 SUMO-activating enzyme
but also the DmUbc9 SUMO-conjugating enzyme [36] can
interact in vivo with the Rpn10/p54 subunit. Smt3 and DmUbc9
proteins catalyse the first two steps of protein sumoylation, and
sumoylation of several regulatory complex subunits has recently
been demonstrated by affinity purification—tandem MS techniques
[40].

To explore the biological relevance of the Zn**-induced changes
observed in the 26 S proteasome in vitro, it will be obligatory
to prove that Zn** induces similar changes in vivo, the Zn**
transporter involved in the in vivo process should be identified,
and the regulatory cascade that activates the process should be
recognized. The recent observation that, in HeLa cells, the Zn*"
ionophore pyrrolidine dithiocarbamate in combination with
Zn*" inhibits the proteasome-dependent proteolysis of several key
proteasomal substrates (p53, p21 etc.) encourages the supposition
that Zn**, similarly as in vitro, influences the 26 S proteasomes
invivo [41].

The shuttling theory of multiubiquitinated substrate recognition
postulates that the ubiquitin receptor of the proteasome first
dissociates from the RP, then recruits the multiubiquitinated
protein and targets it to the proteasome for proteolysis. The abi-
lity of Rpnl0/p54 to undergo triggered dissociation from the
RP and its ability to recognize and bind multiubiquitinated pro-
teins in vitro [15-17] lend strong support to this mechanism.
Free Rpnl0/p54, detected in freshly prepared crude extracts in
several species [16,23,24], may represent the fraction of the
multiubiquitin receptor dissociated in vivo.

While this paper was under review, Babbitt et al. [42] reported
that FLAG-tagged 26 S proteasomes immunopurified on an anti-
FLAG column eluted in association with a large set of PIPs. In
the presence of ATP, PIPs are released from the 26 S proteasome,
this process being accompanied by the disassembly of the 26 S
proteasome into RP and CP, together with the dissociation of
subunit Rpn10. 26 S proteasome particles that are not associated
with PIPs (i.e. which were not engaged in vivo with proteolysis)
do not disassemble in the presence of ATP. In the absence of ATP,
however, these 26 S proteasome particles disassemble into RP and
CP, but subunit Rpn10 remained stably associated with RP during
this disassembly. These two distinct disassembly processes are
very similar to that observed in our in vitro system. The de-
monstration of the role of zinc in this process may open up the
way to further exploration of the exact mechanism of this complex
process.

This work was supported by a National Scientific Research Grant (OTKA T 46177).
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