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A 20S proteasome, composed of a1 and b subunits arranged in a barrel-shaped structure of four stacked
rings, was purified from a halophilic archaeon Haloferax volcanii. The predominant peptide-hydrolyzing activity
of the 600-kDa a1b-proteasome on synthetic substrates was cleavage carboxyl to hydrophobic residues (chy-
motrypsin-like [CL] activity) and was optimal at 2 M NaCl, pH 7.7 to 9.5, and 75°C. The a1b-proteasome also
hydrolyzed insulin B-chain protein. Removal of NaCl inactivated the CL activity of the a1b-proteasome and
dissociated the complex into monomers. Rapid equilibration of the monomers into buffer containing 2 M NaCl
facilitated their reassociation into fully active a1b-proteasomes of 600 kDa. However, long-term incubation of
the halophilic proteasome in the absence of salt resulted in hydrolysis and irreversible inactivation of the
enzyme. Thus, the isolated proteasome has unusual salt requirements which distinguish it from any protea-
some which has been described. Comparison of the b-subunit protein sequence with the sequence deduced
from the gene revealed that a 49-residue propeptide is removed to expose a highly conserved N-terminal
threonine which is proposed to serve as the catalytic nucleophile and primary proton acceptor during peptide
bond hydrolysis. Consistent with this mechanism, the known proteasome inhibitors carbobenzoxyl-leucinyl-
leucinyl-leucinal-H (MG132) and N-acetyl-leucinyl-leucinyl-norleucinal (calpain inhibitor I) were found to
inhibit the CL activity of the H. volcanii proteasome (Ki 5 0.2 and 8 mM, respectively). In addition to the genes
encoding the a1 and b subunits, a gene encoding a second a-type proteasome protein (a2) was identified. All
three genes coding for the proteasome subunits were mapped in the chromosome and found to be unlinked.
Modification of the methods used to purify the a1b-proteasome resulted in the copurification of the a2 protein
with the a1 and b subunits in nonstoichometric ratios as cylindrical particles of four stacked rings of 600 kDa
with CL activity rates similar to the a1b-proteasome, suggesting that at least two separate 20S proteasomes are
synthesized. This study is the first description of a prokaryote which produces two separate 20S proteasomes
and suggests that there may be distinct physiological roles for the two different a subunits in this halophilic
archaeon.

ATP-dependent proteolysis is central to the breakdown of
the majority of proteins, including short-lived regulatory and
metabolic enzymes in prokaryotic and eukaryotic cells (re-
viewed in references 21, 34, and 37). A variety of ATP-depen-
dent proteases have been identified, and these include Lon,
FtsH (HflB), ClpAP, ClpXP, HslUV (ClpYQ), and the 26S
proteasome (reviewed in references 7 and 54). Although the
ATP-dependent proteases have limited primary sequence ho-
mology, their quaternary structures have converged to a uni-
versal self-compartmentalized barrel-like complex with the
proteolytic active sites located in a central chamber (reviewed
in references 7 and 54). Channels leading to the central cham-
ber form physical barriers which limit substrate access to the
active sites and, thus, protect cytoplasmic proteins from non-
specific degradation (53, 81, 82). In addition, these structures
prevent the dissociation of partially digested substrate proteins
to insure a processive mechanism of proteolysis (1, 78). The
high concentration of active sites in the central proteolytic
chamber and the narrow portal to the chamber are presumed
to play a role in determining the size of peptide products
generated (47, 48).

The 20S proteasome, ClpP, and HslV complexes all catalyze
ATP-independent proteolysis of unfolded proteins in vitro and

have been shown to associate with ATPase subunits to form
larger, energy-dependent proteases (reviewed in references 7
and 54). Of these, however, the 20S proteasome has the most
elaborate structure, consisting of four stacked seven-mem-
bered rings. Although the number of different subunits which
form the 20S complex varies among organisms, the primary
sequence of all proteasome subunits classify them to a and b
superfamilies (20). The a-type subunits form the outer rings
and are presumed to limit the access of protein substrates into
and out of the central proteolytic chamber formed by the two
inner rings of b-type subunits (36, 53). The a subunits can self
assemble into heptameric rings and are presumed to provide
scaffolding for assembly as well as autocatalytic processing of
the b subunits (16, 55, 67, 70). Several of the b-type subunits
belong to the N-terminal hydrolase family (9) and have an
active site N-terminal threonine residue which is exposed after
the autocatalytic removal of a prosequence (29, 36, 53, 55, 69,
70). The 20S proteasome appears to be restricted to the Eu-
carya, Archaea, and gram-positive actinomycetes of the Bacte-
ria, and, based on genomic sequence data, it is likely that
ATPase subunits of the 26S proteasome are also conserved in
these organisms (reviewed in reference 7).

Among the halophilic Archaea, numerous extracellular
serine proteases have been characterized. These include the
41- and 66-kDa proteases from Halobacterium salinarium (39,
46, 65), the halolysins of the thermitase branch of subtilases
isolated from Haloferax mediterranei strains R4 and 1539 (42,
74) as well as the haloalkaliphile Natrialba asiatica (43), and
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the 60-kDa ESP4 protease of Halobacterium sp. strain TuA4
(68). In addition, extracellular and intracellular protease activ-
ities have been reported in the haloarchaea (3, 33, 61). How-
ever, halophilic self-compartmentalizing proteases, such as
proteasomes, have not been described. In fact, attempts to
identify genomic DNA which may encode 20S proteasomes
from the halophile Haloferax volcanii by using DNA cross-
hybridization techniques with proteasome gene fragments
from Thermoplasma acidophilum (63) or Methanosarcina ther-
mophila (54a) as probes were unsuccessful. In addition, pre-
liminary attempts to purify H. volcanii proteasomes suggested
that the complex may not be synthesized in this organism (63).

In this study, we report the biochemical and genetic analyses
of 20S proteasomes from H. volcanii, a halophile growing op-
timally in salt concentrations of 2 M NaCl and 1.4 M MgCl2,
similar to the mud of the Dead Sea where it was isolated (57).
This is the first description of an archaeon which synthesizes
two different a subunits, a1 and a2, which copurify with a b
subunit as at least two separate 20S proteasomes. Currently, H.
volcanii is one of the few halophilic archaea which is known to
have a stable genome (52), and the organism is readily trans-
formed with linear and circular DNA (13, 17). In addition, a
variety of shuttle and expression vectors which are compatible
with Escherichia coli (38, 60), transcription reporter systems
(24, 62), and a complete set of overlapping cosmid clones
covering the genome are available for genetic studies of this
organism (14). This study, therefore, provides a genetic and
biochemical characterization of archaeal 20S proteasomes in a
microbial system where a variety of genetic tools are available
to analyze the role of the proteasome in bacterial cell physiol-
ogy.

MATERIALS AND METHODS

Materials. Biochemicals were purchased from Sigma Chemical Co. (St. Louis,
Mo.). Other organic and inorganic chemicals were from Fisher Scientific (At-
lanta, Ga.) and were of analytical grade. Restriction endonucleases and DNA-
modifying enzymes were from New England Biolabs (Beverly, Mass.) or Pro-
mega (Madison, Wis.) unless otherwise indicated. Oligonucleotides were from
Genemed Synthesis (San Francisco, Calif.). Digoxigenin-11-dUTP (29-deoxyuri-
dine-59-triphosphate coupled by an 11-atom spacer to digoxigenin) and alkaline
phosphatase conjugate antibody raised against digoxigenin were from Boehr-
inger Mannheim (Indianapolis, Ind.). Polyvinylidene difluoride and positively
charged nylon membranes were from MicroSeparations (Westborough, Mass.)
and Ambion (Austin, Tex.), respectively.

Purification of halophilic 20S proteasomes. H. volcanii DS2 was grown aero-
bically in a complex medium (ATCC 974) at 42°C in a shaker at 200 rpm. Cells
from log to stationary phases of growth (A600 > 0.29 to 3.6 U) were harvested by
centrifugation at 10,800 3 g for 25 min at 4°C. Cell pellets were resuspended in
a 2.5-fold-larger volume of 2 M NaCl-Tris buffer (50 mM Tris-HCl buffer con-
taining 1 mM dithiothreitol [DTT] with 2 M NaCl at pH 7.2) and passed through
a French pressure cell at 20,000 psi. Extract was clarified by centrifugation for 30
min at 15,600 3 g at 4°C. Polyethylene glycol (PEG) 8000 was added to the
supernatant at a final concentration of 5%, and the solution was gently stirred for
15 min at 21°C. The pellet was discarded after centrifugation at 10,800 3 g for 15
min at 4°C. The concentration of PEG 8000 in the supernatant was increased to
15%, and the proteasome fraction was precipitated. After centrifugation at
10,800 3 g for 15 min, the protein pellet was resuspended in 2 M NaCl-Tris
buffer to a final concentration of 10 mg of protein ml21. The sample was heated
to 90°C for 5 min, chilled on ice for 15 min, and centrifuged at 4°C for 15 min at
15,600 3 g. This heat treatment removed most of the contaminating proteins.
The resulting supernatant was slowly diluted threefold with 50 mM Tris-HCl
buffer containing 3 M (NH4)2SO4, 1 M NaCl, and 1 mM DTT at pH 7.2. The
sample was centrifuged at 4°C for 15 min at 15,600 3 g, and the supernatant was
filtered through glass wool to remove membrane vesicles and contaminating
proteins. The filtrate was applied to a DE52 cellulose column (1.5 by 30 cm) that
was equilibrated in 50 mM Tris-HCl buffer containing 1.96 M (NH4)2SO4, 1.74
M NaCl, and 1 mM DTT at pH 7.2. The column was washed with 200 ml of the
equilibration buffer, and the sample was eluted with 50 mM Tris-HCl buffer
containing 1.84 M (NH4)2SO4, 1.86 M NaCl, and 1 mM DTT at pH 7.2. The
fractions catalyzing hydrolysis of succinyl-Leu-Leu-Val-Tyr-4-methyl-coumaryl-
7-amide (Suc-LLVY-Amc) were pooled and dialyzed against 2 M NaCl-Tris
buffer at 4°C for 16 h at a final concentration of ;0.01 to 0.03 mg ml21. The
proteasome fractions were concentrated by 15% PEG 8000 precipitation and

dialyzed against 2 M NaCl-Tris buffer. Concentrated samples were applied to a
Superose 6 HR (Pharmacia) 10/30 column (2.5 by 28.5 cm) equilibrated with 2 M
NaCl-Tris buffer, and the high-molecular-mass fractions (600 kDa) were col-
lected. Proteasome fractions were determined to be pure by reducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (51).

Assays of protein and peptide degradation. Protein hydrolysis was measured
with bovine oxidized insulin B chain or b-casein as a substrate (Sigma). Purified
proteasome (0.035 mg) and 145 mM substrate, in a final volume of 1 ml con-
taining 2 M NaCl-Tris buffer and 6% (vol/vol) dimethyl sulfoxide, were incubated
at 60°C. The rate of hydrolysis of oxidized insulin B chain was linear within the
first 15 min and was dependent on proteasome concentration. Samples of 2 to 20
ml were removed from the reaction mixture at intervals of 0 to 15 min for
oxidized insulin B chain and 0 to 135 min for b-casein and were added to a
mixture of 100 ml of 0.1 M sodium phosphate buffer (pH 6.8) and 50 ml of
fluorescamine (0.3 mg per ml of acetone) according to Akopian et al. (1). After
thorough mixing for 1 min (vortex mixing), the volume was increased to 1 ml by
addition of dH2O. The a-amino groups generated by peptide bond hydrolysis
were measured by fluorescence with an excitation wavelength of 370 nm and an
emission of 480 nm with leucine as the standard (79) (Aminco-Bowman series 2
luminescence spectrometer; Spectronic Instruments, Rochester, N.Y.).

Peptide-hydrolyzing activity was assayed by fluorimetric measurement of the
release of 7-amino-4-methylcoumarin or the colorimetric measurement of the
release of b-naphthylamine (b-Na) by using synthetic peptide substrates as pre-
viously described (55). Specific activities were reported as nanomoles of product
per min per mg of protein. Protein concentration was determined by the Brad-
ford method (8) using bovine serum albumin as the standard.

Molecular mass and amino acid sequence determination. Molecular masses of
the purified proteasome subunits were determined by reducing and denaturing
SDS-PAGE using 12% polyacrylamide gels (51) which were stained with Coo-
massie blue R-250. The molecular mass standards for SDS-PAGE were phos-
phorylase b (97.4 kDa), serum albumin (66.2 kDa), ovalbumin (45 kDa), car-
bonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa).

For determination of the native molecular mass and stability of the protea-
somes, samples were dialyzed against 1,000 volumes of 50 mM Tris-HCl buffer
containing 1 mM DTT at pH 7.2 (Tris buffer) in the presence and absence of 2
M NaCl at 4°C for 16 h. The dialyzed samples were applied to a Superose 6
column equilibrated in 2 M NaCl Tris buffer and eluted with 2 M NaCl-Tris
buffer to allow an appropriate comparison of the H. volcanii proteins. The
molecular mass standards were applied to the same column equilibrated in 50
mM Tris-HCl buffer with 150 mM NaCl and 1 mM DTT at pH 7.2 to avoid
denaturation of the nonhalophilic proteins. These standards included serum
albumin (66 kDa), alcohol dehydrogenase (150 kDa), b-amylase (200 kDa),
apoferritin (443 kDa), and thyroglobulin (669 kDa).

The N-terminal sequence of the b subunit was determined from purified
protein which had been separated by SDS-PAGE and electroblotted onto a
polyvinylidene difluoride (Immobilon-P) membrane. The N-terminally blocked
a1 and a2 proteins were separated by SDS-PAGE, eluted into 0.2 M ammonium
biocarbonate (pH 8.4), and incubated with trypsin or endoproteinase Lys-C. The
protein fragments were separated by C18 reversed-phase high-pressure liquid
chromatography analysis, and three internal fragments for each a protein were
sequenced. The amino acid sequences of the N terminus of the b subunit and the
internal fragments of the a1 and a2 subunits were determined by automated
Edman degradation (26) at the protein chemistry core facility of the University
of Florida Interdisciplinary Center for Biotechnology Research.

Cloning and sequencing the proteasome-encoding DNA. Degenerate oligonu-
cleotides based on the partial amino acid sequences determined for the a1 and
b subunits were used to generate DNA probes to screen genomic DNA for the
genes encoding these proteins. In addition, the codon bias of H. volcanii (80) was
used in the oligonucleotide design. The primers 59-CGS CTS GTS CAG GTS
GAR TAC GC-39 (primer 1) and 59-CC SSW SGG GTC SGT YTC GTA
SAG-39 (primer 2) were based on the internal a1-subunit protein sequences
RLVQVEYAR and GSPDTEYL (where S indicates C plus G, R indicates A
plus G, W indicates A plus T, and Y indicates T plus C) which shared identity
with other a-type proteasome proteins. The PCR used to generate an internal
a1-gene (psmA) fragment contained 10 mM Tris-HCl at pH 8.8, 10 mM KCl, 10
mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 250 mM deoxynucleoside
triphosphates (dNTPs), 1.5 mM each of primer 1 and 2, 500 ng of genomic DNA,
and 0.02 U of Vent (exo2) DNA polymerase per ml. Cycling conditions were 45 s
at 94°C, 45 s at 37°C, and 45 s at 72°C (for five cycles) followed by 45 s at 94°C,
45 s at 52°C, and 45 s at 72°C (for 30 cycles) by using a Gene Cycler (BioRad,
Hercules, Calif.). The resulting 0.4-kb PCR product was purified by 0.8% agarose
gel electrophoresis, was phosphorylated using T4 polynucleotide kinase, and was
cloned into the HincII site of pUC19. The cloned DNA fragment was sequenced
by the dideoxy chain termination method (66) to confirm that the cloned DNA
sequence was indeed an a-type proteasome gene fragment (DNA Sequencing
Facility, Department of Microbiology and Cell Science, University of Florida).
The a-subunit gene fragment was excised from the pUC19-based plasmid with
the restriction enzymes EcoRI and HindIII and was used as a template (100 ng)
in a linear labeling reaction containing 10 mM Tris-HCl buffer at pH 9.0 with 50
mM KCl, 0.1% Triton X-100, 6 mM MgCl2, 20 mM digoxigenin-11-dUTP, 30 mM
each of dATP and dTTP, 45 mM each of dGTP and dCTP, 3 mM primer 2, and
0.05 U of Taq DNA polymerase per ml. Cycling conditions were 45 s at 95°C, 1
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min at 60°C, and 2 min at 72°C (for 40 cycles). The linear DNA fragment labeled
with digoxigenin was used as an a1-gene (psmA) probe in the hybridization
experiments described below. The b-subunit sequence TTTVGIKTEEGVV-
LATDMRA was used to synthesize a b-gene probe (59-ACS ACS ACS GTS
GGY ATC AAG ACS GAR GAR GGY GTS GTS CTS GCS ACS GAC ATG
CGC GC-39) which was directly 39-labeled by using terminal transferase with
digoxigenin-11-dUTP and dATP as recommended by the supplier (Boehringer
Mannheim).

For Southern analysis, genomic DNA was isolated from stationary-phase cul-
tures of H. volcanii according to the method of Jolley et al. (40) with modifica-
tions according to Ausubel et al. (5). The purified genomic DNA was cleaved
with HincII, EcoRI, or SalI, was separated by 0.8% agarose electrophoresis, and
was transferred by downward capillary action to positively charged nylon mem-
branes (73). Membranes were equilibrated at 60°C for 2 h in 53 SSC (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) containing 1% blocking reagent
(Boehringer Mannheim), 0.1% N-lauroylsarcosine, and 0.02% SDS. The a-spe-
cific probe was added to a final concentration of 25 ng/ml and was incubated at
60°C. The b-specific probe was added to a final concentration of 1.25 pmol/ml

along with 0.1 mg of Poly(A) per ml, and the membrane was incubated at 68°C.
After 14 h, both membranes were washed twice with a solution containing 23
SSC and 0.1% SDS for 5 min per wash. The membrane incubated with the
a-specific probe was then washed twice with a solution containing 0.53 SSC and
0.1% SDS for 15 min per wash at 60°C. The membrane incubated with the b
probe was washed twice with a solution containing 0.13 SSC and 0.1% SDS for
15 min per wash at 70°C. Signals were visualized colorimetrically according to
supplier instructions (Boehringer Mannheim). For isolation of cosmids 5G7, 547,
2D7, and 564 from a set of overlapping genomic clones (14), similar hybridization
conditions were used with [a32-P]-labeled probes according to the method of
Charlebois et al. (12, 18). The a- and b-proteasome gene fragments isolated from
cosmid clones were ligated into pUC19 and were sequenced using the Sanger
dideoxy method (66).

Electron microscopy. The 20S proteasomes purified from H. volcanii were
placed on 200-mesh grids coated with Formvar or carbon film, were fixed with
2% cacodylate-buffered glutaraldehyde, were briefly stained with 1% aqueous
uranyl acetate, and were treated with 0.01% bacitracin to improve spreading
(35). Samples were viewed and photographed on a Zeiss EM-10CA transmission
electron microscope operated at 80 kV.

Protein sequence analyses. GenBank, EMBL, and SwissProt databases were
searched at the National Center for Biotechnology Information, Bethesda, Md.
with the BLAST network server (2). CLUSTALW version 1.7 (77) was used for
alignment of protein sequences accessible through the National Center for Bio-
technology Information.

Nucleotide sequence accession numbers. The nucleotide sequences of the H.
volcanii proteasome genes have been deposited in the GenBank database under
accession no. AF126260 (psmA, encoding the a1 subunit), AF126262 (psmB,
encoding the b subunit), and AF126261 (psmC, encoding the a2 subunit).

RESULTS AND DISCUSSION

Purification of a 20S proteasome of a1 and b subunits from
H. volcanii. A 600-kDa proteasome was purified from H. vol-
canii and was found to be composed of a1 and b subunits with
relative molecular masses of 37.5 and 30 kDa, respectively
(Fig. 1). Electron micrographs of the negatively stained pro-
teasomes reveal barrel-shaped structures which measure 12 nm
in diameter by 17 nm in height (Fig. 2A to D). The rectangular
side views of the purified protein (Fig. 2A) suggest that the

FIG. 1. Reducing SDS-PAGE of a 20S proteasome (2.3 mg) purified from H.
volcanii.

FIG. 2. Electron micrograph of negatively stained H. volcanii proteasomes of a1 and b subunits. (A) Side view of proteasome cylinder with arrowheads indicating
the four stacked rings. (B) End-on view revealing protein domains within a ring-like structure indicated by arrowheads. (C) Direct end-on view of central channels
indicated by arrowheads. (D) Barrel-shaped cylindrical structures of purified proteasomes. Bars, 100 nm.
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complex is composed of four stacked rings of uniform diame-
ter. In addition, some of the protein particles are positioned in
end-on views which reveal discrete protein domains located in
the outer ring of the complex (Fig. 2B). The direct end-on
views of the purified proteasome (Fig. 2C) reveal an outer pore
which, based on analogy to other self-compartmentalized pro-
teases, is presumed to be the passageway for substrate pro-
teins. The distinct structural features and size of the purified
a1b-proteasomes suggest that the four-stacked heptameric
ring structure which is characteristic of other 20S proteasomes
is conserved in H. volcanii (6, 22, 55, 58, 71, 75).

Catalytic properties. The purified H. volcanii proteasome
comprised of a1 and b subunits catalyzed the hydrolysis of
oxidized bovine insulin B-chain protein with a specific activity
of 82 nmol of leucine equivalents per h per mg of protein in 2
M NaCl-Tris buffer at 60°C. Hydrolysis of bovine b-casein by
the H. volcanii a1b-proteasome was undetectable under similar
assay conditions. These results contrast with the 20S protea-
somes of T. acidophilum and M. thermophila which hydrolyze
bovine b-casein in low-concentration salt buffers at denaturing
temperatures, including 60°C (23, 55). This difference in the
rate of b-casein hydrolysis between the halophilic and related
archaeal 20S proteasomes is probably due to aggregation of the
nonhalophilic substrate protein at the high concentrations of
salt required to maintain the H. volcanii a1b-proteasome as an
active complex (see below). Since 20S proteasomes require the
peptide chain of substrate proteins to pass through a narrow
pore of ;13 Å (82), aggregation of b-casein, which is otherwise
unfolded at 60°C, would be expected to eliminate hydrolysis by
the H. volcanii a1b-proteasome.

The peptide-hydrolyzing activities of the purified protea-
some of H. volcanii were examined with a variety of fluorogenic
(amido-methyl-coumarin [Amc] linked) and chromogenic
(b-Na linked) small-peptide substrates to identify sites of hy-
drolysis of the peptide chain (Table 1). The highest measured
activity of the proteasome was cleavage carboxyl to the hydro-
phobic residues phenylalanine, tyrosine, and tryptophan (chy-
motrypsin-like [CL] activity) as determined by using Suc-Ala-
Ala-Phe-Amc (Suc-AAF-Amc), Suc-LLVY-Amc, and Suc-Ile-
Ile-Trp-Amc. Among the three substrates, when the
phenylalanine and tyrosine residues preceded Amc, the activity
was the highest. Substantially lower activities were measured
with the peptidyl-glutamyl peptidase substrates Cbz-Leu-Leu-
Glu-bNa (Cbz-LLE-bNa) and Ala-Glu-Amc, which were at 8
and 3%, respectively, of the highest measured CL activity (Suc-

AAF-Amc hydrolysis). Synthetic substrates which are cleaved
by trypsin were not hydrolyzed by the H. volcanii proteasome.
The substrate preference of the H. volcanii proteasome is sim-
ilar to the activities of proteasomes from the archaebacteria T.
acidophilum (1, 23) and Pyrococcus furiosus (6) as well as the
eubacterial actinomycetes Rhodococcus erythropolis (75) and
Streptomyces coelicolor (58). However, this substrate prefer-
ence contrasts with the proteasome from the methanogenic
archaeon M. thermophila which hydrolyzes Cbz-LLE-bNa at a
significantly higher rate than the CL substrates Suc-LLVY-
Amc and Suc-AAF-Amc (55).

The Suc-LLVY-Amc-hydrolyzing activity of the H. volcanii
proteasome had a broad pH optimum, between pH 7.0 and 9.3
(Fig. 3A). This broad pH optimum is comparable to the T.
acidophilum 20S proteasome (23) and differs from the nar-
rower optimum of pH 7.2 to 7.8 for the M. thermophila 20S
proteasome (55) (Fig. 3A). Although the ability to hydrolyze
synthetic substrates is not indicative of the peptide products
generated during hydrolysis of large protein substrates by the
proteasome, the observed differences in substrate specificities
and pH optima suggest that there are distinct differences in the
ability of archaeal 20S proteasomes to bind short peptide li-
gands.

The CL activity of the H. volcanii proteasome was optimal at
2 M NaCl (Fig. 3B). Incubation of the enzyme in buffer without
NaCl for less than 30 min resulted in greater than 70% loss of
Suc-LLVY-Amc-hydrolyzing activity (Fig. 3B). Removal of
salt by dialysis resulted in the complete loss of CL activity and
the dissociation of the 20S proteasome complex into mono-
mers, as determined by gel filtration chromatography (Fig. 4A
and B). Interestingly, reequilibration of the inactivated protea-
some monomers by rapid dilution in 2 M NaCl-Tris buffer
resulted in the formation of a 600-kDa proteasome complex
(Fig. 4C) of a1 and b subunits with measured specific activity
of Suc-LLVY-Amc hydrolysis similar to the a1b-proteasome.
Although dissociated monomers are still evident in the re-
equilibrated mixture, approximately 70% of fully active a1b-
proteasome is recovered. Storage of the H. volcanii a1b-pro-
teasome without salt for about 1 week at 4°C in 50 mM Tris-Cl
buffer (pH 7.2) containing 1 mM DTT, however, results in
autohydrolysis and irreversible inactivation of the proteasome
subunits, which contrasts with the high stability of the enzyme
observed when stored in the presence of salt (data not shown).
These results suggest that the H. volcanii proteasome requires
;2 M salt concentrations, similar to the extracellular environ-
ment and cytoplasm of this organism, for complex stability and
optimal activity. This is similar to many other intracellular and
extracellular proteins of the haloarchaea, which also require
these unusually high concentrations of salt for activity and
stability (reviewed in reference 27). Furthermore, these results
suggest that assembly of the halophilic a1b-proteasome from
dissociated monomers does not require the 49-amino-acid
b-subunit propeptide. Similar propeptide-independent assem-
bly has been observed for other archaeal proteasomes which
have shorter b-propeptides, of eight to nine amino acids, as
well as the b1 and b2 subunits of the yeast proteasome with 19
and 29 residue propeptides, respectively (4, 55, 70). However,
studies demonstrate that the 59- to 75-residue b-propeptides
of the eucaryotic b5 and b5i subunits, as well as the Rhodo-
coccus b subunits, are critical for initial folding and/or final
maturation of the 20S proteasome (11, 16, 83). It remains to be
determined whether the b-propeptide of H. volcanii is required
for initial folding and/or facilitates assembly of the proteasome
in the cell, since the folding state of the dissociated monomers
is not known and 30% of the proteasome proteins remain

TABLE 1. Peptide-hydrolyzing activities of a 20S
proteasome of H. volcanii

Activitya Substrateb Sp act
(nmol min21 mg21)

PGPH Cbz-Leu-Leu-Glu-bNa 28
Ala-Glu-Amc 10
Ac-Tyr-Val-Ala-Asp-Amc UDc

CL Suc-Ala-Ala-Phe-Amc 370
Suc-Leu-Leu-Val-Tyr-Amc 340
Suc-Ile-Ile-Trp-Amc 110

TL Boc-Phe-Ser-Arg-Amc UD
Gly-Gly-Arg-Amc UD

a PGPH, peptidyl-glutamyl peptide hydrolyzing; TL, trypsin-like. Peptide hy-
drolysis was measured at 60°C by using 100 mM substrate and 0.01 mg of protein
in 1 ml of Tris-2 M NaCl buffer with 6% (vol/vol) dimethyl sulfoxide.

b Cbz, carbobenzoxy; Ac, acetyl; Suc, succinyl; Boc, tert-butyloxycarbonyl.
c UD, undetectable.
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disassociated throughout the in vitro assembly reaction (Fig.
4C).

The temperature optimum for the CL activity of the H.
volcanii proteasome was 75°C (Fig. 3C), which is 30°C higher
than the optimum growth temperature. In fact, at the optimum
temperature for the growth of the organism (45°C) (57), the
proteasome activity was less than 20% of the maximum ob-
served activity. This is not surprising, however, since thermal
stability is a commonly observed trait for proteins from the
halophilic Archaea and probably reflects the same structural
forces that stabilize these proteins at high concentrations of
salt (45). The presence of 2 M NaCl also could lead to the
stabilization of the protein at the higher temperature. Many of
the bacterial proteasomes which have been characterized are
also thermostable, including a 20S proteasome from the me-
sophilic, nonhalophilic S. coelicolor which hydrolyzes Suc-
LLVY-Amc at an optimum temperature which is 25°C higher
than the growth temperature optimum for the organism (58).
When the H. volcanii proteasome was frozen at liquid nitrogen
temperatures and then assayed at 60°C, the CL activity was
only 60 to 75% of the original activity, suggesting that the
halophilic proteasome is not stable at temperatures below 4°C
(data not shown).

Carbobenzoxyl-leucinyl-leucinyl-leucinal-H (MG132) was
found to be a potent inhibitor of the CL activity of the H.
volcanii proteasome (.90% inhibition by 3 mM of inhibitor; Ki
5 0.2 mM) (Fig. 5). Significant inhibition of CL activity was
also observed for the known proteasome inhibitor N-acetyl-
leucinyl-leucinyl-norleucinal-H (calpain inhibitor I) (Ki 5 8
mM). Similar inhibition patterns have been observed for 20S
proteasomes isolated from the domains Archaea, Eubacteria,
and Eucarya (36, 53, 55, 58, and other references), and this
inhibition is consistent with the novel proteolytic mechanism
proposed for these enzymes (29, 53, 69).

Cloning the genes encoding the 20S proteasome subunits.
The availability of the pure a1b-proteasome allowed the con-
struction of DNA-hybridization probes for the isolation of
corresponding genes. To accomplish this objective, the N-ter-
minal amino acid sequence of the b subunit and two internal
peptide sequences of the a1 subunit of the purified proteasome
were used to generate DNA probes with the codon bias of H.
volcanii for hybridization to the genomic DNA of this organ-
ism. This approach enabled the isolation of the psmA and -B
genes which encode the a1 and b subunits of the purified 20S
proteasome, respectively, from a set of overlapping cosmid
clones which cover the entire genome of H. volcanii (14). The
cosmid clones also allowed mapping of the two genes in the
genome. The psmA gene is located between nucleotide posi-
tions 805 and 844 while the psmB gene is located between
positions 2370 and 2383 of the 2,920-kb chromosome (Fig. 6).
This unlinked distribution of genes coding for subunits of the
proteasome is apparently common in archaea, including T.
acidophilium (85), M. thermophila (56), Methanococcus jann-

FIG. 3. Effect of pH (A), salt (B), and temperature (C) on the CL activity of
H. volcanii proteasome of a1 and b subunits (F). (A) Purified enzyme at 0.0232
mg per ml of 2 M NaCl-Tris buffer was diluted 60-fold in 50 mM 2-[N-morpho-
lino]-ethanesulfonic acid (pH 5.7–6.7), 50 mM n-Tris[hydroxymethyl]methyl-2-

aminoethanesulfonic acid (pH 6.8 to 8.2), and 50 mM 3-(cytohexylamino)-2-
hydroxy-1-propanesulfonic acid (pH 8.9 to 10.2) buffers with 2 M NaCl. The
sample was equilibrated for 15 min at 21°C and then incubated at 37°C with 20
mM Suc-LLVY-Amc and 0.8% dimethylsulfoxide. The pH optimum for the
Suc-LLVY-Amc hydrolyzing activity of a M. thermophila 20S proteasome (E)
which was previously reported (55) is included for comparison. (B) Purified
enzyme at 0.0232 mg per ml of 2 M NaCl-Tris buffer was diluted 60-fold to the
final concentrations of NaCl indicated and was incubated for 15 min at 21°C
before assaying for activity at 37°C with 20 mM Suc-LLVY-Amc and 6% (vol/vol)
dimethylsulfoxide. (C) Peptide hydrolysis was assayed at the temperatures indi-
cated by using 20 mM Suc-LLVY-Amc and 0.4 mg of protein per ml of 2 M
NaCl-Tris buffer with 6% (vol/vol) dimethylsulfoxide.
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aschii (10), Methanobacterium thermoautotrophicum DH (72),
Archaeoglobus fulgidus (49), and Pyrococcus horikoshii (44).

When the a-subunit DNA probe was used for hybridization
to the H. volcanii genome, a second DNA fragment which
hybridized to the probe was also identified and designated
psmC. This gene was located at a third position in the chro-
mosome, between positions 1916 and 1951 (Fig. 6).

Deduced sequence of the b subunit. Based on the DNA
sequence, the psmB gene is predicted to encode a putative
protein of 243 amino acids (PsmB) with a calculated pI of 4.33
and an anhydrous molecular mass of 25,934 Da (Fig. 7,
HvPsmB). The N-terminal threonine of the purified b subunit
was located at amino acid position 50 in the DNA-deduced
amino acid sequence (Fig. 7). The 29 amino acids following the
threonine of the pure b subunit, as determined by sequencing
the protein, were identical to amino acids 51 to 78, confirming
that the 243-amino-acid precursor of the b subunit was pro-
cessed to yield a mature protein of 194 amino acids. The
49-residue propeptide of the immature PsmB protein is signif-
icantly larger than any of the known archaeal propeptides,
which range from only 6 to 11 residues. However, large
propeptides are not uncommon among the b precursors of the
eukaryotes and actinomycetes (15, 75, and other references).
Although the calculated anhydrous molecular mass of the ma-
ture b subunit was 20,585 Da, the purified protein migrated as
a 28,000-Da protein during SDS-PAGE (Fig. 1). This discrep-
ancy is apparently related to the acidic nature of the protein
(15% glutamate and aspartate compared to 7.2% lysine and
arginine). The predominance of acidic residues in most halo-
philic proteins results in their abnormal behavior during SDS-
PAGE (39).

Multiple-amino-acid sequence alignment of the deduced
PsmB protein sequence with other known sequences reveals
high identity to b-type proteasome subunits and significant
similarity to the HslV proteins of eubacteria (Fig. 7). The Thr1,
Asp17, and Lys33 residues of the mature b subunit of H. vol-
canii are highly conserved with other b-type proteasomes and
HslV proteins which catalyze peptide bond hydrolysis. Thus, by
analogy, the Thr1 hydroxyl group of the mature b subunit of H.
volcanii is proposed to be the nucleophile, and the Thr1 amino
group is thought to be the primary proton acceptor in peptide
bond hydrolysis (4, 29, 36, 53, 55, 69). In addition, the Lys33

and Asp17 residues of the b subunit of the H. volcanii protea-
some may form a salt bridge which accepts the side chain
proton of Thr1 through a charge relay system, similar to the T.
acidophilum proteasome (53, 69).

Deduced sequences of the a1 and a2 subunits. The psmA
and psmC genes encode putative proteins (PsmA and PsmC)
of 252 and 249 amino acids, respectively, with calculated rela-
tive pIs of 4.25 and 4.07 and anhydrous molecular masses of
27,613 and 26,727 Da (Fig. 8). The internal protein sequences
23-LYQVEYAR-30, 89-QLIDFAR-95, and 150-LYETDPS-
GTPYEWK-163 of the purified a1 protein are identical to the

FIG. 4. Salt-dependent dissociation and reassociation of the a1b-protea-
some. Purified a1b-proteasome (250 mg) in 2 M NaCl-Tris buffer was directly
applied to a Superose 6 column equilibrated in 2 M NaCl-Tris buffer (line A),
was dialyzed against 1,000 volumes of Tris buffer without salt for 16 h and then
applied to a Superose 6 column equilibrated in 2 M NaCl-Tris buffer (line B),
and was dialyzed as described above, rapidly diluted 30-fold in 2 M NaCl-Tris
buffer, incubated for 2 h at 21°C, concentrated by dialysis against PEG 8000, and
applied to a Superose 6 column equilibrated in 2 M NaCl-Tris buffer (line C).

FIG. 5. Inhibition of the H. volcanii proteasome of a1 and b subunits. Puri-
fied proteasome (0.9 mg of protein per ml) was preincubated at 21°C for 60 min
with N-acetyl-leucinyl-leucinyl-norleucinal-H (E) or carbobenzoxyl-leucinyl-
leucinyl-leucinal-H (F) in 2 M NaCl-Tris buffer with 0.1% (vol/vol) ethanol or
5% (vol/vol) dimethylsulfoxide, respectively. Peptide hydrolysis was then assayed
at 60°C with 20 mM Suc-LLVY-Amc at 2.5% (vol/vol) dimethylsulfoxide.

FIG. 6. Location of the proteasome genes on the chromosome of H. volcanii.
psmA, psmB, and psmC encode the a1, b, and a2 subunits of 20S proteasomes of
H. volcanii. Cosmid numbers from a set of overlapping clones covering the
genome of H. volcanii DS2 (14) and chromosome positions are indicated.
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PsmA protein sequence which was deduced from the DNA
sequence and are composed of residues distinctly characteristic
of the PsmA protein and not of PsmC (underlined amino acids
are found only in PsmA). This confirms that PsmA is indeed
the a1 subunit of the 20S proteasome described above. Al-
though the a1 subunit migrated at ;10 kDa larger than pre-
dicted during SDS-PAGE (Fig. 1), the discrepancy is probably
related to the acidic nature of the a1 protein (19.4% glutamate
and aspartate compared to 9.1% lysine and arginine) and is
similar to the discrepancy observed in the b subunit.

The paralogous pair of a-type proteasome genes from H.
volcanii (psmA and psmC) are 69.4% identical, which contrasts
with the two paralogous superoxide dismutase (sod) genes of
99.5% identity from this halophile (41). Although this is the
first example of paralogous a-type proteasome genes found in
Archaea, genomic sequencing of the hyperthermophilic ar-
chaeon P. horikoshii (44) has revealed two paralogous b-type
proteasome genes of 55% identity. The other archaeal ge-
nomes which have been sequenced apparently encode only one

a-type and one b-type subunit (10, 49, 72). Thus, the number
of genes encoding 20S proteasome subunits is not uniformly
distributed in Archaea, similar to what has been observed in
Eubacteria. The gram-positive actinomycete R. erythropolis has
two paralogous operons of a- and b-type genes with 74%
identity (75), whereas Mycobacterium spp. and S. coelicolor
apparently have only single a- and b-type genes (19, 50, 58).

Alignment of the deduced PsmA and PsmC protein se-
quences with other known sequences revealed high identity to
a-type proteasome proteins, including the characteristic highly
conserved N-terminal extension (Fig. 8) (residues 9 to 36 of
PsmA and 8 to 35 of PsmC) which is not present in the evo-
lutionarily related b-type proteasome subunits. The predicted
a-helices of the N-terminal region spanning residues 24 to 35
of PsmA and 23 to 34 of PsmC are similar to the a helix of the
a subunit of the Thermoplasma proteasome, which is required
for assembly of the protein into heptameric rings (86). In
addition, based on the 3.4-Å structure of the T. acidophilum
proteasome, the conserved N-terminal extension of a-type pro-

FIG. 7. Multiple-amino-acid alignment of the PsmB protein (b subunit) of H. volcanii with the b-type proteasome and HslV proteins. Double-underlined amino
acid residues are identical to the N-terminal protein sequence of the purified b subunit of a 20S proteasome from H. volcanii. The cleavage site used during maturation
of the b-type protein is indicated by an arrowhead above the protein sequence alignment. Conserved residues proposed to be involved in peptide bond hydrolysis are
indicated by a filled-in circle above the protein sequence alignment. Abbreviations: Hv, H. volcanii; Ta, T. acidophilum; Hs, Homo sapiens; Re, R. erythropolis; Ec, E.
coli. Tab, Hsb5 (ε, X, MB1), RePrcB1, and EcHslV(ClpQ) sequences were accessed through GenBank protein loci numbers 130867, 4506201, 847769, and 417158,
respectively. Residues identical or functionally similar to HvPsmB are shaded. Highly conserved residues are indicated with an asterisk below the protein sequence
alignment.
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teasome subunits is located at ends of the 20S core close to the
antechamber entrance and may be important for substrate
translocation and/or interaction with regulatory complexes (re-
viewed in reference 7). The PsmA sequence, and not the PsmC
sequence, contains a consensus nuclear localization signal
(NLS) sequence of K(K/R)-X-(K/R) (residues 54 to 57), acidic
residues complementary to the NLS sequence (cNLS) (EDD
EXXEE; residues 245 to 252), and a potential tyrosine (Tyr125)
autophosphorylation site. All of these sequence motifs are
relatively conserved among the a-type subunits, including the a
subunit of the T. acidophilum proteasome (87). Why some
archaeal proteasomes would retain NLS-cNLS sequence mo-
tifs is unclear; however, studies suggest that the NLS sequence
of the T. acidophilum a subunit is sufficient to localize proteins
to the nucleus of eukaryotic cells (59). In addition, many eu-
karyotic a-type proteasome subunits have been shown to be
phosphorylated at tyrosine or serine residues (reviewed in ref-
erence 64). Although phosphorylation of archaeal a-type sub-
units has not been studied, the a subunit of the Thermoplasma
proteasome is actually composed of two isoforms with different
pIs, suggesting that the a subunit from this organism is mod-
ified posttranscriptionally (85).

To further understand the unusual salt requirements of the
halophilic proteasome proteins, the quaternary structures of
two hypothetical 20S proteasomes containing the a1 and b as
well as the a2 and b subunits were modeled on available X-ray
crystallographic structure coordinates for the yeast and Ther-
moplasma proteasomes with assistance from M. C. Bewley and
J. M. Flanagan at Brookhaven National Laboratory (data not
shown). The results suggest that the acidic residues of the
halophilic proteasome subunits are located primarily on the
surface of the 20S cylinder(s), whereas the central proteolytic
chamber, which is predicted to be self-compartmentalized
from the cytosol, is relatively neutral. This is consistent with
current insights into protein adaptation to environments with
high concentrations of salt (25, 27, 28, 30) and suggests that
acidic domains on the surfaces of the halophilic 20S protea-
somes provide extra carboxylates for solvation of the enzymes
and prevent the proteolytic complex from nonspecific aggre-
gation.

Purification of 20S proteasomes of a1, a2, and b subunits
from H. volcanii. Although DNA encoding a second a-type
proteasome protein was identified in the H. volcanii genome,
the 20S proteasome described above contained only the a1 and

FIG. 8. Multiple-amino-acid alignment of the PsmA (a1 subunit) and PsmC (a2 subunit) proteins of H. volcanii with a-type proteasome subunits. Double-underlined
amino acid residues are identical to the internal protein sequences determined by Edman degradation. Abbreviations are the same as those used in Fig. 7. Taa, Hsa4
(XAPC-7), and RePrcA1 sequences were accessed through GenBank protein loci numbers 585729, 2555136, and 847770. Residues identical or functionally similar to
HvPsmA and HvPsmC are shaded. Highly conserved residues are indicated with an asterisk below the protein sequence alignment.
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b subunits as determined by SDS-PAGE and protein sequenc-
ing (Fig. 1). A second a subunit (a2) encoded by the psmC
gene did not appear to copurify at significant levels with the
a1b-proteasome. In order to evaluate the possibility that the a2
subunit is expressed, the initial purification procedure was
modified to increase the yield of purified 20S proteasomes
from about 100 to 500 mg of protein per 15 g of cellular wet
weight. Instead of precipitating the proteasomes from a dilute
protein sample, fractions with CL activity were concentrated by
dialysis against PEG 8000. The 600-kDa fraction of protea-
somes purified from H. volcanii cells grown to mid-log or
stationary phase using this modified procedure catalyzed the
hydrolysis of Suc-LLVY-Amc at rates similar to that obtained
with the a1b-proteasome. However, SDS-PAGE analysis of
the newly purified proteasomes revealed the presence of a
third, 34.5-kDa protein which was present in a nonstoichomet-
ric ratio with the a1 and b proteasome subunits (Fig. 9). Since
the 34.5-kDa protein was N-terminally blocked, three internal
amino acid sequences of the protein were determined from
endoproteinase Lys-C fragments. The internal protein se-
quences 22-IYQVEYAREA-31, 34-RGAPVLGVRT-43, and
89-LVDFARTTAQ-98 of the purified 34.5-kDa protein are
identical to the sequence of the deduced PsmC protein and are
composed of residues which are distinctly characteristic of
PsmC and not of the PsmA protein (Fig. 8) (underlined amino
acids are found only in PsmC). These results confirm that the
a2 protein copurifies with the a1 and b subunits as a 600-kDa
fraction with CL activity rates similar to the proteasomes com-
posed of only a1 and b subunits.

Electron microscopic analysis of several hundred particles of
the 600-kDa fraction composed of a1, a2, and b proteins re-
vealed cylindrical barrel-shaped protein complexes of uniform
size (12 by 17 nm) and shape to those observed for the pro-
teasomes of a1 and b subunits described in Fig. 2 (data not
shown). These results suggest that the a2 protein is assembling
into a core 20S proteasome of four stacked rings and that the
600-kDa fraction which eluted from the Superose 6 gel filtra-
tion column as a uniform peak is not a nonspecific aggregation
of a1, a2, and b proteins. In addition, it does not appear that
the a2 protein was a substrate for proteases in the initial pu-
rification method, since incubation of the purified 600-kDa
fraction (2.5 mg) in the presence of freshly prepared H. volcanii
cell lysate (2 to 10 mg) for 24 h at 25 to 37°C did not result in
any detectable reduction in the levels of the a1, a2, or b
subunits. Studies are currently in progress to determine
whether the a1 and a2 proteins are in the same complex, two
separate 20S proteasome complexes, or both; however, these
results suggest that at least two types of 20S proteasomes
coexist in H. volcanii: an a1b proteasome and either a protea-

some(s) containing all three subunits (a1, a2, and b) or a
separate a2b-proteasome. It is also possible that a particle
composed entirely of a2 subunits copurifies with the a1b-pro-
teasome and cannot be distinguished from 20S proteasome-
like structures by electron microscopy. However, the largest
reported particles composed entirely of a subunits appear to
be restricted to double hexameric rings, and these structures
have only been observed when a subunits of proteasomes are
heterologously produced in E. coli (31, 32, 55, 86).

Interestingly, two a-type and two b-type subunits copurify as
20S proteasomes with equimolar subunit stoichiometry from
the eubacterium R. erythropolis (75). Zühl et al. (84) further
investigated the structure of these proteasomes by using a
heterologous expression system which enabled the production
of four different 20S complexes composed of a1b2, a2b2, a1b1,
and a2b1 subunits. The distinct differences in the molecular
masses of these recombinant complexes compared to the pro-
teasome fraction isolated from R. erythropolis suggest that a
single population of proteasomes built equally from all four
subunits exists in this eubacterium (84). Similarly, the eucary-
otic 20S proteasome is built equally from 14 different subunits;
the outer seven subunits classify to the a superfamily, and the
inner seven classify to the b superfamily (reviewed in reference
7). Of the seven b subunits, three are processed to expose an
active site N-terminal Thr1, and these subunits include b1, b2,
and b5, designated according to the current nomenclature (7).
The only confirmed example of multiple 20S proteasomes is in
higher vertebrates, where gamma interferon induces the syn-
thesis of three b-type subunits (b1i, b2i, and b5i) which replace
their constitutively synthesized counterparts (b1, b2, and b5)
to generate the immunoproteasome, a 20S complex which is
more efficient at generating dominant T-cell epitopes (re-
viewed in reference 76). Whether the two a subunits of H.
volcanii are differentially regulated remains to be determined.
However, the synthesis of at least two 20S proteasomes with
different a-subunit compositions in H. volcanii allows the in-
vestigation of the physiological role of the a-type proteasome
subunits in a microbial system where the powerful tools of
molecular biology and genetics can be brought to bear on this
important question.

Conclusion. The presence of 20S proteasomes in H. volcanii
confirms that this cytoplasmic protease is widespread among
the Archaea and can be observed in organisms which survive in
extreme salt environments, such as the Dead Sea. The 20S
proteasomes described in this study are the first intracellular
proteases purified from the haloarchaea and have unusual salt
requirements which distinguish them from any proteasome
which has been previously characterized. Our results support
the presence of at least two 20S proteasomes with different
a-subunit compositions in H. volcanii, a feature which is not
common in the prokaryotes.
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