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A previously identified intracellular proteolytic activity in the hyperthermophilic archaeon Pyrococcus furio-
sus (L. I. Blumentals, A. S. Robinson, and R. M. Kelly, Appl. Environ. Microbiol. 56:1992-1998, 1990) was found
to be a homomultimer consisting of 18.8-kDa subunits. Dissociation of this native P. furiosus protease I (PfpI)
into a single subunit was seen by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) but
only after trichloroacetic acid precipitation; heating to 95°C in the presence of 2% SDS and 80 mM dithio-
threitol did not dissociate the protein. The gene (pfpl) coding for this protease was located in genomic digests
by Southern blotting with probes derived from the N-terminal amino acid sequence. pfpI was cloned, sequenced,
and expressed in active form in Escherichia coli as a fusion protein with a histidine tag. The recombinant
protease from E. coli showed maximum proteolytic activity at 95°C, and its half-life was 19 min at this
temperature. This level of stability was significantly below that previously reported for the enzyme purified by
electroelution of a 66-kDa band from SDS-PAGE after extended incubation of cell extracts at 98°C in 1% SDS
(>30 h). The pfpI gene codes for a polypeptide of 166 amino acid residues lacking any conserved protease
motifs; no protease activity was detected for the 18.8-kDa Pfpl subunit (native or recombinant) by substrate
gel assay. Although an immunological relationship of this protease to the eukaryotic proteasome has been seen
previously, searches of the available databases identified only two similar amino acid sequences: an open
reading frame of unknown function from Staphylococcus aureus NCTC 8325 (171 amino acid residues, 18.6 kDa,
41% identity) and an open reading frame also of unknown function in E. coli (172 amino acid residues, 18.8
kDa, 47% identity). Primer extension experiments with P. furiosus total RNA defined the 5’ end of the
transcript. There are only 10 nucleotides upstream of the start of translation; therefore, it is unlikely that there
are any pre- or pro-regions associated with PfpI which could have been used for targeting or assembly of this
protease. Although Pfpl activity appears to be the dominant proteolytic activity in P. furiosus cell extracts, the

physiological function of Pfpl is unclear.

Hyperthermophilic microorganisms (those that grow above
90°C with an optimum temperature of at least 80°C), which are
mostly archaea (53), have been investigated for clues to evo-
lutionary processes as well as to uncover biological strategies
underlying life at elevated temperatures. Most of the focus has
been on characterization of new isolates (3, 45) and on the
mechanisms responsible for heightened levels of biomolecular
thermostability (1). Although just as important, the physiology
of this novel group of organisms has been less studied (20).
This is not surprising since hyperthermophiles are generally
difficult to culture, in addition to the fact that no genetic
systems are available for directed analysis of cellular phenom-
ena. Thus, the nature of metabolic pathways and regulatory
strategies within this group of microorganisms and the rela-
tionship, physiological in addition to phylogenetic, to more
thoroughly studied organisms and cells merit further examina-
tion.

From a physiological perspective, the most studied hyper-
thermophilic archaeon to date is Pyrococcus furiosus, which
was originally isolated from hot springs near Vulcano Island,
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Italy (13). This heterotrophic anaerobe grows optimally be-
tween 98 and 100°C on a variety of complex carbon sources,
including peptides and starch, and will reduce sulfur for addi-
tional energetic benefit. Several proteins from this organism
have been purified and characterized biochemically, and their
corresponding genes have been sequenced (11, 19, 23, 49, 54).
Some physiological characteristics of P. furiosus, including gly-
colytic pathways (21, 30, 31, 43), gluconeogenesis (42), and the
bioenergetics of sulfur reduction (26, 44), have been investi-
gated.

A nutritional characteristic of P. furiosus, and other hyper-
thermophilic heterotrophs, is the utilization of peptides for
growth; as such, proteolytic activity has been studied in P.
furiosus (7, 12, 46). Specific intracellular proteolytic activity in
P. furiosus is also heightened under peptide-limited conditions
and reduced by the addition of maltose to the media (46).
Blumentals et al. (4) showed that P. furiosus produces several
intracellular proteolytic species, as determined by clearing
zones on gelatin overlays by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) of cell extracts. Of
these, a protease with an electrophoretic mobility of 66 kDa by
SDS-PAGE was previously purified, characterized, and shown
to be highly thermostable (a half-life of over 30 h at 98°C) and
resistant to several denaturants (4). In fact, the purification
process for this protease involved the incubation of P. furiosus
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cell extracts in 1% SDS at 98°C for periods up to 24 h or
longer, after which SDS-PAGE revealed only a few protein
species and active enzyme. This protease apparently hydro-
lyzed completely most other P. furiosus proteins under these
conditions, forming very small (<10-kDa) proteolysis products.

To date, only a few other proteases from thermophilic (6, 14,
18, 24) and hyperthermophilic (8, 22, 29, 33) archaea have
been purified and characterized, and the genes for a putative
prolyl oligopeptidase (37) and a putative subtilisin-like pro-
tease (50) have been sequenced. To further examine the sig-
nificance of the intracellular protease identified by Blumentals
et al. (4) in P. furiosus and compare it with other multisubunit
intracellular proteases such as La (51), ClpP (27), the archaeal
proteasome (55, 56), and the eukaryotic proteasome (16, 32),
efforts to isolate and clone the gene encoding the enzyme were
undertaken. Here, we report the nucleotide sequence encoding
the subunit of P. furiosus protease 1 (Pfpl). In addition, we
show that this subunit, when expressed as a fusion protein in
Escherichia coli, assembles into a multimeric conformation
which has optimal proteolytic activity at 95°C.

MATERIALS AND METHODS

Culture of microorganisms. P. furiosus (DSM 3638) was obtained from Deut-
sche Sammlung von Mikroorganismen, Braunschweig, Germany. Cultures were
grown on an artificial seawater-based medium as described previously (46). One
gram of yeast extract (Difco, Detroit, Mich.) per liter, 5 g of tryptone (Difco) per
liter, and 10 g of elemental sulfur (Fisher Scientific, Atlanta, Ga.) per liter were
added to the artificial seawater-based medium. Anaerobic conditions were ob-
tained by adding 2.5 to 5 ml of a 200-g/liter Na,S - 9H,O stock solution to each
liter of 98°C medium while sparging with nitrogen. Cells were grown in batch
mode in a 98°C oil bath; typical yields were 0.3 to 0.5 g (wet weight) per liter.

Preparation of cell extracts and SDS-resistant proteases. Cell extracts were
prepared as described previously (4), except in 50 mM Tris buffer (pH 7.5). This
cell extract was incubated at 98°C for 4 h and then concentrated by using an
Amicon stirred cell or a Centricon gravitational concentrator with a molecular
mass cutoff of 10 kDa. The concentrate was electrophoresed and stained, and the
band corresponding to 66 kDa was electroeluted as described previously (4).
Purity of the electroeluted protein was verified by silver-stained SDS-PAGE.

Analytical protein chemistry. A sample of electroeluted Pfpl was precipitated
with trichloroacetic acid and dissolved in 70% formic acid. PfpI was cleaved with
CNBr, dissolved in 8 M GuHCI-50 mM Tris (pH 8.5), reduced, and alkylated
with iodoacetamide (28). Peptides generated from the CNBr cleavage protease
were separated on a Waters high-performance liquid chromatography system as
described previously (28), with a Waters Deltapak C,g column (3.9 by 150 mm)
at a flow rate of 0.5 ml/min. Selected fractions were analyzed by laser desorption-
mass spectrometry on a Finnigan Lasermat instrument. Pfpl species correspond-
ing to molecular masses of approximately 20, 45, 66, and 86 kDa were blotted
onto pro-Blott polyvinylidene difluoride membranes for sequence analysis. The
45- and 66-kDa species were microsequenced on an Applied Biosystems model
477A amino acid sequencer that was connected on-line to a model 120A amino
acid analyzer. Data were collected and analyzed by using ABI model 610A
software. The 20- and 86-kDa species were N-terminally microsequenced in
similar fashion at the Microsequencing Facility at the University of Georgia.

Electrophoresis and gelatin overlay assays. Gelatin (0.1%) was polymerized in
a 10% acrylamide gel in order to visualize bands containing proteolytic activity
which were represented by cleared zones in the stained gelatin. Protein samples
containing 1 to 50 g of protein were electrophoresed, washed, and overlaid for
6 to 12 h at 75°C in 50 mM sodium phosphate buffer (pH 7.5) and stained as
described previously (4).

TCA precipitation. Protein samples (>1 mg/ml) were trichloroacetic acid
(TCA) precipitated by the addition of a 0.5 volume of cold 15% TCA. After
incubation on ice for at least 20 min, precipitated proteins were removed by
microcentrifugation at 4°C for 20 min and washed with 50 .l of ice-cold acetone.
The precipitate was dried in a centrifuge vacuum dryer for several minutes and
resuspended in standard buffer at room temperature.

Molecular biology reagents, bacterial strains, and plasmids. The restriction
enzymes EcoRI and HindIII, T4 polynucleotide kinase and T4 DNA ligase, and
pUC19 and M13mp19 vectors were obtained from New England Biolabs (Bev-
erly, Mass.). Shrimp alkaline phosphatase and Sequenase 2.0 were purchased
from United States Biochemicals (Cleveland, Ohio). Electrocompetent E. coli
DHI10B and XL1-Blue were obtained from Gibco BRL (Gaithersburg, Md.).
Synthetic oligonucleotides were synthesized with an ABI model 381A DNA
synthesizer, obtained from the North Carolina State University Molecular Biol-
ogy Center or IDT, Inc. (Coralville, Iowa). Radio-labeled nucleotides were
purchased from NEN Research Products (Boston, Mass.) or Amersham Life
Sciences (Arlington Heights, Ill.). Plasmid pET-15b; E. coli BL21, BL21(DE3),

J. BACTERIOL.

and BL21(DE3)pLysS; and bacteriophage CE6 were obtained from Novagen
(Madison, Wis.).

Genomic DNA purification. P. furiosus DSM 3638 was grown to stationary
phase, and the cells were pelleted by centrifugation and then washed twice in
isotonic buffer. After the cells were disrupted by freeze-thawing, they were
resuspended in buffer containing 1% SDS. After several phenol (Tris-EDTA
equilibrated) and chloroform-isoamyl alcohol (24:1) (Fisher, Atlanta, Ga.) ex-
tractions, the DNA was ethanol precipitated, dissolved in Tris-EDTA buffer, and
treated with RNase (Gibco BRL) and proteinase K (Gibco BRL). Finally, the
solution was extracted with phenol and chloroform-isoamyl alcohol several times
and ethanol precipitated.

Recombinant DNA procedures. P. furiosus genomic DNA was digested with a
series of restriction endonucleases and separated by electrophoresis through a
1% agarose gel in standard Tris-acetate-EDTA buffer. For hybridization studies,
the DNA was transferred to 0.2-pum-pore-size MSI NitroBind filters by using a
Stratagene Posiblotter with 10X standard SSC (1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate) as the transfer buffer and cross-linked by using a
Stratagene model 1800 UV cross-linker. Prehybridization of the filters was car-
ried out at 37°C in standard hybridization solutions (40) for 6 to 24 h. After
prehybridization, the filters were washed twice, immersed in 10 ml of hybridiza-
tion solution, and incubated at 37°C for approximately 14 h in a Stratagene roller
hybridizer. Degenerate oligonucleotide probes, based on the PfpI N-terminal
amino acid sequence, were labeled by incubation with T4 polynucleotide kinase
and [y->*P]ATP. The filters were washed three times for 15 min each in solutions
containing 6X SSC and 1% sodium PP;. The wash temperature ranged from 41
to 61°C, depending on the nature of the DNA sample and oligonucleotide probe.
P. furiosus DNA hybridized to the 32P-labeled probe was detected by using a
PhosphorImager (Molecular Dynamics Inc., Sunnyvale, Calif.). Hybridizations of
plasmid DNA with the same oligonucleotides were carried out as mentioned
previously. Bacterial colonies were transferred to Schleicher & Schuell BA8S
0.45-pwm-pore-size nitrocellulose filters, the cells were lysed, and the filters were
freed of cell debris by standard procedures (40). The sequences of the degen-
erate probes used in the hybridization studies were ATGAARATWCTHTTY
CTHWSHGCHAAYGARTTYGARGAYGTWGARCTHATWTAYCCATA
YCAYAG, corresponding to amino acids M-K-I-L-F-L-S-A-N-E-F-E-D-V-E-L-
I-Y-P-Y-H-R, and GCHAAYGARTTYGARGAYGTWGARCTHATWTAYC
CATAYCAYAG, corresponding to amino acids A-N-E-F-E-D-V-E-L-I-Y-P-Y-
H-R, where His A, C,or T; Ris Aor G; Sis Cor G; Yis Cor T; and W is A
or T.

Nucleotide sequencing of P. furiosus DNA cloned into M13mp19 employed
the dideoxynucleotide chain termination method (41). The sequences for both
strands of the P. furiosus DNA were determined by using a set of oligonucleotide
primers complementary to each DNA strand.

RNA isolation and primer extension. Total RNA was extracted from P. furio-
sus DSM 3638, grown to stationary phase, by a method based on that of DiRug-
giero and Robb (10), with additional phenol-chloroform extractions. Primer
extension to locate the start of transcription was carried out as described by
Sambrook et al. (40). Twenty micrograms of total RNA and approximately 5
pmol of y-3?P-labeled primer were used. Annealing took place at 30°C overnight,
and reverse transcription at 37°C for 1 h was followed by an incubation at 40°C
for 1 h.

Gene expression and recombinant protein purification. The pfpl gene was
amplified during PCR (25 cycles) of a 100-ul reaction mixture containing 700 ng
of P. furiosus DNA, 1 uM primers complementary to each end of the gene, 1X
Vent reaction buffer, and 2 U of Vent DNA polymerase. The upstream primer
contained an Ndel restriction site at the N-terminal methionine of Pfpl and the
downstream primer contained a BamHI restriction site, immediately following
the pfpI stop codon. PCR-induced changes in the pfpI sequence were minimized
by amplification of a relatively short (550-bp) segment with a polymerase with
exonuclease proof-reading ability and no additional Mg?>* in the buffer. The
~550-nucleotide PCR product was phenol extracted, ethanol precipitated, re-
striction digested, and gel purified. The double-digested, gel-purified pET-15b
plasmid was ligated to the PCR product overnight; resulting vectors were elec-
trotransformed into E. coli BL21 (Novagen). Constructs pSH3-1H, pSH3-2H,
pSH3-3H, and pSH3-4H were verified to contain one copy of the pfpI gene by
restriction mapping and electrophoresis.

The clone containing pSH3-4H was grown in liquid culture to an optical
density at 600 nm of 0.6 at 30°C and then induced by the addition of CE6 \ phage
to a final concentration of 2.3 X 10° PFU/ml and 200 mM MgSO, to a final
concentration of 10 mM. After 3 h at 30°C, cells were harvested by centrifugation
at 5,000 X g for 5 min and resuspended in ice-cold 1X binding buffer (Novagen).
E. coli was disrupted by sonication for 1 min on ice, and debris was removed by
centrifugation at 12,000 X g for 20 min and filtration. The recombinant protein
was separated from other soluble proteins by using the HisBind Resin and Buffer
Kit (Novagen) according to the protocol provided. After purification, the ex-
pression product was dialyzed in 20 mM Tris-HCI (pH 8.4)-150 mM NaCl-2.5
mM CaCl, and concentrated by using a Centricon gravitational concentrator
with a molecular mass cutoff of 10 kDa. The histidine tag was removed by adding
thrombin protease as directed (Novagen).

Computer analysis. Database searches were done using the TFASTA and
FASTA programs of the University of Wisconsin Genetics Computer Group
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FIG. 1. Changes in proteolytic activity in P. furiosus cell extracts upon incu-
bation at 98°C in 1% SDS. Gelatin overlay of a 15% SDS slab gel containing
extracts that were incubated for the length of time (in hours) indicated above
each lane. Two micrograms of total protein was loaded per lane. Lane mw,
molecular mass markers (top to bottom) myosin (200 kDa), phosphorylase B
(97.4 kDa), bovine serum albumin (68 kDa), and ovalbumin (43 kDa).

Gene Bank (9). Gene manipulation, translation, and alignments were also done
using the same package.

RESULTS

Identification of proteolytic species in P. furiosus cell ex-
tracts. P. furiosus cell extracts were incubated at 98°C in 1%
SDS for various amounts of time and then assayed by gelatin
overlay (Fig. 1). Two bands, corresponding to molecular
masses of 66 and 86 kDa, retained high levels of proteolytic
activity after 24 h. Both of these proteolytic bands had the
same nonambiguous N termini as determined by protein mi-
crosequencing following electroelution from a gelatin sub-
strate polyacrylamide gel (Fig. 2). Two weaker activities at
higher molecular masses were also evident after incubation
and may be related to Pfpl on the basis of immunological
cross-reactivity with anti-PfplI antibodies (data not shown). Ac-
tive species smaller than 66 kDa were not detected by this type
of gelatin overlay.

PfpI and formation of larger, stable oligomers. The proteo-
Iytic activity corresponding to 66 kDa was purified by electro-
elution, concentrated to 1.0 mg/ml, and stored at 4°C. When

Peptide Amino Acid Sequence
N-term. - 86 kDaband ~ M-K-I-L-F-L-S-A-N-E-F-E-D-V-E-L-I-Y-P-Y
N-term. - 66 kDa band ~ M-K-I-L-F-L-§-A-N-E-F-E-D-V-E-L-I-Y-P-Y-H-R
N-term. - 47 kDaband  M-K-I-L-F-L-S-A-N-E-F-E-D-V-E-L-I.Y-P-Y
N-term. - 20kDa band  M-K-I'L-FL-S-A-N-EF-X-D-V-E-L-I-Y-P-Y-HR-D-K-E-X-G
or or or or
A- V- D- I
CNBr-28 fragment R-E-F-V-K-L-L-K
CNBr-61 fragment I-N-A-G-V-E-W-I-D-R-E-V-V-V-D-G-N-W-V-§-§-R-H-P-G-D-L-Y-A

FIG. 2. Amino acid sequences of PfpI species and fragments.
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FIG. 3. Self-assembly of Pfpl into larger oligomers. Proteins were separated
by SDS-PAGE (15%) and stained with Coomassie blue R-250. Lanes: 1, molec-
ular mass markers (top to bottom) were phosphorylase B, bovine serum albumin,
ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, and lysozyme with the
molecular masses indicated on the left; 2 and 3, concentrated PfpI that had been
purified by electroelution and stored at 4°C for 2 weeks; 4, dilute PfpI that had
been purified by electroelution and stored at 4°C for 2 months.

this concentrated solution was later applied to SDS-PAGE, an
86-kDa band and one considerably larger (>200 kDa) with-
stood both heating in dissociation buffer and the denaturing
conditions of SDS-PAGE (Fig. 3, lanes 2 and 3). Bands at 47
and 20 kDa were also present, representing the dimer and
subunit, respectively. In the less-concentrated solution of 0.1
mg/ml, only the 66-kDa species and a faint band at 20 kDa
were noted (Fig. 3, lane 4) either before or after storage at 4°C.
In vivo, Pfpl may exist as a larger assembly as antibodies raised
against the electroeluted 66-kDa species also recognized high-
er-molecular-mass species in P. furiosus extracts (4).

PfpI consists of 19-kDa subunits. PfpI appears to be a stable
oligomer with more than one functional form that retains
structure and activity under various denaturing conditions. Fig-
ure 4, lane 1, shows that typical SDS-PAGE conditions, includ-
ing buffers containing B-mercaptoethanol and dithiothreitol
and heating to 95°C for several minutes, were not sufficient to
denature Pfpl. However, when Pfpl, purified by high-temper-

FIG. 4. Disassembly of Pfpl into its subunits. Proteins were separated by
SDS-PAGE (15%) and stained with Coomassie Blue R-250 and amido black.
Lanes: 1, PfplI purified by electroelution; 2 and 3, molecular mass markers as
described in the legend to Fig. 1 with the addition of carbonic anhydrase (29
kDa), B-lactoglobulin (18.4 kDa), and lysozyme (14.3 kDa); 4, Pfpl purified by
electroelution from SDS-PAGE and then TCA precipitated.
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FIG. 5. Sequencing strategy for pfpl. A restriction map of the 2.5-kb P.
furiosus DNA fragment containing the pfpI gene for the subunit of Pfpl is shown.
Restriction sites are HinclI (C), EcoRI (E), SacI (S), EcoRV (V), and Xbal (X).
The black arrows indicate nucleotide sequences obtained with internal oligonu-
cleotide primers. The open boxes and arrowheads represent putative open read-
ing frames and the directions of transcription, respectively.

ature incubation and electroelution, was precipitated with
TCA, washed with cold acetone, and resuspended in denatur-
ation buffer, it dissociated into approximately 20-kDa subunits
(Fig. 4). This subunit was not active as determined by gelatin
and fluorescent substrate gels (data not shown). An apparent
dimer of two 20-kDa subunits was also stable and was often
seen by SDS-PAGE of electroeluted Pfpl at approximately 47
kDa (Fig. 3, lanes 2 and 3). These 20- and 47-kDa bands both
have 20 N-terminal amino acids that are identical to the
nonambiguous 20 N-terminal amino acids of the 66- and 86-

. . . . B #
1 AACAATTAGCTATGTGTTCAGGCATGTTTGGATAGCTTGAACAGTAATTTTTCCAGGCTT 60

#AE# B . . - . .
61 TATATCCATTCTCACTCACCTCCAGATTAGGCTCGCCTAACTTAAATACCAGAATAATCA 120

FHEERE . . . . . .
121 TTTAAAAAGTTATTTACCTICATTTAACCAACAACATTTTTTGAAAACTAATTCATTAAA 180

*

181 CAGTATTGT’I‘AACCCAAAATGCCTTAAAGAAAAGCCACGAATAAAGTCTTTGGTGATAG(:’. 240

$5% - . . . . . .
241 AATGAAGATACTGTTCTTGAGTGCAAACGAATTTGAAGATGTAGAGCTAATCTACCCCTA 300
181 M K I L, F L $ ANZEUVPETDUVETLTIYZPY 200

301 CCACAGGCTCAAGGAAGAAGGTCACGAAGTTTACATAGCGAGCTTCGAGAAGGGTGTAAT 360
200 HR L XK EE G HEV Y I A S FEZ KTGUVI 220

361 TACAGGAAAGCACGGATATTCAGTCAAGGTGGACTTAACCTTTGACGAGGTTAACCCCGA 420
221 T G K H ¢ Y SV KV DL TV FDEVNUPD 240

421 CGAATTCGACGCTTTAGTTCTCCCAGGAGGAAGGGCCCCAGAGAGAGTAAGGCTTAACGA 480
241 E F DAL VL PG GRAPEUZRVRILDNE 260

481 GAAAGCAGTTGAGATAGCAAGAAAAATGTTCACCGAAGGAAAGCCAGTGGCAACTATCTG 540
26 XK AV E I ARKMVPFTEGI K PV ATTIC 280

541 TCATGGTCCTCAGATATTGATTTCCGCTGCAGTGCTAAAGGGAAGARAGGGAACAAGCTA 600
281 H G P @ I L I S A G VL KGRI KGT S Y 300

601 CATAGGAATAAGAGACGACATGATTAATGCCGGAGTAGAGTGGATAGACAGAGAGGTTGT 660
30 I 6 £ R D DMTIDNAGVEWTIUDT RTEUVV 32

661 TGTTGACGGAAACTGGGTTAGTTCTAGACACCCAGGAGACCTTTACGCTTGCGATGAGAGA 720
32, v D G N W V 8 A W M R E 340

AnnrANAAAAA

721  ATTTGTTAAATTACTTAAGTGATCATTGTAAGTATTCATAATTCATAAATTTITTATATT 780
341 F V K L L X 360

781 TTTGTTAGTCCTTTTTCATTGGTGAATACTAGTGAGAAGGGGGCTATCATTACTTGGTTT 840

841 TATTATTGGTGCAGTTATTGGGATAATAATAGGAGCACTAATTTTAGCAGGAATATTCCT 900

FIG. 6. Nucleotide sequence and translation of the gene (pfp[) for 18.8-kDa
subunit of Pfpl. The following features of the sequence are indicated: conserved
archaeal promoters (#), start of transcription (*), start of translation ($), puta-
tive termination region (/\), and agreement with amino acid microsequencing

Q-
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1 50
1 MtKKVAIilA NEFEDIEYsS PkEaLenAGf ntVvIgdtAn seVVvGKHGE.
2 MsKKIAVLit JEFEDSEFtS PaDeFrkAGH EvItIekgAg ktVkGKkGEa
3 . .mKI1fLsA NEFEDVELiy PyhrlkeeGH E.VyIlasfek gvItGKHG.y
Consensus - M~KKIA-L-A NEFED-E--$ P---L--AGH E-V-I---A- --V-GKHGE-
51 100
1 kVTVDvgIaE akPEDYDALL iPGGEfSPDhL RGDtegRYQT FaAkyFtkndv
2 SVTIDksIDE VtPaEFDALL LPGGhSPDyL RGD..nRFVT FtRAFvnsGK
3 SVKVD1tfDE VnPDEFDALv LPGGraPErv R..lnekaVe iARkmfteGK
Consensus ~ SVTVD--IDE V-P-EFDALL LPGG-SPD-L RGD---R-VT FAR-F---GK
101 150
1 PEFAICHGPQ ILIAtDALKG RtLTAVInVR kDLsNAGAhv VDesVVVD.n
2 PVFAICHGPQ 1LISADVirG RKLTAVkpIi iDvkNAGAEF yDQEVVVDkd
3 PVatICHGPQ ILISAQVLKG RKgTsyigIR dDMiNAGVEW IDrEVVVD.g
Consensus ~ PVFAICHGPQ ILISADVLKG RKLTAV~--IR -D--NAGAE~ -D-EVVVD--
151 174
1 NiVTSRvPDD LAAFNREiVK gLq.
2 glVTSRtPDD LpAFNREalr LLga
3 NwVsSRhPgD LyAWmREfVK LLk.
Consensus ~ N-VTSR-PDD L-AFNRE-VK LL--

FIG. 7. Alignment of Pfpl subunit sequence with E. coli and S. aureus ho-
mologs. Alignment was generated by using the University of Wisconsin Genetics
Computer Group program PileUp (with a gap weight of 3.0 and a gap length
weight of 0.1) followed by the program Pretty (implementing the case and
consensus parameters). Capital letters indicate agreement of the amino acid in
each sequence with that determined for the consensus strand. 1, S. aureus Pfpl
homolog; 2, E. coli Pfpl homolog; 3, P. furiosus Pfpl.

kDa active species (Fig. 2), as determined by amino acid se-
quencing of the individually electroeluted or blotted proteins.

Cloning and sequencing of gene encoding Pfpl subunit. On
the basis of the N-terminal amino acid sequence determined
for the 66-kDa protease and its 20-kDa subunit, two degener-
ate and overlapping oligodeoxynucleotides (a 65-mer and a
44-mer) were synthesized and used to probe restriction digests
of P. furiosus genomic DNA. This Southern blot identified a
single, ~2.5-kb HindIIl DNA fragment that strongly hybrid-
ized to both *?P-labeled oligonucleotide probes. These size-
selected HindIII fragments were electroeluted and ligated in-
to pUC19. Colonies resulting from transformation of these
constructs were screened with the degenerate 44-base probe.
Several independent colonies were selected for further analy-
sis. One (containing plasmid pSH26-1) had a single 2.5-kb
insert that remained hybridized to the 44-mer probe after the
blots were washed for 45 min at 61°C. This unique P. furiosus
HindIII DNA was subcloned into M13mp19 for nucleotide
sequence determination.

The sequenced portions of pSH26-1, its open reading
frames, and a restriction map are presented in Fig. 5. The
sequence of the structural and promoter regions of the pfpl
gene (coding for Pfpl) and its deduced amino acid sequence
are shown in Fig. 6. The pfpl gene codes for a protein with a
size of 18.8 kDa, which corresponds to the molecular mass of
the Pfpl protease subunit identified by SDS-PAGE (Fig. 4,
lane 4) and laser desorption-mass spectrometry. The exact
agreement of the 86-, 66-, 47-, and 20-kDa N-terminal se-
quences and the predicted amino acid sequence is underlined
in Fig. 6 and shown in Fig. 2. In addition, two internal CNBr-
derived peptides of electroeluted Pfpl correspond to the ex-
pected subunit sequence and are also underlined in Fig. 6 and
included in Fig. 2. The molecular mass of one of these peptides
(determined by laser desorption-mass spectrometry), R-E-F-
V-K-L-L-K, indicates a C-terminal lysyl residue and is not
derived by cleavage after methionine. This observation sug-
gests that the C terminus of the subunit composing Pfpl
matches that of the pfpl gene open reading frame.

Analysis of pfpI and promoter. When the amino acid se-
quence deduced from the pfpl gene was compared with trans-
lated sequences in the University of Wisconsin Genetics Com-
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FIG. 8. Primer extension by reverse transcription of P. furiosus total RNA. The start of transcription is indicated by the arrows and occurs 10 nucleotides upstream
of the start of translation. Lanes: 1, labeled oligonucleotide only; 2, half of the primer extension reaction mixture; 3, A; 4, C; 5, G; 6, T. The primer corresponds to
the complement of either bases 58 through 74 (A) or 76 through 92 (B) in the coding region of the pfpl gene.

puter Group database, significant similarity was found in only
two cases. The subunit was 41% identical to an entire open
reading frame coded for by a gene located downstream of the
peptidoglycan hydrolase gene in Staphylococcus aureus NCTC
8325 (5) (Fig. 6). The S. aureus gene codes for a 171-amino-
acid polypeptide with a size of 18.6 kDa. Borchardt et al. (5)
were unable to detect expression of this gene in E. coli maxicell
or in vitro transcription-translation experiments. The PfpI sub-

unit that was 47% identical to an open reading frame in E. coli
was also detected (Fig. 7) and coded for a 172-amino-acid
polypeptide with a size of 18.8 kDa (34); no known function of
this putative protein has been proposed. In addition, PfpI does
not have a conserved active site or structure as determined by
structure, motif, and molecular simulation programs (9, 52)
and appears to be a novel proteolytic species.

Analysis of the DNA sequence flanking the pfpl gene iden-
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FIG. 9. Assembly and disassembly of Pfpl expression product from E. coli.
Proteins were separated by SDS-PAGE (15%) and stained with Coomassie blue
R-250 and amido black. Lanes: 1, molecular mass markers as described in the
legend to Fig. 3; 2, purified histidine-Pfpl fusion protein; 3, same as lane 2 but
TCA precipitated; 4, purified histidine-PfpI fusion protein with histidine tag
removed by addition of thrombin protease; 5, same as lane 4 but TCA precipi-
tated; 6, Pfpl purified by electroelution.

tified strongly conserved box A (36) archaeal promoter se-
quences TTATA at —180 and TTTAAA at —116 and another
possible promoter sequence TTAAA at —36 and —63 nucle-
otides 5’ to the initiation codon (Fig. 6). The pfpl transcrip-
tional start site was located by primer extension with three
different oligonucleotides complementary to bases 1 through
17, 58 through 74, and 76 through 92 of the pfpl gene on P.
furiosus RNA. Results with all three primers indicated that the
start of transcription was 10 nucleotides upstream of the start
of translation (Fig. 8), occurring at a pyrimidine followed by a
purine of the weakly conserved archaeal box B consensus se-
quence (17). Thus, the ribosome binding site must lie within
the sequence GGTGATAGGA, immediately preceding the
start of translation. This primer extension experiment also
suggests that there is no pre- or pro-sequence involvement in
Pfpl targeting or assembly. Finally, the sequence downstream
of the TGA stop codon is thymidine rich and could function in
transcription termination.

Expression of pfpl in E. coli. Preliminary attempts to express
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FIG. 10. Effect of temperature on proteolytic activity of histidine-PfpI fusion
protein expression product. Proteolytic activity was determined by the release of
MCA by the AAF-MCA peptide substrate after 5 min at the indicated temper-
ature. Four measurements at each time point were taken by adding 5 micrograms
of purified histidine-PfpI (at each temperature) to 100 pl of 100 mM sodium
phosphate buffer (pH 7) containing 50 uM AAF-MCA (at indicated tempera-
ture). The background fluorescence at each temperature was subtracted; it was
determined by adding 100 mM sodium phosphate buffer (pH 7) instead of the
enzyme.
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FIG. 11. Stability of histidine-Pfpl fusion protein at 95°C. Purified histidine-
PfpI fusion protein (6 pg) in 20 mM Tris (pH 7.9)-150 mM NaCl-2 mM CaCl,
was incubated at 95°C for the indicated lengths of time. The remaining proteo-
Iytic activity was determined by the release of MCA by the AAF-MCA peptide
substrate at 95°C. Six micrograms of purified histidine-PfplI (at 95°C) was added
to 100 ml of 100 mM sodium phosphate buffer (pH 7) containing 50 wM
AAF-MCA (at 95°C). The background fluorescence at 95°C was subtracted; it
was determined by adding 100 mM sodium phosphate buffer (pH 7) instead of
the enzyme.

Pfpl in E. coli under the lac promoter yielded unstable vector
constructs in stationary phase or induced cells; this is usually an
indication of product toxicity. To improve expression levels
and to obtain proteolytically active product, Pfpl was expressed
as a fusion protein in E. coli with a T7 promoter as described
above. T7 RNA polymerase was added at mid-log growth
phase by infection with N phage CE6. The expressed fusion
protein consisted of a histidine 6 tag followed by S-S-G-L-V-
P-R-G-S-H, which is a thrombin protease recognition site used
for the removal of the histidine tag, followed by the Pfpl
sequence. The soluble expression product was separated from
the E. coli proteins on a histidine affinity column as described
above. With this system, yields of up to 1.0 mg of purified
protein from 100 ml of starting culture were obtained. The
expressed subunit, with and without the histidine tag, and its
stable oligomers are shown in Fig. 9.

High-temperature fluorometric protease assays were used to
determine the temperature optimum (Fig. 10) and the stability
at 95°C (Fig. 11) of the histidine fusion protein expression
product. The highest level of activity of the recombinant pro-
tease with the histidine tag occurred at 95°C, with a half-life of
19 min at 95°C. These measurements are much lower than
those observed for native Pfpl obtained by electroelution,
which showed a temperature optimum above 100°C and a
half-life of 33 h at 98°C (4).

DISCUSSION

In this communication, we describe the cloning, sequence,
and expression in E. coli of the gene encoding the 18.8-kDa
subunit for the homooligomeric Pfpl protein from the hyper-
thermophile P. furiosus. To date, the sequence from only one
other hyperthermophilic protease gene, also from P. furiosus,
has been reported (37), although the corresponding protein
has yet to be isolated and characterized. Previous studies found
that Pfpl is a predominant intracellular protease, responsive to
growth conditions (4, 46). Furthermore, the 66-kDa species
shares the same N terminus as the 86-kDa species, both of
which remain active after 24 h of incubation at 98°C in 1%
SDS. Although these two forms are apparently responsible for
the degradation of most other proteins during the incubation
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(4), they do not appear to be degradation products of larger
proteins. However, these two species may result from the dis-
association of a larger complex containing the PfpI subunit or
associated polypeptides. The 86-kDa version has higher spe-
cific activity than does the 66-kDa species as judged from a
comparison of Coomassie-stained gels and visualization of pro-
teolytic activity by fluorescence or SDS-PAGE (4). Both of
these proteases appear to consist of 18.8-kDa subunits, which
contain no known conserved proteolytic motifs and do not
disassociate under normally denaturing conditions. As noted
earlier, few gene sequences are available for hyperthermo-
philic archaea (11, 19, 23, 37, 38, 48, 49, 50, 54), and amino acid
sequence comparisons between hyperthermophilic and meso-
philic proteins have shed little light on the basis for thermo-
stability (2). As such, the three-dimensional structures of the
subunit and proteolytically active, assembled Pfpl will be re-
quired to address questions of extreme thermostability.

The recombinant Pfpl was found to be less active and less
stable than the native enzyme. There are many possible rea-
sons for this, including the fact that it was expressed and
assayed as a fusion protein. When thrombin was added to
remove the His tag, only a fraction of the fusion proteins was
cleaved (Fig. 9, lanes 4 and 5). The subunits that were properly
folded may not have been susceptible to cleavage by thrombin.
In addition, three amino acids of the fusion protein remained
after cleavage by thrombin and it is not clear how the addi-
tional amino acid residues impact protein function. A second
fusion protein (PfpI preceded by the periplasmic locator leader
sequence pelB) showed proteolytic activity approximately
equal to that of the histidine fusion protein when the periplas-
mic fraction was assayed at 87°C with the Ala-Ala-Phe-7-
amido-4-methylcoumarin (MCA) substrate. However, this ex-
pression system did not provide sufficient material or a means
by which to purify it. When Pfpl was expressed as a nonfusion
protein under the lac promoter, expression levels were too low
to be visualized by SDS-PAGE, and the product was not suf-
ficiently active to be purified by conventional means. These low
expression levels were attributed to toxicity of the protease
(the native form shows low, but detectable, levels of activity at
30°C) which resulted in selection of plasmids having deletions
encompassing the pfpl gene and vector DNA flanking this
gene.

Whether Pfpl is related to other multimeric, intracellular
proteases of types already reported (16, 27, 35, 51) remains to
be determined. We have not detected ATPase activity in elec-
troeluted Pfpl, but the possibility of an energetic effector or
regulator cannot be ruled out, especially if the in vivo form of
the protease is significantly larger than 66 kDa, as suggested by
Western blots (immunoblots) of cell extracts (4). We have
shown previously that antibodies directed against the bovine
pituitary proteasome recognized Pfpl (46), although the rec-
ognition pattern on a partially denaturing gel was different
from that seen for purified bovine pituitary proteasome or for
extracts of Thermoplasma acidophilum (data not shown), which
is known to contain a proteasome (55). Piihler et al. (35) have
concluded that T. acidophilum is the only member of the ar-
chaea that contains a proteasome which is closely related in
sequence and structure to the eukaryotic proteasome (25).
According to 16S phylogenetic trees (53), P. furiosus is one of
the more primitive organisms yet studied. As such, in light of
recent studies linking archaea to eukaryotes (39), the physio-
logical relationship of Pfpl to other proteolytic complexes is an
intriguing, but still open, question. The role of Pfpl in the
metabolism of P. furiosus is at present unknown, but the avail-
ability of the gene for at least one of the subunits of a presum-
ably primitive proteolytic complex will be useful in examining
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the role of intracellular proteases in archaea and how this
relates to the other domains of life.
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