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Abstract A member of the AAA family of Mg>*-ATPases from
the archaeon Thermoplasma acidophilum has been cloned and
expressed in Escherichia coli. The protein, VCP-like ATPase of
Thermoplasma acidophilum (VAT), is a homologue of SAV from
Sulfolobus acidocaldarius and CdcH of Halobacterium salina-
rium, and belongs to the CDC48/VCP/p97 subfamily. The
deduced product of the vat gene is 745 residues long (M, 83 000),
which has an optimal Mg®*-ATPase activity at 70°C. Electron
microscopy shows the purified protein to form single and double
homo-hexameric rings. Although the symmetry is different, the
appearance of the complexes formed of two rings resembles the
20S proteasome and Hsp60/GroEL.
© 1997 Federation of European Biochemical Societies.

Key words: AAA family; ATPase; CDC48; p97; Archaea;
Thermoplasma acidophilum

1. Introduction

P-loop (or Walker A/B motif-containing [1]) nucleotide tri-
phosphatases (NTPases) represent one of the largest protein
superfamilies in nature, which includes ABC transporters [2],
Ras and related GTPases [3], myosin [4], F;-ATPases [5], and
nucleotide kinases [6]. Recently, a new family of P-loop
NTPases has emerged, the AAA family (for ATPases Associ-
ated with a variety of cellular Activities) [7], some of whose
best known members are the ATPase subunits of the 26S
proteasome [8], FtsH [9], and NSF [10]. The hallmark of these
proteins is a highly conserved domain of approximately 250
residues, which contains a second region of high sequence
conservation C-terminal to the ATP-binding motifs. Members
of this family (which may contain one or two ATPase do-
mains) can be divided into groups on the basis of their se-
quence similarity, only one of which contains proteins with
two fully conserved ATPase domains. The best characterized
members of this group are CDC48 of Saccharomyces cerevi-
siae [11] and p97, also known as valosine-containing protein
(VCP), of vertebrates [12]. Both proteins form homo-hexa-
meric rings [13,14] and have an N-ethylmaleimide (NEM)-sen-
sitive Mg?*-ATPase activity. They have recently been found
to mediate homotypic membrane fusion during the cisternal
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regrowth of Golgi stacks [15] and of ER membranes [16].
Recently, CDC48 has also been found to interact with
Ufd3p, a WD40-repeat protein required for ubiquitin-medi-
ated proteolysis in Saccharomyces cerevisiae [17].

Archacal homologues of CDC48/p97 have been sequenced
in the vicinity of the reverse gyrase gene in Sulfolobus acid-
ocaldarius [18] and of the sensory rhodopsin I gene in Halo-
bacterium salinarium [19]. A further homologue has been iden-
tified by genomic sequencing in the methanogen, Me-
thanococcus jannaschii [20]. However, none of the proteins
have been isolated and their functions are unclear.

In this communication we describe the cloning, sequencing
and expression of vat (VCP-like ATPase of Thermoplasma), a
gene encoding a member of the CDC48/p97 subfamily from
the archaeon T. acidophilum. Like CDC48 and p97, the puri-
fied VAT protein has Mg?t-dependent ATPase activity with a
specific activity of 5.43 umol/mg/h at an optimum temperature
of approximately 70°C. Electron micrographs of the nega-
tively stained protein show it to form hexameric rings, closely
resembling the rings formed by p97 from Xenopus laevis [13]
and CDC48 from Saccharomyces cerevisiae [14]. At higher
concentrations, single rings tend to associate into double rings
with an appearance similar to proteasomes and GroEL.

2. Materials and methods

2.1. DNA sequencing by PCR

T. acidophilum chromosomal DNA was purified by phenol-chloro-
form extraction. PCR was initially performed using the degenerate
oligonucleotides that Schnall et al. [21] developed against the Walker
A and B motifs of the conserved AAA module. After obtaining a 210
bp PCR product, primers were designed for sequencing the rest of the
gene from a clone identified in a 7. acidophilum genomic DNA library
using the PCR cloning method [22,23]. Both strands of the gene were
finally sequenced by the dideoxynucleotide method on an automated
DNA sequencer (Applied Biosystems). The vat gene sequence was
confirmed by direct PCR of chromosomal DNA using the same pri-
mers.

2.2. Cloning and expression of the vat gene

PCR was used to add an affinity tag coding for six histidine residues
to the 3’ end of the var gene, as well as flanking EcoRI (3’ end) and
Ndel (5 end) restriction sites. The resulting construct was cloned into
the Ndel and EcoRI sites of the expression vector pT7-7 to yield pT7-
7-vat. Prior to the cloning step, the cleaved and purified vector was
dephosphorylated with calf intestine alkaline phosphatase to ensure
efficient sticky-end ligation. The plasmid was transformed into E. coli
XL1 Blue cells and re-transformed into E. coli BL21 (DE3) cells
carrying the plasmid pUBS520 [24]. The bacteria were grown in 2 liters
of LB medium to an ODg of approximately 0.7 and optimally in-
duced with 1 mM isopropyl-p-p-thiogalactopyranoside for 8-10 h.

2.3. Purification of recombinant VAT
Lysis of bacterial cells was carried out with buffer A: 50 mM Na-
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phosphate, pH 8.0, 300 mM NaCl, 5 mM B-mercaptoethanol, 5 mM
MgCls, 1 mM ATP, containing 1 mg/ml lysozyme (Sigma, Deisenho-
fen, Germany). The lysate was fractionated by centrifugation
(14000 X g, 30 min) and the supernatant gently rotated with 2 ml of
Ni-NTA resin (Diagen GmbH, Hilden, Germany) at 4°C for 1-2 h.
The resin with the bound histidine-tagged VAT protein was packed
into a column with an inner diameter of 6 mm and washed at 18 ml/h
with buffer A, pH 8.0 and then with buffer A, pH 6.0 containing 10%
glycerol, until the baseline was reached. VAT was finally eluted at
room temperature with a 40 ml linear gradient of 0-300 mM imida-
zole in buffer A, pH 6.0. Fractions of 0.6 ml were collected and 10 pl
were analyzed by SDS-PAGE. Imidazole fractions predominantly
containing the recombinant VAT protein were pooled and dialysed
for 24 h against 2 liters of 50 mM Tris-HCI, pH 8.0, 5 mM B-mer-
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captoethanol, 100 mM NaCl, 5 mM MgCly, | mM ATP at 4°C with
three changes of buffer. Dialysed fractions were concentrated in Mi-
crocon-10 (Amicon, USA) and stored at 4°C in dialysis buffer. Protein
concentration was determined by the Bradford method [25] using
bovine serum albumin as a standard. Purity of the recombinant pro-
tein was monitored by SDS-PAGE (12.5% polyacrylamide) and oli-
gomerization by PAGE (5% polyacrylamide) at room temperature
according to Laemmli [26]. Gels were visualized by overnight Neuhoff
staining [27].

2.4. Assay for ATPase activity

Duplicate reactions containing 1.5 ug of VAT in a buffer containing
18 mM HEPES, pH 8.0, 10 mM B-mercaptoethanol, 5 mM MgCls,
2 mM ATP were incubated for 30 min at various temperatures (45—
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Fig. 1. Sequence alignment of VAT (GenBank accession number U78072) with other CDC48/p97 homologues. Residues conserved in a majority
of sequences are shown in reverse type. Dom I and II denote the two ATPase domains. Walker A and B motifs and the ‘second region of ho-
mology’ as defined in [9] are marked. Above the alignment is given the consensus secondary structure for the two ATPase domains (open bars
denote a-helices and arrows B-strands). The five B strands and five o helices of the mononucleotide-binding fold are numbered.
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Fig. 1 (continued).

80°C). Negative control reactions in the absence of the enzyme, also in
duplicate, were performed in parallel. ATPase activity was assayed by
measuring the release of phosphate from ATP, by the method of
Lanzetta et al. [28].

2.5. Electron microscopy and image processing

The expressed protein was negatively stained with 1% (w/v) uranyl
acetate (pH 4.1) and viewed with a Philips EM 420 electron micro-
scope at a magnification of X 30000. The images were recorded under
low-dose conditions. Suitable areas (2048 X 2048 pixels) of the micro-
graphs were digitized with an Eikonix microdensitometer. The step
size was 15 um, which corresponds to a sampling of 0.5 nm per pixel
at the specimen level. A total of 3350 images of the VAT particles
were extracted interactively. The extracted images were aligned (cor-

rected for the translation and rotation of the molecules) using cross-
correlation techniques. The aligned data set was subjected to an ei-
genvector-eigenvalue classification procedure [29] to detect significant
inter-image variations.

2.6. Sequence analysis

Homologues of sequenced open reading frames were identified
in GenBank using the BLAST E-mail server at NCBI (blast@nc-
bi.nlm.nih.gov). Alignments were made in the PileUp program of
the GCG package (Genetics Computer Group, Madison, WI, USA)
and refined using MACAW [30]. The consensus secondary structure
prediction was obtained for a complete alignment of AAA ATPase
domains by the methods of Rost and Sander [31] and of Mehta et al.
[32].
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3. Results and discussion

3.1. Sequencing and cloning of the vat gene

We identified the gene encoding the CDC48/p97 homologue
of T. acidophilum by PCR using degenerate oligonucleotides
targeted to the conserved Walker A and B sequences that had
been previously used to identify AAA ATPases in Saccharo-
myces cerevisiae [22]. A PCR fragment of approximately 210
bp was obtained, which gave a partial ORF with over 70%
identity to Halobacterium salinarium CdcH and Sulfolobus
acidocaldarius SAV. Following the sequencing of this frag-
ment, the complete nucleotide sequence of the gene and of
its 5" and 3’ flanking regions was determined from the isolated
clone (see Section 2). The sequence was also confirmed di-
rectly from genomic DNA using PCR. Two possible initiation
codons but no putative ribosomal binding sites were detected
in the sequence. The initiation codon giving the longer reading
frame was identified as the correct one by N-terminal sequenc-
ing of the gene product. The var gene codes for a polypeptide
of 745 amino acid residues (Fig. 1) with a calculated molec-
ular weight of 83050 and a pl of 5.4.

3.2. Sequence analysis of VAT

VAT can be aligned significantly over its entire length with
proteins of the CDC48/p97 group. It is about 60% identical to
SAV, CdcH, and the CDC48-homologue of Methanococcus
Jannaschii, and about 50% identical to CDC48 and p97. It
contains two AAA ATPase domains from Ile’® to Val®®
and from Val*® to Lys™® (Fig. 1). Sequence similarity to
other proteins in the group is particularly high for the first
of the two domains.

Both domains contain the Walker A and B motifs (Fig. 1)
characteristic of the mononucleotide-binding fold. This fold
consists of a doubly wound, five-stranded, parallel B-sheet and
is one of the most common known folds [33], being found in
mononucleotide-binding proteins (P-loop NTPases), dinucleo-
tide-binding proteins (reductases and dehydrogenases), peri-
plasmic binding proteins and bacterial two-component-system
regulators. Invariably, the binding occurs at the C-terminal
end of the B-sheet in a cleft formed by loops connecting the
central strands Pl and B3 to helices on opposite sides of the
sheet. In the mononucleotide-binding fold, the Walker A mo-
tif (G--G-GKT) corresponds to the loop between 1 and the
following a-helix, with the glycines forming an anion hole, the
lysine coordinating the B and y phosphates of the nucleotide,
and the threonine binding the Mg?* ion of Mg**-NTP. The
Walker B motif (four hydrophobic residues followed by as-
partate) corresponds to B3; the aspartate of this motif forms a
salt bridge with the lysine of Walker A and provides a second
coordination site for the Mg ion. A third coordination site
is generally provided by a polar residue at the C-terminal end
of B2.

A secondary structure prediction for the AAA domains of
VAT (Fig. 1) was generated by consensus from a complete
alignment of AAA domains in current databases (A. Lupas,
unpublished). Because more than 70 sequences spanning a
wide range of identities were included in the alignment and
because o/f folds are more accurately predicted than other
folds [34,35], the expected accuracy for the prediction is above
80% per residue. In addition, the prediction was validated by
the known location of the Walker A and B muotifs in the fold.
The prediction indicates that in the AAA domain, the topol-
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Fig. 2. Electrophoretic analysis of the purified recombinant VAT.
A: 12.5% SDS-PAGE stained with colloidal Coomassie blue G [27]:
M represents 1.5 ug low molecular weight standards — phosphoryl-
ase b (97400), serum albumin (66 200), ovalbumin (45 000), carboan-
hydrase (31000), soy bean inhibitor (21500). VAT migrates at a
molecular weight of approximately 83000. B: 5% Non-denaturing
PAGE stained as above. M represents high molecular mass stand-
ards — thyroglobulin (669 000), ferritin (440000), catalase (232000),
lactate dehydrogenase (140000). VAT complex has an apparent mo-
lecular weight of approximately 570000. Arrows indicate position of
VAT.

ogy of the central P-sheet is the canonical one of P-loop
NTPases, rather than the one seen in RecA and F,F,-ATPase,
as proposed by Yoshida and Amano [36]. In addition to the
residues of the Walker A and B motifs, further functional
residues of VAT located by this prediction are Glu25%/56,
which is proposed to provide the third coordination site for
the Mg?t jon in the two domains, and Glu2'/5% and
Asp?/570  which form a sequence motif related to the
DEAD box [37] and which are proposed to initiate the in-
line attack on the y phosphate by analogy to Gln61 in p21™
[38].

An unusual feature of VAT is a short insertional sequence,
GMSEEEKNKEF (residues 377-386), which replaces the se-
quence xDDVD conserved in the other CDC48/p97 proteins
(Fig. 1). In order to show that the insertion is present on the
messenger RNA level, first strand cDNAs were transcribed
from total T. acidophilum RNA using random hexamer pri-
mers (data not shown). RT-PCR subsequently showed the
insertion to be present. Its predicted location in a solvent-
exposed loop at the opposite end from the nucleotide-binding
pocket indicates that it may not be central to the function of
the molecule.

A sequence matching a consensus nuclear localization sig-
nal (K-K/R/-x-K/R) [39] occurs between Lys*** and Lys®7.
Although the function of such sequences remains puzzling in
an organism lacking a nucleus, a similar sequence, functional
in a eukaryotic system, has been identified in the 20S protea-
some of T. acidophilum [40]. It is conceivable that elements of
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Fig. 3. Electron micrograph of negatively stained recombinant VAT protein (showing mainly top views of single particles) (A). Image averages
of: top view of a single VAT particle (B) and side view of VAT dimers (C). VAT forms hexameric ring-shaped structures that may dimerize to
form structures that resemble the proteasome. Scale bars represent 100 nm (in A) and 10 nm (in B and C).

a nuclear transport machinery (albeit fulfilling a different role)
are present in 7. acidophilum. A further noteworthy feature of
the VAT sequence is a tyrosine at the next-to-last position,
which is also found in all eukaryotic CDC48/p97 proteins, but
not in other archaeal homologues (Fig. 1). In mammals, this
tyrosine is one of the first cellular targets phosphorylated in
response to T cell receptor activation [41] and is constitutively
phosphorylated in Rous sarcoma virus-transformed fibro-
blasts [42].

3.3. Expression of the vat gene and purification of VAT

The vat gene was expressed using the T7 polymerase ex-
pression system in conjunction with another plasmid
(pUBS520) encoding the dnaY gene for the rare arginine co-
dons AGG and AGA. Since 48 out of the 57 arginine residues
in VAT are encoded by rare codons, the adoption of the
double expression system was carried out to enhance the oth-
erwise very poor expression level of recombinant VAT. The
gene from the isolated expression vector pT7-7var was re-se-
quenced to confirm its integrity.

VAT was expressed with a fused (His)g tag and purified via
nickel-affinity chromatography. Expressed protein was eluted
at approximately 150 mM imidazole and identified by N-ter-
minal sequencing after application on a Laemmli SDS-poly-
acrylamide gel (Fig. 2A); its apparent molecular weight was
estimated to 83 000. In native gel electrophoresis (Fig. 2B), the
protein had an apparent molecular weight of 570000 and on a
Superose 6 gel filtration column (data not shown) an apparent
molecular weight of approximately 530000 suggesting, in both

cases, an oligomeric state. These values indicate that under
these conditions, VAT forms homo-hexameric complexes
(predicted molecular weight: 498 000).

3.4. ATPase activity of VAT

Biochemical characterization studies showed that VAT pos-
sesses Mg?*-dependent ATPase activity with a specific activity
of 5.43 pumol/mg/h in the presence of 18 mM HEPES, pH 8.0,
2 mM ATP, 5 mM Mg?t at an optimum temperature of
~70°C (Table 1), which is similar to the specific activity of
p97 (~5 pumol/mg/h) [12] measured at 27°C. The optimum
temperature of VAT was approximately 10°C above the
growth temperature of T. acidophilum (~ 58-60°C).

3.5. Electron microscopy and image analysis of VAT
In electron micrographs (Fig. 3A), VAT was seen to form

Table 1
Special ATPase activity of recombinant VAT at variable tempera-
tures

Temperature (°C) Specific activity (umol/mg/h)

45 2.13
55 3.60
60 431
65 5.22
70 5.43
80 4.30

For experimental conditions, see Section 2. Values for specific activity
were corrected for background hydrolysis of ATP. Highlighted values
denote specific activity at optimum temperature.
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hexameric ring-shaped structures with a diameter of 15.5 nm,
indistinguishable from those formed by Xernopus p97 [13] and
CDC48 [14]. According to eigenvector-eigenvalue analysis,
there is no indication that other than a six-fold symmetry
exists in the VAT molecule. We also observed several particles
that resembled the side views of the 20S proteasome when
VAT was visualized at high protein concentrations. This ob-
servation has also been reported for p97 [13] and CDC48 [14].
It was proposed that these cylindrical particles represent side
views of complexes formed by two stacked rings. We have no
information whether or not the dodecameric complexes also
occur in vivo.
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