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Major DNA binding proteins, designated Ssh7, were purified from the thermoacidophilic archaeon Sulfolobus shibatae. The Ssh7 proteins have an apparent molecular mass of 6.5 kDa and are similar to the 7-kDa DNA
binding proteins from Sulfolobus acidocaldarius and Sulfolobus solfataricus in N-terminal amino acid sequence.
The proteins constitute about 4.8% of the cellular protein. Upon binding to DNA, the Ssh7 proteins constrain
negative supercoils. At the tested Ssh7/DNA mass ratios (0 to 1.65), one negative supercoil was taken up by
approximately 20 Ssh7 molecules. Our results, together with the observation that the viral DNA isolated from
S. shibatae is relaxed, suggest that regions of free DNA in the S. shibatae genome, if present, are highly positively
supercoiled.

supercoils, a property that has not been shown for any other
DNA binding protein from Sulfolobus.
S. shibatae ATCC 51178 was obtained from the American
Type Culture Collection. The organism was grown for 72 h at
75°C with mild mixing in 1 liter of Brock’s basal medium (5)
supplemented with 0.2% tryptone and 0.1% sucrose in a 4-liter
flask on a stirring hot plate. Cells were harvested by centrifugation (10,000 3 g, 4°C, 10 min). About 1.5 g (wet weight) of
cell paste was normally obtained from 1 liter of culture. Cells
were lysed immediately after harvest by the method of Hüdepohl et al. (12) with modifications. The cell pellet was resuspended in 5 volumes of ice-cold lysis buffer (20 mM Tris-HCl
[pH 7.6], 2 M KCl, 0.1 mM EDTA, 1 mM dithiothreitol
[DTT]). Lysis was initiated by the addition of 10-fold-diluted
Triton X-100 to the cell suspension to a final concentration of
0.1%. Following incubation for 30 min on ice, the lysate was
cleared by centrifugation (30,000 3 g, 4°C, 30 min). The supernatant was further centrifuged (150,000 3 g, 4°C, 2.5 h) to
yield a postribosomal fraction. All the subsequent purification
steps were carried out at 0 to 4°C. A sample (50 ml) of the
postribosomal fraction obtained from approximately 7 g of cell
paste was dialyzed for 12 h against 25 mM HEPES/KOH (pH
7.6)–0.1 mM EDTA–0.1 mM DTT–5% (vol/vol) glycerol (buffer A). The dialyzed material was loaded onto an SP Sepharose
column (30 ml; Pharmacia) equilibrated in buffer A plus 50
mM KCl. The column was washed with buffer A plus 50 mM
KCl (90 ml), and bound proteins were eluted with a KCl
gradient (0.05 to 1.0 M) in buffer A (400 ml). To identify DNA
binding proteins, we employed a gel retardation assay. A sample of each fraction was mixed with plasmid pBluescript KS(2)
(0.5 mg; Stratagene) in 20 mM Tris-HCl (pH 7.6)–10 mM
MgCl2–1 mM DTT–100 mg of bovine serum albumin (BSA)
per ml in a final volume of 20 ml. After incubation for 10 min
at room temperature, a loading solution (4 ml) containing
0.25% bromophenol blue, 0.25% xylene cyanol FF, and 30%
(vol/vol) glycerol was added to each mixture, and the samples
were electrophoresed at room temperature on a 0.8% agarose
gel at a constant voltage (4 V/cm) in 0.53 TBE (16). Fractions
eluting from the SP Sepharose column at about 0.3 and 0.5 M
KCl were capable of significant retardation of the plasmid in

DNA supercoiling plays key roles in DNA replication, transcription, recombination, and compaction (23, 29, 30). While
closed DNA molecules isolated from eukaryotes, bacteria, and
mesophilic archaea are negatively supercoiled, those from
thermophilic archaea are relaxed (6, 28). The unique DNA
topology in thermophilic archaea appears to be consistent with
the need of the organisms to maintain the integrity of their
genome at high growth temperatures. Although DNA is under
no net superhelical stress in thermophilic archaea, it may be
bound by DNA binding proteins in such a way that local superhelical tension results. A few years ago, Musgrave et al.
showed that HMf, a histone-like protein from the hyperthermophilic methanogen Methanothermus fervidus, is capable of
constraining positive DNA supercoils (20). Binding by HMf
would conceivably introduce compensatory negative superhelical tension into protein-free regions of the genome. By comparison, the eucaryal histones and Escherichia coli HU protein
constrain DNA in negative supercoils, resulting in complete or
partial relaxation, respectively, of the regions of free DNA in
these organisms (25, 28). A number of DNA binding proteins
have been isolated from other hyperthermophilic archaea, but
they have not been tested for their effect on DNA topology. In
this study, we sought to determine if DNA binding proteins
from other hyperthermophilic archaea resemble HMf in constraining DNA supercoils. For this purpose, we isolated major
DNA binding proteins, designated Ssh7, from the thermoacidophilic archaeon Sulfolobus shibatae, which harbors a virus
containing DNA known to be relaxed or even slightly positively
supercoiled (6, 21). The Ssh7 proteins appear to be sufficiently
abundant to bind the entire genome of the organism. We show
that the Ssh7 proteins are capable of constraining negative
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FIG. 2. Comparison of N-terminal amino acid sequences of the Ssh7 proteins, the Sso7d protein (7), and the Sac7a, -b, -d, and -e proteins (8, 14). Amino
acids common to all six sequences are indicated by asterisks. Amino acids
identical to the corresponding amino acids in Ssh7 are shown in boldface.

the gel and, thus, presumably contained DNA binding proteins. In the present study, we focused on the DNA binding
activity in the 0.3 M KCl fraction (the purification and characterization of the DNA binding protein in the 0.5 M KCl
fraction will be reported elsewhere). As judged by tricinesodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (26), the molecular mass of the predominant protein
species in the 0.3 M KCl fraction is approximately 6.5 kDa
(Fig. 1, lane C). It was later found that the 6.5-kDa species
probably comprises two polypeptides that have nearly identical
N-terminal amino acid sequences (see below) and behave indistinguishably on chromatographic columns used in this study.
Fractions containing the 6.5-kDa proteins were pooled, dialyzed against 25 mM ethanolamine-HCl, pH 9.7, and applied
to a PBE 94 chromatofocusing column (10 ml; Pharmacia)
equilibrated in 25 mM ethanolamine-HCl, pH 9.7. The column
was washed with the equilibration buffer. The 6.5-kDa proteins
were found in the flowthrough, suggesting that the proteins are
highly basic. Since most cellular proteins in S. shibatae presumably have isoelectric points below 9.7, the chromatofocusing
step resulted in a significant purification of the 6.5-kDa proteins (Fig. 1, lane D). As expected, the maximum DNA binding
activity coeluted with the 6.5-kDa proteins. To eliminate the
remaining contaminants, the protein fractions in the flowthrough were pooled, dialyzed against 50 mM Tris-HCl (pH
7.6)–0.1 mM EDTA–0.1 mM DTT–5% (vol/vol) glycerol (buffer B), and applied to a phosphocellulose P11 column (10 ml;
Whatman) equilibrated in buffer B plus 50 mM KCl. The
column was washed with buffer B plus 50 mM KCl (30 ml), and
proteins were eluted with a KCl gradient (0.05 to 1.5 M) in
buffer B (300 ml). The 6.5-kDa proteins eluted at 0.5 M KCl.
When this protein preparation was subjected to tricine-SDSpolyacrylamide gel electrophoresis and the gel was stained with
Coomassie brilliant blue R-250, only a single protein band was
observed (Fig. 1, lane E). Fractions containing the 6.5-kDa
proteins were pooled, concentrated in an Amicon ultrafiltration unit using a YM-5 membrane, and stored at 220°C in 50
mM Tris-HCl (pH 7.6)–1 mM DTT–20% (vol/vol) glycerol.
Approximately 2 mg of the pure 6.5-kDa proteins was obtained, representing a recovery of 20%.
The N-terminal amino acid sequences of the 6.5-kDa proteins were determined by microsequencing. The first 11 resi-

FIG. 3. Binding of Ssh7 to negatively supercoiled and relaxed plasmid DNAs.
Negatively supercoiled and nicked circular pBluescript KS(2) molecules (0.5 mg
each) were mixed with the Ssh7 proteins at various Ssh7/DNA mass ratios.
Following incubation for 10 min at 40°C, the protein-DNA complexes were
subjected to electrophoresis in 0.8% agarose. Lanes A to J, DNAs bound by Ssh7
at the following Ssh7/DNA mass ratios: 0, 0.11, 0.22, 0.44, 0.66, 0.88, 1.32, 1.76,
2.64, and 3.52, respectively. Positions of free negatively supercoiled plasmid (S)
and free nicked plasmid (N) are marked.
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FIG. 1. Tricine-SDS-polyacrylamide gel electrophoresis of samples taken at
various stages during the purification of Ssh7. Lane A, total cellular proteins;
lane B, postribosomal fraction; lane C, SP Sepharose peak fractions; lane D,
chromatofocusing peak fractions; lane E, phosphocellulose peak fractions. Positions of molecular mass standards (in kilodaltons) are indicated at the left. The
gel (16.5% T and 6% C) was prepared and run as described by Schägger and von
Jagow (26).

dues of the S. shibatae proteins are similar to those of Sac7 and
Sso7, 7-kDa DNA binding proteins isolated from Sulfolobus
acidocaldarius and Sulfolobus solfataricus, respectively (Fig. 2).
As found in Sac7 and Sso7, the S. shibatae proteins lack the
initiator methionine and may contain methylated lysines at
positions 4 and 6 since an unidentified compound, in addition
to the lysine, was observed at these positions. Two different
amino acid residues were found reproducibly in similar
amounts at position 1 of the 6.5-kDa proteins, suggesting the
presence of isoforms. Consistent with this result is the finding
that, when genomic blots of EcoRI- and HindIII-digested S.
shibatae DNA were probed with a mixture of degenerate oligonucleotides derived from the N-terminal amino acid sequences of the 6.5-kDa proteins, hybridization to two bands
was observed in each case (data not shown). These data are not
surprising in view of the observation that the native Sac7 proteins are a mixture of polypeptides of similar sizes and properties (11, 18, 19). Taken together, the N-terminal amino acid
sequences, apparent molecular mass, and DNA binding ability
of the 6.5 kDa proteins are consistent with the notion that the
S. shibatae proteins are homologous to the Sac and Sso proteins. Therefore, we designate the S. shibatae proteins Ssh7.
The Ssh7 proteins bind to both relaxed and negatively supercoiled DNAs (Fig. 3). The DNAs were maximally retarded
by Ssh7 at protein/DNA mass ratios $2.6. A similar gel retardation pattern was obtained when negatively supercoiled DNA
alone was used for Ssh7 binding in the assay. Presumably, the
mass ratio of 2.6 represents an upper limit of the binding
capacity of DNA for Ssh7. In other words, an Ssh7 molecule
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FIG. 4. Nick closure analysis of the capacity of Ssh7 to constrain DNA
supercoils. Plasmid pUC18 containing a single nick per molecule was mixed with
Ssh7 at various Ssh7/DNA mass ratios and, after incubation, treated with T4
DNA ligase. The samples were deproteinized and subjected to agarose gel
electrophoresis in the presence of 0.5 mg of chloroquine per ml (b) or in the
absence of chloroquine (a). Lane A, single-nicked pUC18; lanes B to I, topoisomers of pUC18 ligated at the following Ssh7/DNA mass ratios: 0, 0.22, 0.44,
0.66, 0.88, 1.1, 1.65, and 2.2, respectively; lane J, native pUC18.

Ssh7 was proportional to the Ssh7/DNA mass ratio in the
tested range (Fig. 5). Based on the estimated molecular weight
of Ssh7, binding of about 20 Ssh7 molecules results in one
negative supercoil being constrained. Since the above assay
was conducted at 30°C, we asked if Ssh7 would have the same

FIG. 5. Linking number change of circular plasmid DNA covalently closed in
the presence of Ssh7. Single-nicked plasmid pUC18 complexed with Ssh7 at
various Ssh7/DNA ratios was ligated with T4 DNA ligase. The linking change of
the plasmid was measured by resolving topoisomers on agarose gels in the
presence of 0.5 to 6 mg of chloroquine per ml or in the absence of chloroquine
and band counting.
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may occupy a binding site of at least 4 bp. This estimate is in
good agreement with the binding site sizes determined in fluorescence studies for Sac7d (4 bp) and Sso7 (3 to 6 bp) (3, 19).
To estimate the cellular content of the Ssh7 proteins, S.
shibatae cells were lysed as described above and the protein
concentration of the lysate was determined by the trichloroacetic acid-Lowry protein assay using BSA as the standard
(22). Various amounts of the lysate and pure Ssh7 were electrophoresed on a tricine-SDS-polyacrylamide gel. Following
electrophoresis, the gel was stained with Coomassie brilliant
blue R-250 (data not shown). A band in the lysate sample
having the mobility of Ssh7 was well resolved in this gel system
(Fig. 1, lane A). The putative Ssh7 band in each lysate lane and
the Ssh7 band in each pure-protein lane were scanned with a
densitometer (Hoefer), and the staining intensities of the
bands were analyzed with the SigmaGel software (Jandel). We
estimate that the Ssh7 proteins constitute approximately 4.8%
of the total cellular protein assuming that no other proteins in
the lysate comigrate with Ssh7. Clearly, the Ssh7 proteins are
among the most abundant proteins in S. shibatae. We also
measured the DNA concentration in the lysate using the fluorochrome bisbenzimidazole (Hoescht 33258) with a TKO
100-Mini Fluorometer (Hoefer). We found that the mass ratio
of Ssh7 to chromosomal DNA is about 4 in S. shibatae. DNA
binding proteins are known to exist in abundance in thermophilic archaea, including S. acidocaldarius and S. solfataricus
(10). For instance, nucleoid fractions isolated from S. acidocaldarius contain protein and DNA at a weight ratio of 7:1
(24). Given the estimated binding capacity of DNA for Ssh7,
the Ssh7 proteins are sufficiently abundant to coat the entire
chromosomal DNA in S. shibatae. However, the Ssh7 proteins
may be unevenly distributed in the nucleoid. Electron microscopic studies with Sso7 from S. solfataricus revealed that, at
high protein-to-DNA ratios, large protein-DNA clusters were
formed that were surrounded by protein-free DNA loops (7).
Alternatively, binding of Ssh7 may be restricted to the periphery of the nucleoid as suggested for the distribution of HU in
E. coli (27).
To study the effect of Ssh7 on superhelical tension in closed
duplex DNA, we employed a nick closure assay. Plasmid
pUC18 (16) containing a single nick per circular molecule was
prepared using DNase I as described previously (9). The Ssh7
proteins were incubated for 15 min at 22°C with the nicked
plasmid (4 mg) at various mass ratios in 20 mM Tris-HCl (pH
7.4)–50 mM KCl–10 mM MgCl2–1 mM DTT–100 mg of BSA
per ml in a final volume of 40 ml. A ligation solution (20 ml)
containing 20 mM Tris-HCl (pH 7.4)–50 mM KCl–10 mM
MgCl2–1 mM DTT–3 mM ATP–200 U of T4 DNA ligase (New
England Biolabs)–100 mg of BSA per ml was added to each
mixture. The ligation reaction was for 15 min at 22°C and was
stopped by the addition of SDS and EDTA to 0.6% and 30
mM, respectively. DNA-bound proteins were removed by digestion with proteinase K (3 mg/ml) for 30 min at 37°C. Aliquots (about 1.2 mg of DNA) of each sample were electrophoresed at a constant voltage (1.6 V/cm) at 22°C in 0.53 TPE
(16) on 1.75% agarose gels containing different amounts of
chloroquine (0 to 5 mg/ml). The linking number changes of the
DNA were determined by band counting as described by
Keller (13). As shown in Fig. 4a, when the nicked plasmid was
ligated in the presence of Ssh7, the resulting closed circular
DNA was supercoiled, suggesting that the Ssh7 proteins are
capable of constraining DNA supercoils. Comparison of the
mobilities of pUC18 topoisomers in the presence of 0.5 mg of
chloroquine per ml and in the absence of chloroquine indicates
that the DNA was constrained by Ssh7 in negative supercoils
(Fig. 4b). The number of negative supercoils constrained by
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effect on the structure of DNA at the growth temperature of S.
shibatae. To answer this question, we carried out the nick
closure assay at 80°C using pfu DNA ligase (Stratagene), a
thermostable enzyme from Pyrococcus furiosus. The capacity of
Ssh7 to constrain negative supercoils at 80°C did not seem to
differ measurably from that at 30°C (data not shown). Therefore, the Ssh7 proteins are different from HMf from M. fervidus
in the direction of the supercoils that they constrain (20). It
appears that DNA binding proteins from different hyperthermophilic archaea may affect DNA topology in different manners.
Given their abundance, the Ssh7 proteins would probably
take up a large number of DNA supercoils in vivo. If regions of
free DNA exist in the S. shibatae nucleoid, they would presumably be positively supercoiled such that the chromosomal DNA
is under no net superhelical tension. The presence of reverse
gyrase in S. shibatae (4) seems to be consistent with the positive
superhelicity in the protein-free regions of DNA. An equally
plausible possibility would be that Ssh7, and perhaps other
proteins, forms a protein core which is wrapped around by
overtwisted DNA in a left-handed manner. In this model, a
compensatory accumulation of positive supercoiling in the protein-free regions may not occur. If the chromosomal DNA is
entirely bound by Ssh7 and other proteins, the model provides
an explanation for the structural basis of the interaction of
Ssh7 with DNA.
The in vivo function of the 7-kDa proteins from Sulfolobus
remains to be elucidated. It has been speculated that, because
of the low G1C content of genomic DNA and low cellular salt
concentration, helix-stabilizing proteins may be necessary for
these hyperthermophiles (24). The 7-kDa class of proteins has
been considered a likely candidate (7, 8, 11). Previous studies
have shown that the Sac7 and Sso7 proteins raise the melting
temperature of duplex DNA by more than 30°C (3, 18). In this
study, we found that the Ssh7 proteins are capable of constraining negative supercoils, a property that is presumably of
importance to DNA packaging and duplex stabilization in Sulfolobus. Although covalently closed circular DNA is intrinsically resistant to irreversible thermodenaturation at temperatures up to 107°C in vitro (17), transient single-stranded DNA
bubbles probably form more readily and extensively at temperatures suitable for the growth of hyperthermophiles (1, 2, 15).
These single-stranded regions in DNA are likely sites of the
initiation of abnormal or detrimental cellular processes. The
7-kDa proteins may thus serve to protect the chromosomal
DNA of Sulfolobus from undergoing local denaturation at high
growth temperatures through direct protein-DNA interaction
as well as by its effect on the superhelicity of protein-free DNA
regions.
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