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ABSTRACT

There is still a lack of information on the specific
characteristics of DNA-binding proteins from hyper-
thermophiles. Here we report on the product of the
gene orf56 from plasmid pRN1 of the acidophilic and
thermophilic archaeon Sulfolobus islandicus. orf56
has not been characterised yet but low sequence
similarily to several eubacterial plasmid-encoded
genes suggests that this 6.5 kDa protein is a
sequence-specific DNA-binding protein. The DNA-
binding properties of ORF56, expressed in Escherichia
coli, have been investigated by EMSA experiments
and by fluorescence anisotropy measurements.
Recombinant ORF56 binds to double-stranded DNA,
specifically to an inverted repeat located within the
promoter of orf56. Binding to this site could down-
regulate transcription of the orf56 gene and also of
the overlapping orf904 gene, encoding the putative
initiator protein of plasmid replication. By gel filtration
and chemical crosslinking we have shown that ORF56
is a dimeric protein. Stoichiometric fluorescence
anisotropy titrations further indicate that ORF56
binds as a tetramer to the inverted repeat of its target
binding site. CD spectroscopy points to a significant
increase in ordered secondary structure of ORF56
upon binding DNA. ORF56 binds without apparent
cooperativity to its target DNA with a dissociation
constant in the nanomolar range. Quantitative analysis
of binding isotherms performed at various salt concen-
trations and at different temperatures indicates that
approximately seven ions are released upon complex
formation and that complex formation is accompanied
by a change in heat capacity of —6.2 kdJ/mol. Further-
more, recombinant ORF56 proved to be highly
thermostable and is able to bind DNA up to 85°C.

INTRODUCTION

Sulfolobus ssp., an acidophilic and thermophilic member of the
Crenarchaeota, is an attractive model organism of the archaea,
the third kingdom of life, because it is easy to cultivate and

methods for its genetic manipulation have been developed
(1,2).

The plasmid pRNI1, first isolated by W.Zillig (3) from
Sulfolobus islandicus, has been fully sequenced (4) (accession
no. U36383). pRN1 belongs to the archael pRN plasmid family
(5), which comprises the plasmids pRN1, pRN2 (6), pSSVx
(7), pHEN7 (5) and pDL10 (8). All except pDL10 were
isolated from S.islandicus strains; pDL10 was isolated from
the crenarcheote Acidianus ambivalens. These five circular
plasmids have three open reading frames (ORFs) in common
(5,6). Only one of the three ORF groups has sequence
similiarity to proteins with known function. Specifically, orf56
from pRNI1 is similiar to several eubacterial rolling circle
plasmid-encoded DNA-binding proteins with proven or
suggested function as copy control proteins (Fig. 1). The genes
of these copy control proteins are located upstream of the
genes for initiator proteins for plasmid replication and are
transcribed from a promoter upstream of the copy control gene.
As shown for plasmids pLS1 and pE194, the copy control
proteins bind to their own promoter and thereby down-regulate
their own synthesis and synthesis of the initiator protein of
plasmid replication. In addition to this feedback control,
synthesis of the replicative initiator protein is regulated by
counter-transcript RNA, preventing translation of the initiator
protein (9,10).

Similarly to eubacterial rolling circle plasmids, the gene of
the putative copy control protein orf56 overlaps with the gene
orf904, which does not seem to have a promoter of its own (4).
The gene orf904 codes for a large protein with a helicase
domain and could function as the initiator protein of plasmid
replication. There is evidence that plasmid pDL10 replicates
via a single-stranded intermediate, which suggests rolling
circle replication for the plasmid family pRN (8).

Due to its small size plasmid pRN1 is an attractive backbone
for constructing a high copy Escherichia coli-Sulfolobus
shuttle vector. A shuttle vector would facilitate genetic studies
with Sulfolobus solfataricus, whose genome sequence is being
completed. However, so far none of the gene products of this
plasmid family have been characterised.

The sequence-specific recognition of DNA is of the utmost
importance for regulation of gene-specific transcription. The
thermodynamics of sequence-specific binding has been
intensively studied. For several proteins, e.g. EcoRI endo-
nuclease and the lac repressor, it has been shown that the
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Figure 1. Alignment of ORF56 from pRN1 with copy control proteins (CopG) from other rolling circle plasmids. ORFC from pWVO1 (accession no. JQ1198),
CopA from ppsc22 (accession no. X95843), Cop protein from pSBO2 (accession no. AB021465), CopG (formerly RepA) from pLS1 (accession no. A25599),
ORF52 from pRN2 (accession no. U93082), Cop-6 from pE194 (accession no. M59209) and ORF56 from pRN1 (accession no. U36383). DNA binding has been
shown for CopG from pLS1 (26) and Cop-6 (27). The GOR 1V secondary structure prediction (c, coil; e, B-strand; h, o-helix) is given below the alignment.

binding reaction is entropic at lower temperatures and
enthalpic at higher temperatures. For the mesophilic proteins
studied binding is optimal at the physiological temperature
(11).

In this communication we report on the heterologous
expression of ORF56, its purification and characterisation of
its DNA-binding activity. We show that ORF56 binds prefer-
entially within its promoter region.

MATERIALS AND METHODS

Oligodeoxynucleotides

All oligodeoxynucleotides were purchased from Eurogentec
(Seraing, Belgium), Genosys (Cambridge, UK) and Interactiva
(Ulm, Germany). Oligodeoxynucleotides used for DNA-binding
assays were quality checked by radioactive labelling with T4
polynucleotide kinase followed by denaturing polyacrylamide
gel electrophoresis.

Double-stranded DNA for the fluorescence measurements
was obtained by annealing the complementary oligonucleo-
tides at 100 uM in 1x NEB Buffer 4 (New England Biolabs,
Beverly, MA) in a thermocycler with the following temperature
profile: 2 min at 95°C, 6 min at 65°C, followed by cooling to
25°C at 1.2°C/min. Complete hybridisation was checked by
post-labelling with T4 polynucleotide kinase followed by
native polyacrylamide gel electrophoresis

Cloning of orf56 and overexpression of ORF56

Escherichia coli XL1-Blue was used for cloning. The orf56
gene was amplified from plasmid pUC18-pRN1 (a gift from
David Faguy, Dalhousie University, Canada) by PCR with the
forward primer 5’-GGAATTCCATATGGCCATGGGTAGA-
CCATAC and the reverse primer 5'-GATAAAGAAAAGA-
AGTAACTCGAGGGATCCCG. The PCR product was cut
with Ncol and Xhol (New England Biolabs) and ligated into
the expression vector pET28c (Novagen) cut with the same
enzymes. The identity of the insert of the resulting plasmid
(pET28-0rf56) was confirmed by DNA sequencing. The final
construct was transformed into E.coli BL21 (DE3, pLysS)
cells which were used for overexpression. Aliquots of 4 ml of
an overnight culture were inoculated into 1 1 of LB medium
supplemented with 50 pg/ml kanamycin and 34 upg/ml
chloramphenicol and grown at 37°C. After 3 h 1 mM IPTG
was added and the culture was fermented for a further 3 h.
Then the cells were pelleted and kept frozen at —70°C until use.

Purification of ORF56

The frozen cells were resuspended in 20 ml of lysis buffer
(50 mM sodium phosphate, 1 mM EDTA, pH 8.0). Lysozyme

(100 pg/ml) and Triton X-100 (0.1%) were added and the cells
were incubated for 15 min at 4°C. After sonication the lysate
was clarified by centrifugation for 30 min at 4°C and 40 000 g.
The supernatant was incubated for 15 min at 70°C and the
denatured host proteins were removed by a second centrifugation
step (30 min, 4°C, 40 000 g). The NaCl concentration was
raised to 100 mM NaCl and the pH was adjusted to pH 8.0
before the extract was loaded onto a 2.6 X 4 cm EMD-SO;~
column (Merck, Darmstadt, Germany) equilibrated with
50 mM potassium phosphate, 200 mM NaCl, pH 8.0. The
column was developed with a linear gradient of 200-800 mM
NaCl. Pure ORF56 eluted at 400 mM NaCl. The protein was frozen
immediately at —70°C or dialysed against 25 mM potassium phos-
phate, 30% (v/v) glycerol, pH 8.0, for storage at —70°C. Total
yield from 1 1 of expression culture was 35 mg protein as deter-
mined by absorption at 280 nm using the theoretical extinction
coefficient € = 9590 M-'em™.

Gel filtration

Gel filtration was carried out on a Toso Haas TSK G3000SW
(60 x 0.75 cm) column. Aliquots of 20 pl of ORF56 (500, 100,
20 and 0.4 UM monomer concentration) were loaded at 0.5 ml/min
onto a column equilibrated with 100 mM sodium sulphate,
100 mM sodium phosphate, pH 7.2. The molecular mass M
was calculated using linear regression between logM and K, =
(V, = VIV, = V,). The coefficient of regression r> was at least
0.99.

Circular dichroism spectra

The CD spectra were recorded with a thermostated Jasco J600
CD spectropolarimeter. Wavelength scans were performed at
20°C in 0.2 nm steps from 194 to 260 nm in 25 mM sodium
phosphate, 100 mM KCI, pH 7.6, 0.5 mM polyoxyethylene 8-
decylether (Sigma). The protein concentration was 10 uM
monomer and the DNA concentration was 3.3 uM. The spectra
were corrected for the spectra of the buffer and the DNA. For
the titrations the DNA concentration was varied from O to
4.2 uM. The CD signal at 213 nm (2 nm slit) was monitored for
2 min at each titration point and corrected for the small back-
ground signal of the DNA alone. Temperature scans were done
in 0.5°C steps from 20 to 100°C. Protein concentration was 2.5
and 25 uM for the temperature scan. All measurements were
done in cuvettes with 1 mm path length.

Dimethylsuberimidate crosslinks

ORF56 (20 pmol) was incubated with and without 120 pmol
double-stranded binding site DNA (wt) and control DNA (ct)
in the presence of 10 mM DMS in 0.2 M triethanolamine,
pH 8.0, for 1 h at room temperature in a reaction volume of
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20 ul. Aliquots of the reactions were separated on a 16% poly-
acrylamide peptide gel according to Schagger and von Jagow
(12).

Electrophoretic mobility shift assays (EMSA)

The 167 bp PCR fragment (promoter region, Fig. 5) was
labelled uniformly by including [0-3S]JdATP (Hartmann,
Braunschweig, Germany) in the PCR. The PCR fragment was
digested with the restriction endonuclease Msel and the digestion
products were used as probes for the EMSA. The binding
reaction was performed with 3 UM ORF56 in assay buffer
(20 mM Tris—HCI, 100 mM KCl, 1 mM EDTA, 1 mM DTT,
pH 7.6) for 10 min at 65°C. A sample (5-10 ul) was loaded
with 1-2 pul of loading buffer (0.1% xylene cyanol, 0.1%
bromphenol blue, 0.1 mM EDTA in 75% glycerol) onto a 6%
polyacrylamide gel in TAE (40 mM Tris—acetate, 1 mM
EDTA). The gel was dried and analysed with an Instant Imager
(Canberra Packard). The image intensity is linear with respect
to the signal.

For EMSA with synthetic DNA, 10 pmol oligodeoxynucleotide
(see Table 1) was 5’-labelled with 1 pmol [y-**P]ATP (Hartmann)
using T4 polynucleotide kinase (Fermentas). The labelled
oligodeoxynucleotide was hybridised with a 20% excess of the
complementary oligodeoxynucleotide. The synthetic double-
stranded DNA (5 nM) was used as probe as described above.

Table 1. Synthetic DNA substrates used to evaluate the DNA-binding activity
of ORF56

Substrate Sequence

> <
wt TTGCGGATACAATTTTGATCCACAA
wt+CGC CGCTTGCGGATACAATTTTGATCCACAACGC
rep TTGCGGATACAATT
. —— <
inv CGCTGATCCACAAATGGGTAGACCACGC
ct TTGCCATTGGAATCGGTCCAATGTA

Alignment of the synthetic DNA substrates used in this study. wt is derived
from the longer inverted repeat within the promoter region of gene orf56
(Fig. 5). wt+CGC has three additional bases at both termini in order to
increase the melting temperature of the corresponding duplex DNA. rep is the
half-site sequence of the wt DNA. The synthetic substrate inv is derived from
the shorter inverted repeat within the promoter region. ct is a control DNA
used in the study. The arrows indicate repeat structures. Only one strand is
shown. Double-stranded DNAs were used in all experiments.

Fluorescence anisotropy measurements

Fluorescence anisotropy measurements were performed on a
Perkin Elmer LS-50B fluorescence spectrometer equipped
with a thermojacket and a stirrer. As substrate we used wt
DNA (Table 1) carrying a fluorescein via a hexyl linker at one
3’-end. Typically, 100 nM ORF56 was added to a solution of
2nM fluorescein-labelled DNA. The ORF56 concentration
was then serially decreased down to 0.2 nM final monomer

concentration by replacing aliquots of the ORF56/DNA solution
in the cuvette with buffer containing 2 nM DNA. Titration was
carried out in 20 mM Tris—HCI, pH 7.5, 0.01% Tween 20,
100 mM KCl (standard buffer) in a 1 ml cuvette equipped with
a stirrer and thermostated at 25°C. The cuvette was silanised
with 2% (v/v) dichlorodimethylsilane in trichloroethane
(Merck, Darmstadt, Germany). The sample was excited at
495 nm using a 15 nm slit and a vertical polarising filter. The
vertical and horizontal emission was monitored at 528 nm with
a slit of 20 nm and a cut-off filter of 515 nm. The grating factor
was calculated with fluorescein as the depolarising sample. At
each titration point anisotropy was measured at least four times
with a 10 s integration time.
The experimental data was fitted to the following model.

A,+B& AB K, 1

[Ay] +4[By] +4K, B
8

[A4B] =

j([AO] +4[B,] +4K,)" - 16[A,][B,]
8

[A,B] represents the concentration of the DNA-—protein
complex and [A;] and [B,] the concentration of total protein
monomer and the total DNA concentration.

Since the fluorescence intensity of the fluorescein-labelled
DNA did not change upon ORF56 binding, the fluorescence
anisotropy is given by:

[A4B]
r= —[;0] (rpap—rp) +7p 3

2

where r is the observed anisotropy and ry and r,,g are the
anisotropy of the free and bound DNA.

The data sets were least square fitted using the Levenberg—
Marquardt algorithm.

Stoichiometric titrations were carried out with the following
modifications. The DNA concentration was raised to 50 nM
and the excitation and emission slits were set to 10 and 12 nm,
respectively.

The salt dependence was studied in 10 mM Tris—HCI,
pH 7.5, 0.01% Tween 20 with the KCl concentration varied
between 125 and 300 mM. For each salt concentration 10-13
ORF56 concentrations spanning about two orders of magnitude
were titrated.

To study the temperature dependence, 5 nM wt DNA was
titrated with ORF56 ranging from 2.77 to 200 nM (13 data
points). The assay buffer for this experiment was 20 mM
potassium cacodylate, pH 7.5, 0.01% Tween 20, 150 mM KCI.
The isotherms from 17 to 47°C were globally fitted assuming a
linear temperature dependence of the anisotropy of the free
DNA and of the complex. A linear relationship was found for
free probe in the temperature range investigated and it was
reasonable to use a linear relationship for the complex as well.
The binding isotherm at 57°C deviated strongly and was fitted
separately. The global fit yielded the temperature-dependent
K, which was then analysed according to (13):

InK, = ~AC/RIT*{(Ty/T) — 1 ~ In(Tg/T)} 4

where AC, is the temperature-independent heat capacity
change for the association reaction and Ty and Ty are the
temperatures at which AH and AS, respectively, are 0.



For the competition experiments 2 nM fluorescently labelled
wt DNA was allowed to bind to 20 nM ORF56. Then
increasing amounts of unlabelled DNA were added and the
decrease in anisotropy was recorded. The resulting isotherms
were fitted with the computer program Dynafit (14) considering
two equilibria. ORF56 binds to the fluorescently labelled wt
DNA or to the competitor DNA with dissociation constant K,
or K, respectively. For genomic DNA we assumed that the
number of non-specific binding sites equals the number of base
pairs. All binding sites have the same microscopic dissociation
constant in this calculation. We also assume that the sites
overlap, which is correct given the large excess of binding sites
over the protein concentration. For the competition experiment
with the single repeat DNA the calculation is based on the
dimer concentration.

Thermal denaturation of DNA

Double-stranded DNA at a concentration of 1 UM was
incubated in 20 mM Tris—HCI, 100 mM KCI, pH 7.6, with and
without 4 UM ORF56 in a 1 ml cuvette. For this experiment a
modified wt DNA was used which had extra GCG bases at
both termini in order to increase its melting temperature. The
absorbance at 260 nm was monitored while the cuvette was
heated with a Peltier element from 50 to 99°C in steps of 0.5°C,
allowing 30 s for equilibration. The melting temperature 7, was
calculated by fitting the temperature profile assuming a
constant AC,, and that the slopes of the single- and double-
stranded baselines (mg and mp) do not differ between the
sample with and without protein (15).

0 0 0
A = (mpT+yp)+(mpT+y,—mT—y )X

AC,; T T
,A_H(l,i),_r’(l,lﬂn(i))
R\T"T,) R T T
1-48e

AH(1 1\ AC, T, Ty
‘T(T‘T—) -7 ()
4e
where A is the corrected and normalised absorption at 260 nm, AH
the renaturation enthalpy at 7, and y,” and y the extrapolated

absorptions of the single- and double-stranded DNA at 0 K.

RESULTS

Expression and purification

The gene orf56 was cloned into the E.coli expression vector
pET28c (Novagen) under control of the T7 promoter. Upon
induction BL21 (DE3, pLysS) E.coli cells expressed the
recombinant protein to ~10% of total protein. The thermophilic
protein was purified by a heat denaturing step, removing the
bulk of host proteins, and by cation exchange chromatography.
Pure protein eluted at 400 mM NaCl from the EMD-SO;"
column (Fig. 2). The calculated molecular mass of 6655 Da
agrees well with its retention in Tricine—SDS gels. From
sequencing of the purified protein the N-terminus of the
protein was determined to be GRPYK, indicating removal of
the initiator methionine by the E.coli host cells.

Secondary structure and dimerisation

The secondary structure of ORF56 was evaluated by UV CD
spectroscopy (Fig. 3A). The negative ellipticity in the wavelength
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Figure 2. Purification of recombinant ORF56. Protein from various steps of the
purification protocol was analyzed on a 16% SDS-Tris—Tricine polyacrylamide
gel (12) stained with Coomassie Blue. Lane 1, whole cell extract of an
uninduced control culture; lane 2, whole cell extract of an induced E.coli
(pET28-0rf56) culture; lane 3, crude extract (centrifuged whole cell extract) of
an induced culture; lane 4, heat step supernatant; lanes 5—7, pooled peak
fractions of purified ORF56; lanes M1 and M2, molecular mass markers.

region 200-230 nm with molar ellipticities down to —16 000 deg
cm?/dmol indicates a high a-helical content of ORF56. Decon-
volution of the spectrum with a neural network (16) results in
52% o-helix and 9% [-strand conformation. This analysis
agrees well with the secondary structure prediction according
to GOR IV (17). This algorithm predicts a short B-strand which
is followed by two longer helices (Fig. 1). The N-terminus as
well as the C-terminus are predicted to have an unordered
secondary structure.

The binding of ORF56 to binding site DNA (see below) has
a significant effect on its secondary structure. The CD spectrum
of the protein—-DNA complex shows a decrease in optical
ellipticity in the spectral region 210-230 nm as compared to
the free protein (Fig. 3A). The decrease is indicative of
additional formation of o-helical regions or of type II B-turns.
The change in ellipticity increases with the amount of added
DNA up to stoichiometric equivalence (Fig. 3B). Possibly the
predicted coiled regions at the termini become structured upon
binding to the DNA. We did not observe any significant
changes in the CD spectrum above 240 nm, which would
indicate change of the B-DNA conformation to the A or Z
conformation (18).

The 6.5 kDa protein ORF56 elutes from a gel filtration
column with an apparent molecular mass of 17 kDa (data not
shown). We ascribe this observation to a non-ideal elution
behaviour of the 13 kDa dimeric ORF56. Additional evidence
that ORF56 is dimeric in solution comes from chemical
crosslinking with the bifunctional amino-reactive reagent
dimethylsuberimidate (DMS). When ORF56 is incubated with
DMS and the reaction products are separated on a denaturing
peptide gel, a protein of ~14 kDa is visible (Fig. 4, lane 2). This
protein has the expected molecular mass of a crosslink
between two ORF56 monomers.

When chemical crosslinking is done in the presence of
binding site DNA two additional proteins with apparent molecular
masses of 20 and 27 kDa are produced (Fig. 4, lane 3). These
proteins are likely to be chemical crosslinks between three and
four ORF56 polypeptides. The gel filtration and the DMS
crosslink results suggest that ORF56 is dimeric in solution and
that ORF56 could bind as a tetramer to its binding site DNA.
Additional evidence that ORF56 is tetrameric on the DNA
comes from stoichiometric fluorescence titrations (see below).
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Figure 3. UV CD spectra of ORF56. (A) CD spectra of 10 pM ORF56 free
(continuous line) and complexed with 3.3 uM wt DNA (broken line) corrected
for the background of DNA alone in standard buffer. (B) Decrease in the CD
signal at 213 nm as a function of added wt DNA. The titration is stoichiometric
(10 uM ORF56).

The secondary structure prediction (B-sheet followed by
helix—turn—helix), the CD spectroscopy, the gel filtration and
the chemical crosslinking data suggest that ORF56 might
adopt a fold similar to the CopG protein. The crystal structure
of CopG from pLS1, both unliganded and complexed with
DNA, has been solved (19). The structures show a short -
sheet followed by a helix—turn—helix motif. In solution CopG

Figure 4. Chemical crosslinking of ORF56 with DMS. ORF56 was incubated
with and without crosslinker and analyzed on a denaturing peptide gel. Lane 1,
no DMS; lane 2, 10 mM DMS added. The crosslinking reaction was repeated in
the presence of binding site DNA (wt): lane 3, 10 mM DMS; lane 4, no DMS.

is dimeric. The N-terminal amino acids of the two monomers
form a joint antiparallel B-sheet, which binds to the major
groove of the DNA. A tetramer assembles on the inverted
repeat of the target DNA, with each B-sheet recognising one
repeat.

ORF56 binds specifically to its own promoter DNA

First we studied the DNA-binding activity of ORF56 by gel
retardation assays with DNA fragments upstream of the orf56
gene. An internally radioactively labelled 167 bp long PCR
fragment (Fig. 5) was digested with Msel, yielding three frag-
ments of 61, 59 and 47 bp. Of these fragments, only the 47 bp
DNA fragment was shifted by addition of ORF56 in the pres-
ence of 40 ng/ul competitor DNA, indicating specific binding
to this fragment only (Fig. 6A). The 47 bp fragment contains
the initiator methionine codon and two imperfect inverted
repeats (Fig. 5). To further narrow down the binding site of
ORF56, oligonucleotides were derived from the 47 bp restriction
fragment and used as probes in EMSA (Table 1). Both inverted
repeats (inv and wt) were assayed separately, but only the
probe containing the longer inverted repeat (wt) was bound
(Fig. 6B). Furthermore, we did not observe any binding to a
single repeat (rep) and to the single-stranded inverted repeat wt
(data not shown).

In addition to the EMSA experiments we tried to determine
the binding site of ORF56 through DNase I footprinting. Foot-
printing experiments with DNase I did not produce a clear
footprint.

Mse | Mse |
-153 | |
—_— —
PRNT e 50bp | 47bp | orf56 -
- orf904
_
. |

box B

TCCACAAATGGGTAGACCATACAAACTATTAAAT
MetGlyArgProTyrLysLeulLeuAsn

Figure S. The promoter region of the orf56 gene. Thin horizontal arrows indicate primers used for amplifying the promoter DNA. The primers for amplifying the
promoter region were 5'-TCTCTACTTTCCTAACTCTCTG and 5-GTATGGTCTACCCATTTG. The sequence immediately upstream of the start codon is shown
in detail. Thick arrows indicate the two imperfect inverted repeats within the 47 bp Msel fragment. The putative BRE, TATA box and box B of the promoter are
also indicated. The boxes were assigned according to rules formulated by Reiter et al. (24), Qureshi and Jackson (34) and Bell ez al. (25).
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Table 2. Dissociation constants of ORF56 as measured by fluorescence anisotropy titrations

DNA Buffer Ky (nM) K, (nM)* Specificity®
wt-F Tris—HCl 1.5 (0.63-2.45)°
Na cacodylate 0.44
wt Tris—HCl 0.88+0.11¢
rep Tris—HCI 210 + 13f
CT DNA Tris—HCl 670+ 70 270
CT DNA (53°C) Tris—HCl 1220 £+ 100 1500

The buffer in all experiments was 20 mM Tris—HCI, pH 7.5, 100 mM KCI, 0.01% Tween 20. 20 mM Tris—HCI was substituted for
20 mM sodium cacodylate where indicated. wt-F is the fluorescently labelled wt DNA. Rep is a single repeat DNA, CT DNA is
sonicated calf thymus DNA. K|, is the dissociation constant of the equilibrium (ORF56), + DNA < DNA-(ORF56),. The K, value was
obtained by least square fitting of the binding isotherm and refers to the tetramer concentration.

“Determined from a competition experiment. The dissociation constant K refers to the microscopic dissociation constant for all non-

specific sites on calf thymus DNA.

bSpecificity was calculated by K/K,. K at 25°C was 2.45 £ 0.23 nM and at 53°C 0.8 £ 0.2 nM.

‘Range of six independent experiments.
dAverage of two experiments.
*Determined from a competition assay.

Determined from a competition assay. The dissociation constant applies to a dimer half-site equilibrium.

Strength of DNA binding

The EMSA experiments only give a crude measure of the
binding affinity and the observed binding was rather weak,
with dissociation constants in the micromolar range. To
characterise the binding equilibria in more detail we applied
fluorescence anisotropy measurements (20). For these assays
we used duplex wt DNA which was labelled with fluorescein
at one 3’-end. The fluorescence anisotropy of the DNA
increases upon complexation with protein because rotational
diffusion of the complex is reduced compared to unbound
DNA.

Figure 7A shows titration of 2 nM fluorescently labelled wt
DNA with ORF56. The data could be very well fitted assuming
a simple one-site model. The anisotropy of the free probe was
0.099 and the anisotropy of the DNA—protein complex was
0.159. Half-maximal binding was at ~8 nM ORF56 monomers.
Using a competition experiment with unlabelled wt DNA we
could show that both DNAs, the unlabelled and the fluorescently
labelled, were bound equally well by ORF56 (Fig. 7B).
Furthermore, the fluorescence intensity and the emission
spectra of bound and complexed probe were virtually identical.
Therefore, we can safely assume that the fluorescein moiety
attached at the 3’-end of one strand does not interfere with
binding of ORF56 to this substrate.

Figure 7C illustrates a titration under stoichiometric binding
conditions (wt DNA concentration 50 nM). The intersection of
the two linear parts of the binding isotherm yields stoichiometric
equivalence at 220 nM protein monomer concentration,
suggesting that dimeric ORF56 forms a tetramer on the DNA.

Our titration curves (e.g. Fig. 7A) did not indicate any coop-
erativity in binding of the two dimers. We therefore considered
two binding models for evaluation of the titration curves. In
one model binding of two dimers to two identical binding sites,
the two half-sites, was assumed. The other model is based on
binding of a preformed tetramer of ORF56 to the inverted
repeat. Binding constants evaluated from the two models will
differ by a factor of two.

A orFss B BréA
-_+ _+ bp i ol wi
ORF56 DORF5G ORF5G6
ﬁ‘ sl — "
— 100
[
.‘ . - 60
- M,
- 40 N

Figure 6. Specific binding of ORF56 analysed by EMSA. (A) A Msel
restriction digest of the promoter PCR fragment (61, 59 and 47 bp) was probed
with 3 UM ORF56. The 47 bp fragment is bound by ORF56 even in the
presence of 40 ng/ul competitor DNA (right-most lane). (B) Binding of ORF56
(5 UM) to synthetic 32P-labelled duplex DNA substrates. inv, short inverted
repeat; ct, negative control DNA with no repeat structure; wt, longer inverted
repeat. The wt DNA was also probed in the presence of 200-fold excess of
poly[d(I-C)-d(I-C)] (right-most lane). See Table 1 and Figure 5 for the
sequences and the positions of the synthetic DNA substrates.

A DNA probe containing one half-site of the inverted repeat
was bound with low affinity (see Table 2) indicating that a
model with two identical binding sites is inappropriate. We
therefore fitted our data according to the tetramer binding
model and the binding constants given in Table 2 have been
calculated on the basis of an ORF56 concentration that is one
quarter of the monomer concentration. The tetramer binding
model, however, contradicts our gel filtration data, which do
not indicate the presence of free tetramers of ORF56. There-
fore, the exact mechanism of ORF56 DNA binding remains to
be established (see Discussion).

Competition experiments to determine the specificity of
binding
In order to quantify the specificity of binding of ORF56 to

DNA we performed competition experiments with calf thymus
DNA. For these experiments we preformed a complex of
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Figure 7. Fluorescence anisotropy titration of fluorescently labelled wt DNA with
ORF56. (A) Titration of 2 nM fluorescein-labelled wt DNA. The experimental
points and a fit based on the A;B model are given. The error bars are the standard
errors of each titration point calculated from four to six measurements. In this
fit the anisotropy of the unbound DNA is 0.099 and 0.159 for the bound DNA.
The dissociation constant based on the tetramer concentration is 1.1 nM.
(B) Competition experiment with 2 nM fluorescein-labelled wt DNA/20 nM
ORF56 and increasing amounts of unlabelled wt DNA. The fit of the data yields
a dissociation constant for the unlabelled DNA of 0.88 nM. (C) Stoichiometric
titration of 50 nM fluorescein-labelled wt DNA with ORF56.

protein with fluorescently labelled wt DNA. Increasing
amounts of competitor DNA were then added and the decrease
in anisotropy was recorded. A large excess of non-specific
DNA was needed to displace ORF56 from the cognate DNA
(Fig. 8A). At 25°C we found that non-specific DNA is bound
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Figure 8. Specificity, salt and temperature dependance of the ORF56 DNA-binding
activity. (A) Competition experiments with non-specific DNA. ORF56 (20 nM)
was allowed to bind to 2 nM fluorescently labelled wt DNA. Afterwards
increasing amounts of competitor DNA were added. Filled squares, competition
with rep DNA (single repeat substrate); open circles, competition with calf
thymus DNA at 25°C; filled circles, competition with calf thymus DNA at
53°C. The calf thymus DNA concentration refers to the concentration of base
pairs, which equals the concentration of overlapping sites. (B) Salt dependence
of the dissociation constant. wt DNA (2 nM) was titrated in 10 mM Tris—HCI,
pH 7.5, 0.01% Tween 20 with 125-300 mM KCI. The dissociation constant K
at each salt concentration was calculated and plotted as a function of added salt.
The calculated slope of the plot is 6.8 * 0.2. (C) Temperature dependence of
DNA binding. The temperature dependence of the dissociation constant was
assayed at eight temperatures in the range 17—57°C. Fluorescently labelled wt
DNA (5 nM) was titrated in cacodylate buffer with 150 mM KCI. The dissociation
constants K; were calculated at each temperature and plotted as InK versus 1/7
(van’t Hoff plot). The data was fitted according to equation 4 (see Materials and
Methods). ACp =—6.2 kJ/mol, Ty; = 39°C and T = 47°C.



with a microscopic dissociation constant of 670 nM, which is
~270-fold weaker than specific binding. At 53°C, which is
closer to the physiological temperature of S.islandicus, the
specificity ratio is ~1500 (Table 2).

We also used the competition assay to assess ORF56 binding
to the half-site of its target DNA. For these experiments we
used a DNA probe comprising a single repeat from the cognate
wt DNA as competitor. A large excess of rep DNA was
necessary to reduce the amount of ORF56 wt DNA complex,
indicating that binding of ORF56 to the single repeat is rather
weak. Quantitative analysis of the isotherms yields a dissociation
constant of 210 nM for the ORF56 dimer and rep DNA equi-
libria. With the tetramer binding model the dissociation
constant is 105 nM, which is large compared to the dissociation
constant of the ORF56 tetramer and wt DNA equilibrium,
which was 2.2 nM in this particular experiment. The low
affinity for the half-site clearly supports the tetramer binding
model.

Salt and temperature dependence of DNA binding

Figure 8B illustrates the salt dependence of the dissociation
constant. The salt dependence of protein—-DNA interactions is
generally explained by ion release upon binding (21,22). The
released ions make an entropic contribution which decreases at
higher salt concentrations. The slope of the double logarithmic
plot is related to the number of ions released according to the
general formula:

No. of ions released = (dlogK,)/(dlog[salt])

For binding of the ORF56 tetramer to the inverted repeat the
slope is 6.8, indicating that about seven ions are released upon
complexation.

The temperature dependence of binding was analysed by
anisotropy titrations in the temperature range 17-57°C. van’t
Hoff analysis of the data reveals a non-linear relationship
(Fig. 8C). Assuming that the change in heat capacity (AC,) is
invariant over the temperature range investigated the data can
be fitted to equation 4. We obtain Ty = 39°C, T = 47°C and
AC, =-6.2 kJ/mol. Ty is the temperature at which AH = 0 and
K 1s at a minimum. T is the temperature at which AS =0 and the
free energy change, AG, is minimal. The highest temperature
investigated was 57°C, however, this measurement could not
be included in the global fit with the other binding isotherms
(see Materials and Methods). Therefore, the relative error at
this temperature is quite high. As the wt DNA probe melts at
70°C in standard buffer we could not extend our measurements
to higher temperatures. The optimal growth temperature of
S.islandicus is ~80°C (23). This contrasts with the strongest
binding observed at 39°C. However, DNA melting experiments in
the presence of ORF56 clearly show that a stable DNA—protein
complex is also formed at much higher temperatures.

ORF56 protects double-stranded DNA from heat
denaturation

ORF56 is highly thermostable. Up to 100°C there is no
denaturation of the o-helical structure, as can be seen in the
CD temperature profile at 222 nm (data not shown). A 10 min
incubation at 100°C weakened its DNA-binding activity by
only ~35%. The high thermostability of ORF56 enabled us to
investigate whether ORF56 protects DNA from heat denaturation.
The melting curve of wt+GCG DNA was monitored at 260 nm
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Figure 9. Thermal denaturation of wt+CGC DNA in the absence and presence
of ORF56. The temperature profiles of 1 UM wt+CGC DNA (open circles) and
of 1 uM wt+CGC DNA and 4 uM ORF56 (closed circles) are shown. Every
second data point is presented. The melting temperature 7, was obtained by fitting
according to equation 5 (see Materials and Methods). T,, was 71 and 86°C,
respectively.

in the absence and presence of stoichiometric amounts of
ORF56 (Fig. 9). The DNA was stabilised by ~15°C upon
complexation with ORF56, indicating that melting of the
protein-bound double-stranded DNA requires more energy.
This energy is needed to dissolve the double-stranded DNA—
protein complex as ORF56 does not bind to single-stranded
DNA. The DNA denaturation temperature profiles also
demonstrate that, even at temperatures as high as 85°C, ORF56
is able to bind DNA.

DISCUSSION

In the present study we report on the DNA-binding properties of
the ORF56 protein encoded by plasmid pRN1 from S.islandicus.
By probing recombinant ORF56 with different DNA substrates
we have shown that ORF56 binds specifically to an inverted
repeat sequence located upstream of its own initiator codon.

Analysis of Sulfolobus ssp. promoter sequences revealed
three consensus sequences upstream of the initiator methionine
codon (24,25): a BRE (transcription factor B-responsive
element) with consensus (A/G)N(A/T)AA(A/T) immediately
upstream of an archael TATA box with consensus sequence
(T/C)TT(A/T)(A/T)A(A/T)(A/T) and a box B proximal to the
initiation site with consensus sequence (T/A)TG(A/C). All
three boxes are found in the upstream region of the orf56 gene
(Fig. 5). Box B is located within the inverted repeat. By
binding to this region ORF56 could interfere with assembly of
the archael transcription apparatus and thereby repress its own
transcription.

The gene orf56 overlaps with gene orf904, which codes for
the putative initiator protein of plasmid replication. Sequence
analysis does not reveal a typical promoter sequence upstream
of the orf904 gene. Possibly, orf56 and orf904 are co-tran-
scribed from the promoter upstream of orf56. A model where
ORF56 negatively regulates both its own synthesis and
synthesis of the putative initiator protein seems plausible. This
type of feedback regulation of initiator protein synthesis has
been described for the eubacterial rolling circle plasmids pLS1
and pE194 (26,27), where the CopG proteins function as
negative regulators.
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ORF56 shows sequence similiarity to the CopG proteins (see
Fig. 1), the DNA-binding sites, however, are not related. The
putative initiator protein ORF904 from pRN1 does not show
sequence similiarity to the initiator proteins from the eubacterial
plasmids pLS1 and pE194, which are 30% identical at the
amino acid level. It is therefore possible that the copy control
mechanisms of the eubacterial and archael plasmids have
evolved independently.

The experimental data for binding to wt DNA is well fitted
by a binding model where two dimers of ORF56 are bound to
one inverted repeat on the DNA. This model is in line with the
crystal structure of the homologous CopG protein from pLS1
in complex with DNA, where two CopG dimers are bound to
an inverted repeat (19).

We did not observe any cooperativity in the binding
isotherms. Furthermore, DNA containing a half-site of the
inverted repeat is very weakly bound in EMSA and competitive
fluorescence anisotropy measurements. We therefore propose
a binding scheme where a preformed ORF56 tetramer reacts
with the DNA.

A different oligomerisation behaviour has been reported for
two well-studied ribbon helix—turn—helix proteins, namely the
bacteriophage P22 arc and mnt repressors. The arc repressor is
monomeric and unfolded at low protein concentrations and
folds and dimerises in a two-state reaction to DNA-binding
competent dimers. One dimer then binds to an operator half-
site and the second dimer binds with increased affinity to the
second half of the operator. The cooperativity of the binding
reaction is therefore very high and was determined to be ~3.5
(28). In contrast, the homologous and structurally related mnt
repressor is tetrameric in solution and binds its operator
obeying a simple one-site model with no cooperativity (29).

Our data indicate that ORF56 is dimeric in solution but
forms a tetramer on the DNA with no obvious cooperativity in
the binding isotherms. A similar DNA-promoted oligomerisation
has been reported for the monomeric bacteriophage 434
repressor, which dimerises in the presence of specific and non-
specific DNA and is competent for sequence-specific binding
in its dimeric state (30). The dimer—tetramer equilibrium of
ORF56 might show a comparable behaviour. Clearly, more
data, i.e. kinetic experiments, are necessary to elucidate the
assembly and DNA recognition pathway of ORF56.

Our study of the temperature dependence of DNA binding
shows that the highest binding affinity is achieved at ~40°C.
Direct determination of the dissociation constant at 80°C, the
optimal growth temperature of S.islandicus, was not possible as
the wt DNA substrate melts at 70°C. van’t Hoff analysis revealed
a large negative change in heat capacity (AC, = —6.2kJ/mol)
which is comparable to the heat capacity change observed for
other DNA-binding proteins, as for example the /ac repressor
and the EcoRI endonuclease, for which ACP is in the range —4
to =5 kJ/mol. For these proteins the negative heat capacity
change on association was largely attributed to burial of a non-
polar surface area upon specific binding and concomitant
folding (11,22,31). Burial of non-polar surfaces is thought to
be a general feature of sequence-specific DNA-binding proteins.
Specificity is ensured in this process by the complementarity of
the surfaces of the specifically bound DNA and the protein.
Complex formation releases surface bound water to the bulk
water, making an entropically favourable energetic contribution.

Furthermore, our CD data show that ORF56 becomes more
structured upon DNA binding. This could also make a contri-
bution to the observed negative heat capacity change upon
association.

The data presented here suggest that ORF56 adopts the same
fold as the CopG protein, which is a ribbon helix—turn—helix
protein. Both proteins are dimeric in solution and form a
tetramer on the DNA, where they recognise an inverted repeat.
Furthermore, preliminary 2- and 3-dimensional NMR data
from our laboratory suggest that residues Gly2-Leu8 and
Asp53-Lys56 are unstructured in solution in the absence of
DNA. We speculate that the termini become structured upon
binding, leading to the change in CD signal. The decrease in
ellipticity in the region 200-230 nm can be interpreted as
additional formation of a-helices or type II B-turns. As both
termini are positively charged they could form salt bridges
with the phosphates of the DNA upon binding and become
concomitantly structured. It is noteworthy that in the case of
the arc repressor, which is a ribbon helix—turn—helix protein,
formation of B-turns is induced at the N-terminus upon binding
(32).

Our study reveals that optimal binding of operator DNA
occurs at ~40°C, which is far below the optimal growth
temperature of S.islandicus. So far no sequence-specific
thermophilic DNA-binding protein has been studied thermo-
dynamically. Only the DNA-binding properties of the histone-
like Sso7d protein from S.solfataricus has been investigated
thoroughly. The temperature dependence of its non-specific
binding to poly(dG-dC) has been studied in the temperature
range 15-45°C (33). Extrapolation of the data to higher
temperatures indicated that optimal binding could well be at
~80-100°C.

Extrapolation of our data to higher temperatures yields a
dissociation constant K; of ~1 uM at 80°C. However, this
value is considered to be very speculative given the large range
of extrapolation. Indeed, the DNA heat denaturing experiment
clearly shows that even at 85°C there is substantial binding of
ORF56 to its cognate DNA. Further studies will be necessary
to clarify how ORF56 recognises its target DNA at ~80°C, its
physiological temperature.
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