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Abstract All archaeal histones studied to date have similar
lengths, 66 to 69 amino acid residues that form three α-
helices separated by two â-strand loop regions which
together constitute a histone fold. In contrast, the eukaryal
nucleosome core histones are larger, 102 to 135 residues in
length, with N-terminal and C-terminal extensions flanking
the histone fold that participate in gene regulation and
higher-order chromatin assembly. In the Methanococcus
jannaschii genome, MJ1647 was annotated as an open read-
ing frame predicted to encode an archaeal histone with an
approximately 27-amino-acid C-terminal extension, and we
here document the DNA binding and assembly properties
and thermodynamic stability parameters of the recombi-
nant product of MJ1647 synthesized in Escherichia coli with
(rMJ1647) and without (rMJ1647D) the C-terminal exten-
sion. The presence of the C-terminal extension did not pre-
vent homodimer formation or inhibit DNA binding, but the
complexes formed by rMJ1647, presumably archaeal
nucleosomes containing a (rMJ1647)4 tetramer, were appar-
ently less stable than those formed by (rMJ1647D)4. The
presence of the C-terminal extension increased the thermo-
stability of rMJ1647 when compared with rMJ1647D in
0.2M KCl at pH 4 but not in the absence of KCl at pH 1.
Based on thermal unfolding transitions, rMJ1647 and
rHAfB generated by expression of AF0337 cloned from the
genome of the related hyperthermophile Archaeoglobus
fulgidus in E. coli were found to have higher thermody-
namic stabilities than all previously studied archaeal
histones.
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Introduction

The eukaryal nucleosome core histones H2A, H2B, H3, and
H4 have only limited primary sequence homologies (Wells
and McBride 1989; Baxevanis and Landsman 1996), but
they all have a structurally similar globular domain known
as the histone fold formed by three α-helices (α1, α2, and
α3) separated by two short loops (L1 and L2) (Arents and
Moudrianakis 1995; Luger et al. 1997). The histone fold
is stabilized by dimer formation and subunits in several
eukaryal general and regulatory transcription factors are
paired through histone fold domain interactions (Hoffmann
et al. 1996; Nakatani et al. 1996; Burley et al. 1997; Ogryzko
et al. 1998; Birck et al. 1998; Liberati et al. 1998; Michel et
al. 1998; Moqtaderi et al. 1998). The eukaryal histones
H2A, H2B, H3, and H4 have N- and C-terminal sequences
that extend beyond the histone fold that provide targets for
posttranslational regulatory modifications and participate
in the higher-order assembly of nucleosomes into chroma-
tin (Elgin 1995; Wan et al. 1995; Luger et al. 1997) but all
the archaeal histones studied to date lack such N- and C-
terminal extensions (Fig. 1) and are therefore essentially
only histone folds. The archaeal histones must still dimerize
to maintain structure; however, they are able to form
both homodimers and heterodimers whereas the eukaryal
histones form only (H2A 1 H2B) and (H3 1 H4)
heterodimers (Sandman et al. 1998). Agha-Amiri and
Klein (1993) reported the sequence of a gene cloned from
Methanococcus voltae that was predicted to encode an
archaeal histone (designated HMvA) with an approxi-
mately 30-amino-acid C-terminal extension, and MJ1647 in
the Methanococcus jannaschii genome is an open reading
frame that encodes an amino acid sequence 55% identical
to that of HMvA and is similarly annotated as encoding an
archaeal histone with a C-terminal extension (Bult et al.



1996). The M. jannaschii genome also appears to encode
five archaeal histones that lack N- and C-terminal exten-
sions, raising the question of whether the MJ1647 gene
product behaves as a histone. To address this issue, and to
determine properties conferred by the C-terminal exten-
sion, recombinant (r) MJ1647 gene product has been syn-
thesized in Escherichia coli with and without the C-terminal
extension (rMJ1647D), and both proteins have been shown
to dimerize and form complexes with DNA in vitro con-
sistent with their assembly into archaeal nucleosomes
(Pereira et al. 1997; Sandman et al. 1998; Bailey et al. 1999).
In addition, as it is known that archaeal histones with simi-
lar primary, secondary, and tertiary structures can have
inherently very different thermodynamic stabilities (Li
et al. 1998), we have determined the thermostabilities of
rMJ1647 and rMJ1647D, and of rHAfB encoded by AF0337
in the genome of the related archaeal hyperthermophile
Archaeoglobus fulgidus (Klenk et al. 1998). All three pro-
teins have native structures that are more resistant to heat-
induced unfolding than the structures of all previously
studied archaeal histones (Li et al. 1998), and rMJ1647D
unfolded at lower temperatures than rMJ1647, indicating
that the C-terminal extension contributes to the overall
stability of the rMJ1647 fold.

Materials and methods

Subcloning, expression of MJ1647 in E. coli, and
purification of rMJ1647

E. coli clone AMJEZ84 that contained the MJ1647 region
of the M. jannaschii genome cloned in pUC18 was
purchased from the American Type Culture Collection
(Rockville, MD, USA). EcoRI digestion of the plasmid
DNA purified from this clone generated a 1714-bp frag-
ment of M. jannaschii genomic DNA from which a 322-bp
region that contained MJ1647 was amplified by polymerase
chain reaction (PCR) technology with flanking BamHI and
NsiI sites added by using oligonucleotide primers with
the sequences 59-CGGGATCCGGAGGTATATATTT-
ATGTTACC-39 and 59-CCAATGCATCTATAATTCA-
GATGTTATTAC-39 (Ransom Hill Bioscience, Ramona,
CA, USA). The amplified DNA and the expression vector
pRAT4 (Peränen et al. 1996) were digested with BamHI
and NsiI, mixed, ligated (Sambrook et al. 1989), and
the ligation products used to transform XL-1 Blue
supercompetent E. coli cells (Stratagene, La Jolla, CA,
USA). Plasmid DNA (designated pMJ1647) was isolated

Fig. 1A,B. Alignment of archaeal histone amino acid sequences and
conservation of the histone fold. A The amino acid sequences of
rMJ1647 and HMvA are aligned with conserved (*) and similar (:)
residues identified between the sequences. Residues conserved (*) or
similar (:) in rMJ1647, HMvA, and in HMfB are identified above the
HMfB sequence. Positions at which the archaeal histone sequences
shown below the HMfB sequence are identical to the HMfB sequence
are indicated by hyphens. The regions that form α1, α2, α3 of the
histone fold are indicated; the location of the nonsense mutation (3)
that terminates the MJ1647 open reading frame creating MJ1647D and
the region predicted by NNPREDICT (Kneller 1991) to form an α-
helix (α4) within the C-terminal extensions are indicated above the
sequences. The locations of hydrophobic residues that contribute to

the histone core and help maintain the histone fold are indicated (#)
below the sequences. MJ1647 is from Methanococcus jannischii (Bult
et al. 1996), HMvA1 is from Methanococcus voltae (Agha-Amiri and
Klein 1993), HMfB and HMfA are from Methanothermus fervidus
(Sandman et al. 1994a), HFoB is from Methanobacterium formicicum
(Darcy et al. 1995), HPyA1 is from Pyrococcus strain GB-3a (Sandman
et al. 1994b), and HAfB is from Archaeoglobus fulgidus (Klenk et al.
1998). B The lengths of the N- and C-terminal extensions that flank the
histone fold in the eukaryal nucleosome core histones (Wells and
McBride 1989; Baxevanis and Landsman 1996) and in representative
pairs of nonhistone transcription factors that assemble into complexes
through histone fold interactions (Kokubo et al. 1994; McNabb et al.
1995; Hoffmann et al. 1996; Gadbois et al. 1997)
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from an ampicillin-resistant transformant, sequenced to
confirm the construction, and transformed into E. coli B834
(DE3) (Novagen, Madison, WI, USA) to obtain rMJ1647
synthesis. Cultures were grown aerobically at 37°C to OD600

~0.4 in Luria-Bertani medium (Sambrook et al. 1989) that
contained 100µg ampicillin/ml, isopropyl â-d-thiogalacto-
pyranoside (IPTG) was then added (final concentration
of 400µM), and incubation continued for 3h. rMJ1647
was purified using the procedures used to purify rHMfB
(Sandman et al. 1995; Li et al. 1998), except the buffer
used was 50mM 2-(N-morpholino)-ethanesulfonic acid
(MES, pH 6). The composition and concentration of all
archaeal histone preparations were determined, after
acid hydrolysis, by amino acid analysis (Li et al. 1998).

Site-specific mutagenesis of MJ1647; synthesis and
purification of rMJ1647D

The arginine codon (AGA) at position 69 of MJ1647 was
changed to a termination codon (TGA) in an aliquot of
pMJ1647 by using a QuikChange site-directed mutagenesis
kit (Strategene, La Jolla, CA, USA) with the primers
59-ATGATGAAAGATTAAAGTGAAAGATTATGG-
AAC-39 and 59- GTTCCATAATCTTTCACTTTAA-
TCTTTCATCATC-39 (Ransom Hill Bioscience). The
mutation was confirmed in pMJ1647D by DNA sequencing,
and rMJ1647D was purified from E. coli B834 (DE3) con-
taining pMJ1647D following IPTG induction and quanti-
tated as described for rMJ1647.

Cloning and expression of hafB (AF0337) in E. coli and
purification of rHAfB

The haf B gene (AF0337) was PCR-amplified from A.
fulgidus genomic DNA by using primers with the sequences
59-GAAGGATCCAAAGCTCCCTCAGAGCAAG-
CTTG and 59-GCGAATTCCCAATACGATATTTTTGC
(Ransom Hill Biosciences) that hybridized to sequences
flanking hafB (Klenk et al. 1998) and added BamHI and
EcoRI sites, respectively, to the amplified product. The
PCR-amplified DNA was digested with BamHI and EcoRI,
ligated with BamHI- plus EcoRI-digested pRAT4 (Peränen
et al. 1996), and the ligation products used to transform
XL-1 Blue super-competent E. coli cells (Stratagene). The
sequence of plasmid DNA isolated from an ampicillin-
resistant transformant was determined to confirm the con-
struction and this plasmid was transformed into E. coli
BL21(DE3) (Novagen) for rHAfB synthesis. Expression of
haf B was induced by addition of IPTG to exponentially
growing cultures of the E. coli BL21(DE3) transformant,
and rHAfB was purified by the procedures used to purify
rHMfB (Sandman et al. 1995; Li et al. 1998).

Agarose gel electrophoretic mobility shift assay (EMSA)

Archaeal histone–DNA complexes formed with DNA
molecules longer than 1.2kbp migrate faster through 1%

(w/v) agarose gels during electrophoresis at 1V/cm than do
the DNA molecules alone (Sandman et al. 1990). This
property was used with linear pBR322 DNA to assay
and compare the DNA-binding and compacting activities
of rMJ1647, rMJ1647D, and rHAfB. Control experiments
employed rHMfB as previously described (Sandman et al.
1995).

Formaldehyde protein–protein cross-linking

Aliquots (10µl) of MJ1647 and MJ1647D dissolved in
25mM glycine buffer (~1mg/ml; pH 1) were incubated at
95°C for 10min and then allowed to cool slowly to room
temperature. Cross-linking buffer (20µl of 150mM KCl;
25mM potassium phosphate) was added, the solution dia-
lyzed for 1h against cross-linking buffer before formalde-
hyde was added (final concentration of 400mM), and
incubation continued for 1h at room temperature. The
cross-linking reaction was terminated by addition of 3µl
0.5M (NH4)HCO3 and incubation for 15min at room tem-
perature. Following dialysis for 1h against 100mM NaCl,
50mM MES (pH 6), the proteins present were separated
by tricine sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Grayling et al. 1995) and
detected by immunoblotting using polyclonal anti-HMf
IgG as the primary antibody, antirabbit IgG peroxidase
conjugate as secondary antibody (Sigma, St. Louis, MO,
USA), and complex visualization by chemiluminescence
(LumiGLO kit; Kirkgarrd and Perry Labs., Gaithersburg,
MD, USA).

Circular dichroism spectropolarimetry and determination
of thermal unfolding transitions

Circular dichroism (CD) spectra of recombinant archaeal
histone solutions ranging in concentration from 0.3 to
6µM of histone monomer were obtained at 25°C using an
AVIV 62A-DS spectropolarimeter (AVIV, Lakewood, NJ,
USA) with a 1-mm-pathlength cylindrical quartz cell and
averaging times of 2 to 5s. Temperature-induced changes in
the CD measurement at 222nm (θ222) were determined
at 1°C intervals from 0° to 99°C using a 10-mm-pathlength
quartz cell with an averaging time of 5 s and the tempera-
ture maintained within 60.2°C. Baseline measurements
were determined using deionized water and subtracted
from the experimental data. A two-state model in which
a histone dimer unfolds directly into two random coil
monomers with negligibly populated intermediate states
was shown previously to fit the thermal unfolding data
obtained for (rHMfB)2, (rHMfA)2, (rHFoB)2, and
(rHPyA1)2 dimers (Li et al. 1998). Based on the excellent fit
of the predictions of this model to the experimental data
obtained here, this thermal unfolding pathway appears
also to be valid for (rMJ1647)2, (rMJ1647D)2, and (rHAfB)2.
The comparative data presented for (rHMfA)2, (rHMfB)2,
(rHFoB)2, and (rHPyA1)2 were obtained using the
protein preparations described previously (Li et al.
1998).
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Results

rMJ1647 and rMJ1647D dimer formation, DNA binding,
and complex stability

MJ1647 encodes an amino acid sequence that is only ~35%
identical to that of HMfB, the most studied archaeal histone
(Sandman et al. 1998), but does contain residues P4, R10,
S21, A47, R52, K53, T54, and D59 (HMfB residue number-
ing system) that are conserved in all archaeal histones (see
Fig. 1). Based on the crystal structure of the eukaryal
nucleosome (Luger et al. 1997), R10, S21, K53, and T54 are
predicted to participate directly in DNA binding, and R52
and D59 form a buried intramolecular bond essential for
histone fold stabilization. From the alignment of residues
and the structures established for (rHMfB)2 and (rHFoB)2

(Starich et al. 1996; Zhu et al. 1998), the sequences pre-
dicted to form α1, α2, α3, L1, and L2 that constitute the
histone folds of rMJ1647 and rMJ1647D, HMvA, and HAfB
are identified in Fig. 1. The sites located primarily along
the buried faces of the three α-helices at which hydrophobic
residues interact to maintain the histone dimer con-
figuration are indicated, and the conservation of hydropho-
bic residues at these sites in rMJ1647, HMvA, and HAfB is
consistent with these polypeptides also forming dimers. The
C-terminal extensions of rMJ1647 and HMvA are predicted
(Kneller 1991) to contain a fourth α-helix (designated α4 in
Fig. 1) that would not constitute part of the histone fold. A
longer α-helix (designated αC), with marginal sequence
similarly to α4, is present in the C-terminal extension of
eukaryal H2B histones.

Incubating preparations of rMJ1647 and rMJ1647D with
formaldehyde under conditions that covalently cross-linked
the histone monomers within (rHMfB)2 dimers (Grayling et
al. 1995) generated molecules with electrophoretic mobili-
ties consistent with cross-linked dimers (Fig. 2). A small
fraction of the molecules in rMJ1647D preparations
migrated as dimers without exposure to formaldehyde, indi-
cating the presence of dimers so intrinsically stable that they
resisted denaturation by 1% SDS and demonstrating clearly

that the C-terminal extension of MJ1647 was not essential
for dimer formation. The C-terminal extension was also not
essential for DNA binding and compaction by rMJ1647, but
rather appeared to reduce the stability of the complexes
formed with linear pBR322 DNA when compared with the
complexes formed by rMJ1647D and rHMfB (Fig. 3).
Consistent with archaeal nucleosome formation, the com-
plexes formed by rMJ1647 and rMJ1647D binding to linear
pBR322 DNA migrated faster during electrophoresis than
pBR322 molecules alone, but whereas the rMJ1647D- and
control rHMfB-containing complexes migrated as a single,
discrete band, the rMJ1647-containing complexes migrated
to form a diffuse, broad smear consistent with instability
and substantial disassembly during electrophoresis.

Thermal unfolding transitions and thermodynamic
stability curves

Archaeal histones with similar primary sequences and sec-
ondary and tertiary structures have different inherent sta-
bilities and, as the thermal unfolding of archaeal histones is
fully reversible, they offer a tractable experimental system
to determine and compare quantitative structure–stability
relationships at the individual residue level (Li et al. 1998;
Zhu et al. 1998). As previously documented, in 200mM KCl
at pH 4, rHFoB from the mesophile Methanobacterium
formicicum exhibits both low and high temperature-
induced unfolding, whereas rHMfA, rHMfB, and rHPyA1
from the hyperthermophiles M. fervidus and Pyrococcus
strain GB-3a, respectively, exhibit only high temperature
unfolding (Li et al. 1998). Full unfolding transitions could
also be observed for MJ1647D and rHAfB under these con-
ditions, but not for MJ1647, which remained ~60% folded
at 99°C, the highest temperature at which CD mea-
surements could be made (Fig. 4A). The presence of the C-
terminal extension therefore increased the stability of
rMJ1647 relative to rMJ1647D, resulting in the retention of

Fig. 2. SDS-PAGE separation of aliquots of rMJ1647 and rMJ1647D
with (1) and without (2) exposure to formaldehyde cross-linking. The
proteins present were detected by immunoblotting using polyclonal
anti-HMf antibodies and the histone monomers and dimers were
identified by their electrophoretic mobilities relative to size standards.
rMJ1647 and rMJ1647D monomers have calculated masses of 11.2 and
8 kDa, respectively

Fig. 3. Electrophoretic mobility shift assays of the complexes formed
by rHMfB, rMJ1647, and rMJ1647D with linearized pBR322. Com-
plexes formed at rHMfB to DNA mass ratios of 0.2, 0.4, 0.6, 0.8, and
1.2, rMJ1647 to DNA at mass ratios of 0.4, 0.8, 1.2, 1.6, and 2.4, and
rMJ1647D to DNA mass ratios of 0.2, 0.4, 0.6, 1.0, and 1.4 were sub-
jected to electrophoresis through a 0.8% agarose gel at 1V/cm and
detected by ethidium bromide staining. Control tracks that contained
protein-free, linear pBR322 DNA molecules are indicated (0)
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secondary structure above 100°C. The stability curves
(Becktel and Schellman 1987) calculated for rHFoB,
rHMfA, rHMfB, rHAfB, and rMJ1647D dimers, based on
the thermal transition data shown in Fig. 4A, are provided
in Fig. 4B with the thermodynamic parameters for the
unfolding of these dimers listed in Table 1. All the recom-
binant archaeal histones that originate from hyperther-
mophiles had higher stabilities at all temperatures than
rHFoB, although they have maximum stabilities at essen-

tially mesophilic temperatures ranging from 36° to 48°C.
Each stability curve has a slightly different shape, consistent
with different molecular interactions contributing to overall
fold stability (Fig. 4B). rMJ1647D had a marginally lower
maximum stability than rHPyA1 although the unfolding
transitions of these two proteins appeared almost identical
(Fig. 4A), and rHAfB had a higher stability at all tempera-
tures than all the previously studied archaeal histones (Li
et al. 1998).

Fig. 4A,B. Thermal unfolding and
stability curves of archaeal
histones. A Unfolding of 0.45µM
rMJ1647 (solid circles), 0.38µM
rMJ1647D (open circles), 0.43µM
rHAfB (solid squares), 1.52µM
rHPyA1 (open squares), 5.22µM
rHMfB (solid triangles), 5.22 µM
rHMfA (open triangles) and
4.50µM rHFoB (open diamonds)
in 0.2M KCl at pH 4 in 25mM
glycine buffer determined by θ222

measurements. The θ222 value for
100% unfolded rMJ1647 was
determined by measurements
above 90°C at pH 1 (see Fig. 5B).
B Stability curves calculated for
rMJ1647D (open circles), rHAfB
(solid squares), rHPyA1 (open
squares), rHMfB (solid triangles),
rHMfA (open triangles), and
rHFoB (open diamonds) at pH 4
in 0.2M KCl based on the CD
thermal unfolding data
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CD spectra and rMJ1647 thermal unfolding at pH 1

To observe complete thermal unfolding transitions for
rMJ1647, it was necessary to reduce the pH and salt con-
centration. Based on θ222 ellipticity measurements, both
rMJ1647 and rMJ1647D retained their predominantly α-
helical secondary structure at pH 1 in 25mM glycine buffer
at 25°C, and a difference in θ222 was observed between
rMJ1647 and rMJ1647D consistent with the presence of
an additional α-helix, α4, in the C-terminal extension of
rMJ1647 (Fig. 1). In contrast, rHMfB was almost com-
pletely unfolded as previously reported (Li et al. 1998)
under these conditions (Fig. 5A). The heat-induced unfold-
ing transitions followed for rMJ1647 and rMJ1647D at pH 1
in the absence of salt were very similar (Fig. 5B). Under
these conditions, the C-terminal extension did not sub-
stantially increase the unfolding transition temperature of
rMJ1647 when compared with rMJ1647D, as was the case
for unfolding at pH 4 in 0.2M KCl (Fig. 4A). The thermody-
namic parameters calculated from the complete unfoldings
of rMJ1647 and rMJ1647D observed at low pH and low salt
concentrations are listed in Table 2. The T° values calcu-
lated for (rMJ1647)2 in 0.1M KCl, the temperature at which
the free energy of unfolding of a standard state (1M) pro-
tein solution would be zero, are above 120°C and are the
highest such values so far determined for an archaeal
histone dimer.

Discussion

The histone fold is only stable when complexed with a
second histone fold, and histone fold dimerization involves
predominantly hydrophobic interactions between residues
positioned along the buried faces of the α-helices (Starich
et al. 1996; Luger et al. 1997; Zhu et al. 1998). The original
histone fold presumably formed a homodimer, and this
is still the case for the archaeal histones although they

also form heterodimers (Sandman et al. 1994a) and, in
vitro, archaeal histone monomers from different species
form heterodimers (unpublished results). In contrast, the
eukaryal histones and histone domain-containing transcrip-
tion factors do not exhibit such promiscuity and assemble
with only one partner, usually a nonhomologous polypep-
tide, to form a heterodimeric complex. The flexibility in
dimer formation exhibited by archaeal histones may gener-
ally be facilitated by their lack of N- and C-terminal exten-
sions, but rMJ1647 with a C-terminal extension still formed
homodimers (Fig. 2), and also heterodimers in vitro not
only with rMJ1647D but also with rHMfB monomers
(results not shown).

The presence of the C-terminal extension of MJ1647
apparently reduced the stability of the complexes formed
with pBR322 DNA in vitro (Fig. 3). Archaeal nucleosomes
contain a histone tetramer (Pereira et al. 1997; Bailey et al.
1999) in which, based on the eukaryal precedent (Luger
et al. 1997), two histone dimers interact through a four-helix
bundle formed by two α2s and two α3s. The C-terminal
extension of rMJ1647 extends from α3, and in archaeal

Table 1.  Thermodynamic parameters of archaeal histone unfoldinga,b

Histone T° DHvh DCp Tmax DG°max

(°C) (kcal/mol) (cal/deg/mol) (°C) (kcal/mol)

rHFoB 75.6 6 0.0 91.1 6 0.3 2292 6 0 38 5.0
rHMfA 104.0 6 0.5 156.0 6 2.3 2090 6 58 36 14.5
rHMfB 113.8 6 0.5 139.9 6 1.5 1711 6 36 40 13.8
rHPyA1 116.3 6 0.7 158.4 6 2.3 1886 6 52 41 15.9
rHAfB 119.8 6 0.7 162.4 6 2.3 1882 6 52 42 16.6
rMJ1647D 118.5 6 0.7 164.0 6 2.9 2106 6 68 48 15.3
rMJ1647c ndc nd nd nd nd

a Parameters calculated from the thermal unfolding of the archaeal histones in 0.2M KCl, 25mM
glycine (pH 4) shown in Fig. 4A. T° is the temperature at which the free energy of unfolding of
a standard state (1M) solution is zero; DHvh is the van’t Hoff enthalpy of dimer unfolding; DCp is
the change in heat capacity for dimer unfolding; Tmax is the temperature at which the dimer has
maximum stability; DG°max is the free energy of unfolding of a standard state solution at Tmax
b The errors are standard deviations from the curvature of the ø2 surface of each fit (Bevington
1969), and represent the quality of the fit
c Unfolding was incomplete at 99°C, the upper limit for CD measurements, and therefore these
parameters could not be determined (nd) for MJ1647 under these solution conditions

Table 2. Thermodynamic parameters of rMJ1647 and rMJ1647D
unfoldinga

Protein KClb pH T° DHvh DCp

[M] (°C) (kcal/mol) (cal/deg/mol)

rMJ1647 – 1 104.0 6 3.8 105.3 6 7.6 1331 6 178
3 118.7 6 1.4 121.4 6 2.7 1374 6 60

0.1 1 122.1 6 3.2 105.6 6 5.1 1181 6 133
2 121.0 6 3.2 108.6 6 5.1 1219 6 133

rMJ1647D – 1 104.5 6 0.3 106.0 6 0.7 1316 6 17
0.2 4 118.5 6 0.7 164.0 6 2.9 2106 6 68

a T° is the temperature at which the free energy of unfolding of a
standard state (1 M) solution is zero; DHvh is the van’t Hoff enthalpy
of dimer unfolding; DCp is the change in heat capacity for dimer
unfolding. The errors are standard deviations from the curvature of the
ø2 surface of each fit (Bevington 1969) and represent the quality of the
fit
b Salt concentration in 25 mM glycine buffer
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Fig. 5A,B. CD spectra and
thermal unfolding transitions at
pH 1. A CD spectra determined
at 25°C for 1.7 µM rMJ1647 (solid
circles), 2.4 µM rMJ1647D (open
circles), and 2.6 µM rHMfB (solid
triangles) solutions in 25 mM
glycine at pH 1. Circular
dichroism intensities (liters/cm 3
moles of residues) are given as
the difference in extinction
coefficient for left (εL) and right
(εR) circularly polarized light.
B Thermal unfolding of rMJ1647
(solid circles), rMJ1647D (open
circles), and rHMfB (solid
triangles) in 25mM glycine at pH
1 determined by θ222 measure-
ments. The θ222 value of 100%
folded rHMfB was determined in
0.2 M KCl at pH 4

nucleosomes containing a rMJ1647 tetramer, four copies of
this extension must occupy space not normally so occupied
in archaeal nucleosomes formed by tetramers of the his-
tone-fold-only archaeal histones. Accommodating this
additional mass, especially the two C-terminal extensions at
the center of the four-helix bundle, may well reduce the
overall stability of the archaeal nucleosome core and result
in complexes that are unstable during extended electro-
phoresis (Fig. 3). As the M. jannaschii genome also encodes

five histone-fold-only archaeal histones, MJ1647 may pref-
erentially form heterodimers with one or more of these
smaller histones in vivo, which would reduce the demand
for space within the archaeal nucleosome core and result in
more stable structures.

Hydrophobic interactions between residues along the
antiparallel aligned α2s predominate in dimer formation
and maintenance (Luger et al. 1997), and differences in
these residues should be reflected in differences in overall
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fold stability. At the center of this interaction are residues
31, 35, and 36, and whereas large hydrophobic residues
generally occupy these positions in the archaeal histones
from hyperthermophiles, rHFoB from the mesophile has
A31, K35, and G36 (Fig. 1). rMJ1647 and rHAfB have now
also been shown to have very stable structures (Tables 1,2),
and consistent with this they have only hydrophobic resi-
dues – M31, I35, I36, and A31, Y35, A36, respectively – at
these positions. Comparisons of thermal transitions of
rMJ1647 and rMJ1647D revealed that the C-terminal exten-
sion increased the overall stability of rMJ1647 at pH 4 in the
presence of 0.2M KCl (Fig. 4A), but rMJ1647 was so stable
under these conditions that complete thermal transitions
could not be observed and the quantitative contribution of
the C-terminal extension to overall fold stability could
not therefore be calculated. Complete unfolding transitions
were observed for both rMJ1647 and rMJ1647D at pH 1
(Fig. 5B) but, under these partially destabilizing conditions,
the presence of the C-terminal extension did not increase
fold stability. At lease 37 of the 97 residues in rMJ1647 are
potentially charged (D, E, K, and R), consistent with struc-
ture stabilization by ion pair formation and a surface-
located salt bridge network (Zhu et al. 1998). Ten of these
charged residues occur in the C-terminal extension with 7
occurring within first 12 residues of the extension preceding
the region predicted to form α4 (Fig. 1). It seems likely
therefore that in the presence of salt and at a higher pH
this highly charged region also helps to stabilize the
overall fold of rMJ1647 by forming additional ionic
interactions.

In conclusion, we have confirmed that rMJ1647, and by
inference HMvA, forms homodimers in solution and binds
to DNA in vitro forming compact structures consistent with
assembly into archaeal nucleosomes. Having C-terminal
extensions, these molecules appear to represent an interme-
diate step in the evolution of the larger N- and C-terminal
extension containing eukaryal histones and histone-
fold-containing transcription factors, and it is now impor-
tant to determine if the C-terminal extensions of MJ1647
and HMvA provide similar targets for analogous or
homologous regulatory posttranslational modifications. As
expected for proteins from hyperthermophiles, rMJ1647
and rHAfB have very stable structures, and rMJ1647D
is less stable than rMJ1647 under physiologically relevant
solution and temperature conditions (Martin et al. 1999),
indicating that the C-terminal extension contributes to
overall fold stability.
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