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Abstract

The MkaH protein from the archaeon Methanopyrus kandleri, an unusual assembly of two
histone-fold domains in a single polypeptide chain, demonstrates high structural similarity
to eukaryal histones.  We studied the DNA binding and self-association properties of MkaH
by means of the electrophoretic mobility shift assay (EMSA), electron microscopy (EM),
chemical cross-linking, and analytical gel filtration.  EMSA showed an increased mobility
of linear DNA complexed with MkaH protein with a maximum at a protein-DNA weight
ratio (Rw) of ≈ 3; the mobility decreased at higher protein concentration.  EM of the com-
plexes formed at Rw ≤ 3 revealed formation of isometric loops encompassing 71 +/- 7 bp of
DNA duplex.  At high values of Rw (≥9) thickened compact nucleoprotein structures were
observed; no individual loops were seen within the complexes.  Gel filtration chromatogra-
phy and chemical fixation indicated that in the absence of DNA the dominant form of the
MkaH in solution, unlike other archaeal histones, is a stable dimer (pseudo-tetramer of the
histone-fold domain) apparently resembling the eukaryal (H3-H4)2 tetramer.  Similarly,
dimers are the dominant form of the protein interacting with DNA.  The properties of MkaH
supporting the assignment of its intermediate position between other archaeal and eukaryal
histones are discussed.
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Introduction

The hyperthermophilic methanogen Methanopyrus kandleri can grow at tempera-
tures of up to 110º C and has an intracellular K3 cyclic 2,3-diphosphoglycerate con-
centration of 1.1 M (1).  Methanopyrus kandleri possesses a number of properties
that make it unique amongst archaeal species, indicating a possible relation to the
last common ancestor of Archaea and Eukarya.  To our knowledge, M. kandleri is
the only archaeon that contains a type IB topoisomerase, previously found in
eukaryotes and poxviruses (2, 3).  Based on the 16S RNA derived phylogenetic
tree, the microorganism represents a very early branch-off within the archaeal king-
dom Euryarchaeota, without bearing any close relationship to other methanogens
(4).  The ancestry of M. kandleri and its phylogenetic link to Eukarya is further sup-
ported by the properties of the histone protein identified in this organism (5).

In Eukarya, histones H3, H4, H2A, and H2B play a major role in DNA condensa-
tion.  The nucleosome core particle, the primary package unit of eukaryal chro-
matin, contains two copies of each histone within a histone octamer; 145-147 bp-
long DNA is wrapped around the octamer into 1.65 negative superhelical turns (6).
The central part of the nucleosome is constituted by the tetramer of histones H3 and
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H4, which exists as a stable particle in the absence of DNA (7).  It has been sug-
gested that the tetrasome, a complex of the (H3-H4)2 tetramer and DNA, is an
important intermediate in nucleosome transactions (8, 9).

Nucleosome-mediated DNA compaction was interpreted as a distinctive feature of
Eukarya before the discovery of histone homologues in Euryarchaeota (10).  The
structure of archaeal histones is closely related to that of the histone-fold domain,
a conserved histone unit mediating octamer assembly and DNA binding (11).
Archaeal histones were shown to form nucleosome-like particles, constituted by
~80 bp of DNA wrapped around the protein tetramer (12).  Such a composition is
reminiscent of the eukaryal tetrasome rather than the full-size nucleosome.

The MkaH histone isolated from M. kandleri has a very unusual structure, con-
taining two histone-fold domains connected by a 13 amino acid loop in a single
chain.  Intriguingly, phylogenetic reconstruction analysis showed that its N-termi-
nal domain is more closely related to eukaryal histones than to any other archaeal
counterpart (5).  From crystallographic analysis, the three-dimensional structure of
the entire protein resembles eukaryal H3/H4 and H2A/H2B heterodimers, as well
as archaeal homodimers HMfA2 and HMfB2 (13).  In the crystal, two MkaH mol-
ecules are assembled into a dimer, which is structurally similar to the (H3-H4)2
tetramer observed in the eukaryal nucleosome.  In contrast, other previously char-
acterized archaeal histones did not form such structures in the absence of DNA
either in crystals or in solution.

In this study, we characterize the self-association and DNA-binding properties of
the MkaH histone.  We infer from the experimental data that in solution MkaH
forms a stable dimer similar to the eukaryal tetramer, whereas in the presence of
DNA it constrains 71 +/- 7 bp of DNA duplex into small loops yielding a particle
homologous to the eukaryal tetrasome.

Materials and Methods

Purification of the recombinant MkaH protein

Bacterial cells BL21 (DE3) pLysS carrying the MkaH-expressing plasmid pET11
were grown at 37º C to A600 = 0.5 and MkaH expression was induced by adding
IPTG to a final concentration of 0.4 mM, followed by further growth at 37º C for 3
h. Cells were harvested and stored at –20º C overnight. Then the pellet was thawed at
37º C for 5 min, resuspended in buffer LT (1 M NaCl, 5% glycerol, 20 mM Tris-HCl,
pH 8.0, 10 mM β-mercaptoethanol, 1 mM PMSF) and incubated at the same temper-
ature for 5 min, sufficient for cell lysis. Following the centrifugation (20000×g, 10
min, 4º C), the cleared supernatant was incubated at 80º C for 10 min and centrifuged
(20000×g, 10 min, 4º C) to remove non-thermostable proteins. The crude extract was
diluted 4-fold and applied to a HiTrap heparin column (Bio-Rad). MkaH protein was
eluted with a NaCl gradient (0.4 M – 1 M); the MkaH-containing fractions were col-
lected and concentrated using Centricon-10 cartridges (Amicon) with reducing NaCl
concentration to 250 mM. Under these conditions MkaH formed crystals, which were
collected by centrifugation and dissolved either in buffer LT or LP (1 M NaCl, 5%
glycerol, 10 mM Na-Hepes, pH 8.0, 10 mM β-mercaptoethanol, 1 mM PMSF).

Electrophetic Mobility Shift Assay (EMSA)

To obtain MkaH-DNA complexes, 100 ng of BamHI linearized pUC19 DNA was
incubated with MkaH at various protein-DNA weight ratios in buffer A containing
1 M potassium glutamate (K-Glu), 20 mM Tris-HCl, pH 8.0 at 70º C for 30 min.
Electrophoresis was performed in 1% agarose gel at 1.5 V/cm for 16 h in TBE
buffer supplemented with 0.1 M K-Glu.  Gels were stained with 1µg/ml EtBr solu-
tion and digitized. 
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Electron Microscopy

EM experiments were performed with the complexes obtained at various Rw val-
ues in buffer A at 70º C.  EM samples were prepared according to Dubochet et al.
(14): an aliquot (1-2 µl) was withdrawn from the reaction mixture and diluted 100-
fold in the incubation buffer at room temperature.  5-10 µl of this diluted mixture
was placed onto a parafilm sheet and covered with an EM grid coated with a thin
carbon film (3-4 nm-thick; carbon films were activated by glow-discharge in the
presence of pentylamine vapours at a residual pressure of 150 µTorr, during 30 sec
with the discharge current of 2-3 mA).  After 2 - 5 min of adsorption the samples
were stained with 2% aqueous uranyl acetate for 10 -15 sec and blotted with filter
paper.  Where indicated, the samples were further rotary shadowcast at an angle of
7º with tungsten, using the electron gun of an Edwards Auto 306 apparatus.  The
samples were examined with a Philips CM12 electron microscope in an angular
dark-field mode.  The negatives were scanned with the Agfa Studio Scan IIsi scan-
ner at 600 dpi.  For printing, images were flattened using a high-pass filter with a
radius of 250 pixels and adjusted for contrast/brightness using Adobe Photoshop.
For the purposes of determining the loop size the smallest PvuII-PvuII fragment
(474 bp-long) of pPGM1 plasmid DNA was used (15).  Length measurements were
performed using the NIH Image software modified for Windows by Scion
Corporation.

Cross-linking experiments

Cross-linking experiments were performed with the complexes obtained after the
incubation of pUC19/BamHI DNA, 10 µg/ml, with MkaH at Rw = 1.5 in buffer B
(0.5 M NaCl, 20 mM Na-Hepes, pH 8.0).  Glutaraldehyde was added to a final con-
centration of 0.1% and incubation was continued for 30 min at room temperature.
The reaction was terminated by addition of NH4Ac to 0.5 M and the mixture was
passed through a Sepharose 4B spin-column equilibrated with buffer B.  DNase I
and MgCl2 were added to the eluent to a final concentration of 100 µg/ml and 10
mM, respectively, and the mixture was incubated for 30 min at 37º C.  The released
proteins were separated by SDS/PAGE and transferred onto nitrocellulose mem-
brane as described (16), using a semidry electroblotter with graphite electrodes
(DIAM, Russia).  MkaH-containing zones were detected using anti-MkaH anti-
serum and Opti-4CN Detection Kit (Bio-Rad, USA).

Analytical gel filtration chromatography

Separations were performed on an analytical liquid chromatography SMART system
(Amersham Pharmacia Biotech, Sweden) using a 3.2/30 Superdex 75 column.
MkaH was diluted to final concentrations ranging from 0.2 µM to 10 µM with buffer
BC (1 M NaCl, 25 mM Tris-HCl, pH 7.5).  20 µl-volume aliquots were applied to
the column equilibrated with the BC buffer and run at a flow rate of 50 µl/min at
room temperature (~23º C).  The column was calibrated using ribonuclease A (Mr
13.7 kDa), chymotrypsinogen A (Mr 25 kDa), ovalbumin (Mr 43 kDa), and bovine
serum albumin (Mr 67 kDa) as calibration standards.  The void volume was deter-
mined with Dextran blue (Mr 2 MDa).  The partition coefficient, Kav = (Ve –Vo)/(Vt
–Vo), where Ve is the elution volume, Vo is the void volume, and Vt is the gel vol-
ume (2.4 ml), was calculated for the samples and standards from triplicate runs.

Results

The interaction of MkaH with linear DNA (pUC19/BamHI) in a high-salt buffer (1
M K-Glu) at 70º C led to the formation of stable complexes which could be easily
detected by EMSA at room temperature in a running buffer supplemented with 0.1
M K-Glu as a fast migrating band at room temperature (Fig. 1), in accordance with
a previous report (17).  It is worth noting that due to notable compaction of DNA
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upon binding of MkaH (see below) and low molecular mass of the protein, the elec-
trophoretic mobility of the complex formed with a long DNA fragment was
increased relative to that of free DNA in a way similar to that reported for other
archaeal histones (17, 18) or the DNA-binding protein from M. kandleri (19).
While the mobility of the complexes significantly increased with the amount of
added protein with the MkaH-DNA weight ratio reaching its maximum at Rw ≤ 3
(lanes 2 - 5), a further increase in MkaH concentration resulted in a gradual
decrease in complex mobility.  At very high protein concentration (Rw = 30) com-
plexes disappeared from the gel, probably due to aggregation of protein and DNA
that occurred after the transfer of the sample to the conditions required for the elec-
trophoresis (not shown).  As expected, EMSA performed in a low-salt buffer (20-
30 mM) did not reveal any fast migrating DNA band, most probably due to disso-
ciation of the complexes under these conditions (not shown).

Simultaneously, we examined MkaH-DNA complexes by means of electron
microscopy (EM).  In order to minimize possible complex dissociation, EM sam-
ples were prepared under ionic conditions identical to those used for complex for-
mation, i.e. in the presence of 1M K-Glu.  Dilution of the incubation mixture into
low-salt buffer (10 mM Tris-HCl, 0.1 mM EDTA) resulted in a fast (1 - 2 min) dis-
sociation of the complexes, leading to images of DNA as protein-free molecules
(not shown).  At high K-Glu concentration in the mounting buffer (1 M) we detect-
ed notable alterations in DNA structure visualized as numerous small loops similar
in size with a distinguishable hole in the center (Fig. 2, B, C).  The number of loops
per single pUC19/BamHI DNA molecule gradually increased with the amount of
added protein from 2 - 3 (Rw = 0.3) to about 13 (Rw = 1.5), corresponding to a
mean loop-loop distance of ~700 bp and ~200 bp, respectively.

At Rw = 3, for which the highest mobility of the complex was observed (Fig. 1, lane
5), individual loops were still visible, though a major fraction appeared juxtaposed,
often overlapping, leading to a significant apparent thickening of DNA molecules
(Fig. 2, D).  A further increase in protein concentration (Rw = 9) led to more con-
densed structures of variable length and thickness, in which individual loops could
hardly be discerned (Fig. 2, E, F).  The condensed structures were mostly linear,
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Figure 1:  Electrophoretic mobility shift assay (EMSA)
of MkaH-DNA complexes.  BamHI linearized pUC19
DNA (100 ng) was incubated with various concentra-
tions of MkaH in buffer A (see Experimental proce-
dures).  Protein-DNA weight ratio in lanes 1 – 7: 0, 0.3,
0.6, 1.5, 3, 9, 15, respectively.  Lane 8, PstI digest of
bacteriophage λ DNA (lengths in bp are indicated).
Electrophoresis was performed in 1% agarose at 1.5
V/cm for 16 h in TBE buffer supplemented with 100
mM K-Glu.

Figure 2:  Electron microscopy of the complexes
formed by MkaH with pUC19/BamHI DNA.
Complexes were obtained after the incubation in buffer
A at Rw = 0 (A), 0.3 (B, C), 3 (D), and 9 (E, F).  (C, D)
insets, enlarged views of individual loops and complex-
es.  Images were taken from samples stained with uranyl
acetate (A-E) or tungsten shadowcast (F).  Arrows indi-
cate DNA loops (B).  Scale bars represent 200 nm.



although some exhibited a ring-like appearance, possibly stabilized via interaction
of proteins bound at DNA termini.  Essentially, the apparent contour length of these
complexes was notably smaller than that of naked DNA (~3-4 times).

In order to determine the DNA length involved in loop formation, we used a 474
bp-long DNA fragment and measured the contour length of loop-free segments as
a function of the number of loops (Fig. 3).  There was a linear reduction in DNA
contour length and a decrease in the number of loops, corresponding to 71 +/- 7 bp
of DNA duplex constrained within the loops.

To evaluate the stoichiometry of MkaH-DNA complexes, the complexes were
cross-linked by glutaraldehyde and purified from unbound protein by passage
through a Sepharose 4B spin-column.  Prior to this, we determined the dominant
oligomerization form of the protein in solution in the absence of DNA.  By using
Western immunoblotting analysis, we determined the presence of one major prod-
uct of ~34 kDa (Fig. 4A, lane 2) corresponding to the MkaH dimer and in agree-
ment with gel filtration chromatography (see below).  In the presence of DNA,
residual proteins released from the complexes were of ~17 and ~34 kDa (Fig. 4A,
lane 3), corresponding to the MkaH monomer (17,004 Da) and dimer (34,008 Da),
respectively.  Due to random interactions of glutaraldehyde with accessible residues
of amino acids, thus partially preventing formation of stable bridges between
residues of amino acids from adjacent protein monomers, the presence of MkaH
monomers was to be expected; as a result, chemically modified but unlinked pro-
teins were run as monomers through SDS/PAGE gel (see Materials and Methods).

The MkaH self-association properties were further characterized by analytical gel
filtration chromatography.  We found that MkaH loaded to the column at a concen-
tration within the range from 0.5 µM to 10 µM eluted consistently as a single peak.
The calibration plot (Fig. 4B) shows a dependence of the mean partition coefficient
Kav of standard proteins (calculated from triplicate run data) on the logarithm of
their molecular weight.  The partition coefficient calculated for MkaH at all studied
concentrations coincided with an apparent molecular weight of ~36 kDa, providing
evidence of the self-association, i.e. dimerization, behavior of the protein in solution.

Discussion

In this study, we characterized the DNA binding properties of MkaH, an unusual
“oversized” histone from hyperthermophile M. kandleri.  It has been recently
shown that in the presence of potassium glutamate (≥ 150 mM) and elevated tem-
peratures (≥ 70°) the binding of MkaH to covalently closed circular substrates pro-
duced negative supercoils in a DNA topology assay (17).  However, the mecha-
nisms of MkaH interaction with DNA leading to negative supercoiling were
unclear.  Our data show that MkaH upon DNA binding constrains 71+/-7 bp of
DNA duplex into loops, which are very stable in the presence K-Glu and room tem-
perature as well.  We suppose that formation of these loops (left-handed in accor-
dance with (17)) is the main mechanism of MkaH interaction with DNA.  The loops
can be separated by long stretches of free DNA or are juxtaposed depending on the
protein-DNA ratio, ultimately leading to short, thick condensed aggregates with
scarcely discernible individual loops.  We speculate that the thickest segments of
such aggregates arise from the stacking of adjacent loops stabilized by protein-pro-
tein interactions between individually bound proteins.  Some aggregates had a ring-
like structure that could have resulted from the interactions of MkaH dimers on
both termini of linear DNA.  It should be noted that EM analysis of the complexes
formed at Rw< 3 did not reveal classical beads on a string, but rather isometric
loops with a distinguishable hole in the center.  We attribute the lack of a histone-
like appearance to selective staining of the DNA with the uranyl acetate.  A similar
phenomenon has been observed for eukaryal nucleosomes (20), eukaryal tetra-
somes (9) and archaeal histons (10).  The length of the loop-constrained DNA
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Figure 3:  DNA condensation by interaction with MkaH.
The length of loop-free segments of a 474 bp-long DNA
fragment was measured, normalized by the entire length
of the fragment, and plotted against the number of indi-
vidual loops formed with the fragment.  Number of
measured DNA fragments: 0 loops, 16; 1 loop, 37; 2
loops, 19; 3 loops, 14.  The straight line (least square fit)
corresponds to a loop size of 71 ± 7 bp (S. D.).

Figure 4: Oligomerization properties of MkaH protein.
A. The panel represents an electrophorogram of intact
MkaH in the absence of DNA previous to (lane 1) and
after chemical fixation with 0.1% glutaraldehyde (lane 2).
Lane 3, released products from the cross-linked with
0.1% glutaraldehyde MkaH-DNA complexes; the com-
plexes were obtained at Rw = 1.5 and purified from DNA
(see Experimental procedures).  Proteins were detected by
Western immunoblotting.  M, molecular weight markers.
B. Gel-filtration of MkaH.  Calibration plot relating the
observed partition coefficients (Kav) to the log of molec-
ular weights (LogMw) of standard proteins is shown.
The line representing a least square regression was used
to determine the apparent molecular weight of MkaH.



duplex corresponded to 71+/-7 bp, a length that is compatible with that of the major
DNA fragment protected by MkaH from MNase digestion (17).

How the loops are stabilized by bound MkaH is as yet unclear.  A plausible expla-
nation is that the dimer of MkaH, the dominant stable form of the protein in solu-
tion and in the complex, brings two distal DNA duplexes into close proximity
(through DNA bending).  However, we consider this mechanism unlikely in view
of the length of the loop-constrained duplex (71+/-7 bp) and the small size of the
protein (~34 kDa for a dimer).  Moreover, this mechanism would require signifi-
cant structural rearrangement of the protein upon DNA circularization.  Another
conceivable model is that DNA is wrapped around a dimer of MkaH forming left-
handed superhelical DNA loop in a way(s) reviewed in (21, 22).  Still, it is yet
unclear how many dimers are needed for such DNA bending and looping.
According to cross-linking experiments, the dimer is the dominant form of the pro-
tein in the complex at least for low and moderate values of Rw (< 3).  No higher
order protein aggregates were detected.  However, it cannot be ruled out that a
number of non-interacting MkaH dimers contribute to the formation of loop-con-
strained DNA.

In general, our data correspond to the current model of the archaeal nucleosome-
like particle as a structural homologue of the eukaryal tetrasome.  It has been shown
previously that the homodimer of HMfB (histone from Methanothermus fervidus)
facilitates circularization of 83 bp-long linear DNA fragment by DNA ligase, pre-
sumably due to DNA wrapping (12), that chemically fixed in vivo nucleosome-like
particles from Methanobacterium thermoautotrophicum protect from MNase
digestion ~60 bp DNA (23), and that the HMf-DNA complex contains a histone
tetramer rather than an octamer (12, 23).

However, some DNA binding properties of MkaH seem to be atypical.  As shown
by chemical cross-linking and gel filtration chromatography, MkaH in solution
exists as a stable dimer (tetrameric histone-fold assembly), like the eukaryal (H3-
H4)2 (7), but unlike other archaeal proteins (24).  We hypothesize that formation of
the MkaH-DNA complex occurs in a manner similar to that of the tetrasome, i.e.,
by direct wrapping of DNA around the preformed protein core.  In contrast, the
HMf-type nucleosome is assembled in a stepwise fashion, with the intermediate
structure imaged as a sharp DNA kink and interpreted as a complex of DNA with
a single histone dimer (10).

Our finding is in agreement with recent structural data obtained for both MkaH (13)
and HMf-like histones (11, 25, 26).  Based on X-ray and NMR analysis, the HMf
dimer is not prone to further oligomerization in crystal or in solution, whereas
MkaH self-associates in the crystal (via the characteristic four-helix-bundle motif)
resulting in a structure aligned well with the (H3-H4)2 tetramer (root mean square
deviation ~2.0Å).  It is worth noting that MkaH also lacks a hydrogen-bonded pro-
line tetrad, the novel structural motif characteristic of all other archaeal histones
characterized to date but absent in the eukaryal proteins (27).  Interestingly, the
HpyA histone isolated from Halobacterium sp.  NRC-1, which is akin to MkaH
through the presence of histone-fold domain repeat, does contain a proline tetrad
motif, as can be predicted from the amino acid sequence.

The crystal structure of the MkaH dimer differs from that of (H3-H4)2 in the nucle-
osome by the following feature.  While two H3-H4 dimers are drawn together
exclusively by a four-helix-bundle, MkaH2 has an additional stabilizing contact
formed by C-terminal residues of α3C helixes.  It has been suggested that arm clo-
sure of the V-shaped MkaH2 structure prevents formation of four-helix-bundle
interfaces with other dimers (13).  Nevertheless, MkaH dimer may possibly
oligomerize further under certain conditions, for example, in a DNA bound state
and at high Rw values, yielding tetramers (or pseudo-octamers of histone-fold
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domain!) and higher order multimers.  It is unclear whether the observed compact
nucleoprotein complexes are related to the in vivo function of MkaH.  To our knowl-
edge, the observation of a 17-20 nm-width rugged thick fiber in the archaeon
Halobacterium salinarium is the only indication of the existence of higher order
archaeal chromatin structures (28).

Further experiments are required to determine which functional features of MkaH-
containing archaeal nucleosome are caused by the interaction of the protein’s α3C
helixes.  The majority of archaeal nucleosomes, with the exception of those formed
by MkaH, display a change in DNA topology of the constrained DNA upon lower-
ing the salt concentration (17).  This property has been related to the tetrasome
“flipping”, a change in the handedness of DNA and proteinaceous superhelices
induced by DNA torsional constraint and apparently mediated by deformation and
mutual reorientation of H3-H4 dimers (29).  If interaction of the C-terminal helices
persists in the MkaH-DNA complex, “flipping” would be hindered even under the
pressure of high DNA torsional stress.
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