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Abstract The DNA binding and compacting activities
of the recombinant (r) archaeal histones rHMfA and
rHMI(B from Methanothermus fervidus, and tHPyA1l from
Pyrococcus species GB-3a, synthesized in Escherichia coli,
have been shown to be completely resistant to incubation
for 4h at 95°C in the presence of 1 M KCI. Continued incu-
bation of rHMfA and rHM(fB at 95°C resulted in a gradual
loss of these activities, and rHMfA and rHMIfB lost activity
more rapidly at 95°C when the salt environment was re-
duced to 200mM KCI. rHPyA1, in contrast, retained full
activity even after a 60-h incubation at 95°C in 1M KCI, and
reducing the salt concentration did not affect the heat resis-
tance of rHPyAl. rHPyA1-DNA complexes remained in-
tact at 100°C, and rHPyA1 bound to the template DNA in
in vitro transcription reaction mixtures assembled using
Pyrococcus furiosus components at 90°C. Transcription in
vitro from the P. furiosus gdh promoter was reduced by
rHPyA1 binding, in a manner that was dependent on the
histone-to-DNA ratio and on the topology of the DNA
template. Transcription from circular templates was more
sensitive to rHPyAl binding than transcription from a
linear template, consistent with rHPyA1 binding introduc-
ing physical barriers to transcription and causing changes
in the topology of circular templates that also reduced
transcription.
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Introduction

All cells must compact their genomic DNA; however,
hyperthermophiles face an additional problem, that of heat
denaturation. Studies undertaken to address this issue re-
vealed the presence of histones in the hyperthermophile
Methanothermus fervidus (Krzycki et al. 1990; Sandman
et al. 1990) that share a common structure, the histone
fold (Arents and Moudrianakis 1995; Ramakrishnan
1995; Starich et al. 1996), and a common ancestry with the
eucaryal nucleosome-core histones H2A, H2B, H3, and
H4 (Arents et al. 1991; Grayling et al. 1996; Reeve et al.
1997). Eighteen archaeal histone gene sequences have
now been established, twelve from hyperthermophiles
[M. fervidus, Pyrococcus strain GB-3a, Thermococcus
strain AN1, Methanococcus jannaschii, and Archaeoglobus
fulgidus (Sandman et al. 1994b; Ronimus and Musgrave
1996; Bult et al. 1996; Klenk et al. 1997), three from the
thermophile = Methanobacterium  thermoautotrophicum
(Tabassum et al. 1992; Smith et al. 1997), and three from a
mesophile, Methanobacterium formicicum (Darcy et al.
1995). Histones never exist as polypeptide monomers in
solution, but form very stable dimers. In Eukarya, only
histone (H2A + H2B) and (H3 + H4) heterodimers are
formed (Arents et al. 1991; Karantza et al. 1995), whereas
M. fervidus contains both homodimers and heterodimers of
HMIfA and HMIB (Sandman et al. 1994a). Homogeneous
preparations of recombinant (r) HMfA and rHMIB
homodimers, obtained by expression of the cloned hmfA
and hmfB genes in Escherichia coli, have different DNA
binding and compacting properties (Sandman et al. 1994a;
Grayling et al. 1996), and the analysis of these M. fervidus
proteins has now been extended to determine their heat
resistances. Comparisons have also been made with the
heat resistance of the DNA binding and compacting activi-
ties of rHPyAl, synthesized in E. coli by expression of the
hpyAl gene cloned from Pyrococcus strain GB-3a (Sand-
man et al. 1994b).

As a cell-free transcription system is available from
the closely related hyperthermophile Pyrococcus furiosus
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(Hethke et al. 1996), it was also possible to evaluate the
effects of rHPyA1l binding to the template DNA on tran-
scription in an homologous system at 90°C. rHPyA1 bind-
ing stabilized the double-stranded structure of DNA
molecules at 90°C, but reduced transcription in a manner
that was dependent on the histone-to-DNA ratio and on the
topology of the template.

Materials and methods
hpyAI subcloning and expression in E. coli

The hpyAl gene was subcloned on a HindIII-Sstl
fragment from pKS391 (Sandman et al. 1994b) into pUC18
(Yanisch-Perron et al. 1985) and polymerase chain
reaction (PCR) amplified from the resulting plasmid,
pKS392, using the universal sequencing primer #1211
[New England Biolabs (NEB), Beverly, MA, USA] and
5S’AAGGATCCCCCATAAATAACTG as primers. The
amplified product was digested with BamHI and Dral,
ligated with BamHI- and EcoRV-digested pLITMUS28
(NEB), and the integrity of the ipyAl gene was confirmed
by sequencing. The BamHI1-Pstl fragment that carried
hpyAlI in pLITMUS28 was subcloned into the pT7-7 ex-
pression vector, resulting in pDS4.

An ampicillin-resistant pDS4 transformant of E. coli
B834 (DE3) (Novagen, Madison, WI, USA) was grown
aerobically at 37°C in Luria-Bertani medium (Sambrook et
al. 1989) that contained 50ug ampicillin/ml, to an ODy, of
~0.6. Isopropyl p-p-thiogalactopyranoside (IPTG) was
added (final concentration of 400uM), and incubation con-
tinued for 16h at 37°C.

Purification of rHMfA, rHMfB, and rHPyA1

The procedures used to generate and purify rHMfA and
rHMfB have been described previously (Sandman et al.
1995). Following the IPTG-induced synthesis of tHPyAl,
E. coli B834 (pDS4) cells were harvested, resuspended in
100mM NaCl, 50mM Tris-HCl, 2mM Na,HPO, (pH 8), and
ruptured by passage through a French pressure cell. DNase
I (20ug/ml) and MgCl, (5mM final concentration) were
added to the supernatant obtained after centrifugation at
30000g for 30min at 4°C, and 100000g for 90min. The
mixture was incubated for 2h at 37°C, solid NaCl added
to a final concentration of 3M, and the precipitate that
formed after incubation for 10min at 95°C was removed by
filtration through a 0.45-um Millipore membrane. The
filtrate was dialyzed overnight at 4°C against 20mM K-
citrate, 5S0mM Tris-HCI (pH 8), and loaded onto a HiTrap
heparin-Sepharose column (Pharmacia Biotech, Uppsala,
Sweden) equilibrated with 20mM K;-citrate, S0mM
Tris-HCI1 (pH 8). Proteins were eluted from the column
using a linear gradient of 20-200mM Ki-citrate in S0mM
Tris-HCI (pH 8), and an aliquot of each fraction was sub-
jected to tricine sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) followed by Coomassie bril-

liant blue staining. rHPyA1 migrated through 15% (w/v)
polyacrylamide gels to a region unoccupied by E. coli
proteins, which facilitated the identification of rHPyAl-
containing column fractions.

Electrophoretic mobility-shift assays (EMSA)

Archaeal histone-DNA complexes, formed with DNA mol-
ecules longer than ~1.8kbp, migrate faster through 0.8%
agarose gels during electrophoresis at 1V/ecm than do
the protein-free DNA molecules alone (Sandman et al.
1990). Changes in the electrophoretic mobility of EcoRI-
linearized pBR322 molecules were used to assay the
effects of extended periods of incubation at 95°C on the
DNA-compacting activities of rHMfA, rHMfB, and
rHPyA1. This EMSA was also used to document rHPyAl
binding to the pLUW479 template DNA in in vitro tran-
scription reaction mixtures assembled at 90°C (Hethke
et al. 1996)

Archaeal histone binding to shorter DNA molecules
results in complexes that migrate with reduced electro-
phoretic mobilities through native polyacrylamide gels
(Grayling et al. 1997). A 117-bp DNA molecule was gener-
ated from pUC19 by PCR, using as primers the #1211 and
#1201 forward and reverse sequencing primers (NEB), and
rHPyA1 binding to this molecule was assayed by gel retar-
dation. Electrophoresis was through 8% T, 1.3% C poly-
acrylamide gels run at 8 V/ecm in 0.5X Tris-borate-ethylene
diaminetetraacetate (EDTA) buffer at room temperature
(Sambrook et al. 1989). DNA and DNA-rHPyAl com-
plexes were visualized within gels by ethidium bromide
staining.

In vitro transcription

Construction of the template, pLUW479, and the primer
extension and electrophoresis assays used to identify
and quantitate transcripts initiated in vitro from the P.
furiosus gdh (glutamate dehydrogenase) promoter on
this template have been described in detail (Hethke et al.
1996; Hausner et al. 1996). Transcription reaction mixtures
contained lpg of template DNA, 80mM hydroxy-
ethylpiperazine ethanesulfonic acid (HEPES) (pH 6.5),
2.5mM MgCl,, 300mM KCIl, 10mM dithiothreitol, 35ng
recombinant Pyrococcus TATA-binding protein (aTBP),
12ng recombinant Pyrococcus transcription factor IIB
(aTFB), 2.5ul of phenyl-Sepharose purified Pyrococcus
RNA polymerase (RNAP), and increasing amounts of
rHPyA1. Transcription, initiated by the addition of rNTPs,
was allowed to proceed for 15min at 90°, and then termi-
nated by adding an equal volume of 0.6 M Na acetate. The
RNA products were phenol extracted, and reverse tran-
scriptase used to quantitate transcripts initiated at the gdh
promoter. Primer extension products, generated by reverse
transcriptase with a [’P]-end-labeled primer complemen-
tary to positions +75 through +94 of a gdh transcript, were
quantitated by autoradiography and scanning densitometry
(Hethke et al. 1996).



Results

DNA compaction and heat resistance of
DNA-compacting activities

rHMfA and rHMIfB have primary sequences that are 84%
identical to each other, and that are 59% and 56% identical,
respectively, to the sequence of rHPyA1 (Fig. 1). The nucle-
oprotein complexes formed by rHMfA, rHMIB, and
rHPyA1 with linear pBR322 molecules, all migrate faster
during electrophoresis through agarose gels than do
pBR322 molecules alone, although each of these histone—
DNA complexes has a different mobility. At the protein-
to-DNA ratios that give maximum gel-shifts, rHMfB-
containing complexes migrate faster than rHMfA-
containing complexes which, in turn, migrate faster than
rHPyAl-containing complexes (Figs. 2, 3).

l*helix If‘
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Using this EMSA, the effects of extended periods of
incubation at 95°C on the DNA-compacting activities of the
three recombinant histones were determined. All three pro-
teins retained full activity after a 4-h incubation at 95°C in
buffer containing 1 M KCI, but rHMfB preparations began
to lose activity after only 2h, and rHMfA preparations after
4h at 95°C when the salt concentration was reduced to
200mM KCI. In contrast, rHPyA1 lost no activity after 4h
at 95°C in 200mM KCI, and formed complexes that mi-
grated faster than the complexes formed by control, un-
heated rHPyA1 preparations. The basis for this apparent
increase in compaction remains obscure, although it could
reflect a gradual loss of E. coli DNA fragments that bound
to rHPyA1l during the purification of the protein from
E. coli.

Although there was no loss of DN A-compacting activity
during a 4-h incubation at 95°C in the presence of 1M KClI,

| -helix III-]|
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Fig. 1. Alignment of the archaeal histone amino acid sequences. The
HPyA1 and A2 sequences are from Pyrococcus GB-3a (Sandman et al.
1994b); HMfA and B from M. fervidus (Sandman et al. 1996); HMtA1,
A2, and B from Methanobacterium thermoautotrophicum AH
(Tabassum et al. 1992; Smith et al. 1997); HFoA1l, A2, and B from
Methanobacterium formicicum (Darcy et al. 1995); HAN1A1l from

Fig. 2. Mobility shift assays of heat-treated
rHMfA, rHMfB, and rHPyAl. Aliquots of
rHMfA, rHMIB, and rHPyA1l were incubated
at 95°C for 0, 2, and 4h in 25mM potassium
phosphate buffer (pH 7) that contained
either 200mM KCl (upper gels) or 1M KCl
(lower gels). Nucleoprotein complexes that

200mM

rHMfA

Thermococcus Strain AN1 (Ronimus and Musgrave 1996); HAfA and
B from Archaeoglobus fulgidus (Klenk et al. 1997); and the MJ se-
quences from Methanococcus jannaschii (Bult et al. 1996). The three a-
helical regions that form the histone fold (Arents and Moudrianakis
1995; Starich et al. 1996) are indicated above the HPyA1 sequence

rHMfB

formed during a subsequent incubation with KClI
linear pBR322 for 15min at 20°C were sub-
jected to agarose gel electrophoresis. Control
tracks (-) contained protein-free linear
pBR322 molecules
rHMfA rHMfB
- 0 2 4 -
1™

KCI
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Fig. 3. Mobility shift assays of heat-treated rHMfA, rHMfB, and
rHPyA1l. Aliquots of rHMfA, rHMfB, and rHPyA1 were incubated at
95°Cfor 0, 8, 16,48, and 60 h in 25 mM potassium phosphate buffer (pH
7) that contained 1M KCl, allowed to bind to linearized pBR322 for

rHMfA and rHMfB did eventually lose all activity after
incubation for 2-3 days in 1M KCI at 95°C. Remarkably,
however, even after 60h at 95°C, rHPyA1 showed no loss of
activity, and the apparent improvement in DNA-compact-
ing ability continued for the first 16h of incubation at 95°C
(Fig. 3).

rHPyAL1 stabilizes double-stranded DNA at 100°C

The ability of rHPyA1 to maintain the double-stranded (ds)
DNA configuration of DNA was investigated using a 117-
bp fragment, PCR-amplified from pUC19. rtHPyA1-DNA
complexes formed at temperatures below the melting tem-
perature of the DNA remained intact when incubated at
100°C for 10min (Fig. 4). In the absence of rHPyAl, the
strands of the DNA molecule separated at 100°C, and the
subsequent addition of rHPyA1 to the single-stranded (ss)
DNA molecules did not result in a gel shift. Stable histone—
DNA complexes were formed regardless of whether the
rHPyA1 preparation had or had not been incubated for
10min at 100°C before mixing with the ds DNA.

rHPyA1 binds to the template DNA and
inhibits transcription in vitro at 90°C

As in Eukarya, transcription initiation in Archaea requires
the assembly, at the promoter, of a preinitiation complex
(Langer et al. 1995; Hausner et al. 1996; Thomm 1996;
Quresh et al. 1997; Reeve et al. 1997). Assembly at 90°C,
of preinitiation complexes containing the P. furiosus
RNA polymerase (RNAP), archaeal TATA-binding pro-
tein (aTBP), and archaeal transcription factor B (aTFB)
resulted in a substantial reduction in the electrophoretic
mobility of circular, negatively-supercoiled template mol-
ecules, but only a marginal reduction in the mobility of
relaxed pLUW479 molecules. Regardless of topology, addi-
tion of rHPyAl increased the electrophoretic mobility of
these preinitiation-complex-containing template DNAs
(Fig. 5), demonstrating that tHPyA1 bound to this template
DNA at 90°C under conditions consistent with in vitro tran-
scription. The effects of rHPyA1 binding on transcription at
90°C initiated at the P. furiosus gdh promoter were there-
fore determined. As the histone-to-DNA ratio was in-
creased, transcription decreased; however, the extent of this

15min at 20°C, and the nucleoprotein complexes formed were sub-
jected to agarose gel electrophoresis. Control tracks (-) contained pro-
tein-free, linear pBR322 molecules

1.2 3 4 5 6 7 8

DNA + rHPyA1 —g»- [

ss DNA—

ds DNA—>

Fig. 4. Electrophoretic mobilities of DNA and HPyAl-DNA com-
plexes through an 8% T, 1.3% C native polyacrylamide gel. Track 1,
complexes formed by incubating an 117-bp DNA molecule with
rHPyA1l at room temperature; track 2, complexes formed when the
DNA molecule was first incubated at 100°C for 10min before mixing
with rHPyA1l; track 3, the 117-bp ds DNA molecule alone; track 4,
rHPyA1 alone (does not stain); track 5, complexes formed at room
temperature with rHPyA1l preincubated at 100°C for 10min before
mixing with the DNA; track 6, complexes formed at room temperature
with rHPyA1 preincubated at 100°C for 10min before mixing with
DNA molecules that had also been preincubated at 100°C for 10min;
track 7, DNA molecules incubated at 100°C for 10 min; track 8, DNA-
HPyA1 complexes formed at room temperature (as in track 1) but then
incubated at 100°C for 10min before the electrophoresis

template negatively

addition of supercoiled template relaxed
RNA polymerase + + - + o+ - - - - -
aTBP + aTFB + + - + o+ - - - - -
HPyAT [ug] - 1 - - 1 03 05 1 2 -

Fig. 5. Mobility shift assay of rHPyA1 binding to pLUW479 template
DNA under in vitro transcription conditions. rHPyAl, RNA poly-
merase, archaeal TATA-binding protein (aTBP), and archaeal tran-
scription factor B (aTFB) were incubated with pLUW479 DNA for
15min at 90°C, and the complexes formed were then subjected to
agarose gel electrophoresis. Addition of a protein is indicated by +. In
tracks 1-3, the DNA was covalently closed and negatively supercoiled;
in tracks 4-7, the DNA was covalently closed but topologically relaxed



Fig. 6. Effects of rHPyAl on transcription in
vitro. Increasing amounts of rHPyAl were
added to preinitiation complexes that con-
tained pLUW479 as the template DNA
(histone: DNA mass ratios of 1:4,1:1,2:1, and
4:1 indicated above the corresponding tracks
as 1/4, 1, 2, and 4), and transcription was then
initiated and allowed to proceed for 15min at
90°C. Transcripts initiated at the gdh promoter
were identified and quantitated by primer ex-
tension (Hethke et al. 1996). As indicated, the
template DNA was initially either circular and
negatively supercoiled, circular and relaxed, or
linearized by BamHI digestion

product —>  QuuiiPEEpeED o <libe — - - -

decrease was dependent on the topology of the template
(Figs. 6,7). At a histone-to-DNA mass ratio of 1:1, tran-
scription from a relaxed, circular template DNA was re-
duced by ~70%, and transcription from the same template,
when negatively-supercoiled, was reduced by ~10%, but
there was no reduction in transcription when the template
was supplied as a linear DNA molecule (Fig. 7).

Discussion

The DNA binding and compacting activities of rHMfA,
rHMIB, and rHPyA1 are remarkably heat resistant. In the
presence of 1M KClI, all three proteins retained full DNA-
compacting activity for >16h at 95°C, and rHPyA1 retained
this activity for >60h at 95°C (Figs. 2, 3). This inherent heat
resistance of rHMfA and rHM(B is, however, salt depen-
dent. When incubated in the presence of only 200mM KCl,
rHMI(B preparations began to lose activity after only 2h,
and rHMfA preparations after 4h at 95°C. This may reflect
the inactivation of unfolded molecules, as rHMfA and
rHMIB do exhibit partial unfolding in 200mM KCl, and this
is less for rHMfA than for rtHMfB (Grayling et al. 1995)
consistent with rHMfA retaining activity longer at 95°C in
200mM KCI than rHMfB. M. fervidus cells contain
~1MK" (Hensel and Konig 1988), and therefore it is not
surprising that the folded structure of M. fervidus proteins is
stabilized by a high salt environment. However, the cyto-
plasm of Pyrococcus species similarly contains ~600mM K*
(Scholtz et al. 1992), but rHPyA1 exhibits no loss of activity
when incubated at 95°C in 200mM KCl, and circular dichro-
ism studies have confirmed that rHPyA1 has the same -
helical content in 200mM and 1M KCI (W-T. Li, J.N. Reeve
and J.W. Shriver; unpublished results).

The histone fold has been firmly established for rHMfB
(Starich et al. 1996), and circular dichroism (CD) and pre-
liminary nuclear magnetic resonance (NMR) studies indi-
cate that rHMfA and rHPyA1 have very similar structures
(Grayling et al. 1995; W-T. Li, K. Sandman, J.N. Reeve,
J.W. Shriver, W. Zhu, G. Lee, and M.F. Summers, unpub-

pLUWA479 negative pLUW479 relaxed
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lished results). The extreme heat resistance of rHPyAl,
when compared with rHMfA and rHM(fB, should therefore
be explicable in terms of this structure, and the differences
in their primary sequences (Fig. 1), but this explanation is
not readily apparent. Pyrococcus proteins have more aro-
matic residues than their M. fervidus homologs (Zwickl et
al. 1990; Hess et al. 1995) and, consistent with this, rHPyA1l
has aromatic residues, Y31, Y35, and F46, at positions that
contain valine, methionine, and leucine residues in rHMfA,
and isoleucine, methionine, and leucine residues in rHM({B.
However, the folded structure of a variant of rHMfB con-
structed with tyrosine residues at positions 31 and 35 is
no more heat resistant than that of rHMfB (W-T. Li, K.
Sandman and J.N. Reeve, unpublished results). High tem-
peratures accelerate the deamination of asparagine resi-
dues, which may result in protein inactivation (Querol et al.
1996), and asparagine residues are notably absent from
rHPyA1, but this is also the case for rHMfB, and rHMfA
contains only one asparagine residue (Fig. 1).

Minimizing the volume of unoccupied space within the
hydrophobic core of a protein should confer structural sta-
bility (Pace 1992; Richards and Lim 1994; Querol et al.
1996). However, except for the three aromatic residues, the
R-groups of the residues that contribute to the rHPyAl
core are not consistently larger than their rHMfA or
rHMI{B counterparts. Substituting larger isoleucine residues
for valine residues is often reported to increase heat resis-
tance (Pace 1992; Kotsuka et al. 1996) but, paradoxically,
rHPyA1 has valine residues at positions 9, 39, and 44, posi-
tions occupied by isoleucine residues in rHMfB. As surface-
located ionic interactions should be reduced by increasing
the K* concentration, the increased stability of rHMfA and
rHMIB in high salt may result from the elimination of unfa-
vorable ionic interactions. These proteins do have large
numbers of charged residues, 50 per rHMfA dimer and 54
per rtHMfB dimer, most of which are surface located, but
rHPyA1l dimers, which are not detectably stabilized by a
high salt environment, similarly have 50 charged residues.
All three histones, as expected for DNA-binding proteins,
are predicted to have a net positive charge under in vivo
conditions.
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Fig. 7. Quantitative effects of rHPyA1l on transcription in vitro. The
transcripts identified in Fig. 6 were quantitated by scanning densitom-
etry, and the amount of transcript synthesized at each histone: DNA
mass ratio is expressed as a percentage of the amount of transcript
synthesized in the absence of rHPyAl. The topology of the DNA
template is indicated above the corresponding graph

rHPyA1 binding prevents the denaturation of ds DNA at
high temperatures (Fig. 4), consistent with a role in stabiliz-
ing the Pyrococcus GB-3a genome at growth temperatures
of ~100°C. This binding, however, inhibited transcription in
vitro (Figs. 6, 7) which obviously poses a problem that must
be overcome in vivo. Archaeal histone binding to DNA is
readily reversible and dynamic (Krzycki et al. 1990), and
HPyA1 molecules presumably migrate away from sites of
active transcription to sites of inactivity or, as in eucaryal
systems (Kornberg and Lorch 1992; Puerta et al. 1993;

Wolffe 1994), archaecal RNAPs may transcribe through his-
tone-DNA complexes in vivo. Recent studies have revealed
that template topology is an important parameter for gdh
transcription in vitro in the Pyrococcus system: negatively
supercoiled molecules are better templates than relaxed,
circular DNA molecules, and positive supercoiling inhibits
transcription (C. Hethke, M. Thomm and P. Forterre, un-
published results). As the extent of gdh transcription inhibi-
tion by rHPyAl binding was also template-topology
dependent, it appears that archaeal histone binding might
reduce transcription both by causing a detrimental change
in template topology and by the introduction of physical
barriers. Consistent with this, the introduction of histone—
DNA complexes into a linear template, as opposed to a
circular template, does not change the template’s overall
topology, and transcription from the linear template was
least sensitive to rHPyA1 binding. Although rHPyA1 bind-
ing did inhibit transcription from the linear template, this
only occurred at a high rHPyA1:DNA ratio (Fig. 7) and
presumably resulted only from the introduction of physical
barriers.

The topology of DNA in hyperthermophilic Archaea is
very sensitive to growth conditions and changes in stress
situations (Charbonnier and Forterre 1994; Lépez-Garcia
and Forterre 1997) and, consistent with this, transcription
initiation in hyperthermophiles appears to be finely tuned
to template topology. With purified RNAP, aTBP, aTFB,
and histones all available from Pyrococcus species (Sand-
man et al. 1994b; Wettach et al. 1995; Hausner et al. 1996;
Hethke et al. 1996), this central feature of the molecular
biology of hyperthermophiles can now be investigated di-
rectly using homologous components, under in vitro condi-
tions that simulate the intracellular milieu in Pyrococcus
cells growing at ~100°C.
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