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ABSTRACT

We have compared HMG1 with the product of tryptic
removal of its acidic C-terminal domain termed HMG3,
which contains two 'HMG-box' DNA-binding domains.
(i) HMG3 has a higher affinity for DNA than HMG1. (ii)
Both HMG1 and HMG3 supercoil circular DNA in the
presence of topoisomerase 1. Supercoiling by HMG3 is
the same at - 50 mM and - 150 mM ionic strength,
as is its affinity for DNA, whereas supercoiling by HMG1
is less at 150 mM than at 50 mM ionic strength although
its affinity for DNA is unchanged, showing that the
acidic C-terminal tail represses supercoiling at the
higher ionic strength. (iii) Electron microscopy shows
that HMG3 at a low protein:DNA input ratio (1:1 w/w;
r = 1), and HMG1 at a 6-fold higher ratio, cause looping
of relaxed circular DNA at 150 mM ionic strength.
Oligomeric protein 'beads' are apparent at the bases
of the loops and at cross-overs of DNA duplexes. (iv)
HMG3 at high input ratios (r = 6), but not HMG1, causes
DNA compaction without distortion of the B-form. The
two HMG-box domains of HMG1 are thus capable of
manipulating DNA by looping, compaction and changes
in topology. The acidic C-tail down-regulates these
effects by modulation of the DNA-binding properties.

INTRODUCTION
The high mobility group (HMG) proteins 1 and 2, which are
closely related, are amongst the most abundant and ubiquitous
non-histone proteins in eukaryotic cell nuclei. Their evolutionary
conservation suggests that they are essential for cellular function
but their role is not yet clear [1]. They have been implicated in
cellular differentiation [2], chromosomal replication [3,4 and
references therein], nucleosome assembly [5], and transcription
[6-8]. They have also been reported to be associated with
transcriptionally inactive (as well as active) sequences [9,10] and
to suppress nucleosome assembly in vitro [11].

HMG1 and 2 have a tripartite domain structure [12]. The
homologous N-terminal (A) and central (B) domains contain the
majority of the basic and hydrophobic residues [ 13] and interact
with DNA in vitro [14]. Homologous DNA-binding regions (the
'HMG box' [15]) occur in a number of sequence-specific
transcription factors and other DNA-binding proteins (reviewed
in [16]), some of which have been shown to bend DNA (e.g.
the testis determining factor SRY by 850, and the lymphocyte
enhancer-binding factor LEF-1 by 1300 [17]). The HMG box
is a novel DNA-binding motif, with a distinctive L-shaped
structure which has recently been determined by NMR
spectroscopy [18,19]. The C-terminal (C) domains ofHMG1 and
2 are polyanionic, containing, in the case of bovine HMG1, an
unbroken run of 30 glutamic or aspartic acid residues [20, 21].
Binding of calcium to the acidic tail in vitro increases the affmiity
of HMG1 for naked DNA [22], suggesting that interactions
involving the tail could, in principle, have profound implications
for interactions involving the rest of the molecule in chromatin
in vivo. In chromatin the acidic C-domain of HMG1 and 2 may
interact with the core histones, as demonstrated for the free
proteins in vitro [14,23]; or with the linker histones, perhaps
modulating their interaction with DNA [24, 25]. HMG1 and 2
have been reported to display a preference for single-stranded
over double-stranded DNA [26] and to show a preference for
synthetic four-way DNA junctions over the corresponding double-
stranded DNA [27, 28]. They bind preferentially to supercoiled
relative to relaxed DNA, and conserve torsion in negatively
supercoiled DNA in the presence of topoisomerase I [29, 30].
They also insert negative supercoils into nicked, or relaxed closed-
circular, double-stranded DNA in the presence of DNA ligase,
or topoisomerase I, respectively [31, 32].
HMG1 from which the C-tail has been proteolytically removed,

leaving the two-domain AB fragment, has been designated HMG3
[33, 25]. We have compared HMG1 and HMG3 in order to
determine the effect of the acidic C-terminal domain on DNA-
binding and supercoiling by the HMG boxes at low (- 15 mM)
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and physiological (- 150 mM) ionic strength. We have also
investigated by electron microscopy the nature of the complexes
formed at physiological ionic strength where the differences
between HMG1 and HMG3 appear to be greatest. The results
show that the acidic C-terminal domain ofHMG1 modulates the
interaction of the HMG-box A and B domains with DNA and
that these domains are able to manipulate DNA structure by
looping, compaction and changes in DNA topology. Recent
reports, since the completion of this work, show that HMG1 can
also bend DNA, as judged by a DNA circularization assay, and
this is also a property of the isolated B-domain [34, 35].

MATERIALS AND METHODS
HMG1, HMG3 and plasmid DNA
HMG1 was isolated from calf thymus under non-denaturing
conditions and purified as described previously [25], dialysed
against 0.14 M NaCl, 10 mM triethanolamine (TEA)/HCl (pH
7.8), 0.5 mM EDTA, 1 mM dithiothreitol (DTT), 0.5 mM
phenylmethylsulphonyl fluoride (PMSF) [buffer A;
'physiological' ionic strength (- 150 mM)] and stored at -70°C.
HMG3 (i.e. HMG1 lacking the acidic C-terminal domain) was
prepared by limited digestion of HMG1 with trypsin (Serva;
TPCK-treated; EC 3.4.21.4) and further purified by ion-exchange
chromatography and gel fitration as described [25], and then
dialysed and stored as for HMG1. The purity of the proteins was
assessed by electrophoresis in SDS/15 %-polyacrylamide gels [36]
and their concentrations determined as described previously [25].
Amino acid analysis [37] and limited N-terminal sequence
analysis [38] of HMG1 and HMG3 were performed as already
described.
pBR322 DNA was isolated by alkaline lysis of E. coli JRS 856

cells harbouring the plasmid, and the supercoiled form (FI) was
purified (twice) in a CsCl gradient, dialysed into buffer A and
stored at -70°C.

Nitrocellulose filter-binding assay
pBR322 DNA linearized by EcoRI digestion was 32P-labelled by
nick-translation and dialysed against several changes of buffer
A. After dialysis, DTT and PMSF were added to 1 mM and 0.5
mM, respectively. 32P-Labelled DNA (0.1 ,ug) was then mixed
with various amounts of HMG1 or HMG3 in a final volume of
0.2 ml in either buffer A (final ionic strength - 150 mM) or
low ionic strength buffer (as buffer A but containing 5 mM NaCl
instead of 140 mM NaCl; final ionic strength - 15 mM). After
30 min at room temperature, the complexes were diluted two-
fold in the same buffers and filtered through prewashed, wet,
nitrocellulose filters (0.4 Atm); the filters were washed three times
with 1 ml buffer, air-dried, and the bound radioactivity counted.
The assays were carried out in quadruplicate.

Analysis of supercoiling
Relaxed pBR322 DNA (FIr) was prepared by treatment of the
supercoiled (FI) form with calf thymus topoisomerase I (2
units/pg DNA; prepared in the Institute of Molecular Biology,
Bratislava) at 37°C for 90 min either in buffer A or in the same
buffer but containing only 40 mM NaCl (ionic strength - 50
mM). It was immediately mixed with a second portion of the
enzyme and different amounts of HMG1 or HMG3, to give a
final DNA concentration of 40-50 /tg/ml, and the complexes
were incubated for 60 min at 37°C. For analysis of the

see below), reactions were terminated by addition of 1 % SDS
and the DNA was isolated by phenol/chloroform extraction. The
topoisomer population was analysed by electrophoresis in 1 %
agarose slab gels in TAE buffer (40 mM Tris base, 20 mM
sodium acetate, 1 mM EDTA adjusted with acetic acid to pH
7.2) at 2.8 V/cm for 18 h. The gels were stained with 0.5 jg/ml
ethidium bromide for 30 min, destained in water and
photographed through a red filter with 254 nm UV-
transillumination.
For determination of the change in linking-number of the DNA

by HMG3 the topoisomers were resolved by electrophoresis in
1% agarose tube gels containing 50 mM Tris base, 20 mM
sodium acetate, 2 mM EDTA and 18 mM NaCl (pH 8.05), with
different concentrations (0.02-0.6 isg/ml) of ethidium bromide
[39].
Electron microscopy
Complexes containing HMG1 or HMG3 and circular (pBR322)
or linear DNA [pBR322 linearized with EcoRI or PvuII (both
isolated at the Institute of Molecular Biology, Bratislava)] were
prepared in buffer A (ionic strength - 0.15 M) as described
above. Samples were prepared for electron microscopy either
by the benzyldimethylalkylammonium chloride (BAC) spreading
technique [40] with modifications described previously [41], or
by the BAC droplet technique [42] with the following
modifications. DNA -protein complexes were fixed in 0.15%
(v/v) glutaraldehyde for 24 h at 4°C, or for 15 min at room
temperature. The fixed samples (40-50 Ag DNA/ml) were
diluted 10-fold in buffer A and BAC was added from a stock
solution in formamide (2 mg/ml) to a final concentration of
2 x 10-4 % (w/v). After 30 min, droplets of 5 jil were applied
to carbon-coated grids and left for 5 min. The grids were then
washed with double-distilled water, dehydrated in ethanol, rotary
shadowed at 60 with platinum-palladium (80:20, Balzers),
viewed with a JEOL JEM 1200EX electron microscope operating
at 60 kV, and photographed at a magnification of 10,000 x or,
in some cases, 30,OOOx.

Circular dichroism
Circular dichroism measurements were performed using a Jasco
J720 spectropolarimeter with a 10 mm pathlength cuvette at
20-240C. HMGl- and HMG3-DNA complexes with linearized
pBR322 DNA were formed as above, and examined at A260 =
0.3-0.5 in buffer A containing 1 mM PMSF at 20-240C . The
spectra were analysed using a Jasco J700 program on a Philips
PC/AT P3202 computer and expressed as the mean residue
ellipticity [0] (deg. cm2 dmol-1). Ellipticity values were
calculated using an absorption coefficient at 260 nm for the DNA
of 6400 1 mol- I cm-1.

RESULTS
The aim of this study was to investigate further the effect of the
highly acidic C-terminal (C-) domain on the interaction ofHMG1
with double-stranded DNA and to examine the nature of the
protein-DNA complexes. HMG1 was salt-extracted from calf
thymus and the C-domain was removed by limited tryptic
digestion under 'structuring conditions'. The remaining two-
domain (AB) product, designated HMG3 [33, 25], migrated in
an SDS/polyacrylamide gel (Figure 1) as a closely spaced doublet
(Mr -21,400 and --20,700). It gave a single N-terminal amino
acid sequence identical to that ofHMG1, indicating that the twoDNA topoisomer distribution (but not for electron microscopy;
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Figure 1. Electrophoretic analysis of HMG1 and HMG3. SDS/15%-polyacryl-
amide gel electrophoresis of calf thymus HMGl (lane 1) and HMG3 (lane 2).
M: molecular weight markers-phosphorylase b, albumin, ovalbumin, carbonic
anhydrase, soybean trypsin inhibitor, and a-lactalbumin (top to bottom). Numbers
indicate Mr in kDa.
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Figure 2. Nitrocellulose filter-binding assay at low and high ionic strengths. 32p-
labelled linearized pBR322 DNA was incubated with increasing amounts of HMGl
(A) or HMG3 (0) in buffer A (i.e. containing 0.14 M NaCl) or in the same
buffer but containing only 5 mM NaCl (A, 0). The complexes were filtered
through nitrocellulose filters and the radioactivity retained was counted. Each
curve represents an average of two or three different experiments.

components ofHMG3 differed at their C-termini, likely cleavage
sites being between residues 179 and 184 which contains five
lysine residues (numbering based on the bovine HMG1 sequence
[21]). Amino acid analysis (not shown) was consistent with this.

HMG3 has a higher affinity than HMG1 for double-stranded
DNA
The effect of removing the acidic C domain from HMGl on its
DNA-binding affinity at low (- 15 mM) and physiological (-
150 mM) ionic strength was assessed in a nitrocellulose filter
binding assay, using 32P-labelled linearized pBR322 DNA
(Figure 2). For HMG1, less than 10% of the DNA was retained
up to an input protein:DNA mass ratio (r) of 10:1 (input molar
ratio 1130:1), and a maximum of - 20% at r = 18. For HMG3,

- 40% of the DNA was retained on the filters at r = 10 (input
molar ratio 1400:1) and - 65% at r = 18. Thus there is a
significant ( - 4-fold) increase in the affinity of the AB domains
of HMG1 for DNA upon removal of the acidic C-domain. For
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Figure 3. Supercoiling of relaxed circular DNA by HMG1 and HMG3. Circular,
relaxed plasmid pBR322 DNA (Fir) was incubated in the presence of calf thymus
topoisomerase 1 (2 units/,tg DNA) with increasing amounts of either HMG1 or
HMG3 in either buffer A (0.14 M NaCl, 10 mM TEA/HCl (pH 7.8), 0.5 mM
EDTA, 1 mM DTT, 1 mM PMSF; ionic strength 150 mM) or buffer A but
containing only 40 mM NaCl (ionic strength - 50 mM) for 60 min at 370C.
The deproteinized DNA was analysed in a 1% agarose gel in the absence of
ethidium bromide, and the gel stained subsequently. A and B: supercoiling by
HMG1 but not HMG3 is ionic strength-dependent. A, HMGl:DNA (w/w) ratios
of 1,3 and 6 at 50mM (lanes a,b,and c) or 150 mM (lanes d,e and f) ioni strength;
B, as A but with HMG3. C and D: supercoiling at physiological ionic strength
(- 150 mM). C, HMGl:DNA ratios (w/w) of 0, 0.5, 2, 3, 4, 6 and 10 (lanes
a-g); D, as C but with HMG3.

both HMG1 and HMG3, binding was similar at low and high
ionic strength.

DNA supercofling by HIMG1, but not HMG3, is ionic strength
dependent
Supercoiling of relaxed, closed circular DNA by HMG1 was
much less at physiological than at low ionic strength [11, 43]
although, as shown here, there is no effect of ionic strength in
this range on the affinity of HMG1 for ds DNA, as judged by
nitrocellulose filter binding. To determine whether it is the C-
domain in intact HMG1 that represses the ability of the protein
to supercoil DNA at physiological ionic strength (- 150 mM),
we compared supercoiling by HMG3 and HMG1 at both low
(- 50 mM) and physiological (- 150 mM) ionic strengths.
The proteins were incubated with relaxed circular pBR322

(which also contains a small fraction with about four positive
and negative supercoils [29 and M.S., unpublished]) in the
presence of calf thymus topoisomerase I at each ionic strength,
and the DNA samples were then deproteinized and analysed for
supercoiling. Electrophoresis in agarose gels containing different
concentrations of ethidium bromide (not shown) showed that both
HMG1 and HMG3 at an input HMG:DNA weight ratio of 1 (r
= 1) fully suppressed positive supercoils and generated negative
supercoils. (Assuming Mr -25,000 for HMG1, - 20,000 for
HMG3 and 2.83 x 106 for pBR322 DNA, r = 1 corresponds to
113 molecules HMG1 input per plasmid, or 1 molecule per -

39 bp; for HMG3, 140 molecules per plasmid, or 1 molecule
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Figure 4. Electron microscopy of HMGl -DNA complexes formed at
physiological ionic strength. DNA was either circular, relaxed plasmid pBR322
DNA (FIr) or the corresponding linearized molecule. A, pBR322 DNA relaxed
with topoisomerase I (no deproteinization prior to electron microscopy). B, Relaxed
pBR322 incubated with HMG1 in buffer A (ionic strength 150 mM) at an

HMG1 :DNA mass ratio (r) of 6 in the presence of topoisomerase I. C, pBR322
linearized with PvuIl (deproteinized prior to electron microscopy). D, Linear
pBR322 DNA incubated with HMG1 at r = 6. Bar represents 250 nm.

per - 31 bp.) Electrophoresis in the absence of ethidium bromide
(Figure 3A,B) showed that for both HMG1 and HMG3, and at
both ionic strengths, the number of supercoils increased with
increasing input HMG:DNA ratio. For the same molar input,
HMG3 was much more effective at supercoiling than HMG1,
consistent with its higher affinity for DNA. However, whereas
the effect of HMG3 wasvery similar at both ionic strengths
(Figure 3B), at physiological ionic strength supercoiling by
HMGlwas substantially decreased (Figure 3A) as noted earlier
[11, 43], although its DNA-binding affinity was unaffected by
ionic strength (Figure 2). Figure 3C and D show supercoiling
by HMG1 and HMG3 over a wider protein:DNA input range

at physiological ionic strength.
With HMG1, at r = 6, only about 3.4 superhelical turns were

generated, corresponding to 1 negative supercoil per - 1280 bp
of DNA, with 198 28 HMG1 molecules per molecule ofDNA
(input, not necessarily bound) responsible for the introduction
of one superhelical turn. At an HMG3:DNA mass ratio of 6,
the change in linking-number was 17.5 + 0.8, as determined
by the method of Espejo and Lebowitz [39] [no further change
at r = 10 (not shown) despite an increase in the amount ofHMG3
bound (Figure 2)], corresponding to 1 negative supercoil per -

250 bp of DNA. One supercoil thus requires an input of 48
2 HMG3 molecules per DNA molecule, i.e. about 4-fold less
than for HMG1 which requires 198 i 28 molecules, consistent
with a - 4-fold higher affinity of HMG3 than of HMG1 for
DNA at physiological ionic strength, as well as at lower ionic
strength (Figure 2).
Although at the lower ionic strength (- 50 mM) HMG3 still

caused supercoiling at a much lower input ratio than HMG1 (c.f.
Figure 3A and 3B), the difference between the two was much
less than at physiological ionic strength because HMG1 was now

relatively much more effective in supercoiling, even though the
DNA-binding affinities of the proteins were (probably; Figure
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Figure 5. Electron microscopy of HMG3 -circular DNA complexes formed at
physiological ionic strength. A, pBR322 DNA relaxed with topoisomerase I (no
deproteinization prior to electron microscopy). B1-B5, Relaxed pBR322 DNA
incubated with HMG3 at r = 1 in the presence of topoisomerase I in buffer A.
C1-C2, As in B but at r = 3. D1-D2, As in B but at r = 6. Bar represents
250 nm. Magnification in C2 is twice that in other panels.

2) unaffected by ionic strength. This suggests that at physiological
ionic strength the acidic tail has a role in modulating (down-
regulating) the supercoiling ability of the HMG-box domains (A
and B), perhaps by engaging in inhibitory interactions with one

or other of the domains, or by causing a salt-induced structural
change in the protein.

DNA looping, and binding of HMG1 and HMG3 to DNA
nodes and crossovers

At an ionic strength of - 150 mM there is a significant difference
in the ability of HMG1 and HMG3 to supercoil DNA, which
appears to be only partly due to the different affinities of the two
proteins for DNA. Complexes formed at this ionic strength were

examined by electron microscopy.
Figure 4A shows covalently closed pBR322 DNA after

relaxation with topoisomerase I. With HMG1 at r = 6, up to
3-4 beads (10-15 nm diameter) per plasmid were observed
(Figure 4B), whereas at r = 1 or 3 there were none (not shown).
Parallel analysis of supercoiling (not shown) gave a rough
estimate of less than 1 supercoil per bead. In about 75% of the
complexes visualized, at least one bead was bound at the site
of DNA cross-over or looping (Figure 4B); no beads were
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Figure 6. Electron microscopy of HMG3 -linear DNA complexes formed at
physiological ionic strength. A-C, Linearized pBR322 DNA (Pvull digest as

in Figure 4C) incubated with HMG3 at r = 1 in buffer A. D, Linearized pBR322
DNA incubated with HMG3 at r = 3. E, as in D but at r = 6. Bar represents
250 nm. Magnification in D2 is three times that in other panels.

apparent on linearized pBR322 (Figure 4D). From their size,
the beads must contain several HMG1 molecules.
Beads formed at much lower protein:DNA input ratios with

HMG3 (Figure 5). Even at r = 1 most ( 87%) of the complexes
visualized with relaxed circular DNA consisted of one HMG3
bead (12-25 nm diameter, and oligomeric) from which emerged
several DNA loops of variable size (Figure SB2-B3). In some

cases two or more plasmid molecules were brought together at
a bead (Figure SB4 -B5), and in a minor fraction of the
complexes there was a (smaller) bead but no DNA-looping
(Figure SB1). With linear DNA, looping at the site of HMG3
binding was again observed at r = 1 (Figure 6AI-A3). (In
contrast, with HMG1 no looping was observed, even at r = 6.)
Similar results were obtained with M13 DNA, suggesting that
sequence-specific binding is not involved, although there might
be preferential binding to, for example, AT-rich or intrinsically
bent regions.
Some complexes contained single DNA molecules with an

HMG3 bead bound at the site of looping (58.2% of the 208
complexes scored; Figure 6A, -A3); others contained two or

more DNA molecules joined at a bead (41.8% of the complexes
scored (Figure 6B and 6CI -C3), respectively. The greater the
number of DNA loops the larger the beads, in general. In the
absence of HMG3 there were no intermolecular cross-overs, and
intramolecular cross-overs occurred only very rarely (Figure 4C).
The looped complexes with linear DNA (which were not exposed

Figure 7. Circular dichroism (CD) spectra of HMGl and HMG3 complexes with
linearized pBR322 DNA at physiological ionic strength (buffer A). Free DNA
(-), HMGl-DNA at r = 6 (---), HMG3-DNA at r = 6 (---), and
HMG3 alone ( ).

to topoisomerase 1) argue against the possibility that circular
DNA and/or topoisomerase I are a prerequisite for looping;
moreover, HMG3 can evidently create DNA nodes or loops in
the absence of torsional stress. Topoisomerase I can itself bind
to DNA cross-overs and cause looping (e.g. at a 3:1
enzyme:plasmid molar ratio [44]) but under the conditions used
here there is no looping of DNA which has been treated with
topoisomerase I, fixed, and examined by electron microscopy
without deproteinisation (Figure 4A, 5A).
At a higher HMG3:DNA mass ratio (r = 3), the beads were

larger and sequestered most of the DNA (Figures 5C1 -C2;
6DI -D2). At r = 6 very little, if any, free DNA was apparent
(Figure SD1, circular DNA; Figure 6E, linear DNA). The
complexes with circular DNA were spherical or somewhat
irregular shaped particles (diameter - 39-48 nm) (Figure
SD1), which sometimes aggregated (Figure SD2). The
complexes with linear DNA at the same protein:DNA ratio (r
= 6) gave predominantly aggregates (Figure 6E), probably
containing several DNA molecules.

Circular dichroism (CD) showed that the DNA in complexes
of HMGl and HMG3 with linearized pBR322 DNA at r = 1
(not shown) or even r = 6 (Figure 7) was typically B-form. The
positive band for free DNA at about 274 nm was only slightly
suppressed and red-shifted by 4-5 rum. In particular, the absence
of a '* DNA' spectrum [45] indicated that the compacted DNA
in the particles generated at r = 6 was not 'condensed' into
ordered aggregates, as it is in DNA complexed with Hl and H5
and certain basic peptides [25, 46 and references therein].

DISCUSSION
The effect of the acidic C-domain ofHMG1 on DNA binding
and supercoiling
The acidic C-terminal domain of HMG1, which contains an

unbroken run of 30 glutamic or aspartic acid residues [20, 21],
reduces the affinity of the protein for double-stranded DNA
-4-fold at both low ( 15 mM) and physiological ( 150 mM)

ionic strength. This might result from electrostatic interaction
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of the tail with the DNA-binding region(s) in the A and B
domains, as first suggested to explain the difference in binding
properties between B and BC [44], or alternatively from direct
electrostatic repulsion. Both HMG1 and HMG3 cause negative
supercoiling of relaxed, closed circular DNA in the presence of
topoisomerase I at physiological ionic strength, this evidently
being a property of the HMG-box regions. However, because
of the differences in affinity for DNA, a higher (- 4-fold) molar
protein:DNA input ratio is required for HMG1, compared with
HMG3, to achieve the same supercoiling.
The supercoiling ability ofHMG1 at - 50 mM ionic strength

is greater than at 150 mM, even though the DNA-binding affinity,
as judged by nitrocellulose filter-binding, appears unchanged. In
contrast, the supercoiling ability of HMG3 appears to be ionic-
strength-independent in this range. This suggests some additional
negative influence of the C-terminal acidic tail on supercoiling
of HMG1 at physiological ionic strength, for example through
masking or destabilization of a critical DNA-binding site that is
also involved in supercoiling. It may be significant (although the
peptides were isolated in strongly denaturing conditions) that the
secondary and tertiary structures of the central B domain of
HMG1 were lost in the BC peptide consisting of the central and
C-terminal domains, as shown by NMR spectroscopy [47, 48],
and in contrast to the B-domain, the proteolytically generated
BC-didomain gave no supercoiling at physiological ionic strength
[47]. Factors that bind to the C-domain, sequestering or shielding
the negative charge, might relieve its inhibitory effect on DNA-
binding. In the nucleus, where HMGL is bound to chromatin,
such factors might include basic proteins such as histones [14,
23, 25], whose binding to DNA might concomitantly be
destabilized, and divalent cations such as Ca2+ [22].
A recent study, published after this work had been completed,

also showed that removal of the acidic C-domain increased the
affinity of the AB didomain for DNA [30]. It was further shown
that protection of negative supercoils was greater if the C-tail
was present, which was taken to indicate a role for the acidic
tail in binding to supercoiled DNA. This would not be
incompatible with the indications from our results that the tail
is reponsible for the ionic strength dependence of supercoiling
by intact HMG1 -in other words that it is involved, directly or
indirectly, in recognition of supercoiled DNA by the AB domains
at physiological ionic strength.
The basis of HMGl-induced supercoiling: DNA looping and
binding to cross-overs?
There are, in principle, several possible mechanisms for the
change in linking number of closed circular DNA generated by
HMG1 and HMG3 in the presence of topoisomerase I. Local
strand-separation in the DNA is unlikely to be the cause since
HMG1 and HMG2 were found not to lower the melting
temperature of natural DNA, poly[d(A-T)] or DNA in HI,
HS-stripped nucleosomes [49-51]. Likewise, HMG3 did not
lower the melting temperature of either natural DNA or
poly[d(A-T)] in either 5 mM NaCl or 140 mM NaCl, in the
presence of EDTA (M. ., unpublished). HMG1 and 2 have been
reported to unwind double-stranded DNA in the presence of
Mg2+ or Ca2+ [52], the acidic C-domain of HMG1 being
proposed as the 'active site' for the unwinding [53], but as shown
here and elsewhere [30], supercoiling does not require the C-
domain. Moreover, in Ca2+ or Mg2+ its charge is presumably
neutralized or screened so that its effect is masked [22]. However,
as discussed above, the C-domain does apppear to have a role
in binding of the AB domains to supercoiled DNA [30] and, as

shown here, in the supercoiling of DNA at physiological ionic
strength, where it exerts a negative influence.
Wrapping of the DNA around HMG1 or HMG3 might also,

in principle, be a cause of the change in linking number of closed
circular DNA in the presence of topoisomerase I (c.f. the
assembly of nucleosomes on SV40 DNA [54]). However, in an
earlier study [32] using acid-extracted HMG1 at an HMG1:SV40
DNA mass ratio of 4:1 (r = 4), in which up to 16 (oligomeric
protein) beads of diameter - 14.4 nm were observed, less than
one (0.5 -0.7) negative DNA supercoil per bead was generated
[32, 55] compared with one negative supercoil per nucleosome
[54]. Moreover, there was no obvious compaction of the DNA
[32, 43, 55] and no protection of discrete DNA fragments against
micrococcal nuclease digestion [32 and M.S., unpublished],
although such protection would require complexes of some
stability. HMG3 (but not HMG1) at r = 6 does cause DNA
compaction (Figure 6), but again no discrete DNA fragments
were generated upon digestion with micrococcal nuclease (not
shown). Circular dichroism showed that in the compact structures
the DNA was still in the B-form. A third formal, but perhaps
less likely, possibility is that supercoiling arises from a change
in the twist of the DNA upon association with HMG1 or HMG3.
However this does not appear to be the case for HMG1 [34] nor
for HU, an abundant prokaryotic chromosomal protein that binds
DNA without sequence specificity and which shows some
functional similarities in vitro to HMG1 (see below) [56].

Electron microscopy shows that, at r = 1, HMG3 (presumably
acting as an oligomer), causes looping of circular and linear DNA
at physiological ionic strength and reveals 'beads' at the bases
of loops. This is also seen with HMG1 and circular DNA, at
a - 6-fold higher protein:DNA input ratio, consistent with the
lower DNA-binding affinity ofHMG1 than of HMG3. The beads
are heterogenous in size but on average 10-15 nm in diameter
and not dissimilar to the beads observed previously [32, 55],
although in that study a 'beads-on-a string' appearance was
observed rather than looping. Since the circular DNA used here,
produced by treatment of highly negatively supercoiled DNA with
calf thymus topoisomerase I, is not completely relaxed (Figure
3) and contains on average four negative and positive supercoils
[29; M.S., unpublished), the cross-overs may serve as
preferential binding sites for HMG1 and HMG3. HMG1 and
HMG3 generate only negative supercoils so they presumably bind
preferentially to cross-overs of the appropriate 'sense'. Binding
to, or generation of, cross-overs thus provides a possible
mechanism for change in the linking number ofDNA by HMG1
and HMG3 in the presence of topoisomerase I.
The preferential localization of HMG3 (and HMG1) beads at

the intersections of DNA duplexes, and at the bases of loops,
may result from binding to pre-existing cross-overs, or
alternatively from interaction with two (or several) DNA sites
far apart followed by looping as a result of protein-protein
interactions, as occurs with, for example, Spl [57, 58]. Looping
has also been shown for a number of other proteins including
eukaryotic topoisomerases I and II which, like HMG1 and 3,
bind preferentially to DNA cross-overs [45]; some type I and
II restriction endonucleases [59, and references therein]; and a
Xenopus protein that was shown subsequently to be HMG1 [60;
and references therein].
HMG1: structural rather than sequence preference
Looping through interactions between DNA-bound proteins might
suggest some degree of site-specific binding by HMG3, but the
variable loop position on linear pBR322 (Figure 6A1-A3)
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would seem to argue against this. There is no information on
the DNA-binding preference (if any) of HMG3, nor on whether,
like HMG1 and 2, it binds preferentially to AT-rich regions [61],
of which there are several distinct tracts in pBR322. No strong
sequence specificity is evident for HMG1 and 2 , e.g. [62-64].
However, HMG1 and 2 seem able to distinguish between DNA

structures. They recognise four-way DNA junctions in preference
to normal double-stranded DNA [27]. This is not a feature of
the acidic C-domain since (recombinant) HMG3 also binds
strongly to four-way junctions (S.H.Teo and J.O.T., unpublished
results), as do the individual (recombinant) A- and B-domains
[28,18]. Indeed the C-domain appears to reduce binding to four-
way junctions, when intact HMG1 is compared with truncated
recombinant products [28], as it does to double-stranded DNA.
HMG1 and 2 bind preferentially to bent regions in linear double-
stranded DNA, in particular AT-rich sequences [61], and to
kinked (e.g. cis-platin modified) DNA [65], and they can also
bend DNA [34, 35]. It was shown very recently that HMG1 can
substitute for HU, which binds specifically to kinked DNA [66],
in facilitating Hin invertasome assembly [34]. This requires the
interaction of the Hin and Fis proteins bound at distant sites [56]
with looping of the intervening DNA segments, and is facilitated
by HMGI-induced DNA bending.
The structures actually recognized in the nucleus by HMG1

might contain bent or kinked DNA (such as occurs, for example,
in chromatin-packaged DNA) which has certain features in
common with four-way junctions. Alternatively they might be
nodes or cross-overs generated by looping, which might resemble
four-way junctions [67]. HMG1 would be able to bind to such
regions, or perhaps actively create them by looping of the DNA.
Electron microscopy (Figures 4-6) shows that the recognition
of cross-overs, like the ability to bind to four-way junctions
(S.H.Teo and J.O.T., unpublished), is a property of the HMG-
box domains of HMG1, and does not require the acidic tail. The
recognition of synthetic four-way junctions by HMG1 may
therefore be a reflection of a more general function of HMG1
within the cell nucleus, namely manipulation of DNA structure
by, for example, looping or, at higher concentrations, compac-
tion/packaging, a function which is manifest primarily through
the two HMG-box domains.
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