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High mobility group (HMG) protein 1 contains two DNA binding motifs, called HMG1/
2-boxes, linked with a linker region. The functional relationships between the two boxes
and the mechanism of involvement of the linker region for effective binding of HMG1 were
examined. The binding analyses of truncated HMG1 peptides with DNA indicated that the
structural array of two boxes stabilizes the interaction of HMG1 with DNA. The mutation
analyses of the linker region suggested that the region is equipped with tolerance for the
deletion of a few amino acid residues to allow appropriate binding of the two boxes with
DNA, and that the basic cluster in the linker sequence is in a position to interact with DNA.
The existence of tolerance for the linker sequence was found to be conserved during the
evolution of HMG1 protein homologues. A structural model for array of two boxes
associating with DNA minor groove was constructed on the basis of the experimental
results and energy minimization. The model proposes that the DNA binding region in HMG1
covers an 18 bp DNA region and induces its bending by about 140 degrees. The linker region
may function to maintain the structural array of two HMGl/2-boxes by direct interaction
with DNA.
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High mobility group (HMG) proteins 1 and 2 are the most
prevalent nonhistone chromosomal proteins in eukaryotic
organisms. Several studies have implicated HMG1 and 2 in
transcription, DNA replication, and cellular differentiation.
However, their functional mechanisms have not been
clarified. The primary sequences of HMGl from several
species have been reported, and the protein is considered to
be one of the most conserved proteins (1-3).

The sequence of porcine HMGl deduced from the com-
plementary DNA comprises 214 amino acids with a
molecular weight of 24,795 Da. HMGl consists of a simple
structure containing two DNA binding motifs of about 75
amino acid residues, called HMGl/2-boxes, and an acidic
C-tail containing continuous run of 30 acidic amino acids
(4). The acidic C-tail of HMGl is essential for the stimula-
tion of transcription (5) and may participate in the desta-
bilization of chromatin structure in transcription process
(6), although the fine mechanism remains obscure. The
HMGl/2-box has been found in RNA polymerase I tran-
scription factor UBF (7), human male-determining protein
SRY (8), lymphoid enhancer binding factor LEF-1 (9),
mitochondrial transcription factor mtTFl (20), and many
nuclear and mitochondrial transcription factors (2, 11, 12).
The binding analyses of the boxes with DNA were conduct-
ed mainly for sequence-specific HMGl/2-box proteins
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(12), because the characteristics of sequence * specificity
might participate in specific gene transcription. The solu-
tion structures of isolated HMGl/2-box (13) and the
complex with DNA (14, 15) have been reported for se-
quence-specific DNA binding boxes.

HMGl and HMG2, sequence-nonspecific binding pro-
teins, have a preferential affinity for unusual structured
DNAs such as single-stranded DNA (16-19), cruciform
DNA (19-21), B-Z junction in supercoiled DNA (22), and
anti-cancer drug cisplatin-modified DNA (23). They in-
duce unwinding (28, 24, 25) and bending (26, 27) to
double-stranded DNA.

The DNA-free solution structures of both the boxes of
HMGl have been reported independently (28-30). How-
ever, complex structures with DNA of sequence-nonspeci-
fic boxes, including those in HMGl as well as whole DNA
binding region in HMGl, have not been clarified because of
the analytical difficulties derived from its sequence-non-
specific characteristics and weak binding with DNA. There-
fore , the functional significance of the presence of two boxes
and the mechanism for involvement of linker region be-
tween the two boxes in association with DNA are obscure.

The present studies were conducted mainly to clarify
how the linker region prescribes the structural array of the
two boxes. Finally, a structural model for the complex of
the DNA binding region of HMGl with DNA is presented.

MATERIALS AND METHODS

Preparation of Deletion Peptides of HMGl Protein—
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HMGl peptides were overexpressed in Escherichia coli
cells using T7 RNA polymerase system (31). Complemen-
tary DNA coding for peptides A (amino acid residues 1 - 76),
Al (1-87), B (88-164), Bm (85-164), Bj (85-181), A1B (1-
164), AlBj (1-181), and F (1-214) from porcine HMGl (4)
were amplified by polymerase chain reaction (PCR), and
then inserted downstream of the T7 promoter in the
expression plasmid pGEM-KI (32). The plasmid was
transformed into E. coli BL21(DE3). The cultured cells of
0.3 to 0.5 absorbance at 600 nm were induced with 1 mM of
isopropyl-/?-D-thiogalactopyranoside (IPTG). The E. coli
cells harvested after 6 to 10 h of induction were suspended
in sonication buffer (50 mM Tris-HCl, pH8.0, 1 mM
EDTA, 2 mM dithiothreitol, 2 mM phenylmethylsulfonyl
fluoride, and 200 mM NaCl) and sonicated. The cell super-
natant, obtained by centrifugation at 10,000 X g for 40 min,
was batch-adsorbed to DEAE-cellulose. The unabsorbed
protein was then fractionated with ammonium sulfate. The
proteins in the supernatant of 60 or 70% saturation of
ammonium sulfate were fractionated by Mono S, Mono Q,
or Alkyl Superose column chromatography with a Phar-
macia FPLC system. The peptides thus obtained were
homogeneous on tricine-SDS-16.5% polyacrylamide gel
electrophoreses followed by staining with SERVA blue G
(33).

Electrophoretic Mobility Shift Assay—Respective pep-
tides were analyzed for their DNA binding activity by an
electrophoretic mobility shift assay using pBR322 forms I
(supercoiled) and III (linearized by EcoEV digestion) DNA.
Each peptide and 0.3 fig of DNA were incubated in 20 /xl of
a reaction solution (10 mM Tris-HCl, pH 7.8, 10 mM
MgCl2,1 mM EDTA, 1 mM dithiothreitol, 10%glycerol, 20
//g bovine serum albumin, and 100 mM NaCl) at 25°C for
60 min. The complexes were applied to electrophoreses on
a 1.2% agarose gel in 40 mM Tris-acetate, pH 8.0, contain-
ing 1 mM EDTA. After electrophoresis, the gel was stained
with ethidium bromide.

A 32P-labeled 55 bp DNA fragment with a sequence of
CGG GTG AAT TCG TGT CGT GGA GCT TTG CAT ACC
TTC CGA CCC AGC GAA TTC AGA G was prepared. The
HMGl deletion peptide and DNA fragment were mixed in
20//I of the reaction solution described above, except for
NaCl concentration of 50 mM, and applied to electropho-
reses on an 8% polyacrylamide gel in 44.5 mM Tris-borate,
pH 8.0, containing 1 mM EDTA for 3 h at 250 V.

Surface Plasmon Resonance (SPR) Measurement—A.
biotinylated 30 bp DNA fragment (5'-TGT ATG AAA TCT
AAC AAT GCG CTC ATC GTC-3') in TES (10 mM Tris-
HCl, pH 7.5, 1 mM EDTA, and 300 mM NaCl) was immo-
bilized onto a streptavidin modified sensorchip SA (BIA-
core AB) surface (34), resulting in the capture of approxi-
mately 1,000 RU of DNA. Each peptide at various concen-
trations in 10 mM Tris-HCl, pH 7.8, 10 mM MgCl2, 1 mM
EDTA, and 100 mM NaCl was injected over the immo-
bilized DNA at a constant flow rate of 2 pl/min, and the
SPR response was monitored for 600 s. The dissociation of
peptide from the surface-bound complex was monitored for
another 400 s at the same flow rate of the buffer. After each
measurement, the DNA surface was regenerated with an
injection of 8 ^1 of 2 M NaCl.

Data were analyzed using the BIAevalution software
package, which was supplied with BIAcore. Kinetic anal-
yses of protein-DNA interaction by the SPR measurement

have been reported previously, for example, lactose opera-
tor-repressor DNA interaction (34), ETSl-target sequence
DNA (35), and methionine repressor-operator complex
(36). All data were treated according to these studies.
Here, k^s, is the apparent association rate constant of
DNA-HMG1 peptides, Ĵ I5S the apparent dissociation rate
constant, and K<, the apparent equilibrium constant to be
calculated; Kd = kiM/kss (34, 36).

Modeling the Complex of HMGl DNA Binding Region
with DNA—For modeling the structures of complexes, the
PDB (Protein Data Bank of Brookhaven National Labora-
tory) (37) data for box A (laab) (30) and box B (lhme) (28)
of HMGl and LEF-1-DNA complex (lief) (15) were used.
Each HMGl/2-box of HMGl was superimposed on that of
LEF-1 bound with DNA, suiting the Ca atoms of 5 amino
acid residues of 9R, 10G, 15Y, 16A, 23R in laab and 8K,
9R, 14F, 15F, 22R in lhme to those of 4K, 5K, 10F, 11M,
18R in lief which are exposed to the DNA binding surface.
The box A-DNA complex was connected to the box B-DNA
complex in four possible orientations. The linker region
should include a part of box B because of the structural
flexibility of the N-terminal part of box B. Thus the
distance between the two boxes prescribed by the linker
length was defined as from the C-terminal of 77Tyr residue
in box A to the N-terminal of 93Ala residue in box B. The
calculation was performed with InsightII/Discover3 ver-
sion 97. 2 (Molecular Simulations Inc.) using amber
forcefield. A 9.5 A cut-off for non-bonded interaction and a
distance-dependent dielectric function of e — lxr were
used. The linker peptide was initially arranged as a straight
backbone placing about 10 A apart from the box-DNA
complex. The conformation of the linker peptide was
calculated by 1,000 steps energy minimization and 10 ps
molecular dynamics simulation at 1,000 K, 10 ps at 500 K,
and 10 ps at 300 K in constraint to overlap the backbone
atoms of 77Tyr and 93Ala with corresponding atoms in the
two boxes. After these calculations, the linker peptide was
connected with the two HMGl/2-boxes by forming peptide
bonds between 76Thr and 77Tyr and between 93Ala and
94Pro, and final HMG1-DNA complex structure was
energy - minimized.

RESULTS

Binding of HMGl Peptides with DNA Observed by an
Electrophoretic Mobility Shift Assay—HMGl contains two
DNA binding domains called HMGl/2-boxes of about 75
amino acid residues (box A and box B) linked by a linker (1)
region of about 10 amino acid residues and an acidic C-tail
of continuous 30 acidic amino acid residues connected to the
box B through a joiner (j) region of about 20 amino acid
residues (Fig. 1A). From the DNA binding point of view, a
series of truncated products (HMGl peptides) containing
one or two HMGl/2-box(es) with or without the flanking
regions was prepared. These were peptides A (1-76 amino
acid residues) and B (88-164) containing a single HMGl/
2-box, peptides Al (1-87), Bm (85-164), and Bj (85-181)
containing all or a part of the flanking sequences, peptides
A1B (1-164) and AlBj (1-181) containing two HMGl/
2-boxes, and peptide F (1-214) containing the full HMGl
sequence (Fig. 1A). The DNA binding affinity of the
respective peptides was primarily analyzed by an electro-
phoretic mobility shift assay using forms I and III DNA of
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Fig. 1. Schematic representation of HMGl peptides. (A) HMG1
protein consists of three domain structures; two HMGl/2-boxes of
box A (1-76 amino acid residues) and box B (88-164) and an acidic
C-tail (185-214). The 1-region is a sequence of 77-87 residues and the
j-region a sequence of 165-184 residues. (B) Electrophoretic patterns
of the peptides resolved with tricine-SDS-polyacrylamide gel and
stained with SERVA blue G.

plasmid pBR322 DNA. As shown in Fig. 2, all the peptides
retarded the mobility of both forms I and HI DNA. The
peptides containing the respective flanking regions of a
single HMGl/2-box (peptides Al and Bj) retarded mobility
more than the corresponding HMGl/2-box alone (peptides
A and B). Peptide Bm containing only 3 basic amino acid
residues (KKK) at the N-terminal of peptide B showed
extreme retardation compared with peptide B, indicating
that the short sequence strengthens the DNA binding
affinity of box B. The truncated products of acidic C-tail
(peptides A1B and AlBj) showed larger band shifts than full
length HMG1 (peptide F and HMG1 protein). This indi-
cates that the acidic C-tail weakens the interaction of
HMG1 with DNA. Samples containing peptides A1B and
AlBj at a peptide/DNA molar ratio of 500 remained in the
sample slots on the gel. Complexes at molar ratios higher
than 500 migrated to the opposite electrophoretic direction
from the slots in which the sample was applied (data not
shown). These suggest that differences in the net charge of
the peptides affect the migration of the complexes and do
not simply reflect the mass of the peptides bound with DNA
necessary for obtaining exact DNA binding constants.

Determination of Kinetic Constants for the Binding of
HMGl Peptides with DNA by SPR Measurements—For
quantitative analysis of the DNA binding with HMG1
peptides, surface plasmon resonance (SPR) measurement
using a BIAcore instrument system (BIAcore AB) was

4Q1

applied. Multiple sensorgrams on a linear 30 bp DNA
fragment immobilized to the sensorcbip surface were
collected, and the DNA binding kinetics was calculated as
shown in Table I. Peptides A and B gave larger dissociation
constants (Ka) than other peptides. Peptide Al showed a
larger association rate constant (ksa) approximately 5
times that of peptide A, resulting in a decrease in Ka to one-
fifth. Peptide Bm had a ^33 approximately 7 times larger
than that of peptide B, resulting in a decrease in Ka to about
one-tenth. Peptide Bj showed a lower dissociation rate
constant (kiss) to give a decrease in Ka to approximately
one-fiftieth that of peptide B. These results suggest differ-
ent roles of the 1-region and the j-region with respect to the
stabilization effect on DNA binding of respective HMGl/
2-box. Peptides A1B and AlBj gave IQ values smaller by
more than one order, together with a decrease in ki,^
compared with peptides containing a single HMGl/2-box.
Peptides ALB and AlBj gave smaller Ka values than HMGl.
These results show that the structural array of two HMGl/
2-boxes stabilizes the interaction with DNA, while the
acidic C-tail of HMGl weakens the binding force with DNA.

HMGl is noticeably rich in charged amino acids; 43
lysines, 8 arginines, 19 aspartic acids, and 37 glutamic acids
out of a total 214 amino acid residues (4). These amino acid
residues have been considered to play an important role in
the electrostatic interaction between HMGl and DNA. Our
examination on the interaction at various concentrations of
NaCl (0-200 mM) indicated that several basic amino acid
residues flanking the HMGl/2-box stabilize the DNA
binding dependent on the ionic strength and that the
tandem array of two HMGl/2-boxes flanked by basic amino
acid residues strengthens the binding with DNA by electro-
static interaction (data not shown).

These DNA binding analyses demonstrate that a single
box in HMGl is insufficient for efficient binding with DNA
even in the presence of its flanking basic region and that the
sequence of peptide ALB can be regarded as the minimal
DNA binding region of HMGl. Thus, the linker sequence
may carry out essential roles in DNA binding.

Mutational Analysis of the Function of the l-Region in
DNA Binding—To clarify the functional effects of the
clustered basic amino acids in the 1-region and the length of
the region on the DNA binding of HMGl, several A1B
mutant peptides for the 1-region were constructed, as
shown in Fig. 3. The id value for binding of each peptide
with a 55 bp DNA fragment was calculated from the
peptide concentration to give a half density of DNA in a lane
free from peptide (Table H). Mutant 85( + 0) showed a
slightly decreased affinity for DNA. Deletions of 4 amino
acids or fewer [mutants 85 ( — 1) and 85 ( — 4)] showed
affinities similar to that of mutant 85 ( + 0), whereas the
affinity of 6 amino acid residues deletion mutant [mutant
85 ( — 6)] was decreased to a level similar to that of the
peptide containing a single box flanked by the 1-region
(peptides Al and Bm). These results suggest that the
1-region is equipped with a tolerance for the deletion of a
few amino acid residues to retain appropriate binding of the
two boxes with DNA, and that access to DNA by either of
the boxes is difficult with excessive deletion of amino acid
residues. On the other hand, DNA binding was drastically
reduced when amino acid residues in the basic cluster were
replaced by acidic residues, while only a slight decrease was
observed with small neutral amino acid residues. These
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Fig. 2. Electrophoretlc mobility shift assay of HMG1 peptides. Form I (upper panel) and form HI (lower panel) pBR322 DNA were
complexed with each peptide at molar ratios of 0, 50, 100, 200, 300, 400, and 500 peptides/DNA (from left to right), and then separated by
1.2% agarose gel electrophoresis.

TABLE I. Affinity and kinetic constants for the association of
the HMG1 deletion peptides with a 30 bp DNA fragment as
calculated from SPR measurements. Standard deviations are given
in parentheses.

38 53 100 121 137

Peptide

A
Al
B
Bm
Bj
AIB
AlBj
F
Native

(flminn
acid No.)

(1-76)
(1-87)
(88-164)
(84-164)
(84-181)
(1-164)
(1-181)
(1-214)
HMG1

(M--S-)
4.0 (0.3) x 10'

2.6(1.2)xl0J

1.6(0.8)xl04

1.7(0.3)xl04

3.0(0.2)xl04

2.1(0.8)xl04

1.6 (0.2) x 10'

l^m^JxlO1

2.9
2.6
2.8
2.1
1.1
2.2
2.0
6.8
7.7

km
(8-)

(0.3) x 1 0 -
(0.3) x 1 0 -
(0.4) x 1 0 -
(0.2) x 1 0 -
(0.3) x 1 0 -
(0.4) X10-1

(0.1) x lO" 1

(O.7)xlO"J

(0.3) x 10"'

7.4
1.4
1.3
1.4
6.7
7.5
9.5
4.3
4.6

K,
(M)

(1.3)xlO-B

(0.1) XlO"6

(0.5) x 1 0 -
(0 .1)Xl0" !

(1.7) X10- '
(1.7) XlO"7

(3.7) XlO-7

(0.4) X10-"
(0.5) X10-"

results suggest that the basic cluster lies in a position to
interact with DNA.

Model Building of the Structural Array of the Two
Boxes in HMGl Bound with DNA—On the basis of the
present results, an expected structural model for the array
of two boxes in association with the DNA minor groove was
constructed. Two assumptions were made for the model
building; each sequence-nonspecific box interacts with
DNA independently and in a similar fashion to sequence-
specific boxes (14, 15). Initially, box A-DNA and box
B-DNA models were constructed and connected as de-
scribed in "MATERIALS AND METHODS." There were four
candidates for the structural orientation of the two boxes.
The linker lengths were calculated for each orientation
model assuming that HMGl covers 14 to 22 bp DNA (Fig.
4A). Models, in which less than 13 bp of DNA was covered,

wild type

85( + 0)

77 93
-YIPPKGETKKKFKDPNA-

-YIPPKGETAAAFKDPNA-

85(-1AE)

85(-2E)

85(-4)

85(-6)

-YIPPKGETAAAAFKDPNA-

-YIPPKGET-AAFKDPNA—

-YIPPKGET-AEFKDPNA—

-YIPPKGET—EFKDPNA—

-Y I PPKGET AAANA—

-YIPPKGET ANA—

Fig. 3. Schematic representation of the linker region mutants
of HMGl prepared for this study. The top bar shows a simplified
structure of peptide AIB illustrated by thick bars for helical structures
with the numbers of their respective N- and C-terminal amino acid
residues. The linker region (77-93 amino acid residues) between the
two HMGl/2-boxes was substituted, deleted and substituted-
deleted.

were excluded because of steric interference between the
boxes. The linker length estimated from 77Tyr to 93Ala
was 45 A at its maximum when the backbone was complete-
ly extended. Our deletion analysis showed that the 1-region
has a tolerance within 4 amino acid residues to allow both
boxes to interact with DNA (Table II), indicating that the
linker length in a minimum of 35 A. Although these amino
acid residues do not correspond exactly to our defined
borders between the 1-region and the boxes, the N-terminal
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TABLE II. Ka for the association of 1-region mutants of peptide
A1B with 55 bp DNA as calculated from the electrophoretic
mobility shift assay.

Peptide IQ (M)

type c /*"» A » '

Wild type (peptide A1B)
85 ( + 1)
85(-lAE)
85 (-2E)
85 ( + 0)
85 (-1)
85 (-4)
85 (-6)
Peptide A
Peptide Al
Peptide B
Peptide Bm

2.1x10"
4.2x10"

>1.6xlO"
>1.6xlO"

5.1x10"
5.7x10"
4.8x10"
8.2X10"

>1.6xlO"
1.1x10"

>1.6xlO"
7.9X10"

region of box B was considered to be structurally flexible
(28) and the flexible linker region was defined as the region
between 77Tyr and 93Ala. An electrophoretic mobility
shift assay of the HMGl peptide showed that 4-5 molecules
of HMGl bind with a 74 bp DNA fragment (data not
shown), indicating that one molecule of HMGl covers a 15
to 18 bp DNA region. These limitations reduced the struc-
tural array of the two boxes to only seven possible confor-
mations (filled circles in Fig. 4A). In addition, the results of
DNA conformational change induced by the binding of
HMGl (26) brought further limitations. Finally, only one
orientation including two structures satisfied all the limita-
tions as discussed later. One of these structures is proposed
in Fig. 4B.

DISCUSSION

The binding constants (K*) of HMGl with DNA obtained by
SPR measurement (Table I) of 4.6 X lO"6 for native HMGl
and 4.3xlO~°M for recombinant HMGl are consistent
with the values obtained by the titration of tryptophan
fluorescence (38, 39). Similar gel retardation profiles and
binding constants between native and recombinant HMGl
with DNA (Fig. 2 and Table I) suggest that the native
HMGl protein is not modified and that modification, if any,
does not influence the HMGl-DNA interaction.

The different K^ values for HMGl peptides obtained by
the SPR assay and the electrophoretic mobility shift assay
might be resulted from differences in the principles of
measurement methods, DNA fragment length and reaction
buffer conditions. The electrophoretic mobility shift assay
gave smaller Ka value for HMGl than those obtained by
other measurement methods (38-40) and by using longer
DNA fragments (data not shown). The affinity of a single
HMGl/2-box lacking the flanking regions was unexpected-
ly low (Table I). The id values in the presence of the
flanking regions of the HMGl/2-box were decreased. The
stabilization of DNA binding affinity of the HMGl/2-box in
the presence of the flanking basic sequence was observed
for LEF-1 (41). Its structural mechanism has been pro-
posed (15). However, the effective binding of HMGl
required not only the presence of basic flanking region but
also the structural array of two boxes. HMGl/2-box family
proteins in higher eukaryotes seem to have secured stable
binding ability through evolutional steps to increase the
sequence-specificity of a single box and/or of the duplica-
tion of the box.

16 18 20 22
DNA covered (bp)

16 18 20 22
DNA covered (bp)

14 16 18 20 22
DNA covered (bp)

16 18 20 22
DNA covered (bp)

(B)

Fig. 4. Structural array models of two HMGl/2-boxes in
HMGl on DNA. (A) The linker distance (vertical axis) in each model
was denned as the distance between the C-terminal of 77Y and the
N-terminal of 93A. Four candidate arrays of the two boxes illustrated
by arrows to indicate their N- to C-terminal directions were consid-
ered (types a, b, c, and d). The models, in which the DNA binding
region of HMGl covers 14-22 bp DNA region, were calculated
(horizontal axis). In terms of the directions of the two boxes on DNA,
only three conformations comprising seven structures were consistent
with our experimental results (filled circles). (B) One of the most
suitable models for the DNA binding region in HMGl is proposed
(type a model where HMGl covers 18 bp). Two of the three conforma-
tions (types b and c) were excluded because their DNA structures
were inconsistent with the results of a previous report (26).

The length of 1-region was estimated to be between 35
and 45 A, based on deletion experiments for the 1-region
(Table II). In addition, 4 or 5 molecules of peptide A1B of
HMGl bind with a 74 bp DNA fragment, showing that 15-
18 bp DNA region is covered by one molecule of HMGl
protein. No structure of type d in Fig. 4A satisfied these
requirements, and three orientations including seven struc-
tures remained as candidates. A 59 bp DNA fragment was
ligated to generate a monomer circular in the presence of
excess amount of HMGl or 2 (26). The result suggested
that one HMGl molecule is able to bend DNA by more than
90 degrees. The bending angles of DNA in the models were
calculated. The five structures of types b and c bent DNA by
less than 60 degrees and so were excluded. Finally, one
orientation model including two structures differing in the
DNA spacing between the boxes by 1 bp satisfied all
requirements. Figure 4B shows one of the consistent
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HMG1
HMG2
HMG-T
HMG4
HMG (urc)

YIPPKGEKKKR(F|—
IPIAIKGJGIKKK

P P KG E KfrJKjR RRRRJKDPNA

KDPNA
KDPNA
KDPNA
KDPNA

Fig. 5. The primary sequence alignment of linker regions in
HMG1 protein and ite homologues. Linker sequences of porcine
HMG1 (4), HMG2 (45), trout HMG (46), human HMG4 (47), and sea
urchin HMG (48) were aligned. Conserved amino acid residues are
boxed.

models, where two boxes bind with DNA from the minor
groove lying head-to-head along the strand and the 1-region
also goes along the minor groove. The DNA binding region
in HMG1 covers 18 bp DNA region and induces bending by
about 140 degrees. This model is consistent with the
schematic model derived from the functional analysis of
HMG2 which is highly homologues to HMG1 (42).

The participation in DNA binding of the linker sequence
and its length between two sequence-specific DNA binding
motifs of zinc fingers and POU domain was recently
reported (43, 44). In the present study, we propose that the
linker region of the sequence-nonspecific DNA binding
protein HMG1 also takes part in DNA binding. HMG1 is
regarded as a highly sequentially-conserved protein. The
linker sequences of HMG1 and the homologues are shown in
Fig. 5. It is remarkable that not only the DNA binding
regions but also the linker regions between the two boxes
are highly conserved. The flexibility of the linker length in
HMG1 homologues is within —2 and + 3 amino acid
residues, suggesting that the enormous changes in the
linker length of HMG1 homologues were excluded by
natural selection due to functional insufficiency in DNA
binding. The present deletion analysis strongly supported
this possibility. An another interesting point is the conser-
vation of the linker sequences among HMG1 homologues.
Especially, the carboxyl-terminals of the linker sequences
contain a basic cluster. The 1-regions may play some roles
not only in linking the two boxes but also have some
unidentified functions.

The importance of length and the basic amino acid
sequence in 1-region between the two HMGl/2-boxes in
HMG1 in effective binding with DNA was indicated in the
present study. However, there remains several questions
to be answered in terms of the DNA binding mechanisms,
such as what is the negative function of the acidic C-tail on
DNA binding and the recognition of unusual DNA struc-
tures?
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