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ABSTRACT: The maize HMGa protein is a typical member of the family of plant chromosomal HMG1-
like proteins. The HMG domain of HMGa is flanked by a basic N-terminal domain characteristic for
plant HMG1-like proteins, and is linked to the acidic C-terminal domain by a short basic region. Various
derivatives of the HMGa protein were expressedstherichia coliand purified. The individual HMG
domain can functionally complement the defect of the HU-like chromatin-associated Hbsu protein in
Bacillus subtilis The basic N-terminal domain which contacts DNA enhances the affinity of the protein
for linear DNA, whereas it has little effect on the structure-specific binding to DNA minicircles. The
acidic C-terminal domain reduces the affinity of HMGa for linear DNA, but does not affect to the same
extent the recognition of DNA structure which is an intrinsic property of the HMG domain. The efficiency
of the HMGa constructs to facilitate circularization of short DNA fragments in the presence of DNA
ligase is like the binding to linear DNA altered by the basic and acidic domains flanking the HMG domain,
while the supercoiling activity of HMGa is only slightly influenced by the same regions. Both the basic
N-terminal and the acidic C-terminal domains contribute directly to the self-association of HMGa in the
presence of DNA. Collectively, these findings suggest that the intrinsic properties of the HMG domain
can be modulated within the HMGa protein by the basic and acidic domains.

HMG1-like! proteins are a family of abundant chromo- domain in the yeast NHPGA/B protein$?), a short acidic
somal nonhistone proteins which bind DNA nonsequence- tail in the corresponding insect proteind8( 19, and
specifically. Proteins belonging to this family have been significantly longer acidic tails in vertebrate HMG1/20j
identified in a wide variety of eukaryotic organisms).( and some plant HMG1-like proteind®). Similarly, the
HMG1-like proteins contain either 1 (plants, insects, and length of the basic region linking the acidic C-terminal
yeast) or 2 (vertebrates) copies of a common DNA-binding domain to the HMG domain is relatively variable. In some
motif of approximately 75 amino acid residues termed the insect and vertebrate HMG1-like proteins, the regions
HMG domain @, 3). This domain has a characteristic flanking the HMG domain have been shown to modulate
L-shaped fold formed by three-helixes with an angle of  the general affinity of the protein for DNA2(—24).
~80° between the two armsi{-7). DNA binding occurs Despite the differences in primary structure, the HMG1-
primarily by contacts between the minor groove of DNA ke proteins of various species share several features in their
(8, 9 and the concave surface of the HMG domalf-{ DNA-binding properties. They bind selectively to distorted
19). DNA structures such as four-way junction DNA&Y, 26,

Outside the relatively conserved HMG domain, HMG1- cisplatin-modified DNA 27—29), and DNA-minicircles 24,
like proteins of different organisms display a considerable 30, 31). In addition, the recognition of deformable DNA
structural variability {6). Thus, there is no acidic C-terminal  sequences might contribute to the target site selection of these

proteins 82—34). HMGL1-like proteins can bend linear
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acidic C-terminal domain is linked by a short basic region

to the HMG domain. We have examined here the contribu-

tion of the regions flanking the HMG domain of the maize
HMGa protein on the in vitro interactions with DNA and

Ritt et al.

proteins were characterized by SBBAGE, N-terminal
sequencing, and MALDI-TOF mass spectrometry as de-
scribed in 89), and by CD spectrometry in 10 mM sodium
phosphate, pH 7.0, 0.5 mM EDTA, and 0.5 mM DTT as

the self-association of the protein. Furthermore, we have described in 14).

analyzed the ability of HMGa to complement the phenotype
of a mutantB. subtilis strain impaired in the chromatin-
associated HU-like Hbsu protein in vivo.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Characterization of the
Proteins Distinct regions of maize HMGa cDN/A(Q) were
amplified by PCR using the following primers: P1:-5
CTCGGATCCCATATGAAGGGGGCCAAATCCAAGG and
P2: B-AATTAAGCTTACTCGTCATCATCTTCATCCTCC
for full-length HMGa(M1-E157); P1 and P3:'-3CT-
TCAAGCTTGGCAGGAGCC for HMGa(M1-K123); P1
and P4: 5GCTCTCGCCAAGCTTGTAGGC for HMGa-
(M1-Y109); P5: 5-GGGGGATCCGGCAAGGACC and P2
for HMGa(G35-E157); P5 and P3 for HMGa(G35-K123);
P5 and P4 for HMGa(G35-Y109).

The obtained PCR fragments were digested \BigmH|
andHindlll, and cloned into the expression vector pQE9cm
(39. The plasmid pQE9cm-HMGa(M1-D134) was con-

PCR was used as described above to amplify the DNA
sequences corresponding to full-length HMGa (M1-E157)
and the truncated derivatives (M1-K123, G35-Y109, G35-
E157), except that a primer with extra residues showing
homology to the consensus ribosomal binding site Bor
subtilis was used at the "®nd. The amplified DNA
segments were cloned inEecaRI—Hindlll cleaved pHP13
(54) to render plasmids pCB205, pCB175, pCB174, and
pCB204, respectively. The plasmid-boimesgene (pCB188)
has been previously describe85]. The derivatives of
plasmid pHP13 have'5 copies per cell34; data not shown).
Treatment of theB. subtilis strains BG397 l{bs47) and
BG405 hbst755) with MMS (Eastman Kodak) or 4ANQO
(Sigma) was performed as describé&eb)(

DNA—Cellulose Binding HMGa constructs (10g) were
bound to DNA-cellulose (Sigma, 3 mg of calf thymus
dsDNA/g of cellulose, length on average 20 kbp) equilibrated
with 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA, 0.1 mM
DTT, and 30 ug/mL BSA (56). DNA-—cellulose was

structed by digesting the PCR fragment obtained with primers collected by centrifugation through disposable mini columns

P6 (B-GGGCGAGAGCACTGCAG) and P7 (BAAT-
TAAGCTTAGTCAGACTCCTCTTCATCTTC) with Pst
andHindlll, and cloning it into pQE9cm-HMGa(M1-E157)
digested withPst and Hindlll. The resulting plasmids
provide an N-terminal 6xHis-tag suitable for Ni-NFA
agarose affinity purification (Qiagen). The PCR fragment
obtained with primers P1 and P2 (full-length HMGa) was
also digested wittNdd and Hindlll, and cloned into the
expression vector pT7cm [created by replacing the ampicillin
resistance of pT7-75Q) by the chloramphenicol resistance
of pBC-SK (Stratagene)] to express HMGa without 6xHis-
tag. All plasmids were checked by DNA sequencing.
Expression of the proteins, and the purification of 6xHis-
tagged HMGa(M1-E157), HMGa(G35-E157), and HMGa-
(M1-D134) by three-step column chromatography (Ni-

(Promega). The bound proteins were eluted with stepwise
increasing NaCl concentrations in equilibration buffer, and
precipitated with 25% (w/v) TCA. The precipitated proteins
were collected by centrifugation (25020 min), and the
pellets were washed twice with acetone, resuspended in SDS-
loading buffer, and analyzed by SB®AGE. The proteins
were quantified from the Coomassie-stained gels using the
Digital Video System (Polaroid) and NIH Image software.
Tryptic Digest of HMGa and Analysis of the Peptides
Limited digests of HMGa (1Q«g) were carried out in the
absence or presence of supercoiled pBluescript@)Qvith
0.2% (w/v) trypsin at 20°C for 15 min in buffer D. The
digestion was stopped by addition of 2% formic acid, and
peptide mapping was performed on ax1250 mm Vydac
C-18 column using the HP 1100 HPLC system (Hewlett-

NTA—agarose, S Sepharose Fast Flow, ResourceQ), was aPackard). Peptides were eluted using a water/acetonitrile

described for maize HMG@&Q). The final purification step
of HMGa(M1-K123), HMGa(M1-Y109), HMGa(G35-K123),
and HMGa(G35-Y109) was different. To the fractions eluted

gradient (£-45%, in 75 min at 40C, at a flow rate of 50

uL/min). One microliter aliquots of the peptide fractions

were analyzed by MALDI/TOF mass spectrometry using

from the S Sepharose Fast Flow FPLC column containing dihydroxybenzoic acid as matrix on the HP G2025A

the respective protein was added solid gM8O, to a final
concentration of 1.8 M. The solution was centrifuged
(1500@, 15 min) and the supernatant applied to a phenyl-

Sepharose FPLC column (Pharmacia) equilibrated with

buffer D (10 mM sodium phosphate pH 7.0, 1 mM EDTA,
1 mM DTT, 0.5 mM PMSF) containing 1.8 M (NHjbSQ..
After the column was washed with this buffer, proteins were
eluted with a linear gradient of -8 M (NH,),SQ, in buffer

D. The fractions containing pure HMGa constructs were
identified by SDS-PAGE, and the (Ng).SO, was removed

MALDI/TOF system (Hewlett-Packard). The residual frac-
tions were analyzed by peptide sequence analysis using the
HP G1005A protein sequencing system (Hewlett-Packard).
Electrophoretic Mobility Shift AssayDNA-binding assays
with various amounts of the HMGa constructs and the linear
and circularized 78-bp fragment were performed as described
previously @9).
Circularization Assay A 20 uL reaction mix containing
30 mM Tris-HCI, pH 7.8, 10 mM MgG| 10 mM DTT, 0.5
mM ATP, the3P-end-labeled 116-bp DNA fragment [ob-

using PD-10 columns (Pharmacia). For a comparison, we tained by digesting pBluescript-SK witBsdHIl/ Xba, and

expressed full-length HMGa without a 6xHis-tagkn coli
using the plasmid pT7cm-HMGa. This protein was purified

creating blunt ends using the Klenow fragment of DNA
polymerase 1], and various concentrations of HMGa con-

by S Sepharose Fast Flow and ResourceQ chromatographiestructs was incubated for 10 min, before 1.2 units of T4 DNA
as described above. In none of the assays used in this repotigase (Fermentas) was added. The ligase reaction was
did we observe differences between the 6xHis-tagged HMGaterminated after 30 min at 1% by shifting the temperature

and the HMGa protein without 6xHis-tag. All the purified

to 70 °C for 15 min. Some samples were incubated with
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60 units of exonuclease Ill (Fermentas) at’®7for 30 min,
and then extracted with phenol/chloroform. The deprotein-
ized DNA was analyzed by electrophoresis in 5% polyacryl-
amide gels in 0.5< TBE, and the dried gels were autora-
diographed.

Supercoiling Assay Supercoiling assays with relaxed,
closed circular pBluescript in the presence of vaccina virus
topoisomerase | (provided by Dr. K. Schnetz) were per-
formed as described previous|$9).

Protein/Protein Cross-Linking For lysine-specific cross-
linking, the HMGa constructs were treated with 0.25 mM
of the homobifunctional reagent suberic acid Kisfydroxy-
succinimide ester=disuccinimidyl suberate, DSS) (Sigma)
from a freshly prepared stock of 25 mM in DMSGE).
Cross-linking was performed at 2C in the absence or
presence of supercoiled pBluescript in 50 mM Hepes/NaOH
pH 8.0, 0.1 mM EDTA, 10 mM MgGl 0.5 mM DTT.
Reactions were stopped by precipitation of the proteins with
25% (w/v) TCA as described above. The proteins were
analyzed by SDSPAGE and Coomassie staining.

For cross-linking of carboxyl with amino groups, the
HMGa constructs were treated with 5 mM 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide (EDC) (Pierce) from a
freshly prepared stock of 100 mM in,8. Cross-linking
was performed at 2EC in the absence or presence of
supercoiled pBluescript in 10 mM sodium phosphate, pH
7.0, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF. Reactions
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were stopped and the proteins analyzed as described abovq:IGURE 1: Schematic representation of the recombinant constructs

RESULTS AND DISCUSSION

Production and Characterization of Recombinant HMGa
Constructs and Their Affinity for DNACellulose. To
examine the role of the basic and acidic regions flanking
the HMG domain of HMGa in their interactions with DNA
and in the self-association of the protein, different HMGa
constructs were expressed i coli and purified (Figure
1A): the full-length protein HMGa(M1-E157); HMGa with
a truncated acidic tail, HMGa(M1-D134); HMGa lacking the
acidic tail, HMGa(M1-K123); HMGa lacking the acidic tail
and the basic linker region, HMGa(M1-Y109); HMGa
lacking the basic N-terminal domain, HMGa(G35-E157);
HMGa lacking the basic N-terminal domain and the acidic
tail, HMGa(G35-K123); and the individual HMG domain,
HMGa(G35-Y109). The purified recombinant proteins were
characterized by SDSPAGE (Figure 1B), MALDI/TOF

of the maize HMGa protein and SB®AGE analysis of the
corresponding proteins. (A) Schematic representation of the domain
structure of the HMGa protein from maizEda mays The HMG
domain is indicated by a hatched box, the acidic C-terminal domain
by a shaded box, and the basic N-terminal domain and the basic
linker region by open boxes. The protein constructs of HMGa that
were used in this study are shown below, and the relevant amino
acid positions are indicated. (B) SB®AGE of the recombinant
HMGa constructs that were expressed as 6xHis-tagged proteins in
E. coli and purified.

and insect HMG1-like proteins that differ from the corre-
sponding regions of plant HMG1-like proteins have been
reported to modulate the general affinity for DNA positively
or negatively, respectively2f—24, 5. In view of the
severe loss ofx-helicity in the central HMG domain (B
domain) of HMG1, when the N-terminal HMG domain (A
domain) is absenB(’, 57, 58, we compared the far-Uv CD
spectra of full-length HMGa and the construct lacking the

mass spectrometry, and N-terminal sequencing (data notbasic N-terminal domain (Figure 2B). The similar negative

shown).

The relative affinities of the HMGa constructs for long
double-stranded calf thymus DNA immobilized on cellulose
were measured. The proteins were bound to the BNA
cellulose in the absence of NaCl, eluted with stepwise
increasing NaCl concentrations, analyzed by SIP8GE,
and quantified (Figure 2A). Full-length HMGa (M1-E157)
and the HMG domain (G35-Y109) display an almost
identical affinity for the DNA-cellulose. The absence of
the acidic C-terminal domain (M1-K123) significantly

peak at 222 nm in the CD spectra indicates no significant
loss of helical structure in (G35-E157) when compared with
the full-length protein (M1-E157), suggesting that the
relatively low affinity of (G35-E157) for the DNAcellulose
might not be caused by structural distortion of the protein.
The negative effect of the acidic tail on DNAellulose
binding appears to be a nonspecific electrostatic effect, since
examination of chimeric HMGa proteins containing (instead
of the HMGa acidic tail) the acidic tail of rat HMG59) or
ChironomuscHMG1a (@9) that have a higher or lower

enhances the affinity of the protein, whereas the absence ofnegative charge, respectively, reveals that the reduction of
the basic N-terminal domain (G35-E157) reduces the affinity the affinity for DNA—cellulose does not require a specific
to a comparable extent, suggesting that the positive effectamino acid sequence, and that it is correlated to the negative
of the basic N-terminal domain and the negative effect of charge of the acidic tail (data not shown). Accordingly, the
the acidic C-terminal domain are balanced in HMGa. Basic negative effect of the acidic tail is less prominent with the
and acidic regions flanking the HMG domain in vertebrate construct (M1-D134) containing a truncated acidic tail, when
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it had been shown that the expression of the yeast HMG
domain proteins, the nuclear NHP6A, or the mitochondrial
HM, in mutantE. coli cells lacking the structurally unrelated
HU protein, partially restored the normal morphological
appearance of these cells, specifically in nucleoid condensa-
tion and segregation6Q, 61). Both yeast HMG1-like
proteins lack an acidic C-terminal domain. TBesubtilis
hbsgene encodes an essential chromatin-associated HU-like
protein termed Hbsu. A leaky mutatiohk4755) in the
Hbsu gene product (F47W, R55A) renders cells very
sensitive to the lethal effect of methyl methanesulfonate
(MMS) or 4-nitroquinoline-1-oxide (4NQO), when compared
to the control (bsA7) strain (F47W) §5).

To examine whether HMGa is involved in recombination-
dependent DNA repair, we expressed full-length HMGa (M1-
E157), the HMG domain (G35-Y109), the construct lacking
the basic N-terminal (G35-E157), and the construct lacking
the acidic C-terminal (M1-K123) domain in th& subtilis
hbs47(BG397) anchbs4755BG405) strains. The involve-
ment of the HMGa protein and its derivatives in recombina-
tion-dependent DNA repair was analyzed by exposing the
cells to the lethal effect of 10 mM MMS or 100 mM 4NQO.
TheB. subtilis hbd7 strain bearing plasmid or plasmid-free
was as sensitive to 10 mM MMS as was titss" strain (data
not shown), reinforcing the ‘wild-type’ characteristics of the
Hbsu F47W derivative55). The increased sensitivity of
the double mutant straimbs4755 to the lethal effect of both
MMS (Figure 3) and 4NQO (data not shown) is not affected
by the presence of the control plasmid vector (data not
shown). The 10 mM MMS dosage required to kill 90% of
BG405 cells (Dlyg) is about 15 min when comparedhbst7
or wild-type hbs" cells (= 150 min) (Figure 3A). The
presence of plasmid-borne Hbsu or of the HMG domain
(G35-Y109) in the BG405 backgrountist755) results in
the recovery of the MMSphenotype (DL > 150 min) (see
Figure 3B). The presence of the HMGa constructs (M1-
E157), (M1-K123), and (G35-E157) only partially comple-
ments the defect dibs1755 cells (DL 58, 50, and 67 min,
respectively) when compared to plasmid-free cells A5
min). After 45 min of exposure of the BG40BK{A755)

and eluted with stepwise increasing NaCl concentrations. The elutedstrain to 10 mM MMS, the viability drops about 335-

proteins were analyzed by SB®AGE and quantified. Each curve
represents the average of at least four different experiments. (B)
Far-UV CD spectra of HMGa(M1-E157) and HMGa(G35-E157).
The spectra were recorded a0 °C with measurements every
0.5 nm.

compared with the full-length protein (M1-E157) (Figure
2A). Unlike the vertebrate and insect protei@8,(24, 56,

the comparatively less basic region of HMGa (N110-K123;
net charget3) linking the HMG domain to the acidic tail
has only little effect on the affinity for DNA cellulose [cf.
(G35-Y109) and (G35-K123)]. In the following experiments
of this report, we will focus mainly on the four constructs:
full-length HMGa (M1-E157), the HMG domain (G35-
Y109), the construct lacking the acidic C-terminal domain
(M1-K123), and the construct lacking the basic N-terminal

fold. The viability of the BG405 strain drops only about
1.6—2-fold when Hbsu or the HMG domain are present, and
about 5-6-fold when the HMGa constructs (M1-E157), (M1-
K123), or (G35-E157) are present in the BG405 background
(see Figure 3B). Similar results were observed when the
cells were exposed to the lethal effect of 4ANQO (data not
shown). From these results, we can also infer that the
truncations of the HMGa constructs do not lead to any gross
distortion of the protein structure, when compared to the full-
length HMGa protein.

The chromatin-associated HU, Hbsu, and HMG1-like
proteins bind with high affinity to distorted double-stranded
DNA structures, or to single-stranded DNA containing breaks
or gaps B8, 55, 62-64). These distorted DNA structures
are thought to appear during DNA recombination and/or

domain (G35-E157), since these proteins gave the mostDNA repair processes and are the target of DNA repair

significant results (see below).

Involvement of HMGa Protein in Recombination-Depend-
ent DNA Repair The loss of the chromatin-associated HU
protein inE. coliis not lethal, but a large percentage of cells
in a growing population lose their chromosome. Previously,

proteins. In bacteria, chromatin-associated proteins (€.g.,
coli HU or B. subtilisHbsu) can facilitate DNA repair that
involves the removal of DNA damage$X, 64, 63. In
mammalian cells, however, HMG1 or a derivative without
the acidic C-terminal domain could either shield the adducts
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Ficure 3: Functional complementation of the HMGa constructs
in vivo. (A) DL, defined as the incubation time (in minutes)
required to kill 90% ofB. subtiliscells (BG397,hbst7; BG405,
hbg4755) upon exposure to 10 mM MMS. (B) Survival®fsubtilis
strains hb&A7; hbsA755; hbA755[pCB188-bornenbg; hbst755-
[PCB174-borne (G35-Y109)hbst755[pCB205-borne (M1-E157)];
hbst755[pCB204-borne (G35-E157)]; ahBs4755[pCB175-borne
(M1-K123)] following exposure to 10 mM MMS for the indicated
time.

from nucleotide excision repair66—68) or inhibit the
translesion synthesis of DNA cisplatin adduct®)( Our
results show that the full-length HMGa protein (M1-E157)
and derivatives without the basic N-terminal (G35-E157) or
acidic C-terminal (M1-K123) domains partially complement,
while the HMG domain (G35-Y109) fully complements the
defect ofhbs4755cells in the removal of alkyl groups or
purine adducts generated by MMS and 4NQO, respectively.
Itis likely that the DNA-binding and -bending HMG domain
of HMGa is (like Hbsu) involved in different DNA transac-
tions in B. subtilis including DNA repair (this work),
transcriptional regulation (unpublished results), and DNA
replication.

The Basic N-Terminal Domain of HMGa Is in Contact
with DNA In the previous section, we have shown that the
HMG domain of HMGa is sufficient to complement the
defect of a Hbsu mutant. However, the significant positive
effect of the basic N-terminal region of HMGa on the affinity
for DNA—cellulose (Figure 2A) suggested that this protein
domain might be directly involved in DNA binding. There-
fore, we performed limited trypsin digests of bona fide
HMGa (without the 6xHis-tag) either free in solution or
bound to supercoiled plasmid DNA, and analyzed the

resulting peptides by reversed-phase HPLC (Figure 4). Theshift assays.

peptides were identified by N-terminal sequencing and
MALDI/TOF mass spectrometry. The most prominent
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FiGure 4: The basic N-terminal domain of HMGa is protected
from tryptic digest when bound to DNA. Limited trypsin digests
of HMGa (without the N-terminal 6xHis-tag) were performed either
in the absence of DNA (top panel) or bound to supercoiled
pBluescript (bottom panel), and the resulting peptides were
separated by reversed-phase HPLC. The peptides were identified
by MALDI/TOF mass spectrometry and peptide sequencing. The
two peptides (S20-K33 and K31-K42) that are protected from tryptic
digest in the presence of DNA are indicated.

difference between the two digests is the appearance of the
two peptides S20-K33 and K31-K42, when HMGa was
digested in the absence of DNA, indicating that in the
presence of DNA this region of the protein is protected from
protease cleavage by close contact with the DNA. The
region S20-K33 is part of the basic N-terminal domain,
whereas the region K31-K42 is part of the basic N-terminal
domain and of the N-terminal extended strand of the HMG
domain. The extended strand of various HMG domains has
been shown previously to be critically involved in DNA
binding (11, 13-15, 3§. The basic N-terminal domain
which is a distinctive feature of plant HMG1-like proteins
(16) comprises residues M1-G35 in maize HMGa (net charge
+10). This region of HMGa could interact with the sugar
phosphate backbone of DNA, thereby greatly extending the
binding surface of the protein and enhancing the affinity for
linear DNA, in a way similar to that suggested for basic
regions situated C-terminally of HMG domains in other
proteins (3, 23, 24, 56, 70, 7)1

Structure-Specific DNA Binding of the HMGa Constructs
The structure-specific DNA recognition of HMGa constructs
was analyzed by comparing their binding to a circularized
78-bp DNA fragment relative to the corresponding linear
78-bp fragment of identical sequence. Increasing concentra-
tions of the proteins were incubated with a mixture of the
two 3?P-labeled DNA probes, and the formation of protein/
DNA complexes was analyzed by electrophoretic mobility
Full-length HMGa (M1-E157), the HMG
domain (G35-Y109), and the construct lacking the acidic tail
(M1-K123) bind with a strong preference for the DNA
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Ficure 5: HMGa constructs bind with strong preference to a DNA
minicircle relative to linear DNA. The indicated HMGa constructs
were incubated at increasing concentrations (1 nM, lanes 2; 5 nM,
lanes 3; 10 nM, lanes 4; 50 nM, lanes 5; 100 nM, lanes 6; 250 nM,
lanes 7; 500 nM, lanes 8;4M, lanes 9; 2uM, lanes 10, for M1-
E157, G35-Y109, and M1-K123); and (10 nM, lane 2; 50 nM, lane
3; 100 nM, lane 4; 250 nM, lane 5; 500 nM, lane &M, lane 7; -
2 uM, lane 8; 5uM, lane 9; 10uM, lane 10, for G35-E157) with
a3?P-labeled 78-bp fragment and tPi®-labeled 78-bp minicircle 2 8 9 10

of identical sequence. The samples were analyzed by polyacryla-
mide gel electrophoresis and autoradiography. Migration positions
of the linear and circularized 78-bp fragments in the absence of
protein (lanes 1) are indicated by | and c, respectively.

minicircle in this assay, as they form-3 distinct complexes
with the minicircle at 58-100-fold lower protein concentra-
tions in comparison to the linear 78-bp fragment, demon-
strating that the proteins interact structure-specifically with
DNA (Figure 5). Interestingly, the absence of the acidic
C-terminal domain does not enhance the affinity for the DNA
minicircle as observed for DNAcellulose (Figure 2A),
indicating that the recognition of this DNA structure is an
intrinsic property of the HMG domain. A very different
behavior is observed for HMGa lacking the basic N-terminal
domain (G35-E157) (Figure 5), since this construct has a
~50-fold reduced affinity for the DNA minicircle when
compared with the other constructs. In addition, (G35-E157)

G35-E157
TR
1 12 13 14 15 16 17 18

Ficure 6: HMGa constructs differ in their ability to modulate DNA
structure by bending and supercoiling. (A) Circularization assay
with the HMGa constructs and a 116-bp DNA fragment. e
labeled 116-bp fragment was incubated with increasing concentra-
tions of the indicated HMGa construct at protein concentrations of
100 nM (lanes 4, 7), 200 nM (lanes 5, 8), 400 nM (lanes 6, 9), and

10 nM (lane 10), 50 nM (lane 11), and 100 nM (lane 12). The
addition of T4 DNA ligase and exonuclease lll is indicated.

M1-K123

P et k|

forms only one complex with the minicircle which migrates peproteinized reaction products were analyzed by polyacrylamide
increasingly slowly at increasing protein input, whereas the gel electrophoresis and autoradiography. The migration positions

other constructs form several Specific Comp|exes_ The of the linear and circularized 116-bp fragment are indicated by I
abnormal migration of the complexes that (G35-E157) forms
with the 78-bp minicircle might possibly be due to a different
conformation of the DNA upon protein binding when
compared with the other HMGa constructs.

The HMGa Constructs Differ in Their Ability To Modulate

DNA Structure We have used a ligase-mediated circulariza-
tion assay with a short DNA fragment to analyze the ability

and c, respectively. (B) Supercoiling assay with plasmid DNA and
the HMGa constructs in the presence of topoisomerase |. Relaxed,
closed circular pBluescript was incubated in the presence of vaccina
virus topoisomerase | with increasing amounts (protein:DNA molar
input ratios: 10, 20, 40, 60 in lanes-8, 7—10, and 1114; 50,

100, 200, 300 in lanes 1518) of the indicated HMG construct.
The deproteinized DNA was analyzed by agarose gel electrophoresis
and ethidium bromide staining. The migration positions of relaxed
(r) and supercoiled (s) plasmid DNA are indicated.

of the HMGa constructs to promote DNA bending. Using
a 116-bp DNA fragment, we analyzed the efficiency of
various concentrations of the HMGa constructs to facilitate (G35-Y109)~ (M1-E157). In addition, (M1-K123) started
circularization of the fragment in the presence of T4 DNA to promote circularization of the DNA fragment at10-
ligase (Figure 6A). The identity of the circularized 116-bp fold lower protein concentrations than (M1-E157) and (G35-
fragment was evident from its resistance to exonuclease Il Y109). Hence, the basic N-terminal domain enhances the
treatment digesting linear products (cf. lanes 2 and 3), and DNA-bending activity which is an intrinsic property of the
from restriction enzyme digestion (data not shown). WhereasHMG domain, while the acidic tail has the opposite effect,
no circular products could be detected in the absence of theas observed for the binding to linear DNA. The basic
HMGa constructs, full-length HMGa, the HMG domain, and residues of the N-terminal domain could be envisaged as
HMGa lacking the acidic tail facilitated the formation of 116- interacting with the inside of the bend, thereby neutralizing

bp circles, albeit with different efficiencies: (M1-K123)
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FiIGure 7: The basic N-terminal and the acidic C-terminal domain
are involved in the self-association of HMGa. (A) The HMGa
constructs (as indicated) either free in solution or bound to
supercoiled pBluescript (100:1 protein:DNA molar input ratio) were
treated with DSS for the times indicated, and analyzed by-SDS
PAGE. (B) The HMGa constructs (as indicated) either free in
solution or bound to supercoiled pBluescript (100:1 protein:DNA
molar input ratio) were treated with EDC for the times indicated,
and analyzed by SDSPAGE. The migration positions of the
monomeric proteins are indicated (m).

the charge of phosphate groups.

induced bending72, 73. The DNA-bending activity of

other HMG domain proteins is enhanced by basic regions

situated C-terminally of the HMG domairb§, 70). No
circularization of the 116-bp fragment could be detected wit

(G35-E157), not even at 10-fold higher protein concentrations . . ) .
e Positive effect of the N-terminal basic domain on the cross-

(up to 4uM, data not shown), suggesting that the negativ
effect of the acidic C-terminal domain is even more

prominent in the absence of the basic N-terminal domain.

The negative effect of the acidic tail was also evident from
circularization experiments with shorter DNA fragments,
since full-length HMGa, for example, hardly mediated
circularization of a 78-bp fragment, whereas HMGa lacking
the acidic tail (and to a somewhat lower extent the individual
HMG domain) efficiently caused circularization of the 78-
bp fragment (data not shown).

The ability of the HMGa constructs to introduce supercoils

Such an asymmetric
phosphate neutralization could reduce repulsive interactions
of neighboring phosphates, and enhance the HMG domain-
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slightly in their efficiency to supercoil the plasmid DNA
(lanes 3-14). In contrast to these constructs, the supercoiling
activity of HMGa lacking the basic N-terminal domain (G35-
E157) is significantly reduced and require40-fold higher
protein input compared to the other HMGa constructs to
induce comparable supercoiling (lanes-1B).

The Basic and Acidic Domains Flanking the HMG Domain
Are Involved in the Self-Association of HMGaElectron
microscopy revealed that HMG1 can form oligomeric beads
when bound to DNA 22), and chemical cross-linking
confirmed the self-association in the presence of DN#).(

We used the two cross-linking reagents disuccinimidyl
suberate (DSS) and 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) to examine the self-association of the
HMGa constructs. The proteins, either free in solution or
bound to supercoiled plasmid DNA, were treated with the
homobifunctional lysine-specific cross-linking reagent DSS
for various times (Figure 7A). In the absence of DNA, there
was no evidence for cross-linked products, indicating that
the HMGa constructs were monomeric in solution. We
selected conditions of incomplete cross-linking that enabled
us to resolve the appearance of the first cross-linked (dimeric)
complex (seen above the monomers) in the presence of DNA,
whereas more extensive cross-linking led to a ladder of cross-
linked products (data not shown) similarly as observed with
the HMG domains of HMG156). When bound to DNA,

the HMGa constructs were cross-linked by DSS to different
extents, revealing the relative cross-linking efficiencies: (M1-
K123) > (M1-E157)~ (G35-Y109). Marginal cross-linking
could be detected with (G35-E157), however, only when

h 6-fold more extensive cross-linking was performed and the

protein:DNA ratio was doubled (data not shown). The

linking by DSS could be due to the greater proportion of
lysine residues; however, the more efficient acylation of
residues by the cross-linking reagent in (M1-K123) compared
to (G35-Y109) is only evident in the absence of DNA (seen
as increased electrophoretic mobility of protein monomers)
possibly because the lysine residues are largely protected
from modification in the presence of DNA. Alternatively,
the more efficient cross-linking could result from a larger
binding site when the basic N-terminal region is present
enhancing the probability of protein/protein contacts.

into DNA was compared by incubating increasing concentra-  To analyze possible interactions between carboxyl groups
tions of each protein with relaxed, closed circular plasmid and amino groups, we treated the HMGa constructs in the
DNA in the presence of vaccina virus topoisomerase I. All presence and absence of DNA with the cross-linking reagent
tested HMGa constructs display supercoiling activity in this EDC. In the absence of DNA, there were again no cross-
assay (Figure 6B), and the introduced supercoils proved tolinked products detectable (Figure 7B). In the presence of
be negative as evident from electrophoresis of the DNA in supercoiled plasmid DNA, cross-linked products were formed
the presence of chloroquine (data not shown). Full-length with (M1-E157) and (G35-E157). No cross-linking occurred

HMGa (M1-E157), the HMG domain (G35-Y109), and the with the HMGa constructs lacking the acidic tail, indicating

construct lacking the acidic tail (M1-K123) differ only that the carboxyl groups of the glutamate and aspartate

HMGa DNA-cellulose minicircle DSS EDC
construct binding binding circularisation supercoiling crosslinking crosslinking
M1-E157 +++ +++ + ++++4+ ++ +++
M1-D134 ++++ +++ ++ +++++ n.d. n.d.
M1-K123 +++++ +++ +++ +++++ +++ -
M1-Y109 ++++ +++ +++ +++++ n.d. n. d.
G35-E157 + + - + - + +
G35-K123 +++ +++ ++ +++++ n.d. n. d.
G35-Y109 +++ +++ + ++++ + + n. d.

Ficure 8: Summary of the relative activities of the HMGa constructs in the various in vitro assays.
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residues of the C-terminal domain are crucial for EDC cross- ACKNOWLEDGMENT
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