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Thermodynamics of HMGB1 Interaction with Duplex DNA

Susanne Miler,* Marco E. Bianchi;, and Stefan Knapp¥

DIBIT, San Raffaele Scientific Instituteia Olgettina 58, 2032 Milano, Italy, and Pharmacia & Upjohn,
Discovery Research Oncology, Department of Structural Chemistry, Viale Pasteur 10, 200didridedtaly

Receied January 16, 2001; Resed Manuscript Recegéd May 29, 2001

ABSTRACT. The high mobility group protein HMGBL1 is a small, highly abundant protein that binds to
DNA in a non-sequence-specific manner. HMGB1 consists of 2 DNA binding domains, the HMG boxes
A and B, followed by a short basic region and a continuous stretch of 30 glutamate or aspartate residues.
Isothermal titration calorimetry was used to characterize the binding of HMGBL1 to the double-stranded
model DNAs poly(dAdT)(dTdA) and poly(dGdCG)YdCdG). To elucidate the contribution of the different
structural motifs to DNA binding, calorimetric measurements were performed comparing the single boxes
A and B, the two boxes plus or minus the basic sequence stretch 688 AB), and the full-length
HMGBL1 protein. Thermodynamically, binding of HMGB1 and all truncated constructs to duplex DNA
was characterized by a positive enthalpy change dCl%rom the slopes of the temperature dependence

of the binding enthalpies, heat capacity changes 01294 0.02 and—0.1054 0.05 kcal mott K1

were determined for box A and full-length HMGBL1, respectively. Significant differences in the binding
characteristics were observed using full-length HMGB1, suggesting an important role for the acid tail in
modulating DNA binding. Moreover, full-length HMGB1 binds differently these two DNA templates:
binding to poly(dAdT)(dTdA) was cooperative, had a larger apparent binding site size, and proceeded
with a much larger unfavorable binding enthalpy than binding to poly(d&dCHG).

HMG box proteins are all characterized by the presence B, and binding affinities to four-way junctions differ between
of a DNA binding domain of the HMG box typel{3). the two boxes (reviewed i, 9). Binding to four-way junc-
While one branch of this family is composed of sequence- tions occurs in an asymmetric fashion, with box A binding
specific DNA binding proteins such as the transcription factor in a structure-specific manner to the center of the junction,
lymphoid enhancer factor-1 (LEF1J)(or the sex determin-  whereas box B makes contacts along one of the double-
ing factor SRY B), another branch of the family, encom- stranded arms1Q, 1J. In the context of the full-length
passing the chromosomal proteins HMGB1 and -2, binds to protein, calorimetric data have shown that box A and box B
DNA in a non-sequence-specific mannéy. (HMGB1 was behave as independent domains and do not interact with each
previously known as HMG17).] The HMGB1 protein other. However, interactions occur between the acidic tail
contains 2 homologous DNA binding domains, the HMG and one of the boxed4®). In addition, the acidic tail reduces
boxes A and B, each around 75 amino acids in length, DNA binding affinity and supercoiling abilityd3, 14.
connected by a short linker region and followed by a stretch  High-affinity binding of HMGB1 has been demonstrated
of basic amino acids. The C-terminus is highly negatively to DNA with highly bent structures. Four-way junctions and
charged, consisting of a continuous stretch of 30 glutamateother distorted DNA structures such as cisplatin-modified
or aspartate residues. DNA are bound with dissociation constants in the range of

The two HMG boxes of HMGB1 show an identity of only  10-8—10-° M (15—-17), and a functional role of HMGB1
29% on the amino acid level. However, the global fold of potentially consistent with the binding to cruciform DNA
the HMG box is well conserved and is composed of three has been demonstrated for VDJ recombinatib®, (9. In
alpha helices (tlll) arranged in an L-like shape and sta- addition, HMGBL1 itself induces structural distortion into

bilized by two hydrophobic cores, as determined by structural double-stranded DNA, as shown by circularization assays
studies using single HMG boxe8)( Several structural and  (20).

functional differences between the two HMG boxes in
HMGB1 have been observed. In particular, the degree of
bending introduced into DNA upon binding is higher for box

Considering the high abundance of HMGBL1 in the cell,
other DNA species than the rarely occurring distorted forms
of DNA must serve as binding sites for HMGB1. Indeed,
HMGB1 has been shown to interact with and increase
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knockout mouse, which dies shortly after birth due to transformed colony was used to inoculate an overnight
hypoglycemia and shows a defect in the transcriptional culture grown in M9 medium complemented with 20 g/L
enhancement of the glucocorticoid recept®t)( casamino acids, 0.5% glycerol, 5 g/L yeast extract, 0.4%

Despite a large amount of knowledge concerning the glucose, and 10@g/mL chloramphenicol. Three hundred
binding of HMGB1 to discrete structured DNA motifs ~ Mmilliliters of the overnight culture was than used to inoculate
(reviewed in8), the binding characteristics of HMGB1 to @ 3 L culture in an AD 7 | autoclavable bioreactor
linear duplex DNA in solution have been poorly character- (Applikon). At an optical density OEs of 0.7, IPTG was
ized so far, probably due to the inherent difficulties in added to the culture to a final concentration of 0.5 mM.

assaying nonspecific DNA binding. Structural information Shaking was reduced to 15@00 rpm and growth temper-
of the HMGBZ1-like proteins irDrosophila(HMG-D) and ature to 23°C. Growth was continued for another 16 h. The
yeast (NHP6A) recently gave insight into the molecular Protein was processed as described above, and we obtained
aspects of HMG box binding to unmodified linear duplex 25 mg of pure full-length HMGB1. Protein concentrations
DNA (9, 22). However, the binding properties of full-length  Were determined spectroscopically using the method of Gill
HMGB1, as opposed to individual boxes, are still incom- and Hippel 5). The following extinction coefficients were
pletely understood. Indeed, the function of the acidic tail is used for the native protein: box Az = 9.98 x 10* M~*
still unclear as well as why mammalian HMGB1 and related M™% box B, €250 = 1.15 x 10* M~ cm™%; AB, AByy, and
proteins contain two HMG boxes whilrosophilaand yeast ~ full-length HMGBL, €50 = 2.14 x 10* M~* cm ™™,
HMGB1-like proteins contain only a single box. CD SpectroscopyCD spectra were recorded using a J-710
In this study, we used isothermal titration calorimetry (JaSco) spectropolarimeter and software provided by the

(ITC)* to characterize the thermodynamic aspects of HMGB1 manufacturer. Cuvettes with a 0.5 cm path length were used.
binding to double-stranded DNA. ITC offers a direct method E&ch spectrum was averaged using 4 accumulations and a
to study binding properties in solution by measuring heat S¢&n speed of 20 nm/min. Identical buffers were used in CD
effects upon association of a ligand with its binding partner @nd ITC experiments. _ o

and is the method of choice to study the thermodynamics of !Sothermal Titration CalorimetryCalorimetric measure-
molecular association in solution. To determine the signifi- MENtS were carried out at constant temperatures using a VP-
cance of the presence of two HMG boxes in HMGB1, we ITC titration calonmeterfrom MlcrpCaI Inc., N.orthampton,
compared measurements on the full-length protein with the MA- Samples were extensively dialyzed against the buffer
binding of single boxes A and B and of HMGB1 without US€d (50 mM Hepes, pH 7.5, 100 mM NaCl, 1 mM DTT).
the acidic tail (AB). The binding characteristics of full-length Al solutions were carefully degassed before the titrations
HMGBL differ significantly from those of single boxes, YSing equipment prowded Wlth the c_alpnmeter. Each titration
which are frequently used as models to characterize binding€*Periment consisted of a first (&) injection followed by

of the complete HMGB1. protein. Most importantly, a protein 10 uL injections. Heats of dilution were measured in blank
consisting of the two HMG boxes but missing the acidic titrations by injecting the ligand (protein in reverse titrations
tail does not reflect the binding characteristics of the full- ©f DNA in titrations) into the buffer used in the particular
length protein, suggesting an important role of the acidic experiment and were subtrgcted from the binding heats. The
tail in modulating DNA binding properties. Moreover, the double-stranded nucleic acids poly(dA«TTdA) and poly-

complete protein binds poly-AT with different binding (dGdC}(dCdG) were purchased from Pharmacia and used
c. Without additional purification. DNA concentrations were

characteristics and affinities as compared to poly-GC, ; \ h TP
suggesting that HMGB1 can adopt different modes of DNA Qe_term|ned §pectroph0tometr|cally using the extinction coef-
ficients provided by the manufacturer: poly(dAc{@TdA),

binding. X
€260= 13 200 M* (base pair)' cm™%; poly(dGdC)(dCdG),
MATERIALS AND METHODS €260 = 16 800 M* (base pair)! cm*. Poly(dAdT)(dTdA)
had an average length of 5 kb and poly(dGqa@fdG) of
Cloning, Expression, and Purification of Proteinshe 0.9 kb.

plasmids pRNHMG1/M1-V176 to express HMGB1 (AB), Binding isotherms were evaluated using a model for
pT7-HMG1bA encoding box A, and pT7-HMG1bB encoding  binding of noninteracting ligands to a lattice of ligand binding
box B have been described elsewh@®.(The plasmid pT7-  sites @6).

7-rHMG1cm encoding the full-length HMGBL1 protein was

a kind gift of Prof. J. O. Thomas (Cambridge). The construct VIl = Kg(1 — no)
pT7-HMGB1 AB., encoding amino acids -1187, was
created by replacing th&si—Hindlll fragment of the L
plasmid pT7-RNHMG1 Z4) with a PCR product between 'Lhefeqqatlo? is in the Sc?tﬁhalrd .formHKvAré@reepr%s'\(Iath
the primer pair 5SCATATGCATTCTTTGTGCAAACCT-  the fractional occupancy of the lattice [HMGBAhd[

3 and B-CCCCAAGCTTATTCCTTCTTTTTCTTG cTc-  Pase pairs] and. = [HMGBlJiee K is the association
3, cut with Nsil andHindlll. The structure of the construct constant andh is the number of base pairs covered by each

was verified by nucleotide sequencing. Expression and Iiganq. The reaction hedd, i_n the calorimet_rically sensed
purification of the single boxes and HMGB1 (AB) were solution volumeV,, at a particular value b is

performed as described previously, and HMGB1,ABas = ».[DNA JAH®,. V 2
purified accordingly 23). For the full-length protein, a freshly ? 1 nase patAHonsVo @)

1—ny |1
1-(n— l)u] @

whereAQ(i) is the observed enthalpy of binding sensed by

L Abbreviations: ITC, isothermal titration calorimetry; poly-AT, —the calorimeter by théth injection AQy). Corrections were
poly(dAdT)(dTdA); poly-GC, poly(dGdCG)dCdG). made for the displacement of solution in the calorimetrically
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sensed cell by each injection assuming fast mixing and
kinetics according to

i o
20 =0+ | XY —oi- 1) @)

whereAQ(i) is the heat release as a result of iteinjection
andV; is the injection volume. The equilibrium parameters
Kobs Nobs @NdAHZ, were determined using nonlinear least-
squares fits of the binding isotherm (eq 3) to the observed
heats using routines available within the Mathematica

program package (Wolfram Research), where the heat release

of theith injection @) was calculated using eq 2 and the
fractional occupancy of the lattice;] was calculated from

eq 1. Errors in the equilibrium parameters were determined
by comparing the fitted parameters of at least two indepen-
dent titration experiments for each experimental condition.
Changes in the free energiGo,9 and entropy €t TAS,9
upon binding were calculated from determined equilibrium
parameters using

- RTIn(Kobg = AGobs= AHobs_ TASobs (4)

Thermodynamic parameters determined in this study are valid

only under the specified solution condition, which is

indicated by the subscript “obs” throughout the paper.
Selection of the Binding Modélhe theoretical background

for the binding of nonspecific DNA binding proteins to large

double-stranded DNA molecules has been described for both

noncooperative and cooperative bindirR(27. Binding

isotherms measured using the single boxes A and B as well

as AB and AB; could be readily interpreted using a
noncooperative binding model. We were unable to improve
the quality of the fit using a model in which a cooperativity
parameter was include@®). Therefore, we concluded that
there is no justification using a more complex fitting model.
Also data measured on full-length HMGBL1 to poly-GC could
be fitted using a noncooperative binding model. However,
binding isotherms recorded using full-length HMGB1 and
poly-AT indicated a more complex binding behavior: In this

case, binding isotherms showed additional heat effects at high

saturation levels of the duplex DNA, indicating cooperativity.
However, we were unable to obtain improved fits of these
data using a cooperative binding model with a cooperativity
parametei = 1. It is therefore probable that the observed
additional heat effects are a result of other equilibria like

Mdiller et al.
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FIGURE 1: Schematic representation of the proteins used in this
study. Numbers indicate the expressed amino acids. HMG box A
is drawn in black, HMG box B in gray. The 30 amino acids
comprising the acidic tail of HMGBL1 are indicated with gray bars.
White areas show basic linker regions.
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Ficure 2: Experimental calorimetric data of the binding of box A
and box B to poly-AT duplex DNA. Titrations were performed at
15°C. The top panel shows the raw heat data obtained over a series
of injections of poly-AT into box A (upper curve) and box B (lower
curve). Dilution heats measured by titrating poly-AT into the
corresponding buffer were in the range of the heat effects observed
at the end of the titration (not shown). The integrated heat signals
of the data shown in the top panel of the figure gave rise to the
binding isotherm shown in the lower panel. The solid line represents
a calculated curve using the best-fit parameters obtained by a
nonlinear least-squares fit. Integrated heat signals measured using
box B are shown as solid squares, and those using box A are shown
as open circles. To make figures comparable, all ITC data were
displayed as reverse titration showing binding heats orytheis
and the ratio [protein/DNA] on thg-axis.

structural changes, self-assembly, or both. Since to date no Binding of the Single Boxes A and B to Duplex DNlAe

data are available on the structure of full-length HMGBL1 in

thermodynamics of the interaction of the single HMG boxes

solution that could assist us to find a more suitable binding A and B with duplex DNA were analyzed using isothermal

model, we also fitted these binding isotherms with a

titration calorimetry. In the temperature interval used for

noncooperative binding model. However, as a consequencepingding studies (1827 °C), HMGB1 has been reported to

the reported binding constants and thermodynamic param-

eters report apparent rather than intrinsic values. A working
hypothesis that would explain the observed calorimetric and

be completely folded12). In the experiments performed,
DNA was titrated into a solution of box A or box B,
respectively. The binding isotherm is characterized by an

spectroscopic data measured on HMGBL is presented undefpjtia| strong heat uptake that decreases when the binding

Discussion.

RESULTS

sites on DNA become saturated. In the last injections of each
titration, only dilution heat effects were observed. Figure 2
shows the heat effects of 25 subsequent injections of poly-

The polypeptides used in this study are shown in Figure AT into solutions of box A and box B, respectively. A

1, and were purified as described under Materials and
Methods.

nonlinear least-squares fit of the binding curves provided

values for the number of base pairs covered upon association
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Table 1: Binding of Single HMGB1 Boxes to Duplex DNA

T AHops TASbs AGobs KBg,obs no. of
(°C) (kcal/mol) (kcal/mol) (kcal/mol) (x1°M™1)  ngps  expts
Box A Binding to Poly-AT
15 47+0.3 127404 -80+04 12+04 49+05 5
Box A Binding to Poly-GC
15 2.4+0.7 105+£05 —-81+0.2 13+06 53+04 2
Box B Binding to Poly-AT

15 8.3+0.6 16.9+04 —-7.5+0.2 05+0.15 55+04 3
Box B Binding to Poly-GC

15 3.8+04 109+04 —7.1+£04 0.3+£0.15 49+05 2

Table 2: Binding of AB and AB to Duplex DNA

T AHops TASops AGops KB.obs no. of
(°C) (kcal/mol) (kcal/mol) (kcal/mol) (x10PM1) Nobs expts
AB Binding to Poly-AT
15 17.1+£3.0 249+25 —7.8+£05 29+05 119+02 5
AB Binding to Poly-GC
15 141+ 05 229+0.3 —8.8+0.5 39+05 10.0+£0.1 2
ABp Binding to Poly-AT
15 21.8+0.3 30.0+0.3 —8.2+0.3 19+0.3 154+05 2
ABy Binding to Poly-GC
15 28.7+0.8 37.8£0.8 —9.1+0.8 85+0.7 10.0+£0.1 2

(noby, the equilibrium constantkg on9, and the change in
enthalpy AHq,). The binding of box A to poly-AT at 15
°C is characterized bi(g ops= (1.24= 0.4) x 1P M™%, AHgps

= 4.7 + 0.3 kcal/mol, andne,s—= 4.9 £ 0.3 (Table 1).
Comparable affinity and binding thermodynamic equilib-
rium parameters have been obtained for binding to poly-
GC, with a slightly smaller heat uptake of 244 0.7 kcal/
mol (Table 1).

As already observed in the case of measurements carriecf

out using box A, also binding of box B to duplex DNA was
found to be unspecific, and similar affinity constants were
determined for poly-AT and poly-GC [(0.% 0.15) x 1(°
M~1and (0.3%£ 0.2) x 10 M1, respectively]. Also in this

case, binding is an entropically driven process, but the

unfavorable binding enthalpy is considerably larger @&.3
0.6 and 4.7+ 0.3 kcal/mol for box B and box A,
respectively). The affinity of box B to duplex DNA was
found to be about 3 times lower when compared to box A.

Biochemistry, Vol. 40, No. 34, 200110257

The binding site covered upon binding was found to be larger
than in the case of ABngps = 15.4 £ 0.5 versus 11.9
0.2). At 15°C, binding enthalpy changes were large and
positive and about 3 kcal/mol more unfavorable than in the
case of AB. AR bound with about 2-fold higher affinity to
poly-GC than AB. The binding is also noncooperative and
strongly opposed by enthalpy (28.7 kcal/mol).

Binding of Full-Length HMGB1 to Duplex DNAinding

of full-length HMGBL1 to duplex DNA showed a number of
very interesting features, in particular when poly-AT was
used as a substrate. Direct titration experiments (titrating
poly-AT into HMGB1) gave rise to a more complex binding
isotherm with a curvature typically observed for ligands with
positive binding cooperativity (Figure 3A). These additional
heat effects at high saturation levels of this model DNA were
observed in all experiments using poly-AT and full-length
HMGBL1. Also in reverse titrations (titrating HMGBL1 into
poly-AT), small additional heat effects were observed when
the lattice was almost completely saturated (Figure 3B).

However, we did not succeed in improving the quality of
the nonlinear least-squares fits using a model in which a
cooperativity parameter() was included, and values far
remained around 1. As a consequence, the reported binding
constants and thermodynamic parameters for the binding of
full-length HMGBL1 to poly-AT have to be considered as
apparent rather than intrinsic binding constants. Noncoopera-
tive binding was observed using poly-GC, and the measured
data could be represented well by the noncooperative binding
model (Figure 3C).

Comparing binding of full-length HMGBL1 to the two
model substrates, a second very interesting aspect is the small
ositive binding enthalpy of only 4.& 0.5 kcal/mol at 15
C observed using poly-GC. It is interesting to note that this
enthalpy change is similar to the one measured using only a
single HMG box. On the other hand, binding of AB to poly-
GC results in a large positive enthalpy change of 1#.1
0.5 kcal/mol. Using poly-AT as a substrate, apparent binding
enthalpy changes were comparable to those determined for
AB and ABy, respectively.

Finally, binding of full-length HMGBL1 to poly-AT and
poly-GC differed also significantly in the observed binding

Using poly-GC as a substrate, binding of box B was less Site length. Using poly-AT, the observed binding site length

enthalpically unfavorable than to poly-AT.

Binding of AB and AR to Duplex DNA.Combining the
two HMG boxes in the construct AB (residues-176)
resulted in an increase in binding affinity [(28 0.5) x
10°M~Tand (3.9£ 0.5) x 10 M™%, for poly-AT and poly-
GC, respectively; Table 2]. Binding enthalpy changes
measured at 18C using AB were large and positive for

increased steadily with increasing size of the protein from
4.9+ 0.5 for a single box to 11.9- 0.2 for AB, 154+ 0.5

for ABy, and 19+ 1 for full-length HMGB1, whereas in
measurements where poly-GC was used the apparent binding
site size remained constant for AB, APand the full-length
protein.

Thus, thermodynamic data measured on the binding of

both poly-AT and poly-GC (Table 2). However, binding to different HMGB1 constructs to the different types of model
poly-GC showed an about 3 kcal/mol less unfavorable duplex DNA (poly-AT and poly-GC) clearly indicate that
enthalpy contribution to the binding free energy change than truncated versions of HMGB1 have different binding proper-

observed in the case of poly-AT.

The two HMG boxes in HMGBL1 are linked with a stretch
of basic amino acids with the C-terminal acidic tail. The
importance of these linker residues for binding to DNA has
been pointed out in the case of tl@rosophila protein
HMG-D (28) as well as HMGB1/22Z9—-31). The construct
AB was therefore prolonged to include the entire basic tail
(ABpy). ABy: binding to poly-AT occurred with similar
affinity and in an essential noncooperative way (Table 2).

ties in solution than the full-length protein. In addition,
binding of full-length HMGB1 to G/C-rich sequences differs
significantly from binding to A/T-rich sequences in binding
enthalpy, binding constants, and binding site size. Modulation
of binding characteristics by the acidic tail also becomes
apparent when comparing binding affinities to poly-AT and
poly-GC. Whereas AR binds poly-GC with higher affinity
than poly-AT, the opposite is the case for the full-length
protein.
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Ficure 3: ITC data of the binding of full-length HMGB1 to duplex DNA. Shown are a titration (A) and a reverse titration (B) using
poly-AT as well as a titration using poly-GC (C). The figure has been generated in the same way as described in the legend of Figure 2.
A noncooperative binding model was used to fit data. However, binding cooperativity is obvious in (A). An arrow indicates the small
additional heat effects as a result of binding cooperativity in (B). Binding to poly-GC is clearly noncooperative. The results of the least-
squares fits are summarized in Table 3.

] A J Table 3: Binding of Full-Length HMGB1 to Duplex DNA
30+ @ e @il 8. .- 1 T AHobs TAS)bs AGobs KB,obs no. of
(°C) (kcal/mol) (kcal/mol) (kcal/mol) (x10°M~1) Nobs expts
201 P - E - -
5 . e ] Full-Length HMGB1 Binding to Poly-AT (Titratiorf)
E 10- i 15 18.8+0.3 27.5£05 —86+05 35+0.7 208+06 3
§ | 20 18.6+£0.3 27.3:0.3 —8.7+0.3 29+03 182+04 1
0- i 25 18.0+£0.2 27.1+04 —9.1+04 44+05 181+04 1
27 175+0.3 26.6+-0.6 —9.1+0.6 4.3+£0.8 180+05 1

404 A Ao Ak Full-Length HMGBL1 Binding to Poly-AT (Reverse Titratich)
20 18.8+0.3 26.9+0.3 —8.1+0.3 1.0+0.2 21.0+06 2

12] wteseat e, o B 25 19.6+0.4 28.2+0.4 —854+0.3 1.1+04 19.3+05 1
Full-Length HMGBL1 Binding to Poly-GC (Titration)
8+ 15 4.3+05 11.740.3 —7.44+0.3 0.5+0.3 9.8+04 2
E 44 14.*-—'—‘—-—._-_\____._“ aBinding isotherms of full-length HMGBL1 to poly-AT have been
= 4] fitted using a noncooperative binding model. As a consequence, the
2 07 reported binding constants are therefore apparent and not intrinsic
44 binding constants (see text).
-8—- ‘”“"A"‘r-A—~‘--A--A-A~-‘...A..A.AKAA,_, L
- 245 and 300 nm, CD spectra of DNA were not significantly
286 288 290 292 294 296 298 300 302 affected by the spectral contribution of the protein, and the
Temperature (K) recorded spectra therefore report structural changes of the
FiGURe 4: Temperature dependence of the determined thermody- DNA only.
namic parameters. (A) Changes in binding enthally, entropy The CD spectrum of poly-AT is characterized by a strong

(TAS (@), and free energya) upon binding of full-length HMGB1  hagative signal at 247 nm and a broad maximum around

to poly-AT as functions of temperature as well as linear least- - . -
squares fits of these data. (B) Temperature dependence of the?0> NM (Figure 5A). Upon saturation with full-length

measured thermodynamic parameter of box A binding to poly-AT. HMGB1 or with the single boxes A or B, the maximum at
Identical symbols have been used as in Figure 4A. 265 nm is blue-shifted (262 nm) and the CD signal is reduced

between 262 and 300 nm. We observed no large differences

Temperature Dependence &AHq,s upon Binding of Box between full-length HMGB1 and its C-terminally truncated
A and HMGB1 Enthalpy changes upon binding of full-length  versions. Changes observed in the CD spectra of poly-AT
HMGBL1 and box A to poly-AT were only weakly temper- upon saturation with HMGB1 occurred already at low
ature dependent (Figure 4, and Table 3). From the slopes ofsaturation levels (10%) and did not change significantly when
the temperature dependence of the binding enthalpies, a heatore binding sites were occupied by full-length HMGB1
capacity change 0f-0.13 + 0.02 kcal mot! K1 and of (Figure 5B).
—0.10 & 0.05 kcal mot! K~! was determined for box A The CD spectra of poly-GC showed a strong negative
and full-length HMGB1, respectively. The temperature signal at 252 nm and a broad maximum around 273 nm with
dependence was essentially linear withRwalue of 0.95 a shoulder at 287 nm (Figure 5C). The CD spectra of poly-
for full-length HMGB1 and 0.82 for box AAGgpsdecreases  GC did not change significantly upon saturation with box

slightly with increasing temperature by 4310 and 75+ A, which resulted only in a slight reduction of the measured
15 cal mot! K™ per degree for full-length HMGB1 and CD signal between 270 and 300 nm. Interestingly, binding
box A, respectively. of full-length HMGB1 and box B led to a significant increase

CD SpectraCD spectroscopy was used to detect structural of the CD signal at 285 nm. In addition, the maximum at
changes in DNA upon binding of full-length HMGB1 and 273 nm is red-shifted. The similarity of the CD spectra
its single boxes A and B (Figure 5). In the region between obtained with full-length HMGB1 and box B suggests that
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Ficure 5: CD spectra monitoring conformational changes in DNA upon saturation with HMGB1 and its single domains. (A) Spectral
changes upon binding of HMGB1 and box A/B to poly-AT. Shown are spectra of poly-AT (straight line), full-length HMGB1 only (dotted
line), poly-AT saturated with box A (dastdot line), poly-AT saturated with box B (gray dashed line), and poly-AT saturated with full-
length HMGB1 (light gray short dashed line). (B) Dependency of the CD spectra of poly-AT (straight line) on the level of saturation with
full-length HMGB1. Shown are spectra with saturation levels of 10% (gray dashed line), 50% (light gray short dashed line), and 100%
(dash-dot line) and full-length HMGBL1 only (dotted line). (C) Spectral changes upon binding of HMGB1 and box A/B to poly-GC.
Shown are spectra of poly-GC (straight line), full-length HMGBL1 only (dotted line), poly-GC saturated with box A-@zdine), poly-

GC saturated with box B (gray dashed line), and poly-GC saturated with full-length HMGB1 (light gray short dashed line).

the structural changes of this model DNA induced upon DNA. These long DNA substrates minimize problems such
binding of these two proteins are similar, and differ from as structural fluctuations due to fraying of end base pairs,

those induced upon binding of box A. common to small double-stranded oligonucleotides. In ad-
dition, longer DNA stretches allow the detection of coop-
DISCUSSION erativity. The theoretical aspects of cooperative and nonco-

Considerable numbers of structural and thermodynamic OPerative binding of nonspecific DNA binding proteins have
studies have been carried out in recent years in order toP€en elaborated a considerable time &f).(It is therefore
characterize the binding of sequence-specific DNA binding SUrPrising that these models have only rarely been used in
proteins. In contrast, thermodynamic studies of non-sequencePractical applications using titration calorimetrg( 33.
specific DNA binding proteins have rarely been reported due YSing the McGee and von Hippel model for the calculation
to the difficulties in studying those systeng2( 33. Several of binding affinities in solution, we find that the affinities
groups have circumvented the problems concerning non-Of HMGBL for duplex DNA (Table 3) lie between the
sequence-specific binding by using small oligonucleotides €xtreme values reported for SPR studies using either a
that are only able to accommodate one protein molecule. Nydrophilic or a hydrophobic grid3, 37. Dissociation
However, such an analysis still assumes that binding at constants for full-length HMGB1 binding to linear duplex
different positions on this small DNA stretch is thermody- PNA are in the low micromolar range and are considerably
namically identical, an assumption that is unlikely to be met 1arger than dissociation constants of sequence-specific HMG
in reality because of end-effects. Previous studies on DNA POX proteins; for example, the HMG box in Sox5 binds with
binding affinities of HMGB1 or HMG boxes to double-  2-2 % 10°% M affinity (38).
stranded DNA have used DNA mobility shift assays or sur- HMGBL1 binds to highly bent DNA substrates such as four-
face plasmon resonance (SPR) measuremaits3¢—36). way junctions and cisplatin-modified DNA with dissociation
Binding affinities obtained using the latter method differed constants in the range of 18-10"° M (15—17). However,
considerably depending on the surface of the chip used tothese distorted DNA forms occur only rarely in the cell, and

immobilize the oligonucleotides, and range fritg = 4.3 the main biological role of HMGB1 must involve binding
x 1076 M using a charged matrix t§p = 2.01 x 108 M to B-DNA. The concentration of HMGB1 in mammalian
using a hydrophobic matrix3(, 37. nuclei is in the micromolar range, and furthermore HMGB1

In the present study, we have characterized the bindinginteracts with several DNA binding proteins that are likely
of HMGB1 to long DNA stretches in solution using O recruit it to DNA. Thus, the binding affinity of HMGB1
isothermal titration calorimetry. Our analysis of the binding for linear DNA is probably sufficient to engage a significant
isotherms assumes that the observed binding heats ardraction of the HMGB1 pool with B-DNA in vivo.
proportional to the binding density. In calorimetric measure- A typical thermodynamic feature of nonspecific DNA
ments, the observed heat signal originates from all binding binding is the small heat capacity changec o9 that occurs
events. However, different binding modes that are energeti- upon association3Q, 40. Also in the case of HMGB1 a
cally similar or that occur with enthalpy changes close to 0 very small heat capacity difference 6f0.10 + 0.05 kcal
may exist. The determined thermodynamic data are thereforemol™* K~ for full-length HMGB1 and—0.13 4 0.02 kcal
only valid assuming that the above-mentioned assumptionmol™* K~ for box A was determined, whereas binding of
is true. Self-association of the protein boxes A and B as well the sequence-specific HMG box in mouse Sox-5 to its
as AB and ARy in solution was ruled out using analytical recognition sequence gave rise to a heat capacity change of
ultracentrifugation experiments that showed that these pro-—0.956 kcal mot! K1 (38). AC, ousis related to the change
teins are entirely monomeric under the solvent conditions in solvent-exposed surface area upon complex formation
used (data not shown). (41—43). Unfortunately, no structural information is available

We have chosen the two B-DNA substrates poly-AT and for a complex of HMGB1 with unmodified duplex DNA.
poly-GC as a model system for the binding of HMGB1 and However, comparing\C, opsOf full-length HMGB1 and box
its truncated derivatives to A/T- and G/C-rich linear duplex A indicates that a simple surface area relation is not obvious,
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since full-length HMGBL1 is expected to cover a significantly =~ Cooperative binding: polv (dAdT)~(dTdA)
larger surface area upon binding than box A alone.

Single HMG boxes bind to DNA with affinities close to
106 M and occupy about 5 base pairs. As expected, the
boxes have no affinity preference for poly-AT or poly-GC.
Box A binds much more tightly to linear duplex DNA than
box B. The weaker affinity of box B for double-stranded
DNA is a result of the larger unfavorable binding enthalpies.
In addition, binding enthalpies for box A and B are larger
using poly-AT than poly-GC.

The covalent linkage of the single boxes in AB results in
the doubling of the size of the binding site. The binding
affinity for DNA also increases with respect to single boxes, Figure6: Model of the mechanisms of HMGB1 binding to poly-
but not as much as expected for a bidentate versus aAT and poly-GC. The number of base pairs covered by the two
monodentate binding mode. Furthermore, the basic regionDNA binding domains correspond to those measured in the ITC
that flanks box B has been reported o enthance DNA binding, SP8nents. Fr egsors of e, e benen of e spen
superc0|I|.ng, and bending aqt|V|t|e$éD. Hovyeyer, for p(_')ly- shown as a gray line. For details of the figure, see description in
AT, we did not observe an increase in binding affinity for the text.

ABy;, that contains the entire basic region flanking the B

domain, but simply an increase in size of the apparent bindingthe high effective concentration of HMGB1 on DNA at
site by about 3 base pairs. Using poly-GC, the affinity saturation, the weak interaction that can be measured in
increased about 2-fold when compared to AB. solution will be very effective on a monodimensional lattice.

The presence of the acidic tail in full-length HMGB1 Thus, the observed additional heat effects arise most likely
modulates significantly its binding properties for duplex as a result of a direct interaction between different HMGB1
DNA. Our studies on full-length HMGBL1 reveal significant molecules that stabilize complex formation.
differences in binding to poly-AT and poly-GC. Particularly, No cooperativity has been observed using poly-GC. Thus,
there are significant differences in the apparent binding site in this case, the acidic tail does not interact with its nearest
size, binding enthalpy, and cooperativity. neighbor on the linear DNA but interacts most likely

Binding isotherms measured using poly-AT as model DNA intramolecularly with one of the boxes. In addition, the
revealed a more complex association behavior. The observedinding site size does not increase when the construct AB is
curvature of the binding isotherms is typically observed for extended further. CD data indicate that conformational
cooperative binding of ligands. Likewise, positive cooper- changes in poly-GC upon binding of full-length HMGB1
ativity has been observed for a number of nonspecific DNA are similar to those observed for domain B alone. We propose
binding proteins including the single-strand binding protein that when full-length HMGB1 binds to poly-GC, only
SSB @5) as well as the bacteriophage T4 gene 32 and 5 domain B is in contact with the DNA, while box A remains
proteins 46). blocked by the acidic tail. This hypothesis is supported by

Cooperativity is a thermodynamic parameter that reflects similar binding enthalpies measured for box B and full-length
the influence of one bound ligand on the binding affinity of HMGB1. When binding to A/T-rich sequences such as poly-
a second, and is a result of proteiprotein interactions and/ AT, the intermolecular interaction of the tail is disrupted and
or short-range conformational changes that are induced inboth boxes bind the DNA. The tail is free to interact with
the DNA upon binding of a ligand. However, we did not the neighboring box A, resulting in the observed cooperat-
succeed in determining the cooperativity parameb@sing ivity and the larger apparent binding site size.

a cooperative binding model2§). Thus, probably the Taking these data together, the following mechanisms of
molecular events that take place upon association of full- HMGB1 binding to linear duplex DNA can be envisioned.
length HMGBL1 with poly-AT are not compatible with this We postulate that in solution the acidic tail interacts with
binding model. From the data presented here and thosedomain A. In the case of an already distorted DNA structure
published earlier, we can speculate on the mechanisms oflike a four-way junction or cisplatinated DNA as a substrate,
the binding of HMGBL1 to poly-AT and poly-GC. First, the box A binds directly to this high-affinity site whereas box
observed additional heat effects require the presence of theB binds to the adjacent double-stranded DNA. When the
acid tail, since they were absent in measurements using ABsubstrate is a linear DNA strand, domain B binds first and
and AB,. It has been demonstrated earlier that the C-terminal bends strongly the double helix by intercalation of several
acidic taill modulates an intramolecular conformational residues. Box A binds next and thereby releases the acidic
change involving SH groups within HMGB118). In tail. This second binding event, however, occurs only when
addition, a calorimetric analysis of the melting behavior of the DNA substrate is easily distorted, as is the case for A/T-
the single domains, AB, and full-length HMGB1 demon- rich sequences. More rigid DNA forms such as G/C-rich
strated that the acidic tail interacts with one of the boxes, sequence stretches are only bound by box B. The postulated
stabilizing the interacting domain by about 2.5 kcal/mol, model is depicted in Figure 6.

whereas the noninteracting domain is destabiliZ&d). (The The tail by itself does not interact with DNA, but can alter
tail—box interaction may occur between molecules, as well the binding properties. Depending on the flexibility of the
as intramolecularly. A recent sedimentation velocity analysis target DNA site, one or both HMG domains interact with
has shown that the predominant form of HMGBL1 in solution DNA. In the two different binding modes, the acidic tail is

is monomeric, but about 7% exists as dimetg)( Due to either released or still interacts with box A. Once released,
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the acidic tail may also interact with neighboring molecules 16.
such as histones or transcription factors. This sequence-
dependent binding of HMGBL is likely to have functional

significance, as some sequence specificity has been reported™

for HMGBL1 in enhanceosome assemb#s)
Within the family of nonspecific HMG proteins, HMGB1

has the longest acidic tail (30 amino acids) and HMGB3 the
shortest (24 amino acids). The length and the sequence of 20
the tail are extremely conserved across species. Because of
the larger size, the tail of HMGB1 should reach further than
that of HMGBS, providing differences in DNA and protein

binding preferences between the two proteins.

Even though the proposed mechanisms of HMGB1 bind-
ing to duplex DNA need to be confirmed by further studies,
they explain readily the measured calorimetric and spectro-
scopic data and offer an explanation both for the duplication
of the HMG domain (whereas only a single box is present
in yeast and plant HMG-like molecules) and for the presence
(and tight evolutionary conservation) of the acidic tail in
vertebrates. It has been pointed out that the efficiency of
HMGBL1 in inducing looping and supercoiling is modulated

by its acidic tail: its presence results in &3-fold reduction
in both DNA binding affinity and supercoiling abilityl 3,
14). In the Drosophilahomologue HMG-D, the acidic tail
modulates the structural selectivity of DNA binding8}.

Our studies confirm and extend the function of the acidic

tail in modulating DNA binding by HMG proteins.
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