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Solution structure of the HMG-box domain in the SSRP1 subunit of FACT
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Biological context

Nucleosomes dynamically alter their conforma-
tions in response to transcription, replication,
repair and recombination processes. In recent
years, studies have revealed that facilitates chro-
matin transcription (FACT) might behave as a
histone chaperone (Belotserkovskaya et al.,
2004). FACT dissociates the histone H2A/H2B
dimers from the nucleosomes and thereby
facilitates RNA polymerase II transcription
(Belotserkovskaya et al., 2004). Biochemical and
genetic studies have shown that FACT associates
with many elongation related factors (Belotser-
kovskaya et al., 2004). Drosophila FACT binds
to a nucleosome and promotes GAGA factor-
directed chromatin remodeling (Shimojima et al.,
2003), highlighting its important roles in epige-
netic regulation for homeotic genes. The FACT
proteins, which are highly conserved in all
eukaryotes, form heterodimers consisting of two
subunits, structure-specific recognition protein-1
(SSRP1) and SPT16 (also known as CDC68).
The smaller SSRP1 subunit contains a High

Mobility Group (HMG)-box domain. The FACT
HMG-box domain (FACT-HMG) is categorized
in the non-sequence-specific HMG-box protein
group, which includes HMGB1, HMGB2 and
NHP6A. The intact FACT heterodimers also
interact with nucleosomes and DNA in a
sequence independent manner (Belotserkovskaya
et al., 2004).

The solution structures of free yeast homolog
NHP6A and the NHP6A-DNA complex, which
shared the FACT function, were already reported
(Allain et al., 1999). However, the structure of the
HMG-box domain belonging to SSRP1 has not
been determined yet. Here, we report the solution
structure of the HMG-box domain (dFACT-
HMG) in the SSRP1 subunit (residues 555–624) of
FACT from Drosophila melanogaster.

Methods and results

We used the same D. melanogaster FACT cDNA
as that in the previous study (Shimojima et al.,
2003). The HMG-box domain cDNA, encoding
residues 555–624 of the SSRP1 subunit of FACT
(dFACT-HMG domain), was cloned into the
pET28a vector between the NdeI and XhoI sites.
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The dFACT-HMGwas overexpressed in Escherichia
coli strain BL21 (DE3), grown on minimal media
containing 15NH4Cl (0.5 g/l) as the sole nitrogen
source, with or without [U)13C]-glucose (1 g/l) as
the sole carbon source, to produce the uniformly
15N- or 15N/13C-labeled protein. Protein expression
was induced at an OD600=0.6 by the addition of
IPTG to a final concentration of 1 mM. After Ni-
NTA column (Qiagen) purification, the sample was
treated with thrombin protease for 12 h (4 �C) to
cleave the His6-tag fragment. Finally, dFACT-HMG
was purified on a Hi-Trap SP-Sepharose cation ex-
change column (Amersham) by elution with a con-
centration gradient of 0–1 M sodium chloride. The
Gly, Ser, His and Met residues, which were derived
from the vector sequence, remained at the N-termi-
nus. To prepare the NMR sample, the purified
dFACT-HMG was dialyzed against 2 mM sodium
acetate buffer (pH 5.2) and was concentrated with
Centriprep-3 and Centricon-3 filters (Millipore). The
sample for the NMR experiment comprised 2.2 mM
of the dFACT-HMG protein in a buffer containing
90% H2O/10% D2O or 100% D2O.

All NMR experiments were carried out at
25 �C on Bruker DMX600 and DMX750 spec-
trometers. The sequence specific NMR backbone
assignment of the dFACT-HMG domain was
gained from the 3D HNCA, HN(CO)CA,
HNCACB and CBCA(CO)NH spectra. The
1H–15N HSQC spectrum of the dFACT-HMG
domain is shown in Figure 1. The amino acid
residue numbers 6–74 correspond to residues
556–624 of the SSRP1 subunit of Drosophila
FACT. All of the backbone signals were assigned,
except for that of amide proton of Gly1 and Ca of
Trp52. The intensities of the crosspeaks of some
residues (Trp15, Trp52, Asp54 and Ala55) were
very small in the 1H–15N HSQC spectrum. The
labels of these four residues are outlined in
Figure 1. The 3D HBHA(CO)NH, C(CO)NH,
H(CCO)NH, HCCH-TOCSY, HCCH-COSY, CCH-
TOCSY, CCH-COSY and 15N-edited TOCSY
spectra were used to assign sidechain resonances.
Aromatic sidechain assignments were achieved
from 2D TOCSY, NOESY and DQF-COSY. The
sidechain of Trp52 showed line broadening sig-
nals. The Leu and Val stereospecific methyl
assignments were obtained from the 13C constant-
time HSQC spectra of a 10% 13C-labeled sample
(Neri et al., 1989). The chemical shift assignments
were deposited in the BioMagResBank (accession

code BMRB-6469). All data were processed with
the NMRPipe program (Delaglio et al., 1995) and
were analyzed with the PIPP program (Garrett
et al., 1991) and an in-house, semi-automatic
backbone resonance assignment program, JASS
(Tate et al. unpublished), to accelerate the back-
bone assignment process.

Distance restraints were obtained from 2D
NOESY, 3D 15N-edited NOESY and 13C-edited
NOESY spectra with a 100 ms mixing time. The
inter-proton distance restraints were classified into
three categories by the NOE peak intensities,
corresponding to 1.8–3.0 (strong), 1.8–4.0 (med-
ium) and 1.8–5.0 Å (weak), respectively. The
amide protons that slowly exchanged with the bulk
water were detected with a series of 1H–15N HSQC
spectra. The distance restraints for the hydrogen
bonds were applied for slowly exchanging amides,
i.e. 2.8–3.4 Å for N–O and 1.8–2.4 Å for H–O
pairs. The backbone torsion angles were estimated
from the scalar 3JHNHa coupling constants

Figure 1. The 1H–15N HSQC spectrum of the dFACT-HMG
domain. The assignments of the backbone amide groups are
labeled. The residue numbers 6–74 correspond to residues 556–
624 of the SSRP1 subunit of Drosophila FACT. The sc labels
indicate sidechain peaks from tryptophans, asparagines or
glutamine residues. The labels surrounded by circular brackets
mean negative peaks resulting form aliasing. The labels
surrounded by squares are indicative of the crosspeaks with
relatively small intensities.
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derived from the J-modulation HSQC spectrum
(Kuboniwa et al., 1994) and the TALOS analysis
(Cornilescu et al., 1999). The 1DNH RDC spectrum
was measured in a 5% solution of C12E5/n-hexanol
(Ruckert and Otting, 2000), using the IPAP (in-
phase/anti-phase)-HSQC spectra (Ottiger et al.,
1998). At the first stage of the structural determi-
nation, we used the DYANA program (Guntert
et al., 1997), and then the structures were calcu-
lated using a standard simulated annealing pro-
tocol with CNS version 1.1 (Brunger et al., 1998).
The Da ()15 Hz) and rhombicity (0.6) values were
obtained for dFACT-HMG, through a grid search
by minimizing the total energy of the calculated
structures.

The solution structure of the dFACT-HMG
domain was determined on the basis of the

distance, dihedral angle and RDC restraints. The
NOE restraints of the Trp52 sidechain were
treated as ambiguous NOE restraints. The N-
(residues 1–4) and C-termini (residues 71–74)
were disordered, as judged from the heteronuclear
15N-{1H} NOE data (values <0.4) (data not
shown). A summary of the structural statistics for
the dFACT-HMG domain is shown in Table 1.
The 30 lowest energy structures from 100 initial
structures showed no distance violations larger
than 0.5 Å, and no angle violations larger than
5�. The Quality factor for the RDC was 12.1%.
The residues of these 30 structures show good
covalent geometries with well defined secondary
structures. A backbone view of the 30 final
structures of the dFACT-HMG domain is dis-
played in Figure 2a. The structures were overlaid

Table 1. Structural statistics for the dFACT-HMG domain

Restraints for structural calculation

NOE distance restraints 1530

Unambiguous 1511

intra-residue 484

sequential (|i)j|=1) 352

Medium-range (|i)j| <=4) 431

long-range (|i)j| > 4) 244

Ambiguous 19

Dihedral angle restraints 60

Hydrogen bonds 17

RDC restraints 54

RMSD from ideal stereochemistry

Bonds (Å) 0.0054±0.0002

Angles (�) 0.698±0.014

Impropers (�) 0.605±0.032

PROCHECK-NMR (Laskowski et al., 1996)

most favored (%) 80.4

additionally allowed (%) 16.3

generously allowed (%) 1.8

disallowed (%) 1.5

Coordinate Precision

RMSD from the average structure(Å)

5–70 backbone atoms 0.71

5–70 heavy atoms 1.63

11–25, 32–44, 50–68 backbone atoms 0.42

11–25, 32–44, 50–68 heavy atoms 1.32

Comparison between the lowest energy dFACT-HMG structure and the other HMG-box domain structures

dFACT-HMG (11–25, 32–44, 54–68) vs. NHP6A (27–40, 47–60, 71–85) 1.91 Å

dFACT-HMG (11–68) vs. HMG-D (11–68) 1.86 Å

dFACT-HMG (11–28, 29–47, 48–68) vs. HMGB1 A domain (14–31, 34–52, 55–75) 2.56 Å

dFACT-HMG (11–47,48–68) vs. HMGB1 B domain (13–49,52–72) 2.30 Å
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by a best-fit superposition of the backbone heavy
atoms of residues Ala11–Arg25, Val32–Lys44 and
Ser50–Arg68, which were located in the secondary
structural regions. The atom coordinates have
been deposited in the protein data bank (PDB
ID:1WXL). The structure consists of three a-
helices, composed of Ala11–Arg25, Val32–Lys44
and Ser50–Arg68. These helices are connected by
two loops, formed by residues Glu26–Lys31 be-
tween helices 1 and 2, and by residues Glu45–
Lys49 between helices 2 and 3. They jointly form
the typical L-shaped fold of the HMG-box do-
mains.

The backbone RMSD values between the
lowest energy dFACT-HMG structure and other
HMG-box domain structures are listed in
Table 1. In terms of the RMSD values around
2 Å, the dFACT-HMG is somewhat similar to all
of the other HMG-box domains. The surfaces
opposite from the DNA binding surface in
dFACT-HMG and NHP6A exhibit more nega-
tive charges than the others (Figure 3). The most
remarkable difference is represented in the left
column of Figure 3. In contrast, the correspond-
ing surface of HMG-D, with its high sequence
identity and conformational similarity to

Figure 2. Solution structure of dFACT-HMG. The N-terminal (residues 1–4) and C-terminal (residues 71–74) disordered tails are
removed for clarity. a, Ensemble of the final set of 30 lowest energy structures for the dFACT-HMG domain gained by best-fit
superpositions of the Ca, C, O and N backbone atoms of the helices. b, Stereoview of a ribbon diagram of the lowest energy structure.
The three residues that were broadened in the 1H–15N HSQC spectrum are colored in blue. The two tryptophans of the central major
hydrophobic core are colored in magenta. The four DNA binding residues are colored in cyan. These images were prepared using
MOLMOL (Koradi et al., 1996).
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dFACT-HMG, is covered by more positive
charges.

Discussion and conclusions

The intensities of the NH crosspeaks of Trp15,
Trp52, Asp54 and Ala55 in the 1H–15N HSQC
spectrum were relatively small (Figure 1), indicat-
ing that the mobilities of these residues are distinct
from those of the other residues. Three of the four
amino acid residues were located in the N-termi-
nus of helix 3 (Figure 2b). This result suggests that

helix 3 is dynamic in the intermediate time-scale.
Thus, it is likely that the FACT HMG-box domain
is more flexible than the other general HMG-box
domains. Consistent with this notion, NHP6A,
which shares the FACT function, is folded and
unfolded at 20 �C and 37 �C, respectively (Allain
et al., 1999). This unfolding at 37 �C is also easily
recovered by the addition of DNA.

The key residues of HMG-D for DNA binding
are Ser10, Met13, Val32 and Thr33 (Jones et al.,
1994). The corresponding residues of dFACT-
HMG are assumed to be Thr10, Met13, Val32 and
Thr33 (Figure 2b). Therefore, it is likely that the

Figure 3. Comparison of the electrostatic potential surfaces among the HMG-box domains. These images represent the molecular
surfaces of dFACT-HMG (this paper), NHP6A (Allain et al., 1999), HMG-D (Jones et al., 1994), and the HMGB1 A (Hardman et al.,
1995) and B (Weir et al., 1993) domains with their electrostatic potentials. The molecular orientation of dFACT-HMG in the left
column image is almost the same as that in Figure 2b. The central and right column images show the DNA binding interfaces.
Calculations were performed with GRASP (Nicholls et al., 1991). Red and blue denote regions of negative and positive electrostatic
potential, respectively (red < ) 5 kBT, blue >+5 kBT, where kB is the Boltzmann constant and T is the temperature in Kelvin).
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DNA binding modes are very similar between
dFACT-HMG and HMG-D, although their
molecular surfaces and the properties of their
hydrophobic cores remarkably differ.

A comparison of the electrostatic potential
surfaces among the non-sequence-specific HMGB
family shows the common character of both
dFACT-HMG and NHP6A (Figure 3), which
share the FACT function. It was reported that the
maize FACT-HMG domain interacts directly with
nucleosomes (Lichota and Grasser, 2001), and the
nuclease sensitivity of the NHP6A interaction with
nucleosomes has recently been characterized, in
order to examine how the nucleosome structure
was altered (Rhoades et al., 2004). These strikingly
negative charges, which are specific for the FACT-
HMG domain, may be ascribed to the interface
with other proteins, such as histone proteins or
basic regions within intact FACT subunits. These
results provide the first structural basis for further
studies on the structure-function relationships of
FACT. These pieces of structural information are
clues toward understanding the entire view of
chromatin remodeling by FACT.
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