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p-Arm flexibility of HU from Staphylococcus aureus
dictates the DNA-binding and recognition

mechanism

HU, one of the major nucleoid-associated proteins, interacts
with the minor groove of DNA in a nonspecific manner to
induce DNA bending or to stabilize bent DNA. In this study,
crystal structures are reported for both free HU from
Staphylococcus aureus Mu50 (SHU) and SHU bound to
21-mer dsDNA. The structures, in combination with electro-
phoretic mobility shift assays (EMSAs), isothermal titration
calorimetry (ITC) measurements and molecular-dynamics
(MD) simulations, elucidate the overall and residue-specific
changes in SHU upon recognizing and binding to DNA.
Firstly, structural comparison showed the flexible nature of
the B-sheets of the DNA-binding domain and that the B-arms
bend inwards upon complex formation, whereas the other
portions are nearly unaltered. Secondly, it was found that the
disruption and formation of salt bridges accompanies DNA
binding. Thirdly, residue-specific free-energy analyses using
the MM-PBSA method with MD simulation data suggested
that the successive basic residues in the S-arms play a central
role in recognizing and binding to DNA, which was confirmed
by the EMSA and ITC analyses. Moreover, residue Arg55
resides in the hinge region of the flexible S-arms, exhibiting a
remarkable role in their flexible nature. Fourthly, EMSAs with
various DNAs revealed that SHU prefers deformable DNA.
Taken together, these data suggest residue-specific roles in
local shape and base readouts, which are primarily mediated
by the flexible B-arms consisting of residues 50-80.

1. Introduction

The genetic material should be folded for storage in ways that
are compatible with DNA replication, chromosome segrega-
tion and gene expression. In bacteria, genomic DNA is folded
into a compact structure called the ‘nucleoid’ (Robinow &
Kellenberger, 1994; Azam et al., 2000). Proteins that alter the
shape of the DNA to make it more compact and that have
the potential to influence transcription are termed nucleoid-
associated proteins (NAPs). Several groups of NAPs have
been identified in eukaryotes, archaea and bacteria. A total of
12 NAPs have been identified in Gram-negative bacteria such
as Escherichia coli and Salmonella enterica; however, only six
NAPs have been described in Gram-positive bacteria (Dillon
& Dorman, 2010). Although several NAPs have been studied
in Gram-negative bacteria such as E. coli, MrgA is the only
functionally identified NAP among the six known NAPs
(MukB, Lrp, HU, Lsr2, Hlp and MrgA) in the Gram-positive
Staphylococcus aureus. MrgA, which is the staphylococcal Dps
(DNA protection during starvation) homologue, is associated
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with drastic compaction of the nucleoid under oxidative stress
(Morikawa et al., 2006; Dillon & Dorman, 2010).

The HU protein is the most ubiquitous and possibly the
most important NAP, and determines the prokaryotic chro-
mosome structure in both Gram-positive and Gram-negative
bacteria. The members of the HU family are typically small
(10 kDa), basic, heat-stable heterodimers (Gram-negative
bacteria) or homodimers (Gram-positive bacteria) and
function as essential proteins for bacterial nucleoids
(Rouviere-Yaniv & Gros, 1975; Li et al., 1999; Dame &
Goosen, 2002).

HU has several DNA-related functions, such as DNA
compaction, a global regulatory function of gene expression
(Dame & Goosen, 2002; Sugino et al., 1977) and DNA repair.
HU plays dual architectural roles in relation to DNA,
depending on its concentration. HU interacts with the DNA
minor groove in a nonspecific manner to induce DNA bending
or to stabilize bent DNA. At relatively low concentrations,
individual HU dimers induce sharp DNA bends and increase
its flexibility (Dame & Goosen, 2002), contributing to up to
50% of DNA compaction. At high concentrations, HU forms
rigid nucleoprotein filaments (Engelhorn ef al., 1995). Several
studies have shown that HU restrains negative supercoils in
DNA. HU regulates chromosomal supercoiling by activating
gyrase and by decreasing topoisomerase I activity (Drlica,
1992; Malik et al., 1996).

As a global regulator, HU also influences transcription by
stimulating T7 RNA polymerase (Morales et al., 2002), and the
transcriptional regulation of 353 genes composing 229 operons
by HU has been reported (Oberto et al., 2009). At the
promoter, DNA supercoiling and HU promote the GalR
protein to create a repression loop involved in inhibiting ga/
operon transcription (Semsey et al., 2006). As an essential
bacterial NAP, HU regulates the DNA-replication process and
assists in the action of the DnaA protein in initiating DNA
replication (Roth et al., 1994; Berger et al., 2010; Miller et al.,
2012). E. coli HU acts at the chromosomal replication origin
(oriC) during replication initiation by stimulating strand
opening in vitro (Baker & Kornberg, 1988; Skarstad et al.,
1990; Hwang & Kornberg, 1992), by interacting with the
N-terminus of DnaA and by stabilizing the DnaA oligomer
bound to E. coli oriC (Chodavarapu et al., 2008). Several
previous reports have suggested another function of HU in
DNA repair. HU-deficient cells are sensitive to y and UV
damage (Boubrik & Rouviere-Yaniv, 1995; Li & Waters, 1998).
HU is essential for recA gene-dependent DNA repair and for
SOS induction pathways (Miyabe et al., 2000) and can displace
LexA from its binding sites on SOS-regulated operators
(Preobrajenskaya et al., 1994). HU preferentially binds to
four-way junctions (Pontiggia et al., 1993; Bonnefoy et al.,
1994) or to duplex DNA that contains a nick or a gap
(Castaing et al., 1995). HU also binds with high affinity to
DNA double-strand break-repair or recombination inter-
mediates (Kamashev & Rouviere-Yaniv, 2000). Interestingly,
HU is involved in osmolarity/supercoiling responses and
functions as a global regulator in the environmental
programming of the cellular response during aerobic and acid

stress (Oberto et al., 2009). Recently, HU from Helicobacter
pylori has been shown to act as a protector of DNA against
stress damage (Wang et al., 2012).

To perform these coordinated biological functions, HU
should recognize and specifically bind targeted DNA. Several
researchers have studied integration host factor (IHF), a
homologue of HU, to elucidate its DNA-recognition
mechanism. However, although THF binds to DNA with
significant sequence specificity (Engelhorn et al., 1995; Ussery
et al., 2001), the recognition mechanism remains unclear.
Serban and coworkers studied the DNA-recognition
mechanism of HU from Bacillus stearothermophilus using
Raman spectroscopy, suggesting nonspecific B-DNA minor-
groove recognition (Serban et al., 2003).

The mechanisms of protein-DNA interaction and recogni-
tion have been categorized as ‘direct’ and ‘indirect’ mechan-
isms. The mechanism commonly called ‘direct readout’ is
based on the concept that specific recognition occurs by the
formation of a series of amino acid-specific and base-specific
hydrogen bonds at major grooves (Garvie & Wolberger, 2001;
Viswamitra et al., 1978). The term ‘indirect readout’ is used
to describe hydrogen bonds or nonpolar interactions between
proteins and DNA that require deformability of the DNA
helix, such as a bend (OtwinowsKki et al., 1988). However, these
concepts do not clearly explain the mechanism of DNA
recognition; thus, DNA-recognition mechanisms have recently
been re-categorized as ‘base’ and ‘shape’ readouts (Rohs et al.,
2010). Base readout is related to base-specific or base pair-
specific chemical signatures. This mechanism involves
hydrogen bonds between amino acids and bases, water-
mediated hydrogen bonds and hydrophobic contacts. This
sequence-specific readout usually occurs on major grooves
rather than on minor grooves. Shape readout is related
to sequence-dependent DNA structure and deformability
(Travers, 1989). Local shape readout includes local shape
deviations from ideal B-DNA, such as kinks, minor-groove
width and intercalation. Global shape readout involves
specificity based on global DNA bending, in which the DNA
backbone is in a specific conformation.

SAV1473 (molecular weight 9626 Da, 90 amino acids) is the
HU protein from S. aureus Mu50, one of the major strains
of vancomycin-resistant S. aureus (VRSA; Hanaki et al., 1998;
Howe et al., 1998; Avison et al., 2002). To understand the
DNA-recognition mechanism of HU from S. aureus (SHU),
the atomic structures of apo SHU and SHU-DNA must be
determined. Several HU structures with and without DNA
have been determined using X-ray crystallography and NMR
(Tanaka et al., 1984; Boelens et al., 1996; Swinger et al., 2003;
Christodoulou et al., 2003; White et al, 1999), in which the
proteins usually exist as dimers. Structural studies of HU
proteins in the absence of DNA and the crystal structure of
the HU-DNA complex showed that the structures share a
common fold that consists of a large «-helical ‘body’ with two
protruding SB-ribbon ‘arms’. In this study, we have determined
the crystal structures of both free SHU and SHU bound to a
21 bp DNA duplex. We found structural differences between
apo SHU and DNA-bound SHU and suggest that the binding
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Table 1

Data-collection and refinement statistics for apo SHU and the SHU-DNA complex.

Values in parentheses are for the highest resolution shell.

used in the mutagenesis are listed in
Supplementary Table S1'. The plasmid
was transformed into FE. coli BL21

Data set Apo SHU

SHU-DNA complex (DE3) cells (Novagen, Germany). The

Data-collection details

cells were grown in Luria-Bertani

X-ray source .
X-ray wavelength (A)
Space group

Unit-cell parameters A, °)

Resolution range (A)

Molecules per asymmetric unit

Observed reflections (>10)

Unique reflections
(tlo (D))
Completeness (%)
Multiplicityt
Rumerset (%)

Refinement statistics

Rwork§ (%)
Rfreeﬂ (%)
No. of atoms
Protein
DNA
Water oxygen
Average B factor (A?)
Protein
DNA
Water oxygen

R.m.s.d.ft from ideal geometry

Bond distances (A)
Bond angles (°)

Ramachandran statistics, residues in (%)

Most favoured regions

Additional allowed regions

Disallowed regions
MolProbity score

Beamline 26B1, SPring-8
1.0000
P2,
a=36.63,b=_82.94,

¢ =60.72, B=94.89
50-2.61
2 HU homodimers

65147
10877
33.7 (7.2)
98.8 (91.7)
6.0 (5.6)
83 (21.9)

20.7
26.3

2704
59
419

35.4

0.3
5.97 [99th percentile]

Beamline 5C, PLS

medium containing 50 pg ml~' ampi-

0.9793 cillin at 37°C until the ODg, reached
1;2[:21329,'47’ b= 8584, 9.5—0.6, and oYerexpression was then

c=9271 induced by adding 0.5 mM isopropyl S-
50-2.16

1 HU homodimer,
1 DNA duplex
240585

D-1-thiogalactopyranoside (IPTG).
After additional incubation for 20 h at
20°C, the cells were harvested by

17505 centrifugation at 11 355g and frozen at
ggg gjg; —80°C. The harvested cells were resus-
13.7 (12.1) pended in lysis buffer (20 mM Tris—-HCI
8.8 (37.0) pH 7.9, 500 mM NaCl) and lysed by
188 ultrasonication. ~ The cell lysate
249 containing SHU was centrifuged at

28 306g for 1 h at 4°C. The supernatant
515‘33 was loaded onto an open Ni**-NTA
219 column (Qiagen, USA) and was washed

with lysis buffer containing 50 mM
gz:g imidazole. The column-bound protein
35.1 was eluted using an imidazole gradient

(50-500 mM).  Finally, the buffer
(1)'207 containing the single protein was

changed to 50 mM Tris—=HCl pH 7.5,
98.9 150 mM NaCl by dialysis. To perform
(1)'1 EMSA and ITC experiments, the buffer

5.5 [98th percentile]

for the wild-type (WT) SHU and the

PDB code 4qjn

4qju five SHU mutants was changed to

T Novs/Nunique: % Rmerge = Yy 2o H(hkl) — (I(RKD)| /Yy 2 Ti(RKD. § Ryorc

> i [Fopsl 9 Rpree Was calculated identically to Ry but using 5% of the reflections that were excluded from the
refinement. {1 The root-mean-square deviation (r.m.s.d.) was calculated with REFMAC.

mode of SHU to DNA and the DNA-recognition mechanism
of SHU are dictated by the flexible S-arms.

2. Materials and methods
2.1. Cloning, expression and purification of SHU

The gene encoding SHU was PCR-amplified from S. aureus
Mu50 chromosomal DNA using the following pair of oligo-
nucleotides: the forward primer 5-GAATCCCATATGAAC-
AAAACAGATTTAATCAATGCAG-3" (Ndel site in bold)
and the reverse primer 5-CCGCTCGAGTTTTACAGCAT-
CTTTTAATGCTTTACC-3' (Xhol site in bold). The PCR
product was digested with Ndel and Xhol and was cloned into
the Ndel-Xhol-digested pET-21a (+) plasmid (Novagen Inc.,
Germany). The resulting construct had eight additional resi-
dues (LEHHHHHH) containing a hexahistidine tag at the
C-terminus. Plasmid mutagenesis of Arg55 to AlaS5, Arg58 to
AlaS8, Lys59 to Ala59, Arg6l to Ala6l and Pro63 to Ala63
was performed using an EZchange Site-directed Mutagenesis
Kit (Enzynomics, Republic of Korea). The oligonucleotides

20 mM Tris-HCI pH 7.5, 150 mM NaCl.
The purity of the SHU was estimated to
be greater than 95% by SDS-PAGE.
Because SHU has no significant absor-
bance at 280 nm, its concentration was
determined by the Bradford assay (Hammond & Kruger,
1988), and the protein was concentrated to approximately
1 mM for crystallization. To conduct accurate ITC and EMSA
experiments, we determined the concentration of SHU by
measuring the A,gs using the Scopes method (Scopes, 1974;
Grimsley & Pace, 2004). DNA oligonucleotides, which were
purified by high-pressure liquid chromatography (HPLC) or
by preparative PAGE, were purchased from Bioneer
(Republic of Korea) for crystallization. Single-stranded DNA
(ssDNA) was solubilized in a buffer consisting of 50 mM Tris
pH 7.5, 150 mM NaCl and annealed to form double-stranded
DNA (dsDNA) by heating to 94°C for 5 min and then cooling
to 4°C.

it [1Fors] = 1Feacl|/

2.2. Crystallization

Crystals were grown by the hanging-drop vapour-diffusion
method at 20°C. Briefly, 1 pl protein (1 mM) solution (apo)
or 1 pl protein-DNA mixture (1:2 molar ratio of protein:

! Supporting information has been deposited in the IUCr electronic archive
(Reference: MH5146).
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dsDNA) was mixed with an equal volume of reservoir solu- 2000 MME), 0.1 M Tris pH 8.5. The crystallization solution
tion. The initial crystallization screening was performed using for the SHU-DNA complex was 0.4 M ammonium phosphate
commercial screening kits from Hampton Research and from monobasic. Crystals were transferred to cryoprotectant before
Emerald Bio. For apo SHU, crystals appeared in a solution cooling. Cryoprotection for apo SHU was established by
consisting of 15-17.5% PEG 2000 monomethyl ether (PEG adding 20% glycerol to the solution and by increasing the

. Chain D

Chain B

®)
|— HTH domain —| |_ DS —| |—
ol o2 1 2 3
.QQ 0000000000000000000Q —BV B > g
1 10 30 40 50 60
SHU S. aureus HU 'T|D L T N|A| ANF[E] SEAKEKVQLIGNFEVRERAAKGRQGK
1HUEMHUU B. stearothermophilus HU T|E L I N|A AlV|F|D| AILRK[EDKVQL I[eAIGN|F EVRERAAIIKIGRIEHAOUG E
3RHI B. anthracis HU T|E L T K|N| T(V|VIE TLAA[GEKVQL I[EAIGTIFEVRERAARTIGRRIZORYG E
2097 E. coliHUa T|Q L I D[V S|T|LIAIA|IT TE[S|LIKE[EDAVQL V[EiG TIF KVNHRAERTIG RABFOEYG K
E. coli HUB S|IQL I DIK]| A|T|I|AS|VTE[S|LKE[EDDVALV[EIAG TIFAVKERAARITIG RREF QNG K
1B8Z T. maritima HU KIEL I DR T|I|L|E|/T|I TEALAK[EEKVQIV[AAGSIFEVRKAAAIKIG VEE4ORIR K
1P71  Anabaena sp. HU G|E L VD|A| AALIE(T|I I EA[V|SS[EDKVTLV[ERIG|S|FESRERKAMEG RINpFKEYN E
4DKY M. tuberculosis HU A|E L I D|V| N|V|V|D|T|I VRA[VHK[ED SV T I T{ERJG|VIFEQRRRAAIVIA RWEARENG E
1IHF  E. coli IHFa AIEM S E|Y| L(F|FIEE[IRRALEEN[EQVKL S[e33GN|F DLRD KN Q4 P|G RRBF KRS G E
E. coli IHFB S|EL I E[R| EMLEHMAS|T|ILIAQIEER I E I R[EIG|S|IFSLHYRAPJITIG RURFKEYG D
1WTU B. phage SPO1 TF1 TIEL I KA SIFEKI|TTETVIAKEDKVOL T{eBJTIN|TI KP VAR QAJIK|IG FIBJORNOE
DBD domain ———
B4 B5 R o3
79 89 29
S. aureus HU EIDI|PAISKVPAFKA[KALKDAVIK. . . . ... ...
B. stearothermophilus HU EMEI|PAISK[VPAFKPEKALKDAVIK. . . . ... ...
B. anthracis HU EMQIAASKVPAFKAEKELKEAVK. .. .......
E. coli HUa EIKIARAANVPAFVSEKALKDAVK. .. ... ....
E. coliHUB EITIAAAKVPSFRAEKALKDAVIN. . ........
T. maritima HU PITIPERKVPKFKPEKALKEKVK. .........
Anabaena sp. HU KMEI|PATR[VPAFSA[EKLFREKVIAPPKA. . . ...
M. tuberculosis HU TVKVKPITS[VPAFRPEAIQFKAVVISGAQRLPAEGP
E. coli IHFa DIPITARRVVTFRPEQOKLKSRVIENASPKDE. . .
E. coli IHFB KVELEGKY|VPHFKP[EKELRDRANIYG. ... ...
B. phage SPO1 TF1 ALEIAPSVIGVSVKPI[EESLKKAAEGLKYEDFAK.
(©)
Figure 1

Structure of the apo SHU homodimer. (a) Ribbon diagram of the SHU homodimer. The a-helices, S-sheets and the N- and C-termini are labelled. The
SHU homodimer is divided into two portions: the a-helical ‘body’ and the B-ribbon ‘arms’. (b) Superimposition of chains B and D of apo SHU. The
flexible B-ribbon arms deviate with a distance of 18.4 A and with a bending angle of approximately 44.9°. The C* atoms of GIn64 from each chain were
used to measure the distance and bending angle, and the C* atom of Arg55 from chain D was used as the vertex of the angle. In (a) and (b), chain B is
shown in pink and chain D is shown in cyan. (¢) Sequence alignment of SHU with homologues. Secondary-structural elements of the proteins are shown
above the alignment. Highly conserved residues are highlighted in red. Alignments were generated with ESPript (http://espript.ibcp.fr; Gouet et al.,
2003).
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concentration of PEG 2000 MME by 2%. Cryoprotection of
the SHU-DNA crystals was achieved by adding 35% glycerol
to 0.4 M ammonium phosphate monobasic. Crystals were
flash-cooled in liquid nitrogen before data collection.

2.3. Data collection and structure determination

Data for apo SHU were collected on a Saturn A200 CCD
detector system (Rigaku, Japan) at —173°C on beamline 26B1
of SPring-8, Japan. A total of 360 images were collected with
7 s exposure per frame and with an oscillation angle of 1°. The
data were processed and scaled using HK L-2000 (Otwinowski
& Minor, 1997). The space group was P2;, with unit-cell
parameters a = 36.63, b = 82.94, ¢ = 60.72 A, B =94.9°. Data
collection for the SHU-DNA complex was performed on an
ADSC Quantum 315r CCD detector at —173°C on beamline
5C of Pohang Light Source, Republic of Korea. A total of 360
images were collected with 0.5 s exposure and with an oscil-
lation angle of 1° per frame. The space group was P2,2,2,, with
unit-cell parameters a = 39.47, b =85.84, c=92.71 A. The data-
collection statistics are summarized in Table 1. To determine
the structure of apo SHU, molecular replacement was
performed with PHENIX (Adams et al., 2010) using the
homologous structure of the DNA-binding protein HU from
B. stearothermophilus (PDB entry 1huu; White et al., 1999)
as a search model. When four molecules were assumed to
be present, the Matthews -coefficient was 2.30 A’Da™!
(Matthews, 1968), with a corresponding solvent content of
46.5%. Model building was performed using Coot (Emsley &
Cowtan, 2004), and refinement including bulk-solvent
correction was performed with REFMAC (Murshudov et al.,
2011) within the CCP4 suite (Winn et al., 2011) and with
PHENIX. The final R, and Ry.. values were 20.7 and
26.3%, respectively. The overall geometry was validated using
MolProbity (Chen et al., 2010), and 99.7% of residues were in
the allowed region of the Ramachandran plot. The refinement
statistics are summarized in Table 1. To determine the struc-
ture of the SHU-DNA complex, the molecular-replacement
method was performed using the apo structure of SHU as a
search model. After bulk-solvent correction, DNA molecules
were fitted and protein and DNA molecules were refined
successively using Coot and PHENIX. The model was refined
further until the final R, and Ry.. values reached 18.8 and
24.9%, respectively. The overall geometry was validated using
MolProbity, and 100.0% of the residues were in the allowed
region of the Ramachandran plot. The refinement statistics
are summarized in Table 1. All figures were generated with
PyMOL v.1.2r (http://www.pymol.org) and Chimera (Pettersen
et al., 2004).

2.4. Molecular-dynamics (MD) simulation

We employed the AMBER package (v.12) for 100 ns MD
simulations (Case et al., 2005). The protonation states of the
protein were determined using the PDB2PQR online server
(Dolinsky et al., 2007). The LEaP program was used to set up
the systems for MD simulation. Each system was solvated with
TIP3P water molecules in a periodic truncated octahedral box

such that its walls were at least 10 A away from the solute.
Sodium or chloride ions were added so that each system had
an ionic strength of 100 mM. All simulations were performed
with the PMEMD module of the AMBER package using the
ff99SB-ILDN force field (Lindorff-Larsen et al, 2010). All
bonds involving H atoms were constrained by the SHAKE
algorithm, permitting a time step of 2 fs. Nonbonded inter-
actions were truncated at 10 A and the particle mesh Ewald
method was used to calculate long-range electrostatic inter-
actions under periodic boundary conditions. The simulations
consisted of five stages: 1000 steps of minimization, a 50 ps run
for heating from 0.1 to 310 K, a 50 ps run under a constant
pressure of 101.325 kPa and a temperature of 310 K, a 500 ps
run for equilibration and a 105 ns run for production. Posi-
tional restraints were applied during the first three stages.
Unrestrained equilibration and production runs were
performed at constant temperature (300 K) using a Langevin
thermostat, with a collision frequency of 2ps~' and at
constant pressure (101.325 kPa) using a Berendsen barostat,
with a pressure relaxation time of 2 ps. We saved the trajectory
every 10 ps for the final 100 ns of the production run for 10 000
trajectories in total. The obtained coordinates were analyzed
using the GROMACS software suite (Van Der Spoel et al.,
2005). For the DNA-free and complex states, we repeated
each 100 ns MD simulation three times with different random
seeds for statistical analyses. We also performed MM-PBSA
analyses using the MMPBSA.py protocol (Miller et al., 2012),
which is a post-processing end-state method to calculate free
energy with MD trajectories of complex structures. A scheme
called per-residue decomposition generated residue-specific
values, where errors were calculated using the standard
deviations of the free-energy values from three trajectories.
Because the MM-PBSA and MM-GBSA analyses showed
extremely similar patterns, we chose the values calculated by
MM-PBSA for further analysis.

2.5. Isothermal titration calorimetry (ITC) measurements

ITC experiments were performed using a MicroCal 200
(GE Healthcare, Germany) at 25°C. The proteins and DNA
were prepared in a buffer consisting of 20 mM Tris pH 7.5,
150 mM NaCl. An aliquot of WT SHU or SHU mutant dimers
was injected into an isothermal sample chamber containing
DNA oligomer solution at 150 s intervals for a total of 19
injections. Injection of SHU at the same concentration into
the pH 7.5 buffer solution at 25°C was used as a blank. The
MicroCal Origin software was used for curve fitting to calcu-
late the binding affinity (K,), enthalpy of binding (AH) and
entropy of binding (AS) and for molar ratio calculation. The
raw data were fitted with one-site binding. The Gibbs free
energies (AG) were calculated using the standard equation
AG = AH — TAS.

2.6. Electrophoretic mobility shift assays (EMSAs)

To distinguish the weak and strong binding of SHU to
various DNAs and to elucidate the DNA binding-site size,
electrophoretic mobility shift assays (EMSAs) were
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conducted. dsDNA, WT SHU and the SHU mutants were performed in a binding buffer consisting of 20 mM Tris pH 7.5,
prepared as described previously and the assays were 150 mM NaCl. Varying amounts of SHU protein were mixed

8 910111213 14 15 16 17 18 19 20 21
STTTAACTATT(

(®)
Time (min)
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0.00 NSNS
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saA I W ]
. P -0.40 4
Chain A =
S -060- 4
=080 K,=370+21
-1.00 ] N=1.05+0.005
E 0.0-' T T T T T N
©
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G
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o
o
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Molar ratio
@) (e

Figure 2

Structure of the SHU-DNA complex and the packing of molecules. (¢) An SHU dimer bound to TR3 in the asymmetric unit with the 2F, — F, electron-
density map contoured at a level of 1o. (b) The DNA sequence of TR3 used in crystallization. The duplex of the 21-mer has mismatched and unpaired Ts.
The mismatched Ts are shown in pink. Grey represents unpaired Ts that are flipped outwards and aqua represents unpaired Ts that are stacked. (¢)
Three SHU-DNA molecules arranged end-to-end form a pseudocontinuous helix in the crystal structure. An enlarged view of the stacking of DNA ends
from adjacent asymmetric units is displayed in the box. DNA of a neighbouring complex is shown in yellow. Nucleotide A19 of chain C is flipped
outwards owing to crystal-packing forces, (d) Superimposition of chains A and B of the SHU-DNA complex. Similar to apo SHU, the S-ribbon arms
show deviations, with an r.m.s.d. of 0.54 A and a distance of 5.1 A at the tips (the measurement was performed as described for Fig. 1b). In all panels,
chain A of the complex is in red, chain B is in blue and TR3 is in green. (¢) ITC analysis of SHU-TR3 binding. The observed n value of 1.05 reflects that
one dsDNA binds one SHU dimer.
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with DNA to give a final volume of 6 pul and incubated for
20 min at 4°C. The total binding solutions were loaded onto
0.8% agarose gels in 0.5x TBE (45 mM Tris-borate, 1 mM
EDTA) buffer or onto 7%(w/v) nondenaturing poly-
acrylamide gels in 1x TBE for electrophoresis, and the results
were visualized using a Gel Doc (Bio-Rad).

2.7. DNA angle calculation

Bend angles and dihedral angles were determined by slight
modification of a previously described method (Swinger et al.,
2003). DNA was roughly divided into three straight helices
with two bending sites, and three lines representing three
helices were denoted as lines a, b and c. Lines a, b and ¢
contained the T1:T4, A9:T13 and T16:C18 base pairs from
chain C, respectively. Three best-fit lines, the linear helical
axes defined by equivalent C1’ and RN9/YNT1 atom pairs, were
calculated using the w3DNA web server (Zheng et al., 2009).
Bend angles 1 and 2 were calculated between lines a and b and
between lines b and c, respectively, using the formula below.
The overall bend angle was determined using lines a and b and
was not a simple sum of angles 1 and 2 because the DNA was
not positioned in a co-plane. The dihedral angle was calculated
using the formula below with the results from the cross-
product between lines a and b and lines ¢ and b. The angles
of Anabaena HU (AHU) were calculated using the same
methods as for SHU; however, line ¢ contains the T16:A19
base pairs.

o = cos”'[(I1 - 12)/(|11|[12])]. 1)

3. Results

3.1. Overall structures of apo SHU and the SHU-DNA
complex

The asymmetric unit contains four HU polypeptide chains
arranged as two dimers: chains A and C and chains B and D.
The physiologically relevant SHU dimer is identified in the
structure in Fig. 1(a). The topology of the HU monomer is
represented in Fig. 1(c) and includes three a-helices and five
B-sheets arranged in the order ol-o2-f1-82-3-p4-B5-a3
in the secondary structure. Each monomer of the HU mole-
cule is divided into three portions (Christodoulou et al., 2003;
Christodoulou & Vorgias, 2002): the helix—turn-helix (HTH)
domain, the dimerization signal (DS) and the DNA-binding
domain (DBD) (Fig. 1¢). The SHU homodimer forms a V-like
body that is divided largely into two parts: an a-helical body
and two protruding S-ribbon arms (the dimerization interface
of apo SHU is described in the Supporting Information). The
sequence of the B-ribbon arm is highly conserved, including
the consensus RNP motif at the tip of the DNA-binding arms
(residues 61-63; Grove & Lim, 2001), and is enriched in basic
amino acids. The monomers are not identical (asymmetric),
even though HU is a homodimer. Chains A and B and chains
C and D showed similar positioning of the S-arms, which are
bent by approximately 44.9°. Although the «a-helical body

superposed well, each monomer of the SHU structure had a
different magnitude of S-ribbon arm bending, with a root-
mean-square deviation (r.m.s.d.) value of 025 A for 68 C*
positions, as shown in Fig. 1(b) and Supplementary Table S2.
Chains B and D were used as the representative dimer
structure for analyzing apo SHU.

Previous studies revealed that HU, which binds particularly
tightly to structurally distorted DNA such as nicks or four-way
junctions, performs an architectural role by binding to various
target DNAs (Pontiggia et al., 1993; Bonnefoy et al, 1994;
Castaing et al., 1995). To understand how HU works in DNA
binding and recognition and the role of its flexible B-arms,
we co-crystallized SHU with dsDNA. We attempted to grow
crystals with several types of DNA; however, we only obtained
crystals with TR3 dsDNA, which was used in the AHU-DNA
study (Swinger et al, 2003). TR3 is a pseudo-self-comple-
mentary duplex with sequence TGCTTATCAATTTGTTG-
CACC (Fig. 2b). The sequence features three T:T mismatches
and four unpaired Ts, without which crystallization was
unfavourable. In the SHU-DNA structure, the asymmetric
unit contains one protein dimer and one dsDNA (Fig. 2a).
Opverall, the S-arms of the HU homodimer form a saddle-like
surface; dsDNA penetrates through this surface and the
B-arms clamp dsDNA along the minor groove. The structure
of the SHU-DNA complex also exhibits asymmetry, although
the protein and DNA duplex are homodimers. Part of the
crystal packing with three asymmetric units of the molecules is
shown in Fig. 2(c) and the dsDNA from the adjacent asym-
metric units forms a pseudocontinuous helix. Superimposition
of each monomer demonstrates the difference in each struc-
ture (a distance of 5.1 A at the tips), as shown in Fig. 2(d).
Compared with the apo SHU structure, the basal secondary
structure is maintained, and the partially disordered B-arms
are stabilized by crystal contacts with the DNA. However,
a conformational change occurs in the DNA-embracing
B-strands, which fold upon DNA binding. The detailed DNA
interactions are described below.

3.1.1. Structural comparison of apo SHU with other
homologues. The SHU molecule structure shares an overall
unique fold with previously reported HU homologue struc-
tures. Closely related structures are those from B. anthracis
(PDB entry 3rhi; Center for Structural Genomics of Infectious
Diseases, unpublished work), E. coli (PDB entry 2097; Guo &
Adhya, 2007), Thermotoga maritima (PDB entry 1b8z;
Christodoulou & Vorgias, 1998), B. subtilis phage SPO1 (PDB
entry lwtu; Jia et al, 1996), B. stearothermophilus (PDB
entries lhue and lhuu; Vis et al., 1995; White et al., 1989) and
Mycobacterium tuberculosis (PDB entry 4dky; Bhowmick
et al., 2014). A comparison of the structures of several HU
homologues is presented in Supplementary Table S2. Overall,
SHU shows moderate to high sequence identity to the other
homologues. Interestingly, when the overall structures of
whole HUs are compared the o-helical body seems to super-
pose well; however, the B-arms do not conform to each other,
presumably owing to their flexibility, with the exception of
transcription factor 1 from B. subtilis phage SPO1 (Supple-
mentary Fig. S2a). The flexibility of HU g-arms is represented
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Figure 3

The structural distortions in the SHU-bound DNA. (a) Minor-groove
width calculated using the Curves+ algorithm. The dashed line denotes
canonical minor-groove widths from B-form DNA. The basic residues
that interact with the base are indicated by arrows. Lys59, which is
involved in water-mediated hydrogen bonding, is marked with a star.
Arg53, which forms a nonbonded contact to a phosphate group, is
underlined. Arg6l, which forms a hydrogen bond to TS5, is not
represented. (b) Roll and twist angles at the base-pair steps calculated
using the w3DNA web server (the unpaired T5 and T7 were excluded
from the calculations). (¢) DNA in the SHU-DNA complex. The
nucleotides of chains C and D are shown in black and green, respectively.
The axes are represented as blue lines and mismatched or unpaired
nucleotides are coloured as in Fig. 2(b). The central segment A10-T11-
T12 of DNA exhibits a narrow minor groove, a negative roll angle and an
overtwisted angle. The large roll-angle deviation and overtwisted angle at
T4-C8, T14 and G16 correspond to the DNA kink. Arg61 plays a crucial
role in stabilizing and recognizing DNA at the kink as well as a role in
DNA binding.

Table 2
Bending angles at each kink, overall bend angles and dihedral angles for
SHU-bound and AHU-bound DNA.

The angles were calculated according to the method described in §2.

Angle 1 (°) Angle 2 (°) Overall bend (°) Dihedral (°)

SHU-bound DNA 62 63 124 8
AHU-bound DNAYT 52 (74)f 75 (84) 120 (106) 30 (72)

+ DNA from PDB entry 1p71. % An angle that was determined in a previous report
(Swinger et al., 2003).

by the observation that these structures are frequently disor-
dered in previously characterized apo structures. The struc-
tures from B. stearothermophilus and B. subtilis phage SPO1
also exhibited flexible B-arms. The other structures possessed
unstructured B-arms that were not detected, except for in the
HUs from M. tuberculosis and S. aureus.

3.1.2. DNA conformation. Both the global and the local
shape of DNA contribute to protein—-DNA binding specificity,
cooperativity and affinity (Rohs et al., 2009, 2010). To analyze
the topology of SHU-bound TR3, we used the w3DNA web
server (Zheng et al., 2009) and the Curves+ algorithm (Lavery
et al.,2009). At the DNA site where the S-strands of SHU are
bound, DNA bending is maximal, yielding an overall curva-
ture of ~119°. The bending angles and overall bending angles
are listed in Table 2. The local base-pair steps at T4:A6 and
T15:T16 exhibit large positive roll angles (49.7 and 50.8°,
respectively) and are overtwisted, with two kinks in the region
that divides TR3 into three roughly linear B-form helices
(Figs. 3b and 3c). This bendability of DNA with suitable
spacing is a crucial component of protein recognition. The
large roll angle of DNA in the minor groove could be
explained by the finding that the pyrimidine/purine steps tend
to cause positive roll bending (Dickerson, 1998). The Pro63
ring and the guanidinium side chain and amide backbone N
atom of Arg6l affect the local helical structure, which is
represented by large roll angles.

Interestingly, the bending and dihedral angles are slightly
different from those in the AHU-TR3 complex, although
these angles possess identical DNA sequences. The differences
between SHU and AHU may originate from their local
molecular environments during crystal stacking (a detailed
explanation is discussed in the Supporting Information) and
the binding properties of HUs may originate from the local
sequence difference in the f-arm region. In AHU, Lys56
and Glu59 replace the conserved Ala56 and Lys59 of SHU,
respectively. Lys56 of AHU in the flexible hinge region may
hinder f-arm bending when compared with Ala56 in SHU,
reducing DNA distortion. Lys59 in SHU, which corresponds to
Glu59 in AHU, could contact the DNA, possibly accelerating
the conformational change in both the f-arms and the DNA in
SHU.

Rhos and coworkers suggested that the shape of the minor
groove, which has a narrow width and a negative electrostatic
potential, is readily recognized by a complementary set of
basic side chains, typically Arg (Rohs et al., 2009). To deter-
mine the relationship between the minor groove and basic
residues, the minor-groove width was calculated using the
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Curves+ algorithm (Lavery et al, 2009). In our structure, a where the interactions with the arginine residues are primarily
distinctive feature of the DNA conformation is the compressed observed (Fig. 3a). This wide minor-groove width is a critical
minor groove in the centre of TR3, which is compensated by property of SHU, which provides a favourable condition for
the wide minor-groove width at the binding site near the kinks the B-strand arms of the SHU dimer to be inserted into the
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Figure 4

The contacts between the SHU protein and TR3 DNA. (a) Schematic diagram of the SHU-DNA contacts.
The deoxyribose of each nucleotide is numbered, labelled and shown as a pentagon. Hydrogen bonds to the
bases and phosphate backbone are shown as blue dashes and hydrophobic contacts (<3.35 A) are shown as
red dashes. Residues and atoms involved in interactions are labelled. (b) Detailed view of the SHU-DNA
contacts. The residues and DNA involved in hydrogen bonds are shown in stick representation. The
backbone C atoms of the protein are shown in grey and the backbone C atoms of DNA are shown in green.
Other atoms are coloured as follows: red, oxygen; blue, nitrogen; yellow, sulfur. The basic residues Arg and
Lys directly contact the DNA base. Arg61, in concert with Pro63, plays a crucial role in recognizing and
stabilizing DNA.

adjacent minor groove with
presumably higher binding affi-
nity for TR3.

3.1.3. Protein—DNA interface
in the SHU-DNA complex. Some
architectural proteins are known
to only contact the minor groove
of DNA. This interaction occurs
with  extensive  hydrophobic
contacts and a dramatic widening
of the minor groove (Bewley et
al., 1998). This base readout is
also observed in the SHU-DNA
complex structure. SHU-dsDNA
interactions, which include
hydrogen-bonding and hydro-
phobic interactions between the
protein and the DNA, were
analyzed using the NUCPLOT
program (Luscombe et al., 1997)
and are shown in Fig. 4(a).
Among the 42 bound nucleotides,
only 21 nucleotides make 31
contacts with 16 residues, mainly
on the B-arm region of SHU.
The majority of the interactions
between SHU and DNA involve
amino acids in the S-arm region,
i.e. Arg53, Ala56, Ala57, Arg58
and Arg61, which are conserved
in SHU homologues (Fig. 1c¢).
The middle narrow minor-groove
region forms hydrophobic
contacts with Arg53, Ala56 and
Ala57. The water molecules that
displace the amino acids in the
narrow  minor-groove region
provide the thermodynamic
driving force for DNA binding to
Lys59 and Glu68. Direct contacts
with DNA bases in the minor
groove are formed by ArgSsS,
Lys59 and Arg6l. The O atom
of Lys59 in chain A accepts a
hydrogen bond from the N2 atom
of G14. Arg58 and Arg6l are
highly conserved and play crucial
roles in DNA recognition and
binding. The flexibility of the
B-ribbon arms allows the guani-
dinium side chain of Arg to
realign and form suitable contacts
with DNA. The side chain (NH1)
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of Arg58, which is conserved in all SHU Table 3
homologues, is inserted into the minor

groove and is involved in a hydrogen ND, not determined.

Thermodynamic parameters for SHU-TR3 binding (298 K, 20 mM Tris pH 7.5, 150 mM NaCl).

bond to the O2 atom of T13. Addi-
tionally, the DNA kink regions at the

unpaired 5T of each complementary
strand are 9 bp apart (Figs. 4b and 4c)
and come into contact with the highly
conserved RNP motif (residues 61-63).
Arg61 of the RNP motif is crucial for

Kq AH TAS AG

SHU (SHU:TR3) n (nM) (kcalmol™)  (kcalmol™")  (kcal mol™")
Wild type (150:12 pM) 1.0540.005 370 +£21  —411+£02 27 —38.4
Arg55Ala (125:10 uM) 121 +£0.063 6725 £991 —8324+21 —64 -76.8
Arg58Ala (150:12 uM)  0.900 + 0.021 421 £105 —652+18 —48 —60.4
Lys59Ala (150:10 uM) ~ 0.575 +£0.013 1616 £300 —993 +3.1  —77 -91.6
Arg6lAla (150:10 uM)  ND ND ND ND ND
Pro63Ala (150:10 uM) ~ ND ND ND ND ND

DNA recognition. The guanidinium side
chain of Argb6l penetrates deeply into
the DNA minor groove, forming several interactions. The
NHI1 and O atoms of the Arg61 side chain from each SHU
subunit form hydrogen bonds to the O2 and N3 atoms of 15T,
respectively. The amide N atom of Arg61 makes contacts with
the O2 atom of T5' of the complementary strand. Pro63 makes
nonbonded contacts with the sugar groups and rings of the
adjacent T16, intercalating in the minor groove. These inter-
actions stabilize kinked DNA, causing deformation of the
DNA helix such as DNA bending. Previous IHF-DNA and
AHU-DNA complex structures have demonstrated such
interactions (Rice et al., 1996; Swinger et al., 2003), supporting
the notion that DNA-RNP motif binding contributes to the
stabilization of DNA bending.

To evaluate the protein—-DNA interactions at the S-arms, we
produced five SHU mutants (R55A, RS58A, KS9A, R61A and
P63A) and analyzed their binding abilities using ITC and
EMSAs. The R61A and P63A mutants showed moderately
reduced affinities for oligomer No. 2 compared with other
mutants in EMSA experiments (Supplementary Fig. S4a).
However, affinity measurements using ITC were impossible
owing to the very weak affinities (Supplementary Fig. S4c).
Additionally, the R55A and K59A mutants also showed
reduced affinity in EMSA and ITC experiments (Table 3,
Supplementary Fig. S4c). The RS8A mutant also showed a
relatively high K, value compared with that of WT SHU,
representing a reduced binding affinity. These results suggest
that these five residues are crucial for protein-DNA inter-
actions, especially Arg61 and Pro63. The detailed results are
discussed in §3.3.3.

Additionally, the GIn43 side chain from strand f1 forms a
nonbonded contact with the adjacent O2P atom of G2, and
Asn49 from strand B2 of monomer A forms nonbonded
contact with T1 of DNA duplex chain C. Interestingly, A19 of
chain C is flipped outwards, in contrast to A19 of chain D
(Fig. 2¢). Consequently, T1 of chain D, which is the pairing
partner of A19 of chain C, interacts with the amide N atom of
Gly46 and Lys83 of chain B by nonbonded contacts.

3.2. Dynamic protein properties upon DNA binding

3.2.1. Disruption and formation of salt bridges coupled
with DNA binding. SHU has 31% charged residues, including
His, Arg, Lys, Asp and Glu, which is similar to the charged-
residue content of mesophilic homologues (Christodoulou et
al., 2003). The charged residues are exposed on the surface.

Multiple salt bridges are observed in the apo SHU and SHU-
DNA complex structures (Supplementary Fig. S6). Usually,
DNA binding is coupled with the disruption of salt bridges
in proteins because the DNA-binding interfaces of proteins
are affected by the negative charge of the DNA phosphate
backbone. The positively charged residues on the surface
are complementary to the DNA surface. In SHU, both the
disruption and the formation of salt bridges accompany DNA
binding (Supplementary Fig. S6). All of the Lys-Glu salt
bridges are broken upon DNA binding. The salt bridge
between Lys3 and Asp26, which clamps helix 1 and helix 2,
and the salt bridges between Lys83 and Asp87 and between
Lys90 and Asp87, positioned at helix 3 near the end of
dsDNA, are maintained. In both B-ribbon arms the salt
bridges between Lys59 and Asp70 are also maintained upon
DNA binding, in spite of the change in distance. The salt
bridge between Lys75 and Glu54 is broken upon DNA
binding, and a salt bridge is formed between Lys80 and Glu51.
The salt bridges that connect 1 and 82 are broken upon DNA
binding.

3.2.2. MD simulations and dynamic protein properties. To
study the structural dynamics of the protein-DNA complex,
the apo SHU and SHU-DNA complex structures were used in
a molecular-dynamics simulation for 100 ns. The MD analyses
of apo SHU and the SHU-DNA complex were repeated three
times each. Supplementary Fig. S8(a) shows the r.m.s.d.
variation in the two structures for 100 ns. For apo SHU, the C*
r.m.s.d. fluctuated in the range 4 + 2 A. For the SHU-DNA
complex, the C* rm.s.d. was 1.5 £ 0.5 A, which indicates that
the SHU in the SHU-DNA complex is more dynamically
stable than apo SHU. This result is complemented by the
radius of gyration (R,), which indicates the structural
compactness over the trajectory and is calculated in Supple-
mentary Fig. S8(b). The overall R, value is similar between
the apo and DNA-bound SHU structures, implying a similar
compactness. However, the R, of the SHU-DNA complex
exhibits a more stable value (1.95 nm) than that of apo SHU,
as shown in the r.m.s.d. plot. Furthermore, we determined the
structural stability of the residues that primarily contribute to
the binding by calculating the root-mean-square fluctuation
(r.m.s.f.; Supplementary Fig. S8¢). The residues showing large
deviation values coincide with the residues in the bending
region of SHU, i.e. residues 50-80. In particular, the residues
of apo SHU with large values indicate that apo SHU is more
dynamic than the SHU molecules of the SHU-DNA complex.
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The flexible B-ribbon arms of SHU most likely become more
stable and compact on binding to DNA. To further investigate
the detailed SHU-DNA interaction, the binding free energies
in the SHU-DNA complex were decomposed on a per-residue
basis using the MM-PBSA approach (Fig. 5a). Large values of
AG are found in the regions around the B-arm. Specifically,
large changes were found for the residues Arg53, ArgSs,
Arg58, Lys59 and Argb6l. The basic residues are aligned on a
single face contacting DNA, and Arg55 is positioned in the

hinge region of the B-arm. Among these basic residues, Arg61
shows the largest change, suggesting that Arg61 is essential for
DNA binding and recognition.

3.2.3. Domain motion involved in DNA binding. The
DNA-embracing S-arms of SHU are folded upon binding to
DNA. The overlaid structures of apo SHU and the SHU-
DNA complex are shown in Figs. 5(c¢) and 5(d). Structural
comparison between apo SHU and DNA-bound SHU showed
that the «-helical body remained essentially identical, with an
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Figure 5

The structural dynamics and conformational changes of SHU upon DNA binding. (¢) The binding free energies in the SHU-DNA complex, as
determined by MD simulation. The three Arg residues (Arg53, Arg55 and Arg 61) that show low free energies are marked with red circles. Arg61 shows
the lowest free energy, which suggests an essential role of this residue in recognizing and binding DNA. (») Domain motion of SHU in DNA binding. The
fixed, moving and bending domains were identified by DynDom analysis. The a-helical body that is the fixed domain is represented in cyan and blue, and
the S-ribbon arm that is the moving domain is shown in pink and red in apo SHU and in the SHU-DNA complex, respectively. The two regions of hinge-
bending motion are shown in green. These results indicate the functional dynamics of SHU in DNA binding. The DNA binding also alters the distance
between the DNA-binding S-ribbon arms. The distances between the tips of the DNA-binding S-ribbon arms are shown. The distance was measured
between the C* atoms of two GIn64 residues from each chain. (¢) Side view and (d) top view of conformational changes of SHU upon DNA binding.
Superposition of apo SHU and the SHU molecule of the SHU-DNA complex shows conformational changes in the S-ribbon arms of SHU, which move
inwards upon DNA binding.
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Table 4
Domain-motion parameters determined by DynDom for superposition of
the different monomers of apo SHU and the SHU-DNA complex.

Apo—complex (chain) B-A D-B
Rotation angle (°) . 37.1 36.5
Translation along axis (A) 0.2 —0.5
% of closure motion 8.4 99.2

Bending region (residue Nos.) 53-55/74-76 54-55/74-76

r.m.s.d. value of 0.32 A for the corresponding C* atoms of
residues 1-44 and 83-90. However, the other residues that
show large deviations in the MD simulation undergo confor-
mational changes upon DNA binding. The distances between
the tips of the DNA-binding S-ribbon measured between the
C* atoms of the two GIn64 residues in a dimer changed from
39.6 A in apo SHU to 47.9 A in the SHU-DNA complex. The
distances from chain B (apo) to chain A (complex) and from
chain D (apo) to chain B (complex) are 10.9 and 14.7 A,
respectively (Fig. 5b).

The DynDom program (Hayward & Lee, 2002) was used to
characterize the domain motion of SHU. The detailed degrees
of bending and the hinge region between the apo and DNA-
bound forms of SHU were compared. In the analysis, chains B
and D of apo SHU and chains A and B of the SHU-DNA
complex were used. The DynDom analysis recognized the
a-helical body (blue in Fig. 5b) as the fixed domain and the
B-ribbon arm (red in Fig. 5b) as the moving domain. The
analysis also identified two regions of hinge-bending motion
(green in Fig. 5b), namely Arg53-Arg55 and Ser74-Val76,
which correspond to the residues identified in the r.m.s.f.
analysis of the MD simulation. The salt bridge Lys75-Glu54,

which connects two hinge regions, is disrupted by DNA
binding, which suggests that Lys75 and Glu54 are pivotal
residues in DNA bending and play essential roles in DNA
binding. The rotation angle, translation, closure of moving
domains with respect to the other domains and types of
domains (fixed, moving and bending) are shown in Table 4.

3.3. DNA-binding properties of SHU revealed by EMSA and
ITC

3.3.1. SHU binds to various DNAs. To assess the DNA-
binding properties of SHU, several dsDNAs that were slightly
modified from TR3 were designed as described in Supple-
mentary Table S3. Although determining the dissociation
constant was difficult owing to a lack of precision in the EMSA
experiment, the binding-preference magnitude was deter-
mined based on the EMSA results. Firstly, SHU could bind
several DNA substrates. Secondly, SHU preferentially binds
to DNAs with distortion near the binding sites. The oligomer
in which the unpaired TS5 and T7 were removed (No. 5)
showed decreased binding affinity compared with No. 7, which
only has the unpaired T5 (Fig. 6). In a similar manner, SHU
showed higher affinity for DNA No. 2, which has half unpaired
T5 and T7, than for DNA No. 1, which is completely
complementary (Fig. 6). Although the DNA kink is deliber-
ately formed in this experiment, SHU preferentially recog-
nizes the deformed DNA-like DNA kink which locally
disrupts an otherwise linear helix. Additionally, this result
demonstrates that the unpaired T5s contribute to the stabili-
zation and acceleration of DNA binding between the
nucleotides that form the kink. This DNA-recognition
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Figure 6

DNA-binding properties as determined from EMSA experiments. The binding of WT SHU to the various DNA duplexes is shown. The oligomers used
in the assay are indicated at the top of each figure, and the sequences of the oligomers are listed in Supplementary Table S3. SHU protein at the
concentrations indicated was mixed with DNA in a buffer containing 150 mM NaCl. Free and bound DNA were separated using 7% (w/v) nondenaturing
polyacrylamide gels as described in §2. The details of the concentrations of protein and DNA in the lanes are indicated. The arrows indicate protein—
DNA complexes at various ratios. As the concentration of SHU increases, additional recruitments of the SHU protein to pre-existing SHU-DNA
complexes are observed. At the highest concentration of SHU (lane 5), the results were not clearly visible owing to smearing.
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property supports the local shape-readout mechanism of SHU.
Thirdly, to determine the preference for AT-rich regions, the
central region (sequence 10-12) of TR3 was changed to ATT/
TAA (No. 8) and to GCG/CGC (No. 9), respectively. A
comparison of the binding affinity of SHU to DNAs Nos. 8 and
9 indicates that SHU binds to AT-rich and GC-rich regions
with a similar affinity in the EMSA-scale experiment. Usually,
AT-rich sequences of DNA are favoured by DNA-binding
proteins because AT-rich DNA generally has more polar
groups at the base edges (Jayaram et al, 1989; Rohs et al.,
2010) and has a narrow minor-groove width (Rohs et al., 2009)
compared with GC-rich DNA, which increases the negative
electrostatic potential of DNA through electrostatic focusing.

3.3.2. SHU binding-site size. Determining the size of the
DNA-binding site is a prerequisite for understanding or
predicting the mechanism of the function of DNA-binding
proteins, which is essential for gene regulation. The DNA
binding-site size can vary from six to 37 base pairs according
to the length of the DNA and the experimental conditions
(Bonnefoy & Rouviére-Yaniv, 1991; Wojtuszewski et al., 2001;
Swinger et al., 2003).

To predict the size of the SHU binding site, EMSA
experiments and studies of electrostatic properties were
conducted (Huang, 2012; Ma et al., 2011). For EMSA experi-
ments, various lengths of oligomers [15-mer (No. 10), 21-mer
(No. 1) and 35-mer (No. 11)] were used at different concen-
trations. Despite the 58% sequence identity, 7. maritima HU
and SHU showed different DNA-binding abilities. 7. maritima
HU with a ~37 bp binding-site size did not form a complex
with the 15-mer duplex (Grove & Lim, 2001), but complex
formation was observed with the 15-mer duplex for SHU
(Supplementary Fig. S5a).

Two complexes showing distinct mobilities are observed
with the 15-mer and 21-mer duplexes (Supplementary Figs.
S5a and S5b). Two distinct retardations are also observed with
oligomer Nos. 1, 3 and 8 (Fig. 6). We surmise that SHU binds
to DNA, resulting in the formation of complex 1. As protein
concentrations increase, an increase in the fraction of complex
2 is observed. In binding to the 35-mer duplex, unstable
complexes are observed rather than distinct complexes at
higher concentrations of SHU. From the observation that
SHU forms two complexes with 15 and 21 bp DNA, its
binding-site size is estimated to be approximately 7-11 bp.

A predicted DNA-binding site was calculated using the
Patch Finder Plus (PFP) web server (Shazman et al., 2007) and
is shown in Supplementary Fig. S7(b). The server predicted a
large positive electrostatic patch on the protein surface, which
generally corresponds to the residues involved in DNA
binding.

From the combined results of the EMSA experiments,
positively charged residue studies and PFP calculations, the
DNA binding-site size of SHU is estimated to be 7-11 bp.

3.3.3. Binding affinities of WT SHU and SHU mutants for
DNA. The interaction of SHU with TR3 was studied using
ITC, and the results are shown in Fig. 2(e) and Supplementary
S4(c). HU is known for nonspecific binding with relatively
low affinity (Kyq = ~200-2500 nM) for undistorted dsDNA

(Swinger et al., 2003), but exhibits nonspecific binding with
relatively high affinity (K4 = ~2 nM) for distorted substrates
(Kamashev & Rouviere-Yaniv, 2000). The DNA-binding
reaction is exothermic and enthalpically driven, yielding a
K4 of 370 £ 21 nM, and the binding stoichiometry (n) is
approximately 1:1 for WT SHU, consistent with the crystal
structure of the SHU-TR3 complex. The K4 shows relatively
low affinity considering the distortion of TR3 and previous
HU homologue studies. AHU demonstrates the highest affi-
nity for dsDNAs that contain extended base pairs on both
sides of TR3 (K4 of 13.0 + 0.4 pM; Swinger & Rice, 2007). The
affinity of AHU is 1000-fold higher than that of SHU, although
the DNA sequences used in the experiments were different.

As mentioned in §3.1.3, five mutants, R55A, R58A, K59A,
R61A and P63A, were constructed based on the protein—
DNA interactions. Initially, EMSA experiments were
conducted with TR3 (No. 6). However, we could not obtain a
proper interpretation of these results (Supplementary Fig.
S4b). Instead of EMSA experiments, we performed ITC
experiments to compare the binding affinities of WT SHU and
SHU mutants to TR3 (Supplementary Fig. S4c and Table 3).
Additionally, EMSA experiments using DNA No. 2 were
performed to measure the binding affinities of WT SHU and
SHU mutants (shown in Supplementary Fig. S4a).

4. Discussion
4.1. p-Arm flexibility of SHU

HU, as one of the primary NAPs, could possess several roles
that are related to DNA. Structural comparisons between each
monomer from apo SHU and SHU-DNA have demonstrated
the flexible nature of the SHU B-arms. The homologues also
showed flexibility in their B-arms, revealing that this common
feature is crucial in their role in DNA binding. These multiple
conformations of HU according to B-arm orientation have
also been revealed using NMR (Boelens et al, 1996). We
surmise that the flexible B-arms indicated by their multiple
conformations enable SHU to serve as a ‘biomolecular clamp’
that recognizes the diverse configurations of DNA substrates
and then negatively supercoils the DNA (Kannan et al., 2014).
Our MD simulations and DynDom analysis using apo SHU
and SHU-DNA structures provided evidence for induced
domain motion of SHU by DNA binding. Upon DNA binding,
the hinge domain consisted of Arg53—-Arg55 and Ser74-Val76
moved dynamically and resulted in a collapsed state of the
B-arms. This motion was suggested to be a ‘mechanical
clamping’ mechanism by Kannan et al. (2014).

To assess which residues contribute to the flexible nature
of the B-arms, we mutated five residues in the B-arms and
conducted ITC and EMSA experiments. The ITC and EMSA
results corroborate one another, and the five mutants can be
categorized into three groups. As the first group, R61A and
P63A show the weakest binding to DNA, as indicated by the
difficulty in determining the K4 value. The second group
includes R55A and K59A, which exhibited increased Ky
values and reduced binding affinities relative to WT SHU.
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Despite its contribution in DNA binding, RS8A demonstrated
a small increase in K4 among the five mutants. Interestingly,
we discussed Arg61 and Arg55 as the most energetically stable
residues of the SHU-DNA complex as determined by free-
energy analyses (§3.2.2), which suggests the essential role of
these residues in DNA binding and recognition. In spite of its
meaningful role in DNA binding from the ITC and EMSA
results, Pro63 did not exhibit a significant free-energy change
compared with those of Arg55 and Arg6l. Although there is
not much difference, Arg58 and Lys59 possess larger free-
energy changes, possibly originating from the direct contact by
hydrogen bonds to DNA bases. Thus, the arginine residues on
the B-arms are essential for B-arm flexibility, which affects the
DNA binding and hence the biological function.

4.2. SHU-DNA binding properties and the inferred
biological function of SHU

Distinct substrate specificities according to species may be
related to differing abilities to stabilize proline-mediated
DNA kinks and salt bridges (Grove, 2011; Ma et al., 2011;
Mukherjee et al., 2008). The proline-mediated DNA bend near
TS5 of the DNA is stabilized by the neighbouring Arg61 in
SHU. This phenomenon is also observed in the AHU-DNA
complex (Swinger et al., 2003). The bent DNA with unpaired
T5s that are 9 bp apart is preferred by SHU. The unpaired and
flipped-out T7 near the kinks that makes the DNA require
less energy for deformation also contributes to protein—-DNA
binding. The electrostatic surface view of SHU shows a posi-
tive stripe along the cradle-like area of the inner surface of the
B-arms and the adjacent a-helical body (Supplementary Fig.
S7a). Considering the size of this stripe, the DNA-binding site
may be longer than 9 bp. Grove and coworkers revealed that
the surface-exposed free Lys3, a highly conserved residue
among HU homologues, is essential for determining the length
of the binding DNA (Grove & Saavedra, 2002). In the case of
B. subtilis phage SPO1 TF1 (PDB entry 1wtu) with ~37 bp
binding sites, the surface-exposed Lys3 has no close salt-bridge
partner; thus, this Lys3 is predicted to interact with longer
DNA (Kamau et al., 2005). However, in the case of SHU the
conserved Lys3 residue is positioned towards the inner side
and forms a salt bridge to Asp26 which remained intact during
the binding of SHU to dsDNA. The estimated DNA binding-
site size of SHU from EMSA experiments is 7-11 bp, which is
short compared with those of E. coli IHF (Meador et al., 2008;
Rice et al., 1996) and T. maritima HU (Grove & Lim, 2001).
Swinger and coworkers mentioned that the shortened DNA-
binding site in the case of HU might be owing to crystal
packing (Swinger et al., 2003).

In our EMSA experiments, several lanes showed smearing
or reduced DNA intensity, with various possible explanations.
Firstly, the multiple nonspecific DNA binding of SHU may
have various states of complexation at high concentrations of
SHU, resulting in smearing. Secondly, the bimodal effects of
HU might play a role depending on the protein concentration
(Skoko et al., 2004). At high SHU concentrations, compact
SHU-DNA complex formation may inhibit access of the DNA

dye, causing a gradual reduction in the DNA intensity, or the
aggregates might fail to enter the gel. Thus, SHU at higher
protein concentrations could exist as a very stable and
compact aggregate that organizes and protects the genomic
DNA, as demonstrated for other HU homologues (Mukherjee
et al., 2008; Ghosh & Grove, 2004). This phenomenon is
biologically relevant to the persistence length of DNA (Nir
et al., 2011) and to supercoiling (Schnurr et al, 2006). The
possibility of a higher SHU population with DNA supports the
previous findings of the relatively high concentration of HU
in prokaryotic cells (30 000 dimers per cell; Rouviére-Yaniv &
Kjeldgaard, 1979) and the gene-regulation function of HU
(Prieto et al., 2012).

In general, HU constrains the negative supercoiling of
plasmid DNA (Broyles & Pettijohn, 1986; Grove, 2011), which
is related to a change in linking number that depends on out-
of-plane bending (writhe), underwinding of the helix at indi-
vidual base-pair steps (twist), or both. Previously known
structures of SHU homologue-DNA complexes show various
characteristics in relation to negative supercoiling. AHU
induces DNA underwinding and negative supercoiling. Hbb, a
type II DNA-binding protein, also constrains negative super-
coils, but exists in co-plane with DNA underwinding near the
kinks (Mouw & Rice, 2007). IHF-bound DNA shows little net
DNA unwinding and an inability to constrain negative DNA
supercoiling. In SHU-DNA, out-of-plane bending with two
kinks might constrain negative supercoiling. However, the
DNA of the SHU-DNA complex exists nearly in co-plane,
with a calculated dihedral angle of 8° compared with that of
40-73° for AHU-DNA complexes (Swinger et al., 2003). At
the kinks, dsDNA is overtwisted; however, this overtwisting is
compensated by an undertwist angle near the kink site and the
central 5 bps are overtwisted. The average twist angle was
calculated to be 35° using the w3DNA web server (Zheng et
al., 2009) and is regarded as undertwisted compared with the
twist angle of the canonical B-form DNA, which is approxi-
mately 37° (the Dickerson dodecamer is used as a repre-
sentation of B-form DNA; Drew et al., 1981). Therefore, SHU
constrains negative supercoils but exists in near-co-plane with
DNA underwinding near the kinks. This inferred role in
constraining negative supercoiling suggests that SHU, as an
NAP, affects the overall regulation of bacterial genomic
expression.

4.3. The role of arginine residues in DNA binding

Rohs and coworkers suggest a new recognition mechanism
that is explained by a narrow minor-groove width and by an
enrichment in Arg in this region that compromises the base-
readout and shape-readout mechanisms, which is also applic-
able to SHU. The Args in the B-arms of SHU, which are highly
conserved in HU homologues, interact with the negatively
charged region of DNA. Noticeably, Arg55 in the bending
region of the B-arms is involved in binding in the central minor
groove of DNA. Arg6l of the RNP motif penetrates the
narrow minor groove near the kinks. Pro63 stacks in the kink
and supports the DNA bending that would allow SHU to bind

3286

Kim et al. « B-Arm flexibility of HU

Acta Cryst. (2014). D70, 3273-3289



research papers

DNA. The involvement of the Arg residues on the fS-arms is
universal in HU homologues. From EMSA and ITC experi-
ments, we surmise that Arg55 and Arg61 are essential residues
in DNA binding, although ArgS5 and Arg6l are not
completely conserved (Fig. 1c). Arg58 is conserved in all
homologues and makes hydrogen bonds to DNA, but shows a
relatively small affinity contribution to DNA binding.

The Arg residues are essential in recognizing the deformed
B-DNA shape of TR3 in the minor groove. In the kink region,
which is represented by a high roll angle and an overtwist, the
Arg residues are directly involved in hydrogen-bonding and
hydrophobic contacts. The Lys residues are also related to
DNA interaction. In contrast to Arg, Lys forms water-
mediated or direct hydrogen bonds to one nucleotide. Among
the positively charged residues on the surface, an enrichment
in Arg residues relative to Lys was observed in the SHU-TR3
interface. This prevalence is presumably owing to the higher
energetic cost of removing a charged Lys from water
compared with a charged Arg. Based on the SHU-DNA
complex interface, the DNA-recognition mechanism of SHU
presumably includes not only base readout but also shape
readout, which is related to DNA shape and flexibility for
DNA recognition.

Interestingly, all of the positive residues that form salt
bridges in the complex structure are Lys rather than Arg
residues. Holbrook and coworkers studied the THF-DNA
interaction using ITC and showed that the interaction is
enthalpically driven (exothermic; Holbrook et al., 2001). The
authors proposed that DNA binding-coupled disruption
of salt bridges is common in dsDNA or ssDNA wrapping/
bending proteins such as IHF, HU, SSB, Lac repressor core
tetramer and RNA polymerase (Holbrook et al., 2001). Our
data show that SHU undergoes salt-bridge disruption, which
is energetically favoured when SHU binds to DNA. DNA-
binding proteins utilize both salt-bridge disruption and salt-
bridge formation coupled to nucleic acid binding at the
interface. In the IHF-DNA complex, an Arg-Glu salt bridge
forms at the DNA-binding interface. However, in the SHU-
DNA complex no such salt bridges are present at the DNA-
binding interface, presumably because all of the Arg residues
are engaged in DNA binding.

4.4. Mechanism and implications for DNA recognition and
binding of SHU

Two different plausible mechanisms of SHU-DNA complex
formation can be considered. Either the DNA is partially pre-
bent in the free state and then binds to free HU, or the DNA is
bound to free HU and the DNA is then bent. The non-ideal
structure of TR3 bound to SHU might be intrinsic to the DNA
sequence or might be induced by the protein. Vivas and
coworkers proposed that DNA molecules thermally fluctuate
to adopt pre-bent conformations and are subsequently
captured by multiple stabilizing protein-DNA interactions
(Vivas et al, 2012). Interestingly, previous MD simulation
studies of CAP-DNA showed that the pre-bent DNA
conformation partially exists in free DNA (Dixit et al., 2005).

MD simulations reveal that noncanonical DNA structures
such as kinks and bubbles occur in mini-DNA circles (Lankas
et al., 2006; Mitchell et al., 2011). Previous studies and the
results of this work suggest a possible mechanism of SHU-
DNA complex formation (Supplementary Fig. S9). We
surmise that SHU binds nonspecifically to the bent or kinked
conformations of fluctuating DNA structures that are at least
partially matched to the binding interface of the protein. In
this step, the flexibility of the B-arms of SHU, which explains
the large r.m.s.d.s between monomers, plays a crucial role in
binding various DNAs. Then, to form the tightly bound
complex, the SHU and DNA structures undergo mutually
induced, energetically favoured conformational changes.

Although HU is known to have nonspecific DNA-binding
characteristics, it has a binding preference for DNA. The
mechanism for the recognition of DNA by HU is of interest
because the protein-DNA recognition process is affected
by multiple factors. Previously, the the DNA-recognition
mechanism of HU was presumed to involve indirect readout,
which relies on base pairs that are not directly contacted by
the protein. Recently, the DNA-recognition mechanism has
been considered to adopt base/shape readouts instead of
direct/indirect readouts (Rohs et al., 2010). The DNA recog-
nition of SHU involves both shape and base readouts, and the
specificity of binding is largely accomplished by DNA bending,
kinking and intercalation, as described in previous sections.
The residues on the f-arms recognize the bases of the minor
groove of DNA through direct interactions such as hydrogen
bonds or hydrophobic contacts.

This recognition mechanism is meaningful because the
shape of the DNA, rather than the sequence of the DNA,
plays a crucial role in SHU-DNA binding, and the specific
DNA and protein properties are related to the recognition
mechanism.

5. Conclusions

Studies of several other HU homologues have also revealed
several biological functions of HU as a global gene regulator.
HU binding to DNA facilitates higher order complex forma-
tion by allowing related factors to interact cooperatively with
each other (Kar & Adhya, 2001; Chodavarapu et al., 2008). For
its biological function, it is essential for HU to recognize its
target DNA with high affinity and specificity. Generally, a
combined readout mechanism is involved in DNA recognition;
however, the DNA-recognition mechanism of HU-DNA
complex formation has been elusive. Therefore, elucidating
the mechanism by which HU identifies and binds certain DNA
is desirable. Our structural studies of apo SHU and the SHU-
DNA complex suggest that the flexibility and the amino-acid
residues of the B-arms are crucial for DNA recognition and
binding, additionally representing not only basic biological
features of HU, such as DNA bending and supercoiling, but
also its dynamic features and DNA-binding mechanism. The
results support a complex DNA-readout mechanism in which
SHU forms hydrogen bonds in the minor groove (base
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readout); however, this binding depends strongly on the DNA
shape and flexibility (shape readout).

The development of antibiotics with novel modes of action
is in high demand to combat multidrug-resistant bacteria.
Because HU is a true gene regulator and is involved in various
prokaryotic biological functions, such as transcription, DNA
repair, virulence and the regulation of metabolism, blocking
the activity of HU would damage bacterial survival. Further-
more, the DNA-replication machinery, which is conserved in
bacteria, has recently been considered to be a potential drug
target for the discovery of antibiotics with a novel mode of
action (Robinson et al, 2012). In this context, cross-talk
between HU and other proteins, such as DnaA, OriC and
topoisomerase I, is of interest. Because there is no anti-
bacterial agent that targets the initiation process of DNA
replication, developing inhibitors of the initiation of DNA
replication could be a good strategy for seeking a new class of
antibiotics. Recently, an inhibitor targeting the DNA binding
of M. tuberculosis HU has been reported (Bhowmick et al.,
2014), which suggests the possibility of using SHU as a target
for developing novel antibiotics. Our analysis of the apo SHU
and SHU-DNA complex structures presents detailed char-
acteristics of the DNA binding of SHU, providing valuable
information for the development of novel antibiotics for
MRSA and other bacteria that interfere with SHU dimeriza-
tion or with SHU-DNA interactions.
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