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The gram-positive bacterium Staphylococcus aureus is a common cause of abscesses, sinusitis and food poisoning. The
emergence of antibiotic-resistant strains has caused significant clinical issues worldwide. The HslU-HslV complex was
first identified as a prokaryotic homolog of eukaryotic proteasomes. HslU is an unfoldase that mediates the unfolding of
the substrate proteins, and it works with the protease HslV in the complex. To date, the protein complex has been mostly
studied in gram-negative bacteria. In this study, we report the purification and crystallization of the full-length HslU from
S. aureus. The crystal diffracted X-rays to a 3.5 Å resolution, revealing that the crystals belong to space group P21, with
unit cell parameters of a = 166.5, b = 189.6, c = 226.6 Å, and β = 108.1°. We solved the phage problem by molecular
replacement using the structure of HslU from Haemophilus influenzae as a search model. The cell content analysis with this
molecular replacement solution revealed that 24 molecules are contained in the asymmetric unit. This structure provides
insight into the structural and mechanistic difference of the HslUV complex of gram-positive bacteria.

INTRODUCTION
Some targeted cytoplasmic proteins in eukaryotes are degraded
in proteasomes, which operate in an ATP-dependent process
(Goldberg and St John, 1976; Knecht et al., 2009). The heat
shock locus UV (HslUV) complex in Escherichia coli was first
discovered as a prokaryote homolog of eukaryotic proteasomes
(Rohrwild et al., 1996). HslUV consists of an unfoldase
component HslU and the protease component HslV, both of
which display a hexameric ring arrangement in crystal structures
(Kwon et al., 2003). HslU, from E. coli , forms a homomeric
hexamer with a molecular weight of ~52 kDa, with each promoter
consisting of an N-terminal domain, an intermediate domain
and a C-terminal ATPase domain (Sousa et al., 2002; Wang,
2001). HslU, from E. coli , undergoes a conformational change,
depending on ATP hydrolysis, which induces the unfolding of
the substrate proteins. In the HslUV complex, the substrates
unfolded by HslU are transferred through the central channel to
the protease subunit HslV, which forms the hexameric double
arrangement (Wang, 2001).
Despite extensive studies on HslUV, its biological roles and
action mechanism remain to be elucidated. Moreover, the
structure and roles of the HslUV complex from gram-positive
bacteria are poorly understood, since most structural studies
on HslUV complex were done in gram-negative bacteria. In
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this study, we report the purification and crystallization of the
HslU protein from the gram-positive bacteria Staphylococcus
aureus , which displays a 47% sequence similarity to both E. coli
HslU and Haemophilus influenzae HslU, and a 61% sequence
similarity to Bacillus subtilis HslU. Although S. aureus is not
always pathogenic, it is a common cause of abscesses, sinusitis
and food poisoning. The emergence of antibiotic-resistant
strains has caused serious clinical issues worldwide. Our results
provide starting points to investigate the structural features and
the mechanistic difference of HslUV from gram-positive bacteria
and, further, might suggest insight into controlling pathogenic
bacteria.

RESULTS AND DISCUSSION
The full-length HslU from S. aureus was overexpressed in the E.
coli expression system. The recombinant protein contained the
N-terminal hexahistidine tag and the TEV protease recognition
site. Ni-NTA affinity chromatography was applied for the initial
purification from the soluble lysate of the cultured E. coli cells.
The hexahistidine tag was removed by treating the recombinant
TEV protease, and the treated TEV protease and the cleaved
tag were removed by passing the sample over a Talon resin.
The protein was further purified using anion-exchange
chromatography and size-exclusion chromatography. The
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elution volume from the size-exclusion chromatographic column
suggested that the protein was dimeric in a buffer that does
not contain ATP or ADP (Figure 1A). However, conformationindependent methods, such as multiangle light scattering,
would be required to measure the actual molecular size of HslU
in solution due to the flexible intermediate domain. The final
protein sample was concentrated to 10 mg/ml, as judged by
the Bradford assay (Figure 1B). The protein band apparently
appeared in a molecular weight of 52 kDa with a high purity of
>95% on the SDS polyacrylamide gel, which agreed well with the
theoretical value of the protein (52.2 kDa).
Only one condition produced the crystal from approximately
500 premade conditions in an automated protein crystallization
screening device. The 15-well plates were used to optimize
the crystallization conditions at 14°C with the hanging-drop
diffusion method. The optimized reservoir solution contained
0.05 M ammonium sulfate, 0.05 M Bis-Tris:HCl (pH 6.0), and
26% (V/V) pentaerythritol ethoxylate (15/4 EO/OH). In the
optimized condition, rod-shaped crystals in the diffraction
quality were obtained (Figure 2). Pentaerythritol ethoxylate is a
low-molecular-weight PEG-like molecule and was used as the
major precipitant in the crystallization solution. To improve the
diffraction quality, the HslU protein crystals were dehydrated
by equilibration against in a reservoir solution containing an
additional 50% (V/V) pentaerythritol ethoxylate (15/4 EO/OH).

Since the high concentration of pentaerythritol ethoxylate (15/4
EO/OH) functions as a cryoprotectant, the crystals in the drop
were directly flash-cooled in liquid nitrogen. To collect the
diffraction dataset, an undulator X-ray beam from the Pohang
Accelerator Laboratory (Pohang, Republic of Korea) was used
at a wavelength of 0.97934 Å, finally producing the dataset with
89.9% completeness and 3.5 Å resolution (Figure 3 and Table 2).
The crystal lattice belonged to the primitive monoclinic space
group, and the analysis of the diffraction along the k axis further
revealed a space group of P 21, with unit cell parameters of a =

FIGURE 2 I Crystals of the S. aureus HslU protein. The approximate
dimension of the crystals is 0.25 mm. The scale bar represents 0. 5 mm, as
indicated.

FIGURE 1 I Size-exclusion chromatography of HslU. (A) The Elution profile
of size-exclusion chromatography with the HslU protein sample. The standard
curve is shown on the right (Ferritin [440 kDa], Aldolase [158 kDa], Conalbumin
[75 kDa], Ovalbumin [44 kDa], RibonucleaseA [13.7 kDa], Aprotnin [6.5 kDa]). (B)
The protein band on 4%-15% gradient SDS-polyacrylamide gel. The size marker
for the proteins is presented in the left line with the HslU protein sample (kDa).
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FIGURE 3 I A representative diffraction image. The resolution circles for 3.5
Å and 4.0 Å are shown in dotted lines. A rectangular area is enlarged in the
right bottom corner.
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Crystallization of HslU from S. aureus

FIGURE 4 I The molecular replacement solution. The 24 molecules in the Cα tracing with the electron density map (left panel) and a magnified view (right panel).

TABLE 1 I S. aureus HslU production information

TABLE 2 I X-ray diffraction and cell content analysis

HslU

Data collection

Source organism

Staphylococcus aureus Mu50

Beam line

PAL 5C

DNA source

Genomic DNA

Wavelength (Å)

0.97960

Forward primer

CCAGGGAGCAGCCTCGATGGATACAGCTG
GAATAAGATTAAC

Rotation range per image (°)

Reverse primer

GCAAAGCACCGGCCTCGTTATAGAATAAA
TGCACTTAAATCTTTATTTG

Expression vector

pLIC-His

Expression host

E. coli BL21 (DE3)

HHHHENLYFQGAASMDTAGIRLTPKEIVSKL
NEYIVGQNDAKRKVAIALRNRYRRSLLDEE
SKQEISPKNILMIGPTGVGKTEIARRMAKVV
GAPFIKVEATKFTELGYVGRDVESMVRDLV
DVSVRLVKAQKKSLVQDEATAKANEKLVK
LLVPSMKKKASQTNNPLESLFGGAIPNFGQ
NNEDEEEPPTEEIKTKRSEIKRQLEEGKLEKE
KVRIKVEQDPGALGMLGTNQNQQMQEMMN
Complete amino acid
QLMPKKKVEREVAVETARKILADSYADELIDQ
sequence of the construct
ESANQEALELAEQMGIIFIDEIDKVATNNHNS
produced
GQDVSRQGVQRDILPILEGSVIQTKYGTVNTE
HMLFIGAGAFHVSKPSDLIPELQGRFPIRVEL
DSLSVEDFVRILTEPKLSLIKQYEALLQTEEVTV
NFTDEAITRLAEIAYQVNQDTDNIGARRLHTIL
EKMLEDLSFEAPSMPNAVVDITPQYVDDKLK
SISTNKDLSAFIL
(The underlined residues are cleaved off by the
TEV treatment).

Total rotation range (°)
Exposure time per image (s)
Space group

HslU

1
360
1

P21

Cell dimensions

a, b, c (Å)
β (°)
Resolution (Å)
Total No. reflections

R merge
High resolution shell CC1/2

I/σI
Completeness (%)
Redundancy
No. molecules in asymmetric unit
VM (Å3/Da)
Solvent contents (%)

166.5, 189.6, 226.6
108.1
50.0-3.50 (3.56-3.50)
153949
0.105 (0.398)
0.311
8.6 (2.0)
89.9 (86.2)
3.9 (2.5)
24
2.62
53

* The values in parentheses are for the highest resolution shell.

166.5, b = 189.6, and c = 226.6 Å, and β = 108.1°.
The crystal content analysis, by the Phenix program suite (Zwart
et al., 2008), suggested that 24 molecules were contained in
the asymmetric unit, resulting in 24 as 2.62 Å3/Da of Matthews
coefficient and 53% of the solvent content. Consistently,
the molecular replacement, using the structure of HslU from

98

Bio Design l Vol.6 l No.4 l Dec 30, 2018

Haemophilus influenzae (PDB code: 1G3I) (Kwon et al., 2003)
as a search model, revealed two dodecameric units in the
asymmetric unit (Figure 4). Currently, we are refining the models
for the structural determination.
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METHODS
Construction for the protein expression
The gene coding HslU (NCBI reference sequence: NC002758.2) was
amplified from the genomic DNA from S. aureus Mu50 using PCR. (See
Table 1 for the primer sequences) and was inserted into the pLIC-His
vector, which was made from pET21b(+) using ligation independent cloning
(LIC) as previously described (Cabrita et al., 2006). The resulting construct
had 17 additional residues (MHHHHHHENLYFQGAAS) that encoded an
N-terminal hexa-histidine tag and a TEV cleavage site. After TEV cleavage,
the protein retained 4 additional residues (GAAS) at the N-terminus (Table 1).
Protein expression and purification
To express the protein, the recombinant plasmid pLIC-HslU was transformed into E. coli BL21 (DE3) cells. The bacterial cells were cultured in
1.6 L of LB medium supplemented with 100 μg/mL ampicillin at 37°C
until the OD600 reached 0.7. The HslU protein was induced by adding 0.5
mM IPTG to the culture medium. After induction, the cells were further
cultured at 30°C for 6 hours. The cells were harvested by centrifugation
at 1400xg for 10 min at 4°C, and the cell pellet was resuspended with 50
ml of lysis buffer containing 20 mM Tris (pH 8.0), 150 mM NaCl, and 2 mM
β-mercaptoethanol. Sonication was applied to the cells for cell disruption,
and a centrifugation was conducted at 20000xg for 30 min at 4°C to
remove the cell debris.
The Ni-NTA agarose resin (2 ml; Qiagen, Germany) was added to 50 ml of
the cell lysate solution and was rolled in a column for 40 min at 4°C. The
resin was washed with 300 ml of a buffer containing 20 mM Tris (pH 8.0),
150 mM NaCl, 20 mM imidazole (pH 8.0), and 2 mM β-mercaptoethanol,
and then, the protein was subsequently eluted with 30 ml of a buffer
containing 20 mM Tris (pH 8.0), 150 mM NaCl, 250 mM imidazole (pH
8.0), and 2 mM β-mercaptoethanol. To cleave the hexahistidine tag, a
recombinant TEV protease was treated and incubated overnight at room
temperature. The fractions of the protein were pooled and were further
purified with the anion exchange chromatographic column by applying a
gradient from 0 mM to 1 M NaCl. The protein was eluted in a range of 250450 mM NaCl, and the eluate was concentrated to 5 ml using a Vivaspin
centrifugal concentrator (30 kDa molecular-weight cutoff; Millipore, USA). For
the final purification step, a gel filtration chromatographic column (HiLoad
16/60 Superdex 200; GE Healthcare, USA) was used in 20 mM Tris buffer
(pH 8.0) containing 150 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA and 2 mM
β-mercaptoethanol. The pooled fractions were concentrated to 10 mg/ml
using the same concentrator and were stored frozen at -80°C until use.
Crystallization
The initial crystallization trials of the HslU protein were performed using the
automated crystal screening device MOSQUITO (TTP Labtech, England)
at 14°C using the sitting-drop vapor-diffusion method. Five commercially
available matrix screening solutions (MCSG 1T, 2T, 3T, 4T, and Hampton
Research Crystal Screen HT) were selected. The protein solution (0.2 μl,
10 mg/ml) was mixed with a reservoir solution (0.2 μl) and was equilibrated
against 60 μl of the reservoir solution in a 96-well crystallization plate.
The plate-shaped crystals were obtained under the reservoir solution
containing 0.05 M ammonium sulfate, 0.05 M Bis-Tris:HCl (pH 6.5), and
30%(V/V) pentaerythritol ethoxylate (15/4 EO/OH). The crystallization
conditions were optimized with the hanging-drop diffusion method under
a reservoir solution containing 0.05 M ammonium sulfate, 0.05 M BisTris:HCl (pH 6.0), and 26% (V/V) pentaerythritol ethoxylate (15/4 EO/OH)
at 14°C. In the final optimization experiments, larger rod-shaped crystals,
suitable for data collection in 2 weeks, were obtained in a 15-well plate
by mixing 1 μl of the protein solution (10 mg/ml) and 1 μl of the reservoir
solution in 500 μl of the reservoir solution (Figure 2).
Data collection and processing
We prepared the dehydration solution by adding 500 μl of 100% (V/V)
pentaerythritol ethoxylate (15/4 EO/OH) to 500 μl of the reservoir solution,
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resulting in 0.175 M ammonium sulfate, 0.35 M sodium citrate tribasic
dehydrate 0.025 M ammonium sulfate, 0.025 M Bis-Tris:HCl (pH 6.0),
and 63% (V/V) pentaerythritol ethoxylate (15/4 EO/OH). The crystals in
the droplet were post-equilibrated against the dehydration solution for 90
min at 14°C. The crystals were flash-cooled in liquid nitrogen at -173°C.
The datasets were collected on an ADSC quantum Q270 CCD detector in
beamline 5C of the Pohang Accelerator Laboratory, Republic of Korea, at
a wavelength of 0.97960 Å. The program HKL-2000 was used to process,
merge, and scale the diffraction datasets (Otwinowski and Minor, 1997).
The data collection statistics are summarized in Table 2.
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