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Bacteriophages infect host bacteria and control host metabolism through diverse mechanisms. We noted a gene harboring
homology in the N-terminal acetyltransferase of a bacteriophage SPN3US, which infects Salmonella . The phage-encoded
gene is phylogenetically remote from the typical N-terminal acetyltransferases whose structures are available. This study
reports a preliminary analysis of the crystals of phage-encoded N-terminal acetyltransferase, including its purification and
crystallization. The crystals diffracted X-rays to a 2.2 Å resolution, revealing that the crystals belong to P 6122 or P 6522 with
unit cell parameters of a = 68.5 and c = 219.0 Å. We are now growing the selenomethionine-substituted crystals to obtain
the phase information. The protein structure will provide molecular insights on how the phage hijacks the bacterial host
metabolism.
INTRODUCTION
The emergence of antibiotic-resistant bacteria has driven
bacteriophages (phages) as an alternative to conventional
antibiotics (Burrowes et al., 2011). The narrow host range of the
phages allows targeted bacterial killing without affecting the
host beneficial microbiomes. The US FDA approved the use of
phages as a feed additive and in the treatment of personalized
bacteriophage therapeutics for serious MDR infections (Chan et
al., 2013).
Phages infect bacteria via specific protein-protein interactions
with host bacteria receptor molecules and then control host
metabolism through diverse mechanisms using phageencoded proteins (Weitz et al., 2013). For example, Srd protein
of bacteriophage T4 stimulates activity of RNase E of E.coli to
rapidly degrade hots mRNAs (Qi et al., 2015). T4 Srh protein
also resembles a segment of σ32 that interacts with host RNA
polymerase (Mosig et al., 1998). Salmonella enterica is the
most frequently identified human outbreak of food poisoning
(Uzzau et al., 2000). Bacteriophage SPN3US was isolated
from chicken feces using the host strain Salmonella enterica
serovar Typhimurium LT2. The SPN3US phage belongs to
the Myoviridae family, infecting host bacteria using flagella as
receptors. Bacteriophages are of potential interest in preventing
salmonellosis (Lee et al., 2011).
Many phage-encoded genes are involved in hijacking host
metabolism to take advantage of phage proliferation in host
bacteria. In the genome of SPN3US reported in 2011 (Lee et
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al., 2011), we noted SPN3US_0088, annotated as a putative
acetyltransferase (GenBank Accession AEP83921). Further
analysis of the sequence showed that SPN3US_0088 (called
SPN88 in this study) has sequence similarity to N-terminal
acetyltransferases (NATs) (sequence identity: 21-23%). NATs
belong to the superfamily of Gcn5-related N-acetyltransferases
(GNAT), which contain a domain consisting of four conserved
sequence motifs A-D. GNAT proteins catalyze acetyl transfer
from the CoA donor to a primary amine of the acceptor
substrates. However, the enzymatic activity of SPN88 remains
unclear, with limited sequence similarity to typical GNAT proteins.
The phage-encoded acetyltransferase is phylogenetically remote
from the typical N-terminal acetyltransferases, whose crystal
structures were determined.
Recent studies have revealed that bacterial protein acetylation
plays a prominent role in central and secondary metabolism,
virulence, transcription, and translation (VanDrisse and
Escalante-Semerena, 2019). The role of SPN88 may be related
to the modification of the host proteins to change the bacterial
metabolism. As a first step to reveal the molecular function of the
unique phage-encoded protein, this study reports the preliminary
X-ray analysis of the crystals of SPN88, including the purification
and crystallization steps.

RESULTS AND DISCUSSION
We overexpressed the full-length SPN88 protein in the E.
coli expression system. The resulting protein contained the
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Table 1 I SPN88 production information
SPN88
Source organism

Salmonella bacteriophage SPN3US

DNA source

Genome synthesis, including the SacI and XhoI sites
GAGCTC/ATGCTGGTGATTAACGTGGTGGAAGATAAAATTCCGGCGAACGTGTATCCGGAACTGGTGGAATGGGTGCG
CGATCTGAACAGCATTCGCGAAGAACCGATTAAACTGACCATGTTTGTGGAAGATGATATTGTGCGCGGCATTATGGCGT
GGGAACCGGGCCATCTGGTGTATATGGTGGTGCCGGAAGAAAGCCGCCGCGGCGGCGTGGGCCGCTTTATGCTGAA
ATATCTGCAGCAGAACAGCGATCGCAAACATGTGAGCTGCCGCGTGCATCCGACCAACATTCCGGCGCTGGGCTTTTT
TCATCAGCAGGGCTTTCAGATTGATCGCTGGTATATTGCGGCGGATGGCCAGCGCTATTTTCGCATGACCAACTATAACG
TGATTAGCAGCCATACCCCGCCGGAAGAAAAACTGCTGACCCATTATGCGGAAAGCGTGCCGATTTTTCTGAGCATGGC
GGAAGGCCAGTTTGTG/CTCGAG

Forward primer

NA

Reverse primer

NA

Expression vector

pET24a(+)

Expression host

E. coli BL21 (DE3)

MASMTGGQQMGRGSEFELMLVINVVEDKIPANVYPELVEWVRDLNSIREEPIKLTMFVEDDIVRGIMAWEPGHLVYMVVPEES
Complete amino acid sequence of
RRGGVGRFMLKYLQQNSDRKHVSCRVHPTNIPALGFFHQQGFQIDRWYIAADGQRYFRMTNYNVISSHTPPEEKLLTHYAES
the construct produced
VPIFLSMAEGQFVLEHHHHHH

FIGURE 2 I Crystals of the SPN88 protein. The approximate dimen
sions of the crystal are 150 × 100 × 100 μm.
FIGURE 1 I The protein band corresponding to SPN88 on a 15%
sodium dodecyl sulfate-polyacrylamide gel. The proteins in the left
lane indicate size (kDa).

hexahistidine tag at the C-terminus in an uncleavable form (Table
1). The protein was purified from the cell lysate using Ni-NTA
affinity chromatography. The pooled fractions were subjected
to size exclusion chromatography for further purification. The
final protein sample was concentrated to 6 mg/ml, which was
featured in a purity of 95% as judged by SDS-PAGE (Figure 1).
We tested approximately 700 premade crystallization
conditions in an automated protein crystallization screening
device MOSQUITO. Initially, small protein crystals were obtained
in a solution containing 0.4 M sodium malonate (pH 6.0), 0.1 M
MES monohydrate (pH 6.0) and 0.5% (w/v) polyethylene glycol
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10,000 in a sitting drop method in a 96-well plate. We manually
optimized the crystallization condition using the hanging-drop
diffusion method in 15-well plates using the hanging-drop vapor
diffusion method. The final composition of the reservoir solution
was 0.4 M sodium malonate (pH 6.0), 0.1 M MES monohydrate
(pH 6.0), and 0.4% (w/v) polyethylene glycol 10,000, which
yielded hexagonal prism-shaped crystals (Figure 2).
To collect the X-ray diffraction patterns using the crystals
under cryogenic conditions, we transferred the crystals into a
reservoir solution supplemented with 25% (v/v) glycerol and
then incubated the crystals for 30 s. The crystals were rapidly
frozen in liquid nitrogen by a loop made of polyimide (MiTeGen,
USA). The datasets were collected at microfocusing beamline
11C of the Pohang Accelerator Laboratory (Pohang, Republic
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of Korea) at a wavelength of 0.97941 Å. The resulting dataset
featured 95.1% completeness at 2.2 Å resolution (Figure 3 and
Table 2). The crystal belonged to the Bravais lattice of primitive
hexagonal. Analyses of diffraction patterns along the h , k , and
l axes revealed a P 6122 or P 6522 space group when systemic
absence along the c axis was considered. The unit cell of the
SPN88 crystal was a = 68.5 Å and c = 219.0 Å. Cell content
analyses (Adams et al., 2010) suggested that the asymmetric
unit contained one molecule of SPN88 with solvent contents of
65.3%. Based on phenix.xtriage analyses (Zwart et al., 2005), no
twinning was suggested.
The molecular replacement method was not successful,
presumably because of limited sequence similarities to
homologous proteins whose structures were deposited in the
Protein Data Bank. We are currently growing selenomethioninesubstituted crystals for phasing to resolve the crystal structure of
SPN88.

MATERIALS AND METHODS
Construct design for protein purification
GNAT protein SPN3US_0088 (GenBank Accession AEP83921)
was synthesized into the pTOPBlunt V2 vector by Macrogen,
Inc. (Seoul, Republic of Korea). The synthesized nucleotides
were subcloned in the pET24a(+) vector (Merck) using restriction
enzymes SacI and XhoI. The detailed sequence is listed in
Table 2. The correctness of the cloning was checked by DNA
sequencing (Macrogen, Inc. Daejeon, Republic of Korea).

host after transformation with the recombinant plasmid pET24aSPN88. The cells were cultured in 1.5 L of Luria–Bertani (LB)
medium supplemented with 50 μg/mL kanamycin at 37°C until
an OD600 of 0.6. The addition of 0.5 mM IPTG to the culture
medium induced the expression of the SPN88 protein. The
cells were further cultured at 30°C for 6 hours and harvested by
centrifugation at 5,592 × g for 7 min at 4°C. The cell pellet was
resuspended in 50 mL of lysis buffer containing 20 mM Tris (pH
8.0), 500 mM NaCl, and 2 mM β-mercaptoethanol. The cells
were disrupted by sonication, and cell debris was removed by
centrifugation at 18,800 × g for 30 min at 4°C.
Ni-NTA agarose resin (1 mL; Qiagen, Germany) was mixed
with 50 mL of the cell lysate and gently rolled in a column for
50 min at 4°C. The resin was then washed with 250 mL of a
buffer containing 20 mM Tris (pH 8.0), 500 mM NaCl, 20 mM
imidazole (pH 8.0), and 2 mM β-mercaptoethanol. The protein
was eluted with 20 mL of a buffer containing 20 mM Tris (pH
8.0), 500 mM NaCl, 250 mM imidazole (pH 8.0), and 2 mM
β-mercaptoethanol. The pooled fractions were further purified by
gel filtration chromatography (HiLoadTM 26/610 SuperdexTM 200
pg; GE Healthcare, USA). Before chromatography, the column
was pre-equilibrated with 20 mM Tris buffer (pH 8.0) containing
500 mM NaCl and 2 mM β-mercaptoethanol. The resulting
protein solution was concentrated to 6 mg/mL using a Vivaspin
centrifugal concentrator (30 kDa molecular-weight cutoff;
Millipore, USA) and stored frozen at –80°C until use.
Crystallization

Protein expression and purification

Escherichia coli BL21 (DE3) cells were used as the expression

An automated crystal screening device (MOSQUITO Crystal; TTP
Labtech, UK) was employed for the initial crystallization trials. The
purified SPN88 protein was initially crystallized at 14°C using a

Table 2 I X-ray diffraction and cell content analysis
SPN88
Data collection
Beamline

PAL 11C

Wavelength (Å)

0.97941

Rotation range per image (°)
Total rotation range (°)

1
360

Exposure time per image (s)

0.1

P 6122 or P 6522

Space group
Cell dimensions

a , b , c (Å)

68.5, 68.5, 219.0

Resolution (Å)

50.0-2.20 (2.24-2.20)

Total No. reflections

15,921

R merge

0.077 (0.324)

High resolution shell CC1/2

FIGURE 3 I A representative diffraction image. The resolution circles
for 2.2 Å and 2.5 Å are shown as dotted lines.
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0.959

I /σI

36.7 (5.5)

Completeness (%)

98.7 (95.1)

Redundancy

21.1 (11.3)

*The values in parentheses are for the highest resolution shell.
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sitting-drop vapor-diffusion method. The protein solution (0.2 μL,
6 mg/mL) was mixed with a reservoir solution (0.2 μL) and then
equilibrated against 60 μL of the reservoir solution in a 96-well
crystallization plate. We used seven matrix screening solutions
(MCSG 1-4T, PEG RX, PEG Ion, and Hampton Research Crystal
Screen) in the initial screening trials. Crystals grew in a reservoir
solution containing 0.4 M sodium malonate (pH 6.0), 0.1 M
MES monohydrate (pH 6.0), and 0.5% (w/v) polyethylene glycol
10,000. The crystallization conditions were optimized using the
hanging-drop diffusion method at 14°C in 15-well crystallization
plates. SPN88 was crystallized in solution containing 0.4 M
sodium malonate (pH 6.0), 0.1 M MES monohydrate (pH 6.0),
and 0.4% (w/v) polyethylene glycol 10,000.
Data collection and processing
For data collection under cryogenic conditions, SPN88 crystals
were incubated in reservoir solution supplemented with 25%
(v/v) glycerol for 30 s. Crystals were flash-frozen in liquid nitrogen
at –196°C. The datasets were collected using the Pilatus3 6M
detector (Dectris, Switzerland) on beamline 11C of the Pohang
Accelerator Laboratory, Republic of Korea. The diffraction
datasets were processed, merged, and scaled using the program
HKL-2000 (Otwinowski and Minor, 1997). Table 2 shows the data
collection statistics.
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