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YfdX is a bacterial protein that has been identified in a number of gram-negative species, including Salmonella enterica
serovar Typhi, which is the causative agent of typhoid fever. Previously, we reported the pH-dependent change of the
oligomeric state of S. Typhi YfdX between tetrameric (at pH 5.5) and dimeric (at pH 8.0) forms, which was demonstrated
by size exclusion chromatography-multiangle light scattering and small angle X-ray scattering. However, only the threedimensional structure of tetrameric YfdX determined using crystals obtained under low pH conditions was presented in
our previous study. In this study, in an effort to obtain structural information for YfdX in the dimeric state at high pH, wildtype and Sel-Met-substituted recombinant S. Typhi YfdX proteins were produced in an Escherichia coli expression system,
purified using Ni-NTA affinity chromatography and size exclusion chromatography, and crystallized. Crystals obtained at
high pH were selected for further optimization to determine the crystal structure of dimeric YfdX. X-ray diffraction data
were collected at resolutions of 1.70 Å and 1.90 Å for native and Sel-Met-substituted crystals, respectively. A preliminary
diffraction analysis was conducted, which indicated that our crystals commonly belong to the P2 space group, with six
YfdX molecules present in the single asymmetric unit.
INTRODUCTION
Salmonella enterica serovar Typhi is the causative agent of
typhoid fever−one of the most fatal multisystemic diseases−that
is accompanied by high fever, abdominal pain, rash, and
diarrhea. This infectious disease is widespread in developing
countries and implicated in approximately 200,000 deaths
annually (Azmatullah et al., 2015; Dougan and Baker, 2014;
Radhakrishnan et al., 2018). Moreover, clinical overuse or
misuse of diverse antibiotics for decades has enabled S . Typhi
to develop strong antibiotic resistance, emerging as a serious
threat to public health and safety (Frye and Jackson, 2013;
Karkey et al., 2018). S . Typhi encodes a number of bacterial
factors that regulate antibiotic resistance and bacterial virulence.
YfdX is a prokaryotic protein that has been identified across
various gram-negative pathogenic bacterial species, including
Klebsiella pneumoniae (Jiang et al., 2010), Shigella dysenteriae
(Kaur et al., 2014), and S . Typhi (Parkhill et al., 2001). Initial
biochemical characterization of YfdX was carried out by Ghosh
et al.; they reported homooligomerization (Saha et al., 2016b),
chaperon activity (Saha et al., 2016a), and a putative interaction
with another Salmonella protein (Mondal et al., 2018) of S .
Typhi YfdX, also called STY3178. Subsequently, we reported
the crystal structure of S . Typhi YfdX (Lee et al., 2019), and
identified of its pH-dependent conversion of the oligomeric state
between dimer and tetramer. Moreover, we investigated the
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function of YfdX in regulating antibiotic tolerance and bacterial
virulence. The dimer-tetramer switch of YfdX was analyzed by
size exclusion chromatography-multiangle light scattering (SECMALS) and small angle X-ray scattering experiments; Salmonella
YfdX exists as a dimer at pH 8.0 but forms a tetramer at pH 5.5
(Lee et al., 2019). In our previous report, the homotetrameric
form was verified via crystal structure determination, but the
dimeric state was not as all three crystals used for structure
determination were obtained at low pH conditions (pH 4.6–5.0).
Therefore, based on the tetrameric crystal structure and SECMALS experiments carried out using YfdX constructs containing
oligomer-disrupting mutations, the dimeric structure of YfdX was
modeled and analyzed (Lee et al., 2019). In this study, in an effort
to obtain structural information for homodimeric YfdX, conditions
at high pH were closely monitored and optimized for crystal
growth. We suspected that minute structural differences between
the tetrameric and dimeric forms might determine the oligomeric
state of YfdX. Therefore, to avoid any model-bias associated with
the molecular replacement method, crystals were obtained not
only using native protein but also using selenomethionine (SelMet)-substituted S . Typhi YfdX protein, which diffracted to 1.70
Å and 1.90 Å resolutions, respectively. Subsequent preliminary
diffraction analysis of both crystals demonstrated that six YfdX
molecules were present in the asymmetric unit.
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RESULTS AND DISCUSSION
Both native and Sel-Met-substituted protein fragments containing residues 21–197 of S . Typhi YfdX were expressed in an
Escherichia coli expression system (Table 1). After purification
using Ni-NTA affinity and size exclusion chromatography, the
final samples were subjected to sodium dodecyl sulfate (SDS;
Figure 1, left) or native (Figure 1, right) polyacrylamide gel
electrophoresis to verify their purity by Coomassie blue staining.
Both the native and Sel-Met-substituted protein bands of YfdX,
whose calculated monomeric molecular weight is 20.7 kDa,
were located between the 17 kDa and 28 kDa molecular weight
standards on the SDS gel (Figure 1, left). On both SDS and
native gels, the YfdX protein appeared as a single band with
approximately 95% purity, demonstrating their homogeneity
(Figure 1).
Using the sitting drop vapor diffusion method, the final protein

samples were subjected to automated protein crystallization
screening trials. Initial native crystals grew in a number of
precipitant conditions; those obtained in D5 of Wizard Classic 1
HT96 containing 30% polyethylene glycol (PEG) 3000 and 100
mM 2-(cyclohexylamino)ethanesulfonic acid (CHES; pH 9.5)
(Figure 2, left; Table 2) were used to collect X-ray diffraction data

TABLE 1 I YfdX production information
Source organism

S. Typhi

DNA source

Synthesized yfdX gene

Forward primer

AAGGAGATATACATATGGCCGCAACAAACATGAC
TGATAAC

Reverse primer

GGTGGTGGTGCTCGAGCTGAACTGACTGAGAG
TCTACAACTATGCCATC

Expression vector

pET21a

Expression host

E. coli BL21(DE3) RIL for native crystals;
B834(DE3) for Sel-Met-substituted crystals

Complete amino
acid sequence of the
construct produced

MAATNMTDNVTLNNDKISGQAWQAMRDIGMSR
FELFNGRTQKAEQLAAQAEKLLNDDSTDWNLYV
KSDKKAPVEGDHYIRINSSITVAEDYLPAGQKND
AINKANQKMKEGDKKGTIEALKLAGVSVIENQELI
PLQQTRKDVTTALSLMNEGKYYQAGLLLKSAQDG
IVVDSQSVQLEHHHHHH

FIGURE 1 I Purified S . Typhi YfdX. (The purified S. Typhi YfdX proteins
indicated by arrowheads were visualized on an SDS (left) or native gel (right)
by Coomassie blue staining. The molecular weight markers are shown on the
SDS gel.

FIGURE 2 I Crystals of S . Typhi YfdX. Crystals were obtained with a reservoir solution containing 30% PEG 3000 and 100 mM CHES at pH 9.5 for native crystals
(left) and pH 9.8 for Sel-Met-substituted crystals (right) at 18°C. The scale bar indicates 0.1 mm.
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TABLE 2 I Crystallization
Crystal types

Native

Sel-Met-substituted

Method

Sitting drop vapor diffusion

Plate type

96-well sitting drop crystallography plate

Temperature (K)
Protein concentration (mg/mL)
Buffer composition of protein solution
Composition of reservoir solution
Cryoprotectant

291
40

10

20 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 1 mM dithiothreitol
30% (w/v) PEG3000 and 100 mM CHES (pH 9.5)

30% (w/v) PEG3000 and 100 mM CHES (pH 9.8)

10% ethylene glycol

-

Volume of drop (μL)

2 (protein: reservoir = 1:1)

Volume of reservoir (μL)

70

TABLE 3 I Data collection and processing statistics
Crystal types
Diffraction source

Native

Sel-Met-substituted

Beamline 7A, PAL

Beamline 7A, PAL

Wavelength (Å)

0.9794

0.9792 (peak)

Temperature (K)

100

100

Space group

P2

P2

a, b, c (Å)

113.7, 57.3, 113.7

114.4, 57.5, 114.5

α, β, γ (°)

90, 108.6, 90

90, 108.6, 90

50.0−1.7 (1.73−1.70)*

50.0−1.9 (1.93−1.90)

3,144,520

2,164,773

Resolution (Å)
Total No. of reflections
No. of unique reflections

153,913

111,477

Completeness (%)

98.1 (96.9)

100 (100)

Rmerge (%)

8.0 (42.7)

11.0 (35.0)

Average I/σ(I)

38.9 (6.0)

33.7 (7.9)

Redundancy

7.5

7.4

*Values in parentheses are for the highest resolution shell.

FIGURE 3 I Representative X-ray diffraction images. X-ray diffraction
photograph of the native (top) or Sel-Met-substituted (bottom) crystal with 1.0°
oscillation range. Maximum resolutions at the edge of the films are 1.5 Å (top)
and 1.7 Å (bottom).

bdjn.org

(Figure 3, top; Table 3). Initial Sel-Met-substituted crystals grown
in the same condition were optimized by altering the pH from pH
9.5 to pH 9.8 (Figure 2, right; Table 2). X-ray diffraction data were
collected on beamline 7A at the Pohang Accelerator Laboratory
(PAL) to 1.70 Å and 1.90 Å resolutions for native and Sel-Metsubstituted crystals, respectively (Figure 3) (Park et al., 2017).
The space group of both crystals was determined to be P 2 with
unit cell parameters of a = 114 Å, b = 57 Å, c = 114 Å, and β =
108.6°. The total number of reflections for native and Sel-Metsubstituted data sets were 3,144,520 and 2,164,773, which were
merged to produce 153,913 and 111,477 unique reflections with
merging R factors of 8.0% and 11.0% and completeness values
of 98.1% and 100%, respectively. The data collection statistics
are shown in Table 3. The solvent content and Matthews
coefficient were calculated to be 58% and 2.9 Å3/Da for both
crystals, whose asymmetric unit contained six molecules of YfdX.
Structure determination by the single-wavelength anomalous
diffraction method using our Sel-Met-substituted YfdX crystals is
currently underway.
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METHODS
Preparation of recombinant proteins
The DNA coding for the S . Typhi YfdX (GenBank accession number
WP_057483351.1; total 210 amino acids) fragment containing residues
21−197 was synthesized by Bioneer Co. and used as a template for the
polymerase chain reaction. The resulting DNA fragment was cloned into
the pET21a plasmid (Novagen) using the forward and reverse primers
described in Table 1. The recombinant pET21a plasmid harboring the S .
Typhi YfdX DNA was transformed into E. coli BL21(DE3) RIL (Novagen)
or B834(DE3) methionine auxotroph (Novagen) competent cells for
expression of native protein or Sel-Met-substituted protein, respectively.
Cells were cultured in Luria-Bertani broth for native protein production or
in minimal medium containing 4 g/L glucose, 2 mM MgSO4, 0.1 mM CaCl2,
0.05 mM MnCl2, 0.1 μM FeCl3, M9 salts consisting of 6.8 g/L Na2HPO4,
3 g/L KH2PO4, 0.5 g/L NaCl, and 1 g/L NH4Cl, 0.75 g/L CSM-Met (MP
Biomedicals), 10 mg/L thiamine, 2 mg/L nicotiamide, 2 mg/L folic acid, 2
mg/L choline chloride, 0.2 mg/L riboflavin, and 40 mg/L Sel-Met (Acros
organics) for Sel-Met-substituted protein production. Cells were incubated
at 37°C until the OD600 reached 0.6; then, the cells were treated with 0.5
mM isopropyl-β-D-thiogalactopyranoside to induce protein expression and
were subsequently incubated at 18°C for 16 h. Centrifugation at 1,800 ×
g for 30 min at 4°C, resuspension in a lysis buffer containing 50 mM TrisHCl (pH 7.5), 200 mM NaCl, and 3 mM β-mercaptoethanol (β-ME), and
sonication on ice were sequentially followed. After removing cell debris by
centrifugation of the cell lysates at 18,000 × g for 50 min at 4°C, each of
the supernatants were loaded onto Ni-NTA agarose resin (QIAGEN). Wash
buffer 1 containing 50 mM Tris-HCl (pH 7.5), 1 M NaCl, and 3 mM β-ME,
and wash buffer 2 containing 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, 3
mM β-ME, and 50 mM imidazole were used for resin washing. Proteins
were eluted with 40 mL of a buffer containing 50 mM Tris (pH 7.5), 200 mM
(for native proteins) or 50 mM (for Sel-Met-substituted proteins) NaCl, 3 mM
β-ME, and 300 mM imidazole. For further purification, each of the proteins
were loaded onto a HiLoadTM 26/600 SuperdexTM 75 prep grade column
(GE healthcare), which were equilibrated with a final buffer containing 20
mM Tris-HCl (pH 7.5), 100 mM NaCl, and 1 mM dithiothreitol. The fractions
containing the purified protein were collected and concentrated to 40
mg/mL for crystallization.
Crystallization and X-ray data collection
Commercial screening solutions were used for initial crystallization trials.
On day 1 or 2, crystals were obtained in condition D5 of Wizard Classic
1 HT96 (Molecular Dimensions), which contained 30% (w/v) PEG 3000
and 100 mM CHES (pH 9.5). Sel-Met-substituted crystals were further
optimized by altering the pH from pH 9.5 to pH 9.8, as described in Table 2.
X-ray diffraction data were collected on beamline 7A at the PAL (Park et al.,
2017). Data were processed using the program HKL 2000 (Otwinowski and
Minor, 1997), as summarized in Table 3.
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