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Ribose 5-phosphate isomerase is an enzyme that interconverts ribose 5-phosphate and ribulose 5-phosphate in
the pentose phosphate pathway, which participates in NADPH generation, as well as an oxidative and non-oxidative
synthesis of pentose sugars. Two distinct forms, ribose 5-phosphate isomerase A (RpiA) and ribose 5-phosphate
isomerase B (RpiB), show no sequence identity even though they exist as ubiquitous, highly-conserved proteins in most
kingdoms. RpiB from pathogenic, marine Vibrio vulnificus YJ016 (Vv RpiB) was purified, crystallized, and analyzed to
determine its structure in the apo form and in complex with a ligand. Crystals of the apo form of Vv RpiB diffracted X-rays
to 3.06 Å resolution, belonging to tetragonal space group I 41 while co-crystals of Vv RpiB with R5P belonged to the
monoclinic space group C 2 and diffracted X-rays to 2.07 Å resolution.
INTRODUCTION
Vibrio vulnificus can infect persons who eat contaminated
seafood or unhealed wounds that are exposed to warm
seawater, according to the Center for Disease Control and
Prevention (USA). It can cause vomiting, diarrheal, abdominal
pain, and septicaemia, characterized by fever, chills, septic
shock, and severe skin lesions with high fatality rates, even
under strong antibiotic or vaccine treatment. The pentose
phosphate pathway (PPP), which branches from glycolysis
at the initial step of glucose metabolism, is required for the
synthesis of NADPH and pentose, which act as a reducing
agent and an essential source of nucleotides, respectively. The
PPP is involved in the production of D-ribose-5-phosphate
(R5P), used as an anti-oxidant and as a 5-carbon source.
Ribose-5-phosphate isomerase (Rpi) is responsible for the
reversible conversion of R5P and D-ribulose 5-phosphate
(Ru5P) in the PPP and the Calvin cycle during photosynthesis
(Poulsen et al., 1999; Feierberg and Åqvist, 2002; Zhang et
al., 2003) (Figure 1). The clinical cases of Rpi deficiency, a
rare congenital defect in PPP, indicate that Rpi can serve as a
marker for a novel, homozygous, missense mutation (Huck et
al., 2004; Naik et al., 2017). Rpi exists as two distinct proteins.
RpiA is found in almost all organisms, whereas RpiB occurs in
some bacteria and eukaryotes. Although RpiA and RpiB have
little similarity in their amino acid sequences, both catalyse the
same proton-transfer reaction, similar to the hydride-transfer
used by both D-xylose isomerase and L-rhamnose isomerase
(Korndörfer et al., 2000). Several reports related to mutation and
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knockdown of RpiB have reported functional roles in substrate
recognition and conformational state, suggesting convergent
evolution of their structures (Loureiro et al., 2015; Faria et al.,
2016; Kaur et al., 2016). In this study, based on structural and
functional comparisons of key enzymes in PPP, the amino acid
sequence of Vibrio vulnificus RpiB (Vv RpiB) shows the average
sequence identity of 40.8% to that of well-known RpiBs
from Coccidioides immitis (XM_001240768.1), Clostridium
thermocellum (NC_009012.1), Escherichia coli (NC_00913.3),
Giardia lamblia (XM_061709939.1), Mycobacterium sp. (NZ_
JAO S 010 0 0 0 42.1), N ovo s p h i n g o b i u m a r o m a ti c i vo r a n s
(NC_007794.1), Streptococcus pneumoniae (NC_003098.1),
Trypanosoma cruzi (XM_799253.1) and Thermotoga maritima
(NC_000853.1) (Figure 2). Unlike structural and biochemical
characterizations of known RpiBs, structural measurements
of Vv RpiB reveal the catalytic basis for the isomerase reaction
and structure-function relationships with human Rpi, based
on partial sequence identity. Recent reports have described
structural and functional similarities, highlighting the effects
of small conformational changes linked to substrate binding
in the active site (Edwards et al., 2011; Jung et al., 2011; Stern
et al., 2011). To understand isomerization between R5P and
Ru5P, we preliminarily analyzed the structural solution of apo
and R5P-bound forms of Vv RpiB at high resolution using X-ray
crystallography. Reproducible crystals for apo and R5P-bound
Vv RpiBs were obtained and diffracted to 3.06 and 2.07 Å
resolution, respectively.
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RESULTS AND DISCUSSION
Vv RpiB was successfully overexpressed in soluble form with
an N-terminal TEV-cleavable His-tag in E. coli BL21 (DE3)
and purified to crystallizable quality using Ni-NTA affinity

FIGURE 1 I The catalytic reaction of Ribose 5-phosphate isomerase
(Rpi). Rpi is a biosynthetic enzyme related to the isomerization between
ribose 5-phosphate (R5P) and ribulose 5-phosphate (Ru5P). The position change of double bond to oxygen transforms the aldose R5P to the
ketose Ru5P. A cis-enediolate is definitely postulated status (Feierberg
and Aqvist, 2002).

chromatography, followed by cleavage of the N-terminal Histag with TEV protease, DEAE ion exchange chromatography,
and Superdex 75 prep grade chromatography. The final yield
of Vv RpiB was ~25 mg/L of cultured cells. Calibrated sizeexclusion chromatography on a Superdex 75 prep grade
column yielded equation: Kav = –0.4844 (log10MW) + 2.4466. Kav
is plotted as a function of the logarithm of the MW (log10MW ). Kav
= (VS – V0) / (VC – V0) where VS, V0, and VC are the sample elution,
void, and column volumes, respectively. The Kav of Vv RpiB was
0.2438, and the calculated molecular weight was 35.3 kDa,
which was eluted in 62.4 ml, indicating as a monomeric 21 kDa
on SDS-PAGE used a protein marker (Bio-rad) (Figure 3). The
elution profile showed that the molecular weight of Vv RpiB (211

FIGURE 3 I The purification profile for Vv RpiB expressed in E. coli
BL21 (DE3). The purity of Vibrio vulnificus YJ016 RpiB is confirmed using 15% SDS-PAGE gel (left in inert). The first lane represents molecular
weight markers. The second and third lane indicate a pure Vv RpiB by
Superdex 200 gel filtration chromatography and by Superdex 75 gel filtration chromatography (fraction #22 described as below), respectively.
In the purification profile, Vv RpiB was eluted as a single peak at an elution volume of approximately 62.45 ml. The protein size markers were
standardized as a calculated equation by the following four markers,
ribonuclease A (13.7 kDa), chymotrypsinogen A (25 kDa), ovalbumin (43
kDa) and bovine serum albumin (67 kDa) (right in inert).

FIGURE 2 I The amino acid sequence alignment among Vv RpiB and other RpiBs was generated using the multiple alignment program
CLUSTAL 2.1 and modified by Unipro UGENE. The different colors were indicated as the default colors used for alignments based on a graphical interface for the ClustalW multiple sequence alignment program. Each residue in the alignment is assigned colors as hydrophobic blue, positive charged
red, negative charged magenta, polar green, Cys pink, Gly orange, Pro yellow and His/Tyr cyan. Name of all sequences was used as the following abbreviation. CiRpiB, C. immitis RpiB; CtRpiB, C. thermocellum RpiB; EcRpiB, E. coli RpiB; GlRpiB, G. lamblia RpiB; MtRpiB, M. tuberculosis RpiB; NaRpiB, N. aromaticivorans RpiB; SpRpiB, S. pneumonia RpiB; TcRpiB, T. cruzi RpiB; TmRpiB, T. maritima RpiB; Vv RpiB, V. vulnificus RpiB.
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amino acids) did not precisely match the calculated theoretical
mass (42 kDa) of dimeric Vv RpiB, presuming that Vv RpiB has a
compacted dimeric interface.
Initial crystallization of apo and R5P-bound Vv RpiB was
carried out using the sitting-drop vapour diffusion method
at 20°C. For diffraction-quality crystals, apo and R5P-bound
forms of Vv RpiB were obtained using 0.1 M Imidazole, pH 8.0,
20% (w/v) PEG 1 K, 0.2 M Ca (OAc)2, and 75 mM KCl and 0.1 M
MES, pH 6.0, 15% (v/v) ethanol, 75 mM KCl and 0.2 M Zn (OAc)2,
indicating that the concentration of zinc ion was critical to be
crystallized as an optimized formation of R5P-bound Vv RpiB
(Figure 4). After transferring apo and R5P-bound Vv RpiB
crystals into 30% (v/v) glycerol in mother liquor for cryoprotection, optimized apo and R5P-bound Vv RpiB crystals were
directly flash-cooled in a gas stream from liquid N2, diffracting
to a resolution of 3.06 and 2.07 Å, respectively (Figure 5).
Apo Vv RpiB crystals belonged to the tetragonal space group
I 41 and R5P-bound crystals belonged to the monoclinic space
group C 2. With two Vv RpiB monomers per asymmetric unit,
crystal volumes per unit of apo and R5P-bound protein masses
were 2.53 and 2.38 Å –1, corresponding to solvent contents
of 52 and 48%, respectively. Based on the size-exclusion
chromatographic analysis, which indicated homodimerization
of Vv RpiB, the physiologically relevant state by Matthews

coefficient (Matthews, 1968) showed an asymmetric unit of two
protein molecules.
The molecular replacement was performed with MOLREP
(Vagin and Teplyakov, 2010) and PHASER (McCoy, 2007) using
the E. coli RpiB structure (PDB code: 1NN4) as a search model
which shares an 18.7% amino acid sequence identity with
Vv RpiB. Initial refinement produced a possible model of apo
Vv RpiB with R work of 38.7% and R free of 45.1% using PHENIX
(Adams et al., 2010). Further model building and refinement of
the apo and R5P-bound structures are currently in progress.
Statistics for diffraction data collection and processing details
are summarized in Table 1. Our structural investigation of
Vv RpiB will expand the current understanding of phosphosugar
conversion into intermediates during acid-base catalysis in
glycolysis.

METHODS
Protein expression and purification
The coding sequence of the Vibrio vulnificus YJ106 ribose
5-phosphate isomerase B ( Vvrpib , GeneID GI:37201603)
gene was amplified by a polymerase chain reaction from
commercially available genomic DNA. To confirm restriction
enzyme sites that are excluded in the full coding sequence of
Vvrpib , the uncleaved restriction enzyme site was checked with

FIGURE 4 I Crystals of apo Vv RpiB
and in complex with R5P. Crystals
of apo and R5P-bound Vv RpiB were
obtained as a prism-like (A) and trapezoid (B) forms, respectively. Scale
bar indicates 0.1 mm.

FIGURE 5 I X-ray diffraction images. Representative X-ray diffraction pattern of the apo Vv RpiB (A)
and R5P-bound Vv RpiB (B) crystals
with a wavelength at 1.0000 Å and a
distance of 200 mm from crystal to
detector. The detector edge corresponds to around 2 Å resolution.
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TABLE 1 I Data collection and processing statistics
Dataset

Apo

R5P-bound form

X-ray beamline

PAL5C

Wavelength (Å)

1.0000

Rotation range per image (°)

1

Exposure time per image (s)

1

I 41

C2

133.006, 133.006, 180.093
90.000, 90.000, 90.000

107.835, 83.970, 95.663
90.000, 89.805, 90.000

50–3.06 (3.14–3.06)

50–2.07 (2.14–2.07)

Space group
Unit cell dimensions
a,b,c (Å)
α,β,γ (°)
Resolution (Å)
Total reflections

129723

91730

Unique reflections

19690 (1962)

45067 (4123)

Completeness (%)

96.0 (82.2)

87.4 (80.4)

R merge* (%)

4.6 (49.5)

2.2 (45.2)

Mean I /σ (I )

4.1 (0.9)

5.1 (2.2)

*R merge = ∑hkl ∑i | Ii (hkl ) − <I (hkl )> | /∑hkl ∑i Ii (hkl ), where Ii (hkl ) is the intensity of the i th observation of reflection hkl and <I (hkl )> is the average intensity of reflection Ii (hkl ) for all
i observation. Values in parentheses are for the highest resolution shell.

NEBcutter V2.0. We selected Bam HI and Xho I restriction sites
of the pET-28a-TEV vector, which includes a Tobacco Etch
Virus (TEV) protease site in the N-terminus. After treatment
with TEV protease, the recombinant protein contained an
additional 17 amino acids (GSHMASMTGGQQMGRGS) at
the N-terminus derived from the expression vector. To scale
up over-expressed cells, the pET-28a-TEV included Vvrpib
was transformed into and expressed in E. coli strain BL21
(DE3) (Invitrogen, USA) at 37°C with 0.4 mM Isopropyl-Dthiogalactoside (GE Healthcare) for 4 hrs ( Table 2). After
collection of cultured cells by centrifugation, cell pellets were
suspended with buffer A (20 mM Tris-HCl, pH 8.0, 500 mM
NaCl, and 5 mM β-mercaptoethanol) and gently disrupted by
sonication (VC505, Sonics) on ice. Cell debris and supernatant
were separated by low-speed centrifugation at 20,000 × g for
1 hr at 4°C, and the supernatant was collected. Impurities were
removed by 0.22 μm filtration. The filtered supernatant was
applied to a His-trap nickel-nitrilotriacetic acid affinity column
(Ni-NTA column, GE Healthcare) pre-equilibrated with buffer
A. The Ni-NTA column was washed with buffer A using 50× the
column volume. Target protein was eluted with a linear gradient
using buffer B (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 250
mM imidazole and 5 mM β-mercaptoethanol). Highly purified
fractions eluted in a linear gradient ranging from 147.7 mM
to 170.5 mM imidazole. Eluted Vv RpiB protein was dialyzed
against buffer A while simultaneously digesting with TEV
protease for at least 12 hrs at 4°C to cleave the His-tag. TEVtreated Vv RpiB was applied to a DEAE ion-exchange column
pre-equilibrated with 50 mM Tris-HCl, pH 8.0, and 5 mM
β-mercaptoethanol. Then linear gradient elution was performed
up to 300 mM NaCl. Pooled fractions were concentrated using
Amicon centrifugal filters (Millipore) with a cut-off of 5 kDa, and
injected into Superdex 75 prep grade size-exclusion column
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TABLE 2 I Macromolecule production information
Source organism

Vibrio vulnificus YJ106

DNA source

Commercially available genomic DNA

Forward primer*

CGGGATCCTTAGTCGATCAGCGAGCGTACG

Reverse primer*

CGCTCGAGATGAAAATTGCACTAATGATGGAA

Cloning vector

pET-28a

Expression vector

pET-28a

Expression host

E. coli BL21 (DE3)

Complete amino
acid sequence
of the construct
produced**

MKIALMMENSQAPKNAMVAAELNSVAGGLGHDVF
NVGMKDENDHHLTYIHLGIMASILLNSKAVDFVVTG
CGTGQGAMMSSNLHPGVVCGYCLEPSDAFLFNQIN
NGNAISLAFAKGFGWAGELNVRYIFEKAFTGNRGEG
YPIERAAPQQANAAILNNVKAAVAKDVVEGLRAIDQ
ELVKTAVGGAQFQECFFANCQVPEIAEYVRSLID

*Restriction enzyme sites in the primers (BamHI; forward and XhoI; reverse) are
underlined.
**The sequence indicates RpiB product by treatment of TEV protease.

(GE Healthcare) equilibrated with buffer C (20 mM HEPESNaOH, pH 7.5, 150 mM KCl, 5 mM β-mercaptoethanol and
10% (v /v ) glycerol). Vv RpiB protein fractions were examined
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), pooled, and concentrated at 40 mg ml –1 to screen
crystallization conditions. To investigate the oligomerization
status of Vv RpiB, the product was analyzed on a Superdex 75
prep grade column calibrated with standard markers: bovine
serum albumin (66 kDa), ovalbumin (43 kDa), chymotrypsin A (25
kDa), and ribonuclease A (13.7 kDa), pre-equilibrated with buffer
C. Final protein fractions were confirmed to be of >98% purity
by SDS-PAGE. Concentrations of Vv RpiB were determined with
a theoretical extinction coefficient (12950 M –1 cm –1) at 280 nm
using PROTPARAM (Gasteiger et al., 2005).
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TABLE 3 I Protein crystallization
Method

Hanging-drop vapour diffusion

Plate type

24-well VDX plates

Temperature (K)

293

Protein concentration

40 mg ml –1

Buffer composition of 20 mM HEPES-NaOH, pH 7.5, 150 mM KCl,
protein solution
5 mM β-mercaptoethanol, and 10%(v /v ) glycerol
Composition of
reservoir solution

Apo form, Imidazole (pH 8.0), 20% (w/v) PEG 1 K,
0.2 M Ca (OAc)0, and 75 mM KCl
R5P-soaked form, MES (pH 6.0), 15% (v/v)
ethanol, 0.2 M Zn (OAc)2, and 75 mM KCl

Volume and
ratio of drop

1:1

Volume of reservoir

500 ul

Crystallization
The apo form of Vv RpiB was initially crystallized with a Wizard
screening kit I-IV (Emerald) using an automatic crystallization
machine HYDRA II (Thermo Fisher Scientific). Based on the
initial screening, both were further optimized as diffractionqualified crystals using 24-well VDX plates (Hampton Research)
handled with the hanging-drop vapour diffusion method that
was performed at varying concentrations of buffer, precipitant,
and metal ion. Unlike crystallization of the apo form, the R5Pbound form of Vv RpiB was incubated with an additional 0.15 M
Zn(OAc)2 in buffer C and a 100-fold molar excess of R5P for 3
hrs on ice and then co-crystallized for two weeks at the same
room temperature as the apo form. The prismatic apo Vv RpiB
crystals were grown at 293 K in 2 µl hanging drops comprised
of equal volumes of protein solution (40 mg ml –1) and mother
liquor containing 0.1 M imidazole (pH 8.0), 20% (w/v) PEG 1 K,
0.2 M Ca(OAc) 2 and 75 mM KCl (Figure 4A). The trapezoid
form of R5P-bound Vv RpiB crystals was grown in 2 µl drops
comprised of equal volumes of protein solution (40 mg ml –1) and
mother liquor containing 0.1 M MES (pH 6.0), 15% (v/v) ethanol,
0.2 M Zn(OAc)2 and 75 mM KCl (Figure 4B). Crystals grew to a
maximum size of 0.2 × 0.05 × 0.05 mm (apo Vv RpiB) and 0.3 ×
0.2 × 0.05 mm (R5P-bound Vv RpiB) over at least three weeks.
Crystals were transferred into cryoprotectant (30% (v /v ) glycerol
in reservoir solution) and were frozen in liquid N2 at near 77K
(Table 3).
Data collection and initial processing
Apo and R5P-bound crystals were harvested using cryoloops and immersed promptly in cryo-protectant solution.
X-ray diffraction data sets for apo and R5P-bound Vv RpiB
crystals were collected at 3.06 and 2.07 Å resolution (Figure
5A, B, respectively) on beamline 5C at the Pohang Accelerator
Laborator y, Republic of Korea. Exposure time was 1.0 s
per frame. One complete data set was obtained with 1° of
oscillation angle. X-ray diffraction data were collected at 100 K.
Data were indexed and scaled with HKL-2000 (Otwinowski and
Minor, 1997) and were analyzed with CCP4 suite package (Winn
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et al., 2011). Crystallographic data statistics are presented in
Table 1.
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