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Abstract: The N-Myc downstream-regulated gene (NDRG) family belongs to the α/β-hydrolase
fold and is known to exert various physiologic functions in cell proliferation, differentiation, and
hypoxia-induced cancer metabolism. In particular, NDRG3 is closely related to proliferation and
migration of prostate cancer cells, and recent studies reported its implication in lactate-triggered
hypoxia responses or tumorigenesis. However, the underlying mechanism for the functions of NDRG3
remains unclear. Here, we report the crystal structure of human NDRG3 at 2.2 Å resolution, with six
molecules in an asymmetric unit. While NDRG3 adopts the α/β-hydrolase fold, complete substitution
of the canonical catalytic triad residues to non-reactive residues and steric hindrance around the
pseudo-active site seem to disable the α/β-hydrolase activity. While NDRG3 shares a high similarity
to NDRG2 in terms of amino acid sequence and structure, NDRG3 exhibited remarkable structural
differences in a flexible loop corresponding to helix α6 of NDRG2 that is responsible for tumor
suppression. Thus, this flexible loop region seems to play a distinct role in oncogenic progression
induced by NDRG3. Collectively, our studies could provide structural and biophysical insights into
the molecular characteristics of NDRG3.

Keywords: NDRG3; α/β-hydrolase fold; crystal structure; unfolded helix

1. Introduction

The α/β-hydrolase fold superfamily is one of the largest groups of structurally related proteins
since its discovery in 1992 [1]. This fold contains eight canonical β-strands surrounded by α-helices,
wherein the second strand is antiparallel to the rest. Hydrolytic activity is the main function of the
α/β-hydrolase fold superfamily and a nucleophile-histidine-acid in the catalytic triad is essential
for their activity. Some α/β-hydrolase fold proteins contain additional motifs with different sizes,
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structures, and positions, which aid the protein with substrate selection, regulation of hydrolysis, or
nonenzymatic function. In particular, nonenzymatic α/β-hydrolase fold proteins, such as neuroligins,
gliotactin, and thyroglobulin, have been reported to associate to multiprotein scaffolds or regulate
protein–protein interaction [2,3]. In spite of the structural conservation of an active site pocket among
the nonenzymatic α/β-hydrolase fold, substitutions of catalytic residues to non-reactive residues in this
pocket result in losses of their hydrolytic function. These inactive subfamilies appear to have diverged
from a common hydrolase ancestor involving the mutation of the catalytic triad to non-reactive
residues [4].

The N-Myc downstream-regulated gene (NDRG) family is a member of the α/β-hydrolase
superfamily and is repressed by Myc expression [5,6]. Given that Myc overexpression is related
to cell proliferation and metastasis, the genes repressed by Myc are believed to regulate tumor
progression [7,8]. There are four isoforms of NDRG in humans: NDRG1, NDRG2, NDRG3, and
NDRG4. These four proteins share 58–66% sequence identity and NDRG1 contains a characteristic
three decapeptide sequence repeats motif in the C-terminal region (Figure 1A and Figure S1A) [9].
While the NDRG family shares a high sequence identity, their tissue distributions differ and they
play different roles in tumor regulation: NDRG1 has been proposed as a prognostic biomarker for
colorectal cancer because it was reported to suppress cell invasion, migration, and proliferation [10–12].
NDRG2 has been known to remarkably reduce cell proliferation in various types of cancer [13–19], as
well as to inhibit signaling pathways of oncogenic factors, such as lymphoid enhancer factor/T-cell
factor [20], nuclear factor-κB [21], and matrix metalloproteinase-3 [22]. Any roles of NDRG4 in tumors
remain unidentified.

Compared with the tumor suppressive NDRG members, NDRG3 has been reported to be oncogenic.
NDRG3 is upregulated in epithelial prostate cancer cells and prostatic stromal cells at both mRNA and
protein levels, and overexpression of NDRG3 induces cell proliferation and migration [23]. Interestingly,
NDRG3 plays a role in cell proliferation and anti-apoptosis under hypoxia. Lee at al. found a novel
‘NDRG3-Raf-ERK’ pathway mediated by accumulated lactate under hypoxic conditions [24]. Under the
normoxia condition, NDRG3 is degraded by prolyl hydroxylases (PHD) 2/Von Hippel–Lindau (VHL)
dependent ubiquitination. However, NDRG3 bypasses the degradation pathway when it is complexed
with lactate, the end-product of the anaerobic metabolism. The NDRG3-lactate complex is deposited in
the cell and directly induces the phosphorylation of c-Raf, triggering ERK-mediated cell proliferation.
Furthermore, the lactate-mediated ‘NDRG3-Raf-ERK’ pathway facilitates double-strand break repairs
in spermatogenesis by upregulation of RAD51 via its phosphorylating cAMP response element-binding
protein (CREB) [25].

In lieu of the lactate-mediated NDRG3 signaling, NDRG3 provokes anti-apoptotic processes during
the hypoxia postcondition by regulating adenosine A2a receptors [26], activates Src phosphorylation
in colorectal cancer progression [27], and promotes hepatocellular carcinoma metastasis via regulating
turnover of β-catenin [28]. On the other hand, NDRG3 is involved in anti-metastatic functions, by
dissociating the coactivator p300 from HIF-1a [29]. While NDRG3 has recently received attention for its
promiscuous roles in regulating cell proliferation and metastasis, the structure of NDRG3 has not been
elucidated yet. To gain insights into the molecular basis of NDRG3, we determined the crystal structure
of human NDRG3. Based on our structural analyses of NDRG3, we highlight unique structural features
of NDRG3 compared with α/β-hydrolases including NDRG2.
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Figure 1. Crystal structure of truncated NDRG3 (residues 29–320, NDRG3 ΔNC). (A) Sequence alignment of 
human NDRG isoforms and structurally similar α/β-hydrolase fold proteins. The secondary structure of NDRG3 
is shown above the sequence alignment. The conserved catalytic triads are marked with red asterisks. Strictly 
and moderately conserved residues are highlighted with red-shaded boxes, and yellow-shaded boxes, 
respectively. Blue and cyan-colored residues represent the identical and conserved residues among the NDRG 
isoforms, respectively. The green box indicates the three decapeptide sequence (GTRSRSHTSE) repeats of 
NDRG1. Sequences were aligned using the T-Coffee web server [30]. (B) NDRG3 ΔNC molecules observed in 

Figure 1. Crystal structure of truncated NDRG3 (residues 29–320, NDRG3 ∆NC). (A) Sequence
alignment of human NDRG isoforms and structurally similarα/β-hydrolase fold proteins. The secondary
structure of NDRG3 is shown above the sequence alignment. The conserved catalytic triads are marked
with red asterisks. Strictly and moderately conserved residues are highlighted with red-shaded
boxes, and yellow-shaded boxes, respectively. Blue and cyan-colored residues represent the identical
and conserved residues among the NDRG isoforms, respectively. The green box indicates the
three decapeptide sequence (GTRSRSHTSE) repeats of NDRG1. Sequences were aligned using the
T-Coffee web server [30]. (B) NDRG3 ∆NC molecules observed in an asymmetric unit of the crystal.
Intermolecular disulfide bonds are shown in stick models and marked with black-dotted circles.
(C) NDRG3 ∆NC structure is shown in cartoon representation. α-helices, β-strands, and loops are
colored in green, blue, and white, respectively. The disordered region corresponding to helix α6 of
NDRG2 is shown with a black-dashed box and labeled as the helix α6.
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2. Materials and Methods

2.1. Cloning, Protein Expression, and Purification of NDRG3

The full-length human NDRG3 gene encoded in pGEX4T-2 plasmid was provided by the Korea
Research Institute of Bioscience and Biotechnology (Daejeon, Republic of Korea). The truncated
NDRG3 gene (residues 29–320, NDRG3 ∆NC) was amplified by PCR using PrimeSTAR® DNA
polymerase (Takara, Kusatsu, Japan) and subcloned in the expression vector, pET-28a(+) (Novagen,
Kenilworth, NJ, USA) to produce recombinant protein containing an N-terminal hexahistidine tag
(MGSSHHHHHHSSGLVPRGSH). The recombinant plasmid was transformed into BLR(DE3), an
Escherichia coli strain (Novagen, Kenilworth, NJ, USA), and the cells were cultured in Luria–Bertani
medium (Alpha Biosciences, Baltimore, MD, USA) supplemented with 30 µg/mL kanamycin. When the
transformed cells were in the mid-log growth phase, 0.5 mM of isopropyl β-D-thiogalactopyranoside
(IPTG) was added for induction of NDRG3 ∆NC overexpression. The cells were additionally incubated
for 16 h at 293 K, then pelleted by centrifugation at 6000× g for 10 min at 277 K and disrupted by
sonication in a buffer containing 20 mM 2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris) titrated with
hydrochloric acid to pH 7.5, 500 mM sodium chloride, and 35 mM imidazole supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF). The crude lysate was centrifuged at 36,000× g for 50 min at 277
K and the resultant supernatant was loaded onto a nickel-charged HiTrap™ Chelating HP 5 ml column
(GE Healthcare, Chicago, IL, USA). After washing unbound proteins, the column-bound proteins were
eluted by the addition of a buffer containing 20 mM Tris-HCl (pH 7.5), 500 mM sodium chloride, and
an imidazole gradient increasing from 35 to 1000 mM. During an imidazole gradient elution, NDRG3
∆NC protein was divided into monomer and dimer fractions (Figure S1B). NDRG3 ∆NC monomer
fractions were collected and the protein was desalted with a buffer containing 20 mM Tris-HCl (pH 8.0),
50 mM sodium chloride, 1% glycerol, and 0.5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
using a HiPrep™ 26/10 desalting column (GE Healthcare, Chicago, IL, USA) and further purified using
a HiTrap™ Q HP 5 ml column (GE Healthcare, Chicago, IL, USA) with a linear gradient from 50 to
500 mM of sodium chloride. The eluted proteins were loaded onto a HiLoad™ 16/600 Superdex 200 prep
grade column (GE Healthcare, Chicago, IL, USA) equilibrated with 10 mM Tris-HCl (pH 7.5), 150 mM
sodium chloride, 1% glycerol, and 0.1 mM TCEP. The purified monomer protein was concentrated to
40 mg/mL using an Amicon Ultra-15 centrifugal filter unit (Merck Millipore, Burlington, MA, USA) for
further studies. NDRG3 ∆NC dimer fractions were purified using the same protocol as for the NDRG3
∆NC monomer (Figure S1C).

2.2. Mutagenesis and Purification of NDRG3 ∆NC

The NDRG3 ∆NC mutants (C30S, S255A/N281A, I171M/S176H, and C30S/I171M/S176H) were
produced by PCR-based site-directed mutagenesis (PrimeSTAR®HS DNA polymerase; Takara, Kusatsu,
Japan). NDRG3 S255A/N281A mutant plasmid was transformed into BLR(DE3) E. coli strain (Novagen,
Kenilworth, NJ, USA). Each cell containing NDRG3 ∆NC wild type (WT) plasmid and S255A/N281A
plasmid was cultured and induced by 0.5 mM of IPTG, and additionally incubated for 16 h at 293 K.
The cells were pelleted by centrifugation at 6000× g for 10 min at 277 K and disrupted by sonication
in a buffer containing 20 mM Tris-HCl pH 7.5, 500 mM sodium chloride, and 35 mM imidazole
supplemented with 1 mM PMSF. The crude lysates were centrifuged at 36,000× g for 50 min at 277 K
and the resultant supernatant was loaded onto a nickel-charged HiTrap™ Chelating HP 5 ml column
(GE Healthcare, Chicago, IL, USA). After washing unbound proteins, the column-bound proteins were
eluted by addition of a buffer containing 20 mM Tris-HCl pH 7.5, 500 mM sodium chloride, and 300 mM
imidazole. Then, 0.5 mg of eluted NDRG3 ∆NC WT and S255A/N281A proteins were loaded onto
Superdex™ 200 Increase 10/300 GL (GE Healthcare, Chicago, IL, USA) pre-equilibrated with 10 mM
Tris-HCl pH 7.5, 150 mM sodium chloride, 1% glycerol, and 0.5 mM TCEP at flow rate of 0.75 mL/min
using the ÄKTA Pure FPLC system (GE Healthcare, Chicago, IL, USA). NDRG3 C30S, I171M/S176H,
and C30S/I171M/S176H mutated plasmids were transformed into SoluBL21™, E. coli strain (Gelantis,
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San Diego, CA, USA). The overexpression and purification steps were the same as for the purification
of NDRG3 ∆NC WT. Each purified monomeric mutant was concentrated to 20 mg/mL using an Amicon
ultra-15 centrifugal filter unit (Merck Millipore, Burlington, MA, USA) for further studies.

2.3. Crystallization

The human NDRG3 ∆NC (residues 29–320) was diluted to 20 mg/mL, and initial crystallization
experiments were carried out with commercially available crystal screening kits using the sitting-drop
vapor diffusion method at 295 K. First crystals were obtained by mixing 0.5 µL of 20 mg/mL NDRG3
∆NC and 0.5µL of a solution containing 200 mM sodium citrate tribasic dihydrate and 20% polyethylene
glycol (PEG)3,350 (Index; Hampton Research, Aliso Viejo, CA, USA). Since the crystals did not well
diffract, we optimized the crystals with a matrix screening containing 100–300 mM sodium citrate
tribasic dihydrate and 10–30% PEG3,350 using the hanging-drop vapor diffusion method. The best
diffracting crystal was grown in a drop mixed with 1 µL of 10 mg/mL protein solution, 0.8 µL of
a crystallization solution containing 200 mM sodium citrate tribasic dihydrate and 20% PEG3,350,
and 0.2 µL of the crystallization solution containing microseeds of the initial crystals. Initial crystals
of NDRG3 C30S were obtained with the same crystallization solution as for NDRG3 ∆NC crystals.
The best diffracting crystal of C30S mutant was obtained by mixing 15 mg/mL protein supplemented
with 0.01 mM TCEP. First crystals of NDRG3 I171M/S176H were obtained by mixing 0.5 µL of 13 mg/mL
protein and an equal volume of crystallization solution containing 200 mM ammonium citrate tribasic
(pH 7.0) and 20% PEG3,350 buffer condition (PEG/Ion 2; Hampton Research, Aliso Viejo, CA, USA).
The crystals of I171M/S176H mutant were optimized with the crystallization solution supplemented
with 3% dextran sulfate sodium salt (Mr 5000). All crystals were cryoprotected with paratone oil, then
flash-frozen in a liquid nitrogen gas flow at 100 K prior to data collection.

2.4. X-ray Data Collection, Refinement and Structure Determination

X-ray diffraction data of NDRG3 ∆NC and C30S mutant crystals were collected at synchrotron
beam line BL-7A at the Pohang Light Source (Pohang, Republic of Korea), using a Quantum Q270 CCD
detector (Area Detector Systems Corporation, Poway, CA, USA). While the HKL2000 program [31]
predicted the structure of the crystals in hexagonal symmetry, we processed and scaled the data using
C-centered monoclinic symmetry with six monomers in an asymmetric unit (ASU) to describe the
disulfide bonds between each Cys30 and dimer. The structure was solved using molecular replacement
method with the structure of human NDRG2b protein (PDB Id: 2XMQ) [32] as a searching model
using PHASER-MR in the PHENIX software [33]. The model was completed by iterative cycles of
refinement using REFMAC5 [34] in the CCP4i software suite [35] and Wincoot [36]. All refinement
steps were monitored with Rfree value calculated from 5.0% of the independent reflections. Because of
merohedral twinning of NDRG3 ∆NC crystal, the intensity-based twin law option in REFMAC5
was applied for all refinement processes. The space group of NDRG3 C30S crystal was P3121 and
it contains four molecules in an ASU. The crystal structure of NDRG3 C30S was determined using
PHASER-MR in the PHENIX software and refined using REFMAC5. We adjusted the TLS refinement
option of which parameters were calculated by PDB-REDO [37]. X-ray diffraction data for NDRG3
I171M/S176H were collected at BL-11C Pohang Light Source (Pohang, Republic of Korea), using a
Pilatus3 6M detector (Dectris, Baden-Daettwil, Switzerland). The space group of the mutant crystal
was P3221 and the structure was determined using PHASER-MR in the PHENIX software. Since the
diffraction data were predicted to contain merohedral twinning, twin law was adjusted to mutant
refinement at the processing in REFMAC5 as for the NDRG3 ∆NC WT crystal. The stereochemical
qualities of the NDRG3 ∆NC and mutants models were checked using MolProbity [38]. The data
collection and refinement statistics are summarized in Table 1. Graphical representations for the
protein structure were drawn using PyMOL [39]. Coordinates and structure factors are deposited in
the Protein Data Bank under accession codes 6L4B (NDRG3 ∆NC), 6L4G (I171M/S176H mutant), and
6L4H (C30S mutant).
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Table 1. Statistics for data collection and model refinement.

NDRG3 ∆NC NDRG3 C30S NDRG3 I171M/S176H

Data Collection a

Beamline PLS-7A PLS-7A PLS-11C
Space group C2 P3121 P3221

Cell dimensions

a, b, c (Å), α, β, γ (◦)
173.34, 100.15, 110.74,

90.00, 90.01, 90.00
99.76, 99.76, 332.71,
90.00, 90.00, 120.00

100.39, 100.39, 111.76,
90.00, 90.00, 120.00

X-ray wavelength (Å) 0.9793 0.9793 0.9794
Resolution (Å) b 50.0–2.2 (2.24–2.20) 50.0–3.4 (3.46–3.40) 50.0–3.3 (3.36–3.30)

<I/σ(I)> 15.9 (2.5) 16.6 (2.6) 14.0 (3.0)
Unique reflections

Redundancy
95,796 (4,774)

5.2 (5.1)
26,798 (1,311)

6.6 (6.7)
10,073 (485)

10.5 (8.8)
Completeness (%) 99.7 (99.3) 97.7 (97.5) 99.3 (95.8)

Rmerge (%) c

Rp.i.m (%) d
10.1 (64.1)
4.9 (31.1)

10.3 (73.2)
3.9 (27.5)

16.4 (62.9)
5.4 (21.5)

Refinement

No. of reflections 88,791 25,238 9142
Resolution (Å) 50.0–2.2 (2.24–2.20) 50.0–3.4 (3.46–3.40) 50.0–3.3 (3.36–3.30)

R e
work/Rfree

f (%) 16.8%/18.5% 24.1%/27.7% 19.6%/22.6%

Twin fraction 0.172, 0.177, 0.195,
0.129, 0.131, 0.197 g 0.502, 0.498 h

No. of subunits 6 4 2
No. of protein atoms 13,139 8673 4345
No. of solvent atoms 334 0 6

Mean B value (Å2) 31.59 125.18 33.22
Ramachandran plot (%)

favored 1629 (97.7%) 1085 (98.4%) 541 (98.0%)
allowed 39 (2.3%) 18 (1.6%) 11 (2.0%)
outliers 0 (0%) 0 (0%) 0 (0%)

Rotamer outliers (%) 0 (0%) 0 (0%) 0 (0%)
r.m.s. deviations
bond lengths (Å) 0.002 0.003 0.004
bond angles (◦) 1.143 1.246 1.279

a Data collected at the Pohang Light Source; b numbers in parentheses indicate the highest resolution shell of 20; c

Rmerge = Σh Σi |I(h)i − <I(h)>|/Σh Σi I(h)i, where I(h) is the observed intensity of reflection h, and < I(h) > is the
average intensity obtained from multiple measurements; d Rp.i.m = Σh

√
(1/n − 1) Σi |I(h)i − <I(h)>|/Σh Σi I(h)i,

where I(h) is the observed intensity of reflection h, and < I(h) > is the average intensity obtained from multiple
measurements; e R = Σ | |Fo| − |Fc| |/Σ |Fo|, where |Fo| is the observed structure factor amplitude and |Fc| is the
calculated structure factor amplitude; f Rfree = R-factor based on 4.9% of the data excluded from refinement; g Twin
operation is (h, k, l), (−h, −k, l), (−1/2*h − 3/2*k, −1/2*h + 1/2*k, −l), (−1/2*h + 3/2*k, 1/2*h + 1/2*k, −l), (1/2*h + 3/2*k,
1/2*h − 1/2*k, −l), and (1/2*h − 3/2*k, −1/2*h − 1/2*k, −l), in order. Twin fractions were calculated by REFMAC5
[34] in the CCP4i software suite [35]; h the twin operation is (h, k, l) and (−k, −h, −l), in order. Twin fractions were
calculated by REFMAC5 [34] in the CCP4i software suite [35].

2.5. Size-Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS) Analysis

SEC-MALS was implemented with an FPLC machine (GE Healthcare, Chicago, IL, USA) connected
to a Wyatt MiniDAWN TREOS MALS instrument and a Wyatt Optilab rEX differential refractometer
(Wyatt Technology, Santa Barbara, CA, USA). A HiLoad™ 10/300 Superdex 200 GL (GE Healthcare,
Chicago, IL, USA) column was pre-equilibrated with a buffer containing 20 mM Tris-HCl pH 7.5,
150 mM sodium chloride, and 0.5 mM TCEP, and was normalized using ovalbumin. 100 µL of monomer
and dimer NDRG3 ∆NC at 2.0 mg/mL were injected into the machine at flow rate of 0.4 mL/min,
respectively. Data were analyzed using the Zimm model for fitting static light-scattering data and
graphed using EASI graph with a UV peak in the ASTRA V software (Wyatt Technology, Santa Barbara,
CA, USA).
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2.6. Circular Dichroism (CD)

CD spectroscopy was implemented with the Chiranscan™-plus CD Spectrometer (Applied
photophysics Ltd., Surrey, UK) at 298 K with a wavelength range from 260 nm to 180 nm. NDRG3 ∆NC,
NDRG3 mutants, and NDRG2 proteins were diluted to 0.4 mg/mL with a buffer containing 20 mM
potassium phosphate dibasic pH 7.5 and 50 mM sodium fluoride. The maximum absorbances in CD
wavelength were adjusted to have ranges from 0.80 to 0.85. The bandwidth was 1.5 nm and the time
per point value was 0.5. The temperature was set to 298 K.

3. Results

3.1. Overall Structure of Human NDRG3 Contains an α/β-Hydrolase Fold Domain and a Cap-Like Domain

The human NDRG3 protein (375 amino acids) was predicted to contain flexible N- and C-terminal
regions by the Xtalpred server (http://ffas.burnham.org/XtalPred-cgi/xtal.pl) [40]. Additionally, the
known post-translational modification (PTM) data from the PhosphoSitePlus database (https://www.
phosphosite.org) [41] indicated that the C-terminus of NDRG3 contains numerous phosphorylation
sites, suggesting that the C-terminal region is highly dynamic. We tried to crystallize not only full-length
NDRG3 but diverse truncated constructs. Among them, a truncated construct (residues 29–320, NDRG3
∆NC) with an N-terminal hexahistidine tag was successfully crystallized. The NDRG3 ∆NC structure
was determined at 2.2 Å resolution using the molecular replacement method with the crystal structure
of human NDRG2b (PDB ID: 2XMQ) as a search model, that shares 59.6% sequence identity [32].
The NDRG3 ∆NC crystal contains six monomers in an asymmetric unit (ASU), and belongs to space
group C2 (Figure 1B). The NDRG3 ∆NC structure includes two domains: A canonical α/β-hydrolase
fold domain and a cap-like domain. The α/β-hydrolase fold domain consists of an eight-stranded
β-sheet and eight α-helices (α1–α5 and α11–α13). The β-hairpin structure (β1 and β2) is exposed to
the surface, while six parallel β-strands (from β3 to β8) are surrounded by α-helices (Figure 1C and
Figure S1D). The cap-like domain (from Ala167 to Arg233) contains a disordered region in six subunits
and four helices (α7–α10), which compactly cover the α/β-hydrolase fold by interacting with four
loops. The disordered region in the cap-like domain (from Trp173 to Leu182) is sequentially matched
to the helix α6 region in NDRG2b (Figure 1A). Although we could not model the region (from Trp173
to Leu182), we will designate the disordered region as the helix α6 region in accordance with the
secondary structure of NDRG2b for the sake of convenience. When we compared root-mean-square
deviations (r.m.s.d.) distances of Cα atoms of each subunit compared with chain A as a reference,
overall subunits were structurally similar and the helix α6 region is disordered in all the subunits.
Interestingly, helix α8 of chain D, E, and F were structurally different from that of chain A. In the crystal
packing of NDRG3 ∆NC, helix α8 of chain D, E, and F were influenced by adjacent molecules while
that of chain A, B, and C were away from adjacent molecules. Therefore, the crystal structure of chain
A, B, and C of NDRG3 ∆NC seems to represent the structure of NDRG3 in solution than that of chain
D, E, and F (Figure S1E,F).

http://ffas.burnham.org/XtalPred-cgi/xtal.pl
https://www.phosphosite.org
https://www.phosphosite.org
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3.2. Crystal Packing of NDRG3 Structure Indicates Dimeric Interactions

During purification, NDRG3 ∆NC exists as both monomer and dimer in solution, though it was
mainly eluted as monomer fraction. To date, the NDRG3 dimer has not been reported. To further
investigate the oligomeric state of NDRG3 in solution, we implemented size-exclusion chromatography
with multi-angle light scattering (SEC-MALS). SEC-MALS results indicated that the molecular weight
of monomer and dimer fractions of NDRG3 ∆NC was calculated as 31.4 kDa and 64.1 kDa, respectively
(Figure 2A). While the molecular weights are approximately 10% less than predictions, the dimer is
stable in solution. In the crystal structure of NDRG3 ∆NC, the crystal contains six molecules connected
by disulfide bonds between Cys30–Cys30 in an ASU, whereas it was grown with monomer fractions
in purification (Figure 2B). Since the SEC-MALS was implemented under a reducing agent, 0.5 mM
TCEP, the disulfide bond between Cys30–Cys30 does not seem to contribute forming dimer in solution,
but it is a critical interaction for forming crystals. To our surprise, the crystal structure contains two
different dimeric interactions: Chain A/D and chain B/F (Figure 2C,D) in an ASU. The crystallographic
interface of chain C and chain E is very similar to that between chain A and chain D. The Protein,
Interfaces, Structures, and Assemblies (PISA) web server [42] predicted that the interface between chain
B and chain F comprises a similar area (971.5 Å2) as that of the interface between chain A and chain D
(999.3 Å2). However, the predicted solvation free energy of the dimeric interface between chain B and
chain F was −11.5 kcal/mol, which is more stable than that of chain A and chain D (−4.8 kcal/mol).
To clarify the dimeric interface of NDRG3 ∆NC, we mutated Ser255 and Asn281 which are key residues
involved in hydrogen bond interactions between chain B/F (Figure 2E). After each cells containing
NDRG3 ∆NC wild type (WT) plasmid and S255A/N281A mutant plasmid were overexpressed in a
same condition, we compared the ratio of dimer/monomer fractions between NDRG3 ∆NC WT and
S255A/N281A. The dimer fraction of NDRG3 S255A/N281A was noticeably decreased to 2% out of the
total proteins, while the dimer fraction of NDRG3 ∆NC WT was 12% (Figure 2F). Taken all together,
our results indicate that NDRG3 ∆NC forms a dimer, wherein the chain B/F dimer represents dimeric
interactions of NDRG3 ∆NC.
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Figure 2. Dimeric interactions of NDRG3 ∆NC. (A) SEC-MALS analyses of the NDRG3 ∆NC
monomer and dimer. The blue line indicates the relative absorbance of protein during size-exclusion
chromatography, and the orange line represents the mass of the molecules analyzed by MALS.
(B) A hexamer structure of NDRG3 ∆NC in an asymmetric unit (ASU). Each NDRG3 ∆NC structure is
represented as a cartoon model in different colors and chain numbers are denoted as letters with the
same color. (C) Dimeric interactions of chain B and chain F in an ASU. (D) Dimeric interactions of chain
A and chain D in an ASU. (E) A close-up view of hydrogen bonds between chain B and chain F. Residues
involved in hydrogen bonding were shown in stick models with labels. (F) Chromatograms of NDRG3
∆NC and S255A/N281A from analytical size exclusion chromatography. The grey chromatogram
indicates a gel filtration standard profile (Bio-Rad #1511901, Hercules, CA, USA).
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3.3. NDRG3 Shows a Structural Similarity to NDRG2 and Contains a Distinctive Disordered Region and a
Solvent Accessible Cavity

To gain an insight into structural features of NDRG3, we analyzed the structural similarities
using the DALI web server [43]. The results showed that the structure of NDRG3 ∆NC is similar to
α/β-hydrolase fold superfamily. With an exception of NDRG2b structures, NDRG3 ∆NC shares a
high similarity with α/β-hydrolases marked with Z score 9.5–26.9, whereas the amino acid sequence
alignment shows a low similarity (7–20%). When comparing the structure of NDRG3 ∆NC to the
closest structural homologs, pcaD enol-lactonase from Paraburkholderia xenovorans (PDB ID: 2XUA,
Z score: 26.7, sequence identity: 15.6%) and malate complexed esterase (EST) from Thermogutta
terrifontis (PDB ID: 4UHE, Z score = 26.2, sequence identity = 18.5%), the overall structure of NDRG3
∆NC was superposed to the α/β-hydrolases with r.m.s.d. of equipositional Cα atoms at 2.8 Å and
2.9 Å, respectively (Figure S2A). However, as shown in structural comparisons between NDRG2b
and α/β-hydrolase proteins [32], the residues of canonical catalytic triad sites of α/β-hydrolase family:
Nucleophile-acid-histidine, are substituted by non-catalytic residues in NDRG3 ∆NC (Figure S2B), and
helicesα7 andα10 effectively block the binding path of substrates (Figure S2C). Taken together, structural
comparisons between NDRG3 ∆NC and α/β-hydrolase proteins demonstrate that NDRG3 abolishes its
hydrolase function, and supports that NDRG3 is a nonenzymatic member of the α/β-hydrolase family.

The first structure determined among the NDRG family proteins, NDRG2, shares a high amino
acidic and structural similarity to NDRG3 ∆NC (Figures 1A and 3A). However, there are two regions
that show distinctive differences between NDRG2 and NDRG3 ∆NC: The helix α6 region of NDRG2
(Figure 3B) and the loop region between helix α10 and β7 (Figure 3C). While the equivalent region
of α/β-hydrolase proteins, pcaD, and EST, adopts a helical structure between helix α10 and β7, it is
found as a loop in the structure of NDRG2 and NDRG3 ∆NC. The loop of NDRG2 is composed of
charged residues, such that it is exposed to surface, wherein two glycines (Gly234 and Gly235) seem to
be critical for formation of the loop. The loop of NDRG3 ∆NC between Gly231 and Ser255 is longer
than that of NDRG2 by seven residues, and highly dynamic in that the r.m.s.d. values of Cα atoms in
the loop region are noticeably higher than the average r.m.s.d. values for all Cα atoms, compared with
chain A as a reference (Figure S1F). A structural difference of the helix α6 region will be discussed in
Section 3.4.

To further investigate the structural difference between NDRG2 and NDRG3 ∆NC, we compared
the r.m.s.d. of Cα atoms between NDRG2 and NDRG3 ∆NC (Figure 3D). Although they share a high
structural similarity with 0.92 Å deviation, helix α9 on NDRG3 ∆NC exhibits a large conformational
change by tilting at a 16.0◦ angle difference compared with NDRG2 (Figure S3A). The C-terminal
sequence of helix α9 (red box A in Figure 3D), “MHIAQ”, of NDRG3 is aligned to “NIITH” of NDRG2,
and helix α9 is an amphipathic helix. In helix α9 of NDRG3 ∆NC, His212 interacted with Asp216
through a hydrogen bond, and the hydrogen bond dragged helix α9 to helix α1. On the other hand,
His212 is substituted by Ile206 in NDRG2 which resulted in its being unable to form a hydrogen bond
with Ala210. As such, helix α9 in NDRG2 appeared closer to helix α7 than in NDRG3 ∆NC, due to
this hydrophobic effect. Moreover, the location of Asn263 is a remarkable point in comparison in
terms of the r.m.s.d. of Cα from NDRG2 (Figure 3D). Asn263 of NDRG3 ∆NC was found near to
loop between β8 and helix α12, forming a hydrogen bond with the main chain of Cys290. On the
other hand, Gln250, the corresponding residue in NDRG2, faces to helix α11 and interacts with Glu254
via hydrogen bonding (Figure S3B). Because the Glu254 is substituted to Val267 in NDRG3, Asn263
is unable to interact with helix α10, resulting in the loop between helix α10 and strand β7 bending
towards helix α11.
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Figure 3. Structural comparison between NDRG3 ∆NC and NDRG2. (A) Overall view of
superimposition of NDRG3 ∆NC and NDRG2. NDRG3 and NDRG2 structures are represented
as white and orange cartoon models, respectively. (B,C) Electron density map of helix α6 region and
loop region between helix α10 and β7 in NDRG3 ∆NC and NDRG2. NDRG3 is represented as a white
stick model and NDRG2 is represented as an orange stick model. The 2mFo-DFc electron density map
contoured at 1.5σ is represented as a grey-colored mesh. (D) Structural comparison of Cα distances
between NDRG3 ∆NC and NDRG2. The secondary structure of NDRG3 is shown at the bottom of the
r.m.s.d. comparison of Cα. The blue box A denotes the helix α6 region; the blue box B denotes the
loop region between helix α10 and β7. The red box A indicates helix α9; the red circle denotes Asn263
on NDRG3.

3.4. Unfolded Helix α6 Region of NDRG3 Is a Flexible Loop

Helixα6 in NDRG2 is known to play a key role in regulating TCF/β-catenin signaling. Interestingly,
although NDRG2 and NDRG3 share high similarity in terms of their sequence and structure, the helix
α6 region in NDRG3 ∆NC was disordered, whereas that of NDRG2 was presented as a clear electron
density map (Figure 3B). In the crystal structure, we suspected that the space between the adjacent
molecules is confined and that the helix α6 fold could be disrupted due to the lack of space caused by
strong disulfide bonds between each Cys30. To Increase the space for the helix α6 region, we designed
a disulfide-deficient, denoted as NDRG3 C30S. The crystal structure of NDRG3 C30S mutant was
determined with four monomers in an ASU at 3.4 Å resolution (Figure 4A). Unexpectedly, when the
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helix α6 region of chain A was modeled alongside its electron density map, the region was a loop and
interacted with chain B (Figure 4B). While the intermolecular interaction of the helix α6 region in the
C30S mutant was the result of a crystallographic artefact, the region does not seem to form a helix,
based on the crystal structure of C30S mutant (Figure 4C). As such, the helix α6 region in NDRG3 ∆NC
is a flexible loop in contrast with that of NDRG2 and α/β-hydrolase proteins.

To determine the effect of the residues in forming helix, we constructed a helical wheel model
using the helix α6 sequence. The helix α6 model of NDRG3 is amphipathic where the electrostatic
surface appears to be analogous to that of NDRG2 (Figure S3C). Comparing helical propensities of
each residue on helix α6 between NDRG3 and NDRG2 [44], Ile171 and Ser176 of NDRG3 overlap with
Met165 and His170 of NDRG2, respectively. Based on the helical wheel model, we designed NDRG3
I171M/S176H and C30S/I171M/S176H mutants, which mimicked the helix α6 sequences of NDRG2,
and determined the crystal structure of the I171M/S176H mutant at 3.3 Å resolution (Figure 4A).
The structure of I171M/S176H mutant did not exhibit a clear electron density map in helix α6 region,
likewise to that of NDRG3 ∆NC WT.

In the case of the NDRG3 C30S/I171M/S176H, we could not obtain crystals for structure
determination, so we implemented circular dichroism (CD) experiments to compare secondary
structure elements of NDRG3 ∆NC WT, NDRG3 mutants, and NDRG2 (Figure 4D). While the
ellipticities of CD spectrum from NDRG3 ∆NC at 222 nm and 208 nm (θ222 and θ208) were lower
than those from NDRG2, the θ222/θ208 ratios of NDRG3 ∆NC and NDRG2 were 1.10 and 1.93,
respectively. Considering that θ222/θ208 ratios represent extents of inter-helix interactions [45–47],
α-helices of NDRG2 are more associated together than those of NDRG3 ∆NC. The CD spectrum of
NDRG3 C30S/I171M/S176H was very similar to that of NDRG3 ∆NC WT but not to that of NDRG2.
Therefore, NDRG3 C30S/I171M/S176H seems to be structurally similar to NDRG3 ∆NC WT. When we
further analyzed sequences before and after the helix α6 region of NDRG3 compared with those
of NDRG2, the amino acid sequences following the helix α6 region are TNVV and SSIP in NDRG3
and NDRG2, respectively (Figure 1A). Furthermore, the structures of following the helix α6 region
do not superimpose well (Figure 3C). Among residues following the helix α6 region, Val186 in
NDRG3 and Pro180 in NDRG2 exhibited the most different biophysical properties. To see whether
residues directly following the helix α6 region affect local folding, we mutated Val186 in NDRG3 to
Pro and analyzed secondary structure elements using CD. However, CD spectra of NDRG3 V186P
and I171M/S176H/V186P mutants did not exhibit changes compared with that of the NDRG3 ∆NC
WT (Figure 4D). Taken all together, the unfolded helix α6 region of NDRG3 is structurally unique
in comparison to NDRG2 or any other α/β-hydrolase fold proteins, and the structure is not only
determined by nearby sequences but seems to be influenced by its surrounding environment.
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Figure 4. (A) Superimposition of the crystal structures of the NDRG3 ∆NC, NDRG3 I171M/S176H, and
NDRG3 C30S. Structures of NDRG3 ∆NC, NDRG3 I171M/S176H, and NDRG3 C30S are represented
as white, yellow, and magenta cartoon models, respectively. (B) Electron density map of the helix α6
region of NDRG3 C30S mutant. Chain A is represented as a magenta ribbon and residues on the helix
α6 region are shown as stick models with an electron density map. Chain B and chain C of NDRG3
C30S are shown in green and white cartoon models, respectively. The 2mFo-DFc electron density map
contoured at 1.5 σ is represented as a grey-colored mesh. (C) Structural comparison of the helix α6
region between NDRG3 C30S and NDRG2. Structures of NDRG3 C30S and NDRG2 are shown in
magenta and orange cartoon models, respectively. (D) CD spectra of NDRG3 ∆NC, I171M/S176H,
C30S, C30S/I171M/S176H, V186P, I171M/S176H/V186P, and NDRG2.

4. Discussion

Since the first characterization of NDRG1 in 1999, the NDRG family has been reported to play
promiscuous roles in tumorigenesis or tumor suppression. Then a pro-tumorigenic activity was
reported for a member of the NDRG family, NDRG3, when it was known to be associated with
prostate cancer [23]. Later, in the last five years of studies have elucidated additional roles of NDRG3
in various hypoxia responses, including cell proliferation, double-strand break repair, metastasis,
and HIF regulation [24–29]. In this study, we determined the crystal structure of a truncated human
NDRG3 fragment comprising residues from 29 to 320 (NDRG3 ∆NC), on the basis of its solubility
and crystallizability.
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While NDRG3 ∆NC mainly exists as a monomer, we observed a stabilized dimer fraction during
purification. SEC-MALS under reducing conditions indicates that the disulfide bond does not seem to
contribute to its dimerization in solution. To characterize the dimeric association of NDRG3, it was
worth noting that the dimeric interface between chain B/F and chain A/D faced different directions in
our crystal structure. As shown in Figure 2C, the dimeric interface of chain B/F is constituted with
vis-à-vis each canonical α/β-hydrolase fold domain by covering helix α13 using the α10–β7 loop of
NDRG3 ∆NC, comprising 7.5% of total surface area. The dimeric interface area between chain A/D is
slightly larger than that of chain B/F (7.7% of total surface area) by interacting between each α10–β7
loop and each helix α10, respectively. However, PISA predicted that the chain B/F dimer is stable in
solution, whereas the chain A/D dimer was predicted to result from crystal packing only. While the
number of hydrogen bonds was equal between both dimers, the length of the hydrogen bonds in the
chain B/F dimer was shorter than that of the chain A/D dimer. In addition, the predicted hydrophobic
effect of the dimeric interface between chain B and chain F was −11.5 kcal/mol, which comprises 2.2%
of total solvation energy, whereas that between chain A and chain D was −4.8 kcal/mol. Our NDRG3
∆NC S255A/N281A mutant study further validated the dimeric interface of NDRG3 ∆NC in vitro
(Figure 2E,F). When we consider that Ser255 and Asn281 of NDRG3 are unique sequences among
NDRG family and NDRG2 exists as monomer [32], dimerization of NDRG3 would be a distinctive
feature in comparison with other NDRG family proteins. Further studies should be conducted to
elucidate physiological relevance of the NDRG3 dimer.

NDRG3 has been known to be degraded by PHD2/VHL mediated ubiquitination under normoxia
condition, and Pro294 hydroxylation of NDRG3 by PHD2 is a critical step of NDRG3 ubiquitination.
To get a clue of ubiquitination of NDRG3, we analyzed ubiquitination sites on NDRG3 using data from
the PhosphoSitePlus web server (https://www.phosphosite.org) [41]. Our truncated NDRG3 structure
contains two ubiquitination sites, K51 and K286, and K286 site was characterized by mass spectrometry
in human cell [48], while K51 is a predicted ubiquitination site in human NDRG3. K286 is located in
β8 and the region was not well structurally superposed (Figures S1F and S3D). In the case of HIF-1α, a
representative protein ubiquitinated by PHD2, Pro402, and Pro564 of HIF-1α is hydroxylated by PHD
isoforms, and ubiquitination sites of HIF-1α are close to the Pro residues [49]. Surprisingly, Pro294
of NDRG3 is hydroxylated by PHD2 [24]. Furthermore, K300 and K306 of NDRG1 are known as
ubiquitination sites and the Lys residues are amino acidic conserved in NDRG3. Taken together, we
suggested that equipositional K301 and K307 of NDRG3 would be novel ubiquitination sites.

Sequence comparisons and structural studies revealed that proteins of the NDRG family contain
an α/β-hydrolase fold domain. Although NDRG3 has a high structural similarity to the α/β-hydrolase
family, the substitution of the residues of the enzymatic catalytic triad and narrow folded cavity due
to the presence of helix α7 and helix α10 indicate that NDRG3 is a nonenzymatic α/β-hydrolase fold
protein. A previous report on the crystal structure of NDRG2 revealed the structural features of
helix α6 compared with α/β-hydrolase family proteins and showed that helix α6 plays a key role
in regulating TCF/β-catenin signaling as a nonenzymatic α/β-hydrolase fold protein. [32]. To our
surprise, while NDRG2 and α/β-hydrolase family proteins possess helix α6, the helix α6 region in the
crystal structure of NDRG3 ∆NC was disordered, even though the sequences of the helix α6 region in
NDRG2 and NDRG3 are similar. Moreover, the crystal structure of NDRG3 C30S, which counteracts
the effects of disulfide bonding, and the CD results of NDRG3 ∆NC and NDRG3 C30S mutant provided
evidence that the helix α6 region in NDRG3 ∆NC is a flexible loop. Since helix α6 in NDRG2 plays
a pivotal role in tumor suppressor activity [32], the unfolded helix α6 region in NDRG3 seems to
exert a different function from helix α6 of NDRG2. Further studies would be needed to demonstrate
molecular functions of the unfolded helix α6 region of NDRG3.

5. Conclusions

We reported the crystal structure of human NDRG3 and demonstrated the dimeric conformation
of NDRG3 from crystal packing in an ASU. Compared with NDRG2, the helix α6 region of NDRG3 is a

https://www.phosphosite.org
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flexible loop. Considering that helix α6 of NDRG2 regulates TCF/β-catenin signaling, the unfolded
helix α6 of NDRG3 would play a distinctive role upon interacting with physiologically relevant binding
partners. Our structural studies on NDRG3 will shed light on the characterization of NDRG family
proteins, providing a fundamental source for understanding the molecular mechanism of NDRG3 in
hypoxia responses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/1/90/s1,
Figure S1: Sequence identities among NDRG isoforms and topology diagram of NDRG3, Figure S2: Structural
comparison between NDRG3 and its structural homologs, pcaD and EST, Figure S3: Structural comparison
between NDRG3 and NDRG2.

Author Contributions: Conceptualization, K.R.K. and B.W.H.; methodology, K.R.K., K.A.K., and Y.C.; software,
K.R.K.; validation, K.R.K. and B.W.H.; formal analysis, K.R.K., J.Y.J., and B.W.H.; investigation, K.R.K.; resources,
H.H.L., D.C.L., K.C.P., Y.I.Y., and B.W.H.; data curation, K.R.K., H.-J.K., and B.W.H.; writing-original draft
preparation, K.R.K.; writing-review and editing, K.R.K., J.S.P., J.Y.J., H.-J.K., and B.W.H.; visualization, K.R.K.;
supervision, H.-J.K. and B.W.H.; project administration, H.-J.K. and B.W.H.; funding acquisition, B.W.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported with funding by the National Research Foundation (NRF) of the Ministry of
Science and ICT of Korea. Grant numbers are NRF-2011-0030001 (to B.W.H.), NRF-2019R1A2C1090251 (to B.W.H.),
NRF-2016M3A9E4947789 (to Y.I.Y.), and NRF-2017M3A9F9030565 (to K.C.P.).

Acknowledgments: We thank the staff members of BL-7A and BL-11C at the Pohang Accelerator Laboratory
(Pohang, Republic of Korea) for X-ray diffraction experiments. We also thank the staff members of AR-NE3A of
the Photon Factory (Tsukuba, Japan). Myung Hee Kim (Korean Research Institute of Bioscience and Biotechnology,
Republic of Korea) and Kyung-Jin Kim (Kyungpook National University, Republic of Korea) kindly provided
the NDRG3, NDRG2 gene, and VHb fusion vector for cloning, respectively. We also thank Dong Man Jang
and Nguyen Thi Kim Yen (Seoul National University, Republic of Korea) for contributing to SPR and ITC
experiments, respectively.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ollis, D.L.; Cheah, E.; Cygler, M.; Dijkstra, B.; Frolow, F.; Franken, S.M.; Harel, M.; Remington, S.J.; Silman, I.;
Schrag, J.; et al. The alpha/beta hydrolase fold. Protein Eng. 1992, 5, 197–211. [CrossRef] [PubMed]

2. Botti, S.A.; Felder, C.E.; Sussman, J.L.; Silman, I. Electrotactins: A class of adhesion proteins with conserved
electrostatic and structural motifs. Protein Eng. 1998, 11, 415–420. [CrossRef]

3. De Jaco, A.; Comoletti, D.; Dubi, N.; Camp, S.; Taylor, P. Processing of cholinesterase-like alpha/beta-hydrolase
fold proteins: Alterations associated with congenital disorders. Protein Pept. Lett. 2012, 19, 173–179.
[CrossRef]

4. Marchot, P.; Chatonnet, A. Enzymatic activity and protein interactions in alpha/beta hydrolase fold proteins:
Moonlighting versus promiscuity. Protein Pept. Lett. 2012, 19, 132–143. [CrossRef] [PubMed]

5. Shimono, A.; Okuda, T.; Kondoh, H. N-myc-dependent repression of ndr1, a gene identified by direct
subtraction of whole mouse embryo cDNAs between wild type and N-myc mutant. Mech. Dev. 1999, 83,
39–52. [CrossRef]

6. Shaw, E.; McCue, L.A.; Lawrence, C.E.; Dordick, J.S. Identification of a novel class in the alpha/beta hydrolase
fold superfamily: The N-myc differentiation-related proteins. Proteins 2002, 47, 163–168. [CrossRef]

7. O’Connell, B.C.; Cheung, A.F.; Simkevich, C.P.; Tam, W.; Ren, X.; Mateyak, M.K.; Sedivy, J.M. A large
scale genetic analysis of c-Myc-regulated gene expression patterns. J. Biol. Chem. 2003, 278, 12563–12573.
[CrossRef]

8. Vervoorts, J.; Luscher-Firzlaff, J.; Luscher, B. The ins and outs of MYC regulation by posttranslational
mechanisms. J. Biol. Chem. 2006, 281, 34725–34729. [CrossRef]

9. Qu, X.; Zhai, Y.; Wei, H.; Zhang, C.; Xing, G.; Yu, Y.; He, F. Characterization and expression of three novel
differentiation-related genes belong to the human NDRG gene family. Mol. Cell Biochem. 2002, 229, 35–44.
[CrossRef]

10. Kurdistani, S.K.; Arizti, P.; Reimer, C.L.; Sugrue, M.M.; Aaronson, S.A.; Lee, S.W. Inhibition of tumor cell
growth by RTP/rit42 and its responsiveness to p53 and DNA damage. Cancer Res. 1998, 58, 4439–4444.

http://www.mdpi.com/2218-273X/10/1/90/s1
http://dx.doi.org/10.1093/protein/5.3.197
http://www.ncbi.nlm.nih.gov/pubmed/1409539
http://dx.doi.org/10.1093/protein/11.6.415
http://dx.doi.org/10.2174/092986612799080103
http://dx.doi.org/10.2174/092986612799080284
http://www.ncbi.nlm.nih.gov/pubmed/21933125
http://dx.doi.org/10.1016/S0925-4773(99)00025-8
http://dx.doi.org/10.1002/prot.10083
http://dx.doi.org/10.1074/jbc.M210462200
http://dx.doi.org/10.1074/jbc.R600017200
http://dx.doi.org/10.1023/A:1017934810825


Biomolecules 2020, 10, 90 16 of 17

11. Guan, R.J.; Ford, H.L.; Fu, Y.; Li, Y.; Shaw, L.M.; Pardee, A.B. Drg-1 as a differentiation-related, putative
metastatic suppressor gene in human colon cancer. Cancer Res. 2000, 60, 749–755. [PubMed]

12. Mao, Z.; Sun, J.; Feng, B.; Ma, J.; Zang, L.; Dong, F.; Zhang, D.; Zheng, M. The metastasis suppressor, N-myc
downregulated gene 1 (NDRG1), is a prognostic biomarker for human colorectal cancer. PLoS ONE 2013, 8,
e68206. [CrossRef]

13. Deng, Y.; Yao, L.; Chau, L.; Ng, S.S.; Peng, Y.; Liu, X.; Au, W.S.; Wang, J.; Li, F.; Ji, S.; et al.
N-Myc downstream-regulated gene 2 (NDRG2) inhibits glioblastoma cell proliferation. Int. J. Cancer
2003, 106, 342–347. [CrossRef] [PubMed]

14. Kim, Y.J.; Yoon, S.Y.; Kim, J.T.; Choi, S.C.; Lim, J.S.; Kim, J.H.; Song, E.Y.; Lee, H.G.; Choi, I.; Kim, J.W.
NDRG2 suppresses cell proliferation through down-regulation of AP-1 activity in human colon carcinoma
cells. Int. J. Cancer 2009, 124, 7–15. [CrossRef] [PubMed]

15. Furuta, H.; Kondo, Y.; Nakahata, S.; Hamasaki, M.; Sakoda, S.; Morishita, K. NDRG2 is a candidate
tumor-suppressor for oral squamous-cell carcinoma. Biochem. Biophys. Res. Commun. 2010, 391, 1785–1791.
[CrossRef] [PubMed]

16. Ma, J.J.; Liao, C.G.; Jiang, X.; Zhao, H.D.; Yao, L.B.; Bao, T.Y. NDRG2 suppresses the proliferation of clear cell
renal cell carcinoma cell A-498. J. Exp. Clin. Cancer Res. 2010, 29, 103. [CrossRef] [PubMed]

17. Ma, J.; Liu, W.; Yan, X.; Wang, Q.; Zhao, Q.; Xue, Y.; Ren, H.; Wu, L.; Cheng, Y.; Li, S.; et al. Inhibition of
endothelial cell proliferation and tumor angiogenesis by up-regulating NDRG2 expression in breast cancer
cells. PLoS ONE 2012, 7, e32368. [CrossRef]

18. Huang, J.; Wu, Z.; Wang, G.; Cai, Y.; Cai, M.; Li, Y. N-Myc downstreamregulated gene 2 suppresses the
proliferation of T24 human bladder cancer cells via induction of oncosis. Mol. Med. Rep. 2015, 12, 5730–5736.
[CrossRef]

19. Hong, S.N.; Kim, S.J.; Kim, E.R.; Chang, D.K.; Kim, Y.H. Epigenetic silencing of NDRG2 promotes colorectal
cancer proliferation and invasion. J. Gastroenterol. Hepatol. 2016, 31, 164–171. [CrossRef]

20. Kim, Y.J.; Yoon, S.Y.; Kim, J.T.; Song, E.Y.; Lee, H.G.; Son, H.J.; Kim, S.Y.; Cho, D.; Choi, I.; Kim, J.H.; et al.
NDRG2 expression decreases with tumor stages and regulates TCF/beta-catenin signaling in human colon
carcinoma. Carcinogenesis 2009, 30, 598–605. [CrossRef]

21. Kim, A.; Kim, M.J.; Yang, Y.; Kim, J.W.; Yeom, Y.I.; Lim, J.S. Suppression of NF-kappaB activity by NDRG2
expression attenuates the invasive potential of highly malignant tumor cells. Carcinogenesis 2009, 30, 927–936.
[CrossRef] [PubMed]

22. Takarada-Iemata, M.; Yoshikawa, A.; Ta, H.M.; Okitani, N.; Nishiuchi, T.; Aida, Y.; Kamide, T.; Hattori, T.;
Ishii, H.; Tamatani, T.; et al. N-myc downstream-regulated gene 2 protects blood-brain barrier integrity
following cerebral ischemia. Glia 2018, 66, 1432–1446. [CrossRef] [PubMed]

23. Wang, W.; Li, Y.; Hong, A.; Wang, J.; Lin, B.; Li, R. NDRG3 is an androgen regulated and prostate enriched
gene that promotes in vitro and in vivo prostate cancer cell growth. Int. J. Cancer 2009, 124, 521–530.
[CrossRef]

24. Lee, D.C.; Sohn, H.A.; Park, Z.Y.; Oh, S.; Kang, Y.K.; Lee, K.M.; Kang, M.; Jang, Y.J.; Yang, S.J.; Hong, Y.K.;
et al. A lactate-induced response to hypoxia. Cell 2015, 161, 595–609. [CrossRef] [PubMed]

25. Pan, H.; Zhang, X.; Jiang, H.; Jiang, X.; Wang, L.; Qi, Q.; Bi, Y.; Wang, J.; Shi, Q.; Li, R. Ndrg3 gene regulates
DSB repair during meiosis through modulation the ERK signal pathway in the male germ cells. Sci. Rep.
2017, 7, 44440. [CrossRef] [PubMed]

26. Cui, C.; Lin, H.; Shi, Y.; Pan, R. Hypoxic postconditioning attenuates apoptosis via inactivation of adenosine
A2a receptor through NDRG3-Raf-ERK pathway. Biochem. Biophys. Res. Commun. 2017, 491, 277–284.
[CrossRef]

27. Li, T.; Sun, R.; Lu, M.; Chang, J.; Meng, X.; Wu, H. NDRG3 facilitates colorectal cancer metastasis through
activating Src phosphorylation. OncoTargets Ther. 2018, 11, 2843–2852. [CrossRef]

28. Shi, J.; Zheng, H.; Yuan, L. High NDRG3 expression facilitates HCC metastasis by promoting nuclear
translocation of beta-catenin. BMB Rep. 2019, 52, 451–456. [CrossRef]

29. Lee, G.Y.; Shin, S.H.; Shin, H.W.; Chun, Y.S.; Park, J.W. NDRG3 lowers the metastatic potential in prostate
cancer as a feedback controller of hypoxia-inducible factors. Exp. Mol. Med. 2018, 50, 61. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/10676663
http://dx.doi.org/10.1371/journal.pone.0068206
http://dx.doi.org/10.1002/ijc.11228
http://www.ncbi.nlm.nih.gov/pubmed/12845671
http://dx.doi.org/10.1002/ijc.23945
http://www.ncbi.nlm.nih.gov/pubmed/18844221
http://dx.doi.org/10.1016/j.bbrc.2009.12.156
http://www.ncbi.nlm.nih.gov/pubmed/20045673
http://dx.doi.org/10.1186/1756-9966-29-103
http://www.ncbi.nlm.nih.gov/pubmed/20673333
http://dx.doi.org/10.1371/journal.pone.0032368
http://dx.doi.org/10.3892/mmr.2015.4169
http://dx.doi.org/10.1111/jgh.13068
http://dx.doi.org/10.1093/carcin/bgp047
http://dx.doi.org/10.1093/carcin/bgp072
http://www.ncbi.nlm.nih.gov/pubmed/19336468
http://dx.doi.org/10.1002/glia.23315
http://www.ncbi.nlm.nih.gov/pubmed/29476556
http://dx.doi.org/10.1002/ijc.23961
http://dx.doi.org/10.1016/j.cell.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25892225
http://dx.doi.org/10.1038/srep44440
http://www.ncbi.nlm.nih.gov/pubmed/28290521
http://dx.doi.org/10.1016/j.bbrc.2017.07.112
http://dx.doi.org/10.2147/OTT.S156814
http://dx.doi.org/10.5483/BMBRep.2019.52.7.201
http://dx.doi.org/10.1038/s12276-018-0089-y


Biomolecules 2020, 10, 90 17 of 17

30. Di Tommaso, P.; Moretti, S.; Xenarios, I.; Orobitg, M.; Montanyola, A.; Chang, J.M.; Taly, J.F.; Notredame, C.
T-Coffee: A web server for the multiple sequence alignment of protein and RNA sequences using structural
information and homology extension. Nucleic Acids Res. 2011, 39, W13–W17. [CrossRef]

31. Otwinowski, Z.; Minor, W. Processing of X-ray diffraction data collected in oscillation mode. Methods Enzymol.
1997, 276, 307–326. [CrossRef] [PubMed]

32. Hwang, J.; Kim, Y.; Kang, H.B.; Jaroszewski, L.; Deacon, A.M.; Lee, H.; Choi, W.C.; Kim, K.J.; Kim, C.H.;
Kang, B.S.; et al. Crystal structure of the human N-Myc downstream-regulated gene 2 protein provides
insight into its role as a tumor suppressor. J. Biol. Chem. 2011, 286, 12450–12460. [CrossRef] [PubMed]

33. Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.W.;
Kapral, G.J.; Grosse-Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 213–221. [CrossRef]
[PubMed]

34. Vagin, A.A.; Steiner, R.A.; Lebedev, A.A.; Potterton, L.; McNicholas, S.; Long, F.; Murshudov, G.N. REFMAC5
dictionary: Organization of prior chemical knowledge and guidelines for its use. Acta Crystallogr. D
Biol. Crystallogr. 2004, 60, 2184–2195. [CrossRef] [PubMed]

35. Winn, M.D.; Ballard, C.C.; Cowtan, K.D.; Dodson, E.J.; Emsley, P.; Evans, P.R.; Keegan, R.M.; Krissinel, E.B.;
Leslie, A.G.; McCoy, A.; et al. Overview of the CCP4 suite and current developments. Acta Crystallogr. D
Biol. Crystallogr. 2011, 67, 235–242. [CrossRef] [PubMed]

36. Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D
Biol. Crystallogr. 2010, 66, 486–501. [CrossRef]

37. Joosten, R.P.; Long, F.; Murshudov, G.N.; Perrakis, A. The PDB_REDO server for macromolecular structure
model optimization. IUCrJ 2014, 1, 213–220. [CrossRef]

38. Chen, V.B.; Arendall, W.B., 3rd; Headd, J.J.; Keedy, D.A.; Immormino, R.M.; Kapral, G.J.; Murray, L.W.;
Richardson, J.S.; Richardson, D.C. MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 12–21. [CrossRef]

39. Schrodinger, L.L.C. The PyMOL Molecular Graphics System; Version 1.8; Schrodinger, L.L.C.: New York, NY,
USA, 2015.

40. Slabinski, L.; Jaroszewski, L.; Rychlewski, L.; Wilson, I.A.; Lesley, S.A.; Godzik, A. XtalPred: A web server
for prediction of protein crystallizability. Bioinformatics 2007, 23, 3403–3405. [CrossRef]

41. Hornbeck, P.V.; Zhang, B.; Murray, B.; Kornhauser, J.M.; Latham, V.; Skrzypek, E. PhosphoSitePlus, 2014:
mutations, PTMs and recalibrations. Nucleic Acids Res. 2015, 43, D512–D520. [CrossRef]

42. Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state. J. Mol. Biol. 2007,
372, 774–797. [CrossRef]

43. Holm, L.; Laakso, L.M. Dali server update. Nucleic Acids Res. 2016, 44, W351–W355. [CrossRef] [PubMed]
44. Pace, C.N.; Scholtz, J.M. A helix propensity scale based on experimental studies of peptides and proteins.

Biophys. J. 1998, 75, 422–427. [CrossRef]
45. Manning, M.C.; Woody, R.W. Theoretical CD studies of polypeptide helices: Examination of important

electronic and geometric factors. Biopolymers 1991, 31, 569–586. [CrossRef] [PubMed]
46. Lau, S.Y.; Taneja, A.K.; Hodges, R.S. Synthesis of a model protein of defined secondary and quaternary

structure. Effect of chain length on the stabilization and formation of two-stranded alpha-helical coiled-coils.
J. Biol. Chem. 1984, 259, 13253–13261. [PubMed]

47. Choy, N.; Raussens, V.; Narayanaswami, V. Inter-molecular coiled-coil formation in human apolipoprotein E
C-terminal domain. J. Mol. Biol. 2003, 334, 527–539. [CrossRef]

48. Udeshi, N.D.; Svinkina, T.; Mertins, P.; Kuhn, E.; Mani, D.R.; Qiao, J.W.; Carr, S.A. Refined preparation
and use of anti-diglycine remnant (K-epsilon-GG) antibody enables routine quantification of 10,000s of
ubiquitination sites in single proteomics experiments. Mol. Cell Proteom. 2013, 12, 825–831. [CrossRef]

49. Appelhoff, R.J.; Tian, Y.M.; Raval, R.R.; Turley, H.; Harris, A.L.; Pugh, C.W.; Ratcliffe, P.J.; Gleadle, J.M.
Differential function of the prolyl hydroxylases PHD1, PHD2, and PHD3 in the regulation of hypoxia-inducible
factor. J. Biol. Chem. 2004, 279, 38458–38465. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/nar/gkr245
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://www.ncbi.nlm.nih.gov/pubmed/27799103
http://dx.doi.org/10.1074/jbc.M110.170803
http://www.ncbi.nlm.nih.gov/pubmed/21247902
http://dx.doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
http://dx.doi.org/10.1107/S0907444904023510
http://www.ncbi.nlm.nih.gov/pubmed/15572771
http://dx.doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
http://dx.doi.org/10.1107/S0907444910007493
http://dx.doi.org/10.1107/S2052252514009324
http://dx.doi.org/10.1107/S0907444909042073
http://dx.doi.org/10.1093/bioinformatics/btm477
http://dx.doi.org/10.1093/nar/gku1267
http://dx.doi.org/10.1016/j.jmb.2007.05.022
http://dx.doi.org/10.1093/nar/gkw357
http://www.ncbi.nlm.nih.gov/pubmed/27131377
http://dx.doi.org/10.1016/S0006-3495(98)77529-0
http://dx.doi.org/10.1002/bip.360310511
http://www.ncbi.nlm.nih.gov/pubmed/1868170
http://www.ncbi.nlm.nih.gov/pubmed/6490655
http://dx.doi.org/10.1016/j.jmb.2003.09.059
http://dx.doi.org/10.1074/mcp.O112.027094
http://dx.doi.org/10.1074/jbc.M406026200
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cloning, Protein Expression, and Purification of NDRG3 
	Mutagenesis and Purification of NDRG3 NC 
	Crystallization 
	X-ray Data Collection, Refinement and Structure Determination 
	Size-Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS) Analysis 
	Circular Dichroism (CD) 

	Results 
	Overall Structure of Human NDRG3 Contains an /-Hydrolase Fold Domain and a Cap-Like Domain 
	Crystal Packing of NDRG3 Structure Indicates Dimeric Interactions 
	NDRG3 Shows a Structural Similarity to NDRG2 and Contains a Distinctive Disordered Region and a Solvent Accessible Cavity 
	Unfolded Helix 6 Region of NDRG3 Is a Flexible Loop 

	Discussion 
	Conclusions 
	References

