L)

research communications

STRUCTURAL BIOLOGY
F COMMUNICATIONS

ISSN 2053-230X

Received 9 May 2018
Accepted 21 June 2018

Edited by F. T. Tsai, Baylor College of Medicine,

Houston, USA

Keywords: thioredoxin fold; protein disulfide
isomerase; endoplasmic reticulum; isomerases;
anterior gradient protein 3.

PDB reference: human anterior gradient
protein 3, 3ph9

Supporting information: this article has
supporting information at journals.iucr.org/f

© 2018 International Union of Crystallography

Crystal structure of human anterior gradient
protein 3

Van Dat Nguyen, Ekaterina Biterova, Mikko Salin, Rik K. Wierenga and
Lloyd W. Ruddock*

Faculty of Biochemistry and Molecular Medicine, University of Oulu, Aapistie 7, 90220 Oulu, Finland. *Correspondence

e-mail: lloyd.ruddock@oulu.fi

Oxidative protein folding in the endoplasmic reticulum is catalyzed by the
protein disulfide isomerase family of proteins. Of the 20 recognized human
family members, the structures of eight have been deposited in the PDB along
with domains from six more. Three members of this family, ERp18, anterior
gradient protein 2 (AGR2) and anterior gradient protein 3 (AGR3), are single-
domain proteins which share sequence similarity. While ERp18 has a canonical
active-site motif and is involved in native disulfide-bond formation, AGR2 and
AGR3 lack elements of the active-site motif found in other family members and
may both interact with mucins. In order to better define its function, the
structure of AGR3 is required. Here, the recombinant expression, purification,
crystallization and crystal structure of human AGR3 are described.

1. Introduction

Protein folding in the endoplasmic reticulum differs from that
in most other organelles owing to the formation of structure-
stabilizing disulfide bonds. The pathways for disulfide-bond
formation are complex and have not been fully elucidated
(reviewed in Bulleid & Ellgaard, 2011; Ellgaard et al., 2016),
but the protein disulfide isomerase (PDI) family of enzymes
play a critical role. Human anterior gradient protein 3 (AGR3;
also known as AG3, PDIA18 or BCMP11) is a small single-
domain member of the PDI family (Persson et al, 2005;
Hatahet & Ruddock, 2009). Unlike most other members of
the PDI family, AGR3 lacks the canonical WCXXC active-site
motif; instead, it has the sequence DCYQS at the equivalent
position, suggesting that it is not involved in thiol-disulfide
exchange in protein folding. AGR3 is expressed in the ciliated
cells of the airway epithelium and oviduct as well as in the
stomach, prostate and liver (Bonser et al., 2015; Obacz et al.,
2015). Unlike many other PDI-family members, AGR3 is not
induced by the unfolded protein response (Bonser et al., 2015),
but it is up-regulated by androgens and oestrogens (Vaarala et
al., 2012; Bu et al., 2013), and has been suggested to be a
potential therapeutic target and/or a molecular marker for
hormone-responsive breast cancer and prostate cancer
(Fletcher et al., 2003; King et al., 2011; Gray et al., 2012; Bu et
al., 2013; Garczyk et al., 2015; Obacz et al., 2015). Recently, a
knockout mouse model implicated AGR3 in mucociliary
clearance and in calcium-modulated ciliary beat frequency
(Bonser et al., 2015).

AGR3 shares a domain architecture and homology with
two other human PDI-family members: ERpl8 and anterior
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Table 1

Macromolecule-production information.

Table 2
Crystallization.

Source organism
DNA source
Forward primer

Homo sapiens
IMAGE clone 4694757
TTTTTTTTCATATGATAAAAAAGGAAAAGA

GGCCTCCTCAGAC

Rﬁvasepﬁnwr TTTTTTTTGGATCCTAATAATAGCTCTGAC
TGAATAAGTCTTAATGC

Cloning vector pET-23b (modified)

Expression vector pVD1

Expression host
Complete amino-acid sequence
of the construct produced

E. coli BL21(DE3)pLysS

MHHHHHHMIKKEKRPPQTLSRGWGDDITWV
QTYEEGLEFYAQKSKKPLMVIHHLEDCQY
SQALKKVFAQNEEIQEMAQNKFIMLNLM
HETTDKNLSPDGQYVPRIMFVDPSLTVR
ADIAGRYSNRLYTYEPRDLPLLIENMKK
ALRLIQSEL

gradient protein 2 (AGR2). All three proteins enter the
secretory pathway via cleavable N-terminal signal sequences
and all three proteins have a nonstandard ER-retention/
retrieval motif at their C-terminus. While the canonical ER-
retrieval motif is KDEL, ERp18 has EDEL, AGR2 has KTEL
and AGR3 has QSEL. However, KTEL is recognized by all
three KDEL receptors, and ERp18 and AGR3 are retained in
the ER via their C-terminal motifs (Raykhel et al., 2007).
While AGR3 lacks the canonical active-site motif, ERp18 has
a WCGAC active-site motif, possesses significant peptide
thiol-disulfide oxidoreductase activity (Alanen et al., 2003;
Jeong et al., 2008) and interacts with vitamin K epoxide
reductase (Schulman et al., 2010). The structure of ERp18 has
been solved by NMR (Rowe et al., 2009; PDB entry 2k8v) and
X-ray crystallography (PDB entry lsen; Southeast Collab-
oratory for Structural Genomics, unpublished work), and like
other catalytic domains in the PDI family it exhibits a thior-
edoxin fold. Like AGR3, AGR2 has an unusual active-site
motif (ECPHS) and its expression has been linked to a variety
of cancers (reviewed in Brychtova et al, 2015). AGR2 is
involved in mucin biogenesis (Park et al., 2009). The solution
structure of AGR2 has been solved by NMR (Patel et al., 2013;
PDB entry 2Ins) and shows similarity to that of ERp18.

Here, we describe the production, purification, crystal-
lization and crystal structure of human AGR3 and compare
this structure with the structures of related PDI-family
members.

2. Materials and methods
2.1. Macromolecule production

The gene for mature human AGR3 (Ile24-Leul66; UniProt
Q8TDO06) was amplified by PCR from IMAGE clone 4694757
using a forward primer that contained an Ndel restriction site
and a reverse primer that contained a BamHI restriction site
(Table 1). The gene was cloned into a derivative of pET-23b
(Novagen), which results in expression from a T7 promoter of
a protein with a noncleavable N-terminal His tag with the
sequence MHHHHHHM. The plasmid generated (pVD1) was
sequenced to ensure there were no errors in the cloned gene.

Method Vapour diffusion, hanging drop
Plate type 24-well VDX plate without sealant
Temperature (°C) 22

Protein concentration (mg ml™") 10
Buffer composition of protein 20 mM Tris pH 6.8

solution

Composition of reservoir 25% PEG 4000, 0.2 M MgCl,, 0.2 M NaCl,
solution 0.1 M Tris-HCl pH 8.5

Volume and ratio of drop 4l (1:1)

Volume of reservoir (ml) 1

pVD1 was transformed into the expression strain Escher-
ichia coli BL21(DE3)pLysS using the calcium chloride heat-
shock method. An isogenic expression strain was saved as
duplicate glycerol stocks and stored at —70°C.

For expression in LB medium, the expression strain was
streaked out from the glycerol stock onto an LB agar plate
containing suitable antibiotics to allow selection (100 mg 1™
ampicillin for pVD1 and 35mgl™" chloramphenicol for
pLysS) and the plate was stored at 37°C overnight. The next
day, one colony from this plate was used to inoculate 50 ml LB
medium and was grown overnight at 37°C and 200 rev min .
This overnight culture was used to seed five 21 flasks each
containing 200 ml LB medium to an optical density at 600 nm
(ODgyg) of 0.05. This culture was grown at 37°C and
200 rev min~' until the ODgg reached 0.4, at which point
protein production was induced with 0.5 mM IPTG. The cells
were then grown for 17 h post-induction at 25°C and
200 rev min~—'. The cells were collected by centrifugation and
resuspended in 20 ml 20 mM sodium phosphate pH 7.4,
20 mg 1™' DNase, 0.1 mg ml~' egg-white lysozyme per flask
and frozen. The cells were lysed by freeze-thawing twice.

Following clearance of the cell lysate by centrifugation
(11 950g, 15 min, 4°C), purification of the His-tagged AGR3
was performed by standard immobilized metal-affinity chro-
matography using a 5 ml HiTrap Chelating HP column (GE
Healthcare). The HiTrap column was pre-charged with Ni**,
washed and equilibrated with 20 mM sodium phosphate pH
7.4. After loading the sample, the column was washed with
three column volumes of wash buffer (20 mM sodium phos-
phate, 50 mM imidazole, 0.5 M sodium chloride pH 7.4) before
elution with two column volumes of elution buffer (20 mM
phosphate, 50 mM EDTA pH 7.4). EDTA was chosen as the
eluent as PDI-family members bind metal ions via their active
site (see, for example, Solovyov & Gilbert, 2004) and EDTA
chelation prevents this. The eluted protein was diluted tenfold
into 20 mM phosphate pH 6.0 and loaded onto a 5 ml
Resource S column (GE Healthcare) which had been pre-
equilibrated in the same buffer. After washing with three
column volumes of 20 mM sodium phosphate pH 6.0, the
protein was eluted with a linear gradient to 1M sodium
chloride in the same buffer. Fractions containing the protein
were pooled and loaded onto a Superdex 200 size-exclusion
column pre-equilibrated with 20 mM Tris buffer pH 6.8.
Fractions containing the protein were pooled, concentrated to
10 mg ml~! and used in the crystallization experiments. All
buffers were filtered and degassed before use.
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Table 3
Data collection and processing.

Diffraction source Beamline ID14-1, ESRF

Wavelength (A) 0.934

Temperature (K) 100

Detector ADSC Quantum 210 CCD
Crystal-to-detector distance (mm) 180.90

Rotation range per image (°) 0.5

Total rotation range (°) 360

Space group P2,

a, b, c (A) 33.29, 71.45, 59.81

a, B,y () 90, 97.72, 90

Mosaicity (°) 0.146

Resolution range (A)
Total No. of reflections
No. of unique reflections

50-1.83 (1.88-1.83)
184222 (13652)
24330 (1789)

Completeness (%) 99 (98.3)
Multiplicity 7.5 (7.6)
(Ilo(1)) 15.5 (3.0)
Rr.i.mfr 0.116
Overall B factor from 22.3

Wilson plot (A?)

+ Estimated Ryim = Rmerge[N/(N — 1)]'?, where N is the data multiplicity.

2.2. Crystallization

Initial crystallization screening was performed by the
hanging-drop vapour-diffusion method in a 96-well plate using
the sparse-matrix screens Factorial (Zeelen et al., 1994) and
Crystal Screen and Crystal Screen 2 (Hampton Research). The
initially obtained crystallization hits were optimized and
diffraction-quality crystals were grown at 22°C in hanging
drops consisting of 2 pl protein solution (10 mg ml™" in 20 mM
Tris buffer pH 6.8) mixed with 2 pl crystallization solution
[25% (w/v) PEG 4000, 0.2 M MgCl,, 0.2 M NaCl, 0.1 M Tris—
HCI pH 8.5]. Crystals were harvested from drops covered by
paraffin oil for a few seconds and were then flash-cooled in
liquid nitrogen. Crystallization information is given in Table 2.

2.3. Data collection and processing

High-resolution diffraction data were collected from a
single crystal to a resolution of 1.83 A on beamline ID14-1 at
the European Synchrotron Radiation Facility (ESRF)
equipped with an ADSC Quantum 210 CCD detector. 360° of
data were collected at a wavelength of 0.934 A with a 0.5°
oscillation angle. X-ray data were processed using XDS
(Kabsch, 2010a) and scaled using XSCALE (Kabsch, 2010b).
The data-collection and processing statistics are shown in
Table 3.

2.4. Structure solution and refinement

MOLREP (Vagin & Teplyakov, 2010) was used to obtain
the initial phases by using the endoplasmic reticulum protein
ERpl18 (PDB entry 1sen) as the search model. A systematic
approach was employed to prepare a suitably truncated model
for the molecular-replacement calculations. Initially, only
loops protruding out of the bulk of the protein were deleted;
however, eventually the solution was found using only the
B-sheet-forming residues of PDB entry lsen as the search
model (residues 57-62, 90-95 and 114-118). Two molecules
were found in the asymmetric unit. Manual model building

was performed with Coot (Emsley et al., 2010). The initial
maps revealed density for one additional helix in both mole-
cules, which was inserted into position as a whole. After
refinement with REFMACS (Murshudov et al., 2011), another
helix was added and so on until all of the helices had been
placed in both molecules. After this the loop regions were
modelled one by one, resulting in a model which contained
residues Pro31-GIn163 in chain A and Pro31-Glul65 in chain
B. In the later stages of refinement the atomic displacement
parameters were refined using the TLS method, with each
chain treated as a single group. There are no structural
differences between the two molecules in the asymmetric unit.
SSM superposition calculations in Coot show that the r.m.s.
distance between corresponding C* atoms of the two mole-
cules is 0.2 A. Refinement statistics are presented in Table 4.
Figures were prepared with UCSF Chimera (Pettersen et al.,
2004).

3. Results and discussion

The crystals of human AGR3 belonged to space group P2;.
The crystal structure was solved by molecular replacement

Figure 1

Ribbon representation of the crystal structure of human AGR3. Two
protein molecules of the asymmetric unit are represented. The core
B-sheet is coloured green, a-helices orange and loop regions grey. The
N- and C-termini and secondary-structure elements are labelled. The
active-site Cys71 from the DCYQS motif is shown in ball-and-stick
representation with C atoms coloured grey and the S atom in yellow.
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Table 4

Structure refinement.

Resolution range (A) 45.62-1.83 (1.877-1.830)
Completeness (%) 99.1

o Cutoff 3.01

No. of reflections, working set 23102 (1706)

No. of reflections, test set 1228 (82)

Final Ry 0.177 (0.200)

Final Ry 0.233 (0.257)

Cruickshank DPI 0.1445
No. of non-H atoms
Protein 2207
Ligand 0
Water 290
Total 2497
R.m.s. deviations
Bonds (A) 0.013
Angles (°) . 1.396
Average B factors (A?%)
Protein 14.7
‘Water 214
Ramachandran plot
Favoured regions (%) 97.0
Additionally allowed (%) 2.6

using the B-sheet-forming residues of the crystal structure of
human ERp18 (PDB code 1sen) as the probe. The sequence
identity between AGR3 and ERp18 is 41.7% over 146 amino

acids. Like other PDI-family members, the structure of human
AGR3 exhibits a thioredoxin fold consisting of four S-strands
(B1, residues 62-66; 82, residues 96-100; 83, residues 118-122;
B4, residues 127-129) and four a-helices (a1, residues 48-58;
a2, residues 72-93; a3, residues 107-109; a4, residues 145-159)
(Fig. 1). The four B-strands form a B-sheet which includes
three parallel strands (81, B2 and B4) and one antiparallel
strand (B3) surrounded by four o-helices.

There are two molecules of AGR3 in the asymmetric unit,
with association between their N-termini (Fig. 1). However,
there was no evidence of dimer formation in solution.
Consistent with this, jsPISA analysis (Krissinel, 2015) of the
AGRS3 structure suggested no stable assemblies, and previous
studies have indicated heterologous self-association (Patel et
al., 2013). In contrast, AGR2 forms a dimer in solution
through an antiparallel association of 1 stabilized by an inter-
subunit salt bridge, one component of which is lacking in
AGR3 (Patel et al., 2013).

The DCYQS active-site motif is located in the N-terminal
part of helix &2, corresponding to the positions of the
WCGAC motif of ERp18 and the ECPHS motif of AGR2.
The cysteine side chain is solvent-exposed and the S atom is
not oxidized. The cysteine-containing loops of molecules A

Figure 2

Comparison of AGR3 with AGR2 and ERp18. (a) Superposition of the crystal structure of AGR3 (green; PDB entry 3ph9) with the NMR solution
structure of AGR2 (orange; PDB entry 2Ins) and the crystal structure of ERp18 (pink, PDB entry 1sen) shows no large differences except for the loop
connecting 84 and o4 (marked by an arrow), which is longer in AGR2, and the position of the N-terminal extension prior to «1, which has a different
orientation in AGR2. Coordinates were superimposed using UCSF Chimera. The localization of the active-site motif in the structures is shown by the
box. (b) Close-up view of the active-site motif DCYQS in AGR3 (green), ECPHS in AGR2 (orange) and WCGAC in ERp18 (pink). Amino-acid side
chains are shown in ball-and-stick representation with N atoms in blue, O atoms in red and S atoms in yellow.
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and B adopt the same conformation. The r.m.s. difference of
corresponding C* atoms of molecules A and B is 0.24 A.

The o2 helix is bent as it spans from one end of the S-sheet
to the other and it can be subdivided into three helical
sections: a 3;p-helix linking two a-helices together. The bend
in the o2 helix is almost 90°, with two residues, Asn84 and
Glu85, found within the kink, in contrast to other PDI-family
members which contain a proline residue that causes the bend
in the helix (Hatahet & Ruddock, 2009). Another 3;,-helix is
located between strands 82 and S3.

Another conserved feature of the thioredoxin fold is the
presence of a cis-proline peptide bond (Prol117 in AGR3) in
close vicinity to the DCYQS motif. In other PDI-family
members the presence of this cis-peptide bond is essential for
maintenance of the structural integrity of the active site for
substrate binding and catalytic activity of PDI-family
members (Ellgaard & Ruddock, 2005; Tian et al., 2006).

Additionally, a highly conserved Argl20 residue has been
shown to be essential for the catalytic activity of PDI (Lappi et
al., 2004; Karala et al., 2010). This residue precedes the o4
helix and is solvent-exposed and flexible, being able to move
in and out of the active-site locale. In AGR3, Argl39 can be
suggested as the potential equivalent of Argl20, as it is located
in the loop preceding the o4 helix. In the crystal structure it is
located ~8 A away from Cys71 of the DCYQS motif,
suggesting that it might be involved in its function.

The consensus between structural similarity searches using
DALI (Holm & Laakso, 2016) and PDBeFold (Krissinel &
Henrick, 2004) identified ERp18 and AGR2 as the closest
structural homologues, with other members of the thioredoxin
superfamily, such as human thioredoxin, DsbD and DsbH,
also having high Z-scores. The structure of AGR3 overlays
well with those of the two other one-domain PDI-family
members AGR2 and ERpl8 (Fig. 2). Superimposition of
AGR3 with AGR2 using the SSM tool in Coot reveals an
rm.s.d. of 1.97 A between 109 C* atoms and superimposition
with ERp18 gives an r.m.s.d. of 1.33 A between 122 C* atoms.

AGR3, along with AGR2, lacks the canonical WCXXC
motif found in members of the PDI family and the CXXC
motif found in redox-active members of the thioredoxin
superfamily. Both have the N-terminal cysteine at a structu-
rally analogous position (Fig. 2), but lack the C-terminal
cysteine that is essential for the protein to act as an efficient
redox enzyme in protein folding (reviewed in Hatahet &
Ruddock, 2009). In those members of the PDI family exam-
ined to date the N-terminal active-site cysteine has a low pK,,
such that the cysteine is in a thiolate state at physiological pH,
and this is essential for activity (reviewed in Hatahet &
Ruddock, 2009). The adjacent aspartic acid (AGR3) or
glutamic acid (AGR?2) is likely to result in the pK, of this
cysteine in AGR3 and AGR2 being higher than is the norm in
PDI-family members, with concomitant effects on reactivity.

Similarly to ERpl18 and AGR?2, the structure of AGR3
contains an eight-residue insertion that is not found in other
PDI-family members within the disordered region between
strands B4 and a4. This region contains a number of hydro-
phobic residues and is spatially adjacent to the DCY QS motif,

suggesting that it might be involved in protein—protein inter-
actions, for example in substrate binding.

To summarize, the crystal structure of human AGR3 has
been refined at 1.8 A resolution. The structure reveals a
number of structural features in common with other members
of this protein family.
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