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Background: ERp27 is a redox-inactive member of the protein-disulfide isomerase family.
Results: The crystal structure of ERp27 reveals how the substrate-binding site can be modulated by conformational changes.
Conclusion: ERp27 is induced during ER stress and binds misfolded proteins.
Significance: ERp27 may act as a safety overflow under stress conditions, funneling excess misfolded protein onto ERp57.

About one-third of all cellular proteins pass through the
secretory pathway and hence undergo oxidative folding in the
endoplasmic reticulum (ER). Protein-disulfide isomerase (PDI)
and related members of the PDI family assist in the folding of
substrates by catalyzing the oxidation of two cysteines and
isomerization of disulfide bonds as well as by acting as chaper-
ones. In this study, we present the crystal structure of ERp27, a
redox-inactive member of the PDI family. The structure reveals
its substrate-binding cleft, which is homologous to PDI, but is
able to adapt in size and hydrophobicity. Isothermal titration
calorimetry experiments demonstrate that ERp27 is able to dis-
tinguish between folded and unfolded substrates, only interact-
ing with the latter. ERp27 is up-regulated during ER stress, thus
presumably allowing it to bind accumulating misfolded sub-
strates and present them to ERp57 for catalysis.

Dysfunctional proteins cause a variety of severe diseases.
Although the impairment often stems from a mutation, there
are diseases like Alzheimer (1) and Creutzfeldt-Jakob disease
(2) that are caused by misfolded rather than mutated proteins.
Although most cytosolic proteins are able to attain their func-
tional three-dimensional structure within milliseconds (3)
without the aid of folding catalysts, cells maintain an extensive
folding machinery to assist in the folding of particular proteins
or under stress conditions.
In eukaryotes, approximately one-third of all proteins are

destined for the cell surface or other oxidizing environments
(4). These proteins often contain disulfide bonds, which are
covalent links between pairs of cysteine side chains. Disulfide
bonds contribute to overall protein stability, thus rendering the
functional conformation more resistant to denaturation. How-
ever, the timely introduction of correctly linked disulfides is a

kinetic challenge that necessitates enzymatic assistance. Pro-
tein-disulfide isomerase (PDI)3 is the best characterized
enzyme that assists in the process of oxidative folding. PDI
transfers electrons from two cysteines in the target substrate
onto a redox-active disulfide bond in its catalytic center, thus
oxidizing its substrates. PDI is subsequently reoxidized by ER
oxidoreductases such as Ero1p in yeast (5), AERO1 in plants (6),
and Ero1-L� in mammals (7) that funnel the electrons to final
acceptors such as molecular oxygen.
As the number of possible disulfide bond combinations

increases exponentially with the numbers of cysteines in a sub-
strate and many substrates follow distinct and complex oxida-
tion patterns (8–10), proteins may form non-native disulfide
bonds during folding. Completely oxidized proteins exhibiting
two or more non-native disulfide bonds are arrested in their
folding process and depend on an isomerization reaction to
allow them to reach their native conformation. PDI in its
reduced form also catalyzes these isomerization reactions
through a short term reduction of at least one substrate disul-
fide, thus enabling the remaining disulfide bonds of the target
to rearrange.
In addition to the catalysis of redox and isomerization reac-

tions, it is crucial to prevent the aggregation of folding interme-
diates. Besides dedicated chaperones such as the Hsp70 (11)
and DnaJ/Hsp40 (12) families, PDI and members of the PDI
family have been shown to prevent the nonspecific aggregation
of substrates (13–15). Whether this is a by-product of their
substrate binding capabilities or an independent function
remains under investigation.
In higher eukaryotes, more than 15 related proteins together

form the PDI family (16, 17).Members of this protein family are
typically located in the ER lumen or the luminal side of the ER
membrane and share the thioredoxin fold as a common feature
in at least one of their domains. The thioredoxin fold, named
after the reductase thioredoxin A, is a protein architecture
common to many oxidoreductases. The canonical fold is char-

* This work was supported by the Deutsche Forschungsgemeinschaft (Rudolf
Virchow Center for Experimental Biomedicine FZ 82 and Schi 425/3-1).

The atomic coordinates and structure factors (code 4F9Z) have been deposited in
the Protein Data Bank (http://wwpdb.org/).

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed. Tel.: 49-931-3180382; Fax:

49-931-3187320; E-mail: hermann.schindelin@virchow.uni-wuerzburg.de.

3 The abbreviations used are: PDI, protein-disulfide isomerase; ER, endoplas-
mic reticulum; ITC, isothermal titration calorimetry; RfbP, riboflavin-bind-
ing protein; UPR, unfolded protein response.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 3, pp. 2029 –2039, January 18, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 18, 2013 • VOLUME 288 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 2029

http://www.pdb.org/pdb/explore/explore.do?structureId=4F9Z
http://wwpdb.org/


acterized by a central four-stranded �-sheet flanked by three
�-helices (18) arranged in the secondary structure sequence
�1-�1-�2-�2-�3-�4-�3, which in some proteins is extended at
the N terminus by an extra �-strand and �-helix, resulting in a
�0-�0-�1-�1-�2-�2-�3-�4-�3 sequence (19). Most well charac-
terizedmembers of the PDI family also contain the thioredoxin
active sitemotifWCXXCK (20) located at theN terminus of the
�1-helix, which can facilitate the catalysis of both cysteine oxi-
dation and disulfide bond isomerization. Domains containing
an active site are referred to as “a domains” in contrast to the “b
domains,” which adopt the thioredoxin fold but lack the active
site. However, there are proteins within the PDI family that lack
the active site motif as well as other potential redox active thi-
ols. This redox-inactive group within the PDI family has not
been extensively studied, and the functions of many proteins in
this group are unknown.
ERp27 is a PDI family member found exclusively in verte-

brates. Human ERp27 is expressed in many different human
tissues such as bone marrow, lung, kidney, and spleen but is
most prominently expressed in the pancreas (21). The protein
lacks the active site cysteinemotif andwas first characterized by
Ruddock and co-workers (22). The only two cysteines within
the sequence are located in different domains and were shown
to be not solvent-accessible. In contrast to most other redox-
inactive PDI family members that typically contain a single thi-
oredoxin fold domain and an �-helical domain, ERp27 consists
of two thioredoxin fold domains. Although the function of the
N-terminal domain remains unclear, the C-terminal domain
has been shown to interact with the peptide �-somatostatin
and with ERp57, a well studied member of the PDI family (22).
In this study, we present and analyze the crystal structure of

ERp27, which contains the structural features needed for sub-
strate binding in a fashion similar to the b� domain of PDI.
Furthermore, we demonstrate that ERp27 is up-regulated dur-
ing ER stress, which together with its structural features sug-
gests a physiological role for ERp27 within the network of the
PDI family.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—TheA549 (human lung carcinoma)
cell line was purchased from theDeutsche Sammlung vonMik-
roorganismen und Zellkulturen GmbH (Braunschweig, Ger-
many). Cells were cultured according to the instructions of the
supplier at 5% CO2 and 37 °C in a water-saturated atmosphere.
DMEM used for A549 culture was from Invitrogen and was
supplemented with 10% FCS from PAA Laboratories GmbH
(Pasching, Austria). H2O2 was purchased from AppliChem
(Darmstadt, Germany), and thapsigargin was obtained from
Sigma-Aldrich. All other reagents were ordered at the highest
available purity from Roth (Karlsruhe, Germany).
ERp27 Expression—The expression construct kindly pro-

vided by Lloyd Ruddock (University of Oulu) was transformed
into the BL21-CodonPlus (RIL) expression strain (Stratagene).
Single clones were cultured in LBmedium, and protein expres-
sion was induced at an optical density at 600 nm of 0.6–0.8
through addition of isopropyl�-D-1-thiogalactopyranoside to a
final concentration of 0.5 mM. After induction, cells were cul-

tured for 14–18 h at 15 °C and harvested by centrifugation for 8
min at 10,000 � g.
For the expression of selenomethionine-substituted ERp27,

the same expression construct was transformed into BL21-
CodonPlus (RIL) cells that were grown inM9minimal medium
to an optical density at 600 nm of 0.6–0.8. Protein expression
was induced through the addition of isopropyl�-D-1-thiogalac-
topyranoside to a final concentration of 1 mM while simultane-
ously supplementing themediumwith the amino acids L-lysine,
L-phenylalanine, L-threonine (final concentrations, 100 mg/li-
ter each), L-valine, L-leucine, and L-isoleucine (final concentra-
tions, 50 mg/liter each) as well as with L-selenomethionine
(final concentration, 30 mg/liter). After induction, cells were
cultured for 21 h at 30 °C and harvested by centrifugation for 8
min at 10,000 � g.
ERp27 Purification—Harvested cells were resuspended in

buffer A (20 mM Tris-HCl, pH 8.5, 1 M NaCl, 10 mM imidazole)
and lysed with a microfluidizer, and the lysate was cleared by
centrifugation at 30,000 � g for 45 min. The cleared lysate was
loaded onto a nickel metal affinity chromatography column
(Novagen) and eluted with 125 mM imidazole. The eluate was
directly injected onto a preparative Superdex 200 size exclusion
chromatography column (GE Healthcare) equilibrated with
sample buffer (20 mM Tris-HCl, pH 8.5, 250 mMNaCl). Mono-
meric protein fractions were pooled and subjected to limited
proteolysis through the addition of trypsin (final concentration,
50 �g/ml). The proteolysis was stopped after 45 min by con-
ducting a second size exclusion chromatography step on the
same column. Fractions containing digested ERp27 were
pooled, concentrated to 35 mg/ml, flash frozen in liquid nitro-
gen, and stored at �80 °C.
ERp27 Crystallization—Full-length ERp27 and trypsin-di-

gested ERp27 were crystallized by hanging drop vapor diffu-
sion. The initial protein concentration was 33mg/ml in sample
buffer, and each drop in the setup contained 1 �l of protein
solution and 1 �l of mother liquor. The native protein crystal-
lized from 100 mM Tris, pH 8.5, 24% (w/v) polyethylene glycol
(PEG) 4000, 150 mM sodium acetate. SeMet-substituted and
trypsin-digested ERp27 was crystallized at a concentration of
40 mg/ml in sample buffer against a reservoir containing 100
mM Tris, pH 8.5, 26% (w/v) PEG 4000,125 mM sodium acetate.
Preparation of Unfolded Substrates—Lyophilized riboflavin-

binding protein (RfbP) was resuspended in denaturation buffer
(100 mM Tris-HCl, pH 8.5, 6 M guanidinium chloride) at a con-
centration of 200 �M. Dithiothreitol was added to a final con-
centration of 100mM, and the samplewas incubated at 55 °C for
30 min. After cooling to room temperature, all thiols were car-
boxymethylated by the addition of 1 M iodoacetic acid in 1 M

NaOH to a final concentration of 400 mM for at least 30 min.
Excess reagents were removed by dialysis against isothermal
titration calorimetry (ITC) buffer (20mMTris-HCl, pH 8.5, 250
mM NaCl).
CD Spectroscopy—Native RfbP and modified RfbP were

diluted with 10 mM potassium phosphate buffer, pH 8.8 to an
absorbance at 280 nm of 0.1. Scans were performed using a
Jasco J-810 spectropolarimeter in the range 185–260 nm with
2-nm bandpass and a scan speed of 50 nm/min. The results of
five scans were averaged.
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ITC Experiments—ERp27 and RfbP substrates were dialyzed
overnight against 5 liters of ITC buffer. The dialyzed protein
was centrifuged for at least 20 min at 25,000 � g to remove
aggregates. The buffer used in the dialysis was filtered,
degassed, and used as a buffer control for the ITC measure-
ments. After centrifugation, the concentration of the proteins
was adjusted appropriately for the experiment. ITC experi-
ments were performed using a Microcal VP-ITC 200 instru-
ment at 25 °C using protein concentrations of 1 mM for ERp27
and 50 �M for the substrate present in the cell. 30 injections
were carried outwith an injection volume of 10�l eachwith the
exception of the first injection with a volume of 5 �l. The signal
of the first injection was discarded. The data were fitted to a
single binding site model using the Microcal ITC data evalua-
tion software with no fixed parameters.
Determination of Domain Orientations—For the determina-

tion of a reference plane that indicated the orientation of the
central �-sheet in the thioredoxin fold domain, the coordinates
of the carbonyl carbon, C� carbon, and main chain nitrogen of
each residue belonging to the central �-sheet were transferred
from the Protein Data Bank file into OriginPro 8.5. All coordi-
nates were then subjected to planar non-linear surface fitting to
assign a regression plane to the coordinates. The angles encom-
passed by the planes were determined by calculating the inter-
section angle of the normal vectors of the regression planes.
Quantitative Real Time RT-PCR—A549 cells were seeded at

a concentration of 3 � 105 cells/well. After a 3-h incubation,
cells were treatedwith 400�M thapsigargin or 500�MH2O2 for
24 h. Subsequently, total RNAwas isolated using the RNeasy kit
from Qiagen (Hilden, Germany) according to the manufactur-
er’s instructions. 1 �g of total RNA was used for cDNA synthe-
sis with the Transcriptor First Strand cDNA Synthesis kit from
Roche Diagnostics. Real time PCR was performed using the
FastStart Universal SYBR Green Master (Rox) kit from Roche
Diagnostics according to the manufacturer’s instructions. Spe-
cific primers were designed that are located across an exon/
exon border. The following primers were applied: hERp27:
forward, 5�-CCCAGGCGTGTCATTTGGGATCA-3�; reverse, 5�-
TGTCTACCAGGCGAAAGAGGCAGA-3�; hHSPA5 (HSP70):
forward, 5�-TGCCCAACGCCAAGCAACCA-3�; reverse, 5�-AGC-
AGCTGCCGTAGGCTCGT-3�; and hGAPDH: forward, 5�-AGC-
CACATCGCTCAGACAC-3�; reverse, 5�-GCCCAATACGACCA-
AATCC-3�. The PCR run featured 40 cycles of denaturation,
annealing, and elongation. The quantification was performed
by calculating n-fold inductions normalized to untreated sam-
ples using the mathematical model described by Pfaffl (23).

RESULTS

Crystallization and Structure Determination—ERp27 (Uni-
Prot accession number Q96DN0) was expressed from a modi-
fied version of the pET23 vector containing the mature protein
without the signal sequence (residues 1–25) fused to an N-ter-
minal hexahistidine tag. The tagged protein crystallized under
multiple conditions; however, these crystals displayed severe
growth defects and very poor diffraction. Because standard
optimization procedures did not increase data quality, ERp27
was subjected to limited proteolysis with three different pro-
teases.While both papain and chymotrypsin degraded the pro-

tein to individual thioredoxin domains, a near full-length frag-
ment of ERp27 (25 kDa) was generated by trypsin (Fig. 1A) that
could be purified by size exclusion chromatography (Fig. 1B).
This fragment crystallized under similar conditions as the full-
length protein; however, the crystals diffracted up to 2.2 Å and
belonged to the triclinic space group P1. The structure was
solved by multiwavelength anomalous diffraction derived from
SeMet-containing ERp27 at 2.8 Å because attempts to solve the
structure by molecular replacement with the N-terminal
domain of ERp27 determined by NMR spectroscopy (Protein
Data Bank code 2L4C) and the bb� core of other PDI family
proteins were unsuccessful.
Both data sets were processed and scaled with the program

XDS (24). The self-rotation function revealed a strong peak at
� � 73.7° (44% of the origin peak), closelymatching the value of
72° expected for a 5-fold symmetrical arrangement and hence
suggesting the presence of five molecules in the unit cell. The
seleniumatom substructure consisting of 24 siteswas identified
using ShelxC/D (25), resulting in an initial figure of merit of
0.37 using PhaserEP (26). Phases were improved by solvent flat-
tening with Parrot (27) and non-crystallographic symmetry
averaging to improve the accuracy of the initial phases. Auto-
mated model building with Buccaneer (28), starting with four

FIGURE 1. Limited proteolysis of ERp27. A, ERp27 at a final concentration of
500 �M was incubated for 20 min with the indicated proteases at three differ-
ent concentrations. The left-most lane shows undigested (Und) ERp27 as a
control. While both chymotrypsin and papain rapidly degrade the protein,
trypsin at lower concentrations only trimmed �3 kDa from ERp27. B, compar-
ison of the elution profiles of full-length ERp27 (solid line; left y axis) and the
same protein partially digested with 50 �g/ml trypsin (dotted line; right y axis).
The fragment generated by proteolytic digestion elutes 5 ml later than the
full-length protein and appears as a single species. As only one-third of the
full-length protein was subjected to proteolysis, each curve was scaled inde-
pendently to allow for a better comparison. mAU, milliabsorbance units.
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copies of the NMR structure of the b domain, which were
placed in the electron density map with MOLREP (29), yielded
a model containing the expected five molecules of ERp27. The
high resolution native data set was solved bymolecular replace-
mentwith Phaserwith onemonomer as a searchmodel. Refine-
ment with Phenix (30) at 2.2-Å resolution incorporating non-
crystallographic symmetry restraints resulted in an R factor of
0.170 (Rfree � 0.217). The Ramachandran statistics as deter-
mined with MolProbity (31) feature 97.61% of the residues in
favored areas of the Ramachandran diagram and only three
residues (0.28%) in disallowed regions (Table 1).
The ERp27 Crystal Contains Five Highly Similar Chains—

The final model contains five ERp27 molecules (designated
A–E) in the P1 unit cell (Fig. 2A). Eachmolecule consists of two
thioredoxin fold domains as suggested previously (22) by sec-
ondary structure analysis and sequence alignments. The reason
for the strong peak in the � � 72° section of the self-rotation
function becomes apparent from the crystal packing in which
the molecules are arranged in stacks throughout the crystals
with adjacent molecules being rotated by �72° relative to their
neighbors. The resulting five different orientations are iterated
in the same order (E3 D3 B3 A3 C3E) within a stack,
and within this stack, the molecules are held together by exten-

sive crystal contacts encompassing �1050 Å2 of buried surface
area shared in each interface. The interaction between mole-
cules of different stacks is facilitated by a number of much
smaller interfaces with contact areas ranging from 60 to 320 Å2

of buried surface area. Each molecule of ERp27 takes part in
seven to nine such interstack interactions with a total interface
area of�550Å2 on average. The orientation, the position in the
stack, and the resulting crystal contacts are the only major dif-
ferences to be found between the different chains.
All chains can be superimposed onto each other with low

pairwise rootmean square deviations ranging between 0.34 and
0.68 Å (mean, 0.5 Å); however, it should be kept in mind that
non-crystallographic symmetry restraints with target values of
0.5 Å were used during refinement. Still, the C� backbone
matches very well with the only exception found in chain C
where a loop of the C-terminal domain differs significantly
from the other chains due to a crystal contact. Each chain in the
final model contained 219 amino acids, which is significantly
less than the 248 residues of full-length ERp27 after removal of
the signal sequence. This was expected because of the limited
proteolysis used prior to crystallization. Although the model
terminates with a possible cleavage site at Lys-256, there are
eight amino acids N-terminal of Gln-38, the first residue in the

TABLE 1
Data collection, structure determination, and refinement statistics
Native data set
Space group P1
Unit cell dimensions a � 57.83, b � 68.36, c � 86.78 Å; � � 70.45°, � � 88.16°, � � 64.96°
Unique reflections 54,973
Resolution limits (Å) 57.8–2.2
Completeness (highest shell) 96.2 (95.4)
Multiplicity 5.4 (5.4)
Rsym

a/Rpim
b (highest shell) 0.113 (0.836)/0.063 (0.394)

Mean I/�I (highest shell) 11.5 (2.0)
SeMet data set
Space group P1
Unit cell dimensions a � 61.04, b � 63.94, c � 105.07 Å; � � 90.59°, � � 106.81°, � � 118.65°

Unique reflections 31,863
Resolution limits (Å) 44.9–2.8
Completeness (highest shell) 98.5 (98.5)
Multiplicity 3.9 (3.9)
Rsym

a/Rpim
b (highest shell) 0.176 (0.700)/0.103 (0.408)

Mean I/�Ic (highest shell) 7.5 (2.0)
Phasing statistics

Number of sites 24
Figure of merit 0.371

Refinement
Resolution limits (Å) 41.7–2.2
Number of working/test reflections 53,561/1,371
Number of protein/solvent atoms 8,770/738

Wilson B-factor (Å2) 30.1
Overall average B-factor (Å2) 42.5
Average B-factor individual domains (Å2) b domains, 43.7/b� domains, 41.4
R factord (Rfree) 0.170 (0.217)
Coordinate error (Å) 0.29
r.m.s.e deviations from ideal values
Bond lengths (Å) 0.007
Bond angles 1.070°
Dihedral angles 15.64°
Planar groups (Å) 0.005

Ramachandran statisticsf 97.61/2.11/0.28
a Rsym � �hkl�i�Ii � I�/�hkl�iI where Ii is the ith measurement and I is the weighted mean of all measurements of I.
b Rpim � �hkl(1/(N � 1)1/2)�i�Ii � I�/�hkl�iI where Ii is the ith measurement, I is the weighted mean of all measurements of I, and N is the redundancy of the data.
c I/�I indicates the average of the intensity divided by its standard deviation.
d Rcryst � �hkl�Fo� � �Fc�/�hkl�Fo� where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. Rfree is the same as Rcryst for 5% of the data ran-
domly omitted from the refinement.

e Root mean square.
f Ramachandran statistics indicate the fraction of residues in the favored (98%), allowed (�99.8%), and disallowed regions of the Ramachandran diagram as defined by Mol-
probity (31).
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model, that have to be present in the crystallized fragment as
there are no trypsin-sensitive cleavage sites N-terminal of Gln-
38; presumably, these residues are disordered and hence could
not be resolved.
As suggested by a previous analysis (22), ERp27 folds into two

domains of similar size. Each domain adopts the thioredoxin
fold with the secondary structure elements �1-�1-�2-�2-�3-
�4-�3 that is common to the family of PDI-like proteins (Fig.
2B). In the N-terminal domain, the fold is expanded by an addi-
tional helix before and after this motif (�0-�1-�1-�2-�2-�3-�4-
�3-�4), whereas in the C-terminal domain, only the �0-helix
appears to be present. However, we cannot rule out that an
�4-helix is formed by the final 17 amino acids missing in the
truncated version, similar to the helix containing the ER reten-
tion signal inmost other PDI familymembers. Although ERp27
lacks the active sitemotif of the thioredoxin family (CXXC), the
sequence still contains two cysteines. The side chains of both of
these residues face into the interior of their respective domain
without any solvent accessibility. The absence of catalytically
active cysteine residues is in line with the reported biochemical
data and the alignment of ERp27 with the b and b� domains of

larger PDI familymembers such as PDI, ERp57, andERp72.The
lack of redox-active sites might also explain the presence of a
binding site for ERp57.
ERp27 contains a DEWD sequence homologous to the tip of

the P-domain in the two lectins calnexin and calreticulin. It has
been shown (22) that ERp27 binds to the same site on ERp57 as
the two lectins. In the structure, the interaction site is located in
the �4-strand and its preceding loop. This loop is part of a
hydrophobic cleft in the C-terminal domain (see below), a fea-
ture that facilitates substrate binding in PDI family members,
supporting the hypothesis that the ERp27-ERp57 interaction is
linked to the interaction with unfolded substrates.
Features of the Substrate-binding Cleft—The b� domain of

PDI is characterized by a pronounced groove in the domain
surface that is lined with solvent-exposed hydrophobic resi-
dues. Unfolded ormisfolded proteins usually expose hydropho-
bic residues at their surface and have been shown to bind to this
hydrophobic cleft. During the initial characterization, it was
hypothesized that ERp27 contained a homologous hydropho-
bic cleft based on the sequence similarity to PDI, andERp27was
shown to bind to the 14-residue peptide �-somatostatin in

FIGURE 2. Overall structure of ERp27. A, in the crystal lattice, five ERp27 molecules (ribbon models colored in green, blue, cyan, yellow, and red for the A, B, C,
D, and E chains, respectively) form a left-handed helical stack where the orientation of the individual subunits differs by a �72° rotation around the helix axis
(oriented horizontally). The A and D chains have PEG molecules (stick model with gray carbon atoms) bound. B, ribbon diagram of the D chain, which
corresponds to the yellow molecule in Fig. 1. ERp27 consists of two domains (cyan and green), each adopting the canonical thioredoxin fold motif (�1-�1-�2-
�2-�3-�4-�3) with additional helices (�0 and �4 in the b domain and �0 in the b� domain) flanking the central fold. The N-terminal domain contains a putative
glycosylation site (purple ball and stick model). The C-terminal domain of the D chain has a PEG molecule (gray ball and stick model) bound to its hydrophobic
cleft (lime green) and contains the ERp57 interaction site (turquoise ball and stick model).
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cross-linking assays (22). Our structure confirms the existence
of a hydrophobic pocket, which is formed by the helices �0 and
�2 together with the �3-�4-loop (Fig. 2B). The bottom of the
pocket is lined with hydrophobic side chains from the central
�-sheet. Previously, the residues Leu-166, Met-168, Tyr-182,
and Ile-196 were suggested to be critical components of the
hydrophobic pocket, and indeed, mutation of these four amino
acids significantly reduced peptide binding. In the structure,
however, only the very tip of the Ile-196 side chain contributes
to the lining of the pocket, whereas the other three residues
point to the opposite side of the b� domain. This suggests either
that �-somatostatin binds to a different location in the C-ter-
minal domain of ERp27 or that these residues are critical for
structural integrity of the domain itself.
Two of the five ERp27 molecules present in the unit cell (A

and D chains) have a molecule of PEG bound to their hydro-
phobic cleft (Fig. 3), possibly illustrating howunfolded polypep-
tide chains might bind to this site. The PEGmolecule bound to
the D chain folds back on itself (Fig. 3B). This is caused by a
polar ridge formed by the hydroxyl group of Tyr-147 that runs
across the hydrophobic cleft and limits its length to 9.5 Å. The
OH group of Tyr-147 is the most prominent polar group in the
otherwise apolar groove. The A chain also has a PEG molecule

bound (Fig. 3A); however, in this case, the bound chain extends
over a length of 14 Å. This is possible through a rotation of the
side chain of Tyr-147 (Fig. 3C) to a position in which the
hydroxyl group is no longer interrupting the hydrophobic cleft.
The superposition of all five chains (not shown) reveals that the
disruptive conformation is the norm with Tyr-147 moving to a
less disruptive conformation in the A chain, resulting in an
increase in the length of the hydrophobic cleft. This movement
is independent of the general conformation of the surrounding
residues as judged from the superposition (Fig. 3C). The limited
hydrophobic cleft offers room to bind to two or three hydro-
phobic side chains, which should be enough to accommodate
most substrates. In this conformation, Tyr-147 could position
its hydroxyl group for a hydrogen-bonded interaction with the
peptide backbone. In the case of very hydrophobic substrates,
the tyrosine might rotate out of the way as observed in the A
chain, thus extending the hydrophobic cleft and creating space
for up to two additional apolar residues. Therefore, it seems as
if the flexibility of Tyr-147 might enable ERp27 to bind to a
broader range of substrates.
Although the C-terminal domain of ERp27 contains the

hydrophobic pocket as well as the interaction site with ERp57,
the N-terminal domain only contains the glycosylation site as a
readily discernible feature. This is in line with amore structural
role for this domain. Indeed, with sequence identity values
ranging from 9.2% (ERp44) to 23.3% (PDI_A1), the N-terminal
domain is most homologous to the b domain in larger PDI
family members for which a structural role has also been sug-
gested (32).
The Domain Orientation of ERp27 Is Unique in the PDI

Family—In larger catalytically active PDI family members, the
b domain forms a rigid core together with the b� domain. This
rigid element in the otherwise more flexible structures appar-
ently orients the flanking active site domains correctly with
respect to the substrate-binding site located in the b� domain.
This hypothesis has been supported by the very high similarity
in the orientation of the b and b� domains in human PDI, yeast
PDI, human ERp57, and human ERp72, which are all larger
members of the PDI family. This conserved orientation has also
been found in ERp44, which due to the presence of one catalyt-
ically active thioredoxin domain is also larger than ERp27. In
contrast, the b and b� domains of ERp27 adopt a completely
different relative orientation. To correctly measure the orien-
tation of the two domains, we utilized the central �-sheet of
each thioredoxin domain as a reference. The coordinates of all
backbone atoms belonging to this�-sheet with the exception of
the carbonyl oxygens were fitted to a reference plane using pla-
nar regression. For ERp27, the reference planes for the two
domains intersect at an angle of 25.7° (Fig. 4A). In contrast, the
relative orientation of the b and b� domains of human and yeast
PDI, ERp57, and ERp72 are significantly different (Fig. 4B).
After performing a corresponding planar regression analysis,
the reference planes for the bb� core of the larger PDI family
members encompass angles between 54.9° and 56.3° (Table 2),
indicating on the one hand a highly similar relative orientation
of the two domains in these larger PDI family members, which
on the other hand is substantially different from the orientation
in ERp27. As no function for the N-terminal domain has been

FIGURE 3. Structural features of ERp27. A and B, surface representation of
the ERp27 A chain (A) and D chain (B) with their respective bound PEG mole-
cule. The protein is shown in ribbon representation with a semitransparent
surface with oxygen atoms in red, nitrogen atoms in blue, and carbon atoms in
green (A chain) and yellow (D chain), respectively. The surface is rendered solid
near the bound PEG molecules, which are represented as ball and stick mod-
els with red oxygen atoms and carbon atoms in light gray (A chain) and dark
gray (D chain), respectively. Tyr-147 of the A chain has been mapped onto the
surface in magenta. C, close-up view of the superimposed A (green) and D
chains (yellow) illustrating the rotation of the Tyr-147 side chain. Tyr-147 (stick
model) rotates its hydroxyl group away from the surface, extending the
hydrophobic cleft from 9.5 Å to over 14 Å in response to the interaction with
the PEG molecules.
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reported, one possible explanation for this altered orientation is
the lack of a selective constraint due to the loss of adjacent
catalytic domains.
One potential function of theN-terminal domain in ERp27 is

to keep the C-terminal domain with its functionally relevant
substrate-binding site in solution. This is supported by the
acquisition of a glycosylation site as well as by reports of a sharp
decline in solubility of the b� domain after removal of theN-ter-
minal b domain (22). All PDI familymembers exhibit extremely
high solubility in vitro, which presumably enables them to act as
the primary folding catalysts of the cells. In this role, they have
to keep hydrophobic substrates in solution during their inter-
action while acting in a highly crowded cellular compartment
with extremely high total protein concentrations. Although in
larger PDI family members the high solubility stems from three

or more hydrophilic domains, only the N-terminal is present in
ERp27 to keep the functionally critical C-terminal domain in
solution, enabling the protein as awhole to fulfill its role. There-
fore, it is possible that the evolutionary pressure for high solu-
bility has also modified the domain interface, resulting in the
observed change in orientation.
ERp27 Can Selectively Bind Unfolded Proteins—Although an

interaction between ERp27 and �-somatostatin has been
shown previously (22), questions regarding the details of the
interaction remain. For one, the interaction has been demon-
strated by cross-linking, which can be susceptible to artifacts.
This problem is further exacerbated by the fact that the residues
identified in the literature for themost part do not belong to the
hydrophobic cleft, which is the structural feature for substrate
binding utilized by members of the PDI family. We therefore

FIGURE 4. Domain orientation in the PDI family. A, ribbon representation of ERp27 (green) with the reference planes for the N-terminal b domain (red dots)
and for the C-terminal b� domain (cyan dots). Both planes intersect at a shallow angle of 25.7°. B, ribbon model of the bb� (magenta) fragment of human PDI
(Protein Data Bank code 3UEM) with parts of the a� domain (gray) and the reference planes for the b domain (red dots) and the b� domain (cyan dots). The angle
between the two planes, 55°, is much larger. To allow for a better comparison, one �-helix in each domain has been labeled in A and B.

TABLE 2
Relative orientation of the b and b� domains in PDI family members
Protein Data Bank codes are given in parentheses.

Protein
Parameters

Interplane angleb domain b� domain

ERp27 z0 � �67.1 Å, a � 0.46, b � 1.19 z0 � �41.8 Å, a � �0.13, b � 0.77 25.7°
PDI (3UEM) z0 � �23.8 Å, a � 0.84, b � �1.26 z0 � �3.91 Å, a � �0.57, b � �0.70 55.0°
PDI (2B5E) z0 � �25.0 Å, a � �0.10, b � 0.38 z0 � �51.1 Å, a � 0.88, b � �0.28 56.3°
ERp57 (2H8L) z0 � 77.8 Å, a � �0.19, b � 0.07 z0 � 134 Å, a � �2.10, b � 0.85 54.9°
ERp72 (3EC3) z0 � 16.3 Å, a � 0.38, b � 0.05 z0 � 33.1 Å, a � �0.37, b � �0.80 54.9°

Crystal Structure of ERp27

JANUARY 18, 2013 • VOLUME 288 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 2035



tried to investigate the substrate binding properties of ERp27 by
ITC, which is a standard method for protein-protein or pro-
tein-ligand interactions and offers quantitative information
aboutmolecular interactions. As amodel substrate, we selected
RfbP because of its reliance on disulfide bonds for its folding.
This enabled us to generate a permanently unfolded version
through reduction of the disulfide bonds under denaturing

conditions followed by a modification of the cysteine thiols
with iodoacetic acid. RfbPmodified by reduced carboxymethy-
lation remained unfolded after removal of the denaturing agent
as shown by CD spectroscopy (33) in comparison with the
native protein (Fig. 5A). When ERp27 was titrated into native
RfbP, only a very small signal was observed (Fig. 5B) that
resulted from the dilution of ERp27 because it was also

FIGURE 5. ERp27 selectively binds unfolded RfbP. A, CD spectra of native RfbP (closed squares) and reduced carboxymethylated RfbP (open squares).
Although the native protein exhibits a spectrum characteristic of a well folded protein, the spectrum of the modified protein indicates an unfolded polypeptide
in the absence of denaturing agents. B, ITC data of ERp27 titrated into native RfbP. Only a very minor background signal is visible both in the raw data (top panel)
and in the integrated peaks (bottom panel) due to the dilution of ERp27. C, ITC data of ERp27 titrated into unfolded RfbP. A binding reaction can be observed
with a stoichiometry of two ERp27 molecules per substrate molecule. deg, degrees.
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observedwhenERp27was titrated into buffer (data not shown).
In contrast, when ERp27 was titrated into modified RfbP, an
exothermic binding reaction was observed. The interaction
could be fitted to a single binding site model with a Kd of 168 	
17 �M (Fig. 5C). The stoichiometry of this binding is two mol-
ecules of ERp27 to onemolecule of unfolded protein. This is not
surprising given the length of the unfolded polypeptide chain.
The suggested target site for PDI-substrate recognition (34) can
be found three times in the sequence of RfbP, but two of these
are so close together that they cannot be bound at the same
time. Consequently, ERp27 cannot only bind unfolded full-
length proteins but can also discriminate the folding status of
potential substrates.
ERp27 Is Induced during Oxidative Stress and the Unfolded

Protein Response—As demonstrated, ERp27 can interact both
with ERp57 (22) and with an unfolded protein model substrate
(this study). Furthermore, it has been demonstrated that ERp57
catalyzes the oxidation and isomerization of only a selected
subgroup of substrates delivered by its interaction partners cal-
nexin and calreticulin (35, 36). In fluorescence assays with a low
molecular weight probe, we observed that the reductive prow-
ess of ERp57 was more than 1 order of magnitude greater than
the ability of PDI to catalyze the reduction of disulfide bonds
(data not shown). With ERp57 as a potent but specialized cata-
lyst relying on interaction partners for substrate binding, we
hypothesized that the role for ERp27 could be to recruit ERp57
to the general folding process. Under conditions of cellular
stress, the regular folding machinery might be insufficient to
prevent the accumulation of misfolded proteins, and we inves-
tigated whether ERp27 is up-regulated to include the already
present folding capabilities of ERp57 into the general folding
process. We therefore tested the expression of ERp27 in cell
culture under normal conditions compared with stress condi-
tions while simultaneously monitoring the regulation of the
heat shock protein HSP70_A5 (37), which is known to be up-
regulated during ER stress. Cultured cells were treated with
medium (mock control) or with medium supplemented with
either 400 �M thapsigargin or 500 �M H2O2. Hydrogen perox-
ide generates free oxygen radicals that lead to oxidative stress,
resulting in the accumulation of misfolded and aggregated pro-
teins. Over time, the unfolded protein response (UPR), which is
the cellular program to relieve stress in the endoplasmic retic-
ulum, is activated. Thapsigargin is a known inhibitor of sarco-/
endoplasmic reticulumCa2
-ATPases. These pumps replenish
calcium stores in the sarcoplasmic and endoplasmic reticula
and when inhibited induce the UPR as a side effect in the
absence of oxidative stress (38, 39). After 24 h of exposure,
thapsigargin-treated cells had initiated the UPR as seen by the
up-regulation of HSP70_A5 (Fig. 6, right columns). ERp27 was
also significantly up-regulated as part of the UPR. The cells
treated with H2O2 did not initiate the UPR as is evident by the
unchanged expression levels of HSP70_A5. However, oxidative
stress led to an increase in ERp27 expression (Fig. 6, middle
columns). Thus, ERp27 is up-regulated both in response to oxi-
dative stress and as part of a UPR triggered by non-oxidative
signals.

DISCUSSION

Depending on the classification criteria, 15–20 proteins con-
stitute the human PDI family; however, the physiological role
within the ER folding network is only known for very fewmem-
bers. In their previous characterization, Alanen et al. (22)
showed through cross-linking experiments that ERp27 can
bind the disordered peptide�-somatostatin. Expanding on this
result, we demonstrated through ITC experiments that ERp27
can also bind unfolded full-length proteins, suggesting that it
could act as a chaperone. Furthermore, we showed for the first
time that ERp27 also selectively binds unfolded protein sub-
strates while not displaying a measurable binding affinity when
the substrate is fully folded. The absence of any redox-active
domainmeans that ERp27 cannot catalyze any folding reaction
on its own. However, as demonstrated previously (22), ERp27
interacts with ERp57, another member of the PDI family.
ERp57 lacks inherent substrate binding capabilities and inter-
acts with its substrates through the lectins calnexin and calre-
ticulin, which act as adaptors to supply the redox-active site
with suitable substrates. The interaction with these lectins pri-
marily determines the substrate specificity of ERp57 (40),
which preferentially acts on a glycosylated subset of folding
substrates.
The interaction with ERp27 would potentially enable ERp57

to interact with a greater variety of substrates. A previous study
trapping ERp57 substrates as mixed disulfides with ERp57 (40,
41) revealed only glycoproteins offered by calnexin and calreti-
culin. This suggests that under regular cellular conditions the
interaction with calnexin and calreticulin supersedes the inter-
action with ERp27. However, it could be shown that following
infection simian virus 40 utilizes ERp57 in a fashion independ-
ent of calnexin and calreticulin (42). This is in line with the
results of our cell culture studies, which demonstrated that the

FIGURE 6. ER stress induces an up-regulation of ERp27 mRNA levels. A549
cells were treated with 500 �M H2O2 or 400 �M thapsigargin for 24 h. After
incubation, total RNA was isolated, reverse transcribed, and used for real time
RT-PCR (40 cycles of denaturation, annealing, and elongation). Mean values
(	S.E. (error bars)) of four independent experiments representing n-fold
mRNA inductions normalized to levels of the housekeeping enzyme glycer-
aldehyde-3-phosphate dehydrogenase are displayed. Statistical significance
was calculated using a paired, two-tailed Student’s t test. *, p � 0.05, treated
versus untreated sample (n � 4).
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expression of ERp27 is greatly increased both under cellular
stress conditions and as part of the unfolded protein response.
Preliminary redox assays utilizing a low molecular weight sub-
strate suggest a very high redox activity for ERp57 in compari-
son with both yeast and human PDI (data not shown), whereas
in all assays utilizing domain-sized redox substrates, the activity
of ERp57 is negligible. Under ER stress conditions, misfolded
proteins accumulate due to an overload of the ER quality con-
trol machinery. As a result, ERp27 is apparently expressed as a
substrate-binding module for ERp57 that has previously been
shown to only catalyze the folding of a specific subset of the ER
proteins, thus recruiting ERp57 to the general folding process.
Previously, the structures of only four full-length PDI family

members had been determined. The structure of human ERp27
presented here is not only instrumental in elucidating the role
of this small ER protein but also expands our knowledge about
the structural framework of the PDI family. First of all, the
structure of ERp27 suggests that the substrate-binding site,
which is also found in multiple other PDI family members, can
adapt to the substrate it encounters. As demonstrated by two
different conformations, the flexible Tyr-147 residue modifies
the length and structure of the substrate-binding cleft; how-
ever, it remains unclear whether this is an induced fit effect or
whether two populations of ERp27 exist. Comparing the struc-
ture of ERp27 with the structure of the bb� domains of human
PDI, the side chain of Phe-111 (Protein Data Bank code 2K18
(43)) is located at the same position as that of Tyr-147 in ERp27.
Although the phenylalanine of human PDI does not disrupt the
apolar environment of the hydrophobic cleft, it limits its length.
Therefore, human PDI might be able to adapt the size of its
substrate-binding site to the length of hydrophobic stretches of
its substrate for a more favorable binding. Given the high
homology between the thioredoxin fold of b� domains within
the PDI family, it seems likely that similar adaptivemechanisms
may be present in related proteins.
Second, a comparison of the PDI family structures (32) sug-

gested a very similar orientation of the bb� domains present in
multiple PDI familymembers.We compared the relative orien-
tation of the b and b� domains within one protein with their
orientation in other family members. Indeed, the orientations
of the b and b� domains in human PDI, yeast PDI, human
ERp57, and human ERp72 were found to be very similar. How-
ever, the orientation of the domains in ERp27 differs signifi-
cantly from the orientation in the four-domain proteins. This
suggests that the orientation of the b and b� domains toward
each other is mainly determined by the need to properly align
the adjacent active site domains toward each other. As soon as
there are no flanking active site domains on either side, the
orientational restraint appears to be lifted.
With the structural characterization of ERp27, we were able

to expand our knowledge about the ER folding network. ERp27
possesses a substrate-binding site very similar to that found in
human PDI (43), yeast PDI (44), and ERp44 (45) which, how-
ever, is blocked by a network of salt bridges in ERp57 (46) and
ERp72 (47). It is therefore highly likely that both PDI andERp44
also possess the ability to distinguish between the folded and
unfolded state of potential substrates as has been demonstrated
for ERp27. The fixed domain orientation between the b and b�

domains of PDI family members with four or more domains
highlights the importance of a correct spatial arrangement of
the active site domains toward each other. It has been suggested
(16, 17) that PDI familymembersmight differ in their substrate
specificities. Our data suggest that an up-regulation of ERp27
expression in response to ER stress recruits ERp57, thus linking
a specialized PDI family member to the generic substrate pool.
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