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SUMMARY

The thiol-disulfide oxidoreductase ERp57 is a soluble protein of the endoplasmic reticulum
and the closest known homologue of protein disulfide isomerase (PDI). The protein interacts
with the two lectin chaperones calnexin and calreticulin and thereby promotes the oxidative
folding of newly synthesized glycoproteins. Here, we have characterized several fundamental
structural and functional properties of ERp57 in vitro, such as the domain organization,
shape, redox potential and the ability to catalyze different thiol-disulfide exchange reactions.
Like PDI, we find ERp57 to be comprised of four structural domains. The protein has an
elongated shape of 3.4 £ 0.1 nm in diameter and 16.8 + 0.5 nm in length. The two redox
active a and a’ domains were determined to have redox potentials of -0.167 V and -0.156 V,
respectively. Furthermore, ERp57 was shown to efficiently catalyze disulfide reduction,
disulfide isomerization and dithiol oxidation in substrate proteins. The implications of these

findings for the function of the protein in vivo are discussed.
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INTRODUCTION

After translocation into the lumen of the endoplasmic reticulum (ER), newly synthesized
proteins fold and oligomerize before they are transported further in the secretory pathway.
Covalent modifications, such as N-linked glycosylation and signal peptide cleavage, play an
important role in protein maturation in the ER. In addition, the formation of disulfide bonds is
often essential. By establishing covalent intra- and intermolecular cross-links, disulfide bonds
allow a more productive folding of many polypeptides, and provide a higher overall stability.
The steady production of new proteins in the ER and the continued oxidation of cysteine
thiols is supported by a constant supply of oxidizing equivalents.

In recent years, the molecular mechanisms of disulfide bond formation in the
periplasm of Gram-negative bacteria and in the ER of Saccharomyces cerevisiae have been
thoroughly characterized (reviewed in (1)). In the ER of animal cells, disulfide bond formation
is less well understood. Still, protein disulfide isomerase (PDI), an essential and well-
characterized ER-resident enzyme, is known to interact with various substrates and to
catalyze their oxidation, reduction, and isomerization (reviewed in (2)). Recently, it has
become evident that PDI obtains the oxidizing equivalents that it uses for oxidation of
cysteine thiols from Erol, a membrane-associated FAD-binding ER protein that transfers
electrons from PDI to molecular oxygen (3,4). In S. cerevisiae, an additional protein, Erv2p,
performs a similar function to that of Erol (4,5). Whereas orthologues of Erv2p do not seem
to exist in higher eukaryotes, two human isoforms of Erol — Erola and Erolp — have been
identified (6,7).

A number of mammalian PDI-like ER proteins are known (8), including ERp57,
ERp72, P5, PDIR, PDIp, TMX, ERp44, and the more recently described ERd]5/JPDI (9,10),
ERp18/ERp19 (11,12) and EndoPDI/ERp46 (11,13). They all contain one or more domains
with sequence homology to thioredoxin, a cytosolic reductase. The redox activity of
thioredoxin-like domains is provided by two cysteine residues present in a characteristic
CXXC sequence motif. For several of the proteins mentioned above, the redox activity has
been characterized in vitro (12,14,15), but in many cases the in vivo function is less well

studied. Few endogenous substrates have been identified and it is often not clear whether
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these PDI homologues serve a role in reduction, oxidation, or disulfide isomerization in the
ER.

Cell biological and biochemical studies have revealed ERp57 to be a component of
the calnexin/calreticulin chaperone system that promotes the folding and quality control of
glycoproteins in the ER (reviewed in (16)). Calnexin (CNX) and calreticulin (CRT) are
homologous lectin chaperones that bind to the monoglucosylated glycan present on newly
synthesized glycoproteins. Upon association with CNX and CRT (17,18), ERp57 acts as a
thiol-disulfide oxidoreductase for proteins carrying N-linked glycans. Transient disulfide-linked
intermediates between ERp57 and nascent and newly synthesized glycoproteins have been
observed in vivo (19). In vitro, the ERp57-enhanced oxidative refolding of RNaseB - the
glycosylated variant of RNaseA - is critically dependent on its interaction with CNX and CRT
(20). Two well-characterized functions of ERp57 are as an important component of the major
histocompatibility complex (MHC) class | peptide loading complex (21,22), and in the folding
of influenza hemagglutinin (23).

From the recently solved 3D structures of the CRT P-domain and the lumenal domain
of CNX (24,25) it was revealed that both chaperones contain a globular lectin domain with a
long, protruding arm-like extension, referred to as the P-domain. The site of interaction with
ERp57 has been mapped to the outermost tip of the P-domain in both CNX and CRT (26-28).
The exact position of the binding site in ERp57 for the two lectin chaperones remains to be
elucidated.

The overall sequence identity at the amino acid level between ERp57 and PDI is 33%
(8), making ERp57 the closest known homologue of PDI. The latter protein comprises four
thioredoxin-like domains, two of which (denoted a and a’) are redox active and contain a
CGHC motif, whereas the other two domains (denoted b and b’) are redox inactive and
devoid of CXXC motifs. The domains are arranged in the order a-b-b’-a’. In addition, PDI has
an acidic C-terminal sequence. ERp57 lacks this negatively charged region, and its ‘QDEL’
ER retrieval signal is directly preceeded by the region corresponding to the PDI @’ domain (8).
NMR structures of the a and b domains in PDI show a thioredoxin fold for both (29,30), and it
is thus likely that the a’ and b’ domains also exhibit this fold. At present, the spatial

organization of the four thioredoxin-like domains in PDI is unknown.
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For ERp57, the information regarding 3D structure is limited to NMR assignments of
the a’ domain (31), and like PDI, ERp57 contains two CGHC active-site sequence motifs.
Overall, the protein remains poorly characterized at the molecular level. Here, we have
investigated the biophysical and enzymatic properties of ERp57 to gain a more detailed

understanding of structural and functional aspects of this thiol-disulfide oxidoreductase.
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MATERIALS AND METHODS

Protein expression and purification

Full-length human ERp57, human PDI, E. coli DsbA, E. coli thioredoxin (Trx) and human CRT
were prepared as described previously (26,32-34). Bovine insulin was from Sigma (St. Louis,
MO). The ERp57 a and a’ domain were expressed and purified like full-length ERp57 (26),
except for the absence of reducing agent in all buffers used. The protein sequence for the
human ERp57 a domain includes residues 1-112 and residues 353-473 for the ERp57 a’
domain. In this study, all ERp57 residue numbers refer to the human sequence after cleavage
of the predicted signal peptide to generate the mature N-terminus beginning with the
sequence Serl-Asp2-Val3. Gene products encoding the a and a’ domains were amplified by
PCR and cloned into a pRSET A-derived Escherichia coli expression vector (35). Protein
expression from this vector results in the production of a fusion protein with an N-terminal 17-
amino acid affinity tag containing a hexa-histidine sequence. The correct sequence of both

constructs was verified by DNA sequencing.

Protein concentration determination

The concentration of all proteins used in this study was determined from their absorbance at
280 nm by using the molar extinction coefficients calculated by the method of Gill and von
Hippel (36). An extinction coefficient of 41 750 M‘cm™ was used for ERp57, 11 050 M*cm™
for the ERp57 a domain, 13 490 M'cm™ for the ERp57 a’ domain, 80 630 M'cm™ for CRT,

21 620 M cm™ for DsbA and 14 060 M™*cm™ for Trx.

Limited proteolysis of ERp57

Limited proteolysis was carried out in a buffer containing 100 mM KH,PO4/KOH, 25 mM NacCl,
10 mM B-mercaptoethanol, pH 7.0 at 37°C at the concentrations of ERp57 and the specific
protease indicated in Figure 1. For trypsin, chymotrypsin and elastase (Boehringer
Mannheim) the digestions were stopped by the addition of phenylmethyl sulfonide fluoride
(PMSF) to 5 mM, and in the case of thermolysin (Boehringer Mannheim) by adding

ethylenediaminetetraacetic acid (EDTA) to 5 mM. After addition of electrophoresis sample
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buffer, the digests were analyzed on 15 % (w/v) polyacrylamide-SDS gels, blotted onto a

polyvinylidene fluoride (PVDF) membrane and subjected to N-terminal sequencing.

Circular dichroism measurements

Circular dichroism (CD) measurements were performed on a Jasco J-810 spectropolarimeter
in a 1 mm pathlength cell at 25°C. Spectra were averaged from 10 scans and the buffer
baseline was subtracted. All proteins (6-11uM) were in a buffer containing 100 mM
KH,PO4/KOH, 25 mM NaCl, pH 7.0. ERp57 was reduced with 10 mM [-mercaptoethanol and
oxidized with 2 mM GSSG. The a and a’ domains were reduced with 1 mM DTT and oxidized
with 1 mM GSSG. Reduction and oxidation was performed by dialyzing against the respective
buffers overnight. The spectra for the ERp57 a and a’ domains were not corrected for the

presence of the unstructured N-terminal 17 amino acid affinity tag.

Quantification of free thiol groups

Analysis of free thiol groups in ERp57 by Ellman’s reagent 5,5-dithio-bis-2-nitrobenzoic acid
(DTNB) was carried out at protein concentrations of 30 uM and DTNB concentrations of 0.3
mM in 80 mM sodium phosphate, pH 8.0, 1 mM EDTA, 2% w/v SDS. After incubation for 15
min at room temperature, the absorbance at 412 nm was recorded using an extinction

coefficient of 13600 M™'cm™ per free thiol (37).

Analytical ultracentrifugation

Sedimentation velocity and equilibrium analysis of ERp57 and sedimentation velocity analysis
of a mixture of ERp57 and CRT were performed on a Beckman Instruments Optima XL-I
Analytical Ultracentrifuge. The cells were equipped with sapphire windows and 12 mm
aluminum-filled epon double sector centerpieces.

Sedimentation velocity runs for ERp57 were carried out at 20°C and 50 000 rpm with
patterns being acquired every 7 seconds. Sedimentation boundaries were analyzed using
time derivative analysis as described previously (38,39) and with the recently developed
SEDANAL software for the analysis of interacting systems (40). Uncertainties in the fitted

parameters were obtained using the bootstrap with replacement method. A stock solution of
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ERp57 at approximately 2 mg/ml was dialyzed for at least 16 hours against 100 mM
KH,PO,/KOH, pH 7.0, 25 mM NaCl, containing 2 mM dithio-1,4-threitol (DTT). Solutions of
ERp57 in the range 0.1-1.0 mg/ml were prepared using the dialysate as diluent. For this
particular buffer, the density and viscosity were calculated with Sednterp to be 1.01141 g/cc
and 1.0342 cp, respectively. The value of the partial specific volume, V = 0.734 cm®/g, was

calculated from the amino acid composition of recombinant human ERp57 using the
consensus partial volumes of the amino acids (41). The degree of hydration, &, = 0.418 g

H,0O/g protein, was also calculated from the amino acid composition according to Kuntz and
Kauzmann (42). Hydrodynamic modeling of monomeric ERp57 was performed using the
equation of Perrin for an equivalent, hydrated prolate ellipsoid of revolution (43).

Sedimentation equilibrium runs for ERp57 were carried out at 4°C as described
previously (44). A stock solution of ERp57 at approximately 2 mg/ml was dialyzed for at least
24 hours immediately prior to analysis in the same buffer as for sedimentation velocity runs.
In addition, a series of dilutions of ERp57 in the range 0.1-1.0 mg/ml were prepared using the
dialysate as diluent. Six-channel external loading centerpieces (Beckman Coulter part
numbers 366755 and 368115) were used. Optical blank runs were performed both before and
after the run at the expected and actual speeds, respectively. Sedimentation equilibrium data
were analyzed by global fitting, combined data from three loading concentrations and two
speeds, as described previously (44).

Interaction studies between ERp57 and CRT were executed by sedimentation
velocity at 20°C and 50 000 rpm. Separate stock solutions of ERp57 and CRT at
approximately 0.6 mg/ml were simultaneously dialyzed overnight against 100 mM KH,POy,
pH 7.0, 25 mM NaCl, and 1 mM DTT. To ensure the absence of any oxidized forms of ERp57
in solution, the protein was treated with 10 mM DTT for 1 hour immediately prior to the
dialysis step. Values of the partial specific volume and hydration of CRT were 0.698 cm®/g
and 0.502 g H,Ol/g protein as reported previously (34). The sedimentation velocity profiles
were analyzed with the program SEDANAL to produce the g(s*) patterns and also fit to a 1:1

stoichiometry to obtain estimates of the equilibrium constants.
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Redox equilibrium between the ERp57 a and @’ domains and glutathione

Fluorescence experiments were performed at 25°C on a PTI Quantamaster QM-7/2003
Spectrofluorometer. All buffers used contained 1 mM EDTA, were filtered, degassed and
flushed with argon. Equilibration of the ERp57 a and a' domains at different GSH/GSSG
ratios in 100 mM KH,PO,/KOH, 1 mM EDTA pH 7.0 was performed for at least 15 hours at
25°C. A protein concentration of 2 uM was used in all experiments. After excitation at 280 nm,
the fluorescence intensity at 350 nm - the wavelength at which the maximal difference
between the emission of oxidized and reduced protein was observed - was recorded for 20
sec and averaged. To determine the equilibrium constant K., for the ERp57 a and a’
domain/glutathione system, the fluorescence emission at [GSH]*/[GSSG] ratios from 10° to 1
M was measured. This was achieved by varying the GSH concentration between 0.03 mM
and 11 mM at a constant GSSG concentration of 0.1 mM. The completely reduced protein
was measured at 10 mM GSH and the completely oxidized protein at 0.1 mM GSSG.
Ellman’s reagent was used as described above to verify that the protein was completely
oxidized. The measured fluorescence F was plotted against the [GSH]/[GSSG] ratio and
fitted according to equation (1) to obtain F,, the fluorescence of oxidized and Fq, the
fluorescence of reduced protein. The relative amount of reduced protein at equilibrium (R),
determined with equation (2), was plotted against the [GSH]?/[GSSG] ratio and the data were
fitted according to equation (1) to obtain K. The standard redox potentials of the ERp57 a

and a' domains were then calculated with the Nernst equation (3) using the glutathione

standard potential E;)GSH/GSSG of -0.240 V at pH 7.0 and 25°C (45).

2
(1) F=FRx +(Fed—Fox) [GSH] /[ZGSSG]
Keq + [GSH] / [Gssg]
F _Fox
(2 R= S,

red ' ox

(3) Eo =Eqeshiasse _(?T/nF)XMKeq
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Reductase assay with insulin

The catalyzed reduction of insulin by DTT was monitored at different concentrations of
various thiol-disulfide oxidoreductases as catalysts by measuring the increase in turbidity at
650 nm (46). Each assay was performed at 25°C and contained 130 puM insulin and different
concentrations of catalyst in 100 mM KH,PO,/KOH, 1 mM DTT, 2 mM EDTA, pH 7.0. The
enzymes were pre-incubated in the DTT-containing buffer for 5 min and the assay was
started by the addition of insulin. The onset of aggregation was defined as the time where
ODgso had reached the value of 0.025. The enzyme concentration at which this occurred was
plotted against the onset of aggregation in order to obtain a concentration-dependent activity

curve for the reductase activity of each oxidoreductase.

Preparation of scrambled RNaseA

Scrambled RNaseA (scRNaseA) was prepared by reducing and denaturing 70 mg native
RNaseA (natRNaseA) (Sigma, St. Louis, MO) overnight at room temperature in 3 ml of 50
mM Tris/HCI, pH 8.0, 6 M GdmCI and 150 mM DTT. Next, buffer exchange into 100 mM
acetic acid/NaOH , pH 4.0 was obtained by gelfiltration on a PD-10 column (Amersham
Pharmacia, Little Chalfont, UK). The reduced and denatured RNaseA was diluted to 0.25
mg/ml with 50 mM Tris/HCI, pH 8.5, 6 M GdmCI and subjected to air oxidation for 5 days in
the dark. Finally, after concentration, RNaseA was gelfiltrated once again on a PD-10 column
into 100 mM acetic acid/NaOH, pH 4.0 and stored at -20°C. Both after reduction and
oxidation the number of free thiols was determined by the Ellman’s assay. The scRNaseA
preparation lacked free thiols, as well as disulfide-linked dimers as shown by non-reducing

SDS-PAGE.

Disulfide isomerase assay with scrambled RNaseA

The isomerase function of ERp57 and its redox active domains was tested by the ability to
reactivate scRNaseA. 40 uM scRNaseA was incubated with 10 uM (active site concentration)
of a given thiol-disulfide oxidoreductase previously reduced with an equimolar concentration
of DTT. The isomerase reaction was performed in 100 mM KH,PO,KOH, 2 mM EDTA, 10

UM DTT, pH 7.0 at 25°C. At various time points, 100 pl samples were taken from the reaction,
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added to 300 ul of 4 mM cytidine 2’:3’-cyclic monophosphate (cCMP) and the hydrolysis of
cCMP was followed on a Cary 3E UV/VIS spectrophotometer for 3 minutes at 296 nm. The
hydrolysis rate of cCMP catalyzed by 40 uM natRNaseA was set to 100% activity and all

other samples were expressed as a percentage of this value.

Construction of plasmids for periplasmic protein expression

The plasmid pDsbA3 (47) was used to generate constructs in which the DsbA signal
sequence was fused to the respective oxidoreductase. Expression from this plasmid is under
the control of the trc promoter/lac operator. The cDNA regions encoding ERp57 and PDI were
amplified by PCR from the plasmids pHisERp57 (26) and pET12PDI (48), respectively, using
the following primers: ERp570xF, 5-GGTACTAGTGCGTCCGACGTGCTAGAACTC,
ERp570xR, 5-GCAGCCGGATCCTTAGAG, PDIOXF, 5'-
AGCGCTAGCGCGGACGCCCCCGAGGAG and PDIOXR, 5'-
TACTAGTGCGGACGCCCCCGAGGAG. The resulting PCR products were digested with
Spel and BamHI, and cloned into pDsbA3 where the segment encoding mature DsbA had
been removed with Nhel and BamHI, thus generating the pDsbAERp57 and pDsbAPDI
constructs. The ERp57 a domain and bb’a’ domain constructs were produced by PCR from
the plasmid pDsbAERp57 using the phosphorylated primers ERp57aF, 5'-
TAAGGATCCCCACGCGCC, ERp57aR, 5-CTGCTTCTTCAAGTGGCTG, ERp57bb’a’F,
TACTAGTGCGGCAGGACCAGCTTCA and ERp57bb’a’R, 5'-
CCCGGATCCTTAGAGATCCTCCTG. Next, the resulting PCR fragments comprising the
entire vector and the desired regions of the ERp57 gene were blunt-end ligated. The creation
of the construct for the secretion of PDI a domain has been described before (49). The DsbC
construct used in the assay encodes the redox inactive C98A/C101A variant as a negative

control. The correct sequence of all constructs was verified by DNA sequencing.

In vivo complementation assay
E. coli THZ2 cells (50) lacking the bacterial dithiol oxidase DsbA were transformed with the
secretory expression plasmid of the oxidoreductase construct to be tested. Expression,

correct localization to the periplasm and processing of the leader peptide was verified for
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