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The structure and mode of binding of the endoplasmic retic-
ulum protein disulfide isomerase-related proteins to their sub-
strates is currently a focus of intensive research. We have
recently determined the crystal structure of the Drosophila
melanogaster protein disulfide isomerase-related protein Wind
and have described two essential substrate binding sites within
the protein, one within the thioredoxin b-domain and another
within the C-terminal D-domain. Although a mammalian
ortholog of Wind (ERp29/28) is known, conflicting interpreta-
tions of its structure and putative function have been postulated.
Here, we have provided evidence indicating that ERp29 is
indeed similar in both structure and function to its Drosophila
ortholog. Using a site-directed mutagenesis approach, we have
demonstrated that homodimerization of the b-domains is sig-
nificantly reduced in vitro upon replacement of key residues at
the predicted dimerization interface. Investigation of Wind-
ERp29 fusion constructs showed that mutants of the D-domain
of ERp29 prevent transport of a substrate protein (Pipe) in a
manner consistent with the presence of a discrete, conserved
peptide binding site in the D-domain. Finally, we have high-
lighted the general applicability of these findings by showing
that the D-domain of a redox-active disulfide isomerase, from
the slime mold Dictyostelium discoideum, can also functionally
replace the Wind D-domain in vivo.

Within the endoplasmic reticulum (ER),? an optimal protein
folding environment (1) essential for many secretory proteins is
provided by a battery of ER chaperones and folding factors,
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including the chaperones calnexin/calreticulin (2), the Hsp70
homolog immunoglobulin heavy chain binding protein (BiP),
and the protein disulfide isomerase (PDI)-related family of
redox enzymes and chaperones (3, 4).

PDI-related proteins have various functions (5), including
redox and chaperone activities, regulation of calcium homeo-
stasis, and regulation of protein export from the ER for degra-
dation. Although relatively much is known about the respective
mechanisms of chaperone action of the calnexin/calreticulin
proteins and BiP (6 -9), less is known about the detailed molec-
ular basis of PDI-chaperone activity. This is, to a significant
extent, due to the weak character of PDI-substrate interactions.
Thus, although it is now known that not only the chaperone
function of these proteins but to varying extents their redox
activity as well relies on their non-covalent interaction with
substrate proteins (4, 10—13), our knowledge of peptide speci-
ficity, peptide binding sites, or the molecular basis for the
observed substrate selectivity of these proteins remains
sketchy.

Redox activity and chaperone function of PDI proteins
requires interaction with substrates. The principle peptide
binding site in PDI has been mapped to the b’-domain,
although contributions from other domains occur (12). Thus,
much attention has been focused on the redox-inactive
domains. Recently, peptide binding sites in the b-domains of
PDI, ERp57, and the ERp29 ortholog Wind have been described
(14-16). Interestingly, these binding sites all map to a region
close to what would be the catalytically active redox-active sites
in the a and a’ domains of PDIL

The first crystal structure of a complete PDI family member
of the eukaryotic ER was determined in 2003 (13), allowing a
direct structural interpretation of the peptide-binding sites.
This Drosophila melanogaster protein, Wind, contains an
N-terminal thioredoxin b-type domain found in most PDI-re-
lated proteins as well as a unique C-terminal domain (the D-do-
main) found only in the PDI-D group of PDI-related proteins
(3).

The PDI-D proteins comprise two subgroups. PDI-Da pro-
teins contain one or more redox-active a-type thioredoxin
domains, whereas only redox-inactive b-type domains are pres-
ent in PDI-DB proteins. Current knowledge suggests that
PDI-Df3 proteins possess chaperone-like activities. Wind is
required for export from the ER of an essential Golgi trans-
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membrane proteoglycan-modifying enzyme, Pipe (a 2-O-sulfo-
transferase), which otherwise remains trapped in the ER (8),
and human and rat ERp29 (the human protein is also known as
ERp28) interact with mutant hepatitis B surface antigen and
thyroglobulin, respectively (17, 18).

Interestingly, in D. melanogaster Wind, it was shown that
substrate-processing activity requires both the b- and D-do-
mains, and a putative peptide binding site has been mapped to
each of these domains (13, 14). This identified for the first time,
in mammalian PDI-related proteins, a putative peptide-binding
site in a domain not related to thioredoxin. Although a mam-
malian Wind ortholog ERp28/29 cannot replace Wind in Pipe
processing, the D-domains of both proteins could be ex-
changed, indicating functional conservation between the pro-
teins (13). The findings on the Wind protein structure and
function are an important milestone in the elucidation of PDI
and PDI-D chaperone-substrate interaction mechanisms.
However, the general applicability of the findings was unclear,
as variant dimerization models for the b-domain and tertiary
structures of the D-domains of mammalian orthologs had been
suggested (19, 20).

Mkrtchian and colleagues (19) report NMR structures of the
individual b- and D-domains of rat ERp29 and claim that resi-
dues Asp-71, Phe-118, Arg-122, Asp-123, and Trp-144 are
involved in dimerization, whereas residues Gly-67, Glu-68, Gly-
97, and Asp-98 may be involved in the formation of higher
homo-oligomers. This is in conflict with the findings from our
group (13, 14), where the residues identified by crystallographic
and biochemical analyses in Wind dimer formation are on the
opposite face of Wind and include Gly-26, Val-28, Asp-31, and
Lys-41. In addition, Pro-116 (a structurally important residue
of the thioredoxin fold) in ERp29 was suggested to have a trans-
conformation, whereas the corresponding residues in Wind
and other PDI proteins clearly have a cis conformation (3, 13).
Furthermore, the proposed structure of the D-domain of
ERp29 deviates dramatically from that of Wind in the relative
orientation of helices 8 and 9 to helices 6 and 7, and the cumu-
lative data together with in vitro biophysical analysis of ERp29
were interpreted as indicating variant functional roles of the
respective proteins (20).

We provide data based on in vivo functional assays and in
vitro molecular characterization showing similarities in struc-
ture and function between mammalian ERp29 and its D. mela-
nogaster ortholog Wind. Homodimerization of the PDI-D pro-
tein, based on association of the thioredoxin b-type domains,
occurs via a conserved interface and requires the presence of
key residues, the replacement of which reduce dimer formation
significantly. For substrates such as Pipe, conservation of func-
tion is tightly linked to structural integrity of the D-domain and
more precisely to the integrity of a discrete, conserved peptide
binding site spanning two structural elements.

In PDI-Da proteins, identified in yeast and plants, a different
domain structure and distribution exists than in PDI-Df3 pro-
teins. Here, two redox-active a-type thioredoxin domains gen-
erally precede the D-domain, and b-type domains are absent. In
contrast to PDI-Df proteins, PDI-Da proteins are capable of
complementing PDI-deficient yeast (13, 21). Furthermore, the
PDI-Da proteins generally lack classical ER retrieval sequences
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(3, 22), and the degree of similarity between the two subclasses
of protein is low (overall ~30% identity between human
PDI-Dp and slime mold PDI-Da). We show that, despite these
differences, the D-domain of a PDI-Da protein is capable of
replacing the D-domain of Wind functionally, suggesting com-
mon functional properties among all PDI-D proteins, despite
significant evolutionary divergence in primary sequence.

EXPERIMENTAL PROCEDURES

Cell Lines, Bacterial Strains, Plasmids, and Expression
Vectors—Mammalian COS-7 and Vero cell lines were obtained
from the European Collection of Animal Cell Cultures. Esche-
richia coli XL1-Blue bacterial cells was from Stratagene, the
pEGFP-N1 expression vector was from Clontech, and pQE-30
and pQE-60 expression vectors were from Qiagen.

Antibodies—Antibodies against full-length Drosophila Wind
and human ERp29 were raised as described previously (13, 17).
Goat anti-rabbit Cy3-conjugated antibody was from Jackson
ImmunoResearch Laboratories.

Bacterial Expression Vector Constructs—D. melanogaster
windbeutel full-length cDNA was cloned as described previ-
ously (13). For human ERp29, BamHI/HindIII PCR products
amplified from pDsb-m28 (17) encoding mature ERp29 were
ligated into pQE-30, generating a construct with an N-terminal
His, tag extension. The ERp29 mutants ERp29-L39D, ERp29-
D42N, ERp29-K52S, and the double mutant ERp29-D42N/
K52S were made from this construct using standard mutagen-
esis techniques after recloning into BamHI/Ncol sites of pQE-
60. Single domain mouse ERp29 D-domain constructs encoding
the complete D-domain and three residues of the linker region
(residues Gly-155—-Cys-159), harboring the mutations AE222
(hereafter referred to as D-AE222), E222Q (D-E222Q), A224S/
R225A (D-A224S/R225A), R225A (D-R225A), K228E (D-K228E),
1.229S (D-L229S), or CA13 (D-CA13), respectively, as well as the
WT D-domain (D-WT), were prepared as pQE-30 expression
constructs via ligation into the Kpnl/HindIII sites. For full-
length mouse ERp29, sequences encoding the mature frag-
ments of the WT protein and the mutants ERp29-E222Q,
ERp29-R225A/G227S, and ERp29-K228E were created by
standard mutagenesis techniques and ligated into BamHI/Ncol
sites of pQE-60, generating constructs with a C-terminal His,
tag.

Mammalian Expression Vector Constructs—Full-length
windbeutel and Wind-b-p29D, incorporated into the EcoRI/
BamHI sites of pEGFP-N1, with a stop codon preceding the
enhanced green fluorescent protein (EGFP) sequence (Wind*-
EGFP-N1 and Wind-b-p29D*-EGFP-N1) are as described in
Ma et al. (13) (referred to as Wind and Wind-N-p28D, respec-
tively). Wind-b-p29D point mutants (E222Q, R225A, K228E,
L229S, and L242K), double mutant A224S/R225A, the deletion
mutants AE222 and L242K-CA13, as well as the ERp29 thiore-
doxin domain mutant D42N were constructed using appropri-
ate primers and standard site-directed mutagenesis protocols,
using Wind*-EGFP-N1 or Wind-b-p29D*-EGFP-N1 as the
template. Dictyostelium discoideum Dd-PDI was amplified by
PCR from a GFP-Dd-PDI construct (21) and the fragment cor-
responding to D-domain residues 260-363 fused to the
Wind-b cDNA fragment (residues 1-145) generating the vec-
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tor Wind-b-DdPDI-D*-EGFP-N1. This construct has an addi-
tional 6-residue insert between Wind and the D. discoideum
Dd-PDI D-domain sequences coding for Glu-Thr, and a 3’
sequence encoding the KEEL retrieval signal.

Cell Culture and Immunofluorescence Assays—COS-7 cells
were grown in 90% Dulbecco’s modified Eagle’s medium and
10% fetal bovine serum with 2 mm L-glutamine and antibiotics
at 37 °C in 10% CO,. Cycloheximide, a protein synthesis inhib-
itor (Sigma), was applied to the cells 16 h after transfection by
electroporation at 0.2 mg/ml for 4 h. For immunofluorescence
labeling, the cells were grown on coverslips overnight (16 —20 h)
and then fixed with 4% paraformaldehyde. Bound Wind anti-
body, used at a 1:300 dilution, was detected with a 1:1000 dilu-
tion of goat anti-rabbit Cy3-conjugated antibody. Visualization
of Cy3 and GFP was carried out on an Axiovert 200 microscope
(Zeiss) with excitation filters of 565/30 and 480/40 nm, a dich-
roic beam splitter of 595 and 505 nm, and emission filters of
645/75 and 527/30 nm, respectively.

Protein Expression and Purification—All proteins were
expressed in XL1-Blue by induction of A4y, = 0.7 cultures for
3 hat 37 °*Cwith 1 mm isopropyl-1-thio-3-p-galactopyranoside.
Recombinant ERp29 proteins were harvested by sonication of
lysozyme-treated cells in pH 8.0 adjusted phosphate-buffered
saline or 20 mm Tris-Cl, pH 8.0, 300 mm NaCl, 8 mm imidazole,
including 1 mm Pefabloc SC protease inhibitor followed by the
addition of Triton X-100 to 0.1% (v/v) and application on a
nickel-nitrilotriacetic acid affinity column (Qiagen). Bound
protein was washed and eluted as recommended by the man-
ufacturer. Eluted protein was dialyzed against dialysis buffer
(10 mm HEPES, pH 7.5, 50 mm NaCl, 1 mwm dithiothreitol),
concentrated to 15-30 mg/ml, and stored at 4 °C. For far UV
circular dichroism measurements, all proteins were further
purified by ion exchange chromatography on either Q-Sepha-
rose or S-Sepharose media (GE Healthcare), dependent on pro-
tein pl values (data not shown). Protein concentrations were
determined with the ProtParam tool (23) using a calculated
absorption coefficient at 280 nm. Protein purity was verified by
SDS-PAGE.

In Vitro Cross-linking of Recombinant Protein—DPurified
His,-tagged ERp29 and Wind proteins were rebuffered in assay
buffer (50 mm sodium borate, pH 7.4, 150 mm NaCl). Cross-
linking was performed with 0.2 ug/ul protein by the addition of
glutaraldehyde to 1% (w/v) followed by quenching after 2 min
with 2 M NaBH,. Samples were precipitated with trichloroace-
tic acid and analyzed by SDS-PAGE.

Biophysical Analysis of ERp29—Far UV circular dichroism
spectra were recorded on a Jasco J710 spectrophotometer. All
scans at 20 °C were collected as an average of 5-7 scans,
whereas temperature gradient scans were repeated 2—3 times.
A cell with a path length of 0.1 cm, a scan speed of 50-100
nm/min, a spectral bandwidth of 1.0 nm, and a time constant of
0.5 s for thermal denaturation was used. The maximal high
tension voltage was 700 V. All proteins were dialyzed against 20
mM sodium phosphate, pH 7.5, 50 mm NaCl, and 0.01% Triton
X-100 before analysis and were used at 11 um (full-length pro-
teins), 21 uM (single domain construct D-CA13), or 19 um (all
other D-domain constructs).
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FIGURE 1. The D42N mutant of human ERp29 interferes with subunit
dimerization. Shown is Coomassie staining of SDS-PAGE gels loaded with
bacterially expressed human ERp29. g, lanes 1-4, ERp29-L39D, D42N, K52,
and WT, respectively. b, Drosophila Wind D31N (lane 1) and WT (lane 2). ¢, aliquot
of starting material used in a. Equal amounts of protein were loaded. Clear
differences in the dimerization pattern of ERp29 after cross-linking by glutar-
aldehyde can be seen. Both WT ERp29 and WT Wind proteins exist to a signif-
icant extent as a dimeric species (double arrow); for ERp29, the monomeric
form is barely detectable (single arrow). In contrast, the ERp29-L39D and
D42N mutation results in reduced levels of dimer but significant amounts of
the monomeric form. This parallels data on the dimerization-impaired Wind-
D31N mutant. d, far-UV circular dichroism spectra of ERp29-D42N (gray),
ERp29-K52S (short dashes), and ERp29-D42N/K52S (long dashes) show that
these proteins are similar to WT ERp29 (black) in that they retain their second-
ary structure. In contrast, thermally denatured (55 °C) WT ERp29 (dotted) has
significantly less ordered structure and shows an altered spectrum.
e, thermal stability analysis of dimerization mutants ERp29-D42N (gray),
ERp29-K52S (short dashes), and ERp29-D42N/K52S (long dashes) as well as WT
ERp29. Mean residue ellipticities at 222 nm are plotted as a function of tem-
perature and measured at 0.5 °C intervals.

RESULTS

Dimerization of Human ERp29—The b-domain of Wind
includes a homodimerization surface encompassing residues to
either side of B1 (residues 24 —34), residues within and after a1l
(residues 37—-43), and residues within and after a2 (residues
70-75) (13). Here, important stabilizing interactions are medi-
ated by Gly-26, Val-28, Asp-31, and Arg-41. Dimerization is
critical for the function of Wind, and mutants of Wind that
cannot dimerize fail to support Pipe processing (14). Dimeriza-
tion of Pipe brings the substrate binding site of each b-domain
to within ~13 A of each other, which may be important for
chaperone action. In contrast, for rat ERp29, it has been sug-
gested (19) that the dimerization site of rat ERp29 comprises
residues Asp-71 (helix a2, corresponds to Wind Glu-60), Phe-
118, Arg-122, Asp-123, (within and after strand 34, Wind Ile-
108, Lys-112, Gly-113), and Trp-144 (Phe-135 in helix 4 of
Wind). The proposed dimerization surfaces are on different
faces of the thioredoxin fold. If this were the case, it might also
be the reason for the lack of activity of WT ERp29 in the proc-
essing of Pipe in our assays (14).

Clearly, a correct interpretation of the mode of dimerization
of ERp29 is important for understanding its function in vivo,
and therefore we chose to analyze participation of residues at
the dimerization interface via a mutagenesis approach. In
Wind, mutation of Val-28 (V28D) or Asp-31 (D31N) leads to a
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61 al 62 a2 ficient to cause significant reduc-
Wind 22 VTCTGCVDLDEL-SFEKTVER-FPYSVVKFDIAY- - PYGEKHEAFTAFSKSAHKAT 73 . . ;
rERp29 33 LHTKGALPLDTV-TFYKVIPK-SKFVLVKFDTQY- - PYGEKQDEFKRLAENSASS- 83 (oD In Pipe transport, whereas
hERp29 33 LHTKGALPLDTV-TFYKVIPK-SKFVLVKFDTQY--PYGEKQDEFKRLAENSASS- 83 mutation of Glu-212 and Leu-219
PDI-Do. 139 KAPSNVVDLSPS-NFDSVVLDKSKNVLVEFYAPWCGHCKKLMPDYEILGNTYANE- 152 had no significant effect unless
combined (14). With the exception
L = = L of Leu-232, these residues reside on
Wind 74 KDLLIATVGVKDYGELENKALGDRYKVDDKNFPSIFLFKGNA-DEYVQLPSHVDVT 128 : ’ S
rERp29 84 DDLLVAEVGISDYGDKLNMELSEKYKLDKESYPVFYLFRDGDFENPVPYS--GAVK 137  a-helix 8 of the D-domain (Fig. 2).
hERp29 84 DDLLVAEVGISDYGDKLNMELSEKYKLDKESYPVFYLFRDGDFENPVPYT--GAVK 137  Together with Leu-232 on helix 9,
PDI-Do. 193 KDVVIAKIDCD---AADNKAICSKYGVT--GFPTLKWFGKQSKDGEKYE---QGRD 240 the residues form a tight, surface-
i i . exposed cluster on the same face of
el o o . . .
Wind 129 LDNLKAFVSAN-TPLYIGRDGCIKEFNEVLKNYANIPDAEQLKLIEKLQAKQEQLT 183 Fhe protein as the b-d9ma1n Plnd'
rERp29 138 VGAIQRWLKGQ--GVYLGMPGCLPAYDALAGQFIEASSREARQATILKQGODGLSGV 191  ingsite (13). Surrounding residues
hERp29 138 VGAIQRWLKGQ--GVYLGMPGCLPVYDALAGEFIRASGVEARQALLKQGQDNLSSV 191 do not seem to be involved (14).*
PDI-Da 241 LDTFINYINRVKGGKLAVGAGRVEQLDTIATEFIAAAA-EVRKELVKKAQTVVDSL 301 Interestingly, work by Ma et al.
; o (13) also shows that the D-domain
o o
Wind 184 DPEQQQONARAYLIYMRKIHEVGYDFLEEETKRLLRLKA 221 of ERp29 could complement the
rERp29 192 KETDKKWASQYLKIMGKILDQGEDFPASELARISKLIE 229 corresponding domain in Wind.
hERp29 192 KETQKKWAEQYLKIMGKILDQGEDFPASEMTRIARLIE 229 However, Mkrtchian and co-work-
PDI-Do. 302 PEELRIEGSYYVKVMKTIAEKSIDFVTTEIARITKLVS 339 ers (19) have obtained a significantly
g different fold for the mammalian
o . .
Wind 222 -GKVTEAKKEELLRKLNILEVFRVHKVTKTAPEKEEL 257 PDI-D protein by NMR,’ leang us
rERp29 230 -NKMSEGKKEELQRSLNILTAFRK----- KGAEKEEL 260 to ask whether the peptide binding
hERp29 230 KNKMSDGKKEELQKSLNILTAFQK----- KGAEKEEL 261 site identified in the Wind protein is
PDI-Do 340 -GSMSGKKADEFAKKLNILESFKSK 363 conserved in mammalian ERp29.

FIGURE 2. Alignment of PDI-D proteins. The PDI-D proteins Wind and ERp29 lack redox-active thioredoxin
domains but contain a D-domain with weak but significant similarity to the Dictyostelium PDI-Da ortholog.
rERp29, rat ERp29; hERp29, human ERp29; PDI-Da, D. discoideum Dd-PDI. Yellow boxes indicate experimentally
determined secondary structure elementsin the Wind and ERp29 sequences. Identical residues are colored red,
and the corresponding positions in the human ERp29 sequence of residues replaced by mutagenesis are
indicated by dots. In the b-domain (B1-a4), the dots also indicate residues involved in dimerization of ERp29,
whereas the dots in the D-domain (a5-a9) indicate residues within the substrate binding site of the protein.
The region encoding the PDI-D loop, unique to PDI-D proteins, is indicated by a /ine. The linker region connect-
ing the thioredoxin domain and D-domain, in which the conserved (in PDI-DS proteins) Cys-159 residue is

located, is between a-helices 4 and 5.

significant reduction in dimerization (14), as expected. If mam-
malian ERp29 proteins have the same structure, mutation of
either of the corresponding residues of the human protein,
Leu-39 and Asp-42, could have a similar effect. Indeed, as
shown in Fig. 1, the dimer:monomer ratio in glutaraldehyde-
cross-linked, recombinant ERp29 is significantly shifted toward
the monomer for both the L39D and the D42N mutants (Fig.
1a, lanes 1 and 2, respectively; single arrow) compared with the
ratio observed for WT protein (Fig. la, lane 4), which is
strongly shifted toward dimer formation (double arrow). Under
the same conditions, the reduction in the proportion of dimer
in favor of the monomer can clearly be seen for Wind-D31N,
the Drosophila equivalent of human ERp29-D42N, compared
with the WT protein (Fig. 15, lanes I and 2, respectively). For
ERp29-K52S, dimerization is also impaired, although to a lesser
extent (Fig. 1a, lane 3). We can exclude the possibility that an
alternative dimer interface comes into play at altered pH or salt
conditions, as our assays were performed under various condi-
tions (pH 6 -8, 0—1 M NaCl) with a similar outcome (data not
shown).

The D-domain of ERp29 Harbors a Peptide-binding Site Sim-
ilar to That of Wind—W'e have previously shown that, in Dro-
sophila Wind, five residues of the D-domain (Glu-212, Arg-215,
Arg-218, Leu-219, and Leu-232) are essential for Pipe process-
ing. Mutation of either Arg-215, Arg-218, or Leu-232 was suf-
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We therefore studied the effects on
Pipe protein translocation to the
Golgi using 8 different mutants of
the mouse ERp29 D-domain, based
on the published Wind data (14).

In COS cells expressing both
Pipe-GFP and Wind or one of its
mutants, Golgi transport of Pipe
signifies productive ER processing
and functional integrity of the PDI-D protein. In cells
expressing Pipe-GFP alone, the protein remains in the ER
(Fig. 3, panel a4), as originally reported by Stein and co-
workers (24), and relocates to the Golgi upon Wind coex-
pression (Fig. 3, panels al-a3).

In the chimeric construct of the Wind b-domain and mouse
ERp29 D-domain (Wind-b-p29D), mutation of any one of the
corresponding residues (E222Q, R225A, K228E, L229S, and
L242K) (Figs. 3 and 4) is sufficient to cause disruption of Pipe
export to the Golgi. In Wind, no effect of the Wind E212Q
mutation on Pipe transport was observed (14), requiring com-
bination with the likewise tolerated L219S mutation for signif-
icant effect. In the chimeric construct, however, each mutation
alone affects Pipe processing; the effect of the E222Q mutation
is weak but visible, with ~15% of cells clearly showing ER-re-
tained Pipe (Fig. 4, panels c1-c3), and the Wind-b-p9D-1L229S
mutant causes clear ER retention in at least 60% of the cells (Fig.
3, panels h1-h3). Similar levels (~60%) of ER-retained Pipe are
observed with the mutants K228E and 1L242K (Fig. 3, panels
gl-g3 and i1-i3). The strongest effect is observed with the
R225A mutant, which completely prevents ER export of Pipe
(Fig. 3, panels el—e3). The effects seen cannot be ascribed to

4 M. Sevvana, G. M. Sheldrick, and D. M. Ferrari, manuscript in preparation.
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FIGURE 3. Effect of D-domain mutants of Wind-b-p29D on Pipe export to
the Golgi in COS cells. The first column shows expression of WT Wind, Wind-
b-p29D, or the indicated D-domain mutant alone, whereas the second and
third columns show co-expressing cells stained for Wind and Pipe-GFP,
respectively. Wind-b-p29D localizes to the ER when expressed alone (b1) or
when co-expressed with Pipe-GFP (b2) and is capable of rerouting Pipe-GFP
from the ER (a4) to the Golgi (b3) as expected, similar to WT Wind (a7-a3). In
cells expressing mutants of the peptide-binding site of the D-domain, severe
(AE222 (d3), R225A (e3), A224S/R225A (f3), and L242K-CA13 (j3)) or partial
(E222Q (c3), K228E (g3), L229S (h3), and L242K (i3)) impairment of Pipe proc-
essing is observed. Partial impairment implies ER localization of Pipe in a
significant number of (but not all) cells.

low protein expression or lack of ER retention, as each of the
Wind-b-ERp29D mutants show high levels of expression when
expressed alone and assume typical ER distribution patterns,
even after 4 h of protein synthesis inhibition by cycloheximide
(Fig. 4).

Interestingly, in co-expressing cells treated with cyclohexi-
mide for 4 h prior to fixation, Pipe transport to the Golgi is often
seen to improve (Fig. 4), although Pipe localization, when
expressed alone, is not affected by the drug (data not shown). In
practically all cells expressing the mutants K228E and L229S
(Fig. 4, panels gl-g3 and hi1-h3), Golgi localization is com-
pletely regained, and the same effect is seen with the weaker
E222Q mutant (Fig. 4, panels c1-c3). For cells expressing
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FIGURE 4. Effect of D-domain mutants of Wind-b-p29D on Pipe export to
the Golgi in co-expressing COS cells treated with cycloheximide. Wind
and Pipe-GFP staining are shown in the first and second columns, respectively,
whereas the third column shows an overlay of the Wind and Pipe-GFP staining
patterns within the same cell. Overlays of Wind and Pipe-GFP staining pat-
ternsin cells treated similarly but without cycloheximide (— CHX) are shown in
the fourth column. Whereas the ER-retained staining pattern of Pipe-GFP in
cells expressing mutants that severely impair transport (such as AE222 (d3),
R225A (e3), A224S/R225A (f3), and L242K-CA13 (j3)) does not change when
transfected cells are treated with cycloheximide, clear Golgi staining is visible
in most cells expressing the weaker mutants (E222Q (c3), K228E (g3), L229S
(h3) and L242K (i3)) after treatment with the drug. Golgi transport of Pipe in
cells expressing WT Wind (a3) or Wind-b-p29D (b3) is not affected by cyclo-
heximide treatment, as expected.

Wind-b-p29-D-1242K, the proportion of cells with clearly ER-
retained Pipe is halved, resulting in ~75% of co-expressing cells
with Golgi-localized Pipe. In contrast, no effect of cyclohexi-
mide is observed in cells expressing the R225A mutant (Fig. 4,
panels el—e3).

To verify whether the integrity of the D-domain fold is essen-
tial for substrate processing, two mutants were constructed.
The AE222 mutant removes a residue half-way into a-helix 8
and is expected to greatly destabilize this structure. Similarly,
the L242K-NIL-CA13 mutant lacks the C-terminal 13 residues
following a-helix 9, one of which (Phe-252) corresponds to
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FIGURE 5. The D-domain of a redox-active PDI can complement the Wind
D-domain. A chimera of the b-domain of Wind fused to the D. discoideum
PDId D-domain is highly expressed in the ER of COS cells (a and ¢) and effi-
ciently catalyzes Pipe relocation from the ER (b) to the Golgi (d).

Phe-242 of Wind, which is structurally important for the pack-
ing of helices 8 and 9 to the core of the D-domain. Both mutants
completely prevent productive Pipe processing (Fig. 3, panels
d1-d3 and i1-i3), which are also in the presence of cyclohexi-
mide (Fig. 4, panels d1-d3 and i1-i3), indicating that not only the
conservation of binding site residues but also the integrity of the
D-domain fold are important for substrate interaction.

The D-domain of a redox-active PDI protein can functionally
replace the D-domain of Wind—The results above indicate that
the D-domain of ERp29 contains a substrate binding site simi-
lar to that of Wind and suggests further similar functional prop-
erties. However, both proteins are members of the PDI-Df3 sub-
class of D-domain-containing proteins. Here, we chose to
investigate whether the D-domain of the redox-active D. discoi-
deum Dd-PDI protein (21, 22) might also functionally replace
the D-domain of Wind.

As seen in Fig. 5, co-expression of Pipe with Wind-b-
DdPDI-D fusion construct (Fig. 5, c and d) resulted in complete,
efficient routing of Pipe to the Golgi. The Wind-b-DdPDI-D
fusion construct, when expressed alone, asserted a typical ER
distribution, as expected (Fig. 5a).

Biophysical Analysis of ERp29—T o verify whether the effects
of the ERp29 mutants on dimerization and function of the
(chimeric) protein could be indirect with the main effect
being protein malfolding and loss of secondary structure,
several of the proteins were purified and analyzed by far UV
circular dichroism.

For the dimerization mutants, mature WT ERp29, the single
point mutants ERp29-D42N, ERp29-K52S, and the double
mutant ERp29-D42N/K52S were analyzed. These proteins
show highly similar far-UV circular dichroism spectra (Fig. 1d),
indicating the presence of a-helices and B-sheets in all proteins.
Loss of secondary structure is reflected in the spectrum for the
partially heat-denatured (55 °C) WT protein, which served as a
control. Importantly, these data prove that the proteins are well
structured, that none of the proteins have altered amounts of
random coil, and that loss of structure cannot be a significant
factor in the effect of the mutations on protein dimerization.

For the functionally impaired D-domain mutants, mouse
WT ERp29, the single point mutants ERp29-E222Q and
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FIGURE 6. Biophysical analysis of D-domain mutants of mammalian
ERp29. g, far-UV circular dichroism spectra of D-domain binding site mutants
ERp29-E222Q (long dashes), ERp29-K228E (short dashes), and ERp29-R225A/
G227S (dash-dot) compared with the WT full-length protein (black). Individual
spectra are shown in the boxed insets and are staggered for ease of view.
b, far-UV circular dichroism spectra of the single domain expression con-
structs D-E222Q (dotted), D-K228E (short dashes), D-L229S (dash-dot), and
D-R225A (long dashes) compared with the WT D-domain construct (black).
¢, thermal denaturation curves of full-length D-domain mutants and the WT
protein. ERp29-E222Q (long dashes), ERp29-K228E (short dashes), and ERp29-
R225A/G227S (dash-dot) have denaturation curves very similar to that of the
WT dimeric protein (black). d, two mutants designed to impact the overall
structure and stability of the D-domain, D-AE222 (long dashes), and D-CA13
(short dashes) both show altered far-UV circular dichroism spectra compared
with the WT D-domain construct (black). e, the single D-domain mutants
D-AE222 (long dashes) and D-CA13 (short dashes) show thermal denaturation
curves significantly dissimilar in slope, onset, and T,,, from the WT D-domain
construct (black), and their curves were normalized to the maximum negative
mean residue ellipticity of the WT D-domain for comparison. Thermal dena-
turation was measured by plotting the mean residue ellipticities at 222 nm as
a function of temperature using 0.5 °C increments.

ERp29-K228E, and the double mutant ERp29-R225A/G227S
were analyzed. Furthermore, single domain D-domain con-
structs of WT mouse ERp29 (D-WT) and mutants D-AE222,
D-E222Q, D-A224S/R225A, D-R225A, D-K228E, D-L229S,
and D-CA13 were prepared and analyzed. Similar to the case for
the dimerization mutants above, the full-length protein
mutants ERp29-E222Q, ERp29-K228E, and ERp29-R225A/
G227S (Fig. 6a) as well as the single domain expression con-
structs D-E222Q, D-K228E, D-L229S, and D-R225A (Fig. 6b)
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all have far-UV circular dichroism spectra similar to the WT
protein or D-domain alone, respectively. Thus, all of these
mutants are likely well structured with no increase in the
amounts of random coil, and above all, loss of structure is
unlikely to be a significant factor in the effect of the mutations
on protein function.

To verify the effects of each of the mutations on protein sta-
bility, far-UV circular dichroism measurements were made at
222 nm using a temperature gradient from 20-90 °C to cause
progressive denaturation of the protein secondary structure
elements. The mutants ERp29-D42N, ERp29-K52S, and
ERp29-D42N/K52S show denaturation curves similar in shape
and slope (except ERp29-D42N) to that of the WT protein (Fig.
le), although with melting temperatures shifted from 55.6 °C by
6.6, 3.6, and 8.9 °C (data not shown). For ERp29-D42N, the
slightly altered slope likely reflects the greater tendency of the
protein to aggregate in vitro (data not shown), which is resolved
in the ERp29-D42N/K52S double mutant. For all three mutant
proteins, the unfolding process clearly occurs earlier than in the
WT protein, consistent with the loss of a stabilizing dimeriza-
tion interaction, without significant alteration to overall fold-
ing. Below 42 °C, all proteins are relatively stable.

The mouse D-domain mutants ERp29-E222Q, ERp29-
K228E, and ERp29-R225A/G227S have denaturation curves
very similar to that of the WT dimeric protein (Fig. 6¢), with no
significant changes to T, except for the ERp29-E222Q mutant,
which shows a T, shift of 3.7 °C. This shift is not due to aloss of
structure (see Fig. 6b) but could be explained by the loss of a
putative salt bridge between Glu-222 and Arg-225. A possible
salt bridge is visible in the Wind crystal structure (Protein Data
Bank 10VN; data not shown).

Finally, two mutants designed to impact the overall structure
and stability of the D-domain, the single domain D-AE222 and
D-CA13 proteins, both show far-UV circular dichroism spectra
(Fig. 6d) and thermal denaturation curves at 222 nm (Fig. 6e),
significantly dissimilar from the WT D-domain construct. This
indicates an overall reduction in helical content as well as a
significant decrease in protein stability for these proteins.

DISCUSSION

All species investigated apparently contain Wind orthologs
(PDI-D proteins). However, although plants and yeast have
bona fide disulfide redox activity because of the presence of
thioredoxin a-type domains (PDI-Da proteins), the orthologs
in mammals and insects lack thioredoxin domain redox activity
(PDI-D proteins) (3), although as we have indicated (13, 25),
they do contain surface-exposed cysteine residues.

Taken at face value, the similarities between the PDI-Da and
Dp proteins are limited. Whereas PDI-Da proteins generally
have two a-type thioredoxin domains preceding the D-domain,
PDI-Dp proteins have a single b-type domain. PDI-Da proteins
generally lack classical ER retrieval signals (which PDI-Df pro-
teins have) and use their D-domain for erd2-independent ER
retention (21). PDI-Da« proteins have been shown, in contrast
to PDI-Df proteins, to complement PDI-deficient yeast (13,
21). Finally, the overall similarity between the PDI-Da and
PDI-Df proteins is low (30% for human and slime mold PDI-D
proteins), and varying three-dimensional structures have been
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proposed (a 1.9-A crystal structure for Wind and an NMR
structure of individual domains for rat ERp29 (19). Because of
these differences, the general applicability of structural and
functional findings from the Wind studies (13, 14) was unclear,
and a characteristic role of PDI-D proteins based on their
unique D-domains remained to be established. Here, we have
provided data on the structure and function of PDI-D proteins,
indicating conserved dimerization modes of PDI-Df proteins
and structural and functional conservation of the D-domain
with members of the PDI-Da class.

Similar Dimerization Modes for the ERp29 and Wind
b-Domains—Important residues at the dimerization interface
of Drosophila Wind are conserved between human ERp29 and
Wind proteins as well as in other PDI-Df3 proteins. Wind Gly-
26, Val-28, Asp-31, and Arg-41, for instance, correspond to
Gly-37, Leu-39, Asp-42, and Lys-52 in ERp29. Importantly, the
critical dimer-stabilizing interactions mediated by Wind Val-
28, Asp-31, and Arg-41 are mirrored in ERp29 by Leu-39, Asp-
42, and Lys-52, mutants of which significantly reduce dimeriza-
tion in vitro.

A different dimer model is suggested by Mkrtchian and col-
leagues (19), including residues that map to secondary struc-
ture elements on the opposite face of the protein. However,
evidence in support of the predicted dimerization interface of
rat ERp29 is not conclusive, as acknowledged by the authors
(19). Using the mouse full-length protein mutants ERp29-
R122S and D123A in our cross-linking assays, we found no
evidence for such a dimerization site in mouse ERp29 (data not
shown). However, both mutations led to severe aggregation of
the protein, making any form of assessment impossible.

In contrast, our data is supported by far-UV circular dichro-
ism analysis, which clearly shows that replacement of residues
at the dimerization site leads to a shift in the thermal stability of
the protein, consistent with the destabilization to be expected
upon exposure of a mainly hydrophobic dimerization surface
but with no loss of secondary structure content. We have thus
shown that the dimerization interface of the b-domain of mam-
malian ERp29 probably resembles that of Drosophila Wind and
encompasses residues within and around B1, a1, and 2. As
dimerization has been reported for the fly (13), rat (26), and
human (17) proteins, this mode of subunit association may well
be a characteristic of PDI-Df3 proteins. Whether subunit asso-
ciation is required for the function of these proteins, as shown
for Wind (14), remains to be demonstrated.

Mkrtchian and colleagues (19) suggest the presence of a mul-
timerization site, defined by residues including Gly-67, Glu-68,
Gly-97, and Asp-98. Extrapolation of these findings to the crys-
tal structure of Wind places all four residues close to the pep-
tide binding site of the b-domain (13), with Gly-87 and Glu-88
within the unique PDI-D loop. Although all of these residues
can be replaced with no effect on substrate processing (13), at
this time we can neither support nor disprove the suggestion
that multimerization might utilize the identified residues.
However, if this were the case, an interesting possibility of auto-
regulation of substrate access to the peptide binding site by
steric occlusion upon multimerization arises and is certainly

food for thought.
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The D-domains of Both PDI-Do and PDI-Df3 Proteins Are
Likely Similar in Structure and Function to That of Drosophila
Wind—W e have defined a site within the D-domain of mouse
ERp29 composed of non-contiguous residues from distinct
structural elements, which is critical for substrate processing.
Four of these residues, Glu-222, Arg-225, Lys-228, and Leu-
229, reside in helix 8, whereas the fifth, Leu-242, is located
within helix 9 of the D-domain. Replacement of any of these
ERp29 residues reduces effective substrate processing, which is
in excellent agreement with results from the corresponding
experiments on Wind (14).

The severity of the disruptions caused by the D-domain
mutations is apparent in our Pipe and Wind-b-p29D chimeric
mutant co-expression system. In cells treated with cyclohexi-
mide, Golgi transport of Pipe is completely regained or
improved for the mutants K228E and L229S, E222Q and
L242K. This indicates that these mutants have a residual proc-
essing activity, the effect of which is only visible once continu-
ous piling up of the large ER pool of Pipe is stopped with cyclo-
heximide treatment. In contrast, the R225A mutation is more
severe, leading to complete loss of processing activity.

Our results likely indicate a specific involvement of the resi-
dues in protein interaction, as neither of the mutants tested
here (E222Q, R225A, K228E, nor L229S) cause any significant
loss of secondary structure or stability in vitro. Furthermore,
disruptive manipulation of the structure of the D-domain,
either by removing a residue within helix 8 (AE222) or trunca-
tion of the protein at the end of helix 9 (CA13), causes complete
loss of processing activity in vivo but, in contrast to the R225A
mutant, clearly correlates with a loss of secondary structure and
thermal stability in vitro. This indicates that the structural
integrity of the 5-helix fold that comprises the D-domain is
crucial for activity and, taken together with the conservation of
and requirement for the five critical residues, suggests that the
D-domains of the Wind and mouse orthologs have similar
structures. Further support for this view is provided by the find-
ing that the Dictyostelium Dd-PDI D-domain can efficiently
replace the D-domain of Wind in our assays. Thus, these find-
ings suggest a similar structure and function for the D-domain
in both PDI-Da and PDI-Df proteins, indicating that a likely
characteristic feature of all D-domain proteins is the presence
of a peptide binding site within the D-domain required for
chaperone activity.

Finally, in our assays, we find no direct role for the linker
Cys-159 in processing activity. Indeed, in the fusion construct
of the Wind b-domain and the Dictyostelium Dd-PDI D-do-
main, the linker cysteine is eliminated with no adverse effect on
protein stability or function. These data do not support an
important structural role as suggested by others (20). However,
Cys-157 in human ERp29, just as Cys-149 in Wind, is surface-
exposed and readily oxidized (13, 25), and thus the presence of
a conserved linker region Cys residue in PDI-D proteins does
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indicate that it might be involved in interactions with other
substrates.
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