
INTRODUCTION

IN VITRO STUDIES demonstrated that the amino acid se-
quence per se is sufficient to determine the native confor-

mation of polypeptides (3, 20). However, in the highly con-
gested environment of the protein-synthesizing cellular
compartments, nascent polypeptide chains are prone to non-
specific aggregations, which necessitated the evolution of a
network of special folding assistants, molecular chaperones.
They protect newly synthesized or misfolded proteins by
transient noncovalent associations to exposed hydrophobic
patches and thereby increase the efficiency of folding (28, 30,
31). In addition to such noncatalytic interactions, the tertiary
structure of many proteins is stabilized via the oxidation of
cysteines and formation of the intramolecular disulfide
bridges (24, 87, 94). In eukaryotes, such oxidative folding oc-
curs predominantly in the endoplasmic reticulum (ER), the
compartment with a main responsibility for biosynthesis,
folding, and posttranslational modifications of the secretory
and membrane proteins.

Disulfide bond formation in the ER is catalyzed by a num-
ber of protein:thiol oxidoreductases, such as protein disulfide
isomerase (PDI), ERp72, ERp57, and P5-like PDIs, with a
PDI as an enzyme of key importance (26, 102). Extensive iso-
merization and even reduction of disulfide bonds is required
for some complex proteins in the ER in order to attain the na-
tive conformation. PDI catalyzes such reactions by virtue of
its active site double cysteine motif (Cys-X-X-Cys), which is
constantly reoxidized by Ero1p (66, 94) and its assistant,
ERp44 (2). PDI consists of four domains (a-b-b´-a´), of
which two (a, a´) are redox-active (containing the double cys-
teine motif) and two (b, b´) lack the active site sequence (41).

The a domain and even the redox-inactive b domain of PDI
show significant structural similarity to thioredoxin, a small
protein involved in many cytoplasmic redox functions (6, 35).
The central core of thioredoxin is made of a four-stranded
mixed �-sheet, surrounded by two �-helices from both sides of
the �-sheet. This fold is characteristic for the majority of redox
enzymes dealing with reactive dithiols, such as thioredoxins,
glutaredoxins, PDIs, and bacterial Dsb family proteins (54).
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Although PDI was initially characterized as an oxidoreduc-
tase, it is a multifunctional protein that may also act as a gen-
eral chaperone assisting in folding and stabilization of
nascent polypeptides (27, 96, 97). PDI is a subunit of prolyl
4-hydroxylase (70) and microsomal triglyceride isomerase
(101) where its function is not well understood but it appears
to play a stabilizing rather than enzymatic role. Even the Es-
cherichia coli thioredoxin is involved in redox-independent
interactions, functioning, for instance, as a processivity factor
of a phage T7 DNA polymerase (38).

It may be thus concluded that redox function and character-
istic thioredoxin structural motif are not always tightly asso-
ciated. Indeed, there are a number of thioredoxin fold-
containing proteins with diverse functions, entirely unrelated
to the redox activity (Table 1). It seems that the thioredoxin
unit may serve as a basic module for a variety of biological
functions confirming the parsimonious approach of nature in
creating new structural elements. Discussions on this theme
suggest that during evolution, possibly following gene dupli-
cations, the gene product may be released from functional
constraints to evolve a new function, retaining, however, the
conserved three-dimensional structure (19, 64, 72, 91).

This review will further focus on one of the members of
this “odd” family, ERp29, a putative endoplasmic reticulum
escort chaperone/secretion factor, the apparent product of di-
vergent evolution that has lost a hallmark sequence motif of
the redox enzymes but retained the characteristic structural
fold in one of its domains. Although a structural relative of
PDI, functionally ERp29 seems to have little in common not
only with this foldase but also with the other members of the
protein folding/secretion machinery of the ER. The ubiqui-
tous expression, high degree of conservation in mammals and
other features suggest an important housekeeping function of
ERp29, apparently establishing a new class of ER folding/se-
cretory assistants. Here we present the analysis of the known
traits of ERp29 and its close relative, Wind, that provides
interesting insights into the evolutionary aspects and
structure–function relationships of these ER proteins.

ERp29, INITIAL FINDINGS

A proteomic study was the first to reveal the existence of
ERp29 as a novel 20 amino acid-long N-terminal sequence
from a human liver 2-D gel spot (39). Later, three laboratories
almost simultaneously reported isolation of ERp29 from the
rat liver, rat dental enamel cells, and human liver (18, 23, 25,
59). The electrophoretic migration of the protein (~29 kDa)
determined its name (Endoplasmic Reticulum protein 29
kDa), however the SDS-PAGE behavior does not reflect accu-
rately the molecular mass of the mature protein (24.5 kDa,
228 amino acids, rat sequence). This discrepancy might be at-
tributed to the specifics of SDS-PAGE rather than to post-
translational modifications (36). In silico methods predicted
the existence of two domains nearly identical in size and in-
tracellular topology of the protein. Localization was sug-
gested by the ER-targeting hydrophobic N-terminal leader se-
quence and the C-terminal tetrapeptide, KEEL, the conserved
variant of the KDEL retrieval signal, characteristic for the
soluble ER luminal proteins. This tetrapeptide is recognized

by the Golgi-localized receptor that recycles them back to the
ER (63, 84). The predicted ER localization of ERp29 was
confirmed by immunofluorescent microscopy and biochemi-
cal cell fractionation (25, 37, 59).

The primary structure failed to suggest the biological func-
tion of ERp29 despite the similarity between the N-terminal
domain of ERp29 and the thioredoxin domains of various
PDIs, due to the absence of the characteristic double cysteine
active site motif. Consequently, the disulfide reductase and
isomerase assays could not reveal any PDI-like enzymatic
activity (36). Similarly no activity related to the thioredoxin-
like enzymes utilizing cysteine chemistry, such as glu-
tathione-S-transferase, glutathione peroxidase, and glutare-
doxin were observed with recombinant (50) nor with native
ERp29 (36). After publication of the first papers on ERp29, a
developmental study in Drosophila melanogaster (fruit fly)
identified one of the essential genes, windbeutel, responsible
for the formation of the dorsal-ventral polarity of the embryo
(47). Windbeutel is expressed for a short period of time in the
ER of the ovarian follicle cells, at around the time when the
dorsoventral axis of the egg chamber is first established. The
gene product of windbeutel, Wind, is responsible for the es-
corting of Pipe, a glycosaminoglycan-modifying enzyme to
Golgi where it directs the ventral activation of an extracellu-
lar serine proteolytic cascade defining the ventral side of the
embryo (85). Wind and ERp29 share >30% of sequence iden-
tity and have similar domain structures. Despite the presence
of the PDI-like double cysteine motif (albeit not in a canoni-
cal position), Wind does not display any redox activity and
therefore was suggested to have a dedicated escort chaperone
role rather than enzymatic function (10).

Certain posttranslational modifications, such as N-glyco-
sylation, ATP-dependency and calcium binding have func-
tional significance for many ER luminal proteins. However,
in vitro translation studies did not reveal any glycosylated
forms of ERp29 (59). ERp29 is neither retained on ATP-
agarose nor possesses ATP-ase activity (25). Although the re-
combinant protein is easily phosphorylated in vitro, labeling
of rat hepatoma cells and immunoprecipitation of ERp29
failed to demonstrate in vivo phosphorylation (our unpub-
lished observations). Finally, Ca45-overlay assay showed no
calcium binding by ERp29 (25, 36).

TISSUE DISTRIBUTION

However symptomatic, co-localization of ERp29 with the
members of the ER folding/secretion machinery is not
enough to deduce its biological role. More informative is the
tissue distribution, which showed the ubiquitous pattern of
ERp29 expression and especially high levels in actively se-
creting tissues, such as pituitary, adrenal, mammary, thyroid
and salivary glands, prostate, pancreas, and additionally, liver
and kidney (80). Such a pattern of expression is quite typical
for the constitutively expressed genes of ER chaperones (13,
89). Apparently, ERp29 expression commences at the early
stages of development, as mRNA was detected in all of the
tested fetal tissues (80). In comparative expression analysis
of ERp29, PDI, and BiP, the major ER molecular chaperone
showed nearly equimolar levels of all these proteins in the se-
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cretory tissues (37). These data implicitly suggest the func-
tional role of ERp29 in the early secretory pathway.

Although ERp29 levels are not particularly high in brain,
three recent proteomic and immunochemical studies found
that it is enriched in cerebellum especially in Purkinje neu-
rons (52, 86, 93). Cerebellum is not conventionally regarded
as a neurosecretory tissue and ERp29 correlated poorly with
classical markers of neurosecretion, but strongly with a vari-
ety of major membrane proteins. Thus, the authors hypothe-
size that ERp29 is involved primarily in the production of en-
domembrane proteins rather than proteins destined for the
cell exterior (52).

GENE STRUCTURE AND EXPRESSION

Human ERp29 gene is mapped to chromosome 12. Addi-
tionally, an intronless pseudogene is located on chromosome
20. The rat gene is found on chromosome 12 and another
ERp29-like gene is mapped to chromosome 17. The latter
gene product is predicted to be shorter (205 aa) than the func-
tional polypeptide and is either not translated at all or is
rapidly degraded as it has not been detected immunochemi-
cally (12, 58, 59, 82). The other possibility is that similar to
the human pseudogene it may not be even transcribed, which
is supported by a single band in Northern blot (18, 59). The
5´-flanking region of the functional gene contains a con-
served CpG island (80) that is frequently found close to the
transcription initiation sites of the housekeeping genes (49).
Canonical TATA-like sequences and CAAT boxes, the ele-
ments that commonly specify the transcription start site, are
absent from the promoter. However, two GC boxes are
mapped immediately upstream of one of the putative tran-
scription start sites. Similar TATA-less, GC-rich promoters
are often found in constitutively active genes (21). Sp1 bind-
ing to GC boxes in such promoters is critical for transcription
initiation (73, 74), which is often directed from multiple sites.
Both features were also demonstrated for the ERp29 gene
(80). The basic regulation of ERp29 gene expression seems to
be well conserved in mammals judging by nearly 60% identi-
cal promoters of the human, mouse, and rat genes and gene
reporter data (80).

Search for alternative splice sites did not reveal any such
motifs, which is consistent with the single transcript band in
Northern blot. The absence of significant genetic variations in
the exons and splice junctions affecting the primary structure
of the polypeptide (as judged by the searches in the
comprehensive SNP databases of NCBI and Celera (http://
www.celera.com)) implies the importance of the sequence con-
servation for the predicted housekeeping function of ERp29.

EVOLUTIONARY EXPRESSION

ERp29 has an interesting pattern of evolutionary expres-
sion. ERp29-like genes are absent in prokaryotic organisms
and monocellular eukaryotes and first emerge in Bilateria,
the branch of Metazoa (multicellular organisms). Screening
of the nearly-complete genomes of metazoans identifies

ERp29s in arthropods (fruit fly, mosquito, honeybee) and
mammals (Fig. 1). A gene strikingly similar to the mam-
malian ERp29s is present even in such a simple bilaterian as
Schmidtea mediterranea, a freshwater flatworm that belongs
to the phylum Platyhelminthes (Figs. 1 and 2). However,
ERp29 is absent from the C. eleganse (nematodes) genome.
Similarly, no obvious ERp29-like sequences can be traced in
the sequenced fish genomes. This is quite surprising as mam-
mals and fish belong to the same taxonomic unit Eu-
teleostomi (bony vertebrates). Nevertheless, we found an in-
teresting gene in the Danio rerio (zebrafish) genome
(GenBank, accession AAH76464) that encodes a protein with
unknown function with a KEEL ER-retrieval signal and an
ER-targeting N-terminal signal peptide. It is clustered with
human PDI on the dendrogram (Fig. 2) apparently due to the
presence of four thioredoxin-like domains, of which the fold
recognition methods predict characteristic PDI-like a and b
domains. A similar gene is found in the freshwater puffer
fish, Tetraodon nigroviridis (GenBank, CAF93956). Interest-
ingly, these proteins contain no active redox motifs, which
implicitly suggest their intermediate position between the
redox-active PDIs and ERp29.

The phylogenetic tree suggests common origin of the
ERp29 family and a group of PDIs from various organisms
(Fig. 2). Several P5-like PDIs (26) from plants (represented
by the protein from alfalfa) and protists (represented by the
amoebal PDI), have a similar domain structure to ERp29s
with one or two thioredoxin domains and a unique C-terminal
domain, which position them closer to ERp29 than the mam-
malian PDIs.

The strong similarity between the mammalian and flat-
worm genes, the existence of ERp29-like genes in arthro-
pods, and its absence in nematodes seemingly present an evo-
lutionary puzzle. According to textbook phylogeny, all these
metazoan species are organized in the hierarchical groups re-
flecting the increased complexity of their body plans, such as
coelomata (arthropods and chordata), acoelomata (flat-
worms), and pseudocoelomata (nematodes). However, cur-
rent evolutionary models based on molecular phylogeny pres-
ent a more simple tree of metazoans, comprising only a small
number of major branches (1). Thus, acoelomates and
pseudocoelomates are included in Lophotrochozoa, which is
a sister group to Ecdysozoa (arthropods and nematodes)
within a large assemblage of Protostome invertebrates. Ac-
cording to this model, platyhelminths emerged later than it
was thought previously, after the split of protostomes from
deuterostomes (the metazoan taxon that includes vertebrates)
(9). This explains better why, for instance, such simple organ-
isms as flatworms share large sets of genes (including
ERp29) with vertebrates, which they apparently inherited
from the common ancestor. According to the same model, the
absence of some of these genes in nematodes might simply
reflect certain degenerative processes depending on the par-
ticular mode of development of these organisms (1).

In summary, phylogenetic analysis argues in favor of the
hypothetical secretory role of ERp29 assuming that the pro-
tein export function is most extensively developed in multi-
cellular organisms. It is conceivable that the split of ERp29
from PDI occurred due to the further differentiation of the
secretory apparatus and rising demand for a novel, more
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1 1 2 2

64  66                                 96 
40         50          60           70          80          90           
. . . . . .

rat         33   LHTKGALPLDTVTFYKVIPKSK-FVLVKFDTQYP--YGEKQDEFKRLAENSASS-DDLLVAEVGISDY   96 
mouse       35   LHTKGALPLDTVTFYKVIPKSK-FVLVKFDTQYP--YGEKQDEFKRLAENSASS-EELLVAEVGISDY   98 
human       33   LHTKGALPLDTVTFYKVIPKSK-FVLVKFDTQYP--YGEKQDEFKRLAENSASS-DDLLVAEVGISDY   96 
chicken     24   LHTKGSVPLDTITFYKVIPKHK-FVLVKFDTQYP--YGEKQDEFKKLAESSGSS-EDLLVAEVGISDY   87 
flatworm    28   LTINGSISIHSLIFEKVIQAFD-HVLVKFDEPFP--YGEKEDVFKEISQVTISI-SNLITATVGIADY   91 
mosquito    87   -TARGCVDLDSSTFDLVTRKFR-YSLVKFDTAFP--YGDKHEAFTGLALETVGTTDELLFALVGIKDY  151 
fruit fly   22   VTCTGCVDLDELSFEKTVERFP-YSVVKFDIAYP--YGEKHEAFTAFSKSAHKATKDLLIATVGVKDY   86 
honey bee   17   --CKGCVSLDSYSFDKVIPKFK-AAIVKFDVAFP--YGEKHEQYAQIAAATKDS-HDLLVAEVRVKDY   80 
PDIa-h      21   EEEDHVLVLRKSNFAEALAAHK-YLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSEIRLAKVDATEE   87 
PDIb-h      131  -----ATTLPDGAAAESLVESSEVAVIGFFK----DVESDSAKQFLQAAEAIDDI?PFGI-TSNS?--  190 
zebrafish   36   -EDKDVLVLTKSNFHRALKQHE-QLLVHFYAPLSGQSLGSILEFREAAGALKEADSDVKLGGVDVKKE  102 

3 3 4 4

100         110        120         130           140         150           
. . . . . .

rat         97    GDKLNMELSEKYKLDKESYPVFYLFRDGDFENPVPYS---GAVKVGAIQRWLKGQ-GVYLGMPGC 157
mouse       99    GDKLNMELSEKYKLDKESYPVFYLFRDGDLENPVLYN---GAVKVGAIQRWLKGQ-GVYLGMPGC    159 
human       97    GDKLNMELSEKYKLDKESYPVFYLFRDGDFENPVPYT---GAVKVGAIQRWLKGQ-GVYLGMPGC    157 
chicken     88    GDKLNTELGEKYKLDKEKYPIFYLFHDGDFDNPLPYS---GHIKAGAIQRWLKSN-GIYLGMPGC    148 
flatworm    92    GEKENADLGDRYKITKSDFPAYRLF-NRDLDHPVAYK---GEIKVDAIKSFIVEQTGAYIGLNGC    152
mosquito    152   GEQDNADLGRRFAIP-KEYPVIKLF-HGDGTPPIDFAPADGEVTGDSLRKFLKRHTALYIGLPGC    214 
fruit fly   87    GELENKALGDRYKVDDKNFPSIFLF-KGNADEYVQLP-SHVDVTLDNLKAFVSANTPLYIGRDGC    149 
honey bee   81    GNKDNSDLATRYKIKSEAFPAILLFLQGKTDPILFVAEKETDFTADNIKRFVKTKSGIYLGLPGC    145 
PDIa-h      88    -----SDLAQQYGVR--GYPTIKFFRNGDTASPKEYT---AGREADDIVNWLKKR              132 
PDIb-h      191   ------DVFSKYQLD--KDGVVLFKKF-D-EGRNNFE---GEVTKENLLDFIKHN              232 
zebrafish   103   -----KELAESLNIT--TLPSIRLYLSGDKNNPVYCP---VLKSSASILTWLKRR              147 

5 6 7

160         170        180        190           200        210           
. . . . . .

rat         158   LPAYDALAGQFIEASSREARQAILKQGQDGLSGVKETDKKW--ASQYLKIMGKILDQG------E    214 
mouse       160   LPAYDALAGEFIKASSIEARQAILKQGQDGLLSVKETEKKW--ASQYLKIMGKILDQG------E    216 
human       158   LPVYDALAGEFIRASGVEARQALLKQGQDNLSSVKETQKKW--AEQYLKIMGKILDQG------E    214 
chicken     149   LKEYDVLASKFMSVTDKSERQSLLKKGQQSLEKAKETEKKS--AEQYLKIMSKILEQG------E    205 
flatworm    153   LEEFDQIAKEFVNGDA-EVKDKIISLMTNKVKDLKSDKIKHASAEKYLKIATKIRGNG------V    210
mosquito    215   TERLDRLAQSFVDTVEPAEWRDLIEQVERAERAEPDAASRAPYPMYLSLMRKIVKEADGGRRTTA    279 
fruit fly   150   IKEFNEVLKNYAN-IPDAEQLKLIEKLQAKQEQLTDPEQQQNARAYLIYMRKIHEVG-------Y    206 
honey bee   146   VEQLDRLAEEFRT-SGESERKEILNKAKVFEETLP-EIQRAAAKVYVKTMEKILEKG-------D 201
PDI-aa      272   --DLDELVKEFVAAND-EEKKAVFARIEEEVKKLEGSASRYGKIYLKVSKKYLEKGS-------D 328
PDI-dd      269   -EQLDTIATEFIAAAA-EVRKELVKKAQTVVDSLPEELRIEGSYYVKVMKTIAEKSI-------D 325

8 9

223 226 
220        230         240         250                     
. . . .

rat         215   DFPASELARISKLIEN-KMSEGKKEELQRSLNILTAFR-----KKGAEKEEL                 260 
mouse       217   DFPASEMARIGKLIEN-KMSDSKKEELQKSLNILTAFR-----KKEAEKEEL                 262 
human       217   DFPASEMTRIARLIEKNKMSDGKKEELQKSLNILTAFQ-----KKGAEKEEL                 261 
chicken     206 EFAANEVVRITKLIEKTKMSDGK                                              228 
flatworm    211 EFVKTERERLRKLS 224
mosquito    280   EVVADEMKRVEKLLAG-KLSDAKRAELKLRLNVMLSFGGASSGTRKPERAEL                 330 
fruit fly   207   DFLEEETKRLLRLKAG-KVTEAKKEELLRKLNILEVFRVHKVTKTAPEKEEL                 243 
honey bee   202   VFVQTEQTRIEGILKG-KLSNEKKRTMEEKRNILHSF---------LYRDEL                 243 
PDI-aa      329   YAKNYIQRLERLLEK-SISPAKADELTLKKNILSTYA 364
PDI-dd      326   FVTTEIARITKLVSG-SMSGKKADEFAKKLNILESFKSK                              363 

FIG. 1. Alignment of ERp29-like proteins from different species. Bars on the top indicate the positions of regular secondary
structure elements in the rat ERp29 (50). Alignments are shown for ERp29s from mammals (rat, Rattus norvegicus, accession
P52555, mouse, Mus musculus, P57759, human, Homo sapiens, P30040), chicken (Gallus gallus, CAG32394) insects (fruit fly,
Drosophila melanogaster, AAC02944, mosquito, Anopheles gambiae, XP_310706, honey bee, Apis mellifera, XP_392944), flat-
worm (Schmidtea mediterranea, AY068176), a and b domains of human PDI (PDB entries 1mek and 2bjx), C-terminal domains
of the P5-like PDIs from the plant alfalfa (PDI-aa, Medicago sativa, P38661) and soil-living amoeba (PDI-dd, Dictyostelium dis-
coideum, AAB86685), and PDI-like protein from zebrafish (Danio rerio, AAH76464). Light shading indicates identical residues,
dark shading (white letters), conservative changes. The GenBank entries for the flatworm and chicken ERp29s are missing parts
of their C-terminal sequences. The linker residues between the N- and C-terminal domains in ERp29 are underlined. Arrows indi-
cate conserved residues involved in the interaction between the ERp29-like protein from Drosophila, Wind and its partner Pipe.
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specialized functions, such as, more target-oriented assis-
tance in folding, protection from premature associations, and
the escort of proteins to their final destinations.

DOMAIN STRUCTURE AND
CONFORMATION

ERp29 is comprised of two almost equal in size domains.
The N-terminal domain shares up to 25%–30% of identical
amino acids with the thioredoxin domains of several PDIs
and the C-terminal domain displays about 30% of identity to
the corresponding domain of P5-like PDIs, to Wind and to
similar proteins from honey bee and mosquito (Fig. 1). The
three-dimensional structure of the individual domains of
ERp29 was determined by NMR spectroscopy (50) and the
crystal structure of the full-length Wind has been published
recently (51). Since the N-terminal domains of these proteins
encompass ~130 residues and share 40 identical residues, it is

ERp29 329

not surprising that their overall fold is rather similar. 115 C�
atoms can be superimposed with the root mean square devia-
tion of 3Å. This domain belongs to the thioredoxin family and
the most similar structures are thioredoxins from various
sources (79, 100), thiol-disulfide oxidoreductase from Bacil-
lus subtilis and E. coli (17, 43), as well as  a and b domains of
human PDI (42) and also a number of redox-inactive proteins
containing a thioredoxin fold in one or more domains (Table
1), of which the Ca2+-binding protein calsequestrin is the
nearest structural neighbor (98). The structural alignment
performed for several proteins from the thioredoxin family
including ERp29 and Wind demonstrated that there is no ob-
vious difference in the 3D structures of the redox-active and 
-inactive proteins (results not shown).

Although the double cysteine motif is absent from the
ERp29 sequence, the other hallmark conserved residue,
Pro116 that corresponds to the Pro100 of human PDI (Fig. 1)
is present in the N-terminal domain. Unlike most of the
thioredoxin-fold proteins, Pro116 forms trans-peptide bond
in ERp29 (28). However, in the redox-inactive thioredoxin
domains this residue is often replaced (b domain of PDI,
spliceosomal protein U5 (26)), or present in trans conforma-
tion (glutathione peroxidase (25). Apparently this amino acid
bears no functional significance for such proteins unlike the
“true” thioredoxins that bind peptides via a disulfide bridge
to the Cys-X-X-Cys sequence with the additional contacts
taking place at a site located between this motif and the 
cis-proline.

The C-terminal domain of ERp29 contains a bundle of un-
usually arranged five helices, which represents a novel fold
(Fig. 3) as compared to the 20 other five-helical folds found
in the SCOP database. Based on the NMR structure 1G7D, a
novel SCOP fold entry “ERP29 C domain-like” has been cre-
ated that now contains two superfamilies, “Endoplasmic
reticulum protein ERP29, C-domain” and “Helical domain of
Sec23/24” (interestingly, the latter protein is an ER cargo re-
ceptor, a function that is close to the one projected for
ERp29).

C-terminal domains of Wind and ERp29 differ more in the
three-dimensional structures than their N-terminal domains.
Only three out of five helices can be superimposed, whereas
the last two helices are packed differently in the NMR struc-
ture of the C-terminal domain of ERp29 and the crystal struc-
ture of the full-length Wind.

The domain database INTERPRO (62) contains about 20
proteins with a similar domain. These are mostly, hypotheti-
cal P5-like PDIs from different genomes that have one or two
redox-active N-terminal a domains. The alignment of all C-
terminal domains (results not shown) revealed that helix 7
(Figs. 1 and 3) is not conserved at all whereas other helices
contain from three to five conserved residues. Several of
them are from the hydrophobic core of the domain; however,
some conserved surface-localized residues might be impor-
tant for the hypothetical common function of the C-terminal
domain (see below).

Two domains of ERp29/Wind are connected by a flexible
loop (~ residues 149–159). The ERp29 loop contains four
conserved glycine residues, predicting the high domain mo-
bility, whereas the loop from Wind is more rigid as there are
only two glycines. However, the crystal structure of Wind

FIG. 2. Phylogenetic tree of ERp29s and related PDIs.
The alignment shown on Figure 1 was used for the phyloge-
netic analysis. Phylogenies were inferred by distance matrix
analysis using the PHYLIP program (http://evolution.genet-
ics.washington.edu/phylip.html). The values supporting each
node are derived from 100 resamplings. The image based on
the PHYLIP output file was developed by the TreeView soft-
ware (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).

14211c08.pgs  4/28/06  2:21 PM  Page 329

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2006.8.325&iName=master.img-000.jpg&w=175&h=347


330 MKRTCHIAN AND SANDALOVA

TABLE 1. PROTEINS CONTAINING THIOREDOXIN DOMAIN(S) WITHOUT THE REDOX ACTIVE CYS-X-X-CYS SEQUENCE AND NOT

KNOWN TO BE INVOLVED IN ANY CYSTEINE CHEMISTRY-RELATED CATALYTIC REACTIONS

Thioredoxin domain
Protein Function Domain structure function Reference

Phosducin Regulation of G-proteins in C-terminal domain is Interaction with 29
light-adaptation thioredoxin-like G

�v protein
Human spliceosomal U5 Regulation of cell cycle One thioredoxin domain Unknown 77

protein (Dim1) progressive  via pre-mRNA
splicing

Calsequestrin Ca2+ binding and storing Three thioredoxin domains Unknown 98
PICOT (PKC-binding Regulation of protein N-terminal thioredoxin Unknown 103

protein) kinase C function domain
RNA 3�-terminal Conversion of the RNA Smaller thioredoxin domain Unknown 67

phosphate cyclase 3�-phosphate to the is inserted into the larger
2�,3�-phosphodiester domain

Anterior gradient-2 p53 regulatory factor One thioredoxin domain Unknown 71
ERp29 Escort chaperone/ N-terminal thioredoxin Unknown 18, 50, 

secretion factor (?) domain 59, 82
Wind Dedicated escort chaperone N-terminal thioredoxin Interaction with 47, 85

domain the substrate 
protein Pipe

FIG. 3. Three-dimensional structures of ERp29 and Wind. Ribbon representation of two domains of rat ERp29 and Wind
shown in the same orientation. The N-terminal thioredoxin domain is on the top of the C-terminal domain. Three tyrosine residues
of the N-terminal domain and three residues from the C-terminal domain of Wind that are essential for Pipe transport and corre-
sponding residues from ERp29 are shown as CPK models. The Wind dimerization interface is located below the plane of the fig-
ure, behind the monomer, and the dimer interface suggested for ERp29 is above the plane of the figure. 
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shows that N- and C-terminal domains have different orienta-
tion in different subunits of Wind, mostly due to the rotation
around Ile144-Gly145. It is also noteworthy that this region
contains the only cysteine residue of the molecule that is
highly conserved and solvent-exposed. Along with other con-
served amino acids it might be potentially important for the
function of ERp29.

Size-exclusion chromatography, cross-linking, and dy-
namic light scattering suggested that ERp29 is a dimer (25,
58). Although the full-length ERp29 structure is not yet avail-
able, the line widths of the NMR signals of the separate do-
mains suggested that dimerization is mediated exclusively by
the N-terminal domain (50). Additional NMR experiments
indicated that the dimerization site is formed by Phe118,
Arg122, Asp123, Tyr132, and Trp144 (50).

ERp29 is the first example of a protein in which a thiore-
doxin-like domain was found to act as a homodimerization
module without supporting interactions by covalent bonds or
additional contacts by other domains. For example, human
thioredoxin requires an intermolecular disulfide bridge for
dimer formation (75, 100) and the intermolecular contacts
observed in the single crystal of calsequestrin involve more
than two thioredoxin-like domains (98). The intramolecular
contacts observed between the two covalently linked thiore-
doxin-like domains of Pyrococcus furiosus PDI are also dif-
ferent from the interface identified for ERp29 (76). GST (5)
and DsbC (56) also form dimers, but show no extensive con-
tacts between the thioredoxin-like domains.

The dimerization mode in the crystal structure of Wind
(51) is distinct from the NMR model for ERp29, although in
both cases the dimerization interface is located in the N-
terminal domain. The dimer of Wind buries 950 Å2 of surface
area from each subunit and only four out of 19 residues in-
volved in the dimer interface are conserved between Wind
and ERp29. The most drastic replacement is the Phe42
(Wind) to Ser53 (ERp29). The side chain of Phe42 con-
tributes to 7.5% of the surface area interface and such re-
placement for a much smaller hydrophilic residue might re-
sult in reduced binding. Moreover, there are two gaps in the
chain at the interface, Lys36 is inserted into the ERp29 se-
quence and His70 of Wind which contributes to 7% of the
buried interface is not present in ERp29 (Fig. 1). Correspond-
ingly, the residues, which were suggested to form dimeriza-
tion surface in ERp29 are not conserved in Wind. Superposi-
tion of Wind and ERp29 shows that it is not only side chains
which are different in this part of the protein, but the main
chain conformation and orientation are different as well.

In addition to the formation of dimers, a fraction of ERp29
oligomerizes into the high-molecular weight complexes as
demonstrated by the dynamic light scattering and cross-linking
experiments in vitro and in vivo (50, 58). The NMR study iden-
tified residues 67, 68, 97, and 98 as potential sites of such mul-
timerization. These residues are located near the ends of a
groove that does not participate in the dimer interface, suggest-
ing that it might be involved in oligomerization. Furthermore,
residues 67 and 68 are located more than 20 Å apart from
residues 97 and 98, indicating the presence of more than one
binding mode as expected for nonspecific self-association.

Homodimerization and multimer formation has been ob-
served for many chaperones [BiP (15), GRP94 (99), HSP70
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(83), small heat shock proteins (7), and DsbC (55)]. The
role of aggregation for chaperone function is still uncer-
tain, although oligomerization obviously increases the sur-
face area available for the binding of extended polypeptide
chains and may generate new binding clefts at the dimer
interface.

ERp29 PARTNERS IN THE 
ENDOPLASMIC RETICULUM

The aforementioned structural, genetic, and evolutionary
aspects of ERp29 constitute a substantial body of indirect ev-
idence suggesting its important role in the early secretory
pathway. Obviously, the discovery of the putative partners
and/or substrates of ERp29 would be an important step in de-
ciphering the role of ERp29 in the ER. Early studies demon-
strated that ERp29 associates with the hepatitis B small sur-
face antigen (25) and co-immunoprecipitates with BiP in
hepatoma cells (59). However, the most detailed investigation
has been carried out in the thyroid epithelial cells (82). High
levels of ERp29 gene expression in these cells (80) and its
transcriptional upregulation by the thyroid-stimulating hor-
mone (TSH) in concert with other ER chaperones (8, 48) sug-
gested that ERp29 might be implicated in the maturation of
the thyroid prohormone, thyroglobulin (Tg), a major secre-
tory product of these cells. Indeed, ERp29 was found in the
heterogeneous complexes with Tg, as well as with other ER
chaperones, BiP and GRP94. Moreover, ERp29 associated
with both native and denatured Tg in in vitro binding assay.
However, it is not clear if this is a true chaperone-like interac-
tion as recent work (36), as well as our unpublished data
showed that both recombinant and native ERp29 lack the
classical chaperone activity as judged by the inability to pro-
tect substrate proteins against thermal aggregation. It is also
unlikely that ERp29 serves as a co-chaperone as no PDI or
calreticulin-supporting activity was detected in the same
study (36).

The same thyrocyte-based study revealed surprisingly high
amounts of ERp29 in the extracellular medium, which
prompted speculation about the escort protein function. The
mechanisms for such unusual localization are not clear. One
speculation is that the less conserved variant of the ERp29’s
retrieval signal (KEEL instead of KDEL) may also indicate
weaker retrieval pressure and allows easier exit of ERp29 in
association with its substrates. Similarly, another ER escort,
receptor-associated protein (RAP) has even less effective sig-
nal, RNEL (14).

How essential is the association of ERp29 with thyroglobu-
lin for the secretion of latter and what are the molecular
mechanisms of such an interaction? No definite answers are
known thus far; however, we have recently demonstrated sub-
stantial increase of Tg secretion in the thyroid cells overex-
pressing wild-type ERp29 while the siRNA-mediated arrest
of ERp29 mRNA translation resulted in the attenuation of se-
cretion (11). This would suggest that ERp29 function is vital
for the export of Tg from thyroid cells.

As the functions of ERp29 and Wind seem to overlap, it
was interesting to examine the possibility that the Wind–Pipe

14211c08.pgs  4/28/06  2:21 PM  Page 331



interaction could serve as a prototype for that of ERp29–Tg.
The putative substrate binding site of Wind has been identi-
fied in the thioredoxin domain (10). It is composed of a shal-
low pocket around Asp50 (Wind numbering) and two ty-
rosines, 53 and 55, localized in the turn before the �2 helix.
Replacement of the Tyr86 also abrogates transport of Pipe to
Golgi. All these residues are conserved between Wind and
ERp29 and are sufficiently well superimposed structurally.
Interestingly, mutations in this tyrosine cluster are not hinder-
ing, but on the contrary, stabilizing the interaction with Pipe,
thus preventing its export to the Golgi. It is not clear if this
substrate binding site bears the same significance also for
ERp29-thyroglobulin interaction. Neither the full-length
ERp29 nor the chimeric protein with the N-terminal domain
of ERp29 and C-terminal domain of Wind can target Pipe to
Golgi. However, the chimera composed of the N-terminal do-
main of Wind and the C-terminal domain of ERp29 is able to
functionally replace Wind, although the N-terminal domain
of Wind alone is not sufficient for the effective transport of
Pipe. Interestingly, the isolated N-terminal domain of ERp29
is much more prone to aggregation and irreversible precipita-
tion than the C-terminal domain and the full-length protein
(48), suggesting that the C-terminal domain is largely respon-
sible for the solubility of ERp29. For the P5-like PDIs, which
lack the ER-retrieval signal, the importance of the C-terminal
domain for the retention in the ER was demonstrated by the
reduced retention of the deletion mutant (60).

However, mutational analysis of this domain in Wind (10)
revealed a cluster of conserved residues (Arg215, Arg218 and
Leu232) that form a second site responsible for the interaction
with Pipe, which may indicate a more functional role of the C-
terminal domain rather than merely retention and/or solubility
of the full-length protein. Interestingly, the residues important
for Pipe targeting and corresponding residues from ERp29 are
located on the same side of both molecules as the essential ty-
rosines from the N-terminal domain of Wind (Fig. 3). 

In general, these data suggest that although the general bio-
logical function of both proteins, broadly defined as escort
chaperone/secretion factors, is likely to be similar, the mode
of interaction and binding loci seem to be fairly diverged. 

The Wind-Pipe and ERp29-Tg interactions are reminiscent
of that between RAP and low-density lipoprotein (LDL) re-
ceptor (14). RAP prevents aggregation and premature ligand
binding in the ER and escorts LDL receptor to the Golgi, act-
ing as a dedicated escort chaperone. Wind, however has a lim-
ited temporal and spatial expression profile (47), as com-
pared with the widespread tissue distribution of RAP. The
comparable expression of ERp29 predicts broader substrate
specificity. This would imply either the existence of different
binding sites for a variety of putative ERp29 partners or a
common binding locus for different substrates. There are
many examples of the latter type of interactions, for example,
with SH3-domains and plextrin homology domains. It was
shown that at least in vitro these domains are rather promiscu-
ous: most of them bind to a large number of targets with com-
parable affinities, and the domains from the same family rec-
ognize overlapping regions of a target protein (16). However,
there are other examples, such as lectin C-type receptors of
NK cells. Here different receptors from the same family rec-
ognize the same targets at different sites (65).
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Association of ERp29 with another common secretory
product, immunoglobulins, has been observed in a large ER-
localized multiprotein complex that is comprised of incom-
pletely folded immunoglobulin heavy chains and a variety of
molecular chaperones, folding enzymes and minor co-chap-
erones including BiP, GRp94, GRp170, PDI, ERp72, ERp29,
ERdj3, cyclophilin B, UDP-glucosyltransferase, and SDF2-
L1 (57). Similarly, ERp29 has been found to associate with
the misfolded � isoform of immunoglobulin light chains (our
unpublished observation). Interaction of ERp29 with im-
munoglobulins seems to be important for the differentiation
of antigen-stimulated B lymphocytes into antibody-secreting
plasma cells. ERp29 was detected in a comprehensive pro-
teomic study of differentiating B cells along with other ER
chaperones, foldases, and secretion factors whose expression
was increased apparently to enhance the folding capacity of
the ER (95).

Another proteomic analysis identified ERp29 in the milk
fat globule (MFG) produced during lactation by mammary
gland (104). ERp29 was localized in both constituents of
MFG, the cytoplasmic lipid droplet (CLD) and MFG mem-
branes (MFGM) that surround CLD. The authors conclude
that ERp29 may be instrumental in lipid secretion from the
mammary epithelial cells. However, as MFGM was also en-
riched with soluble milk proteins including casein, one can
speculate that the presence of ERp29 in MFG might be ex-
plained by its putative secretory protein escort function. This
is indirectly supported by our unpublished observation of the
strong induction of ERp29 in mammary epithelium during
lactation.

IS ERp29 A UPR TARGET?

The unfolded protein response (UPR) is an intracellular sig-
naling pathway that regulates the protein folding and process-
ing capacity of the endoplasmic reticulum (ER). UPR includes
downregulation of protein synthesis to reduce the protein load
on the ER and upregulation of molecular chaperones and other
genes involved in the processing of secretory proteins (40, 61,
69). ERp29 was found among such upregulated ER proteins in
rat hepatoma cells under the conditions that typically invoke
UPR (treatment with the glycosylation blocker tunicamycin,
the calcium ionophore A23187, the ER Ca2+-ATPase inhibitor
thapsigargin and the inhibitor of the ER-to-Golgi transport,
brefeldin A) (59). However, the induction of ERp29 was not as
strong as compared to the major ER chaperones and addition-
ally, it could not be reproduced in all cell types (18, 25). ERp29
gene is lacking the ER stress response element (ERSE), the
DNA motif characteristic for the UPR target genes. The ERp29
induction could be compared with the similarly weak ER
stress-induced upregulation of PDI, which also lacks exact
matches to full ERSE despite the presence of the multiple
CCAAT boxes, a characteristic core of ERSE (90).

The UPR-triggered activation of chaperone genes is medi-
ated principally by ATF6, a membrane-anchored transcription
factor, and IRE1, an ER transmembrane kinase that catalyzes
the splicing of mRNA of the X box-binding protein 1 (XBP1)
to produce an active transcription factor. Both ATF6 and
XBP1 have strong affinity to ERSE.
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Besides its role as an ER adaptation reaction towards dif-
ferent environmental stressors (ER stress), UPR is activated
under the conditions of physiological protein overload in
order to restore the folding and secretory capacity of the ER.
XBP1 seems to be a key physiological UPR regulator upregu-
lating an additional cluster of genes by binding to DNA ele-
ment(s) other than the ERSE. As mentioned above, the B lym-
phoblast transformation into the antibody-producing plasma
cell is accompanied by the massive remodeling of the ER and
requires concomitant activation of the genes involved in pro-
tein folding, exocytosis and proteasomal degradation (95).
ERp29 was demonstrated to be one of these genes and more-
over, it is also activated by the physiological UPR caused by
the massive influx of the nascent Tg in the ER of thyroid ep-
ithelial cells (81).

These data and the absence of ERSE in the promoter of
ERp29 prompted us to speculate that ERp29 expression is
controlled primarily via the XBP1/IRE1 pathway. Indeed, our
unpublished data show that while in wild-type mouse embry-
onic cells (MEF) ERp29 mRNA was induced by tunicamycin
or thapsigargin, in the XBP1�/� and IRE1�/� MEFs such
upregulation was abolished. Interestingly, another ER protein,
EDEM (an essential ER quality control factor that targets ter-
minally misfolded proteins to the degradative pathway), was
also found to be regulated in a similar manner (105). The ki-
netics of ERp29 induction coincides with that of the EDEM
and is substantially delayed as compared with the ATF6 target
protein, BiP. Altogether, this would indicate that the XBP1-
dependent subset of ER proteins including ERp29 is needed
for the later stages of UPR in order to facilitate the traffic of
increased amounts of correctly folded proteins and/or to direct
misfolded species to the proteasomal machinery.

ERp29 AND DISEASE 

In addition to the environmental stressors and physiologi-
cal protein overload, UPR is initiated by the excessive accu-
mulation of mutant secretory proteins due to their failure to
acquire correct conformation and couple to the export ma-
chinery. A group of phenotypically diverse inherited patholo-
gies, termed endoplasmic reticulum storage diseases (ERSD)
with similar molecular pathogenesis includes such disorders
as cystic fibrosis, neurodegenerative diseases, and others (for
detailed reviews see 4, 45, 78). Disease pathology may be
triggered by the cytotoxic effects of the protein overload or
simply by the lack of the functional protein in the target or-
ganelle or cell exterior.

ERp29 was upregulated in one of such ERSDs, congenital
hypothyroid goiter, with missense mutations that affect two
cysteine residues of the thyroglobulin gene (12). This defect
makes the mutant Tg molecules unable to leave the ER with
the ensuing impairment of the synthesis of thyroid hormones.

Development of ERSDs is closely connected with the ER
quality control, the “proof-reading” of newly synthesized
proteins, so that only native conformers reach their final des-
tinations (22). Quality control monitors not only the folding
of single polypeptide chains but also the assembly of
oligomers (such as Tg dimers). The subunits that fail to as-
semble are retained in the ER with further degradation by
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ERAD. However, as shown for cystic fibrosis, significant
amount of the mutant transmembrane conductance regulator,
entrapped in the ER is still functional (68). The same holds
true for the mutant Tg in the human patient with a C1264R
mutation (46), suggesting that the Tg defect is not severe
enough to render the molecule absolutely useless for hor-
monogenesis. Therefore, quality control (and ERp29 as a po-
tential member of it) may itself contribute to the disease
pathogenesis by preventing the export of a considerable frac-
tion of functionally competent Tg molecules.

Finally, our unpublished observations identified ERp29 as
one of the genes important for the interaction of cancer cells
with the surrounding stromal tissue (fibroblasts). The tumor
growth rate was drastically reduced upon subcutaneous im-
plantation of the breast epithelial cancer cells stably trans-
fected with the dominant-negative ERp29 mutant form. This
data supports the role suggested for ERp29 as an essential se-
cretion/escort factor.

CONCLUSIONS

The post-genomic era presents researchers with a daunt-
ing challenge of decoding biological functions of hundreds if
not thousands of hypothetical gene products without any
clear consensus motifs that could facilitate the functional pre-
dictions. ERp29 is an archetypal example of such a polypep-
tide where the primary structure can predict merely the or-
ganelle-specific targeting and remote similarity to PDI.
Although the information accumulated since the initial dis-
covery of ERp29 is not sufficient for determining in details
its biological function, it nevertheless allows tentative defini-
tion of ERp29 as a secretory assistant/escort protein.

How unique is this function and are there any functional
relatives of ERp29? Most of the proteins populating ER can
be defined as secretion factors in the sense that they all facil-
itate export of secretory or membrane proteins. Nevertheless,
these accessory proteins are tentatively divided into three
broad functional classes (34): “outfitters” (true molecular
chaperones, folding catalysts), “escorts” (dedicated escort
chaperones such as RAP) and “guides” or transport receptors
(proteins selecting cargo molecules for the secretory vesi-
cles). A few other classes or subclasses can be added such as
enzymes responsible for posttranslational modifications (gly-
cosylation), and co-chaperones. The information accumu-
lated thus far rules out any enzymatic or classical chaperone
activities of ERp29, thus suggesting a role of an ER escort or
guide. The only known ER guides or cargo receptors [such as
ERGIC-53, p24, BAP31 (32, 44, 88)] are membrane proteins
and most of them have lectin domains that interact with se-
cretory glycoproteins. The few known ER escort chaperones
(such as the already mentioned RAP) possess quite character-
istic narrow substrate specificity. It seems that even if tenta-
tively classified as such an escort protein, the ubiquitous ex-
pression of ERp29 and the ensuing broad substrate
specificity would make it unique.

However, the essential information that would put all the
dots on the i’s is still missing: the molecular mode of action
of ERp29 remains open. Although no immediate answers are
available, the existing three-dimensional structures of ERp29
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domains and the crystal structure of Wind provide an excel-
lent basis for finding the potential binding sites in the ERp29
molecule. Ongoing investigations in this direction in our and
other laboratories are already yielded promising preliminary
results pinpointing amino acids involved in putative ERp29-
substrate protein(s) interactions (11, 33).
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NOTE ADDED IN PROOF

The search for the physiological function of ERp29 is get-
ting an interesting twist with the upcoming publication impli-
cating ERp29 as a critical component of a viral infection
pathway (53). It was demonstrated that ERp29 triggers con-
formational changes in polyomavirus, which forms a hydro-
phobic viral particle capable of binding to and crossing the
ER membrane. Thus, polyomavirus is hijacking an unknown
endogenous function of ERp29, which nevertheless appears
to be related to the transport/escorting function of this ER
protein suggested above. This is the first indication of not
only a structural but also a functional linkage of ERp29 with
PDI, which was shown to unfold another toxic agent, cholera
toxin, facilitating its retro-translocation from the ER (92).

ABBREVIATIONS

CLD, cytoplasmic lipid droplet; EDEM, ER degradation-en-
hancing alpha-mannosidase-like protein; ERSE, ER stress re-
sponse element; ER, endoplasmic reticulum; ERSD, endoplas-
mic reticulum storage diseases; GST, glutathione-S-transferase;
HSP70, heat shock protein 70 kDa; LDL, low-density lipopro-
tein; MEF, mouse embryonic cells; MFG, milk fat globule;
MFGM, MFG membranes; PDI, protein disulfide isomerase;
RAP, receptor-associated protein; Tg, thyroglobulin; UPR, un-
folded protein response; XBP1, X box-binding protein 1.
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