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ABSTRACT: ERdj3 was identified as a soluble, lumenal Dnal family member that binds to unassembled
immunoglobulin heavy chains along with the BiP chaperone complex in the endoplasmic reticulum of
mammalian cells. Here we demonstrated that ERdj3 binds directly to unfolded substrates. Secondary
structure predictions suggested that the substrate binding domain of ERdj3 was likely to closely resemble
Ydj1, ayeast cytosolic Dnal family member, which was previously crystallized with a peptide bound to
the C-terminal fragment composed of domains |, 11, and 111. Mutation of conserved residues in domain I,
which formed the peptide binding site in Ydj1, affected ERd]3's substrate binding ability in mammalian
cells and in vitro binding studies. Somewhat unexpectedly, we found that domain I, which is highly
conserved among ERdj3 homologues, but very different from domain Il of Ydj1, was also critical for
substrate binding. In addition, we demonstrated that ERdj3 forms multimers in cells and found that the
conserved carboxy-terminal residue phenylalanine 326 played a critical role in self-assembly. In vitro
binding assays revealed that mutation of this residue to aanine diminished ERdj3's substrate binding
ability, arguing that multimerization isimportant for substrate binding. Together, these studies demonstrate
that the Ydj1 structure is conserved in another family member and reveal that among this group of Dnal
proteins domain 1I, which is not present in the closely related type Il family members, aso plays an
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essential role in substrate binding.

Hsp70* proteins are a family of molecular chaperones
found in all organisms and al organelles. BiP is the
mammalian ER Hsp70 homologue and was first identified
asanimmunoglobulinheavy chain (HC) binding protein (1—3).
Like other Hsp70s, BiP contains an N-terminal nucleotide
binding domain that can interact with ATP or ADP (4) and
a C-termina substrate binding domain (5, 6). The nucleotide-
bound state of Hsp70 regulates substrate binding. In the ATP-
bound state, the substrate binding domain (SBD) is open,
which results in both a fast on and off rate for interaction
with unfolded proteins. In the ADP-bound state, SBD is
closed and binds to substrates slowly but tightly (7). Binding
of unfolded proteins to the SBD stimulates Hsp70s AT Pase
activity and induces the hydrolysis of ATP to ADP in witro
(8). During this process, Hsp70 protein undergoes a confor-
mational change, which induces closure of a lid over the
SBD and stabilizes the interaction between Hsp70 and the
substrate. The release of ADP and rebinding of ATP resets
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the Hsp70 to the “open” form, which alows the substrate to
be released and to fold (3, 7, 9).

The ATPase cycle of Hsp70 proteins is regulated by
cofactors that either induce ATP hydrolysis or regulate
nuclectide exchange. Dnal proteins interact with the ATP
bound form of Hsp70s and induce ATP hydrolysis (10). To
date, a large number of proteins have been designated as
Dnallike proteins due to the presence of ahighly conserved
~70 amino acid domain that has been termed the “J domain”.
The J domain contains the signature His-Pro-Asp (HPD)
tripeptide motif, which plays acritical role in the interaction
with Hsp70 (11, 12). Mutation of HPD to either QPD or
HPN abolishes the interaction between the mutant J domain
and its Hgp70 partner. Dnal proteins can be divided into three
subgroups according to their domain conservation with
Escherichia coli DnaJ (10, 13). Like E. coli DnaJ, type |
Dnal proteins contain four domains: an N-terminal Jdomain,
a Gly/Phe-rich flexible linker domain, followed by a Cys-
rich region that forms two Zn?* binding sites, and a
C-terminal domain that appears to contribute to substrate
binding. Type Il Dnal proteins are similar to type | proteins,
except that they lack the Cys-rich region. Type Il Dnals
possess only the J domain, which can be present anywhere
in the molecule. Like Hsp70s, Dnal proteins exist in al
organelles and organisms but often far outnumber the Hsp70s

1 Abbreviations: BiP, immunoglobulin heavy chain binding protein;
Hsp70, heat shock protein 70; SBD, substrate binding domain; yHC,
immunoglobulin heavy chain.
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present. Type | and type || DnaJ proteins can interact directly
with unfolded substrates and inhibit protein aggregation in
vitro. Studies on E. coli DnaJ (14, 15) and the yeast cytosolic
Dnal proteins Ydj1 (16, 17) and Sisl (18) have further
defined the peptide binding region of type| and type |1 Dnal
proteins. Although some type Ill Dnals bind to substrate
directly, like auxilin, which binds to clathrin and assists in
the uncoating of clathrin-coated vesicles (19), NMR data
demonstrate that the protein binding domain does not
resemble that of type | and type Il proteins.

Six mammalian ER-localized Dnal-like proteins have been
identified, which we have referred to as ERdj1—6. ERdj3
was identified as a soluble, lumena DnaJ family member
that contains an N-terminal Jdomain and binds to shiga toxin
(20) and unassembled immunoglobulin heavy chains (yHC)
along with the BiP chaperone complex in the ER (21).
Subsequently, it was shown that ERd]j3 associates with a
number of other unfolded proteins that are BiP substrates
(22). The demonstration that the ERdj3 J domain mutant
(HPD — QPD), which abolished the interaction with BiP,
did not inhibit its ability to bind to substrate (22) led us to
hypothesize that ERdj3 might bind directly to unfolded
proteins. Since the interaction between ERdj3 and unas-
sembled heavy chains is unusualy stable in vivo, it was a
particularly good model to investigate the structural features
of ERdj3 that are important for substrate binding. Using
secondary structure predictions and tertiary structure model-
ing, we found that the C-terminus of ERdj3 is very similar
to that of Ydjl (16). The domain | sequence is interrupted
with a domain I1, although it is much smaller and has an
entirely different sequence than that of Ydjl. Like Ydj1,
domain | of ERdj3 was found to be important for substrate
binding. Mutation of conserved hydrophobic residues in
domain | significantly reduced interaction with substrates in
vitro. In addition, we demonstrated that ERd]3 exists as a
dimer in cells and found that phenylalanine 326 played a
critical role in dimerization, which also affected substrate
binding. Finally, our data revealed that domain Il was
essential for association of ERdj3 with substrates.

EXPERIMENTAL PROCEDURES

Production of ERdj3 Mutants. ERdj3 mutants were made
using a QuickChange site-directed mutagenesis PCR kit
(Stratagene) with wild-type HA-tagged ERdj3 (3HA-DSL-
ERdj3) and QE-ERdj3 serving as the templates. The QPD
mutant was generated previously in our laboratory (22). Other
mutants were generated by PCR using the indicated primer
pairs. AJ (deleting amino acids 17—87): 5" primer, GGGGCG-
GTGATTGCCAAAGATGGTCATCAG, and 3 primer, CT-
GATGACCATCTTTGGCAATCACCGCCCC. AG/F (ddeting
amino acids 88—128): 5" primer, GGTGAAGAAGGATTAC-
CTCGTCAGCAAGAC, and 3 primer, GTCTTGCTGACGAG-
GTAATCCTTCTTCACC. Ala(deeting amino acids 129—159):
5 primer, CATGTTTGGAGGAACCAAGTGCAATTGTCGGC,
and 3 primer, GCCGACAATTGCACTTGGTTCCTCCAAA-
CATG. AG/FAla (ddeting amino acids 88—159): 5 primer,
GGTGAAGAAGGATTAAAGTGCAATTGTCGGC, and 3
primer, GCCGACAATTGCACTTTAATCCTTCTTCACC. All
(ddeting amino adids 160—200): 5’ primer, GTTAGAAACAAAC-
CTGTGGCACTAGTGAATGAAGAACGAACG, and 3 primer
CGTTCGTTCTTCATTCACTAGTGCCACAG-
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GTTTGTTTCTAAC. AIIGSGG (deeting amino acids 160—
200): 5" primer, GTTAGAAACAAACCTGTGGCAGGCA-
GCGGGGGCCTAGTGAATGAAGAACGAACG, and 3
primer, CGTTCGTTCTTCATTCACTAGGCCCCCGCTGC-
CTGCCAAGGTTTGTTTCTAAC. 1113A: 5 primer, CCAA-
GAGGAAGTGATGCTATTGTAGATCTAGAAGTC, and
3’ primer, GACTTCTAGATCTACAATACCATCACTTC-
CTCTTGG. V132A: 5 primer, GCAGGAAATTTTGTG-
GAAGCAGTTAGAAACAAACCTGTGG, and 3 primer,
CCACAGGTTTGTTTCTAACTCCTTCCA-
CAAAATTTCCTGC. L226A: 5 primer, GTGAATGAA-
GAACGAACGGCGGAAGTAGAAATAGAGCCTG, and
3" primer, CAGGCTCTATTTCTACTTCCCCCGTTCGT-
TCTTCATTCAC. F241A: 5 primer, CCTGGAGATT-
TACGGGCCCGAATCAAAGTTGTC, and 3 primer, GA-
CAACTTTGATTCGGGCCCGTAAATCTCCAGG. F326A:
5 primer, GGGCTCTTTGATAATCACTTTTGATGTG-
GATGCTCCAAAAGAACAG, and 3 primer, CTGTTCTT-
TTGGAGCATCCACATCAAAAGTGATTATCAAAGAG-
CCC. F326D: 5 primer, GGGCTCTTTGATAATCACTT-
TTGATGTGGATGATCCAAAAGAACAG, and 3 primer,
CTGTTCTTTTGGATCATCCACATCAAAAGTGATTAT-
CAAAGAGCCC.

To generate the Alll + C-aa mutant, a PCR reaction was
performed using 3HA-DSL-ERdj3 as the template with 5
EcoRI-CGGAATTCGGACCCGGGAC and 3 Notl-ATAA-
GAATGCGGCCGCCAGTGCTTGACAACTTTGATTCGG as
primer pairs, which removed amino acids 251 to the C-terminus
a 358. After digesting the PCR product with EcoRI and Notl, it
wasligated into the 3HA-DSL vector in place of the corresponding
EcoRI—Notl fragment present in full-length ERdj3. This mutant
removes dl of domain Il aswell as the remaining 30 C-termina
amino acids.

Vectors for Eukaryotic and Bacterial Expression. Un-
tagged versions of WT ERdj3 as well as two dimerization
mutants, F326A and F326D, were inserted into the pSG
vector for expression in mammalian cells. Epitope-tagged
versions of constructs containing one HA sequence at the
C-terminus were constructed in the HA-DSL vector. These
include WT ERGdj3, al of the domain deletion mutants
described above, the point mutations in domain I, and two
dimerization mutants, F326A and F326D. Finaly, a wild-
type ERdj3 construct encoding three HA sequences at the
C-terminus was inserted into 3XHA-DSL. A humanized
immunoglobulin y heavy chain (23) isin the pSVL vector.
To produce recombinant proteins in bacteria, ERdj3 con-
structs were introduced into the pQE vector. These include
wild-type ERdj3, Ala, AIIGSGG, 1113A, V132A, L226A,
F241A, 1113A/V132A, IVLF-A, and F326A/D.

Cell Culture, Transfection, and Immunoprecipitation.
COS-1 monkey kidney fibroblast cells were maintained in
DMEM media supplemented with 10% fetal bovine serum,
2 mM L-glutamine, and a 1% antibiotic solution and cultured
in 3% CO, at 37 °C. Cells were transfected with the indicated
ERdj3 constructs and, where indicated, an Ig heavy chain,
using the Fugene 6 transfection reagent. Forty-eight hours
posttransfection cells were labeled with [**S]methionine and
cysteine for 3 h. Cells were incubated with 3,3’-dithio-
bis(propionic acid N-hydroxysuccinimide ester) (DSP), a
membrane-permeable cross-linking reagent as described
previously (21) to stabilize the interaction of ERdj3 with
yHC. Cell lysates were prepared using an NP40 lysing buffer
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(24) and immunoprecipitated with the indicated antisera
followed by binding to protein A—Sepharose beads. The
rabbit polyclonal ERdj3 antibody (22) was affinity purified
on recombinant mouse ERdj3 protein for our studies. All of
the ERd;j3 deletion constructs were engineered with an HA-
epitope tag at their C-terminus, alowing them to be
recognized by an anti-HA monoclonal antibody (a kind gift
of Dr. Al Reynolds, Vanderbilt University). Immunopre-
cipitated complexes were analyzed by SDS—PAGE under
reducing conditions, and the signal was detected using
Amplify (Amersham Bioscience) for autoradiographic visu-
alization. To assess whether these various deletions grossly
affected the overal structure of the ERdj3 mutants, we
performed pulse—chase experiments. All of the indicated
mutants were transiently expressed in COS-1 cells. Twenty-
four hours posttransfection cells were labeled with [*S|me-
thionine and cysteine for 45 min and then chased in complete
media for indicated times. Cell lysates were prepared and
immunoprecipitated with an anti-HA monoclonal antibody
and analyzed by 10% SDS—PAGE. The signal was detected
by autoradiography.

Protein Purification. The expression of His-tagged wild-
type and mutant ERd]3 proteins was induced in E. coli M15
cells with 0.1 mM isopropyl (-b-thiogalactoside (Sigma)
followed by growth for 18 h at 18 °C. The recombinant
proteins were purified on Ni?"-agarose columns under
nondenaturing conditions and dialyzed against ATPase buffer
(20 mM HEPES (pH 7.2), 50 mM KCI, 5 mM MgCl,). A
protease inhibitor cocktail was added to the proteins, and
they were made to 50% glycerol for storage at —20 °C. To
assess effects on global protein folding, the recombinant
proteins were examined for sensitivity to proteinase K.
Briefly, 5 ug of recombinant ERdj3 proteins was incubated
with 1.0 ug of proteinase K at 37 °C in ATPase buffer (total
reaction mixture is 30 uL for the indicated times. The
reaction was stopped by adding 1.5 4L of 10 mg/mL PMSF
and incubating on ice for 30 min. The protein products were
analyzed on 15% SDS—polyacrylamide gels and visualized
by Coomassie Blue staining.

Measurement of Complex Formation between ERdj3
Proteins and Denatured Luciferase. Wild-type or mutant
ERdj3 recombinant proteins (0.5 ug in 100 uL of PBS
containing 0.05% BSA) were added in triplicate to each well
of a 96-well microtiter plate and allowed to bind overnight
at 4 °C. Wells were washed with PBS to remove unbound
ERdj3 and blocked with 200 uL of PBS containing 1% BSA
for 1 h at room temperature. Firefly luciferase (Promega)
(15 uglul) was denatured in buffer containing 7 M urea, 25
mM HEPES (pH 7.5), 50 mM KCI, 5 mM EDTA, 5 mM
MgCl,, and 5 mM dithiothreitol (1:41 v/v) at room temper-
ature for 40 min as described previoudy (25) and then diluted
into PBS containing 0.05% BSA (final concentration of
luciferase is 5 ug/mL). One hundred microliters of this
solution was added to the wells containing wild-type or
mutant ERdj3 and alowed to bind for 1 h a room
temperature followed by washing with PBS to remove
unbound luciferase. The amount of denatured luciferase that
remained bound to ERd]j3 was detected with a polyclonal
antiluciferase antiserum followed by donkey anti-rabbit Ig
conjugated to akaline phosphatase. The substrate, 4-nitro-
phenyl phosphate disodium salt hexahydrate, was added to
the wells for approximately 10 min, and then 0.75 M NaOH
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was added to stop the reaction. The plates were read on a
spectrophotometer (Bio-Rad) at wavelength 405 nm. Nega-
tive controls were included for each plate in wells that did
not contain either luciferase, ERd]3, or each of the antibodies
but which included all of the other steps of the reaction. The
amount of luciferase that bound to wild-type ERdj3 was set
as 100%, and that binding to the mutants was expressed as
a percent of wild type.

RESULTS

Modeling ERdj3’s Secondary Structure. We recently
demonstrated that ERdj3 can bind directly to free HC and
denatured luciferase in vitro (25). To identify the regions of
ERdj3 that contribute to substrate binding, we first used a
computer program (Predictproteins) to generate a secondary
structure prediction for ERdj3 and compared it with those
of two yeast cytosolic DnaJ proteins for which structural data
are available for the protein binding domain, Ydj1 (type I)
and Sisl (type Il) (17, 18). Although the amino acid
sequences of these two proteins are not highly conserved,
their overall secondary (Figure 1A) and tertiary structures
are very similar except that Sisl lacks the cysteine-rich
domain II, which is a halmark domain of type | Dnal
proteins (Figure 1B). Comparison of the secondary structure
predictions revealed that ERdj3 is more similar to Ydj1, in
that it appears to have an additional sequence (domain I1)
inserted within domain | (Figure 1A). However, the sequence
and size of this domain are quite different from those of Ydj1
(Figure 1C). The corresponding domainin Ydj1 is 65 amino
acids in length, with eight cysteine residues that form two
zinc hinding centers (CXXCXG motif), whereas the predicted
domain in ERdj3 is only 44 amino acids in length and
possesses only four cysteine residues that form two intra-
domain disulfide bonds (26). Using PyMol (DeLano Scien-
tific LLC) to model ERdj3's structure, we found that domains
| and 111 appeared to be almost identical to those of Ydj1,
whereas domain Il could not be modeled on the Ydjl
structure (data not shown).

Mapping ERdj3’s Substrate Binding Domain in Vizo. On
the basis of the structures of Ydj1 and Sisl and our ability
to model ERdj3 on the Ydj1 structure, we defined domain
boundaries for ERd]3, referring to them asdomain | (laand
Ib), 1, and Il1, and made corresponding deletion mutants
(Figure 2A). In addition, we deleted the J domain and the
Gly/Phe-rich domain both alone and along with domain la
to investigate the role of each of these domains in substrate
binding. An HA-epitope tag was engineered at the carboxyl
terminus of each of these mutants for immunoprecipitation
purposes. In the case of the domain |11 mutant, we removed
the sequence that was predicted to form this domain, as well
as the remaining 30 amino acids at the carboxy terminus.
Domains laand Ib were deleted separately, even though the
structural predictions suggest that they should fold together
to form a intact domain I. In the case of domain I, two
deletion mutants were made, one that removed only the
sequence encoding this domain (All) and a second one in
which domain Il was replaced by afour amino acid flexible
linker, GSGG, to increase the possibility that the two halves
of domain | would fold correctly in the absence of domain
I (Figure 2A). Each of the ERdj3 constructs was first
expressed in COS cells alone. SDS—PAGE analysisrevealed
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Ficure 1: Comparison of ERdj3 with Ydj1 and Sisl. (A) Secondary stri
different domains: light gray, ER targeting sequence; gray, domain J;

ucture predictions for ERdj3, Sisl, and Ydj1. Colors represent the
bold and italic, domain I; bold and underlined, domain II; black,

domain I11; H, a helix; E, 8 sheet. (B) The schematic representation domain structures of Ydj1, Sisl, and ERdj3 showing that Sisl does

not contain a cysteine-rich domain Il and that ERdj3 is more similar
Domain |l sequences of ERdj3 from various species were aligned and
identities, whereas gray shading indicates amino acid similarity. Cystei

that all of the proteins were expressed and could be
immunopreci pitated with the anti-HA antibody (Figure 2B).
Importantly, none of these proteins bound nonspecifically
to protein A—Sepharose beads (Figure 2B).

To determine the ability of the various ERd]3 proteins to
associate with yHC, cells were treated with DSP, which is
required to stabilize ERdj3' s association with yHC (21), and
then coimmunopreci pitation assays were performed with the
indicated antibodies (Figure 2C). The presence of yHC, BiP,
and GRP94 in the anti-HA lanes is not meaningful, as the
yHC bind directly to protein A—Sepharose and coprecipitate
these two chaperones (22). When each of the lysates was
incubated with protein A beads alone to isolate HC, we found
that wild-type ERdj3 was coprecipitated as expected (Figure
2C). Examination of each of the mutants revealed that
deletion of the J domain (AJ) actually caused the mutant to
bind to yHC better than wild-type ERdj3, which is consistent
with our previous finding that mutation of the HPD motif in
this domain resulted in better binding of mutant ERdj3 with
several different substrate proteins in cells (22) and that a
functional interaction with BiP is required to release ERd]3
from substrates (25). Deletion of the Gly/Phe-rich region
(AG/F) did not obvioudly affect binding to yHC, and
removing domain Il along with the C-termina 30 amino
acids had only a very modest effect on binding. When
domain lawas deleted alone or along with the Gly/Phe-rich
region, we observed a slight decrease in the ability of the
mutant proteins to associate with the substrate. Structural
dataon Ydj1 revealed that domain | isin direct contact with
a peptide that was cocrystallized with Ydj1 and therefore is

to Ydj1, athough it contains an atypical, smaller domain II. (C)
compared to domain Il of Ydj1l. Clear boxes indicate amino acid
ne residues (CysXXCys motif) are underlined.

very likely to form at least part of the substrate binding site
(17). Domain | of Sisl also contains a similar substrate
binding structure based on crystallographic data (18).
Somewhat unexpectedly, we found that deletion of domain
[ (All), which bears little homology to the corresponding
domaininYdj1 andismissing in Sisl, had the most dramatic
effect on yHC binding. Pulse—chase experiments were
performed on the AllI-GSGG mutant to assess the overall
effect of the deletion on the remaining protein structure
(Supporting Information Figure S1). We found that this
mutant had a somewhat reduced half-life, suggesting that
deletion of this domain even with the addition of a linker
affected another region of the protein.

Binding of ERdj3 to Purified Denatured Luciferase in
Vitro. A caveat to these data is that binding of even wild-
type ERdj3 to yHC in cells can only be detected with a
chemical cross-linker, due to the detergent-sensitive nature
of its association with substrates, and the effects of most of
the deletions are quite modest. In addition, the presence of
endogenous ERdj3 and other ER chaperones with which
ERdj3 can interact further complicated the analysis. Since
we recently demonstrated that purified recombinant ERdj3
could bind directly to chemically denatured luciferase in
solution (25), we used this assay to further probe the regions
of ERdj3 required for substrate binding. Recombinant
proteins corresponding to wild-type ERdj3 and two of the
mutants tested above were produced and examined for
binding to luciferase. Similar to data obtained for the in vivo
binding of these mutants to yHC, we found that deletion of
either domain la or domain Il significantly diminished
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Ficure 2: Binding of wild-type and mutant ERdj3 to yHC. (A) Schematic representation of the domain composition of various ERdj3
mutants. (B) COS cells were transfected with the indicated ERdj3 constructs in the HA-DSL vector, metabolically labeled, and
immunoprecipitated with anti-ERdj3 or protein A—Sepharose alone. (C) COS cells were cotransfected with yHC and either wild-type
ERdj3 or the indicated ERdj3 mutants. Cells were metabolically labeled, treated with DSP before lysing, and immunoprecipitated with
protein A—Sepharose to isolate yHC or with amonoclonal anti-HA antibody to isolate ERdj3 proteins. Samples were analyzed by reducing
SDS—PAGE, and mutants that show diminished binding are indicated with arrows.

ERdj3's ahility to bind to this substrate (Figure 3B).
However, deletion of domain laislikely to distort the overall
structure of this domain, since it cooperates with domain Ib
to form the intact domain |. Thus we felt that data obtained
with this mutant could not be clearly interpreted and wished
to make more conservative point mutations in this domain.

According to structural data for Ydjl, Sisl, and most
recently Hdj1, domain | contains a hydrophobic pocket that
forms the substrate binding site (17, 18, 27). Using PyMol
(DeLano Scientific LLC) to model this region of ERd]j3 on
the structure of Ydj1, we found that four out of five amino
acidsin Ydjl'sdomain | that form the hydrophobic pocket
(28) were conserved in ERdj3 (Figure 3A). llel1l3 and
Val132 are in domain la and Leu226 and Phe241 are in
domain Ib, which is the same as the location of the
corresponding pocket residuesin Y dj1. To examine the roles
of these amino acids in ERdj3's substrate binding, we
mutated each of these four amino acids aone (1113A,
V132A, L226A, F241A), the first two amino acids together
(1113A-V132A), or al four of them to aanine (IVLF-A)
and tested their ability to bind to luciferase in vitro. We found
that except for 1113A al of the point mutations or combina-
tions of them affected ERd]j3's ability to bind to luciferase
(Figure 3C). It is unlikely that these mutations grossly
affected the overal structure of the mutant ERdj3 proteins
as both of these proteins were as stable as wild-type ERdj3
as determined by pulse—chase and protease sensitivity
experiments (Supporting Information Figures S1 and S2).
These data suggested that these hydrophobic amino acids
are likely to also form the substrate binding site in ERd;)3,
which agrees with the structure model (Figure 3A).

ERdj3 Is Dimeric, Which Is Important for Substrate
Binding. The yeast cytoplasmic DnaJ homologues, Ydj1 and
Sisl, form dimers via seguences located near their C-
terminus, which are essential for substrate binding (18, 29).
Since ERdj3 issimilar to Ydj1in overall structure, we tested
whether ERdj3 forms dimers in cells. First, we made a 3x
HA-ERd]3 construct, which contains three HA tags at the
C-terminus of ERd]j3 in order to clearly separate it from the
untagged versions of ERdj3. Each of the tagged and untagged
constructs were first expressed in COS cells alone. Cell
lysates were prepared and immunoprecipitated with protein
A—Sepharose beads alone, the anti-ERdj3 serum, or a
monoclona anti-HA antibody. The monoclonal anti-HA
antibody interacted only with the HA-tagged form of ERdj3,
whereas the polyclonal anti-ERd]3 recognized both 3x HA-
ERdj3 and ERdj3 (Figure 4A). The 3x HA-tagged form of
ERdj3 was readily distinguished from ERdj3 on 10%
SDS—PAGE gels. Next, the 3x HA-tagged form of ERdj3
was coexpressed with untagged wild-type ERdj3. We
observed that the anti-HA antibody precipitated both 3x HA-
ERdj3 and ERd]3 at an approximately 1:1 ratio when they
were coexpressed (Figure 4B, lane 6), suggesting that 3x
HA-ERd]3 and ERdj3 are associated with each other in cells
as either dimers or multimers. Unlike ERd]j3's association
with substrate, ERdj3 oligomers are stable to detergents and
can be detected in the absence of cross-linker.

It has been reported that tyrosine 336 on Sisl plays an
important role in dimerization (18). Phenylalanine 335 of
Ydj1 is the counterpart of Y336 of Sisl and is also critical
for Ydj1 dimerization (29). Sequence alignment of Sisl,
Ydj1, and ERdj3 identified phenylalanine 326 on ERd]3 as
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A. ERdj3 vs Ydj
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Ficure 3: Both domain | and domain Il of ERdj3 contribute to its ability to bind to denatured luciferase. (A) Model of ERdj3's putative
substrate binding domain (left) shows amino acid residues that could form a structure similar to that found on Ydj1. An overlap of the
peptide binding site of Ydj1 with the model of the corresponding region of ERdj3 is shown on the right. Color code: gray, substrate
peptide; green, Ydj1; pink, ERdj3 model; red, peptide-interacting residues on Y dj1; blue, corresponding residues on ERd]3. (B) Measurement
of complex formation between wild-type ERdj3 and the Alaand All + GSGG mutants and denatured luciferase was performed as described
in the Experimental Procedures section. The quantity of luciferase bound to wild-type ERd]j3 was set to 100%, and the values for the
various mutants were expressed as a percent of this value. Standard errors are indicated. (C) Measurement of complex formation between
the indicated ERdj3 point mutants and luciferase.
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Ficure 4: ERdj3 forms dimers in cells. (A) COS cells were transfected with cDNA encoding untagged wild-type ERdj3 (lanes 1—3), 3x
HA-ERdj3 (lanes 4—6), untagged ERdj3 F326A (lanes 7—9) and F326D (lanes 13—15), HA-ERdj3 F326A (lanes 10—12), or HA-ERdj3
F326D (lanes 16—18) alone. (B) COS cells were cotransfected with 3x HA-ERdj3 and untagged ERdj3 (lanes 4—6), with 3x HA-ERdj3
and untagged F326A (lanes 7—9), with 3x HA-ERdj3 and untagged F326D (lanes 10—12), with untagged F326A and HA-F326A (lanes
13—15), or with untagged F326D and HA-F326D (lanes 16—18). The cell lysates were divided to three parts equally and incubated with
the indicated antibodies. Immune complexes were precipitated with protein A—Sepharose, and samples were analyzed by reducing
SDS—PAGE.

the likely counterpart of F335 of Ydj1 and Y336 of Sisl, acid (D) on both an untagged or singly tagged background.
and similar to these two proteins, this residue is very near The various mutants were first expressed in COS cells and
the C-terminus of domain Il1, which occurs at amino acid immunoprecipitated with the indicated reagents. To examine
328. Thus, we mutated F326 to either alanine (A) or aspartic whether the ERd]j3 F3326A/D mutants associated with wild-
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Ficure 5: Deletion of domain 111 or mutation of phenylalanine 326
to aspartic acid affects ERdj3' s substrate binding ability. Plates were
coated with the indicated ERdj3 proteins, and denatured luciferase
was allowed to bind. ELISA assays were performed and quantified
as described in Figure 3B.

D-Luc binding (% of WT)

type ERd]3, HA-tagged wild-type ERdj3 was coexpressed
with the untagged F326A or F326D ERdj3 mutants, and
immunoprecipitation experiments were performed (Figure
4B, lanes 7—12). We found that untagged F326A/D was not
coprecipitated along with ERdj3HA-tagged wild-type ERdj3
when it was precipitated with the anti-HA antibody, dem-
onstrating that the F326A/D mutations affected the ability
of ERd]3 to self-assemble. We also coexpressed untagged
F326A/D ERdj3 aong with HA-tagged F326A/D ERdj3
(Figure 4B, lanes 13—18). Again, we found that the mutation
of F326 to either alanine or aspartic acid abolished ERdj3's
capacity to form dimers/oligomers. The ability of F326D
ERdj3 to bind to luciferase was next examined. We found
that this mutation decreased the binding of ERdj3 to
substrate, as did deletion of domain Il aong with the
C-terminal 30 amino acids (Alll + C-aa), which lacks F326
(Figure 5). This argues that self-assembly is also important
for ERdj3's ability to bind substrate.

DISCUSSION

According to their domain conservation with E. coli
DnaJ, Dnal proteins have been divided into three sub-
groups. Type | and type Il DnalJ proteins appear to bind
directly and promiscuously to the unfolded regions of
multiple substrates through their substrate binding domain,
whereas type |11 proteins either do not bind to unfolded
proteins or have avery limited client repertoire. A crystal
structure has been obtained for the C-terminal fragment
of Ydj1 with a bound peptide (16). This fragment lacks
both the N-terminal Jdomain and G/F-rich flexible linker
and contains a mutation of phenylalanine 335 to aspartic
acid, which disruptsits ability to form dimers. The peptide
bound to a hydrophobic pocket on domain | and made
contact with five different polar residues in this pocket.
The importance of these residues in binding to peptide
was confirmed with mutagenesis studies (17). The struc-
ture of the corresponding C-terminal region of Sisl had
been solved previously, but in this case there was no
substrate bound (18). Although the amino acid sequence
homology is not high between these two proteins in this
region, their tertiary structures are nearly identical, except
that Sisl lacks the Cys-rich domain Il (18), suggesting
that domain | of Sisl is likely to contain the substrate
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binding site. This possibility is supported by mutagenesis
studies in which mutations in the hydrophobic pocket
affected Sisl’s ability to bind substrate (28). Our second-
ary structure predictions argue that ERdj3 should be
considered to be a type | DnaJ protein even though its
domain Il is quite different from that of Ydj1. We found
that most of hydrophobic amino acids that form the
substrate binding site on Ydjl are conserved in ERd;j3.
Mutations of these amino acids alone or in combination
affected ERd]j3's ability to bind to luciferase in witro.
Overall, these studies suggest that this substrate binding
structure may be common to all type | and type |1 Dnal
proteins. Thisis supported by earlier studies showing that
DnaJ preferred binding to hydrophobic peptides of ~8
residues in length, which is compatible with it also having
a hydrophobic substrate binding site (30).

Both type | and type |1 DnaJ proteins form homodimers,
and the critical residues for dimerization are located in
the C-terminus of these proteins. Ydj1 and Sisl dimerize
via a number of hydrophobic residues at their C-terminus
that form a hydrophobic patch. Mutation of F335 of Ydj1
to aspartic acid yielded monomers (16). Disruption of
dimer formation for both Ydj1 and Sisl results in severe
defectsin their ability to bind to substrates and to facilitate
Hsp70s ability to refold substrates (18, 29). We demon-
strated that ERdj3 forms dimers or multimersin cells and
that F326 is critical for this self-association and for
ERdj3's ability to interact with substrates. This finding
supports a model where the dimerization of both type |
and type |1 DnaJ proteins allows the two substrate binding
domains to form a clamp around unfolded substrates (31).
Although type 111 DnaJ proteins are much less conserved,
some of them have been shown to have substrate proteins
(19). Although it has not been examined, it is possible
that this group of proteins also dimerizes or conversely
that dimerization is more important for the ability to
interact with a broader range of substrates, which is a
hallmark of the type | and type Il Dnal proteins.

Our in vivo assay to examine the binding of ERdj3
mutants with HC revealed that the Alll + C-aa ERdj3
mutant, which lacked the dimerization domain, bound to
HC as well as wild-type ERdj3, whereas the in vitro
association of this mutant with luciferase was significantly
diminished. We can think of four possibilities to account
for this, which are not mutually exclusive. First, in the in
vivo assays a cross-linker was used, which could serve to
stabilize more transient interactions between mutant ERdj3
and the substrate. Second, there are a number of other
chaperones and folding enzymes like BiP present in cells.
Since a number of these proteins form a complex in cells,
which can contain ERdj3 (21), it is possible that the
substrate is binding to one of these and not to the Alll
mutant directly. Third, it is conceivable that the use of a
cross-linker might stabilize heterodimers between the Alll
mutant and endogenous ERd]3, which would result in the
apparent association of this mutant with HC in wivo.
Finally, it is possible that the differences we are observing
reflect distinct affinities of ERdj3 for these two substrates.

Our results argue that domain 11 is critical for ERd]j3's
substrate binding ability. This Cys-rich region in other
type | proteins contributes to their chaperone activities,
in some cases by affecting the transfer of substrate to the
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Hsp70 partner (14, 32, 33). For other type | DnaJ proteins,
the eight cysteines in domain Il form two zinc binding
sites (14), whereas in ERdj3 the four cysteines present in
this domain form two intrachain disulfide bonds (26).
Although domain Il of ERdj3 is very different from that
of Ydj1, it isvery highly conserved among ERd]3s (64%
identity and 70% similarity between mouse and Cae-
norhabditis elegans). Modeling of ERdj3's domain 11
suggests that the two 3 sheets found in Ydj1 are present
but that the flexible loops, which contain the disulfide
bonds in place of zinc binding sites, are likely to be quite
different (Supporting Information Figure S3). In spite of
the importance of this domain in the function of type |
DnalJ proteins, it is perhaps surprising that Sisl, which
possesses a very similar overall substrate binding structure
as Ydjl, does not possess a domain Il at all. It is
conceivable that the substrate binding repertoire of type |
proteinsis different than that of type Il DnaJ proteins and
requires a more complex binding site. In support of this
possibility, deletion of domain Il from E. coli DnaJ only
affected its interaction with some substrates but not others
(14). Alternatively, it is possible that domain Il could play
arolein stabilizing domain | of type | Dnal proteins in
the absence of substrate. Consistent with this possibility,
the structure of the Ydj1 C-terminal fragment could only
be obtained with a bound peptide, whereas Sisl's was
crystallized without the presence of a peptide, suggesting
apossible difference in the stabilities of these two proteins.
Furthermore, we found that the ERdj3 All mutant was
less stable than wild-type ERdj3 or any of the point
mutants, which could be interpreted to argue that this
domain plays a role in stabilizing another portion of the
protein such as domain | (Supporting Information Figures
S1 and S2).

In summary, we have demonstrated that domain | and
domain Il of ERdj3 contribute to substrate binding. The
hydrophobic residuesin domain | of ERdj3 apparently form
asubstrate binding site that resembles that of Ydj1. Therole
of domain Il is less clear but could be important in
maintaining domain | in a configuration that is critical for
substrate binding or be required only for the interaction with
a subset of unfolded proteins. In addition, we found that
ERdj3 exists as adimer/oligomer in cells, which contributes
to substrate binding. Together, these data help to define the
structural elements required for substrate binding for Dnal
proteins.
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Three figures which examine the half-life of the various
ERdj3 proteins when expressed in COS-1 cells, the protease
sensitivity of the various recombinant proteins, and a model
of the predicted structure of the substrate binding domain
of ERdj3. This material is available free of charge via the
Internet at http://pubs.acs.org.
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