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Structure-based mutagenesis studies of the peptide substrate binding
fragment of type | heat-shock protein 40
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Ydj1 is the major type I Hsp40 (heat-shock protein 40) family
member in yeast. Ydj1 can pair with yeast Hsp70 Ssal to facilitate
protein translocation and protein folding. Ydjl itself can also
function as a molecular chaperone to bind the non-native poly-
peptides and suppress protein aggregations in vitro. The crystal
structure of Ydj1 complexed with its peptide substrate GWLYEIS
reveals that a hydrophobic pocket located on Ydj1 domain I may
play a major role in mediating the interactions between Ydj1 and
the peptide substrate. To understand the mechanism by which
Ydjl interacts with non-native polypeptide, we have mutated the

residues forming the hydrophobic pocket, based on the structural
information. We have also constructed deletion mutations of the
zinc-finger motifs within Ydj1. We have examined the functional
consequences of these Ydj1 mutants by in vivo and in vitro assays.
The results indicated that the hydrophobic pocket located on
Ydjl plays a critical role in its molecular chaperone activity by
mediating interactions with the non-native polypeptides.

Key words: crystal structure, heat-shock protein 40 (Hsp40),
Hsp70, mutagenesis, substrate binding.

INTRODUCTION

Molecular chaperone Hsp40 (heat-shock protein 40) plays critical
roles in cell physiology by acting with molecular chaperone
Hsp70 members to promote protein folding, assembly, translo-
cation and degradation [1-3]. Hsp40 proteins can interact with the
hydrophobic side chains of non-native polypeptides through
the peptide-binding fragment and prevent the polypeptides from
aggregating [4,5]. Hsp40s can then form transient complexes with
Hsp70s and present the non-native polypeptides to Hsp70s for
subsequent protein folding [6-8].

All Hsp40 proteins contain an N-terminal J-domain, which is
approx. 70 amino acid residues long [9,10]. The J-domain can
stimulate the ATPase activities of Hsp70 [1,11]. ATP hydrolysis
will cause the conformational changes in the peptide-binding do-
main of Hsp70. These conformational changes will then stabilize
the Hsp70 and peptide substrate complexes [1,12] and allow the
subsequent protein folding to occur.

Both type I and type II Hsp40 have a peptide-binding fragment
located at the C-terminus of the proteins. The N-terminal J-do-
mains are connected to the peptide-binding fragments through
a G/F rich linker in both type I and type II Hsp40s. Type I
Hsp40 such as Escherichia coli Dnal, yeast Ydj1 and human Hdj2
contain two zinc-finger-like motifs between the J-domain and
the C-terminal peptide-binding fragment within their primary se-
quences, while type II Hsp40 proteins such as yeast Sisl and
human Hdj1 do not [13,14]. It has been reported that the ability
to bind non-native polypeptides for the cytosolic Hsp40 is an
essential function in vivo [19]. Type III Hsp40 only contains a
J-domain and other specific domains and may not act as molecular
chaperones [20].

The mechanism by which molecular chaperone Hsp40s interact
with the non-native polypeptide substrates is still elusive. It was
proposed that the zinc-finger-like motifs of Hsp40 type I Dnal
were involved in the peptide binding [13,15-18]. The NMR
studies of Dnal zinc-finger motifs indicated that the zinc-finger
motifs have a V-shaped structure with two zinc atoms co-ordinated
in the zinc-binding modules [21]. There is a well-conserved

hydrophobic pocket in the middle part of zinc-finger motifs,
which was suggested to be a potential peptide-binding site for
DnaJ [21].

For type II yeast Hsp40 protein, which has no zinc-finger motif,
the substrate binding site was found to be on its C-terminus
[15,16]. The crystal structure of the C-terminus of Sisl, a yeast
type II Hsp40 protein, revealed that the Sisl functioned as a
homodimer with a U-shaped molecular structure [22]. A hydro-
phobic depression about 5 A deep (1 A=10"""m) was located
on the molecular surface of domain I of Sisl peptide-binding
fragment monomer. It is proposed that yeast type II Hsp40 Sis1
dimer may interact with the non-native polypeptides through the
two hydrophobic depressions [22]. Structure-based mutational
analysis on the conserved residues constituting the hydrophobic
patch supported this proposal [23]. Simultaneous binding of a non-
native polypeptide at two sites on a Sis1 dimer might serve to hold
the substrate in an extended conformation, which is preferred by
Hsp70 [12,22,24].

Recently, we identified a peptide substrate GWLYEIS for
type I Hsp40 Ydjl using phage display library screening. The
crystal structure of the complex of Ydjl and the peptide substrate
GWLYEIS has been determined [25]. The crystal structure of
Ydjl and the peptide substrate complex revealed the direct inter-
action between Ydjl and the peptide substrate. The peptide sub-
strate forms an extra B-strand with Ydj1 peptide-binding fragment
domain I. The leucine residue in the middle of the peptide sub-
strate plays important roles in mediating the specific binding of the
peptide substrate to Hsp40 Ydjl. In the crystal structure, the side
chain of the leucine residue of the peptide substrate is buried in
a hydrophobic pocket on the molecular surface of Ydj1 [25]. The
Sis1 peptide-binding site is also located at a similar position in
the Sis1 peptide-binding fragment structure [22]. It is reasonable
to believe that both type I and type II Hsp40 proteins may utilize
these hydrophobic regions located on domain I to interact with the
hydrophobic side chains of the non-native polypeptides. The com-
plex crystal structure also revealed that two zinc-finger motifs
are not directly involved in the peptide substrate binding. One
zinc-finger motif (Zn II) formed by Cys™, Cys'®, Cys'® and

Abbreviations used: BS, borate-buffered saline; Hsp, heat-shock protein; ITC, isothermal titration calorimetry.
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Cys'®® was distal from the peptide-binding site, whereas the other
zinc-finger (Zn I) formed by Cys'®, Cys', Cys®! and Cys**
connected directly to the B-strand that binds to the peptide sub-
strate.

To reveal the mechanisms by which type I Hsp40 interacts
with non-native polypeptides to facilitate protein folding, we per-
formed a mutational analysis of the residues forming the hydro-
phobic pocket as well as the zinc-finger motifs of type I Hsp40
Ydjl. The results provided here suggest that the hydrophobic
pocket located on Ydjl plays critical roles in its molecular
chaperone activity by mediating interactions with the non-native
polypeptides.

EXPERIMENTAL

Subcloning and construction of site-directed mutagenesis

The DNA fragment encoding full-length ydjl was amplified
from Ydjl cDNA by PCR using the 5'-primer ggaattccatatg-
gttaaagaaactaagttttacgatattctagg and the 3’-primer ccgctcgagt-
cattgagatgcacattgaacaccttcgccaccttg. The PCR products were
digested by using restriction endonucleases Ndel and Xhol (New
England Biolabs, Beverly, MA, U.S.A.). The digested inserts were
then ligated into the digested pET28b vector by T4 ligase.

The recombinant Ydj1 and its mutants were overexpressed in
E. coli using the vector pET28b (Novagen, Madison, WI, U.S.A.).
The vector pRS316 (from A.T.C.C., Manassas, VA, U.S.A.) was
utilized to transform the Ydj1 mutant gene into yeast cells. The site
mutations for pET28b-ydj1 and pRS316-ydj1 were made by use of
Quik Change site-directed mutagenesis kit (Stratagene) and were
verified through DNA sequencing. The pRS316-Y1 and pRS316-
Y2 were constructed similarly to pET28b-Y1 and pET28b-Y2.

The expression plasmids for ydjl1A(159-188) (Y1) and
ydjl1A(143-206) (Y2) were generated from the ligation of two
DNA fragments (corresponding to peptides 1-142 and 207-409,
1-158 and 189-409 respectively) into plasmids pET28b, to
generate pet28b-Y1 and pet28b-Y2. A short peptide sequence
of GGSG was inserted in the position of the deleted zinc-finger
motif in the Ydj1 sequence. For the pet28b-Y 1 construction, DNA
fragment 1 was PCR-amplified from the 5'-primer 5'-ggaattcc-
atatggttaaagaaactaagttttacgatattctagg-3' and the 3'-primer 5'-cgc-
ggatccggtcacggtactggtgatatcattgatcctaaggatcg-3'  and  digested
with Ndel and BamHLI. It encodes for wtYdj1 residues 1-158 and
inserted residues GGS. DNA fragment 2 was PCR-amplified
from the 5'-primer 5'-cgcggatccacccttcttgacggegectttcttaccaccac-
gaccttc-3’ and the 3'-primer 5'-ccgctcgagtcattgagatgcacattgaacac-
cttcgecaccttg-3’ and digested with BamHI and Xhol. It encodes
for residues SGG and wtYdj1 residues 189—409. For the pET28b-
Y2 construction, DNA fragment 1 was PCR-amplified from the
5'-primer 5'-ggaattccatatggttaaagaaactaagttttacgatattctagg-3' and
the 3'-primer 5'-cgcggatccggtaacggtaagaaagttgaaaacgaaaggaaga-
tcc-3" and digested with Ndel and BamHI. It encodes for wtYdjl
residues 1-205 and residues GGS. DNA fragment 2 was PCR-
amplified from the 5'-primer 5'-cgcggatccacctaggatctgtttgttaagg-
gctaacttagetgtee-3' and the 3'-primer 5'-ccgctcgagtcattgagatgca-
cattgaacaccttcgccaccttg-3' and digested with BamHI and Xhol.
It encodes for residues SGG and wtYdjl residues 207—409. The
plasmids were then transformed into E. coli strain BL21(DE3) for
protein expression.

Protein expression and purification

The yeast Ssal was expressed by yeast strain MW 141 grown in
YPG media to D4y 6.0 and purified using the method described
in [25].
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E. coli BL21(DE3) cells containing the pET28b-ydjl or its
mutant plasmids were grown at 37°C in Luria—Bertani broth
to D¢y 0.6 and then induced with 1 mM isopropyl B-D-thiogal-
actoside for 3 h. The cells were harvested 3 h later after induction.
Purification was achieved by using a nickel column. The typical
yield of soluble Ydj1 or mutants (~95 % pure from SDS/PAGE
analysis) from 1 litre culture was approx. 15 mg. The N-terminal
His-tag of Ydj1 was then digested by thrombin treatment. Throm-
bin (1 unit; Sigma) was utilized for 1 mg Ydjl protein. The di-
gestion was allowed for 12 h at room temperature and stopped by
the addition of 0.2 mM PMSEF. The protein was further purified
on a gel filtration column Superdex 200 (Amersham Biosciences)
mounted on an AKTA HPLC system (Amersham Biosciences) to
remove thrombin and digested peptides.

ITC (isothermal titration calorimetry) assay

Measurement of the binding affinities between Ydj1 and peptide
substrates was performed by using an isothermal titration calori-
meter (MicroCal, Northampton, MA, U.S.A.) at room tempera-
ture. Ydj1 (or the mutant) and the peptides were dialysed against
the same buffer (10 mM Mes, pH 6.0, 100 mM NaCl, 1 mM
2-mercaptoethanol). Ydj1 (or the mutant) was placed in the calori-
metric cell and the synthetic peptide was injected into the cell
by a 250 ul injection syringe. The released heat was calculated by
integrating the calorimetric output curves. Pure buffers were
injected into the Ydjl protein as control experiments. The heat
releases from the control experiments were subtracted from the
experimental results before the results were utilized for K, fitting.
The K, values and the binding ratios were calculated using the
software supplied with the calorimeter.

Luciferase refolding assay

Luciferase (15 mg/ml; Promega, Madison, WI, U.S.A.) was di-
luted 42 times with the denaturant solution (30 mM Hepes, pH 7.5,
50 mM KCI, 10 mM MgCl,, 7 M urea) and incubated at room
temperature for 40 min. Then the denatured luciferase was di-
luted 125 times with 125 ul of refolding solution (30 mM Hepes,
pH 7.5, 50 mM KCl, 10 mM MgCl,, 1 mM ATP, 1.6 uM Ydjl
or various mutants, 0.8 uM Hsp70 Ssal). Luciferase activity was
determined by luciferase assay kit (Promega).

Rhodanese/luciferase aggregation assay

Rates of rhodanese/luciferase aggregation were determined by
light scattering as described in [15]. Bovine rhodanese or insect
recombinant luciferase (50 ©M; Sigma) was denatured for 1h
at 25°C in 6 M guanidinium/HCI buffered with 20 mM Tris
(pH 7.4). Denatured rhodanese was diluted 100-fold into reaction
buffer composed of 20 mM Tris (pH 7.4) and 150 mM NaCl. At
the time of reaction, Ydj1 or its mutants (5 M) were added into
buffers before denatured rhodanese/luciferase. Rates of rho-
danese/luciferase aggregation were determined by monitoring
increases in light scattering over time with a spectrophotometer
set at 320 nm at 25°C.

Measurement of polypeptide binding to Hsp40 by ELISA

The ELISA was used to measure complex formation between
Hsp40 proteins and denatured luciferase [23]. Hsp40s were
diluted to 50 nM in 50 mM borate, 100 mM NaCl (pH 8.4) (BS;
borate-buffered saline). Then, 100 ul aliquots of Ydjl or mutant
solutions were added to the wells of 96-well microtitre plates.
The proteins were incubated in the wells for 1 h at room tempera-
ture. Wells were then washed to remove unbound Hsp40 using BS.
Wells were then blocked with 200 ul of 1% BSA in BS fora 1 h.
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Guanidinium/HCl denatured luciferase (0.4 ©g) in BS with 0.5 %
BSA was then added to each well. After 1 h incubation at 25 °C,
the unbound luciferase was then taken out and the wells were
washed three times with BS. Luciferase bound in the wells was
then detected by an ELISA kit (Cortex Biochem, San Leandro,
CA, U.S.A)). In the kit, goat a-rabbit serum coupled with alkaline
phosphatase (AP) was used to detect the «-luciferase that was
retained in the wells. Colour density was measured by use of a
microplate reader.

Function of Ydj1 mutants in vivo

The wild-type Ydjl is essential to support yeast growth at 37 °C.
To test the function of mutant Ydj1 in vivo, we use a Aydjl yeast
strain JJ160 (ydj1::HIS3) and transform it with Ydj1 or its mutants
supplied on the low copy Ura3 plasmid pRS316. The 3.6-kb frag-
ment of ydjl was cloned into the centromeric plasmid pRS316 to
create pRS316-ydjl. The mutagenized 3.6 kb fragment encom-
passes 500 bp upstream of the ATG through 1.4 kb downstream
of the stop codon [27]. The growth defects were examined for the
yeast strains transformed with Ydj1 mutants. To select Ydjl or its
mutants existing in the URA plasmids, transformants were grown
on drop-out media without uracil. Strains were grown at 30 or
37°C for 4-5 days, and the plates were then scanned.

Western-blot analysis of Ydj1 expression

The expression levels of Ydj11 mutants were detected by Western
blot using the yeast extracts with polyclonal Ydjl antibody from
rabbits. Yeast strains were grown in selective media without uracil
to Dy 3.0. Yeast cells were broken by glass beads in the buffers
with protease inhibitor cocktails. The cell lysate was mixed with
the same volume of SDS/PAGE sample buffer and then centri-
fuged for 5 min. The supernatant was loaded on to SDS/13 %
polyacrylamide gel, electrophoresed, and then transferred on to
PVDF membranes for blotting.

RESULTS

Identification of a hydrophobic pocket important for peptide binding
in the Ydj1-peptide complex structure

The crystal structure of Hsp40 Ydjl complexed with the peptide
substrate GWLYEIS indicated that the bound peptide substrate
GWLYEIS forms an anti-parallel B-strand with the B-sheet from
domain I of the'Ydjl structure [25] (Figure 1A). The leucine resi-
due in the middle of the peptide substrate GWLYEIS makes most
of the contacts with Ydjl among the seven amino acid residues.
The side chain of this leucine is fully buried in a hydrophobic
pocket formed on the surface of domain I of Ydjl (Figure 1B). The
hydrophobic pocket is about 5 A x 7 A x 7 A (width x length x
depth; Figure 1B) in dimension. This pocket is constructed by
a number of hydrophobic residues that include Ile''® from B1,
Leu'” and Leu' from B2, Leu?'® from B5 and Phe?” from
B7. The hydrophobicity of these residues is fairly conserved
among the family members of type I Hsp40s, indicating that this
hydrophobic pocket may be a common feature for this molecular
chaperone family (Figure 1C). It is reasonable to postulate that
this hydrophobic pocket located in domain I of Ydjl may play
important roles in mediating the interactions between type I Hsp40
and the non-native polypeptides.

Ydj1 mutants in hydrophobic pocket exhibit severe defects
in molecular chaperone activities

To test whether the hydrophobic pocket located on the surface of
Ydjl domain I plays an important role in type I Hsp40 chaperone

function, we have mutated the hydrophobic residues Ile'', Leu'®,
Leu'’, Leu*® and Phe*®, which are involved in forming the
pocket, to alanine residues to reduce the hydrophobic nature of
the pocket. The structure-based Ydjl mutants were expressed
as the recombinant form in E. coli and purified to homogeneity.

The molecular chaperone activities of these Ydjl mutants to
assist Hsp70 in refolding denatured proteins are measured by the
luciferase refolding assay (Figure 2A). Wild-type Ydjl can co-
operate with the yeast Hsp70 Ssal to refold denatured forms of
the model protein luciferase. When the abilities of the missense
mutants to assist Ssal to refold chemically denatured luciferase
were examined, all of the mutants exhibited severe defects in
their molecular chaperone activities. These Ydjl mutants retain
only approx. 25-35 % of their wild-type molecular chaperone
ability to facilitate Hsp70 Ssal to refold denatured luciferase
(Figure 2A). Therefore the hydrophobic residues involved in
forming the hydrophobic pocket of Ydjl are critical for type I
Hsp40 molecular chaperone activity.

Ydj1 missense mutants show severe defects in peptide
GWLYEIS binding

The binding affinities of these missense mutants to the Ydjl
peptide substrate GWLYEIS were measured by ITC studies. None
of these Ydjl mutants showed detectable binding affinity to the
peptide substrate GWLYEIS (Table 1). This result strongly sug-
gested that the hydrophobicity of the Yd;j1 peptide-binding pocket
plays acritical role in mediating Hsp40 and peptide substrate inter-
actions. It is quite probable that the substantial loss of the mol-
ecular chaperone activities of these Ydjl mutants resulted from
their much reduced ability to bind to the peptide substrates. Our
results strongly support that the hydrophobic pocket located on
Ydj1l domain I contributes significantly to the molecular chap-
erone activity by interacting with the hydrophobic side chains of
the polypeptide substrates.

Ydj1 missense mutants show severe defects in Ydj1
Hsp70-independent chaperone activity

Hsp40 Ydj1 contains Hsp70-independent chaperone function to
suppress non-native protein aggregations, which relies on the
direct interactions between Ydjl and the unfolded polypeptides.
To test whether the hydrophobic pocket in Ydj1 domain I is re-
sponsible for interactions with non-native polypeptides, the afore-
mentioned Ydjl mutants were examined for their ability to
suppress the aggregation of denatured luciferase and rhodanese
(Figures 3A and 3B). The results indicate that the ability of Ydjl
missense mutants to prevent rhodanese and luciferase aggregation
is compromised compared with the wild-type Ydj1. These results
suggest that the hydrophobic pocket is a region capable of binding
unfolded protein substrates.

Ydj1 mutants exhibit defects in polypeptide binding

To further confirm that the Ydjl mutants exhibited defects in
non-native polypeptide binding, we also utilized an ELISA assay
to analyse their ability to form stable complexes with unfolded
luciferase directly (Figure 3C). Compared with wild-type Ydj1, all
the missense mutants in the hydrophobic pocket have significantly
lower binding capacity (~50%) to unfolded luciferase. The
results provided direct evidence to support the notion that residues
forming the hydrophobic pocket are required for non-native poly-
peptide binding. These results strongly indicate that these Ydjl
missense mutants are defective in molecular chaperone activity
because they have a much reduced ability to associate with de-
natured luciferase.

© 2005 Biochemical Society
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C 100 Ydjl GA..GGRQRP RGPQRGKDIK HEISASLEEL YKGRTAKLAL NEKQILCKECE
93 Hdj2 GG..GG..RM QRERRGENVV HOLSVTLEDL YNGATRELAL QENVICDKCE
99 DnaJ GDIFGGGRGR QRAARGADLR YNMELTLEEA VRGVTKEIRI PTLEECDVCH
148 ¥djl GRGGKKGA.V KKCTSCNGQG IKFVTROMGE .MIQRFQTEC DVCHGTGDII
139 Hdj2 GRGGKKGA.V ECCENCRGTG MQIRIHQIGE GMVQQIQSVC MECQGHGERI
149 DnaJ GSGAKPGTQF QTCPTCHGSG .QVQOMRQ.GF FAVQQ...TC PHCQGRGTLI
196 Ydjl DPEDRCKSC. .NGKKVENER KILEVHVEPG MEDGQRIVFK GEADQ.APDV
188 Hdj2 SPEDRCKSC. .NGRKIVREK KILEVHIDKG MKDGQKITFH GEGDQ.EPGL
194 DnaJ ..KDECNKC. .HGHGRVERS KTLSVKIPAG VDTGDRIRLA GEGEAGEHGA
243 ¥djl IPGDVVFIVS ERPHKSFKRD GDDLVYEAEI DLLTAIAGGE FALEHVSGDW
235 Hdj2 EPGDIIIVLD QKDHAVFTRR GEDLFMCMDI QLVEALCGFQ KPISTLDNRT
240 DnaJ PAGDLYVQV(Q VKQHPIFERE GNNLYCEVPI NFAMAALGGE IEVPTLDGR.
293 ¥djl LKVGIVPGEV IAPGMRKVIE GKGMPIPKYG .GYGNLIIKF TIKFPENHFT
285 Hdj2 IVITSHPGQI VKHGDIKCVL NEGMPIYRRP YEKGRLIIEF KVNEPENGFL
289 DnaJ VKL.KVPGE. TQTGKLFRMR GKGVKSVR.G GAQGDLLCRV VVETPVG..L
342 Ydjl SEENLKKLEE ILPPRIVPAI PKKATVDECY LADFDPAKYN RTRASRGGAN
335 Hdj2 SPDKLSLLEK LLPER..KEV EETDEMDQVE LVDFDP.NQE RRRHYNGEA.
334 DnaJ NERQKQLLQE LOESFGGETG EHNSPRSKSF FDGVKKFFDD LTRe-=~-~ -

Figure 1 The structure of Hsp40 Ydj1 complexed with the peptide substrate and the sequence alignment of the C-terminal regions from Hsp40 family
members

() The ribbon drawing of the Ydj1 peptide-binding fragment complexed with the peptide substrate GWLYEIS. For Ydj1 structure, the a-helices are shown in light blue and the B-strands are shown
in green. The bound peptide GWLYEIS is shown in blue. The two zinc-finger motifs are labelled. The two zinc atoms are shown as red spheres. The bar at the bottom of the Figure indicates 100 A.
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Figure 2 Molecular chaperone activities of Ydj1 mutants to assist Hsp70
Ssa1 in folding chemically denatured luciferase

The horizontal axis indicates the reaction time in minutes and the vertical axis shows the
normalized refolded luciferase activities. Wild-type Ydj1 was used as the positive control and
the refolded luciferase activity with wild-type Ydj1 and Hsp70 Ssa1 after 60 min reaction time is
definedas 100 % in this Figure. The refolded luciferase activity with no Ydj1 inthe reaction is used
as the negative control. (A) The molecular chaperone activities of the Ydj1 missense mutants.
The residues involved in forming the hydrophobic pocket located on Ydj1 domain are mutated
to alanine residues and their chaperone activities to assist Hsp70 Ssat to refold chemically
denatured luciferase are measured. (B) The molecular chaperone activities of the Ydj1 zinc-finger
motif deletion mutants to assist Hsp70 Ssa1 in folding the chemically denatured luciferase.

Table 1 The binding affinities between the wild-type Ydj1 and mutants and
the Ydj1 peptide substrate GWLYEIS measured by ITC studies

The ITC studies also generated the molar binding ratios between the peptides and the Ydj1
monomer by fitting the experimental results to the standard curve. ND, not detectable by ITC.

Dissociation Binding molar
Ydj1 and mutants constant (M) ratio
Wild-type 125 1.06
[116A ND ND
L135A ND ND
L137A ND ND
L216A ND ND
F249A ND ND
Ydj1A(159-188) 24.0 0.91
Ydj1A(143-206) 58.4 1.26
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Figure 3 The Hsp70-independent molecular chaperone activities of Ydj1
mutants in suppressing aggregations of the chemically denatured substrates
(luciferase and rhodanese)

The horizontal axis indicates the reaction time in min and the vertical axis shows the normalized
light scattering values (D). Wild-type (WT) Ydj1 was used as the positive control. The residues
involved in forming the hydrophobic pocket located on Ydj1 domain are mutated to alanine res-
idues and their independent chaperone activities to prevent chemically denatured luciferase
(A) and rhodanese (B) aggregation are measured. (C) Binding of Ydj1 to unfolded luciferase
measured by ELISA.

(B) GRASP presentations of the Ydj1 and the peptide substrate complex structure. The orientation of the complex molecule in (B) is similar to that in (A). Blue and red denote positively and negatively
charged regions respectively. The bound peptide GWLYEIS is shown as a rod model. The residues of the peptide substrate GWLYEIS are labelled in black. In the rod model, carbon atoms are shown
in white, oxygen atoms are shown in red and the nitrogen atoms are shown in blue. The residues involved in forming the hydrophobic pocket are labelled in white. (C) Sequence alignment of the
C-terminal regions from Hsp40 family members. Program Pileup from the GCG package was utilized to align the C-terminal peptide-binding fragment of type | Hsp40 Ydj1 from Saccharomyces
cerevisiae with similar regions of type | Hsp40 proteins from Homo sapiens Hdj-2 and E. coli DnaJ. The zinc-finger motifs (CXXC) within type | Hsp40s are labelled in blue. The residues that are

involved in forming the hydrophobic pocket on Ydj1 domain | are marked in red.
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The functions of the Ydj1 zinc-finger motifs

To investigate the possible roles that the Ydjl zinc-finger motifs
may play in type I Hsp40 molecular chaperone activities, we
have constructed two deletion mutants Ydjl1A(159-188) (Y1)
and Ydj1A(143-206) (Y2). In Y1, the zinc-finger motif (Zn II)
that is distal to the peptide-binding site was deleted whereas both
zinc-finger motifs (Zn I and Zn II) were removed in Y2, based on
the information provided by the crystal structure of Ydjl ([25],
Figure 1A). A short flexible loop with the sequence of GGSG
was inserted in the position of the deleted zinc-finger motifs in
the Ydj1 structure to maintain the correct protein folding. The two
Ydj1 deletion mutants were expressed as the recombinant form
in E. coli and purified to homogeneity. The molecular chaperone
activities of the Ydjl deletion mutants to assist Hsp70 Ssal to re-
fold denatured luciferase were measured by the luciferase refold-
ing assay (Figure 2B). The binding affinities of the mutants to
the Ydjl peptide substrate GWLYEIS were measured by ITC
studies (Table 1). The deletion mutant Y1 (Ydj1AZn II) showed
considerable binding affinity to the peptide substrate GWLYEIS
while Y2 [Ydjl1A(Zn I and Zn II)] had a significantly reduced
binding affinity. The deletion mutant Y1, which does not contain
the distal zinc-finger motif from the peptide-binding site, posses-
sed approx. 60 % of the wild-type molecular chaperone activity to
assist Hsp70 to refold polypeptides. The deletion mutant Y2 with
both zinc-finger motifs removed possessed only approx. 25 % of
the wild-type molecular chaperone activity. Apparently the zinc-
finger motifs in type I Hsp40 play significant roles in its mol-
ecular chaperone activity to assist Hsp70 to refold denatured
proteins.

To monitor the direct binding between Ydj1 zinc-finger motifs
with non-native polypeptides, we examined the abilities of
deletion mutants to suppress the aggregation of denatured lu-
ciferase and rhodanese (Figures 3A and 3B). We have also per-
formed ELISAs to test the interactions of the deletion mutants
with unfolded luciferase (Figure 3C). The results showed that
both deletion mutants Y1 and Y2 were defective in suppressing
luciferase aggregation but they have capabilities similar the wild-
type to suppress rhodanese aggregation. The ELISA results indi-
cated that Y1 had almost the same binding affinity as the wild-
type with unfolded luciferase, whereas Y2 possessed only approx.
50% of the wild-type binding affinity as the to unfolded lu-
ciferase.

Combining all the results above, we propose that the distal
zinc-finger motif Zn II from the peptide-binding site may not be
involved in non-native polypeptide binding, while the other zinc-
finger motif Zn I may play a role in non-native polypeptide bind-
ing. The zinc-finger motifs seem to have specificity for polypep-
tide substrates when Hsp40 Ydjl functions to suppress protein
aggregations.

Some Ydj1 mutations compromised yeast growth
at 37°C in vivo

To test the importance of the residues constituting the hydrophobic
pocket in vivo, we have transformed the missense mutants into
the yeast stain Aydjl (Figure 4). Almost no growth defects can
be observed in the ydjl mutants at 30°C (Figure 4A). This is
probably because Ydj1 functions to sustain the cell viability at
37°C. At 37°C, yeast strain Aydjl transformed with ydjl I116A
(Tle'' — Ala) is not viable (Figure 4B). Growth defects were seen
in the yeast strain Aydjl transformed with mutants L137A and
L216A. These results indicate that the hydrophobic pocket located
on Ydj1 domain I may contribute significantly to maintain the nor-
mal cell growth in vivo possibly through interacting with the
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Figure 4 Growth phenotypes of ydj1 mutants

The wild-type or mutant ydj1 genes were transformed into the yeast strain Aydj1 by the plasmid
shuffle method and selected on media without Uracil. Strains were grown at (A) 30°C or
(B) 37°C for 4 days.

non-native polypeptides. The yeast strain Aydj1 transformed with
mutants L135A and F249A grew normally at 37°C. Residues
Leu'* and Phe* were shown to be essential for chaperone activity
in vitro but not essential for cell growth in vivo (Figure 4B). It
is possible that the mutations of these two residues impair Ydjl
binding affinity to the natural polypeptide substrates to a lesser
extent than to luciferase and rhodanese.

We have also examined the significance of the zinc-finger motifs
in vivo by transforming the zinc-finger motif deletion mutants Y1
and Y2 into the yeast strain Aydjl. Severe growth defects were
found for both of the zinc-finger motif deletion mutants at 37 °C
(Figure 4B), which indicates that the zinc-finger motifs play
important roles for type I Hsp40 molecular chaperone activity
to support the cell growth.

It is not likely that the loss of function of these structure-
based mutants results from misfolding of the proteins. All the re-
combinant proteins eluted from a gel-filtration column at the ex-
pected size (results not shown). They all possessed capabilities
similar to the wild-type to stimulate the ATPase activities of yeast
Hsp70 Ssal (results not shown).

Expressions of these structure-based Ydjl mutants are under
the control of the ydjl promoter, therefore the expression levels
of these mutants should be similar to the wild-type. To check
these mutant expression levels in vivo, we examined the protein
expressions of the transformed mutants in the yeast strain Aydjl
cell lysates by Western blotting using a polyclonal antibody
against the wild-type Ydjl (Figure 5). Western blotting clearly
showed that all the missense mutants and the deletion mutants
of Ydjl were expressed in the yeast at similar levels as the wild-
type Ydjl. This suggested that the growth defects of the Aydjl
yeast strain transformed by the missense and deletion mutants
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WT  1116A LI135A LI137A L216A  F249A Yl Y2

Figure5 Western blotting of the yeast lysates reveals the expression levels
of the yeast strains transformed with ydj1 mutants

The ydj1 wild-type (WT) and the mutants are labelled in the Figure.

resulted from loss of function, not from the low expression levels
of the mutants.

DISCUSSION

The crystal structure of Hsp40 Ydj1 complexed with the peptide
substrate revealed that the Ydj1 peptide substrate forms an extra
B-strand within domain I of Ydjl [25]. The crystal structure of
the complex identifies a hydrophobic pocket located on domain I
of Ydj1 that plays important roles in mediating peptide substrate
interactions. This pocket is mainly constituted by five hydro-
phobic residues Ile''®, Leu'*, Leu'’, Leu?'® and Phe**. Mutations
of these hydrophobic residues abolished the peptide substrate
binding ability for Hsp40 Ydjl. These mutants also exhibited
severe defects in their molecular chaperone activities due to their
compromised polypeptide binding capabilities. The structural and
mutagenesis results demonstrated that the hydrophobic pocket
located on Ydj1 domain I plays significant roles in type I Hsp40
molecular chaperone activity by mediating non-native polypep-
tide interactions.

This hydrophobic pocket may bind hydrophobic side chains
from the non-native polypeptide. The ITC experiments for Ydjl
and synthetic peptides indicated that Ydj1 prefers a hydrophobic
residue in the middle of the peptide substrate with the minimum
length of six residues [25]. Therefore the pocket may define
the peptide substrate specificity for type I Hsp40. Mutations in the
pocket may reduce the hydrophobicity of this area, which may
result in the changes in the type I Hsp40 specificity for binding
the non-native polypeptides.

To test the possible functions of the Ydj1 zinc-finger motifs, we
have constructed two mutants by deleting the distal zinc-finger
motif Zn II from the binding site (Y1) or both of the zinc-
finger motifs (Y2). Functional studies showed that both deletion
mutants exhibit defects in their molecular chaperone activities to
assist Hsp70 to refold the denatured luciferase. The deletion of
the distal zinc-finger motif Zn II from the peptide-binding site had
little effect on polypeptide substrate binding while deletion of the
two zinc-finger motifs compromised Ydjl polypeptide binding
ability. The results suggest that the distal zinc-finger motif Zn II
may not be involved in peptide substrate binding while the other
zinc-finger motif Zn I may play a role in mediating substrate bind-
ing. It has been suggested that the Zn I of E. coli type I Hsp40 DnaJ
is involved in peptide binding and the Zn II of Dnal may play roles
for locking-in substrate proteins on to Hsp70 DnaK [26]. This is
consistent with our observations. Interestingly, the deletions of
zinc-finger motifs of Ydj1 did not affect capability of Ydj1 in sup-
pressing Rhodanese aggregation, whereas they compromised the
capability of Ydjl in suppressing Luciferase aggregation. We
hypothesize that the zinc-finger motifs seem to have specificities
for polypeptide substrates when Hsp40 Ydj1 functions to suppress
protein aggregations.

It has been reported that the C-terminal substrate-binding
regions for both type I and IT Hsp40s play essential roles for yeast
viability in vivo [19]. In this study, we further demonstrate that
the hydrophobic pocket located in the peptide-binding fragment

of type I Hsp40 may sustain the yeast normal growth at 37°C
by mediating the interactions between Hsp40 and the non-native
polypeptides in vivo. A hydrophobic depression located in the
peptide-binding fragment of type II Hsp40 Sis1 was discovered to
be the putative peptide-binding site [22,25]. The structure-based
mutagenesis of this hydrophobic depression for Sisl caused
growth defect [23]. Therefore both type I and IT Hsp40 may utilize
similar hydrophobic regions to interact with non-native polypep-
tides. The peptide-binding activities for both type I and IT Hsp40s
may play important roles to achieve their molecular chaperone
activities and to sustain the normal cell growth in vivo.
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