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Different combinations of the heat-shock cognate protein 70 (hsc70)
C-terminal functional groups are utilized to interact with distinct
tetratricopeptide repeat-containing proteins
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A group of tetratricopeptide repeat (TPR)-containing proteins
has been shown to interact with the C-terminal domain of the
70 kDa heat-shock cognate protein (hsc70). In the present
study, the effect of the TPR-containing proteins, including the
C-terminus of hsc70-interacting protein (CHIP), TPR1 and
human glutamine-rich TPR-containing protein (hSGT), on re-
folding of luciferase by Dnal and hsc70 was investigated. These
proteins inhibited the restoration of luciferase activity by the
chaperones. The inhibitory effect exerted by TPR1 and hSGT
depended upon their binding to hsc70. However, the interaction
with hsc70 did not appear to be required for the inhibition of
luciferase refolding by CHIP. We also demonstrate that the
peptide, GPTIEEVD, corresponding to the C-terminal end of
hsc70, abolished the association of [*H]hsc70 with CHIP, TPR1

and hSGT. This implied that the GPTIEEVD motif of hsc70 was
responsible for interacting with these TPR-containing proteins.
However, the GGXP-repeats (where X is any aliphatic residue),
another C-terminal conserved motif of vertebrate hsc70s, were
not essential for interacting with the TPR-containing proteins.
On the basis of mutagenesis studies, it was clear that a unique
combination of the functional groups in the GPTIEEVD motif
were utilized to interact with each TPR-containing protein,
suggesting that inhibitors can be designed and used to elucidate
the functional role of these interactions.

Key words: heat-shock proteins, luciferase refolding, molecular
chaperones, protein—protein interaction, tetratricopeptide
repeats.

INTRODUCTION

It has been documented that the 70 kDa heat-shock cognate
protein (hsc70) is an ATP-dependent molecular chaperone [1,2]
and has high affinities for both ATP and ADP [3,4]. In the ADP-
bound state, hsc70 binds tightly to peptides or unfolded protein
substrates, whereas it releases the substrate more readily in the
ATP-bound state [5-8]. It is also clear that hsc70 has to interact
with its partners to exert its chaperoning functions. These hsc70-
interacting proteins have been shown to co-operate with hsc70 in
carrying out a variety of cellular functions, including protein
transport into organelles and refolding of denatured proteins
[1,9,10]. Thus it is conceivable that the interacting partner may
provide functional specificity for hsc70. The best characterized
hsc70-interacting proteins are members of the ubiquitous Dnal
protein family [11,12]. Dnal of bacterial origin and many of its
eukaryotic homologues is composed of several domains. The
N-terminal J-domain is responsible for stimulating the ATP
hydrolytic activity of hsc70 [13-15], and interacting with
the 44 kDa N-terminal ATPase domain of DnaK (hsc70 in
Escherichia coli) [16]. The cysteine-rich domain and the
C-terminal region of Dnal are capable of binding peptide sub-
strates [17,18]. Moreover, DnaJ homologues in vertebrates have
been shown to interact with the 30 kDa C-terminal domain of
hsc70 [19,20]. Thus different regions of Dnal-like proteins
may interact with distinctive domains of hsc70 to exert its co-
chaperone function.

Several other proteins have been shown to interact with the
N-terminal 44 kDa domain of hsc70, including the heat-shock
protein (hsp) 70-interacting protein (Hip, also known as p48)
[21], hsp70/hsc70-associated protein [Hap, also known as the
46 kDa glucocorticoid receptor-associated protein (Rap-46) or
Bcl-2 binding athanogene (BAG-1)] [19,22,23] and the hsp
binding protein (hspBP1) [24]. Hip is capable of stabilizing the
ADP-bound conformation of hsc70 and increases the affinity of
substrates for hsc70 [21]. Hap also affects the binding of substrates
to hsc70 [23,25]. However, Hap has an additional DNA binding
activity and is capable of stimulating transcription [26]. In a
system containing hsc70 and hsp40 [also known as human Dnal-
like protein 1 (HDJ1)], hspBP1 decreases ATP hydrolysis and
luciferase refolding [24]. In addition, the hsc70/hsp90-organizing
protein (Hop, also known as p60) and the C-terminus of
Hsc70-interacting protein (CHIP, also known as NY-CO-7) have
been shown to interact with the C-terminal domain of hsc70
[19,27]. Hop is an essential component in steroid receptor
assembly [28—-30]. Hop as well as CHIP may also inhibit luciferase
refolding [19,27,31,32]. Using yeast two-hybrid screening, we [33]
recently identified several proteins, including human glutamine-
rich tetratricopeptide repeat (TPR)-containing protein (hSGT),
TPR1 and TPR2 that interact with the C-terminal domain of
hsc70. TPR1 and TPR2, first identified by Murthy et al. [34], are
also known as TTC1 and TTC2 [35] respectively. The common
feature among these proteins is the presence of the TPR. Indeed,
their TPR domains appear necessary and sufficient for interacting
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shock protein; Hap, hsp70/hsc70-associated protein; HDJ1, human DnadJ-like protein 1; Hip, hsp70-interacting protein; Hop, hsc70/hsp90-organizing
protein; TPR, tetratricopeptide repeat; hSGT, human glutamine-rich TPR-containing protein; hspBP1, heat-shock protein binding protein 1.
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with hsc70 [33]. However, a different set of TPR-containing
proteins was shown to interact with hsp90 [36]. Interestingly, the
last four residues (EEVD) of hsc70 and hsp90 are identical and
play an important role in interacting with the TPR-containing
proteins [33,35].

Itis generally believed that TPR motifs found in many different
proteins are responsible for protein—protein interaction [37].
Each motif is composed of 34 amino acids and folds into a well-
defined helix-turn-helix structure [35,37,38], although there are
few identical residues in each of these 34 positions among
different TPR motifs. In a given subset of TPR motifs however,
a number of residues are highly conserved. These residues may
provide the binding sites for the interacting partners. For
example, it has been shown previously that the N- and C-
terminal TPR domains of Hop interact with hsc70 and hsp90
[39] respectively, and at certain positions in these two domains
are either lysine or arginine residues. Recently, the structures of
these two TPR domains complexed with the C-terminal peptides
of hsc70 and hsp90 have been determined by X-ray crystal-
lography [35]. Indeed, some of the conserved basic amino acid
residues in these two TPR domains interact with the acidic
groups in the EEVD motifs. Moreover, from these crystal
structures it was also evident that the residues preceding the
EEVD motif, which differ between hsc70 and hsp90, also play
roles in interacting with their respective TPR domains. There-
fore, in the present study, we have investigated whether the same
C-terminal sequence of hsc70 was used to interact with other
TPR-containing proteins. Furthermore, we have investigated
whether identical functional groups in this sequence were used to
interact with the TPR-containing proteins. Here, we demonstrate
that PTIEEVD at the C-terminus of hsc70 is indeed responsible
for interacting with several TPR-containing proteins. However,
different TPR domains interact with a distinctive combination of
functional groups in the PTIEEVD motif.

MATERIALS AND METHODS
Materials

The peptides used in this study were purchased from SynPep
Corporation (Dublin, CA, U.S.A.) and were further purified by
HPLC. Bovine hsc70 and recombinant hsc70(AGGXP) were
produced and purified as described by Wang and Lee [4].
CHIP, Hop, TPR1 and hSGT proteins fused with glutathione
S-transferase (GST) were produced as described previously [33].
Dnal was purchased from StressGen (Victoria, BC, Canada).
[’H]-NaBH, was obtained from NEN (Boston, MA, U.S.A.) and
was used to label hsc70 by reductive methylation, as described by
Wang and Lee [4].

Table 1 Nucleotide sequences of the primers used in this study

Primers  Nucleotide sequences

5’-CCCACCATTGAAGAGGTCGATTAA
5’-ACCAGCACTCTGGTACAGCTTGG
5-GAGAAGCAGAGAGATAAG
5’-GAATTCAATCGACCTCTTCGCCTGAAGAAGCACC
5’-GAATTCTTAGTCGACCTCCACAAATGGTGGG
5"-GAATTCTTAGTCGACACATTCAATGGT
5’-GAATTCTTAGTCGACACAACAAATGGTGGG
5’-GAATTCAATCGACCTCTTCAATGGTGGCGCC
5’-GAATTCCCGAGAAGAGCCCGA
5-CTCGCGTCAGAAGTTCAGCCGCTGCTCCT

T oOMMoOO m >
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Generation of the hsc70 deletion mutant lacking the GGXP-repeat

The plasmid containing the 10 kDa C-terminal subdomain of
hsc70 in pBluescript vector [40] was linearized by digesting with
Sphl and then used as a template for the PCR with primers A
and B (Table 1). Primer A is identical to the coding sequence of
the rat hsc70 cDNA from amino acid residues 640 to the stop
codon, and primer B is complementary to the cDNA cor-
responding to residues 615-608. PCR was performed using
KlenTaq polymerase (Clontech, Palo Alto, CA, U.S.A.). The
products (approx. 3kb) were self-ligated and sequenced. Subse-
quently, the Xhol-EcoRI fragment of the insert was excised and
ligated into the X/ol-EcoRI sites of the plasmid pHsc70-Ct [41].
The resulting plasmid, pHsc70(AGGXP), was used to express
hsc70 without the C-terminal glycine-rich region, including the
GGXP-repeats (where X is an aliphatic residue). The insert was
also substituted for the equivalent fragment in the plasmid
pCt-30/R [42] to generate the plasmid p30(AGGXP)/15b. The
cDNA insert of p30(AGGXP)/15b was isolated with Ndel and
BamHI digestion and was used to replace the cDNA of hsc70 in
pAS-70K [33]. The resultant plasmid, pAS-30(AGGXP), was
used for the yeast two-hybrid assays.

Generation of the hsc70 mutant lacking the PTI tripeptide

The hsc70 mutant lacking the PTI tripeptide (amino acids
640-642 in hsc70) was generated using PCR. The reaction was
carried out with primers C and D (Table 1) and pCt-30/R [42] as
the template. Primer C is identical to the coding region of the
cDNA from amino acids 530-535. Primer D, having an EcoRI
site and stop codon at the 5’-end, is complementary to the coding
sequence of the cDNA from the C-terminus to amino acid 635,
except that the codons for PTI were deleted. The PCR products
were cloned into pPGEM-T (Promega, Madison, WI, U.S.A.) for
sequencing. The insert was excised and ligated as described
above into pHsc70-Ct for use in expressing hsc70 without PTI
and into pCt-30/R to generate pAS-30(APTI) for use in the
yeast-two hybrid assay.

Generating the hsc70 mutants with amino acid substitutions

Four mutants of hsc70, ECVD (E644C), CEVD (E643C), CCVD
(E644C, E643C) and ATI (P640A) were generated using PCR. In
each case, pCt-30/R [42] was used as the template and primer C
as one of the primers. The other primer for each reaction was E,
F, G and H (Table 1) for CEVD, ECVD, CCVD and ATI
respectively. These primers are complementary to the cDNA
corresponding to the C-terminal region of hsc70 and contain the
nucleotide substitution(s) for the amino acids specified. The PCR
products were ligated into pGEM-T for sequence verification,
and the inserts were separately cloned into pHsc70-Ct [41],
pET-15b (Novagene, Madison, WI, U.S.A.) or pAS2-1 (Clon-
tech) for expressing the proteins or for the yeast two-hybrid
assays.

Inhibition of [*H]hsc70 binding to TPR-containing proteins by
peptides

The interaction of peptides GPTIEEVD, containing either a
C-terminal carboxy (-COOH) or amide (-CONH,) group, and
GPTIEEVDG with the TPR-containing proteins was assessed by
determining their ability to prevent [*H]hsc70 from complex-
ing with the proteins. Briefly, the TPR-containing proteins fused
with GST (10 ug) were incubated with 20 ul glutathione—
Sepharose (Amersham Phamarcia Biotech, Piscataway, NJ,
U.S.A)) in 100 xl of PBS for 1 h at room temperature. The resin
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was then washed once with 1 ml of PBS and resuspended in
100 ul of PBS containing [*H]hsc70 (1.4 xuM) in the absence or
presence of a 10-fold excess of the peptides. The mixtures were
incubated overnight at 4 °C with constant rocking. After in-
cubation, the resin was washed three times with 1 ml of PBS and
the amount of bound [*H]hsc70 in each sample was quantified by
liquid scintillation counting.

In vitro assay of luciferase refolding

In vitro luciferase refolding was assayed using the method of
Terada et al. [43] with slight modification [44]. Briefly, for
renaturation assays, luciferase was denatured for 1 h in 6 M
guanidinium chloride and diluted in 50 mM potassium acetate,
25mM Hepes, 5mM dithiothreitol, 1 mg/ml BSA, pH 7.2,
before being added to the reaction mixtures containing 0.5 uM
DnaJ and 1.7 #M hsc70 in the absence or presence of the TPR-
containing proteins. The reaction mixtures were incubated at
room temperature and, at given time points, aliquots were
removed and the luciferase activity measured using a luciferase
assay system (Promega). Equal amounts of native luciferase,
diluted in 50 mM potassium acetate, 25 mM Hepes, 5 mM
dithiothreitol, 1 mg/ml BSA, pH 7.2, was also measured and
taken as 100 9.

Production of the TPR domain of CHIP-GST fusion protein

The cDNA fragment corresponding to the TPR domain of CHIP
(amino acids 20-152) was amplified by PCR using CHIP in
pACT?2 [33] as a template with primers [ and J (Table 1). Primer
I contains an EcoRI site and primer J, with an additional X#ol
site and stop codon, is complementary to the coding sequence.
The PCR products were cloned into the pGEM-T vector and
were sequenced. The insert was excised and cloned into the
pGST-KS vector. The recombinant fusion protein was then
expressed and purified with glutathione-Sepharose and used to
determine in vitro binding according to the methods of Liu et al.
[33].

Co-precipitation of TPR-containing proteins fused with GST and
hsc70 and hsc70 (AEEVD)

TPR1, hSGT, Hop, CHIP and the TPR domain of CHIP (20 ug)
fused with GST were incubated with 10 xl glutathione—Sepharose
(Amersham Phamarcia Biotech) in 100 xl of PBS for 1 h at room
temperature. The resin was then washed once with 1 ml of PBS
and incubated with 50 xg of hsc70 or hsc70(AEEVD) for 30 min
at 4 °C. In a separate study, the TPR domain of CHIP fused with
GST was incubated as above, except 40 ug of hsc70 or the 30 kDa
domain of hsc70 was added for 30 min at 4 °C. The proteins
bound to the resin were eluted with 25 mM glutathione and a
portion was resolved by SDS/PAGE and the bands were
visualized using Coomassie Brilliant Blue.

Yeast two-hybrid assay

Yeast two-hybrid assays were performed by colony filter assay,
essentially as recommended by Clontech. Briefly, the cDNAs
corresponding to the protein pairs of interest were separately
cloned into the pAS-1 and pACT?2 vectors. The resulting plasmids
were co-transformed into the yeast strain Y190 (Clontech) and
the transformants grown on synthetic dextrose minimal medium
lacking leucine and tryptophan for 3 days at 30 °C. The colonies
were lifted on to paper filters (Whatman, Maidstone, Kent,
U.K.) and the filters were quickly frozen in liquid N, The filters
were thawed at room temperature and incubated with 5-bromo-
4-chloroindol-3-yl p-p-galactopyranoside (‘ X-Gal’, 0.33 mg/ml)

in 60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, I mM
MgSO,, pH 7.0, containing 40 mM 2-mercaptoethanol for colour
development. Yeasts co-transformed with pLam5’-1 (Clontech)
and the pACT2 plasmids were used as controls for non-specific
interactions.

RESULTS
Inhibition of luciferase refolding by the TPR-containing proteins

We initially used a refolding system containing only hsc70 and
DnalJ to examine if some of the TPR-containing proteins,
including CHIP, TPR1 and hSGT, inhibited the refolding
of luciferase. Using this refolding system, the restoration of
luciferase activity was slightly lower, but the interplay of addi-
tional co-chaperones in the reticulocyte lysates can be completely
ignored [43,44]. The results in Figure 1(A) show that over 50 9,
of the original activity of denatured luciferase was restored
within 90 min in the presence of hsc70 and Dnal. Addition of a
comparable amount of CHIP into the reaction mixture resulted
in an 80 9%, reduction of the refolding activity (Figure 1B). Hop,
TPR1 and hSGT were also capable of inhibiting the luciferase
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Figure 1 Time course of luciferase refolding and the effect of TPR-
containing proteins

() The time course of luciferase refolding was determined using 1.7 xM of hsc70 proteins
[hsc70, hsc70(AEEVD) and hsc70(AGGXP)] alone or in combination with 0.5 «M DnaJ. The
refolding activities of DnaJ alone and BSA control were similar to that of hsc70 alone.
The variations were less than 5% of the total activity (results not shown). Results are means from
three determinations. The activity of an equal amount of native luciferase was measured and
taken as 100%. (B) The effect of GST fusion proteins of CHIP, TPR1, hSGT and Hop (2 M)
on the restoration of luciferase activity by hsc70 and DnaJ was determined after incubation for
60 min. Results are means + S.D. of three separate experiments using different preparation of
proteins. The activity of an equal amount of native luciferase was measured and taken as 100%.
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Figure 2 Hsc70(AEEVD) did not form complexes in vitro with the TPR-
containing proteins

GST fusion proteins of TPR1, hSGT, Hop, CHIP and the TPR domain of CHIP (TPR-D) (20 xg)
were added to glutathione—Sepharose and then incubated with 50 zg of hsc70 or hsc70(AEEVD).
Subsequently, the proteins bound to the resins were eluted with 25 mM of glutathione and a
portion of the eluates were resolved by SDS/PAGE and visualized with Coomassie Brilliant Blue.
Lanes marked 1 are with hsc70 and lanes marked 2 are with hsc70 (AEEVD). The molecular-
mass markers (in kDa) are indicated on the left.

refolding, although the level of inhibition was only approx. 50 9,
(Figure 1B). These results are consistent with the ability of Hop
and CHIP to inhibit luciferase refolding by hsc70/hsp70 and
hsp40 [19,27,31,32].

Next we determined whether this inhibitory effect correlated
with the binding of the TPR-containing proteins to the
C-terminus of hsc70. Two hsc70 mutants, hsc70(AEEVD)
and hsc70(AGGXP), were used for this investigation. Although
hsc70(AEEVD) failed to interact with the TPR-containing
proteins (Figure 2, also see reference [33]), hsc70(AGGXP) was
capable of interacting with these proteins (see below). As shown
in Figure 1A, both hsc70(AEEVD) and hsc70(AGGXP) also
supported luciferase refolding in a DnalJ-dependent manner.
Moreover, with hsc70(AGGXP) and Dnal, all the TPR-con-
taining proteins examined were capable of inhibiting the lu-
ciferase refolding (Figure 3A). Here the reduction in refolding
appeared to correlate with the binding of the TPR-containing
proteins to hsc70 [33]. In contrast, addition of TPR1, hSGT
and Hop to the reaction mixtures containing hsc70(AEEVD) and
Dnal did not affect the refolding of luciferase (Figure 3B). For
these three proteins, the lack of inhibitory effect on the refolding
was correlated with their inability to interact with hsc70(AEEVD)
[33]. CHIP, however, resulted in an inhibition of refolding
(Figure 3B), although it does not interact with hsc70(AEEVD)
[33].

It is conceivable that regions other than TPR domain of CHIP
may affect the luciferase refolding by interfering with the
interaction of hsc70 with Dnal [27]. We therefore investigated
whether the TPR domain of CHIP alone affected the luciferase
refolding in an hsc70-binding-dependent manner. As shown in
Figure 4, the TPR domain of CHIP fused with GST interacted

© 2001 Biochemical Society
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Figure 3 Effect of TPR proteins on the refolding by hsc70(AEEVD) and
hsc70(AGGXP)

GST fusion proteins of TPR1, hSGT, Hop, CHIP and the TPR domain of CHIP (TPR-D) (2 M)
were added to the refolding assay mixtures containing DnaJ and either hsc70(AGGXP) (A) or
hsc70(AEEVD) (B). After incubation for 60 min, the luciferase activity was measured as
described in the Materials and methods section. Results are means + S.D. of three experiments.

with both hsc70 and the 30 kDa domain of hsc70 (Figure 4A) in
vitro, but did not interact with hsc70(AEEVD) (Figure 2).
Moreover, the TPR domain of CHIP inhibited the luciferase
refolding supported by hsc70 and hsc70(AGGXP) (Figure 4B).
Interestingly, it also inhibited the restoration of luciferase activity
in a system containing hsc70(AEEVD) and Dnal (Figure 4B).
Thus the TPR domain of CHIP alone is capable of inhibiting
luciferase refolding even though it does not interact with
hsc70(AEEVD).

Interaction of TPR-containing proteins with the PTIEEVD sequence

It has been shown previously that only the last seven residues
of hsc70 (PTIEEVD) are responsible for interacting with the
N-terminal TPR domain of Hop [35]. Therefore we examined
whether the peptide GPTIEEVD, containing a C-terminal car-
boxy group (-COOH), inhibited the association of hsc70 with
the Hop. [*H]Hsc70 and the peptide were incubated with the
Hop-GST fusion protein, and the amount of [*H]hsc70 bound
to the fusion protein quantified. The results shown in Figure 5
clearly demonstrate that a 10-fold molar excess of GPTIEEVD-
COOH was indeed capable of inhibiting the association of hsc70
with Hop. Subsequently, we investigated whether the octapeptide
may inhibit the association of hsc70 with hSGT, TPR1 and
CHIP. Under the same experimental conditions, the amount of
[*H]hsc70 bound to TPR1 and CHIP was reduced to a similar
level to that of Hop (Figure 5). The interaction of the peptide
with TPR1 and CHIP may therefore be similar to that of Hop.
However, GPTIEEVD was not effective in blocking the binding
of [®*H]hsc70 to hSGT (Figure 5). In this case, the binding was



Interaction of the tetratricopeptide repeat proteins with hsc70 mutants 423

>

116~
7 -

66-""""
45-
L] b
o

L - -GST

-GST-TPR-D
29 -

1 4

(&
G

Hse70+Dna)

B
Y —
AGGXP+Dna) Ny -

+TPR-D

1

7

AEEVD+Dnal]

+TPR-D ,

0% 20% 40%
Total luciferase activity

APTI+Dnal
+CHIP
+TPR-D

0% 20% 40% o0%
Total luciferase activity

Figure 4 Effect of TPR domain of CHIP on luciferase refolding

(A) The TPR domain of CHIP fused with GST (GST-TPR-D; 20 xg) was immobilized with
glutathione—Sepharose (10 ) and then mixed with 40 zg of hsc70 (lane 1) or the 30 kDa
domain (lane 3). Proteins bound to the resins were eluted with 25 mM of glutathione and then
resolved by SDS/PAGE and visualized with Coomassie Brilliant Blue. GST incubated with the
same amount of hsc70 (lane 2) and the 30 kDa domain (lane 4) were used as controls. Hsc70
and the 30 kDa domain are indicated by the arrow and circle respectively. Molecular-mass
markers (in kDa) are indicated at the left. (B) The refolding of Iuciferase by 1.7 xM hsc70
proteins [hsc70, hsc70(AEEVD) and hsc70(AGGXP)] and 0.5 «M DnalJ was assayed in the
absence or presence of 4 xM of the TPR domain of CHIP (TPR-D). (C) The refolding of
luciferase by 1.7 M hsc70(APTI) and 0.5 «M DnaJ was assayed in the absence or presence
gither of the TPR domain of CHIP (TPR-D; 2 xM) or CHIP (2 «M). Results are means + S.D.
of three experiments.

only reduced by 30 9. Nevertheless, with a 50-fold molar excess
of GPTIEEVD, the amount of [*H]hsc70 bound was reduced to
259, of the control level (results not shown). Thus the situation
with hSGT appeared to be slightly different from that of Hop.
Since only the last seven residues of hsc70, PTIEEVD, were
shown to bind to the N-terminal TPR domain of Hop [35], the
glycine residue in GPTIEEVD probably contributed little to its
binding to CHIP and TPRI1.

As the peptide GPTIEEVD prevented hsc70 from associating
with the TPR-containing proteins, we therefore examined
whether it prevented the inhibition of luciferase refolding by the
TPR-containing proteins. A 10-fold molar excess of the peptide
was added to the refolding reaction mixtures and the restoration
of luciferase activity was then measured. As shown in Figure 6,
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Figure 5 Effect of peptides on the binding of [*H]hsc70 to the TPR proteins

TPR-containing proteins fused with GST were incubated with [*H]hsc70 and a 10-fold molar
excess of GPTIEEVD-COOH, GPTIEEVD-CONH, or GPTIEEVDG. [*H]Hsc70 associated with the
TPR-containing proteins was quantified and the non-specific radioactivity associated with GST
alone, as a control, was subtracted. The amount of [*H]hsc70 in the complexes in the absence
of GPTIEEVD was taken as 100%. Results are means 4 S.D. of two determinations.
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Figure 6 Effect of GPTIEEVD on preventing the inhibition of luciferase
refolding by the TPR-containing proteins

GPTIEEVD (20 xM) was added to the refolding reaction mixtures comprising hsc70
(1.7 M), DnaJ (0.5 #M) and 2 xM TPR1, hSGT, Hop, CHIP or the TPR domain of CHIP
(TPR-D). After incubation for 60 min, the luciferase activity was measured. Results are
means + S.D. of three determinations.

GPTIEEVD did not reduce the level of inhibition by the TPR-
containing proteins. This was an unexpected result. However, we
have shown in Figures 3 and 4(B) that binding of CHIP to hsc70
might not be a prerequisite for its inhibition of luciferase
refolding. It is possible that CHIP may exert its inhibitory effect
through some, as yet, unidentified interaction and thus,
GPTIEEVD might not have an effect. Since GPTIEEVD was
not very effective in blocking the interaction of hsc70 with hSGT
(Figure 5), it was not surprising that GPTIEEVD did not affect
the inhibiton by hSGT (Figure 6). However, it was not anticipated
that the peptide would fail to prevent TPR1 and Hop from in-
hibiting luciferase refolding (Figure 6). One possibility for this is
that transient interaction of the TPR-containing proteins with
hsc70 during the hsc70/Dnal refolding cycle may be sufficient to
inhibit this process. Further investigations are needed to elucidate
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Figure 7 Interaction of TPR-containing proteins with the hsc70 deletion
mutants

The interaction between two deletion mutants of the 30 kDa domain, 30 kDa(APTI) and
30 kDa(AGGXP), and CHIP, TPR1 and hSGT were determined using the yeast two-hybrid
assay. The 30 kDa domain proteins were fused to the GAL4 DNA binding domain (pAS2-1),
whereas the TPR-containing proteins were fused with the GAL4 transcription activation domain
(pACT2). The assays were then carried out and the filters after colour development are shown.
The 30 kDa domain and lamin C were used as positive and negative controls respectively.

the mechanism for hsc70/Dnal dependent refolding and the
inhibitory effect exerted by the TPR-containing proteins.

We next investigated whether the nonapeptide GPTIEEVDG
inhibited the association of hsc70 with these proteins. This
peptide was used to mimic PTIEEVD with minimal steric
hindrance and to determine whether the PTIEEVD sequence had
to be located at the C-terminus of the protein in order to interact
with the TPR-containing proteins. The results shown in Figure 5
demonstrate that, with a 10-fold molar excess, the nonapeptide
reduced the [*H]hsc70 bound by only approx. 25 9,. Thus it was
much less effective in competing with [*H]hsc70 for binding to
the proteins. Therefore the PTIEEVD sequences in the middle of
proteins were unlikely to interact with any of these TPR-
containing proteins. Indeed, the octapeptide was a relatively
weak inhibitor if its C-terminal carboxy group (-COOH) was
substitued with an amide group (-CONH,; Figure 5). Thus the
carboxy group on the C-terminal aspartate residue plays an
important role in interacting with these proteins.

As GPTIEEVD competed with hsc70 for the binding of
the TPR-containing proteins (Figure 5) and the removal of the
C-terminal EEVD motif of hsc70 abolished its interaction with
these proteins [33], we examined whether the tripeptide PTI at
the C-terminal region was required for the interaction with
TPR1, CHIP and hSGT using the PTI deletion mutant,
30 kDa(APTYI), in the yeast two-hybrid assay. The 30 kDa(APTI)
failed to interact with Hop (results not shown) and was also
unable to interact with CHIP and hSGT, but did interact
with TPR1 (Figure 7). Thus the regions of hsc70 that interact with
these TPR-containing proteins are overlapping, but not necess-
arily identical.

Since the PTI sequence preceding the EEVD motif in hsc70
also appeared important in interacting with CHIP, the question
arose as to whether CHIP might inhibit the refolding supported
by hsc70 and hsc70(AEEVD) through an interaction with PTI.
Therefore we investigated whether CHIP inhibited refolding by
hsc70(APTI) and DnalJ. The results shown in Figure 4(C) dem-
onstrate that hsc70(APTI) was capable of assisting luciferase re-
folding in the presence of Dnal. The restoration of luciferase
activity by hsc70(APTI) and DnalJ remained largely unchanged
after the addition of Hop and hSGT (results not shown).
However, in the presence of TPRI, this activity was reduced
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Figure 8 Hsc70 domain structure and comparison of the C-terminal
sequence

(R) The linear structure of rat hsc70. The N-terminal 383 residues is the nucleotide binding
domain which possesses the ATP-hydrolytic activity. The C-terminal peptide binding domain
(amino acids 384—612) is composed of a S-sandwich and an «-helical subdomains. The
structure and the functional significance of the C-terminal region (amino acids 613—646) are
largely unknown. (B) The C-terminal sequences of various hsc70s (amino acids 613—646 of
rat hsc70) were aligned for comparison. The GGXP-repeats are indicated located near the C-
terminus of the a-helical subdomain of hsc70. (C) The hsc70 mutants used in this study.
Mutants were constructed as described in the Materials and methods section. The deleted
regions are shown as open bars, whereas the substituted amino acids are underlined.

(results not shown). Moreover, both CHIP and the TPR domain
of CHIP were capable of inhibiting the refolding of luciferase
supported by hsc70(APTI) and Dnal (Figure 4C). Thus the
inhibitor process exerted by CHIP on luciferase refolding appears
complex and the mechanism of this inhibition remains to be
determined.

In examining the amino acid sequences of the C-terminal
region of the vertebrate hsc70s (Figures 8A and 8B), there are
additional GGXP-repeats (where X is an aliphatic residue)
located near the C-terminus of the «-helical subdomain of hsc70.
Since the APTI mutant interacted with TPR1 (Figure 7), and
GPTIEEVD was not effective in competing with hsc70 for the
binding to hSGT (Figure 5), we therefore investigated whether
the GGXP repeats affected the interaction of hsc70 with TPR1
and hSGT. A 30 kDa(AGGXP) mutant (A616-639; Figure 8C)
was generated and then subjected to a yeast two-hybrid assay
with TPR1 and hSGT. The results shown in Figure 7 indicate
that removal of the GGXP-repeats from the 30 kDa domain did
not affect the interaction with TPR1 and hSGT. Furthermore,
the 30 kDa(AGGXP) was also capable of interacting with CHIP
(Figure 7) and Hop (results not shown). This finding was further
supported by in vitro pull-down assays using GST fusion proteins
(results not shown). Evidently, the GGXP-repeats of hsc70
contribute little to the interaction with the TPR-containing
proteins examined here. It is therefore reasonable to treat the
PTIEEVD motif at the C-terminus of hsc70 as a single unit, and
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Figure 9 Interaction of the 30 kDa domain mutants with CHIP, TPR1 and

hSGT

The interaction between the amino acid substitutions in the EEVD motif (AT1, CCVD, CEVD and
ECVD) and CHIP, TPR1 and hSGT were determined using the yeast two-hybrid assay. The
amino acid substitutions in the EEVD domain proteins were fused to the GAL4 DNA binding
domain (pAS2-1), whereas the TPR-containing proteins were fused with the GAL4 transcription
activation domain (pACT2). The assays were then carried out and the filters after colour
development are shown.

the GGXP-repeats as a different structural motif. Thus the
functional role of the C-terminal region of hsc70 appears
complicated, and the significance of the GGXP-repeats needs to
be determined.

Clearly, besides interacting with Hop, the PTIEEVD motif is
also responsible for the interaction with TPR1, CHIP and hSGT.
Therefore we investigated whether the same functional groups at
the C-terminus of hsc70 were used to interact with these TPR-
containing proteins. We carried out several amino acid sub-
stitutions in this motif, including replacing glutamic acid with
cysteine and proline with alanine (Figure 8C). Subsequently we
tested whether the interaction of the C-terminal 30 kDa domain
of hsc70 with TPR1, CHIP and hSGT was affected by these
substitutions. As shown in Figure 9, the interaction of these pro-
teins with the mutants varied considerably. CHIP was capable
of interacting with all of the mutants examined, but hSGT did
not interact with any of the mutants. However, the yeast two-
hybrid assay (even with liquid p-galactosidase assay) is not
quantitative, as the copy number of the GAL4 DNA binding
domain and transcription activation domain fusion proteins in
yeast can vary considerably. Therefore even though some of the
mutants were capable of interacting with these TPR-containing
proteins, it is not clear whether the affinities of the mutants for
the TPR domains remained unchanged. Nevertheless, it is likely
that a unique combination of the functional groups in PTIEEVD
are responsible for the interaction with a specific TPR-containing
protein.

DISCUSSION

It has previously been shown that a group of TPR-containing
proteins interact with the C-terminus of hsc70 [33]. In the present
study, we have further characterized the interaction of hsc70 with
three of TPR-containing proteins, CHIP, TPR1 and hSGT.
Three conclusions can be drawn from the work described here.

The first conclusion is that the TPR-containing proteins are
capable of inhibiting the restoration of luciferase activity by
hsc70 and Dnal. Several points can be made from these findings.
First, with the exception of CHIP, the inhibition induced by
these TPR-containing proteins is correlated with their binding to
hsc70. However, the situation for CHIP appears complex, but
our results are in agreement with the notion that CHIP binding

to hsc70 is not required for inhibiting the luciferase refolding.
Nevertheless, the mechanism by which CHIP exerts this in-
hibition remains to be elucidated. Secondly, we have shown
that deletion of the EEVD motif in hsc70 has little effect
on Dnal-dependent refolding of luciferase (Figure 3). In
contrast to our results, Freeman et al. [45] reported that
hsp70(AEEVD)/hsc70(AEEVD) together with HDJ1 failed to
support luciferase refolding. Nevertheless, Michels et al. [46]
recently showed that, in intact cells, hsp70(AEEVD) attenuated
heat inactivation of luciferase and assisted the refolding of
luciferase. Expression of both hsp70(AEEVD) and HDIJ1 in
these cells, however, did not further enhance the refolding activity
[46]. Taken together, the apparent discrepancy between our
results and those of Freeman et al. [45] may be due to the
difference in the Dnal-like proteins used in the assays. For
example, HDJ1 does not possess the cysteine-rich domain which
may be important in supporting the restoration of luciferase
activity by hsc70(AEEVD). Thirdly, the functional significance
of the inhibitory effect needs to be determined. It is possible that,
in intact cells, these TPR-containing proteins act as negative
regulators of protein folding. However, the TPR domains in
CHIP, TPR1 and hSGT represent only about 309 of their
masses, suggesting that the rest of the protein is likely to have
some other function(s). Therefore it is also possible that hsc70
may regulate an, as yet, unidentified function(s) by associating
with the TPR domains of these proteins. This hypothesis will be
able to be tested once the functions of these TPR-containing
proteins are known.

The second conclusion is that the C-terminal residues of hsc70
are predominant in interacting with TPR1, CHIP and hSGT.
Since the peptide GPTIEEVD is capable of inhibiting the binding
of [®*H]hsc70 to TPR1 and CHIP to a similar degree as Hop
(Figure 5), the affinities of TPR1 and CHIP for the peptides
should therefore be similar to that for Hop (K, = 18 uM) [35].
However, the 30 kDa(APTI) remains capable of interacting with
TPR1 (Figure 7) and thus it appears that only the tetrapeptide
EEVD is essential for interacting with TPR1. Therefore it is
possible that TPR1 interacts with both hsc70 and hsp90 with
similar affinities. However, higher concentrations of GPTIEEVD
were needed to inhibit the binding of [*H] hsc70 to hSGT (Figure
5 and results not shown). There are at least two possibilities to
explain these results. One simple interpretation is that the
conformation of the peptide PTIEEVD in solution is significantly
different from that bound to hSGT. Thus extra energy is needed
for efficient binding. Alternatively, regions of hsc70, other than
the PTIEEVD motif, are also involved in the association with
hSGT. In addition, it is evident from the crystal structure that
the carboxy group of the C-terminus of PTIEEVD plays an
important role in interacting with Hop [35]. The results shown in
Figure 5 indicate that this is also true for TPR1, CHIP and
hSGT, because replacing the C-terminal carboxy group with an
amide group significantly reduced the ability of the peptide to
displace bound [*H]hsc70. Moreover, the PTIEEVD sequence
has to be located in the C-terminal end of the protein in order to
interact with the TPR-containing proteins, as the ability of
GPTIEEVDG to inhibit the binding of [*H]Jhsc70 to these pro-
teins is greatly reduced (Figure 5).

The last conclusion is that different functional groups in
PTIEEVD are utilized for the interaction with TPR1, CHIP and
hSGT. Based on the results from the structure determination, the
proline in PTIEEVD is important for interacting with Hop.
Indeed, replacing the proline with alanine abolished the assoc-
iation of 30kDa domain with Hop (results not shown).
However, this substitution had little effect on the interaction
of the 30 kDa domain with CHIP and TPR1 (Figure 9). In

© 2001 Biochemical Society



426

S.-J. Wu and others

addition, the interaction of each TPR-containing protein with
the EEVD mutants was also different from one another (Figure
9). Determination of the structures of the protein complexes
at the atomic level should reveal details of the interactions
between the C-terminal region of hsc70 and various TPR
domains. Nevertheless, it is clear that distinctive functional
groups in hsc70 are used to interact with each TPR domain. It
should therefore be possible to design inhibitors which specifically
block the interaction of hsc70 with certain TPR-containing
proteins.
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