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S-Glutathionylation of human inducible Hsp70 reveals a
regulatory mechanism involving the C-terminal a-helical lid
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Heat shock protein 70 (Hsp70) proteins are a family of ancient
and conserved chaperones. Cysteine modifications have been
widely detected among different Hsp70 family members in vivo,
but their effects on Hsp70 structure and function are un-
clear. Here, we treated HeLa cells with diamide, which typically
induces disulfide bond formation except in the presence of
excess GSH, when glutathionylated cysteines predominate. We
show that in these cells, HspA1A (hHsp70) undergoes reversible
cysteine modifications, including glutathionylation, potentially
at all five cysteine residues. In vitro experiments revealed that
modification of cysteines in the nucleotide-binding domain of
hHsp70is prevented by nucleotide binding but that Cys-574.and
Cys-603, located in the C-terminal a-helical lid of the substrate-
binding domain, can undergo glutathionylation in both the
presence and absence of nucleotide. We found that glutathiony-
lation of these cysteine residues results in unfolding of the
a-helical lid structure. The unfolded region mimics substrate by
binding to and blocking the substrate-binding site, thereby pro-
moting intrinsic ATPase activity and competing with binding of
external substrates, including heat shock transcription factor 1
(Hsfl). Thus, post-translational modification can alter the
structure and regulate the function of hHsp70.

Hsp70 proteins play an important role in maintaining pro-
tein homeostasis, including facilitating protein folding and deg-
radation, preventing protein aggregation, and participating in
the stress response (1). Due to interaction with numerous pro-
teins, Hsp70 is involved in diverse physiological activities, such
as signal transduction, apoptosis, transmembrane transport,
and DNA repair (2—4). The number of members of the Hsp70
family present in each organism is observed to increase from
bacteria to humans, reflecting the complex requirements of
higher organisms. In Escherichia coli, three Hsp70 members
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have been found, whereas there are 14 members in Saccharo-
myces cerevisiae and 17 members in Homo sapiens, including
HspA1A, which is the cytosolic stress-induced form (hHsp70),
and HspAS8, which is the cytosolic constitutively expressed
form (hHsc70). If both HSPA1A and HSPAS genes are silenced
by siRNA, the survival rate of cells is very low (5).

Structures available for Hsp70 homologues indicate two
individual domains, namely the ATPase or nucleotide-binding
domain (NBD) and the substrate-binding domain (SBD), con-
nected by a flexible linker (6). The NBD contains two lobes (I
and II), which can be further subdivided into four subdomains
(IA, IB, ITA, and IIB) accommodating binding of ATP/ADP (7).
The SBD is composed of a 3-sheet-containing substrate-bind-
ing domain (SBDf) and a C-terminal a-helical lid domain
(SBDa) (8). SBD has the lowest degree of sequence conserva-
tion among Hsp70 family members, but the structure, com-
posed of four or five a-helixes, is generally conserved. The first
helix, aA, rests against the SBD 3, whereas the remaining a-heli-
ces form an a-helical bundle, which acts as a lid over the sub-
strate-binding site. Allosteric conformational changes in Hsp70
couple the ATP hydrolysis cycle in the NBD and the substrate-
binding/release cycle in the SBD (9). The linker between the
NBD and SBD facilitates allosteric conformational changes in
the two domains (9, 10). Structural data for the E. coli Hsp70
homologue DnaK indicate that in the ATP-bound state, the
NBD and SBD of Hsp70 are in a docked position, and substrate
binds to the SBD in its SBDa lid-open state by relatively weak
interactions that can promote ATP hydrolysis in the NBD (11—
13). After ATP hydrolysis, the NBD is in the ADP-bound state,
leading to undocking of the NBD and SBD, and strong interac-
tion between substrate and the SBD in its SBD« lid-closed state
(9). Nucleotide exchange factors (NEFs) promote exchange of
ADP with ATP in the NBD, which then causes loosening of the
interaction between substrate and the SBD and facilitates sub-
strate release and exchange (9).

The functional cycle of Hsp70 can be regulated by a series of
factors, including mutations, Hsp40 co-chaperones, NEFs, and
tetratricopeptide repeat (TPR)-containing proteins. Hsp40 and
NEFs interact with both the NBD and SBD of Hsp70, which
promotes ATPase activity and substrate binding/release and
accelerates the functional cycle of Hsp70 (9). The interaction of
TPR proteins with other proteins enables them to act as adapter
molecules in protein complexes (3). Binding of different TPR
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proteins to the EEVD motif in the C terminus of Hsp70 allows
manifestation of the wide variety of Hsp70 functions, such as
binding different substrates involved in diverse physiological
activities within cells (3).

Post-translational modifications (PTMs) are an important
means of functional regulation and signal transduction, and a
number of PTMs have been identified in Hsp70, including phos-
phorylation (14), acetylation (15), ubiquitination (16), methyl-
ation (17), carboxylation (18), S-nitrosylation (19, 20), and
S-glutathionylation (21-27). It is predicted that PTMs can also
regulate the functional cycle of Hsp70 (28). Phosphorylation at
Thr-36 of the yeast Hsp70 family member Ssal is found to affect
interaction with certain substrates, leading to control of G;
cycling abundance and cell-cycle progression (14). Methylation
at Lys-561 of hHsp70 or hHsc70 influences interaction of
Hsp70 with substrates (17).

Thiols are nucleophilic and sensitive to the redox environ-
ment, allowing protein cysteine residues to undergo a broad
range of redox modifications upon contact with reactive oxy-
gen/nitrogen/sulfur species (ROS/RNS/RSS); these modifica-
tions include S-sulfenylation (-SOH), S-sulfinylation (-SO,H),
S-sulfonylation (-SO;H), S-nitrosylation (-SNO), S-sulthydra-
tion (-SSH), S-glutathionylation (-SSG), and inter-/intramolec-
ular disulfide bond formation (-S-S-) (29, 30). Different cysteine
modifications are often detected at the same site and frequently
undergo further transformations (21, 30-32). Of these modifi-
cations, -SOH, -SNO, glutathionylation, and inter-/intramo-
lecular disulfide bond formation are reversible, and unstable
-SOH, -SNO, and thiyl radicals (-S°) can transform to the more
stable glutathionylated form upon reaction with GSH (30-32).
Exchange between glutathionylated and inter-/intramolecular
disulfide forms also occurs (30). Thus, glutathionylation is a
particularly important type of redox modification. Deglutathio-
nylation is normally catalyzed by thioltransferase glutaredoxin
(Grx) enzymes in the presence of GSH (32), although degluta-
thionylation of some proteins can occur spontaneously in the
presence of GSH, so it is not fully dependent on Grx enzymes
(26,27, 33).

Glutathionylation is found to be involved in the basic func-
tions of certain proteins (e.g. glutathionylation and deglutathio-
nylation are essential for the functional cycle of B-tubulin and
actin) as well as in free radical signal transduction (34, 35).
Because glutathionylation is a reversible PTM, it can thus also
protect proteins from undergoing irreversible oxidative modi-
fications when subjected to oxidative stress; consequently, an
increase in abundance of glutathionylated proteins is detected
under oxidative conditions(34,35). Glutathionylation, like phos-
phorylation, can also regulate cell structure, signal transduc-
tion, and metabolism through reversible modulation of the
structure and function of specific proteins (34, 35). It has been
shown that some chaperones are regulated by redox, including
Hsp33, Asnal/TRC40, Hsp90, protein-disulfide isomerase, and
Hsp27 (36). In addition, Hsp70 and Hsp60 are susceptible to
glutathionylation under oxidative stress conditions (36). Gluta-
thionylation of different members of the Hsp70 family has been
detected in a variety of cells and tissues under oxidative condi-
tions (21-27). Glutathionylation of hHsc70, the E. coli Hsp70
Dnak, and yeast ER-resident Hsp70 Kar2 regulates their chap-
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erone activity (22, 26, 27, 37). However, the precise effects of
glutathionylation on Hsp70 function and the mechanisms by
which PTMs regulate function of Hsp70 family members are
not clearly understood.

To help understand the physiological consequences of
Hsp70 glutathionylation and the mechanism by which gluta-
thionylation regulates the function of Hsp70, we investigated
the susceptibility of hHsp70 to undergo glutathionylation both
in cells and in vitro and then studied the effect of glutathiony-
lation on the structure and function of hHsp70. From isolated
SBDa to intact SBD and then to full-length Hsp70, we mea-
sured the effects on structure and function caused by glutathio-
nylation within the SBD« and clearly observed how local struc-
tural changes induced by glutathionylation cause global effects
on Hsp70 function. The NMR solution structure of the
glutathionylated hHsp70 SBD reveals the structural basis for
the altered peptide-binding affinity and ATPase activity upon
glutathionylation.

Results
Detection of hHsp70 cysteine modification in Hela cells

Glutathionylation modifications have been reported in dif-
ferent Hsp70 family members in a variety of organisms, includ-
ing four human Hsp70 family members (hHsc70, hHsp70, the
ER-resident Hsp70 BiP, and the mitochondrial Hsp70 morta-
lin), Chlamydomonas reinhardtii HSP70B, yeast Kar2, and bac-
terial DnaK from both E. coli and Salmonella typimurium (21—
27, 37). hHsp70 contains five Cys residues: Cys-17, Cys-267,
and Cys-306, located in the NBD, and Cys-574 and Cys-603,
located in the SBDa« (Fig. 14). However, the glutathionylation
sites in hHsp70 have not yet been determined, although gluta-
thionylation of hHsp70 has been detected previously by West-
ern blotting (24). hHsc70, which has four Cys residues (Cys-17
and Cys-267 in the NBD and Cys-574 and Cys-603 in the SBD) has
similarly been reported by other laboratories to undergo glutathio-
nylation (21, 22), and glutathionylation at Cys-17 and Cys-603 has
been detected in RAW264.7 mouse macrophages (33).

Here, we examined glutathionylation of hHsp70 in HeLa
cells under both untreated and diamide-treated conditions. A
strategy using resin-assisted enrichment of glutathionylated
proteins or peptides after biotin switch is commonly used for
detection of glutathionylation and other reversible cysteine
modifications (27, 33, 38—41) and was also applied in this study.
In brief, this strategy includes four steps: 1) irreversible block-
ing of unmodified free thiols with NEM, 2) reduction of revers-
ibly modified thiols in the presence of GSH and Grx, 3) maleim-
ide-biotin labeling of reduced free thiols, and 4) enrichment of
biotin-labeled proteins for detection by Western blotting or
enrichment of trypsin-digested peptides for MS. NEM blocking
was performed throughout cell harvesting and cell lysis (i.e. at
all steps prior to reduction by Grx and GSH) to prevent detec-
tion of false positives. To verify the blocking efficiency, we pre-
pared samples without the Grx/GSH-reducing step for both
untreated and diamide-treated conditions and found in both
cases that biotin-labeled hHsp70 and GAPDH could not be
detected or gave a very faint signal (Fig. 1B), confirming that the
clear detection of biotin-labeled hHsp70 and GAPDH following
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Figure 1. Positions of Cys residues in hHsp70 and detection of hHsp70 glutathionylation in HelLa cells. A, the crystal structures of the hHsp70 NBD in the
ADP-bound state (PDB code 3AY9) and the SBD (PDB code 4P02) are displayed in purple; the dashed line represents the flexible linker between the NBD and
SBD; the B-sheet subdomain forming the substrate-binding site (SBDB) and the a-helical subdomain (SBDa) that forms a lid over the substrate-binding site are
indicated; the Cys residues (as indicated) are in green. B, representative Western blotting detection of glutathionylation of hHsp70 in HeLa cells with or without
1 mm diamide treatment consistent for three individual experiments. Before biotin switch, expression of hHsp70 and GAPDH in untreated and diamide-treated
samples were compared. After blocking free cysteines present in the cell lysate mixture with NEM, untreated and diamide-treated samples were each divided
into three aliquots: one without the reducing step with Grx and GSH, one reduced by Grx C115/C14S/C65Y and GSH, and the third one reduced by Grx
C14S/C65Y and GSH; each sample was then labeled with maleimide-biotin (biotin switch). Biotin-labeled proteins were enriched using streptavidin beads for
Western blot analysis. Anti-hHsp70 mAb and anti-GAPDH polyclonal antibody were applied to detect hHsp70 and GAPDH in the enriched glutathionylated
proteins, respectively. C, comparison of reversible cysteine modification of hHsp70 (HspA1) and hHsc70 (HspA8) in Hela cells with or without diamide
treatment detected by MS. After blocking free cysteines present in the cell lysate mixture with NEM, glutathionylated cysteines were reduced by Grx with GSH
and labeled with maleimide-biotin (biotin switch) and then digested with trypsin. The biotin-labeled peptides were enriched for nanoLC-LTQ-Orbitrap XL
MS/MS analysis. The data of untreated samples were averaged, and the S.E. (error bars) for five individual MS measurements (Spreadsheet S1, Data sets 1, 3, 4,
7, and 8) was calculated and likewise for the data of diamide-treated samples (three individual MS measurements, Spreadsheet S1, Data sets 2, 5, and 6).
Peptides that could not be unambiguously assigned to a single Hsp70 family member are indicated with g, and in this case, the total number of PSMs was
equally distributed among the possible source proteins.
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the reducing step represents the occurrence of reversible cys-
teine modifications in cells (Fig. 1B). It is also clear that diamide
treatment increased the degree of reversible cysteine modifica-
tion of hHsp70 in HeLa cells, without any obvious change in
hHsp70 expression level during the treatment time (Fig. 18 and
Fig. S1). In contrast, for GAPDH, modification levels were sim-
ilar with and without diamide treatment. GAPDH is a classic
redox-regulated enzyme, and glutathionylation has been found
to inhibit its enzymatic activity to transfer redox information to
metabolic pathways (42, 43). In RAW264.7 mouse macro-
phages, diamide treatment was found to stimulate glutathiony-
lation of GAPDH (33). The relatively oxidative environment of
the HeLa cancer cell line may account for the high level of
reversible cysteine modification of GAPDH even without
diamide treatment. Grx generally shows promiscuous catalytic
activity in reducing both glutathionylation and inter-/intramo-
lecular disulfide bonds (44). Grx3 from E. coli with two muta-
tions (C14S and C65Y) has highly specific activity to reduce
glutathionylation (44), and Grx3 with three mutations (C11S,
C14S, and C65Y), which no longer contains any cysteine resi-
dues, loses its reducing activity (27). Employing these mutants,
we found that reduction of hHsp70 and GAPDH is not depen-
dent on the reducing activity of Grx3 (Fig. 1B). Previous studies
have also found that GSH allowed spontaneous full or partial
reduction of reversible cysteine modifications of proteins (26,
27, 33).

The combined results of three independent rounds of cell
sample preparation followed by biotin switch and MS indicate
that Hsp70 family members HspAlA (hHsp70), HspAlL,
HspA2, HspA4, HspA4L, HspA6, HspA7, HspA8 (hHsc70),
HspA9, and HspAl4 can each undergo reversible cysteine
modifications in HeLa cells, generally at multiple sites (Fig. S2
and Spreadsheet S1, Data sets 1-8). Reversible cysteine modi-
fications were detected in both untreated and diamide-treated
cells, but the number of peptides detected tended to be higher
in diamide-treated cells, as expected (Fig. S2 and Spreadsheet
S1, Data sets 1-8). We tested both 1 and 10 mm diamide and
found that whereas 10 mm diamide induced a higher level of cell
death, for the surviving cells, the reversible cysteine modifica-
tion levels of Hsp70 proteins were similar for the different con-
centrations of diamide (Spreadsheet S1, Data sets 2, 5, and 6).
Reversible cysteine modification can potentially occur at all five
cysteine residue positions in hHsp70 (Fig. 1C and Spreadsheet
S1, Data sets 1-8). However, peptides that could be uniquely
assigned to hHsp70 included Cys-17, Cys-574, and Cys-603,
whereas peptides containing Cys-267 and Cys-306 could not be
unambiguously assigned to a single Hsp70 family member (Fig.
1Cand Table 1). For the four potential reversible cysteine mod-
ification sites in hHsc70 (HspA8), unique peptides included
Cys-17 and Cys-603, whereas the peptides containing Cys-267
could not be unambiguously assigned, and Cys-574 was not
detected (Fig. 1C and Table 1). Of reversible cysteine modifica-
tions that can occur, glutathionylation is the most likely to be
detected due to its relative stability, and other types of reversi-
ble cysteine modifications can transform further into the glu-
tathionylated form (30). Diamide treatment generally induces
disulfide bond formation, but in the presence of excess GSH,
the glutathionylated form (rather than intra-/intermolecular
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protein disulfide bonds) will predominate (45). Therefore, fur-
ther in vitro characterization of hHsp70 was then carried out to
ascertain the reactivity of its cysteine residues and the effect of
glutathionylation on the structure and function of hHsp70.

Characterization of hHsp70 glutathionylation propensity

Having established that Hsp70 can undergo reversible cys-
teine modifications such as glutathionylation in the cellular
environment, we then carried out a thorough characterization
of the effects of such modification on purified protein, to deter-
mine the potential structural and functional consequences of
this PTM. To first test the susceptibility of hHsp70 to undergo
cysteine modification, the reactivity of the cysteine residues in
hHsp70 was evaluated by DTNB assay. In apo-hHsp70, the level
of activity suggests four or five free thiols, and the presence of
peptide substrate had no effect on the cysteine reactivity (Fig. 2,
A and B). The presence of ATP or ADP decreased the cysteine
reactivity of WT hHsp70 or its mutant T204A (which cannot
hydrolyze ATP, analogous to the T199A mutation of DnaK
(46)) to the equivalent of two free thiols (Fig. 2 (A and B) and
Table 2). Upon binding of ADP, the cysteine reactivity of
hHsp70-SSSCC (in which the three Cys residues in the NBD
were mutated to Ser, leaving only the two Cys residues in the
SBD) was unchanged, whereas the cysteine reactivity of
hHsp70-CCCSS (which has only the three Cys residues in the
NBD) was decreased (Fig. 2B). This indicates that the degree of
cysteine reactivity detected in the presence of ATP or ADP can
be attributed to the two C-terminal Cys residues. Thus, in the
nucleotide-bound state of hHsp70, which is expected to be the
predominant state in vivo, the Cys residues that are likely to be
most susceptible to modification are Cys-574 and Cys-603,
located in the aC and aD of the SBDe, respectively (Fig. 14).

We next investigated conditions that could replicate the glu-
tathionylation reaction in vitro. Conditions that have been pre-
viously observed to cause glutathionylation of purified proteins
include decomposed GSNO, fresh GSNO, GSSG, GSH and
diamide, or GSH and H,0, (22, 27, 47). We found that apo-
hHsp70 was readily glutathionylated in the presence of decom-
posed GSNO, GSSG, GSH and diamide, or GSH and H,0O,,. Of
these conditions, we found that GSH and diamide was the most
efficient (Fig. S3), and this was therefore adopted as the stan-
dard method of glutathionylation for in vitro sample prepara-
tion, to obtain a homogeneous degree of glutathionylation,
allowing rigorous structural and functional studies, comparing
the properties of the glutathionylated and unmodified forms of
the hHsp70 protein. Western blotting using anti-GSH antibody
together with staining of free thiols with the maleimide-func-
tionalized dye Alexa Fluor® 350 showed that all five cysteines in
WT hHsp70 were glutathionylated in the apo state (Fig. 2C),
whereas in the presence of ADP, WT hHsp70 was partially glu-
tathionylated, and no glutathionylation occurred in the mutant
hHsp70-CCCSS, in which the Cys residues within the SBD have
been mutated to Ser (Fig. 2C), consistent with the results of
thiol activity measurements (Fig. 2, A and B). NanoLC-LTQ-
Orbitrap XL MS/MS of WT hHsp70 treated with diamide and
GSH in the presence of ADP showed that peptides containing
Cys-574 and Cys-603 were glutathionylated (Fig. 2, D and E),
whereas no glutathionylated peptides containing Cys-17 or
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Table 1

Representative results from one round of Hela cell preparation followed by biotin switch enrichment and nanoLC-LTQ-Orbitrap XL MS/MS
detection, showing identified glutathionylation sites on different Hsp70 family members in untreated (blue rows) and diamide-treated cells

(beige rows)
Hsp70 Peptide MH+ PSM | Peak Modifications glutathionylation
member Sequence [Da] S area site
PODMVS8 | AAAIGIDLGT | 2659.29 |1 3.03*107 | C14 (maleimide- | Cys17
HspAlA TYScVGVFQ biotin)
hHsp70 HGK
FEELcSDLFR? | 1709.77
1 1.80%107 | C5 (maleimide-biotin) | Cys306°
ARFEELcSDL | 1936.90 |2 1.82%107 | C7 (maleimide-biotin) | Cys306°
FR¢ 4 3.88%107 | C7 (maleimide-biotin) | Cys306”
ELEQVCNPIIS | 3449.66 | 1 2.65*%107 | C6 (maleimide-biotin) | Cys603
GLYQGAGGP
GPGGFGAQG 4 6.93*107 | C6 (maleimide-biotin) | Cys603
PK
RKELEQVcNP | 3733.85
HBEEEQERG i 7.35*%107 | C8 (maleimide-biotin) | Cys603
GPGPGGFGA
QGPK
P17066 FEELcSDLFR? | 1709.77
HspA6 1 1.80%107 | C5 (maleimide-biotin) | Cys308°
P48741 ARFEELcSDL | 1936.90 |2 1.82%107 | C7 (maleimide-biotin) | Cys308°
HspA7 FR? 4 3.88*%107 | C7 (maleimide-biotin) | Cys308°
P11142 GPAVGIDLGT | 2657.28 |4 5.61*107 | C14 (maleimide- | Cys17
HspAS TYScVGVFQ biotin)
hHsc70 HGK 4 7.63*107 | C14 (maleimide- | Cys17
biotin)
VeNPITK 1338.69 | 6 4.24*107 | C2 (maleimide-biotin) | Cys603
7 5.65*107 | C2 (maleimide-biotin) | Cys603

“ Source data have been deposited into the ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier PXD017717. Spreadsheet S1 contains
MS data sets for human Hsp70 (HspA) glutathionylation as follows: Data set 1, sample 1 untreated (blue rows in Table 1); Data set 2, sample 1 treated with 10 mm diamide
(beige rows in Table 1); Data set 3, sample 2 untreated (MS detection 1 of 2); Data set 4, sample 2 untreated (MS detection 2 of 2); Data set 5, sample 2 treated with 1 mm
diamide (MS detection 1 of 2); Data set 6, sample 2 treated with 1 mm diamide (MS detection 2 of 2); Data set 7, sample 3 untreated (MS detection 1 of 2); Data set 8,
sample 3 untreated (MS detection 2 of 2).

® peptide is found in both hHsp70 (HspA1A) and in HspA6/A7, so it cannot be unambiguously assigned.

Cys-267 were detected. A small proportion of peptides con-
taining Cys-306 were observed to be glutathionylated, pos-
sibly reflecting the strong MS signal of these peptides and
occasional modification at Cys-306 in the presence of ADP.
The results confirm that Cys-574 and Cys-603 undergo glu-
tathionylation in ADP-bound WT hHsp70 in vitro (Fig. 2, D
and E), consistent with the Western blotting and DTNB
assay results above.
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Combining the results of glutathionylation detection in cells
and in purified protein, it is clear that Cys-574 and Cys-603 in
the SBDa of hHsp70 have the highest propensities to undergo
glutathionylation under physiological conditions, given the
susceptibility of these two residues to undergo glutathionyla-
tion in both the presence and absence of nucleotide. Thus, fur-
ther characterization was focused on the effects of glutathiony-
lation within the SBD.
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Table 2
Summary of human HspA1A (hHsp70) mutants used in this study
Name of protein

WT hHsp70
hHsp70-SSSCC
hHsp70-CCCSS
hHsp70-CSSCC
hHsp70-CSSAA
hHsp70-CSSAS
hHsp70-CSSSS
hHsp70-CCCQQ

Description

hHsp70 (HspA1A/B)

hHsp70 C17S/C267S/C306S

hHsp70 C574S/C603S

hHsp70 C267S/C306S

hHsp70 C267S/C306S/C574A/C603A

hHsp70 C267S/C306S/C574A/C603S

hHsp70 C267S/C306S/C574S/C603S

hHsp70 C574Q/C603Q, mimics
glutathionylation of CTD

hHsp70 C267S/C306S/C603A

hHsp70 C267S/C306S/C574A

hHsc70 (HspAS8)

hHsp70 A1-536/A611-641, SBDa of
hHsp70 consisting of remote part of
a-helix B and a-helices C and D

hHsp70 A1-536/A611-641/C574A/C603A

hHsp70 A1-536/A611-641/C574A/C603S

hHsp70 A1-536/A611-641/C574S/C603S

hHsp70 A1-536/A611-641/C574Q/C603Q

hHsp70 A1-384, SBD of hHsp70

hHsp70 mutant that binds but does not
hydrolyze ATP

hHsp70-CSSCA

hHsp70-CSSAC

WT hHsc70

SBDa(537-610) or
SBD«(537-610)-CC

SBDa(537—610)-AA
SBDa(537-610)-AS
SBDa(537-610)-SS
SBD«(537-610)-QQ
hHsp70(385-641)
hHsp70 T204A

Glutathionylation at Cys-574 and Cys-603 causes unfolding of
the SBDa

To investigate the mechanism by which glutathionylation
regulates hHsp70, we used the truncation mutant SBD«(537—
610), which consists of the remote part of a-helix B and a-heli-
ces C and D, forming the C-terminal a-helix bundle part of the
SBDa lid (Figs. 14 and 3A), to study the local structural changes
caused by glutathionylation of the C-terminal pair of Cys resi-
dues, Cys-574 and Cys-603. Q-TOF MS confirmed that glu-
tathionylation occurs within the SBDw(537-610), and the
611-Da molecular weight difference is consistent with gluta-
thionylation at both Cys-574 and Cys-603 (Fig. 3, B and C). In
the absence of GSH, diamide treatment causes intramolecular
protein disulfide bond formation of SBD«(537-610), and the
molecular weight of the product is 2 Da smaller than untreated
SBD(537-610) in Q-TOF MS detection (Fig. 3D). The far-UV
CD spectra indicate that glutathionylation of the SBDa(537—
610) causes a transition from a-helical to random coil structure
(Fig. 3E). There is a single tryptophan residue (Trp-580) within
the SBDa(537-610). The tryptophan fluorescence spectra
also indicate that glutathionylation induces unfolding of the
SBD(537-610) (Fig. 3F), and analytical SEC indicates an
increase in hydrodynamic volume (Fig. 3G). The "H-">N HSQC
NMR spectrum of the SBDa(537-610) shows well-dispersed
peaks, indicating a well-folded structure, as reported previously
(48), but upon glutathionylation, the peaks are narrowly dis-
persed with backbone 'H-'°N signals ranging between 7.6
and 8.5 ppm in the hydrogen dimension (Fig. 3H), indicating
that glutathionylated SBDa(537-610) has a disordered confor-

mation. After deglutathionylation of the glutathionylated
SBD(537-610) by treatment with DTT, the properties mea-
sured by CD, intrinsic fluorescence, SEC, and NMR are essen-
tially the same as the original untreated control (Fig. 3, E-H),
indicating that the global conformational change caused by glu-
tathionylation is fully reversible.

Glutathionylation at Cys-574 and Cys-603 causes collapse of
the unfolded SBD« into the SBDf3 substrate-binding site

To further investigate the conformational changes that occur
upon glutathionylation of the two C-terminal Cys residues, we
used the truncation mutant hHsp70(385-641), henceforth
referred to as the hHsp70 SBD, which contains both the SBDf3
substrate-binding site and the SBD« (Fig. 1A4). The far-UV CD
spectra (Fig. 44) and tryptophan fluorescence spectra (Fig. 4B)
showed significant structural change consistent with loss of
a-helical structure upon glutathionylation of the SBD, similar
to the changes observed for the isolated SBD«(537-610) (Fig. 3,
E and F), confirming that glutathionylation results in unfolding
of the SBDa. Analytical SEC showed the disappearance of olig-
omeric elution peaks, indicating a reduction in oligomerization
of the SBD upon glutathionylation (Fig. 4C). Similar to the
observations for the isolated SBD, the glutathionylated SBD is
eluted earlier than unmodified SBD due to the increase in
hydrodynamic volume caused by unfolding of the SBDa upon
glutathionylation. The 'H-'>N HSQC NMR spectrum of the
hHsp70 SBD shows a number of weak peaks, consistent with a
distribution of oligomeric states (Fig. 4D). Additionally, strong
peaks are observed between 6.8 and 8.5 ppm in the "H dimen-
sion, which can be attributed to backbone 'H-'°N signals of
residues in a random coil conformation as well as side chains of
asparagine (7.8—8.5 ppm), glutamine, and arginine (6.8-7.8
ppm) residues. Upon glutathionylation, the spectrum becomes
more homogeneous: the weak peaks become significantly
stronger, and new peaks appear (Fig. 4D), indicating a transi-
tion from oligomer to monomer, consistent with the analytical
SEC results (Fig. 4C). Comparison of the properties of un-
treated control and deglutathionylated SBD by CD, intrinsic
fluorescence, and SEC again indicates that the structural
changes induced by glutathionylation are fully reversible, and
the SBDa(537-610) refolds upon deglutathionylation.

To fully understand the structural basis for the functional
changes induced by glutathionylation, we determined the
structure of the glutathionylated hHsp70 SBD using solution
NMR (Fig. 5, Fig. S4, and Table 3). The structure shows that the
C-terminal a-helical bundle is completely disrupted and
becomes disordered after glutathionylation at Cys-574 and
Cys-603 (Fig. S4B). In the structure, the secondary elements

Figure 2. Characterization of glutathionylation within the SBD« lid of full-length hHsp70 using purified hHsp70. A, the time course of cysteine reactivity
of hHsp70in the absence and presence of ADP, ATP, or peptide was monitored in a Fluostar BMG plate reader, and the number of free thiols was calculated. The
data shown are the mean of three independent measurements (each of three replicates), and the error bars represent the S.E. B, the number of free thiols
measured at the 60-min time point is plotted to allow comparison of cysteine reactivity of WT hHsp70 and its mutants hHsp70 T204A, hHsp70-CCCSS, and
hHsp70-SSSCCin the absence and presence of ADP, ATP, or peptide. Other details are as for A. C, Western blotting detection and Alexa Fluor® 350 dye staining
distinguish glutathionylation and nonglutathionylation of WT hHsp70 in the absence of nucleotide, and WT hHsp70 or hHsp70-CCCSS in the presence of 1 mm
ADP; 1:500 anti-GSH was used in the Western blotting detection. D and E, detection by MS of glutathionylation at Cys-574 (D) and Cys-603 (E) of purified WT
hHsp70 treated with diamide and GSH in the presence of ADP. NanoLC-LTQ-Orbitrap XL MS/MS analysis confirmed the 3365.6-Da glutathionylated peptide
VLDKC**”*QEVISWLDANTLAEKDEFEHK (D) and the 3303.5-Da glutathionylated peptide ELEQVC****NPIISGLYQGAGGPGPGGFGAQGPK (£) after trypsin diges-
tion. The detected peaks (main panel) correspond to the predicted peptides (inset), where red corresponds to observed N-terminal peptide fragments and blue
corresponds to observed C-terminal peptide fragments. C* indicates Cys-574 and Cys-603, which undergo glutathionylation.
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Figure 4. Effect of glutathionylation at Cys-574 and Cys-603 on the structure of the hHsp70 SBD (A-C). Conformation and secondary structure of
untreated control (-C, black), glutathionylated (-G, red), and deglutathionylated (-D, blue) hHsp70 SBD were compared by far-UV CD (A), intrinsic tryptophan
fluorescence (after excitation at 295 nm) (B), and SEC (C). Inset, untreated control (-C), glutathionylated (-G), and deglutathionylated (-D) hHsp70 SBD were also
examined by nonreducing SDS gel and Alexa Fluor® 350 dye staining. D, "H-">N HSQC NMR spectra of untreated control (-C, black) and glutathionylated (-G, red)

hHsp70 SBD were compared.

B1-B8, aA, and part of aB (residues 524 -535) are well-pre-
served, whereas aB (residues 536 —545) and aC-«E, which were
in an a-helical conformation in the unmodified state, are now
in a loop conformation (Fig. 5, A—C). Notably, the side-chain
methyl groups of residue Leu-542 bind in the hydrophobic cleft
of the SBDp3, and thus the unfolded C-terminal region blocks
the substrate-binding site (Fig. 5, B and C). Unfolded SBD«
increases the hydrodynamic radius of monomeric SBD,
whereas binding of the unfolded SBDa to the SBDf decreases
oligomerization of the SBD by blocking interactions mediated
by the hydrophobic site of the SBD, also explaining the
changes in SEC profile and signal enhancement of NMR peaks
upon glutathionylation (Fig. 4, C and D). Structures of Hsp70
containing truncations of the SBD« also show a similar collapse
of the unfolded C terminus into the substrate-binding site, includ-
ing human, rat, and bovine homologues (49 —51) (Fig. 5D), indicat-

ing that disruption of the structure of the a-helical lid will generally
lead to blocking of the SBD 3 substrate-binding site, due to binding
of the unfolded C-terminal region in place of extrinsic substrates.

Glutathionylation at Cys-574 and Cys-603 causes significant
changes in structure and function of full-length hHsp70

To fully investigate the mechanism by which glutathionyla-
tion regulates hHsp70 function, we used full-length hHsp70 to
study structural and functional changes of intact hHsp70
caused by glutathionylation of the C-terminal pair of Cys resi-
dues, Cys-574 and Cys-603. hHsp70 contains two tryptophan
residues, Trp-90 and Trp-580. Monitoring of intrinsic trypto-
phan fluorescence upon glutathionylation of ADP-bound full-
length hHsp70 (Fig. 6A) shows similar spectral changes as
observed upon glutathionylation of the isolated SBDa(537—
610) and the complete SBD (Figs. 3F and 4B), confirming that

Figure 3. Effect of glutathionylation at Cys-574 and Cys-603 on the structure of the hHsp70 SBD«(537-610). A, structure of the hHsp70 SBD«(537-610)
(PDB code 2LMG); Cys-574 and Cys-603 are in green. B-D, the molecular weight of SBDa(537-610) was analyzed by MS to detect glutathionylation (-G) or
disulfide bond formation (-S-S-); shown before (B) and after (C) treatment with diamide and GSH, and after treatment with diamide alone (D). E-G, conformation
and secondary structure of untreated control (-C, black), glutathionylated (-G, red), and deglutathionylated (-D, blue) SBD«(537-610) were compared by far-UV
CD (E), intrinsic tryptophan fluorescence (after excitation at 295 nm) (F), and SEC (G). H, "H-">N HSQC spectra of untreated control (-C, black), glutathionylated
(-G, red), and deglutathionylated (-D, blue) SBDa(537-610) were compared.
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B

Figure 5. The NMR structure of glutathionylated hHsp70 SBD. A, ribbon representation of the glutathionylated hHsp70 SBD. Residues 611-641, which are
disordered in the unmodified native structure, are not displayed. B, molecular surface of the glutathionylated hHsp70 SBD and binding of residue Leu-542 of
the unraveled a-helix B within the hydrophobic core. C, superimposition of glutathionylated hHsp70 SBD (residues 385-641; purple) and nonglutathionylated
hHsp70 SBD (residues 385-616, PDB code 4P0O2; green). D, superimposition of glutathionylated hHsp70 SBD (residues 385-641; magenta) and truncated
Hsp70 SBD domains of different species: rat Hsp70 (residues 383-542, PDB code 1CKR; yellow), human Hsp70 (residues 393-543, PDB code 4WV5; green), and
bovine Hsp70 (residues 1-554, PDB code 1YUW; white). The arrow indicates the segments of the SBD« that have collapsed into the SBDS.

glutathionylation also causes unfolding of the SBD« in intact
hHsp70. Analytical SEC indicates a small increase in hydrody-
namic volume, consistent with a switch to random coil struc-
ture by unfolding of the SBD« (Fig. 6B). Functional regulation
of hHsp70 by glutathionylation was evaluated by ATPase activ-
ity and peptide substrate-binding ability (Fig. 6, C and D). Ele-
vated ATPase activity and decreased peptide-binding ability of
glutathionylated hHsp70 could be explained by collapse of the
unfolded SBDa into the SBD substrate-binding site, mimicking
substrate binding. Although the FITC-labeled ALLLSAPRR
(FAR) peptide has an affinity of 1-10 uMm for hHsp70, glutathio-
nylation-induced unfolding of the SBDa almost abolished
binding of FAR to hHsp70 (Table 4 and Fig. 6D), indicating a
strong interaction between the unfolded SBD« and the SBDf3
substrate-binding site. This is consistent with the results of pre-
vious studies using SBDa truncation mutants of other Hsp70
homologues, where similarly, tight binding of the unfolded
SBDa to the SBD of DnaK or rat Hsc70 could not be displaced
by high concentrations of peptides (up to 10 mm), presumably

SASBMB

due to the high effective concentration of the unfolded SBD«
when binding is intramolecular (50, 52). Hsfl is a protein sub-
strate of hHsp70 (53). It was found that the presence of ADP
favored interaction between hHsp70 and hHsfl, whereas ATP
disfavored this interaction (Fig. 6E). In the presence of ADP,
glutathionylation of hHsp70 dramatically weakened this inter-
action (Fig. 6E), consistent with the results using peptide sub-
strate, indicating that glutathionylation within the SBDa of
hHsp70 switches off its chaperone function. After deglutathio-
nylation of the glutathionylated hHsp70 by treatment with
DTT, the properties measured by intrinsic fluorescence, SEC,
ATPase activity, and substrate binding are essentially the same
as the original untreated control (Fig. 6, A-E), indicating that
the structural and functional changes induced by glutathiony-
lation are fully reversible in full-length hHsp70.

Kinetics of glutathionylation and deglutathionylation of
hHsp70 could be measured by monitoring the time course of
structural and functional changes accompanied by correspond-
ing changes in intrinsic fluorescence and peptide binding. By
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Table 3

Experimental restraints and structural statistics for the 20 lowest-en-
ergy structures of glutathionylated hHsp70 SBD (residues 386 -641)

Distance restraints

Intraresidue 866
Sequential 477
Medium 158
Long-range 451
Ambiguous 1249
Total 3201
Hydrogen bond restraints 90
Dihedral angle restraints
@ 99
y 95
x1 63
Total 257
Violations
NOE violations (>0.3 A) 0
Torsion angle violation (>5°) 0

PROCHECK statistics (%)”

Most favored regions 86.8
Additional allowed regions 11.4
Generously allowed regions 0.8
Disallowed regions 0.9
r.m.s.d. from mean structure (A)
Backbone heavy atoms
All residues” 1.67 £ 0.28
Regular secondary structure® 0.42 = 0.09
All heavy atoms
All residues 2.37 £0.32
Regular secondary structure 1.22 = 0.15

“ Residues used to calculate PROCHECK statistics include 394 —545.

? Residues used to calculate the r.m.s.d. values of all residues include 394 —545 in
glutathionylated hHsp70(385—641).

¢ Regular secondary structure regions used here include B-strand residues: 401—
404, 410-415, 422428, 438 — 444, 457- 460, 474 - 480, 486 —491, and 498 —504
for glutathionylated hHsp70(385—641).

following the time course of the change in the center of spectral
mass (CSM) of intrinsic fluorescence during the glutathionyla-
tion reaction (Fig. 6F), we can estimate the reaction rate of
glutathionylation. By fitting the curves to a single exponential
function (Fig. 6F), we calculated the apparent reaction rate
constant (k) for glutathionylation of Cys-574 and Cys-603 in
ADP-bound hHsp70 under different conditions: k (GSH +
diamide) = (1.09 * 0.05) X 1072 s~ ', k (GSH + H,0,) =
(154 + 0.06) X 10 *s~ %, and k (GSSG) = (2.32 + 0.12) X 105
s~ '. Thus, in the presence of GSH, diamide causes the gluta-
thionylation of hHsp70 much more rapidly than GSH with
H,O,, or GSSG alone. The k value for deglutathionylation of
Cys-574 and Cys-603 in hHsp70 by DTT was (5.48 = 0.06) X
1025~ " In fact, the time taken to observe a CSM shift includes
both the thiol reaction time and the time taken for the subse-
quent structural changes, so the observed k value that we cal-
culate represents the lower limit of the actual thiol reaction rate
constant. During the fluorescence polarization (FP) monitored
time course of peptide binding, we added diamide and GSH to
glutathionylate hHsp70 and then DTT to deglutathionylate
hHsp70. We observed a shift in the equilibrium of peptide bind-
ing toward dissociation upon glutathionylation and restoration
of peptide binding upon deglutathionylation in both the iso-
lated SBD of hHsp70 (truncation mutant hHsp70(385-641))
and full-length hHsp70, regardless of whether hHsp70 was in
the apo, ADP-bound, or ATP-bound state (Fig. 6G). This sug-
gests that the glutathionylation/deglutathionylation cycle of
hHsp70 could potentially regulate substrate binding at any
point in the hHsp70 functional cycle. The mutant T204A,

8312 J Biol. Chem. (2020) 295(24) 8302-8324

which has extremely weak ATP hydrolysis ability, was used to
avoid hydrolysis of bound ATP, and the result confirms that the
regulation of substrate binding by glutathionylation and deglu-
tathionylation also occurs in the ATP state of hHsp70 (Fig. 6G).

Different contributions of glutathionylation at Cys-574 and
Cys-603 to modulation of hHsp70

To check whether Cys-574 and Cys-603 have different thiol
reactivity and different contributions to redox regulation of
hHsp70, DTNB reaction kinetics and glutathionylation kinetics
of individual cysteine residues were further studied. The reac-
tivity of ADP-bound hHsp70-CSSCA and hHsp70-CSSAC cor-
responds only to Cys-574 and Cys-603, respectively. In the
presence of ADP, the DTNB assay shows that Cys-603 reacts
more rapidly than Cys-574 (Fig. 7A), suggesting that Cys-603 is
more reactive. Similarly, comparing the glutathionylation reac-
tion rate of hHsp70-CSSCA and hHsp70-CSSAC induced by
GSH and diamide by monitoring the CSM shift, we also
detected a more rapid rate of glutathionylation for Cys-603
than for Cys-574: k (hHsp70-CSSAC) = (1.12 * 0.05) X 102
s~ 1, k (hHsp70-CSSCA) = (2.19 * 0.14) X 10 s~ ' (Fig. 7B).
The similar k value for WT hHsp70 of (1.09 = 0.05) X 10 %s™ !
to that for hHsp70-CSSAC indicates that glutathionylation
within the C-terminal a-helical lid is initiated by glutathiony-
lation of Cys-603. Consistent with this, when monitoring by FP,
hHsp70-CSSAC and WT hHsp70 showed a more rapid shift of
the peptide-binding equilibrium toward dissociation upon glu-
tathionylation than hHsp70-CSSCA (Fig. 7C). However, gluta-
thionylation has a more profound effect on the ATPase activity
and peptide-binding ability of hHsp70-CSSCC than of hHsp70-
CSSCA or hHsp70-CSSAC (Fig. 7, C-G), indicating that mod-
ification at both Cys-574 and Cys-603 has a more significant
effect on the structure and function of hHsp70 than modifica-
tion at only one of these residues.

These results together indicate that Cys-574 and Cys-603
work differently and cooperate to regulate function of hHsp70
upon thiol modification, as follows: 1) Cys-603 has higher sen-
sitivity to oxidative stress but a weaker effect on hHsp70 struc-
ture and function; 2) Cys-574 has lower sensitivity to oxidative
stress, but glutathionylation of Cys-574 in combination with
glutathionylation of Cys-603 has a stronger effect on hHsp70; 3)
structural changes caused by modification of Cys-603 cause
exposure of Cys-574, and thus modification of Cys-574 can be
accelerated by modification of Cys-603. It is possible that mild
oxidation of short duration in cells may only cause glutathiony-
lation of Cys-603, inducing moderate structural and functional
changes in hHsp70, whereas prolonged severe oxidation in cells
may cause glutathionylation of both Cys-603 and Cys-574 and
result in dramatic structural and functional changes of hHsp70.
This could explain why glutathionylated Cys-603 is more fre-
quently detected in cells by MS than glutathionylated Cys-574
(Table 1 and Fig. 1C). The different contributions of Cys-574
and Cys-603 to regulation caused by thiol modification may be
determined by their position in the structure and the different
contributions of Cys-574 and Cys-603 to the structural stability
of the SBDa. Cys-574 is located in the center of «C, is fully
buried, and contributes significantly to the stability of the
hydrophobic core of the SBD« structure. Cys-603 is also well-
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Figure 6. Effect of glutathionylation at Cys-574 and Cys-603 on conformation and function of full-length hHsp70. A and B, the conformation and
oligomeric state of untreated control (-C, black), glutathionylated (-G, red), and deglutathionylated (-D, blue) full-length hHsp70 (residues 1-641) in the
presence of 0.5 mm ADP in Buffer B were analyzed by intrinsic tryptophan fluorescence (after excitation at 295 nm) (A) and SEC (B), respectively. Cand D, the
ATPase activity (C) and peptide-binding ability (D) of untreated control (-C, black), glutathionylated (-G, red), and deglutathionylated (-D, blue) full-length
hHsp70 (residues 1-641) in the presence of 0.5 mm ADP in Buffer B were compared. FP at 520 nm after excitation at 485 nm was used to monitor the binding
of 20 nm FAR peptide to different concentrations of hHsp70 or its mutants, as indicated. The data shown are the mean of three individual experiments, and the
error bars represent the S.E. E, the interaction of hHsp70 with Hsf1 was detected by a pulldown assay. WT hHsp70 in the absence or in the presence of 1 mm ADP
or ATP and untreated control (-C), glutathionylated (-G), or deglutathionylated (-D) ADP-bound WT hHsp70 samples (20 um) were incubated with 2 um
Hisg-Smt3-Hsf1 at 8 °C for 60 min, as indicated. Elution with Buffer C (50 mm Tris-HCI, pH 7.5, 300 mm KCl, 5 mm MgCl,) containing 300 mm imidazole (from the
nickel-Sepharose separation step) was detected by SDS-PAGE staining with Coomassie Brilliant Blue and by Western blotting with anti-hHsp70 antibody. F, the
time course of conformational change accompanying glutathionylation and deglutathionylation of WT hHsp70 in the presence of 0.5 mm ADP was monitored
by recording the shift in CSM of the intrinsic fluorescence spectrum. Glutathionylation kinetics induced by 1 mm diamide and 1 mm GSH (black squares), T mm
GSH and 4 mm H,0, (red circles), and 2 mm GSSG (blue triangles) were compared. Inset, kinetics of glutathionylation induced by 1 mm diamide and 1 mm GSH
(open squares) and kinetics of deglutathionylation (filled squares) induced by 10 mm DTT. G, kinetics of FAR peptide binding to 10 um apo WT hHsp70 (black),
ADP-bound WT hHsp70 (red), ATP-bound WT hHsp70 (blue), ATP-bound hHsp70 T204A (green), and SBD of hHsp70 (residues 385-641, cyan) accompanying
glutathionylation and deglutathionylation were monitored and compared. 20 nm FAR, 1 mm diamide with T mm GSH, and 10 mm DTT were added at 0, 60, and
120 min, respectively, to initiate peptide binding, glutathionylation, and deglutathionylation in turn.
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Table 4
FAR peptide dissociation constants for hHsp70 and its mutants
State K,
M
WT ADP
Control 1.07 = 0.25
Glutathionylated ND*
Deglutathionylated 1.20 = 0.33
Apo
WwWT 1.12 = 0.12
hHsp70-CSSCC 1.35+0.23
hHsp70-CSSAA 1.19 £ 0.21
hHsp70-CSSAS 1.44 + 0.54
hHsp70-CSSSS ND
hHsp70-CCCQQ ND

“ND, not determined.

buried, but it is located at the junction of aD and «E and so may
more readily become accessible to modification due to “breath-
ing” of the helix-bundle structure. Glutathionylation of the
constitutively expressed Hsp70 homologue hHsc70 had been
detected in different cell lines by different laboratories (21),
including in this study (Fig. 1C and Table 1). hHsc70 has 86%
sequence identity with hHsp70, including four cysteine and two
tryptophan residues at the equivalent sites, but hHsc70 lacks
the NBD residue Cys-306, which is present in hHsp70. The SBD
residue Cys-603 in hHsc70 was also detected as being glutathio-
nylated in HeLa cells. The DTNB assay showed that in the pres-
ence of ADP, hHsc70 has much lower thiol reactivity than
hHsp70 (Fig. 7A). Comparing the glutathionylation reaction
rate induced by GSH and diamide by monitoring the CSM shift,
we also detected a lower rate of glutathionylation for hHsc70
than for hHsp70: k (hHsc70) = (2.67 + 0.19) X 10" %s™ . The k
(hHsc70) is similar to k (hHsp70-CSSCA). This suggests that
hHsp70 is more sensitive to redox than hHsc70 in cells, and
Cys-603 of hHsp70 is the most sensitive among all Cys residues
in hHsp70 in the nucleotide-bound state.

Mutation of Cys-574 and Cys-603 causes structural and
functional changes in hHsp70 mimicking those induced by
glutathionylation

Glutathionylation involving Cys-574 and Cys-603 causes dis-
ruption of the structure of the SBDa, suggesting that the two
Cys residues may be important for the stability of the a-helix
bundle. To test this, we mutated each of the two Cys residues to
Ala, Ser, and Gln and tested the effect of these mutations on the
structure and function of hHsp70. When introduced into the
isolated SBD«a(537—-610), we observed that these mutations
affect the structure to different extents in the following order:
AA < AS <SS = QQ (Fig. 8, A—C). The hydropathy index
values of cysteine, alanine, serine, and glutamine are 2.5, 1.8,
—0.8, and —3.5, respectively (54), meaning that Ala is most
similar to Cys in terms of polarity, although Ser is more similar
to Cys in terms of size and shape. Thus, the more significant
structural effect of serine mutants than alanine mutants can be
attributed to the difference in polarity. Glutamine causes the
largest structural changes in the SBDq, consistent with it being
the most polar among these residues, together with its relatively
bulky side chain. With the increasing polarity of the residues at
574 and 603, a lower a-helical signal and decreased thermal
stability was observed by CD, and a larger hydrodynamic vol-
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ume was observed by SEC (Fig. 8, A—C). This indicates that the
equilibrium between folding and unfolding shifts toward the
unfolded state, and the structure of the molecule is less
compact.

The side chains of Cys-574 and Cys-603 are well-buried in
the a-helical bundle of the SBDa. They form a hydrophobic
core together with the side-chains of Val-552, Val-570, Leu-
599, and other hydrophobic residues. Thus, introduction of a
polar residue, like serine or glutamine, will disrupt this hydro-
phobic core and thus disrupt the «-helical bundle. The gluta-
mate residue in GSH has the same hydropathy index value as
glutamine (—3.5), and GSH is larger than glutamine. Thus, glu-
tathionylation at Cys-574 and Cys-603 thoroughly disrupts
the a-helical bundle structure by introducing a large polar
group. As expected, the SBD«(537-610)-QQ mutant shows
similarities to the glutathionylated SBD®(537-610) in terms of
the far-UV CD spectra and thermal denaturation, although SEC
showed a more expanded structure for the glutathionylated
protein (Fig. 8, A—C). Overall, this indicates that the
SBD(537-610)-QQ mutant is also completely unfolded.

In full-length hHsp70, we observed increased ATPase activ-
ity and decreased peptide binding ability of the C-terminal SS
and QQ mutants, but no effect of AA and AS mutants (Fig. 8 (D
and E) and Table 4), suggesting that the SBDa region (residues
537-610) in full-length hHsp70 may be more stable than the
isolated SBD«(537—-610). Comparison of the structures of the
isolated SBDa(537—-610) and the intact SBD also shows that
helices B, C, and D of the isolated SBD«(537-610) form a more
compact bundle (Fig. S5); thus, the isolated SBDa(537-610)
may have lower tolerance toward mutation. The ATPase activ-
ity and peptide binding ability of hHsp70-CCCQQ and gluta-
thionylated ADP-bound hHsp70 were also similar (Fig. 8, D and
E). As expected, hHsp70-CCCQQ cannot bind Hsf1 in the pres-
ence or absence of nucleotide, just like glutathionylated hHsp70
(Figs. 6E and 8F). Thus, C574Q and C603Q mutations can
mimic the effects on structure and function of glutathionyla-
tion at Cys-574 and Cys-603. From the above results, we con-
clude that partial or complete unfolding of the SBD« induced
by thiol modification or mutation allows this region of
sequence to act as pseudo-substrate to bind to the SBDf, thus
promoting ATPase activity and competing with substrate
binding.

Discussion

Although strong oxidative stress is harmful, redox variations
are common in cells and facilitate signal transduction for
important physiological activities, such as development and
differentiation of the embryo (55). Cysteine modifications of
proteins provide the main means for redox signal transfer (55).
Nearly all known mammalian HspA1A homologues possess
five conserved Cys residues, suggesting that these residues may
be important for some aspect of Hsp70 function. This study
demonstrates that reversible cysteine modification of hHsp70
occurs in cells and investigates the significance of these con-
served cysteine residues by testing their reactivity and the
potential of glutathionylation to act as a reversible regulatory
mechanism. /n vitro study found that nucleotide binding can
protect Cys residues within the NBD of hHsp70 from under-
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going oxidative modifications, and in contrast, the relatively
high reactivity of Cys residues within the SBD (Cys-574 and
Cys-603) is not reduced by nucleotide or substrate binding.
Further, it was found that Cys-603 is more reactive and more
readily undergoes glutathionylation than Cys-574, but glu-
tathionylation of both Cys-574 and Cys-603 causes more
severe structural and functional changes in hHsp70 than glu-
tathionylation of Cys-603 alone. Thus, these two cysteine
residues may cooperate to transfer redox signals to Hsp70
client proteins. We found that the glutathionylation/deglu-
tathionylation cycle directs the unfolding and refolding of
the SBDa, which blocks or unblocks availability of the sub-
strate-binding site of SBDf3, thus modulating substrate bind-
ing, indicating a latent regulatory function of the SBDa« dis-
tinct from the allosteric regulation induced by nucleotide/
substrate binding. It is also suggested that glutathionylation/
deglutathionylation could be a switch to turn off/turn on
chaperone activity of hHsp70 and thus to transfer redox sig-
nals to the clients of hHsp70. This study also found that
hHsc70 is not as sensitive to redox as hHsp70, throwing new
light on distinct functions of hHsp70 and hHsc70.

hHsp70 is sensitive to redox changes and is redox-regulated by
thiol modification

Most Hsp70s contain at least one Cys residue, but differ-
ent Hsp70 homologues vary in their distributions of Cys res-
idues. Dnak, which has a single cysteine in the NBD, is found
to undergo cysteine modifications, including glutathionyla-
tion (26, 37). Glutathionylation also reversibly regulates the
structure and function of DnaK under oxidative stress con-
ditions, transferring redox signals to its clients and facilitat-
ing initiation of the heat shock response (26). Yeast cytosolic
Hsp70 Ssal, which has three cysteines in the NBD, is also
suspected to be a redox sensor (56). hHsc70 (HspA8) has
four cysteines, and hHsp70 (HspA1A) has five cysteines. The
increasing number of cysteines in Hsp70 with evolution indi-
cates the importance of cysteines for function of Hsp70 and
suggests precise division of the roles of different cysteines. It
has been reported that the extra Cys-306 in hHsp70 distin-
guishes redox sensing between hHsp70 and hHsc70 (57). In
this study, we observed that the presence of ADP generally pro-
tects Cys-306 from undergoing glutathionylation, whereas Cys-
603 distinguishes redox sensing between hHsp70 and hHsc70,
which is consistent with an earlier study (58). Glutathionylation
of hHsc70, but not hHsp?70, has been reported previously by a
number of different laboratories (21, 22, 33). Because hHsc70 is
more abundant than hHsp70, glutathionylation of Hsc70 is
more frequently detected both in previous studies and here,
although the reactivity/redox sensitivity of hHsp70 is in fact

higher (Fig. 7, A and B). The different reactivity and sensitivity
to redox of different cysteines in hHsp70 and among different
Hsp70 family members suggests that they have specific physio-
logical functions. Higher redox sensitivity of hHsp70 could be
related to its anti-stress function, and lower redox sensitivity of
hHsc70 could protect its fundamental cellular function and
keep it relatively stable despite variations in the redox envi-
ronment. This study demonstrates that glutathionylation
turns off chaperone activity of hHsp70, which could be a
signal for its clients. For example, clients that are protected
by or require hHsp70 to facilitate correct folding will show a
reduction in activity, whereas clients that are suppressed by
hHsp70 will show an increase in activity, leading to varying
consequences of redox. Glutathionylation of hHsp70 causes
weakening of the interaction between hHsp70 and Hsfl,
which could facilitate activation of Hsf1 and initiation of the
heat shock response under oxidative stress, similar to the
mechanisms observed for E. coli DnaK and yeast Ssal (26,
56). For the yeast ER Hsp70 homologue Kar2, glutathionyla-
tion at Cys-63 in the NBD was also found to serve as a redox
sensor, but in this case, the mechanism is different; ATPase
activity is abolished, and its affinity for misfolded substrates
is enhanced, leading to augmented holdase activity (27, 59).
However, whether the mechanism involves activation of
Hsf1 (or 032 in E. coli) or enhancement of substrate-binding
ability, in each of these cases, glutathionylation of Hsp70
expands the cellular ability to counter the effects of oxidative
stress.

In the SBD of DnaK and Ssal, there are no cysteine resi-
dues. In contrast, Cys-574 and Cys-603 in the SBD of hHsp70
can cooperate to sense redox and finely adjust the function of
hHsp70, suggesting some specific regulation mechanism
involving these two cysteines in mammals. Different cysteine
modifications are often detected at a single cysteine residue
and in some cases can interconvert (21). Although this study
only focuses on glutathionylation, other modifications, such
as S-nitrosylation of hHsp70 and hHsc70, have been de-
tected by MS (19, 20), showing that cysteine modification
of hHsp70 and hHsc70 readily occurs. In addition to the
cooperation between Cys-574 and Cys-603 in terms of glu-
tathionylation discussed above, disulfide bond formation
between these residues under oxidative conditions is also
possible, as predicted in a previous study (58) and detected
for SBDa(537-610) by Q-TOF MS detection in this study
(Fig. 3D). The distance between the thiol groups in Cys-603
and Cys-574is 4.93 A according to the crystal structure (PDB
code 4PO2, Fig. S5C) and 6.69 A according to the NMR

Figure 7. Characterization of the relative susceptibility of residues Cys-574 and Cys-603 to undergo glutathionylation. A, time course of cysteine
reactivity of WT hHsp70 (black), hHsp70-CSSCA (magenta), hHsp70-CSSAC (purple),and WT hHsc70 (blue) in the presence of 0. 5 mm ADP were compared.
The data shown are the mean of three independent measurements (each of three replicates). B, time courses of conformational change accompanying
glutathionylation of WT hHsp70 (black squares), hHsp70-CSSCA (magenta triangles), hHsp70-CSSAC (purple triangles), and WT hHsc70 (blue circles) in the
presence of 0.5 mm ADP were compared by monitoring CSM of the intrinsic fluorescence spectrum. Glutathionylation kinetics were induced by 1 mm
diamide and 1 mm GSH. G, kinetics of FAR peptide binding to 10 um WT hHsp70 (black), hHsp70 CSSCA (magenta), and hHsp70 CSSAC (purple) in the
presence of 0.5 mm ADP accompanying glutathionylation were monitored and compared; 20 nm FAR and 1 mm diamide with 1 mm GSH were added at
0 and 60 min, respectively, to initiate peptide binding and glutathionylation in turn. D-G, ATPase activity (D) and peptide binding ability (E-G) of
untreated control (-C, black), glutathionylated (-G, red), and deglutathionylated (-D, blue) hHsp70-CSSCA, hHsp70-CSSAC, and hHsp70-CSSCC in the

presence of 0.5 mm ADP in Buffer B were compared.
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Figure 8. Mutation or glutathionylation within the SBD« lid of hHsp70 alters the activity of hHsp70 through reducing the stability of the a-helical
structure. A-C, conformation and secondary structure of untreated hHsp70 SBD«a(537-610) (-CC, black), SBDa(537-610)-AA (-AA, magenta), SBDa(537-
610)-AS (-AS, purple), SBD«(537-610)-SS (-SS, cyan), SBDa(537-610)-QQ (-QQ, green), and glutathionylated SBD«(537-610) (-G, red) were compared by far-UV
CD (A), thermal denaturation monitored by the CD signal at 222 nm (B), and SEC (C). D and E, activity of full-length WT and mutant hHsp70 was compared by
ATPase activity measured with a malachite green assay (D) and peptide binding measured with fluorescence polarization (E); untreated WT hHsp70 (WT-CC,
gray), untreated hHsp70-CSSCC (-CC, black), hHsp70-CSSAA (-AA, magenta), hHsp70-CSSAS (-AS, purple), hHsp70-CSSSS (-SS, cyan), hHsp70-CCCQQ (-QQ,
green), and glutathionylated WT hHsp70 in the presence of 0.5 mm ADP (WT-ADP-G, red). The data shown are the mean of three independent measurements
(each of three replicates), and the error bars represent S.E. F, interaction of hHsp70-CCCQQ in the absence or in the presence of 1 mm ADP or ATP with Hsf1 was
detected by a pulldown assay, performed as in Fig. 6E.

structure (PDB code 2LMG, Fig. S5C). The relatively short dues. How it is determined which cysteine modifications will
distance between Cys-603 and Cys-574 suggests a high like- occur at a given cysteine residue of hHsp70, and their differ-
lihood of forming a disulfide bond pair between these resi- ent physiological significance, is not yet fully understood.
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Glutathionylation reveals the dynamic nature and regulatory
capacity of the SBD« lid

Hsp70 has been shown to be a highly dynamic protein by
EPR, NMR, single molecule FRET, and amide hydrogen
exchange experiments (13, 28, 60—62). The dynamic nature of
the NBD and SBDf has been well-studied and shown to be the
basis of allosteric conformational changes involving the whole
Hsp70 molecule (7, 61). However, the dynamics of the hHsp70
SBDa lid (in which the relative positions of helices B, C, and D
have been generally assumed to be in a fixed orientation; Fig.
S5A) are still not fully understood. Amide hydrogen exchange
experiments and NMR carried out on the NBD and SBD of
DnaK revealed surprisingly high dynamics of a-helix B within
the SBD« lid, which facilitates the opening-closing movement
of the SBDa lid relative to the SBDB upon ATP/ADP binding
(11, 62). In this study, the observation of the high reactivity of
Cys-574 and Cys-603, although they are not surface-exposed in
the structure, indicates significant mobility of the individual
helices within the a-helix bundle that forms the SBDa« lid,
allowing molecules such as GSH to reach the buried Cys-574
and Cys-603 residues. Consistent with this, a previous simula-
tion study indicates that the SBDa lid is flexible and can adapt
its conformation to facilitate substrate binding (60). In the crys-
tal structure of the hHsp70 SBD, the overall B factor values for
the SBDa are higher than those for the SBDf (8), suggesting
higher dynamics of the SBD« lid. The plasticity of the SBDa lid
is also indicated by superimposition of the isolated SBDa(537—
610) with the intact SBDa/3, which shows that helixes B, C, and
D of the isolated SBD«(537—-610) form a more compact bundle,
and the distance between Cys-574 and Cys-603 is also slightly
different in the isolated SBD«(537—-610) and intact SBDa/f3
structures (Fig. S5, B and C). Thus, the configuration of helices
B, C, and D in the SBDa appears to be influenced by the SBDS.

Based on the dynamic nature of the SBDa lid, it is speculated
that its conformation could be influenced by interaction with
co-chaperones, binding of different types of substrate, post-
translational modifications, and changes in sequence during
evolution. Interaction of the SBDa« lid with co-chaperones has
been demonstrated in an NMR study, and co-chaperones reg-
ulate the functional cycle of Hsp70 by altering the conforma-
tion of the SBD« lid (48). It is thought that the SBD« lid may
provide an interaction site in addition to the SBDf for large
substrates such as aggregates (2). A previous report has shown
that methylation at Lys-561 within the SBDa lid decreases
interaction of Hsp70 with substrate (17). This study demon-
strates that glutathionylation and deglutathionylation at Cys-
574 and Cys-603 induces unfolding and refolding of the SBD«
lid, which then regulates substrate binding, suggesting a novel
Hsp70 regulation mechanism in addition to the well-estab-
lished allosteric regulation induced by nucleotide/substrate
binding. In agreement with our proposal, the SBD structures of
DnaK and Hsc70 show that successive deletion of the C-termi-
nal region disrupts the a-helical bundle of the SBDa lid, and the
new unfolded region binds to the SBD substrate-binding site
(50, 52). In the above structures, the same Leu-542 residue in
the SBD« lid binds to the hydrophobic site (Fig. 5D). Interest-
ingly, the Leu-542 residue in hHsp70 is conserved from E. coli
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to humans (Fig. S6). Due to the intrinsically dynamic nature of
the SBDa lid, we would expect that the occurrence of different
types of post-translational modification of the Cys, Met, and
Tyr residues, due to oxidative stress or other factors, might
cause similar unfolding of the SBD« lid as glutathionylation and
switch off the chaperone activity of Hsp70 by intramolecular
interaction between the conserved Leu and the hydrophobic
binding site in the SBDf. Thus, the proposed switch mecha-
nism may be an important and conserved strategy among mem-
bers of the Hsp70 family. The sequence of the SBD« lid is the
least conserved region of the protein, and Cys-574 and Cys-603
are only conserved in mammalian cytosolic Hsp70. In this
study, we found that mutation at Cys-574 and Cys-603 can also
alter the stability of the SBDa lid, as well as the intrinsic ATPase
activity and substrate binding of the protein, suggesting that the
SBD« lid may have contributed to the adaptation of Hsp70 to
different cellular environments during evolution.

From the above observations, it can be concluded that factors
affecting the stability of the SBD« lid will affect its folding-
unfolding equilibrium as well as its interaction with the SBDf,
leading to changes in ATPase activity and substrate binding
and, thus, regulation of the functional cycle of Hsp70. This
study reveals that the unfolded SBDa lid possesses sufficiently
high affinity for the SBDf3 that it can act as a pseudo-substrate
to compete with external substrates. It was observed for GSK33
that phosphorylation at Ser-9 in the N-terminal flexible region
allows this phosphate group to act as a pseudo-substrate, inhib-
iting secondary phosphorylation of its primary phosphorylated
substrate (63). Thus, it could be a common mechanism that
post-translational modification helps transform part of a pro-
tein into its own ligand, as a means to regulate ligand binding.
However, to the best of our knowledge, we present the first such
example where post-translational modification induces a sig-
nificant reversible conformational change, which then causes
part of the amino acid chain itself to act as its own substrate.

Experimental procedures

Detection of glutathionylation of hHsp70 in HeLa cells by
biotin switch assay

Cell culture and treatment—HeLa cells were grown in Dul-
becco’s modified Eagle’s medium (Gibco BRL) supplemented
with 10% fetal bovine serum, 100 ug/ml streptomycin, and 100
units/ml penicillin (Gibco BRL) in a humidified 5% CO, incu-
bator at 37 °C. Half of the cultured cells (1.2 X 107, 10 dishes)
were treated with 1 or 10 mMm diamide for 15 min, the diamide
was removed, and then both diamide-treated and untreated
cells were incubated with 50 mm NEM for a further 15 min
before harvesting. Untreated and diamide-treated cells were
each harvested and lysed in 3 ml of ice-cold cell lysis buffer
(Beyotime, P0013) with 0.1 m NEM (Sigma—Aldrich) and
cOmplete ULTRA protease inhibitor (Roche Applied Sci-
ence). The soluble part of the cell lysis was separated by
centrifugation and subjected to the biotin switch assay.

Biotin switch assay—The biotin switch assay was performed
following a method applied for cysteine modification detection
of yeast ER Hsp70 Kar2 with some modifications (27, 59). The
supernatant of the cell lysis (3 ml) was mixed with 12 ml of
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urea-containing cysteine modification buffer (CMBU; 0.1 M
HEPES-NaOH, pH 7.4, 1% SDS, 1 mm EDTA, 8 M urea) with
cOmplete ULTRA protease inhibitor (Roche Applied Science)
and 0.1 M NEM. Samples were placed for 30 min at room tem-
perature (RT). Proteins were precipitated with 10% TCA on ice
for 30 min. The pellet was collected by centrifugation and
washed once with 5% TCA and twice with 70% acetone and
dissolved in 300 ul of CMBU. Then 6 ml of Grx reduction buffer
(0.1 M Tris-HCI, pH 8.0 containing 1 mm EDTA, 0.5 mm GSH, 1
mM NADPH (Sigma—Aldrich), 0.25 units/ml GSH reductase
(Sigma—Aldrich) and 60 ug of purified E. coli Grx3 C14S/C65Y
(27, 33, 38, 44, 64) or Grx3 C11S/C14S/C65Y (27)) was added,
and samples were incubated for 15 min at 37 °C. After reduc-
tion, samples were quenched with TCA, and protein precipita-
tion was carried out as above. The pellet was dissolved in 300 ul
of CMBU with 0.2 mM biotin-maleimide (Sigma—Aldrich) and
was placed for 30 min at RT and then protein precipitation was
carried out as above. The pellet was dissolved in 100 ul of
CMBU.

Detection of hHsp70 glutathionylation by Western blotting—
Streptavidin beads (Sigma—Aldrich) washed three times with IP
buffer (50 mm Tris-HCI, pH 7.4, 0.15 m NaCl, 0.1% SDS) were
added into a 40-ul mixture of dissolved proteins in CMBU with
1 ml of IP buffer, and the sample was incubated with rotation at
4 °C overnight. Beads were collected by centrifugation and
washed three times with IP buffer, and proteins were eluted for
5 min at 100 °C with 20 ul of 2X SDS-PAGE loading buffer.
Proteins were separated by SDS-PAGE, transferred to nitrocel-
lulose, and probed with specific anti-hHsp70 mAb (ABclonal
(A1507) or CST (46477)) and anti-GAPDH polyclonal antibody
(ABclonal (Ac001) or CST (G9545)) using standard methods.
Another 60 ug of total protein of cell lysis was analyzed by
Western blotting detection directly with the same antibody as
above.

Detection of hHsp70 glutathionylation by nanoLC-LTQ-Or-
bitrap XL MS/MS—The remaining 60 ul of CMBU-dissolved
proteins was mixed with 1.5 ml of 50 mm Tris-HCI buffer, pH
8.0. Sequencing grade modified trypsin (Promega) (10 ug) was
added, and the digestion system was kept at 37 °C for 24—48 h.
After trypsin digestion, 4 M NaCl and 10% SDS were added to
adjust the concentration of NaCl and SDS to 0.15 m and 0.1%,
respectively. Then streptavidin beads (Sigma—Aldrich) washed
three times with IP buffer were added, and the sample was incu-
bated with rotation at 4 °C overnight. Peptide elution and pre-
treatment before MS measurement were performed as
described with slight modifications (65). The beads were col-
lected by centrifugation and subsequently washed with 3 X 100
wl of IP buffer; with 5 X 100 ul of ACN, 1 M NaCl (25:75, v/v);
and with 2 X 100 ul with ACN/water (20:80, v/v). Bound pep-
tides were eluted using 20 -30 ul of ACN, 10% FA, 2 mm biotin
(70:10:20, v/v/v; biotin ~99%, Sigma—Aldrich) by incubation
for 2 h at 37 °C with occasional resuspension. Rotary evapora-
tion of the eluate was performed in a vacuum drier to reduce the
volume to 4 — 6 ul. Then the samples were reconstituted in 0.1%
TFA, further desalted using a C18 reverse-phase column (filled
with 3-pum ReproSil-Pur C18-AQ from Dr. Maisch GmbH,
Ammerbuch), and loaded using a C18 reverse-phase column
(filled with 5-um ReproSil-Pur C18-AQ from Dr. Maisch
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GmbH, Ammerbuch, Germany) onto LTQ-Orbitrap MS/MS.
Data were analyzed using Proteome Discoverer software
(version 1.4.0.288; Thermo Fisher Scientific). The second MS
spectra were searched in the human database (uniprot_
human_proteome_20160229_con) using the SEQUEST search
engine. The number of entries in the database actually searched
was 92,181. Sequencing grade modified trypsin (Promega) was
used to generate peptides. The number of missed and/or non-
specific cleavages permitted was 2. There is no fixed modifica-
tion, and biotin-maleimide or NEM modification of cysteine
and oxidation of methionine were set as variable modifications.
The mass tolerance for precursor ions was 20 ppm, and the
mass tolerance for fragment ions was 0.5 Da. Peptide-spectrum
matching (PSM) was filtered by Percolator calculation, and the
false discovery rate was estimated using the g value (which was
controlled to be <1%). The identified peptides were combined
into proteins by the maximum parsimony principle.

The MS proteomics data have been deposited into the Pro-
teomeXchange Consortium via the PRIDE (66) partner repos-
itory with the data set identifier PXD017717.

Protein expression and purification

The human HSPAIA gene (67) (UniProtKB code: PODMV38)
and HSPAS8 gene (UniProtKB code: P11142), which were kindly
provided by Prof. Richard Morimoto (Northwestern Univer-
sity), were subcloned into the pET28a-smt3 expression plas-
mid for expression of hHsp70 with a His,-Smt3 tag (68). The
hHsp70 Cys to Ser or Ala point mutants were created using
the Fast site-directed mutagenesis kit (TransGen Biotech).
The hHsp70 domain deletion mutants were derived from the
human HSPAIA gene. The HSFI gene, which was cloned
from a cDNA library of the HeLa cell line, was subcloned into
the pET28a-smt3 expression plasmid for expression with a
Hisg-Smt3 tag. The E. coli Grx3 expression plasmid was con-
structed as described (26). The Grx3 C14S/C65Y and Grx3
C11S/C14S/C65Y mutants were created using the Fast
site-directed mutagenesis kit (TransGen Biotech). Primer
sequences are shown in Table S1. Mutations were confirmed
by DNA sequencing.

Expression and purification of hHsp70 and its mutants,
hHsc70, Grx3 C14S/C65Y, and Grx3 C11S/C14S/C65Y, were
performed as described (26). These proteins were expressed in
BL21 (DE3) strain, induced with 0.2 mm isopropyl 1-thio-B-p-
galactopyranoside, and grown at 16 °C for 16 h. The harvested
cells were lysed using a INBIO JN-3000 PLUS high-pressure cell
press in Buffer A (50 mm Tris-HCl buffer, pH 7.5, 300 mm NaCl)
containing 10 mM imidazole and 2 mMm -mercaptoethanol, and
the debris was removed by centrifugation (35,000 X g, 30 min).
The supernatant was then loaded onto a nickel affinity column
(chelating Sepharose fast-flow resin; GE Healthcare) and
washed with Buffer A containing 40 mm imidazole. Proteins
were eluted using Buffer A containing 200 mm imidazole and
incubated with Ulp1 at 4 °C for 1 h to remove the His,-Smt3 tag.
Then the untagged proteins were loaded onto a nickel affinity
column again after changing to Buffer A containing 10 mm im-
idazole, and the run-though was collected for further SEC puri-
fication. The concentrated proteins were loaded onto a 120-ml
Superdex™ 200 Hiload column (GE Healthcare) equilibrated
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with Buffer B (50 mm Tris-HCl buffer, pH 7.5, containing 100
mm KCland 5 mm MgCl,). The monomeric peak of hHsp70 was
collected for glutathionylation experiments. Hsfl was purified
using the same method as for the other proteins, but excluding
the His-smt3 cleavage and the second nickel column purifica-
tionsteps. All protein concentrationsare givenin terms of mono-
mer and were determined by a bicinchoninic acid (BCA) assay
kit (Pierce).

Measurement of cysteine reactivity of hHsp70 and its mutants

Cysteine reactivity of hHsp70 and its mutants was measured
by an Ellman assay as described (69) to predict the possibility of
glutathionylation. A standard curve was made using 0—100 um
free cysteine. DTNB (5 ul of 10 mm in 50 mm Na,HPO,/
NaH,PO, buffer, pH 7.5) was mixed with hHsp70 or its
mutants (145 ul of 10-20 um), and the absorbance at 412 nm
was measured in a Molecular Devices Spectra Max M3 plate
reader at RT. If ADP, ATP, or peptide was added, 1 mm ADP/
ATP/NRLLLTG peptide was mixed with hHsp70 or its mutants
to give a total volume of 145 ul, and the mixture was allowed to
stand at RT for 1 h before DTNB was added. The number of
active Cys residues can be calculated by dividing the concentra-
tion of free thiols in the protein by the concentration of protein.

Preparation of glutathionylated and deglutathionylated
hHsp70 or its mutants

To determine appropriate conditions for glutathionylation,
the following conditions were tested: decomposed GSNO
(fresh GSNO then placed in the dark at RT for 48 h) of two
different concentrations (0.5 mm and 1 mm); fresh GSNO (1
mum) and GSSG (1 mm); GSH (1 mm) and diamide (1 mm); and
GSH (1 mm) and H, O, (1 or 2 mm). In each case, 15 um hHsp70
was used, and the sample was placed in the dark at 37 °C for 2 h.

To prepare glutathionylated and deglutathionylated hHsp70,
15 um hHsp70 (or its mutant) was mixed with 1 mm GSH and 1
mM diamide and allowed to stand in the dark at RT for 1 h to
allow glutathionylation. Then 10 mm DTT was added in order
to deglutathionylate the protein. GSH, diamide, and DTT were
then removed by dialysis. For glutathionylation of ADP-bound
full-length hHsp70, ADP (final concentration 1 mm) was added
to the protein before GSH and diamide were added.

Western blots were performed as standard to confirm gluta-
thionylation and deglutathionylation of hHsp70 or its mutants.
Polyclonal anti-GSH (Millipore, AB5010) at 1:500-1000 dilu-
tion was used as the primary antibody for Western blotting
detection. Glutathionylation was also confirmed by the
absence of free thiols by staining with maleimide-function-
alized Alexa Fluor® 350 dye (blue fluorescence). hHsp70 or
its mutant was boiled for 10 min to destroy its secondary
structure. Cooled protein was mixed with the dye and incu-
bated in the dark at RT for at least 2 h. SDS-PAGE was
performed to separate protein and surplus dye. Fluorescence
of Alexa Fluor® 350 dye was observed using excitation at 254
nm with a UV lamp. NanoLC-LTQ-Orbitrap XL MS/MS and
Q-TOF MS were also performed to detect cysteine modifi-
cations of hHsp70 or its mutants.
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Intrinsic fluorescence

Intrinsic fluorescence measurements were carried out on a
Hitachi F-4500 or a Shimadzu RF-5301PC instrument. The
intrinsic florescence spectra of glutathionylated and degluta-
thionylated hHsp70 or its mutants were measured between 310
and 400 nm, using excitation wavelengths of 295 nm at 25 °C.
The proteins were prepared in Buffer B.

To monitor the shift of CSM for the intrinsic fluorescence
spectra caused by glutathionylation of hHsp70, 1 mm diamide
with 1 mm GSH, 4 mMm H,O, with 1 mm GSH, or 2 mm GSSG
was rapidly mixed with 10 um WT hHsp70 in Buffer B in the
presence of 0.5 mm ADP before the spectra were recorded at
37 °C every 30 s (for fast reactions) or 10 min (for slow reac-
tions) until the intrinsic fluorescence signal reached a plateau;
spectra were recorded between 310 and 380 nm with excitation
at 295 nm. When monitoring the CSM shift caused by degluta-
thionylation of hHsp70, 10 mM DTT was added and mixed rap-
idly before spectrum acquisition. The CSM of intrinsic fluores-
cence was calculated using the following formula.

D

Far-UV CD spectra were measured between 200 and 250 nm
on a Chirascan Plus CD instrument (Applied Photophysics) at
25 °Cina 1-mm path length thermostatted cuvette after prein-
cubation for 10 min at 25 °C. Spectra of glutathionylated and
deglutathionylated hHsp70 or its mutants were compared in
Buffer B.

Temperature-induced denaturation measurements were
performed under the following conditions. 5 um hHsp70 trun-
cation mutants were prepared in Buffer B. Denaturation was
followed by monitoring of the increase in ellipticity at 222 nm.
A temperature ramp of 0.5 °C/min was applied between 25 and
95 °C. All equilibrium measurements were performed using a
Chirascan Plus CD instrument (Applied Photophysics) in a
1-mm path-length thermostatted quartz cuvette. Data were
collected with a band pass of 1 nm, and the sensitivity was set to
100 millidegrees.

Size-exclusion chromatography assay

The oligomeric states of glutathionylated and deglutathiony-
lated hHsp70 or its mutants were compared by size-exclusion
chromatography (Superdex 200 10/300 GL column or Super-
dex 75 10/300 GL column, GE Healthcare) in Buffer B at RT.
B-Amylase (200 kDa), alcohol dehydrogenase (150 kDa), BSA
(66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa),
phenylmethylsulfonyl fluoride-treated trypsinogen (24 kDa),
and cytochrome ¢ (12.4 kDa) were used as molecular mass
standards.
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NMR experiments and structure calculations

!>N-Labeled hHsp70(537-610) and hHsp70(385-641)
were prepared using the same procedures as for WT hHsp70,
except that cells were grown in M9 minimal medium con-
taining '""NH,Cl as the sole nitrogen source. NMR experi-
ments were performed at RT on an Agilent DD2 (Direct-
Drive 2) 600-MHz spectrometer equipped with a cryoprobe.
The "H-'">N HSQC spectra of 0.2 mm hHsp70(537—610) and
hHsp70(385-641) were acquired in Buffer B with 10% (v/v)
D, 0 for nonglutathionylated (i.e. control), glutathionylated,
and deglutathionylated samples. For the nonglutathiony-
lated sample, a final concentration of 2 mm GSH was added
to the '°N-labeled hHsp70(537-610) or hHsp70(385-641).
Fresh diamide (2 mm) was added to promote glutathionyla-
tion of hHsp70(537-610) and hHsp70(385-641) to obtain
glutathionylated samples. Then 10 mM DTT was added to
reduce them to obtain deglutathionylated samples.

15N-'3C-labeled hHsp70(385-641) was prepared using
the same procedures as for WT hHsp70, except that cells were
grown in M9 minimal medium containing **NH,Cl and
[**C]glucose as the sole nitrogen and carbon sources. NMR
experiments were performed at 308 K on Bruker AVANCE
600- and 950-MHz spectrometers equipped with cryoprobes.
'°N-'*C-labeled glutathionylated hHsp70(385—641) was pre-
pared using the same procedures as WT hHsp70 and was
concentrated to 0.5 mmM. NMR samples of glutathionylated
hHsp70(385-641) contained 0.5 mm protein in 10 mm sodium
phosphate buffer, pH 7.0, 5 mm DTT, 2 mm EDTA, 0.02% (w/v)
sodium 2,2-dimethylsilapentane-5-sulfonate, and 10% (v/v)
D, 0. Two-dimensional *H-"*N and 'H-'*C HSQC and three-
dimensional CBCA(CO)NH, HNCACB, HNCO, HN(CA)CO,
HNCA, HN(CO)CA, HBHA(CO)NH, HBHANH, HCCH-
TOCSY, and CCH-TOCSY experiments were performed to
obtain backbone and side-chain assignments of glutathiony-
lated hHsp70(385—641). Three-dimensional 'H-'°N, "H-'>C,
and 'H-"*C NOESY-HSQC spectra were collected to generate
distance restraints. All data were processed with NMRPipe (70)
and analyzed with NMRView] (71). Proton chemical shifts were
referenced to the internal sodium 2,2-dimethylsilapentane-5-
sulfonate, and N and '>C chemical shifts were referenced
indirectly (72).

The structures of glutathionylated hHsp70(385—641) were
initially calculated with the program CYANA (73) and then
refined using CNS (74) with manual assignments as well as
semiautomated NOE assignments by SANE (75). Backbone
dihedral angle restraints obtained using CSI (76) and TalosN
(77) as well as hydrogen bond restraints according to the regu-
lar secondary structure patterns were also incorporated into
the structural calculation. From 100 CNS-calculated struc-
tures, the 50 lowest-energy conformers of the glutathionylated
hHsp70(385—641) were selected for further water refinement
using CNS and RECOORDScript (78). The resulting 20 energy-
minimized conformers were used to represent the solution
structure of glutathionylated hHsp70(385—641). The quality of
the determined structures (Table 3) was analyzed using PRO-
CHECK-NMR (79) and MolMol (80). Structural figures were
created with MolMol (80) and PyMOL (81).
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ATPase assay (malachite green)

Colorimetric determination of P; produced by ATP hydroly-
sis was performed using the malachite green reagent, prepared
as described (82, 83). A 10-ul volume of glutathionylated/de-
glutathionylated hHsp70 or its mutants (1 um) was mixed with
10 pl of 2 mm ATP in Buffer B in a 96-well plate. The plate was
incubated for 4 h at 37 °C. An 80-ul volume of malachite green
and 10 ul of 34% sodium citrate were added sequentially. The
samples were mixed thoroughly and incubated at 37 °C for 30
min before measuring the A,,, on a SpectraMax M3e plate
reader (Molecular Devices). The rate of intrinsic ATP hydroly-
sis was deduced by subtracting the signal from ATP in the
absence of chaperone.

Peptide-binding assay

Peptide-binding assays based on fluorescence polarization
were performed as described previously with slight modifica-
tions (84). Steady-state FP measurements were performed at
RT with a 60-min incubation in Buffer B to give the dissociation
constant (K). Binding was assessed by incubating increasing
concentrations of control, glutathionylated, or deglutathiony-
lated hHsp70 or its mutants with a fixed concentration (20 nm)
of fluorescently labeled substrate (FITC-ALLLSAPRR peptide,
FAR), and FP values were measured. FP measurements were
performed on a Fluostar microplate reader (BMG Labtech)
using the FP filter set (emission 485 nm and excitation 520 nm).
FP values are expressed in millipolarization units (mP). All sta-
tistical analyses were performed with Origin software. Binding
data were analyzed using nonlinear regression analysis (single
site binding model) in Origin software. Kinetic FP measure-
ments were performed by monitoring the time course of pep-
tide binding at RT. After rapid mixing of 20 nm FAR and 10 um
hHsp70 or its mutants in the absence or in the presence of 1 mm
ADP/ATP, FP was recorded against time. Peptide-bound
hHsp70 (or its mutants) in the absence or in the presence of
nucleotide was glutathionylated (or oxidized) by the addition of
1 mMm diamide with 1 mm GSH (or 1 mm diamide alone) at the
60-min time point and then deglutathionylated (reduced) by
the addition of 10 mm DTT at the 120-min time point.

Pulldown assay

To determine interactions between Hsfl and control, gluta-
thionylated, or deglutathionylated hHsp70 or its mutants, pull-
down assays were performed as described previously with slight
modifications (85). In brief, 2 um Hisg,-Smt3-Hsfl and 20 um
hHsp70 or its mutants were incubated in Buffer B in the pres-
ence of 1 mMm ADP or ATP at 8 °C for 60 min. The protein
complex was precipitated with nickel-Sepharose HP (GE
Healthcare). After washing the nickel-Sepharose resin with
Buffer C (50 mm Tris-HCI, pH 7.5, 300 mm KCI, 5 mm MgCl,)
containing 40 mm imdazole, the bound protein was eluted with
Buffer C containing 300 mm imidazole. The eluted proteins
were analyzed by SDS-PAGE followed by staining with Coo-
massie Brilliant Blue to check for the presence of an interaction.

Data availability

The atomic coordinates and structure factors have been deposited
in the Protein Data Bank under accession code 5G]JJ. The MS pro-
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teomics data have been deposited into the ProteomeXchange Con-
sortium via the PRIDE partner repository with the data set identifier
PXDO017717. All other data needed to evaluate the conclusions are
present in the article and/or the supporting information.
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