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Hsp33, amolecular chaperone specifically activated by oxida-
tive stress conditions that lead to protein unfolding, protects
cells against oxidative protein aggregation. Stress sensing in
Hsp33 occurs via its C-terminal redox switch domain, which
consists of a zinc center that responds to the presence of oxi-
dants and an adjacent metastable linker region, which responds
to unfolding conditions. Here we show that single mutations in
the N terminus of Hsp33 are sufficient to either partially
(Hsp33-M172S) or completely (Hsp33-Y12E) abolish this post-
translational regulation of Hsp33 chaperone function. Both
mutations appear to work predominantly via the destabilization
of the Hsp33 linker region without affecting zinc coordination,
redox sensitivity, or substrate binding of Hsp33. We found
that theM172S substitution causes moderate destabilization of
the Hsp33 linker region, which seems sufficient to convert the
redox-regulated Hsp33 into a temperature-controlled chaper-
one. The Y12E mutation leads to the constitutive unfolding of
the Hsp33 linker region thereby turning Hsp33 into a constitu-
tively active chaperone. These results demonstrate that the
redox-controlled unfolding of the Hsp33 linker region plays the
central role in the activation process of Hsp33. The zinc center
ofHsp33 appears to act as the redox-sensitive toggle that adjusts
the thermostability of the linker region to the cell redox status.
In vivo studies confirmed that even mild overexpression of the
Hsp33-Y12E mutant protein inhibits bacterial growth, provid-
ing important evidence that the tight functional regulation of
Hsp33 chaperone activity plays a vital role in bacterial survival.

The heat shock protein Hsp33 is a highly conserved molecu-
lar chaperone, which appears to act by specifically protecting
bacteria against oxidative stress conditions that cause protein
unfolding (1–3). These stress conditions are the result of either
very fast-acting oxidants, like hypochlorous acid (i.e. bleach),
which directly unfold proteins or the combined action of kinet-
ically slow, non-denaturing oxidants, such as H2O2, with pro-
tein unfolding conditions (i.e. oxidative heat shock) (1, 4). In
both cases, widespread protein aggregation occurs in vitro and

in vivo. Moreover, under these specific stress conditions, ATP-
dependent chaperone foldases, such as the DnaK system, seem
unable to effectively prevent protein aggregation, presumably
because of the oxidative stress-mediated drop in cellular ATP
levels (2, 5). Specific activation of the ATP-independent chap-
erone holdase Hsp33 appears, therefore, to serve as a compen-
satory mechanism to minimize protein aggregation and to
increase bacterial stress resistance.
Themechanistic features that allowHsp33 to sense oxidizing

stress conditions that lead to the protein unfolding center
around a C-terminal cysteine-rich domain (Fig. 1A, yellow),
which harbors four absolutely conserved cysteines arranged
in a Cys232-X-Cys234—X—Cys265-X-X-Cys268 motif. Under
reducing, non-stress conditions, all four cysteines are engaged
in the tetrahedral coordination of one Zn2� ion (Fig. 1A, red
sphere), whose high affinity binding provides significant stabil-
ity to the Hsp33 C terminus (6). The zinc binding domain con-
nects to the Hsp33 N-terminal domain (Fig. 1A, blue) via a
highly flexible�52-amino acid linker region (Fig. 1A, green). In
the crystal structure of reduced, inactive Hsp33, the linker
region is compactly folded andmakes extensive contacts with a
largely hydrophobic, four-stranded �-sheet platform of the
Hsp33 N-terminal domain (7) (Fig. 1A and supplemen-
tal Fig. S1). Activation of the Hsp33 chaperone function is trig-
gered by intramolecular disulfide bond formation, which leads
to the unfolding of the Hsp33 zinc binding domain and unfold-
ing of the linker region. The latter has been shown to lead to the
exposure of hydrophobic surface areas, the proposed binding
sites of Hsp33 for unfolded proteins (supplemental Fig. S1 and
Refs. 8–10).
Recent studies suggested a mechanistic model for the activa-

tion of Hsp33 in which unfolding of the linker region simulta-
neously depends on and controls disulfide bond formation (4).
In this model, incubation of Hsp33 with H2O2 leads to rapid
formation of the Cys265–Cys268 disulfide bond, zinc release,
and unfolding of the zinc binding domain. This unfolding
appears to destabilize the adjacent linker region, which is now
in a dynamic equilibrium between a folded state in which the
second pair of active site cysteines is not accessible for oxida-
tion and an unfolded state in which the critical second disulfide
bond betweenCys232 andCys234 can be formed (11). Kinetically
slow oxidants, such as H2O2, induce the formation of the sec-
ond disulfide bond only in the presence of additional unfolding
conditions, which shift the equilibrium to the unfolded confor-
mation. Kinetically fast oxidants, such as HOCl, rapidly form
the second disulfide bond. Once the second disulfide bond is
formed, the linker region appears to remain in an unfolded

* This work was supported, in whole or in part, by a National Institutes of
Health Grant GM065318 (to U. J.) and a Human Frontiers postdoctoral fel-
lowship (to D. R.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4 and Methods.

1 Present address: CNRS, Marseille, France.
2 Present address: Division of Biochemistry, Netherlands Cancer Institute,

Plesmanlaan, 121, 1066 CX Amsterdam, Netherlands.
3 To whom correspondence should be addressed: University of Michigan, 830

N. University Ave., Ann Arbor, MI 48109-1048. Tel.: 734-615-1286; Fax: 734-
647-0882; E-mail: ujakob@umich.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 15, pp. 11243–11251, April 9, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

APRIL 9, 2010 • VOLUME 285 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11243

http://www.jbc.org/cgi/content/full/M109.084350/DC1
http://www.jbc.org/cgi/content/full/M109.084350/DC1
http://www.jbc.org/cgi/content/full/M109.084350/DC1
http://www.jbc.org/cgi/content/full/M109.084350/DC1


conformation, and two oxidized monomers associate to form
the highly active Hsp33 dimer (4).
The activation model of Hsp33 implies that the N-terminal

hydrophobic platform serves a dual role: as interaction site for
the linker region under non-stress conditions and as a binding
site for unfolded substrate proteins under stress conditions.We
decided to test this model by individually replacing distinct
conserved hydrophobic amino acids in the N-terminal domain
of Hsp33 with polar (M172S) or charged (Y12E) amino acids,
thereby substantially altering the hydrophobic character of this
interaction site. Surprisingly, we found that neither of the
mutations affected the apparent affinity of Hsp33 for substrate
proteins or its ability to sense oxidants. In contrast, the single
mutations dramatically altered the regulation of Hsp33, con-
verting the protein into a temperature-regulated (Hsp33-
M172S) or constitutively active (Hsp33-Y12E) chaperone,
respectively. Circular dichroism (CD)measurements revealed a
close correlation between the thermostability of the linker
region and the functional regulation of the mutant proteins,
providing experimental evidence that unfolding of the linker
region is indeed the crucial event in the Hsp33 activation proc-
ess. The zinc center inHsp33 appears to act as the switch,which
adjusts the thermostability of the linker region according to the
oxidation status of the cell. This controlmechanism seems to be
critical for theHsp33 in vivo function because expression of the
constitutively active Hsp33-Y12E mutant is deleterious to Esche-
richia coli growth.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—The Hsp33-M172S and Hsp33-Y12E
mutants were generated by introducing single site mutations
into the wild-type Hsp33 gene (hslO) using pUJ30 (pET11a-
hslO) (3) as a template. The plasmids were transformed into
JH13 (BL21, �hslO) (12), generating the expression strains
JHa21 (JH13, pET11a-hslO-M172S) and CC4 (JH13, pET11a-
hslO-Y12E). Additional strains used in this study are UJ83, a
BL21 strain expressing wild-type Hsp33 from a pET11a vector,
and CC20, a JH13 strain carrying the empty pET11a plasmid.
Purification of Wild-type and Hsp33 Mutant Proteins—Cul-

tivation of the Hsp33-overexpressing strains for protein purifi-
cation was conducted as previously described (12). For the
induction of the Hsp33-M172S mutant, the protocol for wild-
type Hsp33 was followed (3). To overexpress large amounts of
soluble Hsp33-Y12E protein, cells were grown to an A600 of
0.6–0.8 at 37 °C and then shifted to 18 °C. Once the tempera-
ture was reached, Hsp33-Y12E expression was induced with 1
mM isopropyl-1-thio-�-D-galactopyranoside (IPTG)4 for 24 h.
Afterward, the standard protocol for the Hsp33 purification
was followed (12). All proteins were stored in 40mM potassium
phosphate buffer (KH2PO4) (pH 7.5) at �20 °C. Reduced, zinc
reconstituted Hsp33red was prepared as previously described
(12). To prepare oxidized Hsp33, 50 �M Hsp33red was incu-
bated in 2 mM H2O2 at either 30 °C (Hsp33ox30 °C) or 43 °C

(Hsp33ox43 °C) for 3 h. Oxidants were removed using NAP-5
columns.
Hsp33 Chaperone Activity Assay—The chaperone activity of

wild-type Hsp33 and its variants was measured as previously
described (13). In short, 12�M citrate synthase (CS, Roche) was
denatured with 4.5 MGdn-HCl in 40mMHEPES-KOH (pH 7.5)
overnight at room temperature. To initiate protein aggregation,
denaturedCSwas diluted to a final concentration of 75 nM in 40
mM HEPES-KOH, pH 7.5 at 30 °C under continuous stirring in
the absence or presence of a 4� molar excess of wild-type
Hsp33 orHsp33 variants. To assess the activity of reducedwild-
type Hsp33 and the variants at heat shock temperatures, CS
(final concentration 150 nM) was incubated in the absence or
presence of a 4�molar excess ofHsp33 in 40mMHEPES-KOH,
pH 7.5 at 43 °C. Light scattering was monitored at �ex/�em at
360 nm using a Hitachi F4500 fluorescence spectrophotometer
equipped with a temperature-controlled cuvette holder and
stirrer.
Far-UV CD Spectroscopy—To determine changes in the sec-

ondary structure of wild-type Hsp33 and its variants, far-UV
CD spectra were recorded in 20 mM KH2PO4, pH 7.5 at 20 °C
using a Jasco-J810 spectropolarimeter as previously described
(6). To determine the thermostability of Hsp33 and its deri-
vates, the CD signal at either 195 nm or 222 nm was recorded
at temperatures from 20 to 50 °C or 20 to 80 °C, respectively.
The temperaturewas increased at a rate of 1 °C perminute. The
temperature was controlled with a Jasco Peltier device.
ANS Fluorescence Measurements—The fluorescence probe

bis-ANS (Molecular Probes) was used to test for the presence of
hydrophobic surfaces in wild-type Hsp33 and the variants as
previously described (6).
Thiol Redox State of Hsp33 and Its Variants—To assess

whether oxidation of Hsp33 occurred during the chaperone
activity assay, thiol trapping with the 490-Da thiol-reactive
probe AMS was performed immediately after the activity mea-
surement (3). An aliquot (815 �l) of the activity assay mixture
was supplementedwith 100% (v/v) trichloroacetic acid to a final
concentration of 10% (v/v) trichloroacetic acid and incubated
on ice for 30 min. The solution was centrifuged (30 min,
16,000 � g, 4 °C), and the protein pellet was resuspended in 20
�l of AMS-DAB solution (15 mM AMS, 6 M urea, 200 mM Tris-
HCl, pH 8.5, 50 mM EDTA, 7.5% w/v SDS). After a 1-h incuba-
tion in the dark with shaking (1,300 rpm), 5 �l of 5� non-
reducing Laemmli buffer was added, and the samplewas loaded
onto a non-reducing SDS-PAGE gel. Proteins were visualized
by Western blot or Coomassie Blue staining of the gels.
Phenotype, Hsp33 Expression Levels, and Aggregate Forma-

tion in Strains Expressing Wild-type Hsp33 and Mutants—
Overnight cultures of strains expressing eitherwild-typeHsp33
(UJ83), the two Hsp33 variants (CC4, JHa21), or no protein
(CC20) from a pET11a vector inMOPSminimal medium (10�
MOPS modified buffer (TEKnovo), 0.2 (w/v) glucose, 132 mM

K2HPO4 pH 7, 20 �M thiamine) were prepared. Cell cultures
were diluted 1:100 intoMOPSminimalmedium, supplemented
with 50 �M IPTG, and cultivated at 37 °C. Growth was moni-
tored every hour with absorbance measurements at A600. To
compare soluble and insoluble proteins in these strains, 5 ml of
the culture were removed, and cells were harvested by centri-

4 The abbreviations used are: IPTG, isopropyl-1-thio-�-D-galactopyranoside;
AMS, 4-acetamido-4-maleimidyl-stilbene-2�-disulfonate; MOPS, 4-mor-
pholinepropanesulfonic acid; DTT, dithiothreitol; bis-ANS, 3,3�-dianilino-
1,1�-binaphthyl-5,5�-disulfonic acid; CS, citrate synthase.
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fugation (5,000� g, 4 °C, 10min) after 5.5 h of cultivation. Cells
were resuspended in 650 �l of sucrose buffer (50 mM Tris-HCl
pH 8.0, 25% w/v sucrose, 1 mM NaEDTA, 10 mM DTT) and
homogenized by sonication (Kontes, Micro Ultrasonic cell dis-
rupter, 2 � 10–15 s with the output control set to 70). 5 �l of
lysozyme (50mg/ml), 12.5�l ofDNase l (2mg/ml), and 2.5�l of
MgCl2 (0.5 M) were added, followed by the addition of 650 �l
of lysis buffer (50mMTris-HCl pH 8.0, 1% Triton X-100, 100mM

NaCl, 0.1% sodium azide, 0.1% sodium deoxycholate, 10 mM

DTT). Samples were incubated at room temperature for 15
min, frozen at �80 °C for 20 min, and thawed at 37 °C for 15
min. Then, 2.5�l ofMgCl2 (0.5 M) were added, and the solution
was incubated at room temperature until the viscosity
decreased. NaEDTA was added, and the lysate was centrifuged
(11,000 � g, 4 °C, 20 min). The supernatant was removed, and
the pelletwas resuspended in 500�l ofwashing bufferA (50mM

Tris-HCl, pH 8.0, 0.5% Triton X-100, 100 mM NaCl, 1 mM

NaEDTA, 1mMDTT). The solutionwas again homogenized by
sonication as before. Protein aggregates were pelleted by cen-
trifugation (11,000 � g, 4 °C, 20 min). The supernatant was
discarded, and the pellet was resuspended in 500 �l of washing
buffer B (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM

NaEDTA, 1 mM DTT), and again homogenized by sonication.
The washing steps were repeated three times. The final pellet
was resuspended in 2� reducing Laemmli buffer and boiled for
5 min. Aggregate formation was visualized by SDS-PAGE fol-
lowed by Coomassie Blue staining of the gels.
Homology Modeling and Calculation of the Connectivity

Map—The homology modeling of reduced E. coli Hsp33 was
performed using the MODELLER software through an inter-
face of theMODWEBmodeling server. The crystal structure of
reducedBacillus subtilisHsp33 (PDB code:1VZY)was used as a
template (7). The E. coli Hsp33 sequence was aligned to the
B. subtilisHsp33 structure revealing a sequence identity of 24%.
To validate the model, the highly conserved core domain of
Hsp33 (residues 7–178) was aligned (RMSD � 0.3 Å). A con-
nectivitymapwas derived using theAQUAPROT server, which
calculates interatomic interactions between residues in two
chains (14). For this purpose, the E. coli Hsp33 sequence was
divided into N-terminal (amino acids 7–178) and C-terminal
(amino acids 179–288) domains. The results were confirmed
by a standalone version of the same algorithm, which computes
interactions within one chain. The definition of interactions
between residues was based on the “all-atom contact” method
(15), calculating the detailed atomic contacts including hydro-
gen bonds, van der Waals, aromatic and electrostatic interac-
tions (15). The van derWaals interactions also reflect side chain
packing between protein residues. The residue interaction net-
work was plotted using the Cytoscape V2.6.3 program (16).

RESULTS

Site-specific Mutations to Alter the Linker Binding Interface—
The surface of the Hsp33 N-terminal �-sheet, which is masked
by the folded linker in the crystal structure of reduced, inactive
Hsp33 (Fig. 1A), has been postulated to serve as a substrate
binding site for unfolded proteins when Hsp33 is oxidized and
active (8–10). Analysis of the Hsp33 x-ray structure reveals a
cluster of highly conserved hydrophobic amino acids whose

side chains face toward the linker region under reducing con-
ditions and might interact with unfolded substrate proteins
under oxidizing conditions. We focused on two conserved res-
idues that mapped to the hydrophobic platform, Tyr12 on
�-strand 1 and Met172 on �-strand 9 (Fig. 1B, supple-
mental Fig. S1). We predicted that alteration of these residues
would affect the surface features of the four-stranded �-sheet
but not the stability or fold of theHsp33N-terminal domain. To
efficiently disrupt potential hydrophobic interactions, we indi-
vidually replaced Tyr12 with glutamate (Hsp33-Y12E) or
Met172 with the polar residue serine (Hsp33-M172S). We then
overexpressed bothmutant proteins in BL21 strains lacking the
endogenous Hsp33 gene and determined their solubilities.
Hsp33-M172S was fully soluble upon IPTG-induced overex-
pression at 37 °C. In contrast, the Hsp33-Y12E variant was
overexpressed but largely insoluble under these conditions. A
24-h induction with IPTG at 18 °C was required to accumulate
significant amounts of soluble Hsp33-Y12E. We purified the
two variants according to the wild-type Hsp33 protocol and
prepared fully reduced, zinc-reconstituted proteins (Hsp33-
Y12Ered, Hsp33-M172Sred) for subsequent functional studies.
Mutations in the Hsp33 N-terminal Domain Dramatically

Alter Functional Regulation—Hsp33 activation by fast-acting
oxidants such as HOCl occurs within the mixing time of the
experiment,making evaluation of activation kinetics and deter-
mination of oxidation intermediates technically challenging. In
contrast, H2O2-mediated activation of Hsp33 is significantly
slower (t1⁄2 of�20min) and depends on the additional presence
of unfolding conditions (43 °C) (Fig. 2A, open circles). In the
absence of unfolding conditions (H2O2, 30 °C), an oxidation
intermediate accumulates, which appears to lack the second
disulfide bond (11) and is inactive as a chaperone (Fig. 2A,
inset). To determine how the introduced mutations affect the
redox regulation and chaperone function of ourHsp33 variants,
we monitored their activity upon incubation in 2 mM H2O2 at
either 30 or 43 °C. As shown in Fig. 2A, both variants displayed
chaperone activity very similar to that of activated wild-type

FIGURE 1. Location of the Hsp33 single site mutations. A, domain structure
of full-length reduced Hsp33 from B. subtilis Hsp33 (PDB code: 1VZY) (7).
Hsp33 is a two-domain protein with an N-terminal domain (blue), a highly
flexible linker region (green), and a zinc binding domain (yellow) that harbors
the four absolutely conserved cysteines, which coordinate one zinc ion (red
sphere). The linker region appears to be stably folded on top of a large hydro-
phobic four-stranded �-sheet, which has been postulated to serve as a sub-
strate binding site upon linker unfolding and activation of Hsp33 (see
supplemental Fig. S1). Although reduced, inactive Hsp33 is monomeric in
solution, it forms dimers in the crystal structure. B, to alter the hydrophobic
character of the linker binding interface, either Tyr12 in �-sheet 1 was replaced
with glutamate (Hsp33-Y12E) or Met172 in �-sheet 9 was substituted with
serine (Hsp33-M172S). To illustrate the location of the targeted residues in
E. coli Hsp33, the x-ray structure of the truncated E. coli Hsp331–255 (PDB code:
1HW7) was used.
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Hsp33 when incubated with H2O2 at 43 °C for 2 h. All three
oxidized variants suppressed the aggregation of chemically
denatured CS to the same extent. These results clearly indicate
that the introduced mutations did not substantially affect the
substrate binding affinity of Hsp33. Similar results were
observed when the activity of the proteins was tested using
thermally unfolding malate dehydrogenase as an in vitro chap-
erone substrate (supplemental Fig. S2A).

In contrast to the chaperone function, which seems un-
changed, the regulation of Hsp33 chaperone function appears
to be dramatically affected by the mutations. Activation of
Hsp33-M172S was significantly faster at 43 °C and lacked the
lag phase characteristic of wild-type Hsp33 (Fig. 2A, compare
Hsp33-M172S, closed squares and wild-type Hsp33, open cir-
cles). This lag phase has been shown to correlate to the forma-
tion of the critical second disulfide bond in Hsp33 and is
thought to represent the rate-limiting step in its activation (11).
Moreover, activation of Hsp33-M172S no longer required the
simultaneous presence of oxidizing and unfolding conditions.
Incubation of Hsp33-M172S in 2 mM H2O2 at 30 °C was fully
sufficient for its activation (Fig. 2A, inset, closed squares)
whereas wild-type Hsp33 (Fig. 2A, inset, open circles) remained
inactive. Likewise, simple incubation of reduced, zinc-reconsti-
tuted Hsp33-M172S at elevated temperatures (43 °C) caused
activation of its chaperone function (Fig. 2B). In contrast to the
oxidative activation of Hsp33, however, which is irreversible
unless reducing agents are added, thermal activation of Hsp33-
M172S was fully reversible and required the activity tests to be
performed at 43 °C (Fig. 2B).
Whereas Hsp33-M172S maintained at least some require-

ment for post-translational regulation, the freshly reduced and
zinc-reconstituted Hsp33-Y12E mutant appeared to be fully
active even without incubation inH2O2 or exposure to elevated
temperatures (Fig. 2, A and B). Additional exposure to H2O2 at
either 30 or 43 °Cdid not further increase its chaperone activity,
suggesting that Hsp33-Y12E is constitutively active (Fig. 2A,
open squares). To exclude the possibility that high oxidation
sensitivity of the active site cysteines in the two Hsp33 variants
leads to their uncontrolled oxidation and subsequent activation
during the chaperone assays, we performed thiol trapping
experiments on the reduced proteins immediately after the
activity assays to assess their cysteine oxidation status (Fig. 2B).
We made use of the 490-Da thiol-alkylating reagent AMS,
which irreversibly reacts with reduced cysteines and causes a
distinct mass increase that is easily discernable on SDS-PAGE.
We found that the cysteines in both mutant proteins are
reduced and remain reduced even during incubation at 43 °C.
This result agreeswell with zinc binding studies, which revealed
that bothmutant proteins remain fully zinc-reconstituted even
in the presence of a 20-fold excess of the zinc chelator PAR
(K� � 2 � 1012 M�1 at pH 7) (17) (supplemental Fig. S2B).

To test the oligomerization status of the reducedHsp33 vari-
ants, we performed analytical ultracentrifugation and con-
firmed that both variants are monomeric, as is reduced wild-
type Hsp33 (data not shown) (12, 18). These results are in
contrast to previous studies, which suggested that dimerization
of Hsp33 is required for the full activation of its chaperone
function (6, 18). Some of these conclusions were based on a
single Hsp33mutation designed to renderHsp33 constitutively
monomeric (Hsp33-E150R) (6). Our results with the Hsp33-
Y12Emutant suggest that Hsp33 does not require dimerization
for its chaperone function in vitro. It is therefore conceivable
that the E150Rmutation not only interferes with Hsp33 dimer-
ization but, more importantly, with substrate binding. This
possibility remains to be investigated. Nevertheless, we con-
clude from our results that single amino acid mutations at the

FIGURE 2. In vitro chaperone activity of Hsp33 and variants. A, activation
kinetics of wild-type Hsp33 and its mutant proteins. Reduced wild-type
Hsp33 (open circles), Hsp33-M172S (closed squares), or Hsp33-Y12E (open
squares) were incubated in 2 mM H2O2 at either 43 or at 30 °C (inset). At the
time points indicated, aliquots of Hsp33 (final concentration 300 nM) were
tested for their ability to suppress the aggregation of chemically denatured
CS (final concentration 75 nM) at 30 °C. B, chaperone activity of reduced, zinc-
reconstituted wild-type Hsp33 and its variants. The influence of a 4-fold molar
excess of the reduced Hsp33 variants on the aggregation of chemically
unfolded CS (75 nM) at 30 °C or thermally unfolded CS (150 nM) at 43 °C was
determined. 0% activity is defined as the light scattering signal 4 min after
addition of CS in the absence of chaperones, and 100% activity corresponds
to the light scattering signal of CS in the presence of a 4-fold molar excess of
wild-type Hsp33 that had been activated for 180 min in 2 mM H2O2 at 43 °C
(Hsp33ox43 °C). To detect any potential changes in the thiol oxidation status of
wild-type Hsp33 and the variants during the activity assay at 30 °C or 43 °C,
aliquots were taken immediately after the end of the activity measurement
(i.e. 4 min) and labeled with the thiol alkylating reagent AMS. The 490-Da AMS
interacts irreversibly with any free thiol group in the protein and leads to a
mass increase corresponding to the number of reduced cysteines. The
change in mass can be visualized using non-reducing SDS-PAGE (top of
panel). The double line (�) in the top panel indicates the position at which a
second Hsp33ox control was removed from the image.
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linker binding interface of the Hsp33 N terminus are sufficient
to generate Hsp33 variants that function as highly effective
chaperone holdases despite their reduced, zinc-reconstituted,
and monomeric conformation.
Hsp33 Variants Show a Decrease in Surface Hydrophobicity—

Our results indicated that mutations designed to alter the
hydrophobic character of the N-terminal �-sheet platform
affect the redox regulation but not the chaperone function of
Hsp33. To assess whether the mutations actually caused a
detectable change in hydrophobicity, particularly in those sur-
faces that specifically become exposed upon Hsp33 activation,
we recorded the fluorescence spectra of reduced and oxidized
wild-type and mutant Hsp33 proteins using the hydrophobic
probe bis-ANS. As previously shown, wild-type Hsp33 under-
goes substantial conformational rearrangements upon oxida-
tive activation, which lead to the exposure of extensive hydro-
phobic surfaces that interactwith bis-ANS (10) (Fig. 3, compare
inactive Hsp33red, trace a and activated Hsp33ox43 °C, trace a�).
When both mutant proteins were exposed to the same oxidiz-
ing conditions (2 mM H2O2, 43 °C, 3 h), which fully activated
wild-type Hsp33, their extent of surface hydrophobicity was
significantly reduced (Fig. 3, compare traces b� and c� with a�).
These results confirmed that the mutations did indeed affect
the hydrophobicity of surface areas that become exposed dur-
ing the activation process. Furthermore, analysis of the surface
hydrophobicity of the reduced, constitutively active Hsp33-
Y12E mutant revealed that not all of the hydrophobic surface
areas exposed upon oxidative activation of Hsp33 are necessary
for its chaperone function. This mutant protein is as active as
oxidized wild-type Hsp33 when reduced and zinc-coordinated
but shows significantly less overall surface hydrophobicity
(Fig. 3, trace c).
Close Correlation between Linker Destabilization and Hsp33

Activity—Based on the proposed activation model, Hsp33
chaperone function depends on the formation of the critical
disulfide bond between Cys232 and Cys234, which is both kinet-
ically and thermodynamically linked to the folding status of the
linker region (4). Mutations that destabilize the linker region
should therefore enhance the rate of disulfide bond formation

and activation. To investigate whether the M172S and Y12E
mutations indeed altered the thermostability of the linker
region in the Hsp33 variants, we performed far-UV circular
dichroism (CD) spectroscopy tomonitor changes inHsp33 sec-
ondary structure as a function of temperature. As previously
shown, when fully reduced and zinc-reconstituted, wild-type
Hsp33 begins to irreversibly unfold at temperatures above
�50 °C (supplemental Fig. S3A) (1). When fully oxidized, zinc-
depleted, and activated (Hsp33ox43 °C), the linker region and
zinc binding domain of wild-type Hsp33 remain unfolded at
temperatures as low as 20 °C (Fig. 4), and the N-terminal
domain begins to unfold at a temperature that is similar to the
onset of unfolding of reduced Hsp33 (supplemental Fig. S3A).
In stark contrast, the reduced, zinc-reconstituted Hsp33-
M172S variant begins to unfold at temperatures as low as 30 °C
(Fig. 4). This unfolding (Tm� 40 °C), which is fully reversible up
to 50 °C (supplemental Fig. S3B), is highly reminiscent of the
oxidized, inactive Hsp33ox30 °C intermediate, which lacks zinc
coordination and has a substantially destabilized linker region
(Tm � 43 °C) (1). A further increase in the incubation temper-
ature of reducedHsp33-M172S led to the irreversible unfolding
of the remaining protein with the onset of unfolding at a tem-
perature that was again similar to reduced wild-type Hsp33
(supplemental Fig. S3A). These results suggest that the M172S
mutation does not globally destabilize Hsp33. Our finding that
the linker region of Hsp33-M172S reversibly unfolds upon
exposure to heat shock temperatures (supplemental Fig. S3B)
agrees well with our previous observation that the reduced
Hsp33-M172S acts as a molecular chaperone when tested at
43 °C but not at 30 °C (Fig. 2B). We concluded from these
results that unfolding of the linker region is a critical element
for the chaperone function of Hsp33.
This conclusion was further supported by the CD analysis of

the reduced, constitutively active Hsp33-Y12E mutant, which
showed dramatically decreased secondary structure content,
suggestive of a constitutively unfolded linker region (Fig. 4).
Subsequent incubation with H2O2 caused some additional loss
of secondary structure as monitored by CD spectroscopy,
which likely corresponds to the oxidative zinc release and the

FIGURE 3. Hydrophobicity of Hsp33 and variants. 3 �M freshly reduced
wild-type Hsp33red (trace a), Hsp33-M172S red (trace b), Hsp33-Y12Ered (trace
c), or active wild-type Hsp33ox43 °C (trace a�), Hsp33-M172S ox43 °C (trace b�),
Hsp33-Y12E ox43 °C (trace c�) were incubated with 10 �M of the hydrophobic
probe bis-ANS in 40 mM Hepes buffer, pH 7.5. Fluorescence spectra were
recorded and buffer corrected.

FIGURE 4. Thermal stability of wild-type Hsp33 and variants. Prepara-
tions of freshly reduced wild-type Hsp33, Hsp33-Y12E, Hsp33-M172S, or
fully active Hsp33ox43 °C were heated to 50 °C (1 °C per minute) and
changes in the molar ellipticity were recorded at 195 nm using a circular
dichroism spectropolarimeter.
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unfolding of the zinc binding domain (supplemental Fig. S3C).
Unfolding of the remaining protein structure started at temper-
atures similar to the wild-type Hsp33red and Hsp33-M172Sred
mutant protein, suggesting that also this substitution did not
globally destabilize Hsp33 (supplemental Fig. S3A).
These results provide good evidence that destabilization

of the linker region by single mutations in the Hsp33 N-ter-
minal linker binding domain is sufficient to eliminate Hsp33
post-translational regulation. They further imply that the sta-
bility of the linker region plays a central role in the chaperone
function of Hsp33. The Hsp33 redox-sensing zinc binding
domain appears to primarily serve as the molecular toggle
whose redox status controls the thermostability of the linker
region and ultimately the activity of the protein.
Tyrosine 12-a Central Interaction Hub between the Hsp33 N

and C Terminus—To better understand how substitution at
eitherMet172 or Tyr12 can exert such dramatic effects onHsp33
functional regulation, we decided to analyze the interatomic
connectivity of each of these residues with their surroundings.
Unfortunately, the structure of reduced E. coli, Hsp33 is not
known, and the only two available crystal structures of E. coli
Hsp33 are domain-swapped and truncated protein variants (9,
19). We therefore chose to model the structure of reduced
E. coli Hsp33 using the x-ray structure of reduced B. subtilis
Hsp33 (1VZY) as a template (sequence identity 24%) (7). The
quality of the obtained model, which we calculated using the
software MODELLER (20), appeared to be very high, as
reflected by the maximum GA341 score of 1 (21). When we
analyzed the location of Tyr12 in this model (Fig. 5A, magenta
spheres), we found that this residue makes extensive contacts
with a large number of linker residues (Fig. 5A, cyan spheres).
To characterize the architecture and connectivity of these
interacting residues inmore detail, we computed a contact net-
work using AQUAPROT (14). This type of presentation reveals
the environmental importance of specific residues and unveils
potential cooperative interactions between residues (22). The
contact map further confirmed the high connectivity of Tyr12
with residues located in theHsp33 linker region (Fig. 5B). Tyr12
was found to interact with at least five residues in the linker
region predominantly by side chain interactions, with one of
the strongest contacts formed between Tyr12 and Glu219.
Therefore, substitution of Tyr12 with a glutamate as in our
Hsp33-Y12E variant should not only cause a decrease in residue
packing but also strong repulsive interactions between the
Hsp33 N and C terminus. This would explain how substitution
of a single residue in the Hsp33 N terminus could lead to sepa-
ration of the linker region from the N-terminal �-sheet plat-
form and subsequent linker unfolding. The side chain atoms of
Met172 are involved in interactions with three residues, only
one of which, Leu214, is located in the linker region (data not
shown). This result might explain why the M172S mutation
leads to a more moderate destabilization of the linker region.
Lack of Post-translational Regulation of Hsp33 Affects E. coli

Growth—Our results suggested that we generated two Hsp33
mutants that lack their proper post-translational redox regula-
tion in vitro. These mutants provided us now with the oppor-
tunity to investigate what role the post-translational regulation
of Hsp33 plays in the cell. We cultivated BL21�hslO strains

expressing either wild-type Hsp33 or the variants from an
IPTG-inducible pET11a vector in the presence of increasing
concentrations of IPTG at 37 °C (supplemental Fig. S4A). We
observed a significant growth defect in strains expressing the
constitutively active Hsp33-Y12E mutant at IPTG concentra-
tions as low as 50 �M (Fig. 6A, open circles). In contrast, no
growth defect was detected in strains expressing wild-type
Hsp33 or the temperature-controlled Hsp33-M172S mutant
protein under the same growth conditions. Increasing the cul-
tivation temperature to 43 °C, however, made expression
of Hsp33-M172S disadvantageous for E. coli as well (sup-
plemental Fig. S4B). These results provided preliminary evi-
dence that expression of Hsp33 variants lacking their tight
post-translational redox control might be harmful to bacteria.
Analysis of the respective cell lysates using SDS-PAGE revealed
that all three Hsp33-expressing strains contained similar
steady-state levels of Hsp33 (supplemental Fig. S4C). The
Hsp33 expression levels in the presence of 50 �M IPTG were
estimated by Western blot analysis to be �20-fold higher than
the expression level of chromosomally encoded Hsp33 under
non-stress conditions (data not shown). No obvious change in
the general protein expression pattern (i.e. induction of the heat

FIGURE 5. Tyrosine 12: a central interaction hub in Hsp33. A, homology
modeling of reduced E. coli Hsp33 was conducted with MODELLER using the
crystal structure of reduced B. subtilis Hsp33 (PDB code: 1VZY) as a template.
The N-terminal core domain is shown in the yellow surface representation,
and the C-terminal redox switch domain is shown in cyan ribbon presenta-
tion. The zinc ion is depicted as red sphere. The N-terminal Tyr12 (magenta
spheres) appears to interact tightly with several linker residues (cyan spheres).
A high GA341 score of 1 provided by the MODWEB modeling server indicates
that the model is accurate. B, connectivity map of Tyr12. Interactions between
Tyr12 and residues in the Hsp33 C terminus (amino acids 179 –288) are
depicted as magenta and cyan nodes, respectively. The interaction types
shown are van der Waals interactions. Arrows point toward the residues that
contribute a backbone atom to the interaction.
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shock response) was observed (supplemental Fig. 4C). These
results argued against the possibility that the growth defect
observed in Hsp33-Y12E expressing strains is due to massive
overexpression of a partially unfolded protein. When we ana-
lyzed and compared the soluble and insoluble protein popula-
tion in these three strains, however, we detected a significant
difference; a substantial proportion ofHsp33-Y12E protein was
found to be insoluble and co-aggregated with a large number of
different E. coli proteins (Fig. 6B). This co-aggregation led to a
small but reproducible decrease in the overall amount soluble
E. coli proteins. In contrast, both wild-type Hsp33 or Hsp33-
M172S proteins remained mostly soluble at 37 °C and did not
cause any protein aggregation. Cultivation of the Hsp33-
M172S expressing strain at temperatures that activated the
mutant protein in vitro (Fig. 2B) and caused a growth defect in
vivo (supplemental Fig. S4B), however, also sequestered a large
number of E. coli proteins into the insoluble protein pellet
(supplemental Fig. S4D). These results suggest that in the
absence of any post-translational regulation, activated Hsp33

binds to either newly synthesized or pre-existing cellular pro-
teins, which may cause Hsp33 to co-aggregate with these pro-
teins. It remains to be determined whether the formation of
aggregates per se, or the sequestration of specificE. coliproteins
necessary for optimal bacterial growth is responsible for the
observed growth defect. In either case, these results provide a
first clue as to why chaperone holdases, such as Hsp33, require
tight functional regulation.

DISCUSSION

Hsp33 belongs to a growing group of ATP-independent
chaperone holdases, including small heat shock proteins
(sHsps) and HdeA, that are inactive under non-stress condi-
tions and use sophisticated post-translational mechanisms to
synchronize their activation with specific cellular stress condi-
tions (1, 23–25). For their activation, each of these chaperones
appears to undergo the same type of stress-specific conforma-
tional rearrangements and unfolding events that cause the
widespread aggregation of countless proteins in stress-treated
organisms. The Hsp33 chaperone function is activated by the
oxidative unfolding of its C-terminal redox switch domain, and
it protects cells against oxidative stress-induced protein aggre-
gation (1, 2). Activation of sHsps is triggered by temperature-
induced structural rearrangements, which allows them to pro-
tect other cellular proteins against heat-induced aggregation
(26, 27). Finally, the small HdeA dimer is specifically activated
by acid-induced dissociation and unfolding, and it prevents
aggregation of a wide range of acid-dissociated and denatured
proteins (24, 25). The common denominator for the activation
of these chaperone holdases appears to be local protein unfold-
ing accompanied by a substantial increase in surface hydropho-
bicity (6, 10, 25, 27–29). Because the few known substrate bind-
ing sites on chaperones are hydrophobic in nature, these
observations led to the very plausible hypothesis that local
unfolding of the chaperones exposes previously buried sub-
strate binding sites in the chaperones; hence their activation
(23, 28, 30). Investigation of this hypothesiswas straightforward
in Hsp33 because crystal structures are available that reveal the
precise location of the Hsp33 folding-sensitive linker in the
reduced, inactive form (7). The linker region covers an
extended �3800 Å2 N-terminal surface area, 75% of which is
rich in hydrophobic residues (supplemental Fig. S1). To test the
model that this area serves as a linker binding surface under
non-active conditions and as a substrate binding site upon
linker unfolding and activation, we substituted two of the most
centrally located hydrophobic residues with either polar
(M172S) or charged (Y172E) residues. We confirmed that sub-
stitution of either one of these residues significantly decreased
the hydrophobicity of those surfaces that apparently become
exposed upon Hsp33 oxidative activation. We were unable,
however, to detect any apparent reduction in Hsp33 ability to
prevent protein aggregation in vitro using different substrate
proteins. These results suggested that the hydrophobic surface
area directly beneath the linker binding site might not be
directly involved in substrate binding. Where do unfolded sub-
strate proteins then bind inHsp33? Given the extended unfold-
ing that occurs upon activation of Hsp33, it is tempting to spec-
ulate that the natively unfolded regions in Hsp33 themselves

FIGURE 6. Expression of constitutively active Hsp33-Y12E mutant causes
growth defects in vivo. A, E. coli strains JH21 (BL21 �hslO) expressing either
(closed circles) wild-type Hsp33, (closed squares) Hsp33-M172S, (open circles)
Hsp33-Y12E or (open squares) no protein from a pET11a plasmid were culti-
vated in the presence of 50 �M IPTG in MOPS minimal medium at 37 °C.
Growth was monitored at A600. Aliquots of the four cell cultures were har-
vested by centrifugation as indicated by arrows. B, total cell lysates were pre-
pared and separated into soluble proteins and insoluble aggregates. The
amount of total cell lysate and supernatant loaded was adjusted to the num-
ber of cells harvested. A 10-fold higher amount of aggregates was loaded
onto the SDS-PAGE to visualize cellular proteins that precipitate.
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might be involved in substrate binding. Natively unfolded
regions are, by definition, highly flexible and charged (31–33).
Whereas their high flexibility would foster binding of a large
variety of substrate proteins, their highly charged nature would
increase the solubility of unfolding proteins and effectively pre-
vent protein aggregation. Supported by the facts that disor-
dered regions in RNA chaperones very often map with the
respective RNA binding sites, and that many protein chaper-
ones have extensive disordered regions, these observations led
to the hypothesis that natively disordered regions might be
directly involved in substrate interaction (34). This hypothesis
found experimental support with a very recent study by Vier-
ling and co-workers (35), who used a cross-linking approach
to demonstrate that a flexible, intrinsically disordered N-ter-
minal arm of the small heat shock protein PsHsp18.1 cross-
links with unfolded substrate proteins in vitro, suggesting
that it plays a crucial role in substrate interactions. Because
of the hydrophobic nature of the substrate proteins, it is
however likely that many of these intrinsically disordered
chaperones use a combination of hydrophobic and hydro-
philic regions to bind and solubilize their substrate proteins.
This possibility has been recently suggested for the acid-
activated HdeA, where mutations in the amphiphilic regions
were found to reduce its chaperone function (28). Simulta-
neous mutations within the flexible linker region of Hsp33
and the hydrophobic surface areas might therefore be nec-
essary to interfere with substrate binding in Hsp33 and to
locate the substrate binding site of Hsp33.
Although the introduced mutations did not affect the chap-

erone function of Hsp33, they dramatically altered its redox
regulation. Mutation of Met172 to serine turned Hsp33 into a
purely heat or oxidative stress-regulated chaperone, whereas
mutation of Tyr12 to glutamate caused Hsp33 to be constitu-
tively active. Neither mutation significantly altered the stability
of Hsp33 N-terminal or zinc binding domains. However, both
substantially lowered the thermostability of the Hsp33 linker
region, thereby apparently eradicating the thermodynamic
control exerted by the Hsp33 oxidation-sensitive zinc binding
domain. In wild-type Hsp33, stress sensing occurs via an inter-
dependent sensing mechanism in which the zinc binding
domain senses oxidative stress and themetastable linker region
senses the folding status in the cell. Our mutant studies now
demonstrate that a simple mutation that destabilizes the linker
region is sufficient to abrogate this regulation. Our results pro-
vide the experimental evidence that the folding status of the
linker region plays a central role for the Hsp33 chaperone func-
tion. Furthermore, they imply that the Hsp33 zinc center func-
tions primarily as a redox sensitive pivot whose oxidation status
controls the thermodynamic stability of the adjacent linker
region and therefore the activity of Hsp33. Based on these
results, it is therefore conceivable that stress conditions that act
mainly on destabilizing the Hsp33 linker region, might be suf-
ficient to activate Hsp33 independent of oxidative stress condi-
tions. This conclusion would not only explain recent findings,
which showed that Hsp33 expression significantly increases
bacterial resistance toward solvent stress (36) but would imply
that Hsp33 might be a much more versatile chaperone than
previously anticipated.

Finally, our studies provide the first evidence that lack of the
Hsp33 stringent post-translational control becomes highly dis-
advantageous to E. coli cells. Expression of the constitutively
active Hsp33-Y12E variant caused a large number of cellular
proteins to co-precipitate with Hsp33. These results suggest
that the ability of active Hsp33 to interact with a wide variety of
proteins in vivo (2) generates a clear need to switch Hsp33 off
under non-stress conditions. The fact that the constitutively
active Hsp33-Y12E mutant can no longer regulate substrate
binding and release might be sufficient to target Hsp33 into the
insoluble aggregates. Whether it is the newly synthesized pro-
teins that fall victim to Hsp33-Y12E constitutive chaperone
activity or mature proteins that are potentially unfolded by
Hsp33 remains to be investigated. In either case, these results
open the door to future investigations as to why chaperone
holdases, such as Hsp33, require such exquisitely tight func-
tional regulation.
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