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Abstract

During evolution of land plants, a specific motif occurred in the N-terminal domain of the chloroplast-
localized small heat shock protein, Hsp21: a sequence with highly conserved methionines, which is pre-
dicted to form an amphipathic�-helix with the methionines situated along one side. The functional role of
these conserved methionines is not understood. We have found previously that treatment, which causes
methionine sulfoxidation in Hsp21, also leads to structural changes and loss of chaperone-like activity. Here,
mutants ofArabidopsis thalianaHsp21 protein were created by site-directed mutagenesis, whereby con-
served methionines were substituted by oxidation-resistant leucines. Mutants lacking the only cysteine in
Hsp21 were also created. Protein analyses by nondenaturing electrophoresis, size exclusion chromatogra-
phy, and circular dichroism proved that sulfoxidation of the four highly conserved methionines (M49, M52,
M55, and M59) is responsible for the oxidation-induced conformational changes in the Hsp21 oligomer. In
contrast, the chaperone-like activity was not ultimately dependent on the methionines, because it was
retained after methionine-to-leucine substitution. The functional role of the conserved methionines in Hsp21
may be to offer a possibility for redox control of chaperone-like activity and oligomeric structure dynamics.
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The small heat shock proteins (sHsps) belong to an eukary-
otic heat shock protein family in which all members contain
a conserved C-terminal domain of∼ 100 amino acids and a
variable N-terminal domain (Caspers et al. 1995; de Jong et
al. 1998). Different roles have been suggested for sHsps,
such as regulation of cytoskeleton protein dynamics (Lavoie
et al. 1993; Wang and Spector 1996) and regulation of
apoptosis (Mehlen et al. 1997). All sHsps are known to

show a non-ATP-dependent, chaperone-like activity in
vitro, which was first shown for�B-crystallin (Horwitz
1992). The sHsps protect other proteins from aggregation at
elevated temperatures, by binding their molten globule
forms to their outer surface (Lindner et al. 1997, 1998).
When the temperature decreases, the protected proteins are
released, probably assisted by ATP-dependent Hsp70 chap-
erones (Lee and Vierling 2000).
Interestingly, the variable N-terminal domain of the chlo-

roplast-localized sHsp, Hsp21, contains a highly conserved
methionine-rich sequence (Waters et al. 1996). Secondary
structure predictions indicate that this methionine-rich se-
quence can form an amphipathic�-helix with all the me-
thionines exposed on one side (Chen and Vierling 1991).
The conservation of the methionines in this domain among
divergent plant species indicates that it is of functional im-
portance, but the actual function of Hsp21 in the chloro-
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plast, as well as the role of the highly conserved methio-
nines, is not understood.
Like other sHsps, Hsp21 is an oligomeric protein, but the

actual number of subunits per oligomer is not known. The
apparent molecular mass can be estimated by gel filtration
or native PAGE to be approximately 400 kD. We have
found previously that theArabidopsis thalianaHsp21 oligo-
mer undergoes conformational changes in response to
oxidation, coinciding with and probably being caused by
sulfoxidation of the methionine residues in the conserved
amphipathic helix (Gustavsson et al. 1999). This oxidation-
induced conformational change of Hsp21 occurs concomi-
tantly with a loss of the chaperone-like activity and a de-
crease in�-helical secondary structure (Härndahl et al.
2001).
All amino acids that occur naturally in proteins can be

modified oxidatively, but the two most readily oxidized are
the sulfur-containing cysteine and methionine (Berlett and
Stadtman 1997). Cysteine oxidation, which can lead to a
variety of products such as the cysteic acid or formation of
disulfide bridges with another cysteine residue, is the best
characterized of the two. Because of the normally reducing
intracellular environment, disulfide bridges are not as com-
mon, and their formation in response to, for example, oxi-
dative stress often leads to loss of protein function, which
can be regained by reduction of the disulfide bridge. Oxi-
dation of methionine to the methionine sulfoxide leads to a
drastic decrease in hydrophobicity and to a more rigid struc-
ture of the side chain. There are numerous reports about
how methionine sulfoxidation, like disulfide bridge forma-
tion between cysteines, leads to loss of protein function
(Gao et al. 1998; Johnson and Travis 1979; Vogt 1995).
Similar to the example of disulfide bridge formation, me-
thionine sulfoxidation is a reversible reaction. The enzyme
responsible for reduction of methionine sulfoxides, the pep-
tide methionine sulfoxide reductase (MsrA), is found in
various organisms ranging from bacteria to plants and mam-
mals (Moskovitz et al. 1995, 1996; Sadanandom et al.
2000). In this paper we have applied a site-directed muta-
genesis approach to assess the importance of the conserved
methionine residues in Hsp21 and the involvement of me-
thionine sulfoxidation in the oxidation-induced structural
changes and chaperone-like activity of theArabidopsis
thalianaHsp21 oligomer.
Mutant Hsp21 protein with methionines substituted by

leucines was therefore prepared. Methionine and leucine are
hydrophobic and resemble each other structurally. Also, in
substitution mutations during evolution, methionine is most
frequently replaced by leucine. However, the leucine side
chain contains no sulphur atom and is not readily oxidized.
To investigate the possible contribution of cysteine oxida-
tion in oxidation-induced structural changes, the single cys-
teine residue (C151) inArabidopsis thalianawas replaced
by alanine. The resulting set of mutant proteins with differ-

ent substitutions was evaluated and showed that methio-
nines substitution clearly abolished the oxidation-induced
conformational changes of the Hsp21 oligomer, whereas
cysteine substitution gave no effect in this respect. The
chaperone-like activity of Hsp21 was largely retained in
leucine-containing Hsp21 mutants. The data obtained in this
study indicate that the methionine-rich Hsp21, which
evolved during land-plant evolution (Waters and Vierling
1999), presumably coevolved with a highly reducing envi-
ronment in the chloroplast.

Results

In Arabidopsis thalianaHsp21, the predicted amphipathic
�-helix contains four methionines (M49, M52, M55, and
M59) that are highly conserved in most land plants (M49,
M52, and M59: conserved in 10 out of 10 species examined;
M55: nine out of 10 [data not shown]) and two methionines
(M62 and M67) that are less well conserved (M62: two out
of 10; M67: five out of 10). Another methionine residue is
found at position 35 in the N-terminal part of theArabidop-
sis thalianaHsp21 sequence and is conserved in only two of
the 10 species examined. There are also two additional
highly conserved methionines, M97 and M101 (both 10 out
of 10), which are not located in the N-terminal domain but
in the structurally ordered C-terminal domain. The two con-
served methionines in this C-terminal domain are less prone
to methionine sulfoxidation, although all methionines in
Hsp21 can be oxidized into methionine sulfoxides upon
treatment with hydrogen peroxide as detected by mass spec-
trometry (Gustavsson et al. 1999). In the structure that was
resolved forMethanococcus jannaschiiHsp16 (Kim et al.
1998), another sHsp-like chaperone, the N-terminal region
was disordered and therefore not seen in the structure. This
indicates that the N-terminal region is flexible. Thus in the
case of Hsp21, the amphipathic�-helix in the N-terminal
region may act as a flexible arm and respond to redox
changes conducted via methionine sulfoxidation of the six
methionines, thereby affecting the conformation of the
Hsp21 oligomer.
To evaluate how the methionines in this flexible part of

Hsp21 are involved in the conformational changes in Hsp21
observed in response to oxidation and how the methionines
affect the chaperone-like activity, mutants with either the
four most highly conserved or all six methionines in the
amphipathic�-helix were substituted for leucines by site-
directed mutagenesis. These mutants, Hsp21-M(49,52,55,
59)L and Hsp21-M(49,52,55,59,62,67)L, are referred to as
-4M, and -6M. Two other mutants were made with the only
cysteine in Hsp21 replaced by alanine: Hsp21-C151A and
Hsp21-M(49,52,55,59,62,67)L,C151A, referred to as -C
and -6M-C. The mutations were verified at the level of the
expressed proteins using MALDI/TOF mass spectrometry
on peptides obtained by proteolysis and at the DNA level by
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sequencing of the coding regions of the plasmids (data not
shown). The DNA sequencing verified that no unwanted
mutations had occurred during the PCR reactions.

Methionines required for conformational change
in response to oxidation

To evaluate if the oxidation-induced conformational change
reported previously for Hsp21 (Gustavsson et al. 1999) can
occur in the mutants, samples of purified wild-type and
mutant Hsp21 protein were oxidized with 5 or 10 mM hy-
drogen peroxide and subjected to nondenaturing PAGE as
shown in Figure 1. For wild-type Hsp21, the conformational
change is seen as a shift of the 400 kD band into an upper
band at 450 kD in response to oxidation with either 5 or 10
mM hydrogen peroxide. For the mutants in which four or
six methionines are replaced by leucines (-4M, -6M), there
is no shift into an upper band. The Hsp21 oligomer forms a
major band at 400 kD. Additional weak extra bands can also
be seen, which could be misfolded oligomers or degraded
oligomers, but the main band still accounts for some 95% of
the protein for the -6M mutant. The mutant with the one
cysteine removed (-C) behaves like the wild type, showing
a shift of the 400 kD band into an upper band at 450 kD in
response to oxidation with either 5 or 10 mM hydrogen
peroxide. Thus, the shift into the upper band indicating a
change in oligomeric conformation of Hsp21 is because of
sulfoxidation of the conserved methionines, not cysteine
oxidation. The mutant in which the six methionines and the
cysteine were replaced by leucines and alanine, respec-
tively, (-6M-C) behaved like the -4M and -6M mutants.
To further distinguish between the wild-type and mutant

forms of Hsp21, oxidation and subsequent size exclusion
chromatography (SEC) analyses were performed in ammo-
nium bicarbonate, a buffer known to create conditions that
cause disassembly of the oxidized form of the Hsp21 oligo-
mer into smaller oligomers of approximately 100 kD (Härn-
dahl et al. 2001). Figure 2 shows size exclusion chromato-
grams for (Fig. 2A) nonoxidized and (Fig. 2B) oxidized

samples of wild-type and the mutant forms of Hsp21. As
seen for the wild-type Hsp21 oligomer, a change in apparent
molecular weight occurred upon oxidation from 400 kD to
smaller forms, predominantly one of 100 kD (indicated with
asterisk), with part of the 400 kD peak still remaining. How-
ever, the mutants in which methionines were replaced by
leucines (-4M, -6M, and -6M-C) all appeared unaffected by
the oxidation. In case of the -C mutant, the 400 kD peak was
broadened after oxidation but without the appearance of the
100 kD form. Thus, it appears that it is cysteine oxidation in
the wild-type Hsp21 that makes the oligomer fall apart, but
methionine sulfoxidation in the amphipathic helix is the
prerequisite for any conformational change.

Fig. 1. Nondenaturing PAGE of wild-type and mutant Hsp21 showing
oxidation-dependent structural changes of the Hsp21 oligomer. The mu-
tants with methionines substituted by leucine, Hsp21-M(49,52,55,59)L and
Hsp21-M(49,52,55,59,62,67)L, are referred to as -4M, and -6M. The mu-
tants with cysteine replaced by alanine, Hsp21-C151A and Hsp21-M(49,
52,55,59,62,67)L,C151A, are referred to as -C and -6M-C.

Fig. 2. Size-exclusion chromatography of wild-type and mutant Hsp21
showing oxidation-dependent structural changes of the Hsp21 oligomer.
Chromatograms of (A) control samples and (B) oxidized (5mM H2O2)
samples. The asterisk in theupper rightpanel indicates the 100 kD form of
Hsp21 after oxidation in ammonium bicarbonate buffer. The mutants with
methionines substituted by leucine, Hsp21-M(49,52,55,59)L and Hsp21-
M(49,52,55,59,62,67)L, are referred to as -4M, and -6M. The mutants with
cysteine replaced by alanine, Hsp21-C151A and Hsp21-M(49,52,55,59,
62,67)L,C151A, are referred to as -C and -6M-C.
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Importance of cystein-151 for
high-temperature-induced aggregation

Previously we observed that temperature-induced aggrega-
tion of wild-type Hsp21 is prevented by the reductant DTT,
indicating that there is an oxidative event contributing to the
temperature-induced aggregation events that occur during
heat denaturation at very high temperatures (> 70°C) (Härn-
dahl et al. 1999). To study differences in high-temperature-
induced aggregation between wild-type and mutant Hsp21,
protein samples were incubated at 70°C or 90°C and ana-
lyzed on nondenaturing PAGE (Fig. 3). The 70°C sample of
wild-type Hsp21 oligomer resembled the control, whereas
in the 90°C sample, the band appeared weaker because of
formation of aggregates that do not enter the gel. A similar
pattern was observed for the -4M and -6M mutants with
somewhat less aggregation. However, both mutants in
which the cysteine had been replaced (-C, and -6M-C) ap-
peared unaffected by heat treatment at 90°C. These data
show that cysteine-151, one in each monomer, is crucial for
the aggregation of the Hsp21 oligomer that occurs at very
high temperatures.

Methionine but not cysteine oxidation causes
loss of�-helical CD signal

Previously, methionine sulfoxidation in wild-type Hsp21
was found by CD spectroscopy to lead to a partial unfolding
and loss of�-helical secondary structure, which did not
occur in the Hsp21 -6M mutant (Härndahl et al. 2001).
Hence, the Hsp21 -4M and -C mutants were also screened
by CD to record their response to oxidation in terms of the
222 nm signal (indicated by arrows in Fig. 4) from the
methionine-rich amphipathic�-helix. An oxidation-induced
decrease in 222 nm signal was seen for wild-type Hsp21
(Fig. 4A) and in the Hsp21 mutant in which the cysteine was
replaced (Fig. 4C). However, such a decrease in the 222 nm
CD signal was totally lacking in the Hsp21 mutant without
the four most conserved (-4M) methionines in the amphi-
pathic�-helix (Fig. 4B). Thus, methionine sulfoxidation of
the four most conserved methionine residues (M49, M52,
M55, and M59) is responsible for the conformational

change which causes loss of�-helical secondary structure
with no contribution of cysteine oxidation. Oxidation of
only the two semiconserved methionines, M62 and M67, in
the -4M mutant is obviously not sufficient to cause loss in
the�-helical secondary structure.

Effects of mutations on the chaperone-like activity
of Hsp21 and its sensitivity to oxidation

To investigate if replacement of methionines by leucines
affected the chaperone-like activity of Hsp21, aggregation
assays were performed with two different substrate proteins,
citrate synthase and insulin, both commonly used in light-

Fig. 3. High-temperature-induced aggregation of wild-type and mutant
Hsp21 oligomers. Nondenaturing PAGE after incubation of wild-type and
mutant Hsp21 at temperatures indicated in the figure for 1 h. The mutants
with methionines substituted by leucine, Hsp21-M(49,52,55,59)L and
Hsp21-M(49,52,55,59,62,67)L, are referred to as -4M, and -6M. The mu-
tants with cysteine replaced by alanine, Hsp21-C151A and Hsp21-
M(49,52,55,59,62,67)L,C151A, are referred to as -C and -6M-C.

Fig. 4. CD spectra showing oxidation-induced loss of�-helical signal.
Solid line: control protein samples. Dashed line: protein samples oxidized
with 5 mM hydrogen peroxide. (A) Wild-type Hsp21. (B) Hsp21 mutant
with four methionines substituted by leucine, Hsp21-M(49,52,55,59)L, is
referred to as -4M; C Hsp21 mutant with cysteine replaced by alanine,
Hsp21-C151A, is referred to as -C. The arrows point out the CD signal at
222 nm, indicative of�-helical secondary structure. The change in CD
upon oxidation is significant, giving upon oxidation of the Hsp21 wild
type, on average, a 20.2% decrease at 222 nm in four independent experi-
ments with a standard deviation of 2.2%. For the mutant Hsp21 proteins
with either four or six methionines replaced by leucines, there is no change
at 222 nm upon oxidation.
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scattering based assays of chaperone-like activity (Bova et
al. 1999). Denaturation is induced by high temperature
(43°C) in case of the temperature-sensitive citrate synthase
(Buchner et al. 1998; Ehrnsperger et al. 1997) and by the
reductant DTT in case of insulin, which becomes prone to
aggregation upon reduction causing breakage of a critical
disulfide bridge (Farahbakhsh et al. 1995). As shown in
Figure 5A, the -6M mutant showed even better chaperone-
like activity than wild-type Hsp21. Furthermore, as shown
in the insert, the chaperone-like activity of -6M was unaf-
fected by oxidation. In the insulin assay (Fig. 5B), the -6M
mutant has less chaperone-like activity than wild-type
Hsp21, although it still shows good chaperone-like activity.

In both assays, the mutant with four methionines replaced
by leucine (-4M) behaved in a way similar to -6M (data not
shown). The mutant from which the six methionines and the
cysteine had been removed (-6M-C) showed very little
chaperone-like activity (data not shown) for reasons we can-
not explain at this point. It is possible that this mutant has a
less stable tertiary structure (see below).

Conformational stability of wild-type
and mutant Hsp21

Site-directed mutagenesis may affect the conformational
stability of a protein, which can be evaluated by determining

Fig. 5. Light-scattering measurements of the chaperone-like activity of wild-type and mutant Hsp21 with citrate synthase (A) or insulin
(B) as substrates. Aggregation of citrate synthase and insulin with no chaperone added is indicated in the figure as a negative control,
and the suppression of aggregation by the chaperone-like activity of�B-crystalline (Horwitz 1992; Lindner et al. 1997) is indicated
in the figure as a positive control. sHsps do not show any increase in light scattering without citrate synthase and insulin (data not
shown). Standard deviation bars are indicated for incubations with wild-type and mutant Hsp21. Hsp21 mutant with six methionines
substituted by leucine, Hsp21-M(49,52,55,59,62,67)L, is referred to as -6M; Hsp21 mutant with cysteine replaced by alanine, Hsp21-
C151A, is referred to as -C. The insert in panelA shows the chaperone-like activity of control or oxidized -6M mutant Hsp21.
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the tryptophan fluorescence changes in increasing concen-
trations of a denaturant like urea. By comparing the behav-
ior of Hsp21 in urea gradient electrophoresis (Fig. 6A) with
the total tryptophan fluorescence (calculated by integration
of fluorescence between 315 and 420 nm) at increasing urea
concentrations (Fig. 6B), we could analyze the conforma-
tional stability of the Hsp21 oligomer. In a first phase at
very low urea concentrations (Fig. 6A [I]), Hsp21 is still
intact as an oligomer. When it reaches a certain urea con-
centration, the oligomer starts to disassemble, which is ac-
companied by a rapid decrease in fluorescence intensity
(Fig. 6B). Early during this second phase (II) at intermediate
urea concentrations, fluorescence becomes red shifted (peak
maximum shifted from 340 to 358 nm) as unfolding of the
Hsp21 monomer starts (data not shown). At higher urea
concentrations (III), the red-shifted fluorescence increases
continuously during the gradual unfolding.
To assess the conformational stability of the mutant

forms of Hsp21, tryptophan fluorescence spectra were re-

corded in different urea concentration for all the mutant
Hsp21 proteins. In Figure 7, total fluorescence is presented,
showing that conformational stability is higher in the Hsp21
mutants with four or all six methionines replaced by leucine
(squares and triangles, respectively) compared to wild-type
Hsp21 (circles). In the mutant Hsp21 proteins, the initial
fluorescence level characteristic of oligomeric Hsp21 was
completely retained in 0.5 M urea, which was the approxi-
mate midpoint of the fluorescence decrease for wild-type
Hsp21 protein. This indicates a more stable oligomeric con-
formation for the methionine-less mutant forms compared
to wild-type Hsp21. Furthermore, in both the mutants, the
red shift was delayed until higher urea concentrations: The
red shift of the fluorescence peak maximum from 340 to
358 nm did not occur until 2.5 M urea, whereas in wild-type
Hsp21, the red shift started at 1 M urea (data not shown).
Fluorescence from the mutant from which cystein had been
removed (-C) was similar to wild-type Hsp21, whereas the
-6M-C mutant deviated from all the other Hsp21 proteins,
showing a higher fluorescence intensity in the absence of
urea, which indicated an altered tryptophan environment,
and a fluorescence increase in 0.5 M urea (data not shown).
The additive effect of methionine and cystein replacement
thus results in an altered tertiary structure of the -6M-C
mutant protein, which could also explain its poor chaper-
one-like activity, which was discussed above.

Discussion

Hsp21 mutants with the four most conserved of the six
methionines in the amphipathic�-helix replaced by leucines

Fig. 6. Conformational stability of Hsp21 oligomer studied by urea gra-
dient electrophoresis and tryptophan fluorescence. (A) Urea gradient poly-
acrylamide gel showing the intact wild-type pea (Pisum sativum) Hsp21
oligomer (I) and how the oligomer disassembles into monomers at higher
urea concentrations (II). At even higher urea concentrations (III), unfolding
of the Hsp21 monomers leads to a decrease in electrophoretic mobility. (B)
The total fluorescence (calculated by integration of fluorescence between
315 and 420 nm) of wild-type pea (P. sativum) Hsp21 is presented for
increasing urea concentrations.

Fig. 7. Tryptophan fluorescence of wild-type and mutant Hsp21 in in-
creasing urea concentration. The total fluorescence (calculated by integra-
tion of fluorescence between 315 and 420 nm) is presented for increasing
urea concentrations. Data were normalized by setting the fluorescence
value in 0 M urea for each protein to 100%. Filled circles: wild-type
Hsp21. Filled squares: Hsp21 mutant with four methionines substituted by
leucine, Hsp21-M(49,52,55,59)L, is referred to as -4M. Filled triangles:
Hsp21 mutant with six methionines substituted by leucine, Hsp21-
M(49,52,55,59,62,67)L, is referred to as -6M.
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lacked response to oxidation in terms of conformational
change in the Hsp21 oligomer as judged by nondenaturing
PAGE and size exclusion chromatography (Figs. 1, 2).
These results are consistent with the finding that loss of
�-helical secondary structure upon oxidation (Fig. 4), did
not occur unless the four most conserved methionine resi-
dues (M49, M52, M55, and M59) were present. Thus, the
redox-response of the Hsp21 oligomer, reported here as a
conformational change in the Hsp21 oligomer and loss of
�-helical secondary structure, which previously was shown
to correlate well with methionine sulfoxidation (Gustavsson
et al. 1999), indeed depend on sulfoxidation of the four most
conserved methionine residues with no involvement of cys-
teine oxidation.
Chaperone-like activity was unaffected by oxidation

when the six methionines were replaced by leucines in the
-6M Hsp21 mutant (Fig. 5A, insert). Remarkably, in the
citrate synthase assay, the -6M Hsp21 mutant also showed
even better chaperone-like activity than wild-type Hsp21
(Fig. 5A). In the insulin assay, however, its relative activity
compared to the wild-type Hsp21 was not as good (Fig. 5B).
In both assays the chaperone-like activity of the -6M Hsp21
mutant was of the same order of magnitude as the well-
established chaperone-like activity of�B-crystallin (Hor-
witz 1992; Lindner et al. 1997, 1998; van Boekel et al.
1999), but in the insulin assay, the chaperone-like activity of
wild-type Hsp21 was even better than that of�B-crystallin.
The presence of DTT in the insulin assay may resemble the
reducing conditions which prevail in the chloroplast, to
which Hsp21 probably has adapted to function optimally. In
several reports on proteins, which contain functionally im-
portant methionines, substitution leads to loss in efficiency
(Yuan and Vogel 1999). Here, an apparent improvement of
the chaperone-like activity was obtained for the -6M Hsp21
mutant in the DTT-less CS assay in which there is probably
a “background” methionine sulfoxidation in the wild-type
Hsp21. In none of the assays did replacement of methio-
nines by leucines in Hsp21 cause a major decrease in chap-
erone-like activity.
The mutant-lacking C151 behaved similarly to wild-type

Hsp21 except at unphysiological denaturating temperatures
(70°C and 90°C) in which it was less aggregation-prone,
indicating that such temperature-induced aggregation in-
volves cysteine oxidation. The C151 may reside in the in-
terphase between subunits in the Hsp21 oligomer as judged
by sequence alignment with theMethanococcus jannaschii
Hsp16 structure (Kim et al. 1998). This could explain why
wild-type Hsp21 but not C151A yielded 100 kD tetramers
after methionine sulfoxidation (Fig. 2). But under physi-
ological conditions, oxidation of cystein 151 is probably
less important. The cysteine residue C151 inArabidopsis
thaliana Hsp21 is nonconserved, and other plant species
contain either several cystein residues (e.g., pea [Pisum sa-
tivum]) or no cysteines at all. In Hsp25 disulfide bond for-

mation did not affect secondary structure, degree of oligo-
merization, or chaperone activity (Zavialov et al. 1998).
Even if the leucine-substituted form of Hsp21 shows

functional chaperone-activity in vitro, the methionines may
be important for other in vivo functions of Hsp21. When the
methionine side chain undergoes oxidation, which the leu-
cine side chain is unable to, its hydrophobicity is markedly
decreased, together with a decrease in structural flexibility.
If the methionine-rich region of Hsp21 is involved in the
chaperone-like activity, oxidation of the methionines would
most likely affect the binding of the substrate proteins. The
methionine sulfoxide-containing conformationally changed
form of Hsp21, which has lost chaperone-like activity
(Härndahl et al. 2001), may fulfill another, yet unknown
role in the cell. It may, for example, bind to components
other than the reduced form of Hsp21, for which chaperone-
like activity might be the main functional role. Such redox-
dependent regulation of Hsp21 would be an alternative
pathway to regulate its function, parallel to, for example,
phosphorylation of other sHsps. Phosphorylated forms of
the mammalian Hsp27 show no chaperone-like activity (Ro-
galla et al. 1999), but bind cytoskeletal elements (Zhu et al.
1994).
Replacement of methionines by leucines did not de-

crease, but rather increased the conformational stability of
Hsp21 oligomer stability (Fig. 7). The midpoint of the urea-
induced oligomer disassembly (fluorescence decrease) was
clearly affected in the mutants: 0.5 M urea for wild-type
Hsp21, but approximately 1.5 M urea for both Hsp21 mu-
tants (-4M and -6M). Also, the fluorescence red shift typical
for unfolding occurred at much lower urea concentration in
the wild-type Hsp21 (1 M urea) compared to the mutants
(2.5 M urea). These results indicate that substitution of leu-
cines by methionines during evolution decreased conforma-
tional stability. The oxidizable methionines in Hsp21 were
maybe allowed during land plant evolution (Waters and
Vierling 1999) only since the chloroplast represented a safe
reducing environment in which methionines in Hsp21 can
be kept in a reduced state. Therefore, one should expect land
plant evolution to coincide with the evolution of factors that
contribute to the reduced environment: NADPH-producing
Photosystem II, and redox-controlling systems like thiore-
doxin, glutaredoxin, and ascorbate peroxidase.
Thus, methionines may also have evolved in Hsp21 to

allow regulation of different functions of Hsp21. In a re-
ducing environment, the chaperone function might be the
main task for the large oligomeric form of Hsp21, whereas
during oxidative stress, the smaller 100 kD forms caused by
oxidation-induced disassembly of Hsp21 may have another
function. Of the four methionines conserved among angio-
sperms (M49, M52, M55, and M59), only one is present in
the moss Funario hygrometrica (Waters and Vierling
1999), although secondary predictions indicate an�-helical
secondary structure. Thus, the possibility for redox regula-
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tion of chaperone-like activity as in Hsp21 may be missing
in evolutionary “early” organisms. In this context it should
be mentioned that another type of regulation, which is fairly
well characterized — phosphorylation of the D1-protein in
Photosystem II — is a late evolutionary event that occurs in
seed plants but not in mosses, liverworts, and ferns (Pursi-
heimo et al. 1998). TransgenicArabidopsisplants express-
ing the leucine-substituted form of Hsp21 could shed further
light on whether the leucine-substituted form of Hsp21 is
fully functional or if regulation of Hsp21 by methionine
sulfoxidation is needed and is of physiological importance.

Materials and methods

Homology comparison of Hsp21 sequences
from different land plant species

Multiple alignment of Hsp21 sequences from 10 different land
plant species (Arabidopsis thaliana, soybean, petunia, tobacco,
tomato, pea, maize, rice, wheat, and barley) was made using the
ClustalW software available online at http://www.expasy.ch/cgi-
bin/blast.pl.

Site-directed mutagenesis

Mutagenesis of the expression vector pAZ376, encoding the ma-
ture form ofArabidopsis thalianaHsp21, was performed using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene). For the
mutagenesis of methionines 49, 52, and 55 to leucines, the primer
5�-GGAAACAGTGGTGACTCCTGCGACGCTGTTGACAATC
TATGATACC-3� and its corresponding antisense primer were
used, leading to plasmid pAZ376-M(49,52,55)L. Annealing tem-
perature was 50°C. Using pAZ376-M(49,52,55)L as template and
primer 5�-CGCTGTTGACAATCTATGGGACCTGTCCTACAA
GC-3� and its corresponding antisense primer, a mutant with me-
thionines 49, 52, 55, and 59 mutated to leucines was made, leading
to plasmid pAZ376-M(49,52,55,59)L. Annealing temperature
was 55°C. Using pAZ376-M(49,52,55,59)L as template and
primer 5�-GGGACCTGTCCGACAAGCTCCTGTGAGACGGA
CAGAGTCC-3� and its corresponding antisense primer, a mutant
with methionines 49, 52, 55, 59, 62, and 67 mutated to leucines
was made, leading to plasmid pAZ376-M(49,52,55,59,62,67)L.
Annealing temperature was 50°C. For the mutagenesis of cysteine
151 to alanine in pAZ376 and pAZ376-M(49,52,55,59,62,67)L,
primer 5�-CGAGGGTCTGTTGCGACTCTTTCTGTTCTAG-3�
and its corresponding antisense primer were used, leading to
plasmids pAZ376-C151A and pAZ376-M(49,52,55,59,62,67)L,
C151A. Annealing temperature was 52°C. Underlined nucleotides
show the mutated codons.

Expression and purification of mutants

The plasmids pAZ376-M(49,52,55,59)L, pAZ376-M(49,52,55,59,
62,67)L, pAZ376-M(49,52,55,59,62,67)L,C151A, and pAZ376-
C151A were transformed into competentEscherichia coliBL21
(DE3) cells and grown at 37°C until midlog phase in Luria-Bertani
(LB) broth containing 0.2 mg/mL of ampicillin. Isopropyl�-D-
thiogalactopyranoside (IPTG) was then added to a final concen-
tration of 0.5 mM, and incubation was continued for 4 h. Pure
mutant Hsp21 was prepared essentially as described earlier (Härn-

dahl et al. 1998) using only size exclusion chromatography in the
final purification step.

Size exclusion chromatography

Size exclusion chromatography was performed using a Pharmacia
HiLoad/Superdex 200 HR 16/60 column at 4°C. Equilibration and
elution was performed with 0.1 M ammonium bicarbonate at pH
7.8 or 25 mM Tris-HCl at pH 7.0 at a flow rate of 0.75 mL/min.

Oxidation or heat treatment of purified Hsp21

Purified recombinant wild-type and mutant Hsp21 were oxidized
at a concentration of 0.4 mg protein/mL for 2 h at37°C with 5.0
mM H2O2 in the different buffer/salt combinations indicated in the
figure legends. Oxidation was stopped by the addition of 20 mM
DTT. Heat treatment was performed by incubation at 70°C or
90°C for 1 h.

Electrophoresis

Nondenaturing PAGE (3 %–27% gradient of acrylamide) was run
at 100 V for 0.5 h and 150 V overnight at 15°C. Nondenaturing
PAGE samples were precipitated with acetone (200�L sample to
1 mL freeze-cold acetone) and resuspended in sample buffer (0.25
M Tris/HCl, 40% [v/v] glycerol) at pH 7.8. Then, 20�g protein/
lane was loaded on the gel. Proteins were detected by Coomassie
Brilliant Blue staining. Urea gradient electrophoresis was per-
formed as described previously (Härndahl et al. 1998). Briefly, a
horizontal urea concentration gradient (0–8M) was casted perpen-
dicular to the direction of migration, superimposed on a horizontal
15%–11% polyacrylamide gradient to compensate for the urea
effect on the electrophoretic behavior of proteins that does not
involve unfolding. On the top surface of the gel, 200�g of pea (P.
sativum) Hsp21 was loaded, and electrophoresis was run in a Tris–
borate buffer system (pH 8.6 without SDS at 20°C) for 20 min at
10 mA and then for 3 h at 20 mA.

CD and fluorescence spectroscopy

Oxidation-induced changes in the CD spectra of wild-type and
mutant Hsp21 protein were recorded as described previously
(Härndahl et al. 2001). Conformational stability of wild-type and
mutant Hsp21 protein was determined by recording tryptophan
fluorescence spectra in increasing urea concentration, using a
FluoroMax-2 fluorimeter (Instruments SA) with an excitation
wavelength of 295 nm, an excitation slit width of 3 nm, and an
emission slit width of 3 nm. Spectra were collected in a 10-mm
pathlength quartz cell (Hellma). The sample buffer consisted of 10
mM potassium phosphate at pH 7.0, and protein concentration was
0.05 mg/mL.

Light-scattering assays for chaperone-like
activity assays

Thermal aggregation of citrate synthase was induced by incubation
at 43°C, and aggregation of insulin was induced by the addition of
DTT as previously described (Härndahl et al. 2001). The ability of
Hsp21 and the Hsp21 mutants to suppress aggregation was re-
corded by light scattering measurements.
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