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Abstract: The small heat shock protein 27 (Hsp27 or HSPB1) is an oligomeric molecular chaperone
in vitro that is associated with several neuromuscular, neurological, and neoplastic diseases.
Although aspects of Hsp27 biology are increasingly well known, understanding of the structural
basis for these involvements or of the functional properties of the protein remains limited. As all 11
human small heat shock proteins (sHsps) possess an a-crystallin domain, their varied functional
and physiological characteristics must arise from contributions of their nonconserved sequences.
To evaluate the role of two such sequences in Hsp27, we have studied three Hsp27 truncation
variants to assess the functional contributions of the nonconserved N- and C-terminal sequences.
The N-terminal variants A1-14 and A1-24 exhibit little chaperone activity, somewhat slower but
temperature-dependent subunit exchange kinetics, and temperature-independent self-association
with formation of smaller oligomers than wild-type Hsp27. The C-terminal truncation variants
exhibit chaperone activity at 40 °C but none at 20 °C, limited subunit exchange, and temperature-
independent self-association with an oligomer distribution at 40 °C that is very similar to that of
wild-type Hsp27. We conclude that more of the N-terminal sequence than simply the WPDF domain
is essential in the formation of larger, native-like oligomers after binding of substrate and/or in
binding of Hsp27 to unfolding peptides. On the other hand, the intrinsically flexible C-terminal
region drives subunit exchange and thermally-induced unfolding, both of which are essential to
chaperone activity at low temperature and are linked to the temperature dependence of Hsp27

self-association.
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Introduction

Hsp27 (or HSPB1') is a small heat shock protein
(sHsp) that is recognized as a participant in an
increasing number of normal and pathological proc-
esses. For example, Hsp27 exhibits chaperone activ-
ity,2 inhibits cytochrome c-induced apoptosis by
inhibiting activation of procaspase-9,> modulates oxi-
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dative stress and regulates the cytoskeleton.*® In
addition, overexpression of Hsp27 by tumor cells
increases their tumorigenicity and protects against
cell death triggered by a number of stimuli, e.g.,
hyperthermia, oxidative stress, staurosporine, liga-
tion of the Fas/Apo—1/CD95 death receptor, and
cytotoxic drugs.® Mutant forms of Hsp27 have been
linked to human neuromuscular disorders such as
axonal Charcot—Marie—Tooth disease'®!! and distal
hereditary motor neuropathy,'? and Hsp27 accumu-
lates in individuals with various neurodegenerative
disorders, including Alzheimer’s, Parkinson’s,
Alexander’s, and Creutzfeldt—Jakob diseases and
multiple sclerosis.'?18

Published by Wiley-Blackwell. © 2011 The Protein Society
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Figure 1. Hsp27 variants studied in this study. The sequence domains of Hsp27 are indicated as follows: Black, conserved
a-crystallin domain; dark gray, WDPF-domain; white, conserved N-terminal region; IXI box, conserved IXI sequence at the C-
terminus; zigzag line, flexible C-terminal sequence; circles, phosphorylatable seryl residues; triangle, Cys137. Amino acid
sequence numbers are indicated above each diagram. The abbreviations used in the text to refer to the various forms of

Hsp27 are indicated on the left.

sHsps have been identified in archaea, bacteria,
and eukaryotes'® and are characterized by a low
monomeric molecular weight, a conserved a-crystal-
lin domain near the C-terminus, ATP-independent
chaperone activity and oligomerization that is regu-
lated by phosphorylation. In addition to the a-crys-
tallin domain, a less conserved domain that is
crucial for oligomerization®2%?! occurs near the
N-terminus and is referred to as the WDPF domain
owing to the presence of this sequence of amino acid
residues.?? The variability in the monomeric size of
sHsps results primarily from the highly variable
N-terminal sequence and from the length of the highly
flexible C-terminal sequence.?®> The only conserved
sequence near the C-terminus is an IXI/V motif.

Three crystallographically determined struc-
tures of sHsps have been reported, and all are from
nonmammalian sources. MjHspl16.5 from the ther-
mophile Methanococcus jannaschii crystallizes as a
24-mer,?* and wHsp16.9 from wheat forms a 12-
mer.2> Although both proteins have much shorter
N- and C-terminal regions than does Hsp27, they
both exhibit chaperone activity. The first structure
of an sHsp from a metazoan (a flatworm), Tsp36,
reveals the occurrence of monomers with two a-crys-
tallin domains, each preceded by a short N-terminal
region, but the protein lacks a flexible C-terminal
sequence.?® More recently, two groups have crystal-
lized truncated forms of Hsp20 and oA-crystallin
comprised of the crystallin domain only?” and forms
of aA-crystallin and oB-crystallin comprised of the
crystallin domain and part of the C-terminal tail.2®
The latter structures clearly show how the con-
served IXI motif interacts with the B4-p8 groove of
the oa-crystallin than one
conformation.

domain in more

Although the sHsps share many structural simi-
larities and have highly similar names that imply
highly similar functional characteristics, these pro-
teins vary considerably in their functional proper-
ties.’?® The functional properties of Hsp27 that dis-
tinguish it from the other sHsps must arise from
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contributions provided by the nonconserved regions
of the protein. Understanding the mechanisms by
which Hsp27 functions, therefore, requires charac-
terization of the self-association, subunit exchange
kinetics and chaperone activity of wild-type Hsp27
and that of variant forms of the protein in which the
nonconserved regions of the sequence are modified
in a systematic manner. In this way, it should be
possible to determine the functional relationship of
these fundamental properties of the protein with
each other and the contributions that specific
regions of the protein make toward each of these
properties.

We previously reported that human Hsp27
forms a distribution of oligomeric species in which
larger oligomers and chaperone activity are favored
as temperature is increased.?** Analytical ultracen-
trifugation experiments performed over a range of
Hsp27 concentrations demonstrate clearly that the
wild-type protein undergoes a thermally induced
increase in oligomeric size from 10 to 40 °C. These
larger oligomers are in equilibrium with smaller spe-
cies, their association is reversible and they are not
simply nonspecific aggregates. This study extends
this analysis to evaluate the participation of the
N- and C-terminal sequences of Hsp27 in the chap-
erone activity, self—association, and subunit
exchange behavior of the protein through characteri-
zation of three variants in which these regions of
the protein have been truncated (A1-14, A1-24,
A182—-205) (Fig. 1). The results of this analysis to-
gether with the results described above?”’?® are used
to propose minimal mechanistic models for Hsp27
chaperone activity and self-association.

Results

Self-association of Hsp27 truncation variants

Self-association of wild-type Hsp27 is temperature-
dependent, and oligomer size increases with increas-
ing temperature over the range 10—40 °C.2° To eval-
uate the role of the highly conserved N-terminal
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Figure 2. Sedimentation velocity analysis of the Hsp27
A1-24 N-terminal deletion variant (Tris—HCI buffer (20 mM
(pH 8.4), 100 mM NaCl)). c(s) distribution: (light gray) 0.4
mg/mL, 40 °C; (dark gray), 0.65 mg/mL, 40 °C; (black), 1.58
mg/mL, 40 °C, (- — -) 1.23 mg/mL, 20 °C. Inset, SEDPHAT
analysis for a mixture of dimer, tetramer, hexamer and
octamers.

WDPF domain in this temperature dependence, the
A1-14 Hsp27 variant (which retains the WDPF do-
main) and the A1-24 Hsp27 variant (which lacks
the WPDF domain) (Fig. 1) were studied by sedi-
mentation velocity analysis at 40 °C. The behavior
of both of these variants at 20 °C was reported
previously and established that the lack of a com-
plete N-terminus alters the quaternary structure of
the protein by reducing the overall size of the
oligomers relative to the wild-type protein.2! More-
over, results obtained at 20 °C show clearly that the
Sqo of the A1—-14 variant is consistently greater than
that of the A1-24 variant at similar concentrations
and that self-association of the latter variant is inde-
pendent of concentration.

Self-association of the
observed by c(s) plots for sedimentation velocity data
collected at 40 °C involves discrete speciation that is
nearly identical to the behavior observed at 20 °C
(Fig. 2) except that a greater fraction (35%) of the
protein forms aggregates with sedimentation coeffi-
cient between 30 and 150 S rather than oligomers at
elevated temperature (data not shown). To identify
the oligomeric species of this variant, the high-con-
centration sample was analyzed with the program
SEDPHAT with the “hybrid local continuous distri-
bution and global discrete species” model. The best
fit was obtained by fixing the molecular weight of
four discrete species corresponding to dimer, tet-
ramer, hexamer, and octamer and allowing the
S values to float. The sedimentation coefficient
obtained where 2.80 S for the dimer, 4.87 S for the
tetramer, 7.04 S for the hexamer, and 9.30 S for the
octamers (Fig. 2, insert). A c(s) distribution was
included in the fit with S values between 12 and 150
S. The square root of variance was 12 millifringes,
and the deviations were randomly scattered.

Al1-24 variant as
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Similarly, the A1—14 variant exhibits compara-
ble speciation at 20 and 40 °C but without the
extent of aggregate formation observed for the
shorter variant. For this reason, most of our subse-
quent analysis is focused on the longer AN variant.
In general, both variants exhibit diminished oligo-
meric size and more discrete speciation in the c(s)
distribution than observed for the wild-type protein
at the same temperature (40 °C) (Fig. 2 and Ref.
30). S,, values obtained by averaging S in a range
where nonspecific aggregation does not occur results
in an S,, value (40 °C) for the A1—-14 variant that is
greater than that for the A1-24 variant, and these
values for both variants are less than S,, for the
wild-type Hsp. This observation is similar to previ-
ous results obtained at 20 °C (Table I). Specifically,
we previously reported that S,, between 1 and 30 S
for the A1—-24 species (0.14 to 1.23 mg/ml) gives a
constant value of 8.5 S. A similar result was
observed at 40 °C. The Al1-14 variant (0.5 mg/ml)
exhibits S,, (1-30 S) of 10.3 S and a value of 10.6 S
at 40 °C (0.55 mg/mL) (Table I). This finding con-
firms that while the WDPF domain contributes to
the formation of larger oligomeric species, the entire
N-terminal sequence is required to form oligomers of
the size exhibited by wild-type Hsp27 and to enable
the change in quaternary structure exhibited by
wild-type Hsp27 at elevated temperature (Fig. 3, top
panel).

Although small heat shock proteins possess a
conserved a-crystallin domain near the C-terminus,
the amino acid sequence on the C-terminal side of
this domain is highly variable and highly flexible,2?
and its role in self-association is poorly understood.
To evaluate possible involvement of this sequence in
oligomerization, a variant of Hsp27 lacking the C-
terminal 24 amino acids (A182—205) (Fig. 1) was
prepared. Sedimentation velocity analysis of this
variant at 40 °C (Fig. 3) reveals a major component
at 20—-22 S and a less abundant, smaller species (3
S). The c(s) plot of this variant at 40 °C also differs
slightly from the corresponding plot obtained at 20
°C in that the major peak is more symmetric, but
the sedimentation coefficient of the primary sedi-
menting species at 20 and 40 °C is the same.?!
Thus, self-association of the C-terminal deletion var-
iant is independent of temperature as observed for

Table 1. S,, Distribution for Wild-type Hsp27 and
N-terminal Deletion Variants

Protein T(°C) Sau(S) [Hsp27] (mg/mL)
Wild-type Hsp27 20 12.4 0.5

40 19.5 0.56
A1-14 variant 20 10.3 0.5

40 10.6 0.55
A1-24 20 8.5 0.14-1.23

40 8.4 0.4-1.58

Roles of the N- and C-Terminal Sequences of Hsp27



Svedbergs (S)

15 30 45 60
0.3 T T T T Y T N
Wild-type |
0.2 | .
S o1 i
=
2
= 0.0
'l";, T : T x ]
] A182-205
@ 0.05
7]
0.00
T T T Y ]
] . dimer A182-205
£ ax10° .
= ~22-28-mer
2
® 4;
2 2x10° | .
s
2 0 1 1

0 500 1000
Molecular weight (KDa)

Figure 3. Sedimentation velocity analysis of wild-type
Hsp27 (gray) and the A182-205 variant (black). Top panel:
c(s) distribution of wild-type Hsp27 in Tris—HCI buffer (20
mM (pH 8.4), 100 mM NaCl); (---) 20 °C (0.50 mg/mL, 22
uM), (—), 40 °C (0.56 mg/mL, 25 pM). Center panel: c(s)
distribution of A182-205 variant in Tris—HCI buffer (20 mM
(pH 8.4), 100 mM NacCl)), (---) 20 °C (0.38 mg/mL, 19 uM).
(—), 40 °C (0.33 mg/mL, 16 puM). Bottom panel: c(M)
distribution of the A182-205 variant at 40 °C.

the N-terminal deletion variant. However, while the
N-terminal deletion variant forms small oligomers at
20 and 40 °C, the C-terminal deletion variant forms
primarily large oligomers at both temperatures.
Moreover, the c(s) distribution obtained for the
A182—-205 variant at 40 °C is strikingly similar to
the plot obtained for the wild-type protein at the
same temperature and concentration (Fig. 3). These
results indicate that the C-terminus has a signifi-
cant role in the thermally induced self-association of
wild-type Hsp27. A c¢(M) analysis of the results
obtained at 40 °C for the A182-205 species indicates
that the main sedimenting species has an average
molecular weight of 500 kDa, which corresponds to
oligomers in the range of 22—28mers (Fig. 3 bottom
panel).

Thermal stability

Thermal stability of the wild-type protein was stud-
ied between 20 and 95 °C at pH 6.7 and 7.7 [Fig.
4(A)] by circular dichroism. The resulting traces ex-
hibit an unusual shape with ellipticity decreasing
linearly with increasing temperature until a sharper
decrease is observed between 63 and 70 °C. Previous
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analytical ultracentrifugation studies of the wild-
type protein established that Hsp27 self-associates
and that Hsp27 oligomer size increases with temper-
ature in a specific manner.?® Presumably, the
decrease in ellipticity observed before unfolding is
related to this tendency of the protein to change
quaternary structure prior to unfolding. On the
other hand, assuming that the unfolding transition
of the monomer is responsible for the abrupt change
between 60 and 75 °C, the T, for wild-type Hsp27 is
67 °C at both values of pH, which is consistent with
values reported previously.?

Thermal stability was evaluated by circular
dichroism in a similar manner for the Hsp27 trunca-
tion variants as shown in Figure 4(B—D). The traces
obtained for the A182—205 variant indicate that this
protein is extremely stable at high temperature [Fig.
4(B)] and at higher pH (7.7) insofar as this variant
could not be unfolded completely and did not precipi-
tate even at 99 °C. This behavior may reflect a very
stable quaternary structure that limits the ability of
individual subunits to unfold.

The unfolding profiles of the A1-14 and A1-24
variants differ from those observed for all other
forms of the protein studied here. Under the condi-
tions studied, both variants exhibit a classic unfold-
ing profile with ellipticity increasing until unfolding
is complete, and both proteins denature at high tem-
peratures with formation of a white precipitate [Fig.
4(C—D)]. The larger transition, which may reflect
unfolding of the monomer, is similar for the AN var-
iants (67 °C) and for the wild-type protein. These
observations are consistent with a role for the N-ter-
minal sequence in Hsp27 self-association, with little
or no effect of N-terminal truncation on the stability
of the monomer, and with the conclusion that com-
plete unfolding is exhibited only by monomers so
that variants with decreased tendency to dissociate
(i.e., the C-terminal truncation variant) exhibit
greater overall thermal stability than wild-type
Hsp27

Chaperone activity

Chaperone activity of the Hsp27 variants was meas-
ured by incubating insulin and Hsp27 variants at 20
or 40 °C and by adding DTT to induce insulin
unfolding.®® No scattering is observed in control
measurements obtained with Hsp variants alone
(i.e., in the absence of insulin), indicating that the
signal is attributable solely to the presence of
unfolding insulin.

The A1-14 variant is nearly devoid of chaperone
activity. Any residual activity is essentially inde-
pendent of protein concentration and is largely unaf-
fected by increasing temperature from 20 to 40 °C
[Fig. 5(A,B)]. Similar results were obtained for the
A1-24 variant (data not shown). The A182—205 var-
iant lacks chaperone activity at 20 °C [Fig. 5(A)l,
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Figure 4. Thermal denaturation of Hsp27 variants monitored by far UV CD. (—), Hsp27 (10 pM) in sodium phosphate buffer
(20 mM, pH 6.7). (-+--), Hsp27 (10 uM) in sodium phosphate buffer (20 mM, pH 7.7). A, wild-type Hsp27; B, A182—205 Hsp27;

C, A1—14 Hsp27; D, A1-24 Hsp27.

and the rate of turbidity formation increases with
addition of this variant to unfolding insulin, presum-
ably owing to the formation of Hsp27—insulin com-
plexes that are larger and/or less soluble than wild-
type Hsp27—insulin complexes. A related result in
which truncated variants of oA- and aB-crystallin
precipitated upon substrate binding to result in
increased light scattering has been reported.?® On
heating to 40 °C, however, the A182—205 variant
does exhibit chaperone activity [Fig. 5(B)]. These
results are summarized in Table II along with corre-
sponding data for the wild-type protein.

Subunit exchange

At physiological temperature, mammalian sHsps
exhibit a dynamic structure that involves a rapid
exchange of subunits between oligomers.2%32
Although little is known about the mechanism or
kinetics of this process, increasing evidence suggests
that subunit exchange is essential for chaperone ac-
tivity.333® To determine if this relationship is also
exhibited by Hsp27, the subunit exchange kinetics of
wild-type Hsp27 were compared to those of the dele-
tion variants.

The protocol for fluorescence resonance energy
transfer (FRET) experiments reported previously to
study the subunit exchange kinetics of Hsp27°2:36
was used in this study. In brief two derivatives of
Hsp were synthesized by covalently binding either
AIAS (4-aceto-4'-((iodoacetyl)amino) stilbene-2,2'-
disulfonate) or LYI (luciferase yellow iodoacetamide)

126 PROTEINSCIENCE.ORG

to the only free cysteinyl residue of Hsp27 (Cys137).
ATAS-modified Hsp27 is a stable derivative with a
characteristic fluorescence emission spectrum (Ao, =
412 nm) the intensity of which does not change over
a 2-h period (data not shown). The rate of change in
emission intensity (412 nm) attributable to energy
transfer from AIAS to LYI was used to monitor the
rate of subunit exchange, and the resulting kinetics
traces were fitted (Origin 7.0, OriginLabs) with the
simplest model that fit the data well to determine
the mean reaction time (,,,¢) and the first-order rate
constant (1/¢,,,) for subunit exchange.

The rate of subunit exchange for wild-type
Hsp27 increases with increasing temperature
[Fig. 6(A), Table III] as observed previously for other
small Hsps and o-crystalline,??>3¢ and this depend-
ence is consistent with an activation energy of 22.46
kecal/mol at 40 °C and AH° of 21 = 2 kcal/mol. The
rate of subunit exchange exhibited by the A1-14 var-
iant was generally slower than that of wild-type
Hsp27, and the kinetics of exchange were more com-
plex in that the data collected at 20 and 30 °C were
fit well with a mono-exponential function but those
collected at 37 and 40 °C are better fit to a bi-
exponential function owing to the occurrence of a
faster exchange process at the higher temperatures.
Kinetics parameters were derived from both analyses
(Table III), but only the bi-exponential fits are shown
[Fig. 6(B)]l. The temperature dependent subunit
exchange kinetics for the A1-14 variant was ana-
lyzed in terms of ¢, (20 °C) or .1 (30, 37, and

Roles of the N- and C-Terminal Sequences of Hsp27
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Figure 5. Chaperone activity of Hsp27 variants (sodium
phosphate buffer (pH 6.7 (20 mM) 100 mM NaCl) at (A) 20
°C and (B) 40 °C: (—), DTT-induced aggregation of insulin
(40 uM) alone; (@), A1-14/insulin (mol/mol), 0.02:1; (O), A1-
14/insulin (mol/mol), 0.1:1; (M) A182-205/insulin (mol/mol),
0.02:1; (1), A182-205/insulin (mol/mol), 0.1:1.

40 °C) and was consistent with an activation energy
of 26 kcal/mol at 40 °C and AH® of 25 = 6 kcal/mol
(data not shown). Because data obtained at 20 °C
could be fit as a first order exponential decay, the acti-
vation energy and AH®° were also calculated from the
data obtained at 30, 37, and 40 °C by fitting only the
values of k£, obtained from ¢,,,¢; (data not shown). In
this case, a reaction activation energy of 40.9 kcal/mol
at 40 °C and AH® of 40.3 = 6.5 kcal/mol were obtained.

Table II. Percentage of Inhibition of WT and Variant
Forms of Hsp27

Protein T(°C) % inhibition  Insulin:Hsp
Wild-type Hsp27 20 9.3 1:0.05
40 484
Al1-14 variant 20 1 1:0.1
40 7.8
A182-205 variant 20 —43 1:0.1
40 39

Inhibition was calculated as ((Ijns — Iing + Hsp27)/ing) X
100) where I is the intensity of light scattering at 30 min
(20 °C) or 20 min (40 °C).

Lelj-Garolla and Mauk
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Figure 6. Kinetics of subunit exchange of wild-type Hsp27,
the A1-14 variant and the A182-205 variant as a function of
temperature (sodium phosphate buffer (50 mM, 100 mM
NaCl, 2 mM DTT, pH 7.5)). Equimolar amounts of AIAS-
modified and LYI-modified protein were mixed, and
fluorescence emission was monitored (412 nm) at (O)

10 °C; () 20 °C; (A), 25 °C; (@) 30 °C, (M) 37 °C, and (A)
40 °C. (A) Wild-type Hsp27: the curves represent nonlinear
regression fits of the data to mono- (10, 20, 30, and 37 °C)
or bi-exponential (40 °C) decays. (B) A1-14 variant: the
curves represent nonlinear regression fits of the data to bi-
exponential decays. (C) A182-205 variant: the curves
represent first to mono-exponential decays for data
collected at (—) 20 °C and at (--++-) 37 °C.

In general, this variant exhibits slightly slower
subunit exchange than does the wild-type protein,
and the rate constant for subunit exchange increases
with increasing temperature [Fig. 6(B)]. Similar
trends have been reported for oA-crystallin in that
variants  exhibit slower

N-terminal deletion
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exchange rates than observed for the wild-type pro-
tein, and N-terminal truncation variants from which
>50 amino acid residues were deleted showed no
chaperone activity, no oligomerization greater than
tetramers and no subunit exchange.®” With suffi-
ciently slow subunit exchange (k. < 107% sec™?) an-
alytical ultracentrifugation should resolve the result-
ing oligomers as discrete peaks. The results obtained
from our FRET experiments are consistent with the
analysis that we have proposed for the sedimenta-
tion velocity data in the current study.

Interestingly, the first rate constant obtained by
fitting the data obtained at high temperature to a
bi-exponential decay is very similar to the rate con-
stant obtained for the wild-type protein, so it is diffi-
cult to determine which equilibrating oligomeric spe-
cies are responsible for this first rate constant. Two
possibilities are likely: (a) the faster exchange rate
constant reflects the dissociation of small oligomers
(dimers/tetramers) from larger oligomers as this is
the one process that is presumably less affected and
limited in the absence of the N-terminal sequence.
In this case, the slower exchange rate constant could
result from exchange of the intermediate oligomers,
i.e. tetramer—octamers and so forth. This slower pro-
cess is not observed or it is masked in the experi-
ments with the wild-type protein because the pres-
ence of the N-terminal tail makes this step much
more efficient. (b) Alternatively, smaller oligomers of
the N-terminal variant are less efficient overall in
exchanging, in which case we are observing the dif-
ference between the dimer-oligomer exchange rate
(fast) and the monomer—oligomer exchange rate
(slow), and this latter process could be masked in
the experiments with the wild-type protein.

Despite the temperature dependence of subunit
exchange by the A1-14 variant, this variant exhibits
no chaperone activity. Therefore, the lack of chaper-
one activity does not result per se from the inability
to exchange subunits but presumably results from
the absence of the critical residues at the N-termi-
nus of the protein that in turn reduces the size of
the oligomers accessible to this variant.

In contrast, removal of the C-terminal sequence
renders subunit exchange independent of tempera-
ture over the range 20-40 °C as indicated by the
results obtained for the A182—205 variant [Fig. 6(C)].
Analysis of the kinetics data at 20 and 37 °C in terms
of a mono-exponential decay is also shown. The result-
ing fymet1 values were 5.4 = 0.9 min (2 = 3.1 x 107°
s71) (20 °C) and 6.0 = 0.6 min (¢ = 2.8 x 10°¢ s
(37 °C). It appears that at all temperatures, the rate of
subunit exchange for this variant is similar to that of
the wild-type protein at 30—37 °C. Interestingly, the
total fluorescence quenching observed for this variant
was not as great as observed for the wild-type protein.
While the basis for this observation is not readily appa-
rent, it is possible that only some of the protein
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undergoes subunit exchange or that the geometry of
subunit assembly by the wild-type protein and the
A182—205 variant differs.

Overall, the complexity of the self-association
equilibria exhibited by Hsp27 and these variants lim-
its the extent to which the exact equilibria being moni-
tored in these experiments (e.g., subunit exchange
within a small oligomer, exchange of small oligomers
with larger assemblies, exchange of monomers or
dimers with larger oligomers) can be differentiated.

Discussion
Hsp27 exhibits remarkable versatility in its ability to
form oligomers of varying size, to bind a wide range
of unfolding substrates, and to recognize specific,
folded proteins,”® yet detailed, structure-based mech-
anisms for these functional properties and their rela-
tionships to each other have not been developed. This
study is an effort toward that goal that is based on
correlating the oligomeric state of the protein with its
chaperone activity and subunit-exchange kinetics
to define the functional contributions of the N- and
C-sequences of the protein. The importance of these
regions of small heat shock proteins has been widely
recognized and studied in both metazoan?”283748
and bacterial heat shock proteins.3%-49-5°

This study examines the mechanistic role of the
N- and C-terminal sequences of human Hsp27 in
the temperature-dependent self-association and in
the chaperone activity of the protein. While these
two properties of Hsp27 are related,® they are not
equivalent. Therefore, deletion variants of Hsp27
were analyzed in terms of the temperature depend-
ence of their self-association, their chaperone activ-
ities, and their subunit exchange kinetics to deter-
mine the extent to which the N- and C-terminal
sequences of the protein contribute to these funda-
mental properties. Results from these studies form
the basis for initial models for Hsp27 self-association
and chaperone activity as summarized below.

A model for Hsp27 self-association

The N-terminal sequence and the WDPF domain of
small heat shock proteins are known to participate
in self-association. For example, the N-terminal
region of wHspl16.9 is buried in the center of the
dodecameric oligomer,?® and the Tsp36 chaperone
forms dimers that are held together by interactions
of N-terminal helices.?® Similarly, deletion of resi-
dues 5—23 from Chinese hamster Hsp27 limits self-
association to formation of dimers,?? and the A1-14
and A1-24 deletion variants of human Hsp27 form
oligomers smaller than those observed for the wild-
type protein at 20 °C.3° N-terminal deletion variants
of Hsp20, oA- and oB-crystallin exhibit a shift in
equilibrium towards smaller oligomers that allowed
crystallization and structure determination of the
truncated variants.2”%®
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We now find that the A1—14 and A1—-24 variants
do not exhibit the temperature dependent self-associa-
tion (Fig. 2) characteristic of the wild-type protein
(Fig. 3 and Ref. 30). Nevertheless, the rate of subunit
exchange exhibited by the A1-14 variant remains
directly proportional to temperature, so although
these residues are required for formation of larger
oligomers and for thermally-induced self-association,
they are not required for efficient dissociation and
reassociation through the a-crystallin domain, the C-
terminal tail, and whatever remains of the N-terminal
regions. This N-terminal region of the sequence has
been predicted to form an amphipathic helix®® as
observed for the corresponding region of Tsp36. It
seems likely that the N-terminal sequence provides an
exposed helical structure that promotes self-associa-
tion. As this sequence is shortened, the a-crystallin
domains become closer to the core of the assembly,
fewer oligomeric states are possible, and thermally-
induced oligomerization is eliminated. Thus, the size
of Hsp27 oligomers varies in the order wild-type
(40 °C) > wild-type (20 °C) > A1—14 variant (20, 40 °C)
> A1—24 variant (20, 40 °C) (Table I).

The IXI/V motif (residues 179—181) that occurs
toward the C-terminus of the protein is highly con-
served among small heat shock proteins from proto-
zoans to metazoans, and in the structures of
MjHspl6.5 and wHspl6.9, it interacts with the
B4—B8 groove in the o-crystallin domain. While
the thermophilic Hsp forms these interactions with
the C-terminus in just one orientation, this region
of the wheat protein exhibits two alternative confor-
mations.?*?® Tsp36 lacks an extended C-terminal
tail, and the IXI/V motif, which binds the hydropho-
bic groove at the p4—f8 interface, is present at the
N-terminus (Ile3, Pro5). More interestingly, crystal-
lographic characterization of a fragment of a-crystal-
lin that retains most of the C-terminal sequence
clearly demonstrates binding of the IXI motif of this
protein in two orientations to a groove at the f4—p8
interface with observation of more than one domain
swap arrangement.?® These findings indicate that
interaction of the IXI motif with the p4—B8 groove
in the a-crystallin domain is important for assembly
of higher order oligomers and for polydispersity.

The similarity of Hsp27 and a-crystallin permits
speculation that the IXI motif of Hsp27 binds in a
fashion similar to that observed in the structure of
the a-crystallin domain while the role of the flexible
hinge that occurs on the N-terminal side of the IXI
motif allows the C-terminal tail to accommodate
bidirectional binding. Two questions remain: What is
the role of the 24 C-terminal residues
(Pro182—Lys205), and to which subunit does each
IXI motif bind in Hsp27? The flexible C-terminal
sequence that follows the conserved IXI region of
human Hsp27 is longer (24 residues) than that of
MjHspl16.5 (1 residue), wHsp16.9 (8 residues), oA-
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crystallin (12 residues), or aB-crystallin (14 resi-
dues). Notably, replacement of Prol82 with Leu in
Hsp27, which is located at the hinge between the
IXTI motif and the last 24 residues, is the only known
mutation outside of the o-crystallin domain that
leads to a human disease.'®

It seems clear that the role of the C-terminal
sequence is associated with its hydrophilic composi-
tion and its position within the Hsp27 quaternary
structure. Cryo—EM®®2 and NMR experiments3
confirm the flexibility of this region and its exposure
to the solvent when the protein forms large assem-
blies. Removal of the C-terminus inhibits unfolding
of the Hsp27 polypeptide chain as seen by circular
dichroism and eliminates the thermally-induced
increase in subunit exchange observed by FRET
experiments, suggesting that the mobility of this
region contributes to initiation of oligomer dissocia-
tion and promotes protein unfolding. Thermally
induced disruption of quaternary structure has been
linked previously to chaperone activity of Hsp27.3%%3
It is possible that the increase in thermal energy
resulting from heat shock induces greater conforma-
tional variation in the exposed C-terminal sequence
and thereby leads to increased rates of subunit
exchange among the larger oligomers as indicated
by the FRET results that show that subunit
exchange of the A182—205 variant does not increase
with increasing temperature as observed for wild-
type Hsp27.

Finally, although the IXI motif presumably
binds to the f4—pB8 groove of an o-crystallin domain,
to which domain it binds within an oligomeric as-
sembly will depend on a number of factors including
the length of the N-terminal sequence and the con-
formation of the flexible C-terminal sequence. In
fact, removing the 24 C-terminal residues, locks the
protein into a temperature-independent quaternary
structure distinct from the temperature-dependent
quaternary structure of the wild-type protein. Inter-
estingly, both a-crystallins contain a palindromic
sequence around the central proline (ie., E/
D—-R-X-I-P-V/I-R-E/D) with two arginines in
this sequence that form important hydrogen bonds
in the B4—p8 groove.2® Hsp27 lacks this palindromic
sequence and the argininyl residues while it has an
extra isoleucine and phenylalanine flanked by the
acidic residues also found in o-crystallin (.e.,
8F 1-T-1-P-V-T-F-E'¢). We note that the
IXI domain in this conserved region of Hsp27 has
the ambiguous sequence ITIPV that could function
as an IXI domain in one of two ways. Specifically,
this sequence could bind to another subunit by
means of either the ITI or IPV sequences in a man-
ner that varies with the size of the oligomer. Previ-
ous studies on the IXI motif of aA/B-crystallin also
led to the conclusion that this region of the protein
is responsible for various oligomeric assemblies.284°
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A model for Hsp27 chaperone activity

Wild-type Hsp27 fully inhibits insulin unfolding at a
ratio much smaller than 1:1 (insulin:Hsp27 subunit),
and one Hsp27 oligomer can bind more than one
molecule of insulin at a time. The crystal structures
of wHsp16.9, MjHsp16.5, and Tsp36 all indicate that
upon formation of the large oligomer, an extensive
hydrophobic surface of each monomer is buried in
the final assembly. Moreover, Langanowski et al.2®
have reported that there are at least three possible
ways in which two a-crystallin domains can interact
to form dimers through the edge strands of the anti-
parallel B-sheet, increasing the number of possible
oligomers formed as well as the nature of the hydro-
phobic patches that are exposed upon dissociation of
the oligomers. Repeated dissociation and re-associa-
tion presumably exposes similar hydrophobic patches
on the surface of Hsp27 that result in recognition and
interaction with unfolding peptides in a non-specific
manner. The correlation of increased oligomer size
and chaperone activity reported previously for Hsp27
at elevated temperature with the thermally-enhanced
rate of subunit exchange observed in this study is
consistent with this hypothesis. In addition, a recent
study of dodecameric Hsp18.1 indicates that the oli-
gomeric state is not its active form. As with Hsp27,
this protein both dissociates into smaller oligomers
and forms larger oligomers at elevated temperatures
to bind to unfolding luciferase. Mass spectrometry of
Hsp18.1-luciferase complexes indicates the formation
of as many as 300 combinations of chaperone—sub-
strate complexes that vary in both the size of the
Hsp18.1 oligomer and the number of substrate mole-
cules bound.?*

Although subunit exchange may be necessary
for chaperone activity, it is not sufficient. In this
study, we observed that the Al1-14 Hsp27 variant
exhibits efficient subunit exchange but no chaperone
activity, suggesting a crucial role for the 14 N-termi-
nal residues in direct binding to unfolding proteins
and/or in the formation of larger oligomers. Such a
role is consistent with cryo-EM studies of Hsp25 and
Hsp26 and with mass spectrometry data for Hsp18.1
indicating that these proteins bind substrate to form
complexes at least as large as those formed by each
protein in the absence of substrate.?*55

The lack of a flexible C-terminal sequence in the
A182—-205 variant inhibits chaperone activity only
at low temperature (20 °C) while activity persists at
heat shock temperature (40 °C). Interestingly, light
scattering of unfolding insulin at 20 °C is greater in
the presence of the A182—205 variant than in its ab-
sence, probably as a result of the formation of insol-
uble A182—205/insulin complexes that scatter light
more than does unfolding insulin alone. This possi-
bility is consistent with the hypothesis that the
C-terminal sequence promotes subunit exchange and
increases solubility at low temperature and that the

Roles of the N- and C-Terminal Sequences of Hsp27



lack of this flexible sequence at 20 °C inhibits subu-
nit exchange as well as reduces the solubility of the
complex, thereby inhibiting chaperone activity.

In general, it is likely that the ability to dissoci-
ate, expose hydrophobic patches capable of quickly
capturing unfolding proteins and then reassociate
into large, stable and soluble oligomers is a common
feature of small, ATP-independent, mammalian heat
shock proteins.

Conclusions

Some fundamental characteristics of the complex
mechanism by which Hsp27 self-associates and pro-
motes the solubility of unfolding proteins are now
apparent that expand on the established role of the a-
crystallin domain. Specifically, we propose a model in
which (a) the helical fold predicted for the N-terminal
sequence can engage in multiple interactions with
similar regions of neighboring monomers that are
essential for the formation of larger oligomers at ambi-
ent and elevated temperatures and for chaperone ac-
tivity but not for subunit exchange; (b) the C-terminal
sequence undergoes a temperature-dependent confor-
mational change that is essential for the formation of
larger oligomers at elevated temperature and for ini-
tiation of dissociation and subunit exchange; and (c)
both subunit exchange and reassociation to form
larger oligomers are required for Hsp27 chaperone ac-
tivity. Hsp27—substrate complexes may exhibit a poly-
dispersity as complex as that observed for Hsp18.1.5*
In this case, the 24-mer observed under standard ex-
perimental conditions is simply a reservoir of Hsp27
that requires thermal activation as the result of cellu-
lar stress to promote dissociation, binding, and reasso-
ciation with protein substrates. Further studies are
required to define the stoichiometry of Hsp27—sub-
strate interaction that is involved in chaperone activ-
ity and to evaluate the dependence of this stoichiome-
try on the size and structure of the substrate.

Materials and Methods

Protein purification

Expression and purification of wild-type human
Hsp27 and the three deletion variants Al-14
Hsp27, A1-24 Hsp27, A182-205 Hsp27 (Fig. 1)
were performed as described previously.2!

Sedimentation velocity analyses

The solution densities and partial specific volumes
of the proteins studied here were calculated with the
program SEDNTERP.*® Monomer molecular weights
and molar absorptivities were calculated from the
amino acid sequences with the program ProtParam
at the ExPASy web site.’” Sedimentation velocity
experiments were conducted at 40 °C with a Beck-
man Optima XL—I analytical ultracentrifuge®® and
with protein prepared in Tris—HCI buffer (20 mM,
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pH 8.4, 100 mM NaCl). This pH was used to permit
comparison of current results with our published
results. Most of the other experiments were con-
ducted at pH 6.7-7.7 with the assumption that pro-
tein stability and folding are unchanged over this
range of pH as observed for the wild-type protein.2!
In this regard, we note that at 30 and 40 °C, the pH
of the Tris buffer is expected to decrease from 8.4 (at
20 °C) to 7.9 and 7.6, respectively.®® These latter val-
ues are, in fact, closer to the pH at which the ther-
mal stability, chaperone activity, and FRET were
measured. Data were analyzed with the program
SEDPHAT as previously reported.2:3°

Thermal stability measurements

Thermal denaturation of Hsp27 variants (10 puM)
was studied by monitoring ellipticity at 219 nm
(phosphate buffer (10 mM, pH 6.7 or 7.7); 25-90 °C
(1 °C/min)) with a Jasco Model 810 spectropolarime-
ter equipped with a Peltier device operated under
computer control. UV CD spectra were recorded at
25 °C before and after unfolding. Phosphate buffer
was used rather than Tris-HCI as the latter does not
buffer in this pH range, it has a pK, that is highly
dependent on temperature, and it interferes with
CD measurements.

Chaperone activity assays

Chaperone activity was measured by monitoring the
DTT-induced aggregation of human insulin in the
absence and presence of Hsp27 variants.>°

Fluorescent labeling of Hsp27

Wild-type Hsp27 and selected variants were la-
beled?®?? at the unique cysteinyl residue, Cys137,
with either 4-aceto-4'-((iodoacetyl)amino) stilbene-
2,2'-disulfonic acid (AIAS, Lex = 329 nm, Aoy = 408
nm) (Invitrogen) or lucifer yellow iodoacetamide
(LYI, Aex = 426 nm, Ay, = 531 nm) (Invitrogen). The
extinction coefficients used to determine the labeling
efficiency were 39,000 M~ em ™! for AIAS and 11,000
M~ em™? for LYI as indicated by the supplier.

FRET measurements

Fluorescence resonance energy transfer was used to
determine the rate of subunit exchange of wild-type
Hsp27 and variants as a function of tempera-
ture.2%32 Following preparation of Hsp27 modified
with the fluorescent labels AIAS and LYI, subunit
exchange was initiated by mixing equimolar (5 uM
final) AIAS-labeled and LYI-labeled protein in a
quartz cuvette (1 cm path length) in a total volume
of 160 pL (50 mM sodium phosphate (pH 7.5), 100
mM NaCl, 2 mM DTT). The excitation wavelength
was 335 nm, and quenching was monitored by meas-
uring fluorescence emission (412 nm) with a Cary
Eclipse spectrofluorometer. Protein was incubated at
the desired temperature for at least 15 min prior to
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each experiment and was maintained at constant
temperature with a Peltier device. The rate of subu-
nit exchange was calculated from the equation F(¢)
=y + Ae ¥t where F(t) is the fluorescence inten-
sity at 412 nm and £, is the mean reaction time.>®
The rate constant k2, which is equal to 1/¢,,, was
determined by nonlinear regression analysis of the
data using a first order or bi-exponential decay func-
tion (Origin 7.0, OriginLabs). The activation energy
(E,) for subunit exchange was determined from
Arrhenius plots (1T (K1) vs. In(k)). The data were
analyzed by a linear least squares fit toy = A + Bx
where A = AS/R and B = —AH/R (R = gas con-
stant), and the activation energy was calculated
from the relationship E, = AH + RT.
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