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Small heat shock proteins (sHsps) are a family of large and dynamic
oligomers highly expressed in long-lived cells of muscle, lens and brain.
Several family members are upregulated during stress, and some are
strongly cytoprotective. Their polydispersity has hindered high-resolution
structure analyses, particularly for vertebrate sHsps. Here, crystal struc-
tures of excised a-crystallin domain from rat Hsp20 and that from human
aB-crystallin show that they form homodimers with a shared groove at the
interface by extending a  sheet. However, the two dimers differ in the
register of their interfaces. The dimers have empty pockets that in large
assemblies will likely be filled by hydrophobic sequence motifs from
partner chains. In the Hsp20 dimer, the shared groove is partially filled by
peptide in polyproline II conformation. Structural homology with other
sHsp crystal structures indicates that in full-length chains the groove is
likely filled by an N-terminal extension. Inside the groove is a symmetry-
related functionally important arginine that is mutated, or its equivalent, in
family members in a range of neuromuscular diseases and cataract.
Analyses of residues within the groove of the aB-crystallin interface show
that it has a high density of positive charges. The disease mutant R120G o-
crystallin domain dimer was found to be more stable at acidic pH,
suggesting that the mutation affects the normal dynamics of sHsp assembly.
The structures provide a starting point for modelling higher assembly by
defining the spatial locations of grooves and pockets in a basic dimeric
assembly unit. The structures provide a high-resolution view of a candidate
functional state of an sHsp that could bind non-native client proteins or
specific components from cytoprotective pathways. The empty pockets and
groove provide a starting model for designing drugs to inhibit those sHsps
that have a negative effect on cancer treatment.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

macromolecular quality control” and are integrated
in networks that control the balance of cell death or

The heat shock proteins (Hsps) arose to keep
unicellular organisms alive during harsh conditions
through the heat shock response.] In vertebrates,
they have expanded into large families involved in
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+ C.B., O.A.B. and C.E.N. contributed equally to this
work.

Abbreviations used: Hsp, heat shock protein; sHsp,
small heat shock protein; ACD, a-crystallin domain.

cell survival.> Whereas structural biology, under-
pinned by yeast genetics, has unraveled many
biological roles for the conserved ATP-dependent
Hsps,* the cellular functions of the more diverse
small Hsps (sHsps) are less well defined. Human
sHsp family members are associated with processes
related to human health, such as inflammation,
muscle relaxation, longevity, cell division, cell
survival and cell death.”'’ Unsurprisingly, they
are therapeutic targets and biomarkers for a whole
range of diseases.!!

Several members of the human sHsp family,
Hsp27 (B1), aA-crystallin (B4), aB-crystallin (B5),

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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Hsp20 (B6) and Hsp22 (B8), are highly expressed in
long-lived cells of muscle, lens and brain.'?13 Hsp27,
aB-crystallin and Hsp22 are stress inducible.'* (The
nomenclature in parentheses follows HUGO guide-
lines and is mapped to the original names as outlined
in Refs. 12 and 14.) The most pervasive functlon
appears to be that of a molecular chaperone,'
binding non-native “client” proteins during stress
when energy levels are low before passing them on
to a network of ATP- dr1ven chaperones for either
refolding or degradation.'®!” The strongly cytopro-
tective function of aB-crystallin, Hsp27 and Hsp22
may also mvolve binding to spec1f1c components of
apoptosis'"'®'? and autophagy®’ pathways.

sHsps form large polydlsperse assemblies®' of
variable oligomeric substructure® in heat-stimulated
rapid equilibrium with smaller-assembly species.”>**
Mammalian sHsps respond to stress/kinase trans-
duction pathways by N-terminal phosphorylat1on
which can lead to sHsp disassembly.* It is possible
that disassembly is part of the mechanism whereby
functional binding sites are presented to their target
substrates. Alternatively, or in addition, there may
be more rapid conformational changes leading to an
activated form of the parent oligomer, as has been
suggested for yeast Hsp26.%°

Sequence studies show that sHsps contain an o-
crystallin domain (ACD) sequence preceded by a
variable N-terminal region®” (Fig. 1). Although the
polydispersity of sHsps has hindered their structural
characterization, a few ordered assemblies have been
solved at atomic resolution. Crystal structures of
monodisperse sHsp ohgomers from Methanococcus
jannaschii Hsp16.5,”® wheat Hsp16.9 * and tape-
worm Tsp36°° show that the ACD is a p sandwich:
in common are strands p2-39, with p2/p7 and p4/
B8 strands forming sticky edges that are patched by
flanking sequence extensions. Non-metazoan sHsps
are assembled from dimers using an ACD R6-strand
loop reciprocal exchange mechanism that contributes
to patching the p2/p7-sandwich edge. In wheat
Hsp16.9, this edge is also patched by intramolecular
interactions with the hydrophobic N-terminal exten-
sion. Higher-order assembly is driven in part by
interactions between a conserved sequence motif (I-
X-1/V,withland I/V highlighted in brown) in the C-
terminal extension that patches the 34 /38 edge of the
ACD from another dimer. In tapeworm Tsp36, where
the sequence encompasses two ACDs and there is no
conserved C-terminal sequence motif, the p4/p8
edge of one domain is patched instead by an N-
terminal motif (I-X-V, with I and V highlighted in

Alpha-crystallin domain C-extension
Beta2 Beta3 betad betas beta6+7 beta8 betad

70 100 110 20 130 140 150 157
HaB A 1 LEK- - - - - DRFSVNLDVKH FSPEELIW’KVLGDVIEVHGK:HEERQDEH -------- GFISE;FHRKYRIPADVDPLTITSSLSSDGVL‘]WIPRK SRR TP TREEKPAY
HaB B 1 'SVNLDVKH- FSPEELI EVHGKHEERQDEH- ------- GEISREFHRKYRIPADVIE I TSSLSSDGVLTVNEBRE - OVSG-- - - - - PERTIPITREEKPAV
Hah 63 EVREDR----- DKFVIFLDVKH-FSPEDLTVKVQDDFVEIHGKHNERQDDH - - -GYISREFHRRYRLPSNVDQSALSCSLSADGMLTFCGPKI -QTGLDA- - THAE WSREEKPTS
Hep27 87 EIRHTA----- DRWRVSLDVNH- FAPDELTVKTKDGVVEI TGKHEERQDEH - - -GYISEEFTRKYTLPPGVDPTQVSSSLSPEGTLTVEAPME - KLAT- ---angg';imnsmou
Hsp22 88 PPPFPG----- EPWKVCVNVHS - FKPEELMVKTKDGYVEVSGKHEEKQQEG- - - GIVSKNFTKKIQLPAEVDPVTVFASLSPEGLLI IEAPQV - PPYSTFGESSFNNELPQDSQEVTCT
Hsp20 66 QVPTDP-- - -~ GHFSVLLDVKH - FSPEETAVKVVGEHVEVHARHEER PDEH - - -GFVAREFHRRYRLPEGVDPAAVTSALSPEGVLSIQAAPA - SAQA - - PPPARAK
Rep20 1GAMAQVPTDP----- GYFS - FSPEEISVKVVGDHVEVHARHEERPDEH- - - - - - - - GF' RRYRLPPGVDPAAVTSALS PEGVLSIQATPA - SAQASLPSEBRNR
1Gme 44 ARMDWKETP----- EAHVFKADLISG - VKKEEVKVEVEDGNVLVVSGER TKEKEDKNDKWHRVERS SEKFVRRFRLLEDAKVEEVKAGLE - NGVLTVIVPKA - EVK- - - - - KPEVKAROHSG
Tspl 103 AYEVGKDGRLHFKVYFNVKN - FKAEEITIKADKNKLVVRAQKSVACGDAAM- - - - - - - - - SESVGRSIPLPPSVDRNEIQATITTDDVLVIEAPVNEPNYKAIKLSPEKG
Tsp2 222 GLEIVIAEDGSKKIHLELKVDPHFAPKDVKVWAKG KEEKTENA- - - - - SHSEHREFYRAFVTPEVVDASKTQAEIV- DGLMVVEAPLFK

N-terminal extension

HuB5 H-P-WIRRPFFPFH- - - SP) FFGEHLLESDL-------=--- - - -FPTSTSLSPFYLRPPSFLRAPSWFDTGLS
HuB4 JH-P-WFKRTLGPFY - - - -P| FFGEGLFEYDL---------- LPFLSSTISPYYRQ-SLFRT--VLDSGIS
HuB1 MTERR|PISST - - - LRGPSWDPFROWY PH| AFGLPRLPEEWSQWLGGS - - - WPGYVRPLPPAATESPAVARP-AYSRALSRQLSSGVS
HuB8 MADGQUP)3SCHY - PSRLRRDPFRDSPLS FGMDPFPDDLTASWPDWALPRLSSAWPGTLRSGMVPRGPTATARFGVPAEGRT
HuB6 M PVQPSWLRRASAPLPGLSA! RFGEGLLEAELA - = = == === == == === == == ALCPTTLAP-YYLRAPSVALPVA
RtB6 PVQPSWLRRASAPLPGFSTPG RFGEGLLEAELA-------===-=-=----- SLCPAATIAP-YYLRAPSVALPT
1Gme MSIVRI - FADLWADPFDTFRSIVPAISGGGSETAAFAN

Tsp36 MSEFETRDSRDLSSRRRSLIDWEFPQMALVPLDQVFDWAERSRQSLHDDIVNMHF.NLPELEPFTAMDNAFESV‘MKEMSAIQFREFHFELEYTQFGELDFLKD

Fig.1. sHsp sequence alignment. The sequences of hHaB (P02511 HSPB5 CRYAB human aB-crystallin), hHaA (P02489
HSPB4 human CRYAA aA-crystallin), hHsp27 (P04792 HSPB1 human Hsp27), hHsp22 (Q9UJY1 HSPB8 human Hsp22),
hHsp20 (014558 HSPB6 human Hsp20), rHsp20 (P97541 HSPB6 rat Hsp20), 1gme (Q41560 wheat Triticum aestivum
Hsp16.9B) and Tsp36 (Q7YZTO Taenia saginata Tsp36) are aligned structurally in the region of the ACD and the C-terminal
extension. The numbers adjacent to the labels hHaB and rHsp20 are the numbers of the tagged constructs, whereas for the
other sequences, the numbers refer to the UniProt scheme. The numbers along the first row correspond to the UniProt
sequence of human aB-crystallin. Residues in italics are from the construct’s N-terminal tag. In human aB-crystallin, the
two chains of ACD dimer are labeled hHaB A and hHaB B, with regions of conformational difference highlighted in pink.
Residues highlighted in dull green are not seen in the electron density. p strands B2-B9 are highlighted in light gray. The
hydrophobic C-terminal motifs are highlighted in brown. The last residues of the two ACD constructs are shown in
boldface: note that the B ACD construct does not include the C-terminal hydrophobic motif, whereas the rat Hsp20 ACD
construct includes the C-terminus, but that the wild-type sequence does not contain the C-terminal hydrophobic motif.
Residues underlined in hHaB and rHsp20 are at the dimer interface in the crystal structure. In the text, UniProt numbers
are quoted first, with the ACD construct number following in parentheses. Residues colored brown in rHsp20 and 1gme
form the p4/p8 pockets. Non-polar residues colored green in rHsp20 line the shared groove, and residues colored green
in Igme interact with its N-terminal extension. Specific residues mentioned in the text are highlighted and color
coordinated with the figures. The more variable N-terminal extensions are aligned by sequence below. The hydrophobic
sequence motif at the N-terminus is highlighted in brown. In 1gme and Tsp36, residues colored green make intrachain
interactions with residues colored green in their respective ACDs in the vicinity of conserved arginine colored in blue
boldface, whereas V4 in 1gme makes an equivalent interaction with another chain in the dodecameric assembly.
Additional disease mutations are in magenta. Serine phosphorylation sites in the mammalian sHsps are colored red.
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brown) from a partner domain (Fig. 1). Structural
information on patching the p2/p7-sandwich edge
in metazoans is incomplete as the strand-exchange
loop is too short for dimerization (Fig. 1).

Further molecular insights into the structure of the
mammalian sHsps were gained through the creation
of monodisperse species by removing sequence
extensions. It has been shown that the aB ACD
can fold independently into a dimeric species.”!
Recently, a solid-/solution-state NMR study of the
ACD and full-length human aB-crystallin showed
an elongated p6+p7 strand that was inferred to be
at the dimer interface.’® These smaller species were
shown to function as chaperones in vitro using
model substrates. Together, these data provide a
model whereby sequence extensions play a role in
higher assembly but when removed might unmask
binding sites for client proteins. However, there is

evidence that the N-terminal extension is required
for in vivo function.”

Clues to the structural roles of human sHsps may
also be gained from the phenotypes caused by point
mutations. Extensive pathology ensues when muta-
tions in stress-induced and/or highly expressed
mammalian sHsps result in non-native or destabi-
lized protems that may sequester normal cellular
components.* Earlier studies showed that a point
mutation to a conserved arginine within the ACD of
aA-crystallin and aB-crystallin causes cataract and
skeletal muscle desmin-related myopathy, respec-
tively (dlsease argmme colored in blue boldface in
alignment),”>® ‘and that oB- -crystallin R120G
formed enormous cytoplasmic inclusions in mam-
malian cells.”” Tt is now known that the equivalent
site is mutated in Hsp27 (HSPB1) and Hsp22
(HSPBS8) and at several other sites in these proteins

(b)

B6+B7

B6+B7

Fig. 2. Differences in the ACDs. (a) The ACD of rat hsp20 (plum ribbon) with the sequence equivalent of B2 strand in
green, the p5 and p6+B7 strands in gray and the intervening residues (construct residues 45-50) in plum. A region of the
hairpin loop (construct residues 43-51) from a symmetry-related molecule in the lattice is shown in khaki. Appended is
Pro46 (in space fill) from each chain, showing it is close to the dyad axis. (b) The ACD of human oB (plum ribbon) with the
sequence equivalent of p2 strand in green, the p5 and p6+p7 strands in gray and the intervening residues (construct

residues 42—49) in plum.
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(colored in magenta boldface in Fig. 1) in the most
common inherited neuromuscular disorder, Char-
cot-Marie-Tooth disease.”® Three family members
(Hsp27, Hsp22 and aB) are often co-expressed in the
same cell and can co-assemble into hetero-
oligomers,” thus spreading the effect of any
mutation. A mouse model for heart disease shows
that cardiomycete-restricted overexpression of

tive stress, causing increased expression of the redox
chaperone, Hsp25/Hsp27.*

Here, the crystal structures of excised ACDs from
rat Hsp20 and human aB-crystallin show that they
form dimers in the crystal lattice. Each dimer
structure has a shared groove containing the
common disease arginine as a symmetry-related
pair. The groove is the likely binding site for the N-

R120G aB-crystallin places the heart under reduc-  terminal extension.

Fig. 3. The different dimers. (a) In wheat Hsp16.9 (PDB ID 1gme), the dimer (pink and blue ribbons) is formed by
strand exchange by 6 strands (tan). Residues P62 (orange) and G104 (light blue) and R108 (blue) are appended in space
fill p2 strand (green) is part of the ACD. (b) In rat hsp20 ACD dimer, there is a reorganization of the paired domains that
results in a shared groove: note the relative positions to the dimer 2-folds of K81 (K20; orange) and R115 (R54; light blue),
with sequences equivalent to those of Hsp16.9 P62 (orange) and G104 (light blue). The groove is partially filled by C-
terminal extensions (ball-and-stick representation) from other chains in the lattice. The region equivalent to R2 strand
(green) also engages in lattice interactions. The conserved R119 (R58; blue) from one chain interacts across the interface
with D108 (D47; red) close to H110 (H49; plum) of the partner chain. (c) In aB ACD dimer, there is a change in register at
the 2-fold interface that places R116 (R53; light blue), the sequence equivalent of Hsp20 R54 (light blue), closer to the side
chain of partner R120 (R57; blue) yet still allows R120 (R57; blue) to ion pair across the interface with D109 (D46; red), close
to H111 (H48; plum). Antibodies to the region of the aB ACD dimer interface and p8-loop region (dark pink ribbon and
dark blue ribbon) have been found in the cerebrospinal fluid of multiple sclerosis patients.*!
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Results

Structure of ACDs of rat Hsp20 and human
aB-crystallin

The high-resolution (1.3 A) structure of the ACD
of rat Hsp20 (P97541), residues 65-162, was solved
by molecular replacement using core ACD wheat
Hsp16.9 coordinates [Protein Data Bank (PDB) ID
lgme] in a C2 cell with one chain in the asymmetric
unit.

The domain comprises two p sheets made from
strands P3—R9, indicated in the sequence align-
ment (Fig. 1). The region of sequence equivalent to
B2 strand in wheat Hspl16.9 is not part of the
domain and is making interactions with other
dimers in the lattice. A striking feature of the
domain is a long hairpin comprising the 35 strand,
the elongated (B6+p7) edge strand and the inter-
vening turn (Fig. 2a).

The 2.9-A X-ray structure of the ACD of human
aB-crystallin (P02511), residues 67-157, was solved
by molecular replacement using the rat Hsp20 ACD
in a C2 cell with five domains in the asymmetric
unit. In aB-crystallin ACD, the long hairpin is more
curved compared with that of Hsp20 (Fig. 2b). The
differing conformations of the hairpins could be
related to the sequence change at Q108 (Q45 in the
construct) in aB, which in Hsp20 is P107 (P46 in
the construct), with the sequence-conserved gly-
cine four residues downstream taking the strain
(Fig. 1). The conformation of the Hsp20 hairpin
may also be modulated by its interaction with a
symmetry-related molecule close to a lattice dyad
(Fig. 2a).

Comparison of the dimer interfaces
In the unit cell of Hsp20 ACD, a crystallographic

2-fold axis is positioned between P6+p7 strands
such that they form an extended antiparallel 3 sheet

linking two domains (Fig. 3), similar to the proposed
solution dimer of aB-crystallin based on NMR
spectroscopy.”” The X-ray structure of Hsp20 ACD
shows that in this dimer the R2/p7 edge of the
sandwich is opened out compared with that in
wheat Hsp16.9 ACD (Fig. 3a). This reorganization of
a pair of ACDs results in a shared groove (Fig. 3b)
that has a superficial resemblance to the peptide
binding grooves of major histocompatibility com-
plex molecules or the conserved core of the luminal
domain of the yeast ER sensor Irel that triggers the
unfolded protein response.*?

The aB-crystallin ACD forms a similar dimer as
Hsp20 ACD (Fig. 3c). The dimers form a spiral in the
crystal lattice using both non-crystallographic and
crystallographic axes. Four domains in the asym-
metric unit of the aB unit cell form two dimers in
which the two chains have differences in conforma-
tion (Fig. 1). The fifth domain in the asymmetric unit
interacts across a crystallographic dyad and is not
well resolved. The two chains of the dimers within
the asymmetric unit also show differences in that
one chain has an ordered p2 strand as part of the
ACD (Fig. 2b), similar to wheat Hsp16.9 (Fig. 3a).

Although these two mammalian sHsps have a
similar dimer arrangement, the different hairpin
conformation is associated with a shift in register
at the dimer interface (Fig. 3b and c), with Hsp20
having a more extended interface than aB (Fig. 1).
These differences, along with the additional p2
strand, result in the aB ACD dimer being more
compact and the groove being less accessible than
in Hsp20 (Fig. 3c). It is unclear from these data
as to what extent the structural differences are due
to sequence changes between the two sHsps or
their different crystal lattice arrangements. The
difference is of particular interest for human
Hsp27, which is more closely related in sequence
to aB-crystallin than Hsp20 at the interface:
similar to oB, it has a glutamine rather than a
proline in the hairpin loop and a serine rather than
an alanine close to the interface (Figs. 1 and 3).

Fig. 4. Patching an edge in wheat Hsp16.9. Chain A (plum ribbon) extracted from wheat Hsp16.9 dodecamer showing
that hydrophobic residues (dark green) in the p2/p7 edge are patched by hydrophobic residues (light green) from the
intramolecular N-terminal extension in the vicinity of the conserved arginine (blue).
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Human Hsp27 has a cysteine in an equivalent
position to E117 (E54) in aB. This residue is closest
to the interface dyad axis in aB and projects
underneath the [ sheet, whereas the equivalent
residue in Hsp20 ACD is displaced somewhat
from the dyad. If the detail of these two observed

dimer interfaces is subject to modulation by the
environment, then this would impact on the
distance between the redox cysteines at the dimer
interface of Hsp27, the redox chaperone.43

The solution-/solid-state NMR study showed that
the region equivalent to strand 2 was not in a single

pocket

pocket

Fig. 5. Spatial arrangement of groove and pockets in Hsp20 dimer. (a) In the Hsp20 lattice, C-terminal sequence
extensions (yellow ball-and-stick representation) bind into the central part of the shared groove of the dimer (pink and
gray space fill). Conserved arginine (blue) and non-polar residues shown in green (and colored green in the Hsp20
sequence in Fig. 1) line the shared groove and lead to the p4/p8 pockets colored brown (and colored brown in Fig. 1 as
well) in each domain. One possibility is that in full-length Hsp20, hydrophobic residues from one N-terminal chain
interact along the entire groove with the N-terminal motif I-X-V (with I and V highlighted in brown in alignment) placed
into the pockets of one domain. (b) Looking down at the shared groove of rat Hsp20 dimer. The two ACD chains are
colored in gray and pink space fill, with non-polar residues lining the groove in green and the disease arginines in blue.
These correspond to the residues colored green and blue in the Hsp20 ACD sequence in Fig. 1. The N-terminus of the ACD
is shown in pale green space fill. The C-terminal extensions from symmetry-related molecules are shown lining the middle
part of the groove in yellow ball-and-stick representation. This view has been rotated 90° along the horizontal axis
compared with (a). (c) The groove shown when the upper image is rotated 90° perpendicular to the viewer.
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conformation in the full-length aB-crystallin
assembly.”” The crystal structures show that the
two chains of aB ACD in the dimer differ in this
region, with one chain having a B2 strand in place in
the p sheet, similar to wheat Hsp16.9, while the
other is not visible in the lattice. In the Hsp20 ACD,
both chains of the dimer are identical, with the
region equivalent to B2 strand visible but involved
in interactions with other dimers in the lattice.
Together, these data indicate how the sequence
equivalent to B2 strand might contribute toward
flexibility in assembly of sHsps.

The location of higher-assembly sites in
the dimer

In the Hsp20 ACD dimer structure, the shared
groove is partly occupied by two symmetry-related
C-terminal extensions, in polyproline type II confor-
mation, from other dimers in the lattice (Fig. 3b). Each
peptide contributes to patching-exposed hydropho-
bics at the 32/p7-sandwich edge. In wheat Hsp16.9,
hydrophobic residues from within the central region
of the N-terminal extension interact with similar
hydrophobics from the p2/R7 edge from the same
chain ACD in the vicinity of the conserved arginine
(Figs. 1 and 4), and a similar arrangement occurs in
one of the tapeworm Tsp36 ACDs (see Fig. 6 in Ref.
30). In wheat Hsp16.9, the N-terminal extension both
patches an intrachain ACD and contributes to higher
assembly by linking dimers together.

On the other side of each p-sandwich domain of
the dimer is a hydrophobic pocket formed between
edge strands 34 and p8 (Figs. 1 and 5). sHsp higher
assembly is also driven by the filling of these
hydrophobic pockets with hydrophobic sequence
motifs (I-X-1/V, with I and I/V highlighted in
brown) from flanking C-terminal extensions from
other dimers in the assembly*®*’ (Fig. 1). However,
mammalian Hsp20 and Tsp36 are different from
other sHsps in that they do not have the C-terminal
hydrophobic motif (Fig. 1). In Tsp36, this patching
function is performed by the I-X-P (with I and P
highlighted in brown) N-terminal motif, which fills
the B4/p8 pocket from another chain.® Similar
hydrophobic N-terminal motifs are present in the
sequences of mammalian sHsps (Fig. 1).

The crystal structures thus show the spatial
arrangement of a groove and pockets in the ACD
dimer assembly unit of mammalian sHsps.

The disease arginine

The sequences of the two solved structures are
aligned with the sequences of wheat Hsp16.9 and
the two ACDs of tapeworm Tsp36, as well as several
other human sHsps (Fig. 1). The site of the common
disease arginine mutation is colored in blue bold-
face. In aB-crystallin, this is R120G (R57), and the
equivalent arginine in Hsp20 is R119 (R58). This
common disease mutation site is situated at the
dimer interface on either side of the inside of the
shared groove (Figs. 3 and 5). The aB-crystallin R120
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C Crystallin 67-157 pH 7.2
D Crystallin 67-157 R120G pH 7.2
E Crystallin 67-157 pH 6.0
F Crystallin 67-157 R120G pH 6.0

Fig.6. The R120G aB ACD is more stable than the wild
type. Gel-filtration profiles of aB ACD compared with B
R120G ACD over the pH range 6.0-8.5 show that the
mutant ACD behaves more like a dimer than the wild-
type sequence at pH 6.0.

(R57) forms two symmetry-related bidentate ion
pairs with D109 (D46) across the dimer interface of
the aB ACDs. Despite the altered secondary
structure of the hairpin loop, these interface ion
pairs are conserved in Hsp20 ACD. Comparison of
the interfaces of the two solved dimers shows that
there is a difference in the interactions around the
“disease arginine” that is associated with the change
in register involving the symmetry-related arginine
four residues N-terminal in the sequences (colored
in light blue boldface in Figs. 1 and 3). In the pH 6.5
Hsp20 ACD lattice, the equivalent to the disease
arginine R119 (R58) is close to partner D108 (D47)
and partner H110 (H49), whereas in the pH 9.0 oB
ACD lattice, the disease arginine R120 (R57) is close
to partner R116 (R54).

Solution NMR studies have shown that the wild-
type aB ACD dimer undergoes changes consistent
with monomer formation at acidic pH.32 Insight into
the electrostatic forces involved in this interface
interaction was gained when the R120G aB ACD
was purified and subject to size estimation. The
R120G aB ACD is more stable as a dimer at acidic
pH than the wild-type ACD sequence (Fig. 6). The
R120G mutation thus appears to stabilize the dimer
at acidic pH by removal of positive charge from the
interface (Fig. 3b and c).

Discussion

The Hsp20 ACD and aB ACD form similar dimers
in their respective crystal lattices, although there are
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significant differences in the detail of their dimer
interfaces. There is evidence from solid-state NMR
spectroscopy that this basic dimer assembly unit
corresponds to an interface found in large assem-
blies of aB-crystallin built from the full-length
sequence.”” The presence of a shorter loop region
in vertebrate sHsps compared with other sHsp
sequences (Fig. 1) has resulted in a new interface
whereby an extended f3 sheet forms the platform of
a groove that contains hydrophobic residues from
the p2/p7-sandwich edges of two ACDs, as well as
their conserved arginines. Structural homology
with other sHsp three-dimensional assemblies
defined by X-ray crystallography leads to the
consideration that this groove is likely the binding
site for hydrophobic residues from the central
region of an N-terminal extension. It is known
from these high-resolution sHsp structures that the
B4/p8-edge pockets are filled using hydrophobic
sequence motifs from other chains in the assembly,
found either at the extreme N-terminus or within
the C-terminal extension. These dimer structures
therefore show the relative spatial locations of
assembly sites and provide a starting point for
modelling higher assembly forms of the a-crystallins,
human Hsp20 and Hsp27. However, it is unclear
where the binding motifs are in the C-terminal
extension sequence of Hsp22 (BS).

The simplest sHsp to model in broad outline is
full-length human Hsp20, as it is a dimer,** with
each chain having an N-terminal [-X-V (with I
and V highlighted in brown) motif but no C-
terminal hydrophobic motif. Taking into consid-
eration the disposition of the pockets and the
shared groove, one possible model is for one N-
terminal extension to bind along the entire shared
groove (as in peptide-bound major histocompati-
bility complex heterodimer) and then to wrap
across the sandwich, placing its N-terminal I-X-V
(with I and V highlighted in brown) motif into the
ACD pocket from a partner domain (Figs. 1 and
5. This arrangement has similarity to wheat
Hsp16.9 dodecamer where only 6 of 12 N-terminal
extensions were resolved.” It is known that Hsp20
N-terminal S16 is phosphorylated and displaces
cofilin from the adaptor protein 14-3-3v, leading to
disruption of actin stress fibres and smooth muscle
relaxation.*” It is plausible that phosphorylation of
both Hsp20 N-terminal extensions prevents binding
in the interface groove, making them available for
binding to the dimeric adaptor protein, as demon-
strated in vitro.**

Full-length a-crystallins and Hsp27 form larger
and more disperse assemblies. Each chain has two
candidate hydrophobic sequence motifs, one at the
extreme N-terminus and another within the C-
terminal extension. It is known from previous
sHsp structures® " that the hydrophobic sequence
motif can bind across one edge of the domain in
either direction. Furthermore, the sequence of the C-
terminal hydrophobic motif of human aB-crystallin
is a palindrome (Fig. 1). In addition, the structure of
wheat Hsp16.9 dodecamer shows how different

orientations of the linker preceding the C-terminal
hydrophobic motif are used to build the higher
assembly.” It may be that sHsp polydispersity
stems from the multiple ways in which grooves and
pockets in the ACDs accept sequence extensions.

It had previously been noted that within the N-
terminal sequence there is a conserved sequence
motif (SXXFD, highlighted in dark gray in Fig. 1)
in a subset of mammalian sHsps that correlated
with the presence of a hydrophobic residue of the
ACD? now known to be a groove hydrophobic. Tt
has been shown that removal of the sequence
SRLFDQFFG from the N-terminal region of the a-
crystallins resulted in smaller-assembly species
with increased chaperone activity.*® These observa-
tions are consistent with dimers retaining some
chaperone activity and support a model whereby
disassembly unmasks peptide binding sites on the
ACD. These sites would be the pockets and
grooves and would be candidate binding sites for
the specific partners identified in pathways associ-
ated with cytoprotection.”'®*’

The disease arginine is located in two symmetry-
related positions in the shared groove at the dimer
interface. The observation that the aB-crystallin
ACD dimer is stabilized at moderately acidic pH
by the R120G mutation suggests that altered
dynamics of the sHsp assembly contribute to the
large cytoplasmic inclusions characteristic of the
pathology caused by this mutation. This indicates
that in normal sHsp function, the dimer has to
dissociate to some extent, possibly to enable it to
release bound peptides in the acidic environment of
the aggregate clearance pathway.” It is worth
noting that antibodies to the region of the aB ACD
dimer interface and p8-loop region have been found
in the cerebrospinal fluid of multiple sclerosis
patients (Fig. 3b).*' It may be that the monomer is
the active binding species, with the long tracts of
exposed regular backbone from the highly struc-
tured hairpin loops providing hydrogen-bond part-
ners for backbone atoms of P strands awaiting
folding or destruction.

Although sHsps are considered to be largely
beneficial for health, the strongly cytoprotective
effects of Hsp27 and aB-crystallin are harmful when
present in certain kinds of cancer cells, especially
when upregulated following chemotherapy.!48
The grooves and pockets defined in these two
mammalian ACDs provide a starting point for
designing small molecules that could cause sHsp
malfunction by stabilizing interfaces and blocking
access to client proteins.

Methods

Cloning

The human aB-crystallin domain (amino acids 67-157)
was cloned into pPROEX™ HT(b) (GibcoBRL) to give an
N-terminal His tag cleavable using tobacco etch virus
protease. After cleavage, an additional GAM is present at
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the N-terminus of the aB-crystallin domain 67-157. First, a
PCR using the forward primer TTTTCCATGGA-
GATGCGCCTGGAGAAG containing an Ncol restriction
site (underlined) and the reverse primer TTTTCTCGAGC-
TAGCGCTCAGGGCC containing an Xhol site (under-
lined) was generated using pET16(b) aB-crystallin as a
template. The PCR product was gel purified and cleaved
with Ncol and Xhol enzymes before being ligated into a
previously digested pPROEX™ HT(b) using the same
restriction enzymes.

Similarly, Hsp20 Rattus norvegicus ACD (amino acids
65-162) was cloned into pPROEX™ HT(b) by using the
forward primer TTTTCCATGGCCCAGGTGCCCACGG
containing an Ncol site (underlined) and the reverse
primer TTTTAAGCTTTCACTTGGCAGCAGGTG con-
taining a HindlIlI site (underlined) and pET16(b)Hsp20
as a template.

Expression and purification

pPROEX™ HT(b) aB-crystallin 67-157 (human oB
ACD) and pPROEX™ HT(b) Hsp20 R. norvegicus ACD
65-162 (rat Hsp20 ACD) were each transformed into BL21
(DE3) (Novagen) and then expressed and purified using
the same protocol. Cells were grown in 2YT medium [1.6%
(w/v) bacto-tryptone (Invitrogen), 1% bacto-yeast extract
(Invitrogen) and 0.5% NaCl (Sigma), pH 7.2)] containing
ampicillin (100 pg ml™ ") at 37 °C to an optical density at
600 nm of 1 before being induced with 1 mM isopropyl 1-
thio-p-D-galactopyranoside at 22 °C overnight. After the
cells were harvested, the pellet was resuspended in 25 mM
Tris, pH 8.5, and 200 mM NaCl (buffer A) containing
DNase I (final concentration of 10 pg/ml) and ethylene-
diaminetetraacetic-acid-free protease inhibitor cocktail
(Roche) before sonication on ice. Cell debris and unbroken
cells were removed by centrifugation (46,000¢ for 1 h at
4 °C), and the supernatant was filtered through a 0.45-um
filter. Cleared cell extract was applied to a 5-ml HisTrap™
FF column (GE Healthcare) preequilibrated with buffer A.
The column was connected to an AKTA FPLC machine
(GE Healthcare), and unbound proteins were washed with
10 column volumes of buffer A followed by 6 column
volumes of buffer A containing 30 mM imidazole. Bound
proteins were eluted with buffer A containing 250 mM
imidazole. The tag was removed by dialysing overnight in
25 mM Tris, 200 mM NaCl, pH 8.5, 1 mM DTT and 0.5 mM
ethylenediaminetetraacetic acid with the tobacco etch
virus protease. The mixture was applied to a buffer-A-
preequilibrated HisTrap™ FF column, and the cleaved
protein eluted in the flow-through and with buffer A
containing 15 mM imidazole. The protein was further
purified by gel-filtration chromatography on a Super-
dex75 HR 10/60 or Superose6 HR 10/30 column
preequilibrated with buffer A. Fractions were analyzed
on 15% SDS-PAGE gels, and those containing pure protein
were concentrated using 5K cutoff spin cartridges
(VivaScience) to a protein concentration between 10 and
30 mg/ml and kept at =80 °C for further study.

Crystallization

With the use of the hanging-drop vapor-diffusion tech-
nique, single crystals of human aB ACD grew in 4 days at
16 °C in 100 mM Bicine [N,N-bis(2-hydroxyethyl)glycine],
pH 9.0, and 55% 2-methyl-2,4-pentandiol at a protein
concentration of 20 mg/ml using 1 pl of protein solution
plus 2 pl of reservoir solution. The crystals were flash
frozen in liquid nitrogen with no further cryoprotection.

Full-length rat Hsp20 grew crystals, but only after
limited proteolysis. The domain boundaries were estimat-
ed from mass spectrometry, and the ACD was cloned and
expressed as above. Single crystals of rat Hsp20 ACD
grew at 16 °C in 100 mM Mes (4-morpholineethanesulfo-
nic acid), pH 6.5, between 45% and 52% v/v PEG
(polyethylene glycol) 200, at a protein concentration of
around 10 mg/ml using 1 pl of protein solution plus 2 pul of
reservoir solution. The crystals were flash frozen in liquid
nitrogen with no further cryoprotection.

Crystallography

The cell dimensions for Hsp20 ACD crystals are as
follows: a=28.1 A, b=37.96 A, c=56.04 A and p=91.47°.
Data were collected at a wavelength of 0.9757 A; the Rmerge
for all data was 7%, Rumerge(1.38-1.3) was 21.5%, I/ ol was
14.6 and 1/ 01(1.38-1.3) was 4.2. Multiplicity was 3.8 with
completeness of 94% up to 1.3 A. The cell dimensions for
aB ACD crystals are as follows: a=49.46 A, b=66.07 A,
¢=190.97 A" and p=92.68°. Diffraction from the crystals
was anisotropic and collected at 1.0066 A. The Rinerge Was
17.1, Rierge(3.1 2.9) was 60%, I/ ol was 9.6 and 1/ 01(3.1-
2.9) was 5.3. Multiplicity was 3.4 with completeness of
99%.

All data were integrated with iMosflm*’ and scaled
with Scala® from the CCP4 program suite.” ! The rat
Hsp20 ACD structure was solved using MrBump®® and
Phaser.”® The successful model was derived from the
coordinates for PDB structure 1gme. Following molecular
replacement, the structure had an R-factor of 49.4% and an
R-free of 50.3. Thirty-five cycles of automated building in
ARP/wARP™ resuited in a single polypeptide chain with
89 residues correctly placed. Further rounds of building,
water placement and refinement with Phenix® reduced R-
factor and R-free to 14.7% and 17.6%, respectively. The
model has good geometry as defined by MolProbity™®
stereochemical checks. The human aB ACD structure was
solved with Phaser’® using a partially refined Hsp20
structure as a model. Initially, four chains were identified
in the asymmetric unit, resulting in an R-factor and an R-
free of 43.6% and 49.5%, respectively. After several rounds
of refinement, it was possible to identify a disordered fifth
molecule in electron density maps. Final refined R-factor
and R-free values are 25.6% and 32%, respectively, with
good geometry as defined by MolProbity checks.

Solution dimer experiments

The molecular weight of human oB ACD was deter-
mined by sedimentation velocity at 20 °C in a Beckman
Optima XL-I analytical ultracentrifuge at a rotor speed
of 42,000 r.p.m. (An50Ti rotor) and double-sector cells
(12-mm Epon charcoal-filled centre pieces) loaded with
395 ul of sample in the sample chamber and 405 pl of
buffer in the reference chamber. Boundary detection
was carried out using absorption optics set at 280 nm.
The protein sample in 25 mM Tris, pH 85, and
200 mM NaCl with an absorption at 280 nm of 0.15
in a 1-cm path-length cell (1 mg/ml) was estimated to
be 20.5 kDa for 75% of the signal and therefore
predominantly a dimer (sy0.=1.86, f/f,=1.46). Size
estimation of human aB ACD or human aB R120G
ACD by gel-filtration chromatography over a range of
pH levels was carried out using separate 50-ul samples
at an absorption at 280 nm of 4 (28 mg/ml), loaded on
a Superdex75 10/300 GL (GE Healthcare) preequili-
brated with 25 mM Tris, pH 8.5, and 200 mM NaCl,
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20 mM Kphosphate, pH 7.2, and 200 mM NaCl or
20 mM Mes, pH 6.0, and 200 mM NaCl (Fig. 6).

Accession numbers

Coordinates and structure factors have been deposited
in the PDB. For rat Hsp20 ACD, the PDB ID code is 2wj5
for the coordinate entry, and the code is r2wibsf for the
structure factors. For human aB ACD, the PDB ID code is
2wj7 for the coordinate entry, and the code is r2wj7sf for
the structure factors.
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