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Abstract

How does the sequence of a single Small Heat Shock Protein (SHSP) assemble into oligomers of
different sizes? To gain insight into the underlying structural mechanism, we determined the
crystal structure of an engineered variant of Methanocaldococcus jannaschii Hsp16.5 wherein a 14
amino acid peptide from human heat shock protein 27 (Hsp27) was inserted at the junction of the
N-terminal region and the a-crystallin domain. In response to this insertion, the oligomer shell
expands from 24 to 48 subunits while maintaining octahedral symmetry. Oligomer rearrangement
does not alter the fold of the conserved a-crystallin domain nor does it disturb the interface
holding the dimeric building block together. Rather, the flexible C-terminal tail of Hsp16.5
changes its orientation relative to the a-crystallin domain which enables alternative packing of
dimers. This change in orientation preserves a peptide-in-groove interaction of the C-terminal tail
with an adjacent p-sandwich thereby holding the assembly together. The interior of the expanded
oligomer, where substrates presumably bind, retains its predominantly non-polar character relative
to the outside surface. New large windows in the outer shell provide increased access to these
substrate-binding regions, thus accounting for the higher affinity of this variant to substrates.
Oligomer polydispersity regulates SHSPs chaperone activity /n vitro and has been implicated in
their physiological roles. The structural mechanism of Hsp16.5 oligomer flexibility revealed here,
which is likely to be highly conserved across the SHSP superfamily, explains the relationship
between oligomer expansion observed in disease-linked mutants and changes in chaperone
activity.
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Cells face the continual challenge of preventing or reversing protein aggregation (1). Driven
by stress, mutations and inefficient folding, the accumulation of stable aggregates is
associated with a range of protein deposition maladies (2, 3). Five superfamilies of heat
shock proteins function as molecular chaperones binding non-native states of proteins thus
providing a competing pathway for these toxic intermediates (4). Among heat shock
proteins, the ubiquitously expressed small heat shock proteins (SHSPs) (5-7) sequester
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unfolded or misfolded proteins without direct ATP hydrolysis. This function is exemplified
by their ability to buffer rapid and persistent increases in aggregation-prone intermediates,
thereby preventing futile refolding cycles by other HSPs (8).

While mechanistic elements of SHSP chaperone activity appear to be conserved, the
structural scaffold has undergone significant divergence (6). Expressed as subunits of 12-42
kDa (9), SHSPs assemble into large oligomers (12-40 subunits) with a remarkable spectrum
of symmetries and size across the superfamily, ranging from ordered (10, 11) to
heterogenous and dynamic ensembles of interconverting oligomers (9, 12-15). This
architectural diversity stands in stark contrast to the conservation of tertiary and quaternary
structures in other heat shock protein families such as Hsp60, 70, 90 and 100. The property
of forming multiple oligomers with dynamic assembly and disassembly, prevalent in
metazoan SHSPs, has been linked to the regulation of substrate recognition and binding (6,
16-18). Disease-linked mutations in human sHSPs lead to changes in their polydisperisty
often inducing the formation of larger oligomers (19-21).

An outstanding question in the chaperone field is how are sHSPs able to form a diverse
group of oligomers using a single sequence. Sequence identity is highest in a 90-100 amino
acid module referred to as the a-crystallin domain and considered the defining characteristic
for membership in the superfamily (9, 22). This domain has a conserved core fold consisting
of a 7-stranded B-sandwich (10, 11, 14, 23-25). Furthermore, dimers of the a-crystallin
domain form the building blocks of sHSP oligomers. C-terminal to the a-crystallin domain
is a stretch of 10-20 amino acids, the C-terminal tail or extension, containing a conserved 4-
residue stretch critical for oligomer assembly (26). The most divergent region in size and
sequence is the N-terminal extension which ranges from short amino acid sequences to
entire domains in human sHSPs (9, 27). Sequence similarity in this domain is only observed
between closely related species.

In contrast to the wealth of biochemical data on SHSP chaperone activity, there is a dearth of
high resolution structures of their assemblies. Indeed, the extreme polydispersity of
metazoan SHSP has frustrated crystallographic analysis, and structures of the native
oligomer are limited to the ordered archeal Methanocaldococcus jannaschii Hsp16.5 (10)
and eukaryotic 7riticum aestivum (wheat) Hsp16.9 (11). Although both Hsp16.5 and
Hspl16.9 are built from similar dimers of the a-crystallin domain, the former assembles into
a spherical oligomer of 24 subunits with octahedral symmetry while the Hsp16.9 oligomer
consists of two stacked hexameric rings. The two structures provide an example of the
interplay between the three sequence modules in determining higher order assemblies. A
conserved motif in the C-terminal tail straps a-crystallin dimers through interaction with the
edge of the a-crystallin domain B-sandwich. The different oligomer architectures of
Hsp16.5 and Hsp16.9 arise from different orientations of the C-terminal tail relative to the
a-crystallin domain.

Extension of these architectural principles to polydisperse SHSP oligomers is complicated by
sequence divergence particularly the expansion of the N-terminal region. In polydisperse
SHSP, the N-terminal domain plays an important role in stabilizing the assembly and
conferring its dynamic properties. Truncation of this domain in a-crystallin and Hsp27
decreases the average oligomer size to dimers and tetramers and inhibits the phenomenon of
subunit exchange (24, 28-31). Furthermore, phosphorylation of aB-crystallin and Hsp27 at
sites in the N-terminal domain shifts the oligomer equilibrium towards monomers and
dimers respectively (17, 32). This shift is tightly coupled to substrate binding /n vitro (17,
33), and is physiologically important (34, 35). For instance Hsp27 phosphorylation increases
substrate affinity through the exposure of the otherwise buried N-terminal domain upon
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dissociation to a dimer. Hsp27 dissociation regulates its ability to rescue neuronal plasticity
in tau transgenic mice (35).

In contrast to a-crystallins and Hsp27, deletion of the entire N-terminal region of Hsp16.5
does not affect the overall size and symmetry of the oligomeric assembly (36). Previous
EPR and cryoEM analyses have shown that the construct consisting of the a.-crystallin
domain and C-terminal tail encodes all the interactions necessary to assemble the Hsp16.5
oligomer (37). However, this region is functionally important and sequence modifications in
the N-terminal region alter the size and order of the assembly. Shi et a/. constructed Hsp16.5
variants that recapitulate aspects of mammalian SHSP oligomers such as size expansion and
polydispersity (38). A 14 amino acid peptide, referred to as P1, unique to Hsp27 was
inserted into the N-terminal region of Hsp16.5. Deletion of P1 inhibits Hsp27 equilibrium
dissociation to dimers by stabilizing its ensemble of large oligomers. When P1 was inserted
at the junction of the N-terminal region and C-terminal domain of Hsp16.5 (this construct is
referred to hereafter as Hsp16.5-P1), the oligomer size increased from 24 to 48 subunits. In
contrast, P1 insertion in the middle of a helix in the N-terminal domain yielded an ensemble
of polydisperse oligomers. Both constructs displayed higher affinity toward substrate
suggesting oligomer expansion is required for substrate binding.

To understand the molecular determinants that enable Hsp16.5 to form oligomeric shells of
both 24 and 48 subunits, and to inform molecular mechanisms for polydispersity in other
SHSPs, we determined the crystal structure of Hsp16.5-P1 at 2.7A resolution (Table 1,
Figure S1). The structure of the 48 subunit octahedral shell reveals that oligomer expansion
is mediated by reorientation of the C-terminal tail rather than changes in the a-crystallin
dimer architecture in agreement with predictions based on low resolution cryoEM models
(38). Comparison with the WT Hsp16.5 structure reveals the molecular strategies used by
sHSPs to form multiple oligomers. Changes in the N-terminal region are propagated to the
C-terminal tail enabling alternative assemblies. Analysis of the structure rationalizes the
increase in substrate affinity that has been reported to accompany oligomer expansion
induced by disease-associated mutations (19).

Materials and Methods

Expression, purification, crystallization and data collection

The construction of Hsp16.5-P1 was previously described (38). Briefly, a sequence
encoding human Hsp27 amino acids 57-70 (PLPPAAIESPAVAA) was inserted between
residues 33 and 34 of Hsp16.5. Hsp16.5-P1 was expressed in £. col/iBL21 (DE3) cells
containing a pET20b+ derived plasmid (38). Cell disruption was followed by addition of
polyethyleneimine to precipitate the DNA. Following high speed centrifugation, the
supernatant was loaded on an anion exchange chromatography column. Fractions containing
Hsp16.5-P1 were pooled and further purified by gel filtration in 20 mM HEPES pH 7.5 and
100 mM NaCl on a Superose 6 column.

Freshly purified protein was concentrated to 40 mg/mL before crystallization. Hanging drop
vapor diffusion was used in crystallization trials. Crystals grew from 1.8 M (NH4),SO4, 20
mM Tris pH 8 and 10% glycerol at 25 °C. Diffraction data were collected at SER-CAT
ID-22 at the Advanced Photon Source, Argonne National Laboratory, Argonne, IL.

Structure determination and analysis

Data were indexed, integrated, and scaled with HKL2000 (39). The space group of
engineered Hsp16.5-P1 crystal was 1432. There are two non-equivalent monomers forming a
dimer in an asymmetric unit. Molecular replacement solutions were obtained using program
PHASER (40) and were evaluated with omit maps calculated in CCP4 (41) and displayed in
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COOQOT (42). The structure was refined in CNS (43) and Phenix (44) and manually rebuilt
into composite-omit maps (calculated initially in CNS and in later stages using Phenix)
using COOT (42). The overall Rwork was 21.4 % and Rfree was 23.7 %. Rms of bond
lengths is 0.009 A. Rms of bond angles is 1.1°. The final model contains 10 water
molecules. There are zero Ramachandran outliers with 98.7% of residues in favored and
1.3% in allowed regions as determined by Phenix/Molprobity (44, 45). Data collection and
refinement statistics are summarized in Table 1. Figures were produced in Pymol (46).
Solvent accessible surface areas were calculated in Pymol using a solvent sphere with a
radius of 1.4 A (47, 48).

Hsp16.5-P1 oligomer assembly

HSP16.5-P1 crystallized in the cubic space group 1432 with 2 subunits in the
crystallographic asymmetric unit. The octahedral shell is formed by crystallographic
symmetry operators that allow formation of a spherical oligomer of 48 subunits in
agreement with the oligomer size determined by light scattering and low resolution electron
microscopy reconstructions (38). Figure 1A, 1B and 1C shows the views along the three
windows of the outer shell capturing three symmetry axes that relate dimers of Hsp16.5-P1
(shown in dark red and blue). Thus, 24 Hsp16.5-P1 dimers are related by octahedral
symmetry while the same symmetry operations relate 24 monomers in the WT (10).
Hsp16.5-P1 is expanded with an outer diameter of 163A compared to 115A for the WT. The
expansion is manifested by a new large square opening in the outer shell (Figure 1C). The
sides of this window consist of dimers of the a-crystallin domain related by four-fold
symmetry. The triangular three-fold window is similar to that of the WT (Figure 1A). A
two-fold window between dimers replaces the four-fold window relating monomers in the
WT structure (Figure 1B).

In contrast to the a-crystallin domain and the C-terminal extension, the 32 amino acid N-
terminal segment along with the 14 amino acid peptide insertion (P1) are
crystallographically disordered, and therefore not visible in the structure. Previous site-
directed spin labeling analysis assigned internal density observed in cryoEM images of the
WT to the N-terminal region (37). Although weak internal density, arising from the N-
terminal segment and P1, was observed in the cryoEM model of Hsp16.5-P1, its poor
reconstruction was interpreted as evidence of P1 flexibility (38). The absence of density for
this region, even in electron density maps calculated using only low-resolution terms
(50-15A), indicates that these residues do not obey octahedral symmetry. The mechanism by
which the inserted peptide P1 induces a gross oligomer reorganization is thus not directly
observable. However, the structural consequences of this reorganization have herein been
observed at 2.7 A resolution, resulting in an atomic model describing a structural strategy
used by sHSPs to expand the oligomer shell.

The a-crystallin dimer

Despite the extensive reorganization of the oligomer as a result of P1 insertion, the overall
fold of the a-crystallin domain is unchanged. Nine p-strands are arranged in two sheets
forming a p-sandwich (Figure 2A). A structure-based alignment with Hsp27 (Figure S2)
highlights the conservation of the seven-strand core despite marginal sequence similarity
between the archeal and human sHSPs. Superposition of the p-sandwich from Hsp16.5-WT
with that of the P1 variant yielded a root mean square deviation of 0.3 A for main-chain
atoms of residues 45 to 148 demonstrating the similarity of the two structures. A long loop
extends from the sandwich enabling a short B-strand (strand 6) to hydrogen bond to an edge
strand (strand 2) of another a-crystallin domain to form a composite §-sheet (Figure 2B). In
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addition to strand swapping, the a-crystallin domain dimer in Hsp16.5-P1 is stabilized by
extensive hydrophobic contacts, hydrogen bonds and ionic interactions along loop regions
that connect the two sheets of the two B-sandwiches. The dimer interface which buries
~3400 A?Z of solvent accessible surface area is identical to that found in the WT assembly
(Figure 2B). The p-sandwich and the loops at the dimer interface have the lowest B factors
in the structure (Figure S3).

Thus, the expansion of the oligomer does not involve repacking at the interface of the dimer
or changes in the relative orientations of dimer subunits. Instead, the two subunits in the
Hsp16.5-P1 dimer are rendered structurally inequivalent by the distinct orientation of the C-
terminal tail relative to the p-sandwich. Figure 2B shows that while the p-sheet core of the
a-crystallin domain is superimposable, the C-terminal tail of one of the two subunits in the
dimeric building block of Hsp16.5-P1 undergoes a change of orientation relative to the -
sandwich. Whereas subunit A is overly similar to the WT structure, there is a clear
displacement of the tail of subunit B. The change in orientation of this region is enabled by a
reorientation at 1le140 such that there is an ~30° difference in the orientation of residues
141-147 between the two subunits (Figure 2A).

Similar dimer structures and octahedral symmetry of the assembly preserve the electrostatic
contrast between the outside and inside of the sphere observed in the WT structure (Figure
3A and B) (10). The accessible surface on the inside is largely non-polar, whereas the three-
and four-fold windows on the surface are decorated by charged residues. This observation is
consistent with recent cryoEM analysis demonstrating that T4 Lysozyme binds to the inside
of the Hsp16.5-P1 particle (Shi, J., Koteiche, H.A., Stewart, P.L., Mchaourab, H.S.,
unpublished results) and supports a binding mode in which unfolded proteins can interact
with the largely hydrophobic interior surface.

Two C-terminal tail orientations enable distinct dimer-dimer packing

To assemble the expanded Hsp16.5-P1 shell, the two subunits in a dimer, inequivalent by
virtue of the C-terminal tail conformations, interact along 2-, 3- and 4-fold symmetry
interfaces. At the corner of the three-fold window, the dimer-dimer interface is very similar
to that of the WT (Figure 4 A and B) (10). This interface has the least extensive contacts in
the assembly burying ~400 A2 of solvent accessible surface area whereas ~530 A are
buried in the WT structure. In both instances, this interaction is stabilized by the C-terminal
tail, which extends out and interacts with the hydrophobic groove at the edge of the
neighboring B-sandwich. lle 144 and Ile 146 from the C-terminal tail of one subunit make
contacts with hydrophobic pockets on the edge of the B-sandwich of an adjacent subunit. Ile
144 is buried in a pocket formed by L70, L77, A72, L133, A120, V131, A122, and lle 146 is
buried in a pocket formed by F124, L129, A122, 168, L70 (Figure 4C,D). This peptide-in-
groove interaction is quite extensive and buries ~1,100 A2 of solvent accessible surface area,
allowing for flexibility at this interface. The conformation of the C-terminal tail along the
three-fold window is identical to that observed in the WT subunit.

The large four-fold window, which distinguishes the structure of Hsp16.5-P1, is assembled
using the same dimer-dimer interactions observed at the corners of the three-fold window.
However, the angle between a-crystallin domain dimers is closer to 90° whereas it is closer
to 60° at the three-fold window (Figure 4A). This interface highlights the significance of the
assembly strategy utilized by sSHSPs. While similar to the interfaces at the corners of the
three-fold window, the wider angle between a-crystallin domain dimers results in a
complete loss of contacts between these domains. No buried surface area on the a-crystallin
domain is associated with this interaction, and the hydrophobic peptide-in-grove interaction
described in the previous paragraph (Figure 4C,D) suffices to stabilize this interface. The
combination of the strong interaction between the C-terminal tail and the hydrophobic
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groove at the edge of the B-sandwich and the relatively weak interaction between adjacent
a-crystallin domains gives these interfaces both stability and flexibility

Discussion

This paper reports the first structural insight into the basis of oligomer flexibility in a single
SHSP. Oligomer polydispersity has been reported for evolutionary distant SHSPs and is
induced by an increase in temperature, disease-causing mutations or substrate binding. Our
findings reveal how sequence modifications in the N-terminal domain can remodel the
overall assembly without altering the a-crystallin domain fold or the dimeric building block.
Repacking of the N-terminal domain, here as a consequence of sequence insertion, is
propagated to the C-terminal tail which can adopt two conformations compatible with a
different assembly size built by the same symmetry elements. In addition to the 48-subunit
assemblies reported here, Hsp16.5 can be induced to form heterogeneous ensembles of
structures presumably mediated by the same elements of flexibility (38). The linkage
between shell size and C-terminal tail conformation uncovered by the structure of Hsp16.5-
P1, illustrates how larger N-terminal domain sequences, characteristic of eukaryotic SHSP,
can modulate the size and stability of the oligomeric assembly. Consistent with this notion,
two different conformations of the C-terminal tail appear to be associated with different
conformations of the N-terminal domain in Hsp16.9 (26). Furthermore, recent NMR and
mass spectrometry based modeling of a.B-crystallin invoked fluctuations of the C-terminal
tail as a determinant of its oligomer polydispersity (49).

The expansion of Hsp16.5-P1 provides insight into SHSP activation which is a critical
element of their chaperone mechanism. There is a mounting body of evidence implicating
sequences in the N-terminal regions of sHSPs in high affinity binding to client proteins (7).
Two models have been advanced to describe the basis of substrate recognition and binding.
For the polydisperse and dynamic oligomers, substrate binding is mediated by a dimeric unit
that is in equilibrium with the ensemble of large oligomers (17). Dissociation to dimers
exposes the N-terminal domain in an unstructured conformation (50). In contrast, a
dissociation-independent model (51), proposed for ordered sHSPs, invokes conformational
changes in the oligomer as the mechanism for access to the otherwise buried N-terminal
domain. The Hsp16.5-P1 structure is the first direct view of how access to binding sites in
the N-terminal domain can be accomplished without subunit dissociation. Indeed, Hsp16.5-
P1 has an order of magnitude higher apparent affinity for substrates than does the WT (38).
Because assembly rearrangement does not alter the hydrophobic nature of the internal
surface of the oligomer, the higher apparent substrate affinity of Hsp16.5-P1 likely arises
from increased access enabled by the large windows in its shell.

Considering the binding capacity of SHSPs which can reach one subunit of equal molecular
mass, loss of regulation of their interaction with client proteins can have deleterious
consequences on proteostasis as evident from the association of SHSP point mutations with
multiple inherited diseases in mouse models (52-54) and in humans (55-58). Remarkably,
many of these mutants have higher affinity to model substrates (19, 59). Consistent with the
two activation mechanisms described above, these mutations either induce expansion of the
oligomer or increase dissociation. For example, aA-crystallin mutant R116C (20, 60), which
causes a dominant human cataract phenotype, and aB-crystallin R120G (21), which isa
dominant human mutation linked to cardiomyopathy, show increased average molecular
mass. Determination of modes of SHSP oligomer flexibility is thus critical to understanding
the molecular basis of these pathologies.
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Abreviations

sHSP small heat shock protein
Hspl16.5 Methanocaldococcus jannaschii heat shock protein 16.5
Hsp16.9 Triticum aestivum heat shock protein 16.9
Hsp27 heat shock protein 27
WT wild-type
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Figure 1.

Views of Hsp16.5-P1(upper row) and Hsp16.5-WT assemblies (PDBID 1SHS, lower row)
along their respective symmetry axes. The two shells are scaled to highlight the expansion of
the P1 variant. Hsp16.5-P1 has A) three-, B) two- and C) four-fold symmetry axes that relate
dimers of the a-crystallin domain (blue and red). (B) By comparison, WT dimers of the a-
crystallin domain are related by A) three- and B) four-fold symmetry.
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Figure2.

A) Superposition of subunits from Hsp16.5-P1 (red and blue) and Hsp16.5-WT (gray)
demonstrates that the a-crystallin domain fold is conserved and highlights the change in
orientation of the C-terminal tail in one of the Hsp16.5-P1 subunits. B) Ribbon diagram of
the dimer from Hsp16.5-P1 (red and blue) superimposed on the dimer from Hsp16.5-WT
(gray) shows that that oligomer expansion does not perturb the interface of the dimer
involving stand swapping (strand 6) and extensive networks of contacts between loops.
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Figure 3.

A) Exterior and B) interior of the Hsp16.5-P1 sphere viewed along the 4-fold symmetry axis
and colored by residue polarity. The predominant non-polar character of the internal surface
provides plausible contact sites for bound substrates.
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Figure4.

A) Dimer packing around three- and four-fold windows of Hsp16.5-P1. The different angles
between a-crystallin domain in the two windows are enabled by two distinct orientations of
the C-terminal tail in the blue and red subunits. B) By comparison, the angle between dimers
is uniform in the WT assembly where a single orientation of the C-terminal tail is observed.
C) Peptide-in-groove interaction stabilizing contacts between subunits in the Hsp16.5-P1
(red and Hsp16.5-WT (gray). Note the change in relative orientation between the gray and
red subunits. The gray orientation is seen in Hsp16.5-WT and in three-fold window of
Hsp16.5-P1. The red orientation is seen only in the four-fold window of Hsp16.5-P1. D)
Close-up view of C) showing the side chains stabilizing the peptide-in-groove interaction.
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Table 1

Data collection and refinement statistics

Data Collection
Space Group
Cell Dimensions (A)
a, b, c(A)
a,B, v ()
Resolution (A)
Reym (%)
/ol

Completeness (%) *
Redundancy
Refinement
Resolution range (A)
No. of reflections
Rfactor (%)
Rfree (%)
Total Protein Atoms
Total Water Molecules
RMSD
Bond lengths
Bond angles
Ramachandran (%)
Favored
Allowed
Outliers
B-factors
All
Main Chain
Side Chain

Solvent

1432

184.58
90.00
2.7
4.3(60)
16.5(2.1)
98.9(94.4), 98.9(100)
47(4.7)

50-2.7
14,902
21.4
23.7
1,791
10

0.009
1.089

98.7
1.3

92
87
96
70

Numbers in parenthesis describe data in the highest resolution bin (2.79-2.70 A)
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*
For completeness two sets of numbers are given. The first are completeness of data used in refinement (including the test set). The second are
completeness from data reduction.
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