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Small heat shock proteins (sHsps) are oligomers that perform a protective 

function by binding denatured proteins. Although ubiquitous, they are sequence 

variable except for a C-terminal ~90-residue “α-crystallin domain”. Unlike 

larger stress response chaperones, sHsps are ATP-independent and generally 

form polydisperse assemblies. One proposed mechanism of action involves these 

assemblies breaking into smaller subunits in response to stress, before binding 

unfolding substrate and reforming into larger complexes. Two previously solved 

non-metazoan sHsp multimers are built from dimers formed by domain 

swapping between the α-crystallin domains, adding to evidence that the smaller 

subunits are dimers. Here, the 2.5 Å resolution structure of an sHsp from the 

parasitic flatworm Taenia saginata Tsp36, the first metazoan crystal structure,  

shows a new mode of dimerization involving N-terminal regions, which differs 

from that seen for non-metazoan sHsps.   Sequence differences in the α-crystallin 

domains between metazoans and non-metazoans are critical to the different 

mechanism of dimerization suggesting that some structural features seen for 

Tsp36 may be generalized to other metazoan sHsps. The structure also indicates 

* Manuscript
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scope for flexible assembly of subunits, supporting the proposed process of 

oligomer breakdown, substrate binding and reassembly as the chaperone 

mechanism. It further shows how sHsps can bind coil and secondary structural 

elements by wrapping them around the αααα-crystallin domain. The structure also 

illustrates possible roles for  conserved residues associated with disease, and 

suggests a mechanism for the sHsp-related pathogenicity of some flatworm 

infections. Tsp36, like other flatworm sHsps, possesses two divergent sHsp 

repeats per monomer. Together with the two previously solved structures, a total 

of 4 α-crystallin domain structures are now available giving a better definition of 

domain boundaries for sHsps. 

Keywords α-crystallin; Echinococcus multilocularis; molecular chaperone; 
Schistosoma mansoni; Small heat shock protein; Taenia saginata  
 
Abbreviations used: ACD, α-crystallin domain; DTT, dithiothreitol; sHsp, small heat 
shock protein; MAD, multi-wavelength anomalous dispersion; RMSD, Root mean 
square deviation. 
 

Introduction 

Small heat shock proteins (sHsps) are ubiquitous, ATP-independent stress 

response chaperones. They have the smallest monomeric masses of the heat-shock (or 

chaperone) protein classes, ranging from 12 - 42 kDa, yet they usually associate into 

large polydisperse oligomers.1 Their best-characterized role in vitro is to prevent the 

irreversible aggregation of non-native proteins and to deliver them to the ATP-

dependent quality control  chaperone systems.2 In vivo, their role is believed to be a 

protective function, maintaining other proteins that are liable to unfold or 

disassemble.2 sHsps are found in almost all organisms, with metazoans possessing 

~10-16 sHsp genes.3,4 For human disease, significant members include αA-crystallin, 

found in the lens, and αB-crystallin and several other sHsps that are distributed in a 
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variety of tissues, notably muscle and the nervous system.2 sHsps interact with both 

myofibrils 5 and cytoskeletal elements.6,7 Mutations in conserved residues cause 

cataract, myopathy 2 and neuropathy.8,9 sHsps are associated with processes involving 

longevity 10 and cell survival. Consistent with this, sHsps accumulate in human 

degenerative diseases, particularly in long-lived cells2, where abnormal protein 

aggregation is involved. This accumulation in aggregation-associated diseases 

includes central nervous system degenerative disorders such as Alexander's disease 11, 

Alzheimer's disease 12, and Parkinson's disease, where sHsps may protect against 

damaging effects mediated by alpha-synuclein. 13,14 sHsps have also been implicated 

in apoptosis, tumour growth and development.15  

In vitro, the ability of sHsps to carry out their role in binding denatured protein 

is activated by elevated temperature. In addition, there may be higher level control 

mechanisms that regulate sHsp function. At least for mammalian systems, sHsps are 

targets for phosphorylation via stress sensitive signalling pathways involving MAP 

kinase p38 at N-terminal serine residues, which modulates their chaperone 

functions.16 

sHsps normally exist as oligomers which are usually polydisperse and change 

size and organisation on exposure to stress and when interacting with substrate. 

17,18,19,20,21 Three possible modes of chaperone action have been suggested: i) The 

large oligomeric form remains intact as it binds substrate on its surface.22 i) The large 

oligomer breaks down into smaller subunits (that may be monomers, dimers or larger 

assemblies),  which exposes hydrophobic surfaces enabling binding of unfolded 

substrate, and subsequently reassembles into large soluble complexes 2,23 that are then 

handled by ATP-dependent refolding machinery. iii) sHsp molecules are intercalated 
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into large insoluble protein aggregates which enables the subsequent disaggregation 

and refolding by the ATP-dependent refolding machinery. 24,25,26,27 

sHsp monomers have a conserved α-crystallin domain (ACD) of ~ 90 

residues, with a variable N-terminus and a short C-terminal extension (Figure 1a).1 

Here the ACD domain is defined on the basis of its conserved tertiary fold β-strands 

2-9, whilst β-strand 10 is considered part of the C-terminal extension (Figure 1b). 

Both N- and C-termini are thought to have a role in oligomerization.2,28,29,30,31,32 

Two non-metazoan sHsp X-ray structures have been solved to date, Hsp16.5 

from the archaeal hyperthermophile Methanococcus jannaschii (MJHsp16.5) 33 and 

Hsp16.9 from the wheat plant Triticum aestivum (WHsp16.9).34 The ACD in both 

structures was shown to fold into a β-sandwich structure with hydrophobic grooves 

down each edge, termed the N-terminal and C-terminal edges (Figure 2a). Both 

structures formed a similarly-arranged dimer through a strand-exchange mechanism 

involving a loop protruding from the β-sandwich (Figure 2b). In both cases, the dimer 

is assembled into larger oligomeric forms, MJHsp16.5 forming a spherical 24-mer, 

whilst WHsp16.9 forms two six-membered rings stacked face to face to form a 

dodecamer. This higher-order assembly of the dimers was achieved through an 

articulated C-terminal extension from the ACD bearing a short I/V-X-I/V conserved 

motif (Figure 1b), which serves to patch the groove on the C-terminal edge of the 

sandwich. This groove has also been shown to be a site of substrate binding 18. 

Higher-order assembly was also mediated by patching the groove on the N-terminal 

edge of the sandwich through the dimer strand-exchange mechanism. The variable N-

terminus proximal to  the ACD was not resolved in the MJHsp16.5 structure, but for 

WHsp16.9, six of the twelve N-termini were ordered. These served to stabilise the 
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oligomer by forming a loose knot between monomers from different rings in the two-

ring stack that makes up the dodecamer. 

The position of one proposed site of substrate binding in the C-terminal 

groove of the ACD β-sandwich suggests that the oligomeric structure may dissociate 

into subunits, exposing this binding site, and that there is flexibility in the mode of 

reassembly with bound substrate, supporting the hypothesis that the mode of action 

involves dissociation into subunits and reassembly. The observation that a dimer is a 

sub-assembly species complements the evidence that the unit of subunit exchange 

between closely related oligomers for at least some sHsps is a dimer. 23,35  

No metazoan sHsp to date has proved amenable to crystallization, because of 

their marked polydispersity. However, we now have available for study a 

monodisperse metazoan sHsp, Tsp36.36 Tsp36 is a 314-residue sHsp from Taenia 

saginata, the beef tapeworm, and is thought to be located on the surface of the larval 

stage (oncosphere).37 Homologous sHsps are found in other parasitic flatworms, 

including Schistosoma mansoni 38 and Echinococcus multilocularis.39 The lifecycle of 

these parasitic flatworms involves a definitive host in which the adult reproduces and 

liberates eggs, and an intermediate host where the ingested eggs hatch and develop 

into the invasive larval form, where the surface-expressed sHsp may have a role in 

survival 39 or pathogenesis.40  

For Tsp36, and other homologous parasitic flatworm sHsps, each polypeptide 

chain possesses two α-crystallin domains, ACD1 and ACD2. Unlike most other 

sHsps, Tsp36 exists as two distinct oligomeric species - a dimer in reducing 

conditions and a tetramer in oxidising conditions.36 This is in marked contrast to the 

large assemblies seen for most sHsps. Furthermore, the size of the oligomer is smaller 

than that seen for other sHsps. Although its physiological role is unclear, Tsp36 
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demonstrates the in vitro chaperone properties of other sHsps as assessed using two 

different substrates (citrate synthase and insulin).36 For reduction-induced aggregation 

of insulin, the dimeric form of Tsp36  was able to fully prevent aggregation of a 15 

times molar excess of insulin, comparable to the chaperone-like activity of αB-

crystallin. With temperature-induced aggregation of citrate synthase, the tetrameric 

form showed better chaperone-like activity than the dimeric form. Here we describe 

the X-ray structure of dimeric Tsp36, the first solved structure of a metazoan sHsp. 

 

Results and Discussion 

Sequence Conservation and Domain Boundaries 

An important aspect of structure/function studies of sHsps is the definition of 

domain boundaries. Two repeat regions for the Tsp36 sequence can be discerned 

using RADAR 41 (Figure 1a and 1c). In addition to two α-crystallin domains, ACD1 

and ACD2, two repeat segments on the N-terminal side of each ACD can be 

identified (Repeat 1 N-terminus - R1N, Repeat 2 N-terminus - R2N), with a linker 

region between ACD1 and R2N. There is a long (80 residue) N-terminal segment 

prior to R1N, but no identifiable C-terminus following either ACD, unless the linker 

is judged to represent the C-terminal region of ACD1.  

A structural alignment (see Methods) of the two ACDs of Tsp36 with the α-

crystallin domains of other parasitic flatworm sHsps and a selection of metazoan and 

non-metazoan sHsps, with the secondary structure of Tsp36 ACD1 indicated, is 

shown in Figure 1b. The alignment indicates sites of conservation across all sHsps, 

and also some distinctions between metazoan and non-metazoan sHsps, including a 

conserved proline-glycine motif seen in the region between β-strands 3 and 4, and a 

longer segment between β-strands 5 and 7, both specific for non-metazoans. 
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3D Structural Analysis  

 The structure of Tsp36 was determined using multiple-wavelength anomalous 

dispersion (MAD) method at 2.5 Å (Table 1). Crystallization conditions required the 

addition of dithiothreitol (DTT), resulting in a dimeric form of the protein.36 Two 

molecules (A and B) were found in the asymmetric unit of a P212121 cell. The electron 

density map was readily traceable except for gaps at residues 267 - 278 for chain A 

and residues 144 - 152 and 266 - 279 for chain B. The two molecules are related by a 

non-crystallographic 2-fold axis, and are thus taken to represent the solution dimer. 

We will describe the structure hierarchically and with reference to the non-metazoan 

structures. 

 
The α-crystallin domains 

The X-ray structure shows that the two ACDs are β-sandwich structures with a 

7-strand arrangement (Figure 3) similar to the previously solved sHsps (see Table 2 

for RMSDs). The structure (Figure 4) shows the large protruding loop between β-

strands 5 and 7, termed the B5-B7 loop (Figures 2b and 3), which in the previously-

solved non-metazoan sHsp crystal structures is involved in dimer formation through 

strand exchange. The spatial relationship between the connected ACDs does not 

resemble that seen for the ACDs comprising the dimers of the previously solved 

structures (Figure 5a and 5b), the two domains within the monomer being orientated 

such that the B5-B7 loops point away from each other (Figure 4).  

 
The N-terminal regions 

In sHsps, it is the N-terminal region that is highly variable and for which 3D 

structural information is sought, especially in relation to oligomer assembly. In Tsp36 
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there is a global N-terminal region in front of the connected ACDs as well as short 

segments (R1N and R2N) local to each ACD (Figure 1a), and all are visible in the X-

ray structure. The R1N and R2N segments that are N-terminal to ACD1 and ACD2 

respectively are largely coil but are orientated differently, R1N pointing away from 

the adjoining ACD1 to lie on one side of ACD2, whilst R2N also associates with 

ACD2, lying on its other side (Figure 4). The 80-residue global N-terminus consists 

of a series of helices with sharp turns between them marked by prolines (Figure 4 and 

Figure 1c).  

 

The Tsp36 dimer 

The assembly of dimeric Tsp36 does not resemble that seen in the two 

previously solved structures. This metazoan sHsp does not assemble via strand 

exchange between ACDs (Figure 5a and 5b), as already suggested by the shorter 

length of the B5-B7 loop in metazoans. The dimeric assembly is instead mediated 

mostly by the well-resolved helical packing of the N-termini which cross over the 

dimeric interface (Figure 4). In addition, the initial coiled region of the N-terminus 

associates with the edges of ACD1. The dimer buries 3200 Å2 surface area of each 

monomer. 

The Tsp36 dimeric structure provides some clues as to the impact on assembly 

of the sequence divergence of the metazoan sequences from non-metazoan. The 

dimerization of WHsp16.9 and  MJHsp16.5 involved both strand exchange and a ring 

stacking interaction of prolines close to the dyad axis (Figure 5c). Comparison of the 

WHsp16.9 dimer (Figure 5c) shows this proline is absent in ACD1, and the 

substantially smaller B5-B7 loop is displaced from the strand-exchange position with 

the aid of a phenylalanine residue. The proline and phenylalanine are conserved in 
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non-metazoan and metazoans sHsps respectively (Figure 1b). The differences seen for 

the Tsp36 sequence are conserved across metazoan sHsps and suggest that metazoan 

sHsps do not assemble into dimers via B5-B7 loop strand exchange and instead have 

some alternative mode of assembly. For ACD2, whilst missing density prevents the 

assignment of the B5-B7 loop, the two domains from each partner molecule are 

arranged in a fashion that precludes the previously seen dimeric conformation (Figure 

5b). Together, these findings in Tsp36 suggest a different mode of assembly for 

metazoan sHsps from that seen previously. Structural and sequence comparisons of 

the ACDs for Tsp36, WHsp16.9 and MJHsp16.5 are indicated in Table 2. 

 

Implications for Function 

The β-sandwich structures of both ACDs create 2 edges, termed here the N-

terminal edge (comprised of β-strands 2, 3 and 7) and C-terminal edge (comprised of 

β-strands 4 and 8) (see also Figure 2a), that are closed off by short stretches of 

polypeptide in a fashion that is referred to here as patching.  

The N-terminal edge of ACD1 is patched intramolecularly by hydrophobic 

residues from the N-terminus which insert into the hydrophobic groove (Figures 4 and 

6). In addition, a conserved arginine abutting this groove (here Arg158) forms a polar 

interaction with an N-terminal serine residue (Figure 6). Mutations of this conserved 

arginine in human sHsps are associated with cataract, myopathy2, and 

neuropathy8,9,whilst phosphorylation of N-terminal serines alters sHsp function.16 The 

relationship seen here between an edge-located conserved arginine which is disease-

related and a serine which is potentially a functionally important phosphorylation site 

is striking. An edge location may represent either a substrate binding site or a site for 

higher-order assembly. The disease association indicates the site is functionally 



 10 

important, whilst its patching by the N-terminal serine suggests a mechanism by 

which phosphorylation could exert its effect.  Thus for human sHsps the interaction 

and conformation of the β-sandwich edge and the N-terminus may affect either higher 

order assembly or substrate binding, and that mutation in this region may lead to 

chaperone failure. 

The N-terminal edge of ACD2 is patched less extensively, a short antiparallel 

β-strand from the R1N segment serving to close the edge. 

For the C-terminal edge of ACD1, the first 5 residues of the N-terminus of the 

partner monomer patches the hydrophobic groove in a fashion that closely resembles 

the interaction of the C-terminal extension with non-dimer partner related monomers 

seen in the previously-solved non-metazoan structures (Figures 4 and 7). Tsp36 

monomers, as predicted by alignment (Figure 1b), possess no C terminal extension. 

Thus the N-terminus fulfils the role of the ordered C-terminal extension seen in the 

previously solved structures in creating higher-order assembly. This 

interchangeability of role in higher-order assembly between the N- and C-termini may 

hint at a general device in sHps for flexibility in the mode of reassembly of complex 

once substrate is bound. As described above, one model of the sHsp chaperone 

mechanism requires oligomer breakdown, substrate binding at oligomer interfaces and 

reassembly into complexes. If so, it is likely that the oligomer interfaces that present 

themselves for higher-order assembly may vary depending on the presence or absence 

of substrate, and that both N- and C-termini will be required to interact with these 

interfaces.  

The C-terminal edge of ACD2 is also patched by hydrophobic residues, but 

these come from the linker region and R2N segments of the same monomer rather 

than from the dimer partner. 
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A striking feature of the Tsp36 assembly is that ACD2 is "wrapped" by 

bordering segments R1N and R2N, which form irregular coils. These are in turn 

enclosed by helices from the long N-terminus, which also encircle ACD1 (Figure 8). 

This double wrapping around the ACDs by both polypeptide regular secondary 

structural elements and non-regular coil structure, indicates how sHsps may serve as 

high-capacity chaperones for unfolding protein. The presence of hydrophobic patches, 

particularly at the N- and C-terminal edges of the β-sandwich structure, provide the 

anchoring points by which these extended lengths of unfolding protein may be 

stabilized (Figure 8). The structure supports the model for sHsp function in which the 

large oligomer breaks down into smaller subunits, exposing hydrophobic surfaces in 

the α-crystallin domain which enables binding of unfolded substrate, followed by 

reassembly into large soluble complexes aided by sequence extensions.  

The Tsp36 dimer forms a tetramer under oxidising conditions.36 Each dimer 

contains two cysteines located in the B5-B7 loop of ACD1 (Figure 4), the only 

cysteines present, and which are therefore the sites for tetramer formation by 

disulphide bonding. The significance of this redox-dependent structural change is not 

clear, although in vitro the tetrameric form is a better chaperone than the dimer. 36 

A model of the tetramer is shown in Figure 9, using the structure of the B5-B7 

loop seen in ACD1 for one monomer to model other missing B5-B7 loops. The 

demonstrated site of interaction between the dimers at the protruding cysteines of the 

B5-B7 loops creates a covalently linked assembly with a large hole in the centre. 

 

Implications for Pathogenicity 

The physiological role of Tsp36 in T. saginata larvae is unknown, but could 

involve self-protection and pathogenesis. It may resemble the single-domain 
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Mycobacterium tuberculosis sHsp 16.3, which is present in abundance on the external 

surface of the cell wall and is thought to have a role in infection and also to act as a 

chaperone in long-term survival. 42 Further light on Tsp36 function may be shed by 

the sHsps of several parasitic flatworms related to T. saginata. Some of these sHsps 

are major antigens, including a double-domain sHsp from Schistosoma mansoni 38, 

secreted by the flatworm's eggs, which lodge in tissues and cause the destructive 

chronic granulomatous inflammation that leads to the huge morbidity and mortality of 

schistosomiasis. The immunodominant T-cell epitope of the sHsp 40 corresponds by 

sequence alignment to the exposed R2N segment of random coil in the Tsp36 

structure (Figure 4).  

The oncosphere of Echinococcus multilocularis, a tapeworm with a highly 

invasive larval stage, is an increasingly significant cause of human disease.43 It also 

expresses on its surface 39 a double-domain sHsp highly homologous (87% identity) 

to Tsp36. Uniquely it possesses a putative integrin-binding RGD domain (Figure 1b) 

on the protruding B5-B7 loop at the site of the cysteine residue seen in Tsp36 (Figure 

4). This raises the question as to whether the unusually invasive character of E. 

multilocularis is related to its surface-located sHsp and its RGD domain. The location 

of the RGD domain on a protruding loop may suggest a possible mechanism of 

attachment by integrin binding and an area for therapeutic exploration using synthetic 

RGD peptides, which could act as competitive inhibitors. 

Comparison of the metazoan Tsp36 sHsp quaternary structure with single-

domain sHsps thus shows how embellishments of the α-crystallin domain fold can 

control variable assembly that supports protective binding functions as well as 

creating a potentially pathogenic device harmful to mankind.  
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Materials and Methods 

Protein Expression  

The cDNA containing the coding sequence of T. saginata Tsp36 37 was cloned 

in the pET3a expression vector (Novagen) as described before.36 Selenomethionine-

substituted Tsp36 was expressed in B834(DE3)pLysS cells (Novagen). The 

transformed cells were grown in Luria broth (LB) medium to an OD600 of 0.7, then 

harvested and resuspended in the same volume of M9 medium.44 Cells were further 

cultured for 1 hour at 37oC before protein expression was induced by adding 0.4 mM 

IPTG with the addition of 50 mg/L seleno-methionine (Sigma-Aldrich). The cells 

were collected and lyzed in TEN50 buffer pH 7.4 (20 mM Tris-HCl, 1 mM EDTA and 

50 mM NaCl) by freeze-thawing and subsequently incubated for 30 minutes at 4oC 

with 0.5 mg/ml lysozyme and another 30 minutes at 4oC with 0.05 mg/ml DNaseI in 

the presence of 12 mM MgCl2. The lysate was dialyzed against TEN50 buffer and the 

Tsp36 protein was purified by a fast flow DEAE sepharose column (Amersham 

Pharmacia Biotech) using a gradient from 50 to 300 mM NaCl. 

 

Crystallization and data collection 

Purified protein was concentrated to 3.5 mg/ml in 10mM Tris-HCl (pH 7.5), 

1mM EDTA, 150 mM NaCl, 1mM DTT. Prior to crystallization, protein was 

incubated at 37 ˚C for 15 minutes with 5mM DTT. Crystallization was performed at 

room temperature using the hanging drop method by mixing the protein with an equal 

volume of reservoir solution consisting of 1.7 M ammonium sulphate, 10mM DTT, 

100 mM ADA (pH 6.5), 90 mM sodium potassium tartrate. Rod-like crystals (0.4 mm 

x 0.07 mm x 0.07 mm) were flash-frozen in liquid nitrogen using a cryoprotectant 

solution of glycerol 30% v/v, 2M ammonium sulphate, 100mM ADA (pH 6.5), 100 
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mM sodium potassium tartrate. A MAD dataset were collected at the ESRF on 

beamline 14.4, and processed using MOSFLM 45, SCALA 46, and TRUNCATE.47 

Crystals diffracted to 2.5 Å, showing a cell size of a = 51.6 Å, b =  102.1 Å, c = 139.5 

Å, a space group of P212121 (Table1), and two molecules in the asymmetric unit (VM= 

2.6 Å3 Da-1 for a solvent content of 52%). 

 

Structure determination and refinement 

 The MAD dataset was processed in SHELXD 48 to determine the sites of the 

14 selenium atoms present in the asymmetric unit, and these were refined and phases 

then calculated in AUTOSHARP 49 (Table 1). The resulting electron density map was 

improved through multiple cycles of solvent-flipping and density modification.  

 Model building was carried out using XFIT 50 and refinement was performed 

using CNS.51 After each cycle of refinement, the model was manually adjusted 

against 2Fo-Fc and Fo-Fc maps.  Residues 267-278 of chain A, and residues 144-152 

and 266-279 of chain B could not be assigned. Refinement statistics (Table 1) were 

determined with CNS and PROCHECK.52 

 

Structural Alignments 

 Structural alignment of Tsp36 ACD1, Tsp36 ACD2, WHsp16.9 and 

MJHsp16.5 was performed using CORA.53 This alignment was used to generate a 

Hidden Markov model using HMMER.54 This HMM profile was then used to align 

other sequences to it. 
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Table captions 
 
Table 1. Crystallographic statistics 
 
Table 2. Structural and sequence identity comparisons of the α-crystallin domains of 
Tsp36, WHsp16.9 and MJHsp16.5. Upper right values are RMSDs (Å), and lower left 
values are sequence identities (%). Divergent loop regions (between strands 2 and 3, 
and strands 5 and 7) are excluded. 
 
Figure legends 
 
Figure 1. Domain boundaries and alignments. (a) Domain boundaries for WHsp16.9, 
MJHsp16.5, and repeat units and regions of Tsp36. R1N - Repeat1 N-terminus, ACD1 
- Repeat1 α-crystallin domain, L - Linker, R2N - Repeat2 N-terminus, ACD2 - 
Repeat2 α-crystallin domain. (b) Structural alignment of the ACD and C-terminal 
extension of metazoan (red) and non-metazoan (green) sHsps. Both sHsp domains of 
Tsp36, Echinococcus multilocularis and Schistosoma mansoni are aligned with the 
following single domain sHsps: human αA crystallin, human αB crystallin, human 
Hsp27, Ciona intestinalis (Q95P25), Caenorhabditis elegans (HSP11_CAEEL), 
Drosophila melanogaster (HSP23_DROME), Arabidopsis thaliana 
(HSP12_ARATH), Pisum sativum (HSP11_PEA), WHsp16.9, Saccharomyces 
cerevisiae (HSP26_YEAST), Mycobacterium tuberculosis (14KD_MYCTU), 
Synechocystis (P72977) and MJHsp16.5. Conserved and conservatively substituted 
residues are indicated in grey, except for the conserved disease-related arginine (blue) 
and C-terminal motif (purple). Residues that differ for non-metazoans (cyan) and 
metazoans (yellow) are indicated. The RGD domain of E. multilocularis is shown in 
magenta. The secondary structure of Tsp36 ACD1 is indicated as black arrows, whilst 
the C-terminal extension in WHsp16.9 and MJHsp16.5 contains an extra β-strand 10 
comprised of the conserved C-terminal residues. (c) The full sequence of Tsp36, with 
domain boundaries coloured as indicated in (a). The secondary structure for the N-
terminus is indicated by cylinders, and residues involved in patching the edges of the 
ACDs are indicated in red.  
 
Figure 2. (a) An ACD from WHsp16.9, showing arrangement of the β-strands 2-9 and 
the N- and C-terminal edges of the β-sandwich. β-strands are numbered according to 
scheme derived from MJHsp16.5 (Kim et al., 1998). (b) The dimer of WHsp16.9 
(yellow and green), indicating the strand exchange between domains of β-strand 6 
(blue) from the loop between β-strands 5 and 7 which hydrogen bonds with β-strand 2 
of the dimer partner. 
 
Figure 3. The ACD topology of the α-crystallin domains of Tsp36 (a), WHsp16.9 (b) 
and MJHsp16.5 (c). For Tsp36, no β-strand 6 is present in the B5-B7 loop. β-strands 
L1-L2 from the linker region L are also indicated. The colour scheme is as for Figure 
1a. Both WHsp16.9 and MJHsp16.5 show an additional β-strand 10 containing the 
conserved I/V-X-I/V motif in the C-terminus, whilst MJHsp16.5 shows an additional 
β-strand 1, part of the variable N-terminus, that packs alongside the ACD at the N-
terminal edge. 
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Figure 4. The structure of dimeric Tsp36. Molecule A (coloured as for Figure 1a) 
forms a dimer with molecule B (yellow). In molecule A the single cysteine in the B5-
B7 loop is indicated in CPK colours ball and stick format, the conserved disease-
related arginine (blue) in stick format (Arg158). The black oval indicates interface 
between ACD2 domains with missing density, the blue oval indicates missing density 
in molecule B. 
 
Figure 5. Differences in organization of ACDs of WHsp16.9 (a) and Tsp36 (b). The 
orientation of one monomer of WHsp16.9 (green) is shown the same as for ACD1 of 
Tsp36 (magenta). The relationship of the second monomer of WHsp16.9 (yellow) is 
different from that of Tsp36 ACD2 (cyan). (c) Differences between WHsp16.9 and 
Tsp36 B5-B7 loop. Superposition of Tsp36 ACD1 (magenta) on a dimer of 
WHsp16.9 (yellow and green). The divergence of the B5-B7 loops of Tsp36 and 
WHsp16.9 is highlighted. The conserved Pro62 from each dimer partner of WHsp16.9 
is indicated in spacefill format.  
 
Figure 6. The hydrophobic N-terminal edge of ACD1 (β-strand 2 coloured red, β-
strand 3 coloured blue, β-strand 7 coloured yellow) patched by Phe99, and 
hydrophobic residues in the N-terminal region 57-63. The interaction between Ser59 
(green, main chain and side chain oxygens in red) and Arg158 (stick format, nitrogens 
of guanidinium group in blue) is indicated. 
 
Figure 7. Patching of C-terminal β-sandwich edge. (a) In WHsp16.9, the C-terminal 
extension of a partner molecule (cyan) patches the edge comprised of β-strands 4 and 
8. Two conserved isoleucine residues (ball and stick format) insert into the 
hydrophobic groove. (b) In Tsp36, the N-terminus of the partner molecule (cyan) 
patches the equivalent site in ACD1. A proline and isoleucine (ball and stick format) 
insert into the hydrophobic groove. 
 
Figure 8. Wrapping of ACDs (purple, cartoon format) of molecule A by R1N, linker 
and R2N neighbouring regions (coloured as in Figure 1a with surface representation) 
which are in turn enclosed by the N-terminus (cyan, cartoon format). The inset shows 
the ACDs alone, with a surface coloured red for hydrophobic residues to indicate the 
hydrophobic patches that can act as anchoring points for substrate. 
 
Figure 9. A model of the tetramer of Tsp36 shown in spacefill. The missing B5-B7 
loops were modeled based on the loop seen for ACD1 in molecule A. The 
dimer-dimer interaction was created by modeling a pair of disulphide bonds 
and assuming a 2-fold axis between dimers. 



Table 1.  
 

 Data Collection (ESRF 14.4) 

 Peak Inflection Remote 

Wavelength (Å) 0.97927 0.97942 0.9686 

 Overall 
 

Outer 
 shell 

Overall 
 

Outer 
 shell 

Overall 
 

Outer 
 shell 

Resolution(Å) 2.5 2.64 
- 2.5 

2.5 2.64 
- 2.5 

2.5 2.64 
- 2.5 
 

Rmerge 0.061 0.18 0.06 0.159 0.059 0.22 

I/ó (I) 16.9 4.5 18.3 5.2 16 3.4 

Completeness (%) 96.9 81.4 96.6 79.5 97.2 82.1 

Multiplicity 5.0 3.6 5.2 3.8 5.4 4.0 

  

 Phasing Power 

Acentric (Iso/Ano) 0 / 1.509 0.533 / 1.121 0.748 / 1.087 

Centric (Iso) 0  0.446  0.66  

  

 Refinement   

R/Rfree 20.7 / 26.4   

RMS deviations bond lengths (Å) 0.008   

RMS deviations bond angles (°) 1.3   
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Table 2. 
 

 Tsp36ACD1 Tsp36ACD2 WHsp16.9 MJHsp16.5 

Tsp36 ACD1  1.9 1.9 2.2 

Tsp36 ACD2 24  1.5 1.6 

WHsp 16.9 19 21  1.5 

MJHsp 16.5 29 18 34  
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