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Small heat-shock proteins (sHsps) prevent aggregation of
thermosensitive client proteins in a first line of defense against
cellular stress. The mechanisms by which they perform this
function have been hard to define due to limited structural
information; currently, there is only one high-resolution struc-
ture of a plant sHsp published, that of the cytosolic Hsp16.9. We
took interest in Hsp21, a chloroplast-localized sHsp crucial for
plant stress resistance, which has even longer N-terminal arms
than Hsp16.9, with a functionally important and conserved
methionine-rich motif. To provide a framework for investigat-
ing structure-function relationships of Hsp21 and understand-
ing these sequence variations, we developed a structural model
of Hsp21 based on homology modeling, cryo-EM, cross-link-
ing mass spectrometry, NMR, and small-angle X-ray scattering.
Our data suggest a dodecameric arrangement of two trimer-
of-dimer discs stabilized by the C-terminal tails, possibly
through tail-to-tail interactions between the discs, mediated
through extended IXVXI motifs. Our model further suggests
that six N-terminal arms are located on the outside of the
dodecamer, accessible for interaction with client proteins, and
distinct from previous undefined or inwardly facing arms. To
test the importance of the IXVXI motif, we created the point
mutant V181A, which, as expected, disrupts the Hsp21

dodecamer and decreases chaperone activity. Finally, our data
emphasize that sHsp chaperone efficiency depends on oligomer-
ization and that client interactions can occur both with and
without oligomer dissociation. These results provide a gener-
alizable workflow to explore sHsps, expand our understanding
of sHsp structural motifs, and provide a testable Hsp21 struc-
ture model to inform future investigations.

The small heat-shock protein (sHsp)4 chaperones play
important roles in the cell by preventing aggregation of desta-
bilized proteins (1–3). Indeed, a number of human diseases
have been associated with malfunctioning sHsps (4). Some
sHsps are constitutively expressed, and some are also stress-
induced; in heat-stressed cells, the sHsps can be among the
most highly up-regulated proteins (5). In plants, the sHsps con-
fer an especially pronounced and important part of the stress
response, with several sHsp paralogues being present in differ-
ent cell compartments, heat-induced or developmentally regu-
lated (6–8). The sHsps rapidly sequester destabilized client
proteins, also referred to as substrate proteins (as referred to
here hereafter), thereby overcoming the kinetic competition
with aggregation (9). The sHsps typically act on early unfolding
intermediates (10) and can capture unfolded conformations
present for only a small fraction of the time. A common feature
of sHsps, considered crucial for their chaperone activity, is their
assembly into oligomeric structures, which are undergoing
rapid subunit exchange (11–13). Yet it is not fully understood
how these molecular features govern function or how the struc-
tural properties mediate the dynamic nature of the oligomer
(3).
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There are three structurally and functionally distinct regions
in an sHsp subunit: (i) the conserved �-crystallin domain
(ACD) that defines the family of sHsps and is shared by all
members; (ii) the C-terminal region (CTR), with a conserved
(I/V)X(I/V) motif (14); and (iii) the N-terminal region (NTR),
which differs considerably in length and composition between
the different sHsps. A picture is emerging in which the signa-
ture ACD acts as a scaffold in all sHsps, whereas the NTR and
CTR have evolved to be structurally and functionally different,
within and between species (2).

The ACD forms a �-sandwich fold, composed of two antipa-
rallel sheets of three and four �-strands. The sHsps assemble
into oligomers from an underlying dimeric structure. It has
been reported for different sHsps that both the NTR and CTR
affect oligomerization (15–21). In plants and other non-meta-
zoan sHsps, the dimers are formed by domain swapping in
which there is a strand exchange, involving �6 and also the loop
between �5 and �7, between the two subunits in a dimer.

The CTR contributes to stabilization of the oligomers. In the
human sHsp �B-crystallin, which, like several other mamma-
lian sHsps, exists as a highly polydisperse mixture with a range
of oligomeric forms containing between �10 and 40 subunits,
each subunit donates and receives a CTR tail from neighboring
subunits. It was early recognized by NMR that the long CTR
tails (23 amino acids in length) are flexible and able to interact
with substrates (22, 23) and more lately that their dynamics,
followed as the peaks corresponding to Ile159/Ile161 in the
(I/V)X(I/V) motif, contribute to the oligomer polydispersity
(24). A plant sHsp, Hsp16.9 from Triticum aestivum, was found
to be monodisperse, and the structure has been resolved to
atomic resolution (PDB code 1GME) (25). This shows a
dodecamer, consisting of two hexameric discs, with CTR tails
shorter than in �B-crystallin (13 amino acids in length), with
the (I/V)X(I/V) motif in one subunit binding to the hydropho-
bic groove formed by the �4 and �8 strands of the ACD
in another subunit. Such tail-to-groove interactions occur be-
tween neighboring dimers within the same disc and between
the discs. This is the only high-resolution structure of a plant
sHsp published so far (25).

The NTR is even more variable between different sHsps and
less understood. Seven of eight available crystal structures (25–
31) lack complete information on how they are organized, but
they are assumed to be intrinsically disordered, at least in part.
The crystal structures represent only snapshots of a single sta-
ble conformer of what is presumably a highly dynamic set of
conformers, and highly flexible regions are not observed. Some
reports suggest that the NTR is facing the oligomer interior
(25–31).

The chloroplast-localized sHsp, referred to as Hsp21, evolved
when the land plants developed in response to the selection
pressure in a non-water environment (8, 32). In Hsp21, the
NTR contains a unique set of methionines in an amphipathic
�-helix motif (33). We have reported previously that Hsp21
plays a crucial role in resistance to heat and oxidative stress in
Arabidopsis thaliana, during which the Hsp21 oligomer under-
goes a conformational change coupled to methionine oxidation
(34), and that methionine oxidation is reversible through the
action of a chloroplast-localized peptide methionine sulfoxide

reductase (35). By nanoelectrospray mass spectrometry, we
found that the Hsp21 oligomer is dodecameric (36) and, using
negative-stain single-particle reconstruction EM at 15 Å reso-
lution, that the two hexameric discs appeared to be rotated (37),
compared with the Hsp16.9 structure (PDB code 1GME) (25).
These two plant sHsp homologues show similarities as well as
differences, such as the long NTR with the methionine-rich
motif in Hsp21 and heat stability of the dodecamer. Hsp16.9 is
a cytosolic class I sHsp. Both the chloroplast sHsp and the class
I cytosolic sHps have evolved from class II cytosolic sHsps (8).
In Arabidopsis thaliana, the most closely related paralogues to
Hsp21 are the mitochondrial, thereafter the cytosolic class II,
thereafter the cytosolic class I sHsps, to which the peroxi-
somal and endoplasmic reticulum-residing paralogues are
most closely related. Hsp21 and Hsp16.9, which was used as a
template for modeling, exist in two different cellular compart-
ments; Hsp21 is found in the chloroplasts, where reactions
involved in photosynthesis (e.g. carbon dioxide fixation and
starch synthesis) dominate, whereas Hsp16.9 is found in the
cytosol, where protein translation, glycolysis, and various trans-
port processes occur. It is therefore expected that they should
target and protect different proteins, such as key metabolic
enzymes and translation factors (38).

The dynamic interaction between sHsps and substrate pro-
teins is not completely understood and is presumably very dif-
ferent for different sHsps. Mass spectrometric approaches have
shown that Hsp16.9 from T. aestivum and its orthologue
Hsp18.1 from Pisum sativum undergo rapid subunit exchange,
with dimeric species being the principal units of exchange (12).
An extended study of the interactions between Hsp18.1 and
three model substrates revealed over 300 different stoichiome-
tries and extensive plasticity of the various sHsp-substrate
complexes (39). Apparently, sHsp interactions with substrate
proteins are very complex and call for complementary and non-
conventional structural biology approaches.

Here we describe a structural model of Hsp21 based on a
combination of homology modeling, cryo-EM, cross-linking
mass spectrometry, NMR spectroscopy, site-specific mutagen-
esis, and small-angle X-ray scattering (SAXS). The resulting
model suggests a division of labor in the chaperone activity of
Hsp21, such that the CTR stabilizes the dodecamer, possibly in
a tail-to-tail arrangement involving an extended (I/V)X(I/V)
motif, while the NTR can interact with substrates on the out-
side of the dodecamer. The model does not exclude the possi-
bility that dodecamers also can dissociate into subunits that
interact with substrates.

Results
Structural model of Hsp21

A structural model of Hsp21 was generated using the crystal
structure of the dodecameric Hsp16.9 (PDB code 1GME) (25)
as a template for homology modeling. This template was cho-
sen because Hsp16.9 has the highest sequence similarity to
Hsp21 among the known structures (37). Each of the 12 sub-
units in Hsp21 has an NTR that is 41 residues longer than in the
template (Fig. 1). Also, the first 42 residues in every second
chain were not visible in the crystal structure; therefore, one

Hsp21 structural model
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should expect to find electron density in the cryo-EM map not
unaccounted for when fitting the template-based structure
model.

Recombinantly expressed and purified Hsp21 protein was
used to acquire single-particle cryo-EM data. The cryo-EM
images showed well-separated particles around 10 nm in diam-
eter (Fig. 2A). The first starting model using cryo-images was
generated and refined without symmetry (C1). Because the
result of this refinement exhibited a relatively clear D3 symme-
try, we continued refinement of the reconstruction in D3 sym-
metry to a resolution of about 10 Å. Reference-free classifica-
tion of Hsp21 particles from the cryo-EM data shows mainly
classes with 2- and 3-fold symmetry (Fig. 2, B and C). Hence,

further processing was performed in D3 symmetry. The recon-
structed density map (Fig. 2D) of Hsp21, obtained from a data
set of 18,407 particles, showed that the oligomer is �10 nm
wide (3-fold axis view) and �9 nm high (2-fold axis view). The
refined model and the start model are provided as Supplemen-
tal Information 1 and 2, respectively. The reconstructed map
had a resolution of 10.0 Å using the “gold-standard” Fourier
shell correlation (Fig. 2E). This cryo-EM reconstruction was
not based on, but is compatible with, the 3D symmetry found in
our previous reconstruction of the Hsp21 dodecamer that was
based on negative stain-EM (37).

The Hsp21 dimers were subsequently fitted into the cryo-EM
map, using the double-disc arrangement with three dimers in

Figure1.Hsp21has longN-terminalarmsandshortC-terminal tailswithanextended IXVXImotif.A, the sHsps sharea foldedACD, aCTR, andanNTRwith
varying length and composition between sHsps. The NTR is longer in Hsp21 as compared with the structurally characterized homologues wheat Hsp16.9 and
human �B-crystallin. The (I/V)X(I/V) motif, located in the CTR and shared by all sHsps, is extended to IXVXI in Hsp21. B, one subunit of the Hsp16.9 from
T. aestivum (wheat); the dodecamer structure has been determined to atomic resolution (PDB code 1GME) (25) and was used as template to generate the
structural model of Hsp21. C, sequence alignment of three chloroplast-localized (Uniprot codes P1170, P09886, and Q00445) and three cytosolic Cl I (Uniprot
codes P13853, P19036, and P12810) plant sHsps. The (I/V)X(I/V) motif, which is conserved within all sHsps, and the extended IXVXI motif in Hsp21 are shaded in
dark gray, and the ACD is shaded in light gray. In the Hsp21 sequence, the N-terminal part not included in the structural model, because the NTR is longer in
Hsp21 than in Hsp16.9, is indicated in italic type; the six unique and conserved methionine residues are shown in red; the residues involved in cross-linking are
shown in blue; and the V181A point mutation is indicated with a black arrow. In the Hsp16.9 sequence, the most N-terminal amino acids in the PDB file in chain
A (Ser2) and chain B (Asn43) are indicated (boldface type and underlined), and the hydrophobic groove identified in Hsp16.9 (PDB code 1GME) (25) is underlined
in both sequences. The secondary structure elements (�-helix (cylinder) and �-strand (arrow)), are indicated above and below the aligned sequences, with data
for Hsp21 taken from secondary structure prediction (HH_pred, J-pred, NetSurfP, SCRATCH 3 class, Porter, and PsiPred) and for Hsp16.9 from the structure file
(PDB code 1GME). The sequence names are the names of the FASTA files in the UniProt database, where 25 in the Hsp21 sequence from A. thaliana refers to the
full mass (25 Da) of a protein subunit before the chloroplast presequence is cleaved off, resulting in a subunit mass of 21 kDa. It may be confusing that UniProt
is using “25” in the sequence name for the Arabidopsis sequence and “21” for the orthologues in pea and wheat. There is only one known chloroplast sHsp
homologue in known species so far.
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each disc of the crystal structure of Hsp16.9 (PDB code 1GME)
(25) as reference. To find the best fit between the model and the
density map, each trimer-of-dimer disc (henceforth referred to
only as “disc”) was docked individually onto the map. For opti-
mum fitting of the Hsp21 density map, a relative rotation of the
discs by about 30° was required, and the distance expanded
between the discs by �35 Å (Fig. 3). The Hsp21 density map
and the fitted Hsp21 structural model have been deposited in
the EM data bank (EMDB accession number 3459) and the
Protein Data Bank (PDB code 5MB8), respectively. The depos-
ited .pdb file for the Hsp21 model and the validation report are

provided as Supplemental Information 3 and 4, respectively.
The shape of the cryo-EM map is a nearly quadratic, as seen
from the side in the shape of a cage-like cylinder (height 90 Å),
with a non-dense center. The top view looks similar to (and
shows the same 30º rotation of discs as in) the previous nega-
tive-stain EM map (37). Yet the cylinder shape is a new feature
of the cryo-EM map not seen in the negative-stain EM map,
which was more compressed into a double-donut-like shape
(height 55 Å) into which we could directly fit the structure
1GME. Such compression of the structure is not unusual in
negative stain-EM, due to the drying effect. The shape obtained

Figure 2. Cryo-EM of Hsp21 to generate a density map at 10 Å resolution. A, cryo-electron microscopy image of Hsp21 oligomers. The sample was
plunge-frozen in liquid ethane and imaged in a JEOL JEM2100F electron microscope. Frame sets covering 2-s exposures were recorded on a DE-20 direct
electron detector. The images were drift-corrected by aligning the acquired frames. B, top, class averages from a 2D classification of boxed out regions
containing Hsp21 particles. There are several averages with approximate 3-fold and 2-fold symmetry (e.g. 3-fold: row 5 column 9, row 2 column 3; 2-fold: row 2
column 5). The classification was performed using Relion. The size of each box is �24 nm. Bottom, reprojections of the final 3D reconstruction with D3 symmetry
low-pass filtered to 30 Å resolution. Several projections are similar to class averages in the top panel; for example, the side views in row 5 can be recognized in
class averages with approximate mirror symmetry in the top panel (e.g. row 6 column 7). C, distribution of angles according to EMAN2. D, 3D map of the Hsp21
oligomer. Surface-rendered views at contour level 4.5� are illustrated in a cross-eye stereo representation using Chimera. The views are along the 3-fold axis (top),
2-fold axis from one side (middle), and 2-fold axis from the other side (bottom). Scale bar, 10 Å. E, Fourier shell correlation curve between reconstructions
produced by splitting the data set into two halves. Both halves were reconstructed separately. The resolution of the final 3D map was calculated to 10.0 Å from
the curve at FSC � 0.143.
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