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Small heat shock proteins (sHsps) are molecular chaperones that
prevent the aggregation of nonnative proteins. The sHsps inves-
tigated to date mostly form large, oligomeric complexes. The typical
bacterial scenario seemed to be a two-component sHsps system of
two homologous sHsps, such as the Escherichia coli sHsps IbpA and
IbpB. With a view to expand our knowledge on bacterial sHsps, we
analyzed the sHsp system of the bacterium Deinococcus radiodur-
ans, which is resistant against various stress conditions. D. radiodur-
ans encodes two sHsps, termed Hsp17.7 and Hsp20.2. Surprisingly,
Hsp17.7 forms only chaperone active dimers, although its crystal
structure reveals the typical a-crystallin fold. In contrast, Hsp20.2 is
predominantly a 36mer that dissociates into smaller oligomeric
assemblies that bind substrate proteins stably. Whereas Hsp20.2
cooperates with the ATP-dependent bacterial chaperones in their
refolding, Hsp17.7 keeps substrates in a refolding-competent state
by transient interactions. In summary, we show that these two sHsps
are strikingly different in their quaternary structures and chaperone
properties, defining a second type of bacterial two-component
sHsp system.
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In the cellular stress response, small heat shock proteins (sHsps)
represent a central component for balancing protein homeo-
stasis. They act as promiscuous, ATP-independent molecular
chaperones that prevent the aggregation of proteins upon
stress conditions (1-4). In contrast to ATP-dependent chaper-
ones, sHsps lack refolding activity and serve as storage for un-
folded proteins (2, 5). Studies in different organisms revealed the
cooperation of sHsps with members of the Hsp100 and Hsp70
chaperone families in the refolding of the bound substrate pro-
teins (3, 6-10).

These proteins are found in most species except a few, mostly
pathogenic bacteria (11, 12). All known sHsps consist of a
conserved a-crystallin domain of ~90 amino acids, flanked by
variable amino- and carboxyl-terminal extensions (12). The a-crys-
tallin domain, named after the respective eye lens protein (13),
constitutes the structural hallmark of sHsps that forms a compact
B-sheet sandwich fold (14-18). The dimer is the basic building
block of higher oligomers. Available crystal structures and elec-
tron microscopic studies revealed that sHsps usually assemble into
hollow, ball-, or barrel-like oligomers (14, 15, 17, 19-21). In the
case of Hspl6.5 from Methanocaldococcus jannaschi, the struc-
ture consisting of 24 subunits forms a ball-like shell (15), whereas
wheat Hsp16.9 assembles into two hexameric double disks re-
sulting in a barrel-shaped structure (17).

In Escherichia coli, the two members of the sHsp family, IbpA
and IbpB, have been found to be associated with inclusion bodies
(22) and aggregated proteins after heat stress (23). The Ibp
proteins share 48% sequence identity and form large multimeric
assemblies with sizes of up to 3 MDa (24), with IbpA even
adopting short fibrillar structures (25-27). IbpA and IbpB are
present under physiological conditions and are both overex-
pressed by a factor of ~300 upon heat stress (28). They physi-
cally interact with each other (24), and for substrate reactivation
they cooperate with the Hsp70/40 and the Hsp100 chaperone
system (10, 24) in a synergistic manner (29). Whereas IbpA
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reduces the size of substrate complexes but inhibits their further
processing by disaggregases, IbpB facilitates substrate transfer to
the Hsp70/40 and the Hsp100 chaperone machinery but does not
alter the morphology of model substrate aggregates (29).
Besides the E. coli system, no other sHsp system in prokar-
yotes has been studied in detail to date, and it is therefore an
open question whether the findings obtained for the E. coli sys-
tem can be generalized for the prevailing bacterial two-compo-
nent sHsp systems. In these bacterial two-component systems,
the sHsps are either near relatives (located in the same branches
of the phylogenetic tree, e.g., E. coli; Fig. S14) or they are rather
distantly related (located in different branches) (12). To study
the latter type of two-component sHsp systems, we choose the
sHsp system of Deinococcus radiodurans, an extremotolerant,
Gram-positive bacterium (30). D. radiodurans has an optimal
growth temperature of 30-32 °C. Above, the organism shows a
heat stress response and cell division is slowed. Prolonged in-
cubation at 46-52 °C results in a total arrest of cell division and
lethality (31, 32). In its genome, nine common chaperones and
cochaperones are found among a total of 67 stress-induced genes
(32). The two-component sHsp system comprises Hsp20.2 (gene
name ibpA, DR1114, gi number 15806134) and Hspl7.7 (gene
name ibpB, DR1691, gi number 15806694) (Fig. S14). Our anal-
ysis reveals that the two potential sHsps differ substantially in their
quaternary structure and their functional role within the chap-
erone network, expanding our view on bacterial sHsp systems.

Results

Two sHsps of D. radiodurans Are Active as Molecular Chaperones in
Vitro. Hsp17.7 and Hsp20.2 were expressed in E. coli and purified
to homogeneity. To ensure that both tag-free proteins were prop-
erly folded, their secondary structures and stabilities against ther-
mal unfolding were monitored by CD spectroscopy (Fig. S1B).
Similar to other sHsps (33), Hsp17.7 and Hsp20.2 show CD spectra
typical for p-sheet proteins and melting temperatures of 67.3 °C
and 57.8 °C, respectively (Fig. S1B). The structural integrity of
the proteins is not influenced at temperatures below 48 °C.
To assess the chaperone activity of Hsp20.2 and Hsp17.7, we
first tested their ability to suppress protein aggregation at ele-
vated temperatures, a key trait of sHsps (4, 8, 34). We used citrate
synthase (CS, 48 kDa), firefly luciferase (61 kDa), insulin (3 kDa),
and lysozyme (14 kDa) as model substrates. Hsp17.7 was able to
suppress the thermal aggregation of both CS and luciferase in a
concentration-dependent manner, as well as the aggregation of
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” Fig. 1. Comparison of chaperone activity of Hsp17.7 and
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of Hsp17.7 and Hsp20.2 on the thermal inactivation
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reduced lysozyme (Fig. 14 and Fig. S2). Additionally, the re-
duction-induced aggregation of the insulin B chain at 25 °C and at
43 °C was suppressed, showing similar ratios of sHsp: substrate
needed for half-maximum suppression at both temperatures (Fig.
14 and Fig. S2 E and G). Thus, it seems that the chaperone activity
of Hsp17.7 is not affected by temperature. Because the amount of
substrate molecules to sHsps is dependent on the size of the
substrate, for peptide substrates like insulin, usually substoichio-
metric concentrations of sHsps are sufficient (35, 36). The ratio
of half-maximum aggregation suppression, however, does not
correlate with the binding stoichiometry in this type of assay,
because the decrease of the concentration of aggregation-prone
insulin is sufficient to inhibit aggregation even if not the majority
of insulin molecules is captured by the sHsp. In comparison with
Hsp17.7, Hsp20.2 is the more potent chaperone because lower
amounts of Hsps20.2 were sufficient to fully suppress the heat- or
reduction-induced aggregation of the substrate proteins (Fig. 14
and Fig. S2).

In the case of CS, monitoring the kinetics of thermal inacti-
vation allows conclusions on the interaction of a molecular chap-
erone with unfolding intermediates and on the stability of the
chaperone-substrate complex (37). For Hspl7.7, we observed a
deceleration of CS inactivation (Fig. 1B), indicating a transient
interaction between Hsp17.7 and CS unfolding intermediates, as
was described for Hsp26 and Hsp42 (38). In contrast, the thermal
inactivation of CS was not affected by the presence of Hsp20.2,
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and the enzymatic activity was determined (37). Mean
values of three independent assays and the respective
SD are indicated.

pointing toward a more stable complex between Hsp20.2 and
its substrate.

Quaternary Structures of Hsp17.7 and Hsp20.2 Are Strikingly Different.
To determine the size of the Hsp17.7 oligomer, we used size ex-
clusion chromatography (SEC). The resulting single peak had an
apparent molecular mass of 150 kDa, which could correspond to
~8 subunits (Fig. 24). Next we investigated the influence of heat
stress on the oligomeric size of Hsp17.7, because several sHsps
dissociate at elevated temperatures (39, 40). At 43 °C, Hsp17.7
eluted with an identical apparent mass as observed at 25 °C (Fig.
24), demonstrating that the quaternary structure of Hspl17.7 is
unaffected by changes in temperature. A more detailed analysis
of the quaternary structure of Hsp17.7 by analytical ultracentri-
fugation (aUC) sedimentation velocity experiments showed a
surprisingly low S,ow value of 2.1 S, corresponding to a molecular
mass of ~40 kDa and a frictional coefficient (f/f0) of 1.78, inde-
pendent of the protein concentration used (Fig. 2C and Fig. S34).
Thus, the aUC experiments suggest that Hsp17.7 is an elongated
dimer. Further refinement of the aUC analysis using a 2D grid
analysis (2-DSA) and Monte Carlo simulations revealed a single
species with an S,ow value of 2.08 S, a frictional coefficient of 1.78,
and a molecular mass of 37 kDa (Fig. S3B), confirming that
Hsp17.7 is an elongated dimer in solution that does not change
its size at elevated temperatures. This sets Hsp17.7 apart from
most other sHsps studied to date.
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In contrast, Hsp20.2 exhibited one main peak in SEC (Fig. 2B),
corresponding to a large oligomeric complex of 600-800 kDa,
corresponding to roughly 36 subunits and a peak shoulder,
indicative of an 18mer. No temperature-dependent shift to
smaller oligomeric species was observed at 43 °C. aUC experi-
ments yielded a sedimentation coefficient of 22 S for the high
molecular weight oligomer and 11 S for the smaller oligomer
(Fig. 2D and Fig. S3C). Using interference optics we were able
to fit the data to a frictional coefficient of 1.23 and a molecular
mass of ~700 kDa and ~350 kDa, in accordance with a 36mer
and an 18mer.

To investigate whether the assembly state of the two sHsps is
similar in vivo, their separation behavior in D. radiodurans ex-
tracts was analyzed by native PAGE. Both proteins were detec-
ted at the same position as the purified proteins (Fig. S3D). For
Hsp20.2, the two visible bands correlated well with the observed
two main species. For Hspl7.7, a prominent dimer band was
detected. When purified Hsp20.2 was added to cell lysate of
D. radiodurans at physiological conditions (25 °C), an additional
high molecular mass band appeared, most likely indicating the
formation of substrate complexes with unfolding proteins (see
below). Furthermore, immunoblot analysis suggests that the two
proteins do not form mixed complexes, and aUC experiments
with mixtures of the two proteins support this finding (Fig. S3E).

To elucidate the quaternary structure of the oligomers in more
detail, the samples were visualized by negative stain electron
microscopy (Fig. S4 A and B). We could confirm the small size of
Hsp17.7, with dimensions in agreement with the postulated
dimers (Fig. 34 and Fig. S4B). Hsp20.2 formed heterogeneous,
mostly spherical oligomers with diameters between 9 and 18 nm
(Fig. 34 and Fig. S4B). The main population had a diameter
of ~13 nm.

For Hspl7.7, crystallization conditions could be determined
that resulted in a crystal diffracting to 2.4-A resolution (Table
S1). The atomic structure obtained after molecular replacement
shows that Hsp17.7 crystallized as a dimer. Similar to other
structures of sHsps, the N-terminal region (amino acids 1-45)
and the C-terminal extension (amino acids 148-166) of Hsp17.7
are flexible and therefore lack defined electron density. The
monomers adopt the characteristic a-crystallin core fold, con-
sisting of two antiparallel f-sheets, which are packed in parallel
layers (Fig. 3B and Fig. S4). In agreement with other family
members (1, 16), the peripheral p6-strand in the extended loop
stabilizes the dimer of Hsp17.7 by interacting with the p2-strand
of the partner monomer. A backbone superposition (Fig. S4F) of
sHsps from different organisms showing this typical strand-ex-
changing dimer interface revealed structural divergence for the
extended loop. Interestingly, the backbone of the extended loop
of Hsp17.7 structurally matches best with HspA from the plant
pathogenic bacterium Xanthomonas sp. (XAC1151) (41, 42).
However, XaHspA assembles to a 36mer in vitro. In compari-
son with XaHspA, MjHsp16.5, and TaHsp16.9, the extended
loop of Hspl7.7 adopts the narrowest geometry (Fig. S4F),
caused by the sequence gap between the 5- and po6-strands (Fig.
S4C). The Hspl17.7 dimers are packed in a helical, line-up order
(Fig. S4D). Interestingly, the C-terminal IXI/V motif still forms
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a crystal contact to the neighboring dimer, which resembles
the oligomerization interface also found in the structures of
MjHsp16.5 and TaHsp16.9 (4). However, the p10-strand formed
by the IXI/V motif is oriented parallel to the p4-strand, which is
opposed to its orientation in MjHsp16.5 and TaHsp16.9 oligom-
ers (Fig. S4F). In this context it should also be noted that the
C-terminal extension of Hsp17.7 is peculiarly short, showing a
sequence gap between the a-crystallin domain and the IXI/V
motif (Fig. S4C).

Substrate Complexes of Hsp20.2 and Hsp17.7. To determine the
active chaperone species and the stoichiometry of the sub-
strate interaction, aUC experiments were performed. We exploi-
ted the tremendous spectral differences between Hsp20.2 (Aygp =
4,470 M~".cm™) and lysozyme (38,000 M~".cm™) and conducted
a multisignal sedimentation velocity analysis (43). A 16-S complex
was detected, which did not change when the Hsp20.2 con-
centration was varied (Fig. 44). Intriguingly, the observed size of
the Hsp20.2-lysozyme complex lies between the Hsp20.2 18mer
and the 36mer, indicating that the 18mer is the substrate binding
species. Collecting aUC data with absorbance and interference
optics in parallel, we were able to spectrally resolve the complex.
It showed a molecular mass of approximately 550 kDa and a
stoichiometry of 3:1 Hsp20.2 to lysozyme. Thus, the complex
most likely consists of 18 subunits Hsp20.2 and six molecules of
bound substrate.

To analyze the interaction of Hsp17.7 with lysozyme, fluo-
rescently labeled Hsp17.7 was incubated with lysozyme, and com-
plex formation was analyzed by aUC. In the presence of reduced
lysozyme, the sedimentation behavior of Hsp17.7 did not change
compared with Hsp17.7 alone (Fig. 4B). Thus, no stable Hsp17.7-
substrate complex could be detected consistent with the results
obtained for CS inactivation (Fig. 1B).

The depletion of IbpA/B in E. coli leads to enhanced aggre-
gation of proteins (7) and to a reduction of maximum cell
numbers in the stationary phase. The plasmid-based overex-
pression of IbpA/B in the respective strain is able to comple-
ment both phenotypes (Fig. S5 C and D). When Hspl7.7 or
Hsp20.2 was overexpressed no complementation of the IbpA/B
phenotype was achieved (Fig. S5 C and D), indicating that
both systems are not comparable to each other and that the
D. radiodurans sHsps cannot even compensate partially for the
E. coli Tbps.

To investigate the chaperone activity of Hsp20.2 and Hsp17.7
in vivo, we analyzed aggregated protein in stressed and unstressed
D. radiodurans lysates (Fig. S6A4). Interestingly, only Hsp20.2 was
associated with aggregates, whereas Hsp17.7 stayed in the solu-
ble fraction. Additionally, when D. radiodurans lysates were
separated by native PAGE after 30 min at 43 °C (Fig. S6B),
Hsp20.2 was found in the high molecular weight aggregates. To
determine which substrates are bound by Hsp20.2, the high
molecular aggregates were analyzed by mass spectrometry (see
below and Table S2). This analysis further confirmed the pres-
ence of Hsp20.2 and the absence of Hsp17.7 in these complexes,
and thus differences in substrate binding. When we isolated sHsp—
substrate complexes by immunoprecipitation, only for Hsp20.2

A147

Fig. 3. Structure of Hsp20.2 and Hsp17.7. (A) Size dis-
tributions (circumscribing diameters, in nm) of Hsp20.2
oligomers (black) and Hsp17.7 (red), based on electron mi-
croscopic images from negatively stained particles. (B) Crys-
tal structure of Hsp17.7 (Protein Data Bank ID code 4FEl).
Ribbon diagram of the Hsp17.7 dimer. The monomers are
colored in green and blue. The N-terminal 45 and the C-terminal
19 amino acids are not shown as they are structurally distorted.
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substantial protein amounts were coisolated from D. radio-
diurans lysates (Fig. S6C). Subsequent mass spectrometry anal-
ysis allowed us to identify ~100 potential substrate proteins
bound by Hsp20.2 (Table S2), including a number of metabolic
enzymes, ribosomal proteins, and elongation factors. These ag-
gregation-prone proteins seem to be the basic substrates of
sHsps in D. radiodurans. Similar to other sHsps (38, 44), the
molecular mass distribution of the substrates of Hsp20.2 is very
broad, ranging from 15 to more than 100 kDa. Interestingly,
besides these potential substrates, a number of S-layer proteins
including the gene DR1115 (NP 294839.1), which is encoded
directly upstream of hsp20.2, were detected. Usually these pro-
teins are extracellular, but they might be recognized as substrates
on their secretion pathway. Within the identified proteins, DnaK
and GroEL were also detected, indicating a potential cooper-
ation of these chaperone systems in substrate release similar to
observations for E. coli (7, 10). To investigate potential syner-
gistic effects with other molecular chaperones, we analyzed the
ability of the D. radiodurans sHsps to cooperate with the E. coli
Hsp70 (DnaK/DnalJ/GrpE; KJE), Hsp100 (ClpB), and Hsp60
(GroEL/GroES) chaperone systems. We determined the refolding
of substrates from preformed sHsp complexes with thermally
unfolded firefly luciferase (Fig. 4C and Fig. S7) and chemically
denatured CS (Fig. 4D). A few percent of luciferase were reac-
tivated spontaneously (below 2%) or in the presence of the sHsps
only (below 5%). However, when Hsp20.2 was present during the
inactivation reaction, 10-15% of the luciferase activity was
regained in presence of GroEL or ClpB and 15-20% when KJE
was added. The combination of the ClpB and the KJE systems
resulted in the refolding of nearly 40% of luciferase. Similar to
results for E. coli IbpB (7), the combination of all three ATP-
dependent chaperone systems indicated that the GroE system is
able to compensate for the role of KJE to some extent, but no
additive or synergistic effects on luciferase refolding were ach-
ieved when both GroE and KJE were present. In the presence of
Hsp17.7, on the other hand, only minor levels of luciferase activity
were regained, independent of the combination of chaperone
systems added. Hsp17.7 seems to interact only transiently, releasing
its substrate spontaneously without the help of other chaperone
systems. When both D. radiodurans sHsps were present in the
reaction, no additive or synergistic effects were observed, indi-
cating that the two sHsps work independently of each other.

Fig. 4. Analysis of substrate binding and release of Hsp17.7

A

Interestingly, in experiments with chemically denatured CS,
which was diluted in a solution containing KJE and Hsp17.7 or
Hsp20.2, respectively, we detected a slight acceleration of the
refolding kinetics in the presence of Hspl7.7, whereas the total
amount of recovered activity was similar, independent of the sHsp
present (Fig. 4D). Again, the two sHsps did not show any syner-
gistic effects in this assay. The finding that Hsp20.2 and Hsp17.7
act independently of each other is in clear contrast to studies on E.
coli IbpA/B, which work together synergistically in refolding with
the help of other, ATP-dependent chaperone systems (24, 29).

Discussion

sHsps can be seen as the guardians of the proteome, especially
upon sudden proteotoxic stresses, which result in the accumu-
lation of aggregation-prone nonnative proteins. In bacteria,
mainly one or two sHsps are found per species (12). For the two-
component systems, our analysis of the D. radiodurans sHsps
revealed a strikingly different organization and behavior com-
pared with the well-studied E. coli system and hence defines a
unique paradigm. Whereas in the E. coli system, two highly ho-
mologous sHsps (IbpA and IbpB) cooperate, the D. radiodurans
sHsp system consists of two proteins that are far apart in the
phylogenetic tree, with different structures and different chap-
erone function. Hsp20.2 belongs to the large spherical homo-
oligomeric sHsps, which are constitutively active and form stable
substrate complexes. In contrast and unexpectedly, Hspl7.7 is
a dimer that is also active as a chaperone but forms only transient
complexes with the substrate proteins tested. Presumably, stable
substrate interactions are favored by multiple interactions in
oligomeric sHsp complexes.

Two different assembly forms of the a-crystallin dimers have
been reported to date (1, 4, 18). In the first variant, the p6/7-
strands of the two monomers are part of a compact p-sheet,
whereas in the second variant, the peripheral f6-strand is located
in the extended loop and stabilizes the dimer by interacting with
the p2-strand of the partner monomer. Hsp17.7 adopts the sec-
ond variant of assembly. However, because of a sequence gap be-
tween the p5- and B6-strands, the loop geometry is rather narrow
in Hsp17.7. Previous studies demonstrated that the C-terminal
extension of sHsp monomers crucially contributes to the assembly
of the a-crystallin dimers and oligomers by binding to the p4-£8
hydrophobic groove of a neighboring monomer via the IXI/V

and Hsp20.2. (A) Multisignal sedimentation velocity analysis of
substrate binding to Hsp20.2. ¢,(S) distribution of 10 pM ly-
sozyme + 1 mM Tris(2-carboxyethyl)phosphine + 20 pM Hsp20.2
calculated from parallel scans with absorbance and inter-
ference optics. The contribution of Hsp20.2 (black) and lyso-
zyme (red) to the total signal was deconvoluted using the
multiwavelength discrete/continuous distribution analysis of
SEDPHAT. (B) c(S) distribution of 1 uM Hsp17.7-Alexa 488
(black) and 10 pM Hsp17.7-Alexa 488 + 100 pM Hsp20.2 (red).
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(C) Effects of Hsp17.7 and Hsp20.2 on the refolding efficiency
of heat-denatured luciferase by the KJE, ClpB, and GroE

chaperone machineries. Luciferase (80 nM) was incubated at
50
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43 °C for 10 min in the absence (black) of sHsps or in the
presence of 600 nM Hsp20.2 (red), 600 nM Hsp17.7 (green), or
600 nM of Hsp20.2 and Hsp17.7 (yellow). After complete in-
activation, the samples were shifted to 25 °C and subsequently
DnaK/Dnal/GrpE (KJE, 0.6, 1.2, and 0.6 pM), ClpB (600 nM),
and GroE (600 nM GroEL and GroES) were added in different
combinations as indicated. Luciferase activity was assayed af-
ter 60 min in comparison with 80 nM untreated luciferase
(100% value). Error bars represent the SD in three inde-
pendent assays. (D) CS was denatured for 1 h in 6 M GdmC| 0
and diluted 200-fold to a final concentration of 300 nM in a

solution containing DnaK/Dnal/GrpE (2, 2, and 0.5 pM), 2 mM

ATP, and 3 mM MgCl, (black) supplemented with 1.2 uM
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Hsp17.7 (green), 1.2 uM Hsp20.2 (red), or a mixture of 0.6 uM Hsp17.7 and 0.6 uM Hsp20.2 (yellow). Aliquots were withdrawn at the indicated time points, and
the enzymatic activity was determined (37). Mean values of three independent assays and the respective SDs are indicated.
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motif (15, 17, 45, 46). In Hsp17.7 the short length of the C-ter-
minal extension and the resulting close location of IXI/V motif
to the a-crystallin domain, together with an alternate extended
loop conformation, might hinder the formation of oligomers.
Intriguingly, the IXI/V motif of the short C-terminal extension
forms a crystal contact to the p4—8 edge of a symmetry mate by
adopting an ordered p-strand conformation, indicating that the
principal contact site is conserved in Hsp17.7. However, in the
crystal, the pl0-strand is orientated opposed to the common
direction within the p4-f8 groove in MjHsp16.5 or TaHsp16.9
oligomers.

It is remarkable that Hsp17.7 is active as a dimer in suppressing
the aggregation of diverse substrates. Only under certain buffer
conditions, a few sHsps like HspB6 (Hsp20) (47, 48) and HspB1
(Hsp27) (49) could be shown to be active as dimers. However, in
these cases, the sHsps usually form large oligomers.

The atypical quaternary structure of Hsp17.7 goes along with
remarkable differences in its mode of substrate interaction com-
pared with other sHsps. Although Hsp17.7 is able to suppress the
aggregation of different model substrates efficiently, we could
not detect any stable substrate complexes. Together with its ability
to affect the kinetics of CS thermo-inactivation and the KJE-
mediated refolding of chemically denatured CS, this supports the
view of a transient interaction of Hsp17.7 with unfolded poly-
peptide chains. Free Hsp17.7 and its substrate-bound state may
exist in a dynamic equilibrium, preventing the formation of large
aggregates (Fig. 5). Thus, Hsp17.7 is an atypical sHsps that might
act as a rather generic low-affinity chaperone or might be nec-
essary for some specific substrates in D. radiodurans.

In contrast to Hsp17.7, Hsp20.2 is a typical sHsp forming dy-
namic oligomers with seemingly two main species, a 36mer and
an 18mer. Compared with archaeal and eukaryotic sHsps, which
have been described as 12mers or 24mers (15, 17, 20, 21, 45), the
Hsp20.2 assembly seems to be more closely related to Xantho-
monas HspA, which has also been reported to be a 36mer (45,
46). Interestingly, Xanthomonas HspA and Hsp20.2 are found in
the same branch of the phylogenetic tree (12).

Concerning chaperone activity, Hsp20.2 suppresses the ag-
gregation of substrate proteins with a binding capacity of ~6
substrate molecules per Hsp20.2 18mer. This also indicates that
the 36mer observed in the absence of substrate proteins might
represent a storage form (Fig. 5).

Hsp20.2

36mer 18mer stable complex

&— /—> &\

) AT
Je— n— O —Qgp
- unfolded substrate native substrate

aggregates

dimer ?Z -
Hsp17.7 e

transient interaction

Fig. 5. Model of the D. radiodurans two-component sHsp system. Dimeric
Hsp17.7 and the ensemble of 36 and 18meric Hsp20.2 form the D. radio-
durans two-component sHsp system. Stress conditions, like heat shock, lead
to the unfolding of substrate proteins (orange). Unfolding proteins are
stably trapped by Hsp20.2 18mers or transiently bound by Hsp17.7. Hsp104
and Hsp70 or GroE can reactivate the Hsp20.2-bound substrate proteins in
an energy-dependent reaction or refold the substrate proteins spontane-
ously released from Hsp17.7. This indicates that Hsp20.2 and Hsp17.7 work in
parallel and independently of each other.

Bepperling et al.

sHsps have been shown to cooperate with Hsp100 proteins
and the Hsp70 system in refolding the sHsp-bound substrates (7—
9, 29). For Hsp20.2, our studies indicate a similar functional
network. Hsp17.7, however, does not seem to be integrated in
this chaperone cascade. Because of its transient binding behavior,
it is active without the need of other ATP-dependent chaperones.

Taken together, on the systemic level, our results show that
the D. radiodurans sHsp system is structurally and functionally
strikingly distinct from the two-component sHsp system of E. coli.
Intriguingly, the two sHsps of D. radiodurans, neither of which
has been acquired through horizontal gene transfer (according to
Alien Hunter, Sanger Institute, Cambridge, United Kingdom),
seem to function independently of each other. This view is sup-
ported by in vivo experiments in which we substituted the E. coli
ibp deletion strain by the D. radiodurans sHsps and could not
detect complementation. Overall, this indicates that the diversity
of the bacterial sHsp systems might be higher than expected.
Besides the basic classification of bacteria encoding one or two
sHsp members (12), the two-member systems need to be sub-
divided into two types: type I with two highly homologous sHsps
that (closely) cooperate (E. coli type) and type II consisting of
two sHsps that are structurally different and act independently of
each other (D. radiodurans type).

Materials and Methods

Materials. E.coli DnaK, Dnal, GrpE, and pig heart CS were purified as de-
scribed elsewhere (8, 50). Yeast SUMO (small ubiquitin-like modifier) protease
representing the C-terminal fragment (403-621) of ubiquitin-like-protease 1
(51) was amplified by PCR from ¢cDNA and cloned into pET28b (Invitrogen),
yielding N-terminally Hiss-tagged protein. The protein was purified by Ni**-
chelating chromatography (GE Healthcare) according to the manufacturer’s
protocol. Bovine insulin and hen egg lysozyme were obtained from Sigma.

Expression and Purification of sHsps. For purification of Hsp17.7 and Hsp20.2,
N-terminal 6x His plus SUMO fusions were constructed. The proteins were
expressed in E. coli BL21 and purified by Ni** chelating and SEC according to
the manufacturer’s protocols (GE Healthcare). Details are provided in S/
Materials and Methods.

Analysis of Chaperone Activity. Thermal aggregation of model substrates, in-
activation, and refolding of CS was performed as described elsewhere (8). For
refolding of chemically denatured CS by the DnaK chaperone machinery, 2 M
DnaK, 2uM DnaJ, and 0.5 pM GrpE were used in the presence of 1 uM Hsp17.7
or Hsp20.2.

Inactivation and reactivation of firefly luciferase (Photinus pyralis; Promega)
was assayed as described elsewhere (8). For each measurement, native lucif-
erase was diluted to a final concentration of 4 ug/mL (80 nM) and incubated
for 10 min at 43 °C in the presence or absence of sHsps. Then different com-
binations of chaperones were added, and the reactions were shifted to 25 °C
for 65 min for reactivation. The activity of luciferase was compared with the
activity of untreated, native luciferase, which was set to 100%. Luciferase ac-
tivity was measured using a thermostated Tecan GENios Microplate Reader.

Analytical SEC. SEC was performed as described previously (35). Buffer con-
ditions were 40 mM Hepes/KOH (pH 7.4) and 150 mM NadCl, and a flow rate
of 0.5 mL/min was used. The TSK 4000 pw column (TosoHaas) was calibrated
using the Sigma gel filtration molecular weight marker kit (Sigma) including
carbonic anhydrase, 29 kDa; albumin, 66 kDa; alcohol dehydrogenase, 150 kDa;
amylase, 200 kDa; apoferritin, 443 kDa; and thyroglobulin, 669 kDa.

aUC Sedimentation Velocity Experiments. Analytical ultracentrifugation was
carried out with a ProteomLab XL-I (Beckman) supplied with absorbance and
interference optics. Sample sedimentation was monitored at 280 nm or 230
nm, continuously scanning with a radial resolution of 30 microns. Data analysis
was carried out with the Ultrascan and the USLIMS platform (52). Details are
provided in S/ Materials and Methods.

Protein Crystallization and Structure Determination. Crystals of sHsp17.7 were
grown at 20 °C by using the sitting drop vapor diffusion method. The drops
contained equal volumes of protein (12 mg/mL) and reservoir solution [0.2 M
ammoniumacetate, 0.1 M bis-Tris (pH 6.5), 25% PEG 3350]. The dataset was
collected on a Bruker Microstar/X8 Proteum (Bruker AXS) with a Cu rotating
anode (A = 1.54 A) and processed with the Proteum software suite (Bruker
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AXS). Hsp17.7 crystallized in the trigonal space group P3;21 with cell param-
eters of a,b = 51.3 A, ¢ = 80.5 A. For structure determination, molecular re-
placement was performed in Phaser (53) using the coordinates of HspA from
Xanthomonas sp. (XAC1151; PDB-ID: 3GLA) as a starting model. Details are
provided in S/ Materials and Methods.

Electron Microscopy and Image Processing. For negative stain electron mi-
croscopy, 5 pL of the protein sample (0.05 mg/mL protein in 50 mM Hepes/
KOH, 75 mM Nadl, pH 7.4) were adsorbed for 2 min onto carbon-coated grids
that were glow discharged in air. Samples were negatively stained with uranyl
acetate [1.5% (wt/vol) at pH 4.5], and electron micrographs were recorded at
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a calibrated magnification of 58,000 using a JEOL JEM 100CX electron mi-
croscope operated at 100 kV. Details are provided in S/ Materials and Methods.
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