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Summary

Pseudomonas aeruginosa is a highly successful nosocomial pathogen capable to cause a wide
variety of infections with clone C strains most prevalent worldwide. In this study, we initially
characterize a molecular mechanism of survival unique to clone C strains. We identified a P.
aeruginosa clone C-specific genomic island (PACGI-1) which contains the highly expressed
small heat shock protein sHsp20c, the founding member of a novel subclass of class B
bacterial small heat shock proteins. sHsp20c and adjacent gene products are involved in
resistance against heat shock. Heat stable sHsp20c is unconventionally expressed in

stationary phase in a wide temperature range from 20-42°C. Purified sHsp20c has

characteristic features of small heat shock protein class B as it is monodisperse, forms sphere-
like 24-meric oligomers and exhibits significant chaperone activity. As theP.
aeruginosa clone C population is significantly more heat shock resistant than genetically
unrelated P. aeruginosa strains without sHsp20c, the horizontally acquired shsp20c operon

might contributes to survival of world-wide distributed clone C strains.
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Introduction

Pseudomonas aeruginosa is a highly successful nosocomial pathogen, which causes a wide
variety of infections such as wound, ear, lung, eye and urinary tract infections (Kerr and
Snelling, 2009). Decades-long chronic lung infections in cystic fibrosis (CF) caused by P.
aeruginosa significantly affects morbidity and mortality (Lyczak et al., 2002). On the other
hand, P. aeruginosa is widely distributed in diverse environmental niches including the
aquatic habitat covering natural and processed water and the clinical environment (Grobe et
al., 1995; Pirnay et al., 2005). Despite the ecological and clinical importance of P. aeruginosa,
genetic studies have been mainly limited to strains PAO1 and PA14. Strain PAO1, though,
belongs to an uncommon clonal group. While PA14 belongs to the second most common
clonal group, the isolate contains a truncated ladS gene, which affects biofilm formation and

virulence (Bodilis et al., 2009; Mikkelsen et al., 2011).

To date, the most abundant group of closely related P. aeruginosa strains is the clone C strain
cluster (De Soyza et al., 2013). Clone C strains infect patients worldwide, covering a broad
spectrum of diseases and are found in the clinical as well as aquatic environments (Romling
et al., 1994a; Romling et al., 2005; Rakhimova et al., 2009; Kidd et al., 2011; Tielen et al.,
2011; Selezska et al., 2012; Petit et al., 2013). For example, clone C strains are highly prone
to infect CF patients over decades (Romling et al., 1994b), cause chronic obstructive
bronchitis (Rakhimova et al., 2009) and urinary tract infections (Tielen et al., 2011). The
genome structure of clone C strains has been extensively investigated by low resolution
typing techniques (Romling et al., 1997). In contrast to clonal groups of limited occurrence,
extensive chromosomal plasticity has been observed among clone C strains (Romling et al.,
1997). However, the mechanisms how P. aeruginosa clone C strains successfully survive in

the environment and infect patients have not been addressed. Acquisition of accessory genetic
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elements by individual strains, specific features encoded on the core genome, or both factors

may play a role.

The accessory genome is a flexible gene pool which accelerates adaptive evolution (Dobrindt
et al., 2004) to provide individual isolates with specific fitness traits (He et al., 2004) (Finck-
Barbancon et al., 1997; Roy-Burman et al., 2001; Kulasekara et al., 2006). In P. aeruginosa
clone C, strain and clone specific genetic elements have been identified. For example,
genomic islands PAGI-2 and PAGI-3 are present in two distinct clone C strains (Larbig et al.,
2002). pKLC102 is a 103.5-kb plasmid found ubiquitously in P. aeruginosa clone C strains,
occasionally integrated into the chromosome (Klockgether et al., 2004; Klockgether et al.,

2007).

Recently, we determined the whole-genome sequence of P. aeruginosa SG17M, a clone C
isolate from a river in Germany (Lee et al., 2014). In this work, we characterize a small heat
shock protein (sHsp20), sHsp20c, one of the most highly expressed gene products of P.
aeruginosa clone C strains. sHsp20c is encoded on a novel P. aeruginosa clone C-specific
genomic island (PACGI-1) of 86 kbp (Fig. 1). sHsp20s are molecular chaperones of
molecular mass between 12-43 kDa widespread throughout all kingdoms of life from bacteria
over archaea to humans (Narberhaus, 2002; Haslbeck et al., 2005). In humans, sHsps are
involved in prevention of neurological disorders and apoptosis (Stege et al., 1999; Clark and
Muchowski, 2000) and a major component of the eye lens is sHsp alpha-crystallin giving
name to the conserved a-crystallin domain of around 90 amino acids and which is flanked by
variable amino- and carboxyl-terminal regions in sHsps (Kriehuber et al., 2010; Haslbeck and
Vierling, 2015). Generally, sHsps act as ATP-independent molecular chaperones to prevent
aggregation of proteins upon stress conditions (Haslbeck et al., 2005). Our study reveals a

role of the sHsp20c protein and adjacent operon genes in stress resistance thus contributing to
4
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the survival advantage of clone C strains.

Results

Detection of sHsp20c as a clone C-specific protein

Comparing the whole-genome sequence of the P. aeruginosa clone C strain SG17M
(Romling et al., 2005; Lee et al., 2014) with PA14 and PAO1, a SG17M-specific genomic
island of 86 kbp, PACGI-1, was identified. Previously, comparative proteome analysis of
clone C strain C with PAO1 identified differentially expressed proteins associated with
adaptation to the CF lung habitat (Sriramulu et al., 2005). A 21.4 kDa protein with pl of 5.33
was solely expressed at high level in strain C (Fig. 2A). MALDI-TOF analysis identified the
protein as a sHsp, termed sHsp20c (Fig. S1, Table S6). shsp20c is located on PACGI-1 as the

94™ gene (Table S1).

Established bacterial sHsp20 proteins can be classified into class A and B (Fu et al., 2006).
Phylogenetic analysis of sHsp20 representatives from animals, plants, fungi and bacterial
class A and B (Fig. 2B, Fig. S2; (Fu et al., 2006)) revealed that sHsp20c is with 24.3%
identity clearly distinct from IbpA, encoded on the core genome of P. aeruginosa as well as
from IbpA2, another sHsp20 of certain P. aeruginosa strains ((Fig. 2BC; (Chenna et al.,
2003)). Proteins highly similar to sHsp20c are, however, found in individual isolates of
Klebsiella pneumoniae (Kpn), Burkholderia multivorans (Bmu), Pseudomonas stutzeri (Pst)
and other species, which form a subgroup of sHsp20c-like proteins within the bacterial class

B (Fig. 2B).

The common structural feature of sHsps is the a-crystallin domain. The alignment of amino

acid sequences between sHsp20s shows that sHsp20c harbors the conserved a-crystallin
5
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domain (NCBI/blastp; pfam00011; (Kriehuber et al., 2010)) from amino acid 85 to 173 and
sHsp-conserved region | and IlI, which are involved in higher oligomerization and
dimerization, respectively (Fig. 2C; (Waters, 1995; Kappe et al., 2002; Fu et al., 2006)).
However, in contrast to core genome IbpA, sHsp20c has a longer N-terminus. From
secondary structure prediction and homology modeling the conserved a-crystallin domain
consisting of a B-sandwich comprising two antiparallel -sheets can be predicted to be
structurally intact in sHsp20c. However, due to low sequence identity no accurate structural
information could be obtained for the flanking amino- and carboxyl-terminal regions. As a
representative 3D-structure of monomeric sHsp20c we generated a structural model using the
closest homologue in PDB as a template, the 30.2% identical heat shock protein 16.0 of

Schizosaccharomyces pombe ((PDB: 3w1z), Fig. 2D).

To detect production of sHsp20c, we developed a peptide antibody against a highly conserved
region of sHsp20c, which specifically recognizes sHsp20c in SG17M (Fig. S3). sHsp20c
production was detected in 15 environmental and 26 clinical isolates of clone C and J, with
the exception of one isolate (Fig. 2E, Fig. S3, data not shown). Clone J is the 4™ most
frequent epidemic clone in aquatic habitats and patients (Hilker et al., 2014). No significant
difference in sHsp20c production between environmental and clinical isolates was observed
(Fig. S4). However, screening of 117 genotypically independent P. aeruginosa isolates, 56
environmental and 61 clinical, for the presence of shsp20c indicated that significantly more

environmental (55%) than clinical (26%) isolates harbored shsp20c (Fig. 2F).

Involvement of sHsp20c in stress resistance
In bacteria, sHsps are involved in stress response, such as heat shock and oxidative stress

(Thomas and Baneyx, 1998; Kuczynska-Wisnik et al., 2010). To identify the physiological
6
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function of sHsp20c, we constructed an in-frame deletion mutant of shsp20c in SG17M (Fig.
S3). Assessment of the shsp20c mutant for resistance against heat shock and hydrogen
peroxide, a generator of extrinsic oxidative stress, showed modestly increased sensitivity of
the shsp20c mutant (Fig. 3AB). Sensitivity was complemented by single copy shsp20c
inserted at the Tn7 insertion site downstream of essential glmS (Choi et al., 2005) and
expressed from the 275 bp of promoter region in conjunction with upstream dna (Fig. 3), but
not by sHsp20c cloned on various plasmids (data not shown). Although sHsp20c is one of the
most highly expressed proteins in P. aeruginosa SG17M, we reasoned that uncontrolled

production of sHsp20c from plasmids is responsible for non-complementation.

Additive effect of adjacent genes

The shsp20c gene is located downstream of dna encoding a predicted DNA-binding protein
and clpBc encoding a ClpB-like ATP dependent chaperone (Fig. 1). This genetic organization
is conserved in strains, which harbor sHsp20c homologues (Bojer et al., 2010; Gajdosova et
al., 2011; Bojer et al., 2013), indicating functional relationship. The 93 aa Dna protein
contains an N-terminal helix-turn-helix domain and is an AlpA-like transcriptional regulator
(Fig. S5). The ClpBc protein is 949 aa long and contains two AAA+ ATPases domains
flanking a CHD5-like coiled-coil domain. In addition, ClpB specific domains are located at
the N- and C-terminus (Fig. S5). The triple deletion mutant of dna, shsp20c and clpBc
significantly increased susceptibility to heat shock and, partially, oxidative stress compared to
the shsp20c single mutant (Fig. 3AB). Sensitivity of the triple mutant was complemented by
single copy insertion of the three genes at the Tn7 insertion site. We also investigated the role
of dna in sHsp20c production and heat resistance (Fig. S6). Of note, dna is a suppressor of

sHsp20c production and decreased heat resistance when expressed from the pJN105 plasmid

7



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

in the dna shsp20c clpBc triple mutant strain of SG17M.

Functional interplay between sHsp20c and IbpA

As all P. aeruginosa strains, clone C strains including SG17M code for the sHsp IbpA in the
core genome raising the question whether the two heat shock proteins sHsp20c and IbpA
could act additively. To our knowledge, the phenotype of an ibpA mutant of P. aeruginosa has
not been investigated. An ibpA mutant of SG17M has increased sensitivity towards heat
shock (Fig. 3A), in agreement with the phenotype in Pseudomonas putida (Krajewski et al.,
2013). A slight additive effect on heat shock sensitivity was detected in the double mutant of
ibpA and shsp20c (Fig. 3A). Sensitivity against oxidative stress induced by treatment of

hydrogen peroxide was, however, not altered (Fig. 3B).

Clone C strains are more resistant against heat stress

PACGI-1 contains additional genes potentially involved in stress resistance, such as
superoxide dismutases and a thioredoxin (trx) (Table S1). We hypothesized the island to
confer increased survival to stress to clone C strains. Therefore, we tested stress resistance
between two groups of P. aeruginosa strains. One group consisted of five non-sHsp20c
harboring non-clone C strains including PA14 and the other group contained sHsp20c
positive clone-C strains of environmental and clinical origin (Fig. 3C). PT1M, an aquatic
clone J strain was also included in the sHsp20c-positive group. Interestingly, the sHsp20c-
harboring strain group was significantly more resistant against heat shock than the group of
non-sHsp20c harboring strains with an average survival of 81.7% and 26.5%, respectively,
whereby survival of SG17M was normalized to 100%. We could not detect any significant

difference in susceptibility to hydrogen peroxide between the two strain groups (Fig. 3D).
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The shsp20c operon confers heat shock resistance to non-clone C strains

The heat shock resistance phenotype conferred by sHsp20c and enhanced by downstream
encoded ClpBc is significant, but modest, in SG17M. To generalize the phenotype, we
assessed whether the dna shsp20c clpBc gene products provide heat resistance also in other
strain backgrounds. Introduction of dna shsp20c and dna sHsp20c clpBc in single copy at the
Tn7 site in strains PA14 and SG9M, which had shown the greatest sensitivity to heat shock
(Fig. 3C), mediated a gradually enhanced heat resistance to both strains (Fig. 3F). All
together, heat resistance, which was 3 and 2% of SG17M was enhanced to 32 and 10% in
PA14 and SG9M, respectively, upon introduction of the three genes. Of note, coexpression of

clpBc significantly enhanced expression of the sHsp20c protein (Fig. 3E).

Unconventional expression of sHsp20c

Expression of heat shock protein has been well characterized in mesophilic bacteria, such as
E. coli. Conventionally, in bacteria, sHsps are coordinately regulated with high molecular
mass heat shock proteins and are specifically induced at high temperature with expression
controlled by sigma factor 32 (Allen et al., 1992). Elements positioned in the 5’-untranslated
region of small heat shock genes, called ROSE (Repression of heat Shock gene Expression),
act as repressor of expression at temperatures below 30°C (Kortmann and Narberhaus, 2012).
As we originally identified sHsp20c highly expressed at 37°C (Fig. 2E), we systematically
investigated sHsp20c expression. Interestingly, sHsp20c is expressed within a wide
temperature range from 20 to 42°C. Further, sHsp20c is expressed on solid and in liquid
medium as well as in rich Luria—Bertani (LB) medium and minimal M63 medium (Fig.

4ABC). sHsp20c expression starts in mid-log phase with high induction in stationary phase
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(Fig. 4B). This unique expression pattern of sHsp20c was also observed in the unrelated
PT1M clone J strain (Fig. 4C).

Although sHsp20c is expressed independently of temperature, we observed induction of
sHsp20c by heat shock as well as oxidative stress (Fig. 4DE). When cell were shifted from 20
to 37 and 42°C, respectively, expression of sHsp20c was induced at the same growth phase
(Fig. 4E). In addition, exposure to hydrogen peroxide for an hour also induced expression of
sHsp20c (Fig. 4D). Consistent with a role of sHsp20c in stress response, we observed more
than 50% of the entire amount of sHsp20 in aggregates (Fig. 4F), which corresponds to a
more than 150-fold enrichment of sHsp20c relative to the total protein content in aggregates

compared to soluble protein.

Next, we wondered whether sHsp20c is differentially expressed at different life-style stages
of P. aeruginosa SG17M. By separating cell aggregates resembling biofilm formation from
single planktonic cells in liquid culture, elevated expression of sHsp20c in planktonic cells
compared to cell aggregates was detected at 20 and 37°C (Fig. 4G,H). Thus, sHsp20c might

preferentially protect planktonic cells from stress.

Chaperone activity of sHsp20c

Chaperone activity has been demonstrated for bacterial and eukaryotic sHsps (Jakob et al.,
1993; Studer and Narberhaus, 2000). As sHsp20c is a member of a novel subgroup of
sHsp20c proteins, we wondered whether sHsp20c has chaperone activity. To study this,
sHsp20c containing an N-terminal 6XHis-tag was expressed in P. aeruginosa SG17M
Ashsp20c and purified to homogeneity (Fig. 5A, Experimental Procedures). Size exclusion

chromatography (SEC) performed on 6XHis-sHsp20c resulted in a single symmetrical elution
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peak running at an apparent molecular mass of 400-500 kDa, indicative of a homogenous
high molecular mass 6XHis-sHsp20c oligomer (Fig. 5A). Importantly, a similar SEC elution
profile as for 6XHis-sHsp20c was observed for non-tagged sHsp20c, indicating that the N-
terminal 6XHis-tag does not change the oligomeric properties of sHsp20c. Over-digestion of
6XHis-sHsp20c with thrombin, in order to remove the N-terminal 6XHis-tag, resulted in a
truncated sHsp20c form missing 5-6 amino acids, which only formed dimers (data not
shown). These findings are consistent with previous reports on sHsps forming higher order
oligomers, with bacterial group B sHsps being monodisperse, and assembly of oligomers to

be disrupted by deletion of the N- or C-terminal tail of the proteins (Haslbeck et al., 2005).

The chaperone activity of sHsp is well documented (Narberhaus, 2002). Inhibition of thermal
aggregation of the model substrate citrate synthase (CS) was used to assess the chaperone
activity of 6XHis-tagged sHsp20c (Fig. 5B). A significant chaperone activity was detected
with correlation to the increment of molar ratio, although the chaperone activity of sHsp20c
was lower than that of the positive control a-crystallin. To monitor the thermal stability of
sHsp20c, its secondary structure was examined by far-UV circular dichroism (CD) (Fig. 5C).
Spectra containing a single broad negative ellipticity minimum between 210 and 218 nm,
characteristic of a P sheet-p turn rich secondary structure, were monitored within the
termperature range from 20-50°C. Further temperature elevation resulted in a spectrum
profile indicative of loss of P-sheet structure, beginning noticeably at 60°C. Therefore,
sHsp20c is most likely physiologically stable under the heat induced condition up to 50°C to

function as a chaperone in the cell (Fig. 5C).

Oligomeric structure of sHsp20,
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In order to more precisely define the oligomerization state of sHsp20c, purified 6 XHis-tagged
sHsp20c oligomer was subjected to sedimentation velocity (SV) and equilibrium (SE)

analysis in an analytical ultracentrifuge. SV revealed a single oligomeric species of sHsp20c
independent of protein concentration with a sedimentation coefficient of SSO,W =18.1 S (Fig.

6A). SE analysis with the program SEDPHAT using a single species model (Vistica et al.,
2004) resulted in a molecular mass of 547 kDa (Fig. 6B; details in Supporting Information,
see below). Since the molecular mass of a 6XHis-tagged sHsp20c monomer as calculated
from amino acid composition is 22.3 kDa, the protein most probably forms 24- or 25-mers in

solution.

To determine the shape of the sHsp20 oligomer, transmission electron microscopy (TEM)
was performed with purified 6XHis-sHsp20c particles, negatively stained with uranylacetate
(Fig. 7). As is shown in the survey view, molecules were monodisperse (Fig. 7A, circles), in
general, but doublets (Fig. 7A; elliptic circles) and even linear triplets could be found.
Doublets were regularly found in distinct contact, assuming some kind of affine coupling or
interactions. Larger aggregates obviously were caused by crowding effects upon EM-sample
preparation. Occasionally, small particles were seen that can be interpreted as debris or
polypeptide dimers (Fig. 7A, small circles). Interestingly, individual particles, beside the
general circular outline, often showed a hexagonal top-view projection with fine details of

substructure.

With the information from SE and symmetry constraints from electron microscopy (Fig.
7BC), sHsp20c most probably forms 24-mers in solution with a most probable molecular
arrangement of 24 subunits organized as finally 2 x 6 polypeptide dimers. With a

sedimentation coefficient of 18.1 S, as determined from SV analysis, a frictional ratio of 1.3
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relative to a spherical, unhydrated 24-mer can be calculated. Since the frictional ratio of a
spherical hydrated protein is expected to be 1.1 — 1.2 (Lebowitz et al., 2002), the shape of the

sHsp20c 24-mer deviates only moderately from that of a sphere.

Discussion

P. aeruginosa has the remarkable ability to inhabit diverse environments and infect a range of
organisms including humans (Grobe et al., 1995; Rahme et al., 2000; Kerr and Snelling, 2009;
Papaioannou et al., 2013). Although the population structure of P. aeruginosa is mainly
epidemic, few clonal clusters, but often locally or spatially restricted, can dominate (Mathee
et al., 2008). P. aeruginosa clone C strain cluster is the most common clonal group of closely
related strains world-wide in environmental and clinical niches (Romling et al., 2005;
Selezska et al., 2012; De Soyza et al., 2013). In this study, we identified P. aeruginosa clone
C-specific genomic island PACGI-1. So far, P. aeruginosa genomic islands were functionally
characterized in terms of pathogenicity (Mathee et al., 2008; Kung et al., 2010). Interestingly,
PACGI-1 codes for diverse stress response related genes such as a several superoxide
dismutases (SOD), a thioredoxin and glutathione-regulated potassium-efflux protein KefC,
DNA-damage repair related RadC as well as heat shock and protein stability related sHsp20c,
ClpBc and HtpX (Table S1) suggesting that PACGI-1 is an island contributing to quality

control of macromolecules.

The proximal region of a tRNA gene is a common integration site of genomic island (Kung et
al., 2010). Remarkably, however, PACGI-1 is located within spacer 7 of the CRISPR 2
adaptive bacterial immune system against plasmid and phages (Sorek et al., 2008). Currently,

we do not have a rational explanation why the CRISPR locus was targeted by PACGI-1.
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The PACGI-1 encoded sHsp20c is one of the highest expressed proteins of clone C strains
(Fig. 2A and preliminary data not shown). sHsps of the sHsp20 family are holding
chaperones involved in preventing protein aggregation under heat shock, oxidative stress and
desiccation in bacteria (Thomas and Baneyx, 1998; Bojer et al., 2010; Kuczynska-Wisnik et
al., 2010; Cocotl-Yanez et al., 2014). Despite ubiquitous occurrence, few physiological
functions have been assigned to sHsps in prokaryotes. Here, we show that the additional copy
of sHsp20c in the PACGI-1 genomic island contributes to resistance to heat shock. In
addition, we examined the virulence of shsp20c mutant strain in the larvae of Galleria
mellonella as a model host. Although we could not observe a significant difference in early
and end-point 48 h survival compared with SG17M wild-type strain, the mutant showed
slightly attenuated virulence after 36 hours of infection (data not shown). The contribution of
island genes to virulence is in agreement with clone C strains being highly virulent in this

environmentally relevant model host (Hilker et al., 2014).

Environmental strains of P. aeruginosa have a higher prevalence of encoding sHsp20c and
presumably the PACGI-1 island than clinical strains (Fig. 2F). It is commonly considered that
environmental strains of P. aeruginosa are indistinguishable from clinical isolates (Wolfgang
et al., 2003). The presence of sHsp20c in environmental isolates points to a predominant role
of sHsp20c in the environment. As, on the other hand, the first (clone C) and forth (clone J)
most prevalent clone cluster in patients and aquatic habitats harbors sHsp20c, a specific
genetic background might favor a beneficial role of sHsp20c and the PACGI-1 island.
Despite high expression in P. aeruginosa clone C strains, a balanced protein quality control
homeostasis seems to be essential since expression of plasmid encoded sHsp20c could not
complement the phenotype of the shsp20c mutant or was even detrimental (data not shown).

However, shsp20c and shsp20c clpBc in single copy, in combination with the upstream

14



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

repressor dna, significantly contributed to heat resistance in the unrelated strains PA14 and

SGI9M, showing the generality of the heat resistance phenotype (Fig. 3F).

sHsp20c has chaperone function and prevents the model substrate citrate synthase from
thermal aggregation. In E. coli, sHsps IbpA and lbpB work co-operatively with heat shock
proteins ClpB and DnaK (Mogk et al., 2003; Carroni et al., 2014) with task distribution of
sHsps as holding chaperone to prevent protein aggregation, while ClpB and DnaK act as
disaggregating and folding chaperones, form a complex and cooperate to reactivate
aggregated proteins (Arifuzzaman et al., 2006; Seyffer et al., 2012; Rosenzweig et al., 2013).
Interestingly, a combination of sHsp20c with the downstream located gene encoding a ClpB-
like disaggregating chaperone is conserved in all strains with sHsp20c homologues (Bojer et
al., 2010; Gajdosova et al., 2011; Bojer et al., 2013). Functional relatedness is indicated as
enhanced susceptibility to heat shock was observed compared to single deletion mutant of

sHsp20c.

sHsp20c is unconventionally expressed in P. aeruginosa strains. In contrast to other bacterial
sHsps expressed at elevated temperature (Laksanalamai et al., 2001; Usui et al., 2001;
Krajewski et al., 2013), sHsp20c is expressed in late logarithmic and stationary phase over a
wide temperature range with 20°C as the lowest examined temperature. In most Gram-
negative bacteria, transcription of sHsp and other heat shock responsive genes is coordinately
regulated by the alternative sigma factor 6% (alternatively called RpoH) (Allen et al., 1992).

The sHsp20c encoding operon might be regulated by ¢°

an alternative sigma factor in
stationary phases in response to general stress or nutrient starvation (Battesti et al., 2011).
Recently, o°>-dependent sHsp20 has been reported in Azotobacter vinelandii to be involved in

desiccation resistance (Cocotl-Yanez et al., 2014). The distinct expression pattern of sHsp20c

thus points to a protein quality control function in stationary phase clearly distinct from the
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sHsp20 core genome protein IbpA. In this context, it is interesting to note that we observed
life-style biased expression of sHsp20c as increased expression of sHsp20c in planktonic
compared to cell aggregates. As protein aggregation is associated with aging, which is
defined as the loss of reproductive ability (Lindner et al., 2008), this mechanism might

contribute to rejuvenation of bacterial cells with increased survival rates.

Phylogenetically, sHsp20c-like proteins constitute a distinct subfamily among bacterial class
B sHsp20 proteins (Fig. 2B) (Fu et al., 2006). In addition to sequence homology, the higher
order protein structure is distinct between different classes of sHsps. Bacterial class A sHsps
form polydisperse oligomers, whereas class B sHsps exist as monodisperse oligomers (Fu et
al., 2006). Consistent with the classification as a class B sHsp, sHsp20c forms a sphere-like
mono-oligomeric 24-mer. Though from direct observation of negatively stained particles
detailed substructural features can be recognized, views on class-averages did not reveal a
distinct regular surface-pattern which reflects the subunit arrangement within the molecules.
Beside the low-resolution of the 3D-reconstruction as such the reason for insufficient surface-
patterning may be caused by irregular, noisy positioning of the outside oriented 6XHis-tag

appendages that may distort visualization of the regular sHsp20c-subunit arrangement.

In summary, in this study, we identified clone C-specific genomic island PACGI-1. The island
harbors a novel small heat shock protein sHsp20c, highly expressed in clone C strains,
involved in heat shock response. This discovery contributes to the beginning elucidation of

the physiological features of highly successful strains.
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Experimental Procedures

Strains and growth conditions

P. aeruginosa SG17M (Romling et al., 2005) was used as the representative clone C strain
and was the parent of all constructed mutants. The construction of in-frame deletion mutant
was performed using established protocols (Choi and Schweizer, 2005). All strains, plasmids
and primers used in this study are listed in the table S3-5. If not otherwise specified, cells
were grown in Luria—Bertani (LB) medium at 37°C containing appropriate antibiotics. For P.
aeruginosa SG17M, gentamycin (Gm) was used at 30 mg/ml, and tetracycline (Tc) at 70
mg/ml. E. coli TOP10 was used for cloning and to retain the plasmids. For E. coli, Gm at 30
mg/ml, Tc at 20 mg/ml, kanamycin (Km) at 25 mg/ml and ampicillin (Ap) at 100 mg/ml was

used.

Mutant construction

Briefly, deletion mutants were constructed by cloning flanking regions of the target genes
into pSGO01 (Table S4) vector, which is a derivative of pEX18Tc (Shanks et al., 2006)
harboring an FLP-excisable gentamycin cassette between BamHI and Sall. To amplify the
gentamycin cassette, pUC18T mini-Tn7T-Gm (Choi and Schweizer, 2006) was used as a
template of PCR with primers are described in table S5. Besides, all the primers which
amplified the flanking regions of to be deleted genes are described in table S5. The resulting
vectors were introduced into SG17M by triparental mating with E. coli HB101 harboring
pRK2013 and E. coli TOP10 harboring the constructed plasmid. Selection was on citrated-
based VBMM medium containing gentamycin (Choi and Schweizer, 2005). To confirm the
double crossover, the conjugants were tested for Tc and Gm resistance. Tc® and GmR

conjugants were selected and streaked to obtain a single colony. pFLP3 plasmid was used for
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FIp-mediated excision of the Gm marker, whereby established procedures were followed
(Choi and Schweizer, 2005). In all cases, deletion mutant were confirmed by PCR using

primers outside the entire region of homologous recombination.

Complementation

pUC18T-mini-Tn7T-Gm was used to complement mutants (Choi and Schweizer, 2006). The
genes including their own promoter were amplified by using the primers (shsp20c/dna
shsp20c clpBc mini F, shsp20c mini R and dna shsp20c clpBc mini R, Table S5) and cloned
into the BamHI and Kpnl site of multiple cloning site of the vector. For chromosomal
integration, the cloned vector and pTNS2 helper plasmid encoding the TnsABCD transposase
subunits were co-conjugated into the dna shsp20c or dna shsp20c clpBc deletion mutant of
SG17M with E. coli HB101 containing pRK2013 conjugation-helper strain (Table 3). Gm®
conjugants were selected and chromosomal integration was confirmed by PCR using primers
PglmS-up and PgimS-down (Table 5). For the excision of the Gm marker, pLFP3 plasmid
and same procedure was used as described above for mutant construction (Choi and

Schweizer, 2005).

DNA sequencing, annotation and bioinformatics methods

The whole genome sequence of SG17M determined by whole-genome shotgun sequencing is
available under GenBank accession number JALFO0000000 (Lee et al., 2014). The sequence
was compared to the annotated genomes of PAO1l and PA14 (www.pseudomonas.com;
(Winsor et al., 2011)). The location of the island corresponds to 2,317,400 to 2,403,499 bp of
scaffold 1 of the SG17M genome sequence. Open reading frames (ORFs) of SG17M were

annotated by BASys (www.basys.ca; (Van Domselaar et al., 2005)) and RAST
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(http://rast.nmpdr.org/; (Overbeek et al., 2014)). The ORFs were analyzed for homologies by
using BLASTN, BLASTP and BLASTX (www.ncbi.nlm.nih.gov/blast/). ClustalX2 and W2
were used for the sequence alignments of sHsps and phylogenetic analysis (Chenna et al.,
2003). Phylogenetic tree was visualized with Treeview (Page, 2002) and structure-based
sequence alignment was visualized using the program ESPript (Robert and Gouet, 2014). The
structure of sHsp20c was modeled from the coordinates of the heat shock protein 16.0 from
Schizosaccharomyces pombe (PDB: 3w1z) using the SWISS-MODEL Workspace (Arnold et
al., 2006). Figure for molecular structure description was prepared with the program PyMOL

(WL, 2002).

Susceptibility assays

Cell viability after exposure to heat shock and hydrogen peroxide (Sigma) was determined by
counting colony forming unit (CFU). To assess susceptibility to heat shock, bacteria were
grown for 48 h in LB broth at 20°C (stationary phase conditions with sHsp20c expression).
500 pl of a cell suspension with O.D.go 2.5 was exposed to 50°C for 30 and 60 min and a
control cell suspension was kept at room temperature. For comparison cell viability of
sHsp20c-harboring and non-harboring strains, cells were grown for 24 h in LB broth at 37°C
before subjection to heat shock.

To assess susceptibility to hydrogen peroxide, cells were grown for 24 h in LB broth at 37°C.
500 ul bacterial suspension of O.D.ggo 2.5 was treated with 30 and 50 mM hydrogen peroxide
for an hour at 37°C and a control suspension was kept at the same temperature without

treatment. After exposure, 100 ul cell suspension diluted 107 was spread on LB-agar

medium. Colonies were counted after 12—14 h incubation at 37°C and % of survival was

calculated as the ratio of CFU of stress-treated and non-treated cells.
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To compare susceptibility between sHsp20c-harboring and non-harboring strains, the survival
rate of P. aeruginosa SG17M was arbitrarily set to 100%. At least two biological replicates

were performed with three technical replicates on each occasion.

Development of an antiserum against sHsp20c

The sequence of sHsp20c was assessed for antigenicity and sHsp20c proteins available at the
beginning of the study were aligned to identify conserved regions. Based on this evaluation,
the amino acid sequences R;19GEKRQEQETKDGGFHR35 was selected for production of a
polyclonal peptide antibody (PolyPeptide Laboratories, France).

For antibody purification, the serum was loaded onto a CnBr-activated sepharose coupled
with peptide containing a N-terminal cysteine residue. The column was washed with 100 mM
acetate buffer, fractions were eluted with 200 mM acetate buffer and immediately neutralized
with 1.5 M Tris-HCI, pH 8.8. In a second step, fractions were eluted with 100 mM
Triethylamine buffer, pH 11.5 and neutralized immediately. The fractions containing eluted

antibody were combined, buffer exchanged to PBS and the antibody concentrated to 2 mg/ml.

Western blot

Cell lysates with equal protein content from cultures growing under specific conditions were
subjected to SDS-PAGE (12% separating and 4% stacking gel) protein gel and blotted onto
polyvinylidene difluoride (PVDF) membrane (Millipore). After 1 h incubation in blocking
solution (1 x TBS pH 7.4, 0.01% Tween 20, 0.5% skim milk powder), sHsp20c was detected
with 1/2000 anti-sHsp20c antiserum and 1/10,000 rabbit anti-mouse secondary antibody
(Jackson Immuno Research, UK). Bound antibody was visualized with ECL

chemiluminescent detection reagent (Roche). Detection of protein production was at least
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performed twice in independent experiments.

Expression of sHsp20c in aggregated and planktonic cells

SG17M was grown in LB medium with vigorous agitation (200 rpm) at 20 and 37°C for 24
and 48 h, respectively. Cell aggregates were separated from planktonic cells by a short
centrifugation at 500 rpm for 10 sec. The supernatant was collected as planktonic cells.
Aggregated and single cell status was confirmed by light transmission microscopy
(Deltavision). sHsp20c was detected by Western blot analysis using sHsp20c-specific

antibody as described above. Experiments were repeated two times independently.

Isolation of aggregated proteins

In brief, for detection of aggregated proteins (Tomoyasu et al., 2001), cells of an overnight
culture grown in LB medium at 37°C were disrupted by sonication and intact cells were
separated by mild centrifugation. Soluble protein was separated by centrifugation at 13 000 g
and aggregated protein in the pellet was separated from the membrane associated proteins by
addition of 10% NP40. Soluble and aggregated protein was analyzed by Coomassie staining

after SDS-PAGE.

Purification of 6XHis-sHsp20c

Two versions of sHsp20c encoding genes, one encoding sHsp20c with an N-terminal 6XHis-
tag and an alternative variant with a thrombin cleavage site after the N-terminal 6XHis-tag
were inserted into pJN105 (Newman and Fuqua, 1999) using primers containing sequences
for 6XHis and 6XHis with a thrombin cleavage site (aa sequence of thrombin cleavage site:

LVPRGS) in E. coli TOP10 (Table S3-5). The construct was transformed into the shsp20c
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deletion mutant of SG17M. SG17M containing the plasmid was grown to the mid-
exponential phase (optical density at 600 nm of 0.5) in LB broth with gentamycin (30 pug/ml)
at 37°C. Protein expression was induced by adding 0.1 % of arabinose. Cells were grown for
an additional 4 h, harvested, and resuspended in binding buffer (20 mM Tris-HCI [pH 7.9], 5
mM imidazole, 500 mM NacCl). After disruption by sonication, cell debris was removed by
centrifugation at 15.000 x g for 30 min and protein was purified according to standard
procedures for Ni-NTA columns (Qiagen). The protein concentration was determined by
using the Bradford reagent and purity was assessed by SDS-PAGE. Thrombin kit (Novagen)
was used to cleave off the His-tag; 10 ug of purified 6XHis-tagged sHsp20c protein was
digested with 1 U in buffer (200 mM Tris-HCI, 1.5 M NaCl, 25 mM CaCl2, pH 8.4) at 20°C

for 16 h. The cleavage was monitored by SDS-PAGE analysis.

Size-exclusion chromatography

As a final purification step, all sHsp20c preparations were subjected to size-exclusion
chromatography (SEC) using a HilLoad 16/60 Superdex 200 prep grade column (GE
Healthcare) equilibrated with a buffer consisting of 25 mM Tris—HCI (pH 7.5), 150 mM NaCl,
and 5% glycerol, at a flow rate of 1 ml/min. After SEC, the protein was concentrated,
aliquoted, flash frozen in liquid nitrogen and stored at —80°C until further use. The molecular
mass of purified non- and His-tagged sHsp20c was analyzed using the same settings. The
column was calibrated with Ferretin, Catalase, Aldolase, Albumin, Ovalbumin,

Chymotrypsinogen A, Ribonuclease A as molecular mass standards.

Circular dichroism (CD) spectroscopy

CD measurements were conducted on a JASCO J-810 spectropolarimeter using a cuvette of
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0.1 cm path length with sHsp20c at a concentration of 0.1 mg/ml in a buffer containing 10
mM Tris—HCI (pH 7.5) and 10 mM NaCl. The spectra were recorded from 195 to 260 nm.
Five scans were averaged and corrected for the buffer spectrum. Thermal unfolding were
studied using a peltier apparatus in the range 20-70°C, with a scanning rate of 2 °C/min and

at 10°C intervals.

Analytic ultracentrifugation

Sedimentation velocity (SV) and sedimentation equilibrium experiments (SE) were carried
out in a Beckman Coulter ProteomelLab XL | analytical ultracentrifuge at 20°C in a buffer
containing 150 mM NacCl, 25 mM Tris pH 7.5 using an An-50 Ti rotor. Concentration profiles
were measured with the manufacturer’s data acquisition software ProteomeLab XL-1 \ersion
6.0 (Firmware 5.7) using either the absorption scanning optics at 280 nm only, or in
combination with the Rayleigh interference optics.

Partial specific volume, extinction coefficient at 280 nm, buffer density and viscosity were
calculated from amino acid and buffer composition, respectively, by the program
SEDNTERP (Laue, 1995). Protein concentrations were determined spectrophotometrically
and are given in monomers throughout the text. Figures were prepared using the program
GUSSI  (http://biophysics.swmed.edu/MBR/software.html, kindly provided by Dr. C.
Brautigam).

SV analysis was performed at 25000 rpm in a concentration range from 4 to 72 uM 6XHis-
tagged sHsp20c in 3 or 12 mm double sector centerpieces filled with 100 pl or 400 pl sample,
respectively. For data analysis a model for diffusion-deconvoluted differential sedimentation
coefficient distributions [continuous c(s) distributions] implemented in the program SEDFIT

(Schuck, 2000) was used, subsequently experimental s-values were corrected to Sy, .
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SE of 6, 12 and 20 uM 6XHis-tagged sHsp20c were performed with 150 pl sample in
standard 12 mm double sector centerpieces at 3500, 5000, 7000 and 9000 rpm. Before SE,
centrifugation cells were mechanically stabilized and water blanks were collected using the
interference optics as described by Vistica et al., 2004. Samples were spun until no further
change in concentration gradients could be observed, as judged by the program GUSSI. After
subtraction of water blanks, interference data acquired at multiple loading concentrations and
rotor speeds were modelled globally together with the corresponding absorbance data in the

program SEDPHAT (Vistica et al., 2004) using a single species model.

Chaperone activity assay

The chaperone activity of 6XHis-sHsp20c was measured by monitoring changes in
aggregation of the thermolabile model substrate citrate synthase from porcine heart (CS;
Sigma) (Sastry et al., 2002; Malki et al., 2003). The thermal aggregation experiments with
CS were conducted at 43°C in 50 mM NaPOy pH 6.8 buffer. Indicated molar ratios of 6XHis-
sHsp20c were transferred to a cuvette and preincubated for 5 min with stirring, prior to
mixing with CS at a final concentration of 0.1 uM. After preincubation, right-angle light
scattering of aggregated CS was measured using a Shimadzu RF-5000 equipped with a stirrer,
enabling constant temperature control with an EYELA model CTP-101 circulating water bath.

Both excitation and emission wavelengths were set to 360 nm with a slit width of 3.0 nm.

Electron microscopy
Sample preparation of 6XHis-sHsp20c for TEM analysis followed mainly the procedures
described in Chen et al. (2010) and references therein. Negatively stained (1% (w/v) uranyl

acetate, pH 4.0) samples were analyzed by an in-column energy-filter transmission electron
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microscopy (EF-TEM; Zeiss Libra 120plus, Zeiss, Oberkochen, Germany) doing image
acquisition close to Scherzer and Gaussian focus at medium to low dose irradiation in the
elastic bright-field mode at nominal x40000 magnification. The energy-slit width was set to
10 eV, using a 60 um objective aperture and a beam current of 1.0 uA. Images were recorded
with a 2048 x 2048 cooled bottom-mounted CCD camera (SharpEye, Trondle, Moorenwies,
Germany). Single particle analysis was performed with the EMAN software package (Ludtke
et al., 1999; Tang et al., 2007), reference-free 2D analysis and class-averaging of a 4292

particle dataset was performed.
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Figure legends

Figure 1. Insertion of clone C-specific genomic island PACGI-1 at the CRISPR locus in
strain SG17M. Chromosomal organization of the CRISPR genomic region in SG17M,
including the CRISPRs and CRISPR-associated (cas, csy) genes. The 86 kb clone C-specific
genomic island PACGI-1 is integrated in the 7™ spacer (black boxes) between the 7" and 8"

repeat of CRISPR 2.

Figure 2. ldentification of sHsp20c as a clone C-specific protein. (A) The total proteomic
pattern was compared between PAO1 and clone C strain C by two-dimensional gel
electrophoresis. Clone C-specific expression of protein was detected at 21.4 kDa and pl 5.33,
which was subsequently identified as sHsp20c by MALDI-TOF analysis. 2D gels reproduced
with permission from Wiley-VCH from (31). (B) Phylogenetic tree of sHsp20c with sHsps
(protein identities as in Fig. S2). (C) Sequence alignment of sHsp20c with sHsps IbpA and
IbpA2 from P. aeruginosa and selected other species with protein identities as in Fig. S2
(Chenna et al., 2003). Secondary structure annotation corresponding to results from
homology modelling shown on top with a-helices represented by spirals, 310-helices denoted
by m, B-strands shown as arrows and strict B-turns as TT. Strictly conserved residues are
shaded in red and conserved regions are boxed by blue frames. Consensus sequence at
bottom is indicated in uppercase for residues with 100% identity and in lowercase for
residues higher than 50%. Predicted domain organization is shown with the same color
coding as in (D). Alignment was carried out using the program ClustalW2 and the result was
modified for the figure using the program ESPript (Robert and Gouet, 2014) (D) Structural
model of monomeric sHsp20c (Ser42-Gly189) shown as cartoon representation colored
according to predicted domain organization with the N-terminal domain, the a-crystallin

domain and the C-term extension colored yellow, blue and green, respectively, and the dotted
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yellow line representing the N-terminal residues that could not be modelled. Model was
prepared using the coordinates of the 30.2% identical heat shock protein 16.0 from
Schizosaccharomyces pombe ((PDB: 3wlz). (E) Expression of sHsp20c in clone C and J
isolates was detected by Western blot analysis with sHsp20c specific antibody. The strains
include environmental clone J 1: PT1M, Clone C 2: PT31M, 3: W5Aug28, 4: W15Aug28, 5:
43A, 6: 10A, 7: SG17M; and clinical isolates clone J 1: P7-2, 2: P7-37, 3: P7-38, Clone C 4:
P7-1, 5: P7-2, 6: P7-8, 7: SG17M. (F) Occurrence of shsp20c detected in 56 environmental

and 61 clinical isolates belonging to different clonal groups (3°=0.037).

Figure 3. Susceptibility of shsp20c mutants to heat and oxidative stress. Sensitivity of
SG17M and respective mutants to heat shock (A) and hydrogen peroxide (B). To assess heat
shock resistance, cells were kept at 50°C for 30 and 60 mins. Cells were treated with 30 and
60 mM hydrogen peroxide for 90 mins. Bars show the mean of three technical replicates of
one representative experiment and error bars indicate standard deviation (*, ** p<0.001; ***
p<0.05; * compared with SG17M). (C) sHsp20c harboring strains are less susceptible to heat
shock at 50°C for 30 min than sHsp20c negative isolates. (D) sHsp20c harboring strains are
equally sensitive to oxidative stress than sHsp20c negative isolates. The sHsp20c negative,
non-clone C group consisted of strains: SGO9M, PT4M, ATCC33818, A5787 and PAl4. The
sHsp20 positive group included P4-1, 8277, 8735, SG31M, PT1M (clone J) and SG17M.
(*p<0.002). (E) Expression of sHsp20c in clone PA14, SGO9M and derivatives as detected by
Western blot analysis. Cells were grown in LB medium at 20°C for 48h. Samples: 1, SG17M,;
2, SG17M Ashsp20c; 3, PA14; 4, PA14 attTn7::dna shsp20c™; 5, PA14 attTn7::dna shsp20c
clpBc™; 6, SGOM; 7, SGIM attTn7::dna shsp20c™; 8, SGOM attTn7::dna shsp20c clpBc*
(F) Introduction of dna shsp20c and dna shsp20c clpBc at the Tn7 site enhances heat

resistance in PA14 and SG9M. Bars show the mean of three technical replicates of one
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representative experiment and error bars indicate standard deviation (*, ** p<0.005;
*compared to corresponding wild type). Samples: 1, PA14; 2, PA14 attTn7::dna shsp20c™; 3,
PA14 attTn7::dna shsp20c clpBc™; 4, SGOM; 5, SGOM attTn7::dna shsp20c™; 6, SGOM

attTn7::dna shsp20c clpBc™.

Figure 4. Unconventional expression of sHsp20c and inducibility by heat and oxidative
stress. sHsp20c is highly expressed in stationary phase cells on solid (A) and in liquid
medium (B). (A) SG17M cultured at 20°C in LB and M63-citrate medium were collected at
different time points; LB medium: lane 1: 24, 2: 36, 3: 48, 4: 60, 5: 72 h and M63 medium:
lane 1: 31, 2: 43, 3: 55, 4: 67, 5: 79 h. Lane 6, positive control of SG17M grown on LB-agar
medium at 37°C for 18 h. (B) SG17M cells were harvested at different O.D.gg in liquid
medium. Lanes, 1: 1; 2: 2.5; 3: 4; 4: 4.8 and 1: 1; 2: 1.5; 3: 1.7; 4: 1.8 of O.D.gqo Value for LB
and M63-citrate medium respectively. (C) sHsp20c is expressed at 20, 27 and 37°C on M63-
citrate solid medium. Strains PT1M and SG17M were incubated 72, 48 and 24 h at 20, 27 and
37°C respectively. (D) sHsp20c is induced by hydrogen peroxide treatment in SG17M strain.
SG17M was treated with hydrogen peroxide for 1 h at 37°C in LB medium. (E) SG17M was
grown at 20°C for 4 h until O.D.gy 0.2, and then aliquots were incubated at 20, 37 and 42°C
respectively. At certain time points, cells were collected, the O.D.g0 Was measured and
sHsp20c production was assessed by Western blot analysis. (F) sHsp20c is preferentially
associated with the aggregated cell fraction. S, soluble protein; A, aggregated protein. Cells
were grown in LB medium at 37°C for 24 h. (G) sHsp20c expression is higher in planktonic
cells compared with cell aggregates at both 20 and 37°C. (H) Successful separation of the
culture in LB medium at 37°C for 24 h with shaking (left) into aggregated and planktonic

cells was assessed by light transmission microscopy. Scale bar: 5 um.

Figure 5. Oligomeric complex of sHsp20c and its chaperone activity as well as thermal
38
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stability. (A) Size-exclusion chromatography analysis of oligomeric complexes formed by
sHsp20c performed on a Superdex 200 prep grade column monitoring the absorbance at 280
nm. The elution profiles of non- (red) and 6XHis-tagged (blue) sHsp20c are shown as solid
lines with molecular mass standards from calibration of the column indicated above the
chromatograms. Purified 6XHis-sHsp20c protein was analyzed by SDS-PAGE before
performing SEC (inset). (B) The chaperone activity of 6XHis-sHsp20c was monitored by
prevention of thermal aggregation of CS at different molar ratio. BSA and a-crystallin
proteins were negative and positive controls for chaperone activity, respectively. (C) Far-UV
circular dichroism (CD) spectra of 6XHis-sHsp20c recorded in the temperature range 20 to

70 °C.

Figure 6. Molecular mass and hydrodynamic properties of sHsp20c. (A) Exemplary c(s)
distributions of 4 uM (red), 8 uM (yellow), 16 uM (cyan) and 32 pM 6XHis-tagged sHsp20c
(blue) are shown as obtained by SEDFIT analysis (Schuck, 2000) of a sedimentation velocity

experiment at 25000 rpm with a detection wavelength of 280 nm. sHsp20c sediments as a
single species at all protein concentrations. Extrapolation to zero concentration yielded Sy,

=18. 1 S. (B) Sedimentation equilibrium experiment at a loading concentration of 12 uM
6XHis-tagged sHsp20c at 3500 rpm (blue circles), 5000 rpm (cyan circles), 7000 rpm (yellow
circles) and 9000 rpm (red circles) using interference detection. Global analysis of data sets
measured at 6 pM, 12 uM and 20 uM, all four rotor speeds and with detection of interference
and absorbance at 280 nm; using a single species model yielded a molecular mass of 547 kDa
(solid lines). In the lower panel differences between modelled and measured values as a

function of radial position are given (note different scales of upper and lower panel).

Figure 7. Oligomeric structure and shape of sHsp20c by transmission electron microscopy.
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(A) Survey view of negatively stained particles. Large circles: individual molecules, small
circles: subunit dimers/molecular debris, ellipses: doublets. (B) Representative filtered class-
averages. Arrows indicate substructural centers of mass. (C) Class-averages after 12

refinement cycles with d6-symmetry (Cutout).
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Fig. 6
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