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Abstract 15 

Maintenance of protein homeostasis is essential for survival of all organisms. In bacteria, the 16 

protein quality control system has a broad physiological impact beyond heat shock resistance, 17 

being involved in virulence, antibiotic resistance, as well as protection against environmental 18 

stresses. Its contribution to rejuvenation and growth arrest suggests interference with protein 19 

quality control to be a novel antimicrobial strategy. Remarkably, a protein quality control module 20 

originating from environmental strains has been found to be horizontally transferred to 21 

predominant clonal groups of bacteria providing exquisite thermotolerance to recently emerged 22 

global pathogens suggesting that novel features related to protein homeostasis contribute to the 23 

transition to new environments. 24 

 25 

Introduction 26 

Proteins are key catalysts of physiological processes and fulfill important structural functions, while 27 

their dysfunctionality is counteracting cell replication and is at most cytotoxic. Therefore, control 28 

of protein quality (protein homeostasis) is essential for all living organisms, from bacteria to 29 

humans [1,2]. Not only de novo folding of the protein chain derived from the ribosome requires 30 

immediate assistance (Fig. 1A), but also endurance during environmental stress such as 31 

temperature changes and solvent exposure, which usually leads to protein aggregation, requires 32 

systems to maintain the protein integrity. Also other deleterious protein modifications caused by 33 

e.g. intrinsic or extrinsic reactive compounds, such as oxygen and nitrogen-based radicals, lead to 34 

protein damage as well as aggregation. Thus, sophisticated networks of chaperone proteins exist 35 

in organisms, which fulfill diverse roles such as to prevent aggregation, disaggregate aggregated 36 

proteins and aid folding, which are eventually coupled to downstream proteolysis. Not to forget, 37 



3 

 

though, controlled aggregation can also be a physiologically controlled process leading to the 38 

formation of functional amyloids [3]. 39 

To date, the protein homeostasis systems have been well characterized in bacteria, mainly on the 40 

biochemical level. In the model organism Escherichia coli, holding, folding and disaggregating 41 

chaperones form a functional triade (Fig. 1B). Small heat shock proteins ((sHsps); Table 1) are 42 

typically holdases serving as a transient reservoir to prevent irreversible aggregation and to 43 

facilitate the resolubilization of aggregated protein via disaggregating chaperones in an ATP 44 

independent manner [4]. Although all sHsp monomers possess a core alpha crystalline domain, 45 

sHsps form diverse higher order oligomeric structures with oligomers being monodisperse or 46 

polydisperse, dependent on the affiliation to either major class A or B sHsps, respectively [5]. A 47 

structural shift between low and high substrate affinity states occurs upon signal induction, such 48 

as heat shock [4]. Deletion of sHsp(s) frequently conveys a mild or no phenotype suggesting the 49 

existence of functional redundance or backup systems.  50 

In the ATP dependent disaggregating bi-chaperone system, DnaK/Hsp70 and its co-chaperone 51 

DnaJ/Hsp40 in cooperation with the nucleotide exchange factor GrpE, interact with protein 52 

aggregates and subsequently guide substrates to the ClpB/Hsp100 disaggregase (Fig. 1B, [3,6]). 53 

DnaK binds to the coiled-coil structured middle domain (M-domain), which is N- and C-terminal 54 

flanked by two AAA+ ATPase domains of hexameric ClpB to modulate ClpB ATPase and 55 

disaggregating activity (Fig. 2; [6]). ATP hydrolysis generates the threading power to translocate 56 

the substrate through the ClpB hexamer. This coordinated action can be enhanced by sHsps [7]. 57 

Subsequently, the unfolded proteins are refolded by the folding chaperones, DnaK/DnaJ and 58 

GroEL/GroES, in an ATP-dependent manner [8]. The DnaK/DnaJ and GroEL/GroES chaperone 59 

systems have a dual role as they also inhibit premature misfolding of newly translated proteins 60 

and prevent aggregation of nascent polypeptides (Fig. 1A, [1]). Although chaperone systems are 61 
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highly abundant and extensively studied in many bacteria, the precise role of individual 62 

components in bacterial physiology is less understood. 63 

In this review, we describe the impact of maintaining protein integrity on bacterial physiology with 64 

a major focus on holding and disaggregating chaperones. In addition, we discuss the biological 65 

role of modules dedicated to protein quality control present on a horizontally transferred genomic 66 

island or plasmid that provides a survival advantage against heat shock to world-wide prevalent 67 

Pseudomonas aeruginosa clone C and other bacterial clones of diverse species. 68 

 69 

Role of chaperones in response to various stresses 70 

Disfunctionalization of the heat shock regulon by deletion of the determinative sigma factor σ32 71 

leads to unphysiological protein aggregation under non-stress conditions highlighting the 72 

physiological impact to aid protein folding by chaperones [9].  Heat resistance is the most 73 

prominent phenotype of members of the protein quality control system relevant for bacteria in 74 

the environment and the host. Thus, promotion of survival and virulence in the host depends on 75 

the major disaggregating chaperone ClpB in several bacterial pathogens [10-12]. Consequently, 76 

also expression of various chaperones including sHsp, DnaK and ClpB is upregulated in interaction 77 

with host immune cells such as macrophages [13-15]. As an additional phenotype, clpB deletion 78 

in a F. tularensis live vaccine strain provokes a robust early host immune response with altered 79 

cytokine production suggesting that ClpB interferes with antigen expression and/or processing 80 

[16]. Interestingly, a recent study showed that the sHsps IbpA/IbpB are upregulated during 81 

experimental colitis and protect specifically non-pathogenic E. coli strains from reactive oxygen 82 

species produced by macrophages [15]. As the presence of elevated number of E. coli contributes 83 

to the etiopathogenesis of inflammatory bowel diseases. IbpA/IbpB can be considered novel 84 
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context-dependent virulence factors of E. coli. As a conclusion, exposure to elevated temperature 85 

and reactive radicals are major stress factors in vivo leading to thermal aggregation in 86 

combination with protein oxidation. 87 

Treatment with antibiotics is another stress condition with chaperones induced [17-19]. For 88 

instance, the expression of IbpA is induced by tobramycin up to 90-fold in P. aeruginosa [17]. 89 

Indeed, heat-treatment of A. baumannii promotes enhanced resistance to a subsequent 90 

streptomycin treatment [18]. In M. tuberculosis, deficiency of ClpB impairs response to antibiotics 91 

[12]. As ClpB has been shown to sequester irreversibly oxidized proteins in M. tuberculosis [12], 92 

upregulation of the protein quality control system possibly protects the cells from the subsequent 93 

redox stress upon antibiotic treatment [20]. Protein oxidation and disulfide stress also occurs upon 94 

starvation with induction of the heat shock response [21,22]. 95 

Dramatic temperature intervals are probably the most common adverse condition for all living 96 

organisms including bacteria. The role of protein homeostasis at low temperature was highlighted 97 

by demonstrating expression of the GroEL chaperone from an antarctic bacterium to lower the 98 

minimal growth temperature of E. coli by more than 20℃ [23]. Upregulation of genes related to 99 

protein homeostasis, such as groESL, dnaK and clpB, under cold shock in Sphingopyxis alaskensis 100 

also highlights the role of chaperones in cold adaptation [24]. 101 

Organic solvents, i.e. aromatic compounds such as phenol and toluene, are stressors due to their 102 

membrane-damaging effect and denaturation of proteins. Upregulation of stress-response genes 103 

including various chaperones, such as Hsp90 family protein HtpG and ClpB, occurs in the presence 104 

of aromatic solvents [25]. A recent report notes the contribution of a tricistronic sHsp gene cluster 105 

of Pseudomonas putida to tolerance against organic solvents [26]. This tricistronic gene cluster is 106 

found exclusively in environmental bacteria with high metabolic versatility suggesting a specialized 107 

role in protection against aromatic compounds in polluted soils. Besides prevention of protein 108 
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aggregation, sHsps as dimers might maintain membrane integrity as a second mechanism of 109 

protection (Fig. 1B, [27,28]). 110 

Desiccation and ultraviolet responses arecommon stresses mainly to environmental 111 

microorganisms to cause DNA damage and protein denaturation with the involvement of small 112 

heat shock proteins [29,30]. As another phenotype, chaperones such as the sHsps IbpA/IbpB as 113 

well as specialized GroEL affect biofilm formation in E. coli and Mycobacterium smegmatis, 114 

respectively [31,32]. A general role of protein homeostasis in biofilm formation, though, needs to 115 

be further investigated. In conclusion, a response to plethora of stresses requires elevated activity 116 

to maintain protein homeostasis. 117 

 118 

Regulation of protein homeostasis 119 

The protein homeostasis regulon is directed by the heat shock sigma factor σ32 which is 120 

efficiently degraded upon interaction with DnaK [33]. Under permissible conditions, elevated 121 

temperature and upon oxidative stress induced glutathionylation disrupt this interaction and 122 

allows the heat shock response [34]. Intriguingly, in Caulobacter crescentus, aggregated proteins 123 

serve as signals to allosterically regulate the activity of the Lon protease to degrade DnaA, the 124 

universal replication initiator thereby regulating proliferation [35]. Thus, aggregated proteins 125 

delicately regulated by chaperones might be general intrinsic signals to regulate proteostasis. 126 

These recent studies on the regulation of protein homeostasis put a glimpes on regulatory 127 

mechanisms to be discovered.   128 

 129 

A genetic island encodes protein quality control modules in world-wide P. aeruginosa clone C 130 
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Surprisingly, protein homeostasis in the environmental organism and opportunistic pathogen P. 131 

aeruginosa has hardly been characterized. Genome analysis though, revealed that P. aeruginosa 132 

harbors all essential chaperone components as described in E. coli (Table 1, Fig. 1). Recently, 133 

comparative genome analysis identified a clone C specific island (PACGI-1) in P. aeruginosa clone 134 

C strains. Interestingly, the PACGI-1 contains genes involved in protein quality control such as 135 

proteins scavenging oxygen radicals and second copies of core genome encoded protein 136 

homeostasis gene products. Clone C, a cluster of closely related strains, is the most prevalent 137 

clone in patients with acute and chronic diseases, predominantly in cystic fibrosis and chronic 138 

obstructive pulmonary disease (COPD) [36,37]. On the other hand, clone C strains are often 139 

recovered from environmental and technical aquatic habitats [38-40]. However, it has been largely 140 

unclear what factors determine the success of clone C strains in the host and environment. 141 

 142 

A novel system for protein quality control: sHsp20GI and ClpGGI proteins 143 

On PACGI-1, most prominent is the dna-shsp20c-clpGGI gene cluster with this gene arrangement 144 

to be phylogenetically most conserved (Table 2). Indeed, dna-shsp20c-clpGGI mediates heat shock 145 

resistance to the host strain and genetically unrelated P. aeruginosa strains [41]. Structural and 146 

biochemical characterization revealed that sHsp20c (renamed sHsp20GI) contains an α-crystallin 147 

domain, forms a monodisperse 24-meric sphere-like oligomeric structure (Fig. 3A) and exhibits 148 

holding chaperone activity characteristic for bacterial class B small heat shock protein [41]. Indeed, 149 

sHsp20GI is the founding member of a novel class B subclass consisting exclusively of highly 150 

homologus horizontally transferred shsp20GI homologues. The core genome encoded small heat 151 

shock protein IbpA, a class A heat shock protein, is only distantly related to sHsp20GI. Consistent 152 

with class A proteins, P. aeruginosa IbpA has a polydisperse oligomeric structure (Fig. 3B) as IbpB 153 

of E. coli [42]. In contrast, E. coli IbpA is prone to form filaments in vitro [42], which probably is a 154 
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purification artifact (A. Mogk, personal communication). 155 

ClpGGI is an ATP-dependent ClpB-like Hsp100 family protein (previously designated ClpBc) 156 

encoded downstream of shsp20GI. ClpGGI has unique characteristics, an extended N- and C- 157 

terminal region and a shorter M-domain [41] (Fig. 2). In E. coli, the M-domain of ClpB is involved 158 

in interaction with DnaK. Noticeably, three conserved cysteines and a single histidine in the N-159 

terminal region possibly forming a zinc finger motif. These unique features suggest a distinct role 160 

compared to the disaggregating chaperone ClpB of the core genome. Also, compared to E. coli, 161 

the chaperone network is extended in P. aeruginosa with a ClpGGI-like protein with 76.3% similarity, 162 

named ClpG, encoded on the core genome (Table 1). The horizontally transferred back-up copy of 163 

ClpGGI, though, is functionally coupled to sHsp20GI as it elevates the heat resistance phenotype 164 

mediated by sHsp20GI [41]. 165 

ClpK, a ClpGGI homologue with 96% sequence identity, located on a conjugative plasmid, 166 

contributes to thermotolerance in the clinical isolate Klebsiella pneumoniae C132-98 [43] (Table 2). 167 

The frequent acquisition of an additional small heat shock protein downstream of the dna-168 

shsp20GI-clpGGI gene cluster (Table 2), though, suggests promiscuity of ClpGGI/ClpK functionality in 169 

interaction with sHsps. Of note, thermotolerance mediated by ClpK partially required the ClpP 170 

protease in the heterologous host E. coli [44] suggesting that ClpK possesses unfoldase 171 

functionality homologous to ClpA and ClpX. Of note though, in contrast to ClpA and ClpX, a 172 

ClpP-interacting loop is not present in ClpGGI/ClpK (Fig. 2). Thus, at least two functional modes of 173 

ClpGGI/ClpK seem to exist, assistance in ClpP-dependent proteolysis and disaggregating 174 

chaperone activity (Fig. 1). If these activities are proven in vitro, further question such as 175 

characterization of substrate specificity of ClpG-like proteins and interactions with substrate and 176 

ClpP arise. 177 

 178 
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A horizontally transferred chaperone gene cluster 179 

The P. aeruginosa clone C specific genomic island (PACGI-1) harbors more than 100 genes in 180 

addition to the dna-shsp20GI-clpGGI gene cluster [41]. The composite island structure is modular 181 

with several additional genes involved in protein quality control. The dna-shsp20GI-clpGGI gene 182 

cluster is frequently part of a longer ~18 kbp Transmissible Locus for Protein Quality Control-1 183 

(TLPQC-1), flanked by mobile element genes and encoding additional protein homeostasis genes, 184 

such as FtsHGI, a second copy of the essential membrane-bound ATP-dependent protease and 185 

TrxGI, another thioredoxin homologue ([41], Table 2). Islands most closely related to PACGI-1 are 186 

found in environmental isolates, such as Ralstonia pickettii 12D and Methylobacillus flagellates KT 187 

isolated from lake sediment and sewer, respectively (Table 2, [41,45]). 188 

Of note, the protein homeostasis module with dna-shsp20GI-clpGGI as the core unit is variably 189 

present in clinically relevant strains of species such as Klebsiella pneumoniae [43], Cronobacter 190 

sakazakii [45] and food born E. coli [46] (examples in Table 2; [46]). Analysis of thermotolerance in 191 

K. pneumoniae and other species suggests that the module genes are determinative for an 192 

elevated heat resistance phenotype, which is subsequently enhanced by downstream gene 193 

products [43,45,46]. Indeed, K. pneumoniae C132-98, which harbors at least four additional 194 

TLPQC-1 genes shows high thermotolerance, while MGH78578 with only the dna-shsp20GI-clpGGI 195 

module shows moderate thermotolerance (Table 2). dna-shsp20GI-clpGGI might have a 196 

distinguished role in starvation stress, since the gene products are expressed at temperatures 197 

between 20 and 42℃ in stationary phase in P. aeruginosa and potentially other bacteria [41,44].  198 

 199 

Thermotolerance might contribute to successful survival of common clonal isolates 200 

P. aeruginosa clone C strains with a sHsp20GI protein are significantly more heat resistant than 201 

non-sHsp20GI bearing non-clone C strains [41]. Of note, the PACGI-1 island is also present in the 202 
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fourth most common P. aeruginosa clone J. Indeed, the dna-shsp20GI-clpGGI module is frequently 203 

found in isolates of K. pneumoniae clones, which cause significant global and local outbreaks, 204 

such as sequence types ST258 and ST16, but also in other sequence types on outbreak-related 205 

plasmids [47,48]. As outbreak plasmids of K. pneumoniae otherwise almost exclusively code for 206 

elements related to acquisition or transposition of antibiotic and heavy metal resistance, the 207 

thermotolerance conferred by the module may aid successful spread and infection of certain 208 

common clonal strains. 209 

Although elevation in temperature is one of the most significant changes during the transition 210 

from the environment to the host, PACGI-1 is present in only 20% of genetically unrelated clinical 211 

strains of P. aeruginosa, compared to 56% of environmental isolates [41]. In the same line, 212 

although TLPQC-1 confers heat resistance to a food isolate of E. coli, only 2% of all sequenced 213 

isolates harbor the module [46]. This suggests that TLPQC-1/PACGI-1 confers only an advantage 214 

in certain strain backgrounds, or is deleterious under certain circumstances. Indeed, although 215 

being one of the most highly expressed proteins of P. aeruginosa clone C strains [41], sHsp20GI is 216 

deleterious when overexpressed in the native host and in E. coli [41].   217 

Ecological disadvantage may be conferred as chaperones can serve as antigens. For example, 218 

sHsp Acr2 of M. tuberculosis is a strong immunogen in both cattle and humans [49]. Recently, 219 

ClpB of commensal gut bacteria E. coli was identified as a conformational antigen mimetic of α-220 

melanocyte-stimulating hormone (α-MSH), influencing food intake, satiety, body weight and 221 

anxiety [50,51]. This suggests that ClpB-expressing gut microorganisms are involved in the feeding 222 

and emotional behaviour in humans with eating disorders. 223 

 224 

Interference with protein homeostasis, a successful approach to treat bacterial infections? 225 
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Bacterial cell division is only superficially symmetric. Upon stress, aggregated and irreversibly 226 

oxidized proteins accumulate at the old cell pole sequestered by chaperones, which leads to 227 

decreased replication proficiency, impaired recovery [12,52] and ultimately growth arrest [35]. Thus, 228 

drugs that interfere with protein quality control components might aid the treatment of bacteria 229 

including M. tuberculosis [12]. In an alternative approach, the cytotoxic effect of protein 230 

aggregation was utilized for a novel antibacteral strategy [53]. Cell-penetrable peptides designed 231 

based on aggregation prone regions in bacterial proteins specifically lead to fast cell death. As 232 

mammlian cells are not affected, this approach can be a therapeutic alternative to conventional 233 

antibiotics. On the other hand, the horizontal transfer of protein quality control modules, as 234 

described above, already indicates that also against such novel antimicrobial approaches, 235 

resistance mechanisms may arise. 236 

 237 

Conclusion 238 

Protein homeostasis is required for bacteria to adapt to various niches and for virulence. Of note, 239 

horizontal transmission of protein quality control modules is found in world-wide prevalent niche-240 

spanning clones of P. aeruginosa, outbreak strains of K. pneumoniae and other clinically relevant 241 

isolates of diverse genera suggesting heat tolerance to be a novel virulence, persistence and 242 

resistance factor probably promoted by modern human life style and the advanced medical care 243 

systems. On the other hand, protein homeostasis and aggregation are novel targets for 244 

antibacterial interference strategies. To date, several chemical compounds inhibiting the activity of 245 

chaperone systems have been discovered, such as pyrrhocoricin targeting DnaK [54,55] and 246 

several small molecules targeting ClpB [56,57]. However, the protein quality control system can be 247 

extendedly targeted to develop antimicrobial agents. Moreover, since several chaperone proteins 248 

act as highly expressed immunogens which penetrate the host, they are potential bacterial 249 
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markers in diagnostics.  250 
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Table 1. Chaperones and AAA+ proteases in E. coli and P. aeruginosa 446 

Chaperone 
/protease 

E. coli K-12 
MG1655 

P. aeruginosa 

PAO1 PA14 SG17M (clone C) 

sHsp20 IbpA 
IbpB 

PA3126 PA14_23680 EWH28912.1 
sHsp20GI (EWH27924.1) 

Hsp70/40 
GrpE 

DnaK 
DnaJ 
GrpE 

PA4761 
PA4760 
PA4762 

PA14_62970 
PA14_62960 
PA14_62990 

EWH24242.1 
EWH24241.1 
EWH24243.1 

ClpB ClpB PA4542 PA14_60190 EWH24017.1 

ClpG - PA0459 PA14_06000 EWH25562.1 

ClpGGI (EWH27925.1) 

ClpP
1
 

proteolysis 
complex 

ClpA 
ClpX 
ClpP 

PA2620 
PA1802 
PA1801 

PA14_30230 
PA14_41230 
PA14_41240 

EWH28279.1 
EWH27217.1 
EWH27216.1 

AAA+ 
Protease 

FtsH 
 

Lon 

PA4751 
 

PA1803 

PA14_62860 
 

PA14_41220 

 (EWH24232.1 
FtsHGI (EWH27927.1) 

EWH27218.1 

1 ClpP protease is not an AAA+ family protein but forms a proteolytic complex with AAA+ 447 

proteins ClpA and ClpX.  448 

 449 

  450 
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Table 2 TLPQC-1 in various clinical and environmental isolates 

Strains Genetic map of TLPQC-11 Origin/source Location of 

TLPQC-1 

Reference 

P. aeruginosa 

8277 (clone C) 

 

 Urine, human Genome Unpublished 

Environmental isolates 

P. aeruginosa 

SG17M (clone C) 
 

River, 

Germany 

Genome [41] 

R. pickettii  

12D  

Lake sediment Genome [45] 

M. flagellates  

KT  

Sewer Genome [45] 

Clinical isolates 

K. pneumoniae  

C132-982  

Blood, human Plasmid: 

pMB58 

[43] 

K. pneumoniae  

MGH78578   

Sputum, 

human 

Plasmid: 

pKPN3 

[43] 

C. sakazakii  

ATCC 29544 
 

Throat, human Unknown [45] 

E. coli  

AW1.7 
 

Beef Genome [46] 
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E. cloacae  

ATCC 13047 
 

Cerebrospinal 

fluid, human 

Genome [45] 

1 Open reading frames (ORF) of TLPQC-1 were marked. dna, MerR-like transcriptional regulator; shsp20GI, small heat shock protein; clpGGI/clpK, ATPase chaperone; cardiolipid 

synthase, phospholipase; ftsHGI, metalloprotease; shspGI, small heat shock protein; yfdXGI1;2, function related to thermal; osmotic and desiccation stress; hdeDGI, transmembrane 

protein with acid tolerance; trxGI, thioredoxin; kefCGI, glutathione-dependent potassium-efflux system and methylglyoxal detoxification; htpXGI, peptidase controlling quality of 

inner membrane proteins; degPGI, periplasmic protein with chaperone and protease activity. ORF16 encodes a putative HTH-type transcriptional regulator/D-alanyl-D-alanine 

endopeptidase. ORF10, 13, and 17 encode hypothetical proteins. ORFs with grey color indicate mobile elements associated genes encoding e.g. transposases and integrases. 

Exceptionally, the cas1, a multifunctional nuclease in CRISPR-Cas system is located at the 3’ region of TLPQC-1 in SG17M. ORFs with no homology to TLPQC-1 encoded genes 

are shown as open arrows. 

2 Plasmid TLPQC-1 of pMB58 is not completely sequenced. 
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Figure legends 

Figure 1. Demonstrated and suggested role of novel chaperones, sHsp20GI and ClpGGI, in protein 

homeostasis in cooperation with core genome proteins (suggested for P. aeruginosa based on 

data from E. coli). (A) DnaK/DnaJ/GrpE and GroEL/GroES chaperone systems stabilize newly 

synthesized polypeptides on ribosomes and aid folding into the native conformation (N: native 

protein). (B) The core functional triad to maintain protein integrity consists of IbpA, ClpB and 

DnaK/DnaJ/GrpE (suggested in P. aeruginosa/adapted from E. coli). As IbpA of the core genome, 

sHsp20GI functions as a holding chaperone. IbpA and sHsp20GI might also be involved in 

maintenance of membrane integrity as dimers. ClpG/GGI is predicted to have two functional 

modes, disaggregating activity and cooperation for ClpP-mediated proteolysis [44]. Suggested 

functionality/phenotypes in gray. 

Figure 2. Domain structures and characteristic motifs of Hsp100 family proteins of E. coli and P. 

aeruginosa. AAA+: ATPases associated with a wide variety of cellular activities superfamily domain 

(cd00009), M domain: coiled-coil structure; Clp_N: Clp amino terminal domain (pfam02861); 

ClpB_D2-small: C-terminal, D2-small domain of ClpB protein (pfam10431); ClpP-interacting loop: a 

loop containing the conserved tripeptide sequence IGF; Zf-C4_ClpX: ClpX C4-type zinc finger 

(pfam06689); 3Cys-His: a potential zing finger motif with three conserved cysteines and a single 

histidine. 

Figure 3. Oligomeric structure of (A) sHsp20GI and (B) IbpA of P. aeruginosa SG17M clone C strain 

displayed by transmission electron microscopy. sHsp20GI is homogenous in size with a particle 

diameter of roughly 14.5 nm. IbpA appears heterogenous in morphology and often has an 

ellipsoidal shape, ~33 nm in length and ~22 nm in diameter. (Samples have been diluted to 50 

µg/mL and adsorbed to a 30 nm carbon film - supported by a C-collodium microgrid - which was 

blotted and shortly stained with saturated uranylacetate, pH 4.5. After blotting and air-drying the 
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sample was analyzed in the elastic bright field-mode with an integrated energy-filter transmission 

electron microscopy (EF-TEM) at 120 kV (Libra 120plus, Zeiss, Oberkochen, Germany) and the 

energy-selecting slit set to 10 eV. Images were recorded with a bottom-mounted cooled 

2048x2048 CCD-camera (SharpEye; Tröndle, Moorenwies, Germany) at nominal x40000. Scale bars: 

100 nm). 
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