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CHAPTER I 

INTRODUCTION 

 

“There is no other anatomic structure that is more mathematical in form than the lens or so 

complex in composition. For this very reason there is no subject in human physiology about 

which more divergence of opinion has been entertained than the role the crystalline lens plays 

in the faculty of vision." – (Gordon, 1935) 

Protein folding and aggregation 

 Proteins are the primary molecular actors and scaffolds that maintain cell homeostasis 

(Brändén and Tooze, 1999). Chemically, proteins begin as linear, highly flexible, unbranched 

polymers of amino acid residues. However to perform their biochemically relevant roles, they 

must attain and maintain their evolutionarily optimized unique three-dimensional shapes (Hartl, 

2017, Pal et al., 2006). The transition of a polypeptide chain from a disordered, non-native state 

to the ordered, native state is called protein folding (Rose et al., 2006). During protein folding, 

proteins undergo a reversible disorder ⇌ order transition. Folding is an exothermic process, 

which is driven mostly by the “hydrophobic effect”. Physiology requires correctly folded proteins 

to maintain cellular integrity and to carry on normal cellular and tissues functions, and the failure 

in properly folding proteins leads to proteopathies (also known as proteinopathies, protein 

conformational disorders, or protein misfolding diseases) (Reynaud, 2010, Soto, 2001, 

Chaudhuri and Paul, 2006, Muchowski and Wacker, 2005, Hartl, 2017).   
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 The largest number of protein misfolding pathologies arise from aggregation of misfolded 

proteins (Chiti and Dobson, 2006). This is astonishing given that Anfinsen’s dogma (or the 

thermodynamic hypothesis) attests that for proteins all of the information needed to achieve the 

“folded” form is encoded in the linear polypeptide sequences. (Anfinsen, 1973). However, only 

small, single-domain proteins that can relatively rapidly bury exposed hydrophobic amino acid 

residues can spontaneously fold into native conformations (Gutte and Merrifield, 1969, Anfinsen 

et al., 1961, Finkelstein et al., 2013). Even for proteins that can be folded in vitro, the time scale 

 

 

Figure 1: Cartoon of the folding funnel 

Unfolded polypeptides have high entropy (ΔS, denoted by the width of the funnel), due to 
a large number of conformational states (W); and high free energy (ΔG, denoted by the 
depth of the funnel) due to low energy barriers between the conformations. Protein 
proceeds downhill the folding funnel towards the free energy minimum and low entropy 
due to a limited number of "native state(s)". As the protein traverses downhill, it 
encounters local minima of metastable states, or it can get trapped into aggregation 
states. Native states are non-unique iso-energetic conformations. (Modified from (Hartl et 
al., 2011) 
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varies from microseconds to hours (a difference of 11 orders of magnitude!), equivalent to the 

time difference between the life span of a mosquito and the age of the universe (Finkelstein et 

al., 2013). Moreover, there is an upper limit on size of protein domains “foldable” solely under 

thermodynamic control (Finkelstein et al., 2013). Larger proteins, composed of multiple 

domains, often refold inefficiently owing to the formation of partially folded intermediates, 

including misfolded states that tend to aggregate in vitro (Gutte and Merrifield, 1969, Anfinsen et 

al., 1961, Hartl and Hayer-Hartl, 2002).  

This inefficiency of thermodynamic folding and obvious discrepancy from in vivo 

observation highlights the Leventhal’s paradox (Levinthal, 1968). He postulated that even for a 

short 101 amino acid long peptide backbone, there would be a minimum of 3100 = 5 x 1047 

conformations, if we assume just three possible configurations around each of 100 peptide 

bonds. If such a polypeptide chain could sample a new conformation every picosecond, (1012 s-

1), it will still take an unlikely 1027 years to sample all possible conformations stochastically 

 

Figure 2: Denaturation curve of T4-Lysozyme mutants 

Increasing concentrations of the denaturant, Guanidium Chloride (GdmCl), populates 
unfolded T4-Lysozyme, which red-shifts native Tryptophan fluorescence (from 320 to 350 
nm) due to increase in solvent exposure. The leftward curve of L99A mutant highlights its 
lower stability compared to L46A.  (Modified from (Claxton et al., 2008) 
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(Levinthal, 1969), a time scale longer than the age of the observable universe (Fowler, 1987, 

Fowler, 1989).  

 The macroscopic energetics of protein folding can be gleaned from the equilibrium 

transition from the folded to unfolded states. The plot of the unfolded fraction against the 

increasing quantity of protein denaturant (like temperature or a chaotropic agent such as 

guanidium hydrochloride or urea) is a highly cooperative sigmoidal curve (Figure 2) (Mishra 

et al., 2012, Claxton et al., 2008). At the curve's midpoint, half the protein population is 

folded, half is unfolded, and the population of partially folded intermediates can be assumed 

to be negligible.  

Thus, the sigmoidal folding process can be simplistically described as an all-or-none, two-state 

chemical equilibrium (Zwanzig, 1997):  

𝑈(𝑛𝑛𝑛𝑛𝑛𝑛𝑛)  ⇌  𝑁(𝑎𝑎𝑎𝑎𝑎) 

And the Equilibrium constant 𝐾𝑒𝑒. = [𝑁]
[𝑈]

  

With the Gibbs free energy difference between the folded and unfolded populations:  

𝛥𝐺0𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  =  𝛥𝐺0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  =  −𝑅𝑅 𝑙𝑙 𝐾𝑒𝑒. 

Where:  

    𝑅 the gas constant (8.314 J mol-1K-1)     

    𝑇  the absolute temperature (Kelvin) 

𝛥𝐺0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is a measure of difference in free energy between the folded and unfolded 

states; hence it is reflects the stability of the folded state. The folding equilibrium constant 

reflects the relative populations of the folded and unfolded sates. Thus, if the folding equilibrium 

favors the folded native state, i.e. 𝐾𝑒𝑒. > 1, then 𝛥𝐺0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 will be negative.  
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 The protein folding barriers in this “classical” two-state equilibrium can range from zero to 

the tens of RT and are primarily determined by protein size and the details of its structure 

(Halskau et al., 2008). However, typical values of 𝛥𝐺0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 for globular proteins, across 

species, are between −5 to −15 kcal/mol, which is the energy equivalent of a few hydrogen 

bonds (−5 kcal/mol) (Pace et al., 1981, Privalov, 1979). Such small difference in the 

𝛥𝐺0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  means most proteins are only marginally favored to their folded state. 

However, the native structure(s) need to be sufficiently thermodynamically stable to ensure that 

enough active forms are available to perform the physiological function (Pal et al., 2006).  

 Proteins evolve under evolutionary drift within a narrow range of thermodynamic stability to 

avoid biochemical irrelevance, but with little incentive to increase stability above a certain 

threshold (Schreiber et al., 1994, Pal et al., 2006, Munoz et al., 2016). In fact, the narrow 

window of stability of proteins could possibly be an evolutionary trade-off between the activity 

and stability of proteins which are inversely related (Shoichet et al., 1995, Tsai et al., 2001). A 

corollary of this trade-off is that for an enzyme to be an efficient catalyst, it must also be flexible, 

which leads to a decrease in stability (Serrano et al., 1993). As shown by the Barnase/Binase 

pair, if a protein acquires a mutation that increases its stability without any biochemical 

advantage, another mutation negates the stability gain in the absence of an evolutionary 

pressure to favor the stability. However, if the protein accumulates a destabilizing mutation 

which compromises its ability to function, natural selection will rapidly remove it (Serrano et al., 

1993, Ulyanova et al., 2011).  

 A purely thermodynamic model would suggest that proteins can fold under a 

thermodynamic bias cooperatively in “pre-arranged pathways”, and assistance from auxiliary 

“chaperones” is not obligatory to guide disordered polypeptide chains to transform into unique, 

biologically relevant three-dimensional structures. However, protein folding in vivo requires 
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assistance of molecular chaperones (heat shock proteins, HSPs) to attain and maintain their 

native folds (Broadley and Hartl, 2009, Hartl, 1996, Hartl and Hayer-Hartl, 2009, Hartl et al., 

2011, Kim et al., 2013, Ellis, 1987). Indeed during their journey towards the native state, 

proteins encounter many valleys and hills that can slow the folding process and promote 

aggregation (Onuchic et al., 1997, Vallee-Belisle and Michnick, 2012). Finally, even subsequent 

to folding, proteins sample several conformational states away from their native energy 

minimum which can trap proteins into biologically unproductive, non-native alternate lowest 

energy minima (Capaldi et al., 2002, Vallee-Belisle and Michnick, 2007). Non-native or unfolded 

protein conformations populate in all physiological conditions to some extent (Bemporad et al., 

2008). Misfolded proteins are not only inactive by loss-of-function but can potentially nucleate 

into toxic gain-of-function aggregates or form pathological amyloid fibers (Broadley and Hartl, 

2009, Hartl, 2017, Klaips et al., 2018, Winklhofer et al., 2008). Therefore, intricate cellular 

systems called the proteostasis networks (PN) exist to assure protein homeostasis (or 

proteostasis) during folding and subsequent to it (Clark et al., 2012, Klaips et al., 2018, 

Morimoto and Cuervo, 2014, Strauch and Haslbeck, 2016, Voisine et al., 2010).  

The Proteostasis Network 

The all-encompassing term “proteostasis network” refers to an integrated network of a large 

array of proteins that oversee the “cradle-to-grave” fate of proteins (Hartl et al., 2011). Within the 

proteostasis network (PN), some PN factors assist in protein folding, some prevent or correct 

misfolding, some prevent aggregation of the misfolded proteins while others direct proteins to 

degradation pathways (Broadley and Hartl, 2009, Powers et al., 2009, Hartl et al., 2011, Taipale 

et al., 2010, Kaganovich et al., 2008, Fang and Mayor, 2012, Tyedmers et al., 2010). 

Specifically, the PN includes molecular chaperones and co-chaperones, the ubiquitin–

proteasome system (UPS), and the autophagy machinery (Labbadia and Morimoto, 2015). 
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While the molecular chaperones and their regulators assist in de novo folding, refolding, or 

recognition of unfolding of proteins, the UPS ensures the quality control and mediates the 

degradation of irreversibly misfolded proteins to prevent aggregation and deleterious effects of 

dysfunctional proteins. In human cells, the PN comprises  ~2000 proteins including 332 

chaperones, ~280 involved in synthesis; and ~1400 proteins of UPS and autophagy 

components (Hartl et al., 2011, Klaips et al., 2018).   

 The PN dynamically responds to physiological conditions (Hartl, 1996, Hartl and Hayer-

Hartl, 2002, Hartl and Hayer-Hartl, 2009, Hartl et al., 2011, Kim et al., 2013, Klaips et al., 2018). 

During cellular stress, such as exposure to sub-optimal temperature, caloric restriction, intense 

metabolic activity, oxidative and osmotic stress, and xenobiotics exposure, the stress response 

pathways of the PN are mobilized to reduce protein synthesis and increase the cellular capacity 

for protein folding and degradation (Gidalevitz et al., 2006, Labbadia and Morimoto, 2015, 

Morimoto and Cuervo, 2009, Voisine et al., 2010). Many diseases, such as cataract, 

neurodegeneration, cardiovascular disease and even some cancers involve deficiencies in 

proteostasis (Balch et al., 2008, Clark et al., 2012, Da Silva-Ferrada et al., 2016, Ge et al., 

2010, Hartl et al., 2011, Hartl, 2017, Henning and Brundel, 2017, Klaips et al., 2018, Labbadia 

and Morimoto, 2015, Morimoto and Cuervo, 2014, Taylor and Dillin, 2011, Treweek et al., 2015, 

Voisine et al., 2010). While a common risk factor for many of these diseases is old age, the 

ageing itself accompanies gradual decline in cellular proteostasis capacity due to lifelong 

demand on the proteostatic network to keep the aging proteome healthy (Labbadia and 

Morimoto, 2015, Kikis et al., 2010, Voisine et al., 2010). 

 Since all biological systems need a healthy proteome to function, the stress responsive 

PN is among the most conserved, yet highly evolved systems (Kultz, 2003, Powers and Balch, 

2013, Schroder et al., 1993). All known organisms have some kind of proteostasis system and 
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the core chaperone machineries (heat-shock protein [HSP] Hsp70s, Hsp90s, chaperonins, and 

small HSPs [sHSPs]) evolved early in prokaryotes (Klaips et al., 2018). A heat stress, as 

defined by a sudden exposure to temperatures just a few degrees above the physiological 

optimum, even in extremophiles significantly induces roughly 50–200 genes in organisms from 

archaea to human cell lines. (Richter et al., 2010). The stress response genes of humans 

account for almost a fifth (18%) of the 368 phylogenetically most highly conserved proteins 

(Kultz, 2003). Since proteins are most stable in the environment in which they were evolved to 

function, a robust yet flexible proteostasis is crucial to ensure survival and fitness of any 

organism when it encounters a less hospitable condition (Anfinsen, 1973, Strauch and 

Haslbeck, 2016, Balch et al., 2008). An efficient PN provides an evolutionary advantage to the 

host species because of better survivability. Not unexpectedly, complexity and the membership 

of the PN increases with the increasing complexity of the proteome of the taxa (Figure 3) (Klaips 

et al., 2018). About one fifth of proteins of PN in humans are chaperones (Brehme et al., 2014), 

which connect the three branches of PN, i.e. protein synthesis, folding and conformational 

maintenance; and protein degradation (Klaips et al., 2018).  
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Molecular Chaperones 

Molecular chaperones are defined as proteins that interact with, stabilize or help another 

protein to acquire its functionally active conformation, without being present in the final structure 

(Hartl et al., 2011, Hartl and Hayer-Hartl, 2009, Hartl, 1996, Ellis, 1993, Ellis, 1987). 

Accordingly, chaperones include several different classes of structurally unrelated proteins 

which form cooperative pathways and networks. A common characteristic among all members 

of chaperone protein families is that they function as stress proteins or heat-shock proteins 

(HSPs). Under the conditions of stress, such as aging, pH extremes, nutrient limitation, osmotic 

variation, hypoxia, chemotherapeutic agents and noxious chemicals in which the concentrations 

of aggregation-prone folding intermediates increase, the heat shock elements, located in the 

promoter regions of the HSP genes are activated by heat shock transcription factors (Sorger, 

1991). 

Chaperones are central to the function of the PN where they function as oligomers 

 

Figure 3: The chaperone complexity increases with the proteome 

The average protein length (in number of amino acids, left y-axis) and total number of 
chaperones (right y-axis) in the proteomes of a prokaryote (Escherichia coli), a unicellular 
eukaryote (Saccharomyces cerevisiae), and humans (Homo sapiens); based on data 
from (Klaips et al., 2018, Brocchieri and Karlin, 2005) 
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either with members of the same family: “homo-oligomers”, or with members of other families, 

“hetero-oligomers”. Functionally, a chaperone can either function as a “holdase”, that is it binds 

partially folded intermediate states of target proteins in an ATP-independent manner; or it can 

act as a “foldase”, that is it can actively refold the client proteins powered by the free energy of 

ATP hydrolysis (Mattoo and Goloubinoff, 2014). Most “holdases” are stress-induced but the 

“foldases” come in both stress-induced and constitutively expressed versions (Richter et al., 

2010). Structurally, chaperones are broadly classified according to their monomeric molecular 

weight into the DNAJ/Hsp40, chaperonin/Hsp60, Hsp70, Hsp90, Hsp100, and small Hsp (sHSP) 

families (Macario et al., 2013). While Hsp70s, Hsp90s Hsp100, and the chaperonins (Hsp60s) 

are foldases and actively participate in de novo protein folding and refolding through ATP- and 

cofactor-regulated binding and release cycles, the sHSPs are holdases and function in an ATP-

independent manner to buffer aggregation of destabilized proteins (Jakob et al., 1993, 

Haslbeck, 2002, Kappe et al., 2003, Haslbeck et al., 2005, Sun and MacRae, 2005b). 

 

Figure 4: sHSPs are found across all taxa  

44242 proteins, including 99 in viruses, 2239 in Archaea, 27814 in eubacteria, and 13756 
in eukaryotes share the Alpha crystallin/Hsp20 domain (ACD) .  
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Small heat shock proteins (sHSP)  

Among chaperones, the sHSP superfamily consists of widespread, not yet fully characterized, 

proteins of diverse sequences and sizes (Haslbeck et al., 2005) which are at the crossroads of 

protein folding and degradation pathways. Upon heat exposure, 12% of cytosolic proteins in 

cultured human cells (Mymrikov et al., 2017) and up to one‐third of cytosolic proteins in yeast 

(Saccharomyces cerevisiae) (Haslbeck et al., 2004) become potential clients of sHSPs. This 

indicates the important role of sHSPs in the maintenance of proteome stability (Klaips et al., 

2018, Richter et al., 2010). The sHSPs are ancient proteins, and the members of the sHSP 

family have been found throughout the biological kingdoms, including archaea and viruses 

(Jaenicke and Slingsby, 2001, Maaroufi and Tanguay, 2013). Although sequentially diverse, a 

common defining feature of the sHSP family is the presence of the “α-crystallin domain” (ACD), 

a highly conserved 80-100 residues long consensus sequence (de Jong et al., 1998), flanked by 

highly divergent N-terminal domain and C-terminal extension.   
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Based on the presence of the ACD, 44242 proteins were categorized into the Protein 

sequence analysis & classification database InterPro (ID IPR002068) as of Dec 2017. InterPro 

classifies known proteins into families and predicts the presence of domains using predictive 

models, called signatures. From this search, the increasing diversity in sHSPs with biological 

evolution becomes evident (Figure 4) (Kriehuber et al., 2010). There are 12 representative 

sHSPs found in Drosophila melanogaster, 18-20 in Caenorhabditis, up to 15 in vertebrates (10 

in mammals and 13 in zebrafish (Danio rerio, synonym Brachydanio rerio), Table 1) and 19 in 

Arabidopsis (Aevermann and Waters, 2008, Morrow et al., 2004, Elicker and Hutson, 2007, 

Franck et al., 2004, Siddique et al., 2008, Maaroufi and Tanguay, 2013). In complex organisms, 

such as in vertebrates sHSPs can be expressed either ubiquitously or in organ-specific manner, 

depending on their physiological role. For example, in humans αA-crystallin (hspb4) is 

expressed almost exclusively in the eye lens, whereas αB-crystallin (hspb5) and Hsp27 (or 

 

Figure 5: Prevalence of the major sHSPs in the human tissues 

Based on query from the NCBI BioProject PRJEB4337 database of RNA-seq transcriptome 
or gene expression in 27 different tissues from 95 human individuals. (Fagerberg et al., 
2014) 

https://www.ebi.ac.uk/interpro/entry/IPR002068/proteins-matched


13 

 

hspb1) are expressed nearly ubiquitously in low dosage but highly expressed in long-lived cells 

of muscle and brain (Figure 5). (Iwaki et al., 1989, Iwaki et al., 1990). This diversity in 

expression and in taxonomic representation might reflect specific roles for sHSPs to respond to 

increasingly complex demands of stress tolerance in diverse physiological conditions (Braun et 

al., 2011). However, unlike their large counterparts, the sHSPs seemed to have evolved 

independently in the main eukaryotic lineages, including animals, plants and fungi (Huang et al., 

2008).  

 

The ACD, the evolutionarily conserved hallmark of the sHSP family, is a hydrophobic-

residue rich, compact ß-sheet sandwich structure composed of two antiparallel layers of three 

and four ß-strands connected by a short inter-domain loop (Figure 6) (Kriehuber et al., 2010, 

Poulain et al., 2010, Berengian et al., 1997, Berengian et al., 1999). The minimal sHSP 

protomer consists of a dimer of ACDs, which can adopt two alternate dimer interfaces: a 

Table 1: Small heat shock proteins in vertebrates  

 
Gene Other names Found in vertebrate taxa 
hspb1 HSP27 Teleosts, amphibians, avians, mammals 
hspb2 MKBP Teleosts, amphibians, avians, mammals 
hspb3   Teleosts, amphibians, avians, mammals 
hspb4 αA-crystallin Teleosts, amphibians, avians, mammals 
hspb5 αB-crystallin Teleosts (two in zebrafish), amphibians, avians, mammals 
hspb6 HSP20, HSPB13 Teleosts, amphibians, avians, mammals 
hspb7 cvHSP Teleosts, amphibians, avians, mammals 
hspb8 HSP22, E2IG1, H11 Teleosts, amphibians, avians, mammals 
hspb9 HSPB14 Teleosts, mammals 
hspb10 ODF1 Mammals 
hspb11 HSP30 Teleosts, amphibians, avians 
hspb12   Teleosts, chicken 
hspb15   Teleosts 
 
Based on references: (Franck et al., 2004, Kappe et al., 2003, Marvin et al., 2008, Elicker and 
Hutson, 2007) 
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metazoan ‘ß7-interface’ where the dimer interface is formed by the interaction of the anti-parallel 

ß6+7 strands of the two protomers, or a ‘ß6-swapped’ interface where dimerization occurs via 

reciprocal strand swapping of the ß6 strands into the ß-sandwich of the neighboring monomer 

(Strauch and Haslbeck, 2016, Bagneris et al., 2009, Basha et al., 2012, Stengel et al., 2010). 

The ACD is essential for the formation of dimers and higher-order assemblies in vitro (Sun and 

MacRae, 2005b, Sun and MacRae, 2005a, Bhattacharyya et al., 2006).  

The N-terminal region of sHSPs flanking the ACD is highly variable in both the sequence 

and the length. It varies from 24 residues in C. elegans Hsp12.2 to 247 residues in S. cerevisiae 

Hsp42 (Haslbeck et al., 2005). The disordered and poorly conserved N-terminal region is 

hydrophobic and is suggested to be involved in substrate binding and in higher order oligomeric 

assembly (Clark, 2016, Jaya et al., 2009, McDonald et al., 2012). The C-terminal region, flexible 

and unstructured, shows sequence variability with a polar tendency. This region participates in 

stabilizing and solubilizing the oligomeric assemblies (Jaya et al., 2009, Van Montfort et al., 

2002, Poulain et al., 2010). The N and C-terminal regions are thought to provide the 

 

Figure 6: Structure of the ACD of αB Crystallin 

Cartoon of crystal structure of excised alpha-crystallin domain (residues 67–157) dimer from 
human αB-crystallin, visualized from the PDB file 2WJ7 from (Bagneris et al., 2009) 
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conformational flexibility at non-interfacial regions in the monomer, which can prevent co-

assembly between highly homologous sHSPs (Hochberg et al., 2018).  

While termed “small” due to their relatively smaller monomeric size, sHSPs form large 

and dynamic oligomeric assemblies of variable number of subunits (ranging from 9 to 50) 

(Haslbeck, 2002) (Figure 7). This oligomerization is essential to the role of sHSPs in substrate 

binding and consequent chaperone function. Among highly polydisperse mammalian sHSPs, 

such as α-Crystallins and Hsp27, upon heat-treatment or phosphorylation, the assemblies 

undergo a shift in the oligomeric equilibrium towards sHSP disassembly, which activates their 

 

Figure 7:  Molecular structures of some sHSPs at the atomic scale 

Oligomeric structures derived from X-ray and EM data. Ribbon diagrams of a single dimer 
structure are superimposed on the surface representations, shown in two orientations rotated 
by 90°. The bottom row shows molecular symmetry of the molecules, with solid lines 
representing the location of one dimer; copied from (Basha et al., 2012) 
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chaperone-like activity in vitro (Shashidharamurthy et al., 2005, Mchaourab et al., 2005, 

Koteiche and McHaourab, 2006, Haslbeck and Vierling, 2015, Fleckenstein et al., 2015). Both, 

the rearrangement of sHSP oligomers through sub-oligomeric species or the increased rates of 

subunit exchange between the oligomeric ensembles can activate the sHSPs towards client 

proteins. The disassembly is thought to exposes the hydrophobic interior of the oligomeric shell, 

whereby functional binding sites are presented to the thermodynamically unstable client 

substrates. For homogenous oligomers of Archean and plant sHSPs, the activation of 

chaperone can be achieved through structural rearrangements without significant oligomeric 

dissociation (Giese and Vierling, 2002, Suzuki et al., 1998b).  

Binding of substrate proteins by sHSP 

As a prominent member of the PN, sHSPs are the first responders to a large array of 

physiological stresses (Haslbeck and Vierling, 2015). sHSPs respond to the stresses by both 

transcriptional activation and by biochemical mobilization. Among human sHSPs, Hsp27, αB-

crystallin and Hsp22 are stress-inducible (Vos et al., 2010). Under heat shock conditions, a 

large number of cytosolic proteins associate with or are kept soluble by sHSPs. For example, all 

human sHSPs, except HspB7 suppressed the aggregation of cytosolic proteins of human 

embryonic kidney cells (HEK293) after heat stress. However, while HspB1/Hsp27, HspB3, 

HspB4/αA-crystallin, and HspB5/αB-crystallin bound the heat labile client proteins 

promiscuously, other sHSPs respond in more or less substrate-dependent manner (Mymrikov et 

al., 2017).   

The ability of sHSPs to suppress temperature-dependent insolubilization of proteins or 

protection of enzyme activities reflects the chaperone activity of sHSPs. A general consensus is 

that instead of any defined sites on the client proteins, the sHSPs bind with thermodynamically 
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unstable early unfolding intermediates of aggregation-prone proteins (McHaourab et al., 2002) 

through hydrophobic interactions (Basha et al., 2012, Kim et al., 2013). The client proteins are 

bound tightly by sHSPs with binding capacity (n) reaching up to one substrate protein per sHSP 

monomer (McHaourab et al., 2009). Although, some sHSP-substrate complexes can be 

essentially irreversible, other sHSP-bound substrates can be released and subsequently 

refolded by the ATP-dependent Hsp70/Hsp40 chaperone system (Lee et al., 1997, Lee and 

Vierling, 2000). Thus sHSP as holdase create a reservoir of refoldable substrate (Ehrnsperger 

et al., 1997). In the event of extreme proteostatic challenge such as heat stress, sHSP provide 

an efficient, ATP-independent first line of defense against accumulation of aggregation prone 

unfolded proteins (Suss and Reichmann, 2015, Haslbeck and Vierling, 2015).  

Since the first demonstration of α-crystallin as a molecular chaperone by suppressing 

thermally induced aggregation of various enzymes (Horwitz, 1992), variants of this convenient 

and experimentally simple method are frequently used to assay chaperone activity of sHSP 

(Basha et al., 2012). These methods typically involve denaturation of substrate proteins (by heat 

or by reduction of disulfide bonds) to form aggregates in the presence and absence of the test 

sHSP. The extent of aggregation is measured by light scattering, by pelleting the insoluble 

precipitate; or by assaying the residual enzyme activity. From the suppression of aggregation, 

the stoichiometry of sHSP that keeps the test protein soluble is empirically inferred as the 

chaperone efficiency (Jakob et al., 1993, Lee et al., 1997, Van Montfort et al., 2001a, Berengian 

et al., 1997, McHaourab et al., 1997).  

However, the nonequilibrium conditions of these aggregation-based assays confound 

the experimental observable, light scattering, which reflects competition between the 

aggregated substrate and the substrate-chaperone complex. Furthermore, these assays subject 

proteins to conditions that promote aggregation by extreme destabilization of the native state 
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leading to a large positive 𝛥𝛥𝑢𝑢𝑢, as defined by the positive difference 𝐺𝑈  −  𝐺𝐹, between the 

free energies of the unfolded (𝐺𝑈) and the folded states (𝐺𝐹). A positive 𝛥𝛥𝑢𝑢𝑢 indicates that the 

unfolded state is highly favorable due to the conditions of the aggregation assays. However, 

mutations or post-translational modifications that can shift the folding equilibrium of proteins 

toward non-native states and potentiate them as clients of sHSP are often structurally similar 

with small difference in 𝛥𝛥𝑢𝑢𝑢 . Moreover, sHSPs can detect the increased excursions of 

destabilized proteins toward aggregation-prone non-native states even under conditions that 

favor the native state in the absence of substrate aggregation (McHaourab et al., 2002). The 

denaturing conditions in the assays utilizing the aggregating proteins can promote the existence 

of heterogenous ensembles of bound substrates that differ in conformations. The conditions in 

these assays can also affect the structural and functional integrity of the sHSP and therefore 

can confound the chaperone activity by the aggregation regime of the substrate-chaperone 

complex.        

 Given these limitations of the traditional assay, an assay for equilibrium measurements 

of sHSP-substrate interactions has been developed utilizing lysozyme from phage T4 (T4L) 

(McHaourab et al., 2002). In this assay, the T4L mutants are labeled at a surface exposed 

mutant cysteine-151 with the fluorescent probe, monobromobimane, which reports complex 

formation (Sathish et al., 2003, Mishra et al., 2012). T4L is a well-established paradigm for 

studying the determinants of the structure and stability of proteins (Baase et al., 2010). T4L is 

particularly suited to elucidate the interactions with sHSP because of its relatively small size, 

absence of disulfides, and a two-state folding equilibrium over a wide range of temperatures, 

pH, and ionic strengths. With the availability of a large number of mutations with altered 

thermodynamic stability, which have been solved to atomic resolution, T4L makes an attractive 

model substrate to understand how sHSPs interact with substrates (Rennell et al., 1991, 
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Claxton et al., 2008, Sathish et al., 2003). In the modified chaperone efficiency assay, the 

complex formation of defined stoichiometry between sHSPs and T4L is followed fluorescently 

under conditions where T4L does not aggregate and the equilibrium population of its native 

state is exponentially higher than that of the ensemble of unfolded states. This assay of 

chaperone activity is thus more favorable than monitoring complex formation under conditions 

that induce substrate aggregation (Mulder et al., 2001). Also, using T4L-mutants which 

destabilize the native state with subtle gain in the free energy of unfolding (𝛥𝛥𝑢𝑢𝑢) while still 

maintaining the native folds, is also physiologically more relevant (Claxton et al., 2008). 

 Using this fluorescence based assay, it has been shown that sHSPs act as “stability 

sensors” to detect unstable proteins even in the absence of stress, and the sHSPs bind 

unfolded states of proteins which are present only fleetingly (Shashidharamurthy et al., 2005, 

McHaourab et al., 2002, Koteiche and McHaourab, 2003). The affinity of binding of sHSPs 

including αA- and αB-crystallin, Hsp27, and Hsp16.5 to T4L destabilized mutants have been 

show to correlate with the T4L mutant’s 𝛥𝛥𝑢𝑢𝑢 , although the mutants were structurally 

indistinguishable (McHaourab et al., 2009). The sHSP/substrate complex forms when the free 

energy of binding to sHSP is similar to the free energy of transition of the substrate from 

theromodynamically metastable excited states to the stable native state (McHaourab et al., 

2002). It has also been shown that the recognition and binding of substrate, in its non-native 

state, involves changes in the oligomeric state of sHSP and the substrate undergoes significant 

unfolding during the binding (Claxton et al., 2008). The assay has revealed that sHSPs bind the 

substrate in two distinct modes, each associated with the recognition of a different 

conformational state of the substrate. While the highly destabilized T4L is bound by sHSP in a 

low-affinity mode, where each sHSP subunit bound one T4L molecule; the marginally 

destabilized T4L was bound in a high-affinity mode – four sHSP subunits binding a monomer of 
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T4L (McHaourab et al., 2009, Koteiche and McHaourab, 2003, Sathish et al., 2003, 

Shashidharamurthy et al., 2005, Claxton et al., 2008).  

The chaperone interactions between sHSPs and substrate can be described by a 

minimalistic model of three coupled equilibria: the folding equilibrium for the substrate (I), the 

equilibrium between the inactive and active states of the sHSP chaperone (II), and the formation 

of the substrate-chaperone complex equilibrium (III).  

𝑁 ⇋  𝐼1  ⇋ ⋯  ⇋  𝐼𝑖 ⇋  𝑈     (I) 

𝑠𝑠𝑠𝑠 ⇋ (𝑠𝑠𝑠𝑠)𝑎𝑎𝑎𝑎𝑎𝑎     (II) 

(𝑠𝐻𝐻𝐻) + �𝐼𝑖𝑈� ⇋  �𝐶𝑖𝐶𝑢
�     (III) 

 Equation (I) describes the equilibrium of the substrate in its native (𝑁), partially folded 

intermediates (𝐼1 … . 𝐼𝑖), and fully unfolded states (𝑈). Equation (II) describes the transition of 

the sHSP to an active high affinity binding mode. Equation (III) couples the Equations (I) and (II) 

and describes the binding of the active sHSP to partially (𝐼) or globally unfolded (𝑈) states of the 

substrate to form the complex (𝐶). The mutations and the chemical modifications that cause the 

recruitment of the sHSPs towards the substrate do so by shifting the equilibrium of Equation (I) 

towards high-energy non-native states of the substrate. In their non-native state, the energy gap 

of the states towards folding is much bigger than towards binding with sHSP, which provides the 

thermodynamic driver of the chaperone-substrate complex formation.  

 The activation of sHSP, either by disassembly or by expansion due to restructuring of 

the oligomeric ensemble can increase its affinity of binding the substrate, by shifting the 

equilibrium as described by the Equation (II). Sites on both the N-terminal and ACD have been 

shown to be involved in the substrate binding (Jaya et al., 2009). The substrate can access 
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these binding sites buried in the interior of the sHSP shell either dynamically through equilibrium 

dissociation, as in Hsp27 (McDonald et al., 2012); or by opening the outer shell through 

expansion, as in an engineered variant of Hsp16.5 (Shi et al., 2006a). Thus, increasing the 

access of the substrate to the binding sites by both the dynamic dissociation or by expansion 

can be possible mechanisms to activate the sHSPs.                  

 Destabilizing changes, such as by mutations, by chemical modifications, or by structural 

changes due to systemic stress potentiates a large number of proteins to become substrate of 

sHSP (Nakamoto and Vigh, 2007, Kakkar et al., 2014). Similar modifications can cause sHSPs 

to also become pathologically activated where they can either indiscriminately bind proteins 

early on their 𝑁 ⇋  𝑈 equilibrium; or loose the chaperone activity and not respond optimally to 

the proteostatic demands (Macario et al., 2005, Macario and Conway de Macario, 2007, 

Gidalevitz et al., 2006, Koteiche and McHaourab, 2006). The outcome of both these scenarios 

can be pathological. Most importantly, accumulating destabilizing changes in both the 

chaperones and the substrates are common manifestations in the aging process (Kikis et al., 

2010, Charmpilas et al., 2017).        

 Ageing is the non-homogeneous accumulation of biochemical and functional impairments 

(Michael and Bron, 2011, Higuchi-Sanabria et al., 2018). Cellular aging is characterized by the 

unmitigated accumulation of damaged and misfolded proteins through a functional decline in 

proteostatic machinery (Kikis et al., 2010). The inefficiency of PN with age leads to reduced 

cellular viability leading to development of protein misfolding diseases such as cataract, 

neurodegeneration, cardiovascular disease and even cancers (Lopez-Otin et al., 2013). 

Although genetic and auxiliary causes can expedite early onset of most of these diseases, the 

common risk factor remains aging which highlights that ageing most likely manifests either 
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through a decline in the cellular proteostasis capacity or through an increased demand on the 

PN to maintain the aging proteome (Erickson et al., 2006, Tower, 2011).  

Unique Challenge of Proteostasis in Long Living Cells  

Of the estimated total of 3.72 × 1013 cells in the human body, many undergo frequent mitotic cell 

division so they are continuously replaced and are thus much younger than the organism 

(Bianconi et al., 2013, Spalding et al., 2005a, Seim et al., 2016). While cells such as monocytes 

live for just about 2 days (Seim et al., 2016), cells of skin or intestine, exposed to harsh 

environments are also very short lived. For example, the intestinal epithelial cells have an 

average life of about 5 days, the average age of the non-epithelial cells or skeletal muscle could 

be only 15.1-15.9 years for individuals 37 and 38 years old and approximately 10% of fat cells 

are renewed annually (Spalding et al., 2005a, Marshman et al., 2002, Spalding et al., 2008). 

However, post mitotic cells such as cortical neurons, heart myocytes and eye lens fiber cells live 

for the life of the individual (Spalding et al., 2005b, Spalding et al., 2005a, Lynnerup et al., 2008, 

Senyo et al., 2013, Bergmann et al., 2009, Seim et al., 2016).  

 The demand on the PN for such long-living post mitotic cells is extremely critical because 

such cells cannot dilute their accumulated “cellular garbage” or “clinker” by mitosis (Bernhard 

and Laufer, 2008, Stroikin et al., 2005, Hirsch, 1978). In actively dividing cells, accumulated 

metabolic by-products and aggregated dysfunctional proteins get offloaded by polarized 

asymmetric inheritance between the daughter cells, where one of the daughter cells becomes 

free of the maternal “garbage” while the other sister cell carrying the proteostatic baggage is 

marked for apoptosis (Rujano et al., 2006, Aguilaniu et al., 2003, Stewart et al., 2005). 

Retention of long-lived asymmetrically retained proteins (LARPs) during cell division contributes 

to the aging in budding yeast (S. cerevisiae) by accumulating posttranslational modifications 
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(Thayer et al., 2014). Thus, it is remarkable that the long living cells such as lens fiber cells and 

cardiac myocytes can protect themselves against aging for as long as possible by evolving a 

very efficient proteostatic system.   

The lens as a model system to study proteostatic collapse 

The eye lens is so unlike any other biological object, that Democritus considered it to be a 

postmortem artefact (Owens, 2000, Wade, 1998). But a transparent lens is an evolutionary 

ancient organ, and is common to most vertebrate and invertebrate eyes (Lamb et al., 2007, 

Ogura et al., 2013). The eye is an organ that produces image by comparing the multidirectional 

light intensities, through photoreceptors in multiple spatial orientations. Thus, while an eye can 

be a simple camera eye as in box jellyfish, a compound eye as in insects and mollusks; or the 

complex camera eyes of cephalopods and humans (Nilsson, 2009); they all rely on a crystalline 

lens for forming the vision (Schwab et al., 2012, Jonasova and Kozmik, 2008). 

 

Figure 8: Schematic illustration of the anatomy of the human eye 
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The human eye (Figure 8) uses a cellular lens to focus images onto the light sensitive 

retina membrane lining the inside of the eyeball (Land, 2005, Treisman, 2004). Two concentric 

spheres -- a transparent cornea, and the opaque sclera fuse together to make the outermost 

coat of the eyeball (Davson and Perkins, 2017). A pigmented muscular diaphragm, called the 

iris controls the amount of light that passes through the pupil which functions as an aperture. 

Behind the pupil, the crystalline lens, suspended through ligaments, delineates the external 

aqueous humor from the internal vitreous body. Cornea, aqueous humor, lens, and vitreous 

body are the optically clear part of the eye. The iris, ciliary body, and choroid make the 

intermediate tunic and provide the main blood supply to the eye. The innermost layer of the eye 

is the photoreceptor layer called the retina, which is innervated by the optic nerve to carry the 

visual stimuli to the brain.  

The purpose of the eye lens is to project a focused, undistorted image of the visual 

surroundings onto the neural retina (Bassnett et al., 2011). Several structural and biochemical 

adaptations serve to minimize light scatter and enable the lens as living, cellular structure to 

function as the biological glass (Slingsby et al., 2013, Wistow, 1993). Foremost, the lens attains 

transparency by the programmed elimination of nuclei and other light-scattering organelles from 

fiber cells. Further, the scattering at the cell borders is minimized by the close apposition of lens 

fiber cells by lens-exclusive adhesive proteins.  

To focus light, a lens must also have a refractive index higher than the surrounding 

medium. In vertebrates, the tear film-cornea interface and the crystalline lens are the major 

refractive components in the eye and act together as a compound lens to project an inverted 

image onto the light sensitive retina. (Fuensanta and Doble, 2012) The high refractive index of 

the lens cells is achieved by accumulating very high concentrations (>300mg/mL) of soluble 
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structural proteins called crystallins: α, β, and γ, which can account up to 90% of the total lens 

proteins (Carlson, 2014, Graw, 2004). 

 Of the crystallins, α-Crystallins are generally the major component of the vertebrate lens 

and can account for about half of the total protein in most species (Augusteyn, 2004, Thomson 

and Augusteyn, 1985). In humans, the proportion of α-crystallins in the lens increases from 

 

Figure 9: Protein profile of the zebrafish lens 

Top panel: Size Exclusion Chromatography of the lens homogenate from 3 month old adult 
lens (black trace) and 10 day old embryo (red trace). Bottom panel: SDS-PAGE of the 
proteins separated by the SEC. (WIF: Water insoluble fraction, Pre: proteins before 
centrifugation to clear the homogenate). Equal volumes of the proteins were run on the SDS-
PAGE, and were not normalized for concentrations.  
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37.4% (at 26 weeks prior to birth) to 42.6% (after 52 weeks from birth) of the total lens protein 

(Thomson and Augusteyn, 1985). In contrast, the α-crystallins comprised less than 1% of total 

lens protein in zebrafish lens extract (Figure 9) at 4.5-day and only increased to ~7% in the 

adult lenses (Posner et al., 2011, Wages et al., 2013).  

 Among α-crystallins, αA is expressed almost exclusive in the lens cells in mammals and 

zebrafish, with low levels detected in some non-lenticular tissues such as in the spleen and 

pancreas (Srinivasan et al., 1992, Deng et al., 2010, Posner et al., 2002, Runkle et al., 2002). 

On the other hand, αB-crystallin is expressed ubiquitously throughout the eye (retinal pigment 

epithelium, optic nerve, extraocular muscle, iris, ciliary body, cornea), and several non-ocular 

sites, such as heart and nasal epithelium (Figure 23) (Robinson and Overbeek, 1996). In 

mouse, αB crystallin transcription precedes αA transcription, and at birth the expression 

patterns of αA- and αB-crystallins are similar in lens. Subsequently, αA expression is 

upregulated exclusively in fiber cells while αB is downregulated in fiber cells but continued 

everywhere else (Robinson and Overbeek, 1996). In zebrafish, the αA-crystallin transcript can 

be detected at 12 hours post fertilization (hpf); while αB transcripts were detected 24hpf onward 

(Marvin et al., 2008, Elicker et al., 2007, Elicker and Hutson, 2007, Zou et al., 2015, Wages et 

al., 2013, Posner et al., 2011, Dahlman et al., 2005, Runkle et al., 2001, Posner et al., 1999). 

Importantly, both zebrafish and humans express αA to αB in similar ratios of ~3:1 in the adult 

lens despite different overall concentrations of α-crystallins (Wages et al., 2013, Posner et al., 

2011, Ma et al., 1998). Interestingly, αB-crystallin is the most abundant crystallin found in the 

lens epithelium (Cvekl and Duncan, 2007, Wang et al., 2004). 

 Paradoxically, such high protein concentrations of proteins in lens, approaching a 

paracrystalline state (Piatigorsky, 1993, Sun et al., 1984), should cause very high light 

scattering. But probably light scattering is virtually eliminated through destructive interference 
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due to short-range-order interactions between crystallins (Delaye and Tardieu, 1983, Trokel, 

1962, Benedek, 1971). Using Small-angle X-ray scattering on intact calf lens and on crystallin 

solutions (3-510 mg/ml), it has been shown that because of their high concentration, crystallins 

do not behave as independent scatterers (Delaye and Tardieu, 1983). But even a minor 

disruption in this ordered arrangement due to fluctuations in density on spatial scales longer 

than approximately half the wavelength of incident light can render the lens cloudy or opaque 

(Benedek, 1971). Venus' flower basket (Euplectella aspergillum) can achieve a similar glass-like 

transparency due to distinctive layered design of biosilica fibers, which vary refractive index in a 

non-uniform profile with a high-index core and a low-index cladding (Aizenberg et al., 2004). 

The lens proteome has also evolved possibly to match the refractive index between lens 

membranes and cytosol to minimize scatter (Slingsby et al., 2013).  

 An important premise of the model of lens transparency by short-range spatial order, as in 

dense liquids or glasses, is that the size and shape of the scattering particle are globular with an 

average molecular weight of 557,000 ± 40,000. The α-crystallins, by virtue of their large 

oligomeric sizes, are thus best suited to provide transparency of the lens (Delaye and Tardieu, 

1983). They are also among the oldest proteins in the body, as established by radiocarbon 

dating studies which compared the 14C content of the lens crystallins at the center of the lens to 

the so-called “bomb pulse” (i.e. a significant increase in the atmospheric 14C content due to 

nuclear-bomb testing) (Lynnerup et al., 2008, Vries, 1958). For long living vertebrates such as 

the Greenland shark (Somniosus microcephalus) and the bowhead whales (Balaena 

mysticetus) where life expectancy can range in centuries, the lifelong proteostatic demand to 

maintain lens crystallins is astounding (George et al., 1999, Nielsen et al., 2016). The age of the 

Greenland shark and conversely the age of the nuclear crystallins have been measured to be 

392 ± 120 years (Nielsen et al., 2016). Interestingly, in bowhead whales which live to over 200 
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years of age, none have been found to have obvious cataracts (George et al., 1999, Borchman 

et al., 2017).          

 Faced with low turnover of its proteins and a life-long oxidative and radiation challenge, 

optical clarity of the lens is thought to be maintained through protein homeostasis mostly 

through α-crystallins as the sHSP. But the very high concentration of crystallins in the lens 

poses its own unique challenge to the lenticular PN (Ellis, 2001, Zhao et al., 2011b). 

Macromolecular crowding is expected to promote aggregation of non-native protein chains 

substantially by increasing their effective concentrations, necessitating molecular chaperones as 

essential in maintaining proteins folded under crowded conditions of lens (van den Berg et al., 

1999, Tokuriki et al., 2004, Ellis, 2001).  

Despite of the presence of an efficient PN, visual impairment and blindness (VI&B) due 

mostly to the old age causes considerable and increasing economic burden (Baltussen et al., 

2004, A et al., 2016). Globally, the burden of VI&B, as measured by disability adjusted life years 

(DALYs), increased by 47% from 1990-2010 (Koberlein et al., 2013). In fact, it is difficult to 

estimate the net economic cost of the VI&B because the indirect costs are much higher than the 

direct costs due to reduced mobility and ability to work. According to World Health Organization 

(WHO) and International Federation on Aging, in developing countries 94 million older people 

suffer from moderate to severe visual impairment, twice as many as those who have significant 

hearing impairment, which is the second leading cause of old-age disability according to United 

Nations Population Fund (2012). 
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Cataract – a global disease 
According to the WHO, “A cataract is clouding of the lens of the eye, which impedes the 

passage of light.” In 2010, cataract was responsible for more than half of all global blindness 

affecting about 20 million people (Khairallah et al., 2015) . Although rarer in the industrialized 

world, in the poorer South and South East Asia, cataract blinds more than 40% of the population 

(Foster and Resnikoff, 2005) .  

 

Figure 10: Burden of cataract in the USA 

(Based on the data from the CDC until 2010 for which the latest figures were available) 

http://www.who.int/blindness/causes/priority/en/index1.html
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 The risk of cataract increases with each decade of life, starting around age 40 (Figure 10 

). In the USA, 70 percent of white Americans, 53 percent of blacks and 61 percent of Hispanic 

Americans develop cataract by age 80 according to the National Eye Institute (NEI). As the 

global life expectancy grows, the number of people suffering with cataract will also grow. In the 

US alone, the number of cataract cases rose by about 20 percent, from 20.5 million to 24.4 

million between the years 2000 to 2010 (Figure 10). These numbers are expected to double to 

about 50 million by the end of 2050. It is estimated that globally, the number of people blinded 

by cataract is increasing by approximately 1 million per year.  

 By just providing cataract surgery to 95% of those who need it would avert over 3.5 

million DALYs per year globally (Baltussen et al., 2004). However, while cataracts are easy to 

surgically remove, patients’ access to surgery is often limited in poorer countries resulting in 

potentially blinding lifelong disability. Even in the U.S., Hispanic Americans are expected to 

have the most rapid increase in the prevalence of cataract from current 1.76 million cases to 

 

Figure 11: Cataract is the major cause of global blindness 

(Plotted based on the data from the WHO, until 2010 for which the most updated figures 
were available)  

https://nei.nih.gov/eyedata/cataract/tables
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9.51 million by 2050 (Figure 10). Undiagnosed and uncorrected cases of cataract cause about a 

third of all cases of visual impairments in both developed and developing countries. In fact, 

despite increased access to surgical procedures, cataract is the first cause of blindness followed 

by uncorrected refractive error and macular degeneration (Figure 11) (Khairallah et al., 2015). 

 There are three main types of age-related cataracts defined by clinical appearance: 

nuclear, cortical, and posterior subcapsular (Asbell et al., 2005). 

Nuclear cataract: This is the most common type of age-related cataract. As the lens ages, 

new layers of fibers are added compressing the lens nucleus (the central portion of the lens). 

The aging nucleus becomes harder (nuclear sclerosis cataract) and gradually turns yellow, due 

mostly to an increase in lens thickness but also due to accumulation of a yellow pigment (Mc, 

1959), deposition of more absorbing (or scattering) lens constituents (Mellerio, 1987), or due to 

photo-oxidation of the aromatic amino acids of the lenticular proteins (Pescosolido et al., 2016, 

Moffat et al., 1999).   

Cortical cataract: The cortex of the lens (peripheral edge of the lens) is made of the newest 

lens fibers. New fibers are regularly added to the outside of the lens under the outer coating or 

capsule of the lens. With ageing, opaque “cortical spokes” can develop within the cortex of the 

lens causing loss of transparency in the lens. 

Posterior subcapsular cataract: These cataracts are granular opacities occurring mainly in 

the central posterior cortex just under the posterior capsule. They are called "subcapsular" 

because the opacity forms beneath the lens capsule that encloses the lens and holds it in place. 

Posterior subcapsular cataracts (PSC) are generally associated with exposure to toxic agents, 

posterior intraocular disease, ionizing radiation, or blunt trauma. Long term exposure to steroids 

are a known risk factor for development of PSC (Black et al., 1960). 
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 While mostly an age related disorder, cataract also affects many children worldwide and it 

causes more visual disability than any other form of treatable blindness. More than 200,000 

children suffer from complications related with cataract accounting for 10-30% of childhood 

blindness (Gogate et al., 2011). While increased Vitamin A supplementation has helped reduce 

the number of children going blind due to corneal scars, an increasing number of children (35%) 

now go blind from congenital cataract (Gogate et al., 2009). It is estimated that the prevalence 

of childhood cataract is 10 times higher in low-income economies compared to high-income 

economies (Foster et al., 1997). Using the median incidence of 1.69 per 10,000 cases 

translates to around 314,000 new childhood cataract (both congenital and developmental) 

cases every year (Sheeladevi et al., 2016). 

Development of the mammalian lens  
The overall morphology of all vertebrate eyes, including the lens, is highly conserved across the 

kingdom despite important distinctions between taxa (Schwab et al., 2012, Parker, 2004). The 

development of the vertebrate eye begins very early in the embryo development and a single 

continuous eye field begins to take shape as early as the late gastrulation (Gilbert, 2003). All 

cellular lenses share the characteristic elongation of cells as a common ontogenic and 

phylogenetic feature. In some vertebrates a tiny parietal or median eye, equivalent to the 

mammalian pineal, consists of a lens which is made of just a monolayer of elongated cells 

(Chow and Lang, 2001). These primitive lenses might represent the evolutionary beginning of 

the more modern vertebrate lenses because they morphologically resemble the lens placode 

(Ung and Molteno, 2004).   
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In humans, the lens forms during the 5th week of gestation (Figure 12) (Chow and Lang, 

2001). In mammals the elongated lens progenitor cells develop from an epithelial monolayer 

over the presumptive retina, which thickens into columnar cells called the lens placode (Wistow, 

1993). The optic pit in the eye primordium grows towards the surface ectoderm with which it 

finally coalesces. The optic vesicle underlying the pit becomes the presumptive retina and the 

ectodermal cells thicken and elongate to form the lens placode. In mice, αB-crystallin 

expression is the hallmark of lens placode formation (Robinson and Overbeek, 1996). In mouse, 

transcripts of αA-crystallin were first observed at the lens cup stage (Robinson and Overbeek, 

1996). The localized thickening and elongation of the lens placode cells form the lens pit. The 

lens pit fills the space created by the invagination of the optic vesicle as it transforms into optic 

cup. The lens pit continues to deepen and finally detaches from the ectoderm to form a hollow 

lens vesicle. Upon separation of the lens vesicle, the cells at the posterior pole elongate, exit 

mitosis, and differentiate as primary lens fibers (Figure 13).  The cells at the anterior pole 

remain mitotically active and form the epithelium. Elongating fiber cells encroach on the vesicle 

lumen and eventually contact the anterior-most epithelial cells, which establishes an anterior–

 

Figure 12: Early development of the embryonic human eye lens 

Schematic of the anterolateral evagination of the forebrain leading to the formation of optic 
vesicle, while the basement membrane of the surface ectoderm forms the lens vesicle 
(Image taken from ClinicalGate iKnowledge webpage)  
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posterior (A–P) boundary. Once this polarity is established, secondary lens fiber differentiation 

initiates.  

The lens epithelium contains stem/progenitor-like cells, which are the source of future 

fiber cells (Cvekl and Ashery-Padan, 2014). These stem cells allow the lens to grow throughout 

life and to match the size of a growing eye as new fiber cells overlay the old (Wistow, 1993). 

The lens epithelium provides support to the fiber cell compartments through its connection with 

the aqueous humor, which fills the anterior chamber of the eye. The human lens grows rapidly 

in the embryo and during the first postnatal year, after which it continues to grow at a much 

slower, nearly linear rate, throughout life (Figure 14). Because the epithelial basement 

membrane (lens capsule) completely encloses the lens, desquamation of aging cells is 

impossible, and due to the complete absence of blood vessels or transport of metabolites in this 

area, there is no subsequent remodeling of these fibers, nor removal of degraded lens fibers 

(Lynnerup et al., 2008).  

 

 

Figure 13: Differentiation of lens fiber cells 

Posterior epithelial cells of lens vesicle elongate and migrate to form primary lens fibers, 
which fill the core to form the nucleus of the lens. The anterior cells migrate toward equator 
and proliferate to form secondary lens fibers to encase the nucleus.(Image taken from 
ClinicalGate iKnowledge webpage)  
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Development of lens is controlled by several transcription factors, among which Paired 

Box 6 (PAX6) plays a most prominent role throughout early eye development and in later 

development of the retina and lens (Washington et al., 2009). Dominantly inherited mutations or 

deletions of the PAX6 cause aniridia, characterized by absence of an iris accompanying 

keratopathy, cataract and glaucoma (Glaser et al., 1994, Risley, 1915). Genes that are activated 

by PAX6 in fruit fly -- Eya (eyes absent) and Six are expressed in humans suggesting that 

despite major differences in the structure and development of the vertebrate and insect eye, the 

 

Figure 14: Organization of the adult vertebrate eye lens  

As the lens grows, the epithelial cells from the germinative region stop dividing, 
elongate, and differentiate into lens fiber cells which produce high concentrations of 
lens crystallin proteins. The newly laid down fiber cells constitute the cortex region; 
the fiber cells laid down during the early growth period of the lens compose the 
nucleus region of the adult lens (Image taken from ClinicalGate iKnowledge webpage, 
modified from (Papaconstantinou, 1967) 
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basic genetic apparatus remains conserved throughout phylogeny and PAX6 is a master 

regulatory gene throughout the metazoan (Halder et al., 1995).  

 PAX6 also plays important role in regulating the activity of the lens crystallin genes (Cvekl 

et al., 2017, Cvekl and Ashery-Padan, 2014, Ninkovic et al., 2010, Cvekl and Duncan, 2007). 

Multiple Pax6-binding sites were identified in the lens-specific promoter of the mouse 

αA-crystallin gene and the high expression of αA-crystallin could be under transcriptional 

regulation of PAX6 (Yang and Cvekl, 2005, Sax et al., 1997). Genetic ablation of PAX6 by Cre-

Lox recombination in mice downregulated αA-crystallin expression (Ninkovic et al., 2010). The 

transcriptional regulator Foxe-3 operating downstream of Pax-6 facilitates the breaking off of the 

lens vesicle from the surface ectoderm and the transformation of posterior cells into lens fibers. 

Another transcription factor, Pituitary homeobox 3 (PITX3) directly regulates Foxe3 during early 

lens development (Ahmad et al., 2013, Medina-Martinez et al., 2009). Under the influence of 

Sox-2, Pax-6, and the oncogene Maf, the lens epithelial cells transform into lens fiber cells 

(Carlson, 2014). PITX3 maintains the mitotic activity of lens epithelial cells, fiber cell 

differentiation and activation of fiber cell-specific crystallins (Shi et al., 2006b, Ho et al., 2009). 
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Development of the zebrafish lens  

Zebrafish, a fresh water fish native to the flood plains of India, has laterally placed eyes and 

lenses that protrude from the eye ball with no restriction from the iris. As a vertebrate, zebrafish 

shows nearly all the morphological hallmarks that characterize lenses of other vertebrates 

(Figure 15 and Figure 17), with two cell types-lens epithelial cells and lens fiber cells. Although 

zebrafish lens is relatively large and spherical, compared to mammalian and avian lenses which 

are more ellipsoid in shape (Fadool and Dowling, 2008, Gestri et al., 2012, Soules and Link, 

2005).  

Due to fast, extracorporeal development, relatively large sized eyes, and mostly 

transparent embryos, zebrafish offer several advantages as a model system to study the ocular 

physiology and lens proteostasis (Richardson et al., 2017). In fact, starting at 3 days post-

fertilization (dpf), the panoramic visual system of the zebrafish becomes functional as assessed 

 

Figure 15: Histology of the embryonic zebrafish eye.   

Coronal section shows the vertebrate typical layering in larval zebrafish eye: ONL, 
outer nuclear layer; INL, inner nuclear layer; GLC, ganglion cell layer; ON, optic 
nerve; RPE, retinal pigment epithelium; 5dpf embryos were fixed, dehydrated in 
ethanol series, embedded in JB-4 resin and 4µm sections were stained with H&E as 
described in (Zou et al., 2015). 
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by behavioral tests, such as optokinetic reflex/response (OKR) or optically evoked startle 

response; and by physiological tests such as Electroretinograms (ERGs) (Easter and Nicola, 

1995, Easter and Nicola, 1996, Page-McCaw et al., 2004, Fleisch and Neuhauss, 2006). 

Zebrafish eyes become apparent as a flattened evagination between 11-12 hpf (Dahm, 

1999, Dahm et al., 2007, Greiling et al., 2010, Gestri et al., 2012, Soules and Link, 2005). As in 

all vertebrates, the formation of lens placode of zebrafish is induced from the ectoderm (Fadool 

and Dowling, 2008). The characteristic accumulation of melanin granules marking the retinal 

pigment epithelium becomes evident by 1dpf (Schmitt and Dowling, 1994, Dahm et al., 2007).  

By the end of the first day of embryonic development, zebrafish eyes develop as a cup-

shaped, bi-layered retinal anlage enclosing the prospective lens. However, the zebrafish lens 

delaminates from the surface ectoderm as a solid cluster of cells, like that of taxonomically 

closer Xenopus, rather than through invagination and formation of a hollow lens vesicle as in 

 

Figure 16: Denucleation at the fiber cell maturation zone  

Breakdown of nuclei occurs at the lens periphery where lens fibers mature, producing 
double stranded DNA which stains positive for terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL). 3dpf embryos were fixed in 4% PFA, embedded in OCT, 
cryosectioned and stained with TUNEL kit (Roche). (A) white field DIC overlaid with TUNEL 
activity in red, nuclei stained with DAPI (4',6-diamidino-2-phenylindole) in blue, and type II 
collagen in green. (B) Fluorescence image. 
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birds and mammals, and the detachment of the prospective lens is facilitated by apoptosis 

(Dahm et al., 2007, Schmitt and Dowling, 1994, Soules and Link, 2005).  

The outermost cells in the equatorial region of this cluster become mitotically active 

beginning at 21 hpf and form a monolayer of epithelial cells. Like other vertebrates, the anterior 

lens epithelium proliferates, giving rise to elongating cells that differentiate into the crystalline 

fiber cells at the lens core. But in contrast to other vertebrate species, the epithelial layer does 

not end close to the lens' equator, but extends much farther towards the posterior pole. After the 

formation of a monolayer of lens epithelial cells, the differentiation and elongation of secondary 

lens fibers leads to a final lens that looks morphologically similar to that of other vertebrate 

species (Greiling et al., 2010). But in zebrafish, the primary fiber cells elongate in a circular 

fashion resulting in an embryonic lens nucleus with concentric shells of fibers (Dahm et al., 

2007).  

Between 2.5 and 3 dpf, the lens grows through the addition of secondary lens fiber cells 

(Dahm et al., 2007). As in other vertebrates, secondary fiber cell differentiation proceeds 

throughout life via pyknosis - the programmed degradation of nuclei and the intercalation of 

adjacent fibers via protrusions at the fiber cells' edges (Figure 16). This adds progressive layers 

of fiber cells around the lens nucleus. However, unlike mammalian or avian lenses the zebrafish 

secondary fibers differentiate in a narrow zone close to the equatorial epithelium (Dahm et al., 

2007, Greiling et al., 2010). 
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The adult zebrafish lens has the typical vertebrate morphology (Figure 17). It is enclosed by a 

lens capsule and its anterior surface is covered by a monolayer of epithelial cells. The mature 

zebrafish lens consists of a nuclear region and a cortical region encompassing a compact 

 

Figure 17: Histology of the adult zebrafish eye 

Toluidine blue stained radial section of adult zebrafish eye shows morphological 
similarity with other vertebrates. (A) Zebrafish lens is more spherical but in transition 
zone (shown in subset) outer epithelial layer cover elongating fiber cells. (B) The 
retinal layers: RPE, retinal pigmented epithelium; PS, photoreceptor segment; ONL, 
outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 
ganglion cell layer; (C) the annular ligament of zebrafish is equivalent to the 
mammalian trabecular meshwork (C&D): cells from the posterior lens vesicle 
elongate to form lens fiber cells. 

Eyes excised from 3 month zebrafish were fixed, dehydrated in ethanol series, 
embedded in JB-4 resin and 4µm sections were stained with Toluidine blue. 
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accumulation of concentric circles of secondary lens fibers (Dahm et al., 2007). Lenses in the 

eyes of aquatic animals generally provide more optical power than those in terrestrial animals 

because the power of the cornea is significantly reduced in water (Pierscionek and Regini, 

2012). Accordingly, fish cornea, in direct contact with the optically dense water medium provides 

little refractive power and fishes form a dense, spherical lens with a steep gradient of refractive 

index that provides focusing power while minimizing spherical aberration (Slingsby et al., 2013, 

Pierscionek and Regini, 2012).  

Differences between zebrafish and mammalian lens development 
While the zebrafish lens (Figure 15 and Figure 17) is similar in the development and final 

 

Figure 18: Schematic drawing of zebrafish and mouse eye lens 

Comparative embryonic development of zebrafish (A–E) and mammalian (A'–E') lenses as 
well as their adult morphologies. (Modified from (Dahm et al., 2007) 
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morphology to vertebrate lenses (Figure 8), there are also several significant differences 

between zebrafish and mammalian lenses (Figure 18), at some developmental stages, as 

described below:  

Lens placode stage: Both lenses begin as a lens placode (A, A′). 

Lens vesicle stage: The zebrafish lens placode delaminates as a solid cluster of lenticular cells 

without obvious organization (B and C) and does not form a lens vesicle. In other vertebrates, 

invagination of the surface ectoderm (B′) leads to separation of the fluid-filled lens vesicle (C′). 

Embryonic lens: In zebrafish, the primary fiber cells elongate in a circular fashion resulting in 

an embryonic lens nucleus with concentric shells of fibers (D), but in mammals the elongation of 

the posterior epithelial cells fills up the lens vesicle (D′) which establishes the anteroposterior 

elongated cells that make the embryonic nucleus of the adult mammalian lens.  

Secondary fiber cells: Secondary fibers are formed by the proliferation and elongation of the 

differentiating lens fibers in both the zebrafish and mammals (E and E′). But in zebrafish, the 

secondary lens fiber cell differentiation is spatially restricted to a narrow zone close to the 

equatorial epithelium; while in mammals, secondary fibers grow out in both the anterior and 

posterior directions from the meridional zone, thereby creating concentric shells of secondary 

fibers surrounding the fetal lens nucleus.  

Cataract is a proteostatic disease 

Cataract is one example of diverse late onset “protein-conformational disorders” (Voisine et al., 

2010) which makes it an attractive phenotype to understand protein homeostasis (Moreau and 

King, 2012). Crystallins, the primary constituent proteins of lens, form in the lens nucleus almost 

entirely around the time of birth with a decreasing formation throughout life (Lynnerup et al., 

2008). While the mature lens fiber cells have no further turnover of their protein content, to 
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maintain the lens transparency, the lens proteins must remain soluble for a lifetime. The only 

other tissue with similar life-long demand for permanence is the dental enamel (Lynnerup et al., 

2008, Spalding et al., 2005b). Furthermore, the eye lens is subjected to lifelong wear and tear of 

mechanical stress due to lens accommodation, and chemical stress due to photo-oxidative 

damage and deterioration in the proteome. However, crystallins like all long-lived proteins 

undergo several chemical changes as they age, including the epimerization of the naturally 

occurring L-aspartic acid into the racemic mixture of L- and D-forms (Truscott et al., 2016, 

Truscott and Friedrich, 2016).The D/L ratio of aspartate in proteins linearly increases with age 

(Helfman and Bada, 1975), but increases faster in lens than in tooth enamel highlighting higher 

biochemical stress on the lens proteome (Masters et al., 1977). D/L ratio of aspartate is 

particularly higher in cataractous lenses (Masters et al., 1977, Garner and Spector, 1978).      

  For the lens to remain transparent despite the physiological stresses, the strength of the 

interaction between native ß/γ- and α-crystallins must be maintained at the optimal levels and 

even small changes in this interaction can increase light scattering leading to cataract (Asherie, 

2011). Disruption in the short-range order alone, even without aggregation of a lens crystallin 

can increase the light scattering and can cause cataract (Asherie, 2011, Banerjee et al., 2010, 

Banerjee et al., 2011). For example, while the human nuclear cataract-associated mutant 

γDE107A is nearly identical to the wild type in structure, stability, and solubility properties, its 

interaction with α-crystallin increases primarily due to the change in surface electrostatic 

potential in the mutant protein, which increases the amount of light scattering (Banerjee et al., 

2010, Banerjee et al., 2011).  

 Thus, lens opacity leading to cataract can occur by causes affecting chaperone activity of 

α-crystallins such as mutations: R116C in αA-crystallin (Brocklebank et al., 1982) and R120G in 

αB-crystallin (Vicart et al., 1998); or by changes in  the ß and γ-crystallins, such as V76D 
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mutation in γ-crystallin (Wang et al., 2007) potentially overwhelming the chaperone pool of 

α-crystallins. A large number of mutations in crystallins are the major contributors to all 

congenital cataracts (Hejtmancik, 2008, Graw, 2004, Graw, 2009, Clark et al., 2012). 

Truncations and post-translational modifications in crystallins and other lenticular proteins are 

implicated in senile cataracts (Truscott and Friedrich, 2016).  

Heart as a model system to study proteostatic collapse 

Heart, the first formed organ in a developing fetus (Woodcock and Matkovich, 2005, Moorman 

et al., 2003), pumps blood throughout a metazoan organism to meet the energy and metabolic 

needs of organs and tissues (Da Silva-Ferrada et al., 2016). As a biomechanical device, the 

heart contracts and expands during the entire life resulting in an extensive mechanical stress 

(Boudoulas et al., 2015, Henning and Brundel, 2017). Maintenance of the resting heart rate is 

critically important for the survival and while factors that influence heart rate also affect life 

expectancy, an abnormal heart rate directly influences longevity (Boudoulas et al., 2015). The 

optimum functioning of the heart relies on an extremely organized network of interconnected 

cells that include: cardiomyocytes (the contractile muscle unit of the heart), endothelial and 

smooth muscle cells (forming blood vessels that ensure blood transport), fibroblasts (which 

produce extracellular matrix and confer support) and immune cells (Da Silva-Ferrada et al., 

2016).  

Cardiomyocytes, like the lens fiber cells, are long living terminally differentiated muscular 

cells responsible for generating the contractile force in the intact heart (Woodcock and 

Matkovich, 2005). There is but a limited renewal of cardiomyocytes in humans and less than 

50% of cardiomyocytes are exchanged during the lifespan (Bergmann et al., 2009, Senyo et al., 

2013) Not only do the number of cardiomyocytes not increase after birth, their renewal gradually 

decreases from 1% turning over annually at the age of 20 to 0.3% at the age of 75 leading to 
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slow and continuous decrease in the overall number of cardiomyocytes with age (Bergmann et 

al., 2009). To compensate for the loss in the total number, and the loss of the mechanical 

efficiency due to progressive stiffening, the remaining cardiomyocytes undergo aging-induced 

hypertrophy which preserves some performance at the single cell level (Bernhard and Laufer, 

2008).  With age, the heart undergoes a significant shift towards enhanced glycolysis possibly 

possibly due to proteomic remodeling of energetic and structural pathways. Further, aging heart 

also accumulates extracellular structural proteins and damaged proteins suggesting an age 

dependent decline in the protein quality control systems (Dai et al., 2014, Quarles et al., 2015).   

Thus, cardiomyocytes have high proteostatic demands, consistent with their constitution 

and physiology, such as highly specialized proteins participating in electrical conduction and 

contraction; high metabolic demand chiefly met by oxidative phosphorylation; and largely 

terminally differentiated nature (Carra et al., 2017, Henning and Brundel, 2017). As a result, 

inadequate proteostasis including aberrant protein folding, protein aggregate formation, and 

increased protein degradation to clear the toxic misfolded and oxidized proteins is associated 

with many cardiac diseases (Henning and Brundel, 2017, Wiersma et al., 2016, Willis and 

Patterson, 2010).  Not surprisingly, an extensive PN caters to the heart proteome and several 

sHSPs, including Hsp27/HSPB1, HSPB5, HSPB6, HSPB7, and HSPB8, are abundantly 

expressed in the human heart (Quarles et al., 2015, Willis and Patterson, 2010, Tannous et al., 

2010, Golenhofen et al., 2004). Persistent atrial fibrillation (AF) has been suggested to be 

caused by exhausted sHSP levels in atrial tissue and genetic or pharmacological induction of 

sHSP can protect against cardiomyocyte remodeling in experimental models for AF (Hu et al., 

2017). 

Titin (also known as connectin), a giant sarcomeric protein, greater than 1 µm in length 

of molecular mass of up to ≈3800 kDa, is the molecular spring responsible for the passive 
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stiffness of myocardia responsible for the diastolic filling (LeWinter and Granzier, 2014, Hidalgo 

and Granzier, 2013, Linke and Hamdani, 2014). While the thin (actin) and thick (myosin) 

filaments of the sarcomere actively generate force, the titin filaments keep the thick filaments 

centered in the sarcomere and allow an optimum active force development (Linke and Hamdani, 

2014).  

The N-terminus of titin anchors in the Z-disc of the sarcomere (Granzier and Labeit, 

2004, Hidalgo and Granzier, 2013, LeWinter and Granzier, 2014), where Desmin, an important 

Z-disk protein plays the critical role in the maintenance of structural and mechanical integrity of 

the contractile apparatus (Paulin and Li, 2004, Knoll et al., 2011). The rest of Titin can be 

divided into (1) an elastic I-band region, (2) a thick filament-binding A-band region, and (3) the 

M-band region where the C-terminus is embedded (LeWinter and Granzier, 2014) ( 

Figure 19). Elastic titin filaments traverse the I-band in a monomeric state, except in the 

 

Figure 19: Schematic of titin organization in the sarcomeric I-band 

Titin filaments traverse the I-band in a monomeric state but form hexamers in the Ig region. 
sHSPs associate with unfolded Ig domains between the Z-disk–I-band junction and PEVK 
and can protect against titin aggregation and prevent myocyte stiffening. Modified from 
(Kotter et al., 2014, Golenhofen et al., 2002) 
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distal immunoglobulin-like (Ig) domain region where they form hexamers. sHSPs associate with 

unfolded Ig domains in a region between the Z-disk–I-band junction and PEVK, and are thought 

to protect against titin aggregation and prevent abnormal myocyte stiffening (Kotter et al., 2014, 

Golenhofen et al., 2002).  

Under baseline conditions, αΒ-crystallin is the most abundant sHSP in the heart, and its 

levels can increase to a dramatic 3% of total cellular protein under conditions of stress, 

highlighting an important role for αΒ-crystallin in the cardiac proteostasis (Tannous et al., 2010, 

Iwaki et al., 1990, Bhat et al., 1991). αΒ-crystallin associates with desmin and mutations in 

either one of them leads to heart failure in humans and mice, suggesting a potential 

compensatory interplay between the two in cardioprotection  (Diokmetzidou et al., 2016).  

The R120G mutation in αB (CryABR120G) is associated with desmin-related 

cardiomyopathy (DRM), which is characterized by the formation of desmin- and αB containing 

aggregates within muscle fibers (Vicart et al., 1998, Hershberger et al., 2013). Mice with cardiac 

specific overexpression of CryABR120G develop cardiomyopathy at 3 months and die at 6–7 

months from heart failure (HF) (Wang et al., 2001). Cardiac-specific αB-crystallin 

overexpression rescued desmin-deficient heart failure in Des−/− mice (Diokmetzidou et al., 

2016). However the effect of R120G mutation in DCM is an example of toxicity due to 

aggregation-prone sHSP itself and the pathology can be ameliorated by reversing the 

aggregation (Sanbe et al., 2007, Sanbe et al., 2005).  

Another αB mutation (R157H) that decreased binding to titin without affecting the 

distribution of the mutant is also associated with dilated cardiomyopathy (Inagaki et al., 2006). 

Under cardiac stress conditions, such as in ischemia, αB and other muscular sHSP translocated 

from cytosol to the Z-/I-area of myofibrils (Golenhofen et al., 2004). While αB-crystallin has 

binding sites in both cardiomyocytes and the skeletal muscle fibers, in skeletal muscles αB 
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localized diffusely throughout the entire I-band, whereas in cardiomyocytes αB was 

preferentially located at the N-line position of the I-band (Golenhofen et al., 2004).   

Hsp27/HSPB1 is also found associated with sarcomeres, is induced in ischemia, and 

has been suggested to have a cardioprotective role (Chiesi and Bennardini, 1992, Hollander et 

al., 2004, Robinson et al., 2010, Brundel et al., 2006). Both HSP27 and αB-crystallin 

suppressed acidic stress induced stiffening in cardiomyocytes caused by unfolding of Ig domain 

of titin (Kotter et al., 2014). In diseased human muscle and heart, both sHSPs associated with 

the titin springs, in contrast to the cytosolic/Z-disk localization seen in healthy muscle/heart 

(Kotter et al., 2014).  HSP27 translocates to myofibril fraction from the cytosolic in rat hearts 

after ischemic injury where it then colocalizes with the Z-line and may be involved in Z-line 

protection (Yoshida et al., 1999). Increased expression of HSP27 protected canine myocytes 

from simulated ischemia-reperfusion injury (Vander Heide, 2002).  

While the importance of sHSPs in the cardiac proteostasis is evident, their precise role in 

the cardiac function is still being evaluated. Zebrafish represents a relatively simple model 

system to understand the role of sHSP in the maintenance of heart proteome. Although 

zebrafish heart is less developed relative to the mammalian heart, phenotypes of several 

zebrafish mutants have faithfully recapitulated human cardiomyopathies highlighting 

conservation of the cardiac physiology among vertebrates (Bakkers, 2011, Wilkinson et al., 

2014, Chico et al., 2008). The zebrafish heart expresses two paralogous αBa and αBb-

crystallins, both homologous to human αB (Posner et al., 2005, Smith et al., 2006). The lessons 

learned from monitoring the role of αB-crystallin paralogs in the zebrafish heart can help us 

understand the role of αB-crystallin in human heart. The amenability of zebrafish to forward and 

reverse genetics, ease of maintenance and fecundity coupled with the transparency of embryos 

make zebrafish a valuable model to understand the role of sHSPs in the cardiac physiology 
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(Bakkers, 2011, Bournele and Beis, 2016, Nguyen et al., 2008, Wilkinson et al., 2014, Chico et 

al., 2008).    

Glucocorticoid receptor signaling in relation to crystallins and sHSP 
 

Along with the factors of the PN, other biological pathways also play important role in 

overcoming the physiological stresses (Cavadas et al., 2016). These stress responding 

signaling and trafficking pathways interact with the PN, and function as the carriers of the stress 

signals across the body to prepare organs for the impending stress (Pratt et al., 2006). A 

physiological stress, distinct from the cellular stress, can be an actual or anticipated disruption 

of homeostasis (Vyas et al., 2016, McEwen, 2007). Glucocorticoids (GC) are primary stress-

involved hormones that are essential in maintaining homeostatic functions (Kadmiel and 

Cidlowski, 2013, Rhen and Cidlowski, 2005, Oakley and Cidlowski, 2011). GCs, derivatives of 

cholesterol, are produced by the adrenal gland in mammals at increased levels during stress 

and they bind ubiquitous glucocorticoid receptors (GR) to trigger signal transduction that 

provides potent anti-inflammatory and immunosuppressive activity (Vandewalle et al., 2018). 

The GR, expressed nearly ubiquitously in human organs, is a member of the nuclear receptor 

superfamily, which also includes transcription factors, receptors for thyroid hormone, retinoids 

and other small lipophilic molecules (Matthews et al., 2015, Kayes-Wandover and White, 2000).  

In the ligand-free state, the GR is located in the cytoplasm complexed with accessory 

protein including heat-shock proteins (Kirschke et al., 2014, Matthews et al., 2015). Upon 

activation by the glucocorticoid ligand, GR hyper-phosphorylates, dissociates from resting 

complex and translocates to the nucleus, where it can bind to glucocorticoid response elements 

(GREs) in the promoter regions of target genes to transactivate (Schaaf et al., 2008, Kirschke et 

al., 2014, Kadmiel and Cidlowski, 2013).  
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 In humans, alternative translation and splicing of the primary transcript of the single GR 

(hGR) gene (NR3C1) produces multiple isoforms (Lu and Cidlowski, 2004, Lu and Cidlowski, 

2006). Alternate splicing of Exon 9 generates hGRα and hGRß transcripts, which produce 

proteins that differ in their carboxyl termini (Oakley et al., 1996). However, several more 

isoforms of each of the two hGRα and hGRß proteins exist because of alternate translation of 

their respective primary transcripts (Kadmiel and Cidlowski, 2013, Lu and Cidlowski, 2004, Lu 

and Cidlowski, 2006). While hGRα is a ligand-activated transcription factor which, in the 

hormone-bound state, modulates the expression of glucocorticoid-responsive genes by binding 

to specific GRE DNA sequences; hGRβ is transcriptionally inactive, although it binds GREs in 

the promoter regions of target genes with a greater capacity than hGRα in the absence of GCs, 

and thus probably functions as a dominant negative regulator (Bamberger et al., 1995, de 

Castro et al., 1996, Oakley et al., 1996, Yudt et al., 2003).  

Glucocorticoid response is conserved between taxa   

Cortisol is the primary corticosteroid in teleosts that is released in response to stressor 

activation including water and electrolyte homeostasis (Bury and Sturm, 2007, Steenbergen et 

al., 2011, Kwong et al., 2013, Wendelaar Bonga, 1997). GC production in fish is regulated by 

the hypothalamus-pituitary-interrenal (HPI) axis, equivalent to the mammalian hypothalamus-

pituitary-adrenal (HPA) axis (Alsop and Vijayan, 2009).  
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Unlike other bony fish which have two GR genes, zebrafish has only one GR gene 

nr3c1, which is homologous to the human gene (Figure 20) (Schaaf et al., 2009, Schaaf et al., 

2008). Both the human and zebrafish genes contain 9 exons with the first exon being 

noncoding. The canonical zf-GRα isoform is 59.3% similar to hGRα with near complete (98.4%) 

identity in the DNA binding domain (DBD). The N-terminal domain (NTD) of zfGRα is only ~40% 

conserved compared to hGRα, but the C-terminal ligand binding domain (LBD) is highly 

conserved (86.5%) among the two (Schaaf et al., 2009). Similarly, the zebrafish also expresses 

the C-terminal GR splice variant zf-GRß with high similarity to the human GRβ isoform, which 

has been shown to be a dominant-negative inhibitor of the canonical GRα and may be involved 

in glucocorticoid resistance (Schaaf et al., 2008, Schaaf et al., 2009). Both receptor isoforms 

were detected throughout the zebrafish body (Schaaf et al., 2008). While the majority of GR-

deficient mice (∼90%) died at birth reflecting retarded lung maturation and atelectasis, null 

mutants of zebrafish zf-nr3c1 were viable, phenotypically inconspicuous, fertile, and segregated 

according to Mendelian ratio although with compromised survivability (Facchinello et al., 2017, 

Cole et al., 1995).  

 

Figure 20: Schematic of the α-subtype glucocorticoid receptor  

The homologous GRα have 3 major domains: the N-terminal domain (NTD), middle DNA-binding 
domain (DBD) with a hinge region, and the C-terminal ligand-binding domain (LBD). The numbers 
denote the amino acids, and the % homology is relative to human sequence. 
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GCR and sHSP are partners in the stress response 

Since sHSPs are an integral component of the stress response system across taxa, hormone 

responsiveness is a common characteristic of sHSP genes (Klemenz et al., 1994, Tabibzadeh 

and Broome, 1999). In insects, such as in the fruit fly (Drosophila melanogaster) and oriental 

fruit fly (Bactrocera dorsalis), the expression of sHSPs is regulated by the molting hormone 

ecdysone (Shen et al., 2011, Dou et al., 2017, Ireland and Berger, 1982, Michaud et al., 1997). 

The human hsp27 gene is estrogen responsive, and macrophages release Hsp27 in dose-

dependent manner by estrogens (Rayner et al., 2010, Devaja et al., 1997). Aberrant levels of 

steroid hormone receptors and αB-crystallin were found in peritoneal endometriosis, an infertility 

disorder due to progesterone resistance (Moberg et al., 2015).   

α-crystallins accounted for more than 98% of the total soluble bovine lens proteins 

binding dexamethasone, a widely used anti-inflammatory and immunosuppressive synthetic 

glucocorticoid (Jobling et al., 2001). While the interaction of dexamethasone with purified α-

crystallin could be due to nonspecific partitioning with the hydrophobic sites of α-crystallin, 

dexamethasone induced accumulation of αB crystallin mRNA and protein in fibroblast cultures 

(Scheier et al., 1996). In fact, αB-crystallin was the only HSP which was induced by 

dexamethasone in the fibroblast cultures, independent of general stress response (Aoyama et 

al., 1993). A putative GRE within the promoter region of the αB crystallin gene has been shown 

to bind the glucocorticoid receptor by in vitro footprint analysis, although this GRE was not 

involved in the hormone-mediated gene activation (Scheier et al., 1996).  

The αB-crystallin and Myotonic dystrophy kinase binding protein (Mkbp)/HspB2 genes, 

both members of the small heat shock protein gene family, are arranged head-to-head in the 

human, mouse and rat genomes (Liu and Piatigorsky, 2011). Mkbp/HspB2 is expressed 
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preferentially in skeletal muscle and heart but not in the lens (Suzuki et al., 1998a). Both HspB2 

and αB share some cis-elements ( 

Figure 21) and a GC responsive site αBE1, in the enhancing region equally affects the 

activity of the promoters of both αB and HspB2 (Cvekl et al., 2017, Swamynathan and 

Piatigorsky, 2007)  

The GC medications are frequently used to treat a chronic inflammatory conditions such 

as arthritis, immune disorders, allergic reactions, skin and eye conditions, breathing problems, 

bowel diseases, and cancers (Burns, 2016, Raju, 1999, Sulaiman et al., 2018). Currently, 

synthetic glucocorticoids are among the most commonly prescribed drugs (Buttgereit et al., 

2013). However, because of their wide ranging physiological role, GCs elicit pleiotropic side 

effects including posterior subcapsular cataract (PSC) (Black et al., 1960, Skalka and Prchal, 

1980, Loredo et al., 1972, James, 2007).  39% of rheumatoid arthritis patients, who received 

long-term corticosteroid therapy developed PSC (Black et al., 1960). Not only systemic, but 

topical and inhaled steroids also induce cataract (Jobling and Augusteyn, 2002). In fact, up to 

 

Figure 21: Cis-elements in the mouse αB-crystallin and HspB2 genes 
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22% of cataract cases could be related to steroid use, a proportion which is bound to rise 

because of ever increasing prescriptions of steroids (Veenstra et al., 1999).  

PSC is particularly debilitating for patients. While only approximately 5–15% of cataracts 

are classified as PSC, they account for about 40% of cases that require surgery (Leske et al., 

1997, James, 2007). Importantly, among the cataract patients that undergo cataract surgery, 

cardiovascular disease are more prevalent than the general population, suggesting that severe 

cataract could be an indicator of the underlying collapse of proteostasis (Nemet et al., 2010). 

However, PSC opacity does not significantly correlate with the intensity or the duration of the 

GC dose; or the age of patients (Skalka and Prchal, 1980). Interestingly, chronic endogenous 

hypercortisolism (endogenous Cushing syndrome) rarely causes PSC, suggesting physiological 

differences in endogenous versus exogenous GCs (Bouzas et al., 1993). 

In the whole body systems, only the steroids possessing glucocorticoid activity cause 

steroid-induced PSC, suggesting a key role for GR activation in the development of PSC. 

Notably, excised chick lenses in culture lost transparency when exposed not only to GCs but 

also to androgen, estrogen and mineralocorticoid. Thus, at least some loss of transparency in 

lens can be induced independently from biological activities of steroids (Kosano and Nishigori, 

2002). In some adult animal models, such as in rats and in chickens, the steroids did not induce 

cataract, and low survival due to high concentration of administered steroids can confound 

results (Jobling and Augusteyn, 2002). In rabbits, cortisone induced only anterior subcapsular 

cataract along with diabetes (Jobling and Augusteyn, 2002). While some embryonic animals 

develop steroid induced cataract, GRs have not been identified in those animals such as chick, 

and thus GCs were thought to act on lens cells indirectly. However, while GCs could exert their 

effects on the lens indirectly, non-specifically, or through non-classical mechanisms, most likely 

specific GR are involved in the GC physiology (Sulaiman et al., 2018).  
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The human lens contains a functional glucocorticoid receptor. Anti-GR antibodies could 

detect GR in the lens epithelium, and PCR amplification and sequencing has confirmed that 

GRα is present in human and mouse epithelial cells; and in human, rat, rabbit and bovine lens 

cells (James et al., 2003, Gupta and Wagner, 2009). The lens GRα receptor could induce or 

repress the transcription of genes known to be associated with glucocorticoid receptor activation 

in other cell types (James et al., 2003, Jobling and Augusteyn, 2001, Gupta and Wagner, 2009). 

Thus, it is pertinent to explore the interaction of GCR with the lenticular crystallins in the context 

of the development of cataract, and in other proteostatic disorders.   

Research overview 

αB-crystallin as a typical sHSP shares most of the properties of vertebrate sHSPs including the 

presence of the highly conserved ACD, the hydrophobic N-terminal region and a flexible C-

terminal extension (Sharma et al., 1997, Ghosh et al., 2006, Bhattacharyya et al., 2006, 

McHaourab et al., 2009). Although the structures of isolated ACD dimers have been resolved, 

there is insufficient structural insight available for the native oligomer assembly of mammalian 

sHSP, owing to their polydispersity and dynamics (Ghosh and Clark, 2005, Jehle et al., 2011). 

The αB-crystallin oligomers dynamically undergo subunit exchange through dissociation into 

smaller multimers, probably into dimers (Thornell and Aquilina, 2015, Benesch et al., 2008, 

Ecroyd et al., 2007, Aquilina et al., 2003). Similarly, in vitro Hsp27 undergoes concentration-

dependent equilibrium dissociation to the dimer, which is favored by phosphorylation in vivo or 

by mutations mimicking the phosphorylation (Bova et al., 2000). This polydispersity and 

dynamics of the sHSP oligomers, a hallmark of all mammalian sHSPs, is critical for their role as 

chaperone enabling high affinity binding to destabilized proteins (Basha et al., 2012, Jehle et al., 

2011, McHaourab et al., 2009, Koteiche and McHaourab, 2006, Shi et al., 2013, Shi et al., 

2006a, McHaourab et al., 2012).  
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Phosphorylation of mammalian αB-crystallin in response to stress and aging has been 

shown in vitro to activate its chaperone function presumably through changes in the oligomer 

size and/or the rate of subunit exchange (Koteiche and McHaourab, 2003, Peschek et al., 2013, 

Thornell and Aquilina, 2015, Bakthisaran et al., 2016). However, zebrafish αBa-crystallin, a 

homolog of human αB-crystallin, displayed much higher chaperone-like activity towards the 

model substrate T4L approaching that of activated mutants of mammalian sHSPs (Koteiche et 

al., 2015). αBa-crystallin also formed bigger average oligomer than its mammalian homolog, 

which suggests that the elevated chaperone-like activity of αBa-crystallin could stem from the 

expanded oligomeric state. Oligomer expansion has already been shown to enhance 

chaperone-like activity of sHSPs in cataract-linked mutants of α-crystallins (Koteiche and 

McHaourab, 2006, Kumar et al., 1999, Shroff et al., 2000), and in engineered variants of 

Hsp16.5 (Shi et al., 2006a, Shi et al., 2013, Mishra et al., 2018).  

Particular sequence elements in the NTD of Hsp27 have been shown to play important 

role in the dynamics of the oligomeric transition towards larger oligomers (Shashidharamurthy et 

al., 2005). A 14-amino acid peptide (hereafter referred to as the P1 peptide), unique in primate 

Hsp27 found at the junction of the NTD and ACD, affects the aforementioned concentration-

dependent equilibrium dissociation of Hsp27. Deletion of the P1-peptide in Hsp27 shifted the 

equilibrium towards the larger oligomers and reduced the chaperone activity 

(Shashidharamurthy et al., 2005). Contrastingly, insertion of this sequence at the homologous 

position in the highly homogenous Hsp16.5 expanded the oligomeric structure from 24-subunits 

to 48-subunits concomitantly enhancing the chaperone activity (McHaourab et al., 2012, Shi et 

al., 2013, Shi et al., 2006a, Mishra et al., 2018).   

Zebrafish uniquely expresses two paralogous αB-crystallins: αBa and αBb (Smith et al., 

2006, Posner et al., 2005, Posner et al., 1999). Despite high sequence conservation between 
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the human and zebrafish αB homologs, the terminal regions flanking ACD are fairly variable 

(Figure 22). 

 

 

Figure 22: Sequence alignment between human and zebrafish αB crystallins. 

Highly conserved Ser residue is marked in red. The α-crystallin domain is labeled as 

predicted by Conserved Domain Database (CDD) webserver maintained by NCBI. 
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By evaluating the role of sequence from evolutionary divergent but homologous αB and 

αBa, we aimed to learn about the mechanism that underlies the constitutively higher chaperone-

like activity pf αBa-crystallin. Our hypothesis was that the elevated chaperone-like activity of 

αBa-crystallin stems from higher oligomeric state, which can be altered through sequence 

manipulation. Thus in this study, we studied the role of the N- and C-terminal regions of αBa-

crystallin, by mimicking the role of evolutionary sequence diversity, in the formation of oligomers 

and chaperone activity of engineered αBa-crystallin mutants.  

The second aim of our study was to establish the role of zebrafish αB-crystallin 

homologs in the lens. While αB-crystallin is relatively a minor constituent of the vertebrate lens 

proteome, several αB-crystallin mutations are implicated in mammalian autosomal cataracts 

(Graw, 2004, Graw, 2009, Andley, 2007). It is as yet unclear what role αB plays in the lens given 

αB knockout mice did not develop cataract, although αB was the predominant protein in the 

inclusion bodies of cataract in αA knockout mice (Brady et al., 1997, Brady and Wawrousek, 

1997, Wawrousek and Brady, 1997). While confounding the effect αB in these knockout mice 

was the inadvertent disruption of the adjacent HSPB2 gene, the mice indeed suffered with 

degenerated skeletal muscles and developed severe fatal phenotype late in life (Brady and 

Wawrousek, 1997). Zebrafish with a conserved role for αA-crystallin in the maintenance of 

transparency in lens (Zou et al., 2015), and with a lens predominant αBa-crystallin paralog 

expressing distinct from the ubiquitous αBb-crystallin, both homologous to human αB-crystallin 

(Posner et al., 1999, Posner et al., 2005, Smith et al., 2006) is an attractive model system to 

assess the role of αB-crystallin in vivo. As a fast growing vertebrate, zebrafish can help us 

understand the role of αB-crystallins in the proteostasis of organs of long living cells with high 

proteostatic demand, such as eye lens and heart. Our hypothesis for this work was that both 

αBa and αBb-crystallins are required to maintain the zebrafish lens transparency, and we aimed 
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to test whether disruption in αBa- and αBb-crystallin expression would lead to cataract like 

phenotypes in zebrafish.  

These studies can lead to establish zebrafish models to study the progression of 

cataract, to use zebrafish for screening of potential pharmacological compounds to develop 

drugs that can reverse cataract; and towards a better understanding of the role of αB-crystallin 

in particular and sHSPs in general in chaperonopathies.  
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CHAPTER II 

ROLE OF THE N-TERMINUS IN THE OLIGOMERIZATION AND THE CHAPERONE ACTIVITY 

OF THE αBa Crystallin 

Introduction 
 
αB-crystallin (cryab/HSPB5) is a prominent member of the human sHSP repertory. Although 

most abundantly present in the eye lens, it is also expressed throughout the body, most 

noticeably in heart and brain tissues (Lowe et al., 1992, Iwaki et al., 1989, Iwaki et al., 1990). At 

the whole organismal level, αB-crystallin is the 818th most abundant protein (Figure 23) (Wang 

et al., 2015). 

 

 

Figure 23: The abundance of αA and αB in human proteome. 

The protein abundance, in parts per million (ppm), is aggregated by the Protein Abundance Database 

- PaxDb (https://pax-db.org/). Each protein is enumerated relative to all others in the proteome. 

https://pax-db.org/
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In most vertebrate eye lenses, αB-crystallin is expressed in a ~3:1 ratio with αA-crystallin 

(cryaa/HSPB4) and the two crystallins make up almost 40% of the total lens protein (Berzelius, 

1842, Thomson and Augusteyn, 1985). As a typical molecular chaperone, αB-crystallin can bind 

partially unfolded proteins in vitro and strongly inhibits the aggregation of a variety of model 

targets (Basha et al., 2012, Hilton et al., 2013, McHaourab et al., 2009, Ecroyd and Carver, 

2009, Mishra et al., 2012). In vivo, αB-crystallin is found associated with protein aggregates in 

several neurodegenerative disorders such as in Rosenthal fibers in Alexander’s disease, 

amyloid fibers in Alzheimer's disease, Lewy bodies in Parkinson’s disease, and glial cytoplasmic 

inclusions in multiple system atrophy (Ecroyd and Carver, 2009, Tomokane et al., 1991, 

Pountney et al., 2005). Similarly, inclusion bodies that form in cataracts of αA-crystallin knock-

out mice contain αB-crystallin (Brady et al., 1997, Brady and Wawrousek, 1997, Wawrousek 

and Brady, 1997). αB-crystallin is also directly implicated in several degenerative myofibrillar 

myopathies, such as desmin-related cardiomyopathy, and dilated cardiomyopathy which are 

characterized by disintegrating Z-disk, accumulation of myofibrillar degradation products and 

insoluble protein deposits (Selcen, 2011, Boncoraglio et al., 2012). However, whether co-

localization of αB-crystallin and other sHSPs in pathognomonic lesions is a cause or response 

to protein perturbations is not clear (Tanguay and Hightower, 2015). 

Essential to the molecular chaperone function of αB-crystallin is its dynamic quaternary 

structure, similar to other active mammalian sHSPs such as αA-crystallin and Hsp27 (Delbecq 

and Klevit, 2013, Hochberg and Benesch, 2014, Spector, 1965, Baldwin et al., 2011). 

αB-crystallin forms a spectrum of poorly resolved, interconverting oligomeric states (van den 

Oetelaar et al., 1990, Haslbeck et al., 2016). Thus, the association number and corresponding 

quaternary structure of αB-crystallin is an average of a dynamically fluctuating oligomeric 

landscape (Thomson and Augusteyn, 1989, van den Oetelaar et al., 1990). While the 
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methodological consensus is that the αB-crystallin oligomers averages around ~600 kDa, the 

oligomeric ensemble ranges from 10-mers to 40-mers (Aquilina et al., 2003, Haley et al., 2000, 

Horwitz, 2009). The often described 24-mer of αB-crystallin may represent only about 5% of the 

multimeric species (Aquilina et al., 2003). A 32-mer coexistent with multiple assemblies of highly 

variable quaternary structures was resolved as an asymmetric structure with a large central 

cavity (Haley et al., 2000). Another 24-mer assembly was resolved as a spherical, symmetric 

protein shell with fenestrations (Peschek et al., 2009, Peschek et al., 2013). The continuum of 

iso-energetic subspecies of αB-crystallin arises from the dimer as the building block under 

physiological conditions, although monomeric units can be populated and can be incorporated 

in the αB oligomers at lower pH (Baldwin et al., 2011, Jehle et al., 2011, Braun et al., 2011, 

Peschek et al., 2009). It is possible that αB exists as a distribution of oligomeric species that are 

built of dimers, hexamers, and multiples of hexamers as building subunits (Delbecq and Klevit, 

2013). Subtle changes in conditions, such as a stress or a chemical modification such as 

phosphorylation, alter the equilibrium between the oligomeric states of αB-crystallin (Ito et al., 

2001, Ito et al., 1997, Bakthisaran et al., 2016, Baldwin et al., 2011).  

Conforming to the tripartite architecture of a canonical sHSP, αB-crystallin consists of a 

90 residues long highly conserved ACD flanked by a 60 residues long N-terminal domain (NTD) 

and a 25 residues long C-terminal domain (CTD) (Jehle et al., 2011, de Jong et al., 1998). The 

excised ACD domain of αB-crystallin self-assembles into a dimer as the basic building block of 

the larger αB-crystallin assembly. The dimer is held together by an extensive ionic interaction 

network across the dimer interface (Clark et al., 2011). The flexible ACD dimer interface can 

adopt different strand registers, highlighting that the dynamic behavior central to the 

polydispersity of oligomers is allowed by the ACD region (Bagneris et al., 2009, Jehle et al., 

2010, Clark et al., 2011, Laganowsky et al., 2010, Koteiche and McHaourab, 1999). The 
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excised ACD dimers of αB-crystallin had reduced chaperone activity similar to HSPB6, which 

only forms dimers in solution (Weeks et al., 2014, Feil et al., 2001). 

The heterogeneity of the oligomeric states of αB-crystallin (and other sHSPs) is aided by 

the highly flexible NTD and CTD sequences flanking the ACD (Jehle et al., 2011, Carver et al., 

1992, Meehan et al., 2007). The CTD of αB contains a highly conserved IxI motif (90% of 

sHSPs), defined by two Ile (or Val) residues separated by one residue, which binds the 

hydrophobic grooves of ACD (Jehle et al., 2011, Baldwin et al., 2011, Jehle et al., 2010, 

Delbecq et al., 2012). Deletion or introduction of hydrophobic residues within CTD decrease the 

chaperone activity (Treweek et al., 2007)and swapping the CTD of αA-crystallin to αB-crystallin 

enhanced the chaperone activity (Pasta et al., 2002). Although deleting the CTD or mutations in 

the IxI motif cause loss of higher order oligomeric structure in several sHSPs including αB-

crystallin (Studer et al., 2002, Hayes et al., 2008, Pasta et al., 2004), CTD alone is not sufficient 

to define or to maintain the oligomer geometry of sHSP (Basha et al., 2012).  

The NTD emerges from the proximal side of the ACD beta sandwich and is believed to 

hold the sHSP oligomer together; however its exact placement is poorly resolved in available 

structures (Haley et al., 2000, van Montfort et al., 2001b). The NTD was buried inside the 

oligomeric shell in the Archean Hsp16.5, and has been only observed in an ordered state for 

half of the chains in 24-mers of yeast Hsp26 and 12-mer of wheat Hsp16.9 (van Montfort et al., 

2001b, Haley et al., 2000, White et al., 2006). However, solid-state NMR studies and modeling 

of related structures suggested two β-strands in the αB-crystallin NTD that exist in multiple 

structural environments (Jehle et al., 2011). This suggests that the NTD of αB-crystallin provides 

a conformational switch for multimerization and structural heterogeneity (Jehle et al., 2011). For 

most sHSPs, deletion of all or part of the NTD disrupts the oligomers resulting in smaller 

oligomers, mostly dimers. (Ohto-Fujita et al., 2007, Peschek et al., 2013, Mainz et al., 2015, 
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Lelj-Garolla and Mauk, 2012, Moutaoufik et al., 2017, Berengian et al., 1999, Bova et al., 1997, 

McDonald et al., 2012). 

Humans have 10 paralogous sHSPs, and orthologs can be identified in other vertebrates 

including in zebrafish (Kappe et al., 2010, Franck et al., 2004, Kappe et al., 2003, Elicker et al., 

2007, Elicker and Hutson, 2007, Marvin et al., 2008). However, unique among vertebrates, 

zebrafish express two paralogs of αB-crystallin (genes called cryaba and cryabb; the proteins 

conventionally called αBa- and αBb-crystallin) (Smith et al., 2006). The αBa- and αBb-crystallins 

share ~50% amino-acid identity, and αBb is more similar to human αB (58% identity) than to its 

paralog αBa (Posner et al., 2005, Smith et al., 2006) (Figure 22). However, αBa-crystallin 

displays a substantially enhanced chaperone activity in vitro relative to other α-crystallins, while 

forming distinctly bigger oligomers (Koteiche et al., 2015). The activity of αBa-crystallin 

approached that of biochemically activated phophomimetic mutant of αB which suggests that 

constitutively higher chaperone-like activity of αBa-crystallin might be related to the expanded 

oligomeric ensemble, supported by an evolutionary diverse sequence in the NTD. Thus, the 

sequence divergence among taxonomically related sHSPs and the species-specific chaperones 

may represent an evolutionary strategy to tune the chaperone function by reshaping the sHSP 

oligomer ensemble dynamics and consequently, the chaperone activity as defined by binding 

affinity and capacity. 

To test the hypothesis whether the sequences flanking the ACD of zebrafish αBa-

crystallin encode for an activated chaperone, we generated chimeric αB-crystallin by sequence-

guided domain swaps which mimic the evolutionary divergence between the homologous αB 

and αBa-crystallins. We assessed the consequences of the sequence changes on the 

oligomeric distribution by Size Exclusion Chromatogrophy (SEC), light scattering, and analytical 

centrifugation. Furthermore, we determined the chaperone activity of the chimeric mutants 



65 

 

through equilibrium binding assays using a destabilized model substrate, T4-Lysozyme. Our 

results show that the NTD of αBa promotes an expanded sHSP oligomer and the expanded 

oligomers display higher chaperone-like activity towards client protein. These results support a 

model that expansion of the oligomer is an alternate mechanism to enhance the chaperone 

activity of sHSPs by increasing accessibility to substrate binding sites in the NTD that are 

otherwise secluded within the confines of the oligomer.  

Material and Methods 

Cloning and mutagenesis of αBa variants 

The cDNA of αBa was a gift from Dr. Mason Posner, Ashland University. The coding sequence 

was cloned in a pET20 vector between NdeI and BamHI sites. Chimeric αB constructs between 

human αB and αBa were generated by overlap extension polymerase chain reaction (Figure 

24). Briefly, 5’ → 3’ primers were designed complementary to the desired sequence, with a ~21 

bp overlapping region. The pairs of downstream and T7 promoter primers, and upstream and T7 

terminator primers were used to amplify the region of interest from the cDNA, and the gel 

purified segments were further extended by amplifying with the T7 promoter and terminator 

primers. The amplified segment DNA was purified after running on agarose gel, digested with 

NdeI and XhoI restriction enzymes, and ligated into the vector backbone cut with the same 

enzymes. The ligation products were transformed into Escherichia coli XL1 Blue cells and 

sequences were confirmed after isolating DNA by MiniPrep (Qiagen). 
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The C-terminal domain flanking the ACD of αBa crystallin was swapped with αB sequence, such 

that Swap2 contained the wild type αBa1-143, followed by αB147-175.  The N-terminal domain 

immediately flanking the ACD of αBa-crystallin was swapped with αB sequence, such that the 

Swap3 and Swap4 contained progressively larger human αB sequences (αB41-52 in Swap3, and 

 

Figure 24: Schematic of the overlap extension PCR 

(A) Primers shown by green and blue lines were designed complementary to the wild type and to-

be inserted sequence, such that they overlap. After PCR amplification, the amplified arms were gel 

purified, annealed and amplified the second round, which were then ligated into the pET20 vector; 

and transformed into E. coli bacteria. (B) Protein sequences of the human αB (in red), zebrafish 

αBa (in red); and theSwap2, Swap3, and Swap4 variants.    
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αB33-52 in Swap4) placed between the remainder of wild type αBa sequences.     

Over-expression and purification of αB-crystallin 

Human αB-crystallin was cloned in pET20 expression vector was expressed in Escherichia coli 

BL21/DE3 cells and was purified as previously described (Koteiche and McHaourab, 2003, 

Horwitz et al., 1998). Briefly, overnight seeds from a single colony were used to inoculate LB 

cultures (supplemented with Ampicillin), and the cultures were grown to mid-log phase (OD600 

~ 1.0) at 37 °C by shaking. The over-expression was induced by the addition of 0.4mM 

isopropyl-1-thio-β-D-galactopyranoside after cooling the cultures to 34 °C. The induction was 

continued for 3h at 32 ºC, the cells were harvested by centrifugation and resuspended in cold 

lysis buffer (20 mM Tris, 25 mM NaCl, 0.1 mM EDTA, 0.02% NaN3, 10 mM dithiothreitol, pH 

8.0). The resuspended cells were disrupted by sonication, and the DNA was precipitated by the 

addition of 0.017% polyethyleneimine. The lysate were centrifuged at 15,000 ×g for 20 min. The 

αB-crystallin was purified by anion exchange chromatography followed by size exclusion 

chromatography in the SEC buffer (9mM MOPS, 6mM Tris, pH 7.2). 

Expression and purification of αBa-crystallin variants 

The chimeric αB-crystallins constructs and the wild type zebrafish αBa proteins were over-

expressed in Escherichia coli BL21/DE3 cells at 32 °C for 3 h after induction at mid-Log phase 

(OD600 ~ 1) by 400 mM isopropyl β-d-thiogalactopyranoside (IPTG) (Figure 25). The proteins 

were purified in 3-stages as shown in Figure 25. Briefly, the pelleted cells were lysed in the lysis 

buffer A (20mM Tris, 1mM EDTA, 0.02% (w/v) sodium azide; pH 8), supplemented with DTT, 

and the homogenate was cleared by centrifugation after precipitation of chromatin by 

polyethyleneimine. The crude protein extracts were eluted through HiTrap Q-column (GE 

Healthcare Life Sciences), which binds the αBa-S fraction while the αBb-L fraction did not bind 
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the column. The column-bound αBa-S protein form was eluted by a linear NaCl gradient (4 to 

40%), after washing the column with buffer containing 4% NaCl. Both the zf-αBa-S and the 

zf-αBb-L protein fractions were further purified by reverse phase hydrophobic interaction 

chromatography (HIC) on a phenyl-Sepharose column 6 (GE Healthcare Life Sciences) after 

adding ammonium sulfate (0.5M). Proteins were eluted from the column through linear gradient 

of ammonium sulfate (from 0.5 to 0 M). Finally, all proteins were purified by size exclusion 

chromatography (SEC) on Superose 6 column, eluted in the SEC buffer (9mM MOPS, 6mM 

Tris, pH 7.2). The αBa-L oligomer eluted from the SEC at ~8ml, while αBb-S oligomer eluted at 

~12ml (Figure 25).  

The purity of the protein preparations were assessed by running them on denaturing 

polyacrylamide gels and the bands on SDS-PAGE were visualized by Coomasie-R staining 

(Figure 26). Protein concentrations were determined from absorbance at 280nm based on 

extinction coefficients predicted by ExPASy server359 (33920 M–1cm–1 for αBa, swap1 and 

swap2; 30940 M–1 cm–1 for swap3 and swap). 

Expression, purification, and labelling of T4-Lysozyme 

T4L-L46A mutant was expressed, purified, and labelled with monobromobimane as described 

previously (Claxton et al., 2008, McHaourab et al., 1996, McHaourab et al., 2002). Briefly, 

Escherichia coli cultures inoculated from overnight seeds were grown by shaking at 37°C until 

OD600 ~ 1 and induced by 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG). After 3 hr 

induction at 30°C, the cells were harvested by centrifugation, resuspended into the lysis buffer 

(25mM MOPS, 25mM Tris, pH 7.6; 1mM EDTA, 0.02% (w/v) NaN3, 10 mM DTT), disrupted by 

sonication and centrifuged (15000 xg). T4L protein was purified by cation exchange on 

Resource S column (Pharmacia) by eluting with linear gradient of 1M NaCl. The eluted protein  
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Figure 25: Purification scheme of Zf-αBa and swapped variants 

The proteins were expressed in E. coli cells and were purified after cell lysis and 

centrifugation by sequential anion exchange, hydrophobic interaction and size exclusion 

chromatography. Protein fractions not bound by the Sepharose-Q column yielded larger 

oligomers, than the fractions bound by the Q-column. 
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was incubated with 10-fold excess of monobromobimane for two hours at room temperature, 

followed by overnight incubation at 4°C. Unbound label was removed in the subsequent size 

exclusion chromatography (SEC) on a Superdex 75 10/300 GL column (GE Healthcare Life 

Sciences) eluted in SEC buffer (9mM MOPS, 6mM Tris, pH 7.2). 

Analytical size exclusion chromatography 

Analytical SEC on purified proteins was performed on Superose 6, 10/300 GL column (GE 

Healthcare Life Sciences) equilibrated in the SEC buffer (9mM MOPS, 6mM Tris, pH 7.2) in an 

HP1100 HPLC system (Agilent). Elution profiles of the proteins were monitored by absorption at 

280nm wavelength using a UV detector and by the tryptophan fluorescence (Excitation: 295nm; 

Emission 330nm) using a fluorescence detector. Proteins were injected from a 100µl loop at the 

indicated concentrations at an isocratic flow rate of 0.5ml/min.        

Molar mass determination by multi-angle light scattering 

Molar mass of the proteins were determined by the multi-angle laser light-scattering detector 

(Wyatt Technologies) connected in-tandem to a refractive Index (RI) detector (Agilent). 100µl of 

each protein at 1mg/ml concentrations was injected by an Agilent HP1100 HPLC system on a 

Superose 6 column equilibrated in the SEC buffer at the isocratic flow rate of 0.5ml/min. The 

elution of the proteins was also monitored by an absorbance detector. The molar mass of the 

proteins were calculated by the Astra software (Wyatt) from the concentration of proteins 

derived from the RI signal based on constant 𝑑𝑑/𝑑𝑑 (0.185 ml/g). 

Oligomer size assessment by analytical ultracentrifugation 

Molar mass of the proteins were also determined by the sedimentation velocity experiments 

conducted with Optima XLA Ultracentrifuge coupled to an interference optical system 
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(Beckman-Coulter). 397μl protein samples (OD280 ~ 0.3) and 400μl SEC buffer as reference 

were loaded into quartz windows double sector cells with Epon charcoal-filled centerpieces 

(path length 12mm). The AUC experiments were conducted at 4°C in a four-hole An-60 Ti rotor 

(Beckman) spun at 25,000 rpm (~50 xg); Rmin = 5.8, and Rmax = 7.3. At least 150 absorbance 

scans were collected for each experiment and the concentration profiles were obtained at 

280nm. Partial specific volumes and molecular masses for αB-variants were calculated using 

the program SednTerp from the amino acid compositions (Lebowitz et al., 2002) and the 

velocity scans were analyzed with the program SEDFIT (Schuck, 2000, Lebowitz et al., 2002). 

The experimental parameters were validated by running BSA (Sigma) and T4-Lysozyme.   

Negative stain transmission electron microscopy 

5µl droplets of proteins at 10 nM monomeric concentrations were applied for three minutes to 

freshly glow discharged solid carbon support on copper 400 lines/inch square mesh TEM grids 

(Electron Microscopy Sciences). The drops were air dried and were washed twice with 

deionized water. Excess water was blotted away and replaced with pH neutralized 0.75% (w/v) 

uranyl formate solution, then allowed to air dry (Booth et al., 2011). Prepared grids were 

visualized at a nominal magnification of 14,000x on an FEI Morgagni operating at 100 kV. 

Digital images were captured by Images were recorded on an ATM 1Kx1K CCD camera. 

Equilibrium binding assay of T4L-L46A to the αBa variants 

Solutions of monobromobimane-labelled T4L-L46A at final concentration of 3µM with increasing 

molar excess of αBa variants diluted in the SEC buffer were incubated at 37 ºC for 2 h. The 

fluorescence anisotropy was measured in a SynergyH4 microplate reader (BioTek) at 37 ºC. 

The monobromobimane label was excited by 380nm filter (bandpass 20nm) and the emission 

fluorescence intensities in the perpendicular (┴) and parallel (║) polarizations were read by 
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460nm filter (bandpass 40nm). The steady state anisotropy (r) was calculated by the equation: 

𝑟 =  (𝐼∥– 𝐼⊥)
(𝐼∥– 2𝐼⊥)

. Binding isotherms were generated by plotting bimane anisotropy as a function of 

the [𝛼𝛼𝛼]
[𝑇4𝐿]

 ratio. The binding isotherms were analyzed by Origin 8 (OriginLab Corporation, 

Northampton, MA) using the nonlinear least-squares fit by the Levenberg– Marquardt method 

(Marquardt, 1963). The KD is reported with ± the standard deviation (s.d.) of the fit error. 

Results 

αBa and variants segregate into two distinct oligomeric ensembles 

In contrast to the human αB-crystallin, zebrafish αBa and its engineered variants formed two 

distinct protein populations that present distinctly different electrostatic surfaces under the 

experimental conditions. The two populations of αBa and the engineered variants eluted at 

different ionic strengths from the anion exchange column (Figure 25). One population, hereafter 

referred to as αBa-S, bound the Q Sepharose resin at pH 8 and purified under similar conditions 

as human αB or the zebrafish αA and αBb (Koteiche et al., 2015). The other population, referred 

to as αBa-L, was excluded by the Q Sepharose resin at pH 8.0. While both the populations were 

have identical behavior on the hydrophobic interaction chromatography (HIC), subsequent size 

exclusion chromatography revealed distinct elution patterns in which the αBa-S ensemble 

eluted ∼5.5 mL after the αBa-L ensemble suggesting either a larger hydrodynamic volume or a 

larger oligomeric size for the αBa-L compared to αBa-S. As shown by the denaturing SDS-

PAGE in Figure 26 and confirmed by the mass spectrometry, the two oligomeric populations of 

the αBa- and variants originate from same ~20kDa monomeric protein of identical amino acid 

sequences. The oligomeric populations were stable so far as the SEC profiles of the isolated S- 

and the L-oligomers did not change after incubation in the buffers at pH 6.0, pH 7.2, or pH 8.2 at 

room temperature as shown in the Figure 27.  
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The L- and the S- oligomers of αBa have different oligomer assembly 

Since the elution profile on SEC correspond to a fairly large molecular size for the αBa 

oligomers, we utilized negative stain transmission Electron Microscopy to assess the 

polydispersity of the protein assembly, and to visualize the general shape of the solvent-

excluded surface of the two αBa oligomeric species. αBa samples negatively stained with uranyl 

formate and air dried revealed a highly polydisperse assembly for both the αBa-S and the αBa-L 

form (Figure 28). The particles of both forms were very heterogenous, highly amorphous and 

lacked well-defined arrangements, preventing us from extracting structural information from the 

EM images. However, the EM images reveal a contrast in the subunit arrangement between the 

S- and the L-form. While the particles in the S-form approached a spherical arrangement, the 

particles of L-form appeared fibrillar with elongated and polymorphic assemblies resembling the 

 

Figure 26: SDS-PAGE of αBa and its engineered variants. 

The S- and the L- oligomers of the αBa- and variants originate from identical 

monomers. The arrowheads point to the position of the 21.5kDa protein ladder 

(BioRad). All proteins ran at a larger apparent molar mass than calculated monomeric 

weights (αBa = 18692, Swap2 = 20263, Swap3 = 19870, Swap4 = 20124 g-1 mol-1) 
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αB particles previously described to form under destabilizing conditions (Meehan et al., 2007, 

Meehan et al., 2004).  

N-terminal domain of αBa promotes formation of larger oligomers 
To evaluate the role of residues flanking the ACD in the atypical assembly of the αBa oligomers, 

we compared the relative distribution of the S- and the L-form oligomers of the engineered NTD 

and the CTD variants of αBa (Figure 29 A). 

 

Figure 27: The effect of pH on the oligomeric forms of αBa 

SEC profiles of the (A) L-form, and the (B) S-form, eluted from the Superose-6 column 

equilibrated in the buffer at pH 6 (Black trace), pH 7.2 (green trace); and pH 8.5 (Blue trace). 

The proteins purified in SEC buffer; pH 7.2 were diluted to 1mg/ml in the respective elution 

buffers: pH 6 buffer (15mM MES, 50mM NaCl, 0.1mM EDTA, 0.02% sodium azide); pH 7.2 

buffer (9mM Tris, 6mM MES, 50mM NaCl, 0.1mM EDTA, 0.02% sodium azide); and pH 8.5 

buffer (10mM Tris, 5 mM MES, 50mM NaCl, 0.1mM EDTA, 0.02% sodium azide) . 100µl 

proteins were injected in each run. 
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Since swapping of the zebrafish sequences with the human sequences did not affect the in vitro 

expression of the proteins, we normalized the yields between the variants to compare the 

relative oligomeric populations. While swapping the entire CTD (amino acids 144-168) of the 

αBa with αB sequence (148-175) in Swap2 enhanced the relative yield of the L-form (Figure 29 

B and E), swapping of the NTD had the opposite effect (Figure 29 C and E) in a length 

dependent manner. With the increased contribution of the αB sequence in Swap4 compared to 

Swap3 (Figure 29 A), the relative yield of the L-form was reduced to 6.7±2.5% of the total 

protein as compared to 30.3±6.8% in wild type αBa.  

 

Figure 28: Electron microscopy image of S- and L- oligomers of αBa 

Transmission electron microscopy image of the negative stained particles of 

αBa-S and αBa-L particles showing polydisperse and very different 

arrangement of the subunits in the two forms. 
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Figure 29: Relative yields of the oligomers upon swapping the C- and N- domains  

(A) The schematic of the variants: αB sequence (light gray), αBa (dark gray); (B) the SEC 

profiles of the L- oligomers of αBa and Swap2 showing enhancement in the relative yield of the 

L-form; (C) the SEC profiles of the L-oligomers of αBa, Swap3 and Swap4 showing diminishing 

relative yield of the L-form with decreasing contribution of the zebrafish αBa NTD (αBa > 

Swap3 > Swap4); (D) SEC profiles of the S- oligomers showing similar elution pattern of the 

proteins; (E) relative oligomeric yields of each variants calculated by 100x(oliogomer/total) 

concentration (in mg) 
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Accordingly, the relative proportion of the S-form in Swap4 increased from 21.7±9.8% to 

45.3±13% in the wild type αBa. However, the swapping of the NTD did not change the 

heterogeneity or the appearance of the particles of the Swap4-L and the Swap4-S forms relative 

to the wild type oligomers, as visualized by the negative stain electron microscopy. 

The NTD influences the polydispersity of αBa oligomers  

The Electron Microscopy of the negatively stained particles of αBa revealed a highly 

heterogenous assembly for both the S- and the L- oligomeric forms of αBa. Prompted by this, 

we evaluated the influence of the C- and the N- terminal domains on the polydispersity of the 

αBa and its variants by multi angle static light scattering (MALS) as the purified proteins eluted 

from a tandem SEC (Figure 30 A and B). From MALS the molecular weights of oligomeric 

protein particles were calculated independent of the amino acid sequence variations based on 

the approximation that all proteins have the same refractive index increment (𝑑𝑑/𝑑𝑑) (Wyatt, 

2014, Zhao et al., 2011a). The shape of the distribution of molecular weights deduced from the 

angular distribution of the intensity of the light scattering reflects the polydispersity of the 

sample. As shown in Figure 30(A) and Figure 30(B) by the scatterplot of the molecular weights 

(left Y-axis) overlaid on the SEC profiles (right Y-axis), swapping of the NTD in the Swap3 

(green points and traces) and Swap4 (red points and traces) enhanced the polydispersity of 

both the L-form (Figure 30 A) and the S-form (Figure 30 B). In the S-form, progressively 

diminishing the contribution of the NTD of αBa sequence by homologous αB NTD sequence 

(αBa > Swap3 > Swap4) reduced the average molar mass of the oligomer from 1.03×106 g/mol 

for αBa to 0.97×106 g/mol for Swap3 and to 0.83×106 g/mol for Swap4. In comparison, 

swapping of the CTD did not qualitatively affect the polydispersity of either form, although it had 

opposite effect on the oligomeric size of the Swap2 L-form versus the S-form. The molar mass 

of the S-form of Swap2 was 0.82×106 g/mol. 
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Figure 30: The distribution of molar mass of the oligomeric forms of αBa and variants 

A and B: SEC profile (right Y axis) overlaid with molar mass (left Y-axis) calculated from light 

scattering as the proteins: αBa-S (black), Swap2 –S (blue), Swap3-S (green) and Swap4-S 

(red)) eluted from the SEC column (X-axis) (A) the L-forms; (B) the S-forms; C and D: 

normalized c(s) distribution curves calculated from the sedimentation velocity AUC 

experiments for (C) αBa-S (black line), αBa-L (gray dotted line); (D) αBa-S (black), Swap2 –

S (blue), Swap3-S (green) and Swap4-S (red).       
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In a population of polydisperse non-spherical oligomers, such as the L-form of αBa, the molar 

masses measured by MALS may be overestimated by a small fraction of substantially large 

particles (Li et al., 2011). Therefore, to confirm that the L-form of αBa was indeed a larger 

oligomeric assembly, we chose sedimentation velocity experiments by analytical 

ultracentrifugation (AUC), where the oligomers can be better separated and analyzed. We 

centrifuged equal monomer concentration of the oligomeric forms at 25,000 rpm, and from the 

progression of the protein boundary, the sedimentation curves were fitted to a continuous 

sedimentation coefficient distribution, c(s) model. As shown in Figure 30(C), αBa-L boundary 

moved at a larger sedimentation coefficient than the αBa-S form. Also, αBa-L sedimentation 

profile resolved into a multimodal distribution of populations that further attested to the high 

polydispersity detected by the transmission electron microscopy and the light scattering. In 

agreement with the light scattering, the analytical ultracentrifugation Figure 30(D) showed that 

c(s) profiles of Swap3-S and Swap4-S shifted towards lower sedimentation coefficients (S)  

confirming their smaller average oligomeric sizes compared to αBa. 

Substrate affinity of αBa corresponds to the oligomeric assembly 

We compared the zebrafish αBa oligomeric subpopulations for their affinity towards an 

established model substrate, a destabilized mutant of T4L where Leu46 is mutated to Ala, by 

monitoring complex formation by anisotropy binding isotherms between increasing molar 

concentrations of the α-crystallin and the fixed concentration of the fluorescently label T4L-L46A 

at 37 °C (Koteiche et al., 2015, Claxton et al., 2008).  From the nonlinear least squares fits to 

the binding curves, the binding capacity (n) or the affinity (KD) of the chaperone can be deduced. 

As shown in the Figure 31, the L-form oligomers demonstrated highly elevated binding affinity to 

the T4L-L46A substrate relative to the S- form oligomers.  
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That swapping the NTD had no effect on the chaperone-like activity of Swap4 as 

compared to the αBa is consonant with their similar molar mass distribution, as measured by 

light scattering analysis (Figure 30 A). Further, the change in the oligomeric distribution of the S-

form, caused by the swapping of the NTD, as in Swap3 and Swap4 led to lower affinity of the 

chaperones towards the model substrate T4L-L46A as shown in the in Figure 31(A) and 

summarized in the Table 2.  

Table 2: Affinity of αBa-S oligomers for T4L-L46A mutant 

(T4L-L46A was 3µM, and the data was fitted with n=0.25)  

sHSP KD ± SE (µM) 

αBa-S 6.37 ± 0.79 

Swap2-S 8.72 ± 2.47 

Swap3-S 11.50 ± 1.78 

Swap4-S 10.19 ± 1.85 

 

In agreement with the similar molar mass distributions of αBa-S and Swap2-S, their 

substrate affinities (KD) are comparable; while a downward trend in the molar masses of the 

oligomers between αBa > Swap3 > Swap4 is reflected in the decreasing trend in their substrate 

affinities (KD). 
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Discussion 

αB-crystallin plays an important role in the diverse physiological functions and the polydispersity 

of the oligomeric distribution of αB is critically important for its biochemical role (Benesch et al., 

2008). Perturbations of the oligomeric distribution of αB by biochemical modification, such as 

phosphorylation or truncation affect its chaperone activity (Thornell and Aquilina, 2015, Ecroyd 

et al., 2007, Aquilina et al., 2003). The zebrafish orthologs αBa and αBb display a much higher 

chaperone-like activity compared to the human αB-crystallin and even among the paralogs, αBa 

displayed an order of magnitude higher affinity with greater capacity towards the substrate 

 

Figure 31: Binding isotherms for the S- and the L-forms of αBa and swap variants.  

Molar excess of the sHSP, as indicated on the X-axis, were incubated at 37 ºC for 2 h with 

monobromobimane-labelled T4L-L46A (3 μM) in the SEC buffer (pH 7.2). The anisotropy of 

the fluorescence of the bound label (Y-axis) was measured. The solid lines are nonlinear 

least-squares fits to the data. (A) Binding isotherms of the S-form of αBa (black line), Swap2 

(blue), Swap3 (green) and Swap4 (red); (B) Binding isotherms of the L-form of αBa (black 

line) and Swap4 (red). 
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(Koteiche et al., 2015, Sathish et al., 2003). sHSPs display two forms of activity: a low affinity 

state and a high affinity state (Claxton et al., 2008, Haslbeck et al., 2005). While low affinity 

binding recognizes substantially unfolded proteins, the high affinity binding mode recognizes 

compact states, likely early in the unfolding pathway which have not undergone global unfolding 

(Sathish et al., 2003). CryoEM and EPR studies of the Hsp16.5-WT with T4L complexes have 

uncovered that the high affinity binding, more relevant to the physiological role of the sHSPs, 

requires an oligomeric expansion although the low affinity mode of binding that occurs on the 

outer surface of the sHSP oligomer can occur without a significant oligomeric reorganization 

(Shi et al., 2013, Shi et al., 2006a). The N-terminal region plays a central role in the substrate 

recognition which can induce the oligomeric reorganization. A transition between the two 

binding affinity forms, different in oligomeric packing is an elegant mechanism of regulating the 

chaperone activity of sHSPs (Claxton et al., 2008, Haslbeck et al., 2005, Benesch et al., 2008). 

sHSP oligomers expanded by protein engineering have been shown to have enhanced 

in vitro chaperone like activity and such expansion in vivo can be a physiologically relevant 

mechanism of high affinity substrate surveillance in the finely balanced crowded lens 

environment (Shi et al., 2013, Shi et al., 2006a, Mishra et al., 2018).  Segregation of αBa into 

oligomeric populations with very different affinities towards the same substrate, as shown in this 

and a previous work could represent a mechanism of self-regulating chaperone activity of αBa 

without dependence on an external biochemical modification, such as phosphorylation 

(Koteiche et al., 2015). In fact, αBa-S binds substrates with affinities that approach other sHSPs 

only after biochemical activation, such as the mutation mimicking the triply phosphorylated state 

(S19D/S45D/S59D) of αB-crystallin (referred to as αB-D3), and the triply phosphorylated mimic 

(S15D/S78D/S82D) of Hsp27 (referred to as Hsp27-D3) (Koteiche et al., 2015). This suggests 

that zebrafish αBa is a chaperone that operates in a highly activated state, facilitated by an 
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expanded oligomer, and provides a possible example of the sHSP activation by the expansion 

of the oligomer different from the phosphorylation-induced activation by dissociation (Figure 32) 

(Peschek et al., 2013, Koteiche and McHaourab, 2003, Ecroyd et al., 2007).  

Both, the expansion or the dissociation can structurally provide access of the substrate 

 

Figure 32: Expansion of the oligomer as a mechanism of the activation of sHSP. 

In the dynamic dissociation, the equation 1 describes substrate unfolding on a pathway that might 

involve intermediate states. Equation 2 demonstrates that sHSP oligomeric structures are 

conformationally flexible. Phosphorylation activates substrate binding by shifting the equilibrium 

between oligomers and protomers. Alternatively, N-terminal region accessibility can be increased by 

oligomer expansion. In expansion, the equation 2 describes equilibrium between resting and active 

sHsp.  In both mechanisms, the equation 3 describes complex formation between sHsp and substrate 

in low and high affinity binding. 
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to the NTD and thereby increase the affinity of the sHSP resulting in the enhanced chaperone 

activity. Polydispersity of sHSP oligomers is a mechanism for regulation of binding affinity and 

capacity. While the dynamic dissociation of oligomers exposes a highly flexible NTD containing 

putative substrate interaction sites which are otherwise inaccessible; expansion of the sHSP 

oligomers also increases the accessibility of the N-terminal region (Shi et al., 2013, McDonald et 

al., 2012). Thus, the energetic threshold for substrate binding is also determined by accessibility 

of the sHSP binding regions, expressed in eq. 2, in the schematic given in Figure 32 as 

equilibrium between resting and active sHsp.  

Do the similar affinities of Swap3 and Swap4 indicate that the shared NTD sequence 

elements removed from αBa in these variants is the primary facilitator or determinant of binding 

and/or oligomer properties? The work presented here did not address whether the S- and the L-

forms represent the resting or the active forms per se. But, this work illustrates that the 

oligomeric distribution of αBa is affected by the immediate sequences flanking the ACD. Since 

the oligomeric states could be altered by the homologous sequence, a change in the 

presentation of the sequences buried between protomeric assemblies could possibly represent 

a mechanism of allosteric self-regulation of αBa chaperone activity, whereby the substrate 

interaction could alter the oligomeric equilibrium and thereby regulate the activity of the 

chaperone. That the affinity of the S-form of αBa could be modulated by swapping the NTD of 

the orthologous αB sequences reemphasizes the role of the sequences flanking the ACD in the 

sHSP. The flanking sequences, especially the NTD play a critical role in the recognition of the 

substrate by the sHSP and have been shown to affect the oligomeric distribution (McDonald et 

al., 2012, Bova et al., 2000, Bova et al., 1997, Basha et al., 2006, Jehle et al., 2011, Jehle et al., 

2010). 
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 Therefore, it can be hypothesized that the high degree of evolutionary divergence in the 

flanking sequences, coupled with their role in modulating the oligomeric distribution and thereby 

changing the substrate binding activity of the sHSP ensemble reflects an evolutionary 

optimization of the proteostatic need of the organism. As has been shown elsewhere by 

expansion of a highly monodisperse symmetrical Archean Hsp16.5–P1, and by further change 

in the oligomeric distribution of the expanded oligomer by sequential alteration of the inserted 

peptide, the NTD has the ability encoded in its sequence to re-sculpture the oligomeric structure 

of sHSPS across taxa (Mishra et al., 2018, Shi et al., 2013, McHaourab et al., 2011a, Shi et al., 

2006a). This plasticity in the oligomeric organization of the sHSPs, supported by the sequence 

elements could be of critical importance in the response of sHSPs towards the need of 

sequestering an array of structurally diverse client proteins and in the performance of the sHSPs 

in preventing the collapse of a proteome under stress.  
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CHAPTER III 

LOSS OF αB-CRYSTALLIN FUNCTION IN ZEBRAFISH REVEALS CRITICAL ROLES IN THE 

DEVELOPMENT OF THE LENS AND STRESS RESISTANCE OF THE HEART 

Introduction 

αB-crystallin (Cryab or HspB5), expressed constitutively in multiple tissues and organs including 

the lens, heart and skeletal muscles (Boelens, 2014, Arrigo et al., 2007), can be transcriptionally 

induced by stress through the binding of heat shock transcription factor 1 (Hsf1) to a heat shock 

element in its promoter (Akerfelt et al., 2010). While initially characterized by its function as a 

molecular chaperone (Horwitz, 1992, Jakob et al., 1993, Muchowski et al., 1997, Koteiche and 

McHaourab, 2003), αB-crystallin appears to have physiological roles that transcend the non-

specific binding of destabilized proteins (Reddy and Reddy, 2015, Mymrikov et al., 2017). For 

example, it has been associated with the integrity of Desmin, implicated in binding of Titin in the 

heart and intermediate filaments in the lens (Bullard et al., 2004, Bennardini et al., 1992, Nicholl 

and Quinlan, 1994), and more recently in direct regulation of Argonaute2 (Neppl et al., 2014).  

The diversity of its molecular targets endows αB-crystallin with a pivotal role in the 

physiology of the heart and transparency of the lens (Boelens, 2014, Clark, 2016). Indeed, a 

number of mutations in αB-crystallin have been associated with severe pathologies of the lens, 

heart and skeletal muscles (Selcen and Engel, 2003, Simon et al., 2007, Forrest et al., 2011), 

including the R120G mutation, which is associated with Desmin-related myopathy in humans 

(Vicart et al., 1998). While the detailed mechanisms by which these mutations lead to pathology 

are not fully delineated, they collectively suggest a critical role for this protein in signaling 

networks that safeguard and maintain cellular proteostasis (Boelens, 2014). 
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While a role of αB-crystallin in the proteostasis network is well established and its 

involvement in the physiology and homeostasis of multiple tissues is supported by direct 

evidence, a detailed understanding of the molecular mechanisms underlying these roles is yet 

to emerge. An attempt to generate a knockout mouse line was confounded by the inadvertent 

knockout of HspB2, another sHSP with a presumed role in the development of muscle tissues 

(Brady et al., 2001). Although the knockout mice developed progressive myopathy into 

adulthood (Brady et al., 2001), disentangling the contributions of the two sHSP has proven 

challenging (Pinz et al., 2008, Benjamin et al., 2007). 

Here we capitalized on the intrinsic advantages of the zebrafish as a vertebrate model 

system to carry out a detailed investigation of the consequences of αB-crystallin loss of function 

on lens and heart development. We find that whereas disruption of the two αB-crystallin genes 

leads to lens defects, they are not essential for cardiac development under normal rearing 

conditions. Rather, a novel role of αB-crystallins is uncovered under stress conditions, 

specifically in response to glucocorticoid receptor (GR) signaling. Zebrafish lines deficient in 

either αBa or αBb develop cardiac edema when embryos are subjected to crowding conditions 

or challenged with GR agonists. Together, our results provide novel insights on the 

physiological roles of vertebrate αB-crystallins.    

Material and Methods 

Zebrafish maintenance and breeding  

AB wild-type strain zebrafish (Danio rerio) were used. The embryos were obtained by natural 

spawning and raised at 28.5°C on a 14/10 hour light/dark cycle in 0.3x Danieau water 

containing 0.003% 1-phenyl 2-thiourea (PTU) (w/v) to prevent pigment formation. Embryos were 

staged according to their ages (days post-fertilization, dpf). Following mutant and transgenic fish 
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lines were used: cryaavu532 (Zou et al., 2015), cryabavu537 (αBa35bpDEL), cryabbvu538 (αBb10bpDEL), 

Tg(cryaa:cryabb,myl7:TagRFP)vu539Tg (Tg[cryabb]). All animal procedures were approved by the 

Vanderbilt University Institutional Animal Care and Use Committee.  

Generation of Cryab mutants with CRISPR/Cas9 system 

To establish zebrafish mutant lines of Cryaba and Cryabb, gRNAs targeting the first exons of 

Cryaba and Cryabb genes were designed and screened to induce indels by injection with Cas9 

mRNA in zebrafish. Several mutant lines were established using four designed gRNAs for each 

gene (Table 3). Used gRNA target sequences are presented in Table 6. Each Cryab mutant 

allele was outcrossed to AB for at least two generations, then in-crossed to generate 

homozygous mutants, which were analyzed for phenotypes. Each clutch was carefully 

examined to rule out any unusual phenotypes arising due to possible off-target effects of 

CRISPR.  

Zebrafish transgenesis  

To establish the transgenic zebrafish expressing zebrafish cryabb gene specifically in the lens, 

Tg(cryaa:cryabb,myl7:TagRFP) was constructed by MultiSite Gateway (Invitrogen) assembly 

reactions using protocols established previously (Tol2kit; (Kwan et al., 2007). Briefly, entry 

vectors, p5E-Cryaa (Hayes et al., 2012) and p3E-polyA were assembled with pME-Cryabb and 

recombined into pDestTol2CR2 vector for microinjections. Tol2-mediated transgenesis were 

performed as previously descried (Zou et al., 2015).  

Morpholino knockdown  

Translation-blocking morpholino antisense oligo (MO) against the potential alternative start site 

of cryaba35bpDEL allele was designed and synthesized by Gene Tools (5’-
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GGACGATAGTAAAACATGGTGTAGA-3’; Philomath, OR). 5ng MO was injected into the yolk of 

1-2 cell stage zygotes, which were the progenies from cryaba-/- incross.  

Crowding and drug treatments  

For crowding stress, 1dpf embryos were manually dechorined and 75 embryos were placed in 

one well of a 6-well plate (polystyrene, tissue culture grade) with 5ml of 0.3x Danieau water. For 

control, 15 embryos per well were used as non-stressed condition. To mimic the effect of 

glucocorticoid stress, we used pharmacological stimulation by treating embryos with 50μM 

dexamethasone (Sigma, D1756) and 50μM hydrocortisone (Sigma, H2270) diluted in 0.3x 

Danieau water (24-well plate, 10embyos/well) from 1dpf until 4dpf to examine the cardiac 

phenotypes. The optimal dosage of dexamethasone and hydrocortisone were determined after 

dose-response analysis.  

Western analysis 

Both lenses of each adult zebrafish (WT and Cryab mutants) were excised, washed and 

homogenized in the lysis buffer (20mM Tris HCl pH 7.6, 100mM NaCl, 1mM NaN3, 1mM EDTA) 

(Horwitz, 1992) supplemented with 1mM PMSF and C0mplete protease cocktail (Roche). The 

homogenates were centrifuged at 15,000 xg at 4 ºC to separate water-soluble and water-

insoluble fractions. After adding 2x Laemmli sample buffer supplemented with DTT, both 

fractions were heated in water bath for 5 min, and spun at 15,000 xg to clear the solutions. 

Protein concentrations were measured by RcDc protein assay kit (BioRad). 10µg total proteins 

separated by 12% SDS-PAGE were blotted to nitrocellulose membrane in Towbin buffer, and 

probed with custom Anti-αA and Anti-αBa polyclonal antibodies (Vanderbilt Antibody and 

Protein Resource Core), which were generated by injecting full-length αA and αBa proteins, 

purified from bacterial expression system, as described previously (Koteiche et al., 2015), in 
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rabbits. Antisera from two rabbits each, for both proteins were tested for titre and after booster 

shots, antibodies were affinity purified from the final bleeds using purified proteins as antigens. 

The blots were visualized by Anti-HRP secondary antibody (Promega) using enhanced 

chemiluminescence. (HyGLO™ Quick Spray Chemiluminescent; Denville Scientific Inc.). The 

cDNA construct encoding the N-terminal truncated αBa protein (∆1-43aa) was generated by 

PCR, cloned into pET-20b(+) bacterial expression vector (Novagen), and expressed in E. coli as 

described in Chapter 2.  

Whole-mount in situ hybridization (WMISH) 

Linearized full-length coding sequence of cryaba and cryabb, with added T7 polymerase site 

was PCR amplified from the cDNA clones (obtained from Mason Posner (Ashland University, 

Ashland, Ohio).  The Digoxigenin-labeled ISH probes were generated by transcribing with T7 

RNA polymerase (NEB) and DIG RNA Labeling Mix (Roche). Subsequently, RNA probes were 

purified after Trizol precipitation using Direct-zol MiniPrep Kit (Zymo Research) and confirmed 

for purity and length (507bp for cryaba, 498bp for cryabb) by agarose gel electrophoresis. The 

whole-mount in situ hybridization on 2dpf embryos was performed according to the established 

protocol (Thisse and Thisse, 2014). 

Quantitative RT-PCR 

Total RNAs were isolated from embryos at desired stages by using Trizol Reagent (Invitrogen), 

followed by DNase treatment (Ambion). cDNA synthesis and qPCR using SYBR green were 

performed according to manufacturer's protocol (Bio-Rad). Three samples at indicated stages 

were collected and reactions were performed at least twice on each sample to determine ΔCT. 

The primers used in this study are listed in Table 9. 
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Cell death assays 

Embryos were fixed overnight at 4°C in 4% paraformaldehyde in Phosphate Buffer Saline 

(PBS), dehydrated with 100% methanol and stored in -20°C. The procedures of TUNEL staining 

were carried out following the manufacturer's suggested protocol (In Situ Cell Death Detection 

Kit, TMR red - Sigma-Aldrich#12156792910).  

Immunohistochemistry 

Embryos were fixed overnight at 4°C in 4% paraformaldehyde in PBS and the anti-MF20 

(ventricle) and anti-S46 (atrium) (Developmental Studies Hybridoma Bank) staining of the heart 

were performed as described (Yelon et al., 1999). The secondary antibodies used were anti-

IgG2b-Alexa 568 (for MF20; Invitrogen) and the anti-IgG1-Alexa 488 (for S46; Invitrogen).  

Heart Imaging and cardiac function measurements 

Videos taken of the zebrafish hearts in vivo (Zeiss AxioZoom.V16 microscope) were used to 

calculate shortening fraction [calculate the shortening fraction (%) for the ventricle: (100) X 

(width at diastole–width at systole)/(width at diastole)] and heart rate (count the number of beats 

in 15 sec, then multiply the number of beats counted as beats/min), following the established 

protocol (Hoage et al., 2012) 
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Figure 33: Three classes of lens 
phenotypes 

The lens phenotype was graded into 
WT-like, minor lens defects; and 
major lens defects depending on the 
severity of lens defects. (Modified 
from (Zou et al., 2015) 

Microscopy and image processing 

Lenses of live embryos in 0.3x Daneau water with 

PTU/tricaine methanesulfonate were analyzed by 

bright field microscopy (Zeiss Axiovert 200) at 4dpf 

and graded into three classes depending on the 

severity of lens defects as defined in our previous 

study (Zou et al., 2015). Briefly, the phenotypic 

features appeared as either round, shiny crystal-

like droplets spread across the lens that were 

classified as “Minor” defects, or large irregular 

protuberances located in the center of the lens 

classified as “Major” defects (Figure 33). 

Fluorescence images were taken with Zeiss 

AxioZoom.V16 microscope. 

iTRAQ quantification of protein changes  

To quantify protein expression changes in zebrafish lenses, one lens from 6 month old fish of 

each genotype (WT, cryaba-/-, cryabb-/- and cryaba-/-; cryabb-/-) were homogenized in 50 mL 

homogenizing buffer (25 mM Tris, 150 mM NaCl, 1 mM PMSF, 5 mM EDTA, 10 mM NaF, pH 

7.5). The samples were centrifuged at 20,000 xg for 20 mins and pellets were washed with 

another 50 mL of homogenizing buffer followed by centrifugation at 20,000 xg. The 

supernatants were pooled together as the water-soluble fraction (WSF).  Protein concentrations 

for WSF were measured by Bradford assay (Thermo Scientific, Rockford, IL).  The pellets were 

considered as the water-insoluble fraction (WIF). WIF was washed with water twice, suspended 

in 100 mL of water, and an aliquot was mixed with equal volume of 5% SDS for BCA assay 
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(Thermo Scientific, Rockford, IL).  80 mg of WSF from each lens was reduced with 50 mM 

TCEP (Tris-(2-carboxyethyl)phosphine) at 60 °C for 1 hour, alkylated with 200 mM MMTS 

(methyl methanethiosulfonate) at room temperature for 10 min, and digested with sequencing-

grade trypsin overnight.  20µg of each WSF fraction was then labeled with iTRAQ reagents 

according to the manufacturer’s instructions (AB Sciex, Foster City, CA) (114 for WT, 115 for 

cryaba-/-, 116 for cryabb-/- and 117 for cryaba-/-; cryabb-/-). For WIF, the entire reconstituted pellet 

for each WIF sample was digested with trypsin, and 18µg protein was labeled with iTRAQ 

reagents.  Reagents were reconstituted in ethanol such that each protein sample was iTRAQ-

labeled at a final concentration of 90% ethanol, and labeling was performed for 2 hours.   

 The iTRAQ-labeled samples were mixed, acidified with TFA, and were subsequently 

desalted by a modified Stage-tip method prior to LC-MS/MS analysis. iTRAQ labeled samples 

were analyzed using MudPIT analysis with 13 salt pulse steps (0 mM, 25 mM, 50 mM, 75 mM, 

100 mM, 150 mM, 200 mM, 250 mM, 300 mM, 500 mM, 1 M and 2 M ammonium acetate). 

Peptides were introduced via nano-electrospray into a Q Exactive HF mass spectrometer 

(Thermo Scientific, San Jose, CA). The Q Exactive was operated in data-dependent mode 

acquiring HCD MS/MS scans (R = 15,000) after each MS1 scan (R = 60,000) on the 15 most 

abundant ions using an MS1 ion target of 3 × 106 ions and an MS2 target of 1 × 105 ions. The 

HCD-normalized collision energy was set to 30, dynamic exclusion was set to 30s, and peptide 

match and isotope exclusion were enabled. For iTRAQ data analysis, mass spectra were 

processed using the Spectrum Mill software package (version B.04.00, Agilent Technologies). 

MS/MS spectra acquired on the same precursor m/z (±0.01m/z) within ± 1 s in retention time 

were merged. MS/MS spectra of poor quality which failed the quality filter by not having a 

sequence tag length >1 were excluded from searching. A minimum matched peak intensity 

requirement was set to 50%. For peptide identification, MS/MS spectra were searched against a 
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Uniprot zebrafish database (Jun 21, 2012). Additional search parameters included: trypsin 

enzyme specificity with a maximum of three missed cleavages, ± 20 ppm precursor mass 

tolerance, ± 20 ppm (HCD) product mass tolerance, and fixed modifications including MMTS 

alkylation of cysteines and iTRAQ labeling of lysines and peptide N-termini. Oxidation of 

methionine was allowed as a variable modification. Autovalidation was performed such that 

peptide assignments to mass spectra were designated as valid following an automated 

procedure during which score thresholds were optimized separately for each precursor charge 

state and the maximum target-decoy-based false-discovery rate (FDR) was set to 1.0% (53,60).   

Statistics 

Differences among groups were analyzed by Student’s t-test. Data are shown as means ± 

standard error (SE). Statistical significance was accepted when p < 0.05. 

For statistical analysis of iTRAQ protein ratios, Log2 protein ratios were fit to the normal 

distribution using non-linear (least squares) regression. The mean and standard deviation 

values derived from the Gaussian fit were used to calculate p-values, using Z score statistics. A 

given log2 iTRAQ protein ratio, with the calculated mean and standard deviation of the fitted 

data, was transformed to a standard normal variable (z = (x-µ)/σ). Calculated p-values were 

subsequently corrected for multiple comparisons using the Benjamini-Hochberg method 

(Benjamini and Hochberg, 1995).  

 

Results 

Generation of αB-crystallin loss-of-function alleles by CRISPR/Cas9 system 
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With the goal of defining the physiological roles of αB-crystallin and linking them to its well-

understood chaperone mechanism, we have taken advantage of the CRISPR/Cas9 technology 

(Hwang et al., 2013, Jao et al., 2013, Jinek et al., 2012) to generate zebrafish mutant lines 

where the two αB-crystallin orthologs, cryaba and cryabb, have been disrupted (hereafter, we 

use the nomenclature, “αBa” and “αBb”, for simplicity). We successfully generated multiple 

alleles carrying various deletions or insertions for each gene (summarized in Table 3, see  

 

details in Experimental Procedures) and a few alleles were subsequently propagated after 

confirmation of the mutations by DNA sequencing (Figure 34 A. For the rest of this study, we 

focussed only on the αBa35bpDEL and αBb10bpDEL mutant alleles (Figure 34 B), given that both are 

predicted to encode extremely truncated polypeptides and are expected to function as null 

alleles. Henceforth these deletion mutations, αBa35bpDEL and αBb10bpDEL, are referred to as αBa-/- 

and αBb-/-. 

To confirm the loss of the αB proteins in αB-crystallin mutant lines, we utilized iTRAQ-

based proteomics to quantify the relative changes in the abundance of αB proteins in the adult 

lens of αBa-/- and αBb-/- (Wang et al., 2013). In both water-soluble (WSF) and -insoluble (WIF) 

fractions, we observed that compared to WT, the relative abundance of native αB peptides in 

each respective mutant was reduced significantly to a marginally-detectable level (Figure 34 D). 

Additionally, we generated polyclonal antibodies against purified zebrafish αA- and αBa-

crystallin proteins, and probed crude protein extracts from the lens of mutant fish lines. While 

the level of αA-crystallin was not affected by the loss of either αBa or αBb (Figure 34C, Anti-αA), 

we confirmed the loss of αBa-crystallin in the lens of both αBa-/- and the double mutant, αBa-/-; 

αBb-/- (both WSF and WIF; Figure 34 C).  
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Figure 34: Generation of knock-out alleles of αB-crystallin genes by CRISPR/Cas9. 

A, alignment of the DNA sequences of the mutant alleles of αBa and αBb. B, 

electrophoresis of the genomic DNA of the adult zebrafish amplified by PCR: αBa35bpDEL 

on 3% agarose gel and αBb10bpDEL on 4% agarose gel. The genotyping of αBb10bpDEL 

allele was confirmed by digestion with restriction enzyme BseLI. C, Western 

immunoblot of the water-soluble and water in-soluble protein fraction of the excised 

lenses of the adult zebrafish. After transfer on nitrocellulose membrane, proteins were 

probed with polyclonal antibody against zebrafish Cryaa (αA) or zebrafish Cryaba 

(αBa). D, αB-crystallin iTRAQ ratios in the lens of both αBa−/− and αBb−/− adult fishes. 

The left panel shows iTRAQ ratios of αBa and αBb in mutant animals compared with 

wild-type animals in the lens WSF, and the right panel shows the same from the WIF. 
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Interestingly, using the αA western signal to normalize expression levels in the αBb-/- lens, we 

observed a slight increase of αBa protein in the WSF of the αBb-/- lens, which was in agreement 

with our iTRAQ data (Figure 34D), suggesting a possible compensatory response to the loss of 

αBb protein. Moreover, we observed mobility-shifts of the αBa band in the WSF (but not in WIF) 

of the lens (Anti-αBa; in WT and αBb-/-) that could represent post-translational modifications, 

e.g. phosphorylation or acetylation (Thornell and Aquilina, 2015, Nahomi et al., 2013, 

Krishnamoorthy et al., 2013). These bands were particularly noticeable in αBb-/- lens, which 

might suggest an increase in the amount of post-translational modification of αBa-crystallin. 

αB-crystallins are expressed in both the lens and heart during zebrafish embryogenesis 

Previously we showed that both αBa and αBb are expressed in zebrafish embryos from as early 

as 2dpf (Zou et al., 2015). To determine their spatial expression pattern, we performed whole-

mount RNA in situ hybridization (WMISH) for αBa and αBb on 2dpf embryos according to the 

established protocol (Thisse and Thisse, 2014). As expected, we observed the expression of 

αBa and αBb in the lens of 2dpf embryos as well as in the heart, albeit with lower staining signal 

(Figure 35 A; black arrows). In addition, both genes were broadly expressed in the brain region 

and showed particularly enriched expression in the otic vesicles (Figure 35 A, white 

arrowheads). 

We explored whether compensatory transcriptional regulation exists between the two paralogs 

of αB genes in the reciprocal mutants, which is often found in duplicated genes. However, we 

observed no significant change (<1.6 cycle difference (Buhrdel et al., 2015)) of αBb expression 

in αBa mutant embryos and vice versa (Figure 35 B). On the other hand, we did not observe 

nonsense-mediated mRNA decay (NMD) for αBa or αBb mRNA transcripts that were derived 

from their respective mutant alleles, even though they are expected to behave as protein null 
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(Figure 35 B). Nonetheless, as shown in our western blot analysis, the retained αBa mRNA did 

not produce a detectable amount of αBa protein (Figure 34  

 

details in Experimental Procedures) and a few alleles were subsequently propagated after 

confirmation of the mutations by DNA sequencing (Figure 34 A). For the rest of this study, we 

focussed only on the αBa35bpDEL and αBb10bpDEL mutant alleles (Figure 34B), given that 

both are predicted to encode extremely truncated polypeptides and are expected to function as 

null alleles. Henceforth these deletion mutations, αBa35bpDEL and αBb10bpDEL, are referred 

to as αBa-/- and αBb-/-. 

To confirm the loss of the αB proteins in αB-crystallin mutant lines, we utilized iTRAQ-

based proteomics to quantify the relative changes in the abundance of αB proteins in the adult 

lens of αBa-/- and αBb-/- (Wang et al., 2013). In both water-soluble (WSF) and -insoluble (WIF) 

fractions, we observed that compared to WT, the relative abundance of native αB peptides in 

each respective mutant was reduced significantly to a marginally-detectable level (Figure 34 D). 

Additionally, we generated polyclonal antibodies against purified zebrafish αA- and αBa-

crystallin proteins, and probed crude protein extracts from the lens of mutant fish lines. While 

the level of αA-crystallin was not affected by the loss of either αBa or αBb (Figure 34C, Anti-

αA), we confirmed the loss of αBa-crystallin in the lens of both αBa-/- and the double mutant, 

αBa-/-; αBb-/- (both WSF and WIF; Figure 34C) which further supported that the αBa mutation is 

a loss-of-function allele. 



100 

 

 

 

.Loss-of-function of αB-crystallin causes lens defects in zebrafish 

Consistent with our previous demonstration that knockdown of αBa and αBb by morpholinos 

can perturb lens transparency in zebrafish (Zou et al., 2015), the loss of αB-crystallin function, 

either αBa or αBb, led to apparent abnormalities in the embryonic lens starting at 3dpf which 

became evident at 4dpf (Figure 36 A), while the overall morphology of the embryos remained 

normal. The nature of these lens defects were similar to those previously described for αB-

crystallin morphants or αA-crystallin knockout lines (αA-/-) (Zou et al., 2015).  

Figure 35: Expression profiles of αB-crystallin genes 

A, expression pattern of αBa and αBb genes by whole-mount in situ hybridization. Black 

arrows indicate lens (top row) and heart (bottom row). White arrowheads indicate otic 

vesicles. B, relative expression changes of αBa and αBb genes in αBa and αBb homozygous 

mutants, as measured by qRT-PCR. 
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Following the same classification system previously established, as shown in Figure 33, lens 

defects were categorized into three classes based on the severity: “Major” (Figure 36 Ab,c), 

“Minor” (not shown), and “WT-like” (Figure 36 Aa) (Zou et al., 2015). Initially, we noted that the 

incidence of lens defects in the offspring derived from heterozygote incrosses, both minor and 

major classes, occurred in a frequency inconsistent with the lens phenotype being strictly 

recessive (>25%). Genotyping of phenotypic embryos revealed that both the minor and major 

 

 Figure 36: Lens defects in zebrafish αB-crystallin mutant embryos 

A, representative images of lens phenotypes in WT and αBa homo-/heterozygotes. 

B, comparison of percentage of embryos showing lens defects between WT and αB-

crystallin homo-/heterozygous mutants (αBa and αBb), as well as αB-crystallin 

double mutants and αA-/αB-crystallin double mutants. 
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phenotypes occur in heterozygous and homozygous mutants. Similar to αA-/- embryos, both 

αBa-/- and αBb-/- showed lens defects with a range of severity. Greater penetrance and severity 

of lens defects was observed in αBa-/- embryos. For αBa-/-, ~75% of the total embryos presented 

lens defects and 38% were of the “major” class. ~50% of the αBb-/- embryos showed lens 

abnormalities and 25% were of the “major” class (Figure 36 B). These results suggested that 

αBa might play a more important role than αBb in the maintenance of zebrafish lens 

transparency. Interestingly, a gene dosage effect was observed in αBa and αBb genes. When 

we crossed homozygous αBa mutant adult with WT fish (αBa-/- x WT), the resulting 

heterozygous αBa mutant embryos (αBa+/-) exhibited reduced lens defects (~48%), relative to 

αBa-/- embryos. A similar effect was observed for αBb-/- embryos, in which ~37% of them 

showed lens defects (Figure 36 B).  

Because both αBa and αBb mutants were adult viable, we generated αBa/αBb double 

mutants (αBa-/-; αBb-/-) to determine if a higher penetrance of the lens phenotypes would be 

observed by complete elimination of αB-crystallin. Compared to the single mutant, particularly 

αBa-/-, the frequency of major lens defects increased moderately in αBa/αBb double mutants (by 

about 10%), but the overall penetrance was not significantly changed, consistent with the 

conclusion that αBa plays a more prominent role in lens development than αBb (Figure 36 B).   

While both αA and αBa appear critical for proper lens formation, the penetrance and 

severity of the phenotypes varies in the single knockout lines. Therefore, we generated a double 

loss-of-function line by crossing αBa-/- fish with the αA-/- line generated in our earlier work (Zou et 

al., 2015) and examined the occurrence of the lens defects. To avoid the protective effect of 

maternal αA expression (Zou et al., 2015), αA-/-; αBa-/- embryos were derived from αA-/-; αBb-/- 

adults incross. As expected, they exhibited an almost complete penetrance (~99%), with 

approximately 90% of lens defects belonging to the major class (Figure 36 B).   
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αB-crystallin mutants showed stress-induced cardiac phenotypes 

In addition to its role in the lens, αB-crystallin has been implicated in the cellular integrity of the 

cardiomyocytes through interactions with Titin and Desmin (Bennardini et al., 1992, Vicart et al., 

1998, Inagaki et al., 2006). Therefore we examined if αBa mutants exhibited abnormalities in 

heart development by incrossing either αBa+/- or αBa-/-. The resulting embryos from both crosses 

displayed morphologically normal hearts (Figure 37Aa-b) under routine collection and regular 

embryo rearing conditions (28.5 °C, in 35mm petri dish, up to 5-6 dpf). Similar results were 

observed in αBb mutants (both αBb+/- and αBb-/-). These results contradict a previous study 

reporting that knocking-down αBa and αBb genes by morpholinos would lead to heart failure 

and skeletal muscle defects in zebrafish embryos (Buhrdel et al., 2015).  
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Figure 37: Stress-induced cardiac phenotypes in αB-crystallin mutant embryos. 

A, representative images of cardiac phenotypes in αB-crystallin mutant embryos: panels a 

and b, control/non-stressed; panels c and d, subjected to crowding stress. A, atrium; V, 

ventricle. Red dotted line demarcates the heart morphology. B, percentage of αB-crystallin 

mutant embryos showing pericardial edema under crowding stress. C, percentage of 

embryos showing lens defects in αB-crystallin mutants (αBa−/− and αBb−/−) was influenced 

by the crowding stress. D, relative expression changes of GR signaling target genes 

(pepck, pxr, and fkbp5) in 3-dpf WT embryos after being raised in crowding conditions for 2 

days (from 1 to 3 dpf), as measured by qRT-PCR. 
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Given the prevalent non-specific effects and the reported unreliability of using 

morpholino to interfere with gene functions (Kok et al., 2015), we conclude that αB-crystallin 

genes are largely dispensable for muscle and heart development during embryogenesis. 

Indeed, αB-crystallin double mutant fishes (αBa-/-; αBb-/-) are viable and fertile as adults. Raising 

the progenies derived from αBa+/- or αBb+/- adult incross, we found that the ratio of either αBa-/- 

or αBb-/- progeny that survived to adulthood (>3 month old) was in accordance with Mendelian 

ratio (Table 5). Moreover, the αBa-/- and αBb-/- adults did not exhibit lower survival rate 

compared to siblings under normal housing conditions for at least 10 months (Table 5). This 

data further suggested that neither αB-crystallin gene is essential for zebrafish overall viability.   

While αB-crystallin deficient embryos showed no apparent cardiac phenotype under the 

normal rearing conditions described above, we examined if αB-crystallin is involved in the stress 

tolerance of the zebrafish developing heart. As a member of sHsps, αB-crystallin has been 

shown to be inducible by various cellular stresses, including oxidative, genotoxic and heat shock 

stresses (Head et al., 1994, Ito et al., 1997, Djabali et al., 1997, Bakthisaran et al., 2016). 

Therefore, we raised 1dpf αB-crystallin mutant (αBa-/- and αBb-/-) embryos in high density (75 

embryos per well of a 6-well plate; see Experimental Procedures for detail) to simulate a 

“stressed” condition or a non-permissive condition induced by crowding, while controls from the 

same clutch were stocked at normal/non-stressed density (15 embryos per well of a 6-well 

plate). The gross morphology and heart development of the embryos was monitored daily until 

5dpf. Compared to the control embryos, the αB-crystallin mutant embryos subjected to crowding 

stress progressively developed pericardial edema with moderate penetrance (Figure 37A,B; 

αBb-/- shown here but similar phenotypes were observed in αBa-/-), which becomes more evident 

at 4dpf (Figure 37Ac-d). In contrast, no such cardiac phenotype was detectable in the control 

(non-stressed) αB-crystallin mutant embryos (Figure 37Aa-b). These cardiac phenotypes were 
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very similar to what has been described previously in embryonic lethal mutants that developed 

cardiomyopathy, such as titin mutants (Xu et al., 2002). The stress-induced pericardial edema in 

αB-crystallin mutants was not reversible, as we were unable to raise those αBa-/- and αBb-/- 

embryos showing cardiac phenotypes to adulthood (none survived before reaching the juvenile 

stage).  

Interestingly, in addition to cardiac phenotypes, the lens defects shown in both αBa-/- and 

αBb-/- embryos were also influenced by crowding stress (Figure 37C). Compared to the non-

stressed condition (control), we observed higher penetrance of overall lens defects in αBa-/- 

(~20% increase) and αBb-/- (~12% increase) under the crowded rearing conditions. 

The sensitivity of αB-crystallin mutants to crowding stress is mediated by glucocorticoid 

levels 

Based on the observation that crowding causes phenotypic enhancement in two distinct tissues, 

we hypothesized that the underlying stress may be mediated by a systemic and intrinsic factor. 

Crowding stress of adult zebrafish has been shown to increase the body cortisol level (Ramsay 

et al., 2006, Sallin and Jazwinska, 2016). We examined the changes of the expression of known 

GR signaling downstream genes (fkbp5, pxr, and pepck) (Chen et al., 2016) in embryos raised 

under crowding conditions for two days. We found that although all three genes showed trends 

of increased expression, only pepck was significantly upregulated (Figure 37D), which was 

consistent with the finding that pepck is a more sensitive GR signaling reporter gene during 

embryonic stages (Chen et al., 2016).  

Earlier reports have shown that the cardiac performance of zebrafish embryos declined 

when exposed to elevated cortisol level (Nesan and Vijayan, 2012). Therefore, we tested if the 

αB-crystallin mutants lower the tolerance of the heart to cortisol, which is the main glucocorticoid 
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stress hormone. For this purpose, the αB-crystallin mutant embryos were challenged with two 

different synthetic glucocorticoids, dexamethasone and hydrocortisone, to mimic the elevation of 

stress hormone level and overactivation of glucocorticoid receptor (GR) signaling. The αB-

crystallin mutants (αBa-/-, αBb-/- and αBa-/-; αBb-/-) treated with both GR agonists from 1dpf to 

4dpf under normal rearing conditions developed pericardial edema and dilated cardiac 

chambers (Figure 38A and Figure 38Ce-f), similar to the phenotypes under the crowding stress 

(Figure 37A). In contrast, non-treated αB-crystallin mutants (DMSO control) or WT embryos 

subjected to the same regimen of synthetic glucocorticoids mostly remained normal (Figure 

38B). As expected, the αA-crystallin mutant did not exhibit cardiac abnormality when subjected 

to the crowding stress and dexamethasone treatment (Figure 38D), which emphasize the 

distinct involvement of αB-crystallin in the maintenance of cardiac function. Together, these 

results clearly suggested that without the presence of αB-crystallin (i.e. loss-of-function), the 

embryonic heart is more vulnerable to development of cardiac abnormalities mediated by GR 

signaling activity.  

Early cardiac development is unperturbed but cardiac functions appear compromised in 

αB-crystallin mutants when challenged with stress 

We examined if the heart phenotypes were a result of failures of cell fate specification by 

immunostaining of the ventricle and atrium. Compared to WT, both non-stressed αBb-/- embryos 

(and αBa-/-) at 2dpf showed largely normal specification and partition of the cardiac chambers 

(Figure 38Ca-b), consistent with the notion that αB-crystallin genes are not required for early 

cardiac development. Since cell death/apoptosis has been implicated in the αB-crystallin-

associated cardiomyopathy, we performed TUNEL assay on both αBb-/- and αBa-/- embryos at 

2dpf and found no evidence of increased cell death in the heart, which suggested  
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Figure 38: Overactivation of GR signaling induced cardiac phenotypes in αB-mutants. 

A, αBb−/− embryos showed pericardial edema when treated with GR agonists, 

dexamethasone (50 μM) and hydrocortisone (50 μM). B, percentage of αBb−/− embryos 

showing pericardial edema when treated with GR agonists. C, immunofluorescence with 

MF20 and S46 antibodies visualized the ventricle (red) and atrium (green) in WT and 

αBb−/− embryos at 2 dpf (panels a and b). The TUNEL staining revealed no significant 

increase of apoptosis in the heart (dotted circle area) of 2-dpf αBb−/− embryos subjected to 

crowding compared with control αBb−/− embryos (panels c and d). The cardiac chambers of 

4 dpf αBb−/−embryos were dilated after treating with dexamethasone (Dex) (panels e and 

f). D, upper panel, heart rates of WT, αBb−/− embryos (1 and 4 dpf), and αBb−/− embryos 

treated with dexamethasone (4 dpf). Lower panel, ventricular shortening fraction of WT, 

αBb−/− embryos (2 and 4 dpf), and αBb−/− embryos treated with dexamethasone (4 dpf). 
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that apoptosis is not involved in the stress-induced heart phenotypes described above (Figure 

38Cc-d).  

Even though the early heart development appeared to be unaffected in αB-crystallin 

mutants, taking advantage of the embryos optical transparency, we performed time-lapse 

imaging to monitor the heart rate and contraction dynamics of αBb mutants, without stress. We 

found that, compared to the WT, αBb homozygotes exhibited slower heart rate (~10% 

decrease) at 1dpf, which persisted at 4dpf (Figure 38D). The ventricular shortening fraction, 

which can be used as an estimate of myocardial contractility, was not affected at 2dpf (Figure 

38D (lower pannel)). However, at 4dpf, a small reduction of shortening fraction was observed in 

αBb mutants, albeit not significant, compared to WT (Figure 38D). This marginally affected 

cardiac performance maybe be offset by compensatory mechanisms, given the fact that the αB-

crystallin mutants survive to adulthood.  

In contrast, treatment with dexamethasone significantly reduced (~50%) the ventricular 

shortening fraction of the αBb mutants when compared to non-treated αBb mutants (Figure 

38D, lower pannel), while the heart rate of αBb mutants was not further affected (Figure 38D, 

upper pannel).  Also, compared to non-treated αBb mutants, apparent abnormality in cardiac 

contraction could be observed in dexamethasone-treated αBb mutants. This result strongly 

highlights the contribution of αB-crystallin to the stress tolerance of the heart, in this case, for 

cortisol stress.  Further detailed experiments are needed to examine the molecular/cellular 

mechanisms underlying the hyper-susceptibility of cardiac tissues towards GR signaling 

activation in αB-crystallin mutants. 
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Figure 39: αB-crystallin mutations function as loss-of-function alleles. 

A, purified N-terminal truncated (Δ1–43 amino acids) αBa protein (from bacterial expression) 

was detectable by anti-αBa polyclonal antibody. The WSF and WIF protein fractions of the 

excised lenses of the wild-type adult zebrafish served as controls, Western blotted for full-

length αBa protein. B, transgenic expression of zebrafish αBb (Tg[cryabb]) in the lens of 

αBb−/−embryos showed suppression for its lens defects, compared with non-transgenic 

siblings (αBb−/−). C, percentage of embryos with lens defects remained unchanged in 

αBa−/−embryos injected a morpholino (MO) interfering with the alternative start site compared 

with control αBa−/−embryos. D, GR activation-induced (50 μM dexamethasone) pericardial 

edema in αBa−/−embryos was not suppressed by injecting morpholino interfering with the 

alternative start site. In addition, αA−/−embryos showed no heart edema when treated with 

dexamethasone. 
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The phenotypes of αB-crystallin mutants result from haploinsufficiency instead of a toxic 

gain-of-function effect 

The lack of NMD and the persistent mRNA (B) described above raised a concern that the 

observed lens and heart defects in αB-crystallin mutants could be due to the dominant (or toxic) 

effects (i.e. gain-of-function) of residual N-terminal truncated αB-crystallin protein possibly 

resulting from an alternative translation even though such a possible N-terminal truncated (∆1-

43aa) mutant αBa protein should be detectable by our anti-αBa antibody (Figure 39A). To 

further exclude this possibility, we injected a morpholino specifically targeting a possible 

alternative initiation site into αBa mutants and examined if the phenotypes could be suppressed. 

As shown in Figure 39C and Figure 39D, there was no suppression of lens and heart 

phenotypes by morpholino knockdown, which argued against the αBa mutant allele functioning 

as dominant-negative alleles. Finally, lens-specific expression of zebrafish αBb (Tg[cryabb]) 

also partially alleviated the lens defects of αBb mutant embryos (Figure 6B), which further 

supports the loss-of-function and haploinsufficient nature of our αB-crystallin mutant alleles.  

Discussion 

αB-crystallin loss-of-function mutants reveal important physiological roles 

To our knowledge, this work reports the first αB-crystallin specific loss-of-function lines in 

vertebrate animals. The previously described αB-crystallin knockout mouse was in fact a 

compounded mutant line that also contained disruptions in the adjacent Hspb2 gene (Brady et 

al., 2001) precluding a direct assessment of an exclusively αB-crystallin loss-of-function 

phenotype. The availability of the zebrafish model yielded novel insights into the role of αB-

crystallin in the lens and cardiac muscle. While there has been evidence of transcriptional 

control by the glucocorticoid receptor (Aoyama et al., 1993, Kinyamu et al., 2008, Cheng et al., 
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2013), our results tie this observation to a prominent role of αB-crystallin in the heart resistance 

to stress.  

Unexpectedly, results from qRT-PCR suggested that the mRNAs encoded by the αB 

mutant alleles did not undergo significant NMD despite premature stop codons introduced in the 

first exons. This phenomenon of escaping NMD has been observed previously in first exon 

mutations (Neu-Yilik et al., 2011, Cain et al., 2017), which underscores the importance of 

selecting mutation target sites and confirming the mutations given the explosion of 

CRISPR/Cas9 genome editing techniques (Mou et al., 2017). Several lines of evidence support 

our contention that the αB alleles described in this study function as null alleles or at least strong 

hypomorphic alleles including the lack of stably expressed αBa protein as revealed by western 

blot analysis (Figure 34C) and quantitative proteomics by mass spectrometry (Figure 34D) of 

homozygous mutant (αBa-/-, αBb-/-, and αBa-/-; αBb-/-) lenses. Although it remains theoretically 

possible that an N-terminal truncated Cryab protein encoded by alternative downstream 

initiation sites could function as antimorphic (or neomorphic), dominant alleles (i.e. gain-of-

function) and contribute to the phenotype. But we discounted this possibility not only because 

the N terminus of B-crystallin has been demonstrated critical for the oligomerization and its 

chaperone activity (Jehle et al., 2011, Bova et al., 2000, Santhoshkumar et al., 2009, Asomugha 

et al., 2011), but also based on the data from the alternative-translation blocking morpholino 

(Figure 39C-D), as well as by the rescue of lens defects by lens-specific expression of αBb 

(Figure 39B). Moreover, by western analysis we were able to detect the purified N-terminal 

truncated mutant αBa protein that expressed in the bacterial system (Figure 39A), which 

suggests that in αBa mutants, the amount of the alternatively translated αBa protein, if does 

exist, would be negligible (Figure 34C).  
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Unlike the lens in the mouse model (Brady et al., 2001), transparency of embryonic lens 

in zebrafish shows a dosage-dependence on αB-crystallin. Homozygous mutants of αBa and/or 

αBb develop lens abnormalities in the majority of the embryos, while heterozygous αBa and αBb 

mutants also showed lens defects albeit to a lesser extent (Figure 36). Furthermore,  we found 

that αBa plays a more critical role in the maintenance of lens transparency compared to αBb, 

consistent with an elevated in vitro chaperone-like activity (Koteiche et al., 2015) (Figure 36). 

Similar to what we observed in αA-crystallin knockout mutants (Zou et al., 2015), this gene 

dosage effect (or haploinsufficiency) in αB-crystallin mutants may likely reflect the low 

abundance of overall α-crystallin proteins in the zebrafish embryonic lens, where a small change 

in the expression could cause a strong response in the proteostatic network. Although not 

frequently reported, cataract formation could be caused by haploinsufficiency of other ocular 

proteins such as monocarboxylate transporter, SLC16A12; and regulatory proteins PITX3 and 

PAX6 (Castorino et al., 2011, Bidinost et al., 2006, Glaser et al., 1994).  

In contrast to previous reports (Posner et al., 1999, Elicker and Hutson, 2007, Marvin et 

al., 2008), we detected low-level expression of αBa and αBb in the lens and the heart during 

zebrafish embryogenesis (Figure 35) (Harding et al., 2008, Zou et al., 2015). Furthermore, we 

found no evidence of compromised skeletal muscle functions in both αB-crystallin mutants, 

unlike the severe muscular phenotypes shown in a previous study using morpholino knockdown 

strategies (Buhrdel et al., 2015). In addition to the notorious off-target effects of morpholino 

usage, it is also likely that other members of sHsp genes expressed in the myotomes, such as 

hspb1, hspb7, hspb8 and hspb9 (Mao and Shelden, 2006, Marvin et al., 2008) can compensate 

the loss of both αB-crystallin genes and maintain a functional proteostasis network in the 

muscle.  
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Cardiac phenotypes in zebrafish αB-crystallin mutant embryos 

Several genetic evidences support the contribution of αB-crystallin to cardiac function, 

particularly R120G mutation (CRYAB R120G) leading to desmin-related cardiomyopathy (Vicart 

et al., 1998) as well as cardiomyopathy-associated CRYAB mutation, D109H (Sacconi et al., 

2012). Hence, the lack of apparent phenotypes in the developing hearts of αB-crystallin 

homozygous mutants, including αBa-/-; αBb-/- double mutants, was unexpected. However, the full 

effect of αB-crystallin deficiency may be masked or compensated by several sHsp chaperones 

that are robustly expressed in the developing heart tubes, such as the hspb1, hspb7 and 

hspb12 (Mao and Shelden, 2006, Marvin et al., 2008). 

A major finding of this work is the emergent role of αB-crystallin under stress conditions. 

αB-crystallin mutants raised under crowding stress developed severe pericardial edema in a 

fraction of mutant embryos, even though the penetrance was low compared to the lens 

phenotypes (about 10~20%; Figure 37B). Interestingly, a difference in sensitivity to loss of αBa 

and αBb was also observed in the heart that is opposite to the lens phenotype (Figure 36B). 

This may be a consequence of the higher level of αBb compared to αBa in the cardiomyocytes 

at 4dpf embryos (Shih et al., 2015). While we did detect expression of both αB-crystallin genes 

in the heart of 2dpf embryos, the non-quantitative nature of the WMISH procedure precluded us 

from comparing the relative expression level between αBa and αBb genes. Additionally, 

differential substrate specificity or different post-translational modification of the two αB-crystallin 

paralogs may contribute to the variation of the gene dosage requirement in these tissues. 

Similar to the lens phenotype, the cardiac phenotype does not appear to be due to a 

failure of specification of the cardiac tissue as both atrial and ventricular markers are normally 

expressed. In the non-stressed αB-crystallin mutants, we did observe a small decline of cardiac 

function such as slower heart rates (Figure 38D). Given the known association of αB-crystallin 
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with Desmin or Titin (Bullard et al., 2004, Bennardini et al., 1992, Nicholl and Quinlan, 1994), 

subtle changes may exist at the cellular level such as sarcomere integrity, which requires further 

detailed analyses. Our current hypothesis is that loss of αB-crystallin would only slightly weaken 

the myocardium but not enough to cause severe damage (i.e. become sensitized). However, 

exposure to stress (e.g. GR agonists) would exacerbate the phenotypes and lead to cardiac 

dysfunction, which is strongly supported by our observations (Figure 38D-E).  

Stress-induced phenotypes in αB-crystallin mutants uncover a novel intersection 

between steroid signaling and proteostasis 

Following up on the established link between crowding stress and activation of glucocorticoid 

signaling (Ramsay et al., 2006, Sallin and Jazwinska, 2016), we determined that the αB-

crystallin mutants were highly sensitive to the treatment of GR signaling agonists, 

dexamethasone and hydrocortisone, and prone to develop pericardial edema (Figure 38A). This 

synergism may be explained by the transcriptional regulation by the GR of a particular 

proteostatic target that leads to phenotype enhancement. Although GR-mediated transcriptional 

activation of sHSPs, including αB-crystallin in cell culture systems, has been demonstrated 

(Aoyama et al., 1993, Kinyamu et al., 2008, Cheng et al., 2013), we did not detect changes in 

expression of αBa or αBb. In fact, the action of GR signaling agonists here is unlikely to be 

mediated through direct transcriptional activation of the αB genes as the αB protein levels in 

homozygote mutants would not be affected by increased αB transcripts. 

Although the importance of GR signaling in cardiac function and maintenances has been 

repeatedly demonstrated, the exact roles remain controversial due to its intricate regulations 

and interactions (Rog-Zielinska et al., 2014, Roy et al., 2009, Sainte-Marie et al., 2007, Oakley 

and Cidlowski, 2015, Oakley et al., 2013). Here we provide additional wrinkles to this complex 
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signaling system in which the proteostatic state (i.e. loss of αB-crystallin) of the cells (in this 

case the cardiomyocytes) may alter the GR signaling activities and influence the cellular 

responses. Thus, further experiments are needed to delineate the interactions between GR 

signaling and αB-crystallin. 

It has been well established that prolonged corticosteroid therapy is a major risk factor 

for the formation of steroid-induced posterior subcapsular cataracts (PSCs), which account for 

approximately 15% of all cataracts (Leske et al., 1997, McCarty et al., 2000, Renfro and Snow, 

1992, Veenstra et al., 1999, Costagliola et al., 1989). Although the pathoetiology and the 

mechanism of glucocorticoid action in the lens remain unresolved (James, 2007), two main 

underlying mechanisms have been examined and debated: glucocorticoid-induced gene 

transcription events and glucocorticoid-lens protein adduct formation (James, 2007). Only 

steroids with glucocorticoid activity are associated with steroid-induced PSC (Urban and Cotlier, 

1986), strongly suggesting involvement of the GR (Dickerson et al., 1997).  

Our result suggests that a compromised proteostatic system in the lens may contribute 

to the occurrence of steroid-induced cataracts. Indeed, the formation of PSC is quite 

heterogeneous and its dose-dependence on steroid use is also controversial (Skalka and 

Prchal, 1980, Donshik et al., 1981, Brocklebank et al., 1982). Thus, we propose that individual 

susceptibility, which reflects the difference in genetic predisposition (such as polymorphisms in 

αB-crystallin gene) that impacts the lens proteostatic capacity, play a critical role in the 

development of PSC. Under this assumption, instead of a “determining factor”, the steroid use 

acts as an “environmental factor” that would facilitate the PSC formation via interactions with 

αB-crystallin (or other resident proteostatic factors).  
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The physiological responses of GR signaling activation are notoriously diverse and often 

exhibit profound variability in specificity or sensitivity between different tissues and individuals, 

partly due to its heterogeneity and complex regulation (Oakley and Cidlowski, 2013). Thus, the 

novel intersection uncovered in this study between GR signaling and proteostasis in the lens 

and the heart is likely tissue- or context-dependent. With gene profiling studies revealing a vast 

array of downstream target genes of GR signaling, further experiments utilizing genetic tools in 

zebrafish are set up to decipher this new interaction with potentially significant clinical 

relevance.   



 

 

Table 3: Mutation alleles of αB-crystallin genes generated by CRISPR/Cas9 

Genotype Predicted polypeptide sequence 
Predicted 

polypeptide 
length 

αBa5bpINS 
 
MEISIQHPWS WIADPCSQAS SLIEFLISIL ESIYLTVTLF HLSTPCFTIV LICGAFQAGG 
TVACRR 

 
66 

αBa15bpDEL  
Δ10YRRPL14 

163 

αBa35bpDEL 
 
MEISIQHPLS NF 
 

12 

 
αBb2bpDEL 

 
MDIAITIPRS GASYFLSSFP AGNLGSILLR PM 

 
32 

 
αBb10bpDEL 

 
MDIARSGASY FLSSFPAGNL GSILLRPT 

 
28 

 
αBb8bpDEL 

 
MDIAINPPFR RILFPIFFPR RQFGEHITEA DVISSPTIFL SSQSKLDGKR SF 

 
52 

 
αBb3bpDEL 

 
MDIAINPPFR RILFPIFFPR RQFGEHITEA DVISSLSQRS SFLRSPSWME SGVSEVSYKK 
LVFSGF 
 

 
66 

 

The native residues are underlined.     



 

 

Table 4: Summary of αB-crystallin iTRAQ data 

Genotype Sample Protein Fold change p value Significant? 

cryaba−/− WSF Cryaba 0.138 7.18E-13 Yes 

cryaba−/− WSF Cryabb 0.610 0.039 No 

cryabb−/− WSF Cryaba 1.200 0.027 No 

cryabb−/− WSF Cryabb 0.136 5E-96 Yes 

cryaba−/−; cryabb−/− WSF Cryaba 0.166 2.24E-11 Yes 

cryaba−/−; cryabb−/− WSF Cryabb 0.147 1.14E-12 Yes 

cryaba−/− WIF Cryaba 0.077 1.28E-23 Yes 

cryaba−/− WIF Cryabb 0.638 0.041 No 

cryabb−/− WIF Cryaba 0.897 0.179 No 

cryabb−/− WIF Cryabb 0.161 1.13E-60 Yes 

cryaba−/−; cryabb−/− WIF Cryaba 0.130 1.31E-10 Yes 

cryaba−/−; cryabb−/− WIF Cryabb 0.158 5.79E-9 Yes 

 

• Significance based on Benjamini-Hochberg correction for multiple comparisons. 
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Table 5: Survival analysis of the progeny from incross of αB-crystallin heterozygotes 

 

 
Cryaba35bpDEL 

 

 
Cryabb10bpDEL 

 
Homozygote 

(−/−) 
Heterozygote 

(−/+) 
WT 

(+/+) 
Homozygote 

(−/−) 
Heterozygote 

(−/+) 
WT 

(+/+) 
 

% per 
genotype 

(expected: 
25:50:25%) 

 

24% 49% 27% 22% 51% 27% 

 
Survival rate 

(%) 
At 10 months 

 

96% 90% 89% 88% 86% 75% 

 

 

Table 6: Target sequence for designing gRNA for knock-out of cryaba and cryabb 

Gene Primer Targeted Sequence 

cryaba 
 

T01 GGCGCTTTCCAAGCTGGT 
T02 GTAAAACATGGTGTAGAA 
T03 CTGATCAAAAATTCGATA 
T04 ACAAGGGTCGGCGATACC 

cryabb 
 

T01 GCCGGAACGGGGGATTGA 
T02 CTCCCCAAATTGCCGGCG 
T03 ATCGTTGGGAGTACAATG 
T04 TTCGCAGTCCAAGCTGGA 
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Table 7: Primer sequence for initial screening of KO in cryaba and cryabb  

Gene  Primer Sequence  

cryaba 
 

Forward AATGAGCCAGAGGGGAAGAG 
Reverse TGTGAAAATGTCCTTGCATCA 

cryabb 
 

Forward GGAAGGGGAGAACACAGTGG 
Reverse ACGCGTGACTCCTCAACTTT 

 

Table 8: Primer sequence for PCR amplification to genotype alleles of cryaba and cryabb 

Gene Allele  Primer Sequence (5’ → 3’) 

cryaba 
 

αBa5bpINS Forward AGCCCAGCATTTGAGACTCTATG 
 Reverse GTGTAGAAAGGTGAAAAAGGGTC 

cryaba 
 

αBa35bpDEL Forward ATAGATCAGTGGCTGACACGAGG 
 Reverse CATGCCACTGTCCCACCAGC 

cryabb αBa10bpDEL Forward GGAAGGGGAGAACACAGTGG 
 αBa8bpDEL Reverse ACGCGTGACTCCTCAACTTT 
 

Table 9: Primer sequences for qPCR 

Gene  Primer Sequence (5’→3’) 
cryaa 
 

Forward AGGGCAAGCATGGAGAAAG 
Reverse GCAGACAGTGTGCAGGTGAT 

cryaba 
 

Forward GCATGTCGGAGATGAGACAG 
Reverse CTGCCGTTCATCATGTTTTC 

cryabb Forward TCTTCCTTTCTTCGCAGTCC 
Reverse TGATAGCTCCTCTGGTGCAA 

ßactin Forward CGAGCTGTCTTCCCATCCA 
Reverse TCACCAACGTAGCTGTCTTTCTG 

pepck Forward AACTCCAGGTTTTGTGCCCC 
Reverse TACACCAAAGGCACACCTTCT 

pxr Forward ATGAAGTGACGGGAATTTGGG 
Reverse GATGGTGCTGAAAACCAGCTC 

fkbp5 Forward GTCGACTGTTTGATTCGCGG 
Reverse AGGCGTACTTGGGCTTTAGG 



 

 

CHAPTER IV 

PERSPECTIVES ON FUTURE DIRECTIONS 

Mapping the N-terminus of αB for its role in oligomerization  

The work presented in this dissertation illustrates the role of the C-terminal (147-175) and the N-

terminal sequence (33-52) flanking the ACD of αBa in modulating the oligomerization and 

thereby affecting the chaperone activity. In the N-terminus, our studied region overlaps with a 

previously identified “recognition sequence” which has been shown to be involved in interaction 

among crystallins and substrate proteins (Ghosh et al., 2006, Sreelakshmi et al., 2004). Deletion 

of the residues 41-58 has been shown to form oligomers larger and more polydisperse than the 

wild-type αB-crystallin while staying equally chaperone active (Ghosh et al., 2006). Our results 

of swapping αB residues 33-52 are also consonant with high resolution studies which show that 

residues 45–68 of αB form β1-loop-β2 structure which adopts different environments in the EM 

density maps affecting the higher-order multimers of αB (Jehle et al., 2011). Thus our study 

adds to the consensus that the sequences intercalating the proximal N-terminus of sHSP with 

the ACD have an important role in the upward transition of the oligomeric assembly.     

However, this work did not extend further up the N-terminus; therefore, it is not clear 

what role the rest of the NTD of αBa plays in the formation of the large oligomers seen here. A 

conserved sequence motif (SXXFD) is found in some mammalian sHSPs, including αB-

crystallin, just before the peptides swapped in this work, which aligns with the hydrophobic 

residues of ACD (van Montfort et al., 2001b, Bagneris et al., 2009). Removal of the sequence 

21SRLFDQFFG29 from the NTD has been shown for human α-crystallins to result in a smaller 

assembly with increased chaperone activity (Pasta et al., 2003). Zebrafish αBa has weak 

homology to this mammalian NTD motif, while αBb completely lacks it (Figure 22). For Hsp27, it 
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has been shown that deleting the entire NTD consisting of residues 2 through 87 (referred to as 

Hsp27-trunc) restricted the assembly to a tetramer, while still maintaining the concentration-

dependent equilibrium between the monomer and the tetramer (Berengian et al., 1997, Bova et 

al., 2000, Bova et al., 1997). The NTD deficient Hsp27-trunc mutant was chaperone inactive, 

illustrating its critical role in the interaction with the substrate (McDonald et al., 2012). Similarly, 

it has been shown that while truncation of the first 19 residues from N- or the C-terminus of αA-

crystallin did not significantly change the size of oligomers but deletion of the entire N-terminal 

(63 residues) of αA-crystallin reduced the assembly to just dimers or tetramers (Merck et al., 

1992, Bova et al., 2000). Thus, the sequence elements between the proximal and the distal 

NTD of αB-crystallin, especially α2-loop-β1 (residues 23–37) can play a critical role in affecting 

the placement of the β1/β2 to form the oligomers bigger than the often-resolved simplest 24-mer 

species. Since there are significant differences in the sequences between the two zebrafish αB 

paralogs, in the region upstream to the region studied in this work, swapping the peptides 

between them will highlight the role of that domain in oligomeric assembly and chaperone 

activity.  

In the work presented here, we only engineered N- and C-terminal swapped variants of 

αBa, and we did not extend the homology directed swapping to test the effect on the swapped 

αB variants. Our hypothesis was that the constitutively higher chaperone-like activity of αBa 

arises from the properties of the higher oligomeric ensemble supported by the NTD. A corollary 

to this hypothesis is that reverse swapping the NTD of human αB with homologous NTD of 

zebrafish αBa should shift the equilibrium of the engineered αB towards higher oligomeric size, 

with increase the chaperone activity. Without measuring an engineered αB, it is not confirmed 

yet whether the reduction in the αBa-L form in the Swap4 variant compared to the WT; and the 
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reduction in the chaperone activity shown in the present work were not artifacts of the protein 

modification.  

While the in vitro expression of the cloned proteins is very effective in studying the 

effects of the sequence manipulation on oligomer dynamics, it does not illustrate the oligomeric 

state of the proteins in vivo. As shown here, zebrafish αBa seems unique among the vertebrate 

αB-crystallins studied so far, in that it forms two distinct oligomeric ensembles. However, our 

work did not establish that the very large oligomers shown in vitro are physiologically relevant 

such that they exist in vivo. The state of the αBa oligomers needs to be studied in the proteins 

isolated from the fish lenses. Since this work has now produced polyclonal antibodies raised 

against the in vitro expressed αBa protein, which can detect αBa in the crude adult lens 

homogenate as shown in the details in Experimental Procedures, it should now be possible to 

isolate αBa protein enough for the biochemical characterizations, from a sufficiently large 

number of excised adult zebrafish lenses. Using the already established methods of isolating 

the α-crystallins from the vertebrate lens, a future work should attempt to isolate αBa crystallin 

from the adult zebrafish lenses, and then measure its oligomeric status and the chaperone 

activity.  

Measuring subunit exchange rate in the αB oligomer by Fluorescence Resonance Energy 
Transfer (FRET) 
 

The work presented here illustrates that swapping the sequences of the flanking regions of αBa 

with αB-crystallin affect oligomer polydispersity. However it did not determine whether the 

change in polydispersity correlated with a faster exchange rate in the subunits of αBa. Also, we 

did not study whether the two oligomeric ensembles differ in the subunit exchange rate, besides 

the size of the oligomeric assembly. It is well established that the chaperone properties of αB-
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crystallin and other sHSPs rely on the dynamic equilibrium between their oligomeric and 

protomeric states. In vitro, subunit exchange has thermal dependence, and the ionic and 

structural conditions provided by the N- and C-terminal flanking regions could tune the 

exchange rate in vivo, making sub-oligomeric forms available for substrate binding. Transitions 

away from energetically stable oligomers expose hydrophobic patches in the functional regions 

of the sHsp monomer, which then interact with the hydrophobic core of the substrate proteins.  

 Förster resonance energy transfer (FRET) is the non-radiative energy transfer from an 

excited fluorescent donor molecule directly to an acceptor molecule through the dipole-dipole 

coupling mechanism. Calculation of FRET efficiency is an elegant molecular ruler, which has 

been employed in vitro and in vivo to measure nanometer-scale proximities between two 

fluorescently labeled proteins (Zheng, 2010, dos Remedios and Moens, 1995). FRET has been 

used to calculate subunit exchange rates between homo- and hetero-oligomers of sHSPs such 

as αA and Hsp27 (Bova et al., 2000, Raju et al., 2012).  

 To extend the work presented here, labeled αBa engineered variants with donor and 

acceptor fluorescent dye pairs, such as 4-Acetamido-4-isothiocyanatostilbene-2-2-disulfonic 

acid (AIAS) and Lucifer yellow iodoacetamide (LYI), could be used to measure subunit 

exchange rates by monitoring time dependent quenching of fluorescence intensity of the donor 

AIAS after mixing αB samples labeled with each dye. The decreased AIAS fluorescence would 

reflect enhanced FRET efficiency, which in turn should originate from the exchange reaction 

that brings the labeled αBa subunits closer. Confirmation that subunit exchange is reversible 

can be shown by monitoring the time-course of recovery of AIAS signal following the mixing with 

unlabeled αBa.   
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Elucidation of the folding pattern and subunit interface in the oligomer by Site Directed 
Spin Labeling (SDSL) and Electron Paramagnetic Resonance (EPR) spectroscopy  

 

Electron Paramagnetic Resonance (EPR) is a spectroscopy technique which probes spin 

properties of unpaired electrons in the presence of an externally applied static magnetic field. 

While most proteins are natively EPR silent, a nitroxide free radical spin label can be attached to 

the proteins as an EPR reporter group (McHaourab et al., 2011b, Hubbell et al., 1996, 

McHaourab et al., 1996). The EPR spectrum of the label reports its conformational mobility 

which is representative of the immediate environment of the spin label. From the EPR spectra 

by the site directed spin labelling (SDSL), detailed structural properties of the proteins such as 

backbone dynamics, secondary structure, tertiary contacts and inter-residue distances can be 

inferred (Claxton et al., 2015). In this approach, proteins are labeled with SDSL at either a 

native cysteine residue or at an introduced cysteine mutant of a non-conserved site by 

traditional PCR based methods of amino acid mutation on a Cys-less mutant background. 

Protein is reacted with a thiol-specific, methylthiosulphonate (MTSSL) spin label and the 

unreacted excess label is removed by SEC. Our lab has used this approach to investigate 

quaternary interactions along conserved sequences in the ACD of αA, Hsp27 and Hsp16.3 

(Koteiche et al., 1998, Koteiche and McHaourab, 1999, Koteiche and McHaourab, 2002, 

Koteiche and McHaourab, 2003, Koteiche and Mchaourab, 2004, Koteiche et al., 2005, 

Koteiche and McHaourab, 2006, Koteiche et al., 2007, Kumar et al., 2009, McHaourab et al., 

1997, McHaourab et al., 2002, Mchaourab et al., 2005, McHaourab et al., 2007, McHaourab et 

al., 2008, Murthy et al., 2004, Sathish et al., 2004, Shashidharamurthy et al., 2005, Shi et al., 

2006a, Shi et al., 2013). The anti-parallel orientation of the ß-sheets in the ACD of sHSPs was 

first reflected by the periodic pattern in the accessibility towards polar NiEDDA and apolar O2 

and in site-specific changes of amplitude and width of the EPR spectra in cysteine scanning 
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experiments (Koteiche and McHaourab, 1999). Using EPR spectroscopy, in a future work, it 

could be studied whether the two oligomeric ensembles differ in the placement of their terminal 

regions in the oligomeric organization. Previous studies in our lab using EPR analyses have 

illustrated that environment, and/or accessibility of the NTD of Hsp27 change upon transition 

from the large oligomers to the dimer (McDonald et al., 2012).  While the EPR line shapes from 

spin labels placed in the NTD in Hsp27 were consistent with buried location and extensive 

subunit contacts, the activated triply phosphorylated mimic Hsp27-D3 (Hsp27S15D/S78D/S82D) 

showed less restricted spin-label motion capturing the structural rearrangements indicative of 

oligomer dissociation (McDonald et al., 2012). Extending a similar study in the αBa would be 

useful in understanding whether the terminal regions of αBa-S and αBa-L oligomers differ 

distinctly in their placement, and whether particular residues are responsible in maintaining 

distinct oligomeric ensembles uniquely observed in αBa.          

Role of αB crystallins in the maintenance of lens transparency 

The work presented here demonstrates the critical role of αB-crystallins in the maintenance of 

zebrafish lens transparency and complements previous studies in mouse and zebrafish that 

established the essentiality of αA crystallin for a similar role (Zou et al., 2015, Brady et al., 1997, 

Brady and Wawrousek, 1997, Wawrousek and Brady, 1997, Brady et al., 2001). However we 

did not follow the temporal progression of the cataractous aggregations and their effect on the 

lens and heart proteome. Since the lens proteome is fine-tuned for minimal light scattering, a 

future work utilizing the αBa and αBb knockout mutants can be used to establish a timeline of 

the perturbation in the soluble lens proteome. It has previously been shown that modulation of 

α-crystallin levels can overcome some crystallin aggregation, confirming their putative role in 

vivo as a chaperone (Goishi et al., 2006, Wu et al., 2016).  However, it has not been shown if 

there are early events in the inter-crystallin interaction that begin the cascade of cataractous 
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aggregation. Lens fiber cells must maintain a regulated network of molecular components and 

cellular pathways to assure proteostasis and avoid cataract. Therefore, a perturbation in the 

lens proteome, either due to aging or due to mutations in lens proteins, should lead to a delicate 

rebalancing of the protein distribution (Morimoto and Cuervo, 2014). The work presented here 

did not find evidence that the absence of αBa or αBb is compensated by a reciprocal over-

expression of the other α-crystallins. However, we did not address whether the cataractous lens 

modulates α-crystallin activity (by phosphorylation or by attenuating oligomeric composition) in 

response to the cataractous aggregations.  

A future work can utilize the robust approach of proteomics, such as 2D-gel 

electrophoresis and mass spectrometry to follow up on the limitations of the present work. 

Studying the expression of the entire proteome during cataractogenesis will provide a holistic 

view of the cellular processes that maintain transparency in healthy lens. It will also help identify 

the early events before the proteostatic collapse leads to aggregate formation clouding the lens.  

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) using pH dependent 

isoelectric focusing (IEF) followed by monomeric size dependent SDS–PAGE is an effective, 

relatively fast technique to simultaneously separate and visualize proteins from tissue 

homogenates (Welman et al., 2006, Mandal et al., 2009). Time dependent 2D-PAGE can 

analyze global changes in the gene expression and protein modification as the lens undergoes 

the proteostatic stress (Harrington et al., 2007).  Difference Gel Electrophoresis (DIGE) is a 

modified 2D-PAGE, where proteins are labeled with fluorescent dyes (CyDyes: Cy2, Cy3, and 

Cy5) prior to IEF allowing statistically valid quantification of a dynamic range of protein 

concentrations with high sensitivity (Tannu and Hemby, 2006, Santhoshkumar et al., 2014, 

Andley et al., 2014). 
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To identify lenticular proteins that change in abundance and to follow the change with 

time and progression of cataract upon proteostatic perturbation, proteins from the lenses of the 

WT and the α-crystallin KO zebrafish can be isolated at different ages and under different stress 

conditions. Following the procedure outlined in Chapter III, the water-soluble (WSF) and water-

insoluble (WIS) fractions can be separated from the lens homogenates, by centrifugation 

(12,000× g for 50 min at 4 °C), and the proteins in the supernatant (WSF) and pellet (WIS) can 

be determined using Bradford reagent. Normalized amount of proteins can then be visualized by 

2D-PAGE and the protein distributions can be estimated by densitometry against purified 

reference proteins as loading and staining control. This would identify and visualize the proteins 

which change in the relative expression upon cataract. The gel spots identified by differential 

expression in mutants vs. wild type control can then be selected for further MS analysis. 

Difference gel electrophoresis (DIGE) is a modification of 2D-PAGE that circumvents the 

reproducibility problems associated with comparing two different 2D gels, by requiring a single 

gel to reproducibly detect differences between two protein samples (Conrads et al., 2003). For 

DIGE, the water-soluble and -insoluble proteins will be labeled with two fluorescent dyes, such 

as 1-(5-carboxypentyl)-1′-propylindocarbocyanine halide (Cy3) N-hydroxysuccinimidyl ester and 

1-(5-carboxypentyl)-1′-methylindodicarbocyanine halide (Cy5) N-hydroxysuccinimidyl ester, 

respectively. The labeled proteins will be mixed and separated in the same 2D gel by the 

established protocols of 2D-DIGE (Andley et al., 2014, Santhoshkumar et al., 2014). Samples 

will be imaged using wavelengths specific for each dye, and will be normalized to the control 

samples labeled with fluorescent dyes and run on the same 2D gels. The differential 

expressions between WT and mutant lenses among the samples will be assessed and the 

individual protein spots showing differential intensities will be excised from the gel and will be 
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analyzed by mass spectrometry. Multi-gel analyses will ensure significance in changes in 

temporal protein abundance between WT and knockout zebrafish lenses.  

Since α-crystallins can be partially enriched from the lens homogenates by SEC, we can 

use this fraction to monitor change in the chaperone activity by our well-established assay. We 

can measure the change in the chaperone activity as function of age, the cataract severity, and 

the proteome. Our hypothesis is that cataractous puncta seen in the zebrafish lens are 

aggregated proteins. Using fluorescently tagged crystallin mutant lines, a future work can 

attempt to compare the extent of the aggregation in the cataractous lenses microscopically in 

situ and chromatographically ex situ. From the excised lenses that show cataract, we can 

isolate proteins which partition between the WSF and WIF. From the fractionation of the 

proteins, it can be studied whether a correlation exists between the intensity or the distribution 

of the fluorescent puncta; and the perturbing factor (thermodynamic instability of the substrate, 

compromise of the chaperone activity of the α-crystallin, or the combination).  

For monitoring the association of substrate proteins with the α-crystallin pool, we can 

use transgenic lenses that express fluorescent reporter protein (RFP or CFP) tagged with 

cataractogenic heterologous γD or homologous γMx crystallins. We can excise such lenses, 

homogenize them in buffer, separate the WSF by centrifugation and monitor the fluorescent 

proteins coeluting with the α-crystallin pool in SEC, using an HPLC (Agilent HP1100) fitted with 

both UV absorbance and Fluorescence detectors. We can also monitor changes in the water 

soluble protein elution profiles as a function of aging and cataract severity.   

For the system that shows the most severe phenotypes, we can further analyze change 

in the lens proteome relative to the wild type by a multiplex Isobaric tags for relative and 

absolute quantification (iTRAQ) mass spectrometry combined with 2D-LC-MS/MS. The large 

dynamic range of iTRAQ can identify and quantify relative expressions of a large number of 
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proteins in mutants or aged samples compared to the WT control, simultaneously and in a 

relatively short time (Wu et al., 2016). In conjunction with 2D-DIGE, iTRAQ will identify the 

networks and the steps involved in the failure of lens proteostasis. 

A future work should evaluate whether αBa and/or αBb deficiency in lens accentuates 

the cataract phenotype in the already established fish mutants, where heterologous expression 

of aggregation-prone γD crystallin mutants chronically perturbs the lens proteostasis (Mishra et 

al., 2012, Wu et al., 2016). We should also compare the chaperone efficacy of αBa and αBb in 

restoring the cataract in the zebrafish lenses by genetically enhancing the expressing of αBa or 

αBb in the γD transgenic lines.  
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