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Introduction

The crystallin proteins of the human eye lens need to remain folded and soluble to retain 

lens transparency throughout our lifetime. Thus their stability is an essential physiological 

property evolved during the emergence of vertebrates, or even earlier. Protein stability is 

typically defined in terms of the preservation of native atomic contacts within the protein's 

3-dimensional conformation. The loss of these contacts and interactions – denaturation – is 

captured, for example, in the thermal melting transitions detected by calorimetry. Partial loss 

of native structure often leads to polymerization of polypeptides into high molecular weight 

aggregates. In this review we are particularly interested in those unfolding pathways which 

lead to aggregates of sufficiently high molecular weight to scatter visible light, resulting in 

cataract.

Though the aggregated states of proteins are often thought of us as products of non-specific 

reactions, this view reflects the paucity of physical methods available for characterizing high 

molecular weight aggregates. In almost all cases closely investigated, the aggregated states 

turn out to be polymers of specific partially folded or unfolded intermediates. Examples 

include the domain swapped polymers formed from mutants of α1-antitrypsin in liver cells 

(Lomas and Parfrey, 2004; Yamasaki et al., 2011); the amyloid fibers formed from mutant 

transthyretin molecules, probably within cells (Colon and Kelly, 1992); β2-microglobulin 

fibers in blood (Skora et al., 2010); the amyloid fibers formed from α-synuclein (Fink, 

2006); the inclusion bodies formed from P22 tailspike and coat proteins chains (King et al., 

1996); and polymers of a number of other proteins (Horwich, 2002). In fact the classic 

example the polymerization of sickle hemoglobin into fibers is an exception, since the 

precursor is a native state of the mutant protein.

The widespread industrial method of purifying misfolded human therapeutic proteins from 

the inclusion body state, and then refolding them in vitro, is based in part on the property of 

the inclusion bodies as usually relatively pure aggregates of the protein in question (Mitraki 

and King, 1989; Speed et al., 1996). Thus a diverse body of work indicates that the 

conformation of the partially folded or unfolded intermediate is critical for the efficiency of 
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the off-pathway aggregation reaction. These aggregates are non-covalent polymers of 

protein folding or unfolding intermediates, and we will often use the term polymerization to 

communicate the notion of a specific pathway to high molecular weight complexes.

The critical measurements used to assess and quantify protein stability differ depending on 

the class of proteins under consideration. In the case of enzymes, stability often refers to 

retention of catalytic ability, which depends on a precise arrangement of local residues at the 

active site and sites important for allostery. An enzyme need not form aggregates to become 

denatured. Conversely, limited aggregation may actually rescue an enzyme's catalytic ability 

(Bershtein et al., 2012). Stability of structural proteins such as collagen, myosin, actin or 

tubulin may require maintaining intact a much larger fraction of the protein's native 

conformation, in part due to the requirement of proper supramolecular assembly. Thus, loss 

of native structure and the formation of insoluble high molecular weight aggregates are often 

coupled, but not necessarily proportional. Our discussion below includes examples where 

higher native-state stability goes hand in hand with higher aggregation propensity, and vice 

versa.

For the eye lens crystallins, the native folded state is required for lens transparency, while 

the aggregated high molecular weight complexes are the source of light scattering leading to 

cataract. Thus our discussion below focuses on features of the crystallins that protect from 

loss of native structure or from formation of high molecular weight aggregates. Within the 

protected environment of the eye lens, it is unlikely that fully unfolded polypeptide chain 

conformations are populated, in contrast to guanidinium chloride or urea denaturation. 

Rather, the species that form high molecular weight aggregated states are partially folded or 

unfolded intermediates. The partially unfolded conformations that polymerize into high 

molecular weight aggregates will be only a subset of the possible conformations generated 

upon loss of native state structure. Thus, the particular pathways of unfolding that result 

from specific perturbations are likely to determine whether and when light scattering 

aggregates will form. Generalized measures of protein stability may not reveal this 

information.

In some cases, aggregated states may be generated by folding intermediates formed after 

translation by lens cell ribosomes. This is particlularly relevant for congenital cataract-

causing mutations (Zhai et al., 2014). However, the properties of folding intermediates often 

have very limited relationships with the stability of the native state, and cannot in general be 

deduced by studies of the native state. In fact for truncated chains, for example, no native 

state can be formed.

A comprehensive and valuable survery of the literature on crystallin biochemistry and its 

relation to cataract was published by Bloemendal et al. in 2004. Subsequent reviews include 

those by Moreau and King (Moreau and King, 2012b) and Michael and Bron (Michael and 

Bron, 2011). Below we concentrate on recent findings that elucidate the molecular basis of 

crystallin unfolding and aggregation leading to cataract.
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Structure of βγ-crystallins

Details of the structure are reviewed elsewhere in this issue. Here we will only briefly 

recapitulate the main structural features of the βγ-crystallin family. These proteins share a 

common bilobed structure, composed of four Greek Key motifs, as shown in Figure 1. The 

Greek key motifs are intercalated within each domain, such that each domain is a double 

Greek key. The core of each domain is highly hydrophobic, and the sequence is unusually 

rich in aromatic and sulfur-containing residues. The surface is highly charged, but pI is near 

neutral for the γ-crystallins; the β-crystallins are subdivided into the acidic (βA) and basic 

(βB) classes. γ-crystallins are natively monomeric. β-crystallins form homo- or 

heterodimers, as well as some higher-order assemblies. Although βB1-crystallin exists as a 

monomer in vitro (Annunziata et al., 2005), it is a marker component of higher-order 

assemblies (reviewed elsewhere in this issue).

Contributions to native state stability

Crystallin stability has been studied by a variety of methods, which vary both in the type of 

insult used to destabilize the protein as well as the signals monitored. Measurements have 

been made under both equilibrium conditions, assessing thermodynamic stability, and 

kinetic stability under less reversible, more physiological, conditions. The reversibility 

requirement for measuring thermodynamic stability generally requires suppressing the 

aggregation reactions which are so important in cataract formation. In measurements of 

kinetic stability, the aggregation reactions are usually present, and often account for the 

absence of reversibility.

Particularly valuable for the crystallins have been experiments that directly monitor the 

formation of the high molecular weight aggregates responsible for light scattering. Heat, 

chemical denaturants, pH, and specific mutations have all been used as perturbations to the 

native βγ-crystallin fold. Likewise, aggregation has been studied using each of these 

destabilizing perturbations. However, with rare exceptions, the proteins may not encounter 

these denaturing conditions in vivo. Some of these treatments may result in non-

physiological conformations or conformational transitions. Aggregation has also been 

studied in response to UV irradiation, refolding from a denatured state, or cold-precipitation 

of the native state. Selecting those results which approach physiological conditions may be 

important for assessing the key contributions to stability in vivo.

The γ-crystallins are extremely stable, with melting temperatures up to ~80 °C as well as 

resistance to urea and 2-3 M guanidinium chloride (Kosinski-Collins and King, 2003). The 

precise origin of this high thermodynamic stability remains a subject of intensive research. 

Although it has often been proposed that the intercalated, tightly-packed nature of the 

double Greek key yields highly stable proteins, this argument applies only up to a point. The 

β-crystallins, which share the same double Greek key fold, are significantly less 

thermodynamically stable, both to thermal and chemical denaturation (Mayr et al., 1997; 

Wieligmann et al., 1999). It seems likely that conclusions that have been drawn by a great 

number of efforts to understand protein stability hold for crystallins: many different classes 

of interactions – H-bonds, van der waals packing, hydrophobic effect, aromatic stacking, ion 

pairs and salt bridges – all contribute to the overall stability.
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The stability of γB-crystallin has been carefully characterized at pH 2 using urea 

denaturation. Under these conditions, both domains unfolded independently, and the 

stability of the C-terminal domain was found to be lower than that of the N-terminal domain 

(Rudolph et al., 1990). Mutational and crystallographic studies revealed that the C-terminal 

domain was stabilized by interaction with the N-terminal domain under these conditions 

(Mayr et al., 1997; Palme et al., 1998). This observation supports the critical role of the 

domain interface.

Efforts to assess the contribution of particular residues and classes of residues to native state 

stability of γD crystallin have been made in our lab using site-directed mutagenesis. These 

studies revealed the significant stabilizing effect of domain interface residues, including 

hydrophobic residues and glutamines (Flaugh et al., 2005b; Flaugh et al., 2006; Mills-Henry 

et al., 2007). Substitutions of tyrosine residues have elucidated the contributions of both 

conserved and variable tyrosine pairs (Kong and King, 2011). Tryptophan residues have 

been investigated both for their contribution to native-state stability (Kosinski-Collins et al., 

2004; Xia et al., 2013); E.S., T. Takata, and J. A. K., unpublished) and for their effect on UV 

protection (Chen et al., 2009; Chen et al., 2006; Chen et al., 2008; Schafheimer and King, 

2013). Notably, the absence of C-terminal domain tryptophans or tyrosines results in a 

highly cooperative unfolding transition, whereas the absence of N-terminal domain 

tryptophans or tyrosines leads to increased population of a partially folded intermediate. 

Mutations of specific core residues associated with congenital hereditary cataract have 

revealed a similar pattern (Moreau and King, 2009). These studies are discussed further in 

the following sections.

An important feature of the monomeric γ-crystallins is that they can be fully refolded from 

the guanidinium denatured state in vitro, in the absence of chaperones or chaperonins, at pH 

7 and 37 °C (Figure 2). As a result, it has been possible to carry out a careful 

characterization of side chain contributions to thermodynamic stability for the human γD-

crystallin. A highly efficient energy transfer mechanism that quenches tryptophan 

fluorescence in the native state provides a sensitive reporter of folding (Chen et al., 2006; 

Kosinski-Collins et al., 2004). The unfolding of this protein both in experimental studies and 

molecular dynamics simulations proceeds through a three-state transition; the N-terminal 

domain loses its structure before the C-terminal domain does (Das et al., 2010; Flaugh et al., 

2005a, b; Flaugh et al., 2006). A similar situation is observed in γB crystallin (Rudolph et 

al., 1990). The isolated N-terminal domain and C-terminal domain of γD are able to fold in 

solution; however, in the full-length protein the structural integrity of the N-terminal domain 

is substantially augmented by the domain interface. The free energy of the domain interface 

is estimated to be worth ~4 kcal/mol in both γB and γD crystallins (Mayr et al., 1997; Mills-

Henry et al., 2007). Mutational analysis revealed that perturbing that interface leads to much 

greater destabilization of the N-terminal domain than the C-terminal domain (Flaugh et al., 

2005a, b; Flaugh et al., 2006). In these studies, refolding experiments with chains carrying 

replacements of interface residues indicate that the C-terminal face of the domain interface 

acts as a template for the folding of the N-terminal domain.
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Stability and aggregation

When unfolded by chemical means, γD shows significant hysteresis, i.e., the native state is 

stable to higher concentrations of denaturant than the concentrations at which the unfolded 

state is no longer able to fold (Kosinski-Collins and King, 2003). This represents a kinetic 

barrier to the initiation of unfolding. Hysteresis has not been observed for the individual 

domains (Mills-Henry, PhD thesis), and may thus be attributable to domain-domain 

interactions, as has been noted for γB-crystallin (Palme et al., 1998) and for the structurally 

related Protein S (Wenk et al., 1998). Further evidence in support of this notion comes from 

the observation that stabilization of the domain interface of γD crystallin leads to an increase 

in the hysteresis, whereas destabilization of the C-terminal domain diminishes hysteresis 

(Sahin et al., 2011). Thus, hysteresis may result from the ability of the N-terminal domain to 

“hitch a ride” on the more structurally stable C-terminal domain by using the C-terminal 

side of the domain interface as a template for folding. Thus, the domain-domain interaction 

appears to act as a clamp on early unfolding. However, it is also possible that 

oligomerization of early unfolding intermediates enhances this hysteresis. Whatever its 

origins, kinetic stabilization is a useful strategy for a protein to preserve its native structure 

for a longer time than mere thermodynamic stability would allow. Nearly all known 

crystallins have duplicated domains, indicating significant selection for this feature of the 

structure.

Data for γD and γB crystallins may be considered representative of the γA-F subfamily. By 

contrast, the slightly more distantly related γS-crystallin does not appear to exhibit strong 

domain-domain interaction or extensive dependence of N-terminal domain on C-terminal 

domain. The unfolding of this protein is highly cooperative, and hysteresis has not been 

found (Mills-Henry, PhD thesis). It is notable that the interdomain linker of γS is five 

residues long, compared to four in γB and only three in the rest of the γ-crystallins 

(Bloemendal et al., 2004). Shorter linkers and tighter domain interfaces may have evolved 

within the γ-crystallin family to facilitate kinetic stabilization and confer longer-term 

resistance to formation of light-scattering aggregates.

The β-crystallins are more labile than γ-crystallins. In most cases studies of their stability are 

complicated by the fact that they tend to exist within heteromeric assemblies, and thus data 

on individual purified proteins may be misleading (see below). The notable exception is 

βB2-crystallin, which forms stable domain-swapped homodimers (Bax et al., 1990). The 

structural stability of βB2 is nonetheless greatly reduced relative to the γ-crystallins 

(Wieligmann et al., 1999). The N-terminal domain of human βB2-crystallin is less stable 

than its C-terminal domain; however, this is not the case for the calf βB2-crystallin (Evans et 

al., 2008).

Similarly, Evans et al. compared thermodynamic stability and thermal aggregation in human 

vs. calf βB2-crystallin (Evans et al., 2008). Although the human protein is more stable to 

both thermal and chemical denaturation, the calf protein is much more resistant to heat-

induced aggregation. This striking difference may be due to aggregation from a partially 

folded intermediate. Since the human protein exhibits differential stability of its two double 

Greek key domains, it may populate a partially folded intermediate, in which the C-terminal 
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domain is folded, and the N-terminal domain has begun to unfold. The calf protein, whose 

unfolding is more cooperative, appears to be protected from this aggregation pathway.

Researchers studying γ-crystallins have proposed a similar mechanism of aggregation via 

full or partial unfolding of the N-terminal domain, in the context of intact C-terminal 

domain. When fully denatured crystallin chains are diluted rapidly from denaturant into 

buffer at sufficiently high protein concentrations, off-pathway aggregation competes with 

productive refolding (Kosinski-Collins and King, 2003). These aggregates are not reversible 

under the conditions of the experiment. They provide, however, a model for the aggregation 

leading to cataract in that they derive from a wild type polypeptide chain, probably in a 

conformation close to that needed for productive refolding. Like folding itself, aggregation 

competing with refolding is enhanced by the domain interface in γD crystallin, but much 

less so in γS crystallin (Mills-Henry, PhD thesis). Since the former exhibits differential 

stability of its two domains, while the latter exhibits more cooperative folding (Mills-Henry 

et al., 2007), this behavior is consistent with aggregation of partially folded intermediates.

Mutational studies confirm the importance of N-terminal domain unfolding for the 

aggregaion pathway. Here and in what follows, we will use the PDB (1HK0) numbering 

convention to refer to the sites of mutations. The V75D mutation in γD-crystallin, which 

causes congenital cataract in mice, has been shown to destabilize the N-terminal domain, 

increase the population of the proposed aggregation-prone unfolding intermediate, and lead 

to aggregation even at physiological pH and temperature and in the absence of chemical 

denaturation (Moreau and King, 2009). The W42R mutation likewise induces N-terminal 

domain destabilization and aggregation and leads to congenital cataract in humans (Ji et al., 

2013). The Y45A/Y50A double mutant of γD-crystallin also showed a folding intermediate 

with the N-terminal domain unfolded, in contrast to the corresponding C-terminal double 

mutant (Y134A/Y139A), which exhibited cooperative unfolding, both by guanidine chloride 

denaturation (Kong and King, 2011) and in molecular dynamics simulations (Yang et al., 

2014). Although folding of the wild-type γS is cooperative, the cataract-linked F9S mutant 

exhibits destabilization of the N-terminal domain, and aggregation from this partially folded 

intermediate has been proposed (Lee et al., 2010; Mahler et al., 2011).

The common theme in these studies is that the relative thermodynamic or kinetic stability of 

the two domains may be more relevant as a predictor of aggregation propensity than the 

absolute structural stability. Mutations that reduce cooperativity of folding may put a protein 

at risk for aggregation regardless of its thermodynamic stability. However, as discussed 

below, incomplete cooperativity may also enable chaperone-like action by a folding 

intermediate in a mixture of crystallins.

Finally, it should be noted that structural stability is typically not informative of a protein's 

solubility, which is a particularly important challenge for crystallins, which exist at very 

high concentrations in the eye lens. Several congenital cataract mutations, such as R36S and 

R58H in γD, result not in significant thermodynamic destabilization or non-native 

aggregation, but rather in crystallization (Pande et al., 2001). In the case of the cataract-

linked P23S mutation, evidence from multiple sequence alignment indicates that the reverse 

mutation at or near the equivalent site on the C-terminal domain (e.g., S137P) rescues the 

Serebryany and King Page 6

Prog Biophys Mol Biol. Author manuscript; available in PMC 2015 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



defect (Plotnikova et al., 2007). It is thus an intriguing possibility that these equivalent sites 

may be involved in packing interactions among γD-crystallin molecules; if the packing is 

too strong or disrupted, insolubilization may occur. The cataract-linked A2V mutation in the 

βB2 crystallin represents another interesting case: while virtually identical to the wild-type 

protein in thermodynamic stability and aggregation propensity, this mutant was found to be 

impaired in higher-order oligomeric assembly (Xu et al., 2012). Recent work on the fish γM-

crystallins (Mahler et al., 2013) provides a particularly striking example. The fish crystallins 

exist in conditions of extreme crowding, reaching concentrations of up to 1 g/ml. However, 

the γM-crystallins studied to date are both less thermodynamically stable and less water-

soluble than any of the mammalian γ-crystallins. A possible explanation may lie in the γM-

crystallins’ scant hydration shell: water may simply be a bad approximation for their native 

solvent environment (Zhao et al., 2014).

Thermolabile or easily denaturable proteins may nonetheless escape aggregation. Numerous 

natively unstructured proteins have this character. An additional example among the lens 

proteins is αA-crystallin. Although its secondary structure is rapidly lost at temperatures 

exceeding 60 °C, which is significantly below the thermodynamic stability of the γ-

crystallin monomers, αA-crystallin does not form light scattering aggregates even above the 

melting temperature. This property is due to the protein's ability to act as a chaperone, 

including for itself, by forming large supramolecular assemblies. The size of these 

assemblies remains too small to scatter visible light; in essence, formation of smaller 

assemblies diverts the polypeptide from the pathway toward larger ones.

As the chaperones of the lens core, α-crystallins are able to recognize partially folded 

conformations of γ-crystallins and prevent their aggregation (Acosta-Sampson and King, 

2010). Certain congenital mutants of γD-crystallin have been shown to escape from this 

aggregation suppression, resulting in cataract that bypasses the protective chaperone system 

of the lens (Moreau and King, 2012a). Conversely, too-strong interactions of the E107A 

congenital cataract γD-crystallin mutant with the α-crystallin chaperones have been 

proposed as the basis of cataract in that subset of patients (Banerjee et al., 2011). The 

functions of α-crystallins are reviewed elsewhere in this issue.

Although few studies on βγ-crystallins have explored their potential to act as self-

chaperones, they may exhibit such activity under some conditions. An interesting case study 

involves the attempt to engineer aggregation resistance in γD crystallin by computation-

driven design of point mutants (Sahin et al., 2011). As shown in Figures 3 and 4, the M69Q 

mutant stabilized the domain-domain interface, increased overall thermodynamic stability as 

well as kinetic stability (as measured at pH 3 both by urea denaturation and by calorimetry), 

yet it did not substantially affect the protein's heat-induced aggregation propensity relative to 

the wild-type protein. It is interesting to note that M69 does not make direct contacts across 

the interface, but appears to affect them indirectly. By contrast, the S130P mutation resulted 

in a reduction of both thermodynamic and kinetic stability; however, it virtually abolished 

the heat-induced aggregation. Instead of aggregating, γD S130P may have formed dimeric 

species that were protected against aggregation.
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Effect of α-crystallin chaperones

Many of the partially folded and unfolded conformers of crystallins described above are 

substrates for the lens chaperones αA/B-crystallins, which suppress their in vitro 

aggregation (Acosta-Sampson and King, 2010; Michiel et al., 2010; Sathish et al., 2004). 

However some cataractogenic mutants likely escape suppression, as has been demonstrated 

for V75D γD-crystallin (Moreau and King, 2012a).

The structure, expression patterns and chaperone function of α-crystallins are described in 

detail in the companion reviews in this volume (Boelens, 2014; Hochberg and Benesch, 

2014; Slingsby and Wistow, 2014). High levels of α-crystallins in the lens may account for 

the very low frequency of cataracts among children and young adults. However, since there 

is limited or no new translation in the adult lens nucleus and inner cortex, the available pool 

of active α-crystallin may well decline with age, contributing to the sharp increase in 

cataract incidence with advancing age (Heys et al., 2007).

The lens epithelia and outer cortical fibers also express the ubiquitous group II chaperonin 

TRiC, needed to fold tubulin, actin and many other cytosolic proteins. TriC not only 

suppresses the aggregation of γD-crystallin in vitro, but also can actively refold it in the 

presence of ATP (Knee et al., 2013; Sergeeva et al., 2013). This chaperonin may also 

contribute to protecting from cortical cataract.

Responses to covalent damage

For extremely long-lived proteins such as the eye lens crystallins, native structural or 

functional stability may ultimately be of lesser importance than resilience under conditions 

that induce covalent damage. Several classes of insults can result in covalent modification of 

βγ-crystallins in the lens, and proteomic analysis has helped reveal a variety of modifications 

(Truscott, 2005). These modifications often include deamidation, oxidation, or glycation of 

specific side chains (Hains and Truscott, 2007, 2010). The protein's behavior following such 

modification may change markedly.

Amino acid substitutions can be used to mimic deamidation (reviewed elsewhere in this 

issue) or oxidative damage at specific sites. Mimics of deamidation at the domain-domain 

interface thermodynamically destabilize the N-terminal domain in both γD-crystallin 

(Flaugh et al., 2006) and βA3-crystallin (Michiel et al., 2010; Takata et al., 2007; Takata et 

al., 2008; Takata et al., 2009). Mimics of cysteine oxidation (Schafheimer et al., 2014) and 

Trp oxidation (E.S., T. Takata, and J. A. K., unpublished) can significantly reduce structural 

stability, and, depending on the site of the substitution, may induce aggregation. Overall, 

perturbing stability via site-directed mutagenesis alleviates the need to study unfolding or 

aggregation under harsh denaturing conditions ordinarily never encountered in the real lens.

Exposure to UV-B light is an important contributing factor to cataract (West et al., 1998). 

Decades-long exposure to ultraviolet radiation from the sun may result in breakage of the 

indole ring of tryptophan side chains, triggering their oxidation to kynurenine (Hains and 

Truscott, 2007). Zhou and coworkers used molecular dynamics simulations to examine the 

consequences of such damage by replacing the four tryptophan residues in γD-crystallin 

with kynurenine residues (Xia et al., 2013). That work revealed significantly accelerated 
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melting of the double Greek key domains, likely due to the leakage of water molecules into 

the tightly packed hydrophobic domain cores. A similar effect has been observed by 

replacing tyrosine residues with alanine (Kong and King, 2011; Yang et al., 2014).

βγ-crystallins have evolved resistance to certain types of common and damaging covalent 

modification. For example, the four-tryptophan cluster in the γD-crystallin core has adapted 

to provide fast and efficient quenching, thus minimizing the risk of loss of aromaticity as a 

result of UV irradiation (Chen et al., 2009; Schafheimer and King, 2013). Schafheimer et al. 

(2014) examined the effect of UV light on cysteine oxidation and aggregation in γD-

crystallin both using specific Cys->Ser point mutations by mass spectrometry of irradiated 

wild-type protein. The results further demonstrate that structural stability may not be 

predictive of aggregation. Thus, an early effect of UV irradiation in the presence of oxygen 

is oxidation of Cys18 in γD-crystallin. The oxidation-mimicing C18S point mutant exhibited 

thermodynamic destabilization of the N-terminal domain, yet it was protected against UV-

induced aggregation relative to the wild-type protein. The pathway toward aggregation may 

therefore be controlled by diverting potentially deleterious damage to those sites on the 

protein where it is less deleterious or even protective.

Resistance to damage is constrained by evolution, since it may come at the expense of other 

functional adaptations. Thus, the fish γM-crystallins lack the protective four-tryptophan 

cluster of their mammalian counterparts, presumably due to their reduced need for 

protection from UV exposure (Mahler et al., 2013). Some types of damage – such as from 

occupational exposure to heavy metals – may not have been major factors during the 

evolution of the human lens, but are more significant today.

Stability in mixtures

The diversity of the crystallins and polydispersity of their assemblies is thought to reflect 

one mechanism of inhibiting crystallization within the very concentrated lens protein 

solutions (Laganowsky et al., 2010). An additional factor may be that heterodimerization 

allows βA-crystallins to avoid aggregation in the lens; in this case, the partner protein may 

be thought of as a chaperone. Wang et al. (2011) examined the effect of βB1-crystallin on 

aggregation of βA3. As shown in Figure 5, βA3-crystallin exhibits substantial aggregation 

during refolding from denaturant. This aggregation persists even if natively folded βB1 is 

added to the refolding buffer. However, when βA3 and βB1 were refolded from denaturant 

as a mixture, the aggregation of βA3 was suppressed. The likely explanation is that an 

interaction between a folding intermediate of βA3 and a folding intermediate of βB1 allows 

formation of heteromers and thereby suppresses light-scattering aggregation.

Non-native aggregation behavior of γ-crystallins in multicomponent mixtures has not been 

biochemically characterized. However, the existence of interprotein interactions in these 

natively monomeric crystallins has been deduced from biophysical measurements. Some βγ-

crystallins in aqueous solvent exhibit the property of liquid:liquid phase separation upon 

cooling. This phenomenon allows calculation of interaction free energies among particles in 

solution: the stronger the interaction, the more easily the protein partitions into a 

concentrated phase. Remarkably, phase separation has been observed for γA-F, but not for 

γS-crystallin, indicating that the former show attractive interactions, while the latter does not 
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(Liu et al., 1996; Liu et al., 1995). It is tempting to speculate that the unusual attractive 

interaction energy is due to transient oligomerization, which may be present natively and 

facilitate crystallin packing in concentrated solutions.

The temperature of the phase transition can be suppressed in mixtures of relatively 

dissimilar βγ-crystallins. For example, Liu et al. (1996) demonstrated that admixture of γS-

crystallin suppresses demixing of γB or γE. This suggests an interaction between γS and the 

other γ-crystallins that is able to reduce the magnitude of the attractive interaction among the 

γA-F-crystallin molecules. More recent work (Wang et al., 2010a) revealed that admixture 

of βB1-crystallin can suppress demixing of γD-crystallin. Moreover, as shown in Figure 6, 

data from quasi-elastic light scattering are consistent with formation of complexes of γD and 

βB1 in the mixtures. Thus, protein-protein interactions in multicomponent βγ-crystallin 

solutions may directly modify these proteins’ tendency toward aggregation and serve as an 

important protection against opacification of the lens.

Stability over evolutionary time

Although βγ-crystallins are sometimes considered as having no function in the lens aside 

from their role as structural proteins, at least two other functions have been studied. 

Evolutionary and biophysical measurements can quantify the ability of γ-crystallins to 

enhance the refractive index of the lens (Zhao et al., 2011). In fact, the requirement of an 

unusually high index of refraction likely contributed to the aromatic- and sulfur-rich primary 

structure of these proteins. In addition, crystallins are likely to play a role in absorbing 

ultraviolet light to protect the retina from photodamage (Chen et al., 2008). The conserved 

tryptophan cluster in βγ-crystallins is needed for efficient dissipation of the absorbed energy 

(Chen et al., 2009; Schafheimer and King, 2013). Neighboring residues, such as Tyr16 and 

Cys18, participate in this energy transfer process (Schafheimer et al., 2014).

Balancing the functional demands of high refractive index, high UV absorptivity, and 

extremely high resistance to aggregation likely drove the selection of the double Greek key 

scaffold as the eye lens crystallin of choice in the vertebrate lineage. The extremely long life 

of βγ-crystallins likely provided a further constraint: the requirement for resistance to 

covalent modification due to environmental damage.

The structural versatility of the βγ-crystallin fold may allow it to tolerate genetic drift and 

allow for easy divergence among crystallin genes (Bershtein et al., 2006). However, the 

existence of many cases of congenital cataract due to point mutations, as discussed above, 

indicates that there are limitations to this versatility. Deleterious mutations may be rescuable 

by mutations in distal domains (Plotnikova et al., 2007) via higher-order interactions or 

buffered by the high concentration of α-crystallin in the mammalian lens. Exchange of 

sequence with the γ-crystallin pseudogenes (Dendunnen et al., 1986) may have may have 

allowed speedier replacement of deleterious alleles or introduction of rescuing mutations in 

case a mutation cannot be tolerated.
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Nature of aggregates and mechanisms of aggregation

The nature of crystallin aggregates in the lens remains one of the great mysteries in the field 

of cataract research. Electron microscopy studies have revealed only an increased texturing 

of the lens fiber cell cytosol, but no evident aggregate structure (Metlapally et al., 2008). It 

may be that increased protective oligomerization of βγ-crystallins and α-crystallin assembly 

with increasing environmental damage, or even sequestration of damaged proteins into 

dense vesicles underlies this increased texturing (Gilliland et al., 2004). It is also possible, 

however, that propagating aggregates of βγ-crystallins exist in the lens, but lack the 

regularly repeating supramolecular structure that ordinarily aids detection by microscopy 

techniques.

As mentioned above, crystallins can be induced to form amyloid fibers at reduced pH 

(typically pH 3). Although no amyloid fibers have been observed in aged or cataractous 

lenses, they may be causative agents in certain childhood-onset cataract, since the 

developing lens does contain lysosomes, which are low-pH organelles (Wride, 2011). In 

addition, at least one study found amyloid fibers in γD-crystallin samples subjected to UV 

irradiation (Moran et al., 2013). Besides, amyloids remain the only class of non-native 

protein aggregates for which structural study is accessible. Thus, significant structural 

efforts have focused on characterizing the amyloid aggregates of γ-crystallins. Either of the 

isolated domains of γD- or γC-crystallin is able to form amyloid fibers when exposed to pH 

3 (Papanikolopoulou et al., 2008), as does γC crystallin (Wang et al., 2010b). However, 

Moran et al. showed using 2-dimenstional infrared spectroscopy and mass spectrometry of 

pepsin fragments that the core of the full-length γD-crystallin amyloids is likely composed 

of C-terminal domain residues (Moran et al., 2012a; Moran et al., 2012b). Since the known 

amyloid cores consist of contiguous residues, sequence-based prediction can in principle be 

applied to help delineate a likely amyloid core. The most likely C-terminal domain amyloid 

core of γD-crystallin reported in these studies (residues ~118-140) overlaps with the likely 

core derived from sequence-based prediction algorithms (Sahin et al., 2011).

Non-native aggregation from protein folding intermediates remains challenging to study or 

even detect using currently available structural techniques. Analysis of disulfide bonding 

patterns in the congenital cataract R14C mutant of γD-crystallin suggested extensive non-

native interactions (Pande et al., 2009; Pande et al., 2000). However, in this and other 

studies of posttranslational modification it is difficult to determine whether the modification 

occurs before or after the aggregation process.

Multiple studies (discussed above) link the relative stability of the N- and C-terminal 

domains with the proclivity for aggregation. Aggregation may proceed from a partially 

unfolded intermediate, such as the one with N-terminal domain unfolded and C-terminal 

domain intact, or it may begin with a more localized loss of structure. Mahler et al. (2013) 

suggest that unfolding of γM-crystallins may originate from the helical loop at the top of the 

N-terminal domain. Accordingly, a study of the importance of aromatic stacking for the 

thermodynamic and kinetic stability of γD-crystallin also found the largest effect in the N-

terminal domain from the Y45A/Y50A pair (Kong and King, 2011). It is worth noting again 
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that the site at which unfolding begins need not be the site responsible for aggregation, but 

may represent the initial step on a conformational change pathway that reveals such a site.

The observation of differential domain stability, coupled with the domain-swapped crystal 

structure of βB2-crystallin, have drawn attention to domain swapping as a potential 

mechanism of non-native aggregation. Computational studies using long time scale 

molecular dynamics simulation of unfolding followed by simulated annealing have 

demonstrated protein-protein contacts consistent with exchange of N-terminal domains 

among γD-crystallin molecules (Das et al., 2011). If such domain exchange occurs, the 

interdomain linker is likely to play an important role, as it does in other cases of domain 

swapping (Chen et al., 1999; Green et al., 1995; Rousseau et al., 2001; Rousseau et al., 

2006; Schymkowitz et al., 2001). The role of the linker is further emphasized by the 

observation that mixtures of isolated single domains of either γB or γS crystallin do not form 

dimers in solution (Mayr et al., 1997). Linker engineering in βγ-crystallins has not been 

shown to induce swapping (Mayr et al., 1994; Trinkl et al., 1994), although altering the 

linker in a βA3-crystallin construct already prone to dimerization permitted researchers to 

enhance this propensity (Sergeev et al., 2000). The origin of this dimerization was proposed 

to be domain swapping. It is important to note that swapped aggregates may not be the end-

product of βγ-crystallin aggregation, but instead may represent one step along an 

aggregation pathway completed by further levels of supramolecular packing.

An alternative swapping mechanism based on exchange of an N-terminal β-strand has been 

found in the structurally related bacterial protein, nitrollin, as shown in Figure 7B (Aravind 

et al., 2009). It is intriguing that most of the congenital cataract point mutations in the γ-

crystallins (T4P, L5/F9S, R14C, P23S/T, W42R, V75D, R76S), as well as the most easily 

observed modifications upon UV irradiation (oxidation of Cys18 and Cys78) cluster near the 

N-terminal β-strand (Figure 7A). To date, no forward genetic screen for aggregation-prone 

β- or γ-crystallin mutants has been carried out, though its results would likely inform the 

biochemical and biophysical models of βγ-crystallin aggregation in the lens.

The βA and βB crystallins have been shown to exchange subunits in vitro on the time scale 

of hours under physiological conditions in vitro (Hejtmancik et al., 1997; Hejtmancik et al., 

2004). The binding free energy of βA3 and βB2 domain interface has been calculated as 

worth only 1-2 kcal/mol (Sergeev et al., 2004), in contrast to the ~4 kcal/mol for the γB and 

γD crystallins. Does a weakened domain interface induce domain swapping? The structure 

of βγ-crystallins is highly symmetric, comprising two globular domains, each consisting of 

two Greek Key motifs, each of which in turn is composed of two β-hairpins. The highly 

duplicated structure offers a number of possible interfaces that, if disrupted by mutation or 

post-translational damage, could open the pathway toward swapped polymerization. A 

pioneering study in this field (Mahler et al., 2011) used NMR relaxation dispersion to 

quantify the mobility of individual side chains in γS-crystallin arising either from partial 

urea denaturation or from the cataract-linked F9S mutation. Whereas the chemical 

denaturant induced relatively broad denaturation of the N-terminal domain, as observed 

previously (Lee et al., 2010), the mutation's effect under physiological conditions was much 

more precise. Increased mobility at the N-terminal β-strands indicated the formation of a 

transiently populated unfolding intermediate with most of its structure intact, but a distinct 
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part of the N-terminal domain destabilized or opened. Future studies should seek to identify 

comparable unfolding intermediates that may reside on the pathway toward aggregate 

formation.

Implications for lens transparency and cataract

As the most common cause of blindness, cataract has large societal and economic costs. The 

World Health Organization projects that over 30 million cataract surgeries per year will be 

needed worldwide by the year 2020. In the United States alone, over 22 million people are 

affected by cataract, and the direct medical costs of treatment alone exceed $6 billion a year 

(Frick et al., 2007; Rein et al., 2006; Tielsch et al., 2008).

Accordingly, understanding the molecular origin of crystallin aggregation in cataract disease 

would be of great benefit. We have highlighted a number of studies that illustrate the 

distinction between structural and functional stability of βγ-crystallins. Although many 

advances have been made in the search for the origin of βγ- crystallins’ unusually high 

structural stability, revealing the nature of its physiological aggregates and the mechanisms 

of their formation remains a major challenge. A variety of hypotheses have been discussed 

here, including phase separation, amyloid aggregation, and aggregation from unfolding 

intermediates. Each of these possibilities offers distinct strategies for cataract prevention. 

For instance, the amyloid hypothesis emphasizes the role of the C-terminal domain core, so 

stabilizing the C-terminal domain has been proposed as the therapeutic strategy (Moran et 

al., 2012a). By contrast, the unfolding intermediate hypothesis appears to offer the opposite 

indication: increasing unfolding cooperativity by stabilizing the N-terminal domain, 

destabilizing the C-terminal domain, or increasing the strength of the native domain 

interface may reduce the population of partially unfolded intermediates. Meanwhile, the 

phase separation hypothesis has drawn attention to inhibitors of demixing of crystallins in 

their native state, thus focusing on the proteins’ surface residues. Drug search strategies are 

directly dependent on understanding the underlying biochemical mechanisms of 

aggregation.

Cataracts induced by missense mutations, radiation or oxidative damage, exposure to heavy 

metals, heat, electric shock, specific drugs or metabolites, or other influences may develop 

following distinct pathways. Thus, it is likely that each of the models discussed above is 

applicable to some subset of the disease. It is important to continue researching the etiology 

of cataract in humans in order to correlate specific insults to specific biochemical changes 

and thus therapeutic interventions. Conversely, further work should continue to address the 

mechanisms of protection that crystallins have evolved. The mechanisms of α-crystallin 

chaperone capacity, βγ-crystallin homo- and heteromerization, and the importance of 

specific residue clusters for protection against ultraviolet light or other factors, continue to 

be subjects of considerable interest. By understanding the protection offered by these innate 

mechanisms, as well as their failure, may offer new insights into the causes of lens 

opacification and intervention strategies.
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Figure 1. 
Crystal structures of human γD crystallin, PDB ID 1hk0 (Basak et al., 2003) (A) and human 

βB2 crystallin, PDB ID 1ytq (Smith et al., 2007) (B). Drawn using VMD (Humphrey et al., 

1996).
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Figure 2. 
Equilibruim unfolding (closed) and refolding (open) of human γD crystallin and its 

deamidation-mimicking Q54E mutant monitored by changes in intrinsic fluorescence 

quenching. Refolding is carried out by dilution of a fully unfolded protein from 5 M 

GdnHCl into buffer to reach the desired denaturant concentration. The rise in the refolding 

curve at the lowest denaturant concentration reflects aggregation competing with productive 

refolding during the rapid dilution. Reprinted from Flaugh et al., 2006.
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Figure 3. 
Differential stability and hysteresis in acid/urea denaturation of wild-type, M69Q, and 

S130P γD crystallin. Reprinted from Sahin et al., 2011
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Figure 4. 
The S130P mutation suppresses aggregation relative to M69Q or WT, as seen by size 

exclusion and multiangle light scattering. Reprinted from Sahin et al., 2011
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Figure 5. 
Aggregation competing with refolding of βA3 from denaturant (black) is suppressed when 

carried out concomitantly with refolding of βB1 (blue, pink, cyan), but not when natively 

folded βB1 is present in the refolding buffer (purple). Reprinted from (Wang et al., 2011).
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Figure 6. 
Diffusion coefficient decreases with increasing protein concentration in a pure γD crystallin 

solution (x=0), and this increase is attenuated by admixture of βB1 (×=0.04 and ×=0.08 are 

mole fractions of βB1 crystallin). Reprinted from Wang et al., 2010.
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Figure 7. 
(A) A connectivity diagram of the γ-crystallin fold showing the positions of all conserved 

residues where known point mutations are linked to hereditary cataract. Data from (Graw, 

2009); the more recently found W42 mutation is also included. (B) Crystal structure of the 

domain-swapped dimer of nitrollin, a prokaryotic crystallin homolog. PDB ID 3ENT 

(Aravind et al., 2009). Drawn using VMD (Humphrey et al., 1996).
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