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PATRICK KELLEY 
qoning, Expression and Characterization of Bovi.ne aB-crystallin 
(Under the direction ofEDATHARA C. ABRAHAM) 

The lens protein, aB-crystallin, plays central role in slowing the formation of 

pre-cataractous protein aggregates. By binding to newly exposed, hydrophobic regions of 
I 
I 

d\lffiaged proteins, aB-crystallin creates stable, soluble complexes that are resistant to 

further unfolding and aggregation. Several regions of aB-crystallin have been identified 

as possible sites for this chaperone-like binding, three of which are explored further in the 

present work using assays for both the physical properties and in vitro function of site-

directed mutants of aB-crystallin. A priority in this study was the generation of a bovine 

, aB-crystallin eDNA clone. One of the regions of putative chaperone binding in aB-
' 

crystallin, residues 24-32, which was implicated by deuterium exchange experiments, 
! 

cpntains several hydrophobic residues. Since hydrophobic residues are thought to play a 

central role in chaperone binding, the present work investigates a mutant of one of these 

~sidues, F28, which was changed to serine. Two charged residues within this same 

domain, E30, and E34 were each separately mutated to glutamine in order to assess the 

I 

role of negatively charged residues in chaperone activity. Another two regions implicated 

as possible binding sites in aB-crystallin, residues 59-68 and residues 92-108, were 

previously identified using SAED binding studies. In the present study, one hydrophobic 

residue from each of these domains was mutated to a less hydrophobic residue: 161 S and 

L94Q. The results show that at 25°C, a serine as position 28 (F28S) causes moderate 

alterations in secondary structure, tertiary structure and oligomeric assembly. At 58°C, 

however, this mutant suffers from a disintegration of oligomeric structure as well as a 



loss of chaperone function. The data implicate F28 as a critical residue for maintaining 

the structural integrity of aB-crystallin. The other mutants, with the exception of L94Q, 

behaved similar to wild type aB-crystallin whether assaye(l at 37 ° or 58 °. The L94Q 

I mutant displayed slightly better chaperone activity than wild type in the high temperature 

1 (58°) assay. The present work supports the idea that the chaperone-like behavior of aB-

I crystallin requires intact oligomeric structure and thatthe activity may not be associated 

I 

with a discreet binding site but instead a diverse array of residues spread out over the 
I 

j surface of aB-crystallin. 

:INDEX WORDS: Chaperone, Heat-shock Protein, Crystallin, Mutagenesis, Binding Site, 

1Lens, Bovine 
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INTRODUCTION 

Statement of the Problem 
I 

!The largest single cause of blindness worldwide is cataract, a condition characterized by 

iprotein aggregation induced loss of clarity of the .eye lens. One of the proteins of the eye 
I 

liens, a-crystallin, plays a critical role in maintaining lens clarity, and by extension, clear 

ivision in healthy individuals. There is not yet a complete understanding of the molecular 
I 

:mechanism through which a-crystallin achieves this protective function. It is the aim of 
' 

ithe present study to investigate, on· the molecular level, the interaction of a-crystallin 

;with other proteins using site-directed mutagenesis and an in vitro functional assay. A 
' 
' 

1

cDNA clone ofbovine aB-crystallin was prepared by RT-PCR and was used to study the 

1

role of specific residues in the chaperone-like function of aB-crystallin. In addition, 

physical properties, such as CD spectra and oligomeric size distributions of expressed 
I • 

lwild type .and mutant aB-crystallins were compared. 



REVIEW OF RELATED LITERATURE 

a-Crystallin is a multimeric, soluble protein that makes up 40% of the total 

~cytosolic proteins of the adult human eye lens (1). It is·a large polydisperse 

!heteropolymer comprised of two types of subunits, etA-crystallin and o.B-crystallin, and 
I 

ieach subunit has a molecular mass of about 20,000 Daltons (2). About 25-30 subunits 

lmake up the complete oligomer, with the ratio of o.B-crystallin to etA-crystallin 

!approximately 1 :3 (3 ). As measured by size-exclusion HPLC, the molecular. mass of 

ioligomerized a-crystallin ranges from 350,000 to 800,000 Daltons, but a majority of 

iparticles are approximately 550,000 Daltons in size(4). o.A- and o.B-crystallins are 
' 

:related and share 55% sequence homology, however, they are encoded by two separate 

jgenes on different chromosomes (chromosomes 21 and 11, nispectively) (5,6). o.A

Icrystallin, a 173 amino-acid polypeptide, and o.B-crystallin, a 175 amino-acid 

!polypeptide are each globular, water soluble, rich in hydrophobic amino acids and 

!remarkably stable at extremes of temperature, pH, ion concentration, and solvent polarity 
I 

1(7). 

Not only an important structural component of the lens, a-crystallin is thought to 
I 

'play a critical role in maintaining lens clarity by arresting the unfolding of other lens 

proteins (8). Such unfolding would otherwise lead to protein aggregation, precipitation 

·and loss of clarity in the lens. Cataracts occur when damage of this nature accumulates. 

, The ability to protect other proteins from aggregation and precipitation is known as 

!chaperone activity. Although the term 'chaperone' is most often used to describe a 

I protein that assists other proteins, especially nascent polypeptides, in folding properly, o.

j crystallin is a different kind of chaperone. Unlike traditional chaperones, which bind, 

I interact and then release their target proteins, a-crystallin remains bound with the target 

iprotein. It is the nature of this interaction that is the subject ofthe.present study. 

2 
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i There is little definitive infonnation regarding the three-dimensionai structure of 

1

a-crystallin. The fact that both aA- and aB-crystallins are notoriously resistant to 

:crystallization, and the fact that the oligomer is too large for complete NMR analysis 

have hampered traditional methods of structure study. Nevertheless, researchers have 

iproposed a number of different theories about the structure based on electron microscopic 
' . 
'studies (9-12), spin labeling studies (13), limited NMR data (14), CD spectra (15), HPLC 
1

( 16) and computer modeling ( 17). At present, the most widely accepted among these 
I 

proposed structures for a-crystallin is that described by Carver and Lindner, who 

!examined C-t~nninal extensions of a-crystallin using NMR analysis, computer modeling 

1and direct visualization of the protein using cryo-electron microscopy (18). They describe 

Ia cylindrical assembly of both aA- and aB- subunits surro~nding a central hydrophobic 
I . 

~cavity. In this model, the cylinder-like shape is achieved by the adjoining of two ring-like 

'annuli, each of which is co~prised of20 subunits. Subunits interact with each other at 
I -

~heir N-tennini, and the two annuli are joined so.that the N-tennini of both rings associate 

in a central, or equatorial region and the C-tennini extend toward the polar regions of the 
I . • 

~oligomer. The last 9 amino-acids of aA-crystallin, EKPSSAPSS, and the last 11 amino-

acids of aB-crystallin, EKP A VT AAPKK, have been described, after NMR examination, 

las 'flexible C-tenninal extensions;' in the model proposed by Carver and Lindner, these 
I • 

;extensions occupy the polar openings of the cylindrical a-crystallin assembly (Fig. 1). 
I 

The lens environment in which a-crystallin exists is unique: except for the 
' 
ttennost regions, which contain differentiating and young le11s fiber cells, the lens is 

[ade up of many layers of elongated lens fiber cells that are devoid of nuclei or 

1

organelles and are joined by a multitude of gap junctions. These cells are packed with an 

:extremely high concentration of crystallins, namely a, ~ ~d y-crystallins. The very 

~oldest cells are located in the center, or nucleus of the lens, whereas progressively 

:younger and more elongated cells are layered in a concentric, onion-like pattern radiating 

;outward (Fig. 2). The virtual absence of organelles in lens cells pennits only a very slow 

'rate of protein turnover, which gives rise to extremely long-lived crystallins, especially in 
I 

,the lens nucleus (19). A lifetime of exposure to various types of stress, such as oxidation, 
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'Fig. 1. Schematic representation of a model for a-crystallin. Larger spheres indicate C

terminal domains; small spheres indicate N-tenninal domains and black lines indicate C

tenninal extensions. 36-40 subunits make up the complete oligomer, and the central 

~egion is hollow. (Figure adapted from Carver and Lindner1998) 
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Fig. 2. Schematic representation of the eye lens. Left: cartoon of a top view of a coronal 

section of right eye. Right: cartoon depicting details of the lens architecture. From a 

drawing by J. Cronin taken from Cataract: Biochemistry, Epidemiology and 

!Pharmacology by John Harding, 1991, with permission. 
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glycation and UV irradiation leads to damaging modifications of the lens crystallins. At 

70 years of age almost every normal individual has accumulated enough ofthis kind of 

damage to develop detectable cataracts (20,21). 

A number of specific post-translational crystallin modifications associated with 

loss of lens clarity that occur in either age-associated or disease-state declines in lens 

ylarity have been identified. For example, glycation of amino acid residues, especially 

lysine (22-26), oxidation of methionine residues (27), carbamylation oflysine residues 

(28) and cleavage of C-terminal residues (29) are all well described modifications. 

Recent studies aimed at determining the relative impact of these modifications on 

crystallin solubility, chaperone function and lens clarity have contributed to a more 

complete understanding of the link between lens protein damage and cataracts (30-33). 

a-Crystallin is unique among the lens crystallins, since it is a member of the small 

heat-shock protein family (sHSP) (34) and because the two subunits, especially aB

crystallin, but to a lesser extent, aA-crystallin. are expressed in a number of non-lens 

tissues (35,36). A region spanning residues number 67 through 161 in aB-crystallin is 

known as the 'core a-crystallin domain' (37), and shares sequence homology with 

members of the sHSP superfamily. Prior to the pioneering work of Horwitz, who was 

first to demonstrate its chaperone-like activity (8), a-crystallin was known only as a 

major structural component of the lens. It·is hypothesized that the gene coding for a 

bacterial heat-shock protein ancestrally related to a-crystallin was incorporated into the 

genomes of eukaryotic and multi-cellular organisms (38), and that subsequent gene 
I • 

duplication led to the appearance of two separate polypeptides before the emergence of 

vertebrates (39). A gene-sharing event in vertebrates then allowed the recruitment of a

crystallin for highly specialized use in the lens, while still maintaining a-crystallin non-
' 

lens expression and function (38,40,41). In 1992, Horwitz examined the ability of a

crystallin to function as a heat-shock protein in vitro and was the first to observe the 

chaperone-like properties of a-crystallin (8). 
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Both aA- and aB-crystallins are expressed in non-lens tissues. Trace amounts of 

aA-crystallin are found in thymus and spleen (36), whereas aB-crystallin is found at 

significant levels in a number of different tissues, including heart, lung, brain, kidney, 

and smooth muscle (42-45). In non-lens tissues aB-crystallin expression, like its heat

shock protein family members, is inducible under certain stress conditions. Cell culture 

experiments suggest that osmotic stress (46), mechanical stress (stretching or restraint) 

(47), heat (48), heavy metals (49) and radiation and noxious chemicals (50) can all induce 

the expression of aB-crystallin. Among the many target proteins to which aB-crystallin 

binds is a group of cytoskeletal proteins. Stabilization of such cytoskeletal elements 

under stress conditions may be a key role of non-lens a-crystallin (48,51). It is 

noteworthy that increased levels of cytoskeleton-associated aB-crystallin are also 

observed during oncogenic growth, although it is not yet clear whether oncogenic toxicity 

alone is sufficient to activate increased protein expression via stress response elements or 

if cytoskeletal stabilization is actually a constitutive function of aB-crystallin. 

Throughout the various non-lens tissues in which it is expressed, the most probable role 

of aB-crystallin is to serve a stress-protective function. 

Although they have provided a wealth of information describing where a

crystallin is expressed, how it is post-translationally modified and what its primary 

functions are, researchers have yet to achieve a detailed understanding of the mechanism 

of its chaperone-like activity." A number of different in vitro assays that measure the 

ability of a-crystallin to prevent other proteins from unfolding have been developed. One 

way to measure chaperone-like or chaperone activity is to spectrophotometrical!y monitor 

a protein solution treated with a denaturant, such as heat, UV light or reducing agents 

(dithiothreitol) etc. Such denaturants induce 'target proteins' to unfold, aggregate and 

ultimately precipitate. This process can be assayed by measuring light-scattering at 360 

nm. The addition of a-crystallin to'such a protein solution delays or prevents the 

development of precipitate by binding to partially unfolded species of target proteins. 

Although there are a number of different assays available for demonstrating in vitro 
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chaperone activity, a clear picture of the molecular interaction between a-crystallin and 

target proteins is still not available. 

Several approaches have been used to probe the interaction between target 

proteins and a-crystallin. Among these are studies of a-crystallin binding to the 

cleavable, fluorescent, photoactive crosslinking agent sulfosuccinimidyl-2(7-azido-4-

methylcoumarin-3-acetamido)-ethyl-1,3' dithiopropionate (SAED) (52), examination of 

deuterium exchange in a-crystallin as a ti.ITiction of temperature (53), direct visualization 

oftarget proteins bound to a-crystallin using immunogold localization (54), and most 

importantly, the use of site-directed mutants ofaB-crystallin (13,18!46,55-70). 

Immunogold localization experiments suggest that upon binding to a-crystallin, 

one target protein, y -crystallin, occupies a central cavity in the a-crystallin oligomer 

(54). Additionally, the investigators utilized site-directed mutant studies. Single amino

acid substitutions in a highly conserved phenylalanine-rich domain RLFDQFF (residues 

22-28), containing phenylalanines 24, 27 and 28, resulted in significant losses of 

chaperone activity. These include F24R, F24A and F27R, however, similar studies were 

not done with F28; the present work investigates the role of this residue by creating and 

testing an F28S mutant aB-crystallin. 

Other mutations outside the RLFDQFF region also result in loss of chaperone 

function. These include K174G, K174L, K175G, K175L, M68T and R120G (59,70,71). 

Site-directed spin labeling was used to examine another highly conserved aA-crystallin 

domain, namely YISREFHRRYRL (residues 109-120) (13). A series of single 

substitution mutants were created wherein each of these twelve residues was mutated to 

cysteine; the residues were then used as targets for reaction with a sulfhydryl-specific 

spin-label. Further examination of the paramagnetic properties of each spin-labeled 

residue implicated the region as a probable subunit interface domain. It is noteworthy that 

two recently discovered naturally occurring mutations associated with congenital 

cataracts in humans, R120G in aB-crystallin and RII6C in aA-crystallin are located in 

this domain (58). The two C-terminallysines, K174 and K175 may be part of a flexible 
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C-terminal extension needed for maintaining oligomeric solubility. Their modification 

results in the loss of chaperone function (59). Finally, the M68T mutant, which is not part 

of a known functional domain, exhibited poor chaperone activity possibly due to the gain 

of a polar amino acid (71 ). Chaperone activities ofM68I and M68V, on the other hand, 

are better than that of wild type a.B-crystallin, indicating that increased hydrophobicity at 

these sites improves chaperone activity. Researchers have identified a large number of 

mutations that have little or no effect on chaperone activity and because of this, a.B

crystallin is considered, compared to other proteins, particularly resistant to functional 

loss resulting from point mutations (72). 

In 1997, Sharma eta/. (52) reported that SAED binding experiments implicated 

two a.B-crystallin domains, residues 57-69 and 93-107 in chaperone-like binding to target 

proteins. In contrast, deuterium exchange experiments pointed to uB-crystallin residues 

28-34 as a possible chaperone-binding site (53). Since hydrophobic residues within these 

domains may be key players involved in chaperone-to-target protein binding, the present 

study further investigates all three domains using site-directed mutagenesis, expression 

and chaperone function testing of recombinant proteins. Details of the molecular 

interaction of a.B-crystallin with target proteins are still unknown. Mutagenic studies 

have revealed that some residues are critical for normal chaperone function, but there is 

no clear understanding of the mechanism by which mutagenesis of certain sensitive 

residues leads to a loss in chaperone function. In this work mutants are not only tested for 

chaperone activity, but are characterized using a number of physical studies, including 

molecular sieve HPLC, which indicates oligomeric size, CD spectrophotometry, which 

identifies changes in secondary and tertiary structure, tryptophan fluorescence, which 

detects changes in protein structure in the immediate enviromnent around tryptophan 

residues, and multi-temperature gel filtration chromatography, which detects the effect of 

temperature on oligomeric size distribution. 



MATERIALS AND METHODS 

Isolation of total RNA: Fresh calf eyes were obtained from a local abattoir and 

total. RNA was isolated from the lens capsules. RNAzol (Biotecx, Inc. San Diego, CA), a 

guanidium phenol-chloroform based RNA purification system, was used to purify total 

RNA. Capsules were dissected from fresh lenses, homogenized in RNAzol using a 

mechanized glass/Teflon mortar and pestle, and mixed with chloroform. The capsules, 

which weigh approximately 200 mg each, were homogenized with 2 ml RNAzol and 

mixed with 500 J.!l chloroform. After the extraction process, the RNA-containing aqueous 

phase was removed and precipitated with isopropanol, washed two times with 80% 

ethanol, dried and resuspended in DEPC-treated water and Rnasin (Promega, Inc., 

Madison, WI). Agarose gel electrophoresis was used to assess integrity and purity of the 

RNA. 

RT /PCR: A reverse primer was designed using a partial bovine clone (3' UTR) 

published by Quax-Jeuken et al. (73). The reverse primer sequence was 5' GCC TGC 

CCT TAG CAT T AA 3 '. This primer annealed to a 3 'UTR region situated approximately 

25-35 base pairs downstream of the stop codon. Reverse transcription with AMV reverse 

transcriptase was canied out, generating a eDNA first strand. For the second strand 

synthesis and PCR, a forward primer was designed to bind to a highly conserved 5' UTR 

region situated approximately 120 base pairs upstream of the start codon. The specific 

forward primer sequence was 5' GOA T AA T AA AAC CCC TGA CAT 3'. The resultant 

PCR product was about 700 base pairs in length. The size and purity of the PCR product 

was determined by electrophoresis on a 1% Agarose gel. The DNA fragment was then 

purified from an Agarose gel using Geneclean (Bio 101, Inc. La Jolla, CA). 

12 



13 

Cloning of the PCR product: Agarose gel-purified PCR product was· cloned into 

pNoTA, a blunt-ended shuttle vector, using the pNoTA prime-cloner kit (5 primer-3 

prime Inc., La Jolla, CA). Briefly, the PCR product was digested with Sl nuclease, 

creating blunt 5' and 3' ends. It was then ligated into the multiple cloning site (MCS) of 

pNoTA in a non-directional manner. The vector, pNoTA, allows for blue/white screening 

with the help of the ~-galactosidase gene, which is interrupted by successful cloning of a 

DNA fragment into the MCS. The ligation products were used to transform DH5-a 

competent cells, and positive (white) colonies were selected and screened for the 

presence of complete, properly oriented clones. A properly oriented clone, identified by 

detection of Hindiii fragments of 63 base pairs and 3,600 base pairs was used for further 

study. 

DNA Sequencing: Plasmid DNA purified from the above selected clone was 

sequenced using an ABI"377 automated fluorescence sequencer. A primer that binds to 

thepNoTA T7 promoter, 51 base pairs upstream of the aB-crystallin start codon, was 

used for the sequencing reaction. Dye terminator chemistry was utilized. The Medical 

College of Georgia's Molecular Biology Core Facility carried out the sequencing. 

Sub-cloning into the pET 23d+ expression vector: After verifying the presence in 

the pNoTA shuttle vector of the complete aB-crystallin eDNA, the construct was 

digested with Nco! (New England Biolabs, Beverly, MA) and Hindiii, releasing a 632 

base-pair fragment, which was purified and ligated into the Ncoi!Hindiii site of pET 

23d+, a bacterial expression vector (Novagen, Inc., Madison WI). The products of the 

ligation reaction were screened to verify the integrity ofthe aB-crystallin/pET23d+ 

construct. 

Expression of Recombinant Protein: The host cells used for bacterial expression, 

derived from Escherichia Coli, BL-21 DE3 pLys S (Novagen, Inc., Madison, WI) were 

transformed with o:B-crystallin/pET 23d +. Expression was induced by IPTG, an agent 

that mediates expression via the T7 promoter in pET 23d+. The products of the 

· transformation reaction were first grown to 0.6 O.D (2hrs), and then induced by the 
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addition of 0.8m.M IPTG (Isopropylthio-~-D-galactoside, Sigma Chemicals). After an 

additional 4 hours growth, the cells were harvested by centrifugation, resuspended in a 

lysis buffer (20 mM Tris HCI pH 7.0, 20 IJ.g/ml aprotinin, 40 IJ.g/ml PMSF and 20 ~-tg/ml 

pepstatin), and subjected to 3 freeze-thaw cycles. Liquid nitrogen was used to freeze the 

cells and a 30°C water bath was used for thawing. 

Purification of Recombinant Protein: After the cells were lysed by freeze-thaw 

cycles, 25 ~-tg/ml DNAse and 5 ~-tglml RNAse were added, and the lysis mixture was 

incubated at room temperature for 3 hours. The lysis mixture was centrifuged at I 5,000 x 

G for 30 minutes in order to separate insoluble bacterial cell debris from soluble protein, 

the supernatant was filtered through a syringe filter (0.21J.m Nalgene syringe filter, Nalge 

Nunc International, Rochester, NY) and loaded onto a 100 x 2.5 em sephacryl S-300 HR 

(~ersham Pharmacia, Piscataway, NJ) The mobile phase was 60 mM NaCI, 50 mM 

Tris-HCI, 10 mM EDTA and 0.02% sodium azide and the flow rate was 0.3 mlfmin. 

Fractions of approximately 2 ml each were collected and their absorbance measured at 

280 nm. Proteins in each fraction were characterized by SDS-PAGE (74)and by western 

blotting (75), described below. The a:B-crystallin fractions were pooled and concentrated 

using a stirred-cell filter concentrator fitted with a 10,000 molecular weight cut-off filter 

(Model 202.Amicon, Inc. Bedford, MA). 

Western Blotting: Western blotting was carried out using a Mini Trans-Blot 

assembly (BioRad Instruments, Hercules, CA) according to the manufacturer's 

instructions. After the transfer, the membranes were rinsed with TBST (20 mM Tris, 137 

mM NaCI and 0: I% Tween 20), incubated for 1 hour in a blocking buffer containing 10% 

bovine serum albumin (BSA) in TBS and TBST. The membranes were next incubated in 

polyclonal anti-a:-crystallin antibody (Stressgen, Inc., Victoria, BC Canada) for 15 hours. 

After primary antibody incubation, the membrane was washed 4 times with TBST, 

incubated with alkaline phosphatase-conjugated secondary antibody (from Sigma 

Chemical Co, St. Louis, MO), and then washed six times with TBST. Western-Blue 

stabilized alkaline phosphate substrate, (Promega Inc, La Jolla, CA) was used to detect 

the protein/antibody. A 3-5 minute incubation was followed by air-drying. 
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Primer Design and Svnthesis: Primers were designed using the primer design 

software, Oligo (Molecular Biology Insights, Cascade, CO) and then ordered from the 

Medical College of Georgia's Molecular Biology Core Facility. Primers were synthesized 

using an Expedite Nucleic Acid Synthesis System (Perkin Elmer Co., Foster City, CA.) 

Whereas the bovine aB-crystallin sequence was unknown at the time, the design of the 

upper primer used for RT/PCR was based on sequence homology. A portion of the aB

crystallin 5' UTR is highly conserved among many mammalian species, so a primer was 

designed to bind to it. 

Site-Directed Mutagenesis: Five mutants were created using .a Quik Change Site

directed Mutagenesis Kit, (Stratagene Inc, La Jolla, CA) according to the manufacturer's 

instructions. Briefly, mutagenic primers were synthesized as described above, but the 

design was as follows: For each mutant, a pair of complimentary primers, each 

containing a single mutagenic mismatch was created. Primers were 30-35 base pairs long 

and contained mismatches flanked on 5' and 3' ends by at least 12 bases of non

mismatched primer sequence. A PCR was then carried out using these primers and the 

wild type pET 23d+/aB-crystallin as a template, resulting in PCR amplification of the 

entire plasmid. The resulting PCR product was digested with Dpn!, an enzyme that 

recognizes and cleaves parental (original template) DNA, leaving only mutant DNA. The 

enzyme digests only dam-methylated DNA, and parental DNA is dam-methylated. XL-1 

Blue Supercompetent cells (Stratagene) were then transformed with the mutant DNA, and 

after plating and incubation of the transformation products, the resulting colonies were 

screened. Cultures generated from stabs of individual colonies were grown overnight and 

used as a source of plasmid DNA, which was then analyzed using automated 

fluorescence sequencing. Positive clones (those containing the desired mutation) were 

propagated in XL1-Blue and BL21 DE-3 pLys S E. Coli, and stored at -80°C in medium 

containing 15% glycerol. The actual primer sequences are shown below with the 

mutagenic codons shown in bold. 
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F28S forward: GCC TCT TTG ACC AGT TTT CTG GCG AGC ACC T; 

. F28S reverse: AGG TGC TCG CCA GAA AAC TGG TCA AAG AGG C; 

E30Q forward: TTG AC~. AGT TTT TTG GCC AGC ACC TGT TGG A; 

E30Q reverse: TCC AAC AGG TGC TGG CCA AAA AAC TGG TCA A; 

E34Q forward: TTG GCG AGC ACC TGT TGC AGT CTG ATC TCT T; 

E34Q reverse: AAG AGA TCA GAC TGC AAC AGG TGC TCG CCA A; 

161S forward: CGG GCA CCC AGC TGG AGT GAC ACT GGC CTC TCA; 

161S reverse: TGA GAG GCC AGT GTC ACT CCA GCT GGG TGC CCG; 

L94Q forward: CAA GGT CAA GGT GCA GGG AGA TGT GAT TG; 

L94Q reverse: CAA TCA CAT CTC CCT GCA CCT.TGA CCT TG .. 

Chaperone Assavs: The insulin!DTT chaperone assay was carried out according 

to the method described by Raman eta!. (76). DTT -induced aggregation of insulin at 

37°C was monitored spectrophotometrically in the presence and absence of various 

amounts of wild type or mutant aB-crystallin. (Wild type aBccrystallin inhibits 

aggregation in this system.) A UV1600 spectrophotometer (Shimadzu Co., Kyoto, Japan) 

equipped with a Shimadzu TCC 240A temperature-controlled cell holder. Light

scattering was measured at 360 nm as a function oftime in a 1 ml solution containing 

aB-crystallin, 250 ug insulin and 10 mM DTT in phosphate buffered saline (136 mM 

NaCl, 10 mM Na2HPO., 1.76 mM KH2PO., 2.68 mM KC1), pH 6.9 at 37°C. A 230:1 

molar ratio ofDTT to Insulin was achieved by using this quantity ofDTT. Data were 

collected over a 1200 second time-course. Various ratios ofaB-crystallin to insulin were 

achieved by altering the crystallin concentration while maintaining a constant insulin 
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concentration. Each assay was run in triplicate, so that standard deviations at each data 

point could be generated. Since the molecular weight of oligomeric aB-crystallin is 

relatively large compared to insulin, a 1:1 gram per gram ratio of aB-crystallin to insulin 

represents approximately a I: 1 00 mole per mole ratio of these proteins. 

The P-crystallin thermal aggregation (or thermal denaturation) assay was done 

according to the method described by Horwitz et a/. (8). The lens protein, P-crystallin, 

was spectrophotometrically monitored in the process of undergoing thermal aggregation 

at 58°C. Using the above-described apparatus, light scattering of a solution that was 

maintained at 58°C and that contained aB-crystallin as well as 350 ug of PL-crystallin in 

PBS, pH 7.4, was monitored at 360 nm for 1200 seconds. As described above for the 

insulin assay, various ratios were achieved by altering the a-crystallin concentration, 

. while maintaining a constant PL-crystallin concentration. A 1:1 gram ratio of ixB

crystallin to PL-crystallin represents a 1 :7 mole per mole ratio of these proteins. Each 

assay 'was run three times so that an average curve with standard deviations at each data 

point could be generated. 

Thermal stability studies: 1n order to demonstrate the stability of wild type and 

mutant aB-crystallins at high temperatures and in the chaperone assay, 350 llg of aB

crystallin were incubated at 58°C for I ,200 seconds in a solution containing PBS at a pH 

of7.4, and light scattering at 360 nm was monitored spectrophotometrically. 

Tryptophan Fluorescence Scanning: In order to compare elements of secondary 

structure associated with tryptophan residues (W9 and W60), wild type and mutant aB

crystallins were examined using tryptophan fluorescence scanning. The excitation 

wavelength was 295 nm and emissions were scanned between 310 and 400 nm. Wild 

type and mutant aB-crystallins were diluted to 0.2 mg/ml with 50 rnM potassium 

phosphate buffer, pH 7.4 and assayed using a Shimadzu RF-540 spectrofluorometer 

(Shimadzu Co, Kyoto, Japan) at room temperature. 



Near UV and Far UV CD spectra: In order to measure and compare secondary 

and tertiary structural elements, wild type and mutant aB-crystallins were examined 

using both near and far UV circular dichroism spectroscopy. A JASCO J71 0 Circular 

Dichroism Spectropolarimeter (Jf\SCO, Inc., Tokyo, Japan) was used to measure near 
• 

UV and far UV CD spectra of each aB-crystallin mutant as well as wild type aS-
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crystallin. (Dr. Leon Dure, University of Georgia Athens, GA. generously permitted us to 

use the machine in his laboratory and Dr. Sibes Bera of our laboratory provided technical 

and theoretical support.) For the far UV spectra, the crystallins were dialyzed against 50 

mM potassium phosphate buffer, pH 7.4 and diluted to l"mg!ml. For the near UV CD 

spectra, the dialyzed crystallins were diluted to 0.1 mg/ml in the same buffer. Near UV 

CD measurements were done using a 10 mm path-length quartz cell at 250 - 320 nm 

whereas the far UV CD measurements were carried out with a 1 mm path-length quartz 

cc;ll at 190 -250 nm. For each sample, five consecutive assays were averaged, after 

subtracting the buffer blank, and processed with noise-reduction software (Jasco J710 

operating program). Results are expressed in molar ellipticity as a function of 

wavelength. Molar ellipticity is expressed in units of degrees/dmol cm2 and is related to 

the observed change in ellipticity, the molecular mass, number of amino acids and 

concentration of the sample as well as the path length of the quartz cuvette used in the 

measurement. The following equation is used to express this relationship: 

{8}=M8/10dc 

where {9} is molar ellipticity, M is the mean residue molecular mass, 8 is the observed 

ellipticity in degrees, d is the path length ofthe quartz cuvette in centimeters and c is the 

sample concentration in grams per milliliter. 

In the present work, 115 was used as the mean residue molecular mass for aS

crystallin. This value represents the average molecular weight of an aB-crystallin amino 

acid residue. It is calculated by dividing the monomeric molecular weight by the number 

of amino acids. A software program,.(Prosec, Baylor College of Medicine}, which gave 

the estimates of a helix, ~-sheet, ~-coil and random coil percentages in each sample was 



used for the analysis of CD spectra. The algorithms used in the analysis are derived, in 

part, from empirical data. · 
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TNS binding: In order to assess the relative availability of surface hydrophobic 

sites among wild type and mutant aB-crystallins, the ability of each recombinant protein 

to bind the hydrophobic probe, TNS, was analyzed. Crystallins were diluted to 0.2 mg/ml 

with potassium phosphate buffer and mixed with about 10 J.!l of20 mM 2-(p-Toluidino) 

napthalane-6-sulfonic acid (TNS) dissolved in DMSO (dimethyl sulfoxide) to a final 

TNS concentration of200 uM. After incubation in the dark for 1 hour at 37°C, emission 

was measured scanned 350 to 520 nm while the excitation wavelength set at 320 nm. 

Molecular Sieve HPLC: In order to compare the relative purities and oligomeric 

sizes of wild type and mutant aB-crystallins, gel-filtration was c.arried out on a high-

pressure liquid chromatography apparatus. Each recombinant protein was loaded onto a 

600 x 7.0 mm Biosep SEC 3000 molecular sieve HPLC column (Phenominex Inc. 

Torrance, CA) on a Beckman 1255 system. The mobile phase was 50 mM potassium 

phosphate, 150 mM NaCl, SOmM Tris, and 10 mM EDTA, pH 7.4. The flow rate was 1 

ml/min and the absorbance was 280 nm. Prior to assaying samples, the column was 

calibrated with gel filtration standards. 

High-temperature Molecular Sieve Chromatography: In order to determine the 

impact of high temperature on the oligomeric sizes of the wild type and F28S mutant aB

crystallins, the proteins were analyzed at 37° and 58°C (temperatures used in the 

chaperone assay) on a gel filtration column. Each protein was loaded onto a 100 em x 1.6 

em water-jacketed molecular sieve column packed with Sephacryl S-300 HR (Pharmacia 

Biotech, Ups~la, Sweden). Temperature was controlled with a circulating water bath 

(Neslab Instrument, Inc. Portsmouth, NH). The mobile phase was PBS and the flow-rate 

was an isocratic 0.6 ml/minute, driven by a Buchler instruments multistaltic pump 

(Buchler Instruments, Fort Lee, NJ). Fractions were collected at three-minute intervals 
' 

and absorbance was maintained at 280 nm. 
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RESULTS 

Cloning of Bovine aB-crystallin: A 720 base-pair RT/PCR product was generated 

using a specific lower primer and an upper primer designed to bind to highly conserved 

5' UTR sequences. After the DNA fragment was gel purified, cloned into the pNoTA 

shuttle, it was sequenced, demonstrating that it contained the bovine aB-crystallin eDNA 

coding sequence. The protein sequence predicted by this eDNA matches exactly the 

known protein sequence of bovine aB-crystallin (77) (Fig. 3). As expected, comparison 

of this sequence to that of human aB-crystallin, rat aB-crystallin and mouse aB

crystallin revealed greater than 90% homology. The bovine aB-crystallin sequence was 

submitted to Genbank (Accession# AF029793). 

Generation of aB-Crystallin Mutants: DNA sequencing was used to verify the 

successful synthesis of the five site-directed mutants created using custom primers and 

the Quik Change site-directed mutag.enesis kit. With the exception of a silent spontaneous 

mutatiop in codon 24, wherein TTC (phenylalanine) was changed to TTT 

(phenylalanine), the mutants contained the desired mutations with no other unintended 

DNA changes (Fig. 4). Clones containing the spontaneous mutation, possibly generated 

by unfaithful Quik Change polymerase replication of the wild-type template, were useful 

for further studies, since the protein sequences were unaffected by the unintended 

mutation. 

Expression of Wild type and Mutant aB-crystallin: BL-21 DE3 pLys S E. Coli 

cells transformed with pET 23d+ constructs containing either wild type or mutant aB-

20 



21 

Fig. 3. The nucleotide sequence of bovine aB-crystallin and comparison of the 

known bovine aB-crystallin amino-acid sequence with the deduced amino-acid sequence 

predicted by the eDNA clone obtained in this study. Capital/etters indicate amino-acid 

residues. After the stop codon, a region of alignment in the 3' UTR thirty-three 

mtcleotides long is shown. The lower sequence is from the partial bovine aB-crystallin 

eDNA published by Quax-Jeuken eta/., 1985 (69). 



Bovine aB-crystallin: Nucleic Acid 
and Protein Sequences 
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Nucleic Acid Sequence_ -GATATCGCCATCCACCACCCCTGGATCCGCCGCCCCTTCTTCCCTTTC 
Derived Amino-Acid Seq. - 1 M D I A I H H P W I R R P F F P ];' 

Published Amino-Acid Seq. - 1 M · D I A I H H P W :j: R R P F F P F 

52 CACTCTCCCAGCCGCCTCTTTGACCAGT.TTTTTGGCGAGCACCTGTTGGAG 
18 H S P S R L F D Q F F G E H L L E 
18 H S P S R L F D Q F F G E H L L E 

103 TCTGATCTCTTCCCAGCTTCTACTTCCCTGAGCCCCTTCTACCTTCGGCCG 
35 S D L F P A S T S L S P F Y L R P 
35 S D L F P A S T S L S P F Y L R P 

154 CCCTCATTTCTGCGGGCACCCAGCTGGATTGACACTGGCCTCTCAGAGATG 
52 P S F .L· R A P S W I D T G L S E M 

· 52 P S F L R A ·p S W I D T G L S E M 

205 CGTCTGGAGAAGGACAGATTCTCTGTCAACCTGGATGTGAAGCACTTCTCC 
69 R L E K D R F S V N L D V K H F S 
69 R L E K D R F S V N L D V K H F S 

256 CCAGAGGAACTCAAGGTCAAGGTGCTGGGAGATGTGATTGAGGTGCATGGC 
86 P E E L K V K V L G D V I E V H G 
86 P E E L K V K V L G D V I E V H G 

307 AAACATGAAGAGCGCCAGGATGAACATGGTTTTATCTCCCGGGAGTTCCAC 
103 K H E E R Q D E H G F I · S R E F H 
103 K H E E R Q D E H G F I S R E F H 

358 AGGAAATACCGGATCCCAGCTGACGTGGACCCTCTCGCCATTACTTCATCC 
120 R K Y R I P A D V D P L A I T S S 
120 R K Y R I P A D V D P L A I T S S 

409 CTGTCCTCTGATGGGGTCCTCACTGTGAATGGACCAAGGAAACAGGCCTCC 
137 L S S D G V L T V N G P R K Q A S 
137 L S S D G V L T V N G P R K Q A S 

460 GGCCCTGAGCGCACCATTCCCATCACCCGTGAAGAGAAGCCGGCTGTCACT 
154 G P E R T I P I T R E E K P A V T 
154 G P E R T I P I T R E E K P A V T 

511 GCAGCCCCCAAGAAGJIIATGCCCTTTCTCTAAACGCATTTTTTGACAAGC 
171 A A P K K STOP . 

171 A A P K K STOP 
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Fig. 4. Nucleotide sequences of the five bovine aS-crystallin mutants. Underlined text 

indicates codons that were mutated. Dotted lines below the F28S sequence indicate 

mutant sequences idemical to the F28S sequence. 



Sequences of ~utant aB-crystallins 

F285 ATGGATATCGCCATCCACCACCCCTGGATCCGCCGCCCCTTCTTCCCTTTC 
1615 
L94Q 
E34Q 
EJOQ ------·------------------

F285 CACTCTCCCAGCCGCCTCTTTGACCAGTTTTCTGGCGAGCACCTGTTGGAG 
1615 -rrr·---------
L94a ·····--------------------------------------------TTT ------------·--
E34Q --------------------------------------TTT------------CAG 
EJOQ TTT-CAG --

F285 TCTGATCTCTTCCCAGCTTCTACTTCCCTGAGCCCCTTCTACCTTCGGCCG 
1615 
L94Q 
E34Q -----------------------------------------------------------------------------------------
E30Q 

F285 CCCTCATTTCTGCGGGCACCCAGCTGGATTGACACTGGCCTCTCAGAGATG 
1615 --------------AGT-----------------
L94Q 
E34Q 
EJOQ 

F285 

·------------

CGTCTGGAGAAGGACAGATTCTCTGTCAACCTGGATGTGAAGCACTTCTCC 
1615 --------------------------------------
L94Q 
E34Q 
EJOQ 

F285 
1615 
L94Q 
E34Q 
EJOQ 

F285 

CCAGAGGAACTCAAGGTCAAGGTGCTGGGAGATGTGATTGAGGTGCATGGC 

CAG 

AAACATGAAGAGCGCCAGGATGAACATGGTTTTATCTCCCGGGAGTTCCAC 

1615 -::::::::::::::::::::::::::::::::::::::::::::::::::: L94Q • 
E34Q 
EJOQ 

F285 AGGAAATACCGGATCCCAGCTGACGTGGACCCTCTCGCCATTACTTCATCC 

1615 -:::::::::::::::::::::::::::::::::::::::::::::::::: L94Q -
E34Q 
EJOQ 

F285 CTGTCCTCTGATGGGGTCCTCACTGTGAATGGACCAAGGAAACAGGCCTCC 

1615 -:::::::::::::::::::::::::::::::::::::::::::::= L94Q -
E34cl 
E30Q 

F285' GGCCCTGAGCGCACCATTCCCATCACCCGTGAAGAGAAGCCGGCTGTCACT 

1615'-::::::::::::::::::::::::::::::::::::::::::::::::::: L94Q · 
E34Q 
EJOQ 

F285 GCAGCCCCCAAGAAGTAGATGCCCTTTCTCTAAACGCATTTTTTGACAAGC 
1615 
L94Q 
E34Q 
E30Q 
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crystallin eDNA were grown in Luria Broth, in~uced with IPTG, grown further and 

examined by SDS-PAGE. The crude bacterial lysate examined at this step contained 

various bacterial proteins as well as the expressed aS-crystallin (Fig. 5). After 

freeze/thaw lysis, DNAse and RNAse digestion and filtration, the proteins were purified 

by size-exclusion chromatography (Fig. 6). The molecular sieve column permitted 

separation of most of the contaminating bacterial proteins from the oligomerized 

crystallins. The purified proteins were examined by SDS-PAGE and were judged greater 

than 95% pure based on densitometric analysis. L94Q appears to have diminished 

mobility compared to the other recombinant proteins; there are several possible 

explanations for this observation, the most likely of which are that L94Q monomers 

prepared for SDS-PAGE assume conformations that bind less SDS and/or are less 

compact. 

In order to confirm the identity of the expressed proteins, a western blot was 

carried out (Fig. 6). Recombinant wild type and mutant all-crystallins reacted with anti 

a-crystallin antibodies in manner similar to all-crystallin isolated from lens. 

25 

Oligomeric Sizes of Wild type and Mutant all-Crystallin Mutants: The 

oligomeric sizes of each of the recombinant aS-crystallin proteins were examined by a 

Siosep SEC 3000 size-exclusion HPLC column. The HPLC elution profiles thus 

generated were compared to profiles generated using protein standards whose molecular 

masses were known (Fig. 7). The mutant proteins displayed oligomeric sizes comparable 

to that of wild type aS-crystallin. The F28S mutant appeared to elute slightly earlier than 

the other recombinant proteins, indicating a slightly larger oligomeric size (Less than 30 

kDa larger) Sizes were estimated at 450-500 kDa. In addition to providing data for 

oligomeric size estimation, the HPLC elution profiles were used to confirm purity of the 

protein preparations. All samples were essentially free of contaminating proteins, and 

HPLC analysis shows that neither wild type nor mutant aS-crystallins contained any 

monomeric proteins. 
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Fig. 5. SDS-PAGE analysis of proteins expressed from wild type and mutant aB

crystallin constructs. Samples were expressed in BL-21 DE3 pLys S E. Coil .. A 12% 

polyaCI)'lamide sodium dodecyl sulfate gel was loaded with 15-20 pg of each sample (as 

well as a molecular weight markers), run for 45 minutes at 100m V and stained with 

Coomassie brilliant blue. The double band in the second lane from the left, labeled aL, 

reflects both aA and aB-crystallins. The lower band represents aA-crystallin and the 

upper band, aB-crystallin. The third band from the left, labeled control, contains a 

preparation from uninduced BL-21 cells colltaining aB-crystallin/ pET 23d. 
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Fig. 6. SDS-PAGE and Western Blot of purified wild type and mutant aB

crystallin. SDS-PAGE was carried out as described above. The Western Blot was carried 

out in3 hours at 50 mV. 4 "C and in a buffer composed of25 mM Tris, 200 mM glycine 

and 20% methanol. After transfer and blocking, the 1iitroceltulose. membrane was 

incubated for 15 hours in poly-clonal anti-a-crystallin antibody solution (diluted 1:1000) 

The secondary antibody was goat-anti-rabbit IGG (diluted 1 :2000), and detection was 

carried out using Western-Blue stabilized alkaline phosphatase substrate. Calf a

crystallin, the control, was isolatedfromfetal calf lenses. 
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· SDS-PAGE and Western Blot of 
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Fig. 7. HPLC profiles of wild type and mutant recombinallt bovin~t aB-crystallin. 

Samples were loaded ollto a Biosep SEC 3000 HR molecular sieve HPLC column and 

run with a flow rate of 1 ml/min in a mobile phase containing 50 mM potassium 

phosphate, 150 mM NaCl, 50 mM Tris, and 10 mM EDTA, pH 7.4. System Gold running 

software was utilized in processing the results. Wild type aB-crystallin as well as mutants 

L94Q, E30Q and E34Q co-eluted as a peak corresponding to a molecular weight of 

about 500 kD, whereas theF28S mutant eluted slightly earlier, corresponding to a 

.molecular weight of about 550 kD. T}Je/61S mutant eluted slightly later, corresponding 

to a molecular weight of about 480 kD. The elution profiles .were calibrated using 

molecular weight standards obtained from Sigma Chemical Company, St. Louis, MO. To 

improve resolution, the y-axis for each curve was modified. 



• E c 
0 co 
C\1 -til 
c 
0 

:;::: 
c. .... 
0 ., 

..c 
<( 
(J) 
> :;::: 
Ill a; 
a: 

Molecular Sieve ·HPLC of 
Wild-type and Mutant aB-crystallins 

til 
0 til til 
-"' 0 g 
0 -"' ~ 
o en ;C') 
0 co 
C\1 co 

100 
I I I - F28S 

1615 

L94Q 

E340 

E30Q 

wild type 

50 -

-
: 0 

~ 

I I I I I T 
0 5 10 15 20 25 30 

Retention time (minutes) 

*To improve resolution, the y-axis for each curve was modified 

31 



Comparison of Tryptophan Fluorescence Among Wild type vs. Mutant aB

Crvstallins: The recombinant proteins were examined using tryptophan fluorescence 

scanning to detect certain changes in secondary and or tertiary structure by comparing 

tryptophan fluorescence scans of wild type and mutant proteins (Fig. 8). There were no 

significant differences between the wild type aB-crystallin and mutant aB-crystallin 

spectra, indicating that within the resolution of the assay, there were no overall changes 

iH the environments around the W9 and W60 tryptophans. Absorbance maxima for the 

recombinant proteins also matched that of aB-crystallin isolated from lens (78). 

Comparison of Secondary and Tertiarv Structural Elements among Wild type vs. 
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Mutant aB-Crvstallins: To determine whether there were significant secondary or tertiary 

structural differences between wild type aB-crystallin and any of the mutant proteins, 

near and far UV CD spectra of each recombinant protein were measured (Fig. 9, 10). 

There were only minor differences between the near UV spectra from each of the 

proteins, except the F28S mutant, which displayed significantly different 

microenvironments around its phenylalanines, tryptophans and tyrosines. The near and 

far UV CD spectra ofE30Q, E34Q, I61S, and L94Q were similar to those of wild type 

aB-crystallin. According to analysis of the Far UV CD data using PROSEC, an 

automated secondary structure element prediction tool, the recombinant proteins, except 

' F28S, had 39% ~-sheet, 25% ~-tum, 10% a-helix and the remaining 26% random coil. 

These values match the percentages of secondary structure elements reported by others 

(78). By comparison, PROSEC predicted secondary structure elements for F28S as 

follows: 54% ~-sheet, 15% ~-tum, 8% a-helix, and 23% random coil. Thus the mutation 

resulted in a protein with approximately 4/5 as much a-helix as wild type, 3/5 as much ~

tum as wild type and 2/5 more ~-sheet. The F28S mutant was also different from wild 

type when examined using near UV CD spectroscopy, and it is worthy of note that these 

differences cannot be explained solely by the elimination of the phenylalanine at position 

28. Compared to that of wild type, the F28S near UV CD spectrum features a less 

exaggerated trough between wavelengths 259 and 265, the part of the spectrum produced 

by phenylalanine residues in the sample. This observation can be explained solely by the 
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Fig. 8. Near UV CD spectrum of wild type and mutallt aB-crystallin. A 1asco 

17 I 0 spectropolarimeter, obtained thanks to the generosity of Dr. Leon Dure in his 

Athens, GA laboratory, was used to examine the recombinant proteins. Samples were 

, dialyzed against 50 mM potassium phosphate buffer, pH 7.4 and diluted to 0.1 mglml. 

Measuremellts were done using a 10 mm path-length quartz cell at 190- 250 nm. For 

each sample, five consecutive assays were averaged, corrected by subtraction of the 

blank (a meas~remellt of buffer only) and processed with i10ise-reduction software. 

( 1asco 1710 operating program) Results are expressed in molar ellipticity as a function 

of wavelength. 
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Fig. 9. Far UV CD of wild type and mutant aB-crystallins. Samples were dialyzed 

against 50 mM potassium phosphate buffer, pH 7.4 and diluted to 1.0 mg/ml. 

Measurements were done using a 1mm path-length quartz cell at 190- 250 nm. For each 

sample, five consecutive assays were averaged, corrected by subtraction of the blank (a 

measurement of buffer only) and processed with noise-reduction software. ( Jasco 1710 

operating program) Results are expressed in molar ellipticity as a function of 

wavelength. 
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Fig. 10. Analysis of secondary structure elements of wild type and mutant aB

crystallin using tryptophan fluorescence scanning. Samples were diluted to 0.2 mg/ml 

with 50 mM potassium phosphate buffer, pH 7.4 and assayed at room temperature. The 

excitation wavelength was set at 295 mn and emissions were monitored over a 310-500 

nm range. 
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fact that a phenylalanine is missing in the F28S mutant and does not, in this case, provide 

convincing evidence of overall tertiary structural change. By contrast, there is a lack of an 

exaggerated trough between wavelengths 290 and 296, the portion of the near UV CD 

spectrum which depends on the position and/or availability of tryptophan residues. There 
' are two tryptophans in aS-crystallin, W9 and W60. This difference in the environment 

around the F28S tryptophan residues is' consistent with a change in overall tertiary 

structure, 

Relative Availability of Solvent-Exposed Hydfophobic Sites in Wtld type vs. 

Mutant aB-Crystallins: In order to detect differences among the recombinant proteins in 

the availability of surface hydrophobic groups, the binding of a hydrophobic probe, 2-(p

Toluidino) naphthalene-6-sulfonic acid, (TNS) to each ofthe proteins was measured (Fig. 

11). TNS binding after 30 minutes was slightly higher for the 1618 mutant and slightly 

lower for F28S. After 60 minutes, however, the 161 S mutant displayed significantly 

greater TNS binding ability than the other recombinant proteins. These results imply that, 

with the exception ofl61S, the mutants did not differ significantly in overall surface 

hydrophobicity. 

Chaperone Activities of Wild type and Mutant aS-Crystallin: The chaperone 

activities of the recombinant proteins were measured using both the insulin denaturation 

assay as well as the ~L-crystallin thermal aggregation assay. Two ratios of aS-crystallin 

to target protein (either insulin or ~L-crystallin) were tested. For the insulin assay done at 

37°C, complete suppression or prevention of target protein aggregation required a 

minimum of 1 :4 (gram per gram) ratio of aS-crystallin to insulin, but in the ~L-crystallin 

assay, a chaperone to target protein ratio of 1 :2 was the minimum required to achieve 

complete suppression of aggregation. Using the insulin denaturation assay, no significant 

difference between wild type and mutant aS-crystallin chaperone activity was observed 

at the 1:2 ratio (Fig. 12), but at the 1:8 chaperone to target protein ratio, the F28S mutant 

performed somewhat better (approximately 10% better, p < 0.05) than the other mutants 

or wild type aS-crystallin (Fig. 13). Conversely, the ~L-crystallin thermal aggregation 
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Fig. 11. Analysis of available suiface hydrophobic binding regions of aB

crystallin using TNS binding. Samples were diluted to 0.2 mglml with potassium 

phosphate buffer and mixed with a small quantity of20 mM 2-(p-Toluidino) napthalane-

6-su/fonic acid (TNS) dissolved in DMSO (dimethyl sulfoxide) so that the final TNS 

concentration was 200 uM. After incubation in the dark for 1 hour. at 37"C, an emission 

spectrum for each sample was created using an RF-540 spectrojluorometer. The 

excitation wavelength was 320 nm and emissions were measuredfrom350 to 520 nm. 

The amplitude of the curves is proportional to the amount of TNS which binds and the 

relative availability of suiface hydrophobic sites. 
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Fig. 12. Chaperone-like activity of aB-crystallin, measured using an insulin/DTT 

aggregation assay. Assays were carried out using a UV1600 spectrophotometer 

(Slzimadzu Co., Kyoto, Japan) equipped with a Slzimadzu TCC 240A temperature

controlled cell holder. Light-scattering was measured at 360 nm as a function of time in a 

1 ml solution coma in ing 125 ug aB-crystallin, 250 ug insulin and 10 mM DTT in 

phosphate buffered saline ( 136mM NaCI, 10 mM Na2HP04, 1. 76 mM KH2P04, 2.68 mM 

KCI), pH 6.9 at 37 "C. Data were collected over a 1200 second time-course. The ratio of 

aB-crystallin to insulin was 1:2. Each assay was run three times so that an average curve 

with standard deviations at each data point could be generated. Curves depict light 

scattering as a fimction of time. 
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Fig. 13. Chaperone-like activity of aS-crystallin, measured using an insulin/DTT 

aggregation assay. Assays were carried out at 37 "C using a UV1600 spectrophotometer 

'(Shimadzu Co., Kyoto, Japan) equipped with a Shimadzu TCC 240A temperature

controlled cell holder. Light-scattering was measured at 360 nm as a function of time in a 

1 ml solution containing 62.5 ug aS-crystallin, 250 ug insulin and 10 mM DTT in 

phosphate buffered saline (136 mM NaCI, 10 mM Na,JIP04, 1.76 mM KH2P04, 2.68 mM 

KCI), pH 6.9. Data were collected over a 1200 second time-course. The ratio of aS

crystallin to insulin was 1:4. Each assay was run three times so that an average curve 

,with standard deviations at each data poillf could be generated. Curves depict light 

scattering as a fimction of time. 
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assay, done at 58°C, revealed that F28S suffers a significant loss of chaperone activity. 

For this mutant, a significant loss of 'thermal' chaperone activity was observed at both 

ratios of chaperone to target protein (Fig. 14 and Fig. 15). Whereas it was not possible to 

distinguish differences among the other crystallin mutants at the lower chaperone to 

target ratio ( aB-crystallin : PL-crystallin = I :2) (Fig. 14 ), it was possible to detect the 

differences using less aB-crystallin (1:8 ratio) (Fig. 15). L94Q aggregation was delayed 

compared to wild type, and wild type aggregation appeared slightly delayed compared to 

the remaining mutants (E30Q, E34Q and 1618). 

Measurement of the thermal stability of wild type and mutant aB-crystallin: 

Neither wild type nor any of the mutant aB-crystallins displayed any heat-induced 

aggregation at 58°C (Fig.16). Each mutant was assayed under conditions that were 

identical to those in the above described PL-crystallin thermal aggregation assay (Fig. 

14 ), except that there was no PL-crystallin. The mutants and wild type aB-crystallin 

remained soluble, and no changes in absorbance at 360 nm were observed. 

The Effect of High Temperature on the Oligomeric Size Distribution of wild type 

vs. F28S mutant aB-Crystallin: The relatively weaker chaperone activity ofF28S aB

crystallin in the thermal aggregation assay raised the following question: Does high 

temperature disrupt the integrity of the oligomeric structure of this mutant? In order to 

address this question, the elution profile ofF28S aB-crystallin from a high-temperature 

molecular sieve Sephacryl S-300 HR column was compared to that of the same mutant 
' . . 

run at 3 7°C. As a control, wild type aB-crystallin was also examined at these two 

temperatures using the same column .. At 37°C, F28S aB-crystallin eluted as one discrete 

peak, approximately 500 kDa in size, as does wild type aB-crystallin from a size

exclusion column. For F28S at 58°C, however, a number of different peaks 



47 

Fig. 14. Chaperone-like activity of aB-crystallin, measured using the {JL

crystallin thennal aggregation assay. Each sample was incubated at 58 "C in a solution 

containing 175 ug aB-crystallin and 350 ug of {3L-crystallin in PBS, pH 7.4. Light

scattering was monitored at 360 nm for 1200 seconds. The ratio of chaperone to target 

protein was 1:2. As described above for the insulin assay, each assay was run three times 

so that an average curve with standard deviations at each data poi/It could be generated. 

Curves depict light scattering as a function of time. 
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Fig. 15. Chaperone-like activity of aB-crystallin, mea~ured using the f3L-crystallin 

thermal aggregation assay. Each sample was incubated at 58 °C in a solution containing 

41.4 ug aB-crystallin and 350 ug of f3L-crystallin in PBS, pH 7.4. Light-sc(Jttering was 

monitored at 360 nm for 1200 seconds. The ratio of chaperone to target protein was 1:8. 

As described above for the insulin assay, each assay was run three times so that an 

average curve with standard deviations at each data point could be generated. Curves 

depict light scattering as a function of time 
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Fig. 16. Thermal stability of wild type and mutant aB-crystallin. For each assay, 

350 pg of the sample were incubated at 58 "Cfor 1,200 seconds in a solution containing 

PBS at a pH of 7.4. Light scattering at 360 nm was monitored throughout the assay. 
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Fig. 17. Comparison of oligomeric size distributions of F28S mutant aB-crystallin 

at 37"C and 58"C. Samples were loaded onto a 100 em x 1.6 em water-jacketed 

, molecular sieve column packed with sephacryl S-300 HR. Temperature was controlled 

using an Endocal refrigerated circulating water bath and the mobile phase was PBS with 

an isocratic 0.6 mllminuteflow-rate. Samples were run at 37"C and 58 "C and fractions 

were collected at three-minute intervals. Plotted here is protein concentration per tube, 

as measured by absorbance at 280 nm, against tube number. In oder to increase 

resolution of the F28S mutallt at 58"C three-fold more protein than F28S was applied to 

the column ( 1.8 mg of proteitfcompared to 0.6 mg of F28S at 37"C or wild type). 



E. 
s::::: 

c 
co 
N ..... 
ca 
Q) 
CJ 
s::::: 
ca 
.0 
11.. 
0 
lfj 
.0 
< 

55 

Oligomeric Size distributions of F28S 
Mutants at 37° and 58°C 

F285 · 
at 37°C 

Wild-type 
at ·37°C 

.. 
~ F285 at 58°C 

Wild-type at 58°C 

1 11 21 31 41 51 61 71 81 91 101 111 

Elution Volume {ml) 



56 

DISCUSSION 

The molecular interaction between target protein's and a-crystallin bas not yet 

been well described. The aim of the present work was to shed more light on this 

interaction by testing the chaperone function of site-directed mutants of etB-crystallin. 

Experiments were designed to test whether chaperone activity depends on the presence of 

specific hydrophobic amino-acid residues in three putative chaperone-binding domains, 

namely residues 28-34, 51-69 and 93-107 (52,53). In addition, two site-directed mutants 

were used to test whether chaperone activity depends on the presence of negatively 

charged residues, E30 and E34, within a highly conserved region (residues 22-34) of the 

protein. Finally, tests were carried out to determine the effect of beat on the oligomeric 

integrity of wild-type and site-directed mutants of etB-crystallin The results suggest that 

chaperone activity does not depend on the presence of individual hydrophobic residues at 

positions 61 or 94 (Fig. 12- 15). In the case ofL94, mutation to a polar residue failed to 

reduce chaperone function and generated chaperone that, at 58°C, actually performed 

somewhat better than wild type (Fig. 13, 15). It is possible that position 94 in etB

crystallin plays an important role in chaperone function, but the site does not appear to 

require a hydrophobic residue. 

A hydrophobic residue at position 28 may be required for long-term structural 

stability and optimal chaperone activity. Whereas the F28S mutant behaved similar to 

wild-type when assayed for 20 minutes at physiological temperatures, its behavior at 58 

degrees in assays for both chaperone activity and oligomeric integrity suggests that 

oligomeric stability of the chaperone may depend on the presence of a hydrophobic 

residue at position 28. The thermal aggregation assay may be an elegant way to predict 

the long-term structural soundness of a protein, since it can, in short time, reveal 

weaknesses that might, at physiological temperatures, appear only after decades of aging. 

56 
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T:his is to say that the long-term in vivo stability ofF28S may be inferior to that of wild

type etB-crystallin. It is clear, however, that at 58 degrees, oligomeric disintegration is 

associated with the failure of the F28S mutant in the thermal aggregatio11 assay (Fig.l7). 

Finally, the results· indicate that the chaperone activity of etB-crystallin does not 

depend on the presence of individual negative charges at positions 30 or 34 (Fig. 12-15). 

Attempts to crystallize etB~crystallin for X -ray analysis over the past twenty years 

have failed. Therefore it has become necessary to use other means to reveal structural and 

fJ!nctional information about a-crystallin. Site-directed mutagenesis has been a powerful 

tool for probing not only structural elements of a-crystallin, but also its interactions with 

o,ther proteins, particularly target proteins. A few examples of what has been learned 

about the chaperone-like activity of a-crystallin through studies of site-directed mutants 

are the contribution of the flexible C-terminal tail.to chaperone function (55), the 

dependence of chaperone function on hydrophobic residues within the highly conserved 

RFLDFF region (residues F24, F27) (59), and the roles ofmethionines 68 and 70 in 

oxidation-mediated loss of chaperone function (71). Although it is a convenient approach 

for investigating structural and functional characteristics of a protein, there are limits to 

what can be concluded from studies of site-directed mutants. Mutations that cause 

significant alterations in secondary, tertiary or quaternary structure can obscure results, 

since changes in structure may add variables, which must be taken into account. The ideal 

mutant features only a small change in sequence but is otherwise very similar to wild 

type in all other structural aspects. Even if a mutant protein possesses almost the same 

structure as its wild type counterpart but behaves differently in a functional assay, the 

mechanism underlying the difference in function is still a matter of speculation. In this 

s,tudy, CD spectropolarimetry, molecular sieve HPLC, tryptophan fluorescence scanning 

and TNS binding studies were used to determine whether the structures of site-directed 

mutants were significantly different from wild type etB-crystallin. 
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A convenient tissue for studying crystallins is the bovine lens, mainly' because of 

its large size and availability from local slaughterhouses. The bovine lens is also a good 

model for the human lens (79,80). In order to build upon the substantial body of work 

already established using bovine tissue, an effort was made to prepare a bovine aB

crystallin eDNA clone and use it to express recombinant wild type and mutant aB

crystallin. We successfully cloned and sequenced bovine aB-crystallin; the sequence was 

submitted to Genbank (Accession #AF029793) Prior to this study, the DNA sequence for 

bovine aB-crystallin was not published. 

Two of the most commonly used chaperone assays were employed in this study, 

the insulin denaturation assay and th~ ~L-crystallin thermal denaturation assay. Since it is 

carried out at a physiological 37°C, the insulin denaturation assay allows the chaperone to 

maintain a conformation that is more likely to mirror its in vivo conformation. By the 

same token, the concentration ofthe reductant, dithiothreitol that is required to cause 

.insulin denaturation (10 mM) is not physiological. Also, whereas it is intended that 

dithiothreitol disrupt disulfides that occur in insulin, it is possible that disulfides that 

might otherwise have formed between aB-crystallin subunits and insulin monomers are 

also disrupted by dithiothreitol. If this is the case, then the interpretation of results from 

this assay becomes complex. The role of disulfides in protein aggregation is known to be 

important. The ~L-crystallin thermal denaturation assay has one major weakness: since 

'the denaturing temperature is so high (58°C), non-native conformations of aB-crystallin 

are much more likely. It is noteworthy that 'native' aB-crystallin conformation is not 

necessarily always present in vivo either. In fact, post-translational modifications oflens 

crystallins begin to generate significant quantities of 'non-native' proteins as early as the 

second decade oflife (81-83). It has been established that ~L-crystallin aggregation in 

this assay is stabilized by the formation of intermolecular disulfide bonds (84), thus the 

ability to bind and prevent target proteins from interacting with each other may prove. to 

be a definitive characteristic of a chaperone. Although the high temperature of the ~L

crystallin assay is possibly the assay's main drawback, it may also be the key to its 

usefulness. By accelerating reactions that would otherwise take much longer, heating can 

be an important component in a model for age-related changes in lens proteins. 
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Several researchers have identified putative chaperone binding sites, which are 

regions of uB-crystallin that appear to interact directly with target proteins (52-54). It is 

now evident that various forms of stress cause target proteins to partially unfold, 

exposing hydrophobic sequences to the solvent (50, 72,85); uB-crystallin is believed to 

interact with these exposed regions with hydrophobic residues of its own. Two ofthe 

putative binding regions (residues 57-69 and residues 92-108) were identified by 

allowing uB-crystallin to bind to target proteins that were complexed with a fluorescent 

tag (52). The fluorescent tag was then transferred to uB-crystallin so that the region 

adjacent to the actual chaperone-binding domain would be-labeled. In the present work, 

two site-directed mutants were created wherein hydrophobic amino acids from two 

regions thus identified, leucine 94, and isoleucine 61 were replaced with the polar amino 

acids, glutamine and serine, respectively. Our results show that these residues were not 

individually necessary for chaperone activity in uB-crystallin (Fig. 12-15). Another 

putative chaperone binding region was identified by deuterium exchange experiments 

(53). These studies were designed based on the assumption that uB-crystallin must, itself, 

undergo a stress-induced conformational change.so that the target-binding site is exposed 

. to the solvent and is then able to bind to target proteins. Since deuterium exchange labels 

only those regions of the protein that are exposed to the solvent, the researchers 

compared deuterium exchange in normal uB-crystallin, at room temperature to deuterium 

exchange in thermally stressed uB-crystallin. Several residues that were exposed to the 

solvent only at the higher, thermally stressed temperature were identified as possible 

chaperone binding residues. In the present work, a site-directed mutant was created 

wherein one of these residues, phenylalanine 28, was mutated to serine. This particular 

residue is located in a conserved phenylalanine-rich domain near theN-terminus, 

RFLDQFF which was examined using two separate site-directed mutants F24R and F27R 

by others (59); both mutations resulted in significant loss of chaperone activity. In the 

present study, the F28S mutant displayed chaperone activity that was somewhat · 

enigmatic: it performed slightly better than the other recombinant chaperones at 37°C, but 

at 58°C, performed much worse than the other proteins (Fig. 12-15). This loss of 

chaperone activity at 58°C appears to be due to a disruption in oligomeric structure. 

Instead of occurring as relatively uniform population of 500 kDa oligomers at 58°C, like 
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wild type aB-crystallin, the F28S mutant appeared to undergo partial thermal 

disintegration (Fig.17). At 58°C it exists as a mixture of many different sized polymers, 

many of which are much smaller than the wild type 500 kDa. Additionally, a portion of 

the F28S mutant at 58°C exists as a high molecular weight (HMW) species, suggesting 

that the mutation in combination with high temperature not only interfered with normal 

oligomerization, but also potentiated aggregation of the mutant protein. Since chaperone . 
binding is thought to occur when the native oligomer binds to partially denatured target 

proteins, it follows that di~ruption of the native oligomer would interfere with chaperone 

binding. The F28S mutant underwent oligomeric disintegration and appeared to lose its 

chaperone binding ability at 58°C. It remains difficult to explain why F28S aB-crystallin 

performed slightly better than the other recombinant proteins in the insulin aggregation 

assay. Whereas it is clear that the F28S mutant has secondary and tertiary structural ' . 

elements that are somewhat different than wild type aB-crystallin (Fig. 8 and 9), and it is 

also evident that F28S exists as a slightly larger oligomer than wild type aB-crystallin 

(Fig. 7), it is not obvious which of these differences, if any, plays a role in the slight 

enhancement in performance ofF28S in the chaperone assay with insulin. Two additional 

site-directed mutants: E30Q and E34Q, which were designed to determine the 

dependence of chaperone activity on negative charges within the conserved, 

phenylalanine-rich domain, were also examined. Neither of these two mutants 

"individually reduced chaperone activity as re~ealed by the assay systems we used (Fig. 

12-15). 

The results of efforts to identify and characterize aB-crystallin chaperone binding 

domains can be analyzed in light of the recent developments in structure elucidation. 

Various reports describe the three dimensional structure of a-crystallin as having a 

cylindrical assembly of subunits surrounding a hollow pore, or central cavity 
' 

(12,14,18,54). In such a model, there are three possible orientations of amino acids on the 

surface of each subunit. One possibility is that a given residue faces the exterior; a second 

possibility is that the residue faces the central cavity, and the third possibility is that it 

interacts with other subunits in a subunit interface domain. There is evidence supporting 

the idea that target proteins are sequestered in the central cavity, where they associate in a 
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non-specific manner with a-crystallin domains that are exposed to the central cavity 

(54,86). A specific binding site does not exist in this particular model. Site-directed 

mutants that display diminished chaperone activity (or none at all) may not actually 

indicate chaperone-binding sites. The loss of chaperone function may be caused by 

disruption of subunit assembly domains, loss of residues on the exterior ofthe prot, .. l 

which are critical to solubility or perhaps even disruption of domains in the hydrophobic 

core of individual subunits which diminish subunit flexibility or cause thermal instability. 

In the present study, the observation that isoleucine 61 and leucine 94 did not appear to 

be necessary for chaperone function may be due to the fact that they are ·both part of a 

central cavity domain which binds non-specifically to target proteins. In such a putative 

non-specific chaperone-binding region, the loss of an individual amino acid might not be 

sufficient to cause a measurable loss in chaperone function. The site-directed mutants, 

F28S, E30Q, and E34Q are part of a highly conserved phenylalanine-rich domain that 

may be involved in stabilizing the aB-crystallin oligomeric assembly. Although it was 

observed in this study that aB_-crystallin does appear to require F28 in order to perform as 

a chaperone in the ~L-crystallin assay, this high-temperature loss in chaperone function 

may be related to disruption of a subunit interface domain rather than a chaperone

binding site (Fig 14). It is noteworthy that, when examined using the insulin denaturation 

assay, F28S displayed slightly enhanced chaperone function (Fig 13), but when examined 

using the higher temperature ~L-crystallin assay, it suffered a significant loss of 

chaperone function (Fig 14). Stress-induced functional impairment of the F28S mutant 

may be an indication that mutations in this region affect long-term stability as well as 

chaperone-like function, even at lower, more physiological temperatures. Position 28 

may be in a subunit interface domain that, over a short, relatively stress-free period, 

tolerates (maintains its native conformation) when there is a non-conserved amino-acid 

substitution. E30 and E34, unlike F28, do not appear to be necessary for chaperone 

activity. Whereas E30 and E34 are negatively charged amino acids and could be part of a 

salt bridges within a' putative subunit interface domain, theirs may be a relatively small 

contribution to stability, particularly compared to that of very hydrophobic amino acids, 

such as phenylalanine. If this were the case, the substitutions E30Q and E34Q would not 

cause significant disruption of subunit assembly. 



SUMMARY 

The present work examined three putative chaperone-binding sites by testing the 

chaperone activities of five bovine a.B-crystallin mutants. Single amino-acid substitution 

mutants within the putative chaperone binding domains were created, subjected to 

structural and functional studies and the results compared to those generated with wild 

type a.B-crystallin. Substitution mutations at isoleucine 61, leucine 94, glutamate 30 and 

glutamate 34 performed in a manner similar to wild type crystallin, except at 58°C, where 

L94Q performed slightly better than wild type (Fig 12-15). The chaperone activities of 

these four mutants, !61 S, L94Q, E30Q and E34q, are consistent with an a.B-crystallin 

chaperone-binding domain that is spread out over a large number of residues, rather than 

a domain made up of a single discreet group of residues. The mutant, F28S displayed 

slightly enhanced chaperone activity at 37°C, but when assayed at 58°C, displayed a 

significant loss of chaperone function (Fig 14, 15). The inability of the F28S mutant to 

prevent aggregation at a higher temperature appears to be associated with a loss of its 

normal oligomeric structure (Fig 17). The inability of this mutant chaperone to tolerate 

thermal stress suggests that F28 plays an important role oligomeric stability. In addition, 

these results demonstrate, for the first time, that thermally induced structural 

~isintegration of oligomeric mutant a.B-crystal!in is associated with diminished 

bhaperone activity. 

Whereas the results of this study achieved the goal of answering several questions 

about a.B-crystallin chaperone _function, they also raised a number of questions. For 

example, is it possible to reveal useful information using site-directed mutants probing 

putative a.B-crystallin subunit interface domains? Do multiple mutations in the putative 

non-specific central cavity chaperone binding domain result in measurable changes in 
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chaperone function? Does dithiothreitol disrupt disulfides that would otherwise have 

formed between chaperone and target proteins? Do other mutants that display poor 

chaperone function at high temperatures (such as F24R and F27R) also display 

temperature-related disruptions oligomeric structure? And finally, is there a significant 

difference between the behavior ofhomopolymeric aB-crystallin and heteropolymeric a

crystallin, which contains both aA and aB crystallins? In vivo cell survivability assays as 

well as spectropolarimetric assays of binding and structural properties are promising tools 

for further investigation of the chaperone activity of aB-crystallin. 
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