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Chapter 1

A Brief Review of Origin, Structure, and Molecular Chaperone Function of (-
Crystallin and Scope and Objective of the Thesis

1.1      Introduction

The main constituents of the mammalian eye lens fiber cells are crystallin proteins  namely



(-, (- and (-crystallin  (Bloemendal,  1981).  Among  all  the  crystallins,  (-crystallin  is  the  major
protein and responsible for maintaining the transparency and refractive properties of  the  eye  lens
(Groenen et al., 1994; Hoenders and Bloemendal,  1981;  Horwitz,  1993).  The  term  “crystallin”
means the structural proteins. In birds and reptiles, there is  another  major  lens  protein  called  (-
crystallin (Piatigorsky, 1984; Rabaey, 1962). There are many other crystallins which are known as
taxon-specific  crystallins  (Bloemendal  and  de  Jong,  1991;   Piatigorsky,   1992;   Wistow   and
Piatigorsky, 1988). There are two (-crystallin genes, giving rise  to  (A-  and  (B-crystallin.  In  the
mammalian lens, the molar ratio of (A to (B  is  about  3:1  (Bloemendal,  1981).  In  humans,  (A-
crystallin has 173 and (B-crystallin has 175 amino acid residues. There is about  57%  amino  acid
sequence identity between (A- and (B-crystallin (Bloemendal and de Jong, 1991).

Although it was believed for many years that (-crystallin was strictly lens-specific  protein,
both (A- and (B-crystallin have now been found in many non-lenticular tissues (Iwaki et al., 1989;
Lowe et al., 1992; Sax and Piatigorsky, 1994; Srinivasan et al., 1992). (A- and (B-Crystallin  have
been linked to various neurological  diseases  such  as  Alexander’s  disease  (Iwaki  et  al.,  1989),
Creutzfeldt-Jacob disease (Iwaki et al., 1992; Renkawek et al., 1992), Alzheimer’s disease  (Lowe
et al., 1992), Parkinson’s disease (Iwaki et al.,  1992),  Lewy  body  disease  (Lowe  et  al.,  1990).
Furthermore, (-crystallin is a key member of the small heat shock protein (sHSPs)  family  and  its
structural and functional similarities are conserved from bacteria  to  humans  (Ingolia  and  Craig,
1982; Klemenz et al., 1991; MacRae, 2000; Merck et al., 1993; Narberhaus,  2002).  (B-Crystallin
is known to be  inducible  by  various  stress  conditions  such  as  heat  shock  or  oxidative  stress
(Klemenz et al., 1991; Dasgupta et al., 1992) and (A- and (B-crystallin are able to  confer  cellular
thermoresistance (Aoyama et al., 1993; van den Ijssel et al., 1994). Finally, (-crystallin  like  other
sHSPs has been found to act as molecular chaperone  in  vitro  by  preventing  the  aggregation  of
other  proteins  under  thermal  stress  or  other  stress  conditions  (Das  and   Surewicz,   1995   b;
Farahbakhsh et al., 1995; Horwitz, 1992;  Horwitz,  1993;  Jacob  et  al.,  1993;  Raman  and  Rao,
1994; Wang and Spector, 1994). Although the chaperone  activity  of  (-crystallin  in  vivo  is  well
known (Horwitz, 1992), the molecular mechanisms of the chaperone function  of  (-crystallin  still
remains unknown.

 (-crystallin is present in the lens in a very concentrated form. In the center of a human lens
the  concentration  of  protein  is  about  450  mg  ml-1  (Fagerholm  et  al.,  1981).  The  crystallins
generally form 90% or more of the total protein mass in which the  contribution  of  (-crystallin  is
only 45%. The other  crystallins  such  as  (-crystallin  contributes  20%  and  (-crystallin  35%.  A
unique property of the lens is the lack of protein turnover in the differentiated fiber cells. The  lens
does not have any mechanism to dispose the damaged proteins, whereas  the  other  tissues  in  the
body, most of the enzymes in the liver, for example, turnover in minutes, hours or days.  The  lens
fiber cells and their proteins must survive for  life.  The  mechanism  by  which  the  protein  mass
remains transparent over such a long period has thus become a subject of intense investigations.

1.2      Origin of ?-crystallin

The lens is a remarkably specified product of evolution. Crystallins have been recruited  as
lens protein simply because of its stable structure (Wistow and Piatigorsky, 1987).  In  vertebrates,



the most common crystallins are ?, ? and  ?  families.  Recent  years  many  other  crystallins  have
been identified in various species, those are known as taxon  specific  crystallins  (Horwitz,  1993)
such as ?, ?, ? etc.

            Crystallins seem to have originated by gene  duplication  and  divergence  specializing  for
lens  environment.  The  major  taxon  specific  crystallins  of  vertebrates  and   invertebrates   are
enzymes or closely related to enzymes  (Wistow  and  Piatigorsky,  1987).  For  instance,  duck  ?-
crystallin is identical to lactate dehydrogenase (Wistow et al., 1987), ?-crystallin is closely  related
to argininosuccinate lyase (urea cycle enzyme), ?-crystallin is closely related to ?-enolase (Wistow
and Piatigorsky, 1987). The dual function of these proteins that can serve as  structural  protein  or
enzymes led to the concept of “gene sharing”. It implies that the same protein can have more  than
one function (Horwitz, 1993). Here natural selection occurs  for  further  use  of  stable  molecules
that are expressed for various cellular functions in new structural notes in a specified tissue.

            Ingolia and Craig (1982) showed that  mammalian  ?-crystallin  is  related  to  a  family  of
sHSPs in Drosophila which reflects a common evolutionary ancestry. ?-crystallin  belongs  to  the
small heat shock protein superfamily, sHSPs. The amino acid sequence of ?-crystallin  was  found
to be similar to that of sHSPs over ~ 40% of their lengths.  The  same  conserved  region  has  also
been  observed  in  p40  egg  antigen  of  S.mansoni,  several  mycobacterial  surface  proteins  and
numerous plant  proteins.  This  indicates  that  they  are  originated  by  gene  duplication  from  a
common ancestral gene.

            The phylogenetic tree (de Jong et  al.,  1998)  based  on  the  “?-crystallin  domains”  of  ?-
crystallin-small  heat-shock  protein  (?-HSP)  superfamily  indicates  that  animal  ?-HSPs   might
derive from one of the multiple  types  of  ?-HSP  genes  that  are  already  present  at  the  time  of
prokaryote-eukaryote  divergence  (Fig.  1.1).  Alignment   of   certain   prokaryote   ?-HSPs   (e.g.
Bradyhizobium, Escherichia, Buchnera, Legionella) show  specific  resemblances  with  animal  ?-
HSPs. Descendents of this particular gene should of course have been present in the  last  common
ancestor of animals, plants and fungi.

1.3      Structure of (-Crystallin

The  exact  secondary  and  tertiary  structure  of  ?-crystallin  is  not  known  due   to   non
availability  of  crystallographic  or  other  high  resolution   data.   However,   circular   dichroism
spectroscopy (CD) studies indicated a mostly ?-sheet structure with little  or  no  ?-helical  content
(Li and Spector, 1974; Horwitz, 1976; Liang and  Chakrabarti,  1982;  Siezen  and  Argos,  1983).
More recent CD studies suggest that ?-crystallin possesses ~ 50% ?-sheet and ?-turns and  10-15%
?-helical structure (Horwitz et al., 1998; Koretz et al., 1998). Similar results were also obtained by
Fourier-transform infrared spectroscopy (Lamba et al. 1993). Reddy et al. (2000) showed that  the
secondary structure of ?A-crystallin is slightly different from that  of  ?B-crystallin.  ?A-Crystallin
was found to have 43% ?-sheet and 18% ?-helix compared to 48% ?-sheet and 12% ?-helix for ?B-
crystallin. Recently Mornon et al.  (1998)  suggested  that  the  conserved  C-terminal  ?-crystallin
domain of all the small heat shock proteins mainly consists of ?-sheet. With the help of  molecular
modelling, they also showed that the ?-strands in ?-crystallin and other small  heat  shock  proteins
adopt  1g  fold  symmetry.  Site-directed  spin  labeling  studies  of  ?-crystallin  and  Hsp  27  also



supports this view (Koteiche and Mchaourab, 1999).

By probing the environments of various amino acids or the location of  hydrophobic  sites,
Stevens and Augusteyn (1997) gave the information  about  the  tertiary  structure  of  ?-crystallin.
The tertiary structure of lens crystallins,  studied  by  absorption,  fluorescence  and  near  UV-CD
spectroscopy (Liang et al, 1985a, b; Liang and Rossi, 1989; Messmer and Chakraborti, 1998). The
tertiary structure of ?-crystallin changes with age. These studies also showed that ?-crystallin has a
buried tryptophan residue, with exposed hydrophobic sites. Some other studies revealed that the N-
ternimal domain is hydrophobic in nature, whereas the C-terminal domain is  hydrophilic  (Carver
et al. 1993; Carver and Lindner, 1998).

The quaternary structure of ?-crystallin  has  been  a  subject  of  intense  debate  for  many
years. ?-Crystallin generally  exists  as  a  heterogeneous  multimeric  assembly  with  a  molecular
weight distribution  varying  between  300  kDa  to  ~1000  kDa.  The  molecular  weight  of  each
subunit is 20 kDa. The oligomeric structure of individual small heat shock protein super family  is
different  from  each  other.  The   oligomeric   structure   of   ?-crystallin,   Hsp   25,   Hsp   27   is
heterogeneous in nature. On the other hand, the  oligomeric  structure  of  Hsp  16.5,  Hsp  16.9  is
homogeneous in nature (Kim et al., 1998; van Montfort et al. 2001). Several studies revealed  that
the molecular weight of ?-crystallin depends on concentration, pH, temperature, ionic strength etc.
Due to poly disperse nature of ?-crystallin; its crystal structure is not available. Due to this reason,
various  hypothetical  models  have  been  proposed  for  the  quaternary  structure  of   ?-crystallin
(Groenen et al., 1994; Harding, 1997). Other  models  propose  a  “protein-micelle”  like  structure
[Fig.  1.2A]  (Augusteyn  and  Koretz,  1987;  Walsh  et  al.,  1991),  a  rigid  cubic  and   rhombic
dodecahedron model [Fig.1.2B] (Wistow,  1993),  a  GroEL  double  toroid  structure  [Fig.  1.2C]
(Carver et al., 1994b), a micellar model with elongated subunits (Groth-Vasseli et al.,  1995),  and
a “pitted-flexible” model [Fig. 1.2D] (Smulders et al.,  1998).  Cryo-electron  microscopic  studies
revealed  that  the  recombinant  ?B-crystallin  has  an  asymmetric  variable  quaternary   structure
(Haley  et  al.,  1998).  The  variable  quaternary  structure  of   ?B-crystallin   is   consistent   with
polydisperse size of ?-crystallin assembles. Other studies show that the quaternary structure  of  ?-
crystallin is dynamic nature in solution. For instance, NMR studies by Carver  and  Linder  (1998)
showed that C-terminal of ?-crystallin is flexible. Van den  Oetelaar  et  al.  (1990)  first  observed
that there is an intermolecular exchange of  the  ?-crystallin  subunits  between  assemblies.  Using
fluorescence resonance energy transfer (FRET), Bova et al. (1997) also reexamined this point  and
found that subunit exchange depends on temperature, pH and ionic strength.

1.4      Stability of (-Crystallin

The  stability  of  proteins  is  related  to  covalent  or  conformational  changes  and   these
changes occur due to denaturation by heat or chemical reagents. (-Crystallin  is  readily  denatured
by heat and denaturant like urea or Guanidine hydrochloride (Gu-HCl).

1.4.1   Stability against thermal stress

            (-Crystallin is known to have a very high thermal stability (Maiti et al., 1988; Walsh et  al.,



1991). Even upto 1000C, (A-crystallin remains soluble, although (B-crystallin  is  precipitated  out
around 65(C (Liang et al.,  2000;  Sun  and  Liang,  1998;  van  Boekel  et  al.,  1999).  (-Crystallin
undergoes a conformational transition between approximately 38 and 50(C indicating  an  increase
in exposure of hydrophobic sites. This tertiary structural change is irreversible (Das and Surewicz,
1995b). Infrared spectroscopy showed a thermal transition between 60 and  62(C  together  with  a
massive  loss  of  native  secondary  structure  (Surewicz  and  Olesen,  1995).  Both  infrared  and
circular dichroism spectroscopy demonstrated the thermal  transition  of  (-crystallin  around  61(C
(Das and Liang, 1997). Even though there was a  destruction in secondary structure  with  increase
in temperature, secondary structure  fully  recovered  after  cooling  to  25(C  indicating  that  high
thermal stability and reversibility of  (-crystallin  (Lin  et  al.,  1998).  The  recovery  of  secondary
structure but irreversibility  of  tertiary  structure  of  (-crystallin  was  shown  by  several  workers
(Clauwaert, 2000; Das et al., 1997; Lee et al., 1997c; Maiti et al., 1988).  The  secondary  structure
of (B-crystallin is more stable than that of (A-crystallin (Clauwaert, 2000).  There  occurs  also  an
irreversible temperature-induced quaternary structural  change  of  (-crystallin  (Das  et  al.,  1997;
Raman and Rao,  1994;  Surewicz  and  Olesen,  1995).  From  the  functional  point  of  view,  for
maintaining the transparency of the eye lens, high stability of (-crystallin is  necessary  in  absence
of protein turnover. A detailed understanding of the stability  of  (-crystallin  is  required  to  better
understand the cataract problem.

1.4.2   Stability against different kinds of denaturant

Quaternary, tertiary and secondary structures are all broken down at high concentration  of
denaturant like urea (non-ionic) and guanidine hydrochloride (ionic).  The  final  state,  possibly  a
random  coil  or  fully  extended  polypeptide  is  often  called  an   unfolded   state.   Experimental
measurements  of  stability  by  various  techniques  often  reflect  different  things.  For  example,
fluorescence emission spectra revealed  that  1  M  Gu-HCl  was  required  for  50%  unfolding  of
bovine (-crytallin (Das and Liang, 1997;  santini  et  al.,  1992).  On  the  other  hand,  far-UV  CD
measurements indicated that (-crystallin was 50% unfolded at approximately 1.5 M  Gu-HCl  (Das
and Liang, 1997) or 2.6 M Gu-HCl (santini et al., 1992). This is due to the  fact  that  fluorescence
emission spectra only reflect the unfolding of N-terminal region, since (A-crystallin contains  only
a single Trp (at position 9) and  (B-crystallin  contains  two  (at  positions  9  and  60).  In  case  of
denaturation with urea, fluorescence spectroscopy showed  50%  unfolding  at  about  2.9  M  urea
(santini et al., 1992; van den Oetelaar and Hoenders, 1989) whereas it was 3.2  M  in  case  of  far-
UV CD spectroscopy (santini et al.,  1992).  The  stabilities  of  (A-  and  (B-crystallin  were  quite
different. In case of bovine (A-crystallin about 3 M urea required  for  50%  unfolding,  while  (B-
crystallin was 50% unfolded at about 1 M urea (van den  Oetelaar  and  Hoenders,  1989).  In  Gu-
HCl, the (G for human (A-crystallin was reported to be around 27 KJ/mole and 21 KJ/mole for (B-
crystallin (Sun et al., 1999). Abgar et al. (2001) reported the high stability for (A-crystallin  at  the
level of tertiary and quaternary sructure, although (B-crystallin is somewhat more stable  than  (A-
crystallin at the level of secondary structure (Clauwaert, 2000). From these data, it is clear that, (A-
crystallin is more stable than (B-crystallin and  (B-crystallin  is  stabilized  when  it  is  complexed
with (A-crystallin in the (-crystallin assembly (Sun and Liang, 1998). The rapid refolding  from  8
M urea showed that the refolded  (-crystallin  has  native-like  secondary,  tertiary  and  quaternary
structure (Raman et al., 1995 b). Although the structural change of (-crystallin  against  denaturant
has been studied extensively, the role of this structural  stability  on  the  chaperone  activity  of  (-
crystallin still remains unknown.



1.5       Function of ?-crystallin: Molecular Chaperone activity

Investigations on (-crystallin structure and function took a new turn when  Horwitz  (1992)
reported for the first time that (-crystallin  has  molecular  chaperone-like  properties.  He  showed
that  (-crystallin  was  able  to  prevent  the  heat-induced  aggregation  of  a  number   of   proteins
including (- and (-crystallin. He proposed  that  this  is  a  physiological  function  of  this  protein,
which plays vital role in maintaining the transparency of the lens in vivo. Later, it was shown  that
(-crystallin not only prevented  thermal  aggregation  of  proteins,  but  also  prevented  disulphide
bond cleavage and UV-light exposure-induced  aggregation  of  proteins  as  well.  The  chaperone
function of (-crystallin has been the subject of interest and functional models have been  suggested
(Abgar et al., 2001; Carver et al., 1994; Derham and Harding, 1999; MacRae, 2000).

1.5.1   Substrate specificity of ?-crystallin

Damage of proteins may occur in the lens due to various reasons such  as  oxidative  stress,
ultraviolet radiation or any other kind of stress. When proteins are damaged,  they  may  aggregate
forming large insoluble particles. This is detrimental to the transparency of  the  lens.  (-Crystallin,
the major protein of the eye  lens,  captures  these  denaturing  proteins,  keeping  them  in  soluble
form. The disulphide bond of insulin gets cleaved in presence  of  DTT  and  insulin  B-chain  gets
aggregated. In presence of (-crystallin,  this  aggregation  is  prevented  indicating  that  insulin  B-
chain is bound by (-crystallin. The substrate is bound by  (-crystallin  only  in  stress  condition.  (-
Crystallin does not bind  any  substrate  in  its  native  state;  it  binds  substrate  when  it  tends  to
aggregate. The heat induced aggregation of many enzymes such as (-glucosidase, enolase, alcohol
dehydrogenase,   carbonic    anhydrase,    citrate    synthase,    lactate    dehydrogenase,    aldolase,
phosphoglucose isomerase is prevented in  presence  of  (-crystallin.  These  substrates  may  have
implications for in vitro studies, but substrates of in vivo relevance to  eye  lens  (-crystallin  are  (-
crystallin, (-crystallin, aldose reductase etc. whose aggregation under various  conditions  are  also
prevented by (-crystallin (Andley et  al.,  1996;  Bhattacharyya  and  Das,  1998;  Borkman  et  al.,
1996; Das and Surewicz, 1995 a; Horwitz, 1992; Lee et al., 1998; Marini et al., 1995; Raman  and
Rao, 1994; Wang and Spector, 1994).

The hydrophobic pockets present in the surface of (-crystallin have  been  suggested  to  be
prerequisite for the chaperone function of  (-crystallin  (Raman  and  Rao,  1994).  The  chaperone
activity of (-crystallin is largely studied using thermal aggregation of protein as assay system. The
aggregation experiments were performed with  different  substrates  using  the  temperature  range
between approximately 45 and 650C (Horwitz, 1992; Takemoto et al.,  1993;  Wang  and  Spector,
1994). There must be some conformational change of  (-crystallin  at  elevated  temperature  along
with  denaturation  of  substrate.  (-Crystallin  undergoes   a   conformational   transition   between
approximately 38 and 500C. Bis-ANS binding study  showed  that  this  transition  was  due  to  an
increase in exposure of hydrophobic surfaces. It was seen that in presence of 3 M urea, quaternary
structure of (-crystallin was perturbed and its  chaperone  activity  against  photoaggregation  of  (-
crystallin  was  enhanced  (Raman  and  Rao,  1994).  Thus  not  only  the  thermotropic   changes,
quaternary structural perturbation of (-crystallin by nonthermal mode also results  in  enhancement
of chaperone activity. Raman et al. (1995 b) also studied the refolding properties  of  (-,  (-  and  (-
crystallins by the method of  rapid  refolding  which  was  achieved  by  diluting  the  sample  with



refolding buffer. It was shown that when (-crystallin was refolded together with (- or   (-crystallin,
the recovery of (-  or  (-crystallin  in  the  solution  increased  significantly  whereas  the  native  (-
crystallin was less effective in preventing the aggregation of  (-  or  (-crystallin.  It  was  suggested
that an intermediate state of (-crystallin was formed in its  refolding  pathway  and  this  state  was
more effective in chaperone activity compared with the native state.

Besides aggregation prevention, (-crystallin has  also  been  found  to  reactivate  enzymes,
refolding from unfolded conditions (Biswas and Das, 2004a; Muchowski and Clark, 1998;  Rawat
and Rao, 1998; Wang and Spector, 2000; Wang  and  Spector,  2001).  Reactivations  occur  under
extremely dilute condition of the enzyme, where its self aggregation  is  minimized.  Reactivations
occur over a period of about one hour with maximum activity  recovered  being  in  the  range  10-
30% in most cases (Muchowski and Clark, 1998; Rawat and Rao, 1998; Wang and Spector, 2000;
Wang and Spector, 2001). Although ATP has been  reported  to  yield  marginally  higher  activity
(Biswas and Das,  2004a;  Muchowski  and  Clark,  1998;  Wang  and  Spector,  2000;  Wang  and
Spector, 2001), the requirement of ATP hydrolysis has been questioned (Biswas and  Das,  2004a;
Rawat and Rao, 1998). It  has  been  found  that  unlike  GroEL-substrate  complex,  ATP  did  not
dissociate (-crystallin-substrate complex, but instead  it  enhanced  the  association  and  improved
chaperone activity (Biswas and Das, 2004a). Whether the refolding activity of (-crystallin has  any
physiological role in eye lens is not yet known.

1.5.2   Substrate-binding sites:

The  hydrogen-deuterium  study  identified  that  ?A32-37  and  ?B28-34  are  the  possible
substrate binding sites at the N-terminal domain of ?-crystallin  (Smith  et  al.,  1996).  Binding  of
ANS to the N-terminal domain decreases the chaperone activity of ?-crystallin  (Smulders  and  de
Jong,  1997).  Moreover,  ?AINS-crystallin  has  less  chaperone  activity  that  may  be  due  to   its
decreased substrate binding capacity (Smulders et al., 1995). Crosslinking method  identified  two
possible binding regions of ?B-crystallin to alcohol dehydrogenase (Sharma et  al.,  1997),  one  is
?A57-69 and the other is ?B93-107. Chaperone  activity  of  ?-crystallin  is  greatly  influenced  by
these two above mentioned regions. A synthetic 19-residue peptide  from  the  (-crystallin  domain
(residues 70-88) of human (A-crystallin prevented thermal aggregation  of  ADH  (Sharma  et  al.,
2000). This peptide was also shown to bind bis-ANS. Results  indicate  that  multiple  regions  are
involved in substrate binding. Whether different  substrates  are  sequestered  at  different  binding
sites is still an open question.

Mutational study is used to identify the substrate binging in  the  N-terminal  domain  of  (-
crystallin. Substitution of Gly in (B-crystallin reduced the  chaperone  function  slightly  (Plater  et
al., 1996). Removal of methionine from the N-terminal region is an age dependent process  and  is
also the main cause  of  diminished  chaperone  function  of  (-crystallin  with  age  (Karnei  et  al.,
1997). However, some mutations do not alter the chaperone function of (-crystallin.  For  instance,
mutation  of  Trp9  and  Leu39  do  not  affect  the  chaperone  activity  of  (-crystallin.   The   Asp2,
Phe24 and Phe27 mutants exhibit reduced chaperone activity in  vitro  (Plater  et  al.,  1996).  These
results show that N-terminal region of (-crystallin contributes to substrate binding.

C-Terminal domain of (-crystallin is also functionally  important.  Cleavage  of  the  amino



acids from the C-terminal regions decreased  the  aggregation  prevention  ability  of  (A-crystallin
(Takemoto et al., 1993). Similarly,  when  42  amino  acids  from  the  C-terminal  end  of  HSP27
deleted, its chaperone function reduced  significantly  (Mehlen  et  al.,  1993).  The  C-terminus  is
electropositive  in  nature  and  may  interact  with  unfolded  substrate  protein  via  charge-charge
interaction.  Mutations  of   charged   residues   at   the   C-terminal   extensions   of   (B-crystallin
significantly reduce the chaperone function (Plater et al., 1996). However, galactose  modification
of C-terminal region of (-crystallin did not affect the chaperone  function,  but  the  flexibility  lost
significantly (Blakytny et al., 1997).

1. Effect of Temperature on Chaperone Activity

Binding  of  ANS  to  the  N-terminal  domain  of  (-crystallin  increases  with  temperature
(Carver et al., 1995; Das and  Surewicz.  1995a).  The  heat  induced  conformational  change  was
characterized  by  an  increase  in  surface  hydrophobicity   (Das   and   Surewicz,   1995a).   High
resolution calorimetry study revealed two thermal transitions of (-crystallin, one between  35-570C
and  other  between  49-730C  (Walsh  et.  al,  1991).  Complete  loss  of  secondary  structure  was
observed above 700C, whereas tertiary structure was lost around 620C (Lee et al., 1997b). But  1H-
NMR spectroscopy provided evidence for sufficient residual structure of ?-crystallin even  at  high
temperatures (Carver et al., 1993). Oligomeric size of (-crystallin varied with temperature (Burgio
et al., 2000; Burgio et al., 2001; Vanhoudt et al., 2000).  Chaperone  activity  also  increased  with
temperature and pre-incubation (Bhattacharyya and Das, 1998;  Burgio  et  al.,  2000;  Das  et  al.,
1997; Das and Surewicz, 1995a; Datta and Rao, 1999; Raman and Rao, 1994; Reddy et al., 2000).
 The subunit  exchange  kinetics  increased  significantly  with  temperatures  (Bova  et  al.,  1997)
implicating the enhancement of dynamic interactions in chaperone function.

1.6      Damage of ?-crystallin with age

Cellular ageing is thought to be the result of the passive accumulation of damaged  cellular
constituents such as DNA, RNA, proteins and lipid.  The  heat  aggregation  prevention  ability  of
HSP70 decreases significantly with age in rats (Shpund and Gershon, 1997). Genetic  factors  also
contribute to ageing. Some studies show that the magnitude of induction of heat  shock  protein  is
significantly reduced with age (Liu et al., 1989a, b).

            ?-Crystallin is usually found as a hetero aggregate of subunits with a molecular mass ~ 800
kDa. With ageing, high-molecular weight ?-crystallin was formed with a concomitant decrease  in
the amount of low-molecular weight ?-crystallin (Stauffer et al., 1974). The  high-molecular  mass
species of several million  Daltons,  is  responsible  for  the  cataract  formation  (Benedek,  1971).
Increased amount of crosslinked proteins were found in the aged cataract lenses. Tryptic digestion
study of young and old lenses revealed that sequences were modified  during  ageing  (Horwitz  et
al., 1992). CD, absorption and fluorescence of  high-molecular  weight  ?-crystallin  had  different
tertiary structure, which was more  unfolded  compared  to  ?-crystallin  (Liang  and  Rossi,  1989;
Liang et  al.,  1985a;  Messmer  and  Chakrabarti,  1998).  The  fewer  hydrophobic  regions  were
observed in high-molecular weight ?-crystallin (Liang and Li, 1991) which  is  the  main  cause  of
the age related decrease in chaperone activity of ?-crystallin (Takemoto and  Boyle,  1994;  Carver



et  al.,  1996).  The  ?-crystallin   from   young   lens   more   effectively   prevented   heat-induced
aggregation than from older lens (Horwitz et al., 1992; Cherian and Abraham, 1995a).

             Deamidation  of  the  C-terminal  of  ?A-crystallin  was  observed  with  age   (Dilley   and
Harding,   1975;   Takemoto,   1995).   Also   residue   in   human    ?B-crystallin    undergoes    in
vivo  deamidation  with  age  (Srivastava  and  Srivastava,   2003).   Another   major   modification
reported for ?-crystallin with age is the truncation of residues from the c-terminus. In bovine  lens,
it was noted that a stepwise degradation of ?A-crystallin at residues 169,  168,  151  and  101,  and
?B-crystallin at residue 170, occurred post-synthetically (Van Kleef et al., 1975). Subsequently, in
the aged  human  cataract  lens,  c-terminal  truncations  have  been  reported  for  ?A-crystallin  at
residues 101, 162, 168 and 172 (Land et al., 1996; Ma et al.,  1998:  Takemoto,  1995;  Thampi  et
al., 2002; Colvis  and  Garland,  2002),  whereas  no  such  degradation  appears  to  occur  in  ?B-
crystallin. The cleavage sites, on the carboxyl side residues 168, 169 and  172  suggested  that  the
reported in vivo truncation of ?A-crystallin was due to the action of proteases present in the lens.

1.7      Scope and Objective of the present thesis

From the above discussion, it is seen that despite the enormous number  of  studies  on  the
structure of (-crystallin in absence of high resolution data, the tertiary and quaternary structure of (-
crystallin is still the subject of much debate and speculation.

Laccuna

As ?-crystallin is an oligomeric protein, whether the oligomerization is absolutely required  for  its
chaperone function is  not  clearly  established.  Detailed  analysis  of  perturbation  of  oligomeric
structure of ?-crystallin under stress conditions and its relationship with altered chaperone  activity
is virtually non-existant.

Objective of the thesis:
To explore the quaternary structural changes due to the thermal perturbation of (-crystallin; to

investigate the effect of these structural changes on the chaperone activity of (-crystallin.



Chapter 2

Effect of Thermal Perturbation on the Quaternary
Structure and Chaperone Activity of (-Crystallin

Introduction

            The bovine eye lens  consists  of  three  types  of  soluble  proteins:  (-,  (-  and  (-crystallin
(Augusteyn  and  Stevens,  1998).  The  intricacy  of  quaternary  association  of   (-crystallin   still
remains unclear because of its high molecular mass  and  polydispersity.  Numerous  models  have
been proposed for the quaternary structure of (-crystallin on the basis of known  physico-chemical
properties. These models are mainly of three types – three-layer assemblies, micelle like structures
and assemblies of  tetrameric  building  blocks  (Augusteyn  and  Stevens,  1998;  Groenen  et  al.,
1994). Models based on rhombododecahedral structures has also been  proposed  (Wistow,  1993).
There is no general agreement among the various  models.  X-ray  structure  of  (-crystallin  is  not
known. Cryo-electron microscopic investigations of bovine  (-crystallin  and  human  (B-crystallin
led to re-constructed 3D-images that reveal spherical structures with inner  cavities  (Haley  et  al.,
1998;  Haley  et  al.,  2000).  There  seems  to  be  a  general  agreement  that  under  physiological
conditions  the  quaternary  assembly  is  characterized  by  a   relatively   fast   subunit   exchange
indicating a certain degree of conformational flexibility of (-crystallin (Abgar et al., 2000; Bova et
al., 1997; Datta and Rao, 2000; Ehrnsperger et al., 1999; Putilina et al., 2003).

            (-Crystallin is the major protein component of the vertebrate eye lens and  is  composed  of
two subunits ?A- and ?B-, 20 kDa  each  having  57%  sequence  homology  between  them.  Both
subunits associate to form  large  oligomer  of  800  kDa  average  molecular  weight.  It  is  a  key
member of the small heat shock protein (sHSP) superfamily having a conserved core  ‘?-crystallin
domain’ (de Jong et al., 1998; de Jong et al., 1993). While ?A- and ?B-crystallin are  expressed  at
high levels in the lens, both proteins have been identified in small amounts in  non-lens  tissues  as
well (Srinivasan et al., 1992: Bhat and Nagineni, 1989; Dubin et al., 1989). An  important  finding
that shed light on the understanding of the function of ?-crystallin  has  been  the  discovery  of  its
molecular chaperone-like function a decade ago (Horwitz, 1992; Horwitz, 1993). (-Crystallin, like
other sHSPs acts  like  a  molecular  chaperone  in  preventing  the  aggregation  of  other  proteins
(Jacob et al., 1993; Wang and Spector, 1994; Raman and Rao, 1994). An intense research  activity
on the structure and function of ?-crystallin has grown  since  then  (Boyle  and  Takemoto,  1994;
Das and Surewicz, 1995a; Das and Surewicz, 1995b; Raman et al., 1995b; Das et al., 1996; Rawat
and Rao, 1998; Muchowski and Clark, 1998; Das et  al.,  1999;  Derham  et  al.,  2001;  Cobb  and
Petrash, 2002) and subject matter has been extensively reviewed in recent years (van  Montfort  et
al., 2001; Narberhaus, 2002; Horwitz, 2003). Regardless of subunit  composition,  all  the  diverse
assemblies efficiently protect other proteins from aggregation. It has been found  that  temperature
assisted dissociation leads to efficient chaperone activity (Haslbeck et al., 1999). It is believed that
oligomeric   association   of   (-crystallin   occurs   through   exposed   hydrophobic   groups.   The
hydrophobic exposures of (-crystallin is highly depend on temperature (Das and surewicz,  1995b;
Raman et al., 1995 a; Raman and Rao, 1994). The quaternary structure of  (-crystallin  also  varied
with thermal perturbation (siezen et al., 1980). ?-Crystallin’s oligomeric size can also be varied by
varying temperature (Burgio et al., 2000; Burgio et al., 2001; Vanhoudt et al., 2000). Temperature



and pre-incubation affect  the  chaperone  activity  of  ?-crystallin  drastically  (Bhattacharyya  and
Das, 1998; Burgio et al., 2000; Das et al., 1997; Das and Surewicz, 1995b; Datta  and  Rao,  1999;
Raman and Rao, 1994; Reddy et al., 2000). This gives us a great opportunity to study the effect of
temperature on the quaternary structure of  ?-crystallin  and  its  effect  on  its  chaperone  function
Therefore,  we  have,  undertaken  a  study  of  the  oligomeric  and  chaperone  properties  of  pre-
incubated (A- and ?B-crystallin.

Experimental Procedure

Materials:

            Molecular weight markers such as Thyroglobulin (mol. wt. 669,000), Apoferritin (mol. wt.
443,000), (-Amylase  (mol.  wt.  200,000),  Alcohol  dehydrogenase  (mol.  wt.  150,000),  Bovine
serum albumin (mol. wt. 66,000) and Carbonic anhydrase (mol. wt. 29,000) were purchased  from
Sigma. Dithiothreitol (DTT), trypsin and all  buffer  salts  (tris,  phosphate  etc)  were  from  Sisco
Research Laboratories, India. Other chemicals used in this study were all of analytical grade.

Expression and purification of recombinant (A- and (B-crystallin:

Plasmid DNA of human ?A-crystallin  construct  in  pAED4  vector  was  a  gift  from  Dr.
W.W. de  Jong  of  Katholic  University,  The  Netherlands.  Plasmid  for  human  ?B-crystallin  in
pET20b+ expression vector was provided as a gift by Dr. J. Horwitz of Jules  Stein  Eye  Institute,
Los Angeles, CA, USA. For overexpression, both the  plasmids  were  separately  introduced  into
Escherichia coli  strain  BL21-DE3.  Cultures  were  grown  in  LB  medium  at  37oC  with  IPTG
induction. Cells were centrifuged,  subjected  to  freeze-thaw  treatment  and  then  extracted  with
DNase and lysozyme. Proteins were dialyzed in 20 mM Tris buffer,  pH  7.2  containing  0.5  mM
EDTA and 0.5 mM DTT (buffer-A), concentrated in Amicon stirred cell, applied to  DEAE  anion
exchange column and eluted with linear 0-0.5M NaCl gradients.  ?A-  and  ?B-crystallin  fractions
were then applied to Sephacryl S-300 HR size exclusion column (1.5 cm x 90 cm) and eluted with
buffer-A containing 0.1M  NaCl.  Main  peak  fractions  were  concentrated  and  dialyzed  against
buffer A or 50 mM phosphate buffer pH 7.2, containing 0.5 mM  DTT  and  stored  in  aliquots  at
–70oC.  SDS-PAGE  of  both  ?A-   and   ?B-crystallin   showed   single   band   around   20   kDa.
Concentration  of  recombinant  proteins  was  determined  spectrophotometrically  by   measuring
absorbance   at   280   nm   using   extinction   coefficients   of   0.83   (mg/ml)-1.cm-1    and    0.95
(mg/ml)-1.cm-1 for ?A- and ?B-crystallin respectively (Horwitz et al., 1998).  Molar  concentration
of all ?-crystallins was always expressed in subunit basis.

Effect of pre-incubation on the oligomeric structure of ?-crystallin:

(a) Gel filtration method:

            Individual solutions of  (A-  and  ?B-crystallin  (1  mg/ml;  in  50  mM  sodium  phosphate
buffer, pH 7.2) were incubated at different temperatures between 25-70(C for 1 hr and was cooled
to room temperature for 1 hr. The each sample was loaded on to a superose 6 column (1 x  40  cm)
equilibrated with 50 mM sodium phosphate buffer, pH 7.2. After loading, the column  was  eluted
with the loading buffer at 0.25 ml/min. The outlet  from  the  column  was  fed  to  an  on-line  UV



detector  and   recorder,   which   automatically   determined   the   chromatogram   by   measuring
absorbance at  280  nm.  Standard  molecular  weight  markers   were  separately  run  through  the
column using same  conditions.  From  the  elution  volume  (Ve)  of  the  individual  peaks  of  the
marker proteins, a calibration graph of log MW against Ve/V0, where V0 is the  void  volume,  was
generated.  Molecular  mass  of  pre-incubated  (A-  and  ?B-crystallin   was   obtained   from   this
calibration plot using the elution volume.

(b) Light scattering method:

Light scattering of (A- and ?B-crystallin solutions were measured  using  a  Hitachi  F4500
spectrofluorimeter. For measuring light scattering at respective  temperature,  0.2  mg/ml  (A-  and
?B-crystallin (600 (l) in 50 mM sodium phosphate buffer, pH  7.2,  was  placed  at  a  thermostatic
cell holder. The solution was heated at respective temperature for 5  min.  The  light  scattering  of
the solution at each temperature  was  measured  with  an  excitation  wavelength  at  400  nm  and
emission wavelength 400 nm. The  bandpass  of  both  excitation  and  emission  monochromators
were 2.5 and 5 nm respectively. The scattering values were corrected for  appropriate  blanks.  All
the solutions were filtered through 0.22 (m membrane filter to avoid the dust particles.

Chaperone activity of ?-crystallin under different temperatures:

            Chaperone activity of (A- and ?B-crystallin, pre-incubated  at  different  temperatures  was
measured  at  25(C  using  insulin  B-chain  aggregation  assay.  0.35  mg/ml  insulin  in   50   mM
phosphate  buffer,  pH  7.2  in  absence  and  presence  of  0.175  mg/ml  ?B-crystallin  which  was
preincubated at  different  temperatures  for  1  hr.  Aggregation  was  initiated  by  adding  freshly
prepared DTT to a final concentration of 20  mM  and  the  apparent  absorbance  at  400  nm  was
monitored at the kinetic mode using a  Shimadzu  UV-2401PC  spectrophotometer  maintained  at
25oC. The assay was also performed in  presence  of  0.35  mg/ml  (A-crystallin,  pre-incubated  at
different temperatures.

Results

The purity of ?A- and  ?B-crystallin  was  checked  by  SDS-PAGE  and  Western  blotting
(with a monoclonal antibody to ?A-/?B-crystallin) (Figure 2.1). Change of oligomeric size  due  to
pre-incubation of ?A- and ?B-crystallin at various temperatures  was  monitored  by  gel  filtration
experiment.  Freshly  prepared  ?A-  and  ?B-crystallin  roughly  correspond  to  800  kDa  average
molecular mass. However, upon storage at -200C for sometime both proteins  starts  to  form  high
molecular  weight  (HMW)   aggregates   having   molecular   mass   of   several   million   dalton.
Consequently stored (A-crystallin showed two peaks, one corresponding to HMW species and  the
other corresponding to low molecular weight (LMW) species  (Figure  2.2).  The  molecular  mass
corresponding to these two peaks were calculated to be approximately 14,000 kDa  and  801  kDa.
The first peak (14,000 kDa) was due to HMW species and the second peak (801 kDa) was  due  to
LMW species. With increase in pre-incubation temperature the  area  of  the  first  peak  decreased
while that of the second peak increased. This trend contained up to 570C after which the first  peak
completely disappeared. Only  the  second  peak  was  observed,  but  its  position  slightly  shifted
towards the right. With  further  increase  in  temperature  to  700C,  the  peak  broadened  and  the
position further shifted to somewhat lower molecular mass range. Thus, the results  indicated  that



with increase in temperature (A-crystallin was gradually converted to LMW species.  Another  set
of  gel  filtration  experiments  were  carried  out  starting  with  (B-crystallin  at  250C,   and   pre-
incubating  it  at  various  temperatures  as  before.  We  found  that  pre-incubation  at  700C,   ?B-
crystallin completely converted to LMW species (data not shown)

These  gel  filtration  experiments  carried  out  with  pre-incubated  ?A-  and  ?B-crystallin
revealed two important points. Firstly, storage of ?A- and ?B-crystallin leads to gradual  formation
of  high  molecular  weight  aggregates.  Secondly,  on   heat   treatment,   the   HMW   aggregates
dissociate into lower oligomer.

All of the above measurements were done at room temperature, after  cooling  the  samples
pre-heated at various temperatures. The results, therefore, did not reflect upon the oligomeric  size
of (-crystallin at the respective  temperatures.  In  order  to  gain  information  about  their  relative
oligomeric size at various temperatures, we performed light scattering measurement as  a  function
of temperature. Light scattering by macromolecules reflects  upon  the  size  of  a  macromolecular
species in solution (Tanford, 1961) and  qualitatively,  smaller  macromolecules  scatter  less  light
than  the  larger  molecules.  Figure  2.3  showed  the  light  scattering  readings  of  ?A-  crystallin
solution as a function of temperature. It  was  seen  that  with  increase  in  temperature,  scattering
value decreased meaning that oligomeric size of ?A-crystallin decreased. We have  also  done  the
similar experiment with ?B-crystallin (Figure 2.4). The  trend  shown  by  both  sets  of  data  were
similar. The results clearly demonstrated that oligomeric size decreased upon heat treatment.

The  effect  of  pre-incubation  of  (-crystallin  at  various  temperatures  on  its   chaperone
activity has been studied by utilizing the insulin assay system. We deliberately chose  the  ratio  of
insulin & ?A- or ?B-crystallin 1:1 or  1:0.5  respectively,  so  that  at  250C  about  25%  protection
against insulin B-chain aggregation can be achieved in case of both  proteins.  When  (B-crystallin
was pre-incubated at 370C, the protection increased to 60%. The inset  in  Figure  2.5  showed  the
percentage protection as a function of temperature. It was seen that at 600C  nearly  full  protection
could be achieved. Similar experiment has also been done  using  (A-crystallin.  The  results  were
very similar (Figure 2.6). Thus (A-crystallin whose chaperone activity at 250C was low  compared
to ?B-crystallin (< 20%), on pre-incubation at 700C became fully active.

Discussion

            Results presented in this Chapter showed that pre-incubation of (-crystallin reduced
its oligomeric size. Both light scattering and gel filtration experiment revealed  the  same  finding.
Gel filtration experiment showed that ?A- and ?B-crystallin  existed  as  low  and  high  molecular
mass species. Progressive pre-incubation to higher  temperatures  dissociated  the  high  molecular
mass species to the low molecular mass species. Previous studies on the effect  of  heating  on  the
oligomeric size reported somewhat different results  (Putilina  et  al.,  2003;  Siezen  et  al.,  1980).
Siezen et al. (1980) reported that oligomeric size decreased on increasing temperature  from  250C
to 370C. Beyond this temperature, they reported an increase in size due to aggregation. Putilina  et
al.  (2003)  demonstrated  from  small  angle  X-ray  scattering  data  an  irreversible  doubling   of



molecular weight and a corresponding increase in size of (-crystallin at temperatures  above  600C.
A similar observation has  also  been  reported  by  Burgio  et  al.  (2000).  Such  a  trend  was  not
observed in our study. Our data showed that in terms of heating and cooling on a broad time scale,
high and low molecular  mass  aggregates  seem  to  be  interconvertible.  However,  an  increased
activity of (-crystallin was reported by Burgio et al. (2000) after a  cycle  of  heating  and  cooling,
which was attributed to the conformation and packing parameters of (-crystallin in the  oligomeric
assembly.

Our main objective in this Chapter was to  study  the  chaperone  activity  of  ?A-  and  ?B-
crystallin whose quaternary structure was perturbed by pre-incubation. Both gel filtration  as  well
as light scattering experiments indicated reduction in the size of  ?A-/?B-crystallin  oligomer  with
increase  of  pre-incubation  temperature.  Our   chaperone   assay   study   indicated   increase   of
chaperone activity with increase of temperature. Our results also indicate that apart from other age
related reasons, simple storage of ?A- and ?B-crystallin may lead to formation  of  high  molecular
weight aggregated (-crystallin which has very low chaperone activity. One way to prevent the loss
of  chaperone  activity  of  (-crystallin  would  be  to  prevent  its  further  association   into   larger
oligomer. 















Summary

This thesis presents a structural study of (-crystallin during structural alterations caused by
externally applied stress. In Chapter  1,  we  present  a  brief  account  of  literature  on  the  origin,
structure and chaperone function of (-crystallin. It’s substrate specificity, degradation due to aging
and nature and temperature-chaperone function relationship is discussed.

In Chapter 2, we explored the relationship between oligomeric size and chaperone  activity
using human recombinant (A- and ?B-crystallin. We used thermal pre-incubation as a tool to  vary
the oligomeric size of  (A-  and  ?B-crystallin  and  study  its  effect  on  chaperone  activity.  With
increase in pre-incubation temperature,  the  oligomeric  size  of  both  (A-  and  ?B-crystallin  was
reduced but the chaperone activity of both proteins was  enhanced.  This  observation  leads  us  to
conclude that chaperone activity of (-crystallin is inversely proportional to its oligomeric size. Our
results, also showed that  the  high  molecular  weight  aggreated  species  was  formed  on  simple
storage of both (A- and ?B-crystallin which has very low  chaperone  activity.  The  result  implies
that loss of chaperone activity of (-crystallin can be prevented by preventing its further association
into larger oligomer.

References

• Abgar, S., Vanhoudt, J., Aerts, T. and Clauwaert, J., Biophys. J., 80, 1986-1995, (2001).

• Abgar, S., Yevlampieva, N., Aerts, T., Vanhoudt, J., and  Clauwaert,  J.  (2000)  Biochem.  Biophys.
Res. Commun. 276, 619-625.

• Andley, U. P., Mathur, S., Griest, T.  A.  and  Petrash,  J.  M.,  J.  Biol.  Chem.,  271,  31973-31980,
(1996).

• Augusteyn, R. C. and Stevens, A., Prog. Polymer Sci., 23, 375-413, (1998).

• Augusteyn, R. C. and Koretz, J., F. (1987) FEBS Lett. 222, 1-5.

• Aoyama, A., Frohli, E., Schafer, R., and Klemenz, R. (1993) Mol. Cell. Biol. 13, 1824-1835.



• Benedek, G. B. (1971) Appl. Optics. 10, 459-473.

• Bhattacharyya, J., and Das, K. P. (1998) Biochem. Mol. Biol. Intl. 46, 249-258.

• Bhat, S. P., and Nagineni, C. N. (1989) Biochem. Biophys. Res. Commun. 158, 319-325.

• Biswas, A. and Das, K. P. (2004a) J. Biol. Chem. 279, 42648-42657.

• Blakytny, R., Carver, J. A., Harding, J. J., Kilby, G. W., and Sheil, M. M. (1997) Biochim. Biophys.
Acta 1343, 299-315.

• Bloemendal, H. (1981) In: Molecular and Cellular Biology of the Eye Lens  (Bloemendal,  H.,  ed.),
pp 1-47, John Wiley & Sons, New York.

• Bloemendal, H., and de Jong, W. W. (1991) Prog. Nucleic Acid Res. Mol. Biol. 41, 259-281.

• Borkman, R. F., Knight, G. and Obi, B. (1996) Exp. Eye Res. 62, 141-148.

• Bova, M. P., Ding, L. L., Horwitz, J., and Fung, B. K. (1997) J. Biol. Chem. 272, 29511-29517.

• Boyle, D., and Takemoto, L. (1994) Exp. Eye Res. 58, 9-16.

• Burgio, M. R., Bennett, P. M., and Koretz, J. F. (2001) Mol. Vis. 7, 228-233.

• Burgio, M. R., Kim, C. J., Dow, C. C., and Koretz, J. F. (2000)  Biochem.  Biophys.  Res.  Commun.
268, 426-432.

• Carver, J. A., Aquilina, J. A., Copper,  P.  G.,  Wikkiams,  G.  A.,  and  Truscott,  R.  J.  W.  (1994a)
Biochim. Biophys. Acta 1204, 195-206.

• Carver, J. A., Aquilina, J. A., and Truscott, R. J. (1993) Biochim. Biophys. Acta 1164, 22-28.

• Carver, J. A., Aquilina, J. A., and Truscott, R. J. (1994b) Exp. Eye Res. 59, 231-234.

• Carver, J. A., Guerreiro, N., Nicholls, K. A.,  and  Truscott,  R.  J.  (1995)  Biochim.  Biophys.  Acta
1252, 251-260.

• Carver, J. A., and Lindner, R. A. (1998) Int. J. Biol. Macromol. 22, 197-209.

• Carver, J. A., Nicholls, K. A., Aquilina, J. A., and Truscott, R. J. (1996) Exp. Eye Res. 63, 639-647.

• Cherian, M., and Abraham, E. C. (1995a) Biochem. Biophys. Res. Commun. 208, 675-679.

• Clauwaert, J., Eur. J. Biochem., 267, 5916-5925, (2000).

• Cobb, B. A., and Petrash, J. M. (2002) Biochemistry 41, 483-490.

• Colvis, C., and Garland, D. (2002) Arch. Biochem. Biophys. 397, 319-323.

• Das, B. K., Liang, J. J. N., and Chakraborti, B. (1997) Curr. Eye Res. 16, 303-309.



• Das, K. P., Choo-Smith, L. P., Petrash, J.  M.,  and  Surewicz,  W.  K.  (1999)  J.  Biol.  Chem.  274,
33209-33212.

• Das, K. P., Petrash, J. M., and Surewicz, W. K. (1996) J. Biol. Chem. 271, 10449-10452.

• Das, K. P., and Surewicz, W. K. (1995a) FEBS Lett. 369, 321-325.

• Das, K. P., and Surewicz, W. K. (1995b) Biochem. J. 311, 367-370.

• Dasgupta, S., Hohman, T. C., and Carper, D. (1992) Exp. Eye Res. 54, 461-470.

• Datta, S. A., and Rao, C. M. (1999) J. Biol. Chem. 274, 34773-34778.

• Datta, S. A. and Rao, C. M., J. Biol. Chem., 275, 41004-41010, (2000).

• de Jong, W. W., Caspers, G., and Leunissen, J. A. M. (1998) Int. J. Biol. Macromol. 22, 151-162.

• de Jong, W. W., Leunissen, J. A. M., and Voorter, C. E. (1993) Mol. Biol. Evol. 10, 103-126.

• Derham, B. K., and Harding, J. J. (1999) Prog. Retin. Eye Res. 18, 463-509.

• Derham, B. K., van Boekel, M. A., Muchowski, P. J., Clark, J. I.,  Horwitz,  J.,  Hepburne-Scott,  H.
W., de Jong, W. W., Crabbe, M. J., and Harding, J. J. (2001) Eur. J. Biochem. 268, 713-721.

• Dilley, K. J., and Harding, J. J. (1975) Biochim. Biophys. Acta 386, 391-408.

• Dubin, R. A., Wawrousek, E. F., and Piatigorsky, J. (1989) Mol. Cell. Biol. 9, 1083-1091.

• Ehrnsperger, M., Lilie, H., Gaestel, M. and Buchner, J., J. Biol. Chem., 274, 14867-14874, (1999).

• Fagerholm, P. P., Philipson, B. T. and Lindstrom, B., Exp. Eye Res., 33, 615-620, (1981).

• Farahbakhsh, Z. T., Huang, Q.-L., Ding,  L.-L.,  Altenbach,  C.,  Steinhoff,  H.-J.,  Horwitz,  J.,  and
Hubbell, W. L. (1995) Biochemistry 34, 509-516.

• Groenen, P. J. T. A., Merck, K. B., de Jong, W. W., and Bloemendal,  H.  (1994)  Eur.  J.  Biochem.
225, 1-19.

• Groth-Vasseli, B., Kumosinski, T. F., and Farnsworth, P. N. (1995) Exp. Eye Res. 61, 249-253.

• Haley, D. A., Horwitz, J., and Stewart, P. L. (1998) J. Mol. Biol. 277, 27-35.

• Haley, D. A., Bova, M. P., Huang, Q. L., Mchaourab, H. S. and Stewart, P.  L.,  J.  Mol.  Biol.,  298,
261-272, (2000).

• Harding, J. J. (1997) Lens.  In  Biochemistry  of  the  Eye  (ed.  J.  J.  Harding),  Chapman  and  Hall
Medical, London, pp. 94-135.



• Haslbeck, M., Walke, S., Stromer, T, Ehrnsperger, M., White, H. E., Chen, S. X., Saibil, H.  R.  and
Buchner, J., EMBO J., 18, 6744-6751, (1999).

•  Hoenders,   H.   J.   and   Bloemendal,   H.,   in:   Molecular   and   Cellular   Biology   of   the   Eye
Lens (Bloemendal, H., ed.), pp 279-326, John Wiley & Sons, New York, (1981).

• Horwitz, J. (1976) Exp. Eye Res. 23, 471-481.

• Horwitz, J. (1992) Proc. Natl. Acad. Sci. USA 89, 10449-10453.

• Horwitz, J. (1993) Invest. Ophthalmol. Vis. Sci. 34, 10-21.

• Horwitz, J. (2003) Exp. Eye. Res. 76, 145-153.

• Horwitz, J., Emmons, T., and Takemoto, L. (1992) Curr. Eye Res, 11, 817-822.

• Horwitz, J., Huang, Q. L., Ding, L. L., and Bova, M. P. (1998) Methods Enzymol. 290, 365-383.

• Ingolia, T. D., and Craig, E. A. (1982) Proc. Natl. Acad. Sci. USA 79, 2360-2364.

• Iwaki, T., Kume-Iwaki, A., Liem, R. K. H., and Goldman, J. E. (1989) Cell 57, 71-78.

• Iwaki, T., Kume-Iwaki, A., Liem, R. K. H. and Goldman, J. E., Cell, 57, 71-78, (1989).
• Iwaki, T., Wisniewski, T., Iwaki, A., Corbin, E., Tomokane, N., Tateishi, J., and  Goldman,

J. E. (1992) Am. J. Pathol. 140, 345-356.

• Jakob, U., Gaestel, M., Eugel, K., and Buchner, J. J. (1993) J. Biol. Chem. 268, 1517-1520.

• Karnei, A., Iwase, H., and Masuda, K. (1997) Biochem. Biophys. Res. Commun. 231, 373-378.

• Kim, K. K., Kim, R., and Kim, S. H. (1998) Nature 394, 595-599.

• Klemenz, R., Frohli, E., Steiger, R. H., Schafer, R., and Ayoma, A.  (1991)  Proc.  Natl.  Acad.  Sci.
USA 88, 3652-3656.

• Koretz, J. F., Doss, E. W., and La Butti, J. N. (1998) Int. J. Biol. Macromol. 22, 283-294.

• Koteiche, H. A., and Mchaourab, H. S. (1999) J. Mol. Biol. 294, 561-577.

• Lamba, O. P., Borchman, D., Sinha, S. K., Shah, J.,  Renugopalakrishnan,  V.,  and  Yappert  M.  C.
(1993) Biochim. Biophys. Acta 1163, 113-123.

• Land, A. L., Smith, J. B., and Smith, D. L. (1996) Exp. Eye Res. 63, 661-672.

• Lee, J. S., Samejima, T., Liao, J. H., Wu, S. H., and Chiou,  S.  H.  (1998)  Biochem.  Biophys.  Res.
Commun. 244, 379-383.

• Lee, J. S., Satoh, T., Shinoda, H., Samejima, T., Wu,  S.  H.,  and  Chiou,  S.  H.  (1997b)  Biochem.



Biophys. Res. Commun. 237, 277-282.

• Lee, J. S., Satoh, T., Shinoda, H., Samejima, T., Wu, S.  H.  and  Chiou,  S.  H.,  Biochem.  Biophys.
Res.Commun., 237, 277-282, (1997c).

• Li, L. K., and Spector, A. (1974) Exp. Eye Res. 19, 49-57.

• Liang, J. J. N., Andley, U. P., and Chylack, L. T. Jr. (1985a) Biochim. Biophys. Acta 832, 197-203.

• Liang, J. J. N., and Chakraborti, B. (1982) Biochemistry 21, 1847-1852.

• Liang, J. J. N., Sun, T. X. and Akhtar, N. J., Mol. Vision, 6, 10-14, (2000).
• Liang, J. J. N., and Li, X. Y. (1991) Exp. Eye Res. 53, 61-66.

• Liang, J. J. N., and Rossi, M. (1989) Invest. Opthalmol. Vis. Sci. 30, 2065-2068.

• Lin, S. Y., Ho, C. J. and Li, M. J., Biophys. Chem., 74, 1-10, (1998).

•  Liu,  A.  Y.,  Bae  Lee,  M.  S.,  Choi,  H.  S.,  and  Li,  B.   S.   (1989a)   Biochem.   Biophys.   Res.
Commun. 162, 1302-1310.

• Liu, A. Y., Lin, Z., Choi, H. S., Sorhage, F., and Li, B. (1989b) J. Biol. Chem. 264, 12037-12045.
• Lowe, J., Landon, M., Pike, I., Spendlove, I., McDermott, H. and Mayer, R. J., Loncet,  336,

515-516, (1990).

•  Lowe,  J.,  McDermott,  H.,  Pike,  I.,  Spendlove,  I.,  Landon,  M.,  and  Mayer  R.   J.   (1992)   J.
Pathol. 166, 61-68.

• Ma, Z., Hanson, S. R., Lampi, K. J., David, L. L., Smith, D. L., and Smith,  J.  B.  (1998)  Exp.  Eye
Res. 67, 21-30.

• Maiti, M., Kono, M. and Chakraborti, B., FEBS Lett., 236, 109-114, (1988).

• Marini, J., Bucchioni, L., Voltarelli, N., Del Corso,  A.,  and  Murh,  U.  (1995)  Biochem.  Biophys.
Res. Commun. 212, 413-420.

• MacRae, T. H., Cell. Mol. Life Sci., 57, 899-913, (2000).

• Mehlen, P., Briolay, J., Smith, L., Diaz latoud, C., Fabre, N., Pauli,  D.,  and  Arrigo,  A.  P.  (1993)
Eur. J. Biochem. 215, 277-284.

• Merck, K. B., Groenen, P. J. T. A., Voorter,  C.  E.  M.,  de  Haard-Hoekman,  W.  A.,  Horwitz,  J.,
Bloemendal, H., and de Jong, W. W. (1993) J. Biol. Chem. 268, 1046-1052.

• Messmer, M., and Chakraborti, B. (1998) Exp. Eye Res. 47, 173-183.

• Mornon, R. L., Halaby, D., Malfois, M., Durand, P., Callebaut,  I.,  and  Tardieu,  A.  (1998)  Int.  J.
Biol. Macromol. 22, 219-227.



• Muchowski, P. J., and Clark, J. I. (1998) Proc. Natl. Acad. Sci. USA 95, 1004-1009.

• Narberhaus, F. (2002) Microbiol. Mol. Biol. Rev. 66, 64-93.

• Piatigorsky, J., Mol. Cell Biochem., 59, 33-56, (1984).

• Piatigrosky, J. (1992) J. Biol. Chem. 267 4277-4280.

• Plater, M. L., Goode, D., and Crabbe, M. J. (1996) J. Biol. Chem. 271, 28558-28566.

• Putilina, T., Skouri-Panet, F., Prat, K., Lubsen, N. H. and Tardieu, A., J.  Biol.  Chem,  278,  13747-
13756, (2003).

• Rabaey, M., Exp. Eye Res., 1, 310-316, (1962).
• Raman, B., Ramakrishna, T. and Rao, C. M. (1995a) FEBS Lett. 365, 133-136.
• Raman, B., Ramakrishna, T., and Rao, C. M. (1995b) J. Biol. Chem. 270, 19888-19892.

• Raman, B., and Rao, C. M. (1994) J. Biol. Chem. 269, 27264-27268.

• Rawat, U., and Rao, M. (1998) J. Biol. Chem. 273, 9415-9423.

• Reddy, G. B., Das, K. P., Petrash, J. M., and Surewicz,  W.  K.  (2000)  J.  Biol.  Chem.  275,  4565-
4570.

• Renkawek, K., de Jong, W. W., Merck, K. B., Frenken, C. W., van Workum, F. P., and Bosman,  G.
J. (1992)  Acta Neuropathol. 83, 324-327.

• Sax, C. M., and Piatigorsky, J. (1994) Adv. Enzymol. 69, 153-201.

• Sharma, K. K., Kaur, H., and Kester, K. (1997) Biochem.  Biophys.  Res.  Commun.  239,  217-
222.

• Sharma, K. K., Kumar, R. S., Kumar, G. S., and Quinn, P. T. (2000) J. Biol. Chem. 275, 3767-3771.

• Shpund, S., and Gershon, D. (1997) Arch. Gerintol. Geriatr. 24, 125-131.

• Siezen, R. J., Bindels, J. G. and Hoenders, H. J., Eur. J. Biochem., 111, 435-444, (1980).

• Siezen, R. J., and Argos, P. (1983) Biochim. Biophys. Acta 748, 56-67.

• Smith, J. B., Liu, Y., and Smith, D. L. (1996) Exp. Eye Res. 63, 125-128.

• Smulders, R. H. P. H., and de Jong, W. W. (1997) FEBS Lett. 409, 101-104.

• Smulders, R. H. P. H., van Boekel, M. A., and de Jong, W. W. (1998)  Int.  J.  Biol.  Macromol.  22,
187-196.

• Smulders, R. H. P. H., van Geel, I. G., Gerards, W. L., Bloemendal, H., and de Jong, W. W.  (1995)
J. Biol. Chem. 270, 13916-13924.



• Srinivasan, A. N., Nagineni, C. N., and Bhat, S. P. (1992) J. Biol. Chem. 267, 23337-23341.

• Srivastava, O. P., and Srivastava, K. (2003) Mol. Vis. 9, 110-118.

• Santini, S. A., Mordente, A., Meucci, E., Miggiano, G. A. and Martorana, G. E.,  Biochem.  J.,  287,
107-112, (1992).

• Stauffer, J., Rothschild, C., Wandel, T., and Spector, A. (1974) Invest. Ophthalmol. 13, 135-146.

• Stevens, A., and Augusteyn, R. C. (1997) Eur. J. Biochem. 243, 792-797.

• Sun, T. X., Akhtar, N. J., and Liang, J. J. (1998) FEBS Lett. 430, 401-404.

• Sun, T. X., Akhtar, N. J., and Liang, J. J. N. (1999) J. Biol. Chem. 274, 34067-34071.

• Sun, T. X. and Liang, J. J. N., J. Biol. Chem., 273, 286-290, (1998).

• Surewicz, W. K., and Olesen, P. R. (1995) Biochemistry 34, 9655-9660.

• Takemoto, L. (1995) Exp. Eye Res. 60, 721-724.

• Takemoto, L. (1995) Curr. Eye Res. 14, 837-841.

• Takemoto, L., and Boyle, D. (1994) Curr. Eye Res. 13, 35-44.

• Takemoto, L., Emmons, T., and Horwitz, J. (1993) Biochem. J. 294, 435-438.

• Tanford, C. (1961) Physical Chemistry of Macromolecules, John Wiley & Sons.

• Thampi, P., Hassan, A., Smith, J. B., and Abraham, E. C. (2002)  Invest  Ophthalmol.  Vis.  Sci.  43,
3265-3272.

• Van den Ijssel, P. R., Overkamp, P., Knauf, U., Gaestel, M., and de Jong, W. W. (1994) FEBS  Lett.
355, 54-56.

• van Boekel, M. A., de Lange, F., de Grip, W. J. and de Jong, W. W., Biochim. Biophys. Acta,  1434,
114-123, (1999).

• van den Oetelaar, P. J. and Hoenders, H. J., Biochim. Biophys. Acta, 995, 91-96, (1989).

• van den Oetelaar, P. J. M., Van Someren, P. F. H. M., Thomson, J. A., Siezen, R. J., and  Hoenders,
H. J. (1990) Biochemistry 29, 3488-3493.

• Vanhoudt, J., Abgar, S., Aerts, T., and Clauwaert, J. (2000) Biochemistry 39, 4483-4492.

• Van Kleef, F. S. M., de Jong, W. W., and Hoenders, H. J. (1975) Nature 258, 264-266.

• van Montfort, R. L., Basha, E., Friedrich, K. L., Slingsby, C., and Vierling, E. (2001) Nature Struct.



Biol. 8, 1025-1030.

• Walsh, M. T., Sen, A. C., and Chakrabarti, B. (1991) J. Biol. Chem. 266, 20079-20084.

• Wang, K., and Spector, A. (1994) J. Biol. Chem. 269, 13601-13608.

• Wang, K., and Spector, A. (2000) Eur. J. Biochem. 267, 4705-4712.

• Wang, K., and Spector, A. (2001) Eur. J. Biochem. 268, 6335-6345.

• Wistow, G. (1993) Exp. Eye Res. 56, 729-732.

• Wistow, G. J., Mulders, J. W. M., and de Jong, W. W. (1987) Nature 326, 622-624.

• Wistow, G. J., and Piatigorsky, J. (1987) Science 236, 1554-1556.

• Wistow, G. J. and Piatigorsky, J.,  Annu. Rev. Biochem., 57, 479-504, (1988).

• Wistow, G. J. and Piatigorsky, J. (1988) Annu. Rev. Biochem. 57, 479-504.


