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Introduction Chapter 1

Cataract or eye lens opacification is the leading cause of blindness
worldwide. It accounts for almost half of all cases globally (1). It occurs either
because of mutations in the genes coding for the lens proteins (mainly in cases
of congenital cataract) or due to environmental and metabolic changes that occur
to the lens constituents that accumulate over a period of time, compromising
transparency (age-related cataract). Congenital cataract is essentially a genetic
disorder and is an important cause of childhood blindness affecting about
20,000-40,000 newborns worldwide yearly, afflicting over 1.4 million children in
the world with a prevalence of 1 to 15/10,000 children (with birth prevalence of
bilateral cataract being 1 to 3/10,000 births). Given a birth rate of 2% (that is,
20,000/million total population), approximately 4 children/million population/year
will be born with bilateral cataract in industrialized countries, and the figure for
developing countries is likely to be 10/million total population/year (2). A child
cataract study in South India has shown that 25% cataracts were hereditary, 15%

were due to congenital rubella and 51% due to undetermined causes (3).
1.1. Lens development

The lens is relatively a simple tissue in the sense that it is made up of
cells from only one cell lineage; connective tissue, blood or nerve cells are not
present. Lens cells exist in two distinct forms; fiber cells and epithelial cells. Fiber
cells make up the bulk of the lens and a monolayer of epithelial cells covers the
anterior surface of the fiber cells. Human lens induction starts at around 28 days’

gestation. Thickening of surface ectoderm (cuboidal cells) near the optic vesicle
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occurs and invaginates into the neural ectoderm, forms the lens pit and leaves
the surface and become free by 33 days’ gestation. Cuboidal cells remain
unchanged in the anterior region but in the posterior region they elongate and
form fiber cells to fill the lumen of that vesicle. These fiber cells are the first to be
formed ones in the lens, are hence called as ‘primary fiber cells’ and this region
is called the ‘embryonic nucleus’. This entire process is completed by around 56
days’ gestation. In the lens, depending upon the maturity of cells, two major
zones can be seen, termed germinative zone and transitional zone. Epithelial
cells in the germinative zone are metabolically active. Cells lying in the vicinity of
the ciliary body are very active when compared to the cells which lie below the
iris, and undergo mitosis to produce daughter cells that migrate to the transitional
zone. Here they differentiate and elongate into the fiber cells. These fiber cells
are formed later and called ‘secondary fiber cells’. These differentiating fiber cells
elongate into long, thin, ribbon-like structures that form the onion-like layers of
the lens (Figure 1.1). During this process organelle degradation and high

expression of a family of proteins called the crystallins takes place (4-6).

R

R

Lo

Figure 1.1: The human eye lens. A: capsule, B: epithelial cells, C: equatorial region, D: fiber cells
removing their organelles denoted by the black dots, E: fiber cells with their characteristic

hexagonal shape, and F: nuclear region (7).
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The lens has developed numerous strategies to maintain its
transparency and refraction by reducing or removing the scattering structures in
it. Some of these are: (a) no vascular system, arteries and veins; (b) no
organelles. Organell degradation takes place in fiber cells, losing the nucleus,
endoplasmic reticulum (ER), Golgi and mitochondria, which are large enough in
size as to cause light scattering (8); and (c) high expression of crystallins. They
are expressed at high levels in such way that each fiber cell is filled with more
than 90% of crystallins compared to the total protein content, and in the center of
a human lens this concentration reaches a value of 450 mg/ml (9). Though these
crystallins are expressed at such high concentrations, their compact structure,
polydisperse nature and short range order allows them in keeping the lens

plastic, elastic, transparent and to offer appropriate refractive gradients (10).

1.2. Lens and its constituents

1.2.1. a-Crystallin

Crystallins constitute 90% of the total lens protein content, 35% of the
total lens mass and are comprised of two classes: a and By. a-Crystallin has two
members aA and aB. In humans oA is a 173 amino acid residue protein and aB a
175 amino acid long protein. The sequence homology between oA and aoB is
about 57%, the molar ratio of these two proteins in mammalian lens is 3:1 and
this ratio decreases gradually with age (11). a-Crystallins are expressed in lens
epithelial cells as well as fiber cells whereas the expression of By-crystallins is

restrticted largely to fiber cells (6). aA-crystallin is mainly found in the lens and
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trace amounts of this protein expression are also seen in the spleen and thymus
(12). aB-crystallin is an ubiquitously expressed protein present in a number of
non-lenticular tissues including retina, heart, skeletal muscle, brain, spinal cord,
skin, lungs (13, 14) and astrocytes in pathological conditions (15). Interestingly
aB-crystallin  has been associated with several neurological disorders. It
accumulates in the Rosenthal fibers in Alexander disease (15), in Lewy bodies in
diffuse Lewy body disease (16), in reactive glia in Creutzfeldt-Jakob disease (17)
and its expression was also observed in scrapie infected hamster brain cells (18).
The normal distribution of aB-crystallin in many cell types, its occurrence in
neurological diseases and its increased expression under stress conditions
suggest that it may play an important role in cell function. These two proteins

together constitute 30% of the total lens crystallin content.
1.2.1.1. Structure of a-crystallin

The a-crystallins belong to the small heat shock protein family and
associate to form large polydisperse multimers up to 60 units and form

aggregates 800-1200 kDa in size, and can exchange subunits dynamically (19).

The heterogeneous nature of this molecule has made difficult to be
crystallized. An alternative to X-ray crystallography, cryo-electron microscopy
(cryo-EM) has been used to solve its three dimensional structure. Even though
the resolution (4 nm) of this technology is not as good as X-ray crystallography,
useful information has been obtained. Of the two components of a-crystallin,

recombinant aB-crystallin was used for cryo-EM study, because of its less
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heterogeneous nature than aA-crystallin and native a-crystallin. The cryo-EM
results reveals aB-crystallin to have a variable quaternary structure with a central
cavity, and these assemblies are approximately 11 nm in diameter, having a 3
nm thick protein shell, surrounding a central cavity (20, 21). A model of aB-

crystallin based on cryo-EM is shown in Figure 1.2

Figure 1.2: Cryo-EM reconstructions and models of recombinant aB-crystallin (A&B) and aB-
crystallin with bound a-lactalbumin (C&D) as a model target protein. (A) A cryo-EM reconstruction
of aB-crystallin showing the irregular surface of the protein assembly. (B) A cropped view of the
aB-crystallin reconstruction showing the internal cavity. The crop plane is shown with red
representing the strongest density and green the weakest. The surface is shown in blue. (C) A
cryo-EM reconstruction of aB-crystallin with bound a-lactalbumin. (D) A model of aB-crystallin
(magenta) with bound a-lactalbumin (red) (Scale bar 100 A°) (20).

The recent cryo-EM study by Peschek (22) revealed human aB-crystallin
oligomer to be roughly in spherical shape with a diameter of 13.5 nm (Figure

1.3A) and a central cavity of 8.5 nm diameter which is surrounded by a
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symmetrical protein shell with a mean thickness varying from 2.5 to 4 nm (Figure
1.3B). The overall quaternary structure of human recombinant aB-crystallin
shows similarities to the structures of Hsp20.2 from Archaeoglobus fulgidus (23)
and Hspl6.5 from Methanococcus Jannaschii (24), which both form spherical,

24-meric complexes with octahedral symmetry.

SG-

Figure 1.3: 3D reconstruction of human recombinant aB-crystallin using EM images. (A) Surface
representations of the 3D model of human recombinant aB-crystallin. (B) Density cross sections
through the 3D model of aB-crystallin. (C) Superposition of the ribbon representation of the
dimeric aB-crystallin domain of Hsp16.5 from M. Jannaschii (25) (Scale bar, 10 nm) (22).

The crystal structure (2.9 A°) of excised a-crystallin domain (67-157) from
human aB-crystallin has been solved and reveals that it form homodimers. Each
monomer is formed with seven 3-strands; one side of this beta sandwich consists
of three B-strands that form an antiparallel beta sheet interaction at the dimer
interface (see Figure 1.3C and Figure 1.4). These homodimers share a common
groove at the interface and analyses of residues within the groove of the aB-
crystallin interface shows that it has a high density of positive charges and the
groove is the likely binding site for the N-terminal extension (25). In this crystal
structure of this excised molecule, a crystallographic 2-fold axis is positioned

between B6+B7 strands such that they form an extended antiparallel Bsheet
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linking two domains, similar to the proposed solution dimer of aB-crystallin based

on NMR spectroscopy (26) and 32/B7 edge of the sandwich is opened out.

Figure 1.4: aB-crystallin dimer. (Red): D109; (Pink): H110; (Light blue): R116; (Blue): R120 (25).

The dimers form a spiral in the crystal lattice using both non-
crystallographic and crystallographic axes, along with the additional B2 strand,
result in the dimer being more compact and the groove being less accessible
(Figure 1.4). Four residues situated at the dimer interface play important role in
keeping this interface more compact D109, H110, R116 and R120 forms ion pair
interaction with D109 and H110 whereas in the pH 9.0 R120 is close to partner
R116 (25).

X-ray crystal structure of truncated aB-crystallin (sequence 68-162)
reveals that the seventh B-strand extends away from the core domain and forms
C-terminal extension. The C-terminal extension has two subunits called the hinge
loop and C-terminal tail. The C-terminal tail has a highly conserved sequence

that binds to beta sandwich (from top) of another molecule. The hinge loop is the
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linker between the alpha crystallin core and C-terminal tail. The C-terminal
extensions protrude from each end of the central dimer and these extended arms
bind to adjacent dimers. The residues between 156-164 are palindomic
(ERTIPITRE) and this appears to be the cause for polydispersity of the a-
crystallin (27).

1.2.1.2. Chaperone-like function

The lens proteins undergo post-translational modifications with time,
causing the proteins to unfold or denature during aging. These partially unfolded
and denatured proteins are prone to form aggregates and this uncontrolled
aggregation leads to light scattering particles that interfere with vision. In this
condition a-crystallin plays a major role with its chaperone-like function by
binding to partially opened and denatured B, y-crystallins, thus attempting to
prevent them from forming aggregates and light scattering particles (28, 29). The
chaperone-like activity of a-crystallin has been extensively studied by Dr. Mohan
Rao’s group of Centre for Cellular and Molecular Biology (CCMB) and they show
that chaperone-like activity of a-crystallin is temperature dependent. It does not
prevent photo-aggregation at low temperatures. This protection starts around
30°C and steeply increases with temperature (30). With increasing temperature
(above 30°C), a minor perturbation in its tertiary structure occurs that might lead
to the exposure of its hydrophobic surfaces. The increasing temperature
enhances or reorganizes the hydrophobic surfaces of a-crystallin and these

structural alterations are important for its chaperone-like function and protective
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ability (31) and it needs a molten-globule state or a partially unfolded stated of

the target protein to bind and show its protective activity (32).

Swapping the N-terminal domain between human oA and aB-crystallins
makes a more effective chaperone. In the case of N-terminal aB+ aA chimera
this addition of aB N-terminal increases its accessible hydrophobic region,
oligomer size and enhances chaperone-like activity, whereas N-terminal aA+aB
chimera loses its protective abilities completely. This shows the importance of the
N and C-terminal domains of aA and aB-crystallins in subunit oligomerization and

chaperone-like activity (33).
1.2.2. By-Crystallins

The B-Crystallin family of proteins has seven members, four acidic (BA1,
BA2, BA3 and BA4) and three basic (BB1, B2 and BB3). These proteins account
for 35% of the total crystallin content. In humans y has three members, namely
yC, yD and yS, contributing to 25% of the total crystallin content in the human
lens (34). All By-crystallins, exist in the monomeric form, with molecular weights
between 19-27 kDa. B-Crystallins exist as dimers, homo-oligomers and in many
cases hetero-oligomers. They can consist of up to seven units (35-37). These
two groups of proteins are essentially structural proteins and their main function
in the lens is to provide transparency and necessary refractive index gradient so

as to focus the light onto the retina (38).
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1.2.2.1. Structure of By-crystallins

The amino acid sequence identity between [ and y-crystallins is around
30% and these polypeptides fold into two similar domains and each domain of
the B and y-crystallins contains two super-secondary structural arrangements,
forming a B-sandwich of eight intercalated p-strands (39). Each motif consists of
four sequential antiparallel B-strands, three from one motif and one from the
other motif, and are arranged with -1, -1, +3 topology leaving C-terminal strand
as an outer strand by generating (3,1). type of structure (40) as shown in Figure
1.5 Left. This kind of B-sheet runs resembles the designs on Greek pottery and
architecture and thus this arrangement in motif is called ‘Greek key’ (GK) motif

(see Figure 1.5 Right).

N-terminal domain

‘ {

Figure 1.5 Left: Cartoon depicting the topology of the characteristic domain structure found in all

By-crystallins showing how GK motifs, each comprising four B-strands (A, B, C and D) associate

to form the overall chain fold. Figure 1.5 Right: An architecture showing the GK fold.

This kind of Greek key motif super-secondary folding, intra-molecular

interactions between domains, inter-molecular interactions including 3D domain
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swapping and local interactions involved in the close packing of co-operative

units offers them stress resistance and structural stability (41).

Human yD-crystallin (HGDC) is a monomeric protein comprised of 173 amino
acids, whose structure has been determined at 1.25 A° resolution, revealing two
structurally homologous crystallin domains: N-terminal domain (residues 1-82)
and C-terminal domain (residues 88-173). The two domains of HGDC are
connected by a short stretch of six amino acids as the linker. These two domains
consist of four Greek key motifs and contain 24 aromatic residues distributed
throughout the protein: 14 tyr, 6 phe and 4 trp. 18 of these 24 residues have their

aromatic partners within 5 A°.

N-terminal domain C-terminal domain

bod
F11/¥6) ‘ \«-50__.\(_;% ‘ _YQT.-Y‘"l
— i \ T 1 a
— P

b N\ ] e
1B i/ 1’

. ZHE
V52! i

Maotif-1 Motif-2 Linker Motif-3 Motif-4

Figure 1.6: Topology diagram of HGDC and the locations of the aromatic residues. The six
aromatic pairs and the two tyr-trp-tyr clusters are indicated by thick lines. Blue: four B-hairpin
aromatic pairs (the “Greek key pairs”); green: two additional 3-hairpin aromatic pairs (the “non-

Greek key pairs”); arrows: B-strands.
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These aromatic residues cluster into several structural elements. The
tyrosine corner is one among them and is a classical feature of the Greek key
motifs, bridging two B-strands by a hydrogen bond between the tyrosine hydroxyl
group and a backbone carboxyl group or amino group of residue Y-3 (A3), Y-4
(A4) or Y-5 (A5). HGDC has two Y-4 (A4) type of homologous tyrosine corners,
one in N-terminal domain around Y62 (Y55, Y62, W68) and another one in C-

terminal domain around Y150 (Y143, Y150, W156) (Figure 1.6) (42).

Besides the tyrosine corners, six aromatic pairs, namely, four tyr/tyr, one
tyr/phe and one phe/phe, are present in the B-hairpin sequences of the Greek
key. Depending upon their location and close proximity these six pairs can be
classified into “Greek key pairs” (Y6/F11, Y45/Y50, Y92/Y97 and Y133/138) and
“‘non-Greek key pairs” (Y16/Y28 and F115/F117) (Figure 1.6). Substitution of
these aromatic pairs with alanines revealed that Greek key pairs have larger
contributions to the thermal stability than non-Greek key pairs, and among these
the second Greek key pair (Y45/Y50) contribution is more important and may
provide a nucleation site during the folding of the double Greek key crystallin
domain (43). The tertiary domain fold is stabilized by two folded hairpin loops
(formed from residues between A and B strands in each motif) that require

glycine and serine residues at critical positions of the fold (44).

All the four trp residues are well buried at positions 42, 68, 130, 150 in
HGDC (Figure 1.7). Of the four trp residues W68 and W156 show native state

guenching while the others do not. W68 and W156 were surrounded by aromatic
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Domain | Domain |l

Figure 1.7: Wild type HGDC showing the location of the four native tryptophans at positions 42,
68, 130, and 156 (39).

amino acids Y55 and Y62 in the case of W68 and likewise Y143 and Y150 for

W156. This aromatic amino acid shielding may be the source of the native state

guenching of tryptophan fluorescence (45).

'6) ) ‘ \ ( GIn1\1l13 /Gln54‘

_5

& "es' Val170 , g
S/
N-terminal domain C-terminal domain Met147 Arg79

Figure 1.8: Wild type HGDC depicted in ribbon representation. Left: Amino acids contributing to
the hydrophobic cluster of the domain interface (M43, F56, 181, V132, L145 and V170) are shown
in wire frame (39). Right: Peripheral interface residues (Q54/Q143 and R79/M147) shown in
space fill (39).

/

The two domains of HGDC are covalently linked by a six residue connecting
peptide and interact non-covalently through interdomain amino acid chain

contacts. In HGDC molecule the domain interface is composed of (a) a cluster of
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six hydrophobic residues (Figure 1.8 left) and (b) two pairs of polar peripheral
pairwise interactions surrounding the hydrophobic cluster (Figure 1.8 right). The
hydrophobic cluster consists of M43, F56, and 181 from the N-terminal domain
and V132, L145 and V170 from C-terminal domain. Peripheral pairwise
interactions are between Q54/Q143 (top of the interface) and R79/M147 (nearer
to the linker peptide) (39, 44). Substitutions of the N-terminal domain residues
contributing to the interface destabilized the N-terminal. However substitutions of
the C-terminal domain residues in the interface had little effect on the C-terminal
but destabilized the N-terminal domain. This suggests that the C-terminal domain
folds first and domain interface residues of the folded C-terminal domain
probably nucleate the folding of the N-terminal domain (46) and the Q54/Q143
and R79/M147 interactions stabilize the native state by shielding the central

hydrophobic cluster from solvent (47).

A non-native surface salt bridge between E135 and R142 located at the
end of the AB folded hairpin turn appears to play a critical role in stabilizing the
folding core. These highly conserved E135 and R142 of HGDC are crucial for
stabilizing its hydrophobic domain interface; disruption of these charges on the
HGDC surface might lead to unfolding and subsequent aggregation (48). The
individual domains of HGDC exhibit differential stability with the C-terminal

domain more stable than the N-terminal domain (49).

It is thanks to these extensive structural details of HGDC, made available

through crystal and solution-state studies (39-49) which have helped us to
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undertake the study of relating the structural disturbances arising due to
mutations to the pathological phenotypes of congenital cataracts associated with

mutations in y-crystallins.

The maijor differences between 3 and y-crystallin groups are as follows: (a) In
B-crystallins the motifs are encoded by separate exons while in y-cryatallin exons
code whole domains (50), (b) B-crystallins have long N and C-terminal sequence

extensions, and (c) a long linker (approximately 60 amino acid long).

Figure1.9: Wild type pB2-tetramer showing the domain swapping of one domain of one subunit

interacting with the other domain from a second subunit (51).

B-Crystallins have very similar domain structures to y-crystallins. The X-ray

structure of BB2-crystallin revealed that it has the same domain interface as the
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y-crystallins but they tend to form dimers and tetramers as the two domain
assembly is changed into a four domain assembly by changing the conformation
of the longer length linker and allowing domains to swap partners between two

molecules as shown in Figure 1.9.

The N and C-terminal domains of a BB2 polypeptide are separated from each
other with the extended linker peptide. The dimer is formed by the N-terminal
domain of one subunit interacting with the C-terminal domain from a second
subunit, while the C-terminal domain of the first subunit interacts with the N-
terminal domain of the second subunit. The two sets of paired domains in the
BB2 dimer have identical interfaces, and use the topologically equivalent
residues to y-crystallins. Domain swapping thus creates a four domain assembly,
equivalent to two y-crystallin molecules; likewise this dimer will form a tetramer

(51).

Distribution of these three types of crystallins in the lens is asymmetric
and biphasic (4). The central portion of the lens is rich in the  and y-crystallins
(See Figure 1.1) and the embryonic nuclear region is particularly rich in y-
crystallins (6). These proteins are present at high concentrations and are
arranged compactly in a short range spatial order as in dense liquids or glasses
to provide transparency and necessary refractive index (10). These two features
are achieved by their being folded in a compact and highly stable manner using a

series of super-secondary structural Greek key motifs.
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1.2.3. Other proteins in the lens
1.2.3.1. Vimentin

Vimentin is a type lll intermediate filament protein expressed in both the
epithelial and fiber cells of the lens (52) and it interacts with the aB-crystallin and

forms a structural framework (53).
1.2.3.2. Beaded filament structural protein 2

Beaded filament structural protein, also called as filensin, is a
cytoskeletal intermediate filament protein and expressed specifically in the
differentiated fiber cells of the lens (54). It has a nodular appearance and forms a

meshwork underneath the plasma membrane of the lens fiber cells (55).
1.2.3.3. Aquaporin O

The transparency of the eye lens depends upon its highly ordered tissue
and architecture, the maintenance of this structure is dependent on the control of
the hydration and volume of individual cells. Lens fiber cells deep in the center of
lens cannot receive adequate nutrition by passive diffusion and are dependent on
a transport system which can provide nutrients and remove the waste products.
Each lens fiber cells is connected to its neighbour through a protein called major
intrinsic polypeptide, also called as Aquaporin 0 (AQP 0), which transports water
between cells and also regulates the volume. AQP 0 is the most abundant

integral membrane protein in the differentiated lens fiber cell and functions as a
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symmetrical water channel and provides lens transparency and homeostasis

(56).

Figure 1.10: The crystal structure of AQP 0, highlighting some of the residues that generate the

water channel (57).

The structure of bovine AQP 0 has been solved by X-ray crystallography
and reveals an organization of the monomer molecule each of about 270 amino
acid residues long forms into tetramers as shown in Figure 1.10. Each monomer
is folded in such a fashion that a 28 A° long cylindrical channel ranging in
diameter 1.99-2.5 A° is formed through which, water is transported. The structure

is such that it also allows for cell-cell adhesion using AQP 0 (57).

Peter Agre was awarded the Nobel Prize in Chemistry for 2003 “for
discoveries concerning channels in cell membranes”, with Roderick Mac Kinnon.
This discovery opened the door to a whole series of biochemical, physiological

and genetic studies of water channels in bacteria, plants and mammals.
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1.2.3.4. Connexins

Connexins are a large family of transmembrane proteins. Three
connexin proteins have been identified in the mammalian lens to date. Those are
connexin 43 (Cx43), connexin 46 (Cx46) and connexin 50 (Cx50). Connexin 43 is
present in the lens epithelium, connexin 46 is present in the fiber cells and

connexin 50 is present in both epithelial and fiber cells.
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Figure 1.11: Right: Schematic diagram of the Cx50 polypeptide chain. M1-M4: transmembrane
domains; E1 and E2: extracellular loop 1 and 2. The loops E1 and E2 each contain three cysteine

residues. Left: Gap junction proteins organization in membranes (58).
Each connexin molecule is folded in a manner that it has four trans-

membrane domains (M1- M4) and two extracellular domains (E1 and E2). While

the transmembrane domains are largely hydrophobic in order to traverse the
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non-polar membrane region, the E1 and E2 domains have two ‘loop’ motifs which
hang out but are held together by disulfide bonds, as shown in Figure 1.11 Right
panel. Connexins form multimeric complexes, actually hexamers, making what is
referred to as a hemi-channel. One hemi-channel hexamer in one cell docks up
with another hemi -channel in the neighbouring cell, to make a full channel, as
shown in Figure 1.11 left panel. The connexins that make the channel act
together by changing their conformation in synchrony in order to open and close
the hemi channels. The channel closes when each subunit slides against one
another and rotates in a screw-like manner, while opening is done by the reverse
(58). Connexin proteins play a key role in connecting lens cells to the anterior
surface of epithelial cells and maintaining inter-cellular transportation of small

biomolecules, including ions, metabolites and messenger molecules (59).
1.2.3.5. Lens intrinsic membrane protein 2

Lens intrinsic membrane protein 2 (LIM2) is the second most abundant
intrinsic membrane protein in lens fiber cells. The function of LIM2 is not clearly
understood. Its localization to the junctional region of the lens fiber cell
membrane as well as throughout the fiber cell membrane suggests its role in lens

junctional communication (60, 61)
1.3. Genetics of cataract

When mutations in crystallins or other lens proteins lead to protein

aggregation they usually result in congenital cataract, while if they suffer
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increased susceptibility to environmental insults, (such as light, oxidative
damage, hyperglycaemic conditions) they might contribute to age related
cataract. Mainly hereditary congenital cataracts tend to be inherited in a
Mendelian fashion with high penetrance and all three classical types of
Mendelian inheritance (autosomal dominant, autosomal recessive and X-linked)
have been reported with congenital cataract. There are currently about 45
genetic loci and over 38 genes have been identified with isolated cataracts.
Genes causing Mendelian cataracts are listed in Table 1.1 (62). Crystallin genes
and connexin genes (GJA3 and GJA8) are among the most frequently mutated

genes in hereditary cataracts.
1.3.1. Congenital cataracts with connexins

The genes coding for gap junction proteins GJA3 (connexin 43) and GJA8
(connexin 50) have been mapped to 13g11 and 1g21.1 respectively (63). At least
25 mutations in GJ3 and 27 mutations in GJA8 have been identified in families
with congenital cataracts to date. Five mutations have been identified from our
own institute from Dr. Chitra Kannabiran’s group, and these include a
homozygous missense mutation of c.649G>A (V196M) in GJAS8 in a family with
autosomal recessive cataract, two heterozygous missense mutation, c.658C>T
(P199S) in GJA8 and ¢.589C>T (P197S) in GJA3 in two separate families with
autosomal dominant cataract, a silent change c.84G>A (V28V) in GJA8 with an
autosomal dominant inheritance of cataract (64) and a single base insertion

causing a frameshift at codon 203 ¢.670ins A (T203NfsX47) of connexin (65).
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This insertion of A results in a frameshift at codon 203 with a stop codon after 46
amino acids of altered reading frame, producing a truncated protein consisting of
248 amino acid residues. Functional analysis of this frame shift mutant shows
that it is localized to the ER but not in the plasma membrane and causes
disintegration of the Endoplasmic reticulum Golgi intermediate compartment
(ERGIC) and Golgi. Further analysis showed that the fourth transmembrane
domain and a membrane proximal region (231-294 amino acids) of the
cytoplasmic domain are needed for transport from the ER and localization to the

plasma membrane (66).
1.3.2. Congenital cataracts with crystallins

Turning to the crystallins, mutations in 10 crystallin genes have been
identified with isolated cataracts. Those are two a-crystallin genes (CRYAA, 21q;
CRYAB 11q), two acidic B-crystallin genes (CRYBAL, 17q; CRYBA4, 22q), three
basic B-crystallin genes (CRYBB1, 22qg; CRYBB2, 22q; CRYBB3, 22q) and three
y-crystallin genes (CRYGC, 2q; CRYGD, 2q; CRYGS, 3q) (62).

The y-crystallin coding genes are organized as a cluster of five genes
(CRYGA — CRYGE) within an approximately 50 kb region and are arranged in a
head to tail orientation. The sixth gene CRYGF is present close to this cluster
and all these genes were found on chromosome 2. A typical CRYG gene is
composed of three exons and two introns; the first exon contains only 9 bp
followed by a short intron of about 100 bp. The second exon contains 243 bp and

the third exon is composed of 273-276 bp and these two exons are separated by
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a large intron of 1-2 kb. The non-translated 3’-end is short and is about 40bp
(67). The CRYGE and CRYGF genes are not expressed in humans and
therefore referred as pseudogenes (68). Cataract causing mutations in humans
have so far been detected in CRYGC, CRYGD and CRYGS genes only.
Mutations reported in a-crystallins, B-crystallins and y-crystallins are reported in

Table 1.2 (69-91), Table 1.3 (92-129) and Table 1.4 (130-156) respectively.
1.3.2.1. Mutations in a-crystallins

Of the 11 mutations in aA-crystallin (CRYAA) represented in Table 1.2A in
10 of them an arginine residue is involved and changes of a neutral or
hydrophobic amino acid to or from arginine (R12C, R21L, R21Q, R21Q, R49C,
R54C, R54P, G98R, R116C and R116H). This arginine involvement in these
cataracts would tend to alter the molecular charge dispersion at the surface of
the a-crystallin protein and show a deleterious effect on its chaperone-like

activity.

The R116C mutation was the first human CRYAA mutation reported. A
broad variety of experimental approaches have been undertaken to find out the
functional consequences of this mutation. The mutant protein shows reduced
chaperone-like activity (157), interacts with B2 and yC-crystallins (158) as well
as with actin (159). The R49C mutation induces abnormal localization of aA-
crystallin to the nucleus (73). In the case of G98R mutation, the resulting protein
forms larger oligomers that are prone to precipitate over time and diminished

chaperone-like activity (160). An autosomal recessive cataract has been
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associated with a chain termination mutation near the beginning of the protein
(W9X), converting the tryptophan codon at position 9 into a termination codon. In
heterozygous condition this early chain termination mutation would be expected
to not to affect the protein synthesized from the normal allele, suggesting that
half the normal level of a-crystalllin can provide sufficient chaperone-like activity

and structural packing to establish and maintain lens transparency (69).

Half of the mutations in CRYAB gene (V152fs, Q151X, G154S, R157H)
are associated with myopothies and two mutations reported so far are in
regulatory elements (249C>G, 650C>G and 652A>G (promoter region); and
2398T>G (intronic region)), associated with multiple sclerosis and others (R11H,
P20S, R56W, D109H, R120G, D140N, R149fs and A171T) are associated with

cataracts.

Table 1.2B lists 14 mutations reported in aB-crystallin (CRYAB)
associated with congenital cataract. Here again 4 of them involve replacement of
arginine. The first human mutation reported in aB-crystallin (R120G) was
associated with desmin-related myopathy as well as to cataract (83). This is a
missense mutation, which reduces the chaperone-like activity dramatically, by
affecting the tertiary structural packing (157) and causing aggregation and
precipitation of the mutant protein under stress (161). This again (just as the
above arginine related mutants in oA-crystallin) suggests that conserved
arginines of a-crystallin chains are essential for the protein’s structural integrity

which in turn affects its protein’s function. The P20S mutation in CRYAB can
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induce crystallin subunit exchange, markedly decreased chaperone-like activity,
abnormal nuclear localization, and increased apoptosis compared to the wild
type gene (162). The D140N mutation alters the tertiary and quaternary
structures and increases protein aggregation and susceptibility to thermal

denaturation. (84)
1.3.2.2. Mutations in B-crystallins

These include missense mutations, insertions changing the reading frame
and causing expression of aberrant peptides with premature termination and
splice mutations as shown in Table 1.3. CRYBA1 codes for two B-crystallins,
BA1- and BA3-crystallin, which differ by the length of their N-terminal extensions
(163). Three mutations have been observed so far in BA3/BA1. Of these two of
them affect the same splice site of intron 3: in the first case, it is a G—A transition
and in the second case a G—C transversion. The third mutation causes G91
deletion. These three mutant proteins lead to zonular, pulverulent and lamellar

cataracts, respectively (117-127).
1.3.2.3. Mutations in y-crystallins

Mutations in y-crystallins tend to produce nuclear or peripheral cataracts
consistent with their degree of damage to their structure. The P24T mutation in
CRYGD induces markedly lower solubility due to hydrophobic patches on its
surface ((164, 165).Two mutations in CRYGD, R36S and R58H, have been

shown not to alter the protein fold but to lower the solubility and enhance the
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crystal nucleation rate of these mutants. This causes them to precipitate out of
solution through hydrophobic interactions in the R36S mutant, and by forming
crystals in the lens in the case of the R58H mutation ((166, 39). In another
mutant of CRYGD, R14C, this protein too maintains its tertiary structure but is

susceptible to thiol-mediated aggregation (167, 168).

The T5P mutation in CRYGC affects the protein conformation and
decreases its solubility and stability; the mutation also alters the interaction
between yC-crytallin and other crystallins and increases aggregation (169, 170).
The R168W mutation in CRYGC induces changes in tertiary structure of the
molecule and enhances self-aggregation to form light scattering particles (171),
and in the mutant W156X deletion of 18 residues of CRYGC causes self-
aggregation since the side chains of several hydrophobic residues in the
sequence are exposed to the solvent; a similar kind of aggregation happens in

the truncated mutant W157X of CRYGD (172).
1.4. Scope of the study

The role of the Greek key motif, based on the protein’s unique topology
has helped us understand the structural perspective as described in detail above
in section 1.2.2, but how this Greek key-derived dense packing of the B and y-
crystallins in the eye lens translates into transparency is an issue of functional
interest. It is with this in mind that we have chosen congenital cataracts
associated with mutations in 8 and y-crystallins to study the functional role of the

Greek key. The main reason for selecting congenital cataract mutations to study

Molecular analysis of congenital cataract:
Structure-function correlation of cataract-associated human y-crystallins

26



Introduction Chapter 1

this issue is twofold. One is that congenital cataracts are essentially due to
genetic mutations in origin and two is the fact that the 52 mutations that have
been reported so far in human B and y-crystallins are associated with an
interesting phenotypic dichotomy (Table 1.3 and 1.4). About half of them
generate nuclear cataract, blocking the central visual axis (Figure 1.12.A) and
hence causing complications which can disrupt the development of the visual
pathways leading to conditions such as amblyopia (visual stimulation either fails
to transmit or is poorly transmitted through the optic nerve to the brain),
nystagmus (involuntary movement of the eye often called as dancing eye) and
possibly alter association deficits in the growing infant, if not treated at the
earliest (173-177). The rest are associated with peripheral cataracts which do not

demand early action, since they do not block the visual axis (Figure 1.12B).

-~

-~

Figure 1.12A: Slit lamp photograph of the eye of a nuclear cataract patient (153). Figure 1.12B:
Coralliform cataract is similarly shown (Coralliform: round or elongated processes radiating out of
the center of the lens) (138).

In an effort to understand the molecular structural basis behind this
phenotypic dichotomy (nuclear cataract-peripheral cataract), we have chosen to
study representative mutations in HGDC and Human yS-crystallin (HGSC). The
reasons for selecting these two are: (a) they are monomers; the crystal and
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solution structures are well known for HGDC (39) and the crystal structure of the
C-terminal domain of HGSC (178) has been studied in detail and the solution
structure of the full length murine yS-crystallin has been resolved by NMR (179),
(b) structural analysis of several mutants (R14C, P24T, R36S, R58H, G61C,
E107A and W157X of HGDC and G18V of HGSC are already available to extend
our analysis and (c) these cataracts caused by the above mutations are

Mendelian monogenic disorders.

It thus becomes possible to go beyond reporting the mutations in By-
crystallins associated with congenital cataract and to study the functional
genetics or attempt a protein structural rationale. We have chosen three mutants,
two from HGDC (P24T and R77S) and one from HGSC (D26G) which are
associated with peripheral cataracts, and three mutants (A36P, R140X and
G165fs) of HGDC and the mutant V42M of HGSC associated with nuclear
cataract. In addition, we have prepared two full length chain mutants of HGDC,
not reported naturally, namely, Y134A, which is a mutation in the fourth Greek
key motif, but which still keeps all the four motifs intact, and the double mutant
L45PL54P which disrupts the second Greek key motif, of HGDC. We have then
compared their properties with the other mutants and their respective wild types
(WT) by cloning, expressing and isolating the proteins, purifying them and
studying their structural details in solution (P24T, R77S, A36P, R140X, G165fs
L45PL54P and Y134A of HGDC and D26G and V42M of HGSC). To this end, we
have compared their solubility, their secondary and tertiary structural features

using circular dichroism (CD) and fluorescence spectroscopy, their structural
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stability towards chemical denaturation (using the commonly used chemical
denaturing agent guanidine hydrochloride, (GuHCI)) and thermal denaturation,
their tendency to form light scattering aggregate particles in vitro using extrinsic
spectral probes, and in cellulo by transfecting their cDNAs into a lens cell line, as

well as by molecular modeling in silico by standard methods.
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Table 1.1: Genes causing hon-syndromic Mendelian cataract
Chromosome Locus/gene Cataract type
1p36 ccv AD
1p36.1 115665/EPHA2 AD
1p32 176946/FOXE3 AR and AD
1g21.1 601094/GJA8 AD
1g25-g31 600897 AD
2p12 115800/CCNR AD
2g33-g35 607304/CRYGC AD
2g33-g35 123680/CRYGD AD
3p21.3-p22.3 123690/FYCO1(CATC?2) AR
3022.3-g25.2 607182/ADCCC AD
3021-922 BFSP2 AD
30925 603212/CRYGS AD
6p24 123730/GCNT2 AR
7934 600429/AGK AR
80g13.3 610345/EYAL AD
9913-g22 601653/CAAR AR
90922.33 605749/TDRD7 AR
10p13 611258/VIM AD
10g23.31 193060/SLC16A12 AD
10925 605749/PITX3 AD
11p13 602669/PAX6 AD
11g22.1- q23.2 607108/CRYAB AD
12913 123590/AQPO AD
12924 154050/CCA5 AD
13g11-g12 614422/GJA3 AD
14922-g23 121015/CTPP5 AD
14924.3 610634/VSX2 AR
15g21-g22 142993/CCSSO AD
16p13.2 605728/TMEM114 AD
16g22.12 611579/HSF4 AD
16g22-g23 602438/MAF AR and AD
17p13-pl12 177075/CTAA2 AD
17g11.2-q12 601202/CRYBA3/A1 AD
17924 123610/GALK1 AR
17924 604313/CCA1 AD
19913 609376/CATCN1 AR
19g13.4 115660/FTL AD
19g13.4 134790/LIM2 AR
20p11.23 154045/BFSP1 AR
20p12-g12 603307/CHMP4B AD
21g22.3 605387/CRYAA AD
22ql11.2 123580/CRYBB1 AD
600929/CRYBB2 AD
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123620/CRYBB3 AR and AD
123630/CRYBA4 AD

Xp22 123631/CXN3X XL

Xq24 600929/X-linked XL

AD: autosomal dominant; AR: autosomal recessive. (Taken from [62]).
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Table 1.2: Mutations in human a-crystallins associated with congenital cataracts

Table 1.2A: Mutations in human aA-crystallins associated with congenital cataracts

S.No Mutation Type of cataract seen Reference
1 WX Congenital (69).
2 R12C Nuclear (70).
3 R21L Nuclear (71).
4 R21Q Nuclear (72).
5 R21W Nuclear (70).
6 R49C Nuclear (73).
7 R54C Punctate lenticular (74).
8 R54P Y shape suture (75).
9 G98R Presenile (76).
10 R116C Nuclear (77).
11 R116H Nuclear (70, 78).
Table 1.2B: Mutations in human aB-crystallins associated with congenital cataracts
S.No Mutation Type of cataract ;| Reference

seen
1 R11H Nuclear (79).
2 P20S Posterior polar (80).
3 R56W Congenital (81).
4 D109H Posterior polar (82).
5 R120G Myopathy (83).
6 D140N Lamellar (84).
7 450 del A;R149fs Posterior polar (85).
8 464 del CT; V152fs Myopathy (86).
9 Q151X Myopathy (86).
10 G154S Myopathy (87).
11 R157H Myopathy (88).
12 AL171T Lamellar (99).
13 249C>G, 650C>G and 652A>G Multiple sclerosis i (90).
14 249C>G, 650C>G and 652A>G (promoter region) and : Multiple sclerosis (91).
2398T>G (intronic region)
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Table 1.3: Mutations in human B-crystallins associated with congenital cataracts

Table 1.3A: Mutations in human BB1-crystallins associated with congenital cataracts

S.No Mutation Phenotype Comments

1 MIK Nuclear Abrogates initiate codon, even if translation occurs, it
and loses GK-1 and part of GK-2 (92).
Pulverulant

2 N58Tfs106 i Nuclear Elongates the C-terminus, disrupting the B-crystallin
interactions and truncation (93).

3 S129R Nuclear and i Destabilizes the BB1/BA3-crystallin heteromer but not the

microcornea i fB1 homomer and also sensitizes BB1 to proteolysis (94,
95).
4 G220X Pulverulant Truncation of 33% of the GK-4, and the entire C-
(affecting terminus, losing solubility (96).
fetal nucleus)

5 Q 223X Nuclear Truncation, losing part of GK-4 motif (97).

6 S228P Nuclear Loss of the conserved S228, which, along with a distal
glycine, enables the super secondary fold by packing the
hairpin over the B-sheet in the GK motif. Replacing it by
the structure breaker P disturbs the supersecondary fold
(98).

7 R233H Nuclear PolyPhen analysis shows damage to the protein
structure, and loss of solubility due to loss of the
conserved cationic arginine (99).

8 X253R Nuclear and i Elongates the C-terminal extension and disrupts [-

microcornea

crystallin interactions (100).
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Table 1.3B: Mutations in human BB2-crystallin associated with congenital cataracts

S.No. Mutation Phenotype

1 A2V Posterior subcapsular (101).

2 121N Dense white opacities throughout the embryonic and fetal nuclei
(99).

3 S31W Coronary (102).

4 cDNA-G54A  splice i Zonular (103).

site variation

5 W59C Central opacity (103).

6 D128V Nuclear with by ring-shaped opacity (104).

7 V146M Nuclear (99).

8 W151C Nuclear (105).

9 Q155X Variable genotype, but predominantly Nuclear, Coppock-like,
Pulverulant opacity in embryonic nucleus (106-113).

10 Y159X Not reported (114).

11 V187M Nuclear (115).

Table 1.3C: Mutations in human BB3-crystallin associated with congenital cataracts

S.No Mutation Phenotype Comments
1 R75H Microcornea cataract Mutation affects the GK-2 motif, and destroys
a highly conserved amino acid R75 (114).
2 G165R Nuclear cataract with i Mutation
cortical riders Destabilizes GK-4 Motif and increases
electrostatic charge surface (116).
Table 1.3D: Mutations in human BA3/A1-crystallin associated with congenital cataracts
S.No Mutation Phenotype Comments
1 Splice site mutation Nuclear, Pulverulant, Zonular, i Exon skipping abolishes
in first base in intron 3: { Y-Sutural opacity. GK-3 (117-121).
CRYBAL-IVS3+1 G>A
2 Splice site mutation in i Pulverulant opacities and i (122).
first base in intron 3: | Sutural opacities in embryonic
CryBA1-1VS3+1 G>C nucleus.
3 3 bp deletion in exon 4 i Nuclear. Defective folding of two

leading to deletion of
glycine 91; A91

B- strands making the GK
motif (123-127).
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Table 1.3E: Mutations in human BA4-crystallin associated with congenital cataracts

S.No i Mutation Phenotype Comments

1 F94Ss Lamellar (128).

2 L69P Lamellar and microcornea, (128).

3 G64W Nuclear and microcornea G64 is a highly conserved residue across

species (129).
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Table 1.4: Mutations reported in human yD, yC and yS-crystallins associated with

congenital cataracts.

Table 1.4A: Mutations reported in human yD-crystallin

S.No Mutation Type of Comments
cataract seen
1 R14C Nuclear and i Only surface change; extensive disulfide
perinuclear Inter-molecular bridges (130, 131).
2 R14S Coralliform Slight change in hydrophobic content, opening up a
phosphorylation site (no conformational work) (132).
3 P24T Coralliform, Extensive conformational analysis done by many
Cerulean and : shows no change in 2’and3" structure, minor surface
Fasciculiform changes, drop in solubility (133-139).
4 A36P Nuclear Our study shows GK compactness distorted; higher
hydrophobic exposure upon mutation; and solubility
drops (140).
5 R37P Nuclear No data yet (141).
6 R37S Birefringent Crystal structure reveals no changes (142).
crystals
7 WA43R Nuclear Minor 3" structural changes; pl must be different,
solubility decreased (143).
8 M44v Blue dot opacity i No structural data yet (103).
9 Y56X Nuclear Large scale truncation of chain; three GK motifs lost
(144).
10 R58H Aculeiform H bonding lost. But no other change. pl altered
(145).
11 G61C Coralliform Stability is compromised (146, 147).
12 R77S Polar coronary No change seen in structure upon mutation.
Solubility high (105).
13 E107A Nuclear Solubility high. pl change is seen to lead to hetero
aggregation with a-crystallin (148).
14 Y134X Not reported No data, but GK-4 gone (70).
15 R140X Nuclear Our data shows GK-4 lost; solubility lost; surface
exposure extensive (89).
16 W157X Nuclear GK-4 gone; solubility lost; surface exposure
extensive (117).
17 G165fs Nuclear Our data shows high hydrophobic exposure; GK-4
distorted and solubility lost (149).
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Table 1.4B: Mutations reported in human yC-crystallin
S.No | Mutation { Type of cataract i{ Comments
seen
1 T5P Coppock-like Less solubility and lower thermal stability (145).
2 G41fs Zonular Less solubility (150).
Pulverulant
3 C109X Nuclear Truncation and loss of GK (151).
4 S119S Nuclear (144).
5 W157X Nuclear Truncation mutant; data shows solubility loss, exposure
of residues to surface (152).
6 R168W Nuclear pl change, as in E107A? (153).
7 R48H Nuclear Similar to the yD-mutant (154).

Table 1.4C: Mutations reported in human yS-crystallin

S.No i Mutation

Type of cataract
seen

Comments

1 G18V Progressive cortical Extensive data shows no change in 2° or 3°, but
compaction of GK-1 likely to alter (155).

2 D26G Coppock Our data shows very little change in 2° or 3°
solubility high (140).

3 S39C Microcornea-cataract : No data (89).

4 V42M Autosomal dominant ;| Our data shows compact packing of GK is lost (156).

cataract
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2.1. Materials

2.1.1. Vectors used for cloning and expression

Three plasmid vectors pBSSK+ (Stratagene), pET-21a (+) (Novagen) and
pPCDNAS3.1 (+) (Invitrogen) were used in this study. pBSSK+ was used for cloning
and maintenance of various cDNAs; pET-2la (+) for over-expression of
recombinant proteins in E.coli and pCDNA3.1 (+) for checking aggregation

properties in mammalian cells.

2.1.1.1. pBSSK+vector: This consists of a pUC origin with the lac promoter,

B-galactosidase a-fragment and ampicillin resistance gene as selection marker
plus two blunt end cut enzymes EcoRV and Smal which are useful in
incorporating the blunt end product into the vector. Further details are shown in

Figures 2.1 and 2.2.

2.1.1.2. pET-21a (+) vector: Of pBR322 origin, it has T7 promoter, lacl

coding sequence, N-terminal T7 tag coding sequence, C-terminal His tag coding
sequence and ampicillin resistance gene as selection marker. Its expression can
be regulated by the chemical isopropyl-1-thio-D-galactopyranoside (IPTG) using
which high levels of recombinant protein expression can be achieved in E.coli.

Further details are shown in Figure 2.3 and 2.4.

2.1.1.3. pCDNAS3.1 (+) vector: It has pUC origin, human CMV and SV40

promoters, C-terminal His tag coding sequence, ampicillin and neomycin

resistance genes as selection markers and BGH polyadenylation sequence. The
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pUC origin gives high copy number growth and replication; human CMV
promoter permits efficient high-level expression of recombinant protein; ampicillin
resistance gene for selection of vectors in E.coli; neomycin resistance gene for
selection of stable transfectants in mammalian cells and BGH polyadenylation
sequence for efficient transcription termination and polyadenylation of mRNA.

Further details are shown in Figure 2.5 and 2.6.

P —'—\»\ 7 f1 (+) ori
i -l N\ >
/,/ g \\/\\\ N\
y D
/S « 2
ampicillin|/ / “lacZ

/

| pBluescript SK+ Mizcl
2.0l
<\ “P lac

pUC g)—ri_l

Figure 2.1: Vector map of pBSSK+ showing pUC origin, multiple cloning site region, lacZ

gene and ampicillin resistance gene marker.
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pBluescript SK (+/-) Multiple Cloning Site Region
(sequence shown 601-826)

Apa l Hinc Il
Feo 109 | Ace |
I T7 Promoter > iiipn | |T:|m Il :?hnl ?cﬂ |
TTGTﬂMACGﬂCGGCCAGTEMTTGTMT#.CG;&.CTCACT;&.TAGGGCGA;‘!\TTGGGT.-E".CCGGGCCCCCCCTCG;\GGTCGACGGT. ..
M3 =20 primer binding st [7 primer binding site " kK5 primer binding sife...
) Mot |
%?H% ! |-||in-:l I EcoRY  EcoRl Pt ?mﬂl HomH | Slpel }|{|:~c|| |?ﬂg | Bax) ?{:H:II lScH:I
. CATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGLGGTGGAGCTCCA. L.

... K5 primer binding site 5K primer binding site

< T3 Promoter l-gal u-fragment
|
. GCTTTTGTTCCCTTTﬁ".GTG.:"-"'.GGGTTﬁ"..-ﬁ.TTTCGP\GCTTGGCGTMTPATGGTCAT%GCTGTTTCC
3 primer binding site "M 13 Reverse primer binding site

Figure 2.2: Multiple cloning site region of pBSSK+ vector along with T7 promoter and 3-galactosidase a-fragment. Human yD-

crystallin (HGDC) and human yS-crystallin (HGSC) cDNAs were cloned into this vector at Smal site.
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Ava |(158)
Xho 1(158)
Not 1(166)
Eag 1(166)
Hind Il1{173)
Sal 1(179)
Sac 1(190)
~_EcoR I(192)
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~Nhe 1(231)
_—Nde 1(238)
— —Xba 1(276)
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Pvu l(4428) _~Miu l(1084)
/ ~ Bcl 1(1078)
Pst 1(4303)
| \ ,"-.(BstE [1(1245)
[ ] > | | R Bmg 1(1273)
Bsa l4119) | = || MApal(1275)
Eam1105 1(4058) 1 | pE{L‘%ES("’) 8 \‘
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./ fj
/
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~PpuM [(2171)

f Pspb l1(2171)
BspLU11 |3165 ?“‘ — o Bpu10 1(2271)
Sap 1(3049) ) .

Bst1107 I(2936) / | ‘BSPG l(2691)
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Figure 2.3: Vector map of pET-21a (+) showing pBR322 origin, lacl gene, multiple cloning site

and ampicillin resistance gene.
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T7 promoter primer #69348-3
|
Bglll T7 promoter > lac operator Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGA
* E 1a Eag | Ava l
Ndel Nhel T7-Tag BamH | EcoR | Sacl Sall Hind Il __ Notl Xho |
TATACATATGGCTAGCA CAG GGATCCGAATTCG CTCCG G GCCGCACTCGAGCACC C
etAlacSer G GlySerGluPheG u ThrArgAlaProP
pET-21 TCCGAATTC ACTCGAGCACCACCACCACCACCACTGA
PET-21 P AsnS uUGluHIisHIsHIsHIsSHIsHISEr
Nco |
T ATGGCT C pET-21c GAATTCCG CC TT CTC SCACCACCAC
MetA | aSe Argl leArgAlaProSe - sSerSerThrThrThr
Bpu1102 1 T7 terminator
ATCCGGC TGCTAACAAAGCCCG AAA SCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
T7 terminator primer #69337-3

Figure 2.4: Multiple cloning site region of pET-21a (+) vector along with T7 promoter, lac operator, ribosomal binding site, T7

tag and His tag. HGDC and HGSC cDNAs were cloned into this vector at Ndel and Hindlll sites.
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pcDNA3.1 (+/-)
5428/5427 bp

3-882
10

a: bases 1022-1039
cas 1N28-19R2

Figure 2.5: Vector map of pCDNAS3.1 (+) showing pUC origin, CMV promoter, multiple cloning

site, BGH polyadenylation site, ampicillin and neomycin resistance genes.
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enhancer region (3" end)
689 CATTGACGTC AATGGGAGTT TGTTTTGGCA CCAAAATCAA CGGGACTTTC CAAAATGTCG

CAAT TATA
1 1
749 TAACAACTCC GCCCCATTGA CGCAAATGGG CGGTAGGCGT GTACGGTGGG AGGTCTATAT
3'end of hCMV . -
l I putative transcriptional start —

809 AAGCAGAGCT CTCTGGCTAA CTAGAGAACC CACTGCTTAC TGGCTTATCG AAATTAATAC

T7 promoter/primer binding site Nhe Pmel Afl1l Hind 111 Asp7181 Kpnl
| | | | |
869 GACTCACTAT AGGGAGACCC AAGCTGGCTA GCGTTTAAAC TTAAGCTTGG TACCGAGCTC

BamHI BWXI* Eu)RI E(()RV B?!Xl“ No!I ‘(ho[
929 GGATCCACTA GTCCAGTGTG GTGGAATTCT GCAGATATCC AGCACAGTGG CGGCCGCTCG

Xbal Apal  Pmel pcDNA3 1/BGH reverse priming elte

|
989 AGTCTAGAGG GCCCGTTTAA ACCCGCTGAT CAGCCTCGAC TGTGCCTTCT AGTTGCCAGC

1049 CATCTGTTGT TTGCCCCTCC CCCGTGCCTT CCTTGACCCT GGAAGGTGCC ACTCCCACTG

BGH poly (A) site
1109 TCCTTTCCTA ATAAAATGAG GAAATTGCAT

Figure 2.6: Multiple cloning site region of pCDNA3.1 (+) vector along with TATA box of CMV promoter and BGH
polyadenylation site. HGDC and HGSC cDNAs were cloned into the EcoRI and Xhol sites of this vector.
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2.1.2. Bacterial strains used for cloning and expression

DH5-a strain of E.coli (Novagen) was used for screening and maintenance
of the recombinant plasmids. BL21 (DE3) pLys (S) strain of E.coli (Novagen) was

used for the over-expression of recombinant protein.
2.1.3. Cell lines

The Human Lens Epithelial Cell line (HLE-3B) was used for checking the

aggregation properties.

2.2. Methods

2.2.1. Cloning of wild type and mutant constructs

Human cadaveric eye lens was collected from the Ramayamma
International Eye Bank, L.V. Prasad Eye Institute, after due ethical and scientific
approval from the Institutional review board. Total RNA was isolated from the
lens using Trizol reagent. The first strand was synthesized by Reverse
Transcription Polymerase Chain Reaction (RT-PCR) using oligo-dT primer and
Superscript Il reverse transcriptase (Invitrogen). Human yD-crystallin (HGDC)
and Human yS-crystallin (HGSC) cDNAs were amplified from the first strand
using forward primer with Ndel restriction site and reverse primer with Hindlll
restriction site. The amplified WT HGDC and HGSC cDNAs were cloned into a
Smal digested pBSSK+ vector using T4-DNA ligase. The recombinant clones

were confirmed by Polymerase Chain Reaction (PCR) and restriction digestion.
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Wild type cDNAs were released from the pPBSSK+ vector by restriction digestion
with Ndel and Hindlll restriction enzymes. The released cDNAs were ligated into
the Ndel and Hindlll sites of the pET-21a (+) vector using T4-DNA ligase. Mutant
clones pET-21a yD P24T, pET-21a yD R77S, pET-21a yD A36P, pET-21a yD
R140X, pET-21a yD G165fs, pET-21a yD L45PL54P, pET-21a yD Y134A were
generated from the pET-21a yD WT template and pET-21a yS D26G and pET-
21a yS V42M were generated from the pET-21a yS WT template by PCR-based
site directed mutagenesis using Phusion DNA polymerase. The amplification
conditions were as follows: an initial denaturation step at 98°C for 30 s, followed
by 16 cycles of denaturation, annealing and extension at 98°C (10 s), 55°C (30
s), 72°C (3 min), respectively, with a final extension step at 72°C for 10 min. The
PCR product was digested with Dpn1l for 1 h and transformed into DH5-a and the

plasmids were isolated.

His-tagged WT HGDC, R140X and G165fs mutants were amplified from
the previously cloned pET-21a yD WT template using Phusion DNA polymerase
using forward primer having EcoRL1 restriction site, and reverse primer having
codons for His tag and Xhol restriction site and cloned into the EcoR1 and Xhol
sites of the pCDNA3.1 (+) vector by the above-mentioned method. His-tagged
mutant clones, pCDNA3.1 (+) yD P24T, pCDNA3.1 (+) yD R77S, pCDNA3.1 (+)
yD A36P, pCDNA3.1 (+) yD L45PL54P and pCDNA3.1 (+) yD Y134A were
generated from the pCDNAS3.1 (+) yD WT template by site-directed mutagenesis

using Phusion DNA polymerase by the above mentioned method.
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Table 2.1: List of primers used for cloning and sequencing of human HGDC, HGSC and their

various mutants.

Clone

Primer sequence

pET-21a yD

F-5TCCCATATGGGGAAGATCACCCTCTACGAG?

R-5’GCAAGCTTTCAGGAGAAATCTATGACTCT3’

PET-21a yD P24T&
PCDNA3.1 (+) yD P24T

F-5CAGCAGCGACCACACCAACCTGCAGCCCTACTTGAG3’

R-5GGCTGCAGGTTGGTGTGGTCGCTGCTGCATTCATAG3’

pET-21a yD R77S &
PCDNA3.1 (+) yD R77S

F-5GACTCGGTCAGCTCCTGCCGCCTCATCCZ

R-5GCGGCAGGAGCTGACCGAGTCGCTGAG3’

pET-21a yD A36P &
PCDNA3.1 (+) yD A36P

F-5CTGCAACTCGCCGCGCGTGGACAGCGGC 3

R-5GTCCACGCGCGGCGAGTTGCAGCGGCTC &

pET-21a yD G165fs

F-5CGAATGCCAGAGTGGCTCTCTGAGGAGAGTCATAGAT
TTCTCC3’

R-5CTCTCCTCAGAGAGCCACTCTGGCATTCGTGGC3

pET-21a yD L45PL54P &
PCDNA3.1 (+) yD L45PL54P

F-5GCGGCTGCTGGATGCCCTATGAGCAGCCCAA
CTACTCGGGCCCCCGTACTTCCTGCGCCGCGG3

R-5CGCAGGAAGTACTGGGGGCCCGAGTAGTTGGGCTGCT
CATAGGGC ATCCAGCAGCCGCTGTCCAC?Z

PET-21a yD Y134A &
PCDNA3.1 (+) yD Y134A

F-5CTGGGTCCTCGCCGAGCTGTCCAACTACCGAGGACGY

R-5GTAGTTGGACAGCTCGGCGAGGACCCAGGAGCCCTC3’

pET-21a yS

F-5’GGGAGTTCCATATGTCTAAAACTGGAACCS’

R-5’CCGGAATTCTTACTCCACAATGCG3’

pET-21a yS D26G

F-5’CTATGACTGTGATTGCGGCTGTGCAGATTTCCACACAT
AC 3

R-5’GAAATCTGCACAGCCGCAATCACAGTCATAGCGACTY

pET-21a yS V42M

F-5’GCTGCAACTCCATTAAAATGGAAGGAGGCACCTGGGCTG3’

R-5’CCAGGTGCCTCCTTCCATTTTAATGGAGTTGCAGCGA
CTTAGG3

T7 F-5’TAATACGACTCACTATAGG3’
T7 R-5TATGCTAGTTATTGCTCAG3’
BGH R-5TAGAAGGCACAGTCGAGGZ’

PCDNA3.1 (+) yD

F-5’CGGAATTC ATGGGGAAGATCACCCTC?

R-5’CCGCTCGAGTTAATGATGATGATGATGATGGGAGAAA
TCTATGACTCTCCTCAG?Z

PCDNA3.1 (+) yD R140X

R-5’CCGCTCGAGTTAATGATGATGATGATGATGGTAGTTG
GACAGCTC GTA GAGGZ

pCDNA3.1 (+) yD G165fs

R-5’CCGCTCGAGTTAATGATGATGATGATGATGGAGAGCC
ACTCTGGCA TTC-3
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The sequences of the WT and mutant clones were verified by sequencing
using an ABI 3130 Genetic Analyzer, with T7 forward,T7 reverse and BGH
reverse primers. The primers used for cloning and sequencing are listed in Table

2.1.
2.2.2. Over-expression of recombinant proteins

The recombinant constructs pET-21a yD WT, pET-21a yS WT pET-21a
yD P24T, pET-21a yD R77S, pET-21a yD A36P, pET-21a yD R140X, pET-21a
yD G165fs, pET-21a yD L45PL54P, pET-21a yD Y134A, pET-21a yS D26G and
pET-21a yS V42M, were transformed into E.coli BL21 (DE3) pLys (S) cells. A
single colony containing the recombinant construct was picked, inoculated into
15 ml of Luria-Bertoni (LB) medium containing 50 ug/ml ampicillin and 34 ug/ml
chloramphenicol and grown for 8 h by shaking at 225 rpm, 37°C. After 8 h, 10 ml
of the culture was transferred into 1L of LB medium containing 50 pg/ml
ampicillin and 34 ug/ml chloramphenicol. The cultures were grown at 37°C to an
absorbance value of 0.6 at 600 nm. Protein synthesis was induced by the
addition of IPTG to a final concentration of 1 mM and the cultures were grown for
an additional 3.5 h. Cells were pelleted down from the 1L -culture by

centrifugation at 6000g for 10 min at 4°C.

The cell pellets were suspended in 40 ml of lysis buffer containing 50 mM
Tris hydroxymethyl aminomethane chloride (Tris-Cl) (pH 7.3), 100 mM KCI, 1 mM
Ethylene diamine tetra acetic acid (EDTA), 1 mM dithiothreitol (DTT), 1 mM

phenyl methyl sulfonyl fluoride (PMSF) and 20 pg/ml aprotinin. In the case of yS

Molecular analysis of congenital cataract:
Structure-function correlation of cataract-associated human y-crystallins

48



Materials and methods Chapter 2

WT, D26G and V42M mutant pellets were suspended in 40 ml of 50 mM sodium
acetate buffer (pH 4.75) containing 1 mM DTT and 1 mM PMSF. The cell
suspension was extensively sonicated for 40 cycles (30s bursts of sonications,
followed by 30s rest cycles) at 35% amplitude at 4°C using a high intensity
Ultrasonic processor (Sonics Vibra Cell; Sonics & Materials Inc, Newton,
MA).The cell lysate was centrifuged at 30,0009 for 20 min at 4°C. The resulting
supernatant and the pellet were checked for the presence of the recombinant
protein on 14% Sodium dedecyl sulphate poly acrylamide gel electrophoresis
(SDS-PAGE). Wild type yD, WT yS, P24T, R77S, D26G and V42M were
predominantly found in the soluble fraction, whereas A36P, R140X, G165fs,
L45PL54P and Y134A were found in the inclusion bodies. We over-expressed all
these proteins at different concentrations of the inducer molecule IPTG (0.25, 0.5
and 1.0 mM), at various temperatures (18°C and 37°C) and various time points
(2.5 h, 3.0 h and 3.5 h). Mutants A36P and Y134A of yD were largely found as
inclusion bodies in all these conditions, though some amount of protein was
found in the soluble fraction when they were over-expressed at 18°C, but the
mutants G165fs, R140X and L45PL54P were found in the insoluble fraction in all
these conditions, hence we had to purify the proteins from inclusion bodies. The
expression profiles of R140X and Y134A at different conditions are shown in

Figures 2.7 and 2.8.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 2.7: Expression profile of R140X yD at different IPTG concentrations (0.25, 0.5
and 1.0 mM), at various temperatures (18°C and 37°C) and various time points (2.5 h, 3.0
h and 3.5 h). Lane 1: uninduced; Lane 2-6 and 14 are soluble fractions; Lane 2: 0.25 mM
IPTG, 37°C, 3.5 h; Lane 3: 0.5 mM IPTG, 37°C, 3.5 h; Lane 4: 1.0 mM IPTG, 37°C, 3.5 h;
Lane 5: 1.0 mM IPTG, 37°C, 2.5 h; Lane 6: 1.0 mM IPTG, 37°C, 3.0 h; Lane 14: 1.0 mM
IPTG, 18°C, 10.0 h; Lane 7: marker; Lane 8-13 insoluble fractions; Lane 8: 0.25 mM IPTG,
37°C, 3.5 h; Lane 9: 0.5 mM IPTG, 37°C, 3.5 h; Lane 10: 1.0 mM IPTG, 37°C, 3.5 h; Lane 11:
1.0 mM IPTG, 37°C, 2.5 h; Lane 12: 1.0 mM IPTG, 37°C, 3.0 h; Lane 13: 1.0 mM IPTG,
18°C, 10.0 h. Highlighted circle shows the over-expressed R140X protein found in the
insoluble fraction.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 2.8: Expression profile of Y134A yD at different IPTG concentrations (0.25, 0.5
and 1.0 mM), at various temperatures (18°C and 37°C) and various time points (2.5 h, 3.0
h and 3.5 h). Lane 1: uninduced; Lane 2-6 and 14 are soluble fractions; Lane 2: 0.25 mM
IPTG, 37°C, 3.5 h; Lane 3: 0.5 mM IPTG, 37°C, 3.5 h; Lane 4: 1.0 mM IPTG, 37°C, 3.5 h;
Lane 5: 1.0 mM IPTG, 37°C, 2.5 h; Lane 6: 1.0 mM IPTG, 37°C, 3.0 h; Lane 14: 1.0 mM
IPTG, 18°C, 10.0 h; Lane 7: marker; Lane 8-13 insoluble fractions; Lane 8: 0.25 mM IPTG,
37°C, 3.5 h; Lane 9: 0.5 mM IPTG, 37°C, 3.5 h; Lane 10: 1.0 mM IPTG, 37°C, 3.5 h; Lane 11:
1.0 mM IPTG, 37°C, 2.5 h; Lane 12: 1.0 mM IPTG, 37°C, 3.0 h; Lane 13: 1.0 mM IPTG,
18°C, 10.0 h. Highlighted circle shows the recombinant Y134A protein over-expressed at
18°C, found in the soluble fraction.
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2.2.3. Purification of recombinant proteins

2.2.3.1. Purification of yD-WT, P24T, R77S, Y134A and A36P

mutant proteins

The supernatant was subjected to ammonium sulfate fractionation at 30%
concentration. Ammonium sulfate was added pinch by pinch, the solution
incubated on ice for 2 h and centrifuged at 30,000g for 20 min at 4°C. The pellet
and supernatant were checked for the presence of the recombinant protein using
14% SDS-PAGE. The proteins yD-WT, P24T and R77S were predominantly
found in the supernatant. The supernatant was loaded onto a Phenyl-Sepharose
(P-Sepharose) column equilibrated with 50 mM Tris-Cl buffer (pH 7.3) containing
30% of ammonium sulfate and eluted using a gradient of 0-30% of ammonium
sulfate in 50 mM Tris-Cl buffer (pH 7.3). Individual fractions were checked on
14% SDS-PAGE. Fractions containing the required protein were pooled,
concentrated using an Amicon stirred ultrafiltration cell with 3 kDa cut-off
membrane and the concentrated protein was further purified to homogeneity by

gel filtration chromatography using a Sephadex G-75 column.

In the case of A36P and Y134A, the supernatant obtained after lysis was
directly loaded onto a G-75 column and fractions containing protein of interest

were further purified using a Sulfo Propyl-Sepharose (SP-Sepharose) column.
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2.2.3.2. Purification of yS-WT, D26G and V42M proteins

The supernatant was chromatographed using a SP-Sepharose ion-
exchange column. The column was equilibrated with 50 mM sodium acetate
buffer (pH 4.75) and the supernatant was loaded onto the column and eluted
using a salt gradient of 0-1 M KCI. The fractions containing the required protein
were pooled, concentrated using an Amicon stirred ultrafiltration cell with a 3 kDa
cut-off membrane and further purified to homogeneity on a Sephadex G-75

column.

2.2.3.3. Purification and refolding of R140X, G165fs and
L45PL54P mutant proteins

The insoluble pellet in each case was resuspended in 15 ml of washing
buffer (25 mM Tris-ClI (pH 8.0), 1200 mM KCI, 0.1% Triton X100, 1.5 M urea and 2
mM DTT), homogenized and washed 5-6 times by centrifugation at 30,0009 for
20 min at 4°C until a clear supernatant was obtained. The pellet was then
washed with 15 ml of wash buffer lacking urea and Triton X100 and dissolved in
20 ml of buffer containing 50 mM Tris-Cl (pH 7.3) and 7.5 M urea and stirred

continuously to solubilize the protein and incubated at 4°C for 12 h.

We were not successful in refolding the denatured protein by On-column
refolding using Quaternary ammonium Sepharose (Q-Sepharose) or SP-
Sepharose matrix and rapid dilution methods; hence we adopted the stepwise

dialysis approach. The protein mixture was dialyzed initially against 50 mM Tris-
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Cl buffer (pH 7.3) and 7.5 M urea under continuous stirring at 4°C. 50 mM Tris-ClI

buffer (pH 7.3) was added drop by drop till the protein completely loses urea.

The purity and specificity of the proteins was assessed by SDS-PAGE,
western blotting and also by Matrix Assisted Laser Desorption lonization (MALDI)
mass spectral analysis at the Centre for Cellular and Molecular Biology (CCMB),
Hyderabad, thanks to the help and advice of Dr. Suman Thakur there. The
concentration of each protein was measured by Ajgo in 4.5 M GuHCI, using its
molar extinction coefficient (eM) calculated from Expasy
http://web.expasy.org/cgi-bin/protparam/protparam). The estimated mass
numbers of each protein obtained using MALDI mass spectral analysis were:
WT: observed 20597 (expected 20610), P24T: 20615 (expected 20614), R77S:
20532 (expected 20540), A36P: 20580 (expected 20636), R140X: 16448
(expected 16453), G165fs: 19659 (expected 19662), Y134A: 20488 (expected
20518) and L45PL54P; 20550 (expected 20578).

We thank Mr. Srinivasu K for helping us in cloning, expressing and

purifying D26G protein.
2.2.4. Spectroscopic analysis

Circular dichroism (CD) spectra were recorded using a dichroigraph
instrument (J-810; Jasco, Easton, MD) at room temperature (27°C). Far-UV CD
spectra were recorded in the region between 250-193 nm with 2 mm path length

quartz cells and the near-UV CD spectra in 320-250 nm region were recorded
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with 1 cm path length quartz cells, CD was measured for every 0.5 nm between
193-320 nm with 2 s response time at 100 nm/s speed. At least three scans of
each spectrum were averaged, and baselines of the buffer alone were
subtracted. The protein concentration used for determining the far-UV spectra
was 6 pM (0.125 mg/ml), 10 uM (0.2 mg/ml) and 12uM (0.250 mg/ml) in 50 mM
Tris-Cl and 10 mM sodium phosphate buffer (pH 7.3) and for the near-UV
spectra, it was 24 uyM (0.500 mg/ml) and 40 uM (0.8 mg/ml) in 50 mM Tris-Cl and
100 mM sodium phosphate buffer (pH 7.3). We thank CCMB for allowing us the

use of the CD spectrometer.

Intrinsic fluorescence spectra were recorded at room temperature (27°C)
using a fluorescence spectrophotometer (F-2500; Hitachi, Yokohama, Japan)
and the spectra were recorded in the range 300 to 400 nm using an excitation
wavelength of 295 nm, with 2.5 nm excitation and emission slits. The protein
concentrations used were 6 M (0.125 mg/ml), 10 uM (0.2 mg/ml) in 50 mM Tris-
Cl and 100 mM sodium phosphate buffer (pH 7.3). At least three scans of each
spectrum were averaged and baselines of the buffer alone were subtracted.
Fluorescence quenching experiments were done using Kl and acrylamide as
guenchers, and the results were analyzed using the Stern-Volmer approach,

following Augusteyn et al (180).

Extrinsic fluorescence spectra of proteins were recorded at room
temperature (27°C) using two surface hydrophobicity probes, namely 4,4’-

dianilino-1,1’-binaphthyl-5,5’-disulfonate (bis-ANS) (181) and 9-diethylamino-5H-
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benzo[alpha]phenoxazin-5-one (Nile Red) (182). With bis-ANS, spectra were
recorded in the range of 400 to 600 nm, using an excitation wavelength of 390
nm with 2.5 nm excitation and emission slits. With Nile Red, the excitation was at
540 nm and the emission recorded between 570 and 700 nm, using 10 nm slits.
The protein concentrations used in each case were 6 pM (0.125 mg/ml) and 5
MM (0.1 mg/ml) in 50 mM Tris-Cl and 100 mM sodium phosphate buffer (pH 7.3).
Stock solutions of bis-ANS and Nile Red were prepared in methanol and the final
alcohol concentration was maintained below 7% v/v when the reagents were
mixed with the proteins. Concentrations of bis-ANS and Nile Red were measured
using extinction coefficients of 16.8 mM™' cm™" at 385 nm and 45 mM™' cm™ at

552 nm respectively.

Formation of amyloid-type fibrils was monitored at room temperature
(27°C) using the probe Thioflavin-T (183). Spectra were recorded in the range of
470 to 570 nm, using an excitation wavelength of 444 nm with 10 nm excitation
and emission slits. Protein concentrations used in each case were 6 pM (0.125
mg/ml) and 5 uyM (0.1 mg/ml) in 50 mM Tris-Cl and 100 mM sodium phosphate

buffer (pH 7.3). Baselines of the buffer alone were subtracted.

Equilibrium unfolding and refolding experiments were performed at
ambient temperature (27°C) by diluting the purified proteins to 0.2 mg/ml in a
series of 46 different concentration solutions in the range of 0 to 4.5 M guanidine
hydrochloride (GuHCI) with increasing intervals of 0.05 or 0.1M GuHCI in a buffer

containing 100 mM sodium phosphate, 1 mM EDTA and 5 mM DTT. Samples
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were incubated at 37°C for 16 h. The procedure used here was the same as that
of Mills et al. (49). Fluorescence emission spectra were recorded for each
unfolding sample using a spectrofluorimeter as described above. Data were
analyzed by plotting the concentration of GUHCI for each sample versus the ratio
of fluorescence intensities at 360 and 320 nm. The ratio of fluorescence
intensities at these wavelengths was chosen for the analysis in order to
simultaneously monitor changes in native and unfolded maxima. Equilibrium
unfolding data was analyzed to determine transition midpoints and AG® by fitting
to the two-state model of Greene and Pace (184), or the three-state model of
Clark et al. (185), using the Graphpad prism software. The model that best fit the
data was selected based on a random distribution of residuals. Transition
midpoints and AG~ were calculated for all transitions from these fits. In all
fluorescence experiments, the response time used was 0.08 s, scan speed 60

nm/s and the Photomultiplier tube (PMT) voltage was below 400 V.

Differential scanning calorimetry (DSC) was done at CCMB, Hyderabad
using a VP-DSC Micro Calorimeter instrument (VP-DSC; Piscataway, NJ, USA),
with the protein concentration of 0.5 mg/ml in 50 mM Tris-Cl buffer (pH 7.3), in
the range 20- 95°C, at a speed of 1°C per minute. The samples and references
were degassed immediately before use. C, (kcal/mole/°C) and C, (kcal/°C) was
plotted against temperature. Micro Cal LLC DSC software was used for data
acquisition and analysis and data were corrected for buffer baseline prior to

concentration normalization.
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Time-dependent light scattering measurements of both WT and V42M
were done by monitoring the protein solution turbidity at 600 nm, using the
spectrofluorimeter mentioned above, with 2.5 nm or 5 nm excitation and emission
slits, at the constant temperature of 61°C with the protein concentration of 0.1

mg/ml in 50 mM Tris-ClI buffer (pH 7.3).

2.2.5. Cell culture, transfections and Immunoflouroscence

The human lens epithelial cell line HLE-3B was cultured in Complete
Medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) (Sigma)
supplemented with 20% fetal bovine serum (FBS) (HyClone) containing
antibiotics in a 5% humidified CO, incubator at 37°C. At 12 h prior to transfection,
1,50,000 cells were seeded onto a 18 mm coverslip in a six-well culture plate
and incubated in a 5% humidified CO; incubator at 37°C. The Complete Medium
was removed after 12 h and replaced with 1 ml of antibiotic-free medium and the
cells were transfected with the recombinant constructs using Fugene HD
(Promega) at 1:6 ratio (1 pg vector/6 pl fugene). After incubation for 4 h, the
antibiotic-free medium was replaced with 2 ml of Complete Medium and
incubation was continued up to 24 h for imaging. For cell -culture,
Immunofluorescence and Imaging we followed the same procedure as described

in our earlier paper (172).

After incubation, the transfected cells were washed with phosphate
buffered saline (PBS) and fixed with absolute ice-cold methanol for 3 min. The

cells were then washed thrice with PBS, blocked with 2.5% Bovine serum
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albumin (BSA) for one hour and incubated with anti-His antibody (1:200 dilution)
raised in mouse for two hours, washed three times with PBS, and incubated with
Fluorescein-isothiocyanate (FITC)-conjugated anti-mouse antibody (1:500
dilution). Excess unbound antibody was removed by washing the coverslips
thrice with PBS, and they were stained with propidium iodide (PI) for 2 min.
Excess stain was removed by subsequent PBS washes. The coverslips with the
cells were then mounted using 50% glycerol in PBS and images collected using
a laser scanning confocal microscope (LSM510; Carl Zeiss, Jena, Germany).
The excitation laser used was 483 nm. The emission of green fluorescence was
collected using the 505 to 530 nm band-pass filter and that of red fluorescence

was collected using the 585 to 615nm band-pass filter.
2.2.6. Molecular modeling and dynamics simulations

This work was done by Dr. Sushil Chandani of Novarus Discoveries Pvt
Ltd, Hyderabad, with whom we have collaborated in this part of the study. While
the detailed structure in the crystallin and solution states is already available for
HGDC, similar information for HGSC is also available hence we have used the
solved structure of the murine protein (PDB ID 2A5M), which shares 89.9%
identity with the human molecule, was used as a template for molecular modeling
techniques. The Swiss-Model workspace was used for this (186). Structures
obtained were soaked in ~1200 molecules of water, and the charge of the
ensemble adjusted to O using sodium ions. One cycle of minimization (200

iterations, steepest descent) was performed with the protein restrained, followed
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by another cycle (500 iterations, steepest descent) without any restraint. The
structure was heated to 300 K over 40 ps (time step 1 fs), and finally minimized
for 200 iterations using the adopted basis Newton-Ralphson method. These
protocols were implemented in the CHARMM simulation environment, version
c33b2 (187). Structures were visualized using an Accelrys Discovery Studio

system.

The modeling and dynamics of HGSC and its mutants D26G and V42M
were done by the following approaches (188, 189). The molecular dynamics
simulations were performed using Gromacs 4.5.5, developed by the Berendsen
group (190), and run on Apple Computer’'s operating system OS 10.7. The
selection of suitable rotamers of D26, N54 and R84 amino acids were performed
in the Discovery Suite (Accelrys Inc., San Diego, CA.), as was the generation of
the mutant G26. The Charmm force field (187) terms were used throughout.
Visualization of structures was done with Insight 1l and Discovery (Accelrys Inc.
San Diego, CA.). Initial structures were prepared for simulations by soaking in
~21000 water molecules in a dodecahedral box, the net charge of the system
being set to zero by the addition of counter ions. After a 2000-iteration
minimization, of the ensemble, the water molecules were equilibrated for 200 ps
with harmonic constraints on the protein being gradually released. Following this
molecular dynamics simulations were continued for 2 ns at 300 K and with

periodic boundary conditions.
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3.1-3.6. Solubility and conformational features in solution

Substantial differences were seen in the solubility of the various mutants.
WT Human yD-crystallin (HGDC) is highly soluble in water (450 mg/ml) and its
mutants display lower solubility; P24T and R77S are quite soluble up to 30 mg/mi
(164) and 320 mg/ml (191) respectively. A36P was found to be soluble only up
to 5 mg/ml and precipitates beyond that. Several others such as R140X, G165fs,
L4A5PL54P and Y134A are far less soluble, and with solubility less than 200
Mg/ml. In fact, these sparingly soluble molecules came out as inclusion body
when they were expressed. In the case of yS-crystallins, it was possible to
recover the human yS-crystallin (HGSC) WT, mutants D26G and V42M from the
soluble fractions during the purification and isolation steps. However, upon
standing at 4°C, mutant V42M starts precipitating, unlike the D26G mutant and
WT. This tendency to precipitate upon standing at 4°C was also seen in the

HGDC mutants A36P, R140X, G165fs, L45PL54P and Y134A.

Solubility is seen to be decreased at least 100 times in A36P, R140X,
G165fs, L45PL54P and Y134A, but not so badly affected in the case of P24T,
R77S and D26G mutants.

We also studied the mutant D26G in detail (published) and this part of the
work was done along with our colleague Mr. Srinivasu K of our lab and some of

those results (Figure 3.4) we report here for better comparison.
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To determine how the mutation affects the overall conformation of the
molecule, we examined all the mutants using Circular Dichroism (CD) and
fluorescence spectroscopy. CD is a well-established form of spectroscopy that
allows us to investigate the manner in which a protein chain is folded in its

backbone conformation, i.e., the secondary structural features of the chain.

124 A: yS wild type |

B: V42M

o w
P I

[6] MRW X103
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Figure 3.1: Secondary structural features of HGDC, HGSC and its mutants. Figure 3.1A:
0: Mean residue molar ellipticities, in milli degrees, of A (Blue): G165fs; B (Violet): L45PL54P;
C (Maroon): R140X; D (Brown): R77S; E (Grey): P24T; F (Black): yD-WT; G (Olive): A36P;
and H (Green): Y134A. Protein concentration in the case of yD-WT, P24T, R77S, and A36P
was 12 uyM (0.250 mg/ml) and in the case of R140X, G165fs, L45PL54P and Y134A it was 6
UM (0.125 mg/ml) in 50 mM Tris-Cl buffer (pH 7.3). MRW = mean residue molecular weight,
taken as 110 Da. Figure3.1B: ©: Elipticity in milli degrees, of A (Black): yS-WT; B
(Brown):V42M. Protein concentration in each of the case was 10 uM (0.2 mg/ml) in 10 mM
sodium phosphate buffer (pH 7.3). The cell path length was 2 mm and all spectra were
recorded at room temperature (27°C), corrected for background buffer signal and each

reported spectrum is an average of 3 independent runs.
The backbone conformations of y-crystallins are rich in B-pleated sheets,

with each monomer composed of 16 B-pleated sheet segments arranged in

antiparallel fashion and these [-pleated sheets are expected to show a
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prominent characteristic minimum at 218 nm band in their far-UV CD spectra
(192). Figure 3.1A compares the far-UV CD spectra of the WT and the various
mutants of HGDC. A strong 218 negative peak is seen in all cases, with minor
changes between the spectra of the mutants in comparison to that of the WT,
suggesting that the overall basic chain conformation is not altered in any
significant manner upon mutation. Despite the difference in intensity, the
characteristic minimum of all proteins was the same and lying around 218 nm.
The discrepancy in intensity may reflect disturbances of the domain interface or
slight differences in solution or other structural rearrangements but the overall 3-
sheet chain conformation or secondary structure is not disturbed in any great

manner.

Turning to HGSC, Figures 3.1B&3.4A compares the far-UV CD spectra of
WT HGSC, V42M and D26G; all the spectra are superimposable. The negative
band at 218 nm, the shoulder at around 206 nm and the positive peak at 195 nm
are very similar in these cases showing backbone conformation is not disturbed

in any manner upon mutation.

The sidechain packing or the tertiary structural feature was monitored
using near-UV CD and fluorescence emission spectroscopy. Near-UV CD
spectra (Figure 3.2A, 3.2B and 3.4B) reveal minor changes in the
microenvironment around the aromatic residues of the mutants in comparison to
the WT. However, changes in this region of the CD spectrum are not as

informative; indeed it is the preferred practice to study the intrinsic fluorescence
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spectral features of the aromatic residues (trp, tyr, phe) rather than the near-UV
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Figure 3.2: Tertiary structural features of HGDC, HGSC and its mutants. Figure 3.2A: 6:
Ellipticities, in milli degrees, of A (Green): Y134A; B (Brown): R77S; C (Olive): A36P; D
(Black): yD-WT; and E (Grey): P24T. Protein concentration in each case was 24 yM (0.5
mg/ml) in 50 mM Tris-Cl buffer (pH 7.3). Figure 3.2B: A (Black): yS-WT; B (Brown): V42M.
Protein concentrations was 40 uyM (0.8 mg/ml) in 100 mM sodium phosphate buffer, (pH 7.3),

cell path length 10 mm and the other conditions of measurement were the same as above.

HGDC has 4 trp, 6 phe and 12 tyr residues and HGSC has 4 trp, 9 phe
and 14 tyr residues in their sequence. Of these, the trp residues exhibit the most
notable fluorescence quantum vyields, and hence most often studied by exciting
at 295 nm and monitoring the emission in the 320-350 nm region (193). All the
four trp residues are well buried at positions 43, 69, 131, 157 in HGDC (194, 195)
and 47, 73,137 and 163 in HGSC (196) in the hydrophobic core of the native
protein and thus they emit in the 320-327 nm region. When structural
perturbation occurs due to mutation, making one or more tryptophan residues
accessible to the surface, the emission wavelength maximum is expected to be

red-shifted and the intensity increased.
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Figure 3.3: Intrinsic fluorescence of HGDC, HGSC and its mutants. Figure 3.3A: I
Emission intensity in arbitrary units. A (Grey): P24T; B (Brown): R77S; C (Black): yD-WT; D
(Green): Y134A; E (Violet): LA5SPL54P; F (Blue): G165fs; G (Maroon): R140X; and H (Olive):
A36P. Protein concentration in each case was 6 yM (0.125 mg/ml) in 50 mM Tris-Cl (pH 7.3).
Figure 3.3B: A (Black): yS-WT; B (Brown): V42M. The protein concentrations used was 10
MM (0.2 mg/ml) in 100 mM sodium phosphate buffer, (pH 7.3). Aexc: 295 nm, cell path length 3
mm, excitation and emission slits 2.5 nm and recorded at room temperature (27°C). Each

reported spectrum is an average of 3 independent runs.

Figure 3.3A monitors the tertiary structural features of the proteins around
their aromatic side chains through the intrinsic fluorescence spectra in the 300-
400 nm region. The emission maximum of WT HGDC molecule is seen to occur
at 327.5 nm with a relative intensity of emission (ls) of 50.5 arbitrary units. P24T
and R77S are seen to emit at 328.0 (It 37) and 327.0 nm (If 41) respectively. In
comparison, the mutant A36P displays a slightly red-shifted intrinsic emission at
333 nm (I; 87), while Y134A emits at 333 nm (I; 55), and R140X, G165fs and the
N-terminal domain double mutant L45PL54P emit around 337 nm with intensities
of 85, 65 and 55 respectively. This suggests that the aromatic side chains in

these mutants are somewhat more exposed to the solvent than in the WT, or in

Molecular analysis of congenital cataract:
Structure-function correlation of cataract-associated human y-crystallins




Results Chapter 3

the mutants P24T and R77S. This interpretation is supported by experiments
using the ionic quencher Kl which quenches the emission of only those
fluorophores residues which are surface-accessible and not those buried in the
apolar interior (180). The Stern-Volmer quenching constants of the KI quenching
are seen to vary in the order A36P > Y134A >> R77S > P24T > WT (HGDC). We
were not able to do the KI quenching for the mutants R140X, G165fs and
L45PL54P due to precipitation (salting out) of these mutant proteins upon Ki

addition.

When we turn to yS-crystallin, we note that the WT HGSC emits at 326
nm with an intensity of 98 arbitrary units (Figure 3.3B), while the mutant V42M
emits at 327.5 nm with an enhanced intensity of 127 units. This 25%
enhancement in the emission intensity in V42M suggests a somewhat higher
exposure of the aromatic residue to the solvent. Figure 3.4C shows the intrinsic
fluorescence of the WT HGSC and mutant D26G. WT HGSC and mutant D26G
(5 UM protein was used) both emit at 326 nm with an intensity of 44 units

suggesting aromatic residues are buried and not exposed to the solvent.

In addition, we found that the ionic quencher Kl had little effect on the WT
HGSC molecule with a Stern-Volmer value of Ksy = 0.12, while that for D26G
was 0.21 but had a noticeable effect on the mutant V42M with a Stern-Volmer
value of Ksy = 0.88 (180). The neutral quencher acrylamide too showed some
slight difference between the WT HGSC (Ksy = 1.12), D26G (Ksy = 1.20) and

V42M (Ksy = 1.93). These results suggest that tryptophan and its
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microenvironment is significantly changed in A36P, R140X, G165fs, L45P54P,
Y134A and V42M but not in P24T, R77S, D26G in comparison to the wild types.
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Figure 3.4A&B: Secondary and tertiary structural features of the WT HGSC and its
mutant D26G. (Black): yS-WT; (Blue): D26G. Figure 3.4C: Intrinsic fluorescence of the WT
HGSC and D26G. Figure 3.4D: Extrinsic fluorescence of the WT HGSC and D26G with
surface probe Nile Red. The protein concentrations used for D and E were 5 yM (0.1 mg/ml)
in 50 mM Tris-Cl buffer (pH 7.3), cell path length 3 mm, excitation and emission slits are 2.5

nm for 3.4C, 10 nm for 3.4D and spectra were recorded at room temperature (27°C).
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The extent of surface exposure is better monitored using the extrinsic

reporters bis-ANS (181) and Nile Red (182), which display enhanced emission

intensity upon binding to hydrophobic surfaces.
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Figure 3.5: Surface exposure of non polar residues in the proteins, monitored using
bis-ANS as the extrinsic probe. Figure 3.5A: A (Black): yD-WT; B (Grey): P24T; C (Brown):
R77S; D (Green): Y134A; E (Blue): G165fs; F (Olive): A36P; G (Violet): L45PL54P; and H
(Maroon): R140X. I at 490 nm of the probe was measured as a function of its increasing
concentration. Protein concentration in each case was 6 yM (0.125 mg/ml) in 50 mM Tris-Cl
buffer (pH 7.3). Figure 3.5B: A (Black): yS-WT; B (Brown): V42M; C (Blue): D26G; Protein
concentration in each case was 5 yM (0.1 mg/ml) in 100 mM sodium phosphate buffer (pH
7.3). Aexe: 390 nm, cell path length 3 mm, excitation and emission slits 2.5 nm and spectra

were recorded at room temperature (27°C).

Figure 3.5A shows that WT HGDC and the mutants P24T and R77S
generate little or no extrinsic fluorescence with the increasing concentration of
bis-ANS but the other mutants display higher fluorescence in the order: R140X (I
262.2) > LA5PL54P (I; 209.6) > A36P (I 130.2) > G165fs (I; 91.4) > >Y134A (I

49.1) > R77S (If 11.2) > P24T (I 6.8) > WT (HGDC) (I; 6.2) at 80 uM of dye.
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In the case of the yS-crystallin, the mutant V42M exhibits a 24 nm blue-
shift (Figure 3.5B) in its emission maximum, and an eight-fold increase (It 39.3) in
its emission intensity compared to the WT HGSC (It 5.7), mutant D26G shows a
8 nm blue-shift with same intensity (I 6.0) compared to WT HGSC when it bound
to 60 uM bis-ANS, indicating that V42M has a higher degree of surface
hydrophobicity. These results suggests that in mutants A36P, R140X, G165fs,
L4A5PL54P, Y134A and V42M display a greater amount of surface exposure of
otherwise buried nonpolar residues, compared to the mutants P24T, R77S,

D26G and the respective wild types.
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Figure 3.6: Aggregation tendencies of the proteins, estimated using Nile Red as the
extrinsic probe. Figure 3.6A: A (Black): yD-WT; B (Brown): R77S; C (Grey): P24T; D (Olive):
A36P; E (Blue): G165fs; F (Maroon): R140X; G (Green): Y134A; and H (Violet): LASPL54P. I¢
at 605 nm of the probe was measured as a function of its increasing concentration. Protein
concentration in each case was 6 pM (0.125 mg/ml) in 50 mM Tris-ClI buffer (pH 7.3). Figure
3.6B: A (Black): yS-WT; B (Brown): V42M; A: 540 nm, cell path length 3 mm, excitation

emission slits 10 nm, and spectra were recorded at room temperature (27°C).

We have used another probe, the neutral dye Nile Red, which is also

known to be a sensitive detector of protein self-aggregation. Figure 3.6A shows
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that in the case of HGDC and its mutants, the extrinsic fluorescence intensity of
the added surface probe Nile Red at 605 nm varies in the order LA5PL54P (I
10.1) > Y134A (I; 7.0) > R140X (I 4.1) > G165fs (I 2.8) > A36P (I 0.8) > P24T (I
0.6) > R77S (I;0.3) > WT (HGDC) (I; 0.2) at 80 uM of dye.

Figure 3.6B shows a blue-shift in the emission band maximum of Nile Red
when bound to the yS mutant V42M (625.5 nm cf. 651 nm with WT) and over
twofold increase (If 2.3) in its emission intensity than D26G (Is 1.5) (Figure 3.4D)
and WT HGSC (I 1.2); this result too suggests a greater exposure of non polar
residues to the solvent in these (R140X, G165fs, L45PL54P, Y134A of HGDC
and V42M of HGSC) mutants.

3.7. Stability of the mutants towards chemical denaturation

The fluorescence spectrum of denatured HGDC is higher in intensity and
red shifted compared to that of the native state. These spectral differences have
offered themselves as sensitive reporters of the transition between the native and
unfolded states of the molecule (193). In order to assess the structural stability of
the WT and mutant proteins, unfolding experiments using the well known

chemical denaturing agent guanidinium hydrochloride (GuHCI) were performed.

Figures 3.7A-C show the GuHCI induced denaturation profiles of WT
HGDC, A36P and R140X. WT HGDC denatures in single step and shows the
classical behaviour of two state transition (Figure 3.7A) with only the folded and

unfolded species, while A36P denatures in two steps, or a three state transition
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(Figure 3.7B). The WT HGDC and A36P denature at transition mid points 2.81 M
and 2.73 M GuHCI concentration respectively. However A36P displays an earlier
transition, with a midpoint around 0.45 M, indicating the population of a partially
unfolded intermediate. However, its second transition occurs at the same 2.8 M
GuHCI as the WT indicating their C-terminal domain is perhaps not affected upon
mutation. The free energy AG° value of the WT HGDC was estimated using the
two-state denaturation model (184) to be 9.4 kcal mol™. The free energy values
of A36P were AG°; value of 2.61 kcal mol™ for the first transition and AG°; value

of 7.61 kcal mol™ for the second transition.

The truncation mutant R140X appears to undergo a simple two-state
unfolding (Figure 3.7C), with a transition midpoint at 1.83 M GuHCI with a AG®
value of 2.65 kcal mol™. This is reminiscent of what Mills IA et al., (49) found for
the N-terminal domain alone of HGDC (AG°® 3.7 kcal mol™ and equilibrium
unfolding transition midpoints in units of M GuHCI [C] 1.21 M GuHCI). The loss
of 4™ Greek key appears to make R140X behave somewhat similar to the N-
terminal domain of HGDC, possibly because it might not display a strong inter-

domain contact due to chain truncation.

The denaturation profiles of R77S (191) and P24T using GuHCI have
been reported by others (164), and they all follow the simple two-state model of
unfolding, though each of them denatures at slightly lower GuHCI concentrations
than the WT HGDC. We were not able to study the denaturation of LA5PL54P

and G165fs due to their solubility and precipitation problems. This denaturation
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experiments show that A36P, V42M and R140X are less stable and the former

two are capable of forming intermediates at less concentration of GuHCI with

lower AG° values.
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Figure 3.7 A-C: GuHCI induced denaturation of WT, A36P and R140X mutant yD-crystallins. (Black): yD-WT; (Olive): A36P; (Red):
R140X; Relative emission intensity of the 360 nm band (of the denatured form) was compared to that of the 320 nm band (of the native
protein) and monitored as a function of denaturant concentration. Solid line indicates the fitted data and solid blocks stand for raw data.
Protein concentration in each sample was 0.2 ma/ml in 50 mM Tris-Cl buffer (pH7.3), 1 mM EDTA and 5 mM DTT.
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Figure 3.7 D-F: GuHCI induced denaturation of WT, D26G and V42M mutant yS-crystallins. (Black): yS-WT; (Blue): D26G; (Brown):
V42M; Solid line indicates the fitted data and solid blocks stand for raw data Residuals of WT and mutants are also shown below the

graphs Ae: 295 nm, cell path length 3 mm, excitation emission slits 5 nm. Other conditions were same as above.
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Figures 3.7D-F show the GuHCI induced denaturation profiles of WT
HGSC, D26G and V42M. Wild type HGSC and D26G (Figures 3.7D and 3.7E)
denature in a single step and show two state transition, while V42M denatures
(Figure 3.7F) in two steps and shows three state transition with an intermediate.
A major unfolding transition occurs between 2 to 3.5 M GuHCI concentration,
with the midpoint transition around 2.8 M GuHCI. The WT HGSC, and its mutants
D26G and V42M denature at transition midpoints 2.8 M, 2.05 M and 2.8 M
GuHCI concentration respectively. V42M displays an earlier transition, with a
midpoint around 1.2 M GuHCI, indicating the population of a partially unfolded
intermediate. However, its second transition occurs at the same 2.8 M GuHCI as
the WT HGSC indicating C-terminal domain is perhaps not affected upon
mutation. The free energy AG° values of WT HGSC and D26G were estimated
using the two-state denaturation model (184) and they are of 7.76 kcal mol™ and
4.80 kcal mol™. The AG® values for the first transition in V42M was estimated to

be about 4.2 kcal mol™?, while that for the second transition was 6.8 kcal mol™.
3.8-3.9. Thermal stability of mutants

We used differential scanning calorimetry (DSC) in order to study the
thermal denaturation profiles of the WT and mutant molecules. Figure 3.8A
shows a thermal melting temperature (T, value) of 81.5°C for the WT HGDC,
78.9°C for P24T and 82.5°C for R77S. In contrast, the mutant A36P displayed a
Tm value of 48.5°C (but the protein started precipitating after 55°C and hence we

had to stop collecting data after 60°C) and since the mutants L45PL54P, R140X
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and G165fs started precipitating upon raising the temperature beyond 40°C, we
could not estimate their T,, values. Thermal denaturation curves obtained by
DSC show the mutant A36P to have a lower thermal stability compared to WT,

P24T and R77S mutants.
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Figure 3.8A: DSC profiles of HGDC and its mutants. A (Grey): P24T; B (Olive): A36P; C
(Brown): R77S; and D (Black): yD-WT. Figure 3.8B: DSC profiles of HGSC and its mutant
V42M. A (Black): yS-WT and B (Brown): V42M. Fitted curves were obtained from cursor
initiative fitting procedures by normalized data. Solid line indicates the raw data and blocks
stand for fitted data. Protein concentration of 0.5 mg/ml was used and heated in the range of
20-95°C with a rate of 1°C / min.

Figure 3.8B shows the thermal unfolding profiles of the WT HGSC and
V42M, obtained using differential scanning calorimetry. WT HGSC shows the
thermal transition at 76.7°C, while the mutant displays the transition far earlier at
60.3°C, showing thereby that the mutant is weaker in stability. However,
estimation of the enthalpies of unfolding was given up, since the protein solutions

began to turn cloudy and starting to precipitate just before, during and after the
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transition. This led to a poor goodness of fit (unacceptable x* values), thus

allowing us only to report the T, values.
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Figure 3.9A: Thermal unfolding of WT HGSC and mutant D26G. yS-WT; (Blue): D26G;
monitored by following the change in the wavelength of emission (from 327 nm for the native
form to 338 nm for the denatured form), with temperature, using the spectrofluorimeter.
Protein concentrations were 5 pM (100 pg/ml) in 50 mM Tris-Cl buffer (pH 7.3), with 1 mM
EDTA and 5 mM DTT. Figure 3.9B: Mutant V42M starts scattering light while heated at
61°C while the WT HGSC and D26G do not. (Black): yS-WT; (Blue): D26G; and (Brown):
V42M. Time course of light scattering by the proteins at 600 nm light measured as a function
of time, using 2.5 nm excitation and emission slits. A protein concentration of 5 uM (0.1
mg/ml) in 50 mM Tris-ClI buffer (pH 7.3) was used.

Figure 3.9A shows the thermal unfolding curves of WT HGSC and its
mutant D26G. Fluorescence maximum value was noted when the proteins were
denatured upon heating and plotted as transition curves. Thermal transition
curves for both proteins were quite similar, and essentially two-state in shape.
The WT showed the midpoint of transition at 72.0°C, agreeing with Brubaker et
al. (197), while D26G denatured at a lower temperature, with the midpoint at

70.8°C, suggesting that the mutation lowers the stability of the molecule slightly.
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In the calorimetry experiment, we found the mutant V42M to progressively
start forming a cloudy suspension with increasing temperature, even before its
denaturation temperature of 60.3°C, while the WT HGSC was clear until it
reached its denaturation temperature of 76.7°C. This led us to monitor the time
dependence of light scattering, i.e., turbidity at 600 nm, at the constant
temperature of 61°C of both WT HGSC and mutants D26G and V42M. This is
shown in Figure 3.9B where we note that the WT does not scatter light even after
800 s but the mutant V42M does so quite rapidly by 400 s of incubation. Notice
too that the mutant D26G behaves somewnhat similar to the WT HGSC than with
V42M.

3.10. Nature of the protein aggregates

The mouse yB-crystallin mutant yB"°? (at physiological conditions) and WT
human yD and yC (at lower pH) are all known to form amyloid type filaments
when they are partially unfolded and expose their B-pleated sheets in vitro, (198-
200). Keeping this in mind, we monitored this tendency with the aggregates
formed by all the mutants. A ready method to check this is the use of the dye
Thioflavin-T which, upon binding to an amyloid-forming protein, displays a
significant red shift and enhanced intensity in its emission band in the 470- 570

nm region when excited at 444 nm (201).
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HGDC, P24T, R77S, D26G and HGSC show very little Thioflavin-T
fluorescence (Figure 3.10A and Figure 3.10B) at 490 nm but G165fs, LASPL54P,

R140X and V42M show more fluorescence when bound to Thioflavin-T and the
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Figure 3.10: Aggregation in mutants appears amyloidogenic. Figure 3.10A: A (Grey):
P24T; B (Black): yD-WT; C (Brown): R77S; D: (Olive): A36P; E (Green): Y134A; F (Maroon):
R140X; G (Violet): L45PL54P; and H (Blue): G165fs. I; of the probe at A.x Was measured as a
function of increasing concentration. Protein concentration in each case was fixed at 6 yM
(0.125 mg/ml) in 50 mM Tris-ClI buffer, cell path length 3 mm, excitation and emission slits 5
nm. Figure 3.10B: A (Black): yS-WT; B (Blue): D26G; C (Brown): V42M; I; of the probe at 490
was measured as a function of increasing concentration. Protein concentration in each case
was 5 yM (0.1 mg/ml) in 100 mM sodium phosphate buffer. Excitation and emission slits 10

the effect is in the following order: G165fs (I; 41.1) > L45PL54P (I; 23.5) > R140X
(It 27.7) > >>Y134A (I 8.6) > A36P (I; 6.7) > R77S (I; 4.1) > P24T (I; 1.8) > WT
(HGDC) (If 2.6) at 80 uM of dye, V42M mutant of HGSC triggers almost eight-fold
higher intensity (If 35.3) of Thioflavin-T emission (monitored at 490 nm) than

when the dye is bound to the D26G (Is 10.1) and WT HGSC protein (I; 4.8)
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suggesting that the aggregates formed from G165fs, LA5PL54P, R140X, Y134A
of yD and V42M of yS seems to have some amyloid-type character; but this

needs to be confirmed by transmission electron microscopy (TEM).
3.11. In situ studies: does the mutant protein aggregate in cells?

The in situ aggregation property of WT HGDC and its truncated mutant
W157X had already been studied in the HLE-3B cell line (172). This encouraged
us to check the aggregation properties of the other mutants in HLE-3B cells.
Figure 3.11 shows the confocal microscopic images of human lens epithelial cells
HLE-3B transfected with WT HGDC and the various mutant cDNAs, tagged with
6X His tag and probed with anti-His antibody (mouse), and FITC-conjugated anti-
mouse secondary antibody. The nuclei of the cells were counterstained with
propidium iodide (PI) and visualized in red color. The figure shows that the WT
HGDC, P24T and R77S distributed uniformly across the cell whereas A36P,
R140X, G165fs, L45PL54P, and Y134A form punctate particles, suggesting in
situ aggregation. Mutant Y134A too shows some punctate particles, perhaps due
to the report that the sequence V126-Y134 in the molecule has an intrinsic
propensity for aggregation (202). It is, however, not clear whether the aggregates
seen in the cells are self-aggregates or hetero aggregates but we did not pursue

this matter further.
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Vector.alone - |_45p_|_521p

Figure 3.11: Visualizing the aggregation of the protein in situ in the human lens
epithelial cell line HLE-3B using confocal microscopy. In each case, 6- His-tagged cDNA
of the protein was transfected and visualized using anti-His antibody and FITC-conjugated
secondary antibody. The nuclei of the cells were visualized using PI; Magnification: 200X for

vector alone and 630X for others.
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3.12. Molecular modeling and dynamics analysis of mutants

Note: The modeling work was done by our collaborators Prof. N. Srinivasan and
Dr. Garima Agarwal of Molecular Biophysics Unit (MBU), Indian Institute of

Sciences (11Sc), Bangalore. We report the results here.

The high resolution crystal structure of WT HGDC (39) makes it possible
to model the WT, as well as its mutants. We have used the interactive graphics
software SETOR (203) to understand the consequences of each mutation on the
structure of the molecule, including the accessible surface areas of exposed
residues (204). The figures have been rendered using PyMOL (205), and Table
3.1 gives a summary of the structural analysis of the WT and various mutants of
HGDC, including the solvent exposure of relevant residues, possible inter-

domain interactions, and other features.

Figure 3.12A shows the modelled structures of the various mutants,
where residues contributing to the increased nonpolar surface in the mutant were
shown in magenta colour, and those contributing to increased polar surface in

green.

Looking first at the mutant P24T, the threonine residue at the site of
mutation has been labelled. Exposure of numerous nonpolar residues might
reduce the solubility of the molecule. Increased exposure of polar residues also

from C111 (labelled in the figure), would predispose the protein to aggregation.
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Figure 3.12A: Modeled structures of HGDC and its mutants. The residues with increased

nonpolar surface exposed to the solvent are indicated in magenta, and polar residues

indicated in green; the site of mutation is highlighted in black.
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In the mutant A36P, the backbone ¢ angle at the site of mutation in the
yD- WT is -156.4°. As the residue proline constrains ¢ to -60°, drastic alteration
in the backbone conformation is expected, thus disrupting the tertiary structure
as well. Additionally, the coulombic interaction that A36 has with surface D
residues of the yD-WT molecule is lost upon replacing A36 by P. The exposure
of nonpolar residues P43, L53, F118 and F173 (see Table 3.1) would also

encourage aggregation.

On the other hand, in the double mutant L45PL54P, the Greek key motif
2 is disrupted, affecting the conformation and inter-domain interactions.
Interestingly, more polar residues than nonpolar ones are exposed (see Table

3.1).

When we next look at R77S, we find that mutation of arginine 77 to
serine reduces the solvent exposure as well as the positive charge at the site.
The altered surface potential as well as the exposure of nonpolar groups might

affect its association with other protein molecules and reduce its solubility.

The mutation Y134A is located in the middle strand of the 4™ Greek key
motif, and while it does not disrupt the topology, it does expose as many as 5
apolar and 13 polar side chains, which would lead to decreased solubility and

possible aggregation.
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Table 3.1: Summary of the structural analysis of various mutants of HGDC.

Mutant Secondary Nonpolar Polar residues with increased Effect on Inter-domain Intermolecular
structure and residues with i solvent exposure in the mutant interactions interactions at the site
solvent increased of mutation
accessibility of the solvent
residue exposure in the
mutant
P24T Edge strand in the i Y6,Y16,Y45,Y50 { T4,E7,R9,Q12,R14,H15,E17,D21 i Indirectly Not directly affected
GK-2 motif in the N- i \Y62,A63,Y98,F i ,P23,S30,N33,R36,D38,Y45,Q47
terminal domain is i 118,W157,A159 : ,S51,R59,D61,H65Q66,Q067,572,
solvent-exposed D73,R76,587,H88,R89,R95,R99,
Q101,C111,Q113,R115,N125,E1
28,R140,T160,R163
A36P GK-1motif distorted : P43,L53,F118,F { R9,N33, C41,Q47, H65,Q66, D : GK-1 not involved in Altered stability and
due to Proline 173 97,R99,C111, interdomain interactions. i conformation of the
However,the GK-1 might affect
conformation change and : Intermolecular
destabilization of GK-1 interactions
might indirectly affect.
L45PL54P i Middle and edge L53, M69, L71, R9, E46, D64, Q66, Q67, S74, GK-2 involved in domain- i Altered stability and

strands,respectively
, in GK-2 are
solvent exposed

R76, R99

domain interactions. The

conformation and stability
of this B-sheet is affected
due to the presence of

conformation of the
GK-2 might affect
Intermolecular
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L45 is buried, L54 is prolines interactions
solvent-exposed
R77S One of the middle i Y55, F118, 1171 { R9,F24,026,N33,E46,Q047,N49, No Occurs close to a
strands in GK-2 in Q66,067,572,574,577,D97,R99, positively charged
N-terminal domain Q101 patch in symmetry-
is solvent exposed related molecule
Y134A Located at the i L53,M69,F118, R9,N33, E46, D64, N66, N67, : Possibly affected as the : Does not seem to be
middle strand in i V132,Y139, S74,R76, D97, R99, Q101,R140, i site occurs in GK-4 i affected
GK-4; buried Q143 involved in inter-domain
interactions
R140X L53,F56,181,190, : Y45,Q054,R59,R79,S84,H88,E96, : Affected Could be affected due
L92,Y98,L112,11 i D97,Y98,T106,0108,C109,Q113, to unfolding of the
21,0124, v126,L i N119,E120,H122,N125,S130,E1 molecule
127,W131,v132, i 35,S137,N138
L133,Y134,L136 : #Y144,0145,L146,W157,A159,A
162,V164,.167,V170
G165fs L53,F56,181,L92 : R9,N33,R59,Q066,Q067,R76,584, : Affected Possibly affected due to

,F118,W131,V1
32,L133,Y139,

H88,D097,R99,Q101,T106,D108,
C109,5130,Y134,#V170

unfolding

# The residues indicated in italics are the residues buried in the WT but absent in the respective mutants.
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In the mutant R140X, a significant fraction of the region contributing to
the C-terminal domain is lost upon truncation. The deleted region includes three
B-strands which form integral part of the jellyroll fold of the C-terminal domain.
Loss of three B-strands and five buried apolar residues in the deleted region is
expected to result in the near complete loss of structure of the C-terminal
domain. Significant loss of tertiary structure, greater exposure of nonpolar
residues and of C109 would be expected to lead to aggregation of the molecule.
This would also be the case with the other mutant Y134X in comparison to
R140X, this mutant has lost the hexa-peptide sequence ELSNYR, comprising
almost all surface-seeking residues. The situation with Y56X, which has lost even

greater part of the chain, is expected to be far more severe.

The frameshift mutation in G165fs results in premature termination,
resulting in the loss of a C-terminal B-strand. The exposure of C109 and of
multiple nonpolar residues along with the loss of tertiary contacts due to the

missing B-strand would affect the stability of the molecule.

We next did molecular modeling and molecular dynamics work on HGSC
and its mutants. This part of the work was done by our collaborator Dr. Sushil
Chandani of Novarus Discoveries Pvt Ltd, Hyderabad. Turning to V42M
molecule, bioinformatic analysis, using PolyPhen (206), predicted a high
probability of distortion of the structure. To examine the structural effects of
V42M substitution, homology models were built using as template murine yS-

crystallin, with which the human protein shares an 89.8% identity. Analysis of the
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WT HGSC showed the residue V42 to be in close proximity with 18, F10, W47,
and L62, making a compact nonpolar core in the N-terminal domain. It is worth
noting that in addition to V42, the residues 18, F10, W47 and L62 are also
conserved not only among the y-crystallins of humans, but also in dogs, rabbits,
guinea pigs and mice. (In HGDC, F10 is replaced by L10, an equally hydrophobic
residue of comparable van der Waals radius and nonpolar surface area). It would
thus appear that these residues are vital for the compact, nonpolar core structure
of this domain of these molecules. An analysis of the mutant V42M HGSC
showed that fitting the larger methionine residue into the confines of this core

causes a strain on the integrity of the structure.

Figure 3.12B: Modeled structures of HGSC and its mutant V42M. The residues in the core
of the N-terminal domain of the protein and in the vicinity of V42 and M42 as space-filling CPK
models (Violet: I18; Green: F10; Red: WA47; Blue: L62 and Yellow: V/M42).The rest of the
protein is represented as a ribbon. The tighter packing of these residues is evident in the WT
(HGSC) molecule, which is loosened in the V42M mutant. Note that the C-terminal domain is

essentially unaffected by the mutation.

Figures 3.12B reveal this strain and ‘opening up’ of the compact core.

Preliminary molecular dynamics analysis has suggested this strain is not relieved

Molecular analysis of congenital cataract:
Structure-function correlation of cataract-associated human y-crystallins

88



Results Chapter 3

in the course of annealing the molecule from low temperature to ambient. This in
silico analysis suggests that this strain and consequent opening up causes a
distortion of the compact B-sheet compact core topology of the N-terminal
domain of the molecule, though the canonical Greek key fold itself is strained but
not lost. Note from a comparison of the figures, too, that the C-terminal domain

does not appear to have been affected by the mutation.

In the model of the WT HGSC molecule, the anionic side chain of D26 is
seen to interact with the cationic side chain of residue R84 (Figure 3.12C, Panel
A). In the selected rotameric conformation of R84, N54 is also found to lie within
interacting distance of R84. In structures obtained after 2 ns of molecular
dynamics too, the WT structure exhibited a strong D26-R84 interaction. In the
mutant (Figure 3.12C, Panel B), the R84 side chain moved closer to N54, with
the absence of R-D interaction leading to a widening of the distance between the
adjacent anti parallel p-strands that bear these two amino acids. However, the
Greek key folds are not lost or distorted in any major manner (see the overlays of
WT HGSC and D26G in (Figure 3.12C, Panel C). It should be noted that the
initial selection of the Arginine rotamer has a strong bearing on the observed
interactions, as it is difficult to sample the conformational space of an amino acid
with a long side-chain. Our examination of possible R84 conformations show that
in the G26 mutant, aside from contact with N54 it might enter into a weaker, long-
distance contact ( ~4 A") with the anionic side chain of D153 in the C-terminal

domain (Figure 3.12C, Panel D).
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Figure 3.12C: Details of local packing changes caused by replacing aspartate by
glycine in position 26 of the yS-Crystallin molecule. Panel A shows the interaction
between D26 and R84 in the WT HGSC. Panel B shows the effect of replacing D26 by G.
Panel C overlays the two structures (mutant D26G in brown and yS-WT in green). Panel D
shows how R84 in the mutant, having lost contact with D26, might enter into a long distance

contact with D153 in the C-terminal domain.
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4.1. Mutations in human y-crystallins

As many as 29 mutations have been reported so far in human y-
crystallins,17 mutations (R14C, R14S, P24T, A36P, R37S, R37P, W43R, M44V,
Y56X, R58H, G61C, R77S, E107A, Y134X, Y140X, Y156X and G165fs) in
human yD-crystallin (HGDC), 8 mutations in human yC-crystallin (HGCC) (T5P,
R48H, G38fs, C109X, S119S, G129C, W157X and R168W) and 4 mutations in
human yS-crystallin (HGSC) (G18V, D26G, S39C and V42M). Table 1.4 in the
introduction section lists these mutations reported in human HGDC, HGCC and

HGSC and the associated cataract types.

Though our study has focused on some representative mutants of HGDC
and HGSC, this interesting phenotypic dichotomy of nuclear cataract vs
peripheral cataract is also seen in HGCC and its structurally similar family

member, B-crystallin mutants as well (Tables 1.4B and 1.3).

We start our discussion with peripheral cataract associated mutant
proteins P24T, R37S, R58H, G61C, R77S, G18V and R168W of HGDC. The
mutant P24T is a very well studied molecule and is associated with different
types of cataracts such as cerulean, lamellar, coralliform, fasiculiform and
unclassified silica-like nuclear cataract. proline to threonine change at position 24
affects its solubility. Microconcentrator and lyophilization methods have shown its

solubility to be 10-30 mg/ml compared to 450 mg/ml of the WT (164). NMR study
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has revealed that the mutant has developed three surface hydrophobic patches,
one with D21, H22, Y50 and R79, the second patch with N49, Y50 and V75 and
the third one involving T4, L5, L6, H15, E17 and C18. These three surface
hydrophobic patches may play a role in reducing its solubility (165). However,

this change does not affect its stability significantly.

R36S is associated with crystal cataract. A cataractous lens from a patient
with R36S mutation was studied by X-ray diffraction method. It was found that
this crystal packing (2.25 A°) is only possible with serine and not with the bulky
arginine due to its steric hindrances imposed at this 36 position (none of its
rotamer fits at this position for the formation of crystals). In the mutant, serine
side chain interacts with N24 position of the other molecule, while the other
molecule’s serine side chain interacts with N24 of the first molecule and losing
the charge by replacing arginine with serine at this position also helps the

molecule in forming crystals (142).

R58H is also associated with crystal cataracts and this too behaves similar
to R36S. Basak’s crystallography studies show that at position 58 replacement of
arginine with histidine makes the mutant lose the direct ion-pair intermolecular
interactions. In the WT, two carbon atoms of arginine form a strong ion-pair
interaction with two nitrogen atoms of D156 of a second molecule. In the mutant,
these intermolecular interactions are altered. The replacement of arginine with

histidine kills the bond between D156 and allows it to interact with D97 with a
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H,O molecule interaction. This causes loss of the strong protein-protein, inter

molecular ion-pair interactions at the mutation site (39).

G61C is associated with coralliform cataract. Here, the cysteine is not
exposed to the surface and the mutant’s thermal stability is close to that of the
WT but its stability towards the chemical denaturant GuHCI is compromised. The
mutant undergoes a two step unfolding, with a partially unfolded intermediate

around 2.0 M of GuHCI (147).

R77S is associated with polar coronary cataract. NMR spectra show that
the arginine to serine change at position 77 affects the local environment around
L25 and Q47 and fails to form any interaction with E46 causing hydrophobic
patches on the surface. However, the stability of this mutant is quite similar to

that of the WT (191).

Turning to human HGSC the mutant G18V is less stable than WT, having
a Ty, of 65°C cf. 75°C for WT and its stability towards the chemical denaturant
GuHCl is also altered, showing an intermediate around 0.8M GuHCI (207). This
partial opening of mutant at low concentration of GUHCI is probably due to the
distortion caused by valine in place of glycine at position 18. This position 18 is
located in a solvent exposed loop of the protein with the torsion angles that are
only allowable for glycine. Replacement of this glycine by the bulkier valine

causes distortion (197).
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Turning to HGCC, five mutants causing severe nuclear cataract
phenotype and the other two peripheral cataracts. The mutants C109X and
W157X can be explained very easily by their truncated forms in the similar way
how truncated mutants in HGDC (Y56X, Y134X, Y140X and Y156X) which

causes nuclear cataract.

The R168W mutant is reported to be associated with lamellar cataract.
Tertiary fold of this mutant is slightly altered, though stability (monitored by

thermal and chemical denaturation) is not altered significantly (171).

The T to P change at position 5 in the mutant T5P of HGCC is associated
with Coppock cataract. This change restricts the solubility to 0.4 mg/ml.
Secondary structure is slightly altered, B-pleated conformation is decreased
significantly as expected because of newly introduced proline into the first B-
pleated sheet. Results quantified by PROSEC for a, B-sheet, B-turn and random
coil in the mutant are 8, 72, 2, 19% and for the WT they are 8, 51, 15 and 27%
respectively. Thermal stability is also compromised (169). This change also
forms aggregates in cells affects the protein-protein interaction with a-crystallin
(170). There is no significant data available with extrinsic flourophores like bis-
ANS, Nile Red and Thioflavin-T which actually reveals the surface hydrophobicity
and aggregating properties of the molecule. It's lower solubility, loss of stability to
heat and decreased protein-protein interactions with other crystallins may lead to

the cataract formation.
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G41fs, a frame shift mutant of HGCC, heterozygous in condition (5-bp
repeat has been found in only one allele of each affected family member) is
associated with zonular pulverulant cataract. The 5-bp repeat disrupts the
reading frame of the coding sequence and results in translation of truncated
protein consisting of 41 amino acid residues in first Greek key motif followed by
68 random amino acids. The first 41 amino acid are identical to yC-crystallin but,
rest of the protein is completely different. The two motifs forming N-terminal
domain are inter-dependent of hydrogen bonding (44) so this truncated
polypeptide is predicted not to have the ability to fold properly to form the first
Greek key motif. It has random coil in its secondary structure, no ordered tertiary

structure and solubility is also severely affected (150).

S119S is associated with nuclear cataract. This polymorphism was
observed in heterozygous state in the affected members. So far more than
twenty genes have been reported to be associated with cataract. Here the
authors had screened only for three genes i.e., CRYAA, CRYGD and CRYGC.
Screening the other candidate genes may give the clue for its severe phenotype.
No functional study is available to show whether this silent mutation affects its

expression levels thus leading to cataract (144).

In short, there appears to be a set of common features of mutant human

y-crystallins associated with peripheral cataracts. These are: The Greek key
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motif is not distorted in any major manner and the stability and solubility of the

protein is marginally affected.

We now turn our discussion to nuclear cataract-causing mutant proteins
W43R of HGDC and W157X of HGCC whose conformational studies are already
available. W43R is associated with nuclear cataract. Its solubility is affected and
restricted to 20 mg/ml. Thermal and stability towards a denaturant GuHCI is
compromised. The mutant undergoes two step unfolding with a highly populated
partially unfolded intermediate around 0.19M GuHCI with a AG® value of 2.4 kcal
mol™. Unfolding experiments with 3.6M urea also shows mutants opening up
indicating its stability to be compromised. Its NMR spectra are similar to those of
another mutant, V75D, is known to undergo a two step denaturation with partially
unfolded intermediate, indicating a prominent intermediate in its unfolding curve.
The mutant is susceptible to protease cleaving, with the cleavage happening
between R79 and L80 producing a 11 kDa band. The same cleaved band is also
found in the WT HGDC upon UV irradiation damage that leads to formation of a
partially unfolded species that can be easily cleaved by proteases (208). Its
stability towards thermal stress is also compromised, with the mutant showing a

Tm value of 77.8°C compared to a T, value of 84.3°C for the WT (143).

In W157X, the last Greek key is broken. Its solubility is reduced to

micrograms, tertiary fold altered, nonpolar side chains are exposed to the solvent
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to a great extent and aggregation was observed in HLE-3B and COS-1 cells in

comparison to the WT protein (172).

We now notice a common set of properties in mutants associated with
nuclear cataracts. Their solubility and structural stabilities are greatly altered.
They aggregate readily, forming light scattering particles in vitro and in cellulo,
and displaying amyloidtype aggregates. All these properties are in sharp contrast

to those associated with peripheral cataract.
4.2. Mutations in human B-crystallins

We now look at the structurally homologous human B-crystallins, where
too the reported mutations (listed in Table 1.3) show a phenotypic dichotomy.
Interestingly, here too we notice the putative connection between the structural
integrity of the Greek key motif and the phenotypic dichotomy. Note that all the
eight mutations reported in BB1-crystallin associated with nuclear cataracts, six
of these (S129R, G220X, Q223X, S228P, R233H and X253R) are C-terminal
domain mutants which disturb the Greek key motifs 3 or 4. Many of them
(G220X, Q223X, S228P and X253R) were predicted to result in an abnormally

elongated or truncated C-terminus and the production of a mutant protein.

The serine to arginine mutation at 129 position revealed that the mutation
slightly altered the structures of both BB1-crystallin homomer and BB1/BA3-

crystallin heteromer and importantly, the mutation significantly decreased the
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thermal stability of BB1/BA3-crystallin but not BB1-crystallin affecting the protein-
protein interactions among B-crystallins which are necessary in maintaining lens

transparency (94).

Sequence-structure alignment of all the Greek key motifs shows that two
quite distal residues, a glycine and a serine, are the most conserved and are
involved in stabilizing the supersecondary fold by packing this B-hairpin over the
B-sheet, replacing the serine with structure breaker proline at 228 disturbs Greek

key motif's super secondary fold (98).

In R233H, the strongly positively charged guanidino group of arginine is
replaced by the positively charged histidine, which may result in instability and

poor solubility of the molecule (99).

The other two mutants M1K and N58Tfs both in the N-terminal domain
might be predicted to lead to an absence of a functional protein product either by
abrogation of translation or by nonsense mediated mRNA decay. M1K abrogates
the initiation codon. The codon AUG is optimum for translational initiation. In M1K
the mutation alters the first codon AUG as AAG codon. In this condition
translation might start at a downstream 113 codon AUG, producing the translated
protein lacking the first 112 amino acids of the WT protein including the Greek
key | and part of the Greek key 2 motif (92). In N58Tfs, deletion of G takes place

at 168 position of exon 2 and generates a 106 amino acid long truncated
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molecule. There is a strong possibility that this frame shift and premature
truncation may lead to nonsense-mediated decay and thus no protein product

(93).

Turning to human BB2-crystallin, mutations A2V, 121N and S31W do not
affect any of the Greek key motifs, while the others would be predicted to do and
lead to nuclear cataracts. A2V change retards the tetramerization of BB2-
crystallin at high protein concentrations (209). The 31st residue serine
substituted by tryptophan (S31W) enhances hydrophobicity and creates a
lipocalin signature motif (lipocalins share characteristic conserved sequence
motifs and bind to small hydrophobic molecules, such as steroids, bilins,
retinoids, and lipids and are capable to bind cell-surface receptors and form
complexes with soluble macromolecules). This is suspected to alter the local

binding ability which would affect its intermolecular interactions (102).

D128V and V187M are associated with nuclear cataract phenotype. D to V
replacement at 128 position makes the mutant lose the negative electrostatic
potential surrounding the D and is replaced by a remarkably enlarged positive
potential in this region, which may affect protein-protein interactions (104). The
V187M substitution is thought to affect the fourth Greek key motif, potentially
disturbing the integrity of the subunit interaction domains which is important in

sustaining their stability and dimerization (115).
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In BB3, R75H affects the second motif and destroys a highly conserved
R75 and may affect the solubility (114), while in G165R mutation, which is
associated with nuclear cataract. Glycine at 165 position is located at the tip of
the loop connecting B-strands 1 and 2 of the fourth Greek key motif. Maintenance
of the hairpin fold requires amino acid residues with small (alanine) or no
(glycine) side chains, which can give the acute torsion angles needed to form the
Greek key motif. The G165R change would be expected to open up the hairpin
fold and destabilize the fourth Greek key motif. The residue G165 resides 8 A°
and 11 A° from residues R167 and R195 respectively, on substitution with R165
results electrostatic repulsion and helps in destabilizing the Greek key motif

integrity (116).

Turning to human BA3/A1-crystallin, the first 2 exons encode the amino
terminal arm, and exons 3-6 encode Greek keys 1-4. Three mutations have been
reported- two splice site mutations and one 3 bp deletion which thus loses
sequences containing one or more Greek key motifs, and are invariably
associated with nuclear cataract. With BA4-crystallin, 3 mutations are reported
and these impair the B-strands forming the Greek key, destabilizing the protein
by as much as 5 kcal mol™. All these lead to nuclear cataract accompanied by
microcornea/microphthalmia (128). G64W substitution takes place at a corner of
the backbone structure. Glycine is often found in B-sheet secondary structures

and is the amino acid appearing most frequently at position i+2 of B-turn, glycine
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at codon 64 probably forms similar secondary structures as p-sheet or B-turn.
The substitution may result in damage of secondary structure during the
CRYBAA4 protein folding process so that the structure of the protein has reduced
stability (129). L69P change which is predicted to disrupt the B-sheet structure in
CRYBAA4, protein folding would be impaired, most probably leading to a structure
with reduced stability in the mutant (128). F94S substitution would significantly

reduce the intrinsic stability of the crystallin monomer (128).

4.3. Caveats

There are other possible ways leading to nuclear cataract phenotype. One
is that protein aggregation can also arise due to intermolecular disulfide cross-
linking, as reflected in mutant R14C. Here cysteine at 14 is surface exposed and
encourages dimer and oligomer formation. A freshly prepared R14C of HGDC
crystallin showed 4% dimers and prolonged incubation at 37°C for 24 h its dimer
percentage increased to 40%, 10% trimers and 5% higher oligomers were also
seen. High critical temperature is an indication of oligomerization. The mutant
showed a critical temperature of 20°C while the WT has showed 4°C (167).
Raman spectroscopy study also shows about half of the cysteines in the mutant
are involved in oxidation (168). Mutants W59C and W151C of B2 might also do

likewise.
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The other is the formation of hetero-molecular aggregates through
Coulombic interactions; one example is E107A of HGDC, associated with nuclear
cataract. This glutamate to alanine change at 107 position alters attractive
interactions between a-crystallin due to change in surface electrostatic potential
in the mutant protein (pl change from 7.2 to 8.2). This pl change doesn’t affect
the y-y interactions but affects the y-a interactions. Experiments with liquid-liquid
phase separation in solution of pure y crystallins as well as E107A+a and WT+a
mixtures clearly shows y-y homologous interactions were not disturbed but
shows strong interaction towards a-crystallin. This could be well explained by
mutant’s positive charge and a- crystallins negative charge at physiological pH
(210). Likewise, R48H of human HGCC, and mutant 21N in BB2, associated with
nuclear cataracts, might display a similar charge-driven intermolecular

aggregate, through coulombic forces.
4.4. Congenital cataracts in Mice

While our discussion so far has been on human cataracts, many similar
congenital cataracts have been reported in mice (211). Though there are
differences in the length and actual sequences between mouse and human
crystallins, there is considerable sequence homology between them. In addition
even here, mutations affecting the Greek key folding or altering the pl of the
mutant significantly (e.g., W43R yA, V76D yD, D77G yA, W168R BA1) seem to

be associated with nuclear cataracts.
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Summary of our results and analysis of all mutations reported so far in By-
crystallins suggests that when the mutation distorts even one of the Greek key
folds in the By-crystallin family, the resultant protein (a) loses its structural
compactness and stability, (b) unfolds, exposing several buried residues to the
surface causing self-aggregates, (c) becomes sparingly soluble in water, (d)
tends to generate amyloidogenic aggregates in vitro, and (e) displays light
scattering particles when transfected in cell lines, all of which are consistent with
the phenotype of nuclear cataract. These mutations lead to what has been
termed as ‘protein disorder disease’. In contrast, mutations that do not disturb the
Greek key motifs maintain the overall chain folding and only produce local
disturbances around the mutation site leading to peripheral cataracts due to
reduction in solubility. This situation has recently been described as one involving
well-folded proteins but with aberrant homologous protein interactions (212) also
termed ‘native state aggregation’ (198) or ‘protein condensation disease’ (213,
214). The structural integrity of the Greek key motif in By-crystallins thus appears
to be an essential element in packing the crystallins in a compact, close-packed
manner. Such packing appears to offer long term stability and stress resistance
to the By-crystallins (40) and the short-range order they exhibit in the lens is
thought to be responsible for the transparency of the lens (10).Our results
suggest that distortion of even one of these motifs in the chain leads to nuclear

cataract and central vision loss.
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Cataract or eye lens opacification is the leading cause of blindness
worldwide. It occurs either because of mutations in the genes coding for the lens
proteins (particularly in cases of congenital cataract) or due to environmental and
metabolic changes that occur to the lens constituents that accumulate over a
period of time, compromising transparency (age-related cataract). Congenital
cataract, afflicting over 1.4 million children in the world with a prevalence of 1 to
15/10,000 children (with birth prevalence of bilateral cataract being 1 to 3/10,000
births), is essentially a genetic disorder and is an important cause of childhood

blindness affecting about 20,000-40,000 newborns worldwide yearly (2).

Figure 5.1: The human eye lens. A: capsule, B: epithelial cells, C: equatorial region, D: fiber cells
removing their organelles denoted by the black dots, E: fiber cells with their characteristic
hexagonal shape and F: nuclear region (7).

The human eye lens is primarily made up of fiber cells. These cells arise

upon the differentiation and elongation of a single layer of epithelial cells. During

differentiation, they lose their nuclei and organelles which helps to prevent light
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scattering. Lens fiber cells are highly rich in proteins called crystallins. Crystallins
constitute 90% of the total lens protein content, 35% of the total lens mass and
are comprised of two types: a and By. Of these, two members of a (aA and aB)
constitute 30% of the total lens crystallin content, 7 of B [four acidic members
(BA1, BA2, BA3 and BA4), three basic members (8B1, BB2 and B3)] account for
35% and three members of y (yC, yD and yS) contribute to 25% of the total lens
crystallin content in the human lens. The molecular weight of each of these
crystallins in monomeric form is between 19-27 kDa. The a-crystallins belong to
the small heat shock protein family and form multimers up to 60 units and form
aggregates 800-1200 kDa in size. They can exchange subunits dynamically and
show chaperone-like function by binding to partially opened and denatured B, y-
crystallins thus preventing them from forming aggregates or light scattering
particles (28, 29). B-Crystallins also exist as oligomers while y-crystallins occur
as monomers. The main function of these proteins in the lens is to provide
transparency and necessary refractive index gradient so as to focus the light onto

the retina.

Distribution of these three types of crystallins in the lens is asymmetric
and biphasic (4). The central portion of the lens is rich in the 8 and y-crystallins
(See Figure 5.1) and the embryonic nuclear region is particularly rich in y-

crystallins (6). These proteins are present at high concentrations and are
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arranged compactly in a short range spatial order as in dense liquids or glasses
to provide transparency and necessary refractive index (10). These two features
are achieved by their being folded in a compact and highly stable manner using a
series of super-secondary structural motifs called the Greek key fold. Each
domain of the B and y-crystallins consists of two intercalated antiparallel B-sheet
Greek key motifs. Each motif consists of four sequential antiparallel B-strands
arranged with -1, -1, +3 topology leaving C-terminal strand as an outer strand by
generating (3,1). type of Greek key motif in By-crystallins as shown in Figure 5.2
(40). This kind of Greek key motif super-secondary folding, intra-molecular
interactions between domains, inter-molecular interactions including 3D domain
swapping and local interactions involved in the close packing of co-operative

N-terminal domain

units offers them stress resistance and structural stability (41).
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Figure 5.2: Cartoon depicting the topology of the characteristic domain structure found in all By-
crystallins showing how two Greek key motifs, each comprising four 3-strands (A, B, C and D)

associate to form two motifs.
The role of the Greek key motif, based on its unique topology, has helped

us understand the structural perspective, but how this Greek key-derived dense
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packing of the B and y-crystallins in the eye lens translates into transparency is
an issue of functional interest. It is with this in mind that we have chosen
congenital cataracts associated with mutations in B and y-crystallins to study the
functional role of the Greek key. The main reason for selecting congenital
cataract mutations to study this issue is twofold. One is that congenital cataracts
are essentially due to genetic mutations in origin and two is the fact that the 52
mutations that have been reported so far in human  and y-crystallins are
associated with an interesting phenotypic dichotomy (Table 1.3 and 1.4). About
half of them generate nuclear cataract, blocking the central visual axis (Figure
5.3A) and hence causing complications which can disrupt the development of the
visual pathways leading to conditions such as amblyopia (visual stimulation
either fails to transmit or is poorly transmitted through the optic nerve to the
brain), nystagmus (involuntary movement of the eye often called as dancing eye)
and possibly alter association deficits in the growing infant, if not treated at the
earliest (173-177). The rest are associated with peripheral cataracts which do not

demand early action, since they do not block the visual axis (Figure 5.3B).

Lo

[ =

Figure 5.3A: Slit lamp photograph of the eye of a nuclear cataract patient (153). Figure 5.3B:
Coralliform cataract is similarly shown (Coralliform: round or elongated processes radiating out of
the center of the lens) (138).
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In an effort to understand the molecular structural basis behind the
phenotypic dichotomy (nuclear cataract-peripheral cataract), we have chosen to
study representative mutations in human yD-crystallin (HGDC) and human yS-
crystallin (HGSC). The reasons for selecting to study these two are: (a) they are
monomers; the crystal and solution structures are well known for HGDC and the
crystal structure of the C-terminal domain of HGSC has been studied in detail
and the solution structure of the full length murine yS-crystallin has been
resolved by NMR, (b) structural analysis of several mutants (R14C, P24T, R36S,
R58H, G61C, E107A and W157X of HGDC and G18V of HGSC are available to
extend our analysis and (c) these cataracts caused by respective mutations are

Mendelian monogenic disorders.

It thus becomes possible to go beyond reporting the mutations in
crystallins associated with congenital cataract and to study the functional
genetics or attempt a protein structural rationale. We have chosen three mutants,
two from HGDC (P24T and R77S) and one from HGSC (D26G) which are
associated with peripheral cataracts, and three mutants (A36P, R140X and
G165fs) of HGDC and the mutant V42M of HGSC associated with nuclear
cataract. In addition, we have prepared two full length chain mutants of HGDC,
not reported naturally: Y134A, which is a mutation in the fourth Greek key motif,

but which still keeps all the four motifs intact and the double mutant L4A5PL54P
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which disrupts the second Greek key motif, both of human yD-crystallin. We have
then compared their properties with the other mutants and their respective WT by
cloning, expressing and isolating the WT and mutant proteins (P24T, R77S,
A36P, R140X, G165fs and L45PL54P, Y134A of HGDC and D26G and V42M of
HGSC).

We then compared their solubility, structural details using circular
dichroism (CD) and fluorescence spectroscopy, structural stability towards
chemical denaturation (using the commonly used chemical denaturing agent
guanidine hydrochloride, or GUHCI) and thermal denaturation, their tendency to
form light scattering aggregate particles in vitro using spectral probes, and in
cellulo by transfecting their cDNAs into a lens cell line, as well as molecular

modeling in silico by standard methods

Table 5.1 summarizes the relevant properties of the total of 10 mutant
proteins we cloned, expressed, isolated, purified and studied their conformational
and aggregational properties namely the mutants P24T, A36P, L45PL54P,
R77S,Y134A, R140X and G165fs of HGDC and the mutants D26G and V42M of
HGSC, as well as the WT proteins. As the Table point out, these mutants fall into
two broad groups, one group contains those in which the mutation has not
significantly affected the properties, and at best causes local micro-

environmental changes leading to mild aggregation with time. The other group
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Table 5.1: Summary of some of the properties of representative mutants involved in this

study

S.No  Property Group 1 mutants Group 2 mutants

1 Solubility Soluble, though reduced in Mostly insoluble, had to be

comparison to the WT rescued from inclusion
bodies

2 Micro-environment Tryptophan is buried Tends to be exposed
around tryptophan (Amax 327 nm, |, comparable (Amax 333-350 nm,
in the native state to WT) lem >>WT)

3 Exposure of Little exposure to the solvent Greater exposure to the
nonpolar (e.g., P24T; | 6.8, 0.6, 1.8 with | solvent
sidechains, bis-ANS, Nile Red and (e.g., R140X; I 262.2, 4.1,
monitored by Thioflavin-T respectively, using : 27.7 with bis-ANS, Nile Red
extrinsic 80 uM of each dye) and Thioflavin-T
fluorophores respectively)

4 Structural stability Two-state denaturation profile, | Three state denaturation
monitored by occurring earlier than WT and . with an intermediate
chemical AG’ lower than WT
denaturation

5 Thermal T, value about the same or T, value much lower than
denaturation lower than WT by a few WT

degrees (e.g., WT HGDC (e.g., 49°C for A36Pof
81.5°C and 79°C for P24T°C) HGDC and 60°C for V42M
cf. 77°C of HGSC)

6 Time dependent Comparable to WT. Very little Occurs far sooner
light scattering at scattering after 900 s (e.g., at 200 s V42M of yS)
61°C

7 In situ aggregation Does not occur Occurs in cells
when transfected in
cell line

8 Cataract phenotype : Essentially peripheral Invariably nuclear

Group 1 mutants: P24T, R77S, Y134A, WT (HGDC) and D26G (HGSC)

Group 2 mutants: A36P, R140X, G165fs, L45PL54P (HGDC) and V42M (HGSC)

comprises mutations which have distorted the Greek key folding in a fashion that
leads to major changes in the properties and ready aggregation almost like

amyloid-type particles. It is also to be noted that mutants belonging to Group 1
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are associated with peripheral cataracts, while those in Group 2 are associated

with nuclear cataract.

Based on these results, we have extended our discussion to the reported
mutations in other y and B-crystallins present in the human infant lens. The
results of such comparison and analysis of all mutations in the By-crystallins
reported so far, suggest that when the mutation distorts even a single Greek key
motif sequence in the molecule, the resultant protein (a) becomes sparingly
soluble in water, (b) loses its structural compactness and weakens its stability (c)
exposes several buried residues to the surface causing self-aggregates, (d)
tends to generate amyloidogenic aggregates in vitro, and (e) displays light
scattering particles when transfected in cell line, all of which are consistent with
the phenotype of nuclear cataract. These mutations lead to what has been
termed as a ‘protein disorder disease’. In contrast, mutations that do not affect
the Greek key fold do not display most of the above properties, but only affect the
local environment around the mutation site, generating what has been termed as
‘native state aggregates’ or ‘protein condensation disease’, consistent with the
observed progressive peripheral cataract phenotype. Our work thus highlights
the connection between the Greek key super-secondary structural motif in the

By-crystallins and lens transparency.
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In summary, we show here that the Greek key supersecondary structural
motif found in human By-crystallins (which are rich in the nuclear region of the
human lens) plays an essential functional role in generating and maintaining

transparency in the mammalian eye lens.
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