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Summary

The eye lens is packed with soluble crystallin proteins, providing a lifetime of transparency and light
refraction. y-crystallins are major components of the dense, high refractive index central regions of
the lens and generally have high solubility, high stability and high levels of cysteines. Human yC
belongs to a group of y-crystallins with a pair of cysteines at positions 78 and 79. Unlike other y-
crystallins it has relatively low solubility, whereas mouse yC, which has the exposed C79 replaced
with arginine, and a novel mouse splice variant, yCins, are both highly soluble. Furthermore, human
vC is extremely stable, while the mouse orthologs are less stable. Evolutionary pressure may have
favoured stability over solubility for human yC and the reverse for the orthologs in the mouse.
Mutation of C79 to R79, in human yC, greatly increased solubility, however neither form produced
crystals. Remarkably, when the human yD R36S crystallization cataract mutation was mimicked in
human yC-crystallin, the solubility of yC was dramatically increased, although it still did not
crystallize. The highly soluble mouse yC-crystallin did crystallize. Its X-ray structure was solved
and used in homology modelling of human yC, and its mutants C79R and R36S. The human yD R36S
mutant was also modelled from human yD coordinates. Molecular dynamics simulation of the six
molecules in the solution state showed that the human yCs differed from yDs in domain pairing,
behaviour that correlates with interface sequence changes. When the fluctuations of the calculated
molecular dipoles, for the six structures, over time were analysed, characteristic patterns for soluble
vC and yD proteins were observed. Individual sequence changes that increase or decrease solubility
correlated well with changes in the magnitude and direction of these dipoles. It is suggested that
changes in surface residues have allowed adaptation for the differing needs of human and mouse
lenses.
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Introduction

Results

The optical propertles and molecular composition of vertebrate lenses vary depending on the
organism's habitat. 1-3 The refractive power of the lens derives largely from mixtures of
crystallins, proteins that exist in a crowded environment inside cells with little capacity for
protein renewal where they have to last a lifetime. Crystallins come in a wide range of assembly
sizes but in most mammals they are products of two (unrelated) gene families: the small heat
shock proteins/a-crystallins and the By-crystallins. 4A comparison of the repertoire of
expressed proteins in human and rodent lens indicates patterns of specific adaptations to the
requirements of dlfferent species. 5 The human lens cytoplasm is largely composed of 12 gene
product crystalllns in ratios that can now be quantified using mass spectrometry, showing that
newborn lens is composed of equal amounts of a-, B- and y- crystallms.7 Monomeric y-
crystallins are synthesized early in life and remain in the central regions of the mature and
ageing eye lens. As the human lens is required to remain transparent for decades, human y-
crystallins must have evolved structures with remarkable biophysical properties.

The underlying evolutionary mechanism for providing y-crystallins to suit particular lifestyles
involves rounds of gene loss and expansion in the different classes of vertebrates.8 In placental
mammals, there is a cluster of six closely related y-crystallin genes: yA-F, along with two more
distantly related members, yS and yN, although in humans expression of some of these genes
has been lost.8:9 Considerable efforts have been expended on characterizing several
mammalian y-crystallins, mcludmg 3D structures of: bovine yB-crystallin pdb 1amm10,
bovme yD crystalllnfdb lelp , human yD-crystallin pdb 1hko12 , rat yE-crystallin pdb
1a5d13 and pdb 1zie4, bovine yE crystallin (pdb 1m8u, Mayer et aI 2003, u fublished)
bovine yF-crystallin pdb 1514513 and mouse yS-crystallin by NMR, pdb 1zwm2S. Structural
biology of a major human lens protein, yD-crystallin, has shown that in common with most
characterized vertebrate crystallins it is very soluble and stable.16-18 The selection pressure
for optimization of solubility in yD is evident from several childhood cataracts that result from
surface point mutations, often replacing arginines.lg'22 Surprisingly, y-crystallin sequences
are rich in the reactive amino acid cysteine. It has been argued that the high local concentration
of protein cysteine, higher than the cytoplasmic reducing agent GSH, may contribute to their
long-term stability by scavenging free radicals.23

The major y-crystallin expressed in the young human lens is yC-crystaIIin.6v7 Human yC differs
from the other y-crystallins that have been studied in detail in its distribution of cysteine
residues; it belongs to a group of yB/yC sequences in different mammals that have cysteine at
position 79 rather than arginine. In contrast, the mouse ortholog has the more common arginine
at 79. Here we compare and contrast the human and mouse yC recombinant proteins and also
describe a variant of mouse yC, yCins, which is the result of alternative splicing and which
does not occur in the human lens. These proteins turn out to have significantly different
properties that may relate to the adaptation of yC-crystallin for the accommodating, long-lived
human lens as compared with a shorter-lived, short-sighted mouse. The properties of human
yC-crystallin also give us new insight into a major crystallin in the centre of the human lens
and into the determinants of stability and solubility in this family.

(a) The sequences of human, mouse, dog, bovine and guinea pig yCs and y-crystallins with

79C

Complete sets of sequences foryB and yC crystallins were derived from EST analysis of several
mammalian species 5 and unpublished data available through http://neibank.nei.nih.gov.
Analysis of multiple cDNA clones from mouse eye cDNA libraries revealed the existence of
a novel form of yC at a frequency of about 14%. This variant, designated yCins, contains an

J Mol Biol. Author manuscript; available in PMC 2008 September 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Purkiss et al.

Page 3

additional residue (GIn) in the linker region as a result of alternative splice site usage at the 5’
end of exon 3. Interestingly, a similar potential alternative splice site is also present in the
human yC gene. However, if used in human this alternative splice would include a stop codon
(TAG) rather than the CAG found in mouse. This would produce a one-domain version of
human yC, however there is no present genomic or proteomic evidence for such an expressed
variant.

Figure 1a shows these sequences, with the 2-domain y-crystallins divided into their component
modules (Greek key motifs, linker, and C-terminal extension), together with human yA and
human yD-crystallin (for which the 3D structure and biophysical data are available). A buried
cysteine at position 78 is a conserved feature of motif 2 in y-crystallins, but its neighbour at
position 79, although commonly an arginine (present also in topologically equivalent positions
in motifs 1 and 4), can also be a cysteine. (The highly expressed human yD-crystallin and yS-
crystallins have arginine at position 79). Of the species examined, only primates (human, chimp
and rhesus monkey) have a cysteine at this position in both yB and yC sequences. Human and
mouse yC-crystallins were characterized to assess the effect of Cys79, as well as some other
sequence variations.

(b) Protein levels in mouse and human lens

Lack of resolution of mouse yC and yCins precludes quantitation of the relative abundance of
these crystallins from two-dimensional electrophoresis (2-DE) gels. However, evidence that
the two mouse yC-crystallin sequences are synthesized in the lens comes from mass
spectrometry whereby deconvoluted spectra of co-eluting mouse yC and mouse yC insert
proteins from a cation exchange column have masses matching the ones predicted from the
sequences (Figure 2). These data also give an estimate of the relative abundance of the two
mouse crystallins as 86% yC and 14% yCins, which agrees exactly with the abundance levels
predicted from EST data. The percentage that yC and yCins comprise the total soluble protein
in mouse lens is more difficult to estimate because yC, yCins, and yB co-migrate on 2-DE gels
and could not be resolved by cation exchange chromatography. 4 However, the combined
abundance of yCs and yB in the soluble fraction of 4-week-old mouse was estimated from 2-
DE gels as 8.2% of the total soluble fraction.24 To determine the relative proportion of yCs
and yB in young mouse lens, a shotgun analysis of a complex mixture of trypsin digested mouse
soluble protein was analyzed by two-dimensional liquid chromatography mass spectrometry,
and the number of spectra assigned to yCs and yB was used to estimate the relative abundance
of the two proteins. The number of spectra assigned to each protein was similar (1003 counts
for yC and 815 counts for yB), suggesting roughly equal amounts of yB and yC (approximately
4% each of the total soluble protein of mouse lens). In contrast mouse yD comprised 9% of the
soluble protein in mouse lens.2

In young human lens, both two-dimensional electrophoresis (2-DE) data and more recent high-
resolution mass spectral analysis indicate that the relative abundance of yC and yD-crystallins
range from 12-16% and 3-8 % mole percent of the total soluble protein, respectively.’ Thus,
in young human lens, the approximate ratio of yC/yD in the soluble protein fraction is around
2.5, compared with 0.4 in 18-28 day old mice.

(c) Human yC-crystallin behaves differently from the C79R mutant and mouse orthologs
during purification

Human yC-crystallin was highly expressed in the soluble cell extract of E. coli following
induction, as gauged by the presence of a major protein band around 21 kDa on Coomassie
stained SDS gels, as has already been shown by Fu and Liang.25 The identity of the protein
was confirmed by mass spectrometry. Attempts to purify the recombinant human yC-crystallin
protein following standard chromatography methods for isolating lens and recombinant y-
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crystallins13 led to very low protein recoveries. The protein could not be dialyzed, or desalted
for further column treatment. Performing column chromatography procedures in urea-
containing and glycine-containing buffers still resulted in very poor recoveries. Overall a
protein concentration of no more than 1 mg ml~1 was achieved. Salt precipitation was therefore
used as a first protein purification step. Conditions ranging from 20 to 70% ammonium sulphate
precipitation indicated that the bulk of the crystallin protein could be recovered from a single
precipitation from the soluble fraction of the cell lysate with 50% saturated ammonium
sulphate, and could then be resolubilized to a limiting (total) protein concentration of around
50 mg mI~L. A single gel filtration column purification procedure was possible under optimized
conditions of 200 mM ammonium acetate, although even under these conditions, protein
recoveries were low and human yC-crystallin did not survive re-running on the gel filtration
column. Protein oxidation was unlikely to be the cause as increasing the concentration of DTT
from 2 mM to 10 mM DTT did not increase yields. Human yC-crystallin elutes with the same
elution volume as the closely related family member human yD-crystallin indicating that it is
a monomer. By combining around 10 gel filtration runs, 2.5 ml of the human yC-crystallin at
a protein concentration of around 0.7 mg ml~1 was prepared, and concentrated in a VivaSpin
500 10MWCO to a limiting protein concentration of around 5mg mi~1,

In contrast to human yC, both mouse yC and yCins purified easily using standard
chromatographic procedures with good recoveries.

(d) Comparison of protein solubilities

To determine whether the marked difference in behavior during isolation between human and
mouse proteins was related to C79, the human sequence was mutated to R79 and expressed.
Unlike the wild-type sequence, this produced a highly soluble protein similar to mouse. Other
natural mutations in exposed residues are known to affect solubility in human yD-crystallin.
We asked whether similar mutations would further decrease the solubility of human yC-
crystallin. As a first step, the effect of a congenital cataract mutation found in human yD-
crystallin R36S (this residue in motif 1 is topologically equivalent to R79 in motif 2, Figure
1a), was tested in the context of the wild-type human yC-crystallin sequence. Solubility for all
these proteins was measured by concentration.

Concentration of wild-type human yC-crystallin was difficult. Freeze-drying was attempted
but failed to yield soluble protein. Attempts to increase the concentration using Microcons in
low salt buffers resulted in the final protein concentration being orders of magnitude less than
that of the initial solution. Using optimized conditions whereby the protein was maintained in
200 mM ammonium acetate, an attempt was made to concentrate the protein solution using a
VivaSpin 500 10MWCO which had been treated by first spinning through some 5% PEG 6K
in an attempt to block protein interaction sites, but this did not increase the yield. However,
when the protein was maintained in 200 mM ammonium acetate, a limiting protein
concentration of ~5 mg/ml was obtained at the expense of a ~50% loss of protein.

In contrast, the human yC-crystallin C79R mutant, the ortholog mouse yC-crystallin and mouse
vCins-crystallin could all be concentrated by ultrafiltration to around 90, 80 and 100 mg/ml,
respectively. Lyophilization was not attempted for these soluble crystallins, although a
previous study on human yD-crystallin indicated that higher solubilities could be achieved
using this method.17

Unexpectedly, the solubility of the human yC-crystallin R36S mutant, a sequence that has C79,
was found to be substantially higher, reaching around 200 mg/ml. This surprising result
indicates that dramatic changes in solubility may be due to changes in the overall surface
properties of the proteins rather than simply to the presence or absence of a surface cysteine.
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Unlike solutions of bovine and rat yE and yF-crystaIIinsl3, the human and mouse yC-
crystallins, and their mutants did not show cold-induced precipitation in low ionic strength
buffers around neutral pH.

(e) Comparison of protein stabilities

Protein conformational stabilities for human yC-crystallin, human yC-crystallin C79R, mouse
yC-crystallin and mouse yCins were estimated by determining their degree of unfolding after
incubation in a chemical denaturant over a range of concentrations. An indication that all four
crystallins were stable was found when the proteins showed no change in fluorescence
measurements when dissolved in urea at concentrations up to 8 M. Therefore the stabilities
were estimated using unfolding conditions previously described for the very stable human
yD-crystaIIin.ZGv27 Following tryptophan excitation at 280 nm, the tryptophan fluorescence
spectra of folded (0 M GdnHCI) and unfolded (6 M GdnHCI) human yC-crystallin showed the
expected wavelength shift in emission maximum, although unlike other measured y-
crystallins28 the fluorescence intensity of the unfolded state was lower than when folded,
indicating that tryptophan residues were not quenched (Figure 3a). Similar spectra were
obtained for the human yC-crystallin C79R mutant (Figure 3b). The fluorescence spectra for
the two mouse crystallins showed that they also unfolded, as evidenced by the shift in
wavelength, although in these protein spectra, like other measured y-crystallins, the
fluorescence intensity of the unfolded state was higher than the folded state indicating that
tryptophan residues were efficiently quenched (Figures 3c and 3d). The molecular basis for
quenching and its possible role in relation to protection from UV damage is currently under
investigation for human yD-crystaIIin.28

When these four crystallins were unfolded in increasing amounts of GdnHCI, unfolding curves
were measured from the change in tryptophan emission at 350 nm, and the mid point of
unfolding estimated (Figure 4) and compared with human yD-crystallin. The wild-type yC-
crystallin and C79R yC-crystallin mutant human protein had similar stabilities to human yD-
crystallin,17'26 whereas mouse yC-crystallin and the insert version were less stable. The high
stability of human yC-crystallin makes it unlikely that protein denaturation is responsible for
its low solubility.

(f) Mouse yC-crystallin structure

Mouse yC-crystallin crystallized in space group P1 and the diffraction statistics are shown in
Table 1. Phase information for the dataset was generated by molecular replacement using the
program PHASERZ9 and using the coordinates of human yD-crystallin (pdb code 1HKO0) with
residues differing in sequence cut back to alanine. Two molecules are present in the unit cell,
with Reyyst = 0.430 and Reree = 0.445. Initial restrained refinement with REFMAC brought
these values down to Reyyst = 0.288 and Reree = 0.363, before several rounds of manual
rebuilding, addition of water molecules, using COOT, and refinement. TLS refinement was
then used, with each TLS group being a single y-crystallin domain, to give a final R¢ryst = 0.219
and Rfree = 0.285 (Table 2). The coordinates (id: 2v2u) and structure factors (id: r2v2usf) have
been submitted to RCSB PDB.

The similarity of the three-dimensional structures of the domains in mouse yC-crystallin and
human yD-crystallin is evident from an all residue main chain rmsd of 0.74 A. The mouse yC-
crystallin asymmetric unit contains two molecules with an intermolecular main chain rmsd of
0.41 A. The main difference between the two chains is that molecule A has a partial disulphide
bond between the sulphurs of Cys 18 and Cys 22. At the resolution of the dataset, it is not
possible to clearly define the proportion of oxidised to reduced protein and so this has been set
to 50/50. Chain B appears to be fully reduced.

J Mol Biol. Author manuscript; available in PMC 2008 September 7.
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Comparison and superposition of the X-ray coordinates of mouse yC-crystallin with human
yD-crystallin, bovine yB-crystallin, bovine yF-crystallin and rat yE-crystallin (Figure 1b)
allows refinement of the linker alignment (Figure 1a). In all these proteins, the linker takes a
sharp turn at the conserved glycine, which supports placement in the longer linkers (yB-
crystallins and mouse yCins) of any extra residue in front of the turn.

(g) Comparison of the mouse experimental structure with modelled human structures

Wild-type human yC-crystallin and the C79R mutant did not crystallize. Therefore homology
models for human yC-crystallin and the C79R and R36S mutants were built based on the X-
ray determined coordinates of chain A of mouse yC-crystallin. In addition the human yD-
crystallin R36S cataract mutant was built based on the X-ray structure of human yD-crystallin.
The aim was to compare the homology models and the two X-ray structures of mouse yC-
crystallin and human yD-crystallin in the light of their biophysical solution properties. In order
to facilitate the extrapolation of static X-ray-derived protein-water coordinates to solution
behaviour of protein molecules over a short period of time, computational simulations of the
interactions between various proteins with water were performed using molecular dynamics.
Furthermore, as human yD-crystallin was crystallized under different solution conditions and
in a different packing arrangement in the unit cell from mouse yC-crystallin, these simulations
removed bias resulting from intermolecular contacts in the crystal lattice. Accordingly, the two
sets of X-ray determined coordinates (chain A of mouse yC-crystallin and human yD-crystallin)
and the four homology models (human yC-crystallin, C79R and R36S plus human yD-crystallin
R36S mutants), were each subjected to 5 ns of room temperature (300 K) molecular dynamics
simulation, in explicit water, allowing equilibration of side chain conformations with water at
neutral pH and low ionic strength.

Domain pairing geometry—During the simulations, the individual domains from the six
v-crystallins showed very little change in secondary structure. However, there were some
changes seen in the structure, with the domain pairing geometry changing with time. The three
proteins with phenylalanine at position 56 (mouse yC-crystallin and the two human yD-
crystallins) showed a stable interface, with the distance between the Cp atoms of residues 43
and 144 (the most central residues in the interface) averaging around 5 A (see Table 3 and
figure 5); whilst the proteins with a leucine at this position (human yC-crystallin and its
mutants) showed the distance between these atoms increasing greatly during the simulations.
Investigation of the position of the side chain of residue 56 during the simulations showed that
the phenylalanine stays packed flat against the N-terminal domain B-sheet, whilst the methyl
groups at the end of the leucine side chain moved away from the surface of the domain.

TTTDC loop—Analysis of the region between residues 18-22, where the human yC-crystallin
has the unusual sequence TTTDC while the mouse yC-crystallin has CSSDC (with the partial
disulphide linking the ends), showed that the backbone conformations are very similar, but
differ from human yD-crystallin (sequence CSSDH). This difference seems to stem from
altered packing in the core of human yD-crystallin due to the sequence change of Leu 5 in place
of the more usual phenylalanine, leading to partial rotation of the Trp 42 side chain, giving
room for the change in main chain conformation. Another difference is that the atom NE2 of
His 22 is in a position to form a long hydrogen bond (3.0 A) with the OH of Tyr 16 in human
yD-crystallin.

Electrostatics—A key feature of y-crystallins is that their surfaces are covered in ion pairs.
The arginine head groups are the most accessible to solvent water and will therefore have a
profound effect on the surrounding water, particularly important in the eye lens. Both wild-
type human yC and yD-crystallins have pl's close to neutral whereas mouse yC-crystallin and
the human C79R mutant are more basic; both the R36S mutations give proteins with more

J Mol Biol. Author manuscript; available in PMC 2008 September 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Purkiss et al.

Page 7

acidic pls (Table 4). Examining the pls of the individual domains showed that the C-terminal
domains all have a similar pl (in the range 6.8 - 7.0), close to neutral, whilst the N-terminal
domains have a wider range of pl from the acidic (yC WT and both R36S mutants) to the basic
(human yC C79R mutant and mouse yC) (Table 4). Nevertheless, when the electrostatic
surfaces of the simulated proteins are shown from a common viewpoint, (Figure 6) the human
yD-crystallin C-terminal domain can be seen to have a larger negatively charged region than
all the yC-crystallins. There is thus no clear correlation between the solubility of a y-crystallin
and its sequence, its overall charge as calculated by its pl, or the overall surface charge
distribution based on visual inspection of the atomic structures.

Analysis of the solvent accessibilities of cysteine residues (Table 5) showed that the extra
cysteine at position 79 in human yC-crystallin is in an exposed position. The presence of
cysteine at position 79 in human yC-crystallin has the effect of breaking up the large area of
positive charge that is present in mouse yC and human C79R, on the N-terminal domain near
the interface. The absence of the positively charged arginine in the middle of the interface
region allows the negatively charged residues of the C-terminal domain to have a larger
influence, and changes to the electrostatics on the surface of the protein were observed after
1ns of molecular dynamics. Several charged residues behave differently when comparing the
human wild-type yC-crystallin and C79R mutant, presumably adapting to the presence or
absence of R79. For example R147 points away from the N-terminal domain (into space) in
the wild-type but across the interface in the C79R mutant, hence giving a more positive
interface in the mutant.

Dipole moments—Although y-crystallins carry little overall charge, we also estimated the
range of dipole moments of the various solvated protein molecules. Investigation of the dipole
moments of the six proteins modelled showed significant differences between the yC and yD-
proteins in the direction of their overall dipole moments. For the yD-crystallins, the dipole
moments are aligned roughly along the long axis of the molecule from the N-terminal domain
to the C-terminal, whilst for the yC-crystallins, the dipole moments are aligned across the inter-
domain interface (top row, Figure 7). For each protein, the magnitude of the dipole moments
was calculated during the course of the simulations and Table 4 shows the mean (standard
deviation) for each protein (and the individual domains), as well as maximum and minimum
values. It can be seen that the mean overall dipole moment of the two proteins, which have low
solubility - human yC WT (at 134.4 D) and yD R36S mutant (at 346.1 D), differ somewhat
from the other proteins studied (that are in the range 204-231 D). The C-terminal domain dipole
moment has a larger magnitude (range 235-430 D) than the N-terminal domain (range 58-140
D) in all the proteins simulated, with the C-terminal domains in the yD-crystallins having a
larger dipole moment than in the yC-crystallins (Figure 7 and Table 4). The dipole moment
from the N-terminal domain of human yC-crystallin wild-type has the smallest magnitude, but
with the greatest variation (range 3 — 106D) and hence it experiences much larger changes in
orientation than the dipole moments of the other N-terminal domains. The N-terminal domains
of the human yC-crystallin C79R and R36S mutants have dipole moments with properties
similar to the soluble mouse yC-crystallin.

Discussion

v-Crystallins are long-lived proteins of the eye lens and are generally characterized by both
high stability and high solubility. Interestingly, they contain relatively high levels of cysteine
residues. This would seem to be a liability for the lens, as cysteine is reactive and prone to
modification; cysteine oxidation has often been related to cataract formation.30,31 Presumably
cysteine residues in y-crystallins have important conserved roles in the lens, perhaps
contributing to protein stability, to intermolecular interactions that have an impact on the
refractive index, or scavenging of free radicals.
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Human yC-crystallin is the major y-crystallin of the young human lens and hence is a major
component of the oldest, longest-lived cells of the lens central region. By contrast, the yCs are
less prominent in the short-lived mouse lens. Human yC-crystallin has a solvent exposed
cysteine at position 79, while the mouse ortholog has arginine at this position, similar to other
well-characterized y-crystallins, such as human yD-crystallin. While recombinant mouse yC-
crystallin had the high solubility typical of mammalian y-crystallins, human yC-crystallin
proved to have greatly reduced solubility. Replacement of Cys 79 with arginine dramatically
increased the solubility of the human protein, suggesting that cysteine at this position in wild-
type human yC-crystallin may be responsible for the altered solution properties.

However, an unexpected observation showed that exposure of Cys 79 alone does not
necessarily confer insolubility. Introduction into human yC-crystallin of the R36S mutation
(which is associated with congenital cataract in human yD-crystallin and is topologically
equivalent to C79) rather than further decreasing solubility actually increased solubility to
levels similar to mouse yC or human yD-crystallins. This suggests that the interaction properties
of y-crystallins are determined more by the surface networks of ion pairs and hydrogen bonds
than by a single surface cysteine.

What might be the selective advantages of the differences in yC-crystallins between human
and mouse, bearing in mind that it is just one component in a complex milieu of other
crystallins? The soft, accommodating human lens requires a lower protein density and lower
refractive index than the mouse lens. The much greater life span of humans (and other primates)
compared with mice may also have selected for changes that enhanced stability, even at the
expense of solubility. In contrast, in the short-lived mouse with a very dense lens there may
have been selection for solubility at the expense of stability. It is interesting that the mouse has
acquired a new yC-crystallin with an insertion in the linker, although what new property this
brings to the protein is not yet evident.

One advantage of the high conformational stability of human yC-crystallin may be in protecting
buried thiols (Table 5), since unfolding could expose cysteines to oxidation and permit
formation of intermolecular disulphide bonds. Exposed cysteines are also potentially
vulnerable to oxidation in all y-crystallins. One way of preventing these from forming
intermolecular bonds would be to favour intramolecular disulphides instead. 3D structures can
address whether oxidation can lead to local disulphide formation without disruption of the
tertiary structure, hence preserving protein solubility. Indeed, from the mouse yC-crystallin
structure analysis it became clear that a small loop that comprises the sequence CSSDCP
readily forms an intramolecular disulphide with little change to the overall structure. This is
similar to the same sequence found in bovine yB-crystallin where a *harmless’ disulphide was
also found in aged crystal5.32v33 Human yA and yB-crystallins might be able to do the same
thing (Figure 1a). However, human yC-crystallin has the sequence TTTDCP so the sole
cysteine (C 22) cannot make a local disulphide under oxidizing conditions. Elsewhere,
oxidation of Cys 79 with adjacent Cys 78 could only be envisaged after the protein had
unfolded. Thus, in spite of its stability, human yC still has vulnerabilities to oxidative damage
with disease and ageing.

The X-ray structure of mouse yC-crystallin and the ensuing molecular simulations of several
molecular models also addressed the geometry of the domain pairing. In humans, the presence
of Leu, in place of Phe, at position 56 in the inter-domain interface, seems to lead to greater
motion of the domains relative to each other.

Radicalisation or oxygenation of buried thiols could trigger the proteins to unfold, allowing
intermolecular disulphide formation and aggregation. Based on a comparison between young
and old human lenses, the most abundant age-related cysteine modification in human yC-
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crystallin is methylation at accessible thiols.34:35 This suggests that while conformational
stability may protect buried cysteines (32, 78, 108) the most accessible thiols (22 and 79) in
the aging lens may be protected by programmed chemical modification.

Although cysteines are well conserved and may have important roles in y-crystallin function,
our data suggest that they do not have the most significant role in determining the biophysical
behavior of these proteins. Instead, changes in the charge properties of the molecular surface
seem to be much more important. Inspection of the motif sequence alignment shows the acidic
residue (indicated in red in Figure 1a) within the TTTDC loop of human yC is conserved in
most motifs of all y-crystallins. In the N-terminal domain this acidic residue (Asp 21) in motif
1ion pairs with Arg 79 of motif 2 in all X-ray structures of y-crystallins, while the topologically
equivalent acidic in motif 2 (Glu 61) ion pairs with Arg 36 in motif 1 (topologically equivalent
to Arg 79). The low solubility of the wild-type human yC-crystallin and the crystallization
prone R36S mutant of human yD-crystallin, correlate with the loss of arginine in one or other
of these ion pairs suggesting that solubility is strongly effected by an isolated acidic side chain
(Figure 8). However, what is remarkable is that the human yC-crystallin sequence can have
high solubility if both acidic groups are unpaired. This may be explained by having a single
“free” acid perturbing the dipole moment of the domain, whereas having an unpaired acid on
both sides of the domain ‘cancels out’ the perturbation to the dipole moment. The magnitude
of the calculated dipole moments (Table 4) support this explanation, as the dipole moments on
the N-terminal domain of both the human yC-crystallin C79R (Asp 21 and Glu 61 each ion-
paired) and human yC-crystallin R36S (Asp 21 and Glu 61 each unpaired) are similar, both to
each other and to the mouse yC-crystallin N-terminal domain (Asp 21 and Glu 61 each ion-
paired). As wild-type human yC-crystallin is the only y-crystallin in this study in which the N-
terminal domain has a dipole moment with a small magnitude and highly variable orientation,
this is the likely cause of this protein's insolubility. Whilst a low macroscopic dipole can
contribute to low solubility due to reduced electrostatic repulsion, it is less obvious how the
direction of the dipole could also play a role. As the solution behaviour of y-crystallins as a
class has been characterized as exhibiting attractive interactions 4 one can only speculate that
the orientation of the macroscopic dipole influences the orientation of their solution encounters,
in a way that supports local attractive interactions. Furthermore, the large magnitude and
constant orientation of the dipole moment for the complete human yD-crystallin R36S molecule
may favour the nucleation of this molecule into its crystal lattice, which leads to childhood
cataract.

These observations, together with the surface point mutations that are associated with
congenital cataract, indicate that the sequences of y-crystallins are optimized for high solubility,
and that minor changes to the surface, particularly changes associated with intermotif ion pairs
can dramatically alter solution interaction properties. Bearing in mind that a common point
mutation, P23T which drastically reduces the solubility of human yD-crystallin, is also in the
region of the inter-motif ion pair Asp 21-Arg 79, this region of the molecular surface of y-
crystallins appears to have a profound effect on the solution interaction properties. In human
lens the proteins become increasingly insoluble with age. The most common crystallin post-
translational modification is deamidation, and this increases with age and with the level of
crystallin water insolubility.g‘5 Thus the evidence from both congenital cataract point
mutations, and the age-related post-translational changes, point to y-crystallin solubility being
sensitive to surface charge effects.

In the eye lens, the various members of the y-crystallins are in concentrated solutions with the
a- and B-crystallins and it is their combined solution interaction properties that create the
required refractive index medium.36 1t is assumed that the solubility of purified y-crystallins
has some bearing on this crucial biophysical attribute. For example, the orientation of a protein
such as human yC-crystallin will be less affected by the negatively charged alpha-crystallin,
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than the human yD-crystallin, which will take up a preferred orientation in line with its large
dipole moment, with the other yC-crystallins exhibiting intermediary behaviour.

The vertebrate lens arose in an aquatic ancestor which required a very high refractive index
due to the lack of an air/cornea interface.3 Fish lenses have high levels of y-crystallins that are
remarkable in having high levels of polarizable sulphur containing residues on their surfaces.
37 These crystallins are synthesized early in life and form the very high refractive index core.
38 A particular role of y-crystallins may have been to allow the formation of a very high
concentration of protein while maintaining transparency. This is much less useful in the softer,
accommodating lenses of diurnal, terrestrial vertebrates 39 Indeed, in birds, y-crystallins have
largely been replaced by the enzyme crystallms With the radiation of mammals, it seems that
asurviving y-crystallin founder gene has undergone several duplications resulting in the present
day yA-F crystallin genes.8'40 As mammals have successfully occupied a wide variety of
habitats, their evolution required rapid adaptation of their optics.2 Gene regulatory mechanisms
have already been discovered that appear to facilitate this such as taxon restricted expression
of enzyme crystallins,41 or the switching off of y-crystallin genes in humans.® Here we show
that species-specific alterations in critical regions of the surface of the protein structure can
also result in major modifications in the interaction properties of y-crystallins and that different
species can rapidly fine-tune their crystallins for the specific requirement of their environment.

Materials and Methods

(a) Cloning, mutagenesis and expression of human and mouse y-crystallins

(i) Human—The human yC-crystallin coding region, a generous gift from Dr N.H. Lubsen,
was isolated from a human lens cDNA library by PCR using the primers:

forward: GCATATGGGGAAGATCACCTTCTATG
reverse: AGGATCCAAAATGGGAAATTGGTAGTG

The PCR product was cloned in the pGEM-T Easy vector (Promega) and sequenced. The insert
was then inserted Ndel/BamHI in the pET3a vector. The pET3a recombinants were
transformed into BL21(DE3) pLys (Novagen) and grown and induced as described previously.
42 Cells were harvested by centrifugation and resuspended in 10 ml BugBuster (Novagen)
containing a protease inhibitor (Pefabloc, Merck). Cells were lysed by sonification (3 x 45
sec), Benzonase (Novagen) was then added at the level of 1 ul/ml of lysate which was then
incubated for 30 min at room temperature. The lysate was cleared by centrifugation for 30 min
at 18,000 rpm. SDS-Page showed that there was a prominent protein ~21 kDa in the soluble
fraction. Prior to mass analysis protein samples were desalted using a BioSpin (BioRad). Mass
analysis using a Mlcromass Platform API electrospray mass spectrometer, performed as
described earlier, 3 identified the protein as human yC-crystallin from its measured mass close
to 20,748 Da.

The human yC-crystallin C79R and R36S mutants were prepared using the QuikChange XL
Site-Directed Mutagenesis Kit (Stratagene) and the mutations confirmed by DNA sequencing.
The mutant proteins were expressed as for wild-type and were both found in the soluble
fractions with molecular masses measured by electrospray mass spectrometry consistent with
the calculated masses of 20,787 Da for C79R and 20,678 da for R36S.

(i) Mouse—FuII length clones for mouse yC and yCins were identified from the NEIBank
database® (Wistow 2006). Both were amplified and cloned into pET31b+ using primers
MGCNde: CATATGGGGAAGATCACCTTCTTCGAG and MGCXho:
CTCGAGTATTTTAGTATAAATCTACCAC.
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Recombinant proteins were expressed as described for the human clones. The measured masses
of mouse yC-crystallin and yCins were consistent with their calculated masses of 20,786 and
20,914 respectively and were found in the soluble fraction.

(b) Estimation of endogenous y-crystallin levels by mass spectrometry

Soluble protein from whole decapsulated lenses of 18-28 day old mice was isolated, digested
with trypsin, and analyzed by two-dimensional liquid chromatography (cation exchange in the
first dimension and reverse phase in the second dimension) as previously described,3 except
data-dependant MS/MS spectra were collected using an LTQ linear ion trap (ThermoFinnigan,
San Jose, CA). The MS/MS spectra resulted in a total of 222,935 DTA files that were searched
using SEQUEST (version 2.7, rev 12, part of Bioworks 3.2, ThermoFinnigan) using a mouse
only subset of the SwissProt databases (12,000 entries, downloaded Dec. 7, 2006). Oxidized
Met or Trp and protein N-terminal acetylation were specified as differential modifications, and
cysteines were statically modified (+57.02 Da) due to reduction and alkylation with
iodoacetamide. Filtering of results and mapping of peptide sequences to protein sequence
entries was done using DTASelect (version 1.9, The Scripts Research Institute44, using the
default criteria for 1+, 2+, and 3+ peptides of having Xcor value from SEQUEST in excess of
1.8, 2.5, and 3.8, respectively, and DeltaCN values greater than 0.08. DTASelect results were
further processed with a PERL program written in-house to eliminate multiple counting of
shared peptides and tally counts of unique peptides (peptides appearing in only one protein
sequence in the searched protein database). Counts of shared peptides in mouse yB and yC-
crystallins were apportioned to their respective proteins on the basis of the relative counts of
spectra assigned to unique peptides in each protein to estimate the net total spectral counts
associated with each. The relative abundance of endogenous yC and yCins in mouse lens was
measured by isolation of the mouse yC and yCins by gel filtration and cation exchange,
followed by mass measurement of the coeluting species using electrospray ionization mass
spectrometry as previously described.24 The ratio of vC and yCins in the coeluting proteins
was then determined by integrating the areas of each form in the deconvoluted mass spectrum.

(c) Purification of recombinant proteins

The soluble fractions from Escherichia coli whole cell lysate containing wild-type human yC-
crystallin, human yC C79R mutant, mouse yC-crystallin and mouse yCins-crystallin were each
subjected to anion exchange chromatography using a Q Sepharose (HiPrep 16/10 QFF) column
(GE Healthcare) run in 25 mM Tris-HCI, pH 8.5, 1L mM DTT (Buffer A) with a linear gradient
(0—70% over 10 column volumes) of Buffer B (Buffer A/1 M NaCl). The peaks were collected
and analysed by SDS-PAGE. Candidate peaks were also run on a reversed phase column and
analysed using electrospray mass spectrometry. In the case of wild-type human yC-crystallin,
the only protein peak found to contain the crystallin eluted at 39 % Buffer B. As protein
recovery was very low compared with other y-crystallin purifications, in an attempt to increase
the yield of protein, anion exchange chromatography was performed under dissociating
conditions. Solid urea was added to the lysate to make a final concentration of 6 M and this
was then loaded onto a Q Sepharose column run in 25 mM Tris-HCI, pH 7.5, 6 M urea, 1 mM
DTT (Buffer C) with a linear gradient of 0 — 70 % over 10 column volumes of Buffer D (Buffer
C/1 M NaCl). Human yC-crystallin eluted at 21.3% buffer C but there was no improvement in
yield. Therefore, solid ammonium sulphate was added to the original soluble cell lysate to give
a 50 % saturated solution that precipitated the bulk of the ~21 kDa protein and the precipitate
spun down. A saturated protein solution, around 50 mg ml~1 as estimated by BioRad Assay,
was achieved by dissolving the pellet in 10 mM sodium phosphate, pH 7.0. A 250 ul sample
of this concentrated protein solution was chromatographed on a Superose 12 HR 10/30 column
equilibrated and run in 200 mM ammonium acetate, pH 6.8, 2 MM DTT. The elution peak in
which the A280 exceeded the A260 was pooled and gave a single band on an SDS PAGE gel.
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The human yC-crystallin C79R and R36S mutants, and the mouse yC-crystallin eluted after
the breakthrough peak but before the start of the salt gradient. Each protein peak was
homogeneous as judged by SDS-page. The proteins were each concentrated to around 10 mg/
ml and chromatographed on a Superdex 75 10/300 GL, equilibrated and run in 50 mM MES,
200 mM NaCl, pH 6.0, 2 mM DTT, as final purification steps. The mouse yCins-crystallin also
eluted before the salt gradient but was further purified. The protein peak from anion-exchange
was desalted on a HiPrep 26/10 Desalting column in 50 mM MES, pH 6.0, 1 mM DTT. The
desalted protein was then loaded onto a Mono S 10/100 GL column in 50 mM MES, pH 6.0,
2 mM DTT/1 M NaCl when the protein eluted at about 7% Buffer B. The protein peak was
then concentrated and subjected to gel filtration as above.

(d) Solubility measurements

Human wild-type yC-crystallin could be isolated from the gel filtration column in 200 mM
ammonium acetate at a concentration of around 0.7 mg/ml and remained in solution for long
periods at 4°C. The protein was further concentrated using a Vivaspin 500 10MWCO to a
limiting concentration of around 5 mg/ml (with losses of at least 50% of the starting protein
amount, as compared with an almost complete loss when attempting to concentrate in the
absence of the 200 mM ammonium acetate). Large volumes of human yC-crystallin R36S
mutant, human yC-crystallin C79R mutant mouse yC-crystallin, and mouse yCins were
concentrated in a Vivacell 70 10,000 MWCO (Vivascience AG) followed by Vivaspin 500
10,000 MWCO for the final concentrations. Protein concentrations were determined using Bio-
Rad Protein Assay on suitably diluted samples.

(e) Stability measurements

A stock solution of 6 M Gdn HCI in 10 mM sodium phosphate, pH 7.0 was diluted with the
phosphate buffer to produce solutions from 0 to 6 M GdnHCI (at 1 M intervals or from 0 to
4.2 at 0.2 M intervals). Aliquots of solutions of human yC-crystallin, human yC-crystallin
C79R, mouse yC-crystallin and mouse yCins-crystallin were then added to each GdnHCI
dilution to give solutions with a final crystallin concentration of 0.02 mg/ml. The crystallin/
GdnHCl/phosphate solutions were then incubated at 37°C for 6 hours. Fluorescence spectra
were collected with a Hitachi F-2500 spectrophotometer with excitation at 280 nm. The slits
were set at 10 nm and the emission spectra were collected from 300 to 370 nm in a 1 cm path
length cell (Helma Ltd). The emission data at 350 nm were used to compare the unfolding
behaviour of the crystallins.

(f) Screening for crystallization

Crystallization screens (Hampton 1 and 2, MDL 1 and 2, Nextal methane pentane diol,
ammonium sulphate, PEG/lon) were set up using a Perkin EImer Multiprobe 11 Plus HTEX
Robotic Liquid Handling System. Vapour diffusion sitting drops were set up in 96 well plates
(Greiner) with 0.5 pl protein solution + 0.5 pl screen solution. For each protein the
concentration used for the crystallisation trials was optimised by setting up a trial screen and
then increasing or decreasing the protein concentration in order to obtain precipitates in
approximately one third of the test screen conditions for Hampton screens 1 and 2. The
concentrations used were: human yC-crystallin ~5 mg mI~1, human mutant C79R ~10 mg
ml~1, and mouse yC-crystallin and yCins ~6 mg mI™1.

(g) Crystallization of mouse yC-crystallin

Initial crystals were obtained from a protein concentration of 6 mg/ml with a well solution
consisting of 0.2 M sodium acetate, 0.1 M sodium cacodylate pH 6.5 and 30% PEG 8000.
Conditions were optimized by scanning 1 + 1 ul hanging drops in Nextal 24 well crystallization
trays. Well-shaped crystals appeared within 2 days.
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(h) Crystal structure determination

A dataset comprising 180 degrees (1 degree per oscillation) collected to a resolution of 1.5 A
was collected at ESRF on beam line 1D23-2. No additional cryoprotection was needed. The
dataset was integrated with MOSFLM#4° and scaled using the SCALA46 from the CCP4 suite;
47 all data were integrated, but during refinement, the resolution was cut back to 1.9 A.

(i) Human homology models and molecular dynamics simulations

The mouse yC-crystallin coordinates were used to generate homology models of human yC-
crystallin wild-type and human yC-crystallin C79R and R36S mutants. For comparison, human
yD-crystallin coordinates were used to generate a homology model of the yD-crystallin R36S
mutant Swhich forms crystalline cataracts). These simple mutations were undertaken using
COOT, 8 with the most probable rotamer chosen, unless this clashed with other atoms. In
order to simulate the properties of the protein molecules, solvated in water, over time, the
homology model structures plus the experimentally determined mouse yC-crystallin and
human yD-crystallin structures were solvated, with TIP3P water molecules and parameterized
using the parm99SB force field4® and using the LEAP program from AMBER.0 These
solvated molecules then underwent energy minimization, before being subjected to molecular
dynamics, using the PMEMD program. The molecular dynamics involved a start up protocol,
where firstly the solvent molecules were warmed from 50 K to 300 K and allowed to adjust to
the protein coordinates; the temperature was then reset to 50 K and all atoms warmed to 300
K. This temperature was held for 100 ps for a brief equilibration of the solvated system, before
data for analysis was collected, over 5ns from this point.

The program PMEMD was used for both energy minimization and molecular dynamics.
Representative structures, after 4 ns of molecular dynamics, were used for electrostatic
mapping of the proteins, using the program APBS. 1 Dipole moments for the domains in the
proteins were calculated gat 2.5 ps intervals over the full 5 ns of simulation time) and displayed
gging the program VMD. 2 Other structural figures were produced using the program PYMOL.
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Figure 1.

(a) Motif alignment of selected y-crystallins.

The sequence of human yC-crystallin [G1:10518338] is aligned with other known mammalian
yC-crystallins (bovine [G1:600873], rhesus monkey [EF426305], guinea pig [EF426306], dog
[EF426309], C57BI/6 mouse [EF426301] and C57BI/6 mouse yCins [EF426302], and with
some other members of the y-crystallin family (human yA [EF426311], humanyB [GI:117461],
bovine yB [GI:162918], C57BI/6 mouse yB [EF426303], rhesus monkey yB [EF426304],
guinea pig yB [EF426307] and dog yB [EF426308]. The two motifs from the N-terminal
domain are aligned above the two from the C-terminal domain. Residues referred to in the text
are highlighted. The residues highlighted in red and blue in each motif form an inter-motif ion
pair, with the acidic residue from one motif closely associated with the basic residue in the
other. Both the basic residues on the N-terminal domain are altered in proteins that have
solubility problems: in wild-type human yC-crystallin the motif 2 Arg is replaced by Cys and
in a human yD-crystallin cataract mutant, the motif 1Arg is Ser. Both these changes disrupt
the tight ion pair and leave an unpartnered acidic side chain. The occurrence of an amide
containing side chain in motif 3 does not seem to affect the interaction, with the amide group
hydrogen bonding to the acidic side chain in motif 4.

Abbreviations: Hum - Human, Mus - Mouse, Rh - Rhesus Monkey, GP - Guinea Pig, Bov -
Bovine.
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Colour Key

B and §: conserved HEE@ and residues forming inter-motif ion-
pair.

C - Cysteine Residues

N - Non-consensus residue

Q - Extra residue in Mouse gC insert

R - Site of cataract causing point mutations in human sequences
Hum gC sites: T5P and R168W

Hum gD sites: R14C, P23T, R36S, R58H & E106A

Hum gS sites: G18V

(b) A view of the linkers of all the y-crystallins with solved structures.

The domains are shown in cartoon format, N-terminal domain to the left and the C-terminal
domain on the right with the intervening residues shown in stick format. The proteins are
coloured as follows: Mouse yC in pink, human yD in grey, bovine yB in green, bovine yF in
turquoise and rat yE in orange. It can be seen that the relatively conserved LIPHX section of
the intervening sequence continues from B-strand D2 of the N-terminal domain, whilst the SHR
section continues into B-strand A3 in the C-terminal domain. In all the proteins, the consensus
G (S in the case of Rat yE) separates the two ‘straight’ parts of the linker with a sharp turn.
The presence of the extra T in bovine yB pushes the C-terminal part of the linker away, but in
all the proteins it is the consensus glycine where the linker takes a sharp turn. Therefore,
structurally the gap in the shorter sequences lies in the N-terminal end of the linker before the
location of the turn.

Mus gC LIPHA®GSHR
Hum gD LIPHS-GSHR
Bov gB LIPQHTGTFR
Bov gF LIPHT-GSHR
Rat gE LIPHS-SSHR

J Mol Biol. Author manuscript; available in PMC 2008 September 7.
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Deconvoluted mass spectrum of coeluting yC and yCins
(53 min fraction from cat exchange, 11 min elution from reverse phase)
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Figure 2.

Relative abundance of yC and yCins in mouse lens. Mouse yCs were copurified by cation
exchange chromatography and analyzed by electrospray ionization mass spectrometry during
their coelution by reverse phase chromatography. The deconvoluted spectrum was then used
to estimate the relative abundance of the two forms of mouse yC by integration of the areas for
each protein species.
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Figure 3.
Tryptophan fluorescence spectra of native (dark lines) human and mouse yC-crystallins
compared with their unfolded forms (grey lines) at 37 °C. Unfolded samples were equilibrated
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in 6M Gdn-HClI for six hours. (a) human yC-crystallin (b) human yC-crystallin C79R (c) mouse
yC-crystallin (d) mouse yCins.
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Figure 4.

Gdn-HCI induced unfolding of human and mouse yC-crystallins at 37 °C. Unfolding was
monitored by emission at 350 nm, following tryptophan excitation at 280 nm.
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Figure 5. Distance across domain-domain interface

This figure represents the changes seen in the hydrophobic interface between the N- and C-
terminal domains. This interface consists of six conserved residues (Met 43, Phe/Leu 56 and
Ile 81 from the N-terminal domain and Val 131, lle 144 and Val 169 from the C-terminal
domain). The graph shows the distance between the C atoms of residues Met 43 and Leu 144,
these two residues being the most “central’ in the interface. It can be seen that the three proteins
with a Phe at position 56 show very little change, whilst the three proteins with a Leu at position
56 show a great increase in the distance.
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Figure 6. Comparison of electrostatic surfaces

The molecular surfaces of the four crystallins after 1ns of molecular dynamics coloured by the
electrostatic potential at the molecular surface; the potential is scaled from a maximum of
+2kgT/e. (blue) to a minimum of -2 kgT/e. (red). The molecules have been superimposed
before the calculation of the electrostatics, and are displayed with the C-terminal domain on
the left hand side. Proteins with an Arg at position 79, have this highlighted with a turquoise
arrow, whilst the wild-type human yC-crystallin has a yellow arrow signifying Cys 79. A
cartoon version of mouse yC-crystallin (motif 1 in red, motif 2 in blue, motif 3 in yellow and
motif 4 in magenta) is displayed at the center, as a reference, with the location of Arg 79
highlighted in turquoise. From this view, human yD-crystallin has a mainly negatively charged
C-terminal domain, with the N-terminal domain being slightly positively charged, the interface
between the domains being slightly negative. The mouse yC-crystallin has a mixed C-terminal
domain, with the N-terminal domain being mainly positive, the interface being partially
positive. The model of the human yC-crystallin wild-type shows the C-terminal domain being
a mix of potentials and the N-terminal domain being predominantly positive, the interface is
a mix of positive and negative. The human yC-crystallin C79R mutant again has a mix of
potentials on the C-terminal domain, but the N-terminal domain and the interface are both
positively charged. Note: The human yC-crystallin R36S mutant is not shown, as this mutation
is on the opposite side of the protein.
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Human R36S Mutant
Mouse Wildtype

Figure 7. The dipole moments of the y-crystallins in this study

The dipole moments of six y-crystallins (human wild-type yC, C79R, R36S and mouse yC;
human wild-type yD and R36S mutant) have been calculated at the start of their simulation
trajectories. Dipole moments of the whole protein (top line), N-terminal domain (middle line)
and C-terminal domain (bottom line) are shown as arrows, with the length proportional to the
magnitude, the underlying molecules have been superimposed using the group of residue
concerned, with the secondary structure of the human wild-type yC-crystallins used as a
reference point. Two views of the proteins are presented, from the *side’ and from the ‘top’
with the N-terminal domain on the left.
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Figure 8. The conserved ion pairs between motifs

The surface of y-crystallins is covered with ion pairs. Motifs 1, 2 and 4 have a conserved acidic
and basic residue, highlighted in red and blue, in the alignment in Fig 1a. As a consequence of
each domain being formed from motifs related by a pseudo-symmetrical twofold axis, these
charged residues form inter-motif ion pairs. These are shown here, from the mouse yC-
crystallin x-ray coordinates, with the N-terminal domain ion pairs between Asp 21 and Arg
79, and between Arg 36 and Glu 61 labelled. The atoms at the ends of the other acidic and
basic side chains are shown in lighter colours. It can be seen that each of these inter motif ion
pairs lies in the middle of a B-sheet, rather than at the “top” or “bottom” of the wedge-shaped
domain where most of the other charged residues and ion pairs reside.
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Table 1
X-ray Diffraction Statistics for mouse yC-crystallin
Parameter Value
Spacegroup P1
Unit Cell a? 34.9A b) 46.3A c) 53.3A
b ¢ = 108.5°, p = 94.1° y = 99.4°
Wavelength 0.871A (1D23-2, ESRF)
Temperature of data collection 100K
Molecules in asu. 2
Matthews Coefficient 1.91
Solvent Content 35.7%
All Data High Resolution Bin
(43.1 - 1.90A) (2.00 - 1.90A)
Number of Reflections 149314 4626
Number of Unique Reflections 22725 2313
Multiplicity 1.9 18
Completeness 92.0% 76.5%
merge 8.5% 55.9%
1/Sig | 5.1 0.9
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Refinement Statistics for mouse yC-crystallin

Table 2

Page 30

Parameter

Value

Number of reflections working (test) set
Reryst (Reree) before refinement

Final Rcwst (RFree)

Overall Figure of Merit

Number of atoms in final refinement round
Rmsd bond lengths

Rmsd bond angles

Rmsd main chain B-factor bond (angle)
Rmsd side chain B-factor bond (angle)
Ramachandran plot: Most favoured region
Ramachandran plot: Additionally allowed region

21170 (1149)
43.0% (44.5%)
21.5% (28.9%)
0.777

3084

0.008A

1.980

0.44A2 (0.67A%)
1.10A2 (1.72R%)
90.3%

9.7%
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Table 5
Solvent Accessibilities

Residue Human yD Human yC C79R Mouse yC
15 - - - 48.2% (53.7A%),
18 8.8% (0.3A% - - 14.9% (14.139)
22 - 15.7% (17.3R2) 14.9% (16.4R2) 11.9% (12.54%)"
32 2.0% (1.1A2) 0% (0.0A2) 1.2% (0.0A?) 0% (o.oAzg
41 3.6% (2.2R2) 0% (0.0A2) 6.9% (8.0A?%) 4.9% (4.7A%)
78 0% (0.0A?) 0% (0.0A2 0% (0.0A?) 0% (0.0A%)
79 - 21.3% (20.6A2%) - -
108 13.3% (10.6A2) 4.1% (5.1A%) 0% (0.0A?) 11.0% (11.6A2)
110 49.6% (43.3A2) - - 40.4% (24.4A%)
129 - 7.5% (10.1/-\23 1.2% (1.6A2) 3.9% (4.2R%)
153 - 13.7% (17.0A%) 5.3% (6.8A%) -

The solvent accessibilities of the cysteine residues in four simulated proteins, calculated using the program NACCESS.54 The relative total accessibility
of the residue (compared to the sequence GCG) is shown, with the absolute accessibility of the SG atom in brackets.

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

The two residues with a * are partially disulphide bonded in the X-ray structure, but have been simulated in their reduced form.
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