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PURPOSE. With age, large amounts of crystallins become asso-
ciated with fiber cell membranes in the human lens nucleus,
and it has been proposed that this binding of protein may lead
to the obstruction of membrane pores and the onset of a
barrier to diffusion. This study focused on membrane binding
within the barrier region and the outermost lens cortex.

METHODS. Human lenses across the age range were used, and
the interaction of crystallins with membranes was examined
using sucrose density gradient centrifugation, two-dimensional
gel electrophoresis, and amine-reactive isobaric tagging tech-
nology. Lipids were quantified using shotgun lipidemics.

RESULTS. Binding of proteins to cell membranes in the barrier
region was found to be different from that in the lens nucleus
because in the barrier and outer cortical regions, only one
high-density band formed. Most of the membrane-associated
protein in this high-density band was �-crystallin. Mild thermal
stress of intact young lenses led to pronounced membrane
binding of proteins and yielded a sucrose density pattern in all
lens regions that appeared to be identical with that from older
lenses.

CONCLUSIONS. �-Crystallin is the major protein that binds to cell
membranes in the barrier region of lenses after middle age.
Exposure of young human lenses to mild thermal stress results
in large-scale binding of �-crystallin to cell membranes. The
density gradient profiles of such heated lenses appear to be
indistinguishable from those of older normal lenses. The data
support the hypothesis that temperature may be a factor re-
sponsible for age-related changes to the human lens. (Invest
Ophthalmol Vis Sci. 2010;51:5145–5152) DOI:10.1167/
iovs.10-5261

The human lens grows continuously throughout life, and
adult lenses can be classified into two broad regions based

on the age of the tissue: the nucleus is the part synthesized in
utero,1,2 whereas the cortex is formed postnatally by the addi-
tion of newly differentiated cells onto the preexisting nucleus.
Once fiber cells mature, there is little or no protein turnover3;
thus, polypeptides endure for the lifetime of the person.

It is becoming evident that alterations to lens proteins4–8

and other lens macromolecules9,10 over time can lead to the

impairment of normal lens function. For example, protein
denaturation has been implicated in the onset of presbyopia.11

Similarly, large-scale association of proteins with cell mem-
branes in the nucleus after middle age12 suggested that the
formation of the lens barrier could be attributed to the occlu-
sion of membrane pores. The barrier develops in the cortical
region of the lens that immediately surrounds the nucleus,13,14

and, once it forms, age-related nuclear cataract may follow
inevitably as the flow of antioxidants into the lens center
declines. The lifetime of unstable molecules in the nucleus also
increases, allowing more time for breakdown and conse-
quently for posttranslational modification by reactive decom-
position products.

It was the purpose of this study to investigate protein
changes in the cortex of adult human lenses, with particular
reference to alterations that take place with age in the barrier
region. In this study, the lens cortex was dissected into two
regions: the barrier zone, where the diffusion of small mole-
cules becomes restricted after middle age,13 and the very
outermost region of the lens, which contains newly synthe-
sized tissue. By comparing the outermost and barrier regions
with those parts of the lens formed in utero, the molecular
basis of these changes may be revealed.

METHODS

Lens Dissection
Lenses were donated to the Lions Eye Bank at the Sydney Eye Hospital.
Enucleation occurred within 12 hours of death, and lenses were stored
at �80°C until use. Tissue was handled in accordance with the tenets
of the Declaration of Helsinki.

Lenses were the same as those used in a previous publication12 and
were dissected as follows: trephines with diameters of 8, 6, and 4.5
mm were used to dissect lenses into the outer (�8 mm), barrier (8–6
mm), inner (6–4.5mm), and core (4.5 mm) regions, respectively (Fig. 1). As
previously described,1,2 these dimensions correspond to four develop-
mental regions of the lens: embryonic nucleus (core), infantile nucleus
(inner), tissue formed in childhood (barrier), and newly synthesized
cortical tissue (outer).

The trephines were precooled to �20°C. Decapsulated lenses were
placed into a precooled polytetrafluoroethylene (Teflon; DuPont, Wil-
mington, DE) holder with a 9-mm diameter. The outer tissue was
removed with an 8-mm trephine. The resultant billet was transferred to
an 8-mm polytetrafluoroethylene holder, and barrier tissue was re-
moved with a 6-mm trephine. A cold scalpel was used to remove
approximately 1 mm from each end from the cylinder (inner � core),
which was inserted into a 6-mm holder and refrozen. After refreezing,
a 4.5-mm trephine was used to separate the core region from the inner
region.

Sucrose Gradient
Lens tissues were fractionated by sucrose gradient density centrifuga-
tion, as previously described.12 In brief, sucrose concentrations of 8,
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25, 45, 50, 60, 70, and 80% (wt/vol) were prepared in 10 mM Tris
buffer, pH 8.0, containing 2 mM EDTA and 2 mM �-mercaptoethanol.
Each sample was aspirated 30 times through a 21-gauge syringe needle
in 8% sucrose (100 �L). To visualize proteins, Coomassie stain (800 �L
8% sucrose buffer plus 100 �L Coomassie stain (#23236; Pierce, Rock-
ford, IL) was added to the sample, which was loaded onto the density
gradient (sucrose: 1 mL, 80%; 2 mL, 70%; 1.5 mL, 60%; 1.5 mL, 50%; 1.5
mL, 45%; 1.5 mL, 25%). Tubes were centrifuged at 100,000g for 2
hours at 4°C using a Ti41 rotor in an L-80 centrifuge (Beckman).
Sucrose gradients were photographed and quantified using densitom-
etry with the image analysis program ImageJ software (developed by
Wayne Rasband, National Institutes of Health, Bethesda, MD; available
at http://rsb.info.nih.gov/ij/index.html), as described.12

Lipid Analysis

Interfaces designated SG6 to SG1 were collected,12 and each sample
was diluted to an approximate concentration of 8% sucrose. A meth-
anolic solution containing lauroyl dihydrosphingomyelin (m/z 649.6
[d18:0/12:0]) was added to each sample before lipid extraction using
the method of Folch,15 with minor modifications. In brief, chloroform/
methanol (2:1 vol/vol) containing 0.01% butylated hydroxytoluene was
added to the diluted interfaces, vortexed, and centrifuged for 10
minutes at 2000g. The resultant organic phase was removed, and the
extraction step was repeated three times. The organic phases were
combined and dried under a stream of nitrogen at 37°C and reconsti-
tuted in 1 mL of 1:2 (vol/vol) chloroform/methanol.

Mass Spectrometry

Lipid extracts were analyzed using a mass spectrometer (QuattroMicro;
Waters, Manchester, UK) with a z-spray electrospray ion source. Mass
spectrometer conditions and details of quantification were as de-
scribed.16

Heating Experiments

One intact human lens from a pair was suspended on a bed of parafilm
above a reservoir of water (to maintain humidity) and incubated at
50°C for 15 hours in a sealed Eppendorf tube.11 The contralateral lens
was kept frozen. Each lens was then dissected into the four regions,
and tissues were separated by sucrose density centrifugation. Inter-
faces were removed from the gradient for protein and lipid analysis.

Two-Dimensional Gel Electrophoresis

Protein (60 �g) from SG2 was solubilized in 40 mM Tris buffer, pH 8,
containing 8 M urea, 100 mM dithiothreitol, and 4% CHAPs and was
centrifuged at 16,000g for 20 minutes. The first dimension was per-
formed on a linear 17-cm IPG strip with an immobilized pH (3–10)
gradient (ReadyStrip, #163–2007; Bio-Rad, Hercules, CA). The second
dimension used an 18 � 25-cm SDS gel stained with colloidal Coomas-
sie blue (G250). The identities of individual spots were confirmed by

in-gel digestion with trypsin, followed by mass spectrometry (Axima
TOF2 MALDI mass spectrometer; Shimadzu, Kyoto, Japan). Both PMF
and MS/MS data were analyzed with a commercially available search
engine (MASCOT, version 2.2.1; Matrix Science Inc., London, UK)
using the Swiss-Prot database (version 51.6; made available by Swiss
Institution of Bioinformatics [www.matrixscience.com]). The PMF
peptide analysis tolerance was set at 0.8 Da, and MS/MS analysis
peptide tolerance was set at 1.2 Da. All searches allowed for one
missed cleavage with the variable modifications of acetylation (N-
terminal), oxidation (M), and deamidation (NQ). PMF and MS/MS
database searches were set to trypsin and semi-trypsin, respectively.

iTraq Reagent Labeling

An iTraq reagent kit (Applied Biosystems Inc. [ABI], Foster City, CA)
was used to characterize changes in proteins at SG2 and SG1 from the
barrier and core regions. Four lenses aged 49, 50, 71, and 72 years
were dissected as described, and the barrier and core regions were
loaded onto sucrose gradients, except that each gradient was run
without Coomassie staining to avoid interference with the isotope
labeling. SG1 and SG2 were collected and solubilized in 1% (wt/vol)
SDS, and a total of 13 �g protein was labeled according to the manu-
facturer’s instructions. A mass spectrometer (Q-Star; ABI) was used for
collision-induced dissociation of labeled peptides. All mass spectral
analysis was performed accordingly to the method Evans et al.17

Statistical Analysis

All data from the iTraq reagent experiments (ABI) were searched for a
range of PTMs against the Swiss-Prot 54.3 database (17,400 human
sequences) using MASCOT (version 2.2.03; Matrix Science, London,
UK), with the enzyme specificity set to “trypsin.” Peptide tolerance
was set to 8 ppm, and fragment tolerance was set to 0.6 Da, with one
missed cleavage allowed. The MASCOT results were processed using
the Trans-Proteomic Pipeline (version 3.2.0), with a global false dis-
covery rate of P � 0.05 chosen using PeptideProphet statistics once
the MASCOT search was fully processed by this algorithm. A minimum
of two unique matching peptides were required for protein identifica-
tion. To determine relative changes in protein content between SG2
and SG1 isolated from young and old lenses, a 49- and a 50-year-old lens
were compared independently with a 71- and a 72-year-old lens. Each
lens sample was analyzed twice, the data for both young lenses were
combined and averaged, and the means were compared with the mean
value of proteins from the two older lenses.

RESULTS

Sucrose Density Gradient Centrifugation

With age, proteins in the human lens become increasingly
associated with cell membranes.12,18,19 The purpose of this

FIGURE 1. Regional and age differ-
ences in the human lens as deter-
mined by sucrose density centrifu-
gation. (a) 34-year-old lens and (b)
74-year-old lens dissected into
outer, barrier, inner, and core re-
gions. (c) Diagram illustrating the
four regions of the lens obtained by
dissection.
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study was to examine this phenomenon in specific regions of
the lens as a function of age, with particular attention to
age-related changes in the barrier and outer cortex. A modifi-
cation of the sucrose density gradient protocol described by
Chandrasekar and Cendalla18 was used to separate fractions
based on their density.

Each lens was dissected reproducibly into four regions by
the use of trephines (see Fig. 1). The nucleus of the lens was
divided into two parts, with a 4.5-mm equatorial diameter
(core region) and a 6-mm equatorial diameter (inner region)
that correspond to the fetal lens and the infantile lens, respec-
tively, and were examined in a previous study.12 The cortex
was dissected in two using a trephine with a diameter of 8 mm.
Lens tissue between 6 and 8 mm was defined as the barrier
region, which is the area where an age-related impediment to
diffusion occurs.13,14 The cortical tissue outside 8 mm was
referred to as the outer region and is composed of newly
synthesized lens tissue.1 All four regions were examined by
sucrose density gradient centrifugation.

Considerable changes were apparent when density gradi-
ents of the same regions from a young lens (34 years) and an
older lens (74 years) were compared (Fig. 1). In the young lens,
all four regions were similar. In the older lens, two distinct
regional density patterns were observed. The core and inner
regions displayed similar patterns, with large amounts of pro-
tein detected at two dense (SG1 and SG2) interfaces. By com-
parison, the barrier and outer cortical regions were different,
displaying fewer changes in overall protein density and, nota-
bly, no SG1 band in either region.

Previously, protein density changes in two nuclear tissues
(core and inner regions) of the lens were found to be caused by
the membrane binding of proteins.12 In the present study, the
two cortical regions were examined to determine whether
similar phenomena occurred. Figure 2 shows the patterns of
protein density in the barrier (Fig. 2a) and the outer cortex
(Fig. 2b) of the lens with age, as observed by sucrose density

centrifugation. Before age 30, most protein in each lens region
was located in two interfaces, SG6 and SG5 (Figs. 3a, 3b),
which correspond to water-soluble protein (WSP) and “native”
membranes, respectively.12 Between ages 30 and 45, the SG6
interface became more dispersed, and a new band between
SG5 and SG6 (SG6a) appeared (Fig. 3c). Examination of SG6a
by size-exclusion HPLC revealed it was composed primarily of
high molecular weight protein complexes.12 Coinciding with
the appearance of SG6a (Fig. 3c), a slight increase in staining
was observed at the SG5 interface (Fig. 3b), suggesting an
increased protein content of the membranes.

After age 40, other changes in protein density were ob-
served in the barrier region. Protein at the SG4 and SG3
interfaces was detected (Figs. 3d, 3e), and, as the amount of
protein in these interfaces increased with age, there was a
corresponding loss of protein from SG6 (Fig. 3a).

After ages 45 to 50, protein was detected at the SG2 inter-
face, increasing linearly with age (Fig. 3f). In marked contrast
to the core and inner regions, there was little, or no, SG1 in any
of the lenses examined (Fig. 2). Trends in the outer cortex
mirrored those in the barrier region, though with an approxi-
mately 10-year lag period.

Lipid Analysis

In the nucleus, substantial binding of proteins to lens mem-
branes occurs at middle age.12 Shotgun lipidemics was used to
examine lipid content in each interface of the sucrose gradi-
ents from the barrier region. Because sphingomyelins are a
major (�50%) component of phospholipids in the human
lens,16,20 their presence was used as a marker for membranes.
Before age 45, most sphingomyelins were found in the native
membrane interface (SG5) (Fig. 4a). It was only after age 45
that a decrease in sphingomyelins in SG5 was observed; con-
comitantly, sphingomyelins increased in SG3 and SG4 (Figs.
4b, 4c) as well as in SG2. The largest increase in the content of
sphingomyelins of SG2 (Fig. 4d) was observed after the age of 70.

Characterization of Proteins in the
High-Density Bands

Two-dimensional electrophoresis showed clearly that the ma-
jor protein component of SG2 is alpha crystallin. Both �A and
�B crystallins were present as major spots in 2D gels of SG2
from a 53-year-old lens (Fig. 5a). More negatively charged forms
of both �A and �B crystallin were also observed as prominent
spots, and their identities were confirmed using in-gel diges-
tion. Two possibilities to explain the characteristic series of
spots are phosphorylation8,21,22 and deamidation of the �-crys-
tallin subunits.6,23 The amount of protein in SG2 increased
with age (Fig. 3f), but the appearance of the 2D gels did not
alter significantly (Fig. 5b). This suggests that the composition
of the proteins binding to the membranes is, to a large extent,
independent of age. Truncated forms of both �A and �B crys-
tallins were also observed in the gels of SG2.

To look in greater detail at changes in the other more minor
protein components associated with SG2, amine-reactive iso-
baric tagging technology (iTRAQ)24 was used. In the absence
of labeled internal standards, iTraq technology can provide
information on the relative abundance of individual polypep-
tides within samples. The four-plex approach was used, and
the proteomic data from SG2 isolated from two younger lenses
(ages 49 and 50) was compared with SG2 isolated from two
older lenses (ages 71 and 72). In this analysis, the results from
the two younger lenses were averaged and compared with the
corresponding data from the two older lenses. These particular
ages were chosen to enable a comparison of the protein com-
position of SG2 at its earliest stage of formation (at around age
50) with that of SG2 from older lenses.

FIGURE 2. Sucrose density gradient patterns as a function of age in (a)
the barrier and (b) the outer regions of the lens. Lens ages are shown
at the bottom of each tube.
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The results demonstrated that the other major �- and �-crys-
tallins could be detected in SG2 and that their amounts in-
creased with age (Fig. 6). The exceptions were the �A and �B
crystallins, each of which showed small apparent declines.

When the data sets from Figures 5 and 6 are compared, it is
apparent that �A and �B crystallins are the dominant polypep-
tides in SG2 at both ages but that there is a small increase in the
relative amounts of the other crystallins in the older lenses.
This reflects the fact that reagent technology provides a rela-
tive comparison of the amounts of each individual crystallin
polypeptide. The iTraq technology analyses revealed a small
relative decrease in a large absolute amount of �A and �B crys-
tallins. Therefore, increases with age in the amounts of the �- and
�-crystallins, though small in absolute terms, resulted in apparent
relative decreases in the content of the �-crystallins. �B2-crystallin
increased to a lesser extent than the other crystallins.

To determine whether the age-dependent binding of crys-
tallins in the high-density (SG2) fraction from the barrier region
was a general phenomenon throughout the lens, SG2 from the
core of the same lenses was examined. A similar pattern for �A
and �B crystallins was observed (Fig. 6b); however, in this
case, the changes in �- and �-crystallins were less pronounced.
�A3 responded in the same way as did the �-crystallins, dis-

playing a lower relative abundance in SG2 from the older
lenses. The core region of older lenses is more complex be-
cause it contains both SG1 and SG2, whereas the barrier con-
tains only SG2. Therefore, a more valid comparison was to
compare the changes with age in SG2 from the barrier, with
the age-related changes in both SG1 and SG2 from the core.
When this was done, a closer match in terms of the proteins
that increase in relative abundance with age in the higher
density bands was obtained (Fig. 6b). The core data also
showed that some crystallin subunits appear to be preferentially
localized at SG1. All �- and most �-crystallins increased in relative
abundance in (SG1 � SG2) from the core region of older lenses
compared with SG1� SG2 from the younger lenses; �B3 was the
exception, and �B2 increased to a lesser extent.

Changes in Protein Density Reproduced
by Heating

A likely cause of the increased binding of proteins to cell
membranes from older lenses observed in this study is protein
denaturation. Interaction of the hydrophobic portions of un-
folded proteins with membrane lipids would be expected to be
a favorable process. To examine this hypothesis, intact young

FIGURE 3. Densitometric analysis of
protein at each interface of the su-
crose gradients as a function of age.
(a) SG6, (b) SG6a, (c) SG5, (d) SG4,
(e) SG3, and (f) SG2. Barrier (F) and
outer (E) regions.
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human lenses were incubated at 50°C to promote thermal
denaturation of proteins.

Sucrose density gradients from a 31-year-old and a 75-year-
old lens pair before and after incubation at 50°C are depicted
in Figure 7. As is clear, on heating there were major changes in
protein density in the 31-year-old lens when compared with
the nonincubated lens (Fig. 7a). Consistent with previous data,
in the nontreated young lens, all protein in the outer, barrier,
inner, and core regions was found in two interfaces, SG6 and
SG5, which correspond to water-soluble protein and native
membranes. After thermal stress, two distinct high-density
bands were observed that appeared identical to those observed
in older lenses (Fig. 1). This was found to be reproducible in a
number of young lenses after incubation (data not shown).

In the core and inner regions, approximately 50% of the
water-soluble protein was lost after heating, with a similar loss
of native membrane. Correspondingly, there was an increase of
protein at the SG1 and SG2 interfaces, with smaller amounts of
protein observed at SG3 or SG4.

The changes observed in the barrier and outer regions after
incubation were also similar to those observed in the older
normal lenses, with large amounts of protein sedimenting at
SG2. Examination of the proteins in SG2 by 1D electrophoresis
showed the presence of �-crystallins as the major components,
with �B1 and �A3/A1 crystallins in lower levels (data not
shown). This was further confirmed by 2D gel electrophoresis
of SG2 from a heated young lens. The gel appeared almost
identical with SG2 from the aged lenses used in this study (data
not shown). Interestingly, as was also observed in the aged
lenses, no protein was detected at SG1 in the barrier region of
the heated lens.

To confirm that the increase in protein density in the heated
lens was caused by membrane binding, each interface in the
lens core was also examined for sphingomyelin content. As
depicted in Figure 7b, the increase in protein density in the
incubated lens of both SG1 and SG2 was matched by an
increase in the amount of sphingomyelin. This coincided with
a loss of sphingomyelin from the native membrane (SG5).

FIGURE 4. Amount of sphingomye-
lin detected at (a) SG5, (b) SG4, (c)
SG3, and (d) SG2 as a function of age
in the barrier region.

FIGURE 5. Two dimensional SDS-
PAGE gels of SG2 isolated from the bar-
rier regions of a (a) 53-year-old and a (b)
73-year-old lens. The identities of
spots were confirmed using in-gel
tryptic digestion followed by mass
spectrometry.
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Again, these changes mimic those observed in the aging human
lens.

If heat were indeed responsible for this transformation in
older normal human lenses, it would be predicted that ther-
mally stressing an older lens may result in few changes given
that these should have already taken place in the eye as a result
of exposure to body temperature over a period of decades.

To test this hypothesis, a 75-year-old lens was subjected to
the same thermal stress protocol. In this case, no changes in
either protein density or sphingomyelin content were ob-
served, suggesting that no further protein denaturation or
membrane association can be induced in the barrier, inner, or
core regions of an older lens (Figs. 7c, 7d). By contrast, since
the outer part of an aged lens consists of recently synthesized
proteins and membranes, it would be expected that the ther-
mal stress might induce changes in the appearance of the
sucrose gradient profile of this region. Indeed this was the only
part of the older lens to display a noticeable change, which
mirrored that observed in the oldest normal lens (Fig. 1).

DISCUSSION

Major binding of crystallins to membranes occurs after middle
age; however, the results differ in the lens cortex and in the
nucleus. In the nucleus of the human lens this process takes
place between the ages of 40 and 50.12 In the cortex, the major
high-density band (SG2) became more obvious in the barrier
region slightly later, at around age 50, and a delay was more
evident in the more recently synthesized outer region, which
showed few density changes except in the oldest lenses.

In the two nuclear regions, approximately 50% of crystallins
become bound to fiber cell membranes from older lenses,
resulting in the formation of two high-density bands, SG1 and
SG2.12 In the innermost cortical zone (the barrier), only one
high-density band, SG2, was formed (Fig. 2).

The amount of protein detected in SG2 from the barrier
region increased in an age-dependent manner. Most protein
was shown by 2D gel electrophoresis to be �-crystallin. This
finding is consistent with the literature in that this crystallin is
well known to have binding affinity for lipids25–27 and to
associate with lens membranes.19,28–31 Interaction of �-crystal-
lin may well begin in young lenses30 and may undergo age-
related modifications thereafter. Multiple more negatively
charged forms of both �A and �B crystallin were also evident
as major spots in the 2D gels (Fig. 5). Deamidation or phos-
phorylation could be responsible for these isoforms.5,22,23 De-
amidation may contribute to the denaturation of crystallins in

FIGURE 7. The effect of mild ther-
mal stress on the appearance of su-
crose density gradient profiles. Su-
crose gradients of the four regions of
a (a) 31-year-old lens pair and a (c)
75-year-old lens pair before (left) and
after (right) incubation at 50°C for
15 hours. (b, d) Sphingomyelin con-
tent at each interface of the sucrose
gradients from the core regions be-
fore and after incubation.

FIGURE 6. Changes in the relative abundance of lens crystallins in (a)
SG2 from the barrier region and (b) SG1 and SG2 from the core. The
four-plex iTraq technology technique24 was used to compare the
relative amount of each crystallin present in SG2 (or SG1 in b) from a
71- and a 72-year-old lens with the amount present in the same fraction
isolated from a 49- and a 50-year-old lens. Error bars represent the
combined SD between age groups from duplicate experiments. In this
method of analysis, a value of 1 on the y-axis means that there has been
no change in relative abundance of that protein between young and
old groups. A value �1 indicates a larger relative amount of that
polypeptide.

5150 Friedrich et al. IOVS, October 2010, Vol. 51, No. 10



the aged lens because insoluble protein contains higher
amounts6 of deamidated crystallins. In agreement with Chan-
drasekher and Cenedella18 in our 2D gels of SG2, the relative
abundances of the negatively charged forms of both �-crystal-
lins appear to be greater than seen in published reports of 2D
gels of lens proteins.1,5 This could indicate preferential mem-
brane association of the phosphorylated/deamidated isoforms.
Truncated forms of �-crystallins, analogous to those described
in older human lenses,32 were also evident in 2D gels of SG2,
and this may be related to the recent finding that peptides
derived from �-crystallin can promote crystallin aggregation.33

Compared with middle-aged (49/50 years) lenses, the rela-
tive quantities of other crystallins in SG2 increased with age.
SG2 purified from older (72/73 years) lenses was found, using
iTraq technology, to contain relatively higher amounts of the
most abundant �- and �-crystallins. There appeared to be a
degree of selectivity in terms of the particular crystallins in-
volved, with relatively lower amounts of �B2 and �B3 crystal-
lins present in the higher density band (Fig. 6). Despite these
increases in �- and �-crystallins in older lenses, �-crystallin
remained the major protein component of the high-density
band. One interpretation of these data is that high molecular
weight protein, which consists largely of �-crystallin com-
plexed with other denatured crystallins,34,35 could be binding
initially to the cell membranes36 and that, in older lenses, most
other �- and �-crystallins become progressively more abundant
because they associate with the membrane-bound aggregates.

One distinctive finding was that aging of the barrier region
resulted in the formation of just a single high-density band,
SG2. In the nuclear regions from the same lenses, SG2 was
always accompanied by SG1. The reason for this difference is
not yet clear. One possibility is that the composition of the
membrane phospholipids in the two regions is different. Major
changes occur in the lipid composition of the human lens with
age,10,37–39 and these are being more fully characterized in lens
regions using newly developed lipidomic procedures (manu-
script in preparation). Differences in protein composition in
the two regions40–42 and rates of posttranslational modifica-
tion of integral membrane proteins such as aquaporin 043 may
also play a role.

The consequences of such large-scale binding of proteins to
cell membranes in older lenses are being investigated. It has
been proposed that crystallin binding occludes membrane
pores, for example those of gap junctions, which normally
facilitate cell-to-cell movement of small molecules. In this man-
ner, a barrier to diffusion could be formed. This barrier not
only diminishes the flux of glutathione from the lens cortex,13

it also reduces the movement of reactive molecules in the
reverse direction. Thus, decomposition of spontaneously un-
stable species in the nucleus is increased, and this inevitably
promotes posttranslational modification44 and ultimately age-
related nuclear cataract.

It is clear from our data that if occlusion of membrane pores
results from membrane binding of proteins, this process is not
confined to the barrier region. Rather, it occurs throughout the
interior of the older lens because age-related membrane asso-
ciation was observed in the inner and core regions. Substantial
blocking of cell membrane pores could, therefore, ultimately
result in nuclear cataract by inducing oxidative conditions in
the lens center. It is also possible that large-scale protein-
membrane association in the lens center could lead to physical
changes, such as stiffening, which has been linked with the
onset of presbyopia.11

A remarkable feature of the present study was that major
changes in the appearance of the sucrose density gradients
could be induced by mild thermal stress (50°C, 15 hours). By
exposing an intact young lens to this temperature, crystallin
binding to membranes was initiated, and, in this way, the

protein pattern from a heated young lens was converted to one
that appeared identical with that of an older lens (Fig. 7). In
effect, a young lens was converted overnight into an “old lens”
by mild thermal stress. We observed similar changes, over a
longer period, by exposing lenses to 45°C (data not shown).

Exposure of human lenses to 50°C can be considered mild
stress because the lenticular temperature recorded in the eyes
of monkeys exposed to the midday sun in New Delhi reached
42°C within minutes.45 A surprising feature of the lens is that
its temperature seems to be remarkably sensitive to changes in
ambient temperature and to irradiation. If one can extrapolate
from animal data,45,46 the range in temperatures of the human
lens under conditions present on earth may span at least 13°C!

One conclusion is that exposure to heat over a period of
decades may be responsible for human age-related lens changes.
Although in this experiment temperature was the only agent
used, it could be argued that any factor that promotes protein
denaturation within the eye could also be implicated in lens
changes. For example, deamidation,6,23 racemization,47,48 and
other abundant posttranslational modifications44,49–51 may con-
tribute to the protein denaturation that occurs gradually in the
human lens. Although these factors undoubtedly contribute,
other changes to membrane lipids that we have recently char-
acterized support the contention that temperature may indeed
be a primary agent causing deterioration (manuscript in prep-
aration).

Therefore, a tentative conclusion is that exposure of the
lifelong proteins and membranes in the human lens to ocular
temperature over a period of decades may be responsible for
the age-related changes to this tissue. Further experiments are
under way to test the proposition that interactions between
denatured proteins and older cell membranes may ultimately
underpin the formation of age-related nuclear cataract and
possibly other age-related visual disorders, such as presbyopia.
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