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. INTRODUCTION

Statement Qf»thevErQb1em

_Pro]onged elevation of blood glucose in diabetes mellitus results
in a number of sequelae including peripheral nerve damage, kidney damage,
arteriosclerosis, retinopathy, and cataracts (1).: The complications of
~ diabetes are all related directly or indirectly to insulin-independent
tissues wherein cellular glucose levels reflect the increased blood -
glucose levels. This increased cellular glucose concentration results in
an increase in non-enzymatically glycated proteins. This is a post-
translational modification which results when the acyclic form of glucose
reacts with the e-amino group of lysines or the amino terminus of a
proteﬁn. This reaction results in a Schiff-base intermediate which
vundergoes an Amadori rearrangement to form a stable and practically
irreversible ketoamine structure. This modificatioﬁ is dependent on the
glucose concentration and protein half-life (2). The proteins of the
lens are extremely long lived and turn over very slowly or not at all,
which provides for great opportunities for posttranslational modifica-
tions (3). The crystallins have been shown to undergo several types of
posttranslational modifications, among which are C-terminal degradation,
deamination, oxidation, aspartic acid racemization, and non-enzymatic
glycation (4-8). It has been hypothesized that the lens proteins
become water—inéo]ub]e and aggregate to form Targe high molecular weight
particles that scatter Tight, producing lens opacities (cataracts) (9).
It is not yet known which of the posttransiational modifications are
normal and which are associated with the lens proteins becoming water-
insoluble. This study was designed to determine the re]ationship between

non-enzymatic glycation of lens crystallins and the formation of large

1



insoluble high molecular weight aggregates. The progressive changes in
g]ycatéd protein levels, disu]fidelbond>formation and the formation of
HMW protein aggregates were studied in st}eptozotocin induced diabetic
rats. Also, the extent of non-enzymatic glycation of the lens crystallins
and their subunits were examined in both control and diabetic cataract
lenses. Furthermore, the 1nso1qb]e HMW components were identified and

their extent of glycation was characterized.



Review“of'Related Literature

Diabetes and Its Sequelae

Diabetes, because of its frequency, is probably the most
1mpor€ant metabo]ic-disease. It affects. every cell in the body, and the
essential biochemical processes ‘that go on there. Diabetes has been a
medical problem since éntiquity, and one which in thé Uhftéd States now
ranks eighth as a cause of death (10). The hame "diabetes" was originated
by Aretaeus (30 to 90 A.D.) and comes from the Greek words meaning
"siphon" and "to run through", and in medjcine signifies the chronic
excrefion of an excessive volume of urine. The qua]ifying word, mellitus,
is Laiin meaning "honeyed" or "sweet." Hence, diabetes mellitus is a
disease assdciated'with copious sweet urine (1).

fhe fundamental problem of diabetes is a relative lack of functional
insu]}n, the hormone produced in the islets of Langerhans of the
pancfeas. This lack of insulin is responsible for an inappropriate
e]evétion in blood glucose levels due to the inability of glucose to
enteﬁ insulin dependent tissues such as muscle and adipose.

‘Diabetes mellitus is a chronic disorder chafacterized by a number
of sequelae. Diabetes is the leading cause of new blindness, and
diabetics are twice as likely to develop heart disease. Other comp]ica-
tions 1n001ve;the kindeys, nervous system, and peripheral blood vessels
all %f which the severity is inversely proportional to the degree of
diab%tic glycemic control (10).

|Diabetic retinopathy is the leading cause of permanent visual loss
in t%e diabetic patient. Almost all diabetics will develop some form of
retﬁnopathy after having had diabetes for 20 years, with 95 percent

affécted after 30 years. Retinopathy is characterized by the appearance
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of neﬂ‘b1ood vessels on the optic disc or on the surface of the retina.
This Heovascu]arization is seen in association with generalized retinal .
ischemia resulting from a thickening of the capillary basement membrane.
These:new blood vessels are extremely fragile and prone to hemorrhage

and microaneurysms all of which result in scar tissue and retinal detach-
ment (11). | | |

Diabetic patients have an increased incidence, earlier onset, and
increased severity of atherosclerosis in the intima and calcification in
the media of the arterial wall. Periphera] vascular disease has been
estimated to occur 11 times more frequenf]y and to develop about 10 years
ear]iér in diabetics than in nondiabetics. The vessels most likely to
be involved are the aktekies of the ]egs;_fesulting in-a 50-fold increase
in gahgrene of the legs and feet (12). |

The same‘capillary'basement thickening found in the retina is also
seenfin the kidney and the major capillary beds of the skin and muscle.
Thisimicrovascular disease in the kidney results in glomerular membrane
thicgening; hypertension, and eventually renal failure (13).

;Diabetics also suffer segmental injury to nerves, associated with
denwé]ination'and Schwann cell degeneration, involving sensory and motor
periéhera] nerves and the autonomic nervous system. It is characterized
by t}emors, Toss -of coordinated motion, incontenence, and impotence.
Affe%ted nerves show basal lamina thickening similar to the capillary
abno}ma]ities (14).

{The diabetic is four to six times more Tikely to develop cataracts
at afyounger age than the normal population. There are approximately
200,@00 people with cataracts between the ages of 14 and 44 in the United

1
States. These cataracts occur primarily in diabetics (15). A cataract
| «
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is desEribed as any opacify of the crystallin lens that interferes with
vision.

In studying the diabetic sequelae, it is of interest to note that
tissués with the greatest incidence of diabetic complications (lens,
retind, nerve, kidney, blood vessels, red b]ood.ce11s) are insulin
independent and therefore freely permeable to giucose.

The involvement of the insulin-independent tissue in diabetic
seqﬁe]ae has led researchers toiéxamine the effect of increased intra-
ce]]ujar glucose on tissue function. Bioéhemica] change; may be
respoﬁsib]e for aitekations in vascular basement membrane$ that lead to
diabe#ic microangiopathy (16). One of the first theories put forth
1nvo];es the polyol (sorbitol) pathwayv(17). Glucose becomes sorbitol
(a sugar alcohol) via the effect of the enzyme aldose reductase. |
Figurp 1 depicts a Schwanﬁ cell and the péthways withfn the cell and
shows:a subsequent.conyersion from sorbitol to fructose, in which the
enzyme sorbitol dehydrogenase plays a role. It is postulated that
;orbito] accumulates and becomes trapped within the Schwann cell. The

accu¢u1ated sorbitol may bé toxic and lead to segmental demyelination
and ﬁeuropathy. Gabbay et al. (18) has pursued the relationship in
neuré]ogic comp]iéations by studying the sciatic nerves of diabetic
rats; Using enzymelaséays they show localization of aldose reductase to
the échwann cell and sorbitol dehydrogenase to the axon. Weingrad and
Clements (19) have shown sorbitol accumulation in the alloxan diabetic
rabth'aorta and hUman aorta. Current research in this area involves
the heve]opment'of aldose reductase inhibitors and their effect on
diabétic sequelae (20-21).

!
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FIGURE 1. Sorbitol pathway and related metabolism within a Schwann cell.

- _Modified from Kozak, G. P.: Why treat diabetes? In Levine, R.
i ~(ed.), Individualizing Therapy in Maturity Onset Diabetes.
New York Science and Medicine Publishing Co., Inc., 1979.
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FIGURE 2. Pathway from glucose to formation of glycoproteins

~ Modified from Kozak, G. P.: Why treat diabetes? In Levine, R.
(ed.), Individualizing Therapy in Maturity Onset Diabetes.’
New York Science and Medicine Publishing Co., Inc., 1979.
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Ahothér~theory involves an increase in the formation of glyco-
proteins which are a major component of the basement membrane (22).
Figuré 2 depicts the pathway for the formation of glycoproteins ffom
g]ucoge and other sugérs. These hexoses (or hexosamines or both) are
subseduent]y linked and enzymatically attached to proteins to form
glycoproteins. It has become evident that the fundamental morphologic
a]teration of diabetic microangiopathy involves the thickening of
capillary basement membranes (23). The best studied tissue is that of |
the renal giomeru1us. Spiro et al. (24) have studied the relationship
of thé renal glomerular basement membrane and glycoprotein formation in
diabe%es mellitus. Their 1nvesfigations demonstrate an increase in the
activﬁty bf the enzyme glucosyl tkansferase in fhe untreated diabetic
kidney cortex. 'Théy 1ntérpreted this to réshlt in an increase in the
deposition of various g]ycoproteihs'in the kidney. When animals were
treated with insulin at an early stage of diabetes, their glucosyl
transferase activity could be returned to normal values.

Non-énzymatic Glycation

éProlonged’éTevation of blood glucose in diabetes results in an
increased level of non-enzymatically glycated protein. This modifi-
catién results when the e-amino groups of‘lysine or the amino terminus
of alprotein reacts with the acyclic fofm of glucose to yield a Schiff-
base|intermediate (Figure 3) (2). This aldimine is readily reversible
with|the ratio of k; to k_1 close to one. As hyperglycemia is maintained .

this{ intermediate will undergo a practically irreversible Amadori

rearrangement to a stable ketoamine derivative. The extent of modifica-
tionfis dependent on the glucose concentration and protein half-life. The

insuTin independent tissues are directly exposed to the increased ambient



FIGURE 3.

~Reaction scheme for non-enzymatic glycation

Briefly, glucose reacts with a free amino terminus or e-amino
group of lysine to form the reversible aldimine. As glucose
concentrations are maintained the aldimine undergoes an

- Amadori rearrangement to the stable ketoamine structure.
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10
b]oodfglucose levels resulting in an increase in non-enzymatically
glycated proteins. Perhaps the detrimental effects are noted strictly
by thfs relationship, either independently or in conjuction with other
propoéed mechanisms.

The g]ycated“hemoglobin AI(s) (AIal’ AIaZ’ AIb,'and AIc) are the
best characterized of the non-enzymatically glycated proteins (25).
The red blood cell-is insulin independent and the hemoglobin within has
a 1ife span of about 120 days. Hemoglobin becomes non-enzymatically
‘glycated in both 'normal and diabetic patients. Levels of Hb Ai are
increased during hyperglycemia in diabetic patients in direct relation-
shipito the degree of diabetic control (25). The process of glycation
is r%]ative]y irreversib]e; therefore, once a hemoglobin molecule is
g]yc&ted it remains in that form for the life of the red cell. Hemo-
g]ob{n AIC takes approximately 60 days to reach a stable level (26).
The ieve]_of glycated hemoglobin reflects the average glucose level
that the red cé]] is exposed to during its life cycle. Levels of Hb AI

now provide an index of long-term blood glucose control in the diabetic
patients (27). This pbst—trans]ationa] modification is not completely
benién, however, as hemoglobin oxygen affinity and sensitivity to the
allosteric effector 2,3-diphosphoglycerate is altered (28).

!Using g]ycatedﬂhehogTobin as a model it has been postulated that

this| type of post-tran;]ationa] modification could contribufe to the

morbidity and mortality associated with diabetes'(29). Researchers have

shown that the lipoproteins are non-enzymatically glycated in proportion

| v
to the degree of hyperglycemia (30-32).‘ Atherosclerosis has been linked

to low ratios of high density 11poprbtein$ (HDL) to Tow density 1lipo-
proﬂeins (LDL) . Experiments have demonstrated that non-enzymatic
|



: 11
g]ycaﬁion affects the biologic activity of both HDL and LDL. Witztum et ‘
al. (31,32) demonstrated that glycated HDL is more rapidly catabolized
and they have suggested that the glycated HDL has an increased affinity
for its cell surface receptor. Conversely, glycated LDLs have a
decreased affinity for its receptbr and therefore are not taken in as
rapidly as non-glycated LDL. This relationship has been theorized to
result in decreased HDL to LDL rates which is associated with athero-
sclerosis.

The relationship between non-enzymatic glycation and diabetic
neurobathy has bgen investigated by Cerami and coworkers (33). These
1nvesﬁigators have suggested that since nervous tissue is also insulin- -
indeﬁendent, non-enzymatic glycation of myelin or axonal proteins may
contfibute to this neuropathy. Their experiments using the sciatic
nerve from diabetic dogs and rats showed an increased amount of non-
enzyﬁatica]]y glycated lysine residues as opposed to normal controls.

It was suggested that this glycation involves the myelin proteins or
axoné] proteins which could alter their turnover or nerve conduction.
<;The complications, retinopathy and nephropathy, are both believed to
result in capillary bésement membrane thickening (24). Histochemicaly
stud%es reveal increased glycoproteins in diabetic basement membranes,
but their exact nature has not;been determined (34). It has been shown
that{the a-adrenergic rgceptorlis non-enéymatically glycated in diabetic
ratsf‘leading others to propose fhat other étrUctura] and.receptor

|

protﬁins arefsubjéct to non-enzymatic glycétion and may ]ead to basement
| ‘ '

membrane thickening (35).
| .



. The Léns Structure

The crystallin lens forms the second refracting unit of the verte-
brate:eye,_adding 20.diopters of plus power to that created by the cornea
(36).3 As such, it must remain perfectly clear or light will not reach
the rétina] sensohy elements in an undisturbed state. The lens must also
remain supple to produce the accomodative changes in refraﬁtive state
necessary as one looks from a distant to a near target. For those not
involved in Tens research, there is often a tendency to Took upon thé
lens és an inert "bag of proteins" that for some reason "coagulates"
and ﬁherefore‘becomes opaque or cataractous as one grows old. This is
far from reality. The lens is'a highly ordered structure and depends
uponéactive cellular metabolism to maintain this order.

fThe lens is surrounded by a typical basement membrane known as the
1ens§capsu1e (Figure 4). The capsule is secreted anteriorly by the
epitﬁe]ia] cells and posteriorly by the cortical fibers (37). The
capsq]e itself is non-cellular, having a structure composed largely of
glycoprotein-associated type IV collagen (38). Also present is a proteo-
g]ycén,.heparan=su1fate, which composes less than 1% of the lens capsule,
yet fs consideredfvery:important in determining the structure of the
matr%x (39). - The structure of the capsule matrix appears to be critical
in mgintaining capsule clarity. However, when the capsule is separated

i
from the underlying cells, it is found to be metabolically inert, lacking

any anymatic or -metabolic bropertjes (37).

'Underlyingfaﬁd rather ffrh1y attached to the basal lamina of\the
ante}ior capsule (38) is a sing]é layer of cuboidal cells (Fig. 4).
'Excebtfih pathq]ogic conditions, no epithelial cells aré:found in the

postbrior lens.. These cells have the metabolic activity to carry out

|



FIGURE 4, Schematic representation of the mammalian lens in cross
, ‘section
Arrows indicate direction of cell migration from the epithe-

~Tium to the cortex. From Jose, J. G.: The lens. In
Anderson, R. E. (ed.), Biochemistry of the Eye.
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FIGURE 5. Cross section of a rat lens showing the development of fibers
of the equatorial region known as the "bow region."
From Jose, J. G.: The lens. In Anderson, R. E. (ed.),
Biochemistry of the Eye. ,
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15
all normal cell activities including DNA, RNA, protein, and lipid bio-
synthesis, as well as to generate sufficient ATP to meet the energy needs
of thé Tens (39). The epithelial cells are mitotic. The highest level
of pré-mitotic (replicative or S-phase) DNA synthesis occurs in a ring
around the anterior lens known as the germinative zone. These newly
formed cells migrate equilaterally (follow arrows in Figure 4) where they
differentiate into fibers in'an area known as the bow region (Figures 4
and 5) (39). |

As the epithelial cells progress to the bow region, they changerin
both morphology and in macromolecular synthetic activity. These ce]]s.
have;begun the process of terminal differentiation into lens fibers.
Cektgin morphologic features immediately become apparent, the most
striking of which is the increase in cell size, which is associated with
a tfemendous increase in the mass of cellular proteins and in the
membranes of each individual fiber cells: As these two cell constiuents
1A§réase, most other cell organelles diminish and ultimately dissapear.
It sﬁould be noted that as the epithelial cells move to the equator and
theré differentiate info the fibers, each new fiber is laid down upon
an 1hcreasing bundle of~previous]y formed fibers. The oldest of these
fibe%s were produced in embryonic life and persist in the véry center
of tbe lens (the lens core or nucleus). The fibers in the outermost
port%on are the most recently formed and make up the cortex of the
lensL No distinct‘mofphologica1 division differentiates the cortex
fro# the nucleus of the lens; instead there is a gradual transition from
one:region to another. The overall structure is somewhat like an onion,
wifﬁ the oldest layers being more central (40). In addition the proteins
witﬁin the fibers'do~not'tyrn over or turn over very S]ole so that the

protein near the center of the lens are as old as the anima] itself (41).
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Lens Metabolism

“

The Tlens derives its energy from glucose present in the aqdeous
humorL the fluid within the antenior and posterior chambers whinh bathe
the.]énsv(42). The glucose levels within'the aquedus humor are approxi-
mately % those of the'plasma‘g]ucose-]éve]sl(43).; Sugars gain access td
the internal lens via only one carrier System-which does not require any
expenditure of energy. As a consequence, the system does not transport
sugars against a concentration gradient. However, because the sugar is
metabolized, the carrier mechanism (known as*faciiitated diffusion)
continually brings additional sugar into the lens so that in effect the
conc%ntration gradientﬂis directed inward. Nonetheless, this inward
flow 'is not entine]y controlled by the external sugar concentration
sincé within Timits the carrierAmenhanism does not bning’excess sugar
intoéthe lens if‘external sugar is increased. By as yet unknown
meéhénisms, the internal lens sugar concentration is kept at a constant
10,m§/100 g, independent of external concentration. However, when the
extenna] concentration exceeds about 175 mg/d1 the control breaks down
and fhe internal concentration increases accordingly (43). Therefore,
in uncontrolled diabetes the internal Tlens glucose concentration would
be 1ncreased in proportion to the increased plasma glucose levels.

’Most of thevglucose that is transported into the lens is phosphory-
1ate? by forming glucose-6-phosphate (Glc 6-P) by hexbkinase (Fig.‘6).

This| reaction is-rate-limiting in the lens, being 70 to 100 times slower

than| that of the other enzymes involved in lens glycolysis (44). Once

forned, glucose-6-phosphate enters either of two metabolic pathways.
The;most active pathway is anaerobic'g1yc0]ysis which provides most of
thelhigh energy phosphate bonds required for lens metabolism. Due to

|



FIGURE 6. Pathways of sugar metabolism in the lens

From Jose, J. G.: The lens. In Anderson, R. E. (ed.),
Biochemistry of the Eye.
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the low oxygen tension in the lens, only about 3% of the lens glucose
paces through the TCA cycle to produce~ATP (45). However, even this Tow
activhty of aerobic metabolism stj]} produces about 25% of the lens ATP
(46).E Given its relative isolation from any'blood supply, it seems
likely that the Tens depends primafi]y on anaerobic metabolism to supply
the energy needs. | | |

A less active pathway for utilization of Gic-6-P in the lens is the
pentose phbsphate-pathway (hexose mondphbéhate (HMP) shunt). In the rat
lens, about 5% of 1ens'glucose is metabolized by this. route (47),
a]thqugh the pathway is stimulated in the presence of elevated levels of
g]ucése. The activity of the HMP shunt is higher in the lens than in
mostftissues, presumably to provide NADPH necessary for glutathione
reduétase‘and aldose reductase activities in the lens. |

Lens |Proteins

%The mammalian lens has a protein concentration of about 35% of its
wet Qeight, twice that of most other tissues (the most notable exception
Ais the erythrocyte which contains 30-35% hemoglobin) (41). The majority
of tﬁese are structural‘proteins of the lens fibers, which make up the
bu]k?of the 1en§. These fiber proteins exist in two major groups, those
thatéare water-soluble and those that are water-insoluble. The- former are
most?y crystallins. The latter have been referred to as the "albuminoid"
frac%ion. "A]buminoid"_is no longer considered a meaningful térm and is
now kerferab]e to refer to this as the "water-insoluble fraction."

Most of the water-soluble proteins fall into one of three major
groubs, a-, B=, and +y-crystallins, that were originally defined on the

basi% of their chromatographic properties. Gel filtration which sepa-

rate% on the basis of size yields four fractions. They have been labeled

i
!
1
(
|
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“"Bhigh’ Biow> @nd vy crystallin in the mammalian lens (Table I).
Almost 100 years after the crystallins were first described in the lens,
the three-dimensional structures and interrelationships between these
proteins have only begun to be unraveled (48-50).

The largest crystallin, with a molecular weight of about 810,000
dalton, is a-crystallin. Rebresenting.approximateiy 30% of the lens
proteins the urcrystallin'ffactiOn;is nbt.one discrete protein, but is
composed of different s1zed macromo]ecu]ar aggregates of four distinct
but c]bée]y related protein subunits. -Studies on the primary structure
of a-crystallin have demonstrated a marked conservation of the sequence
of the?po]ypeptide chains during evolution (Figure 7) (51). Each of
these Eubunits has a molecular weight'of about 20,000 daltons and the
chains, are held together by hydrogen bonds and hydrophobic interactions.
These %ubunits are designated alpha Al, alpha A2, alpha Bl, and alpha B2.
A2Aand%82 are direct-products of gene translation whereas Al and Bl are
post-trans]ationa1 modification products, arising from deamidation of A2
and 82; respectively (52). Al and Bl are not present in the epitheljum.
The rejative proportions of A2 and B2 change during differentiation such
that their ratios are 2:1 in the epithelium and 3:1 in thé cortex (53).
In add%tion, many different chains are formed over time by limited
proteoﬂysis of the carboxy terminus. Siezen et al. (54) provided evi-
dence &hat these shortened chains are involved in polymerization of
tﬁe a—prystallin“aggregéte.

The most abundant (slightly less than 50%) water-soluble proteins
in the lens are the'g-crysta111ns. They are the most heterogeneous of
the cr&sta]]ins (55), and may be further separated by gel filtration

chroma&ography into two major fractions having molecular weights of

i

|



TA?LE I. Summary of generalized characteristics of major lens proteins
| from adult mammals
i




TABLE I

Average
molecular :
weight Fraction of - Thiol
Protein (daltons) lens proteins. content Subunits
a-Crystallin 80 x 10% 305 Low 4 with a m.w. of about 20,000 daltons
' (a-A;, a-A,, a-By, a—Bz)
B-Crystallin 55% High Multiple subunits with m.w. of 25,000-
N 28,000 daltons
. - 4
BHigh - 10-55 x 10
4
.BLow. ~5-8 x 10 ‘
y-Crystallin 20 x 104 15% - High exists as a monomer

02



FIGURE 7. "Amino acid sequences of the dA and dB subunits

Homologous residues are enclosed in rectangles. Modified
from Van Der Quderaa, F., De Jong, W., Hilderink, A., and
‘Bloemendal, H. (1974) The amino acid sequence of the B, chain
of bovine a-crystallin.. Eur. J. Biochem. 49: 157.
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4.9 x';104 daltons and 2 x 10° daltons designated as BL (low) and BH
(high)L respectively. Dissociation of the SL and BH_crysta1]1ns demon-
strate a number of polypeptide chains in common (56). Among the shared
chainsgis the major B-crystallin constituent BBp (B=basic; p=principa1f
(57). jZig]er and ‘Sidbury (58) were able to show that the occurrence of
BBp in the B-crystallin fraction of both BH and BL was a general feature
of vertebrate species. Its primary structure has been determined and

shows considerable sequence homology with repeating sequences at the N-
and CJterminal regions of the pretein (Figure 8) (59). There 1is also
cons1derab1e sequence homo]ogy between th1s cha1n and the y-crystallin
(F1gure 8). g- Crysta]11n has no a- he11ca1 coils, being structured
1nstead as B- p]eated sheet and random co1ls (60).

The Y- crysta]11ns are the sma]lest of the crysta111ns, hav1ng a
mo]ecJ]ar weight in: the range of 20,000 da]tons (61). Absence of
u—he11ca1 structure is a feature that the y-crysta1]1ns share with other
' crysta1]1ns and like the B-crystallins, y-crystallin has a s1gn1f1cant
amount of B-pleated structured (about 22%) (62). The y-crystallins
ex1stjas monomers rather than as aggregates. Unlike both the u? and
B-cry%ta]]ins,ﬂsevera] different y-crystallins have been isolated; how-
ever,jon]ysone type is found in a given species. Their nature and
concentration are variable depending on the species examined, the age of
the aéima], and lens locus (63). The y-crystallins are all very sinilar
and pgssess signiftcanttsequence homology with each other. At the
present time the y-crystallins are considered a heterogenous mixture
which [have in common*the fact that they are water-soluble, having reia—
tive]* low molecular wetght and are present as monomers. The y-crystal-
lins Take up about'15%-ef the lens proteins of the adult mammal, but

constitute as much as 60% of the soluble protein in weanling animals (64);
!

1
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FIGURE 8.

Optimal alignment of N-terminal and C-terminal halves of

bovine BBp and y-crystallin sequences

Interchain identical residues in homologous positions of RBp
and y-crystallin half chains are enclosed in boxes. Intra-

chain sequence homology between the N-terminal and C-terminal
parts of BBp and y-crystallin is emphasized by dots. Modified

from Driessen, H.P.C., Herbink, P., Bloemendal, H., and
De Jong, W. W. (1981) Structure of bovine B-crystallin Bp

chain. Eur. J. Biochem. 121: 83.
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Also present in the soluble fraction is a high molecular weight

aggregate (HM-crystallin) with a molecular weight in excess of 1 x 10°
|

da]ton%. In the bovine lens this HM-crystallin is composed of
uecrysfa11in aggregates and may also contain some B-crystallin components
- (65). . However, in the human and other vertebrates its composition has
not been defined and varies depending on species, age of animal, and
pathologic conditions (66). These HM-crystallins are believed to be
precursors to even higher molecular weight aggregates bresent in the
water-insoluble fraction which are theorized to aggregate so extensively
as to cause light scattering and lens opacities (67). '
ersta]]ins can all undergo post-translational modifications among
which are C-terminal degradation, deamination, oxidation, aspartic acid
racemization, and non-enzymatic glycation (4-8). It is not yet known
which;of these are horma] modifications and which may be associated with
lens épacification. Most authors have concluded that the crystallins are
not integral membrane proteins a]thoﬁgh the precise role -of the various
crysté]]ins is unknown (68). If is ciear, howeVer, that'from their high

concentration they definitely contribute to the cytoarchitecture. -

Insoluble Fraction

The water-insoluble fraction of the lens did not receive much
| . : .
attention at the time of its discovery by Moerner in 1894 (69). The

original term albumoid referred to the conjecture that it was cdmposed
| .

prima*i]y of insoluble a-crystallin. Only in recent years has this
fract%on been examined and found to be far more complex and hence the

term é]bumoid repiaced with water-insoluble fraction. The watef-inso]ub]e
fractﬁon«nay be further separated into two fractions, one soluble and

one iﬁso]ub]e in 7 M urea. The urea-insoluble fraction contains the
fiberip]asma membrane and its associated membrane bound proteins (70).
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. As.the lens ‘ages there is an increase in the water-insoluble frac-
tion. | Within. the fraction there is also an increase in the urea-insoluble

|

fractﬂon.as the lens ages. In young lens most of the insoluble fraction
is soiubj]ized by 6 M urea; however, in older lenses and cataracts the
lens ﬁroteins become- increasingly insoluble (71). It has been hypothe-
sized that lens photeins become water-insoluble and aggregate to form
very large particles that scatter light, producing lens opacities (72).
Many researchers have attempted to correlate increases in the percent of '
water=insoluble proteins with increases in lens opacification, but
contr&versy continues over this hypothesis. It should be noted that the
water;insolub1e fraction increases with age even if the lens remains
c]ear;(71). For example, if radiolabeled methionine is injected into
rats,ione day Tlater radioactivity is found only in the water-soluble
fract{on; but in animals killed seven weeks after isotope injection, 40%
of thé radioactivity is detected 1nvthe water-insoluble fraction (73).
ThoSegproteins that ‘are initially in the watér-so]ub]e fraction even-
tua]]j become incorporated into the water-insoluble fraction. It seems
then %hat conversion of the soluble proteins,into wafer-inso]ub]e
prote%ns is a natura]uprocéss in lens fiber mafuratioﬁ;. The process
may, %bwever, be aéce]erated or Qccur to‘excess in certain catéfaqtous
1ense%. | |

fhe exact composition of the insoluble fraction remains in dispute.
It islbe1ieved to contain érysta]]in compbnent§ which have been made
insoléble, Also present are small amounts of the structural proteins
actiniand‘vimiten but these proteins comprise only about 1% of the lens

proteins (74). With the development of cataracts there is a decrease in

titratable sulfhydryl groups (75). Also, as cataracts develop there is

i
|
!
!
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an 1nérease in a large (mw 2 x 100 da]tbns) dfsu1fide linked high
mo]ecélar weight (HMW) aggregate (76). It is this component of the
1nso]db1e fraction which is believed to be responsible for the light
scattgring found in .cataracts. This HMW aggregate is believed to be
composed of crystallin components, their degradation products and possi-
bly other structural proteins held together by disulfide bridges (77).
However, as with the insoluble fraction, the components of this HMW
aggregate as well as the factors which contribute to its formation are
in dispute. |

Cataract Formation

One of the foremost diréctions of lens research, either directly or
indirectly, is the elucidation of the mechanism or mechanisms which
resu]ﬁ in loss of normal lens transparency, i.e. cataracts. A prerequi-
site for this, however, is an understanding of the basis of the quite
.remarkab]e transparency of the normal lens. Surprisingly, little work
has béen done in this area. Current evidence by Raman spectroscopic
sthdiés suggests that lens crystallins are packed in a structural array
(78).: A11 the crystallins contain extensive amounts of B-pleated sheet
regions, these regions- are oriented orthogonal td the lens axis. This
ordergd array coupled with the:absenge of particulate cellular elements,
asidegfrom the epithelium; such asvnuc]ei, mitochondrid‘dr endoplasmic
reticq1um is. believed to be responsib]e:fbr lens transparency.

ﬁhe possib]e‘méchanisms of opacifiéation are many, including any
chang? capable of increasing the scattering or absorption of light. One
of thé oldest concepts is that precipitation, dénaturation, coagulation
or agé]utination 0f>solub1e lens proteins is respbnsib]e’for lens opaci-

fication. These various terms have been used for this intuitive notion
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whichéis-wide]y'stated, but have no basis in fact other than a frequently
drawn;analogy to a hard-boiled egg. Such an ill-defined change may
1ndeeé occur fn Tenses cooked by exposure to infrared, microwave or
ultraéound radiation, but the casual characterization of all cataracts

‘as reéu]ting from denaturation of protein has contributed nothing to the
understahding of cataracts.
| As implied ébove, there is no specific underlying cause of lens
opacification. It should be recognized’that any given cataractous lens
has experienced many potentially deétructive insults that either addi-
tively or synergistically produced the. cataract. The latter possibility
has béen verified in the laboratory, where it has been shown that some
sub]iﬁina] insults to the lens that do not result in opacification when
they éccur.separate]y, do cause cataracts, if they occur together (79).
Tab]eiII contains a list of possible causes of cataracts in the lens.

¢ataractogenTC"agents'may be thought of in terms of how they would
affecé the structure and function of the major lens components. In
1ookiﬁg simplistically qt the structure of the lens, fhefe are three main

_strucfdra] features: the capsule, the epithelium, and the lens fibers.
Few, if any, cataracts are strictly associated with alterations in the
capsuie. Since the capsule is seéreted by the epithelium and the cortex, -

it 1s§apparent that, with the exception of trauma and post-translational
prote%n changes, abnorma]ities‘in the capsule must arise from the under-
1y1ngice1]s. This leaves only ‘two nﬁjor~sités of cataractogenic action
in th%‘1ens;' | |

ﬁhe first of ‘these is the epithe]ium; These cells are the major

site of internal osmolarity regulation. - They have a higher concentration

of ATﬁase activity:than the fibers. Thus any agents that interfere

|



TABLE II. Sites of action and mechanisms possibly resulting in cataract
formation




TABLE II
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II.

ITI.

Capsular Effects

A. Trauma
B. Post-translational modification of proteins

Epithelial Effects

A. Depressed pump activity:

B. Altered rates or nature of proteins synthesized
C. Altered enzyme activity

D. Mutational events

Cortical Effects

A. Anomalous differentiation from epithelial cells
B. Erroneous or altered translation or transcription

. C. Post-translational modification of proteins

C-terminal degradation
~oxidation, especially photo-oxidation
deamidation
racemization
crosslinking
non-enzymatic glycation

D. Alteration in membrane structure

oxidation
protein crosslinking
osmotic swelling
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eithef with the generation of energy or with the actﬁvity of the pumps
\ .
can ]gad to the loss of transparency. Those enzymes that. can be found

1n.th; lens are generally most concentrated in the epithelium. Ohrloff
g;_gl; showed that the activity oflmany of these enzymes decrease with
age, which they attributed to post-translational modification (80).
“Whatever the basis, such changes could dramatically alter the ability of
- the Tens to function.

Secondly, modifications in the metabolic activity of the epithelium
could result from alterations in the genetic makeup of the epithelial
- cells. Thg lens, like other body cells, is subject to agents such as
chemicals or near UV radiation that could cause mutations in these cells.
The p}ogeny would then have a reduced capacity te function as normal lens
and mfght not adequately contribute to the metabolic needs of the lens.
Furthérmore, mutated epithelial cells might not have the genetic controls
neces%ary for proper differentiation into lens fibers. The lenses of
animaﬁs having UV- and X-ray induced cataracts‘show histological evidence
of su?h failure of differentiation (81). Mutated epithelial cells may
attembt to differentiate, but contain information that would cause them
to pr@duce anomalous proteins. These anomalous proteins might disrupt
the n%rma] cytoarchitecture of the cortical fibers, resu]ting in Tight
scattéring. .

?he architécture can also be disrupted by direct effects on existing
lens broteins.. Long wave UV radiation (320 nm-400 nm)lhas been associated
with #ormation of nuclear catakééts, and tryptophan has been suggested
to beéthe major absorbﬁﬁg chromdpﬁore. Trypfbphan is'not destroyed by

the r%diation, but. rather passes thelabSOrbed energy'on“to other cell

compohents including water, with generation of H202 or sUperdxide
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radicals. These highly reactive species in turn are hypothesized to

react with lens proteins producing the high molecular weight macromolecu-
lar épecies present in cataract (82). As the lens ages the proteins also
demonstrate such changes as C-terminal degradation, crosslinking,

- deamidation, racemization, glycation, and insolubilization. If the
cytoarchitecture were sufficiently disrupted by these and other post-
translational modifications of the structural proteins, the resulting
anomalous fibers could act as scattering points for Tight.

With the development of cataracts there is also a decrease in
titratable sulfhydryl groups (75). Sulfhydryl oxidation has been clearly
associated with increases in the insoluble fraction as well as with the
disulfide linked high molecular weight aggregate. These changes are
believed to result from post-translational modifications which confer
on the lens proteins an increased susceptibility of crystallin sulfhydryl
groups to oxidation. The sulfhydryl content of the lens: crystallins
varieé with Y-crystallin containing the highest amount with 6 cysteine
residues per polypeptide chain. The B-crystallin has somewhat 1es$ with
2 cysteines per chain and anrysta]11n the Teast with one per oA subunit.
The lens proteins are long ]ived, experiencing multiple potentially
cataréctogenic insults. It is likely that the cataract is a record of
the sLm of these factors.

Several theories have been put forth for cataract formation in
diabeies. One theory involves the enzyme aldose reductase and the

sorbiko] pathway~(36) which may be summed up as follows:

I
|

glucose + NADPH + H* <a1dose reductase> _sorbitol + NADP*

sorbito]v+.NAD+ <po]yo] dehydrogenase>v fPUCtOSG-+'NADH‘+’H+

glucose + NADPH + NAD &——> fructose + NADPT + NADH
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The Km for this enzyme is about 700 times that of hexok1nase
(700 x 10"4 Mvs 1lx 10"4 M), consequently less than 5% of lens glucose
is norma]]y converted to sorbitol. However, since hexokinase is the
rate jimiting step of glycolysis, as g]ﬁcose increases in the lens, the
sorbito] pathway is activated relatively more than: glycolysis and sorbito]x
accumulates. Sorbitol is then metabolized to fructose by the enzyme
polyol dehydrogenase. Unfortunately, this enzyme has a relatively high
Km (1 x 1072 M) which means that considerable sorbitol will accumulate
before it is further metabolized. This, combined with poor permeability
of the lens to sorbitol results in retention of sorbitol in the lens
(38).5 This increase in sorbitol increases the osmotic pressure within
the ]éns, drawing in water. At first the energy dependent pumps of the
lens are able to compensate but ultimately they are overwhelmed. As a
resu]& there is swelling of the fibers, diéruption of the normal archi-
tectJre, and u]timate1y lens opacification (38).

.A second theory involves aldose reductase based on the cofactor
NADPH This theory postulates that as aldose reductase activity is
1ncr%ased the NADPH pool will be depleted. This depletion results in a
decr&ase in the regeneration of glutathione via glutathione reductase.
w1th%reduced glutathione dep]eted, the lens is subject to free-radical
and %xidative damage resulting in disulfide bridge formation between
prot%ins. These disulfide linked proteins would become larger and
1nsoﬁub1e. The resulting aggregates may act as scatterpoints for light

|

that iproduce lens opacities (40).

Non-énzymatic Glycation and Cataract Fbrmation

,Non enzymatic glycation has also been implicated as a potent1a1

cause of d1abet1c cataracts. There are several factors which make the
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1ens§su§ceptib1e to non-enzymatic glycation: fikst, like the fed cell,
the iens does not require insulin for glucose uptake. Thus, the lens
is eiposed}to high concentrations of glucose during the hypergiycemia
of dfabetes. Secoﬁd, lens crysta111hs have 1little or no turnover and
are therefore particularly susceptibié to post-translational modifica-
tions. As discussed earlier, non-enzymatic glycation is dependent on
glucose concentration and protein half-1life.

Many researchers have examined the role of .non-enzymatic glycation
in the formation of diabetic and senile cataracts. The basic tenet is
that glycation of lysine residues results in a conformational change
whiChgleads to aggregation and disulfide bond formation. To study this
hypothesis researchers have used various methods to examine the sulf-
hydrMH oxidation stdte, high molecular weight protein formation, and the
exte%t of non-enzymatic g]ycatidn in lenses. As this research has
contiﬁued several methods for examining non-enzymatic glycation have
been ﬂeve]oped (Fig. 9). One of the first techniques used with the lens
protéins was reduction with tritiated sodium borohydr1de. This procedure
both ;tabi]izes the ketoamine linkage and results in one non-exchangeable
tritipm label at the glycated amino acid. The extent of glycation of
the p}otein may then be examined and coupled with amino acid analysis
and an appropriate standérd,.the glycated amino acids may be identified
and qpantified.

Flickiger and Winterhalter (83) have used mild acid hydrolysis with
oxa]ip acid to release 5-hydroxymethyl furfuraldehyde, which may be

measu}ed colormetrically with thiobarbituric acid (TBA). This method

gives an overall estimation of ketoamine linkage. However, this method

| :
is cumbersome and provides only a relative index of the extent of

E
|



FIGURE 9. Various methods for the detection and quantification of
' ~ Amadori_products

_ From Monnier, V. M. and Cerami, A.: Non-enzymatic glycosyla-
~tion and browning in diabetes and aging. Diabetes 31: 57-63,
1982. ' '
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g]yc%tion. Secondly, this test requires samples free of contaminants
suchéas reducing sugars or lipid oxidation products, which also produce
co]o?.with TBA. . More recently an affinity chromatographic procedure has
bgenldeve]oped usihg'aAphenyl boronic écid resin (16). 'Native”Or_boro-
hydr%de,reduced glycated residues coﬁtain a 1,2-vicinol group which
will be retained on the phenyl boronaté group. |

The potential role of non-enzymatic g]ycation‘of']ehs crystallins
in the formation of "sugar"‘catakacts was first investigated by Stevens
et al. (84). The incubation of *C-labeled g]ucése or glycose-6-
phosﬁhate with lens crystallins from bovine lenses led with time to an
1ncofporation of radioéctivity 1nt6 acid-precipitable proteins. Concom-
1tan£]y, an opacification of the solution occurred in the presence of
oxygén that mimicked the sugar cataracts of experimental diabetes and
ga]a%tosemia. The opacity was found to be due to the presence of a
disuifide-]inked high molecular weight (HMW) aggregate. Observations by
Spec%or and Zorn (85), showed an increase in titratable sulfhydryl
grouﬁs of a-crysta]]invas the pH was increased from 8.8 to 10.4. They
propésed that the dejonization of the e-amino groups of lysine residues

altered the conformation of the protein, resulting in an unmasking of

the

wn

ulfhydryl groups. Therefore, Stevens et al. hypothesized that
non-enzymatic glycation of lysine residues would lead to the exposure of
- sulfhydryl groups, thus making the protein more susceptible to oxidation
and aggregation (84). |

|These studies were extended to cataracts. formed in diabetic and

galactosemic rats. A 10- and 5-fold increase in glucose and galactose
1ysiﬁe adducts were detected in diabetic and galactosemic cataractous
1ensés, respectively. As in earlier work a disulfide Tinked HMW protein
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aggr%gate was also detected (86). Overall these'expériments suggest
thatinon-enzymatic glycation could participate in the cataractous. process
by réndering the protein more vulnerable to oxidation.

EThe effects 6f non-enzynﬁtiq'élycation have a]so-been studied as a
function of age.. Bunn and coworkers showed“an“ége dependent increase in
glycation of bovine‘]éns cfysta1lins~(87). Since tﬁévnon{énzymatic
glycation reaction is dependent‘oh thé‘proiein half-1ife as well as
glucose concentration they proposed that b]ycation may contribute to
senile cataract formation.- Using‘thé incorporation of tritium from
sodi&m borohydride reduction as the criterion for the extent of glyca-
tion; they showed a 2.4-fold increase in glycation of a-crystallin
betwéen 2- and 4-year-old lenses. Increases in glycation were also

|
observed for other crystallin components.
l ,
‘Several authors have studied the proposed correlation between

non-énzymatic glycation and disulfide formation. Awasthi et al. (88)
1ncuéated bovine lens crystallin proteins with glucose. Turbidity of
the éo]utions followed by precipitation developed rapidly, particularly
with%proteins,that were already in the oxidized form. However, no
prec{pitation was observed with crystallins that had free sulfhydryl

: grou;s prior to incubation. Therefore, the authors concluded that
g]ucdse induces aggregation of crystallins by some mechanism other than
expo%ure of sulfhydryl groups.

}These observations were extended by Ansari et al. with the examina-

!
tion [of human lenses. Human normal, diabetic cataractous, and senile
cataﬁactous lenses were separated into water-soluble, urea soluble, and
insoluble protein fractions. Protein disulfide, mixed disulfide bonds

and glycation (determined by tritiated borohydride reduction) were
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mea%ured in these fractions. Overall no linear correlation could be
obs%rved between sulfhydryl oxidation and glycation. However, marked
incﬁeases in both borohydride-reducible bonds (glycation) and disulfide
bondg were observed in the urea-soluble and insoluble fractions from
diabetic cataractous lenses (89). Although these results point to a
correlation between g]ycatidn and sulfhydryl oxidation in diabetic
‘cataract formation, théy'can be also attributed. to the consequences of
polyol accumu]atioﬁ; osmotic stress on the lens, and loss of glutathione.

Liang and Chakrabarti (90), later studied the effect of glycation
withjg]ucose—e-phosphate on theféonformation of purified bovine lens
protéins. Using circular dichroism (€D) they demonstrated changes in
the hear ultraviolet (UV)ﬂCD characteristic of aromét{c ahino acid
residues. However, no change in the far-UV CD was observed. Their
resufts were interpreted to indicate that g]ycation causes a change in
tertﬂary structure of the molecule but that the secondary structure
(pepthde background) was unaffected. Additionally, no evidence of a
conne%tion between glycation and extent of disulfide Tlinkage was
obser%ed. _

%hort]y after Stevens and his associates pyblished their results,
Pande‘ggugl. (91) examined the glycation of human lenses in moreldetail.
Their}experiments involved tritiated sbdium borohydride reduction of
human}nofma], diabetic cataract, and senile cataract lenses. The results
showed no significant increase in non-enzymatic glycation in any crys-
tal]i% fraction or of high molecular weight aggregate. However, the
1nsol@b1e HMW proteins that are believed to be involved in the catarac-

tous ﬁrocess had three times the specific activity of the other'protein

fractions. Further analysis of the tritium incorporation in the acid
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hydﬁo]yzed protein by cation exchange chromatography demonstrated

seeral radioactive peaks other than the expected 1-deoxyglucitolyl
]ysihe. They concluded that there is no increase in glycation of lens
prot%ins in diabetes, and glycation is not involved in cataract forma-

tionL They further questioned the use of tritiated borohydride reduction

as a|measure of non-enzymatic glycation due to other non-specific side
reac%ions. However, further studies by other researchers has firmly
established this as a reliable index for non-enzymatic glycation (92,96).
A different approach to study non-enzymatip glycation of lens

proteins was_used‘by Gopa1akrishna et al. (93). They used a modified
phenoJ-su]furic'acid reaction to quantitate the extent of g]ybdtion in
diabe%ic cataracts, senile immature nhélear‘cataracts, senile immature
corti%a] cataracts, and senile mature éortiéa] cataracts. The soluble
and ukea soluble fractions were hydrolyzed under mild conditions. This
resu]%s in the bound hexoses forming furfural derivatives which then
react%with the phenol-sulphuric acid to form a colored product which is
read Qith a spectrophotometer. A second aliquot of the lens fraction is
reactéd with sodium borohydride which will prevent the formation of a
furqua] product with miid hydrolysis. The difference in the concentra-
tion o% phenol-sulphuric acid positive material before and after reduc-
tion w%s used as an index of non-enzymatically bound hexoses. Their

i .
results showed a significant increase in the glycation of the diabetic

|

catara¢t compared to all the other groups. However, there was an overlap
|

betweeﬁ the diabetic cataracts and the senile mature cortical cataracts
! .

(SMCC); This was attributed to the decrease protein levels found in the

SMCCs.
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Sévera] authors have used similar chemical methods to determine the
extent;of non-enzymatic glycation in dfabetic cataract lens proteins.
Kasai ﬁnd coworkers (94) have studied the non-enzymatic glycation of
diabetﬁc cataract and senile cataract lenses and-in vitro glycations of
lens p?oteins with various concentrations of glucose using the thiobar-
bituriE acid assay (TBA). Their results demonstrated that the human
lens proteins can be glycated both in vivo and ‘in-vitro, and that the
glycation is concentration dependent. In addition, non-eniymatic glyca-
tion was increased in both senile and diabetic cataracts and signifi-
cant]w higher in fhe diabetic than in the senf]e cataract group. The
mean Jge of the diabetic patients (67 years) was significantly younger

|
than that of the senile patients (75 years). It was concluded that the

non—eqzymatic glycation of lens proteins.is‘acce]erated by - the hyper-
g]yceAia of diabetes.

A similar study was done by Lee and colleagues (95) using the TBA
assayéto measure non-enzymatic glycation of nuc]ear'and cortical lens
proteﬁns from diabetic and senile cataracts. Théfr‘study concluded that
g]yca&ion_ofulens cortical proteins, but not nuc]ear.prdteins, was sig-
nific%nt]y higher in diabetic patients compared to senile cataracfs.
Furth%rmore, the glycation of the lens cortex was significantly greater
than %hat of the lens nucleus in the diabetic cataract; while it was
somewéat decreased in the non-diabetic counterparts. This implied that

l

the ]%ns nucleus may not be exposed to as much metabolic variation of
g]uco%e in adulthood as the cortex.

The most recent work on non-enzymatic glycation of human lens
crystg]]ins was done by Garlick et al. (96). The g]uc?to]-lysine

(G]c-Lys) contact of soluble and insoluble crystallin fractions were
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measured after reduction with 3H-borohydride followed by acid hydrolysis,
boronic acid affinity chromatography, and high pressure cation eXchange
chromatography. The study group consisted of human diabetic cataract
]enses;and normal lenses of various ages (0.2-99 years). The results
showedithat the soluble and insoluble fractions had equivalent levels of
g]ycat%on. The content of Glc-Lys in normal lens crystallins increased
with age in a linear fashion. Thus, the non-enzymatic glycation of
non-diabetic lens crystallin reflected a biological clock. The diabetic.
lens crystallin samples showed about twice as much Glc-Lys residues
'comparéd to that of the control samples. Also, the Glc-Lys content of
the digbetic lens crystallin samples did not increase with ]ens'age,and
insteah was postulated to corre]ate to the degree of lifetime glycemic
controh.

Tbis study was designed to‘detefmine ﬁhesnelationship between non-
enzymaﬁic glycation and the formation of the HMW-aggregétes believed to
be resbonsib]e.for cataract formation. Streptozotocin induced diabetic
rats w%re periodically sacrificed and thé ienses‘were‘examined for
g1ycaﬁed protein, and glycated amino acids ]evé]slwere¢kem0ved; .The
use og affinity chromafography. xIn additioh,,senéitive HPLC techniques
were developed to monitor the progressive changes in lens crystallin
composition and the formation of the HMW aggregates believed to be
responsible for cataract formation. The su]fhydry]‘content was also

determined to show the degree of disulfide formation as catarcts

developed. Furthermore, the non-enzymatic glycation of both the:water-

soluble and urea-soluble fractions was characterized: in -control -and
diabe?ic‘cataract lenses. This characterization .include the identifica-

tion of the protein components of the urea-soluble fraction as well as
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their ieve] of glycation. Lastly, the components of the HMW aggregate -
were identified and the extent of glycation of each component was deter-

mined.é The characterization of the glycation of the HMW components was
extended to locating the specific sites of glycation within the crystallin

po]ypeﬁtide sequence.
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| | MATERIALS AND METHODS
I. . Materials

Animals: 90 Sprague-Dawley (Harland Co., Madison, Wisc.) rats ‘

(100-1%0 g) were divided into two groups consisting of 45 control and 45
experi@enta]. The experimental group was made diabetic by injection of
65 mg/kg streptozotocin intravenously according to the procedure of Rasch
(117).; Diabetes resulted within 48 hrs after injection. Every three
weeks é experimental and 5 control animals were sacrificed and both
1enses£from each.animal were removed. At the time of sacrifice, 5 cc of
hepariLized blood was drawn by cardiac puncture. Plasma glucose levels
and glycated hemoglobin levels were then used to determine the level of

hyperglycemia and the severity of diabetes.

II. Methods

AD Crystallin Preparation

‘ The soluble and insoluble crystallin fractions were prepared
by a modification of the procedure of Herbink et al. (57).

, Lenses from individual animals were rinsed with 50 mM sodium

phosph%te buffer (pH 7.0) and suspended in 3 ml of.the same phosphate
bufferi The Tenses were then hdmogenized under_nitrogenAusing a Dounce
groundég]ass tissue homogenizer. The resu]ting>suspehsibn was centrifuged
for 1 %r at 6,000 x g at 4°. The supernatant, which comprised the water
solub]g fraction, was then dia]izéd for 24 hrs against 500 volumes of

50 mM sodium phosphate (pH 7.0) af.4°.' The pellet was washed with

10 volpmes of the phosphate buffer and centrifuged for 10 minutes at
10,00d x g three times. The pellet was then resuspended in 2 ml 7 M

urea, 100 mM HEPES, 25 mM NaCl, 1 mM EDTA (pH 8.5) and stirred by magnetic

41
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stirreﬁ for 2 hr at 4° under nitrogen. . This suspension was centrifuged
for 30'min at 10,000 x g at 4°. The resulting supernatant was the urea

so]ub]é fraétion.
|

B) Affinity Gel Chromatography
%= The affinity gels used in this study contain a phenylboronate
functiéna}_group covalently bound to either agarose or arylamide beads.
The phénylboronafe group will reversibly bind the vicinol diol groups of
hexoseé (Figure 10) (118). This binding occurs when the phenylboronate
group js in the unprotonated form (pk 8.0). The bound glycosylated
residue may be eluted by the addition of a competing compound, i.e.

100 lisorbito], or by Towering the pH.
|

1) Quantification of glycated crystallins:from soluble fraction

The glycated crystallins were quantified using Isolab
G]yc-A%fin microaffinity columns from Isolab Inc., Akron, Ohjo.v These
co]umn% came prepacked with phenylboronate agarose‘in a column size of
0.5 cmix 4 cm. Developers needed for the chromatography were supplied
by thegsame company. The column was equilibrated with 2 ml of the column
preparation solution which consisted of 100 mM asparagine and 10 mM MgC1,
pH >9.Q. The. sample, 5 mg, was made basic (roth]y pH 9) by'the.addition
of 15 ﬂ] of 0.1 M NaOH and applied to the top of the microcolumn. Once
the sa%p]e had flowed into the gel 2 ml of the First Fraction elutant
(100 mﬂ glycine, 10 mM MgC], pH >9.0) was applied and the elutant
co]]ecked. This ffaction'containé'the non-glycated proteins. The
g]ycat%d proteihs were eluted by the addition of 1 ml of the Second
Fractibn e]Uting buffer which consisted df 100 mM sorbitol. Thié.fraction
contai%ed the glycated proteins. The percentage of glycated protein was

| .
determined by taking 100 u1 from each fraction and reacting with 5 ml of
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the Bio Rad protein determination reagent. After a 5 min incubation at

room témperature, each sample plus one blank was read on a spectrophbtom—

eter a# 595 nm. The calculations are as follows:

2 x (fraction 1 - blank) + (fraction 2 - blank) x-10O = % glycoprotein

i fraction 2 - blank
|
|

- 2) Quantitation of glycated proteins from inéo]ub]e fraction
The glycated proteins from the urea soluble fraction were
quantified in a procedure similar to the one used for the soluble frac-
tion. A 7 M urea solution was made using each of the First Fraction and
Second;Fraction eluting buffers. The sample size was 5 mg in the urea,
HEPES,%EDTA"buffer as described earlier. All other procedures wére the
same a% described. |

3) Quantification of glycated hemqg]obin-]éve]s

% _ ~ Glycated hemoglobin levels has been recognized as an
exce]]ént measure of overall diabetic control. The glycated hemog]obin
level Qas determined using the Isolab Glyc-Affin GHb microcolumns and
bufferg as described by the manufacturer (97). Briefly, the procedure
‘was as |follows. Fifty ﬁ] of the freshly drawn blood was mixed with 400 wl
of the sample preparation reagent and incubated at room temperature for
10 min: This lysed the cells and insured the basic pH necessary for

ligand |binding. The column was prepared by addition of the column prepa-

ration reagent and 50 ﬁ] of the hemolysate applied to the column. The .

non-glycated hemoglobin was eluted with the First Fraction e]uting>reagent
and diluted 10-%01d. The glycated hemoglobin was eluted with the Second
Fracti?n eluting reagent. Both fractions were read on a spectrophotometer
at 415 nm. Ca]cu]étions were as follows:

? fraction 2 -
.10 x (fraction 1) + (fraction 2)

X100 = % glycohemoglobin

i
i
|
i
|
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too4) \Quéntification of.g]ycated~amino’acids

; The glycated amino acids were quantified using Bio Rad
Affigei 601 by a modification of the procedure of Brownlee et al. (1195.
The Af%igel 601 consists of the phenylboronate group covalently bound to
acry]a@ide beads. The concentration of functional groups is such as
that sﬁa]] glycated molecules, i.e. amino acids and small polypeptides,
are reQersib]y bound. - Five mg of each soluble and insoluble (urea-
soluble) fraction was reacted with 50 ﬁ1 of 1M NaBH4 in .1 M phosphate
buffer, pH 6.0, for 1 hr. Each sample was then dialyzed for 24 hr
againsé 500 volumes of disti]]ed water at 4° with several changes of
water.g The samples were then hydro]yzed'fdr 24 hr at 110° with 6 N HCI]

| .
under Qacuum. The borohydride reduction prevented any of the carbohydrate

residues from being removed by the acid hydrolysis. The samples are
_ then dﬁied under a stream of air at 56°. The hydrolysates were redis-
solved iwith. 25 mM sodium phosphate, 5 mM MgCl, pH 9.0 and the pH was

adjusted to 9.0 with 0.1 M NaOH. Next, the hydrolysate was applied to a

1 cm x |10 cm column packed with the Affigel 601 equilibrated with the
same pﬁosphate buffer used to redisSo]ve.fhe hydrolysate. The non-
g]ycatgd amino acids were eluted with 35 ml of the phosphate, MgCl
buffer, To elute the g]ycated'ahino\acids 15 ml of 25 mM HC1 was applied
|

to the icolumn. Both fractions were 1yoph11izéd to dryness using a dry

ice/acetone bath and a Labconco freeze drier lyophilizer. The samples

were then redissolved with one ml distilled H,0. 100 ul of the non-

| .. ’
g]ycatéd fraction and 200 ul of the glycated fraction was then reacted
with nfnhydrin and read at 570 nm with a spectrophotometer as described

e]sewhére in Methods.
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‘ 5) Isolation of glycated polypeptides

. Affigel 601 affinity‘gel was a]solused to isolate glycated
po]ypeétides obtained by‘gnzymatjc cleavage (118). ‘Sixty;mg of the
1nso]u$1e fraction‘1abe1ed by tritiated borohydfide:redhction solubilized
in the%urea buffer was applied to the molecular sieve HPLC system. One mi
fractiéns were collected and peaks were pooled based on absorbahce moni-
tored at‘280 nm. Pooled fractions of [3H]NaBH4 1abe1ed high molecular
weight protein in 7.2 M urea buffer obtained by molecular sieve HPLC‘was
concentrated by Amicon ultra filtration (filter size YM10, 10,000 mw cut-
off) té a concentration of 10 mg/ml.. B-Mercaptoethanol was added to a
final %oncentration of .55% and the sample incubated at 40° for 30 min.

The sample was then diluted to a urea concentration of 2 molar.
? Two aliquots of the diluted sample cbntaihing 10 mg each

were tﬁen digested by trypsin or chymotrypsin (120). The enzyme (trypsin

or chy&otrypsin, 1 mg/ml in 1 mM\HC1) was‘added to give an enzyme concen-

tratioﬁ of 1% and stirred by magnetic stirrer at room temperature for

1 hr. IAt the end of 1 hr half of the original enzyme amount was added

and the sample was stirred for an additional hour. The resultant peptides

|
were then lyophilized.

The total enzymatic digest was redissolved in 3 ml of
25 mM sodium phosphate, 5 mM CaCl,, pH 9.0. The redissolved peptides
were aéded to 5 ml of the Affigel 601 equilibrated in the same buffer 4in

|

a 10 m] siliconized stoppered test tube. The tube was rocked gently for

|

5 min at room temperature. The slurry was poured into a 1 cm x 5 cm
glass go]umn and the non-glycated peptides were eluted with 50 ml of the
equi]iBrating buffer. The glycated peptides were next eluted with 20 ml
of 25 @M HC1 and both fractions lyophilized and stored at -40°C for

furtheé separations by C-18 reverse phase HPLC (section C.4).
| | ; o
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Ci HighiPerfqrmance Liquid Chfomatogfaphic (HPLC) Techniques

i 1)  Equipment o | o

I The HPLC equipment consjstéd of a Beckman dua]ﬂilo A pumb
gradieht system with a 421’contfoi1ek. Detection was accomplished with
a Beckéan Model 160 fixed wave]ength:spectrophotometer with a 10 ul flow
cell. EPeaks were recorded ﬁhd 1htegfated using“a'Hewlett Packard 3390 A
recording integrafor.

2) Molecular sieve HPLC

High performance 1iquid chromatographic size exclusion
separaﬁions of proteins have only recently become available with develop-

ment oﬁ rigid silica based packing material. The columns used in the
|

separaﬁion of lens crystallins were Altex TSK size exclusion columns.

These éolumns have a microparticulate rigid silica support with a -
‘ 4

bounded polyvinyl matrix. This provides a neutral, hydrophilic, matrix
of varjing pore sizes for the separation of molecules based on size and

molecular shape (121).

The Tlens crystallins from the soluble fraction were
separaéed using an Altex TSK 3000 SW, 7.5 mm x 600 mm column coupled
with a% Altex TSK 4000 SW, 7.5 mm x 300 mm column (Figure 11A). This
combination resulted in a molecular weight range of approximately
1.5 x 10 to 2 x 103 daltons. The mobile phase consisted of 50 mM sodium
phosphate, 50 mM NaCl, pH 6.8 with a flow rate of 1 ml/min and an iso-

cratic gradient.

The crystallin components from the insoluble fraction were

separated using similar size exclusion columns and a denaturing buffer
system% The columns used consisted of an Altex TSK -2000 SW, 7.5 mm x
600 mm ﬁoup]ed in series with an Altex TSK 3000 SW, 7.5 mm x 300 mm

|
|



FIGURE 11. Molecular sieve HPLC separations of the soluble fraction and
‘ _ insoluble fraction

A) Separation of soluble lens crystallins from the soluble
fraction using TSK 4000 SW column in series with TSK 3000 SW
i column. B) Separation of the insoluble proteins in the
insoluble fraction using TSK 2000 SW column coupled with

TSK 3000 SW column in, the presence of 7 M.urea buffer. Con-
ditions of chromatogram are described in Methods.
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(Figuré 11B). The molecular weight range was approximately 5 x 10° to
1x 104 daltons. The mobile phase consisted of 7 M urea, 100 mM sodium
phosphéte, 100 mM NaCl, 5 mM EDTA, pH 6.5 with an isocratic flow rate of
1 ml/mfn. ' |
% A11 chromatograms were run at ambient temperature and
absorbénce was monitored at 280 nm. Sample size for analytical runs for
both sd]ub]e and inso{ub]e fractions\was 200 ug in 2o_¢1 of the mobile
phase. For semi-preparative épp]ications, up to 20 mg in 200 ul could
be applied and fractions collected every 30 sec with a LKB fraction
co]]ecﬁor.

| The molecular sieve HPLC systems for both soluble and
1nso]u51e protein separations were calibrated using a mixture of proteins
of known molecular weights. A mixture of thyroglobulin (m.w. 670,000),
gamma QIobulin (m.w. 157,000), ovalbumin (m.w. 44,000), myoglobin
(m.w. 17,000), and cyanocobalamine (m.w. 1,250) was injected onto each of
the moﬂecu]ar sieve HPLC system described above. The results were
p]otte4 as the log molecular weight as Kav (Kav = (Ve-Vo/(Vi-Vo) where
Ve = eﬁutfon volume of peak, Vi =.column volume, and Vo = void volume)
(Figur%~12).

i 3) Reverse phase HPLC separation of crystallin subunits

i
i

| Reverse bhase chromatography (RPC) separates proteins,
peptid%s or other molecules based on a molecule's hydrophobic-hydrophilic
properéies,. The column packing cdnsists of a silica based support with

a boun% matrix of long chain alkyl groups. These side chain carbon units
providé a hydrophobic environment which will bind molecules when the
co]umn%is equilibrated with hydrophilic buffer. The molecules are eluted

with a;gradient of organic hydrophobic solvents in order of their

i



FIGURE 12.

Calibration curves of molecular sieve HPLC systems

A) Curve obtained by TSK 3000 SW-TSK 4000 SW columns in

~ series. B) TSK 2000 SW-TSK 3000 SW columns in series:

1) Thyroglobulin (m.w. 670,000), 2) Gamma Globulin

(m.w. 157,000, 33 Ovalbumin (m.w. 44,000), 4) Myoglobin
(m.w. 17,000), 5

Cyanocobalamine (m.w. 1,250).
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hydrophobic properties. The column used for the RPC separation of lens
crystaﬁ]in subunits was a Vydac C-4 co]ﬁmn. The matrix is cdmposed of a
mi 1d h§drophobic foﬁr carbon side chain bounded to a macroporous silica
supporﬁ. The large pore (300 Z) support combined with the short alkyl
side_cﬁain allows for larger molecules to be separated such as proteins
withou£ the irreversible binding which occurs on smaller pore long chain
octyldecyl (C-18) columns. The lens crystallin subunits were separated
by RPC by a modification of the procedure of Shelton et al. (109) using
a 1% trifluoroacetic agid:acetonitfi]e gradient. This system will
dissocfate the crystallins into their individual subunits without the
use ofjurea, SDS, or guanidine HC1. The deve]oper A consisted of 1%
trif]udroécetic acid in water and developer B was 100% acetonitrile with
a grad{ent system as follows: After 20 min equilibration with 20% B the
samp]e%is injected and deve\oped first withfa linear gradient from 20% B
to 50% B in 50 min. This was followed by an isocratic gfﬁdient of 50% B

for 10 min then a steep gradient from 50% B to 70% B in one min and then

i
H

an isocratic gradient of 70% B for 10 min. The column is then purged
for 10 min at 100% B. The flow rate is maintained at 1.5 ml/min and the
system [is run at room temperature.  The sample size was between 100 and
500 ug lin 20'u]; Absorbance was monitored at 280 nm. A1l developers

were filtered and degassed under vacuum prior to use.

i
.

4) Reverse phase separation of tryptic- and chymotryptic poly-

peptides
The glycated tryptic and glycated chymotryptic peptides

|
1so]ateh by affinity chromatography were separated through the use of
‘ reverse phase C-18 HPLC (122). The column used was an Altex C-18

4.5 x 250 mm which utilizes a silica support with an octyldecyl (C-18)

)
|
[
|
H
|
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alkyl side chain. This matrix provides a strong hydrophobic environment
which optimizes the separation of small peptides and amino acids. Devel-
oper A consisted of 0.1% trifluoroacetic acid in water and developer B
consisted of 100% acetonitrile. Elution of the polypeptides was accom-
plished after a 20 min equilibration with 100% A followed by a linear
gradient from 0% B to 100% B in 90 min. Flow rate was maintained at

1 ml/min and 30 sec fractions were collected. Absorbance was monitored
at 214 nm.

5) Amino acid analysis with C-8 reverse phase HPLC

QThe amino acid analysis of the lens proteins and their
subunits were performed using a Beckman 121M amino acid analyzer. This
procedure utilizes a catibn exchange column followed by post-column
derivatization with ninhydrin. Subsequently, techniques for amino acid
analysis were developed using C-8 reverse phase HPLC and pre-column
derivatization with phenylisothiocyanate (PITC) by a modification of the
procedure of Heindrick et al. (98). This method was used to determine
the amﬂno acid composition of the g]yéated beptides'isoiated by affinity
chromat@graphy.

% PITC reacts with the unprotonated free amino group of
amino a?ids to yield a derivative which absorbs at 254 nm. Proteins and
po]ypep%ides were hydrolyzed to individual amino acids by hydrolysis in
6 N HC]éat 110° under vacuum for 24 hr. The hydrolysate was then dried
under aistream of air at 50° and then redissolved with 1 ml of a deriva-
tizatio% buffer composed of pyridine, methanol, and triethanolamine
(10:3:23. The amino acids were then derivatized with 10 p] PITC and
incubated for 5 min at room temperature. The samples were next dried in

a vacuum dessicator at 50° (approximately 20 min). The drying of the
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samples’ under vacuum was essential to remove the excess PITC and miscel-

'i
!

]aneous;byproducts. The dried samples were redissolved in 100 ul of the
HPLC developer A. Reverse phase HPLC was-used to separate the derivatized
amino apids using an Altex C-8 column (4.5 x 250 mm) and an ammonium
acetatekacetonitri]e gradient. Developer A consisted of 50 mM ammonium
acetateL pH 4.5, and deVe]oper B was composed of a 50:50 mixture of

200 mM ammonium acetate, bH 4.5:acetonitrile. The column Was equilibrated
with 100% developer A for 20 min. After sample injection, a gradient
from 0% B to 50% B in 30 min was initiated to elute the amino acids
f0110we§ by purging at 100% B for 10 min. Absorbance was monitored at

254 nm %nd flow rate was maintained at 1 ml/min.

i
l . " . . .
1 The amino acid composition was determined by comparison

to a standard mixture containing'ZO nmol/ﬂ]‘of amino acids (Figure 13).
In addition to the standard.mixture,Aa.e-émino_glycéted Tysine standard
was pre?ared by incubating poly-lysine with:l M g]u&bse followed by
sodium ?orohydride reduction and acid hydro]ysis. The glycated lysine
was isoﬁated by affinity chromatography as described. This glycated
lysine was added to the commerical standard mixture prior to derivatiza-
tion. | |

D) Sodium Borohydride Reduction

__Borohydride has been used for over 50 years in carbohydrate
chemistry as a reducing agent which will reduce an aldehyde or ketone

group of a carbohydrate to its corresponding alcohol. In the case of

non-enzymatic glycation, borohydride reduction results in a structure

! .
which 15 stable to acid hydrolysis. This was essential prior to glycated
amino aFid quantification and analysis. Secondly, the use of tritiated

borohyd}ide (H3[NaBH4) to reduce the bound carbohydrate resulted in the



Standard amino acid separation after pre-column derivatiza-

~ tion by PITC followed by C-8 reverse phase HPLC

The amino acid standard mixture consisted of the following:
D=Asp, E=Glu, S=Ser, G=Gly, H=His, T=Thr, A=Ala, R=Arg,
P=Pro, Y=Tyr, V=Val, M=Met, W=Trp, I=Ile, L=Leu, GK=glyco-

Lysine, F=Phe, K=Lys.
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incorpo&ation of one non-exchangeable tritium label for each non-
enzymat{ca]]y glycated residue.

j The borohydride reduction using unlabeled sodium boro-
hydride was carried out by a modification of the method of Chiou et al.
(87). é 1 M solution of NaBH4 is prepared in 100 mM potassium phosphate,
pH 6.0. A 100 molar excess of the borohydride was added to the lens
protein sample and allowed to react at room temperature for 10 min. The
sample is then allowed to react for an additional 50 min at 4°. The
unreacted borohydride was removed by extensive dialysis against
100 v0]qmes of distilled water at 4° for 48 hrs with distilled water
changes:every 8 to 12 hr.

| The tritium labeled borohydride reaction was carried out
as follows: 1.8 mg of [H3]NaBH4 (specific activity 550 mCi/mmole),
25 mCi, was dissolved in 1 ml of 0.1 M KH,P0,, pH 6.0. The protein
so1utiods were reacted with 100 uCi/mg protein which was approximately a
25-fo]d§mo]ar.excess of the sodium borohydride. The samples were allowed
to reaca as described above and then dialyzed.

E) i Ninhydrin Reaction

! Ninhydrin reacts with primary aminb groups:, particu]ar]y the
o= NH2 groups of amino acids, to generate a ‘blue color, Ruheman's purp]e
The g]ycated amino acids isolated by affinity chromatography were

quantified by reaction with ninhydrin by a modification of the procedure
of Moore|and Stein (99). Thé ninhydrin so]utioh was . prepared by
disso]vikg 249 nihhydfiﬁ‘in 50 ml of peroxide free methyl cellosolve
(2-metho%yethano]). This was added to 50 ml of citrate buffer, pH 5

(80 mg ShC]z*'Z H,0, 2.1 g citric acid monohydrate, and 20 ml of 1 M NaOH,

diluted to 50 ml with water). The ninhydrin solution was then filtered
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. through' glass fjber{ saturated with N2 and stored at 4? in a dark bottle.
The dried amino acid samples were redissolved in 400 ﬁ] pf H20 and 0.50 ml
ninhydr?n reagent, and the tubes voftexed to:mix the solutions. The
tubes wére covered and heated for 20 min in a boiling water bath. The
tubes were then cooled, and 2.5 ml 50% (v/v) prbpan+2~ol¢was added to
each tube. The contents of each tube were mixed thorpugh]y by vortexing
and the absorbance'atﬁ570'nm measured withiﬁ 1 hr. The:apprqximate
molar extinction coéfficient, Es70s 15 2 X 10*. Blank tubes should give
little absorbance (<0.05). |

F).

i -Plasma Glucose Determinations
1
|

Plasma glucose levels were performed on eagh-anima] immediately
at the éime of sacrifice to confirm the level of diabetic:control.
Five m]iof blood was obtained by cardiac puncture using a syringe con-
taining;IO mg. EDTA (ethylenediamine tetraacetate). The blood wa§ then
centrifuged at 2000 x g for 10 min and the plasma .obtained. The plasma
glucose [levels were determined by the glucose oxidase-peroxidase assay
of Raabo| and Terkildsen (100) provided in kit form from Sigma chemical
compaﬁy. The procedure is based on the simultaneous use of glucose

oxidase and peroxidase coupled with a chromogenic oxygen acceptor such

as 0-dianisidine. Glucose is oxidized to gluconic acid and H,0, by
glucose 9x1dase. The peroxidase catalyzes the oxidation of O-dianisidine
(co]or]e?s) by Hy0, to the oxidized form (brown color). The intensity

of the brown color meésured at 450 nm was proportional to the glucose
concentration. A standard of 100 mg/dl glucose was used to determine

the actual glucose level. Briefly, 25.ul of plasma (also standard and
H20 b]an@) is added to 0.5 ml water and 5.0 ml of combined enzyme-color
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reagent solution (Reagent A). Incubate tubes for 45 min at room tempera-

ture and read absorbance at 450 nm. Calculations are as follows:

Abs sample - blank
Abs standard = blank X 100

G) - Protein Concentration Determination

Serum Glucose (mg/dl1) =

Protein concentrations were determined using the Bio-Rad

protein ‘assay. The assay is based on the dye-bindjng assay developed by
Bradford (101) and involves a color change of a dye in response to various
concentrations of protein. Bovine serum albumin was used as a standard
and the initial results were compared to those obtained by the method of

Lowry (102).

H) © Sulfhydryl Titrations

i.The concentration of free and total sulfhydryls were determined
by titration with para-chloromercuricbenzoic acid (pCMB) by a modification
of the mgthod of Boyer et al. (103). This method invelves an increased
absorbance at 252 nm when pCMB reacts with sulfhydryl groups. Two sets
of measurements are taken, one in the absence and one in the presence of
0.01% SDS. The addition of SDS was used to determine the total reactive
su]fhydryT groups. A2 mM soiution of pCMB was prepared by dissolving
pCMB in é small amount of 0.1 N NaOH and then diluting to 2 mM with
0.05 M sodium phosphate buffer (pH 8.0). Two matched quartz cuvettes
were fil{ed with 3 ml of the protein solution (0.5 mg/m1) and placed ip a
double béam spectrophotometer set at 252 nm. One,quvette serves as a
blank wh%]e 0.01 ml increments of pCMB were added to the second cuvette
and abso%banée was measured at 252 nm. A second set of cuvettes con-
taining énly the phosphate buffer was used to determine the absorbance of
pCMB in the absence of protein as 0.01 ml increments were added. The
changes fn optical densities were plotted against mmoles of pCMB added.



FIGURE 14. Sulfhydryl titration with pCMB

The equivalence point (arrow) is determined by the pCMB
concentration where the two lines cross. Shown are titra-
tions obtained from control lens and 168 day diabetic
cataract lens.
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The c]agsica1 method for determining the number of reactive sulfhydryls
involves plotting the absorbance against the mmoles of pCMB added with
the equgva]ence points occurring at the break of the curve where two
lines tkrough the titration points on the curve intersect (Fig. 14).
HoweverL a more accurate measure of the equivalence point was developed
by determining the second derivative of the mmoles of pCMB added.

The number of reactive sulfhydryl groups was calculated based
on the moles of pCMB corresponding to the equivalence point and the
concentration of the protein solution. The concentration of the pCMB

so]utio# was measured using the molar extinction coefficient at 252 nm,

5 -3 _
. x 107° = 3.12.

i
i
|




RESULTS

I. Progressive Changes Within the Lenses of Diabetic Rats

A)i ‘Plasma Glucose and Glycated Hemoglobin Levels

% The plasma glucose levels and percentage of glycated hemoglobin
were deéermined on each animal at the time of sacrifice fo determine the
degree éf hyperglycemia. As shown in Figure 15 the control plasma
glucose levels maintained a consistent value between 110 and 133 mg/d1.
This is reflected by the glycated hemoglobin values which ranged fﬁom
4.2% to;5,7%. By comparison to the human system, the normal plasma
g]ucose;values range from 80 to 120 mg/d1 and the glycated hemoglobin
va]ue§ %a]] between 4% and 6%. The p1asma glucose levels in the diabetic
group rése immediately to a hyperglycemic state which ranged from

483 mg/é] to 779 mg/di. The g]ybated hemoglobin values showed a morej
gradua]?increase that p]ateaued at approximate]y 42 days with values
between%13.1% to 16.9%. Similar changes are seen in human diabetics
where giytated hembg]obin values may exceed 20% with the maximum value
reachedgafter approximately 60 days (25). The somewhat lower values and
shorter’time prior to the p]afeau reflect the decreased hemoglobin life
span in!|the rét (90 days) vs human (120 days).

‘B)| Glycated Lens Protein Levels in the Soluble and- Insoluble

Fractions

The glycated lens protein content was determined in the water--

soluble|and urea-soluble fractions at the time of sacrifice. Five milli-
grams of protein ffom each fraction of individual animals was applied to
a microéolumn containing a phenylboronate affinity gel as described in
the metﬁods section. The results shown in Figure 16 demonstrate that

the level of glycated protein in the control group remained constant

| | 60



FIGURE 15.

Glycated hemoglobin index of diabetic control

_ Glycated hemoglobin values were obtained by affinity chroma-

tography to indicate the level of diabetic”hyperglycemia of
each animal at time of sacrifice. Plasma glucose levels

~were also determined to confirm diabetic condition. Each

group consisted of 5 control and 5 diabetic animals. Values

~are mean * S.E.M.
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FIGURE

16.

Diabetic hyperglycemia dependent changes in glycated lens
proteins

The progressive increases in glycated protein from the
soluble fraction and the insoluble fraction were monitored
by affinity chromatography. Closed square = control soluble
fraction; closed triangle = control insoluble fraction;

open diamond = diabetic soluble fraction; open triangle =
diabetic insoluble fraction. Five animals were sacrificed

in each group, experimental and control. Values are
mean * S.E.M.
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through at the experiment. The insoluble (urea-soluble) fraction demon-
strateh a slightly higher 1eve]vof glycation than the water-soluble
fracti%n. This is contrasted by fhe diabetic group which showed a con-
tinua]%increase in glycatfdn of the water-soluble frattioﬁ from 0.5%
(iO.l)lat the beginning of the experimentito 7.7% (£1.1) at the onset of
cataracts and continuing upward to_i4.5%f(t1.0) by 168 days. A more
dramatic increase was démonstrated by the urea-soluble fraction which
rose from 1.5% (iO.Z).ai day C to 10.2% (il.S)»at_thefonset of cataracts
and increasing further to 17.4% (#2.6) at 168 days. The level of
g]ycatgd protein from the urea-soluble fraction remained consistently
higheréthan the water-soluble fraction. In contrast with the glycated
hemog]inn»va]ues the glycated lens proteins did not show any plateau
phase a%d continued to increase in a linear fashion throughout the
168 day%experiment.

)l Levels of Glycated Amino Acids

|

| In addition to determining the glycated lens protein concen-
tration, the glycated amino acids were also quantified and used in
conjunction with the glycated protein levels as an index of progressive

hyperglycemic changes. The glycated amino acids from borohydride reduced

protein hydrolysates were quantified by phenylboronate affinity chroma-
tograph* followed by reaction with ninhydrin as described in methods.

It is aésumed that the glycated lysine residues will react with ninhydrin
as would a monoamine amino acid due to the borohydride reduced ketoamine
§roup blocking the second site of ninhydrin reaction. Thé data directly -

reflect [the results obtained with the glycated protein value. As shown.

in Figure 17, the g]ycated amino acids in the control group increased

only marginally with the urea-soluble fraction consistently higher than
|

|
|
]



FIGURE: 17. ‘Glycated amino acids quantified by affinity chromatography

The glycated amino acids from acid hydrolyzed borohydride
~ reduced soluble fraction were quantifed by Affigel 601
~affinity chromatography. Each group consisted of 5 control
and 5 diabetic rats. Values are mean + S.E.M.
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the water-soluble fraction. The control group water-soluble fraction
showed an increase from 0.07% + 0.002 to 0.15% + 0.01 while the urea-
so]ub]e fraction increased from 0.23% + 0.002 to 0.33% + 0.02. A sig-

|

nificaht increase of glycated amino acids in both fractions was observed
in the%diabetic group. A 30 fold increase in g]ycated am1n0 acids 1in
the water soluble fract1on with the 0 day value of 0.08% (+0.002)
increasing to 2.73% (+0.3) by day 168. The urea-soluble fract10n showed
a similar increase with the initial vaTue of 0.23% (%0.02) increasing
11near1y to 3.15 at day 168.

Dﬁ Free Sulfhydryl Groups. as Determ1ned by pCMB T1trat1ons

i
I

i Free reactive sulfhydryl groups were determined by titration

with deB in the presence and absence of SDS. The values obtained with
SDS wi]h give a measure of the sulfhydryls after lens crystallin denatur-
ation, ﬁ.e. the total sulfhydryls. Decreasing sulfhydryls also indicate
disu]fi?e bond formation, an antecedent to cataract formation. The
levels %f free reactive sulfhydryis in the control animals remgined
consistént throughout the 168 day as did the total sulfhydryl levels
(Figure%lB). There was only a slight decrease in the free sulfhydryls

- from 36i7 + 0.5 to 35.9 = 0.6 ﬁmo] QSH/mg protein and the total reactive
su]fhyﬁry]s decreased from 42.1 = 0.7 to 40.3 '+ 0.5Lﬁm01 ;SH/mg protein.
Also, tne ratio between the free sulfhydryls and total su]fhydry]s
remaine& at a constant level. In the diabetic lens there was a steady
decrease in the free sulfhydryls from 36.1 + 0.8 to 21.0 + 0.8 ﬁmo]
~SH/mg. Wrotein. Also, there was a greater decrease ih the total sulf-
hydry]s’with a decrease from 41.3 + 0.5 to 24.3 + 0.6 ﬁmo] -SH/mg
protein.w There was also a significant decrease in the ratio of total to

free su]&hydry] from 1.15 to 1.09 indicating increased protein denatura-
|

tion or étructura] unfolding revealing hidden sulfhydryls.

|
|
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FIGURE; 18.

- Reactive sulfhydryls determined by titration withApCMB

~The reactive free and total sulfhydryls from the soluble
" fraction were determined by titration with pCMB. The free
~ sulfhydryls were determined by titration in the absence of

SDS. Titrations with the addition of SDS was used to deter-

. mine the total sulfhydryls. Each group consisted of 5
control and 5 diabetic rats. Values are mean * standard

error.
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E) Progressive Changes in the High Molecular Weight Aggregate and

. the Individual Crystallin Components

| Sensitive molecular sieve HPLC techniques were developed to
quantitate the high molecular weight (HMW) aggregates and crystallin
component in both the soluble and insoluble fractions (Figs. 19 and 20).
Development of these HPLC methodologies was essential to the study of
progressive changes occurring in the lens of individual animals because
it enabled us to study lenses from single animals.

1) Soluble and insoluble HMW proteins:

| Examples of HPLC separations of proteins in the soluble
and the insoluble fractions are given in:Figures 19 and 20, and the
results of such analysis as done on five control and five diabetic rats
over a period of 168 days are summarized in Figures 21 and 22.
B Thé soluble HMW protein is believed to be a precursor to
the {néolub]e HMW_protein, the increasing presence of;Which is indicative
of cataract formation. The soluble HMW protein was present in only small
amounts in the control group comprising a total of 0.8% (+0.08) at'the
onset of the experiment (Figs. 19 and 21). By day 168 the value had
risen to 3.8% (+0.9). The diabetic group showed:a dramatic increase in
the soluble HMW protein from an initial value of 0.8% (0.08) and
increasﬁng linearly to 27.1% (+1.3) after 168 days of diabetes. The
inso]ubhe,HMw protein was present in slightly higher amounts in the
contro]ianima]s‘and showed sihi]ar increases from 3.3% (x0.5) to 5.2%
(£0.8) éuring the 168 days (Figs. 20 and 22). This is contrasted by the
diabeti% group which showed an increase in the insoluble HMW protein from
3.3% (i¢.5) to 27.2% (%£1.9) at the onset of cataracts and increasing \

furtherﬁto 42.7% (+£3.6) after 168 days of hyperglycemia.

!
|



FIGURE,

19.

Molecular sieve HPLC separation of soluble crystallins

 One hundred micrograms of soluble fractions were applied to
~ the HPLC system using the TSK 3000 SW column in series with

the TSK 4000 SW gel permeation columns. Mobile phase and
conditions are as described in methods section. A) Control

~lens soluble fraction. B) Diabetic cataract lens soluble

fraction at 168 days hyperglycemic duration.
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FIGURE

20.

Molecular sieve HPLC separations of insoluble crystallins

~ One_hundred micrograms of urea-soluble fraction was applied

to the HPLC system using the TSK 2000 SW and TSK 3000 SW

~ gel permeation HPLC columns in series. Mobile phase was

7 M urea, 100 mM sodium phosphate, 100 mM sodium chloride,

- pH 6.0. A) Control lens insoluble fraction. B) Diabetic
~ cataract lens insoluble fraction at 168 day hyperglycemic

duration.
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FIGURE 21. Progressive increases in soluble HMW aggregate

~The soluble HMW aggregate was quantified by molecular sieve
HPLC. Soluble fraction from each animal were injected
(100 pg) onto the HPLC system as described. Shaded bar=
~ diabetic soluble HMW aggregates; unshaded bar=control soluble
~ HMW aggregates. Each group consists of 5 control and 5
~diabetic rats. Values are mean t* std. error.
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FIGURE 22.. -

. rats

Levels of insoluble HMW aggregate in diabetic and control

The 1ﬁso1ub1e HMW aggregate was quantifiéd by injection

(100 1ig) of insoluble fraction onto molecular sieve HPLC as

~ described. Shaded bar=diabetic insoluble HMW aggregates;

unshaded bar=control insoluble HMW aggregates. Each group

- consists of the individual lenses from 5 control and 5

diabetic rats. Values are mean * std. error.
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2)  Progressive changes in the soluble lens crystallin compo-
sition:
| The molecular sieve HPLC methodologies deVe]oped for the

quantﬁfication of the HMW proteins was also used to separate and examine
the vérious crystallin components from the soluble fraction. The results
in Tab]e III show only a minimal change in the crystallin composition of
the soluble fraction from the control animal lenses. As noted previously
there was a slight increase in the HMW fraction, although the o-crystallin
and Bjcrystallins remained constant. Neither the a-crystallin or the

B-crys&a]]ins demonstrated any pattern of increasing or decreasing per-
|

centagés while the y-crystallin showed only a slight decrease from 38% to
31% (Tgb]e IV). In the diabetic group there is not only an increase in
the HMw,protein but a ﬁorresponding decrease in the.y-crystal]in fraction.
The Y-crystallin values decreases in a linear fashion from 38.5% to 16.8%
at theionset of cataracts and decreasing further to 11.3% as the experi-
ment c&ntinues to 168 days. However, there was no overall change in
either ihe a-crystallin or B-crystallins percentages within the so]ub]e‘
fractioﬁ. |

,E 3) Progressive changes in the protein composition of the

1 V insoluble fraction:

As with the soluble fraction, the insoluble (urea-soluble)
fraction demonstrates changes in its protein compositiqn as diabetic
hyperglycemia continues. In additioh to the HMW proteih there are 4
protein Lractions separated by mo]ecu]ar sieve HPLC. Thésevpeaks are
labeled beak 1 through 4 as shown in Figure 20. -Table V shows the per-

cent combosition of the various cdmponénts of the urea-soluble fraction

as measured during the 168 day experimental duration. Similar to the




TABLE IIT. Hyperglycemia dependent changes in water-soluble fraction
' ~crystallin composition from diabetic lenses
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Crystallin component (%)

n=>5

_Day MW o B. Y
0 0.8 + 0.2 26.0 + 0.4 34.7 + 2.1 38.5 + 3.0
21 1.3 £ 0.3 25.4 £ 0.5 37.4 £ 1.8 0 35.9 + 2.1
42 3.8+ 0.5 27.3 £ 1.3 38.7 2.0 30.2 + 2.7
63 7.6 £ 0.6 25.9 + 1.8 39.9 + 1.3 26.6 £ 3.4
8 | 12.0 + 0.8 26.9 + 1.5 40.4 £ 3.1 20.7 + 2.7
105 18.8 £ 0.9 28.0 + 2.1 36.4 + 2.6 16.8 + 1.9
126 22.4 + 1.4 27.2 £ 1.8 36.2 £ 3.0 14.2 + 3.4
147 24.4 + 2.3 28.3 = 2.0 34.6 £ 2.1 12.7 + 4.0
168 27.1 + 3.1 25.7 £ 2.4 35.9 £+ 1.8 11.3 + 3.5
Va]uesiare”megn,iwstd. error



TABLE IV. Age dependent changes in the water-soluble lens crystallins

- from nondiabetic control rats

|
|
1
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| | ' Crystallin component (%)

‘Day ©  HWW o B Y
0 0.8%0.2 26.0 + 3.4 34.7 £ 2. 38.5 * 1.6
21 0.9 + 0.4 25.8 + 0.5 35.3 * 3. 38.0 = 3.1
42 1.1 % 0.3 25.9 £ 1.2 35.8 * 2. 37.2 + 3.4
63 1.4 + 0.8 26.2 + 2.8 35.4 * 3. 37.0 = 2.8
84 1.8 £ 0.9 27.1 + 2.4 36.0 £ 2. 35.1 + 3.7
106«  2.3%1.2 26.3 * 3.6 37.1 = 4. 34.3 + 2.4
126 . 2.4%2.3 25.4 + 2.3 37.8 + 3. 34.4 + 1.9
147 E 3.1:1.4 - 25.9 3.1 38.7 + 4. 32.3 & 3.2
168 % 3.8+ 1.8 27.3 * 3.4 37.1 £ 3. 31.8 + 2.1

|
Values ‘are mean + std. error
|

n=5 |
|
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TABLE V. Progressive changes in urea-soluble fraction components from
~ diabetic_lenses determined by molecular sieve HPLC
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Fraction component (%)

Day “HMW  Peak 1 Peak 2 Peak 3 Peak 4
0 3.3:0.5 25.3+3.8 13.5:2.1 20.0 2.3 41.2 + 3.2
21 4.3:1.2 2.4+2.1 14.2:3.1 19.1%2.1 36.0 2.4
42 8.5%2.4 28.2:3.4 14.9:1.9 18.3%3.4  30.1 * 3.1
63 12.2+1.8 28.12.7 18.4+4.2 159 + 2.0  25.4 + 4.3
84 17.3+2.0 30.9+4.1 16.7+2.1 12.8+1.9 22.3 £ 2.7
105 27.2+1.9 32.2%23 1l.2%4.8 11.4%1.3 18.0 3.9
126 25.2:2.3 34.3£3.0  7.4%3.1 10.2%2.4  12.9 £ 4.6
147 38.8 £3.2 35.7%3.6  9.5%3.8  9.3%3.2 6.7 4.8
168 42.7 £ 3.6 36.6+ 4.1 9.9+ 4.0  8.6%3.1 2.2 %4.0
mean *+ std. error

Values are

n= Bf
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soluble fraction, there was 1ittle change in the protein' components
within the control lenses (Table VI). In addition to the HMW increase
there was also a small increase in peak 1 and a decrease in peak 4. The
peaks 2 and 3 demonstrated no significant changes. As*hyperg]ycemia'
continued in the diabetic animals, significant changes occurred in-all
the components. Most notably peak 4 decreases from 41% (+3.2) at day O
to 2.2% (+4.0) after 168 days of hyperglycemia. Peaks 2 and 3 showed
similar but not as dramatic decreases with peak 2 decreasing from 13.5
(#2.1) to 9.9 (+4.1) and peak 3 dropping from 20% (*2.3) to 8.6 (+3.1).
The protein component represented in peak 1 showed an increase from 25.3%
(£3.8) to 36.6% (*4.1), however this increase was not-as dramatic as the
increase noted in the HMW protein.

The nature of the bonds which held together the components of
the HMW aggregates was examined by the use of molecular sieve HPLC in
the présence of dissociating buffers. Figure 23 shows the effect of 7 M
urea on the crystallin components from the soluble fraction. The presence
of 7 M urea completely dissociated the HMW fraction as well as the other
cyrstallin aggregates into their various subunit components. By using
molecular weight markers the molecular weight for peak A was 43,000
daltons, peak B was 28,000'da]tons, and peak C was 20,000 daltons, which
correspond to the B-crystallin subunits, d-crysta]]in,subunits, and
y-crystallin, respectively.

' The insoluble HMW aggregate is not dissociated by the presence
of u%ea as shown in Figure 24A. But is dissociated by the addition of
'B-mehcaptoethano] which disrupts disulfide bonds (Fig..24B). Thus, it
appears that tﬁé so1db]é HMW aggregate is held together by non-covalent

forces while the insoluble HMW aggregaté is disulfide linked. As



TABLE VI. Age depehdent changes in the urea-soluble proteins from non-

. diabetic control rats
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Protein component (%)

Values are

n=5 ;

Day ~  HM4  Peak 1 Peak 2 Peak Peak 4
0 ,é.3_¢ 0.5 25.3+3.8 13.5 2.1 20.0 2.3 41.2 + 3.2
21 3.4%1.2 25.8+4.3 11.8 t 3.1 20.3+ 3.1  40.3 3.1
42 3.6 +1.8 25.7 % 3.1 10.1%4.3  20.4 2.9 40.2 + 2.8
63 4.1+1.5 26.7+4.2 11.8+ 3.8 20.9 + 4.1 41.5 + 4.3
84 4.5:1.4 27.1:3.2 14.1:41 19.7%3.7 38.6* 2.8
105 5.4+2.1 27.4+24 12.8+2.8 18.3%3.9  39.1 ¢ 3.9
126 5.7 +1.3 28.5 4.0 12.1+3.3 18.4 2.2  37.3 £ 3.4
147 :6.3‘1 1.4 29.4+3.6 11.2+1.3 20.3 1.8 35.8 4.1
168 6.7 + 1.1  29.8 +2.2 12.4 +3.1  21.4 £3.1  35.7 + 3.7

mean * std. error



FIGURE 23. Molecular sieve HPLC separations of the soluble fraction in
the absence and presence of 7 M urea '

~The soluble fraction from 168 day diabetic cataract lens was
separated by molecular sieve HPLC in the absence (A) and
presence of 7 M urea (B). The addition of the urea completely
dissociated the soluble HMW aggregate.
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FIGURE 24.

‘Molecular sieve HPLC separations of the urea-soluble fract1on

~ effect of B-mercaptoethanol

The-inso]ub]e fraction from 168 day diabetic cataract lens

.wasbséparated by molecular sieve HPLC using 7 M urea buffer

as described in methods. A) Insoluble fraction before addi-
tion of B-mercaptoethanol showing prominant insoluble HMW

~ aggregate. B) Insoluble fraction after incubation with 0.5%

B-mercaptoethanol demonstrating dissociation of the HMW peak.
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demonstrated.in Figure 24B, reduction of the insoluble HMW aggregate with
@-mercéptoethano] results in dissociation of the aggregate and an

- increase in peaks 1, 3, and 4.

II. Characterization of the Insoluble FraCtibn and‘High Molecular Weight

Aggregates

A) Crystallin Components of the Insoluble -(Urea-soluble) Fraction

The composition of the soluble crystallins has been extensively
studied“whi]e;the exact nature of the insoluble fraction has remained in
debate. A reverse phase HPLC system was developed using a large pore
C-4 c@]umn and a 1% TFA:acetonitrile gradient for the separation of the .
lens ér&stallin subunits. The TFA:acétonitrile mobile phase dissociated
each crystallin into its individual subunits (Figure 25A). The identity
of each peak was determined by amino acid analysis usfng the Beckman 121M
amino ‘acid analyzer and is shown in Table VII. This C-4 reverse phase
HPLC system separates the d-crysta]]in into its oA and B subunits as
well as the B;crysta11in into the BBp, BBs, BBl,_and'BBZ constituent
subunjts. The y-crystallin, which is a monomer, was also separated from
the other crysta]]in subunits as a single peak.

This C-4 reverse phase HPLC system was used to elucidate the
nature of the urea-soluble fraction. The urea solubilized insoluble
fractﬁon was first keduced with B-nercaptbethano]vprior to injection onto-
the reverse phase HPLC system. The B-mercaptoethanol reduction was
esseﬁtia] without which the large insoluble HMW aggregate would have
c]ogqed the C-4 column. The results of the injection of the treated
ihsofub]e fraction from control lenses are shown in Figure 25B. The
resulting chromatogram demonstrated that the urea-soluble fraction is

comprised of the same crystallin subunits found in the soluble fraction.



‘FIGURE 25.

‘C-4“reversé phase HPLC separations of lens crystallin sub-

. units from the soluble and insofuble fractions of control

lenses

The crystallin subunit components from the soluble fraction
(A) and the insoluble fraction (B) of 168 day control lens
were separated and quantified by C-4 reverse phase HPLC.

The peak identities were confirmed by amino acid analysis as
described. -Mobile phase was TFA:acetonitrile gradient,

1.0 .-AUFS, sample size of 200 ung. ' )
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TABLE -VII. Relative amino acid composition of crystallin subunits
of soluble fraction

Values are from control animals at 168 day experimental
duration. The total values not equal to 1000 are due to

rounding of the numbers.



TABLE VII

Peak 4

Amino Acid Peak 1 Peak 2 Peak 3 Peak 5 Peak 6 Peak 7
BBp BBs gB2 8B1 aB aA Y
Asp ~ 85(83)2 78(80)b 82(80)°¢ 90(89)4 79(75)¢ ‘ 93(97)f 165(166)°
Thr - 27(34) 30(28) 37(35) 25(28) 42(44) 30(37) 29(30)
Ser 86(84) 77(75) - 88(85) 61(61) 92(96) 125(126) 77(76)
Glu 155(158) 148(148) 156(158) 125(126) 100( 100) 99(95) 130(127)
Pro 68(68) 72(76) 51(49) 37(37) 92(94) 65(67) 50 48}
Gly 91(93) 78(80) 104(106) 83(87) 58(56) 63(60 55(57
Ala 40(42) 57(58) 53(53) 57(57) 52(53) ~36(35) 30(29)
Cys 10(09) 12(?) 14(13) 30(37) 00(00) 05(06) 43(?)
Val 72(75) 58(59) 68(67) 47(49 52(55) 54(55) 50(50
Met 11(09) 21(18) 07(09) 27(33 19(13) 13(12 28(30
Ile 30(31) 33(32) 30(26) 37(41) 38(47) 45(50) 32(36)
Leu 48(50) 45(47) 59(59) 57(57) 84(84) 82(84) 70(70)
Tyr 47(44§ 45(43; 50(47; 59(65? 17514; 29&33; 70{83;
Phe 42(40 52(50 60(55 57(57 73(70 77(78 60(57
His 44(41) 39(37) 46(47? 43(41) 50(47) 38&41 37(35
Lys 59(60) 59(60) 50(52 47(49) 54(58) 38(41 24(25
Arg  _52(50) _87(%0)  _e8(e2) _74(73)  _s82(78) -  _80(73)  110(111)
TOTAL 967 991 1023 956 984 972 1060

Values in parentheses represent expected values (Ref. 66).

a-

g

f =

from bovine

= from rat

¢8
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The peaKAidentity was confirmed by amino acid composition (Table VIII).
The chrdmatogram demonstres that the proportion of the subunits are only
slightly different in the urea-éo]ub]e fraction compared to the water-
so]ub]ééfraction.

| These differences in composition between the soluble and

urea-soluble fraction are more dramatic in the cataract lenses.
'Figure.26 shows the chromatograms from the soluble and urea;solub1e
fraction from diabetic cataract lenses after 168 days of hyperglycemia.
There is considerably mofe B-crystallin subunits and y-crystallin present
in the urea-soluble fraction compared to the water-soluble fractﬁon.
Conversé]y, there is significantly less. of the a-crystallin subunits in
the ureé-so]ub]e fraction than in the water-soluble fraction. The same
differehces were also noted WHen the urea-soluble fraction from the

cataract lenses was compared to both fractions from the control lenses.

B)_‘ Crystallin Components of the HMW Aggregates
1) Soluble HMW aggrégate: .

The soluble HMW aggregate from diabetic cataract was iso-
lated by molecular sieve HPLC from the water-soluble fraction and concen-
tratediby q]tra-fi]tratibn. This aggregate was thgh.injected'ontovthe
C-4 reQerse_phase HPLC system to separate the crystallin subunits. The
results. shown in Figure 27A demonstrate that the sqihb]e HMW aggregate is
éomposed primarily of Y-crysta]]in»(SS%) with the remainder being a com-
bination of a- and B-crystallin subunits. This finding in conjunction
with C+4 reverse phase HPLC separations of the cataract soluble fraction
are 1n?agreement with the results obtained by molecular sieve HPLC sepa-
rations of the cataract so]ubie fraction. These results all demohstrate
a loss of y-crystallin and an increase in the HMW aggregate compared to

the normal lenses.



FIGURE. 26. C-4 reverse phase HPLC separations of lens crystallin sub-
~units from the soluble and insoluble fractions of diabetic
cataract lenses

~ The crystallin subunits from the soluble fraction (A) and
the insoluble fraction (B) from diabetic cataract lens were
separated and quantified by C-4 reverse phase HPLC. Mobile
phase consisted of TFA:acetonitrile gradient, absorbance
monitored at 280 nm with sensitivity set at 1.0 AUFS and
sample.size of 200 ug. :
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TABLE. VIII. Relative amino acid composition of crystallin subunits
~ of insoTubTe fraction

Values are from control animals at 168 day experimental
duration. Values not equal to 1000 are due to rounding of

the numbers. ’



TABLE VIII

Amino Acid Peak 1  Peak 2 Peak 3 Peak 4  Peak 5 Peak 6 Peak 7

BBp BBs BB2 BBl 0B al y
CAsp 85(83)2 78(80)P 80(80)°¢ 90(89)d 79(75)¢  95(97)T  160(166)9
Thr | 28234} 30§28 37{35; 26228; 43%44; 31537) 29(30)
Ser 8684 - 76(75 88(85 61(61) . 94(96 125(126) 77(76)
Glu 155(158)  148(148)  156(158)  125(126)  100(100) 99(95) 121(127)
Pro 63(68) 72(76) 51(49) 37(37) 92(94) 65(67) 45(48)
Gly - 91(93) 78(80) 104(106) 82(87) 59(56) 63(60) 54(57)
Ala 40(42) 57(58) - 53(53) 57(57) 52(53) 36(35) 28(29)
Cys 10(09) 12(?) 14(13) 30(37) 00(00) 05(06) 42(?)
Val - 74(75) 58(59) 68(67) 19(49)  55(55) 54(55 15 50;
Met 11(09) 21(18) 07(09) 27(33) 19(13) 13(12 29(30
Ile 28(31)  33(32) 29(26) 37(41) ©  42(47) 45(50) 35(36)
Leu 48(50) 15(47) 59(59)  57(57)  84(84) 82(84) 70(70)
Tyr 47(44)  45(43) 50(47) 59(65) 17(14) 29(33) 81(83)
Phe  42(40) 52(50) 60(55) _  57(57)  73(70) 77(78) 52(57)
His 14(41) 39(37) 16(47) 43(41) 50(47) 38(41 37(35
Lys 59(60) 59(60) 50(52) 47(49) 54(58) 38(41 24(25
Arg  _52(50)  _87(%0) _68(62)  _74(73)  _s2(78)  _80(73)  110(111)
TOTAL 968 990 1020 960 995 975 1039

Values in parentheses represent expected values (Ref. 1).

a-f = from bovine

g = from rat

a8



FIGURE 27.

Separation and identification of crystallin subunit compo-

nents of the soluble HMW aggregate and the insoluble HMW

~ aggregate by C-4 reverse phase HPLC

- C-4 reverse phase HPLC was used to identify the crystallin

subunit components of the soluble HMW aggregate isolated by

"~ molecular sieve HPLC (A) and the insoluble HMW aggregate

also isolated by molecular sieve HPLC (B). Two hundred

“micrograms of each sample were injected onto the C-4 reversed

phase HPLC system with absorbance monitored at 280 nm and

~sensitivity of 1.0 AUFS.
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-2)  Insoluble HMW aggregaté:

It is believed that the water-soluble HMW aggregate is a
precursor to the urea-soluble HMW aggregate. If this were true then the
po]ypepiides which compose the insoluble HMW aggrégate should be similar
to thos¢ of its soluble pkecursor.

The identities of the crystallin components of the insol-
uble HMW aggregate were determined by injection of B-mercaptoethanol
reduced aggregates onto the C-4 reverse phase HPLC system. The results
demonstrate that the composition is quite similar tb the soluble HMW
aggregate (Fig. 27B). THe insoluble HMW aggregate is composed primarly
of y-crystallin (60%) as well as other crystallin components. This
aggregate also contains significant amounts of the B-crystallin BBp sub;
unit (25%) and the remainder ah crystallin subunit (15%).

These results are in agreement with the proposed disulfide
involvement in the formation of the insoluble aggregate as these compo-
nents aﬁ] contain sulfhydryl groups for potential crosslinking. The
major domponent, Y-crysta]]in, has the highest sulfhydryl content with
6 cysteine residues perﬂpo1ypept1de chain. The other components of this
aggregéte also cohtain su]fhydky]s with BBp crysta]]in.subunit containing
two cyste1nes and the ah crysta]]1n subunlt w1th one.

III. Character1zat1on and Structural Aspects of Non enzymat1c G]ycat1on

~ of the Lens Crystallin

T&eAextent of non-enzymatic Q]ycationlof the lens crystallins and
their ﬁe]ationship to the componenté of the insp]ub]euHMW aggregate was
examined through the use of HPLC technique, affinity chromatography, and
tritiaﬁed borohydride reduction for separation of the.glycated protein

and followed by peptide and amino acid analysis.
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A); Molecular Sieve HPLC Separations of Lens Crystallins After

[3H]NaBH4 Reduction

Reduction of the non-enzymatically glycated protein with
[3H]sod%um‘borohydr1de results in the incorporation of one non-
gxchangéab]e titrium label for each glycated residue. By separating the
crysta]iins by molecular sieve HPLC after such reductions the extent of
glycation of each crystallin component of theuso]ub]e fraction'nmy be
determined. Figure 28 demonstrates the extent of glycation of each of
the soluble components. The specific activity was determined for each
peak by dividing the total cpm for each peak by the mg protein for each
peak (calculated by % area x total mg injected assuming 100% recovery).
In the éontro] lens the highest specific activity is found in the HMW
gggregafe with 7,500 cpm/mg protein. This is follewed by the
o~-crystallin with 2940 cpm/mg protein. The g- and y-crysta]]in have
only mihima] amounts with 875 cpm/mg protein and 727 cpm/mg protein,
respectively. These values are in sharp contrast to the cataract 1en$.
The HMW aggregate specific activity remained consistent with 7380 cpm/mg

proteiﬁ, while the'&—crystallin increased to 9340 cpm/mg protein. The
ABAcrysta]]ins demon§trated a moderate increase to 3345 cpm/mg protein,
while the y-crystallin demonstrated the largest increase to 9735 cpm/mg
proteiﬁ.
. A more detai]ed characterization of nOn-enzymatjc glycation of
the 1e%s crystallin subunits was demonstrated by C-4_révérse phase HPLC E
separa%ions of [3H]NaBH4 reduced sojubTe fraction.  ‘As mentioned previ-
ous]y,?the C-4 reverse phase HPLC allows for one-step separations of the
1nd1v1éua] lens crysta]1in subunits. This system coupled with the

tritium borohydride label allows for examihation of the non-enzymatic



i
I
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FIGURE 28. Molecular sieve HPLC separation of [3H]NaBH4 labeled soluble
_fractions _

Tritium borohydride reduced soluble lens crystallins from
“control (A) and diabetic (B) lenses were separated by molecu-
lar sieve HPLC. Fractions were collected (0.5 m1) and added
- to 10 ml scintillation cocktail and radioactivity counted.
- Solid line=absorbance at 280 nm; Dashed line=radioactivity
in cpm.
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glycation at the subunit level. Figure 29 shows the subunit separations
énd radioactive distribution of the various -crystallin-subunits from
control lenses and diabetic cataract lenses. These data correlate well
with thgt obtained from molecular sieve HPLC separations. The control
lenses show glycation (measured by tritium incorporation) present
primarily in the o-crystallin subunits, B and oA with only marginal
incorporation in the B-crystallin Bp subunit. The Y-crysta]]in showed
slightly more activity than the B-crystallin Bp subunit but much less
than the d-crysta]]in subunits. The diabetic cataract lens subunits
showed a significant increase in glycation, again similar to that demon-
strated by molecular sieve HPLC separations of the intact lens crystal-
lins. The y-crystallin had the largest increase in glycation of any of
the crystallin components. The d—crysta]]in éubunits oB and oA also
showed an increase in tritium incorporation. All of the g-crystallin
subuhité, especially Bp, demonstrated significant increases in glycation
as compared to the control. These increases in glycation of the crys-
tallin subunits can also be demonstrated by comparison of the specific
activities presented in Table IX. This comparison shows that the
largest increase in glycation occurred in the y-crystallin and the
B-crystallin subunits. The d—crysta]]in-subunits demonstrated a high
level of glycation in the diabetic cataract lens but the increase from
the control lens values was less than the other crystallin components.

B) Tritiated Borohydride Reduction of the Insoluble Crystallin

... Components

The insoluble (urea-soluble) fraction was reduced with the
[3H]NaBH4 in the same manner as the soluble fraction and the components

separafed by the molecular sieve and C-4 reverse: phase HPLC systems.



FIGURE 29.

C-4 reversed phase HPLC separation of [3H]NaBHg labeled

soluble fractions

Tritiated borohydride reduced soluble lens crystallins from
control lens (A) and diabetic cataract lens (B) were separated
into their constituent crystallin subunits by C-4 reverse
phase HPLC. Radioactivity was monitored in 0.5 ml fractions.
Solid Tline=absorbance at 280 nm; Dashed line=radioactivity

~in cpm.
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TABLE IX. Specific activities of the soluble lens crystallin subunits
' ' _from | 3H]NaBH4 reduced soluble fractions v

Lens crysta]1in-subunits were separated by C-4 reverse phase
HPLC from tritiated borohydride labeled soluble fractions from
control and diabetic cataract lenses as shown in Figure 23.

(Day 168)



TABLE IX
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Crystallin Subunit
BBp BBl BB2 BBs 0B oA

Control Soluble_
Cataract Soluble

Specitic Activity (cpm/mg)

355 70 75 120 1,742 1,650
2,239 730 690 800 4,500 4,740

859
13,421
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Figure |30 shows the molecular sieve HPLC_separation‘of the insoluble
fraction from control lenses and diabetic cataract lenses. The results
show that the gréatést amant"bf~triﬁium incorporatiohg(g]ycation) is
found in the HMW protein in both control and cataract 1enses. In the
control lens there is moderate increase in the inso1ub1e.protein peaks 1,
3, and14.x The diabetic cataract lens shows a dramatic increase in the
same peaks 1, 3, and 4. It was also observed that the total glycation
of the insoluble fractions were greater than their respective soluble
fractiéns.

‘As with the soluble HMW, the specific:activity of the insq]ub]e
HMW from both the control and diabetic cataract lenses were cohsistent.
The control insoluble HMW protein specific activity Was 11,6000 cpm/mg
protein, and the diabetic cataract HMW protein was 17,000 cpm/mg protein.
The remainder of the protein peaks showed significant differences in
speciffc activity between the control Tenses and the diabetic cataract
1ensesi Insoluble peak 1 from the control lens showed a specific activ-
ity of 935 cpm/mg protein compared to 3520 cpm/mg protein for peak 1
from the diabetic cataract lens. Similarly, the control lens peak 3 had
310 cpﬁ/mg‘protein compared to 950 cpm/mg protein in the diabetic cata-
ract. A more dramatic difference existed for peak 4 which in the control
exhibifed a specific activity of 255 cpm/mg protein compared to the
diabetic:cataract with 4265 cpm/mg protein, ,

T The non-enzymatic glycation of,the~urea—solub1e fraction was
furthe+ characterized by C-4 reverse phase HPLC separation of the crys- -
tal]in%subunits. "Figure 31 demonstrates the crystallin subunits and
tritium borohydride label distribution in the control and diabetic

cataract urea-soluble fractions. - The results show that there is moderate



FIGURE 30.

Molecular sieve HPLC separation of [3H]NaBHa labeled insoluble

fractions

Tritium borohydride labeled insoluble lens proteins from
control lens (A) and diabetic cataract lens (B) were separated

- by molecular sieve HPLC. Fractions of 0.5 ml were collected
~and radioactivity determined. Solid line=absorbance at
280 nm; Dashed Tine=radioactivity in cpm.
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FIGURE 31.

C-4 reverse phase HPLC separations of [3H]NaBH, labeled

~1nsoluble fractions

Tritiated borohydride reduced insoluble lens proteins from

control lens (A) and diabetic cataract lens (B) were sepa-

rated into their constituent crystallin subunits by C-4
reverse phase HPLC. Radioactivity was monitored in 0.5 ml

"~ fractions. Solid line=absorbance at 280 nm; Dashed line=

radioactivity in cpm.
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g]ycatipn in the majqr crystallin subunits of the control lenses.
Comparea to its soluble fraction counterpart (Fig. 28), the largest
fncrease in glycation occurs in the BBp crysta]]in subunit and the
Y-cryst?]]in. The diabetic cataract urea-soluble fraction demonstrated

a significant incréase'in g]ycation of the najgf crystallin components
compared“to.the'cdntro1 urea soluble fraction. Thev1arge$t increase was
found in the y-crystallin followed by fhe 3;crysta11in“8p subunit and

the subunits. A more accurate expression of the‘differing levels of
glycation between the various urea-so]ub]e,componentS‘frgm the control
and diabetic cataract lenses 1s'brovided by the calculated specific
activiﬁies presented in Table X (calculated by % area x total mg injected
assuming 100% recovery). The y-crystallin present in the urea-soluble
fraction had the highest specific activity both in the control and
diabetic cataract lenses. The specific activity of the B-crystallin
subuni%s demonstrate the significant increase in glycation found in the
diabetic cataract as compared to the control lenses. Also shown is the
signifjcant levels of g]ycatioﬁ in the d-crysta]]in subunits in both con-
trol and diabetic cataract lenses. However, the increase from control to

diabetic cataract was not as great as found in the Y-vand‘s-crystallins.

C) Glycation of the High Molecular Weight Aggregate Components
Experiments involving the water-soluble and urea-soluble frac-
tions have shown that the HMW aggregate from both control and diabetic
Acatara%tllenses contain a significant level of giycation. The soluble
HMW agbregate and insoluble HMW aggregate were isolated by-molecular
sieveéHPLC from their respective tritiated borohydride reduced fraction
and cdncentrated by pressure filtration. Figure 32 demdnstrates the

crystallin subunits and their extent of glycation of the soluble and



" TABLE 'X.

,Specific activities of insoluble lens crystallin subunits

from [3H]NaBH4-reduced insoluble fractions

The insoluble crysta111n subunits were separated by C-4
reverse phase HPLC from tritiated borohydride labeled insoluble
fractions from control and diabetic cataract lenses (Fig. 21).



TABLE X
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Cryéta]]in Subunit
BBp gB1 BBZ2  BBs aB aA

N

Control Insoluble

Cataract Insoluble

Specific Activity (cpm/mg)

1,830 140 110 260 1,965 2,350 4,895
5,250 405 310 461 4,830 6,923 19,480




FIGURE 32. C-4 reverse phase HPLC separations of [3H]NaBH4 reduced HMW
' aggregates

‘Tritiated borohydride labeled HMW aggregates isolated by
“molecular sieve HPLC from the soluble (A) and insoluble (B)
fractions were separated into their individual crystallin
subunit components by C-4 reverse phase HPLC. Radioactivity
‘was monitored in -0.5 ml fractions (dashed lines). Solid
~Tine=absorbance at 280 nm.
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insoluble HMW aggregates as determined by C-4 reverse phase HPLC. The
results showed that in the soluble HMW aggregate the primary component,
y-crysté]]in, is also significantly glycated. The other minor components,
primari1y aA crystallin subunit, also contained a significant amount of
glycation. Similarly, the insoluble HMW aggregate components were all
significantly glycated. The y-crystallin contained the Tlargest amount of
glycation followed by the B-crystallin Bp subunit which was found-on]y in

the insoluble HMW aggregate.

D). Identification.of the Sites of G]ycation
. , Contro] and diabetic cataract g]ycated lens prote1ns from the

-water-so]ub]e and urea-soluble fract1ons were isolated by affinity
chromatography. The crystallin components were then separated and
‘quantified by molecular sieve HPLC. This approach was designed to
confirm the resu1t§»obtained by.tritium Borbhydride'redUCtion coupled
with HPLC separations. Previous experiments have demonstrated that in
thejso]ub]e fraction the HMW contains the highest 1éve1 of glycation.
Molecular sieve HPLC sepakations of the glycated proteins confirm these
results (Fig. 33). Also demonstrated is the increase in’g1ycated Y-
and é—crysta]]ins in the diabetic cataract. Similar results were
obta{ned with the urea-soluble fraction with the insoluble HMW aggregate
demoﬁstrating the higheét percentage of the glycated urea-so]ub]e'fraction
(Fig, 34). 1In addition, the peaks 1, 3, and 4 also demonstrate a sig-
nifiéant level of glycation in both control and diabetic cataract lenses.
Thes; results support those obtained using the tritium borohydride.

; Confirmation that lysine was the primary glycated amino acid
resfdue_was obtained by affinity chromatography followed by amino acid

ana]ysis by precolumn derivatization with PITC and C-8 reverse phase’



FIGURE 33.  Glycated crystallins from the soluble fraction separated by
~molecular sieve HPLC !

Glycated lens crystallins were isolated by affinity chroma-
tography from control (A) and diabetic caratact (B) lenses
~and separated by molecular sieve HPLC.
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FIGURE 34.

Glycated crystallins from the insoluble fraction separated
by moTecular sieve HPLC

Glycated lens crystallins from the insoluble fractions

from control (A) and diabetic caratact (B) lenses were

isolated by affinity chromatography. The glycated insoluble

crystallins were subsequently separated by molecular sieve
HPLC.
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HPLC. Borohydride reduced lens crystallins from diabetic cataract
soluble fraction were hydrolyzed by 6 N HC1 under vacuum at 110° for
24 hrsiand the glycated amino acids were isolated by affinity chromatog-
raphy as described in the Methods. A e-amino glycated lysine standard
was prepared by incubation of poly-L-lysine (a homopo]ymef)}with glucose
followed by borohydride reduction. The glycated poly-L-lysine was
hydrolized by 6 N HC1 and the e-amino glycated lysines were isolated by
Affigel 601 chromatography. A standard of glyco-lysine, and lysine was
reacted with PITC and separated by C-8 reverse phase HPLC as described.
Figure 35 demonstrates the chromatographs obtained by the standards
(Fig. 3SA) and the crystallin amino acids obtained. by affinity chromatog-
raphy (Fig. 35B). This confirms that lysine is the primary glycated
amino agid present in the lens crystallins.

The final characterization of the non-enzymatic glycation of
~ the insg]ub]e HMW aggregate invq]ved'quantifying the glycated residues
and subéequent identification of the g]ytated residues within the various
crysta1iin compbnents' pkimary sequehce. *This was. done byjénzymatic
digestsafollowed by affinity chromatographic isolation of the glycated
polypeptides. A sample of the 3H-borbhydr1de'reduced HMW protein (10 mg)
was digested with-either trypsin or chymotrypsin as described in the
Methodsfsection. Afffnity chrcmatography with AffiGel 601 was used to
1so]ateithe glycated peptides. The glycated peptides from each enzymatic
digest wkre then Separated by C-18 reverse phase HPLC and fractions
co]]ecteh. There was some debate as to whether or not trypsin could
cleave a% a glycated lysine residue or cleave at the next non-glycated
c]eavageisite within the polypeptide sequence. Therefore, a chymotryptic -
digest wés also used to provide overlapping po]ypebtides to aid in
determin?ng the sites of glycation. Separation of the g]ycéted peptide

.
|
i
I
|



- Identification of glycated amino acids isolated by affinity
_chromatography

A) Standards of lysine and glycated lysine were derivatized
with PITC and separated by C-8 reverse phase HPLC.

B) Glycated amino acids from acid hydrolyzed soluble fraction
of diabetic cataract lenses were isolated by affinity
chromatography and similarly derivatized and separated by

C-8 reverse phase HPLC.

FIGURE 35.
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by-C-lS reverse'phase HPLC results in a myriad of peaks shown in
‘ Figuref36. The tryptic digest separation results in 15 peaks of which
2 peak$ (Chromatogram A peaks 4 and 11) are significantly larger than
Fhe other peaks in both absorbance and tritium incorporation. Similarly,
the chymotryptic digest'resu]ts in 13 major peaks, 2 of which are sig-
nificantly increased (Chromatogram B peaks 7 and 8). Some of the smaller
peaks in boﬁh digests contain no radioactivity which indicates a non-
specific binding to the affinity gel. Each peak was subsequently analyzed
for amino acid composition. To determine the location of the glycated
residues from the amino acid composition of isolated glycated peptide
severaﬁ factors were taken into consideration. First, in the trypsin
digest it was assumed that trypsin would not cleave at-a blocked
(glycated) lysine residues. Therefore, the amino acid composition must
include -both a glycated lysine peak (Fig. 35) as wei] as either a free
lysine or arginine. Secondly, in the chymotrybtic digest, glycated
lysine residues must be present. The results of the amino acid analysis
are shown in Tables XI and XII. Usihg this criterion in conjunction
With the overlapping amino acid data and the known amino acid sequence
of the lens crysta]]ins results .in the proposed location of the glycated
residdes presented.in Figure 37. ' » |

| Thes@~fg$u1ts confirm those obtained4by‘Other‘experiments that
demonétrate:y-érysta]]in as the primary constituent of fhe insoluble HMW
aggredate. The [3H]NaBH4 reduced'g1ycated residues»associated with the
Y-cry%ta]]in comprise 62% of thg total radioactivity of the tryptic
digesé and 57% of the chymotryptic. digest. TheAB-crysta11in g]ycéted
lysines comprised 21% of the total radioactivity found in the tryptic

digest and 24% of the chymotryptic digest radioactivity. The a-crystallin

t
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g]ycatéd residues comprised the remainder of the radioactivity. These
values support the data obtained on the composition of the insoluble HMW

aggregate obtained by HPLC characterization.



FIGURE 36.

Separation of glycated peptides isolated by affinity chroma-

_tography

G]ycdted_peptides obtained by enzymatic digestion of the
insoluble HMW aggregate with either trypsin (A) or chymo-
trypsin (B) were isolated by affinity chromatography and

~separated by C-18 reverse phase HPLC. Peak identities

are given in Table XI and XII. Tritium borohydride reduced
insoluble HMW protein was used for each digestion. One ml
fractions were collected with 0.5 ml each used for amino

acid analysis and 0.5 ml used for monitoring of radioactivity.
Solid line=absorbance at 214 nm. Dashed line=radioactivity
in cpm.
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TABLE XI. Amino acid composition of glycated tryptic peptides isolated
- by affinity chromatography

_Peptides were obtained by tryptic digestion followed by
affinity chromatography using Affigel 601. The resulting
‘glycated peptides were separated by C-18 reverse-phase HPLC.
Amino acid analysis was performed as described in Methods.



TABLE XI

" “Bmino  Peak  Peak Peak Peak Peak Peak Peak Peak Peak Peak Peak Peak Peak ~ Peak Peak
Acid 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Asp 1.01 1.07 3.09 2.02 0.95 1.08 2.06 1.90 1.88 1.88
Thr. ~1.03 0.88 0.97
Ser 0.88 4.18 1.02 0.97 2,12 1.02
Glu 1.09 1.98 1.05 2.04 2.10 0.87 1.11 3.82° 4.12 1.93 1.04
Pro 0.75 1.48 1.26 0.68 | 0.68 0.71

Gly 0.47 0.79 3.10 2.90 2.04 2.08 1.04
Ala 1.03 0.93 2.89 1.05 1.88

Cys

Val 0.96 1.94 1.01 1.04 1.88 2.04 3.04
Met 0.78 0.86

Ile 0.98 1.00 2.04 - 0.95 0.96
Leu 0.98 0.99 3.00 2.03. 2.00 2.00
Tyr 0.94 0.89 1.85 0.78 0.90

Phe 0.89 0.92 1.82 1.0l 1.89 0.91 1.77 3.10
His | 0.97 1.85 0.91 0.88
Arg 0.97 1.07 1.00 1.04 1.02 1.08 1.02 1.01

Lys | 2.04 0.93 1.09 1.03
Glc Lys

LOT



* TABLE XII.

Amino acid composition of glycated chymotryptic peptides

“isolated by affinity chromatography

- Peptides were obtained by chymotryptic digestion followed by

affinity chromatography using Affigel 601. The resulting

glycated peptides were separated by C-18 reverse-phase HPLC.
Amino acid analysis was performed as described in Methods.



Peak Peak Peak

Peak

TABLE XII

Peak

Peak

Peak

Peak

Peak

Peak

Amino Peak  Peak Peak

Acid 1 2 3 4 5 6 7 8 9 10 11 12 13
Asp 1.01 1.00 1.09 1.06 0.96 2.83 3.07 1.06 3.18
Thr 0.89 0.91 1.02 0.89 :
Ser v h 0.86 0.78 2.69 0.87

Glu 2.09 1.03 ©1.16  3.09 2.93
Pro ) 0.52 1.29 o
Gly 1.03 1.00 0.35 1.0l 3.00 0.93 1.07 1.79
Ala 0.96 2.11

Cys ,

val 1.06 0.93 1.04 0.90 1.12
Met 0.79

Ile | 0.92 3.21 1.09 0.83
Leu 1.01 1.12 ' ‘ 1.00 ;
Tyr 0.82 0.99 0.79 0.98
Phe 0.90 0.88 1.10 1.02 0.82 0.91 0.88 o
His 0.82 0.93 0.87 2.68
Arg 1.02 1.11 | 2.16 0.90
Lys S 0.71 0.63

Glc Lys 1.00 1.00 1.00 1.00 1.00 1.63 1.00 1.00 1.00 1.52 1.00 1.00 1.00

801



FIGURE 37.

Amino_acid sequences of the crystallin components of the

insoluble HMW aggregate with sites of glycation

The amino acid composition of the glycated polypeptides
obtained by affinity chromatography and C-18 reverse phase
HPLC were used to determine the sites of glycation within
the polypeptide sequences. The dashed lines indicate those
peptides obtained by chymotryptic digest. Solid lines
indicate peptides obtained by tryptic digest. Numbers
correspond to the peaks shown in Figure 36. A) Gamma
crystallin. B) Beta crystallin Bp subunit. C) Alpha crys-

- tallin A subunit. D) Alpha crystallin B subunit.



A AMINO ACID SEQUENCE WITH SITES OF GLYCATION OF Y-CRYSTALLIN

A

* ¥ | . . 20 .
M{Z-Gly—Lys-Ile-»‘fhr-Phe-Tyr-Glu-Asp-Aﬁg«Gly-Phe-Gln-Gly-His-Cys-'l'yr-Gln-Cys-Ser-Ser«Asn-Asn-Cys-Leu-Gln- &

)

0N
&

o 40 T .
Gln-Pro-Tyr-Phe-Ser-Arg-Cys-Asn-Ser-Ile-Arg-Val-Asp-Val-His-Ser-Trp-Phe-Val-Tyr-Gln-Arg-Pro-Asp-Tyr-

' 60 - . :
Arg-Gly-His -Gln-Tyr-Met-Leu-Gln-Arg-Gly-Asn-Tyr-Pro-Gln-Tyr-Gly-Gln-Trp-Met-Gly-Phe-Asp-Asp-Ser-Ile-

| 80 | | | 100
- Arg-Ser-Cys-Arg-Leu-Ile-Pro-GIln-His-Thr-Gly-Thr-Phe-Arg-Met-Arg-Ile-Tyr-Glu-Arg-Asp-Asp-Phe-Arg-Gly-

o _ o : ’ 120 - .
Gln-Met-Ser-Glu-Ile-Thr-Asp-Asp-Cys-Pro-Ser-Leu-Gln-Asp-Arg-Phe-His-Leu-Thr-Glu-Val-Asn-Ser-Val-Arg-

: Val-Leu-GlufGly-Ser-Trpj-Val-Ile-‘lyr-Glu-Met-Pro-Ser-'lyr-Arg-Gly-Arngln—l'yr-Leu-Leu-Arg-Pro-Gly-Glu-

' | T 160 ¥ | | |
Tyr-Arg-Arngyr-Leu-Asp-Trp-Gly—Ala-Met-Asn-Ala-Lys-Val-Gly‘-Ser-LeuxAii%xArg-Val-Met_—Asp-Phe-'l‘yr-Coa-l

___________;3__|,

601



: B AMINO ACID SEGUENCE AND SITES OF GLYCATION OF B-CRYSTALLIN Bp.SUBUNIT

0yl

ac{Ala-Ser-Asn-HJ.s Glu-'Ihr-Gln-Ala-Gly-L.))r(;-Pro-Gln-Pro Leu-Asn-Pro- Le)'(; Ile-Ile-Ile-Phe-Glu-Gln—Glu-Asn-
e o - . I _ -—-————dﬂ ——————————— —j

Phe-His-Gly-His-Sei‘-Gln-Glu-Leu—ASx-Pro-Cys -Leu-Lys-Glu-'l'hr-Gly-Val-Glu-Lys-AlafGly-Ser-Val-Leu-Val-

Gln-Ala-Gly-Pro-Trp-Val-Gly-Thr-Glu-Gln-Ala-Asn-Cys-Lys lGly-Glu-Gln—Phe-Val-PhexGlu-I?y&s -Gly-Glu-Tyrs

80 ' ' ’ A 100
Pro-Arg:Trp-Asp-Ser-Trp-Thr-Ser-Ser-Arg-Arg-Thr-Asp-Ser-Leu-Ser-Ser-Leu-Arg-Pro-Ile-Lys-Val-Asp-Ser- .

' | | 3 120 |
GIn-Glu-His-Lys-Ile-Thr-Leu-Tyr-Glu-Asn-Pro -Asn-Phe-tThr-Gly-I?)(:s -L?%-Me‘t-Glu-Val— Ile-Asp-Asp-Val-Pro-

, 140 . . '
Ser-Phe-His-Ala-His-Gly-Thr-Gln-Glu-Lys-Val-Ser-Ser-Val-Arg-Val-Gln-Ser-Gly-Thr-Trp-Val-Gly-Thr-Gln-

S . ' o 160 ' , ,
Tyr-Pro-Gly-Tyr-Arg-Gly-Leu-Gln-'l‘yr-Leu-Leu%Gly-L.))'es ;Gly-Asp-Tyr-L%Asp-Ser-Gly—Asp-Ph}Gly-Arg~A1a-

A

'Pro-Gln-Pro-Gln-Pro-Gln-Val -Gln-Ser-Val-Arg-Arg- Ile-Arg—Asp-Met -Gln- rp-HJ.s Gln-Arg-Gly-Ala-Phe-His-

‘ Pro-Ser-Ser-COOH

011



C  AMINO ACID SEQUENCE AND SITES OF GLYCATION OF a-CRYSTALLIN A SUBUNIT |

| o ¥* 20 o
. acLIVbt-Asp-fHe -Ala-Ile-Gln-His-Pro-Trp- Phel-Lys -Argl'l‘hr-Leu—Glr Pro-Phe-Tyr-Pro-Ser-Arg-Leu-Phe-Asp-Gln=
i 9 ' .

N _ | a0 ‘
Phe-Phe-Gly-Glu-Gly-Leu-Phe-Glu-Tyr-Asp-Leu-Leu-Pro-Phe-Leu-Ser-Ser-Thr-Ile-Ser-Pro-Tyr-Tyr-Arg-Gln-

_ o 60 _ _ o
Ser-Leu-Phe-Arg-Thr-Val-LeurAsp-Ser-Gly-Ile-Ser-Glu-Val-Arg- Ser-Asp-%ArglAsp—I?‘yes-Phe-Val-_Ile-Phe-Le

v A
% _ 80 < ‘ ‘ . %100
Asp-Val-Lys-His-Phe;Ser-Pro-Glu-Asp-Leu-Thr-Val-Lys+ al-Gln—Glu—Asp-Phe-Val-Glu—Ile-HJ.s-G_ly-Lys-HJ.s-

ab ) 158 A

| B 120 o A
Asn- Glu-Alxég}Gln-‘-Asp -Asp-His-Gly-Tyr; Ile~-Ser-Arg-Glu-Phe-His-Arg-Arg-Tyr-Arg-Leu-Pro-Ser-Asn-Val-Asp-
, 3 ‘

o | | 140 _ . | |
GIn-Ser-Ala-Leu-Ser-Cys -Ser-Leu-Ser-Ala-Asp—G1y-Met-Leu-’1‘hr-Phe-Ser-Gly—Pro-Lys-Ile-Pro-Ser-Gly-Val—

L 160 , *
' Asp-Ala-Gly-His-Ser-Glu-Arg-Ala-Ile-Pm-Val-Ser-Arnglu-Glu-Lys-Pro-Sér-’Ser-Ala-Pro-Ser—S?sr-CD(I{

Ser a0

1T



' D AMINO ACID SEQUENCE AND SITES OF GLYCATION OF a-CRYSTALLIN B SUBUNIT

‘ : 20 o
ac-Met-Asp-Ile-Ala-Ile-His-His-Pro-Trp-Ile-Arg-Arg-Pro-Phe-Phe-Pro- Phe-His-Ser-Pro-Ser-Arg-Leu-Phe-Asp-~ ™

- 40 o |
Gln-Phe-Phe-Gly-Glu-His-Leu-Leu-Glu-Ser-Asp-Leu-Phe-Pro-Ala-Ser-Thr-Ser-Leu-Ser-Pro-Phe-Leu-Tyr-Leu-

N
L]

| 60 '
Arg-Pro-Pro-Ser-Phe-Leu-Arg-Ala-Pro-Ser-Trp-Ile-Asp-Thr-Gly-Leu-Ser-Glu-Met- Arg‘Leu -Glu- I?yes-Asp A?l :

(0]
-Phe-Ser-Va.l-Asn-Laeu—Asn—Val-L?res-HJ.s Phe- Ser—Pm-Glu-GIu-Leu-Lys-Va.l-Lys-Val Leu-Gly—Asp-Val-Ile-('ilu-

b A X 14

' : 120 ‘ -
Val-His-Gly-Lys-His-Glu-Glu-Arg-Gln-Asp-Glu-His-Gly-Phe-Ile-Ser-Arg-Glu-Phe-His-Arg-Lys-Tyr-Arg-Ile-
| | 140 L - - ¥

Pro-Ala-Asp-Val-Asp-Pro-Leu-Ala-I1le-Thr-Ser- Ser—Leu-Ser-_Asp-Gly-Val-Leu-mr-Val-Am-Gly-Pm-Arg-I Lys-

Gln-Ala-Ser-Gly-Pro- Glu-A:E;'Ihrv Ile-Pro-Ile-Thr-Arg-Glu-Glu-Lys-Pro-Ala-Val-Thr-Ala-Ala-Pro-Lys-Lys-COOH
B 3 . ' : :

! il
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DISCUSSION

I. Progressive Changes

The development of sensitive HPLC technﬁques~wa5'an essential ante-
cedent’' to the study of progressive changes. occurring within the lens
leading to diabetic cataract formation. NThe molecular sieve HPLC
methodologies allowed for identificatioh and quantification of the various
crysta]]in proteins from individual animals. - These techniques were
originally designed to study the'high'mo1ecu]ar wéight proteins from both
the soluble and urea-soluble fractions but were subsequently improved
to allow for examination of all the crystallin proteins found in each
fraction. In conjunction with the HPLC methodologies, various affinfty
gels were used for the separation and quantification of the glycated lens
proteins, glycated peptides, and glycated amino acids. Affinity gels
with a phenylboronate ligand attached to an agarose or acrylamide support
have been used extensively to quantify glycated hemoglobins in diabetic
patients and have been shown to be consistent in their separations.

The use of lenses from individual animals was considered to be the
optimum approach to the study of hyperglycemic dependent changes leading
to cataract. Rats were chosen as the experimental model for a number of
reasons. Diabétic hyperglycemia may be reliably induced by injection of
streptozotocin.or alloxan which precludes the need for surgical removal
of the pancreas. Secondly, characteristic diabetic cataracts develop
withiﬁ 12 to 14 weeks after the onset of diabetes. Finally, rats (as
well as mice, rabbits, and other related mammals) possess insulin
secreéing cells within the parotid gland which are not destroyed by
streptozotocin (104). The small amounts of insulin secreted by these

cells.is not sufficient to Tower the plasma glucose Tlevels to normal;
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hdwever, it allows the animal to maintain a consistently high plasma
glucose level without sudden death by diabetic ketoacidosis. |

One of the basic tenets of biochemistry is that the primary struc-
ture dr amino acid sequence of a protein dictates the secondary and
tertiary structure and»fuhctioh. The c]assicél,example of how a single
change in the hrimary structure can have dramatic consequences is that
of sickle cell anemia. A single modification of the sixth amino acid
from glutamate fo valine results in dramatic consequences. The non-
enzymatic attachment of a carbbhydrate"residue to‘the‘e;amino group of
lysine or the amino-terminus of‘a protein in efféct results in a change
in the primary structure. Lysine, a basic hydrophilic polar amino
acid, is usually found exposed on the outside of a protein, exposed to
the environment. Attachment of a carbohydrate results in an uncharged
non-polar 2-deoxyfructolysine residue which would prefer a hydrophobic
environment within the interior of the protein.

The proteins of the lens ére extremely long-lived and there is
virtually no protein turnover. Therefore, most changes  observed in
protein structure or conformation are due to posttranslational modifica-
tions. It has been hypothesized that lens proteins aggregate to form
large particles that scatter light-producing lens opacities. Non-
enzymatic glycation has been investigated as contributing to the lens
proteins becoming water-insoluble and aggregating. 'However, this
reseafch has dealt only with comparisons between normal and mature
diabe#ic cataract lenses using various indirect methods to detect
g]ycaéed lens crystallins. It is clear that aé hyperglycemia continues
the 1¢ns proteins are increasingly glycated with the insoluble (urea-

soluble) fraction demonstrating consistently higher values than the
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water-soluble fraction (Figure 11). This linear increase supports
earlier work showing an increase in glycation in the diabetic cataract
measured by 3H-borohydride reduction (86). Stevens et al. first sug-
gested that non-enzymatic glycation may influence the-functiona]lproper-
ties of lens crystallin based on the observation of Spector et al. that
there was. an incréase in titratable sulfhydryls of a-crystallin as
the e-amino group of lysines were deionized (85). Stevéns and coworkers
hypothesized'that'giycation of the e-émino'groups of ]ysfhe may result
in a similar structural change pqtentia1]y 1ead1ng~to*inso]ub1]iiation.
The results of the progressive changes fn'glycation of the soluble and
urea-soluble fraction support this contention in several ways. First,
it has been well estab]ighed}fhéf there is a Significénf*increase in the
insoluble fraction as diabetic cataracts develop. Secondly, nqt only is
there an increase in this insoluble fraction, but the greatest increase
in g]yiation also occurs within this fraction. It was interpreted that as
the soluble fraction becomes increasingly glycated, the crystallins
become.increasing]y insoluble or denatured. ane they become denatured
and insoluble, they may be subject to even further glycation resulting
in the increased levels of glycation found throughoutkthe hyperglycemic
duration. Another possibility is that moderate glycation of the lens
crystallins does not result in their becoming insoluble but further
glycation above a 'threshhold' value results in denaturation and insolu-
bi]iza@ion. This idea is supported by the increased glycated amino
acids Found in the diabetic insoluble fractions compared,fo the diabetic
so]ub]? fractions (Figure 15).

Further evidence of a conformational change due to glycation was

provided by Liang et al. (90) with their study using circular dichroism
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(cD). jThey demonstrated a change in the near-UV CD spectrum after
incubation df purified 1en$ crysta]]ins with glucose-6-phosphate indi-
catingﬁa change in the tertiary structure. Using sulfhydryl titration
in the presence and absence of SDS, conformational changes within the
lens proteins of the soluble fraction were observed. Sulfhydryl titra-
tions performed in the absence of SDS deter@ine the amount of free
reactive sulfhydryls while titrations obtained in the presence of SDS,
which denatures the protein, indicate the total sulfhydryls present.

A smaller difference between the. two values indicates a greater extent
of protein denaturation. As hyperglycemia continues, there is a sig-
nificaht 1eVe1 ofvconformational change "occurring whiéh mirrors the
increase in glycated lens protein. This conformational change not only
supporis the findings of Liang et al., but also a depletion of the free
sulfhydryls is an indication of disulfide bond formation (Figure 18).
Disulfide bond formation has been clearly associated with the lens
proteins becoming increasingly insoluble and eventual cataract formation
(75).

The increase in insoluble material is by-itself not responsible
for cataract formatipn, rather the opacity results from the aécumu]a-
tion of a large disulfide linked high molecular weight (HMW) aggregate.
This HMW aggregate, present in the insoluble fraction, disrupts the
organi;ed cytoarchitecture of the lens and also acts-as scatter points
for lipht. Also present in the soluble fraction is a water-soluble
precursor to the insoluble HMW aggregate. Both soluble and insoluble
HMW agbregates are found in significant amounts in cataract lenses with
the soiub]e HMW aggregate held together by non-covalent interactions

while disulfide linkages are responsible for holding together its
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insoluble counterpart. As diabetic hyperglycemia continues there is an
increase in both the soluble and insoluble HMW aggregates (Figs. 21 and
22). ﬁhis 1ncrea$e in the disulfide Tinked HMW aggregate accompanies the
decreaSe in reactive free and total titratable sulfhydryls. This is in
agreement with the proposed disulfide involvement. of the insoluble HMW
aggregate formation and cataract development. Also, the increases in
the soluble and insoluble HMW aggregates during~hyperg]ycemia are
mirrored by the increase in glycated protein from both fractions. These
relationships were interpreted to be due to non-enzymatic glycation of
lens proteins increasing during‘prolonged hyperglycemia. This glycation
results in conformétioha1'changes fesu]ting in theAlénS‘proteins becoming
1ncrea§ing]y wateh-iﬁso]ub]e and eventua}]y forming diSu]fidé cross-
]Tnkages. This conjecture is supported by other research dealing with
modification of amino groﬁps and éohformationa] changes of lens proteins.
Kern et al. have demonstrated that chronic administration of cyanate, a
carban&]ating agent, in humans and experimental animals leads to the
' formathon of cataracts which are morphologically similar fo diabetic
cataracts (105).

The oxidation of sulfhydryls and formation of insoluble proteins
and hibh molecular weight aggregatés have been extensively studied.
Hardinb (71) has argued that most of the insoluble pkotein obtained from
rat lenses and human lenses is arfifactua], resulting. from oxidation of
proteib sulfhydryl groups during aerobic homogenization. However, in
the exFeriments presented in this paper, all lens protein homogenizations
and préparations were done under anaerobic conditions. Also, both control
and diabetic lenses were extracted and prepared at the.same time under

identical conditions. Another observation made by Pirie (106) and
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confirmed by Auricchio and Testa (107) was that aerobic homogenizationvof.
cataract lenses yields more of the disulfide containing artifact than
normal: lenses prepared by identical means. This paradox was explained
by Harding who demonstrated that human cataracts contain soluble protein
in which the reactivity of sulfhydryl groups is 1ncrea$ed, presumably by
unfolding of the tertiary protein structure (108).

In addition to the increases in HMW aggregates- and disulfide content
as cataracts develop, other changes within both the soluble and insoluble
fractions are occurring. The most prominent change occurs in the
Y-crystallin component in both the soluble and insoluble fractions. It
has been established that older lenses and cataract lenses have decreased
‘levels of the soluble y-crystallin (41,116). These age dependent chahges
were also observed in the,contro] group even though they were only
followed for 168vdays.(Tab1e IV). This decrease was originally attrib-
uted to increased’broteolysis of y-crystallin. Both &férysta11ins and
B-crysta]]iﬁs contain an acety]atéd amino-terminus which was believed to
inhibit proteolysis while y-crystallin contains a free glycine amino-
terminus. However, subsequent work by X-ray crystalography revealed ;hat
. the amino-terminushof Y?ckystailin is fb1ded in such diWay as to decrease
proteojytic susceptibility. This was later confirmed by in vitro experi-
ments with purified lens crystallins and leucine amino peptidase. Later
work revealed that peptidase activity within the lens is extremely low
and it is now accepted that the decrease in the y-crystallin component
from ﬁhe soluble fraction does not result from increased proteolysis.

A secJ

!

nd theory involves the loss of v-crysta]]ih from the Tlens by
diffusion into the aqueous humor of the eye. This theory, however, has

been thoroughly disputed and for the most part is presently ignored.
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.The,decrease in the y-crystallin from the soluble fraction corre-
spondi to an increase in the HMW aggregates and the insoluble y-crystallin
compo&ent. This v-crystallin decrease may also play'é role in the sulf-
hydryﬂ oxidation state of the lens; y-crystallin contains the highest
'thio]wcontent of any of the other crystallin components. This high
cysteine content would play a pivotal role under conditions which would
increase su]fhydfy] reactivity, i.e. changes in tertiary structure or
oxidative stress.

The non-enzymatic glycation of lens proteins is probably only one
of several factors involved in cataract formation in diabetes. The
ability of the lens to maintain a reducing environment is probably
criti§a1 for cataract formation and can significantly affect the time of
onset?of cataract formation. High levels of glutathione maintains a
reduced environment in the lens. In almost all forms of cataract the
conteﬁt of reduced glutathione significantly decreases before a mature
cataract is formed, resuiting in the loss of the re&ucing atmosphere
withiq the lens. During the hyperglycemia of diabefes;'the enzyme aldose
reductase- is bé]ieved to play a ke& role in the loss of reduced gluta-
thioné in the lens. Aldose reductase 1é-a‘NADPH'dependent enzyme which
reducés glucose -to sorbitol- (a polyalcohol). High glucose levels result
in the excess production of sorbitol thereby depJetihg_thé NADPH pool.
This 4ep1etion of the NADPH compromises another NADPH dependent enzyme,

g]utaﬁhione reductase, which is responsible for glutathione regeneration

and ths maintaining a reduced environment within the lens. The fact that

aldose reductase inhibitors can retard but not prevent cataract formation

suggegt that these agents could retard the fall in glutathione levels.

However, the demand for reduced glutathione is eventually so overwhelming

|
|
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that protein aggregation occurs. Furthermore, the aldose reductase
theory does not account for the observed tertiary;structure changes asso-
ciateq with the increasing non-enzymatic glycation found in diabetic
hyperglycemia. Secondly, data is accumulating that shows that the level
of aldose reductase activity in the lens, especially human .Tenses and

rat lenses, is not very high. Paradoxially, aldose reductase may provide
some protection from the effects of non-enzymatic glycation by reducing a
potential glycating sugar aldehyde (i.e. glucose, galactose, etc.) to

the non-reactive polyalcohol, sorbitol.

In summary, the progressive changes within the lens-occurring during
diabetic hyperglycemia include linear increase in non=enzymatically
glycated protein. This increase is greatest within the insoluble frac-
tion. Also ocurring is a corresponding increase in disulfide content
apparently resulting from tertiary structure modifications. Concurrent
with these changes is a corresponding increase in both'a soluble HMW
aggregate and an insoluble HMW aggregate. These prqgressive changes are
in agreement with the conjecture that non-enzymatic glycation leads to
tertiary structure changes reSU]ting in aggregation, insolubilization,

-and disu]fide formation.

II. Glycation and the HMW Aggregates

A description of the progressive:changes occurring in the diabetic
lens during cataract devélopment is an eééentia] prelude to the study of
diabefic cataracts. However, such terms as water-soluble, urea-soluble
and HMW aggregates are vagﬁe and their nature must be elucidated to
cdmp]gte the picture of cataract formation. In addition, the glycation

of the various components which comprise the soluble and insoluble
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fractions as well as the corresponding HMW aggregates was studied to
determine any correlation with the proposed mechanisms for cataracto-
genesis. As described in the methods section, sensitive HPLC methodol-
ogies were developed to separate the lens crystallins from the soluble.
and urea-soluble fractions. Also developed was .an analytical C-4 reverse
phase HPLC sysfem'which allowed one-step separation of the crystallin
subunits. In the later system the Tow pH of the trifluoroacetic acid
mobile phase dissociates the crysfa]]ins into their component subunits
without the use of disaggregation compounds such as urea, SDS, or guani-
dine HC1. The system is similar to that developed .in Schroeder's labora-
tory for the separation of the hemoglobin chains (109). Since these HPLC
methodologies are relatively new, a great deal of effort was undertaken
to assure the identity of each component. Initially, the identities of

. the molecular sieve peaks were determined by comparison .to molecular
weight standards followed by amino acid analysis and by comparisons of,
those established in the Titerature. ‘Subsequent]y, C-4 reverse phase
HPLC éubunit peak identities were obtained by amino acid analysis
fo]]o@ed by separation of purified crystallins. The results of the
reverse phase separations of the érysta]lin subunits:were in agreement
with predictions made from amino acfd composition. fhe purity of these
subunjts is questiohab]e because no'édditional ana]&siS'wa$~perfqrmed to
deter@ine their purity (i.e. isoelectric focusing or rechrpmatographing
on an&ther HPLC system). However, the results obtained by amino acid
ana]yéis are in exce]]ent agreement with published values. The minor

' discrépancies in the amino acid composition of some of the subunits which
were attributed to species differences as well as slight inaccuracies in
my procedures. However, these minor differences did not interfere with
the identification of the subunit peaks.
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The lens fiber proteins (crystallins) exist in two major groups,
those which are water-soluble and those that are water-insoluble. The
latter have been referred to as the "albuminoid" fraction. "Albuminoid"
is no 1onger considered a meaningful term, and is now preferable to
refer to this as the "watér-inso]ub]e fraction."- The water-insoluble
protein has been of interest for many years especially because of the
increased amounts found in cataract lenses. However, the exact nature
of this fraction has been difficult to elucidate. Early work showed
that the water-insoluble protein could be fractionated by treatment with
a concentrated urea solution into a urea-soluble and urea-insoluble
fraction. For a while it was assumed that urea-so]ub]é protein isolated
from lenses was dekived from o-crystallin. The assumption was later
invalidated when it was reported that the insoluble protein from rat
lens and dogfish lens are closely similar to Y-crystallin (110), although
later results showed that the insoluble fractions are' composed of a
mixture of all three groups of crystallins (111). The results of C-4
reverse phase HPLC separation of the urea-soluble fraction confirm this
report as we]]iaﬁ offer some insight as to changes occurring within this
fraction in the cataract state (Figures 25 and 26).

The actual formation of the insoluble fraction appears to be a
naturaa process as was shown by'Fq]hbst et al. with experiments showing
40% of labeled soluble proteins becoming inéorporated 1nto.the
jnso]uplé fraction within seven weeks (73). Those'proteins that are
1n1tia?1y in the water-soluble fraction eventually becomeApartkof the
insoluble fraction. However, there is no evidence of*insoluble proteins
reverting to the soluble fraction. Léns proteins are subjeét to a number

of post-trans]atibna] modifications such as deamidation, oxidation,
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c-terminal degradation, and non-enzymatic g1ycation’wh1ch could result
in protein structural unfolding and the protein becoming water-insoluble.
The précess of insolubilization albeit a natural process may be
accelerated or occur to excess in certain cataractous states. During
diabetfc hyperglycemia non-enzymatic glycation of the lens crystallins
is draﬁatica]]y increased over the normal lenses. In the diabetic
cataraét condition there is a considerable increase in several of the
crystallin components within the insoluble fraction indicating an
increased denaturation and insolubilization bf thesefcomponents. By
compari§on to the control insoluble fraction there is.a'significant
increase in insolubilization of the y-crystallin component as well as

" the B-cLysta]lin primary &Bp subunit. Interestingly, the y-crystallin
and the' B-crystallins are high in thiol content, therefore denaturation
of these components would increase the potential for .disulfide cross-
]1nking, a factor associated with cataract formation.

Lens protein denaturation and_inso]ubi]ization by itself does not
result in lens opacification. Rather the denatured 1ens'protein$ aggre-
~ gate to form large (m.w. 2 x 109 daltons) disulfide-Tinked aggregate
proteins which are believed to cause opacification in two‘ways. First,
these high molecular weight (HMW) aggregates disrupt the higly ordered
cytoarcﬁitecture of the lens fibers which is essentia] for lens trans-
parency% Secondly, the HMW aggregates are believed to be large enough
.to actui]]y act as scatterpoints for light (9). It is currently
believed that this HMW aggregate is formed By aggregation of so]ub]é
1éns crystallins reSQ]ting in a soluble HMW precqfsor‘ This precursor
aggregates further and forms disulfide crosslinkages resulting in the

insoluble disulfide-Tlinked HMW aggrégate associatedrwith cafaracts. The
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exact nature of this aggregate and its soluble precursor-is relatively
unknown.é In the bovine lens the soluble precursor is-combosed primarly:
of a-gry%ta]]in; however, ih the human lens and rat lens the components
of the aégregates are still in debate. In the diabetfc cataract lens the
soluble HMW precursor is composed primarily of Y-crystallin with moderate
amounts of a-crystallin held together by non-covalent crosslinkages. The
additionkofvB-crysta]]ins results in the inso]ubi]iiation#of the aggfe-
gate and the development of covalent disulfide crosslinkages (Figure 25).
This finding is in agreement with the results obtained in the characteri-
zation of the diabetic insoluble fraction components in which the
y-crystallin and B-crystallins demonstrated the greatest ‘increase within
the insoluble fraction. Second]y, Work done by Awasthi et al. showed
that the initial aggregation of the crystallins occurs-by a mechanism
other than sulfhydryl crosslinking (88). These findings support the
proposedgtheory of the soluble HMW precursor'formatfon-as‘well as the

results of the characterization of the HMW aggregate compohehts.

III. Characterization of the Non-enzymatic Glycation:of-Lens Proteins

Reduction of the aldimine and ketoamihé}]inkéges with tritiated
sodium bérohydride has been the primary measure of;nOn-enzymatic glyca-
tion ofvéroteins. This reduction results in one non-exchangable tritium
mo]ecu]eifor each glycated residue. Borohydride reductionihas been used
for decaées in organic and carbohydrate chemistry and has been a reliable
tool forithe analysis of carbohydrates. Spector haS’ch611enged the use
of 3H-NaéH4 as a measure of glycation because of suspected side reac-
tions. The incidental side reaétions;of borohydride reduction include

cleavage of peptide bonds, reduction of ihdo]e.groups of tryptophan, and
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reduction of carboxyl groups. waevek, Bunn and CoWorkefs (87) have
described conditions which avoid these side feactions.‘ These conditions
were used in this study and provided a reliable tool for the study of
non-enzymatic glycation. The results obtained by -tritiated borohydride
reduction were also in agreement with results obtained by affinity
chromatographic procedures. This correlation supports the reliability
of this reduction as a measure of non-enzymatic glycation.

As mentioned earlier, the extremely long life span of the lens
proteins provides great opportunities for posttransiational modifications.
Under normal conditions posttranslational events occur only to a éma11
degree resulting in a minimal amount of insoluble protein. However, as
the lens ages the modified proteins continue to accumulate resulting in
protein denaturation and formation of more insoluble material. Within
this insoluble fraction the HMW aggregates also accumulates in a 1inear
fashion until a level is reached which sufficiently disrupts the lens
architecture and cataracts develop. One such posttranslational modifi-
cation which occurs during lens aging is non-enzymatic glycation.

Stevens et al. (84) first provided evidence of this by the demonstration
that within the soluble fraction, the soluble HMW aggregate from 4-year-
old bovine lenses had the largest amount of glycation compared to the

- soluble ¢rysta1]1ns. By the use of molecular sieve HPLC and tritium
borohydride label this was extended to the diabetié cataract showing that
both fhe soluble and insoluble HMW aggregatés are heavily glycated
(Figures;26 and 28). The theory of non-enzymatic glycation-dependent
formation of these aggregates is supported by the finding that the most
glycation found in the normal lens is found in the HMW aggregates.
Furthermore, in both normal and diabetic lenses the specific activity‘of

the HMW aggregates remains constant as compared to.the normal lenses.
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The consistent level of glycation of the HMW species indicates that
perhaps fhose crystallins with the greatest amount of glycation contribute
to HMW aggregate formation more readily. - Simi]ar]y, intermediate™levels
of glycation or perhaps non-critical sites of glycation merely leads to
the lens proteins becoming water-insoluble but.not yet forming the HMW
aggregaté responsible for cataracts.

This conjecture 1is. supported by the finding that the components
Which comprise the HMW aggregates contain a large -amount of glycated
residues (Figure 30). Secondly, those components which show the greatest
increases in glycation during the diabetic hyperglycemia demonstrate the
greatest increases within the insoluble fraction (Figure 29). These
same components are also the ones which compose the HMW aggregates.

This aggregation is then stabilized by covalent disulfide linkages which
results in the formation of the insoluble HMW aggregate .associated with
cataracts. The results of my experiments support and-extend this con-
jecture to. the following sequence of events: Initially, g1ycation of
the Y-crysta]]ﬁn and o-crystallin lead to their forming' the soidee HMW
aggregates (Fig. 30A). This aggregate is held together by ndn-covalent.
bonds and is not yet large enough to become insoluble. As. the glycation
process ¢ont1nues ahd with the addition of g]ycated B-crys£a111n the
aggregaté increases in size to become insoluble. . Subsequent disulfide
cross]in@ing results in the characteristic disulfide linked HMW aggregate
responsié]e for the opacities of cataracts. This hypothesis is supported
by several findings by other researchers. First,AB]oemenda] et al. has
found that under certain conditions y-crystallin can form aggregétes with
a-crystai]in (112). Secondly, the higﬁ thiol content of B—cfystallin
and y-crystallin allow for the formation of covalent: crosslinking when the
|

B-crystaﬂ]in becomes incorporated into the aggregate.

|
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The final characterization of non-enzyhatic glycation“Of the lens
proteinsfby localizing the sites of é]ycation within ‘the HMW constituent
po]ypgptides involved in a combinatioﬁ of ‘techniques: - Recently, cata-
ract research has focuSed upon the formation of the insoluble HMW
aggregate, therefore this protein was chosen as the focus for this final
characterization. Shapiro et al. first located the glycated residues of
glycated hemoglobin by enzymatic digestion of glycated hemoglobin
followed by cation exchange chromatography and amino acid analysis
(113). However, this method involved extremely large quantities of
protein and was not suitable for quantifying the glycated residues.in
the lens crystallins. This prob]emvwas-circumvented*by‘thé use of the
newly developed glycoaffinity gel and Affigel 601. .The phenylboronate-
acrylamide gel (Affigel 601) has a higher 1ligand:concentration than the
affinity gels used td,quantify the glycoprotein levels and is thereby
suitable.to selectively bind glycated-amino acids and :small glycated
polypeptides obtained by enzymatic digestion.

Enzymatic digest of trypsin and chymotrypsin were used for two
primary reasons: First, to provide overlapping peptides to ensure
accurate. location of the glycated residue. Secondly, trypsin may not
cleave a% a glycated lysine résidue therefore the possibi]ity existed
for mu]t#p]e glycated lysines within a single po]ypeptide.- Chymotryptic
digestioﬁ would be relatively unaffected by glycated lysines and would
provide Botentia]]y deciding information in case of -equivocable results
obtainediby the tryptic digest. However, multiple glycated residues
within avsing1e polypeptide did not prove to be a problem since for the
most part the amino acid sequences of the lens crystallins have alter-
hating arginine and lysine residues. For those sequences with two or

more lysine residues (a-crystallin) the chymotrybtiCJdigestion provided
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segments with single glycated lysine residues which were used to confirm
the 10ca£ion of the glycated residues. | o

Thi% study nbtvon]y locgted'the sites of glycation, but also allowed
quantificationvof the modified residues present in the HMW aggregate. As
expected? the y-crystallin residues'represent the majority of the
.glycatedzresidues as measured by tritium incorporation. Secondly,
the y-crystallin has on]y three potent1a1~sitesAforwgiycation of which
all are found to bé glycated. By contrast, the B—cfysta]]in has thirteen
lysine residues and only seven glycation sites. Similarly, the
o-crystallin A and B subunits have seven and ten lysines, resbecti?e]y,
of which.only five lysines are glycated within the:A subunit and four in
the B subunit. Lastly, as mentioned earlier, there is a great deal of
sequence homology between the three crystallin classes. Therefore, it
was not éurprising to see that most of the glycated lysines were;]ocatéd
at relatively similar reéions within the different crystallin subunits
(Fig. 37). This is 1ndjcative of a somewhat specific pattern of
glycation with some residues reactive to glycation.while other are ndt.
This specfficity may result from the location of the lysine residues
within the tertiary structure of the protein-molecule. Lysines exposed
on the oqtside of the protein would be more susceptibie to‘glycation than
those wiihin the interior of the protein due to steric hindrances.
Another ﬁossib]e contributing factor is the pK of the e-amino group of
lysine. !The presence of an acidic residue near the e-amino group of
lysine within'the tertiary structure will lower the apparent pK of the
lysine (115). This Tower pK would be more favorable to glycation. This
concept is represented by glycation of hemoglobin and albumin where
hemoglobin in BLys-66 and aLys-61, and serum albumin:Lys-523 are the

princip]% lysine residues modified (114). ‘

|



SUMMARY

Because of their remarkable longevity, lens crystallins undergo a
substantial amount of non-enzymatic glycation during diabetic hyper-
glycemia. These posttranslational modifications have the-potential to
disrupt ;he structUra] and functioné] properties of.the lens crystallins
and cont}ibute'to the formation of cataracts.

Stréptozotocin induced diabetic rats were used to study the relation-
ship between glycation of lens prote1n§ and the formation of insoluble
high molecular weight (HMW) aggregates believed to be responsible for
cataract formation; After the onset of diabetes, catafacts developed in
about 12 to 13 weeks. Five control and five diabetic rats were sacrificed
every three weeks and lenses removed. Levels of g]ycated protein and
glycated amino acids in lenses from each animal were -examined by affinity
chromatography. In addition, the changes in crystallin composjtion and
development of HMW aggregates were monitored by sensitive HPLC techniques.
The animals were followed in this manner until cataracts developed
(105 days) and for an additional 63 days. Secondly, the non-enzymatic
"glycation of both the soluble and insoluble lens proteins was character-
ized in control and diabetic cataract lenses. Thisfeharacterization
included. identification bf the protein components of the insoluble
fractionjas well as their level of glycation. Lastly, the crystallin
components which comprise the HMW aggregate were identified and the
extent. of glycation was determined. The characterization of the glycation
of .the HMW components was extended to locating the actual sites of
glycation within the crystallin polypeptide sequence.

As diabetic hyperglycemia continues there is a linear increase in

glycated protein in both the soluble and insoluble fractions. This

129
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increase is paralleled by an increase in the soluble HMW and insoluble
HMW aggﬁegates. Other changes include a decrease in reactive sulf-
hydry]séwhich 1nd1cates_an increase in disulfide bond formation. Within
the so]Jb]e fraction there was a steady decfease in the y-crystallin
componedt as well as a.consistent increase in the insoluble ¥-crystallin.
Charactqrization of the soluble HMW aggregaté and the,inﬁo]ub]e HMW
aggregate revea]edifhat they are composed ﬁriharily:of y-crystallin with
a sma]j amoﬁnt of a-crystallin. In adaftion,'the‘insolub1e HMW aggregate
contains!a.moderate amount of B-crystallin subunit5¢=‘Further anaiysis
demonstréfed that these HMW components are also heaviiy glycated.

- Secondly, the components of’the-insolub]e»fractidnvfrom-both control and
diabetic:cataract,lenses were all glycated more. extensively than their
soluble counterparts with insoluble y-crystallin showing the most glyca-
tion. |

This study has dehonstrated that as diabetic hyperg]ycemia continues
there is:a relationship between the increasing levels of glycated
proteins and the formation of HMW aggregatés. This feTationship also
extends to the increased glycation of those components: which comprise
the HMW éggregates. There appears to be a causal relationship between
g]ycatio% of lens crystallins and their unfolding. As: this glycation
increases, so does the protein denaturation and eventually aggregation

to form harge insoluble protein aggregates responsible -for cataracts.
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