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INTRODUCTION 

Stat~~ent of the P.roblem 

Prolonged 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 

react.s with the e:-ami no group of lys i nes or the ami no terminus of a 

prot~in. This reaction results in a Schiff-base inter~ediate which 

undergoes an Amadori rearrangement to form a stable and practically 

irreversible ketoamine structure. This modification 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 

posttransl.ational 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-insoluble and aggregate to form large high molecular weight 

particles that scatter light, producing lens opacities (cataracts) (9). 

It is not yet known which of the posttranslational modifications are 

normal and which are associated with the lens proteins becoming water

insoluble. This study was designed to determine the relationship between 

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

1 



insoluble high molecular weight aggregates. The progressive changes in 

glycated protein levels, disulfi·de.bond formation and the formation of 

2 

HMW protein aggr~gates were studied in streptozotocin 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 insoluble HMW components were identified and 

their extent of glycation was characterized. 
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Review of Related Literature 

Diabet~s and Its ·Sequelae 

Diabetes, because of its frequency, is probably the most 

import,ant metabolic· disease. It affects. every cell in the body, and the 

essential biochemical processes ·that go on there. Diabetes has been a 

medical problem since antiquity, and one which in the United States now 

ranks .eighth as ·a cause of death (10). The name 11 diabetes 11 was originated 

by Aretaeus (30 to 90 A.D.) and comes from the Greek words meaning 

11 sipha,n 11 and ·11 to· run through 11
, and in medicine signifies the chronic 

excretion of an excessive volume of urine. The qualify'ing word, mellitus, 

is Latin meaning 11 honeyed 11 or 11 sweet. 11 Hence, diabetes mellitus is a 

disease as·so.c.iated with. copious. sweet urine ( 1). 

The fundamental problem of diabetes is a relative lack of functional 

insulin, the hormone.produced in the islets of Langerhans of the 

pancr,eas. This lack of insulin is responsible for an inappropriate 

eleva;tion in blood glucose levels due to the inability of. glucose to 

enteri insulin· dependent tissues such as muscle and adipose. 

:Diabetes mellitus is a chronic disorder characterized by a number 

of sequelae. Diabetes is the leading cause of new blindness, and 

diabetics are twice as likely to develop heart disease. Other complica

tions invulve·thekindeys, nervous system, and peripheral blood vessels 

all of which the severity is inversely proportional to the degree of 
I 

I 
diab~tic glycemic control (10). 

I 

/Diabetic retinopathy is the leading cause of permanent visual loss 
I 

in the diabetic· patient. Almost all diabetics will develop s6me form of 
I 
I 

reti:nopathy after having had diabetes for 20 years, with 95 percent 

aff~cted after 30 years. Retinopathy is characterized by the appearance 



of ne~ blood vessels on the optic disc or on the surface of the retina. 

This neovascularization 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 

4 

and mi.croaneurysms all of which result in scar tissue and retinal detach-

ment ( 11). 

Diabetic patients haVe an i~creased incidence, earlier onset, and 

increased severity of atherosclerosis in the intima and calcification in 

the m~dia of the arterial wall. Peripheral vascular disease has been 

estimated to occur 11 times more frequently and to develop about 10 years 
I . 

earli~r in diabetics than in nondiabetics. The vessels most likely to 

be i n~o lved are the arteries of the legs, resulting in a 50-fold increase 
! 

in gangrene of the legs and feet (12). 

;The same capilla.ry basement thickening found in the retina is also 

seen :in the kidney and the major capillary beds of the skin and muscle. 

This 'microvascular disease in the kidney results in glomerular membrane 

thickening;, hypertension, and eventually renal failure (13). 

;Diabetics also suffer segmental injury to nerves, associated with 

defTlYelinati.on and Schwann cell degeneration, involving sensory and motor 
i 

peripheral nerves and the autonomic nervous system. It is characterized 
I 

by tremors, ·loss of coordinated motion,-incontenence, and impotence. 
! 

Affected nerves show basal lamina thickening similar to the capillary 
I 

I 
abnormalities (14). 

I 
1 The diabetic· is four to six times more likely to develop cataracts 
I 
I 

at a1 younger age than the normal population. There are approximately 
I . 

200,boo people with cataracts between the ages of 14 and 44 in the United 
i 

Sta~es. These cataracts occur primarily in diabetics (15). A cataract 



is described as any opacity of the crystallin lens that interferes with 

vision:. 

I~ studying the diabetic sequelae, it is of interest to note that 

tissu~s with the greatest incidence of diabetic complications (lens, 

retina, nerve, kidney, blood vessels, red blood cells) are insulin 

independent and therefore freely permeable to glucose. 

The involvement of the insulin-independent tissue in diabetic 

sequelae has led researchers to examine the effect of increased intra

cellular glucose on .tissue function. Biochemical changes may be 

responsible for alterations in vasclilar basement membranes that lead to 

diabefic mi~roangiopathy (16). One of the first theories put forth 
I 

involves the polyol (sorbitol) pathway (17). Glucose becomes sorbitol 

(a sugar alcohol) via· the effect of the enzyme aldose reductase. 

Figure 1 depicts a Schwann cell and the pathways within the cell and 

shows a subsequent. conyersion from sorbitol to fructose, in which the 

enzy~e sorbitol dehydrogenase plays a role. It is postulated that 

sorbi.tol accumulates and becomes trapped within the Schwann cell. The 

accu~ulated sorbitol may be toxic and lead to segmental demyelination 
! 

and ·ryeuropathy. Gabbay et al. (18) has pursued the relationship in --
I 

neur~logic complications by studying the sciatic nerves of diabetic 

ratsl Using enzyme assays they show localization of aldose reductase to 
I 
I 

the Schwann cell and sorbitol dehydrogenase to the axon. Weingrad and 

CleJnts (19) have shown sorbitol accumulation in the alloxan diabetic 

rabb~t aorta and human aorta. Current research in this area involves 
I 

the development· of aldose reductase inhibitors and their effect on 

diab:etic sequelae (-20~21). 

5 



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

Modified from Kozak, G. P.: Why treat diabetes? In Levine, R. 
-'·(ed ... }, Individualiz-ing Therapy in Maturity Onset Diabetes. 

··New York Stience 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 Diabete-s~-, 

New York Science and Medicine Publishing Co., Inc., 1979. 
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A.nother theory i nvo 1 ves an increase in the formation of g lyco

protefns which are a major component of the basement membrane (22). 

Figure: 2 depicts the pathway for the formation of glycoprotei ns from 
! 

I . 
I 

glucose and bther sugars. These hexoses (or hexosamines or both) are 

subsequently linked and enzymatically attached to proteins to form 

glycoproteins. It has become evident that the fundamental morphologic 

alteration of diabetic microangiopathy involves the thickening of 

capillary basement membranes (23). The best studied tissue is that of 

the renal glorneru·lus. Spiro et .tl_. (24). have studied the relationship 

of the renal glomerular basement membrane and glycoprotein formation in 

diabetes mellitus. The_ir investigations demonstrate an increase in the 
! 

activ~ty of the enzyme glucosyl transferase in the untreated diabetic 

kidney co_rtex~ They interpreted this to result in an increase in the 

deposition of various glycoproteins· in the kidney. When animals wer·e 

treated with insulin at an early stage of diabetes, their glucosyl 

transferase activity could be returned to norma.l values. 

Non-~nzymatic Glycation 

jProlonge~ ~ievation of blood glucose in diabetes results in an 

increased level of non-enzymatically glycated protein. This modifi

cati~n results when the e-amino groups of lysine or the amino terminus 
I 

8 

of a/protein reacts with the acyclic form of glucose to yield a Schiff-

base intermediate (Figure 3) (2). This aldimine is readily reversible 

with the ratio of k1 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

tion: is dependent on the glucose concentration and protein half-life. The 

insu:lin independent tissues·are directly exposed to the increased ambient 



FIG:URE 3 .. Reactton scheme for non-enzymatic glycation 

Qriefly, glucose reacts with a free amino terminus or £-amino 
gr6up·of lysine to form the reversible ald1mine. As.glucose 
concentrations are maintained the aldimine undergoes an 
Am~dori rearrangement to the stable ketoamine structure. 
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I 

blood.glucose ·levels resulting in an increase in non-enzymatically 

glycated proteins. Perhaps the detrimental effects are noted strictly 

by th~s relationship, either independently or in conjuction with other 

proposed mechanisms. 

The glycated·hemoglobin AI(s) (Alal' A1a2, Alb'. and A1c) are the 

best characterized of the non-enzymatically glycated proteins (25). 

The red blood ·ce·ll is insulin independent and the hemoglobin within has 

a life span of about 120 days. Hemoglobin becomes non-enzymatically 

glycated in both· normal and diabetic patients. Levels of Hb A1 are 

increased during hyperglycemia in diabetic patients in direct relation

ship jto the degree of diabetic control (25). The process of glycation 
I 

is r~latively irreversible; therefore, once a hemoglobin molecule is 
I 

glyc~ted it rema·i'ns in that form for the life of the red cell. Hemo

globin Ale takes approx··imately 60 days to reach a stable level (26). 
I 

The level of glycated hemoglobin reflects the average glucose level 

10 

that:the red cell .is exposed to during its life cycle. Levels of Hb A1 

now provide an index of long-term blood glucose control in the diabetic 
I 

patients (27). This post-translational modification is not completely 

benign, however·;· as hemoglobin oxygen affinity and sensitivity to the 

allosteric effector 2,3-diphosphoglycerate is altered :(28). 
I 
I 

[Using glycated· hemoglobin as a model it has been postulated that 
I . 

this/ type of post-translational modification could contribute to the 

morbrdity and mortal it~ associated with. diabetes (29). Researchers have 

shown that the lipoproteins are non-enzymatically_glycated in proportion 
I 

to the degree· of ·hyperglycemia (30-32). ··.Atherosclerosis has been linked 

to low ratios of high density lipoproteins (HDL) to low density lipo

pro~eins (LDL).· Experiments have demonstrated that non-enzymatic 
I 



11 

.glyca~ion affects the biologic activity of both HDL and LDL. Witztum et 

~- (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 receptor and therefore are not taken in as 

rapidly as non-glycated LDL. This relationship has· been theorized to 

resul·t in-decreased. HDL to LDL rates which is associated with athero-

sclerosis. 

The relati,ons'hip between non-enzymatic glycation and diabetic 

neuro:pathy has been investigated by Cerami and coworkers . ( 33). These 

inves~igators have suggested that since nervous tissue is also insulin-

independent, non-enzymatic glycation of myelin or axonal proteins may 

cont~ibute to this neuropathy. Their experiments using the sciatic 

nerv~ from diabetic dogs and rats showed an increased amount of non

enzymatically g.lycated lysine residues as opposed to normal controls. 

It w~s suggested that this glycation involves the myelin proteins or 

axon~l proteins which could alter their turnover or nerve conduction. 
1 The complications, retinopathy and nephropathy, are both believed to 

resujt in capillary basement membrane thickening (24). Histochemical 

studies reveal increased glycoproteins in diabetic basement membranes, 

but their exact ·nature has not. been determined ( 34). It has been shown 

that! the a-adrenergic receptor is non-enzymatically glycated in diabetic 

rats/, leading others to propose that other- ~trUctura 1 and. receptor 
I . 

prot~ins are subject to non~enzymatic glycation and may lead to basement 
I 

mem~rane thickening (35). 
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The L~ns Structure 

The crystallfn lens forms the second refracting unit of the verte-,. 

brate eye,_ adding .20 diopters of plus power to that created by the cornea 

(36_).: As such, it must remain perfectly clear or light will not reach 

the retinal sensory elements in an undisturbed state. The lens must also 

remain supple to·produce the accomodative changes in refractive state 

necessary as one ~oaks from a distant to a near target. For those not 

involved in lens research, there is often a tendency to look upon the 

1 ens :as an inert 11 bag of proteins 11 that for some reason 11 coagu 1 ates 11 

and therefore· becomes opaque or cataractous as· one grows old. This is 

far f:rom real_ity. The lens is·a highly ordered structure and depends 

upon ;active cellular metabolism to maintain this order. 
I 
I 

[The 1 ens is surrounded by a typi ca 1 basement membrane known as the 

lens :capsule (Figure 4). The capsule is secreted anteriorly by the 

epit~elial cells and posteriorly by the cortical fibers (37). The 

capsule its~lf is·non-cellular, having a structure crimposed largely of 

glycqprotein-associated type IV collagen (38). Also present is a proteo

glycan, -heparan sulfate, which composes less than 1% of the lens cap~ule, 

yet is considered very important in determining the structure of the 

matrix (39). ··The· structure of the capsule matrix appears to be critical 

in m~intaining capsuJe clarity. However, when the capsul'e is separated 
I 

from! the underlying ·ce 11 s, it is found to be metabo 1 i ca lly inert, 1 ac"k i ng 

any lnzymatic or .metabolic properties (37). 

/unde.rlying and rather firmly attached to the bas a 1 1 ami na of the 
I •• 

I . • . 

anterior capsule (38) is ~ single layer of ~uboidal cells (Fig. 4). 

Except-in pathologic conditions, no epithelial cells are found in the 

post'erior lens. These cells have the metabolic activity to carry out 



FIG~RE ~· Schematic representation of the mammalian lens in cross 
-secti:on 

I 
l. 

i 

_ Arrows indicate direction of cell migration from the epithe
lium to the cortex. From Jose, J. G.: The lens. In 
Anaer:son, R. E. (ed.), Biochemistry of the Eye. 
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FIGURE 5. Cros·s section of a rat lens showing the development of fibers 
of the equatorial region known as the 11 bow region ... 
From Jose, J. G.: The lens. In Anderson, R. E. ( ed.), 
Biochemistry of the Eye. --
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all normal cell activities includ.ing DNA, RNA, protein, and lipid bio

synth~sis, as well as to generate sufficient ATP to meet the energy needs 

of th~ lens (39)·. The epithelial cells are mitotic. The highest level 
I 

of pre-mitotic (replicative or S-phase) DNA synthesis occurs in a ring 

around the anterinr 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 epithe=lial cells progress to the bow region, they change in 

both 
1
morphology and in macromolecular synthetic activity. These cells 

have 'begun the process of terminal differentiation into lens fibers. 
I 

Certain morphologic.features immediately become apparent, the most 

striking of which·is the increase in cell size, which is associ·ated with 

a tremendous increase in the mass of cellular proteins and in the 

membranes of each individual fiber cells~ As these two cell constiuents 

increase, most other cell organelles diminish and ultimately dissapear. 

It should be noted that as the epithelial cells move to the equator and 

ther~ differentiate into the fibers, each new fiber is laid down upon 

an iDcreasing bund-le of previously formed fibers. The oldest of these 

fibers were produced in embryonic life and persist in the very center 
i 

of the 1 ens (the ·i ens core or nuc 1 eus) . The fibers in the outermost 
i 

port~on are the most recently formed and make up the cortex of the 
I 
I 
I lens1. No distinct morphological division differentiates the cortex 
I 

from the nucleus of the lens; instead there is a gradual transition from 
! 

one :region to anotheT. The avera 11 structure is somewhat 1 ike an onion, 
I I 

wit~ the oldest layers ·being more central (40). In addition the proteins 

w;t~in the fibers·do·'not t.urn ov·er or turn over very _slowly so that the 
i 

pro~ein near the· center of the lens are as old as the animal itself (41). 



Lens Metabolism 

The. lens qerives its energy from glucose present in the aqueous 

humorl the fluid within the anterior and posterior chambers which bathe 
I . . 
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the l~ns (42). The glucose levels withi~'the aque~us hu~or are approxi-

mately ~ those of the pla.sma. glucose -levels. (43).: Sugars gain access to 

the internal lens ·via· only one carrier system which does not require any 

expenditure of energy. As a consequence, the system does not transport 

sugar's against a· concentration gradient. However, because the sugar is 

metabolized, the carrier mechanism (known as,facilitated diffusion) 

conti,nually brings additional sugar into the lens so that in effect the 

conc~ntration gradient is directed inward. Nonetheless, this inward 
! 

flow :is not entirely controlled by the external sugar concentration 
I 

since within limits the carrier mechanism does not bring excess sugar 
i 

into !the lens if·external sugar is increased. By as yet unknown 

mech~nisms, the internal lens sugar concentration is kept at a constant 

10. mg/100 g, independent of external concentration. However, .when the 

external concentration exceeds about 175 mg/dl the control breaks down 

and ihe internal cance~tration increases accordingly (43). Therefore, 

in uncontrolled diabetes the internal lens g·lucose concentration would 

be increased in proportion to the increased plasma glucose levels. 

IMost of the glucose that is transported into the lens is phosphory

late~ by forming glu·cose-6-phosphate (Glc 6-P) by hexokinase (Fig. 6). 
! 

Thisl 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 

for~ed, glucose-6-phosphate enters either of two metabolic pathways. 
I 

The Jmost active pathway is anaerobic glycolysis which provides most of 

the /high energy phosphate bonds required for 1 ens met abo 1 ism. Due to 



F IG,URE 6. Pathways of sugar met abo 1 ism in the 1 ens 

From Jose, J. G.: The lens. .!.!J.. Anderson, R. E. (ed.), 
Biochemistry of the Eye. 
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the 1 ow oxygen tension in the· 1 ens, only about 3% of the 1 ens g 1 ucose 

paces: through the TCA eye 1 e to produce ATP ( 45). However, even this 1 ow 

activ!ity of aerobicmetabolism still produces about 25% of the lens ATP 

(46).: Given its relative isolation from any blood supply, it seems 

1 ike ly that the 1 ens· depends pri rna ri ly on anaerobic metabo 1 ism to supply 

the energ~ needs. 

A less active ·pathway for utilization of Glc-6-P in the lens is the 

pentose phosphate· pathway (hexose monophoshate (HMP) shunt). In the rat 

lens, about 5% of lens glucose is metabolized by this. route (47), 

although the pathway is stimulated in the presence of elevated levels of 

glucose. The· ·acttvity of the HMP shunt is higher in the lens than in 

most tissues, presumably to provide NADPH necessary for glutathione 
I 

reductase and aldose reductase activiti~s in the lens. 

LensiProteins 
I 

iThe mammalian. lens has a protein concentration of about 35% of its 

wet weight, twice that of most other tissues (the most notable exception 

is the erythrocyte,·wh·ich contains 30-35% hemoglobin) (41). The majority 

of these are structural proteins of the lens fibers, which make up the 

bulk:of the lens. These fiber proteins exist in two major groups, those 

thatiare water-soluble and those that are water-insoluble. The· former are 
i 

most~y crystallins.· The latter have been referred to as the 11 albuminoid 11 

I 

fraction. 11 Albuminoid 11 is no longer considered a meaningful term and is 
I 

now ~erferable to· refer to this as the 11Water-insoluble fraction ... 

I Most of the .water-soluble proteins fall into one of three major 
I 

grou.ps, a-, s-, and·y-crystallins, that were originally defined on the 

basis of their chromatographic properties. Gel filtration which sepa
l 

rateb on the basis of size yields four fractions. They have been labeled 
I 
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a, Shigh' Slow' andy crystallin i.n the mammalian lens (Table I). 

Almost, 100years 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.· Representing approximately 30% of the lens 

proteins· the a~crystallin· fraction,. is n·at one discrete protein, but is 

composed of different sized macromolecular aggregates of four distinct 

but closely related pr.otein subunits. ·Studies on the primary str~cture 

of a~crystallin have demonstrated amarked conservation of the sequence 
I 

of the! polypeptide chains during evolution (Figure 7) (51). Each of 

these 'subunits 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 A1, alpha A2, alpha 81, and alpha 82. 
! 
I 

A2. and: 82 are ·direct ···products of gene trans 1 at ion whereas Al and Bl are 

post-translational modification products, arising from deamidation of A2 

and 82, respectively (52). Aland 81 are not present in the epithelium. 

The re,lative proporti·ons of A2 and B2 change during differentiation such 

that t.heir ratios ·are 2:1 in the epithelium and 3:1 in the cortex (53). 

In addition, many.different chains are formed over time by limited 

proteo]l ys i s of the carboxy te rmi nus . Si ez en et _tl. (54) provided ev i -
i 
I 

dence that these shortened chains are involved in polymerization of 

the ex-~ rys ta l1 in a gg reg ate. 
I 

The·most abundant (slightly less than 50%) water-soluble proteins 

in thell ens are the B-e rys ta 11 ins . They are the most hete ro ge neou s of 
: . -

the cr~stallins (55), and may be further separated by gel filtration 
I 
i 
I 

chromaitography into two major fractions having rna 1 ecular weights of 



TABLE I. 
I 

I 

Summary of generalized characteristics of major lens proteins 
from·adult mammals 



·Average 
molecular 

weight-
Protein (dalton~) 

-
a- crxs ta 11 i ~r 80 X 104 

S-Crystallin 

SHi gh. 10-55 X 104 

SLow. 5-8 X 104 

y-Crystallin 20 X 104 

TABLE I 

Fraction of Thiol 
lens proteins. content 

30% Low 

55% High 

15% High 

Subunits 

4 with a m.w. of about 20,000 daltons 
( a-A1 ,. a--A2, a-81, a-82) 

M~ltiple subunits wit~ m.w. of 25,000-
28,000 daltons 

exists as a monomer 

N 
0 



FIGURE 7. ·Ami no acid sequences of the flA and aB subunits 

Homologous residues are enclosed in rectangles. Modified 
from-Van Der Ouderaa, F., DeJong, W., Hilderink, A.,.and 

· s·loemendal, H. (1974) The amino acid sequence of the ~B2 chain 
of bovine a-crystallin. Eur. J. Biochem. 49: 157. 
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4.9 x·:104 daltons ang 2 x 105 daltons designated as SL (low) and SH 

(high)[, respectively~ Dissociation of the SL and SH crystallins demon

strate a number of·polypeptide chains in common (56). Among the shared 

chains~ is the maJorS-crystallin constituent SBp (B=basic; p=principal) 

(57)., Zigler and·Si'dbury (58) were able to show that the occurrence of 

BBp in the S-crystallin fraction of both SHand SL was a general feature 

of vertebrate species. I Its primary structure has been determined and 

shows considerable sequence homology with repeating sequences at the N

and C-;terminal regions of the pr.otei,n (Figure 8) (59). There is also 

consid:erable sequen_ce homology between this chain and they-crystallin 
i 

(Figur;e 8). S-Grystal·lin has· no a._-helica·l coils, being structured 

instea;d as S-pleated sheet and random ._~oils (60). 
i . 

T:he y-crys·tallins are the smallest of the crystallins, having a 
i ' ' 

molecdlar weight in:· the rang~ of 20,000 daltons (61). Absence of 
I • • . • . 

a.~helfcal structure is a feature .that the y-crystallins share with other 

· crystallins, and like the S-crystallins, y-crystallin has a significant 

a moun~ of S-p lea ted structured (about 22%) ( 62). The y-crysta 11 ins 

exist :as monomers rather than as aggregates. Unlike both the a.- and 
I 

B-cry~tallins.; ·several different y-crystallins have been isolated; how-
l 

ever, ionly one type is found in a given species. Their nature and 
I 

conce~tration are vari~ble depending on the species examined, the age of 

the animal, and lens locus (63). The y-crystallins are all very similar 
I 

I and possess s igni fi··cant: sequence homo 1 ogy with each other. At the 

prese~t time the Y'"crystallins are considered a heterogenous mixture 

which I have in conunon the fact that they are water-soluble, having rela-
1 

tivel~ low molecular weight and are present as monomers. The y-crystal-

lins ~ake up about 15% of the lens proteins of the adult mammal, but 
I 

constitute as much a-s 60% of the soluble protein in weanling animals (64). 



FIGURE 8.: Optimal alignment of N-terminal and C-terminal halves of 
bovine SBp andy-crystallin sequences 

Interchain identical residues in homologous positions of SBp 
andY-crystallin half chains are enclosed in boxes. Intra-
~hain ~equence homology between the N-terminal and C-terminal 

·parts of SBp andy-crystallin is emphasized by dots. Modified 
from Driessen, H.P.C.,.Herbink, P., Bloemendal, H., and 
De Jong, W. W. (1981) Structure of bovine S-crystallin Bp 
chain. Eur. J. Biochem. 121: 83. 
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A'lso present in· the soluble fraction is a high molecular weight 

aggreg~te (HM-crystallin) with a molecular weight in excess of 1 x 106 
i 
I 

daltonjs. ln the bovine lens this HM-crystallin is composed of 

24 

~crystallin aggregates and may also contain some S.-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 cond-itions (~6). These HM-crystallins are believed to be 

precursors to even higher molecular weight aggregates present in the 

water-insoluble fraction which are theorized to aggregate so extensively 

as to cause light scattering and lens opacities (67). 

Crystallins 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 normal modifications and which may be associated with 

lens opacification. Most authors have concluded that the crystallins are 

not integra 1 membrane proteins a 1 though the precise ro 1 e -of the various 

crystalli·ns is unknown (68). It is clear, however, that·from their high 
I 

concentration they definitely contribute to the cytoarchitecture. 

Insoluble -Fraction 

!he water--insoluble fraction of the lens did not receive much 
i . 

attention at the time of its discovery by Moerner in 1894 {69). The 

original term albumoid referred to the conjecture that it was composed 
I 

I 

prima~ily of insoluble a-crystallin. Only in recent years has this 
I 

fraction been examined and found to be far more complex and hence the 
I 

term ~lbumoid replaced with water-insoluble fraction. The water-insoluble 

fract~on.may be further separated into two fractions, one soluble and 

one insoluble in 7 M urea. The urea-insoluble fraction contains the 

fiberi plasma membrane .and its associated membrane bound proteins {70). 

! 
I 
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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 
I · 0 

I 

fracti
1

on. as the lens ages. In young lens most of the insoluble fraction 
I 

is sol.ub.ilized by 6 M urea; however, in older lenses and cataracts the 

lens ~roteins become- increasingly insoluble (71). It has been hypothe

sized that lens proteins 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 1 

water~i-nsoluble proteins with increases in lens opacification, but 
( 

contrdversy continues over this hypothesis. It should be noted that the 

water-insoluble fraction increases with age even if the lens remains 

clear; (71). For example, if radio labeled methionine is injected into 

rats, tone day ·later· radioactivity is found only in the water-soluble 
i 

fract1on; but in animals killed seven weeks after isotope injection, 40% 

of th~ radtoactivity is detected in the water-insoluble fraction (73). 

Those:proteins that are initially in the water-soluble fraction even

tuallY, become incorporated into the water-insoluble fraction. It seems 

then ihat conversion of the sol~ble ~roteins into water-insoluble 

proteins is a natural. process in lens fiber maturation. The process 
I 

may, however, be accelerated or occur to excess in certain cataractous 
I 

lenses. 
I 

I 

The exact composition of the insoluble fraction remains in dispute. 
I 

It is I believed to contain crysta 11 in components whi ch• have been made 

insol~.ble. Also present are small arriounts of the structural proteins 
! 
I 

actin!and vimiten but these proteins comprise only about 1% of the lens 
I 

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

I 

titra~able sulfhydryl groups (75). Also, as cataracts.develop there is 



an increase in a large (mw 2 x 106 daltons) disulfide linked high 
I 

molecJlar weight (HMW) aggregate (76). It is this component of the 
i 
! 

insol~ble fraction which is believed to be responsible for the light 
I 

scatt¢ring found in .cataracts. This HMW aggregate is believed to be 
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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 directions of lens research, either directly or 

indir~ctly, is the elucidation of the mechanism or mechanisms ·which 

r.esu.l~ in loss of normal lens transparency, ·i.e. cataracts .. A prerequi

site for this, however, is an understanding of the basis of the quite 

remarkable trans-paTency of the normal lens. Surprisingly, little work 

has been done in this area. Current evidence by Raman spectroscopic 

studiJs sugg.ests that lens crystallins are packed in a structural array 

(78). ·All the crystallins. contain extensive amounts of a-pleated sheet 

regions, these regions- are orien~ed orthogonal to the lens axis. This 

order~d array coupled with the ·absence of particulate cellular elements, 
i. 

aside ]from the epithel1um, such as nuclei, mitochondrii or endoplasmic 

reticulum is believed to be responsible-for lens transparency. 

ihe possible· mechanisms of opacification are many, including any 

changJ capable of increasing the scattering or absorption of light. One 
I 

of th~ oldest concepts is that precipitation, denaturation, coagulation 
I 

or ag~lutination of soluble lens proteins is responsible for lens opaci-
i 

ficat,on. These various terms have been used for this intuitive notion 
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which: is· widely stated, but have no basis in fact other than a frequently 

drawnranalogy to a hard-boiled egg. Such an ill-defined change may 
i 

indee? occur in lenses cooked by exposure to infrared, microwave or 

ultrasound radiation, but the casoal characterization of all cataracts 

'as resulting from denaturation of protein has contributed nothing, to the 

understanding of cataracts. 

As implied above, there is no specific underlying cause of lens 

opacification. It should be recognized that any given cataractous lens 

has experienced many potentially destructive insults that either addi

tively or synergistically produced the. cataract. The latter possibility 

has been veri fi'ed in th~ 1 a bora tory, where it has been shown that some 

subliminal insults to the lens that do not result in opacification when 
I 

they occur. separately, do cause cataracts, if they occur together (79). 

Table:II contains a lis~ of possible causes of cataracts in the lens. 

¢ataractogentc·agents may be thought of in terms of how they would 

affect the structure and function of the major lens components. In 
I 

looking simplistica·lly at the structure of the lens, there are three main 

structtiral features: the capsule, the epithelium~ and the lens fibers. 

Few, ~f any, cataracts are strictly associated with alterations in the 

capsule. Since· the· capsule is secreted by the epithelium and the cortex,· 

it is !apparent that, with the exception of trauma and post-translational 
I 
I 

prote~n changes, abnormalities in the c~psule must arise from the under-

lying [cells. This .leaves only two major ·sites of cataractogenic action 
i 
I . 

in thel. lens~ 
I 

~he first of ·these is the epithelium. These cells are the major 
I 

site 9f internal osmo·larity regulation .. They have a higher concentration 
I 

of ATP:ase activi'ty<than the.fibers. Thus any agents that interfere 
i 



TABLE II. 

\_/ 

Sites· of action and mechanisms possibly resulting in cataract 
formation 



TABLE II 

I. Capsular_Jffects 

A. Trauma 
B. Post-franslational modification of proteins 

II. Epithe)ia~. Effects 

A. Depressed pump activity', 
B. Altered rates or nature of proteins synthesized 
C. Altered enzyme activity 
D. Mutational events 

III. Cortical Effects 

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

·,C. Post-translational modification of proteins 
C-terminal degradation 
oxidati6n, especially ·photo-oxidation 
deamidation 
racemization 
crosslinking 
non-enzymatic glycation 

D. Alteration in membrane structure 
oxidation 
protein crosslinking 
osmotic swelling 
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either with the generation of energy or with the activity of the pumps 
I 

can lead to the loss of transparency. Those enzymes that. can be found 
! 

! 
in th~ lens are generally most concentrated in the epithelium. Ohrloff 

et ll· showed that the activity of many of these enzymes-decrease with 

age, which they attributed to post-translationa-l ·mod-i-fication (80) . 
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. Whatever the basis, such changes could dramatically alter the ability of 

the lens to function. 

Secondly, modifications in the metabolic activity of the epithelium 

could result from alter~tions in the genetic makeup of the epithelial 

cells~ The lens, like other body cells, is subject to agents such as 

chemicals or near UV radiation that could cause mutations in these cells. 

The progeny would then have a reduced c.apaci ty to fu-nction as norma 1 lens 

and might not adequately contribute to the metabo 1 i c ne.eds of the lens. 

Furth~rmore, mutated epithelial cells might not have the genetic controls 
I 

i 
necessary for proper differentiation into lens fibers. The lenses of 

I 

anima~s having UV- and X-ray induced cataracts show histological evidence 

of such failure of differentiation (81). Mutated epithelial cells may 
! 

attempt to differentiate, but contain 1nformation that would cause them 

to prpduce anomalous proteins. These anomalous proteins might disrupt 
I 

the nbrmal cytoarchitecture of the cortical fibers, resulting in light 
! 

scatt~ring. 

The architecture can also be disrupted by direct effects on existing 
I 

lens broteins. Long wave UV radiation (320 nm-400 nm) has been associated 
I 

with rormation of nuclear cataracts' and tryptophan has been suggested 

to be! the major absorbing chromophore. Tryptophan is not destroyed by 
! 

the r~diati-on, but- rather passes the absorbed energy on. to other cell 

compohents i~cluding water, with generation of H2o2 or s~peroxide 
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radicals. These highly reactive species in turn are hypothesized to 

react with lens proteins producing the high molecular w,eight macromolecu

lar species 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 fo~ light. 

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 fracti-on as well as with the 

disulfide linked high molecular weight aggregate. These changes are 

believed to result from post-translational roodificati"ons which confer 

on the lens proteins an increased susceptibility of crystallin sulfhydryl 

groups to oxidation. The sulfhydryl content of the· lens· crystallins 

varies with Y-crystallin containing the highest amount with 6 cysteine 

residues per polypeptide chain .. The S-crystallin has somewhat less with 

2 cysteines per chain and a-crystallin the least with one per _aA subunit. 

The lens proteins are long lived, experiencing multiple potentially 
~ 

cataractogenic insults. It is likely that the cataract is a record of 

the s~m of these factors. 

Several theories have been put forth for cataract formation in 

diabetes. One theory involves the enzyme aldose reductase and the 

sorbi~ol pathway -{36) which may be summed up as follows: 

! glucose+ NADPH + H+ '(aldose reductase;) sorbitol+ NADP+ 

sorbitol + NAD+ cPolyol dehydrogenase) fr~ctbse + NADH. +-H+ 

glucose + NADPH + NAD+ < > fructose + NADP+ + NADH 
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-~he Km for this enzyme is.about 700 times -that of hexokinase 

(700 ~ 10-4M vs 1 x 10-4 M), consequently less than .5% of lens glucose 

is normally converted to sorbi.tol. However, since hexokinase is the 

rate limiting step of glycolysis, as glucose increases in the lens, the 

sorbitol pathway is activated relatively more than: glycolysis and sorbitol 

accumulates. Sorbitol is then metabolized to fructose by the enzyme 

polyol dehydrogenase. Unfortunately, this enzyme has a relatively high 

Km (1 x 10-2 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).: This increase in sorbitol increases the osmotic pressure within· 
I 

the l~ns, drawing in water. At first the energy dependent pumps of the 

lens ;are able to compensate but ultimately they are overwhelmed. As a 

resul/t there is swelling of the fibers, disruption of the normal archi-
l 

tect~re, and ultimately lens opacification (38). 

~A second theory involves aldose reductase based on the cofactor 
l 

NADPH. This theory postulates that as a.ldose reductase activity is 
I 

incr~ased the NADPH pool will be depleted. This depletion results in a 
i 

decr~ase in the regeneration of glutathione via glutathione reductase. 

With 1reduced glutathione depleted, the lens is subject to free-radical 
I 

I 
and ~xidative damage resulting i.n disulfide bridge-formation between 

I 
I 

prot~ins. These disulfide linked proteins would become larger and 
I 
I 

insoliuble. The resulting aggregates may act as ~catterpoints for light 
I 

I 
that !produce lens opacities (40). 

I 

Non-enzymatic Glycation and Cataract Formation 

;Non-enzymatic glycation has also been implicated as a potential 
.I 

cause of diabetic cataracts. There are severa-l factors which make the 



I 

lens ;su.s.ceptible to non-enzymatic glycation: first, like the red cell, 

the l:ens does_not require insulin for glucose uptake. Thus, the lens 
i 

i's e~posed to high concentrations of ·glucose du:ring·the hyperglycemia 

of diabetes. Second, lens crystallins have little· or no. turnover and 

are therefore particularly susceptib.ie to post-translational modifica-

tions. As discussed earlier, non-enzymatic glycation is dependent on 

glucose concentration and protein half-life. 

Many researchers have examined the role_of.non-enzymatic glycation 

in the formation of diabetic and senile cataracts. The basic tenet is 

that ~lycation of lysine residues results in a conformational change 

which[ leads to aggre'gation and disulfide bond formation. To study this 
i . 
i 
I 

hypo~hesis researchers have used various methods to examine the sulf-
·. 
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I 
hydry

1
1 oxidation state, high molecular weight protein formation, and the 
i 
I 

exten:t of non-:enzymatic glycation in lenses. As this research has 

conti;nued several rrethods for examining non-enzymati-c glycation have 
I 

been ~eveloped (Fig. 9). One of the first techniques used with the lens 

proteins was .reduction with tritiated sodium borohydride. This procedure 

both stabilizes the ketoamine linkage and results in one non-exchangeable 

triti~m label at the glycated amino acid. The extent of glycation of 

the 

and 

and 

p:rotein may then be examined and coupled with amino acid analysis 

ah appropriate standard,. the glycated ami no acids may be identified 
i 
I 

q:uant i fi ed. 

Fluckiger and Winterhalter (83) have used mild acid hydrolysis with 

oxali
1

c acid to release 5-hydroxymethyl furfuraldehyde, which may be 
i 

measu!red colormetrically with thiobarbituric acid (TBA). This method 
I 

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

is cu:mbersome and provides only a relative index of the extent of 



FIGURE 9. V-arious methods for the·detection and quantification of 
Amadori products 

From Monnier, V. M. and Cerami, A.: Non-enzymatic glycosyla
ti-on and browning in diabetes and aging. Diabetes _l!_: 57-63, 

-1982. -
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glyc~tion. Secondly, this test requires samples free of contaminants 
I 

34 

such; as reducing sugars- or lipid oxidation products, which also produce 
I 

color. with TBA .. More recently an affinity chromatographi¢ procedure has 

been. deve 1 oped using a phenyl boroni c acid resin ( 16). Native ·or bora-
( i 

hydride .reduced glycated residues contain a 1,2-vicinol group which 

will be retained on the phenyl boronate group. 

The potential role- of non-enzymatic glycation·of ·lens crystallins 

in t~e formation of 11 Sugar 11 cataracts was first investigated by Stevens 

et _tl. ,(84). The incubation of 14 C~ labeled glucose or glycose-6-

phosphate with lens crystallins from bovine lenses led with time to an 
. '-

incorporation of radioactivity into acid-precipitable proteins. Concom-

itantly, an opacification of the solution occurred in the presence of 

oxygen that mimicked the sugar cataracts of experimental diabetes and 
i 

gala¢tosemia. The opacity was found to be due to the presence of a 
I 

I 
disulfide-linked high molecular weight (HMW) aggregate. Observations by 

I 
; 

Spector and Zorn (85), showed an increase in titratable sulfhydryl 
i 
I • 

groups of a-crystallin as the pH was increased from 8.8 to 10.4. They 
! 

prop~sed that the deionization of the £-amino groups of lysine residues 
i 

alte*ed the conformation of the protein, resulti·ng in an unmasking of 
i 
I 

the sulfhydryl groups. Therefore, Stevens et !l· hypothesized_ that 

non-Jnzymatic glycation of lysine residues would lead to the exposure of 
I sulfhydryl groups, thus making the protein more susceptible to oxidation 

and Jggregation (84). 
I --

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

galaJtosemic rats. A 10- and 5-fold increase in glucose and galactose 
i 
i 

lysine adducts were detected in diabetic and·galactosemic cataractous 

lens~s, respectively. As in earlier work a disulfide linked HMW protein 



aggr~gate was also detected (86). Over~ll these·e~periments suggest 
I 

35 

that: non-enzymatic glycation could participate in the cataractous process 

-by r~ndering the protein more vulnerable to oxidation. 

; The effects of non-enzymatic glycation have also been studied as a 
i 

function of age .. Bunn ·and coworkers showed· an--age dependent increase in 

glycation of bovine ·lens crystallins ·(87) •. Since the non-enzymatic 

glycation reaction is dependent a.n 'the.·protein half-life as well as 

glucose concentration they proposed that glycation may contribute to 

senile cataract formation.· Using the incorporation of tritium from 
i • 

sodi~m borohydride.reduction· ~s the 2riterion. f~r the eitent of glyca-

tion~ they showed a 2.4-fold increase in glycation of a-crystallin 

betw~en 2- and 4-year-old lenses. Increases in glycation were also 
I 

observed for other crystallin components. 
i 
!Several authors have studied the proposed correlation between 

non-enzymatic glycation and disulfide formatinn. Awasthi et ~· (88) 
I . 

i 

incubated bovine lens crystallin proteins with glucose. Turbidity of 
I 

the ~olutions followed by precipitation developed rapidly, particularly 

with \proteins .that were already in the oxidized form. However, no 
i 

precilpitation was observed with crystallins that had free sulfhydryl 
I 
I 

groups prior to incubation. Therefore, the authors concluded that 
i 

glucqse induces aggregation of crystallins by.some mechanism other than 

expo~ure of sulfhydryl groups. 
I 

\These observations were extended by Ansari et ~· with the exami na-
i 

tion !of human lenses. Human normal, diabetic cataractous, and senile 

cata~actous lenses were separated into water~soluble, urea soluble, and 
I 

inso~uble protein fractions. Protein disulfide, mixed disulfide bonds 
I 

and glycation {determined by tritiated borohydride reduction) were 
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measured in these fracti-ons. Overall no linear correlation could be 
I 
I 

obse~rved between sulfhydryl oxidation and glycation. However, marked 
I 

incneases in both borohydride-reducible bonds (glycatton) and disulfide 
I 

bonds were observed in the urea-soluble and insoluble fractions from 
I 

diab~tic cataractous lenses (89). Although these results point to a 

correlation between glycation and sulfhydryl oxidation in diabetic 

cataract formation, they can be also at~.ributed. to the consequences of 

polyol accumulation~ osmotic stress on the lens, and loss of glutathione. 

Liang and Chakrabarti (90), later studied the effect of glycation 
' . 

with;glucose-6-phosphate on the. conforma~ion of purified bovine lens 

proteins. Using circular dichroism (CD) they demonstrated changes in 

the near ultraviolet (UV) 'co characteristic of aromatic amino acid 

residues. However, no change in the· fa r-UV CD was observed. Their 

results were interpreted to indicate that glycation causes a change in 

terti!ary structure of the molecule but that the secondary structure 
I 

(pept~de background) was unaffected. Additionally, no evidence of a 
I 

conneption between glycation and extent of disulfide linkage was 
I 

obseryed. 
i 
Shortly after Stevens and his associates published their results, 
I 

Pande et !1· (91) examined the glycation of human lenses in more detail. 

Their experiments involved tritiated sodium borohydride reduction of 

human normal, diabetic cataract, and senile cataract lenses. The results 
I 

showeq no significant increase in non-enzymatic glycation in any crys-
1 

talli~ fraction or of high molecular weight aggregate. However, the 

insol~ble HMW proteins that are believed to be involved in the catarac

tous process had three times the specific activity of the other protein 

fracti!ons. Further analysis of the tritium incorporation in the acid 



I 

I 

I 
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I 
I 

hydr
1

o lyzed protein by cation exchange chromatography demonstrated 
I 

seve\ra 1 radioactive peaks other than the expected 1-deoxyg luci to lyl 

lysi~e. They concluded that there is no increase in glycation of lens 
I 

prot~ins in diabetes, and glycation is not involved· in cataract forma
l 

tionl They further questioned the use of tritiated borohydride reduction 
! 
I 

as a\measure of non-enzymatic glycation due to other non-specific side 
I 

reactions. However, further studies by other researchers has firmly 

established this as a reliable index for non-enzymatic gl~cation (92,96). 

A different approach to study non-eniymati_c glycation of lens 

proteins was us_ed·by Gopalakrishna et ~· (93). They used a modified 

pheno:l-sulfu~ic acid reaction to _quantitate· the extent of glycation in 

diabefic cataracts, senile immature nuclear cataracts, senile immature 

corti~al cataracts, and senile mature cortical cataracts. The soluble 
i 

and utea soluble frac~ions were hydrolyzed under mild ·conditions. This 
\ 
I 

I • 

resul~s 1n the bound hexoses forming furfural derivatives which then 

reactlwith the phenol-sulphuric acid to form a colored product which is 
I 

read with a spectrophotometer. A second aliquot of the lens fraction is 

react~d with sodium borohydride which will prevent the formation of a 
I 

furfu~al product with mild hydrolysis. The difference in the concentra-
1 

tion o~ phenol-sulphuric acid positive material before and after reduc-
i 

tion was used as an index of non-enzymatically bound hexoses. Their 

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

catara~t compared to all the other groups. However, there was an overlap 
I 
I 
I 

betwee~ the diabetic cataracts and the senile mature cortical cataracts 
! 

(SMCC)1 This was attributed to the decrease protein levels found in the 

SMCCs. : 
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Several authors have used similar chemical methods to determine the 
i 

extent of non-enzymatic glycation in diabetic cataract lens proteins. 

Kasai and coworkers (94) ·have studied the non-enzymatic glycation of 

diabetrc cataract and senile cataract lenses and ·i!!_ vitro glycations of 

lens p~oteins with various concentrations· of glucose using the thiobar-
1 

bituric 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-enzymatic glyca

tion was increased in both senile and diabetic cataracts and signifi-

cantl~ higher in the diabetic than in the senile cataract group. The 
i . . . 

mean ~ge of the diabetic patients (67 years) was· si·gnificantly younger 
I . . 

than ~hat of the senile patients (75 yea~s). It was concluded that the 
I 

non-e~zymatic glycation of lens proteins is accelerated by·the hyper
i 

glycemia of diabetes. 

A similar study was done by Lee and colleagues (95) using the TBA 

assayrto measure non-enzymatic glycation of nuclear and cortical lens 

proteins from diabetic and senile cataracts. Their study concluded that 
I 

glycaiion-of-lens cortical proteins,. but not nuclear proteins, was sig-
1 

nific~ntly higher in diabetic patients compared to senile cataracts. 
I 

Furthermore, the glycation of the lens cortex was s-ignificantly greater 
I 
I 

than fhat of the lens nucleus in the diabetic cataract; while it was 
I 

I 
somew~at decreased in the non-diabetic counterparts. This implied that 

the l~ns nucleus may not be exposed to as much metabolic variation of 
I 

gluco~e in adulthood as the cortex. 

!he most recent work on non-enzymatic glycation of human lens 

cryst~llins was done by Garlick et ~- (96). The glucitol-lysine 
I 

(Glc-~ys) contact of soluble and insoluble crystallin fractions were 
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measur~d after reduction with 3 H-borohydri-de followed by acid hydrolysis, 

boroni d acid affinity chromatography, and· high pressure cation exchange 

chromatography. The study group consisted of human diabetic cataract 
I 

lenses and normal lenses of various ages (0.2-99 years). The results 

showed that the soluble and insoluble fractions had equivalent levels of 
I 

glycation. The content of Glc-Lys in normal lens .-crystallins increased 

with age in a linear fashion. Thus, the no-n-enzymatic glycation of 

non-diabetic lens crystallin reflected a biological clock. The diabetic 

lens crystallin samples showed about twice as mtJch Glc--Lys residues 

compar~d to that of the control samples. Also, the Glc-Lys content of 

the dilbetic lens crystallin samples did not increase with lens age and 
I 
I 

instead was postulated to correlate to the degree of lifetime glycemic 
! 
I 

contro;l. 
I 

This study was designed to· determine the-,relati-onship between non
i 

enzymatic glycation and the formation of the HMW aggregates believed to 
i 
I 

be res
1

ponsible for cataract formation._ Streptozotocin induced· diabetic 

rats were periodically sacrificed and the lenses ·were examined for 
! 

glycat;ed protein, and glycated amino acids levels -were·'r_emov·ed .. :The --
I . . - . 

use ofi affinity chromatography. ·In addition, sen~it1ve HPLC techniques 
I . 
I 

I 
were developed 'to monitor the progressive changes ,;.n lens crystallin 

I 

compoJition and the formation of the HMW aggregates believed to be 

respo~sible for cataract formation. The sulfhydryl content was also 

deteriined to showthe degree of disulfide ~r~tion as catarcts . 

devel~ped. Furthermore, the non-enzymatic glycaUon of both .the:::water-
t 

soluble· and urea-soluble fractions was charac_terized·· in ·contro.l ·.and 
I 

diabetic· cataract lenses. This characterizati-on .i-nclude the identifica.;. 
i 

tion 6f the protein components of the ure~-soluble frac-tion ~swell as 
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their level of glycation. Lastly, the components of the HMW aggregate· 

were identified and the extent of glycation of each component was deter

mined.; The characterization of the glycation of the HMW components was 
I 

extended to locating the specific sites of glycation within the crystallin 

polypeptide sequence. 

J 



MATERIALS AND METHODS 

I . , Mate ri a 1 s 

Amimals: 90 Sprague-Dawley (Harland Co., Madison, Wi.sc.) rats 
i . 

(100-150 g) were divided into two groups consisting of 45 control and 45 
I 
i 

expe·riljlental. The experimental group was made diabetic by injection of 
! . 

65 mg/~g streptozotocin intravenously according to the procedure of Rasch 

(117).; Diabetes resulted within 48 hrs after i-njection. Every three 

weeks 5 experimental and 5 control animals were sacrificed and both 

lenses: from each .animal were removed. At the time of sacrifice, 5 cc of 
I ' 

heparihized blood wa.s drawn by cardiac puncture. Plasma glucose levels 

and gltcated he~globin levels were then used to determine the level of 
I 

hyperg~ycemia and the severity of diabetes. 

II. Methods 
I 

A~ Crystallin Preparation 
i 

I 

.Thesoluble and insoluble crystallin fracti-ons were prepared 

by a mbdification of the procedure of Herbink et ~~ (57). 
I 

Lenses from i ndi vi dua 1 ani rna 1 s were ri·nsed with 50 mM sodi urn 
I 

phosph~te buffer (pH 7.0) and suspended in 3 ml of-the same phosphate 
I 

buffer!. The 1 enses were then homogenized under ni tro.gen using a Dounce 
I 

ground! glass tissue ho.mogenizer. The resulting suspension was centrifuged 
I 

for 1 ,hr at 6 ,QOO x g at 4° . The supernatant, which comp.ri sed the water 
I 

solubl~ fraction, was then dialized for 24 hrs against 500 volumes of 

50 mM sodium phbsphate (pH 7.0) at 4°. The pellet was washed with 
I 10 vol,Umes of the phosphate buffer and_centrifuged for 10 minutes at 
I 
I 

10~00~ x g three times. The pellet was then resuspended ~n 2 ml 7 M 

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

41 
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stirrer for 2 hr at 4° under nitrogen._ This suspension·was centrifuged 

for 30 :min at 1o·,ooo x g at 4°. The resulting supernatant was the urea 
! 

soluble fraction. 
i 

B~ Affinity Gel Chromatography 
I 

\. The affinity gels used in this study co-ntain a phenylboronate 

functional group covalently bound to either agarose or arylamide beads. 
I ••. 

The phenylboronate group will reversibly bind the_ vicinal diol groups of 

hexoses (Figure 10) (118). This binding occurs when the phe.nylboronate 

,group is in the unprotonated form (pk 8.0). The·bound glycosylated 
' I 

residue may be eluted by the addition of a competing compound, i.e. 
I . 

I 

100 mM/sorbitol, or by lowering the pH. 
! 

i 

1) Quantification of glycated c.rystalli-ns"from soluble fraction 

The glycated crystallins wer~ quanti,~ied using Isolab 

Glyc-Affin microaffinity columns from Isolab Inc., Akron, Ohio. These 

column$ came prepacked with phenylboronate agarose in a column size of 
! 
I 

0.5 cmjx 4 em. Developers needed for the chromatography were supplied 
I 
I by thel same company. The column was equilibrated with 2 ml of the column 

prepar~tion solution which consisted of 100 mM asparagine and 10 mM MgCl, 

pH >9.9. The, sample, 5 mg, was made basic (roughly pH 9) by·the .addition 
I 

: 
of 15 ~1 of 0.1 M NaOH and applied to the top of the microcolumn. Once 

the sa~ple had flowed into the gel 2 ml of the First Fraction elutant 

(100 +glycine, 10 mM MgCl, pH >9.0) was applied and the elutant 

co 11 ec~ed. This ftact ion containS the non-g 1 yea ted proteins . The 
I 

glycatfd proteins were eluted by the a,ddition of 1 ml of the Second 

Fraction eluting buffer which consisted of 100 mM sorbitol. This fraction 
l 
I 

contaihed the glycated proteins. The percentage of glycated protein was 
I 

determ'ined by taking 100 lll from each fracti·on and reacting with 5 ml of 
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the Bi6 Rad protein determination reagent. After a 5 min incubation at 

room temperature, each sample plus one blank was read on a spectrophotom-
I 

eter at 595 nm. The calculations are as follows: 
j 
I 

1 fraction 2 - blank . x ioo = % glycoprotein 
2 x (fraction 1- blank)+ (fraction 2- blank)· · 

I . 
1 2) Quantitation of glycated ·proteins from insoluble fraction 

The glycated proteins from the_ ur~a __ sol_uble fraction were . 

quantified in a procedure similar to the one u~e~_for the soluble frac

tion .. A _7 M ~rea solution was made using each.·of the First Fraction and 

Second~F~action eluting buffers. The sample size was·s mg in the urea, 
I 

HEPES,IEDTA buffer as described earlier. All other procedures were the 
! .. 

same a$ described. 
i 

I 

3) Quantification of glycated hemoglobin· levels 

~lycated hemoglobin levels has been r~cognized as an 

excellent measure of overall diabetic control. rh~ glycated hemoglobin 
I • 

level ~as determined using the Isolab Glyc-Affi~ GHb microcoltimns and 
I 

bufferJ as described by the manufacturer (97). Briefly, the procedure 

was as I follows. Fifty 111 of the freshly drawn blood was mixed with 400 vl 

of thelsample preparation reagent and incubated at room te~~erature ~r 
I 

10 minJ This lysed the cells and insured the basic pH necessary for 

ligandlbinding. The column was prepared by addition of the column prepa-
i . . 

ration\reagent and 50 pl of the hemolysate applied to the column. The 

non-gl~cated hemoglobin was eluted with the First Fraction eluting reagent 
I 

and diluted 10-fold. The glycated hemoglobin was ·eluted with the Second 

Fractiln eluting reagent. Both fractions were read on a spectrophotometer 
I . 
I 

at 415inm. Calculations were as follows: 

fracti.on 2 x:-1o0 _% 1 h 1 b" 
! 10 x (fraction 1) + ( fracti"on 2-). o_ g yeo emog 0 1 n 
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_4) . Quantification of glycated· amtno:acids 

The glycated ~mino acids were quantified using Bio Rad 

Affigel 601 by a modification of the procedure of Brownlee et ~- (119). 
- I 
The Aff:i ge 1 601 cons.i s ts of the phenyl boronate. group cava 1 ent ly bound to 

. i 
acryla~ide beads. The concentration of functional groups is such as 

! 
that small glycated molecules, i.e. amino acids and small polypeptides, 

are reversibly bound. Five mg of each soluble and insoluble (urea-
. -

solu-ble) fraction was reacted with 50 ')11 of 1 M NaBH4 in .1 M phosphate 

buffer~ pH 6~0, for 1 hr. Each sample was th~n dialyzed for 24 hr 

agains~ 500 volumes of distilled water at 4° with several changes of 
I 

water. i The samp 1 es were then hydrolyzed for 24 hr at 110° with 6 N HCl 
I 

under Jacuum. The borohydride reduction prevented any of· the carbohydrate 
i 

residu~s from being removed by the acid hydrolysis~ The samples are 
! 
I 

then dytied under a stream of air at 56°. The hydrolysates were redis-

solved !with. 25 mM sodium phosphate, 5 mM MgCl, pH 9.0 and the pH was 
·i 
l 

adjust~d·.to 9.0 with 0.1 M NaOH. Next, the hydrolysate was applied to a 
I 

1 em x l1o em column packed with the Affigel 601 equilibrated with the 
I . 

same p~osphate buffer U$ed to redissolve the hydrolysate. The non-

glycatJd amino acids were eluted with 35 ml of the_phosphate, MgCl 

buffer.! To elute the glycated amino, acids 15 ml of 25 rrf.1 HCl was applied 
I 
I 

to the jcolumn. Both fractions were lyophilized to dryness using a dry 
I 

ice/ac~tone bath and a Labconco freeze drier lyophilizer. The samples 
I 

were t~en redissolve~ with one ml distilled H2o. 100 lll of the non-
1 . 

I . -
glycat~d fraction and 200 ~1 of the glycated fraction was then reacted 

I 
I 

with ni;nhydri n and read at 570 nm with a spectrophotometer as described 

elsewhere in Methods. 



5) Isolation of glycated polypeptides 

Affigel. 601 affinity gel was also_used to isolate glycated 

polype~tides obtained by__enzymatic cleavage:(-118·)~ ·sixt,Ymg of the. 

insolu~le fraction. labeled by tritiated borohydride.reduction solubilized 
I 
I 

in the\urea buffer was applied to the molecular sieve HPLC system. One ml 
i . 
! 

fracti-qns were collected and peaks were pooled based on absorbahce moni-

tored at 280 nm. Pooled fractions of [ 3 H]NaBH4 labeled 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--
I 

I 

off) t1 a concentration of 10 mg/ml.- S-Mercaptoethanol was added to a 
I 

final ~oncentration of .55% and the sample incubated at 40° for 30 min. 
I 
I 

The sa~ple was then diluted to a urea concentration of 2 molar. 

Two aliquots of the diluted sample containing 10 mg each 

were tnen digested by trypsin or chymotrypsin (120). The enzyme (trypsin 
' \ 

or chymotrypsi~, 1 mg/ml in 1 mM HCl) was added to give an enzyme concen-
I 

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

1 hr. ! At the end of 1 hr ha 1 f of the ori gina 1 enzyme amount was added 

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

I were then lyophilized. 
I 
I 

I The total enzymatic digest was redissolved in 3 ml of 

25 mM ~odium phosphate, 5 mM cac1 2, pH 9.0. The redissolved peptides 
I 

were aJded to 5 ml of the Affigel 601 equilibrated in the same buffer in 
I 

a 10 ml siliconized stoppered test tube. The tube was rocked gently for 
I 5 min at room temperature. The slurry was poured into a 1 em x 5 em 

glass Jolumn and the non-glycated peptides were eluted with 50 ml of the 
! 

equili6rating buffer. The glycated peptides were next eluted with 20 ml 

of 25 mM HCl and both fractions lyophilized and stored at -40°C for 
! 

further separations by C-18 reverse phase HPLC (sec-t i-on C. 4) . 
I 

I ·1 
i 
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C) High (Pe~formance Liquid Chromatograph1 c ( HP~C) Techniques 

1) Equipment 

The HPLC equipment consisted of a Beckman dual 110 A pump 

gradie~t system with a 421 controller. Detection was accomplished with 
I 

I 

a Beck~an Mode 1 160 fixed wave 1 et:lgth :spectroph~tometer with a 10 111 flow 
i 

cell. :Peaks were recorded and integrated using··a Hewlett Packard 3390 A 

recording integrator. 

2) Molecular sieve HPLC 

High performance liquid chromatogr~ph·ic size exclusion 

separa~ions of proteins have only recently become _available with develop-
i 

ment of: rigid silica based packing materiaL. The columns used in the 
I 

separation of lens crystallins were Altex TSK size exclusion columns. 
I 

These dolumns have a microparticulate rigid silica support with a , 
I 
I 

bounde9 polyvinyl matrix. This provides a neutral, hydrophilic, matrix 
I 

of varY,ing pore sizes for the separation of molecules based on size and 
I 

molecul;ar shape (121). 

I The lens crystallins from the soluble fraction were 

separa~ed using an Altex TSK 3000 SW, 7.5 mm x 600 mm column coupled 
I 

with ad Altex TSK 4000 S~J, 7.5 mm x 300 mm column (Figure 11A). This 
I 

combinJtion resulted in a molecular weight range of approximatelY 

1.5 x 1lo6 to 2 x 103 daltons. The mobile phase consisted of 50 IJiv1 sodium 

phosphJte, 50 mM NaCl, pH 6.8 with a flow rate of 1 ml/min and an iso

cratic lgr'adient. 

1 The crystallin components from the insoluble fraction were 
I 
I 
I 

separa~ed using similar size exclusion columns and a denaturing buffer 

system.[ The columns used consisted of an Altex TSK ·2qoo SW, 7.5 mm x 

600 mm ~oupled 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 solubl.e lens crystallins from the soluble 
fraction using TSK 4000 SW co 1 umn in s·eri es with TSK 3000 SW 
~olumn. 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~ 
diti.ons. of chromatogram are described ·in Methods. 
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i 

(FigurJ 118). The molecular weight range was approximately 5 x 105 to 

1 x 104 daltons. The mobile phase consisted of 7 M urea, 100 mM sodium 

phosph~te, 100 mM NaCl, 5 mM EDTA, pH 6.5 w·ith an isocratic flow rate of 

1 ml/m~n. 

All chromatograms were run at ambient temperature and 

absorbdnce was monitored at 280 nm. Sample size for analytical runs for 

both so 1 ub l e and i nso l ub l e fractions was 200 119 in 20.1-ll. of the mobile 

phase. For semi-preparative applications, up to 20 mg in· 200 ~1. could 

be applied and fractions collected every 30 sec with a LKB fraction 

collector. 
I 

The molecular sieve HPLC systems for both soluble and 
' 

insolu~le protein separations were calibrated using a mixture of proteins 

of known molecular weights. A mixture of thyroglobulin (m.w. 670,000), 

gamma globulin (m.w. 157,000), ovalbumin (m.w. 44,000), myoglobin 
I 

(m.w. ~7,000), and cyanocobalamine (m.w. 1,250) was injected onto each of 

the mol!ecular sieve HPLC system described above. The results were 
i 

platte~ as the log molecular weight as Kav (Kav ~ (Ve-Vo/(Vi-Vo) where 
i 

· Ve = eliution volume of peak, Vi =.column volume, and Vo = void volume) 
\ 

(Figur~ 12). 
I 

' 3) Reverse phase HPLC separation of crystallin subunits 

Reverse phase chromatography (RPC)_ s~parates proteins, 
i 

peptide's or other molecules based on a mo·lecule's hydrophobic-hydrophilic . . i 

propert!ies. The column packing consists of a silica based support with 
I .. -

a bound! matrix of lo_ng chain alkyl groups. These side chain carbon units 
I 

pro vi de! a hydrophobic environment which will bind molecules when the 

column :is equilibrated with hydrophilic buffer. The molecules are eluted 

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

. -~ 



FIGURE 12. Calibration curves of molecular sieve HPLC systems 

A) Curve obtained by TSK 3000 SW-TSK 4000 SW columns in 
s-erfes. B) TSK 2000 SW-TSK 3000 SW co 1 umns in series: 
1) Thyro~lobulin (m.w. 670,000), 2) Gamma Globulin 

·(m.w. 157,000, 3) Ovalbumin (m.w. 44,000), 4) Myoglobin 
· (m.w. 17 ,000), 5) Cyanocobalamine (m.w·. 1 ,250) .· 
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hydrop~obic properties. The column used for the RPC separation of lens 

crysta~lin subunits was a Vydac C-4 column. The· matrix is composed of a 

mild hydrophobic four carbon side chain bounded to a macroporous silica 
: . 

support. 
l 

0 

The large pore (300 A) support combined with the short alkyl 

sidechain allows for larger molecules to be separated such as proteins 

without the irreversible binding which occurs on smalle-r pore long chain 

octyldecyl (C-18) columns. The lens crystallin subunits were separated 

by RPC by a modification. of the procedure of Shelton et !]_. (109) using 

a 1% trifluoroacetic acid:acetonitrile gradient. This syst~m will 

dissoc~ate the crystallins into their individual subun.its·without the 
I 

use of.urea, SDS, or guanidine HCl. The developer A consi~ted of 1% 
i 

I 

trifludroacetic acid in water and developer B was 100% acetonitrile with 

a gradient system as follows: After 20 min equilibration with 20% B the 
: ; . . 

sample iis injected and developed first with·-a linear gradient from 20% B 

to 50% IB in 50 min. This was followed by an isocratic gradient of 50% B 

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

an isodratic gradient of 70% B for 10 min. The column is then purged 
I 

for 10 !min at 100% B. The flow rate is maintained at 1.5 ml/min and the 
I 

system lis run at room temperature. The sample size was between 100 and 

500 ].lg lin 20 111. Absorbance was monitored at 280 nm. All developers 

were filtered and degassed under v~cuum prior to use. 

I 

4) Reverse phase separation of tryptic- and chymotryptic poly

peptides 

The glycated tryptic and glycated chymotryptic peptides 

isolate~ 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 2~0 mm which utilizes a silica support with an octyldecyl (C-18) 
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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 

The amino acid_analysis of the lens proteins and their 

subunits were performed using a Beckman 12H1 amino acid analyzer. This 

procedure utilizes a cation 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 

derivatizat1on with phenylisothiocyanate (PITC) by a modification of the 

procedure of Heindrick et !l· (98). This method was used to determine 
i 

the ami!no acid composition of the glycated peptides ·isolated by affinity 

chromat;ography. 

PITC reacts with the unprotonated free amino group of 

amino a~ids to yield a derivative which absorbs at 254 nm. Proteins and 

polypep~ides were hydrolyzed to individual amino acids by hydrolysis in 
i 

6 N HCl\ at 110° under vacuum for 24 hr. The hydrolysate was then dried 
i 
I 

under a[ stream of air at 50° and then redissolved with 1 ml of a deriva-, 
I 

tizatio~ buffer composed of pyridine, methanol, and triethanolamine 
! 

(10:3:2). The amino acids were then derivatize9 with 10 ~1 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 



53 

samples 1 under vacuum was e~sential to remove the excess·PITC and miscel
! 

laneous. byproducts. The dried samples were redissolved in 100 ~1 of the 

HPLC deyeloper A. Reverse phase HPLC was used to separate the derivatized 

amino abids using an Altex C-8 column (4.5 x 250 mm) and an ammonium 

acetate;: acetoni tri 1 e gradient. Deve 1 ope.r A cons i.s ted of 50 mM ammoni urn 

acetate~ pH 4.5, and developer B was composed of a 50:50 mixture of 

200 mM ~mmonium acetate, pH 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 

followe~ by purging at 100% B for 10 min. Absorbance was monitored at 
I 
I 254 nm and flow rate was maintained at 1 ml/min. 

' i 
I 
I 

The amino acid composition was determined by comparison 

to a standard mixture contairl'ing 2.0 nmol/1-11 of amino acids (Figure 13). 

In addition to the standard .mixture, a E-aniino _glycated lysine standard 

was prebared by incubating poly-lysi'ne with 1 M gluc.ose followed. by 
I 

sodium ~orohydride reduction and acid hydrolysis. The glycated lysine 
I . 

I . 

was iso~ated by affinity chromatography as described. T.his glycated· 
! 

lysine was added to the commerical standard mixture prior to derivatiza
i 

tion. I 

D)l Sodium Borohydride Reduction 

.1~ Borohydride has been used for over 50 years in carbohydrate 

chemist~y as a reducing agent which will reduce an aldehyde or ketone 

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

non-enzymatic glycation, borohydride reduction results in a structure 
! . 

which ;~ stable to acid hydrolysis. This was essential prior to glycated 
; 

amino acid quantification and analysis. Secondly, the use of tritiated 
I -
I 
! 

borohydride (H3 [NaBH4) to reduce the bound carbohydrate resulted in the 



FIGURE 13~ 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
Lys i ne, F=Phe, K=Lys. 
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incorpo~ation of one non-exchangeable tritium label for each non-
I 

enzymatically glycated residue. 

The borohydride reduction using unlabeled sodium bora

hydride ~was carried out by a modification of the method of Chiou et ~· 
I 
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(87). ~1M 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 volumes 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 [H 3 ]NaBH4 (specific activity 550 mCi/mmole) ,-

25 mCi, .was dissolved in 1 ml of 0.1 M KH 2Po4, pH 6.0. The protein 

solution:s were reacted with 100 11Ci/mg protein which was approximately a 

25-fold !molar excess of the sodium borohydride. The samples were allowed 
I 

to reac~ as described above and then dialyzed. 
! 
I 

E) \ Ninhydrin Reaction 

Ninhydrin reacts with primary amino groups·, particularly the 

a-NH2 groups of amino acids, to generate a blue color, Ruheman's purple. 
! 

The glycated amino acids isolated by affinity chromatography were 
I 

quantifi~d by reaction with ninhydrin by a modification- of the procedure 
I 

of Moore) and Stein (99). The ninhydrin solution was_prepared by 

dissolvihg 2 g ninhydrin in 50 ml of peroxide free methyl cellosolve 
! 

(2-metho~yethanol). This was added to 50 ml of cttrate buffer, pH 5 

(80 mg SnC1 2···2 H2o, 2.1 g citric acid monohydrate, and 20 ml of 1M NaOH, 

diluted to 50 ml with water). The ninhydrin solution was then filtered 



56 

. through· glass fiber, saturated with N2 and stored at 4° in a ·dark bottle. 

The dried amino acid samples were redissolved in 400 ~1 of H20 and 0.50 ml 
l 

ninhydr1n reagent, and the tubes vortexed to=mix the solutions. The 
I 
I 

tubes w$re covered and heated for 20 ~in in a boiling water bath. The 
( 

tubes were then cooled, and 2.5 ml 50% (v/v) propan~2 ... ol·was added to 

each tube. The contents of each tube were mixed thorough·ly by vortexi ng 

and the absorbance at 570 nm measured within 1 hr. The approximate 

molar extinction coefficient, E570 , is 2 x 104. Blank tubes should give 

1 ittle ~bsorbance (~0.05). 

F) ~Plasma Glucose Determinations 

, Plasma glucose ·levels were performed on each animal immediately 
: 

at the ~ime of sacrifice to confirm the level of diabetic· control. 

Five ml !of blood was obtained by cardiac puncture using a· syringe con

taining j10 mg .. EDTA (ethylenediamine tetra.acetate). The blood was then 
i 

centrifu;ged at 2000 .x g for 10 min and the plasma .obtai-ned. The plasma 

glucose ilevels were determined by the glucose oxidase~peroxidase assay 

of Ra.abo and Terkildsen (100) provided in kit form from Si.gma chemical 

company. The procedure is based on the simultaneous use of" glucose 

oxidase~ and perox.i dase coup 1 ed with a chromogenic oxygen acceptor such 

as 0-dia~isidine. Glucose is oxidized to gluconic acid and H2o2 by 

glucose bxidase. The peroxidase catalyzes the oxi-dation of 0-dianisidine 
! 
I 

(colorle~s) by H2o2 to the oxidized form {brown color). The intens·ity 
I . 

of the btown color measured at 450 nm was proportional to the glucose 

concentrltion. A standard of 100 mg/dl glucose was used to determine 
I the actu~l glucose level. Briefly, 25 ~1 of plasma (also standard and 
I 

H2o blan~) 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: 

S Gl ( /dl) _ Abs samRle -blank 
erum ucose mg - Abs standard - blank x 100 

G) : Protein Concentration Determination 
\ 

Protein concentrations were determined using the Bio-Rad 

protein ·assay. The assay is based on the dye-bind1ng 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 ini.tial results were compared to those obtained by the method of 

Lowry ( 1b2) . 

H) Sulfhydryl Titrations 

The concentration of free and total s~lfhydryls were determined 

by titration with para-chloromercuricbenzoic acid (pCMB) by a modification 

of the method of Boyer et ~- .(103). This method involves an increased 

absorbance at 252 nm when pCMB reacts with su 1 fhydry]. groups. Two sets 

of measurements are taken, one in the absence and' one in the presence of 

0.61% SO~. The addition of SDS was used to determine the total reactive 

sulfhydryl groups. A 2 mM solution of pCMB was prepared by dissolving 
i 

pCMB in a sma 11 amount of 0.1 N NaOH and then di 1 uti ng to ·2 rrM with 

0.05 M s~dium phosphate buffer (pH 8.0). Two matched quartz cuvettes 
I . 

I 
were filled with 3 ml of the protein solution (0.5 mg/ml) and placed in a 

I 

I • 

double b~am spectrophotometer set at 252 nm. One .cuvette serves as a 
! 

blank while 0.01 ml increments of pCMB were added to the second cuvette 
! 
i 

and abso~bance was measured at 252 nm. A second set of cuvettes cpn-
1 

I 

taining only 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 i~n optical densities were plotted against mmoles of pCMB added. 



FIGU.RE 14. _Sulfhydryl titration with pCMB 

The equivalence point (arrow) is determined by the pCMB 
conceritration where the two lines eros~. Shown are titra
tions obtained from control lens and 168 day diabetic 
cataract'lens. 
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I 

The cla 1ssical method for determining the number of reactive sulfhydryls 

involves plotting the absorbance against the mmoles of pCMB added with 

the equ~valence points occurring at the break of the curve ~here two 
I 

I . 
lines through the titration points on the curve intersect (Fig. 14). 

I 
I 

However:, 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 
I 

solutio~ was measured using the molar extinction coefficient at 252 nm, 

~ X 10t3 = 3.12. m ! 
! 
I 
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RESULTS 

I. Progressive Changes Within the Lenses of Diabetic· Rats 
• j 

A) i· Plasma Glucose and Glycated Hemoglobin ·Levels 

Th~ plasma glucose levels and percenta_g~ o_f glycated hemoglobin 

were determined on each animal at the time of sacrifice to determine the 
! ' 

degree 9f hyperglycemia. As shown in Figure 15 the ~ontrol plasma 

glucose levels maintained a consistent value between 110 and 133 mg/dl. 

This is reflected by the glycated hemoglobin values which ranged from 

4.2% to 5.7%. By comparison to the human system, the normal plasma 

glucose:values range from 80 to 120 mg/dl and the glycated hemoglobin 
I 

t 

values fall between 4% and 6%. The plasma glucose levels in the diabetic 
I 

group rGse immediately to a hyperglycemic state which ranged from 

483 mg/ql to 779 mg/dl. The glycated hemoglobin values showed a more· 
! 

gradual .increase that plateaued at approximately 42 days with values 

betweenl13.1% to 16.9%. Similar changes are seen in human diabetics 
! 
I • 

where glycated hemoglobin values may exceed 20% with the maximum value 
! 

reachediafter approximately 60 days (25). The somewhat lower values and 

shorter time prior to the plateau reflect the decreased hemoglobin life 

span in the rat (90 days) vs human (120 days). 

B) Glycated Lens Protein Levels in the Soluble and. Insoluble 

Fractions 

I The glycated lens protein content was determined in the water-
1 ' 

I 

so 1 u b 1 e I and urea-so 1 ub 1 e fractions at the time of sacrifice. Five mi 11 i-

grams of protein from each fraction of individual animals was applied to 
I 

a micro~olumn containing a phenylboronate affinity gel as described in 
I 

the met~ods section. The results shown in Figure 16 demonstrate that 

the lev~l of glycated protein in the control group remained constant 

60 



FIGURE 15 •. Glycated hemoglobin index of diabetic control 

Gly~~ted 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~ 
I 

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-
i 

stratep a slightly higher level of glycation than the water-soluble 

fraction. This is contrasted by the diabet.ic group which sh9wed a con-
i 

tinual\ increase in glycation of the water-soluble fraction from 0.5% 
' . 
I 

(±0.1)1at th.e beginning of the experi-ment to 7.7% (±1.1) at the onset of 

cataracts and continuing upward to 14.5% _.(±1.0) by 168 days. A more 

dramati.c increase was demonstrated by the urea-soluble fraction which 

rose from 1.5% (±0.2) at day 0 to 10.2% (±1~5) at the~ onset of cataracts 

and increasing further to 17.4% (±2.6). at 168 days. The level of 

glycat~d protein from the urea-soluble fraction remained consistently 
I 

higher !than the water-soluble fraction. In contrast with the glycated 
I 

hemoglo!bin. values the glycated lens proteins did not show any plateau 

phase a:pd continued to increase in a 1 i near fashion throughout the 
i 

168 day! experiment. 
. j 

C)\ Levels of Glycated Amino Acids 
i 

J. In addition to determining the gly~a~~d. lens. protein concen-
1 

tration~ the glycated amino acids were also quantified and used in 
I . . . 

I . 
conjunction with the glycated protein levels as an index of progressive 

I ... 

I 

hypergllcemic changes. The glycated amino acids.from borohydride reduced 

p~otein\hydrolysates were quantified by phenylboronate affinity chroma

tograph~ followed by reaction with ninhydrin as described in methods. 
i . . 
I 

It is a~sumed that the glycated lysine residues will react with ninhydrin 
I 

as would a monoamine amino acid due to the borohydr·ide reduced ketoamine 
I 

group bllocking the second site of ninhydrin reaction. The data directly 

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

in Figur~ 17, the glycate~ amino acids in the control group increased 
I 
I 

only marginally with the urea-solubl,e fraction consistently higher than 
i . 

I 



.FIGURE: 17~ ·Glycated amino acids gua.ntified 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-
l 

\ 

solubl~ fraction increased from 0.23% ± 0.002 to 0.33% ± 0.02. A sig-
1 .. . . 
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nificaht increase of glycated amino acids in both fractions was observed 
\ . . . 

in the! diabetic group. A 30-fold increas~ in ·glycated amino acids in 

the waier-soluble f~attion w~th the 0 day value of 0.08% (±0.002) 

increasing to 2.73% (±0.3) by day 168. The urea-soluble fraction showed 

a similar increase with the initial value of 0.23% (±0.02) increasing 

linearly to 3.15 at day 168. 

D)\ Free Sulfhydrxl Groups as Determined bJ:: pCNB Titrations 

Free reactive sulfhydryl groups were determined by titration 
• I 

with pdMB in the presence and absence of SDS. The values obtained with 
.i . 

SDS wil:l give a measure of the sulfhydryls after lens crystallin denatur-
i 

ation, \i.e. the total sulfhydryls. Decreasing sulfhydryls also indicate 
. ! . 

I 
disulfiae bond formation, an antecedent to cataract formation. The 

I . 
I 
I 

levels of free reactive sulfhydryls in the control animals remained 
I 
I 

consist~n~ throughout the 168 day as did the to~al sulfhydryl levels 
I 
I 

(Fi.gure\ 18). There was only a slight decrease in the free sulfhydryls 
I 
I .. 

from 36~7 ± 0.5 to 35.9 ± 0.6 pmol -SH/mg protein and the total reactive 
, I . . . . 

sulfhyd~yls decreased from 42.1 ± 0.7 to 40.3 ± 0.5 ).llllol -SH/mg protein. 

Also, the ratio between the free sulfhydryls and total sulfhydryls 
I . . 
I 

remained at a constant level. In the diabetic lens there was a steady 

decreasJ in the free sulfhydryls from 36.1 ± 0.8 to 21.0 ± 0.8 ~mol 
-SH/mg. ~rotein. Also, there was a greater decrease in the total sulf

hydryls \with a decrease from 41.3 ± 0.5 to 24.3 ± 0.6 11mol -SH/mg 
. \ 

protein.\. There was also a significant decrease in the ra~io of total to 
I 
I 

free sulfhydryl from 1.15 to 1.09 indicating increased protein denatura-
1 
l 

tion or structural unfolding revealing hidden sulfhydryls. 
\ 

I 



FIGUREj 18. :. Reactive sulfhydryls determined by titration with pCMB 

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 
Sb-S. Ti tra t ions with the addition of SDS was used to deter-

.·· min·e ··the total sulfhydryls. Each group consisted of 5 
·control arid 5 diabetic rats. Values are mean± standard 
error. 
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E) Progressive Changes in the High Molecular Wei-ght 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 d6ne ·on five control and .five diabetic rats 

over a period of 168 days are summarized in Figures_21 and 22. 

The soluble HMW protein is believed to be a precursor to 

the in~oluble 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 sol~ble HMW protein from an initial value of 0.8% (±0.08) and 
l 

increas~ng linearly to 27.1% (±1.3) after 168 days of diabetes. The 

insolub~e _HMW protein was present in slightly higher amounts in the 
i_ 

control\ animals and showed similar increases from 3.3% (±0.5) to 5.2% 
i 

(±0.8) ~uring the 168 days (Figs. 20 and 22). This is contrasted by the 
I 

diabetib group which showed an· increase in the insoluble HMW protein from 
I 

3.3% (±6.5) to 27~2% (±1.9) at the onset of cataracts and increasing 
I 

I 

further ito 42. 7% ( ±3. 6) after 168 days of hyperg·lyc-emi a. 



FIGURE: 19. 

I -·-

Molecular sieve HPLC separation of soluble crystallins 

One_ hundred micrograms of so 1 ub 1 e fractions were app 1 i ed to 
-·th~ HPLC system using the· TSK 3000 SW co1~mn in series with 

the TSK 4000 SW gel permeation columns. Mobile phase and 
condi'tions are as described in methods secti.on. A) Control 
lens soluble fraction. B) Diabetic cataract lens soluble 

- -fract1on 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 
t6.ihe 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. 

I ... 

Progressive increases in soluble HMW aggregate 

The soluble HMW aggregate was quantified by ·molecular sieve 
--HPLC. - ·soluble fraction from each animal we.re injected 

(100 ~g) 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 ±std. error. 
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FIGURE: 22.-. ·Levels of insoluble HMW aggregate in diabetic and control 
rats 

. i 

: 
I 

! ' 

-~·-··--
( 

The insoluble HMW aggregate was quantified by injection 
(100 ~g) 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 campo-

sition: 

The molecular siev.e HPLC methodologies developed for the 

quant~fication of the HMW proteins was also used to separate and examine 

the various crystallin components from the soluble fraction. The results 

in Table III show only a minimal change in the crystallin composit1on of 

the soluble fraction from the control animal lenses. As noted previously 

there was a slight increase in the HMW fraction, although the a-crystallin 

and s~·crystallins remained constant. Neither the a-crystallin or the 
i 
I 

s-crys:tallins demonstrated any pattern of increasing or decreasing per-
. I . 

! 

centag~s while the Y-crystallin showed only a slight decrease from 38% to 

31% (Tkble IV). In the diabetic group there is not only an increase in 

the HM~ protein but a corresponding decrease in they-crystallin fraction. 

TheY-crystallin values decreases in a linear fashion from 38.5% to 16.8% 

at the :onset of cataracts and decreasing further to 11~3% as the experi

ment co·nt i nues to 168 days. However, there was no avera ll change in 

either the a-crystallin or .S-crystallins percentages within the soluble 

fractiop. 

I 3) 
i 

. I 

Progressive changes in the protein .composition of the 

insoluble fraction: 

As with the soluble fraction, the fn~oluble (urea-soluble) 

fraction demonstrates changes in its protein composition as diabetic 

hypergl+emia continues. In addition to the HMW protein there are 4 

protein 
1
fractions separated by molecular sieve HPLC. These peaks are 

. I 
I I . 

labeled peak 1 through 4 as shown tn FigLire 20. -Table V shows the per-

cent composition of the various components of the urea-soluble fraction 
I 

I 

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



TABLE III .. Hyperglycemia dependent changes in water-soluble fraction 
crystallin composition from diabetic lenses 



73 

TABLE III 

Crystallin component (%) 
Day HMW a (3 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 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 

84 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 

I 

Va 1 ues ;are mean ± std. error 

n = 5 



TABLE IV. Age dependent changes in the water-soluble lens crystallins 
from nondiabetic control rats 
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TABLE IV 

Crystallin component (%) 
Day HMW a S' y 

0 0.8 ± 0.2 26.0 ± 3.4 34.7 ± 2.1 38.5 ± 1.6 
.. 

21 0.9 ± 0.4' 25.8 ± 0.5 35.3 ± 3.8 38.0 ± 3.1 

42 1.1 ± 0.3 25.9 ± 1.2 35.8 ± 2.7 37.2 ± 3.4 
.. -

63 1.4 ± 0.8 26.2 ± 2.8 35.4 ± 3.1 37.0 ± 2.8 

84 1.8 ± 0.9 27.1 ± 2.4 36.0 ± 2.5 35.1 ± 3.7 

105 2.3 ± 1.2 26.3 ± 3.6 37.1 ± 4.0 34.3 ± 2.4 

126 2.4 ± 2.3 25.4 ± 2.3 37.8 ± 3.2 34.4 ± 1.9 

147 3.1 ± 1.4 25.9 ± 3.1 38.7 ± 4.1 32.3 ± 3.2 

168 3.8 ± 1.8 27.3 ± 3.4 37.1 ± 3.4 31.8 ± 2.1 

I 

Va 1 ues 1

1
are me~t'!. _ ± s ~d. error 

n = 5 

/ 



\ 

TABLE ·v. Progressive changes in urea-soluble fraction components from 
diabetic lenses determined by molecular sieve HPLC 
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TABLE V 

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 26.4 ± 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 28.1 ± 2.7 18.4 ± 4.2 15.9 ± 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 ± 2.3 11.2 ± 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 

Values· are mean ± std. error 
.. . -· -· :. 

n = 5 
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so-l u b 1 e :fraction, there was 1 itt 1 e 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 hyperglycemia 

continued in the diabetic animals, significant changes occurred in-all 

the components. Most notably peak 4 decreases from 41% (±3.2) at day 0 

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 presence 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 daltons, and peak C was 20,000 daltons, which 

correspond to the B-crystallin subunits, a-crystallin subunits, and 

y-cry,sta 11 in, respectively. ( 

The insoluble HMW aggregate· is not dissociated by the presence 

of urea as shown in Figure 24A. But is dissociated by the addition of 

8-me~captoethanol which disrupts disulfide bonds (Fig .. 24B)~ Thus, it 
.. 

appears that the soluble HMW aggregate is held together by non-covalent 

forces while the insoluble HMW aggregat~ is disulfide ·linked. As 



TABLE VI. Age deeendent changes in the urea-soluble proteins from non
diabetlc control rats 
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·TABLE VI 

Protein 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 3.4 ± 1.2 25.8 ± 4.3 11.8 ± 3.1 20.3 ± 3.1 40.3 ± 3.1 

42 ~.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 ± .4.1 19.7 ± 3.7 38.6 ± 2.8 

105 :5.4 ± 2.1 27.4 ± 2.4 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 ± 1.4 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 

Values:are mean± std. error 
-·. 

n = 5 



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 py molecular sieve HPLC in the absence (A) and 
·presence of 7 M urea (B). The ·ad.ditio·n of the urea completely 
dissociated the soluble HMW aggregate. 
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FIGURE 24. ·Molecular sieve HPLC separations of the urea-soluble fraction: 
effect of. S-rnercaptoethanol 

Th~ insoluble fraction from 168 day diabetic cataract lens 
was separated by molecular sieve HPLC using 7 M urea buffer 

-a·s described in methods·. A) Insoluble fraction before addi
tion of S-mercaptoethanol showing prominant insoluble HMW 
aggregate. B) Insoluble fraction after incubation with 0.5% 
S-mercaptoethanol demonstrating dissociation of the HMW peak. 
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demonstrated.in Figure 248, reduction of the insoluble HMW aggregate with 

S-mercaptoethanol results in dissociation of the aggregate and an 

increase in peaks 1, 3, and 4. 

II. Cha~acterization of the Insoluble Fraction and·High Molecular Weight 

Aggregates 

A) _Crystallin Components of the Insoluble ·{Urea ... soluble) Fraction 

ThE!. composition of the soluble cryst~_lJin~_h~_s been extensively 

studied while'the exact nature of the insoluble fraction has remained in 

debat~~ _A_ reverse phase HPLC system was developed_ u~ing a large pore 

C-4 c~lumn and a 1% TFA:acetonitrile gradient fa~ the separation of the 
! 

lens c'rystal_l_in subunits. The TFA:acetonitrile mobile phase dissociated 

each crystallin into its individual subunits (Fig~re 25A). The identity 

of each peak was determined by amino acid analysis using the Beckman 121M 

amino acid analyzer and is shown in Table VII. This C-4 reverse phase 

HPLC system _separates the a-crystallin into its aA and a8 subunits as 

well as the S-crystallin into the S8p, {38s, S81, and {382 constituent 

subunits. The y-crystallin, which is a monomer, was also separated from 

the other crystallin 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 sol~bilized insoluble 
' . 

frac(ion was first reduced with S-mercaptoethanol prior to injection onto· 

the reverse phase HPLC system. The S-mercaptoethanol reduction was 

essential without which the large insoluble HMW aggregate would have 
I 

clog~ed the C-4 column. The results of the injection of the treated 
! 

insoluble fraction from control lenses are shown in Figure 258. The 

resulti.ng chromatogram demonstrated that the urea-soluble fraction is 

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



FIGURE 25. ·C-4 reverse hhase HPLC sea a rat tons of 1 ens crys ta 11 in sub
unlts from t e soluble an 1nsoluble fract1ons 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 ~g. · 
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TABLE. VI I. 
' . 

Relative amino acid composition of crystallin subunits 
of soluble fraction 

Values are frqm control animals at 168 day experimental 
duration. The total values not equal to 1000 are due to 
rounding of the numbers. 



TABLE VII 
---- - -

Amino Acid Peak 1 Peak 2 Peak 3 Peak 4 
SBE SBs BB2 ~Bl 

Asp_ ...... 8§:( 83) a_ 78(80)b 82(80)c 90(89)d 
·thr 27(34) 30(28) 37(35) 25(28) 
Ser 86(84) 77(75) 88(85) 61(61) 
Glu 155(158) 148( 148) 156(158) 125(126) 
Pro 68(68) 72(76) 51(49) 37(37) 
Gly 91(93) 78(80) 104( 106) 83(87) 
Ala 40(42) 57(58) -53(53) 57(57) 
Cys 10(09) 12( ?) 14(13) 30(37) 
Val 72(75) 58( 59) 68(67) 47(49) 
Met !"1(09) 21 ( 18) 07(09) 27(33) 
I le 30( 31) 33(32) 30(26) 37(41) 
L.eu 48(50) 45(47) 59( 59) 57( 57) 
Tyr 47( 44) 45(43l 50(47) 59(65l 
Phe · 42(40) 52(50 60(55) 57(57 
His 44(41) 39(37) 46(47) 43(41) 
Lys 59(60) 59(60) 50( 52) 47(49) 
Arg __§f_(50) __liT( 90) ~(62) _11(73) 

TOTAL 967 991 1023 956 

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

a-f = from bovine 

g = from rat 

Peak 5 Peak 6 
aB a A 

79(75)e 93C97) f 
.. 

42( 44) 30(37) 
92(96) 125( 1"26) 

100(100) ·99(95) 
92(94) 65(67~ 
58( 56) 63( 60. 
52( 53) 36(35) 
00( 00) .... 05(06) 
52( 55) 54(55l 
19(13) 13(12 
38(47) 45(50) 
84(84") 82(84)_" 
17~14l 73 70 29~33l 77 78 
50(47) 38~41l 54( 58) 38 41 

_jg(78) __§Q( 73) 
984 972 

Peak 7 
y 

165(166)9 
29(30) 
77(76) 

130(127) 
50~48l 55 57 
30(29) 
43(?) 
50(50l 
28(30 
32(36) 
70(70) 
70~83l 60 57 
37~35l 24 25 

110(111) 
1060 

00 
N 
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The peak:_ identity was confirmed by amino acid composition (Table VIII). 

The chromatogram demonst_res that the proportion of the subunits are only 

slightly different in the urea-soluble fractton compared to the water

so 1 ub 1 e ifracti on. 
I 

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-soluble 

fraction from diabetic cataract lenses after 168 days of hyperglycemia. 

There is considerably more 13-crystallin subunits-andy-crystallin present 

in the ~rea-soluble fraction compared to the water-soluble frac~ion. 

Conversely, there is significantly less of the a·-crystallin subunits in 

the urea-soluble fraction than in the water-soluble fraction. The same 

differe~ces were also noted when the urea-soluble fraction from the 

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

B) . Crystallin Components of the HMW Aggregates 

1). .soluble HMW aggregate: 

The soluble HMW aggregate from diabetic cataract was iso

lated ~Y molecular sieve HPLC from the water-soluble fraction and concen

trated :by ultra-filtration. This aggregate was th~n injected onto the 

C-4 reve_rse _phase HPLC system to separate the crystall_in subunits. The 

result~ shown in Figure 27A demonstrate that the s~luble HMW aggregate is 

composed primarily of y-crystallin (85%) with the remainder being a com

binatiqn of a- and $-crystallin subunits. This finding in conjunction 

with C~4 reverse phase HPLC separations of the cataract soluble fraction 
I 

! 

are in.agreement with the results obtained by molecular sieve HPLC sepa-

rations of the cataract soluble fraction. These res-ults all demonstrate 

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 1 enses 

The crystallin subunits from the soluble fraction (A) and 
the insoluble fraction (B) from diabetic cataract lens were 
separated and qua·nt i fi ed by C-4 reverse phase HPLC. ~1obi 1 e 

.phase consisted of TFA:acetonitrile gradient~ absorbance 
monitored at 280 nm.with·sensitivity set at 1.0 AUFS and 
sample size of 200 ~g. 
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TABLE. VIII. Relative amino acid composition of crystallin subunits 
· ···of insoluble ·fraction . 

' .... __ .. 

Values are from control anima.ls at 168 day experimental 
du.ration. · Values ·not equal to 1000 are due to rounqing of 
the numhe rs . · 



TABLE VIII 

-: - - -- - -

Amino Acid Peak 1 Peak 2 Peak 3 Peak 4 
B~p BBs BB2 BB1 

· Asp ~.5( 83)a 78(Bo)b 80{80)c 90(89)d 
Thr 28134l 30128l 37135l 26128l Ser 86 84- 76 75 88' 85 61 61 . 
Glu 155(158) 148( 148) 156(158) . 125(126) 
Pro 68(68) 72(76) 51(49) 37(37) 
Gly 9t{93f 78(80) 104(106) 82(87) 
Ala 40{42) 57(58) 53{53) 57( 57) 
Cys 10(09) 12( ?) 14(13) 30( 37) 
Val . - 74{75) 58{ 59) 68(67) 49(49) 
Met 11(09) 21 ( 18) 07(09) 27(33) 
Ile . 28( 31) 33(32) 29{26) 37(41) 
Leu 48(50). 45(47) 59( 59) 57( 57) 
Tyr 47( 44) 45{43) 50(47) 59(65) 
Phe 42(40) 52( 50) 60(55) 57( 57) 
His 44( 41) 39(37) 46(47) 43(41) 
Lys 59(60)" 59(60) 50( 52) 47(49) 
Arg ·. _§£(50)_ 87(90) ~(62) _H.( 73) 

TOTAL 968 990 1020 960 

Values in pa~~-~th~.?~~s re.present expecte~ values (Ref. 1). 

a-f = from bovine 

g = from rat 
.. 

---

Peak 5 Peak 6 
aB a A 

79{75)e 95(97)f 
43144l 94 96 

--- .. . 3f( 3l) 

125(126) 
100{100) 99(95) 
92{94) 65(67) 
59{56) 63(60) 
52{ 53) 36(35) 
00( 00) 05(06) 
55{ 55) 54(55l 

_19{ 13) "13( 12 
42(47) 45(50) 
84(84) 82(84) 
17(14) 29(33) 
73{70) 77(78) 
50( 47l 
54( 58 38141l 38 41 

___§£( 78)_. --- 80( 73) 
995 975 

- - - --

Peak 7 
y 

160(166)9 
29(30) 
77(76) 

121(127) 
45(48) 
54( 57) 
28(29) 
42(?) 
45150l 29 30 
35(36) 
70{70) 
81(83) 
52( 57) 
37135l 24 25 

110(111) 
1039 

co 
(.)1 



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 HML~ aggregate: 

It is believed that the water-soluble HMW aggregate is a 

precurs~r to the urea-soluble HMW aggregate. If this were true then ·the 

polypeptides which compose the insoluble HMW aggregate should be similar 
I . 

to thos~ of its soluble precursor. 

The identities of the crystallin components of the insol

uble HMW aggregate were determined by injection of S-mercaptoethanol 

reduced aggregates onto the C-4 reverse phase HPLC system. The results 

demonstrate that the composition is quite similar to the soluble HMW 

aggrega~e (Fig. 278). 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 a-crystallin §Bp sub

unit (25%) and the remainder aA crystallin subunit (15%). 

These results are in agreement with the proposed disulfide 

involve·ment in the formation of the insoluble aggregate as these compo

nents a:ll contain sulfhydryl groups for potential crosslinking. The 

major c;omponent, Y-crystallin, has the ·highest sulfhydryl content with 

6 cysteine residues per polypeptide chain. The other components of this 

aggregate also contain sulfhydryls with SBp crystallin subunit containing 

two cysteines and the_aA crystallin subunit with one. 

III. Characterization and Structural Aspects of Non~enzymati·c.Glycation 

oJ:. the Lens Crys ta 11 in 
I 

i • 

T~e ~xtent of non-enzymat1c glycation.of the_ lens crystallins and 
I 

their ~elationship to the components of the insoluble"~W aggregate was 

ex ami n~d through the use ·of HPLC technique, affinity thronia tography, and 

tritiaied borohydride reduction for separation of t~e glycated protein 

and followed by peptide and amino acid analysis. 

_; 



A); Molecular Sieve HPLC Separations of Lens Crystallins After 

, _[3H]NaBH4 Reduction 

88 

Reduction of the non-enzymatica-lly g lyca ted protein with 

[ 3 H]sod~um borohydride results in the incorporatio~ of nne non

~xchang~able titrium label for each glycated resi-due .• -. By separating the 

crystallins by molecular sieve HPLC after such reductions the extent of 

glycat.ion of each crystallin component of the_soluble fraction may be 

determined. Figure 28 demonstra~es 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 a.·~suming 100% recovery). 

In the control lens the highest specific activity is found in the HMW 

~ggregate with 7,500 cpm/mg protein. This is followed by the 

a-crystallin with 2940 cpm/mg protein. The (3- andy-crystallin have 

only mfnimal amounts with 875 cpm/mg protein and_ 727 cpm/mg protein, 

respec~ively. These values are in sharp contrast to the-cataract lens. 

The HM~J aggregate specific activity remained consistent-with 7380 cpm/mg 

protein, while the a-crystallin increased to 9340 cpm/mg protein. The 

{3.;.crys~allins demon~trated a moderate increase to 3345 cpm/mg protein, 

while theY-crystallin demonstrated the largest increase to 9735 cpm/mg 

protein. 

I 
A more detailed characterization of non-enzymat~c glycation of 

the lens crystallin- subunits was demonstrated by C-4 _reverse phase HPLC 
! 
i 

separations of [3H]NaBH4 reduced soluble fraction~· ·As···mentioned_ previ-

ously,!the C-4 reverse phase HPLC allows for one-step· separations of the 

individual lens crystallin subunits. This system coupled with the 

triti_um borohydride label allows for examination of the non-enzymatic 



FIGURE 28~ Molecular sieve HPLC separation of [ 3 H]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 ml) 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 

and radioactive distribution of the various ·c:rystallin·subunits from 

control :lenses and diabetic cataract lenses. These data correlate well 

with that obtained from molecular sieve HPLC separations. The control 

lenses show glycation (measured by tritium incorporation) present 

primarily in the a-crystallin subunits, aB and aA with only marginal 

incorporation in the S-crystallin Bp subunit. The y-crystallin showed 

slightly more activity than the s~crystallin Bp subunit but much less 

than the a-crystallin 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. They-crystallin had the largest increase in.glycation of any of 

the crystallin components. The a~crystallin subunits aB and aA also 

showed an increase in tritium incorporation. All of the S-crystallin 

subunits, 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 

S-crystallin subunits. The a-crystallin 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 

I __ Components 

The insoluble (urea-soluble) fraction.was reduced with the 

[3H]NaBH4 in the same manner as the soluble .-fraction and the components 

separated by the molecular sieve and C-4 reve·rse· ph~se HPLC systems. 



FIGUR~ 2~. C-4 reversed phase HPLC separ~tibn of [ 3 H]NaBH4 labeled 
soluble fractions 

i -

! 

Tri·tiated borohydride reduced soluble lens crystallins from 
control lens (A) and diabetic cat~ract- lens (B) ~ere separated 
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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TABLE IX. S ecific·activities of the soluble lens cr stallin subunits 
from 3 H NaBH reduced soluble fractions 

Lens crystallin subunits were separated by C-4 reverse phase 
·HPLC from tritiated borohydride labeled soluble fractions from 
contro·1 and diabetic cataract lenses as shown in· Figure 23. 
(Day 168) 
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TABLE IX 

Crystallin Subunit 

~~p SB1 (382 SBs aB a A 

S~ecitic Activitl ( c~m/mg) 

Control Soluble 355 70 75 120 1,742 1,650 859 

Cataract Soluble 2,239 730 690 800 4,500 4,740 13,421 
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Figure 130 shows the molecular sieve HPL.C .separati-on· of the insoluble 
I 

fraction from control lenses and diabetic cataract lenses. The results 

show that the gr.eatest amount" -at"· triti.um ·incorporati-on (glycation) is 
o I • • • o' • 

found in the HMW protein in both control and cataract lenses. In the 

control lens there is moderate inc·rease in the inso·lubl~ protein peaks 1, 

3, and :4. 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 

fractions. 

As with the soluble HMW, the specific:activity of the insoluble 

HMW from both the control and diabetic cataract lenses were consistent. 

The control insoluble HMW protein speci.fic activity was 11,6000 cpm/mg 

protein, and the diabetic cataract HMW protein wa.s ~7,000 cpm/mg protein. 

The remainder of the protein peaks showed s i gni fi cant· di,fferences in 

specific activity between the control lenses and the diabet"ic cataract 

lenses~ Insoluble· peak 1 from the control leni showed a specific activ

ity of 9.35 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 cpm/mg protein compared to 950 cpm/mg protein in the diabetic cata

ract. ·A more dramatic differenc~ existed for peak 4 which in the control 

exhibited a specific act,ivity of 255 cpm/mg protein compared to the 

diabetic _cataract with 4265 cpm/mg protein~ 

The non-enzymatic glycation of the urea-soluble fraction was 
I furthelf characterized by C-4 reverse phase HPLC sepa.rat ion of the crys-
I 
I 

tallin: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 moder~te 



FIGURE 30. Molecular sieve HPLC separation of (3H]NaBH4 labeled insoluble 
fractions 

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

·by molecular sieve HPLC. Fractions of 0.5 ml were coll.ected 
and radioactivity determined. Solid line=absorbance at 
280 nm; Dashed line=radioactivity in cpm. 
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FIGURE 31. 

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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glycatipn in the maj?r crystallin subunits of the control lenses. 

Compared to its soluble fraction counterpart (Fig. 28), the largest 

increase in glycation occurs in the S.Bp crystallin subunit and the 

y-cryst:allin. The diabetic cataract urea-soluble fraction demonstrated 
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a significant increase. in glycation of the rnajo'r crystaJl,in components 

compare:d to. the -control urea soluble fraction. The _largest increase was 

found in they-crystallin followed by the [-crystallin B.p subunit and 

the subunits. A more accurate expression of the differing levels of 

glycation between the various urea-soluble_ components· fr9m the control 

and di~betic cataract lenses is provided by the calculated specific 

activities presented in Table X (calculated by % area x total mg injected 

assumi~g 100% recovery). They-crystallin present in the urea-soluble 

fractiqn had the highest specific activity both in the control and 

diabetic cataract lenses. The specific activity of the 6-crystallin 
I 

subunits demonstrate the significant increase in glycation found in the 

diabetic cataract as compared to the control lenses. Also shown is the 

significant levels of glycation in the ~-crystallin subunits in both con

trol and diabetic cataract lenses. However, the increase from control to 

diabetic cataract was not as great as found in they-- and !3-crystallins. 

. C) Glycation of the High Molecular Weight Aggregate Components 

Expe_r_i_~ents involving the water-soluble_ a-nd urea-soluble frac

tions have shown that the HMW aggregate from both control and diabetic 

catara~t lenses contain a significant level of glycation. The soluble 

HMW ag:gregate and insoluble HMW aggregate were isol~ted by molecular 
I 

sieve ~PLC from their respective tritiated borohydride reduced fraction 

and concentrated by pressure filtration. Figure 32 demonstrates the 

crystallin subunits and their extent of glycation of·the soluble and 



! • 

i 
I 

TABLE:X. S eciftc activities of insoluble lens cr stallin subunits 
·from 3 H NaBH reduced insoluble fractions 

I 

I 
'I 

The insoluble crystallin subunits were separated by C-4 
reverse phase HPLC from tritiated borohyd~ide labeled insoluble 
fractioris from control and di~betic cataract lenses (Fig. 21). 
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TABLE X 

·-·· •. 

Crystallin Subunit 

SBp SB1 SB2 S.Bs ~B ~A 

SEecific Activit~ ~CEm/mg} 
\ 

Control Insoluble 1,830 140 110 260 1,9~5 2,350 4,895 

Cataract Insoluble 5,250 405 310 461 4,830 6,923 19,480 



FIGURE 32. C-4· reverse phase HPLC· separati-ons of [ 3-H]NaBH4 reduced HMW 
_aggregates 

Tritiated borohydride labeled HMW aggregates isolated by 
·molecular sieve HPLC from the soluble (A) and insoluble (B) 
· fraction·s· were separated into their individual crystallin 

subunit components by C-4 reverse p·hase HPLC. Radi oacti vi ty 
was monitored in ··0.5 ml fractions (dashed lines). Solid 
line=absorbance at 280 nm. 
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insolubl·e HMW aggregates as determined by C-4 reverse phase HPLC. The 

r_esults .showed that in the soluble HMW aggregate the pri·mary component, 

y-cryst~llin, is also significantly glycated. The other minor components, 

primarily aA crystallin subunit, also contained·a significant amount of 

glycation. Simila~ly, the insoluble HMW aggregate components were all 

signifi.cantly glyc·ated. They-crystallin contained the largest amount of 

glycati·on followed by the S-crystallin Bp subou~it·whicoh was found only in 

the insoluble HMW aggregate. 

D)_ Identification of the Sites of Glycation 

Control·and diabetic cataract glycated_lens proteins from the 

water...:soluble and urea-soluble fractions were isolated by affinity 

chromatography. The crystallin components were then separated and 

_quanti'fied by molecular sieve HPLC. This approach was designed to 
• • 0 

confirm the results- obtained by tritium bor.ohydrideoreduction coupled 

with HPLC separations. Previous experiments have demonstrated that in 

theosoluble fraction the HMW contains the highest level of_ glycation. 

Molecular sieve HPLC separations of the glycated proteins _confirm these 

resul~s (Fig. 33). Also demonstrated is the increase in glycated y

and S-crystallins in the diabetic cataract. Similar. results were 

obta~ned with the urea-soluble fraction with the insoluble HMW aggregate 

demonstrating the highest percentage of the glycated urea-soluble fraction 

(Fig~ 34). In addition, the peaks 1, 3, and 4 also demonstrate a sig-
0 I 

I 
nifitant level of glycation in both control and diabetic cataract lenses. 

I 
; 

These results support those obtained using the tritium borohydride. 

Conf!_!"~ation that lysine was the primary glycated amino acid 

res ;;due was obta _i ned by affinity chromatography fo 11 owed by ami no acid 

analysis by precolumn derivatization with PITC and·C-8 reverse phase· 



FIGURE 33.: · Glycated crystallins from the solub·le 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 crysta_llins from the insoluble fraction separated 
by .molecular sieve HPLC . 

Glycated lens crystallins fr.om the insoluble fractions 
from control {A) and diabetic caratact {B) lenses were 
·fs.olated by affinity chromatography. The glycated insoluble 
crystallins were subsequently.separated by molecular sieve 
HPLC. 





HPLC. Borohydridereduced lens crystall.ins from diabetic cataract 

soluble fraction were hydrolyzed by 6 N HCl under vacuum at 110° for 
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24 hrs :and the glycated amino acids were isolated by affinity chromatog

raphy as described in ~he Methods. A e-amino glycated lysine standard 

was prepared by incubation of poly-L-lysine (a homopolymer) with glucose 

followed by borohydride reduction. The glycated poly-L-lysine was 

hydrolized by 6 N HCl and· the £-amino glycated lys_ines 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 ~5 demonstrates the chromatographs obtained by the standards 

(Fig. 35A) and the crystallin amino acids obtained. by affinity chromatog.

raphy (Fig. 358). This confirms that lysine is the primary glycated 

amino acid present in the lens crystallins. 

The final characterization of the non-enzymatic glycation of 

·the insoluble HMW aggregate involved quantifying the glycated residues 

and subsequent identification of the glycated tesidues within the various 

crystailin components' primary sequence. , This was: done by_ enzymatic 

digests '·followed by affinity chromatographic isolation of the glycated 

polypeptides. A sample of the 3 H-boroh~dride· reduced Hf~W .protein (10 mg) 

was dig~sted with-either trypsin or chymotrypsin as described in the 

Methods :section. Affinity chromatography with AfftGel 601 was used to 

isolate the glycated peptides. The glycated peptides from each enzymatic 

digest w,ere then separated by C-18 reverse phase HPLC and. fractions 
I 

collecte~. There was some 'debate as to whether or.not trypsin could 
I 

cleave a~ a glycated lysine residue or cleave at the next non-glycated 
I 

cleavage. site within the polypeptide sequence. Therefore, a chymotryptic · 

digest was also used to provide overlapping polypeptides to aid in 

determin ng the sites rif glycation. Separation of the glycated peptide 



FIGURE 35. Ide-ntification 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.~B reverse phase HPLC. 
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by C-18 reverse phase HPLC results in a myriad of peaks shown in 

· Figure~ 36. The tryptic digest separation results· in 15 peaks of which 

2 peak~ (Chromatogram A peaks 4 and 11) are significantly larger than 
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the other peaks in both absorbance and tritium incorporation. Similarly, 

the chymotryptic digest results in 13 major peaks, 2 of which· are sig-

nificantly increased (Chromatogram B peaks 7 and 8-). Some of the smaller 

peaks in bo~h digests contain no radioactivity w_hich 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 

severa:l factors were taken into consideration. Fi-rst, in the ·trypsin 

digest it was assumed that trypsin would not cleaveat a blocked 

(glycated) lysine residues. Therefore, the amino acid composition rrust 

include ·both a glycated lysine peak (Fig. 35) as well as _either a free 

lysine: or arginine. Secondly, in the chymotryptic digest, glycated 

lysine residues must Qe present. The results of the amino acid analysis 

are shown in Tables XI and XII. Using this criterion in conjunction 

with the overlapping amino acid data and the known amino acid sequence 

of the lens crystallins results in the proposed location of the glycated 

resid~es presented,in Fig~re 37. 

These· results confirm those obtai ned· by other. experiments that 

demonsitrate y-crystallin as the primary constituent. of the insoluble HMW 

aggre~ate. The [ 3 H]NaBH4 reduced glycated residue~ associated with the 

y-cryJtallin comprise 62% of the total radioactivity of the tryptic 
i 

diges"ti and 57% of.the chymotryptic. digest. The 13-crystallin glycated 

lysines comprised 21% of the total radioactivity found in the tryptic 

digest and 24% of the chymotryptic digest radi-oactivity~ The a-crystallin 
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glycated residues comprised the remainder of the radioactivity. These 

values support the data obtained on the composition of the insoluble HMW 

aggreg~te obtained by HPLC characterization. 
I 



FIGURE 36. Separation of glycated peptides isolated by affinity chroma-
,tography 

Glycated peptides obtained by enzymatic digestion of the 
insoluble HMW aggregate with either trypsin (A) or chymo
tryps·i-n (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. 
Soli-d 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 
giycated peptides were separated by C-18 reverse-phase HPLC. 
Amino acid analysis was performed as described. in Methods. 



TABLE XI 

· ---·---·AmTno ----· Peak ----l5eak-- -- "f>"eal ·· --Peak Peak Peak ·p·eak ______ Peak - -P-eak 
Acid 1 2 3 4 5 6 ·7 8 9 

Asp 1.01 1.07 3.09 2.02 0.95 

Thr- 1.03 0.88 
Ser 0.88 4.18 1.02 

Glu 1.09 1.98 1.05 2.04 2.10 0.87 
Pro 0.75 1.48 1.26 0.68 

Gly 0.47 0. 79 3.10 

Ala 1.03 .0.93 2.89 1.05 

Cys 

Val 0.96 1.94 
·Met 0.78 
-I le 0.98 1.00 2.04 

Leu 0.98 0.99 

Tyr 0.94 0.89 

Phe 0.89 0.92 1.82 1.01 
His 0.97 

Arg 0.97 1.07 1.00 1.04 1.02 
Lys 2.04 0.93 

Glc Lys 

Peak Peak 
10 11 

1.08 2.06 

0.97 

1.11 

2.90 2.04 
1.88 

1.01 
0.86 

3.00 2.03 

1.85 0.78 

1.08 
1.09 

Peak · Peak- ------Peak 
12 13 14 

1.90 1.88 

2.12 

3.82 4.12 1.93 
0.68 

2.08 1.04 

1.04 1.88 2.04 

0.95 

2.00 

0.90 

1.89 0.91 1 ~77 
1.85 0.91 

1.02 1.01 

Peal -
15 

1.88 

0.97 
1.02 

1.04 

0.71 

3.04 

0.96 

2.00 

3.10 
0.88 

1.03 

J--a 
0 
......... 



TABLE XII. __ Amino acid composition of glycated chymotryptic peptides 
. ~-··"- i so 1 a ted by affinity chromatography 

· PeptJdes 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. 



TABLE XI I 

----- - ------·- --- -. - -- ---------~---------- -- ---------------- --- -·--- ----- -- -

Amino 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 

Asp J.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 0.86 0.78 2.69 0.87 
Glu 2.09 1.03 1.16 3.09 2.93 

Pro 0.52 1.29 

Gly 1.03" 1.00. 0.35 1.01 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 
I le 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 

His 0.82 0.93 0.87 2.68 

Arg 1.02 1.11 2.16 0.90 
Lys 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 

~ 

0 
co 



FIGURE 37. Amino acid sequences of the crystallin .components of the 
insoluble HMW aggregate with sites of glycation 

The amino acid compositiori of the glycated polypeptides 
obtained by affinity chromatography and C-18 reverse phase 
HPLC were used to determine the s,i tes of g lyca t ion within 
the polypeptide· sequences. The dashed lihes 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 Willi SITES OF GLYCATION .OF Y-CRYSTALLIN 

. * * . - . . 20 . ~-· 
NH -Gly-Lvs- Ile-!hr-·Phe-Tyr-Glu-Asp-Arg-Gly-Phe-Gln-Gly-His ,..eys-Tyr-Gln -Cys-Ser-Ser-Asn-Asn-Cys-Leu-Gln- .0 

2j . 'J I j ~ . 4 ' . ~I 1:: . I I 
__________ .z.J 

. . 40 . 
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-ely-Gln-Trp-M~t-Gly-Phe-Asp-Asp-Ser-Ile-

80 . . 100 . 
· Arg-Ser-Cys-Arg-Leu-Ile-Pro-Gln-His-Thr-Gly-Thr-Phe-Arg-Met-Arg-Ile-Tyr-Glu-Arg-Asp-Asp-Phe-Arg-Gly-

· · · · 12G. . · . 
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-

. ' 140 ·.. ·. . . . . . 
Val-Leu-Glu-Gly-Ser-Trp~Val-Ile-Tyr-Glu-Met-Pro-Ser-Tyr-Arg-Gly-Arg~Gln-Tyr-Leu-Leu-Arg-Pro-Gly-Gl~ 

. . . . . . 160 . * . . . . . . 
Tyr-Arg-Arg-Tyr-Leu-Asp-Trp-Gly-Ala-Met-Asn-Ala-Lys-Val-Gly-Ser-Leu-Arg-Arg-Val-Met-Asp-Phe-Tyr-COOH 

4 { _____ .:._ ____ .._~@] nl 

1--& 
a· 
~ 



. B.· AMINO ACID sEGUENCE AND siTEs oF GLYCATION oF a-cRYSTALLIN Bp sUBUNIT 

.. · . . . * . . . . * . 20 . . . .. 
ac-Ala-Ser-Asn-His-Glu-Thr-Gln-Ala-Gly-Lys-Pro-Gln-Pro-Leu-Asn-Pro-Lys-Ile-Ile-Ile-Phe-Glu-Gln-Glu-Asn- ~--~ 

t . JL ] . . i-~"'-
----- -------- - - - - - -- - - 12 - ' 9 ------------------------- ------------. ' . ' 40 

Phe-His-Gly-His-Ser-Gln-Glu-Leu-Asx-Pro-Cys-Leu-Lys-Glu-Thr-Gly-Val-Glu-Lys-Ala-Gly-Ser-Val-Leu-Val-

. . 60 ·. ' ' '. * ' 
Gln-Ala-Gly-Pro-Trp-Val-Gly-Thr-Glu-Gln-Ala-Asn-cys-Lys.Gly-Glu-Gln-Phe-Val-PheiGlu-Lys-Gly-Glu-Tyr4 ' ~------~.a.! 

ao- . 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-____ ,151i . ' . ' 

. . ' * * 120 ' 
Gln-Glu-His-Lys-Ile-Thr-Leu-Tyr-Glu-Asn-Pro-Asn-Phe-Thr-Gly-Lys-Lys-Met-Glu-Val-Ile-Asp-Asp-Val-Pro-- t . J· . ____ .._ ..... _~ . 

' ' 

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-

' ' . . . . 160 * * ' ' . 
Tyr-Pro-Gly-Tyr•Ar_ g-. G_ly-Leu-Gln-Tyr. -Leu-Leu-Gly-Lys-Gly-Asp-Tyr-Lys~Asp. ~Ser-G~y-_Asp· -_Ph_ JGly-Arg-Ala-

. . . . 4 . t t . . tal . . . T 7~ . . 

' ---------------------' ' 

. . ' . 

' 180 . ' ' 
Pro-Gl.n-Pro-Gln-Pro-Glil-Val-Gln-Ser-Val-Arg-Arg-Ile-Arg-Asp-Met-Gln•Trp-His-Gln-Arg•Gly~Ala-Phe-His-

Pro-Ser-Ser-COOH 
1-' 
1-' 
·o 



( AMINO ACID SEQUENCE AND SITES OF GLY<?JION OF a-CRYSTALLIN A SUBUNIT 

. * 20 . - . t~-: 
ac-r-et-Asp--1-le-Ala-Ile-Gln-His-Pro-Trp-Phe··Lys-Arg-Thr-Leu-Gly-Pro-Phe-Tyr-Pro-Ser-Arg-Leu-Phe-Asp-Gln:•· • . . t __ 1~--~t 

40 
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-

• . . - . 60 - * . . . 
Ser-Leu-Phe-Arg-Thr-Val-Leu-Asp-Ser-Gly-Ile-Ser-Glu-Val-Arg-Ser-AspjArgiAsp-L}'s-Phe-Val-Ile-Phe-Leu·· .[ _________________________ +;] l_ 

* . 80 · - _ · • · * lQO 
Asp-Val-Lys-His~Pne-Ser-Pro-Glu-Asp-Leu-Thr-Val-Lys-Val-Gln-Glu-Asp-Phe-Val-Gl.u-Ile-His-Gly-Lys-His-

. II 4 . . t · . 1st · · · t · · . . ______ ...., _____ _ 
- 120 . . -

_Asn ___ -_Gl_u_-_A_ff~jG1n•Asp-Asp-His-Gly-TYr4Ile-Ser~Arg-Glu-Pbe-His-Arg-Arg-TYr-Arg-Leu-Pro~Ser-Asn-Val-Asp-

1~ . . . 
·---...--------~----·-- . ' . 140 !. 

Gln-Ser-Ala-Leu-Ser-cys-Se~-Leu-Ser-Ala-Asp-Gly-Met-Leu-Thr-Phe-Ser-Gly-~TO-Lys-Ile-Pro-Ser-Gly-Val-

. . . . . 160 - . * 
Asp-Ala-Gly-His-Ser-Glu-Arg-Ala-Ile-Pro-Val-Ser-Arg-Glu-Glu-Ljs-Pro-Ser~ser-Ala-Pro-Ser-Ser-~ 4 _ - s4 

~~-
~ 

~ 
~ 



. D AMIOO ACID SEQUENCE AND ·srms OF GLYCATION OF a-cRYs:rALLIN .R SUBUNIT 

. . 20 ... - - ~:~. 
ac-~t~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 . 
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-

. . 

. 60' . * . . 
Arg-Pro-Pro-Ser-Phe-Leu-Arg-Ala-Pro-Ser-Txp-Ile-Asp-'Ihr-Gly-Leu-Ser-Glu-Met-Arg-Leu~Glu-Lys-Asp-Arg·· - . . 4 ,_ . 2~ 

L 
.___ 

-------··. 
80 * - 100 P.he-Ser-Val-Asn-Leu-Asn-Val-Lys-His-Phe-Ser-Pro-Glu-Glu-Leu-Lys-Va1-Lys-Val-Leu-Gly-Asp-Val-Ile-Glu---4J . . ~ . . J - . 14 t - . . . -- -------- . . 

120 . 
Val-His-Gly-Lys-His-Glu-Glu-Arg-Gl.n-Asp-Glu-His-Gly-Phe-Ile-Ser-Arg-Glu-Phe-His-Arg-Lys-Tyr-~g~Ile-

140 ' - . ·* 
Pro-Ala-Asp-Val-Asp~Pro-Leu~Ala-Ile-1hr-Ser-5er-Leu-Ser-Asp-Gly-Val-Leu-1hr-Val-Asn-GI.y-Pro-Arg-Lys-

.. . - --'--
. . . 160 * ·. - ·. . . 

Gln-Ala-Ser-Gly-Pro-Glu-Arg-Thr~Ile-Pro-Ile-tnr-Arg-Glu-Glu-Lys-Pro-Ala-Val-Thr-Ala-Ala-Pro-Lys-Lys-COOH 
. . 3 ! . ' . - .6 ' . 

~ 
~ 

N 



DISCUSSION 

I. Progressive Changes 

The development of sensitive HPLC techniques was· an essential ante

cedent! to the study of progressive changes. occurring ·within the lens 

lea.ding to diabetic cataract formation. The molecular sieve HPLC 

methodologies allowed for identification and quantification of the various 

crystallin proteins from individual animals.· These techniques were 

originally designed to study the high molecular weight 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 methodologi,es, various affinity 

gels were used for the separation and quantification of the glycated lens 

proteins, glycated peptides, and glycated amino acids. Affinity gels 

with a: phenyl boro·nate 1 i gand attached to an aga rose or acryl ami de 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 cata.ract. Rats were chosen as the experimental model for a number of 

reasons. Diabetic 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 

withiri 12 to 14 weeks after the onset of diabetes. Finally, rats (as 
! 

well as mice, rabbits, and other related mammals) possess insulin 
I 

i 

secreting 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 lower the plasma glucose levels to normal; 

.113 . 



however, it allows the animal to maintain a consi-stently high plasma 

glucose level without sudden death by diabetic ketoacidosis. 

114 

One of the basic tenets of biochemistry is that the primary struc

ture or amino acid sequence of a protein dictates the secondary and 

tertia.ry structure and function. The class·ical example of how a single 

change in the primary structure can have dramatic consequences is that 

of sickle cell anemia. A single modifitat.ion of the sixth amino acid 

from glutamate to valine results in dramatic consequences. The non

enzymatic attachment of a carbohydrate· ·resi:due to the, c;:..amino group of 

lysine or the amino-terminus of a p~otein in effect 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 

envir6nment within the interior of the protein. 

The proteins of the lens are extremely long-lived and there is 

virtually no protein turnover. Therefore, most changes observ~d 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 contri.buting to the lens 

proteins becoming water-insoluble and aggregating. However, this 

research has dealt only with comparisons between normal and mature 

diabetic cataract lenses using various indirect methods to detect 
I 
! 

glycated lens crystallins. It is clear that as hyperglycemia continues 

the lens proteins are increasingly glycated with the insoluble (urea

soluble) fraction demonstrating consistently higher·values than the 
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water-~oluble fraction (Figure 11). This line~r increase supports 

earlie~ work showing an increase in glycation in the diabetic cataract 

measured by 3 H-borohydri de reduction ( 86). Stevens et ~· first sug

gested: that non-enzymatic glycation may influence the·functional proper

ties of lens crystallin based on the observation of Spector et ~- that 

there was. an increase in titratable sulfhydryls of a-crystallin as 

theE-amino group~of lysines wer~ deionized ·(85). Stevens and coworkers 

hypothesized that glycation of the E-amino ·groups of lysine may result 

in a similar structural change pot~ntially leading to ·insolubilization. 

The results of the progressive changes in glycation of the soluble and 

u·rea-soluble fraction support this contention i.n seve-ral ways. First, 

it has been well established thai there is a sig~ificant·increase in the 

insoluble fraction as diabetic cataracts develop. Secondly, not only is 

there an increase in this insoluble fraction, but the greatest increase 

in gly~ation also occurs within this fraction. It was interpreted that as 

the soluble fraction becomes increasingly glycated, the crystallins 

become increasingly insoluble or denatured. Once they become denatured 

and insoluble, they may be subject to even further glycation resulting 

in the· increased levels of glycation found throughout the 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 1 value results in denaturation and insolu

bilizaition. This idea is supported by the increased glycated amino 

acids ~ound in the diabetic insoluble fractions compared.to the diabetic 

solubl~ fractions (Figure 15). 

Further evidence of a conformational change due to glycation was 

provided by Liang et _!l. (90) with their study using circular dichroism 
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(CD). ·They demonstrated a change in the near-UV CD spectrum after 

incubation of purified lens crystallins with glucose-6~phosphate indi

cating. a change in the tertiary stru.cture. Using su-lfhydryl 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 determine the amount of free 

reactive su_lfhydryls while titrations obtained in the presence of SDS, 

which denatures the protein, indi-cate the total sulfhydryls present. 

A smaller difference-between the-two values indicates a greater extent 

of protein· denaturation. As hyperglytemia continues, there is a sig

nificant level of conformational change·occurring which mirrors the 

increase in glycated lens protein. This conformational change not only 

supports the findings of Liang et ~-, but also a d~pletion of the free 

sulfhydryls is an indication .of disulfide bond formation (Figure 18). 

Disulfjide 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 formation, rather the opacity results from the accumula

tion o~ a large disulfide linked high molecular wei·ght (HMW) aggregate. 

This H~W aggregate, ~resent in the insoluble fraction, disrupts the 

organi!zed cytoarchitecture of the lens and also acts ·as scatter points 

for light. 
I 

Also present in the soluble fraction is a water-soluble 
I 

precur~or to the insoluble HMW aggregate. Both soluble and insoluble 

HMW agbregates are found in signifi~ant a·mounts in cataract lenses with 

the soluble HMW aggregate held together by non-covalent interactions 

while disulfide linkages are responsible for holding together its 



117 

insoluble counterpart. As diabetic hyperglycemia continues there is an 

increa~e in both the soluble and insoluble HMW aggr~gates (Figs. 21 and 
I 

22). ~his increase in the disulfide linked HMW aggregate accompanies the 

decrea·se in reactive free and total titratable sulfhydry-ls. 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-hyperglycemia 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 conformatio.nal changes resulting in the .le~s· proteins becoming 

increa~ingly water-1nsoluble and eventually forming di~ulfid~ cross

linkages. This conjecture is supported by other research dealing v.Jith 

modifi~ation of amino groups and conformational changes ·of lens proteins. 

Kern e:t ~· have demonstrated that chronic administration of cyanate, a 

carbamylating agent, .in humans and experimental animals leads to the 
i 

format:ion of cataracts which are morphologically simi-lar to diabetic 

cataracts (105). 

The oxidation of sulfhydryls and formation of 'i-nsoluble proteins 

and hi~h molecular weight aggregates have been extensively studied. 

Hardin~ (71) ha~ argued that most of the insoluble protein obtained from 

rat lenses and human lenses is artifactual, resulting.from oxidation of 

-proteih sulfhydryl groups during aerobic homogenization. However, in 
I 

the ex~eriments presented in this paper, all lens protein homogenizations 
I 

and prbparations wer~ done under anaerobic conditions. Also, both control 

and diabetic lenses were extracted and prepared at the.- same time under 

identi~al conditions. Another observation made·by "Pirie (106) and 
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confirmed by Auricchio and Testa (107) was that aerobic homogenization of 

cataract lenses yields more of the disulfide containing artifact than 

norma 1: 1 enses prepared by i dent i ca 1 means. This paradox was exp 1 a i ned 

by Harding who demonstrated that human cataracts contain soluble protein 

in which the reactivity of sulfhydryl groups is increased, 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 changes 

were a 1 so observed in th~ contra l group even though they ~.were only 

followed for 168 ~ays {Table IV)~ This· decrease was originally attrib-

uted tp increased ·proteolysis of y~crystallin. Both a-c.rystallins and 

S-crystallins contain an acetylateo amino-terminus which was believe~ to 

inhibit proteolysis while y-crystalli'n contains a free glycine amino

termin·us. However, subseque.~t work by X-ray crys~a 1 ography revea 1 ed that 

the amino-terminus of y-crystallin is folded in such a ·way as to decrease 

proteo'lytic susceptibility. This was later confirmed by .i!l 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-crysta 11 in component 

frqm ~he soluble fraction does not result from increased proteolysis. 

A secolnd theory involves the loss of y-crystallin from the lens by 
I 

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

sponds! to an increase in the HMW aggregates and the insoluble y-crystallin 
I 

component. This Y-crystallin decrease may also play a role in the sulf-
, 

hydryl' oxidation state of the lens; y-crystallin contains the highest 
I 

· thiol 1content of any of the other crystallin compone:nts. This high 

cystei'ne content would play a pivotal role under conditions which would· 

increase sulfhydryl reactivity, i.e. changes in terti:ary- ·structure or 

oxidative stress. 

The non-enzymatic glycation of lens proteins is probably only one. 

of seyeral factors involved in cataract formation in diabetes~ The 

abi 1 i ty of the 1 ens to rna i nta in a reducing environment is probably 

critic.al for cataract formation and can significantly affect the time of 

onset :of cataract formation. High levels of glutath-ione ·maintains a 

reduce·d environment in the lens. In almost all forms of cataract the 

content of reduced glutathione s·ignifi·cant-ly decreases· before a mature 

catar~ct is formed, resuiting in the loss of th~ reducing atmosphere 

within· the 1 ens. During the hyperglycemia of diabetes s the enzyme a 1 dose 

reductase· is believed to play a key role· in the loss· of· reduced gluta

thione: in the lens. Aldose reductase is a NADPH dependent enzyme which 
I 

reduc~s glucose -to sorbito~- (a polyalcohol). High glucose· levels result 

~n the excess production of s6rbi to 1 thereby dep~l eti ng . the NADPH poo 1. 

This depletion of the NADPH compromises another NADPH dependent enzyme, 
! 
I 

gluta~hione reductase, which is responsible for glutathione regeneration 
I 

and th[us maintaining a reduced environment within the lens. The fact that 

aldose' reductase inhibitors can retard but not prevent cataract formation 

sugges~t that these agents could retard the fall in glutathione levels. 

However, the demand for reduced glutathione is eventual-ly 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

ciated 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 lenses and 

rat lenses, is not very high. Paradoxially, aldose reductase may provide 

some protection from the effects of non-enzymati-c 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 inc 1 ude 1 i near increase in non•enzyma t i ca ll·Y 

glycated protein. This increase is greatest within the insoluble frac

tion. Also ocurring is a corresponding increase i-n 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 progressive changes are 

in agreement with the conjecture that non~enzy,matic glycation leads to 

tertiary structure changes resulting in aggregation, insolubilization, 

and disulfide formation. 

II. Glycation and the HMW Aggregates 

~-~~scr~ption of the progressive changes occurring in the diabetic 

lens quring_ cataract development is an essenti.al pr.elude to the study of 

diabeiic cataracts. However, such terms as water-soluble, urea-soluble 

and HMW aggregates are vague and their nature must be elucidated to 

complete 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 HM\~ 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 system which allowed one-step separation of the crystallin 

subunits. In the later system the low pH of the trifluoroacetic acid 

mobile phase dissociates the crystallins into their component subunits I 

without the use of disaggregation compounds such as urea, SDS, or guani

dine HCl. The system is similar to that developed Jn 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. Ini.tia-lly, the identities of 

the molecular sieve peaks were determined by comparison .. to molecular 

weight standards followed by amino acid analysis and bycomparisons of 

those established in the literature. Subsequently, C-4 reverse phase 

HPLC subunit peak identities were obtained by amino acid analysis 

followed by separation of purified crystallins. The results of the 

reverse phase separations of the crystallin subunits: were in agreement 

with predictions made from amino acid composition. The purity of these 

subun1ts .is questionable because no/ additional analysis \'las performed to 

determine their purity (i.e. isoelectric focusing or rechromatographing 
i on another HPLC system). However, the results obta-ined by amino acid 

analy~is are in excellent agreement with published values. The minor 
i 

discr~pancies 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 di'd not interfere with 

the identification of the subunit peaks. 
I I 



Tre lens fiber proteins (crysta.llins) exist in two major groups, 

those ~hich are water-soluble and those that are water-insoluble. The 
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latter have been referred to as the 11 albuminoid 11 fraction~ 11 Album1noid 11 

is no longer considered a meaningful term, and is now preferable to 

refer to this as the 11Water-insoluble fracti-on ... ··. 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-soluble protein isolated 

from lenses was derived from a.·-crystallin. The assumption was later 

invalidated when it was reported that the insoluble protein from rat 

lens and dogfish lens are closely similar toY-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 

revers~ phase HPLC separation of the urea-soluble fracti-on confirm this 

report as well as offer some insight as to changes occurring w.ithin this 

fraction in the cataract state (Figures 25 and 26). 

The actual formation of the insoluble fraction appears to be a 

natura~ process as was shown by F~lhost et ~- with experiments showing 

40% of labeled soluble proteins becoming incorporat~d into the 

~-nsol~ble fraction within seven w.eeks (73). Those· proteins that are 

i niti a~ ly in the water-soluble fraction eventually become part of the 

insoluble fraction. However, the.re is no evidence of' insoluble proteins 

reverting to the soluble fraction. Lens proteins are subject to a number 

of post-translational modifi.cations such as· deamfdation, oxidation, 
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c~terminal degradation, and non-enzymatic glycatton which could result 

in protein structural unfolding and the protein becoming water-insoluble. 

The pr~cess of insolubilization albeit a natural process may be 
I 

accelerated or occur to excess in certain cataractous· states. During 

diabetilc hyperglycemia non-enzymatic glycation of ·.the -lens crystallins 

is dra~atically increased over the normal lenses. In the diabetic 

cataract condition there is a considerable increase i·n several of the 

crystallin components within the insoluble fraction indicating an 

increased denaturation and insolubi.lization of these--components. By 

comparison to the control insoluble fraction there is a· significant 
I 

increase in insolubilization of they-crystallin component as well as 
i 

·the s~crystallin primary ~:Sp subun-it. Interestingly, ·they-crystallin 

and the: S-crystallins are. high in thi.ol content,. therefore denaturation 

of these components would increase the potential for .disulfide cross

linking, a factor associated with cataract formation. 

Lens protein denaturation and insolubilization by-itself does not 

result in lens opacification. Rather the denatured lens proteins aggre

gate to form large (m.w. 2 x 106 daltons) disulfide-linked aggregate 

protein~ which are believed to cause opacification in -two ·ways. First, 

these hi.gh molecular weight (HMW) aggregates disrupt the higly ordered 
I 

cytoarc~itecture of the lens fibers which is essential for lens trans

parency.; Secondly, the HMW aggregates are believed to be large enough 
i 

to actua!lly act as sea tterpoi nts for 1 i ght ( 9). It is currently 

believed: that this HMW aggregate i-s formed by aggregation of soluble 

lens cry'stallins res-ulting in a solub-le HMW precursor .•. This precursor 

aggregates further and forms disulfid~ crosslinkages resulting in the 
- -

insoluble disulfide-linked HMW aggregate associated wtth cataracts. The 



124 

exact nature of this aggregate and its soluble precursor is relatively 

unknown •. In the bovine lens the soluble precursor is ·composed primarly 

of a-~ry~ta 11 in; however, in the human 1 ens and· rat. lens the components· 

of the a~gregates are still in debate. In the diabetic cataract lens the 

soluble HMW precurso.r is composed primarily of Y-c.rystallin with moderate 

amounts of a-crystallin held together by non-covalent ·crosslinkages. The 

addition .of S-crystallins results in the insolubilizat·ion .. ·of the aggre

gate and 'the development of covalent disulfide crosslinkages (Figure 25). 

This fi.n.ding is in agreement with the results obtained in the characteri

zation of the diabetic insoluble fraction components tn which the 

y-crystallin and s-crystallins demonstrated the greatest increase within 

the insoluble fraction. Secondly, work done by .Awasthi et·~. showed 

that the initial aggregation of the crystallins occurs -by a mechanism 

other th~n sulfhydryl crosslinking (88). These findings support the 

proposed:theory of the soluble HMW precursor formationas well as the 

results 6f the characterization of the HMW·aggregate componehts. 

III.. Characterization of the Non-enzymatic Glycatf:on·· of·.,·Lens Proteins 

Reducti9ry of the aldimine and ketoamine. linkag~s with tritiated 

sodium borohydride has been the primary measure o(_:non-enzymatic glyca

tion of ~roteins. This reduction results in one non-exchangable tritium 
. ' 

molecule!for each glycated residue. Borohydri de -r~duct i'on. has been used 

for deca~es in organic and carbohydrate chemistry and has been a reliable 

tool for:the analysis of carbohydrates. Spector has-challenged the use 
! 
i 

of 3H-NaBH4 as a measure of glycation because of suspected side reac-

tions. The inciden'tal side react·ions. of b.orohydride reduction include 

fleavage of peptide bonds, reduction of indole.groups of tryptophan, and 
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reduction of carboxyl groups. However·, Bunn and coworkers ( 87) have 

described conditions which avoid these side reactions •. These conditions 

were used in this study and provided a reliable tool·for the study of 

non-enzymatic glycation.. The results obtained by tr~tiated borohydride 

re.duction 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 spa·n of the lens 

proteins provides great opportunities for posttrans·l_ati-onal modifications. 

Under normal conditions posttranslational events occur only to a small 

degree resulting in· a mtni~al amount of insoluble protein. However, as 

the lens ages the modified proteins continue to accumulate resulting in 

protein denaturation and formation of mo.re insoluble'material. Within 

this insoluble fraction the HMW aggregates also accumulates in a linear 

fashion until a level is reached which suffici-ently disrupts the lens 

architecture and cataracts develop. One such posttran.slational modifi-

cation which occurs during lens aging is non-enzymatic glycation. 

Stevens et .!]_. (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 crystallins. By the use of molecular sieve HPLG and tritium 

borohydride label this was extended to the diabetic cataract showing that 

both the soluble and insoluble HMW aggregates are heavi·ly glycated 

(Figures!26 and 28). The theory of non-enzymatic glycatton-dependent 
I 
I 

formation of these aggregates ~s 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 ~ggregates remains constant as compared to .. the normal lenses. 
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The:consistent level of glycatinn of ·the·HMW speties indicates that 

perhaps those crystallins with the greatest amount of glycation contribute 

to HMW aQgregate formation more readily. 'Similarly, 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 

aggregate responsible for cataracts. 

This conjecture is. supported . by the finding that· th~ components 

which comprise the HMW aggregates contain a large-amount of glycated 

residues (Figure 30). Secondly, those components· whi;ch· .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 HMWaggregates. 

This aggregation is then stabilized by covalent disu:lfide linkages which 

results 1n the formation of the insoluble HMW aggregat~.-associated with 

cataracts. The r.esults of my experiments support and extend this con

jecture ta the following sequence of events: Initially~ g)ycat~on of 

they-crystallin and a.-crystallin lead to their. forming· the soluble HMW 

aggregates (Fig. 30A). This aggregate is held together by non-covalent 

bonds and is not yet large enough to become insolubl~. As. th~ glycation 

process continues and with the addition of glycated .S-crystallin the 

aggregate increases in size to become insoluble •. Subsequent disulfide 

crosslin~ing results in the characteristic disulfide linked HMW aggregate 
t 

responsi~le for the opacities of cataracts. Thi.s .hypothesis is supported 
I 

by several findings by other researchers. First,_ Bloemendal et !1· has 
I 

found that under certain conditions y-crystallin can form aggregates with 

a-crystallin (112). Secondly, the high thiol content of S-crystallin 

andy-crystallin allow for the formation of covalent·crosslinking when the 
I 

s-crystal[lin becomes incorporated into the aggregate. 
\ 
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The final characterization of non-erizymatic glycation ·6f the lens 

proteins 'by localizing the sites of glycation with·in ·the HMW constituent 

po.lyp~ptides involved in a combination of ·techni·que·s~··· ·Recently, cata

ract res~arch has focused upon the formation of the insoluble HMW 

aggregate, therefore this· protein was chosen as the. focus ~·for this fi na 1 

characterization. Shapiro et ~· first located the glycated residues of 

glycated hemoglobin by _enzymatic digestion of g.lycated· ·hemoglobin 

followed by cation exchange chromatography and amino actd ·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 problem was ·circumvented :by· the use of the 

newly developed glycoaffinity gel and Affigel 601 •. .Jhe·phenylboronate

acrylamide gel (Affigel 601) has a higher ligand·~eoncentration than the 

affinity gels used to 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 peptidesto ensure 

accurate, 1 oca t ion of the g ly.ca ted resJdue. Secondly.;.· trypsin may not 
I 

cleave at a glycated lysine residue therefore the possibil~ty existed 
I 
I 

for mult1ple glycated lysines within a single po]ype.ptide. Chymotryptic 

digestio~ would be relatively unaffected by glycated lystnes and would 

provi-de potentially d~ciding information in case of ·equivocable results 

obtainediby the tryptic digest. However, multiple glycated residues 

within a sing 1 e polypeptide did not prove to be a ·problem s i nee for the 

most part the amino acid sequences of the lens crystallins ·have alter-
' 
nating arginine and lysine residues. For those sequences with two or 

more lys1ne residues (a-crystallin) the chymotryptic,digestion provided 
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segment.s. with single glycated lysine residues which were used· to confirm 

the location of the glycated residues. 

This study not only located the sites of glycation, but also allowed 

quantification of the modified residues present in the HMW aggregate. As 

expected, they-crystallin residues represent the majority of the 
I 

glycated:residues as measured by tritium incorporation. Secondly, 

they-crystallin has only three potential·sites for·glycation of which 

all are found to be glycated. By contrast, the (3-crystallin has thirteen. 

lysine residues and only seven glycation sites. Similarly, the 

a-crystallin A and B subunits have seven and ten lysine~, respectively, 

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 cla-sse.s. Therefore, it 

was not surprising to see that most of the glycated lysines were located 

at relatively similar regions within the different crysta.llin subunits 

(Fig. 37). This is indicative of a somewhat specific pattern of 

glycati6n with some residues reactive to glycatton.while other are not. 

This specificity may result from the location of the lysine residues 

within the tertiary structure of the protein· mo·lecule. Lysines exposed 

on the o~tside of the protein would be more susceptible to'glycation than 

those wilhin the interior of the protein due to steric hindrances. 

Another ~ossible contributing factor is the pK of the ~-amino group of 

lysine. !The presence of an acidic residue near the s-a-mf·no group of 

lysine within·the tertiary structure will lower the apparent pK of the 

lysine (l15). This lower pK would be more favorable to glycation. This 

concept is represented by glycation of hemoglobin and albumin where 

hemoglobin in Slys-66 and alys-61, and serum a-lbumin· Lys-523 are the 

principl~ lysine residues modified (114). 
I 
I 



SUMMARY 

Because of their remarkable longevity, lens crystallins undergo a 

substantial amount of non-enzymatic glycati-on durtng diabetic hyper

glycemia. These posttranslational modifications have the· potential to 

disrupt :the structural and functional properties of the lens crystallins 

and contribute. to the formation of cataracts. 

Streptozotocin induced diabetic rats were used·to study the relation

ship between glycation of lens proteins and the formation of insoluble 

h:i.gh molecular weight (H~~W) aggregates beli.eved to be responsible for 

cataract formation. After the onset of diabetes, cataracts developed in 

about 12 to 13 weeks. Five control and five diabetic ·rats were sacrificed 

every three weeks and lenses removed. Levels of glycated protein and 

glycated amino acids in lenses from each animal were exami-ned by affinity 

chromatography. In addition, the changes in crystallin composition and 

development of HMW aggregates were monito~red by sensit·ive 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. This characterization 

included: identification of the protein components of the insoluble 

fraction: as 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 characterizati-on of the glycati'on 

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 
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i-ncrease is paralleled by an increase in the soluble;·HMW and insoluble 

HMW aggr;egates. Other changes include a decrease in. reactive su l f-
I 
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hydryls !which indicates an increase in disulfide bond formation. Within 
I 

the solu!ble fraction there was a steady decrease in the· y-crystallin 

componen:t as well as a consistent increase in the ins.o·luble Y-crystallin. 

Charactelrization of the soluble HMW aggregate and the. insoluble HMW 

aggregat:e revealed that they are composed primarily .of y-crystallin with 

a small amount of a-crystallin. In addition, "the ·insoluble HMW aggregate 

contains a moderate amount of ·f3-9rystall~in subuni·ts-.·· -Further analysis 
' . 

demonstr:ated that these HMW components are also heavily glycated. 

Secondly,, the components of ·the- insoluble fractio'n from both control and 

diabetic· cataract lenses were all glycated more. extensi·ve-ly than their 

soluble :counterparts with insoluble y-crystalli-n showing the most glyca-

tion. 

This study has demonstrated that as diabetic hyperglycemia continues 

there is· a relationship between the increasing levels of·glycated 

proteins and the formation of HMW aggregates. Th.is relationship also 

extends to the increased glycation of those components:which comprise 

the HMW ~ggregates. There appears to be a causal relationship between 
. ! 

glycatioh of lens crystallins and their unfolding. As.- this glycation 

increase~, so does the protein denaturation and eventually aggregation 
I . 

I 

to form ~arge insoluble protein aggregates responsible·for cataracts. 
I 



BIBLIOGRAPHY 
l. 

1. Wes:t, K. M. ( 1978) The· Epidemiology of Diabetes, p. 94, Elsevier· 
i 

Pre!ss, New York. 

2. GoJtschalk, A. (1972) 
I 

Glycoproteins, Part A, pp~ 141-157, Elsevier 

Pr.e
1

SS, New York~ 
i 
I 

3. Bl o;emenda 1, H. ( 1981) In: Molecular and Cellular Biolagy of the 

Eye: Lens ( B 1 oemenda 1 , H. , ed. ) , pp. 1-47, Wi 1 ey and Sons; New York. 

4. de .Jong, W. W., v,an Kleef, F. S.; and, Bl<?eme.ndal, H_ ... (1974) Intra

cellular carboxy terminal· degradation of the .A .chai.n of a

crystalli-n. Eur. J. Biochem~ 48: 271-276. 
. ' 

5. Van. Venrooij, W. J., de Jong,· W. W., Janssen, ·A.·, =and·BloeiTiendal, H. 

(1~74) 1!!. vitro formation of aA1 from aA2 chains of ~-crystallin. 

Exp. Eye Res •. 12.: 157. 

6. Bo~kman, R~ F., and Lerman, S. (1977) Evidence fo·r'a·free radical 

. me~hanism in aging and U.V. irradiated ocular lenses. Exp. Eye 
I 

Re~. 25: 303-309. 

7. Masters, P.M., Bada, J. L., and Zigler, J. S. Jr •. (1978) Aspartic 

acid racemization in heavy molecular weight crystallins and water-. 

solluble ~rotein from normal human lenses and cataract. Proc. Natl. 

Acad. Sc1., USA 75: 1204-208. 
I -. 

8. 

9. 

I . 

Stevens, V. J., Rouzer, C. A., Monnier, V. M.~ ~nd~Cerami, A. (1978) 
I 

DiJbetic cataract formation: Potential role of glycosylation of 
I J 

le~s crystallins. Proc. Natl. Acad. Sci., USA 75: 2918-2922. 

I 

- '\.:.' . ' . ., .. 

Benedek, G. B. (1971) Theory of transparency of the eye.'!· Appl. 
~ ·,.· . ~ ·~:: ~.: 

Optics JJ!: 459-473. 

10. Kozak, G. P. (1979) Why treat diabetes? In:. Ind{vidualizing Therapy 

in:Maturity Onset Diabetes (Levine, R., ed.), New York Science and 
i 

Medici.ne Publishing Co., Inc. 

1 131 



132 

11. Koh.ner, E. M., Fraser, T. R., Joplin, G. F., Dollery, ·c. T., and 

Henkind, P. (1968) The effect of diabetic control on diabetic 

retinopathy . ..:!!!. Treatment of Diabetic Reti·no.pathy (PHS Publication 
! 

#18.90) (Goldberg, M. F. and Fine, S. L., eds~), pp. 119-128, 
' 

.Was!h i ngton D.C. , U.S. Government Printing Office. 
I 

12. W.est, K. M. (1978) Epidimiology of Diabetes and Its Vascular Lesions, 

Chap. 6, pp. 45-82, Elsevier, New York. 

13. Spiro, R. G. (1973) Biochemistry of the renal glomeru.lar basement 

membrane and its alterations in diabetes mellttus. N. Engl. J. 

Med. 288: 1337. 

14. Moo!rhouse, J. A. (1976) D.iabetes Mellitis (Fajans~ ·s. S., ed.), 

pp. 243-255, National Institutes of Health, Bethesda~ Md. 

15. Gra~e, G. D. (ed.) (1979) Early Detection of Rotential Diabetes: 

The Problems and the Promise •. Raven Press, New York. 

16. Spi·ro, R. G. (1973) Biochemistry of the renal glomerular basement 

membrane and its alterations in diabetes mellitus ... N. Engl. J. 

Med. 288: 1337. 

17. Adcock, L. H., and Gray, C. H. (1957) The metabolism of sorbitol 

in the human subject. Biochem. J. ~: 554. 
,• ·~~ ' 

18. Gab:bay, K.,:···8t.~·~: and o•sullivan, J. B. (1968) The .. sorbitol pathway, 
I ·.·, :, 

\ . 

enzyme local1~ation and content in normal and diabetic nerve and 

corld. Diabetes 1 ~: 239. 

19. Wei.1ngrad, H., and 'Clements~ R. S. (19.79) Diabetic neuropathy - new 

con:cepts of its et.i o 1 ogy. Di abete~ 28: 604. 

20. Gab:bay·, K. H. (1973) The sorbitol pathway and :the· complications of 

diabetes. N. Engl. J. Med. 16: 831-836. 

21 .. Kinoshita, J. H., Dvornik, D., and Kraml, M. ·{1968) The effect of 

an ~ldose reductase inhibitor. Biochim. Biophys. Acta 158: 472. 
I 
i 



22. Takazajura, E., Nakamoto, Y., and Hayakawa, H. (1975) Onset and 

progression of diabetic glomerulosclerosis: A prospective study 

based on serial renal biopsies. Diabetes 24: 1. 

23. Bloodworth, J. M. B., Engerman, R. L., and Powers, K. L. (1969) 

Experimental diabetic microangiopathy: 1. Basement membrane 

statistics in the dog. Diabetes 18: 455. 

24. Spiro, R. G. (1969) Glycoproteins: Their biochemistry, biology, 

and role in human disease.. N. Engl. J. Med. 281: 991, 1969. 

133 

25 .. Ab.raham, E. C. (1985) Glycosylated Hemoglobtns. Marcel Dekker, Inc., 

.New York. 

26. :Koenig_, R. J., Peterson, C. M., Kilo, C~, Cerami, A., and 

·williamson, J. R. (1976) Hemoglobin Arc as indi-cator of the degree 

.of glucose intolerance in diabetes. Diabetes 25: 230. 

27. ;Peterson, C. fvt., and Jones, R. L. (1977) Minor hemoglobins, diabetic 

11 Control, 11 and diseases of postsynthetic protein modification. 

Ann. Intern. Med. 87: 489. 

28. Bunn., H. F., and Brieht, R. W. (1970) Nonenzymati-c. glycosylation of 

.Hb Arc and its effect on 2,3-DPG binding. J •. Clin. Invest. 49: 

:1088-1095. 

29. Koenig, R. J., and Cerami, A. (1975) Synthesi-s of hemoglobin Arc 

in normal and diabetic mice: Potential model of basement membrane 

'thi c~eni ng. Proc. Nat 1. Acad. Sci . , USA ll_: 3687-3691. 

30. S~sa.ki, J., Arora, V., and Cottam, G.~· (1982) Nonenzymatic 

glycosylation of human LDL decreases its metabolism by human skin 

:fibroblasts. Biochem. Biophys. Res. Comm. 108: 791-796. 



134 

31. Wttztum, J. L.~ Fisher, M., Pietro, T., Steinbrecher, U. P., and 

Elam,R. L. {1982) Nonenzymatic glycosylation of ·high-density lipo

proteins accelerates its cataoli-sm in guine.a pigs.· Diabetes 31: 

1029-1032. 

32. \~itztum, J~ L., Mahoney, M., Branks, M. J., Fisher, M., Elam, R. L., 

and Steinberg, D. (1982) Nonenzymatic glucosylation of low-density 

lipoprotein alters its biologic activity. Diabetes. 31: 283-291. 

33. Vlassara, H., Brownlee, M., and Cerami, A. {1981} Nonenzymatic 

glycosylation of peripheral nerve protein in diabetes millitus . 

. Proc. Natl. Acad. Sci., USA 78: ·5190-5192. 

34. Bell, E. T. (1972) Renal lesions in diabetes melli:tus. Am. J. 

Med. Pathol. 18: 744. 

35. :Scarborough, N. L., and Carrier, G .. O. (1983) Increased contractile 

:response of aortas from diabetic rats to alpha-2 adrenergic receptor 

stimulation. Proc. Soc. Exp. Biol. Med. ·172: 127. 

36. Jose, J_. G. (1970) The lens. In: Biochemistry of the Eye 

(Anderson, R. E., ed.) ,. Academic Press, New York. 

37. ·Young, R. W., and Ocumpaugh, D. E~ {1960) Autoradiographic studies 

i on.growth and development of lens capsules in rat. Invest. Ophthal

mo 1. 5: 583. 

38. Peczon, B. D., Pec~on, J. D., Cintron, C., and Hudson, B. G. (1980) 
I 

:Changes in chemical composition of anterior lens ·capsules of cata-

1 ractous human eye as a function of age.. Exp. .Eye_ Rs. 30: 155-165. 
I 

39. Dische, Z., Zelmanis, G., and Rothschild, C. (1967) The hexosamino-

hexuronide of the bovine lens capsule. Arch .. Bio.chem.· Biophys. 721;, 

685-694. 

40. ~ Kuwabara, T. (1975) The maturation of the .. lens 'Ce'll: A morphologic 

study. Exp. Eye Res. 20: 427-443. 



41 •. Bloemendal, H. (1982) Lens proteins. CRC Critical Reviews in 

Biochemistry 82: 1-38. 

42. Chylack, L. T. Jr. (1980) The crystallin len-s.: An·overview. 

In: Red Blood Cell and Lens Metabolism (Srivastava,·S. K., ed.),-

Elsevier Press, New. York. 

43. Kuck, J. F. (1970) In: Biochemistry of the Eye (Graymore, C. N., 

ed.), pp. 203-21, Academic Press, New York. 

44. Chylack, L. T. Jr. (1975) Mechanism of •hypoglycemic• cataract 

135 

formation in the rat lens. I. The role of hexokinase instability. 

1

Invest. Ophthalmol. J:i: 746-755. 

45. Hockwin, 0., Blum, G., Korte, I., Murata, T., Radetzki, W., and 

Rast, F. (1971) Studies on the citric acid .cycle and its portion of 

_glucose breakdown by calf and bovine lenses 1!l vitro.: Ophthalmic 

fRes. l= 143-148. 

46. :Korte, I., and Hockwin, 0. (1972) Studies on- the.-· citric acid cycle 
I 

and its portion of glucose breakdown by calf and bovine lenses in 

vitro •. Ophthalmic Res. l= 13. 

47. : Kuck, J. F •. {19_62) Glucose and .. fructose 'synthesis in the diabetic 

! ra~: _lens. Invest. Ophthalmol. 1:.390-395. 

48 •. Bindels, J·. G., Siezen, R. J., and Hoenders, J •. :~. (1979) A model 

for the architecture of a-crystallin. Ophthalmic Res. 11: 441-452. 

49 •. Carlisle, C •. H.,. Lindley, P. F., Moss, D. S., and.-Slingsby, C. 

j (1977) Preliminary bovine lens proteins, y-crystallin fraction II. 

i • 
I J • Mo 1 • B 1 o 1 • 11 0 : 417-419 • 

50. I Chirgadze, Y. N., Nikonov, S. V., Garber, M. D:.,and Reshetnikova, 

L. S. (1977) Crystallographic study of y-crystallins from calf lens. 

J. Mol. Biol. 110: 619-624. 



136 

51 .. _;DeJong, W. W., Vander Ouderaa,,J., Versteeg, M.; Groenewood, G., 

:van Amelsvoort, J. M., and Bloemendal, H. (1975) Primary structure 

of the alpha crystallin A chains of seven mammalian species. 

Eur. J. Biochem. 53: 237-242. 

52. Schoenmakers, J. J. G., and Bloemendal, H. (1968)· Subunits of 

a-crystallin from adult and embryonic cattle lens. Nature (Land.) 

'220: 790. 

53. Delacour, J., and Papaconstinou, J. (1970) A ·change in a-crystallin 

subunit composition in relation to cellular differentiation in adult 

bovine lens. Biochem. Biophys. Res. Comm. 41: 401-406. 

54. :siezen, R. J., and Hoenders, H. J. (1979) The quaternary structure 

of bovine a-crystallin. Surface probing by limited proteolysis 

in vitro. Eur. J. Biochem. 96: 431. 

55. Francois, J., and Rabaey, M. (1959) Agar microelectrophoresis at 
i • 

·high tension of soluble lens proteins. Arch. Ophthalmol. &1: 

351-360. 

56. 'Bloemendal, H., and Herbink, P. (1974) Growing.insight into the 

:structure of B-crystallin. A review. Ophthalmol. Res.~: 81. 

57. !Herbink, P., and Bloemendal," H. (197_4) Studies -on··s·-crystallin. 

I. Isolation and partial characterization of the principle poly

peptide cha i·n. Bi och i m. Bi ophys. Acta 336: 370. 

58. :Zigler, J. S., and Sidbury, J. B. Jr. (1976) A comparative study 
! 

iof s·-crystallin from six mammals. Camp. Biochem . .-·Physiol • .§1: 

1349-355. 

59. ~Driessen, H. P. C., Herbink, P., Bloemendal; H~.-, and de Jong, W. W. 

(1981) The B-crystallir:t Bp chain is internally-duplicated and 

homologous withy-crystallin. Exp. Eye Res.l!_: 243~ 



60. Zigler, J. S. Jr., and Sidbury, J. B. Jr. (1973) Structure of 

calf lens· ~-crystallins. Exp. Eye Res • .!§_: 207. 

137 

61. Bjork, I. (1961) Studies on y-crystallin from calf lens. I. Isola

·tion by gel filtration. Exp. Eye Res. 1: 145-154. 

62. ·Croft, L. R. (1972) The amino acid sequence of y•crystallin (frac

tion II) from calf lens. Biochem. 128: 961-970. 

63. McAvoy, J. WJ (1978) Cell division, cell elongatinn and distribution 

of a-, S.~, and y-crystallins in the rat lens. J. Embryol. Exp. 

Morph. 44: 149-165. 

64.. Lerman, S., and Zigman, S. ( 1967) Metabo 1 i-c studi-es on the cold 

precipitable protein of the lens. Acta Ophthalmol. 45: 193-198. 

65. Spector, A., Li, L. K., Augusteyn, R. C., Schneider, A., and 

Freund, T. (1971) ·a-Crystallin. The isolation and characterization 

.of distinct macromolecular fractions. Biochem .. J,~ 124: 337. 

66. Harding, J. J., and Dilley, K. J. (1976) Structural proteins of 

the mammalian lens: A review with emphasis on-changes in develop

ment, aging, and cataract. Exp. Eye Res. 22: 1. 

67. :Ba-rber, W. (1973) Human cataractogenesis: A review. Exp. Eye Res. 

!16: 85. 

68. !van Kamp, G. J., Schats, L. H. M., and Hoenders, H. J. (1973) 

Caracteristics of a-crystallins related to fiber ce.ll development 

:in calf lenses~ Biochim. -Biophys. Acta 295: 166~.173.-· 
i . . 

69. ~orne~, C. T. (1894) Untersuchung der proteinsubstanten in den 

ileichtbrechenden rnedien des auges. Z. Physiol. Chern . ..!§.: 61-106. 
! 

70. :oische, Z. (1965) The glycoproteins and glycolipoproteins of the 

bovine lens and their relation to albuminoid. Invest. Ophthalmol. 

4: 759-778. 



138 

71. 
1

Harding, J. J. (1972a) The. nature and origi.n of the urea-insoluble 

protein of human lens. Exp. Eye Res. ll: 33-40. 

72 •. Jedziniak, J. A., Kinoshita, J. H., Yates, E •. M .. ,·Hocker, L. 0., and 

Benedek, G. B. (1973) On the presence and mechanism. of formation of 

heavy molecular weight aggregates in human ·normal and cataractous 

lenses. Exp. Eye Res. ji: 185-192. 

73. Fulhorst, H. W., and Young, R. (1966) .Conversinn of soluble lens 

protein to albuminoid. Invest. Ophtha1mol. i= 298-303. 

7 4. K i b be 1 a a r , M . A. , Rama eke rs , F. C . S . , R i n gens , P . J . , 

Selten-Versteegen, A.M.E., Poels, L. G., Jap, P.H.K~, van Rass~m, 

A. L., Feltkamp, T.E.W, and Bloemendal, H. (1980) Is actin in eye 

lens a possible factor in visual accommodation? Nature 285: 

·506-508. 

75. I Anderson, E. I., and Spector, A. (1978) The- state of sulfhydryl 

!groups in normal and cataractous human lens proteins. I. Nuclear 

. region. Exp. Eye Res • .f§_: 407-417. 

76. Spector, A., and Debdutta, R. {1978) Disulfide--linked high molecular 

!weight protein associated with human cataract. Proc. Natl. Acad. 

! Sci. , USA 1..§.: 3244. 
I 

77. ; Roy, D., and Spector, A. (1976) High molecular wei-ght protein from 

·human lenses~ Exp. Eye Res. g£: 273. 

78.! Itoh, R., Ozaki, Y., Mizuno, A., and Ir·iyama, K. (i983) Structural 

i changes in the lens proteins of hereditary cataracts monitored by 

Raman spectroscopy. Biochemistry _fl: ·1773. 

79. Hockwin, 0., and Koch, H. R. {1975) In: Catarc(ct· and Abnorm~;lities 

of the lens (Bellows, J. G., ed.), pp. 243~254, Grune & Stratton, 

New York. 



139 

I 

80. :ohrloff, C., Holstege, A., and Hockwin, 0. (1976) Enzymes involved 
I 

;;n the glycogen metabolism of the lens in relation to age, topo-

:graphic distribution and association with water~soluble proteins. 

Ophthalmic Res. ~: 227-232. 

81. :Zigman, S., and Vaughn, T. (1974) Near UV light effects on the 

·lenses and retinas of mice. Invest. Ophthalmol. Jl: 462-464. 

82. Zigma-n, S., Datiles, M., and Torczynski,_ E.· (1979)_· Sunlight_ and 

human cataracts. Invest. Ophthalmol. j&: 462-467. 

83 .. Flu.ckiger,, R., and Winterhalter, ·K. H. ( 1978} G·lycosylated hemo

globins. In: Biochemical and Clinical Aspects .of Hemoglobin 

Abnormalities (Caughey, W. S., ed.), pp·. 205-214, ·Academic Press, 

New York. 

84. Stevens, V. J., Rouzer, C. A., Monnier, V. M.,_and Cerami, A. (1978) 

Diabetic cataract fromation: role of glycosylation of lens crysfal

lins. Proc. Natl. Acad. Sci., USAJ..i: 2918. 

85. Spector, A., and Zorn, M. (1967) Studies upon the sulfhydryl groups 

: of calf lens a-crystallins. J. Biol. Chern. 242~ 3594-3600. 
- I 

86. Monnier, V. M., Stevens, V. J., and Cerami, A. (1979) Nonenzymatic 

g.lycosylation, sulfhydryl oxidation and aggregation of lens. protein 

in experimental sugar cataracts. J. Exp. Med. 50: 1098-1107. 

87. Chiou, S. H., Chylack, L. T., Tung; W. H., and Bunn, H. F. (1981) 

Nonenzymatic glucosylation of bovine lens crystal.lins. J. Biol. 

Chern. 256: 5176-5180. 

88. Awasthi, Y. C., Ansari, N.H., and Srivastava, s-. K. (1980) Glyco

sylation of the lens crystallins in cataractogenesis. In: Red Blood 

Cell-and Lens Metabolism (Srivastava, S. K., ed.), Elsevier Press, 

New York. 



\ 

140 

89. 'Ansari, N.H., Awasthi, Y. L., a.nd Srivastava, S. K. (1980) Role of 

:glycosylation in protein disulfide formation and cataractogenesis. 

IExp. Eye Res. 11: 9-19. 

90. : Liang, J. N. , and Chi kraba rt i , B.. ( 1981) Glycosylat i on-i hduced 

structural changes in bovine lens crystallins. Invest. Ophthalmol. 

· 20 (Supp.): 129. 

91. · Pande, A., Garner, W. H., and Spector, A. (197.9). Glycosylatibti of 

human lens protein and cataractogenesis. Biochem. Biophys. Res. 

Comm. 89: 1260-1266. 

92. 1 Monnier, V., and Cerami, A. (1982) Nonenzymatic -~lycosylation and 

browning in diabetes and aging: Studies on lens ·proteins. 

. Diabetes 31: 58. 

93. · Gopolakrishna, K., Srinivasa Rao, P. N., Ramakrishna; B., and 

Pattabiraman, T. ·N. (1983) Nonenzymattc glycosylation of lens 

proteins in different types of cataracts. Indian- J~ Med. Res •. 78: 

426. 

94. : . Kasa i , K. , Nakamura, T. , Kase, N. , Hi·.raoka·,_ T., Suzuki , R. , Kogure, 

. F., and Shimada, S. I. (1983) Increased glycosylation of proteins 

from .. cataractous lenses in diabetes. Diabeto-logta 25: 36-38. 

95. Lee, J. H., Shin, D. H., Lupovitek, A., and Shi, D. X. (1~84). 

Glycosylation of lens proteins in senile cataract and diabetes 

mellitus. Biochem. Biophys. Res. Comm. 123: 888. 

96. Garlick, R. L., Mazer, J. S., Chylack, L. T., J~~, ·Tung, W. H., and 

Bunn, H. F. (1984) Nonenzymatic glycation of human lens crystallins. 

J. Cl in. Invest. 7 4: 17 42. 

97. Isolab Inc., Drawer 4350, Akron, Ohil, 44321. 



141 

98.
1 

Heinrikson, R., Heinrikson, R. L., and Meridith, S. C.- (1984) Amino 

acid analysis by pre-column derivitiz.atdon by PITC. Anal. Biochem. 

136: 65. 

99. Moore, S., and Stein, W. H.· ( 1949) Photometric ninhydrin method for 

us.e in the chromatography of ami no acids.. J. Bi o }.: Chern. 176: 367. 

100. Raabo, E., and Terkildsen, T. C. (1960) In the enzymatic determina

tion of blood glucose. Scand. J. Clin. Lab. Invest. 12: 402. 

101. Bradford, M. {1976.) Anal. Biochem. 72: 248. 

102. Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. 

(1951) Protein measurement with the foline phenol reagent. 

J. Biol. Chern. 193: 265. 

103. Boyer, P. D. ( 1957) ~1eth. Enzymol. XXV: 388. 

104.: Rosenquist, T. Personal communication. 

105~ Kern, H. L., Bel horn, R. W., and Peterson, C. M. (1976) Sodium 
• I 

cyanate-induced ocular lesions in the beagle. J. Pharmacal. Exp. 

Ther. 195: 333. 

106.. Pirie, A. {1968) Color and solubility of the. proteins of human 

i ~ cataracts. t Invest. Ophthalmol. z: 634. 
i 

1071 Auricchio, G., and Testa, M. {1972) OphthalmolQ9Y' 164: 228. 
! 

108. Harding, J. J. (1972c) Conformational changes. in human lens 

proteins in cataract. Biochem. J. 129: 97-100. 

109~ Shelton, J. B., Shelton, R. J., and Schroeder, W. A. {1984) High 

performance liquid chromatographic separation· of globin chains in 

a large ·pore C-4 column. J. Liquid Chrom. z: 1969 .. 
~· . 

110'. Lerman, S., Zigmgn_~ ... ?.·, and Forbes, W. F. (1968) Insoluble protein 

fraction of the lens. Exp. Eye Res. 7: 444-448. 



111. Harding, J~ J. (1969) The natu~e and origin of the insoluble 

protein of rat lens. Exp. Eye Res. ~: 147-156. 

112. Bloemendal, H., Zweers, A., Benedetti,. E. L., and·Walters, H. 

142 

(1975) Selective reassociation of the crystallins~ Exp. Eye Res. 

20: 463-478. 

113., Shapiro, R., McManus, M. J., Zalut, C., and-,Bunn, H. F. (1980) 

Sites of nonenzymatic glycosylation of human hemoglobin A. 

J. Biol. Chern. 255: 3120-3127. 

114. Garlick, R. L., and Mazer, J. S. (1983) The principal site of 

nonenzymatic glycosylation of human serum a,lbumin_· in. vivo. 

J. Biol. Chern. 258: 6142. 

115. · Dic_kerson, R. E. and Geis (1969) The Structure and Action of Proteins~ 

Harper & Row, New York. 

116. Perry, R. E. and Abraham, E. C. (1986) High performance liquid 

chromatographic separation of lens crystallins.aRd their subunits. 

J. Chromatog. 351: 103. 

117~ Rasch, R. (1979) Conrol of blood glucose levels in the streptozo

tocin diabetic rat using long-acting heart-treated insulin. 

Diabetologia 1.§.: 185. 

118. Ma 11 i a, A. K. , Hermanson, G. T., Krohn., R. J •. , Fuji mota, E. K. , a.nd: 
I 

Smith, P. K. (198l) Preparation and use of a boronic acid affinity 
\ \ 

support for separation and quantitation of glycosylated hemoglobins. 

Anal. Lett. 14: 649. 

11~. Brownlee, M., Vlassara, H., and Cerami, A. (1980} Measurement of 

glycosylated amino acids and peptides from urine of diabetic 

patients using affinity chromatography. Diabetes 29: 1044. 



120. ! A 11 en, G. ( 1981) Sequencing of P.rotei ns. and Pept ides, Chapter 3, 

pp. 53-59, Elsevier, New York. 
I 

I 

143 

121.: Kato,. Y.·, Komiya, K., Sasaki, H., and Hashimoto; T~ (1980) Separa-
1 

\ tion range and separation efficiency in high speed .gel filtration 

on TSK-gel SW columns. J. Chromatog. 190: 297. 

122.: Schroeder, W. A., Shelton, J. B., and Shelton, ·J. R. (1980) Separa

tion of hemoglobin peptides by high performance li-quid chromatography 

(HPLC). Hemoglobin i: 551. 




