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CHAPTER I
INTRODUCTION'

1.1 ANATOMY OF THE LENS

The vertebrate eye lens is an avascular tissue, surrounded by a capsule (figure 1.1). On the anterior side of the lens, there is a monolayer of epithelial cells. Cells in the germinative zone have a high

germinative
zone

nucleus

Fig. 1.1 Schematic drawing of the vertebrate eye lens.

mitotic activity. Dividing cells at the equator are elongating to fiber
cells, which are laid down layer upon layer during the life of the animal.

Accordingly, in the outer lens regions, the cortex, newly syn11

thesized cells are found, whereas in the inner part of the lens, the nucleus, fiber cells are present, which were formed during the prenatal
period of the animal. Synthetic activity is the highest in the outer
cortical regions; in the nucleus of adult lenses no synthesis is present
anymore (Reeder and Bell, 1965; Young and Fulhorst, 1966; Wannemacher
and Spector, 1968). This means that the proteins in the nucleus of adult
lenses have been synthesized during the embryonic stage. Differences in
protein composition between the cortex and the nucleus of adult lenses
can be due either to processes, which are a function of time, i.e., if
irreversible, aging processes, or to different synthetic activity during
the development of the lens. Differences, found by comparing prenatal
lens protein with nuclear adult lens protein, can not be due to a different synthetic activity. Therefore, such a comparison can yield insight
into the aging of proteins.

1.2 LENS PROTEINS

1.2.1 Fractionation of lens proteins
The protein concentration in the lens is very high, approximately
30%. More than 95% of the dry weight consists of proteins. The watersoluble lens proteins can easily be extracted by gentle stirring the
decapsulated lenses. Berzelius (1830) was the first to designate the
lens proteins as crystallins. Mörner (1894) separated the water-soluble
lens proteins by means of isoelectric precipitation into two distinct
fractions, which he named a-

and B-crystallin. The existence of a third

distinct protein fraction has become clear since the work of Björk in
1961. This fraction is named γ-crystallin. Now it is generally accepted
that in mammalian lenses mainly three distinct protein fractions can be
distinguished, classified as α-,

β-

and γ-crystallin, according to de

creasing molecular weight and increasing isoelectric point.
Nowadays the following fractionation methods for eye lens proteins
are described: isoelectric precipitation (Francois et al., 1955; Orekhovich et al., 1955; Resnik, 1957; Bon, 1959; Perry and Koenig, 1961),
isoelectric precipitation in the presence of Zn-ions (Spector, 196A;
Schoenmakers et al., 1969b), ion-exchange chromatography (Papaconstantinou and Resnik, 1958; Spector, 1960; Papaconstantinou et al., 1962;
12

Björk, 1963; Spector and Katz, 1965), continuous flow electrophoresis
(Wood and Burgess, 1961; De Groot et al., 1970b), zonal centrifugation
(Bloemendal et al., 1972b) and molecular sieving, using Sephadex (Björk
1961; Van Dam and Ten Cate, 1967),Bio-gel Ρ 300 (Testa et al., 1965)
Sepharose 6B (Liem-The and Hoenders, 1974) and Bio-gel A-5m (Spector et
al., 1971b; Hoenders and Van Kamp, 1972). Molecular sieving is the mil
dest and most simple method and yields very pure crystallin fractions.

1.2.2 γ-Crystallin
γ-Crystallin comprises a relatively simple group of lens proteins.
It occurs in the bovine eye lens in mainly four monomeric forms, all
having a molecular weight of about 20,000 (Björk, 1961). The isoelectric points range between 7.1 and 8.1 (Bours, 1971). Partial characterization (Björk, 1964b) revealed that they have the same free N-terminus (glycine), a low content of hydrophobic residues and a relatively
high amount of sulfhydryl groups. The primary structure of calf γ-crystallin fraction II has been elucidated by Croft (1972). Observations by
Papaconstantinou (1967) indicated that the synthesis of γ-crystallin is
associated with fiber cell development.

1.2.3 e-Crystallin.
The group of lens proteins, called ß-crystallin, is much less characterized. Molecular sieving of bovine lens extracts reveals two distinct
8-crystallin fractions (Testa et al., 1965; Van Dam and Ten Cate, 1967)
5
5
4
with molecular weights ranging from I χ 10 to 2 χ 10 and from 4 χ 10
4
to 9 χ 10 . Hence they are designated Вц-crystallin and BT-crystallin
(Herbrink and Bloemendal, 1973). The ß-crystallins have a subunit structure (Bloemendal et al., 1962). In ß-crystallin four subunits of difH
ferent size were found by Zigler and Sidbury (1973) and at least five
by Herbrink and Bloemendal (1973). In the case of β -crystallin two and
four subunits, respectively, were found. Both aggregates have one subunit in common, designated β

(Herbrink and Bloemendal, 1973). The
DC

N-terminus of ß-crystallin is blocked by an acetylgroup (Mok and Waley,
1968). By applying isoelectric focusing without denaturing agents, it
was demonstrated that neither β , nor β are homogeneous fractions.
H
L
β -Crystallin comprises aggrgates with isoelectric point between 5.70
Η
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and 6.45, β -crystallin can be separated into mainly two distinct frac
tions with isoelectric point of 6.70 and 6.92 (Hours, 1971).

1.2.A a-Crystallin
The most thoroughly studied lens protein is a-crystallin. For a crystallin from the cortex of cow and calf lenses molecular weights
ranging
from 4 χ 10
ь
B

to 1.3 χ 10

and s.„ -values from 15 to 21 S are
20,w

reported (see for review Bloemendal, 1972). It is now well accepted
that a-crystallin is not a homogeneous entity, but a population of ag
gregates, having mainly a molecular weight of 8 χ 10

and s

-values
¿U ,w

ranging from 16 to 24 S (Bloemendal et al., 1972b). The isoelectric
point of a-crystallin is approximately 5.
1.2.4.1 Subunit structure
The large aggregate of a-crystallin is built up of subunits. Initially there seemed to be in a-crystallin from the cortex of calf lenses
5 to 7 or even more types of subunits (Björk, 1964a; Mok and Waley,
1967; Bloemendal and Schoenmakers, 1968; Palmer and Papaconstantinou,
1968; Augusteyn and Spector, 1971), but this number was gradually reduced to four (Schoenmakers et al., 1969b; Van Kamp et al., 1971) at present known as A , A , В

and Β , according to the nomenclature of Waley

(1969). The isoelectric points in 6 M urea at 25 0 C are 5.60, 5.92, 7.07
and 7.42 respectively (Bloemendal and Schoenmakers, 1968); Björk (1968)
found at 20 С isoelectric point of 5.4, 5.7, 6.6 and 7.0 in 7 M urea.
These subunits can be distinguished by applying alkaline Polyacryl
amide gel electrophoresis in the presence of 6 M urea. Electrophoresis
in

the presence of 0.1% dodecyl-sulfate reveals two bands, the fast

moving one representing the A-chains, the other one the B-chains. Using
this method, molecular weights of 19,500 and 22,500 respectively, were
calculated (Spector et al., 1971b). Molecular weight determination by
means of sedimentation equilibrium centrifugation in the presence of
5 M guanidine-HCl, 6 M urea and 2% dodecyl-sulfate reveals values ran
ging from 20,000 to 11,000 depending upon the time of incubation in the
denaturing agent (Hoenders et al., 1969; De Groot et al., 1970a). These
low values could not be confirmed by using gel filtration on agarose
columns in 6 M guanidine-HCl and on Sephadex G-100 in 6 M urea. These

И

methods revealed for the Α-chains a molecular weight of 20,000 (Bloe
mendal et al., 1972c). Finally the primary structure of the A- and Bchains revealed molecular weights of 19,832 and 20,070 respectively
(Van der Ouderaa et al., 1974a).
Primary structure elucidation also pointed out that the Α-chain has
173 residues and the B-chain 175 residues; that the Α-chain has one
sulfhydryl group (Corran and Waley, 1971), the B-chain none; that both
chains have an acetylated N-terminus (Hoenders and Bloemendal, 1967),
and that there is 57% homology between the A- and the B-chains (Van
der Ouderaa et al, 1973, 197ДЬ).
Li and Spector (1974) found that the amount of α-helical contribu
tion was less than 0.01% in both, native a~crystallin and its subunits.
The ß-structure was estimated to contribute approximately 55 to 63% of
the total conformation.
Until now no difference in amino acid composition could be detected
between the A - and the A -chain (Schoenmakers et al., 1969a), nor between В

and В

(Stauffer et al., 1973; Van Kamp,1973). Moreover, since

only a messenger fraction for the A -chain could be found, it has beco
me generally accepted that there is a conversion of A

to A

by means

of a deamidation in vivo (Bloemendal et al., 1972a; Stauffer et al.,
1974). Indications are found that this deamidation is a two-step pro
cess (Van Venrooy et al.,1974). With respect to the B-chains, this de
amidation process is also likely to occur, but no strong evidence is
found as yet.

1.2.4.2 Architecture of a-crystallin
The mechanism by which the approximately 50 subunits of a-crystallin
are aggregated, is still very unclear. At the same time as the esta
blishment of the subunit structure of the lens proteins. Bloemendal et
al, (1962) reported about the recombination of a-crystallin after remo
val of the dissociating agent. In 1964a, BjSrk emphasized the importan
ce of ionic strenght during the removal of the urea. Maximal recombina
tion was obtained at ionic strenght higher than 0.2, but even then no
complete recovery of the structure of native a-crystallin was obtained.
Reaggregation experiments with the individual subunits, obtained by
DEAE-cellulose chromatography, revealed that they are capable of com15

bining to relatively large aggregates with sedimentation coefficients
of 13 to 20 S. In 1972, Li and Spector reported about the reaggregation
of a-crystallin and its subunits, using guanidine-HCl as dissociating
agent. After separation of the subunits on Sephadex G-100 they found
that in addition to the A- and B-chains a minor component is of funda
mental importance in controlling the size of a-crystallin.
Deaggregation-reaggregation studies on the individual polypeptides
of a-crystallin, using 6 M urea as dissociating agent, revealed that
each of the polypeptides is capable of reaggregating (Li and Spector,
1973). The reaggregated products of isolated B_, В , A„ and A. showed
s

-values of 15.9+0.9, 15.7+0.3, 13.5+0.4 and 12.0+0.3,^respectively.

a-Crystallin obtained after removal of the dissociating agent showed
s_„ -values of 12.5+0.5. These facts were confirmed in our laboratory.
20,w
—
'
Reaggregation of mixtures of different ratios of isolated A- and Bchains as function of time, revealed s-- -values of about 12 S (Van
20 ,w
Kamp et al, 1974a).
Chromatography of lens extracts on large pore agarose gels (Bio-gel
A-5m) revealed a fraction with an even higher molecular weight than acrystallin (Hoenders et al., 1973; van Kamp et al., 1973). This frac
tion had typical α-crystallin characteristics. Purifying a-crystallin,
obtained by DEAE-cellulose chromatography, on Bio-gel A-5m, Spector et
al. (1971b) found populations of α-crystallin with molecular weights in
the range of about 6 χ 10

to 9 χ 10

and 0.9 χ 10

to 4 χ 10 . In ad

dition they obtained an α-crystallin fraction with a molecular weight
of 1 χ 10

or greater by chromatography on Bio-gel A-15m and A-50m

(Spector, 1972).
No differences in amino acid composition was found, nor was there a
difference in dodecyl-sulfate electrophoresis between the various popu
lations of α-crystallin. The only difference between these fractions
was the amount of glucose (Spector et al., 1971a). The amount of this
sugar was 3% in the high-molecular weight fraction, whereas only traces
could be detected in low-molecular weight α-crystallin. By studying
reaggregation of low- and high-molecular weight α-crystallin, using 7 M
urea as dissociating

agent it was found that the presence of glucose

is essential for the formation of the high-molecular weight fraction of
α-crystallin. Moreover, there seemed to be a different effect of gluco16

se on low-molecular weight α-crystallin from cortex and nucleus of bo
vine lense. Reaggregation of low-molecular weight ct-crystallin from nu
clear regions in the presence of glucose induced the formation of highmolecular weight α-crystallin; this effect was not observed for lowmolecular weight ct-crystallin from the cortex.
In addition to the effect of glucose, the effect of calcium ions
upon the reaggregation of α-crystallin fractions with various molecular
weights was reported (Spector and Rothschild, 1973). It was found that
calcium had no effect upon the reaggregation of low-molecular weight acrystallin. Reaggregation of high-molecular weight α-crystallin in the
absence of calcium resulted in low-molecular weight α-crystallin. The
presence of calcium induced the formation of very-high-molecular weight
α-crystallin. Indications were found that especially divalent ions are
essential for the aggregation. The presence of chelating agents during
the aggregation, prevents the formation of very large aggregates. After
the formation of very large aggregates in the presence of calcium, che
lating agents had no effect anymore upon the size of α-crystallin.
Obviously, however, calcium is capable of discriminating between the
subunits of low- and high-molecular weight α-crystallin. Therefore, the
influence of calcium upon the the reaggregation of the individual Aand B-chains of both, low- and high-molecular weight α-crystallin, was
investigated. No influence was found upon the normal A- and B-chains.
However, an atypical Α-chain, present only in high-molecular weight ag
gregates

and having masked sulfhydryl groups, was found to aggregate

to higher molecular weights in the presence of calcium.
Jedziniak et al. (1972) reported about the influence of calcium ions
on the aggregation of lens proteins. They performed no deaggregationreaggregation experiments. Dialysis of a mixture of water-soluble lens
proteins against calcium resulted in a tenfold increase in turbidity,
caused by the appearance of aggregates with a wide range of molecular
weights. After removing the excess calcium and centrifugation, molecu9
lar weights as large as 3 χ 10 (!) were found. Molecular weights were
determined by measuring the diffusion coefficient by the method of op
tical mixing spectroscopy. Dialysis against CaCl» had no appreciable
effect upon the molecular sizes of γ-crystallin, nor upon 6-crystallin.
Two of the α-crystallin fractions formed very large aggregates with
17

molecular weights ranging from 3 χ 10

to 2 χ 10 after dialysis a-3

gainst calcium in a concentration of at least 4 χ 10 M. It was shown
that this aggregation was not due to the formation of disulfide bridges
The large aggregates returned to the native size by removing the cal
cium by dialysis or treatment with EDTA or EGTA. Unfortunately, in the
work of Jedziniak et al. the α-crystallin fractions were by no means
characterized.
From these observations it is clear that:
1. Dissociated o-crystallin does not return to its native state by sim
ple removal of the dissociating agent. Two explanations can be given
for this behavior: either the structure of the chains is irreversible
changed upon deaggregation, or some important factor is lost by remo
ving the dissociating agent. This hypothetical kitting factor could be
the fosfopeptides described by Bettelheim (1972). These peptides have
molecular weights of 1,200 and 2,000. Reaggregating α-crystallin by re
moval of 6 M urea on Sephadex G-10 (exclusion limit 700 mol.wt.), in
order to avoid the loss of such low-molecular weight material, resulted
in a s„„ -value of 12 S too (Van Kamp et al., 1974a).
20,w
Li (1974) has reported about the existence of two non-covalently
bound chromophores in α-crystallin, as demonstrated by circular dichroism and ultraviolet spectroscopy. One of the chromophores is only
associated with nuclear α-crystallin and should play a role in the for
mation of high-molecular weight α-crystallin. The other type is common
to all α-crystallin fractions and is lost after urea treatment. No fur
ther details are reported about the structure of these chromophores.
2. There seems to be a difference in the action of guanidine-HCl and
urea upon the dissociation of α-crystallin. After removal of guanidineHCl s„„ -values are obtained, which are almost identical with those of
20,w
native α-crystallin.
After removal of urea, the s 020,w
„ -value is much lo'
wer than that of native α-crystallin.
3. The atypical Α-chain with masked sulfhydryl groups is perhaps iden
tical with the minor component, obtained by gel filtration in the pre
sence of 5 M guanidine-HCl. This Α-chain may be of great importance in
building up the α-crystallin aggregate out of the individual polypep
tides.
4. The formation of high-molecular weight α-crystallin seems to be af18

fee ted by glucose (Spector) and calcium (Jedzimak). In our laboratory
no effect of these factors was found. The findings of Jedzimak. et al.
are eclipsed, because their a_crystallin polypeptide chain composition
was not characterized.

1.3 PROPORTIONS OF THE CRYSTALLINS IN THE LENS

The distribution of the water-soluble proteins in the bovine eye
lens is not constant. By studying this distribution in prenatal bovine
lenses, calf lenses and old bovine lenses, Van Kamp (1973) found the
following characteristics:
1. a-Crystallin is the predominant lens protein with proportions ranging from 60 to 30% in prenatal lenses and from 50 to 40% in postnatal
lenses. The amount of high-molecular weight a-crystallm is increasing
with increasing age of the tissue. In the nucleus of very old cattle,
low-molecular weight a-crystallin seems to be completely converted to
high-molecular weight a-crystallin.
2. 3-Crystallin constitutes approximately 40% of the postnatal lens
protein. For ß-crystallin it is also found that in older material the
amount of β -crystallin is higher than that of β -crystallin.
η
L
3. The proportion of γ-crystallin is the highest in prenatal lenses,
about 30%, whereas in the older postnatal lenses values as low as 15%
are found. This finding is in agreement with the results of Bours (1974)
This also confirms the observation that γ-crystallin synthesis is asso
ciated with the transition from cuboidal cells to elongated fiber cells,
since differentiation takes place predominantly during the prenatal
growth (Papaconstantinou, 1967)
1.4 BIOSYNTHESIS

In addition to the chemical characterization of the lens proteins,
the biosynthesis of the lens proteins has attracted much attention in
the past years. As pointed out before, protein synthesis takes place in
the epithelium and outer cortex of the lens. By application of zonal
centrifugation Berns et al. (1971) were able to isolate two messenger
fractions. Translation of the 14 S mRNA in cell free systems from rab-
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bit reticulocytes (Berns et al., 1972b), mouse ascites tumor cells (Mathews et al., 1972) and oocytes from Xenopus laevis (Berns et al.,
1972a) proved that this messenger exclusively codes for the A -chain.
The 10 S mRNA fraction turned out to be responsible for more than one
polypeptide chain, especially the B-chain and the g-crystallin subunits
(Berns et al., 1973).

1.5 AIM OF THE PRESENT INVESTIGATION

At the present time, the vertebrate eye lens is subject of several
studies in the fields of biochemical and medical science. The organogenesis (especially the induction of the ectoderm) is still not fully understood. The development of the eye and the lens offers a model for
the study of the processes of differentiation. With respect to the most
widely occuring eye disease, cataract, many investigators in several
countries are studying the lens and its metabolism. Since cataract is
defined as opacification of the normally transparent eye lens, it is of
interest to know more about the optical function and properties of the
lens.
Although, nowadays much is known about the structure and biosynthesis of the lens proteins, very little is known about the question how
the lens proteins as structural entities are able to refract the incident light properly. In other words, how are the many structural proteins, occuring in several size classes, mounted in the fiber cells
and how far are the fiber cell membranes involved in the optical function of the lens. This physical aspect of lens research is not yet investigated. In this regard the more general protein-chemical question
can be raised: what is the specific character of the lens proteins so
that they are just structural proteins, capable of forming populations
of aggregates and obviously having no other function than providing a
refractive index in the lens; why forms a sequence of amino acids in
the one case a structural protein, in the other case a biological active protein? More fundamental knowledge about the secondary and tertiary structure of the lens proteins and about the processes to which
the biological macromolecules are subject, will at least contribute to
answer such questions.

20

Still an other aspect of lens research has become of interest in the
past few years. As a result of its unique process of growth, the lens
offers an attractive model for studying the aging of cells and molecules. Moreover, with the increasing knowledge about the primary structure and biosynthesis of a-crystallin, this protein could be one of the
biological macromolecules pre-eminently suited for molecular aging studies. In vivo modifications, that take place when the protein molecule
just grows older ('wear and tear' of proteins) are scarcely described
in the literature, in vivo deamidation and proteolytic degradation excepted. Understanding of the (bio)chemical processes, which occur when
an organism grows older, can possibly be usefull in solving the problems inherent to aging and senescence of the human being.
It was the aim of the present study to detect and characterize such
post-synthetic modifications of bovine a-crystallin.
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CHAPTER 2

ISOELECTRIC FOCUSING AND ISOTACHOPHORESIS

In this chapter the methods of isoelectric focusing and isotachophoresis will be discussed. During this investigation the method of isoelectric focusing in Polyacrylamide gels in the presence of 6 M urea
turned out to be the most excellent tool for analyzing and characterizing the polypeptide chain composition of a-crystallin. Therefore, it
seems worthwhile to spend some words on the theory of this method.
Since in the recent literatur reports were made concerning the high
resolving power of analytical isotachophoresis, we also have applied
this method for the characterization of a-crystallin subunit structure.
Moreover, the method of preparative isotachophoresis seemed to offer
prospects for a large scale isolation of the minor subunits of a-crystallin. Accordingly, after determining the optimal conditions for isotachphoresis on an analytical scale, we used these conditions for the
preparative isotachophoresis of the subunits of a-crystallin.

2.1 ISOELECTRIC FOCUSING

The historical, theoretical and practical aspects of both, analytical and preparative isoelectric focusing have recently been reviewed
(Righetti and Drysdale, 197A; Rilbe, 1973; Vesterberg, 1973). At this
place I will briefly emphasize the most striking aspects of isoelectric focusing.
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The difference between conventional electrophoresis and isoelectric
focusing is that in the former method a constant pH, in the latter one
a pH-gradient is used. The pH-gradient in isoelectric focusing is a na
tural one, created by the electric current. Artificial pH-gradients,
consisting of combined pH-, conductivity- and density-gradients, (Kolin
1954,1955) are not as useful as natural pH-gradients, because of their
instability on passage of the current. A stable pH-gradient can be ob
tained by applying an electric field on an aqueous solution of suitable
ampholytes.
Rilbe (1973) has, by a simple theory, deducted the desirable proper
ties for the so-called carrier ampholytes. The carrier ampholytes
should have a buffer action, definitely stronger than that of the pro
teins to be analyzed. Together with this high buffer capacity the car
rier ampholytes must have an appreciable conductivity in the pH-region
around their neutral point. It is shown that for good carrier ampholy
tes a high degree of ionization is accompanied by a good buffer capaci
ty, and that, generally spoken, the smaller the difference in pK-values
in the carrier ampholytes, the greater the buffer capacity and thus the
conductivity will be. So, one of the more important requirements for a
good carrier ampholyte is a small difference in pK-values of its disso
ciable groups. For making a monotonous natural pH-gradient a mixture of
carrier ampholytes is desirable, covering the desired pH-gradient.
Therefore, carrier ampholytes must be present with difference in their
pi-values of less than 0.1 pH-unit. For a high degree of resolution the
difference in pi-values should be less than 0.05 pH-unit. Furthermore,
the pi-values should cover the range between pH 2.5 to 11; beyond these
values, the normal weak acids and bases can be used as carrier ampholy
tes. The carrier ampholytes should also have a good solubility in water
and should be of low molecular weight, in order to be able to separate
them from the proteins.
The carrier ampholytes now commercially available as LKB Ampholines
do fulfil these properties. They are synthesized according to the meth
od,

invented by Vesterberg (1969), by reaction in an aqueous solution

of a mixture of many different polyethylenepolyamines with acrylic acid
After a proper reaction time (20 hrs) at a temperature of 70 С the re
sultant mixture contains a very great variety of different compounds,
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with molecular weight between 300 and 1,000, having isoelectric points
from 3 to 10. Vesterberg also designed an apparatus for the fractionation of the ampholytes in order to obtain ampholyte mixtures with smaller pH-gradients.
We only have performed isoelectric focusing in Polyacrylamide gels.
In this system the LKB Ampholines are added to the gel solution in a
concentration of 2%. By applying an electric field on the polymerized
gels, the ampholytes will move to the anode or cathode, according to
their isoelectric point;

Having reached their isoelectric point they

move no longer. At their isoelectric point the ampholytes govern the pH
in the gel and using a great variety of ampholytes a linear pH-gradient
will be formed. This pH-gradient is formed during the prerun. After the
prerun the sample proteins are applied dissolved in a neutral solution.
The sample proteins will move till they reach a place in the gel where
their isoelectric point equals the local pH. The sample proteins are
then focused and the electrophoresis can be stopped.
Isoelectric focusing has now become a common technique for both,
preparative and analytical purposes, to achieve separation of proteins
and to determine their isoelectric point. Isoelectric focusing was in
our laboratory first applied by Bloemendal and Schoenmakers (1968) for
the preparative isolation of the subunits of a-crystallin in a sucrose
density gradient. In the early seventies, gel isoelectric focusing in
the presence of 6 M urea was applied according to the method of Wrigley (1968). In the beginning its application had one disadvantage in
comparison with the until then used method of gel electrophoresis in
6 M urea at pH 8.9: the staining and destaining procedure was cumbersome and time consuming. The staining procedure of Malik and Berrie
(1972) makes it now possible to see the coloured protein bands within
ten minutes. The technique of gel isoelectric focusing, therefore, has
now become a routine analytical tool in our laboratory for the characterization of the polypeptide chain composition of a-crystallin.

2.2 ISOTACHOPHORESIS

2.2.1 Introduction
Isotachophoresis is an electrophoretic method for the separation of
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ion species of the same sign, all having a common counterion. The sepa
ration is based upon the difference in mobility between the ion species.
The principle, historical aspects methodological developments and ap
plications of this technique have been reviewed before (Haglund, 1970).
As in the case of isoelectric focusing, I will briefly discuss the most
striking points of isotachophoresis as an analytical tool in modern
biochemical research. Its application for a-crystallin will serve as an
example.
The isotachophoretic system consists of five ion species:
1. The leading ion, having the highest mobility,
2. The terminating ion, having the lowest mobility,
3. The sample ions, having mobilities between that

of the leading and

terminating ion,
4. The spacer ions, with mobilities between the various sample ions,
5. The counterion, which is the same for all ions, mentioned above.
The sample and spacer ions are also called the intermediate ions. Lea
ding, terminating and intermediate ions, all have the same sign (in our
system negative), the counterion has the opposite sign (in our system
this is Tris ). In the case of gel isotachophoresis the gel contains
the leading ion. The sample and spacer ions are dissolved in the termi
nating buffer, containing the terminating ion. In our system the anode
is placed in the lower buffer compartment, containing the leading buf
fer. The cathode is placed in the upper buffer compartment containing
the terminating ion. When an electric field is applied the intermediate
ions will move downwards into the gel and they will be separated accor
ding to their mobility. The leading ion, having the highest mobility,
will move ahead of the zones of intermediate ions. When the current is
held constant, a stationary state will be reached after a certain time.
In the stationary state the concentration of the ion species in the
consecutive zones is regulated by the Kohlrausch equation (Kohlrausch,
1897):

C
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В
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where С,: concentration of sample ion A,
A
C„: concentration of sample ion B,
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u : mobility of sample ion A,
u : mobility of sample ion В and
о

u : mobility of counterion R.
The zones, containing ions with a high mobility will have a high con
centration and the zone containing ions with a low mobility will have a
low concentration. When the concentration of ions is low, the conducti
vity will be low and the electric field strength will be high. This
means that when an ion with a certain mobility penetrates a zone of
ions with a higher mobility, it will be slowed down because of the lo
wer field strength in this region. On the other hand, when an ion with
a high mobility penetrates a zone of ions with a lower mobility, this
ion will be pushed forward by the relatively too high field strength
and it will reach its own zone, where it is again moving according to
its characteristic mobility. If a proper stationary state is reached,
all ions will move with the same speed, except the counterions. This
explains the name isotachophoresis.
Isotachophoresis has the following characteristics:
1. There is very little diffusion, the electric field sharpens the
zones.
2. The concentration of the intermediate ions is completely governed by
the concentration of the leading ion. By an appropiate choice of this
concentration it is possible to separate very dilute samples.
3. The use of spacer ions enables the separation of sample ions, which
have mobilities close to each other. A proper choice of concentration
and kind of spacer ions makes it possible to separate sample ions,
which otherwise poorly can be separated.
4. The sample ions are always charged, so there is no risk for precipi
tation. This is an advantage with respect to isoelectric focusing, whe
re the ions are separated according to their isoelectric point. At this
point most proteins have a low solubility. Therefore, the method of
isotachophoresis is very suited for preparative purposes.
For analytical purposes the method of isotachophoresis is not so ve
ry useful, because the place of the several zones in the gel is depen
dent upon the total amount of zones and upon the concentration of the
ions in the zones.
Several authors have mentioned the suitability of isotachophoresis
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for the separation of proteins, both, on analytical and preparative
scale (Svendsen and Rose, 1970; Catsimpoolas and Kenney, 1972; Crambach
et al., 1972; Davis and Rosenbaum, 1972; Griffith and Catsimpoolas,
1972; Griffith et al., 1972; Clemmensen 1973; Cleiranensen and Svendsen,
1973). No reference is found for the application of the

isotachopho-

retic principle for the separation of the subunits of proteins.
We intended to use isotachophoresis for a preparative separation of the
subunits of a-crystallin. The conditions for a successful separation
were obtained at an analytical scale.

2.2.2 Analytical isotachophoresis

2.2.2.1 Materials & methods
The final prescription for a successful separation is given below
and is based upon the system described by Davis and Rosenbaum (1972).
Gel

solution contained: 6 M urea, 3.5% acrylamide, 1.75% bisacryl-

amide (Ν,Ν'-methylenebisacrylamide), 0.026 M cacodylic acid (hydroxydimethylarseneoxide), 0.12 M Tris and 0.02% Ν,Ν,Ν',N'-tetramethylethylenediamine). This solution was adjusted to pH 7.00 by adding Tris.
After deaeration the gelbuffer was cooled in ice and ammoniumpersulfate
or riboflavin were added to a final concentration of 0.02% and 0.005%,
respectively. This solution was poured in perspex tubes, having an in
ner diameter of 5 mm and a length of 130 or 170 mm. Water was carefully
layered above the gels in order to obtain a level surface.
The leading buffer was an aqueous solution, containing 0.24 M Tris,
0.026 M cacodylic acid pH 7.00.
The terminating buffer was 0.19 M 6-alanine and 0.32 M Tris, pH 8.95
in water.
Protein was dissolved in an aqueous solution, containing 6 M urea,
0.19 M B-alanine, 0.32 M Tris, 0.05% DTE (dithioerythritol) and 50%
LKB Ampholine 40% of the chosen pi range. Protein was dissolved at a
concentration of 2.5 to 5 mg/ml. The sample volume was 100 pi, unless
stated otherwise.
The gels were placed in a Biorad Gel Electrophoresis Cell, Model 150.
The leading buffer was poured in the lower compartment (anode) and the
terminating buffer in the cathode compartment. We used a Pleuger CVC-E
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Power Supply at a constant current of 1.75 mA per gel during the first
three hours and 1 mA per gel during one additional hour. The gels were
stained according to the method of Malik and Berrie (1972) and destained with 2% acetic acid. a-Crystallin was prepared as described in
chapter 3.

2.2.2.2 Results
Initially we tried gels with an acrylamide concentration of 5% and a
crosslinkage of 2.5%. Apparently, however, the Polyacrylamide matrix
restricted the electrophoretic migration. Gels with an acrylamide concentration of 3.5% and a crosslinkage of 5% turned out to be more suited for isotachophoresis.
High electric current and voltage promote a quick stationary state
and positively counteract possible diffusion. The large amount of heat,
which is developed, can, however, induce parabolic bands. Low electric
current leads to a low migration velocity, but also to diffuse zones as
a result of relatively low field strengths. We found that a high current during the first three hours and a lower current during one additional hour resulted in a good separation.
The principle of isotachophoresis is shown in figure 2.1. Once stationary state is reached, the zones move as a constant region out of
the gel.
Glycine as terminating ion at pH 8.5, turned out to have a mobilty
too high for stacking all subunits of a-crystallin. ß-Alanine at pH 8.95
was a better choice as terminating ion.
According to the system of Davis and Rosenbaum, we used cacodylic
acid as leading ion. These authors used a concentration of 0.013 M,
which in our system turned out to be too low in order to obtain acceptable low heat development and detectable subunit zones. The absolute
amount of leading ions is also determined by the pH of the leading buffer. High pH's imply larger amounts of leading ions, low pH-values mean
small amounts of leading ions. So, both, the concentration and the pH
of the leading buffer determine the real amount of leading ions. As
stated before, the concentration of the leading ion regulates the concentration of the intermediate ions in the following zones; doubling
the leading ion concentration, also doubles the concentration of the
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Fig. 2.1 Isotachophoretic separation of the subunits of
α-crystallin from calf cortex as function of time.
(a) after 3 hrs; (b) after 4 hrs; (c) after 5 hrs. Isotachophoresis was performed at a constant amperage of
2 mA per gel. The sample volume was 100 μΐ, containing
400 \¡g α-crystallin and 50 μΐ Ampholine LKB 40%, pi 5-8.
Fig. 2.2 Isotachophoretic separation of the subunits of
α-crystallin from calf cortex as function of the pH of
the leading buffer in the gel. (a) pH 7.50; (b) pH 7.25;
(c) pH 7.00; (d) pH 6.75; (e) pH 6.50; (f) pH 6.25.
Isotachophoresis was performed at a constant amperage
of 2 mA per gel during 3 hrs. The sample volume was 100 μΐ,
containing 300 pg α-crystallin and 50 μΐ Ampholine LKB,
pi 5-7. The pH of the anode buffer was for all gels the
same, i.e. 7.00.
spacer ions. Using the same amount of spacer ions, the spacer zones
will be smaller when the concentration of the leading ion is higher and
the resolving power of the gel will be decreased. Accordingly, when the
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concentration of the leading ion is increased, the amount of the spacer
ions has to be increased too. We found that a concentration of the lea
ding buffer of 0.026 M is better than 0.013 M. The effect of the pH of
the leading buffer in the gel is shown in figure 2.2. Using a low pH,
the band pattern is rather long, a pH of 7.50 results in a rather short
band pattern. We used a pH of 7.00.
Using the LKB Ampholine as spacer ions, one must keep in mind that
in isotachophoresis the carrier ampholytes are not used as 'pH-gradient
makers'. They mainly serve as ions with intermediate mobilities. It is
self-evident that increasing the amount of spacer ions result in longer
spacer zones and thus in a better resolution. Too large amounts of spa
cer ions results in a total band pattern, that may be longer than the
length of the gel. In figure 2.3 the effect of the amount of spacer io
ions is shown. Doubling the amount of Ampholine, also doubles exactly
the total band pattern. The optimal
amount οΓ Ampholine was found to be
50 yl per gel.

Fig. 2.3

b
«s**74*- '
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Influence of the amount of Ampholine
upon the isotachophoretic separation
of the subunits of a-crystallin from
calf cortex, (a) 50 ul Ampholine LKB
40% pi range 5-8; (b) 25 μΐ Ampholi
ne; (c) 15 yl Ampholine. Isotachopho
resis was performed as indicated in
figure 2.1.

The effect of the pi range of
the carrier ampholytes is de
monstrated in figure 2.4. It i
is seen that the Α-chains are
optimally separated by using
the'pi range 5-7; for the se
paration of the B-chains the
^"'ШШ'

range 5-8 is favourable.

Fig.

a

b

C

C
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2.4

Effect of the p i range of the
Ampho l i n e LK.B 40% upon the
i s o t a c h o p h o r e t i c s e p a r a t i o n of
the s u b u n i t s of c t - c r y s t a l l i n
from calf c o r t e x , (a) p i range
3-10; (b) pi range 4-8; (c) pi
range 5-8; (d) pi range 5-7.
Conditions as under figure 2.1

The sample protein was dissolved in the dissociating agent, at such
a pH that all the protein subunits are negatively charged. We added DTE
at a concentration of 0.05% to prevent unwanted oxidation of the sulfrhydryl groups. The amount of sample, applied to the gel is about 60 Vg
subunit per gel. In the case of «-crystallin from calf cortex, having
mainly four subunits, this means 250 ug protein per gel; for ct-crystal
lin from calf nucleus this means 500 pg protein per gel.
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2.2.2.3 Analytical isotachophoresis in comparison with analytical
isoelectric focusing
In figure 2.5 isotachophoresis of a-crystallin from calf cortex and
calf nucleus are compared with isoelectric focusing of the same prepa
rations. In the case of isoelectric focusing, the subunits of a-crys
tallin from the calf nucleus
are better separated, especi
ally in the acidic region of
the gel; the subunits AA ,
AA. and AA
лШт^

are better visi-

ввЁЁШшш. ble than in isotachophoresis.
With respect to the B-chains,
little difference is found

В»
B,

"ЧНві

«MP*'

between isoelectric focusing
MBHk

an

^ isotachophoresis.

Fig. 2.5

AA_

Af

AA,

Isotachophoresis in compari
son with isoelectric focu
sing. (a) isoelectric focu
sing of a-crystallin from
calf nucleus; (b) isoelectric
focusing of a-crystallin from
cortex; (c) isotachophoresis
of o-crystallin from nucleus;
(d) isotachophoresis of acrystallin from cortex. Iso
electric focusing was perfor
med as described in chapter 3.
The pi range was 5-8 (bottom
to top) .

For the characterization of the polypeptide chain composition of occrystallin the method of isotachophoresis is not a better method, on
the contrary: isoelectric focusing is easier to perform, less Ampholine
is needed, there is little risk for the elution of the protein out of
the gel, the poisonous cacodylic acid is not needed and the place of
the subunits in the gel is not dependent upon the total amount of subunits, nor upon the concentration of spacer and leading ions.
In conclusion, therefore, we might state that the method of isota32

chophoresis is not as good an analytical tool as the method of gel iso
electric focusing. The great advantage of isotachophoresis, namely that
it is possible to elute the separated subunit bands, because they al
ways are charged, is of importance for preparative purposes.

2.2.3 Preparative isotachophoresis
For preparative isotachophoresis we used the same method as descri
bed for analytical isotachophoresis. The electrophoresis was carried
out in the LKB Uniphor 7900, with the modified elution system, descri
bed by Bakay (1972). The gel column was cooled with ethanol-water.
Initially we used a column with a length of 8 cm and a diameter of
2.5 cm. The length of this column was too short to obtain sufficient
separation of the subunits. In figure 2.6 the elution pattern and the
isoelectric focusing gels of the eluted fractions from an isotachopho
resis experiment in a gel with a length of 12 cm are shown. Since also
the B.-chain obviously eluted from the column, it must be concluded
that all sample protein was recovered. None of the subunits is very
pure, only the A--chain is relatively pure.
Next we used a gel with a length of 25 cm (amount of gel solution
150 ml) and a protein to Ampholine ratio of 10:1. In order to obtain an
idea about the separation of the polypeptides in the gel, the isotacho
phoresis was stopped after 20 hrs and the gel was stained. The result
is shown in figure 2.7. There seems to be a reasonable separation of
the subunits, although the bands are very parabolic, probably caused by
heat development in the gel. To prevent parabolic bands, we used there
after a gel column, consisting of a lower gel with an acrylamide con
centration of 3.5% and a cross-linkage of 2.5% (length: 15 cm) and an
upper gel of 10 cm with the same acrylamide concentration but a crosslinkage of 5%. In the upper gel the field strength is high enough to
obtain a proper stationary state, in the lower gel the resistance is
low enough to prevent formation of very parabolic bands. This is demon
strated in figure 2.8. The separation of the subunits is fairly good.
Using this gel it should be possible to perform preparative isotacho
phoresis successfully. The pattern shown in figure 2.8, was obtained
with 10 mg α-crystallin and I ml Ampholine.
Preparative isotachophoresis is attractive when it is possible to
33

α

4 7 - 5 4 - 71- 8 1 - 9 4 53
70 80
93 107

90

100

110

fraction nuniber
Fig. 2.6 Preparative isotachophoresis of 100 mg cc-crystallin from calf
cortex. Gel and buffers as for analytical isotachophoresis. Protein was
dissolved in an aqueous solution containing 50% Ampholine LKB A0%, pi
range 5-8, 6 M urea, 0.1% DTE, 0.19 M ß-alanine, 0.32 M Tris pH 8.95,in
a total volume of 10 ml. The current applied, was kept constant at 20mA
the initial voltage was 300 V, after 24 hrs it was 1000 V. The gel was
eluted with the leading buffer in 6 M urea, with a flow-rate of 14
ml/hr, hold constant by the use of a LKB Varioperpex peristaltic pump.
Fractions of 55 drops were collected fro fractios 1-90, fractions 91130 contained 99 drops. The gel column was cooled with an ethanol-water mixture of 0 C. The fractions indicated were pooled, desalted, lyophilized and characterized on isoelectric focusing gels (inset).
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Fig. 2.7

Fig. 2.8

Fig. 2.7 Isotachophoresis of α-crystallin from calf cor
tex on a gel with a length of 25 cm. The sample contained
10 mg α-crystallin and 1 ml Ampholine LKB 40% pi range 5-8
The run was started at an amperage of 20 mA (600 V ) . After
20 hrs the amperage was 10 mA (800 V ) .
Fig. 2.8 Isotachophoresis of α-crystallin from calf cortex
on a gel with an upper part with a cross-linkage of 2.5%,
and a lower part of 5% cross-linkage. The sample amount
was 10 mg α-crystallin and 1 ml Ampholine pi range 5-8.
The run was started at an amperage of 20 mA (540 V) and
stopped at 6 mA (560 V ) .
separate large amounts of proteins, e.g. 200 mg α-crystallin. As stated
before, the protein:Ampholine ratio must not be higher than 10:1. This
implies that using 200 mg α-crystallin, at least 20 ml Ampholine is
needed. This large amount of Ampholine makes the method of preparative
isotachophoresis too expensive for a normal laboratory. The subunits of
a-crystallin can be easily separated by means of ion-exchange chromato
graphy on DEAE-cellulose and CM-cellulose (see chapter 3 ) . Large amounts
of sample and spacer ions also requires very long gel columnsi although
the protein band pattern can be made shorter by using a higher concen35

tration of the leading ion. But still large amounts of LKB Ampholines
are necessary.

2.3 CONCLUSION

The method of isotachophoresis is for analytical purposes, in the саз
se of α-crystallin, not better, nor easier or cheaper than isoelectric
focusing. For preparative purposes, the amount of expensive commercial
ly available spacer ions (i.e. LKB Ampholines) is a restrictive factor.
If not in the future real spacer ions, less expensive than carrier am
pholytes, become available, preparative isotachophoresis will not beco
me applicable in most laboratories.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 PREPARATION OF LENS EXTRACTS

3.1.1. Preparation of the water-soluble fractions from cortex and
nucleus
Eyes from 22 weeks old calfs were obtained freshly from the slaugh
terhouse, and the lenses were removed immediately.
The water-soluble fraction of the cortex was extracted by gentle
stirring about 100 decapsulated lenses with 250 ml 0.01 M Tris-HCl buf
fer pH 7.3 in the cold room during approximately one hour. The remai
ning nuclei with a diameter of 8-9 mm were resuspended in about 150 ml
buffer and homogenized in a tissue grinder. In control experiments it
was found that no different results were obtained when the water-solu
ble fraction of the lens nuclei was extracted by gentle stirring them
overnight. In later experiments we used very small nuclei for the ex
traction of nuclear lens proteins. These small nuclei were obtained by
vigorous stirring 1,000 to 2,000 lenses in deionized water, till the re
maining nuclei had a diameter of 2 to 3 mm. These small nuclei were ho
mogenized after resuspension.
For the isolation of the water-soluble fraction of the cortex and
nucleus of old bovine lenses, the same procedure was applied to bovine
lenses with an age of 6 to 8 years.
The turbid solutions of the extracts were centrifuged for 20 min in
a Sorvall RC2-B centrifuge, using a GSA rotor at 20,000 χ g at low tem-
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perature. The cortex preparations were subsequently dialyzed against
deionized water, lyophilized and stored at -20 C. After proper dilution
of the nuclear preparation, the absorbance at 280 nm was measured, and
the protein concentration was estimated by assuming that an absorbance
of one unit corresponds with a protein concentration of 1 mg/ml. The
nuclear extract was divided into portions with an estimated protein
content of 400 mg and stored at -20 C.

3.1.2. Preparation of water-soluble fraction of successive concentric
layers of calf and old bovine lenses.
After removal of the capsule, seven cortical layers of 1 mm thick
ness were scraped off according to van Kamp et al. (1973 ) . In each ex
periment four calf lenses were used. Three nuclear layers of 2 to 3 mm
thickness each were isolated by stepwise dissolving 20 to 50 calf lens
nuclei with a diameter of 8 to 9 mm in 0.1 M Tris-HCl buffer pH 7.3.
The turbid solutions were centrifuged for 15 min in a Servali RC2-B
centrifuge using a SM-24 rotor at approximately 10,000 χ g at low tem
perature. The clear supernatants were stored at -20 С until fractiona
tion.
After removal of the capsule, four cortical layers of about 2 mm
thickness were scraped off from four old bovine lenses with a initial
diameter of 17 to 18 mm. Three nuclear layers were isolated by stepwise
dissolving 100 old bovine lens nuclei with a diameter of 9 to 10 mm.
The turbid solutions were treated as described above.

3.1.3. Preparation of water-soluble extracts of prenatal bovine lenses
Whole embryos and the heads of fetal calfs were obtained as freshly
as possible from the local slaughterhouse. The lenses were removed im
mediately and the diameter and the weight were determined. The lenses
were suspended in 5 ml 0.1 M Tris-HCl buffer pH 7.3 and homogenized.
Subsequently the homogenates were treated as described above. The age
of the prenatal animals was estimated by the veterinaries of the slau
ghterhouse.
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3.2 FRACTIONATION OF LENS PROTEINS

3.2.1. Fractionation of total lens extracts
Fractionation of lens extracts was carried out on agarose Bio-gel
A-5m columns (exclusion limit 5 χ 10

mol. wt., 2,5 χ 90 cm) equilibra

ted with 0.1 M Tris-HCl buffer pH 7.3.
For the isolation of a-crystallin from the cortex, the extracts were
applied in 4 ml, containing approximately 200 mg protein by dry weight.
For the preparative isolation of high-molecular weight a-crystallin
from the nuclear part of lenses, up to 600 mg of the extracts was ap
plied. The total extracts of successive concentric cortical layers and
of the prenatal lenses were applied. From the extracts of the nuclear
layers approximately 200 mg was applied.
The flow rate was 0.5 ml/min, maintained constant by the use of a
Cenco peristaltic pump. Fractions of 100 drops, and in the case of pre
parative isolation of 170 drops, were collected. The effluent was moni
tored at 278 nm with an Uvicord II. When desired, the absorbance at
280 and 260 nm was determined in a Zeiss PMQ II spectrophotometer. The
fractions of the low- and high-molecular weight a-crystallin were col
lected, dialyzed against deionized water, lyophilized and stored at
-20 O C.

3.2.2. Fractionation of high-molecular weight a-crystallin
High-molecular weight α-crystallín, the first peak emerging from the
agarose A-5m column was further fractionated on agarose A-50m and aga6
6
rose A-150m columns (exclusion limit 50 χ 10

and 150 χ 10

mol. wt.

respectively; 2.5 χ 40 cm), equilibrated with 0.1 M Tris-HCl buffer
pH 7.3. The flow rate was 0.32 ml/min, fractions of 50 drops were col
lected in a LKB Ultrorac.
3.3 ISOLATION OF THE SUBUNITS

3.3.1. Ion-exchange chromatography
Isolation of the subunits was carried out by ion-exchange chromato
graphy on DEAE- and CM-cellulose (Whatman).
DEAE-cellulose (DE-52), equilibrated with 5 mM Tris-HCl buffer pH 8,
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containing 6 M urea (free of isocyanates) and 0.02% dithioerythritol,
was poured in a column (1.6 χ 25 cm) provided with flow adaptors (Phar
macia). After packing, up to 400 mg salt-free a-crystallin, dissolved
in the starting buffer at a concentration of 5 mg/ml, was applied. Af
ter washing the column with the starting buffer, a gradient from 5 mM
to 80 mM Tris-HCl buffer pH 8.00 was applied. In later experiments, the
gradient applied was from 2.5 mM to 100 mM Tris. Elution was carried
out in the cold room at a flow rate of 30 ml/hr, maintained constant by
the use of a Cenco peristaltic pump or the LKB Varioperpex peristaltic
pump; fractions of 15 min were collected. For making an appropiate gra
dient, we used the LKB Ultrograd in combination with the LKB Uvicord III
with automatic level sensor. The absorbance of the effluent was monito
red at 280 and 260 nm.
For ion-exchange chromatography on CM-52 we used the same procedure.
The gradient applied was from 0.04 M to 0.12 M sodium acetate- acetic
acid buffer pH 5.00, containing 6 M urea (isocyanate free) and 0.02%
dithioerythritol (DTE).
Selected fractions were pooled, desalted on Sephadex G-25 in 0.1 N
NH , lyophilized and stored at -20 C.

3.3.2. Molecular sieving of the subunits
For the isolation of the AA.-chain we used a separation on basis of
the molecular weight of this chain, since it was known from preliminary
experiments that its molecular weight was much lower than that of the
other a-crystallin subunits. A good separation could be achieved by using Sephadex G-75 (superfine), equilibrated in 0.1 M Tris-HCl buffer
pH 7.3, containing 6 M urea and 0.5 M NaCl. The column dimensions were
2.6 χ 40 cm, a flow rate of 7.8 ml/hr was used and fractions of 50
drops were collected and monitored in an Uvicord II or III. A prepara
tion of the Α-chains, containing a relatively high amount of AA. was
used as sample, in maximal amounts of 50 mg. Selected fractions were
pooled, desalted on Sephadex G-25, lyophilized and stored at -20 C.

3.4 SEDIMENTATION ANALYSIS

Sedimentation coefficients of low- and high-molecular weight a-crys-
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tallin were determined in a Spinco E analytical ultracentrifuge, using
ultraviolet absorption optics at 280 nm in combination with an automa
tic scanner. Sedimentation coefficients were corrected to water at 20 С
(s

20,w-ValUe)·

3.5 GEL ELECTROPHORESIS

3.5.1. Isoelectric focusing
For isoelectric focusing we slightly modified the procedure of Wrigley (1968). 3 ml 1% Ν,Ν,Ν'.N'-tetramethylethylenediamine, 11 ml acrylamide-bisacrylamide solution (30-0.8%), 1.1 ml carrier ampholine LKB
40% pi-range 5-8 and 16.2 g urea were mixed with water to a final volu
me of 45 ml. After deaeration the mixture was cooled in ice and 3 ml
1% ammonium persulfate added. The cold solution was carefully poured in
to little tubes (130 χ 6 m m ) . The polymerized gels were inserted in a
Desaga gel electrophoresis apparatus. On top of the gels the ampholyte
layer (6 M urea, 5% sucrose, 0.25 % Ampholine LKB 40% pi-range 5-8 and
0.04% DTE) was applied. The acidic buffer (top buffer) was 0.2% sulfu
ric acid, the basic buffer 0.4% ethylenediamine. The gels were prerun
at 360 V during one hour. The protein was dissolved in a solution of
6 M urea, 10% sucrose and 0.04% DTE at a concentration of 5 mg/ml. Af
ter the prerun 20 μΐ of this sample was carefully layered between the
ampholyte layer and the gel. It was found to be necessary to make the
ampholyte layer at least 1.5 cm high. The gels were further run at 360 V
for four hours and stained according to the procedure of Malik and Ber
rie (1972).

3.5.2. Sodium-dodecyleulfate-electrophoresis
SDS-gel electrophoresis was performed according to Laemmli (1970).
16.50 ml acrylamide-bisacrylamide solution (30-0.8%), 9.38 ml 1.5 M
Tris-HCl buffer pH 8.8, 0.19 ml 10% Ν,Ν,Ν'.N'-tetramethylethylenediami
ne and 11 ml water were mixed. After deaeration 0.38 ml 10% SDS-solution and 0.11 ml 10% ammonium persulfate were added. The solution was
carefully poured into siliconated glass tubes (90 χ 6 m m ) , and 0.1%
SDS-solution was layered on top of the gel, to obtain a level surface.
After polymerization, 200 μΐ of the stacking gel was applied (3% acryl-
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amide, 0.125 M Tris-HCl buffer pH 6.8, 0.1% SOS, 0.05% Ν,Κ,Ν'.N'-tetramethylethylenediamine and 0.\7.

ammonium persulfate) . The stacking gel

solution was again layered with 0.1% SDS-solution. Within one hour af
ter polymerization of the stacking gel, the sample was applied, dissol
ved in 2% SDS, 10% glycerol, 0.04% DTE and 0.0625 M Tris-HCl buffer pH
6.8, at a concentration of 1 mg/ml. The sample was heated on a boiling
water bath during at least 2 min in order to complete the SDS-protein
binding. The sample volume was 20 ul. As tracking dye, bromophenolblue
was used. For both, top buffer (cathode) and lower buffer (anode) 0.3%
Tris, 0.1% SDS and 1.44% glycine in water were used. The gels were run
during the first hour at a constant amperage of 1 mA per gel; after
this time the gels were run at a constant amperage of 3 mA per gel un
til the bromophenolblue band reached the bottom of the gels. The gels
were stained overnight at room temperature in an aqueous solution of
0.25% Coomassie Brilliant Blue R 250, 45% methanol, 10% acetic acid and
destained in an aqueous solution containing 7.5% acetic acid and 22.5%
methanol at 37 C. The staining solution should not be older than one
week. For calibration of the gels bovine serum albumin, ovalbumin, chymotrypsinogen A, aA-chain and cytochrome с were used.

3.6 SCANNING OF THE ISOELECTRIC FOCUSING GELS

After adequate destaining with 2% acetic acid, the gels were scanned
in a Gilfotd spectrophotometer, equipped with a gel scanner, at 580 nm.
In all cases 10 to 20% transmission was adjusted at the most intens
band. Ratios of the subunits were calculated by measuring the area un
der each peak (base χ height). In control experiments it was found that
the protein : dye ratio was constant up to a miximal sample amount of
200 ug per gel.

3.7 CHARACTERIZATION OF THE POLYPEPTIDE CHAINS

Amino acid analysis, aminoethylation, peptide mapping after tryptic
digestion, peptide analysis and CNBr-fragmentation were carried out ac
cording to van der Ouderaa et al. (1973).
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3.8 DETERMINATION OF THE PROTEIN CONCENTRATION IN SEVERAL CALF LENS
REGIONS

The volume of total lenses was measured by the determination of the
volume increase, caused by decapsulated lenses, in a measuring cylinder,
filled with a known amount of deionized water.
The lens cortex was divided into two parts, and the nucleus into
three parts (unless stated otherwise) by stepwise dissolving the lenses
in deionized water. After each step the diameter of the remaining lens
part was measured and the volume was determined as described above. The
volume of the dissolved parts was calculated by subtracting the remai
ning volume from the initial volume.
The suspended lens parts were carefully decanted and homogenized in
a known amount of deionized water with a tissue grinder. From the homogenate 2 ml was pipetted in weighed glass tubes and lyophilized. The
dry weight was measured and after conversion the dry weight of the re
levant lens part was expressed in mg/ml. A certain volume of the homogenate was centrifuged in a Sorvall RC2-B centrifuge, using a SM-2A
rotor at 20,000 χ g during 10 min. The supernatant was decanted and the
remaining pellet was resuspended with a known amount of deionized water
and centrifuged again. The then resulting supernatant was added to the
first supernatant and mixed. From this water-soluble fraction the pro
tein content was determined as follows:
1. 2 ml of the supernatant was pipetted in weighed glass tubes and lyo
philized, After measuring the dry weight, the total protein concentra
tion of the relevant lens part was expressed, after conversion, in
mg/ml.
2. For protein determination according to Waddell

(1956) the

supernatant was diluted with deionized water. The dilution factor was
calculated by weighing. The dilution was such that absorbance at 215 nm
was lower than 0.8. From the diluted samples the absorbance at 225 and
215 nm was determined in a Zeiss PMQ II spectrophotometer and by recor
ding a spectrum in a Zeiss RPQ 20 spectrophotometer, whereafter the ab
sorbance at 215 and 225 nm was read. The difference between 215 and 225
nm absorbance was multiplied by the dilution factor and 147. The latter
constant was determined by using known amounts of bovine serum albumin.
A3

This multiplication gives the protein concentration in mg/ml. After
conversion, the water-soluble protein concentration of the relevant
lens part was expressed in mg/ml.
3. Nitrogen determinations were made following the Kjeldahl-Berthelot
procedure. After multiplication the nitrogen content with 6.25, and
conversion, the water-soluble protein concentration was expressed in
mg/ml.
All experiments were carried out at least in duplo.
Normally, the extraction of the lens proeteins was carried out with
deionized water or 0.1 M Tris-HCl buffer pH 7.3. In order to find a
possible effect of the osmolarity of the extraction buffer, the extrac
tion was also carried out with a hypotonic solution (deionized water),
an isotonic buffer (0.02 M fosfate, 0.9% NaCl pH 7.3) and a hypertonic
buffer (0.1 M Tris-HCl buffer pH 7.3, 1 M NaCl).

3.9 EXPERIMENTS WITH POLYETHYLENEGLYCOL 6,000

Isolated and lyophilized a-crystallin from calf cortex was dissolved
in 0.Ι M Tris-HCl buffer pH 7.3 at a concentration of 100 mg/ml (ap
proximately the physiological concentration). This solution was dialyzed in the cold room against a buffer containing 2% polyethyleneglycol
6,000 (mol.wt. 6,000 to 7,500) and against the buffer without PEG. The
dialysis was refreshed every second day. With distinct intervals, a
sample of 1 ml was taken out of the. dialysis bag. In the case of dialy
sis against PEG, the volume in the dialysis bag was first adjusted to
the same volume as in the dialysis bag without PEG. The samples were
applied to an agarose Bio-gel A-5m column, in order to detect possible
formation of high-molecular weight a-crystallin. Selected fractions
were pooled, dialyzed and lyophilized. The polypeptide chain composi
tion was studied on isoelectric focusing gels and dodecyl-sulfate gels.
The buffers used, contained a buffer preservative (pentachlorophenol
5 mg/ml in 95% ethanol).

CHAPTER 4
POPULATION CHARACTER AND VARIETY
IN

SUBUNIT STRUCTURE

In the past years it was demonstrated that in addition to the wellknown structural

proteins α-, β- and γ-crystallin, there occurs in the

cortex and especially in the nucleus of calf lenses a protein with a
molecular weight even higher than that of a-crystallin. Spector et al.
(1971b) found populations with molecular weights in the ranges of ap
proximately 6 χ 10

to 9 χ 10

and 9 χ 10

fraction with a molecular weight of 1 χ 10

to 4 χ 10 , as well as a
or greater. The similarity

of these aggregates with a-crystallin was shown by close resemblance of
the amino acid composition as well as by dodecyl-sulfate gel electro
phoresis. Preliminary results in our laboratory indicated also that
these large aggregates were similar to a-crystallin in its polypeptide
chain composition.
In order to characterize this high-molecular weight protein from
lens cortex and nucleus molecular sieving on large pore gels and analy
tical techniques were applied.

4.1 POPULATION CHABACTER

The elution patterns of lens extracts from calf cortex and calf nu
cleus fractionated on an agarose A-5m column, are shown in figure 4.1.
In comparison with the cortex extract, the high-molecular weight peak
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Fig. 4.1 Chromatography of lens extracts on Bio-gel A-5m.
The broken line represents material from the calf cortex,
the solid line from calf nucleus. The eluted fractions are
high-molecular weight a-crystallin, low-molecular weight
a-crystallin, β ^"crystallin, β -crystallin and γ-crystallin, respectively.
in the nucleus extract is markedly increased, whereas the a-crystallin
peak is decreased.
High-molecular weight material from several A-5m fractionations were
submitted to gel chromatography on an agarose A-50m column (figure 4.2)
The high-molecular weight protein was splitted up into two major peaks
and one minor one. Only the two major peaks were submitted to further
analysis.
By chromatography of high-molecular weight fraction on an agarose
A-I50m column, no further fractionation of the highest-molecular weight
protein was obtained.
In contrast with fraction HM-2, fraction HM-1 has equal absorbance
at 280 nm and at 260 nm, which is unusual for pure protein. Most proba
bly this is due to light-scattering, the more so as no nucleotide in
significant amounts could be detected.
Selected fractions were submitted to sedimentation velocity experi
ments (table 4.1). For materail from the first peak, fraction HM-1,
s.. -values ranging from 190 to 100 S were found for both cortex and
¿U ,w
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Fig. Д.2 Chromatography of isolated high-molecular weight
-crystallin on Bio-gel A-50m. ( ) Absorbance at 280 nm
from calf lucleus; ( ) Absorbance at 260 nm from calf
nucleus; (-.-.-) Absorbance at 280 nm from calf cortex;
(-..-..-) Absorbance at 260 nm from calf cortex. The frac
tions eluted were designated as HM-1, HM-2 and HM-3, res
pectively. This clear-cut separation was first reported
by Spector (1972) and not by Van Kleef and Hoenders, as
stated erroneously in 1973.
nucleus, dependent on the fraction chosen. The material from the second
peak, HM-2, shows for the cortex a mean s
35 S, whereas a s 0 _

-value of approximately

-value ranging from 30 to 55 S is found for the

¿U ,w

second high-molecular weight fraction from the nucleus, dependent on
the fraction chosen.
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Table 4.1 Sedimentation coefficients of highmolecular weight fractions as obtained by chro
matography on Bio-gel A-50m. These fractions
were pooled, dialyzed and lyophilized prior to
sedimentation velocity experiments.
Fraction

Source

S

HM-1

Calf

186

9

cortex

132

11

118

12

Calf

191

9

nucleus

148;152

10

132

11

104;103

12

Calf

42.0;44..2

34

cortex

34.7;36. 4

HM-1

HM-2

20,w
(S)

Fraction
number
(Fig. 4.2)

32-38 *

35.3
HM-2

Calf

52.7

28

nucleus

44.2

33

32.9;35. 5

35

22.8

38

35.5

32-38 *

The pooled, dialyzed and lyophilized material from the peaks of frac
tions HM-1 and HM-2 from calf cortex extracts were submitted to isoe
lectric focusing in the presence of 6 M urea (figure 4.3). It is seen
that the two peaks contain the same subunits as a-crystallin approxi
mately in the same ratio.
The isoelectric focusing gels of a-crystallin and high-molecular
weight fractions from the nucleus are shown in figure 4.4. In compari
son with α-crystallin from calf cortex the subunit structure is more
complex. In addition to the A - , A--, B - and B,-chains, four additio
nal polypeptides are found. Two of them have an isoelectric point lower
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Fig. 4.3

Fig. 4.4

Fig. 4.3 Isoelectric focusing of low- and high-molecular
weight α-crystallin from calf cortex, pi range 5-8 (top
to bottom), (a) low-molecular weight a-crystallin; (b)
high-molecular weight α-crystallin from A-5m column; (c)
fraction HM-1 and (d) fraction HM-2, both, separated on
A-50m column.
Fig. 4.4 Isoelectric focusing of low- and high-molecular
weight α-crystallin from calf nucleus, pi range 5-8 (top
to bottom), (a) low-molecular weight α-crystallin; (b)
high-molecular weight α-crystallin from A-5m column; (c)
fraction HM-1 and (d) fraction HM-2, both, separated on
A-50m column.
than that of the A -chain, one has an isoelectric point between that о
the A

and A

and one has an isoelectric point lower than that of the

В -chain. For the high-molecular weight fractions from the nucleus the
same polypeptide chain composition is found as for α-crystallin from

the nucleus.
The ci-crystall in rfnd high-moleculdr weighL fractions from cortex
show exactly the same bands on dodecy1-sulfJte gels, representing
the A- and B-chain. The dodecylsulfate gels of the fractions from
nucleus show one additional band,
corresponding with a molecular
weight of about 17,000 (figure
A.5).

в
А

„

u.

^

Kig. 4.5 Dodecy1-sulfate gel elec
trophoresis. (a) low-nolecuiar
weight ee-crystallin from calf cor
tex; (h) high-molecular weight <crysrallin from calf cortex; (c)
low-molecular weighL α-crystal lin
[rum calt nucleus; (d) lugli-molecular wpight '(-crystal lin from
calf nucleus. The low- tind hignmolecular weight j-cry.s tal 1 in
fractions were obtained by chro
matography of cortical ana nuclear
extracts on A-bir.. After the run
the gels were cut off at the buf
fer front, marked with bromophenolblue.

i

r

From the results described it may be concluded that the high-mole
cular weight fraction, as obtained by chromatography on agarose A-5m
columns, has to be considered as higher states of aggregation of ucryatallin. Obviously three populations of aggregation states can be
distinguibhed, with sedimentation (oefficients ranging from 17 to 24 S
(Bloemendal et al. 1972b), from 30 to 55 S and from 100 to 190 S. The
findings of Spector et al. (1971b), who applied partly other separation
and analytical techniques, are in fair agreement with the present fin
dings. Since the high-molecular weight fractions are composed of the
чаше polypeptides as a-crystallin, it would be useful to designate the
u-crystallin fraction with s._ -values from 100 to 190 S very-high20,w
molecular weighL a-crys cal lin (u.,„) , the fraction with s.- -values
vn

¿U,W

from 3U to 55 S high-molecular weight a - c r y s t a l l i n (a„) and the f r a c H
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4 . ¿ VARIETY IN POLYPEPTIDE CHAIN COMPOSI!ION
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Fig. 4.6 Chromatography of lens extracts on Bio-gel A-5m.
The broken line represents material from old bovine lens
cortex, the solid line from old bovine lens nucleus. The
eluted fractions are high-molecular weight a _ crystallin,
low-molecular weight a-crystallin .gjj-crystallin, g -crystallin and γ-crystallin, respectively
In figure 4.7 the isoelectric focusing gels of the low- and high-mo
lecular weight α-crystallins from calf cortex, calf nucleus, old bovine
cortex and old bovine are depicted. The observation that in calf lenses
the polypeptide chain composition of high-molecular weight a-crystallin
is identical with that of low-molecular weight a-crystallin, can also
be made in old bovine lenses. Little if any difference in gel pattern
is found between low- and high-molecular weight a-crystallin from cor
responding parts of old bovine lenses.
In addition to the newly found bands in a-crystallin from calf nu
cleus, one extra polypeptide chain is found in the cortex of cattle
lenses. So, by applying gel isoelectric focusing in 6 M urea, nine po
lypeptide chains have to be distinguished in a-crystallin:
1. Chain AA , not visible in a-crystallin from calf cortex and faintly
visible in a-crystallin from calf nucleus, old bovine cortex and old
bovine nucleus.
2. Chain AA. , same occurrence, as chain AA. .
3. Chain A , very clearly in a-crystallin from calf cortex and old bo52
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Fig. 4.7 Isoelectric focusing of low- and high-molecular
weight a-crystallin. pi range 5-8 (top to bottom), (a)
low-molecular weight a-crystallin from calf cortex; (b)
high-molecular weight a-crystallin from calf cortex; (c)
low-molecular weight a-crystallin from calf nucleus; (d)
high-molecular weight a-crystallin from calf nucleus; (e)
low-molecular weight a-crystallin from old bovine lens cor
tex; (f) high-molecular weight a-crystallin from old bovine
lens cortex; (g) low-molecular weight a-crystallin from old
bovine lens nucleus; (h) high-molecular weight a-crystallin
from old bovine lens nucleus.
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vine cortex and less clearly visible in _i-crys tallin from calí nucleus .
4. Chain AA , very clearly in і-сгуьtall in from calf nucleus, slightly
less visible in л-crystal lin from old bovine cortex and old bovine
nucleus and faintly visible in i-crystallin from calf cortex.
5. Chain A 9 , present in about the same concentration η

all lens ex

tracts.
6. Chain N

(K for neutral), obviously characteristic for a-crystallm

from old bovine cortex.
7. Chain N , only present m

^t-crystallin from the nucleus of both,

calf and old bovine lenses.
8. Chain В , present in about the same concentration in a-crystallm
from all lens extracts.
9. Chain В , same occurrence as chain В .
In addition to these clearly visible bands, a number of very faint
bands is also visible, for the time being we onlv pay attention to the
polypeptides, mentioned above, trom this compilation it follows that
the subunit structure of j-crystallin is more complex than assumed be
fore. Actually there is a great difference in subunit structure between
a-crystallin from calf and old bovine lens cortex, as there is between
a-crystallm from cortex and nucleus.
We considered that this variety in polypeptide chain composition
might possibly result from aging processes. Therefore, we focused our
attention to the isolation and characterization of the additional subunits AA , AA , AA , N
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and N .

CHAPTER 5

ISOLATION

AND CHARACTERIZATION OF

THE SUBUNITS Α λ, A A , AA 3

Ν, AND N

*

In the past few years several procedures have been reported for the
isolation of the subumts of a-crystallin, using ion-exchange chromato
graphy (Schoenmakers et al., 1969; Van Kamp et al., 1971), preparati\e
isoelectric focusing (31oene-dal and Scnoeninakers, 1968) and aftinity
chromatography (Stauffer et al., 1973). In figure 5.1 the results of
ion-exchange experiments, using the pre-swollen preparations of carb—
oxymethyl-cellulose and diethylammoethyl-cellulose from Whatman, are
shown. These preparations turned out to be very suited for one-step
isolation of the subumts of a-crystallin from the calf lens cortex.
Because Tns-HCl buffers are not very constant in pH (Could et al.,
1966) and because the formation of isocyanates is enhanced by higher
pH-values, we prefer the CM-cellulose procedure to the DEAE-cellulose
procedure. Although in the case of CM-cellulose the separation is not
as good as with DEAE-cellulose, it is possible by proper pooling to ob
tain highly pure polypeptide chains, as demonstrated by means of the
very sensitive method of isoelectric focusing.

5.1 ISOLATION AND CHARACTERIZATION OF AA

AND AA

The isolation of the AA -chain could not be achieved by a single lonIn the addendum the primary structures of the A- and B-chain are gi
ven (page 110).
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Fig. 5.1 Ion-exchange chromatography of o-çrystallin from calf
cortex, (a) DEAE-celLulose; (b) CM-cellulose. The stepwise gradient shown was obtained automatically by the use of the LKB
gradient system. The insets show the isoelectric focusing gels
of the fractions indicated.
ion-exchange experiment. Rechromatography of crude preparations of the
AA -chain, however, yielded pure AA . The same procedure applied to the
AA -chain also yielded pure AA .
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By electrophoresing the AA -chain in the presence of 0.1% dodecylsulfate it is found that this chain has a considerably lower molecular
weight than the Α-chain (figure 5.2). The AA -chain clearly coincides
with the lower molecular weight band in a_crystallin from calf nucleus.
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Fig. 5.2 Dodecyl-sulfate gel electrophoresis, (a) isolated
Nj-chain; (b) ^-crystallin from calf cortex; (c) a-crystallin from calf nucleus; (d) isolated AAß-chain; (e) isolated
ΑΑ,-chain; (f) isolated N;-chain, slightly contaminated
with B,-chain.
Peptide mapping of aminoethylated AA_ after tryptic digestion re
vealed a close relationship with the peptide map of the Α,,-chain (fi
gure 5.3). All spots characteristic for the A -chain are found (Van der
Ouderaa et al., 1973), except three, TI8, T19 and T20, whereas one ad
ditional spot is observed

in AA , spot T18a. The presence of A,-cha

racteristic peptides up to peptide T18, indicates that AA
with a shorter A -chain. In comparison with A„, AA
terminal tryptic peptides. However, AA

is identical

is missing carboxy-

has a characteristic peptide,

which therefore might be the C-terminal one. The amino acid composition
of this peptide corresponds with the first six amino acid residues of
the normal peptide T18 (table 5.1). That T18a is indeed the C-terminal
peptide of the AA,-chain is confirmed by the fact that no lysyl or arginyl residue is found in this peptide, nor is there a residue like ty57
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Fig. 5.3 Peptide map of a tryptic hydrolysate of aminoethylAA·.. The spots marked with a dotted line are present in A2
but absent in AA-j. The spots marked with a solid line are pr
present in both, A2 and AA3. Spot T18a is characteristic for
AA3.
rosine or phenylalanine, which might result from cleavage due to traces
chymotrypsin-like activity during the tryptic hydrolysis.
The existence of peptide TI at the same place in the peptide map for
AA

as for A , indicates that the N-terminus of AA

of A 0 . Fractionation of cyanogen-bromide treated AA

is the same as that
revealed two peaks

on Sephadex G-50 (fine). The second peak, considered to be the CB-2
fragment reveals an amino acid composition, which is in perfect agree
ment with that, predictable by assuming that AA

is identical with A

up to and including the first six amino acids of peptide TI8 (table
5.1). Finally the amino acid analysis of AA, is in good agreement with
the predicted one (table 5.1).
For the molecular weight of AA

a value of 17,747 can be calculated.

By aplying the same methods for the characterization of AA

we found

that this chain is identical with an analogous fragment of the A chain.
In conclusion we might state that AA. is identical with the A chain, lacking 22 residues at the carboxy-terminus, and that AA
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is

T a b l e 5.1 A m i n o acid a n a l y s i s of А Л , A A СВ., and 1 1 8 а
A m i n o acid

AA 3

A A

3

C B

Г I 8a

2

H
Aspartic acid
Threonine
berme
Glutamic acid
Proline
Glycine
Alanine
Cysteine
Valine
Methionine
isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan
Lysine
Histidine
Arginine

found predicted
If)
Γ). 9
5
5.2
cl
17
17. I
ІЧ.О
14
9. 1
9
9.2
9
3.6
J
b
1
0.9
8.9
9
2
2.0
7.7
8
14
13.9
5.9
b
14
13.7
с
+
1
6
6.6
f.
h.6
II. I
1 1

A

H
found
I.I
0.9
1 .9

predicted
1
1
2

-

2.0
'. Ί

found

predicted

I . I
1.0

2
2

1 .0
1 .0

1

1 .0

1
1

0.9

_
1.0

-

1.0
1.1

-

1.0

1

1.1

1

-

Extrapolated to zero tine hvdrolysis.
Estimated as cysteic .seid and demonstrated by the success of aminoethylation.
с
, Demonstrated by ultraviolet sensitive spot after peptide mapping.
Predictions were made by using the proposed amino a n d sequence as
reported by Van der Ouderna et al. (1973).

identical with the corresponding part of the A -chain. Therefore, AA
,·, L
.,
2
»1-151
. .,
л 1-151
will be designated as A,,
and AA as A
5.2 ISOLATION AND CHARACTbKlZAlION Ob AA,

For the isolation ot AA., we applied ion-exchange chromatography, but
no pure AA

could be obtained by this method. Flectrophoresis , howevtr,
1-151
in 0.1% dodecyl-sultate of a mixture of A
and AA., revealed two
1-151

protein zones, the slow one representing the A

the other one ob

viously represents the AA -chain. For its molecular weight a value of
about 11,000 was calculated. Accordingly, we tried to separate the AA chain from the other, higher molecular weight Α-chains, by means of
molecular sieving in dissociating agents. Bon and Ruttenberg (1964) had
shown that at very high (pH 11) and at very low (pH 2) pH-values the
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α-crystallin aggrgate dissociates in its subunits. By means of molecu
lar sieving at pH 2 on Bio-gel PIO or Sephadex G 75 (£ine) no pure AA.
was obtained. Therefore, we used 6 M urea as dissociating agent and
performed gel filtration on Bio-gel A-5m, Bio-gel A-0.5m and finally
Sephadex G 75 (superfine) in 6 M urea. The latter material did separate
the crude preparation of the Α-chains into three fractions. The third
one turned out to be very pure AA

as demonstrated on both, isoelectric

focusing gels and dodecyl-sulfate gels.
The peptide map of the tryptic hydrolysate of AA

revealed spots

characteristic for the Α-chain (figure 5.4). The peptides Tl up to and
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о
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о
Т2

о
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0

Т7-8

0

С+) 4-

electrophoresis

-> (-)

Fig. 5.4 Peptide map of a tryptic hydrolysate of AA.. The
spots marked with a solid line are present in the A- and
AA2-chain. The spots marked with a dotted line are present
only in AA,. Spot X represents residues 48-49 of the A-chain.

including Til are present, whereas two additional spots are seen. This
means that AA,-, is identical with a shorter Α-chain and obviously the
degradation has taken place in peptide T12. Analysis of the two additi
onal peptides revealed that both consist of histidine and asparagine,
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the first two residues of peptide T12, Since the difference in composi
tion between A

and A

is located somewhere in peptide T17 (Van der Ou-

deraa and De Jong, personal communication), it is not possible to de
cide whether AA» is derived from A

or from A-.

In conclusion we might state that AA. is identical with the A-chain,
lacking 72 residues at the C-terminus, and hence is designated as A
A

. Enigmatic remains the splitting up of the His-Asn peptide.

5.3 ISOLATION AND CHARACTERIZATION OF N

Upon characterization of the typical old bovine lens cortex subunit
N , after isolation on DE-52 ion-exchange chromatography, the following
observations were made:
1. By dodecyl-sulfate gel electrophoresis, the same molecular weight as
for the B-chains was observed (figure 5.2).
2. The peptide map of a tryptic digestion is the same as that of the
B-chains.
3. The amino acid composition is in good agreement with that of the Bchains.
Based on these findings, we assume that N

is a further deamidation

product of the B-chains and hence is designated as В .

5.4 ISOLATION AND CHARACTERIZATION OF N

The N„-chain was isolated by means of ion-exchange chromatography on
DE-52 and CM-52. Eelctrophoresis in the presence of 0.1% dodecyl-sul
fate revealed that this chain has approximately the same molecular
weight as that of the A-chains, and thus a lower molecular weight than
the B-chains (figure 5.2). Peptide mapping of a tryptic digest of N
revealed the same peptide map as that for the B-chains, but one addi
tional spot was present (figure 5.5). Based upon these findings it was
assumed that N. was identical with a shorter B-chain. The degradation
was assumed to have taken place at the C-terminus, because Tl and TI 8
are present clearly. Because T20, free lysine, is the same as Т'4 (Van
der Ouderaa et al., 1974b) and T19 is indistinguishable from T6, it
was assumed that the difference between the B-chain and N

must be
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F i g . 5 . 5 P e p t i d e map of a t r y p t i c h y d r o l v ^ a t e of N , . The
s p o t s marked w i t h a s o l i d l i n e a r e p r e b e n t j η hoLli^ t h e
B - c h a i n s and t h e N 2 c h a i n . The s p o t marked w i t h ι dotl·ed
l i n e i s p r e s e n t o n l y i n N2•

s e a r c h e d i n p e p t i d e 1 1 9 . The s m a l l d i f f e r e n c e
tween t h e B - c h a m and N
s m a l l amount of

in т ч К ч п І . і г u i i f l i f

r e s i d u e s . Amino a i . i d а п а і у ы ь ni

revealed the following

be

a l s o p o i n t s i n t h e d i r e i Lion of a l o s s 01 a
I he .iilil 1 t l o n a l p e p t i d e

c o m p o s i t i o n : (Glu) , Lys, l ' r o , Ala,

Val,

Ihr.

T h i s c o m p o s i t i o n c o r r e s p o n d s w i t h t h e s e v e n l i r s L amino . H J J . S JH 1 lunormal p e p t i d e T 1 9 . O b v i o u s l y , t h e Ν,,-chain i s
cham,
Smet

lacking five

i d e n t i c a l w i t h Lhe H-

r e s i d u e s a t t h e ( " - t e r m i n u s : ( A l a ) , , P r o , (Lys.)

.

t h e B - c h a i n h a s 175 r e s i d u e s , Lhe N j - c h a i n can be d e s i g n a t e d .is

в1"170.
By contrast with the A-chains, wtiere aftir aumioel li> l.iLion ot Lhe
individual chains, the peptide map ol (lie trvptir dine-it of A
distinguished irom that of A)

can he

(Van der Ouderaa and De Jong, personal

communication), no diflerence can he maclr- visible between the peptide
maps of В . and В . Therefore, the question arises: is N, a degradation
product of В , of В j or of both chains? Preconi - i vi d ih it the di 1 feri ηce between В

and B 0 is the ьаше as beLween A

and A ,, 1.1 . a (two

step) deamidation, it is unlikely that N ( is desi ι ml m ^
В
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linni bulli, the

and B,, because a deamidation can not take place in the sequence

ALa-Ala-Pro-Lys-Lys. The loss of two lysine residues lowers the iso
electric point of the remaining chain considerably. The difference

in

isoelectric point between N,, and B_ is in better agreement with Liu'
loss of two lysine residues
between N 0
1-17U
Then

and В . Most

than the difference

in isoelectric

point

likely therefore, N„ has to be designated

as

the question arises: is there a corresponding degradation p r o 

duct of В ? Upon prolonged dialysis of normal
lin from calf cortex, the polypeptide
ly, as shown in figure 5.6

low-molecular

u-crystal-

chain composition changes marked

(for more details

see chapter 7 ) . Almost no
В

and B,, are present

more but instead of
—^

B^

has become very

pronounced

as has a sub-

unit above the
subunit,

any

these

v
designated

was thought

This
as N

0

to be the de

graded В -chain.

»0

0
, 1-170

B,

Fig 5.6

Э

b

To check this, N

С

Ο

β

Isoelectric focusing of
(a) α-crystal lin from old
bovine lens cortex; (b)
a-crystallin from calf nud e u s ; (с) ^-crystal lin
from calf cortex; (d) acrystallin from calf cor
tex after 33 days dialysis;
(e) isolated N -chain.

was isolated by means of ion-exchange chromatography

on ÜE-52. This yielded almost pure N . Dodecyl-sulfate electrophoresis
of this chain revealed the same molecular weight as В
tide map of the N -chain revealed the same peptides as Β

. The pep
, inclu

ding the additional peptide.
Although this is not an ultimate proof, it seems reasonable to state
1-170
that N is identical with B.
and that the В -chain also can be de63

Table 5.2 At present known polypeptide chains of a-crystallin from calf and bovine lenses

Chain

A
'
A
2

Character

Occurrence

primary gen
product

total calf &
bovine lens

degraded A

prenatal lens
lens nucleus

Degradation site

Proposed name

Reference
Delcour and Papaconstantinou 1972

|l70
-Ser-Ser-Ala-Pro{
170
-Pro-Ser-Ser-Ala-

deamidated
A„

calf & bovine
lens cortex

V

degraded A

lens nucleus

AA,

degraded A

lens nucleus

AA 2

degraded A

lens nucleus

-Pro-Ser-Ser-Ala150
{
-Val-Asp-Ala-Gly100
I
-Hi s-Asn-Glu-Arg-

AA,

degraded A

lens nucleus

-Val-Asp-Ala-Gly-

1

150

170

J

1-169
1-168

Α.,

1-168

1

De Jong et al. 1974
De Jong et al. 1974

De Jong et al. 1974
Van Kleef et al. 1974

1-101
1-151

present study
Van Kleef et al. 1974
Delcour and Papaconstantinou 1972

primary gen
product
deamidated

total calf &
bovine lens

degraded В

in vitro

deamidated

bovine lens
cortex

degraded В

lens nucleus

1701
-Val-Thr-Ala-Ala-

1-170

1

present study
present study

170|
-Val-Thr-Ala-Ala-

1-170

present study

graded in vitro to its shorter form (Ν.) , This chain is scarcely visi
ble

in native a-crystallin from the lenses used.

5.5 AT PRESENT KNOWN POLYPEPTIDES OF a-CRYSTALLIN
In addition to the here characterized degradation products, De Jong
et al. (1974) in our laboratory have described two other degraded Achains: in embryonic a-crystallin an A
sidues (A_
\

chain is present with 169 re

) and in the nucleus of bovine lenses A - and A -chains
-.и ito
-А
/к 1 - 1 6 8
А л 1-168,

are present with 168 residues (A

and A

).

The at present known and (partially) characterized subunits of bo
vine a-crystallin are summarized in table 5.2.
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CHAPTER 6
POLYPEPTIDE CHAIN COMPOSITION AS FUNCTION OF AGE

In this chapter the polypeptide chain composition of a-crystallin as
function of the age of the lens fibers, is investigated by dividing
lenses from 22 weeks old calfs

and 6 to 8 years old cattle into seve-

ral successive concentric layers. As pointed out in chapter'! the outer
cortical layers of adult lenses represent newly synthesized material,
i.e. relatively young proteins. The most inner part of the lens represents material that was synthesized in the embryonic stage, and therefore can be considered as relatively old, in adult lenses. Accordingly,
by going from the outside to the inside of the lens, the aging of the
structural proteins can be followed.
Such a study on calf lenses was already made by Van Kamp et al. in
1973. Since characterization of the additional subunits in nuclear acrystallin revealed that they are shortened polypeptide chains, it seemed worthwhile to reinvestigate the composition of a-crystallin in relation to senescence by applying gel isoelectric focusing. A similar
study on the old bovine lenses was performed because in the cortex of
old bovine lenses a subunit is present, which obviously is characteristic for this material and because comparison of calf lens nuclear acrystallin with old bovine lens nuclear a-crystallin can give additional information about the aging of a-crystallin.
The calf lens was divided into seven cortical layers of about 1 mm
thickness and three nuclear layers of about 3 mm thickness. The old bo66
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Fig. 6.1 Isoelectric focusing of low- (L) and high- (H)
molecular weight a-crystallin from successive concentric
calf lens layers, pi range 5-8 (top to bottom). The fi
gure under each gel indicates the lens layer number.

vine lens was divided into four cortical layers of 2 mm thickness, the
nucleus was treated like the calf lens nucleus. The isoelectric focu
sing gels of a-crystallin from the ten successive concentric calf lens
layers are shown in figure 6.1. The polypeptide chain composition of acrystallin varies markedly going from the periphery to the nucleus of
the lens. In the seven cortical layers a-crystallin is mainly built up
of four chains, A , A , В
•U

f

ЛА·*·

1

U

and В . In the nuclear parts of the lens,
'.

л

the four additional subumts A

'

1 5 1

л

1

,A

"

1 0 1

л
A

' 9

^

1

5

1

А
ancl

и
B

1

-

9

1 7 0

a r e

clearly visible.
Typical scanning profiles of these gels are given in figure

6.2. It

is clear that isoelectric focusing is an excellent tool for characterizing a-crystallin and for calculating the ratios of the several poly
peptides. The results of these calculations as mean values with s t a n 
dard deviations are given in table 6.1.

The impression, already obtai67
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Table 6.1. Composition of a-crystallin from ten successive lens l a y e r s , expressed in percentages of
polypeptide c h a i n s , from calf lenses.
Lens
layer
number

Material

1

a-crystallin

2

α -crystallin

3
4

ν

1-151

1

-101

1-170

А"

А

-

-

13,,2+2, .1

3.2+1.5

53.,1+2, .5

-

-

23..8+2, .8

2.8+0.8

45,.8+4. .0 -

-

1

,
А
-15,
А
2

А

2

Ъ

2

В

.

4..9+1.3 -

В

2

25,,2+4. .9

.8
3.,5+0, .7 24.. 1 + 1,

α -crystallin
L
a-crystallin

2,,6+2.2

22,,3+4, .3

4.7+2.2

42,.8+4, .5

3..6+1.7

3.,5+0, .4

21..8+3 .4

5,.4+1.7

1..6+0 .5 23.,2+1, ,8

7.4+1.9

34,.2+3, .8

2,.2+0.8

5.,3+0, .9

19,.6+2, ,1

5

a-crystallin

4,.9+1.8

2,.0+1 .2 22,.6+3, ,1

6.7+1.3

34,.3+3 .8

1.,8+0.9

7,,5+0, .8

19,.7+4, .2

6

a-crystallin

5..3+0.8

3..3+1 .6

20.,4+1. .6

7.9+0.9

32..4+3. .6

1..5+0.2

9..5+1, .3

18..4+3, .9

7
8

a. -crystallin

4,,2+1.4

3,,5+1 .6

18.,1+4. ,0

8.2+2.3

34,.2+4. .4

2..0+0.5

10.,1 + 1..7

19,.1+3, .0

a-crystallin
L
OL·-cry s tal lin

5,.1+0.6

4,.4+0 .5

5,,0+0. .6 22.0+1.1

30,.7+1. ,2

6,,1+0.7

6,.3+0, .3 20,.0+0. ,5

4.,7+0.4

6..8+0, ,7

4,.3+0. ,9 22.4+1.0

28,,3+0. .9

10..5+0.9

5.,0+0, . 1 17,.8+0, ,5

9

α -crystallin

6.,5+0.5

7,,0+1, .2

5.,5+1. .9 22.0+2.0

25.,4+0. .2

7,,8+0.9

6.,6+1, .6

17,.8+1. ,3

9

^-crystallin

8.,3+1.9

9.,2+1. ,6

5.,2+1. ,1 22.6+1.7

22.,8+1. ,9

6.,7^1.0

6.9+0. .9

17,,0+1. ,5

10

α -crystallin
L
α -cry&tallin

И.,2+1.2

8,,0+1, , 1

4,.8+1. .6 25.5+1.8

18.,4+0, ,8

9.,8+2.0

6.6+1. .5

15.,7 + 1.,4

8.,0+0.6

6.,1+2, ,1

16.,2+1.,9

8

10

11, 6+2.0

10,,2+1, , 1

4,,4+1, .6 26.8+3.3

16.,3+2, .1

Each low-molecular w e i g h t α-crystallin (α -crystallin) and high-molecular weight a-crystallin ( a - c r y s 
tallin fraction, mentioned w a s isolated at least three times and at least two isoelectric focusing gels
were r u n

Table 6.2. Composition of α-crystallin from seven concentric lens layers, expressed in percentage of
polypeptide chains, from old bovine lenses.
Lens
layer
number

1-151
A

i:

-101

A1"

A

l

A

1-151

2

A

2

V1-170

B

.

B

2

37..4+5..9

1.,6+2.7

23..8+3,.4

5..2+1..4 -

7.,5+2..4

9.,5+4,.6

a.-crystal lin

33..5+4..1

3..1+4.1

22..2+3..3

6.,3+1..8 -

8.,6+2,.0

10.,8+4 .5

α-crystallin

20.,5+1.6

28 .5+0,.6

9.,4+0.4

17,,6+1,.8

6,.8+0.,8

3,,0+1.1

0,
9., 1 +.8

5,.6+0 .4

α-crystallin

13..1+1.7

4,.2+3,,3 25..7+1,.9

8,,1+0.9

23.,6+1,,6

4..6+0,.9

0,.4+0.6

10,,3+1,.5

10..1 + 1.1

10.,5+0., 1 22 .5+4,.7

11,,0+1.0

19.,5+4,.8

4..2+1,.1

2,.1+1.5

9..0+1,.6

10,.9 + 1.4

16,.3+1,. 1 11,,7+0.4

25,,2+3,.3

2,,3+0,.7

4,.0+0.8

8,,2+0,.6

14,.7+1 .2

0.,3+θ..4

4,,9+0.7

7,.2+1,.0

15..3+1,.8

6,.4+2.0

8..1+2 .0

13,.8+0 .5

7..5+0.8

7..9+1,.4

16,.0+1 .7

11.,8+2.2

8.,5+0,.9

12..3+1 .3

14,,3+1.5

8..5+2,. 1 1 1.
.3+1 .3

a.-crystallin

2
2
3

15.,3+2.1

-

3

α-crystallin

15.,6+1.9

4

α-crystallin

9.,2+1.2

8..7+0,.3

4

α-crystallin

8,.2+1.0

12..0+1,,6

12,.8+1,,5

13,,6+1.0

24.,4+2,.8

5

α-crystallin

9,,3+1.0

12..4+1.,6

11,,8+0,,7

16,,1+1.5

22,,2+0,,0

5

α-crystallin

9..7+1.5

12.,8+1,.4

9,.5+0,.7

15,.9+1.9

7

o

15.,1+3.7 -

I

6

B

η

ti

η

α -crystallin
η

au-crystallin

11. 6+0. 7 15..6+2,,0
12..0+4.8

16.,8+2,,0

1,.1+2,.0 20,,3+2.3
1,.4+3,.2 21,,2+1.8

20,,8+1.,9
,
1
16,.5+1.
13,.9+1..1

—

Each low-molecular weight α-crystallin (α.-crystallin) and high-molecular weight α-crystallin (aH-crystallin) fraction mentioned, was isolated at least two times and at least two isoelectric focusing gels were
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Fig. 6.2 Examples of scanning p r o f i l e s
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Fig. 6.3 Isoelectric focusing gels of low- (L) and high- (H)
molecular weight a-crystallin from successive concentric
layers from the old bovine lens, pi range 5-8 (top to bottom)
The figure under each gel indicates the lens layer number.
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ned from the gels, that a-crystallin has an ever changing polypeptide
chain composition, is confirmed by these values. Moreover, it is clear
that high-molecular weight a-crystallin from the nuclear layers has the
same polypeptide chain composition as low-molecular weight a-crystallin
from the same layer, albeit that in the latter one the proportion of
degraded chains is somewhat lower than in the former one.
The results of the same procedure, applied to the old bovine lens,
are shown in figure 6.3 and table 6.2. The subunit structure of a-crys
tallin from old bovine lenses varies also markedly, going from the ou
layers 1, 2 and 3 a -

ter cortex to the inner nucleus. In the cortical

crystallin is mainly built up of the subunits A , Α,, Β , В
the inner cortical layer 4, the subunit В
U

•*

A

the subunits Α.

1

-

1 5 1

A

, A

1

-

1

0

1

A

, A

1

_

I

5

1

J

and В.. In

is not present anymore and
В

^

1

7

0

U

and В

become more pronoun

ced. In the nuclear layers approximately the same band pattern as iti α crystallin from the calf lens nucleus is observed.
Based on tables 6.1 and 6.2, several graphs can be drawn, concerning
the interrelationship of the polypeptide chains.
The interrelationship between
j » 1-151
A

and A

...

.

in the ten suc

cessive concentric layers of the
calf lens is visualized in figu
re 6.4. In the outer layers the
amount

of A

amount of A

is very high, the
low. Going deeper

into the cortex, the amount of
A. decreases with a concomitant
increase of A . The values of A
A. reach a constant value in the
inner cortex.

Fig. 6.4 Ratios of the A-chains
of a-crystallin in successive
concentric layers from calf len
ses.
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This behavior can be explained by the now well accepted conversion of
A

in A

by means of a in vivo deamidation. Obviously such a deamida-

tion ceases in the deeper cortical layers. Going from the inner cortex
to the outer nucleus the amount of A decreases again with a concomi
1-151
tant increase of A,
Simultaneously, the A. decreases markedly,
1-151
whereas A
increases slightly in the deeper nuclear layers. In the
most inner part of the lens, layer 10, the amount of A
larger than that of A

~

and likewise is the amount of A

' larger

than that of Aj. From figure 6.4 it is seen that when A
1 _ 1 С 1

A, decreases and when there is an increase of A,
cost of A

The amount of A

is even

~

increases

^

it is at the

is increasing almost continously from

layer 6 to 10 (see table 6.1; not shown in figure 6.4, because A 1-101
coincides with A

).

The corresponding plot of the Α-chains in a-crystallin from old bo
vine lenses is shown in figure 6.5. In contrast with the calf lens, the
A -chain is the predominant subunit in a-crystallin from the outer cor
tex of old bovine lenses, whereas A- is present in much lower concen
trations than in the calf lens. Concomitant with the relatively high
content of A , there is relatively much A
-o A'
1-151
Δ--—Δ A,'
о
о Ao
Δ
Δ Α,1"'51
..--. ДІ-ІОІ

present in a -

crystallin from the cortex of old
bovine lenses. In the nuclear
layers 5, 6 ,and 7, the amount of
A
A

is much lower than that of
and likewise is the a-

mount of A, lower than that of
л '-•S 1. The
τι, proportion
-·
Α.
ofг A.'-io·
is higher in the old bovine lens

5

6

7

lens layer number
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Fig. 6.5 Ratios of the A-chains
of a-crystallin in successive
.

c o n c e n t r i c l a y e r s from o l d b o v i n e
lenses.

nucleus than in the corresponding part of the calf lens and, since
A.

is not higher in the nucleus of the old animal, it seems accep

table to assume that A 9

is converted to A

The interrelationship between the B-chains is not so easily to de
scribe. In a-crystallin from calf lenses (see table 6.1) the amount of
В

is decreasing slightly from cortx to nucleus, В

is not present in

the outer cortex, then increases to a maximum value of about 10% in
layer 7 and remains almost constant in a lower content in the nucleus
of the calf lens. The proportion of Б

is varying in a strange way:

the subunit is present in layer 1, totally absent in layer 2, decreases
slightly from layer 3 to 7 and remains almost constant in the nucleus
in a relatively high content.
In the old bovine eye lens, the consequence of age for the B-chains
is easier to follow. The В

is absent in the outer cortical layers

and increases markedly in the nucleus (table 6.2). The proportion of
the B„-chain is relatively low in both, the cortex and the nucleus.
This can be explained by the proposition that in the cortex the В chain is deamidated to В
1-170
to B.

and В , whereas in the nucleus B- is degraded
. .
.
.

. From table 6.2 is is clearly seen that B n in the highest in

a-crystallin from the outer cortex.
In figure 6.6 the proportion of deamidated chains as function of age
is shown, for both, the A- and B-chains from a-crystallin from calf and
old bovine lenses. Remarkable is that the amount of deamidated A- and
B-chains is higher in the cortex of old bovine lenses than in the cor
responding part of the calf lens. In the nucleus of the lenses, there
is neither a difference between the amount of deamidated A- and Bchains, nor is there a difference between the amount of deamidated
chains in calf and old bovine lenses. Obviously, in contrast with the
observed degradation, the deamidation can not be considered as a result
of an aging process.
The percentages of the degraded A- and B-chains as function of the
age of a-crystallin are shown in figure 6.7. It is distinctly visible
that during aging the amount of degraded A- and B-chains increases. The
proportion of degraded chains is higher in old bovine lenses than in
calf lenses and also is the amount of degraded chains higher in highmolecular weight a-crystallin than in low-molecular weight a-crystallin.
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Fig. 6.6 Ratios of deamidated chains m α-crystallin from
successive concentric layers of calf and old bovine lenses.
(0
0) Α , + Α ] 1 " 1 ^ ! / ΣΑ in çalf lenses; (Δ
Δ) Β|/ΣΒ in
calf lenses; (0
0) Aj
+Α)/ΣΑ in old bovine lenses;
(Δ
Δ) Bi+2 χ B Q / E B in old bovine lenses.*
Fig. 6.7 Ratios of degraded chains in a-crystallin from
successive concentric layers of calf and old bovine lenses.
lenses. (0
0) A, l-lSl+A^-'Sl + l .7 χ Α]~ι01/ΣΑ.
in calf
lenses; (Δ
Δ) B 2 1 " I 7 0 / E B in calf lenses; (0
0)
Α ! 1 - 1 5 1 + Α 2 1 ~ 1 5 1 + 1 . 7 χ Al-101/ΣΑ in old bovine lenses;
(Δ
Δ) Β 2 1 " 1 7 0 / Σ Β in old bovine lenses.**
B n was multiplied by 2, because of the assumption that
BQ
is derived from B, by double deamidation.
** A
was multiplied by 1.7 in order to make a compa·^
n s o n with the original Α-chain, which contains 173 resi
dues.
Obviously, the Α-chains are more susceptible to degradation than the Bchains.
Finally, the percentage of each individual chain in a-crystallin
from the calf lens is plotted against the percentage of the same sub-
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unit in the corresponding part of the old bovine lens (figure 6.8).
From this picture it becomes clear that A

and В

are the predominant

constituents of a-crystallin from the calf lens, whereas the deamidated
analogs are preponderant in the old bovine lens. Figure 6.8 also shows

20

,30

40

50

% in c a l f lenses
Fig. 6.8 Percentages of the polypeptide chains in a-crys
tallin from the calf lens vs. the percentage of the cor
responding polypeptide chain in a-crystallin from old bo
vine lenses. If the polypeptide chain composition would
remain unchanged, just points on the bisector would be
obtained. Following the direction of the arrow, the per
centage of the relevant subunit is plotted, going from
the outer cortex (layer I) to the inner nucleus (layer 10
for calf lenses, layer 7 for old bovine lenses). The black
area of the arrow represents the nuclear layers. In this
figure the percentage of A'
in tables 6.1 and 6.2 is
multiplied by 1.7. For Bj is in the case of old bovine
lenses Β,+2 χ B Q plotted.
distinctly the heterogeneity

and fickelness of the subunit structure

of a-crystallin. Furthermore it is clear that the normal chains A , A ,
В

and В

are decreasing going from the cortex to the nucleus, whereas

the degraded chains are increasing from cortex to nucleus.
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CHAPTER 7

EVIDENCE THAT
RESULT OF AN

DEGRADATION IS A
AGING PROCESS

7.1 ARE THE DEGRADED CHAINS REMNANTS OF PRENATAL CHAINS?

In the previous chapters it was demonstrated that in the nucleus of
adult lenses additional subunits are present in the a-crystallin aggre
gate. Characterization of these subunits revealed that they are identi
cal with shorter A- and B-chains. Since the proteins, present in the
nucleus of adult lenses, were synthesized in the embryonic stage, it
could be possible that the observed shorter A- and B-chains in the nu
cleus merely are remnants of typical embryonic polypeptides. Therefore,
we have investigated the subunits of a-crystallin from prenatal lenses.
The polypeptide chain composition of a-crystallin from prenatal len
ses has been studied by several investigators. The first reports were
made by Rabaey (1965). He found that in embryonic a-crystallin the amount of the fastly migrating subunit was much less than in a-crystal
lin from adult lenses. Undoubtedly, this subunit is identical with the
A -chain. This finding was confirmed by Mehta and Maisel (1968). They
found upon starch-gel electrophoresis in 8 M urea that in a-crystallin
from embryonic lenses mainly two subunits are present, A

and В . By

applying Polyacrylamide gel electrophoresis at pH 8.9 in 6 M urea,
Schoenmakers and Bloemendal (1968) found for embryonic a-crystallin
three subunits, two of which having the same mobility as В

and В

and

one having a lower mobility than the A_-chain. Later on it was demon76

strated that this subunit is identical with the adult acidic polypepti
de A. (Schoenmakers et al., ІЭбЗа). Раіг.гг and Fapacor-Stantinou (1969)
observed by ion-exchange chromatography in 7 M urea-equilibrated DEAEcellulose just two subunits for fetal ct-crystallin, identical with A„
and В.. Gel isoelectric focusing in 6 M urea of a-crystallin from seve
ral prenatal stages revealed that in very young embryos A
absent and that in addition to the A

and В

and В

are

two subunits are present

(Van Kamp et al. 1974b). The position of these subunits on the gels is
u ·
„ 1-170,
exactly the same as the position ofc uthe subunits
Aд 1-151 and, Β
found in nuclear o-crystallin (Van Kleef and Hoenders, 1973; Van Kleef
et al., 197Aa). In this chapter the additional subunits in prenatal acrystallin are characterized.
In figure 7.1 the polypeptide chain composition of several prenatal
a-crystallin preparations are shown.in comparison with nuclear and cor-
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Fig. 7.1 Isoelectric focusing gels of prenatal a-crystal
lin. The figure under each gel corresponds with the age of
the prenatal animal, expressed in months after conception.
(a) a-crystallin from calf nucleus; (b) from calf cortex,
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tical α-crystallin. The diameter of the postnatal lens nuclei used, is
about 3 mm. This corresponds with a prenatal lens with an age of about
_

three months. By comparing the subunit structure of the a crystall in
from these lenses, it is seen that AA

and N. are present in both pre

parations. By applying dodecyl-sulfate gel electrophoresis to prenatal
a_crystallin the same low-molecular
__^

weight band as in nuclear a-crystallin is visible again (figure 7.2).
After tryptic digestion of prenatal
AA -chain, the peptide map shows on
ly spots characteristic for the nu
clear A
AA

. Because the prenatal

has the same isoelectric point,

the same molecular weight and the
л 1-151
same peptide map as nuclear A_
,
it is assumed that these chains are

?

д 1151 identical. Applying the same proce-

Fig. 7.2
Dodecyl-sulfate electrophoresis of
(a) prenatal α-crystallin; (b) a
crystallin from calf cortex; (c) a~
crystallim from calf nucleus.

dure on prenatal Ν , is is also concluded that this chain is identical
• ,. u

,

η

·-170

with the nuclear В
The finding that A

and В

are present in both, the post

natal lens nucleus and the prenatal lens, supports the idea of preser
vation of embryonic polypeptides in the nucleus of the adult lens. How
ever, the proportion of A.

is in prenatal α-crystallin approximate

ly 7%, in nuclear α-crystallin this is 25%; for В
are 5% and 15% respectively. Moreover, the subunits A

these values a
and A

are not present at all in prenatal α-crystallin.
In conclusion, therefore, we are convinced that the additional
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chains in nuclear a-crystallin are not just remnants of embryonic a

-

crystallin. Obviously, the A- and B-chains in the a-crystallin aggregaare subject to some degradation process.

7.2 IS THERE A RELATION BETWEEN THE DEGRADATION AND THE STATE OF
AGGREGATION?

In addition to the difference in polypeptide chain composition there
is a difference in state of aggregation between prenatal a-crystallin
and nuclear a-crystallin. In prenatal lenses, a-crystallin has s
20,w
values ranging from 16.5 to 18.0 S (Van Kamp et al., 1974c). In the nu
cleus of adult lenses the amount of low-molecular weight a-crystallin
is decreased in favour of an increase of the amount of high-molecular
weight a-crystallin with sedimentation coefficients ranging from 30 to
55 S and from 100 to 190 S (see also chapter A ) . The ratio high-mole
cular weight a-crystallin to low-molecular weight a-crystallin is in
creasing from the cortex to the nucleus of the lens. In the most inner
part of the adult lens, almost no low-molecular weight a-crystallin is
found anymore (figure 7.3).
A
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Fig. 7.3 Schematic drawing of
the proportions of high- and
low-molecular weight a-crys
tallin in the nucleus of bo
vine lenses. The first peak
represents the high-molecular
weight a-crystallin, (
) ou
ter nucleus; (
) middle nu
cleus; (-.-.-) inner nucleus.
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As pointed out in the preceeding chapter, the amount of degraded
chains is always somewhat higher in high-molecular weight oi-crystallin
than in low-molecular weight oi-crystallin from the same part of the
lens. Accordingly, one observes that the increase of the amount of
high-molecular weight ot-crystallin is accompanied by an increase in amount of degraded chains in the a-crystallin aggregate. This may be
coincidental, but it is also conceivable that the degradation of the
subunits induces the formation of high-molecular weight a-crystallin
aggregates.
In our attempts to use polyethyleneglycol for the fractionation of
the lens crystallins, in analogy to the fractionation of the serumproteins (Gambal, 1971), it was found, amongst others, that in lens ex
tracts treated with polyethyleneglycol the amount of high-molecular
weight a-crystallin was increased at the cost of low-molecular weight
a-crystallin and that in these preparations the amount of degraded
chains was significantly higher than in control experiments. Initially,
these experiments were performed by adding polyethyleneglycol directly
to the lens extracts. To avoid possible interactions of polyethylene
glycol with the lens proteins, later experiments were performed by dialyzing low-molecular weight a-crystallin against 2% polyethyleneglycol
6,000 in 0.1 M Tris-HCl buffer pH 7.3. As a control, low-molecular
weight a-crystallin was dialyzed against the same buffer without PEG.
The effect of this dialysis as function of time is shown in figure 7.4.
After 20 days of dialysis, the amount of A

and A

is signi

ficantly higher than in untreated a-crystallin. The B-chains are almost
completely degraded to В

and В

. The authenticity of these

degradation products was established by dodecyl-sulfate gel electropho
resis and peptide mapping after tryptic digestion of the isolated subunits. The strongest effect is observed by dialysis against the buffer
with PEG but even dialysis without PEG obviously induces the degrada
tion of the subunits. The sedimentation coefficients of the dialyzed
a-crystallin preparations were the same as those of native a-crystallin,
i.e. values of about 18 S were obtained, even after 20 days. After dia
lysis, very small amounts of high-molecular weight a-crystallin were
found by chromatography on Bio-gel A-5m, both, in the case of dialysis
in the presence and absence of polyethyleneglycol.
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Fig. /.4 Isoelectric focusing gels of α-crystallin from calf
cortex after prolonged dialysis. The figure under each gel
represents the time of dialysis expressed in days. The (+)
indicates dialysis in the presence of PEG, (-) in the absen
ce of PEG. (a) untreated o-crystallin from calf cortex.

These observations justify the conclusions that:
1. Prolonged dialysis against a buffer of pH 7.3 simulates the specific
degradation.
2. The presence of polyethyleneglycol enhances this in vitro degrada
tion.
3. The in vitro degradation of the subunits is not accompanied by the
formation of high-molecular weight α-crystallin. This, however, does
not rule out the possibility that in vivo degradation induces the for
mation of high-molecular weight α-crystallin.

7.3 IS THERE A RELATION BETWEEN THE DEGRADATION AND THE PROTEIN CONCEN
TRATION IN THE LENS?

Since there was a remarkable effect of dialysis against polyethyl
eneglycol and since by dialysis against PEG the α-crystallin concentra
si

tion in the dialysis bag was increased by the dehydrating effect of PEG
it was assumed that perhaps an increase in protein concentration indu
ces the degradation of the polypeptide chains, Accordingly, we tried to
find a relation between the protein concentration in the lens and the
amount of degraded chains. Therefore it was necessary to determine the
protein concentration in various parts of the lens, especially in those
regions where the amount of degraded chains is the highest, i.e. in the
nucleus. No reports are made about the protein concentration in the
calf lens, but it is generally accepted that the protein concentration
is continuously increasing from the cortex to the nucleus. In order to
determine the protein content in the calf lens as function of the amount of degraded chains, the cortex was divided into two regions and
the nucleus into three regions, corresponding with the layers 8, 9 and
10 mentioned in chapter 6. Protein was determined by three independent
methods as described in chapter 3. The results of a typical experiment
are given in table 7.1.

Table 7.1 Protein concentration in several lens parts, expressed in
mg/ші lens tissue.
Waddell *

Lens part

Outer
Inner
Layer
Layer
Layer

cortex
cortex
8, outer nucleus
9, middle nucleus
10, inner nucleus

Dry weight

PMQ II

RPQ 20 Hom

Sup

216
391
567
501
A75

219
390
584
517
507

206
353
518
468
418

206
346
520
488
460

Kjeldahl-

220
398
533
524
438

PMQ II: absorbance at 215 and 225 nm measured in a Zeiss PMQ II spec
trophotometer; RPQ 20: Absorbance at 215 and 225 nm determined after
recording a spectrum in the Zeiss RPQ 20 spectrophotometer.
Horn: dry weight of the total homogenate; Sup: dry weight of the su
pernatant, i.e. the water-soluble lens fraction.
In every column it is seen that the protein concentration is the lowest
in the outer cortex,

the highest in the outer nucleus and lower again

in the inner nucleus. Comparing the different methods it is seen that
there is a fair agreement between them. Since in columns 3 and 4 the
dry weights of the total lens fraction and of the water-soluble lens
fraction, respectively, are given, an estimation can be made of the ra~
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tio water-soluble to water-insoluble fraction of the lens. This ratio
increases from the outer cortex

to the inner nucleus. The observation

that the protein concentration is not continuously increasing from the
cortex to the nucleus of the lens, was confirmed by several other ex
periments. The results of three experiments are given in figure 7.5.

protein concentration

mg/ml

600
,

x."

1

500-

400
300

200 100
nucleus

-*-

cortex

0
5

6

7

θ

lens radius ( m m )
Fig. 7.5 Protein concentration in the calf lens. The protein
concentration, expressed in this figure, was determined ac
cording to Waddell. (
) experiment 1 (see table 7.1);
(
) experiment 2, which is the duplicate of experiment 1;
(-.-.-) experiment 3. In experiment 3 the effect of the osmolarity was investigated ( see chapter 3 ) . Because no ef
fect of the osmolarity was observed, just one line is given.

Although the values found in these three experiments are not the same,
one thing can be concluded with certainty: the protein concentration is
the highest in the outer nucleus and is relatively low in the inner nu
cleus. This is not in agreement with the finding of Philipson (1969),
who observed in rat lenses a continuous increase of the protein concen
tration. In lenses of 800 days old rats the protein content increased
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from 261 mg/ml in the outer cortex to 922 mg/ml in the inner nucleus.
In his study, the protein concentration was determined by measuring the
dry weight content of lenses by means of microradiography. The present
findings are in agreement with the observation of Van Kamp et al.
(1974b), who found in prenatal lenses an increase in protein concentration from 10% in lenses from very young embryos to 30% in fetal lenses.
Therefore we must conclude that there is no clear-cut relation between the increase of the amount of degraded chains and an increase of
protein concentration in the lens.
The findings, described in this chapter lend support to the assumption that the observed shortened subunits of a-crystallin are age-related degradation products.
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CHAPTER 8

GENERAL

DISCUSSION

In the preceeding chapters several new structural aspects of bovine
a-crystallin were reported. Mainly two phenomena have become clear with
respect to this structural protein: variety in state of aggregation and
variety in subunit structure. It is shown that both phenomena result
from post-synthetic processes. Since these irreversible modifications
turn out to become more pronounced with increasing age of the tissue,
they may be considered as aging processes. Whether this concerns

a

primary mechanism of aging or only a secondary effect, an age-related
alteration, is questionable (Von Hahn, 1973).
With respect to the changes in subunit structure, two processes can
be distinguished, first the in vivo deamidation, mentioned already by
several authors, and second the intracellular carboxy-terminal degrada
tion of the polypeptide chains.
The process of in vivo deamidation is not only found in a-crystallin,
it is also found in aldolase (Lai and Horecker, 1970) and in cytochrome
с (Fiatmark and Sletten, 1968) and it is supposed to occur in ß-crystallin (Herbrink and Bloemendal, 1975). The process of deamidation is
being studied extensively by Robinson and coworkers. It has been proposed that the deamidation rates of glutaminyl and asparaginyl may serve as general timers of turnover, development and aging of molecules,
cells and whole organisms (Robinson et al., 1970). It has been observed
that proteins with relatively low amide contents have a relatively long
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lifetime and little turnover, whereas proteins with high amide contents
exhibit a fast turnover rate. By studying the rate of deamidation of
asparaginyl and glutaminyl residues in synthetic pentapepetides it is
found that the glutaminyl residue generally has a much longer deamidation half-time than asparagine (Robinson and Tedro, 1973). The deamidation half-time for asparagine was found to be the lowest when threonine
and serine are present at the neighbour site, whereas the deamidation
in vitro of glutamine is facilitated by the adjacence of basic

and

acidic residues, cysteine and methionine. In addition, ascorbic acid in
physiological concentrations markedly accelerates the rate of deamidation (Robinson et al., 1973).
The amide content of a-crystallin is very low, thus predicting little breakdown and a long lifetime. This is, indeed, in agreement with
the life-expactancy of the a-crystallin aggregate: once it has been
synthesized, it has to function during the rest of the life of the animal. For instance, in the case of the human eye lens, this means that
prenatal a-crystallin must still be functional up to an age of about 80
years. The observed deamidation of a-crystallin can not be fitted simply in the model of Robinson. As mentioned in chapter 6, the deamidation does not seem to be an aging process like the degradation process.
In the nucleus of the old bovine lens the amount of deamidated chains
is almost the same as in the calf lens nucleus. The amount of deamidated chains is the highest in a-crystallin from the cortex of old bovine
lenses and the lowest in a-crystallin from the adult lens nucleus.
Therefore,

since the amide content of a-crystallin from old bovine

lens cortex is lower than that of a-crystallin from the adult lens nucleus, one could expect that the former a-crystallin is less susceptible for breakdown than the latter a-crystallin. This indeed is the case.
When we compare a-crystallin from prenatal lenses with a-crystallin
from the calf lens nucleus, the polypeptides have been highly degraded
in a relatively short period (about 60 weeks). Comparing the calf lens
cortex with the old bovine lens cortex, little degradation has taken
place in a relatively long period ( about 8 years). The amount of deamidated chains in a-crystallin seems to be inversely proportional to
the amount of degraded chains. Therefore, it is tempting to assume that
in vivo deamidation protects a-crystallin against the degradative pro-

B6

cess. This assumption seems to be in contradiction with the remark of
Robinson: 'Increasing negative charged residues might increase the susceptibility of a protein molecule to proteolytic degradation by opening
the protein structure or causing the protein to dissociate from another
cellular component'. One should , however, keep in mind that Robinson
speaks about the amide content and the deamidation in vitro of synthetic pentpeptides. The process of in vivo deamidation is not discussed.
As the stated circumstances suggest, we consider that a-crystallin
from lenses of several ages can be used as a model for studying the
process of in vivo deamidation. A prerequisite for such a study is the
knowledge of the precise sitee of deamidation and the favourable conditions for it.
The second post-synthetic modification of a-crystallin is the degradation of its subunits. Before discussing this process, it is worthwhile to spend some words on the (im)possibility that the observed degraded chains merely are artefacts of the isolation procedure. Although
one can never exclude this possibility, we are convinced that the observed degradation is not an artefactual process. Several considerations
support this conviction:
—

The a-crystallin preparations were all treated in the same manner,
yet there were completely reproducible differences between, for instance a-crystallin from calf cortex and from calf nucleus.

—

The first seven cortical layers of the calf lens were scraped off
from lenses, frozen in an acetone-dry ice mixture, yet distinct differences in polypeptide chain composition were observed.

—

The water-soluble proteins from calf lens nuclei were extracted by
stirring overnight (about 16 hrs) or by homogenizing (during about
2 min), yet no differences in polypeptide chain composition were
ever observed between a-crystallin isolated from stirred nuclei and
from homogenized nuclei.

The polypeptide chain composition of a-crystallin from the lens epithelium showed, however, a variance in dependence of the experiment. Epithilial a-crystallin was extracted several times from a pool of at
least 50 epithelia, and there was always found a difference in subunit
structure. For instance, the amount of A. had values ranging from 60 to
1-151
35%, A,
had values ranging from 23 to 5%. Since we were not able
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to explain this observation we have not included o-crystallin from epithelia in our studies.
Since it was found that prolonged dialysis against a buffer simulates the degradation process, one could think that dialysis of a-crysrtallin against deionized water is an artefact-inducing treatment. The
dialysis against deionized water was just for two or three days and
this dialysis almost generally caused the precipitation of a-crystallin.
Furthermore, an artefactual process is more likely to occur when the
observed degradation is supposed to be due to specific enzymes. There
have been several reports about the presence of proteases in the lens.
Waley and Van Heyningen (1962a,b) and Van Heyningen and Waley (1962,
1963) have communicated about the purification and properties of a neutral lens proteinase. Swanson and Nichols (1971) were able to isolate
and partially characterize a human senile cataractous lens protease.
The methods used and results obtained by these authors can scarcely be
compared with the present investigation. In the lens is also present in
relatively high amounts leucineaminopeptidase, a protease not specific
for the lens tissue (Hanson et al., 1965).
We have, however reasons to believe that the degradation of the subunits of 3-crystallin is not an enzymic process:
1. The observed degradations are age-related: the older the material,
the higher the amount of degraded chains. This slow process seems to
be in contradiction with the action of enzymes, which generally accelerate an otherwise slow process.
2. If an enzyme is involved in the degradation, is must have the following properties:
- The enzyme or complex of enzymes is capable of splitting the peptide bonds Asp-Ala, Asn-Glu, Thr-Ala, Ser-Ala and Ser-Ser only at the
sites indicated in table 6.2.
- The enzyme (complex) has a very specific regulation system: beside
the degraded chains, the normal chains are always present in variable amounts.
- The enzyme (complex) must be capable of intruding the a-crystallin
aggregate, since the degraded chains are found in the intact a-crystallin aggregate. This is clearly demonstrated by Kramps et al.,
(1975), who were able to make electronmicroscopic graphs of low-mo88

lecular weight α-crystallin. This α-crystallin, containing large amounts of degraded chains, has the same globular structure as α-crys
tallin, containing the normal subunits.
- The enzyme (complex) is mainly active in the nucleus of the lens.
This means that it is active in a part of the tissue, where no pro
tein synthesis takes place anymore. Accordingly, the proposed enzy
me is not active just after its synthesis. This could be explained
by assuming that this enzyme is lysosomal. Lysosomal enzymes, how
ever, are not specific and completely digests the protein. Further
more, no lysosomes could be detected in the lens nucleus (Liem-The,
personal communication).
- The enzyme (complex) must be either closely attached to α-crystal
lin or have the same molecular weight, since the process of degrada
tion can be simulated by prolonged dialysis of isolated, dialyzed
and lyophilized α-crystallin.
- The enzyme (complex) must be a specific endopeptidase or an exopeptidase, with by preference carboxypeptidase C-like activity,
since carboxypeptidase A and В are incapable of removing the proline
residue. Such an anzyme is never found in mammalian species.
The assumption of non-existence of an enzyme with the above mentioned
properties, is only justified after a systematic search for proteolytic
enzymes in the lens, using the appareance of the degraded chains as
test. We consider, however, that this kind of very specific proteases
is unlikely to occur in the lens and that degradation of α-crystallin
subunits is a spontaneous process, or is due to the autolytic action
of α-crystallin itself.
The supposed type of intracellular, specific, limited and sponta
neous degradation of α-crystallin is to our knowledge not reported pre
viously for other proteins. Comparable details of sequential degrada
tion processes are not numerous in the literature. Morenkova et al.
(1973) have reported about the spontaneous degradation of insulin and
its A- and B-chains during incubation at neutral pH. It was assumed
that this degradadtion is an autolytic process. Kornguth et al. (1971)
observed that basic pig brain protein was degraded proteolytically when
incubated at neutral pH. This proteolytic activity was assumed to be
endogeneous. With respect to the epidermal growth factor. Savage and
Θ9

Cohen (1972) reported that isolation of this protein at pH 3.5 produced
a growth factor, lacking the carboxy-terminal Leu-Arg residues.

It was

supposed that this was due to a carboxypeptidase B-like enzyme. Savage
et al. (1972) further communicated about the existence of biological
active growth factors, lacking 5 or 6 carboxy-terminal residues. The
existence of a native β nerve growth factor, lacking the C-terminal Arg
residue was described by Moore et al. (197A). These authors also suppo
sed that this C-terminal degradation was due to carboxypeptidase В or
carboxypeptidase B-like enzymes.
The observed post-synthetic modifications of bovine a-crystallin
subunits are summarized in figures 8.1 and 8.2.
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Fig. 8.1 Post-synthetic modification of the Α-chain of
bovine orcrystallin. (
) process of degradation; (
)
process of deamidation.
With respect to the Α-chains it is fairly well documented that synthe
sis of A 2 is coded by a 14 S mRNA and that the A -chain is derived
from A 2 by means of an in vivo deamidation, for instance deamidation.
Nobody, however, has ever demonstrated that deamidation. Whether or not
the degradations take place consecutively, can hardly be decided at the
momemt. Likewise

it will be difficult to make sure whether or not the

process of deamidation still t^kes place in the partially degraded sub90

units. In the case of the B-chains, there is much less evidence availa
ble that В

results from B„ by means of in vivo modification.The stron-
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Fig. 8.2 Post-synthetic modifications of the B-chain of
bovine a-crystallin. (
) process of degradation; (
)
process of deamidation.
gest argument against the non-genetic origin of В

arises from in vitro

labelling experiments (Delcour and Papaconstantinou, 1972). The A chain is always clearly labelled, the A -chain not at all, the B-chain
is also distinctly labelled and little radioactivity is found in the
В -region, when the labelling is traced in alkaline urea gels. In the
light, however, of the recent developments, we assume that the latter
radioactivity is not present in В

but in В

. Using alkaline urea
1-170

gels, the В -chain is indistinguishable from the B.

-chain. Fur

thermore, there seems to be a rather quick conversion from B. into its
degraded chain, since it is observed

that in a-crystallin from very

young embryos relatively large amounts of B„

are present and that

upon prolonged dialysis the B-chains are quickly converted to the de
graded chains.
Since we were not able to detect the fragments, splitted off from
the A- and B-chains, it is supposed that

these oligopeptides are bro

ken down to amino acids, for instance by the action of leucineaminopeptidase.
After having characterized the several types of degraded chains, the
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question arises whether there is a common feature discernable with res
pect to the described degradation. As pointed out before, the splitting
sites are not the same for all degraded chains, alanine and serine seem
to play a preponderant role, but these residues are not generally in
volved in the degradative process (see table 5.2). We have detected one
connnon feature of the degraded chains, i.e. they have a lower isoelec
tric point than the original chains:
„ 1-170 . . . . . . .
..
—

В

is missing two lysine residues,

—

A.

and A

are more acidic than the A - and A -chain, as

demonstrated by isoelectric focusing,
—

A

is more acidic than A» and A .

Accordingly one observes that degradation results in larger amounts of
acidic polypeptides, thus inducing acidifying of the a-crystallin ag
gregate. This implies that a-crystallin, during aging, acquires a con
tinuously lower isoelectric point. When growing old, the state of ag
gregation changes too: a-crystallin is present in the most inner part
of the lens in the (very-)high-molecular weight form. Therefore, it is
tempting to assume that the lowering of the isoelectric point, favors
the enlargement of the state of aggregation.
At this moment very little is known about the process of aggregation
of a-crystallin. The high-molecular weight a-crystallin fractions are
no artefacts of the isolation procedure. It is observed that the amount
of high-molecular weight a-crystallin increases, when the tissue grows
older and that in very old lens parts only very-high-molecular weight
a-crystallin is present (Kramps et al.,1975). Electronmicrographs of
the high-molecular weight a-crystallin indicate that this fraction is
built up of aggregated low-molecular weight a-crystallin units. No di
sulfide bridges are involved in .this aggregation process and since it
is possible to dissociate high-molecular weight a-crystallin into lowmolecular weight a-crystallin by means of ion-exchange chromatography
on DEAE-cellulose (Liem-The et al., 1975) , it is assumed that ionic
bonds play a role in the association process. In the case of 6~crystallin a conversion from low-molecular weight ß-crystallin to high-molecular weight ß-crystallin is observed too (Van Kamp. 1973).
It is of interest to collect more knowledge about the formation of
such (very) large aggregates of lens proteins, the more so as this ag92

gregation process possibly is involved in cataractogenesis.
In addition to the described variety in state of aggregation and in
-

polypeptide chain composition of a crystallin ) two other findings have
to be mentioned. By dividing the lens nucleus into three concentric
layers, and subsequently extraction and fractionation of the water-solunle lens proteins, it was found that there is a difference in protein
composition between these three layers: the ratio low-molecular weight
a-crystallin to high-molecular weight a-crystallin is decreasing from
the outer nucleus to the inner lens nucleus (figure 7.3). In our opi
nion this indicates that the lens nucleus is not a homogeneous lens
part and that the fiber cell structure is not completely disrupted.
This is also confirmed by the experiments of protein determination in
the lens. The results of these experiments are quite surprising, be
cause it has always been taken for granted that the protein concentra
tion in increasing from the cortex to the most inner nucleus. When the
lens is divided into the cortex and the nucleus, it is indeed found
that in the cortex the protein concentration is lower than in the nu
cleus. Dividing, however, the nucleus into three parts, it is observed
that the highest protein concentration is present in the outer nucleus
and that in the inner part of the nucleus the protein concentration is
relatively low. This discontinuity in protein content in the lens still
remains puzzling, and we have no explanation for it.

In conclusion of these investigations we must state that the structu
ral lens protein a-crystallin is subject to molecular aging processes.
Mainly three kinds of such irreversible post-synthetic modifications
can be distinguished: conversion from low-molecular weight aggregates
to high-molecular weight aggregates, an increase in the amount of deamidated chains and specific, limited, intracellular and probably
spontaneous degradation of the subunits of a-crystallin.
Two interpretations can be considered for this behavior:
1. The changes in the subunits (deamidfltion and degradation) and the
change in state of aggregation are induced by some regulatory mechanism
in order to keep the lens proteins soluble and to maintain ЧЬе transpa
rency of the lens. The noted changes should, therefore, be prerequisi
tes for lens function.
93

2. The post-synthetic modifications of a-crystallin are just results of
processes inherent to the aging of biological material and demonstrate
that proteins can be subject to physiologically non-relevant modifications.
A lot of research has to be done before one can decide which of the
two interpretations is the right one.
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SAMENVATTING
In dit proefschrift worden de veranderingen beschreven die α-crys
talline na de synthese ondergaat. α-Crystalline is een structureel ei
wit dat voorkomt in de ooglens van gewervelde dieren.
In het eerste hoofdstuk wordt de opbouw van de ooglens beschreven.
De

ooglens groeit van buiten af: nieuw gesynthetiseerde vezelcellen

worden netjes laag voor laag op de eerder gesynthetiseerde vezels bin
nen de capsule van de lens neergelegd. De buitenste lens lagen (cortex)
bevatten relatief jong materiaal, de binnenste lagen ( kern) bevatten
materiaal dat in de vroegste stadia van de lens (prenatale fase) gesyn
thetiseerd is en in de volwassen lens als 'oud' beschouwd kan worden.
Aangezien synthese van nieuw materiaal bij de volwassen lens alleen nog
maar plaats vindt in de buitenste cortex, en als we aannemen dat de
synthetische activiteit hetzelfde blijft, is het duidelijk dat de lens
zeer geschikt is om moleculaire verouderingsprocessen op te sporen. Im
mers, verschillen tussen de eiwitten uit de prenatale lens en uit de
kern van de volwassen lens moeten toegeschreven worden aan veroude
ringsprocessen.
In dit onderzoek is gebruik gemaakt van de lenzen uit ogen van run
deren van verschillende leeftijden. In deze lenzen bevinden zich in
hoofdzaak drie groepen van water-oplosbare eiwitten: α-crystalline, ($crystalline en γ-crystalline. α-Crystalline is het best gekarakteri
seerde lenseiwit en is om die reden gekozen als onderwerp voor verou
der ingsstudies.
In de cortex van de lens is α-crystalline aanwezig met een molecuul
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gewicht van ongeveer 1.000.000. In de kern van de lens komt het echter
voor met hoge en zeer hoge molecuulgewichten, tot groter dan 50.000.000
-

Zoals beschreven in hoofdstuk 4, kunnen we voor a crystalline drie po
pulaties van aggregatietoestanden onderscheiden.
α-Crystalline bestaat niet uit één lange keten van aminozuren, maar
is opgebouwd uit subunits. Deze polypeptide ketens hebben een molecuulgewicht van 20.000 en kunnen verdeeld worden in de zure subunits, de Aketens (A * acidic) en de basische subunits, de B-ketens (B = basic).
De polypeptide keten samenstelling van α-crystalline kan bestudeerd
worden door middel van Polyacrylamide gel-electroforese in de aanwezig
heid van ureum. In aanwezigheid van ureum valt het grote aggregaat van
α-crystalline uiteen in de subunits. Toen met het onderzoek begonnen
werd, werd verondersteld dat α-crystalline uit vier verschillende sub
units was opgebouwd, te weten de ketens Α , Α., В
algemeen aangenomen dat A

en В

en В . Tevens werd

uit respectievelijk de A

en B. ont

staan ten gevolge van een in vivo deamidatie (substitutie van een ami
no g го ер door een hydroxyl-groep). De aminozuur volgorde van de A - en
de В -keten is zeer onlangs opgehelderd.
Door gebruik te maken van isoelectrische focusering werdi het echter
duidelijk dat er behalve de vier genoemde subunits nog andere subunits
aanwezig zijn in α-crystalline. Deze extra subunits bleken karakteris
tiek te zijn voor verouderd α-crystalline, namelijk α-crystalline uit
de kern van de volwassen lens. De extra subunits werden voorlopig AA.,
AA-, AA

en N. genoemd. Bovendien werd in α-crystalline uit de cortex

van oude runder lenzen een subunit gevonden die karakteristiek bleek
te zijn voor dit weefsel en die N

genoemd werd (hoofdstuk 4 ) .

Het onderzoek heeft zich vooral gericht op de isolatie en karakte
risering van deze extra polypeptide ketens.
Aangezien de methode van isoelectrische focusering van groot nut is
geweest bij het onderzoek, wordt het principe van deze methode summier
besproken in hoofdstuk 2. Tevens wordt in dit hoofdstuk verslag uitge
bracht van het onderzoek naar de toepasbaarheid van preparatieve isotachoforese voor de isolatie van de subunits van α-crystalline. Opti
male condities voor isotachoforese werden onderzocht op analytische
schaal. Het bleek dat preparatieve isotachoforese in principe geschikt
is voor de isolatie van de polypeptide ketens van α-crystalline, maar
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dat de hoge kosten, verbonden aan deze methode, een beperkende factor
betekenen. De isolatie van de subunits kan ook uitgevoerd worden met
behulp van ionenwisselaars, zoals beschreven in hoofdstuk 3, waar te
vens de andere gebruikte methodes vermeld zijn.
In hoofdstuk 5 wordt het resultaat van de isolatie en karakterise
ring van de subunits AA , AA., AA , N

en N

beschreven. De karakteri

sering werd verricht met behulp van SDS-gel-electroforese, tryptisch
peptide mapping en aminozuuranalyse. Uit het onderzoek kwam naar voren
dat de subunits AA

en AA

identiek zijn aan

A , respectievelijk Α ,

waarbij aan het carboxyleinde 22 aminozuren zijn afgesplitst. Aangezien
de oorspronkelijke A-keten 173 aminozuren heeft, worden de AA - en A A 1-151
1-151
. . . .
keten nu A.
en A
genoemd. Evenzo bleek AA gelijk te zijn
1-101
1-170
aan een A

-keten en N. aan В

. De N -keten bleek na karakteri

sering beschouwd te kunnen worden als
een verder
deamidatie produkt van
J T В. 1keten.
.
T
ï verkorte
t,.г. - - лA 1 - 1 5 , , лA_
· 1 - 1 * ! , АA1 - 1 0 1
de
De
subunits
en т>В- 1-170 ,
zijn blijkbaar via een specifiek degradatie proces uit de 'normale'
subunits ontstaan. In hoofdstuk 8 worden argumenten naar voren gebracht
ter ondersteuning van de veronderstelling dat deze degradatie niet en
zymatisch is. Aangezien de hoeveelheid van de verkorte ketens het
grootst is in α-crystalline uit de kern van de lens, het oudste gedeel
te van de lens, wordt verondersteld dat de waargenomen degradaties ver
ouderingsprocessen zijn.
De unieke bouw van de lens maakt het mogelijk verouderingsprocessen
stap voor stap te volgen. Door, van buiten naar binnen, opeenvolgende
laagjes van de lens af te schrappen, het α-crystalline te isoleren en
de polypeptide keten samenstelling te analyseren, wordt een indruk ver
kregen van de verandering van de quaternaire structuur als functie van
de leeftijd. Dit is gedaan voor zowel ooglenzen van kalveren van 22 we
ken als voor ooglenzen van oudere runderen met een leeftijd van onge- •
veer 8 jaar (hoofdstuk 6). Duidelijk waarneembaar is o.a. dat wanneer
de hoeveelheid A
1-151
A

toeneemt, die van A 7 afneemt en dat wanneer
.

ontstaat dit ten koste gaat van A . Tevens wordt waargenomen

dat een steeds grotere hoeveelheid gedegradeerde ketens aanwezig is
naarmate de lens ouder wordt. Het proces van de in vivo deamidatie
bleek niet samen te hangen met een hogere leeftijd van de lens.
Om er zeker van te zijn dat de verkorte subunits van α-crystalline
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uit de kern van de lens niet als zodanig in de prenatale fase gesynthe
tiseerd zijn, is onderzoek, van de subunit samenstelling van ex-crystal
line uit prenatale lenzen vereist. Zoals beschreven in hoofdstuk 7,
wordt in α-crystalline uit prenatale lenzen zowel A

als В

gevonden. De hoeveelheid van deze subunits in prenataal α-crystalline
is beduidend lager dan in α-crystalline uit de kern van de volwassen
lens. Dit bevestigt de aanname dat verkorting van de polypeptide ketens
een (gevolg van een) verouderingsproces is.
Toename van de hoeveelheid verkorte ketens in α-crystalline blijkt
gepaard te gaan met een toename van de hoeveelheid hoog-moleculair acrystalline. Daarom wordt in hoofdstuk 7 getracht een verband te leg
gen tussen de verkorting van de subunits en de vorming van hoog-mole
culair a-crystalline. Hoewel het mogelijk is door middel van langduri
ge dialyse van a-crystalline dat alleen de subunits Α , Α , В

en B_

bevat de verkorte ketens te laten ontstaan, leidt dit niet tot de vor
ming van hoog-moleculair α-crystalline. Blijkbaar zijn voor het ont
staan van hoog-moleculair α-crystalline andere factoren noodzakelijk.
Uit het onderzoek is naar voren gekomen dat α-crystalline in de
ouder wordende ooglens verschillende veranderingen ondergaat. Laagmoleculair α-crystalline wordt omgezet in hoog-moleculair a-crystal
line en de polypeptide ketens zijn onderhevig aan deamidatie- en de
gradatieprocessen.

toe

SUMMARY
In this thesis the post-synthetic modifications of a-crystallin are
described. a-Crystallin is a structural protein, which is present in the
the eye lens of vertebrates.
In the first chapter the anatomy of the lens is described. The
growth of the lens proceeds from the outside: under the capsule, newly
synthesized fiber cells are laid down layer upon layer. The outer lens
layers (cortex) contain relatively young material, the inner part of
the lens (nucleus) contains material,

synthesized in the prenatal

fase and can be considered as 'old'. In the adult lens protein synthe
sis takes place only in the periphery and if we assume that the synthe
tic acticity is not altered during the growth of the lens, it is clear
that the lens tissue is pre-eminently suited for molecular aging stu
dies: differences observed between proteins from the prenatal lens and
from the adult lens nucleus must be ascribed to aging processes.
In this investigation bovine lenses of several ages were used. In
these.lenses there are mainly three groups of water-soluble proteins:
a-crystallin, g-crystallin and γ-crystallin. a-Crystallin is the best
characterized lens protein and for this reason it has been chosen as
subject for aging studies.
In the cortex of bovine lenses, a-crystallin is present with a mole
cular weight of about 1,000,000. In the nucleus of the lens

a-crystal

lin has very-high-molecular weights, even greater than 50,000,000. For
a-crystallin three populations of state of aggregation can be distin
guished (chapter 4 ) .
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α-Crystallin is built up of subunits, having a molecular weight of
about 20,000. These polypeptide chains can be divided into the acidic
subunits (Α-chains) and the basic subunits (B-chains).
The polypeptide chain composition of a-crystallin can be analyzed by
means of Polyacrylamide gel electrophoresis in 6 M urea. At the time
that this investigation was started, it was generally assumed that acrystallin was built up of four subunits, Α., A , В
more it was generally accepted that A

and В

and В . Further

are derived from A, and

Β , respectively via an in vivo deamidation. The primary structure of
the A - and the В -chain has been elucidated very recently.
By the use of isoelectric focusing in Polyacrylamide gels it was ob
served that in addition to the A , А-, В

and B. subunits, there are

still other subunits present in a-crystallin. These additional subunits
appeared to be characteristic for aged a-crystallin, i.e. a-crystallin
from adult lens nucleus and were designated as AA , AA , AA

and N..

Moreover, in a-crystallin from the cortex of old bovine lenses a subunit was found, which obviously is characteristic for this material.
This subunit was designated as N .
Further investigation was directed to the isolation and characteri
zation of these additional subunits.
Since the method of isoelectric focusing has been very usefull du
ring this study, the principle of this method is shortly discussed in
chapter 2. In this chapter is also delivered a report on the study of
the applicability of preparative isotachophoresis to the isolation of
the subunits of a-crystallin. Optimal conditions for an isotachophoretic separation were obtained at an analytical scale. It turned out that
isotachophoresis is in principle suited for the isolation of the subu
nits of a-crystallin. The high costs, attached to this method, form,
however, a restrictive factor. The subunits can also be isolated by
means of ion-exchange chromatography, as described in chapter 3, where
the other method used are reported.
In chapter 5 the results of the isolation and characterization of the
subunits AA., AA-, AA., N

and N

are described. These subunits were

characterized by means of dodecyl-sulfate gel electrophoresis, peptide
mapping after tryptic digestion and amino acid analysis. It is shown
that AA
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and AA

are identical with A

and A , respectively, lacking

22 amino acid residues at the carboxy-terminus. Since the original Achain has 173 residues, the subunits AA and AA_ are designated as A
1-151
_, . 1-151
. . T ., .
.
ι ,_
..
c
4
A
and A
, respectively. Likewise it was found that AA. can
L
u j .. л
.'-'Ol
.„
„ 1-170 „
.
_,
be designated as A

and N

as В

. Furthermore, it appeared

that the N -chain can be considered as a further deamidation product of
В and hence is designated as В . Obviously, the shortened subunits
.1-151 .1-101 . 1-151
, _ 1-151
, . , .
. ,
A

,A

, A.

and B.

are derived from the

normal

subunits by means of a specific degradation process. In chapter 8 argu
ments are put forward in support of the assumption that this degrada
tion is non-enzymic. Since the amount of degraded chains is the highest
in a-crystallin from the oldest part of the lens, the nucleus, it is
also assumed that the observed degradation results from aging processes.
Because of the unique growth of the lens, it is possible to pursue
the aging processes step by step. By scraping off, going from the cor
tex to the nucleus, successive concentric layers from the lens and iso
lating and characterizing the a-crystallin aggregate, an impression of
the changing polypeptide chain composition as function of time is ob
tained. That study was performed on calf lenses with an age of 22 weeks
as well as on old bovine lenses with an age of about 8 years (chapter
6). As result, it is clearly visible, amongst others, that when there
is an increase of the amount of A,
, the amount of A 9 decreases and
1-151
.
.
.
when the amount of A
increases it is at the cost of A . It is al
so observed that the amount of degraded chains is continuously increa
sing with the increasing age of the lens. Probably, the process of in
vivo deamidation is not related to increasing age.
To make sure that the shortened chains of a-crystallin from the lens
nucleus are not synthesized as such in the

prenatal fase, analysis of

the subunit structure of prenatal a-crystallin is required. As desribed
in chapter 7, A
but the amount

and B-

are present in prenatal a-crystallin,

of these subunits is markedly lower in prenatal a-crys

tallin than in a-crystallin from the adult lens nucleus. This observa
tion confirms that the degradation of the polypeptides is an (result of
an) aging process.
The increase of the amount of degraded chains in a-crystallin is ac
companied with an increase of the proportion of high-molecular weight
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a-crystallin. Therefore, in chapter 7 is attempted to relate the degra-

dation of the subunits to the formation of high-molecular weight a-cry
crystallin. Although prolonged dialysis of low-molecular weight ct-crystallin, containing A , A„, В

and B_, causes the specific degradation

of these chains, no high-molecular weight a-crystallin is formed. Ob
viously, other (specific) factors are required for the aggregation to
high-molecular weight a-crystallin.
From this study it is concluded that a-crystallin is subject to se
veral post-synthetic modifications, low-molecular weight a-crystallin
is converted to high-molecular weight a-crystallin and its subunits are
exposed to deamidation and specific degradation processes.

ADDENDUM
PRIMARY STRUCTURE OF THE A^CHAIN
Mi OF BOVINE a-CRYSTALLIN, AS PROPOSED
BY VAN DER OUDERAA ET AL. (1973)

Tl

10

Ac-Met-Asp-Ile-Ala-Ile-Gln-His-Pro-Trp-Phe-Lys

T3

T2
Argj-Thr-Leu-Gly-Pro-Phe-

20

30

T4

-Tyr-Pro-Ser-Arg Leu-Phe-Asp-Gln-Phe-Phe-Gly-Glu-Gly-Leu-Phe-Glu-Tyr40
150
-Asp-Leu-Leu-Pro-Phe-Leu-Ser-Ser-Thr-Ile-Ser-Pro-Tyr-Tyr-Arg-fcln-Ser5|-Gln-

T5
T6 60
T7-8
-Leu-Phe-ArgjThr-Val-Leu-Asp-Ser-Gly-Ile-Ser-Glu-Val-Argj-Ser-Asp-Arg70 ι
T9
ι
80
TÍO
sjphe-Va
-Asp-Lys-fphe-Val-Ue-Phe-Leu-Asp-Val-Lys-l-His-Phe-Ser-Pro-Glu-Asp-LeuTl 1
100
Tl 2
90
5І
Thr-Val-LysfVal-Gln-Glu-Asp-Phe-Val-Glu-Ile-His-Gly-Lys+His-Asn-GluT13
110
ι
Т14
|Т15|
Тібі
-Arg-fGln-Asp-Asp-His-Gly-Tyr-Ile-Ser-Argj-Glu-Phe-His-ArgJArgj-Tyr-Argl
120
T17a
130
-Leu-Pro-Ser-Asn-Val-Asp-Gln-Ser-Ala-Leu-Ser-Cys

Ser-Leu-Ser-Ala-Asp-

T17b 140
150
T18
-Gly-Met-Leu-Thr-Phe-Ser-Gly-Pro-Lys Ile-Pro-Ser-Gly-Val-Asp-Ala-Gly160
T19
T20
170
-His-Ser-Glu-Arg Ala-Ile-Pro-Val-Ser-Arg-Glu-Glu-Lys-Pro-Ser-»Ser-Ala-

-Pro-Ser-Ser-0H
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PRIMARY STRUCTURE OF THE В -CHAIN OF BOVINE α-CRYSTALLIN, AS PROPOSED
BY VAN DER OUDERAA ET AL, (1974b)
Tl
10
T2
Ac-Met-Asp-Ile-Ala-Ile-His-His-Pro-Trp-Ile-Arg Arg-Pro-Phe-Phe-Pro-Phe20
30
-JUs-Ser-Pro-Ser-Arg Leu-Phe-Asp-Gln-Phe-Phe-Gly-Glu-His-Leu-Leu-GluT3 40
50
-Ser-Asp-Leu-Phe-Pro-Ala-Ser-Thr-Ser-Leu-Ser-Pro-Phe-Tyr-Leu-Arg-Pro60
T4
-Pro-Ser-Phe-Leu-Arg •Ala-Pro-Ser-Trp-Ile-Asp-Thi—Gly-Leu-Ser-Glu-MetT6
T7 80
70 T5
-Arg Leu-Glu-Lys As p- Arg- Phe-Ser-Val-Asn-Leu-Asn-Val-Lys His-Phe-SerT8
90
T9
IO
3
U 1
15
-Pro-Glu-Glu-Leu-LysjVal-Ly
T11

ι

T10
100
Val-Leu-Gly-Asp-Val-Ile-Glu-Val-His-Gly1
1U
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LÍA
T12

LT13
I J

Í

His-Glu-Glu-ArgJGln-Asp-Glu-His-Gly-Phe-Ile-Ser-Arg-Glu-Phe-H
120|T14|
TIS,
130
-Arg+LysJTyr-Argj-Ile-Pro-Ala-Asp-Val-Asp-Pro-Leu-AlaT16
140
uu,
T17
-Leu-Ser-Ser-Asp-Gly-Val-Leu-Thr-Val-Asn-Gly-Pro-Arg-Lys|Gln-,Ala-Ser•
160 T18
|
T19 170
-Gly-Pro-Glu-ArgJThr-Ile-Pro-Ile-Thr-ArgJGlu-Glu- Lys-Pro-Ala-Val-Thr|T20
-Ala-Ala-Pro-Lysj-Lys-OH

í
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STELLINGEN
I
Bij de bereiding van temperatuur sensitieve mutanten van virussen, die be
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II
Daar in metaalcomplexen met cyanide als ligande ^-interactie een belang
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592.
IV
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V
De discrepantie tussen de vigerende opvattingen en de bevindingen van de
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door hen niet voldoende bediscussieerd.
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VII
De experimenten van Heisler en Grondin tonen onvoldoende aan dat bij stimulatie van de exocriene pancreas de calcium permeabiliteit van het serosale membraan wordt verhoogd.
Heisler, S. en Grondin, G. (1973) Life Sciences Í3, 783.
Vili
Het ¡s te betwijfelen of Shiokawa en Pogo een representatieve membraanfractie bereiden bij hun pogingen aan te tonen dat mRNA transport via deze
membranen geschiedt.
Shiokawa, K. en Pogo, A. O. (1974) Proc. Nat. Acad. Sci. USA 71, 2658.
IX
Het Geert Grooteplein had met evenveel recht het Florens Radewijnsplein
kunnen heten.
Van der Wansem, C. (1958) Universiteit van Leuven, Publicaties op het
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