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CHAPTER I

INTRODUCTION AND SHORT HISTORICAL REVIEW

Berzelius

was in 1830 the first to describe the eye

lens (Lens Crystallina) as a body containing a proteinlike material (for 35.9 %, by weight) that he named
2'
"Krystallin". This opinion was held also by Mulder (1840)
amongst others. Many investigators thought it to be similar
to serum albumin at least in part. The first indication
that more than one protein is present in the eye lens is
3
found in the work of Simon (1842), reporting investigations on bovine and horse lenses. This was confirmed by
all investigations after 1860. Berzelius as well as
4
.
.
.
.
Bechamp found a water-insuluble protein fraction in the
lens named by MÖrner "albumoid" (not albuminoid =
4
albumin-like). Bechamp was able to separate the soluble
lens proteins by means of alcohol precipitation into two
fractions characterized by a different optical rotation.
MÖrner extended this separation of the lens proteins.
He characterized three soluble protein fractions and is
the first to speak of a- and ß-crystallin and an albumin
fraction in the lens. MÖrner found in the cow lenses
that he used (no age is given) a protein content of 35 %,
of which 48.7 % is albumoid, 19.4 % ct-crystallin, 31.4 %
ß-crystallin and only 0.5 % "albumin". Splitting up the
lens, MÖrner detected the water-insoluble albumoid mainly
in the nucleus of the lens, ß-crystallin in the more interior part of the lens and a-crystallin in the outer lens
region. The albumin fraction was not localized in a

2

particular part of the lens. Jess '

determined the amino

acid composition of the crystallins, a- and ß-crystallin,
and albumoid and discussed the possible transformation of
the crystallins into albumoid in relation to cataract
formation. Note that this was as early as 1922! In 1932
о

Krause

gives more indications pointing to a relation

between ot-crystallin and albumoid, although his own con9
elusion is that both proteins are different. Later he
reports the results of experiments in which he fractionated
the lens by a sequential dissolving procedure. Albumoid,
the crystallins (still only a- and ß-crystallin) and lensalbumin, are heterogeneous proteins, varying in chemical
composition during lens growth. The "anatomical" distribution of the proteins suggests that albumoid is derived from
a-crystallin and that ß-crystallin and lens-albumin are
related. All these conclusions were drawn on basis of
nitrogen determinations of isoelectrically precipitated
protein fractions from lens layers.

After World War II research on the proteins of the
eye lens increased tremendously. The change in the nomenclature of the third important lens protein from lensalbumin to γ-crystallin is not dateable with certainty,
but as early as 1951 Ullberg-Olsson

speaks of γ-crys

tallin. Several groups around some central figures like
Bloemendal, Dische, Papaconstantinou and Spector have con
tributed to the still growing knowledge of the structure
of the eye lens proteins. A survey of relevant work is
given at the beginning of each chapter of this thesis and
more comprehensively in a contribution of Waley
in The
12
Eye, Vol. I, in the thesis of Hoenders
, and more

3

recently in a review on the structural aspects and bio13
synthesis of a-crystallin by Bloemendal

The aim of the work described in this thesis was to
get insight into the changes occurring in the structural
proteins of the lens, the crystalline, during development.
In addition, the ratio in which the proteins are synthesized as a function of age is determined. For this purpose
the soluble lens proteins of animals varying in age from
1^ month after conception, an embryo, up to 7 years after
birth, were separated by means of molecular sieving chromatography and were analysed. Moreover the isolated

a-

crystallins and its polypeptide chains were investigated.

In this thesis we hope to fill part of the gap in eye
12
lens research mentioned by Hoenders

: "sogar fur die Rin-

derlinse existieren noch keine Arbeiten, die sich mit der
Art und der Verteilung der mit den heutigen Methoden nachweisbare Proteine zusammenfassend beschäftigen" (for bovine
lenses no work exists, dealing with the character and
distribution of the proteins separable with modern methods).

4
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CHAPTER II

ANATOMY OF THE LENS

Historical

The ancient Hindus seem to have been the first in
history to start ophthalmology. The date of the first
description, in the book of Susruta, Sanhita Uttara Tantra,
is in dispute, but is claimed to be around 1000 B.C.
Despite the inaccurate description, the Hindus appear to
have been the first succesful surgeons of cataracts. Dutt
said, "India is the land of cataracts, no wonder that the
first operation for cataract was devised and performed in
India".
Hippocrates, the father of medicine (406-377 B.C.),
who did not know of the crystalline lens, considered the
eye ball to contain "water" only. This "water", originating from the brain, was considered to be the photosensitive substance.
The first scientific approach, based upon dissection
of animal eyes, is described by Aulus Cornelius Celsus, a
Roman, in the first century A.D. In "De Medicina" he describes the lens as consisting of a "drop of humor", resembling the white of an egg and as the seat of the faculty
of sight. In certain cases a thick humor flows in front of
the lens, causing a cataract. The surgical treatment was
depression of this hardened humor, in fact depression of
the entire lens, into the eye-ball. This originally Alexandrian anatomy of the eye was the source for the ophthal-

6

mologists during the Arab period.
Since the Mohammedan religion prohibited dissection,
active investigation was impossible. The Arab ophthal
mologists therefore inevitably made the same mistake as
their Greek predecessors namely that the lens is placed
in the middle of the eye ball. Nevertheless they developed
an other method of removing the lens in case of cataract,
with a hollow needle, considering it an accumulation of
"water" (cataract * waterfall = καταρρακτ

) . The Arabs

protested against the old Greek theory of the "emanation"
according to which the eye emits small vision particles.
The famous Ibn al-Haitham leaves no doubt as to his ideas:
"vision is accomplished by rays coming from external ob
jects, entering into the visual organ".
In Europe the ideas of the Arabs, and hence of the
Greeks, were copied. Vesalius (1543), the "reformer of
anatomy", shows in his plates the same old error; that the
lens is placed in the center of the eye. Not until about
1600 better views on the internal structure of the eye were
introduced by d'Aquapendente and Scheiner after dissection
of the eye. Their drawings show for the first time the lens
directly behind the iris. Platter (1583) took away the
photoreceptor role of the crystalline lens, postulating a
purely physical role of the lens. The photoreceptor was
the retina, the lens was just a "spectacle of the optic
nerve". Kepler (1604) used this concept to point out that
the lens produced a real, clear, but inverted image on the
retina. The theory of cataract changed as a result. In 1745
the French oculist Daviel published the first description
of the extraction of a cataractous lens through the pupil,
out of the anterior chamber.

7

Two features of the lens had become evident: transparency and refractive power, both necessary for the formation of an image on the retina.

Structure of the lens
The lens is an avascular tissue, surrounded by a
capsule, composed of an outer, single layer of epithelial
cells, a zone of differentiation composed of cells which
are developing into fiber cells, and fiber cells in the
inner part of the lens (Fig. I).

Figure 1

8

Figure 1.
A composite drawing of the lens, epithelium, cortex and
capsule. A; cross-section of the anterior central lens
epithelium cells, B; the germinative zone, C; the equatorial
zone. At the equator dividing cells are seen elongating to
form fiber cells, displacing earlier formed fiber cells
into the lens, e; cross section of newly formed fiber cells.
Older fiber cells have lost their nuclei, d; the lens capsule, f; the zonular fibers, keeping the lens in the right
position, g; pericapsular lamellae of the lens.
(From Hogan et al.)

The epithelial cells can be divided into two classes:
cells having a high rate of mitosis found in the germinative zone of the epithelium, and cells with a low mitotic
rate in the central region of the epithelium. The mitotic
activity diminishes with age and mitosis becomes negligible in the central zone. At the equator the dividing
cells are elongating to form lens fiber cells, displacing
earlier formed fiber cells into the lens. In this process
the cells lose their nulei (Fig. 2 ) .
After the formation of the early embryonic lens, fiber
cell formation continues until the end of life, although
the velocity decreases. So the main part of the lens is
composed of fiber cells, layer upon layer.
It should be stressed that even in the adult lens
the fiber cells formed during embryonic growth are still in
the nucleus of the lens and form the central part of the
nucleus. Newly formed cells are laid down systematically
around these cells (Fig. 3). Thus the lens is a unique
tissue as the entire history of its growth is preserved
in it.

Figure 2
Light micrograph of the equatorial lens, a; capsule, b;
the cells of the germinative zone, c; the beginning of
elongation.
(From Hogan et al.)

posTtmcm CAPSUL£

Figure 3
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Figure 3.
Drawing of the embryonal and adult lens. The nuclear zones
of the different stages are shown schematically, as well
as the thickness of the capsule in the various zones.
(From Hogan et al.)
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CHAPTER III
THE DISTRIBUTION OF THE SOLUBLE PROTEIN IN THE CALF LENS
INTRODUCTION

Several reports have appeared on the composition of
the soluble protein fraction from the bovine eye lens and
many techniques have been applied to fractionate these
proteins. The lens itself was separated into epithelium,
cortex and nucleus. Few investigators subdivided the lens
cortex to obtain information on the processes of develop
ment in the lens.
Krause

separated the lenses of one year old calves

into 6 fractions, disintegrating 200 lenses using a step
wise dissolving technique. After precipitation of the
proteins, the distribution of nitrogen in the lens frac2 3
tions was determined. Bon ' compared extracts from cow
nucleus, cortex and whole lens by means of analytical ultracentrifugation. Quantitative data of only the cortical ex
tracts were reported. Soluble proteins from cortex and
nucleus were studied by free electrophoresis and zoneelectrophoresis, after DEAE~cellulose chromatography by
4 5
Papaconstantinou et al. ' . N o quantitative information
was given on the distribution of the crystallins in cortex
and nucleus of the adult bovine lens. Papaconstantinou
reported the absence of γ-crystallin in calf lens epithe
lial cells. Rabaey '

used paper electrophoresis to study

the relative distribution of the crystallins in nucleus
and cortex and he compared the patterns obtained from the
lenses of a great many animals. Agar gel electrophoresis

12

was used by Manski et al.

to study nuclear, cortical and

whole lens extracts. Remarkable differences in soluble
protein content were reported and discussed. BjSrk

could

report different ratios of two ex-crystal lins separated on
DEAE-cellulose in extracts from cortex and nucleus from 3
months old calf lenses. Testa et al.

used gel filtration

on Polyacrylamide gels for the separation of the soluble
proteins from cortex and nucleus of calf and cow lenses.
In extracts from calf cortex and nucleus and from cow
cortex four fractions were resolved, whereas only three
fractions were found in cow nucleus extract. Remarkable
changes in the ratios of the proteins from the several
fractions were reported. Newsom and Hockwin

calculated

the relative percentages of 11 protein fractions, separated
on DEAE-cellulose, obtained from whole lens, cortex and
. 12
nucleus of calf and ox. Cobb and Koenig
compared the
patterns obtained by free electrophoresis and sedimentation
analysis of extracts from nucleus and cortex of cow lenses.
In additional papers they reported results obtained with
13
14
lenses of several mammals
and vertebrates . The electrophoretic patterns were found to be characteristic of the
12
distinct lens fractions
as well as of the age of the
14
13
animals

and the order of mammals

. On basis of the elec-

trophoretic patterns,the relative distribution of the lens
proteins was calculated.
Most of these authors discriminate between cortex and
nucleus. They sometimes include epithelial cells in their
studies. Actually, the lens shows a multi-layered structure.
The lens epithelium produces new fiber cells throughout the
entire life span. The new fiber cells are laid down syste-

13

matically and the older ones are forced into the center of
the lens. For this reason Dohrn

withdrew five to twelve

samples at convenient distances along the radius of various
lenses and electrophoresed these tissue samples. No quantitative results however were given in her paper.
The purpose of the present investigation was the
determination of the distribution of the soluble proteins
in nine concentric fractions of the calf lens: the epithelium, seven cortex layers and the remainder, the nucleus. Moreover the activity of the most prominent protease
present in the lens, leucine aminopeptidase, was determined
in all nine lens fractions. For an adequate evaluation of
the results the extinction coefficients of the various
crystalline were necessary and were determind. In addition
the UV absorption spectra of the crystalline were recorded
because they showed characteristic features.

MATERIALS AND METHODS

Preparation of the lens layers and extracts
Fresh lenses of approx. 14 weeks old calfs, obtained
from the local abattoir, were wrapped in aluminum foil and
frozen by dipping them in a mixture of acetone and dry ice.
On thawing the lens capsule with firmly attached the epithelium cells

was removed as the first sample. Pools of

50 lens-capsules were used in each epithelium experiment to
provide sufficient protein for analysis. In all other experiments one layer contained enough protein. Thawed layers
of approx. i mm thickness were scraped off to obtain the

14

seven next samples. As all lenses used had an initial dia
meter of about 15 mm, after isolation of the first eight
samples about 15 % of the lens was left. This was called
the nuclear sample and used as a whole without further
mechanical fractionation. The isolated samples were stirred
gently in 3 ml 0.1 M Tris-HCl buffer pH 7.3 for 180 min
at an ambient temperature of 4

С

The homogenates were

clarified in a Sorvall preparative centrifuge with an
SS-34 rotor for 20 min.

Gel chromatography of the soluble lens proteins
Initially a column filled with agarose A-5m (Bio-rad)
was used for chromatography (ref 16,17 and chapter 7).
In later experiments we used a column filled with A-5m and
A-0.5m with better results. A Boehringer (Mannheim, GFR)
column system was used: the upper half (50 cm) was filled
with A-5m and the lower half (50 cm) with A-0.5m. The
column was equilibrated with 0.1 M Tris-HCl pH 7.3. The
column was loaded with about Ij ml of each sample extract.
Small fractions of 50 drops were collected and the absorbancy was measured in a Zeiss PMQ II spectrophotometer.
The area under the peaks was determined either with the
help of a curve-fitting computer programm or manually with
a planimeter. All determinations were made in triplicate.
Results from both methods agreed well.

15

Leucine aminopeptidase (E.C. 3.4.J.1.) activity determination
The leucine aminopeptidase activity was measured in the
extracts of the lens layers using the method described by
18
Nagel et al. . The test kit was purchased from Boehringer
Mannheim.

Determination of the extinction coefficients from the crystallins
The extinction of an about 0.1 % solution of the proteins was measured in a Zeiss PMQ II spectrophotometer at
280 nm. These solutions were used for protein determinations
19
.
.
according to Lowry et al.

, and with the amino acid ana-

lyzer. In addition, the protein content was calculated on
basis of an elemental analysis in combination with the
results of the amino acid analysis.
Other determination methods
Phosphate was determined according to Fiske and SubbaRow
.
. The nitrogen content was determined following the method
21
of Berthelot .
20

Amino acid analyses were performed on a Beekman Multichrom,
using a single column system.
UV spectra of the crystalline were recorded with a Zeiss
RPQ 20 spectrophotometer.

16

RESULTS

Distribution according to size
Examples of elution patterns of the lens sample extracts
are given in Fig.I.
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Figure 1
Gel chromatography of calf lens cortex layer extracts on
Bio-gel A-5m equilibrated with 0.1 M Tris-HCl buffer,
pH 7.3. A/ layer IV; B/ layer nu.

The soluble proteins from each part of the lens showed typi
cal elution profiles. Gradual alterations between the nine
successive layers were observed. The first peak eluted
represents very high molecular weight material. In the first
three samples this is non-protein material as was demonstra
ted by the unspecific UV absorption spectra. In contrast,
the other six samples contain high molecular weight mate
rial ( HM) which shows a high degree of similarity to acrystallin on gel electrophoresis and isoelectricfocusing
in the presence of 6 M urea as well as a similar UV absorbtion spectrum (fig. 2a). Sedimentation velocity experi
ments revealed that this material is heterogeneous. The
second peak comprises a-crystallin. Some features of the
materials isolated from this peak were previously des
cribed (ref. 16,17 and chapter 7 ) . Both the proportion of
High Molecular Weight Material (HM) and a-crystallin show
remarkable changes with sample number (Table I, fig. 3 ) .
The sum of the proportions of HM and a-crystallin is about
constant throughout the whole lens at a value of approx.
40 %.
The third and fourth peak contain 3-crystallins with
higher and lower molecular weights respectively, according
10
22
to Testa et al.

and De Groot et al.

. The UV absorption

spectra of both protein fractions are similar (fig. 2b).
The lower molecular $-crystallins (β.), are shown to be
present mainly in the younger layers of the lens, the
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Figure 2.
Absorption spectra of the crystallins. The absorption was
recorded on a Zeiss recording spectrophotometer RPQ 20.
A/ct-crystallin; В/8-crystallin; C/y-crystallin.

Table I.
Distribution of the soluble proteins in calf lenses. The
relative quantities are shown on the weight basis. Determi
nations were made by measuring the surface under the peaks
of the elution patterns. The data obtained were corrected
with a factor corresponding to ratio of the extinction
coefficients of the crystallins as given in table II.
If we take A = I, these factors are for the β -, β - and
γ-crystallins, 3.0, 2.7 and 2.7, respectively.

Table I
Protein content in % of the total for:

Sample

HM

α

ct+HM

e

h

h

ß

h+l

γ

EP

-

49.0

49.0

15.7

32.9

48.6

-

II

-

40.6

40.6

14.8

25.6

40.4

18

III

-

39.6

39.6

13.9

25.2

39.1

18

IV

2.4

36.3

38.7

16.6

23.6

40.2

20

V

2.8

38.8

41.6

16.6

21.8

38.4

19

VI

2.2

36.4

38.6

23. 1

21.1

44.2

17

VII

2.7

36.4

39.1

21.5

20.4

41.9

19

VIII

5.1

35.0

40.1

21.0

18.5

39.5

21

12.6

29.5

42.1

29.5

14.9

44.4
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Figure 3.
Distribution of the crystallins in the bovine lens. One lens
was separated in nine concentric layers. Extracts of these
layers were chromatographed. The surfaces under the peaks
of the elution profiles were measured and the relative pro
tein contents calculated. At least three determinations are
made (c.f. Table I ) .
proportion decreasing strongly towards the nucleus, where
the higher molecular 0-crystallins (β, ) are more numerous.
η

It is striking that also for the group of ß-crystallins,
the sum of the proportions in each lens sample is almost
constant, υ-cz« about 40 %.
The fifth peak contains in part the γ-crystallins.
From the extracts of the two outer cortical layers small
amounts of non-protein material are eluted with the γ

22

-crystallins, as is clearly shown by differences in the UV
absorption spectra differing from the characteristic γ-crystallin spectrum (fig. 2c). The epithelium extract, although
producing a peak in the γ-crystallin region, apparently does
not contain γ-crystallin, or only trace amounts originating
from contaminating cortex cells, as is indicated by both the
UV spectra and by immunoelectrophoresis (fig. 4 ) .

Figure 4
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Figure 4.
Imminoelectrophoresis pattern of an extract of epithelium
cells. The antiserum was made against the pool of soluble
lens proteins, ot-crystallin, ß-crystallin and γ-crystallin
(-ΤΙ,,-α,-β,-γ) respectively. Electrophoresis was according
to the micro-modification of Scheidegger
using LKBapparatus. Per hole 2 μΐ of 5 % protein solution was applied.
Electrophoresis was performed at 6 V/cm and 4 mA per slide
for 3 h. After 16 h of diffusion against the anti-serum the
photograph was made with darkfield illumination.

Immunoelectrophoresis reveals only a very faint precipitin
arc in the γ-crystallin region. The protein proportions
of the contaminated γ-crystallin peaks, isolated from samples
II and III, were determined with the method of Lowry et al.
19
. A rough identification of the co-eluted material was
attempted. It had a nitrogen content of about 9 % and a
phosphorus content of 0.01 %. The UV absorbtion spectrum,
having a shoulder at 290 nm, and a nearly horizontal line
between 280 and 250 nm suggests that protein is almost ab
sent and the presence of a mixture of lower molecular weight
materials, required for the synthetic activity of the cells
in the outer part of the lens.
Extinction coefficients of the crystallins
Table II shows the results of the determination of the
extinction

coefficients, using different methods. The

results agreed well, except for the Lowry protein determi
nation of the ß-crystallins. All determinations were performed at least in duplicate and the anomalous behaviour of
the ß1-crystallins in the Lowry determination proved reproducible. Incomplete unfolding of the protein in the buffer
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system used can not explain this phenomenon, as this would
lead to a lower protein content.

Table II.
1%
Determination of the A 7 R n of the crystallina of calf lenses.
Methods as described in the text.
Protein

A00_

Protein content determined by:
.
.
amino acid elemental Lowry
Average
analysis
analysis

1Ζ
Α7„

a

0.863

0.976

1.140

1.000

1.039

8.30

3h

0.698

0.263

0.293

0.291

0.282

24.75

ß1

1.110

0.482

0.512

0.856*

0.497

22.33

γ

0.824

0.340

0.406

0.345

0.364

22.64

data not used.

Leucine aminopeptidase activity
In all cortical and nuclear samples activity of the
most prominent peptidase of the lens was found. A gradual,
significant change in activity, expressed as wU/mg protein
is observed (Table III). In the epithelium cells no acti
vity could be detected.

Table III
Activity of leucine aminopeptidase in eight lens samples
expressed in pU per mg protein and as percentage of the
total activity found in one lens. Only one lens was used
for each experiment.
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Table III.

fraction

lens !2

lens :1
μυ/mg

%

yU/mg

lens 3
%

yU/mg

avérai
%

%

II

254

9.4

446

13.9

282

10.9

11.4

III

480

18.0

457

14.3

567

22.0

18.1

IV

556

20.7

700

21.9

660

25.6

22.7

V

459

17.1

575

18.0

352

13.6

16.2

VI

300

11.2

273

8.5

351

13.6

11.1

VII

322

12.0

350

10.9

156

6.0

9.7

Vili

154

5.7

240

7.5

140

5.4

6.2

nu

157

5.8

160

5.0

76

3.0

4.6

DISCUSSION

Proceeding from the surface to the center of the lens,
one passes from protein synthesized recently, through
earlier synthesized regions to protein synthesized in very
early stages of life. In the present study we determined
the crystallin composition of sequential concentric layers
and were thus able to get an idea of the relative quantities of protein synthesized during the life time of the
lens. However one must keep in mind that aging processes
are superimposed.
As the technique of molecular sieving was used for the
separation of the soluble lens proteins, it is difficult
to compare our results with those of investigators applying different techniques. Separation on basis of charge of
the proteins results in approx. 10 fractions (ref. 11
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amongst others). On basis of the molecular weights a separation in 5 fractions is possible and results in a highmolecular weight fraction, one a-crystallin, two ßcrystallin and one γ-crystallin fraction. A comparison of
the various lens layers is well possible in this way.
Using our very mild technique of dissolving, about 30 %
of the wet weight of the lens turned out to be soluble
protein, in agreement with the percentages reported for
.,
.
26,27 D .
._
..·
24
1£25
calf
and human lenses
. Palmer and Papaconstantinou
homogenized their lenses mechanically, other authors apply
a similar destruction of the lens cells prior to isolation
28
of the lens proteins. Crystallins attached to membranes
could be loosened by this procedure. Our procedure, we
suppose, circumvents this. Only the water-soluble, not
membrane-bound proteins are isolated. The albumoid fraction
is negligible in the 3 months old lenses used.
A gradual decrease of the a-crystallin proportion of pro
tein from epithelium to nucleus (Fig. 3) as reported by
Rabaey '

could be confirmed. This decrease seems to be

balanced by an increase in the content of High Molecular
Weight material. The same holds for the ß-crystallins:
the proportion of the lower-molecular weight fraction, B, »
decreases from the epithelium to the nucleus, whereas an
increase of the higher-molecular weight fraction, 3. , is
5
found. Papaconstantinou showed the absence of γ-crystallin
in the epithelial cells of adult bovine and calf lenses.
We could confirm this finding with respect to our calf
lenses. In the more interior layers of the lens the γcrystallin content is fairly constant at a level of approx.
20 % and only in the nucleus is a slightly higher proportion

found. This agrees well with our finding (comp. Chapter I1
:hat in the first months of prenatal life the B-crystallii
ire only minor components of the lens.
fithin the period between conception and 4 months after
jirth, the synthesis of eye lens proteins apparently did
lot reach a point after which the lens synthesizes these
jroteins in a relatively constant ratio. A rough classifi:ation into three main classes, of which the first one
:omprises the high-molecular weight material and a-crysta'
Lin, the second one the ß-crystallins and the third one tl
f-crystallins, results in almost constant proportions of
these three classes in all lens layers. This means that
luring the investigated life span of the lens cells, equa
aroportions of each main class of lens proteins are synth«
sized. During aging a continuous transition from the lowei
to the higher-molecular species appears to take place.
)ne wonders which factors might influence this process.
JOr a-crystallin this might be the appearance of the A
and В

polypeptides, which are absent in de a-crystallin

isolated from the outer layers of the lens (ref.17, chap
ter 7 ) . In a-crystallin isolated from very young fetuses
29
30th polypeptides are also lacking . In the middle of th<
lens cortex (sample 5) both polypeptides are present and
the sedimentation coefficient of a-crystallin increases ii
the more interior samples (chapter 7 ) . In addition, highnolecular weight material is formed. This material might
«fell be an intermediate step in the formation of albumoid
«rtiich strongly resembles a-crystallin

'

. Preliminary

experiments have shown the existence of particles with
sedimentation values of about 150 and 50 S in this frac-
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tion (F.S.Μ.ν.Kleef, unpublished results), suggesting such
an intermediate role. An analogous shift is detected for
the ß-crystallins, where the content of the lower molecular
species becomes smaller while the higher-molecular forms
become more numerous in older lens layers. For the two
classes of 3-crystallins, only small differences in polypeptide composition are found (P.Herbrink. of this laboratory; unpublished results). On basis of these data we tend
to conclude that, with exception of the very first stages
of lens protein synthesis, viz. in epithelium and young
embryo lenses, the crystallins are synthesized in a constant
ratio. It appears that only as a result of aging are
changing ratios found.
The activity of leucine aminopeptidase in the lens was
found to be highest in that part of the lens where the last
synthetic activity is suggested to take place

'

. This

points to a role for this enzyme in the destruction of the
synthesizing apparatus. The a- and ß-crystallins are protected against attack by the enzyme as the N-terminal
amino acid is acetylated. It may be that the residual
activity found in the more interior lens layers plays
a role in the destruction of otherwise harmed structural proteins.
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CHAPTER IV
THE SOLUBLE PROTEIN IN THE PRENATAL BOVINE LENS
INTRODUCTION

Development and differentiation of cells have fascinated many investigators. The eye lens in particular has been
subject of many studies. The very first stages of lens
development have been described extensively on basis of morphological and immunochemical studies (see for survey ref.
1). For most studies chicks, rats or frogs are used. Reports on the soluble lens proteins of embryos and fetuses
2
of mammals are not numerous. Sauer found a rapid increase
of ß-crystallin in pig lenses in the early embryonic stages.
3 4
Bovine lenses were studied by Rabaey ' , by means of paper
electrophoresis. The results obtained indicated that in all
embryos and fetuses larger than 7 cm, until birth, the
relative contents of the three protein fractions were constant. Papaconstantinou

concluded, on basis of chroma-

tographic experiments, that γ-crystallin synthesis is
associated with the differentiation of lens cells, i.e.
can be found in embryonic lenses and fiber cells and will
be absent in epithelial cells. This is in contrast to the
findings of Cristini and Negroni

who reported, on the

basis of starch gel electrophoretic patterns of cortex and
total lens extracts in 7 M urea, the absence of γ-crys
tallin in the adult cortex. According to the latter authors
γ-crystallin should be characteristic for the embryonic
and fetal stages of the lens. Negroni and Barbieri
Negroni

and

describe a fetal a-crystallin with a sedimentation
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coefficient of 14.0 S. In addition, Negroni

describes

an increase in protein content and weight of prenatal
bovine lenses, as a function of age.
4
Immunological experiments by Rabaey showed that a-crystallin is one of the first structural proteins synthesized
in embryonic lenses of the golden hamster. This a-crystallin differs from the adult a-crystallin in its electrophoretic mobility. For the golden hamster as for other
Rodentia, the mobility of the embryonic a-crystallin was
higher. For bovine a-crystallin the opposite phenomenon
is observed. Mehta and Maisel

confirmed the latter ob-

servation by means of Immunoelectrophoresis and cellulose
acetate electrophoresis. They also report a different
polypeptide composition for embryonic and adult a-crys4
tallm, as described earlier by Rabaey and confirmed by
11 12 13
several authors * ' . Van Kamp et al. were able to
demonstrate the presence of specific polypeptides in a14
crystallin of bovine embryos
The aim of the present investigation was to determine changes in weight, protein content and protein composition as well as leucine aminopeptidase activity in
bovine embryonic and fetal lenses as a function of age.
In addition, the changing polypeptide composition of acrystallin was studied.
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MATERIALS AND METHODS

Preparation of lens extracts

Bovine embryos and fetuses were collected at the local
slaughter house. Immediately after death of the cow, the
fetus or embryo was removed and stored frozen at -20

С

Animals with an age ranging from 6 weeks after conception
to 9 months (shortly before birth) were collected. Before
use the lenses were removed from the eyes, weighed and the
diameters were measured. After removal of the capsule with
the epithelium, the lenses were stirred gently in 2 or 3
ml (depending on the weight of the lens) 0.1 M Tris-HCl
buffer, pH 7.3, for 3 h. In the case of a very young animal
both lenses were dissolved together. In all other experi
ments only one lens was used. The extract so obtained was
clarified in an MSE table centrifuge for 20 min at 4000
rpm.

Analysis of the extracts

In the opalescent solution of the soluble lens pro
teins, protein content was determined according to Lowry
et al.

. In addition, the activity of leucine aminopepti-

dase (E.G. 3.4.1.1.) was measured using the method of Nagel
et al.

. A test kit was purchased from Boehringer Mann

heim (GFR). Finally the extracts were compared immunoelectrophoretically, following the method of Scheidegger
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Gel chromatography of the soluble lens proteins

Chromatography was carried out on an agarose (Biorad)
column. A combination of A-5m and A-0.5m revealed a better
separation, especially of the ß-and γ-crystallins, than
18
a column containing only A-5m as described before
A Boehringer column system was used: the upper half (50
cm) was filled with A-5ra and the lower half (50 cm) with
A-0.5m. The column was equilibrated with 0.1 M Tris-HCl,
pH 7.3. The column was loaded with about 1 i ml of each
extract. Fractions of 75 drops were collected. The flow
rate was 0.32 ml per min, maintained constant with a
Cenco peristaltic pump. The effluent was monitored con
tinuously with a LKB Uvicord II absorptiometer. The
absorbancy of the fractions was measured at 280 nm in a
Zeiss PMQ II spectrophotometer. The area under each
peak was measured with a planimeter.

Analysis of the eluates

UV absorption spectra of the top fractions were re
corded between 320 and 205 nm with a Zeiss RPQ 20 spectro
photometer. The top fractions of the a-crystallin con
taining peaks were used for ultracentrifugai analysis,
gel electrophoresis and isoelectric focusing. The other
fractions were pooled, dialyzed against demineralized
water or desalted on a Sephadex G 25 column, equilibrated
with H_0, and lyophilized.
Ultracentrifugai analysis was with a Spinco E analytical
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ultracentrifuge, equipped with an UV absorption scanner
20
Gel electrophoresis was according to Bloemendal . Gels
were scanned after staining with amido black on a Gil
ford spectrophotometer.
Isoelectric focusing in 6 M urea was according to the
. .
14
previously described modification
of the method of
21
Wrigley : 2.92ml 1% Ν,Ν,Ν'.N'-tetramethylethylenediamine, 10.98 ml acrylamide-bisacrylamide solution (30%
and 0.8% w/v, respectively), 1.10 ml ampholyte (pH 5-8),
16.2 g urea and 18 mg dithioerythreitol (DTE) were mixed
and water was added up to a final volume of 45 ml. After
deaeration, 3 ml 1% (w/v) persulphate solution was added.
Before and after mixing, the solutions were cooled in ice;
the mixture was poured carefully into glass tubes (150x
4 mm). After polymerization, the gels were prerun during
1 h at 350 V after application of an ampholyte layer on
top of the gels. This layer contained 0.25 ml 40% ampho
lyte (pH 5-8), 500 mg sucrose, 4 mg DTE, 3.6 g urea and
water to 10 ml. The anodic vessel was filled with 0.2%
sulphuric acid, the cathodic one with 0.4% ethylenediamine. Protein was added in a solution containing 5 mg pro
tein, 100 mg sucrose, 360 mg urea, 0.4 mg DTE and water
up to 1.0 ml. 10 microliter of this solution was used.
Electrofocussing was completed in 4 h at 350 V.

Dark-light experiment
To check the influence of light on the polypeptide
composition of a-crystallin, lenses of two embryos of dif
ferent age were dissected in the dark. One lens of each
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animal was analysed as above in a dark room. The other lens
from each animal was illuminated in the cold room, for 24
hours, with a Camag (Switserland) UV lamp, type 29200,
at 254 nm. After this treatment, all analyses were performed in normal room light.

RESULTS

Protein content

In the extract of each lens the protein concentration
was determined. It shows a gradual increase with age, as
does the lens weight and both diameters. Remarkable, however, is the low relative protein content of the very young
lenses, which increases until an age of about 7 months,
after which a constant level is maintained of approx.
30%. (Table I and II, Fig. 1 and 2).

Leucine aminopeptidase activity

The activity of leucine aminopeptidase, expressed as
yU/mg protein present in the lens decreases with age, but
in the very young lenses no activity was detected (Table
III).
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Table I.
Weight and diameter of embryonic and fetal calf lenses.
Age was determined according to the description of Zietzchmann-Krilling
and a Table given by Prof, van der Kaay
(Utrecht).

Age

months

number of
determin.

H

12

50
190
280
330
470
600
640
730

4
5
4
3
3
2
3

2І
31

M
H

Ь\П

Ά
81

\ we ig]ht
I (m¿)
700

Оіат.+ S.D.
med.-lat.

weight
mg+ S.D.
+ 10
+ 30
+ 30
+ 30
+ 20
+ 20
+ 10
+ 30

τ

3.2
7.0
8.0
9.5
10.9
12.1
11.7
13.0

1

1

+ 0.3
+ 0.2
+ 0.4
+ 0.7
+ 0.3
+ 0.3
+ 0.2
+ 0.1

1

(mm)
ant.-post
N.D.
3.9 + 0.2
5.5 + 0.3
7.1 + 0.3
7.1 + 0.4
7.3 + 0.4
7.9 + 0.2
8.1 + 0.1

1

г

diameter •
(mm)
14

600

12

500

10

400

8

300

6

200

4

100

2
0

0
О

1

7
θ
9
—> age (months)
Figure 1

Weight and d i a m e t e r s of p r e n a t a l b o v i n e l e n s e s as a f u n c 
t i o n of a g e , (compare t o Table I ) . . — . , w e i g h t ; χ — χ ,
a n t e r i o r - p o s t e r i o r diameter: о — о , m e d i a l - l a t e r a l diameter.
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Table II.
Weight and soluble protein content of embryonic and fetal
calf lenses.
Age
months

number of
determin.

u

8

2*
34
41
5J

4
3

2
3
3
2
3

6J/7

71
81

w e i g h t of
о lens
weight
mg+ S.D.

soluble protein content
mg+ S.D.
%

48
190
280
330
470
600
640
730

5.0
37.6
62.9
87.4
126.6
182.3
185.1
223.5

+5
+ 30
+ 30
+ 30
+ 20
+ 20
+ 10
+ 30

soluble
protein
(mg)

—

—

-

-

*

•

+ 0.2
+ 5.8
+ 8.1
+ 1.0
+ 6.2
+ 8.4
+ 7.0
+ 12.6

"

-¡ % protein f
i of total
I
lene weight

"

- 25

200
160

10.4
19.8
22.5
26.5
26.9
30.3
29.0
30.6

г

9

- 20

У

120

15

60

- 10

40

•

0

•

I

1

7
8
9
-> age (months!

5
0

Figure 2
Absolute and relative soluble protein content of prenatal
lenses, (compare to Table II). о — о , absolute soluble
protein content; . — . , relative protein content as % of
total wet lens weight.
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Table III.
Activity of leucine aminopeptidase. In the extracts of
complete prenatal lenses the activity of leucine aminopeptidase was measured. In lenses younger than 3 months
no activity could be detected. Activity is expressed as
yU/mg protein present. Protein content was determined
according to Lowry et al.15.
Age
(months)
3
A
5
5J
6
6¿
9

activity yU/mg protein
122
95
101
106
98
88
78

Gel chromatography of the soluble lens proteins

Chromatography of the extracts of single lenses (both
lenses in the case of a very young embryo) gave very reproducible elution patterns, especially when we used a
combined A-5m/A-0.5m column system. The soluble proteins
of each age showed typical elution profiles. A gradual
alteration, with lens age, was observed in the contents
of the crystallins (Table IV, Fig. 3 ) . In younger lenses,
up to approx. 3j months, only four peaks are eluted (fig.
4). The first peak contains ot-crystallin. The second and
third peaks contain (3-crys tal lins with higher and lower
molecular weights respectively. The fourth peak contains
γ-crystallin. In older lenses, a fifth peak is eluted in
front of the a-crystallin peak (Fig. 5 ) . This peak contains
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Table IV.
Distribution of the soluble proteins in embryonic and fetal
calf lenses. The areas under the peaks eluted from the
molecular sieving column were measured; the values obtained
were corrected with a factor corresponding-to the ratio of
the extinction coefficients. If we take А 9 Я П of a-crystallin equal to 1.00, these factors are for Ene highest mole
cular ß-crystallin (β.) : 3.0; for the lower molecular
$-crystallin (β..) : 2.7 and for γ-crystallin : 2.7.

Age

U
21
3*

41
5І
61/7

71
81

number of
deterrain.

2
4
2
2
3
3
3
3

% of the crystallin +^ S.D.
ß
H.M.
α
h
61.8+0.7

8.3+0.6

β

1

Y

8.5+0.1 21.3+0.2

52.0+4.2 14.6+4.8 10.5+0.8 22.9+2.3
34.8+0.3 17.5+1.0 14.1+0.5 32.4+2.0
0.5+0.4 30.3+0.3 25.3+1.0 10.8+0.5 31.9+2.0
0.8+0.6 34.4+5.1 24.9+0.6 14.3+0.7 25.6+4.1
2.0+0.4 44.1+1.9 18.7+3.6 12.4+0.7 24.0+1.4
4.2+1.4 34.5+2.0 24.2+1.8 17.3+3.2 21.9+1.2
4.5+0.5 34.3+1.8 22.8+0.5 14.6+0.4 23.9+0.6

high-molecular weight material which shows a high degree of
similarity to a-crystallin, viz. it has the same characteris
tic UV absorption spectrum and shows the same pattern on iso22 23
electric focusing in 6 M urea

'

. The content of this high-

molecular weight component increases only slowly. The very
high content of a-crystallin in the very young lenses ex
ceeding 60% at an age of 1) month is remarkable. At this age
ß-crystallins are scarcely represented, and the γ-crystallin
content is 21%. In older lenses, the content of a-crystallin
decreases very fast until a constant content of approx. 35%
is reached at an age of ЗІ months. The inverse phenomenon is
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Figures За and 3b
Distribution of the crystallins and the high molecular weight
fraction (HM) in prenatal bovine lenses.
a) .—., a-crystallin; о—о, γ-crystallin; χ—χ. HM·
b) . — . , 0,-crystallin; o—o, ß-crystallin; χ—χ. 0 - + 0,^ 11 · h

crystallin.
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Figure 4
Elution pattern obtained on chromatography of an e x t r a c t
of lenses from an 8 weeks old bovine embryo.
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Figure 5
Elution pattern obtained on chromatography of an e x t r a c t
of one lens from an 8 months old bovine f o e t u s .

observed for the ß-crystallins, the content of which increases up to an age of approx. 4 months. Their total content is then approx. 40%, which is the same as found in
22
the cortex of post natal lenses . The content of γ-crystallin does not change tremendously as was inplied by
earlier publications (See for review ref 4 ) .

Immunoelectrophoresis of the soluble lens proteins

Immunoelectrophoretic analysis of the lens extracts
revealed an increasing complexity of the developing lens.
The 3 months old lens shows only one sharp precipitin arc
for a-crystallin. Only relatively faint arcs are found
for β- and γ-crystallin (Fig. 6 ) .

Figure 6
Immunoelectrophoresis of extracts from prenatal bovine
lenses. The antiserum was against the soluble proteins of
postnatal, 3 months old, bovine lenses. Age of the lenses
was in months: a, 3; b, 4; c, 5; d, 6, and e, 9. After 16 h
of diffusion the photographs were made with dark field il
lumination.
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In the 4 months old lens two pre-a-crystallin arcs, as
described earlier by van Dam

'

, are detected. More

over, the α-crystallin arc has broadened and the ß-crystallin arcs become more complex. In the 5 months old
lens an additional sharp band in the 0-region arises,
25
(band 3~ according to the nomenclature of van Dam ) .
2c
In older lenses, the β- and γ-crystallin regions become
still more complex and at an age of 9 months a second
arc is found on the 3„ -place.
Lc

Analysis of the eluates

Fractions of highest concentration from each of the
crystallin-containing peaks were analyzed for their UV
absorption spectrum. The same spectra as obtained for
crystalline of postnatal lenses were found. Fractions con
taining highest concentrations of ot-crystallin were ana
lysed in the analytical ultracentrifuge. The results are
given in Table V. There does not seem to exist a direct
relation between age and sedimentation coefficient of the
a-crystallins, although for the youngest lenses analysed
a rather low value of 16.6 s is found.

Electrophoresis and isoelectric focusing in Polyacrylamide
gels

As described m

a preliminary report

14

remarkable

changes occur in the polypeptide composition of ot-crystal
lin as the lens matures from an embryonic to a post natal
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Table V.
Analyses of fractions of highest concentration eluted
from the mixed A-5m-A-0.5m column in the analytical ultracentrifuge. Only a-crystallin top fractions were analysed.
Age
(months)

Sedimentation coefficient

number of determin.

2J

16.6

1

3

16.5

1

ЗІ

17.1

1

4J

17.0 + 0.4

3

5

18.8

1

5$

18.9 + 0.5

2

6

16.5

1

6J

18.3 + 0.4

2

7

17.5 + 0.2

2

7J

17.3 + 0.3

3

8$

17.8 + 0.3

4

lens via a fetal stage. These changes could best be demon
strated using the technique of isoelectric focusing (Fig.7).
Two polypeptides, A

and Β , are always present and seem

to be "essential". In the early embryonic period two poly
peptides, designated A

and Β , which are specific for

that age are synthesized. Later on, at an age of 2£ months,
the В

polypeptide appears and 1 month later the first

traces of the A
6th month, the В
but A

polypeptide can be detected. After the
polypeptide can not longer be detected,

is still present. In the post natal lens (3 months)

only a trace of this A

polypeptide can be found. On

Д6

Βχ

Bi
B2

.
Figure 7
Isoelectric focusing of prenatal a-crystallins in 6 M urea
containing Polyacrylamide gels. The ages are, from left
to right: 6 weeks, 2|, 3|, 4i, 6{, and 8i months and 3
months after birth, for comparison. The pH gradient was
from 5-8 (bottom to top of the gel). Gels were stained
with Coomassie Brilliant Blue according to Malik and
Berrie

Figure 8
Electrophoresis of prenatal α-crystallins on 6 M urea
containing basic Polyacrylamide gels. From left to right:
6|, 3^ and 8i months old. For comparison postnatal acidic
and basic chains are shown.

urea gels, the same results as described by Schoenmakers
12
and Bloemendal
are found: until the fourth month of
prenatal life, only three polypeptides are detected and
A

is lacking. As the technique of isoelectric focusing

appeared to be more sensitive, no results of the urea
gel experiments are given except for a picture of the
gels for comparison (Fig. 8 ) .

Dark-light experiment

Gel chromatography of the dark- and light-treated
lens proteins did not reveal any differences in the elution patterns. Differences were found in the patterns
obtained on isoelectric focusing of the α-crystallins.
The light treated 6| months old lens did not show the
В

band while the "dark" lens did so. This phenomenon
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could not be detected in 8j months old lenses which lack
this polypeptide chain (Fig. 9 ) . No other difference was
detected.

Figure 9
Isoelectric focusing of a-crystallin from dark treated
and UV-illuminated prenatal lenses. From left to right:
a-crystallin from illuminated and "dark" 6| months old
lenses; a-crystallin from illuminated and "dark" 8i
months old lenses;a-crystallin from an untreated 8J
months old lens. Conditions as in Figure 8.

DISCUSSION

The increase of lens weight and absolute protein
content during prenatal life of bovine embryo and fetus
as a function of age is linear. This is in agreement with
3
9
the results of Rabaey

and Negroni

although the increase

which we find is not as sharp as found by Rabaey. We also
find a somewhat higher value for the weights of the very
young lenses. Remarkable is the increase in relative protein content observed during the first 7 months at which
age the postnatal level of approx. 30% is reached. This
might be explained by the relatively large number of
cells in the young lenses involved in biosynthesis and
the low number of "real" fiber cells, which have lost
their synthetic activity and contain structural proteins
only. The very young lens is almost a sphere. This sphere
is gradually transformed into a disc-like organ, in which
shape it functions in the optical system of the eye.
The diameter at the equator increases with a factor 4
within 7 months, whereas in the same time the anteriorposterior diameter increases only twofold.
Activity of leucine aminopeptidase, the most prominent peptidase of the eye lens, could not be detected in
lenses younger than 3 months. After that age it seems to
be synthesized at an initially high but later somewhat
decreasing rate, as the quantity present decreases. Only
very few information exists about how proteins are catabolized in vivo and even less about the reasons for their
breakdown. Slow irreversible denaturation enabling attack
by a combination of endo- and exopeptidases is often
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suggested. Thus, in the very young lenses there does not
seem to be any employment for these enzymes and perhaps
no noticeable denaturation of the lens proteins takes
place in these lenses.
For the separation of the soluble lens proteins we
used the technique of molecular sieving. The peaks eluted
could easily be characterized by their UV absorption
spectra (see chapter III). The spectra of the prenatal
crystallins did not reveal any differences with crystallins isolated from postnatal lenses. On basis of the elution profiles obtained the relative contents of the crystallins were determined. In very young lenses of approx.
6 weeks old a-crystallin appears to be the most prominent
one with a relative content of 62 %. This supports the
4
observation of Rabaey that ot-crystallin is one of the
first lens proteins in mammals. This relatively high content decreases sharply until at an age of approx. 4 months
a content of about 35 % is reached. This is also found in
postnatal lenses (See chapter III). Meanwhile the content of ß-crystallins, almost absent in very young lenses
(only 17 % ) , increases to a level of approx. 40 %. Remarkable is that the content of the lower molecular 0-crystallins ({$ ) increases only slowly during the whole prenatal period. On the other hand the content of the higher
molecular ß-crystallins (g, ) increases to a level of 25 %
h
at 5$ months and remains constant in the older lenses.
These results do not seem to point to a relation between
the higher and lower molecular weight 0-crystallins as is
suggested in chapters III and V. Our values for the
γ-crystallin content, in relation to those presented in
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chapter III do not support the opinion of Christini and
Negroni

that γ-crystallin is a purely fetal protein.

In contrast, an almost constant content is found. Papaconstantinou pointed out that initiation of γ-crystallin
synthesis is related to differentiation of the epithelium
cells into fiber cells . In very young embryonic lenses
all lens cells may be at the differentiating stage, thus
synthesizing γ-crystallin.
Immunoelectrophoresis also showed the increasing
complexity of the prenatal bovine lens as was reported
earlier by van Dam et al. (ref 26 and personal communi
cation). The 3- and γ-crystallins show only rather faint
bands in the young embryonic phase (approx. 3 months).
We may conclude that a-crystallin is the most pro
minent early embryonic protein in the bovine lens, that
8-crystallins are almost absent at this stage, but in
crease fast in relative content in later stages, and that
γ-crystallin is present in a relatively low proportion
at the early embryonic stage. It has to be mentioned that
2
.
.
.
.
Sauer found an identical rapid increase of g-crystallin
27
in pig lenses. In the lenses of chicken embryos Zuidweg
could demonstrate a-crystallin to be the most prominent
crystallin in the very early stages of development.
Isoelectric focusing revealed four polypeptides in
a-crystallin isolated from 6 weeks old lenses. Two until
now unreported bands are found, one in the acidic and
one in the basic region of the gel. In addition, the A 9
and B« chains are present. The latter ones seem to be
fundamental polypeptide chains. In later stages the poly
peptides A

and Β , which can also be detected in post

natal a-crystallin, gradually arise. The new polypeptides,
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denominated A
tures. The В

x

and В

χ

respectively, have different

ie&-

polypeptide disappears in age during pre

natal life and under the influence of UV light. Further
more it is absent in a-crystallin isolated from lenses
13
older than 6$ months. Palmer and Papaconstantinou
showed,
28
extended by experiments by Delcour and Papaconstantinou ,
3
by means of ( H)-leucine incorporation studies that the
В

polypeptide is a product of direct genetic translation.

To show this, a-crystallin was analyzed on basic Poly
acrylamide gels, not separating the В
Possibly not B. but В

and В

polypeptides.

is the primarily synthesized pro

duct that in older lenses is rapidly transformed into В .
New incorporation studies are required to elucidate this
question.
The presence of the A

polypeptide chain is not in

fluenced by UV light and it is present during the whole
prenatal life, but absent in a-crystallin isolated from
3 months old post-natal lenses. These observations are
strongly reminescent of the phenomenon of the fetal and
adult hemoglobin subunits. For the acidic polypeptide
chain A

another explanation might be that it is an inter

mediate deamidation step in the formation of A

from A ,

which differ from each other in the rate of amidation of
29
one (or more) glutamic acid residues
. Questions about
relations between the newly detected polypeptides and the
other post-natal polypeptides, can hardly be answered con
clusively as yet. Nevertheless, В
X

as well as A

seem to
X

be embryo-specific polypeptides. This opinion may be
supported by recent findings in our laboratory (van Kleef
and Liem-The unpublished results) that in a-crystallin
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isolated from nuclei of 6 years old cows and from old
rabbit lenses, 6 polypeptides are present. These are the
earlier described A , A , В

and В

(ref 30) chains and

in addition, two polypeptides which are possibly the same
as found in embryonic lenses and described in this chapter.
The differences in polypeptide composition can explain the
different electrophoretic mobilities found for embryonic
·.!· 4,10,25
and postnatal a-crystallin
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CHAPTER V
DISTRIBUTION OF THE SOLUBLE PROTEIN IN THE POSTNATAL BOVINE
LENS
INTRODUCTION

Several factors make the lens a valuable subject for
studying aging processes. Firstly, aging of the lens can
be monitored by measuring the changing flexibility and
refractive index of the lens. Secondly, the morphology of
the lens and the chemical composition of the fiber cells,
containing about 30 % protein, are relatively simple. Some
protein chemical features of the aging lens have been
studied and recognized since decades. MÖrner , studying
bovine lenses, observed an increasing quantity of insoluble protein, albumoid, in the lens fiber cells on aging.
2
.
.
Krause

found a defined distribution of the albumoid in

the lens. From the oldest part, the nucleus, he found
about 38 % of the protein to be in the form of albumoid.
3
. 4 .
Burger and Schlomka and Salit investigated the decreasing
water content of the lens on aging.
In most systematical studies on the aging lens animals are used that are easy to handle, such as inbred
5 6
7 8
rats '

and chickens ' which can be kept under well de-

fined conditions. Changes in protein contents of aging
9
bovine lenses were studied rather poorly. Cobb and Koenig ,
applying electrophoresis and sedimentation analysis, investigated differences between cortex and nucleus of 1
year old cow lenses. Newsom and Hockwin , extending work
... 11
.
12
of Björk
and Papaconstantinou et al. , compared, using
ion-exchange chromatography, the distribution of the pro-
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teins in nucleus and cortex of calf and ox lenses (no
further indication of the age of the animals is given).
13 .
.
Furthermore, Testa et al.
investigated the proteins
present in lenses of 2-3 weeks old calves and adult cows
of unknown age, by means of molecular sieving.
Finally, it is worthwile to mention the work of
14
Satoh , concerning the age-related changes in the protein composition of the human lens.
In view of the narrowness of these data it seemed to be
useful to investigate the distribution of the soluble
proteins of the bovine eye lens as a function of age and
location.

MATERIALS AND METHODS

Preparation of lens samples

The eyes of 1, 2, 4, and 7 years old cows were
collected as soon as possible (within $ h) after death at
the local slaughter house and stored at -20

C. Before use

the lenses were removed from the eyes, weighed and the
diameters were measured. The lenses were wrapped in a piece
of aluminum sheet and frozen in a mixture of acetone and
dry ice. On thawing, the outer layers of the lens were
scraped off to about one third of the lens' weight thus
revealing sample 1. This outer part of the cortex was
dissolved in 3 ml 0.1 M Tris-HCl, pH 7.3. Sample 2 was
obtained by a careful dissolving procedure of the remainder of the lens in 3 ml of the same buffer during 3 h.
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In most cases again about one third of the lens' weight
was dissolved by this treatment. The rest of the lens
was carefully homogenized with a glass rod in 3 ml of
the same Tris buffer (sample 3). Thus the lens was separated into three fractions, containing the outer relatively youngest part of the cortex, an inner cortex fraction
and a nuclear fraction. After dissolving each sample
during 3 h in the cold room, the homogenates were clarified
by centrifugation in a MSE table centrifuge at 4000 rpm
for 20'. In the supernatant solutions protein concentration was determined according to Lowry et al.

and by

measuring the refractive index with an Abbe refractometer.
A refractive index increment of 0.0019 was used. Both
methods agreed fairly well.

Separation of the lens proteins
The proteins were separated by molecular sieving chromatography on a column filled with agarose (biorad). A
combination of A-5m and A-0.5m was used. The upper half
(50 cm) of a Boehringer column system was filled with A-5m,
the lower 50 cm with A-0.5m. The column was equilibrated
with 0.1 M Tris-HCl, pH 7.3 and loaded with about 1J ml of
an extract. Fractions of 75 drops (4 ml) were collected.
The flow rate was maintained at 0.32 ml per min with a
Cenco peristaltic pump. The effluent was monitored continuously with a LKB Uvicord II absorbtiometer. The absorbance of the fractions was measured at 280 nm in a
Zeiss PMQ II spectrophotometer. The area under each peak
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was measured with a planimeter. Corrections for differing
extinction coefficients were applied.

Analysis of the a-crystallins

The a-crystallin containing fractions of each separation were pooled, desalted either by dialysis against
demineralized water or by chromatography on a column filled
with Sephadex G-25, equilibrated with demineralized water,
and lyophilized. The a-crystallin preparations obtained
were analyzed on isoelectric focusing gels according to a
previously described modification (chapter IV) of the
method of Wrigley

RESULTS

Weight and diameter of the lenses

In Table I the lens weights and diameters as a function of age are given. At least 4 lenses of every age were
analyzed. Lens weight increases strongly up to an age of
approx. 4 years. After reaching this age lens growth slows
down. The same trend is expressed by the data obtained for
lens diameters. These relations are in fair agreement with
those reported by Schmutter

, although the lens weights

reported here are somewhat lower.
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Table I.
Weight and diameter of aged bovine lenses. Values are
given + S.D., at least four lenses of every age were
analyzed.
Age
(years)

weight (mg)

diameters
anterior-pi

1

1125 + 220

9.8 + 0.4

13.5 + 1.5

2

1650 + 200

12.0 + 0.0

15.5 + 0.1

4

2175 + 650

14.2 + 1.3

16.5 + 1.5

7

2175 + 130

12.5 + 1.0

17.2 + 1.6

Table II.
Percentages of soluble protein found in three concentrica!
samples isolated from bovine lenses of 1, 2, 4, and 7
years old. Protein content of each sample, isolated as des
cribed in Materials and Methods, was determined according
to Lowry et al. . For every age the results obtained for
two lenses are given.
Age
(years)

Solub le protein as % о f wet-weight
2
total lens
1
3

1

10.3

34.7

19.5

26.4

16.2

23.5

19.0

20.6

19.6

25.9

19.0

23.2

23.2

27.0

19.5

21.8

13.8

18.2

20.4

17.4

12.3

18.6

13.9

16.0

19.6

19.5

7.3

16.7

23.0

26.7

12.3

21.8

2
4
7

62

Soluble-protein content

The soluble-protein content of each of the three
concentrica! samples in relation to wet weight is shown
in Table II. For every age the results of two lenses are
given. Sample 2 contains in almost every case the highest
proportion of soluble protein.(For a possible explanation
of this phenomenon, compare the discussion on the protein
proportions of embryonic lenses in chapter IV).

Distribution according to size
The soluble proteins from each lens sample of every
age showed typical elution profiles. Gradual alterations
(comparable to those shown in chapters III and IV) were
observed. The results of the measurements of the areas
under the peaks of the elution profiles are summarized in
Table III.

Polypeptides of ct-crystallin

The peptide patterns of a-crystallins isolated from
the various samples, analyzed on isoelectric focusing gels
in the presence of 6 M urea, showed only minor differences
amongst each other (Fig. 1). In the basic to neutral re
gion of the gels a band was found, additional to the four
bands of a-crystallin from the cortex of 3 months old
calfs. This band differs from the embryonic В

band menx

tioned in chapter IV.

Table III.
Distribution of the soluble lens proteins in three samples isolated from bovine lenses of
1, 2, 4, and 7 years old. The areas under the peaks of the patterns obtained on chroma
tography of lens sample extracts were measured and corrected with a factor accounting
for the differences in the extinction coefficients of the crystallins (compare chapter
III). The results are given as percent of total soluble protein present. The data pre
sented are averages of at least three measurements.
Age (years )
Protein
Sample

1
1

2

2

3

1

4

7

2

3

1

2

3*

1

2

3*

HM

Α.Ο

17.8

38.0

5.1

15.2

35.6

15.0

18.4

38.7-21.9

4.4

24.8

20.2-34

α

40.0

29.0

13.5

43.6

35.0

17.2

41.2

23.3

5.5-13.8

46.8

28.2

11.0- 9

h
h

11.2

21.8

12.6

9.6

20.4

17.7

13.2

22.3

17.9-19.8

7.0

28.2

22.6-21

30.0

13.7

13.4

28.6

15.3

10.4

19.3

18.0

18.3-16.0

29.0

17.3

25.2-16

14.8

19.2

23.0

13.0

13.9

19.1

11.3

17.6

27.5-26.0

12.4

12.6

20.9-18

Ύ

ere biological scattering does not allow generalization, only ranges are shown.

б*

Figure 1
Isoelectric focusing of a-crystallins isolated from samples
1 from bovine lenses of different age. From left to right:
1, 2, 4, and 7 years old and in addition for comparison 3
months old. The pH gradient was from pH 5-8 (bottom to top
of the gel).

In the acidic region the A

band (see chapter IV) or a

band at the same isoelectric point is detected. In addition
bands in the most acidic part (top) of the gel are found.
For all samples the same patterns are found, and an age
dependence was not detected. For this reason only gels of
sample 1 of each age are shown.
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DISCUSSION

In chapter III we have shown the changing composition of the soluble proteins in a three months old calf
lens. Proceeding from the epithelium to the center of
the lens, an increasing amount of higher molecular protein aggregates (HM and 0, ) are found. We concluded that
this was the result of aging. In older lenses prolonged
aging has caused insolubilization of structural lens proteins (Table II). In lenses shortly before (chapter IV)
and shortly after (chapter III) birth, a soluble protein
content of approx. 30 % is present in the fiber cells.
Only in one lens sample of the aged lenses (Table II,
1 year, sample 2) such a high proportion is determined.
We did not give average values for the protein contents
as biological scattering of these values does no

longer

allow generalization.
The more remarkable is that the distribution of the
crystallins in the pool of soluble lens proteins appeared
to be very reproducable. Only in sample 3 of the 4 and 7
years old lenses (Table III), the oldest material analyzed,
generalization did not seem to be allowed for the HM, a-,
and g-crystallin proportions and for these samples only
ranges are shown. As pointed out, aging is accompanied by
insolubilization of structural proteins in every lens
sample, at increasing age. The question arises whether
the proteins are insolubilized by a selective process,
i.e. whether every class of protein is insolubilized to
the same degree. As discussed in chapter III, HM may be
an intermediate in the formation of albumoid from a-crys-
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tallin. In general one can say that on aging the crystal
line tend to form higher molecular aggregates. The HM
fraction becomes more prominent and the proportion of acrystallin decreases. The same holds for the 3-crystallins. On aging, the higher molecular weight fraction
(β, ) becomes more prominent. In the younger samples
η

(sample 1) the lower molecular weight fraction (β..) is
the most prominent one. The γ-crystallin content in
creases on aging. Our data are, in general, in fair agree
ment with those obtained by Newsom and Hockwin

, using

a different technique for the separation of the lens pro
teins (ion-exchange chromatography). A significant dis
crepancy is found only in the γ-crystallin content of
calf nucleus. Newsom and Hockwin

reported a value of

57 % and we found 23 %. In addition it should be mentioned
that they did neither discriminate between HM and acrystallin, nor between the two 0-crystallin populations,
13
β. and ß 1 . The data reported by Testa et al.
agree,
after correction for the differences in extinction coefficients of the various crystalline (compare chapter III),
fairly well with our results. However it should be stressed
that they separated on Biorad P-300, which does not discriminate between HM and a-crystallin. Nevertheless, also
from their paper it is clear that there is a tendency to
form higher molecular aggregates on aging within the group
of ß-crystallins.
The phenomenon of the increasing γ-crystallin content
on aging may be evoked by a selective insolubilization of
a- and ß-crystallins. By comparing amino acid composi18
tions, Clark et al.
demonstrated for human lenses that
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insoluble lens protein is composed of a-crystallin, but
also contains β- and γ-crystallin. For bovine lenses it
is generally accepted that there is a close relationship
between a-crystallin and albumoid, the insoluble protein
„. 19,24
fraction
Actually, the content of a-crystallin and HM together
in the soluble proteins, decreases bn aging, suggesting
the formation of albümoid from a-crystallin with HM as
an intermediate step. But only this decrease of a-crystallin and HM content can not explain the strong decrease
in soluble protein content as shown in Table II. Since
at least much of the insolubilized protein can be dissolved in concentrated urea, non-covalent bonds appear
to be chiefly involved in the conversion of soluble proteins into insoluble aggregates. The appearance of additional polypeptides in a-crystallin may provide the ability of aggregate formation as is suggested in chapter III.
Studies on this subject are in progress (van Kleef and
Hoenders). Nevertheless, research on the composition of
albümoid and the mechanism of aggregate formation is
desired to elucidate this question.
In conclusion we can say that work with a great
variety of animals as dotte in this study is hampered by
biological scattering evoked by differences in race and
living conditions of the animals before slaughter. The
advantage of working With inbred lines of laboratory animals, maintained under well controlled conditions, is
evident.
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CHAPTER VI

SOME ANALYTICAL DATA OF THE POLYPEPTIDE CHAINS OF ct-CRYSTALLIN
INTRODUCTION

Although a considerable amount of work has been done
on ot-crystallin in general and on the acidic polypeptide
chains in particular, fewer studies deal with the chemical
and physical properties of the basic chains. Until recent
ly it was rather difficult to isolate in reasonable amounts
the polypeptides of which a-crystallin is assembled. Most
separation procedures used ion-exchange chromatography
1 2
3-5
on SE-Sephadex '

or DEAE-cellulose

in the presence

of 6 or 7 M urea or molecular sieving on Sephadex G-100
in the presence of 5 M guanidine-HCl . The polypeptide
chains of a-crystallin have molecular weights of about
4
2x10 (ref 7,8). Several reports suggest that there are
9-12
four different polypeptide chains
. Their isoelectric
13
points are between approx. pH 5 and 7.5 and Waley
de
signated them acidic (A) and basic (B) chains. While con
siderable progress has been made in elucidating the amino
acid sequence of the acidic polypeptides, only little is
known about the primary structure of the basic polypeptides.
12
.
Bloemendal

reported the C-terminal amino acid of the В

chains to be lysine and Augusteyn and Spector

reported

sequences of two peptides obtained after cyanogen bromide
cleavage of a basic polypeptide.
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MATERIALS AND METHODS
Isolation of a-crystallin and its polypeptides
Crude a-crystallin, prepared by isoelectric precipita2
tion accorting to Schoenmakers et al. , was purified by
molecular sieving. A column of 100 χ 2.6 cm filled with
Gio-Rad agarose type A-5m, equilibrated with 0.1 M TrisHC1, 0.01 M EDTA pH 7.3 was used. Proteins were eluted with
a Cenco peristaltic pump. Fractions of about 4.5 ml were
collected. The effluent was monitored with a LKB Uvicord
II. Fractions containing a-crystallin were pooled. After
dialysis against demineralized water and lyophilization
the purified a-crystallin was separated into its poly
peptide chains by ion exchange chromatography as des14
cribed before
. Later on this procedure was modified
applying DE-52 (a preswollen DEAE-cellulose from What
man) . The column, 15 χ 1.5 cm, was equilibrated with
0.005 M Tris-HCl pH 8.0 in 6 M urea, and 0.001 % dithioerythritol (DTE). The eluting system consisted of a
gradient of 0.005 M Tris-HCl to 0.08 M Tris-HCl in 6 M
urea and 0.001 % DTE pH 8.0. Appropriate fractions were
pooled and desalted either on a Sephadex G-25 column
equilibrated with 0.5 % formic acid or by dialysis against
demineralized water and lyophilized.

Amino acid analyses
Weighed samples of polypeptides were hydrolyzed under
vacuum (0.05 mm Hg or less) at 110

С with 6 M HCl (Supra-

pur, Merck) for 24 h. The hydrolysates were dried under
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vacuum and excess of HCl was removed by drying after
addition of water. Samples were analyzed in duplicate
in a Beekman Multichrom automatic amino acid analyzer.
Yields were based on the recovery obtained from cali
bration analyses run after each five analyses. Tryptophan
was determined spectrophotometrically according to Bencze
and Schmid

, Gai tonde and Dovey

and a method developed

in our laboratory, based on a computer simulation of Lho
protein UV absorption spectrum with the aid of the known
spectra of tyros in and tryptophan

C-terminal analysis of the В chains

C-terminal analysis of the В chains was performed
with a combination of carboxypeptidase В and С
of the В

Five mg

chain was dissolved in 1.0 ml 0.C5 M sodium

citrate buffer, pH 8.0. 500 mU of carboxypeptidase В
(Boehringer Mannheim) was added in 0.5 ml of the same
buffer. After incubation during 1 h at 30

С pH was low

ered to 5.3 with citric acid. Preliminary experinents
had shown that 1 h of digestion at 30

С was sufficient

for the enzyme to digest the C-terminal lysine residuen
for at least 95 %. Digestion was continued by the addi
tion of 500 mU carboxypeptidase С (Rohm, Darmstadt,
GFR)

. The temperature was maintained at 30 0 C . At appro

priate intervals samples of 0.2 ml were taken from the
reaction mixture. Digestion was stopped by the addition
of 0.2 ml 5 % trichloroacetic acid. Denatured protein
was spinned down and the supernatant was used for amino
acid analysis. Lysine, liberated by the first digestion
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step, was used as the "internal standard" for the second
digestion.

Extinction coefficients of the polypeptides

Extinction coefficients were determined by measuring
the A„Qr. of solutions of about 0.1 % of the polypeptides
2oU
in 0.02 M phosphate buffer pH 7.3, containing 0.15 M
NaCl. In these solutions protein contents were determined
by means of nitrogen determination and amino acid analysis.

RESULTS AND DISCUSSION

Isolation of a-crystallin and its polypeptides

The elution pattern of crude Zn

2+

-precipitated a-

crystallin on an agarose A-5m column is shown in Fig 1.
The first peak contains a-crystallin-like high molecular
weight material, the second peak contains a-crystallin.
The last peaks contain the ß-crystallins which contami2+
. .
nated the Zn -precipitated a-crystallin. Sometimes a
small fifth peak containing γ-crystallin is found, as
shown in the case of Fig 1. The a-crystallin obtained
by this procedure is very pure as was routinely checked
by Immunoelectrophoresis, using antiserum against the
pool of soluble lens proteins. This pure a-crystallin is
separated into its acidic and basic polypeptides by ionexchange chromatography on DEAE-cellulose. Four peaks
are eluted containing B 0 , В , A , and A , respectively
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Figure 1
Chromatography of crude a-crystallin, prepared by iso
electric precipitation, on a Biorad A-5m column, equili
brated with 0.1 M Tris-HCl, 0.01 M EDTA, pH 7.3.
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Figure 2
Separation of the polypeptides of a-crystallin on a DEAEcellulose column. The column was equilibrated with a 0.005
M Tris-HCl, 6 M urea and 0.001 % DTE containing buffer, pH
7.6. The polypeptides were eluted by applying a gradient
of 0.005 to 0.15 M Tris-HCl.

7b

(Fig 2 ) . A column containing DE-52 appeared much easier
to handle than the earlier described DEAE-cellulose
14
. . . .
column

. Moreover equilibration with the starting buffer

is more rapid as a higher elution rate can be applied. For
these reasons DE-52 was always used in later experiments.
The purity of the polypeptides was checked for by electro
phoresis on Polyacrylamide gels in 6 M urea (Fig 3 ) .

Figure 3
Polyacrylamide gel electrophoresis of a-crystallin polypep
tides as prepared by DEAE-cellulose chromatography. From left
to right: a-crystallin, В , В , A , A , and α-crystallin.

Amino acid analyses

Amino acid analyses of the purified polypeptides re
vealed only minor differences, if any, within each group,
the acidic and the basic, polypeptides. This was already
2
shown before for the acidic polypeptides . The results
for the basic polypeptides are given now in table I. For
the acidic chains the data obtained by van der Ouderaa
et al.

, investigating the amino acid sequence of the

77

Table I.
Amino acid composition of the basic polypeptide chains
of bovine a-crystallin. For comparison the amino acid
composition of the acidic chains is given' .
Residue

B 2 (mol %)

BjOnol %)

B
2

Lys
His

Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Met
He
Leu
Tyr
Phe
Trp
Cys

5.5+0.05
4.8+0.05
7.7+0.30
7.8+0.00
3.7+0.05
7.8+0.05
10.1+0.05
11.1+0.15
5.5+0.00
6.0+0.05
6.0+0.05
0.9+0.00
5.0+0.05
8.3+0.05
1.5+0.05
7.6+0.10

-

11
10
16
16
7
16
20
22
11
12
12
2
10
17
3
15

5.5+0.05
4.9+0.10
8.1+0.15
7.7+0.40
3.6+0.10
8.1+0.10
10.4+0.10
10.6+0.20
5.3+0.10
5.8+0.10
6.0+0.00
0.9+0.05
5.2+0.10
8.7+0.25
1.5+0.05
7.7+0.15
3** -

203

*

V

A

11
10
16
16
7
16
21
21
11
12
12
2
10
17
3
15
3**
—

7
7
13
16
5
23
18
12
11
7
10
2
9
14
6
14
2
1

203

177

Assuming a molecular weight of 21500 for the basic chains,

** Values as presented in Table II.
Note: The finished primary structure of the aA chain
reveals only small differences in the amino acid composition given in Ref 18 and shown in this table. Glu, 17;
Gly, 10; Ala, 6; Trp, 1. Total, 173 residues. This shows
the usefulness of the method of Gaitonde and Dovey^ revealing 1 Trp residue per A chain (Table II). (van der Ouderaa, personal communication).

Aj polypeptide, are given. The molar ratios of tyrosin and
tryptophan in the polypeptides are determined according to
the method described by Bencze and Schmid

. This revealed
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a ratio of approx. one for the basic chains. This ratio
was confirmed by the content of tryptophan determined
according to the method of Gaitonde and Dovey

in com

bination with the tyrosin content as determined by ami
no acid analysis, assuming a molecular weight of 21500
20
for the basic polypeptide chains
(Table II).

Table II.
Tyrosin/tryptophan ratio determined according to Bencze
and Schmid' , tryptophan content determined according to
Gaitonde and Dovey'° and Bos and Hoenders''.
Chain

Ratio Tyr/Trp
(ref 15)

Content: moles per polypeptide chain
Туг*
Тгріб
Trp17
Tyr17

A

2.92
2.16
1.06
0.76

6.10
6.10
2.96+
2.98 +

A'

B,
B^

(n=5)
(n=5)
(n-6)
(n=6)

Glycyl+ +
tryptophan
Chymotrypsinogeen A
+
++
χ

1.15
1.22
n.d.
3.05

n.d.
n.d.
3.35+0.60
3.65+0.60

n.d.
n.d.
3.30+0.30
3.25+0.33

0.86
6.60

Assuming a molecular weight of 21500 for the basic
polypeptide chains.
Glycyltryptophan contains one Trp residue and chymo
trypsinogeen A seven.
As determined by amino acid analyses.

For the acidic chains this led to the conclusion that
the A

and A

chains only differ in the amidation of one
19

(or more) glutamic acid residues

. The basic chains are

very similar in their amino acid composition. Possibly,
an identical relation exists between both basic chains
as is demonstrated for the acidic ones. Against this
assumption are the observations of Delcour and Papacon-
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stantinou

that the В. polypeptide should be the product
.
3

of a direct genetic translation. Their ( H)-leucine incor
poration in the В

chain, however, is not very convincing

(only 17 cpm on a total of approx. 800 cpm).

C-terminal amino acid sequence of the basic chains

Preliminary experiments had shown that carboxypeptidase A does not digest the basic polypeptides. Carboxypeptidase В stops digestion after splitting off one lysine
residue per chain in a proportion of at least 95 % of
the quantity of lysine residues expected. This observation
pointed to the presence of a proline residue as the second
C-terminal amino acid. Digestion with carboxypeptidase C,
after digestion with carboxypeptidase B, offered the proof
that the second C-terminal amino acid is proline. The
next amino acids released are Phenylalanin (releasing at
22
an about three times higher rate than proline ) , arginin,
leucin, serine, and alanin (Table III, Fig. A ) . As Cterminal sequence of the basic chains is therefore pro
posed:
-Ala-Ser-Leu-Arg-Phe-Pro-Lys-COOH.

Extinction coefficients

The extinction coefficients of the isolated polypep
tide chains (Table IV) are about 50 Ζ higher than the ex
tinction coefficient of native a-crystallin, compare chapter
III. This might indicate that some of the tyrosin and
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tryptophan residues are involved in the quaternary struc
ture of the native protein. Fluorescence spectroscopy
might elucidate this question.

Table III.
Amino acids released by carboxypeptidase С from the В
polypeptide chain of bovine a-crystallin. First, the Cterminal lysine was released by the action of carboxy
peptidase В in 0.05 M sodium citrate pH 8.0 at 30 0 C
during 1 h. After lowering the pH to 5.3 by the addition
of citric acid, digestion was continued with carboxy
peptidase С at 30 0 C . Lysine was used as the internal
standard and all values are related to a lysine concen
tration of 100 nmole.
Residue

t=0

10'

30»

60'

3h

24h

Pro

0

19.0

40.0

53.3

100.5

170.6

Phe

0

13.8

31.0

51.9

104.8

180.0

Arg

0

11.2

25.2

38.0

85.0

155.4

Leu

0

0

24.7

38.0

81.8

178.8

Ser

0

0

18.7

25.7

43.9

84.2

Ala

0

0

10.9

27.2

71.2

0

Table IV.
Extinction coefficients of the polypeptides of bovine ocrystallin.
1%
Preparation at pH=7..3 A
in 0
280 nm

A

12.1

12.9

A

13.3

13.0

l

2
В

11. 1

11.6

14.7

n.d.

B

12.6

11.3

A

2
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release of amino acids from ocB- chain

ОІ0 203О
min

1

hrs
Figure 4

K i n e t i c s of C-terminal amino acid d i g e s t i o n of the В
polypeptide chain by carboxypeptidase С a f t e r d i g e s t i o n
with carboxypeptidase B.

REFERENCES

Schoenmakers,J.G.G., and Bloemendal H. (1968)
Biochem. Biophys. Res. Commun. 31, 257-261.
Schoenmakers, J.G.G., Gerding, J.J.T. and Bloemendal,
H. (1968) Eur. J. Biochem. 11, 472-481.
3

Bjork, I. (1964) Exp. Eye Res. 3, 1-9.

4

Palmer, W.G. and Papaconstantinou, J. (1968) Bio
chemistry 7, 243-253.
Augusteyn, R.C. and Spector, A. (1971) Biochem. J.

82

124, 345-355.
6

Li, L.-K. and Spector, Α. (1972) Exp. Eye Res. 13,
110-119.

7

Spector, A. and Katz, E. (1965) J. Biol. Chem. 240,
1979-1985.

8

Bloemendal, Η., Rotmans-van Poppel, M. and van der
Ouderaa, F. (1972) FEBS Letters 28, 84-85.

9

Schoenmakers, J.G.G. and Bloemendal, Η. (1968)
Nature 220, 790-791.

10

Schoenmakers, J.G.G., Matze, R., van Poppel, M. and
Bloemendal, H. (1969) Prot. Res. 1, 19-27.

11

Mehta, P.D. and Maisei, H. (1968) Exp. Eye Res. 7,
265-268.

12

Bloemendal, H. (1969) Exp. Eye Res. 8, 227-240.

13

Waley, S.G. (1969) Exp. Eye Res. 8, 477-478.

14

Van Kamp, G.J., Hoenders, H.J. and Bloemendal, H.
(1971) Biochim. Biophys. Acta 243, 149-151.

15

Bencze, W.L. and Schmid, К. (1957) Anal. Chem. 29,
1193-1196.

16

Gaitonde, Μ.К. and Dovey, T. (1970) Biochem. J.
117, 907-911.

17

Bos, F. and Hoenders, H.J. in preparation.

18

Van der Ouderaa, F., de Jong, W.W. and Bloemendal,
H. (1972) FEBS Letters 28, 77-80.

19

Bloemendal, H., Berns, A.J.M., van der Ouderaa, F.
and de Jong, W.W.W. (1972) Exp. Eye Res. 14, 80-81.

20

Spector, Α., Li, L.-K., Augusteyn, R.C., Schneider,
A. and Freund, T. (1971) Biochem. J. 124, 337-343.

21

Delcour, J. and Papaconstantinou, J. (1972) J. Biol.
Chem. 247, 3289-3295.

83

22

Tschesche, H. and Kupfer, S. (1972) Eur. J. Biochera.
26, 33-36.

Reprinted from

85

CHAPTER V U

Biochimica et Biophysica Acta, 295 (1973) 166-173
© Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands

BBA 36282

CHARACTERISTICS OF a-CRYSTALLIN RELATED TO
FIBER CELL DEVELOPMENT IN CALF EYE LENSES

GERVKD J VAN

IvAMP, LOUTS H M SCHATS AND HERMAN J

Department of Biochemistry

University of Nijmegen, Nijmegen (The

HOENDERS

Netherlands)

(Received May 29th, 1972)
(Revised manuscript received August 29th, 1972)

SUMMARY

α-Crystallin was isolated from extracts of the epithelium, from seven successive
concentric layers of the cortex and the nucleus of calf lenses In this order the acrystallin content of the extracts decreased strongly whereas a very high-molecular
component with α-crystallin like subunit composition became more and more promi
nent
Polyacrylamide gel electrophoresis in 6 M urea revealed significant changes in
polypeptide composition In the epithelial cells only trace amounts of the ah-L and no
crBj polypeptides were present The latter ones appeared at a relative late stage of
fiber cell development
The sedimentation coefficients of the α-crystallin preparations obtained from
the successive lens layers were also determined Going from epithelium to nucleus the
values obtained ranged from 17 to 21 S and passed through a minimum A clear cut
relationship between the polypeptide chain composition and sedimentation coefficient
could not be found

INTRODUi TION

Eye lens growth has been described by Papaconstantinou 1 , Hanna 2 and Coulombre and Coulombre3 In this process fiber cells are systematically laid down, layer
upon layer, throughout life Lens fibers synthesized in the early stage of life are kept
encapsulated in tin lens nucleus by later synthesized fiber cells Taking this s< heme of
events into (oiisidcration one mav conclude that a cross-section through the lens
reflc« ts л pu ture of its synthetic activities during the preceding life span and provides
information on the process of ageing
One of the differences between the embryonic and the adult lens is the disparity
in poly|)eptide u>m|H)sition of the lens protein α-crystallin In the embryonic lens acrystalhn lacks the A, polypeptide chain4 8 Incorporation studies of Palmer and
Papaconstantinou 7 indicated that the Aj polypeptide is not formed by de novo
synthesis but by chemical conversion out of a preexisting subunit, presumably А г By
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in vitro experiments in our laboratory with isolated mRNA, only synthesis of one
acidic chain, A2 could be demonstrated·· 10 . Taking into account these findings as well
as the idea concerning lens development it should be possible to find back the former
embryonic regions lacking Aj.
An attempt has been made to verify this concept. We could, however, not detect
any older region lacking the A! polypeptide chain. On the other hand, investigating
the successive layers of the eye lens, we found that the newly synthesized fiber cells
lack the B 1 chain and contain only a small amount of the A1 chain, thus extending
observations of Delcour and Papaconstantinou11.
In the literature a-crystallin is often supposed to be a homogeneous protein
with a molecular weight of about 800 000. Nevertheless, remarkable heterogeneity of
a-crystallin is described already by Bon1*, Rabaey13, Papaconstantinou et al.u, Björk"
and van Dam 1 · and recently by Spector et α/.17·18 and Bloemendal et al.19. In the
course of the above study on differences in polypeptide composition of a-crystallin
preparations isolated from several layers of the eye lens we found a small difference
in the elution volume of the a-crystallin peaks, thus suggesting differences in molecular
weights. Therefore the various a-crystallin preparations were also submitted to
sedimentation analysis.
MATERIALS AND METHODS

Preparation of the lens extracts
Fresh eye lenses from calfs, about 3 months old, were quickly frozen by dipping
in acetone-solid COg mixture after packing them in a piece of aluminium foil sheet.
After freezing, the lenses were defrosted slowly. After removal of the epithelium,
defrosted layers of about 0.5 mm thickness were scraped off as measured with the
help of a stainless steel plate with holes ranging from 15 to 5 mm diameter. Preliminary
experiments had shown, that the process of freezing and defrosting did not affect the
structure of the proteins. The fractions obtained were stirred gently in 0.1 M TrisHC1 buffer (pH 7.3) during 120 min. The homogenates were clarified by centrifugation
for 20 min at 12 000 revjmin in a SS-34 rotor in a Sorvall preparative centrifuge.
Seven extracts, designated II to VIII, were obtained from the cortex. Extracts were
also made from the epithelium (Fraction I) and from the nucleus (Fraction IX) by
homogenization in the same buffer.
Gel chromatography of the soluble lens proteins
Chromatography was carried out on a Bio-Gel Agarose A-5m column,
2.5 cm X 100 cm, equilibrated with 0.1 M Tris-HCl buffer (pH 7.3). The various
extracts were applied in volumes of about 5 ml containing approx. 200 mg of protein.
Fractions of 100 drops, approx. 3 ml, were collected. The flow rate was about 0.6
ml/min, maintained constant by the use of a Cenco peristaltic pump. The effluent was
monitored at 280 nm with a Uvicord II absorptiometer. The absorbance of the
fractions at 280 nm was determined in a Zeiss PMQ II spectrophotometer.
Gel electrophoresis
Electrophoresis was performed in Polyacrylamide gels at pH 8.9 in the presence
of 6 M urea as described by Bloemendal*0. Protein samples of 50 /ig were dissolved in
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20 μ\ of 6 Μ urea solution in Tris-EDTΑ-boric acid buffer (pH 8.9). In order to obtain
optimal resolution and sharp zones runs were performed in 10-cm tubes for 70 min at
3.5 mA per tube. The gels were scanned with a Gilford recording-spectrophotometer,
Model 240, at 500 nm after staining with amido black.
Sedimentation analysis
The sedimentation coefficient of fractions with highest concentration of the acrystallin peaks was determined in a Spinco E analytical ultracentrifuge using ultra
violet absorption optics at 280 nm in combination with an automatic scanner. Runs
were made at 59 780 rev./min at about 20 "С. For the evaluation of the experiments
a computer programm was used (Bos, A. B. H., van Kamp, G. I. and Hoenders, H. J.,
to be published). Sedimentation coefficients were connected to water at 20 "С (5°^,, u,).

FflflCIlON NO

Fig. 1. Chromatography of the soluble proteins trom Fraction IV on Agarose A-jm.
RESULTS

The soluble proteins from each layer of the lens show a typical elution profile
when chromatographed on an Agarose A-5m column. (Almost all protein extracts are
separated in a similar way.) A characteristic example is depicted in Fig. 1. The first
peak contains high-molecular weight material which behaves partly as a-crystallin on
Polyacrylamide gel electrophoresis. In the analytical ultracentrifuge, however, it
turns out to be rather heterogeneous. Further investigation of this material is in
progress. The second peak contains α-crystallin. The bar under this peak in Fig. 1
indicates the fractions pooled for further analysis. The third and fourth peak contain
two /7-crystallin fractions, the so-called /9-high and /Mow molecular weight material,
respectively. The last peak represents y-crystallin.
Each distinct layer yields a constant amount of α-crystallin in various experi
ments. However, this quantity is different for each of the nine fractions isolated. A
small difference in elution volume of the α-crystallin peak of the nine lens fractions
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Fig. 2. Polyacrylamide gel electrophoresis of «-crystallin from the various lens fractions. 1,
epithelium; Il-Vili, successive cortical layers; IX, nucleus. The occasionally visible zone be
tween Л, and B, represents oxidized A-tham material In Gel IX the fastest migrating material
is sphtted up into two zones. This phenomenon was observed in all experiments with the nuclear
fraction and cannot yet be explained.

suggested a difference in molecular weight. The dialyzed and lyophilized a-crystallin
fractions were further analyzed electrophoretically on Polyacrylamide gels in 6 M
urea at pH 8.9 (Fig. 2). The A1 polypeptide content is increasing rapidly going from
the epithelium towards the nucleus of the lens. The B, chain is lacking in the epithelial
and the exterior cortical layers. Beginning from Fraction IV, Bj is present in signifi
cant amounts.
To enable a better comparison of the amounts of the four polypeptide chains
the gels were scanned and the areas under the peaks were determined. Two typical
examples of scannings are shown in Fig. 3. From Fig. 4 the conclusion can be drawn

Distance migrated

"»

Distance migrated

Fig. 3. Typical scanning profiles of Polyacrylamide gels.

that the content of the acidic and the basic chains varies only slightly. In Fig. 5,
representing the content of each of the four polypeptide chains of a-crystallin, a rela
tive decrease of the Α2 and B 2 polypeptides is clearly shown. The ratios A1I(A1 + A2)
and B1/(B1 + Ba) for the various locations in the calf lens are depicted in Fig. 6.
These data, which are well reproducible, show a steady change in polypeptide compo-
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Fig 4 Content of acidic and basic polypeptide chains in α-crystallin from the vanous lens frac
tions
Fig. j Content of the individual polypeptide chains in α-crystallin from the vanous lens fractions

sition for the α-crystallin preparations isolated from epithelium, seven cortical layers
and nucleus of calf lenses.
For the various layers small differences in elution volume of the o-crystallin
peaks were observed. Fractions of highest concentration from the various peaks were
analysed m the analytical ultracentrifuge. The s-values found showed a remarkable
dependence on the origin of the α-crystallin In Fig. 7 the average values obtained
from experiments with at least three series of lenses are depicted. Going from the
epithelium towards the nucleus of the lens, the sedimentation coefficient first decreases
in the outer four layers and then increases again to reach the highest values for the
most interior cortical and the nuclear a-crystallin.

I

П

Ш

!

?

1 В Ю 1 Ш І 1
layer

Fig 6 Ratios of polypeptide contents, Α,/ΙΑ, + Λ,) and Β,/ίΒ, + В,), m α-crystallin from the vari
ous lens fractions
Fig 7 Sedimentation tocfficients of α crystallm isolated from nine fractions of the lens. Protein
ιonLcntration·» were approx о 8 mg/ml. The values given are averages of three determinations.
Experimental error of the s-values was equal to or better than о 3 S.
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Polypeptide composition
The epithelium and the two first cortical layers, isolated as described in
Materials and Methods, yield an a-crystallin preparation composed of only the A^ А г
and B 2 polypeptides The epithelium fraction, however, contains only trace amounts
of Aj The content of the latter polypeptide increases very rapidly in the subsequent
layers of the calf lens (Fig 5 and 6) In embryonic lenses the A! polypeptide is lacking
completely 4-8 On the basis of earlier experiments Delcour and Papaconstantinou 11
conclude that the Ai polypeptide chain is not a direct result of genetic translation but
the product of a post-translational conversion of A2 into Aj This conversion may
either take place under the influence of an enzyme or may be a spontaneous deamidation 2 1 Experiments in this laboratory suggest that the difference between А г and A!
is a conversion from one glutamme to a glutamic acid residue22 If an enzyme is
involved in this process it should be absent in embryonic lens and gradually be syn
thesized at the pobtembryomc stages of life However, this suggestion encounters
many problems Therefore it seems to be more reasonable to assume a spontaneous
deamidation In calf lenses the Aj polypeptide arises from A2 until a certain h.^ con
tent has been reached, thereafter a slight decrease is observed (Figs 5 and 6) With
respect to the A chains one has to conclude that during embryonic life there does not
take place a conversion from A2 to Aj, at least up to the fourth month' This A^
deficiency is compensated for, at a later stage, by the deamidation process Of the
two basic polypeptide chains Bj is, as our results show, formed later during fiber cell
development By means of [SH] leucine incorporation studies Delcour and Papacon
stantinou 11 provided evidence that this polypeptide is a direct product of genetic
translation As, in addition, the A/B chain ratio is approximately constant (Fig 4),
this would mean that one has to distinguish between two periods of В chain synthesis.
During the first one only B 2 is synthesized, later on B! chain synthesis is switched on.
If this newly synthesized polypeptide is incorporated in a newly synthesized acrystallm molecule or is added to a preexisting macromolecule can not be concluded
from these results When it is incorporated in a new α-crystallin molecule this would
mean that in one fiber cell several forms of a-crystalhn, with and without Bj poly
peptides, are present This question could not be answered as yet
Sedimentation behaviour
According to the findings mentioned above one should find m an extract of
complete calf lens sedimentation coefficients for a-crystalhn varying from 17 to 21 S,
presumably corresponding to molecular weights in the range of approx 07 io e -i 10e
This is in accordance to ¿onal centnfugation experiments of Bloemendal et al1β, who
found sedimentation coefficients ranging from 17 to 24 S There is also a reasonable
agreement with the results of Spector's group 1 7 · 1 8 These authors isolated three
distinct populations of macromolecules with molecular weights in the ranges of
approx б-ю'-д-ю 5 , θ9·ιο β -4 ιο β , and greater than io 7 The latter population
might be identical to our high-molecular weight fraction obtained after separation on
an Agarose A-5m column In our experiments, however, no indications were found
for a distinction between the two other populations of a-crystallin molecules, although
the order of magnitude of molecular weights is similar The authors mentioned
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above " elucidated the question of the discrepancies in molecular weights, which
l i a v been reported in the literature. The present results provide a deeper insight into
the question of the molecular weight heterogeneity of a-crystallin. The extent of
aggregation of the polypeptide chain« composing a-crystallin depends on the location
in the eye lens. This means that it is a function of the moment when the polypeptide
chains were synthesized and assembled, possibly superimposed by aging processes. In
order to trace the possible influence of the latter ones it might be interesting to
perform analogous experiments with embryonic, adult and old lenses. One may ask
as to whether differences in aggregation state are related to differences in polypeptide
composition. It is tempting to speculate that the occurence of aggregates of increasing
size may be related to some molecular process during lens fiber differentiation, a
process which continues from the embryonal state throughout the entire life cycle.
Consistent with this view is the observation of Delcour and Papaconstantinou 11 and
our extension of their results that differentiation of epithelial cells into lens fibers is
characterized by a change in the relative polypeptide chain composition of the acrystallin. This might be true lor the decrease of the sedimentation coefficient of acrystallin in the Layers I-V in which the polypeptide composition is changing. From
the same point of view it is, however, inexplicable that at an approximately constant
polypeptide composition as found in Fractions V- IX, the s-value increases rapidly.
The increase of the sedimentation coefficient in Fraction V-IX might be due to
the fact that the water content of the fiber cells decreases23 from the periphery towards
the nucleus, which would affect the state of aggn-gation.
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CHAPTER Vili

REAGGREGATION STUDIES ON THE POLYPEPTIDE CHAINS OF CALF
LENS a-CRYSTALLIN

INTRODUCTION

o-crystallin, one of the major structural proteins of
the eye lens, is a complex macromolecule with a wide
variety of molecular weights ranging from 8.10 to several
12
millions ' . a-crystallins from fiber cells of different
age, as isolated from the same calf lens, show a different
subunit pattern, although the acidic to basic polypeptide
3
..
ratio is almost constant . Preliminary experiments have
shown that no equilibrium exists between the high and low
molecular weight fractions as isolated with the zonal centrifuge or on a molecular sieving column. Furthermore no
equilibrium between subunits and the aggregates has been
detected as yet.
The polypeptide chains of cx-crystallin have molecular weights in the order of magnitude of 20.000 (ref 4 ) .
So far we can say that there are at least four different
polypeptide chains.
The knowledge of the primary structure of the polypeptides is growing, but little is known about the mechanism of aggregation between the four isolated polypeptide
chains. From own experiments and those of others ' , we
know that the acidic (A) chains as well as the basic (B)
chains can combine, to form large aggregates.
This paper reports on studies directed towards elu-
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cidating the mechanism of the aggregation process of a
large molecule. The polypeptide chains were mixed in nine
different ratios and the aggregation of these mixtures
was followed in time by means of sedimentation velocity
experiments and Immunoelectrophoresis.

MATERIALS AND METHODS

Preparation of a-crystallin subunits

oc-crystallin of calf lens cortex was roughly separated
from the other crystalline by ZnSO, precipitation as des7
*
cribed by Schoenmakers et al. . The ZnSO, precipitate was
purified by gel filtration on a Bio-Rad A-5m agarose column.
About 400 mg of Zn

-precipitate, dissolved in 5 ml 0.1 M

Tris-HCl buffer, pH = 7.3, containing 0.01 M EDTA, was
layered on top of a column, 2.6 χ 70 cm, equilibrated with
the same EDTA containing buffer. (Fig. 1). After dialysis
and lyophilization the purified a-crystallin was separated
in its acidic and basic polypeptides by ion-exchange chro
matography on a SE-Sephadex 0 5 0 column at pH » 3.2, using
the method described by Schoenmakers et al. . After de
salting on a G-25 column, equilibrated with 0.5 % formic
acid, the material was lyophilized and the purity was
checked by electrophoresis on Polyacrylamide gels in 6 M
urea at pH « 8.9 (Fig. 2 ) .
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Figure 1
Gel chromatography of ZnSO,-precipitated calf lens acrystallin on Bio-gel A-5m equilibrated with 0.1 M TrisHC1 buffer, containing 0.01 M EDTA, pH - 7.3.

Reaggregation of the polypeptides

Purified polypeptides were dissolved in 0.02 M phos
phate buffer, pH = 7.3, containing 0.15 M NaCl and 6 M
urea, to give a solution with A 2 f l 0 - 1.0. Adequate samples
of these solutions were mixed (table I) and dialysed
against the same buffer without urea. The dialysis buffer
was changed several times: after 15 min, 30 min, and 60
min. Thereafter followed by dialysis overnight. The baths
were 0.04 % (w/v) in dithioerythritol to avoid oxidation
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ВЦ
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Figure 2
Polyacrylamide gel electrophoresis in the presence of 6 M
urea of the separated polypeptides of calf lens a-crystallin.
•

and subsequent dimerisation of the acidic chains.
After 16, 40 and 100 h of dialysis the sedimentation
coefficients were determined. After each determination of
the sedimentation value dialysis was continued against
fresh buffer. The removal of urea by this sequence of
changes, was ascertained by blank experiments and by an
enzymatic urea test (Boehringer Mannheim) of the dialysate.
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Table I.
Samples of the polypeptides solved in a phosphate buffer,
0.02 M, pH = 7.3, containing 0.15 M NaCl and 6 M urea,
were mixed in several ratios. After dialysis, following
a scheme as described in the Materials and Methods section,
the s
value was determined. If no standard deviation
is given" only one determination is made.
Mixing ratio

s,,rt

after dialysis during

A:B

16 h

40 h

100 h

10 : 0

2.0 + 0.5

11.8 + 0.5

12.7 + 0 . 5

9 : 1

1.6 + 0 . 4

12.2

12.5

8 : 2

1.6 + 0 . 7

12.2

11.2 + 0 . 4

7 : 3

1.4 + 0.1

11.6 + 0 . 2

12.4 + 0 . 5

6 : 4

1.4 + 0 . 0

12.0 + 0 . 5

12.3

5 : 5

1.5 + 0 . 3

12.0 + 0 . 5

12.0 + 0 . 1

4 : 6

2.0 + 0.2

12.2 + 0 . 5

11.8

3 : 7

1.7

+ 0.5

12.2 + 0 . 6

12.7 + 0 . 5

2 : 8

1.7 + 0 . 0

12.2

9.9

1 : 9

1.6 + 0 . 0

11.9

10.1

0 : 10

1.4 + 0 . 3

11.7 + 0 . 5

12.0 + 0 . 5

Small samples of each 16 h dialysate were taken,
dialysed against distilled water, lyophilysed and used
for immunoelectrophoresis.

Analytical methods

Sedimentation velocity experiments were performed
with a Spinco E analytical ultracentrifuge equipped with
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UV-optics and a photo-electric scanning absorption optical
system.
Immunoelectrophoresis of the reassociated material
was performed uwing rabbit antiserum against the soluble
8
lens proteins. The method described by Scheidegger was
carried out, using LKB apparatus. Electrophoresis was
performed at 20

С and with 6.5 V/cm applied across the

slide for 90 min.. Immunoelectrophoretic patterns were
developed at 4

C. Photographs were usually made after 24

and 48 h with dark field illumination and after staining
with amido black.

Reaggregation by Sephadex G-10 chromatography

In addition a-crystallin, dissolved in the above
mentioned phosphate buffer with urea, was reaggregated
on a Sephadex G-10 column, equilibrated with the same
buffer without urea.

RESULTS

The a-crystallin prepared as described in the Mate
rials and Methods section is very pure, as was demonstra
ted by Immunoelectrophoresis, using serum against the
soluble lens proteins. This pure a-crystallin is separated
into its acidic and basic polypeptides by the method
developed in our laboratory . The purity of the polypeptide
preparations was checked by Polyacrylamide electrophoresis
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in 6 M urea. The pure polypeptides are used for our reaggregation studies. From each polypeptide group (acidic
and basic) a solution was made in a 0.02 M phosphate
buffer containing 0.15 M NaCl and 6 M urea, pH = 7.3,
with absorbance of 1.0 at 280 nm. The protein concentration of the solutions was about 0.12 %. Different quantities of these solutions were mixed. After dialysis according to the scheme given in the Materials and Methods
section, the protein solutions were submitted to sedimentation analysis. The results are shown in Table I.
No significantly differing sedimentation values are found,
viz. approx. 12.0 S. This is in fair agreement with the
results of Björk , obtained for reaggregated polypeptides.
Also after prolonged dialysis the sedimentation value did
not change significantly. This agrees with the results of
9
.
.
Wisse et al. who did not find a changing s-value on
prolonged dialysis of recombined a-crystallin. As our
starting material has a sedimentation value of approx.
18 S, we tried to reaggregate this material in the same
way: a-crystallin was dissolved in the same urea containing buffer and dialysed following the above mentioned
scheme. On sedimentation analysis of this aggregate the
low value of 12.0 S was found.
Li and Spector

suggested the existence of a minor

component and Bettelheim

that phosphopeptides play a

role in the formation of a-crystallin aggregates with
sedimentation coefficients up to 18 S. As Bettelheim described phosphopeptides with molecular weights of 1200 and
2000, these peptides would be lost by dialysis of acrystallin solved in a 6 M urea containing buffer. Reaggregation would stop at a stage that needs a small peptide
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for further aggregation. To check this concept and avoid
the loss of small peptides, reaggregation was performed
on a column filled with Sephadex G-10 with an exclusion
limit of 700. 10 mg of a-crystallin was dissolved in 1 ml
of the urea containing phosphate buffer mentioned above.
The column was equilibrated with the same buffer without
urea. The protein was eluted in one sharp peak at the
void volume of the column and was subjected to sedimen
tation analysis. A value of about 12 S resulted (Table
II).
Table II.
a-crystallin reaggregated from 0.02 M phosphate, 0.15 M
NaCl, 6 M urea pH » 7.3.
After dialysis (16 h)
On a Sephadex G-10 column

: 12.2 + 0.6
: 12.2

Immunoelectrophoresis of the aggregates using a serum
against lens proteins showed remarkable results. The aggre
gates of 100 % A and 100 % В chains are found to be electrophoresed to the limits between which all other aggre
gates take their position on electrophoresis. But no
gradual change in position, according to the mixing ratio,
of the precipitin arcs is found. The mixtures containing
a high A/B ratio seem to take up only a part of the В
chains into the aggregate, the rest of the В chains is
found as a faint arc on the place of the 100 % В aggregate.
Even mixture 3, containing the A and В chains in the ap
proximately physiological ratio (70 % A and 30 % B) still
shows a thin arc of the 100 % В aggregate, and so does
a mixture containing 50 % A and 50 % B. Mixture 6 (40 %
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Figure 3
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Figure 3
Immunoelectrophoresis of the reassociated a-crystallin
polypeptides. The antiserum was against the pool of
soluble lens proteins.
a) acidic and basic chains, reassociated and mixed before
application to the gel, b) 90 % A, c) 80 % A, d) 70 % A,
e) 60 % A, f) 50 % A, g) 40 % A, h) 20 % A.
For comparison, total lens extract (TL) was always co
clee trophores ed.

A and 60 % Β), on the other hand, seems to be electrophoretically homogeneous (Fig. 3) .

DISCUSSION
Previous work has indicated the complete absence of
sulfhydryl groups in the В chains of a-crystallin ' . The
A chains contain one sulfhydryl group per chain ' . Native
a-crystallin does not contain dimers of the acidic chains,
as was shown by electrophoresis on Polyacrylamide gels
in the presence of 6 M urea and in the absence of a re12
ductant . In the present work antioxidant was added to
the first changes of the dialyzing solution in order to
prevent dimerization. The polypeptide chain preparations
used were completely pure and in the monomeric state as
judged by Polyacrylamide electrophoresis in 6 M urea.
Deaggregation of the starting material was obtained by the
presence of 6 M urea. Therefore this aggregation study is
not directly comparable with that of Li and Spector , who
used A chain dimers and В chain monomers dissolved in 5 M
guanidine.HCl.
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Reaggregation of the A and В chains and their mix
tures in nine varying proportions revealed aggregates with
sedimentation coefficients which in no way reflect the
proportions of the A and В polypeptides present. All aggre
gates show, within experimental error, the same s value
(table I ) , thus suggesting that aggregates of approximately
the same size are formed. By this observation the question
is raised whether the acidic and basic chains reaggregate
independently in the presence of each other. Differences
in electrophoretic mobility (Fig. 3) reflect only in part
the ratio of the A and В chains present. When the A chain
accounts for 50 % or more of the combined preparations, not
all of the В chains aggregate together with A chains. Only
at A:B ratios of 4:6 or less the В chains are accepted
completely in the joint aggregation process.
None of the aggregates obtained approaches the reali
ty of native a-crystallin. The sizes of the aggregation
products are too small. Iramunoelectrophoretically native
a-crystallin with its A:B chain ratio of about 2:1 is
always detected at only one place. In contrast the reaggregates of approximately corresponding composition give two
precipitin arcs, of which none is found at the place of
native a-crystallin. Applying specific antisera against
. .
.
13
the acidic and the basic polypeptide chains

a-crystallin

gives precipitin arcs at exactly the same place on immunoelectrophoresis (Fig. 4 ) . Hence one can conclude that the
native a-crystallin molecule is composed of a mixture of A
and В chains. Unknown factors must be involved in the for
mation of a-crystallin aggregates. Possibly we excluded
them (or it) from our reaggregating systems. They may have
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Figure 4
Immunoelectrophoresis of α-crystallin. After electropho
resis antisera prepared against the acidic (-A) and basic
(-B) polypeptides were filled in the troughs. After 16 h
of diffusion, the photograph was made with dark-field
illumination.

ot-crystallin reassociated on a G-10 column. The anode was
uniformly placed on the left.

been lost in the isolation procedure of the polypeptides or
during dialysis as they might be highly charged and have
a low molecular weight

. However, such a loss is rather

unlikely in our reaggregation experiment with ot-crystallin
on a Sephadex G-10 column. Nevertheless no higher s value
as compared to the other experiments was found (table II).
But, on Immunoelectrophoresis only one sharp precipitin
arc is found (Fig. 5 ) .
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Spector et al. suggested the possible effect of
glucose on aggregation, but we were not able to confirm
this effect with our preparations (unpublished result).
Li and Spector

take into account that a minor component

with a molecular weight of about 50000, isolated from acrystallin on a Sephadex G-100 column in the presence of
5 M guanidine-HCl may be important in recombination.
14
Recently Jedziniak et al.
reported about the influence
2+
of Ca
ions on the aggregation of several nondissociated
lens protein fractions. In the case of two a-crystallin
preparations they found that the caldium-induced aggre
gation in solution results in molecular weights ranging
8
9
from approximately 3 χ 10

to greater than 2 χ 10 Daltons.

Because Jedziniak et al. obtained their results using
calcium levels known to occur in cataractous lenses it
2+
seems worthwhile to investigate the possible role of Ca
at lower concentrations in the reaggregation of the poly
peptide chains of a-crystallin.
Leman et al.

reported reaggregation of a-crystallin,

s

derived from dogfish. In contrast to our findings an Svalue of 30 s was found for this reaggregated a-crystallin.
Spector and Rothschild

very recently reported that

high and low molecular weight species of a-crystallin (15
χ 10 and 1 χ 10 , respectively) behave different on
reaggregation of these crystallins in the presence of
0.005 M CaCl_. Calcium does not affect reaggregation of
low molecular weight a-crystallin. In addition,reaggrega
tion of isolated polypeptide chains is not affected by
calcium. Only an atypical (?) Α-polypeptide fraction forms
high molecular weight aggregates in the presence of cal
cium.
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We feel that reconstruction of such a large molecule,
made up from so many polypeptides, can not be studied
adequately by these experiments because of the effects of
uncontrolled and unknown factors. Therefore, it is ques
tionable, whether the problem how a-crystallin is assembled
in the living cell, can be answered by these obviously
inadequate experiments. At least deeper insight into the
kinetics of relevant reaggregation processes should be
obtained.
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CHAPTER IX

COMPARISON OF THE ALPHA-CRYSTALLIN POLYPEPTIDES BY IMMUNO
LOGICAL TECHNIQUES

INTRODUCTION
The lenses of vertebrates contain a-crystallin with an
average molecular weight of 1 χ 10 . As demonstrated in Chap
ter VI bovine a-crystallin can be separated in at least four
polypeptides. Two of them are fundamental polypeptides, i.e.
they are present at every age (compare Chapters III, IV, and
V ) . These polypeptides are studied mainly by chemical and
physical techniques. Immunochemical methods are applied only
fragmentarily. BjSrk

and Palmer and Papaconstantinou

iso

lated ot-crystallin polypeptides using DEAE-cellulose. The
acidic polypeptides showed a reaction of identity to the
native protein on Immunoelectrophoresis against an anti
serum to ot-crystallin, while the basic chains did not.
2
Palmer and Papaconstantinou suggested that the basic poly
peptides are located within the core of the native protein
and that their antigenic sites are not exposed in the non3
dissociated state. Schoenmakers et al. reported a reaction
of complete identity between the acidic polypeptides iso
lated from adult and embryonic a-crystallin, using immuno
diffusion with a serum directed against the soluble adult
lens proteins. Manski and Spector

analyzed the a-crystal

lin polypeptides by immunochemical methods, using serum
against a-crystallin. All polypeptide fractions isolated by
ion-exchange chromatography on DEAE-cellulose, as descri
bed by Augusteyn and Spector , gave more or less strong

по

precipitin lines on immunoelectrophoresis against this antia-crystallin serum. However, no reports comparing the a-crystallin polypeptides by using antisera directed against the
distinct polypeptides exist.

MATERIALS AND METHODS

Preparation of antigens

Alpha-crystallin and four a-crystallin polypeptides
were prepared as described in Chapter VI. In addition, the
acidic and basic polypeptides were separated on SE-Sephadex
3
C-50 according to Schoenmakers et al. . Purity of the anti
gens was checked by electrophoresis or isoelectricfocusing on
Polyacrylamide gels in 6 M urea (compare Chapter IV).

Preparation of antisera

Anti-sera directed against a-crystallin and its acidic
polypeptides (A chains) as well as against the soluble pro
teins of the lens were prepared as described by Schoenmakers
et al. . Preparation of anti-B-serum following this scheme
was not successful. The immunization procedure of Dandrieu
resulted in a good antiserum as described before .

Ill

Immunochemical techniques

Two-dimensional immunodiffusion was performed as descri8
bed by Ouchterlony and Immunoelectrophoresis according to
9
.
.
.
Scheidegger . In addition, Osserman's modification of Immunoelectrophoresis

was used to test the relationship of the

antigens.

RESULTS

Preparation of antigens

The same preparations as described in Chapter VI were
used for the experiments reported in this chapter. In addition, the acidic and basic chains were separated on an SESephadex column. The purity of these polypeptide preparations was checked by electrophoresis or isoelectric focusing on Polyacrylamide gels in 6 M urea (Fig 1).

Immunological experiments

Antisera against both polypeptides, acidic (A) chains
and basic (B) chains, cross-reacted with a-crystallin, as
is clearly shown by immunodiffusion as well as by Immunoelectrophoresis (Fig 2 and 3, respectively). Both antigens
are not recognized by the serum directed against the other
antigen (Fig 2 ) . Antiserum against a-crystallin (-a) reacts
with both polypeptides, developing a sharp band with A and
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Figure 1
Isoelectric focusing of the acidic and basic polypeptides
separated on a SE-Sephadex G-50 column in 6 M urea. For
comparison a~crystallin was run as shown in the gel on the
left. The pH gradient is from pH 5-8, top to bottom of the
gels.

из

Figure 2
Immunodiffusion of ct-crystallin polypeptides and a - c r y s t a l l i n
against four a n t i s e r a as indicated.

-A

-B
Figure 3
Immunoelectrophoresis of a-crystallin against sera to the
acidic and basic polypeptide chains. The sera were applied
to the troughs as indicated. The anode was uniformly placed
to the left.
ι
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Figure 4
Immunodiffusion of the four a-crystallin polypeptides against
four antisera as indicated in the drawing (4 ) . For technical
reasons a photograph (4 ) of only this gel is shown.
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only a rather faint band with B. Antiserum against the solu
ble lens proteins (-TL) shows the same pattern (Fig 2 ) .
The four polypeptides, A. and A , and В

and B«, showed

on immunodiffusion against the four antisera precipitation
reactions as was expected from the results with the not se
parated A and В chains (Fig 4). Only the В polypeptides reac
ted with the anti-B serum and showed rather faint bands with
anti-o-crystallin and anti-TL serum. The acidic polypeptides
show reactions of identity with the precipitin line produced
by the intact a-crystallin. In contrast, the basic polypepti
des only gave a reaction of partial identity with a-crystal
lin. The A. and A» polypeptides show reactions of complete
identity to each other and the precipitin line produced by
the unseparated acidic polypeptides. The same holds, mutatis
mutandis, for the basic chains.
Osserman's modification

of Immunoelectrophoresis was

used to test the antigenic relationship between the a-crys
tallin polypeptides. In these experiments anti-a-crystallin
serum was used. Fig 5 shows the results. The В chains show
reactions of partial identity to a-crystallin as well as to
the A chains. Moreover, the В chains are immunologically
deficient with respect to a-crystallin and the A chains:
all antigen binding sites from the anti-a-crystallin serum
can recognize the acidic chains, only some of them are capa
ble of binding basic chains. The acidic chains are immuno
logically identical to a-crystallin.

DISCUSSION
Amino acid analyses and primary structure studies of
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Figure 5

Osserman inmunoelectrophoresis comparing α-crystallin and
its polypeptides. Antiserum directed against α-crystallin
was used. The antigens were applied as indicated. The anode
was uniformly placed to the left.

the polypeptide chains of α-crystallin revealed that the
acidic chains presumably differ in only one amino acid re-
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$idue. The basic chains also show an almost similar amino
acid composition (Chapter VI).
For this reason it is not surprising that we find the A
and A« chains to be immunologically identical to each other.
Moreover, the A chains show a reaction of complete identity
to ct-crystallin. The В chains, although identical to each
other, show only reactions of partial identity to the A
chains and a-crystallin. In addition, deficiency of the В
chains with respect to a-crystallin and the A chains is
shown by the Osserman technique. The fact that a-crystallin
reacts with the serum directed against the В chains and that
our В preparations react with anti-a-crystallin serum,
proofs that the antigenic sites of the В chains in the nati
ve a-crystallin molecule are exposed and not buried in the
2
core .
In conclusion we can say that the results of our immu
nological studies support the idea of a very close relation
ship between the acidic and basic polypeptide chains of
bovine a-crystallin.
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CHAPTER Χ

CONCLUDING REMARKS

From the preceding chapters the following picture of
the bovine lens results: in early embryonic life the lens
is almost a sphere and has a rather simple protein compo
sition of mainly a- and γ-crystallin. The embryonic a-crystallin contains two specific polypeptides. Maturing until
birth, the lens develops to a rather simple tissue with a
disc-like form, able to diffract light and to focus it in
order to form an image on the retina. At birth the protein
composition equals that of the 3 months old calf lens.
The crystallins, usually classified into three main
groups, <*-, $-, and Ύ-crystallins, show a tendency to form
higher molecular aggregates on aging, о —> HM, ß.. —» 0 .
For the Y-crystallins this tendency could not be detected.
A relation between structure and function could not (yet)
be lined out. Nevertheless, we may have found an indication.
Benedek

described a theory of transparency of the eye. He
2

refers to the work of Trokel , pointing out that the presence of substantial numbers of large protein aggregates, randomly distributed in a background of ot-, Q-t

a nd

Y-crystal-

lins, can have an impotant effect on the transparency of
the lens. Using the direct proportionality between turbidity and molecular weight, Benedek

calculated the molecular

weights of aggregates causing turbidity of the lens to be
about 50 χ 10 , being in the range of the molecular weights
of the high-molecular weight materials described in the pre
ceding chapters. This agreement between the theoretically
calculated and experimentally found molecular weights of
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protein aggregates in the aging lens, causing turbidity.
clearly indicates the desirability of more measurements of
physical and chemical properties of these aggregates. If
the formation of these aggregates turns out to be the origin
of cataract, biochemical studies on the mechanism of aggre
gate formation should lead to an effective attempt to pre
vent cataract.
Preliminary investigations by electron microscopy re
vealed the presence of elongated aggregates in an a-crystallin solution of room temperature. Viscosity experiments
showed the intrinsic viscosity to increase with temperature,
up to 35-40' C, indicating the concentration of these aggre
gates to be maximal at body temperature (van der Drift, van
Kamp and Hoenders, unpublished).
On the other hand, also the architecture of a-crystallin and the other crystallins per se is of interest. The
question how во large a protein molecule is assembled from
so large a number of polypeptides could not be elucidated
by the reaggregation studies described in Chapter VIII. In
4

this respect a second question 'is important: which of the
ot-cryetallin polypeptides are direct products of translation?
In this laboratory no messenger RNA's coding for the A. and
B. polypeptide chains could be found (Bloemendal et al.,
unpublished). Moreover, the amino acid composition within
both groups of polypeptides, A and B, are identical. These
facte might point to a principal role for the A» and B«
chains, as does the finding that in early embryonic o-crystallin these two polypeptides are present, besides two spe
cific embryonic polypeptides. As this is in contrast with
3 4
the reports of Papaconstantinou and coworkers '., incorpo
ration studies with radioactively labeled amino acids should
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be repeated, preferably with embryonic lenses of different
.
5
age. The perfusion cell, described by Broekhuyse

might be

an excellent tool for these experiments. Furthermore these
experiments might also elucidate the questions of the "embry6—8
9
onic"

and "epithelial"

crystalline.

Another approach to shed light on the architecture of
α-crystallin is possible: stepwise deaggregation with an
urea solution of increasing concentration

or by incubation

at increased pH (ref. 11). In 1 M urea as well as in buffers
with pH 9.5-10.0 a-crystallin is divided into particles
with a sedimentation coefficient of 14 S. After prolonged
incubation at pH 9.5 a second component with an s-value of
7.4 S arises. These components could be separated on a Sephadex G-150 column equilibrated with a Tris buffer, pH 9.5.
Analysis on basic Polyacrylamide gels, containing 6 M urea,
revealed the same polypeptide composition for both materials
(van Kamp and Hoenders, unpublished). This indicates that
a-crystallin is composed of subunits, each containing a re
presentative number of polypeptides. The bonds between the
se subunits should not be equivalent and the 14 S particle
would be a dimer. This is supported by the molecular weight
reported by Ferguson and Koenig

for alkaline modified

d-crystallin: 545.000 being half that of the native a-crys
tallin molecule, 1.065.000.
The problems reviewed make it clear that further re
search on these proteins is necessary and hence justified.
REFERENCES

1

Benedek, G.B. (1971) Applied Optics 10, 459-473.

2

Trokel, S. (І962) Invest. Ophthalmol. 1, 493-501.

122

3

Palmer, W. and Papaconstantinou, J. (1968) Biochemistry
7, 2A3-253.

4

Delcour, J. and Papaconstantinou, J. (1972) J. Biol.
Chem. 247, 3289-3295.

5

Broekhuyse, R.M. (1972) Exp. Eye Res. 13, 289-291.

6

Francois, J. and Rabaey, M. (1957) Arch. Ophthalmol.
57, 672-680.

7

Rabaey, M. (1965) Invest. Ophthalmol. 4, 560-578.

8

Cristini, G. and Negroni, L. (1968) Exp. Eye Res. 7,
216-220.

9
10

Papaconstantinou, J. (1967) Science 156, 338-346.
Wisse, J.H., Zweers, Α., Jongkind, J.F., Bont, U.S. and
Bloemendal, Η. (1966) Biochem. J. 99, 179-188.

11

Ferguson, W.E. and Koenig, V.L. (1972) Comp. Biochem.
Biophys. 43B, 151-161.

123

i

Sunnnary
The important role of the eye in life of man is the
origin of the great interest for this unique organ since
memory of man. In this thesis the development of the ideas
concerning structure and function of lens and eye during
the foregoing millennia are shortly reviewed (Chapter II).
Scientific research on chemical composition of the eye
lens started approximately 150 years ago as described in
Chapter I. The unique architecture of the lens is that its
structural proteins vary in age from newly synthesized to
synthesized in the early embryonic phase of life of the
organism. Every lens contains its own developmental histo
ry, upon which the influence of aging is superimposed.
Hence, the lenses of 3 months old calves were devided
into nine concentric layers (Chapter III). The protein com
position of each layer was examined by means of column
chromatography on a molecular sieve. The elution patterns
obtained by this procedure, yielded the proportions of the
lens proteins in each lens fraction. The older, more central
parts of the lens turned out to contain relatively more
higher-molecular proteins, both in the groups of a- and 0crystallins. The proportion of γ-crystallins was almost con
stant. Investigation of the a-crystallin preparations of
the nine lens layers revealed that on aging a-crystallin ob
tains a more complex polypeptide composition. This finding
led to the examination of prenatal eye lenses. Lenses of
animals differing in age from 6 weeks after conception to
9 months (shortly before birth) were investigated

(Chapter

IV). In these cases the complete lens without prior frac
tionation was used. Alpha-crystallin turned out to be the
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most prominent early embryonic protein, whereas the ß-crystallins were only poorly represented. The proportion of the
lower molecular proteins, the γ-crystallin group, was approx
imately 20 %, viz. the proportion found in postnatal lenses
also. The proportions changed in older lenses and at 5$ months
(prenatal) equalled that of a 3 months old postnatal lens.
On aging the proportions of a-, 3-, and γ-crystallin hardly
change, but higher molecular aggregates appear (o-crystallin —» HM,0 1 —* β, ) . In several years old lenses this "balan
ce" is disturbed, probably by a selective insolublization
process of the crystalline (Chapter V ) .
In the last chapters investigations on o-crystallin and
its polypeptides are described. Chapter VI describes the
isolation of four polypeptides, their amino acid composition
and their extinction coefficients. In addition, the C-terminal sequence of a number of amino acids from the B» chain,
as determined by enzymatic digestion, is given. The charac
teristics of the polypeptide composition of a-crystallin
related to fiber cell development are described in Chapter
VII. Moreover, a remarkable relationship is found between
the sedimentation coefficients of a-crystallin and the lens
layer from which the protein was isolated. Possibly, the
appearance of the B. polypeptide, detected in a later stage
of development, plays a role in aggregation processes. The
preparation of specific antisera against the acidic and ba
sic polypeptide chains was successful (Chapter IX). The
basic chains appeared to be immunologically deficient with
respect to a-crystallin and the acidic chains. The acidic
chains are immunologically identical to a-crystallin.
Chapter VIII describes an attempt to reassemble ct-crys-
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tallin from its isolated polypeptides. This was only in
part successful. The polypeptides were mixed in different
proportions being dissolved in a 6 M urea containing buffer
solution. It was expected that, after removal of the urea,
at the physiological proportion

(ArlWtS) an aggregate with

the sedimentation coefficient of native a-crystallin should
result. In contrast, for every mixture the same s-value of
about 12 was found. The same value was obtained for reaggregated a-crystallin of which the polypeptides had not been
separated. Immunological analysis revealed that mixed aggre
gates are only formed to a certain extent. Relatively small
amounts of the В chains seem to be incorporated into the
aggregates containing mainly A chains.
Chapter X contains the concluding remarks of this thesis.
On aging we find:
a) a trend to form higher molecular aggregates, finally re
sulting in insolubilization;
b) for a-crystallin an increasing complexity of the poly
peptide composition. Two polypeptide chains may be consi
dered to be "fundamental" chains. Possibly, the other
polypeptides arise from these two chains by means of
aging processes (deamidation, selective splitting-off
of peptide fragments). Moreover, embryonal a-crystallin
contains two characteristic polypeptide chains.
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Samenvatting

Door de belangrijke rol die het oog speelt in het leven
van de mens, heeft deze dan ook sinds mensenheugenis grote
belangstelling gekoesterd voor dit unieke orgaan. In dit
proefschrift is getracht om op summiere wijze de ontwikkeling van de ideeën die men ten aanzien van de structuur en
functie van lens en oog in de achter ons liggende millennia
ontwikkelde weer te geven (Hoofdstuk II). Het wetenschappelijk onderzoek naar de chemische samenstelling van de ooglens dateert van een recentere datum en is beschreven in
Hoofdstuk I. De unieke opbouw van de lens maakt het mogelijk
on uit één lens materiaal te isoleren dat qua ouderdom varieert van juist gesynthetiseerd tot gesynthetiseerd in de
embryonale fase van het organisme. ledere lens bevat zijn
eigen wordingsgeschiedenis met daarop gesuperponeerd de
invloed van verouderingsprocessen.
Daarom werd de ooglens van een 3 maanden oude kalf verdeeld in 9 concentrische lagen (Hoofdstuk III). De eiwitsamenstelling van de extracten van deze lagen werd onderzocht door middel van kolomchromatografie op een moleculaire zeef. Aan de hand van de bij elutie verkregen extinctiepatronen was het mogelijk de onderlinge verhouding van
de oplosbare lenseiwitten in de 9 lenslagen te berekenen.
Naarmate de laag meer naar het centrum van de lens lag,
dus naarmate de laag ouder was, werd er meer hoger moleculair materiaal in aangetroffen; dit gold zowel voor de oíais de ö-crystallines. Het γ-crystalline gehalte was nage
noeg constant. Tevens bleek bij nader onderzoek van de otcrystalline preparaten uit de 9 lagen, dat het α-crystal
line naarmate het ouder was, een complexere polypeptide-
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ketensamenstelling heeft. Deze waarneming leidde ertoe dat
wij prenatale ooglenzen gingen bestuderen. Lenzen van dieren
in leeftijd variërend van 6 weken na conceptie tot vlak
voor de geboorte, omstreeks 9 maanden oud, werden bestudeerd
(Hoofdstuk IV). We gebruikten nu de gehele lens, zonder
voorafgaande fractionering. In het jongste materiaal overheerste het α-crystalline, de ß-crystallines waren slechts
in geringe mate aanwezig. De laagmoleculaire fractie, γcrystallines bevattende, was voor omstreeks 20 %, het ge
halte waarin het ook in postnatale lenzen voorkomt, aanwe
zig. De onderlinge verhoudingen verschoven echter in de ou
dere

lenzen, en op een leeftijd van 5i maand (prenataal),

is de onderlinge verhouding gelijk geworden aan die welke
gevonden wordt voor de 3 maanden oude postnatale lens. Bij
ouder wordende ooglenzen wordt er nauwelijks meer een ver
andering gevonden in de onderlinge verhoudingen van α-,
β-, en γ-crystalline. Wel treedt er een verschuiving op
naar hoger moleculaire aggregaten (α-crystalline —> HM,
ß1 —> S.)· Pas als de lenzen enige jaren oud worden, wordt
dit evenwicht verstoord, waarschijnlijk door een proces
van selectief onoplosbaar worden van de lenseiwitten (Hoofdstuk V) .
De volgende hoofdstukken zijn gewijd aan een nader onderzoek van het α-crystalline en de daaruit te isoleren po
lypeptide ketens. De isolatie van 4 polypeptideketens, de
bepaling van de extinctiecoëfficienten en de aminozuur samenstelling van deze polypeptideketens zijn beschreven in
Hoofdstuk VI. Tevens wordt hierin de C-terminale sequentie
van de B„ polypeptideketen gegeven, zoals deze met behulp
van een enzymatische methode bepaald werd. In Hoofdstuk VII
wordt de variatie in polypeptideketen samenstelling beschre-
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ven, als functie van de laag van de ooglens waaruit dit αcrystalline werd geïsoleerd. Tevers wordt een opvallende
relatie gevonden tussen de sedimentatie coëfficiënt van het
α-crystalline en de laag van de lens waaruit het geïsoleerd
was. Mogelijkerwijs speelt de В polypeptideketen, die pas
halverwege de lens cortex wordt aangetroffen, een rol bij de
aggregaatvorming. Het is gelukt om specifieke antisera tegen
zowel de zure als de basische polypeptide ketens van het
α-crystalline op te wekken (Hoofdstuk IX). De basische ke
tens blijken immunologisch deficient te zijn ten opzichte
van α-crystalline en de zure ketens. De zure ketens zijn
immunologisch identiek aan α-crystalline.
In Hoofdstuk VIII wordt een poging beschreven om acrystalline te reässembleren uit de geïsoleerde basische
en zure polypeptide ketens. Dit gelukt slechts ten dele.
De polypeptideketens werden gemengd, opgelost in een 6 M
ureum bevattende buffer, in een 11-tal verhoudingen. De
verwachting was dat na verwijdering van de ureum, bij een
bepaalde physiologische mengverhouding, (A:B=7:3), de swaarde van het natieve α-crystalline weer bereikt zou
worden, of op zijn minst een waarde die afweek van de sedi
mentatie coëfficiënten van de andere aggregaten. Dit bleek
niet zo te zijn; voor alle mengverhoudingen werd een s-waarde van omstreeks 12 gevonden. Ditzelfde resultaat werd verkregen voor gereäggregeerd α-crystalline waarvan de poly
peptideketens tevoren niet gescheiden waren. Bij immunolo
gisch onderzoek bleek dat er slechts in geringe mate mengaggregaten van beide soorten polypeptideketens waren ont
staan. Relatief waren slechts weinig В polypeptideketens
opgenomen in de overwegend A ketens bevattende aggregaten.
Hoofdstuk X bevat de conclusies die aan de hand van
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de resultaten uit de voorgaande 9 hoofdstukken zijn te trek
ken. Bij ontwikkeling en veroudering vinden we:
a) een algemene tendentie tot vorming van hoger-moleculaire,
uiteindelijk water-onoplosbare aggregaten;
b) met betrekking tot α-crystalline een steeds gecompliceer
dere polypeptideketen samenstelling, waarbij twéé polypeptideketens als fundamenteel beschouwd moeten worden.
Mogelijkerwijs ontstaan de andere polypeptideketens door
verouderingsprocessen (deamidering, selectieve afsplitsing van peptide fragmenten) uit deze twee polypeptideketens. Daarnaast bevat embryonaal α-crystalline twee po
lypeptideketens die karakteristiek zijn voor deze levens
fase
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ABBREVIATIONS

A

absorbance

ant.

anterior

DEAE-

diethylaminoethyl-

DTE

dithioerythritol

EDTA

ethylenediaminotetraacetic acid

HM

high molecular weight proteins

lat.

lateral

M

molar

med.

medial

n.d.

not determined

post.

posterior

S

Svedberg unit

S.D.

standard deviation

Tris

tris(hydroxymethyl)aminomethane

V

volt
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