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INTRODUCTION 

MACROMOLECULAR NATURE OF GAMMA-IRRADIATED 
LYSOZYME AFTER POST-IRRADIATED TREATMENT 

by 
William H. Metzger, II and'Bert M. Tolbert 

Numerous investigations have been undertaken to determine the effects of 

radiation on proteins in the dry state and the mechanisms by which radiation 

damage proceeds. Evidence has been rapidly accumulating from studies conducted 

in this laboratory (1) and others {2-5) demonstrating that gamma-irradiated 

lysozyme shows resolvable heterogeneity with the use of various analytical 

techniques. The damage resulting in this condition may proceed by several pro

cesses which produce changes in the physiochemical properties of the enzyme. 

One change appears to be a more or less random alteration of the amino acid 

residues which results in varying loss of conformational integrity. A second 

and,more resolvable effect is the appearance of aggregation products following 

irradiation {5-11). All available data indicates that this polymerization 

occurs by intermolecular scrambling of disulfide bonds (6). As yet, no evidence 

has been obtained indicating the involvement of other. types of covalent bonding 

·- in the formation of these polymerized products although the possibility of such 

a reaction has not been ruled out. Since native lysozyme contains no free -SH 

groups, this reaction probably occurs through a sulfur free radical of the type 

observed by electron spin resonance {ESR) studies (12). 

To better·understand the nature of this sulfur free radical reaction, we 

gamma-irradiated dry, crystalline lysozyme in vaauo with approximately a 

26 Mrads dose. Following irradiation, the samples were then exposed to various 

pure atmospheres of N2, H2S, 02, NO and N2o prior to being dissolved in 1.0 M 

acetic acid and lyophilized to dryness. In addition, the disulfide groups of 
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a· N2 pos~t-irrad'i·ated· treated· samp-le· were reduced~ and carbo-xyme-thy-lated- prior to 

. irradiation to determine the nature of the radiation damage in lysozyme molecules 

devoid of functional disulfide groups. 

The major difficulty in attempting to study the damaged products of irrad

iated protein has been in developing a method of separating and recovering dam

aged fractions from the relatively unaltered ones. A salt precipitation procedure 

(4,6) has been developed based on decreased solubility of more damaged molecules 

in a dilute NaCl solution. The amount of aggregation following the various gas 

treatments was determined by the elution profile on a Bio-Gel P-100 gel filtra

tion column. The qualitative changes following irradiation and the various gas 

treatments were demonstrated with the use of a sodium dodecyl sulfate (SDS) slab

gel electrophoresis apparatus. 

-EXPERIMENTAL PROCEDURE 

Materials 

Recrystallized hen egg white lysozyme was obtained from either Pentex or 

Sigma and used without further purification. These preparations were both 

chromatographically and electrophoretically homogeneous \'lith the systems de

scribed below. All gase~ were obtained from Matheson Gas Products and were of 

the highest purity available. Unless otherwise indicated, all .chemicals were 

reagent grade. 

Irradiation Procedure 

Lysozyme samples (approximately 0.5 g) were placed in 10 mm O.D. glass 

tubes of which one .end has been spherically enlarged to receive the sample • 

. After evacuation at 10-20 ~ Hg for 24 ~ours, the tubes were sealed and samples 

irradiated in a Cesium-137 gamma source at 23-24°. The dose rate was 0.383 

Mrads/hour. Total dosage for all samples was approximately 26 Mrad. 
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Gas Treatment Procedure 

Samples were removed from source and placed in a glass flask with input

output attachments. System was evacuated and then flushed with the particular 

gas to be used. This procedure was repeated three times before glass ampule 

was broken with the use of a teflon coated spin bar. Samples were left exposed 

to desired gas for 6-12 hours. Introduction of degassed 1.0 M acetic acid was 

achieved without exposure of the sample to air. The sample was dissolved and 

centrifuged to remove glass fragments. The solution was lyophilized to dryness 

and stored at -20° until used. 

Gel Chromatography Procedure 

Bio-Gel P-100 (50-100 mesh) column was poured as directed by manufacturers 

using mechanical stirrer. Column dimensions were 2.5 em x 190 em. Flow rate 

was approximately 1.1 ml/min. and kept constant by use of a Mariette flask. 

Continual monitoring was achieved with the use of a quartz flow cell and a 

Beckman DB spectrophotometer at 280 mm. 30 mg each of the respectively post

treated irradiated samples were dissolved in 0.5 ml of 1.0 M acetic acid with 

0.1 ml of glycerol added to 'increase density of solution. This solution was. 

applied to column and fractions collected by drop-count. 

Salt Fractionation of Irradiated Lysozyme 

The method of Marciani (6) was used: 0.4 gm of N2 treated irradiated 

lysozyme was dissolved in 10 ml of 0.1 M acetic acid; 5.85 gm of NaCl were 

added to this solution to give a concentration of 0.1 M. The mixture was 

stirred for one hour at room temperature during which time a flocculent pre

cipitate formed. After one hour of stirring the precipitate (Fraction I) was 

separated from the soluble fraction (Fraction II) by centrifugation: 40,000 g 

·at 0-3° for 30 minutes. The solid pellet obtained was redissolved in 60 ml of 
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0.1 M acetic acid plus 1.0 M NaCl. The sample was again centrifuged and super

natant discarded in order to remove traces of the soluble F-II fraction which 

may have been trapped in the solid material. This procedure was repeated three 

times in order to insure removal of any trace amounts of F-II. Approximately 

50 mg of F-I fraction was then dissolved in 0.5 ml of 1.0 M acetic acid/0.1 ml 

glycerol and applied to the Bio-Gel P-100 chromatography column. The F-I frac

tion was tested for presence of NaCl by AgC1 2 with negative results. 

SDS-Acrylarrride Gel Electrophoresis Procedure 

Sodium dodecyl sulfate (SDS) and urea were recrystallized from boiling 

ethanol. Acrylamide (J.J. Baker Chemical Co.) was purified from boiling 

benzene-ethyl acetate solution followed by treatment with DEAE-OH to remove 

any acrylic acid present. Two types of SDS buffer systems were employed in 

these studies. Molecular weight determinations on the radiation produced 

aggregates of lysozyme were performed on slab-gels which were 7.5% acrylamide, 

1% SDS and lo-3 M phosphate buffer (pH 7.2) as modified from the procedure of 

Weber and Osborn (14). 

Improved resolution was obtained with a SDS tris-glycine system employing 

a discontinuous buffer as modified from procedure of Laemmli (13). This system 

used pH 8.8 for lower gel and pH 6.8 for the 3% upper stacking gel. The gel 

concentrations utilized were either 7.5% of 15.0% acrylamide. All gels were 

_fixed in 50% TCA for one hour prior to staining the protein with a Coomassie 

Blue solu'tion (14). Destaining of gels was achieved by removing gels from 

stainirig s~lution, rinsing with distilled water, and placing overnight in a 

destaining solution of 25% absolute ethanol, 10% glacial acetic acid, and 65% 

water. Destaining time may be decreased by frequent changes of solution and/or 

heating solution to 60° for 10 minutes. 
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The slab-gels were cast in glass cells 100 x 150 x 2 mm and a well-former 

used which allowed 9 protein samples to be applied per gel. The amount of each 

protein sample introduced per well was approximately 30-50 _Jlg. All electropho

retic runs were conducted with the use of an Ortec Model 4200 Electrophoresis 

Tank in conjunction with a Ortec Model 4100 Pulsed Constant Power Supply. The 

use of this equipment permitted a decrease in normal run time of 5-6 hours down 

to as little as one hour with superior resolution and no excessive heatingo The 

power· output per cell was doubled every 5-10 minutes from an initial 2 watts to 

a final output of 16-25 watts. Pulse rate was also increased in a stepwise 

fashion from 75 pulses per second (pps) to a maximum of 300 pps (see Ortec Model 

4200 instruction manual). 

Reduction and Carboxymethylation 

The reduction of the 4 disulfide bonds of native lysozyme was accomplished 

· by dissolving 1.0 gm of enzyme in 50 ml of 8.0 M urea to which had been added 

4_x lo-3 M ~DTA (0.06 gm/50 ml solution). Urea solution was titrated to pH 8.6 
.I 

with concentrated Tris-OH solution prior to adding enzyme. Reactfon mixture 

was transferred to 100 ml r.b. flask, degassed and flushed with nitrogen. To 

this mixture was added 0.695 gm (<0.1 M) of dithiothreitol (Cleland•s Reagent, 
-

Calbiochem). The reaction m·ixture was allowed to stand under nitrogen with con-

stant stirring for 75 minutes in the dark at room temperature. Carboxymethyla

tion of the sulfhydryl groups was performed by adding 0.5 M (4.625 gm/50 ml) 

iodoacetamide (Sigma Chemical Co.) to the reaction vessel. The vessel was 

allowed to stand in the dark for 30 minutes under nitrogen with constant stir

ring at room temperature. The solution was then diluted to 60 ml and dialyzed 

against doubly distilled H2o using an Amicon Model 402 accessory reservoir.in 

conjunction with a UM-2 DIAFLO ultrafiltration membrane. The preparation was 
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removed from apparatus after passing through 400 ml water and the material was 

lyophilized to dryness. 

In order to insure completeness of reduction and carboxymethylation, the 

same procedure was repeated a second time on the reduced and blocked enzyme 

sample. Dried material was gamma-irradiated with approximately a 26.0 Mrad 

dose. 

RESULTS 

Figure 1 shows the elution curves of the non-irradiated control samples 

from the Bio-Gel P-100 chromatographic columns. The various gas treatments 

appeared to have little effect on the nature of the respective curves with the 

exception of a small peak eluting ahead of the native peak for the NO treated 

sample. This was approximately the same phenomenon reported earlier by Stevens 

(5) for native RNase. This was probably caused by a partia.l denaturization 

resulting in a slight increase in the hydrodynamic volume. It should be noted 

that the band spreading shown with the N2o treated sample is a graphical arti

fact produced by its being plotted on the same graph but being run at a differ

ent time on a different column than than the other samples. 

The elution profiles for the irradiated gas-treated samples can be seen 

in Figure 2. Four peaks can be observed in the N2 treated 'irradiated sample. 

Previous, work (6) indicated these peaks represent decreasing amounts of aggre

gation with increasing elution volume. The N2 treated sample showed the 

highest degree of polymerization. The H2s sample indicated the greatest 

degree of protection in reducing the extent of aggregation. Both 02 and NO 

appeared to produce the same effect with the reduction in aggregation being 

about half that produced by the H2s treatment. 
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Figure 3 demonstrates the results of two experiments. The dotted line 

shows the profile of the salt-insoluble fraction of irradiated lysozyme after 

precipitation and separation of the enzyme in a 0.1 M NaCl solution. Notice 

this fraction shows extensive aggregation of products as indicated by the 

areas of the peaks which represent high molecular weight species. 

The two curves of the reduced and blocked lysozyme samples have several 

interesting aspects. These samples were first reduced with Cleland's Reagent 

(DUhiothreitol}, a reagent specific for reduction of disulfide bonds in cys

tine, and then carboxymethylated with iodoacetamide. Note that the control 

and irradiated sample elutes slightly ahead of the native (N2} base peak and, 

more importantly, notice the disappearance of detectable aggregation in the 

irradiated sample. 

One of the effects this laboratory continually observed with irradiated 

samples in solution was their inherent instability. This was indicated by a 
... 

slow but continually precipitation out of solution over a period of time. 

Figure 4 shows the elution profiles of the same samples seen in Figure 2 

following a storage period of approximately one year (with the exception of 

N2o treated sample which .was studied after a six month storage period}. The 

samples had been stored in a dry, lyophilized state at -20° during this time. 

The so 1 i d 1 i ne shows the e 1 uti on profile of a post N2 treated lysozyme 

sample that had been irradiated immediately prior to running on the chroma

tographic column. There is·a marked reduction in the intermediate weight 

molecular· species and a corresponding relative increase in the higher weight 
' 

polymers of the N2 treated latent sample as compared with the N2 treated con

trol (recent} sample. All other samples, except o2 treated, also showed a 

general reduction in the amount of aggregation over this period of time. 
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In order to obtain better resolution in which to study the damaged sample, 

we have developed a SDS slab-gel electrophoretic system using a Tris-glycine 

buffer and a discontinuous pH gradient. Such a SDS system separates proteins 

on the basis of their molecular weight and not their charge characteristics 

( 14). 

Figure 5 shows the results of the respective samples run on a 15% acryl

amide gel. Migration of the protein sample i~ from right to left with the 

lowest molecular weight specie~ migrating uhead of the ldyher weight. Pre-. 

vious studies conducted in this laboratory (5) have demonstrated that the 

broad yet sharp bands to the right of the monomeric native (NAT) band are 

integral multiples of the monomeric unit when plotted on a migration distance 

versus log molecular weight. This can be seen in Figure 5 when the variously 

treated lysozyme samples (mol. wt. = 14,300)are compared to the calibration 

samples.· Myoglobin (My) with a molecular weight of slightly greater than 

15,000 is just to the right of non-irradiated native lysozyme (NAT). a-chymo

trypsin (a-Ch) which a molecular weight of 28,000 for the intact molecule 

mig~at~d approximately the ~arne distance as the first band to the right of the 

monomeric band of the irradiated samples. This indicated this band represented 

a dimer (2 x 14,300 ~28,000). 

Again we see the increased amount of higher molecular weight aggregates 

for th_e stored N2 treated irradiated sample, N2 (L), compared with the recently 

irradiated N2 treated sample·, N2 (R). Streaking of all irradiated samples is 

obvious and could be 1ntepreted in several ways. Such streaking could indi

cate a continual p~ecipitation due to instability during migration, or a con

tinual gradient of molecular species. 
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A number of interesting observations are apparent in Figure 6 which shows 

the electrophoretic patterns of the samples from Figure 3. Looking from the 

top of the figure down,. the first 5 patterns represent chromatograph; c frac

tions preceded by the salt precipitation method designated as I for salt

insoluble and S for salt-soluble fractions. It should be pointed out that a 

quantitative comparison is not possible between the various samples since the 

degree of staining is dependent on protein concentration which is a function 

of the amount of sample applied. 

In the total salt-insoluble fraction, I (t}, the various polymeric species 

can be demonstrated. I- 1, 2, and 3 are the peaks of the salt-insoluble frac

tion as number in Figure 3. I - 1 was the first elution peak and, as can be 

seen, showed a very high proportion of large molecular weight species. An 

indication of the weight of these species can be seen by comparing the distance 

migrated with that of catalase (cat} which has a molecular weight of approxi

mately 60,000 for its monomeric form. I - 2 showed the intermediate \'Ieight 

species and I - 3 represented the native column peak showing a relatively low 

amount of aggregation. The total salt-soluble irradiated sample, S(t}, indi

cated only the presence. of the monomeric species and migrated approximately 

the same distance as the monomeric band in the total salt-soluble sample. Thus 

a good indication was obtained for showing the selectability of the salt pre

cipitation technique in s~parating. the ra~iation damaged molecules from the 

relatively unaltered ones. 

Note the reduced and blocked native lysozyme pattern, r/b (N}, compared 

with native lysozyme (NAT}. As could be seen in the column elution pattern, 

Figure 3, it appeared to have a slightly higher molecular weight than the· 

native species. This could probably be explained by the reduction and car-
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·boxymethylation opening up the molecule and thus giving it an apparently 

greater hydrodynamic volume than native. The most interesting observation 

was, however, the occurrance of main chain cleavage in the irradiated re

duced and blocked sample, r/b (R), as indicated by the appearance of diffuse 

bands in front of the monomer. The fact that there appears to be two bands 

in front of the monomeric one indicates that perhaps cleavage occurred at a 

specific site on the molecule, i.e., a particular tryptophan residue. 

This gel confinned and clarified the nature of the material seen in the 

Bio-Gel chromatographic column and demonstrated the increased resolution of 

50S-electrophoresis over gel filtration techniques. 

CONCLUSIONS 

Aggregation through the rupture and the subsequent incorrect rejoining 

of intermolecular disulfide bonds is the most dominant characteristic of 

radiation damage in solid irradiated lysozyme. ESR patterns indicated that 

thi.s process involved intermediate free radicals. At room temperatures the 

two most dominant radicals are a cysteine or sulfur type and a glycine type 

radi"cal which finally decays into the former. If such radicals formed in 

the solid state play a causal role in the rupture of the disulfide bonds of 

the irradiated protein, then one would suspect that post-irradiated treatment 

with various gases which could interact with these radicals would alter the 

extent of aggregation produced after dissolving in an aqueous solution. The 

results of our investigations indicated that such was indeed the case. 

Our investigations indicated that the secondary free radicals formed as 

a result of radiation produced damage appear to be stable and long lived. 

This was shown by the reduction in polymerization following exposure in the 

··dry state to the various gases which are known to interact with such free 
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radicals. Whether or not gas treatment was done two hours or two days follow

ing irradiation seemed to make no significant difference in either the chroma

tographic or electrophoretic patterns. The effect of the post-irradiation 

treatment with all the gases was to decrease the amount of aggregation to 

varying degrees. The greatest protection· against such a mode of damage was 

offered by H2So This was not surprising since this gas is a well-known 

efficient radical scavenger. However, these results were confusing in light 

of earlier results on RNase by Hunt and Williams (7). They reported that 

RNase irradiated in vacuum and post-treated with NO or H2s showed no change 

in radiation sensitivity as compared to samples maintained in vacuo through

out the entire experimento Earlier studies by Haskill and Hunt (2) had shown 

that aggregation products showed the greatest loss of enzymatic activity after 

fractionation on G-75 Sephadex columns. Thus, these findings would imply that 

radiation damage proceeds by several mechanisms, the relative impo-rtance of 

each as yet not determinedo 

One of the more dramatic mechanisms of ionizing radiation induced damage 

is the process of polymerizationo All of our data indicates it is a result 

of intermolecular disulfide band formation. We have seen no evidence for the 

involvement of other types of covalent bonding as supported by the conclusions 

·of Friedberg (17)o Friedberg found that when he S-carboxymethylated RNase or 

lysozyme prior to irradiation, aggregation was not inhibited and there was no 

indication of marked degradation of the polypeptide chain. This was just the 

opposite effect this laboratory observed following S-carboxymethylation and 

alkylation. Part of the reason for the discrepancy in results may be due to 

his choice of mercaptoethanol as a reducing agento In our work, Cleland's 

Reagent (Oithiothreitol - OTT) was used for reduction of -SS- groups. OTT has 
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been found to be highly specific for such groups and has a much more favorable 

equilibrium constants because of its lower redox potential (18). 

Main chain cleavage is apparently extensive in the reduced and blocked 

enzyme. Such an observation was also seen in the electrophoretic patterns of 

the other irradiated and gas treated samples, although to a much lesser ex

tent. This was the first cle~r evidence of such a process occurring in irra

diated lysozyme. In addition, the.appearance of two discrete bands migrating 

in front of the monomer rather than a continuous diffuse band suggests that 

such a cleavage may be occurring at a specific site on the molecule. It is 

unknown whether this phenomena represents a Garrison type of mechanism or not 

{ 19). 

Finally, the irradiation induced aggregation products appear to be un

stable and contin~e to undergo slow changes over a period of time even while . 
stored in the dry state at -20°. Studies are continuing into the nature of 

this inherent instability in order to better understand the nature of the 

alterations in macromolecules following exposure to high energy ionizing 

radiation. 
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FIGURE 5: SDS POLYACRYLAMIDE (15%) GEL ELECTROPHORESIS PATTERNS 

The nomenclature used: My represents myoglobin (mol. wt. = 17~200); Nat 
is native lysozyme {14,300); N2(L) and N2(R) are irradiated, nitrogen 
post-treated lysozyme samples which had been stored for one year (L) and 
prepared recently (R); H2S, 02, NO, N20 all represent irradiated lysozyme 
samples which had received post-irradiation treatment with the respective 
gases; a-chymotrypsin (28,000). Increasing molecular weight species are 
from left to right. See text for contrast and comparisons • 
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riGURE 6: SDS POLYACRYLAMIDE (15%) GEL ELECTROPHORESIS PATTERNS 
The nomenclature used: I - 3, 2, l represent salt-insoluble peaks from 
Bio Gel P-100 chromatographic column (see Fig. 3); I(t) is total salt
insoluble sample; S(t) is total salt-soluble sample; r/b(R) and r/b(N) 
is reduced and blocked irradiated and native lysozyme respectfully; 
nat is native lysozyme; cat represents catalase (mol. wt. 66,000). In
creasing molecular weight species are from left to right. See text for 
contrast and comparison • 
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INTRODUCTION 

PROTEIN-DNA INTERACTIONS FOLLOWING GAMMA-IRRADIATION 
by 

William H. Metzger, II, and Bert M •. Tolbert 

It is well documented that the genetic material in biological systems is 

extremely radiosensitive compared·to other macromolecules. The integrity of 

this genetic material is protected. in most organisms by a number of enzymatic 

repair mechanisms. For example, there are at least three such mechanisms 

known to operate in B. aoU which help this organism to repair the damage pro

duced following exposure to ultraviolet radiation· (1). However, we are still 

a long way from complete understanding the various actions of radiation on 

the genetic makeup of a living cell, Often, the basic assumption of radiation 

induced damage is that the effective primary recipient of the radiati.on energy 

is DNA. As far as cell viability is concerned, this assumption may or may not 

be true. However, it should be stressed that such an assumption has yet to 

receive concrete experimental evidence. 

· One of the more dramatic consequences of cellular exposure to high energy 

radiation is degradation of DNAo The current opinion appears to be that chain 

scission alone is not the primary lesion responsible for the DNA degradation 

(2)a The reaso~ing for this view is extensive and involves a large amount of 

data from various types of investigations. Pollard concluded in his review 

article (2) that the nature of the primary lesion is still uncertain but indi

cations are that the interaction of ionizing radiation involves both the DNA 

and the nuclear proteins. Alexander and Lett (3) indicated that there was an 

energy transfer phenomena in irradiated DNA-nucleoprotein systemo In another 

study, Alexander and Stracey (4) found -evidence of crosslinkage between DNA 
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and protamine from the heads of herring sperm. They postulated that such a 

crosslink probably involved a covalent bondd Additional evidence supporting 

the concept of interaction between DNA-protein complexes came from the work 

of Wilson (6). He demonstrated that dry preparations of deoxyribonuclease 

irradiated in the presence of DNA show a radiosensitivity different from the 

pure enzyme. Thus, the question we ask is: What· are the possible ro.les of 

nucleoprotein, including histones jn the radiobiology of DNA? 

The molecular function of histones in biological systems is poorly 

understood. The complexing of the basic histones with DNA results in neu

tralization of a large percentage of the negative phosphate groups of DNA 

and some concomitant structu~al changes in the DNA. The physical natu~e 

of this complex is undoubtedly complicated and may involve supercoiling of 

the individual chromatin fibers (5). We postulated as a basic working 

assumption that histones and possibly other nucleoproteins play an important 

role as a radio-protective agent for DNA against natural background exposure 

to ionizing and UV radiationo 

· ln order to test the possibility that such a function might exist, we 

examined a model DNA-protein system for changes in the protein following 

gamma irradiation.· -A system was needed in which any changes in the protein 

damage profile could be detected when irradiated in the presence or absence 

of DNA. We felt that a lysozyme-DNA complex could provide such an experi

mental model for a number of reasons. First, we have developed techniques 

by which the radiation induced damage products of lysozyme have been char

acterized. A second reason was that lysozyme is a basic protein (pi 11-12) 

of approximately the same size as the histoneso 
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Thus, any chemical change in the protein pattern as a function of the 

presence or absence of DNA following exposure to high energy ionizing radi

ation would be suggestive of interactions between DNA and basic proteins. 

EXPERIMENTAL PROCEDURE 

Materials 

Lysozyme (egg white, 3x crystallized) was obtained from Sigma Chemical 

Company (Lot #llC-8150) and was electrophoretically pureo Calf thymus DNA 

which had been stripped of nucleoproteins was a generous gift from Dr. Mancourt 

Downing (Department of Chemistry, University of Colorado, Boulder)o All other 

chemicals used were of reagent grade unless specified otherwise. 

Equipment 

Equilibrium-centrifugation was performed on a Beckman L2-65B ultracentri

fuge in conjunction with a SW-50L rotator. Centrifugation was done· at 40,000 

rpm at 20-23° for 48 hours. 

Experimental Rational 

Most in vivo systems contain approximately equal amounts of histones and 

DNA. (wt/wt)o Approximately 25% of the amino acid residues of histones are 

basic in nature (i.e., argine, lysine, histidine) contrasted to only 14% of 

the amino acid residues being basic in lysozymeo If a 1:1 ratio.- (wt/wt) of 

. lysozyme to DNA was used this could represent a theoretical 1:2 ratio of the 

basic groups normally present with histones to DNA. 

In order to separate the pure protein from the DNA and DNA-protein com

plexes, a CsCl gradient was setup. Proteins band about a density of lo3 gm/cc 

in CsCl compared to DNA which bands around a density of 1.7 gm/cc ... The self

generating CsCl density gradient is approximately 0.1 gm/ml/cmo Therefore, 

using a 3 ml solution of CsCl and a root mean square density of lo6 gm/ml. 
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implied a density gradient of from 1.45-1.75 gm/ml. Utilizing this density 

·gradient, pure lysozyme should float at the top of the gradient and never 

enter into it while the DNA and protein-DNA complexes should enter. In 

addition, the high salt concentration of CsCl should ensure that the only 

complexes possible between DNA and lysozyme involve a covalent crosslink. 

METHOD 

Equal amounts of DNA and lyso?yme {0.23 gm each) were mixed together in 

40 ml of 0.001 M phosphate buffe~ (pH 7.1) and allowed to hydrate for twelve 

hours at 2-3°. The solution then was lyophilized to dryness. 

The dry sample was placed in 10 mm O.D. glass tube of which one end had 

been spherically b1own to receive the sample. The glass ampule was evacuated 

to 10-20 ~Hg for 24 hours. The tube was then heat sealed and the sample irra

d·iated in a Cs-137· gamma source at 23-24°. The dose rate was 0.383 Mrads/hr. 

Total dosage ror sample was 26.15 Mrad. 

Three nitro cellulose centrifugation tubes were prepared by adding 3 ml 

of CsCl solution (2.408 gm CsCl/3 ml H20) per tube. During centrifugation 

this CsCl concentration would self-generate a 1.45=1.75 gm/ml density gradient. 

Each tube contained the following sample: 

Tube #1: 61.4 mg of irradiated DNA-lysozyme sample (26.15 Mrads). 

Tube #2: 61.3 mg of control (non-irrad.) DNA-lysozyme sample.· 

·Tube #3: 61.4 mg of irradiated DNA-lysozyme sample plus 0.10 gm 

Cleland's Reagent (dithiothreitol-A grade, Calbiochem). 

Tube.#3 contained Cleland's Reagent which is specific for the reduction 

of -SS-. bonds to sulfhydryl groups. All ·tubes \'/ere allowed to ·stand for 

12 hours at 3-5° without stirring to insure'complete -hydration. Tubes were 

then mixed immediately prior to placement iri centrifuge (white oil added. on 
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top of each sample solution in order to fill tube). All samples were centri

fuged as indicated above. 

Follo\'ling 48 hours centrifugation time, tubes were removed. Pure protein 

was visable on top of the CsCl gradient as a thin film. A hole was punched in 

the bottom of each tube and CsCl solution. collected. Solid protein layer was 

washed twice in distilled water and then transferred to 2 ml of standard SDS

tris sample buffer solution of pH 9.8 (see Section , this report on prepara

tion. of sample buffer). The sample was allowed to dissolve in the buffer by 

sth·ring at room temperature for one hour. All samples were stored at -15° 

unti 1 needed. 

To tube #3 was added approximately 30 .mg of iodoactamide to insure block

ing of -SH groups exposed by Cleland's Reagent. 

A Lowery Test was perform~d to determine the protein concentration of each 

sample solution (7). Protein profiles were determined for each sample by run

ning on a 15% SDS-acrylamide electrophoretic gel using a discontinuous buffer 

system (see Section IV, this report, for procedure). 

RESULTS 

As can be seen in Figure 1, the presence of DNA in the irradiated lYso

zyme does· produce a qualitative change in the electrophoretic pattern. This 

difference is especially noticeable in the reduced and blocked sample where 

the amount of cleavage products is greater than in an irradiated, reduced and 

blocked sample in the absence of DNA. Streaking is also more evident in the 

irradiated DNA-lysozyme sample over the uncomplexed irradiated control. The 

cause o.(this· streaking is not known with certaintyo It might be the result 

of a continuous precipitation as the enzyme moves through the gel or it could 

indicate the presence of a continuum of damaged species. 
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The nature of the differences is therefore unclear but the results do 

indicate _.that some type of interaction does' occ·ur in the DNA-protein com

plex when irradiated in the dry state. Based on the above observations, a 

more intensive experimental study is justified to study this interaction 

a~d the role histones play during exposure of DNA to ionizing radiation. 
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FIGURE 1: SDS POLYACRYLAMIDE (15%) GEL 

The electrophoretic patterns comparing the effects of reduction with a 

disulfide reducing agent following 26 Mrads irradiation in the presence 

and absence of DNA. Notice both the qualitative and quantitative changes 

in banding pattern between the reduced and blocked sample irradiated in 

the absence of DNA and reduced and blocked sample of Tube #3 which was 

irradiated in the presence of DNA. 
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INTRODUCTION 

MACROMOLECULAR CHANGES OF GAMt~A-RADIATION 
PRODUCED CATARACTOGENESIS 

by 
William H. Metzger, II, and Bert M. Tolbert 

The physical and chemical nature of the damage produced by ionizing ra

diation in biological systems is still unclear following several decades of 

intensive experimentation. The changes which occur to proteins after such 

irradiation is u. fundamental aspect of radiation biology as well as to the 

entire field of radiation chemistry. 

Several experimental designs have been employed in an attempt to describe 

the physical and chemical changes in macromolecules resulting from exposure to 

ionizing radiation. These designs have ranged from studies on dry, crystal

line preparations to the effects on whole animals. Valid criticisms can be 

made of each system. The most practical system to achieve this goal is very 

much a matter of controversy and personal opinion. Pure, crystalline protein 

is a system far removed. from a living cell; on the other hand, the complexi

ties encountered when working with the in vivo systems often mask the basic 

and usually subtle alterations on the molecular level. In our opinion a 

suitable system is· one which is relu.tively metabolically inactive and a 

resoluble molecular composition. 

For the past several years our laboratory has been investigating the 

effects of gamma-radiation on dry, crystalline proteins to determine the 

chemical and conformational changes following such treatment. Evidence has 

been accumulating from studies conducted in this laboratory (1) and others 

(2-5) that radiation damage to lysozyme proceeds by a number of processes~ 

One effect appears to be a more or less random alteration of the amino acid 
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residues· resulting in a varying loss of conformational integrity. A second 

effect is the appearance of aggregation proqucts following exposure to gamma

radiation·. The data indicates that this polymerization occurs by intermole

cular scrambling of disulfide bonds. Still a third process is the formation 

of cleavage products not involving -SS- bond breaking. A long term effect of 

ionizing radiation on dry protein preparations involving months can be demon-

_strated by a continual precipitation process of an aqueous solution of this 

preparation. The medldrtism for th1s phenomenon is unknown, but the rupture 

and subsequent incorrect reformation of disulfide bonds in other proteins 

has been observed (6,7). 

The question to which we wish to direct our attention is, "Do the same 

changes noted ab~ve in pure, crystalline enzyme preparations following irra

diation occur in biological systems?" 

The major difficulty in attempting to study the damaged products of 

irradiated protein was in developi"ng a technique which could resolve the 

various radiation damaged fractions. Only recently have analytical tools 

become available which allow the resolution needed to observe the various 

irradiation products of damaged protein. (See Sec~ IV, this report.) 

The rabbit lens was the biological system selected to study the macro

molecular changes produced by ionizing radiation for the following reasons • 

. The lens of the mammalian eye is one of the most sensitive organs in the body 

to the effects of ionizing radiation. The visible result of such irradiation, 

a cataract, can be produced at dose levels so low as to be undetectable in 

other exposed tissue. Cata.ractogenesis is a common pathogenic complaint of 

humans and the practical benefits of understanding the biochemical nature-of 

its development are obvious. An even more critical -reason for its selection . 
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is the uni~ue biological situatfon the lens offers to the researcher. This 

organ is an extremely radiation sensitive tissue which has very limited 

metabolic functions while at the same time containing a simplicity of com

position found in no other mammalian organ. The rabbit was selected in 

particular because of availability and favorable body/eye size ratio. 

A great amount of information has been collected on radiation induced 

cataracts but at this time the question of how radiation damage occurs is 

still poorly understood on a molecular level. Water and protein make-up 

most of the chemical composition of the ocular lens with 91.0% of the lens 

solid material being protein (24}. The lenticular material is more dehy

drated than other tissue being only approximately 65-69% water (25}. ·In the 

norma 1 1 ens the water concen tra ti on decreases s 1 i ght ly with age (::t5-7%}, hovJ

ever, in the cataractous lens, the water content increases. In the young or 

immature lens, most of the structural lens proteins are of the water so1uble 

type; but as the lens ages there is a relative increase in the concentration 

of insoluble (albuminoid} fraction. During cataractogenesis the ratio of 

insoluble to soluble protein fraction increases greatly over that of normal 

lens. Undoubtedly, this change in relative amounts of soluble vs insoluble 

protein plays an important role in transparency and the development of lenti

cular opacification or cataractogenesis. 

Pirie, et aZ. (26, 27} pioneered much of the early biochemical investi

gation into the molecular nature of cataractogenesis. From their studies they 

concluded':that the development of radiation cataract probably proceeds in two 

stages •. ·one is due to the direct effects of the metabolically active epithe

lial cells, while the ~econd involves some sort of alteration of the lens· 

fibers •. It is possible that the changes in the fiberous proteins leading to 
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cataract formation is, in part, the direct effect of ionizing radiation rather 

than the consequences of damage to the epithelial cells. The delay in cata

ract formation following exposure to radiation could be due to processes simi

lar to those occurring in aqueous solutions of irradiated lysozyme. The changes 

in solubility and the oxidation state of sulfur residues of lenticular proteins 

in cataracts is similar to the same changes demonstrated in the products of 

irradiated lysozyme. The most dramatic initial chemical change in the lens 

following radiation exposure is the marked decrease in the glutathione (GSH), 

glutathione reductase, and total protein sulfhydryl (PSH) content (9). 

Several interesting observations have been made regarding the protection 

of the lens against radiation damage. Pirie and Lajtha (12) found that cys

teine injected into a mammal shortly before irradiation greatly helped to pre

vent cataract formation. The same protection was noted by Hagemann, et aZ.(l3), 

\'lhen topical ocular applications of dimethyl sulfoxide (DMSO) \'Jere applied 

prior to exposure but with no effect if applied following irradiation. Other 

chemical reagents also help to decrease apparent radiation damage (14). On the 

other hand, the breathing of higher concentrations of oxygen than normal in

creases the sensitivity of the lens to damage (15). 

These observations seem to indicate the loss of solubility and opacity 

seemed to be involved with the radiation produced oxidation of sulfhydryl 

groups ori the lens protein. The hypothesis that such oxidation and the sub

sequent fonnation of disulfide bonds being responsible for the occurrence of 

senile cataract was well-developed by Discle and Zil (16). Studies conducted 

by Thomann (17, 18) cast doubt on the validity of such a mechanism being the 

causal agent in cataractogenesis due to his failure to detect the presence of 

-SS- groups in the insoluble fraction of either nonnal or cataractous lens. 
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Studies by other investigators (22, 23) also supported the conclusion that the 

insoluble protein fraction is mainly a polymerization product of some soluble 

fractions in which the transformation does not involve the -SH groups. How

ever, work conducted by Testa, et al.(l9-21) showed that incubation of lens 

proteins in oxygen does lead to the formation of -SS- groups. They suggest 

that the lack of finding -ss-. groups in lenticular proteins of the earlier 

studies was due to the technique being employed. They concluded for reasons 

given, however, that the oxidation of protein -SH groups is .age-linked and 

probably plays little, if any, role in the conversion of soluble to insoluble 

proteins, the formation of -SS- bonds occurring before the conversion event. 

Fulhorst and Young (28) demonstrated by in vivo experiments on rats using· 

radioisotope techniques that the water-soluble lens proteins were synthesized 

directly from amino acids in growing lens fibers while the insoluble (albu

minoid) fraction arose through a subsequent conversion of soluble protein to 

an insoluble form. Zigman (29) later showed that this insoluble fraction could 

be subdivided into urea-soluble (US) and urea-insoluble (UI) fractions. The UI 

fraction increased with time in cataractous lenses but not in normal lenses. 

In order to solubilize this UI fraction it was necessary to treat with a disul

fide reducing agent~· He suggested that in nuclear cataract formation, insoluble 

protein make-up changes from predominately urea-soluble to urea-insoluble is 

due to formation of disulfide bridges between the various lens crystallines. 

Kinoshita (30)(in an excellent review article), pointed some interesting pos

sibilities for the inter-relationships between glutathione (GSH) and protein 

-SH (PSH). GSH is present in higher concentrations in the lens than other body 

tissues. A smaller but significant quantity of oxidized gluthathione (GSSG) is 

also found in the lens. Labeiing experiments have shown that GSH is not only 
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synthesized in the lens but once formed is not hydrolyzed nor readily diffus

ible out of the lens. When the lens is incubated in a proper medium which 

maintains transparency, no significant amount of GSH leaks out. Even when 

the lens is dialyzed only approximately 20% of the lens -SH is lost. Only 

when the lens is treated with 3M urea is the GSH readily extracted. Another 

observation is the distribution between PSH and GSH in the lens. Total -SH 

concentration (PSH + GSH) is the same in the cortex as in the nucleus of the 

lens. However, the cortex contains a higher amount of GSH while the nucleus 

has the higher fraction of PSH. It has been suggested that possibly the cor

tical fibers while being displaced towards the nucleus undergo a transforma-· 

tion of GSH into PSH through some sort of disulfide exchange mechanism. As 

pointed out previously, one of the first biochemical changes to occur in the 

lens following exposure to ionizing radiation is a. marked, permanent fall in., 

GSH level. Kinoshita offered the explanation that the presence of high con

centrations of GSH serve to protect the PSH from undergoing ox.idation. A 

decrease in GSH below a certain level then could allow the various fractions 

of lenticular'proteins to cross-link through disulfide bond formation result

ing in conformational changes producing opacity in the lens. As he so noted, 

even though this theory is attractive, there is little experimental evidence 

to support it at this time. 

EXPERIMENTAL OBJECTIVE 

Thus, as indicated by·the foregoing discussion, much information has been 

collected on radiation cataracts but still the question of how such damage 

occurs is poorly understood on a molecular level. At this point in our know

ledge of the subject there is a great deal of speculation, some confusing 

results and many interesting but unexplained observations. Perhaps the major 
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contri·buting factors responsible for the above situation is our general lack of 

fundamental understanding concerning the mo~ecular nature of radiation effects 

on biolo~ical systems. Therefore, the question that one must initially ask is: 

What is the physio-chemical basis for the etymology of radiation induced cata

ractogenesis? Since 98% of the organic material in the lens is composed of 

protein, the question to which this laboratory has directed its attention is: 

Is there a detectable (i.e., resolvable)" difference in protein composition 

and/or conformation of cataract versus normal lens? In particular, we wish to 

determine if our present theory of radiation produced macromolecular changes 

which was developed through our investigations on dry, crystalline enzymes can 

"be demonstrated in the lens system. As previously stated, the most apparent 

mode of radiation damage is a polymerization type reaction brought about by 

loss of conformational integrity accompanying reactive chemical intermediates, 

probably of a free radical nature as indicated by Electron Spin Resonance 

(ESR) studies. This aggregation p1·ocess seems to extensively involve the -SS

and -SH groups and the slow precipitation seen in solutions of our pure, irra

diated protei~ is reminiscent of the slow nature of cataract formation. 

METHODS AND PROCEDURES 

Eyes were obtained from young, female Dutch rabbits usually within 5-30 

minutes following death by cervical dislocation. Whole eyes were immediately 

.placed in 0.02 M Phosphate buffer, pH 7.1, and stored at -15-20° until use. 

Treatment of Lenticular Proteins (See Figure 1) 

Step 1: Lens material was obtained as needed by freezing entire eye in 
' 

liquid nitrogen and dissecting eye -tissue, including lens capsule, away from 

whole lens by use of a scalpel. Whole, still frozen, lens was then quickly 

washed with cold, degassed, doubly-distilled water to remove any unwanted 

-· 
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adhesive material and blotted on filter paper. Care was taken to always main

tain lens material in liquid nitrogen until actually utilized to prevent the 

possibility of auto-oxidation processes occurring. 

Step 2: Whole lens (approximately 1 gm wet lens/5 ml solution) were 

quickly removed from liquid nitrogen and placed in the following sulfhydryl 

blocking solution: Dissolve 8 M urea (freshly recrystallized from boiling 

ethanol) in distilled water and adjust to pH 8.1 with 0.5 M tris -OH buffer. 

Add 0.01 M iodoacetamide. The solution was degassed and then flushed by 

bubbling pure N2 gas to decrease oxygen content prior to adding lens material. 

Reaction vessel was ·allowed to incubate with continuous stirring (Teflon spin 

bar) at room temperature under nitrogen atmosphere for approximately two hours. 

Following fncubation period, solution was transferred to polyethylene centri

fuge· tubes and contents spun at 13,000 rpm in a Sorvall SE-12 rotor (radius = 

3.66 inch) for 25 minutes at -5 to +5°. Urea insoluble (UI) material was re

suspended and procedure repeated twice more. All supernate was pooled and 

centrifuged a final time to insure removable of any UI material remaining. 

Both US and UI fractions were placed in dialysis tubing and dialyzed against 

cold (~l5°C) running tap water for 24 hours. This vtas followed by dialysis 

against doubly distilled water (30:1 v/v) for 12 hours. Dialysis tubing was 

pre~treated by boiling for 25 minutes in a 0.05% EDTA solution and rinsed 

for 2 hours in running tap water followed by a 2 hour rinse in distilled 

water (3.2 1/hr). The samples were lyophilized to dryness and stored at 

-15° unti'l needed. (See Fig. 2, this section) 

Step· 3 and 6: Reduction of possible d1sulfide bonds (-SS-) was carried 

out by dissolving 0.5 gm dry US sample from Step 1 in 15 ml of 8 M urea · 

(7.2 gm/15 ml) which had been titrated to pH 8.75 with tris-base and degasied 
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and flushed with pure N2 gas prior to use. After sample was allowed to dis

solve, lo-3 M Cleland's Reagent (Dithiothreitol ~ Calbiochem) was added. 

Mixture was stirred under nitrogen atmosphere in the dark at room temperature 

for 55 minutes. 

The alkylation (blocking) of -SH groups was accomplished by first dilut

ing. the above mixture with 0.5 M tris-HCl buffer, pH 8.5, to reduce urea con-· 

centration to 2M. Added 1 x lo-2 M iodoacetamide (Calbiochem); amount based 

on 10-fold excess of Cleland's Reagent. The mixture was allowed to incubate 

with constant stirring under nitrogen atmosphere at room temperature for 30 

minutes. Added 0.1 M of·2-mercaptoethanol (10-fold excess of iodoacetamide) 

and _again allO\'Jed to incubate under same cor.ditions for 45-60 minutes. 

Sample solution was dialyzed by employing an Amicon Diafiltration System 

utilizing Amicon #UM-05 filter and passing through 5x volumes. Samp.le \'/as 

then lyophilized to dryness and stored at -15°. (See Fig. 3, this section) 

Steps 4, 5 and 7: (These have not b·een performed as yet.) 

Fractionation of the total lenticular protein samples will be performed 

on a Bio-Gel P-150 (100-200 mesh) obtainable from Bio-Rad Laboratories. This 

material is composed of spherical polyacrylamide cross-linked with methylene

bis-acrylamide." P-150 has a fractionation range of 15-150 x 103 daltotis and 

is a neutral hydrophilic gel filtration material compatible with the 0.5 M 

tris buffer {pH 8. 1) to be used as eluent. 

Proposed Experimental Design 

Utilizing the operational design as o~tlined in Figure 1, a protein pro

file will be determined for the normal rabbit lens under a variety of condi-

tions. 

Cataractous rabbit lens will be obtained by subjecting young Dutch rabbits 
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to approximately 1,000-1,500 rads. Such a dosage will be limited to the right 

eye tissue only by use of a columinator and Co-60 gamma disc. Rabbits will be 

maintained in a drug induced unconscious state for irradiation treatment period 

(~1/2 hour). Latency period prior to development of complete opacity is approx

imately 5-7 months under these conditions. At the conclusion of each 30 day 

period following irradiation, one subject will be sacrificed and the experi

mental eye (right) and control eye (left) worked-up as indicated in the opera

tional design. This practice will continue until onset of complete opacity. 

In addition to the protein profile obtained for both irradiated and non

irradiated lens through the use of polyacrylamide-SDS slab gel electrophoresis, 

several additional analytical techniques will also be employed to further 
' characterize the lenticular proteins. 

Isoelectric fo.cusing is becoming a widely accepted and very po\IJerful 

method for protein separation (31). Unlike SDS-gel electrophoresis which 

separates proteins on the basis of size (molecular weight), isoelectric 

focusing separates proteins on the basis of their isoelectric point (pi). 

The·general principle is that proteins are multivalent macromolecules due to 

the nature of the various charged groups of their amino acid composition. 

Under the·influence of an electrical field in a natural pH gradient, each pro

tein will migrate to its neutrality point (pi). Gel isoelectric focusing has 

been demonstrated as a method of great value for determining the number of 

species present in a protein. samp 1 e as well as a criterion for the purity of 

isolated proteins. Sours and van Doorenmaalen (32) demonstrated excellent 

resolutio·n of chick lens protein in a pH gradient of 3-10. Later work by 

Sours. (33) utilizing isoelectric focusing of vertebrate lens proteins in 

polyacrylamide gels demonstrated the extraordinary· degree of resolution 
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possible as well as good reproducibility. By eniployingboth of these recent 

techniques based on molecular size and pi to characterize the protein patterns,. 

it should be possible to determine if radiation cataract produces significant 

alteration in the protein composition of normal versus cataract lens. 

-Once such an alteration has been detected, studies will be conducted to 

determine what change(s) has occurred. In particular, any polymerization pro

cesses will be fully investigated to see if such a process involves the oxida

tion state of sulfur residues or some other type of covalent bonding. In 

addition, the radiation induced polymerization composition will be studied to 

determine from what species these components arose. Changes in sulfhydryl 

content will be determined by recent modification of a histochemical technique 

developed by Barrnett and Seligman (34). This modification (35) should allow 

the visualization of protein -SH groups on the polyacrylamide gel following 

electrophoresis. 

CONCLUSION 

Investigation as outlined in the previous sections can be performed with 

in vitro and in vivo lens proteins. It will be most interesting and informa

tive to determine. if the theory of radiation damage which has emerged from our 

investigation on crystalline enzymes over the past several years can be demon

strated in a living system such as the mammalian lens. Such knowledge would 

add greatly to our basic understandinQ of the interactions between ionzing 

radiations and biological material. 
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Figure 1: Operational Flow Chart of Treatment of Lenticular Proteins 

*Urea Soluble 

(4} l Fractionate 

*Soluble Fractions (US) 

Rabbit Eye 

(1) l 
·whale Lens 

(2) 

Reduce 
( 3) and 

Block 

rea Insoluble (UI) 

(6} ! Reduce and Block 

*Soluble (UI-R) 

(7} L Fractionate 

*Soluble Fractions (UI-R) 

*Urea Soluble Reduced (US-R) 

(5) t Fractionate. 

*Indicates determination of protein profile by use of SDS-polyacrylamide 
gel electrophoresis in discontinuous buffer. 
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FIGURE 2: SDS POLYACRYLAMIDE (12.5%) ELECTROPHORESIS PATTERNS FROM 
STEP 2 AND 3. 

Increasing molecular weight species is from left to right. Lenticular 
protein sample from young, female Dutch rabbit. The calibration samples 
had the following mol. wt.: Catalase (monomer 66,000); Lysozyme (14,300); 
Edestin (60,000). Notice the reduction in the higher weight bands follow
ing disulfide reduction and alkylation. 
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II II II 

II II II 
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Rabbit Lens (Reduced & 
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Edestin 

Myoglobin 
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FIGURE 3: SDS POLYACRYLAMIDE (15%) GEL 'ELECTROPHORESIS PATTERNS 
Comparison of young, female Dutch rabbit lens protein before and following 
disulfide reduction and alkylation. Sample on the left is urea soluble 
fraction from Step 2. Pattern on the right is the same sample after being 
treated by a disulfide reducing agent and blocked - from Step 3. Both 
sample concentrations were approximately 30 ~g. Increasing molecular 
weight species is from bottom upward • 



1972 ~regress Report_- Section III- Page 15 

REFERENCES 

1. N. Witt and B. Tolbert, "Radiation Effects in Biochemistry and Organic 
Chemistry", Techni ca 1 Progress REport for AEC Contract AT( 11-1)-690, 
Oct. 15, 1969 to Oct. 14, 1970. 

2. J. Haskill and J. Hunt, Rad. Res., IL, 327 (1967). 

3 •. C. Stevens, B. Tolbert and G. Bergstrom, Rad. Res., 42, · 232 (1970). 

4. C. Stevens, J. Long and D. Upjohn, ExptZ. BioZ. Med. Proa.~ 132(3), 
951-956 (1969). 

5. Maksimov, V. I. and Osipov~ V. I., Biokhimiya.~ 32, 9R (1967). 

6. J. Hunt and J. Williams, Rad. Res., 23, 26-52 (1964). 

7. C. Stevens, H. Sauberlich, G. Bergstrom, J. BioZ. Chem., 242(8), 1821-
1826 (1967). 

8. Technical Progress Report for AEC Contract AT(ll-1 )-690, "Effects of 
Radiation on Proteins", Oct. 15, 1970 to Oct. 14, 1971, Sec. V, p. 1-11. 

9~ Kuck, J. F., in Biochemistry of the Eye (C. N. Graymore, Ed.), Academic 
Press, London, 183-369 (1970). 

10. Waley, S. G., The Eye (H. Davson, Ed.), Vol. 1 (Second Ed.), Academic 
Press, London, 299-379 (1969). -

11. Philipson, B., "Biophysical Studies on Normal and Cataractous Rat 
Lenses", Aata Ophth., Supp. 103, 5-30 (1969). 

12~ Pirie, A. and Lajtha, L. G., Nature, 184, 1125-1127 (1959). 

13. Hagemann, R. F., Evans, T. C. and Riley, E. F., Rad. Res., 44, 368-378 
{1970). 

14. Van Heyningen, R. E., The Eye (H. Davson, Ed.), Vol. l (Second Ed.), 
Atademic Press, London, 381-469 (1969). 

15. Howard-Flanders, P. and Pirie, A., Rad. Res., z, 357-364 {1957). 

16. Descle, Z. and Zil, H., Am. J. OphthaZmoZ., 34, 104 (1951). 

17. Thomann, H., Ber. [)f;sah. OphthaZmoZ. Ges., 62, 29 (1960). 

18. Thomann, H., Ber. Dtsah. OphthaZmo Z. Ges., 64, 287 ( 1962). 

19. Testa, M., Fiore, C., Bocci, N. and Calabro, S., ExptZ. Eye Res., l~ 
276 (1968). 



1972 Progress Report - Section III - Page 16 

20. Testa, M.·, Bocci, N., Fiore, C. and Calabro, S., Exptl. Eye Res.,_!!, 
447 ( 1969). 

21. Testa, M., Fiore, C., Bocci and Calabro, S., Exptl. Eye Res., 8, 401 
(1969). 

22. Rao, S. S., Mehta, P. D. and Cooper, S. N., Exptl. Eye Res., 4, 104 
(1965). 

23. Ruttenberg, G., Exptl. Eye Res., i' 18 (1965). 

24. Sal it, P. W., Acta Ophthalmol., .!1_, 81 (1939). 

25. Lerman, S., Survey of Ophthalmol., 1£, 112 (1967). 

26. Pirie, A., van Heyningen, R. and Boag, J. W., Biochem., 54, 682-688 
(1953). 

27. Pirie, A., Rad. Res., ]2_, 211-219 (1961). 

28. Fulhorst, H. W. and Young, R. W., In·vest. Ophthalmol., ~ (3), 298 
( 1966). 

29. Zigman, S., Annals of Ophthalmol., Oct.-Nov., 206 (1969). 

30. Kinoshita, J. H., Arch. Ophthalmol., ~' 554 (1964). 

31. Haglund, H., Sci. Tools, }i (2), 17 (1967). 

32. Bours, J. and Van Doorenwhalen, W. J., Sci. Tools, Z (2), 36 (1970). 

33~ Bours,. J., J. Chromatogr., · 60, 225 ( 1971) • 

. 34. Barrnett, R. J. and Seligman, A. M., Sai., 116, 323 (1952). 

35. Zwaan, J., Anal. Biochem.~ ~' 369 (1966). 



1972 Progress Report - Section IV - Page 1 

SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS 
by 

William H. Metzger, II, and Bert M. Tolbert 

INTRODUCTION 

Sodium dodecyl sulfate (SDS) polyacrylamide slab-gel electrophoresis has 

been shown to be an effective and accurate means of determining molecular weight 
.. 

of proteins and polypeptides (1-12). In the presence of SDS, an anionic deter-

gent, protein migration and separation are dependent on the logarithm of the 

molecular weight. Most of the weights calculated by this technique fall within 

5-8% of the values reported in the literature. Differences in weight as little 

as 2% have been successfully separated (2). The effects of charge and chain 

unfolding on mobility are almost completely obliterated. The highly anionic 

behavior of even very basic enzymes such as lysozyme is caused by binding of 

the SDS to the protein. The net effect is to 5Wump the intt'insic ctlarge on 
! 

the protein and have it migrate solely under the influence of the SDS charge. 

In the past this laboratory has relied on the use of a phosphate buffer 

system with a constant pH of 7.2. However, increased resolution has been 

·obtained by the use of a Tris-glycine SDS buffer employing a discontinuous 

pH gradient (13) •. This system has demonstrated its ability to stack and 

fractionate prot~in-SDS complexes over a range of 2,300 to 320,000 daltons. 

This increased resolution is accomplished by achieving very sharp, thin 

starting zones. An additional advantage of this discontinuous buffer-system 

is the use of more dilute sample solutions without any decrease in resolving 

ability. 

The procedure as described below is a modified version of the system used 

-by Studier at the Brookhaven National Labo.ratory (14). 
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MATERIALS 

Sodium dodecyl sulfate was recrysta·llized-from· boiling ethanol. All 

other chemicals {except acrylamide) were of reagent grade and used without 

further purification. 

Acrylamide Purification 

Dissolve 100 gm of acrylamide in 300 ml of benzene and 300 ml of ethyl 

acetate. Heat solution to 65°-70° for 10 min~tes {Caution: care must be 

taken not to exceed 70n during heating). rilter hot solution with a steam

jacketed Buchner filter through Whatman #1 filter paper. Allow filtrate to 

SLOWLY cool to no lower than 20°. Dry by suction and collect the white 

crystals of acrylamide. 

Redissolve acrylamide in 300 ml each of benzene and ethyl acetate. Stir 

in 18 gm of DEAE cellulose which is in the -OH or basic form {14 meg/gm). 

NOTE: DEAE cellulose comes in chloride form and must be converted to 
-OH form by washing it in 0.5 N NaOH {25 ml/gm) followed by distilled 
water rinse until neutrality is reached. DEAE cellulose may be reused 
but must be returned to -Cl form after each use {See directions of man
ufacturer for procedure). 

Reheat mixture to 60-65° with constant stirring for 15 minutes before 

again refiltering hot as described above. Allow filtrate to slowly cool to 

22° (no lower) and filter off acrylamide crystals under suction. Wash with 

minimal amount of anhydrous ethyl ether (acrylamide soluble in ethyl ether) 

and. allow to dry for 30 minutes under suction in the dark. 

After drying acrylamide, test for purity by checking pH of a 0.1 M aque

ous solution. The pH range should be between 5.7 and 6.5. The purified acryl

amide should be placed in a brown bottle {avoid strong light) and stored in 

desiccator at 0-15°. Such a storage procedure should maintain a stable, highly 

pure form of the acrylamide over a period of at least several months. 
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Electrophoresi~ Apparatus 

An Ortec Model 4200 electrophoresis system with· a modified cell was 

employed in conjunction with a Ortec Model 4100 Pulsed Constant Power Supply. 

The cell used in this system was manufactured by this laboratory to be 

compatible with the above commercial equipment. The following are the mate

rials needed for its manufacture: 

2 thin glass plates- 11.5 em (width) x 10 em (height) x 0.2 em 
(picture glass) (thickness) 

2 plexigla~s strips- 10 x 2.5 x 1.0 em 
RTV rubber cement 
2 nylon screws 1.6 em in length 
Silicon rubber sheet - 10 em x 10 em x 0.2 em 

Slots were cut in the side of the plexiglass to accommodate the thickness 

and height of glass. Glass was cemented to the plexiglass so as to have both 

plates flush on top. Two horizontal screw holes were drilled in each plexi

glass strip in such a way as to allow the two half-cells·to be clamped to

gether. A. 0.2 em square plexiglass strip wa·s cemented to both vertical edges 

of the glass surface on one of the half-cells. This provided a space in which 

the polyacrylamide solution could be poured when casting the gel after the two 

half-cells were clamped together. In order to insure a good seal after cell 

was screwed together, a very thin layer of the rubberized cement was applied 

to all surfaces of the two half-cells which came in contact with each other. 

Two vertica 1 receiving ho 1 es were then dri 11 ed through the ends of the p 1 exi

glass strip to allow cell to fit into the Ortex gel casting stand. 

The one piece well-former was cut from silicon rubber sheet. Top support 

of well-former should be approximately 9 em long and 1.5 em high to provide 

proper amount of mechanical support. Wells should be approximately 0.5 em wide 
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and at least 1.7 em deep. Care should be taken to insure that all edges are 

well-defined and cleanly cut. 

The cells manufactured in the above manner provided excellent resolution 

and reproducibility while allowing good heat exchange characteristics. Thin 

slab gels such as those made in the above cells have many desirable character

istics such as speed of staining and destaining, decreased sample concentra

tion, and better resolution over the thicker, commercial cells manufactured 

by Ortec. In addition, the ability to unclamp and separate the two half-cells 

from each other allowed the user to remove the gels without mechanical stress. 

General Gel Casting Procedures 

After screwing two halves of cell together With the use of the nylon 

screws, the cell is placed in an Ortec gel casting stand. A strip of para

film is placed between the bottom of the cell and base plate of the stand to 

improve the bottom surface of the gel. After tightening the cell to stand, 

melted paraffin was placed along the bottom ·Of the cell and base plate to 

insure protection against leakage. 

· Choice of acrylamide concentration is dependent on a number of consider

ations, molecular weight, number of species present, etc. Optimal resolution 

will need to be determined through trial and error. A good rule of thumb in 

selecting the proper concentration of lower gel solution is 10% or lower for 

molecular wei~hts above 25,000 daltons. 

The lower gel solution is poured to within 3 em from the top of the cell. 

This step should require a few milliliters .less than the 15 ml noted in prepa

ration. Polymerization of the gel will start approximately 2-3 minutes after 

adding initiator {i.e., TEMED). Immediately after pouring, waterlayer lower 
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gel with the use of a syringe taking care to avoid mixing of the water and 

acrylamide solution. Waterlayering must be completed before onset of poly

merization. Polymerization time is approximately 20-30 minutes. A sharp 

refractile line is visible at the gel water interface, if waterlayering was 

performed correctly and prior to start of polymerization. 

After completion of polymerization, the waterlayer is poured off and 

residual water blotted with strip of filter paper. 

The rubber well-former is positioned in top of cell and 3% acrylamide 

stacking gel solution is added by syringe. After allowing for complete 

polymerization the well-former is carefully removed in such a manner as to 

avoid disrupting the structure of the wells. The wells are washed with run

ning buffer solution and are ready for electrophoresis. 

Operating Procedures 

The wells of each cell are filled with buffer and the sample placed in 

respective well with a syringe. Usual amount of sample is from 20-100 ~g 

depending on the particular sample. Tracking dye, 0.1% aqueous bromophenol 

blue, is placed in one well. to monitor migration. Lower reservior is filled 

with buffer. The cast cell is placed in the slots of the upper tank and 

seated firmly by stopcock grease. The upper tank is then fitted inside the 

lower tank and buffer added to volume~ Possible leakage should be carefully 

checked and corrected if located. The upper electrode is then fitted in posi

tion •. The electrode cover from the 4100 Pulsed Power Supply is positioned on 

the external banana plugs of the tank electrodes with the anode (positive) 

pole located below the upper negative pole. 



1972 Progres.s Report - Section IV - Page 6 

The power settings for single cell operation are as ·fo 11 ows : 

·(capacit~nce is 1.0 mfd) 
Ave. Power 

Time Pulse Rate Voltage Approx. mAmp Output 

Start 100 pps 100 25 2.3 

C· 10 min. 150 pps 160 50 8.0 

20 min • 250 pps 200 100 20.0 
• 

30 min. 300 pps 260 160 41.6 

Fixing, Staining, and Destaining 

See Gel and Buffer Preparation, page 7, this section. 

. . 



• 

• 

1972 Progres~ Report - Section IV - Page 7 

GEL AND BUFFER PREPARATIONS 

Lower Gel Concentrations 
Tris : 0.375 M 
HCl t"o pH 8.8 
0.1% SDS 
10% Acrylamide/Bis 

Stock Solution for Lower Gel (4x) 
Tris (1.5 M) - 18.17 gm/100 ml 
HCl to pH 8~8 
.4% SDS 

Stock Acrylamide/Bis (ttl/v) lOx 
Acrylamide - 30% 
Bis - 0.8% 

Lower and Upper Buffer 
Tris (0.025 M) - 3.03 g/1 
Glycine (0. 192 M) - 14.41 g/1 
pH 8. 3 ~ 0.1 
0.1% SDS in upper Buffer Only 

Fixing Solution 
50% TCA for one hour 

Staining Solution 
45 ml of 0.25% Coomassie Blue Sol. 
45 ml of Abs. Eth~nol 
10 ml Glacial· Acetic Acid 
Stain overnight or for 2 hours at 37° 

Destaining Solution 
25 ml Abs. Ethanol 
10 ml Glacial Acetic Acid 
65 Water 
May be heated to 65° for rapid 

destaining. 

Upper Gel Concentrations 
Tris : 0.125 M 
HCl to pH 6.8 
0.1% SDS 
3% Acrylamide/Bis 

Stock Solution for Upper Gel (4x) · 
Tris (0.5 M) - 6.06 gm/100 ml 
HCl to pH 6.8 
0.4% SDS 

Sample Buffe.r 
10% glycerol 
Tris- HCl (0.0625 M): 

1.25 part Upper Gel Stock 
Sol. (4x) to 8.75 part 
water 

2-3% SDS 
5% Mercaptoethanol 

(or Dithioerythritol) 
O.OOll Bromophenol Blue 

Polymerization Initiators Solutions 
10% Ammonium Per Sulfate 

(made fresh daily) 
100% TEMED (N,N,N 1 ,N 1 -tetra

methylethylenediamine) 

Gel Preparations 5% 7 5% 1 0% 12 5% 15% 3% 0 . 0 0 . 0 0 

Lower Gel 15 ml 15 ml 15 ml 15 ml 15 ml UJ?per Gel s· ml 

Tris • HCl (Stock Tri s • HCl . 1.25 ml 
Sol. pH 8.8) 4.5 4.5 4.5 4.5 4.5 (Stock Sol. 

Acryl-Bis (lOx pH 6.8) 
Stock Sol.) 2.5 3.75 5.0 6.25 9.0 Acryl - Bis 0~50 ml 

H~O 8.0 6.75 6.5 4.25 1.5 
1 % Amm. Per Sulfate • 10 o. 10 0.10 0.10 • lC 

(lOx Stock 
Sol.) . 

TEMED 10). 10). 1 0). 10). 1 0). H20 3.25 ml 

lO~u~~~tePer 0.015 

_IEMED 5A 
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