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This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
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disclosed, or represents that its use would not infringe privately 
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recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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DISCUSSION OF EXPERIMENTAL CONCEPTS 
FOR PROTEIN IRRADIATION STUDY 

Chemical effects of ionizing radiation are commonly divided in two 
broad classifications: direct effects, such as are observed when pure 
solid compounds are irradiated and indirect effects resulting from the 
action of reactive species when mixtures or aqueous solutions are irra
diation on compounds of biological origin. Current work is directed 
toward·proteins in general and lysozyme is our most studied model. 

For many years the relevance of direct radiation effects to radio
biolo~y were questioned on the basis that biological systems are essen
tially aqueous solutions. Recent work on the essential nature of 
cellular systems imply that they are not aqueous solutions at all' but 
that most of the water is highly ordered, and that all subcellular parts, 
as the nucleus, mitochondria~ microsomes cell walls, etc. are intricate 
pseudo solid state systems. Therefore, the importance of studying radi
ation effects in solid state systems is accentuated and the biological 
relevance of this work is clearly defined. 

On the basis of data we and others have accumulated on radiation 
effects in proteins we believe there .are two independent processes by 
whtch the macromolecular nature of proteins is changed. 

1. More or less random alteration of amino acid residues that lead 
to loss of conformational integrity and macromolecular properties, in
~luding enzymic activity. 

2. Direct loss of conformation integrity via excited molecular 
species. 

The validity of these assumptions can be tested in a number of ways, 
although some of the chemical problems are quite formidable. 
probable that the enzyme irradiated at the D50 level is an almost infinitely 
complex mixture of altered molecules. At this level each molecule should 
have some five amino acid residues chemically changed, and the permutations 
possible are enormous. Thus a· study of chemical damage must be made on an 

indirect or statistical level. 
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The most important single procedure we 'are using is the separation of 
irradiated material int.o a numbe~ of species with comparable properties, 

followed by ~ detailed examination of each peak for physical and chemical 
behavior. Neither the whole irradiated sample nor any isolated fraction 
shows sufficient difference in primary analysis of amino acid residues to 

be significant at radiation of less than 50 megarads. The single exception 
to this is that after hydrolysis in 6N HCl excess NH 3 is found, but its 

source is unknown. 

Most of the experiments reported here strongly support a theory of 
random and extensive damage to the amino acid residues in irradiated ·pro
teins. This study of lysozyme, a protein that can undergo heat denatura
tion and reconform to a enzymically active form, gives clearer results than 
for a protein like a-chymotrypsin, which does not reconform if unfo.lded by 

heat or environmental agents. Nonetheless, the theory must be tested on a 
globular protein that is not heat stable. 

The types of chemical changes that occur in amino acid residues of 

proteins can be predicted from work on amino acids and peptides. These 
would include loss of side chain, formation of unsaturated groups, carbon
carbon cleavage to give small radical residues, decarboxylations, reactions 

at an -OH or -SH. The main carbon-nitrogen chain of the protein should be 
involved, but there is no evidence demonstrating extensive main chain 
cleavage. It should be possible to demonstrate some of these changes by 
chemical techniques, and this is yet to be done. The absence of stable. 

imines that do not hydrolyse easily is also not proven. 

Direct Loss of Conformational Integrity: 

Many species of excited enzymes should have sufficiently long lifetime 

for partial loss of conformation integrity. Triplet excited states or ther
mal effects can dPstablize an n-helix or other ordererl regions nf a prntPin. 

We have found some evidence for such reversible ·changes in conformation but 

we are not satisfied that the data are good enough to prove that such changes 
can occur without concomitant chemical changes. Evidence for direct loss of 

conformational integrity includes: open literature studies on renaturation of 

ribonuclease; our studies on exchangeable hydrogens of lysozyme; our studies 

on heat renaturation of P3-I peak material from lysozyme (see section II). 
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DISTRIBUTION OF TRITIUM IN CHROMATOGRAPHIC FRACTIONS. 
AFTER HT~ TREATMENT OF IRRADIATED LYSOZYME 

and 
NATURE OF THE 11 NATIVE PEAK 11 OBTAINED BY 

CHROMATOGRAPHY OF IRRADIATED LYSOZYME 
by 

Sarah M. Herbert 

ABSTRACT: Anion exchange column chromatography of irradiated lysozyme 
·treated with HTC shows that all peaks are labeled approximately equally. 
This indicates extensive and comparable damage to all molecules. The 
damage does not correlate with loss of enzymic activity. 

The major chromatographic peak after irradiation corresponds to 
native enzyme but many of its physical properties are altered, including 
solubility, heat denaturation, UV spectra and ORD. These data indicate 
that essentially all lysozyme molecules have suffered severe damage after 
irradiation at th~ D50 level. Such facts do not support the classical 
hit theory of radiation inactiva.t.ion of protP.ins. 

INTRODUCTION 

The purpose of this study is to determine the nature of the damage 
to egg white lysozyme caused by y-irradiation. In particular, the com
parative number of free radicals in damaged species formed on irradiation 
is being determined by trapping t~e free radicals using tritiated hydrogen 
~ulfide (HTS) as a radical_ scavenger according to the method of Reisz and 
co-workers (1). In addition, the major protein fraction isolated after 
irradiation is being studied in detail to determine the molecular nature 

. . 

of the damage. Our plan includes experiments designed to test the possi-
bility of damage to the protein at the secondary or tertiary level. This 
approach is suggested from the observation that the amino acid composition 
of the fractionable species appears to be very simjlar to native material 
but many of the physical and chemical properties of these proteins slightly 
differ from the native enzyme. Current theOI:'Y postulates that the primary 
structure is responsible for the conformation of a protein. If the pri
mary structure of the irradiated protein is identical to the native enzyme 
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then the differences in physical. and chemical properties must be due to 
differences in seconda_ry or tertiary structures of .these two proteins. 

Some of the chemical and physical properties of the native and irra
diated enzymes which are being studies are solubility, chromatographic 
and spectrophotometric properties, enzyme activity, and heat denaturation 
curves. 

EXPERIMENTAL 

Lysozyme used in all of our experiments referred to as native lyso
zyme is Pentex crystallized egg white lysozyme, lot 19, without further 
purification. Samples are irradiated in evacuated glass tubes, 22-24° 
using a kilocurie cesium-137 source. Each dose is approximately 22.5 
Mrads delivered in 59 hours. 

Column chromatography of irradiated lysozyme on Bio~Rex 70 in 
potassium phosphate buffer (0.2 M, pH 7.09) gives three major and a 
number of minor protein peaks. One of these, which we call P3-I elutes 
in nearly the same position as native lysozyme. The pooled peak is ex
haustively dialyzed against distilled water unt11 the water on the out
side of the bag no longer gives a positive phosphate test. During 
dialysis some of the protein comes out of solution so the dialysate is 
centrifuged and the supernatant is lyophilized. It is this protein 
which we call P3-I, and is the protein \o.Jhich we are studying in detail. 

The reactions of native and irradiated lysozyme with HTS were per
formed in a special glass vessel which allows the entire reaction to be 
done in the absence of air, with the partial pressure of HTS, 0.2 atm. 
After the reaction the lysozyme-HTS is dissolved in distilled water, 
allowed to stand, lyophilized, and redissolved in water many times until 
the srecific Cl.ctivity of the lyso7ymP is cnnstnnt. ThP. resulting lyso
zyme-HTS species are chromatographed on Bio-Rex 70 using the same con
ditions as stated previously. The protein is followed by absorbance at 
280 nm and the tritium is measured using a liquid scintillation counter. 

The enzyme assay was performed using Worthington r~i crococcus 
lysodefkticus cells and a recording spectrophotometer. Th'e method used 
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'for the assay was th·at of Prasad· and Litwak· (2) except a citrate-phosphate 
buffer is used. In a~dition, we analyze the data differently. The data 
are plotted as a first-order reaction, i.e. log Abs vs. time, k is calcu
lated from the initial slope then plotted versus enzyme concentration. The 
resulting curve is not ah1ays a straight line but at least has an empirical 
basis. A calibration curve is run each time the assay is performed. The 
extinction coefficient of the irradiated protein, P3-I, was measured using 
the Microbiuret test from Techniques~ Protein Chemistry (3). 

The absorption spectra were run using a Cary 14 or 16 recording spec
trophotometer. The optical rotatory dispersion spectra were kindly run by 
Dr. Jacqueline A. Reynolds using a Cary 60 spectropolarimeter. The heat 
denaturation curves were followed with a Cary 16K recording spectrophotometer. 
The temperatures were measured by means of a thermocouple immersed in a 
buffer-filled cell in the sample compartment. The temp~rature is read di
rectly by having the thermocouple connected to a Leeds and Northrop Speedo
max W multipoint recorder. The temperature in the cell compartment is 
raised using a Neslab Instruments water bath. 

RESULTS AND DISCUSSION 

Column chromatography of lysozyme and irradiated lysozyme after re
action with HTS are sho\.<m in Figures 1 and 2 respectively. The dose of 
B-irradiation was calculated and is 2.4 x 104 rads, just 0.1% of the 
y dose. Table I gives the specific information about the enzyme activity 
and specific activity of each of the pooled peaks. There are several in
·teresting things to note about these data. In Figure 2 we see that all 
the peaks are labeled with tritium to a greater extent than in Figure 1. 

In addition, all the peaks in each case are labeled to approximately the 
same extent. This means that all the molecules have contained about the 
same number of radical sites and probably the same level of chemical 
carnage. It is interesting to note that the activity of the major peak 
and its shoulder, 71.5 and 79.4% respectively, are_.rather close to the 
78% value of P3-I not treated with HTS. The shoulder on the main peak 
in both Figure 1_ a,nd Figure 2 may not be real but the consistency of its 
appearance leads us to believe that it is probably significant. This 
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TABLE I 

, . P1 P2 P3 P4 P5 P6 .. 

Lysozyme-HTS 

Enzyme Activity 0.0 2. i 1.8 3.5 100 106 
(%) 

Specific Activity 3.0 5.8 2.0 2.6 2.2 2.3 
(mc/mm) 

Irradiated Lysozyme-HTS 
Enzyme Activity . 0.0 3 19 18.5 71.5 79.4 

(%) 

Specific Activity 
(mc/mm) 

5.3 7.7 7.4 7.2 7.4 7.0 
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cannot be definitely determined by the enzyme activity alone since there 
is only a fe\'1 percent _difference and the error in the enzyme .activity is 
greater than this~ 

The pattern of elution peaks is distinctly different for the HTS 
treated irradiated lysozyme and for the irradiated lysozyme. The shoulder 
is found only with HTS treatment and other minor peaks are changed. This 
indicates that post irradiation treatment can change the chemical conse
quences of irradiation - although the effect is not large. 

'Gamma-irradiation of native lysozyme produces several new protein 
species which can be separated by column chromatoqraphy. One of these 
proteins, P3-I, elutes from the column at approximately the same position 

; 

as the native enzyme. The enzyme activity of P3-I was measured and found 
to be about 78% of native lysozyme. The solubility properties of the 
irradiated protein are, however, quite different from the native enzyme. 
The solubility of P3~I is m~ch more dependent on pH and on ionic strength. 
Figure 3 shows the absorption spectra of the native and irradiated enzymes. 
It is evident that these two molecules are very similar. In Figure 4 the 
absorbance is divided by the concentration of protein as determined by the 
absorbance at 280 nm, to normalize the data. It can be seen from Figure 4 
that there are differences in the absorption spectra of these two molecules. 
The chromaphores are slightly more exposed to the solvent in .the case of 
P3-I. The relatively large difference in absorbance below 225 nm may indi
cate disruption of the secondary structure. More recent data show these· 
effects even stronger. 

,. 
The optical rotatory dispersion spectra are shown in Figure 5. It 

can be seen that very little difference between these two proteins can be 
detected by this method. However, there must be some difference in the 
structure of conformation of these proteins or these spectra would be 
exactly the same. The main differences in the ORO spectra are in the 
visible region. This can be seen more easily in Figure 6, where the 
scale is expanded. It is observed that the irradiated protein has a 
yellow cast. However, after purification Pe-l no longer has this yellow. 
color. The reason for this is not known at the present time. 
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Figure 7 shows a typical he~t denaturation curve of two different 
concentrations of native lysozyme and one concentration of P3-I. We can 
see at least three transitions for the native protein, the midpoints of 
which are about 32°, 55° and 71°. The irradiated protein appears to lack 
the first t\IJO transitions, or at least they are not as sharply defined, 
and also to have a higher 6Absorbance in these temperature ranges. In 
order to normalize the differences between the native protein and P3-I 
these data are replotted dividing each 6Absorbance by the concentration 
of the sample in mg/ml. This is shown in Figure 8. The irradiated pro
tein appears to have less molecular integrity than the native and there
fore. denatures more easily at lower tenlfJI::!Y'dlures. These data suggest 

I 
I 

that·P3-I has some but not all of the conformational integrity of the 
native protein. This is evidenced by the fact that the irradiated 
protein has enzyme activity. After denaturation the enzyme activity of 
the two concentrations of native lysozyme and the one of P3-I were 
measured. It \•/as found that the 465 ~g/ml sample had 74% activity and 
the 224 ~g/ml sample had 84% activity. The sample of irradiated lyso
zyme went from 78% before denaturation to 89% after denaturation. It 
would now be of interest to run the heat denaturation curve on P3-I that 
had been heated to 80° and see if it is more like the native enzyme. It 
may be that the irradiated protein is caught in a metastable state and 
upon heat denaturation is allowed to unfold and then return to the most 
stable thermodynamic conformation, v1hich is the native conformation. This 
theory would imply a conformation destructive role for gamma radiation of 
proteins that was not specifically related to chemical modifications. It 
is now in order to design experiments to prove or disprove this theory. 
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SOLUBILITY CHARACTERISTICS OF 
. GAMMA I RRADI/\TED LYSOZYME 

by 
Dante W. Marciani 

INTRODUCTION 

It has been observed that the so 1 ubil ity of gamma irradiated lysozyme 
in water and in buffer solutions are different from the native enzyme. 
When irradiated solid lysozyme is dissolved in water, essentially all goes 
into solution; if dissolved in phosphate buffer, only about 70% goes into 
solution. This solubility behavior of the protein indicates the existence 
of different damaged fractions of protein of the type that can be precipi
tated by changes in pH or ionic strength. 

Other authors have found similar phenomena with different proteins. 
Leone et ~· (1 ,2) had been able to fractionate y-irradiated·ovoalbumin 
by a combination of changes in pH and temperature. Isolated fractions 
show certain cross reaction with antinative sera, which indicates that 
partially damaged protein molecules still retain r.h~racterist1cs of the 
native protein. 

We have found that the D37 values calculated from measurements of the 
lytic activity of water-soluble fractions, using as substrate a suspension 
of~· lysodeikticus cells in buffer, are in general lower than those ob
tained with buffer-soluble fractions assayed under the same conditions. 

It is possible to assume that in the water-soluble fraction of irra
diated lysozymamany of the.partial damaged molecules have some enzymatic 
activity, v1hich is lost \'lhen these unstable molecules aggregate and pre
cipitate. A difference in activity between irradiated protein dissolved 
in water and in buffer a1so suggests the possibility of protection by the 

substrate. 

The next experiments are designed in order to ~larify this point. 
Water soluble and buffer-soluble materials are denoted water-soluble and 
buffer-soluble fractions. The water-soluble fraction includes the buffer
soluble fraction plus unstable species that are precipitated in the pre
sence of buffer salts and as a function of the pH. 
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EXP.ERIMENTAL 

Irradiation: Vials· containing dry lysozyme were evacuated (r-"lOll Hg}, sealed 
and irradiated in a cesium-137 source-at 0.388 Mrads/hour. The temperature 
during the irradiation process was 24-25°. The total doses given to the 
samples were 45.8 Mrads. 

Determination of the precipitation rate of irradiated lysozyme in solution: 

Vials containing irradiated lysozyme were broken below oxygen-free 
wate~ to obtain a solution of the irradiated protein. The sdlution was 
allowed to stand at room temperature for about one hour to allow sedimen
tation of glass particles and a small insoluble fraction from irradiated 
lysozyme. The water soluble fraction was stored at 4°. Small amounts of 
this water solution were added to phosphate buffer in spectrophotometer 
cells. Changes in % transmission as a function of the time were followed 
at 450 mll with a spectrophotometer Beckman DB connected to a recorder. 

In the reference compartment a cuvette containing 0.20 ml of an aqueous 
solution of lysozyme, 5.5 mg/ml, plus 2.50 ml of buffer with the compound 
under study was used as a blank. In the sample compartment the native lyso
zyme solution was replaced by irradiated lysozyme solution. The % T at time 
0 was taken u.s lOO?b. Ir1 all the measurements the temperature was 25°. 

In order to have an arbitrary but reproducible calibration standard 
of the precipitated protein the potassium ferrocyanide-acetic acid method 

. (3) was used. The sensitivity range for this method using the spectro
photometer Beckman DB was between 0.17 to 0.40 mg/ml (Figure 1). This . 
range was satisfactory to follow the precipitation of the damaged protein. 

RESULTS 

Data on the precipitation of prot~in from the aqueous solutions of 
irradiated lysozyme is given in Figur~2 and 3. The effect of a number 
of additives was studied. Compounds such as ammonium sulfate, ethanol, 
dioxane, glucose do not have a protective effect on the water-soluble 
fraction· from irradiated lysozyme, neither at pH 5.00 nor 6.50: Moreover, 
ammonium sulfate increase the rate of precipitation, especially at pH 5.00 . 

. When comp_ounds such_ as glucosamine, N-acetylglucosamine and chito
dextrin were tested a decrease in the rate of precipitation was observed. 
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In the case of chitodextrin with native lysozyme aggregates form that lead: 
to a. precipitate, the very opposite effect observed here. 

DISCUSSION 

These results can partially explain the differences between o37 for 
water and buffer-soluble fractions from irradiated lysozyme and discrep
ancies in results reported by different research groups. If the water
soluble fraction is treated beforS ~ssay with buffer, part of the partially 
damaged protein tend to precipitate. However, if the substrate, cell ~alls 
in this case, or compounds that are structurally related to the substrate 
as N-acetylglucosamine, and chitodextrin are present, the partially damaged 
enzyme form with these compounds a complex E ·S that eventually can go to 
E .. + P. 

It is not known what kind of interactions cause the aggregation pro
cess in irradiated lysozyme. The fact that ammonium sulfate at very low 
concentrations increases the ·rate of precipitation can be an indication 
that hydrophobic interactions are important for the aggregation of the 
damaged molecules. The non-protective effect of compounds that are less 
polar than v1ate1' as dioxar~e ur ethanol, support the hypothesis of the main 
role of the hydrophobic forces (4). Steven, et ~·, have shown that urea 
is mainly by hydrophobic interactions (4). However, it seems urea has 
other effects on proteins, specially decreasing the hydrogen bonding con
tribution (6). The most logical approach to this problem is to assume that 
the aggregation is a result of many interactions, where hydrophobic forces 
can have an important contribution! 
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PHYSICAL AND CHEMICAL PROPERTIES 
OF IRRADIATED LYSOZYME 

by 
Dante W. Marciani 
Bert M. Tolbert 

INTRODUCTION 
- . 

Since the sequence and the three dimensional structure of lysozyme 
have been completely elucidated a growing amount of research is being done 
on the effects of ionizing radiation on lysozyme. The ready availability 
of this enzyme and its excellent characterization make it possible to in
terpret and derine ntcttty ~tuall but critical effects Of radiation. Only the 
lack of a suitable substrate make some of the results hard to interpretate. 

In this report data are presented on the D37 value for gamma-irradi
ated crystalline lysozyme assayed at different pH and on the effects of 
temperature on the lysis of Micrococcus lysodeikticus by gamma-irradiated 
lysozyme. 

Dose has found that the optimum pH for irradiated lysozyme is dis
placed from 5.20 to ~.60, but the dose used was vel"y high, about 100 Mrads 
and very little enzymic activity remained. The optimum pH for lysis of 
Micrococcus lysodeikticus reported in the literature varies very widely, 
bet0een 4.7 to 8.0, depending on the buffer composition and on the pro
cedure used for the assay .. Sh i nitzky et ~· have sho1-m that the lysis of 
cells of Micrococcus lysodeikticus follows a first order kinetics during 
the first minutes of the reaction. This method allows an evaluation of 
the rate constant k in min-1, \vhich may be used in the study of the effects 

. of the pH and temperature on the reaction catalyzed by i.rradi a ted enzyme as 
reported here. The apparent activation energy for the hydrolysis of penta
(-N-'acetyl glucosamine) has been measured; hmvever, the possibility of re
action between enzyme and products made it almost impossible to assign a 
meaning to this parameter (1). 

MATERIALS AND METHODS 

Dry cells of ~1i crococcus lysodei kti cus were obtained from Worthington 
Biochemical Corp. Bio-Rex 70, 200-400 mesh and Bio-Gel P-2, 50-100 mesh 
were obtained from Bio-Rad Laboratories. Lysozyme from egg-white, 3X 



1969 Progress Report - Section IV - Page 2 

I . 

cry-stallized, dialyzed and lyophilized was obtained from Sigma Chemical Corp. 
Chromatography on Bio-Rex 70 showed at least six well-characterized peaks 
and over 90% of the lys.ozyme emer.ge·d in a single peak. Disk gel electro

phoresis for basic proteins on columns of polyacrylamide showed a single 
band. However, by use of standard gel at pH 8.3 it was possible to detect 
three non-basic minor components. 

The purification of the lysozyme used in the present paper was accom
plished by heating of a 1% solution of lysozyme in 0.1 M acetic acid - 0.3 M 
pyridine buffer, pH 5.5, at 65° for two hours with occasional stirring. The 
soluble lysozyme was separated from the precipitated product by centrifuga
tion at 4,000 r.p.m. for twenty minutes. About 93% of the original protein 
remained in solution as estimated by the Folin-Ciocalteu method. The super
natant was lyophylized and then twice dissolved in water and relyophylized 
to remove the traces of pyridine and acetic acid from the protein. The 
enzymatic activity of the final product \vas found to be 100% of the pure 
chromatographically lysozyme: Chromatography of the final product on Bio
Rex 70 shows the presence of one main peak and two other small peaks. Disk 
gel electrophoresis indicates the absence. of non-basic proteins. It is 
interesting to note that no activation by heating wo.s observed with 
Micrococcus lysodei kti cus as the substrate as was reported for lysozyme 
assayed with glycol chitin (2). 

Irradiation: 
Aliquots of a solution of lysozyme were _frozen in small tubes, lyophi

lized and sealed in vacuo at about 6 microns Hg. The sam~les were irradi
ated at ~oom temperature in a cesium-137 source at a rate of 0.388 Mrads 
per hour for different periods of time. The i~radiated samples after 4 to 
7 days of storage at -30° were broken under o2-free water at 0°; after one 
hour they were centrifugated and the clear supernatant used for subsequent 

ex~.min~.tion$. 

Analysis of the pH and temperature effects:. 

The enzymatic activity \'tas measured at 25° at different pH. va 1 ues; 
using a buffer of 0.06 M citrate, 0.12 M dibasic sodium phosphate, 0.05 M 
in NaCl. Micrococcus lysodeikticus was the substrate. Changes in O.D. at 
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645 nm were followed with a recording spectrophotometer. The pH was measured 
with a Beckman Research pH-meter. Calibration curves were mad~ at each pH 
and the concentration of lysozyme in the standards and in the irradiated 
samples was measured by the method of Folin-Ciocalteu. 

Double concentration buffers \'Jere used in order to study the inhibitory 
effect of citrate on lysozyme. 

The temperature effect on the enzymatic activity was studied using the 
same assay as before. 10 ~1 of a solution of lysozyme, 2 mg/ml, in buffer 
were added to 3 ml. of the substrate at the desired temperature. Th~ Arrhenius 
plot of the constant, k, was used to calculate activation energies. Experi
ments with substrate alone did not show autolysis at any temperature, and the 
susceptibility toward the action of the lysozyme remained equal after many 
days. The temperature was measured by a copper vs. constantan thermocouple 
attached to the wall of one of the glass cells. 

RESULTS 

Effect of the pH on the lytic activity of native and irradiated lysozyme: 

Tile study of the pH dependence of the lytic activity for the native and 
the water soluble fraction of gamma-irradiated lysozyme shows the same appa
rent optimum pH for different samples assayed in a specific buffer system. 
In buffer solutions of 0.06 M citric acid, 0.12 M dibasic sodium phosphate, 
0.05 M in NaCl, the apparent optimum pH for the lysis of Micrococcus lyso7 
deikticus was about 5.9. When the same samples were assayed with double 
GOncentration buffers, the apparent optimum pH was about 5.1 and an inhibi
tory effect and a narrmving of the pH vs. k1 curve was observed (Figure 1). 

Loss of the lytic activity in irradiated lysozyme: 

The lytic activity of lysozyme i rradi'ated with doses between 0 to 
60 Mrads is lost at different rates, depending on the pH at which the 
assays were made .. The inactivation curves follm•/S the logarithemic 
relationship (3) in the doses range studied. This characteristic allows 
the calculation of a sensitive target~mass (M.W.) for the water soluble 
fractions of irradiated lysozYme at different pH values. The following 
~quation was used: ~.W. x o37 = 0.72 x 1ol 2 where M.W. is expressed 
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in g.mole- 1 and o37 in Rads (Table I). 

TABLE I 

o37 values and sensitive target si zes (M.W.) for 
lysozyme at different pHs. 

pH o37 (Mrads) M.W. g. mol-l 

3.00 . 40.5 17 '777 
4,00 46.0 15,652 
5,00 31.0 23,225 

6.00 46.0 15,652 
7.00 41.5 17,349 

8.00 39.5 18,228 

Assays carried out on the water-soluble fraction of 
irradiated lysozyme. 

The maximum sensitivity for the water-soluble fraction was found to 
be around pH 5.00 (Figure 2). In an exper iment with lysozyme irradiated 
with 45.8 Mrads, a substantial difference in the remaining activity was 

found between the samples dissolved in water and the samples dissolved in 
buffer. At pH 5.00 the difference in remaining activity between the two 

samp les was minimum as can be observed in Figure 3. However, at pH 
values ·lower or higher than 5.00, the activity of the irradiated lysozyme 

dissolved in water tended to be greater than the activity of irradiated 
lysozyme dissolved in buffer. 

Temperature effects on the enzymatic action of irradiated lysozyme : 

The apparent activation eneroies for Pn7ymntir. Ar.tivity of buffer

soluble fractions of irradiated lysozyme were evaluated from Arrhenius 

plots between 25° to 50° at three different pH values (Figure 4). The 

results are summarized in Table II. 
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TABLE II 

Apparent activation energies (Ea) for the lytic activity of 
native and irradiated lyso zyme , meas ured between 25° to 55° 

Ea25-55(cal. mo le-l)t 

Mrads pH 4.62 5.54 . 6. 51 

0 7300 9357 ll '554 
10 7290 8885 ll ,486 
20.4 7.290 8270 ll ,393 

30 7376 7729 ll '650 

tconditions for the measurements : pH measured at 25°. 
Buffers are mixtures of Na 2HP04 0.12 M and citric acid 
0.06 M both 0.05 Min NaCl. Concentration of enzyme: 
6.60 ~g/ml (based on the original dry we ight). Dry 
cells per ml of buffer: 0.300 mg . The rate. constant k 
was measured following the reaction during the first 40 
seconds. 

At pH 4.54 and 6.51 the apparent activation energies for native and 

ir·radiated lysozyme do not differ significantly. At pH 5.54 the apparent 

activation ·energies show a slight decrease when the dose of irradiation 

is increased, even though the experi ments at the three different pH 1 s were 

made simultaneously and under the same conditions. The difference between 
the apparent Ea for the native and 30 Mrads irradiated lysozyme assayed at 

pH 5.54 was about 1.6 kcal.mole-1. From Figure 4 it is possible to observe 

that the apparent activation energies for the region considered between 13° 

to 20° show higher values than the region considered before; howe ver, again 

the greater difference between the Ea of native and irradiated lysozyme 
catalyzed lysis is observed at pH 5.54. Due to the lack of sufficient 

points in this region no quantitative data were calculated. It is inter

esting to note the presence of a bend in the Arrhenius plots at different 

pH values that occurs around 17° to 20°. 

Arrhenius plots of native lysozyme and the buffer-soluble fraction of 

10 Mrads irradi ated lysozyme between 12° to 81° show that the maximum velo

city for lysis of Micrococcus lysodeikticus occurs around 70 ± 1°. When 

the temperature is slightly raised over this value a fast inactivation 
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occurs (Figure 5). These curves can be partially fitted by the equation 

proposed by Johnson et ~· (4) on the basis of the theory of absolute re
action rates. 

DISCUSSION 

Our findings show t hat th e pH opti mum for lytic activity of native 

lysozyme depends on the composition of the buffer solution, concentration 
of NaCl and, it seems, on the me thod us ed fo1~ assay, verifying the con

clvsjons reported by other authors (5). However, this characteristic has 

some advantages in the study of the effects of gamma irradiation on lyso
zyme. 

The fact that the apparent optimum pH under two different conditions 
are the same for native and water soluble fractions from irradiated lyso

zyme can be an indication th at the conformation and environment of the 

active site are not critically change?. Dose~~· reported a shift 
toward lower values in the apparent pH optimum for lysozyme irradiated with 

100 Mrads which seems to contradict our results. However, at such high 
doses of irradiation the lysozyme molecules must be severely damaged caus

ing a significant destruction of ·amino acid residues and therefore a seri
ous disruption of the tertiary structure in the protein. In support of 

this hypothesis, Steven's and Dose's data on the amino acid analysis of 

low doses irradiated lysozyme (<50 Mrads ) and high doses irradiated lyso

iyme (>100 Mrads) shows striking differences, significant chang es occur- · 

ring in the amino acid composition only with the high doses irradiated 

' lysozyme (6). The finding that amino acid residues with hydrophobicity 

are destroyed in the irradiated protein with somewhat higher G values than 
those with lower hydrophobicity can partially explain the shift inpH 

optimum observed with high doses irradiated lysozyme as a result of cri

tically alterations in conformation and environment in the cl eft where the 

active site is located. 

The effects of high concentrations of citrate. and sodium chloride on 

the pH-activity profiles for th e lytic activity of lysozyme can serve also 

as evidences that the conformation and environment of the cleft are not 

critically chang ed in lysozyme irradiated with low doses (<50 Mrads). 
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It is known that citrate at· concentrations over 0.1 M has a notic~~bly 
inhibitory effect on the enzymatic activity of lysozyme (5) that has been 
explained as a result of the binding of citrate anions to the protein. The 
native and irradiated lysozyme show similar inhibition effects by citrate 
at high concentrations. Assuming that the binding of citrate is specific 

.for certain unknown sites in the protein that must be in the cleft or have 
some ktnd of interaction with the active site, it is feasible to assume 
that those sites are the same in native and low doses irradiated lysozyme. 
The sodium chloride effect of narrowing the pH activity profile, conducing 
an apparent pH optimum of 5.3 has been explained by Colobert and Dirheimer 
(7) •. The NaCl works as an activator, allowing the breakdown of the com
plex enzyme-product E·P formed in the next process: 

E + S P E·S -7 E + P p E·P 

In native and irradiated lysozyme we have found the NaCl effect to be very 
similar as it is possible to observe in Figure 2. This fact allows us to 
assume that the complexes E·P for irradiated and native lysozyme with the 
cell wall's mucopolysaccharide from Micrococcus lysodeikticus are the same 
or VP.ry similar. This means that the site in the protein that conri.JirH=s 

with P, presumably the active site, has not suffered significant alterations. 

The values reported here for the apparent activation energies of native 
and irradiated lysozyme catalyzed lysis fall between the normal limits for 
enzyme catalyzed processes (8). The activation energies of pH 4.62 and . 
6.51 buffer-soluble fractions from low doses irradiated lysozyme show s~all 
~ifferen~es with the Ea values for native lysozyme when .measured at the 
same pH. However, at pH 5.54 a significant decrease in activation energy 
as a function of the doses is found. 

An examination of the equation derived by Eyring (4): 

cTe -l!H+/R"f . 
Rate=-------

-6H1/RTei1Sl/R 
l+e 

shows that in order to have small changes in Ea, the parameters that deal 
\'lith the protein stability or conformation (4H1, .t1S1) must change very little. 
The decrease in the velocity of the reaction,·in the range of doses studied, 
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must be a result of some predominant effects on the rate parameters included 
in constant c. 

These findings indicate that the conformation of the protein, specially 
in the active site, suffer small changes that lead to an activation. How
ever critical changes in some structures not located in the acti.ve site but 
essential for the activity must occur. 

The pH 5.00 for maximum inactivation of water-soluble fractions from 
irradiated lysozyme measured under two diffe(ent conditions corresponds 
approximately to the one in which lysozyme is more thermostable (2). At 
this pH lysozyme shows its maximum activity in the absence of inhibition 
by final products. The higher activity of \'later-soluble fractions com
pared 1-Jith buffer soluble fractions, suggest a protective effect by the 
substrate and an activation process. A possible explanation for this 
behavior is that molecules from the water-soluble fraction have radiation 
damage which makes them unstable when the solution pH is alkaline, but at 
the same time these molecules have conformational changes that make them 
more active. 

Hydrogen exchange \t:Ji th dsuteri urn has shovm that lysozyme undergoes 
conformatibnal changes when the pH is changed (9). It is an obvious 
assumption that above or below the pH optimum of 5.00 to 5.40 the confor
mation of the protein must be more unfavorable for the enzymatic action, 
and any activation process may be more effective near the pH optimum. In 

fact the largest changes in activation energy for buffer-soluble fractioris 
from irradiated lysozyme occur at pH 5.54. It is not unreasonable to 
~ssume that under conditions where the conformation of the protein can be 
altered without critical structural damage, an increase in enzymatic 
activity may eventually be found. Evidence for this type of effect comes 
from the vwrk of Kravchenko et ~· (10) that reports an increase of the 
lytic activity in lysozyme irradiated with lm'' doses of fast electrons, 
and from the work of Stevens et al. that shows that the main fraction 
isolated by column chromatography from lysozyme ir~adiated with different 
doses of gamma rays shows higher activity than the native enzyme (6). 

Using a different system, Hayashi et ~· (2) have shown that heating can 

increase the activity of lysozyme \'Jhen glycol ·chitin is used as a sub

strate. 
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Chemical and Conformational Studie~ 
of Gamma Irradiated Lysozyme* 

by 
Dante W. Marciani, Sarah M. Herbert 

and Bert M. Tolbert 
Department of Chemistry 
University of Colorado 
Boulder, Colorado 80302 

June 2, 1969 

Abstract. Detailed chemical effects of gamma irradiation of dry,solid 
lysozyme have been measured. Solubility, pH profile, activation energy 
and ammonia yields have been measured as a function of radiation. Chro
matographic behavior after HTS treatment has been determined. These 
parameters suggest that at the D37 value most lysozyme ~olecules have 
suffered severe chemical damage. A theory of radiation in activation is 
proposed based on an inut:q.H:!rrt.lenL cumulative 1nact1vation of amino acid 
residues related to the active site. This theory is used to calculate 

a Ginactivation value for ribonuclease and .lysozyme. 

INTRODUCTION 

It is possible to critically examine our concepts about the chemistry 
of radiation inactivation of enzymes and to increase the sophistication of 
our und~rstanding of the processes in view of the recent developments in 
the technologies involved. In particular our knowl~dge of enzymes, their 
stiucture, their conformation and theii mechanism has advanced at a re-

. markable rate in the ~ast ten ye~rs. While all the details of the enzymic 
process certainly are not understood, most protein and enzyme chemists feel 
they have a comfortable understanding of the fundamental processes involved 
in the catalytic process. In addition the increase ··in our knowledge of the 

.*Supported by the U. S. Atomic Energy Commission, Division of Bio1ogy 
.and 111edicine. 
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chemical effects of radiation, espe~ially of amino acids, peptides and amino 
acid residues, has continued to give us a wealth of background information 
that can be used in making useful_theories .. 

The object of this paper is several-fold. First, to present some 
detailed data on the chemistry or irradiated lysozyme. Secondly, to· develop 
a model for the radiation inactivation of an enzyme that does not undergo 
permanent heat denaturation. This model is based on an independent cumula
tive inactivation of amino acid residues related to the active site. Thirdly~ 
we would like to show how this model is consistent with existing data and 
leads to interesting predictions about the radiation chemistry of enzymes. 

I 
InactiVation Studies. 

/ 

The D37 va 1 ue for irradiated, dry, oxygen-free lysozyme· has a spread 
of values, according to the literature, of approximately± 20%. S~e Table I. 

TABLE I 

Values of D37 for Lysozyme--
.. Dry, 02-free I rra'di at ions* 

Reference Radiation Buffers {pH) D37, Mrads 
. . c;.· 

This study y H2Po4- -0.06 M citrate, 31.:'46 
-NaCl ( 3-8) 

H2Po4- ( 7 .1) 
'. 

65 Stevens y 

Dose y H2Po4-, 0.15 M citrate 50 - ( 7. 1 ) 
Brus tad . d+ H2Po4- (7·. 1) 50 

Sha 1 eck y not reported 41 

Fluke e- .H PO-2 4 ( 7. 1) 44 

*Assayed. using M. Lysodeikticus cells. 

Does this spread have any meaning or is it an experi~ental artifact? If it 
is not an experimental artifact, ho0 can this spread· of values be interpreted 
in terms' of a model for the radiation chemistry inactivation of lysozyme? 
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When I first started working in the radiation chemistry of enzymes it was 
my impression a large part of the. variabiiJty of the. 037 value~ for a. given 

enzyme from different laboratories might be ascribed either to the technique~ 
in the enzyme assay, or to the calibration of th~ radiation source, or to 
the material that was used to start with itself. While I think that this is 
probably still true in a number of cases, I also believe that much of the 

fine detail of the changes in D37 values can be interpreted in terms of a 
realistic model. The range of currently reported o37 values for lysozyme 
ranges from about 31 to 65 Mrads with most values in the range of 40 to 
50 Mrads. 

Part of the spread of D37 values for lysozyme would appear. to be re
lated to the very odd solubility of irradiated lysozyme. Native lysozyme 
is quite soluble.in either water or phosphate buffer. When lysozyme is 
irradiated at approximately the 30 Mrad level it dissolves in water and 
nearly 95% will go into solution. If this water solution of lysozyme is 

then added to a phosphate buffer, such as are used in the.enzyme assays 
of lysozyme, ~n appreciable amount of material will slowly precipitate. 
out. On the other hand if the irradiated lysozyme is dissolved directly 

. in the phosphate buffer only about 60 or 70% will go into solution. The 
·material which precipitates out when lysozyme, dissolved in water, is 

added to a phosphate buffer has been measured and the data are presented 
in Figure 1. I~ is interesting to note that the precipitation of the. 
lysozyme from this solution is slowed down by the presence of compounds 
that can act as substrates or as inhibitors to lysozyme function but that 
it is n~t changed by other compounds such as ethyl alcohol, p-dioxane and 

. glucose. The materi~l whic~ precipitates out appears to retain some 
enzymic activity. Data of this kind indicate that there is a spread of 
altered molecules with varying physical properties which retain more or 
less enzyirdc acL'ivHy. 6eyumi Lilis generalization it is very difficuit 
to interpret this kind· of ~pecific data even though the effect is inter
esting. 

The spread in o37 values for irradiated lysozyme can also be related 
to changes in the catalytic process itself. It would be nice to have Km 
values for irradiated lysozyme, but since the usual substrate is the 
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c 

Figure 1. Solubility c~aracteristics of gamma irradiated lysozyme. 
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Mic_r_q,co~cus lysodeikticus cell walls, it is not easy tb obtain a figure for 

the binding of the substra~e to the· enzyme. However, the pH profiles can 
be easily measured and they are interesting. The pH profiles for irradiated 
lysozyme at two different buffer concentrations is given in Figure 2. It is 
to be noted that the pH profiles do not change appreciably with radiation, 
even with rather high levels of irradiation under conditions in·which many 

or all of the molecules may well be d~maged. This. would seem to indicate 
that the basic mechanism for the rate determining step in the lysozyme 
catalytic process is not altered by the radiation. If it were one would 
expect that the pH profile would be appreciably shifted in some way or other. 

The pH profile curve at various radiation levels can be determined .and 
from these values the D37 as a function of pH. Values for such a study are 
given in Table II. 

· · TABLE I I 

D37 Values as a Function of pH of Assay 
for Lysozyme Irr~diated with Cesium-37 . 

gammas· as a Dry Or free So 1 i d 

pH D37' Mrads 
3.00 40.5 

4.00 46.0 
5.00 31.0 
6.00 46~0 

7.00 41.5 
8.00 39.5 

Assays made on the 'dater-soluble fraction 
. ' 

in 0.12 ~phosphate, 0.06 ~citrate, 0.05 ~ 

.·I· NaCl solution; M. Lysodeikticus cells. ·j. 
' 

·-

It is to be noted that the D37 value shows a distinct dip near.pH optimum 
val~e. This fairly clear-cut dip was also observed by K. Dose under quite 
different assay conditions, and it would appear to be a real phenomena. 

:·· 
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This effect is probably related to the number of amino acid residues 
that have some effect on the catalytic process. At.optimum pH values maxi

mum involvement of the amino acid residues of the protein in the catalytic 
process occurs. At less t~an optimum pH values fewer of these amino acid 

residues 9roups are involved. In effect one changes the number of amino 
acid residue~ that are evolved in th~ catalytic process and thus changes 

the sensitivity of the protein to the ionizing radiation. Such an ex
planation for this effect leads directly to a theory of cumulative damage 

of amino acid residues related to the active site by the radiation. 
The apparent activation energy for lytic activity of gamma irradiated 

lysozyme has been measured at three pHs and the values are given iri Table 

III. 

TABLE I II 

.Apparent Activation Energies for Lytic 
·Activity of y-Irradiated Lysozyme* 

Ea, cal/mole* 

Mrads ~H 4.62 5~54 

·0 7300 9360 

10 7290 8890 
20 .7290 8270 

30 7380 7730 

6.51 

11 '550 
11 ,490 

11 '390 
11 ,650 

*Measured between 25° and 55° in a 0.12 M phosphate 
0.06 M citrate, 0.05 M NaCl buffer with a suspension 

of~· Lysodeikticus cells: Enzyme concentration, 
6.6 ~g/ml; cry cells, 0.300 mg/ml. 

Again we see that the energy of activation changes most with radiation at 
the pH optimum indicating ·a maximum sensitivity to i'rradiation effects, 

probably indicating the greatest involvement of amino acid residues in the 
catalytic process. The increase in activation energy as one goes from 
pH 4.62 to 6.51 is related to the fundamental catalytjc process and·would 
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appear to have no relationship per-~ to the radiation chemistry process. 

Figure 3 shoi-'/S results that clearly indicate no NH 3 is formed during 

irradiation and solution of solid lysozyme. These data are important in 

eliminating specific theories~ such as the Garrison imide theory. 
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Figure 3. Gel filtration stu~ies of irradiat~d lysozyme. 

No evidence is found for Nl-! 3 formation before 

hydrolysis. 

Chromatographic-Studies. 

A very interesting and useful technique for the study of rnrlio.t.ion 

damage to dry proteins is the HTS labeling technique developed by Reisz 

and V/hite. In this technique lysozyme irradiated~ vacuo is exposed to 

.very high specific activity HTS. The carbon radicals·· presumably react 
. . . 

with the HTS to abstract a hydrogen, returning the radical to a stable 

molecule and leaving HS· residue. The fate of the HS· residul;! is not 

known although it may disappear by dimerization reaction. 
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When unirradiated lysozyme is exposed to HTS a ~ertain amount of.in

torporation of the tritium occurs, presumably by beta r~diation although 

the levels of radiation are relatively small. Figure 4 sh6ws ihe curve 
for the chromatographic elution of lysozyme that has been exposed to HTS 
for four hours. 

Enz. /\ct. 0.0 2.1 1.8 

Sp. /\ct. 3.0 5.8 2.0 

t t . c 
>, 

olJ C) 

·~ co 
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·~ 
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u Q) 
res u 
0 s...: 
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-u .0 

111 !.... 
cr.: 0 

Vl 
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2.6 

3H, Cts/min 

··Absorbance-----..._ 

100 

2.2 

Fraction t~umber -i:>r 

106 

2.3 

Native peak 

Figure 4. Chromatographic behavior of lysozyme treated 

with HTS for four hours accordi~g to the pro

cedure of White and Reisz. 

Under ti1ese chromatographic conditions a component ~tlhich is tota.lly 

enzymically inactive and five active components are formed. The enzymic 
. activity of the ~ain peak is identical with the native material and elutes 

in approximately the same position. The lilbelinq, however, is so high 
. . 

·relatively that it is doubtful if the mechanism by which the beta labelinq 
process occurs is the same as the mechanism in which labeling is produced 



1969 Progress Report Section V - Page 9 

when a sample of the irradiated lysozyme is exposed to HTS. Certainly the 

~resence of HTS at the time of the radiation will qive us a somewhat dif

ferent effect. Th~ elution pattern for lysozyme that has been irradiated 

at the 25 Mrads. 1 eve 1 is shown in Figure 5. 
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Figure 5. Chromatographic behavior of gamma in~adiate·d 

;.:.· • 4 

lysozyme treated 1vith HTS according to the 
procedure of White and Reisz. 

In the experimental procedure the lysozyme was irradiated, exposed to the 

HTS under the same conditions th~t wPrP us~d by Reisz and White. This 

material was dissolved in water, lyophilized and dialyzed until no more 

exchanqeable tritium could be eluted. This removal of the exchangeable 

tritiums took place over a several week·period so th~t it should insure 

the removal of all of the class 3 and class 4 hydroqens. 

Several points are of considerable intere~t in this elution pattern 

curve. The first is that the native peak is heavily l~beled with tritium 
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w~J"Id1 wou'ld ·lnrJ·Ical:e that the native IX!ilk material had been· badly damaged. 
It is also to be noted that the native peak is slightly displaced from the 

peak maximum obtained after the gamma radiation and there is a pronounced 
shoulder on it which is not present in the original lysozyme. Incidently, 

this shoulder does not seem to be present if the lysozyme has not been 
treated with HTS. The second point of interest in this curve is that there 

is comparable labeling in terms of the specific activity of all of ·the 
fractions that are produced by the radiation. This would indicate that 

there is a comparable level of radiation damage for each· of the fractions. 

In othRr words, the first fraction that comes uff with zero Specific enzyme 
activity would appear to be damaged· in approximately the same amount as· has 

been the native peak which has retained at least 71% of its enzymic activity. 
There is no evidence or indication of a specific effect of radiation on 
enzymic activity. In other words, one cannot relate the degree of inacti
vation of the enzymic proces~ to a radiation damage function. These data 

indicate that the radiation damage function is not immediately related to 
the chemical damage which is occurring in the protein. It is also to be 

noted that the. native peak is quite broad indicating that it is probably 
not a homogeneo~s material and that it is altered in various ways. The 

solubility of the so-called native peak after radiation is altered some
what and this subject is under further study. 

A Theory of Radiation Inactivation of Solid Enzymes. 

We believe that the data which are presented in this paper, and related 
data in the literature can best be explained by means of a theory for the 
radiation damage ·which invokes an independent cumulative damage to the amino 

acid residues which are related to the active center. In other words this 
is a theory which says that hits as such depositing large amounts of energy 

damaged but rather that it is series of interactions of the radiation with 
the protein in which amino acid residues are being altered in such a way that 
they can no longer serve their normu.l function. The ·irlactivation of the 

amino acid residues occur on first approximation (certainly not though on the 
·finer level) on a more or less random basis .. Whether the amino· acid residue 

is a part of the active site or not determines \"t'hether this inquiry' will 
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alter the enzymic activity of the resulting protein. 
It is possible by use of this theory to calculate a reasonable value 

for the D3] value for lysozyme or, in this case, a G. value which of course 
can be related directly to the D37 value. Such a calculation is presented 

in Table IV where a Ginactivation value for lysozyme has been calculated .. 

. ·TABLE IV 

Calculation of Ginactivation for Lysozyme Based 
on a Theory of Independent Cumulctlive Damage to 

. ! ·.·Amino Acid Residues Related to Active Site 

Residues -Gresidue % Effect partial G 

2 Typ 7.0 . ;; .... ,: .. 100 0.18 
• ::- '<; 

2 - Typ 7.0 10 0.02 

1 - Glu 11.2 100 0.10 
1 - Asp 11.2. 100 0. 10 
2 Met 14.0 50 . 0.12 

3 - Cystine 12.0 66 0. 31 . 

10 Cleft aa 8 ., 0 0.16 --
Total 0.99 

(1) Observed Ginactivation, 0.8-1.3. 
(2) At D37 each molecule has an average of 8 altered 

amino acid residues. 

·In this table· the -Gresidue values have been obtained from the work of Dose. 

Th~re are three sets of values available for these -·Gresidue values, namely 
the figures of Dose, the figures by Alexander and figures which can be de
rived from our measurement of the inactivation of amino acid residues. In 
any.case, the values from the three investigators check rather closely. 

Chemical studies on the number of amino acid residues and the nature 
of amino acid residues that are intimately involv~d in the enzymic process 
have now been deduced for a number of enzymes. Many of the chemical values 
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have been confirmed by x-ray crystolloqraphic studies. In lysozyme a 
summary of the literature would ind.icate that the residues which are most 
clearly involved in the enzymic function are those listed in Table IV. 
Two tryptophanyl residues are quite necessary and if chemically altered 
cause the enzyme to lose 100% of its activity. Two tryptophanyl residues 
have minor effects. A glutamyl and an aspartyl residue are essential 

.to the active site, two methionyl residues are extensively involved in 
the enzymic process. There are four disulfide bridges in lysozyme, one 
. . 

of which may be inactivated or destroyed \'lithout losing activity of the 
active site. If two are inactivated the enzymP. 0ctivity i!; lost. We llave 
used a factor here for the effectiveness of the three out of four cystinyls 
of 66% based upon a crude statistical analysis of the situ~tion on a random 
basis; We have made the assumption that there are ten cleft amino acids 
residues inv6lved in the enzymic process with a possible effectiveness of 
10% for each one of them. A $Ummation then of partial G ~alues gives us a 
total G value for the inactivation of the lysozyme of 0.99 as compared with 
an observed Ginactivation 0.8 to 1.3. It is quite interesting that at the 
D37 value ea~h molecule? including those that are inactivate~ as well a~ 

.. those that still retain enzymic activity, would have an .average of eight 
altered amino acid residues. 

Table V gives a similar set of data for the inactivation of ribonuclease. 

TABLE V 
Calculation of Ginactivation for Ribonuclease* Based 

:· on a Theory of Independent Cumulative Damage to Amino 
· Acid Residues Related to the Active Site 

Residues -Gresidue % Effect partial G 

2 His 8.0 :wo . 0.16 

2 Lys 5.0 . ·100 0.09 
3 ._ Cystine 12.0 66 0. 31 
1 Met 14.0 90 0.12 

Arg 5.0 80 0.05 

20 - Cleft a a 7 lO 0. 32 

*Observed G;nactivation• l. 5. Total 1.05 
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Here we have calculated a partial G value of 1.05 against an observed 

Ginactivation value of approximately 1.5. Again the theory of independent 
cumulative inactivation of amino acid residues does surprisingly well in 
predicting the G value for ribonuclease. 

Not only does a theory of independent and cumulative inactivation of 
amino acid residues give a reasonable value for the radiation inactivation 
of these molecules, such a theory is also consistent with the tritium 
labeled data that we have produ~ed and that Reisz and White have prod~c~d. 

It is also consistent with the observed parti~l inactivation of molecules 
which hav~ reported by several investigators. It is also consistent with 
our knowledge of chemical G values of amino acid residues and does. not re
quire the development of any special concepts of very selective inactiva
tion of specific amino acid residues. 

The original hit theory of ·the inactivation of enzymes was developed 
primarily on the basis of the. first order log curve of the iriactivation 
versus dose function and on the basis of a plot 6f the molecular weight 
versus· the app~rent molecular weight curves for protein such as is re
ported by Hutchinson. A theory of independent cumulative damage to amino 
acid residues rel.ated to the active site could also give an approximaie 
log inactivation versus linear function doseover the ra.nges of constancy 
for typical inactivation, namely, R/R 0 = 0.9 to 0.2. It would undoubtedly 
give a reasonable value for the plots of molecular weight versus apparent 
molecula~ weights of enzymes on the observati6n that most enzymes have 
approximately the same percent of their ~otal weight involved in the 
erizymic.process. Such a theory is also consistent with the _size of spurs 
as we understand them that ar~ produced during.gamma irradiation process . 

. This theory would predict that for lysozyme at radiation 1 eve 1 s around 
5-10 Mrads when most of the enzymic activity of lysozyme for instance is 
still retained) almost all of-the lysozyme molecules would have suffered 
some damage. It should certainly be ~ossible to demonstrite this by means 
of sensitive, analytical techniques. It would al~o jndicate that at the 

30 Mrad level the native p~ak the materials that elute in the so-called 
native.peak, and retain most of their enzymic activity will each have 
suffered major amino acid residue damage except that none of these damages 
will be in those amino acid residues which are essential to the active site. 
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It is possible that the theory can be used to explore the number of amino 
ac1d t'I.:O';hJue~; wl)i<.:h iln: (!ssent"i<d r:o l.hr. i.iti.lv1~ crmtr!r· of tt prote·in, or 
alternately to some of the control sites of a protein. This is an inter
esting poss_~_bility and could lead to some very useful applications of· 
radiation .. c.i.iemistry to protein structure. 

In conclusion then I would like to suggest that the so-called hit 
theory of radiation activation of proteins was quite a misleading concept 
as it vastly over-simplifies the actual situation and that instead a theory 
of radiation inactivation of enzymes based upon the cumulative damage to 
amino acid residues related to the active center is a much more reasonable 
theory based upon our knov1ledge of radia~ion chemistry, a knowledge of 
proteins and a knowledge of the radiation chemistry of proteins thems.elves. 

i: .·~ 
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CHITIN COLUMN CHROMATOGRAPHY OF IRRADIATED LYSOZYME 

by 
Dante W. Marciani 

INTRODUCTION 

A detailed knowledge of the complex mixture of products produced by 

irradiation of proteins is essential to an understanding of decomposition 
mechanisms. Ion exchange chromatography a 11 ows the separati o.n of di ffel~ent 

fractions from commercial and chromatographically homogeneous lysozyme that 
had been irradiated with y-rays. In this l.:1boratory Steve11s (1) has iso

latedisix fractions on Bio-Rex 70 from y-irradiated lysozyme. The fractions 
have different enzymatic activity and it is probable that these peaks can be 

further fractionated. Jolles, et ~- used carboxymethyl cellulose as column 
material for chromatography of lysozyme. This method has separations simi
lar to the ion exchange used ·by Stevens and should give comparable results 
to Bio-Rex 70. 

Lately Kravchenko, et ~- (2-8) have introduced a different kind of 
column chromatography of lysozyme that uses chitin as the support. material. 
Kravchenko claims the separation of the different fractions is due mainly 
to the affinity of the lysozyme for the chitin since it is a substrate for 
this enzyme. Thus separations are based on availability of an active bind
ing site. 

In the present report details of our progress on application of this 
method and the results obtained with normal lysozyme are given. The method 
is bei·ng applied to analyze itradiated lysozyme and the fractioris obtained 
by.Bi~-Rex 70 chromatography of irradiated lysozyme. 

l.ti\TinT 1\ I r"' 1\P.Ir"\ HITifr\r'\t"" 
1'1111 C.I\J.11L..:> 11a~u I'lL. a nuu..:> 

Preparation of chitin: 

Chitin was prepared by a modification of Hackman's method. Cr~h shells 
partially ~lean (Sigma) were ground in a Wiley mill, and decalcified by ex

traction at 25° with 0.5 N HCl, which was changed many times until no more 
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C02 was evolved. The calcium-free material was washed with water to remove 
all excess acid and extracted many times with 0.5 N NaOH at 70~80° until 
the NaOH solution remained colorless. During this step the protein content 
of the chitin is removed. The chitin thus obtained was washed with water, 
0.5 N acetic acid in order to neutralize the excess of NaOH, water again 
and dried by suction on a Buchner funnel. The dry chitin was extracted 
many times with absolute alcohol and acetone to remove all the pink pig
ment that remains in the chitin. The product was dried at about 60°. 

The \'Jhite dry product is called 11 pure chitin 11 and v;as ground in a 
ball mill and screened to obtain the desired particle size. 

In this method low concentrations of HCl and NaOH for the purifica
tion process reduce the possibility of deacetylation of the chitin. 

'-V 

Column chromatography: 

Chitin (53-73 ~)was washed alternately with warm solutions of'l% 
NaCl and 1% acetic acid and finally with 0.2 M acetate buffer, pH 6. 16. 
The sluny was poured into a glass column, 1 em x 29.3 em, and alloi'Jed 
to sP.t.tle. 

A sequential elution process was used. 5 mg of lysozyme in 1 ml 
buffer are applied to the column. The first eluent used is 0.2 M 
acetate buffer, pH 6. 16, the second is water and the last 0.1 M acetic 
acid. The results and conditions are shown in Figure 1. In order to 
achieve the effects of a smooth change in pH on the chromatographic 
pattern, a pH gradient is used, where the original eluents are 0.2 M 
acetate buffer, pH 6.16 and 0.2 M acetic acid. 

The results and conditions are inditated in Figure 2. 

rn sr.uss rON 

Kravchenko, ~·.9_}_ •. have applied the chitin column chromatography to 
the study of lysozyme photoproducts arid had been able to resolve the damaged 
fraction obtained by ion exchange chromatography into three components. 
Amino acid analysis of the fractions shows that one which is almost inactive 
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and does not bind to the chitin column is missing a tryptophane residue. 

Imoto and co-workers using carboxymethylchitin as a substrate had 
been able to show that if tryptophane residue 62 is destroyed, the enzyme 
does not bind to the substrate. The destruction of tryptophane 62 can be 
followed also by use of difference spectra with glycol-chitin as substrate. 

It is important to apply this chromatographic technique to the frac
tions isolated by ion exchange chromatography from irradiated lysozyme . 
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PROTEIN ASSOCIATION OF ASPARTATE TRANSCARBAMYLASE 

· .. by 

William N. Bigler 

Bert M. Tolbert 

ABSTRACT: An heterogeneous preparation of aspartate transcarbamylase 
was electrophoresed, fractionated and the fractions assayed for enzyme 
activity. Several distinct protein species had enzyme activity. The 
CTP inhibitability, ATP activation and maleate activation of each 
species was determined. The catalytic to regula tory subunit rat1 o v1as 
the same in each of the feedback inhibitable forms. Lyophilization of 
concentrated samples of ATCase caused the formation of aggregates from 
the 3.1 x 105 molecular weight oligomeric enzyme. The smaller enzymic
ally active forms were also observed in a purified preparation of the 
catalytic subunit. 

Dialysis at pH 10.2 favors the dissociation of the oligomeric 
enzyme. Equilibration between excess purified catalytic subunits and 
oligomeric enzyme's catalytic subunits has been demonstrated . 

This report, which is presented here in abstract only, is currently 
bejn~ rewritten for publication. The essential data were presented in 

last year's annual report. 




